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Abstract

This paper presents a novel 360° High-Dynamic Range
(HDR) camera for real-time 3D 360° panoramic computer
vision. The camera consists of (1) a pair of bio-inspired
dynamic vision line sensors (1024 pixel each)
asynchronously generating events at high temporal
resolution with on-chip time stamping (lus resolution),
having a high dynamic range and the sparse visual coding
of the information, (2) a high-speed mechanical device
rotating at up to 10 revolutions per sec (rps) on which the
pair of sensor is mounted and (3) a processing unit for the
configuration of the detector chip and transmission of its
data through a slip ring and a gigabit Ethernet
communication to the user. Within this work, we first
present the new camera, its individual components and
resulting panoramic edge map. In a second step, we
developed a method for reconstructing the intensity
images out of the event data generated by the sensors. The
algorithm maps the recorded panoramic views into gray-
level images by using a transform coefficient. In the last
part of this work, anaglyph representation and 3D
reconstruction results out of the stereo images are shown.
The experimental results show the capabilities of the new
camera to generate 10 x 3D panoramic views per second
in real-time at an image resolution of 5000x1024 pixel
and intra-scene dynamic range of more than 120 dB under
natural illuminations. The camera potential for 360° depth
imaging and mobile computer vision is briefly highlighted.

1. Introduction

Robotics and wide area surveillance applications
[7][15]often require vision-based systems enabling 3D
360° panoramic vision [1][2][6][8][14] to provide
enhanced capabilities like autonomous navigation,
localization, mapping, exploration or environment sensing
(e.g. situation awareness). Examples include autonomous
and unmanned vehicles like the Google driverless car and
unmanned aerial vehicles. Nevertheless, these applications
often require 3D information with a high dynamic range
(HDR) and in real-time within a natural environment to
allow timely respond to scene dynamics. The only existing
and deployed systems for 3D 360° panoramic vision are
those based on laser technology e.g. Velodyne HDL-
64E[14]. Although this technology is highly reliable, it
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allows a low wvertical resolution (max 64 lines) at
excessive cost (~80kS$).

There have been a number of attempts to obtain
panoramic stereo views in literature [6][8][13]. The
majority of systems can be roughly subdivided into two
groups: The first one is based on use of mirror(s), the
second on rotating parts. A detailed classification of
existing panoramic cameras and comparison of their
principles can be found in [13]. Clocked imaging refers to
systems performing synchronous image readout. For
example conventional clocked cameras make use of a
25Hz clock to sequentially generate frames (in this case 25
frames per seconds). To our knowledge, up to now there
exist no clocked cameras for real-time 3D 360° HDR
panoramic imaging in natural scenes on the market. The
main issue is the lack of capabilities achieving
simultaneously high panorama rate with 3D views in real-
time in the challenging intra-scene dynamic range in the
natural environment. Even the recent developments in
frame-based camera technologies by involving the Time
Delay and Integration (TDI) concept could not achieve
high-speed HDR imaging in natural scenes. These new
cameras have enabled increasing the detector sensitivity
[18] such that rotation of up to 0.5 rps in extremely
illuminated environment (e.g. sunny outdoor with more
than 30 klux in average) was possible. However, imaging
in low-light environment or in HDR could only be
possible with one rotation per few minutes. The
challenging task is to find adequate vision technology,
which simultaneously allows high temporal resolution
imaging (e.g. 1us), high dynamic range (> 120 dB), high
image resolution (over 2Mpixel) and low data rate (few
MB) for real-time 3D reconstruction.

Dynamic Vision Sensors (DVS) [3][5] offer an
alternative to conventional frame-based imaging cameras.
This sensor technology, inspired by the biology, aims at
mimicking natural neural systems making use of
asynchronous imaging [3]. DVS do not perform clocked
(synchronous) imaging as conventional frame-based
cameras do. DVS consists of autonomous pixels, which
independently and asynchronously generate events upon
relative temporal contrast changes. The properties of DVS
are, they: i) provide no images at all, ii) asynchronously
react and iii) adapt to local and global brightness.

