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PictureProcessingSystemByComputerCOMPLEχ

AndRecognitionOfHumanFaces

TakeoKanade

ABSTRACT

Theresearchheredescribedisconcernedwithdevelopmentofa

pictureprocessingsystem,andcomputeranalysisandidentification

ofhumanfaces｡

Thedevelopedsystemcomprisesacomputercomplexofamedium-

sizedhostcomputerwithahigh-speedminicomputertowhichseveral

pictorialinput/outputdevicesareconnected･,Ithasbeendesigned

tobeasflexible&spossiblesothatitcanfacilitatethesolution

ofseveralclassesofproblemsinpictureprocessing.Manyexamples

ofusageofthefacilitiesdemonstrateawideandpotential

applicabilityofthesystem｡

Picturesofhumanfacesaresuccessfullyanalyzedbyacomputer

programwhichextractsface-featurepoints,suchasnose,mouth,eyes

andsoon.Theprogramwastestedwithmorethan800photographs･

Emphasisisputontheflexiblepictureanalysisschemewithfeedback

whichwasfirstemployedinthepictureanalysisprogramwith

remarkabTesuccess.Theprogramconsistsofacollectionofrather

simplesubroutines,eachofwhichworksonthespecificpartofthe

picture.andelaboratecombinationofthemwithbackupprocedures

makesthewholeprocessflexibleandadaptive.Anexperimentonface

identificationof20peoplewasalsoconducted.
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CHAPTERI

INTRODUCTION

Pictureprocessingbycomputerhasfounditsapplicationin

variousfields.Characterrecognitionhasshownthemostpractical

success.Furthermore,thetechniquesspanmuchmoresophisticated

applicationssuchasinterpretationofbiomedicalimagesandx-ray

films,measurementofimagesinnuclearphysics,processingofalarge

volumeofpictorialdatasentfromthesatell1tes,etc.Theimpor-

tanceandbenefitofautomaticpictureprocessingcontinuetogrow.

Thisthesisisconcernedwithpictureprocessing0fthiskind

Thecontentsare.roughlyspeaking,twofold:

(1)Developmentofpictureprocessingsystembycomputercomplex

Thesystemconsistsofseveralpictorial-datainput/output･

devicesundercontrolofahigh-speedminicomputerwhichiscon-

nectedtoamedium-sizedhostcomputer.Ithasbeendesignedto

beasflexibleaspossiblesothatitcanfacilitatethesolution

of･severalclassesofproblemsinpictureprocessing.Inaddi-

tiontothenoticeablecapabilitiesofpictureprocessing,the

systemembodiesaninterestingformofcomputer-computercommuni-

cation.

(2)Pictorialrecognitionofhumanfaces

Picturesofhumanfacesaresuccessfullyanalyzedbyacom-

puterprogramwhichextractsface-featurepoints.suchasnose.

mouth,eyes,andsoon.Theprogramwastestedwithmorethan
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800 photographs.　The success of the program is due to the employ-

merit of a flexible picture　analysis　scheme　with feedback.　An

experiment on face identification of 20 people was also conducted.

I-l.　Picture Analysis and Recognition - New Aspects

　　When shown the pictures of the human face　of Fig. 1-1,　we　can

immediately tell　the　positions　of the　nose, mouth　and　eyes;　and more-

over, we can say that both pictures surely　portray　the same person.

Picture analysis and recognition by computer concerns itself with this

type of two-dimensional　image processing.　In this thesis, I selected

human-face photographs as objects of processing･
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Figure　1-1　Pictures of human face.
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Characterrecognitionbymachinehasbeeninvestigatedveryinten-

sivelyasoneofthemostfundamentalproblemswithpracticalvalue.

Todaycomputerprocessingofvisualimageshascometodealwithmore

sophisticatedproblems:sceneanalysisinrobotprojects.biomedical

ormeteorologicalimageinterpretation,recognitionoffacesorfinger-

prints,etc｡

Itmightbeconsideredthatrecognitionoffacesorothernatural

sceneswouldbeonlyalittlemorecomplexthancharacters,butactual-

ly,completelynewaspectsappear｡

Inthecaseofprintedcharacters,onecanassumethestandard

pattern.Thusprocessingusuallyinvolvesmatchingwiththestandard

patternorfeaturemeasurementsatpredeterminedpoints.anddecisions

abouttheexistenceoffeaturesarebasedonthecombinationallogic｡

0ntheotherhand,inprocessingcomplexnaturalimagessuchas

faces,thesituationisfurthercomplicated.Thereissuchawide

varietyintheinputimagesthatthemeasurementoffeaturesmustbe

adaptivetoeachindividualimageandrelativetootherfeaturemea-

surements.Inadditiontotheselow-levelprocessings-sotospeak

"local"processing-thesystemneedsdecisionalgorithmofhigher

level一一itshouldbereferredtoas"global"recognition-;ithas

tointerpretthestructuresofthepicture｡

Thepictureanalysisprogramforhuman-facephotographs,develop-

edinthisthesis,showssomeofthesenewaspectsofadvancedpicture

processing.Itemploysanewflexibleanalysis■schemewhichelaborate-

lycombineslocalprocessingwithglobalrecognition.Backupproce-

dureswithfeedbackandretrialplayaveryimportantroleinIt.

Sincethevarietyofpicturestobetreatedisenormous.fixedanaly-

sisalgorithmsarenotverypowerful｡'Theprocessmustbefleχible

andadaptiveinthesensethattheanalysisinacertainportionofa

pictureiscarriedoutrepeatedlywithachangeofparametersuntilit

givesasatisfactoryresult.Iftheanalysisfails,itscauseisex-

aminedindetailtofindoutthepartwheretheanalysismustbeper-

formedoncemore.Theflexibilityofthehuman-faceanalysisprogram

3



resultscertainlyfromthesebackupprocedures｡

Thisisoneofthefirstworksthatactuallyimplementsucha

flexibleanalysisschemeinthepictureanalysisprogram.Thedetail

willbedescribedinCHAPTERIII｡

InCHAPTERIV,computeridentificationof20peoplebytheir

facesisattempted,usingtwopicturesforeachperson.Asetof

facialparametersiscalculatedforeachpictureonthebasisoffea-

turepointslocatedbythepictureanalysisprogram.Intheidentifi-

cationtest.15outof20peoplewerecorrectlyidentified.This

resultiScomparedwiththecaseinwhichahumanoperatorlocatesthe

featurepoints,anditisdemonstratedthatcomputermeasurementis

almostasgoodashumanmeasurement.Thetwo-stageprocessemployed

inthecomputerfeatureextractionincludesa"distant"feedbackthat

involvesbothhigh-leveldecisionandlow-levelprocessing.

1-2.PictureProcessingSystem

Itshouldbenotedthatapictureprocessingsystemshouldbea

totalsystem:itneedsallofpictureinput,storage,display,pro-

cessingcapabilitiesandman-machineinteraction.Asdiscussedabove.

processingcapabilitiesincludenotonlybit-operationtodealwith

gray-leveldata.butalsosymbolmanipulationtomakehigh-leveldeci-

sions｡

Tofulfilltherequirements,anewpictureprocessingsystemhas

beendesignedandconstructed:itconsistsofseveralpictorial-data

I/Odeviceswhichareundercontrolofahigh-speedminicomputerthat

isconnectedtoamedium-sizedgeneral-purposecomputerwithfiling

devices.Thesystememployssystem-subsystemorganization.Themini-

computerandI/Odevicesform･asatellitesubsystemnamedGIRLS

(Graphical-dataInterpretationandReconstructioninLocalSatellite),

whichnotonlyfunctionsasapre-/post-processorbutalsocancarry

outsomeintelligentjobsindependentlyofand/orcooperativelywith

4



thehost:datainput.datatransformation,featuremeasurement.man-

machineinteraction.filmoutput.etc.Suchfunctionsarecalledinto

actionbyanoperator'scommandenteredfromtheteletypewriterorby

aprogramcommandsentfromthehostcomputer.Thehostcomputer

dealswithreduceddata.manipulatesthemajordatastructure,makes

high-leveldecisionsforglobalrecognition,storesdatainthefile.

orprintsouttheresultsonthelineprinter｡

Thedevelopedsystemoffersawidevarietyoffacilitiesforuse

insolvingseveralclassesofproblemsofpictureprocessing.Thede-

signphilosophyandfunctionalcapabilitiesofthesystemwillbe

describedinCHAPTERII.Severalexamplesofthepotentialusageof

thesystemarealsopresented.

1-3.RelatedWorks

Atremendousnumberofpapershavebeenpublishedonpictorial

patternrecognitionorpictureprocessing:excellentsurveyarticles

canbefoundinNagy[231.Theobjectivehereisnottocover

alltheaspectsofpictureprocessing.buttoreferselectively

totheworkswhicharecloselyrelatedtothecontentsofthis

thesis.Therearetwocategories:

(1)articlesthatdescribeapictureprocessingsystem,notadevice

itself,havingsomedistinguishingfeatures｡

(2)articlesthatdealwithhumanfacesastheprocessingobject.

Ledley,Rotolo｡Belson,etal.[20]constructedFIDAC(FilmInput

toDigitalAutomaticComputer),specificallyforprocessing0fb'i0-

medicalpictures.Undercomputer-programcontrol,ithasahigh-speed

scanoflessthan0.3secondsperframe,sampling700×500pointsin
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theseven-levelgraymodeor1000×800pointsintheblack-and-white

mode.Thespeedofscanningandthecapabilityofreal-timeoperation

makepossibletherapidprocessing0fpicturesforstatisticalanaly-

sisandscreeningpurposes.ThefactthatFIDACison-linewiththe

computer,withnointermediatemagnetic-taperecording,resultsin

extremeflexibility,convenience,andeconomyofstorageoftheorigi-

naldata.Theyalsohavedevelopedcomputer-programmingsystemsto

facilitatepictureanalysisandmeasurement｡

Severalworkingsystemsexisttoprocessbubblechamberphoto-

graphsproducedinhigh-energyphysics.Someofthemhaveveryspe-

cialprovisionsforscanning｡

ThePEPRhardwareatMIT(Pless[27])isaCRTscannerthatusesa

flyingZvnesegmenttolocatetrackelements.Thelinesegmentcan

beorientedatanyangleandmovedeitherinthexorydirection･

Becausethesharpestoutputoccurswhentheflyinglinesegmentis

tangenttothetrack.boththecoordinatesandtheangleofthetrack

elementcanbemeasuredveryaccurately;theyareusedtoanalyzebub-

blechamberevents(BastienandDunn[3])｡

AnotherinterestingmannerofscanningisPOLLY(Barr[1],Beck[4])･

Thespotproducesparallelshortscanning1ineswhichareperpendicu-

lartoatrack.Thispermitsreliabledetectionofthetrackwith

shortbreaks.

6

PingleandTenenbaum[26]developedan.accommodatingedgefollower.

Theprogramlocatesobjectsinatelevisionimageandtracestheir

edges.Fordoingthis｡itcanaccommodatethetelevisioncameratoOb-

tainthemostappropriateimageforeachphase,i.e.,maximizingdy-

namicrangeduringacquisition.andsensitivityduringtrancing.The

capabilityofan"intelligent"datasamplingofthiskindis＼jery

essentialforadvancedpictureprocessing｡

ThedigitalscanningI/OdeviceatNHK(FukushimaandYamaguchi[10])

iSfullycontrol1edbyasmal1computer.Itcandigitizefilmdata

andrecordcomputeroutputonthefilmusingasingleCRT.Itisa

basicallyhardware-orientedsystemwherethesizeandnumberofpicture



elementsarecontrolledbyaspecialhardware｡

GRAFIXlofInformationInternationalIncorp.(Gray[13])iSprob-

ablyoneofthelargest-scaleandmostcompleteimageprocessingsys-

ternswhicharecommerciallyavailable.Thecentralprocessorisa

time-sharingPDP-10withalargecorememoryandalltheperipheralS.

Thesystemconsistsofthreeimage-orientedportions:GRAFIXconsole

subsystemwhichprovidesprogrammersandoperatorswithfacilitiesfor

interactionwiththesystem;ahigh-precisionfilm-to-digitaltrans-

ducer;andBinaryImageProcessor(BIP)whichisaspecial-purpose

computer,highlypowerfulforsuchtypicaloperationsinpicture

processingassmoothingandholefillin9｡

Manyofthosecapabilitieswhicharejudgedtobevaluablehave

beenimplemehtedinoursystem.buttheyaremainlyrealizedintemis

ofthesoftwareofthehigh-speedminicomputer.Inthissense,0u『

systemcanbedescribedassoftware-oriented｡

HerbstandWm[15]describetheexperimentallaboratoryatthe

IBMT.J.WatsonResearchCenter,whichincludestwoflying-spot

scannersandaTVcameraspeciallyinterfacedtoaprocesscontrol

digitalcomputer,dot-modeandvectordisplay.andanal0gl/0

facilities.Theirthreedesignprinciples(man-machineinteraction,

directprogramcontrolandsatelliteoperation)under!iealsothe

designofoursystem｡

Thesystem-subsystemarrangementsimilartotheorganization

weadoptedisoftenemployedincomputergraphicssystems(Foley[9]).

DESIGNPADofIBM(Belady,Blasgen,EvangelistiandTennison[5])

isatypicalexample.Thehost,atime-sharedIBM360/67,

isthecentralanalysismachine.whereasthesatellite.anIBM1130

combinedwithadisplayunit,isahigh-capabilityuserterminal.The

satellitecommunicateswiththehostviastandardtelephoneserviceat

2000bit/sec.Thisisalow-speedintercomputercommunication.The

contrasttooursystemexistsinthatthehost-satellitecommunication

inoursystemismuchmoreintimateandthehigh-speedtransmission

ispossibleupto750kbit/secbymeansofthechannel-to-channel

7



connection;alargevolumeofimagedatacanbetransferredwithina

reasonabletimedelay.

!nspiteofthefactthatitisamatterofeverydaypracticeto

recognizefaces.machinerecognitionofhumanfaceshasnotbeenat-

temptedsooftenasrecognitionofcharact･ersorotherpictureinter-

pretationtasks.

TheworkbegunbyBledsoe(ChanandBledsoe[7],Bledsoe[6])isthe

firstimportantattempt.Itisahybridman-machinesystem:ahuman･

operatorlocatesthefeaturepointsofthefaceprojectedontheRAND

tablet,andthecomputerclassifiesthefaceonthebasisofthose

fiducialmarks.Theparametersemployedarenormalizeddistancesand

ratiosamongsuchpointsaseyecorners,mouthcorners,nosetip,head

top,etc.

KayaandKobayashi[16]discussedintheinformationtheoretic

termsthenumberoffacesthatcanbeidentifiedbythiskindofpara-

metrization.

Recently,Harmonandhisassociatesdidasystematicresearch

concernedwithboththehumanandthecomputer'sabilityofhuman-face

identification(Harmon[14],Goldstein,HarmonandLesk[11]).･Aftertwo

preliminaryexperimentstheyconstructedaninteractivesystemfor
･･

human-faceidentification(Go!dstein,HarmonandLesk[12]).

Ahumanoperatorisgivenaphotographofonememberofthepopu-

lation.Hedescribesthistargetfacetothecomputerusingrather

subjective"features"likelongears,wide-seteyes,etc.Thecomput-

ersearchesthroughthepopulationtoretrievethe"target"onthebasiS

ofthissubjectivelyassignedfeaturejudgment.Inthiswaythesys-･

temtakesadvantagebothofthehuman'ssuperiorityindescribing

featuresandofthemachine'ssuperiorityinmakingdecisionsbasedon

accurateknowledgeofpopulationstatistics.

Thoseworksmentionedabovedonotdealwithhumanfacesasthe

8



objectofpictureprocessing.andtheproblemofautomaticfeature

extractionfromapictureofthefacehasbeenleftopenforfurther

research｡

Thefirstseriousworkinthisdirectionisperhapsoneby

Kelly[17],whichISmostcloselyrelatedtotheworkreportedhere.

Heusesfivemeasurementsfromapictureoftheentirebodysuchas

height,widthofshoulders,etc.andfivemeasurementsfromaclose-up

oftheheadsuchaswidthofthehead.distancebetweeneyes,etc.

Hisprogramcouldidentifyabouttenpersonswhosephotographswere

takeninastandardizedmanner.Variousmethodsareusedinrecogniz-

ingeachpartofthepicture:subtraction.edgedetection,temp!ate

matching,anddynamicthresholdsetting.Allofthesemethodsare

appliedheuristicallyinagoal-directedmanner｡

Muchmoreintensivestudyisreportedinthisthesis.Onlya

pictureofthefaceisused.Accuratefeaturepointsarelocatedin

it,fromwhichthemeasurementsonfacialparametersarederived.Though

thegeneralflowofprocessingresemblesthatofKelly.animportant

andcleardifferenceexistsinthepictureanalysisprogram.The

analysisprogramisnotastraight-lineprogramthatprocessesan

inputpictureinapredeterminedorder.butitemploysaflexiblepic-

tureanalysisscheme哨thfeedback.Thesuccessoftheprogramhas

shownthattheschemeisverypowerfulforprocessing0fcomplexpic-

tures｡

BeforeKelly'swork.Sakai,NagaoandFujfbayashi[31]havewrit-

tenaprogramforfindingfacesinphotographsbytemplate-matching

method.Theyfirstproduceabinarypicturewhichcontainstheedges

oftheinputpicture.AtemplateforahumanfaceisdividedInto

severalsubtemplateseachofwhichcorrespondstotheheadline,fore-

head,eyes,noseormouth.Thosesubtemplatesarematchedwiththe

edgepicture.Asetofpointswithhighmatchingoutputwhosemutual

spatialrelationshipisreasonableassuretheexistenceofaface｡

FischlerandElschlager[8]describeasophisticatedmethodfor

detectingtheglobalstructurebyasetoflocaltemplatematchings.

9



Supposethatanobject(e･9･,aface)iscomposedofseveralcompo-

nents(e.g･,eyes,nose,mouth,etc.)whichmustsatisfysomespatial

relationshipsinordertoberecognizedassuch.Aplausiblemodel

ofthisisasetofmasspointswhichare'mutuallyconnectedby

springs:thedegreeofrelationshipbetweentwocomponentsisrepre-

sentedby"springconstant"ofthespringthatconnectsthem,andthe

extenttowhichtherelationshipisnotsatisfiedisregardedas

"stretchingthespring".Theevaluationfunctioncombinesboththe

degreeoflocalmatchingofeachcomponentandthecostofstretching

thesprings.Givenaninputimage,thelocationsofcomponentsare

determinedsuchthattheevaluationfunctionisminimalbyusinga

kindofdynamicprogramming.Theyappliedthismethodtotheproblem

oflocatingfeaturepointsinaface｡

Thesetwomethodshavesomeparallelismintheirnatureandmay

beeffectivetodetectanobjectinascene;buttheyappeartobe

time-consuming,andyieldonlyapproximatelocationsofcomponents.

Themethodemployedinthisthesisiscompletelydifferent.Thecom-

ponentsaredetectedinratheratop-downmannerdirectedbythemodel

ofthefaceembeddedintheprogram.

