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Abstract

Systems of semantic categories vary across languages, but this
variation appears to be constrained by pressure for optimizing
a complexity-accuracy tradeoff known as the Information Bot-
tleneck (IB) principle. This finding, however, has been based
primarily on individual languages and it remains largely un-
known how bilinguals navigate the category systems of two
different languages, particularly when these languages’ cate-
gory boundaries do not overlap. Here, we address this gap
in the literature by combining theory-driven experiments with
an extension of the IB framework to bilinguals. Specifically,
we investigate bilingual vs. monolingual category boundaries
in English and Mandarin via a two-alternative forced-choice
(2AFC) labeling task on six continua that interpolate between
two distinct everyday objects (e.g., plate and bowl). We find
that: (1) bilinguals do not maintain two monolingual-like sys-
tems but rather exhibit a converged semantic system influenced
equally by both languages; and (2) this departure from mono-
linguals is nonetheless constrained by the same pressure for
efficiency that operates in monolinguals. These findings pro-
vide new insight into how bilinguals navigate cross-linguistic
semantic variation and suggest that despite having to accom-
modate myriad sociolinguistic factors, a drive for efficiency is
also a key factor that shapes bilingual category systems.
Keywords: bilingualism; communicative efficiency; concep-
tual category systems; information theory

Introduction
The world is filled with a vast array of entities, from tangi-
ble objects like chairs and trees to intangible concepts like
emotions and ideas. To make sense of this complexity and
communicate effectively about it, humans classify these enti-
ties into distinct categories based on shared features (Rosch
& Mervis, 1975; Medin & Schaffer, 1978) that they then con-
vey to others via words. Importantly, humans do not assign
unique labels to every possible variation of perceivable fea-
tures; instead they encode only a limited subset (for review,
see Malt & Majid, 2013; Malt, 2024). Notably, different cul-
tures and languages prioritize different features to establish
their category boundaries, resulting in segmentations that can
differ significantly across languages (Berlin & Kay, 1969;
Van Hell & De Groot, 1998; Malt, 1995). For example, con-
sider the representation of “chair” and “sofa” for Mandarin
versus English speakers. In English, both a cushioned seat for
one person and a wooden seat share the same name (“chair”).
However, Mandarin speakers group the cushioned seat under
the same name as a multi-person cushioned seat—what En-
glish speakers would refer to as a “sofa” (Malt, Sloman, &
Gennari, 2003). In other words, English uses the number of

people that can be seated as the defining feature, but Man-
darin uses the material of the seat instead.

It has long been held that these features that define the
boundaries of word meanings are not random, but based on
the communicative constraints imposed by evolving culture-
specific needs, language contact, and the morphological re-
sources of the language (Malt, 1995; White, Storms, Malt,
& Verheyen, 2018). More recently, it has been argued that
cross-linguistic semantic variation is constrained by a need
to support efficient communication (Kemp, Xu, & Regier,
2018; Zaslavsky, Kemp, Regier, & Tishby, 2018). In par-
ticular, Zaslavsky et al. (2018) argued that semantic systems
evolve under pressure to efficiently compress meanings into
forms via a general information-theoretic optimality princi-
ple known as the Information Bottleneck (IB; Tishby, Pereira,
& Bialek, 1999), providing a theoretical framework which
has been supported by broad empirical evidence across lan-
guages and semantic domains (Zaslavsky et al., 2018; Za-
slavsky, Regier, Tishby, & Kemp, 2019; Zaslavsky, Maldon-
ado, & Culbertson, 2021; Mollica et al., 2021). This suggests
that, in combination with sociolinguistic and possibly other
cultural factors, a drive for efficiency shapes the ways lan-
guages name (or label) objects.

However, this body of literature has mostly focused on
monolingual speakers, leaving open two important questions
related to bilinguals, who in order to communicate must nav-
igate not only multiple grammars and phonetic inventories,
but also differing systems of sematic categories.

