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How do humans build the rich and intricate systems of knowledge that are
characteristic of our species? How variable are these knowledge systems
across human cultures, and what are their universal properties? What
accounts for the flexibility, adaptability, and open-endedness of human
knowledge systems on the one hand, and the ease of acquisition of some
systems on the other? Finally, what differences between humans and other
animals, even our closest primate relatives, lead only humans to develop
highly elaborated knowledge systems?

Traditional answers to these questions are incomplete at best. On one
view, humans are endowed with a powerful capacity for learning, shaping
new concepts and beliefs to fit the environment. This view might account
for the flexibility and adaptability of human knowledge systems but cannot
readily explain why humans develop knowledge rapidly in some domains
but slowly, with great difficulty, in others (see Chomsky 1975, and Keil
1981). On a second view, humans are endowed with domain-specific, core
cognitive systems around which elaborated knowledge grows. This view
might account for the ease of acquisition of certain knowledge systems but
not for humans’ ability to develop systematic knowledge in genuinely new
domains or to change conceptions in radical ways (see Carey 1985; Hatfield
1990).

In this chapter, we explore a third answer to our opening questions.
Humans, we suggest, are endowed with a set of core systems of knowledge,
but the systems have critical limitations. Initial knowledge systems are
domain-specific (each applies to a subset of the entities that infants perceive
and act upon), task-specific (each serves to solve a limited set of problems),
informationally encapsulated (each operates on only part of the informa-
tion that perceivers detect and remember), autonomous (one system cannot
change its operation to accord with the states of other systems), and 1s0-
lated (each system gives rise to distinct representations of the environment).
Because these properties are hallmarks of modular cognitive systems,
humans’ initial systems of knowledge are, to a first approximation,
modules (see Fodor 1983!; Karmiloff-Smith 1992).
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Humans OVErcome some of the limits of their i11iFia] knowledge systems,
suggest, by conjoining the separate representations that those systems
Weﬁver to create new concepts of greater scope and power. Where_as tl}e
fk'ﬁﬂ gystems of knowledge may underlie childreln’s rapld learning in
}Pléciﬁc domains, the processes for conjoining domam—spemﬁc representa-
sp s may underlie humans’ ability to extend their knowledge into nov_el ter-
ﬂ:gry_ Many core knowledge §y§te1ns may bE.: found_in other arpmals,
moreovet, but the ability to conjoin representations rapidly and flexibly so

jas to yield new representations may be uniquely human. This ability may

account in large part for the richness and diversity of mature human belief
systems. )4 IRy . . e

Although the ability to conjoin distinct repr.esentatlons remains obscure,
the research to be described suggests that it involves language. Language
might serve as a medium for conceptual change becausg of two of its
central features. First, a natural language allows the expression of thougi_lts
in any area of knowledge. Natural languages thgrefore pr0v1de' a domain-
general medium in which separate, domain—spec_:lﬁc repregentatpng can be
brought together. Second, a natural language 1s a cpmbmatorlal sy.stem,
allowing distinct concepts to be juxtaposed and_ conjoined. Qllce chlldrep
have mapped representations in different domains to e;xpress:ons of their
language, therefore, they can combine those representations. Through these
combinations, language allows the expression of new concepts: concepts
whose elements were present in the prelin guistic child’s knowle@ge systems
but whose conjunction was not expressible, because of the isolation of
these systems. Pace Fodor (1975), children who learn a natural language
may gain a more powerful system of representation than any they pos-
sessed before. :

We will not argue here that this picture of cognitive development 1s true;
indeed, experiments have hardly begun to test it. Rather, we'hope to show
that the picture is plausible, and that Fodor’s (1975) compelling arguments
for the impossibility of genuine conceptual enrichment through learning,
particularly language learning, deserve another look. We discuss these
issues in two concrete cases, describing studies of developing representa-
tions of space and developing representations of number. Finally, we con-
sider the implications of this view for questions of linguistic relativity:
might speakers of different languages think incommensurable thoughts?