10



CHAPTERII

NEWFLEXIBLEPICTUREPROCESSINGSYSTEMBYCOMPUTERCOMPLEX

II-l.Introduction

Inthischapter.thesystemrequirementsforpictureprocess-

ingresearcharefirstsummarized.Basedonthoseconsiderations,a

newpictureprocessingsystemhasbeendesignedandconstructed:it

consistsofaflying-spotscanner,aGraf/pen(coordinate-inputdevice

oftablettype)andastorage-typeCRT,whichareundercontrol0fa

high-speedminicomputerthatisconnectedtoamedium-sizedgeneral-

purposecomputerwithfilingdevices.Thesystememploys

system-subsystemorganization;theminicomputerandinput/output

devicesformasatellitesubsystemcalledGIRLS(血･aphical-data

XnterpretationandReconstructionink!DcalSatellite),whichnot

onlyfunctionsasapre-/post-processor･butalsocancarryoutsome

intelligentjobsindependentlyofand/orco-operativelywiththehost

machine.Thewholesystemhasseveralfeaturesinbothhardwareand

softv/are,sothatitcanbeusedinaflexiblemannerforthesolu-

tionofseveralclassesofpictureprocessingproblems｡

Thischapterprovidesonlyageneraldescriptivepresentation

ofthesystem.Thedetaileddescriptionsofthedevelopedhard-

wareandsoftwarearefoundinAPPENDIXA.Inthelastsectionof

thischapter,anon-lineanalysisofhuman-facephotographsis

demonstratedasanexampleofapotentialuseofthissystem.
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II-2.BasicDesign

II-2-1.SystemRequirementsforAdvancedPictureProcessingResearch

Thefollowingaresomeofthebasicrequirementstobeconsider-

edindesigninganewpictureprocessingsystem.

(1)flexibleinputofimagedataundervariousprogram-control1able

conditions

(2)high-speed,on-line,real-timecontrolofdevices

(3)intimateman-machineinteraction

(4)file.list-processing,andproblem-solvingtechniquesshouldbe

available:point-by-pointoperationssuchasthinning.thresh-

oldingandthelikearenotallofthepictureprocessing.

Higher-orderdecision-makingisessentialforadvancedpicture

process!n9･

(5)Asaresearchinstrument.thesystemshouldbesoft:system

modificationandexpansionseekingforbetterperformanceand

capabilityaretobemadeeasily.

Letusdiscussthesepointsinsomedetail.Asthecomputer

pictureprocessingcomestocoverbroaderapplications.necessary

accuracyandresolutionbecomehigherandtheamountofdatabitsto

representoneframeofapictureisenormous.Forinstance,a

completescanofaframeof1000×1000pointarraywith5へ,8bit

grayleve!sperpointproduces5へj8×106bits.Furthermore,data

sampling undervarioussettableconditionssuchasresolution,

contrast.offsetandsoon.0rcolor-imagesamplingwillgiveriseto

anunmanageableamountofstoreddata.Sometimestostoreimagedata

onmagnetictapesisnotfeasible:considerthecaseofamicroscope

imagewhichneedsthree-dimensionalresolution;thedatamayamount

12
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to1011bits[34];itwouldfillathousandreelsof2400ftmagnetic

tape!

Thisleadstotheviewthatimagedataarestoredmostcompactly

intheoriginalfilmsorpictures,andthatitISmoreadvantageous

toenjoy¨anintelligentscan";whentheprocessingisjustbeing

done,onlyrelevant.interestingportionsofthepicturearescanned

underthenecessaryandsufficientconditionsofresolution,contrast,

etc｡

Thedemandforthisintelligentscanisevokedalsobythe

processingmethod.Thestraight-1lneschemeofprocessing-input

゛preprocessin94･featureeχtraction4･classification-mayhave

workedwellincharacterrecognition,butthisconventionalmethod

consistingofasequenceoftransformationsisinadequateforprocess-

ingcomplexpictures.Incontrast,intheadvancedpictureprocessing

asshowninFig.2-1,whilerawdataarereducedtohigher-level

descn"ptions,thefeedbackprocessisimportantaswell.Resultsin

eachintermediatestagearefedbacktothepreviousstages,tocheck

iftheyarecorrect,tomodifytheprocess,ortoextractmoreprecise

informationbasedontheresultssofarobtained.Abroadareamay

befirstscannedwithlowresolutiontoobtainroughinformation,and

then,zoominguptotherelevantportionofthepicture,thescanmay

beconfinedtoasmallerregionwithhighresolution.

Figure2'IAdvancedpictureprocessingscheme
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Forthispurpose.aflying-spotscannerwithrandomscanning

abilityoraTVcamerawithcontrollablefocusandcontrastisa

suitabledevice.Inordertomakeaneffectiveuseofthedevice.

high-speed.flexibleprogramcontrolisessential.Inaddition.it

isdesirablethatsimplepreprocessings(e.g･,noisefiltering)are

executedintheearlierstagestoreducestoragerequirementor

processingtimeinthelaterstages｡

Itshouldbeemphasizedthatapictureprocessingsystemshould

beatotalsystemthatincludesinput/output,operationsonimagedata.

andhigher-orderdecisionmaking.AsshowninFig.2-1,anappropri-

atedatastructureistobeusedtorepresent"knowledgeandseman-

tics",andproblem-solvingtechniquesarenecessarytocontrolthe

wholeprocessinagoal-directedmanner.Thesepointssuggestthat

file,symbol-manipulationlanguage,e.g.,LISP,andmethodsofartifi-

cialinte!llgencearetobeavailableincombinationwithusual

processingtechniquesofimagery.

II-2-2.System-SubsystemOrganization

Nowtherequirementshavebeenclarified.Tofulfillthemlhave

adoptedsystem-subsystemorganizationinthedesignofGIRLS:ahigh-

speedminicomputercontrolsallthepictureinput/outputdevices;they

allformasubsystemorsatelliteofahostmachine.Thistypeof

organizationisnotnew.Ithasbeenusedinseveralcomputergraphics

systems[9]andpictureprocessinglaboratories[15][25].

Byorganizingthesysteminthismanner,ithasseveral

advantages:

(1)ThepictureI/Odevicesareconnectedwiththeminicomputervia

rathersimpleinterfaces,andtheircontrolissoftware-oriented.

Thisresultsinhighlyflexiblecontrolandpμヽametersetting.
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(2)Specialresidentprogramsintheminicomputerallowhigh-speed

controlofdevicesandimmediateresponseinman-machineinter-

action.

(3)Modificationofdevicecontrolisaccomplishedmerelybychanging

theprogram.

(4)Amongthemanypictureprocessingcapabilitiesprovidedbythe

system,someofsimplepreprocessingsandfeaturemeasurements

areperformedinthesatellite,aswellasintimateman-machine

interaction.Thisdatareductioninthesatelliteresultsin

efficientuseofthedatachannelandanalysispowerofthe

centralcomputer.

(5)Thesatellitecanshareurn'tsofdisk,magnetictapeandline

pn*nterWlththecentralcomputer.Thisavoidsdoubleinvest-

meritsontheseexpensiveperipherals.

Thecomponents,functionsandsoftwareofthesystemwillbe

describedinthesucceedingsections.

I1-3.SystemComponents

Fig.2-2showsthehardwarestructureofthenewpictureprocess-

ingsystem:thecentralhostmachineisNEAC2200/200withseveral

りtandardperipherals;theGIRLSsubsystemconsistsofaminicomputer

MACC7/Fcombinedwithaflying-spotscanner,astorage-typeCRT,

acharacterCRTandaGraf/pen(tabletinputdevice).Anoverallview

ofGIRLSisshowninFig.2-3｡

NEAC2200/200isamedium-sizedcharacter-orientedmachine.The

currentconfigurationcontains32k6-bit-charactersofcore(2-usec

cycletime).lineprinter.disk.fivemagnetictapeunits,papertape

15



MTX5 DISK

Figure2-2Hardwarestructureofpictureprocessing
systembycomputercomplex.Rightside
istheGIRLSsubsystem.

readerandhigh-speedpuncher.Intermsofprogramming.thefeatures

ofvariable-lengthword.2-addressinstructionandimplicitaddressing

allowprogrammerstowriteefficientpictureprocessingprograms･

LISPlanguageisalsoavailable.SofaranefficientLaplacian-

operatorprogram,aregionpartitioningprogram,aprogram,for

analysisofhuman-facephotographs,aprogramformatchingline

figuresandothershavebeenimplementedinthelaboratory｡

MACC7/Fisahigh-speedminicomputerwith8kwordsofwire

memory(16bits/wordand｡0.6-useccycletime)andisequippedwith

asmalldiskdeviceandacharacterCRT.Thediskisusedtostore

variousprogrampackages,sothattheyareloadedandrunwhen

necessary.Thecapabilityofhigh-speedcalculationenablesthe

minicomputertoprocessimagedatawhilecontrollingtheI/Odevices

simultaneously｡

TheGIRLS-interfacecontrollerconsistsofspeciallydesigned

interfacestocombinepictureI/OdeviceswithMACC7/Fandtoconnect

16
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一一

Figure　2-3

一一

View of GIRLS subsystem: 田I/O typewri ter;
(2) Paper tape reader; (3) CPU of MACC 7/F mini-

computer; (4) Graf/pen: (5) Transmission cable
to NEAC 2200/200 ； (6) Storage-type CRT;
(7) GIRLS-interface controller: (8) Flyin
scanner; (9) Character CRT:（10）

司トlying-spot

Mini-disk device

MACC 7/F wi th NEAC 2200/200. The controller has special features in

order to al l ow MACC 7/F to control fl exi bly the attached devices and

to act as an intelligent terminal of NEAC 2200/200. (See APPENDIX A-1）

　　The flying-spot scanner(FSS) is 0S-70J of Kowa Co. Ltd. with some

home-made　modifications(Fig.　2-4).　　　It　scans　both　opaque　（75 mm

ｘ 75 mm) and transparent (10 mm ｘ　10 mmへ^ 24 mm X 24 mm) materials　in

a random scan ｍｏｄｅ;X-Y location of the spot is　specified　by 10 bit

coordinates　by　the　program,　in total　1024 ×　1024 addressable　points.

The 5" CRT (C-6861 P46; Fujitsu Ltd. ) uses a　new　phosphor material ，

yttrium silicate(Y2SiO5:Ce).　　Its output spectrum　is　similar　to that

-
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of P16, but　it has much　better properties　than　P16:　shorter rise time,

about　ten times　as　bright as　P16, and much　longer　lifetime.　The　spot

size on the tube（70 mm ｘ 70 mm raster) i s approximately 35 wm.　thus

making　all　the　addressable　points　resolvable.　The　output　signal　　is

digitized　into a 5-bit-precision number (i.e., 32 gray levels).　Con-

trast and offset of the gray l evel　are　changeable　in 4 different modes

by a program-settable parameter.　The scanner　is　equipped with　a film

transport which advances　or reverses　the film by a pulse motor.　The

FSS is also able to be used as a film recorder to produce a half-tone

picture by readily replacing the scanner head with ａ camera　head as

shown in Fig. 2-4（b）｡

　　　Graf/pen is a tablet with a stylus pen for　　coordinate　　input.

Ei ther a　14" × 14" 0ｒ　20" × 20"　tablet　can be used.　　The stylus

combines a bal 1-point pen with a tiny spark gap providing a very-low-

energy spark　which　generates ａ sound pulse.　　The position　of　the

stylus　is　detected　by measuring　the time　for　the　sound　to　　propagate

(ａ)
(b)

Figure　2-4　　Flying-spot scanner　:　with (a) scanner head;
　　　　　　　　　　or(b) camera　head　attached.

18
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fromthepentothexandYsensorsalongthexandYaxesofthe

tablet.Dataacquisitionrateisupto200coordinatepairspersec-

ondwiththeresolutionof1024×1024linepairs｡

storageCRTdisplayunit(TektronixTYPE611)isadatastorage

anddisplayinstrument.Thedimensionofthedisplayframeis16cm

x16cm,and1024×1024pointsareaddressable.Becauserefreshing

isunnecessary.astorageCRTprovidesaneconomicalmeansforpresent-

inginformationinavisualformattheterminal｡

II-4.FunctionalDescriptionoftheSystem

Fig.2-5depictsabasicconceptofthedevelopedsystemfroma

functionalpointofview.Thesatellite,withMACC7/Finitscenter.

offersasetofrathersimplebutversatilefunctions:flexiblescann-

ingofpictorialdatabymeansofanFSS.preprocessing(e･9･,enhance-

merit,noisecleaning,differentiation,etc.),featuremeasurements

(e･9･sarea,momentofthecomponent,十histogramofgraylevels.

etc.),displayofintermediateorfinalresultsonCRT,man-machine

interactionviaTTYorcharacterCRT,andsoon.Inthehost

NEAC2200/200,0ntheotherhand,theresearchercanwn*temore

problem-orientedprogram･whichhandlesthemajordatastructureand

controls,themainsequenceofpictureanalysis.Thefunctionspro-

videdbythesatellitearecombinedforusewhennecessary;the

programinNEACcancallaMACCroutinebysuchamacro-commandas

"Scanthefilminsuchandsuchmanner.preprocessthedata,andsend

backtheresults."Thesecapabilitiesaresuretoshortenthedevel-

opmentaltimeofanewpictureprocessiりgprogram｡

Anotherimportantfeatureofthissystemisthatthesatellite

isabletoperformanintelligentjobforitself.accessingtothe
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NEAC

Macro-comnand
byprogram

Resultsofpreprocess-

Intermediate

storage

MACC

ing,featuremeasure-C'ぺ
゜Globalprocessingment,etc.゜DevicecontrolQﾜり

゜MajordatastructureoPreprocessing

°Filestorage°Featuremeasurements

°Man-machineinteraction

舛

Figure2-5Conceptofthesystemorganizationfroma
functionalpointofview.

GRAPHICAL

INPUT

DEVICES

DISPLAY

&

KEYBOARD

OPERATOR

hostmachinefromtimetotimewhenitneedsfileorlarger,complex

support.Atypicalexamplewouldbeprocessingofalongfilmof

time-varyingpatterns,e.g･,themotionfilmofamoebae.Thesatel-

litecontinuestoobservethemovementofamoebaebyprocessingthe

filmsuccessively,andonlywhensignificantorinterestingchange

appears,itinterruptsthehost.sendsitthedataandrequests

furtherprocessingwhichmayrequirealargerdatastructure｡

Tosupportcomputer-computercommunicationbetweenNEAC2200/200

andMACC7/F,twospecialprogramshavebeendeveloped;a-monitorin

MACCand良一interfaceroutineinNEAC.Theyhand!ethedemandsfor

aroutineset-upfromNEACtoMACCandthedemandsforafileaccess

fromMAGCtoNEAC.Underthecontrolofa-monitorand6-interface

routine,thedatatransferisextremelysimplifiedbymacro-instruc-

tionsthatenableMACCuserstousetheunitsofdiskandmagnetic

tapeofNEACinexactly恰esamewayasthoughtheywereattachedto

MACC.
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TheminicomputerMACC7/Ffunctionsasaswitcherofdataflow

amongtheI/OdevicesandNEAC.Samp!eddatafromFSSmayflowto

NEACorCRT.ComputeroutputfromNEACmaybedisplayedonCRT,typed

outonHY,0rrecordedonfilmbymeansofFSS.Thearbitrarydata

flowisestablishedjustbyspecifyingthedestinationdevice,bya

programcommandoranoperator'scommand.beforetransferofoneblock

ofdata.WhilegoingthroughMACC,dataisoftensubjecttocertain

processingandtransformation.Inthissense.theminicomputerplays

threefunctions:switching.commonmemoryofI/Odevicesandprocess-

lng･

II-5.VariousFacilitiesProvidedbytheSystem

Thissectiondescribesfacilitieswhichthedevelopedsystern

provides.APPENDIXAwillgivethedetailedtechnicaldescriptionof

hardwareandsoftwarewhichhavebeendevelopedtorealizethose

facilities.

II-5-1.FlexibleScanningProgramofFlying-SpotScanner

AmongtheversatilecapabilitiesofferedbyGIRLS,oneofthe

mostimportantisthespecialprovisiontopermitflexiblescanning

ofpictorialdatabymeansofaflying-spotscanner｡

TheFSScanscananddigitizethebrightnessinformationof

printsorfilmsinaprogra㎜edmannerwithin15lisec/point:see

APPENDIXA-1-2.Thescanningprogramcombinesthisdatasampling

withdataprocessinginayeryflexiblemanner.Thebasicideaisto

realizeanycombinationofbeamintensity(contrastandrangeofgray
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levels),spot(shapeandoperationofscanninglightbeam),raster

(placeandwayofmovingthespotinthewhole1024×1024raster).

transformationofdata(e.g.binary)andmanipulation(feature

measurement,storage,ordisplay).Fig.2-6showstherepertoireso

faravailableforeachcategory.A11thesefunctionsexceptthebeam

Raster

PointRectangleCircleRandom

(ふ)

(1⑤

'

⑤

ごご

Spot

PointRectangleLinesegmentDifferential

Zﾍﾞﾍ

● 同 ｿ/ 1
//

1 .1↓ 1/y

゛べし

Beam
intensity

ﾚﾋﾟﾌﾞﾌﾞ

biac≒回ご同一

Trans-
formation

Multi-levelPositive-negativeBinaryLogarithmic
(raw)･inversion

Manipu-
lation

storeDisplayMeasurement

onCRT°Histogram

°Mean&variance

°Maχimuni&minimum

°Area

°Moment

Figure2-6Flexiblescanningprogram;structureand
repertoire.
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intensityarerealizedintermsofsoftware,notbyspecialized

hardware,takingadvantagebothoftherandomsamplingcapabi1ityof

theFSSandthehigh-speedcalculationofMACC7/F｡

Take,forinstance,thecombinationofrectangularraster,the

spotoflinesegment.109transformationandmeasurementofhistogram

withallthenecessaryparametersspecified.Asequenceof109a-

rithmicgraylevelsisobtainedwhichasiit-likespotwouldproduce

ifitmovedinthemannerofTVscanwithinthespecifiedarea.The

assumedoutputofaslitspotiscalculatedbysamplingthepoints

insideoftheslitareaandaveragingtheiroutputvalue.Ahistogram

ofthegraylevelsisobtainedasafinaloutput.Alargevolumeof

scanneddatamaybetransferredtothediskmemoryofNEAC,storedin

MT,and/ordisplayedonCRT,accordingtothespecification｡

Whenthespecificationofscanningisgivenbythecommandsent

fromNEACprogramorenteredbyanoperatoratthesatellite,a

correspondingscanningprogramisgenerated;asshowninFig.2-7.

routinesofthespecifiedspot.transformation,andnianipulation(s)

areinsertedinthespecifiedrasterroutine.Fig.2-8showsa

typingformatforthespecificationofscanning;underlinedcharacters

arethesystemoutput.Inthisway.ourFSSispracticallygivena

varietyofabilitieswhichoriginallyitdidnothave,,butwhichare

valuableinpictureprocessing,e･g･svariablesizeandshapeof

spot,linear,binaryoutput.andcircularraster.Someofpreprocess-

ingoperationssuchasaveraging,anddifferentiation,andfeature

measurementsareperformedasthematerialisbeingscanned.

