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For perceived surface lightness to be a useful guide to object ident ity, it should

correlate with surface reßectance. Across illuminat ion changes, local contrast

provides a valid cue to surface reßectance. However, when the surfaces sur-

rounding an object of interest change, local contrast is not necessarily a valid

cue. To generalize beyond theories that rely on local contrast as the sole ex-

planatory construct , we require an empirical account of which st imulus factors

produce e! ects beyond those explainable in terms of local contrast . A fruit-

ful approach is to hold local contrast Þxed while varying other aspects of

the st imulus. Here we adopted this approach to study e! ects of object slant

in three-dimensional scenes. Observers viewed real, illuminated objects and

matched the apparent lightness of a variable match spot on one surface to a

Þxed reference spot on another surface. We parametrically varied the surface

slant and local surround reßectance of the match spot. When local contrast

was a valid cue to test spot reßectance, all observers were approximately light-

ness constant . When local contrast was not a valid cue to test spot reßectance,

observersÕlightness matches were intermediate between contrast matching and

lightness constancy. Quant itat ive model comparison showed that for most ob-

servers, surface slant exerted an e! ect on perceived lightness beyond that ex-

plainable by the photometric properties of the local surround.
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1. I nt roduct ion

For perceived surface color to be a useful guide to object ident ity, it should correlate with

surface reßectance. This is di" cult to achieve because the sensory signal that reaches the

eye confounds surface reßectance with the illuminant . For example, the light reßected from a

ripebanana under bright mid-day sunlight is very di!erent than under cloudy, late afternoon

sunlight . The ability of the visual system to maintain a stable percept ion of surface color

across changes in viewing conditions is called color constancy.

A largebody of literature conÞrmsthat human vision exhibits approximate color constancy

acrosschangesin illumination (e.g. [1], [2], [3], [4], [5], [6]). A feature of most experiments

is that a test object is viewed in the context of a broader scene, and the illuminant is

manipulated while the objects surrounding the test are held Þxed. Under these condit ions,

approximate color constancy may be achieved if the brain codes color through some sort of

rat io between the light reßected from the test and that reßected from nearby objects ( [7], [8],

[9]). For example, the ratio of cone responses to the light reßected from neighboring surfaces

is approximately invariant with respect to changesin illumination ( [10], [11], [12], [13]).

The not ion that perceived color and lightness at an image locat ion depends on a rat io-like

comparison between the stimulus at that location and at neighboring locations is at the core

of many theories of color and lightness percept ion ( [7], [14], [15], [16], [17], [18]). We will

refer to this general idea as local contrast coding. Local contrast coding provides an intuit ive

explanat ion for some illusions (e.g. simultaneous contrast , see [19], [20] for discussion). It is

also invoked to explain data from single-unit electrophysiology in the ret ina, the LGN and

primary visual cortex (see [21]).

If all that ever changed in a scene were the illuminant , then local contrast would always

provide a valid cue to object surface reßectance. Indeed, if the surfaces in the viewed scene

never vary, achieving constancy would not be a challenging computational problem. What

makes constancy di" cult is that fact that both the illuminant and the contextual surfaces

in the scene can change. For example, bananas fall from the plant to the ground. When the

objects surrounding an object of interest change, local contrast is not necessarily a valid cue

to surface reßectance. And the fact that local contrast does not always predict appearance

is evident in various visual illusions (e.g. AdelsonÕs checkerboard illusion, WhiteÕs Illusion,

again see [19], [20]). Experimental studies that explicitly separate e! ects of changing the

illuminant from those of changing the local surround also show that knowing contrast alone

is not su" cient to predict perceived color and lightness ( [22], [23], [24]).

Although it is clear that we need to generalize beyond theories that rely solely on local

contrast as the explanatory construct , the empirical foundat ions for such generalizat ion re-

main to beestablished. An important agenda is to understand what st imulus factorsproduce

e! ects beyond those explainable in terms of local contrast. To this end, a fruitful approach is
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Fig. 1. ObserverÕs view of experimental setup. The circular stages on which

the cards rested could be rotated.

to hold local contrast Þxed while varying other aspects of the st imulus (e.g. [23], [24], [25]).

Here we adopt this approach to study e! ects of object pose in three-dimensional scenes.

Hochberg and Beck ( [26],seealso [27],[28],[29]) showed that manipulationswhich changed

theperceived poseof a surfacerelat ive to a direct ional light source, whileholding thest imulus

constant , also changed its perceived lightness. This allowed them to demonstrate that the

lightness e! ect was driven by the perceived scene layout, with local contrast held constant .

More recent work has studied this type of e! ect parametrically ( [30], [31], [32]), providing

data that allow development and evaluat ion of quant itat ive models (e.g. [30], [32], [33]).

This parametric work does not , however, separate e! ects of local contrast from those of

geometry. To clarify the interaction of these two factors, we report experiments that combine

manipulation of surface poseand of local contrast.

