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A Foveated Silicon Retina for Two-Dimensional
Tracking

Ralph Etienne-Cumming®&lember, IEEEJan Van der SpiegeSenior Member, IEEHPaul Mueller, and
Mao-zhu Zhang

Abstract—A silicon retina chip with a central foveal region (ASIC’s) are ideal for implementing compact computational
for smooth-pursuit tracking and a peripheral region for saccadic  systems. Furthermore, biology employs time-tested algorithms
target acquisition is presented. The foveal region contains 8 X 9 ¢4 qeylomotor control that can inspire ASIC implementations.

dense array of large dynamic range photoreceptors and edge -
detectors. Two-dimensional direction of foveal motion is computed COnsequently, in the last few years, there has been a push to

outside the imaging array. The peripheral region contains a sparse Mimic biology in developing VLSI computational sensors for
array of 19 x 17 similar, but larger, photoreceptors with in-pixel  visual information processing [7], [8]. Biological systems have

edge and temporalon-set detection. The coordinates of moving or similar power, space and computational constraints to compact
flashing targets are computed with two one-dimensional centroid VLSI electronics [9].

localization circuits located on the outskirts of the peripheral A direct imitati f biol h . t al desi
region. The chip is operational for ambient intensities ranging over Irect Imitation ot biology, however, IS not always desir-

six orders of magnitude, targets contrast as low as 10%, foveal able [10]. Horiuchi has implemented successful tracking sys-
speed ranging from 1.5 to 10K pixels/s, and peripherabn-set tems that are parsimonious imitations of their biological master,
frequencies from <0.1 to 800 kHz. The chip is implemented in put they are electronically and physically bulky, i.e., they re-
2-um Nwell CMOS process and consumes 15 mW{dd = 4V)  qire complicated circuitry, with many manually-set biases that
in normal indoor light (25 pW/cm?). It has been used as a person . . . .

tracker in a smart surveillance system and a road follower in an occupy multiple chips [1_1]' The Work.preS(_anted in this paper at-
autonomous navigation system. tempts to model theunctionof many biological structures/sub-
systems involved in two-dimensional (2-D) visual gaze con-
trol on a single VLSI chiby using a hybrid of biomimetic
analog circuits and traditional digital approaches. The resultis a
low-power compact vision chip that, when interfaced with a pair

I. INTRODUCTION of motors, can perform target acquisition saccades and smooth

N ORDER to maintain camera focus on a subject who Rursuit tracking movements. This system is unique in its use of a
I moving around in the environment, target tracking is r&patially variant layout and arbitration between smooth pursuit
quired. The freedom for the subject to roam is desirable in mafi) fovea) and saccadic acquisition (in periphery) to improve the
situations such as teleconferencing, video telephony, and dI&cking process, similar to primate visual tracking. With the ex-
tantlearning classrooms. Furthermore, camera pointing or tar§&ption of the motor driver;, little additional circuitry is required
tracking has many applications in manufacturing, surveilland®! successful visual tracking.
navigation, and robotics [1]-[3]. Moreover, tracking a moving
target stabilizes its location on the imaging plane, which makes Il. PREVIOUS WORK AND SIGNIFICANCE OF OURCHIP

various image analysis, understanding and visual serving taskg,o significance of this chip can be appreciated in four

much more tractable [4]-{6]. ways. First, this chip is a complete realization of visual smooth

For consumer electronics and mobile robotics applicationg, « it tracking and acquisition saccadic system at the focal
the tracking system must be inexpensive, low power, compaSfane - second, the physical and control architecture takes
and must quk for a wide range of ambient lighting, tall’9"32{dvantage of a 2-D spatially variant layout of receptors to
speed and distance. The dynamic range, cost, power, and §{z6ove the tracking process while reducing the complexity,
requirements eliminate traditional methods of using infra-red gy o power consumption and area usage, of the focal-plane
CCD-and-CPU approaches in realizing these tracking systerge s Third, smooth pursuit circuits in the fovea uses one

On the other hand, spplication specific integrated CirCuil} the most compact direction-of-motion detection circuits in

