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ABSTRACT

Do monkeys anchor their numerical judgments based on the context in which their choices are presented?
We addressed this question by varying the numerical range across sessions while macaque monkeys
made ordinal judgments. Monkeys were trained to make a conditional discrimination whereby they
were reinforced for ordering arrays of dots in ascending or descending numerical order, dependent on a
color cue. Monkeys were tested using two ranges of numerosities that converged on a single pair. Similar
to the findings of Cantlon and Brannon (2005), we found a semantic congruity effect whereby decision
time was systematically influenced by the congruity between the cue (ascending or descending) and the
relative Numerical Magnitude of the stimuli within each range. Furthermore, monkeys showed a context
effect, such that decision time for a given pair was dependent on whether it was a relatively small or large
set of values compared to the other values presented in that session. This finding suggests that similar to
humans, the semantic congruity effect observed in monkeys is anchored by the context. Thus our data
provide further evidence for the existence of a shared numerical comparison process in monkeys and

humans.

© 2009 Published by Elsevier B.V.

1. Introduction

There is abundant evidence that approximate numerical repre-
sentations are universal in human societies, appear early in human
development and are shared by nonhuman animals (see Brannon,
2005, 2006; Feigenson et al., 2004; Nieder and Miller, 2004 for
reviews). In all of these groups, approximate number discrimina-
tion appears to be governed by Weber’s law such that accuracy
decreases and reaction time increases for numerical comparisons as
the ratio between the two values (min/max) approaches 1. For adult
humans, Weber’s law holds across many numerical formats such as
spoken words, Arabic numerals, tones, and dot arrays (Dehaene and
Akhavein, 1995; Pica et al., 2004; Whalen et al., 1999; Dehaene et
al., 2008).

Alesser known characteristic of adult human comparisons is the
semantic congruity effect. When asked to compare two large items,
adults are quicker to respond to the question “Which is larger?”
than “Which is smaller?” Conversely, when asked to compare two
small items, adults are quicker to respond to the question “Which
is smaller?” than “Which is larger?” The semantic congruity effect

* Corresponding author at: Center for Cognitive Neuroscience, Duke University,
Box 90999, Durhan{\NC 27708-0999, United States. Tel.: +1 919 668 6201;
fax: +1 919 681 0815.
E-mail address: sarah.m.jones@duke.edu (S.M. Jones).

0376-6357/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.beproc.2009.12.009

has been demonstrated with a variety of stimuli, including ani-
mal sizes, distance between cities, line length, brightness, surface
area, Arabic numerals, and the numerosity of dot arrays (Cech and
Shoben, 1985; Cech et al., 1990; Holyoak and Mah, 1982; Petrusic et
al,, 1998; Audley and Wallis, 1964; Moyer and Bayer, 1976; Banks
et al.,, 1976; Holyoak, 1978). For example, when evaluating Arabic
numerals, adults indicate that 2 is smaller than 3 more quickly than
they indicate that 3 is larger than 2. However, when presented with
two relatively large values such as 8 and 9, adults are faster when
asked to indicate the larger compared to the smaller value (Banks
etal., 1976).

One proposal that accounts for the semantic congruity effect is
the propositionally based semantic theory also known as the Dis-
crete Code model (Banks, 1977; Banks et al., 1975; Banks et al.,
1976; Cech et al., 1990.) According to this model, when two stimuli
are compared on the basis of size or number, they are coded for
magnitude (Small or Large) using linguistic processes. When the
stimuli being compared differ greatly in magnitude, they are given
different magnitude codes (e.g. small vs. large). If asked “which is
larger?” or “which is smaller?”, these codes can then be quickly
and easily matched to the form of the question. However, when the
stimuli being compared are either both large or both small, then the
magnitude codes for both stimuli will be similar to one another (e.g.
Large and Large+ or Small and Small+, respectively). If both stimuli
have similar magnitude codes, and the form of the question does
not match those codes, (i.e. when both stimuli are small, but the
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instruction is “choose larger”), then the codes must be translated
from Small/Small+ to Small/Large so that one of the codes is consis-
tent with the form of instruction. Under this proposal, the reaction
time patterns that characterize the semantic congruity e’§fect are
the result of the added processing time necessary to translate these
codes.