2. M et hods

2.A. Observers

Observers were six adults between 20and 35.Observers FP, HB and IY were paid volunteers

who were naive to thepurposes of theexperiment and had lit t leexperience in psychophysical

observat ions. Theother observers (SRA, DBH, RTO) were lab members with varying degrees

of familiarity with experimental design and aims. Note that observer DBH is not the second

author (DHB).
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2.B. Apparatus

Observers looked through an aperture into an experimental chamber to view two stages,

as shown in Figure 1. Observers were seated 1.3 m from the stages. Ambient illuminat ion

was provided via a single incandescent theater bulb mounted above and to the left of the

observer. Light from the bulb passed through a blue Þlter, and the voltage to the bulb was

computer-controlled. In addition, illumination to part of the booth was manipulated via a

hidden projector (EPSON PowerLite 8200i), which was also computer-controlled. At RGB

settings of [0,0,0], the projector cast some light , and this was included in our calculat ions

of the ambient illuminant . With the projector at [0, 0, 0] and the incandescent light at its

normal experimental set t ings, a white piece of paper on the left stage reßected light of CIE

xyY coordinates of (0.41, 0.41, 402 cd/ m2); the same paper on the right stage reßected light

with CIE xyY coordinates of (0.41, 0.41, 261 cd/ m2). A box covered with black felt was

placed in the booth and mounted on four adjustable silver feet , two of which can be seen

in Figure 1. A small rectangular slit was cut in the box, and the box was carefully adjusted

unt il the edge of the light generated by the hidden projector vanished through the thin slit .

This light t rap served to minimize observersÕawareness of the hidden projector.

2.C. Stimuli

St imuli were constructed by print ing a standard gray surface (reßectance = 0.12) of size 6 cm

by 6 cm centered on a Mondrian pattern (18 reßectance values, range: 0.02 to 1). Ident ical

Mondrians (see Figure 1) were mounted on two rotatable stages; a referencestage on the

left and a match stage on the right . At standard viewing distance (1.3 meters) the central

surfaces subtended 2.6" of visual angle.

Background surfaces of di! erent reßectance were simulated by using the hidden projector

in the following fashion.

2.C.1. Simulat ing surfaces

First , we created six surfaces (reßectances: 0.12, 0.20, 0.31, 0.57, 0.72, 1). With the exper-

imental lights on and the projector at its miminum settings [0, 0, 0], we took radiometer

readings (PR650) of each surfaceat the reference locat ion at 0" slant. Wethen took radiome-

ter readings of each surface at the match locat ion at each of Þve di! erent surface slants (0" ,

5 " , 10" , 15" , 20" ). The measured chromat icity did not changewith location or surfaceslant.

We then Þt the measured CIE xyY values as a funct ion of the reßectance of the surface un-

der quest ion. In each case the data were well-Þt by a second order polynomial. From this

funct ion, we could calculate the predicted CIE xyY values for a surface of any reßectance.

We repeated this procedure for each of the match slants. From these Þts, we could predict

the CIE xyY values at each surface slant for a surface of any reßectance.
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We then simulated surfaces by combining a standard surface with projector values cali-

brated to produce the expected CIE xyY values of the real surfaces. To do this, we created a

standard surface (reßectance = 0.12) and took radiometer measurements of that surface at

each slant under di! erent projector set t ings. We repeated the measurements three t imes and

used the average. Using algorithms from the Psychophysics Toolbox [34], we Þt measured

values to projector set t ings with cubic splines, and we used these to map between projector

values and CIE xyY values.

The range and precision of surfaces that could be simulated were limited by the gamut

and resolution of the projector. Because the standard surface had reßectance (0.12) we

could not in principle simulate surfaces less reßect ive than that . Empirically, we were able to

simulate adequately surfaces of reßectance 0.13to 0.94.Because the intensit y of theprojector

changes in discretesteps, rather than continuously, the precision with which surfacescould be

simulated was limited. Because of this, we report measured CIE xyY values and reßectance

values actually obtained rather than requested values. Although we could not simulate every

reßectance perfect ly, we could simulate changes in reßectance of about half a percent of the

requested reßectance.

On each day, a geometry Þle determining the locat ion of the projected light was re-

calibrated. The small black felt strip around the inner edge of the Mondrian (Figure 1)

served to hide any residual misalignment.

In the experiments, spots of di! erent reßectance were simulated by project ing onto the

the reference and match squares. At 0" slant , spots were circles with a radius of 1.25 cm and

at standard viewing distance they subtended 1.1" of visual angle. As with the geometry of

the projected squares, the geometry of the projected circles was manipulated with changing

slant to simulate a physically rotat ing circle.

Hereafter,we refer to manipulations of match and reference simply as reßectance changes

rather than as simulated reßectance changes. All reported luminance values were measured

in situ.

