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.jpAbstra
t This paper proposes a bio-inspired single-ele
tron 
ir
uit for dete
ting motion in proje
ted im-ages. Motion dete
tion is a primary task performed in the retina as part of early vision pro
essing. Basedon a motion dete
tion model, the 
orrelation model ([4℄), a number of motion dete
ting 
ir
uits have beenproposed and implemented with CMOS mediums ([5℄, [6℄, [7℄, and others). In this paper, based on thesame model, we propose a possible single-ele
tron 
ir
uit 
on�guration that 
an dete
t motion in in
identimages, and demonstrate its basi
 performan
e with a one-dimensional 
onstru
tion. ThroughMonte-Carlobased 
omputer simulations, we 
on�rmed that this 
onstru
tion 
an 
ompute motion in proje
ted images.Keywords: Single-ele
tron, Neuromophi
 
ir
uits, Bio-inspired 
ir
uits, Beyond CMOS ar
hite
tures.1. Introdu
tionNano-ele
troni
 devi
es are promising 
andidates for thenext-generation of low-power LSIs and appli
ations in paral-lel signal pro
essing LSI systems [1℄. So far several fabri
a-tion methodologies for single-ele
tron devi
es have been pro-posed. As one of the Beyond CMOS 
andidates, single(few)-ele
tron devi
es have been extensively studied, be
ause theyinherently operate with extreme low power dissipation andare thus viewed as promising fun
tional devi
es for the next-generation of low-power LSI platforms. However, to ap-ply these devi
es (whi
h perform on new 
on
epts in rela-tion to the present 
onventional LSI devi
es) in fun
tional
ir
uits, we need to 
ome up with new 
ir
uit ar
hite
turesthat (i) 
an a

ommodate their physi
al properties and highnon-uniformity amongst individual devi
es (ii) fully utilizetheir high devi
e density and (iii) provide a solution to theirlow-fault toleran
e operation. One promising solution is tolearn from living organisms, parti
ularly inse
ts, to 
reate ro-bust and highly effe
tive signal pro
essors�neuromorphi
-ar
hite
tures [2℄. In this resear
h, we propose an elemen-tary image pro
essor performing motion dete
tion in in
i-dent images. The proposed 
ir
uit ar
hite
ture is based ona widely studied neural 
orrelation model [4℄.In this work, toward realizing neuromorphi
 image pro
es-sors with nano-ele
troni
 devi
es, we propose a basi
 
ir
uit
onsisting of single-ele
troni
 devi
es and demonstrate thatit 
an dete
t motion in in
ident images.Motion dete
tion is an essential task in �rst levels of vi-sual information pro
essing 
arried out in the retina. Livingorganisms, in parti
ular inse
ts, utilize motion dete
tion toavoid 
ollision and to navigate movements. Through hintsfrom biologi
al systems, we 
ould 
reate highly fun
tionalnano-ele
troni
 pro
essors for spe
ial appli
ations in parallelinformation pro
essing. For the last two de
ades, ele
troni

ir
uits based on how living organisms perform informationpro
essing�neuromorphi
 engineering ([2℄ - [3℄) have been

viewed as a breakthrough to 
reating highly parallel, real timeinformation pro
essors for the next generation of LSIs.In this resear
h, toward realising neuromorphi
 LSIs withnano-ele
troni
 devi
es, we propose a basi
 
