
An Inset Vision-based Single-eletron Ciruit Performing Motion DetetionAndrew Kilinga Kikomboy, Tetsuya Asai and Yoshihito AmemiyaGraduate Shool of Siene and Tehnology, Hokkaido UniversityKita 14, Nishi 9, Kita-ku, Sapporo, 060-0814, JapanPhone:+81-11-706-7149, Fax:+81-11-706-7890 y E-mail: kikombo�sapiens-ei.eng.hokudai.a.jpAbstrat This paper proposes a bio-inspired single-eletron iruit for deteting motion in projeted im-ages. Motion detetion is a primary task performed in the retina as part of early vision proessing. Basedon a motion detetion model, the orrelation model ([4℄), a number of motion deteting iruits have beenproposed and implemented with CMOS mediums ([5℄, [6℄, [7℄, and others). In this paper, based on thesame model, we propose a possible single-eletron iruit on�guration that an detet motion in inidentimages, and demonstrate its basi performane with a one-dimensional onstrution. ThroughMonte-Carlobased omputer simulations, we on�rmed that this onstrution an ompute motion in projeted images.Keywords: Single-eletron, Neuromophi iruits, Bio-inspired iruits, Beyond CMOS arhitetures.1. IntrodutionNano-eletroni devies are promising andidates for thenext-generation of low-power LSIs and appliations in paral-lel signal proessing LSI systems [1℄. So far several fabria-tion methodologies for single-eletron devies have been pro-posed. As one of the Beyond CMOS andidates, single(few)-eletron devies have been extensively studied, beause theyinherently operate with extreme low power dissipation andare thus viewed as promising funtional devies for the next-generation of low-power LSI platforms. However, to ap-ply these devies (whih perform on new onepts in rela-tion to the present onventional LSI devies) in funtionaliruits, we need to ome up with new iruit arhiteturesthat (i) an aommodate their physial properties and highnon-uniformity amongst individual devies (ii) fully utilizetheir high devie density and (iii) provide a solution to theirlow-fault tolerane operation. One promising solution is tolearn from living organisms, partiularly insets, to reate ro-bust and highly effetive signal proessors�neuromorphi-arhitetures [2℄. In this researh, we propose an elemen-tary image proessor performing motion detetion in ini-dent images. The proposed iruit arhiteture is based ona widely studied neural orrelation model [4℄.In this work, toward realizing neuromorphi image proes-sors with nano-eletroni devies, we propose a basi iruitonsisting of single-eletroni devies and demonstrate thatit an detet motion in inident images.Motion detetion is an essential task in �rst levels of vi-sual information proessing arried out in the retina. Livingorganisms, in partiular insets, utilize motion detetion toavoid ollision and to navigate movements. Through hintsfrom biologial systems, we ould reate highly funtionalnano-eletroni proessors for speial appliations in parallelinformation proessing. For the last two deades, eletroniiruits based on how living organisms perform informationproessing�neuromorphi engineering ([2℄ - [3℄) have been

viewed as a breakthrough to reating highly parallel, real timeinformation proessors for the next generation of LSIs.In this researh, toward realising neuromorphi LSIs withnano-eletroni devies, we propose a basi iruit onsist-ing of single-eletroni devies, whih performs motion de-tetion in inident images.In the setions to follow, �rstly, the model of motion dete-tion in insets is illustrated, followed by a detailed explana-tion on LSI implementation of the model with single-eletrondevies. Finally, performane of the proposed iruit is eval-uated through Monte-Carlo based omputer simulations.2. Motion detetion sheme: The Correlation ModelThe proposed iruit is based on the orrelation motionsheme[4℄, one of the earliest biologial motion detetionsystems based on the optomotor response of insets. In thismodel, motion detetion is omputed by omparing signalsfrom a photoreeptor to delayed signals from adjaent pho-toreeptors. This is illustrated in Fig. 1(a). The photoreep-tors (Pi) transdue light inputs (a light spot moving in thediretion P1 ! P2 above the photoreeptors) in to eletrialsignals. The transdued 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. Photoreeptor P2 reeives light inputs to produe eletri-al signals orresponding to the light intensity. These signalsare sent to the underlying orrelator iruit C2 and also tothe