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Limits of lightness identification for real
objects under natural viewing conditions
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We examined whether observers veridically perceive the reflectances of real objects under natural viewing conditions. A
new forced-choice paradigm was used to measure observers’ abilities to identify (not match) the reflectance of randomly
crumpled gray papers across two levels of illumination, and also to simultaneously measure brightness discrimination
thresholds for the same objects. Accuracy of lightness identification differed qualitatively among observers. By explicitly
manipulating observer strategies, we show that when observers use brightness dissimilarity, their performance is similar
to lightness identification. A brightness adaptation model simulates how instead of extracting lightness, observers can rely

on perceived relative brightness to achieve the measured degrees of lightness identification.
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When viewing achromatic surfaces, in some instances,
it is possible to separate the lightness of a surface from its
brightness. Lightness is the mean reflectance, where reflec-
tance is the fraction of incident light reflected back by the
surface, and is solely a property of the surface (Evans,
1974). Brightness refers to apparent luminance, where lu-
minance is the light reflected from the surface, and is a
function of both the incident illumination and the surface
reflectance. Perceived brightness differs from the physical
quality of luminance because brightness is affected by adap-
tation (Craik, 1938; Helson, 1964) and lateral interactions
(Chevreul, 1839; Zaidi, 1999). Reflectance is also a physical
quality, and the lightness of a surface is inferred either
visually or cognitively by separating the information in the
scene into environmental and material changes (Helmholtz,
1962; Hering, 1964).

Numerous studies have treated lightness constancy as a
perceptual phenomenon in which the lightness of a surface
remains invariant to changes in illuminant, shape, or back-
ground. Despite the fact that Kardos (1934) showed that
the surface of a target patch in shadow is always seen as
darker than it actually is, and despite the fact that results
vary widely across studies (Bruno, 1994; Gilchrist, 1988;
Rutherford & Brainard, 2002; J. A. Schirillo & Arend,
1995), lightness constancy is generally thought to be well
established. On the other hand, although light adaptation
tends to reduce brightness differences across different
scenes, and relative brightness within scenes is relatively
constant, brightness constancy has been shown to be false
in numerous studies, and does not even survive general
everyday observations.

Beginning with Marzynski (1921), a few studies have
made separate matches of brightness and lightness of ob-
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jects under the same conditions (Arend & Goldstein, 1987;
Arend & Spehar, 1993a, 1993b; Bloj & Hurlbert, 2002;
Schirillo, Reeves, & Arend, 1990). These studies have been
instrumental in distinguishing lightness constancy from
brightness constancy. In this work, we suggest that lightness
constancy can be defined in a direct performance-based
manner as the ability to identify two objects as having the
same lightness across physically different illumination con-
ditions. This definition has the virtue of being functionally
relevant, because the general connotation is that if the
lightness of objects is constant across illumination condi-
tions, it can be an aid to identifying objects (Adelson, 2000;
Arend & Goldstein, 1987; Gilchrist & Jacobsen, 1984;
MacEvoy & Paradiso, 2001). Furthermore, the task of iden-
tifying objects of similar lightness across physically different
illuminants lets the observer apply all possible strategies to
counter any appearance changes (Zaidi, 2001). The first aim
of this work is to measure the accuracy of lightness identifi-
cation for real objects under naturalistic viewing condi-
tions. The second aim is to examine whether lightness
judgments are based on extracting surface lightness, or are
based on relative brightness.

Consider the demonstration in Figure 1. Look at the
four crumpled objects in the two compartments. Three of
the objects are made of identical gray paper while one is
made of a different shade of gray paper. The compartment
on the right is receiving half the illumination of the com-
partment on the left. Which is the odd object? To correctly
perform this task, you can first use brightness discrimina-
tion to select the compartment that contains the pair of
objects with reflectances different from each other. How-
ever, once this compartment has been chosen, brightness is
no longer a sufficient cue and you have to identify the
lightness within that compartment that is similar to the two
objects in the other compartment, or equivalently, the one
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Figure 1. Setup for Experiments 1 and 2. Backgrounds in each
compartment have the same mean reflectance and reflectance
distribution. An independent spotlight illuminates each compart-
ment with one compartment receiving half the illumination of the
other (full illumination on the left in this example). Three of the
crumbled objects are of the same reflectance and make up a
standard set, while the one test object is of a different reflec-
tance.

that is different. In other words, you first discriminate within
illuminants, then identify across illuminants.

If observers could estimate lightness accurately, identi-
fication should be veridical except when the difference be-
tween test and standard in the right compartment is less
than the threshold for brightness discrimination. In this
paradigm, observers’ abilities to identify the odd-lightness
objects are measured simultaneously with brightness dis-
crimination to obtain these lower bounds.

In Figure 2, the two objects from the right compart
ment in Figure 1 have been kept in the same place. The
two objects from the left compartment have been placed
behind them to facilitate comparison under a single illumi-
nant. It is clear from this presentation that object 3 is the
odd object, of a lighter shade than the other three. If you
identified the object correctly, your response is consistent
with lightness constancy.

Figure 2. For demonstration purposes, objects 1 and 2 from the
left compartment of Figure 1 have been placed behind objects 3
and 4 in the right compartment. When all four objects are under
the same illumination, it becomes obvious that object 3 is the
odd test object with a higher reflectance than the three identical
standard objects.
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It has been claimed that an object's material (Montag
& Berns, 2000; Nayar & Oren, 1995; Nishida & Shinya,
1998), three-dimensional (3D) shape (Adelson & Pentland,
1996; Pessoa, Mingolla, & Arend, 1996; Sun & Perona,
1996), and spatial arrangement (Gilchrist, 1980; Gilchrist,
Delman, & Jacobsen, 1983) provide many cues that help
the observer ascertain physical properties such as reflec-
tance. In this study, instead of presenting flat physical
stimuli or stimuli generated on a computer monitor, crum-
pled paper was used to provide texture and facets that an
observer might encounter in a natural setting. As in Figure
1, crumpled gray papers of varying levels of reflectance were
presented side by side in two compartments, each illumi-
nated by a separate light source differing in intensity by a
factor of two. One compartment contained two standard
objects; the other contained one standard and one test ob-
ject. In Experiment 1, observers were asked to identify the
object with the different reflectance. In Experiment 2, ob-
servers were asked to choose the object that differed most
in brightness.

The purpose of this study is to present a direct method
for quantifying observers’ abilities to perform lightness
identification tasks, and to examine whether observers es-
timate reflectances or use brightness cues in lightness iden-
tification. By simultaneously comparing the proportion of
responses in which the correct object was chosen with the
proportion of responses in which either object in the cor-
rect compartment was chosen, it is possible to compare
lightness identification thresholds to brightness discrimina-
tion thresholds. See Khang and Zaidi (2002) for a similar
method applied to identification of spectral transparency.

