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Perceived numerosity of spatiotemporal events
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Numerosity discrimination was examined when items were varied in space-time position rather
than in space only. Observers were instructed to indicate which of two adjacent streams of visual
events contained more items. The precision of numerosity discrimination of dynamic events was
not remarkably different from that of static patterns. Two basic numerosity biases previously
found for static dot patterns-inhibitory overestimation and satellite underestimation-were dem
onstrated for items distributed randomly over a spatiotemporal interval. It was also demonstrated
that two streams, equated in the number and luminous energy of items, are not judged equal
in their visible number if items in one of these two streams have longer duration than items
in the second stream. These findings can be accounted for by the occupancy model of perceived
numerosity (Allik & Tuulmets, 1991a) if it is supposed that the impact that each element has
on its neighborhood is spread along both spatial and temporal coordinates. Perceived numeros
ity decreases with both spatial and temporal proximity between the visual items. Space and time
have interchangeable effects on perceived numerosity: the amount of numerosity bias caused by
the spatial proximity of items can also be produced by the properly chosen temporal proximity
of items.

The human observer is able to estimate the approximate
number of items even without direct one-by-one count
ing. This ability, however, is neither very precise nor un
biased. One well-established bias is the dependence of the
perceived number on the spatial configuration ofdots. In
principle, the expected distance between two nearest
neighbors in a random distribution of dots can be made
larger (inhibitory processes) or smaller (satellite pro
cesses) than that in a completely random bombarding of
a certain plane area with dots (see Diggle, 1983; Ripley,
1981). These two opposite changes lead to two opposite
numerosity biases: the inhibitory overestimation and the
satellite underestimation (Allik & Tuulmets, 1991a; cf.
Ginsburg, 1976; Ginsburg & Goldstein, 1987). In the first
type, the inhibitory pattern, dots are arranged as if they
were animals defending their personal territories. These
patterns typically appear more numerous than a com
pletely random (Poisson) distribution of the same num
ber of dots. In the second type, the satellite pattern, each
dot appears to attract some other dots, and, on the aver-
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age, the nearest neighbor is closer than it would be in a
completely uniform distribution. These patterns look less
numerous than random patterns generated without restric
tions on the spatial distances between their elements.

The illusory under- and overestimations of numerosity
have often been considered to be mistakes made by the
visual system. There is, however, a more plausible in
terpretation ofthese biases. Morgan, Hole, and Glenner
ster (1990) have argued that the visual system is highly
constrained in the nature of the judgments that it is able
to make. In particular, this means that one can formulate
relatively easily a verbal instruction that the visual sys
tem is not able to carry out exactly. If that is so, numer
osity "illusions" may result not from misestimations, but
from a failure to carry out the required estimation. In
stead of the numerosity as such, another stimulus attribute,
which only indirectly corresponds to the actual number
of items in the stimulus, is estimated.

A plausible candidate for the stimulus attribute on which
the observer's decisions about the numerosity is based is
the stimulus area apparently occupied by all elements.
Each element, typically a dot, is supposed to have an in
fluence on its neighborhood in the constant radius R. The
area of the stimulus plane occupied collectively by all dots
is the stimulus attribute that is actually judged when the
subject is instructed to estimate the numerosity of items;
the pattern with the larger occupancy value is chosen as
more numerous (Allik & Tuulmets, 1991a). The occupancy
model provides a common explanation for numerosity bi
ases, inhibitory overestimation, and satellite underestima-
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tion. If two dots are less than a distance 2R apart, their
individual territories overlap, and their total contribution
is reduced proportionally to the size of overlap. Since the
overlap in the satellite pattern is expected to be larger than
that in a completely random distribution, the satellite pat
terns appear to be less numerous than random ones. In
an inhibitory pattern, in tum, individual territories over
lap less than they do in a random pattern and numerosity
ought to be overestimated in relation to its estimation with
a completely random distribution of dots.

Research in the area of numerosity perception has been
based almost exclusively on static patterns (see Allik &
Tuulmets, 1991b; Luccio, 1983). The only temporal pa
rameter, the duration of exposition, that was studied does
not change the static character of patterns used (Home
& Turnbull, 1977; Hunter & Sigler, 1940; Lechelt & Nel
son, 1971). Indeed, there is another tradition, which con
sists of the study of temporal numerosity, but it is typical
in that field to use a series of flashes delivered at one and
the same spatial position. The only model proposed to ex
plain the discrimination of temporal numerosity contains
no parameters describing spatial relations between stim
ulus elements (Viviani, 1979). Consequently, both spa
tial and temporal domains of the numerosity perception
have been studied, but only in isolation from each other.
Only in the tactile domain has the problem of the
numerosity-based discrimination of spatiotemporal pat
terns attracted some interest (Lechelt, 1974a, 1974b).

In the present study, we investigated the ability to dis
criminate numerosity in two assemblies whose items
varied in their spatiotemporal position rather than in space
only. We will demonstrate that the generalization from
static patterns to a time-varying sequence of events oc
curred without a remarkable change in sensitivity, which
may indicate that the judgments about numerosity of
spatiotemporal items are not very different from those of
static patterns. This conclusion is also supported by the
discovery of the inhibitory overestimation and the satel
lite underestimation of spatiotemporal events.

