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ABSTRACT—Human infants appear to be capable of the

rudimentary mathematical operations of addition, sub-

traction, and ordering. To determine whether infants are

capable of extracting ratios, we presented 6-month-old

infants with multiple examples of a single ratio. After re-

peated presentations of this ratio, the infants were pre-

sented with new examples of a new ratio, as well as new

examples of the previously habituated ratio. Infants were

able to successfully discriminate two ratios that differed by

a factor of 2, but failed to detect the difference between two

numerical ratios that differed by a factor of 1.5. We con-

clude that infants can extract a common ratio across test

scenes and use this information while examining new dis-

plays. The results support an approximate magnitude-

estimation system, which has also been found in animals

and human adults.

Adults possess a mathematical system with two broad compo-

nents: an inherent ‘‘number sense’’ of approximate magnitude

and basic mathematical operations, and a symbolic capacity to

precisely quantify, express, and relate these magnitudes and

operations. Recent evidence indicates that preverbal infants

also possess an inherent capacity to represent and manipulate

approximate numerical magnitudes. They can discriminate

between two numbers of items (e.g., 8 and 16) if the values are

sufficiently disparate (Xu & Spelke, 2000). These numerical

representations are independent from perceptual variables (e.g.,

area or contour length; Simon, Hespos, & Rochat, 1995; Xu &

Spelke, 2000), are highly salient to infants (Brannon, Abbott, &

Lutz, 2004), and are represented in an abstract and sensory-

independent fashion (Kobayashi, Hiraki, Mugitani, & Ha-

segawa, 2004). Infants can also perform operations that utilize

these numerical representations. They can add and subtract sets

of objects (McCrink & Wynn, 2004) and can discriminate as-

cending from descending ordering of magnitudes (Brannon,

2002).

The discovery of infants’ mathematical competence has par-

alleled a rich literature on numerical representations in animals,

which illustrates that many species (e.g., rats, pigeons, ducks,

and nonhuman primates) also have approximate, abstract nu-

merical representations. Both human infants and nonhuman

animals have been shown to represent numbers of physical

objects (Van Loosbroek & Smitsman, 1990; Capaldi & Miller,

1988), as well as sounds (Hauser, Dehaene, Dehaene-Lambertz,

& Patalano, 2002; Lipton & Spelke, 2003). They can enumerate

stationary or moving items, presented either simultaneously or

sequentially (Brannon & Terrace, 1998; Meck & Church, 1983;

Wynn, Bloom, & Chiang, 2002). Both infants and animals ap-

pear to have no upper limit on the magnitudes they can represent

(Platt & Johnson, 1971; Xu, Spelke, & Goddard, 2005). Both

populations go beyond simple representations of numerical

values; they can also use these magnitudes as variables in

computations (e.g., addition or subtraction; Brannon, Wusthoff,

Gallistel & Gibbon, 2001; McCrink & Wynn, 2004).

The pattern of findings in both literatures suggests the exis-

tence of approximate magnitude-estimation systems, in which

numbers are represented inexactly because of inherent error in

the enumeration process. The error in the enumeration process

is proportional to the represented magnitude. Enumeration

processes of different populations have different error levels.

For example, adult humans, irrespective of formal education,

are relatively proficient and can discriminate two magnitudes

that differ by a factor of roughly 1.15 (Pica, Lemer, Izard, &

Dehaene, 2004). Six-month-old infants, in contrast, have much

noisier systems and successfully discriminate magnitudes only

when they differ by at least a factor of 2.0 (Lipton & Spelke,

2004). The finding that numerical discrimination relies on

proportionate, rather than absolute, differences between values

is a signature of an analog magnitude-representation system.