ir
uit 
onsist-ing of single-ele
troni
 devi
es, whi
h performs motion de-te
tion in in
ident images.In the se
tions to follow, �rstly, the model of motion dete
-tion in inse
ts is illustrated, followed by a detailed explana-tion on LSI implementation of the model with single-ele
trondevi
es. Finally, performan
e of the proposed 
ir
uit is eval-uated through Monte-Carlo based 
omputer simulations.2. Motion dete
tion s
heme: The Correlation ModelThe proposed 
ir
uit is based on the 
orrelation motions
heme[4℄, one of the earliest biologi
al motion dete
tionsystems based on the optomotor response of inse
ts. In thismodel, motion dete
tion is 
omputed by 
omparing signalsfrom a photore
eptor to delayed signals from adja
ent pho-tore
eptors. This is illustrated in Fig. 1(a). The photore
ep-tors (Pi) transdu
e light inputs (a light spot moving in thedire
tion P1 ! P2 above the photore
eptors) in to ele
tri
alsignals. The transdu
ed signals are sent to both the 
orre-sponding 
orrelators, and the neighboring pixels through de-layers as shown in Fig. 1. For example, let's 
onsider pixel2. Photore
eptor P2 re
eives light inputs to produ
e ele
tri-
al signals 
orresponding to the light intensity. These signalsare sent to the underlying 
orrelator 
ir
uit C2 and also tothe adja
ent 
orrelator C3 through delayer 
ir
uit d2. Like-wise, 
orrelator C2 re
eives a delayed signal from adja
entphotore
eptor P1 through d1. Correlator C2 gives an output,the produ
t of these two signals (P2 and d1). In other words,C2 
al
ulates the 
orrelation value between P2 and d1 sig-nals. As illustrated in Fig. 1(b), and (
), if the two signalsoverlap, i.e., if the time the light spot takes to move from P1to P2 (�t12) is equivalent to the delay time (� ), the 
orrela-
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Fig. 1　Correlator model for motion dete
tion: (a) 
on�guration P:photore
eptor 
ells, d: delayers and 
: 
orrelators. (b),(
) Operationof the 
orrelator model: (b) transient response of photore
eptors P1,P2 and delayer d1. (
) Output (velo
ity response 
urve) of 
orrelatorC2:tor (C2) gives the maximum output. This would be referredto as the maximum dete
table velo
ity (vmax). Otherwise, ifthe velo
ity is lower (or higher) than the maximum velo
ity,the 
orrelator gives a monotonously in
reasing (or de
reas-ing) output (Fig. 1(
)).3. Ci
uit implementationTo implement the motion dete
tion model, we employ lo-
al 
omputations among single-ele
tron os
illators. This se
-tion starts with a des
ription of the 
on
eptual 
ir
uit stru
-ture for implementing the motion dete
tion model with singleele
tron devi
es. Then the basi
 fun
tion of single-ele
trondevi
es and details on implementation of the respe
tive partsof the motion-dete
tion model; the photore
eptor, delayer,and the 
orrelator 
ir
uits are illustrated. Finally a unit pixelof the proposed motion dete
ting 
ir
uit is shown.The 
on
eptual s
hemati
 model 
ir
uit is shown in Fig. 2.It 
onstitutes of photore
eptors Pi0s, delayer 
ir
uits D1;i0s,interneuron 
ir
uits I1;i0s, and 
orrelator 
ir
uits C1;i0s. Pho-tore
eptor Pm re
eives light inputs to produ
e an ex
itatorysignal toward 
orrelator C1;m. Similarly, photore
eptor Pkre
eives light inputs to produ
e ex
itatory signals toward thedelayer 
ir
uit D1;k. The delayer 
ir
uit in turn produ
es an
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eptual 
ir
uit 
on�guration with single-ele
tron de-vi
es. The photore
eptors (Pi0s) re
eive light inputs to produ
e ex-
itatory signals toward the delayer (D1;i0s) 
ir
uits. The delayer 
ir-
uits in turn produ
e inhibitory signals toward interneurons (I1;i0s)whi
h 
onsequently send inhibitory signals toward 
orrelator 
ir-
uits (C1;i0s).inhibitory signal toward interneuron I1;k, whi
h 
onsequentlyprodu
es an inhibitory signal toward the 
orrelatorC1;m. The
orrelator 
al
ulates the 
orrelation value of the two signalsfrom neighboring photore
eptors; it gives a zero output at themaximum value of inhibitory signal I1;k, or otherwise pro-du
es an in
reasing output as the magnitude of the inhibitorysignal de
reases.Based on this basi
 
on�guration, the following subse
-tions give details on how to realise the motion dete
ting 
ir-
uit.3.1. Single-ele
tron os
illatorTo realize the proposed motion dete
ting 
ir
uit, we em-ploy single-ele
tron os
illators. A single-ele
tron os
illator
onsists of a tunneling jun
tion Cj , resistan
e R and a biasvoltage sour
e (see insets in Fig. 3). When a positively-biased (or negatively-biased) os
illator is illuminated, photo-indu
ed ele
tron tunneling in Cj o