2.D. Psychophysical Task

Observers init iated a block of t rials by pressing a key, after which a shutter opened to

reveal the experimental booth (Figure 1). On each trial, observers performed the following

2AFC psychophysical task. Two spots were presented, one at the center of the reference

surround (gray square on the left stage, Figure 1) and one at the center of the match

surround (gray square on the right stage, Figure 1). Observers were instructed to move a

joyst ick to indicate which spot appeared lighter. Reference and match spots were presented

for 1500 ms, accompanied by a 250 Hz tone. Across all blocks of t rials, the reference surround

reßectance was Þxed at 0.16 and the reference stage was Þxed at 0" slant. Match surround
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reßectance and match slant were varied between blocks of trials, but remained Þxed within

a block of trials. Match surround reßectance took values of 0.16, 0.25, 0.34, 0.44, 0.56,

and match slant took values of 0" , 10" and 20" . Match surround reßectance and slant

were parametrically varied, yielding 15 possible match condit ions. Within each block of

trials (onematch surround reßectance / slant condition), we calculated a point of subject ive

equality (PSE) for 5 di! erent reference spots (reßectance values = 0.18, 0.20, 0.22, 0.26,

0.32). One match surround condition (reßectance = 0.34) was added midway through the

experiment, and two subjects (IY, HB) were not tested in this condit ion. All reference spots

were increments.

The procedure for each reference spot was as follows: On each trial, the reßectance of

the match spot was determined by implement ing an adapt ive staircase calculated by the

QUEST algorithm ( [35]) as implemented in the Psychophysics Toolbox ( [34]). For each

of the 5 reference spots, we ran three interleaved staircases (10 trials each) with di!erent

target response probabilit ies (25%, 50%, 75%). In each experimental session, observers ran

between four and seven blocks of 150trials each. A block lasted approximately six minutes,

and included trials for onematch slant and onematch surround reßectance.

Between blocks, the shutter closed while the experimenter init iated a new block of t rials

with a di! erent match slant and match surround reßectance. Observers were o! ered the

opportunit y to take a break in betweeneach block of trials, and each experimental session

lasted between 35 minutes and 1 hour.

Before any experimental data were collected, each observer underwent an induct ion proce-

dure designed to encouragea strategy of matching surface reßectance rather than luminance

or contrast . In a separate experimental room, observers were seated in front of a plywood

box that had been divided in two, with each side illuminated by a single direct ional light

source. The right side of the box contained a paint palet te, and the left side of the box

contained three cubes, each of which were painted a di! erent shade of gray. While looking

at the cubes, observers were told that in the experiment, they would be matching painted

surfaces or simulat ions of such surfaces. Observers were instructed to hold the painted cubes

and view them in di! erent orientat ions and locat ions within the plywood box. Subsequent ly,

observers were shown Þxed cubes with only one painted surface, and asked to pick the same

paint from the palet te.

2.E. Data Analysis and Predictions

Within a block of t rials, we Þt the probability of report ing that the match spot was lighter

as a funct ion of match spot reßectance with a 4-parameter cumulat ive Gaussian. Fits were

obtained using a maximum likelihood method ( [36]) implemented by the psigniÞt toolbox in

Matlab (seehttp://b ootstrap-software.org/psigniÞt/). Two parameters(! , " ) determine the
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Fig. 2. Example psychometric funct ion for observer DBH. On each trial, the

referencespot reßectancewas0.32, the referencesurround reßectancewas0.16,

the referenceslant was 0" , thematch surround reßectancewas 0.16,and match

slant was 0" . The match spot reßectance was selected on each of 30 trials by

the staircase procedure. For visualization purposes, the 30 trials have been

divided into six bins of Þve trials each. In each bin, the reßectance values and

responses were averaged to get thex- and y- values for each plot ted data point .

The horizontal bars show the variance of the match spot reßectances within

that bin. Theblack line represents thebest Þt cumulative gaussian to the data.

Black vert ical line represents the extracted point of subject ive equality (PSE),

or where the best Þt curve reaches 50%.
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shape of the cumulat ive Gaussian, and there is a ßoor parameter (#) and a ceiling parameter

($). The point of subject ive equality (PSE) was deÞned as the reßectance at which observers

reported the match spot as lighter on 50% of trials. Each PSE was thus based on 30 forced-

choice trials. Figure 2 shows the data and Þt for one reference spot in one match condit ion.

Pilot data indicated that within a subject , such PSEs collected on di! erent days were highly

consistent , and in fact were often ident ical within the reßectance resolut ion of our hidden

projector. Because of this consistency, we collected 2 PSEs per subject per condit ion.

3. Results

We measured the perceived lightness of small match spots across parametric changes of slant

and local surround reßectance. First , in Sect ion 3.A we document that lightness constancy

was relat ively high when match surround reßectance and slant were ident ical to reference

surround reßectance and slant . Then, in Sect ions 3.B and 3.C, we examine lightness con-

stancy under manipulat ions of match slant (Sect ion 3.B), where local contrast is a valid cue

to reßectance, and under manipulat ions of match surround reßectance (Sect ion 3.C), where

local contrast is not a valid cue. Finally, in Sect ion 3.E, we examine interact ions between

surround reßectance and slant .