In contrast to the idea that semantic congruity effects emerge
from linguistic coding, Cantlon and Brannon (2005) demonstrated
a numerical semantic congruity effect with a nonverbal species;
the macaque monkey (Macaca mulatta). Monkeys were trained on
a touch screen computer to choose between two arrays of dots. A
color cue indicated whether they would be rewarded for selecting
the array with the larger (blue background) or smaller (red back-
ground) number of dots. The monkeys were tested with pairs of
dots that ranged in value from 1-9. Monkeys showed a semantic
congruity effect similar to that reported for humans: with a red
background, they were faster to respond that 2 was smaller than
3 than they were to respond that 3 was larger than 2. In contrast,
when the values were relatively large (i.e. 7 vs. 8), monkeys were
faster to indicate the larger of the two values than they were to
indicate the smaller of the two values with a blue background. Evi-
dence of the semantic congruity effect in a)eon-linguistic animal
species demonstrates that the effect must not depend on linguistic
coding.

An alternative model, proposed by Holyoak and co-workers
(Holyoak, 1978; Holyoak and Mah, 1982), does not rely on linguis-
tic processes and instead assumes that humans compare stimuli
with respect to a reference point which is either established implic-
itly by the form of the question or is presented explicitly by the
experimenters. Holyoak (1978) tested his reference point model
by presenting participants with an explicit reference point on a
numerical continuum and asking them to determine which of two
digits in the range 1-9 was closer to that reference point. When the
reference point was set at 1 or 9, reaction times showed a clear con-
gruity effect similar to that reported by Banks et al. (1976). When
the reference point was set at a value in the middle of the range of
values presented, reaction time was fastest for the pairs closest to
the reference point provided.

The reference point model suggests that the endpoints of the
continuum being tested serve as temporary reference points, and
therefore, reaction time patterns for a given pair are dependent on
whether the pair is considered to be relatively small or large within
the range of values being tested. Thus, if a given pair of numerosities
(or digits) were close to the higher endpoint of the testing range,
then participants would be faster to choose the larger value in the
pair (e.g., 8 vs. 9 in the range 1 to 9). If the range of values were then
changed such that the same pair was closer to the lower endpoints,
we would expect the subjects to be faster at indicating the smaller
value of the pair (e.g., 8 vs. 9 in the range 8-64).

Cech and Shoben (1985) demonstrated this context effect for
semantic congruity in adult humans. In their study, participants
were presented with pairs of animals and asked which was larger
or which was smaller. When only small animals were presented,
participants were faster at choosing the larger of the two largest
animals in that range (i.e. Rabbit-beaver), but when those same
animals were presented in a brodder range, the smaller of the two
was identified more rapidly. Thus, the speed of human comparison
judgments is determined in part by the range of choice options
available (i.e., the context of the judgment).

Like the semantic congruity effect, the context effect is a sig-
nature of the mental comparison process that has been shown
in human adults. If monkeys and humans are using a homolo-
gous mental comparison process, then the range effects shown by
humans should also be evident in the reaction time patterns shown
by monkeys making numerical comparisons. The goal of the current
paper is to examine the role of context on the semantic congruity

effect in the numerical judgments of nonhuman primates. If con-
text affects numerical semantic congruity in nonhuman primates,
then the effect cannot be attributed to uniquely human processes
such as linguistic encoding. Instead, it would provide evidence that
despite the capacity for linguistic coding in humans, humans likely
use a non-linguistic comparison process that results in a semantic
congruity effect.

2. Methods
2.1. Subjects andﬂpparatus

Subjects were 2 socially-housed adult female rhesus macaques
(Macaca mulatta), Mikulski and Schroeder. Both monkeys were
kept on a water-restricted diet approved by an institutional animal
care and use committee. Subjects were tested in sound-attenuated
booths while seated in Plexiglas primate chairs fitted with a water
delivery system. Stimuli were presented on a touch screen com-
puter monitor.