urs [11℄ - [12℄, whi
hleads to voltage drop (or in
rease) at the node (� in Fig. 3)be
ause of ele
tron tunneling from the ground (or node) tothe node (or ground). To implement the motion dete
ting 
ir-
uit, we utilize monostable single-ele
tron os
illators.3.2. Photore
eptor 
ir
uitThe retinal photore
eptor is implemented with a negativelybiased single-ele
tron os
illator. As explained in the previoussubse
tion, in the absen
e of external interferen
e, the pho-tore
eptors assume a stable state where their node (nanodot)voltages take a value equivalent to the bias voltage. In thepresen
e of light inputs (in
oming photons), photo-indu
edtunneling effe
t ([11℄ - [12℄) takes pla
e indu
ing ele
trontunneling from the nanodot to the ground. This leads to a
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(a) (b)Fig. 3　 (a) Delayer 
ir
uit: Signal propagation through os
illatorsin the delayer 
ir
uit. Photore
eptor (Pi) re
eives light inputs to pro-du
e an ele
tri
al signal, whi
h is fed to underlying os
illator D11;ithrough a 
oupling 
apa
itor. The signal is similarly relayed to os-
illator D12;i, (b) Signal propagation through delayer and 
orrelator
ir
uits.jump in the node voltage from a low to a high value. We referto this 
hange as a �ring event. The nanodot is re
harged toits original stable state. The number of �ring events wouldbe proportional to the intensity of the illuminated light; lowintensities would produ
e low �ring rates and vi
eversa.3.3. Delayer and Correlator 
ir
uitsThe delayer 
ir
uit is realised through 
apa
itively 
oupledsingle-ele
tron os
illators, whi
h form a delay transmissionline [14℄. This is illustrated in Fig. 3(a). Let's assume thatphoto-indu
ed tunneling o

urs at photore
eptor Pi. Thistriggers a signal �ow toward underlying os
illators D11;i andD12;i as follows. Ele
tron tunneling in Pi leads to a voltagein
rease in D11;i above its threshold, thus indu
ing it to tun-nel. Likewise tuneling in D11;i redu
es the node voltage ofD12;i below the threshold value indu
ing it to tunnel [13℄ -[14℄. Therefore signals emanating from the photore
eptorspropagate through the series of positively and negatively bi-ased os
illators (transmission line), with a time delay at ea
hstage 
aused by sto
hasti
 nature of ele
tron tunneling [8℄.The basi
 
ir
uit 
on�guration of the 
on
eptual 
ir
uit(Fig. 2) implemented with single-ele
tron devi
es is shown inFig. 3(b). Suppose a light spot is moving from from the left tothe right. This triggers the photore
eptors to tunnel in turns,Pi ! Pi+1 ! � � �. The signals emanating from the pho-tore
eptors are transmitted through the delayers as explainedabove. To implement the inhibition fun
tion between the de-layer and 
orrelator 
ir
uits, we introdu
e a unipolar pair inthe trasmission line of positively- and negatively-biased os-
illators. This is realised by introdu
ing a 
apa
itively 
ou-pled pair of negatively-biased os
illators between the delayerand the 
orrelator 
ir
uit (see unipolar pair en
ir
led with a