2. Experiment 1: Lightness iden-

tification

2.1 Stimuli

The stimuli consisted of crumpled papers varying in
levels of reflectance. A 19-step commercial Color-aid gray
scale set (Color Aid Corp., New York) with reflectances
ranging from 3-90% was used as the template set. The
sheets were copied on a Canon Color Laser Copier 2400
with seven different levels of copy darkness, creating papers
of 133 different reflectances. The copies from the machine
were cut into 20 x 14 cm pieces, and their reflectance was
measured. The papers were then crumpled by hand around
7-ounce paper cups that measured 6-cm tall, 6-cm wide at
the base, and 4-cm wide at the top.

To calibrate the reflectance of the stimuli paper, pre-
crumpled sheets were laid flat in the middle of one com-
partment of the apparatus and a Spectra Scan 650 pho-
tometer (Photo Research Inc., Chatsworth, CA) was posi-
tioned 50 cm from the center of the paper at an angle of 55
deg from the normal. At this configuration under full illu-
mination, the Color-Aid paper labeled “white,” which had
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a known reflectance of 90%, had a luminance measured at
836 cd/m’. A theoretical reflectance of 100% would there-
fore give a luminance reading of 930 cd/m?’. Luminance
readings from the photometer for each pre-crumpled gray
paper used as a stimulus were then taken and divided by
930 cd/m? to obtain individual reflectance ratios.

2.2 Apparatus

Figure 1 is a photograph of the observer’s view of the
stimuli presented in one trial. Figure 3 presents top and
side drawings of the apparatus. The crumpled stimuli were
presented in a rectangular wooden box with a partition
dividing the box into two compartments. Each compart-
ment had an open front and open top and measured 38-cm
wide, 28-cm deep, and 25-cm high. The two outer walls and
dividing partition were heightened with cardboard exten-
sions to a total height of 67 cm. This prevented light from
either compartment illuminating the other. Attached to the
center of the floor of each compartment was a 1.5-cm thick

Side View:
n
) |
; 50 cm
167 cm) 3 ,
B {7750 140 em
H K ")\/\'
§ 1?5 CI ;7310
e A
\
\\r:otating
Top View: ~  disks ™
;\ ;\
! 11 cm
128 cin @ € '
3 cm :
DA 38cm " N

1120 cm

'
\l

O

Figure 3. Schematic diagram of the experimental apparatus.
Observers viewed the stimuli in an open-front box that was di-
vided in half by a partition. Each compartment contained two
objects and was illuminated from above by a separate light
source. The back walls and objects were mounted on thin revolv-
ing floors disks. After each response by the observer, the disks
were rotated 180 deg and a new stimulus set was presented.
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rotating disk with a diameter equal to the width of its com-
partment. Each floor disk was bisected with a vertical wall
25-cm high, which acted as the back wall of its compart-
ment when rotated to be perpendicular to the side walls. In
this presentation position, the back walls and the floor were
flush with the side walls. In each compartment, two pegs
were mounted onto the disks 11 cm in front of the back
wall and 14 cm from each other. Another pair of pegs was
mounted on each rotating floor disk at the same positions
behind the back wall, and was out of sight from the ob-
server. Crumpled papers wrapped around cups were placed
over the pegs. While the observers were viewing the stimuli
of any given trial, a new set could be placed over the pegs
behind the back wall. Once the observer signaled a re-
sponse, the floor disks and back walls were rotated 180 deg
and the new set was presented.

The entire box was painted with matte black spray-
paint (Krylon ultraflat #1602, Cleveland, OH). In each
compartment, the floor, the back wall, and each side wall
were covered in paper consisting of a randomized pattern
of overlapping gray-scale elliptical disks. The ellipses varied
in axis size from 20 x 12 mm to 63 x 17 mm, and varied
randomly in shade from near black to near white. The pur-
pose of the randomly variegated background was to prevent
observers from making direct brightness comparisons be-
tween stimuli and particular patches of background across
the two compartments.

Each compartment was illuminated independently by a
lamp (Tailored Lighting, Solar Simulator 38, Rochester,
NY) with a color temperature of 4700 K and an angle of
illumination 36-deg wide. Each lamp was suspended above
and in front of its respective compartment. The central
incident beams intercepted the floor in the center of each
compartment 50 cm from the source, with a 75 deg angle
of elevation. Observers could view the outside of the lamp
casings, but the lamps themselves were angled away from
the observers and could not be directly viewed. The room
was otherwise dark. One compartment was left at full illu-
mination while a 50% neutral density gelatin filter (Rosco,
N.3 #3402, Stamford, CT) was placed immediately in front
of the other compartment’s light source, reducing its illu-
mination in half. Photometric measurements were taken
with the filter in place to ensure 50% transmittance and
the filter was replaced at regular intervals to prevent heat
damage from the lamp. The compartment containing the
filter was randomly selected before each session.

2.3 Observers

Seven observers participated in Experiment 1. Observer
KH had never participated in a psychophysical experiment,
and did not know the issues behind the study. Observers
RD, FK, ST, and SS had experience participating in psy-
chophysical experiments but did not know the issues be-
hind the study. Observers QZ and BK had extensive experi-
ence participating in psychophysical experiments, and un-
derstood the issues behind the study.
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2.4 Procedure

A method of constant stimuli was used to measure dis-
crimination and identification. Observers sat in front of the
apparatus and viewed the stimuli binocularly, looking back
and forth as they wanted. This presented a similar adapta-
tion condition to a case where an observer in a natural
scene is looking between directly illuminated objects and
objects in the shade. The viewing distance from the stimuli
was 140 cm with an angle of elevation of 31 deg. Three
standard objects of equal reflectance were placed on three of
the four pegs. On the fourth peg, a test object with a differ-
ent reflectance was placed. The position of the test object
was randomly assigned for each trial. Observers were in-
structed to identify the one object made from a different
shade of gray paper. The following instructions were used:

You will be presented with four pieces of gray crumpled
paper. Three of the papers will be of an identical shade
of gray. The fourth paper will be a slightly lighter or
slightly darker shade of gray. You will be asked to de-
cide which of the four papers is of a DIFFERENT
MATERIAL from the other three. The papers will be
placed in a box with two separate compartments. Each
compartment will contain two of the papers. The com-
partments will be illuminated by different sources of
light. In doing this task, you should first identify the
side on which the papers are different from each other,
and then decide which of those two papers is different
from the two on the other side.

After the instructions were given, observers were shown
a demonstration with stimuli that were not included in the
actual trials. First, all objects were placed in the same com-
partment as shown in Figure 2. After the observers correctly
identified the odd object made from the different shade of
gray paper, they watched as two of the objects were moved
to the other compartment under half illumination, as illus-
trated in Figure 1. It was explained that the odd-object just
chosen was the same object to be chosen under the condi-
tion of dissimilar illuminations. A few of these practice
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demonstrations were run to ensure observers understood
the task. On the back wall, above each object, a number
was placed so that the observers could indicate their choice.
Trials were self-paced with no time limit. At no time were
the observers given any feedback on the accuracy of their
responses.

Experiment 1 was separated into Experiment la and
Experiment 1b with identical instructions and procedure.
The only differences between them were the reflectance
values of the stimuli used and the number of tests per stan-
dard. In Experiment la, 39 shades of stimuli divided into
three groups of 13 were presented to two observers (ST and
SS). Each of the three groups (Table 1) consisted of one set
of standard objects plus six test objects of higher reflectance
(+ deltas) and six test objects of lower reflectance (- deltas).

