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Abstract We present the results of two experiments that
probe the ability of rhesus macaques to match visual arrays based on number. Three monkeys were first trained
on a delayed match-to-sample paradigm (DMTS) to match
stimuli on the basis of number and ignore continuous dimensions such as element size, cumulative surface area,
and density. Monkeys were then tested in a numerical bisection experiment that required them to indicate whether
a sample numerosity was closer to a small or large anchor
value. Results indicated that, for two sets of anchor values with the same ratio, the probability of choosing the
larger anchor value systematically increased with the sample number and the psychometric functions superimposed.
A second experiment employed a numerical DMTS task
in which the choice values contained an exact numerical
match to the sample and a distracter that varied in number.
Both accuracy and reaction time were modulated by the ratio between the correct numerical match and the distracter,
as predicted by Weber’s Law.
Keywords Numerical competence . Nonhuman primate .
Bisection . Weber’s Law
Introduction
Research over the last 100 years has compellingly demonstrated that many different nonhuman animal species represent number independent of non-numerical stimulus dimensions (e.g., Boysen and Berntson 1989; Brannon and
Terrace 1998; Emmerton et al. 1997; Hauser et al. 2003;
Matsuzawa 1985; Meck and Church 1983; Nieder et al.
2002; Otlhof and Roberts 2000; Pepperberg and Gordon
2005; Roberts 2005). An analog magnitude system has
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been proposed to underlie many of the numerical abilities
of nonhuman animals (e.g., Beran 2004; Beran and Beran
2004; Beran and Rumbaugh 2001; Brannon and Roitman
2003; Brannon and Terrace 1998; Feigenson et al. 2004;
Gallistel and Gelman 1992; Hauser et al. 2003; Nieder et al.
2002). The signature property of this system is that it obeys
Weber’s Law: Discrimination between two quantities depends on their ratio. This system is also thought to underlie
the nonverbal numerical judgments made by adult humans
(e.g., Barth et al. 2006; Boisvert et al. 2003; Cantlon and
Brannon 2005; Moyer and Landauer 1967; Pica et al. 2004;
Whalen et al. 1999). Furthermore, previous research has revealed that under some circumstances, human infants also
show ratio-dependent number judgments, suggesting that
an analog magnitude system for representing number may
be both evolutionarily and developmentally conservative
(e.g., Lipton and Spelke 2003; Xu and Spelke 2000).
Weber’s Law states that I/I = C, where I is the increase in stimulus intensity to a stimulus of intensity I
that is required to produce a detectable change in intensity and C is a constant. Thus, if an organism detects a
change in a 20-lb weight when 4 lb is added, it would need
an 8-lb increment to detect a change in a 40-lb weight.
If Weber’s Law holds for number judgments, then accuracy and latency to make numerical comparisons should
depend on the ratio of the two numerical values compared. Under Weber’s Law, one possibility for the format
of nonverbal numerical representations is that number is
linearly scaled in psychological space, with the variability in a given numerical representation linearly increasing
with the magnitude of the representation. This is referred to
as scalar variance and has been argued by Gibbon, Meck,
and Church to hold for both the representation of time and
number in nonhuman animals (e.g., Gibbon 1977, 1981,
1986; Meck and Church 1983). An alternative explanation
is that number might be logarithmically scaled in psychological space such that the psychological distance between
4 and 6 is smaller than the psychological distance between
2 and 4 (Dehaene and Changeux 1993; Dehaene 1997;
Nieder and Miller 2003). Because both hypotheses predict
that Weber’s Law will hold for numerical judgments, no

160

current data can definitively discriminate between these two
alternatives (but see Brannon et al. 2001; Dehaene 2001).
The main method used to demonstrate that Weber’s
Law holds for number judgments in primates has been an
ordinal comparison task. In this task, a subject is required
to choose the numerically smaller or larger of two arrays.
Typically, accuracy increases and latency to respond decreases as the difference between the two values increases
(Beran 2001, 2004; Beran et al. 2005; Brannon and Terrace
1998, 2000; Judge et al. 2005; Nieder and Miller 2004;
Rumbaugh et al. 1987; Smith et al. 2003; Washburn and
Rumbaugh 1991). One primary method widely used to
show that the numerical judgments made by rats and
pigeons are modulated by Weber’s Law is the bisection
task, in which animals are trained to discriminate a small
and large anchor numerosity and are then tested with
intermediate values. The intermediate value probe trials
require subjects to make a relative similarity judgment
about whether the sample is closer to the small or large
anchor value. Typically, the probability that an animal
selects the large anchor value (the “choose large” response)
increases with the test value. Furthermore, the test value
for which the animals are indifferent and are equally likely
to choose the small or large anchor—referred to as the
point of subjective equality (PSE)—is generally found to
be at the geometric mean of the anchor values in temporal
and numerical bisection experiments (Church and Deluty
1977; Fetterman 1993; Meck and Church 1983; Meck et al.
1985; Platt and Davis 1983; Roberts 2005; Stubbs 1976).
In addition, if Weber’s Law holds for numerical judgments,
then the psychometric functions that relate the probability
of a “choose large” response to the test numerosity in a
numerical bisection task should superimpose for different
sets of anchor values with the same ratio. This has been
shown to be true for temporal and numerical judgments
in rats using successive auditory or visual arrays and in pigeons using both successive arrays and simultaneous visual
arrays (e.g., Fetterman 1993; Gibbon 1986; Roberts 2005).
Here, we provide evidence that Weber’s Law holds for
numerical judgments in nonhuman primates using a delayed match-to-sample (DMTS) paradigm with a bisection procedure (Experiment 1) and an absolute numerical
match procedure (Experiment 2). We first ask how a monkey’s numerical judgments are impacted by non-numerical
stimulus features such as cumulative surface area, contour
length, and density. To explore this question, we employ an
extensive set of stimulus controls and examine the effect
of cumulative surface area, contour length, and density on
accuracy when monkeys are required to match visual stimuli on the basis of numerosity. Secondly, we ask whether
monkeys represent novel test values intermediate to two
trained anchor values along a systematic ordinal numerical
continuum. We do this by using a bisection task to examine
whether the probability that a monkey will make a “choose
large” response increases with the numerosity of sample
values. Our third question is whether number representations of rhesus monkeys conform to Weber’s Law. To test
this, we first examine whether the psychometric functions
that emerge from the bisection task superimpose when the

