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Abstract

The project of comparative cognition benefits from common measures across species. We
report here on five experiments using the violation of expectancy looking time measure with
free-ranging rhesus macaques (Macaca mulatta), each designed to build on current knowledge
concerning spontaneous representations of number. Each subject, tested in only one experi-
mental condition, watched as eggplants were placed behind a screen one at a time, after which
the screen was removed revealing an outcome that either matched or did not match the num-
ber placed there. Subjects looked longer at impossible than possible outcomes in 1 + 1 =2 or
3, 1 small+1 small=1 big or 2 small, 24+ 1 =2 or 3, and 2+ 1 =3 or 4 conditions. They
failedin2+1+1=4or3or5andin 1+ 1+ 1=2 or 3 conditions. This pattern of results
closely matches that observed across several previous studies of human infants. The data allow
us to test among four different proposals concerning the format and content of the mental rep-
resentations underlying looking in these experiments. Object file representations are favored
over: (i) low-level perceptual representations, (ii) representations of continuous variables such
as volume or surface area, and (iii) analog magnitude representations of number. We conclude
by considering exactly how the object tracking system revealed in these and other related ex-
periments does and does not represent number, and how it might be one evolutionary precur-
sor of the human specific system of number representations.
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1. Introduction

A deep understanding of any human conceptual capacity requires at least an in
principle understanding of its origin—both on evolutionary and ontogenetic time
scales. Two goals of modern developmental cognitive science are to characterize
the innate representational resources bequeathed by evolution to human beings
and to characterize the learning/maturational mechanisms that bring the child from
the initial state to an adult conceptual system. The first of these—the initial state—is
our present concern. Comparative studies are essential to the enterprise of uncover-
ing the evolutionary origins of human representational capacities (Hauser, 2000;
Heyes & Huber, 2000). Evidence that some representational capacity is universal
among primates, or present in species such as chimpanzees believed to be our closest
living relatives, lends credence to the possibility that it is part of the innate endow-
ment of human beings.

There are at least three crucial steps to establishing that a representational capac-
ity is shared across species. First, one must show that members of the two different
species have mental representations with the same content—e.g., both represent num-
ber, or artifacts, or spatial locations. This is not enough of course. Both bees and
humans represent pollen, but we would not be tempted to say the two species share
a system of representations. The human format of representation is often verbal and
enters into both linguistic and theory-related computations; the bee representations
are non-linguistic and atheoretical and enter into computations that support forag-
ing and larva feeding. Second, to establish shared representational capacities, one
must show that the format of representations are the same, as well as the computa-
tions carried out over them. And third, one should establish a common neural sub-
strate or circuitry in order to assess whether the common computations are
performed by homologous or analogous brain areas; similarity can arise, in evolu-
tion, either due to common descent (homologies) or to convergence (homoplasies).
We focus here on the first two steps. We explore identity in conceptual content
and format between representational systems deployed by human beings and non-
human primates. We focus on prelinguistic human infants because it is likely that
their mental representations are not formulated in a natural language format—in-
fants do not think in French, or English, or Chinese. It is, however, an empirical
question whether the representational systems of prelinguistic infants differ from
those of non-human primates. Human infants will learn language, and the language
acquisition device could, in principle, be manifest in infant representational capaci-
ties that non-human primates lack.

To maximize the interpretability of the cross-species comparison, the experiments
should deploy the same methodological techniques. If the experiments with animals
use extensive training procedures, so too should those with human beings. Con-
versely, if the experiments with humans recruit spontaneously available representa-
tional resources, so too should those with animals.

Here we report a series of experiments concerning primate (rhesus macaque) rep-
resentation of objects and number. Many previous studies have shown that both hu-
man infants and non-human primates form representations of bounded, coherent,
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objects, tracing numerical identity of represented objects on the basis of spatio-tem-
poral continuity (Munakata, Santos, O’Reilly, Hauser, & Spelke, 2000; Needham &
Baillargeon, 1997; Simon, Hespos, & Rochat, 1995; Spelke, Kestenbaum, Simons, &
Wein, 1995; Van de Walle, Carey, & Prevor, 2000; Whalen, Gallistel, & Gelman,
1999; Xu, 1999). Many studies also show that under some circumstances both hu-
man infants and non-human primates represent the number of objects in an array
(Boysen, Berntson, Shreyer, & Quigley, 1993; Brannon & Terrace, 1998; Feigenson
& Carey, in review; Matsuzawa, 1985; Olthof, Iden, & Roberts, 1997; Washburn &
Rumbaugh, 1991; Xu & Spelke, 2000). That is, it has already been established that
prelinguistic infants and non-linguistic non-human primates each have the capacity
to form representations with the content object and number. For the most part, how-
ever, the experimental paradigms used to explore the representations of non-human
primates and human infants differ greatly. Animal studies on number typically use
methodologies that require extensive training, sometimes months or even years (Boy-
sen et al., 1993; Brannon & Terrace, 1998; Matsuzawa, 1985). Obviously, such stud-
ies are not possible with human infants. The measures suitable for human infants,
such as reaching or looking times in habituation/dishabituation paradigms or viola-
tion of expectancy techniques, tap spontaneous representations (Starkey, Spelke, &
Gelman, 1990; Van de Walle et al., 2000; Wynn, 1992; Xu & Spelke, 2000). Typi-
cally, infants are shown events only once or just a few times, and the nature of their
representations of the events is inferred from patterns of reaching or looking. Al-
though the techniques used with human infants are driven by methodological neces-
sity, spontaneous representations are of considerable theoretical interest in their own
right, for they reflect what features of the world are salient to the participants in the
studies, as well as providing evidence concerning their natural, untutored, represen-
tations of the world.

Given the theoretical interest of spontaneous representations, as well as the im-
portance of common methodologies across species, it is of considerable importance
that the methods used with human infants also yield interpretable data with non-hu-
man primates, and with other more distantly related species as well. To date, we have
used three different paradigms to study spontaneous representations of both infants
and non-human primates: a two-box spontaneous choice paradigm (Feigenson, Ca-
rey, & Hauser, 2002a; Hauser, Carey, & Hauser, 2000; Sulkowski & Hauser, 2000), a
manual search paradigm (Santos, Sulkowski, Spaepen, & Hauser, 2002; Van de
Walle et al., 2000), and a violation of expectancy looking time paradigm (Feigenson,
Carey, & Spelke, 2002b; Hauser, MacNeilage, & Ware, 1996; Uller, Hauser, & Ca-
rey, 2001; Wynn, 1992). In addition to establishing common methods across non-
verbal members of both species, these studies have yielded remarkable convergences
in patterns of data. For example, and of direct relevance to the current studies, the
two-box choice paradigm reveals the set size signature of object file representations
both in rhesus macaques (Hauser et al., 2000) and in 10- and 12-month-old human
infants (Feigenson et al., 2002a, 2002b). In this task, participants watch as pieces of
food are placed, one at a time, into each of two closed containers, and are then al-
lowed to approach one of the them. Participants succeed (pick the larger number) if
both sets are small (upper limit 4 for rhesus adults and upper limit 3 for babies) but
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fail if one of the sets exceeds that limit (e.g., rhesus fail at 3 vs. 8; infants fail at 2 vs.
4, 3 vs. 6, and even 1 vs. 4).

The present studies extend our comparative research program on spontaneous
representations of number in primates focusing in particular on the violation of ex-
pectancy looking time method originally developed by Wynn (1992). Hauser et al.
(1996) showed that this method yields interpretable data with free-ranging rhesus
macaques, who look longer at impossible than at possible outcomes in 1 +1 =1
vs. 2 comparisons, as well as in 2 — 1 = 2 vs. 1 comparisons; the convergence in re-
sults across species occurred even though Hauser et al. used a between-subjects de-
sign whereas studies of infants use a within-subjects design. Uller et al. (2001) found
that laboratory reared cotton-top tamarins, tested on a within-subject design, also
succeed in 1 + 1 = 2 or | experiments, consistently looking longer at the impossible
outcome of 1 than at the possible outcome of 2. One goal of the present series of
studies is to extend this work and to bring data to bear on constraining the format
and content of the representations underlying rhesus performance in this paradigm.
A secondary goal of these experiments is to assess whether the looking time method
provides convergent or divergent results when contrasted with the two-box choice
paradigm successfully implemented with both rhesus (Hauser et al., 2000) and hu-
man infants (Feigenson et al., 2002a).

In the infant case, the content and format of representations underlying looking in
the violation of expectancy looking time methods in these “number’” experiments is
currently under debate. There are four distinct proposals that have current adher-
ents. At issue is the nature of the representation of the events before the outcome
is revealed, the nature of the representation of the outcome, the basis of comparison
between the two, and the source of relative attention (longer looking). At one ex-
treme is the proposal of Cohen and Marks (in press), who have argued that for
4-month-old infants, at least, neither object nor number representations are impli-
cated. Rather, they suggest that the set-up events and the outcomes are specified
in terms of a low-level perceptual similarity space of shape, color, texture, etc. On
their model, attention is a function of degree of perceptual match between the most
frequently seen stimulus during the events before the outcome is revealed and the
outcome itself. They explain the longer looking at the familiar match, rather than
at the novel match, in terms of the complexity of these events (Hunter & Ames,
1988). In most violation of expectancy looking time experiments with infants, the
most familiarized stimulus array happens to be the unexpected outcome. Consider,
for example, Wynn’s 1 +1 =2 or 1 experiment. Infants see an object resting on
the stage floor, the screen is raised, and then a second object is added. The unex-
pected outcome of 1 object on the stage floor matches the array infants have seen.
In a clever experiment supporting this hypothesis, Cohen and Marks showed that
the same pattern of looking time is observed even if the second object is not added.
That is, given a 1 = 1 or 2 comparison, infants look longer at 1, just as they do in a
1 +1 =1 or 2 comparison. Similarly, in a 2 = 2 or 1 comparison, infants look longer
at 2, just as they doin a 2 —1 =2 or 1 comparison. This result is consistent with
Cohen and Marks’ hypothesis, which we will call the “low-level perceptual familiarity
hypothesis.”
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In the case of adult rhesus macaques, details of the Hauser et al. (1996) procedure
allow us to rule out Cohen and Marks’ low-level perceptual familiarity hypothesis.
Hauser and colleagues used a between-subjects design; each monkey saw two famil-
iarization events and just one test event, which was an impossible outcome for one
group of monkeys and a possible outcome for the other group. Crucially, in each
group, monkeys were familiarized with the outcome of their test event during both
familiarization events, and thus those in the possible and impossible outcome groups
were equally familiar with the outcomes. Thus, the difference between the groups
could not be a function of a familiarity preference (or a simple novelty preference)
formulated over a perceptual similarity space. Because the design employed by Ha-
user and colleagues provides one way to rule out the low-level perceptual familiarity
hypothesis, and provides robust results under natural conditions with rhesus mon-
keys, we adopt this technique for all of the experiments presented in this paper.