literature. Lastly, the target localization in the periphery also
Manuscript received May 1999; revised March 2000. The work of R. Etienngises a very compact centroid computation circuit based on
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computers, are attractive because of the flexibility offered bgr saccadic generation (in the periphery) and smooth pursuit
their software implementation [15]. The main drawback dfacking (in the fovea). The direction-of-motion in the fovea
the CCD-CPU approach is their large size and high powand the location of spatiotemporal edges in the periphery
consumption, which is worse in the binocular case. Howeverre immediately available for motor control uses. A simple
the advent of high-speed board computers will reduce theirbitration state machine is used to decide whether to pursue
form factors significantly, but the power consumption will hobr saccade.
improve. There are a few commercially available systems, but
as can be expected, they are quite expensive (many thousa(?.d?)irection-of-Motion Detection in the Fovea
of dollars). We do not expect our approach to be as accurate
and flexible as the CCD-CPU systems, but it will be consid- Focal-plane detection of the direction-of-motion has been re-
erably smaller and, other than the motor drivers, completedjized by either using computationally inspired gradient-based
self-contained. Furthermore, it will use considerably lesaodel or biologically based local correlation [25]-[32]. It is
power, which will allow its integration into systems with smalgenerally accepted, however, that the local correlation method
power budgets, such as mobile and flying robots. is more robust and less sensitive to noise [27]. The latter state-
ASIC's realization of visual target tracking has mainly folment is incontrovertible when speadd direction is required,
lowed biological models [11], [17]-[19]. The most complete imbut less absolute in the direction only case, as shown in [29].
plementation of the primate oculomotor control system was rBecause motion-sensor designers have been driven by a desire
ported by Horiuchi and collaborators [11], [19]. Their systeminto integrate high-density arrays of detectors at the focal plane
cludes saccadic, smooth pursuit, learning for post-saccadic dvitiile maintaining a wide response dynamic range, the compact-
correction and attention circuits. However, by virtue of his faithaess of the design (in terms of minimum transistors/pixel and ca-
fulness to biology, the system is restricted to a one- dimensiofpalcitance/pixel) has been a major design goal [32], [34]. In our
array of receptors, is distributed among many chips and requitgfip, the measurement of foveal speed is deemed dispensable
a number of manually set voltage and current references. Whiteorder to realize a tight direction-of-motion detection circuit.
our approach does not have the sophistication of Horiuchis, Because only the direction of motion is computed, the effects of
have implemented a 2-D array modeling the basic functions e aperture problem become less relevant [35] and only motion
the primate oculomotor system. normal to edges are detected. With speed eliminated from the
motion-detection circuits, the foveal pixel is extremely small,
using only 20 transistors and 0.2 pF of capacitance (2 of the 20
B. Physical, Computation, and Control Architecture transistors) for two directions per pixel-4 transistors if four
directions required). With a smaller edge-detection circuit, only
It has been argued that a foveated image sensor is a requit8dransistors would be needed [33]. The 13 transistors imple-
part of any vision system if limited computational hardwargentation is potentially the smallest direction-of-motion circuit
is available, if data compression is required and if powéeported [7], [34].
economy is important [20], [21]. Considerable data compres-
sion ig realizeql with a log-polar imaging array, as found 'B Motion Centroid Localization
the primate retina. In the same way, the exponential decay in
receptor density with eccentricity reduces the total number ofImplementation of centroid localization has been either com-
receptors while covering the same visual field, thus requirimgetely analog or completely digital. The analog implementa-
less energy to power the array. Furthermore, the receptimms, realized in the early 1990’s, used focal plane current mode
layout is ideal for target tracking because only radial motiogircuits to find a global continuous time centroid of the pixels’
detection is required [22]. Not many log-polar imagers havetensities [18], [36]. On the other hand, the digital solutions
been implemented, however [22]-[24]. In addition, little, iuse standard CCD cameras, A/D converters, and DSP/CPU to
any, focal-plane processing is performed on these log-potmpute the intensity centroid [37]. These software approaches
imagers. The main reason for the limited number of examplefer multiple centroid localization with complex mathematical
is that the layout of the receptors and computation circuits igocessing. However, they suffer from the usual high power con-
difficult and not always area efficient. Our chip also exhibits aumption and nonscalability of traditional digital visual pro-
spatially variant organization of photoreceptors. However, tweessing systems. Our approach is novel in many aspects. We
distinct regions, the fovea and periphery, with constant pixbénefit from the low power, compactness, and parallel organiza-
densities arranged on a rectangular grid are used instead. Tibe of focal-plane analog circuits and the speed, robustness, and
rectangular grid simplifies design process and reduces the catandard architecture of asynchronous digital circuits. Further-
plexity of the motion and centroid circuits. The density rationore, it uses event triggered analog address readout, which sim-
between the two regions is four; power consumption is reducplifies the centroid localization problem. Our chip responds to
approximately four-fold compared to a large array of fovedtanslating or flashing targets only by using thie set detectors
cells. Furthermore, the rectangular layout allows efficient ar@aeach pixel. This reduces the impact of textured backgrounds
usage with Manhattan rules. In our system, motion detectionds the centroid computation. Lastly, our chip models both the
computed in a divergent manner to mimic the radial properprimate retina and two dimensional saccade motor error maps
of the log-polar arrays. Our chip is unique because it combinessuperior colliculus on a single chip [38]. Previous work only
a spatially variant layout with all focal-plane computatiomealized a one-dimensional model using multiple chips [19].
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Fig. 2. Arbitration state machine for switching between foveal target tracking
Fovea Periphery (smooth pursuit) and peripheral target acquisition (saccade generation).

Fig. 1. Organization of the foveal and peripheral regions. . . . . o
As shown in Fig. 2, the state machine mediates the switching

between saccade (target acquisition) and smooth pursuit (target
IIl. H ARDWARE IMPLEMENTATION tracking). The state machine favors tracking by allowing the
A. The Visual Tracking Strategy chip to.trgck any.motion detected in the fovea. The operation
The tracki rat loved | hib foll h scenario is described as follows.
€ tracking strategy employed In our chip Tollows the sac- translating or flashing target is detected in the pe-
cade/smooth pursuit interplay found in the primate oculomotor . . S .
o . . o -~ riphery while no motion is measured in the fovea &
system [39]. As seen in Fig. 1, the imaging plane is divided into h | . fih . h
foveal and peripheral regions. The peripheral region identifiesl’ M = 0). The 2-Dlocation o t'etarget 1S computed.T €
' motor system places the target in the fovea with a ballistic,

a translating or flashing (i.e., moving) target, determines the lo- : .
cation of its centroid, and initiates a saccade to foveate it. Sacy PN loop movement. If the target is translatidg € 1),

) S . : . _itis tracked. If, at any time, the target stops translating on
cadic generation is one of the functions of the primate superior, . " .

. . o . the fovea, a timert() is started. If the target starts moving
colliculus, and we model this function in a very superficial way

[38]. Here, a target is defined to be one or more pixels forming again, the timer is reset and tracking resumes. If the timer

the edge of the target. The centroid is computed on row and_P'Tes, then the target is assumed to have either left the

column events that carry no information about the contrast 01‘thefovea or is no longer of interest. The acquisition circuit

edges, other than the fact that they possess the spaﬂotempor'éﬁ reset, by acknowled_gmg the last _target Iocatlon,_ and a
4 . L . . new target search begins in the periphery. At any time, if
attributes to triggeoN-set detectors within the peripheral pixels. LS : .
2 : : motion is detected in the foved/{ = 1), then the acqui-
Hence, a positional average of moving edges is computed. I . k
: . . __sition search is abandoned and tracking resumes. On the
The foveal region prevents translating targets from leaving : ) . .
: ) , . : . “other hand, if a target is detected in the periphery before
its area by matching the targets’ motion with small corrective o :
any motion is detected in the fove@ & 1, M = 0), then
movements that force the targets toward the center of the fovea, . X .
. . . he target is acquired into the fovea and the process starts
When a stationary flashing target is foveated, the fovea does no
. . . new.
detect translation, continues to look at the target for a prescribe h h all h | "
time period, and then returns attention to the periphery. In pri- | IS approach allows the system to mostly execute fine

mates, the smooth pursuit mechanism involves the visual Corﬁggooth-purSU|t tracking and to perform coarse saccadic mo-

and is a complex system [39]. In this chip, we mimic the fundions only to acquire new targets or to reacquire targets that

tion of the primate smooth-pursuit mechanism, butimplement§gcaPe from the fovea. The circuits for the state machine have
with ideas borrowed from other organizms such as the rabbiP§€" implemented both on-chip and using off-chip glue logic.
retinal motion sensitivity and the fly’s motion-detection systeni€ most flexible approach uses a micro-controller that is part
[26], [45]. To simplify the motion-detection circuits, veIocityOf th_e motor driver system. The micro-controller program sets
estimation is not performed, even though velocity matching ‘iQe_ timer (1) value, converts the ana}og target location |r_1t0 a
the basis of the primate smooth-pursuit system. Consequerfigital address, generates a pulse-width-modulatgpacqui-
the smooth-pursuit mechanism adopted here is predicated onthion Signal (for stepper motors), controls the foveal correction
detection of small displacements of the target from the centerBfP Sizé, and communicates with the chip. All this processing
the fovea, followed by immediate pixel-spacing sized correls realized with a single PIC16C74A micro-controller, running
tions. In the limit that the pixel-spacing and correction-reactidif 20 MHZz.