anchor values are varied in absolute value but maintain
a constant ratio. We then examine whether accuracy and
latency in a precise numerical matching task are modulated by the ratio of the correct choice to the distracter,
as would be predicted by Weber’s Law. The final question
our research addresses is whether monkeys use a serial or
parallel mechanism to determine the number of stimulus
elements when tested with the simultaneous arrays. In the
current paradigm, subjects control the duration of the sample and hence control the processing time for the sample.
We therefore predict that if monkeys process the elements
serially when forming numerical representations, then response time to the sample should increase with number.
Experiment 1A
In Experiment 1, three monkeys were trained to match
novel exemplars of two trained anchor numerosities. In
Experiment 1A, the anchor values were 2 and 8, whereas
in Experiment 1B, the anchor values were 3 and 12. After
establishing that the monkeys were able to match novel exemplars of these two numerosities based on number without
relying on non-numerical cues such as element size, cumulative surface area, and density, the monkeys were tested
in two bisection conditions in which the sample took on
a wide range of values but the test was a forced choice
between two trained anchor values.
Method
Subjects
Subjects were three experimentally naı̈ve female rhesus
macaques (Macacca mulatta)—M, S, and F. All three subjects were approximately 6-years-old and were housed socially at Duke University in a Primate Products cage in
a colony room with a 12:12-h light:dark cycle. Monkey
chow was available ad libitum in their home cages; they
also received daily foraging enrichment in these cages.
Apparatus
Monkeys were tested in small soundproof rooms constructed by Industrial Acoustics Company, Inc. Each subject was trained to sit in a primate chair and touch a touchsensitive monitor mounted on the inside wall of the room. A
Crist Instrument Company juice system was used to provide
reinforcement through a juice spout, which was attached to
the chair directly in front of the monkey’s mouth.
A Dell OptiPlex GX400 computer executing a software
program written in-house in JAVA was used to create,
run, and control the sessions (i.e., to project stimuli onto
the touchscreen) and to register responses. Experimenters
could view an identical version of the monkey’s screen on
a second monitor attached to the master computer and view
online summary statistics. The monkey’s behavior was also
monitored remotely by video.
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Fig. 1 Examples of stimuli
used in each of the four control
conditions of the DMTS
training tasks. The sample is
depicted in the first column,
with the match in the second
and distracter in the third
column. Number identity: The
sample and match were
identical. Number non-identity:
The configuration and color of
the elements differed between
the sample and the match.
Surface area and element size
control: This specific example
of stimuli shows a trial in which
the cumulative surface area of
the elements in the distracter
was equal to that of the sample.
On other trials, the cumulative
surface area of the elements in
the distracter was greater than
or less than that of the sample.
Density control: By no means
exhaustive of the stimuli used in
this control phase, the sample
stimulus in this particular
example has a greater density
than the match and the same
density as the distracter. On
other trials, the sample density
was equal to or less than the
match density

Sample

Match

Distracter

Number
Identity

Number
NonIdentity

Surface Ar
And Element
Size Control

Density
Control

Stimuli
Stimuli were yellow rectangles that contained a variable
number of elements. The stimulus background varied in
size to control for density (i.e., 10 cm × 2 cm, 10 cm × 8 cm,
10 cm × 10 cm, 10 cm × 16 cm, and 10 cm × 32 cm). The
elements within each stimulus were circles that varied in
diameter from 0.25 to 2.5 cm and color (green, red, blue, orange, purple, black). Elements within a stimulus were uniform in size and color. Additional details are provided later.
Procedure
Pretraining
Subjects were first trained to touch a static stimulus on
the screen for juice reward. Once the monkeys responded
rapidly to a single stimulus in any of the nine positions on
the monitor, they proceeded through four phases of delayed
match-to-sample training.
Training
To begin a trial, monkeys were required to press a red square
located in the lower right corner of the screen. The sample
stimulus then appeared in the center of the screen and re-

mained until the monkey touched it or until 10 s elapsed.
Subsequently, two choice stimuli appeared immediately in
two of the eight remaining screen locations. If the monkey
correctly chose the match, a green border flashed for 700 ms
around the match, a positive sound occurred, and a juice
reward was delivered. In contrast, if the monkey touched
the distracter, the screen turned black, a negative sound was
emitted, and a 10-s time-out ensued. The inter-trial interval
varied between 1 and 2 s. Monkeys were advanced to the
next training phase after reaching a performance criterion
of 80% accuracy on two consecutive days.
Training Phases 1–4 involved the numerosities 2
and 8 (examples of which are shown in Fig. 1). In Training
Phase 1 (number identity DMTS), the sample and match
were physically identical and the distracter elements
always matched the sample in color and element size.
In Training Phase 2 (number non-identity DMTS), all
elements within the stimuli were uniform in size; however,
the match and sample differed in both the configuration
and color of the elements. The match and distracter always
contained elements of the same size. Since element size
was constant in Training Phase 2, the animal could have
used cumulative dot area or contour length, rather than
number, to match the stimuli. Thus, in Training Phase
3 (surface area and element size control), surface area
and element size were controlled. In half of the trials,
the cumulative surface area of the elements in the sample
were equal to the cumulative surface area of the elements
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Fig. 2 Three rhesus monkeys
(M, S, and F) were trained on
four phases of a DMTS task.
Graphed here are their
accuracies across these four
phases. Also shown are the
chance line of 50% and the
criterion line of 80% accuracy.
Data points for monkey S reflect
averages for 5-session blocks
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in the distracter while the match cumulative surface area
varied; on the other half of trials a variety of cumulative
surface areas were used such that sometimes the sample
cumulative surface area was greater than, sometimes
less than, and sometimes equal to the match cumulative
surface area. Finally, on a subset of trials, the sample
dot size was equal to the match dot size. In Training
Phase 4 (density control), density was controlled by varying
stimulus background size (the yellow rectangle on which
the elements were placed) such that on one-third of trials
the sample density equaled the match density, on a second
third of trials the match density was greater than the sample
density, and on the final third of trials the match density was
less than the sample density. Throughout Training Phases
1–4, sessions lasted approximately 2.5 h, during which the
monkeys completed anywhere from 30 to 1500 trials.
Bisection 1–9
After the monkeys learned to match 2 and 8 on the basis of
numerosity, they were tested in a bisection procedure using the DMTS paradigm. Here, the sample was any value
between 1 and 9 but the test was a forced choice between
their two trained anchor values of 2 and 8. Seventy percent
of trials were reinforced (positive or negative) and involved
only the sample numerosities 2 and 8 to ensure the monkeys’ continued participation. The remaining 30% of trials
were unreinforced in that neither juice reward nor timeouts were delivered. Fifty percent of the unreinforced trials
again presented the numerosities 2 and 8 as samples. On
the remaining 50% of unreinforced trials (15% of all trials)
the sample was an exemplar of the numerosity 1, 3–7, or 9.
Monkeys were tested on two unique stimulus sets, each
for 3000 trials. The first set contained eight exemplars of
each numerosity with all the stimulus controls described
for Training Phase 4. In Stimulus Set 2, the color of the
match and distracter was the same, while the color of the

Number NonIdentity

Surface Area
and Element
Size Control

Density
Control

sample was different from this color, making it impossible
for the monkey to use color to perform above chance expectations. In addition, in one half of the Stimulus Set 2
trials, the cumulative surface area of the sample matched
the cumulative surface area of the 2 in the choice stimuli,
while on the other half of the trials, the cumulative surface
area of the sample matched the cumulative surface area of
the 8 in the choice stimuli. As in Stimulus Set 1, Stimulus
Set 2 contained eight exemplars for each numerosity and
testing continued for 3000 trials (51 session blocks).
Results and discussion
Acquisition
All three monkeys completed the four training phases and
matched stimuli based on numerical equivalence regardless of continuous dimensions. As shown in Fig. 2, there
was individual variation between monkeys in terms of
the speed with which they progressed through the training phases; monkey F met the performance criterion in 2–
6 sessions, while monkey M took 4–19 sessions and monkey S took 10–100 sessions. The largest performance decrement for all three monkeys occurred during the transition
from the “number identity” training phase to the “number
non-identity” training phase; after this transition, the monkeys could no longer base their choice on an exact identical
match. Accuracy for all three monkeys was well above the
chance level of 50% correct in the subsequent phases controlling for surface area, element size, and density—and
in fact, two monkeys showed no performance decrement
when moving to these phases.
In addition, to assess whether monkeys attended to continuous variables and whether these variables impacted numerical judgments, we analyzed accuracy as a function of
whether continuous variables were congruent or incongruent with number during these training phases. On trials in
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Table 1

