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Abstract Amount vs Number
In this paper, we use the woadnountto refer to the total

. h . ok area of the objects in view; this is a continuous quantity.
evidence suggesting that even infants have primitive concepts . . )
of “more”. “less”, and “the same”. Some researchers have Number a discrete quantity, refers to how many objects are
concluded that humans have an innate number sense, presenPf€Se€nt. As shown in Table 1, these two aspects can be var-
from birth. In this paper, we present a two-part model which 1€d independently. )
explains these results in terms of continuous amount. The first A complete model would have to take into account other
part is a quantitative model addressing the results of infant features, such as total contour length (edge length), shape,

habituation studies. The second, more tentative part of the and color. Except where otherwise stated, we disregard
model addresses object individuation, subitizing, and number these details.
estimation.

How does our understanding of number develop? There is

Table 1: Amount vs Number. Both pictures in each column have the same total area.

Small Amount Large Amount

Habituation Studies on The infant is shown several more images. They may differ
Infant Numerical Abilities in arrangement, but they are the same on some critical

Three studies are addressed directly by the first part of Oljiﬂ'mension, SUCh. as the num_ber of dots. If the i_nfant habitu-
model: Starkey & Cooper (1980), Antell & Keating (1983),ate.S (stops Iookmg at new images as_long_), this is taken as
and Clearfield & Mix (1999). All three studies use the Sam%wdence that the infant detected the invariant property and

habituation paradigm, described below. e,:fatlgeht;%:?udarivcl)tr? I:He infant is shown a test image which
An infant is shown a series of images of black circles o ’ 9

squares on a white background, such as those in Table 1. differs on the critical dimension. If the infant dishabituates

Large Number (3) Small Number (2)




(spends significantly more time looking at the test image), habsolute difference in amount of stuff is larger in the former

or she presumably noticed that the property changed—themondition.

test image is new and exciting. If the infant does not disha- Fechner (1860) suggested that the perceived amount

bituate, he or she presumably did not notice anything specigtows as the logarithm of the actual amount. This almost

about the test image. does the trick, but not quite: whenever ratios are the same
In Starkey & Cooper’s study, 22-week-old infants who hadas in the 2 vs 3 and 4 vs 6 conditions), differences of loga-

been habituated on images of 2 dots dishabituated wheithms are equal. This would make the two conditions

tested on images of 3 dots (and vice versa). Infants, @qually likely to produce dishabituation.

appeared, can tell the difference between 2 and 3. To explain the greater difficulty of the 4 vs 6 condition, we
To discount the possibility that the infants were simplyneed a perception function which gromsre slowlythan a

reacting to amount, Starkey & Cooper tried 4 vs 6 dots. Thgarithm. One such function is the sigmoidal “squashing”

relative difference between the images in this condition isctivation function commonly used in connectionist “neural

the same as in the 2 vs 3 condition: the larger number hagtwork” models (Rumelhart, McClelland, et al., 1986).

1.5 times as much area as the smaller one. If infants are

using amount of area, they should be at least as likely to dis- A Quantitative Model

hagﬁut%f (I)Tr;[grerfa\éz 60?32?2ﬁ?dren and adults have a mudive presume that the photoreceptors (rods and cones) in the

easier time enumera'\ting sets of up to 3 or 4 objects th tina provide (|nd|rect).|nput to a neuron (or, more likely, a

larger sets. Enumerating large sets requires use of %Equp O-f ngurons) which codes _for the totql area .Of the

- ' ; i jects in view. If the total area is larger, thiea unitis
explicit, learned counting procedure; smaller sets can bren

enumerated quickly and subconsciously, through a rocessOre active; if the area is smaller, it is less active.
R q i y usly, 9f P This does not require that the image be individuated into
called “subitizing”. The nature of subitizing remains contro-

Al 1 if infant bitizing. the 2 vs 3 objects or preprocessed in any other way. The area unit is
\cgieiirglrlas.honul?jngec;soerélIi:?e%ntg Srrg dsuli:el :1Zilsnhga{bit3ati(\)/r§ co Actually recording the total amount of light (or lack thereof)
In fact, Starkey & Cooper’s subjects didt dishabituate received by the retina. For the studies mentioned in the pre-

in the 4 vs 6 condition. It was therefore suggested that suVious section, which use simple, black objects on a white
o . : 99 ackground, this is equivalent to the total area.
itizing may be innate.