1 Spatial representation

The ideas explored in this chapter were suggested by the tlljik'mg and
research of Linda Hermer-Vazquez (Hermer 1994; Hermer & Selke 1994,
1996; Hermer-Vazquez, Spelke, & Katsnelson 1999). Hermer-Vazquez's




72 Elizabeth S. Spelke and Sanna Tsivicin

research began with a question that seems far removed from the stud
language or cognitive development, concerning the spatial abilitj
humalms gnd other animals. Comparative studies of navigation and spar:
loca]lgatlon present a striking puzzle. Research in behaviora] ecc?laual
expenmpntal psychology, and cognitive neuroscience provides evid e
that a Wlde variety of animal species, from insects to mammals mainta'ence
exqu151.tely precise sense of their own position in relation ‘EO signiﬁm i
places in the environment. Animals update their spatial representationc ;
they move around, and they draw on those representations in nayi ats' o
throggh the layout, reorienting themselves, and locating 0bject§r -
Qalhstgl 1990, and McNaughton, Knierim, & Wilson 1994, for reviews o
discussion). Evidence for spatial representations is so ubiquitous in anj 6.
that Gallistel captures this evidence with striking simplicity: “There 1Isn .
creature so lowly that it does not know, at all times, where it is,” 5
| In contrast, even casual observation suggests that one species is an exce
tion t(_) Gallistel’s rule: Homo sapiens. Many people living in modern tecﬁ_
nqlogxca_tl societies appear to retain very little sense of their positi,on o-
orientation, or of the egocentric directions of significant objects and placesr
as they move. Perhaps as a consequence, people often navigate on striking] :
inefficient paths, even through familiar environments. To be sure soig
people do remain aware of their egocentric orientation, but this fact ;aises a
further question: why are human spatial abilities so variable, compared to
those of other species? :

Hermer-Vazquez’s initial approach to these questions was based on the
hunch that the unique weaknesses of human spatial representations would
be (?ounterbalanced by unique strengths. In particular, perhaps the inaccu-
racies and errors of human navigators are compensated by their flexibility.
To explore this possibility, her research focused on a situation in which
other mammals have been found to form and use spatial representations
inflexibly: when they are disoriented and must call on memories of their
surroundings in order to reorient themselves,

