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Conventional cameras (aka Static vision sensors)
deliver a stroboscopic sequence of frames

Muybridge 1878 (150 years ago)




https://www.youtube com/watch?v=F3hd0sD1P0w

Lichtsteiner & Delbruck IISW 2005

Lichtsteiner et al., JSSC 2008
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High speed USB
microcontroller

Handshaking state machine
Microsecond event time-stamping
Multicamera synchronization




Working with event sensors

, -

. - AN
JAER & cAER are open-source software projects (at jaerproject.net) for real time
processing with event-based sensors on PCs (Win/Mac/Linux), including embedded

Linux APs. A ROS module is also available.

JAER/CAER and the event-based sensors work together.
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Neuromorphic retina / cochlea sensor R&D p;ototypes

Open source software, user guides, app notes,'sample data

There are also an increasing number of published datasets
available, e.g. for object recognition, optical flow, and
odometry




Demo: Dynamic Vision Sensor (DVS) + DAVIS
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Demo: Dynamic Vision Sensor (DVS) + DAVIS




Basic notions of event-driven DVS

processing

Key idea: Use the spatio-temporal coherence of the events




Tracking objects from DVS events using spatio-temporal coherence

For each packet of events
1. For each event
1. Find nearest cluster
» |f event within a cluster,
move cluster
* |[f event not within cluster,
seed new cluster
2. Prune starved clusters, merge
clusters, etc (lifetime mgmt)

Advantages
1. Low computational cost (e.g. <5% CPU)

2. No frame memory (~100 bytes/object).
3. No frame correspondence problem




Robot Goalie

Event
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Generdﬁve MOdeI [Censi & Scaramuzza, ICRA'14]

The generative gaade = Z1atih = ' ated depends on the scalar
product betwee

[Censi & Scaramuzza, Low Latency, Event-based Visual Odometry, ICRA'14]




Generative Model (cens & scaramuza, icrA’ 14

The generative model tells us that the probability that an event is generated depends on the scalar
product between the gradient VI and the apparent motion WAt

P(e)x |[(VI, uAt)

|Censi & Searamuzza, oW Lateney, Event-based Visual Odometry, ICRA'14]
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Generative Model (cens & scaramuza, icrRA" 14

The generative model tells us that the probability that an event is generated depends on the scalar
product between the gradient VI and the apparent motion WAt

P(e)x |[(VI, uAt)|

|Censi & Scaramuzza, Low Latency, Event-based Visual Odometry, ICRA'14]




Simultaneous Mosaicing and Tracking with DVS
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H. Kim, A:-Handa, ... A. J. Davison, BMV€ 2014.
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Simultaneous Mosaicing and Tracking
with an Event Camera

Hanme Kim [1], Ankur Handa [2], Ryad Benosman [3],
Sio-Haoi leng [3], Andrew ). Davison [1]

[1] Imperial College London
[2] University of Cambridge
[3] UPMC Univ Paris 06




Event Camera & Scene




Gradient Map Estimation




Input Events
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G. Gallego et al., PAMI (submitted 2016).
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"Indoor Experiment”
(see Figs. 4-7 in paper)
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Moeys, D. P. et al. IEEE Event-Based Control, Communication, and Signal Processing,
(EBCCSP), Krakow, Poland, June 2016




Steering a Predator Robot using a Mixed Frame/Event-
Driven Convolutional Neural Network.

Predator &
robot

Moeys, D. P. et al. IEEE Event-Based Control, Communication, and Signal Processing,
(EBCCSP), Krakow, Poland, June 2016




A closed-loop system

APS + DVS

ROS
controller




A closed-loop system

15 frames/sec

T";'-‘ r ﬁ APS + DVS
C N

H
R

oAS

0.1 to 500 frames/sec




Accumulation of DVS events over time

With a few
thousand events
in 40k pixel array,
image can already
be recognized.

(CNN is actually
driven by 36x36
subsampled
histogram. )




JAER implementation

Fmal decmon (robot posmon)

M [nput layer

'
Convolution 1

E Convolution 2

Fully-connected 1

Fully-connected 2
c R (Output layer)

Output layer activations (histogram)




INn action




CNN in action




Closed-loop results




The field of event-driven sensory
computing is wide open for

fundamental mathematical and
practical development