GENERAL METHOD

The experiments consisted of trials in which two constantly chang
ing streams of visual events were presented in the left and right
hemifields of the display. Figure I illustrates the basic stimulus con
figuration used in this study. The stimulus consisted of two horizon
tally separated imaginary rectangular areas on the dark background
of a VGA color monitor, within each of which light dots could ap
pear. At a distance of 70 cm, the horizontal separation between these
two rectangular areas was approximately 5.4°. The size of each
rectangular area was approximately 3.2° in width and height; the
size of each dot was about 0.023°. In all cases (except Experi
ment 3), the luminance of the dot when turned on was equivalent
to about 41.2 cd/m' when a larger uniform test field was turned
on and measured by a luminance meter. Each stimulus field con
tained a regular set of 30 x 30 available spatial locations. The hori
zontal separation between two locations that could be occupied by
dots was about 0.093°.

The whole stimulus presentation time was divided into 40 suc
cessive frames (j) during each of which the dot patterns on the
display did not change. The duration of each frame was 40 msec,
during which the whole display was refreshed twice. The whole

sequence lasted 1.600 msec and containcd 36,000 (30x30x4O)
spatiotemporal positions in each stream, which served as a skclc
ton for visual items. Each visual item started with the appearancc
of a luminous dot in some spatial position and ended f frames latcr
with the disappearance of the dot. Within a given stream, all items
had equal duration and equiprobable location within the spatiotem
poral frame of positions. Two items could not occupy the same spa
tial and temporal positions. Because items usually lasted several
frames, there were no sequences of static patterns: dots appearcd
and disappeared at different times and places, giving the impres
sion of a continuous flow of items. The series of overlapped squares
(Figure I) demonstrate the sequence of frames between which dots
could appear or disappear from the screen. There were no series
of static patterns. Some of the existing dots disappeared and some
new dots appeared in new locations at various time moments.

One of the two streams (i.e., the standard stimulus) was randomly
chosen before each trial as a reference containing a fixed number
of reference items. The number of test items in the second of the
two streams (i.e., the comparison stimulus) was systematically varied
around the reference number. The observer's task was to press one
of two buttons indicating which of the two streams, the left or the
right, contained more dots. The responses were always coded in
terms of the test choice probability and plotted as the percent of
cases when the test stream was preferred to the reference stream.
The number of items in the test stream varied in a manner that pro
duced a full psychometric function-that is, with an increase in the
number of test items, the choice frequency increased smoothly from
about 0% to about 100%. Data points in the empirical psychometric
function were approximated by a cumulative Gaussian function using
the method of direct approximation. l There was a consistent asym
metry between the discrimination of numerosity increments and dec
rements, but it was negligible.

Two measures characterizing the sensitivity and bias were de
rived from these functions. The slope of the function (measured
as the distance between the 50% and 75% points) indicates the ob
server's ability to discriminate between the number of items in the
test and reference streams. Sensitivity measured from the slope of
the psychometric function corresponds to the classical concept of
the just noticeable difference (JND). The observer's bias was mea
sured by the location on the psychometric function at which the
test and reference stream choice probabilities were equal to 50 %.
This value is the point of subjective equality (PSE). If the bias is
expressed in relative terms as the difference between the PSE and
the number of reference items, it will be called the constant error
(eE). The goodness of fit was estimated by the mean approxima
tion error (MAE): the mean deviation of a data point from the best
fitting psychometric function. If the MAE did not exceed the mean
standard error (MSE), it was regarded as acceptable.

Every experiment was divided into five successive sessions, within
each of which each stimulus condition was presented 20 times, and
the sequence of trials was completely randomized. In total, each

o , 0

Figure l. Schematic view of stimuli used in this experiment. The
square areas indicate regions of display where visual items, symbol
ized by small circles, could appear.
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EXPERIMENT 1
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T.T. (Figure 2A)
30 30.6 5.0 .167 4.01 1.96
60 60.0 8.0 .133 4.62 2.42
90 90.2 11.6 .129 4.05 3.43

150 153.2 22.5 .150 4.10 4.00

J.A. (Figure 28)
30 29.8 5.0 .166 3.86 3.38
60 60.0 10.5 .175 4.41 3.29
90 91.3 16.1 .179 4.40 4.57*

150 148.9 27.2 .181 4.34 3.28

Note-n, number of reference items; PSE, point of subjective equality;
JND, just noticeable difference; JND/n, Weber fraction; MSE, mean
standard error (percent); MAE, mean approximation error (percent).
*MAE > MSE.

Table 1
Parameter Values of the Best-Fitting Functions Shown in Figure 2

n PSE JND JND/n MSE (%) MAE (%)

the test stream. Continuous curves are the best fits to the
experimental data. The fit was generally quite satisfactory,
since in all but one case the MAE was smaller than the
MSE: the mean deviation of a data point from the best
fitting function was smaller than its standard error
(Table I). In only one case did the MAE exceed the MSE
(Observer J .A., n = 90), and, even in this worst case,
the Pearson product moment correlation between the
observed and predicted data was acceptable (r = .981,
p < .0001).

