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Abstract. We propose the first network to jointly learn visual motion
and confidence from events in spatially local patches. Event-based sen-
sors deliver high temporal resolution motion information in a sparse,
non-redundant format. This creates the potential for low computation,
low latency motion recognition. Neural networks which extract global
motion information, however, are generally computationally expensive.
Here, we introduce a novel shallow and compact neural architecture and
learning approach to capture reliable visual motion information along
with the corresponding confidence of inference. Our network makes a
prediction of the visual motion at each spatial location using only local
events. Our confidence network then identifies which of these predictions
will be accurate. In the task of recovering pan-tilt ego velocities from
events, we show that each individual confident local prediction of our
network can be expected to be as accurate as state of the art optimiza-
tion approaches which utilize the full image. Furthermore, on a publicly
available dataset, we find our local predictions generalize to scenes with
camera motions and the presence of independently moving objects. This
makes the output of our network well suited for motion based tasks, such
as the segmentation of independently moving objects. We demonstrate
on a publicly available motion segmentation dataset that restricting pre-
dictions to confident regions is sufficient to achieve results that exceed
state of the art methods.

1 Introduction

Individual pixels in an event-based camera report only when there is an above-
threshold change in the log light intensity in its field of view [1–3]. Such an
operation can be performed extremely quickly, without influence from neighbor-
ing pixels, and with minimal influence of the absolute light intensity [4]. This
creates inherent advantages, e.g., low latency vision without requiring high power
or being constrained to uniform, well-lit environments. This makes event-based
cameras attractive for motion based tasks which require precise timing and are
ideally invariant under extreme changes in lighting conditions[5–9]. Other ad-
vantages of event based vision, such as its potential for vision with low compu-
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tational cost owing to its sparse, asynchronous output, can only be realized with
the development of novel data processing techniques.

Here, we suggest a neural network which takes advantage of event-based vi-
sion’s potential for low computation in the context of visual motion. Rather than
computing dense optical flow, we extend the philosophy of event-based sensing
to sparsely recover visual motion information. We simultaneously predict both a
region’s local flow and its reliability for visual motion predictions. Downstream
processes, such as camera pose estimation or motion segmentation, can then use
the sparse, confident visual motion information. Similar to biological vision sys-
tems [10–14], we compute this visual motion as the projection of optical flow on
preferred axes, rather than as a true optical flow.

Our solution therefore has two parts: prediction of the visual motion in each
small spatial region, and prediction of the confidence of each region’s visual mo-
tion prediction. We demonstrate that because our solution is fully local, it can be
learned under uniform visual motion conditions and generalize to make reliable
predictions in dramatically different conditions, such as those with independently
moving objects or unseen motions.

Our contributions are:

1. Compact visual motion network: Our formulation has two orders of
magnitude fewer parameters than networks which solve similar problems
[15, 16]. This makes our network attractive for employment in systems with
limited resources.

2. Accurate local visual motion predictions: Our network produces confi-
dent, fully local predictions which can be expected to as accurate as methods
which use the entire image .

3. Improved performance in downstream tasks: We show that our sparse
predictions still enable motion segmentation and camera pose estimation
that competes with state of the art methods.

4. Novel training approach: Despite training on the limited domain of pan/tilt
camera motions in front of a computer monitor, we show that our network
generalizes to realistic datasets with challenging lighting and full 6DOF cam-
era motion.

5. New dataset: We have collected a large-scale dataset with 10,000 diverse
scenes with precisely controlled known camera movements in static environ-
ments.