The first open question is how bilinguals integrate category
knowledge from more than one language. Theoretically, they
could address this challenge using one of two broad strate-
gies. First, bilinguals could maximize alignment to the nam-
ing conventions of each language by developing two separate
“monolingual-like” systems to alternate between. Alterna-
tively, bilinguals might conserve resources by converging to
a shared system (see Ameel, Storms, Malt, & Sloman, 2005;
Ameel, Malt, Storms, & Van Assche, 2009; White, Malt, &
Storms, 2017), in accordance with a common mechanism ac-
count of bilingualism (Blanco-Elorrieta & Caramazza, 2021).
These two possibilities make distinct predictions about bilin-
guals’ category boundaries. Under the first hypothesis, bilin-
guals’ boundaries would align with the monolingual’s bound-
aries in each language, even when the two monolingual sys-
tems have different boundaries. Under the second hypothesis,
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bilinguals’ boundaries in both languages would converge, i.e.,
tend toward each other and deviate from the two monolingual
systems. This convergence could take different shapes based
on the influence of each language. If both languages exert
equal influence, one could predict that this converged bound-
ary will fall midway between the monolingual boundaries on
either end. If one language dominates, the prediction would
be that bilinguals’ boundaries will shift towards one another,
but will be biased toward the dominant language.

The second open question is to what extent the way bilin-
guals integrate category knowledge is shaped by pressure for
efficiency. On the one hand, if pressure for efficiency is in-
deed a fundamental cognitive constraint, as implied by prior
work (Kemp et al., 2018; Gibson et al., 2019; Zaslavsky,
2020), then we should expect that bilinguals would be as ef-
ficient as monolinguals, regardless of their need to accom-
modate additional (socio)linguistic constraints. On the other
hand, such sociolinguistic constraints may compete with and
outweigh the need for efficiency and potentially pull the bilin-
gual category systems in directions that are less efficient.

Prior work on container naming in Dutch and French sug-
gests that bilingual category systems may converge (Ameel et
al., 2005, 2009; White et al., 2017). There is also preliminary
evidence that both bilinguals and monolinguals in this domain
may be near-optimally efficient in the IB-sense (Zaslavsky et
al., 2019, and see also Xu, Regier, & Malt, 2016 for a dif-
ferent approach to studying efficiency in this domain). How-
ever, the container stimuli at the basis of these studies only
sparsely cover the full semantic domain and therefore do not
allow teasing apart precise category boundaries and fully test-
ing the theoretical predictions of the IB framework.

Here, we take a different approach to studying the bilingual
lexicon and focus on two typologically distinct languages,
English and Mandarin. We present a two-alternative forced-
choice (2AFC) labeling task on six continua that interpolate
between two everyday objects, as shown in Figure 2. These
stimuli were carefully designed to control for variation in
the monolingual boundaries, capturing both cases in which
the boundaries overlap in English and Mandarin and cases in
which they differ. Our results reveal that (1) bilinguals do not
maintain distinct monolingual-like systems; instead, they ex-
hibit a converged category system equally shaped by both lan-
guages; and (2) the bilinguals’ departure from monolinguals
is nonetheless constrained by the same pressure for efficiency
that operates in monolinguals. These findings provide new
insight into how bilinguals navigate cross-linguistic semantic
variation and suggest that pressure for efficiency also operates
in bilinguals, distinctly from sociolinguistic factors.

How do bilinguals integrate two different
category systems?

We begin here with presenting our experimental paradigm
and empirical data for addressing our first question, and in
the following section we address the second question by con-
ducting an efficiency analysis with respect to these data.

To identify the categorical boundaries in the naming pat-
terns of everyday artifacts and determine how they differ be-
tween monolinguals and bilinguals, we conducted an online
2AFC task (Figure 1). Participants in the task provided in-
formed consent and were compensated for their time. The
study was approved by the institutional review board.

English Mandarin

What is this object? 这个物体是什么?

碗 盘子

2AFC Task

Bowl Plate

Figure 1: Example of the 2AFC task as seen by participants.

Stimuli
We chose pairs of related everyday objects (e.g., a plate and a
bowl) and created a continuum from one object to the other by
manipulating their visual features (e.g., depth) in a gradual,
step-wise manner. We created a total of 15 continua, each
made up of 7 steps which were made as realistic, 500x500px
3D images using Blender.