A second proposal also denies that Wynn-like experiments reflect representations
of number. This proposal does not, however, deny that infants and animals are cre-
ating summary representations of all of the objects placed behind the screen, includ-
ing those added and subtracted. Instead, the proposal is that infants are encoding
these objects in terms of some continuous variable such as total contour length, total
front surface area, or total volume, and not number. Two series of studies (Clearfield
& Mix, 1999; Feigenson et al., 2002a) have shown that representations of such con-
tinuous variables sometimes underlie looking times in simple “number” habituation/
dishabituation paradigms. Feigenson et al. (2002a) also present data consistent with
the proposal that 7-month-old infants are representing total front surface area or to-
tal volumein 1+ 1 =2or 1 and 2 — 1 = 2 or 1 violation of expectancy experiments.
For example, in a 1 small + 1 small =1 big (expected front surface area and volume,
unexpected number) vs. 2 big (unexpected front surface area and volume, expected
number) paradigm, infants looked longer at the unexpected total surface area/vol-
ume, and generalized familiarization when the number was unexpected but the total
front surface area/volume was expected. We shall call this the “continuous quantity
hypothesis.”

In a possible processing model that implements the continuous quantity hypoth-
esis, total front surface area or total volume or total contour length is represented as
an analog magnitude. Take front surface area as an example. In the Wynn paradigm,
infants accumulate and store a representation of total front surface area as objects
are added and subtracted from the array, thus creating a representation of the total
expected in the outcome array. Upon seeing the outcome array they create a repre-
sentation of the total front surface area of the array, and compare the two represen-
tations as they would compare any represented continuous variable such as length,
brightness, distance or time. The hypothesis that infants are comparing their repre-
sentations of the arrays behind the screen with their representations of the outcome
array on the basis of some continuous variable is consistent with the data from Fe-
igenson et al. (2002a). Two sources of data, however, suggest that these are not the
only representations underlying infant and monkey looking times in these experi-
ments. Uller (1997) and Uller et al. (2001) showed that 8-month-old infants and cot-
ton-top tamarins looked longer at the outcome that was a numerical mismatch in a 1
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small + 1 small=2 small vs. 1 big comparison, where the single large outcome
matched the expected outcome in both total volume and total front surface area.
Experiment 2 explores this issue in the case of free-ranging rhesus macaques.

A third proposal, suggested by several authors, claims that symbolic number
representations, most likely formulated over analog magnitude representation of
number, underlie infant and monkey performance in the small number addition/sub-
traction experiments (Dehaene, 1997; Gallistel & Gelman, 2000; Wynn, 1998). The
idea is that the numerical value of the set-up displays is represented by an analog
magnitude, akin to a number line. This analog magnitude might be created by either
an iterative (Meck & Church, 1983) or parallel (Church & Boradbent, 1990; Deh-
aene, 1997) mechanism. Gallistel and Gelman (2000) have championed the iterative
proposal of Meck and Church, for this mechanism implements a counting algorithm
and could underlie the child’s learning to count. On this proposal, a fixed amount of
energy is let through to an accumulator for each individual in an array, irrespective
of its size, such that the total energy accumulated is a linear function of number. It is
this value that is stored in short term memory. The numerical value of the outcome
display is then represented by the same system, and the two values compared. A mis-
match draws more attention than a match. We call this proposal the “number analog
magnitude hypothesis.” This hypothesis differs from that above in that the content of
the analog magnitude in this case is number, whereas in the former case it is a con-
tinuous variable such as total front surface area.

The fourth and final proposal denies that analog magnitude representations of
number are recruited in the violation of expectancy looking time methods with small
numbers (Leslie, Xu, Tremoulet, & Scholl, 1998; Simon et al., 1995; Simon, 1999;
Uller, Carey, Huntley-Fenner, & Klatt, 1999). Rather, each object in the array is rep-
resented by a unique symbol. Building on work in mid-level vision (Kahneman, Tre-
isman, & Gibbs, 1992; Pylyshyn & Storm, 1998; Trick & Pylyshyn, 1994), the symbol
for each individual has been called an “object file.”” We shall call this proposal the
“object file hypothesis.” The resulting representation implicitly represents the number
of objects in the array, as there is only one open object file for each object in the set,
and object files are opened or closed as objects are added or subtracted from the hid-
den set. In test trials, the representation of the hidden set is compared to the repre-
sentation of the revealed set on the basis of 1-1 correspondence.

Two types of data have been brought to bear on the choice between number an-
alog magnitude and object file models of performance on any given task. First, per-
formance breaks down with different number comparisons in the two cases. Object
file representations are subject to a set size limit—only small sets can be individuated
in parallel and stored in short term memory. In contrast, large sets can be encoded by
analog magnitudes; discrimination is subject to Weber’s law, such that sets of a con-
stant ratio may be discriminated. Thus, there is a set size signature of object file rep-
resentations (performance is subject to a set size limitation and not to the ratio
between sets) and a Weber-fraction signature of analog magnitude representations
(performance is limited by the ratio between sets). In the two-box choice procedure,
performance of both monkeys and infants shows the set size signature of object
file representations rather than the Weber-fraction signature of analog magnitude
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representations (Hauser et al., 2000; Feigenson et al., 2002a, 2002b). Second, object
file representations are transparently subject to variables that affect short term mem-
ory for multiple items. In contrast, it is not yet clear whether such variables influence
analog magnitude representations in which a single value is held in short term mem-
ory. For example, Uller et al. showed that young infants in the looking time studies
of small number addition were more likely to fail if they were required to make mul-
tiple updates in working memory prior to assessing the correctness of test outcome, a
result that is not predicted on the basis of the iterative analog magnitude models.
That is, infants succeed in “object first” paradigms (Wynn, 1992) a full 6 months ear-
lier than they succeed in “‘screen first” paradigms (Uller et al., 1999). In object first
tasks, the infant sees the first object on the stage floor before a screen is introduced
and a second object placed behind it. In “screen first” paradigms, in contrast, the
screen is introduced first, and objects placed one at a time behind it. The latter task
thus requires two successive updates in working memory.' Uller and colleagues
therefore argued that the results favored object file representations. In the present
studies we ask whether monkeys’ representations are affected by the number of up-
dates in working memory that the task requires. We turn to the question of how this
sensitivity bears on model choice in the general discussion.

Previous studies with non-human animals, including primates, have established that
species including pigeons, parrots, rats, squirrel monkeys, rhesus macaques, and chim-
panzees create analog magnitude representations of number (Biro & Matsuzawa, 1999;
Boysen & Bernston, 1989; Boysen et al., 1993; Brannon & Terrace, 1998; Davis & Pe-
russe, 1988; Fernandes & Church, 1982; Kawai & Matsuzawa, 2000; Matsuzawa, 1985;
Murofushi, 1997; Olthof et al., 1997; Pepperberg, 1994; Rilling & McDiarmid, 1965;
Roberts, Coughlin, & Roberts, 2000; Rumbaugh & Washburn, 1993; Thomas & Lor-
den, 1993; Washburn & Rumbaugh, 1991). These experiments tap large numbers and
performance is limited by the ratios of the sets to be discriminated. However, without
exception these experiments require extensive training, sometimes months of daily
training, and are not appropriate methods for studies with infants.

The present experiments have two goals. First, they constitute a continued explo-
ration of the viability of violation of expectancy looking time methods for studying
the spontancous mental representations of rhesus monkeys in the wild. Second, and
foremost, we seek data that further constrain the format and content of the represen-
tations that underlie patterns of looking by rhesus macaques in the Wynn paradigm.
We seek convergent evidence to that from the choice method that the spontaneous
representations of small sets of objects by monkeys and prelinguistic humans are
the same, both in content and format, and that object file representations underlie
monkeys’ performance.

To date, only two numerical operations (1+1=2vs. 1+1=1;2—-1=1 vs.
2 — 1 =2) have been studied with rhesus macaques using the looking time method

! Notice that both versions of this task require the infant to successively attend to each object as it is
introduced onto the stage. Certainly, incrementing an accumulator requires attention to each individual,
but the two versions place equivalent demands on attention.
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(Hauser et al., 1996). Thus, the format and even the content of the representations
that underlie successful discrimination in this case is still an entirely open issue. With
respect to content, we explore whether it is number that is being tracked, as opposed
to low-level perceptual features of the arrays or some continuous variable correlated
with number. Even if it is number that is being tracked, it is not even clear that exact
numerosity is represented, rather than just that 1 4+ 1 is different from 1, or more
than 1. Experiment 1 begins with the question of exact numerosity and Experiment
2 begins with the contrast between number and continuous variables. All of the stud-
ies in this series bear on Cohen and Marks’ low-level perceptual familiarity hypoth-
esis. Experiments 3-5 explore the upper limits on monkeys’ performance and the
costs of multiple updates on encoding of the sets of objects.