Results of the effects of stimulus congruence and incongruence with number on accuracy in Experiment 1A

Overall accuracy
1st 100 trials
Last 100 trials

SA congruence
(%)

SA incongruence
(%)

CL congruence
(%)

CL incongruence
(%)

D congruence
(%)

D incongruence
(%)

66.10 ± 5.00
61.70 ± 4.90
82.70 ± 7.80

63.90 ± 5.00
59.20 ± 4.00
78.70 ± 7.00

66.50 ± 7.30
60.00 ± 5.00
84.00 ± 9.60

65.90 ± 4.20
61.40 ± 5.10
85.30 ± 3.90

87.00 ± 6.50
84.80 ± 7.20
87.90 ± 6.10

89.80 ± 6.30
84.20 ± 3.90
91.20 ± 8.10

Note: Continuous variables represented include cumulative surface area (SA), contour length (CL), and density (D)
1
0.9
0.8
Probability of choosing 8

which number was considered congruent with cumulative
surface area, the match contained both a larger number of
elements and had a greater cumulative surface area than the
distracter; conversely, on trials in which number was considered incongruent with cumulative surface area, a match
containing a larger number of elements had a smaller cumulative surface area than the distracter. We also compared
monkeys’ accuracy during the first block of 100 training
trials versus the last block of 100 training trials, to examine
the effect of extended training.
Results of these analyses are shown in Table 1. A 2
(congruent versus incongruent) by 2 (first 100 trials versus last 100 trials) by 3 (continuous variable: Surface area
versus contour length versus density) ANOVA showed no
overall effect of stimulus congruence on accuracy [F(1,
7) = 0.0009, p = 0.98]. However, there was an overall main
effect of trial block in that monkeys were significantly more
accurate during the last 100 trials than during the first 100
trials: [F(1, 7) = 7.52, p<0.05]. There were no other main
effects or interactions.
Despite the fact that there was a statistical improvement
from the first to the last 100 trials, all three monkeys performed above chance expectations in the first 100-trial
block for all stimulus control conditions. One-sample ttests were conducted for each monkey that compared accuracy for each of ten 10-trial blocks to chance when
each continuous variable was congruent or incongruent
with number (Monkey S, when each continuous variable
was congruent (surface area: t(9) = 10.25, p<0.05; contour
length: t(9) = 9.93, p<0.05; density: t(9) = 23.24, p<0.05)
or incongruent (surface area: t(9) = 9.48, p<0.05; contour
length: t(9) = 8.13, p<0.05; density: t(9) = 38.1, p<0.05)
with number; Monkey M, when each continuous variable
was congruent (surface area: t(9) = 11.06, p<0.05; contour
length: t(9) = 9.22, p<0.05; density: t(9) = 23.02, p<0.05)
or incongruent (surface area: t(9) = 10.40, p<0.05; contour length: t(9) = 12.58, p<0.05; density: t(9) = 37.21,
p<0.05) with number; Monkey F, when each continuous
variable was congruent (surface area: t(9) = 11.31, p<0.05;
contour length: t(9) = 13.01, p<0.05; density: t(9) = 24.09,
p<0.05) or incongruent (surface area: t(9) = 10.50,
p<0.05; contour length: t(9) = 11.87, p<0.05; density:
t(9) = 38.63, p<0.05) with number). Thus, all three monkeys used number and did not rely on continuous variables to perform above chance expectations in the first 100
trials.
Collectively, these data suggest monkeys did not extrapolate number as an absolute last resort, only once all possible
confounding parameters were controlled, as suggested by
Davis and Memmott (1982). Instead, the data are more con-
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Fig. 3 The probability of choosing 8 (rather than 2) as a function
of the numerical value of the sample in Experiment 1A. Data reflect
averages over three monkeys and two stimulus sets. Triangles reflect
data points from non-differentially reinforced probe trials, whereas
squares represent reinforced trials with sample values 2 and 8

sistent with the idea that rhesus monkeys can match stimuli
based on numerical equivalence, regardless of continuous
dimensions that are often confounded with number.
Bisection
Figure 3 shows that when novel numerical values were presented as samples, the probability of choosing 8 increased
with the numerosity of the sample for all monkeys (monkey S: r2 = 0.91, p<0.05; monkey M: r2 = 0.80, p<0.05;
monkey F: r2 = 0.78, p<0.05). As shown in Fig. 3, the
probability of choosing 8 when the sample values were 2
or 8 did not differ between reinforced and unreinforced
trials. The data were fit with a cumulative normal distribution to determine the point of subjective equality, which
was determined by the mean of the fit. A fit with the PSE
at 3.8 ± 0.55 accounted for 92.7% of the variance.1 The
Weber fraction was 0.47 and was calculated by finding the
ratio of the difference limen (half the difference between
the numerosity corresponding to 75% choices of 8 and the
numerosity corresponding to 25% choices of 8) to the PSE.
1
Two out of three monkeys exhibited PSEs nearer to the geometric
mean than the arithmetic mean (Monkey M, 3.51 and Monkey F,
3.04). Monkey S had a PSE of 4.86. We follow the convention of
previous bisection studies in animals that have focused on group
data/PSEs and have therefore not highlighted individual differences
(Emmerton et al. 1997; Meck et al. 1985; Roberts and Mitchell 1994;
Roberts 2005; Siegel 1986). Future studies with larger sample sizes
should explore individual differences.
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Fig. 4 Latency to choose a test
stimulus as a function of sample
number in Experiment 1A,
averaged across all three
subjects. Reaction time
increases for sample numbers
most intermediate to the trained
anchor values and also for the
two outside values of 1 and 9,
and may reflect uncertainty
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The general shape of the function did not change over time
from Stimulus Set 1 to 2. However, the PSE was 4.16 for
Stimulus Set 1 with a Weber fraction of 0.58, while the
PSE was 3.5 for Stimulus Set 2 with a Weber fraction of
0.32, suggesting that precision increased over time. Singlesample t-tests were used to compare the PSEs observed
for each monkey in each of these two stimulus sets to the
arithmetic and geometric means of the anchor values. Results showed that these PSEs were not significantly different from the geometric mean [t(5) = − 0.729, p = 0.499],
but were significantly different from the arithmetic mean
[t(5) = − 4.598, p<0.05].
The median reaction times to make a choice were determined for each monkey at each sample number; the average latency to respond across all three monkeys is shown
as a function of sample number in Fig. 4. Specifically, reaction time generated an inverted U-shaped function and
likely reflected subjects’ uncertainty at intermediate values
near the PSE and values outside the range created by the
trained anchor points (second-order polynomial regression,
r2 = 0.86, p<0.05).
Experiment 1B
Bisection 3–12
The same bisection task was used in Experiment 1B with
the anchor values 3 and 12. This second set of absolute
values was used to determine whether the shape of the
probability function obtained in Experiment 1A was ratiodependent. Thus, a primary aim of this experiment was to
superimpose the data onto the data from Experiment 1A,
in order to determine whether monkeys’ representations
of numerosity obeyed the superimposition prediction of
Weber’s Law. In addition, we manipulated the presence or
absence of outside values to determine the effect on the
psychophysical function.
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Method
The same three monkeys served as subjects. Monkeys were
trained over approximately 500 trials to match novel exemplars of 3 and 12. Subsequently, monkeys were tested with
1800 bisection trials. In these trials, the choice stimuli were
the numerosities 3 and 12; however, the samples included
all of the values 3–12. As in Experiment 1A, 70% of trials
were reinforced (positive or negative) and involved only
the sample numerosities 3 and 12. The remaining 30% of
trials were unreinforced in that neither juice reward nor
time-outs were delivered. Fifty percent of the unreinforced
trials presented the numerosities 3 and 12 as samples. On
the remaining 50% of unreinforced trials (15% of all trials)
the sample was an exemplar of a numerosity equal to or
larger than 4 and less than or equal to 11. The stimuli
contained 8 exemplars of each numerosity.
To ensure that the monkeys used numerosity as the basis
for success in the task, the stimulus parameters of color and
cumulative surface area were controlled for as follows: The
color of the match and distracter was the same, while the
color of the sample was different from this color, making
it impossible for the monkey to use color to perform above
chance expectations. Secondly, in one half of the trials, the
cumulative surface area of the sample matched the cumulative surface area of the 3 in the choice stimuli, while on
the other half of the trials, the cumulative surface area of
the sample matched the cumulative surface area of the 12
in the choice stimuli.
After monkeys completed the 3–12 bisection condition,
two monkeys (S and F) were tested on a final bisection condition in which they were again trained to match the anchor
values 3 and 12 over approximately 500 trials. They were
then tested with 1800 bisection trials in which the choice
stimuli were again the numerosities 3 and 12. However, the
samples included not only all intermediate values but also
the outside values of 1, 2, 13, and 18. These outside values were chosen based on both the ratio and distance of the
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For 2 and 8, f(x) = 1/[(2Π)1/2 * 3.07] * e**{-1/2*[(x-3.80)/3.07]2}
For 3 and 12, f(x) = 1/[(2Π)1/2 * 3.32] * e**{-1/2*[(x-5.87)/3.32]2}

