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An Insect Vision-Based Motion Detection Chip
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Abstract—The architectural and circuit design aspects of a
mixed analog/digital very large scale integration (VLSI) motion
detection chip based on models of the insect visual system are
described. The chip comprises two one-dimensional 64-cell arrays
as well as front-end analog circuitry for early visual processing
and digital control circuits. Each analog processing cell comprises
a photodetector, circuits for spatial averaging and multiplicative
noise cancellation, differentiation, and thresholding. The opera-
tion and configuration of the analog cells is controlled by digital
circuits, thus implementing a reconfigurable architecture which
facilitates the evaluation of several newly designed analog circuits.
The chip has been designed and fabricated in a 1.2m CMOS
process and occupies an area of & 2 mm?.
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. INTRODUCTION Fig. 1. The simplified model of the insect visual system. Fhélocks are

ONVENTIONAL vision systems based on mathematicai™a!-field motion detection elements.

algorithms tend to be very complex, and their hardware
implementation requires powerful computers. Biological moaf this chip. The chip also utilizes a fully testable architecture
els of the insect visual system, however, suggest that simpégid reconfigurable circuits.
solutions might exist for restricted tasks of motion detection This paper is organized as follows. In Section Il the organ-
[1], [2]. A mixed analog/digital implementation of themplate ization of the primary insect visual system and the template
model of the insect visual system [3] has been successfullijodel for motion detection are described. Section IlI intro-
accomplished in a proof-of-concept demonstration chip [4].duces the chip architecture. Section IV presents some of the

However, several problems affect the operation of contingewly designed circuits, including the multiplicative noise

ous time very large scale integration (VLSI) motion detectiogancellation (MNC) circuit and the channel length modulation-
chips. Two dominant problems are the presence of a stropgsed operational transconductance amplifier (CLM-OTA) and
100 Hz (or 120 Hz in some other countries) ac componettfe role of these circuits in the system. Test results of the main
in artificial lighting, and the difficulty in detecting slow parts of the circuit are presented in Section V, followed by
motion, which requires very large time constants for temporgbme concluding remarks in Section VI.
differentiation. These issues have been addressed in the design
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Fig. 2. Forming a template from sampled spatiotemporal contrasts. SO;

The template model, proposed by Horridge [9], models the%é
function of the small-field motion detection neurons in the /

tized to three levels: increasé), decreasé |) and no-change

(—=). Therefore, the signals from two neighboring detectors

can have one of nine Combina’[ioms_:7 _)7 (_7 l)7 (_7 T)7 (L Fig. 3. The implemented CMSA circuit.

=), (LD, (LD, (1,=), (1, 1), (1,1). The combination of

the outputs of two detectors at two sampling times gives rigg, e heen used elsewhere [11]. However, these circuits occupy

to 81 possible states, each called a template (see Fig. 2). |rge areas. Current mode smoothing networks, which have
In the VLSI implementation of the template model, tWQ,jreaqy heen implemented in several vision chips [12], are

basic analog building blocks are required; a temporal diﬁereﬂfea-efﬁcient and can provide a variable smoothing window
tiator and a thresholding circuit. The rest of the model relies QL 5 function of biasing voltages

the digital processing of the outputs of the thresholding stage . other important reason for making use of spatial aver-

aging in the chip is MNC. It should be mentioned that the
MNC operation is not a part of the template model, and it
The template model was implemented in the first gewwan be considered as a signal conditioning stage before the
eration of our insect vision chips, called Bugeye | [10ldifferentiation stage. Our previous experiments indicated that
The architecture of that chip was a close replica of thtae 100 Hz frequency component of light sources, operating
simplified model of insect vision. The retina was implementegdith mains power, severely affect the detection of motion
by parasitic p-well junction diodes and logarithmic current-tdsecause of the temporal differentiation stage. In this stage,
voltage converters for providing a wide dynamic range [10hoise is sometimes amplified to a point where it dominates
The band-pass filter in the lamina was implemented by usingi® signals induced by the motion of objects. As this noise
subthreshold differentiator. Template formation and encodingusually common among several neighboring photodetectors
were implemented digitally, after thresholding the outputs efnd has a multiplicative nature, spatial averaging is ineffective,
the band-pass filter [4]. Finally, a higher level processing layajut dividing the signal in one channel by the spatial average
containing six parallel wide-field motion detection enginesf the input signals should effectively reduce the effect of the
was included as the hardware counterpart of the lobula.  noise [13]. Therefore, the MNC consists of spatial averaging
This second generation of the insect vision chip, calleghd division-by-average stages. Although in our chip the main
Bugeye I, only implements the retina and lamina. Templai@ason for using the MNC is to cancel the 100 Hz noise,
model decoder and wide-field motion detection units, whicdhmewhat similar principles have been exploited in other
were implemented in Bugeye |, have not been included in thgsion chips, such as the neuromorphic chips mimicking the
Bugeye I, which has principally been designed as a test bggyly visual processing in the retina of various animals [11],
for evaluating several different algorithms and new circuit$y 21 [14], [15].
For this purpose, testability and flexibility have been paid |y grqer to realize the spatial smoothing, we have designed
considerable attention. Special switches have been used,t@rent mode spatial averaging circuit (CMSA) which fea-