The slope of the psychometric function decreased with
the number of reference items. Ifabout 5 additional items
produced a noticeable difference from 30 reference items,
then 22-27 extra items were required to notice the dif
ference from 150 reference ones (see Table I). The ob
server's sensitivity to changes in the numerosity was
nearly invariant when expressed in terms of the Weber
fraction, JND/n. Over the whole range tested, the We
ber fraction was .144 and .175 for Observers T.T. and
J.A., respectively. These values are typical of a static nu
merosity discrimination performance (see Allik & Tuul
mets, 1991a). Moreover, both observers have participated
as subjects in previous experiments. For example, Ob
server T.T. ' s discrimination of the numerosity of two
400-msec static patterns yielded Weber fractions of .152
(n = 20) and .133 (n = 40), which is rather close to the
Weber fraction of .144 obtained in the present study (Allik
& Tuulmets, 199Ia). Both observers were also subjects
in another study, in which their Weber fractions were .160
(Allik, Tuulmets & Vos, 1991; the case of the equal-sized
patterns). Consequently, there are no remarkable differ
ences in sensitivity in the numerosity discrimination of
static and dynamic patterns. A difference exists, however,
in how sensitivity depends on the number of reference
items. It is firmly established that in static patterns the
Weber fraction for numerosity discrimination decreases
with reference number (Allik & Tuulmets, 1991b; Bur
gess & Barlow, 1983; Krueger, 1984; Newman, 1974).
No such decrease was observed in the present set of data.
On the contrary, the Observer J. A. exhibited a small but
systematic increase in the Weber fraction as the number
of reference items increased. Despite this discrepancy,
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Method
The main purpose of this experiment was to test how sensitivity

depends on the number of reference items. There were four differ
ent values of reference items: n = 30,60,90, and 150. The num
ber of test items varied on 9 levels symmetrically around these 4
reference values. giving 36 different test stimulus values. All items
in both streams lastedf = 8 frames or d = 320 msec-that is, an
average of one fifth of the total number of items shown in each
stream was visible at one time.

100

Results
The choice frequencies of 2 observers are plotted in Fig

ures 2A and 2B, as a function of the number of items in

data point shown in the figures and corresponding to one definite
stimulus condition is an average of 100 single trials.

Three highly experienced observers, including the two authors,
with normal or appropriately corrected myopic vision, participated
in the experiments. Viewing was binocular without head fixation,
in a semidarkened room. The observer was instructed to fixate the
central fixation mark between two stimulus sequences. No feed
back about correctness of the choice was provided.

®

Figure 2. The choice frequency of test stimulus for 2 observers,
"r.T. (A) and J.A. (B), as a function of the number of items (n) in
the test stream and the number of items in the reference stream,
n = 30, 60, 90, and ISO. Each data point is an average of 100 trials.
The best-fitting psychometric functions are shown by continuous
curves.
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Note-n, number of reference items; CE, constant error; JND, just
noticeable difference; JNDln, Weber fraction; MSE, mean standard error
(percent); MAE, mean approximation error (percent). ·MAE > MSE.
n = 60.

of the reference items was 8 frames (320 msec). The duration of
test items was f = 6, 8, or 10 frames (240, 320, or 400 msec,
respectively); that is, one seventh, one fifth, or one fourth of the
items were expected to appear concurrently. The number of refer
ence items was n = 60.

4.12·
2.10
3.00

1.86
3.0.5
2.23

3.68
4.17
3.76

3.93
4.27
3.89

-9.7
2.0

14.5

-10.9
-1.0
14.9

10
8
6

10
8
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Table 2
Parameter Values of the Best-FittiDg FUDctioall Sbown In Fipre 3

Frames (d) CE JND JNDln MSE (%) MAE (%)

T.L. (Figure 3A)

8.1 .135
10.7 .178
11.0 .184

T.T. (Figure 38)

11.4 .190
11.7 .194
12.3 .205

EXPERIMENT 2

Method
Temporal events, unlike static dots, can differ by their individ

ual duration. By definition, the number of items does not change
when the duration of items becomes shorter or longer. The depen
dence of perceived numerosity on the spatial configuration, also
irrelevant to the number of dots as such, demonstrates that logical
categories are not necessarily perceptual ones. For example, it is
quite probable that the perceived numerosity of dynamic events de
pends not simply on the number of items in the stream but on the
number of simultaneously visible items. If the duration of items
is increased, the expected number of dots concurrently sharing the
screen also increases. To examine the effect of item duration on
perceived numerosity, we used test streams with item durations
shorter or longer than those in the reference stream. The duration

the sensitivity to changes in the numerosity of dynamic
events is not remarkably different from that for the static
patterns. Thus, the sensitivity data provide no proof that
two completely different mechanisms code the numeros
ity of static and of dynamic patterns.

T.T.

®

Figure 3. The choice frequency of test stimulus for 2 observers,
T.L. (A) and T.T. (8), as a function of the relative number oftest
items (.1n). Each curve and corresponding set of data points belongs
to one of three durations of items in the test stream: f = 6, 8, and
10 frames, or 240,320, and 400 msec, respectively. The duration
of reference items was f = 8 frames (d = 320 msec).

