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A B S T R A C T

What is the minimum amount of information needed to represent in the mind an object's existence? We describe 
studies with prelinguistic infants that support a basic format for object representations. We show that, while 
infants can represent an object's' identity, doing so is not a requirement for representing that object's existence. 
We argue that the evidence suggests that a minimal representation of an object – the index - is sufficient for this 
purpose. It is minimal in that it can contain no descriptive information about an object whatsoever. We suggest 
that richer content, including physical properties characteristic of a “Spelke object” such as solidity or cohesion, 
are not necessarily contained in an object representation. Instead, the minimal object representation, together 
with the operational characteristics of the indexing mechanism, form an inceptual kernel within a language of 
thought from which such richer object representations will develop.

As an organism moves through its environment, it encounters a 
world made up of other agents, substances, landscapes, and of course, 
objects. For humans, objects often are the tools we use, the things we 
talk about, and the targets of our actions, beliefs, and desires. Object 
representations allow us to navigate a three-dimensional environment, 
to think about things that are absent, to talk to each other about objects, 
to learn new object skills, and to take actions that allow us to complete 
our goals. In other words, we need to be able to represent and think 
about objects so that we can interact with the physical world and with 
each other in that physical world.

What do we represent about objects? Even the simplest objects yield 
a huge range of potentially “representable” information. Take, for 
example, the object in Fig. 1. Some of the information that we could 
potentially represent about this object is directly observable by 
perception, including the object's spatial location or its surface features 
like color, metric shape, texture, orientation, luminance properties, 
shading, or spatial frequencies. Other potentially representable infor
mation about this object is not directly observable by perception. For 
example, one could represent the category of the object at multiple 
levels (e.g., it is a token of the type OBJECT; it is a token of the type 
ROCK; it is a token of the type METAMORPHIC ROCK) and/or its cor
responding verbal label (e.g., “rock”). One could represent the object's 

history with varying levels of detail (e.g., a rock from a beach; a rock that 
was picked up eight years ago on a beach in Plymouth, Massachusetts). 
One could represent the object's intended function (e.g., just a rock; a 
paperweight; a pretend racecar). The list goes on.

Just as voluminous are the cognitive processes that might use this 
information: it might be stored in short- or long-term memory, it might 
enter into numerous distinct lines of inference, action plans aplenty may 
be formed around it, it might be spoken of in any number of ways, 
become the subject of a poem “To a Rock”, and so on.

Our point is that such lightly constrained maximalizing is unlikely to 
yield an advance for the theoretician. Instead, we ask: What is the 
minimal information about an object we must represent to maintain that 
object in mind? That is, if information were lost piece by piece from an 
object representation in memory, what's the last piece that must go such 
that the object would then have vanished from the mind?

A good way to determine the minimal format of an object repre
sentation is to tax a memory system and then observe what ends up 
“shaking out” in the representation. That is, when a resource-limited 
system (such as a human observer) faces a situation in which repre
sentational resources are spread thin (such as when the observer is 
tasked with representing several occluded objects simultaneously), the 
resulting representations are likely to be sparser than when 
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representational resources are less taxed. One could then probe these 
sparser representations to observe what information is prioritized over 
other information.

But doing so is difficult in adult human populations. Adults, when 
taxed, use a variety of strategies that help them overcome representa
tional limits by “reformatting” representations into ones that are easier 
to maintain, especially verbal descriptions or formats that rely on adults' 
sophisticated conceptual knowledge or long-term memory (Baddeley & 
Hitch, 2019; Collins & Olson, 2014; Norris et al., 2018).

Preverbal infants, on the other hand, are an ideal population to bring 
to bear on the question of the minimal structure of an object represen
tation. Like adults, infants' perceptual systems are fairly well developed, 
so they perceive the world of objects just fine. By around age 6 months, 
infants can perceive color, depth, motion, and other visual features like 
adults do (albeit nearsightedly; Dobson & Teller, 1978; Kavšek et al., 
2012, Nawrot et al., 2009; Skelton et al., 2022; Yonas & Granrud, 
2006). Also, around age 6 months, infants (like adults) have expecta
tions about how objects should interact with each other mechanically 
(Leslie, 1982a; Leslie & Keeble, 1987). By at least 3.5 months, infants 
(like adults) expect an occluded object to continue to exist after it is 
obscured from view (Baillargeon, 1987; Baillargeon et al., 1985; 
Baillargeon & DeVos, 1991), suggesting they can represent an object in 
their minds and maintain that representation in the absence of contin
uous visual access to an object.

