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Abstract—Urban areas are complex driving environments
where vehicles and personal mobility devices (pedestrians, cy-
clists, . . . ) often operate close to each other. Autonomous driving
in these environments represents a challenge, due to the highly
unpredictable behaviour of these vulnerable users. The objective
of the thesis is therefore to develop multimodal perception
systems to improve their detection and avoid any collision by
means of computer vision, multi-sensor fusion, and machine
learning.

I. INTRODUCTION

Autonomous driving in open, uncontrolled environments
calls for deep understanding abilities from the self-driving
vehicle, to make it able to navigate safely. This under-
standing process requires the detection and recognition of
potential obstacles. The use of perception sensors allows
for such capabilities, especially powered by the recent rise
of machine-learning-based methods, reaching never-achieved-
before heights in recognition tasks.

Most of the results from the literature, however, were
achieved in favorable conditions (adequate lighting and
weather, clearly visible objects), which only represent a frac-
tion of the real-life situations a driver is confronted with.
Recent studies have particularly shown the limits of these
approaches in more complex conditions (at dawn/dusk, during
rain/snow, when the vulnerable user is partially occluded by
another object or very close to the ego-vehicle, . . . ), raising
multiple safety questions [1], [2].

In parallel, the navigation in urban environments has been
deeply changing over the past few years, with the rise
of soft mobility solutions (bicycles, scooters, skateboards,
rollerblades, hoverboards, . . . ). While they allow for more
flexible movements in urban areas, they especially put their
user at risk in case of a collision with a traditional vehicle.
This risk is further amplified by the erratic behaviour these
users may have: slaloming between cars, alternating between
the use of the road and the sidewalks, not respecting the road
markings, navigating close to the other vehicles, etc.

As an answer to these issues, the objective of the thesis is
to reinforce the detection of these vulnerable users in difficult
visual conditions typical in urban environments. To reach it,
two complementary approaches are going to be used:

• the arrival of novel sensors (e.g. event-based cameras) and
the improvement of others (e.g. lidars, thermal cameras)
open new perception capacities, even in complex lighting
and/or weather conditions; using them for detection tasks

Fig. 1. Traditional images (left) vs events (right), for a simple “pen moving
from left to right in front of the camera” sequence. Events are ploted in 3D
along the x, y, and t axes, and each dot represents an event (blue ones denote
an increase of lighting for the corresponding pixel at the given time, red ones
a decrease)

in such situations therefore appears as an interesting
baseline to explore;

• the use of multi-sensor fusion techniques, allowing for
safety, redundancy, and better and more stable detection
results, also appears as an important component, and
an environment-aware framework should be employed to
dynamically select the best sensors to use based on the
current lighting and weather conditions.

II. INITIAL ORIENTATION OF THE THESIS

While event-based sensors do not represent the only central
component that are planned to be used for improving the detec-
tion of vulnerable users, their recency and their ever-growing
rise in popularity makes them highly attractive in the field of
computer vision as of today. Furthermore, while these sensors
were limited to low-resolutions in the past, new high-definition
ones have started to emerge in 2020 [3], opening new usage
perspectives. As such, and thanks to the collaboration with
Prophesee, which are one of the main manufacturers of event-
based sensors, we were given the opportunity to have access
to one of their high-resolution prototypes, and thus, the chance
of being among the first to publish with such cameras arose.

The focus for this first year of PhD thesis was therefore set
on these cameras, and in particular on their use for computing
optical flow. This issue indeed constitutes a central problem
in the field of computer vision, and it is a key enabler for
other applications, including especially the object detection
and recognition issues.

III. EVENT-BASED OPTICAL FLOW

In opposition to “conventional” frame-based cameras, which
accumulate light during short periods of time to create dense
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Fig. 2. Our optical flow computation architecture, able to run in real-time
with low- and high-resolution event cameras. Blocks are run in parallel.

images, event cameras produce only small packets of in-
formation (called events), which report asynchronously and
independently per pixel the changes of light in the observed
visual scene (see Fig. 1). By doing so, they represent a
great paradigm shift in the field of computer vision, opening
new ways of sensing the world. This shift, however, implies
that state-of-the-art computer vision methods developed over
the past decades for traditional cameras can not be directly
employed with event-based sensors.

For that reason, two main visions on how to approach events
can be distinguished in the literature. On one hand, multiple
researchers argue that, due to their highly specific charac-
teristics, events should be used as is, and that new methods
for solving computer vision issues should be developed. On
the other hand, many authors point out the already existing
literature for approaches using frame-based sensors, and that
being able to reuse them by recreating frame-like structures
from events could allow for the use of these cameras in real-
life applications in a near future.

Our goal being a use with autonomous vehicles, we there-
fore settled for the second option, which appeared as more
realistic for a short-term real-life application, and allowed us
to reuse a state-of-the-art method for computing optical flow.

Thus, as part of the thesis, we developed a real-time frame-
work, allowing for the computation of optical flow with both
low- and high-resolution event-based sensors. This framework
uses a pipeline architecture, composed of four main blocks,
and is presented in Fig. 2. The first three blocks are respec-
tively tasked with event accumulation over short temporal
windows, denoising, and smart densification, allowing for final
dense “images” (specifically designed to be used for optical
flow computation) to be created from the events. These images
are then used as the input to a proven, state-of-the-art real-time
frame-based optical flow library [4], allowing us to obtain our
final optical flow results.

While the real-time constraint limited us in the com-
plexity of the pipeline, we still were able to achieve op-
tical flow results close to the non-real-time state of the
art for low-definition event cameras, and were also able
to show the correctness of our results for complex high-
definition recordings. Furthermore, our framework is ca-
pable of frame rates of 250Hz and 77Hz for resolutions
of 346×260 and 1280×720 respectively, thus enabling its
use in a real-life context. We present in Fig. 3 visual re-
sults from a high-definition urban sequence. More complete
video results for various sequences are also available if
the reader is interested: see https://youtube.com/playlist?list=
PLLL0eWAd6OXBRXli-tB1NREdhBElAxisD.
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Fig. 3. Optical flow results, for a urban sequence (dataset kindly provided
by Prophesee). Top row: reference RGB image, and optical flow reference
computed from this image using a state-of-the-art optical flow network,
RAFT [5]. Bottom row: events received from the event-based sensor and
accumulated over a short temporal window (white pixels), and our optical
flow results from them (zones in gray represent pixels for which no event
was received, and therefore no flow was computed). Notice especially how
our optical flow results are visually close to the frame-based reference.

IV. PUBLICATION

As part of this work, a publication titled “Real-Time Optical
Flow for Low- and High-Resolution Event Cameras” is being
prepared, and is planned to be submitted to IEEE Transactions
on Intelligent Transportation Systems before the end of July
2021. Our own datasets involving high-definition event camera
are also planned to be made available on Heudiasyc’s platform
(https://datasets.hds.utc.fr).

V. CONCLUSION AND FUTURE WORK

As of today, this work on real-time optical flow computation
using event-based cameras is near completion. Once finished,
the focus will be set to bibliographic work, to determine the
future orientation of the thesis, and the work which will be
carried out in the next two years.
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