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This study explores how the lack of first-hand experience with
color, as a result of congenital blindness, affects implicit judgments
about ‘‘higher-order’’ concepts, such as ‘‘fruits and vegetables’’
(FV), but not others, such as ‘‘household items’’ (HHI). We demonstrate how the differential diagnosticity of color across our test
categories interacts with visual experience to produce, in effect, a
category-specific difference in implicit similarity. Implicit pair-wise
similarity judgments were collected by using an odd-man-out triad
task. Pair-wise similarities for both FV and for HHI were derived
from this task and were compared by using cluster analysis and
regression analyses. Color was found to be a significant component in the structure of implicit similarity for FV for sighted
participants but not for blind participants; and this pattern remained even when the analysis was restricted to blind participants
who had good explicit color knowledge of the stimulus items.
There was also no evidence that either subject group used color
knowledge in making decisions about HHI, nor was there an
indication of any qualitative differences between blind and sighted
subjects’ judgments on HHI.
additive clustering 兩 color knowledge 兩 similarity

T

he example of color knowledge in the blind has long been a
paradigm of rhetorical evidence for concept empiricism [for
examples, see Locke (1) and Hume (2)]; however, research
suggests that much more knowledge about color may be available
to the blind than these commentators might have assumed. For
example, Landau and Gleitman (3) documented how a blind
child as young as 5 years had acquired the common color terms
and learned the semantic generalization that these terms could
apply only to objects with spatiotemporal extent, i.e., cars and
dogs, but not ideas or stories. Perhaps more remarkably, Marmor
(4) found that similarity judgments about color terms made by
16 congenitally blind college students produced an approximation of Newton’s (5) color wheel when subjected to multidimensional scaling, similar to patterns found in sighted participants
(e.g., ref. 6, although see ref. 7). It has been proposed that
language provides a rich source of information about color terms
that forms a basis for such accurate judgments in the blind. Thus,
it may become clear from usage that some kinds of categories are
marked for color, or that some colors are marked as ‘‘warm’’ or
‘‘cool’’ (e.g., ‘‘red hot’’ vs. ‘‘icy blue’’), etc. However, the usefulness and generality of such knowledge remains an open
question. The present study explores the limits of color knowledge that is merely stipulated through language unaccompanied
by the qualia associated with sensual experience; in particular,
we highlight how the lack of first-hand experience with color
affects implicit judgments about ‘‘higher-order’’ concepts, such
as ‘‘fruits and vegetables’’ (FV), but not others, such as ‘‘household items’’ (HHI), and in this regard, we demonstrate the
potential of a new line of research in the representation of
categories and concepts.
The information approach to explaining conceptual representation, the idea that categories of object concepts can be
distinguished from one another by systematic differences in
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0702812104

information structure across categories, has gained currency in
recent years, especially in the cognitive neuroscience literature,
drawing primarily on evidence of category-specific deficits due
to focal brain damage (e.g., refs. 8–16; for reviews, see refs.
17–19) and category-specific brain activation patterns observed
through functional neuroimaging (refs. 20–28; for a review, see
ref. 29). According to a rather stark version of this view (e.g., ref.
9), the broad dissociation of living things from man-made objects
is explained by a differential reliance on sensory (weighted more
heavily for living things) and functional information (weighted
more heavily for man-made objects). Although this dichotomy is
surely too sweeping to account for all of the extant data as some
commentators have pointed out (e.g., refs. 16 and 30), the
information approach provides a useful framework for uncovering meaningful differences in representation and/or discovery
procedures across categories. For example, it is likely that the
purely visual property of color is more diagnostic (31–33) for the
category of FV than for certain other categories. By ‘‘diagnostic’’
we mean that some property or characteristic is used critically in
identifying exemplars of a category (in assigning them as members of a category). For instance, although both a banana and a
telephone may be yellow, the banana is yellow because it is a
banana, but not so for the telephone. Relatedly, one is more
inclined to eat a yellow banana than, say, a green or black one,
whereas the likelihood of calling one’s grandmother is unlikely
to change if the telephone goes from green to black. This does
not imply that color is among the primary diagnostic properties
for FV but rather that color is more diagnostic for these
categories than it is for others such as HHI or ‘‘vehicles’’ and that
this observation provides a useful wedge for investigating the
underlying structure of categories in the mind and brain. Finally,
diagnosticity is not a definitional or constitutive relationship; as
earlier implied, there are atypical cases of nonyellow fruits that
are bananas all the same.
In the experiment reported below, we used the information
approach to demonstrate how the differential diagnosticity of
color across our test categories interacts with the visual experience of our subjects (blind and sighted) to produce, in effect, a
category-specific difference in implicit similarity. More specifically, we tested the hypothesis that there would be differences
between blind and sighted participants’ similarity judgments for
the color-implicating category of FV, especially along the color
dimension, but that no noticeable differences would arise between these groups for the category of HHI for which color does
not play a conspicuous role.
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Table 1. Correlation matrices (Pearson r) for similarity scores
Higher-order concept

