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With the growing presence of Al-driven avatars in everyday applications, understanding how users perceive
and respond to such agents becomes increasingly important. A key open question is whether gaze awareness,
an avatar’s ability to react to the gaze of a user, contributes to more natural and socially engaging interaction,
particularly on conventional 2D screens. We present a real-time system that integrates live speech recognition,
LLM-generated responses, and gaze feedback to enable naturalistic unscripted conversations with a virtual
avatar. We conducted a within-subjects study (N = 17) comparing a gaze-aware avatar with a nonreactive
baseline. The results of the eye-tracking show that gaze awareness significantly altered user eye movement
patterns, increasing mutual gaze episodes, and generating subconscious gaze regulation. Our findings demon-
strate that realistic gaze behavior affects user interaction on a subconscious level, even outside immersive
environments. We discuss implications for designing future conversational Al systems that foster natural
social presence.
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1 Introduction

The rapid development of artificial intelligence (AI) technologies has enabled avatars to converse
in ways increasingly similar to those of a human dialog. Text-to-speech, speech-to-text, and LLM-
based dialog systems have reached a level of quality where virtual characters can engage users
in fluid context-aware conversation [Allbert et al. 2025; Mahmood et al. 2025]. Such avatars are
already entering diverse domains, from customer service chatbots and virtual tutors to healthcare
assistants and companionship applications, where they represent the visible, social front-end of Al
systems. Despite these advances, most avatars still lack one of the most fundamental aspects of
human interaction: realistic eye contact. Eye contact signals attention, empathy, and trust, and its
absence can make even sophisticated avatars appear detached or uncanny [Kullmann et al. 2025].

Previous research demonstrated that gaze-aware avatars can increase perceived social presence
and naturalness of interaction [Bee et al. 2010b; Garau et al. 2001; Wang and Gratch 2010]. Yet,
most of this work focused on highly controlled or immersive settings, such as virtual reality (VR).
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At the same time, looking at the sales numbers for 2D and stereoscopic displays, 2D screens still
dominate everyday interaction. As there is current research on the generation of 2D avatars [Pham
et al 2024], we expect a considerable part of Al interactions will occur on conventional 2D screens
in the next years. Here, eye contact is harder to reproduce due to the Mona Lisa e ect the illusion
that the gaze of a face on a picture follows the viewer regardless of the viewing angle [Boyarskaya
et al 2015]. Moreover, 2D interfaces typically lack integrated eye trackers, and webcam-based eye
trackers are not accurate enough (yet) to detect eye contact. This raises the question whether the
bene ts of gaze-aware avatars are worth the cost of additional hardware. Finally, the emergence of
LLMs introduces a new level of conversational realism, allowing unscripted interaction with Al
agents. Yet, it remains unclear how users respond to gaze-aware behavior when the dialog itself is
live and unpredictable.

We explore whether gaze awareness in an Al-driven avatar on a 2D screen a ects the user's
perception and eye movement behavior. We developed a system that integrates live speech recogni-
tion, LLM-generated responses, and real-time gaze feedback, allowing participants to interact with
the avatar in a natural conversation. In a within-subjects study (N = 17), participants interacted
with a gaze-aware and a non-gaze-aware avatar while answering quiz questions. During the inter-
action, we recorded both the avatar's and the user's gaze. Our results show that gaze awareness
signi cantly in uences users' eye movement patterns even though most participants did not notice
this consciously.

For the research community, our work highlights that gaze remains a powerful social cue in
human Al communication [Klein 2025; Koller et a2023], even outside immersive settings. It also
provides a practical foundation for studying such e ects: our real-time LLM-integrated system
demonstrates how to synchronize gaze data, speech, and dialog to capture natural behavior. This
methodological approach can support future research on adaptive avatars, conversational agents,
and a ective computing systems.

2 Related Work
2.1 Avatars and Social Presence

Avatars are digital representations of people or agents that mediate social interaction in virtual
environments. Garau et gJ2001] showed that the type of gaze behavior of a humanoid avatar sig-
ni cantly in uences communication gquality. They found that eye movements realistically adapted

to the conversation partner and context lead to more positive user ratings than random or uncoordi-
nated movements. Similarly, Nowak and Biocca [2003] demonstrated that a human-like appearance
increases social presence the feeling of encountering a real other.