However, young infants are much more limited than adults in several 
important ways. Young infants have no expressive vocabulary, and have 
an extremely limited receptive vocabulary (Bergelson & Swingley, 
2012). While young infants have some basic category knowledge 
(Mandler, 1992; Mandler & McDonough, 1998; Rakison & Yermolayeva, 
2010), they certainly lack the vast sophisticated conceptual repertoire of 
adults with decades of experience with the world. They also have more 
limited general cognitive capacities that could support encoding and 
storing information about objects that are no longer in view, including 
attention (Colombo, 2001; Reynolds, 2015) and working memory (Fitch 
et al., 2016; Kibbe, 2015; Reynolds & Romano, 2016), and limited re
sources for reformatting incoming information using long-term memory 
(Behm et al., 2025; Rovee-Collier, 1993).

Infants, therefore, have much to tell us about the minimal structure 
of a representation of an object in the mind. We argue that the evidence 
suggests a format for a minimal representation of an object in the mind, 
one that is operational in infancy and beyond. We first sketch out what 
we mean by “minimal” object representations and distinguish these 
representations from the substantially richer “Spelke-object” represen
tations typically posited to be the primitives of infants' object repre
sentational capacities. We suggest that our conception of a minimal 
object representation forms an inceptual kernel from which a richer 
object concept can develop.

1. Minimal representations of objects

The earliest representation of an object is an indexing operation that 
picks out an entity by pointing at its location and “sticking’ to that entity 
as it moves through locations, including occluded locations (Leslie et al., 
1998; Scholl & Leslie, 1999; Scholl, 2001; cf., Pylyshyn, 1994). A limited 
number of such indexes are available at any one time — available 

evidence for infants suggests up to about three (see Wang & Kibbe, 
2024). These indexes operate like bare demonstratives within infants' 
language of thought.

The object index is a minimal representation, by which we mean two 
things. First, identifying information about the object (including its 
surface features, category, etc.) may optionally be bound to an index. 
Potentially then an object index may be enriched with all sorts of 
property information. This implies that in principle such bound infor
mation could be lost piece by piece and still the object be represented, 
just less richly. Second, should the index itself be lost, the object's ex
istence is no longer represented. It has indeed, cognitively speaking, 
vanished. Thus, a bare index must be represented at minimum in order 
to represent an object in the mind – no other information need be rep
resented. As we show below, evidence from infants suggests just such an 
architecture for object representation.

Crucially, our conception of the index is that it contains no discursive 
information. Representations in language of thought theory typically 
contain descriptive information: for example, representations of sensory 
features, such as size, shape, color; spatiotemporal information, such as 
distance, motion, duration; categorical information such as is-a-DOG, is- 
a-HUMAN, is-a-TRIANGLE; and so on. Sometimes these are called 
discursive representations (Fodor, 1975; Leslie, 1982b). The raw index, 
however, does not function discursively. Instead, it fulfills at least some 
of the (more primitive) functions of referring expressions in natural 
language like pure indexicals or bare demonstratives, for example, 
“that!” or indeed a 12-month-old's intentional pointing.

Importantly, this means that our characterization of a minimal object 
representation diverges from views that posit a richer initial represen
tation for objects in infancy. Spelke (1990, 1994, 2022) argues for an 
innate format for object representations which include physical infor
mation about objects: that they are solid (i.e., not liquid or plasma), that 
they are rigid and will not deform without external pressure, that they 
are cohesive and will not come apart without external pressure, that they 
will fall when unsupported, and that they are bounded in space such that 
they cannot occupy the same space as another object, cannot occupy 
multiple spaces at once, and cannot vanish and reappear. Spelke suggests 
that these physical constraints are part of infants' core knowledge about 
the domain of objects, and that therefore infants have an innate object 
concept that includes such knowledge as (innate) conceptual 
constituents.

However, indexes need not contain any such physical information. 
We argue instead that the bare index plays the inceptual role in the in
fants' developing object concept – it serves to get the development of 
richer object concepts off the ground. Here we note that our argument is 
not that infants lack some or all of the above listed knowledge; to be very 
clear, we are open minded about the innateness of each of these items. 
Our point here is that the concept SPELKE-OBJECT is complex and far from 
atomic. For example, howsoever the infant comes by an understanding 
of solidity or cohesion, to take just these two properties, it is likely that the 
kinds of entities that attract object indexes in a typical environment will 
be both solid and cohesive, and moreover, probably be rigid, bounded 
and so forth; that is, they will likely turn out to be Spelke objects. To 
repeat, even if each of the listed constituent concepts is known innately, 
their assembly into the concept SPELKE-OBJECT may yet require learning.

