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Abstract
Language is often viewed through the lens of embodied cognition
and symbol grounding, where meaning arises from interaction
with the environment rather than from abstract symbols alone.
This work explores how divergent perceptual experiences affect
the emergence of communication in artificial agents. By extending
a multi-turn referential game to both unimodal and multimodal
setups, we examine how sensory alignment influences the structure
and semantics of emergent languages. Experiments across synthetic
and environmental datasets reveal that unimodal agents, benefiting
from shared perceptual grounding, exhibit lower entropy, higher
referential accuracy, and more structured message encodings. In
contrast, multimodal agents develop more abstract, distributed com-
munication strategies. These findings highlight the role of percep-
tion in shaping emergent language and provide a framework for
future work in adaptive, modality-aware communication systems.
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1 Introduction and Motivations
Noam Chomsky, widely regarded as the “father of modern linguis-
tics", once characterised spoken language as “a way of decoding
noises [one] hears and converting them into a system that matches
[one’s] own representations" [3]. While the biological underpin-
nings of language are extremely complex, this description encapsu-
lates its cognitive role: mapping sensory information onto internal
representations to achieve mutual understanding. This process is
central to theories such as symbol grounding [5] and embodied
cognition [6], which argue that symbols and words lack inherent
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meaning until they are grounded in sensory and motor experiences.
According to these frameworks, language functions as a tool for en-
capsulating and transmitting elements of lived experience, making
communication possible through the alignment of perceptual com-
monalities. However, when individuals perceive their environment
through entirely different modalities, such as one through auditory
input and the other through visual input, the absence of a common
perceptual foundation complicates mutual understanding.

This challenge is not limited to humans. As we develop artificial
agents and robots with diverse sensors and modalities, understand-
ing how communication can emerge across perceptual boundaries
becomes important. Emergent communication, where agents de-
velop their own protocols through interaction, provides a strong
framework to study this problem [1]. While prior work has shown
its potential for coordination in artificial systems [2], most research
assumes homogeneous perception, where agents perceive the envi-
ronment through identical or overlapping modalities. This assump-
tion neglects the reality of heterogeneous perceptual modalities,
which are common in real-world scenarios and present both chal-
lenges and opportunities for advancing communication systems.

This research addresses this gap by investigating the communica-
tion strategies that emerge between agents with disjoint sensory
modalities. The goal is to establish an experimental framework
for future studies in multimodal emergent communication and to
offer preliminary insights into how such systems adapt and develop
shared language despite perceptual divergence. By exploring how
agents with disjoint sensory modalities learn to communicate, this
work opens new research directions in both artificial intelligence
and linguistic theory. It lays a foundation for designing multi-agent
systems, such as heterogeneous robotic teams operating in real-
world environments, including applications like search-and-rescue
missions. Moreover, it provides a framework for future studies on
emergent semantics under sensory divergence, with potential rel-
evance to communication strategies in assistive technologies and
human populations with sensory impairments.

2 Multi-Modal Referential Game
To investigate, we implement a variant of the referential game,
with our version based on the setup introduced by Evtimova et
al.[4]. In standard referential games, a sender agent encodes an
input stimulus, such as an image, into a message, which is then
transmitted to a receiver agent [7]. The receiver, upon receiving the
message along with a set of candidate images, including distractor
images, must infer which image the sender intended to refer to.
In our adapted version of the game, communication is extended
to multiple time-steps: the receiver is allowed to send messages
back to the sender before making a final decision. This bidirectional
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interaction ensures that the emergent language is shaped collabo-
ratively by both agents. Crucially, in our multimodal setting, the
sender and receiver do not share the same perceptual modality.
One agent perceives an image representation of the object, while
the other perceives an audio version. To evaluate the impact of
perceptual divergence, we implement both this multimodal variant
and a unimodal counterpart in which both agents share the same
sensory input. This comparison enables a more detailed analysis of
how modality affects the structure and semantics of emergent lan-
guage. The messages exchanged between agents in our system are
binary strings, composed of sequences of 0s and 1s. These discrete,
fixed-length messages are learned from scratch and not pre-defined,
enabling the agents to develop their own communication proto-
col during training. The system was evaluated on both a simple
synthetic dataset and a more complex, environmentally grounded
dataset to assess its performance across varying levels of perceptual
complexity.

Figure 1: Example play of the multi-step multi-modal refer-
ential game proposed by Evtimova et al. [4]

3 Experiments and Results
Our experiments revealed notable differences between unimodal
and multimodal agents in how they develop and structure emer-
gent communication protocols. These differences spanned accu-
racy, message structure, and representational strategy, reflecting
the influence of modality alignment on communication efficiency.
Unimodal agents slightly outperformed multimodal agents in refer-
ential accuracy and exhibited significantly lower receiver entropy,
indicating reduced uncertainty and more deterministic communi-
cation. In contrast, multimodal agents, facing perceptual mismatch,
tended to need longer and denser messages to compensate for the
lack of shared modality.

Message similarity analysis showed higher within-class consistency
in unimodal agents, reflecting more stable and deterministic encod-
ing. However, variable bits (those that frequently flipped between
0 and 1) carried greater discriminatory weight in these systems
than they did in multimodal systems, and perturbing them led to
performance drops. Flipping constant bits (those that were 0 or 1
most of the time) had a weaker impact than it did on multimodal
systems, suggesting variable bits encoded more fine-grained in-
formation about the input. In contrast, multimodal agents were
largely unaffected by changes to variable bits but were highly sen-
sitive to constant bit perturbations. This indicates a more abstract,

distributed encoding strategy, where meaning depended on stable
bit patterns and surrounding context. While unimodal messages
encoded lower-level features more directly, multimodal messages
relied on more diffuse, relational structures.

Importantly, feature influence analysis showed that sender mes-
sages corresponding to low-frequency sounds formed distinct clus-
ters in the embedding space, especially in the unimodal setup.While
less pronounced in the multimodal case, this pattern suggests that
emergent messages still reflect meaningful properties of the input
and are not entirely abstract. These structural patterns were also
present, though somewhat attenuated, in experiments on the more
complex environmental dataset.

These findings demonstrate that perceptual divergence leads to
more abstract, distributed communication protocols, while also
highlighting the adaptability of emergent language systems in
bridging heterogeneous experiences. Beyond characterising agent
strategies, this research also highlights the importance of input
embedding generation, methods in which sensory data is repre-
sented before being processed by agents. In both synthetic and
environmentally grounded settings, the clarity of emergent mes-
sages was closely tied to how perceptual inputs were encoded.
As such, achieving real-world applicability will require further re-
search into more effective embedding methods. Overall, this work
not only uncovers preliminary communication strategies for het-
erogeneous agents but also lays the groundwork for future studies
into perception-aware communication, robust message encoding,
and representation learning in multimodal environments.

4 Conclusion
Beyond its immediate findings, this study advocates a broader
reconceptualisation of emergent communication. It encourages
that we approach it not as a product of shared representations,
but as an adaptive process shaped by perceptual context. Future
work could build on this framework to support real-world coordi-
nation between heterogeneous agents, such as audio-driven and
vision-driven robots, or inform linguistic research into how mean-
ing emerges between individuals with different sensory or cognitive
experiences.
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