adjaent orrelator C3 through delayer iruit d2. Like-wise, orrelator C2 reeives a delayed signal from adjaentphotoreeptor P1 through d1. Correlator C2 gives an output,the produt of these two signals (P2 and d1). In other words,C2 alulates 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 detetion: (a) on�guration P:photoreeptor ells, d: delayers and : orrelators. (b),() Operationof the orrelator model: (b) transient response of photoreeptors P1,P2 and delayer d1. () Output (veloity response urve) of orrelatorC2:tor (C2) gives the maximum output. This would be referredto as the maximum detetable veloity (vmax). Otherwise, ifthe veloity is lower (or higher) than the maximum veloity,the orrelator gives a monotonously inreasing (or dereas-ing) output (Fig. 1()).3. Ciuit implementationTo implement the motion detetion model, we employ lo-al omputations among single-eletron osillators. This se-tion starts with a desription of the oneptual iruit stru-ture for implementing the motion detetion model with singleeletron devies. Then the basi funtion of single-eletrondevies and details on implementation of the respetive partsof the motion-detetion model; the photoreeptor, delayer,and the orrelator iruits are illustrated. Finally a unit pixelof the proposed motion deteting iruit is shown.The oneptual shemati model iruit is shown in Fig. 2.It onstitutes of photoreeptors Pi0s, delayer iruits D1;i0s,interneuron iruits I1;i0s, and orrelator iruits C1;i0s. Pho-toreeptor Pm reeives light inputs to produe an exitatorysignal toward orrelator C1;m. Similarly, photoreeptor Pkreeives light inputs to produe exitatory signals toward thedelayer iruit D1;k. The delayer iruit in turn produes an
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outputFig. 2 　 Coneptual iruit on�guration with single-eletron de-vies. The photoreeptors (Pi0s) reeive light inputs to produe ex-itatory signals toward the delayer (D1;i0s) iruits. The delayer ir-uits in turn produe inhibitory signals toward interneurons (I1;i0s)whih onsequently send inhibitory signals toward orrelator ir-uits (C1;i0s).inhibitory signal toward interneuron I1;k, whih onsequentlyprodues an inhibitory signal toward the orrelatorC1;m. Theorrelator alulates the orrelation value of the two signalsfrom neighboring photoreeptors; it gives a zero output at themaximum value of inhibitory signal I1;k, or otherwise pro-dues an inreasing output as the magnitude of the inhibitorysignal dereases.Based on this basi on�guration, the following subse-tions give details on how to realise the motion deteting ir-uit.3.1. Single-eletron osillatorTo realize the proposed motion deteting iruit, we em-ploy single-eletron osillators. A single-eletron osillatoronsists of a tunneling juntion Cj , resistane R and a biasvoltage soure (see insets in Fig. 3). When a positively-biased (or negatively-biased) osillator is illuminated, photo-indued eletron tunneling in Cj ours [11℄ - [12℄, whihleads to voltage drop (or inrease) at the node (� in Fig. 3)beause of eletron tunneling from the ground (or node) tothe node (or ground). To implement the motion deteting ir-uit, we utilize monostable single-eletron osillators.3.2. Photoreeptor iruitThe retinal photoreeptor is implemented with a negativelybiased single-eletron osillator. As explained in the previoussubsetion, in the absene of external interferene, the pho-toreeptors assume a stable state where their node (nanodot)voltages take a value equivalent to the bias voltage. In thepresene of light inputs (inoming photons), photo-induedtunneling effet ([11℄ - [12℄) takes plae induing eletrontunneling from the nanodot to the ground. This leads to a
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(a) (b)Fig. 3　 (a) Delayer iruit: Signal propagation through osillatorsin the delayer iruit. Photoreeptor (Pi) reeives light inputs to pro-due an eletrial signal, whih is fed to underlying osillator D11;ithrough a oupling apaitor. The signal is similarly relayed to os-illator D12;i, (b) Signal propagation through delayer and orrelatoriruits.jump in the node voltage from a low to a high value. We referto this hange as a �ring event. The nanodot is reharged toits original stable state. The number of �ring events wouldbe proportional to the intensity of the illuminated light; lowintensities would produe low �ring rates and vieversa.3.3. Delayer and Correlator iruitsThe delayer iruit is realised