To support our claim of a minimal object representation, in the next 
sections, we review work from our own labs and others' that leverage 
methods with prelinguistic infants to reveal the structure of object 
representations in the mind. We show that infants represent objects' 
surface features and the categorical identities of objects and show that 
the conditions under which infants represent such identifying informa
tion about objects reveal what kinds of information is prioritized in 
object representations. However, we also show that representing an 
object's identity is not a requirement for representing an object - infants 
can represent an object without representing any identifying informa
tion about what the object is, and indeed, without necessarily repre
senting the object's physical properties (e.g., its solidity or rigidity). In 

Fig. 1. An object in the wild.
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light of this empirical evidence, we then detail the full object index 
model and its role in developing representational capacities in ontogeny 
and phylogeny.

2. Infants' representations of objects' surface features

An object's surface features are the properties of the object, such as 
color, texture, pattern, topology, metric shape, etc., that make up its 
visual appearance. Infants can detect featural distinctions between ob
jects and will use some such features to individuate objects (Tremoulet 
et al., 2000; Wilcox, 1999; Wilcox & Chapa, 2004).

We have studied how infants use features to (re)identify individual 
objects by encoding such information into the object representation, 
which our model assumes is a process of binding to an index. Fig. 2 il
lustrates the general method we use. Infants first observe sets of multiple 

objects (two or more) with distinct featural identities (e.g., a disk and a 
triangle), which are then hidden sequentially, each behind its own 
occluder (e.g., first the disk is hidden, then the triangle is hidden), such 
that the objects are no longer visible to the infant. We then remove one 
of the occluders to reveal either the object that was hidden in that 
location originally (control outcome) or an object with a different 
identity than the one that was hidden (change outcome). We measure 
infants' gaze duration to these different outcomes, and compare infants' 
looking times between outcomes. If infants represent the featural iden
tity of the hidden object, they should notice when the object's features 
have unexpectedly changed with no possible explanation, and will spend 
more time looking at the display (see Margoni et al., 2024; Stahl & 
Kibbe, 2022, for more on the violation-of-expectation method for 
assessing infant cognition).

This method has several advantages for examining infants' object 
representations. Since each object is hidden in its own location, we can 
reveal each object separately, allowing us to more precisely measure 
infants' representations of each object without interference from other 
objects in the display. We also can manipulate the representational 
“load” for infants in two ways. First, we can manipulate the number of 
objects in the display, and examine how increasing the number of hid
den objects impacts infants' representations of the featural identities of 
the objects. Second, we can manipulate which object we probe in the 
temporal hiding sequence. This allows us to compare infants' represen
tations of the last-hidden object to their representations of earlier- 
hidden objects, the representations of which must be maintained 
while infants observe additional objects being hidden, allowing us to 
precisely examine how infants' representations of each object are 
impacted by representational load.

Using this method, we have observed that infants include surface 
features in their representations of objects. Six-month-olds who saw two 
featurally distinct objects hidden sequentially behind separate occluders 
looked longer when the last-hidden of the two objects was revealed to 
have changed its featural identity (e.g., when a triangle was hidden but a 
disk was revealed) compared to the control outcome (Káldy & Leslie, 
2005). However, 6-month-olds failed to notice when the first-hidden 
of the two objects changed features (Káldy & Leslie, 2005; Kibbe & 
Leslie, 2011, 2016). Further, infants' failure to notice the change to the 
first-hidden object could not be attributed to the relatively longer 
duration between hiding and revealing the first-hidden, as compared to 
the last-hidden, object, because infants successfully noticed a feature 
change to a single object that was hidden for the same extended duration 
but with no intervening second-hidden object (Káldy & Leslie, 2005). 
Instead, the fact that infants' attention was drawn to the intervening 
hiding of the second, last-hidden object between the hiding and 
revealing of the first object appears to have driven infants' failure to 
include or maintain surface features in their representation of the 
first-hidden object.