In [1][2], a system was presented to perform 360°



panoramic vision using a DVS with lower vertical
resolution (256 pixels) for 2D panoramic views. In this
paper, we present a novel 360° stereo panoramic system
using a pair of high speed rotating DVS with a vertical
resolution of 1024 pixels. We thereby use the advantages
of DVS to address the problem of fast acquisitions of
stereo panoramic views in HDR for real-time 3D 360°
vision applications in natural environment. A new system
was built including a detector chip, sensor board, FPGA
circuits and a rotational scanner to allow high-speed 3D
360° HDR panoramic imaging. Furthermore we show that
real-time acquisition of panoramic views at a speed of 10
rps can be achieved for HDR vision, anaglyph
representation and 3D 360° reconstruction.

The paper is structured as follows: in section 2, notions
about the sensor and our contribution in this work over
[1][2] are explicitly presented and emphasized. Section 3
provides a general overview and description of the
realized camera. The general architecture and
specifications of the most relevant camera eclements
(detector, mechanics and processing) are given in section
4. In section 5, the methods for the reconstruction of the
360° intensity panoramic images are detailed with
illustrative results. Section 6 presents the resulting data
and analysis of the results including the edge map,
anaglyph and 3D representation of the panoramic views.
A summary concludes the paper.

2. Notions and the Contribution

This section aims to summarize the key properties of the
dynamic vision sensor and its distinctions compared to
standard frame-based (clocked) cameras as well as the
contribution of this work.

2.1. Important Statements about the Dynamic
Vision Sensor

Based on several reviewers® comments in previous
submissions, we would like, first, to give clear statements
about the main properties of the DVS and its key
distinctions compared to standard clocked cameras.

DVS makes use of feature-based and event-driven
(instead of frame-based) vision. It performs efficient pre-
processing of visual information at the receptor (analog
processing) by involving an on-pixel circuit that
autonomously responds to relative intensity changes by
generating asynchronous events.

DVS have the unique property to have simultaneously:

1. High temporal resolution (~1ps@lklux) thanks to
the asynchrony.

2. High dynamic range (> 120 dB) thanks to the on-chip
relative contrast sensitivity allowing operation in
uncontrolled illumination.

3. Compressed sensing (reduction factor >30) thanks to
the asynchrony + on-chip analog preprocessing,
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which is useful for transmission, storage, processing
and low-cost stereo.
To our knowledge there exist NO clocked cameras (which
is not possible from the imaging physics point of view)
having simultaneously high-temporal resolution, low data
volume and high dynamic range.

Clocked cameras are usually focused on producing high
quality images. For high-speed clocked vision, a
tremendous amount of light is required to allow short time
integration (few tens of microseconds). It is possible to use
strong artificial lighting in controlled environment
(industrial vision applications), however natural scenes are
challenging for high-speed vision. Despite of the new
developments in imaging by decreasing sensitivity or
using TDI, sensor rotation in natural scenes with speed of
more than 0.5 rps is still prohibitive [18]. Moreover
clocked high-speed cameras with the current technologies
(with much light or decreased sensitivity) cannot
simultaneously allow wide dynamic range.

On the other hand, increasing the temporal resolution of
images from clocked cameras means increasing the
amount of data to process. Dealing with high data rate is
not technically unsolved but may face practical
limitations. The processing capabilities are steadily
increasing e.g. high-performance processors (e.g. new
FPGAs) and multi-processor (e.g. GPUs). However
dealing with more than 100000 FPS is still a challenging
task. The first issue deals with storing these data in
memory while processing them. The memory and
processors are the major bottlenecks for mobile robots,
which are constrained to allow limited resource for high
power efficiency. Second, the high-performance
processing has to deal with the high cost involved. If a
stereo reconstruction is requested on-board for clocked
cameras with high data rate, the system becomes
prohibitive. In a benchmarking paper from Larry Matthies
(JPL, NASA) [19] for stereo vision on mobile robots, he
showed that the best stereo reconstruction method would
achieve 8 FPS for VGA images with 60 disparities.
Therefore on-board stereo reconstruction for 100000 FPS
seems prohibitive.

In summary, the unique property of DVS is the
simultaneous high temporal resolution (asynchrony) with
response times of about lups, a HDR >120 dB and
compressed sensing. This is the key benefit for achieving a
compact and low-cost stereo panoramic system with fast
rotations of the panorama scanner (high panorama rate),
high robustness to variations in illumination conditions
and low-cost 3D reconstruction in real-time.

