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Abstract

We presentananalogVLSI cellulararchitectureimplementinga simpli-
fiedversionof theBoundaryContourSystem(BCS)for real-timeimage
processing.Inspiredby neuromorphicmodelsacrossseveral layersof
visual cortex, the designintegratesin eachpixel the functionsof sim-
ple cells,complex cells,hyper-complex cells,andbipole cells, in three
orientationsinterconnectedon a hexagonalgrid. Analog current-mode
CMOScircuitsareusedthroughoutto performedgedetection,localinhi-
bition,directionallyselectivelong-rangediffusivekernels,andrenormal-
izing globalgaincontrol.Experimentalresultsfrom afabricated�������	�
pixel prototypein 1.2 
 m CMOStechnologydemonstratetherobustness
of the architecturein selectingimagecontoursin a clutteredandnoisy
background.

1 Intr oduction

TheBoundaryContourSystem(BCS)andFeatureContourSystem(FCS)combinemodels
for processesof imagesegmentation,featurefilling, andsurfacereconstructionin biolog-
ical vision systems[1],[2]. They provide a powerful techniqueto recognizepatternsand
restoreimagequality underexcessive fixedpatternnoise,suchasin SAR images[3]. A
relatedmodelwith similar functionalandstructuralpropertiesis presentedin [4].

The motivation for implementinga relatively complex modelsuchasBCS andFCSon
thefocal-planeis dual. First,asarguedin [5], complex neuromorphicactive pixel designs
becomeviable engineeringsolutionsas the featuresizeof the VLSI technologyshrinks
significantlybelow theopticaldiffractionlimit, andmoretransistorscanbestuffed in each
pixel. The pixel designthat we presentcontains88 transistors,likely the mostcomplex
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Figure1: Diagramof BCS/FCSmodelfor imagesegmentation,featurefilling, andsurface
reconstruction.Threelayers representsimple, complex andbipolecells.

activepixel imagereverputonsilicon.Second,ourmotivationis toextendthefunctionality
of previous work on analogVLSI neuromorphicimageprocessorsfor imageboundary
segmentation,e.g. [6, 7, 5, 8, 9] whicharebasedonsimplifiedphysicalmodelsthatdonot
includedirectionalselectivity and/orlong-rangesignalaggregationfor boundaryformation
in thepresenceof significantnoiseandclutter. TheanalogVLSI implementationof BCS
reportedhereis a first steptowardsthis goal, with the additionalobjectivesof real-time,
low-power operationas requiredfor demandingtarget recognitionapplications. As an
alternative to focal-planeoptical input, the imagecan be loadedelectronicallythrough
random-accesspixel addressing.

TheBCS modelencompassesvisual processingat differentlevels, includingseveral lay-
ersof cells interactingthroughshuntinginhibition, long-rangecooperativeexcitation,and
renormalization.Theimplementationarchitecture,shown schematicallyin Figure 1,parti-
tionstheBCSmodelinto threelevels: simplecells,complex andhypercomplex cells,and
bipolecells.

Simplecells computeunidirectionalgradientsof normalizedintensityobtainedfrom the
photoreceptors.Complex (hyper-complex) cells performspatialand directionalcompe-
tition (inhibition) for edgeformation. Bipole cells perform long-rangecooperationfor
boundarycontourenhancement,andexert positive feedback(excitation)onto the hyper-
complex cells. Our presentimplementationdoesnot includetheFCSmodel,which com-
pletesandfills featuresthroughdiffusivespatialfiltering of theimageblockedby theedges
formedin BCS.

2 Modified BCSAlgorithm and Implementation

WeadoptedtheBCSalgorithmfor analogcontinuous-timeimplementationonahexagonal
grid, extendingin threedirectionsO , P and Q onthefocalplaneasindicatedschematically
in Figure 2. For notationalconvenience,let subscript� denotethecenterpixel and RSO , RSP
and RSQ its six neighbors.Componentsof eachcomplex cell “vector” TVU atgrid location W ,
alongthreedirectionsof edgeselectivity, areindicatedwith superscript indicesO , P and Q .

In theimplementedcircuit model,apixel unit consistsof aphotosensor(or random-access
analogmemory)sourcinga currentindicating light intensity, gradientcomputationand
rectificationcircuitsimplementingsimplecellsin threedirections,andonecomplex (hyper-
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Figure2: Hexagonalarrangementof BCSpixels,at thelevelof simpleandcomplex cells,
extendingin threedirectionsO , P and Q in thefocalplane.

complex) cell andonebipolecell for eachof thethreedirections.