time approach zero, the correction movements approach smooth

pursuit, but realized with a discrete stop-look-measure-corréet 1he Fovea

strategy. The direction-of-motion detection circuits are orga- The center of the chip contains the foveal region where the
nized to measure only motion away from the center of the fovgzhotosensitive elements and edge-detection circuits are packed
Hence, a maximum of two motion components are computddnsely. To improve the spatial resolution of the fovea, the mo-
per pixel, which further reduces the size of the motion-detetien-detection circuits are separated from the fovea and placed
tion circuits. To reduce the pixel spacing, all motion detecticat the bottom of the light sensitive area (see Fig. 11). The fovea
is performed outside the imaging array. computes divergent 2-D direction-of-motion, as shown in Fig. 3.
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Fig. 3. Motion-detection architecture of the fovea. Only divergent motion i . . . . .
Co‘?nputed, y derd fluctuations in ambient light (as a result of florescent lights, for

example). The reduction in sensitivity to full-field fluctuation is

obtained because the edge-detection circuits only respond con-
A global vector for the entire fovea is obtained. This vector prerast differences. Provided that contrast does not decrease sig-
vides the signals for fine motor control to maintain fixation oRjficantly during fluctuation of the ambient intensity, the output
a moving target. of the edge-detection signal level remains large enough for the

The details of the phototransduction and edge-detectigibtion andon-set circuits to be unaffected.

approaches used in this chip have been described elsewhergecause the edge-detection circuit has a high gain, a small
[30], [40]. Slight modifications are made, however, to improvgifference in contrast produces almost full-scale swing. This oc-
the compactness of the circuits. Phototransduction is realizggts at the maximum temporal response speed of the circuit.
using parasitic p-n-p transistors in an n-well CMOS procesgonsequently, the temporal differentiators used in motion de-
Because the phototransistor is relatively large at 4144 (to  tection use small capacitors. More details on the benefits of edge
improve the fill factor), it produces a substantial current, up i@etection in focal-plane motion-detection circuits can be found
many microamperes, such that its response speed does not lij¥eference [30]. Fig. 4 shows the schematic of the photorecep-
the tracking procedure severely. Compressive gain controliés and edge-detection circuits. Equation (1a) gives the gain
realized using a current mirror configuration (see Fig. 4) thgbntrol relationships for the pixel under typical operating con-
provides a squared logarithmic relationship in low light, and @itions, i.e., in normal room light. Typically, the aperture of the
scaled (gain< 1) linear relationship in bright light. That is, in gptical system is used to shift operation in the logarithmic re-
the former case, the diode transistor is in weak inversion wh@%n_ Equation (1b) gives the transfer function of the edge-de-
the output transistor is in strong inversion, while in the lattqection circuit, wherev?, is the discrete Laplacian operator on

case they are both in strong inversion with the aspect ratio &%quare g“d An ideal discrete Lap|acian is approache{d as
the output transistor small than that of the diode. This locgbts larger 4 = 100 in our case) and g = 0

gain-control mechanism allows a scene with a wide range of
light intensity to be imaged, without saturating any pixel. Pixel 11,C. nKT\2 /W
saturation is a problem in most integration-based imagefs.(z, ¥, t) = p2 = < ) <f)
such as CCD and CMOS arrays, that use global gain control 4 2,3 )
mechanisms (pixel integration times) [41]. (Some CMOS _ [l <Iph(x7 Yy, t) )}
imagers, however, try to solve the dynamic range problem (W/L)1Ipo
[42].) Low-intensity details are lost in the presence of a bright
source. Logarithmic range compression is found in the primaﬁé
retina [43]. o _ R (W/L)2 5

In our system, edge detection is used to improve the robubts(z, ¥, t) = Wlph(xv Y, t) (1a)
ness of the motion-detection circuits [30]. Again, contrast-de- !
tection circuits are also found in the primate’s retina. Using an
approximation of a Laplacian edge detector with high gain, im-
plemented as a difference between the image and a smootped; , ) ~ By RfVQDf w(z, y, t) — 1 VLV, (z, y, t)
version, the gray-scale intensity image is converted into a binary Ry A
image of edges. Edge detection normalizes contrast, accentu- +Vg. (1b)
ates spatial discontinuities, and reduces sensitivity to full-field
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Global Motion give an approximation of the output current of the currert
gate for an edge moving with positive velocity. Both transis-
tors, labeledoN and OFF, are assumed to be operating in the

Ie Right I linear region. In the ideal case, the edge must disappear from a
4 Sl ¢ Up '
I Vir 3 —| _ ___ >0- ‘—i>0— | pixel before it can appear at a neighbor. Then the motion cur-
I Pl

2 Ve 1. rent is given by (2a)—(2b). In this case, the correct motion is
_E S COFF(sy) b_ P_ detected if theoN-set detector has a short time-constant (i.e.,
o o OFF(x-1,} OFF(xy-1) 1,,/C is large) and theN-set detector has a large time constant
) _Elc ONxy) | | (i.e., I,/C is small). No motion is signaled for movement in
A II:L | the opposite direction (i.e+v,) because the second term in