3.A. Equal Slant and Surround

Figure 3 shows average PSEs for all six observers as a funct ion of reference spot reßectance,

when the match surround reßectance was equal to the reference surround reßectance. In

this condit ion, the background squares on the left and the right have the same reßectance

(see Figure 1). Because the light source is to the left of the observer and angled across the

booth, the incident illuminat ion at the left locat ion (reference) is about twice the incident

illumination at the right location (match). If observers were lightness constant , then by

deÞnit ion the reßectance of each PSE would be ident ical to the reßectance of the reference

spot. In other words:

Rmatch spot (PSE) = Rr ef er ence spot (1)

where R indicates reßectance values. The predict ions of lightness constancy are shown as

the solid line in Figure 3. In general, observers exhibited good lightness constancy for this

condit ion, with some individual variation.

To understand the deviat ions from constancy, it is helpful to consider the pattern that

would be shown by an observer who matched the luminance of the spots rather than their

reßectance. This predict ion is obtained by:

Lmatch spot (PSE) = Lr ef er ence spot (2)
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Fig. 3. PSE as a funct ion of reference spot reßectance for all six observers in

onecondition (reßectance of match surround = 0.16,match slant = 0" ). Error

bars represent s.e.m. across sessions. Solid line represents PSE predict ions

for both contrast matching and lightness constancy, which coincide for this

condit ion. Dashed line represents luminance matching predict ions. The error-

based constancy index is reported in the lower right corner of each panel.
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whereL indicates reßected luminance. Because the illuminant intensity is less at thematch

locat ion than at the reference locat ion, a much higher reßectance (PSE) is needed equate

luminance of the match spot and the reference spot. The predict ions of luminance matching

are shown as the dashed lines in Figure 3.

When match surround reßectance and reference surround reßectance are the same, local

contrast is a valid cue to the reßectance of the match spot; in other words, the predict ions of

local contrast matching are the same as predict ions of lightness constancy (solid black line

in Figure 3. That is:

Rmatch spot (PSE) =

!
Rr ef er ence spot

Rr ef er ence sur r ound

"

! Rmatch sur r ound. (3)

To quant ify the degree of constancy, we calculated an error-based constancy index (after

[31]) for each subject by comparing the di! erence between the measured data point and the

predictions made from both lightness constancy and luminancematching, as follows:

CI er r or =

#
%2

lumi nance
#

%2
lumi nance +

#
%2

constancy

(4)

Here each %2 is calculated as the sum of the squared error between each observed PSE

and the relevant predict ion. The index can range from 0 to 1, where 1 represents perfect

lightness constancy (data along solid black line) and 0 represents luminance matching (data

along dashed black line, a failure of lightness constancy). Intuit ively, the index characterizes

where the data fall with respect to the two di! erent predict ions. In this condit ion, the CI

values of observers ranged from 0.58 to 0.97, as indicated in the individual plots.

3.B. Slant Manipulation

Observers were approximately lightness constant with respect to the illuminat ion gradient

caused by the direct ional light source. To determine whether observers retained lightness

constancy across illuminat ion changes mediated by other scene variables, we manipulated

match slant by rotating the stage on which the match card was mounted (see Figure 1).

Under this manipulat ion, we kept the match surround reßectance the same as the reference

surround reßectance. Rotat ing the stage changed the e! ect ive illuminat ion incident at the

match location. However, since the reßectance of the surfaces did not change, local contrast

remained a valid cue to surface reßectance.

Figures 4 and 5 plot PSE as a funct ion of reference spot reßectance when the match slant

was10" (Figure4) and 20" (Figure5). If subjectswere lightnessconstant , then thereßectance

of their PSEs should be una! ected by changing the match slant . This predict ion is shown by

the solid line, which is unchanged across Figures 3, 4, and 5. Since rotating the stagechanges
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Fig. 4. PSE as a funct ion of reference spot reßectance for all six observers in

onecondition (reßectanceof match surround = 0.16,match slant = 10" ). Error

bars represent s.e.m. across sessions. Solid lines represents PSE predict ions for

contrast matching and lightness constancy. Dashed lines represents luminance

matching predict ions. Theerror-based constancy index is reported in the lower

right corner of each panel.
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Fig. 5. PSE as a funct ion of reference spot reßectance for all six observers in

onecondition (reßectanceof match surround = 0.16,match slant = 20" ). Error

bars represent s.e.m. across sessions. Solid lines represents PSE predict ions for

contrast matching and lightness constancy. Dashed lines represents luminance

matching predict ions. Theerror-based constancy index is reported in the lower

right corner of each panel.
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the illuminat ion incidental on the match, however, the luminance-matching predict ions do

change. If perceived lightness followed luminance rather than surface reßectance, PSEs would

increase with slant (dashed lines in Figures 3, 4, and 5).

ObserversÕPSEs were relatively constant across changesin slant ; the data remain close

to the solid lines rather than deviat ing further towards luminance matching. The CI values

also reveal this constancy.