The photosensorsgeneratea current p U that is proportionalto intensity. Throughcurrent
mirrors, the currentsp-U propagatein the threedirections O , P , and Q asnotedin Figure
2. Rectifiedfinite-differencegradientestimatesof p U areobtainedfor eachof the three
hexagonaldirections.Thesegradientsexcite thecomplex cells qsrU .

Lateralinhibition amongspatially( W ) anddirectionally(t ) adjacentcomplex cells imple-
mentthe functionof hypercomplex cells for edgeenhancementandnoisereduction.The
complex output( qsrU ) is inhibitedby localcomplex cell outputsin thetwo competingdirec-
tionsof t . qvu is additionallyinhibitedby thecomplex cellsof the four nearestneighbors
in competinglocationsW with parallelorientation.

A directionallyselective interconnecteddiffusive network of bipole cells wxrU , interacting
with thecomplex cells qsrU , provideslongrangecooperativefeedback,andenhancessmooth
edgecontourswhile reducingspuriousedgesdueto imageclutter. q rU is excitedby bipole
interactionreceivedfrom thebipolecell wxrU ontheline crossingW in thesamedirectiont .

Theoperationof the(hyper-)complex cellsin thehexagonalarrangementis summarizedin
thefollowing equation,for oneof thethreedirectionsO :

qxyu{z
|||| ��

} p4~���p-���M��p u
|||| ��� } q ~u ��q �u �����&� } qxy~ ��qxy� ��qxy� ~ ��qxy� � ������w�yu (1)

where:

1. ���� } p ~ ��p � �v��p�uD� representstherectifiedgradientinput asapproximatedon the
hexagonalgrid;

2. � } q ~u ��q �u � is theinhibition from locally opposingdirections;

3. � � } q y~ ��q y� ��q y� ~ ��q y� � � is inhibition from non-alignedneighborsin thesame
direction;and

4. ��w yu is theexcitationthroughlong-rangecooperationfrom thebipolecell.
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Figure3: Networkof bipolecells,implementedona hexagonalresistivegrid usingorien-
tationally tuneddiffusors extendingin threedirections. ¸:¹)º¼»�½�¸+~4¾�¿�» determinesthe spatial
extentof thedipole, whereaş ¹)º¼» ½�¸%À ¿¼Á Â�Â setsthedirectionalselectivity.

Thebipolecell resistive grid (Figure 3) implementsa three-foldcross-coupled,direction-
ally polarized,long-rangediffusivekernel,formulatedasfollows:

w�yu zÄÃ yy qxyu � Ã y~ q ~u � Ã y� q �u (2)

whereÃ yy , Ã y~ , and Ã y� representspatialconvolutionalkernelsimplementingbipolefields
symmetricallypolarizedin the O , P and Q directions.Diffusive kernelscanbeefficiently
implementedwith a distributedrepresentationusing resistive diffusive elements[7, 10].
Threelinear networks of diffusor elementsare used,complementedwith cross-linksof
adjustablestrength,to control the degreeof direction selectivity and the spatialspread
of the kernel. Finally, the result(2) is locally normalized,beforeit is fed backonto the
complex cells.

3 Analog VLSI Implementation

Thesimplifiedcircuit diagramof theBCScell, includingsimple,complex andbipolecell
functionsonahexagonalgrid, is shown in Figure4.

Theimageis acquiredeitheroptically from phototransistorsonthefocal-plane,or in direct
electronicformat throughrandom-accesspixel addressing,Figure4 (a). The simplecell
portionin Figure4 (b) combinesthelocal intensity p u with intensitiesp4~ and p4� received
from neighboringcells to computethe rectifiedgradientin (1), usingdistributedcurrent
mirrorsandanabsolutevaluecircuit. A pMOSloadconvertsthecomplex cell outputinto
a voltagerepresentationq yu for distribution to neighboringnodesandcomplementaryori-
entations:local inhibition for spatialanddirectionalcompetitionin Figure4 (c), andlong-
rangecooperationthroughthebipole layer in Figure4 (d). The lineardiffusive kernelis
implementedin current-modeusingladderstructuresof subthresholdMOStransistors[7],
threefamiliesextendingin eachdirectionwith cross-linksfor directionaldispersionasin-
dicatedin Figure3.