To confirm the results from Experiment Ia,
Experiment 1b ran five additional observers (KH, QZ, BK,
RD, and FK) under an identical experimental setup with a
condensed number of conditions. In Experiment 1b, 27
shades of stimuli were divided into three groups of nine.
Each of the three groups (Table 2) consisted of one set of
standard objects plus four test objects of higher reflectance
and four test objects of lower reflectance.

Trials for each condition were run over a series of ses-
sions spanning several days. Each session used two of the
three sets of standard objects. During a given session in
Experiment la, sets of standards were presented with one
of six test objects (3 higher reflectances and 3 lower reflec-
tances). Separate sessions were run with the other six test
objects. For each combination of standard and test, 8 repe-
titions were run under both high and low illumination, for
two sessions, for a total of 16 trials per condition. For each
observer, this totaled six sessions per experiment with 192
trials per session. During a given session in Experiment 1b,
sets of standards were presented with one of four test ob-
jects (2 higher reflectances and 2 lower reflectances). Sepa-
rate sessions were run with the other four test objects. For
each combination of standard and test, 10 repetitions were
run under both high and low illumination, for 10 trials per
condition. For each observer, this totaled three sessions per

Tests (- deltas) | Standard | Tests (+ deltas)
0.071 0.089 0.101 0.117 0.119 0.133 0.142 0.162 0.171 0.183 0.198 0.205 0.230
0.152 0.171 0.200 0.215 0.221 0.242 0.268 0.290 0.313 0.324 0.347 0.368 0.383
0.231 0.261 0.291 0.324 0.377 0.425 0.435 0.463 0.500 0.543 0.581 0.631 0.668

Table 1. Reflectance ratios of stimuli used in Experiment 1a. The three rows indicate the three sets of stimuli from low to high reflec-
tance. Each standard set was matched with one of six test objects of higher reflectance, or one of six test objects of lower reflectance.

Tests (- deltas) | Standard | Tests (+ deltas)
0.038 0.043 0.053 0.069 0.078 0.088 0.122 0.154 0.185
0.083 0.138 0.173 0.212 0.230 0.284 0.338 0.386 0.441
0.257 0.341 0.395 0477 0.516 0.533 0.623 0.699 0.733

Table 2. Reflectance ratios of stimuli used in Experiment 1b. The three rows indicate the three sets of stimuli from low to high reflec-
tance. Each standard set was matched with one of four test objects of higher reflectance, or one of four test objects of lower reflec-
tance.
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experiment with 160 trials per session. The order of the
trials was randomized. Each session lasted approximately

40-60 min with a 10-min break in the middle.

2.5 Results

The fouralternative forced-choice (4AFC) paradigm
used in this study can be analyzed like a standard 2 x 2 de-
tection-discrimination AFC procedure (MacMillan &
Creelman, 1991). First, observers discriminate brightness
differences between pairs of objects under the same illumi-
nation and thus choose the side that contains the odd test
object. Once a brightness difference has been discrimi-
nated, observers then identify which of the two objects on
that side are different in reflectance from the two objects
under the other illumination.

Figure 4a shows a hypothetical example of what data
might look like for one set of conditions. For each test, the
proportion of correct responses is plotted against the reflec-
tance difference between standard and test. Open circles
represent the proportion of correct side responses, that is,
choosing either object in the compartment that contains
the odd object. This is essentially a 2AFC task and results
give psychometric brightness discrimination functions.
Filled diamonds represent the proportion of correct object
responses and give psychometric reflectance identification
functions.

In Figure 4a, the proportion of correct responses, 7,
equals the proportion of discriminating or identifying, d,
plus the probability of guessing correctly, 7 when discrimi-
nation or identification does not occur [i.e., 7 = d(1-d)y]. ¥
is 0.5 for correct side and 0.25 for correct object. Threshold
level for both brightness discrimination and lightness iden-
tification were set as the mid-point between y and 100%
correct (0.75 and 0.625, respectively). To normalize the
response data so the two functions are equally scaled on the
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Figure 4. Hypothetical example of a single standard-test set
where correct responses are plotted versus reflectance differ-
ences between standard and test. (a). Response rates are
scaled as proportion correct. (b). The same response rates are
corrected for guessing so that the two functions are equally
scaled on the ordinate. Open circles represent correct side re-
sponses (choosing either object in the compartment that con-
tains the test), while closed diamonds represent correct object
responses (choosing the test object).
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ordinate, detection and identification rates can be plotted
after adjusting for guessing [i.e., d = (r-7)/(1-7)]. Both nor-
malized functions (Figure 4b) are now equally scaled with
chance at 0.0, threshold at 0.5, and 100% correct at 1.0.
This makes it possible to directly compare both sets of re-
sponse functions obtained simultaneously from the same
sets of trials. Although the scaling of the two functions has
been equated for proportions greater than chance, their
normalized minimum response proportions are different. A
0% side correct response rate is equal to a normalized pro-
portion of -1.0, whereas a 0% object correct response rate is
equal to a normalized proportion of -0.33. Note that if re-
sponse proportions are randomly lower than chance, it is
probably due to noise. However, if they are systematically
lower than chance, it is probably due to an incorrect strat-
egy (see “Discussion”).

Complete collections of hypothetical response data for
a standard-test set are shown in Figure 5 for two photome-
ter-based hypothetical observers. The normalized propor-
tions of correct responses are plotted versus the reflectance
differences between test and standard. Dashed curves rep-
resent the proportions of side correct responses, and solid
curves represent proportions of object correct responses.
The top plots represent conditions where the test objects
are under the brighter illuminant, while the bottom plots
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Figure 5. Hypothetical example of a set of conditions where pro-
portions of correct responses (adjusted for guessing) are plotted
versus reflectance difference between test and standard.
Dashed lines represent proportion of correct side responses,
while solid lines represent proportion of correct object responses.
The top row indicates conditions in which the test objects are in
the compartment under full illumination, while the bottom row
indicates conditions in which the test objects are in the compart-
ment under half illumination. (a). Responses of a hypothetical
observer with perfect lightness identification limited only by
brightness discrimination. (b). Responses of a hypothetical ob-
server based on taking into account only luminances of the ob-
jects.



Journal of Vision (2004) 4, 479-497

represent conditions where the test objects are under the
darker illuminant. The vertical lines indicate the reflectance
of the standard objects, with points to the right and left of
it indicating test objects with higher or lower reflectances,
respectively.

