
Doctoral Thesis in Speech and Music Communication

Spatially Grounded
Communication in Embodied

Agents
From Gesture Generation to Referential Understanding

ANNA DEICHLER

KTH ROYAL INSTITUTE OF TECHNOLOGY





Spatially Grounded
Communication in Embodied
Agents
From Gesture Generation to Referential Understanding

ANNA DEICHLER

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology, is
submitted for public defence for the Degree of Doctor of Philosophy on Monday, the 15th June 2026,
at 10:00 in Sal F3, Lindstedtsvägen 26, Stockholm.

Doctoral Thesis in Speech and Music Communication

KTH Royal Institute of Technology

Stockholm, Sweden 2026





© Anna Deichler 2026

TRITA-EECS-AVL-2026:60
ISBN 978-91-8106-641-8

Printed by Universitetsservice US-AB, Sweden 2026





Abstract

When a person says ñput that over thereò while pointing at a shelf, the mean-
ing depends on the spatial relationship between speaker, listener, and shared
physical scene. Embodied agents that participate in such interactions must
both produce spatially grounded gestures and interpret multimodal references.
Yet these capabilities have largely been studied in isolation, with separate data,
methods, and evaluation paradigms.

This thesis argues that gesture generation and referential grounding are two
sides of the same communicative process, and that studying them jointly re-
veals structure that neither subfield uncovers alone. The argument is developed
across seven papers. On the production side, contrastive speech-motion pre-
training enables semantically aware co-speech gesture generation, while rein-
forcement learning with adversarial motion priors produces pointing gestures
that are both spatially accurate and motorically natural, outperforming super-
vised baselines in a human referential identification study. A flow-matching
architecture further combines semantic and spatial conditioning within a sin-
gle generative system through distinct pathways.

On the comprehension side, the thesis introduces multimodal conversational
datasets recorded in virtual reality and with wearable AR sensors, combining
full-body motion, gaze, speech, and 3D scene context. Experiments show that
state-of-the-art visionïlanguage models fail on conversational references not
for lack of perceptual capability, but because they cannot determine what is
being referred to from underspecified language. A rewrite-based decoupling
experiment isolates this bottleneck: once the referent is explicitly described,
even simple detectors localize it accurately.

A central finding across both threads is that semantic reasoning, what is be-
ing communicated, and spatial reasoning, where it is directed, benefit from
separate architectural treatment. On the production side, audio conditioning
drives gesture timing while spatial targets determine direction; on the com-
prehension side, linguistic reasoning identifies the referent while visual per-
ception localizes it. In both cases, architectures that maintain this separation
outperform those that conflate heterogeneous signals into a shared representa-
tion. A shared data infrastructure, built incrementally across the papers, makes
this parallel empirically testable: the same referential annotations that define
conditioning targets for generation also define evaluation targets for ground-
ing.

The thesis contributes methods, datasets, benchmarks, and evaluation proto-
cols that support a unified view of spatially grounded communication in em-
bodied agents, where producing and interpretingmeaning are coordinated pro-
cesses grounded in language, body, and shared physical space.
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Sammanfattning

Nªr en person sªger ñstªll det dªr bortaò och samtidigt pekarmot en hylla beror
betydelsen p¬ den rumsliga relationen mellan talare, lyssnare och delad fysisk
omgivning. Fºrkroppsligade agenter som deltar i s¬dana interaktioner m¬ste
b¬de producera rumsligt grundade gester och tolka multimodala referenser.
Trots detta har dessa fºrm¬gor till stor del studerats isolerat, med separata data,
metoder och utvªrderingsparadigm.

Denna avhandling argumenterar fºr att gestgenerering och referentiell grund-
ning ªr tv¬ sidor av samma kommunikativa process, och att ett samlat studium
av dem blottlªgger struktur som inget av delfªlten f¬ngar p¬ egen hand. Ar-
gumentet utvecklas genom sju artiklar. P¬ produktionssidan mºjliggºr kon-
trastiv talïrºrelse-fºrtrªning semantisktmedveten generering av talackompan-
jerande gester, medan fºrstªrkningsinlªrning med adversariella rºrelseprior
producerar pekgester som ªr b¬de rumsligt precisa ochmotoriskt naturliga och
ºvertrªffar ºvervakade baslinjer i en perceptuell identifieringsstudie. En flºdes-
matchningsarkitektur kombinerar vidare semantisk och rumslig konditioner-
ing inom ett enda generativt system genom distinkta signalvªgar.