through apaitively oupledsingle-eletron osillators, whih form a delay transmissionline [14℄. This is illustrated in Fig. 3(a). Let's assume thatphoto-indued tunneling ours at photoreeptor Pi. Thistriggers a signal �ow toward underlying osillators D11;i andD12;i as follows. Eletron tunneling in Pi leads to a voltageinrease in D11;i above its threshold, thus induing it to tun-nel. Likewise tuneling in D11;i redues the node voltage ofD12;i below the threshold value induing it to tunnel [13℄ -[14℄. Therefore signals emanating from the photoreeptorspropagate through the series of positively and negatively bi-ased osillators (transmission line), with a time delay at eahstage aused by stohasti nature of eletron tunneling [8℄.The basi iruit on�guration of the oneptual iruit(Fig. 2) implemented with single-eletron devies is shown inFig. 3(b). Suppose a light spot is moving from from the left tothe right. This triggers the photoreeptors to tunnel in turns,Pi ! Pi+1 ! � � �. The signals emanating from the pho-toreeptors are transmitted through the delayers as explainedabove. To implement the inhibition funtion between the de-layer and orrelator iruits, we introdue a unipolar pair inthe trasmission line of positively- and negatively-biased os-illators. This is realised by introduing a apaitively ou-pled pair of negatively-biased osillators between the delayerand the orrelator iruit (see unipolar pair enirled with a

solid line in Fig. 3(b)). Therefore signals �owing from the de-layer iruit raise the node voltages of the unipolar pair, andonsequently the orrelator terminal iruit (C1;i+1), thus in-hibiting them from tunneling, even in the presene of an ex-ternal trigger input. On the other hand, tunneling in Pi+1indues tunneling inM1;i+1, whih in turn indues C1;i+1 totunnel. The orrelator iruit, C1;i+1, reeives exitatory sig-nals fromM1;i+1 and inhibitory signals from I1;i (with whihit 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 iruit (D13;i), and inreases as the inhi-bition signal deays with time.3.4. Unit pixel iruitA unit pixel of the motion deteting iruit is shown inFig. 4. This on�guration an only detet motion in images(light spots) travelling from the left toward the right. A iruiton�guration for deteting bi-diretional motion is illustratedin Fig. 5(a). The subsript �1� (for open irles) denotes ir-uits responsible for left-right motion detetion, while �2�(for shaded irles) shows iruits responsible for right-leftmotion detetion. The orrelation value in both diretions isprodued at the oresponding orrelators C1;n and C2;n (forthe ith pixel) for left-right and right-left motions respetively.These signals are fed to the underlying layer (see dotted boxin Fig. 5(a)) where the �nal orrelation value, and hene mo-tion veloity is determined. The iruit 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. Theorrelator iruit (C1;i) would produe a signal orrespond-ing to the veloity of the light spot as explained above. Notethat as the light spot moves to the right, the magnitude of theinhibition signal toward the �left� diretion orrelator iruitremains high, as opposed to dereasing inhibition signal sentto the �right� diretion orrelator iruit, as explained in Se-tion 3.3. Therefore, for images travelling fom the left to theright, the orrelator iruit C2;i0s would produe a zero out-put in omparison to orrelator C1;i. The signals from orre-lator C1;i are fed to Ci through the right branh via osillatorO1;i. At the same time, C1;i sends inhibitory signals to theleft branh (toward O2;i), bloking any signals from the C2;iosillator. The same is repeated in a leftward motion dete-tion. Therefore, this mehanism makes it possible to detetmotion in both diretions and to produe an output value ofzero at Ci for stationary images.4. Simulation resultsThe operation of the proposed motion detetion iruit wasinvestigated with a one-dimensional array onstrution 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) Coneptual iruit on�guration for bi-diretional mo-tion detetion. Open irles denoted with subsript (1;i) representiruits responsible for left! right motion detetion, while shadedirles denoted with subsript (2;i) represent delayer, interneuraland orrelator iruits responsible for motion detetion in imagesmoving from the right toward the left. (b) Ciruit on�guration ofthe overall orrelation iruit (dotted portion in (a)) of the bi-dire-tional motion detetor.