What information is available in the display, and what
is the best any visual system could estimate! Backgrounds in
the two boxes have similar statistics. The hypothetical ob-
server in Figure 5a calculates the mean luminance of both
backgrounds, and takes the ratio to obtain the ratio of il-
luminant intensities. This observer then measures the mean
luminance of each of the four cups, and corrects for the
relative illumination intensities to equate the reflectances
of the standards across compartments. There is sufficient
information to perform the lightness identification task;
therefore, lightness constancy is limited only by the ability
to discriminate within illuminants, and the response func-
tions for brightness discrimination and lightness identifica-
tion are superimposed. If, however, a photometer-based
observer measured just the mean luminances of the four
objects, and simply choose the object most different in lu-
minance as the odd object, results would look like Figure
5b. When a test is under full illumination (top plot) and
has a lower reflectance than the standards, its luminance
will be lower than the standard in its compartment and
closer to the luminance of the two standards in the other
compartment. When a test is under half illumination (bot-
tom plot) and has a higher reflectance than the standards,
its luminance will be higher than the standard in its com-
partment and closer to the luminance of the two standards
in the other compartment. Under these types of condi-
tions, when the correct side is consistently chosen as con-
taining the test, the standard on that side will consistently
and incorrectly be chosen as the odd object. The correct
object response rate will fall to 0%, which is equivalent to a
normalized proportion of -0.33. In these conditions, if the
reflectance difference continued to increase to a factor
greater than the factor of illumination difference between
the two compartments, the test would eventually become
most different in luminance as well. This experiment, how-
ever, does not use sets of objects with reflectance differ-
ences of these magnitudes.

Figure 6 presents data from both observers in
Experiment la in a format similar to Figure 5. The normal-
ized proportion of correct responses is plotted versus the
reflectance of the test objects. Both sets of data were fit
with psychometric functions by means of maximum likeli-
hood procedures (see “Appendix 5.1”). For each set of
plots, the top row represents conditions where the test ob-
ject was under full illumination, and the bottom row repre-
sents conditions where the test object was under half illu-
mination. Each vertical column of plots represents a differ-
ent standard object set, with the standard reflectance indi-
cated by the vertical line. Each data point is the mean of 16
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trials. Symbols that appear to be filled circles are points
where side correct (open circles) and object correct (filled
diamonds) responses fall on the same position.

Figure 7 presents response data for the five observers in
Experiment 1b, plotted in an identical manner as Figure 6.
Each data point is the mean of 10 trials. Because fewer test
objects were used for each standard than in Experiment la,
and fewer trials were run for each condition, psychometric
functions were not fit to the data. Instead, data points are
connected for grouping purposes only. For observer BK,
conditions were only run with the low and middle reflec-
tance standard sets.

All seven observers in both Experiments 1a and 1b dis-
played similar brightness discrimination. As test reflec-
tances became progressively different from the standard
reflectances, the proportions of side correct responses in-
creased. In most cases, this increase occurred monotoni-
cally from chance to 100%. Occasional deviations from this
trend did occur. For example, in Experiment 1b, when the
high reflectance standard set was used and the test was in
the compartment under full illumination (upper rightmost
subplots), the correct response proportions never reached
100% with high reflectance test objects. In these condi-
tions, the reflectance differences needed to reach threshold
lay outside the range of stimuli used in this experiment.

In regards to lightness identification (i.e., choosing the
correct object across different illuminants), observers fell
into one of two categories. The first category includes the
two observers from Experiment la and three of the five
observers from Experiment 1b (KH, QZ, and BK). Their
data are compatible with some degree of lightness con-
stancy under almost all conditions. As the reflectance dif-
ferences of the tests reached the level where brightness dis-
crimination was achieved, lightness identification was usu-
ally achieved as well. In other words, when the observers
could discriminate reflectance differences within a single
illuminant, they could identify reflectance differences
across different illuminants. Observers were using an esti-
mate other than photometric luminance because in many
conditions the object correctly chosen as most different in
reflectance was not the object most different in luminance.

The difference in illumination is at least partially ac-
counted for under these conditions and allows for veridical
judgments of object material. However, even after the pro-
portions are adjusted for guessing, in many cases lightness
identification requires a larger reflectance difference to
reach threshold level than does brightness discrimination.
If constancy were perfect, the differences should be equal.
There also seems to be an asymmetry in the data, as light-
ness identification seems to be systematically worse than
brightness discrimination for lower reflectance tests under
full illumination and higher reflectance tests under half
illumination.
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Figure 6. Results from the two observers in Experiment 1a. Normalized proportions of correct responses (adjusted for guessing) are
plotted versus test reflectance. Brightness discrimination (proportion of correct side responses) is represented by open circles. Light-
ness identification (proportion of correct object responses) is represented by filled diamonds. For each set of plots, the top row indicates
conditions where the test is under full illumination, while the bottom row indicates conditions where the test is under half illumination.
The vertical line in each plot indicates the reflectance level of the standard set. Psychometric curves were fit to both sets of data using
maximum likelihood ratios. For each lightness identification data set, the ;(2 value listed below it was calculated based on a separate
likelihood ratio of observed response frequencies to model frequencies.

In contrast to the observers just described, the remain-
ing two observers from Experiment 1b (RD and FK) dis-
played a reliable breakdown of lightness constancy under
many conditions. The general trend for both of these ob-
servers involved identification response rates consistently
less than chance for the following two types of conditions:
(1) when test objects with higher reflectance than the stan-
dard were under full illumination, and (2) when test objects
with lower reflectance than the standard were under half

illumination. Normalized response rates of these conditions
are consistently below zero (42 out of 48 data points across
both observers in the above conditions). In fact, the larger
the reflectance difference of the test in most of these condi-
tions, the lower the proportion of correct responses. At the
most extreme reflectance delta, the normalized proportion
is often -0.33, equivalent to a non-normalized correct re-
sponse rate of 0.0%. As shown by the brightness discrimi-
nation curves, observers RD and FK detected the side that
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Figure 7. Results of five observers from Experiment 1b. Plots are formatted identically to Figure 6. Data points are connected for group-

ing purposes only.

contains the test object as well as the other observers. How-
ever, within that side, under the described conditions, they
consistently chose the wrong object. This demonstrates a
failure of lightness constancy that is opposite to the failure
predicted by the photometer paradigm illustrated in Figure
5b. It appears that these observers used a simple strategy in

which the effect of the illumination difference was
overestimated, not underestimated or ignored.

2.6 Statistical tests

Experiment la contains a larger number of trials, with
finer gradations of reflectance differences than Experiment
1b, and the data obtained are suitable for further statistical
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testing. Both ST and SS demonstrate some degree of light-
ness constancy. If lightness constancy were perfect across
illuminants, the only limitation for choosing the correct
object would be the ability to discriminate differences
within illuminants. In other words, identification should
be perfect given discrimination.

We tested this hypothesis by analyzing the distribution
of incorrect responses. Under this hypothesis, the incorrect
object identification responses should be randomly distrib-
uted among the three standard objects. In other words, if
identification errors are only made when observers cannot
discriminate between the objects, observers will choose at
random, and the incorrect responses will be evenly distrib-
uted among the three wrong answers. The number of incor-
rect side responses should then be twice that of incorrect ob-
ject given correct side responses (a fuller derivation can be
found in “Appendix 5.2”). If this hypothesis is incorrect, a
larger portion of responses will result in correct side but incor-
rect object responses.