2.2. The Novelty in this Work

In [1], a new camera concept “BiCa360” was presented
for real-time and distortion-free 360° panoramic imaging
by fast rotating a single DVS with a 256-pixel line. The



result in [1] consisted of combining a DVS with a high-
speed rotational device (1 to 10 rps) to achieve real-time
360° panoramic views (edge maps). The main contribution
and novelty in this work is the realization of a new camera
combining a stereo pair of a special sensor called dynamic
vision sensor (performing event-driven asynchronous
vision), with a rotating scanner for real-time 3D 360°
vision. The paper provides the following:

1. We present a newly developed HDR stereo camera for
3D 360° panoramic vision. The camera comprises a pair
of DVS with 1024-pixel line and an optical lens each.
Unlike [1] which provides 2D panoramic images, this
camera is able to achieve 3D views of edge maps of 2 x
5000 x 1024 at a rate of 10 pan/s as a result of stereo
matching of data from both detector lines.

2. We developed a method for gray-level image
reconstruction out of the 360° panoramic edge map. The
scene intensity information is represented at acceptable
quality for computer vision.

3. We present the camera image at 10 pan/s as an
anaglyph representation and as 3D reconstructed data
after stereo matching between left and right image. The
analysis shows that the depth accuracy is comparable to
that from standard clocked cameras. Although the gray-
level image have been reconstructed, the  stereo
matching was performed on the event data for efficiency
and low-cost processing while the resulting depth can be
easily rendered on the graylevel image.

Based on these findings we consider this camera as a new

generation of HDR panoramic depth camera, which can be

very useful for several computer vision tasks dealing with
real-time 3D 360° vision at high dynamic range (e.g. the
raising mobile robotic applications).

3. Overview of the Novel Camera

Figure 1 shows the picture of TUCO-3D, the newly
realized 360° HDR depth camera. The camera contains
three main parts illustrated with three different colors:

1. The sensor head (black): This is the rotating part of
the camera. It contains a pair of DVS detectors,
detector electronics and FPGA-based processing for
interfacing and configuring the camera. Asynchronous
data generated by both sensors are transmitted through
the scanning platform to the backend.

2. Scanning platform (red): This part contains (a) the
mechanics (motor) for rotating the sensor head and (b)
the 24-wire slip ring (with reference LPC-24A from

Sensor head

Backend

- z

Figure 1: The realized 360° HDR depth camera

JINPAT) allowing  high-speed routing and
transmission of the data. The scanning platform can be
adjusted to rotate from 1 to 10 revolutions per second.

3. Backend (silver): This module contains FPGA-based

processing to route configuration commands to the
detectors and receive data at a high data rate. A gigabit
Ethernet connection allows transferring the data to the
user platform (robot PC, user PC).

Figure 2 depicts a 360° panoramic edge map
(5000x1024) rendered from events generated by the left
sensor at 10 rps. The white and black dots are ON and
OFF events, which respectively stems from the positive
(dark to light) and negative (light to dark) contrast changes
in the scene. The grey color means no data (no contrast).
The key characteristics of this depth camera are:

* Vertical FOV: 48.9° (4.5 mm lens)
* Horizontal FOV: 360°

3600°/sec (10 rps)
5000 (H) x 1024 (V)
* On-chip compression: > 30

* Scanning speed:
* Image resolution:

* Dynamic range: >120dB
* Output: Gigabit Ethernet

* Power supply:

e —

12 VDC /~1 Amp (<12 W)

Figure 2: Panoramic edge map rendered using event data from the left sensor at 10 rps
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4. System Description

TUCO-3D system is built around a slip ring where the
two DVS detectors, detector and FPGA boards and a
number of other modules are connected. The system is
integrated into housing with a rotating and a fixed part. It
has several connections to powering the system and data
communication to the user. The key components are
described in the following subsections.

4.1. Vision Detectors and Optics

Two identical DVS detectors called “ATIS-L” were

developed and integrated in the sensor head for imaging

the surrounding scene. The detector specifications are:

» Single pixel line with 1024pixel (resulting from two
staggered 512 pixel lines and interleaved at a vertical
shift of 4.25um for smaller chip size)

* Pixel pitch: < 8.5um (< 4.25um staggered, interleaved)
+ Die size: < 5000 x 5000 pm®

* Data output coded in
representation (TAE) [17].