P¬ fºrst¬elsesidan introducerar avhandlingen multimodala konversations-
dataset inspelade i virtuell verklighet, vilka kombinerar helkroppsrºrelse,
blickriktning, tal och 3D-scenkontext. Experiment visar att ledande bildï
spr¬kmodeller misslyckas med konversationella referenser inte p¬ grund av
bristande perceptuell fºrm¬ga, utan fºr att de inte kan avgºra vad som ¬syftas
utifr¬n underspecificerat spr¬k. Ett omskrivningsbaserat frikopplingsexperi-
ment isolerar denna flaskhals: nªr referenten beskrivs explicit lokaliserar ªven
enkla detektorer den korrekt.

Ett centralt resultat som lºper genom b¬da sp¬ren ªr att semantiskt
resonerande, vad som kommuniceras, och rumsligt resonerande, vart det rik-
tas, gynnas av separat arkitektonisk behandling. P¬ produktionssidan styr au-
diokonditionering gesternas timing medan rumsliga m¬l bestªmmer riktnin-
gen; p¬ fºrst¬elsesidan identifierar spr¬kligt resonerande referenten medan vi-
suell perception lokaliserar den. I b¬da fallen ºvertrªffar arkitekturer som up-
prªtth¬ller denna separation dem som sammanfºr heterogena signaler i en de-
lad representation. En gemensam datainfrastruktur, uppbyggd inkrementellt
genom artiklarna, gºr denna parallell empiriskt prºvbar: samma referensan-
noteringar som definierar konditioneringsm¬l fºr generering definierar ªven
utvªrderingsm¬l fºr grundning.

Avhandlingen bidrar med metoder, dataset, riktmªrken och utvªrderingspro-
tokoll som stºdjer en enhetlig syn p¬ rumsligt grundad kommunikation i
fºrkroppsligade agenter, dªr produktion och tolkning av mening ªr samord-
nade processer grundade i spr¬k, kropp och delat fysiskt rum.

vii





Popular Science Summary

Most people have experienced how AI language models like ChatGPT can hold
a conversation in text. A natural next step is to give these systems a body, a
robot or a virtual character that can see, move, and share a physical space with
people. But conversation in a shared environment is fundamentally different
from conversation on a screen. When someone says ñput that over thereò while
pointing at a shelf, themeaning depends not just on thewords, but onwhere the
speaker is looking, what they are pointing at, and which objects surround them.
This kind of spatial, gesture-rich communication is effortless for humans, yet
remains surprisingly difficult for artificial agents. This thesis investigates how
such agents can learn to both produce and understand it.

The work has two complementary parts. The first asks how a virtual character
can generate natural-looking gestures, especially pointing, that accurately in-
dicate objects in a shared environment. Although pointing appears simple, it
requires precise coordination of timing, arm direction, and body posture. This
thesis develops methods that learn such behavior directly frommotion capture
recordings of human interaction.

The second part asks how an agent can determine what a person is referring
to during a conversation. In natural dialogue, people rarely use fully specified
descriptions; instead of ñthe red mug on the second shelf,ò they say ñthat oneò
or simply ñit,ò relying on shared context. This thesis shows that current AI sys-
tems often fail in these cases not because they cannot perceive the scene, but
because they cannot resolve which object is intended. A simple experiment il-
lustrates this: when a vague reference like ñthat oneò is rewritten into an explicit
description using the dialogue context, even basic object detectors can identify
the correct target.

These two directions reveal a common structure. In both generation and
understanding, reasoning about what is being communicated and reasoning
about where it is located are distinct problems that benefit from being treated
separately. The thesis supports this claim through new multimodal datasets
recorded in virtual reality and with wearable smart glasses, capturing speech,
body movement, eye gaze, and 3D scene context in a unified framework.