. . . The activity of the area unit does not vary linearly with its
thgr?tsl\lfvief(eglt(ljr)wg replicated these results in newborns (Ies?nput. Instead, it varies according to a function of the form:

Clearfield & Mix’s study reexamined the amount hypothe-
sis. By changing the sizes of the objects (squares) in thef (x) = 1
displays, they were able to independently vary the number of 1+ e—ax
objects and the total amount of area and contour length.
(This study used 6- to 8-month-old infants, and only the 2 vs . . . . :
3 condition was considered.) ~n this equationx is the total input to the area unit, amd

They found that if the number remained the same, but th§ & Parameter of the model. . .
total area and contour length changed significantly, the 'N€ consequence of all this is that the same difference is
infants dishabituated. Moreover, the infadits notdishabit- ~ Percéived as being smaller if the absolute amounts involved
uate if the test image had approximately the same total ar@4€ larger. This is the well-known magnitude effect, and is
and contour length as the habituation imayen if the num- Shown in Figure 1.
ber of objects was differentin other words, infants do not
appear to distinguish between 2 large objects and 3 small
ones.

One problem remains: if infants are using amount to dig-
criminate quantities, why don't they dishabituate in the 4 vs
6 condition?

Clearfield & Mix proposed that the 4 vs 6 displays might
simply contain too much visual complexity. There is ng
guestion of comparison; the infants are overwhelmed by the
displays.

The current model focuses instead on the way amount fis
represented internafyy the infants.

If the perceived magnitude grows linearly with the actua
amount, then the 4 vs 6 condition should be more likely tp
produce dishabituation than the 2 vs 3 condition, because the Actual Amount

Perceived Amount

1By “represented internally”, we mean “represented as a patterfiigure 1: The magnitude effect as a result of a squashing
of neural activation”. We do not mean to imply that infants arefunction. Differences are perceived as smaller if the absolute
deliberately manipulating abstract, symbolic representations afagnitudes involved are larger.
amount.



In the context of the infant studies, our model predicts that
the infant dishabituates if the perceived difference in arewhere
(between the habituation and test images) exceeds some

threshold. 1
Just as the total activity of photoreceptors reflects the totdi (X) = =
visible area, the total activity of center-surround “edge 1+@ AREA

detector” retina cells (ganglion cells) reflects the total visible
contour length. Acontour unit analogous to the area unit, i5 the activation function for the area unit and
takes input from these neurons. A sufficiently large per-
ceived difference here also induces dishabituation. 1
In order to make predictions, the model must be define%(x) -
formally. LetAREA,4, be the total area (in square radians of 1+ e_GCONTX
visual angle) in the habituation images, #&REAqg; be the
total area in the test image. Similarly, @®NThap, be the s the activation function for the contour unit.

total contour length (in radians) in the habituation image, The model has four parameters: the thresholgg 4 and

andCONT¢; be the total contour length in the test image. Teont and the activation function sharpnessegg, and
The model predicts that the infant will dishabituate if and,
only if

f(AREAgs) —f(AREA, ;)| > Tarea

CONT

Setting the Parameters

We begin by calculating the total area and contour length of
the stimuli from each study. The distance from the infants to

OR the screen was different in each study, so we first convert all
lengths into radians of visual angle. The data are shown in
|9(CONT) —9(CONT, )| > TeonT Table 2.

Table 2: Data from habituation studies. Areas are in square radians of visual angle; contour lengths are in radiahs. The tes
image is assumed to be larger (in terms of area and/or contour length) than the habituation image; because of the absolute

value in the formula, the model would make identical predictions for the converse condition.

Dishabituation Condition No Dishabituation Condition
Habituation Test Habituation Test
Study Area Contour Area Contour Area Contour Area Contour
Starkey & Cooper 0.00044 0.10 0.00065 0.16 0.00087 0.21 0.0013 0.31
Antell & Keating 0.0031 0.28 0.0046 0.42 0.0062 0.56 0.0093 0.84
Clearfield & Mix 0.0089 0.53 0.020 0.80 0.0089 0.53 0.0059 0.53

We were able to find parameters for which the model giveg our being able to find parameters consistent will all three
the correct predictions for all of these studies. In othestudies. Variables such as lighting level, size of the card on
words, at least one of the thresholds is exceeded in each dighich the object appear, and subject age may affect these
habituation condition, and neither are exceeded in any nwalues. Still, it is satisfying that none of the studies disagree

dishabituation condition. qualitatively with the model, and intriguing that the same
One satisfactory set of parameters is: value can be used for both thresholds.
Oarpa = 3000 Problems With the Quantitative Model
_ In addition to the variables just mentioned, we have some
TAREA = 0.075 reservations about the quantitative model.

- 35 The model assumes that each image is registered in a sin-
Ocont = o gle eye fixation. In fact, infants move their eyes around
1 - 0.075 qqite a bit while Iooking at an image. _There are two ways
CONT ' this may not matter. First, if the infant is keeping a running

average of the area and contour length in the image, minor

Admittedly, there is some degree of coincidence involvedye movements should have little effect. Second, the infant



may be building an internal map of the image, and thenistinct. This has implications regarding parallel vs sequen-
extracting area and contour information from this “mind’stial visual search, attention, variable binding, short-term
eye” view. memory capacity (the magical number 7 +/- 2), and other
Another problem arises from studies on visual complexityareas of cognitive science. In the rest of this section, we
Karmel (1969) has given evidence that infants prefer to lookxplore how temporal synchrony may aid in number estima-
at pictures with a certain amount (varying with age) of contion.
tour length. The total contour lengths in question are so
huge (tens of radians) that, after passing through the activ&ubitizing
tion function in our model, they would be indistinguishable.
If, as our model predicts, these images are indistinguishabl
how could infants have a preference? Karmel's data co
from a significantly different paradigm, and additional fac-;
tors such as visual frequency may be coming into play. Stil
these results will eventually have to be addressed.