Converging evidence for this comes from 9-month-olds. By 9 months 
of age, infants notice when either the last-hidden or the first-hidden of 
two objects has changed features, suggesting a developmental increase 
in infants' capacity to maintain featural information in their object 
representations (Káldy & Leslie, 2003; Kibbe & Leslie, 2013). However, 
9-month-olds also show similar tradeoffs between the number of objects 
hidden and the number of objects for which they can retain featural 
information. When three featurally-distinct objects were hidden (e.g. 
first a square, then a triangle, last a disk), 9-month-olds failed to notice a 
change to the features of the second-to-last-hidden object, contrasting 
with their success at noticing a featural change to this object when only 
two objects are hidden in the display (Kibbe & Leslie, 2013). That is, 
when infants' attention was spread across more objects, infants encoded 
fewer featural details about the objects.

Infants' capacity to maintain surface featural information in their 
object representations continues to increase across the first three years 
of life, but this pattern of tradeoff between the number of hidden objects 
and the extent to which features are encoded for each object remains 

Fig. 2. An example sequence of events for a test trial in a study using the 
sequential hiding violation-of-expectation method. In this example, an experi
menter places two occluders on the otherwise empty stage (panel a), then 
places two objects with different identities sequentially on the stage in front of 
the occluders (panel b). The infant is allowed to view the two objects for a few 
seconds (panel c), and then the experimenter places the objects behind the 
occluders one at a time (panel d). Finally, the experimenter removes one of the 
occluders (in this example, the occluder hiding the first-hidden object; panel e) 
to reveal one of several possible outcomes (panel f). Infants are seated in their 
caregiver's lap or in an infant chair facing the stage and observe these events 
live. The number of objects hidden, and which object is revealed, can be 
manipulated.
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consistent (Kibbe & Applin, 2022; Kibbe & Leslie, 2013; Zosh & 
Feigenson, 2012) and can be influenced by the social context in which 
the objects are presented (for review, see Kibbe & Stahl, 2023a). This 
tradeoff also can be observed even into adulthood (e.g., Cowan et al., 
2013; Wheeler & Treisman, 2002), in which studies show that success
ful representation of object features is contingent on there being suffi
cient attentional resources available to encode and/or maintain such 
information. Further, infants' pattern of behavior in our sequential 
hiding task suggests that when infants' representational resources are 
spread too thin, they default to representing the features of the last ob
ject that they observed, rather than representing nothing at all. This is 
consistent with adult work showing that, under attentional load, adults 
are reduced to “focal attention”, able to dedicate attentional resources to 
only a single object in the display (Scholl, 2009).

3. Infants' representations of objects' categories

While infants' categorical knowledge is overall much more limited 
than adults', the ability to recognize and individuate conspecifics from 
non-conspecifics is early developing. Infants are sensitive to the 
distinction between human (or agent) and non-human (or non-agent) 
(Quinn & Eimas, 1998; Southgate et al., 2008; Spriet et al., 2022). By 
at least 10 months, infants use the categories HUMAN and NON-HUMAN 
to individuate objects. For example, infants who observed two different 
objects emerge one at a time behind an occluder (such that they never 
saw the objects together) expected there to be two objects behind the 
occluder when one of the objects had a human face and one did not, 
suggesting they used the distinctions in the identities of the objects to 
ascertain how many distinct individuals were present (Bonatti et al., 
2002). However, when each object was from the same category but 
had different surface features (i.e., each object had a different face) in
fants failed to individuate the two objects (Bonatti et al., 2005), sug
gesting that infants were using the categorical, rather than the featural, 
identities of the objects to individuate them. Infants also failed to indi
viduate an inverted face from a featurally-distinct non-human object 
(Bonatti et al., 2002), suggesting that infants do not categorize inverted 

faces as HUMAN (see also Otsuka et al., 2007; Turati et al., 2004).
We investigated whether infants encode such evolutionarily relevant 

