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Neuromorphic robot
vision with mixed analogdigital architecture
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Figure 1. Block diagram of the mixed
analog-digital system and analog multi-chip
circuit for an orientation-selective response.

Figure 2.
Photograph
of the
binocular
vision
system.
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ventional digital technology to implement,
for robot vision, the computational essence
RIZKDWWKHEUDLQGRHV2QWKLVEDVLVZH
designed a neuromorphic vision system
FRQVLVWLQJRIDQDORJ9/6, YHU\ODUJHVLOLcon integration) neuromorphic chips and
field-programmable gate array (FPGA)
circuits.
Figure 1 shows a block diagram of the
system, which consists of silicon retinas,
¶VLPSOHFHOO·FKLSV QDPHGDIWHUWKHVLPSOH
cell in the V1 area of the brain) and FPGA
circuits. The silicon retina is implemented
with active pixel sensors (conventionallysampled photo sensors)2 and has a concentric center-surround Laplacian-GaussLDQOLNHUHFHSWLYHÀHOG2 Its output image is
transferred to the simple-cell chips serially.
These chips then aggregate analog pixel
outputs from the silicon retina to generate
an orientation-selective response similar
to the simple-cell response in the primary
visual cortex.3 The architecture mimics the
feed-forward model proposed by Hubel
and Wiesel,4 DQG HIÀFLHQWO\ FRPSXWHV WKH
WZRGLPHQVLRQDO*DERUOLNHUHFHSWLYHÀHOG
using the concentric center-surround recepWLYHÀHOG
The signal transfer from the silicon retina to the simple cell chip is performed using
analog voltage, aided by analog memories
embedded in each pixel of the simple cell
chip. The output image of the simple-cell
chip is then converted into a digital signal
and fed into the FPGA circuits, where the
image is further processed with program-

• Wide-dynamic-range imaging

near

Robotic vision is the most fascinating and
feasible application for neuromorphic engineering, since processing images in real
time with low power consumption is the
ÀHOG·V PRVW FULWLFDO UHTXLUHPHQW &RQYHQtional machine vision systems have been
LPSOHPHQWHG XVLQJ &026 FRPSOLPHQtary metal-oxide semiconductor) imagers
RU &&' FKDUJHFRXSOHG GHYLFH  FDPHUDV
that are interfaced to digital processing
systems operating with serial algorithms.
These systems often consume too much
power, are too large, and compute with
too high a cost.1
Though neuromorphic technology has
advantages in these areas, there are some
disadvantages too: current implementations
have less-programmable architectures, for
example, than digital processing technologies. In addition, digital image processing
has a long history and highly-developed
hardware and software for pattern recognition are readily available. We therefore think
it is practical—at least at the current stage of
progress in neuromorphic engineering—to
combine neuromorphic sensors with con-

• Bio-inspired robot vision for a
grasping task
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Figure 3. Real time disparity computation
with the binocular vision system. (A) Sketch
of the experimental setup. (B) Neural images
of the complex cells tuned to the disparity of
QHDUÀ[DWLRQDQGIDU
mable logic in parallel (not in serial). An
example of this real-time computation is
shown in Figure 3.
The system emulates the responses of
complex cells that are tuned to particular
binocular disparities based on the disparity
energy model.5 Here, the emulation is carried out with a binocular platform as shown
in Figure 2. In the experiment, a hand was
Shimonomura, continued on p. 4

LABORATORY NOTES

The USB revolution

Hardware
To achieve the interactivity that we enviVLRQWKH86%OLQNPXVWVHDPOHVVO\LQWHJUDWH
with our neuromorphic chips. A typical
QHXURPRUSKLF FKLS ZLWK  QHXURQV1
FDQGHPDQGEDQGZLGWKVH[FHHGLQJ
address-events2/s (considering both the
transmitter and receiver), and proposed
multi-chip systems3 can increase this dePDQGE\WHQIROG,QWKHRU\86%FDQ
VXSSRUW 0EV WR EODVW DGGUHVVHYHQWV
at these rates, we must enlist the appropriate chip set.
:HFKRVHWKH86%&\SUHVV);WUDQVFHLYHUFKLSEHFDXVHLWVFRQÀJXUDEOHGDWDSDWK
DOORZVXVWRPHHWRXUSHUIRUPDQFHUHTXLUHment of streaming millions of address events
SHUVHFRQG6SHFLÀFDOO\ZHFDQE\SDVVWKH
);·V RQFKLS PLFURFRQWUROOHU WKURXJK D
ÀUPZDUHDVVHPEO\FRQÀJXUDWLRQÀOH ZKLFK
would otherwise introduce a devastating
bottleneck for real-time data transfers. We
use a pair of 4s256sELW TXDGUXSOHEXIIHUHG ),)2V ÀUVWLQÀUVWRXWV RQWKH);
for streaming address events to and from
our chip (one for each direction).
The transfers are asynchronous and we
match the address-event representation proWRFROWRWKH);·VSURWRFROXVLQJD&3/'
(complex programmable logic device from
Lattice Semiconductor). And indeed, we real-
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Rcvr
Requests(V)

