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Subitizing: An Analysis of Its Component Processes

George Mandler and Billie Jo Shebo

University of California, San Diego

SUMMARY

The term subitizing was coined by Kaufman, Lord, Reese, and Volkmann in 1949
to describe the rapid, confident, and accurate report of the numerosity of arrays of
elements presented for short durations. They noted that this process, different from
counting and estimating, was restricted to arrays with 6 or fewer elements, Ever since
the general awareness of some such process in the nineteenth century, the phenomenon
has been a benchmark for the limited capacity of human consciousness, Previous re-
search, as well as the data in these experiments, shows that the reaction time function
for different arrays (ranging in size from 1 to 15) has a shallow slope for arrays with
1 to 3 elements followed by a straight line slope for arrays of 4 to 6 or 7, at which

- point the reaction time discontinuity typically occurs; reaction times then stay fairly
constant as the array size increases, and the numetosity response becomes much. less
accurate. When the array is exposed for unlimited presentation time, the reaction time
slope is a straight line from size 4 to as large as 30 or 40. In the latter case, subjects
are clearly counting the array.

Apart from replicating the previous findings under a variety of conditions, we have
shown that subjects can make a very fast “countability” judgment indicating whether
or not they could, if requested, give an accurate numerosity response. These judgments
are fast and produce a yes response within the subitizing range, and a no response
thereafter ,

" Developmental data had indicated that children count arrays as small as 2 and 3;
adults seem to give a more automatic response, shown also in the fast reaction times
to those array sizes. The suggestion that this response is an acquired one to certain
frequently appearing canonical patterns of two and three events (pairs/lines and triples/
triangles) was explored in another experiment in which subjects were given canonical
patterns for arrays of up to 10. These data showed that within very few trials the
response to these canonical patterns was just as fast and accurate as the response to
the smaller (1 to 3) array sizes. Finally, the data demonstrated that the s_lope for array
sizes from 4 to 6 with short exposure time was indistinguishable from the slope for
array sizes from 4 to 15 under an unlimited exposure condition.

We concluded that the reaction time function found in subitizing consists of three
processes: a response to arrays of 1 to 3 that is fast and accurate and is based on
acquired canonical patterns; a response to arrays of 4 to 6 or 7 that is hased on mental
counting, that is, the counting of -arrays that can be kept in consciousness (attention);

- and an estimating response for arrays larger than 6 that cannot be held in consciousness
for mental counting.

Copyright 1982 by the American Psychological Association, Inc. 0096-3445/82/1101-0001$00.75
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2 GEORGE MANDLER AND BILLIE JO SHEBO

The postulation of a limited capacity sys-
tem that governs human attention and con-
sciousness has been central to modern cog-
nitive psychology since Miller’s (1956) review
of the limitation on human information pro-
cessing. Among the instances Miller cited
was the phenomenon of subitizing, the lim-
itation of the rapid apprehension of numer-
osity to some 6 or fewer events. In the in-
tervening quarter of a century the limited
capacity notion has been extended to a va-
riety of phenomena in human judgment and
attention. In our work we have focused on
the effect of the limited capacity of con-
sciousness on memory and semantic cate-
gorization (Graesser & Mandler, 1978;
Mandler, 1967, 1975a). Given some of these
extensions, it was surprising that a basic ref-
erence phenomenon such as subitizing had
never been given a satisfactory explanation
and description. The purpose of the present
experiments is to provide such an explana-
tion.

The reference experiment for the subitiz-
ing phenomenon was an extensive study by
Kaufman, Lord, Reese, and Volkmann
(1949). They presented arrays of dots, with
the number of dots varying from 1 to 210.
Presentation time was 200 msec without a
mask. When subjects were instructed to
strive for accuracy, performance was essen-

tially perfect up to arrays of 5; it was not -

much different when subjects were given
speed instructions.

In their discussion, Kaufman et al. (1949)
distinguished among three processes: subi-
tizing, counting, and estimating. They in-
vented the term subitize to describe the
process, different from estimating, that
characterizes the report of numerosity for
arrays of 6 or fewer events. Subitize is de-
rived from *the classical Latin adjective sub-
itus, meaning sudden, and the medieval
Latin verb subitare, meaning to arrive sud-

The research reported here and the preparation of
this report were supported by National Science Foun-
dation Grant BNS 79-15336. We want to thank Patricia
Haden for experimental assistance. A brief report of the
findings was presented at the 1980 meeting of the Psy-
chonomic Society in St. Louis.

Requests for reprints should be sent to George Man-
dler, Center for Human Information Processing, Uni-
versity of California, San Diego, La Jolla, California
92093.

denly” (p. 520, footnote). Kaufman et al.
reserve the process of estimating for arrays
of 6 or more events. The process of counting
refers to the usual pairing of objects with the

incrementing number series. Kaufman et al.

noted that estimating and subitizing are sim-
ilar operations, essentially distinguished only
by the array size. Subitizing is a “more ac-
curate, more rapid, and more confident pro-
cess” than estimating (p. 525). They based
their conclusion on the discontinuities (sys-
tematic abrupt changes in slope) for both
the time and confidence judgments at or near
the 6-dot array. They also concluded that
there is no such phenomenon as “the im-
mediate cognition of number” (p. 525).
Their basic data on reaction times to arrive
at numerosity judgments are presented in
Figure 1, which shows the results of Kauf-
man et al., as well as the data of Jensen,
Reese, and Reese (1950) with a subject-de-
termined presentation time. The basic phe-
nomenon, repeated by others, is that the time
to report the numerosity of arrays increases
up to arrays of 6 and then stays essentially
flat for the increasing array sizes. If presen-
tation time of the array is terminated only
when the subject responds, as in the Jensen
et al. study, reaction time is apparently lin-
ear with increasing array size.

In summary, Kaufman et al, invoked the
term subitizing for a process of arriving at
judgments of visual numerosity that applies
to arrays of 6 or fewer objects. They did not
specify what that process might be. Some of
the subsequent discussions in the literature
might well have paid heed to the coiners of
the term. Subitizing is defined by systematic
changes in the slope for judgments of nu-
merosity; it is not a concept disputable on
theoretical grounds. To assert that people do
or do not subitize requires only a demon- .
stration that certain discontinuities can or
cannot be demonstrated in the data obtained
from numerosity judgments. To determine
what processes are involved during subitiz-
ing is indeed a theoretical enterprise, which
Kaufman et al. touched on only tangentially.

Cattell (1886) concluded the first exper-
imental investigation of the phenomenon
with a very modern conclusion:“[ W]hen 4
or 5 lines are visible for 0.01 second, their
number is usually estimated correctly, which
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Figure 1. Mean reaction times to report number of items as a function of array size from Kaufman et
al. (1949), Jensen et al. (1950), and the 200-msec condition from Experiment 1.

gives the number of simple impressions that
can simultaneously be held in consciousness”™
(p. 124). Similarly, Jevons (1871) talked
about counting ‘“by a single mental act” (p.
281), and Wundt (1896) claimed that a
maximum of 6 random dots can be “apper-
ceived at one time” (p. 248).

Asimilar conclusion was reached by War-
ren (1897), who claimed to have found ev-
idence for “perceptive” counting that pro-
ceeds by an apprehension of the group as a
whole. He based his conclusion on the very
slight slope in reaction times up to sets of
4 combined with the very low (nearly zero)
error rates of sets of up to 3. These data were
obtained with a 131-msec exposure rate; for
unlimited. exposure he found a fairly con-
stant slope of 200 msec for sets of 1 to 8.
Warren also suggested that “progressive”
(incremental) counting has an upper limit
of 7 with the short exposure time.'

