Adaptive Gaze and Contingent Social Signals in Human—-Agent Interaction : Integrating
Social Neuroscience and Social Signal Processing in Closed-Loop Virtual Reality Paradigms

1. Scientific Rationale and State of the Art

Human social interaction is structured by the continuous exchange of social signals such as gaze,
head orientation, posture, timing, and contingency. Among these, eye contact plays a privileged role:
direct gaze rapidly modulates affective state, social engagement, and attribution of mental states
(Hietanen, 2018; Khalid et al., 2016). Behavioral and psychophysiological evidence shows that eye
contact enhances emotional mimicry, affiliation, and coordination, even when gaze is sparse in natural
interaction, highlighting its high informational value (Mayrand et al., 2023; Mauersberger et al., 2022).

At the neural level, converging EEG/ERP studies demonstrate that gaze is processed as a socially
significant signal across multiple temporal stages. Direct gaze elicits very early parietal modulations
consistent with rapid orienting mechanisms (Burra et al., 2016; Conty et al., 2007), followed by
modulations of face-sensitive components (N170) and later evaluative components such as the P300/
LPP, indexing motivational and social significance (Naples et al., 2017; Stephani et al., 2020; Hajcak &
Foti, 2020). Crucially, these effects are task-dependent and context-sensitive, reflecting strong top-
down modulation rather than purely bottom-up processing (Burra et al., 2018; Burra et al., 2019),
consistent with evidence showing that attentional selection is modulated by the attribution of intentions
to social partners, including artificial agents (Wiese et al., 2012).

While gaze mechanisms are now well characterized in human—-human interaction, and despite
extensive evidence demonstrating that social eye gaze constitutes a central communication channel in
human-robot and human—agent interaction, particularly within the social cognition HRI community
(Admoni & Scassellati, 2017; Wiese et al., 2017), their translation into robust, mechanistically
grounded interaction frameworks remains incomplete.

Gaze-contingent robots and avatars are perceived as more likeable, more human-like, and easier
to coordinate with (Kompatsiari et al., 2021; Willemse et al., 2018, 2019; Khoramshahi et al., 2016).
However, recent evidence indicates that social meaning in gaze does not depend on timing alone, but
on structured gaze patterns that integrate mutual gaze, joint attention, turn-taking, and reciprocity,
consistent with interactional and dynamical accounts of social behavior.

From a computational perspective, such structured patterns can be formalized as interaction
policies rather than isolated temporal cues, enabling agents to modulate their behavior within
constrained and interpretable parameter spaces (Chetouani, 2023).

Beyond individual cues, social interaction emerges from continuous reciprocal coupling between
partners, involving coordinated perception—action loops and multimodal alignment. Computational
approaches to social signal processing have demonstrated that phenomena such as imitation,
coordination, and emotional contagion can be quantified and modeled as emergent properties of
dyadic interaction (Delaherche et al., 2015; Varni et al., 2020). These approaches provide principled
tools to operationalize social interaction in artificial agents while preserving sensitivity to human social
dynamics.

Psychophysiological and ERP responses to robot gaze further depend on perceived intentionality
(Wiese et al., 2017; Linnunsalo et al., 2023; Kiilavuori et al., 2022), while attribution of agency
influences trust and vicarious sense of agency (Oudah et al., 2024; Roselli et al., 2022a, 2022b).

Beyond individual responses, social interaction is inherently dynamic and reciprocal, involving
physiological and neural coupling between partners. Interpersonal physiological synchrony increases
during joint action and collaboration, including in immersive virtual reality (Streuber et al., 2026;
Boukarras et al., 2025), and is shaped by predictability, reciprocity, and social context (Konvalinka et
al., 2023; Mayo & Gordon, 2025). Neural evidence further shows that eye contact with humanoid
robots during joint attention modulates oscillatory brain activity, supporting the notion that gaze-based
interaction engages shared attention and coupling mechanisms even in human-robot contexts
(Kompatsiari et al., 2021). Hyperscanning studies further demonstrate interbrain synchronization in
networks supporting joint attention and shared intentionality (Koike et al., 2019; Atias et al., 2026; Bilek
et al., 2015). These findings align with dynamical accounts of social interaction emphasizing reciprocal
coupling (Dumas et al., 2014; Hasson & Frith, 2016; Kingsbury & Hong, 2020).