I_ = the numerator of (2a) will vanish at= 0. A negative current
Vi in through theNAND gate is not possible. In the equatian,
= is the speed of motiony is the displacement between pixels,
Ir is the bias current for Right motion, add, /,,, and, are
Fig. 5._ The direction-of-motion detection schematic. Two directions afga Capacitance and discharge currents of the transient detec-
determined per cell. . . .
tors. Because it is not possible to probe the transient detectors
without affecting their behavior (a large series capacitance to
The motion-detection scheme adopted in this chip is basgobund will be added), we used SPICE to simulate their response
on a velocity-detection circuit developed for focal-plane implder a moving thin bright bar, which is shown in Fig. 6. In the
mentation [30]. Speed, however, is not measured. The dirdardware system, as an edge moves from a pixel to a neighbor,
tion-of-motion algorithm is modeled after the fly’s visual mothe resistive grid forces the edge-detector output signal to rise
tion system [26], and correlates an edge appearance event at the neighbor before it can fall at the pixel. This is visible in
pixel with the disappearance events from its neighbors. The the simulation, Fig. 6, since a neighbor reaches near maximum
rection is gleaned from which of the neighbors the edge disdpefore the previous pixel begins to fall. Consequently, the role
peared. The appearance of an edge at a pixel is given by tfighe oN- and OFFset time constants are reversed. The cor-
ON-set (positive temporal transient) of the edge-detector outptegct motion current is still obtained, and is now given by (3).
while the disappearance is given by the~set (negative tem- In the equation, the effective “inter-pixel transit time"/v,, is
poral transient). The correlation is implemented with a simpkefraction of the actual transit time, but is still inversely propor-
currentNAND gate, which is implemented with pass transistorsional to the speed of motion. An additional benefit the effective
The temporal decay times of tkel- andoFrFset detectors must shortening of the transit time is that slower speed movements
account for the transit time between pixels. Because a singn be detected with smaller time-constants because the over-
“vector” is obtained for the entire fovea, all the Left, RightJaps betweewFF andoN-sets are closer in time. Experimental
Up, and Down signals from all the pixels are line-gated into results presented in the next section illustrate the relationships
global signals, respectively, as shown in Fig. 3. Simultaneohbstween neighboring pixels’ edge and motion-detection outputs
signaling of opposite directions, which can happen as a targste (2a), (2b), and (3), shown at the bottom of the page).
approaches the chip (known as looming), can be easily takermhe dynamic range of the motion-detection circuit is gov-
into account by motor control firmware, by computing the sigarned by the response times of the phototransduction and tem-
of the difference between the number of Left (Up) and Riglgtoral transient-detection circuits. For slow-moving targets, the
(Down) motion pulses per unit time. Here, the firmware soldew-frequency cutoff of the transient detector limits the detec-
tion was used because it offers more flexibility. Fig. 5 shows thi®n of motion. The temporal transient detector is implemented
schematic of the motion-detection circuit. Equations (2a)—(2tjth a current source and capacitor, as shown in Fig. 5, which

I (37 ' t) ~ VRﬁpﬁn[VR - OFF(&Zi_l, yj) - Ipt/C - VTp]u(t)[ON(a:i, yj) — In(t — d/UT)/C — VTN]U/(t — d/UT)
Ro\Ti» Yj» BpVe — OFF(xi_1, y;) — Lit/C — Vrplu(t) + 8. [ON(xi, ;) — In(t — d/ve)/C — Ven|u(t — d/vs)
(2a)

Right(t) = Sign | Ir — Z Iro(wi, yi, ) (2b)

%)

Tno( o 1) ro VEOPOnlVi = OFF (i, ) = Tyt = &' J02) [C = Virplu(t = d /0 )ON(zs, 45) = Int/C = VirwJult)
Ro\Ti» Yj» Bp[Ve — OFF(z;_1, y;) — L,(t — d'/v.)/C — Vrplu(t — d' /ve) + Bu[ON(z;, y;) — L.t/ C — Venlu(t)
3)
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Fig. 6. SPICE simulation of the direction-of-motion detection sequence for

a bright spot moving to the right. Top panel shows the edge-detection outputs
of neighboring cells. Next two panels show the- and orFFset detection for
neighboring cells. Last panel shows the correlation ofdkeandorFrFsets to

detect direction-of-motion. Fig. 7. Layout of the peripheral region. Centroid location is determined using

row and column spatiotemporal events on the boundary of the region.

ives a low-frequency cutoff of(7,,/C). The smallest value . o
9 d y (Un/C) ble to the bias current of the edge-detector circuit. Each cell

of the discharge current is limited by the leakage current of thd .
source diffusion of the current source, and allows a maximu%usn however, be smaller than the fovea such that it can be suc-

inter-pixel transit time of about 2.5 s, which corresponds tonSSfu”y centered within the fovea. Fig. 7 shows the floor plan

best-case speed 0.4 pixels/s in the dark. The high end is limif& me periphhery. . imil h d edae d
by the response time of the phototransduction, which is am- e periphery contains similar photoreceptor and edge de-

bient intensity dependent: the brighter the ambient, the higﬁSFt'on as the fovea. The phototransduction load tranS|sto_r is re-
ized to accommodate the larger photocurrent. The spatiotem-

the maximum speed detectable. Mainly, the time for the ph?) | ed fthe | s by the t set of
toreceptor to turn off is the limiting factor. Equation (4) give@ora edge of the image 1s given by the tempoarset o

the approximate turning off response time. In the low ambieme spatie_ll edge. The temporal transient detector; are similar
case, the load pMOS is assumed to be in weak inversion W%those in the fqvea. The row and cqump location O.f spa-
Vds = Vgs > KT/q,r ~ 2 (a process parameter). In brighttlotemporal edge is broadcast to the centroid computation cir-

ambient, the pMOS is assumed to be in strong inversion. Tﬁléit’ where analog andy coordinates are generat_ed and OUtPUt'
worst-case response time is obtained for transitions from lo The mathematical computation of the centroid of an object

light to dark. The measured dark current for the phototransfiétermmes. the intensjty weightgd average of th? position qf the
tors is 18 pA and the calculated capacitance, based on pro ixels forming the object. Equation (5) shows this formulation.

parameters, at the emitter is 0.51 pF, which predicts an off-r he implementation of this representation can be quite involved

sponse time of 1.5 ms, which corresponds to a maximum Sp(fge ause a product between the intensity and position is implied

of 0.69K pixels/s. This is very close to the measured value . To eliminate this requirement, the intensity of the pixels
0.64K pixels/s in 2.5:W/cm?. As the intensity increases theC@n be normalized to a single value within the object. Normal-

maximum speed also increases, but slower than linearly, ization of the intensity using a simplg threshold is not advi;ed
cause the load transistor emerges from weak inversion ecause the value of the threshold is dependent on the bright-
ness of the image and the number of pixels forming the object
low light) may be altered by the thresholding process. To circumvent these
problems, we take the view that the centroid of the object is de-
20k, (W/L) . . _ fined in relation to its boundaries. This i_mplies_ thgt spa_tiotem—
o, (bright light) (4) poral edge detection (second order spatial derivative of intensity
andoN-set transient) can be used to highlight the boundaries of a
moving object, and position labeling can be used instead of nor-
C. The Periphery malized intensity. Subsequently, the centroid of spatiotemporal
Surrounding the fovea is the peripheral region, where the ceafige events is computed. The modified centroid in (5) is then
troid of a moving target is computed. In the periphery, high- regalized by projecting the edge events onto thend y-axis
olution imaging is not required. Hence, the phototransducti@md performing two linear centroid determinations, and Fig. 8
and spatiotemporal edge-detection circuits, required to realB@ows this process
the centroid computation, are placed within each cell. Centroid