.Chengl(.1986) and Margules & Gallistel (1988) investigated rats’ reorien-
tation abilities by exposing hungry rats to partially buried food in a testing
chamber, removing the rats and disorienting them, and then returning them
to the chamber where the food was now fully buried. The investigators
as_sumec_l _that on first exposure to the food, the rats would record its geocen-
tric position: for example, a rat might represent the food as buried in the
northeast corner of the chamber. In order for a disoriented rat to retrieve
_the fc?od on its return to the chamber, therefore, it first had to reorient itself:
In this example, it would determine its current heading and then compute
the egocentric direction of Northeast. A wealth of information was pro-
vided to specify the rats’ geocentric orientation, including the presence of
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ctive odors and patterns in different corners and, in some studies, the
ve brightness of different walls. Rats’ search patterns suggested,
er, that they used only one property of the chamber to reorient them-
- its shape. Because the chamber was rectangular, its shape specified
ts’ orientation up to a 180° ambiguity. Disoriented rats betrayed their
reliance on geometric information by searching for the food with
) frequency at its true location and at the geometrically equivalent, but
rally quite different, opposite location. Indeed, rats that were fully dis-
ted searched these two locations with equal frequency, despite the
Iith of nongeometric information that distinguished the locations
rgules & Gallistel 1988).
" [n further studies, Cheng and Gallistel showed that rats’ failure to distin-
hbetween featurally distinct but geometrically equivalent locations was
attributable to a failure to attend to or remember the room’s nongeomet-
properties (see Cheng 1986, and Gallistel 1990, for discussion). Rather,
appeared specifically unable to use their memory for nongeometric prop-
+ties of the room in order to reorient themselves, These findings led the
estigators to conclude that the rat’s reorientation process was task-specific
informationally encapsulated: “a geometric module” (Cheng 1986).
In contrast to rats, humans’ spatial representations appear to be more
ible: a disoriented person may use a wealth of nongeometric informa-
to determine where she is. Emerging from a subway, for example, a
son may determine her heading by searching for the names of streets or
numbers on buildings, by looking for shops or other landmarks, or even
asking directions. These evident abilities to use nongeometric informa-
might testify to just the sort of flexibility that distinguishes humans
m other animals.
" To address this possibility, Hermer-Vazquez adapted Cheng’s task for
with human children and adults, and she focused on the reorientation
cesses of very young children. In her first experiment (Hermer & Spelke
4), 18- to 24-month-old toddlers were introduced into a rectangular
m that was either entirely white or had one nongeometric directional
ue: a bright blue wall. After a toy was hidden in one of the four corners of
e room, the children’s eyes were covered, they were lifted and rotated
veral turns, and then they were placed on the floor and urged to find the
If children, like rats, can reorient by the shape of the room, then they
10uld have searched the two geometrically appropriate corners of the
hite room more than the other corners, Moreover, if children can reorient
¥ the distinctive coloring of one wall, they should have searched the
'fﬁi@lﬁfect corner of the room with the blue wall more than any other corner.
. '-,The findings of this experiment were both clear and surprising. First,
Children searched the two geometrically appropriate corners of the entirely
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and far from the correct corn indi ke

: ; er are indicated by N and F. (b) Th
tl;)n of young children’s search in corners C, R, N, and F m( e;ch : pls)_D_OF-
of the experiment (after Hermer & Spelke 1996) , T

whit i i
thalt : l_lr:gﬁlc\;:;}: gﬁl; and eg_ual frequency. This search pattern indicates
were disoriented, could not
trolled cues to locate the obj i ol gt
( ject, and reoriented in i
. ‘ accord with the shape of
N I?teil;;;(i;liznt. IS‘,ec:[c})lnd, children utterly failed to use the blue wall to 1rjeor-
s. In the room with one blue wall, chi i
; : , children continued to
sea i i
theré:(t)lrlrl rgse\c:{rirtlftrlcally appropriate locations, but they searched equally at
h appropriate vs. inappropriate colorin itati
St : j g. Both qualitativel
ang ilzantlti—wely, f:hll(.:lren s performance closely resembled thc'cllt of rats. i
it b:se :d gdren s failul.'e to use such a large and (to adults) salient land-
ki Var%fty Ot(_)r exp_lg;]atlon, subsequent analyses and experiments tested
possible sources of this failure. Fi i i
searched only the corners that el Bl mighitehildren iy &
_ were visible when a trial b ? i-
son of children’s performance i i e
son ¢ on trials which began with th
. : . e correct corner
1 view vs. out of view ruled out this possibility, for children were almost
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y likely to search initially visible and invisible corners.? Second, might
qren have failed to notice the blue wall? In a follow-up experiment
~mer & Spelke 1994), either the experimenter pointed to the blue and
short walls of the room until the child looked at them before the
was hidden, or the experimenter and child played with the blue fabric
o the test began and together placed it on the wall. Neither manipula-
ffected search performance, which closely resembled that of the first