1
Probability of choosing larger anchor value

Fig. 5 The probability of
choosing the larger anchor value
as a function of the numerical
value of the sample. Data reflect
averages over three monkeys for
1800 trials of two bisection
conditions with different trained
anchor values. As sample
number increased, monkeys
chose the larger anchor value as
the match. The probability of
choosing the larger anchor value
by chance was 50%
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Results and discussion
Figure 5 shows the data from the first 1800 bisection trials
with anchor values 3 and 12 from Experiment 1B alongside the first 1800 bisection trials with anchor values 2
and 8 from Experiment 1A. The data from Experiment 1B
were fit with a cumulative normal distribution to determine
the point of subjective equality, which was determined by
the mean of the fit. A fit with the PSE at 5.87 ± 0.96 accounted for 92.0% of the variance.2 Single-sample t-tests
were used to compare the PSEs observed for each monkey
in each of two blocks of trials to the arithmetic and geometric means of the anchor values. Results showed that
these PSEs were not significantly different from the geometric mean [t(5) = 0.07711, p = 0.9415], but were significantly different from the arithmetic mean [t(5) = − 2.971,
p<0.05]. The fact that the PSEs in both Experiments 1A
and B were not significantly different from the geometric
means but differed significantly from the arithmetic means
2

As in Experiment 1A, two out of the three monkeys had PSEs near
the geometric mean (Monkey M, 5.05; Monkey F, 5.13; Monkey S,
7.96).

suggests that the monkeys represented number on a linear
scale with a ratio comparison rule or a logarithmic scale
with a difference comparison rule. The Weber fraction for
these data from Experiment 1B was 0.48 and was calculated by finding the ratio of the difference limen to the
PSE.
Bisection data from the second condition in Experiment
1B with anchor values of 3 and 12 and samples that included
outside values 1, 2, 13, and 18 were also fit with a cumulative normal distribution to determine the PSE, which was
determined by the mean of the fit. A fit with the PSE at 6.75
accounted for 96.5% of the variance when outside values
were included. The Weber fraction when the outside values were included was 0.27 and was again calculated by
finding the ratio of the difference limen to the PSE. The
lower Weber fraction could have resulted from inclusion
of the outside values or from increased precision over time
with task experience. Figure 6 shows the probability that

1
Probability of choosing larger number

outside values to anchor values: 2 and 13 were a distance of
1 from each anchor value (as were the outside values 1 and
9 in Experiment 1A), while 1 was the same ratio to anchor
value 3 as anchor value 12 was to 18. Seventy percent of
trials were reinforced (positive or negative) and involved
only the sample numerosities 3 and 12. The remaining 30%
of trials were non-differentially reinforced. Fifty percent of
the non-differentially reinforced trials presented the numerosities 3 and 12 as samples. On the remaining 50% of
non-differentially reinforced trials (15% of all trials) the
sample was an exemplar of the numerosity 1, 2, 4–11, 13,
or 18.
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Fig. 6 The probability of choosing the larger anchor value as a function of the sample number (normalized as a proportion of individual
PSEs). The plot reflects superimposition of data from the 2 to 8 scale
in Experiment 1A and the 3 to 12 scale in Experiment 1B
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The bisection task in Experiment 1 demonstrated that
monkeys systematically interpolated novel numerical
values on an ordinal continuum and that the psychometric
functions were ratio-dependent. Here, we sought to determine whether accuracy and latency would be modulated
by Weber’s Law when monkeys were required to make
a more precise numerical match in a DMTS task for
which the correct choice was an exact numerical match
and the distracter varied in number. Specifically, would
accuracy and reaction time be influenced by the ratio
of the correct-to-incorrect numerical choice? Although
many studies have tested the ordinal numerical abilities
of monkeys, comparably fewer have assessed their ability
to form a representation of a specific numerical value
(cardinal or absolute number judgment).
A secondary question our design allowed us to address
was whether the time monkeys take to process the sample
stimulus depends on the number of elements in the
sample.3 Since the monkeys activated the disappearance
of the sample, the amount of time they had to process the
sample was under their control. If monkeys serially scan
elements in a to-be-enumerated array, their reaction time
to touch the sample could be expected to increase with
sample numerosity.
Method
Subjects
Two of the three monkeys tested in Experiment 1 were
tested, Monkey S and Monkey F.4
Apparatus
The apparatus was the same as that used in Experiment 1.
3
Latencies to touch the sample numerosity were not recorded in
Experiment 1.
4
Monkey M developed motivation problems during Experiment 1,
resulting in entire sessions during which she would not participate.
These difficulties prevented her from serving as a subject in Experiment 2.