Subsequently, we normed these continua to obtain the most
frequent category names for each item in both languages. The
norming procedure consisted of 30 monolingual English (19
females, 11 males; Mage = 37.3,SD = 11.0) and 30 mono-
lingual Mandarin (16 females, 14 males; Mage = 30.9,SD =
6.7) participants naming the object displayed on the screen.
We used the first (step 1), middle (step 4) and last (step 7)
item of each continuum for this task. The most frequent
names for the first and last items (e.g., “plate” and “bowl”)
determined the categories of each continuum. We used the
middle (step 4) item naming procedure for two purposes.
First, it allowed us to reject any continuum where there was
a third category between our two ends (e.g., in continuum
from ‘couch’ to ‘chair’, a blended image in the middle would
be called a ‘loveseat’). Second, the name distribution for
the middle object allowed us to assess whether the category
boundary change (e.g., when a “bowl” beings to be perceived
as a “plate”) occurred at the same step or at a different step
across languages. Based on this, we chose 3 continua where
the category boundaries overlapped for both languages (re-
ferred to as ‘same continua’), and another 3 where the cate-
gory change occurred at a different step (referred to as ‘dif-
ferent continua’). Figure 2 shows the final ‘different’ (a) and
‘same’ (b) continua.

Online 2AFC task
Participants. We recruited 48 monolingual English
speakers (32 females, 14 males, 2 non-binary/prefer not
to say; age: Mage = 40.7,SD = 14.6; Mproficiency = 6.67;
MAoA = 0.14 years), 46 monolingual Mandarin speak-
ers (24 females, 21 males, 1 non-binary/prefer not
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Figure 2: Behavioral results. Curves show the averaged labeling patterns for each language group for (a) ‘different boundary’
and (b) ‘same boundary’ continua. The x-axis represents the item step number, and the y-axis shows the proportion of second
category responses (e.g., “Bowl” in the Plate-to-Bowl continuum). Shaded regions indicate 95% confidence intervals.

to say; Mage = 32.3,SD = 8.9; Mproficiency = 6.12;
MAoA = 0.47 years) and 34 Bilingual speakers (20 females,
14 males; Mage = 21.3,SD = 5.4; MproficiencyMandarin =
6.09,MproficiencyEnglish5.75; MAoAMandarin = 0.64,
MAoAEnglish = 6.21) for this study. Six of these bilin-
guals reported being simultaneous learners of English and
Mandarin while the rest were Mandarin first sequential
learners (MAoAMandarin = 0.03, MAoAEnglish = 7.55). All
participants were recruited online and lived either in the USA
(monolingual English and bilinguals) or China (monolingual
Mandarin). Participants rated their own ability in listening,
speaking, reading, and writing on a scale from 1 (’Very
poor’) to 7 (’Excellent’). We used the average of these
four ratings as their proficiency score. Monolinguals who
reported significant proficiency in a second language (above
3 out of 7) or bilinguals who were proficient in a third
language and/or not highly proficient in both English and
Mandarin were excluded from our dataset.

Procedure. Participants saw one image with the two labels
corresponding to both ends of the continua (e.g., “Plate” and
“Bowl” from Plate-to-Bowl continua) and selected the label
that best matched. (Figure 1). Each object was presented
twice in random order. All instructions and communication
occurred entirely in the language of the experiment. Bilingual
participants completed the task in both English and Mandarin,
with sessions at least 24 hours apart. We counterbalanced the
test order across bilinguals.

Behavioral Analysis. We defined the categorical boundary
as the interpolated step in each continuum where participants
were equally likely to choose either category label. Using
linear interpolation, we estimated this point for each lan-
guage group and compared group differences with Welch’s
two-sample t-tests for: (a) monolingual English vs. mono-
lingual Mandarin, (b) bilingual English vs. monolingual En-
glish, (c) bilingual Mandarin vs. monolingual Mandarin, and
(d) bilingual English vs. bilingual Mandarin. We excluded
participants who failed to consistently label the unambiguous
exemplars (steps 1 and 7).