Results
The choice frequencies of 2 observers are plotted in Fig

ures 3A and 3B as a function of the relative number of
items, ~, in the test stream. The parameters of the best
fitting function are shown in Table 2. The fit of empiri
cal psychometric functions is satisfactory because in all
but one case the MAE is smaller than the MSE. The agree
ment between the observers is also satisfactory.

As expected, if the duration of items was equal in both
the test and the reference streams, the CE was close to
zero (2.0 and -1.0 for T.L. and T.T., respectively). If
the duration of items in the test stream exceeded that in
the reference stream (j = 10), the whole psychometric
function shifted to the left: it was necessary to remove
a certain number of items from the test stream to make
it look similar to the number of reference items. This shift
also means that items lasting 400 msec each appear to be
more numerous than items lasting only 320 msec each.
The relative shift of PSE is about - IO items for both ob
servers, which is 16.7% of the reference level (n = 60).
It is relevant that the duration of items in the test stream
(400 msec) was 25% longer than the duration of items
in the reference stream (320 msec). If, in tum, the dura
tion of items in the test stream was shorter (240 msec)
than that of items in the reference stream, the perceived
numerosity of the test stimulus decreased, producing a
rightward shift of the whole psychometric function. The
relative shift of the PSE was about 15 items, which is
equivalent to a 25 % decrease in perceived numerosity.
This decrease corresponds exactly to the percent decrease
in duration.

These results indicate that it is not only difficult to dis
tinguish the number of items from their spatial arrange
ment but also from the duration of items as well. The
stream containing longer items appears to be more numer
ous. This agrees with the observation that a briefer expo-
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T.L.

®

With long dark test dots and short bright reference dots
(LD), the psychometric function is considerably shifted
to the left, the CE being equal to -17.6 (T.L.) and -24.6
(T.T.). Thus, with energy held constant, the effect of du
ration still endured-the stream containing longer items
appears to be more numerous. However, the change in
perceived numerosity was proportionally smaller than the
change in duration. In principle, this discrepancy can be
explained by the difference between perceived and phys
ical durations. Efron (1970) demonstrated that the time
interval between the adjusted onset and offset times of a
flash longer than 130 msec corresponds to its actual du
ration. For briefer stimuli, the perceived duration outlasts
the actual duration. On the other hand, perceived dura
tion depends not only on duration but on intensity as well.
The relationship between intensity and perceived dura
tion is a controversial issue; in some studies a direct rela
tionship between these two variables has been found, but

n.DD

'0

sure of static patterns yields an underestimation and a
longer exposure yields an overestimation of the number
of items in these patterns (Horne & Turnbull, 1977;
Lechelt & Nelson, 1971). It is simplest, of course, to as
sume that perceived numerosity depends on the number
of dots visible on the screen simultaneously. Unfor
tunately, this simple idea will not work. First, it does not
explain why the same static pattern appears to be more
numerous when it is exposed longer than when it is ex
posed briefly; the number of dots visible at one and the
same time is equal in both cases. Second, the illusory shift
in perceived numerosity does not agree quantitatively with
the change in the number of dots exposed on the screen
simultaneously. In the reference stream (f = 8), there
were about 12 dots present in each frame. The decrease
(f = 6) or increase (f = 10) of the item duration increased
or decreased the expected number of dots per frame by
3 dots, respectively. This change is about three to five
times smaller than the observed illusory shift of numer
osity. The duration of items is certainly a better candidate
for a stimulus attribute on which to base an impression
of numerosity. But even this attribute does not explain
the exact bias in the perceived numerosity.

Strictly speaking, it is impossible to change only one
stimulus attribute (e.g., duration) without changing some
other stimulus attributes. With the increase of duration,
the total luminous energy of the item increases as well.
Consequently, this experiment alone does not permit the
effects of energy and duration on perceived numerosity
to be distinguished. To uncouple these two effects, items
in the test and reference streams in Experiment 3 had
equal luminous energies but different durations.

EXPERIMENT 3
o.j==;=-""~~~~~~~-.-.---".~~~~--,.
-M -40 10. 40 ~

Relative number of items in test

T.T.

o.j-~~-r-~~~~~..,,-~-~~
-60 -40 -30 -20 -10 10 20 30 40 !lO

®

LL,OOLO

'0

Method
To separate the duration of items from their luminous energy,

we compared two streams of items with equivalent luminous energy
but unequal duration of items. One of two streams was composed
of light dots (L) with a luminance of 82.4 cd/m' and a duration
of 80 msec. The second stream was composed of dark dots (D) hav
ing half the luminance of the bright ones (41.2 cd/m') but twice
the duration (\60 msec). The total luminous energy in these two
items was equal. In the critical stimulus condition, the reference
stream was composed of light dots and the test stream of dark ones
(LD). In addition, two other conditions were added in which both
streams were composed of either light (LL) or dark (DO) dots; that
is, the luminance and duration of items in the test and reference
streams were equal. A reduced number (seven) of test item values,
.:ln, was used in these two conditions. The number of items in the
reference stream was n = 100.

Relative number of items in test

Results
The results are shown in Figures 4A (T.L.) and 4B

(T. T.), and numerical values of the fit are presented in
Table 3. As expected, there was no difference between
the two cases (LL, DD) in which luminance and duration
were equal in both streams. The psychometric functions
were fitted simultaneously, using both sets of data, as in
dicated by squares (LL, light dots) and triangles (DD, dark
dots).