Stimuli included three exemplars for each numerosity.
The match and distracter always had the same color,
while the sample had a different color; in this way, monkeys could not use color to match the stimuli. In half of
the trials, the cumulative surface area of the match was
smaller than that of the sample and cumulative surface
area of the distracter was larger than that of the sample,
while on the other half of the trials, the cumulative surface area of the match was larger than that of the sample and the cumulative surface area of the distracter was
smaller than that of the sample. The elements within each
stimulus were circles and varied in diameter from .4 cm
to 2.4 cm. Elements within a stimulus were uniform in
size.
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the monkeys chose the larger of the two anchor values as
a function of the sample number (which is represented as
a proportion of individuals’ PSEs) with the data for the 2–
8 scale and 3–12 scale superimposed to plot along the same
relative x-axis. For purposes of comparison, only data that
included outside values were included from Experiments
1A and B. The psychophysical curves do not differ significantly [t(12) = − 0.017, p = 0.987]. The superimposition
of the functions confirms the prediction made by Weber’s
Law and suggests that a single psychological comparison
process underlies numerical discriminations independent
of the absolute values.
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Fig. 7 a Accuracy in a DMTS task involving the numerosities 1–
9 in Experiment 2. The chance line is graphed at 50%. Accuracy
decreases as match:distracter ratio increases. b Reaction time for
correct responses in a DMTS task involving numerosities 1–9 in
Experiment 2. Reaction time increases with match:distracter ratio.
All data reflect averages across two monkeys
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Fig. 8 Accuracy in a DMTS
task testing sample numbers
1–9 in Experiment 2. Accuracy
is depicted here as a function of
sample number; data reflect
averages across two monkeys
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Procedure
The same DMTS task was used as in Experiment 1. However, the sample could be any value between 1 and 9, and
the choice stimuli contained one exemplar of the sample
numerosity and one exemplar of any other numerosity in
the range of 1–9. All correct matches were positively reinforced with juice and brief visual and auditory feedback
as described for Experiment 1, and all incorrect responses
were negatively reinforced with a time-out. Testing occurred for approximately 2400 trials.

Results and discussion
As predicted by Weber’s Law, accuracy was found to
be a function of the ratio between the correct choice
and the distracter. Figure 7a and b show that accuracy decreased as the ratio between the match and distracter approached 1 (r2 = 0.83, p<0.05) and reaction
time for correct responses increased as the ratio between
the match and distracter approached 1 (r2 = 0.59, p<
0.05).
Figure 8 shows accuracy as a function of sample number. Accuracy was highest for the extreme values and lowest for intermediate values. This trend can be explained
by Weber’s Law. Each of the nine sample numerosities
occurred with equal frequency, with each of the remaining eight numerosities serving as distracters. Consequently,
the average ratio (small/large) of the sample to distracter
exhibited a U-shaped function, with intermediate values
having the least favorable average Weber fractions.5 Thus,
accuracy to the sample was predicted by the average ratio between the sample and distracters. t-Tests were used
5
Average Weber fractions for each sample numerosity were as follows: 1, 0.229; 2, 0.395; 3, 0.498; 4, 0.560; 5, 0.591; 6, 0.597; 7,
0.582; 8, 0.549; 9, 0.500.

with all possible combinations of numerosities (each of
which occurred at least 30 times; mean values across the
two monkeys were used) to test whether monkeys differentiated between these numerosities. We predicted that monkeys’ discrimination would show modulation by Weber’s
Law (for example, they would be more accurate at discriminating small numerosities than at discriminating large
numerosities of the same distance). Discrimination scores
did not differ significantly for 3 versus 4 [t(30) = 0.68,
p = 0.65], 4 versus 5 [t(29) = − 0.04, p = 0.86], 5 versus 6 [t(29) = 0.42, p = 0.75], 6 versus 7 [t(31) = − 0.97,
p = 0.22], 7 versus 8 [t(29) = − 1.11, p = 0.081], 8 versus 9 [t(29) = 1.06, p = 0.089], 4 versus 6 [t(29) = − 0.53,
p = 0.72], 5 versus 7 [t(30) = − 1.15, p = 0.067], 4 versus 7
[t(29) = − 1.35, p = 0.059], or 7 versus 9 [t(30) = − 1.14,
p = 0.069]. All other pairs of numerosities were significantly discriminable.
Although there was a slight improvement in accuracy
from the beginning to end of testing, this difference was
not significant. Average accuracy for the first three testing blocks of 400 trials for each of the two monkeys
was 68.7%, while average accuracy for the last three
testing blocks of 400 trials for each of the two monkeys was 70.6% [t(5) = 0.61, p = 0.55]. Although accuracy
may have increased after longer training, the steady-state
performance observed over these twelve 400-trial blocks
suggests that the monkeys were using a numerical strategy from the outset that was not heavily influenced by
reinforcement.
To assess the impact of continuous variables on monkeys’
accuracy, we analyzed accuracy as a function of whether
cumulative surface area and contour length were congruent or incongruent with number. We also compared monkeys’ accuracy in trials for which number was congruent
versus incongruent with these continuous variables during
the first block of 400 trials versus the last block of 400
trials, to examine the effect of extended training. Results
of these analyses are shown in Table 2. A 2 (congruent

168
Table 2 Results of the effects
of stimulus congruence and
incongruence with number on
accuracy in Experiment 2

Overall accuracy
1st 400 trials
Last 400 trials

SA congruence
(%)

SA incongruence
(%)

CL congruence
(%)

CL incongruence
(%)

67.90 ± 2.50
63.00 ± 1.50
71.00 ± 2.80

71.00 ± 4.30
74.00 ± 7.00
71.00 ± 1.50

72.00 ± 7.00
74.50 ± 8.20
69.50 ± 6.00

64.50 ± 2.10
61.00 ± 1.40
68.65 ± 2.30

Note: Continuous variables represented include cumulative surface area (SA) and contour length (CL)

versus incongruent) by 2 (first 400 trials versus last 400 trials) by 2 (continuous variable: Surface area versus contour
length) ANOVA showed no main effects or interactions.
One-sample t-tests analyzing data in blocks of 40 trials
showed that accuracy was significantly above chance during both the first 400 trials when each continuous variable
was congruent (surface area: t(9) = 7.96, p<0.05; contour
length: t(9) = 15.27, p<0.05) or incongruent (surface area:
t(9) = 6.49, p<0.05; contour length: t(9) = 9.04, p<0.05)
with number, and the last 400 trials when each continuous variable was congruent (surface area: t(9) = 12.43,
p<0.001; contour length: t(9) = 8.99, p<0.001) or incongruent (surface area: t(9) = 9.88, p<0.001; contour length:
t(9) = 13.4, p<0.001) with number.
The monkeys responded to the sample extremely rapidly
with an average of 374.6 ms. Their reaction time to the
sample was not dependent on the numerosity of the sample
(r2 = 0.45, p = 0.23). As shown in Fig. 9, monkeys were
just as fast to extinguish a sample with seven or eight elements as they were to extinguish a sample with two or
three elements [t(5) = 0.88, p = 0.54]. If monkeys serially
enumerated each element in the sample array, we should
expect reaction time to increase with the numerosity of the
sample. Thus, these data provide no support for the hypothesis that monkeys serially process simultaneous visual
arrays in this DMTS task.
General discussion
The main findings of these experiments were that (1) Weber’s Law controlled performance of monkeys in both a