route the signals from each individual circuit in the array s 5 gigitally adjustable smoothing window. In comparison,
the outside of the chip. Signals from outside the chip can al circuit described in [12] has a continuously adjustable

be applied directly to the circuits, resulting in a fully testablgmoothing window and requires a few less transistors.
structure. The transistor level circuit of the implemented CMSA is
shown in Fig. 3. The circuit has two levels of averaging
circuitry and comprises current mirrors at the output. The
o averaging window of this circuit can be changed simply by
A. The CMSA and MNC Circuits switching on or off those transistors that are controlledSty
Spatial smoothing of the input signal is one of the operatioasd S0.

required in many front-end processing stages for reducing theThe division operation required in the implementation of the
input noise. Voltage mode circuits which use resistive network&NC is performed by a translinear divider which operates in

I1l. CHIP ARCHITECTURE

IV. ANALOG BUILDING BLOCKS
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Fig. 5. The OTA-based differentiator implemented in the chip.

Current (4]

subthreshold ideality factor. Therefore, very small currents in
the deep subthreshold region are needed to yield the desired
equivalent resistances (in the order of )G

To obtain high resistance values while maintaining feasible
biasing currents, we have designed a circuit based on the
channel length modulation in MOS transistors. The simplest
expression characterizing the drain-source curtkptas a

Fig. 4. Simulation output for input signals containing a 50% ac noise in I ) . .
array of implemented MNC circuits: (a) without activating the MNC circui?ﬁncnon of the channel Iength modulation coefficiehtis

(b) with the MNC circuit activated. given by

the subthreshold region [12]. The input and output variables Igs = f(Vys, V) (L + AVis). (2)

of this divider are all currents, and the divider is thus suited

to our CMSA circuit. Fig. 6 shows a simple circuit which achieves this purpose.

An array of 20 averaging cells and division circuits has beer.. . is the bias current. Transistors M2 and M1 form a source
simulated. The input to the array is a spatial square functigsllower stage and’, follows the input voltagé/;,. Therefore,
with current levels of 1 nA and 10 nA. Multiplicative noisethe current through this branch,, is modulated by the input
with a frequency of 50 Hz and a magnitude of 50% of thgoltage. Transistors M6 and M5 provide a reference current,
signal level in each channel has been added. Fig. 4 shows the which is subtracted from the modulated current using
input and OUtpUt signaIS of the circuit. The relative noise Ifhe current mirror formed by M3-MA4. By Changing the state
the output signal has been significantly reduced from the initigf M7, the circuit can operate either in the channel length
50% to less than 5% of the dc level of the signal. Differenthodulation mode, when M7 is turned off, or in the simple
simulations with different models and current levels yield th@TA mode, when M7 is turned on.

same improved result. The operation of the CLM-OTA can be affected by device
. mismatch, which stems from two main sources: the mismatch

B. Channel Ler_lgth Mpdylatlon OTA (CLM-OTA) between the\ factors of the two transistors M1 and M5, and

for Temporal Differentiation the mismatch between the current mirror transistors M3 and

One principal operation of a motion detection algorithnvi4. In an ideal circuit, the output current would be zero if
is temporal differentiation. In the implementation of a timghe input voltage was equal to the reference voltads.
differentiator, the bandwidth of the signals (in our case theowever, an offset voltage may be caused by mismatches.
photocurrents) to be differentiated is of major concern. Difor analysis, it is convenient to assign all the fluctuations of
ferentiator circuits implemented in VLSI have minimum ang (the transconductance of transistors) afd (the threshold
maximum frequencies for proper operation. These frequencigsitage) to the current mirror, which results in an offset of
are determined by the gain of the differentiator, the parasititas current as a shift of thé;, — V;, curve in Fig. 7(a),
capacitance and impedances present in the circuit, and #ml the fluctuations of4 (the Early voltage) to M1 and M5,
dynamic range and saturation voltage of the circuits usedas a change of the slope of tig, — V., curve indicated in
the realization of the differentiator. The OTA-based circuifig. 7(b). The total offset voltagA V,g..; can be expressed as
shown in Fig. 5, was used in the previous design [10]. The

OTA in this circuit requires a biasing current of AVosiser =V (AV1)2 + (AVS)2
kT
Thias = (1) AL 2 AV, 2
aneq == \/< bias VA) + < VA %ef) (3)
to yield a specified equivalent resistanBg, wheren is the Tpias Va
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double-poly double-metal p-well CMOS process, and occupies
an area of 2x 2 mn?. Metal-2 layer has been used for
protecting the analog circuits from light exposure.