:HKDYHDOOKHDUGWKHTXRWH´5HYROXWLRQV
do not happen overnight”. Indeed, the
86% UHYROXWLRQ ZDV \HDUV LQ WKH PDNLQJ
EXW VRRQ DIWHU WKH 86% XQLYHUVDO VHULDO
EXV ERDUGÀUHGLWVÀUVWVSLNHQHDUO\HYHU\
member of our lab had abandoned their
chip-testing setups to join the insurgency.
This custom tool had ousted logic analyzers,
SDWWHUQ JHQHUDWRUV GLJLWDO ,2 FDUGV DQG
RWKHUERXUJHRLVHTXLSPHQW0\FRPUDGHV
we wish to spread the revolution.
:HKDYHWZRDLPVLQWKLVDUWLFOHÀUVW
we want to demonstrate that, with the right
FRPSRQHQWV DQG GULYHU 86%  RIIHUV D
KLJKSHUIRUPDQFH  PLOOLRQ VSLNHVVHF 
SRUWDEOH FRPSDWLEOH ZLWK DQ\ 3&  LQH[SHQVLYH XQGHU  LQ SDUWV DQG SULQWHG
FLUFXLWERDUG DQGÁH[LEOH FRGHGLQ& 
FRPSXWHU LQWHUIDFH 6HFRQG ZH ZDQW WR
describe how this interface has revolutionized the way in which we interact with
RXU QHXURPRUSKLF V\VWHPV 2XU REYLRXV
enthusiasm stems from the sentiment that
our chips are no longer limited by the surrounding technology, but instead by our
own creativity.
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Figure 1. USB 2.0 communicates between a
PC and a neuromorphic system at 7 million
16bit events per second (duplex).
ize a high-performance bidirectional link,
DFKLHYLQJPLOOLRQELWHYHQWVSHUVHFRQG
RU0EV VHH)LJXUH 
Software
:LWK RXU KLJKSHUIRUPDQFH 86% OLQN
we now have the ability to stream spikes
(and other data) in real-time between a
neuromorphic system and a software application (GUI, graphical user interface): the
challenge is ensuring that the software can
NHHSXS6LQFHFRGLQJGULYHUVLVDQDWKHPD
to us hardware guys and gals, we decided
WR XVH WKH FRPPHUFLDO 86% GULYHU IURP
Thesycon. Naturally, Thesycon is not the
only game in town, but by following their
0LFURVRIW9LVXDO&H[DPSOHVZHZHUH
able to integrate real-time events into our
software apps in no time. Essentially what
Thesycon provides is the ability to probe

WKHVWDWXVRIWKH);·V),)2V ERWKLQSXW
and output). For instance, when an input
),)2EXIIHULVIXOOWKHGULYHUFRSLHVLWWR
memory. At low event rates, this takes a
ZKLOH VR WKH &3/' LQMHFWV WLPLQJ HYHQWV
HYHU\ V )RU WKH PDMRULW\ RI WKH WLPH
however, our GUI is free to process, plot,
and save spike data.
The GUI enables us to visualize chip
activity, processing and plotting incoming
spikes in real-time. Visualization, however,
KDVWKHSRWHQWLDOWRKROGXSWKHOLQNLI),)2V
ÀOO XS IDVWHU WKDQ WKH VFUHHQ FDQ XSGDWH
For this reason, we use openGL (the open
graphics language), which plots extremely
TXLFNO\ 4 2I FRXUVH VRPH RI WKH PRUH
advanced plotting features (e.g., in three
dimensions) are still too slow: it is not a genHUDO SDQDFHD ,Q SUDFWLFH RSHQ*/ VXIÀFHV
for the two dimensional plots we use.
¡Viva la revolución!
7KH86%LQWHUIDFHKDVEHFRPHDQHVVHQtial part of testing, visualizing, and interacting with the neuromorphic systems in our
ODE:HEULHÁ\KLJKOLJKWVRPHRIWKHV\VWHPV
we have visualized using this link in Table
1. Note that, for each project, the GUI was
VSHFLÀFDOO\WDLORUHGWRPRQLWRUWKHHVVHQWLDO
computation in that system. For instance,
if we are interested in the phase-locking
Merolla, continued on p. 11

Figure 2. The cochlear nucleus chip responds to sound encoded by auditory nerve spikes (inputs
spikes). &KLSDFWLYLW\GLVSOD\VQHXURQVWKDWÀUHGUHFHQWO\DFFRUGLQJWRFKLSOD\RXW SK\VLFDOVSDFH 
and cochlear mapping (frequency space). 6SLNHUDVWHUVdisplay 100 trials of a neuron’s spike times
during a 50ms stimulus, while phase histograms quantify spike-time precision. The selected
bushy cell (address 69,0) phase-locks better than its inputs: its phase-histogram is tighter.
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Shefer, continued from p. 8
that, for such variations, the LPF output
UHPDLQV FRQVWDQW 'HQRWLQJ WKLV FRQVWDQW
by
we have

from which we get

7DNLQJ WKH TXRWLHQW GAC /GDC ) as a
measure of the detail enhancement of the
UHWLQDO'5&ZHVHHWKDWWKHDPRXQWRIWKLV
detail enhancement, or the ‘effective visual
DFXLW\· LQFUHDVHV OLQHDUO\ ZLWK WKH DYHUDJH
luminance of the viewed scene: a well known
property of human and animal vision. The
lower half of Figure 2 is Room after retinal

Figure 3. The spatial feedback automatic-gaincontrol (fb-AGC) model.

'5&WRESF

Thanks to Dr. Jacques Benkoski for his helpful
remarks.

Conclusions
2QWKHFDSWXUHVLGHRIZLGHG\QDPLFUDQJH
imaging, we have demonstrated that dealing
ZLWKVDWXUDWLRQDORQHFDQQRWVLJQLÀFDQWO\LQFUHDVHWKH'5RILPDJHVHQVRUV:HWKHUHIRUH
conclude that this can only be achieved via
VLJQLÀFDQWQRLVHUHGXFWLRQ2QWKHGLVSOD\
side of the problem, Figure 2 above demRQVWUDWHVKRZUHWLQDO'5&FDQLQFUHDVHWKH
potential number of perceived distinguished
colors—by a factor of 512 in the current
example—and shows how this affects our
watching experience.

Figure 4. The Weber’s law curve.
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(see Figure 2). The ostensible real-time advantage of neuromorphic systems over other
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