Stimulus control by numerosity
Our analysis of the acquisition data from Experiment 1A
suggested that monkeys matched stimuli based on numerical equivalence and regardless of other parameters that
often co-vary with numerosity. Analyses of accuracy as
a function of whether the continuous variables of cumulative surface area, contour length, and density were
congruent versus incongruent with number during training showed that the behavior of the monkeys was controlled by numerosity and not other dimensions that often co-vary with numerosity. While monkeys improved
their overall accuracy with training (i.e., their accuracies
for the last 100 trials of training were always greater
than their accuracies for the first 100 trials of training),
they improved by similar amounts on congruent versus incongruent trials. Furthermore, even during their first 100
trials, monkeys showed similar accuracies on congruent
versus incongruent trials across all continuous variables
analyzed.
The design of our study did not investigate the relative
salience of continuous variables versus number. Instead,
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Fig. 9 Latency to touch the
sample numerosity in
Experiment 2 DMTS task.
Standard errors reflect
variability between two
monkeys

numerical bisection task requiring similarity judgments
and a match-to-sample task requiring a precise numerical
match, (2) monkeys used purely numerical representations
and were not significantly impacted by non-numerical variables, and (3) monkeys were unlikely to have used a serial
enumeration process in this type of numerical task. In the
following section, we discuss a number of critical issues
raised by this research.
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the design ensured that monkeys could not use continuous variables but could still perform the task with above
chance accuracy. The data indicate that monkeys were able
to match stimuli based purely on number and did not rely
on continuous variables to make their matches. This is
consistent with previous ordinal numerical studies. For example, Brannon and Terrace (2000) found that monkeys
relied on number rather than continuous variables such as
surface area and element size when tested in a numerical
ordering task requiring them to learn to order arrays composed of 1, 2, 3, and 4 elements in ascending or descending
numerical order and then extrapolate such rules to order
the numerosities 5–9 (see also Cantlon and Brannon 2005;
Cantlon and Brannon 2006; Judge et al. 2005; Smith et al.
2003).

novel numerosities, accuracy increased as numerical distance between the two test stimuli increased. Nieder et al.
(2002) also found that, for rhesus monkeys trained on a numerical same-different task, monkeys’ accuracy increased
as the numerical distance between the two displays increased. Moyer and Landauer’s (1967) classic experiment
with adult humans likewise showed that as human subjects
were asked to order increasingly distant pairs of Arabic numerals, their accuracies increased; similarly, their latency
to respond decreased as the distance between the numerals
increased. Taken together, these data are compatible with
an analog magnitude nonverbal representation of number
governed by Weber’s Law and common to adult humans
and nonhuman animals.
Effects of learning on numerical discriminations

Evidence for Weber’s Law
The probability of choosing the larger anchor value in the
bisection experiment increased with the sample number
for two different sets of absolute anchor values. This is
evidence that, rather than treating novel numerosities as
completely discrete, unconnected entities to be categorized
randomly, monkeys spontaneously and systematically interpolated novel values along an ordinal numerical continuum. Furthermore, the midpoints or PSEs in the two
conditions of the bisection task were not significantly different from the geometric means of the anchor values but
were significantly different from the arithmetic means. This
suggests that the monkeys represented number on a linear
scale with a ratio comparison rule or a logarithmic scale
with a difference comparison rule. Our experiment cannot
differentiate between these two possibilities, as both types
of scaling would predict our results. These data are also
consistent with data from studies with rats and pigeons that
have shown that the PSE in numerical and temporal bisection tasks is at the geometric mean (e.g., Church and Deluty
1977; Fetterman 1993; Meck and Church 1983; Meck et al.
1985; Platt and Davis 1983; Roberts 2005; Stubbs 1976).
These data are in contrast, however, to data from human
children and adults tested on a temporal and number bisection task, which show that the PSE was closer to the
arithmetic mean (Droit-Volet et al. 2003).
Experiment 2 asked whether the accuracy and speed of
monkeys’ numerical matches were modulated by ratio, as
would be predicted by Weber’s Law. We found that monkeys’ accuracy indeed decreased as the match-to-distracter
ratio increased (Fig. 7a). Furthermore, the monkeys’ reaction time for correct responses increased with increases in
the match to distracter ratio, perhaps reflecting an increase
in animals’ threshold of certainty with more difficult ratios (Fig. 7b). These data are consistent with a variety
of data using different species and paradigms (e.g., Beran 2004; Beran et al. 2005; Cantlon and Brannon 2006;
Judge et al. 2005; Olthof et al. 1997; Smith et al. 2003;
Washburn and Rumbaugh 1991). For example, Brannon
and Terrace (1998) showed that, for rhesus monkeys that
had learned an ordinal numerical rule and were tested with

In Experiment 1A accuracy showed a statistically significant, but small, improvement from the first to the last 100trial block of training. Despite this improved accuracy over
time, each monkey did show above chance performance in
training on all stimulus controls even within the first 100
trials. In the bisection task, the shape of the bisection function did not change over time; however, the Weber fractions
did decrease over time, indicating an increase in sensitivity
to number. In Experiment 2, however, monkeys showed no
effect of learning over time; there was no statistical difference in accuracy between the first three testing blocks
and the last three testing blocks. Taken together, data from
both the experiments suggest that monkeys were able to
rapidly use the numerical attribute of the stimuli, and that
although reinforcement and experience may have increased
precision in the first experiment, there was little benefit to
the additional training experienced in Experiment 2.
The influence of outside signals on the PSE
Previous research has led to the suggestion that animals
switch decision rules when outside signals are included in
bisection tasks. Specifically, it has been argued that animals
employ a proximity decision rule rather than the similarity decision rule traditionally thought to underlie temporal
bisection without outside signals (Siegel 1986; Siegel and
Church 1984). A similarity decision rule entails simultaneously comparing the ratio of the sample numerosity to
each trained anchor to decide whether the sample is closer
to the smaller or larger trained anchor value. Thus, animals
would compare on every trial (a) the ratio of the sample
to the smaller anchor numerosity, against (b) the ratio of
the larger anchor numerosity to the sample numerosity. If
the ratio between (b) to (a) were greater than 1, the animal would classify the sample numerosity as the smaller
anchor value, but if the ratio were less than 1, the animal
would classify the sample numerosity as the larger value.
If the ratio were equal to 1—by definition, the point of
subjective equality—the animal would be equally likely to
classify the sample as either anchor value; this occurs at

170

the geometric mean. This model predicts that the psychometric functions showing the probability of choosing the
larger anchor value against sample numerosity should exhibit no difference when outside signals are present versus
when they are not; in both situations, the point of subjective equality should be at the geometric mean of the trained
anchor values. An additional prediction is that outside signals should be classified as the anchor value to which they
are closest. As the obtained PSEs in Experiments 1A and
the condition in Experiment 1B lacking outside signals
were not significantly different from the geometric means,
a model based on use of the similarity decision rule could
potentially account for these data.
In contrast to the similarity decision rule, a proximity
decision rule would entail determining whether the sample
numerosity were close enough to either reinforced anchor
value (again through a ratio comparison) to even merit
a response. To decide whether values are close enough to
trained values to merit a response, it has been postulated that
animals using the proximity rule in temporal generalization
tasks base such a decision on a discrimination ratio of the
absolute difference between actual duration of the probe
signal and remembered duration of the reinforced signal, to
remembered duration of the reinforced signal (which shows
scalar variance); subjects decide a response is warranted
if this discrimination ratio is below a threshold (which
also exhibits scalar variability; Church and Gibbon 1982).
Thus, outside signals that do not exceed a threshold level
of proximity to either anchor value should be categorized
randomly. Also in contrast to the similarity decision rule,
which predicts a similar psychometric function with a PSE
at the geometric mean regardless of the presence or absence
of outside signals, the proximity decision rule predicts that
the addition of outside signals should cause increased precision in numerical discrimination (Siegel 1986). Our data
from Experiment 1B may be compatible with this prediction, as the Weber fractions decreased across conditions
after outside signals were introduced. This sharper discrimination is postulated to occur in the presence of outside
signals because bisection tasks with outside signals have
nonreinforced stimuli appearing on both sides of the reinforced anchor values, whereas bisection tasks without outside signals have nonreinforced signals appearing on only
one side of the reinforced anchor values; previous results
from temporal generalization tasks with pigeons resulted in
steeper generalization gradients when nonreinforced stimuli were presented on both sides of the reinforced stimuli
(Hanson 1961). Using a proximity decision rule coupled
with this increase in discrimination ability when outside
signals are present, animals will encounter more instances
in which they do not consider the sample close enough to
either trained anchor value to warrant a response than they
encounter when outside signals are not present. When they
do find that the signal is close enough to both the anchor
values to warrant a response, they will resort to the similarity rule to resolve this conflict. When outside signals are
present, then, animals should use the similarity rule less
often; the PSE would thus be less than the geometric mean.
Data from temporal bisection tasks that included outside

