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1. Context
Virtual reality is getting democratized in many application fields, from industry to education, from
healthcare to cultural heritage. However, several major issues still remain for a total acceptance of the
technology by the most. Among them, cybersickness and interaction in virtual environments are
evocative of the difficulties to reach acceptable usability of the technology. Past work tried to propose
numerous solutions to get rid of these issues or at least diminish their negative effects (Kemeny et al.,
2020). However, most of them are integrated from a pure computer scientist perspective, regardless
of the user and the context of use of these technologies. In this context, this thesis is positioned in a
perspective of proposing a radically different approach from the one adopted until now, mixing
computer science, mathematics and human factors.
Virtual reality avatars are among the most promising concepts of modern computer science. Generally
speaking, an avatar is supposed to be a representation of the user. But does it really represent the
user? In addition, is it helpful, and is it safe for a human user? Could it be the key for solving long-life
virtual reality issues?
In this joint thesis, we aim to develop a novel class of trustworthy virtual reality avatars, capable of
semi-autonomous action in virtual, augmented, or mixed reality. We will propose the foundational
conceptual framework and the first systematic methodology to treat constructs of this type, and we
will perform experiments and applications of intelligent virtual reality avatars to advanced
manufacturing.
A huge piece of work exists on embodiment (for example, Kilteni et al. (2012)). However, for our topic
of intelligent avatars of the new generation, the solution will be more complex as we want to integrate
the ability to learn and adapt according to the user and the context, and a high level of autonomy to
the avatar. Therefore, the avatar would not be just a representation of the user, but an entity with a
dual life. In parallel, this will create extended reality of a new generation: intelligent extended reality.

2. Objective and research questions
The current thesis lays a foundation of an innovative field of research where we revise and update the
concept of avatar itself. Our aim is to create avatars that are equipped with trustworthy, humancentered AI, in accordance with the latest regulations by the European Commission (HLEG 2019). The
research questions addressed are as follows:
-

How far can a virtual avatar represent the user of a virtual reality system?
Which features and behaviors are to be integrated in virtual avatars?
How to develop a customized virtual twin of the user that can help improve experience in
virtual immersion?

Our solution is to consider the psychological, physiological and behavioral state of the users, as we
started to do in adaptive navigation (Plouzeau et al., 2018), integrating objective parameters such as
postural sway, electrodermal activity, eye movement, to build a first customized model of the user's
virtual companion. This model will represent a true virtual twin of the user and will be used then to

predict user intentions. The evolution of his/her state depending on his/her actions in the virtual
environment and the navigation context will allow to improve the companion's behavior. The model
is therefore aimed at being auto-adaptive.
The prediction and evolution of the companion's behavior will be based on tools from artificial
intelligence such as deep learning or topological approaches used for example to classify movements
(Bensekka et al., 2017). This is where the concept of intelligent extended reality as integrating
intelligence (Luck and Aylett, 2000) and not just being judicious as done for example in Plouzeau et al.
(2018) takes place. We therefore wish to question the user's role in virtual reality to best center virtual
reality on the user. As a result, this will create a virtual reality of a new generation, safe and equipped
with human-centered intelligence.

3. Proposed approach
The cornerstone of our theoretical framework is at the intersection of topological data analysis and
machine learning, as well as deep learning.
Persistent homology, which captures the "shape of the data" from representations of datasets by finite
point clouds in finite metric spaces (Edelsbrunner et al., 2008), (Carlsson 2009), (Ghrist 2008), has
proven over the last decade to be an effective tool for topological data analysis (TDA) in a growing
number of scientific domains (Buchet et al., 2018). In particular, the stability of the persistent
homology of Rips complexes built on metric spaces (Chazal et al., 2009), (Chazal et al., 2014) motivates
the choice of this type of constructions to study metric spaces involved in applications.
While applications of TDA to static metric data have been numerous, there are not many studies on
dynamic metric data from an TDA perspective (Kim et al., 2017) as they require relying on the theory
of multidimensional persistence, an extension of the concept of persistent homology (Carlsson et al.,
2009) which does not have a stable full invariant. Our aim is to test this new theory in practice, and to
adapt them to facilitate applications to VR and time series data.
Machine learning is the work horse in the decision-making of our intelligent avatars. We have already
demonstrated that the application of persistent homology combined with machine learning methods
allows to identify and classify movements in a robust way (Bensekka et al., 2017). We will add unique
insights to the promising field of semi-supervised machine learning and deep learning, in particular, by
applying and extending the recent results on generalized active learning in graphical environments
(Langovoy 2015, 2019) to active and online learning on VR data and on topological invariants.
Moreover, there have been initial experiments with application of topological data analysis to semiautomation of VR data processing (McDonald 2019), and applications of persistent homologies to the
analysis of 3D computer graphics data (Giorgi et al, 2017). Applications of topological data analysis to
machine learning are relatively scarce yet, but recently a few promising discoveries have been made
that can greatly facilitate these developments. In particular, (Hofer et al, 2017) established a link
between topological signatures and deep learning, while (Kwitt et al, 2015) paved the way for
application of powerful kernel methods to topological data analysis.
The following steps will be conducted as follows:
-

Thorough literature review on user experience in virtual immersion, virtual avatars,
behavioral agents and topological data analysis

-

Development of predictive models based on topological data analysis and machine
learning methods
Development of an adaptive virtual twin of the user based on objective measurements
and criteria
Development of a demonstrator in the field of advanced manufacturing
Experimental validation with a panel of users, integrating both objective and
subjective measurements
Scientific publications in high-rank international journals and conferences

4. Expected results
The main expected results are a systematic methodology to build novel trustworthy virtual reality
avatars capable of semi-autonomous action in virtual, augmented, or mixed reality. With these avatars
of the new generation, safe and equipped with human-centered intelligence, it is expected that user
experience in immersive environments will be greatly improved while avoiding the current pitfalls of
immersive technologies.
Experiments will be performed and applications of the proposed methodology will be developed first
to advanced manufacturing, and will be extended to other fields including healthcare and education.

5. Expected profile
Master of Science in mathematics with interest in applications, or M. Sc. level in computer science or
Engineering, with a strong background in mathematics and interest in computer graphics.
The following fields of competence are a strong plus:
-

Good knowledge of mathematics, especially topology
Knowledge of Artificial Intelligence (including data analysis, machine learning,
statistics, applied probability, optimization methods, algorithms)
Knowledge or interest in Virtual or Extended Reality (XR), including programming in
Python, C++ or C#

The candidate is expected to have sufficient writing skills (English), and to be interested to work on
multidisciplinary scientific projects.

6. Place of work
The Ph.D. will take place both in France and Germany with a provisional 50-50 ratio between each
place. In France, the candidate will be hosted by ENSAM-LISPEN/Institut Image in Chalon-sur-Saône. In
Germany, the candidate will be hosted by KIT-IMI in Karlsruhe.
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