solid line in Fig. 3(b)). Therefore signals �owing from the de-layer 
ir
uit raise the node voltages of the unipolar pair, and
onsequently the 
orrelator terminal 
ir
uit (C1;i+1), thus in-hibiting them from tunneling, even in the presen
e of an ex-ternal trigger input. On the other hand, tunneling in Pi+1indu
es tunneling inM1;i+1, whi
h in turn indu
es C1;i+1 totunnel. The 
orrelator 
ir
uit, C1;i+1, re
eives ex
itatory sig-nals fromM1;i+1 and inhibitory signals from I1;i (with whi
hit makes a unipolar pair). Thus the tunneling rate of C1;i+1remains at a low value (almost zero) as inhibitory signals arefed from the delayer 
ir
uit (D13;i), and in
reases as the inhi-bition signal de
ays with time.3.4. Unit pixel 
ir
uitA unit pixel of the motion dete
ting 
ir
uit is shown inFig. 4. This 
on�guration 
an only dete
t motion in images(light spots) travelling from the left toward the right. A 
ir
uit
on�guration for dete
ting bi-dire
tional motion is illustratedin Fig. 5(a). The subs
ript �1� (for open 
ir
les) denotes 
ir-
uits responsible for left-right motion dete
tion, while �2�(for shaded 
ir
les) shows 
ir
uits responsible for right-leftmotion dete
tion. The 
orrelation value in both dire
tions isprodu
ed at the 
oresponding 
orrelators C1;n and C2;n (forthe ith pixel) for left-right and right-left motions respe
tively.These signals are fed to the underlying layer (see dotted boxin Fig. 5(a)) where the �nal 
orrelation value, and hen
e mo-tion velo
ity is determined. The 
ir
uit 
on�guration of aunit pixel of the dotted region is shown in Fig. 5(b). Let'sassume the light spot is moving from the left to the right. The
orrelator 
ir
uit (C1;i) would produ
e a signal 
orrespond-ing to the velo
ity of the light spot as explained above. Notethat as the light spot moves to the right, the magnitude of theinhibition signal toward the �left� dire
tion 
orrelator 
ir
uitremains high, as opposed to de
reasing inhibition signal sentto the �right� dire
tion 
orrelator 
ir
uit, as explained in Se
-tion 3.3. Therefore, for images travelling fom the left to theright, the 
orrelator 
ir
uit C2;i0s would produ
e a zero out-put in 
omparison to 
orrelator C1;i. The signals from 
orre-lator C1;i are fed to Ci through the right bran
h via os
illatorO1;i. At the same time, C1;i sends inhibitory signals to theleft bran
h (toward O2;i), blo
king any signals from the C2;ios
illator. The same is repeated in a leftward motion dete
-tion. Therefore, this me
hanism makes it possible to dete
tmotion in both dire
tions and to produ
e an output value ofzero at Ci for stationary images.4. Simulation resultsThe operation of the proposed motion dete
tion 
ir
uit wasinvestigated with a one-dimensional array 
onstru
tion 
on-sisting of 100 unit pixels. A unit pixel is shown in Fig. 5 (unitpixel). Light inputs were simulated with an external trigger
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Fig. 5　 (a) Con
eptual 
ir
uit 
on�guration for bi-dire
tional mo-tion dete
tion. Open 
ir
les denoted with subs
ript (1;i) represent
ir
uits responsible for left! right motion dete
tion, while shaded
ir
les denoted with subs
ript (2;i) represent delayer, interneuraland 
orrelator 
ir
uits responsible for motion dete
tion in imagesmoving from the right toward the left. (b) Cir
uit 
on�guration ofthe overall 
orrelation 
ir
uit (dotted portion in (a)) of the bi-dire
-tional motion dete
tor.
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Fig. 6　Motion dete
tion with a 100 pixel array 
onstru
tion. Ver-ti
al axis shows the maximum �ring rate of the 50th 
orrelator 
ir-
uit against the proje
ted image velo
ity. Simulated with imagesmoving from the left to the right at zero temperature. Maximumfrequen
y of input trigger is set to 50 MHz.input whose frequen
y is equivalent to the intensity of the in-put light. The trigger input was set to an amplitude of 2.5 mVand the light intensity was simulated with a maximum fre-quen
y of 50 MHz. All ex
itatory and inhibitory 
apa
itive
ouplings were implemented with a 
apa
itan
e (C) of 2 aF,whereas tunneling jun
tion 
apa
itan
e Cj was set to 10 aF.4.1. Velo
ity response 
urveWith the above 
onstru
tion, we investigated the responseof the proposed motion dete
tor to images (light spots) trav-elling at different velo
ities, to obtain the velo
ity response
urve. The velo
ity response 
urve (VRC) was obtained byplotting the maximum �ring rate of 
orrelator 
ir
uits againstthe velo
ity of proje
ted images. Fig. 6 shows the VRC of the50th 
orrelator 
ir
uit as a fun
tion of the proje
ted imagevelo
ity moving from the left toward the right at zero tem-perature. The proposed 
ir
uit 
an dete
t motion in proje
tedimages with a maximum dete
table velo
ity of 20 pixels/ns.This would 
orrespond to a maximum velo
ity of 2 Km/s ifadja
ent photore
eptors were fabri
ated at a pit
h of 100 nm.The maximum dete
table velo
ity 
an be tuned by adjust-ing the delay-time � along the transmission line. This 
anbe a
hieved by in
reasing (or de
reasing) the number of os-
illators along the transmission line to in
rease (or de
rease)the maximum dete
table velo
ity.4.2. Response to light intensityAs mentioned in subse
tion 3.2, the �ring rate of the pho-tore
eptor 
ir
uits is proportional to the light intensity. To
on�rm the response of the proposed 
ir
uit to light inten-
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Fig. 7　 Response to light intensity simulated by varying the max-imum frequen
y of input tigger signal. Verti
al axis represents themaximum �ring rate of the 50th 
orrelator 
ir
uit, normalised withthe maximum �ring rate at 75 MHz. Simulated at zero temperature.sity, images with different light intensities (and 
onstant ve-lo
ity) were proje
ted onto the 100-pixel retinomorphi
 