TOFF ~ —qu (
2I€;KTCL

A ; . ) N N
localization is performed outside the periphery array. The size le‘ .
of the phototransistors is also increased so that fewer cells can = " Li=cons tan t ) ’
be used to cover a large area, thus reducing the power consump- T = /_N

~
tion of the chip. The larger phototransistors do produce larger Zli
currents; however, the increase in photocurrent is not compa- P
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Intensity Image v, R ' R V., R V., R s

Edge Image R, % R, %Rs %Rg R
W= W = R = T
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spatiotemporal edge events from pixels

X Fig. 9. Computation of the position of the edges of the target using a resistive
array. The location of the centroid is represented by an analog voltage.

Fig. 8. Computation of centroid using the average position of spatiotemporal

edges of a target. a
R * 1 -
J J f::;:;v:ne
and N N . | . | Clear
3 ap 3 ;_-||. Valid
21w 2 g 24 ]
R 1 I;=cons tant i—1 . " F
y= . N . N (5) | Row _:H }FE *I_ a Centroid
Zli lﬁ e g
i=1 - s
9 + 5
The centroid is computed using a resistance grid to asso- . (Edge Detecton
ciate the position of a column (row) with an analog voltage. SRt I
In Fig. 9, the positions are given by the voltagés By acti- B e !
vating a column (row) switch when a pixel of the edge image ap- | iy _bh Lok
pears in that column (row), the position voltage corresponding [ [
to the column (row) is connected to the output line through the | gg, gz
. . . . . o >
switch impedancé,. As more switches are activated, the posi- * 3

tion voltages are shorted through identical resistors to an output
line. The average of the voltages, i.e., (5), is obtained. C|earl|'->i;;,;. 10. Schematic of the peripheral cells and the centroid localization circuits.
because no buffers are used (to reduce power consumption) to
isolate the position voltages, as more switches are activated, wiadow. In this way, a robust centroid is obtained which ac-
position voltages will also change. This does not pose a problemunts for the temporally distributed response of low fill factor
because the switch resistors are designed to be larger thanftioal-plane image processors. Thatis, not all pixels belonging to
position resistors (the switch currents are small comparedtt® same moving object respond simultaneously. Fig. 10 shows
the grid current). Equation (6) gives the error between the idéhe schematic of the centroid computation circuit.
centroid and the switch loaded centroid in the worst case whenThe response dynamic range of the centroid localization cir-
R, = 09Q. In the equationN is the number of noded/ is the cuit is also limited by the frequency cutoff of the transient de-
number of switches set, and andxz,; are the locations of the tector and the turning off time of the photoreceptors. At the low
first and last set switches, respectively. This error decreasesad, the diode leakage current at the drain of the current source
R, gets larger, and vanishes&$M < N) approaches infinity. limits the minimum frequency of operation. Because space is
The termse; represent an ascending ordered list of the activatabbundant in the periphery, the capacitance of the transient de-
switches;z; may correspond to column five, for example. Thigector is increased by an order of magnitude. Consequently, the
circuit is compact because it uses only a simple linear resistivénimum detectable intensity flicker frequency that will trigger
grid and MOS switches. It is low power because the total grilteoN-set detector is smaller than 0.1 Hz. The highest frequency
resistanceN.R can be large, approximately 0.5(M It can be is ambient dependent, limited by the response time of the pho-
fast when the parasitic capacitors are kept small. It provides @atransduction circuit. The dark current and phototransistor ca-
analog position value, but it is triggered by fast digital signasacitance, however, are much larger for the peripheral cell. Be-
that activate the switches cause the dark current is large, the strong inversion formulation
of the turning off time in (4) applies. For a dim to dark transition
error — Ymax = Vinin > {x . n(V+1) . © with a measured dark current of 0.2 nA, calculated load capac-
M(N+1) & " N4+1l4z—Zm itance of 4.5 pFkp of 15 xA/V 2, and drawn load transistor as-
pect ratio of 9, the computed worst-case bandwidth is 51.6 kHz.
When an edge event is detected and the centroid is compufElis value is also close to the measured bandwidth of 63 kHz in
the result persists until cleared by an external signal. Hence,2a5:W/cn? ambient intensity. In practice, the current source
the object moves, a temporal average of the locations visitedibybiased for a low frequency cutoff above 60 Hz. This reduces
the object is obtained. Typically, the circuit is allowed to accdalse ON-set triggering due to florescent lights. The false trig-
mulate spatiotemporal events over a predefined short tempagating is further reduced by the edge-detection circuit, which is

M
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current for many pixels on many chips that are fabricated in the
same run. The plotted current is measured at the output of M2 or
M3 in Fig. 4 and is not the direct photocurrent from the photo-
transistor. The variation—whose range is indicated by the error
bars—among pixels is less for peripheral pixetsl0%) than
fovea pixels £20%). This is due to the larger sizes of the photo-
transistors and range compression circuit transistors M1-M3 in
the periphery, which promotes better matching. Secondly, due
to the larger currents in the periphery, the M1-M3 transistors
spend little of their operation range in weak inversion, which
again promotes matching. The effects of improved matching for
larger currents, which is explored in reference [44], are also il-
lustrated by the reduction in the variation in output current as
ambient intensity increases. The plot shows the six orders of
magnitude over which the range compression circuit provides
useful output. For smaller ambient intensities, the output current
is too small for the edge-detector circuit to respond. The directly
measured dark currents for the fovea and peripheral phototran-
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Fig. 11. Micrograph of the foveated tracking chip. sistors are 18 and 200 pA, respectively. These small currents,
which vary among cells, coupled with other leakage currents
Photosensitivity and mismatches in the circuit produce offsets in the edge-de-

tector outputs. In some cases, although rare, the offsets can be
so large that a cell appears to be stuck high or low.