2 Related work

In this paper, we consider the problem of recovering visual motion in a scene with
an event-based system. This is often considered in the context of optical flow, for
which event-based neural networks have been proposed with some success [15,
17, 18, 16]. Such networks, however, are deep and require heavy computation to
provide a dense optical flow. Furthermore, in part due to the challenge of getting
labelled optical flow in dynamic scenes, these networks, with the exception of
[17], cannot handle the presence of independently moving objects.
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In the realm of optimization, there are also approaches to capture visual
motion with event-cameras [19, 20, 17, 21]. Many of these utilize the approach
of Contrast Maximization [19]. This approach takes advantage of the edge de-
tection of event-sensors, and the assumption that flows are uniform on small
spatiotemporal scales. Events in local regions are warped back in time according
to a proposed velocity, and the velocity whose warped image most accurately
reconstructs an edge is identified. While this approach requires less computation
than a deep network, warped images are still costly to compute. Furthermore,
extension of this approach to scenes with independently moving objects requires
computing a warped image for each object, compounding computational costs
[21].

In keeping with the philosophy of event sensors, we aim for a network which
can get visual motion information quickly and at low computational cost. Rather
than sacrificing the accuracy of our predictions, we will identify local regions in
which accurate visual motion predictions can be cheaply computed. Towards this
goal, we propose a novel training framework to enable a network to selectively
learn from a large number of examples where some are assumed to be uninforma-
tive of the target. Our formulation is most related to Mixture of Experts models
[22] and attention networks [23].

In traditional vision, the idea of limiting the domain of one predictor to
subregions determined by another has had success in the form of Region Pro-
posal Networks (RPN) [24–26]. Our proposal differs significantly from these ap-
proaches by necessity. RPNs are trained using ground truth labels – that is, the
true locations of objects in the images are known and used in training. In our
case, the ground truth reliability of a subregion in predicting optical flow pro-
jections is unknown. Therefore, we developed a novel, joint training procedure
to address this problem.

3 Method

3.1 Event Cameras

Unlike traditional cameras which communicate the light intensity at every pixel
synchronously according to a frame rate, event-based cameras report the list of
pixel locations whose light intensity has changed, the sign of that change, and
precise time the change is detected [1–3]. More formally, event-based sensors
communicate a stream of events S = fsigKi=1; si = [xi; yi; pi; ti], where xi; yi are
the spatial indices from the M �N resolution pixel array and ti is the time of
the ith event, ordered such that 8i < K, ti � ti+1 where K is the total number
of events. pi is the polarity for event i. Polarity denotes the sign of the change
in the light intensity resulting in event si.

3.2 Preprocessing

Given the precise temporal resolution and asynchronous nature of a typical
event-camera, it is generally the case that any instant will contain only one
event. It is therefore necessary to consider past events to perform even basic
computer vision tasks. Standard approaches include using time windows [27,
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17], batching a fixed number of events together [15], or using “time surfaces”,
which are monotonically decreasing functions applied to the elapsed time since
the last event at each spatial pixel [28, 29, 18].

Our approach is to smoothly integrate the past with multiple time scales
which avoids explicitly counting events and allows for event-based processing.
Consider a single pixel with coordinate (x; y) detecting polarity p events. Let us
define a leaky integrating pixel with a voltage variable v(t), similar to membrane
potentials in spiking neural networks (SNN) [30], as the first-order filtering of
input events represented as a sequence of Dirac delta functions I(t) =

P
i �(t�ti)

for all events:

v(t) =

Z t

�1
I(s) � e�(t�s)=�ds =

X
ti�t

e�(t�ti)=� (1)

where � > 0 is the time constant.
We refer to the voltage of any single pixel as v�pxy(t) where the superscript �

indicates the time constant of that neuron and p 2 f+;�g separates events of
different polarity into different images. Subscripts x; y are the spatial indices of
the corresponding dynamic vision sensor (DVS) pixel. We refer to the image of
all leaky integrating pixels with the same � and polarity at a time t as V�p(t).
In the supplementary material, we show an example of these images for two
different � and both polarities.

Intuitively, an image of leaky integrating pixels accumulates signal in pixels
with recent events. The voltage at any given pixel is bounded below by 0 and
unbounded from above. The choice of � then controls the depth of the memory of
past events, with large � approximating an event counter, and small � providing
timing information of events occurring within a short past.

We use two time constants, motivated by delay lines utilized in biological
motion detectors [10–14]. We will refer to these decay time constants as �slow and
�fast. In the supplementary material, we provide an argument for the selection
of these time constants in order to predict velocities in a specified range. For the
rest of the paper, we use �slow = 20 ms and �fast = 10 ms.