The position held by Cattell, Jevons,
Wundt, and Warren led to one of two views
on the topic that are held to this day. The
first is that the perception of small numbers
of objects (variously considered to-be from
3 to 6) is a unitary direct perceptual event.
For example, Bourdon (1908) claimed that
they are sensations of the same order as blue,
green, red, round, square. That view has
been held over the past century by Bourden,
Klahr (1973a, 1973b), and Taves (1941).

The other, less popular, view claims that
since there is an increase in the time of per-
ception with the number of events, the per-
ception of small numbers is continuous with
the perception of larger numbers (i.e., count-
ing). However, since the function relating
reaction time to display size.is usually pos-
itively accelerated, the typical resolution has
been to fit a logarithmic function to the data.
This point of view is typically represented
by von Szeliski (1924) and Saltzman and
Garner (1948). It is important to note that
changes in the slope of the function for ac-
curacy, reaction time, and confidence at and
around 6 are usually found only if the display
is -presented for brief (several hundred mil-
lisecond) exposures. These discontinuities,
or changes in the slope of the function, do
not appear if the exposure time is subject

determined. Under those conditions one typ-

ically finds a shallow slope for displays of up
to about 3 items, followed by a steep, linear
continuous slope for displays. of from 15 to.

! In relation to an argument we shall develop later,
Warren (1897) noted that familiar patterns facilitated
counting, particularly when they were regular; he called
this phenomenon “inferential” counting. He concluded
that “inference tends to shorten progressive counting
and to lengthen perceptive counting, when it takes their
place wholly or in part” (p. 590).
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30 items. Figure 1 shows this effect for the
data by Jensen et al. (1950). Recently it has
also been demonstrated for younger subjects.
Svenson and Sj6berg (1978), using subject-
determined display times, concluded that
their data with 7-8-year-old children showed
a shallow slope within a subitizing range of
1 to 3, and a counting slope with displays
of 5 and more.

The best summary of the accuracy of nu-
merosity judgments has been presented by
Woodworth and Schlosberg (1954). Collat-
ing data from three different experiments
(Fernberger, 1921; Glanville & Dallenbach,
1929; Oberly, 1924), all of which used col-
lections of dots on white stimulus cards with
a 100-msec exposure, they found average
correct responses of 100% for sets of 2 and
3 dots, 98% for 4, and 38% for 7, followed
by a dlscontmuous drop to 3% for 8 and 0%
for 11.

Woodworth and Schlosberg suggested that
small numbers can be directly perceived be-
cause “two items are seen as a pair, three
items a trio, four as a quartet, and so on.

. . [A]nd sometimes you can see a collec-
tion as falling apart into a few small groups
as was suggested . . . [by] Hamilton [1859]”
(pp. 94-95). They raise the question of how
far and under what conditions one can use
the “direct” perception of small groups for
the perception of number. As far as the re-
action times for the report of numerosity are
concerried, Woodworth and Schlosberg con-
clude from the Kaufman et al. and other
studies that “there is a distinct process with
an upper limit at about 6 units” (p. 100).

The primary focus of our investigation is
the shape of the reaction time function. We
have already noted that the typical shape is

“a slowly accelerating function for display
sizes 1 to 3, an essentially linear function for
sizes 4 to 6 under experimenter-determined
presentation times, and a similar linear func-
tion for sizes from 4 up to large displays of
20 to 200 events when presentation time is
subject determined.

A somewhat different result was obtamed
by Atkinson, Campbell, and Francis (1976),
who studied numerosity judgments for visual
arrays of dots and lines presented for 150
msec. Under some conditions they found es-
sentially a flat slope for arrays of 1 to 4. One

possible reason for that finding was that re-
action times were obtained by subjects re-
leasing a manual response key while giving
a verbal response. Thus, as we. also note be-
low, the reaction times might not have been
the reaction times of the numerical response
as 'such but rather of the perception of a
“countable” array (Atkinson, Note 1).

_ Klahr generated several related models for
the subitizing effect. A represerttative one
(Klahr, 1973a) involves an attempted match
between the stimulus elements and a tem-
plate sequence that starts with a template
of 1 and is incremented by single additional
elements, that is, from n to » + 1. As soon
as the stimulus elements match the “pieces”

in the template, the subitizing: goal is satis-
'fied. The response symbol is then accessed.
The discontinuity seen in subitizing is in-
corporated as one of the assumptions of the
model; Klahr assumes that the subitizing
process is limited to a stimulus element set
of 4 (sometimes 5) or smaller. This model
requires a linear constant slope for display
sizes 1 to 4 (or 5). However, none of the
available results is easily fitted to this pro-
crustean bed, and Allport (1975) has shown
how Klahr’s attempt (Klahr, 1973b) to do
so violates his and other data sets.

Gelman and Gallistel (1978, pp. 65-72)
discussed Klahr’s claims in detail with re-
spect to the “subitizing” performance of
young children. Their review of the literature
indicates that children as young as 2-3 years
old not only willingly count arrays of 2, 3,
and 4 items but do so before they use any
perceptual or grouping mechanisms for this
kind of task. If counting precedes perceptual
apprehension in ontogeny, it is unlikely that

the kind of process that Klahr advocates is

an invariant characteristic of the human in-
dividual.

Gelman and Gallistel (1978) also exam-
ined in detail the claim that the human in-
dividual has available a mechanism that
provides for the “direct perceptual ap-
prehension” of the numerosity of arrays of
up to 5 or 6. One of the questions they pose,
and one that we will answer indirectly, is,
What is it that “all possible configurations
of three elements, both linear and nonlinear,
have in common that distinguishes them
from all possible configurations of two, four,
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five and six elements?” (p. 222). They note
that most of the data on young children (e.g.,
Gelman & Tucker, 1975) can be accounted
for by “the application of a counting pro-
cedure following a clear perception of the
array” (p. 221).

Gelman and Gallistel considered the claim
that children (and adults) might have con-
cepts of twoness and threeness-just as they
. clearly have concepts of treeness and cow-

ness. The fact that we do not clearly under-
stand what featural invariances might un-
derlie such concepts does not invalidate
them. What does make them difficult, how-
ever, is the fact that apparently a posit‘ive
slope exists in the subitizing range. There is
nothing in the nature of concepts such as
threeness (or treeness) that would predict a
- natural and systematic increase in the time
needed to apply them to the respective ar-
rays. Thus, the tendency of small children
to count arrays as small as two or three, and

the argument just cited, suggests that the

subitizing phenomenon (both the disconti-
nuity and the:positive slope within the sub-
itizing range) is unlikely to be a function of
some built-in mechanism of dlrect percep-
tual apprehension of numerosity.?

Gelman and Tucker (1975) presented

data that at least suggest that children in the
3-5-year age range count arrays of 1 to 5.
Accuracy was independent of item hetero-
geneity (color and shape) and of visual an-
gles from 1.7° to 25.4°, Increases of expo-
sure time from 1 to 60 sec increased accuracy.

. Gelman and Tucker suggested that these

findings are best accounted for by a counting
process, particularly since increases in ex-
posure time affected sets as small as 2 and
.3 for the youngest children.