Some researchers propose that these magnitude-representa-

tion systems are serial, whereas others argue that they are par-

allel. A serial (or iterative) approximate-magnitude system acts

like a child counting a set of toys. Each item to be enumerated is
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tagged by the system, and the final value that is assigned is the

cardinal value of the set (Gallistel & Gelman, 1992). One spe-

cific serial system that has been proposed is the accumulator

mechanism, which is composed of a sensory source for a stream

of impulses, a pulse former that gates this stream of impulses for

a fixed duration (around 200 ms) whenever an object or event is

counted, an accumulator that sums the impulses gated to it, and

a mechanism that moves the magnitude from the accumulator to

memory when the last object has been counted (Gallistel, 1990;

Meck & Church, 1983). In a parallel magnitude-approximation

system, amounts are enumerated in a parallel fashion, much as

how one directly perceives area, density, or other continuous

variables. Such a system computes numerical information by

simultaneously tagging each item to be enumerated, normalizing

over extraneous features like size, and summing the overall

neural activation (Dehaene & Changeux, 1993), or by taking

into account the global characteristics of the display and cal-

culating the numerosity via a density function (the relationship

of overall area to available interelement space; Barth, Kan-

wisher, & Spelke, 2003; Church & Broadbent, 1990).

Several numerical abilities that have been explored in ani-

mals have not been tested in infants. In the animal literature,

there are abundant examples of probability matching, in which

ratio information is extracted and applied to optimize foraging.

For example, animals apportion their foraging behavior to dis-

tinct locations in accordance with their relative expected rate of

payoff. In a classic study, Harper (1982) found that the way

ducks distributed their foraging time to two experimenters on

opposite sides of a pond was proportionate to the amount of food

offered by each source, integrated over both size and frequency

of distributed bread morsels. Although Harper did not speculate

as to what underlying computations the ducks performed, it has

been suggested that they could have matched the ratios only if

they completed some process equivalent to dividing the number

of morsels by a unit of time (say, 1 min), stored the rate of overall

quantity per unit time, and used this outcome to guide their

foraging behavior (Gallistel, 1990). If human infants’ numerical

abilities stem from the same underlying mental mechanisms

found in nonhuman animals, then one might expect to find an

analogous ability to extract and compare ratios in human infants.

To investigate this possibility, we devised a study that tested

6-month-old infants’ ability to extract the numerical ratio be-

tween two sets of items and to determine whether or not new set

pairs embody the same ratio. If infants looked longer to exam-

ples of a new ratio, this would indicate that they (a) had ab-

stracted a ‘‘template’’ ratio to which subsequent scenes were

compared and (b) were able to compare ratio information across

scenes, despite differences in the absolute number of elements.

In addition, we examined the limits of infants’ discrimination

function for ratios. If the limits on infants’ ability to discriminate

two distinct ratios mimic the limits on their ability to discrimi-

nate two distinct numerical values, this would suggest that the

two abilities rest on the same underlying cognitive mechanism.

Previous studies have shown that 6-month-olds discriminate

individual values that differ by a factor of 2.0, but not a factor of

1.5. Accordingly, we tested infants’ ability to discriminate ratios

that differed by a factor of 2.0 (distant-ratio condition) and a

factor of 1.5 (close-ratio condition).

METHOD

Subjects

Forty-four 6-month-old infants (26 males, 18 females; mean

age 5 6 months 5 days, range: 5 months 12 days to 7 months 1

day) were recruited from Connecticut via mailing lists. The

ethnicity of the sample is consistent with its voluntary nature

and the area of recruitment: 75% Caucasian, 18% African

American, 5% Hispanic, and 2% Asian. Ten additional infants

were tested and excluded from the analyses because of fussiness

(7) and experimenter or equipment error (3).

Design, Stimuli, and Procedure

The infants were first habituated to a sequence of displays

containing differing numbers of yellow Pac-Men and blue pel-

lets in a single specific ratio to each other. Two types of test trials

were then presented. One contained new examples of the ha-

bituated ratio, and the other contained examples of a new ratio.

Test trials were identical across habituation groups, thereby

controlling for factors intrinsic to the test scenes themselves.

The displays during habituation and those during test were

roughly equal in area, contour length, and density of the ele-

ments, as well as in total number of elements.

There were two conditions with 22 infants in each. In the

distant-ratio condition, half of the infants were habituated to

scenes in which the ratio of pellets to Pac-Men was 2:1, and the

other half were habituated to scenes in which the ratio was 4:1.