Together, Figures 3, 4 and 5 show two e! ects for each observer. The Þrst (Figure 3) is

how much constancy the observer shows across a spat ial illuminat ion gradient . The second

(compare Figure 3 with Figures 4 and 5) is how much constancy the observer shows with

respect to a change in slant , once the e! ect of illumination gradient has been taken into

account. We can separate these two e!e ct by normalizing the PSE at each match slant by

thePSE at 0 match slant . Wethen plot ted PSE asa funct ion of match slant for each reference

spot (Figure 6). This normalization preserves information about relative constancy across

changes in slant , but discards information about absolute constancy.

Observers exhibited very high degrees of lightness constancy across changes in slant , as

evidenced by the fact that for each reference spot (each di! erent color), the normalized

PSE stayed the same as slant changed (slopes of colored lines are near 0). If subjects were

perfect ly lightness constant , PSE should not changewith slant ; that is, the slope of a line

through the points should be 0. However, if perceived lightness followed luminance rather

than surface reßectance, PSEs would increase with match slant (dashed black line). We

quant iÞed the degree of relat ive constancy using the same constancy index as in Figures 3,

4, and 5, applied to the normalized PSE values. Constancy index values were close to 1 for

all six observers.

3.C. Reßectance Manipulation

When match slant was manipulated and local surround reßectance held Þxed, perceived

lightness followed surface reßectance rather than luminance. However, local contrast under

this slant manipulat ion remained a valid cue to surface reßectance. Next, we examined

whether observers would show similar degrees of lightness constancy across a manipulat ion

where local contrast did not predict the reßectance of the match spot .

To do so, we held match slant Þxed at 0" and varied match surround reßectance. The

reference surround reßectance was always 0.16. We used match surround reßectances of

0.25, 0.34, 0.44 and 0.56.

To examine how perceived lightness of the match spot changed with match surround, we

again normalized PSEs by the PSEs in the condition where match surround reßectance and

match slant were the same as reference surround reßectance and reference slant (data in

Figure 3). The normalized PSEs as a function of match surround reßection are shown in
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Fig. 6. Normalized PSE as a funct ion of match slant for all six observers. Each

color represents a di! erent reference spot reßectance. Reference surround was

equal to match surround (0.16). At each slant , the PSE was normalized by

the PSE at slant 0. Colored lines represent the best Þt line through the data

points, whentheline wasconstrainedto gothrough thepoint (0, 1). Solid black

lines represent predict ions of lightness constancy / contrast matching. Dashed

black line is predict ions of luminance matching. Constancy index values are

calculated using normalized PSEs.
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Fig. 7. Normalized PSE as a function of match surround reßectancefor all

six observers when match slant was equal to referenceslant (0" ). Each color

represents a di! erent reference spot reßectance. At each match surround, PSE

was normalized by the PSE obtained in the condit ion where match surround

and reference surround were of equal reßectance (0.16). Colored lines represent

the best Þt line through the data points, when the line was constrained to go

through the point (0, 1). Solid black lines represent predict ions of lightness

constancy / luminance matching. Dashed black line shows predict ions from

contrast . Constancy index values are calculated using normalized PSEs.
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Figure 7. If observers were lightness constant across changes in match surround reßectance,

then their PSEs would not change and the data would fall along the dashed horizontal lines

in Figure 7. Changing the match surround reßectance a!ects the local contrast of the match

spot . If perceived lightness followed local contrast , then PSE would increase with increasing

match surround reßectance (angled dashed line in Figure 7).

The data show that local contrast a! ected perceived lightness. As match surround re-

ßectance increased, PSEs also increased. However, although PSEs were a! ected by local

contrast , they were not completely determined by it . Normalized PSEs were signiÞcant ly

lower than contrast matching predictionsfor all observers at each match surround reßectance

(p < 0.05,pairedt-test) except one(observer fp, match surround0.25). As in Figure6, wecal-

culated an error-based constancy index, where data were compared to lightness constancy

predict ions and contrast matching predict ions. As with the previous index, 1 represents

complete lightness constancy. When match surround reßectance was varied, constancy index

values ranged from 0.29 (observer FP) to 0.61 (observer RTO).

3.D. Intermediate Discussion

Figure8 summarizes thedata reported above. When reference slant and surround reßectance

were the same as match slant and surround reßectance, observers were fairly lightness con-

stant across the illuminat ion gradient , as seen by the high constancy index values in the

top left panel of Figure 8. Observers were also constant across changes in match slant (top

right panel, Figure 8), when local contrast was a valid cue to the surface reßectance of the

match spot. They were less constant across changesin match surround reßectance(bottom

left panel, Figure 8), when local contrast was not a valid cue.

An addit ional e! ect may be seen by closer examinat ion of Figure 7: the e! ect of local

contrast depends on the reßectance of the reference spot . This is seen in Figure 7 by not ing

the spread in the data for the separate reference reßectances. For each observer, the ma-

genta points (highest reßectance reference spots) are closer to lightness constancy (dashed

horizontal line) than are the red points (lowest reßectance test spot).

To document this e! ect , we compared two di! erent model Þts to the data. We assumed

that thenormalized PSEs in Figure7 could bemodeled asa linear funct ion of match surround

reßectance constrained to go through thenormalizat ion point of (0.16, 1). We then compared

the model predict ions made when PSEs for each reference spot were Þt separately (colored

lines in Figure 7) to predict ions made when all PSEs were modeled by one line (not shown).