3.3 Visual motion model and assumptions

Visual motion in traditional vision can be defined as a vector field of pixel
translations between two image frames. As event-based cameras do not have
temporal frames, we will define visual motion for events. Let [uxiyi

(ti); vxiyi
(ti)]

be the visual motion at (xi; yi) at time ti. Assuming nonzero [uxiyi
(ti); vxiyi

(ti)],
noiseless observation, and constant motion, an event si = [xi; yi; pi; ti] will pro-
duce an event sj at time tj > ti at location xj = xi + (tj � ti)uxiyi(ti) and
yj = yi + (tj � ti)vxiyi

(ti).
Instead of just considering flows [uxy,vxy] corresponding to camera axes x

and y, we will consider [upxy,vpxy] where p enumerates �p 2 f0; �8 ;
�
4 ;

3�
8 g:�

xj
yj

�
=

�
xi
yi

�
+ (tj � ti)

�
cos(�p) � sin(�p)
sin(�p) cos (�p)

�T �
upxiyi

vpxiyi

�
(2)
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Our approach will assume events within small spatial neighborhoods expe-
rience uniform visual motion [31]. Furthermore, we assume that pure pan-tilt
egomotion generates uniform visual motion over the image. Such an assumption
is justified in a camera with a moderate viewing angle, such as our Samsung Gen
3 DVS’s 45 degree view, and pan/tilt egomotions constrained within a 20 degree
cap. Under this assumption, the visual motion at any location in the image is
equal to the pan-tilt of the camera.

3.4 Network architecture

Our approach uses two convolutional networks, one for predicting visual motion,
and the other for predicting confidence (Figure 1). We design both convolutional
networks such that each is equivalent to a fully connected subnetwork applied
at each small spatial window. This is achieved in both networks by one 15�15
convolution followed by 1�1 convolutions. This subnetwork design is relevant
for our training approach, and we will refer to the fully connected subnetworks
as f and g for the visual motion and confident networks respectively (Figure 1).

f(Nxy) = [ûxy v̂xy ]

10

15× 15
ReLU

layer 1 layer 2 outputleaky integrating
images

ReLU Linear

30

1× 1 1× 1

g(Nxy) = c

Vτs+(t)

Vτs−(t)

Vτf+(t)

Vτf−(t)

10

15× 15
ReLU

layer 1 output

Sigmoid
1× 1

Nxy

local
patch

visual motion 
network 

confidence
network

c
u v
xy xy

p p

p p

8

8

Fig. 1: Convolutional architecture implementing many parallel fully connected
networks. Computation path for a local patch Nxy is highlighted. The convolu-
tions applied to this patch are mathematically equivalent to the fully connected
network f (in red), and g (in blue).

Local, fully connected visual motion network f The input to our visual
motion subnetwork f is the neighborhood of a point (x; y) in the four leaky
integrating images (described in section 3.2):

Nxy(t) =
n
v�slow�
(x+a)(y+b)(t); v

�fast�
(x+a)(y+b)(t); v�slow+

(x+a)(y+b)(t); v
�fast+

(x+a)(y+b)(t)
o7

a;b=�7
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The subnetwork is then a function f : R4�152 ! R9,

f (Nxy(t)) = [ûpxy(t); v̂pxy(t)]p;

that estimates the visual motion for projection p, i.e [ûpxy(t); v̂pxy(t)]p, from the
information accumulated in the input images around (x; y). This prediction is
ill-posed due to the aperture problem [32], observation noise [1], as well as the
unknown correspondence and the typical sparseness of events. For this reason,
we expect that f will typically only be able to read out velocity in a subset of
Nxy’s from the full leaky integrating image. On this subset, however, a shallow
network may be sufficient to accurately predict visual motion. We anticipate this
and propose a neural network architecture with three fully connected layers (two
ReLU layers followed by a linear readout; Figure 1).