3.3V and 1.8V supply voltages

Timed Address-Event

Figure 3: Photograph of the developed stereo sensor board (70x
50 mm?) showine the left and right detectors

Figure 4: Photograph of the integrated FPGA board (Spartan
6 from Xilinx)

A pair of detector chips is mounted on a compact detector
board of 70 x 50 mm? (see Figure 3) to provide the
following key capabilities for the whole system:

* Two single detector lines for fast 360° stereo scanning

e Fully asynchronous, pixel-autonomous operation
following the paradigm of event-driven, frame-free
vision and imaging [3], each of the sensor pixels
operates autonomous and classifies and quantifies
optical input individually.

* High-speed/low-latency contrast detection

* Programmable 24-bit on-chip analog bias generators
[16].

* Programmable sensor configuration via a serial control
interface.

* Pixel-level data time-stamping at high-precision before
buffering, arbitration and transfer [17].

* Rotational 360° panoramic sensing support by
enabling external zero-phase indicator input for time-
stamp and address-event generation control.

* Pixel-level event FIFOs handling peak data rate [17].
» Synchronous TAE arbitration and transfer [17]

* Design-for-test and diagnosis support are provided in
the form of test-pixel(s) with direct analog access, and
built-in digital self-test / on-chip test generators.

The system uses 4.5mm lens with 1/3” to achieve angular
resolution of 0.13° at 10rps. To increase the resolution
higher focal length lenses can be used e.g. 6mm to
achieve 0.1° and 8mm for 0.07° angular resolution.

4.2. Scanning Platform

The key components of the scanner platform are:

* Slip-ring: it is a critical component of the scanner
platform. It is in charge to transfer the power to the
sensor head as well as to transfer the up- and downlink
data flux between the sensor head and the back-end at
high rotation speeds. A 24-wire slip ring is used to
ensure power and data transfer at a rate up to 600 Mb
at rotation speeds ranging from 1 to 10 rps.

* Motor: it provides the mechanical energy to rotate the
sensor head. The motor was chosen to allow moving a
300 g charge at a rotating speed up to 10 rps.

* Motor controller: it ensures the interface between the
setup parameter from the back-end and the motor.

* Zero position indicator: It is an electrical circuit
providing the sensor head with ‘reset’ signal for a start
of a panoramic view, which is defined as a common
absolute angular position reference.

* Mounting base: A bounding system is designed to
manage the mechanics control through the backend.

The scanner platform also consists of several secondary
components dedicated to the mechanical transmission
(reducer, helical gearing, ball bearings...) and the
electrical interconnections.

4.3. Processing Unit

For the sensor interfacing and data processing at the
frontend and backend, two low-cost FPGA boards (Figure
4) are used. On the frontend this FPGA interfaces the
detectors for configuration, data acquisition and transfer
through the slip ring to the backend. The FPGA on the
backend takes care to control the mechanics (rotation
speed), route the user configuration to the frontend,
receive the data from the frontend through the slip ring
and transfer them to the user through Gigabit Ethernet.
More than 90% of the FPGA resources (memory and
processing) are free for application specific developments.



5. Gray-level Image Reconstruction out of
360° Panoramic Edge Maps

This section provides techniques for reconstructing the
gray-level images out of the sensor events. Three different
methods for the image reconstruction are detailed below.

5.1. Soft Signal Integration

Each pixel of one sensing line scans a horizontal line of
the panorama. The analog read-out circuit derives this
intensity signal, and quantifies it into successive positives
or negative pulses. The available signal for each pixel
output is then a quantified spatial derivative of the scene
illumination. To recover the intensity image I , we should
then integrate along the lines these pulse signals @ . This
digital integration can be simply written using the
following approximation:

I(XO’yj) =0

I(xi’yj) =¢)(xtayj)+l(xi—l’yj)

As the reference intensity value is not known, a zero value

is used for the start value. The top image of Figure 5

shows a panoramic edge map as generated by the left

sensor of the camera. The second image from the top in

Figure 5 shows the reconstructed image after the soft

signal integration. Such a simple numeric integration does

not give a satisfactory resulting image for two main
reasons:

1. From a theoretical point of view, this integration is
sensitive to the noise in the detected signal and will
increase the low frequency components of the noise. In
this case, the main contribution is the quantization
noise associated with the gradient signals. This white
noise is transformed into a pink noise (flicker noise),
with large low frequency components.