ir-
uit. Fig. 7 shows the response of the 50th 
orrelator 
ir
uitto various light intensities, for images travelling at a 
onstantvelo
ity of 20 pixels/ns. The verti
al axis shows the maxi-mum output of the 50th 
orrelator 
ir
uit at zero temperature.The �ring rate of the 
orrelator 
ir
uit (output) in
reases within
rease in light intensity to attain a maximum value at a lightintensity of 75 MHz. The verti
al axis is normalised with the�ring rate at 75 MHz.4.3. Temperature 
hara
teristi
sWe evaluated the temperature performan
e of the motiondete
ting 
ir
uit with in
reasing temperatures by plotting thehump (see Fig. 8(a)) height against the temperature. Thehump height is the differen
e between the �ring rate at zerovelo
ity and at the maximum dete
table velo
ity. We refer tothis as the signal-noise (SN) ratio. We observed that as thetemperature in
reases, random �ring as a result of thermalindu
ed ele
tron tunneling within the 
ir
uit also in
reases(Fig. 8(a), (b), and (
) simulated at T = 5, 10, and 20 K re-spe
tively). As a result the height of the hump (SN ratio) de-
reases, and �nally �attens at high temperatures. Fig. 9 showsthe simulated results for a temperature range between 0 and30 K. The verti
al axis, hump height is normalized with themaximum height at zero temperature. With the present 
on-�guration, the proposed 
ir
uit 
an perform at signal-noiseratio of 0.4 at 20 K.5. SummaryWe proposed a motion dete
tion 
ir
uit based on 
orre-

 

 

0

5

 10

 15

 20

 25

 30

 35

 40

 0  20  40  60  80
velocity (pixels/ns)

fi
ri

n
g
 r

at
e 

o
f 

co
rr

el
at

o
r 

ci
rc

u
it

s

“hump” height

 10

 15

 20

 25

 30

 35

 40

 45

 0  20  40  60  80

velocity (pixels/ns)

fi
ri

n
g
 r

at
e 

o
f 

co
rr

el
at

o
r 

ci
rc

u
it

s

 34

 36

 38

 40

 42

 44

 46

 48

 50

 0  20  40  60  80
velocity (pixels/ns)

fi
ri

n
g
 r

at
e 

o
f 

co
rr

el
at

o
r 

ci
rc

u
it

s

(a)

(b)

(c)

Fig. 8 　 Velo
ity response 
urves simulated for temperature T =5 K (a), 10 K (b), and 20 K (
). Verti
al axis shows the maximum�ring rate of the 50th 
orrelator 
ir
uit against the proje
ted imagevelo
ity.
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Fig. 9　Temperature 
hara
terists: hump height (signal-noise ratio)plotted against temperature. Verti
al axis is normalised with the SNratio at zero temperature.lation neural models in inse
ts. Based on this model, weproposed a 
ir
uit stru
ture with single-ele
tron devi
es andevaluated its peforman
e through Monte-
arlo based simu-lations. The proposed 
ir
uit 
ould dete
t motion in imageswith a maximumdete
table velo
ity of 20 pixels/ns. The tem-perature 
hara
teristi
s of the proposed 
ir
uit were analysed.The 
ir
uit 
ould dete
t motion in images with a signal-noiseratio of 0.4 at 20 K. Referen
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