ird, would children reorient by the distinctive color of a wall if the
metric information for reorientation were reduced? To address this
n, children were tested in a square room that contained one very
+ red satin wall (Wang, Hermer-Vazquez, & Spelke 1999).
estingly, children’s performance differed in the square room in one
ot: this was the only experiment in which children tended to search in a
tant egocentric direction relative to their facing position at the end of
isorientation procedure. This finding suggested that disorientated chil-
did not attempt to reorient themselves in this geometrically impover-
environment and instead relied on an egocentric strategy for finding
object. Nevertheless, the use of a square room did not enhance chil-
’s ability to reorient themselves in accord with a nongeometric land-
k. Search was no more accurate in the room with the red satin wall than
¢ room that was entirely white, even though the satin wall drew chil-
’s attention quite strongly at the start of the search session.
Since these findings suggest that children’s reorientation process is quite
ervious to wall coloring, further experiments investigated whether the
entation process could take account of information specifying the cat-
al identity and properties of objects. In one study (Hermer, unpub-
ed), a large multicolored plastic statue of a person was placed directly
inst one of the short walls in the rectangular room, and a blue trash can
similar global proportions was placed against the opposite wall.
Idren reliably confined their search to the two geometrically appropriate
ners, indicating that they were sensitive to the lengths of the two short
Nevertheless, they failed to distinguish the correct from the opposite
ner, suggesting that their reorientation process was insensitive to the
ntities of the objects at the center of those walls (see also Hermer &
selke 1994: Exp. 3).
In the next study, the color and patterning of the object’s hiding location
ed as the nongeometric information for reorientation. Disoriented chil-
n searched for an object that was hidden inside one of two containers
h distinctive coloring and patterning but identical shapes, placed in geo-
etrically indistinguishable, opposite corners of the rectangular room.
Although children searched for the object by passing their hand directly
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into the distinctive container, they searched the correct and incorrect
tainers with equal frequency. Nongeometric information again fail
serve as a basis for reorientation (Hermer & Spelke 1994).

Why was children’s reorientation impervious to nongeometric inform-
tion? One possible explanation roots children’s difficulty in a generg] faj] ¥
to perceive, attend to, or remember nongeometric information: Perhg
children are inattentive to colors, textures, and patterns in an encloseq envi.
ronment, fail to retain this information during a disorientation Proceqd
or fail to access this information during an object search task. These pos.
sibilities were tested by allowing children to watch as a toy was hidden iﬁ
one of two distinctive containers in the rectangular room, disorienting the
children as in the previous experiments, moving both the children and the
containers into a larger, geometrically distinctive space, and encouraging
children to find the toy. This search required that children use the nongeo.
metric properties of the containers to track the location of a displaceq
object but not to reorient themselves. For the first time, children succeedeq
in searching the box with the appropriate nongeometric properties, suggest.
ing that children’s previous failures to reorient by these properties did not
stem from limits on attention, memory, or the perceptual guidance of
action (Hermer & Spelke 1996: see also Hermer & Spelke 1994, Exp. 4),

A final experiment tested directly whether children, like rats, reorient by
virtue of a task-specific, encapsulated process (Hermer & Spelke 1996, fig,
3.2). Children first watched as a toy was hidden in one of two distinctively
colored and patterned containers, placed in adjacent corners of the room,
and then their eyes were closed and the containers were quietly moved to the
opposite two corners of the room such that their geometric and nongeomet-
ric properties were dissociated (i.e., if pink and green boxes originally
appeared to the left and right of a short wall, respectively, the boxes subse-
quently appeared on the opposite wall in reversed left/right relations). In one
condition, children were disoriented while the containers were moved; in the
other condition, they were not disoriented. Note that in both conditions,
children saw exactly the same environment and events throughout the study
and were asked to engage in the same actions. Nevertheless, the tasks faced
by children in the two conditions were deeply different. The disoriented chil-
dren needed to relocate themselves, so that they could determine the egocen-
tric direction of the hidden object. In contrast, the oriented children knew
where they were and therefore could determine, by computing the hidden
object’s expected egocentric direction and encountering an empty corner,
that the object had moved. Their task was to relocate the object.

