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Efficient compression in developmental trajectories of color naming

Noga Zaslavsky (nogaz@nyu.edu)! & Inbal Arnon?
!Psychology Department, New York University
2Psychology Department, The Hebrew University of Jerusale

Abstract

Convergent evidence suggests that the adult lexicon has evolved
under pressure to efficiently satisfy a tradeoff between com-
pressibility and informativeness, formally known as the Infor-
mation Bottleneck (IB) principle. No work to date, however,
has tested whether the same principle also impacts how children
learn word meanings during development. Here, we address
this open question in the domain of color by collecting color
naming data from Hebrew speaking children across develop-
ment (ages 3-12), and comparing it to color naming data from
adults. Across ages, we find that children achieve near-optimal
IB tradeofts, with their color naming systems becoming more
complex (less compressible) and more adult-like with age. Im-
portantly, this pattern holds even though children’s early color
naming systems diverge from those of adults, implying that their
efficiency is not merely a reflection of the efficiency of the adult
system. These findings suggest that children’s developmental
trajectories of learning word meanings are guided by the same
fundamental principle that shapes the adult lexicon.

Keywords: language development; learning; word meanings;
compression; information theory; color naming

Introduction

Across the world, languages exhibit signatures of adaptation
to functional communicative pressures (Gibson et al., 2019;
Kemp et al., 2018). In semantic typology, for example, it has
been argued that word meanings across languages are shaped
by pressure for efficient communication (Kemp et al., 2018),
and in particular by pressure to optimally balance a formal
tradeoff between compressibility (or complexity) and commu-
nicative accuracy (Zaslavsky et al., 2018), known as the Infor-
mation Bottleneck (IB) principle (Tishby et al., 1999). While
this theoretical framework has gained broad cross-linguistic
support (Zaslavsky et al., 2018, 2021, 2022; Mollica et al.,
2021; Zaslavsky, Regier, et al., 2019; Langlois et al., 2025), it
has so far been evaluated only on adult data and we do not cur-
rently know whether this pressure for efficiency also operates
during the course of language development.

Learnability—in the sense of how easy a system is to
learn—and communicative efficiency—in the sense of how
optimal a system is for communication—are often seen as
competing factors in the adult lexicon (Carr et al., 2020). This
view suggests that children may prioritize their own learnabil-
ity needs over communicative pressures (Epley et al., 2004),
and consequently, they may diverge from patterns of efficient
communication seen in the adult lexicon. However, children

are both language learners and language users. Starting at
early stages of language development, years before their vo-
cabulary becomes adult-like, children leverage their linguistic
knowledge to communicate with others. For example, they
engage in turn taking early on (Casillas & Frank, 2017), and
they exhibit adaptation to communicative pressures such as
minimizing production effort when that is inconsequential for
comprehension (Tal et al., 2023). This suggests that commu-
nicative pressures may shape not only the adult lexicon but
also children’s developmental trajectories of word learning.
The interaction between communicative efficiency and learn-
ability has so far been explored in adults (Carr et al., 2020;
Imel et al., 2025) and in model simulations (Kagebick et al.,
2020; Tucker et al., 2022, 2025; Gyevnar et al., 2022; Carls-
son et al., 2024), but it has not yet been empirically studied in
children as we do in this work.

From an information-theoretic perspective, if children need
to communicate while operating under limited resources, then
they should be bound by the IB tradeoff between communica-
tive accuracy and compressibility, similar to adults. Here,
we hypothesize that pressure for IB-efficiency shapes chil-
dren’s developmental trajectories of word learning. While
the meanings children assign to words are known to initially
differ from those of adults (e.g., Rescorla, 1980), we predict
that these emerging, not-yet-adult systems of word meanings
are constrained by a need for efficiency. More precisely, we
predict that children operate under pressure to maximize com-
municative accuracy given the level of complexity they can
afford at their developmental stage. In the IB framework, vary-
ing complexity yields qualitatively different systems of word
meanings. Low complexity corresponds to coarse systems
with few semantic categories, and as complexity increases, the
optimal IB systems evolve into more refined systems by un-
dergoing structural phase transitions (Zaslavsky, 2020). This
process has been shown to capture language evolution and
change over time (Zaslavsky et al., 2018, 2022). We predict
that it should also apply to language development.