categorical information into their representations of objects (Kibbe & 
Leslie, 2019). Using our sequential hiding method (described above), 
we showed 6-month-old infants two objects, a human face and a ball, 
that were distinguishable both by surface features and by category. We 
then hid the objects sequentially behind separate occluders. We were 
particularly interested in 6-month-old infants' representations of the 
first-hidden object, since our previous work showed that these infants 
failed to notice when the surface features of this object changed (e.g., 
infants failed to notice when a triangle was hidden and a disk revealed; 
Káldy & Leslie, 2005; Kibbe & Leslie, 2011). We therefore removed the 
occluder hiding the first-hidden object to reveal either the original ob
ject (e.g., the ball was hidden and the ball was revealed; or the face was 
hidden and the face was revealed) or that the object had changed (e.g., 
the ball was hidden, but the face was revealed; or the face was hidden 
and the ball was revealed) (see Fig. 3, left panel). We found that 6- 
month-old infants looked longer at the change outcome, suggesting 
that they had encoded the identity of the first-hidden object in their 
representation, and were able to maintain this information even as their 
attention was drawn to the second object being hidden. This was the first 
time we observed 6-month-old infants respond to an identity change to 
the first-hidden of two objects.

We conducted a second study to examine whether it was indeed the 
objects' distinct categories, rather than the objects' many surface featural 
differences, that impacted infants' ability to encode the objects' identi
ties. A new group of infants observed the same objects as infants in the 
first experiment, except that the face was inverted (Fig. 3, middle panel). 
This allowed us to maintain the surface featural distinctions between the 
objects, while disrupting the categorical distinctions between the ob
jects. We found that 6-month-olds' looking behavior was similar when 
the first-hidden object changed (e.g., a ball was hidden but an inverted 
face was revealed) and when the unchanged original object was 
revealed, consistent with our previous work that showed that 6-month- 
olds fail to represent surface features of the first-hidden of two objects 
(Káldy & Leslie, 2005; Kibbe & Leslie, 2011). That is, when the objects 

Fig. 3. Summary of the experimental conditions and results from Kibbe and Leslie (2019). In each experiment, two objects were hidden sequentially, and the 
occluder obscuring the first-hidden of the two objects was removed to reveal either the original hidden object or that the object had changed. Across experiments, we 
varied whether the two objects that were hidden were from different categories (face vs. object; left and right panels) or from the same category (inverted face vs. 
object; middle panel), and we varied whether the object was revealed to have changed categories (left panel) or to have changed features with no category change 
(middle and right panels). Within each experiment, we varied which object from the set was hidden first (top and bottom rows show the different hiding orders).
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looked different, but were no longer categorically distinct, infants failed 
to represent the identity of the first-hidden object.

Finally, we asked whether the categorical differences between the 
objects, when available, may have supported infants' ability to represent 
the surface features of the objects. That is, when infants could recognize 
that one object was human and one was non-human, were they then able 
to better encode or maintain what the objects looked like? To answer 
this question, we again showed infants two objects from two distinct 
categories - the ball and the face. This time, we revealed that the first- 
hidden object had changed to a different object from the same cate
gory (e.g., a yellow and red striped ball was hidden and a green and blue 
polka-dotted ball was revealed; see Fig. 3, right panel). We again 
observed no differences in infants' looking behavior between the change 
and control outcomes.

These experiments show that, by age 6 months, infants can encode 
categorical information into their object representations without 
necessarily encoding specific surface features. Further, they suggest that 
infants' capacity to encode categorical identity into their object repre
sentations exceeds their capacity to encode surface featural information.

As infants gain more experience with the world, they begin to use 
newly acquired categories (e.g. about everyday objects, such as bottles 
and shoes) to individuate objects (see Baillargeon et al., 2012; Croteau 
et al., 2024; Xu, 2007). Recent work using EEG suggests that infants 
also may encode such categories into their representations of objects. 
Pomiechowska and Gliga (2021) found that 12-month-olds noticed 
between-category changes (e.g., a shoe to a brush), but not within- 
category changes (e.g., a shoe to a different shoe), to a single hidden 
object when the object was from a category that was familiar to them. 
Furthermore, infants' EEG patterns suggested that infants encoded 
familiar objects differently than unfamiliar objects even before the ob
jects were occluded, suggesting that categorical identity supplanted 
featural identities at encoding rather than during maintenance or 
retrieval of the object representation from memory.

As infants develop, they become more flexible in the extent to which 
categorical identities supplant featural identities in their representations 
of objects. Kibbe and Stahl (2023b) found that 17-month-old infants 
could encode the surface features of objects from familiar categories into 
their representations, but only when those features were shown to be 
relevant to the task.

Together, these studies suggest that an object's categorical identity 
may be represented even when the objects' surface features are not and 
suggest a prioritized role for categorical identity in object representation 
that is already evident in prelinguistic infants.