Matrix of comparison of super-subjects

Household items*
B2
S1
S2
Fruits and vegetables†
B2
S1
S2

B1
0.92
0.93
0.94
B1
0.89
0.89
0.90

B2

S1

0.94
0.95
B2

0.96
S1

0.88
0.89

0.93

z score of difference between S and B weights on clusters based on
distribution from permutation analysis. B, blind; S, sighted; B1, blind supersubject 1; B2, blind super-subject 2; S1, sighted super-subject 1; S2, sighted
super-subject 2.
*B ⫺ S ⫽ 0.97.
†B ⫺ S ⫽ 0.93.

Implicit pair-wise similarity judgments for all pairs of items
within each of our test categories were derived from the results
of an odd-man-out triad task, in which, on a given trial, participants chose the semantic outlier given three items. This method,
although time consuming, is preferable to pair-wise similarity
judgments because each pair is presented many times in several
different contexts, i.e., with a different third item, producing
implicit judgments of similarity as opposed to the explicit
judgments required of a pair-wise task. This is important because
subjective similarity is highly context dependent. Consider the
great difference between Bill Clinton and George W. Bush in the
context of Ronald Reagan, but how similar they become when
compared with Winston Churchill (31, 34). Because they are
established over many different contexts, similarities based on
triad decisions provide a good implicit measure of similarity that
allows similarity along multiple dimensions to be naturally
incorporated into a single measure (35, 36). The derived similarities for both FV and for HHI for both blind and sighted
participants were compared by using cluster analysis and regression analyses. In addition, a separate set of sighted participants
were instructed in the odd-man-out task to make their decisions
based solely on color for both FV and for HHI. We used these
latter similarities as a regressor variable on the ‘‘naı̈ve’’ blind and
sighted subjects’ data to further assess the extent to which color
played a role in shaping their judgments.
Results and Discussion
Correlations Between Similarity Measures. We calculated correlations to see how well similarity scores produced by sighted
participants for each pair (n ⫽ 276) of stimulus items predicted
those produced by the blind participants. The overall correlations are high for both FV (Pearson r ⫽ 0.93) and HHI (Pearson
r ⫽ 0.97) (Table 1), however significantly lower for FV (z ⫽ 3.36;
P ⬍ 0.01). To attribute the source of this difference to a group
difference or to a difference between the categories, it was
necessary to determine the baseline level of agreement in
similarity scores one could expect for any given set of items. To
do this, we calculated the correlations between the similarities
produced by each pair of ‘‘super-subjects’’¶. Table 1 summarizes
these comparisons. This analysis reveals significantly higher
agreement among sighted participants for HHI (Pearson r ⫽
0.96) than for FV (Pearson r ⫽ 0.93; z ⫽ 3.35; P ⬍ 0.01); a pattern
consistent with the overall correlations between blind and
sighted and with comparable r values, indicating that the difference is due to a difference in the baseline level of agreement to