We test our hypothesis in the domain of color naming, a key
testbed in semantic typology, language evolution, and the de-
velopment of semantic categories (Berlin & Kay, 1969; Pitch-
ford & Mullen, 2002, 2006; Wagner et al., 2013; Yurovsky
et al., 2015; Kellier et al., 2024; Imai et al., 2020; Saji et al.,
2020; Skelton et al., 2017). The IB framework has been exten-
sively studied in this domain, capturing cross-linguistic and
diachronic patterns (Zaslavsky et al., 2018; Zaslavsky, Kemp,
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et al.,, 2019; Zaslavsky et al., 2022), and yielding a well-
established IB color naming model from which we derive
precise quantitative predictions for children’s developmental
trajectories of color naming. To test these predictions, we col-
lected developmental color naming data from Hebrew, a lan-
guage that has not yet been studied in this context. Consistent
with our hypothesis, we find that children achieve near-optimal
IB tradeoffs throughout development, even though their color
naming systems diverge from the adult system. In addition,
we find that children’s color naming systems are initially less
complex (more compressible) and become more adult-like
with age, in line with documented developmental patterns in
color naming from other languages, such as English (Wagner
& Barner, 2017). These findings suggest that children’s de-
velopmental trajectories of word learning are guided by the
same principle that shapes the adult lexicon, opening a new
avenue for future work to further explore how learnability and
efficiency interplay during development.

Efficient compression in semantic systems

We begin with an overview of the IB framework of Zaslavsky
et al., 2018, which we employ in this work. In the follow-
ing section, we derive from this framework predictions for
children’s developmental trajectories of word learning.

Communication model. The framework is based on a basic
communication model (Figure 1) in which a speaker and a
listener communicate about a set of elements U in their shared
environment. In our case, for example, U is a set of colors, but
in general it can be any set of referents. Given a target referent
u; € U, sampled from a communicative need distribution
p(uy), the speaker mentally represents u, with a probability
distribution m, (u), capturing the speaker’s belief state about
the target. The speaker then communicates m, by mapping
it to a word w using a probabilistic encoder g(w|m;). The
listener then, given w, infers the speaker’s belief state as a
Bayesian estimator 72 (u) = 3, q(m|w)m;(u).

To instantiate this communication model, two components
are required: the speaker’s states m;, which are typically
grounded in an underlying perceptual or conceptual represen-
tation of the environment, and the need distribution p(u;).
In the case of color, for example, the speaker’s states are
instantiated as target-centered Gaussians over the perceptual
CIELAB color space, and the need distribution is estimated
using a least-informative prior approach (for more details and
motivation, see Zaslavsky et al., 2018).

Theoretical bound. Given this communication model, the
IB principle provides a formal theoretical bound on the ef-
ficiency of any semantic system defined by an encoder, or a
naming distribution, g(w|m). Intuitively, languages should
satisfy a tradeoff between minimizing the complexity of lex-
icon and maximizing its communicative accuracy. Formally,
the IB complexity term is defined by 1, (M;; W), the mutual in-
formation between the speaker’s intended meaning and words,
which corresponds to the minimal number of bits required for
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Figure 1. The communication model and IB tradeoff (see main text).
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Figure 2. The IB theoretical bound (black curve) and illustrations of
two types of developmental trajectories that are consistent with our
theoretical predictions. The blue trajectory corresponds to a non-
informative initial lexicalization, as observed empirically in the case
of color words, and the gray trajectory corresponds to an informative
but possibly inefficient initial lexicalization. In both cases, if pressure
for efficiency operates in children, we would expect these trajectories
to approach the bound and be pressured to remain near it over time.

communication (Shannon, 1959; Berger, 1971). Thus, lower
complexity amounts to higher compressibility, where maxi-
mal compression is attained by a system in which all referents
are mapped to a single word. Such a system, however, is
non-informative. To support informative communication, the
speaker and listener must trade complexity for accuracy, lead-
ing to higher complexity and lower compression rates.