4. Infants' representations of objects without their identities

Thus far, we have shown that infants can represent an object's surface 
features and/or an object's categorical identity, but sometimes they 
don't. When infants fail to represent an object's identity, what happens to 
their representation of that object? When infants lose the last piece of 
property information from an object representation that would allow 
them to re-identify that object, do they fail to represent the object 
entirely? Or, does an inkling of the object's existence remain, absent any 
identifying properties?

We addressed this question using our sequential hiding method 
(Kibbe & Leslie, 2011; Fig. 2). We showed 6-month-olds two differently 
shaped objects which we then hid sequentially behind separate 
occluders. Recall that 6-month-olds had previously been shown to fail to 
notice when the first-hidden of two objects changed featural identities 
(e.g. Káldy & Leslie, 2005). We therefore used this failure as an oppor
tunity to examine whether infants represented the existence of the object 
even if they failed to represent what it looks like. To do so, we removed 
the occluder obscuring the first-hidden object and revealed either the 
expected originally hidden object, the unexpected other object, or that 
the object had vanished completely, and measured infants' gaze duration 
to these different outcomes. We found infants looked longer at the empty 

spot which should have been occupied by an object compared to both 
the control and feature change outcomes. That is, infants expected an 
object, even if they didn't know what the object should look like. Infants 
represented the object without its identifying features.

5. Do infants' object representations contain rich physical 
information?

The evidence we outline above suggests that infants can represent 
objects without the objects' specific identifying properties. In the “core 
knowledge” view of Spelke (1990, 2022), infants' object representations 
necessarily contain rich physical information about objects, including 
information about objects' cohesiveness, rigidity, solidity, and bound
edness (for a similar argument for rich object representations grounded 
in perception rather than conception, see Bai et al., 2025). However, the 
evidence from infants suggests that these properties are not always 
represented whenever an object is. While infants do show sensitivity to 
violations of these properties in some contexts, infants also appear to 
tolerate such violations in other contexts.

To take one example, Hespos and Baillargeon (2001) showed 
4.5-month-old infants events in which a tall, solid-looking cylinder was 
lowered behind a short curved occluder. In one condition, the object 
stopped when it reached the floor and therefore the top of the object 
remained visible above the occluder, consistent with the physical prin
ciples of solidity and rigidity (i.e., a solid object can't pass through 
another solid object nor undergo unexplainable deformation). In 
another condition, the object became fully occluded, a physical impos
sibility given its height and apparent solidity. They found that infants 
looked longer at the impossible outcome, suggesting that they expected 
the tall solid cylinder to remain visible once its bottom touched the stage 
floor. However, another group of infants observed the same events, 
except that the occluder was replaced with a container into which the 
object was lowered. This time, infants looked equally at the two out
comes. Importantly, the only difference between the conditions was 
whether the tall cylinder was lowered behind an occluder or into a 
container. Yet, 4.5-month-old infants appeared to expect the object to 
exhibit solidity and rigidity in one context and not in another. By 7.5 
months of age, infants found the violation surprising in both contexts.

Baillargeon's group has identified many cases such as these, in which 
infants appear to detect a physical violation in some contexts, but 
tolerate such violations in contexts that are only slightly different (for 
reviews and theoretical accounts, see Baillargeon & Wang, 2002; 
Baillargeon, 2008; Lin et al., 2022; see also Wang, 2011; Goldman & 
Wang, 2019). That is, infants appear to include some physical proper
ties in their representations of objects, but they don't always do so – contra 
the rich representation view, these physical properties are not neces
sarily represented anytime an object is.

Baillargeon and colleagues argue that these “decalages” in the kinds 
of information infants represent about objects in physical events (such as 
occlusion or containment) suggest protracted development of infants' 
physical reasoning abilities (Baillargeon, 2008; Hespos & Baillargeon, 
2006, 2008). They argue that, through observation of their environ
ments, infants learn how physical properties of objects apply to in
teractions between objects. We suggest that the minimal index 
representation plays a crucial role in this development by picking out 
the objects about which infants must learn and providing a means by 
which such properties, when identified, may be integrated into the ob
ject representation. We detail the indexing mechanism in the next 
section.