¶There

were four super-subjects per stimulus category, two blind and two sighted. For
further explanation of super-subject, see Materials and Methods.
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be expected of each stimulus category. There is also significantly
less shared variance among blind participants than among
sighted participants for both stimulus categories (HHI: r ⫽ 0.92
vs. r ⫽ 0.96, z ⫽ 4.15, P ⬍ 0.01; FV: r ⫽ 0.89 vs. r ⫽ 0.93, z ⫽
2.75, P ⬍ 0.01), indicating more variability in general in the
judgments produced by blind participants. Thus, this analysis
reveals a main effect of category through higher overall agreement in similarity scores for HHI than for FV and also a main
effect of participant group in that for both categories similarity
scores produced by blind participants are more variable than
those produced by sighted participants. Furthermore, because
the blind super-subjects’ data correlated as well or better with
the sighted super-subjects’ data as they did with each other [i.e.,
blind (B1) vs. blind (B2); see Table 1], there is no evidence of a
category by group interaction.
This would seem to contradict the hypothesis that differences
between blind and sighted participants would emerge for visually
diagnostic categories (i.e., FV); however, a more fine-grained
analysis, to which we turn presently, reveals that reliable differences between the similarities produced by blind and sighted
participants emerge that are restricted to color dimensions and
to the category FV.
Analysis of the Structure of Similarity, Using the INDCLUS Model. In

an attempt to reveal the structure present in our similarity
data and also to directly compare the similarities produced by
blind and sighted participants, we analyzed the similarity data,
using the INDCLUS model (37), an individual differences
generalization of the ADCLUS additive clustering model (38).
This nonhierarchical overlapping clustering technique fits a
model wherein the similarity between any two items in the
dataset is predicted by the sum of the weights of their shared
clusters. The weight on a cluster reflects the relative importance
of that cluster in partitioning the similarity data. Both the
clusters and the weights are determined by the INDCLUS
algorithm based on pair-wise proximity data (i.e., similarities or
distances). Individual differences are reflected in the model by
the differential assignment of weights to the assigned clusters for
different data sources (e.g., individual subjects or separate
groups of subjects), blind vs. sighted in our case. Additive
clustering can be viewed as a discrete counterpart to multidimensional scaling (see refs. 39 and 40), and is held to be better
suited to datasets where the stimuli are more conceptual as
opposed to perceptual in nature (38, 41). In the case of the
present study, clusters can be explicitly construed as sorting
criteria. In more abstract terms, the clusters can be interpreted
as reflecting common salient properties of the stimuli, where the
properties may be taxonomic categories, functional properties,
or perceptual properties, among other possibilities.
The results of the INDCLUS analyses for each of the stimulus
categories are summarized in Table 2 (for HHI) and Table 3 (for
FV). It should be noted that several variables important to these
analyses are under the control of the experimenter, including the
number of clusters. Deciding how many clusters to include in a
given solution is a heuristic function of maximizing the variance
accounted for (VAF), maximizing the plausibility of interpretation of the clusters, and minimizing redundancy across clusters.
The six-cluster solution for HHI (Table 2) accounts for 92.9%
of the overall variance in the data, accounts for nearly identical
amounts of variance in blind (VAF ⫽ 93.0%) and sighted
(VAF ⫽ 92.8%), and assigns comparable weights for blind and
sighted for all of the clusters.
The eight-cluster solution for FV (Table 3) accounts for 92.4%
of the overall variance in the data, accounts for slightly less of the
variance in the blind data (VAF ⫽ 91.1%) than in the sighted
data (VAF ⫽ 93.5%; although not significantly less: z ⫽ 1.31, P ⫽
0.19, two-tailed), and assigns comparable weights for blind and
sighted to all of the clusters with the exception of the clusters that
Connolly et al.

Table 2. INDCLUS solution for HHI
Blind
weights

Sighted
weights

z score of
difference

P

Elements of subset

0.492

0.521

⫺0.68

0.25

0.321

0.410

⫺1.35

0.09

0.392
0.258

0.364
0.247

0.61
0.36

0.27
0.36

0.201
0.189

0.245
0.137

⫺0.58
1.74

0.28
0.08

0.040
93.0%

0.020
92.8%

Air conditioner, clock, clothes dryer, coffeemaker,
dishwasher, fridge, lamp, microwave, radio, stove,
television, toaster
Comb, fork, knife, ladle, nail file, razor, scissors,
spatula, spoon, tongs, toothbrush, tweezers
Comb, nail file, razor, scissors, toothbrush, tweezers
Coffeemaker, dishwasher, fork, fridge, knife, ladle,
microwave, spatula, spoon, stove, toaster, tongs
Clock, lamp, radio, television
Fork, knife, ladle, scissors, spatula, spoon, tongs,
tweezers
Additive constants
VAF within group

Interpretation
Appliances

Implements
Personal hygiene items
Kitchen items
Living-space items
Kitchen/metal implements