Con�dence network g Subnetwork g will be trained to identify whether the
prediction from f on the same window can be expected to be accurate. As with
f , we can summarize this network as a function:

g(Nxy(t)) = [cup
xy(t); cvp

xy(t)];

where c
up
xy(t); c

vp
xy(t) 2 [0; 1] are the confidences for visual motion predictions

ûpxy(t) and v̂pxy(t) respectively. Importantly, this means confidence is considered
for each projection separately.

g is a two layer fully connected network, with the first nonlinearity being a
ReLU and the second a sigmoid. The sigmoid function enables a binary inter-
pretation of the output of this network while maintaining differentiability. The
schematic of this network is shown in Figure 1.

3.5 Supervised training local networks from global signal

The DVS-COCO dataset To train the aforementioned pair of networks,
we use the DVS-COCO pan-tilt dataset. In this dataset, the Samsung Gen 3
HVGA (320x480 resolution) dynamic vision sensor (DVS) has been mounted on
a motorized pan-tilt stage and set in front of a computer monitor (see supple-
ment for schematic). Random saccade-like velocities move the stage up to 75
degrees/second while the images of the Microsoft COCO dataset are presented
on the screen.[33] Each one of the 10,000 selected images are presented for 15 sec-
onds and for an average of 30 saccades. For a full description of the DVS-COCO
dataset, please see the supplementary material.

We will refer to the angular velocity of the camera as [!pan; !tilt]. With
our approximation that pure pan/tilt motion produces globally uniform visual
motion, it follows that our goal is to train f to accurately predict [!pan; !tilt].

Mixture of Inputs training Even with ground truth visual motion, we do not
know a priori which spatial neighborhoods contain sufficient information to pre-
dict that visual motion. For example, regions without events cannot predict flow.
In traditional computer vision, this is analogous to training a Region Proposal
Network (RPN) without ground truth bounding boxes. Without labelled data,
we can’t use approaches like Faster RCNN [24, 26, 25]. We therefore developed
a novel approach, which we will call Mixture of Inputs training.
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We define the loss function Lf of the network f at time t on spatial region
Nxy(t) to be the squared error of predictions weighted by confidence g:

Lf (f(Nxy(t)); g(Nxy(t)); !pan(t); !tilt(t)) = (3)X
p

 �
c
up
xy(t)
c
vp
xy(t)

�T ��
ûpxy(t)
v̂pxy(t)

�
�R�p

�
!pan(t)
!tilt(t)

��!2

where R�p is the Euclidean rotational matrix for angle �p.
Our convolutional architecture then batches all spatial neighborhoods in an

image, and thus the local loss over a single image, Llocal can be computed:

Llocal =
X
x;y

Lf (f(Nxy(t)); g(Nxy(t)); !pan(t); !tilt(t))

Note that Llocal cannot be used to train g. This is because Lf has a trivial
global minimum for where g(Nxy(t)) = 0. Therefore, to train g we use a separate
loss function which takes global information into account. We define confidence
normalization terms Zup

(t) =
P
x;y c

up
xy(t) and Zvp

(t) =
P
x;y c

vp
xy(t). We will

refer to the weighted average of optical flow projection predictions as the global
prediction of the camera angular velocity in reference frame p, [!̂ppan(t); !̂ptilt(t)]:

�
!̂ppan(t)
!̂ptilt(t)

�
=
X
x;y

RT�p

264 c
up
xy û

p
xy

Zup
(t)

c
up
xy v̂

p
xy

Zvp
(t)

375
Now we define the loss function for g, Lg, to be the squared error between

this global optical flow prediction and the rotational velocity:

Lg =
X
p

��
!̂ppan(t)� !pan(t)

�2
+ (!̂ptilt(t)� !tilt(t))