B. The Edge Detector

The second processing stage of both the foveal and periph-
eral cells is edge detection using the discrete approximation of
a Laplacian operator, as given by 1(b). The relevant measured
characteristics of this circuit are the spatial impulse response
Fig. 13(a), temporal response Fig. 13(b), and contrast sensitivity
Fovea Fig. 13(c). The error bars in Fig. 13(a) show the standard devi-
Periphery ation of the output voltages. Here, the min—-max range does not
give a clear picture of the variation among cells because some
P r ) ! 5 3 cells, <3% for both regions, can be stuck on or off. The spatial
10 10 10 10 10 10 impulse response is measured for 100% contrast white line in
Intensity [uW/cm’] 25-uW/cm? ambient light. Due to the slightly larger current in

_ o ~ the periphery, the peak-to-peak voltage is larger and the space
Fig. 12. Measured photosensitivity of the range compression circuit. S

decades of light intensity are compressed into are decades of output curren{’?bns'[ant is smaller for t_he perlpheral edge detectors:
The temporal trace is obtained for a dark to bright edge

. __moving past the chip. The measured peak-to-peak signal as a
mostly nonresponsive (expect when the trough of the oscillati@fction of calculated edge speed is also plotted in Fig. 13(b).
is too low and the photodetector outputs no current) to full-fietge experiment is conducted using a flashing red LED on
fluctuations in ambient intensity. Fig. 11 shows a micrograph gf \white background, and the equivalent edge speed for the

the chip. flashing frequency is computed by assuming that the response
time corresponds to the transit time between adjacent pixels.
IV. RESULTS The plot shows the slightly larger peak-to-peak voltage for
the peripheral cells, which result from their slightly smaller
space constant. Also visible in Fig. 13(b) is the lowering of
The first layer of the chip consists of the phototransistors atlde peak-to-peak signal value caused by an increased leakage
range compression circuits. In both the periphery and foveayrrent to ground at the source and drain of the lateral transis-
similar circuits are used. However, the larger phototransistortiors (used to implement resistors). The signal shifts negatively
the periphery is equipped with a range compression circuit thaith increasing light. The minimum value of the signal, which
reduces the output current such that the edge-detecting cirésiitonstrained by the bias current of the differential pair in
receives roughly the same current as the fovea for the same &me- edge-detector circuit, remains constant. Consequently, the
bient intensity. In practice, the current from the range comprasagnitude of the peak-to-peak voltage decreases. Increasing
sion circuit is slightly larger in the periphery for all intensitiesambient light intensity increases the bandwidths of both types
Fig. 12 shows the measured compressed photoreceptor outfutells as the response time of the range compression circuit

Output Current [uA]

A. The Photoreceptor
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Fig. 13. Measured characteristics of the edge-detection circuits. (a) Spatial impulse response. (b) Temporal response. (Top) OscilloScapéxtbas a
bright-to-dark edge moves to the right. (Bottom) Magnitude of the frequency response plotted in terms of equivalent target speed. (c) Cdivitgsivbensi
contrast is defined as the magnitude of the difference/sum of intensity across an edge.

decreases. The larger bandwidth of the peripheral cells com-_# s

pared to the foveal cells, due to their larger phototransistors, is Ve ~\ 2.00 vraw
also visible. ~UJ A 7 TPt 10
Fig. 13(c) shows the contrast sensitivity of the edge-detector
circuits. Here, contrast is defined as the difference/sum of 2.00 v/dlv
brightness across an edge. The data is collected by presentin L N\
. X Pixel (0,0)
gray-scale edges to the chip and recording the output voltage ‘\_J \j
of the edge-detector circuits. Each data point represents ar 2,00 vydiv
average of many pixels in ambient intensities of 2.5-, 25-, and 1 N Y 2\
250-uW/cm? (realized using neutral density filters). The error / Pel (1.1)
bars show the standard deviation of the variations observec 4.00 vsaly
between pixels, which are mainly introduced at the lowest
ambient intensity. Consistent with the sharper spatial tuning Right
and higher gain of the peripheral cells, their contrast sensitivity
is also larger. Depending on the pull-up bias currents on the S¢-% m 20000 o 5000 ms
global motion and row/column event lines, the system can # stoppred
respond to contrast as low as 10%. Setting the minimum 4.00 vsalv
detectable contrast to such a low value, however, also increase ]I.I I"Uﬂl Iﬂuf ]IJHUH Left
the chip’s sensitivity to florescent lights. Typically, the circuits
are biased for minimum contrast sensitivity of 20%. 4.00 vsatv
C. Foveal Motion :Hﬂ Flont
The motion-detection circuit in the fovea produces a pulse 4.00 v/dlv
train on the Left, Right, Up, and Down global motion lines "LW[]J“ I n”U"[ JIJ[}I["HHHUP
when a target moves away from the center in any of these di- 1 LA
rections. Clearly, a looming target will signal motion in all di- 4.00 vsav
rections simultaneously. The directions with the fastest motion, [ LN
however, will have more motion pulses per unit time because the :M]HL UL Down

target will traverse more pixels along the faster direction. Conse-
. . . . . -50.00 ms 0.0000 $ S0.00 ms
quently, using temporal integration and subtraction of opposite 5.0 ms/av

motion allows the faster direction to dominate. In a smooth pl’P—:i- .14. (a) Oscilloscope traces of the edge-detector outputs and Right global

suit scenario, the mOt_Or action its_elf aC_tS as a pulse integraﬁ&tion signals for a broad high-contrast light-to-dark edge, oriented st 45
because movements in the direction with more pulses will b@ving diagonally from top-left to bottom-right and back. The top three panels

matched more often than the opposite direction show the edge-detector outputs of neighboring cells, while the bottom panel
. . Co . .. shows the Right global motion signal. (b) Oscilloscope traces of all the global
During testing, we observed that the edge-detection circuit &lation lines. Notice that in the forward pass, Right and Down motion are

lows the edge to appear at a neighbor before it has completédyected and in the return pass, Left and Up motion is detected.
disappeared from the previous pixel, as visible in Fig. 14(a). As

explained above, the role of tligs~ andoN-set time constants are set to small valuesc(LO ms), while that of theN-set de-
must be reversed. The time constants fordire-set detectors tectors have large values {00 ms), because tluEFset occurs
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theoN-set at a pixel occurs before therset from the previous
pixel, a very shorbrFrset transient limits the potential for false
correlation greatly.