Overall VAF ⫽ 92.9%

z score of difference between S and B weights on clusters based on distribution from permutation analysis.

participants sometimes sort FV by color, but blind participants
do not. We now report further evidence bolstering this claim.
Self-Reported Strategies. The first source of corroborating evi-

dence that sighted participants but not blind participants used
color information in making triad decisions comes from postexperiment self-reporting of the strategies that participants used
during the triad task. Although 14 of 16 sighted participants
reported using color when making triad decisions for FV, only
3 of 16 blind participants reported doing so. This was by far the
largest discrepancy observed in self-reported strategies between
the two groups (see Table 4). It is noteworthy that color was the
second most reported strategy among sighted participants behind the strategy of fruit vs. vegetable. No participants, blind or
sighted, reported using color as a criterion for making judgments
about HHI.
Comparison with Color-Based Similarities. To better assess the

amount of variance in the similarity data attributable to color
and to corroborate the outcome of the INDCLUS analysis, we
compared the blind and sighted subjects’ similarity data to
independently derived color-based similarities for each set of
stimuli. These additional sets of similarities were produced by
having 16 sighted participants, who had not participated previ-

Table 3. INDCLUS solution for FV
Blind
weights

Sighted
weights

z score of
difference

P

Elements of subset
Apple, apricot, banana, cantaloupe, cherry, grapefruit,
lemon, lime, pineapple, strawberry, tangerine
Asparagus, avocado, beet, broccoli, carrot, corn,
cucumber, olive, pumpkin, radish, squash, tomato, yam
Pumpkin, squash, yam
Grapefruit, lemon, lime, tangerine
Apple, cherry, strawberry, tomato
Asparagus, beet, broccoli, carrot, corn, cucumber, radish,
squash, yam
Asparagus, avocado, broccoli, cucumber, lemon, lime,
olive
Apple, apricot, avocado, banana, cantaloupe, cherry,
grapefruit, pineapple, pumpkin, strawberry, tangerine,
tomato
Additive constants
VAF within group

0.482

0.520

0.93

0.18

0.380

0.436

1.43

0.08

0.221
0.298
0.091
0.220

0.265
0.263
0.223
0.211

0.41
⫺0.69
2.12
⫺0.24

0.34
0.25
0.03*
0.41

0.026

0.118

2.02

0.04*

0.091

0.113

1.20

0.12

0.081
91.1%

0.044
93.5%

Interpretation
Fruits
Vegetables
Winter vegetable
Citrus
Red things
Vegetables-2
Green things
Fruit-2

Overall VAF ⫽ 92.4%

z score of difference between S and B weights on clusters based on distribution from permutation analysis.

Connolly et al.

PNAS 兩 May 15, 2007 兩 vol. 104 兩 no. 20 兩 8243

PSYCHOLOGY

have been assigned the interpretations ‘‘red things’’ and ‘‘green
things’’ (see below).
Testing for significant differences between blind and sighted
subjects in the weights on the clusters was accomplished by using
a Monte Carlo method to determine critical values. We produced randomizations of the data by randomly assigning all
participants, blind and sighted, to artificial blind and sighted
groups. We produced 100 randomizations for each of the
stimulus categories to produce 100 pairs of similarity matrices for
each category. We then analyzed these data with INDLCUS, but
instead of having INDCLUS produce the clusters, the clusters
were stipulated to be the same as those reproduced in Tables 2
and 3. The distribution of differences in the weights (blind minus
sighted) produced by the randomizations (100 differences for
each cluster) were then used to perform two-tailed z tests to see
whether any of the differences between the weights assigned to
true blind and sighted subjects were not explained by chance
variation. Of all of the clusters from both HHI and FV, only the
red things (z ⫽ 2.12; P ⬍ 0.05) and the green things (z ⫽ 2.02;
P ⬍ 0.05) clusters produced significant differences in weights
between blind and sighted.
We conclude from these data that these differences reflect
differences in how color information is used by blind and sighted
participants to make similarity judgments on FV, i.e., sighted

Table 4. Subject-reported strategies for odd-man-out triad task
Strategies reported
Purpose
Kitchen/cooking
Used electricity
Location in house
Personal hygiene
Manipulated temp.
Size
Appliances
How it is used
Whether sharp
Appearance
Fruit vs. vegetable
Color
Size
Shape
How it grows
Eaten together
Citrus
Taste

Blind who reported
strategy, no.