Search patterns were quite different in the two conditions. Whereas the
disoriented children searched primarily the container with the appropriaté
geometry, the oriented children searched primarily the container with the
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Fig. 3.2 (a) Overhead view of the chambe}' at the beginning (_left) and end
_(right) of each search trial. For half the children, t.he geometrically correct
~ location (G) was in the southeast corner as depicted; for tl'm other chil-
, dren, the locations of that corner and of the nongeorpetncally correct
i corner (NG) were reversed. (b) The proportion of chlldrcp’s s‘earch_ in
corners G and NG under conditions of orientation or disorientation

(after Hermer & Spelke 1996).

iate color and markings. Importantly, the differing patterns were
 on the first search trial, before children could know what task they
d face and what information they would need to remember. These
ngs provide evidence that young children perceive and remember both
tric and nongeometric properties of the environment, and that a
>cific, encapsulated reorientation process makes use only o'f asubset
¢ properties. Like rats, young children appear to reorient by a
system sensitive only to geometry.

Developmental changes in spatial representation

-Vazquez's studies suggest a close correspondence between the reor-
N Systems of rats and humans, but they bring us no closer to answering
stion with which we began: why are many people so bad at maintaining
ientation and navigating on efficient paths? To address this question,
'€T turned to studies of developmental changes in reorientation.
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Her first study focused on adults (Hermer & Spelke 1994). College st
dents were given the same reorientation and object search task as the Chil‘
dren in the first study: they searched for an object hidden in a corney of i
rectangular room that was entirely white or had one blue wall. Like Chi]dre:
and rats, the adults confined their search to the two geometrically appropy;.
ate corners and searched those corners of the white room with equa) fre.
quency. These findings indicate that the adults were disoriented ang Were
sensitive to the room’s geometry. Unlike children or rats, however, adulgg
confined their search to the single correct corner of the room with the pjy,
wall, using nongeometric information to locate the object.

Adults’ comments after the experiment were intriguing. Asked how they
decided where to search for the object in the white room, few subjects mey.
tioned any aspect of the room’s shape, even after probing. Many subjecs
said they simply guessed a corner. Although the subjects used room £e0me.
try flawlessly in this study, they did not appear to be aware of what they
were doing. In contrast, almost all subjects mentioned the wall coIoring
when asked how they located the object in the room with one blue wall,
Many subjects described the direct relation of the hidden object to the wa]:
e.g. “I'saw you hide it left of the blue wall.”

These comments suggested that adults might have used the wall as 4
landmark for locating the object, rather than as a cue for reorienting them-
selves. A developmental experiment supported this suggestion. Three- to
seven-year-old children were tested in the rectangular room with one blug
wall (Hermer 1997). In one condition (an indirect task), the toy was hidden
in a corner as in the previous studies: €.g., to the left of the blue wall, In the

other condition (a direct task), the toy was hidden directly behind the center
of a short wall: e.g., behind the blue wall. At six-seven years of age, chil-
dren successfully located the object in both conditions. At three—four years
of age, in contrast, children succeeded at the direct hiding task but not the
indirect task. Because the blue wall provided the same information about
the child’s orientation in the two conditions, the younger children’s perfor-
mance suggests that they were not using the blue wall to reorient themselves
but rather to specify the position of the hidden object. Such a specification
would allow children and adults to locate the object while remaining in a
state of disorientation.

Hermer’s studies suggested that developmental changes in object local-
ization were roughly correlated with changes in spatial language. Recall
that adults both encoded and readily described the object’s relation to the
blue wall. In addition, young children’s ability to encode the object’s rela-
tion to the blue wall approximately coincided with the development of rele-
vant spatial expressions: three- to four-year-old children command a
variety of expressions, such as in X or ar X, that could serve to specify the
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i i irectly behind a blue wall, and, six- to seven-

o ‘Lril ZEJZi:: kllvlt:,jg(;iizrrllidnlszeto Zommand the relevant left/right termi-
g - I:f the object’s lo‘éation in the original studies (Hermer 1997).
ogy b yex lanations for these developmental relations could be
e mam’jse tllc')le possibility that the development of spatial language