Figure 4. The choice frequency for different luminance and du
ration of items for Observers T.T. (A) and T.T. (8). The test and
reference streams contained items equated in luminous energy.
Streams were composed of either light dots (L) with 82.4 cd/m' lu
minance (d = 80 msec) or dark dots (D) with half luminance
(41.2 cd/m' ) but twice the duration (d = 160 msec). LL, test and
reference streams composed of light dots (circles); DD, dark dots
(squares); LD, reference composed of light dots and stimulus of dark
dots (triangles). LL and DD data points were approximated by a
single curve.



NUMEROSITY OF SPATIOfEMPORAL EVENTS 455

Relative number of ilems in leSI

T.T.

'/
/

---- ...
Inll

10 20 :10 40 $C.

Relalive number of ilems in test

100

T.!..

eo

,.,
l!,eo
g

I

~
••

z.

eo

5B as a function of the relative number of test items, dn.
The best fit is graphically shown by continuous curves,
and the corresponding numerical values are presented in
Table 4.

For the random process, the PSE was close to the ac
tual number of reference items. The other two psycho
metric functions, however, were shifted in two opposite
directions. The CE values corresponding to the inhibi
tory process were negative, -11.5 (T.L.) and -8.0
(T. T.). Thus, about 90 items distributed according to the
inhibitory process appeared to be as numerous as 100 ran
domly distributed items. The apparent shift in numeros
ity for the satellite process also consisted of about 10 items
but in the positive direction (CE = 9.7 and 12.0, respec
tively). Thus, the number of spatiotemporal items distrib
uted according to the satellite process was underestimated,
and some number of additional items was required to make
them appear as numerous as the reference ones. It is also
notable that the JND is smaller for the inhibitory process
than for the random process and that it is larger for the
satellite process. Burgess and Barlow (1983) demonstrated
that two inhibitory distributions of dots are discriminated
more precisely than two completely random arrays of
dots. The better discrimination of inhibitory distributions
and poorer discrimination of satellite distributions can be
explained in terms of the occupancy model: the same in
crease in the number of dots leads to a more salient change

T.L. (Figure 4A)

DD,LL l.l 14.8 .148 4.03 3.63
DL -17.7 12.9 .128 3.36 0.57

T.T. (Figure 48)

DD,LL 1.3 17.3 .173 4.21 4.05
DL -24.6 14.3 .143 3.29 3.89*

EXPERIMENT 4

Table 3
Parameter Values of the Best-Fitting Functions Shown in Figure 4

Type CE JND JND/n MSE (%) MAE (%)

Method
As with the static case, the distribution of items in a spatiotemporal

volume can be made either inhibitory or satellite. Again, the ex
peeted separation between two neighboring items can be larger or
smaller than in the case of the unrestricted bombardment. In Ex
periment 4, we tested whether inhibitory overestimation and the
satellite underestimation exist in the spatiotemporal domain as well.

All items in this experiment lasted d = 80 msec; on the aver
age, 5%of the items were shown at one time. The reference stream
consisted of n = 100 reference items, distributed randomly across
the available set of spatiotemporal locations. Three different ran
dom processes were used to generate the test stimuli.

Random process. The test stimuli were identical to the refer
ence stimuli, except that the number of items varied systematically
(seven different values) around the reference value.

Inhibitory process. The second type of stream was generated
so that no two adjacent items could be closer to each other than
3 positions (0.278°) vertically or horizontally and 3 frames
(240 msec) temporally. The spatial inhibitory distance was chosen
on the basis of the previous study, which estimated the radius, R,
in which every dot has an influence on its surrounding, to be about
0.3° (Allile & Tuulmets, 1991a).

Satellite process. Half the items in the display (parents) were
randomly distributed across available spatiotemporallocations, but
the other half were each assigned to a parent item and were posi
tioned randomly within an imaginary 7 x 7 x 7 spatiotemporal cu
bicle (0.651 ° xO.651 ° spatial window, seven frames long) centered
about the parent item. All positions, except those already occupied
and positions next to them, could be chosen equiprobably. The dis
tance between satellites (Le., parent and assigned items) in the
horizontal or vertical direction was no larger than 0.31 0, and the
temporal separation was from 80 to 240 msec. The average dis
tance between two satellite items was about 0.25° and 160 msec.

others have resulted in an inverse relationship (Nisly &
Wasserman, 1989). Nisly and Wasserman found that
when the subject had to indicate the moment when all
traces of the sensation had disappeared, a direct relation
ship was obtained. If the same logic is valid for the nu
merosity discrimination task, the short but more intensive
items ought to be perceived to outlast their physical du
ration. Thus, we may exclude that perceived numerosity
corresponds to the perceived duration of items, which,
in turn, depends on their duration and intensity.

Note-n, number of reference items; CE, constant error; JND, just
noticeable difference; JND/n, Weber fraction; MSE, mean standard error
(percent); MAE, mean approximation error (percent). D, dark dots; L,
light dots. n = 100. *MAE > MSE.