2
�

Mathematically, Lg is similar to the gating network in Mixture of Expert
(MoE) models [22]. In MoE, many networks compete to make predictions and
the gating function selects the best predictors. Here, however, we have the same
network and many different samples. Our ”gating” network (the confidence net-
work g), selects the best inputs, not the most suitable expert. We therefore call
this approach Mixture of Inputs. Another distinction is that we do not have any
explicit competition between inputs, although there is implicit competition for
the training error signal through Lg.
Training protocol We subsample each image by taking a randomly located
150 � 150 window from the full 320 � 480 Samsung Gen3 HVGA DVS image.
We randomly select a batch of 80 time points from our training set (full de-
scription of training and testing set in supplementary material). For each time
and corresponding 150�150 window, the four leaky integrated images V�p are
calculated with events histories of 3� . Parameters of f are updated according
to Lf , and the parameters of g according to Lg. We schedule our training rate
with ADAM [34], using parameters �1 = 0:9; �2 = 0:999; � = :01.
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Fig. 2: Training and Testing on the DVS-COCO Benchmark. (A) Global, L g, and
local, L f , loss functions over the course of training using 150� 150 windows. (B)
Test set mean squared error (MSE) of global predictions (red), local predictions
(blue) using the full 320� 480 image (C) Scatter plots between predicted and
true velocities over the whole test set. (D) Continuous predictions on four testing
videos.

3.6 Evaluation Metrics and Comparisons

DVS COCO test set performance We evaluate our network by both its
local and global predictions. Because we trainf and g on 150� 150 windows,
we also compute the test loss on 150� 150 windows. We evaluate our network's
best possible global prediction using the whole image, which will be referred to
as the global prediction with global error MSEglobal .

Our local MSE is computed with the squared errors of each local prediction,
Ep

xy :

Ep
xy =

��
ûp

xy
v̂p

xy

�
� R� p

�
! pan

! tilt

�� 2

; MSElocal =
X

x;y;p

1
C

�
cu p

xy

cvp
xy

� T

Ep
xy (4)

Where C =
P

x;y;p (cu p
xy + cvp

xy )
All networks are trained for 10 epochs. We report the average MSE over the

last epoch for both MSElocal and MSEglobal .

Ablations Mixture of Inputs training utilizes two loss functions, L g and L f .
While the con�dent local loss L f has a trivial global minimum for g, L g can be
used to train f . To understand the contribution of L f we train a network this
way and refer to it as the \L g only" network.
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To evaluate the contribution of our confidence network, we train a network
using a heuristic confidence instead. This heuristic provides a binary confidence
measure, 1 for predictions with above average number of events in the last 3�
and 0 for those below. Intuitively, this heuristic will identify neighborhoods that
contain more than just events from noise. Visual motion networks trained with
this confidence signal will be referred to as ”Mean confidence network”.

Contrast Maximization (CM) We also compare our network’s performance
with that of an optimization approach called Contrast Maximization (CM) [19,
20]. We briefly describe this in the supplementary material for completeness.
CM is expected to provide strong results for pan/tilt conditions. We performed
a brute force search to optimize the time window size for CM on the DVS-COCO
dataset and found 60ms.

To compare local predictions, we use CM with a 15 � 15 spatial window
size. We also extend their method to use both our network’s confidence scores
as well as heuristic confidence metrics designed to utilize the information avail-
able to their optimization. In particular, we use the mean and variance of the
15�15 windows. We include a full description of these confidence models in the
supplementary material.
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Fig. 3: Analysis of the visual motion network f . Panel A shows the sensitivity
of pan predictions to the activity of all ten neurons in layer 1. Accompanying
each sensitivity is a heatmap of the spatial weights of that neuron. There are
two spatial filters for each neuron, one for each time constant. Panel B shows the
activation of individual neurons to pan velocity (see supplementary material for
tilt) in regions which have confidence greater than 0:1. Mean activation across
the DVS-COCO testing set is shown in black, with colored lines to show one
standard deviation above and below the mean. Color indicates neurons which
are selective for negative velocity (blue) or positive velocity (red).
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Extreme event dataset and motion segmentation We use a set of pub-
lic test sequences called the Extreme Event Dataset (EED) [6]. The EED fea-
tures independently moving objects and 6DOF motion in challenging lighting
scenarios, including a strobe light. This dataset serves as a benchmark for event-
based motion segmentation algorithms. It comes with hand labeled ground truth
bounding boxes of independently moving objects in the scene.