ral ; _ : 5
b T:[I;zyin some way to developmental changes in children’s perfor
u

o L tl‘::f’:last series of experiments begins to test this possibility

l-.ﬁgrmer—VaZuC;in a dual-task method (Hermer-Vazquez, .Spelke, &
B '-: adult5,1999) gCollege students participated in a reorientation experi-
ﬁaﬁtsnels'fm for-ming a task designed to interfere with language produc-
! o pe; dowing. As they spoke aloud continuously, repeating a
o i t?; which .they listened over a centrally located loudspeaker,
- . the disorientation procedure and object search task in the
ey un“ii‘w::::bhfe wall. Different subjects, moreover, were tested with.a
o W‘ttat?ention—demanding task that involved no language: a tasll{ in
W 'ell'flzubjects continuously shadowed a rhythmic sequence by lclappmg.
ﬁ)_rh:results were striking: verbally shadow'ing adults 'reorlcntﬁd }nticcto‘ig
wﬂ;h the shape of the room but not its coloring, searching equally dtd e 4
-gﬁémetﬁcally appropriate corners. In contrast, adults who. engage n} !
rhythrmc shadowing task orinno shadow.mg located the object success (fusi
;gt.t]ie single, correct corner. A task th.aj[ mterferec! with lan.gu‘ag_e prlo i
Jﬁmn also interfered with the adults’ ability to localize the object in rela
‘ 8
m;?:nbilzg:;quez’s findings encourage us to specula}te how the de\];eli?pm;rll;
of language might lead to developmental chgnges in her task}i;. efore he
development of spatial language, children evidently form bot repres_ent
tions of the geometry of the stable environmenFal layout (used for reorien aci
tion) and representations of the nongeometric properties qf objects an
surfaces in the layout (used for finding displaced, hidden objects). Beclaltlsg
these representations are constructed l:_)y autonomous fflnd encapsu aih
systems, they cannot be conjoined. The inability to conjoin geo)metrlc wnt
nongeometric descriptions of the environmgnt precludfas chlld.ren 5 represent-
ing an object’s location as being in a certain geometric relation to a cer]tam
nongeometric environmental property: e.g., left of a blue wall._Never.the essil
children’s modular systems permit them to represent all the mgredlents‘ 0
telations such as “left of blue”. The geometric system preserves information
about sense relations, allowing children to differentiate bejtween corners of the
foom which differ only with respect to the left/right relation of the .short and
long walls, Other systems preserve information about nongeometric prlope.r-
ties of the environment, allowing children to conﬁne their search for a dis-
Placed object to a container with appropriate coloring and patterning.
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Because both geometric and nongeometric relations are represented py,

linguistically, children could learn to use language to conjoin these re]atj()n;
in either of two ways. First, children might learn terms such as lef and negy
by mapping the terms directly to representations constructed by the 260,
metric system, and they might learn terms such as blue or toy by Mapping
the terms to appropriate nongeometric representations. Once these Map.
pings are learned, the domain-general, combinatorial properties of Jap.
guage would allow the child to interpret expressions such as lef of the blye

wall or near the toy.

A second way of using language to conjoin information from
modular systems assumes that complex spatial expressions conjoining geo-
metric and nongeometric information are learned as wholes. In this case,
terms such as left and near would derive their meanings not from mappingg
to a single system of representation, but from simultaneous mappings to
several distinct systems. For example, children might first learn the mean-
ings of expressions such as your left hand or the Ppicture near the windoy,
Learning these expressions would require the simultaneous activation of
(a) representations of token objects (i.e. “there’s an object x and an object
y”), (b) nongeometric representations of each object (e.g. “x is a window,”
"y is a picture”), and (c) geometric representations of the relation between
the objects (“y is near x”). If spatial terms are learned only in the context of
expressions that require multiple, simultaneously active representations for
their satisfaction, each term will connect to both geometric and nongeo-
metric representations and therefore will link these representations to one
another.?