2.2. Task and /Qrocedure

Monkeys were tested in an ordering task with both a small and
large range of numerical stimuli. The two ranges were presented in
blocks of 5 sessions! in an ABBA design where A refers to the small
range and B refers to the large range. Each session contained 200
trials. Each pair was presented with approximately equal frequency
either 33 or 34 times within each session (randomized).

Subjects initiated each trial by touching a start stimulus, a small
red square in the bottom-right corner of the screen. Pressing the
start stimulus caused it to disappear, after which, two arrays of
dots, each of which contained between 1 and 72 elements, were
presented on the left and right sides of the screen. (Fig. 1).

If the background color of the screen was red, subjects were
rewarded for selecting the array with the smaller number of ele-
ments first (“ascending” trials). If the background was blue, reward
was given for selecting the array with the larger number of ele-
ments first (“descending” trials). Ascending and descending trials
were randomly intermixed within a session. A trial was terminated
after the arrays were touched in the correct order, or when the sub-
ject made an incorrect response. Correct trials were rewarded with
1.16 ml of water and positive auditory feedback, which was fol-
lowed by a 15 intertrial interval (ITI). Incorrect responses ended
the trial and initiated a 2 s time-out added to the intertrial interval
(ITI) and negative auditory feedback.

2.3. Prior /{raining

Both monkeys had extensive prior numerical training, includ-
ing numerical matching and ordinal tasks. Mikulski had experience
ordering all pairs of 1-9, as well as larger numerosities up to 150.
Schroeder had more’limited prior training ordering pairs with a
1:2 ratio with absolute values between 1 and 150. Prior training for
Mikulski is described in Cantlon and Brannon (2005) and training
for Schroeder was similar.

2.4. Testing

Subjects were tested using the task described above for two
ranges. The small range contained the following numerosity pairs:

! The first A block for Schroeder contained only 4 sessions due to an experimenter
error. The data for Schroeder’s missing session (fifth session in the first block of the
smaller range) was replaced by the average accuracy from the first four sessions
within the small range.
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(A

(<

(B)

(I

Fig. 1. (A) Example of an ascending trial in small rang«lej\lz) example of a descending trial in small range, (C) example of an ascending trial in large range, (D) example of a
d

to color in this figure legend, the reader is referred to the web version of the article).

1:2, 2:4, 3:6, 4:8, 5:10, 6:12. The large range was established by
multiplying the small range by 6, thereby creating the pairs 6:12,
12:24, 18:36, 24:48, 30:60, 36:72.

2.5. Stimuli

Stimuli were randomly generated by a RealBasic program and
were thus trial unique according to parameters that allowed surface
area, element size and color to be controlled. All elements within a
stimulus were square and the background of the array was always
yellow. Individual elements were homogeneous in color within an
array and the color was randomly selected for each stimulus from
a list of 16 colors (brown, red, green, turquoise, pink, dark blue,
orange, gray, blue, dark green, periwinkle, purple, teal, dark red,
dark purple and dark pink.). Elements within each stimulus were
also homogeneous in size and varied between}g.04 and 36 cm?2. To
control for cumulative surface area and individual element size,
surface area was equated for the two arrays on half of the trials,
whereas element size was equated for the two arrays on the other
half of trials. To control for density, the density of the two arrays was
congruent with number on half of the trials and was either equated
for the two arrays or incongruent with number on the other half of
the trials.

3. Results
3.1. Accuracy

Overall, monkeys performed significantly above chance across
all test sessions on both the ascending trials [single-sample t
tests vs. 50% (chance), Mikulski, mean accuracy 73%, t(19)=13.01,
p<0.001; Schroeder, mean accuracy 66%, t(19)=11.63, p<0.001]
and the descending trials [single-sample t tests: Mikulski, mean
accuracy 70%, t(19)=15.48, p<0.001; Schroeder, mean accuracy
63%, t(19)=10.54, p<0.001]. Performance did not differ between
ascending and descending trials [Mikulski, t(lQ)X 0.74, p=0.47;
Schroeder, t(19)=1.47, p=0.16].