signals are consistent with this particular prediction of the
proximity rule concerning the PSE. For example, in a temporal bisection task with rats when outside signals were
included at test, the bisection point fell below the geometric mean of the anchor values (Siegel 1986; Siegel and
Church 1984; however, see Meck 1997).
Additional testing with outside signals will be necessary to conclusively determine the effects on the PSE in
numerical bisection tasks and whether outside signals affect number processing in the same way as time processing.
More parametric analyses of conditions with manipulations
other than the inclusion of outside values that have been
shown to affect the PSE in temporal bisection tasks with
humans—such as using a very large ratio between anchor
values or signals with irregular spacing—may also prove
informative in this regard (Allan 2002).
Serial versus parallel processing
It has been suggested that animals may use a nonverbal
counting process to form numerical representations (e.g.,
Gallistel and Gelman 1992; Meck and Church 1983).
Counting is a serial process that follows three critical
principles (Gelman and Gallistel 1978). The one-to-one
principle states that there is a one-to-one correspondence
between the number of labels applied and the number of
to-be-counted elements in a set (labels can be nonverbal).
The stable order principle states that the labels are applied
in a stable order across counting episodes (I cannot count
1–2–3 today and 3–1–2 tomorrow). The cardinal principle
states that the last label applied serves to represent the
cardinal value of the set. When elements within a set
are presented serially (e.g., sequences of light flashes or
tones), animals must process them serially. However, when
stimuli are presented as simultaneous visual arrays, it is
less clear whether the enumeration process is serial. It is
possible that organisms could serially allocate attention to
each element in an array, and thus convert a simultaneous
array into a sequential array.
It has been argued that rather than using a serial counting process, adult humans use a rapid parallel process to
apprehend the value of small numerosities (e.g., Kaufman
et al. 1949; Mandler and Shebo 1982; Trick and Pylyshyn
1994). The values used in our tasks exceed the values that
are thought to be within the subitizing range. However,
alternative parallel enumeration processes have been proposed that can handle larger values (e.g., Barth et al. 2003;
Dehaene and Changeux 1993).
Based on behavioral and neurobiological evidence,
Nieder and colleagues argued that rhesus macaques use a
parallel process to form numerical representations. They
found that neurons in prefrontal and parietal cortex in the
macaque monkey that were selective for 1, 2, 3, 4, or 5
elements had similar response latencies of approximately
120 ms (Nieder et al. 2002). In addition, they found that
the number of visual saccades made by monkeys did not
increase with the number of display items in a numerical
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same-different task as set size increased from 1 to 7
(Nieder and Miller 2004).
Analyses of reaction time to respond to the sample numerosity in Experiment 2 provided no evidence that monkeys serially enumerate elements when forming numerical
representations. Specifically, reaction time did not increase
with sample numerosity, as would be expected if monkeys
required more time to enumerate larger values. Because
we found no increase in reaction time to the sample with
increasing sample numerosity, our data support the position that monkeys use a parallel process to form numerical
representations in these DMTS tasks.
Conclusion
To sum up, these experiments add to the growing body
of data demonstrating that monkeys can represent number independently of non-numerical stimulus dimensions
and can interpolate novel values systematically along
an ordinal continuum. Furthermore, the superimposition
of psychometric functions from two numerical bisection
conditions—which used anchors differing in absolute value
but equal in ratio—suggests that Weber’s Law applies to
cardinal as well as ordinal number judgments in monkeys.
In support of this conclusion, both accuracy and reaction
time in making absolute numerical matches were modulated by the ratio between the correct choice and the distracter. Finally, there was no evidence that monkeys used
a serial enumeration process to form numerical representations of the simultaneous visual arrays with which they
were presented. A great deal of research is still necessary to
pinpoint the nature of the nonverbal enumeration process,
the format of number representations, and the subjective
scaling of the mental number line. Answering such questions in a monkey model should provide substantial insight
into human numerical cognition.
Acknowledgements We thank Jessica Cantlon, Patrick Cacchio,
Evan Maclean, Pierre Rojas, and Jessica Ward for help with running
subjects; Dr. Jamie Roitman for help with analyses; and Dr. Warren
Meck for comments on an earlier draft of this manuscript. This
work was supported by NICHD RO1 HD49912, an NSF CAREER
award, and a Merck Scholars award to EMB and an NSF Graduate
Fellowship to KEJ. The experiments described in this paper comply
with IACUC standards for the care and use of laboratory animals at
Duke.

References
Allan LG (2002) The location and interpretation of the bisection
point. Q J Exp Psychol 55B:43–60
Barth H, Kanwisher N, Spelke E (2003) The construction of large
number representations in adults. Cognition 86:201–221
Barth H, La Mont K, Lipton J, Dehaene S, Kanwisher N, Spelke E
(2006) Non-symbolic arithmetic in adults and young children.
Cognition 98:199–222
Beran MJ (2001) Summation and numerousness judgments of
sequentially presented sets of items by chimpanzees (Pan
troglodytes). J Comp Psychol 115:181–191
Beran MJ (2004) Chimpanzees (Pan troglodytes) respond to nonvisible sets after one-by-one addition and removal of items. J Comp
Psychol 118:25–36