Maximum likelihood estimates were found based on
the hypothesis and then compared to the observed data
with a chi-squared test (for details, see “Appendix 5.2” ).
With the given parameters, the critical value of #* at the
0.01 significance level is 16.81. Each #* value from
Experiment la is shown in Figure 6 under the lightness
identification function from which it was obtained. Values
greater than the critical value are labeled by asterisks, and
signify conditions where the hypothesis that identification
is limited only by discrimination can be rejected.

The pattern of #* results in Figure 6 shows a strong
trend across the two observers. The above hypothesis is
generally rejected in conditions when the test objects under
full illumination have lower reflectances than the stan-
dards, and when test objects under half illumination have
higher reflectances than the standards (10 out of 12 times
combining both observers). The hypothesis generally fails
to be rejected in conditions when test objects under full
illumination have higher reflectances than the standards,
and when test objects under half illumination have lower
reflectances than the standards (rejected only 1 out of 12
times combining both observers). From the asymmetry
among the conditions rejected, the question arises whether
a single perceptual strategy can account for the failures of
lightness constancy and its successes, depending on stimuli
conditions. We address this question in Experiment 2.

3.1 Procedure

In the second experiment, we wanted to investigate
whether observers in Experiment 1 were using a lightness-
based strategy, or a brightness-based strategy. We also
wanted to examine the constancy discrepancies between the
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two groups of observers found in Experiment 1. All physi-
cal parameters and procedures were kept the same. The
only change was in the task. Instead of instructing the ob-
servers to choose the object with the different material, ob-
servers were asked to choose the object with the different
brightness. The following instructions were used:

As in the previous experiment, you will be presented
with four pieces of gray, crumpled paper. The papers
will be placed in a box with two separate compart-
ments. Each compartment will contain two of the pa-
pers. Your task is to choose the paper that appears to
be MOST DIFFERENT IN BRIGHTNESS. This paper
may be the brightest or the least bright. Disregard the
material of the paper and disregard the illumination
differences. More than one paper may look different.
Simply choose the one that looks most different.

It is important to note that the difference in instruc-
tion between Experiments 1 and 2 were made clear to the
observers. Several practice demonstrations were run before
trials began to ensure observers understood the task. Both
observers from Experiment la were run in Experiment 2a
with the same number of conditions using the same sets of
standard and test objects. Four of the five observers from
Experiment 1b were run in Experiment 2b, including the
two observers who displayed poor lightness constancy,
again with the same number of conditions using the same
sets of standard and test objects. As in Experiments la and
1b, the only difference between Experiments 2a and 2b
were the number of, and reflectance values of the test ob-
jects. Due to the constraint imposed by length of time
needed to collect data, and the desire to use as many ob-
servers as possible, for three of the four observers in
Experiment 2b, the high reflectance standard set was omit-

ted.

3.2 Results

Results for the two observers in Experiment 2a are
plotted in Figure 8. Normalized proportions of responses
where the test object was chosen as most different in
brightness are plotted versus test reflectance. As in
Experiment 1, proportions of correct side (open circles)
give psychometric brightness discrimination functions.
Brightness dissimilarity functions across illuminants are
given by the proportion of times the test object was chosen
as the most different in brightness (filled diamonds). Both
sets of data were fit with psychometric functions (for de-
tails, see “Appendix 5.1”). Each data point represents the
mean of 16 trials. Results for the four observers in
Experiment 2b are plotted in Figure 9 in an identical fash-
ion to Figure 8. Because Experiment 2b did not contain
enough conditions for reliable function fitting, data points
are connected for grouping purposes only. Each data point
represents the mean of 10 trials.
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Figure 8. Results of two observers from Experiment 2a. Normalized proportions of responses where the object chosen as most different
in brightness was the object of odd reflectance are plotted versus test reflectance. Open circles represent the proportion of responses
that the object chosen was on the same side as the test; filled diamonds represent the proportion that the object chosen was the test.
For each set of plots, the top row indicates conditions where the test is under full illumination, while the bottom row indicates conditions
where the test is under half illumination. The vertical line in each plot indicates the reflectance level of the standard set. Psychometric

curves were fit to both sets of data by using maximum likelihood ratios.

All observers in Experiment 2 gave brightness discrimi-
nation results similar to each other and similar to their
brightness discrimination results in Experiment 1, as seen
by comparing the sets of open circles in Figure 6 through
Figure 9. This result is not surprising because the first step
in either experiment’s 2 x 2 AFC task is the same. No mat-
ter whether observers were asked to identify the object most
different in lightness, or the object most different in
brightness, they had to first choose the compartment that
contained the two objects different from each other in both
attributes under a single illuminant.

In terms of brightness dissimilarity performance, all ob-
servers in Experiment 2 gave similar results to each other.
In addition, the two observers in Experiment 2a, and the
two observers in Experiment 2b that demonstrated light-
ness constancy in Experiment 1b (KH and BK), gave
brightness dissimilarity results similar to their lightness
identification results in Experiment 1. Comparison be-
tween the lightness identification psychometric functions
in Experiment la (solid line fits in Figure 6) and brightness
dissimilarity psychometric functions in Experiment 2a
(solid line fits in Figure 8) demonstrates the similarity be-
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tween the results of these two different tasks. Most impor-
tantly, the asymmetries seen in the lightness identification
curves in Experiment la are similar to the asymmetries in
the brightness dissimilarity curves in Experiment 2a.

As a quantitative comparison between equivalent con-
dition responses in Experiments la and 2a, reflectance
thresholds are plotted in Figure 10. Values were calculated
from the psychometric functions fit to observers’ responses
in Figure 6 and Figure 8. Figure 10a shows the brightness
discrimination  thresholds of Experiment 1 versus
Experiment 2. Figure 10b shows the lightness identification
thresholds of Experiment 1 versus the brightness dissimilar-
ity thresholds of Experiment 2. Within each subplot, data
points are divided into conditions in which the test object
was under full or half illumination. In Figure 6 and Figure
8, the psychometric curves do not fit the data points that
fall below chance, but this does not affect the estimates of
the threshold. The overall fits of the psychometric curves

were tested using maximum likelihood chi-square tests, and
they only failed in a few instances under the half illumina-
tion conditions. As a result, Figure 10b is missing two data
points for ST and one for SS.

Figure 10 shows that threshold values are similar be-
tween equivalent conditions in the two experiments. This is
expected for brightness discrimination responses because
observers are most likely using the same strategy, but it is
also true for the lightness identification and brightness dis-
similarity thresholds. Across the two observers, in the 21
conditions where identification and dissimilarity curves
could be fit, the lightness identification task had lower
thresholds in 12 cases, while the odd-brightness task had
lower thresholds in 9 cases. The fact that observers gave
similar responses when identifying lightness differences in
Experiment 1 as when identifying the object most different
in brightness in Experiment 2 indicates that they could
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have used brightness dissimilarity as the cue for reflectance
identification in Experiment 1.