Chi and Klahr (1975) reported numbcr-
estimating data for adults and for 5-6-year-
old children. The task required subjects to
report the number of dots on a screen, us-
ing subject-terminated, unlimited exposure
times. Chi and Klahr claimed different
slopes for the 1-3 and 4-10 ranges. How-
ever, inspection of their Figure 1 suggests
that the 3-dot display for children is indis-
tinguishable from a point predicted from the
slope for the 4-10 range. The increment
from 1-dot to 2-dot displays is clearly less
(about 180 msec) than the slope for 3 to 10

dots (1,049 msec). For adults, both slopes
are -significantly lower (46 and 307 msec,
respectively). In the case of adults, it appears
that the 1 to 3 slope is in fact distinguishable
from the 4 to 10 slope. In addition, children
are also operating at a slower rate for both
ranges. These data suggest that adults use
a different process for the 1-3 range than
for the 4+ range, whereas children operate
differently on the 1-2 range than on the 3+
range.

We have discussed the data on children’s
subitizing performance at some length be-
cause the argument we shall present is es-
sentially an ontogenetic one. If it is the case
that children count arrays as small as 2 or
3 but that adults apparently do not, then it
would be reasonable to assume that adults
have developed a novel strategy for dealing
with these arrays. Such a strategy would be
different from that used for arrays of 4 or
more. \
Our basic argument is that adults have
developed canonical pattern perceptions for
arrays of 2 and 3—doublets (perceptually
straight lines) and triplets (triangles). These
canonical patterns develop slowly during
childhood, such that S-year-olds apparently
have adopted the twoness pattern but not yet
the triplet triangular pattern. Random pre-
sentation of displays of 2 and 3 will always
praduce the canonical pattern for 2 and fre-
quently the canonical triangle for 3. If there
is a canonical pattern for fourness it presum-
ably is a square array, but random genera-
tion will not frequently produce such a pat-
tern.

We believe that if canonical patterns are
not available, adults count the arrays. If the
array can be “held in consciousness,” that
is, if it has 6 or fewer elements, it can be
counted accurately after short presentations
of a few hundred milliseconds. For arrays
with more than 6 elements, postexposure
counting fails and estimating procedures are
substituted. ‘

One additional point is worth noting with
reference to the Chi and Klahr data dis-

% Starkey and Cooper (1980) recently reported that
22-wk.-old infants can discriminate between arrays of
2 and 3 objects but not between arrays of 4 and 6 abjects,
The implication of this finding for an unlearned appre-

.hension of number is not clear.
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cussed above. We mentioned that the count-
ing slope for children was nearly three times
greater than that for adults. Do children
merely count slower than adults, or do they
count differently? The former may well be
the case, but the latter certainly is. Adults
do not typically count by ones; they fre-
quently count by twos, often by chunks of
threes, and sometimes even by fours and
fives.

Experiment 1

The first study in this series was designed
to replicate the existing data from the lit-
erature and to- calibrate our experimental
conditions. Apart from ruling out possible
artifacts such as head movements, saccadic
movements, and peripheral vision, we wanted
to have available a reference experiment
against which subsequent experimental ma-
nipulations could be compared. Therefore,
in addition to protecting the results from
artifactual effects, we wanted to compare
(a) a range of presentation times and (b)
homogeneous and heterogeneous arrays.

Method

Design. All the experiments were conducted on, and
all the materials were generated by, a PDP-12 computer.
Subjects were presented with arrays of sizes 1 to 20 for
four different display durations (100, 200, 400, and 800
msec). Each subject was given two blocks of 800 trials
each. The two blocks differed in display time; two sub-
jects each were given each of the four display times in
the first block and a different display time for the second
block. Thus the 100-msec conditien in the second block
was preceded by 400- or 800-msec conditions, the 200-
msec condition by 100 or 400 msec, the 400-msec con-
dition by 200 or 800 msec, and the 800-msec condition
by 100 or 200 msec. ‘

The displays consisted of randoin presentations of the
letters X and O on a cathode-ray tube screen. Each
display was either “pure” (all Xs or all Os), or “mixed”
(a mixture of Xs and Os). Each block of 800 trials
consisted of 40 trials each for each display size; there
were 20 pure and 20 mixed cases for each display size
from 2 to 20 and 40 single-letter trials for display size
1. The order of presentation of pure and mixed cases
was random.

After completing the two blocks, each subject was
also given the same display task at a 50-msec exposure
rate to determine if extensive practice affected perfor-
mance on the task at marginal display times. Another
four subjects were given.the full display task at the 50-
msec exposure rate without any prior practice.

The subjects in the full experimental design were also
given two control tasks after completion of the 50-msec

task. The first (Control A) investigated whether differ-
ences in reaction times could be ascribed to differences
in retrieval times for number names; numerals from 1
to 20 were presented in random order and subjects re-
sponded with their names. The second (Control B) con-
dition was designed to test the voice-activated relay and
to determine if pick-up time differed for different nu-
meral names. Subjects were given the numerals 1 to 20
in order and asked to name them as quickly as possible.

Display generation. Pure and mixed trials were gen-
erated for two different sets of displays. Each set con-
tained 10 different pure and 10 different mixed cases
for each display size. For the pure cases (in which the
display consisted entirely of an array of Xs or Os), five
trials were generated with all Xs and five with all Os.
For the mixed cases, all the possible combinations of Xs
and Os for a given display size (from 2 to 20) were
generated. For example, display size 3 included displays
with one X and two Os and with two Xs and one O. If
the number of possible X and O combinations was less
than 20, the remaining combinations were selected ran-
domly from the original set. Each trial for every display
size was generated by randomly choosing the appropri-
ate number of spaces in a 64-space (8 X 8) matrix,

Procedure. A total of eight volunteer paid subjects
participated in eight sessions, lasting approximately 1
hr. each. Each session was divided into two sections of
100 trials. The subject sat facing the scope where the
displays were presented. The subject’s head was placed
in a chin rest with the display 119.4 cm from the sub-
ject’s eyes. The matrix underlying the display was a 3.6-
cm square, extending a visual angle of 1.7°. Of course,
the subject saw only the Xs and Os displayed on the
screen and not the underlying matrix. A tone sounded
to indicate that the next trial was about to start, and
the subject pressed a ready button. A dot was presented
for 100 msec in the center of the display and the subject
was required to fixate on it. The display appeared on
the screen 400 msec after the termination of the dot.
The display consisted of 1 to 20 Xs and/or Os. It stayed
on the screen for the determined display time, after
which it was displaced by a random dot masker covering
the entire underlying matrix. The subjects were in-
structed to respond verbally as quickly and as accurately
as possible, giving the total number of items presented.
The masker (or the display when the subject responded
prior to display termination) was turned off as soon as
the subject responded. Each response triggered a voice-
activated relay interfaced to the computer. The subject’s
reaction time was automatically recorded and the ex-
perimenter noted the numerical résponse. For the few
occasions when the voice relay responded prior to the
subject, the relevant trials were rerun at the end of the
session. Approximately once every 20-trials the subject
was asked, after giving the numerical response, whether
the display was pure or mixed. This manipulation was
to assure that subjects attended to the display type.