Convergence of bilingual categorization

Our behavioral analysis tested competing theories of bilin-
gual categorization – whether bilinguals maintain separate
monolingual-like semantic systems or form a shared, blended
conceptual system across both languages. Our results
strongly support a shared system: while English monolin-
guals and Mandarin monolinguals showed a significant differ-
ence in crossover step in the ‘different continua’ (t = −9.02,
p < 0.001, CI = [0.15 : 0.24]), bilinguals’ crossover steps
were not different in Mandarin and English (‘different con-
tinua’: t = 0.46, p = 0.64 , CI = [−0.04 : 0.07]). Importantly,
neither the monolinguals nor the bilinguals showed a differ-
ence in the control, ‘same continua’ (Monolingual English vs
Mandarin: t = 0.04, p = 0.97, CI = [−0.06 : 0.06] ; bilin-
guals in English vs Mandarin: t = −1.13, p = 0.25, CI =
[−0.07 : 0.02]). Thus, these findings confirm that the catego-
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rization representations for ‘different continua’ differ across
languages but that bilinguals rely on a unified representa-
tion across both of their languages. Furthermore, we found
that both languages exert equal influence on this converged
boundary in our bilinguals, as their category boundaries were
significantly different from the monolingual boundaries of
each language (monolingual English vs. bilingual English:
t = −2.74, p < 0.01, CI = [−0.13 : −0.02]; monolingual
Mandarin vs. bilingual Mandarin: t = 4.42, p < 0.001, CI
= [0.11 : 0.36]). An exploratory analysis excluding the 6 si-
multaneous bilinguals still revealed a significant difference
from monolingual boundaries. Taken together, these findings
provide evidence that bilinguals utilize a converged catego-
rization system influenced equally by both languages (for a
breakdown of ‘Different continua’ results, see Table 1).

Continua MonoEng
vs.

MonoMan

MonoEng
vs.

BilingEng

MonoMan
vs.

BilingMan

BilingEng
vs.

BilingMan

Plate to Bowl p < 0.001*** p < 0.05* p < 0.01** p = 0.81

Bucket to Pot p < 0.001*** p < 0.01** p < 0.01** p = 0.88

Spatula to Ladle p < 0.05* p = 0.91 p = 0.32 p = 0.34

Table 1: p values from Welch’s t-test on ‘different continua’
for the pairwise comparisons between language groups. None
of the comparisons for the ‘same continua’ were significant.

Are bilingual category systems efficient?
The empirical results above show that bilinguals can differ
from monolinguals in both languages with regard to their
categorization patterns. But to what extent does this depar-
ture from the monolinguals support efficient communication?
While prior work has shown that monolingual category sys-
tems (divergent or not) are typically highly efficient, it re-
mains unknown whether the bilingual patterns are equally
constrained by efficiency. For example, if the semantic con-
vergence in the bilingual patterns is driven by sociolinguis-
tic pressures, then it may lead bilinguals to compromise effi-
ciency while satisfying other constraints. On the other hand,
if pressure for efficiency is a fundamental cognitive bias, then
this bias may constrain the bilingual category systems in a
similar manner as it constrains monolinguals.

Theoretical framework
To assess the efficiency of the converged bilingual category
systems, we turn to the theoretical framework of Zaslavsky et
al. (2018), which argues that speakers efficiently compress
meanings into labels according to a general information-
theoretic principle called the Information Bottleneck (IB;
Tishby et al., 1999). This framework is particularly rele-
vant in our context because its characterization of semantic
systems across languages has gained broad empirical sup-
port (Zaslavsky et al., 2018, 2019; Mollica et al., 2021; Za-
slavsky et al., 2021) and it generated precise quantitative pre-
dictions that can be tested in our case.

Figure 3: The communication model of Zaslavsky et al.
(2018), which is grounded in an underlying similarity-based
representation of the domain. See main text for details.

This framework is based on the communication model
shown in Figure 3, in which a speaker is modeled as a
stochastic encoder q(w|m) probabilistically mapping mean-
ings m to labels w, and a listener as an ideal observer map-
ping from labels to inferred meanings m̂w. For each lan-
guage group and for each continuum, we estimate an aggre-
gate speaker as the empirical labeling distribution from the
2AFC tasks described in the previous section.

The speaker’s meanings, m, are assumed to be belief states,
formally defined as a probability distribution m(u) over ele-
ments in a domain U . We will therefore consider a model
instantiation for each of the six continua from the previous
section, taking U to be the 7 objects (or steps) in the contin-
uum. As explained in the following subsection, we instanti-
ate these six models by grounding meanings in non-linguistic
similarity spaces. This grounding is the only component that
varies across the six model instantiations, and importantly,
the formal notion of efficiency remains exactly the same.