The results contribute toward agents that can participate naturally in spatial,
gesture-rich interaction, understanding not just words, but the full context of
pointing, gaze, and shared physical space in which meaning arises, and ulti-
mately serving as intuitive, practical helpers in everyday environments.
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Populärvetenskaplig sammanfattning

De flesta har upplevt hur AI-spr¬kmodeller somChatGPT kan fºra en konversa-
tion i text. Ett naturligt nªsta steg ªr att ge dessa system en kropp, en robot eller
en virtuell karaktªr somkan se, rºra sig och dela ett fysiskt rummedmªnniskor.
Men samtal i en delad miljº skiljer sig fundamentalt fr¬n samtal p¬ en skªrm.
Nªr n¬gon sªger ñstªll det dªr bortaò och pekar mot en hylla beror betydelsen
inte bara p¬ orden, utan p¬ vart talaren tittar, vad de pekar p¬ och vilka fºrem¬l
som finns runt omkring. Denna typ av rumslig, gestbaserad kommunikation ªr
enkel fºr mªnniskor, men fºrv¬nansvªrt sv¬r fºr artificiella agenter. Denna
avhandling undersºker hur s¬dana agenter kan lªra sig att b¬de producera och
fºrst¬ den.

Arbetet har tv¬ kompletterande delar. Den fºrsta fr¬gar hur en virtuell karaktªr
kan generera naturliga gester, sªrskilt pekgester, somkorrekt indikerar fºrem¬l
i en delad omgivning.  ven om det verkar enkelt att peka krªver det precis
koordination av timing, armriktning och kroppsh¬llning. Denna avhandling
utvecklar metoder som lªr sig s¬dant beteende direkt fr¬n rºrelseinspelningar
av mªnsklig interaktion.

Den andra delen fr¬gar hur en agent kan avgºra vad en person syftar p¬
under ett samtal. I naturlig dialog anvªnder mªnniskor sªllan fullstªndiga
beskrivningar; istªllet fºr ñden rºda muggen p¬ andra hyllanò sªger de ñden
dªrò eller helt enkelt ñden,ò och fºrlitar sig p¬ delad kontext. Denna avhandling
visar att nuvarande AI-system oftamisslyckas i dessa fall inte fºr att de inte kan
uppfatta scenen, utan fºr att de inte kan avgºra vilket fºrem¬l som avses. Ett
enkelt experiment illustrerar detta: nªr en vag referens som ñden dªrò skrivs
om till en explicit beskrivning med hjªlp av dialogkontexten kan ªven enkla
objektdetektorer identifiera rªtt m¬l.

Dessa tv¬ riktningar avslºjar en gemensam struktur. Inomb¬de generering och
fºrst¬else ªr resonerande om vad som kommuniceras och resonerande om var
det befinner sig distinkta problem somgynnas av att behandlas separat. Avhan-
dlingen stºdjer detta p¬st¬ende genom nya multimodala dataset inspelade i
virtuell verklighet och med bªrbara smarta glasºgon, som f¬ngar tal, kropp-
srºrelse, blickriktning och 3D-scenkontext i ett enhetligt ramverk.

Resultaten bidrar till agenter som kan delta naturligt i rumslig, gestbaserad
interaktion, som fºrst¬r inte bara ord utan hela kontexten av pekande, blickar
och delat fysiskt rum i vilken mening uppst¬r, och i fºrlªngningen kan fungera
som intuitiva, praktiska hjªlpare i vardagliga miljºer.
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1 Introduction

Embodied agents operating in shared environments must produce and inter-
pret communicative behavior that is grounded in physical space, not just fluent
language. A request such as put that over there is meaningful only in relation
to a speaker, an addressee, and a shared spatial context. In human interaction,
speech is tightly coordinated with gaze, gesture, posture, and the structure of
that scene. Throughout this thesis, this class of behavior is referred to as spa-
tially grounded communication, multimodal communicative acts whose pro-
duction is conditioned on, and whose interpretation requires, the spatial con-
text of the shared environment.

The term grounding is used here in a deliberately broad sense. In dialogue and
pragmatics literature, grounding refers to the process bywhich interlocutors es-
tablish common ground throughmutual coordination [16]. In computer vision
and natural language processing, visual grounding refers to linking linguistic
expressions to regions or objects in a scene [17]1. In motion and gesture gener-
ation, grounded behavior is motion that is anchored to specific spatial targets
in a 3D environment. This thesis treats these as facets of a single underlying
problem: anchoring communicative behavior in shared physical and interac-
tion context. Production and comprehension both draw on the same ground-
ing relation between language, body, and scene, and progress on either benefits
from treating them as connected rather than separate.