In contrast, the group of observers who displayed a
consistent breakdown of lightness constancy in Experiment
1b (RD and FK) gave a different pattern of results for their
brightness dissimilarity responses in Experiment 2b than
for their lightness identification responses in Experiment
1b. This indicates that in the first experiment they did not
use brightness dissimilarity as the cue for reflectance identi-
fication. The brightness dissimilarity responses of these two
observers in Experiment 2b were, however, similar to both
the lightness identification and brightness dissimilarity re-
sults of the other group of observers. This suggests that if
these two observers had used a brightness dissimilarity
strategy in Experiment 1, their lightness identification per-
formance would have been comparable to that of the other
observers.

Most recent studies of lightness perception use com-
puter-generated stimuli. With the advent of computer-
simulated displays, many complex scenes can be easily ren-
dered and parameters can be altered with fine precision
and high accuracy. There are, however, important advan-
tages to using natural materials (Koenderink, 1999). Natu-
ral stimuli require much more effort to obtain consistency
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in properties such as reflectance and texture. Natural stim-
uli also require much more effort in terms of presentation,
because after each trial new stimuli must be manually ad-
justed or replaced. However, the advantage of binocularly
viewed, complex, 3D real stimuli is that they provide many
cues missing from computer simulations, and even from
flat natural stimuli. The crumpled materials used in this
study exhibit physical phenomena such as shadows, high-
lights, and inter-reflections between points on surfaces. All
of these cues can help in extracting reflectance (Montag &
Berns, 2000; Nayar & Oren, 1995; Nishida & Shinya,
1998) and estimating illuminants (Maloney, 2002). Shape
cues, such as occlusion, object curvature, and perspective,
give information regarding illumination direction that also
aid lightness perception (Adelson & Pentland, 1996; Pes-
soa et al., 1996; Sun & Perona, 1996). These naturalistic
cues can potentially contribute to the correct classification
of reflection versus illumination variations across the scene,
classifications for which 2D interpretations such as the Ret-
inex model often fail (Land & McCann, 1971).

The methods used in this study provide performance-
based measurements of lightness constancy. In Experiment
1, by presenting four materials in a 2 x 2 AFC manner,
lightness identification and brightness discrimination were
simultaneously measured from the same trials. Given that
observers in the current study had the cues described above
to draw from, if they were capable of perfect lightness con-
stancy, they should have successfully identified identical
reflectances across illuminants whenever they successfully
discriminated within illuminants.

Previous studies have attempted to measure lightness
constancy by separating appearance judgments between
reflectance matching and intensity matching on separate
trials (Arend & Goldstein, 1987; Arend, Reeves, Schirillo,
& Goldstein, 1991; Arend & Reeves, 1986). These studies
have shown fairly accurate constancy in paper-matching
tasks where observers were matching reflectance, whereas
brightness matches varied substantially as a function of il-
lumination. All of these experiments, however, used flat
Lambertian displays (simulated or real). In flat displays,
contrast of the test with respect to the background is im-
mune to fullfield luminance changes, and could be used as
a cue to match reflectance without extracting lightness.
Most objects in the real world, however, are neither flat nor
perfectly Lambertian. Contrast with respect to the back-
ground may not be an invariant for 3D situations involving
different slants with respect to the observer. In Experiment
2 of our study, observers used an explicit brightness-based
strategy and did not need to estimate lightness. The simi-
larities in the results of Experiments 1 and 2 indicate that
the majority of observers could have used brightness differ-
ences as a cue and not estimated lightness in the lightness
identification task of Experiment 1.

Khang, Koenderink, and Kappers (2003) have used a
variant of our method to measure veridical perception of
the reflectance of rotating dodecahedra presented under
collimated, hemispherical-diffuse, and ambient illumina-
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tion on a CRT screen. Pairs of polyhedra were simulated
under the same illuminant. On each trial, observers had to
choose the polyhedron that had reflectances of six if its
faces randomly perturbed. Under ambient lighting there is
no impression of 3D shape, and the task reduces to bright-
ness discrimination. Thresholds for discriminating non-
uniform polyhedra were significantly higher for the colli-
mated and hemispherical-diffuse illuminants than for the
ambient case. Their results for regular polyhedra thus cor-
roborate ours for crumpled objects.

The most common method used in the past to express
the degree of approximation to veridical perception has
been “constancy ratios” derived from appearance matches
(Thouless, 1931; Woodworth, 1938). When matching
standard surface materials across illuminants, reflectance
match settings usually lie between two extremes, one con-
forming to the standard reflectance, and the other con-
forming to the reflectance that would give equal luminous
intensity under the match illuminant. Because perceived
brightness, unlike luminance, is affected by the surround-
ing conditions, these ratios do not address the question of
where the matches lie between brightness and lightness
settings.

The bias in the identification and dissimilarity curves
(i.e., shifted to the left in the full illumination conditions,
and shifted to the right in the reduced illumination curves)
is present both in Experiments 1a (Figure 6, lightness iden-
tification functions) and 2a (Figure 8, brightness dissimilar-
ity functions). The lightness identification curves of the
photometer-like observer discussed earlier were based on
judging luminance dissimilarities. They have similar biases,
but do not resemble the curves from Experiments 1 or 2.
However, it is well known that light adaptation affects
brightness discrimination and appearance (Craik, 1938;
Helson, 1964). Therefore, we tested whether a photometer-
like observer could give results similar to our observers if we
incorporated a mechanism of adaptation, where the
brightness value of a stimulus is equal to the mean lumi-
nance of the stimulus multiplied by a scalar gain whose
value is a monotonically decreasing function of mean lu-
minance of the compartment (Hayhoe, Benimoff, & Hood,

1987; Zaidi, Shapiro, & Hood, 1992). Because the back-

Mean Luminance Brightness
of Stimulus of Stimulus
1
gain
O L

Figure 11. Model of adaptation where the luminance of a stimu-
lus is scaled by an adapting mechanism to give perceived
brightness. The gain of adaptation is controlled by the mean lu-
minance of the compartment, L, and a free parameter, «.
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grounds of the compartments have equal mean reflec-
tances, their luminance values can be related to the amount
of illumination they receive. According to this model
(Figure 11), the gain, g, is equal to 1.0 when the compart-
ment’s mean luminance, L, is equal to 0.0 and declines
monotonically as illumination increases. The rate of de-
cline is governed by the free-parameter, « [ie, g = &
/(x+L)].

