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Abstract

The “binding problem” has been a central question in vision science for some 30 years: When
encoding multiple objects or maintaining them in working memory, how are we able to represent
the correspondence between a specific feature and its corresponding object correctly? In this letter
we argue that the boundaries of this research program in fact extend far beyond vision, and we call
for coordinated pursuit across the broader cognitive science community of this central question for
cognition, which we dub “Binding Problem 2.0”.
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For some 30 years, rich insights into the architecture of visual perception have followed
from a body of vision research centered on the “binding problem:” When encoding multiple
objects or maintaining them in working memory, how are we able to represent the corre-
spondence between a specific feature and its corresponding object correctly (Treisman, 1996,
1998; von der Malsburg, 1995; Zhang, Zhang, & Fang, 2020)? For example, when faced with
ared circle and a blue square, how does our visual system not confuse its representation with
that of a red square and a blue circle? The binding problem is unlikely to be fully resolved by
conjunctive coding (i.e., the same cohort of neurons representing multiple visual features, Di
Lollo, 2010, 2012), as we are able to bind novel feature configurations together and we can
also represent two largely identical objects as two separate objects but not one. Furthermore,
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Fig. 1. Do visual indexicals also bind to non-perceptual (e.g., semantic/conceptual) features? One possibility is
that the same indexical can connect to both visual (i.e., perceptual) features like YELLOW and conceptual features
like BEING_NAUGHTY and BEING_A_CAT (“Possibility 1” in the figure). Another possibility is that visual and
conceptual features are bound to different sets of indexicals respectively (“Possibility 2” in the figure). Note that
here we do not make a distinction between the representation of the conceptual feature CAT (which is the concept
CAT) and the conceptual feature BEING_A_CAT.

brain-lesioned patients suffering from simultanagnosia display selective problems with
accurate binding of features to objects (Coslett & Saffran, 1991; Friedman-Hill, Robertson,
& Treisman, 1995; Rafal, 2001). This suggests another mechanism beyond simply repre-
senting features. Many vision scientists have proposed the existence of a set of indexicals
(or files, pointers, etc.) binding visual features together with the support of psychological
and neural evidence (Cavanagh, Hunt, Afraz, & Rolfs, 2010; Green & Quilty-Dunn, 2021;
Kahneman, Treisman, & Gibbs, 1992; Kibbe & Leslie, 2011; Leslie, Xu, Tremoulet, & Scholl,
1998; Naughtin, Mattingley, & Dux, 2016; Pylyshyn, 1989, 2001; Quilty-Dunn, Porot, &
Mandelbaum, 2022; Scholl & Leslie, 1999; Thyer et al., 2022; Wilson, Adamo, Barense, &
Ferber, 2012; Xu & Chun, 2006, 2007; Zhu, Zhang, & von der Heydt, 2020). These indexicals
are content-independent: They temporarily “point” to the features bound to an object rather
than representing content themselves (Marcus, 2001).

In this letter, we propose as a new research program for cognitive science the “Binding
Problem 2.0,” extending these questions beyond visual perception. Do object indexicals really
belong to the theory of visual working memory, or do they serve a broader, non-perceptual
role in cognitive computation? Imagine the case in which you see a yellow cat and are told
by a companion “this cat is naughty” (Fig. 1). Since object indexicals seem to stand in for
entities in the world, do they not serve a similar role as the mental indexicals required for dis-
course comprehension (Brodbeck, Gwilliams, & Pylkkinen, 2016; Brody, 2020; Heim, 1982;
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Hurford, 2003; Kamp, 1981), and might they not bind semantic/conceptual features of these
entities as well as their perceptual features? Surprisingly, this question has received relatively
little attention in the broader cognitive science and neuroscience community over the years
despite its deep importance, although recent years have seen several thoughtful discussions
among philosophers and developmental scientists (Murez, Smortchkova, & Strickland, 2020;
Recanati, 2013; Revencu & Csibra, 2022; for review, see Brody, 2020). Careful empirical
investigation coordinated across domains and research groups is now needed. Here, we pro-
pose a set of specific questions whose collective pursuit could lead to rapid advances in our
understanding of this central cognitive mechanism.

Do the same set of indexicals bind visual/perceptual and semantic/conceptual features? As
noted above, when we are receiving information about a scene or situation, we need the ability
to track the set of features defined for particular entities across time whether the input is visual
(a running cat and a jumping dog in your line of vision) or linguistic input (e.g., “The cat is
running and the dog is jumping”). Visual attention is guided by conceptual content as well as
perceptual features (e.g., Hayes & Henderson, 2019), and object tracking does not seem to
depend on continuous visual stimulation (as evidenced by spatiotemporal working memory
and the perception of object permanence across occlusion). Are these facts evidence that so-
called “visual” object indexicals also bind non-perceptual conceptual properties, and that the
same set of indexicals supports the tracking of referents in discourse comprehension? Or does
the real-time spatial coordinate information provided by vision motivate a specific indexical
system for visual perception that is rooted in space and perceptual features only, such that a
different set of indexicals is needed for binding representations derived from language and
thought (Fig. 1)? Evidence could come from more research investigating the relationship
between deficits in binding perceptual features and deficits in binding conceptual features.