Temporal synchrony provides a simple explanation for the

gubitizing phenomenon. Suppose there is a unit which fires
henever any other unit fires. Thssbitizing unitrepolar-

zes faster than the other units, but not so fast that it fires
ore than once in response to a synchronized pulse. This is

shown in Figure 3.

Estimation and Subitizing

The model presented thus far may go a long way to explain-
ing infant habituation data, but it can’t be the whole story for
adults. In addition to the explicit, sequential counting procer
dure, we are able to estimate number. This estimation ability
appears to operate in parallel—unlike counting, it doesnit
take twice as long when the number of objects is twice gs
large. The magnitude effect appears here, too: estimation |of
large numbers is less accurate. Estimation is only precise
within the subitizing range, up to 3 or 4 objects.

Before number can even be estimated, it is necessary [to
individuate objects. In this section, we propose a model of
object individuation which can underlie the estimation abil-

ity.

>
>

Object 1

AN
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Object 2
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Temporal Synchrony

Animal studies (Eckhorn et al, 1988) have suggested an
intriguing hypothesis about the visual system: in certain
parts of the brain, cells which are responding to the same i
object fire at the same time. This is shown in Figure 2. Time

Subitizing
Unit
>
>

Figure 3: Subitizing with temporal synchrony. The subitiz-
VAN VAN ing unit fires whenever any other unit fires.

A
/\ /\ A\ The frequency with which the subitizing unit fires encodes
the number of objects visible. Beyond 3 or 4 objects, the
phases begin to blur together; the subitizing unit fires at its
maximum rate and the subject perceives “many” objects.

Object 1

Estimation

Numbers beyond the subitizing range can still be estimated
with the help of temporal synchrony. If a unit accepts input
/\ /\ only from others firing at a particular phase, it only receives
input regarding one object. Even if there are too many
objects to subitize, this can provide some useful information:
the size of a typical object. If this amount is used to scale the
total amount of area visible (effectively dividing the total by
Figure 2: Temporal synchrony. Three cells are respondindie size of one object), a continuous representation of the
to the first object, two to the second. Cells responding to theumber of objects is produced. This is not a terribly accurate
same object fire at the same time. mechanism (it suffers from the magnitude effect), but it is
much faster than counting.

Because the neural hardware is inherently noisy, there is a
limit to the number of synchronized phases that can be kept

>
>

Object 2

Time




Related Work phase indicates the size of an individual object, which can in

An alternative model of nonverbal numerical abilities is thelUrn be used to estimate the number of objects.
accumulator model proposed by Meck & Church (1983; Gal- _T_he secor_1d part of the model makes a 'e?'s. surprising pre-
; Jdiction: estimating the number of objects visible should be
tor which integrates over time. As each object is perceivedlifficult if the ObJeCIES vary greatly in size. | on of
the activity of the accumulator increases by a fixed amount. W€ aré now working on a connectionist implementation o

The accumulator’s activity then serves as a representation 8f'f Model, based on Gasser and Colunga's (1997) Playpen
model of object individuation and spatial relations.

number.
The imprecision of larger numbers is explained as vari-
ability in the pulses passed to the accumulator. The more Acknowledgments
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precision of larger amounts with the squashing function. We
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Figure 4: Perceived difference between images as a function of circular stimulus diameter. The M-shaped curves result from
taking the maximum of the perceived area difference and the perceived contour difference. The marked points are the data
from Starkey & Cooper (around 0.017 radians) and Antell & Keating (around 0.044 radians).

Table 3: Predictions of the model.

Circle Diameter

Dishabituation?

Table 3: Predictions of the model.

Circle Diameter Dishabituation?

radians cm@60cm 2vs3 4vs6 radians cm@60cm 2vs3 4vs6

< 0.0088 <0.53 no no 0.043 - 0.087 (includes 2.6 - 5.2 yes no
Antell & Keating)

0.0099 - 0.012 0.53-0.72 no yes
> 0.087 >5.2 no no

0.012-0.014 0.72-0.84 vyes yes

0.014 - 0.017 (includes 0.84 - 1.0 yes no

Starkey & Cooper)

0.017 - 0.020 10-1.2 yes yes

0.020-0.034 1.2-20 no yes

0.034 - 0.043 20-2.6 yes yes





