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Perceived numerosity as a function of
array number, speed of array development,
and density of array items
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College-student subjects engaged in judgments of numerosity received stimulus arrays on a
computer screen that varied in their number level (low, medium, and high), the speed with which
the array developed (slow, medium, or fast), and the density of the items in the array (low or
high density). The subjects overestimated number when the array was small (75-125 items) but
significantly underestimated number when it was at a medium (150-250) or high level (550-650).
Density of array items was a significant variable, since subjects showed more underestimation
under the high-density condition. Additionally, there was a speed x density interaction. The results
are discussed with respect to which class of variable, sensory or cognitive, most influences per-

ceived numerosity.

Although they deal with the animal literature, Davis and
Pérusse (1988), in their excellent review, distinguish
among a number of approaches to the measurement of
numerical competence. One of the approaches, estima-
tion, is different from subitizing because the subject is re-
quired to assign a numerical tag, without counting, to a
relatively large number of items (Kaufman, Lord, Reese,
& Volkman, 1949).

A host of studies on numerosity perception have em-
ployed magnitude estimation (e.g., Kemp, 1984; Kowal,
1987; Krueger, 1982, 1984; Masin, 1983), but others
(e.g., Cousins & Ginsburg, 1983; Ginsburg, 1980; Gins-
burg & Nicholls, 1988; Ginsburg & Riedel, 1983) have
relied on a simple estimation procedure. In the second
category of studies, the usual procedure has been to
present various dot arrays briefly and to require a verbal
estimate on the termination of the array. Such studies have
shown a tendency for subjects to underestimate the nu-
merical size of the array, a finding that is in harmony with
the magnitude-estimation studies (e.g., Kemp, 1984;
Krueger, 1982). To summarize both sets of investigations,
the underestimation finding has generally been shown to
increase with the magnitude of the array and to be more
pronounced among females (Krueger, 1982). However,
if females self-select into such a study, the gender factor
may not be significant (Krueger, 1984). Furthermore, the
relative underestimation has been shown to be reduced
in magnitude for the following: type of physical back-
ground (Kemp, 1984), melodic familiarity when number
of notes was judged (Kowal, 1987), regularity or organi-
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zation (‘‘patterning’’) of the stimulus array (Ginsburg,
1976, 1978), a smaller size of the items constituting the
array (Ginsburg & Nicholls, 1988), training (Kemp,
1984), and feedback (Krueger, 1982).

Krueger (1984) has addressed the issue of the relative
contribution of ‘‘cognitive’’ versus ‘‘sensory and/or per-
ceptual’’ factors in the ability to estimate numerosity. By
sensory or perceptual factors, he seems to point to the
early processing stages of various physical aspects of the
array, such as the discriminability of items, their organi-
zation, and their size, which some of the above studies
have implicated. Cognitive factors would include the more
‘‘interpretative’’ aspects of processing, such as those in-
volved in the type of instructions and feedback one
receives.

The present study was designed to examine further some
possible sensory/perceptual variables in numerosity per-
ception, namely, those relating to the speed with which
an array develops and to the stimulus density of the items
of the array. Low-, medium-, and high-number arrays
were presented on a computer screen under three speeds
of array development (slow, medium, or fast) and two
levels of stimulus-item density (low or high).

METHOD

Subjects
Nine volunteer subjects, 8 females and 1 male, from a general psy-
chology class received special credit for participating.

Apparatus

Stimuli were presented on an IBM PC/XT compatible computer set
to run at the standard operating speed of 4.77 MHz. A BASIC program
generated three levels of random asterisks on the monitor: low (75-125),
medium (150-250), and high (550-650). The particular number on a
given trial was randomly generated. Asterisks appeared on the screen
in one of three speeds: slow, medium, and fast. Speed was controlled
by creating a delay between individual asterisks with a loop that varied
from 0 to .22 sec. The medium speed delay was .05 sec. Two density



levels were gencrated by using either a full screen (low) or a half screen
(high density). The low density utilized a total of 1,920 (80 columns
X 24 rows) positions, whereas the high density condition employed half
of the screen, or a possible 960 (40 x24) points. In all cases, the com-
pleted matrix remained on the screen for 1.5 sec, after which the screen
was cleared and the subjects typed in their number estiration. The touch
of any key then activated the start of the next display.