Figure 12 illustrates hypothetical brightness dissimilar-
ity responses based on this model for three different values
of k. Normalized proportions of correct responses are plot-
ted versus reflectances of test objects. Standard reflectances
are marked by x. If there were no adaptation (i.e., K = )
(Figure 12a), responses would be equivalent to the pho-
tometer paradigm illustrated in Figure 5b, and judgments
would be based solely on luminance values of the objects.
Systematically incorrect responses will cross over to correct
responses at points where the reflectance difference be-
tween test and standard is great enough to overcome the
illumination difference. At these points, the absolute lumi-
nance difference between standards across the two com-
partments is equal to the absolute luminance difference
between test and standard across compartments. With an
illumination difference of two, and x = oo, these crossover
points are reached when a test under full illumination is
lowered to a reflectance of O, or when a test under reduced
illumination is raised to a reflectance of 3x. As x decreases
(Figures 12b and 12c¢), adaptation increases, and the cross-
over points move closer to the standard reflectance. The
model’s brightness dissimilarity responses now start to ap-
proximate the reflectance identification responses of the
observers: in particular, the asymmetry of the lightness
identification curves compared to the brightness discrimi-
nation curves. Note also that the curves in Figure 12 pre-
dict points systematically below chance levels for conditions
where test objects under full illumination have lower reflec-
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Figure 12. Normalized proportion of correct responses based on
a model of brightness dissimilarity plus adaptation. (a), (b), and
(c) represent models based on three levels of gain with decreas-
ing x values. Standard reflectances are denoted by x.
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tances than the standards, and where test objects under
half illumination have higher reflectances than the stan-
dards. These predictions based on brightness dissimilarity
judgments are confirmed in the asymmetry of the points
below chance for lightness identification data in Figure 6.
Many models of lightness and color constancy assume
that the visual system estimates the scene illuminant and
uses this estimate to determine material reflectance (Beck,
1961; Katz, 1935; Koffka, 1935; Kozaki & Noguchi, 1976;
Logvinenko & Menshikova, 1994; Noguchi & Kozaki,
1985; Woodworth, 1938). In terms of this illumination-
estimation hypothesis, the questions arising about this
study are, what information is available in the display, and
what is the best any visual system could estimate? Back-
grounds in the two boxes have similar statistics. Theoreti-
cally, a system could calculate the mean luminance of both
backgrounds, then measure the mean luminance of each of
the four cups, and take the ratios. According to this design,
there is sufficient information to perform the lightness
identification task perfectly (Figure 5a), but it is clear that
observers are unable to do this. Observers can tell which
side has the brighter illuminant, but either they are unable
to calculate the ratio exactly or else they cannot put it to
use. In Figure 13, results are shown for a hypothetical ob-
server who does not use brightness dissimilarity of objects,
but rather estimates the illumination ratio between the two
compartments and consciously factors it into the lumi-
nance of the objects to obtain their reflectance. The bright-
ness discrimination functions are not affected by this esti-
mation. Assuming reflectance can be perfectly factored out
of luminance when the correct illumination ratio (2:1) has
been estimated, lightness identification functions will over-
lie brightness discrimination functions. Depending on
whether the illumination ratio is overestimated or underes-
timated, asymmetries in opposite directions will result. The
two observers who did not use brightness differences as the
primary cue (RD and FK) were most likely using a strategy
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in Experiment 1 where the illumination difference between
the two compartments was consistently over-estimated (i.e.,
the right two columns in Figure 13).

As more investigators look at lightness of 3D objects, it
is becoming clear that some observers try to do conscious
corrections that lead to individual differences. For example,
Ripamonti et al. (2004) find ranges of individual differ-
ences when people try to match lightness across different
slants. These individual differences have been modeled in
terms of different estimates for the ambient illumination
(Bloj et al., 2004; Boyaci, Doerschner, & Maloney, 2004;
Boyaci, Maloney, & Hersh, 2003; Doerschner, Boyaci, &
Maloney, 2004). Individual differences thus are likely to be
due to attempts to infer a non-sensory quality, rather than
due to the particular task or instruction.

The illumination-estimation hypothesis has also been
challenged by the results of Rutherford and Brainard
(2002), who used a two-stage appearance-matching para-
digm. In their study, observers first adjusted the illumina-
tion in one chamber to match that in another chamber
with different mean background reflectance. Then, with
the illumination matches fixed, observers adjusted the per-
ceived reflectance of a test patch in one chamber to match
the surface reflectance of a patch in the other. After both
matches, neither the illumination nor the reflectance of the
test patches was matched correctly. Furthermore, the lumi-
nance of the light reflected from the two test patches was
significantly different.

Under everyday conditions, observers consistently
judge surfaces as having a certain lightness or grayness. This
subjective impression points out the tendency to use reflec-
tance in mental representations of surfaces. This phe-
nomenological experience, however, is not sufficient evi-
dence that the visual system has access to the reflectance or
lightness of materials. To estimate relatively veridical reflec-
tance, a scene would have to contain sufficient information
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Figure 13. Normalized proportion of correct responses based on a model where the illumination ratio between the two compartments is
estimated and used to factor out object reflectance. The format of the plots is identical to Figure 12.
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to perform this task, and a visual system would have to have
the capability of utilizing this information. In our study, we
have tried to maximize the information available to observ-
ers by providing a rich background and objects that are 3D,
containing facets and highlights. Our results show that de-
spite naturalistic binocular viewing of these information-
rich situations, under many conditions, observers cannot
identify objects of the same lightness across different illu-
mination levels. Further, observers seem to use brightness-
based strategies to try to identify lightness. This conclusion
is based on the fact that the psychometric curves for light-
ness identification (and brightness dissimilarity) are system-
atically asymmetric as compared to brightness discrimina-
tion curves measured simultaneously for the same objects,
and this asymmetry can be predicted quantitatively from
observers’ choices of most dissimilar brightnesses, and
qualitatively from the choices of a photometer-like model
observer incorporating brightness adaptation. Note that
reflectance dissimilarities are not asymmetric around the
standard reflectance, so lightness percepts could not be the
basis of the asymmetric brightness dissimilarity judgments
in Experiment 2.

To summarize, we show some conditions where light-
ness identification is limited solely by the limen of bright-
ness discrimination, and other conditions where lightness
identification is considerably worse. More importantly, we
show that the same relative brightness-based strategy repro-
duces both sets of results. The visual system may have
evolved to identify object properties, but this identification
can only be based on sensory information. Mean reflec-
tance of a surface is a physical quality, just like the spectral
reflectance of a light. In color matching, an observer does
not match spectra, but rather the outputs of cones. We
wanted to find out the proximal quality that is used in
lightness identification of surfaces. We suggest that, for our
3D objects, this quality is perceived brightness, because (1)
the results are similar if observers are explicitly asked to
identify brightness dissimilarities, and (2) a model of
brightness as multiplicative adaptation applied to lumi-
nance, generates curves that reproduce the asymmetries in
the lightness identification data and the points below
chance.