Reference condition. After the data on these initial
conditions had been collected, and it had been decided
to use thé 200-msec condition as the baseline or refer-
ence condition, another five subjects were run on the
200-msec condition with an array range of 1-15. All
data presented below for the 200-msec condition are for
all nine subjects who had been given the 200-msec pre-
sentation time. - ’
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Results and Discussion

Figure 2 shows the results for Control
Conditions A and B. For Condition A, there
is a variable response time to retrieve and
pronounce the appropriate response for dif-
ferent numerals, The only important effect
" is the positive slope for array sizes 4 to 6,
which might be reflected in the experimental
data. However, the relatively small slope of
58 msec suggests that, at worst, some con-
stant needs to be subtracted from slopes for
the array sizes 4 to 6 in the various exper-
imental conditions. Such a procedure would
not affect any of the results or conclusions
reported. The apparent increase in reaction
time from 2 to 3 might be important, if it
were not paired with a similar decrement
from 3 to 4. These two changes in the control
data are apparently not systematically re-
lated to any other observations in our or
other existing observations. Condition B
shows essentially no differential sensitivity
of the voice-activated relay to the names of
the different numerals,

. Figure 3 shows three different analyses for

the 200-, 400-, and 800-msec conditions. In
all cases here, and in subsequent experi-
ments, the data for the pure and mixed pre-
sentation conditions were combined. These
two conditions were always indistinguish-
able, both for the average and the individual
data. Subjects responded to the number of

i
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Figure 2. Mean reaction times for the two control con-
ditions (naming numerals presented randomly in-Con-
trol Condition A, and naming numerals presented se-
quentially in Control Condition B).

elements in the array independent of the
nature of those elements, that is, whether the
display was pure or mixed. ,
It was our hope that an exposure time of
200 msec or less would provide stable data,

‘thus avoiding the contamination of the nu-

merosity judgments by the occurrence of
saccadic movements. The 100-msec condi-
tion (shown in Figure 4 and to be discussed
shortly) provided unstable data, but expo-
sure times of 200 msec and greater showed
stable and comparable results.? The reaction
times (central panel of Figure 3) show the
classical subitizing function for all three ex-
posure durations: a slowly accelerating re-
action time function for array sizes 1 to 3,
a straight line function for array sizes 4 to
6, and a flat function starting at array sizes
6 to 8. The break is clearly-at size 6 for the
200-msec condition and later for the other
two, Comparison of the 200-msec condition
with the Kaufman et al. (1949) data in Fig-
ure 1 shows that, except for a higher asymp-
tote, our data are generally comparable with
previous findings in the subitizing range.*
The top panel of Figure 3 shows the pro-
portion of errors (proportion of incorrect
numerical responses). Here the 400- and
800-msec conditions are essentially identical
and superior to the 200-msec condition in
the 4-10 range. Again, the 200-msec con-
dition commends itself as a baseline condi-
tion, since it provides better than 50% ac-
curacy up to array size 6. The mean response
(shown in the bottom panel), on the other
hand, shows accurate average response for
all conditions for the smaller arrays. There-

1t was relatively easy to define the stability of an
effect on the basis of individual subjects’ results. Re-
action times in particular provide highly similar results
when- the functions from individual subjects are in-
spected. This was the case for the 200-msec presentation
time data (but not for 100 msec). Although we present,
only average data for this and other experiments, in all
cases individual subjects’ results were inspected and,
except for greater variability, were essentially of the
same form as the average data.

* The possibility exists that the flat portion of the func-
tions (beyond array size 8) is due to an artifact of what
the subjects actually report. If regardless of array size
subjects report only about 8 items, the flat function
would be obtained. However, the function of reaction
times plotted against the number of items reported by
the subjects is indistinguishable from the data in Fig-
ure 3.
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Figure 3. Results for numerosity judgments under three exposure conditions (200, 400, and 800 msec)
for proportion of incorrect responses (top panel), reaction times (middle panel), and average number

response (bottom panel).

after, the 200- and 400-msec conditions are
highly similar and the 800-msec condition
is clearly inferior.’

These data suggest that for the longer
presentation times subjects might attempt
to count the larger arrays, particylarly in the
800-msec condition. This results in longer
reaction times, fewer errors, but also worse
average response. Additional saccadic move-
ments during the presentation of the array

would also contribute to a better scanning
of the array beyond the subitizing range, as
well as longer reaction times. Since our con-

* The average numerical response.is a rather noisy
dependent variable and should be used with caution. In
some cases the removal of one or two’subjects who con-
sistently and grossly overestimiate would change the rel-
evant functions. The data are primarily mterestmg in
showing the array sizes for which, subjects give correct
average responses.
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cern is not primarily with a comparison of

different presentation times, the major con-
clusion from these data is that the 200-msec
condition providés a good replication of the
traditional subitizing results and stable data
for experimental manipulation.

Figure 4 shows the data for the 100-msec
condition and for practiced and unpracticed

subjects at the marginal 50-msec presenta-
tion time. These data are compared with the

mmonrnG(mslprS)

200-msec baseline data. The 100-msec data
show an irregularly increasing function for:
reaction times, primarily the result of com-
bining data from subjects who performed the
task comparably to subjects in the 200-msec
condition with data from subjects who es-
sentially performed like the 50-msec presen-
tation time subjects. The 50-msec data show
a slowly increasing function with array size;,
with no apparent abrupt changes in the slope

}
°ci‘i'i"-i'i{fo'ﬁ'ﬂ"':'pxin'o" -
ARRAY SIZE |

Figure 4. Reaction time and average number response.data for the 100-msec pre k:ntatlon time and for

practiced and unpracticed subjects with 50-msec presentation times, together with

data from Experiment 1.

he 200-msec baseline
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of the function. If subjects are given prior
practice on the task, the practiced 50-msec
condition shows the same general function
but overall a much faster response time. The
bottom panel shows the general inability of
subjects to make accurate average responses,
even within the subitizing range. The mean
response for the 100-msec condition diverges
from perfect responding at arrays of 5 and
deviates widely from the 200-msec baseline
condition. The unpracticed 50-msec condi-
tion appears to produce primarily guessing
behavior, and the practiced 50-msec condi-
tion looks much like the 100-msec condition.
We conclude that a 200-msec presentation
time provides stable data that are compa-
rable to previous findings. In addition, pre-
sentation times of 100 msec and less produce
noisy data and often show no subitizing ef-
fects within the boundary conditions of our
experimental situation. Finally, the similar-
ity of the reaction time function within the
subitizing range for exposure times ranging
from 200 to 800 msec suggests some gen-
erality of the processes used to estimate nu-
merosity within the 1-6 array size range.
What is the nature of the task for the sub-
ject-in the subitizing range? Is it possible to
make judgments about the countability of
an array relatively quickly and accurately?
In other words, can and do subjects make
a judgment that a particular array can be
handled by available processes? If that is the
case, then individuals ought to be able to
make judgments about the array without
actually attempting to give a numerosity re-
sponse. We address this question in the next
experiment. ' ‘ ,

Experiment 2

This study was concerned with establish-
ing people’s ability to perceive an array as
cognitively relevant to a particular set of
operations. If arrays of 6 or fewer are count-
able after very short exposure times, the per-
ception of the array should give rise to a
particular state of knowledge. People should
be able to make a. quick response to the ar-
ray, establishing one of two states: a judg-
ment that the array is “countable,” or a
judgment that the mental counting process
cannot be invoked—that the array cannot

be held in consciousness. We assume that if
the state is one of countability, this is fol-
lowed by the numerosity response if a ca-
nonical pattern is presented and by counting
if it is not. The judgmental process requires
the cognition (rather than the perception)
of the array, even though such a cognitive
state follows a perceptual experience. The
argument that an assessment of the array
is not merely a response to’ ‘“‘perceptual”
variables is supported by the fact that the
subitizing effect has been found in a wide
variety of visual conditions. Consider, for
example, the contrast between our condi-
tions and those of Kaufman et al. (1949).
In our experiment, subjects placed their
heads in a chin rest, they were given a fix-
ation point, the array was presented foveally,
and an effective mask was used. Kaufman
et al. conducted their experiment in an au-
ditorium. The subject sat facing a screen
9.75 m away on which a space 2.59 m wide
was marked off, the array appeared in the
“approximate center of this space,” and no
mask was used. And yet these two conditions
produced essentially the same data.