At test, the infants were shown new examples of scenes with

ratios of both 2:1 and 4:1. Thus, the ratio values themselves

differed by a factor of 2. The sole difference in the close-ratio

condition was in the values of the ratios in the habituation and

test scenes. Infants were habituated to ratios of either 2:1 or 3:1

and were presented at test with new examples of each of these

ratios (see Fig. 1).

Infants first saw a short movie of yellow Pac-Men eating blue

pellets. The function of this introduction was to interest the

infants in the experimental setup and to establish a relationship

between the two types of items on the screen. The infants were

then habituated to a series of distinct, sequentially presented,

looming ‘‘slides.’’ Each of these slides exhibited an exemplar of a

particular ratio. Although the numerical ratio was constant

across habituation, both the absolute numbers of Pac-Men and

pellets and the continuous extent of the elements themselves

varied from slide to slide. Each habituation series presented five

different types of slides repeatedly. In the distant-ratio condi-

tion, the numbers used (number of pellets:number of Pac-Men)
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were as follows: 8:4, 38:19, 22:11, 14:7, and 30:15 for 2:1

habituation and 12:3, 48:12, 28:7, 24:6, and 36:9 for 4:1 ha-

bituation. The following values were used in the close-ratio condi-

tion: 8:4, 38:19, 22:11, 14:7, and 34:17 for 2:1 habituation and 9:3,

48:16, 27:9, 15:5, and 36:12 for 3:1 habituation. Once a series of

habituation slides finished, the computer looped back to the be-

ginning of the series. Presentation of the habituation slides con-

tinued until the end of the trial, which was reached when the infant

looked away continuously for 2 s or had looked at the slides

continuously for 60 s. At this point, an attention-getting stimulus of

a rotating disk with music was presented, and when the child re-

oriented to the screen, the looping series of habituation slides

continued.

In all the habituation series, the ratio between the spatial area

of pellets and the spatial area of Pac-Men averaged 1:1, as did

the ratio between the subelements’ contour length; these ratios

varied from 1:4 to 4:1 across slides. In the 38:19, 48:12, and

48:16 habituation displays, the pellets had 4 times the area and

contour length of the Pac-Men, and in the 14:7, 24:6, and 15:5

habituation displays, the pellets had 2 times the area and con-

tour length of the Pac-Men. For the 22:11, 28:7, and 27:9 dis-

plays, the two kinds of subelements had equivalent areas and

contour lengths. The 30:15, 36:9, 34:17, and 36:12 displays had

Pac-Men with twice the area and contour length of the pellets,

and the 8:4, 12:3, and 9:3 displays had Pac-Men with 4 times the

area and contour length of the pellets.

After a full habituation phase (defined as the occurrence of 3

consecutive trials with summed looking time less than 50% of

the infants’ summed looking time on the first 3 trials), or a

maximum of 12 habituation trials, infants were shown 8 test

trials. Each test trial comprised 3 sequentially presented looming

slides with the same ratio and same numbers of Pac-Men and

pellets. The only difference among the looming slides within

each test trial was whether their total area and summed contour

length was small, medium, or large. That is, some test slides had

very large objects, some had very small objects, and some had

objects of intermediate size. We did this to keep the interest of the

infants and to ensure generalization at test regardless of the

particular perceptual characteristics of the scene. The order of

presentation type (large, medium, or small continuous extent)

within each test trial was counterbalanced. The following num-

bers of subelements (pellets:Pac-Men) were used during test:

20:10, 32:16, 40:10, and 32:8 for the distant-ratio condition and

12:6, 30:15, 18:6, and 30:10 for the close-ratio condition. Each

test slide loomed for 1 s and remained on screen for an additional

second before the next slide in the series was presented, until the

Fig. 1. Schematic of the experimental design and stimuli. The habituation stimuli illustrate the 4:1
ratio from the distant-ratio condition.
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end of the trial. Each test trial was presented twice, for a total of

eight test trials.

Sample stimulus videos can be viewed on the Web at http://

www.yale.edu/infantlab/mccrink_multimedia.html. An experi-

menter blind to the displays timed each infant’s looking on-line.

These data were ultimately used for the analyses; 25% of the

infants were also timed by a second coder, and very high levels of

concordance were found (correlation of .92 across the two con-

ditions).