creen color was red for all ascending trials an

lue for all descending/t\rials (For interpretation’of the references

Monkeys performed significantly above chance both when
density was congruent with number [single-sample t tests; Mikul-
ski, t(19)=27.72, p<0.001; Schroeder, t(19)=16.91, p<0.001]
and when density was not congruent with number? F‘{single—
sample t tests; Mikulski, t(19)= 20.69, p<0.001; Schroeder,
t(19)=9.75, p<0.001]. Similarly, monkeys performed significantly
above chance both when cumulative surface area was congru-
ent with number [single-sample ¢ tests; Mikulski, {(19)=27.24,
p<0.001; Schroeder, t(19)=20.84, p<0.001] and when cumulative
surface area was equated between the two array%single—sample
t tests; Mikulski, t(19)=15.71, p<0.001; Schroeder, t(19)=6.85,
p<0.001]. Thus, both monkeys used numerical value, rather than
density or cumulative surface area, to compare stimuli.

3.2. Semantic Xongruity effect

The main finding was that both monkeys showed a semantic
congruity effect for the small and large numerosity ranges (/Eig. 2).
In the small range, an ANOVA for Direction (ascending, déscend-
ing) x Numerical Magnitude [Small (1 vs. 2, 2 vs. 4, 3 vs. 6), Large (4
VS. 55 vs. 10, 6 vs. 12)] on RT revealed an interaction between the
Direction and the Numerical Magnitude of the comparison stim-
uli for each monkey [Mikulski, F(3,39)=29.34, p <0.001; Schroeder,
F(3,39)=38.45, p<0.001]. In addition there was a main effect of
Direction for both monkeys [Mikulski, F(3,39)=80.64, p<0.001;
Schroeder, F(3,39)=14.88, p<0.001], reflecting overall faster RTs
on ascending trials than descending trials [Mikulski, t(19)=6.07,
p<0.001; Schroeder, {(19)=2.38, p<0.05]. Finally there was a
main effect of Numerical Magnitude for Schroeder [F(3,39)=6.42,
p<0.05], reflecting moderately faster RTs on large pairs compared
to small pairs in the small range [t(19)=1.54, p =.14]. Note, that
for this and all other analyses only RT to correct responses were
included.

2 Trials in which density was equated between the two arrays (30% of trials) and
trials in which density was incongruent with number (20% of trials) were collapsed
for analysis.
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Fig. 2. (A) Mean RTs for Mikulski in small range, (B) Mean RTs for Mikulski in large range,}\c) Mean RTs for Schroeder in small range,}\D) Mean RTs for Schroeder in large

range. Both monkeys showed a semantic congruity effect in both ranges.

In the large numerosity range, an ANOVA for Direction (ascend-
ing, descending) x Numerical Magnitude [Small (6 vs. 12, 12 vs.
24, 18 vs. 36), Large (24 vs. 48, 30 vs. 60, 36 vs. 72)] on RT also
revealed an interaction between the Direction and the Numerical
Magnitude of the comparison stimuli for both monkeys [Mikul-
ski, F(3,39)=21.11, p<0.001; Schroeder, F(3,39)=20.56, p<0.001].
Thus, both monkeys showed a semantic congruity effect for both
the small and large numerical ranges.

In addition to the interaction between /Qirection and Numerical
Magnitude )’\n the large range there was a marginally significant
main effect of Direction for Schroeder [F(3,39)=3.80, p=0.06],
indicating overall faster RTs on descending than ascending trials.
Finally there was a main effect of Numerical Magnitude for Mikul-
ski [F(3,39)=17.85, p<0.001], reflecting overall faster RTs on small
pairs than large pairs in this range [t(19)=3.20, p<0.01].

3.3. Context Kffect

As can be seen inxig. 2, Mikulski’s semantic congruity effect
for the small range showed a “funnel effect” whereby RT was sig-
nificantly shorter for small values on ascending trials compared to
descending trials and there was no difference between the two trial
types for large values. In contrast for Schroeder on both ranges and
for Mikulski on the large range, the semantic congruity effect was a
true crossover effect (Holyoak, 1978). The finding that the seman-
tic congruity effect held for both ranges indicates that the monkeys
treated the largest values in the small range as small values when
they were presented within the context of the larger range. To more
closely examine this context effect we examined RT on the 6:12 pair
which was a critical pair because it was the largest pair of values in
the small range and the smallest pair of values in the large range.
As shown in/Eig. 3, monkeys were faster on average on ascending
trials than descending trials when 6:12 was a relatively small pair

(in the large range). In contrast, monkeys were slightly faster on
average on descending trials than on ascending trials when 6:12
was a relatively large pair (in the small range).