Recent years have seenmeaningful progress on several components of spatially
grounded communication. Grounding systems have moved beyond flat images
toward 3D representations, and multimodal dialogue systems increasingly ac-
count for spatial reasoning. However, these advances have largely developed
along separate tracks. In gesture generation, early co-speech models focused
primarily on rhythmand audio-drivenmotion, producingmotion that is tempo-
rally aligned with speech but disconnected from semantic and spatial context.
More recent work has begun to address semantic content, yet incorporating
scene context into gesture generation remains an open problem. Grounding
systems reason over visual scenes but rarely account for the embodied agent in
the loop. Production and comprehension remain fragmented across subfields,

1Visual grounding can be seen as one operationalization of the broader symbol grounding
problem [18], though this thesis does not engage with the philosophical question directly.
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even though in human interaction they are two facets of the same communica-
tive process. The same fragmentation is reflected in available data: no existing
corpus provides synchronized speech, body motion, gaze, multi-turn dialogue,
and 3D scene context within the same recordings.

This thesis argues that the communicative behavior of embodied agents should
be studied through the lens of spatially grounded communication. The work
therefore follows two connected threads, supported throughout by new data
collected as part of the research. The first investigates how agents can produce
gestures that are semantically appropriate and spatially anchored in a three-
dimensional environment. The second investigates how agents can understand
multimodal references by integrating language with gesture, gaze, and visual
context. Together, these threads move from isolated gesture synthesis and dis-
embodied reference resolution toward situated communication, where mean-
ing is negotiated through the coordination of language, body, and environment.
Addressing this fragmentation requires first advancing each thread on its own
terms before the connection between them can be made concrete. The thesis
therefore poses two production-side questions, one on semantic conditioning,
one on spatial grounding, before turning to comprehension, and allows the
cross-cutting patterns to emerge from the shared problem domain rather than
imposing a joint framework from the outset.

1.1 Research Questions

This thesis is organized around three research questions.

RQ1: Semantic Gesture Generation

How can data-driven gesture generation models produce co-speech
gestures that reflect the semantic content of speech?

Human gestures are not random accompaniments to speech; they are shaped
by discourse structure, emphasis, rhythm, and meaning. Early models focused
on prosodic alignment, producing motion largely disconnected from seman-
tic content. Addressing this question requires models that align language and
speech signals with motion in a shared representation. This line of work is pri-
marily addressed in Paper A. Paper A is the sole contributor to this question
because its role in the thesis is foundational rather than self-contained: the
contrastive speechïmotion representation it introduces provides the semantic
conditioning mechanism that the spatially grounded generation work in Sec-
tion 4.6 subsequently builds upon and extends with spatial targets.
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RQ2: Spatially Grounded Gesture Generation

How can generativemodels produce pointing gestures that are both
spatially accurate with respect to 3D targets and natural in theirmo-
tion dynamics?

Pointing is a canonical communicative act because it links bodily movement
to a specific target in shared space. This question is addressed through rein-
forcement learning, adversarial motion priors, synthetic data augmentation,
and diffusion-based generation in Paper BïPaper E. Across these works, the
central challenge is to preserve natural human motion while enabling precise
spatial conditioning.

RQ3: Multimodal Referential Grounding

How do spatial representations and multimodal context affect the
grounding of referring expressions in spontaneous situated dia-
logue?

The third question addresses the comprehension side of situated communica-
tion. Resolving referential ambiguity requires access to contextual visual in-
formation and to nonverbal cues such as gaze and pointing. This question is
explored in Paper F and Paper G through multimodal datasets and grounding
benchmarks built in egocentric and interactive 3D settings.

Taken together, these questions define a progression from semantic gesture
generation, to spatially grounded gesture production, to multimodal referen-
tial understanding. The overall thesis claim is that these should not be treated
as isolated subfields, but as parts of a unified research agenda on spatially
grounded communication in embodied agents.

1.2 Thesis Overview and Paper Map

The thesis is structured in two main parts. The first part focuses on genera-
tion: how embodied agents can produce communicativemotion conditioned on
speech, language, and spatial targets. The second part focuses on understand-
ing: how agents can resolve references in situated interaction by combining
linguistic and nonlinguistic signals.