2.2 Gaze Behavior in Avatars

Eye movements are among the most powerful non-verbal signals in human communication. Early
work by Lee et al[2002] developed statistical models for when a virtual avatar should look at its
conversation partner or avert its gaze. Al Moubayed et[2D12] later examined th&lona Lisa

e ect the illusion that a face on a at screen appears to look back at the viewer regardless of
viewpoint and proposed technical adjustments to mitigate it.

Recently, the generation of eye movements moved from rule-based to data-driven approaches.
Canales et al[2023] trained ML models to synthesize realistic gaze and head movements based
on recorded human conversations. Dembinsky eff2024] further applied generative adversarial
networks (GANS) to create lifelike gaze patterns. These methods demonstrate that plausible eye
behavior enhances perceived realism and engagement. In contrast, unnatural gaze, such as rigid
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staring or complete lack of eye contact, can lead to discomfort anduheanny valleye ect [Izumi
et al. 2025].

Research on reactive avatars for single users reinforced the importance of gaze. Garau et al
[2001] found that avatars with gaze behavior tailored to a conversation signi cantly increase
communication quality compared to random gaze. Kipp and Gebhard [2008] introdl{eade
an immersive system in which the avatar's reactive eye and head movements followed di erent
strategies. Bee et §2010a,b] con rmed that such responsiveness increases social presence and that
users unconsciously treat gaze-aware avatars as genuine partners. AnimeGaze provides technical
solutions to minimize the Mona Lisa e ect and achieve convincing mutual gaze from any viewing
angle [lzumi et al. 2025].

2.3 Social-Psychological Foundations of Eye Contact

Social psychology provides a theoretical basis for designing believable gaze behavior in avatars.
Argyle and Dean [1965]'s theory ahtimacy balanceroposes that people regulate eye contact and
interpersonal distance to maintain comfortable levels of familiarity. Too much eye contact can feel
intrusive, while too little reduces engagement. Kendon [1967] examined how speakers use gaze
during turn-taking: they typically avert their eyes when speaking freely and reestablish contact to
signal the end of a turn. Go man [1963] describedlil inattentionas the brief eye contact that
strangers make to acknowledge each other's presence before deliberately looking away to avoid
interaction. Rogers et aj2018] found evidence of within-participant consistency for the duration

of xations to the eye region. Maran et a[2020] showed that more social gazing occurs in groups.
These ndings reveal that human gaze behavior follows subtle social rules that operate largely
below conscious awareness. Garau ef2003] showed that avatars emulating such behavior -
looking away when thinking and seeking eye contact when listening - are perceived as more
natural.

2.4 Al-Driven Avatars and Mutual Gaze

Recent advances in Al have led to a convergence of language models and embodied avatars. These
systems can interact with users not only via text or speech, but also through gestures, facial
expressions, and gaze. Despite impressive verbal uency, current Al models remain limited in their
ability to convey authentic eye contact. Izumi et §2025] noted that while large language models
excel at conversation, Al is still unable to look users in the eye . To address this, their AnimeGaze
system introduced a hardware setup in which a camera is positioned behind a semi-transparent
display, aligning the virtual eyes with the optical path to the user, thereby enabling genuine mutual
gaze.

At the software level, Cassell et.§2000] pioneered the concept embodied conversational agents
integrating speech with non-verbal behavior models as early as 2000. Building on this idea, Park
et al [2023] presentedenerative agenthat simulate daily routines and social interactions within
virtual environments. Fink et al[2024] reviewed educational and social applications of Al avatars,
emphasizing their potential to evoke positive emotions and engagement through synchronized
speech, expression, and motion.

3 Research Approach
3.1 Research estions

The goal of this research is to understand h@aze awarenegs an Al-driven avatar in uences the
users' perception and eye movement behavior during natural interaction on a 2D screen.
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Characteristics of an avatar include visual and behavioral aspects such as gender, voice, appear-
ance, body, lip, and eye movements, and mimics [Rashik.2G4], leading to many possible
combinations. In addition, theontextof interaction, both spatial and social, can shape how users
experience the avatar. Spatial context refers to viewing distance and display size, while social
context includes the purpose of the interaction (e.g., professional assistant, conversational partner,
or virtual companion) and whether bystanders are present. Each of these factors contributes to
users' gaze behavior, making it essential to isolate the role of gaze awareness itself. Our research
focuses on disentangling the speci c in uence of gaze awareness from other properties of an avatar
that may a ect user perception.