2. From a technological point of view, the contrast
sensitive detectors are made with a derivative filter,
followed by two comparators. Any discrepancy
between these comparators thresholds will turn into an
integration error, giving an increasing or decreasing
DC component.

(1

5.2. Reconstruction by Filtering

A mean to alleviate these effects is to introduce a filter,
for instance a high pass filter, whose cut-off frequency is
chosen in order to decrease the DC and low frequency
noise components, without distorting too much the signal.

A first-order numerical high-pass filter is implemented
as follows:

I(‘XO’yj) =0

2
I(xmyj) :(I)(xiayj)+ﬁ'1(xi—lsyj)
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B is slightly inferior to 1 (e.g. 0.995). In the filtering

terminology, the value of ,B is known to define the cutoff

frequency and is introduced in the reconstruction to reduce
the static error of the integration. It is also possible to
investigate more on sophisticated filters. The
reconstruction image is the third from the top in Figure 5.
We can notice that the reconstruction was clearly
improved compared to one with the soft signal integration.

5.3. Reconstruction by Signal Compensation

It is possible to know exactly the disparity between the
two circuits of the photo-element processing chain for ON
and OFF event generation. On a complete scan (360°) of a
panoramic scene, the first and last value of the integration
must be equal. The comparison of the number of positive
and negative gradients (ON and OFF events) gives the
disparity and allows calculating the coefficients, which
can be applied to the positive and negative gradient
signals. It is then possible to calculate the coefficient for
each individual pixel, and compensate it accurately.

](xiﬂyj):kl"D+(xi7yj)+k2'q)—(xi’yf)-i_ﬂ'l(xi—l’yf)
3)
where B = 0.995 and kl # k2 and P, and P_are

respectively the ON and OFF gradient signals as generated
by the sensor at 1us accuracy (see top image of Figure 5).

In this method, different coefficients &, and k, should

be applied to the positive (ON event) and negative (OFF
event) gradient signals to take into account the
dissymmetry of the threshold for the detection of the
relative light intensity changes. Moreover, these
coefficients should be calculated for each line (pixel) of
the panoramic image. The reconstructed image using this
technique is depicted in the bottom of Figure 5. We can
notice that the image quality is now acceptable compared
to the reconstruction using the previous two techniques.
We have integrated the gradient signals in an optimal way,
compensating the technological discrepancies, and
balancing between a low distortion of the signal and a
minimal increase of the low frequency noise. For a better
visualization, the gray-level image reconstruction is
further demonstrated on an outdoor scene and an open
space on Figure 6. The main drawback of this technique is
the small latency for the image reconstruction as it only
starts after the full rotation is finished. On the order hand,
this latency cannot be noticed at 10 rps as the computing
time for the reconstruction is very low (less than 30 ms) to
not really be perceived in the visualization.

6. Results and Discussions

The whole system has been realized and tested on
outdoor and indoor scenes. While rotating at high speed,
the detectors encode relative changes of light intensity



Figure 5: Results from three image reconstruction techniques. Edge map delivered by the camera (Top). Image reconstruction

result using soft signal integration (2™ image from Top), using filtering (3" from Top) and using signal compensation (bottom)

Figure 6: Gray-level image reconstruction on an outdoor scene at 10 rps

with low latency, high dynamic range and allow imaging
of the contours of the surroundings and communicating
this information with a sparse, event-based (asynchronous)
protocol to the user. Figure 7 depicts the results of the
camera output at 10 rps. In the top figure the raw data
(events) from the left sensor are mapped as a 360°
panorama in form of white dots on a black background
without ON and OFF distinction. The 2™ top figure
depicts the corresponding reconstructed HDR gray-level
image. The third image from the top shows an anaglyph
representation coding data from left detector in blue and
right detector in red. By using an anaglyph glass (red on
right eye — blue on left eye), this image can be viewed in
3D as the 3D reconstruction is made by the human brain.
This representation provides a practical demonstration of
the 3D imaging capability of this new HDR camera. The
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two last images show the color-coded depth representation
and the depth assignment in meter respectively. The depth
reconstruction was performed by matching the stereo edge
images from left and right sensor as performed in [20].
The stereo reconstruction is actually PC-based and can
achieve about 1 rps. A real-time implementation on the
embedded platform (FPGA) for 10 rps is possible. The
depth assignment consists of the concentric circles [20],
which result from the stereo reconstruction using multi-
perspective acquisitions.