To demonstrate the motion-detection capabilities of the fovea,
a broad and long, high contrast light to dark edge (left to right),
oriented at 45 to the horizontal, is oscillated diagonally across
the fovea from top-left to bottom-right. Fig. 14(a) shows the
edge-detector outputs of three neighboring pixels: center (0,0),
top-left of the center{1, 1), and bottom-right of the center
(1, —1). Because the edge has a negative spatial intensity gra-

Fig. 15. Measured direction of motion, as a function of angle, for a bright spdient, the pixels are initially inhibited when the edge is located at

moving over the fovea at 100 pixels/s. Only divergent motion is reported.
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their neighbors to the left. They become positive when they see
the bright part of the edge, provided that at least one neighbor
is seeing the dark part. As the edge passes and all neighbors see
the same part of the edge, the pixels’ outputs return to zero. The
Right motion-detection circuit is triggered when the edge hits
any pixel in the right half-plane when moving from left to the
right. Because the edge is oriented &t 4Bis occurs as the edge
approaches the center of the fovea from the top-left. Fig. 14(a)
shows the Right global motion detectors getting activated as ex-
pected. Fig. 14(b) shows all the global motion outputs. The re-
ported motion is consistent with the edge’s motion in both the
forward and reverse directions. In Fig. 14, the pefset tran-
sient detector has a 5-ms time constant, so that the individual
motion pulses can be seen. During normal operation, this time
constant is set to about 10-1@8. TheoN-set transient time
constant is set to approximately 100-500 ms.

To demonstrate the diverging motion-detection properties of
the fovea, a high contrast bright spot, the defocused trace of
an analog oscilloscope, focused to cover about 3 pixels, is
moved at constant 100 pixels/second across the fovea at various
angles. The point, whose movement is controlled by a pair of
function generators, oscillates back and forth across the fovea.
Fig. 15 shows the reported motion as a function of angle. The
plot is obtained by integrating the voltages from the global mo-
tion directions and computing the half-wave rectified differ-
ence/sum for opposite directions during the forward and return
passes separately. Each point is averaged over 10 passes. Again,
the expected results are obtained with no overlap between op-
posite directions for most angles. As the angle of motion ap-
proaches the axis separating the half-planes, more overlap be-
tween opposite directions is observed, which in turn reduces the
ratio of difference/sum.

Fig. 16 shows a plot of reported direction-of-motion as a func-
tion of target speed. Here, tloF~ and ON-set time-constants
are biased for 10Q:s and about 2 s, respectively. Fig. 16(a)
shows the effects of ambient intensity for a high contrast long
edge. Inthese experiments, the edge is oriented perpendicular to
the direction of motion. The average of the pulse-train voltage

Fig. 16. Measured speed sensitivity of the direction-of-motion detectors fry computed from the rise of the first motion pulse to the fall
(a) various ambient intensities and (b) various target contrast.

of the last. The plot represents the average for multiple direc-
tions, cells, and chips. The variation error-bars of about 7%

after theon-set (see Fig. 6). Setting the times constants in thige not visible on the log-log plot. Each pulse is approximately
way also reduces temporal aliasing. Temporal aliasing occli®0:s wide and there are some overlaps, as can be seen in
when opposite motion is reported because of false correlatibig. 14. As the speed of the target increases, so does the den-
between transients from a forward pass of the target with naity of the motion pulse train. Consequently, there is a linear
transients during the return pass. Typically, this occurs when tredationship between the density of pulses, hence the average
time between the forward and return passes is too short. Becausigage, with speed. A 1 pixel/s motion pulse train produces an
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Fig. 18. The measured analog position of a bright point target. The average
Fig. 17. Oscilloscope trace of the centroid position of a point bright targand variations for passes, pixels, and chips are shown.
moving on the peripheral region. The inset drawing shows the actual motion of

the target. Centroid Localization

3 Ittt
average voltage of 0.1 mV. Although this pulse train can be vi- XS
sually observed and a motor driver can react to it, the average 2 -

voltage is below the noise floor. Hence, the detection floor of
1 mVis chosen, which corresponds to approximately 10 pulses/s
(1 pixel/s with 10 consecutive cells reporting), or 1 pulse per
100 ms (10 pixels/s with a single cell reporting). The increased
maximum speed as a function of ambient intensity is discussed
in Section IV-B. The temporal response of the edge-detector
circuit plays a major role in the high-speed cutoff for the mo-
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tion cells. At low speeds, the intensity also plays a role. In- . Lﬁe p
creasing the ambient intensity decreasesdke and oFrset -3 T
time constants by increasing transistor leakage. The transient 302 - 0 1 2 3
detectors are shielded with metal_2, but some light still manages X Position Voltage [V]

to hitthe Cum.am Source tranSI.StorS I.n Fig. 5'. Consequently, \IA-[S 19. Measured effects of multiple target and target sizes are shown. The
observe that increasing light intensity also increases the Mifiyet labeled “small” and “large” cover 2 2 and 5x 2 peripheral pixels,
imum detectable speed of the motion cells. None the less, dispectively. When both targets move, a combined centroid is reported.

rection-of-motion detectors operate over three orders of target

speed magnitude. trast point-like target moving across the chip. The target, imple-
Fig. 16(b) shows the effects of contrast on the speed sensiented with the trace of an analog oscilloscope, is moving at
tivity. The foveal motion detectors operate at their best for cogonstantX speed of 27 foveal pixels/s and varyinigspeed. The
trasts of 30% or higher. For20% contrast, the edge-detecspeed of the target can be extracted from the position traces by
tion circuit outputs near full-scale voltage swings, allowing theecollecting that the pitch of the peripheral pixels is twice larger
transient detectors to function normally. A20%, the edge- than the foveal pitch. The motion of the target is also shown
detector output starts to drop linearly, as seen in Fig. 13(@).the figure. In this experiment, a clear signal is sent to the pe-
Consequently, the transient detectors are activated with smatighery every 75Q:s, expect when the target is in the fovea. The
voltage swings, which imply that the motion current, given ipresence of foveal motion prevents the periphery from getting
(2a), decreases quadratically to exponentially depending on faeet (or Acknowledged in Fig. 2). Therefore, the last position
size of the input edge voltage. Hence, the motion voltddes reported before entering the fovea remains until the target leaves
V., Vi andVp in Fig. 5 are pulled down by a smaller amounthe fovea. Because the target is point-like, each voltage level
and for a shorter time. The density and amplitude of the moti@arresponds to the analog representation of its position. Fig. 18
pulse train are decreased, resulting in smaller average voltaggéts the pixel position and average output voltage recorded for
The dropoff with decreasing contrast is very fast below 20% many passes of the target, from many pixels in a chip, and on
many chips. The error-bars show the measured min—max varia-
tions, which are about 7.5% of the mean. The usual variations in
The peripheral pixels report the location of the centroid of @analog circuits and mismatches in the branch resistance of the
moving or flashing target with an analog voltage. There are p@sition resistive array can account for all these variation.
(H) by 17 (V) cells in the periphery, excluding a>65 region In Fig. 19, we investigate the effects of multiple targets and
at the center where the fovea resides. Fig. 17 shows an ossite on the reported centroid location. In the first experiment,
loscope trace of the- andy-position voltages for a high con- we used a small target (approximatelyx22 on the array)