We used the AIC (AkaikeÕs informat ion criterion) [37] to compare the two models. This

criterion assigns scores to di! erent models, with a lower score meaning that a model is

preferred. Brießy, the likelihood of the data (L) given a maximum-likelihood Þt to the the

model is calculated, and the model score decreases with increasing likelihood. The model is

17
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Fig. 8. Constancy Index values for each subject . Each panel represents CI

values calculated in across a di!e rent condition. Top left: match slant and

surround reßectance are the same as reference slant and surround reßectance.

Values reported in Figure 3. Top right : match surround reßectance and refer-

ence surround reßectance are the same, match slant is varied. Values reported

in Figure 6. Bottom left: match slant and referenceslant are the same,match

surround reßectance is varied. Values reported in Figure 7.
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Fig. 9. Di! erence in the AIC score between a model in which normalized

PSEs for all reference spots are predicted by one line and a model in which

normalized PSEs are predicted by Þve lines, one for each reference spot . Each

bar is a di! erent subject . # AICs are shown for slant manipulat ion (left Þgure)

and match surround reßectance manipulation (right Þgure). Horizontal black

line indicatesa # AI C of 10.

then penalized by the number of its free parameters (K).

AI C = # 2ln(L(&| y) + 2K (5)

Two models can then be pitted against each other, with the di!e rence between AIC scores

(# AIC) determining the extent to which one model is preferred over the other. # AIC values

of greater than 10 are taken to indicate that onemodel is signiÞcant ly preferred( [38]).

All subjects showed high # AICs in the direct ion of preferring the model that Þt each ref-

erence reßectance separately. This means that thee! ect of manipulating thematch surround

was dependent on the reßectance of the spot to which PSEs were being made(Figure 9).

For comparison, a similar analysis revealed that thee! ect of match slant wasnot dependent

on the reßectance of the reference spot (see low # AICs in the left panel of Figure 9 for all

but one observer). These # AICs are also consistent with the observation that, except for

observer IY, the best-Þt lines for each reference spot shown in Figure 6 tend to lie on top of

each other.

3.E. Interactions between contrast, slant, and reßectance

Manipulat ions of slant and surround reßectance each change the luminance surrounding the

match spot. Made independent ly, these luminance changes had di! erent e! ects on perceived

lightness. That is, subjects were more lightness constant when luminance changes were in-

duced by manipulat ing slant than when luminance changes were induced by changing match
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Fig. 10. PSE as a function of match surround luminance for three ob-

servers for the lowest reßectance reference spot (top panels, reference spot

reßectance = 0.16) and the highest reßectance reference spot (top panel, refer-

ence spot reßectance = 0.32). Each color represents a di! erent slant (red = 0" ;

blue = 10" ; green = 20" ) and each symbol represents a di! erent match sur-

round reßectance (cross = 0.16; circle = 0.25; star = 0.34; diamond = 0.44;

square = 0.56). Black solid linesare predictions from contrast matching, and

colored solid lines are predict ions for full lightness constancy at each slant .

Dashed lines represents maximum likelihood Þts of the data to the modifed

Naka-Rushton funct ion. Colored dashed linesÞt data separately by slant , black

dashed line Þt data from all slants simultaneously.
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surround reßectance. To explore more completely the relat ionship between local contrast

and perceived lightness, we varied match slant and match surround reßectance parametri-

cally and invest igated whether the e! ects of slant and surround reßectance could be modeled

with one function.

Figure 10 presents PSEs for 3 observers as a function of match surround luminance for all

14 match conditions, for two di!erent reference spots. Match slants are dist inguished on the

plot by color, and match surround reßectances are distinguished by symbol shape. All data

points on a single panel were matches made to a single reference spot. Since both manipu-

lat ions (slant and reßectance) change the luminance of the local surround, we characterized

the PSE as a funct ion of a single variable, the luminance of the match surround. Because

the analysis presented in Figure 9 suggested that the e! ects of match surround reßectance

were dependent on the reference spot reßectance, we considered separately PSEs made to

each reference spot.

Figure 10 conÞrms the conclusion we drew from the data in Figure 7: the full rangeof

data are not explainable as contrast matches (predict ions shown as solid black line). It could

be, however, that the deviat ions from contrast matching are completely accounted for by the

photometric properties of the surround with no additional e!ect of slant. In this case, when

data are plotted as a function of surround luminance, they should fall on a common curve,

independent of slant . To test whether this was the case, we compared Þts made to all data

simultaneously (black dashed lines, Figure 10) to Þts madeseparately at each slant (colored

lines, Figure 10). This is the same type of model comparison used in the previous sect ion

to test whether or not the e! ect of match surround reßectance on perceived lightness was

dependent on reference spot reßectance.