According to the IB framework, systems are efficient to
the extent that they satisfy a tradeoff between minimizing
complexity—measured in bits as the resources needed to
compress a thought into a word—and minimizing distortion
of meanings, which reflects the listener’s error in reconstruct-
ing the speaker’s intended meaning. More formally, the com-
plexity of any given encoder (or empirical labeling system) is
defined by the mutual information it induces between mean-
ings and labels,

Iq(M ;W ) =
∑
m

p(m)q(w|m) log q(w|m)
q(w) , (1)

where q(w) =
∑

m p(m)q(w|m) is the marginal distribution
of labels, and p(m) denotes a distribution over steps in the
continua which, for simplicity, we take here to be uniform.
Accuracy depends on how well a listener can reconstruct the
speaker’s intended meaning, formally defined in terms of the
Kullback-Leibler (KL) divergence between speaker and lis-
tener meanings,

Eq

[
DKL

[
M∥M̂

]]
=

∑
m,w

p(m)q(w|m)D [m||m̂w] . (2)

Minimizing Eq. 2 amounts to maximizing I(W ;U) (Tishby
et al., 1999; Zaslavsky, 2020), which can be interpreted as
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Figure 4: Complexity-accuracy tradeoffs for both monolinguals and bilinguals across the six continua. Colored dots and
colored regions mark the means and 95% CIs, respectively, of complexity and accuracy of each language group based on 1000
bootstrapped resamples from the participant population. Gray dots mark all 5040 permutations of each actual system.
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Figure 5: Comparison of human (top, from Figure 2a) and fitted IB (bottom) category boundaries, with corresponding β values.

the information-theoretic accuracy of the lexicon. Taken to-
gether, a category system that is optimally efficient minimizes
the overall IB objective function:

Fβ [q(w|m)] = Iq(M ;W )−βIq(W ;U), (3)

where β ≥ 1 is a tradeoff parameter. The solutions to this
optimization problem at different values of β define the IB
theoretical limit of efficiency (see Figure 4, black curves),
which is the upper bound on achievable complexity-accuracy
tradeoffs. If both monolinguals and bilinguals operate sim-
ilarly under pressure to maintain efficient category systems,
then their systems should lie near this bound, possibly with

different tradeoffs β as their systems do vary. However, if
bilinguals operate under high demands from other (e.g., so-
ciolinguistic) constraints that compete with efficiency, they
may be pulled away from the bound relative to monolinguals.
To test which of these possibilities are consistent with our
data, we first need to compute the bound for each continuum,
which requires specifying a grounded meaning space.

Grounding meanings in non-linguistic similarities
For each of the six continua under study, we model the speak-
ers’ meanings m(u) as probabilistic mental representations
of the continua. Following prior work (e.g., Regier, Kemp,

2290



& Kay, 2015; Xu et al., 2016), we define the meaning of
each target referent ut ∈ U as a similarity-based distribution,
mt(u) ∝ exp(γSim(ut,u)). The value of γ determines the
degree of speaker uncertainty, which we approximate using
the domain-agnostic method from (Eisape, Levy, Tenenbaum,
& Zaslavsky, 2020; Zaslavsky et al., 2021). Sim(ut,u) de-
notes the similarity between ut and u, which we estimate
empirically by collecting pairwise similarity rating using the
non-linguistic task described below. Because prior work has
shown that similarity rating judgments are highly correlated
across languages (Ameel et al., 2005; Malt, Sloman, Gennari,
Shi, & Wang, 1999; Malt et al., 2003; Maldonado, Zaslavsky,
& Culbertson, 2023), we focus here on similarity data from
monolingual English speaking participants.

Participants. We recruited 40 monolingual English speak-
ers residing in the USA (22 females, 18 males; Mage =
41.5,SD = 14.8) online, excluding those with second-
language proficiency score above 3 out of 7.

Procedure. Participants rated the similarity of all pairwise
step combinations (0 = “Not at all similar” to 4 = “Same”).
Ratings were averaged across participants to create a similar-
ity matrix for each continuum.