Sighted who reported
strategy, no.

HHI task
9
10
9
7
5
3
3
7
3
6
0
FV task
13
3
7
8
4
7
5
3

11
8
7
7
7
7
7
2
5
1
5
16
14
9
7
6
4
6
4

ously, perform the triad task with the explicit instructions to
make decisions ‘‘based solely on the colors of the items’’ in the
stimulus set. (Blind participants were not given these instructions.) The resulting color-based similarities were then used as
a regressor on the residual variance in the FV data after
partialling out VAF by the INDCLUS clusters with the exceptions of the red and green clusters. (The multiple linear regression that included the INDCLUS clusters minus red and green
as predictor variables accounted for 91.2% of the total variance
in the sighted data and 90.4% of the total variance in the blind
data.) The color similarities accounted for 23% (R2 ⫽ 0.23; see
Fig. 1) of the residual variance in the sighted data and none of
the residual variance in the blind data (R2 ⫽ 0.0007). A parallel
analysis was performed for the HHI data; however, the color
similarities for HHI were collinear with four of the binary
INDCLUS variables (appliances, implements, kitchen items, and
kitchen implements) as revealed by multiple linear regression
complicating the interpretation of the result. This analysis
revealed no differences between the sighted and blind subjects’
similarities, and there was no indication that either group used
color for making judgments about HHI.
Color Was Not Used Even by Blind Participants with Good Explicit Color
Knowledge. The lack of an effect of color in the similarity scores

of the blind participants would be less interesting if it were the
case that our blind participants did not know the colors of
the items in the stimulus set. Because of this, we repeated the
color-based similarity analysis for FV for a subset of the data
for which our blind participants had good explicit knowledge
of the colors of the items. We excluded those blind participants
who performed poorly on an explicit color knowledge test
administered in a follow-up interview; and we also excluded
items for which accuracy across subjects was poor. Four of the
16 blind participants were unavailable for the follow-up interview, and their data were excluded from the analysis. The
twelve participants who participated were asked to provide
the colors commonly associated with each stimulus item in
the study. The task was straightforward: the experimenter
said the name of the test item (e.g., ‘‘apple’’) and the subject
was to respond by saying the most likely color associated with
8244 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0702812104

the item (e.g., ‘‘red’’). We calculated the accuracy across
participants for naming the correct color for each of the FV
stimuli. Participant’s answers were scored as correct (1.0) if
they produced the canonical color associated with the item
(i.e., red for apple), incorrect (0.0) if they produced an
aberrant color (e.g., purple for apple), and with an intermediate value (0.5) if they produced an acceptable but noncanonical color (e.g., green for apple)储. These scores were
averaged across participants, and items that produced an
average accuracy of ⬍0.67 were excluded from further analysis. The excluded items (with their accuracy scores) were
APRICOT (0.42), AVOCADO (0.17), CANTALOUPE (0.0),
CARROT (0.08), CUCUMBER (0.58), GR A PEFRUIT
(0.29), PINEAPPLE (0.33), PUMPKIN (0.25), RADISH
(0.50), and YAM (0.33). After removing these items, we
excluded from further analysis individual participants whose
accuracy on the remaining 14 items was ⬍0.67. This resulted
in the exclusion of two participants, leaving 10 in the final
analysis. The remaining 14 items were APPLE (0.95), ASPARAGUS (0.90), BANANA (0.75), BEET (0.90), BROCCOLI (0.90), CHERRY (1.0), CORN (0.80), LEMON (0.85),
LIME (0.80), OLIVE (1.0), SQUASH (0.80), STRAWBERRY (0.90), TANGERINE (0.70), and TOMATO (0.95).
The overall mean accuracy was 87% correct; the modal
accuracy for participants was 86% correct (min ⫽ 71%; max ⫽
100%).
Similarity scores were recalculated by using data from these 10
participants, and using only those triads comprised by the 14
remaining items. For comparison, the sighted similarities were
recalculated by using data from 10 corresponding sighted participants and containing only the 14 remaining items. The color
similarities accounted for 16% of the residual variance in the
sighted and an insignificant amount (R2 ⫽ 0.012) in the blind
data after accounting for the INDCLUS clusters minus red and
green, a pattern consistent with the result reported above.
Summary and Conclusions. In summary, we have demonstrated