2. General methods
2.1. Subjects

All experiments were conducted on a population of rhesus monkeys (Macaca mul-
atta) living on the island of Cayo Santiago, Puerto Rico. Rhesus monkeys were in-
troduced to the island in 1938 and the population has been under intensive
investigation ever since (Rawlins & Kessler, 1987). Studies on Cayo Santiago have
focused on demographic changes in population structure, the causes and conse-
quences of different behavioral patterns, vocal communication, and cognitive ability
(Bercovitch & Berard, 1993; Gouzoules, Gouzoules, & Marler, 1984; Hauser, 1998,
2001; Rendall, Rodman, & Edmond, 1996). As a result, much is known about rhesus
monkeys, and in particular, the population on Cayo Santiago.

There are approximately 1000 rhesus monkeys on Cayo Santiago. The population
is divided into seven social groups. Individuals can be identified by chest and leg tat-
toos, as well as distinctive ear notches. In this population, females reach reproductive
maturity at approximately 3 years, whereas males reach reproductive maturity at ap-
proximately 4 years. Subjects for the following experiments were adult males and
adult females.

2.2. Procedural synopsis

The logic underlying each of the experiments was the same. Specifically, we used
the expectancy violation procedure to assess whether rhesus monkeys look longer at
impossible than at possible events. As in other experiments using this procedure, an
event is defined as impossible if the outcome following a series of events with objects
is inconsistent with what human adults know about general physical principles. In
each experiment, outcome (possible/impossible) was a between-subjects factor. Each
monkey received two familiarization trials, designed to introduce it to the apparatus,
the screen, the objects, the events, and the outcomes. In the familiarization events,
there were no impossible outcomes. In most of the experiments, in both possible
and impossible conditions, the outcomes during familiarization were exactly the
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same as those during test. Thus, differential looking at possible and impossible out-
comes cannot be a function of novelty or familiarity preferences for arrays presented
during familiarization.

Each experiment proceeded as follows. A team of three researchers set out to find
either a lone individual or an individual sitting with a small group. We sought sub-
jects that were resting, rather than foraging, grooming, fighting or mating. One of
the three researchers was responsible for presenting the objects and events to the sub-
ject, one was responsible for filming the subject’s looking time onto video (JVC-D1
digital camera), and one was responsible for recording the test conditions, especially
information on problems associated with a trial (e.g., subject distracted by other in-
dividuals; experimenter error during the display).

The experimenter responsible for presenting each trial set up 3—5m away from the
test subject. The display box was made out of foamcore and measured 91cmx
62cm x 46¢cm. The front screen slid up and down a track so that it could be easily
put into place or removed. On the back of the screen was a cloth pouch. Impossible
events were produced in one of two ways. First, for outcomes in which one fewer
object than expected was revealed on the stage, one of the objects was placed into
the pouch, thereby giving the illusion that an object had been added to the array
on the stage floor. For example, in Experiment 3 (2+1 =2 vs. 2 4+ 1 = 3), we cre-
ated the violation (2 + 1 = 2) by placing the third object into the pouch; when the
screen was removed, this third object failed to appear, leaving only the two original
objects. Second, we created a trap door in the back wall of the display box so that we
could add or change objects, in order to produce impossible outcomes with extra ob-
jects on the stage floor or with different objects on the stage floor.

During both familiarization and test events, the experimenter only made eye con-
tact with the subject when presenting objects and either placing or removing the
screen; when the looking time period commenced, the experimenter stared straight
down until the 10s period ended. It was necessary for the experimenter to look at
the subject during the presentation phase to make sure that the subject was looking
at the relevant display events. We excluded subjects from the final analysis if they: (1)
failed to look at any portion of the display event prior to timing the duration of their
looks and (2) were distracted by another individual during the presentation or moved
away before the test trial. We did not keep a record of why individuals were ex-
cluded, but from previous experiments we can estimate that approximately 10—
15% of those excluded failed to look during the events as objects were placed on
the stage and the rest were excluded for being distracted by another individual or
for moving away prior to the test trial. Although these strict criteria for inclusion
caused us to eliminate between 30 and 50% of subjects per condition, our final
data set included only those animals that watched all aspects of each display of each
trial.

We videotaped all trials and then digitally acquired (30 frames/s) them onto a
Macintosh G3/G4 with Adobe Premiere. We then scored each trial blind to condi-
tion by limiting the video footage to the subject’s face and having each trial scored
by two or more individuals who were ignorant of the test conditions run; inter-ob-
server reliability scores ranged from 0.89 to 0.99. These methods have been reliably
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used in several other studies of rhesus monkeys (Hauser et al., 1996; Munakata et al.,
2000).

3. Experiment 1: 1+1 =2 vs. 3

Experiment 1 is an extension of the original violation of expectancy looking time
experiments on Cayo Santiago (Hauser et al., 1996) in which rhesus monkeys looked
longer at an impossible outcome of 141 =1 than at a possible outcome of
1 +1=2. In Experiment 1 we explore whether rhesus monkeys expect precisely 2
objects following the presentation of a 1 + 1 operation, or whether they simply ex-
pected that the outcome of a 1 + 1 event would be different from 1 or more than
1. Following Wynn (1992) we compared 1+ 1 =2 test events (possible) with
1 + 1 = 3 test events (impossible). If rhesus merely expect that 1 + 1 should be dif-
ferent from or more than 1, they should not differentiate between these two test
events. However, if they expect 1 + 1 to be precisely 2, they should look longer at
the impossible outcome of 3 objects.

3.1. Methods

A total of 68 rhesus monkeys were tested. Of these individuals, we were able to
complete testing of 14 subjects run on 1 + 1 = 2 (possible condition) and 16 subjects
run on 1+ 1 = 3 (impossible condition).

Fig. 1A diagrams the events in the possible and impossible conditions of Exper-
iment 1. Each session consisted of two familiarization events and a single test event.
The familiarization events in this experiment served to introduce the subject to the
presentation of a stage, to the objects (i.e., eggplants) that would be seen during
the test events, and to the actions associated with introducing eggplants behind
the barriers. None of the outcomes during familiarization were impossible. Further-
more, the subjects in each condition were equally familiarized to the outcomes of the
test events.

Possible condition (1+1=2). This is a direct replication of Hauser et al. (1996).
The stage was introduced with two eggplants resting on the stage floor. As soon as
the stage was in position, we started the 10 s looking time period. This first familiar-
ization (F1) was then followed by a second (F2) in which the stage was presented
with occluder in place. We then placed one eggplant behind the occluder, followed
by the addition of a second eggplant, with each eggplant placed on opposite sides
of the display box; once an eggplant was placed behind the screen, we withdrew
our hand empty. The occluder was then removed revealing two eggplants, and a
10s looking time period started. In the test condition, we presented an empty stage,
set up the occluder, and then placed one eggplant followed by a second eggplant be-
hind the occluder. The occluder was then removed, revealing two eggplants; we then
timed a 10s looking period.

Notice that in the second familiarization trial, the outcome of two objects was
possible but not necessary. Because the trial began with the occluder in place, the
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Fig. 1. (A) Familiarization (F1 and F2) and Test trials for possible (1 + 1 = 2) and impossible (1 + 1 = 3)
conditions. (B) Results from both conditions. Mean (=/- SE) looking time (s) is plotted on the y-axis, and
the presentation trials on the x-axis.

monkeys could not know for sure how many objects to expect behind the stage. In
the test trial, however, the outcome of two eggplants is not only possible, but neces-
sary (barring a magic trick); the monkeys see the empty stage before the occluder is
put into place.

Impossible condition (1+1=23). The unoccluded stage was introduced with three
eggplants resting on its floor. As soon as the stage was in position, we started the
10 s looking time period. This first familiarization trial (F1) was then followed by a sec-
ond (F2) in which the stage was presented with occluder in place. One eggplant was
then placed behind the occluder, and the hand removed empty. A second eggplant
was then placed behind the occluder, and the hand removed empty; the eggplants were
placed on opposite sides of the display box. The occluder was then removed revealing
three eggplants, and a 10 s looking time period started. Notice that because F2 starts
with the occluder in place, the outcome of three eggplants is possible (i.e., subjects
should not have any expectations about the presence or absence of eggplants behind
the occluder). In the test condition, we presented an empty stage, put the occluder in
place, and then placed one eggplant followed by a second behind the occluder. The
occluder was then removed, revealing three eggplants; a 10s looking time period
was then started. Because we surreptitiously placed a third eggplant through the trap
door in the impossible test condition, the same action was mimicked in the possible
test conditions so that all actions were standardized; the only difference between these
two tests was the actual outcome when the occluder was removed.

In this and all subsequent experiments, the results will be analyzed in two comple-
mentary ways. First, we discuss the habituation across the two familiarization trials,
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and the recovery from habituation as a function of whether the test trial was a pos-
sible or impossible event. Success consists of continued habituation to the possible
test event in the face of significant recovery of interest in the case of the impossible
test event. Second, we compare the looking times in the two test events (possible/im-
possible) directly. Successful discrimination consists in longer looking at the impos-
sible outcome than at the possible outcome. Throughout the presentation of results,
reported probability values are two-tailed.

3.2. Results

Fig. 1B shows the mean looking time data for subjects tested in the possible and
impossible conditions of Experiment 1. For the first familiarization, subjects looked
slightly longer at a display of two eggplants then at a display of three eggplants, but
this difference was not statistically significant ( = 1.75, p = .09). From the first to the
second familiarization, subjects in both groups showed a statistically significant de-
cline in looking time (in each case, p < .01); there was no difference in looking time
between groups in the second familiarization. From the second familiarization to the
test, subjects in the possible condition showed a non-significant decline in looking
time (¢ = 2.91, p = .10), while subjects in the impossible condition showed a signifi-
cant increase in looking time (¢ = 9.81, p = .004). Thus, the monkeys generalized ha-
bituation between the familiarization trials and the test trial in the possible
condition, but recovered interest, relative to the second familiarization trial, to the
test event of the impossible event.