Design and Procedure

Each subject received nine trials (three per week) over a 3-week period.
A given trial consisted of 18 conditions that were factorial combina-
tions of three number levels (low, medium, and high), three speeds (slow,
medium, and fast), and two density levels (low and high). Thus, for
each subject, there were three scores in each of the 18 conditions for
each week. The 18 conditions within a given trial were randomized
separately for each subject.

The subjects were instructed to start the display and to type in their
number estimate when the display disappeared. They were asked not
to try to count but to simply relax during the presentation and then make
their best estimate as to the number of ‘‘dots”’ for each succeeding dis-
play. No feedback was provided on any trial.

RESULTS

The computer program recorded the subject’s response
and gave the percentage of error for each judgment, and,
since there were three weekly trials for each condition,
both means and medians were computed on each of the
18 conditions for each week. Since these data were ana-
lyzed over 3 weeks, each subject had 54 total scores
in a four-factor completely within-subjects analysis-of-
variance design.

One female subject had scores in line with the others
during Week 1, but during Weeks 2 and 3, her scores be-
came aberrant such that her estimations hovered around
a 500% overestimation. Her data were not included in
the analysis because of their extreme deviation and be-
cause of her claim, when questioned, that she had ‘‘dis-
covered the system.”’

Mean-percentage-of-error scores were analyzed and
revealed a significant number effect [F(2,14) = 30.56,
p < .00001]. The low number was overestimated by a
mean of 8.24%, whereas the medium and high numbers
were underestimated with means of —13.26 and —27.63,
respectively. Subsequent post hoc tests using the Neuman-
Keuls procedure indicated that all mean comparisons were
significant (= .01).

The density factor also yielded a significant F ratio
[(1,7) = 9.47, p < .02], with the low-density condition
resulting in a mean underestimation of —1.00% compared
with —20.77% for the high-density condition. No other
factors reached significance, but speed approached sig-
nificance (F(2,14) = 3.02, p < .08], as did weeks X
density [F(2,14) = 3.20, p < .07] and weeks X speed
[F(4,28) = 2.24, p < .09].

Median-percentage-of-error scores were also analyzed
and gave almost parallel results. Number was again sig-
nificant [F(2,14) = 23.56, p < .00001]. The median per-
centage of error for high, medium, and low numbers were
—27.38, —14.31, and 6.26, respectively. Subsequent
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Figure 1. Median percentage of error showing the density effect
and the density x speed interaction.

post hoc tests with the Neuman-Keuls revealed that
although the high and the medium number produced er-
rors that were not different, both showed significantly
greater error than did the low number group (a = .01).
Median percentage error attributable to density was sig-
nificant [F(1,7) = 8.92, p < .02], with the high-density
condition producing more error (—21.29) than the low-
density condition (—2.33). In the analysis involving me-
dian percentage error, the speed factor approached sig-
nificance [F(2,14) = 3.28, p < .07}, and there was a
speed X density interaction [F(2,14) = 4.44, p < .03].
Figure 1 depicts these findings. It is apparent that the high-
density condition results in a greater underestimation than
does the low-density condition and that this underestima-
tion is reduced as one is moved from high speed through
medium speed to low speed. The interaction can be ob-
served in the fact that the difference in the density condi-
tions decreases as one moves from high to low speed.

DISCUSSION

The observed systematic underestimation is consistent with other
studies, although it was not acutely manifest with the low-density con-
dition except under the high-number treatment. Additionally, the over-
all overestimation for the low-number condition is not the typical find-
ing, although it has sometimes been observed when number size is quite
small.

Of interest is the finding that array density, which must obviously
be interpreted as a sensory or perceptual factor, as opposed to a cogni-
tive one, is an important factor in perceived numerosity. A dense array
results in smaller estimates and underestimation in the medium- and high-
number conditions than does a more diffuse one.

The speed with which an array develops, although not statistically
reliable, did approach significance for both the means and medians anal-
yses, and it is possible that extending the range of speeds would result
in a significant finding. Additionally, the fact that the density X speed
interaction approached significance in the means analysis and was, in
fact, significant in the medians analysis further implicates the speed factor
and points to the need for additional investigation of both speed and
density.

Although it may well be true that cognitive factors are more impor-
tant in perceived numerosity than are sensory and/or perceptual ones
(Krueger, 1984), the present findings suggest that we may not yet have
identified all the sensory/perceptual factors of importance. For future
research, it would be useful to manipulate some of the important cogni-
tive factors, for example, instructions and feedback, in conjunction with
the variables of this experiment.
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