Fig.2-9throughFig.2-12containsomeexamplesofusageofthe

flexiblescanningprogram.whichdemonstrateitsusefulnessand

flexibility.Thetwo-bitnumberofbeamintensityselectsoneof

fourrelationshipsbetweendigitizedoutputandbrightnessofthe

materialtobesampled.Forthebeam(00),32quantizationlevels

arespreaduniformlyoverthewholerangeofbrightness,whereasfor

thebeam(01),theyareconcentratedintothedarkerrangeiandthe
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Manipulation(l)
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Figure2-7Generationofascanningprogram.
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Figure2-8Typingformatofthescanningprogram.
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Figure　2-9　Digitization by four kinds of beam intesity･

　　　　　The
picture of Fig. 1 -1(right) is digitized

　　　　　into　　120 × 200 elements. Point spot(l X 1)
　　　　　is used and the sampling interval is 3.

　　　　　The histograms of gray levels show the effect
　　　　　of the beam-intensity control ｡
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国

Figure　2-n

Figure　2-10

Scan by a l arge spot.

The same picture as　in

Fig. 2-9　is　scanned　by

a　7 × 7 spot.　It

shows the averaging

effect.

Differential　spot
(a) Original picture.

(b) Scan by the differential
　　Edges in the picture are
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(b)……

nesegmentspot
)ScanofaTinefigurebythepointspot.
)Scanbytheline-segmentspot.Lines
wi･thaparticulardirectionareemphasized.

brighterrangegivessaturatedoutput31.Thebeams(10)and(川

correspondtothemiddleandbrighterranges.respectively.The

brightnessdigitization.therefore,hassubstantially6-bitresolution

forgrayscale.PicturesandhistogramsofFig.2-9illustratethe

effectofthisbeam-intensitycontrol｡

Fig.2-10andFig.2-npresentexamplesofspotswhichinvolve

preprocessing:averagingbyalarge7×7rectanglespotanddiffer-

entiationbyadifferentialspottodetectedgesinapicture.Line-

segmentspotsareyeryusefulindetecting11neswithaparticular

directionasshowninFig.2-12.Scanbyalx100line-segmentspot

withtheslopeofl/2producedFig.2-12(b).Simplethresholding

appliedtothispicturewillsingleout1inesandarcsofthat

particularslope.
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Pictureframe HXN

Elementalsquare17?x同

Outputtransform

T∠ﾚﾚ
graylevel

Linear Exponential Binary

Figure2-13Striictureoffilm-recordingprogram

11-5-2.Film-RecordingProgram

Theflying-spotscannercanbeusedtorecordcomputeroutputon

film,whenacameraheadisattachedinplaceofthescannerhead

(Fig.2-4{b)).Thefilm-recordingprogramhasbeendevelopedto

produceahalf-tonepicture｡

Theprogramfollowsthebasicprincipleofrepresentingshadeof

graybythenumberofdotsplottedinasmallsquare.Asshownin

Fig.2-13,thestructureandusageoftheprogramaresimilartothe

inputscanningprogram.Onecanspecifythesizeofpictureframe

MXN,thesizeofsquareofonepictureelement?7?Xm,andoneof

theoutputtransforms.Theprogramreadstheimagedatatoberecord-

edonthefilmoutofthediskmemoryofNEAC｡

ExperimentallyitwasprovedinourFSSthatwhenthe"beam-on"

time(exposuretime)foroneplotiSsetto0.6usec.superimposed
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plottingisdistinguishableuptoeighttimeswithlinearlyincreas-

ingfilmdensityproducedinthefilm.Therefore.8XmXmexposure

levelsareavailableforeachm×msquarewhichcorrespondstoone

pictureelement｡

Thelargertheelementalsquareis.thehigherthegray-1eve!

resolutionisforeachpictureelement,butthelowerthepositional

resolutioniS｡

Theoutputtransformisthemannerofallottingthoseexposure

levelsto32graylevels:linear,exponential0rbinary.Theexponen-

tialallotmentisusedtocompensateforthelogarithmiccharacten's-

ticofthevisualorgan.Theallotmentisgivenbyatableindicating

percentageofavailableexposurelevelsversusgraylevel,and

thereforeanarbitraryonecanberealizedmerelybyreplacingthe

tableinordertomakecompensationforanykindofdistortion

involvedinthefilmmanipulationprocessorperceptualprocess･

Table2-lshowstherealnumbersofplotsinthecaseof5×5square

withexponentialtransform.

Figure2-14

P1ottin9order.

E‘lementalsquare77?xm

Plottingintheelementalsquareisperformedinthespiralorder

asillustratedinFig.2-14fromthecentertothemarginalpoints.

Eachpointisexposedfor0.6ysec.Whenallthepointshavebeen

plottedonce.thesecondsuperimpositionplotisperformed,thenthe

thirdtimeandsoon,untilthesquarereceives,intotal,thespec｡i-

fiednumberof司ots(exposurelevels)｡
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gray
level

number
ofplots

gray
level

number
ofplots

1 0 17 23

3 1 19 31

5 2 21 43

7 3 23 59

9 5 25 80

11 8 27 109

13 11 29 150

15 17 31 200

Table2-IPlotdistributioninthecaseofa
5×5elementalsquarewith
exponentialtransform.

Fig.2-15showsanexampleofusageoftheprogram.八noriginal

picture(Fig.2-15(a))isfirstscannedanddigitizedinto140×200

pictureelementsbymeansoftheinputscanningprogram.Thenahalf-

tonepictureisreproducedusingthefilm-recordingprogram｡

A5×5elementalsquareisusedwith1ineartransform

(Fig.2-15(b))orexponentialtransform(Fig.2-15(c)).Thesizeof

theelementalsquareis350ymx350μmonthetubeofFSS.Since

alltheaddressablepointsonthetubeareresolvable,softfocusof

thecameraispreferabletomaketheresultantpicturesmorenatural.
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(a) Original print

31
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Figure　2-15

　Example of film recording.
　The picture frame ｉs　1 40
　ｘ 200　and the elemental
　square i s　5 × 5.

' ･ ¬

(b) Reproduced print;
　1 i near transform

　( iris 8.0）

-

(c) Reproduced print;
　exponential transform

　( iris 8.0 )



II-5-3.CRTDisplayofGray-LevelPicture

Ourmonitordisplay(storage-typeCRT)hasa16cmx16cmsquare

displayareaconsistingof1024×1024addressablepoints.Though

theCRTcanexpressonlyblackorwhiteateachpoint.itisvery

desirabletodisplayhalf-toneimages.Forthis.theshadeofgray

ofonepictureelementisrepresentedbythedensityofwhitepoints

filledina3×3squarearrayontheCRT:wecandisplay10gray

levels.Inthisway,agray-levelpictureofupto341×341picture

elementscanbedisplayed,withsatisfactoryresolutionandshadesof

grayforthepurposeofmonitoringthepictureunderprocessing.

11-5-4.FacilitiesforIntercomputerCommunication

o･-monitorinMACC7/Fand3-interfaceroutineinNEACsupport

theintercomputercommunication.Theirmainfunctionsaretwofold.

OnefunctionistosetupaprogramtoruninMACC7/F.Underthe

controlofa-monitor.alltheprogramsinMACC7/Fareidentifiedby

theregisteredprogramnumber.Therearethreewaysforsettingupa

programtoruninMACC7/Finordertoallowfreecombinationof

programswhicharepreparedandregisteredinMACC:(1)Aprogramin

NEACi･sabletocallaprogramregisteredinMACCbysendingacalling

segmentwhichcontainstheprogramnumberandargumentsoftheprogram.

Thisisoneofthemeansfortheprogramsinthetwocomputersto

communicate;(ii)AnoperatoratMACC7/Fcaninputtheprogramnumber

andargumentsviaTTYorPTR,inordertocalltheprogramintoaction;

(iii)AprograminMACCcancal1otherroutinesbyexecutingaspecial

macro-instruction｡

ThesecondfunctionistoprovideMACCuserswithfacilitiesfor

datatransferfrom/tothecorememory,disk,andMTofNEAC.Macro-

instructionshavebeenprepared.TheyenableMACCtosharestorage･

32



devicesandalineprinterwithNEAC,andoffereaseofprogramning

andeconomicaladvantage.(SeeAPPENDIXA‘2)

Insummary,communicationbetweenprogramsintwocomputersis

accomplishedbytwomeans;tosendacallingsegmentandtosharea

largevolumeofdatainstoragedevicesofNEAC.

II-6.On-LineAnalysisofHuman-FacePhotographs

Thissectiondescribestheanalysisofhuman-facepho･tographsin

on-linemode,asanillustrationofapotentialuseofthedeveloped

system.TheanalysisprogramwasfirstcodedinNEACassembler

languagetoprocessphotographicdatawhichwerestoredonamagnetic

tape.Thisolderversionwasconvertedintotheon-lineversion

describedbe!0w.Ittookonlyseveraldaystocompletetheconversion

byutilizingthefacilitiesprovidedbytheabovementionedsystem｡

Fig.2-16illustratesthesequenceofeventsthatoccurinthe

on-lineanalysis.Anoperatoratthesatellitesetsaphotographof

afaceinthescannerheadoftheflying･spotscanner.Hepresses

theinterruptbuttonandcallsthescanningprogramintoactionvia

a-monitor.Theprogramscansthephotographinthespecifiedmanner.

Thedigitizeddatawithanaverageoperationperformedaretransferred

andstoredinthediskmemoryofNEAC.InNEAC,aline-extraction

programoerformstheoperationoftwo-dimensionalsecondarydifferen-

tiatiorijandproducesabinarypicturewhichrepresentsthecontour

ofthefacebythresholdingthedifferentialpicture.Thebinary

pictureisalsostoredinthedisk.Then,theanalysisprogramfor

humanfacebeginstoprocessthebinarypictureandlocatesthe

featurepointsoftheface,suchaseyes,nose,mouth,chinandsoon.

CHAPTERIIlprovidesadetaileddescriptionoftheanalysismethod.
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Figure　2-16　Sequence of events in on-line analysis
　　　　　of human-face photograph.
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WhileNEACisdoingthesetasks.MACCdisplaysthefacewhichis

nowbeingprocessedontheCRT:onthelefthalf.thegray-level

pictureisdisplayed.andontheright,thebinarypicturewhosedata

arereadoutofthediskmemoryofNEAC.Whenallthefeaturepoints

havebeenextractedbytheNEACprogram,theircoordinatesaretrans-

ferredtoMACCanddisplayedasvisiblepointsinthebinarypicture

onCRT.Thiscompletesonecycleoftheanalysis.Eachroutinein

MACCissetuptorunjustwhenthedataitneedshavebeenprepared.

TheprocessingtimeincludinginputanddisplayisI'h1.5minutes

peraphotograph.

II-7.SupplementaryRemarks

Inthischapter,onlyageneraldescriptivepresentationofthe

systemwasgiven.Forthedetailedtechnicaldescription.see

APPENDIXA｡

otherthancomputeranalysisofhuman-facephotographs.the

systemhasalreadybeenappliedtodiversetasks:cloudmeasurement

inthepictureobtainedfromESSA;pictorialanalysisoftrafficflow;

designandgenerationofmorethanathousanddigitalKANJIpatterns｡

Thispictureprocessingsystemwillbeincorporatedinthe

InhouseComputerNetwork[30]whichISnowunderdevelopmentat

Prof.Sakai'sLaboratory,DepartmentofInformationScience,Kyoto

University.Whenitiscompleted.thesystemwillbeabletoenjoy

freeandon-lineuseofdistinctivefacilitiessuchasFastFourier

Transform,micro-programmedcomputation.etc.whichothercomputers'in

thenetworkprovide.Thenetworkwillgreatlyenlargethecapability

andapplicabilityofthepictureprocessingsystem.
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III-l.Introduction

CHAPTERIll

ANALYSISOFHUMAN-FACEPHOTOGRAPHS

Inpictureprocessingandsceneanalysisbycomputer.compared

withcharacterrecognition.weareconfrontedwithmuchmorecompli-

catedpatternvariationsandnoisebehavior.ThereforeitISnecessary

thattheprocessingshouldtakeadvantageofstructuralorcontextual

informationaboutobjectpatternsinordertoachievegoodresults｡

Inthischapter.theproblemofpictureanalysisofhumanfaces

ispresentedasanexampleofautomaticanalysisofcomplexpictures.

Acomputerprogramforithasbeendeveloped:givenaphotographof

thehumanface,theprogramextractsfeaturepointssuchastheeyes.

mouth.nose.andchin.Aflexiblepictureanalysisschemewithfeed-

backissuccessfullyemployedintheprogram.

First,thesignificanceoftheproblemisbrieflydescribed.

ThenthecomputeranalysisprocedureforhumanfacesISoutlinedand

theflexiblepictureanalysisschemewithfeedbackISintroduced.

AcompletedescriptionoftheanalysiswillbegiveninIII-4.

Morethan800photographshavebeenprocessedbytheprogramandthe

resultsarepresented.Thischapterprincipallytreatspictureanaly-

sis.Theproblemofface-identificationusingthelocatedfeature

pointswillbediscussedinCHAPTERIV.
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III-2.TheProblemHumanFaceasObjectofPictureAnalysis

Humanfacesareveryinterestingasanobjectofpictureanalysis

forseveralreasons:

(1)Theyarenotartificial,andnotassimple'ascubesorpyramids

whichhavebeenusedinthevisualsceneanalysisofhand-eyeprojects･

(2)Afacehasmanycomponentsubstructures:eyes,nose,mouth,chin

andsoon.whichcanberecognizedassuchonlyintheproper"context

oftheface".

(3)TheSecomponentsaredistributedinthefacewithinacertainper-

missiblerange.whosemuturalrelationscanbecorrectlygraspedby

theconceptofpicturestructure｡

■■㎜㎜｢
一一

(4)Linesinafaceareneithersimplenorstraightones.Theyare

difficulttodefineandextract-

(5)Thevarietyofhumanfacesisaslargeasthehumanfamily.

Picturesofhumanfacescontainmanyessentialproblemstobein-

vest!gatedinthefieldofpictureprocessing.Howfartheautomatic

analysisprocedurecan9ointodetailandcancategorizethehuman

faceshasinterestedme｡

Whatwearegoingtodealwitharephotographsofonefullface

withn0glassesorbeard.'Weassumethatthefaceinaphotographmay

havetilt.forwardinclination.orbackwardbenttocertaindegrees,

butisnotturnedtotheside.TheprobleminthischapterIS.given

aphotographofthehumanface,tolocatetheface-featurepointsin

order-tocharacterizetheface.Thiskindofproblemisreferredtoas

featureextractioninpatternrecognition,andisregardedasmost

difficultandimportant.Intheattemptsatcomputerrecognitionof゛

facesmadeby‘Bledsoe[6],KayaandKobayashi[16],andGoldstein,Harmon

andLesk[121.thefeatureextractionwasduetohuman-operator'sabili-･

tytoextractordescribefeaturesoftheface･.Incontrast.the

worksbySakai,NagaoandFujibayashi[31],Kelly[17]andFischlerand

Elschlager[8]areattemptstoautomatethisfeatureextractionprocess,

38



asisalsothecasewithmyworkreportedhere.

111-3.OutlineandFeaturesofAnalysisMethod

Thissectionoutlinestheanalysismethodofhuman-facephoto-

graphstogiveageneralviewoftheprogram.Thenisexplainedthe

pictureanalysiSschemewithfeedback,whichisemployedinthepro-

gram.

111-3-1.OutlineofAnalysis

Fig.3-listheblockdiagramillustratingtheflowofanalysis.

Mainbodyoftheanalysisprogramwas･writtenintheNEAC2200/200

assemb!erlanguage.

off-li
mode

on-line
mode

Laplacian
operator

Extraction
offace
features

Figure3-IBlockdiagramofanalysisof
human-facephotographs｡
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(a) Original
　　photograph

　　Figure　3-2

(b) Printout of the digit- (c) Binary
　a1 gray-level picture　　　picture

Picture　input　and　line　extraction.
The dark horizontal li ne i n the upper
part is due to the burn i n the CRT
surface of the FSS used for digitization.

　　　A photograph (or ａ real view) of the face is converted to a d句-

ital array of 140 × 208 picture elements, each having a gray level of

5 bits (i.e., 32 levels), by means of a flying spot scanner　or　ａ TV

camera.　Fig. 3-2(a) is an original photograph, and Fig. 3-2(b) is

the gray-level picture digitized by the FSS. The program can work in

either on-line or off-1ine mode. In on-1 ine mode. -the digitized pic-

ture is fed directly into the analysis program. and in off-line mode,

it is stored once on ａ magnetic tape for later use.

　　　T･he binary picture of Fig. 3-2(c) is obtained　by applying a

Laplacian　operator (i.e. two-dimensional　　secondary　differentiation)

on　the　gray-level　picture　and　thresholding　the　result　at　a　proper

level.　This　binary picture represents　contour portions where bright-

ness　changes　significantly.　　The analysis　program which　1ocates　face-

feature　points works　on　this　binary picture.

　　　The analysis　steps　are first　to　find　the　approximate　position　of

the face.　　and　then　to　９ｏ　into　detail　on　the　positions　of　face

40
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Figure3-3

Typicalsequenceofthe
analysissteps.

３
Ia
b

ぐ
ぐ topofhead
cheeksand
sidesofface

(c)nose,mouth,

andchin
d

e
f

chincontour

face-side1ines

nose1ines

eyes

faceaxis

components.ThesestepsareshowninFig.3-3from(a)to(h).Thereare

severalbackupprocedureswithfeedbackamongthem.hencesomeanaly-

SISstepsmightbetriedmorethanonce.Variouspictureprocessing

techniquesareusedintheanalysisprogram.
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Figure3-4

Resultoffeature
｀eχtraction.

Asafinalresult.morethan

thirtyfeaturepointsarelocated

inthebinarypictureasshownin

Fig.3-4｡

Oncethesefeaturepointsare

located,muchmoreprecisefeatures

canbemeasuredbyreturningagain

totheoriginalphotograph.The

methodandsignificanceofthis

refinementprocesswillbediscussed

inCHAPTERIV.
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III-3-2.FlexiblePicture/りlalysisSchemewithFeedback

Thedistinguishingfeatureoftheprogramisthatsubroutines

dividedintoblocks,eachfordetectingapartoftheface,arecom-

binedintoactionnotonlybymakinguseofthecontextualinformation

ofaface.butalsobyemployingbackupprocedureswithfeedback｡

AsshowninFig.3-5,eachstepofanalysisconsistsofthree

parts:prediction,detection,andevaluation.Theresultisevaluat-

edforthepurposeofknowingwhethertheprogramcanproceedtothe

nextstep.Ifanunsatisfactoryresultisyielded,itscauseis

examinedtofindoutthestepwheretheanalysismustbeperformed

again.Therearetwocasesoffeedback.Directfeedbackisusedti)

modifytheparametersoftheanalysisstepjustexecuted.Theother

isafeedbacktoformersteps.Ittakesplacewhentheimperfection

oftheresultisdisclosedduringthesucceedinganalysisintheform

ofanunsatisfactoryevaluation;usuallytheevaluationcriteriaare

notsosevere,andsosometimestheprocessmayhavegonetothenext

stepeventhoughtheanalysisatonestepisnotperfect.Inthisway.

thetotalprocessofanalysisbecomesflexibleandadaptive.The

analysisinacertainportionofapicturemaybeperformedseveral

Nextstep

Figure3-5structureofanalysisstep･
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timeswithachangeofparametersunti1itgivesasatisfactoryresult

ldonotclaimthatthisschemeiscompletelynew.Similarideas

mayhavebeensuggestedbyseveralauthors.lbelieve,however,that

thisisone.ofthefirstworksthatactuallyimplementtheschemewith

feedbackandshowitspowerfulnessinthepictureanalysis｡

Thisanalysisschemehasthefollowingexcellentproperties:

(1)Inevitablytheanalysisproceedsinatop-downgoal-directed

manner.whichmakestheanalysisefficientbecausethenecessarylocal

operationsareappliedononlytherelevantportionsestimatedbythe

process･

(2)Theanalysisalgorithmwhichistobepreparedforeachstepcan

befairlysimple.becauseitknowswhatt0100kforandcanberepeat-

edlyperformedonthemostprobableareawithimprovedparameterval-

uesusingthefeedbackprocess.Unlikethestraight-linescheme.

errorsateachsteparenotaccumulated.butwillbedisclosedinthe

succeedingstepsandrecoveredbythebackupprocedures.Thisisone

ofthemostimportantfeatures.