Paper AïPaper E trace the progression of the generation thread. Paper A intro-
duces semantic conditioning for co-speech gesture generation through a con-
trastive speechïmotion pretraining framework coupled with a diffusionmodel.
Paper B investigates pointing behavior through reinforcement learning with
adversarial motion priors, emphasizing physical plausibility and referential ac-
curacy. Paper C addresses the data bottleneck by augmenting gesture corpora
with synthetic spatial references. Paper D introduces amultimodal dataset and
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framework that brings spatial targets and co-speech motion into a shared for-
mat, establishing the data foundation for unified grounded generation. Paper E
brings these lines together at the level of benchmark formulation: it joins se-
mantic and spatial conditioning into a single evaluation problem, when to ges-
ture, where to point, andwhat to indicate, with a paired data release (MM-Conv
and SGS-HSI), a two-track task definition, and a spatio-temporal grounding
protocol that decomposes referential gesture quality into temporal alignment,
spatial accuracy, and referent recall. OmniControl-PT (PaperE) andMM-Conv-
Flow (Section 4.6, [8]) serve as reference baselines, instantiating the unifica-
tion architecturally and establishing an initial performance reference for the
challenge.

Paper F and Paper G extend the thesis toward referential understanding.
Paper F introduces MM-Conv, a multimodal benchmark for context-aware
grounding in 3D dialogue, recorded in VR with synchronized speech, full-body
motion, gaze, and 3D scene geometry. The same paper introduces a two-stage
grounding pipeline that decouples linguistic disambiguation from visual local-
ization, and reports a human evaluation that quantifies the cost of missing con-
text for conversational reference. PaperGpresents Look andTell, an egocentric
multimodal dataset that captures speech, gaze, and visual context from wear-
able AR sensors, enabling analysis of grounding across egocentric and exocen-
tric viewpoints. They shift the thesis from controlled generation experiments to
naturalistic interaction data, introducing the multimodal corpora, annotation
schemes, and stratified evaluation protocols needed to diagnose where current
grounding systems fail and why. These papers show that understanding refer-
ence in situated dialogue requires reasoning over the same multimodal signals
(language, gesture, scene context) that the generation chapters condition on.
MM-Conv in particular bridges the two threads, a connection developed in Sec-
tion 1.3.

Conceptually, the thesis moves from modeling communicative behavior inde-
pendently of its physical setting to modeling it in relation to a shared envi-
ronment. Methodologically, it moves from isolated motion modeling to struc-
turedmultimodal conditioning. Empirically, it builds on a sequence of datasets,
benchmarks, and evaluation protocols designed to study communicative behav-
ior in increasingly realistic interactive settings.

Figure 1.1 summarises this problem space and the placement of the thesis con-
tributions within it.

1.3 Contributions

This thesis makes four connected contributions, across modeling, data, evalua-
tion, and the perspective that unifies them.

First, it contributes modeling approaches that reveal a structural separation
between semantic and spatial conditioning of communicative motion. Con-
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Situated communication in shared space

Linguistic signals

Embodied signals
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prehension

Computational linguistics
Reference resolution, coreference, pragmatics

Cognitive science of communication
Gesture studies, deixis, common ground

Motion and gesture synthesis
Co-speech, character animation

Embodied AI / vision-language grounding
VLMs, 3D grounding

Spatially grounded communication
Multimodal, situated, what/where

Part I Part II

Papers A–E Papers F–G

Thesis focus: the multimodal intersection

Figure 1.1: The problem space of spatially grounded communication. The thesis sits at the
intersection of four research traditions—the cognitive science of communication, computa-
tional linguistics, motion and gesture synthesis, and embodied AI—organised along a linguis-
tic/embodied axis (rows) and a production/comprehension axis (columns). The production
side (Papers A–E) addresses gesture generation; the comprehension side (Papers F–G) ad-
dresses referential grounding.

trastive speechïmotion pretraining (Paper A) shows that semantic condition-
ing of co-speech gesture benefits from a representation jointly aligned across
language and motion rather than from acoustic features alone. Reinforcement-
learning approaches with a phase-conditioned adversarial discriminator (Pa-
per B) show that spatial conditioning for pointing can be implemented in a
physics-based control loop where the simulator carries the corrective feedback,
allowing the policy itself to remain architecturally minimal. The MM-Conv-
Flow system (Section 4.6) adopts this separation as a design principle, com-
bining semantic and spatial signals in a single generative architecture through
distinct conditioning pathways, with the spatial signal restricted to an additive
residual stream that never modulates the audio-driven temporal computation.
Across these papers, the recurring pattern is that semantic conditioning (what
to gesture) and spatial conditioning (where to direct gesture) impose different
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temporal and geometric demands and benefit from separate architectural path-
ways, a split that reappears on the comprehension side as a split between iden-
tification (what) and localization (where).