What is the capacity of these indexical representations? What limits this capacity? Work-
ing memory studies using visual shapes as stimuli have classically suggested a capacity of
four indexicals (Awh, Barton, & Vogel, 2007; Cowan, 2001; Luck & Vogel, 1997, 2013; Xu
& Chun, 2009). However, the exact numerical limit of this capacity and the nature of this
capacity remain debated. For example, many researchers argue that working memory is not
characterized by a fixed limit in terms of the number of slots/indexicals but rather that capacity
is constrained by a resource pool that is also sensitive to the number of features to be encoded
on each item (Bays et al., 2022; Ma, Husain, & Bays, 2014). Less is known, however, about
whether indexicals binding varying numbers of conceptual properties display the same capac-
ity dynamics as those observed for perceptual features. Investigation of this question may also
reveal insights into whether/how indexicals are internally structured and whether perceptual
properties are more “automatically” bound than conceptual ones.

How are indexicals implemented neurally? The notion of indexicals can be seen as a pro-
posal at the computational and algorithmic levels (Marr, 1982). How are indexicals imple-
mented neurally? One possibility is that an indexical is just one neuron or a cohort of neurons
pointing to neurons representing different features (cf. von der Heydt, 2015) through, for
example, enhanced excitatory synaptic connectivity. Another possibility is that an indexical
is implemented by the temporal synchrony among the features bound to this object (‘“tempo-
ral binding,” cf. Singer, 1999; von der Malsburg, 1995), without explicit indexical neuron(s).
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EEG (electroencephalography; Thyer et al., 2022; Wilson et al., 2012) and fMRI (functional
magnetic resonance imaging; Naughtin et al., 2016; Xu & Chun, 2006) studies identifying the
neural markers of the indexical system have left open both possibilities, as both high temporal
and spatial resolution are required to tell apart the two possibilities. A broad, field-wide effort
is needed to develop and refine neural markers for indexicals with spatially and temporally
sensitive measures like MEG (magnetoencephalography) or ECoG (electrocorticography).
The development of neural signatures for the indexical system would provide the precision
needed to investigate richer combinatorial representations in which indexicals participate,
such as groupings (Peterson, Gdozenman, Arciniega, & Berryhill, 2015; Thyer et al., 2022)
and multiple-participant events (e.g., the cat chased the dog; see also O’Reilly, Ranganath, &
Russin, 2022).

What role do indexicals play in solving the “type-token” problem? A fundamental and
long-standing problem for cognitive science is how to model the relationship represented
between general “types” or “kinds” and the individual instances or “tokens” that instantiate
them (Prasada, 2021; Prasada, Salajegheh, Bowles, & Poeppel, 2008; Scholl & Leslie, 1999).
For example, in seeing a particular animal, we may identify it as being of the type represented
by the CAT concept, but the properties we attribute to it (e.g., YELLOW) are attributed to the
individual animal and not the CAT type (in other words, encoding that the individual cat in
front of you is yellow does not entail encoding that all cats are yellow). This distinction has
sometimes been neglected in discussions of the binding problem; for example, in some ver-
sions of role-filler binding models, “the cat chased the mouse” is described as binding the
“role” CHASER and the “filler” CAT (Hummel & Holyoak, 1997, 2003; Lalisse & Smolen-
sky, 2021; Plate, 1994). In fact, indexicals are needed to encode the intuitive interpretation that
it is a particular cat that was involved in a particular chasing event, not the CAT type. New
work could investigate how the temporary feature bindings provided by indexicals are used
to represent type-token relationships in scenes and discourses, and whether the structure of
these representations is different from the representation of instances of kinds in longer-term
memory.

These initial questions are just the beginning. What is the developmental trajectory of the
indexical system(s)? Prior work has demonstrated that infants make use of visual indexicals
(Feigenson, Carey, & Hauser, 2002; Kibbe & Leslie, 2011; Xu & Carey, 1996), opening a
wide range of research questions about whether and how this capacity changes across the
first several years of life. For example, does the ability to bind different types of perceptual
and conceptual features emerge at different points in development? What is the evolutionary
trajectory of the indexical system(s)? What differences exist in the indexical system(s) across
species, and why? Although it has been shown that some non-human animals can track visual
objects across time (Cheries, Newman, Santos, & Scholl, 2006; Rugani, Fontanari, Simoni,
Regolin, & Vallortigara, 2009; Uller, Hauser, & Carey, 2001; Zhu et al., 2020), whether or not
they are tracking visual objects through indexicals is unclear (Nieder, 2005). Furthermore, it is
unknown whether some animals are able to bind conceptual features to indexicals, although
many do seem to have concepts (i.e., conceptual features; Fitch, 2020; Lin, Chen, Kuang,
Wang, & Tsien, 2007). In the course of evolution, did the binding of conceptual features to
indexicals emerge together with the concepts themselves? How might the language system
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have impacted the indexical system(s) across the course of evolution, and what is the nature
of their interface in modern humans (Knowlton & Gomes, 2022)? Many more such questions,
demanding the collective forces of subfields across the cognitive sciences, remain to be asked
and solved within Binding Problem 2.0.
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