In the experiment to follow, subjects were
asked to make a judgment whether, if re-
quired, they could give an agcurate. assess-
ment of the number of items presented.

Method

There were three conditions in this experiment, two
at 200-msec exposure time and one at 800 msec. The
design and procedure were essentially identical to those
of Experiment 1, with the major exception of the in-
structions to the subjects. We also restricted the range
of display sizes to 1-15. ’

For the two 200-msec conditions, half of the 10 sub-
jects were given four blocks (of 150 trials each) on the
numerosity response task, followed by a new counta-
bility judgment task; the other 5 subjects started with
the new procedure and were given the standard task
second. Another 5 subjects were given the new task with
a presentation time of 800 msec, with no prior or sub-
sequent numerosity task. All subjects were given a 150-
trial practice session for each task.

The new instructions told the subjects to respond
“whiether or not you could tell the total number of items
presented if you were asked to do so. If you feel that
you could . . . press the button labelled YES, otherwise
press the button labelled NO. Remember that your task
is not to actually determine how many items are being
presented.” Additional instructions elaborated slightly
on this verbatim version. '
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Results and Discussion

Subjects’ indication that they could, if re-
quested, give the number of dots in the array
is similar to some old data of Taves (1941).
He presented arrays of 2 to 180 for 200 msec
and requested both a number judgment and
a confidence rating. Both accurate reports
and high confidence ratings were found up
to arrays of 6 and then deteriorated rapidly.
The yes judgment in this study can, of
course, be seen as equivalent to a high con-
" fidence rating. Figure 5 shows both the re-
action times and proportion of no responses
under the three conditions: 200 msec without
prior experience (naive), 200 msec with prior
experience on the numerosity task (prac-
ticed), and 800 msec without prior experi-
ence. The reaction times for the two 200-
msec conditions produce essentially parallel
functions, with the practiced subjects some
50 to 100 msec faster. The function to the
left of the break is for yes responses, and the
one to the right is for no responses. The
break was arbitrarily set at the 50% mark,
that is, when half or more of the responses
were yes responses, we show the reaction
time for yes, and when less than half are yes,
we show the reaction time for no.

The functions are much flatter than those
for the numerosity judgments. Reaction
times increase slightly for the yes responses,
but the slopes are very shallow; in compar-
ison with the slopes for the numerosity judg-
ments they are practically flat. The slopes
are 14 and 19 msec for arrays of 1 to 4 for
the naive and practiced conditions, respec-
tively; the comparable slopes for the-numer-
osity judgments are at least five times larger.
In general these responses are as fast as the
numerosity judgments in Figure 3 for the
easiest of the arrays (1-3). The 800-msec.
condition produces the same reaction times
in the 1-5 range of array sizes and then rises
rapidly. However, these average data hide
. a more interesting finding.

Every one of the five subjects showed an
unusually large increase in reaction times
within the 5 to 8 range. In each case this
rise was well outside the distribution of in-
crements for the other arrays. In Figure 6
we show this finding by plotting reaction
times for cach of the subjects backward and

forward from the array with the largest
“jump” (the J array, i.e., the array that
showed the largest increment from the pre-
ceding array size). If we now inspect the
proportion of no responses that are also plot-
ted backward and forward from the J array,
we note a similar increase in the percentage
of no responses. However, this increase oc-
curs with the array size that is the next larger
array to the J array. These data suggest that
when the array size first exceeds attentional
capacity, subjects respond to the uncertainty
generated by this array by spending more
time on processing it. When such additional
temporal attention does not provide any
clearer perception of the array, the result is
the decision that they cannot, in fact, give

‘an accurate response to the numerosity ques-

tion—and the proportion of no responses in-
creases. .

The bottom half of Figure 5 shows the
proportion of no responses for the three
groups as a function of array size. The 800-
msec and the 200-msec practiced groups
show parallel functions, suggesting primarily
a shift in response -criterion, whereas the
200-msec naive group falls between the other
two. Another way of describing these data,
given the instructions to the subjects, is in
terms of the degree of confidence (or opti-
mism) that the subjects might give to a nu-
merosity judgment. The least confident are
the experienced subjects who show not only
the highest proportions of no responses but

- also a sharp discontinuity between arrays of

4 and 5, which suggests that their experience
with the numerosity task has informed them
that they can be accurate for the lower num-
bers but that from 5 onward they are more
likely to fail. However, regardless of expe-
rience, 50% or more of all judgments are no
responses once the array size exceeds 7.
We noted earlier that Atkinson et al.
(1976) obtained manual reaction times to-
gether with verbal numerosity judgments.
The manual response of their subjects may
well have been an inadvertent precursor of
the method used in this experiment. Subjects
may have released the response key when the
array was clearly countable, with the verbal
response occurring sometime later. Such a
conjecture would not only explain the flat
reaction times they obtained but also provide
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Figure 5. Reaction times and proportion of no responses in Experiment 2. (The reaction times are shown
for yes responises to the left of the break in the function and for no responses to the right of the break.
The break was determined as the point where yes responses constituted less than 50% of all responses.
“Naive” refers to subjects who had no prior experience with the numerosity task; “practlced” subjects

had been given the numerosity task previously.)

additional evidence for the argument pre-
sented here. It is also interesting that in one
experiment in which subjects were required
to respond with numerical responses for ar-
rays of 1 to 4 and with “more than 4” after
that, reaction times were flat at about 350-
400 msec for all array sizes from 1 to 14

except for size 5, which produced a mean
reaction time of more than 500 msec.

The results of Experiment 2 provide a pos-
itive answer to the question about the cog-
nition of the arrays. Subjects can and do
make relatively quick judgments about the
“countability” of the arrays. These judg-
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Figure 6. Reaction times and proportion of no responses
for the subjects in the 800-msec condition of Experiment
2. (The data are:plotted by determining for each subject
the J array, the array at which the largest increase in
reaction times occurred, Smaller and larger arrays were
then plotted backward and forward for each subject and
averaged over subjects, The data on proportion of no
responses are-also plotted in this fashion, using the J
definition supplied by the reaction time data. The open
circles show reaction times for the no responses begin-
ning with the array at which the no responses represent
more than 40% of -all responses.)

ments parallel the actual numerosity re-
sponse of Experiment 1. The range of yes
" responses to the question of countability is
the same as the range of accurate numerosity

responses. These countability judgments are”

as fast as the numerosity responses to the
smallest arrays. In other words, in making
the countability judgments, subjects do not
count the number of dots, they respond to
the whole array of several dots as quickly as
they respond to “canonical” displays of one

or two dots with a number judgment. It

might be argued that in this task subjects
respond to the arrays with a yes response if
there are few dots, and with a no response
otherwise. Such an argument begs the ques-
tion, since it is exactly the distinction be-
tween “small” and “large” arrays that lies
at the basis of the countability judgment.
Furthermore, subjects’ (and experimenters’)
reports indicate that the arrays within the
subitizing range convey an intuitive sense of
clarity; they *look countable,” whercas the
larger arrays do not.