(3)Theeconomicalefficiencyofmemoryandtimefortheanalysisis

greatifaflexiblescanningdeviceisavailablewhichsamplesonly

thesignificantparts.Thisadvantageisfullytakenintheextract-

ionofpreciselocationsoffeaturepoints.whichwillbedescribed

inCHAPTERIV｡

III-4･.CompleteDescriptionofAnalysis

Thissectiondescribesindetailtheflowofanalysisthatis

illustratedinFig.3-1;frominputofpicturethroughfinalresult.

III-4-1.InputofPicture

Apicture(orarealview)ofafaceisfirsttransformedintoa
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digitalarraybymeansofaflying-spotscanner(FSS)oraTVcamera.

WhentheFSSisused,thestandardmaterialisaphotographinwhich

liesafullfaceofabout2cm.Thephotographisscannedbythe

flexiblescanningprogramdescribedinII-5-1,anddigitizedtoan

arrayof140×208elements,eachof5bitsofbrightnessinformation

(i.e.32levels).AsshowninFig.3-6,a5×5rectanglespotis

usedandsamplingismadeatevery3points.Thefaceinthedigi-

tizedpictureistypicallyofsize80×80へ,100×TOO.Thenecessa-

rytimeforinputisabout5seconds.Fig.3-7showsalineprinter

outputofadigitizedpicturewithvariouscharacterssuperimposedto

approximatethegraylevels｡

Thereasonwhytheinputdigitizationisroughsamplingbya

y･atherlarge-sizedspotisthatextremedetailsarenotnecessaryin

thenextline-extractionprocess:averagingeffectofalargespot

suppresseshigh-frequencynoiseandthuspreventsextraunimportant

linesinafacefrombeingextracted｡

SincethescanningprogramoftheFSSishighlyflexible.appro-

priatecommandsofanhumanoperatorallowyariouskindsofphotographs

tobedigitizedintothestandardformat:finescanningforasmaller-

sizedphotographandcoarsescanningforalarger-sizedone;further-

moreinthecaseofaphotographinwhichthereareseveralpeople.

thescanandinputofoneparticularfacecanbeperformedveryeasily.

Figure3-6

Scanningbyaflying
spotscanner.The
spotsizeis5χ5,
andthesampling
intervalis3.
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WhenaTVcameraisusedasaninputdevice,thehumanoperator

adjuststhecamerawatchingamonitorTV.sothattheobjectface

maybeseenattheappropriatepositionwiththeappropriatesize.

Thevideolevelisalsoadjustedmanually.Thewholeframeconsisting

of240×300pictureelementsiscompletelydigitizedandthenitis

editedintoanarrayof140×208bysoftware｡

Thepicturedigitizedinthesewaysiseitherfedintotheface

analysisprograminon-linemode.0rstoredonthemagnetictapein

thedatacollectionstageofoff-lineanalysis.

III-4-2.LineExtractionbyLaplacianOperator

Thenextstepofprocessingistoextract1inesandcontoursfrom

thepicture.TheoperatorillustratedinFig.3-8isappliedtothe

digitalpictureofFig.3-7,andthenthresholdingtheresultata

properthresholdvalueproducesthebinarypictureshowninFig.3-9.

Thisbinarypicturerepresentscontourportionswherebrightness

changessignificantly.Itpreservesthestructuralinformationofthe

originalgray-levelpictureandyetfareasiertodealwithbecauseof

thebinaryvalues.A11thesucceedinganalysisisperformeduponthis

binarypicture.Thethresholdvalueisfixedto30.(experimentallybest)

Astoedgeorcontourdetection,anumberofpapershaveappear-

ed:for.asurvey,see[22]thatcontainsalargenumberofreferences｡

Theopel｀atorusedhereisfundamentallyadigitalLaplacianoperator

(two-dimens‘ionalsecondarydifferentiation).Letl(x,y)beafunction

thatrepresentsagray-1evelpicture.TheLaplacianISdefinedas:

∇21(x,y)=竺U私吐十八4娶吐.

ThesimplestdigitalversionofthisLaplacianis

∇211j°411j'(li-lj゛li+lj゛■1J-I゛lij+1)'
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Figure　3-7　　Digital　gray-level

　　　　　　　　　　　　　pictureof a face.

whe゛｀ellijdenotｅs the digital array

to　represent　I(x,y).　From　this

equation　　it can　be　seen　that

the operator　of　Fig. 3-8 combi nes

differential operation with averag-

ln9:　　　1.ｅ･，　　first　　　averaging

operation　i s　performed on　3×3

subarea, then differential operation

regarding　each　subarea　　as　　one

picture　element　in　the　equation

(3-2). Thi s　operator　was　demon-

strated　　i n　　Sakai ，　Nagao　　and

Kidode[32]to work　very　successfully

for line extraction　of　human-face

photographs.

- 一 一
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Figure　3-8

　Operator for ｌine ｅχtraction .
　This is fundamentally　a

　Laplacian operator.

Figure　3-9

　Binary picture.
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d e f

9 h
●1

(a)

(b)max[|a-e|.|b-e|,|c-e|.|d-e|,

|f-e|.|g-e|.|h-el.ﾄel]

Figure3-10(a)Robertzoperator;and(b)Maximumofdifferences

Forcomparison.threeoperatorsforedgedetectionincludingthe

LaplacianofFig.3-8wereappliedonthesamesetofpictures;the

othertwoarethef1rstderivativeofRobertz[28](seeFig.3-10(a))

andthemaximumofdifferences(seeFig.3-10(b))for3×3window.

TheresultsarepresentedinFig.3-nandAPPENDIXBcontainssupple-

mentarydata.TheyshowthesuperiorityoftheLaplacianoperatorI

used.Itcandetectslowbutapparentchanges･inbrightnessaswell

assharpedges,becauselittakesbroaderareaintoaccount.Further-

more,itisobservablethatthediffer゛entvaluesofthresholddonot

yieldanysignificantdifferenceintheresultantbinarypictures｡

AveryefficientprogramoftheLaplacianoperatorhasbeencoded,

bytakingmaximumadvantageofvariable-lengthwordandimplicitad-

dressingofNEAC2200/200,thoughthecomputerisnotsofast:2-ysec

memory-cycletimefora6-bitcharacter.Ittakesonly14secondsto

convertfromFi9.3-7toFig.3-9｡

Anyadditionaloperationssuchasthinning,eliminationofisolat-

edpoints.etc.arenotperformedonthebinarypicture.Thereason

isthatsignificanceoflineelementsmayvaryfrompositiontoposi-

tion,or‘inotherwordsmaydependonthe"context":asetofline

elementsformingalonglinemaymeanthecontourofthefaceormean-

inglessedgesinthebackground;agroupofisolatedpointsmaycome

fromnoiseorshowtheexistenceoflow-contrastedgesaroundthechin.

The"context"informationisusedpositivelyinthepictureanalysis

program.
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III-4-3.AnalysisProgram

Fig.3-12illustratesthegeneralflowofanalysis:itshowsthe

logicalconnectionofsubroutinesintheanalysisprogramofhuman-

facephotographs.Ingeneral,theanalysisstepsproceedfromeasy

todifficult.andfromgraspingapproximateinformationtodetecting

accuratepositionsofeyes.nose.‘mouthandsoon.Eachsubroutine

shownbythesquareboxtn'estodetecteachcomponent(e.g･.eye)

satisfyingspecificconditions(e･9･,location,sizeandshape)inthe

predictedregion‘.Atypicalsequenceofanalysisstepsisfrom(a)to

(h)asshowninFig.3-3｡

Thereareseveralbackupprocedureswithfeedbackinterwoven

amongtheanalysissteps.Accordingtowhetheronestepsucceedsor

failsinthefeaturedetection.whichsubroutinetobeexecutednext

isdetermined,andvariousparametersintheprogramaremodified.

Themainpartofbackupprocedureswillbedescribedinthenextsub-

sectionIII-4-4.

Head
top

F

STOP

Face
sides

Relaxthe
overall
constraints
ofthe
program

Nose,mouth
andchin

ThesUtIs
within
acertain
distance
fromH?

yes＼no
/

STOP

Movedown
thesin

Ch1n
contour
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Cheek

areas

F

EstimatetheSTOP
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partfromthe
detenninedpart

へ

h

Estimatethe
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areafromthe
determined
eyeposition

FailuresIn
B-detcct1on
gather
aroundC?

contourIs
obtained?

Figure3-12Generalflowofanalysisprogram.

S:Success'

PS:Partialsuccess

F:Failure

H:topofhead

C:topofchin･



Figure3-13

Integralprojection
ofaslit.
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Figure3-14Detectionofthefacesides,nose

slit
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andchinbytheapplicationofslits.
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Afundamentalsusefultechniqueofpictureprocessingused

throughouttheprogramISan"integralprojection".Asshownin

Fig.3-13,asiitofproperwidthandlengthisplacedinapicture･

Ahistogramisobtainedalongthelengthofthesiitbycountingthe

numberofelements"*""inthedirectionofthewidth.Thisiscalled

anintegralprojection(curve)oftheslit.Iftheslitisapplied

withinasuitableareawiththeproperdirectionandwidth,theinte-

gralprojectiontellsreliablythepositionofacomponentinthepic-

tureeveninthepresenceofnoise｡

Now,theanalysisstepswillbedescribedindetail.

mJ並並泡旦

Ahorizontalslit1smoveddownfromthetopofthepicture.The

firstpositionwithsufficientoutputispresumedasthetopofthe

headH.Thispositionisusedonlyforsettingthestartingpointof

slitapplicationinthenextstep.andthereforeitneednotbeso

preciselydetermined.

SidesofFaceatCheeks

startingfromthepointofacertaindistancebelowH,ahorizon-

talslitofwidth7zisappliedsuccessively.shiftingdownwardwith

hlloverlapasinFig.3-14.Fiq.3-14(a)showsthreesuccessive

outputs.Whentheslitcrossesthecheeks.Usintegralprojection

displayscharacteristicpatternslikethelowestoneofthethreein

Fig.3-14(a):twolongclearancesandoneortwopeakssandwichedby

them.Thetwolongclearancesarethecheeks.andtheoutputsat

thesepositionsintheupperslitsshowtheeyesorsometimesthe

effectofglasses.Thuswecandeterminetheleftandrightsidesof

thefaceastheleftandrightendsofthesetwovacantportions.

TheyareindicatedbyLandRinFig.3-14.Sineeweneedtoknow

thesepositionsonlyapproximately,thewidthんoftheslitisset

ratherlargesothatitcanpickupthinlineportions.Hereweset

h=10.
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ErroneousdetectionofLandRinthisstepwincausethesue-

ceedingstep3)or4)tofailindetectingtheexpectedcomponent§,

andthustheanalysiswillcomebacktothisstepagaintoobtainthe

correctpositionsofLandR.(Seeexample(l)ofIII-4-4)

3 VerticalPositionsofNose MouthandChin

AverticalslitofwidthLR/4isplacedatthecenterofLandR

asshowninFig.3-14.Anose,amouthandachinareprobablyinit

ifLandRareapproximatelycorrectandifthefacedoesnottiltor

turnagreatdeal.Itisobservedthatintheintegralprojection

curveoftheslitthepeaksappearwhichcorrespondtothenose.mouth

andchin.Fig.3-14(b)isoneofthetypicalcurves.･Theintegral

projectioncurveisthencodedintoacompactformbyusingthesym-

bolsforthetypesofthepeakanditslength,asshowninFig.3-15.

TheintegralprojectionofFig.3-14(b)iscodedasfol1ows:

R{17)･B(8)･M{5)･B(3)･M(3)･B(10)･M(4)(3-3)

Beforecoding,thecurveissmoothedsothatsmallgapsornoisypeaks

areeliminated.

Theformofthiscurvechangeswidelydependingonthefaceand

existenceoffaceinclination.shadow,mustache,wrinklesandsoon.

Atpfヽesent,ninetypicalcurvesarepreparedasstandardtypes.They

arealsocodedinthesamemannerandstoredinthetable.Thetable

isshowninFig.3-16withtheexplanationofhowitisread.Ina

word,eachstandardtypespecifiesmutualpositionalrelationsofthe

nose,mouthandchin.Thetablecanbeextendedsimplybyaddingthe

newtypes.‘Theintegralprojectionoftheinputpictureiscompared

withthestandardtypes.Ifitmatcheswithonlyonetype.theverti-

calpositionsofthelowerendofthenoseN,theupperlipMandthe

pointofthechinCareobtained.Forinstance.theintegral

projection(3-3)ofFig.3-14(b)matchesTYPE3.Iftherearemore

thanonematch,thematchingcriteriaofthestandardtypesareChang-

edwithalittlemorerigidity.Incasethereisnomatch,thematch-

ingcriteriaareslightlyrelaxed,ortheverticalsiitisshifteda

52



↑
E
-
>
"
≪
-
E
―
>
<
-
S
･
>

↑
詞

B(耐

M(耐

N(司

D(司

Figure3-15

↑
哨
↓
↑
尻
↓
↑
詞
↓

Typesofpeaks｡

R(司

L(耐

H(司

little.･Andthenmatchingistriedagain.Ifthereisnomatcheven

then,thisstepisafailure,andthebackupprocedurewillworkto

reactivatethestep2)･

4)ChinContourandSmoothing

Inobtainingthechincontour,amethodliketracingitfromone

ofitsendswouldprobablyleadinthewrongdirectionbecauseofthe

existenceoflinesplitsandeχtralines.evenifanelaboratemeans

suchaslineextensionisemployed.Suchamethodissubstantially

basedonthelocaldecision,i.e.,1ineconnectivity.Sineewehave

alreadyknown,atleastapproximately,thefacesidesLandR,the

noseN,theupperlipMandthechinC,wecanlimitthesearcharea

forthechincontour.AsshowninFig.3-17,thesearchareaisde-

terminedbyL,R,C,MandN.Nineteenradial1inesaredrawndown-

wardfromMinevery10degrees.Theselinesareexpectedtocross

thechincontourinthepredictedareaatnearlyrightangles.ifthe
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Thefirstlineindicatestheorderofpeakstobesatisfied.Thesecondline

specifiesthelengthofeachpeakwhichappearsinthefirstline.Thethird

andfourthlinesindicatetherestrictionsonthesumofthelengthsofsu£-

cessivepeaks.⑧,(§)and④standforthelocationsofthenose.mouth

andch1n.respectively.φmeans°ldon°tcareII.

Figure3-16standardtypesofintegralprojections.
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positionsofL,R,c.MandNarecorrect.Asiitisplacedalong

eachradiallineanditsintegralprojectionisexamined.Acontour

pointBisdetectedasthepeaknearesttoMwithinthespecified

area.ThesequenceofB'sthusobtainedfornineteenradial1inesis

smoothed.Thelimitimposedonthesearchareaandthesmoothingen-

ablethissteptoavoidmistakinglongwrinklesorneck1inesfora

partofthechincontour｡

IntheBpointdetection,Bisnotdeterminedontheradialline

whoseincidentalintegralprojectioncontainsnoconspicuouspeak

withinthesearcharea.IncaseB'scannotbedeterminedonthree

consecutiveradial1ines,thecontourdetectionisjudgedunsuccessful･

Theprogramactivatesthebackupprocedure.Thecauseisinvestigated

andanappropriaterecoveryactionwillbetaken.(Seeexamples(2)

and(3)ofIII-4-4)

5 Nose･EndPoi sandCheekAreas

Figure3-17

Extractionofchin

contour.Thesearch

areaisestablished

andaslitisplaced

alongeachradial

line.

AsisshowninFig.3-18,bysuccessiveapplicationofhorizontal

slitsstartingfromN,wecantraceupwardthenoseaswellasthe

leftandrightfacesidesuptoapproximatelytheeye･position.Both

endsofthenose,PandQ.arelocated.Thentheleftandrightcheek

areasaredeterminedasthosewhichareenclosedbythenoselinesand

face-sidelines.
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6EePositions

Examinationoftheverticalandhorizontalintegralprojections

ofthecheekareasgivestherectanglescontainingtheeyes.Fig.3-18

illustratesthemethod:first,verticalsummationisdonebetween

thefacesideandthenoseside.andthenhorizontalsummationinthe

zoneobtainedfromtheverticalsummation.Asinthecaseof

Fig.3-19(a),therectanglemaycontainapartoftheeyebrow,the

noseortheface-sideline.Evenapartoftheeyemaylieoutsideof

it.Thefol1owingoperationsdeterminetheDOSitionoftheeyepre-

cisely:first,theoperationsoffusionandshrinking[29]areexecuted

intherectanglecutoutofthepicturetoeliminategapsandhollows

whichoftenappearintheeyeareaCFig.3-19(b),(c)).Theconnected

componentofthemaximumareaisthenidentifiedandsingledoutin

therectangle(Fig.3-19(d)).Thepartswhichareoutsidetherectan-

gle.butwhichareconnectedtothiscomponent,arejoined,andthe

fusionandshrinkingareperformedagainonthisextendedcomponent

(Fig.3-19(e)).Theposition,thesize,andtheshapeofthecompo-

nentareexaminedwhethertheysatisfycertainconditionswhichthe

locationsandpropertiesoffeaturepointssofarobtainedimpose.

vertical
........
●●●●●●●●●●●●●integral11ぎ"゛'.

､j*r＼AA､.4､4.､.､iiHi:゜:
projection

vertical

integral

●●pro､〕ection

horizontalintegralprojection

Figure3-18Cheekareasandrectangleswhich
containtheeye.
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Iftheydo,theeyecenterisdeterminedasthecenteroftherectan-

91ewhichcircumscribesthecomponent(Fig.3-19(f)).Inthisway.the

leftandrighteyecenters,SandT,areobtained｡

Thisconcludesawholeanalysisprocedure.Asthefinalresult

allthefeaturepointsextractedareprintedoutonthelineprinter

aswasshowninFig.3-4.

III･4-4.BackupProcedureswithFeedback

Intheprocessoffaceanalysisdescribedabove.errorsmayoccur

invarioussteps.Tomanagethem.severalbackupprocedureswith

feedbackwereintroduced.･Inthefol1owingdescriptionsaredemon-

stratedafewtypicalexamples.

(1)Whenfacesides,LandR,areincorrectlylocated｡

LandRareusuallydeterminedatthestep2)bydetectingthe

existenceoftwowideareasofthecheeksonbothsidesofthenose.