Second, the thesis contributes a data infrastructure that is designed as a se-
quence rather than as a set of independent corpora. The motion-capture point-
ing dataset (Paper B) provides the spatial targets absent from all existing co-
speech corpora; the augmented pointing corpus (Paper C) scales and enriches
it with naturalistic referring expressions through synthetic voice cloning, and
the same synthesis framework produces the SGS-HSI single-target pointing
clips that are later used in the Paper E benchmark. The unified gesture-and-
scene format (Paper D) pairs spatial targets with co-speechmotion trajectories;
and MM-Conv (Paper F), recorded in VR with full-body motion, gaze, speech,
and 3D scene geometry, closes the loop. Each dataset was designed to address
the specific gap left by the previous one. MM-Conv in particular plays a dual
role: its referential annotations simultaneously define conditioning targets for
grounded gesture generation in Paper E and evaluation targets for grounding
in Paper F itself, providing the empirical mechanism by which production and
comprehension can be studied within a single research programme rather than
across disjoint corpora.

Third, the thesis contributes evaluation paradigms that assess communica-
tive function, not only motion quality, and the benchmarks that operational-
ize them. Standard distributional motion metrics are insufficient for spa-
tially grounded behavior because they cannot tell whether a gesture is cor-
rect with respect to its intended referent. The VR-based referential game
(Paper B) measures referential accuracy directly through identification by hu-
man observers, replacing quality ratings with a functional success measure.
The spatio-temporal grounding protocol (Paper E) decomposes scene-aware
referential gesture generation into temporal alignment, spatial accuracy, and
referent recall, and packages these alongside MM-Conv and SGS-HSI as a
community-facing benchmark and challenge. Expression-type stratification
on MM-Conv (Paper F) makes the difference between full noun phrases, par-
titives, and pronominals visible where aggregate accuracy would conceal it;
the rewrite-based decoupling experiment in the same paper separates the lin-
guistic and perceptual components of grounding and identifies where current
visionïlanguage models actually fail. Look and Tell (Paper G) supports paired
evaluation of spatial representation choices across egocentric and exocentric
views. Each is a diagnostic that ties an evaluation number to a specific as-
pect of communicative success; together they form a benchmark series that
turns the thesisôs data infrastructure into resources the community can target
directly.

Finally, the thesis contributes a research perspective that is grounded
in a specific empirical observation: the same referential annotations in
MM-Conv simultaneously define conditioning targets for gesture genera-

8



CHAPTER 1. INTRODUCTION

tion Paper E and evaluation targets for grounding Paper F, making the
productionïcomprehension parallel empirically testable rather than rhetori-
cal. The semanticïspatial split that organizes the generation work and the
identificationïlocalization split on the comprehension side are not two co-
incidentally similar findings but instances of the same underlying structure.
The same architectural lesson holds in both directions: maintaining modality-
specific computation outperforms forcing it through a shared representation.
By developing both threads on this shared data infrastructure, the thesis sup-
ports the broader argument that embodied agents should be studied as systems
that produce and interpret communicative behavior in coordination, not as sep-
arate generation and grounding pipelines.

Together, these contributions support a single overarching argument: that ges-
ture generation and referential grounding are not isolated subproblems but two
sides of the same communicative process, both requiring coordinated reason-
ing over language, body, and shared physical space. The progression from se-
mantic gesture generation (Paper A), through spatially grounded production
(Paper BïPaper E), to multimodal referential understanding (Paper F and Pa-
per G), is not a sequence of unrelated projects but a cumulative case for this
view.

9





Author contributions to the included
papers

This section summarises my contributions to each of the included papers. Au-
thor initials are used throughout: S.A. (Simon Alexanderson), J.B. (Jonas
Beskow), R.D. (Rishabh Dabral), A.D. (Anna Deichler), F.I.D. (Fethiye Irmak
Doĵan), A.G. (Anindita Ghosh), T.G. (T®o Guichoux), D.J. (David Johans-
son), A.K. (Anna Klezovich), I.L. (Iolanda Leite), L.M. (Luboġ Marcinek), S.M.
(ShivamMehta), J.OôR. (Jim OôRegan), S.W. (Siyang Wang).