The IB accuracy term is given by the similarity between the
speaker’s and listener’s belief states, formally captured by the
Kullback-Leibler (KL) divergence D [m; ||, ]. The expected
KL divergence in this case is inversely related to 1, (W; U), the
mutual information between the speaker’s words and possible
referents (Tishby et al., 1999; Zaslavsky et al., 2018). In other
words, minimizing the KL-divergence between the speaker’s
and listener’s states amounts to maximizing I,(W;U), and
therefore the latter is taken as the measure of accuracy. Opti-
mal IB systems minimize the following objective function:

Felql = 1,(M; W) = BI,(W; U), )]

where 8 > 0 is a tradeoff parameter that controls the relative
pressure for accuracy at the expense of greater complexity.
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The IB efficiency bound (Figure 2) is defined by the set of
optimal IB systems for different values of 8. For g = 0,
the optimization yields trivial systems, which are minimally
complex and non-informative. As f increases, we get more
complex systems that are maximally accurate for their com-
plexity level, and at the limit of 8 — oo the optimal systems
become maximally accurate and highly complex.

Theory-driven developmental predictions

Our goal in this work is to test the theoretical prediction that
pressure for efficiency is present in children during early lan-
guage development, in which case their emerging naming
systems will reflect near-optimal IB tradeoffs between com-
plexity and accuracy. Specifically, we expect children to be
pressured to maximize the communicative accuracy of their
lexicon given the complexity they can afford at that stage: at
younger ages, children may have limited capacities, leading to
lower-complexity systems that diverge substantially from the
adult system, but these systems would still be efficient if they
attain near-maximal accuracy given their level of complexity.

Individual developmental trajectories are likely to be noisy,
as there are many factors that operate in concert during lan-
guage development. Nonetheless, there are two broad classes
of trajectories that we might observe during development,
which depend on the initial lexicalization children may have
(Figure 2). Children could start with an inefficient system
relatively far from the IB bound and then gravitate toward the
bound over time (gray trajectory), or they could start close to
the bound and navigate along it (blue trajectory) as the systems
become more adult-like. For color terms, there is evidence
that children initially use either a single term to describe all
colors or use a few terms rather randomly (Pitchford & Mullen,
2002). These strategies correspond to non-informative com-
munication, which in the IB framework maps to the origin in
Figure 2. Therefore, for color naming, we predict that chil-
dren’s developmental trajectories will navigate from lower to
higher complexity along the IB bound.

Finally, an alternative to our efficiency hypothesis is that
children are not constrained by the same pressure for effi-
ciency that characterizes the adult lexicon. This would im-
ply that during early language development, children are not
guided by a need to communicate efficiently but instead pri-
oritize other objectives, such as their own expressive needs.
This would be consistent, for example, with developmental
work showing that young children have a harder time taking a
listener perspective into account (e.g., Epley et al., 2004). In
this case, while children are exposed to samples from the effi-
cient adult lexicon, their generalizations will not reflect a bias
toward efficiency and their trajectories would not be expected
to approach the IB bound.

Developmental color naming study

To test our theoretical predictions, we conducted a develop-
mental color naming study. In addition to being theory-driven,

our study also makes two experimental contributions that ex-
tend previous developmental studies on color categories.

First, we collect data in Hebrew, a language that has not
been previously analyzed through the lens of IB and for which
developmental color naming data does not currently exist. In
addition, while the literature on the acquisition of color words
is heavily based on English, Hebrew differs from English in
important ways. In contrast to English, Hebrew is a Semitic
language, with color terms appearing after the noun and not
before it, and it has a lexical distinction between blue ( ‘kahol’)
and light blue (‘tekhelet’), which English does not have.