Themethodisyerysimple,andthereforesometimestheyaremisrecog-

m*zed,especiallyinawoman'sfacelikeFig.3-20.Whentheanalysis

proceedstothenextstep3),wherejverticalslitisappliedtofind

thenose.mouthandchin.theintegralprojectioncurvediffersmarked-

lyfromwhatiSexpected.Thustheanalysisfailsthere.Theprogram

goesbacktothestep2)oncemore.andtriest(jfindoutanother

possibilityforLandR.Fig.3-20i'Sanexampleinwhichthecorrect

resultswereobtainedinthesecondtrial.Wecoulddeterminethese

positionscorrectlyinthiswayformanypicturesforwhichtheanaly-

siswasfirstunsuccessful｡

(2)Whenthenose圓,niouth(M)andchin(C)areincorrectlylocated･

TherearecaseswhereN,MandCaredeterminedinthestep3)

asupwardshiftedpositionsasinFig.3-21.Thistroubleisdiscover-

edasfailuresindetectingthechincontouratthestep4).Usually
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second
trial

Figure3-20

MisrecognitionofLandR

Figure3-21

Misrecognitionof
N,M,andC.

failuresinBdetectionoccuraroundthemisrecognizedCinasymmet-

ricalmanner.Whenthisisfound.thebackupmechanismforcesthe

programt09obacktothestep3)tore-examinethepositionsof

N,MandC.

(3)Whenthechincontourisunsatisfactorilylocated｡

Inthedetectionofchincontouratthestep4),thereoften

existsashortbreakinthecontour,ortherealcontourlinepartial-

lysticksoutofthe･searcharea.Thenthecompletecontourisnot

determined.Usuallyinthiscase,however,eitherhalfofthecontour

isobtainedcorrectly.Thus,asshowninFig.3-22,fortherad･ial

linewhoseBwasnotobtained,apredictionpointBI'iSdetermined

therebyutilizingthesymmetricalpropertywithrespecttotheverti-

calaxis.Thesameroutineforchin-contourdetectionisagainexe-

cutedwiththen£n?vowe『searchregionaroundB'andwiththetower･

thresholdforpeakdetection.Bythisprocessitmightbepossibleto

detectthethinportionofthecontourwhichwasundetectableinthe

firsttrial｡
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Figure3-22

Failureindetecting
chin-contourpoints.
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(4)Whenawrongface-sidelineresultsinawrongpredictionareaof
theeye｡

AsshowninFig.3-23,oneoftheface-side1inesthataredeter-

minedinthestep5)mayextendtothewrongdirection,whichresults

inawrongpredictionareaoftheeye.Thus,atthenextstep6)the

componentexpectedtobetheeyedoesnotsatisfythenecessarycon-

dition.Thenanewpredictionareaisestablishedfromtheposition

oftheothereye,andthedeterminationofthiseyepositionistried

again.Theface-sidelineisalsocorrectedbytracingitdownward

fromthecorrecteyepositlon｡
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otherthantheexamplesmentionedabove.therearemanyminor

feedbacks.Compoundfeedbackmayalsooccur.Forinstance.thefail-

ureinthechin-contourdetectionactivatesthestep4),whosefailure,

then,makestheprogram9obacktothestep3).

Itisnotablethatthistrial-and-errorprocesswiththefeedback

mechanismallowedeachanalysissteptobesimple.Theonce-and-for-

allprocesswouldhaverequiredthateachstepbehighlyelaborateand

reliable,inordertoavoiddeliveringerroneousresultstothesue-

ceed‘ingsteps｡

Inmanysteps,simplepatternmatchingmethodshavebeenemployed.

Itshouldbementionedthatpatternmatchingappliedtotherestricted

regioninapicturehasapositivemeaningincontrasttothatapplied

tothewholepicture.Asuccessfulmatchmeansthatwhatwasexpected

existsinthepredictedregion.Itincreasesthereliabilityofthe

analysisresultssofarobtainedandusedforpredictionaswellas

addingthenewresult.0ntheotherhand.failureinmatchingmay

requirethatsomeoftheprogramparametersbemodifiedorthatafeed-

backprocedurebeactivatedforcorrectionsandretrials.

III-5.ResultsofAnalysis

About800picturesofhumanfaceshavebeenprocessedbythepro-

gramdescribedabove.Mostpictures(688)ofthislargedataisetlwere

obtainedindigitalformattheWorldFair170OSAKAin1970.SUMITOMO-

GroupPavilionrananattractionnamed"ComputerPhysiognomy":

apersonsitsbeforeaTVcamera,thepictureofhisfaceisdigitized

andfedintothecomputer.asimpleprogramextractslinesandlocates

afewfeaturepoints(themethodisthesameasthatdescribedin[32])

and,finally,hisfaceisclassifiedintooneofsevencategories.
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eachofwhichiSrepresentedbyaVeryfamousperson.Thoughthepro-

gramwasnotveryreliable.theattractionitselfwasverysuccessful.

Alotofpeopleparticipatedinit,anumberofwhosefaceswere

storedontenmagnectictapes.Theyincludefacesofyoungandold.

malesandfemales,withglassesandhats,andfaceswithaturn,tilt

orinclinationtoaslightdegree.Itisofgreatinteresttoseehow

theprogramworkswiththem.Therestofthedatasetcomprises

picturesltookforthepurposeofinvestigatingtheperformanceand

limitationoftheprogram.

111-5-1.SummaryofResults

TheresultsaresummarizedinTable3-1

categorizedintofourgroups:

(a)fullfacewithnoglassesorbeard

(b)fullfacewithglasses

(c)facewithturnortilt

(d)facewithbeard,andothers

Theinputfaceswere

Thefirstcategorycorrespondstothefaceswhichwereassumedforthe

inputoftheprogram.Theresultofanalysiswasjudgedeither

"correct"or"incorrect"byhumaninspection."Incorrect"includes

erroneousresultsandunrecoveredfailures.Inthecaseofincorrect

results,thestepinwhichtheerrororunrecoveredfailuretookplace

isexamined｡

Forpicturesofthegroup(a),608picturesoutof670were

successfullyanalyzed.givingalloftheface-featurepointscorrect-

ly.Forabout200ofthemtheanalysisfailedhalfwayonceortwice.

butthefeedbackmechanismincludingdiagnosis.correction,andretri-

al,maderecoverypossible｡

AsisseeninTable3-1,theprogramworksfairlywellalsoon

picturesofgroups(b),(c)and(d)whichdonotsatisfythepresumed

constraints.
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category
of
faces

number
of

faces

correct

results

error
orun-
recovered
failure

stepinwhichtheerroror
unrecoveredfailureoccurred

face

sides

nose

mouth
chin

chin
contour eyes

nose
width

fullfacewith
noglassesor
beard

670 608 62 5 14 17 19 7

fullfacewith
glasses

77 2 75 4 4 2 65

facewithturn
ortilt

79 63 16 4 3 3 5 1

facewithbeard,
andothers

27 27 12 4 11

Table3-ISummaryofresultsofanalysis

III-5-2.ExamplesandDiscussions

(1)Twosetsofexamples

Fig.3-24andFig.3-25presenttwocompletesetsofexamples.

Ineachfigure.part(a)istheoriginalphotographandpart(b)shows

thegray-levelrepresentationofthedigitizedpictureonthe11ne-

printer.Part(c)givesthebinarypictureinwhichtheextractedfea-

turepointsareindicatedbydots.Toverifyhowwelltheprogram

locatedthefeaturepoints,theircoordinatesaremarkedontheen-

largedoriginalphotographasshowninpart(d).

Fig.3-26showsthepictureinwhichthesamesetoffeature

pointsislocatedbyhuman.ComparisonofFig.3-24(d)with

Fig.3-26showsthatthecomputerextractionisconsiderablygood.

Mostresultsofpicturesinthegroup(a)whicharejudgedascorrect

areofthisquality･
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Thelocationsofthefeaturepointsobtainedinthebinary

picturemaycontainsmallerrors:eyecenterslieabitonthe

outerside;face-sidelinesareapttoshiftalittletothedarker

side.ThesephenomenastemfromthepropertyoftheLaplacianopera-

torusedinthelineextraction.TheLaplacianoperator.asiseasily

seen,producesabigpositiveoutputwhenitisonthedarkersideof

theedgeintheoriginalpicture.Thus,inthebinarypicturewhich

isobtainedbythresholdingthedifferentialpicture.linesappearon

thedarkersideoftherealedge.ratherthanjustontherightposi-

tion｡

Inthenextchapter.morepreciselocationsareobtainedby

returningtotheoriginalpicture.forthepurposeoffaceidentifica-

tion.

(2)Facewithfacial1inesorextrashadow

Facial1inesandextrashadowinthefaceoftenresultintrouble-

somelinesegmentsinthebinarypicture.hencefailureorerrorof

theanalysis.InFig.3-27,thecorrect･resultisobtainedbecause

thesearchofthechincontourwasl1mitedtoasmallareabasedon

theimplicitmodeloftheface.InthecaseofFig.3-28,theprogram

wasdeceivedbytheseveralparalleilinesegmentsnearthemouthand

wasnotabletodetecttheface-sideline.

(3)Facewithglasses

Inthecaseoffaceswithglasses.theprogramusuallyfailsin

thestepofeyedetectionorgiveserroneouseyepositions.butthis

isonlynaturalbecausetheprogramwasnottaughtthatpeoplemay

wearglasses!!;alltheotherresults.however,areusuallycorrect.

Fig.3-29illustratesanexample.

(4)Facewithmustache

Inthefacewithmustache.thicklinesegmentsappearbetween

mouthandnoseasshowninFig.3-30,andthenoSe(PandQindicate

thenoseends)isoftenlocatedbelowtherightDOSition.
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Figure　3-24　　Result of the analysis　:　example l
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Face with facial　lines　:　example lFigure　3-27
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Figure　3-28　　Face with facial　lines　:example 2

･; ::４

・一一●

Figure　3-29　Face with glasses.
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Figure　3-30　Face with mustache.

Figure　3-31 Face with turn or tilt　:　example l
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Figure　3-34　Noisy picture.Figure　3-33　Face with sparse

　　　　　　　chin-contour
　　　　　　　segments.
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(a) Original photograph

by the beam （00）
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Figure　3-35

Picture of low contrast.

(c) Binary picture:
　the chin contour
　is not detected.
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(b) Result of the
　analysis

Figure　3-36　Effect of beam-intensity control
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(5) Face with turn or tilt

　　　Fig. 3-31　and Fig. 3-32 show the faces　　that　involve　ａ　small

extent of　turn　and　til t.　Though　the　results　are　fairly　900d，　the

positions　of mouth, nose　ends　and　eye　rectangle　　have　　some　errors

because no explicit compensation　is made for the turn and　tilt.

(6) Case of sparse chin-contour segments

　　Fig. 3-33 illustrates the case in which the feedback process with

adaptive threshold setting　in　the chin-contour detection made　it

possible to detect a set of sparse line segments　as forming the chin

contour.
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(7)Noisypictures

AlotofnoisypointsexistinthepictureofFig.3-34.However,

theydidnotproduceanyeffectontheanalysisresult.thanksto

theuseofintegralprojectionandthepredictivenatureofthe

program.Theoperationofeliminatingasmallisolatedsegments

beforehandmayseempreferable.butsparsesegmentsareoftenmeanin9-

fullasinthecaseofFig.3-33.

(8)Pictureof10wcontrast

Inthecaseofpicturesoflowcontrastaroundthechin.thereis

nochincontourdetectedinthebinarypicture.Fig.3-35isa

typicalexample.Inthiscase,thebeam-intensitycontrolofthe

flying-spotscanner(seeFig.2-6)displaysitsusefulness.The

digitalpictureofFig.3-35(b)issampledbythebeam(00).Theuse

ofthebeam(10)increasesthecontrastofthemiddlerangei｀nthe

digitalpictureasshowninFig.3-36(a).Therefore,inFig.3-36(b)

thechincontourappearsinthebinarypictureandtheanalysispro-

gramcandetectit.

(9)Sizevariation

TheprogramItselfisabletoacceptthesizevariationofface

upto15'｀J20%.Itmaybereadilyextendedsothatlargervariations

areacceptable.bymakingcombineduseoftheflexiblescanning

programofFSS(seeII-5-1).Supposeafaceintheinputpictureis

toosmall.Theprogramwillfailinthefirststepofdetectingthe

facesidesLandR,butthesizeofthefacecanbeestimated.Based

ontheestimation.finerscanningwithasmallerspotsizewill

probablyproduceadigitalpictureinwhichthefaceISoftheaccept-

ablesize.

APPENDIXCcontainssupplementaryexamples.Muchmoreexamples

wouldbenecessarytocompletelyshowtheexcellentpropertiesofthe
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program.butthesuccessfulresultsofanalysisofmorethana00

pictureshavedemonstratedthattheflexiblepictureanalysisscheme

withfeedbackwhichwasemployedintheprogramisverypowerfulfor

dealingwithcomplexpictures.
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IV-1.Introduction

CHAPTERIV

IDENTIFICATIONOFHUMANFACES

Therecognitionofafaceisoneofthemostcommonhumanexperi-

ences,andyetitisverydifficulttoexplainhowthisisdone.

Littleresearchhasbeenreportedonmachineidentificationoffaces.

Thischapterdescribesanattemptatfaceidentificationof20people

bycomputer｡

Mainemphasisisputoncomputerextractionoffacefeatures

fromthepicture.Theidentificationtestoffaceswasconducted

mainlytoverifytheresultsofthefeature-findingalgorithms,as

wellastoattemptanautomaticvisualidentificationofpeople･

Thereforethemethodemployedisratherstandardandstraightforward:

thepictureisfirstanalyzedtolocatefeaturepoints;then.facial

parametersarecalculated;aweightedEuclidiandistancedefinedon

theseparametersisusedtomeasurethesimilarityoffaces.

IV-2.TheProblems

Toautomatetheidentificationofhumanfaces,threeproblems

ariseasinotherpattern-recognitiontasks:
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(1)Selectionofeffectivefeaturestoidentifyfaces

Aboutface-featuressafewworkshavebeenreported.Bledsoe[6]

andKayaandKobayashi[16]usedgeometricalparametrizationonthe

basisofcoordinatesoffaciallandmarks.whereasGoldstein,Harmon

andLesk[12]usedsubjectivedescriptorsoffeaturessuchasface

shape,hairtextureandlipthickness.

(2)Machineextractionofthosefeatures

Computerprocessingofhuman-facepicturesforfeatureextraction

hasrarelybeenstudied.Face-identificationsystemssofardeveloped

areman-machinesystem,inwhichfeatureextractionisperformedmore

orlessbyhuman.InKelly'swork[17],onlyfivemeasurementsare

drawnfromtheface.anditseemsthatmeasurementsinthebody

picture,e.g･,heightandwidthofshoulders.playmoreimportantroles

inhisidentificationtest.

(3)Decision-makingbasedonthefeaturemeasurements

Thisisrelatedtolearningmachinesinpatternrecognition.

Manyelaboratealogrithmstoderivetheoptimaldecisionrulehave

beenproposed.Actually,however,insuchacomplexproblemasthe

identificationoffaces.thesetofselectedfeatures･mainlydeter-

minestheperformanceofidentification.Infact,Bledsoeand

KellyusedarathersimpleweightedEuclidiandistance.Inthe

tasksofsuspect-face-filesearchandfingerprint-filesearch.itis

morereliableandusefultofindasmallsubsetinwhichthetarget

issurelyincludedthantotrytoidentifythebestmatchinthefile.

Therank-orderingprocessdevisedin[12]providesquickreductionof

targetpopulation･

Atpresenttheproblems(1)･and(3)arenotofourmajorconcern,

thoughtheyareofinterest.Computerextractionoffacialfeatures

isourprincipalpurpose.Inthisthesis,thegeometricalparametri-

zationwasusedtocharacterizeaface;distancesandanglesamong

76



suchpointsaseyecorners,mouthextremities,nostrils,andChintop.

Thesefaciallandmarksarelocatedbycomputerpictureprocessing.

Decision-makingusesasimpleEuclidiandistancedefinedonthe

featureparameters.

IV-3.ComputerEχtractionofFaceFeatures

IV-3-1.DataSet

Machineidentificationof20peoplebytheirfaceswasattempted.

Theywereallyoungpeople,17malesand3females.without91asses｡

mustacheorbeard.Picturesofthesubjectsweretakenintwoseries｡

i.e.,twopicturesforeachperson.Thefirstandsecondpictures

ofthesamepersonweretakeninadifferentplacewithatimeinter-

valofonemonth.Thus,acollectionof40photographsofafullface

wasusedintheexperiment.Nospecialarrangementsonlightingand

otherphotographicconditionsweremade,eχceptforaskingthesubject

toturnafullface.Thefilmswereprocessedinanormalway,and

positiveprintswithanappropriatesizewereproducedtofitwith

theopaque-materialheadoftheflying-spotscanner.

IV-3-2.Two-StageProcess

Computerpictureprocessingiscarriedouttolocateface-feature

pointsintheface.suchaseyecorners,nostrils,chincontourand

soon.AsshowninFig.4-1,thewholeprocessconsistsoftwostages

Thefirststage一isexactlytheprocessdescribedinCHAPTERIII:the
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wholepictureisscannedtoproducea5-bitdigitalpictureof

140×208elements;thesamplingismadeate^ery3addressablepoints

bya･5×5spotbymeansoftheflexiblescanningprogramofthe

flying-spotscanner;thenthesecondarydifferentiationandthreshold-

ingyieldabinarypicture.inwhichthepictureanalysisprogram

locatesasetoffaciallandmarks;anexampleoftheprocessingresult

ofthefirststageisshowninFig.4-2｡

Thecoarsescanningbyarelativelylargespothaseasedthe

succeedingdifferentialoperationandfeature-findingalgorithmsof

thefirststage.but,forthepurposeofface-identification,the

accuracyisinsufficient.Oncethelocationsofeyes.mouth,nose.

etc.areknown.atleastapproximately.onecanreturntotheoriginal

picturetoextractmoreaccurateinformationbyconfiningtheprocess-

ingtosmallerregionsandscanningwithhigherresolution.This

refinementprocessisthesecondstage,whichwillbedescribedinthe

followingtwosubsections.

Coarsescanning0n
thewholepicture
withlow-passy/'
filtering

Original

picture

/

/
/
/

Finescanning'｀

ontheconfined

regions

Digital'gray-level
picture

Binarypicture

Extractionof
faciallandmarks

Fineimagedataof
specificparts

Preciselocation
offeaturepoints

↑

First
stage

↓

↑

Second
stage

↓

Figure4-ITwo-Stageprocessforcomputermeasurement
offeaturesofhuman-facephotographs.
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IV-3-3. Sampling of Finer Image Data

available　as was explained　in CHAPTER II

beam intensity to be used for each region

-

79

- 一 一

¨y3

　｜

Figure　4-2　Result of the first stage of processing

　　　　Thefirst　thing　to　do　is　toobtain　finer　image　data　　of　the

confined portions.　From the feature　points　obtained　in　the　first

stage, four　small　regions　are　settled　as　shown　in　Fig. 4-3.　　They

correspond　to　the　right eye, left eye, nose　and mouth. This　time, the

scanning is made with the highest resolution, i.e., spot size
°l　ｘl

(point spot）　and　sampl i ng step °1 .　　The "best"　beam intensity is

selected　to　obtain　the　details.　　Four　kinds　of　beam　intensity are

(see Fig. 2-6). The best

is　determined as　f011OWS.