As stated earlier, the observer’s responses simultane-
ously provide percentage correct for a pair of 2AFC tasks
[i.e., (1) choosing the side that contains the dissimilar ob-
ject, and (2) then choosing one of the objects on that side
that is different from the two on the other side]. As such, it
is a variant of the classical 2 x 2 detection-discrimination
task and can be statistically analyzed by modifications of
well-established procedures (Khang & Zaidi, 2002; Sachtler
& Zaidi, 1995; Watson, 1979; Watson & Robson, 1981).
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5.1 Psychometric function fitting

Here, we fit psychometric curves to method of constant
stimuli data. These fits allow for the visualization of trends
in data, and provide estimates of reflectance thresholds for
brightness discrimination, lightness identification, and
brightness dissimilarity. The following notation is adopted:

A - difference between standard and test reflec-
tance

0 - index for 4

ds - probability of detecting a difference at level A

75 — probability of guessing correctly if detecting a
difference does not occur at level 4

s — probability of correct responses at level A

ns- # of trials at level A4

mg - # of correct responses at level 4

o - magnitude parameter of psychometric function

[ - steepness parameter of psychometric function

Discrimination responses were judged as correct when
either object in the compartment that contained the test
was chosen, whereas correct identification required that the
test itself be chosen. Both sets of data can be fit with a psy-
chometric function (Equation 1) modified from the func-
tion proposed by Quick (1974), which is different from the
Weibull (1951) distribution only in using 2 instead of e as
the base of the exponentiation:

dy =1-28) (1)
where dj is the probability of detecting a difference at level
A. Depending on the set of data being analyzed, this can be
either the probability of discriminating the correct side, or
the probability of identifying the correct object. & and f,
respectively, represent the function’s magnitude and steep-
ness parameters. Because the probability of correct re-
sponse, Fs equals the probability of detecting a difference,
ds, plus the probability of guessing correctly when detection
does not occur,  Equation 1 can be substituted into
Equation 2 to obtain Equation 3:

rs =ds+(1-ds)y )

= 1=(1-p)2 3)

Equation 3 is normalized for guessing by ¥ equal to 0.5
for brightness discrimination and 0.25 for lightness identi-
fication. This function can now be fit to the data by maxi-
mizing overall likelihoods based on the binomial probabil-
ity density function:

_ ng! ms ns—ms
Li=—+H°%— 7.7 (1- . 4
o m5!(n5—m5)!ra ( r(g) “)

where mg is the number of correct responses and ny is the
number of trials for a given reflectance delta. Because each
psychometric function is fit from trials over six different A
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levels, the overall likelihood is the product of each A level’s
individual likelihood:

L=]]Ls . (5)
)

For each of the pairs of discrimination and identifica-
tion data, the maximum likelihood estimates of « and S
were obtained that generated rs values that when substi-
tuted into Equation 4, maximized Equation 5. These fit-
tings were used to construct psychometric curves plotted
with their respective response data in Figure 6 and Figure
8. In addition, for each data set, the ¢ value obtained cor-
responds to the threshold reflectance defined as the reflec-
tance differences between standard and test that gives a
correct response rate at the midpoint between chance and
100% correct. These threshold reflectance values from
Experiments la and 2a are plotted versus each other in
Figure 10.

5.2 Hypothesis testing
Ability to discriminate brightness differences versus
ability to identify lightness differences can also be studied
by analyzing the proportion of responses in the three possi-
ble response categories. The additional notation is adopted:
k - index for response category:
k =1 - side correct, object correct
k = 2 - side correct, object incorrect
k = 3 - side incorrect, object incorrect
O - probability of discriminating correct side
Vside — Probability of guessing correct side when dis-
crimination does not occur = 0.5
Yobject - Probability of guessing correct object when
identification does not occur, given correct
side = 0.5
J - # of Ain each data set
The likelihood of getting ms responses in each cate-

gory is given by the multinomial probability distribution for
each A:

Mgk

L :—||7r . (6)
° ||m6k!k ok
k

The likelihood of the whole data set of standard-test com-
parisons is then:

L=]]Ls . 7
)

The simplest hypothesis about the distribution of rg is
H,: assume the best estimate for each rg is mg/ns In other
words, the probability of each response is simply given by
the ratio of responses from the observed data. The total
number of parameters for this hypothesis is 2./, because for
each 4 level, once the number of responses has been de-
termined for two of the categories, the number of responses
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in the third category must be fixed to make the total sum
equal to ng, i.e.,

Zmdk =ngs - 3
Sk

The hypothesis we want to test against is H: Probability
of lightness identification given brightness discrimination = 1.0.
This assumes that once 4 is large enough to discriminate
two objects as different within a single illumination, ob-
servers will always be able to identify the odd object across
illuminants. Possible routes to each response category are
given in Figure 14.

correct correct incorrect
side side side
Yobject Yobject
correct correct incorrect  incorrect
object object object object
k = 1 1 2 3

Figure 14. Routes to obtain one of the three response catego-
ries: [side correct, object correct], [side correct, object incorrect],
or [side incorrect, object incorrect]. The decision tree assumes
that brightness discrimination is the limitation for lightness identi-
fication, and that if the correct side can be discriminated, the
correct object will always be identified. & is the probability of
discriminating the correct side, 4 is the probability of guessing
the correct side when discrimination does not occur, and .., is
the probability of guessing the correct object when identification
does not occur, given correct side has been chosen.

An assumption made in both hypotheses is, because
the position of the test was randomized on each trial, if 4 is
below the appropriate discrimination threshold, % = 1-
¥side = 0.5 (i.e., no guessing biases). Another assumption is
that if the correct side cannot be discriminated, the correct
object cannot be identified, therefore Jopjec = 1-Yopjecs = 0.5.

According to Hj, if lightness identification responses
across illuminants are limited only by the ability to dis-
criminate brightness differences within illuminants, the
incorrect object identification responses should be ran-
domly distributed among the three standard objects. For a
given reflectance delta, if it is not possible to discriminate
the correct side, the probability of guessing the incorrect
object on the correct side is 0.25(1-d), while the probability
of guessing the incorrect side (and hence the incorrect ob-
ject) is 0.5(1-d). Under these assumptions, the number of
incorrect side responses should be twice that of correct
side/incorrect object responses. From Figure 14, for a given
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A, the probabilities of the three response categories can be
written as:

7'5]+I’£32+V(53:1.0 (9)
rs1 = d+ (l‘d)]/side Yobject = d+ (1-d)025 = 1-31"52 (10)
r&=(1—d)7/side(1—}/objec,)=(1—d)0.25 =rs (11)

ro = (1=d)(1-750) = (1-d)0.5 = 27 (12)

Equation 6 now becomes a trinomial probability distribu-
tion function with the three response probabilities defined
by Vst

Ls = —(1=3r5, )" 1§92 (2155 )™ (13)

ng !
[ Imo!
k
Maximum likelihood estimates were found by obtain-
ing values for rs that when substituted into Equation 13
maximized Equation 7. The number of parameters under
this hypothesis is J, because for each 4 level, the only free
parameter is the probability of discrimination, d. To test
whether H; fits as well as Hy, we used the statistic:

A=-2In(L,/L,), (14)

where L; and Ly are the maximum likelihoods under H,
and Hy, respectively. In a theorem of Wilks (1938), 4 has
been shown to be asymptotically distributed as y* with de-
grees of freedom equal to the difference in the number of
free parameters between the two hypotheses (i.e., 2J-J =
J = 6) (Hoel, Port, & Stone, 1971). With degrees of free-
dom equal to 6, the critical value of #* at the 0.01 signifi-
cance level is 16.81. If A exceeds the critical value, we con-
clude that the likelihood based on the model is significantly
worse than the likelihood based on the observed data. This
is equivalent to stating that discrimination is not the only
limitation of lightness identification. A values from
Experiment la are listed as equivalent y* values in Figure 5
under each lightness identification function. Values that
exceed the critical value are labeled by and asterisk.
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