Analyzing the test events alone, looking times to the impossible outcomes were
reliably longer than looking times to the possible outcomes (¢ = 3.98, p = .004).

3.3. Discussion

Experiment 1 tested the hypothesis that the success in the Hauser et al. (1996)
1 + 1 = 2 vs. 1 experiments merely reflected the expectation that the outcome should
be different from or more than 1. Both outcomes in the present experiment, 2 egg-
plants and 3 eggplants, are more than and different from 1 eggplant, yet the monkeys
clearly differentiated the possible and the impossible outcomes. The monkeys’ atten-
tion was significantly increased only to the impossible outcomes. The difference in
looking time to 2 vs. 3 eggplants in the test trials cannot be accounted for by an over-
all preference for 3 because there was no such preference during the familiarization
trials. The difference cannot be due to a preference for more objects emerging over
the course of the experiment, because no such pattern was observed in the Hauser
et al. (1996) 1 +1 =2 vs. 1 experiments, which used an identical design to this
one. And finally, the difference cannot be due to a familiarity preference because
the monkeys in both groups were equally familiarized to the outcomes they saw in
the test events. The monkeys in the possible condition had seen outcomes of 2 ob-
jects, the outcome of their test trial, during each of the two familiarization trials
and the monkeys in the impossible condition had seen outcomes of 3 objects, the out-
come of their test trial, in each of the two familiarization trials. These results, along
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with those of Hauser et al. (1996) rule out Cohen and Mark’s (in press) low-level per-
ceptual familiarity account of monkeys’ success in this task, according to which the
preference for the impossible outcome in the test trial is due to a familiarity match in
terms of perceptual features of the arrays that are presented during familiarization.

4. Experiment 2: 1 small + 1 small = 2 small vs. 1 Big One

We conclude from Experiment 1 that adult rhesus monkeys are capable of form-
ing representations of the exact number of objects behind the screens, updating
these as objects are added to or subtracted from the arrays, at least with sets of
one, two, and three objects. These experiments do not, however, reveal how rhesus
monkeys represent these arrays, nor do they reveal the computations underlying the
mismatch between the representations of the hidden set and the revealed set in the
impossible outcomes. As Feigenson et al. (2002b) point out, the impossible out-
comes in all of the violation of expectancy number experiments with monkeys
and human babies violate the expected values of continuous variables (volume/sur-
face area) as well as the expected number of objects. Feigenson et al. disentangled
these variables in experiments with 7-month-old human infants, providing a
1 +1 =1 big vs. 2 big comparison, where each big object in the outcome had twice
the front surface area and volume as each object that had been placed on the stage.
Thus, the outcome consisting of one big object was the expected amount of mate-
rial but the unexpected number, and the outcome of two big objects was the ex-
pected number but an unexpected amount of material. Seven-month-old infants
looked longer at the outcomes that violated the expected amount of material,
not the expected number. This experiment confirms the suggestion emerging from
simple habituation paradigms (Clearfield & Mix, 1999; Feigenson et al., 2002b) that
infants find differences in continuous variables (total volume, total surface area, and
total contour length) more salient than differences in number in these looking time
paradigms. However, Uller (1997) and Uller et al. (2001) demonstrated that in ex-
periments with human infants and cotton-top tamarins, using a within-subjects de-
sign, it is not the case that subjects only track total volume or surface area. When
shown 1 small object added to an array containing 1 small object, both human
8-month-olds and tamarins look longer at outcomes of a single large object, twice
the volume of each those in the array, than at the outcome of 2 small objects, in
spite of the fact that the total volume is the same in the two outcomes. Further-
more, in Hauser et al. (2000) box search paradigm, rhesus monkeys preferentially
selected a box with 3 pieces of apple over a box with 1, even though the overall
volume of these two quantities was equated.

Experiment 2 explores whether rhesus monkeys are encoding only total expected
volume in the context of a looking time procedure. When rhesus monkeys see purple
eggplants disappear behind an occluder, they might maintain a representation of the
volume of purple stuff rather than the number of purple eggplants. When the oc-
cluder reveals either one or three eggplants, this represents a violation of the volume
of purple stuff anticipated. If so, an outcome consisting of one large eggplant, twice
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the volume of each of the small eggplants introduced behind the occluder inan 1 + 1
event, would not be unexpected.

4.1. Methods

We tested 44 adult rhesus monkeys on a 1 +1 =2 vs. 1 Big One condition. Of
those tested, our final data set included 7 individuals tested on 1+ 1 = 2 (possible)
and 10 individuals tested on 1+ 1 = 1 Big One (impossible). We have labeled the
Big One outcome as impossible because two small eggplants can not turn into a large
one, even though the large eggplant does preserve the original volume or amount of
purple stuff. The procedure is diagrammed in Fig. 2A.

Possible condition (1 small+1 small=2 small). Subjects tested on the possible
condition were given the same familiarization and test trials as subjects tested on
the possible condition of Experiment 1. This condition is thus a direct replication
of the possible condition of Experiment 1, as well as of the possible condition of
the second experiment in Hauser et al. (1996).

Impossible condition (1 small + 1 small=1 big). The first familiarization of the im-
possible condition (F1) involved the presentation of a single, large eggplant equal in
volume to the two small eggplants presented in the possible condition; a 10s looking
time period started as soon as the display box was in position. The second familiar-
ization (F2) involved the placement of two eggplants, sequentially, behind the oc-
cluder; following the placement of each eggplant, the hand was removed empty.
The occluder was then removed, and two eggplants revealed. In the test trial, we first
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Fig. 2. (A) Familiarization (F1 and F2) and Test trials for possible (1 + 1 = 2) and impossible (1 + 1 = Big
One) conditions. (B) Results from both conditions. Mean (=/- SE) looking time (s) is plotted on the
y-axis, and the presentation trials on the x-axis.
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presented an empty stage. The occluder was then put into place, followed by the se-
quential placement of two eggplants. When the occluder was removed, a large egg-
plant was revealed. The illusion was carried out by placing the two small eggplants
into the pouch behind the occluder, and then placing the large eggplant through the
trap door. As in Experiment 1, we controlled for the actions carried out in the im-
possible test condition by reaching through the trap door during the possible test
condition; by repeating the same actions for both test trials, differences in looking
time between conditions can only be accounted for by differences in the object or ob-
jects presented once the occluder has been removed.

In this experiment, it was not possible to carry out the full design of Experiment 1,
in which the first and second familiarization events each involved the same outcome
as in the test events. In the second familiarization trial of the impossible condition,
we could not show the same outcome as in the test trial, because this outcome would
have been impossible. Nonetheless, if the monkeys were encoding only the total
amount of stuff, the familiarization trials in both the possible and impossible condi-
tions were all identical; they differed only in the spatial arrangement of the total vol-
ume of eggplant.

4.2. Results

The results are shown in Fig. 2B. For the first familiarization, there were no sta-
tistically significant differences in looking time between groups run on the possible
and impossible conditions (¢ = 1.15, p = .11). Subjects in both groups showed a sta-
tistically significant decline in looking time from the first to the second familiariza-
tion (p < .04, t tests, in each case). Subjects in the possible condition showed a
statistically significant decline in looking time from the second familiarization to
the test (r = 2.50, p < .03). Subjects tested in the impossible condition showed a sta-
tistically significant increase in looking time from the second familiarization to the
test (¢ =2.00, p < .05). Thus, subjects in the possible condition (a replication of
the 1+ 1 =2 condition of Experiment 1) generalized habituation from the second
familiarization to the test event, whereas those in the impossible condition recovered
interest to the outcome of the test event.

Subjects also looked longer in the impossible than the possible test (¢ = 3.14,
p < .02), showing that these two outcomes were clearly discriminated.

4.3. Discussion

If subjects in Experiment 2 were tracking only volume or amount of purple stuff,
they should not have differentiated the two test outcomes. It is unlikely that the long-
er looking at the 1 large object outcome was due to the subjects in the impossible
outcome condition being less familiarized with the test outcome than the subjects
in the possible outcome condition. Dishabituation to the impossible outcome in Ex-
periment 2 was comparable to that in Experiment 1, even though in Experiment 1 the
monkeys had been familiarized with the outcome of the test trial twice. Also, even
though the monkeys in the possible outcome conditions saw the test outcome twice
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during familiarization, compared to only once in the possible outcome condition, Ul-
ler et al. (2001) found comparable results in an experiment with cotton-top tamarins.
The Uller et al. experiment used a different familiarization procedure, and a within-
subject design for possible/impossible outcomes. Specifically, although subjects were
familiarized equally to the possible and the impossible outcomes during familiariza-
tion, they nonetheless looked longer at the impossible outcome of 1 large object than
at the expected outcome of 2 small objects each the size of the objects they saw
placed behind the stage. Uller (1997) also found the same pattern of results with
8-month-old human infants.

That the monkeys did differentiate the possible and impossible outcomes is con-
sistent with two different interpretations. The first possibility is that they differenti-
ated the outcomes on the basis of a mismatch in the number of objects in the
display, the impossible outcome of 1 object not matching their representation of 2
objects involved in the events. Second, their representations of the eggplants behind
the stage may have included a specification of the size of each eggplant they had seen
placed there, and the single large eggplant in the impossible outcome differed from
each of those. That is, their attention may have been drawn by a mismatch at the
level of a single eggplant rather than by a mismatch in the number in the set. This
experiment cannot decide between these two interpretations. However, Experiment
2 rules out the hypothesis that overall spatial extent, amount of stuff, or volume
alone drives the differential looking times to possible and impossible outcomes in
these studies.