The CMSA and MNC stage were tested by projecting a
stationary light bar onto the chip (Fig. 8). The sharp fluctua-
tions observed on the input and output signals are caused by
mismatches between transistors used in the CMSA circuit and
in the divider. The original photocurrent profile obtained di-
rectly from the output of photodetectors is smooth (not shown).
Although the magnitude of the fluctuations is relatively high
compared with the input signal, it appears only as a stationary
spatial background. In the implementation of the template
model, which does not rely on the spatial information in
the early stages of analog processing, this spatial background
does not affect the operation of the circuit. However, in other
motion detection models, which depend on spatial information,
significant performance degradation can occur.

g To test the CLM-OTA, the reference input was fixed at
Fig. 6. The reconfigurable transconductance amplifier, which can switgh5 V, while the other Input was varied from the ground
between the simple OTA-mode and the CLM-OTA-mode. voltage to the supply voltage range. The output current of
the CLM-OTA is very linear over a range of 1 V to 5V,
i.e., from about the threshold voltage of the transistor to the
A supply voltage.
The 1-V characteristics of all the available CLM-OTA’s
were measured in all 40 chips received from the manufacturer.
At a biasing current of 100 nA, a mean offset voltage of 0.37 V
Avi Av| with a standard deviation of 0.55 V is obtained. The maximum
offset is about 1.2 V. As the circuit is used in a feedback loop,
and the dc offset of the circuit does not affect the operation
of the next processing stages, large offset values do not affect
Vief V' the function of the circuit.
(@ (b) For testing at the system level, the chip was exposed to
Fig. 7. Offset voltage introduced by mismatch between transistors in currdROVing objects. To obtain a reasonable output, the biasing
mirrors, and biasing transistors. (a) Bias curre_nt shift and (b) a change in ggrrents needed to be tuned for the particu|ar ||ght|ng condi-
slope of the |-V curve due to Early voltage mismatches. tions. Fig. 9 shows the coded output of the chip. The straight
pattern is from a person moving 3 to 4 m away from the
WhereriaS is the bias current anﬂef is the reference Voltage. Chip, and the curved pattern is from a pen waved in front of
Alyias/Inias @and AV, /V4 are the relative variances of thethe chip at approximately 30 cm. Each hexadecimal number
bias current and Early voltage due to transistor mismatGldpresents a particular template which has been encoded to

respectively. Aly.s/Iias iS inversely proportional to the single characters for display purposes.
transistor gate lengthl, V4 is directly proportional toL,
and AV, /V, is relatively constant. Therefore, the equation VI. CONCLUSION

seems to result in a constant value. Howeveéy,in the first The architecture and building blocks of a motion detection

term of (3) may significantly increase the offset due to bi"ﬁwip, inspired by the insect visual system and based on the
current mismatch. Hencé/, should be chosen as small as

ol hich hat th - | h sh Hj plate model for insect vision, were described. The model

EOSS' e w 'C” mear:;s tlat t he tra_tgsr:stcf)r gate; ength shopld s itself to VLSI implementation, as the processing is done

e proportionally small. Also, the width o tran5|stor_s M1 an?n parallel and no spatial processing in the analog front-end
M5 should be made large enough to decrease mismatch

: S ) _'iéqequired. Spatial information is only used after thresholding
our design we have used the minimum gate length for b'as'ﬂﬂa time differentiated photocurrents

transistors, which is 1.2zm and have an Early voltage of A ha\ current mode spatial averaging circuit has been

about 5 V. implemented for use in the multiplicative noise cancellation
process to filter out the effect of the 100 Hz ac noise.
V. PHYSICAL IMPLEMENTATION AND TEST RESULTS The channel length modulation OTA shows a significant

Two arrays of analog circuitry, each containing 64 rowsransconductance reduction compared with a simple five-
have been implemented in the chip. Each row compristansistor OTA. Transconductance values as low as'410
a photodetector, CMSA cell, division circuit, differentiatorS can be achieved with a practical bias current of 1 nA.
thresholding circuit, and analog switching circuits for testaFherefore, time constants in the order of 0.1 s are achievable
bility purposes. The chip has been designed in ajh?- in a very small area.

I AIbias I

Ibias Ibias

<
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Fig. 8. Test results of the CMSA and MNC circuits with an input light bar. (a) The input and the spatially averaged output of the CMSA circuit with two

different averaging windows. “average01” is the output of the CMSA wHén= 0 and SO = 1 and “average 11" is the output whe¥il = S0 = 1.
(b) The output of the MNC circuit in response to the light bar.
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