Results
The test choice frequencies of2 observers for three dif

ferent random processes are plotted in Figures SA and

Figure 5. The choice frequency for various spatiotemporal dis
tributions of items as a function of .1n. The test stimulus was gener
ated according to the random (Rnd), inhibitory (lob), or satellite
(Sat) process (circles, squares, and rhombus, respectively).
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EXPERIMENT 5

speak about the relative weight of spatial and temporal
proximity on the impression of numerosity.

Results
The choice frequencies of 2 observers for four stimu

lus types (random and three satellite processes) is plotted
in Figure 6 as a function of the relative number of test
items, i1n. The corresponding fitted values are shown in
Table 5.

As in the previous experiment, the psychometric func
tion of the random process (filled circles) was centered
about zero and all curves representing satellite processes
were shifted 5-10 units to the right. All types of satellite
processes-the spatiotemporal (stars, dotted curve), spa
tial (squares, short dashes), and temporal (triangles, long
dashes)-reduced the perceived number of items approx
imately equally. This reduction was, as in the previous
experiment, accompanied by a decrease in the precision
of discrimination, with the largest decrease in the spatial
condition.

The satellite underestimation was observed in all three
cases, including two in which the satellite distance varied
only in space or in time. Consequently, both components
determining the physical nearness of two items affected
the perceived numerosity of those items. The spatiotem-

Method
The main idea behind Experiment 5 was as follows. The rela

tive contribution of spatial and temporal nearness of items can be
estimated if, when one factor, spatial or temporal distance, is varied
and the second factor is held constant. If one of these two variables
is irrelevant for satellite underestimation, the numerosity bias will
disappear or decrease considerably in that particular condition. On
the other hand, if each of these two conditions can in isolation pro
duce satellite underestimation, approximately the same amount of
numerosity underestimation will be produced when these two vari
ables are varied jointly. According to the simplest rule, the under
estimation in the joint condition can be predicted from a composition
of numerosity biases obtained in conditions in which space and time
separation were varied separately.

The duration and the number of reference items were the same
as in the previous experiment, d = 80 and n = 100. There were
four types of test stimuli. The first was generated by a completely
random process, and it serves as a basis of comparison for the other
three processes, which all were of the satellite type. Half of all items
were positioned randomly, and the remaining satellite dots were
assigned to their respective parents.

In the spatiotemporal condition, any location within a 7 x 7 spa
tial window and 7-frame-long temporal segment, both centered at
the parent item, could be chosen except the location of the parent
item itself and the location next to it. This was one of the test stim
ulus types (satellite process) used in the previous experiment.

In the spatial condition, the two satellite items (i.e., parent and
assigned items) always started and ended at the same time; only
spatial location within a 7 x 7 window was varied. The average dis
tance between the parent item and its satellite was 2.7 positions
or about 0.25°.

Finally, in the temporal condition, the two satellites always oc
cupied the same spatial location on the display. The interval be
tween the parent item and its temporal satellite was from I to 3
frames (80-240 msec). The average temporal separation between
the parent and satellite was 160 msec.

2.00
2.00
4.00

4.21
3.62
4.09

0.3
-11.5

9.7

Table 4
Parameter Values of the Best-Fitting Functions Shown in Figure 5

Type CE IND IND/n MSE (%) MAE (%)

T.L. (Figure 5A)

17.2 .172
14.5 .145
21.2 .212

Random
Inhibitory
Satellite

T.T. (Figure 58)

Random 1.2 19.0 .190 4.34 1.87
Inhibitory - 8.0 17.2 .172 3.83 3.70
Satellite 12.0 20.8 .208 4.02 4.76*

Note-n, number of reference items; CEo constant error; IND, just
noticeable difference; IND/n, Weber fraction; MSE, mean standard error
(percent); MAE, mean approximation error (percent). n = 100.
*MAE > MSE.

of the occupancy value in an inhibitory distribution and
to a less prominent one in a satellite distribution (cf. Allik
& Tuulmets, 199Ia).

As the results of this experiment demonstrate, inhibi
tory overestimation and satellite underestimation occur not
only for static dot patterns but also for series of items
distributed over a spatiotemporal interval. Thus, two spa
tially and temporally proximate items have less total im
pact on the numerosity decision than do two distant ones.
Two items in the inhibitory distribution cannot be closer
than a certain spatial and temporal interval. In the ran
dom distribution, however, there is a certain probability
that two items will be in close proximity with each other.
In the satellite distribution, in turn, each item had at least
one neighbor not very far from it. The attenuation of the
impact with proximity is probably simply another way of
saying that two items mask each other if they are close
enough in space and time. In our previous study, we found
that perceived numerosity decreases with spatial proximity
of dots (Allik & Tuulmets, 1991a). At the same time, it
is rather well documented that the number of successive
objects that appear to be physically present at the same
time decreases with distance between adjacent objects
(Allport, 1968; Di Lollo & Dixon, 1988; Di Lollo & Hog
ben, 1987; Dixon & Hammond, 1972; Farrell, 1984).