Bilinguals are near-optimal, akin to monolinguals

Given the IB model instantiation for each of the six continua,
we computed the complexity and accuracy for each language
group and compared these values to the IB theoretical limit
of efficiency. Figure 4 shows that across all six continua, the
category systems of all language groups—English and Man-
darin monolinguals and bilinguals in either language—lie ex-
tremely close to the theoretical bound. To account for estima-
tion errors in the empirical complexity-accuracy tradeoffs, we
report bootstrapped average values (colored dots) and 95%
confidence intervals (colored regions) based on 1000 resam-
ples (Figure 4). All variation in our estimates is confined to
a narrow region near the bound, with populations differing
only in their precise location along it. This means that while
we cannot draw conclusions as to the relative position of each
language group along the bound, we can conclude with con-
fidence that they are all near-optimal. To further test this for
significance, we considered all possible permutations of each
language group’s empirical category system, i.e., p(w|m),
within each continuum (yielding 7! = 5040 counterparts per
group per continuum), and assessed the deviation from opti-
mality as the test statistic.1 We found that all groups across
all continua are significantly efficient (p < 10−5).

Importantly, our finding that both monolinguals and bilin-
guals are highly efficient holds both in the ‘same continua’
and ‘different continua’ domains. This suggests that while
bilinguals exhibit semantic convergence in their categories,
this convergence may still be constrained by pressure to main-

1We also repeated this analysis with a measure of similarity be-
tween the full probabilistic structure of the optimal and attested sys-
tems and found similar results.

tain IB-efficient category systems independently of other fac-
tors, such as sociolinguistic pressures, that are likely to affect
bilinguals in different ways compared to monolinguals.

Finally, we note that the qualitative behavior of the optimal
IB systems captures some aspects of the behavioral data, but
also deviates from it in interesting ways. First, in contrast to
the 2AFC task, the model is not restricted to using only two
labels. In fact, shifts in category boundaries, as observed in
the behavioral data, tend to emerge in the model from compe-
tition between more than two categories. This raises an inter-
esting prediction that perhaps bilinguals may have intermedi-
ate categories in addition to the two endpoint labels. Another
source for boundary shifts in the model could stem from our
assumption of a uniform prior, whereas a non-uniform one
could shift boundaries by weighting some meanings more.
These two observations about the model suggest the need for
theory-driven experiments in future work, considering free-
labeling and prior elicitation tasks. Second, as can be seen in
Figure 5, while the model captures the category boundaries
in the ‘same continua,’ the qualitative fit in the ‘different con-
tinua’ is somewhat mixed. We fit each empirical system in
our dataset with an IB-optimal encoder by first reducing the
encoder to the modal categories of step 1 and 7, and then se-
lecting the encoder that minimizes the squared error between
the probabilities it predicts for these two categories and the
average empirical probabilities from Figure 2. The main dis-
crepancy of the model is in the ‘Bucket to Pot’ continuum,
where it fails to account for the bilingual convergence, in con-
trast to the other two ‘different continua’ where the model can
capture the observed convergence.

Discussion

In this work we addressed two open questions related to cat-
egorization in bilinguals: (1) How do they integrate non-
overlapping category systems from different languages? And
(2) to what extent do they maintain efficient category sys-
tems? By combining theory-driven experiments and an
information-theoretic efficiency analysis, we showed that
bilinguals exhibit semantic convergence in their category sys-
tems, departing from monolinguals in this respect, but at the
same time their category systems remain near-optimally ef-
ficient, akin to monolinguals. These findings provide new
insight into how bilinguals may navigate cross-linguistic se-
mantic variation and suggest that a drive for efficiency is a
key factor shaping bilinguals, in addition to other, e.g., soci-
olinguistic, factors. Our work also underscores the need for
further theory-driven research to tease apart potential compu-
tational accounts for the observed shifts in the bilingual cate-
gory boundaries, such as differences in priors or competition
between categories. Finally, another important direction for
future research is to study bilinguals from different sociolin-
guistic backgrounds. This would help determine whether the
merged category boundary is always shaped equally by both
languages or if its position shifts based on how often a person
is exposed to each language’s boundaries.
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