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ApplicationsofRandom－PulseMachine

ConcepttoNeuralNetworkDeslgn
EmilM・Petriu，SeniorMembenIEEEIKenzoWatanabe，Fb〃ow・IEEElandTbtH・Ⅵap

AbsLnzct－NeuralnetworkscanreachtheirtruePOtentiaIonIy
WhentheyareimplementedinhardwareaSmaSSivelypara1－

lelprocessors・Thispaperpresentstherandom－pulsemachine

COnCePtandshowshowitcanbeusedrbrthemodulardesign

Ofneuralnetworks・Random－PulsemachinesdeaIwithanalog
Variablesrepresentedbythemeanrateofrandom・Pulsestreams

andusesimpledigitaItechnologytoperbrmarithmeticandlogic
OPerations・Thisconceptpresentsagoodtradeoffbetweenthe

eIectromiCcircuitcompIexityandthecomputationaIaccuracy・

TheresultingneuralnetworkarChitecturehasahighpacking
densityandiswellsuitedfbrveryIarge・SCaleintegration（VLSI）．
SimulationresultsilJustratetheperfbrmanceofthebasicelements

Ofarandom・Pulseneuron．

L　　　　　　　　I．INTRODUCTIONOOKINGfbramodeltoprove thatalgebraic opera－

tionswithanalogvariablescanbeperfbrmedbyloglCal

gates，VOn Neuman advancedin1956theidea ofrepre－

Sentlnganalogvariablesbythemeanrateofrandom－Pulse

StreamSll］・Pursuingthisidea，anumberofsimilarStOChastic

data－PrOCeSSlngCOnCePtSWererePOrtedinthe1960，S：…noise

COmPuter”by Poppelbaum and Afuso【2］，Hrandom－Pulse

machine”by Ribeiro【3］，and Hstochastic computing”by

Gainesl4］．

Random－Pulsemachinesdealwithanalogvariableswhile

uslngdigitaltechnologytoperfbrmarithmeticandloglCOper－

ationsonbinarypulseswhicharetheinfbrmationcamiers．As

VariablesarerePreSentedbythestatisticalaverageofrandom

PulsestreamS，theresultingdata－PrOCeSSlngSyStemhasabetter

tolerancetonoisethantheclassicaldeterministic、SyStemS・The

digitaltechnology usedtoimplementthese systemso飴rs

anumberofadvantagesovertheanalogtechnology：mOdu－

1arandflexibledesign，higherinternalnoiseimmunlty，and
SimplerI／Ointerfhces．

On parallel tracks，in thelate1950，s and60，s dither

techniqueswerestudiedtoreducetheefftctsofthequanti－

Zationnoisel5］－［9］・Theeffbctsofditherquantizationhave

beenfurtherdiscussed during the1970，s and80，Sfrom a

Signal－PrOCeSSingperspectivel10日15］・Morerecently，dither
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Fig・1・Analog／random－pulseconverter．
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quantizationhasalsocaughttheattentionoftheinstrumenta－

tionandmeasurementcommunityl16日19］．

Sincefirstmentionedin1987，Pulse－Stream VLSIneural

networks areregularlyreportedinliterature．However，like

most new technologleS，these networks are bottom－uPlm－

plementationsuslngadhocdata－PrOCeSSlng SOlutions．With

ftwexceptionsl22］，thesereportsignoreearlierrandom－Pulse

technologydevelopmentsl20］，【21］．

Thispaperpresentsanumberofbasicrandom－Pulsedata－

PrOCeSSlngteChniquesandshowshowthesecanbeusedfbra

morestruCtureddesignofneuralnetworkarchitectures．

II．RANDOM－PULSEDATAREPRESENmrION

Random－PulsedataappearaSSequenCeSOfrandombinary

Pulseswhichcarryanaloginfbrmationrepresentedbythesta－

tisticalmeanvalueofthepulsesequence・Sucharepresentation

Canbeviewedastheprobabilitymodulationofarandom－Pulse

Carrierbyadeterministicanalogvariable．

TheHanalog／random－PulseMconvertershowninFig・li1－

1ustrates the pnnciple of this modulation．A deterministic

analoglnPutl弓supposedtohavearelativelylowvariation

rate，issuperimposedonananalograndomslgnalRwhichis

unifbrmlydistributedbetween＋FSand－FS・Theresulting

analog random slgnalVRis unifbrmly distributedarOund

a deterministic bias V as shownin the VR versus VRP

quantizationdiagram・Thisslgnalisthenl－bitquantifiedto

PrOducearandomsequenceofpulsesVRQwhichwillhave

thebinary Value＋1ifVR　＞　00r－1ifVR＜0．These

Pulsesare伽allysampledbyaclocksignalCLKtoproduce
theclockedrandom－PulsesequenceVRP．