If perceived numerosity is related to the apparent du
ration of items, as proposed above, the observed satellite
underestimation can be explained at least in principle in
terms of the attenuation of apparent duration produced
by the spatial proximity of items. Unfortunately, the
present data do not permit us to separate the contributions
of spatial and temporal proximities on perceived numer
osity. Conceivably, only the spatial proximity of items
is important and the temporal proximity is rather irrele
vant for the formation of an impression about numeros
ity. Is it possible, in principle, to distinguish the spatial
impact from the temporal one? Space and time do not em
brace the concept of physical nearness independently. Al
though two items may appear exactly in one and the same
place, they are not close to each other if there is a con
siderable time interval between their occurrences. Two
items can be proximate only if they are close in space and
time simultaneously. Therefore it only makes sense to
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poral satellite process evidently was a compound of two
other processes in which spatial and temporal separation
between satellites varied in isolation. As expected, the per
ceived numerosity of the compound process can be pre
dicted from the perceived numerosity of the isolates. For
example, the CE of Observer I.A. was 9.6 and 6.2 in the
spatial and temporal conditions, respectively. According
to the simplest multiplicative or additive rules of averag
ing, the expected change in the composite spatiotemporal
condition would be about 7.7 or 7.9-which is rather close
to the observed 7.9. For the second observer, T.T., how
ever, the predicted shift of 5.8 was a little bit smaller than
the observed 8.3 shift in the perceived number. This dis
crepancy may be due to many factors, including error in
the determination of the exact value of PSE. Also, the
appearance of patterns may have caused some response
biases. In spite of this discrepancy, it)s quite obvious that
perceived numerosity decreases with both spatial and tem
poral proximity between the visual items.

Table S
Parameter Values of the_!Jes~~Fit~ngFlIl1Ctions Shown in Figure 6

Type CE INO INO/n MSE (%) MAE (%)

T.T. (Figure 6A)
Random -0.7 14.1 .141 3.98 4.45·
Spatiotemporal 8.3 16.3 .163 3.74 2.07
Spatial 5.2 19.7 .197 4.05 2.41
Temporal 6.5 16.4 .164 3.79 3.68

I.A. (Figure 68)

Random 0.7 15.5 .155 4.11 1.76
Spatiotemporal 7.9 18.6 .186 3.96 4.44·
Spatial 9.6 20.3 .203 4.03 3.75
Temporal 6.2 18.8 .1883.98 3.18

Note-n. number of reference items; CE, constant error; JNO, just
noticeable difference; INO/n, Weber fraction; MSE. mean standard error
(percent); MAE, mean approximation error (percent). n = 100.
·MAE > MSE.

DISCUSSION

100

Relative number of items in test

The events whose numerosity was estimated were dots
appearing at various times in various positions on the
screen and then disappearing some time later. This kind
of dynamic stimulation contrasts with the use of static pat
terns in previous studies. The results of this study dem
onstrated, however, that the perception of the numerosity
of dynamic items did not differ drastically from that of
static patterns. First, numerosity discrimination was
comparably precise in both conditions. Second, two fun
damental numerosity biases, inhibitory overestimation and
satellite underestimation, that were known to occur for
dot patterns, were also found for streams of dynamic
events. It was also demonstrated that both spatial and tem
poral proximities between items in the stream of dynamic
events are responsible for the numerosity bias.

Formally, at least, the number of items does not change
when the distance between items changes or when the du
ration of items becomes shorter or longer. Nor is there
room to doubt that the observer can readily understand
the instruction to estimate the number of items. If there
were enough time for the direct counting of items, the
answers would certainly be close to veridical. In a real
experimental situation, however, relying only on the im
mediate impression of numerosity, the estimates were
neither very precise nor unbiased. Many stimulus attri
butes, formally irrelevant to numerosity as such, affect
the judgment of numerosity. Typically, the influence of
irrelevant attributes is regarded as erroneous, like the
errors of a physical instrument designed to measure, for
example, current, but which exhibits undesired sensitiv
ity to temperature and humidity. Alternatively, as was
argued in the introduction, the biases may reflect the in
ability to measure relevant stimulus attributes that are re
quired to complete a given visual task. Instead of the
proper stimulus attribute, another attribute, one that is only
indirectly related to the actual number of items, may have
been estimated.

The only sufficiently elaborated model that can explain
various numerosity biases occurring in static patterns, not
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Figure 6. The choice frequency for the random process (nUed cir
cles) and three types of satellite process: spatiotemporal (stars), spa
tial (squares), and temporal (triangles). The best nt to the random
process data is shown by the continuous curve and to the three others
by broken lines (the length of dashes increases in the order of tbe
satellite processes given ahove).
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merely in qualitative but in strictly quantitative terms, is
the occupancy model (Allik & Tuulmets, 1991a). Oc
cupancy (as was briefly described in the introduction) is
the basis on which the observer makes his or her deci
sions about numerosity. This attribute does not require
a sophisticated device to measure it. The only thing that
is needed is a set of equal-sized disks. Each dot in the
pattern must be covered by one such disk, after which
the plane area covered by all the disks has to be estimated
in some way. If the number of dots is kept constant, the
area covered by the disks can be changed only by altering
the amount of overlap between disks. It was surprising
(and gratifying!) that this elementary measure accurately
predicted not only the sign of all known numerosity bi
ases, but their exact choice probabilities. Is it possible,
at least in principle, to extend the occupancy model to
a more general spatiotemporal case? In the present for
mulation, the influence each dot exerts on its neighbor
hood spreads in the constant circular radius R of the
picture plane. Inhibitory overestimation and satellite
underestimation in dynamic patterns indicate that the in
fluence spreads not only in space but also in time. Thus,
each dot has an influence on a certain spatiotemporal sur
rounding. More formally, the impact of an element is
presumed to be distributed in the constant radius R, which
is a function of one temporal (t) and two spatial (x,y)
arguments: R = (ax2+(jy2+1't2)'I2, where a, (j, and l'
are the coefficients of propagation in the respective
dimension.