5. Experiment 3: 2+ 1=3 vs. 2 vs. 4

If either object file representations or analog magnitude representations of num-
ber underlie the monkeys’ performance on this task, they should succeed with larger
contrasts than 2 vs. 1. Evidence with respect to the question of the upper limit of in-
fant performance is mixed. Wynn (1995) showed that 5-month-old infants succeeded
ata3—1=2vs. 2+ 1 =2 comparison, suggesting that they can represent the dis-
tinction between 3 and 2 under these circumstances. Uller (1999), in contrast, showed
that 10-month-olds succeeded ina 2 — 1 = 2 vs. 2 — 0 (empty hand) = 2 contrast, but
nota3—1=3vs.a3—0 (empty hand) contrast. To date, the issue of the upper
limits on monkey performance in this paradigm has not been addressed. Experi-
ments 3 and 4 begin to do so.

Given that monkeys succeed robustly in a 2 vs. 3 and a 3 vs. 4 comparison in the
box choice addition experiments (Hauser et al., 2000), as well as a 2 vs. 3 comparison
in the box choice subtraction experiments (Sulkowski & Hauser, 2000), we expected
monkeys to succeed in a 2+ 1 =3 condition (possible outcome) relative to both
2 4+ 1 =2 (impossible outcome) and 2 + 1 = 4 (impossible outcome) conditions. Ex-
periment 3 tested both of these contrasts.

Experiments 1 and 2, like those in Hauser et al. (1996), were screen-first designs.
In a screen-first design the monkey is first shown an empty stage, the screen is intro-
duced, and all of the objects are introduced onto a hidden stage. Uller et al. (1999)
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found that infants succeed at screen-first 1 + 1 = 2 or 1 experiments a full 6-months
later than they succeed at the more common object-first design, in which the first ob-
ject or objects are presented visibly on the stage floor, then the screen is raised, and
additional objects are added or removed. Because we were exploring larger numbers
for the first time in Experiment 3, we adopted the easier object-first design.

5.1. Methods

A total of 101 adult rhesus monkeys were tested. The final data set included tests
of 15 individuals on a 2 + 1 = 3 condition (possible) and 16 individuals each on a
2+1=2and a 2+ 1 =4 condition (both impossible). Fig. 3A shows the design
of these three conditions.

Possible condition (2+1=3). In the first familiarization trial of the possible con-
dition, subjects were presented with a stage with 3 eggplants resting on its floor. In
the second familiarization, the stage was presented with occluder in place. One egg-
plant was added behind the occluder, the experimenter’s hand exited empty, and then
the occluder was removed to reveal 3 eggplants. Note that this is a possible outcome
because the stage was introduced with the occluder in place, thereby precluding any
reasonable expectations about the number of eggplants in place behind the occluder.
In the test trial, 2 eggplants were placed on the empty stage while the monkey
watched and then the occluder was put into position. One eggplant was then placed
behind the occluder, and the experimenter’s hand was retracted empty. The occluder
was removed, revealing 3 eggplants.

Impossible condition (2+1 = 2). In the first familiarization trial, the stage was
introduced with 2 eggplants resting on its floor. In the second familiarization, the
stage was presented with the occluder in place. One eggplant was added behind
the occluder, the experimenter’s hand exited empty, and then the occluder was re-
moved revealing 2 eggplants. In the test trial, 2 eggplants were placed on the stage
while the monkey watched and then the occluder put into position. One eggplant
was then placed behind the occluder, and the experimenter’s hand was retracted
empty. The occluder was removed, revealing 2 eggplants.

Impossible condition (2+1=4). In the first familiarization trial of the 2 +1 =4
condition, the stage was introduced with 4 eggplants resting on the floor. In the sec-
ond familiarization, the stage was presented with occluder in place. One eggplant
was added behind the occluder, the experimenter’s hand was retracted empty, and
then the occluder removed revealing 4 eggplants. In the test trial, 2 eggplants were
placed on the stage while the monkey watched and then the occluder put into posi-
tion. One eggplant was then placed behind the occluder, and the experimenter’s hand
removed empty. The occluder was removed, revealing 4 eggplants.

5.2. Results
Fig. 3B presents the results from both the possible and impossible conditions. In the

first familiarization, there were no statistically significant differences in looking time
between groups (p > .05); thus, subjects had no preference for larger over smaller sets
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of eggplants. Subjects in all three conditions showed a statistically significant decline
in looking time from the first to the second familiarization trials (.0003 < p < .03, ¢
tests). Subjects tested in the possible condition showed a decline in looking time from
the second familiarization to the test trial, but this decrease was not statistically signif-
icant (¢t = 0.95, p = .41). In contrast, subjects tested in each of the impossible condi-
tions showed a statistically significant increase in looking time from the second
familiarization to the test 2+ 1=2; t=1.85 p< .04, and 2+ 1 =4, t =6.50,
p < .02).

The differentiation of possible and impossible outcomes on the test trials was
also assessed directly. Monkeys looked longer at the impossible outcome of 2 egg-
plants than at the possible outcome of 3 eggplants (r = 7.13, p < .001) and also the
impossible outcome of 4 eggplants than at the possible outcome of 3 eggplants (¢ =
7.42, p < .001). There was no difference between the looking times at the two im-
possible outcomes.

5.3. Discussion

Subjects showed no preference for any of the outcomes during familiarization and
subjects in all three groups habituated between the first and second familiarizations
to the same extent. Thus, the success in this task cannot be due to a familiarity pref-
erence, as the outcomes of the test trials were equally familiar in all three conditions.
Nor can the success be due to a preference for larger sets emerging over trials, for
monkeys looked equally long at impossible outcomes whether they were smaller than
the possible outcome or larger than the possible outcome, paralleling the results in
the 1+ 1 experiments (Hauser et al., 1996, and Experiment 1). We conclude that
when rhesus monkeys see 1 object added to 2 others that are out of sight behind
an occluder, they update their representation of the original 2 such that they expect
precisely 3 eggplants, not 2 or 4.

6. Experiment 4: 2+1+1=3vs. 4vs. 5

In Experiment 3, rhesus discriminated 2 vs. 3 and 3 vs. 4. Experiment 4 continues
to explore the upper limit on monkeys’ success at this task, by including a 4 vs. 5 con-
trast. Experiment 4 also begins to explore the effects of manipulations of information
processing demands within the 3 vs. 4 comparison that monkeys succeed on in Ex-
periment 3. Experiment 4 sets up three conditions: 2+ 14 1=4 (possible),
2+ 1+ 1 =3 (impossible), and 2 + 1 + 1 = 5 (impossible). Given the failure in the
4 vs. 5 condition of the Hauser et al. (2000) two-box choice experiments, we expected
the monkeys to fail to discriminate outcomes of 4 from outcomes of 5. It is the com-
parison of possible outcome of 4 with the impossible outcome of 3 that is of partic-
ular theoretical interest. Note that this design maintains a 3 vs. 4 comparison, as in
Experiment 3, where 2 + 1 =3 was compared with 2+ 1 = 4. One difference be-
tween Experiments 3 and 4 is whether the larger number is in the outcome array
or the set up array. Second, building the representation of the hidden set during
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the test trial of Experiment 4 requires two updates in memory rather than one. That
is, first a representation of 2 objects must be updated when another is added and then
the resulting representation must be updated again. As Uller et al. (1999) found with
human infants, conditions with two updates are more difficult than conditions with
one. Experiment 4 asks whether these manipulations affect the monkeys’ success on
this task, just as they do infants’.

6.1. Methods

A total of 86 adult rhesus monkeys were tested. The final data set included 17 sub-
jects tested on 2 + 1 4+ 1 = 3 (impossible), 14 subjects tested on 2 + 1 + 1 = 4 (possi-
ble), and 14 subjects tested on 2+ 1+ 1 =15 (impossible). Fig. 4A diagrams the
procedure of Experiment 4.

Possible condition (2+1+1=4). For all three groups, the first familiarization
(F1) began with the introduction of a stage with 2 eggplants already resting on its
floor, followed by a 10s looking time period. For the group tested with an outcome
of 4 eggplants (possible outcome), the second familiarization (F2) involved the pre-
sentation of a stage with occluder in place. Subsequently, 2 eggplants were sequen-
tially placed behind the occluder, the occluder removed, and 4 eggplants revealed;
looking time was scored for 10s as soon as the occluder was removed. In the test
trial, we presented 2 eggplants on stage, followed by the placement of an occluder.
Next, 2 eggplants were sequentially placed behind the occluder, the occluder re-
moved, and 4 eggplants revealed.

2+1+1=3 2+1+1=4 2+1+1=5
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Fig. 4. (A) Familiarization (F1 and F2) and Test trials for possible (2+ 1+ 1 =4) and impossible
2+14+1=3,24+1+1=25) conditions. (B) Results from all three conditions. Mean (=/—- SE) looking
time (s) is plotted on the y-axis, and the presentation trials on the x-axis.
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Impossible condition (2+1+1=3). For the group tested with an outcome of
3 eggplants (impossible outcome), the second familiarization (F2) began with the
presentation of a stage with the occluder in place. Subsequently, we placed 2 egg-
plants, sequentially, behind the occluder and then removed the occluder to reveal 3
eggplants; we scored looking time for 10s as soon as the occluder was removed. In
the test trial, we first presented 2 eggplants on stage, followed by the placement of
an occluder. Next, 2 eggplants were sequentially placed behind the occluder, the oc-
cluder removed, and 3 eggplants revealed.

Impossible condition (2+1+1=35). For the group tested with an outcome of five
eggplants (impossible outcome), the second familiarization (F2) involved the presen-
tation of a stage with occluder in place. Subsequently, 2 eggplants were sequentially
placed behind the occluder, the occluder removed, and 5 eggplants revealed; we
scored looking time for 10s as soon as the occluder was removed. In the test trial,
two eggplants were presented on stage, followed by the placement of an occluder.
Next, 2 eggplants were sequentially placed behind the occluder, the occluder re-
moved, and 5 eggplants revealed.