Paper A

Diffusion-Based Co-Speech Gesture Generation Using Joint Text and Audio
Representation. This paper introduces a contrastive speechïmotion pretrain-
ing (CSMP) module that learns a joint embedding of speech text and motion,
used as a conditioning signal for a diffusion-based co-speech gesture genera-
tion model.

A.D. idea formation, implementation, training models, evaluation, manuscript
writing; S.M. idea formation, implementation, training models, evaluation,
manuscript writing; S.A. training models, technical discussions, manuscript
editing; J.B. supervision, implementation, manuscript editing.

Paper B

Learning toGenerate PointingGestures in Situated Embodied Conversational
Agents. This paper proposes a reinforcement learning approach for generat-
ing pointing gestures in a humanoid agent, combining motion imitation with
a goal-directed reaching objective so that the policy produces natural pointing
motions that are also referentially accurate. The approach is evaluated both
geometrically and through a human referential identification study.

A.D. idea formation, implementation, training models, evaluation, manuscript
writing; S.W. implementation, training models, evaluation, manuscript
writing; S.A. technical discussions, manuscript editing; J.B. supervision,
manuscript editing.
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Paper C

Incorporating Spatial Awareness in Data-Driven Gesture Generation for Vir-
tual Agents. This paper addresses the absence of spatial referential behavior
in existing co-speech gesture corpora by augmenting a standard dataset with
synthetically generated pointing references, and shows that a generative model
trained on the augmented corpus producesmore spatially appropriate gestures
than one trained on the original data.

A.D. idea formation, implementation, evaluation, manuscript writing; S.A.
manuscript editing; J.B. implementation, supervision, manuscript edit-
ing.

Paper D

Grounded Gesture Generation: Language, Motion, and Space. This paper
introduces a multimodal dataset and a baseline approach for generating co-
speech gestures that are grounded in 3D scene context, building on the Om-
niControl spatial control mechanism to inject sparse spatial targets into a pre-
trained motion diffusion backbone.

A.D. idea formation, dataset design, training models, manuscript writing;
J.OôR. data processing, manuscript editing; T.G. data processing, trainingmod-
els, evaluation; D.J. visuals and renderings; J.B. supervision, manuscript edit-
ing.

Paper E

A Benchmark for Scene-Aware Referential Gesture Generation. This paper es-
tablishes evaluation infrastructure for spatially grounded gesture generation,
comprising a paired dataset release with pointing annotations, a two-track task
formulation distinguishing target-aimed pointing from scene-aware referential
gesture, and a spatio-temporal evaluation protocol decomposing gesture qual-
ity into temporal alignment, spatial accuracy, and referent recall.

A.D. benchmark design, implementation, evaluation, baseline design and im-
plementation, manuscript writing; R.D. benchmark formulation, manuscript
editing; F.I.D. benchmark formulation, manuscript editing; A.G. bench-
mark formulation, implementation; J.B. benchmark formulation, supervision,
manuscript editing.

Paper F

MM-Conv: A Multimodal Dataset and Benchmark for Context-Aware
Grounding in 3D Dialogue. This paper introduces MM-Conv, a multimodal
conversational dataset recorded inVRusing theAI2-THORsimulator, with syn-
chronized speech, full-body SMPLX motion, gaze, and 3D scene graphs. The
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dataset is designed to support research on situated reference and groundedmul-
timodal communication, and the paper presents baseline analyses of referring
expressions and grounding.

A.D. idea formation, VR data collection setup, data collection, data process-
ing, human study design, runningmodels, manuscript writing; J.OôR. language
and dialogue annotation, running models, manuscript editing; F.I.D. techni-
cal discussions, data processing, manuscript editing; I.L. technical discussions,
manuscript editing; L.M. data processing, running models; A.K. data collec-
tion, designing and running human study; J.B. data processing, supervision,
manuscript editing.

Paper G

Look and Tell: A Dataset for Multimodal Grounding Across Egocentric and
Exocentric Views. This paper introduces Look and Tell, a dataset for mul-
timodal referential communication captured simultaneously from egocentric
and exocentric viewpoints, supporting research on cross-view grounding in sit-
uated dialogue.