that color was a significant component in the structure of implicit
similarity for FV for sighted participants but not for blind
participants; and this pattern remains even when the analysis was
restricted to blind participants who had good explicit color
knowledge of the stimulus items. There was also no evidence that
either subject group used color knowledge in making decisions
about HHI, nor was there an indication of any qualitative
differences between blind and sighted subjects’ judgments on
HHI. These results are in line with claims that the category of FV
is unique in part because color attributes are weighted more
heavily in terms of salience and diagnosticity for this category
than for other categories, e.g., HHI. Silver may be a very reliable
color for utensils, perhaps as reliable as redness for apples; yet,
color has minimal status conceptually in the case of utensils.
Here, we have two visible categories with rather reliable color
features, and yet, color is a factor for the sighted for the one
category and not the other, and, as a corollary, the similarity
spaces differ more from each other for blind and sighted in the
one category than in the other. These findings thus represent a
category-specific difference in implicit similarity that emerges as
a result of the interaction of life-long visual experience (or lack
thereof) and the differential diagnosticity of color information
储Where

possible, these scores were justified by referencing a list of feature norms made
available by Ken McRae (30). In deciding how to score ‘‘green’’ for TOMATO, for example,
0.5 was decided on because green appears on the list for TOMATO with a frequency of 12
(meaning 12 of 30 subjects produced the feature) as opposed to red, which has a frequency
of 28. In the case of OLIVE, we scored both green and black as correct, because they
appeared on the McRae list for OLIVE with near equal frequency (frequencies of 27 and 26,
respectively). Such validation was not always possible, however, because not all of our
stimuli are represented in the McRae norms.

Connolly et al.

Fig. 1. Scatter diagrams of the fit between the pair-wise similarities produced by the color-instructed group (x axes) and the residual similarity in the blind (Left)
and sighted (Right) similarities for FV after partialling out VAF by the INDCLUS model minus the ‘‘red’’ and ‘‘green’’ clusters. The color similarities accounted for
23% of the residual variance in the sighted data and none in the blind data. Each point represents one pair of items, e.g., pineapple– banana.

Connolly et al.

Materials and Methods
Participants. Sixteen congenitally blind individuals (seven males,

nine females; age range: 27–61, mean ⫽ 49 years) from the
Philadelphia area participated in the study. Eleven reported
being totally blind (no light perception); of these, three reported
having had some light perception as a child, which was subsequently lost. The other five reported having some light perception (light and shadow), but no perception of form or color. For
the majority of participants (11), the cause of blindness was
retinopathy of prematurity. Other causes were chorioretinitis,
congenital cataracts, congenital optic atrophy, hereditary glaucoma, and micropthalmia. Six participants held master’s degrees,
five held bachelor’s degrees, and five were high school graduates.
They were paid $15 an hour for participating in the study. Each
blind participant participated in two testing sessions, one session
for FV and one session for HHI. A total of 48 sighted participants
recruited from the student population of University of Pennsylvania participated in various control conditions. Thirty-two
sighted subjects participated in the naı̈ve version of the triad task,
with 16 in the FV condition and 16 in the HHI condition;
whereas 16 sighted subjects participated in the color-instruction
version of the triad task with eight in the FV condition and eight
in the HHI condition. They were paid $10 per hour or were given
class credit for a psychology course.