Note that in this design the first familiarization for all groups involved two egg-
plants (the first step in all test trials as well) and the second familiarization involved
the same outcome that would be shown on the test. Thus, the monkeys in all three
conditions were equally familiarized with the outcome of the test trial in their own
condition to equal degrees. We mention this here because it is directly relevant to Co-
hen and Marks’ low-level perceptual hypothesis.

6.2. Results

The results are shown in Fig. 4B. On the first familiarization, there was no dif-
ference in looking time between subjects presented with 4 as opposed to 5 egg-
plants, and no difference in looking time between subjects presented with 3 as
opposed to 5 eggplants (p > .05) However, subjects looked significantly longer
at an outcome of 4 eggplants than at an outcome of 3 eggplants (r =2.02, p <
.05). Subjects in all three groups showed a statistically significant decline in look-
ing time from the first to the second familiarization trial (.01 < p < .05, ¢ tests).
There was no difference between groups in looking time for the second familiar-
ization trial (p > .05). Subjects in all three groups failed to show a statistically
significant change in looking time from the second familiarization to the test trial
(p > .05).

Comparing the test trials directly, there were no differences in looking times to ei-
ther of the impossible outcomes when compared to the looking times to the possible
outcome of four eggplants (p > .05, ¢ tests).

A final analysis compared looking times in the impossible outcome of 3 egg-
plants in Experiment 4 (2 + 1+ 1) with the impossible outcome of 4 eggplants
in Experiment 3 (2 4 1). The groups differed significantly (+ = 3.13, p < .02), con-
firming success at detecting the anomaly in Experiment 3 in the face of failure
in Experiment 4, in spite of the same numerical comparisons (3 vs. 4) being
involved.
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6.3. Discussion

Subjects failed to detect a violation when the result of a 2+ 1 + 1 operation re-
sulted in outcomes of either 3 objects or 5 objects. That is, subjects looked as long
to a possible outcome of 4 as they did to either of the impossible outcomes of 3
and 5. The failure to distinguish outcomes of 4 vs. 5 is consistent both with the ob-
ject-file hypothesis (assuming an upper limit of 4) and with the number analog mag-
nitude hypothesis (assuming that the contrast between 4 and 5 falls short of the ratio
that can be discriminated). More importantly, the monkeys succeededina 2 + 1 =3
or 4 comparison in Experiment 3 and failed in a 2+ 1+ 1 = 3 or 4 comparison in
Experiment 4. As far as the Weber fraction comparison of the outcomes, the two ex-
periments are identical. Two differences between the experiments may have contrib-
uted to the greater difficulty of Experiment 4. First, in Experiment 4, it is the
representations of the larger of the two sets (4) that must be computed during the
set-up event and held in working memory, whereas in Experiment 3 it is the smaller
(3). Second, in Experiment 4, the representation of the original set seen on the stage
floor must be updated twice during the set-up event, whereas in Experiment 3 it must
be updated only once.

7. Experiment 5: 1+1+1=2vs. 3

Experiments 3 and 4 differed not only in the number of updates required of the
monkeys, but also in the size of the set that must be held in memory before the out-
come was revealed. Experiment 5, which was designed on the basis of a finding with
human infants, tests whether number of updates alone affects performance. Baillar-
geon, Miller, and Constantine (1994) found that 10-month-old infants had a fragile
success (success on the first pair of test trials alone) in a 2 + 1 = 2 or 3 experiment,
but failed outright ina 1 + 1+ 1 =2 or 3 experiment. In this comparison, the only
difference between the two conditions is the number of updates of the representation
of the set of objects when hidden.

In Experiment 3 monkeys successfully discriminated the possible outcome in a
2 4+ 1 = 3 condition from the impossible outcome of a 2 + 1 = 2 condition. Experi-
ment 5 tests exactly the same comparison of outcomes, except that the initial event in
each case was 1 + 1 + 1. In Experiment 3, monkeys saw the two objects on the stage,
a screen was placed in front of them, and the monkeys had to update only once a
representation initially formed from perceptual information alone; thus, Experiment
3 was an object-first design. Experiment 5, in contrast, is a screen first paradigm. The
screen covers an empty stage, and three objects are introduced, one at a time. Three
updates of the representation formed from perception (the empty stage) are required.
The size of the resultant set (3) is identical in the two experiments, and the size of
the set in the impossible outcome (2) is similarly identical. The only difference
between the two experiments, then, was the number of times the monkey had to up-
date a representation of the hidden objects behind the screen as new objects were
added.
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7.1. Methods

A total of 47 adult rhesus monkeys were tested on a 1 + 1 + 1 operation. The final
data set included 17 subjects tested on the possible condition of 1 + 1+ 1 =3 and 15
subjects tested on the impossible condition of 1 + 1+ 1 = 2. Fig. 5A diagrams the
procedure.

Possible condition (1+1+1=3). In the first familiarization (F1) of the possible
condition, we presented subjects with 3 eggplants already visible on the stage floor;
we then scored a 10s looking time period as soon as the stage was in position. In the
second familiarization (F2), we presented subjects with the stage and occluder in
place, then sequentially placed 2 eggplants behind the occluder, removed the oc-
cluder to reveal 3 eggplants, and then scored looking time for 10s. This outcome
is possible because subjects never see what is behind the occluder before we add
the eggplants. In the test trial, we first present an empty stage and then put the oc-
cluder in place. Three eggplants are then placed in sequence behind the occluder.
When the occluder is removed, subjects see 3 eggplants on the stage; looking time
is scored as soon as we remove the occluder.

Impossible condition (1+1+1=2). In the first familiarization (F1) of the impos-
sible condition, we present subjects with 2 eggplants already visible on the stage floor
and score a 10s looking time period as soon as the stage is in position. In the second
familiarization, we present subjects with the stage and occluder in place, sequentially
lower 2 eggplants behind the occluder, remove the occluder to reveal 2 eggplants,
and then score looking time for 10s. In the test trial, we first present an empty stage
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Fig. 5. (A) Familiarization (F1 and F2) and Test trials for possible (1 + 1+ 1 = 3) and impossible
(14 1+ 1 =2) conditions. (B) Results from each condition. Mean (=/- SE) looking time (s) is plotted
on the y-axis, and the presentation trials on the x-axis.
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and then put the occluder in place. We then place 3 eggplants in sequence behind the
occluder, remove the occluder to reveal 2 eggplants on the stage, and then score
looking time for 10s.

7.2. Results

Fig. 5B presents the results from Experiment 5. Subjects showed no preference for
looking at two as opposed to three eggplants in the first familiarization (¢ = 0.84,
p = .41). Subjects in both groups showed a statistically significant decline in looking
time from the first to the second familiarization (.003 < p < .02). Subjects in both
groups then showed a statistically non-significant increase in looking time from
the second familiarization to the test trial (p > .05).

A direct comparison between the looking times in the test events of the possible
and impossible conditions revealed no difference (p > .05, ¢ tests).

Finally, the impossible outcome in Experiment 5 was directly compared to the im-
possible outcome in Experiment 3. Monkeys looked significantly longer in Experi-
ment 3 (¢t =2.13, p < .05), reflecting a violation of expectancy in the object first
2+ 1 =2 condition in the face of failure to detect the anomalous outcome in the
screen first 1 + 1 + 1 = 2 condition.

Because of the importance of this result to our argument, we sought to replicate it
to be certain of its robustness. We ran an exact replication of Experiment 5, with 12
monkeys in the possible condition and 11 monkeys in the impossible condition. Just
as in Experiment 5, the monkeys again failed. In neither group did they recover in-
terest from the second familiarization, and looking times at the impossible outcomes
(mean =2.58 s) did not differ from looking times at the possible outcomes (mean =
2.84s;t=10.32, p=.75).

7.3. Discussion

Results from Experiment 3 suggest that when rhesus monkeys see 1 object added to 2
originally visible but then occluded objects, they expect 3 objects, not 2. However, when
the same outcomes are presented, but the operation involves three addition (+1) oper-
ations, rhesus fail to discriminate the possible and impossible outcomes. Again, rhesus
macaques are sensitive to the same variables that affect success by human infants on this
task (Baillargeon et al., 1994). It appears that for human infants and adult rhesus mon-
keys, repeatedly updating the representation causes problems for the mechanism that
computes a representation of the hidden set. We turn next to a more general discussion
of our results, and the implications they have for deciding between the four proposed
models of number representation, including an assessment of content and format.

8. General discussion

The experiments presented in this paper had two aims. First, we sought to provide
further evidence that the violation of expectancy method provides robust data in
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studies of non-human animals. Second, we sought to refine our understanding of the
content and format of numerical representations in non-human primates, specifically
rhesus monkeys. Concerning the first aim, our results provide clear evidence that the
violation of expectancy looking time method yields highly reliable and interpretable
data with non-human primates, even under free-ranging conditions. Replicating the
design and results of Hauser et al. (1996), the monkeys in these experiments gener-
alized from familiarization to test in a 1 + 1 = 2 condition (possible outcome of Ex-
periments 1 and 2), while showing a recovery of interest from familiarization to test
in the impossible outcomes (1 + 1 = 3, Experiment 1, and 1+ 1=Dbig one, Experi-
ment 2). The monkeys also showed generalization from familiarization to test in
the 2 4+ 1 = 3 condition, while showing a recovery of interest from familiarization
to test in the impossible outcomes of 2+ 1 =2 and 2+ 1 =4 (Experiment 3). In
light of these successes, the failures in Experiments 4 and 5 2+ 1+1=4 or 3
and 1+ 1+ 1 =2 or 3, respectively) are not uninterpretable negative findings, but
rather, interpretable findings derived from the same procedures, with results bearing
directly on the format of representation guiding the monkeys’ attention in this par-
adigm; this point bears on the second aim of our paper.