A.D. idea formation, data collection setup, data processing, running models,
manuscript writing; J.B. supervision, manuscript editing.
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2 Background

Embodied agents that interact with people in shared physical environments
must do more than process language. They must interpret and produce com-
municative behavior that is anchored in a concrete spatial situation. An instruc-
tion such as put that over there is meaningful only relative to a shared scene,
a speakerôs gaze, and a history of prior reference; a pointing gesture toward
a shelf means one thing when two objects sit on it and another when twenty
do. To act on such instructions, an agent must resolve what that and there re-
fer to in the current spatial configuration. To produce them, it must generate
language and gesture that pick out the intended referent from a listenerôs per-
spective. Effective embodied communication therefore requires the ability to
coordinate language with body and environment, on both sides of the interac-
tion.

This challenge is not confined to any single application domain. Robots in-
terpreting collaborative task instructions, executing spatial commands, and
AR assistants mediating between a userôs gaze and their surroundings all face
versions of the same problem: how to produce and interpret behavior that is
grounded in shared physical space. Clark and Brennan characterise co-present
interaction through properties such as shared visibility, simultaneity, and ac-
cess to a common physical environment, arguing that these affordances sup-
port the establishment of common ground in communication [16]. Addressing
these challenges computationally requires bridging theories of human commu-
nication with machine learning and generative modeling. This bridge is what
the technical chapters of the thesis provide.

This chapter surveys the communicative phenomena that underpin this chal-
lenge. Section 2.1 introduces co-speech gesture, the primary embodied sig-
nal studied on the production side of the thesis. Section 2.2 examines refer-
ential communication and deixis, Section 2.3 then focuses on pointing as a
foundational deictic behaviour. Section 2.4 discusses the implications for em-
bodied agents on both the production and comprehension sides. Section 2.5
then draws these threads together and bridges to the technical chapters that
follow.
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2.1 Co-Speech Gesture

Co-speech gesture refers to the spontaneous hand and arm movements that
accompany spoken language. Classic work by McNeill [19] and Kendon [20]
distinguishes several broad gesture types, including iconic gestures that depict
actions or shapes, metaphoric gestures that represent abstract ideas, beat ges-
tures that mark discourse rhythm, and deictic gestures such as pointing that
refer to entities in space. Although these categories are analytically useful, real
communicative behavior often combines multiple functions at once. A single
gesture may be simultaneously deictic and iconic, directing attention to an ob-
ject while depicting an action performed on it, a pattern illustrated in the data
collected for this thesis (Figure 6.7).

Gesture is not merely decorative. It is tightly coupled to speech in timing and
meaning. Gestures can emphasize prosody, disambiguate reference, and ex-
ternalize spatial or action-related information. McNeillôs growth point theory
argues that speech and gesture are co-expressive channels of a single under-
lying thought unit, rather than separately generated streams that happen to
co-occur [19]. Kendon [20] makes a similar argument: he treats visible bodily
action as part of the utterance itself, which undermines a clean separation be-
tween ñverbalò and ñnonverbalò communication. From this perspective, what
we call gesture and what we call speech are two aspects of a single process of
utterance production.

The research tradition that first formalised this insight computationally is the
work on embodied conversational agents (ECAs). Cassell et al. [21] argued
that conversational interfaces should integrate verbal and nonverbal channels,
speech, gesture, facial expression, and gaze, within a unified system grounded
in models of face-to-face dialogue. Early ECA systems such as BEAT [22]
demonstrated that timing, posture, gesture, and eye gaze shape how utterances
are interpreted and how natural an interaction feels. These systems relied on
rule-based generation, manually mapping discourse structure to animation pa-
rameters, and operated primarily in abstract conversational settings without
spatial context. More recently, machine learning has shifted the field toward
data-driven generation. Modernmodels learn gesture andmotion directly from
motion-capture data, speech, and text, improving naturalness and variability
considerably.

Within this data-driven tradition, the bulk of work has concentrated on beat
gestures, for good reason: acoustic features are cheap to obtain at scale, beat
gestures align directly with the prosodic structure of speech, and the resulting
supervised problem is tractable. The semantic and spatial varieties of gesture,
iconic depictions, metaphoric projections, and deictic references, have been
comparatively understudied, because they require conditioning signals, lexical
meaning and scene geometry, that are not present in the audio stream. This
split, between semantic content tied to what is being said and spatial content
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