In the countability task, prior experlence
with the number judgment task decreases
reaction times and confidence about being
able to make the number judgments. This

whether subjects éngage in canonical pattern
perception, linear counting of a mental rep-
resentation, or estimating of the array is the
range of array sizes. If the presentation rate
is experimenter-determined and if the range
is relatively large (e.g., from 1 to 20), then

_the likelihood that any particular array will

make it possible for the individual to respond
by mental counting or perception of some
canonical form of twoness or threeness is
obviously low. If the range is small (e.g.,
from 1 to 6), then most if not all of the arrays
will permit mental ¢ounting as wéll as ca-
nonical pattern responses. Thus, a smaller
range of array sizes would encourage a strat-
egy that produces a greater readiness for
counting and canonical response. In the first
part of Experiment 3, the array range was
restricted to 1-6 with the expectation.that
the counting strategy would be encouraged
and that subjects would be more accurate
and faster, at least for arrays of 4 to 6. Sub-
jects would be more accurate because they
would be likely to use counting rather than
estimating for these arrays, and they would
be faster because the necessity of deciding
whether to count or-estimate would- be re-
duced.

Experiment 34
Method ‘

Five subjects were each given 480 trials, 80 for each
array size. The array size varied from 1 to 6. Display
duration was 200 mseec. Stimuli were generated as in

Experiment 1, that is, both pure and mixed arrays were

used.

2 -

Results and Discussion

Figure 7 shows both the reaction time and
accuracy results for the restricted array
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Figure 7. Reaction times for Experiment 3A, in which
only arrays of 1 to 6 were presented, compared with the
same range of array sizes from the 200-msec baseline
condition of Experiment 1. (The proportion next to each
data point shows probability of correct numerosity re-
sponse. The limit bars indicate the 95% confidence in-
terval.) .

range, as well as the reference data for the
200-msec condition from Experiment 1. The
slopes for arrays of 4 to 6 diverge, and the
probability of accurate responses increases
by .081, .099, and .125 for array sizes 4, 5,
and 6, respectively. The reaction time dif-
ferences at array sizes 5 and 6 are statisti-
cally significant, Thus, the prediction that
restricting array ranges will improve accu-
racy and reduce reaction times holds for the
counting range. At.the 1-3 range there ap-
pears to be some nonsignificant improve-
ment. -

If the reduction of the array range to 1-
6 increases the probability that counting and
canonical strategies will predominate, then
a further reduction of the array range to 1-
3 should produce the predicted effect of
greater accuracy and shorter reaction times
for those arrays, This was done in Experi-
ment 3B,

‘Experiment 3B
Method

Ten subjects were each given two blocks of 90 trials,
preceded by 15 trials of practice. The array size varied
from 1 to 3 with 30 arrays of each size per block. Stimuli
were generated as in Experiment 1, but only pure cases
(O stimuli only) were used.

Results and Discussion

Figure 8 shows the comparison of the data
from the present experiment with the 200-
msec reference condition from Experiment
1. Only the pure case presentations were
used from Experiment 1. As in Experiment
3A the predicted result emerged. Both ac-
curacy and reaction times improve with the
restricted array range. Array sizes 2 and 3
show an improvement of .018 and .029, re-
spectively, in the probability of a correct re-
sponse, and there is a significant decrease in
reaction time for array size 3. .

Manipulation of the range of array sizes
in these two experiments provides évidence
for the processes that we have postulated to
operate in the subitizing range. It is assumed
that mental counting is more likely when no
or few arrays in the experiment require es-
timating processes, resulting in faster and
more accurate responding, When the range
encourages only canonical responding, ac-
curacy increases even more, and reaction
times approach the shallow slope of the sim-
ple yes/no response in Experiment 2. The
latter data suggest that the canonical re-
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Figure 8. Reaction times for Experiment 3B, in which
only arrays of 1 to 3 were presented, compared with the
same range of array sizes from the 200-msec baseline
condition of Experiment 1. (The proportion next to each
data point shows probability of correct numerosity ‘re-
sponse. The limit bars indicate the 95%_confidence in-
terval.) :
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sponse is made as quickly as the more global
response that merely indicates cognitive
clarity of the display.

Although these data are consistent with
our theoretical arguments, they are also con-
sistent with the well known empirical gen-
eralization that a reduction in response al-
ternatives also reduces reaction times. We
do not wish to pit these two explanations
against each other but rather to present these
data as consistent with the theoretical pro-
cesses we have postulated.

In this and the preceding experiments all
the arrays were randomly generated. For
array sizes 1 and 2 such a process does, of
course, guarantee a ‘‘canonical” pattern of
points (unity) and straight lines (pairs),
However, for arrays of 3 or more, no single
canonical pattern is guaranteed. Even for
arrays of 3 the random generation will some-
times produce patterns clearly deviant from
a canonical triangle or an obvious triple.
Consistent responding in the canonical mode
is possible only if the same canonical pattern
is assured for every array that is displayed.
We produced such a condition in Experi-
ment 4,

Experiment 4

We now arrive at a central argument of
our studies, the possibility that people can
respond quickly and accurately to the ca-
nonical form or pattern of arrays, particu-
larly in the lower range of array sizes. Sub-
jects were given both random displays, as in
the previous experiments, and canonical dis-
plays, that is, displays in which the pattern
of any given array size was consistent.

Method

Design and stimulus generation. Display sizes in this
experiment were restricted to the 1~10 range. For half
of the displays the arrangement was random (as in Ex-
periment 1), for the other half the display was an in-
stance of the canonical form. Choosing particular ca-
nonical forms is somewhat problematical, particularly
for displays of 'S or more. Common experience suggests
fairly unequivocal choices for displays of 3 and 4 (i.e.,
an equilateral triangle and a square). For sizes 5 to 10
we chose, after some informal testing, the patterns
shown in Figure 9. There do not seem to be unequivocal
patterns for these numbers of events in our culture; pat-
terns are needed that at least do not contradict cultural
expectations, that are symmetrical, and that may be

Figure 9. The 10 canonical patterns used in Experiment
4.

discriminated from one another with relative ease. Since
subjects are expected to acquire the relation between
a particular canonical form and its numerosity, the jus-
tification of these particular patterns must be found in

‘the data they generate. For each canonical pattern five

trials were generated. These instances were constant in
form, but varied in size and position in the 8 X 8 matrix
and only Os were used. The five instances were selected
by first generating all possible combinations of pattern
size and position and then randomly selecting five of
these instances. Displays in either the canonical or ran-
dom condition in which two adjacent spaces of the un-
derlying matrix were occupied by Os were eliminated.
Each array size consisted of five different randomly gen-
erated patterns. A block consisted of 100 trials, 50 ran-
dom patterns and 50 canonical patterns, with 10 in-
stances (5 random and 5 canonical) of each of the 10
array sizes.

Procedure. Five subjects continued with this task
until their performance over three consecutive blocks
showed no improvement in reaction time. As a result,
one subject completed 9 blocks, one 12, two 14, and one
21, Each experimental session took approximately 1 hr.,
with two or three 100-trial blocks. There were no prac-
tice trials. The instructions were identical to those in
Experiment 1, and subjects were not informed about the
presence of random and canonical patterns.