6. The format of object representations: the index

The empirical data we described above suggest a format for object 
representation that is best explained by the index model (Leslie et al., 
1998), which we update and expand below (see Fig. 4). An “index” is 
a mental pointer to an object in a location. Like an arrow or a finger, 
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indexes do not contain information about the object that they point to, 
but indicate the current location of the object in physical space. An index 
“sticks” to the object as it moves through space, much as a finger can 
continue to point to an object as it moves. That is, the index points to an 
object with a spatiotemporal location but does not point to the location 
itself. There are a fixed number of indexes available to represent objects 
(in adults, about 4; in infants and toddlers, about 3; see Wang & Kibbe, 
2024, for review and meta-analysis).

An index is triggered by an encounter with an object. One possible 
route to an index happens when one encounters an object that has a 
distinct spatiotemporal location. The object can grab visual attention 
(triggering attention-based tracking via, e.g., Kahneman et al.'s (1992)
object files or Pylyshyn's (1989) Fingers of INStantiation (FINSTs) – 
mechanisms by which objects with unique spatiotemporal locations can 
be picked out and tracked). These spatiotemporally defined represen
tations can then elicit indexes, which can continue to represent an object 
even if the object moves into occlusion, representing an object's location 
as “somewhere behind the occluder”.

The index model also accounts for situations in which an object 
cannot be individuated by its spatiotemporal location alone. For 
example, imagine that a red triangle vanishes behind an occluder and 
then a green disk emerges from the other side of the occluder. In this 
example, the available spatiotemporal information is consistent with a 
single object moving on a single trajectory, so spatiotemporal informa
tion alone is not sufficient to elicit a new index. Instead, the detection of 
new identifying properties may trigger a new index. To do so, the 
identifying properties of observed objects in the scene can be maintained 
in a “property map”, which the indexing system can compare to 
incoming visual information and deploy a new index if new properties 
are detected. Importantly, this means that individuating an object by 
property need not involve binding property information to an index 
(which accounts for evidence showing that ~6-month-old infants can 
individuate at least two objects by shape, but only notice a change to the 
shape of a single object; Káldy & Leslie, 2005; Kibbe & Leslie, 2011; 
Wilcox, 1999).

Indexes also can be deployed to objects even if an image of the ob
jects was never on the retinae. For example, when an object is inferred to 
be in a location rather than directly observed (e.g., the infant knows that 
there is an object hidden inside a container even if they did not every 
directly observe the object itself; Cheng & Kibbe, 2025, Cheng & Kibbe, 
2026; Kibbe & Feigenson, 2014), infants use indexes to represent those 
objects. That is, indexes can be deployed anytime objects must be rep
resented and their spatiotemporal locations be tracked, even if the route 
to these representations is not a purely “perceptual” one.

Once deployed, an index can have property information “bound” to 
it, but this binding occurs only after the index is assigned. That is, while 
unbound identifying properties of an object can be represented (e.g., in 
early visual cortex or in areas supporting semantic memory), binding 
these properties to a particular index is a second step that requires 
sustained attention (Bouvier & Treisman, 2010; Treisman, 1996). 
Importantly, binding of property information is not required in order to 
represent an object. However, it is required in order to later re-identify 
the object (e.g., by its surface features, category, or other identifying 
properties) or to make predictions about how such properties may 
dictate how an object interacts with another object (e.g., that a tall 
object should remain visible when lowered behind a short occluder).

The index is a “minimal” representation in that it represents nothing 
about the object it represents. Instead, indexes function as bare de
monstratives in a language of thought, akin to “that!” in natural lan
guage. In natural language, the word “that” picks out an entity to which 
the speaker refers without containing any details about the referent it
self. Much the same way, an index picks out an object without con
taining any details about the object itself. One might interject that in 
pointing to an object in a location a raw index must discursively 
represent x,y,z spatial co-ordinates. In Kahneman and Treisman's view 
just such discursive information is contained in their object file model 
(only it is written on the “tab” of the folder rather than contained within 
the file – that is, in their view, it defines the object file, while featural 
information is bound within the file itself). By contrast, in Pylyshyn's 
“fingers of instantiation” (FINST) model, coordinate information is un
necessary as long as a simple winner-takes-all network can find its way 
back to the retinotopic location of the indexed entity (Pylyshyn, 2000). 
Taking this position on the nature of the raw index, we can say it is a 
minimal representation because it can contain zero descriptive 
information.