To segment a scene, we cluster the con�dent 
ows output from our network.
We compute a distance between each con�dent 
ow, e.g.ux i y i and ux j y j :

dij =
q

(ux i y i � ux j y j )2 + ( x i � x j )2 + ( yi + yj )2 (5)

We threshold dij at 10, and cluster all graph connected 
ows together. This
parameter is 
exible, and was selected to be on the order of one of our kernel
�lters. To compare with [6, 21, 35] we use the success rate de�ned in [6], which is
the percentage of bounding boxes in a sequence overlapping 50% or more with
a proposed segmentation.

4 RESULTS

4.1 Visual motion and con�dence jointly learned

In Figure 2, we demonstrate training and test performance on the DVS-COCO
velocity recovery task. In general, our network is able to accurately recovers
test set velocities. Over the entire testing set of 6000 clips, our MSEglobal is 4.5
(degrees/sec)2.

As our training and testing sets sample times sparsely from 1000 training
and 300 testing videos using truncated histories, we also demonstrate the ability
of our network to make continuous predictions with full time histories on four
testing videos (Figure 2).

4.2 Network f learns direction selective neurons

Our network learns to combine leaky integrated images by computing their di�er-
ence, as is expected from biological models [10, 11]. This can be seen qualitatively
in Figure 3, which shows learned �lters for the two � are opposite in sign. The
median correlation between� fast weights and � slow is � :83.

The high sensitivity learned kernels for pan prediction shown in Figure 3A
are polarized horizontally. This suggests that diagonal edges are being ignored
for pan predictions in the unrotated reference frame, which is consistent with
a solution to the aperture problem. In Figure 3B, we see those neurons are
direction selective, with an approximately linear relationship with speed in their
selected direction.

4.3 Con�dence network identi�es edges and phase

The behavior of our con�dence network is shown in Figure 4. For predictions
in the unrotated reference frame, our con�dence network outputs vertical and
horizontal lines. In general, this strategy enables identifying regionsx; y in which
either ûxy or v̂xy are con�dent, but not both. This is unlike corner detectors, such
as the Harris detector [36], which can be used for both components of optical
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ow. That our network does not look for corners could be due to the relative
sparsity of corners compared to edges. Our network is trained on 150� 150
windows, and such corners might not always be present.

Fig. 4: Con�dence network in action. Top left: di�erence of leaky integrated im-
ages is shown for a scene from the DVS-COCO dataset. Top right: the con�dence
output from the corresponding input. No con�dence is shown in white. Bottom:
sequential 15x15 windows of the input are shown above the con�dence output
of that region. The con�dence network is selective to the phase of the edge
orthogonal to the direction of visual motion.

In Figure 4(right), we show the optical 
ow predictions with con�dence
greater than zero. Only optical 
ow predictions with the proper phase, i.e. the
phase corresponding to predictions with the same sign as the ground truth, are
selected. Thus our optical 
ow network need only make accurate predictions
given a single phase.

4.4 Ablation results

Two � leaky integrating image ablation Networks trained with a single �
leaky integrating image are unable to learn velocity. Such networks output only
zero, and therefore have a MSE of about 700 (degrees/s)2.

Learned con�dence ablation Using the heuristic con�dence described in sec-
tion 3.6 learns to predict pan/tilt with signi�cantly higher MSE (47.6 (degree/s) 2).
This �lter is agnostic to the orientation of edges, and thus su�ers due to the
aperture problem.

Mixture of input ablation Networks trained using only the loss functionL g

learn accurate global optical 
ow (MSE 9.61), but local predictions are often
inaccurate (MSE 54.02). This is because, although the weighted average is con-
strained by the loss L g, the variance of that distribution of predictions is not.
More surprisingly, constrained global predictions are worse than those trained
with the local loss L f . Together, this suggests Mixture of Inputs training helps
in both the identi�cation and learning of accurate predictions.