To Þt the data in Figure 10, we used a the three-parameter Naka-Rushton funct ion, as

follows:

Lmatch spot (PSE) = M
(gLmatch sur r oundI )n

(gLmatch sur r ound)n + 1
. (6)

Parametersthat best-Þt the data were determined using parameter search in Matlab. Of

primary interest in modeling the data is whether a single funct ion of luminance accurately

described PSEs in all 14 match condit ions simultaneously, or whether the PSEs must be

separated into groups by slant in order to be well-Þt. Our choiceof parametric function was

somewhatarbitrary. The Naka-Rushton function has often been used because its parameters

are intuit ively related to relevant psychophysical, physiological or physical variables; here its

use is dictated by its ut ility in describing the data.

To determinewhether all PSEs for a part icular subject and referencespot reßectancecould

be well Þt be a single funct ion, we compared a model where PSEs for all 14 slant / surround

condit ions were Þt simultaneously (1 funct ion / 3 parameters) to a model where PSEs were
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Fig. 11. Di! erence in AIC scorebetween the two models for each reference spot

reßectance (dark blue = 0.18, light blue = 0.20, green = 0.22, orange = 0.26,

red = 0.32) and each observer. Higher bars indicate that 9 parameters were

required to Þt the data. Horizontal black bar represents # AIC of 10.

separated into three groupsby slant (3 functions / 9 parameters).

For some observers and some reference spots, it was apparent that slant mattered. For

example, in the lower right panel of Figure 10, the three match surrounds out lined by the

black box had roughly equal luminance, though they di!e red in both slant and reßectance.

For this reference spot , the PSEs were clearly dist inct , indicat ing that perceived lightness

was dependent on which combination of reßectance and slant determined a particular match

surround luminance. However, for the same observer in the same match condit ion, slant

played a less important role in perceived lightness when matches were made to a lower

reßectance reference spot (top right panel Figure 10). Though contrast alone could explain

PSEs made to this reference spot, the funct ion of contrast that Þt the data well (black,

dashed line) was not a simple rat io of local luminance values (solid black line). These are

two clear examples of when slant either mattered (bot tom right panel) or did not (top right

panel). However, the degree to which slant mattered was not as obvious for other observers

and reference spot reßectances.

We compared AIC scores of model Þts made to all data simultaneously with AIC scores

of model Þts made to data at each slant separately. Figure 11 shows the # AIC between

the model in which slant mattered, and the model in which it did not. The height of the

bar represents the degree to which the model that takes into account slant was preferred.

#AIC s greater than 10are thought to indicate statistical preference.For each observer, slant
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tended to play a more important role for higher reßectance reference spots. Although there

was variability between observers, we found stat ist ical support for the full model at high

contrast referencespots for all observers except for one (FP).

To verify that theNaka-Rushton funct ion characterized the data well, we also Þt each PSE

with its own mean, so that PSEs were described by 14 parameters. We then calculated the

relevant AIC score. # AICs between the14-parameter model (each point Þt by its own mean)

and the 9- parameter model (PSEs separated by slant and Þt with Naka-Rushton funct ion)

were less than 10 for all but one reference spot for one subject (FP, data not shown). Small

# AICs mean that moving to 14 parameters from 9 parametersdoesnot capture any more

variability in the data, indicating that 9-parameter Naka-Rushton model provided a good

descript ion of the data.

4. D iscussion

We measured perceived lightness across parametric changesin match slant and match sur-

round reßectance. These two manipulations both change the luminance of the match sur-

round, but a perfect ly lightness constant system should treat those changes di! erent ly.

We found relat ively high degrees of lightness constancy in the condit ion where match slant

and surround reßectance were equal to reference slant and surround reßectance (Figure 8,

top left panel). In this condit ion, there was an illuminat ion gradient across the chamber.

The degree of lightness constancy we found (0.58 to 0.97) is similar to that reported in

previous studies of lightness and color constancy in both simulated and real-world scenes

( [23], [24], [39]).

Perceived lightness of a spot was highly constant across changes in match slant for all

subjects (Figure 6, Figure 8, top right panel) when match surround reßectancewas Þxed.

ThisÞnding stands in contrast to other studies that haveshown much less lightnessconstancy

and higher inter-observer variability under slant manipulations ( [30], [31]). For example,

Ripamont i et. al. [31] reported that many observers were closer to luminancematching than

to constancy. Using the same constancy index, Ripamont i et al. reported CI values ranging

from 0.17 to 0.54, whereas we found CI values from 0.87 to 0.96 (Figure 8).

What can account for this large discrepancy in the results? A key di! erence between the

studies lies in what const ituted the local surround of the match surface. In the Ripamonti et .

al. study ( [31]), the match surfacewaspresented without an immediate coplanar surround,

so that the role of local contrast in these experiments is unclear. In the present study, the

match spot was immediately surrounded by another surface, as well as by the Mondrian

pattern (see Figure 1). In the special case where match surround reßectance was the same

as the reference surround reßectance, the local contrast between match spot and match

surround provided a valid cue to surface reßectance across variations in slant (Figure 6).
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Several theories of lightness percept ion advocate the importance of local contrast cues in

determining perceived lightness, though these theories di! er in their emphasis and details

of how contrast cues are combined, especially for 3D scenes ( [19], [40], [41]). Because of

the di! erences in local contrast , the discrepancy between studies is not surprising. Note also

that in both studies, st imuli were presented within the same natural environment. St imuli

were real, illuminated objects seen in depth in an experimental booth (see Figure 1). In

both studies, global context was su" cient ly complex that changing slant should have been

unambiguously perceived. In fact , observers in theRipamont i study madeaccuratejudgments

about surface slant independent of their judgments about surface lightness. Therefore, the

higher lightness constancy in our study compared to the Ripamont i study is unlikely to have

resulted from a more accurate representation of slant itself.