Despite these advances, the field faces persistent challenges regarding ecological validity,
reliability, and mechanistic integration. Static or pre-recorded stimuli fail to capture the bidirectional
coupling that characterizes real interaction (Hessels, 2020; Hogenelst et al., 2015), while the notion of
“real-world neuroscience” requires conceptual precision rather than generic naturalism (Holleman et
al., 2020, 2021). Virtual reality (VR) offers a powerful methodological compromise, enabling
naturalistic yet experimentally controlled interaction, as well as the implementation of adaptive social
agents whose behavior is governed by explicitly defined interaction policies operating over interaction
state variables, or, as an extension, learning-based mechanisms. Crucially, such agents allow social
behavior to be systematically linked to neural and physiological markers of social processing (McKay
et al., 2023; Chetouani, 2023).



2. Project Objectives

The overarching aim of this project is to establish a mechanistic and reliable framework linking
adaptive gaze behavior to behavioral, neural, and physiological markers of social interaction across
human-human and human-agent contexts.

Specific objectives are to:

i Disentangle the respective roles of gaze socialness (highly social vs low social
gaze policies) and perceived intentionality in engagement, trust, and joint agency.

. Identify robust neural (ERP) and physiological (autonomic, synchrony)
markers of successful gaze-based interaction.

. Bridge social neuroscience and social signal processing, linking formally
specified gaze interaction policies to cognitive and neural mechanisms underlying social
adaptation.

i Develop closed-loop VR paradigms that combine ecological validity,
experimental control, and reproducibility.

3. Methodological Approach

An immersive VR environment is developing in Geneva in which a participant collaborates with an
interaction partner on a shared task using an interactive board, allowing precise control of the task as
well as gaze direction, timing, and action contingencies. The doctoral project will focus on a single
core VR task with a limited set of preregistered hypotheses to ensure feasibility within the cotutelle
framework.

The interaction partner can be: 1) pre-programmed (rule-based gaze policy), 2) another human
participant (human-human benchmark), 3) optionally, an Al-driven agent implementing constrained
adaptive policies (extension contingent on core results)

Two orthogonal factors will be manipulated: 1) Gaze socialness (highly social vs low social gaze
policy), 2) Perceived intentionality (agent framed as autonomous vs scripted/controlled).

Gaze socialness is operationalized at the level of interaction strategy rather than isolated timing
parameters, defined over a constrained action space of gaze functions. Highly social gaze includes
mutual gaze episodes, joint attention sequences, and gaze-based turn-taking signals, whereas low-
social gaze is predominantly task-focused, with minimal reference to the partner’s face and limited
communicative signaling. Low-level visual properties and response latencies are held constant across
conditions to isolate the social function of gaze patterns across interaction states.

Multimodal measures will include eye tracking, EEG/ERP (early parietal activity, N170, N2pc,
P300/LPP; Drew & Karst, 2019; Foster et al., 2020) synch to gaze contact, autonomic physiology
(HRV, EDA), and behavioral indices of coordination, trust, and agency. Primary neural outcomes will
focus on P300/LPP as indices of social significance and agency appraisal, while earlier components
will be treated as secondary markers.

Beyond its theoretical contributions to social neuroscience, the project aims to advance Human-—
Agent Interaction (HAI) by identifying how structured gaze policies in artificial agents modulate turn-
taking, intention recognition, and collaborative coordination during joint action. By linking these
interactional outcomes to behavioral, neural, and physiological markers, the project provides principled
criteria for the design and evaluation of socially adaptive agents across HAI contexts.

4. Reliability, Scope, and Impact

The project is explicitly designed to address current reliability concerns in social neuroscience and
HRI by combining converging multimodal measures, parametric manipulation of interaction dynamics,
direct comparison between human—-human and human—agent interaction, and standardized VR tasks
with shared analysis pipelines.

By manipulating gaze at the level of social interaction strategies rather than single temporal
parameters, the project increases ecological validity while preserving experimental control, thereby
improving interpretability and reproducibility.

The cotutelle provides essential added value by integrating interactive agent formalization
(Sorbonne: policy modeling, adaptive HRI) and social neuroscience expertise (Genéve: neural
markers, EEG mechanisms) with social signal processing. This integration enables a mechanistic
framework that neither discipline could fully achieve alone.

Ultimately, the project will inform both fundamental theory and the principled design of human-
centered artificial agents, by identifying which dimensions of gaze behavior—within a clearly defined
action space—support adaptive turn-taking, intention recognition, and socially effective interaction, in
alignment with European priorities in responsible Al and digital transformation.
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