D. Peripheral Position



ETIENNE-CUMMINGSet al: A FOVEATED SILICON RETINA FOR TWO-DIMENSIONAL TRACKING 515

TABLE |
SUMMARY OF THE CHIP'S CHARACTERISTICS AND PERFORMANCE

Technology 2 pm NWELL CMOS, 2 Metal, 2 Poly

Chip Size 6.4 x 6.8 mm*

Package 132 Pin DIP

Array Sizes Fovea: 9x9 @150 um pitch Peri: 19x17 @300 pm pitch

Fill Factor Fovea: 18% Peri: 34%

Transistors/Cell Fovea: Receptor + Edge: 12 Peri: Receptor + Edge + ON: 12
Fovea: Motion: 8 Peri: Centroid: 15

Photosensitivity 6 Orders of Magnitude

Contrast 10 - 100%

2.5uW/cm? 1.5 - 1.5K pixels/s
25uW/cm?: 3 - 4.5K pixels/s
250uW/cm?: 5 - 10K pixels/s
2.5uW/em” < 0.1 - 63K Hz
25uW/cm?®: < 0.1 - 250K Hz
250uW/cm*: < 0.1 - 800K Hz

Power Consumption 25uW/cm? 15mW @ 4V Supply

Foveal Direction Sensitivity

Peripheral ON-set
Sensitivity

moving at constant”-position and scanning back and forth inContrast sensitivity follows the same trend as the motion-detec-
X. The heavy solid line represents the actual position of thien circuit but the dropoff begins at 10% contrast for the pe-
target, while the points labeled “small” show the mean positiaipheral cells. This is due to the higher contrast sensitivity and
over 20 passes. The circle shows the deviation from the meaimple ON-set detection in the periphery. Correlation between
which is about 1 pixel in each direction. Clearly, dependinggvo neighboring pixels is not required in the peripheral region.
where the majority of the target intensity falls immediately
after the_ clear_ing of t.he last mea;uremem, the edge detecrIE).nOverall Chip Performance and Limitations
of that pixel will be triggered and its position reported. In the
second experiment, we used a high-contrast bar or rougkly 5 The complete chip characteristics are presented in Table I.
2 pixels. The heavy solid line shows the actual path of the b&@yerall, this chip performs well in both ideal and normal
while the points labeled “large” shows the average position efivironments. In addition to testing the chip with high contrast
20 passes. As expected, the position deviatioXis larger, no background stimuli, we also used it for tracking people
about 3 pixels, than the deviation K, about 2 pixels. The in cluttered indoor and outdoor environments. With minor
envelope of deviation gives a profile of the target dilated by r@adjustments of the biasing voltages, the chip works in indoor
pixel. Lastly, we presented both targets simultaneously, labeléarescent lighting, as well as bright sunlight. It tracks people
“both.” As expected, a combination of both target locations isalking and running at close and far distances. As the target’'s
observed. In fact, the position skips to and from the individudistance from the chip increases, the limited resolution of
targets initially, and moves toward a common centroid dBe array becomes apparent. The fovea is not longer able to
more pixels are activated. The points labeled “both” shoveetect the target’'s motion because it is too small for the edge
the average positions of 20 passes. It is not useful to show thetector to respond. As can be expected, the optics is crucial in
deviation as it covers the entire space between the two targestermining the useful range of the chip. Another shortcoming
Evidently, the merging of multiple targets into a single centroiid the small size of the fovea, in terms of number of pixels,
is a limitation for this type of centroid localization systemmeans that a target being smoothly pursued can escape the
By increasing the frequency of the clear signal, the individuédvea. In that case the periphery is used to re-foveate the target.
centroid can be extracted. In this case, the positions of tiibe single centroid periphery can also cause some confusion if
targets immediately after the clear signal dictate which targether moving or noisy targets are present. This problem can be
is localized, and the output signal will randomly skip back andehabilitating when a target escapes the fovea but a different
forth between targets. moving or noisy target is localized and foveated. Lastly, the
Lastly, we investigated the temporal response characteristiostor system is also important in the tracking system. The
of the chip. This experiment was performed using a flashirrgsponse characteristics and resolution of the movements must
LED. The observations were identical to the data presentednratch the specifications of the chip. Because this chip only
Fig. 13(b). The bandwidth-limiting components are the ph@rovides for position-based tracking, even during smooth
toreceptor and range compression circuits. Depending on gmursuit, the tracking can be jerky. The chip has also been used
bient light intensity, the centroid localization system operated guide autonomous vehicles in road following tasks involving
from 63-800 kHz (2.::W/cnm? and 25QuW/cn?, respectively). obstacle avoidance [33].
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V. CONCLUSION

(15]

We have presented a 2-D foveated silicon retina that is use[qe]
to track a visual target. The circuits are inspired by various

parts of biological visual systems. The phototransduction
range compression, and edge-detection systems model t

first two layers of the primate retina. Then- and oFFset

Mg

detection circuits model some properties of the outer-plexiforni18]

layer of the rabbit retina. The foveal motion-detection circuits
mimic the fly motion-detection system, while the centroid lo-

19]

calization system functionally mimics the saccadic generation

system in the primate superior colliculus. This oculomotor?®

control system-on-a-chip operates over six orders of ambient1)
intensity, contrast as low as 10%, and target speeds up to 10K
pixels/s, while using only 15 mW in normal indoor lighting. ,,
The speed sensitivity dynamic range of the chip is dependent
on the ambient intensity. The results show that the foveal

motion-detection circuits correctly report 2-D direction of [2

diverging motion. The peripheral circuit computes the centroid
of translating or flashing edges falling on the periphery. Using24]
a simple arbitration state machine to switch between the
saccadic generation and smooth pursuit, the chip has been ugesi
to successfully track targets in cluttered environments unddgs]
various lighting conditions. Lastly, the chip has also been used

for autonomous navigation with obstacle avoidance.
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