Results and Discussion

The data for Experiment 4 are shown in
Figure 10 for both the random and the ca-
nonical patterns, segregated by successive
blocks of 50 trials. It is evident that reaction
times for the canonical patterns are much
faster than for the random patterns, and in
neither group does there seem to be much
improvement after the first 50 trials. More
important, the reaction times are flat for
canonical patterns of 1 to 5 by the middie
50 trials. All the responses take about 600
msec, and there is no difference between the
response to the canonical patterns for array
sizes 1 to 3 and the random display for these
same sizes. Similarly, performance is error-
less by the middle 50 trials for canonical
patterns of 1 to 5.

Figure 11 shows the mean reaction times
for the first five trials of canonical and ran-
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Figure 10. Mean reaction times and proportion of errors for responses to canonical and random patterns
in Experiment 4, segregated by first, middle, and last 50 trials.

dom patterns. Improvement occurs very
early in the task; within five presentations
subjects show superior performance (fewer
errors and faster reaction times) starting
with array size 4.

It is important to note that the response
speed to the canonical patterns of 3 to 5 is
identical to the response speed .to random
displays of 1 and 2 in the noncanonical ex-
periments. Thus, canonical patterns take the
same time for processing as do naturally

occurring canonical patterns (displays of 1
and 2, and sometimes 3, events). The data
on canonical patterns for arrays of 6 to 10
largely reflect the problem of generating per-
ceptually distinct patterns for those arrays.
This is particularly evident for the canonical
patterns for 7 and 10 (cf. Figure 9), which
subjects repeatedly confused. -

There is one finding about the random
arrays that needs mentioning. In contrast to
all the previous experiments (see Figures 1,
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Figure ]11. Mean reaction times for the first five trials
of each array size for both random and canonical dis-

plays in Experiment 4. (Numbers next to data points
show probability of correct numerical response.)

3,7, and 8) there is not even a slight increase

in reaction time for arrays of 3. This must

be due to the context of the canonical pat-
terns, which might well induce a more sys-
tematic approach to triplets than is the case
when only random arrays are present. As a
result, practicaily any configuration of a
triplet is recognized and accepted as a 3.
The data of this experiment are consistent
with the notion that number estimation
based on a perceptual pattern mechanism
can be acquired by adults (as well as chil-
dren). This is the claim made by Gelman
and Gallistel (1978) for the developmental
data and presented here for the adult per-
formance. Children, particularly very young
children, do not have available the canonical
‘representation of numberness. Adults have
acquired the concept of oneness, twoness,
and threeness associated with single events,
straight lines (pairs), and triangles. As a re-

sult, children’s slope for the 3-10 range rep-.

resents . stralghtforward counting (cf. Chi
& Klahr, 1975), but at the age of 6 they
already have some notion of the twoness con-
cept of the pair and therefore show the shal-
low slope for the 1-2 range. Very young chil-
dren still count in the 2-3 range (Gelman
& Tucker, 1975), and adults apparently also
count in the 4+ range when random presen-
tations of dots do not provide an adequate
canonical representation of fourness, five-
ness, and so. on.

Experiment 5

If we are correct in asserting that subjects
use canonical patterns of oneness, twoness,

and threeness for arrays of 1 to 3 and engage
in mental counting for larger arrays, then
the processes of “counting” should be coh-
tinuous from arrays of 4 through those well
beyond the subitizing range. Arrays of 4 to
20, for example, should show a single linear
slope under conditions in which the counting

process is “environmental” rather than
“mental,”
Method -

Design. The experimental design was identical to
that used in Experiment 1, with arrays of 1 to 20 and
all conditions the same. The only difference was that
display time was controlled by the subject rather than
the experimenter.

Procedure. Five subjects participated in this exper-
iment. Each subject ran through 10 blocks of 80 trials
each. Each block contained 4 trials for each display size
(1-20), with 2 of the 4 trials pure (all Xs or Os) and
the other 2 trials mixed. There were six 1-hr. sessions;
the first was a practice session, the other five each con-
tained two blocks of 80 trials, Pure and mixed trials
were selected and assigned as in Experiment 1. Ready
signals and dot fixation points were the same as in Ex-
periment 1. The display terminated as soon as the sub-
ject. responded and was replaced by a random dot mas-
ker that lasted for 400 msec. The instructions again told
the subjects to respond as quickly and accurately as
po§sible.

Results and Discussion

Figure 12 shows the results for Experi-
ment 5 compared with the 200-msec refer-
ence condition from Experiment 1. These
data are consistent with the data from Jen-
sen et al. (1950) shown in Figure 1. The data
show a counting procedure, with a straight
line slope-of 382 msec for arrays of 4 to 20.
The response to arrays of 1 to 3 is clearly

‘not part of the same counting mechanism;

subjects here, as well as in the restricted ex-
posure experiments, respond quickly to the
canonical pattern of these small arrays. The
proportion of errors shows a slight slope with
increasing array sizes, but even with arrays
as large as 20, over 80% of the numerical
responses are correct.

General Discussion

The important challenge posed by Kauf-
man et al. (1949) some 30 years ago was to
find some reasonable interpretation of the
subitizing function: What happens during
the determination of numerosity for arrays
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Figure 12, Reaction time and proportion of errors for the subject-determined presentation time data
from Experiment 5. (For comparison, the data from the 200-msec baseline experiment are also shown.) .

of 6 and fewer? The limitation of human
consciousness in the apperception of discrete
events has been known at least since the
early 18th century (see Hamilton, 1859).
However, the very distinctive function re-
lating reaction time to array size that Kauf-
man et al. discovered, and that has remained
remarkably robust over the years, goes be-
yond that limitation and permits us to ask
what kind of processing is likely to charac-
terize numerosity judgments.

We have demonstrated two quite different
mechanisms to explain the subitizing phe-
nomenon by dividing the positively acceler-
ated slope of reaction times into a combi-
nation of acquired canonical patterns and
counting of the array held in consciousness.
We ascribe the discontinuity between these
two “subitizing” processes and the estimat-
ing used for larger arrays to the more general
limitation of human attention or conscious-
ness. Only up to 6 or 7 discrete events can
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be held in consciousness and counted. Larger
arrays cannot be so maintained and the ac-
curacy of counting suffers; estimation is sub-
stituted for it.

The shallow, or often flat, slope of reaction
times for arrays of 1 to 3 items seems to be
explained by acquired canonical patterns. As
we noted earlier, a similar suggestion was
made by Woodworth and Schlosberg in
1954. The fact that canonical patterns for
larger arrays could be acquired by our sub-
jects and were responded to as quickly and
as accurately as the smaller arrays supports
this argument,

Our results also support in large part
Warren’s (1897) conclusions, discussed ear-
lier. However, we have suggested that in-
stead of perceptive counting and inferential
counting being available in addition to pro-
gressive (incremental) counting, the appar-
ent perceptual apprehension of numerosity
is probably also a case of inference. Patterns
of small numbers are familiar and responded
to “inferentially”; people “know” that a tri-

angular pattern represents 3 and réspond

accordingly. -

The notion of “mental counting,” the ap-
plication of a simple counting mechanism to
a representation of the array that is held in
consciousness, deserves more detailed ex-
amination. If the counting mechanism op-
erates on the conscious array in the same
way that it operates on the physically pre-
sented array, then the slope for reaction
times in arriving at numerosity judgments
should be similar under the two conditions.