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Fig. 6　Motion detetion with a 100 pixel array onstrution. Ver-tial axis shows the maximum �ring rate of the 50th orrelator ir-uit against the projeted image veloity. Simulated with imagesmoving from the left to the right at zero temperature. Maximumfrequeny of input trigger is set to 50 MHz.input whose frequeny 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-queny of 50 MHz. All exitatory and inhibitory apaitiveouplings were implemented with a apaitane (C) of 2 aF,whereas tunneling juntion apaitane Cj was set to 10 aF.4.1. Veloity response urveWith the above onstrution, we investigated the responseof the proposed motion detetor to images (light spots) trav-elling at different veloities, to obtain the veloity responseurve. The veloity response urve (VRC) was obtained byplotting the maximum �ring rate of orrelator iruits againstthe veloity of projeted images. Fig. 6 shows the VRC of the50th orrelator iruit as a funtion of the projeted imageveloity moving from the left toward the right at zero tem-perature. The proposed iruit an detet motion in projetedimages with a maximum detetable veloity of 20 pixels/ns.This would orrespond to a maximum veloity of 2 Km/s ifadjaent photoreeptors were fabriated at a pith of 100 nm.The maximum detetable veloity an be tuned by adjust-ing the delay-time � along the transmission line. This anbe ahieved by inreasing (or dereasing) the number of os-illators along the transmission line to inrease (or derease)the maximum detetable veloity.4.2. Response to light intensityAs mentioned in subsetion 3.2, the �ring rate of the pho-toreeptor iruits is proportional to the light intensity. Toon�rm the response of the proposed iruit to light inten-
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Fig. 7　 Response to light intensity simulated by varying the max-imum frequeny of input tigger signal. Vertial axis represents themaximum �ring rate of the 50th orrelator iruit, normalised withthe maximum �ring rate at 75 MHz. Simulated at zero temperature.sity, images with different light intensities (and onstant ve-loity) were projeted onto the 100-pixel retinomorphi ir-uit. Fig. 7 shows the response of the 50th orrelator iruitto various light intensities, for images travelling at a onstantveloity of 20 pixels/ns. The vertial axis shows the maxi-mum output of the 50th orrelator iruit at zero temperature.The �ring rate of the orrelator iruit (output) inreases withinrease in light intensity to attain a maximum value at a lightintensity of 75 MHz. The vertial axis is normalised with the�ring rate at 75 MHz.4.3. Temperature harateristisWe evaluated the temperature performane of the motiondeteting iruit with inreasing temperatures by plotting thehump (see Fig. 8(a)) height against the temperature. Thehump height is the differene between the �ring rate at zeroveloity and at the maximum detetable veloity. We refer tothis as the signal-noise (SN) ratio. We observed that as thetemperature inreases, random �ring as a result of thermalindued eletron tunneling within the iruit also inreases(Fig. 8(a), (b), and () simulated at T = 5, 10, and 20 K re-spetively). 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 vertial axis, hump height is normalized with themaximum height at zero temperature. With the present on-�guration, the proposed iruit an perform at signal-noiseratio of 0.4 at 20 K.5. SummaryWe proposed a motion detetion iruit based on orre-
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Fig. 8 　 Veloity response urves simulated for temperature T =5 K (a), 10 K (b), and 20 K (). Vertial axis shows the maximum�ring rate of the 50th orrelator iruit against the projeted imageveloity.
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