Perceived lightness was less constant across changes in match surround reßectance (Fig-

ure 7) when match slant was Þxed; in this circumstance local contrast was not a valid cue

to surface reßectance. Although observers exhibited less lightness constancy when match

surround reßectance was varied than when match slant was varied (range of CIs under re-

ßectancemanipulation: 0.29 - 0.61; range of CIs under slant manipulation: 0.87 - 0.96),

matches were st ill signiÞcant ly di! erent than would be expected if local contrast were the

sole determinant of perceived lightness. Init ially, we were surprised by this Þnding. Though

the match surround reßectance varied in di! erent condit ions, the large Mondrian pattern

enclosing the immediate match surround was ident ical to the largeMondrian pattern enclos-

ing the reference surround. Mondrian patterns remained unchanged across all experimental

condit ions and this provided an unambiguous cue that what was varied was match surround

reßectance, rather than match illuminat ion. Thus, at Þrst glance our Þndings seem at odds

with compelling visual illusions and quant itat ive studies which demonstrate that the role of

local contrast can be strongly mediated by global context or scene variable ( [19], [20], [42]).

Weexamined thisapparent discrepancy by comparing thedata from onesuch study ( [42]).

Using st imuli modeled after AdelsonÕs checkerboard illusion, ( [20]) Hillis and Brainard

demonstrated that even with equivalent local contrast , matches made in their ÓpaintÓcon-

dit ions di! ered signiÞcant ly from matches made in their ÓshadowedÓcondit ions. This is a

striking perceptual e! ect . However, when we compared the matches in Hillis and BrainardÕs

ÓshadowedÓ condit ion to full lightness constancy predict ions, we found substant ial devia-

t ions. Constancy index values in the Hillis and Brainard( [42]) study, computed with the

index we use here, were lower than those found in our experiments (Average CI = 0.13 for

ÓshadowedÓcondit ions).

Our results show that local contrast has an important but not exclusive e! ect on perceived

lightness even in rich three dimensional scenes. This is consistent with the conclusion drawn

by Kraft and Brainard ( [24]) for color constancy. Thee! ect of local contrast isweakened, but
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not eliminated, when local contrast is not a valid cue to surface reßectance. In these cases,

perceived lightness is intermediate between contrast matching and lightness constancy. How-

ever, the weakening of local contrast is a largeperceptual e! ect , as seen by the comparison of

the size of our e! ect with that of previously published data ( [42]). We caut ion that Þnding

a large perceptual e! ect in a study does not necessarily imply that the visual system has

achieved full lightness constancy.

When both match surround and match slant were parametrically varied, most of the

observers appeared to behave di! erent ly to changes in surround luminance caused by re-

ßectance and changes in surround luminance caused by slant variat ion, and this tendency

was greater when the reference spots were of higher reßectance. However, there was a great

deal of inter-observer variability in the strength of this e! ect , and in its dependence in ref-

erence spot contrast (Figure 11). This inter-observer variability stands in contrast to high

intra-observer reliability, where PSEs for the same condit ion tested on separate days was

often ident ical within the resolution of our experimental apparatus. What can account for

this inter-observer variability? Though we put substant ial e! ort into creat ing experimental

condit ions and instruct ions that would elicit similar response strategies from all observers,

it remains possible that observers perceived surfaces similarly, but employed di! erent strate-

gies in making responses. Some studies have reported that in lightness tasks, observers can

make dist inct judgments depending on instruct ions ( [23], [39]), though other studies have

found lit t le dependence of responses on instruct ions, particularly in more realistic conditions

( [31]). Our pre-experiment induct ion procedure was speciÞcally designed elicit the same

response strategy from all observers, and our instructions clearly directed observers towards

lightness matching. In addition, we used a 2AFC task rather than an adjustment task in an

attempt focus on perceptual rather than strategic processes.

If the observed inter-observer variability is perceptual rather than strategic, this would

be consistent with reports that have found high inter-observer variability in the e! ects of

geometry on various aspects visual percept ion ( [31], [43], [44]). One potent ial explanat ion is

that informat ion about slant is encoded at a stage of visual processing that is more variable

from observer-to-observer than the mechanism that encodes local contrast .

In agreement with previous studies, we found that local contrast predicts perceived light-

ness better when it is a valid cue to surface reßectance than when it is not . However, our

Þndings suggest that even in a rich global context , perceived lightness never reaches full

constancy when there is a strong and opposing local contrast cue.
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