Take the nose region for instance. Fig. 4-4(a) shows　the histogram

of gray levels contained in the corresponding region　of　the digital

picture which was scanned by the beam intensity （00）and used　in the
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Four regions to be

sampled　in　the　second
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(a) Right eye

（ｃ）Nosｅ

（b）Left eye

（d）Moｕth

Figure 4-5　Printouts of detailed image data.

first stage (see Fig. 4-5(c)). The histogram indicates that the

shades of gray　in　the region range　from ８ to 26.　　Thus　the beam

intensity (10) will provide the best detail ， because the middle range

is digitized into 32 levels, and the darker and brighter ranges satu-

rate to the lowest value o and the　highest　val ue　31 s　respectively･

In fact. as shown in Fig. 4-4(b) the new histogram　of　the detailed

image data of the nose region (Fig. 4-5(c)) proves the effect of thi s

beam selection:　the whole digital　range　is　used effectively.

　　In　this　way.　the　best　beam　intensity　IS　selected　for each　region

（00）foｒ　the　region of wide-range　intensity, (01)　for　dark　region,

(10) for medium. ａｎｄ田) for bright. Fig. 4-5 shows the　printouts
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ofthedetailedimagedata(upper)andthoseofthecorresponding

regionsinthepictureusedinthefirststage(lower).Itcanbe

seenthattheupperpicturescontainmoredetails.Thisre-scanning

processcanberegardedasakindofvisualaccommodationinboth

positionandlightintensity;theconditionsofimage-datasampling"^

areadaptedtotheindividualportions.

IV-3-4.DescriptionofExtractionProcesses

Afteracquisitionofthefinerimagedata.thenextprocessing

istoextractmorepreciseinformationfromeachregion.Thistime.

alltheoperationsusedareverystraightandsimple:thresholding.

differentiation,integralprojection,andsoon.Suchsimpleopera-

tionssufficet0getthefacialdetails.becausetheprogramknows

whatpartofthefaceitislookingatandwhatpropertiesitdeals

with.MoreoverItshouldbenotedthatthistwo-stageprocesscould

reducethememoryandtimewhichmighthavebeenwastedforprocessing

unnecessarilyfineimagedataofirrelevantportions.

(1)Eye

Fig.4-5(a)isthegray-levelrepresentationofimagearrayin

whichtherighteyeiscontained.Foreachpictureelementlij'the

firstderivative

^'ij°|(li-lj-1゛li-lj゛li-lj+1

ﾘ(li-lj-1゛lij-14‘^･+lj-^

一

一

li十lj-1

li-lj+1

゛li十ljli十lj+1

+11j+1+11十lj+1 (4-1)

iscomputed.Fig.4-6(a)showsthebinarypictureinwhichthe(ij)

elementhaslifdl

thisexperiment.

ij)ooroifdl ..<e.Thevalueofoisset15in
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(a) El imination
of　irrelevant

　　　　　portions

Figure　4-6　　Detection of eye corners

　ims corresponds to the

maximum area of the nostri l ｡

一一
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b) Determination　of eye
　　　rectangle

　　The operations shown in Fig. 4-6 can　locate　the　eye　corners

precisely.　The first operation is to erase　the connected components

which cross the frame edge and lie outside　　of　　the　　circumscri bed

　　　　　　　　　　　-rectangle of the right eye SIS2S3S4 that has been determined in　the

first stage (Fig. 4-6(a)). This operation　eliminates the portions

that correspond to eyebrow. nose line. and hair.　The circumscri bed

rectangle　of　the　remaining　components.　M1
'^Q'^oA　is　determined

(Fig. 4-6(b)); it indicates the precise location of the eye.

　　The　same　operation　i s　performed　on　the　left-eye　　region .　　The

result　is　illustrated　in　Fig.　4-7;　　the　fourvertexes　are　displayed

i n　the　gray-1eve!　digital　picture.

旦卜蝕sｅ

　　　In the nose region. the two nostrils are the features　that can

be consistently obtained. because they appear extremely dark｡

　　　Two　small　areas　are　fixed,　in which　the　left and　right　nostrils

may　be　contained ，　respectively.　　P-tile method　is　applied　on　each

area to determine the threshold that singles out the nostri l from the

background : the threshol d value is the minimum T such that the number

of points　which are　darker　than T　exceeds a predetermi ned number

P °45y　Points that are darker than T are located, and the fusion of

distance l is performed on it.　The center of gravi ty of the maximum

component　ｉｎ　each　area　ｉs　computed as　the center　of the nostril.
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Figure　4-7　　Eye corners
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(a) P-tile method and fusion (b) Centers of gravity of
　maximum components

Figure　4-8　Detection of nostrils.

Figure　4-9　Centers of nostrils.
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Fig.4-8illustratesthisprocess.Fig.4-9showstheresults:the

centersofnostrilsaredisplayedinthepicture.

(3)Mouth

Lipthicknessandtheshapeofmouthsareverydistinctive

featuresofpeople,butitisnoteasytoextractthemwithconsis-

tency.Therefore,inthemouthregion,onlythepositionandbreadth

ofthemouthareused｡

ThelIDSoccupyarelativelydarkandoblongareainthemouth

regionascanbeseeninFig.4-5(d).AsshowninFig.4-10,the

verticalintegralprojectionisfirstcalculated.Thedeepestvalley

vcorrespondstothedarkportionwheretheupperandlowerlipsmeet.

Itshowstheverticalpositionofthemouth.Next,alongthishori-

zontalline.anarrowbandisestablishedasshowninFig.4-10.

Fromthehorizontalprojectionofthisband.thebreadthcanbedeter-

minedbydetectingthedarkerpart;thedetailisexplainedin

Fig.4-10.Theleftandrightextremitiesofthemouthlocatedin

this･wayaredisplayedinthepictureofFig.4-n｡

Thiscompletesthesecondstageoftheprocessing.A11the

facialfeaturepointswhichhavebeenextractedinthefirstand

secondstagesareusedtocalculatefacialparameters.

ExamplesoftheprocessingresultsarepresentedinAPPENDIXD.

Theyareapartof40picturesusedintheidentificationexperiment.

IV-4.FacialParameters

Asetofsixteenfacialparar!letersx°(XPXo>...,x-ig)shown

inFig.4-12iscalculated.Theyallareratiosofdistanceandarea.

andanglestocoりipensateforthevaringsizeofpictures.Inorder
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to　eliminate　the differences　of dimension

nents of x，　the vector x　i s　normal ized

equation

H
一

一

χ. - m.

‘Ｚ．　　１
-
　(ｙ．
　７．

゛/here≒゜E[x,]・づ

一一 -

‾‾‾‾‾‾‾‾'‾‾‾‾－1

and　scale　among　the compo-

accordi ng to the foi l owiｎ9

ｉ＝１、２ｓ　・・・ｓ１６ (4-2)

一

一

E[(勺‾ ≒)2]；゛ind E[゜]stands for　the average

Ｅ

Figure　4-10　Determination of mouth extremities
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ﾉﾍﾞ.

overthewholesetofdata.Thatis,y£meanshowfartheparameter

valueX.isfromthemeanm£゜E[x£],normalizedbythestandarddevia-

tiona..y.takesapositivevalueifX.isgreaterthanthemeanand

negativeifsmallerthanthemean.Thusapictureisexpressedbya

vectorY゛(yl｀y2｀‥゛y16)゜

Ontheotherhand,thesamesetoffacialparametersismeasured

byhumanhandintheenlargedphotographofthefaceusingamillime-

terscaleandatransparentmillimetergrid.Thenormalizationis

alsoperformed.Thisisdonetocomparethefeaturemeasurementsby

computerwiththosebyhuman.Hereafter,thesuperscripto0r7zis

putontheparametervan'ableHwhenitisnecessarytoindicate

whetheritisobtainedbycomputerorbyhuman.

x
j

x
2

XJ

X4

=AB/OC

=ST/AB

=NC/OC

curvatureofthe
゛{topofthechin

)(5°(△EGC゛△FCH)/(SjSY)

)(ﾊﾟl

x∂゜6

X∂

(ejeY)

X

X

C

SS:hatchedareas
兌Y

AEGC,△FCH:triangleareas

Figure4-12Facialparameters｡

87

X

X

X

X

X

=XN/XC

=NM/XC
jθ¨･･″"‾

11y(‰蟻Y)/sT

詔

23

14

゜(≒杓Y)/ST

=a/ST

=Z)/ST

=ST/XN
15゛｀″････㎜

jZ∂゜(町吸Y)/(≒杓Y)



Beforegoingtoidentificationexperiment,theeffectivenessor

repeatabilityofparametervalueshasbeenexaminedinthefollowing

way.PickupapictureZY°Letl"'betheotherpictureofthesame

person.Then

ZU£-＼iH≒n＼

ishopefullytheminimumoftheset

ZS･£゜{IZyぞ“たyぞ|ヽ乙k=1､2､‥･､40､k≠1}､

butthisisnotalwaysthecase.Let

戸£

ZU£bethe

(4-3)

(4-4)

Z『 .-thsmallestof
7,

Table4-ltabulatestheaveragea£andstandarddeviationりof

Zりoverthewholecollectionofpictures,i.e..

a.

町

゜E[Zり]

=肩可戸可阿.
(4-5)

yjy2y3y4ySy6y?y8ysy10yny12y13y14^15y16 Average

弓
a7

12.215.616.916.219.116.315.013.713.717.111.810.712.717.310.S10.5

9.79.69.510.110.411.310.811.010.39.97.77.58.810.98.68.5

14.3

4

6?

10.210.114.813.817.912.011.919.312.29.315.311.711.49.013.610.5

7.18.810.010.S8.88.29.89.78.57.010.58.99.47.910.08.1

12.7

Table4-IRepeatabilityofparametervalues.

Theupperandlowerrowscorrespondto,respectively,measurementsby

computerandbyhand.Itcanbesaidfromthetablethatthereli-

abilityofindividualparametersisnotveryhigh.Theaccuracyof

computerextraction卜Slightlyinferiortothatofhumanextraction.

88



IV-5.IdentificationTest

Thephaseofidentificationtestoffaceswasrunseparatelyfrom

thephaseofpictureprocessing.Thewholecollectionof40pictures

wasprocessed,andalltheparametermeasurementswereobtainedboth

bycomputerandbyhand.Theresultantnormalizedvectors

ZY7zfor1=1へJ40wererecordedo '
namagnetictape.

l''and

Theexperimentwasrunasfollows.Thecollectionof40pictures

wasdividedintotwosetsofequalsize.Thefirstsetthatcomprises

20pictures.onepictureforeachperson.isthereferencesetR,o『

thesetofknownindividuals･.Theremaining20picturesareusedas

thetestsetTorthesetofunknownindividuals.NowtheproblemiS:

givenapictureinthetestsetT,findthepictureofthesameper-

soninthereferencesetR.

Wechoseasimpledistance

j∂
d(Y'YI)゜J

z
l今‾yllk(4-6)

asameasureofsimilaritybetweenthepicturesYandY'.Therefore,

ごｺﾞﾍﾟ 1を 1 2 3

Computer 10 9 10 10

Human 15 13 13 12

Table4-2Thenumberofpeoplewhowerecorrectly
identifiedwhenalltheparameterswere
used.Abetterperformanceisobtained
whenineffectiveparametersareomitted
indecision-making.
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Rankofthereal
targetpicture

Pers

χ
1i 1 2 3

A 1 1 1 1

B 1 1 1 1

C 2 1 1 1

D 3 3 1 1

E 1 1 1 1

F 4 5 5 5

G 1 2 3 6

H 2 2 2 1

I 1 1 1 2

J 2 1 1 1

K 1 1 1 1

L 2 2 2 5

M 1 1 1 1

N 2 1 1 1

0 2 1 1 1

P 1 1 1 1

Q 5 5 2 1

R 1 1 1 1

S 2 2 1 1

T 3 2 2 2

Average 1.9 1.8 1.5 1.8

Number

ofcorrect

identifi-

cation

9 12 14 15

Table4-3

Resultsofidentification
test;featuremeasurement
bycomputer.
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Rankofthereal
targetpicture

Persぺ 17 1 2 3

A 1 1 1 1

B 2 2 2 2

C 1 1 1 1

D 2 1 1 1

E 2 1 1 1

F 1 1 1 1

G 1 1 1 1

H 6 3 3 5

I 1 1 1 1

J 1 1 1 1

K 1 2 2 5

L 1 1 1 1

M 5 5 5 5

N 1 1 2 2

0 1 1 1｀ 1

P 1 1 1 1

Q 4 3 2 3

R 1 1 1 1

S 1 1 1 1

T 1 1 1. 1

Average 1.8 1.5 1.5 1.8

Number

ofcorrect

Identifi-

cation

14 15 14 14

Table4-4

Resultsofidentification
test;featuremeasurement
byhuman.



whengivenapicture¥eTinthetestset.theanswer1sthepictureY

inthereferencesetsuchthat

mind(Y,YI)=d(Y,Y).(4-7)

Y'GR

TheidentificationtestwascarriedoutforK=1･,1,2,3.

Table4-2summarizestheresults.Thecorrectidentificationis

45Qj75%.

Betterresultsareobtainedwhenineffectiveparametersarenot

usedincalculatingthedistance.Theparameters,thesumofwhose

a.andりislarge,areregardedasineffective.゛Inthecomputer

extraCtion゛y5゛y6andy14arediscardedandinthehumanextraction.

y5?y8andy11゛Thereforeonlythirteenparametersareused.The

resultsofidentificationtestarepresentedinTable4-3(computer

extraction)andTable4-4(humanextraction).Theentrynumberstands

fortherankoftherealtargetpicture:(11111meansthatthecorrect

individualisidentified.)Inbothtables,15outof20peopleare

correctlyidentifiedinthebestcases.

Fromthislimitedexperimentitisdifficulttojudgewhethera

fullyautomaticidentificationoffacesisfeasibleornot,butthe

experimenthasshownthatthecomputeriscertainlycapableofex-

/一丿tractingfacialfeaturesthatcanbeusedforfaceidentificationof

people.almostasreliablyasaperson.

-

*Thiscriterionmaybejustifiedasfol1ows.SupposeZr£follows

anormaldistributionN(a.,6.).ThenCぞ゛(≒'l‘りisthe･rankbelow

which84Zofcasesfall.
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V-1.SummaryofThisThesis

CHAPTERV

CONCLUSION

Thisthesishasbeendevotedtothedescriptionsofanewpicture

processingsystem.andcomputeranalysisandidentificationofhuman

faces.Principalresultsobtainedinthisresearcharesummarizedas

follows:

(1)InCHAPTERII,anewflexiblepictureprocessingsystemhasbeen

developed.Itemployedsystem-subsystemorganization;themini-

computerandgraphicalI/Odevicesformasatellitesubsystemof

thehostcomputer.Intimateintercomputercommunicationsare

realizedbetweenthetwocomputersbymeansofaspecialsoftware

support.Theformofthiscomputer-computerconnectionhasshown

oneofthenewdirectionstothelnhousecomputernetwork.in

whichhigh-speedtransmissionofalargevolumeofdataand

messageswitchingofshortcommandsco-exist.

(2)lnaddition.thesate!litecanperformintelligentjobsfor

itself. Itprovidesseveralcharacteristicfacilitiesfor

pictureprocessingsuchashighlyflexiblescanningandfilm-

recordingprograms.Manyexamplesofusageofthefacili-

tieshavedemonstratedtheirwideandpotentialapplicability･

(3)InCHAPTERIll,theanalysisofhuman-facephotographshasbeen

performedasataskofpictorialinformationprocessing.Given
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aphotographoftheface,theanalysisprogramcanlocatefacial

featurepoints.suchaseyecorners,nose,mouth,chincontour

andsoon.Morethan800picturesweresuccessfullyprocessed

bytheprogram･

(4)Theflexiblepictureanalysisschemewaspresentedandemployed

intheanalysisprogramofhumanface.Itconsistsofacollee-

tionofrathersimplesubroutines.eachofwhichworksonthe

specificpartofthepicture.andelaboratecombinationofthem

withfeedbackinterwovenmakesthewholeprocessflexibleand

adaptive.Theface-analysisprogramdevelopedinthisthesisis

oneofthefirstonesthatimplementthistypeofanalysis

schemewithfeedbackforpictureanalysis.Excellentproper-

tiesoftheprogramaswellassuccessfulresultsoftheanalysis

haveprovedthatthismanneroforganizingprogramsisvery

promisingtotheanalysisofcomplexpictures.

(5)lnCHAPTERIV,visualidentificationofpeoplebytheirfaces

wastested.15outof20peoplewerecorrectlyidentifiedrely-

ingsolelyonmeasurementsobtainedbyacomputer.Thisisthe

firstsuccessofmachineidentificationofhuman-facephotographs

(6)Thoughsimple.thetwo-stageprocessemployedinextract!"ng

precisefeatureshasasignificantmeaning.Itisanexampleof

distantfeedback:high-leveldecisionaffectsandcontrolsinput

samplingstage;thefacilitiesthatthenewpictureprocessing

systemprovidesweredemonstratedtobeindispensable.

V-2.PicturestructureandAnalysisMethod

Thissectionprovidesadiscussiononthegeneralizedconceptof

themethodusedforprocessinghuman-facephotographs.
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Severalmethodsofpatternrecognitionsofardevelopedarefirst

discussedbrieflyfromthepointofmanipulatingthepicturestructure｡

Thetechniquesofcorrelationintwodimensionscanbeusedfor

patternrecognition.Preparedafileofstandardobjects.agiven

scene1scorrelatedwitheachmemberofthefileanditisconcluded

thatitmostresemblesthatobjectwhichgivesthemaximumcorrelation.

Thistypeofapproachisoftentermed"templatematching"andithas

anadvantagethathigh-speedcomputationofcorrelationmaybecarried

outbymeansofopticaldevices.Althoughstraightforwardinconcept,

thetemplate-matchingmethod,weknow,islesspotentforrecognizing

patternswithlargevariations.becauseitissensitivetotranslation,

magnification,brightness,contrastandorientation｡

statisticalpatternrecognitionisanotherimportantapproach.