RESULTS

A 2 (habituation group: habituated to 2:1 ratio vs. habituated to

non-2:1 ratio)� 2 (experiment: close ratio vs. distant ratio)� 2

(order of presentation: familiar ratio presented first vs. novel

ratio presented first)� 2 (gender)� 2 (test ratio: looking time to

2:1 test ratio vs. looking time to non-2:1 test ratio) overall

analysis of variance revealed no significant effects of order, F(1,

28) 5 2.23, prep 5 .76, or gender, F(1, 28) < 1, so these factors

were not considered in subsequent analyses. For the distant-

ratio condition, a significant interaction was found between the

habituation group and test ratio, F(1, 14) 5 8.14, prep 5 .966,

Zp
2 ¼ :37 (see Fig. 2). Infants habituated to a ratio of 2:1 looked

at new exemplars of 2:1 for 8.05 s and at exemplars of 4:1 for

12.14 s, t(10) 5 2.59, prep 5 .945, d 5 0.82. Nine of the 11

infants looked longer overall to exemplars of the novel ratio

(one-tailed sign test, z 5 2.11, prep 5 .937). Infants habituated to

a ratio of 4:1 looked at new exemplars of 4:1 for 7.74 s and at

exemplars of 2:1 for 9.89 s, t(10) 5 1.79, prep 5 .878, d 5 0.44.

Eight of the 11 infants in this habituation group looked longer

overall to exemplars of the novel ratio (one-tailed sign test, z 5

1.51, prep 5 .855). In total, 17 of the 22 infants showed an overall

preference for the novel ratio at test (one-tailed sign test, z 5

2.56, prep 5 .966).

An identical analysis of the close-ratio condition showed no

interaction between habituation group and test ratio (F< 1; see

Fig. 2). Infants habituated to a ratio of 2:1 looked at new

exemplars of 2:1 for 9.10 s and at exemplars of 3:1 for 8.76 s,

t(10) < 1. Six of the 11 infants in this habituation group looked

longer to the novel ratio (one-tailed sign test, z 5 0.3, n.s.).

Infants habituated to a ratio of 3:1 looked at new exemplars of

3:1 for 8.81 s and at exemplars of 2:1 for 9.87 s, t(10) < 1. Four

of the 11 infants in this habituation group looked longer to the

novel ratios (one-tailed sign test, z 5 �0.9, n.s.). Overall, 10 of

the 22 infants showed a preference for the novel ratio at test

(one-tailed sign test, z 5 �0.43, n.s.).

On the basis of the previous literature on discrimination

limits, we predicted that infants in the distant-ratio condition

would perform significantly better than those in the close-ratio

condition. To test this prediction, we calculated the difference

between each infant’s looking times to the novel ratio and to the

familiar ratio at test. Infants in the distant-ratio condition looked

on average 3.12 s longer when faced with a new ratio at test, but

infants in the close-ratio condition looked only 0.37 s longer to

the new ratio, t(21) 5 1.90, prep 5 .907, d 5 0.59. Thus, in the

distant-ratio condition, but not the close-ratio condition, infants

successfully discriminated between the old ratio and the new

ratio. This result indicates that infants in the distant-ratio con-

dition were able to (a) extract from the habituation scenes the

common ratio and (b) compare that ratio information across

displays at test.

DISCUSSION

Six-month-old infants possess remarkable competence for rep-

resenting proportions. The finding that their ability to discrim-

inate two ratios rests on the proportionate difference between the

ratios, and that their discriminability function for ratios appears

to be similar to their discriminability function for individual

numerical values, indicates that this ability is based on the same

mechanism as infants’ other numerical capacities. This study

provides additional evidence for non-species-specific number

representations, which are supported by a mechanism whose

outputs can be used as variables in complex operations, in-

cluding ratio extraction.