Experiments 1 and 3, along with those in Hauser et al. (1996), rule out Cohen and
Marks’ (in press) low-level perceptual familiarity account of monkeys’ performance
on this task. Because monkeys in both the possible and impossible conditions are fa-
miliarized only with the outcomes they actually see in the test trials, and because fa-
miliarization rates (declines in looking times between the first and second
familiarization trials) are identical between conditions of each experiment, it is rea-
sonable to assume that the monkeys have equally encoded the perceptual features of
the arrays on the stage floor. Differential looking at the impossible outcomes cannot,
therefore, be due to simple familiarity (or novelty) computed over perceptual fea-
tures of the arrays seen during familiarization. Rather, the monkeys must be updat-
ing the representation of the empty stage (Experiment 1) or the stage with 2
eggplants on it (Experiment 3) as new eggplants are introduced behind the screen.
We therefore conclude that the low-level perceptual familiarity hypothesis can not
account for the rhesus monkey’s performance in these experiments and thus, a dif-
ferent mechanism must mediate their attentional resources. Note also that the
low-level perceptual similarity preference hypothesis cannot account for the results
in the box search or two-box choice paradigms at which both human infants and rhe-
sus macaques succeed, for in these paradigms there is no outcome revealed that
could be the basis of a perceptual match.

Monkeys responded to the impossibility of the big eggplant outcome when they
had been shown 2 eggplants each one half of its volume introduced behind the screen
(Experiment 2). This result rules out the proposal that the match between the repre-
sentation of the occluded objects and the outcomes in the test trials is based on vol-
ume or spatial extent alone. We conclude that some spontaneous representation of
number controls attention in this task. That the monkeys succeeded in the
1+ 1=2vs. 1+1=23 conditions of Experiment 1 shows that the representations
of number are exact; it is not the case that the monkeys expect additions merely
to increase the number in the original set. Finally, the failure of the monkeys in a
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4 vs. 5 comparison in Experiment 4 is consistent with both object file representations
(because 5 exceeds the limit on parallel individuation of object files, at least as estab-
lished in humans and presumed to hold for non-human animals) and analog magni-
tude representations (on the assumption that 4:5 exceeds the Weber ratio monkeys
can discriminate under these circumstances). This failure converges with the 4 vs.
5 failure in the box choice paradigm (Hauser et al., 2000), as well as in recent studies
of tamarins using auditory stimuli (Hauser et al., in review).

Experiments 3 through 5, taken together, show that rhesus are sensitive to infor-
mation processing demands of these tasks in a manner that closely parallels infants’
sensitivity. Furthermore, we suggest that there are several reasons why details of this
sensitivity support the object file model over the iterative analog magnitude model of
Meck and Church. First of all, consider the success in Experiment 3 (set-up of 3,
choice of 3 or 4) compared to the failure in Experiment 4 (set-up of 4, choice of 3
or 4). Both of these comparisons are 3 vs. 4, and thus should be equally difficult
on the analog magnitude model. But on the object file model, the set-up must be held
in short term memory as a file of symbols, one for each object in the array, and the
outcome compared to it on the basis of 1-1 correspondence. Holding a larger set in
memory (4 vs. 3) is more difficult. And if 1-1 correspondence must be computed
when evaluating the outcome displays, then the comparison of 4 with 4 (the possible
outcome in Experiment 4) is more difficult than the comparison of 3 with 3 (the pos-
sible outcome in Experiment 3).

Second, consider the sensitivity to number of updates during the set-up event. Ac-
cording to the iterative analog magnitude model, a subject increments an accumula-
tor a fixed amount for each individual (object or event) introduced behind the screen,
increments a different accumulator a fixed amount for each individual revealed in the
test outcome, and compares the two on the basis of the accumulated magnitudes. As
far as incrementing the accumulator for each additional object, it should not matter
(at least based on current descriptions of this model) whether the objects are screened
or not. But on the object file model, the participant creates a representation of the
object or objects on the stage floor and must update that representation by adding
an additional object when one is introduced. Each update in working memory re-
quires changing the resultant model.

Of course a different version of the analog magnitude model, in which analog
magnitudes are not computed until after a mental model of the objects on the stage
floor has been created in short term memory, is consistent with the data presented
here. On this alternative, both object-file representations and analog magnitude rep-
resentations would be implicated in these studies. This is possible, of course, but as
of yet there is no positive evidence that analog magnitudes are implicated in these
small number comparisons.

A supporter of the analog magnitude account of the representations might argue
that attention to each individual is needed to increment the accumulator, and the
multiple update experiments provide more opportunity for attention to wander,
and thus, for noise to enter the computation. Remember that monkeys were included
in the sample only if they attended to the entire sequence of events. Nonetheless, we
agree that this is a reasonable reply in the case of the studies reported here (for ex-
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ample, | + 1 + 1 of Experiment 5 compared to 2 + 1 of Experiment 3). However this
reply does not apply to the Uller et al. comparison between the object first and the
screen first conditions. In both of these cases, the infant had to attend to just two
objects, introduced one at a time (1 + 1). The only difference was whether the screen
was introduced before either of the objects was placed on the stage or after one had
been placed on the stage floor. Infants failed in the screen first condition until 10-
months of age, succeeding in the object-first condition at 4 months. Our interpreta-
tion of this finding, like others presented here, is that there is a cost to updating a
working memory representation consisting of object files.

The argument in favor of object-file representations does not rest only on the pat-
tern of sensitivity to number of updates in working memory. A much stronger argu-
ment derives from the set-size signature of object files. In the two-box forced choice
task (Hauser et al., 2000), monkeys watched while different numbers of apple slices
were placed, one at a time, into each of two opaque boxes. The dependent measure
was the first box approached, followed by the retrieval of its contents. Each monkey
received only 1 trial, eliminating the possibility of training; like the present studies,
this paradigm taps spontaneous representations of small sets of object. The monkeys
selected 2 over 1, 3 over 2, 4 over 3, and 5 over 3, but showed no preference for 4 vs.
5,5vs. 6,4 vs. 8 or even 3 vs. 8. Moreover, these results cannot be due to a mech-
anism that taps timing of number of actions, as a control condition ruled out these
possibilities. Specifically, when the number of objects and amount of time was equa-
ted by adding a rock to the smaller apple quantity, subjects continued to select the
box with more apple slices, up to 4 over 3. These results are not consistent with the
analog magnitude system of representation, as success is not a function of the ratio
of the two numbers. The choice of 4 over 3 is a less favorable ratio than 8 vs. 4 or 8
vs. 3, yet monkeys succeeded in the former case and failed in the latter. The monkeys’
performance showed the set-size signature of the object file model; as long as one of
the choices is over 5, the monkeys perform at chance.

Feigenson et al. (2002a) showed that this measure of spontaneous representations
yields interpretable data from preverbal human infants (10- and 12-month-olds).
Critically, the infants’ behavior also exhibits the set-size signature of the object file
system, though in contrast with rhesus, infant performance falls apart at 4 rather
than 5. When infants watch as an experimenter places different numbers of crackers
into one of two opaque boxes, they choose the larger number for 1 vs. 2 and 2 vs. 3,
but fail at 3 vs. 4, 2 vs. 4, and 3 vs. 6 comparisons. These data not only provide ev-
idence for the object file system, but like the current studies, show that the same
methods can be used across these two subject populations, providing closely parallel
patterns of results.

The representations that underlie performance in the expectancy violation looking
time task are spontaneously available. Monkeys are not trained; indeed, each mon-
key sees only three events. They are not reinforced for attending to the objects, for
individuating them, for tracking numerical identity during occlusion, or for repre-
senting the exact number of objects in the set that results from adding an additional
object to a hidden set of one or two. In these respects, the experiments presented here
and in Hauser et al. (1996) are identical to the violation of expectancy looking time
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experiments carried out with human infants, in spite of many methodological differ-
ences driven by the contrast in testing conditions. These methodological differences
bear further study, including attempts to reduce the differences or explain their con-
tribution to the patterns of results. Because the monkeys are free to move away (and
frequently do so as evidenced by the proportion of subjects excluded from the final
analysis), the present experiments give only one test trial, and contrast possible and
impossible outcomes between-subjects rather than the within-subjects designs fa-
vored for infants. Time spent looking in the monkey experiments, in contrast to in-
fant studies, are not participant controlled; each trial has a fixed 10s recording
period. The experimenter is in view in the monkey experiments but not in the infant
studies. Nonetheless, the comparisons between Experiment 3, on the one hand, and
Experiments 4 and 5, on the other, reveal a pattern of findings that is identical to that
observed with human 8- to 10-month-old infants (Baillargeon et al., 1994; Uller
et al., 1999). In both cases, the robustness of the representations of these events is
affected by repeated updates of the occluded set of objects. We conclude, based
on both methodological and empirical parallels, that the representational system
underlying performance on this task is shared between prelinguistic human infants
and non-human primates.

The conclusions that both monkeys and human infants deploy the same represen-
tational system in the addition/subtraction violation of expectancy looking time
studies, and that this system is the object indexing and tracking system of mid-level
vision (Carey & Xu, 2001; Scholl & Leslie, 1999), converges with data from the spon-
taneous choice task (Feigenson et al., 2002a; Hauser et al., 2000). In the spontaneous
choice method, rhesus monkeys and 10- to 12-month-old human infants were also
given the identical task, and detailed similarities in the patterns of performance were
also observed. Again, the data implicated object file representations in both the ba-
bies and the monkeys. Again, detailed similarities in the variables that affect perfor-
mance on this task across the two species implicate a common representational
resource with identical content, format, and computational properties.