Thepatternistreatedasamulti-dimensionalvectorinthefeature

space,thecomponentsofwhichdenoteindividualobservations,e.g.,the

areaofblackportionsinacharacter.Adecisionrulethatdivides

thefeaturespaceintosubspacesassignsanunknownpatternt0oneof

predefinedclasses.Manyalgorithmshavebeenproposedforconstruct-

ingtheoptimaldecisionrules.Butinthismethod,asisoftenpoint-

edout.thechoiceoffeaturesismorecrucialthanthedecisionrule｡

Inextractingfeaturesfromapicture,two-dimensionalFourier

transformsandhistogramsofgraylevelsmaybeuseful,forexample.

indistinguishingcornfieldsfromwoodsinaerialphotographs,but

incaseswherethestructureofthepatternisofmoreconcern.they

donotworksatisfactorily.Therefore,itbecomesessentialtopro-

videthe･computerwiththestructuralinformationofpatterns｡

Noticingtheanalogybetweenthestructureofpatternsandthe

syntaxoflanguages,Kirsch[18],Narasimhan[24],Ledley[19],and0th-

erstooktheso-calledlinguisticapproach.AsshowninFig.5-1,the

inputpatternisfirstrepresentedinastringofprimitiveelements･

whichareextractedinarathermicroscopicway.Thenasyntactic

analysisisperformedonthestringinordertodecidewhetherthe

givenpatternisintheparticularclassornot.Thisapproachcould
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besuccessfullyappliedtoline-likepatterns.suchashandwritten

characters,tracksofbubble-chamberphotographs,andchromosomepic-

tures.achievingmoreflexibilitythanthetempiate-matchingmethod

orthemethodbasedonthestatisticaldecisiontheory.

input
pattern

Figure5-1

Grammar(structure)

Introductionofstructurein
approach;thisschemeisnot
forcomplexpictures｡

theliguistic
satisfactory

Thelinguisticapproachpresentscertaindifficultiesinitsap“

plication.Inadditiontothedifficultyindescribingatwo-dimen-

sionalimageinthestringfomi,themethodsuffersfromthefactthat

thestageofprimitive-elementextractiondoesnotknowwhatelement

ismeaningfulandwhatisnoisebecauseitiSseparatedfromthestage

ofsyntacticanalysis.Anotherreasonforthisisthatprimitiveele-

mentsareusuallylinesegmentsandarcs:theyareneithersubparts

norsubstructuresofthepicture.butonlyconvenientunitsofprocess-

ing.Recentlyamethodappearedwhichusesadescriptionofthe

pictureintermsofpropertiesofregions(e･9.circular)andrela-

tionsbetweenthem(e.g.adjacent),insteadoflines[2].Itmayhave

thesamekindofdisadvantagesunlesst+ierelationalstructuresof

objectswhicharestoreddonotdirecttheprocessofpictorialanaly-

SISofagivenscene｡

Inordertoovercomethisdifficulty.Shaw[33]proposedatop-

downgoal-directedsyntaxanalyzer.It"parses"thepictureinthe

analogousmannertoaclassicaltop-downstringparser:thegrammar
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isexplicitlyusedtodirecttheanalysisandtocontrolthecallson

pictureprocessingroutinesforprimitiveelements.Unfortunately

therelationtheanalyzerusesisonlythehead-and-tailconcatenation,

thuslimitingitsapplicability｡

Now,let'sdiscussthesignificanceofthemethodlemployedin

analyzingpicturesofhumanfaces.Somedifficultieswouldbeen-

counteredifthelinguisticapproachweretakenforhuman-faceanaly-

sis. Supposethatsmal11inesegments,arcsandthelikeareselected

astheprimitives.Thentheresultantrulesforcomposingaface

wouldbeintolerablycomplicatedandawkward.Moreover,alotof

noisylinesegmentsunrelatedtothefacestructure,perhapsfrom

wrinklesandhairstyle,wouldbeannoying.Thusitismoreconve-

m'enttoconsiderafacetobecomposedoflargersubstructuressuch

aseyessnose.mouthandsoon.havingtherelativelymacro-positional

relations.Recallthattheeyes,forinstance.arerecognizedassuch

onlyinthecontextofaface;infact,manyothercomponentsshowthe

shapeoftheeyeinthepicture.ThiSmeansthatthesearchforthe

componentwiththeshapeoftheeyeshouldbedoneintheregionin

whichtheeyeISexpectedtoexist｡

TheschemeofFig.5-2whichlemployedisbetterforthispur-

pose:firsttheregioninwhichaparticularpart(e.g.headtop)is

predictedtoexistisdeterminedbytakingfulladvantageofaTpviovi

knowledgeabouttheobjectclassofpicturesandoftheglobalbut

sometimesnotsopreciseinformationextractedfromtheinputpicture.

Thenthecomponentwithspecificpropertiesisdetectedinit.Asa

result.theinformationaboutthepictureunderprocessingisrein-

forcedandthiscanbeused.1nturn,fordeterminingwheret0100k

forthenextpart.Iterationoftheseprocessesleadstotheacquisi-

tionofinformationenoughtodescribethegivenpicture｡

Proceduresofdetectingpartsaredividedintosubroutinesand

theyoperateontheestimatedsearchareaundergivenconstraints.

Eachprocedurecantakeadvantageofthefactthatitknowswhatto

lookforandwheretolookat.Forroughandtentativeestimationof
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Total'

information

apvioriknowledge
oftheobjectclass

ofpictures

prediction

reinforcement

correction

input
picture

Detectionofthe
componentswith
specifiedproperties
withinthepredicted
region

(success)(failure)

retrial

Figure5'2Generalizedconceptofthepictureanalysis
Schemeemployedinthisthesis.

searchareas,proceduresinsensitivetonoiseareusedwhichmightnot

besoaccurate,butoncethesearchareasforspecificcomponentsare

established.accurateproceduresareertiployedwhichdeterminetheex-

actpropertiesofthecomponents･,andv/hichsometimesincorporate

adhocmethods.Iftheprogramfailstodetectthecomponentsatisfy-

ingthespecifiedconditionsinthepredictedarea,itdiagnosesthe

cause.andmaymodifytheprogramparameters.ormay9obacktothe

formersteps.Thiskindoffeedbackmechanismmakesthewholepro-

cessMeryflexible.Notethatitalsosimplifieseachstepofanalysis:

perfectresultsneednottobeobtainedintheonce-and-for-allprocess-｀

ing,fortheerrors･,whendetectedatlaterstep.canberecovered｡

Thefeedbackmayinvolvetheinputscanningofthepictureto

obtainmoreproperimagedata.Asimpleexampleisthetwo-stagepro-

cessdescribedinthefirstpartofCHAPTERIVforextractingprecise

featuresoftheface.ThiS"distant"feedbackpreventswasteofmemor

ryandtimefortreatingunnecessarilyfineimagedata.
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Theschemedescribedaboveresemblessomewhatthetop-downgoal-

directedsyntaxanalyzerofShaw[33]inthatbothemploy"detection-

after-prediction"process.Inourscheme.however.(1)αpriori

structuralinformationaboutpatternsisembeddedintheprocedures.

therefore,(2)thenextparttobelookedforanditssearchareaare

determinedbytakingintoaccountabroadercontextthanthelocal

head-tailconnectioninShaw'sanalyzer.and(3)modificationofthe

programparametersandbacktrackingcanbeperformedmoreflexibly.

IncontrasttoShaw'sapproachitmaybeamoreproblem-dependent

scheme.

V-3.PictureAnalysisandProblemSolving

Thepictureanalysisschemeusedintheanalysisofhuman-face

photographsisfundamentallyasfollows:acollectionofroutinesis

prepared,thememberofwhichworksonthespecifiedregionandyields

certainresultswhengivenasetofdataitneeds;theroutinesare

calledintoactionintheappropriatesequencewithretrialandfeed-

backinterwoven｡

Thisscheme,whenadvanced,leadstotheviewthatapicture-

analysisprogramshouldbeaproblem-solvingprogram:thatis,the

analysisdoesnotproceedinapredeterminedorder,buttheprogram

decidesthebestsequenceofanalysisstepsdependingonindividual

inputpictures.onthebasisofaprioriknowledgeandevidencesofar

gatheredaboutthegiveninput.Theprogramselectsfromacollection

ofroutinesonethatisexpectedtogivethemostreliableresult.

Theselectedroutineisexecutedandthetotalinformationaboutthe

inputincreases.Inthisway.theprogramreachesthegoalofdescrib-

ingthegivenpicture.Initsprocess,theseveralaspectsofproblem-

solvingtechniqueswillappearinevitably,suchasevaluationofinter-

mediateresults.subgoalsetting.backtrackingandsoon.Theproblem
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ofdatastructureisthemostessentialinthismethod.andoneDOS-

sibleapproachisdiscussedbyNagao[211｡

Inthepresentversionoftheface-analysisprogram,thecorrec-

tion,retrialandbacktrackingarenotsufficient.Themainreasons

forthisare:(1)thefaceisnotanobjectthatrequiressuchahigh-

levelcapabilityofproblemsolving,and(2)theprogramcodedinthe

assemblerlanguagemakesitdifficulttoimplementdecisionmakingwith

highcomplexity,recursivecall0froutinesandstorageofvariable-

lengthdata｡

Thesecondpointwillbecomeaseriousobstacletomanageavery

complexpicture.Thereforeintheadvancedpictures-analysisprogram

theprocessing0flow-levelimagedatawillbecoded.forinstance,

intheassemblerlanguageforhigh-speedoperationandthepartof

higher-leveldecisionmakingwinbeprogrammedinthesymbolmanipu-

1ationlanguagesuchasLISPtofacilitatetheusageofproblem-solV-

ingtechniques.ThesystemdescribedinCHAPTERIIisdesignedso

thatitcanbeusedtodevelopsuchadvancedpicture-analysis

programs･

Theproblemofcomputerpictureprocessinghasmanydifferent

phases.Sometimes,asingletransformationperformeduponthewhole

picturemaysufficethepurposes,amongthemuniformenhancementor

smoothing.Whenitcomestoanalysisorunderstandingofthepicture.

theproblemwininvolvemuchdeeperaspects;structure.knowledge,

andproblemsolving.Theresultsofthisthesissuggestthat.rather

thanindividualtechniquesofpictureprocessing,itiSmoreessential

tocombinetheminapropermannerbasedonthecontextandstructure

ofthepicture.Theworkreportedherewinservetoadvancepicture

processinginthatdirection.
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APPENDIXA

DESCRIPTIONOFHARDWAREANDSOFTWAREOFGIRLS

A-1.GIRLS-InterfaceController

Thissectiondescribesindetailthefunctionalcapabilitiesof

theGIRLS-interfacecontroller(Fig.A-1),whichcontainsspecialin-

terfacesdesignedforthepictureprocessingsystem.Therearefour

connections;MACC-NEAC,MACC-FSS,MACC-CRTandMACC-Graf/pen.

A-1-1.NEAC-MACCConnection

AsshownschematicallyinFig.A-2,theGIRLSinterfaceperforms

threefunctions;datatransfer.interruptandstatussensewhichtake

placebetweenNEAC2200/200andMACC7/F.Thetwocomputersarecon-

nectedbyasetof64coaxialcables.TableA-l(a)showstheinstrue-

tionsofNEACandMACCrelatedtothisconnection.

1)datatransfer

ThedataflowandregistersinMACC-NEACconnectionareshown

inFig.A-3.Datatransferisdonein6bit-parallelmode.Onechar-

acter(6bits)ofNEACcorrespondstothelower6bitsofonewordof

MACC:asillustratedinFig.A-2,sevenththroughsixteenthbitsof

MACCwordareneglectedwhentransferredfromMACCtoNEAC,andO's
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Figure　A-1

NEAC

一一

GIRLS-interface controller.

GIRLS MACC

Figure A-2　Schematic diagram of MACC-NEAC connection.
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MEAC2200/200

D
A
T
A

PDTA゛CI゛C2゛C3 A:startingaddressofbuffer
C:Channelnumber
CI:Trunknumber
CI:Var1ant(seeFig.A-4)

C
O
N
T
R
O
L

T
E
S
T

C3

゛゛CI

2
3
4
5
0
1
2
3
2
2
0
1
‐
4

0
0
0
0
2
2
2
2
5
6
7
7
7

1
1
i
n
＼
£
)

C2.C3

ResetPA3(PA3=0)

SetPA3(PA3･1)

ResetPA5(PA5=O)

SetPA5(PA5=1)

誠にふACC7/F(｡el2)

a:にcJc'1)

,53MaskWT/'C2,WT/'C3,RECORD-MARKInterruption,respectively
,63UnmaskWT/'C2,WT/'C3.RECORD-;iARKInterruption,respectively
Maska11theinterruption
Unmaskalltheinterruption
ResetalltheInterruptionflip-flops

4゛CI゛C2゛C3

1
}
4

0
0
1
-
n
/
』

1
m
C
O
^
±

14

l

a
j

c

HACC7/F

IfeitheraPDTisInexecutionorPDTInterruptiontoMACCismasked.
thenjumptoA,else90tothenext
IfPSO=lthenjumptoA,else90tothenext
IfPS1=1,thenjumptoA,elsegotothenextIfPS1=1,thenjumptoA,els

If,respectively.WT/'C2,WT/
190tothenext
C3,orRECORD-HARKInterruptionIsset.

thenjumptoA,else90totheneχt

devicemachinecode
opcodeaddress(hexadecimal) function

D
A
T
A

･と

WTClElCl

WTC8E1C8
RDCOEOCO
ROClEOCl

RDC2E0C2

Writelower6bitsofACC1nHN-registerandrequest
NEACtoreadthemIn

Write16bitsofACC1nMRWCregister
ReadNMregisterIntoACC(lower6bits)

ReadNMregisterIntoACC{lower6bits)andrequest
NEACtotransferthenext6bits

ReadCreoisterIntoACC(lower6bits)

C
O
N
T
R
O
L

WTCOEICO
WTC2E1C2

WTC3E1C3
WTC4E1C4
WTC5E1C5
WTC6E1C6
WTC7E1C7

WTC9E1C9
MSFCAE9CA
HSFCBE9CF.
MSFccE9CC
MSFCDE9CD
MSFCEE9CE
MSFCFE9CF

QuitPDT
InterruptNEACviapn

InterruptNEACviaPI2
SetPSO(PSO=1)

ResetPSO(PSO=O)
SetPSl(PS1=1)
ResetPSl(PS1=O)

SetPEC(PEC=1)
MaskPCBInterruption
UnmaskPCBinterruption
MaskRECORD-HARKInterruption
UnmaskRECORO-MARKInterruption
MaskPDTInterruption

UnmaskPDTInterruptionandresumePDT

T
E
S
T

､TSKCOE8C0
TSKClE8C1
TSKC2E8C2
TSKC3E8C3

Skip
Skip

SkipSkip

fPDTIsInexecution
fNEACIsreadytotransferonecharacter
fPA3=1･

fPA5=1

TableA-l(a) InstructionsforMACC-NEACconnection.
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･p｡dぺ雲路

町
町
町
町
町
町
町
町
町
哩

TSK

TSK

TSK

0
1
-
2
3
4
5
6
E
F
4
0
0
1
‐

D
D
D
D
D
D
D
F
F
D
D
F
F

(hexadecimal)
-

EIDO
ElDl
E1D2
E1D3
E1D4
E1D5

E1D6
EIFE
EIFF

E0D4

E8D0

E8F0

E8F1

function

INITIALIZEANDRESETjresettてDmulti-levelmode
WRITECOMMAND:enableFSS
SETX:writelower10bitsofACCinGXregister
SETY:writelower10bitsofACCinGYregister
WRITESTROBE:turnonthebeamandmovethespotto(X,Y)
SETBEAMINTENSITY:selectoneofthefourtypesofdigitization
SETSLICELEVELANDCHANGETOBINARYMODE
ADVANCEFILMBYONESPROCKET

REVERSEFILMBYONESPROCKET

READDATA:readthedigitizedvalue(5bitsinmulti-levelmode

orlbitinbinarymode)

SCANNERREADY:skipifFSSisready
FILMTRANSPORTAUTO:skipiffilmtransportisautomode
FILMTRANSPORTREADY:skipiffilmtransporti.S包!ready

TableA-1(b)

･p,･dぺ訟応

F
F

D
D
o
n
G
O

R
R
M
‥
M

0
1
0
1
-

L
U
L
j
J
L
U
L
U

machinecode
(hexadecimal)

0
1
-
0
1
-

U
J
L
j
U
L
U
L
i
J

O
O
q
^
a
＼

L
l
J
U
J
L
l
J
L
l
J

InstructionsforFSScontrol｡

function

READXCOUNTER
READYCOUNTER

UnmaskDATA-READYinterru

TableA-1(c) InstructionsforGraf/pencontrol｡

町
町
町
町
町
町
町
町
町

7
8
9
A
B
C
D
E
F

E
E
E
E
E
E
E
E
r
｣

E1E7

E1E8

E1E9

E1EA

E1EB

ElEC

ElED

ElEE

ElEF

Writelower10bitsofACCinexregister
Writelower10bitsofACCinCYregister
TurnonthebeamifthelowestbitofACCisI
ChangetoWRITE-THROUGHoperation
ChangetoNON-STOREoperation

ResettoSTOREoperation
Erasethestoredimage
ChangetoVIEWmode
ReturntoHOLDINGmode

TableA-l(d) InstructionsforCRTcontrol｡
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6

Peripheral
adaptor SRU Interface

FigureA-3DataflowandregistersinNEAC-MACCconnection.

5 4 3 2 1

｀-1:NEAC9･MACC/(i:MACC→･NEACLし

1:MRWCreg.set/O:Datatransfer

ﾚ

1:Doublebuffer/O:Singlebuffer

1:EndPDTwithrecordmark/O:Transferbeyondit

1:DMAtransfer/O:Programtransfer

1:Interruption/O:Nointerruption

FigureA'4C.ofPDTinstruction.
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aresettherewhenNEACtoMACC.Bitserialtransmission.whichis

oftenemployedindata-communicationnetworks,mightbeanothermethod.

Inoursystem,however,thesituationsaredifferent.Thetwocomputers

employcompletelydifferentbitsystems.NEACis6-bitcharacter-

orientedandMACCis16-bitword-oriented.Theyhavestrongerconnec-

tionthanmeredata-communication.Sotheinformationitobetransferred

includesrawpictorialdata,objectmachinecodeandhigh-levelcommand･

Hence,dataeditinganddecompositionaretobecarriedoutdepending

0ntheindividualcasesbysoftware.

Therearetwokindsofmethodfordatatransfer｡

(i)programtransferﾆ

ThecontentoftheaccumulatorofMACCistransmittedbyaWT

(output)orRD(input)instructionintheprogram.Thetransfer

ratedependsontheprogram,andthemaximumrateis

12visec/6bits.

田)DMA(DirectMemoryAccess)transfer

Thedataistransmitteddirectlyfrom/tothememoryofMACC.The

rateis6Qj12usec/6bitsorinaverage750kbps.Thish句h

transmissionratepermitsquicktransferofalargevolumeofdata

whichISverycommoninpictureprocessing･

Inbothcases,NEACexecutesaPDTinstructionbeforethetransfer

ofoneblock,andthenthedataflowbetweenNEACmemoryandthereg-

isterofGIRLSinterface.

APDTinstructionhasthefol1owingformat:

PDTAj'-'1>C2゛C3°

"A"istheaddressofthefirstlocationof･thememoryareatobe

transferred°･^landC2indicatethechannelandtrunknumbers.respec-

tively゛C3isa6-bitcontrolcharactertospecifyI/Oconditions.

EachbitwasgivenaspecificmeaningasshowninFig.A-4.Various

combinationsrealizeavarietyofdata-transferfunctions.Thevalue.

ofC3issettoaspecialregister(Cregister)inGIRLSinterfacejust

whenthePDTinstructionstarts.SinceMACCcanreadtheCregister｡
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theprograminMACCisabletoknowtheI/Oconditionspecifiedbythe

PDT,thustoreactproperly｡

'DBbitofC3hasaspecialfunction.Itenablesdoublebuffers

tobeusedalternatively.Toillustrateit.supposethatdouble

buffers.AandBinNEACandPandQinMACC,arepreparedasshown‘in

Fig.A-5,andthatdataaretransferredfromMACCtoNEACbymeansof

DMA(thusDMA=1,0UTP=O).DB=laffectsasifthenextlocationofB^

wereA,.andthenextofq^wereP-,.Therefore,thetransferfromP

buffertoAbufferandthetransferfromQtoBoccuralternatively

withoutresettingofthestartlocationsofbufferareasbytheprogram.