Both of these processes exploit two central properties of language. First,
language is a domain-general system of representation, containing terms
that refer to objects and relations whose primary representations are con-
structed by a diverse collection of modular systems. Second, language is a
combinatorial system, allowing terms to be conjoined irrespective of their
(domain-specific) content. Language therefore can expand the range of a
child’s concepts by conjoining terms that map to elements in distinct, non-
verbal representations.

Returning to the case at hand, we suggest that the acquisition of spatial
language allows the child to represent the position of a hidden object in new
ways. The use of spatial language also might underlie the marked
differences between the spatial behavior of humans and other species.
People, we have noted, represent space more flexibly than other animals,
capturing properties of the environment with words and maps (which
conjoin both information about the shape of the environment and nongeo-
metric information such as the names of streets and other landmarks and
the nature of the terrain). Language may provide an important medium in

diStincg’
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. + cuch information is organized, allowing people to use a qu:ie ranhtget }cla:
h:ntational resources to encode and remember routes throug
e St > 5
ts and places. _
i ent and the location of objec . 4
0?;2 negative side, western adults often make their way tlrtlroi,t_.l',ik;zm(f) i
k- i i : i centric orientation, trav
with little sense of their geo .
eigrlst paths. These limitations may stem from two prlqiertles of r:lt'l: ];Ziz
3 ; i h as English represe
resents space. First, languages suc : ' :
- of the };eocentric positions of the self or ob!ects. Asa cfonse
rs of these languages do not need to maintain a Zens;le 0 tgeo-1
irection i ' Levinson 1996a).* Second, all natura
direction in order to talk (see‘ . e
i tial relations crudely, wi !
— s appear to represent spa : . '
'gu?’gzchelirl:atic categorical relations among objects irrespective of t'hi'lr
'tl;lrgl structure (Talmy 1983; Landau & Jacke;ndoﬁ” 1993). L11ngu1i 12
tr:i:ptions of the layout therefore lack the precision of nonverbal, metr
presentations. ) g
%r;izuy the use of spatial language could.accognt, in part, for mdmiil-
%1 diﬁ'er;:nces in spatial performance within a single langu?gel(i:((:)iir;mof
e i inciple allows for a multip
- Because language 1 pricip - e
on i i ion, i for a variety of representatio
oniunctions of information, it allows : :
-{&i&efxlrironmcnt. People may differ both in their degree; of d_epenglex}[c:h?;
i j i in the specific conjunctions tha
nage-based conjunctions, and in e specil
E?;g:o gguide their actions. If this possibility is correct, then v;fle twr(;ﬁg
éxp‘ect substantial individual variation in sp.atl_al perforr?a{lce 1rtfozzmance
Bicon; i i ation and less variation in spatial pe
on conjunctions of information : ot
that relies on purely geometric information. This p

tested.

& Number

In the domain of space, uniquely human IBpI_’BSEIlta_tIOI:lal ab111t1estzggif:l
to entail costs in precision and accuracy bltll‘)ﬂelfi gains in repretsip ;o
power. In other domains, the ability to conjoin distinct %‘epresenda 1;; CiSiony
lead both to gains in representational power and to increased p :
Here we consider one domain where both advgnces may occur. e

: Starting again from a comparative pgrspectwe, researc.h onawi bcia uitou};
of animals suggests that representations of numerosity aret.u 1 1q at
among vertebrates. Fish, birds, and mammals res_pond systematica }Ifl .
Tate at which food is provisioned in natural settings, and pigeons a e
have been trained in laboratory experiments to respond to tik}e riun; s
events (light flashes, sounds) in a sequence or the nurnbel"& ocac 311(21 : 199;

‘have performed (for reviews, see Gallistel 1990; Boysen & Cap st tha{
and Dehaene 1997). There is no obvious upper bound to the size 0
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