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Abstract

We presentananalogVLSI cellulararchitecturemplementinga simpli-
fied versionof the BoundaryContourSystem(BCS)for real-timeimage
processing.Inspiredby neuromorphianodelsacrossseveral layersof
visual cortex, the designintegratesin eachpixel the functionsof sim-
ple cells,comple cells, hypercomple cells, andbipole cells, in three
orientationsinterconnectean a hexagonalgrid. Analog current-mode
CMOScircuitsareusedthroughouto performedgedetectionjocalinhi-
bition, directionallyselectve long-rangeiffusive kernelsandrenormal-
izing globalgaincontrol. Experimentatesultsirom afabricated 2 x 10
pixel prototypein 1.2 um CMOStechnologydemonstratéherobustness
of the architecturen selectingimagecontoursin a clutteredand noisy
background.

1 Intr oduction

TheBoundaryContourSystem(BCS)andFeatureContourSystem(FCS)combinemodels
for processesf imagesegmentationfeaturefilling, andsurfacereconstructionn biolog-
ical vision systemd1],[2]. They provide a powerful techniqueto recognizepatternsand
restoreimagequality underexcessve fixed patternnoise,suchasin SAR images[3]. A

relatedmodelwith similar functionalandstructuralpropertiess presentedhn [4].

The motivation for implementinga relatively complex model suchasBCS and FCSon
thefocal-plands dual. First, asarguedin [5], complex neuromorphi@ctive pixel designs
becomeviable engineeringsolutionsasthe featuresize of the VLSI technologyshrinks
significantlybelow the opticaldiffractionlimit, andmoretransistorcanbestuffedin each
pixel. The pixel designthatwe presentcontains88 transistorslikely the mostcomple
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Figurel: Diagramof BCS/FCS3nodelfor image segmentationfeatuiefilling, andsurface
reconstructionThreelayers represensimple complexandbipolecells.

active pixelimagereverputonsilicon. Secondpurmotivationis to extendthefunctionality
of previous work on analogVLSI neuromorphiadmage processorgor image boundary
segmentationg.g. [6, 7, 5, 8, 9] which arebasedon simplified physicalmodelsthatdo not
includedirectionalselectvity and/orlong-rangesignalaggreyationfor boundaryformation
in the presencef significantnoiseandclutter TheanalogVLSI implementatiorof BCS
reportedhereis a first steptowardsthis goal, with the additionalobjectivesof real-time,
low-power operationas requiredfor demandingtarget recognitionapplications. As an
alternatve to focal-planeoptical input, the image can be loadedelectronicallythrough
random-accegsixel addressing.

The BCS modelencompassedsual processingat differentlevels, including several lay-
ersof cellsinteractingthroughshuntinginhibition, long-rangecooperatie excitation,and
renormalizationTheimplementatiorarchitectureshovn schematicallyn Figure 1, parti-
tionsthe BCS modelinto threelevels: simplecells,complex andhypercompl& cells,and
bipolecells.

Simple cells computeunidirectionalgradientsof normalizedintensity obtainedfrom the
photoreceptors.Compl (hypercomplex) cells perform spatialand directionalcompe-
tition (inhibition) for edgeformation. Bipole cells perform long-rangecooperationfor

boundarycontourenhancementand exert positive feedback(excitation) onto the hyper

comple cells. Our presenimplementatiordoesnot includethe FCSmodel,which com-

pletesandfills featureghroughdiffusive spatialfiltering of theimageblockedby theedges
formedin BCS.

2 Modified BCS Algorithm and Implementation

We adoptedhe BCSalgorithmfor analogcontinuous-timeémplementatioron a hexagonal
grid, extendingin threedirectionsu, v andw onthefocal planeasindicatedschematically
in Figure 2. For notationalcorveniencelet subscript) denotethecentemixel and+u, +v
and=uw its six neighbors Componentsf eachcomple cell “vector” C; atgrid locations,
alongthreedirectionsof edgeselectvity, areindicatedwith supescriptindicesu, v andw.