Object files are symbols for attended individual objects. In these experiments, we
can be confident that spatio-temporal information is used to individuate and trace
numerical identity (sameness in the sense of same one), for the objects are indistin-
guishable in terms of properties. The monkey must establish and maintain a repre-
sentation in memory of each object as it is introduced behind the screen, and then
open a new object file for additional objects on the basis of spatio-temporal discon-
tinuity with those already represented. This theoretical perspective allows us to es-
tablish exactly how object file models do and do not represent number. Unlike
analog magnitude representations, there is no symbol for number. The content of
the symbols in these representations is object. The cardinal value of the set is not ex-
plicitly represented; rather, it is represented only implicitly as there is one object file
for each object. Nonetheless, these representations have numerical content. Object
files track individuals and the computational processes that open and maintain ob-
ject files embody criteria for individuation and numerical identity. The representa-
tional system distinguishes whether a given object is the same one or a different
one from one seen earlier. Thus, models formulated over object files track whether
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objects are added or subtracted from attended arrays. Further, arrays may be com-
pared on the basis of 1-1 correspondence, establishing numerical equivalence. The
two-box choice studies suggest that object file representations also support ordinal
computations.

We do not doubt that both non-human animals (including rhesus monkeys) and
preverbal human infants have the capacity to form analog magnitude representa-
tions of number, both with and without training (Brannon & Terrace, 1998; Hauser
et al., in review; Xu & Spelke, 2000). The crucial question raised by the work pre-
sented here, together with other studies, is why analog magnitude representations
are not recruited in the violation of expectancy addition/subtraction studies with
small sets of objects or in the two-box choice tasks. There is no reason to expect a
principled answer to this question. Number representations may be optional in some
circumstances—we do not always count the individuals in our experience. Appar-
ently, with small numbers of individual objects, it is the objects themselves that
are attended and traced through time, and in many circumstances properties of those
individuals other than their number are more salient (Clearfield & Mix, 1999;
Feigenson et al., 2002a; Feigenson et al., 2002b)

Even though there may not be a definitive answer to the question of when analog
magnitude representations of number are recruited by an animal, there may be some-
thing more to say about the differences between the circumstances in which they are
and those in which they are not. In the choice experiments, as in the present violation
of expectancy looking time experiments, objects are introduced sequentially, one at a
time, behind barriers or into closed containers. Thus, any mechanism that computes
number representations would have to be iterative, like Meck and Church’s accumu-
lator model tested in the present experiment. Recent experiments with adults, how-
ever, suggest that analog representations of arrays of objects are often created in
parallel rather than iteratively. Specifically, subjects take as long to create a numer-
ical representation of 100 dots as they do to create a numerical representation of 20
dots (Barth, 2001). Such results favor the Church and Boradbent (1990) model for
the creation of analog magnitude number representations over the Meck and Church
iterative model. If this conclusion is correct, then the present experiments do not pro-
vide optimal input for the analog magnitude system of number representation. This
possibility could easily be tested by giving monkeys and babies addition/subtraction
violation of expectancy tasks in which larger sets are placed behind the screen in
groups (e.g., 4 +4 = 8 or 4). If the participants succeeded under these conditions,
further experiments could explore the Weber fraction signature of analog magnitude
representations, sensitivity to number of updates, and so forth. Recent studies by
Flombaum (2002) and Flombaum and Hauser (in prep) provide evidence that is
consistent with the Church and Broadbent model, revealing that rhesus monkeys
can discriminate 4 vs. 8, but not 4 vs. 6, using the expectancy violation method with
appropriate controls for volume.

While the results from the present study largely converge with those from the
two-box choice task in supporting object file representations, there is also a glaring
difference in the two tasks. The choice task requires multiple updates—objects are
placed into the container one at a time. Why are there different upper limits on
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performance in the two tasks? Monkeys succeed robustly at a 1+ 1+ 1 vs.
1+ 141+ 1 comparison (3 updates vs. 4 updates) while they fail in the looking time
study at a 24+ 1+ 1 =4 or 3 comparison. Similarly, 10-month-old infants succeed
robustly ina 141 vs. 1 + 1+ 1 comparison (2 updates vs. 3 updates) while failing
inal+ 14 1=2or 3 comparison. The patterns of success and failure are the same
across both species, strengthening the conclusion that the same systems of represen-
tation are at work here, but we are not certain how to think about the discrepancy
across the two paradigms. There are at least five differences between these paradigms
that may account for the lack of complete convergence. First, the looking time par-
adigm may be more difficult because it requires matching between two different rep-
resentational formats, the imagined array formulated over object files opened
sequentially and the revealed array presented in a specific spatial arrangement.
The choice procedure, in contrast, allows the participant to compare two represen-
tations created in the same format—imagined arrays created by opening object files
sequentially. Second, the looking time procedure forces a contrast within a spatial
location (all of the action occurs at the stage) while the box choice procedure requires
a contrast between two different spatial locations. Spatio-temporal information may
help participants create representations of two distinct sets, each subject to limits on
parallel individuation (Feigenson & Halberda, 2002). Third, other studies with both
rhesus monkeys and human infants suggest that there may be differences in object
knowledge as revealed by looking as opposed to action procedures. Thus, for exam-
ple, studies of rhesus monkeys show that individuals correctly predict the location of
a falling object behind an occluder when looking is used as an assay, but not when
reaching is used (Hauser, 2001; Santos & Hauser, 2002). Fourth, the objects pre-
sented for looking and choice studies with rhesus monkeys differ. In the looking
studies, we use food items that subjects have never seen in order to grab their atten-
tion, but block approach; although the items are edible, the rhesus do not know this,
and thus rarely approach. In contrast, the choice studies use food items that subjects
know, and thus, are motivated to approach. It is possible that the level of motivation
influences the level of attention, and this in turn influences performance on these
tasks. Unfortunately, it is not possible to equate these for rhesus monkeys in the wild
because in the looking procedures, the use of familiar food would cause approach,
therefore forcing an aborted trial, while in the choice method, using unfamiliar food
or non-food would fail to elicit approach. Fifth, the attentional load on the subject
differs between paradigms. In the looking studies, subjects must attend over the
course of three trials while in the choice studies, they must attend for only a single
trial. It is possible that the level of attention in the test trial for looking (i.e., the third
trial in the session) is less than in the first and only trial of the choice procedure and
that for particularly difficult discriminations, this leads to failure in the looking par-
adigm. Future work will focus on narrowing these possibilities.

The discovery of common systems of representation across species (in this case,
preverbal human infants on the one hand and adult rhesus macaques on the other)
has both methodological and theoretical import. Methodologically, it is important to
show that the same procedures and dependent measures can be used across species,
for this makes conclusions about common representational formats less problematic.
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Once common representational resources have been established, results from one
species can bear on controversies resulting from data from the other species. A mod-
est example in the present case concerns the Marks and Cohen low-level perceptual
familiarity hypothesis. It would not be advisable to use the between-subjects design
of these studies with human babies (variance between babies is too high, so within
subjects designs are much more powerful), so it is not possible to control for famil-
iarity biases with infants as in the rhesus monkey studies. But if one accepts the ar-
guments presented here that studies of infants and monkeys are tapping common
representational resources, then the monkey results bear on the infant controversy.
If the representational systems are the same, and monkeys’ looking times are not dri-
ven by low-level perceptual matches, then neither are infants.

Theoretically, the discovery of common representational resources between non-
human primates and human infants is relevant to the project of discovering the in-
nate building blocks of human conceptual understanding. Object file representations,
with quantificational consequences, are common to monkeys and human infants,
and continue to articulate adult representations of the world as well (Carey & Xu,
2001; Hauser & Carey, 1998). The present studies, along with the two-box choice
studies, add to our understanding of the mid-level object file system of representa-
tion. Specifically, the adult literature has not typically been concerned with quanti-
tative computations over these representations (but see Trick & Pylyshyn, 1994).
Nor was it known that subjects could represent two sets, as long as each was within
the limits on parallel individuation. It is now important to assess whether other types
of individuals, such as actions and sounds, are represented by similar attentional/
short term memory systems. Recent work with cotton-top tamarins (Hauser, Deh-
aene, Dehaene-Lambertz, & Patalano, 2002) suggests that they can discriminate 2
vs. 3 auditory events even when the format of the familiarization material (i.e.,
consonant-vowel syllables) differs from the test material; following habituation to
3 consonant-vowel strings, subjects generalize to 3 tones while renewing interest
to 2 tones. Similarly, work by Wynn (1996) indicates that infants discriminate 2
jumps from 3 jumps. What is not known, with certainty, is whether these represen-
tations show the set-size signature that reflects limits on parallel individuation and
short-term memory or the Weber-fraction signature of number analog magnitude.
Recent work on tamarins shows that individuals can discriminate speech syllables
where the differences are 4 vs. 8, 4 vs. 6, and 8 vs. 12, but not 8 vs. 10 or 4 vs. 5, there-
by providing evidence in favor of Weber fractions (Hauser et al., in review).

The human capacity for number representations is unsurpassed in the animal
kingdom. Only humans create an explicit representational system (the integer list)
with the capacity to represent natural number, and only humans create mathematics.
Whereas the analog magnitude system of number representation is surely one evolu-
tionary source for human numerical understanding, it seems likely to us that object
file representations are another, distinct, evolutionary source of human numerical
abilities (Carey, 2001). The system of object file representations tracks whether a gi-
ven individual is the same one or a different one from another seen elsewhere and
embodies computations that are equivalent to adding one. Number words are first
learned for cardinal values of sets in the small number range, and the induction made
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when children learn to count has the computation of adding one at its core (the next
count label in the count list refers to a set that is one larger than the set referred to by
its predecessor). We believe, therefore, that the next critical step in our understand-
ing of both the evolution and ontogeny of number representation will be to formu-
late when object file or analog magnitude systems are tapped, and how each
contributes to formulating the system that is unique to humans.
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