While most of the things that are indexed in infants' environment will 
be three-dimensional physical objects, indexes are promiscuous – they 
pick out entities that are not solid, cohesive, bounded, rigid objects in 
the Spelke sense. Two-dimensional moving patches in a display can 
attract indexes (see Pylyshyn, 2001; Scholl & Pylyshyn, 1999), as can 
illusory objects (e.g. Wutz et al., 2016), objects that do not conform to 
Newtonian motion (Kominsky et al., 2017; Michotte, 1963), or even sets 
of individual objects if those objects appear to be grouped in some way 
(e.g., they move together along the same spatiotemporal trajectory, 

Fig. 4. The mature index model. Here we show three potential routes to the 
deployment of index representations: the spatiotemporal route (in which ob
jects with unique spatiotemporal locations are indexed), the property map route 
(when spatiotemporal information is uninformative or ambiguous, the indexing 
system can use the property map to determine whether the an object has the 
same or different features as an object(s) encountered already; if different, the 
object is indexed), or the top-down route, in which an object may be inferred to 
be in a location, rather than directly observed. Once deployed, indexes can 
optionally have one or more properties bound to them. There are a fixed 
number of available indexes in the mature object indexing system. The diagram 
shows two indexes deployed via the spatiotemporal route, one of which has an 
identifying property bound to it, and two indexes still available.
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share identities, or tend to statistically co-occur; Feigenson & Halberda, 
2004, 2008; Kibbe & Feigenson, 2016; Leslie & Chen, 2007; Zosh et al., 
2011). However, if an object in the world loses cohesion, the object will 
no longer be indexed (Cheries et al., 2008; Scholl & Pylyshyn, 1999). 
This does not mean that an index represents the property of cohesiveness. 
Rather, just like a finger no longer clearly points to a specific entity if 
that entity breaks into pieces, the index will no longer indicate the 
spatiotemporal location of the object it represents, and it must be reas
signed (perhaps to one of the pieces).

7. Evolution of developmental neurobiology of objecthood: a 
glimpse

The indexing mechanism implements the principle of spatiotemporal 
continuity of objecthood (Spelke, 1990, Spelke, 2022) operationally, 
without explicitly representing that principle; indeed it may be one of 
that principle's first functional embodiments. The divorce of spatio
temporal continuity from other physical principles, namely, contact 
mechanics, put forward in Leslie (1994) and developed in Scholl and 
Leslie (1999) was demonstrated by Santos (2004) in rhesus macaques 
(Macaca mulatta). Santos found that macaques are strikingly similar to 
human infants (and adults) on object tracking but were unable to pass 
similar tasks where contact-mechanical knowledge was required. She 
suggests that the former are modular and the latter not. These important 
architectural features of human cognition likely have an evolutionary 
history stretching at least from old world monkeys through the great 
apes. Before we conclude, however, that contact mechanics is an 
achievement only of our more recent ancestral species, we should note 
that according to Leslie and Keeble (1987) and Leslie (1994) the 
inception of contact mechanics is likely the Michotte module. So, 
whereas Santos (2004) advocated replacing the notion of Core Knowl
edge with Core Knowledges, we prefer Core Architecture (Leslie, 1994) a 
term that better encompasses the complexities of cognition in even 
young human infants and at the same time keeps open the many unex
amined questions.

8. The inceptual role of minimal representations in the 
developing “object concept”

We argue that the index functions as a bare demonstrative in infants' 
(and adults') language of thought. The index can therefore serve as input 
into early emerging propositional sentences in a language of thought, 
allowing infants to think about objects, their relations, and their social 
significance.

Our view of a minimal structure for an object representation con
trasts with views that posit richer content as the starting state for object 
representation (e.g., Spelke, 2022; Bai et al., 2025), in which objects are 
represented along with properties such as solidity, cohesion, boundedness, 
rigidity, and so forth. While we are open to the idea that infants may have 
concepts for these properties (perhaps innately), we suggest that the 
concept SPELKE OBJECT may yet be learned. The operational characteristics 
of the indexing architecture allow infants to pick out and represent 
objects (even when those objects are out of view), and to optionally bind 
relevant properties to those representations. While indexes can and do 
pick out non-Newtonian objects, most of the entities that are indexed by 
the young infant – those in the infants' immediate environment – will in 
fact be Spelke objects and exhibit the above italicized properties, and 
infants can learn that the properties stochastically predict each other. 
That is, the Spelke object is not atomic and primitive but an assembled 
complex concept, the result of a learning process which the indexing 
mechanism supports. The index, operating within infants' language of 
thought, plays the inceptual role in getting a more sophisticated object 
concept off the ground.
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