One alternative explanation for these results is that the infants

responded to the greater change in the absolute number of

subelements (either pellets or Pac-Men) in the novel than in the

familiar test-ratio displays. But the values in our design were

specifically chosen to exclude this possibility. Say, for example,

that the infants habituated to the ratio of 2:1 attended only to the

pellets in the displays and formed an idea of roughly how many

pellets to expect (on average, 22.4). Theoretically, they could

then view the 4:1 test scenes, which had an average of 36.0

pellets (a proportionate difference from habituation displays of

about 1.6:1), as more novel than the 2:1 test displays, which

had an average of 26.0 pellets (a proportionate difference from
Fig. 2. Infants’ looking time across the four test pairs as a function of the
test ratio (novel vs. familiar) and condition (distant vs. close ratio).
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habituation displays of about 1.2:1). But these proportionate

differences in the average number of pellets are below 6-month-

olds’ discrimination threshold, so the infants could not have

discriminated the old-ratio displays from the new-ratio displays

on this basis. (Additionally, this strategy would have been

available to infants in the close-ratio condition as well; the

absence of a response to a change in the absolute number of

subelements in this condition suggests that a different process

was driving the looking time in the distant-ratio condition.)

Let us now turn to the finding that infants’ discrimination limit

for telling two ratios apart is similar to their limit for simply

telling two individual magnitudes apart. The sense of proportion

infants exhibited in this study is approximate in the same way

that infants’ representation of magnitudes is approximate. Be-

cause infants of this age can tell 20 from 40 (but not 20 from 30)

and can tell 2:1 from 4:1 (but not 2:1 from 3:1), it appears their

representations of magnitude and of ratios are similar; 20 ob-

jects is ‘‘roughly 20,’’ and a ratio of 2:1 is ‘‘roughly twice as

much.’’ The preserved Weber-fraction limit found in this study

could be viewed as an indication that the same mechanism in-

fants use during simple magnitude-discrimination tasks was

used here, and it yielded a general sense of proportion in the

same manner that it yields a general sense of magnitude. This

interpretation is problematic for the mechanisms outlined in the

introduction, which predict additive error when an organism

represents and operates over multiple amounts. Indeed, additive

error is observed when adults and children perform addition and

subtraction over approximated magnitudes (Barth et al., 2006).

Why would the ability to extract ratios be more precise than

the ability to add or subtract two amounts? One possibility is that

this preserved Weber-fraction limit is due to the presentation

style used in the current study. The two amounts to be manip-

ulated in addition and subtraction studies to date have always

been presented sequentially, and the operation has had to be

performed over estimated magnitudes held in memory. In the

current study, the memory load was quite low, as the two amounts

to be enumerated and related were directly available at the same

time, and there was no need to shift attention while holding one

variable in mind and estimating another. The current design

allowed the infants to simultaneously compare two magnitudes

and the relation between them, and this simultaneous compar-

ison ultimately may have reduced error to levels normally found

only in magnitude-discrimination tasks. Although this hypoth-

esis was not directly tested in the current study, future work that

manipulates how the magnitudes are presented may help to

solve the mystery of the preserved discrimination limits found

here.

A logical next step, in keeping with the continuity hypothesis,

would be to test the ability of children and adults to compute

numerical ratios. Although there is some evidence already that

children can implicitly measure spatial proportions (Sophian,

2000), to date no work has measured the ability of school-age

children or adults to approximate two magnitudes and gauge

their ratio. An ideal set of studies would measure the ability of

children and adults to extract ratio information without using the

explicit strategies of counting or verbal rehearsal, and would test

this ability using low-level attentional measures that mimic

those employed here (such as probing which test ratios are more

interesting, or measuring reaction time of key presses to novel

vs. familiar ratios).

The present results, in tandem with other findings on nu-

merical abilities in infancy, support the claim that the number

sense is a core capacity that is likely to be similar from organism

to organism despite variations in culture or directed experience.

The infants tested, although not newborns, were very young and

had not experienced any schooling or instruction on the nature of

number representations; nor did they have language, which

could support the sort of computations we are proposing. The

evidence presented in this article speaks against the strong

empiricist claim that infants possess representations of a solely

perceptual nature and are not able to represent abstract prop-

erties of external stimuli. The fact that the capacity of ratio

extraction, critical to survival in other animals, is present from

early on in human development makes a strong case for evolu-

tionary continuity.
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