An ANOVA for Direction (ascending, descending) x Range [Small
(1:2 through 6:12), Large (6:12 through 36:72)] on/gchroeder‘s RT
to the pair 6:12 revealed a main effect of Range [F(3,39)=11.76,
p<0.01], reflecting her overall faster responses on trials in the small
range than trials in the large range, as well as a significant inter-
action between the Range and the Direction in which she was
required to respond (ascending vs. descending) [F(3,39)=17.67,
p<0.001]. This interaction indicates that, when the pair 6:12 was
a relatively large pair in the small range, Schroeder was faster to

0.80 ~ 5
W Ascending
# Descending
~ 0.75

0.70 1

0.65 -

0.60 -

Reaction Time (seconds

0.55

0.50 -

Large Range

Small Range

Fig. 3. Mean RTs averaged across both monkeys on the pair 6 vs.12 for all correct
/t\'ials in the small and large ranges. When the pair 6 vs.12 was the largest set of
values in the small range, monkeys were, on average, faster to choose the larger
than to choose the smaller of the two arrays. In contrast, when the pair 6 vs.12 was
the smallest set of values in the large range, monkeys were, on averdge, faster to
choose the smaller than to choose the larger of the same two arrays.

Behav. Process. (2009), doi:10.1016/j.beproc.2009.12.009

Please cite this article in press as: Jones, S.M,, et al., Context affects the numerical semantic congruity effect in rhesus monkeys (Macaca mulatta).

273
274
275
276
277
278
279
280
281
282
283
284


dx.doi.org/10.1016/j.beproc.2009.12.009
Original text:
Inserted Text
B. 

Original text:
Inserted Text
C. 

Original text:
Inserted Text
D. 

Original text:
Inserted Text
descending) X Numerical Magnitude [Small 

Original text:
Inserted Text
in 

Original text:
Inserted Text
direction 

Original text:
Inserted Text
[Small (6 vs. 12, 12 vs. 24, 

Original text:
Inserted Text
[Small (1 vs. 2, 2 vs. 4, 

Original text:
Inserted Text
Effect

Original text:
Inserted Text
Figure 

Original text:
Inserted Text
Figure 

Original text:
Inserted Text
descending) X Range 

Original text:
Inserted Text
Figure 

Original text:
Inserted Text
6vs.12 


285
286
287
288
289
290
291
292
293
294
295
296
297

298

299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

321

322
323
324

GModel
BEPROC21351-6

S.M. Jones et al. / Behavioural Processes xxx (2009) Xxx—xXx 5

0.10

median RTs on descending trials
o

0.05
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Fig.4. Median RTs for descending trials for the pair 6 vs.12 subtracted from median
/RTS for ascending trials for the pair 6 vs.12. Data reflects the average of the median
RTs for correct trials for the 5 sessions of each block averaged for the two monkeys.
Positive values indicate that the monkeys were faster on descending trials compared
to ascending trials for the pair 6 vs.12, whereas negative values indicate the reverse.
Monkeys showed a rapid contextual shift between blocks such that in blocks of
small range sessions, monkeys were faster on descending trials, and in blocks of
large range sessions, monkeys were faster on ascending trials for the 6 vs. 12 pair.

choose the larger than to choose the smaller of the two arrays
[t(9)=3.20, p<0.05], whereas when the same numerosity pair was
presented in the large range and therefore was a relatively small
pair, Schroeder was faster to choose the smaller than to choose the
larger of the two arrays [t(9)=3.76, p<0.01].

The same analysis on Mikulski’s RT revealed a main effect
of Direction [F(3,39)=4.76, p<0.05], reflecting her overall faster
responses to the pair 6:12 on ascending trials than descending
trials. She also showed a trend towards a significant interaction
between the Range and the Direction of the comparison stimuli
[F(3,39)=2.34, p=0.13]. Thus although Mikulski showed a trend
towards the predicted pattern, only Schroeder showed a significant
contextual shift.