ThusMACCprogramcanwriteinPbufferwhileQbufferistransferred

toNEAC,andwriteinQwhilePistransferred.Inthisway,theDB

functionenablescontinuoushigh-speeddataaquisitionandtransferto

occuratthesametime｡

Amongmanyotherfunctions,temporaryorcompletestoppageofdata

transfercanbemadeautomaticallyorbyaprogramcommandfromNEAC

orMACC,inordertopermitflexibledatatransferbetweenthetwo

computers.

NEAC

MACC

AbufferBbuffer仁

2A3‥‘‥

飛言

………

ｺ

ｰ

PIP2P3………Pm"lQ2……………"nしPbuffer二心Qbufferご

Record

mark

FigureA-5Datatransferbymeansofdoublebuffers.
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2)

(i

Interruption

interruptiontoNEAC(1level,3sources)

TwoprograminterruptionscausedbyWTinstructionsofMACC.

Recordmarkinterruptioncausedwhenthecharacterwitharecord

markisaccessedduringPDTexecution.Itindicatestheendof

transferofoneblockboundedbytherecordmark.

(ii)interruptiontoMACC(3levels)

PrograminterruptioncausedbyaPCBinstructionofNEAC.

RecordmarkinterruptiondりringPDTexecution.

PDTinterruptioncausedwhenPDTinstructionwhoseC･bitofC3

islstarts.Incasethisinterruptionoccurs,actualdatatrans-

fersuspends.andbeginsonlyaftertheRESUMEcommandisexecuted

inMACC.Therefore'after'aMACCprogramchecksC3ofthePDTby

readingCregisterinGIRLSinterface,itcanpostponetheactual

datatransfer,orevencancelthePDT,dependin9on‘itsownprogram

status.

3)StatusSense

Twostatus-sense1inesforeachdirectionNEAC^->MACC(PSQ,PSl,PA3,

PA5).Aprogramofonesidecansenseandknowhowfartheprogramof

theotherhasgone.

A-1-2.MACC-FSSConnection

A11thesamplingisdoneinarandomscanningmodeundertheMACC

programcontrol,for,asexplainedin11-2,necessaryscanningareais

notalwaysthewholeframe,butscanofthespecificareaunderthe

specificconditionisdesirable.Fig.A-6isafunctionaldiagramof

theFSScontrol!er.'TableA-1(b)listsupthecontrolinstructions

ofFSS.
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First,thexandYcoordinatesofthescanningpointarespeci-

fiedto10bitseachandsettoGXandGYregisters.respectively.

Then,aWRITESTROBEcommandissent.Itturnsonthebeam,and

transfersthecoordinatefromGXandGYregisterstoxandYregisters,

whoseoutputsarethenfedintotwodigital-to-analogconverters.The

lightproducedattheprogrammedX-YlocationonCRTisdividedinto

twobeamsbyahalfmirror.Onebeamgoesupward.andisfocusedonto

thefilmplane.Thelighttransmittedthroughthefilmentersthefilm

photomultiplierwhoseoutputformsAchannel.Theotherbeampasses

straighttotheopaqueりlaterialplane.Thelightreflectedbythe

materialiscollectedbyfourphotomultiplierswithamirrortube.

Thesummationofthoseoutputs(2Vp-Psignal)isBchannel.By

manualselection,oneofthreeanalogchannels.A,B,A-B,isfedinto

FigureA-6FunctionaldiagramofFSScontroller.
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Relationsbetweengraytoneandoutputvalue
foreachbeamintensity･

bothananalog-to-digitalconverterandthesiicer,thethresholdof

whichisaprogrammablysettablenumberof3-bit-precision.Finally,

thefive-bit-precisionoutputofA/Dconverterorthebinaryoutput

oftheslicerisreadintotheaccumulatorbyaRDDATAcommand.

AftertheWRITESTROBEcommand.theRDDATAcommandhastowaitfor

thetimeofmovingthespot(max11usec),stabilizationofelectro-

opticalcircuits(2usec)andanalog-to-digitalconversion(2usec).

butinthiswhilethecomputercandoothercomputation.typicallyto

determinethenextscanningpoint.andthuswastesnotime.Inthis

way,thesamplingofonepointcanbedonewithin15ysec｡

IfthetimeintervalbetweenthesuccessiveWRITESTROBEcommands

islessthan95usec.thebeamcontinuestobeon.butifthenext

doesnotcomebefore95usec,thenthebeamisturnedofftoprotect

thephosphorscreenoftheCRT｡

Amonganumberofprogramsettableparameters,the"beaminten-

sity"isworthmentioning.Thetwo-bitnumberselectsoneoffour

relationshipsbetweendigitizedoutputandbrightnessofthematerial

tobesampled(seeFig.A-7)｡

Thisfunctionpermitsimage-datasamplinginthemostdesirable

conditiondependingonthedynamicrangeandcontrastofeachmaterial･
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For the beam （00），32 quantization levels are spread uniformly over

the whol e range of brightness ，whereas for the beam (01), they are

concentrated into the darker range. and the brighter range gives satu-

rated output 31 . The beams （10）and田) correspond to the middle

and brighter ranges ，respectively. The brightness digitization.

therefore, has substantially 6-bit resolution for gray scale.　This

control is accomplished by changing the second grid ｖ01tage of the

CRT i n two ｌeve! s (slope of I/O relation) and the offset vol tage of

the video preampiifier (window of the digitization). This range and

contrast control as well as other functions plays an important role

in the "flexible scanning progra�l which has been described in II-5∠1｡

　　The film transport advances or　reverses　35 mm perforated film by

the sprocket wheel　connected to a stepping motor. Frame changi ng time

i S about hal f a second.　Fig. A-8 is a picture of the film transport｡

　　The FSS is also used as a film recorder to record computer out-

puts on raw fi Im, readily by replacing a scanner head with ａ camera head.

The control　is almost in the same manner as input, with only exception

that the time of "beam on" is program-controlled in order to produce

shades of gray on the film.

一一

Figure　A-8　Film transport.
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A-1-3.MACC-Graf/penConnection

Fig.A-9showstheblockdiagramfortheGraf/penandinterface.

andtherelatedinstructionsofMACC7/FarelistedinTableA-1(c).

Thesparkisinitiatedbypressureofthestylusonthetablet.X

andYcountersstartwiththesparktrigger.Soundwavesfromthe

sparkpropagatethroughtheairtothesensorsandcausethecounters

tostop:thecountersthencontain10bitnumbersproportionalto

thexand･Ydistancesfromthestylussparktothesensors.After

thesenumbersaresettledinthecounter.a"dataready"signalis

generatedanditcausesinterruptiontoMACC.ThentheMACCprogram

FigureA-9DiagramofGraf/pencontroller.

readsintheX-YcoordinatebyRDcommands.Thedataformatisgiven

inFig.A-10.Sincecoordinatepairsaregeneratedrepeatedlyatas

fastas200pairs/sec.orinevery5msec.atmaximum,MACCaffordsto

engageinadditionalprocessingonthedata.e.g.smoothing,inter-

polationetc.,whilereadingdataintermittently.
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1590

χ

Pendown
orPenup

oordinatepair

1
3
1
0
ぐ
ぐ

MACClword=16bits

FigureA-10DataformatofGraf/pen

FigureA-11DiagramofCRTcontroller.

A-1-4.MACC-CRTConnection

The1091candinterfaceforthestorageCRTisverysimple.The

diagramofFig.A-nandinstructionsofTableA-1(d)explainalmost

everything.Thewritingbeam'spositionisspecifiedby10-bit-pre-

cisioncoordinates.Therearethreeoperatingmodes;STORE(stored

display),NON-STORE(justlikeconvensionalCRT),andWRITE-THROUGH

(illuminatethewritingbeam'slocationwithoutstorage,inaddition
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tothestored･display).Choiceofthemodeismad

mandoramanualswitchonthecontrolunit.IntheSTORE-modeof

operation,thewritingbeamhastostayfor20usecatthewriting

positionto･storethedata,andthedeflectiontimeisabout5ysec+

3.5ysec/cm.Itfollowsthatthemaximumstoragerateisabout

40kpoints/sec.

A゛2SoftwareSupportofSystem

TheGIRLSsystemhasbeenconstructedsothatmoreefficient.

systematicuseof.thegraphicalI/Odevicesunderthecontrolof

MACC7/Fmayberealizedbymeansofcomputer-computercommunication

betweenNEAC2200/200andMACC7/F.Tothisend.aspecialsoftware

supporthasbeendeveloped.Thissectiongivesatechnicaldescrip-

tionofthesoftware.

NEAC2200/200

6-1nterface

routine

Picture

processing

program

a-monitor

/"

賜CC7/F

示:
Data-
transfer

Buffer
memory
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ず2

CRT

｀ヽ[≧]

CharacterCRT

FSS

FigureA-12SoftwareorganizationofGIRLS.



A-2-1｡Organization

Fig.A-12showsaschematicdiagramofsoftwareorganizationand

dataf10Winsolvingapictureprocessingproblem.Itconsistsof

fourparts;

(1)User'sproblem-orientedprograminNEAC:

Itanalysesthepictureandmanagesthemainsequenceofanalysis

procedure.Forinstance.thepartformanipulationofimagedata

maybewrittenin･assemblerlanguage,andthepartfordecision-

makingmaybewritteninLISP.

(2)AcollectionofroutinesforversatileclassofoperationsinMACC:

Itincludesscanning,preprocessing,display,man-machineinter-

action,andfeaturemeasurements.

(3)a-monitorinMACC

(4)B-interfaceroutine

(3)and(4)supportintercomputercommunication;theyhandlethe

demandsforaprogramset-upfromNEACtoMACCandthedemandsfora

fileaccessfrom･MACCtoNEAC,andcontrolthedatatransferbetween

thetwocomputers.Underthecontrolofa-monitorand3-interface

routine,thedatatransferisextremelysimplifiedbymacro-instruc-

tionsthatenableMACCuserstousetheunitsofdiskandmagnetic

tapeofNEACinexactlythesamewayasthoughtheywereattachedto

MACC.

A-2-2.a-mom*tor

a-monitorresidesinthemainmemoryofMACC7/Fandcontrols

executionofprograms.Becauseofthelimitationsimposedbyamini-

computer,itsmajorfunction,unlikealarge-scaleoperatingsystem,

isjusttofacilitateintercomputercommunication.Itacceptsa

commandfromNEACtocauseanappropriateprograminMACCtorun.and
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managesdatatransfer.

A11theprogramsunderthecontrolofa-monitorareidentified

bytheintrinsicprogramnumber.Itconsistsoffourhexadecimal

digitsasshowninFig.A-13:thefirstthreearepackagenumberand

thelastoneisunitnumber.Aunitofprogramisanindependent

routinethathasonespecificfunction.e.9･,FSSscanning.Asmany

asonepackage(16units)ofprogramsareabletoexistinthemain

memoryatatime,aslongasthememoryspaceallows.Theregistration

ofaprogramismadejustbywritingitsentryaddressinaparticular

table.

1)Set-upofprogramrun

TherearethreewaysforsettingupaprogramtoruninMACC7/F.

(i)AprograminNEACisabletocallroutinesregisteredinMACC

bysendingvia3-interfaceroutineacallingsegmentofthe

formatshowninFig.A-14;thefirstthreecharacters(which

correspondonewordofMACC)indicatetheprogramnumberto

besetup;thenfollowparametersorargumentsoftheprogram.

thesizeofwhichisupt031×3characters.Theuseris

responsibleforpreparingthesegmとntwithappropriateprogram

numberandarguments.Itisjustlikeasubroutinecallin

FORTRAN:CALLPROG#(ARG1,ARG2,･･･,ARGn).

(ii)AnoperatoratMACC7/Fpressestheconsole-interruptbutton

tocommunicatewitha-monitor.Thenhecanentertheprogram

numberandargumentsviaTTYorPTR,whichcausesthecorre-

spondingroutinetorun.

(iii)AprograminMACCcancal1otherroutinesbyexecutingthe

macro-instructionCALLNEXT.Aboutmacro-instructions.see4).

Package

number
Unit
number
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FigureA-13

Programnumber.



Program
number

3characters

Argumentsofprogram

max31×3characters

FigureA-14CallingsegmentfromNEACtoMACC.

2)Endofroutinerun

Aroutinei'nMACCquitstorunandisclosedbyexecutingaSTOP

macro-instruction.Thenthecontrolreturnstoa-mom'tor.Itsends

anendmessageto6-interfaceroutinetonotifytheendofroutinerun.

3)Macro-instructionsfordatatransferfrom/toNEAC

TheseprovideMACCuserswithfacilitiesfordatatransferfrom/to

thecorememory.disk,andMTofNEAC.Availableinstructionsare

listedinTableA-2(a).ByusingthemMACCcansharethestorage

devicesandlineprinterwithNEAC,whichofferseaseofprogramming

andeconomicaladvantage.Insummary.communicationbetweenprograms

intwocomputersisaccomplishedbytwomethods;(1)comandmessage

bysendingacallingsegment,and(2)alargevolumeofdatabyshar-

ingstoragedevices.

4)Macro-instructionsforcallinga-monitor

Tohelpcommunicationbetweena-monitorandauser'sprogram.

severalmacro-instructionshavebeenprepared.TableA-2(b)shows

thenamesandfunctions.
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FonnatName
-

WRITECORE

SETDISK

READDISK

WRITEDISK

REWINDMT

FORWARDMT

BACKSPACEMT

READMT

WRITEMT

SETB&T

RESETB&T

JS/I/･10;

6;

<bufferaddress>;

JS/I/゜10;

7;

CC;

TT
RR
-
JS

9
I
ｅ
I

/I

8;

くbuff

/"10;

eraddress>;

JS/1/■10;
9;
<bufferaddress>;
-
JS/I/'10;
10;
〈MTno.>;
-

JS/I/'10;
11;

〈MTno.>;
-
JSl＼lM0;
12;
<MTno.>;

JS/I/'10;
13;
<MTno.>;
<bufferaddress>;
-

JS/I/'10;
14;
<MTno.>;
<bufferaddress>;

JS/I/'10;

15;

<deviceno.>;

JS/I/'10;

16;

Function

TransferonewordofMACCtothelower16･bits
of3charactersofNEAC.Thelocationofthe
bufferinNEACisspecifiedbyaRESETmacro
of6-interfaceroutine.

SetCC(cylinder).TT(track),andRR(record)of
thediskdevice.

Readtworecordsofthedisk(256characters)

intothe<buffer>.

Write256charactersofthe<buffer>intotwo

recordsofthedisk.

Rewind〈MTno.>.

Forwardspace<町no.>

Backspace〈MTno.>

Readonerecord(2E6characters)from

<MTno.>tothe<buffer>.

Write256charactersof<buffer>in<MTno.>
asonerecord.

<deviceno.>=<MTno.>or'20(disk)

Usage: SETB&T

喘慨4}肖やes

Ausercan.seemingly,storeanylengthofdatainthe<device>
withoutpayinganyattentiontothelocationandsizeofthe
bufferinMACC:a-monitorpreparesafixedbuffer.thelast
locationofwhichismemory-protected;auserwritesdatainthis
buffersuccessivelybytherepetitionof"T/I/'24;IM/'24;¨;
theviolationofmemoryprotectiontellsa-monitorthatthe
bufferbecomesfun;ittransfersdatatotheくdevice>of
NEACandresetsthecontentof124tothefirstlocationofthe
buffer,sothatthewholeprocessmayrepeat.

TableA-2(a)Macro-instructionsfordatatransfer
from/toNEAC.
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Name Format Function

STOP J/I/■14;
Quittheexecutionofauser'sprogram.returnthecontroltoa-mom'torand

notify6-interfaceroutineoftheendof
theprogramrun.

CALLNEXT JS/I/M5;
〈programno.>;

starttheexecutionoftheprogram
specifiedby〈programno.>.

CALLMACRO JS/I/■10;

<macrono.>:

<argument>;

<･.>;

starttheexecutionofthemacroroutine

specifiedby<niacrono.>.Thefunction

isjustthesameasJS/I/゛十1;EχT/tnacro;.

SETEXIT JS/I/'11;
〈interruptno.>;
<entryaddress>;

Connecttheexitroutineofくinterrupt
no.>with<entryacldress>sothatwhen

thatinterruptionoccurstheprogram
startstorun.

RESETEXIT JS/I/･12;

〈interruptno.>;
Maketheinterruptionof〈Interruptno.>
unallowable.

TableA-2fb)Macro-instructionsforcallinga-monitor.

FigureA-15

Coremapof

MACC7/F.
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5)Loader

Incasetheprogramrequestedtobesetupisnotinthemain

memoryofMACC,theloaderrollsitinfromamagnetictapeofNEAC

orasmalldiskofMACC.FortunatelyinMACC7/F.ifcarefullycoded,

aunitofprogramcanberelocatableinthelevelofmachinelanguage･

A11thefacilityprogramsofGIRLSarecodedinsuchaWay｡

Inadditiontotheabovefunctions,a-monitorcontainsI/Omacro-

instructionsforTTYandPTR,theroutineforpowerfault,etc.

a-monitorisdividedintomodulesandsoitssizedependsontheir

combination:theminimumorganizationincludingtheloaderoccupies

about1.3kwordsofcore.Thecoremapofthiscaseisillustratedin

Fig.A-15.a-monitoritselfconsumesasmanyas64wordsinthe0-page

(addressOへj255),foritisdesirablethataslarge0-pageareaas

possibleisopentousersforwritingefficientprograms.

A-2-3.3-InterfaceRoutine

6-interfaceroutinesendsacallingsegmenttoMACCinorderto

requesta-monitorforsettingupthecorrespondingroutinetorun.

Itrespondstofile-accessdemandsfromMACCtomaketheperipherals

availabletoMACCusers.良一interfaceroutinerunsmainlyintheexter-

nalmodeofNEACinresponsetotheinterruptionsfromMACC,andthere-

foreotherprogramscanruninthenormalmode.

Therearetwomacro-instructionsthatB-iinterfaceroutinehandles;

RESETANDCALLMACC

RESET

ThefirstisusedwhenNEACusercallsroutinesinMACC,whereasthe

secondisusedwhentheroutineset-upistobedoneintheMACCside.
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(a)

Example 2

(a) Gray-level
　　picture

(b) Lapiacian

　　operator
　　(Fig. 3-8)
　(b-1)o＝25

　(b-2)0＝35

(c) Robertz
　　operator
　　(Fig. 3-10(a))
　(ｃ-1)0＝4
　(ｃ-2)0＝2

(d) Maximum of
　　differences
　　(Fig. 3-10(b))
(d-1)o＝4

(d-2)0＝2

-
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(d-1)
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APPENDIX　C
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APPENDIXD

RESULTSOFFACE-FEATUREEXTRACTION

OFCHAPTERIV

Thisappendixcontains10setsofpictures

(2setsx5persons)toshowtheresultsof

face-featureextractiondescribedinCHAPTERIV.

Theyareapartof40picturesusedinthe

experimentoffaceidentification.Eachset

comprises
一
一

田adigitizedgray-level

picture;(ii)abinarypictureinwhichthe

featurepoints｡locatedinthefirststageof

analysisaremarkedasdots;and(iii)pictures

displayingtherighteyecorners,lefteye

corners,nostrilsandmouthextremities,which

arelocatedinthesecondstageofanalysis.

1
4
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I
i
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