For calculating a depth D in m at a concentric circle 7, the
following equation can be used:

pli)=— B )
d(i).sin R,

B is the stereo baseline (40 mm in our case),



d(i) is disparity such that d (i) =i from i = 1:128
and RH is the horizontal resolution, which is 0.13° for

4.5 mm lens.

To improve the depth resolution, we can either enlarge the
stereo baseline and/or increase the horizontal resolution
using lenses with a higher focal length. The depth
accuracy depends on the horizontal resolution and on the
lens used. However, optimization at the sub-pixel level
can be further performed for enhancing the depth
accuracy. In our example, the depth accuracy is assessed
to 0.3@3m for 4.5mm lens without optimization. Using a
6mm lens the accuracy improves to 0.2@3m while it
reaches 0.16@3m with an 8mm lens.

The images and videos provided with the paper are high
dynamic range. The high dynamic range capability of the
dynamic vision sensor was already reported in several
previous publications [21][22]. Indeed, it is not trivial to
show 120 dB HDR capabilities on a paper because the
computer, monitor and even the printer are limited to 8 bit
resolution (values from 0 to 255) for display and printing.
120 dB means 6 decades (values from 0 to 999999), which
cannot be represented in a correct way under 8 bit.
However there is a way to demonstrate it by the splitting
the 20 bit resolution image into several images at 8 bit
resolution each.

For the simplicity reason, we did not show the HDR
capability in split images but only on a one integrated
single image. One can notice, in the provided edge map or
gray-level image/videos (top image of Figure 7), the
regularity of the appearance of edges/data in the bright
area (persons and buildings under the sunshine) and in the
dark area (the one person in the shadow and the space
below the cars). This high dynamic range is due to arises
from the logarithmic compression in the front-end
photoreceptor circuit and the local event-driven
quantization. Each pixel has its own circuit for the analog
processing of the fractional change in illumination and
thus it has a local gain control. Therefore pixels can
individually adapt to bright or dark areas. The 120 dB
stems from the pixel sensitivity (0.1 lux) and saturation
limit (100klux), resulting in the 6 decades of dynamic
range.

These first results mainly demonstrate that this new HDR
camera is capable to provide 10 pan/s and 3D 360° views
in real-time in natural scene environments. The average
camera data rate is round 40 Mbps, which makes it ideal
for mobile robot applications for low power transmission
and processing. The simple 3D reconstruction is mainly a
proof-of-concept, with promising research potential for
optimizations and improvements. We believe that this new
camera will offer new capabilities (real-time, 360°, HDR
and 3D vision), which can be exploited by the computer
vision scientists in the raising applications like robotics
and mobile vision.

7. Conclusions

This work presents a new and unique vision-based system
for real-time 3D 360° HDR panoramic imaging in natural
scenes. Using a pair of dynamic vision sensors each
having a line of 1024 asynchronous self-spiking pixels, a
scanning platform and a low-cost FPGA for data
acquisition, we could achieve 10x360° panoramas per
second in for natural scene environment. By exploiting the
stereo pair of DVS with the unique property of
simultaneous high-temporal resolution, wide dynamic
range and compressed sensing, we showed that it is
possible to enable 3D 360° panoramic vision, anaglyph
representation and depth imaging. The key advantage of
this realized system compared to active sensors (laser) is
the extreme low price (at least 50 times lower) and
imaging possibilities with a dense vertical resolution.
Having a low power consumption (~10W) and low
prcessing cost, the system is ideal for mobile computer
vision and robotic applications. As a next step, an
extensive evaluation of the camera will be performed for
scenarios with challenging intra-scene dynamics.
Furthermore, an optimized stereo matching will be
investigated for improved depth resolution and accuracy.
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