Stimuli. The stimuli consisted of the names of 24 common FV and

24 HHI. FV were chosen in roughly equal numbers. They were
also chosen so that there were six items from each of the color
categories red, yellow, orange, and green, which cross-cut the
fruit-vegetable category distinction. The HHI that were included
consisted of half appliances and half implements (hand-held
devices) of various types. (See Tables 2 and 3 for stimuli.) The
names of all items were recorded to digital sound files and were
presented to participants as triads, using a computer program
generated with E-Prime software (Psychology Software Tools,
Pittsburgh, PA). All unique triples (not controlling for order)
were generated for both sets of stimuli (FV and HHI), yielding
a total of 2,024 (24 choose 3) triples for each. Although only one
permutation of each unique triad was used, across all of the
triads, each word appeared an equal number of times in the first,
second, and third position. During a single experimental session
participants made decisions (see below) on a randomized eighth
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across object categories. It remains a question for future research
how this difference may be reflected in the neural structure of
semantic memory in the blind (for a recent review of plasticity
of function in the blind, see ref. 42).
Our results do not indicate that there is no appreciation of
concepts such as color in the absence of visual experience. However, they reveal a fundamental difference in the status of color
knowledge between the sighted and the blind, and they show how
this difference affects the representations of higher-order concepts
like FV, in as much as the structure of implicit similarity can be
construed to reflect conceptual representation. In sighted individuals, knowledge of the colors of things represents an immediate,
possibly automatic, form of knowledge, at least for categories like
FV. We take as evidence for this the fact that sighted participants
used color spontaneously in the triad task. In contrast, in blind
individuals, color knowledge is merely stipulated. Even if strawberries are known to be red, nothing follows in terms of the
usefulness of this fact in reasoning about strawberries. We assume
that color knowledge in the blind comes primarily from how color
terms are used by the sighted community in making everyday
linguistic reference and in commonly used expressions (one is more
likely to hear ‘‘reddish brown’’ than ‘‘reddish green’’). Although
such knowledge may accurately reflect some of the more well
known (and more widely discussed) color associations among
objects, as our data from the explicit color knowledge test reflect,
there are limits to the usefulness and generality of this knowledge,
as suggested by the fact that color did not play a role for blind
participants in organizing similarity relations among the concepts
represented in our stimuli.
Finally, we hope that emphasizing the differences between our
subject populations does not obscure or diminish the relevant
and interesting similarities. Perhaps a primary fact to notice is
the equivalences in the organization of these concepts in the
blind and the sighted, remarkable in light of the consistent
differences in their perceptual access to them. The difference
being where color (a dimension open to ‘‘one sense only,’’ in
Locke’s words) is relevantly involved; and even here, the difference is small, accounting only for ⬇2% of the overall variance,
whereas ⬎90% of the variance was shared between blind and
sighted for FV and HHI. This, despite (what must be) pervasive
differences in ‘‘the world’’ as confronted by blind and sighted
populations.

of the total number of triads (253), which took ⬇1 hour to
complete. We define a super-subject as a group of eight subjects
who together completed the entire set of 2,024 triads. FV and
HHI triads were tested separately and in separate experimental
sessions. During a single session, participants only made decisions about one of the categories (FV or HHI) and there were
no mixed trials: for example, there were no trials like ‘‘apple,
strawberry, toothbrush.’’

odd-man-out was chosen, the similarity score for the remaining
pair in the triad was increased by one. For example, if the
participant heard ‘‘apple, strawberry, banana’’ and the participant chose ‘‘banana’’ as the odd-man-out, then the similarity
score for the apple–strawberry pair was increased by one. Raw
similarity scores were generated that ranged from 0 to 44, where
44 was the total number of times that a single pair was presented
to 16 participants. Thus, higher numbers indicate greater similarity for a pair of items.

Odd-Man-Out Task. Participants were instructed in the odd-man-

out task in which they were to choose the odd-one-out given a
triad of words. Participants heard three words in succession and
were to choose the odd-man-out by means of a button press. If
the participant heard ‘‘apple, strawberry, banana,’’ and chose
‘‘banana’’ as the odd-man-out, then they would press button 3,
corresponding to the serial position of the odd word. Participants
were instructed to make their decisions based on the meanings
of the words, and not on how the words sounded or how they
were spelled. All blind participants and 32 sighted participants
(16 for FV and 16 for HHI) were given these naı̈ve instructions.
Sixteen additional sighted participants (eight for FV and eight
for HHI) were instructed to make their decisions based solely on
the color of the items referred to by the words. Each sighted
participant participated in only one experimental session. Because the blind participants participated in two experimental
sessions, the order was counterbalanced so that one half heard
FV in their first session and HHI in the second and vice versa.

Self-Report of Strategies for Triad Task. After completing the triad

task, participants were asked to list all of the criteria they used
in making their decisions. For example, participants reported
making their decisions based on fruit vs. vegetable, color,
shape, etc.
Test of Explicit Color Knowledge. After completing both triad

sessions, blind participants were asked to report the colors
associated with all of the test items presented as a single
randomized list.

erated from the odd-man-out task as follows: every time an
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