Voltagebiasescontrol the spatialextent anddirectionalselectivity of the interactions,as
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Figure4: Simplifiedcircuit schematicof oneBCScell in the hexagonal array, showing
onlyoneof threedirections,theotherdirectionsbeingsymmetricalin implementation.(a)
Photosensorandrandom-accessinput selectioncircuit. (b) Simplecell rectifiedgradient
calculation. (c) Complex cell spatial andorientationalinhibition. (d) Bipole cell direc-
tional longrangecooperation. (e)Bipoleglobalgainandthresholdcontrol.

well astherelative strengthof inhibition andexcitation,andthe level of renormalization,
for the complex and bipole cells. The valuesfor ¸ ~4¾9¿ » , ¸ ¹)º¼» and ¸%À ¿EÁEÂ�Â controlling the
bipolekernelaresetexternallyby applyinggatebiasvoltagesÚÛ~4¾9¿ » , ÚÜ¹)º�» and Ú À ¿EÁEÂ�Â , re-
spectively. Likewise,theconstants� , � � and � in (1) aresetindependentlyby theapplied
sourcevoltagesÚAÝ , ÚÞÝ+ß and ÚÜà . Globalnormalizationandthresholdingof thebipole re-
sponsefor improvedstabilityof edgeformationis achievedthroughanadditionaldiffusive
network that actsasa localizedGilbert-typecurrentnormalizer(only partially shown in
Figure4 (e)).

4 Experimental Results

A prototype���á�â��� pixel arrayhasbeenfabricatedandtested.Thepixel unit, illustratedin
Figure5 (a),hasbeendesignedfor testability, andhasnotbeenoptimizedfor density. The
pixel contains88transistorsincludingaphototransistor, a largesample-and-holdcapacitor,
and threenetworks of interconnectionsin eachof the threedirections,requiring a fan-
in/fan-outof 18 nodevoltagesacrosstheinterfaceof eachpixel unit. A micrographof the
Tiny ��ã>�ä����ã>� sq.mm chip, fabricatedthroughMOSIS in 1.2 
 m CMOStechnology, is
shown in Figure5 (b).

We have testedthe BCS chip both underfocal-planeoptical inputs,and random-access
direct electronicinputs. Input currentsfrom optical input underambientroom lighting
conditionsarearound30 nA. Theexperimentalresultsreportedhereareobtainedby feed-
ing testinputselectronically. Theresponseof theBCSchip to two testimagesof interest
areshown in Figures6 and7.
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Figure6: Experimentalresponseof theBCSchip to a curvededge. (a) Reconstructed
input image. (b) Complex field. (c) Bipolefield. Thethicknessof thebars on thegrid
representthemeasuredcomponentsin thethreedirections.

Figure6 illustratestheinterpolatingdirectionalresponsetoacurvededgein theinput,vary-
ing in directionbetweentwo of theprincipalaxes( O and Q in theexample).Interpolation
betweenquantizeddirectionsis importantsinceimplementingmoreaxesonthegrid incurs
aquadraticcostin complexity. Thesecondexampleimagecontainsabarwith two gapsof
differentdiameter, for thepurposeof testingBCS’s capacityto extendcontourboundaries
acrossclutter. The responsein Figure7 illustratesa characteristicof bipoleoperation,in
whichshort-rangediscontinuitiesarebridgedbut largeonesarepreserved.

5 Conclusions

An analogVLSI cellulararchitectureimplementingtheBoundaryContourSystem(BCS)
onthefocalplanehasbeenpresented.A diffusivekernelwith distributedresistivenetworks
hasbeenusedto implementlong-rangeinteractionsof bipole cells without the needof
excessiveglobalinterconnectsacrossthearrayof pixels.Thecellularmodelis fairly easyto
implement,andsucceedsin selectingboundarycontoursin imageswith significantclutter.
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Figure7: Experimentalresponseof theBCSchip to a bar with two gapsof differentsize.
(a) Reconstructedinput image. (b) Complex field. (c) Bipolefield.

Experimentalresultsfrom a 12 � 10pixel prototypedemonstrateexpectedBCSoperation
on simpleexamples.While this sizeis small for practicalapplications,theanalogcellular
architectureis fully scalabletowardshigher resolutions.Basedon the currentdesign,a�	�Ûí �%�+� -pixel arrayin 0.5 
 m CMOStechnologywouldfit a 1 î-ï �

die.
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