In theimplementectircuit model,a pixel unit consistof a photosensofor random-access
analogmemory) sourcinga currentindicating light intensity gradientcomputationand
rectificationcircuitsimplementingsimplecellsin threedirections andonecomplex (hyper
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Figure2: Hexagonalarrangemenif BCSpixels,at thelevel of simpleand comple cells,
extendingin threedirectionsu, v andw in thefocal plane

compl) cell andonebipolecell for eachof thethreedirections.

The photosensorgeneratea current; thatis proportionalto intensity Throughcurrent
mirrors, the currentsI; propagatean the threedirectionsu, v, andw asnotedin Figure
2. Rectifiedfinite-differencegradientestimatesf I; are obtainedfor eachof the three

hexagonaldirections.Thesegradientsexcite the complex ceIIsCZ.

Lateralinhibition amongspatially (<) anddirectionally(j) adjacenitomplex cellsimple-
mentthe function of hypercompl& cellsfor edgeenhancemerandnoisereduction. The

comple output(Cf) is inhibitedby local comple cell outputsin thetwo competingdirec-
tionsof j. Cy is additionallyinhibited by the complex cells of the four nearesneighbors
in competindocationsi with parallelorientation.

A directionally selectve interconnectedliffusive network of bipole cells Bf interacting
with thecomple cellsC{ , provideslongrangecooperatiefeedbackandenhancesmooth
edgecontourswhile reducingspuriousedgesdueto imageclutter. Cf is excited by bipole
interactionrecevedfrom thebipolecell Bf ontheline crossing in thesamedirectionj.

Theoperatiorof the (hyper)comple cellsin thehexagonalarrangemens summarizedn
thefollowing equationfor oneof thethreedirectionsu:

1
G = |51+ 1) ~ o]~ a(CY + Ci) - /(CE + O + €, 4 C,) + 65 1)

where:

1. |+(I, + I,) — Iy| representshe rectifiedgradientinput asapproximatecbn the
hexagonalgrid;

2. a(Cf§ + C¥) is theinhibition from locally opposingdirections;

3. d(C¥+C +C*, + C*,,) isinhibition from non-alignecheighborsn thesame
direction;and

4. BBY is theexcitationthroughlong-rangecooperatiorfrom thebipolecell.
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Figure3: Networkof bipolecells,implementean a hexagonalresistivegrid usingorien-
tationally tuneddiffusors extendingin threedirections. g;q:/gver: determineshe spatial
extentof thedipole whereasg;.:/g.ross Setsthedirectionalselectivity

Thebipolecell resistve grid (Figure 3) implementsa three-foldcross-coupledjirection-
ally polarized Jong-rangdiffusive kernel,formulatedasfollows:

By = K ;Cy + K;Cy + K, Cy 2

whereK}, K, and K} represenspatialcorvolutionalkernelsmplementingoipolefields
symmetricallypolarizedin the u, v andw directions. Diffusive kernelscanbe efficiently
implementedwith a distributed representatiomising resistive diffusive elementd7, 10].
Threelinear networks of diffusor elementsare used,complementedvith cross-linksof
adjustablestrength,to control the degree of direction selectvity and the spatial spread
of the kernel. Finally, the result(2) is locally normalized beforeit is fed backonto the
comple cells.

3 Analog VLSI Implementation

The simplified circuit diagramof the BCS cell, including simple,complex andbipolecell
functionson ahexagonalgrid, is shavn in Figure4.

Theimageis acquireceitheroptically from phototransistorsnthefocal-planeprin direct
electronicformat throughrandom-accesgixel addressingFigure4 (a). The simplecell

portionin Figure4 (b) combineghelocalintensity I, with intensities/,, andI,, received
from neighboringcells to computethe rectified gradientin (1), usingdistributed current
mirrorsandan absolutevaluecircuit. A pMOSIload cornvertsthe comple cell outputinto
avoltagerepresentatiog’§ for distribution to neighboringnodesandcomplementaryri-

entationsiocal inhibition for spatialanddirectionalcompetitionin Figure4 (c), andlong-
rangecooperatiorthroughthe bipole layerin Figure4 (d). Thelinear diffusive kernelis
implementedn current-modeisingladderstructuresof subthresholdMOS transistorg7],

threefamiliesextendingin eachdirectionwith cross-linksfor directionaldispersiorasin-

dicatedin Figure3.