This generalization seems intuitively plausible. Each
item is posited to occupy a spherical volume in three
dimensional space-time. The total impression of numer
osity of items is determined by the amount of space-time
apparently occupied by these items. If in space it depends
on a plane area apparently occupied by dots in the tem
poral domain, it obviously depends on the apparent du
ration of an event. Experiments 2 and 3 also support this
interpretation; the perceived numerosity depends on the
duration of items, not their contrast or total luminance
energy. It was quite sensible to propose that the luminous
energy of items may affect the perceived numerosity of
those items. There is evidence that energetically stronger
items have a larger impact on perceived numerosity than
do the same number of energetically weaker items (cf.
Lechelt, 1974b). The role of luminous energy in the sa
lience of the perceived orientation, motion, and depth is
also well documented (Allik, in press; Foley, 1976;
Nishida & Takeuchi, 1990; Prazdny, 1984). But even
when two groups of items were equated in luminous
energy, the group having more durable components ap
peared more numerous. It is interesting that the converse
may be also true: the perceived duration of an item de
pends on the number of dots in it (Mo, 1974, 1975).

The amount of space-time occupied by an item, how
ever, can be modified by changing the spatio-temporal
n"earness of items. If two items are close enough, their
individual territories overlap, and the total impact on the
impression of numerosity decreases in proportion to this
overlap. In spite of its plausibility, the updated occupancy

model was not tested quantitatively. The limited number
of test conditions used in this study made it very improb
able that the updated occupancy model could not be fitted
satisfactorily to the data.

Given that the proposed simple generalization of the oc
cupancy model is valid, a question about its relation to
other possible interpretations arises. Does the occupancy
model exclude other interpretations, particularly in terms
of certain psychological mechanisms? In particular, as
reviewers of an earlier version of this paper proposed,
some results presented in this study can be interpreted in
terms of "iconic memory." The explanation in terms of
the space-time occupancy index is not incompatible with
many other more specific psychological theories, includ
ing the inexactly formulated concept of iconic memory.
It is quite probable, for example, that the spread of influ
ence in the temporal domain is nothing but another word
for visual masking. The impact of two items decreases
if they are temporally close to each other. The occupancy
model, like its possible augmentations, is a strictly psycho
physical construction, specifying a stimulus attribute that
serves as a basis for the decisions about numerosity. There
are many ways in which this stimulus attribute can be ex- .
tracted and processed. Although a processing explanation
is desirable in many cases, it is often only a less precise
reformulation of some exact psychophysical relation.

One of the basic findings of this study was that both
spatial and temporal nearness affect perceived numerosity.
This means, in particular, that space and time are inter
changeable and that the amount of change in perceived
numerosity caused by spatial proximity of items can be
produced by appropriately chosen temporal intervals be
tween items. This conclusion about interchangeability of
spatial and temporal coordinates is supported by our pre
vious result: in the discrimination of numerosity of two
streams of visual events, it is irrelevant whether the change
in the total number of test items is achieved by adding
simultaneous items to one frame or by increasing the num
ber of succeeding frames (Allik & Tuulmets, 199Ib). A
similar kind of space-time interchangeability is known for
other perceptual phenomena: perceived motion (Korte's
laws), estimation of space and time intervals (kappa and
tau effects), and so forth.

There seems to be a basic difference between the ex
traction of geometric and nongeometric information from
an image. For example, the extraction of nongeometric
information typically does not vary with exposure dura
tion. In contrast, the identification of geometric proper
ties improves progressively with exposition time (Watt,
1987). In this respect, it is interesting that the detectabil
ity of stationary or moving target dot forms embedded
in a background of a spatiotemporally varying noise dot
pattern was found to decrease linearly with both spatial
and temporal separation between the target dots (Falzett
& Lappin, 1983). There is no doubt that both form and
motion require refined geometrical notions for their spec
ification. The judgments about numerosity, on the con
trary, are based on very primitive geometric information.
Nevertheless, perceived numerosity, as it is explicated in
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the occupancy index, is unquestionably a nonlinear func
tion of spatial and temporal separation between target dots.
But despite this nonlinearity, spatial and temporal prox
imity may still have an interchangeable effect on perceived
numerosity.
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NOTE

I. The method of the direct approximation of psychometric functions
was proposed by Sverker Runeson. It uses the downhill simplex method
to minimize misprediction of two independent variables of the psycho
metric function, the mean and the standard deviation. In the present study,
the squared deviation between observed and predicted choice probability
was minimized. The minimization program was written in C and is a
slightly modified version of the QuickBASIC program that was kindly
provided by Runeson.
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