3.4. Timing ofﬁontextual shift

A final analysis assessed when the contextual shift took place
by examining response times to the smallest pairs (6 vs. 12 and
12 vs. 24) in the large range. A contextual shift would result in
monkeys being faster at ascending trials for the pair 6 vs. 12 in the
large range, despite the fact that it was previously the largest pair
in the small range (/Eig. 4). Given how few trials were available for
the pair 6 vs. 12 ffom each session, we included the next small-
est pair, 12 vs. 24, to increase power. A contextual shift would also
result in monkeys being faster on ascending trials for 12 vs. 24,
even though these values were larger than any pair in the small
range. We conducted T-tests comparing the RTs for these pairs
on ascending vs. descending trials on the sessions following the
switch from the small to the large range. Despite the fact that both
monkeys at the end ofxmall range testing, were faster at order-
ing the largest pair (6 vs. 12) when given a descending compared
to ascending cue, both monkeys quickly became faster at ordering
the 6 vs. 12 and 12 vs. 24 pairs in ascending order when these pairs
were presented in the large range context. Schroeder was faster on
ascending than descending trials on these pairs by the third session
of)\arge range testing [t(47)=-2.020, p <0.05] and Mikulski showed
the same effect on the very rst)\arge range session [t(44)=-2.202,
p<0.05]. A

4. Discussion
Our findings provide further evidence against linguistic coding

models of the semantic congruity effect. Both monkeys showed
striking semantic congruity effects replicating a prior report by

Cantlon and Brannon (2005). The novel aspect of our study however
is that, the semantic congruity effect in monkeys is influenced by
context as was previously reported in humans (Cech and Shoben,
1985). Specifically, for at least one monkey, a given pair of values
was treated as small or large depending on the range of values
in which it was presented. Thus our data indicate that the cog-
nitive process that monkeys use to compare the numerical value of
two arrays of dots is sensitive to the range of numerosities being
presented and thus shares yet another important feature with the
comparison processes of human adults, the context effect of numer-
ical comparisons.

Another question that could be addressed by our results was
how quickly the monkeys responded to a shift in context. Cech et al.
(1990) and Petrusic and Baranski (1989) found that adult humans
respond to a shift in context very rapidly (e.g., within 40-92 trials).
Cech et al. (1990) asked human adults to select eithef\he larger
or the smaller of a pair of animals. Small animals were paired only
with other small animals and large animals were paired only with
other large animals (the ranges did not overlap: all small animals
were smaller than all large animals). The authors reported a con-
text effect in RTs to the largest pair in the small range and the
smallest pair in the large range that was established within the
first 40-92 trials. The authors suggest that initial sampling of pairs
may determine how subjects determine what is relatively large or
small.

Petrusic and Baranski (1989) similarly reported that adults
rapidly adjust they way they code stimuli based on context. Pairs of
weighted objects were presented in blocks of 46 trials and partici-
pants were asked to choose either the lighter or the heavier object.
Data from the first block of trials showed a funnel effect, while data
from the second block of trials showed a full crossover semantic
congruity effect. The authors interpreted this to indicate that the
reference point against which the stimuli were compared shifted
rapidly (within the first 92 trials) to one more appropriate for the
range of the stimuli. Our analyses indicate that like adult humans,
monkeys are capable of rapidly shift their response strategies and
show a contextual shift within the first few sessions in which the
range of values is changed.

In summary, our findings indicate that the numerical compar-
ison process of monkeys is sensitive to the range of numerosities
being presented and provide further support for a numerical com-
parison process shared by monkeys and humans. The numerical
semantic congruity effect is found in both species and is similarly
sensitive to contextual anchoring. Monkeys respond to identical
stimuli differently depending on the context in which those stimuli
are presented. We suggest that an adequate model of the compar-
ison process must account for both the semantic congruity effect
and the context effect without invoking linguistic coding.

Uncited reference

Gallistel and Gelman (2000).
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