Second, previous developmental studies have typically fo-
cused only on the 11 English basic color terms (e.g., Davies
et al., 1998; Pitchford & Mullen, 2002, 2006; Skelton et al.,
2017). This, however, would not allow us to assess the full
structure of color categories in children and the extent to which
the IB framework can account for it. While it seems poten-
tially challenging to have children name tens of colors in one
experimental session, this has actually been done in recent
studies with Japanese and German speaking children (Saji et
al., 2020; Imai et al., 2020). These studies, however, consider
a set of color patches developed by Japan’s Color Research
Institute, rather than the standard World Color Survey (WCS;
Kay et al., 2009) color naming grid (Figure 3), making it
hard to align their developmental data with findings from the
broader literature on color naming that is based on the WCS
grid. Our study is therefore based on the WCS color naming
grid.

Methods

Participants. We recruited N = 194 native Hebrew speak-
ing children (ages 3-12, 96 females and 98 males) through
the Living Lab in Jerusalem.! We balanced the number of
children and their gender within each age group, yielding an
average of 19 children per group. We also recruited N = 46
adults (mean age 24.5, 30 females and 16 males), all students
at the Hebrew University in Jerusalem. To ensure our data
reflects responses from participants with neurotypical color
vision, we considered only participants who passed a color vi-
sion test (Neitz & Neitz, 2001). Most adults and school-aged
children in Israel are not monolingual as they are typically
familiar with English and possibly other common spoken lan-
guage in Israel such as Russian or Arabic. We considered,
however, only participants for whom Hebrew is their primary
native language.

Materials. Our color stimuli were based on the standard
color naming grid from the World Color Survey (WCS; Kay
et al.,, 2009), shown in Figure 3A. For adults, we used the
full grid, containing 330 color chips. For children this would
be intractable, and therefore we used a subset of 60 color
chips, shown in Figure 3B. The subset was chosen in a way
that covers the full grid as uniformly as possible. We further

Thttps://www.thelivinglabjerusalem.com/en
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Figure 3. A. The standard WCS color grid, which provides the
stimulus set for the adult color naming experiment. B. A sub-sample
of 60 color chips from the WCS grid, used as stimuli for children.

divided this subset into two sets of 30 chips, each covering the
grid as evenly as possible, and randomized the order of the
colors within each set. This allowed us to include data from
young children who may not be able to complete the color
naming task even with 60 chips. In practice, however, the vast
majority of children completed the full task.

Procedure and design. Our experimental procedure con-
sists of a free-naming task (as in Lindsey & Brown, 2014)
followed by a color vision test. Participants were asked to
describe each color using a single word (i.e., answer the ques-
tion: “What color is this?”). They were not restricted to
any set of predefined words, but were encouraged to respond
using a single word. Colors were presented on a calibrated
MacBook Pro display. Each color chip appeared at the cen-
ter of the screen as a colored square with gray background.
Between each color we briefly presented a blank gray screen
to mask the previous color. Adults performed the task in an
experimental booth at the Hebrew University, while children
performed the task in the Living Lab located at the Bloom-
field Science Museum in Jerusalem. To control for lighting
conditions that may vary across sites, we calibrated the com-
puter’s display locally, at each testing location, using a Spyder
colorimeter. After completing the color naming task, all par-
ticipants performed a printed Neitz color vision test (Neitz &
Neitz, 2001), which is well-suited for young children.

Estimation of color naming systems. Participants were in-
structed to provide single word responses, and most responses
were indeed single words. When participants responded either
with a phrase or with morphological variations like attenua-
tives, we replaced that with a single color term. For example,
responses that correspond to ‘light green’ or ‘greenish’ were
mapped to ‘green’. The same processing procedure was used
for children and adults. Following this stage, we estimated the
adult Hebrew color naming systems based on the adult par-
ticipants and the individual color naming systems per child.