Beran MJ, Beran MM (2004) Chimpanzees remember the results of
one-by-one addition of food items to sets over extended time
periods. Psychol Sci 15:94–99
Beran MJ, Beran MM, Harris EH, Washburn DA (2005) Ordinal
judgments and summation of nonvisible sets of food items by
two chimpanzees and a rhesus macaque. J Exp Psychol Anim
Behav Process 31:351–362
Beran MJ, Rumbaugh DM (2001) “Constructive” enumeration by
chimpanzees (Pan troglodytes) on a computerized task. Anim
Cognit 4:81–89
Boisvert MJ, Abroms BD, Roberts WA (2003) Human nonverbal
counting estimated by response production and verbal report.
Psychon Bull Rev 10:683–690
Boysen ST, Berntson GG (1989) Numerical competence in a chimpanzee (Pan troglodytes). J Comp Psychol 103:23–31
Brannon EM, Terrace HS (1998) Ordering of the numerosities 1 to 9
by monkeys. Science 282:746–749
Brannon EM, Terrace HS (2000) Representation of the numerosities
1–9 by rhesus macaques (Macaca mulatta). J Exp Psychol Anim
Behav Process 26:31–49
Brannon EM, Roitman J (2003) Nonverbal representations of time
and number in non-human animals and human infants. In: Meck
W (ed) Functional and neural mechanisms of interval timing.
CRC Press, New York, pp 143–182
Brannon EM, Wusthoff CJ, Gallistel CR, Gibbon J (2001) Subtraction in the pigeon: Evidence for a linear subjective number scale.
Psychol Sci 12:238–243
Cantlon JF, Brannon EM (2006) Shared system for ordering small and
large numbers in monkeys and humans. Psychol Sci 17:402–407
Cantlon J, Brannon EM (2005) Semantic congruity facilitates number
judgments in monkeys. Proc Natl Acad Sci USA 102:16507–
16511
Church RM, Deluty MZ (1977) Bisection of temporal intervals. J
Exp Psychol Anim Behav Process 3:216–228
Church RM, Gibbon J (1982) Temporal generalization. J Exp Psychol
Anim Behav Process 8:165–186
Davis H, Memmott J (1982) Counting behavior in animals: A critical
evaluation. Psychol Bull 92:547–571
Dehaene S (1997) The number sense. Oxford University Press, New
York
Dehaene S (2001) Subtracting pigeons: Logarithmic or linear? Psychol Sci 12:244–246
Dehaene S, Changeux JP (1993) Development of elementary numerical abilities—A neuronal model. J Cogn Neurosci 5:390–
407
Droit-Volet S, Clement A, Fayol M (2003) Time and number discrimination in a bisection task with a sequence of stimuli: A
developmental approach. J Exp Child Psychol 84:63–76
Emmerton J, Lohmann A, Niemann J (1997) Pigeons’ serial ordering
of numerosity with visual arrays. Anim Learn Behav 25:234–
244
Feigenson L, Dehaene S, Spelke E (2004) Core systems of number.
Trends Cogn Sci 8:307–314
Fetterman JG (1993) Numerosity discrimination: Both time and
number matter. J Exp Psychol Anim Behav Process 19:149–
164
Gallistel CR, Gelman R (1992) Preverbal and verbal counting and
computation. Cognition 44:43–74
Gelman R, Gallistel CR (1978) The child’s understanding of number.
Harvard University Press, Cambridge, MA
Gibbon J (1977) Scalar expectancy theory and Weber’s Law in animal
timing. Psychol Rev 84:279–325
Gibbon J (1981) On the form and location of the psychometric bisection function for time. J Math Psychol 24:58–87
Gibbon J (1986) The structure of subjective time: How time flies.
Psychol Learn Motiv 20:105–135
Hanson HM (1961) Stimulus generalization following three-stimulus
discrimination training. J Comp Physiol Psychol 54:181–185
Hauser M, Carey S (1998) Building a cognitive creature from a
set of primitives: Evolutionary and developmental insights. In:
Cummins Dellarosa D, Allen C (eds) The evolution of mind.
Oxford University Press, London, pp 51–106

172
Hauser MD, Spelke E (2004) Evolutionary and developmental foundations of human knowledge: A case study of mathematics. In:
Gazzaniga MS (ed) The cognitive neurosciences. MIT Press,
Cambridge, MA, pp 853–864
Hauser MD, Tsao FT, Garcia P, Spelke ES (2003) Evolutionary
foundations of number: Spontaneous representation of numerical magnitudes by cotton-top tamarins. Proc R Soc Lond B
270:1441–1446
Judge PG, Evans TA, Vyas DK (2005) Ordinal representation of
numeric quantities by brown capuchin monkeys (Cebus apella).
J Exp Psychol Anim Behav Process 31:79–94
Kaufman E, Lord M, Reese T, Volkmann J (1949) The discrimination
of visual number. Am J Psychol 62:498–525
Lipton JS, Spelke ES (2003) Origins of number sense: Large number
discrimination in human infants. Psychol Sci 14:396–401
Mandler G, Shebo B (1982) Subitizing: An analysis of its component
processes. J Exp Psychol Gen 111:1–22
Matsuzawa T (1985) Use of numbers by a chimpanzee. Nature
315:57–59
Meck WH (1997) Application of a mode-control model of temporal integration to counting and timing behavior. In: Bradshaw CM, Szabadi E (eds) Time and behaviour: Psychological and neurobiological analyses. Elsevier, New York, pp 133–
184
Meck WH, Church RM (1983) A mode control model of counting and
timing processes. J Exp Psychol Anim Behav Process 9:320–
334
Meck WH, Church RM, Gibbon J (1985) Temporal integration in
duration and number discrimination. J Exp Psychol Anim Behav
Process 4:591–597
Moyer R, Landauer T (1967) Time required for judgments of numerical inequality. Nature 215:1519–1520
Nieder A, Miller EK (2003) Coding of cognitive magnitude: Compressed scaling of numerical information in the primate prefrontal cortex. Neuron 37:149–157
Nieder A, Miller EK (2004) Analog numerical representations in rhesus monkeys: Evidence for parallel processing. J Cogn Neurosci
16:889–901
Nieder A, Freedman DJ, Miller EK (2002) Representation of the
quantity of visual items in the primate prefrontal cortex. Science
297:1708–1711

Otlhof A, Roberts WA (2000) Summation of symbols by pigeons
(Columba livia): The importance of number and mass of reward
items. J Comp Psychol 114:158–166
Olthof A, Iden CM, Roberts WA (1997) Judgments of ordinality and
summation of number symbols by squirrel monkeys (Saimiri
sciureus). J Exp Psychol Anim Behav Process 23:325–339
Pepperberg IM, Gordon JD (2005) Number comprehension by a
grey parrot (Psittacus erithacus), including a zero-like concept.
J Comp Psychol 119:197–209
Pica P, Lemer C, Izard V, Dehaene S (2004) Exact and approximate
arithmetic in an Amazonian indigene group. Science 306:499–
503
Platt JR, Davis ER (1983) Bisection of temporal intervals by pigeons.
J Exp Psychol Anim Behav Process 9:160–170
Roberts WA (2005) How do pigeons represent numbers? Studies of
number scale bisection. Behav Processes 69:33–43
Roberts WA, Mitchell S (1994) Can a pigeon simultaneously process temporal and numerical information? J Exp Psychol Anim
Behav Process 20:66–78
Rumbaugh DM, Savage-Rumbaugh ES, Hegel MT (1987) Summation in the chimpanzee (Pan troglodytes). J Exp Psychol Anim
Behav Process 13:107–115
Siegel SF, Church RM (1984) The decision rule in temporal bisection.
Ann NY Acad Sci 423:643–645
Siegel SF (1986) A test of the similarity rule model of temporal
bisection. Learn Motiv 17:59–75
Smith BR, Piel AK, Candland DK (2003) Numerity of a socially
housed hamadryas baboon (Papio hamadryas) and a socially
housed squirrel monkey (Saimiri sciureus). J Comp Psychol
117:217–225
Stubbs DA (1976) Scaling of stimulus duration by pigeons. J Exp
Anal Behav 26:15–25
Trick LM, Pylyshyn ZW (1994) Why are small and large numbers
enumerated differently? A limited capacity preattentive stage in
vision. Psychol Rev 101:80–102
Washburn DA, Rumbaugh DM (1991) Ordinal judgments of numerical symbols by macaques (Macaca mulatta). Psychol Sci
2:190–193
Whalen J, Gallistel CR, Gelman R (1999) Nonverbal counting in
humans: The psychophysics of number representation. Psychol
Sci 10:130–137