Voltagebiasescontrol the spatialextent and directionalselectvity of the interactionsas
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Figure4: Simplifiedcircuit schematicof one BCScell in the hexagonal array, showing
only oneof threedirections the otherdirectionsbeingsymmetricaln implementation.(a)
Photosensoand random-accesmput selectioncircuit. (b) Simplecell rectifiedgradient
calculation. (c) Complex cell spatial and orientationalinhibition. (d) Bipole cell direc-
tional long range coopeation. (e) Bipoleglobal gain andthresholdcontrol.
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well asthe relative strengthof inhibition andexcitation,andthe level of renormalization,
for the complex and bipole cells. The valuesfor gyert, gia: and geross controlling the
bipole kernelare setexternally by applyinggatebiasvoltagesV, ¢, Vie: andV,,qss, re-

spectvely. Likewise,theconstantsy, o’ andg in (1) aresetindependentlyy the applied
sourcevoltagesV,, V,» andVj3. Global normalizationandthresholdingof the bipole re-

sponsdor improvedstability of edgeformationis achiezedthroughanadditionaldiffusive

network that actsas a localizedGilbert-typecurrentnormalizer(only partially shovn in

Figure4 (e)).

4 Experimental Results

A prototypel2 x 10 pixel arrayhasbeenfabricatecandtested.Thepixel unit, illustratedin
Figure5 (a), hasbeendesignedor testability andhasnot beenoptimizedfor density The
pixel contains38 transistorsncludinga phototransistqialargesample-and-holdapacitor
and three networks of interconnectionsn eachof the threedirections,requiring a fan-
in/fan-outof 18 nodevoltagesacrosgheinterfaceof eachpixel unit. A micrographof the
Tiny 2.2 x 2.2 sg. mm chip, fabricatedhroughMOSISin 1.2 um CMOStechnologyis
shavnin Figure5 (b).

We have testedthe BCS chip both underfocal-planeoptical inputs, and random-access
direct electronicinputs. Input currentsfrom optical input underambientroom lighting
conditionsarearound30 nA. The experimentaresultsreportechereareobtainedby feed-
ing testinputselectronically Theresponsef the BCS chip to two testimagesof interest
areshawn in Figures6 and?.
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Figure5: BCSprocessar (a) Pixellayout. (b) Chip micrograph.
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Figure6: Experimentaresponsefthe BCSchip to a curvededge. (a) Reconstructed
inputimage. (b) Complexfield. (c) Bipolefield. Thethicknessof thebars onthegrid
representhe measued component@ thethreedirections.

Figure6 illustrategheinterpolatingdirectionalresponséo acurvededgein theinput, vary-
ing in directionbetweerntwo of the principalaxes(u andw in theexample).Interpolation
betweerguantizeddirectionsis importantsinceimplementingmoreaxesonthegrid incurs
aquadraticcostin compleity. Thesecondexampleimagecontainsa barwith two gapsof
differentdiameterfor the purposeof testingBCS's capacityto extendcontourboundaries
acrossclutter Theresponsen Figure7 illustratesa characteristiof bipole operation,in
which short-rangealiscontinuitiesarebridgedbut large onesarepresered.

5 Conclusions

An analogVLSI cellulararchitecturamplementingthe BoundaryContourSystem(BCS)
onthefocalplanehasbeenpresentedA diffusivekernelwith distributedresistve networks
hasbeenusedto implementlong-rangeinteractionsof bipole cells without the needof
excessveglobalinterconnectacrosgshearrayof pixels. Thecellularmodelis fairly easyto
implementandsucceed selectingopoundarycontouran imageswith significantclutter.
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Figure7: Experimentatesponsefthe BCSchip to a bar with two gapsof differentsize
(a) Reconstructedhputimage. (b) Complefield. (c) Bipolefield.

Experimentatesultsfrom a 12 x 10 pixel prototypedemonstratexpectedBCS operation
on simpleexamples.While this sizeis smallfor practicalapplicationstheanalogcellular
architectureis fully scalabletowardshigherresolutions. Basedon the currentdesign,a
10 000-pixel arrayin 0.5 um CMOStechnologywouldfital 2 die
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