To obtain the adult color naming system, we averaged the re-
sponses for each color chip ¢ across participants, which yields
an empirical naming distribution, p (w|m.), corresponding to
the adult population’s probability of using a word w to de-
scribe a target color c¢. For children, we estimated individual
color naming mapping by a nearest-neighbor extrapolation to
the full WCS grid. That s, for each child, we constructed a full
color naming map over the WCS grid by labeling unnamed
colors according to the label of the nearest color in Figure 3B
that the child has named. We also verified that this procedure
does not impact our main results and conclusions by repeating
our analyses with respect to only the 60 chips seen by the chil-
dren. Figure 5 shows a few examples of our estimated color
naming systems, from age 3;2 to the adult system, demon-
strating the wide variation in color naming across across ages.
Given these empirically estimated systems, we can assess the
complexity and accuracy of each child individually, and then
compare it with the IB bound as well as with the adult system.

Estimation of complexity-accuracy tradeoffs and mea-
sures for evaluation. Note that each empirical color naming
system, p(w|c), is analogous to an encoder in the IB frame-
work, and that the IB complexity and accuracy terms are func-
tions of an encoder. Therefore, to estimate the complexity-
accuracy tradeoff of the system we plugged p into the IB
complexity and accuracy terms. We did this for the adult
system as well as for the individual children.

To assess the extent to which a system is aligned with the
predictions of IB, we consider the two measures for evaluation
from (Zaslavsky et al., 2018): the inefficiency, or deviation
from optimality, and the dissimilarity, or misalignment, be-
tween the system and the nearest optimal IB system. More
formally, inefficiency is measured by

1 .
elp) = min 2 (751p] - 75) @)

where ¥ is the optimal value of 7, i.e., ¥4 = ming F[q].
Misalignment is measured by the generalization of the Nor-
malized Information Distance (gNID; Zaslavsky et al., 2018).
Lower values for both measures correspond to better fits.

Results

Figure 4A shows the complexity-accuracy tradeoffs of all chil-
dren in our dataset, together with the adult system, and the
previously-published IB theoretical bound from Zaslavsky et
al. (2018). These results support our theoretical prediction:
across all ages, children lie near the IB bound, meaning that
they attain near-optimal complexity-accuracy tradeoffs, with
complexity increasing with age (Figure 4E). Importantly, this
occurs even though the child systems differ from the adult
one, both in the number of terms used, and in the structure
of the color categories (Figure 5). As expected, Figures 4D-F
show an increase with age in the unique number of terms a
child uses (r = 0.45, p < 0.0001); in its system’s complexity
(r = 0.48, p < 0.0001), and in the similarity of its system to
the adult system (» = 0.037, p < 0.0001).
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Figure 4. A. The previously-published IB bound for color naming (black curve), together with the complexity-accuracy tradeoffs of all
children (colored dots plotted by age) and the aggregated adult system. B-C. Rotation analysis by age group (color coding is the same as in
A): children are significantly more efficient (B) and more similar to the IB systems (C) compared to hypothetical rotated variants. A values
correspond to the difference between the score of the rotated variant and the actual system. Higher values correspond to greater advantage of
the actual systems over the hypothetical ones. D-F. The number of unique color terms used by children increases with age (D), the complexity
of children’s systems increases with age (E), and the similarity to the adult system (as measured using gNID) increases with age (F).

To test whether children’s systems are significantly effi-
cient, we conducted a rotation analysis (Regier et al., 2007),
in which each child system was compared with a set of hypo-
thetical variants obtained by rotating the system along the hue
dimension (rows of Figure 3A). This process yields 39 hypo-
thetical variants for each child, as there are 40 columns in the
WCS grid. We then evaluated these hypothetical systems as
we did for the actual ones, computing their inefficiency and
gNID with respect to the IB bound, and compared their scores
with those of the actual system. Figure 4B-C show that across
ages, children’s actual systems are more efficient and more
close to the IB-optimal systems compared to their hypothet-
ical counterparts, both in terms of efficiency and in terms of
similarity to the IB-optimal systems.