Avatars may also vary in the types of user behavior they recognize and respond to, such as
mimics, body movements, voice tone, or gaze direction. Technically, such forms of awareness are
now feasible through facial recognition, emotion detection, and eye tracking. However, it remains
an open question how avatars should react to these signals. Ma §G@2] raised this question
about emotional responses in voice assistants and Bee f2@10b] examined gaze behavior. The
high dimensionality of this design space makes it di cult to identify which aspects most strongly
in uence perceived naturalness and social presence. With all these uncertainties and without
reliable e ect-size estimates or variability measures from the literature that transfer to our speci c,
real-time, LLM-driven 2D avatar setting, we designed an exploratory study.

Our work takes a focused approach to one dimension of avatar awarenasgze awareness
and investigates its in uence while controlling other factors. Speci cally, we ask:

RQ1: How does gaze awareness of an avatar on a 2D screen in uence users' eye
movement behavior during interaction?

RQ2: How does gaze awareness a ect the users' satisfaction with the interaction
and the users' subjective perception of the avatar's interest, awareness of presence,
naturalness, and functionality?

We conducted a comparative within-subject study in which participants interacted with a gaze-
aware and a non-gaze-aware version of the same avatar. The study is designed to capture both
objective measures (eye tracking data) and subjective impressions (questionnaire responses).

3.2 Avatar and Interface

For a natural conversational experience, the avatar was designed to resemble a human without
entering theuncanny valleyMori et al. 2012]. Extremely realistic avatars may appear unsettling,
while overly stylized or cartoon-like characters can reduce perceived authenticity. We used an
established avatar model from previous research [Izumi eR8P5], implemented vi€hatVRMan
open-source browser-based project for VRM avatafiis choice ensures visual comparability
with existing work and enables reproducibility. Participants could select either a male or a female
avatar with a corresponding gender-speci ¢ synthetic voice. Providing only one gendered avatar
would likely introduce avoidable gender-related discomfort or discussion, while an androgynous
avatar would not align with our goal of a human-like conversational setting. There is a debate on
the gender of voice assistants [West et 2019], and although it is an interesting topic, it was not
the focus of this study. The avatar displayed subtle idle body movements and lip synchronization
during speech, but no facial mimics, to avoid introducing uncontrolled emotional cues. Idle eye
movements were maintained to preserve realism [Canales et al. 2023].

Lhttps://github.com/pixiv/ChatVRM

J. ACM, Vol. 37, No. 4, Article 111. Publication date: August 2026.



Investigating Mutual Gaze in Real-Time LLM-Driven Avatar Interaction on 2D Screens 111:5

Fig. 1. Avatars used in the study. Participants could choose between a female (le ) and a male (right)
avatar implemented via ChatVRM. Both avatars included subtle idle body motion and lip synchronization
but no facial mimic to ensure experimental control.

Fig. 2. Finite-state model controlling the avatar's gaze-aware behavior. =~ The model alternates between
random gaze, mutual gaze, and gaze-break states based on real-time eye-tracking data from the user.

3.3 Gaze Awareness Model

Gaze awareness enables the avatar to sense the user's gaze direction and adapt its own eye
movements accordingly. Human eye contact is governed by complex social norms. Direct gaze
typically signals attention or engagement, but prolonged eye contact can also imply dominance
or intimacy [Eibl-Eibesfeldt 1997]. Mutual eye-contact even impacts mate choice [Ho mann. et al
2024].

We implemented a nite-state model that controls the avatar's eye behavior based on user gaze
input. The model comprises three stateandom gazemutual gazeandgaze breakin the random
gaze state, the avatar performs small, naturalistic saccades unrelated to the user's gaze. When
the system detects that the user is looking at the avatar, it transitions to the mutual gaze state,
establishing virtual eye contact. After a short interval, the model triggers a gaze break in which the
avatar averts its eyes to mimic typical human gaze behavior. This cyclic process produces short,
responsive gaze interactions that appear natural without being intrusive. Figure 2 illustrates the
state transitions.
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