The slopes, intercepts, and variance -ac-
counted for are shown in Table 1 for séveral
different experiments. The major compari-
sons we are interested in concern the slopes
for arrays of 4-to 6 under “subitizing” con-
ditions (brief array exposures) and under

unlimited time conditions (when subjects
can count the physically present array). For
the Kaufman et al. (1949) and Jensen et al.
(1950) experiments the two slopes differ less
than 10%. However, it is difficult to arrive
at a définitive conclusion because these two
experiments compare reaction times for pri-
marily correct responses (in Jensen et al.)
and a mixture of correct and incorrect re-
sponses (in Kaufman et al.). The next row
in Table 1 (Experiment 1) shows the slope
for our 200-msec reference condition, which
seems to be comparable to the previous data.
However, the slope for the unlimited time
condition in Experiment 5 is significantly
larger. As we have just indicated, most re-
sponses under these conditions are correct
responses, which is not true of the 200-msec
reference condition. The latter includes in-
correct fast responses, reflecting the usual
speed/accuracy trade-off. The last row of
the table shows the slope for the 200-msec
reference condition but only for the correct
responses. Under these conditions the slope
for the arrays of 4 to 6_increases from 296
to 347 msec. The latter value is within 10%
of the slope value for Experiment 5 (382
msec). It seems reasonable to conclude
that—in the context of our experimental
conditions—subjects count items either
mentally or environmentally at a rate of
about 350 to 380 msec per item.

We noted earlier that the counting slope
for young children is two to three times
larger than the slope for adults, and that the
difference is probably due to the fact that
adults learn to count by twos and threes,
rather than by ones. The postulation of ca-
nonjcal patterns for arrays of 1, 2, and 3
suggests a source for the adult counting
strategy that also is phenomenally and in-
tuitively apposite. It is also consistent with

Table 1 ‘ ' '
Linear Regression Analysis for Selected Experiments and Set Sizes
: Variance
Experiment Set sizes Slope Intercept accounted for

Kaufman et al, (1949) 4-6 270 -190 984
Jensen et al. (1950) 4-15 290 —289 992
Experiment 1 4-6 296 ~282 999
Experiment 5 4-20 382 —348 998
Experiment 1

(correct responses only) 4-6 347 ~550 990
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Beckwith "and Restle’s (1966) conclusion
that “in counting, the set of objects is
grouped perceptually” (p. 443). However,
if arrays of 6, for example, are counted by
the use of doublets and triplets, then the lim-
itation of consciousness is overestimated by
a factor of two or three. In fact, one would
have to conclude that only three chunks are
held in consciousness, a conclusion also sug-
gested by Broadbent (1973). This particular
speculation must be left open, since the lim-
itation to three events would be difficult in
. light of other data (see Mandler, 1975a;
Miller, 1956).

The limitation to some 6 visual events that
can be accommodated in a single attentional

episode has also been supported by some re-

cent experiments of Bartram (1978). In Bar-
tram’s experiments subjects saw randomly
placed disks on a 4 X 5 grid and were later
asked to reproduce the pattern. Bartram
concludes that “spatial discontinuities in the
distribution of attention . . . are regarded
as ‘defining’ chunks of stimulus elements”
(p. 324). These perceptual chunks showed
that “seven disks provide an upper limit on
the chunk size” (p. 350). Bartram also sug-
gests that studies that have concluded that
individuals take in only one chunk per glance
are characterized by strategies that take ad-
vantage of previously known, familiar, and
meaningful patterns (see, e.g., Chase & Si-
mon, 1973;-Reitman, 1976). The ability of
subjects in our Experiment 4 to accommo-
date more than 6 items in canonical patterns
is clearly an instance of such a strategy.
The model presented here also sheds light
on some cross-cultural data on numerosity
judgments in the subitizing range presented
" by Cole, Gay, and Glick (1968). Comparing
results obtained with American subjects and
subjects from the Kpelle tribe of Liberia,
these authors found no difference in the
probability of correct responses for arrays
of 3 but superior performance by the Amer-
ican subjects beyond that array size. Pat-
terned arrays produced greater improvement
for the Americans than for the Kpelle. Since
the longest presentation time in these ex-
periments was 100.msec-and no data were
collected on arrays of 1 and 2, no definite
conclusion can be reached, but it is likely
that the difference between the two groups

is one of counting strategies. American sub-
jects count by twos and threes, and the
Kpelle do not. As a result, the American
subjects are better able to process the larger
array sizes. These differences in cultural ap-
proaches to counting are not relevant to the
small array sizes (1-3).

Some of the problems that can now be
approached within this experimental para-
digm concern the nature of the counting pro-
cess in particular and the use of canonical
patterns in numerosity Judgments in general.
If, as seems likely, adults first develop simple
canonical perceptions for twoness and three-
ness and then. apply these schemas to the
counting of large arrays, it is of some interest
to investigate further the conditions under
which such counting strategies are used. Not
only is it possible to structure arrays so as
to facilitate such strategies, but it should also
be possible to teach the use of larger canon-
ical patterns for even more efficient ap-
proaches to the numerosity task. Whether
people can use such patterns -as chunks that
are processed in parallel is of both practical
and theoretical interest. The theoretical
problems to be approached concern the na-
ture of parallel processing on the one hand
and a better understandmg of the limitation
of the attentional /conscious capacity system
on the other..

Having started this dlSCUSSIOH with a re-

- view of counting and numerosity judgments

from a developmental point of view, we can
also use the results of these experiments to
study the growth of canonical perception and
of counting. Now that we seem to under-
stand the subitizing strategies of adults, we
can ask how these strategies, develop in the
child. :

We have rejected the notion that some
automatic apperception of numerosity exists,
but we seem to have substituted for it the
automatic apperception of countability. The
data in Experiment 2 certainly suggest some
such conclusion. However, countability is a
derivative state; what is more likely is that
the individual recognizes that the represen-
tation of the array “fits into?’ the range of
events that can be accommodated within the
conscious state. If consciousness is seen as
the “state of a structure” (Mandler, 1975b),
then the limited capacity of consciousness
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refers to the number of events (or chunks)
that may be in that state at any one point
in time. “Consciousness” then refers to a
mechanism that permits the subsequent op-
eration of certain processes—such as count-
ing, judging, or comparing—on the events
that are in the “conscious” state.

Are we dealing with a limited capacity to
perceive or visualize some limited number
of visual events or with a more general mech-

anism that limits attention or consciousness.

to a limited set of events? There is some
evidence that the visualization mechanism
is of a more general character. As a result
of a series of interference studies, Phillips
‘and Christie (1977) concluded that the vi-
sualization of simple patterns requires “gen-
eral purpose resources” (p. 649). The im-
perviousness of the subitizing phenomenon
to a wide variation of “‘perceptual” variables
such as masking, foveal projection, and pre-
sentation time also suggests that we are not
dealing with a simple visual short-term stor-
age system.

Thus, one of the next steps in the use of
the subitizing paradigm will be to study the
effect of visual, auditory, and more general
cognitive interference tasks on the cognition
of numerosity. The distinction between the
canonical pattern process and mental count-
ing will make it possible to study interference
and, indirectly, the use of general-purpose
resources as they affect and are affected by
these two processes separately.

Reference Note

1. Atkinson, J. Personal communication, August 1980,
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