To get a better sense of how these systems develop with age,
Figure 5 shows a few examples of systems produced by chil-
dren at different ages, as well as the adult system. As expected,
at an early age (3;2), a child may exhibit a system that deviates
substantially from the adult system. However, this system

is still highly efficient in the sense that an ideal Bayesian
listener could understand the child well enough to achieve
near-maximal accuracy given the child’s limited level of com-
plexity. With age, more coherent categories become apparent
even though the systems are not yet adult-like. For example,
the lexical distinction in Hebrew between the term ‘tekhelet’
(meaning ‘light blue’) and ‘kakhol’ (meaning ‘blue’) appears
relatively early, even though the full category extensions do
not map onto those of the adult system. Interestingly, while
the similarity to the adult system generally increases with age,
children sometimes exhibit systems that are more complex
than the adult system. In the examples of Figure 5, this can
be seen at ages 9;9 and 10;6, and more generally, this can
also be seen in Figure 4A. Such children tend to use a rela-
tively large number of non-conventional color terms, yielding
more refined color naming systems compared to the adult sys-
tem. For example, some children use the Hebrew term for
‘strawberry’ (‘tut’) to describe a particular shade of red. Im-
portantly, however, our analysis shows that they do so while
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Age 3;2

Age 4;7

Age 5;2

Age 9;9

Age 10;6

Adult system

Figure 5. Example of children’s color naming systems and the adult
Hebrew color naming system. Each system is plotted as a mode map
over the WCS grid, where each color chip is colored by the centroid
color associated with is modal color term.

maintaining near-optimality.

Finally, we note that in contrast to the prediction illustrated
in Figure 2 (blue trajectory), our data does not start at the
origin of the IB bound but rather at a point near the bound
that has a non-trivial complexity-accuracy tradeoff. This is
likely due to the fact that the youngest children in our data are
three-year-old and have already acquired some color terms.

Discussion

In this work we explored the interplay between complexity
and communicative accuracy during development in a theory-

driven manner. Specifically, we tested the prediction that
pressure for efficiency operates during development, and that
children’s learning of word meanings would reflect this pres-
sure and display a near-optimal trade-off between complexity
and accuracy. To test this prediction, we collected devel-
opmental color naming data from Hebrew, a language that
has not previously been studied in this context. We found
that across all ages, children exhibit pressure for efficiency:
their color naming systems attain near-optimal IB complexity-
accuracy tradeoffs, while also becoming more complex (less
compressible) and more adult-like with age.

Interestingly, we observed that children tend to deviate from
the adult system in two ways, either by being less complex,
typically seen at very young ages, or by being more complex,
typically seen at older ages. In both cases, however, their color
naming systems are highly efficient in the sense that they sup-
port near-maximal accuracy given their level of complexity.
Furthermore, the children’s systems are more efficient than
hypothetical counterparts. These findings suggest that chil-
dren’s developmental trajectories of learning word meanings
are guided by the same fundamental IB principle that appears
to shape the adult lexicon.

The parallel between pressures shaping the adult lexicon and
those impacting its” acquisition resonate with the idea, dating
back to the 19th century, that “Ontogeny recapitulates phy-
logeny” (Haeckel, 1866). While philosophically influential, it
is challenging to empirically study. Our study joins a growing
body of work that uses computational and experimental tools
to investigate parallels between individual development and
language change over time (e.g., Monaghan, 2014; Brochha-
gen et al., 2023), by demonstrating the IB theory may apply
not only at an evolutionary time-scale (Zaslavsky et al., 2018,
2022) but also at a developmental time-scale.

Our study opens several important directions for further re-
search. First, one limitation of the current analysis is that it
rests on the assumption that the communicative need distri-
bution of children is similar to that of adults. This, however,
may not be the case. One way to address this, which we
are currently engaged in, is to use child-directed speech for
estimating children’s communicative needs. Second, while
our analysis considers age as a proxy for developmental stage,
there may be considerable individual variance within the same
age group, especially early in development. An alternative is
to collect additional linguistic information from children (e.g.,
CDI norms) and test whether that may be a better predictor of
a child’s complexity-accuracy tradeoff than their age. Finally,
our work highlights the need to collect color naming data from
children younger than three to understand where the systems
initially start, as well as to test whether our results extend to
more languages and semantic domains, such as kinship terms.
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