Aprobabilisticestimationofthedeterministiccomponent

Oftherandom－PulsesequencecanbecalculatedfromtheVR
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Fig・2・Movingaveragerandom－pulse／digitalconverter・

VerSuSVRPquantizationdiagramglVeninFig・1

月［VRP］＝（＋1トp［VR≧0］＋（－1）・p【VR＜01

＝p（VRP）－p（VRP′）

（Fg＋Ⅴ）（ダ5－Ⅴ）

（2・ダg）（2・ダg）
Ⅴ

両
（1）

which shows that the statistical mean value of the VRP

sequence represents a measure ofthe deterministic analog

lnPut V二

From（1）thedeterministicanalogvalueVassociatedwith

the VRP sequenceis

V＝b（VRP）－p（VRP′）トダg　　　（2）

wheretheapostrophesign（′）denotesalogicalinversionof

therespectivebinary slgnal・

A“digital／random－Pulse”conversionl3］，［4］，Canbe ob－

tained by companng the digitalinput with a digitalnoise・

Suchaconvertercanbeusedasanlnputinterfacebetweena

digitalcomputerandastochasticcomputer・Itisalsousedto

restorerandomnessaftersomealgebraicoperations，SuChas

integrationfbrinstance，areperfbrmedonrandom－Pulsedata・

DifftrentHrandom－pulse／digitalMconvertersweredeveloped

torecoverthedeterministiccomponentVbyaveraglngafinite

numberofVRPpulses．The“moving－aVerage”Converterl23］

ShowninFig・2givesacontinuouslyupdateddigitalaverage

OfthelastN＝2npulsesoftherandom－Pulsedatastream彗・

Itemploysthestableaveraglngalgorithm

β宜＝
彗＋彗＿1＋彗＿2＋…寸書＿Ⅳ＋1

＝β豆＿1＋

Ⅳ

彗一書＿Ⅳ

Ⅳ
（3）

Pulsesaredigitallyintegratedbyan（n＋1）一bitup－down

counterwhichisincrementedif蔦＝＋1andIt＿N＝－1，

andconverselydecrementedif蔦＝－1and蔦－N＝＋1，With

nothinghappenlngif彗and蔦一Nareequal・TheN－bitshift

registeris usedto storeFIFO style allthepulsesoccumng

inthepreviousNclockintervals・WhenmoreVRPsamples

areCOnSidered，theestimation accuracylSincreasedbutthe

bandwidth ofVis restrictedl24］．

TTle described analog／random－Pulse and random－

Pulse／digital conversions　areillustratedin Fig・3・An
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Fig・3・Simulation resultsillustratlng the analog／random－pulse and ran－

dom－Pulse／digitalconversions・
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Fig・4・Logiccircuitsfbrrandom－pulsearithmetic・

analogslgnalxchanglngfrom－0・3・FStoO・45・FSis

COnVertedtoasequence ofrandom－Pulses X whichisthen

reconvertedasamovlngaVerageOVerN＝16random－Pulses

toproducetheanalogestimationxest・

III．RANDOM－PULSE ARITHMETIC

SimpleloglCaloperationswithindividualpulsesallowcar－

rylng Outarithmetic operations with the analog variables

representedbytheirrespectiverandom－Pulsesequences・Fig・4

ShowsloglCCircuitsfbrtherandom－pulseimplementationof

Hsignchange，日日multiplication，”and“addition・”

Thearithmetic“sign change’’is carried out by anIN－

VERTER circuit．If xis the random－PulselnPut，then the

outputrandom－Pulsesequenceisy＝X／・Theanalogmeanlng

Ofthe outputsequence ylS

y＝－ズ． （4）

ThearithmeticHmultiplicationMiscamiedoutbyaCOINCI－

DENCEcircuit．Ifxlandx2arethetworandom－PulselnPutS，

theirloglCCOmbinationwillproduceanoutputrandom－pulse

SequenCey＝Xl・X2＋xi・夷．TheanalogmeanlngOfthe

Output SequenCe ylS

ズ2

y＝ズ1・京百・
（5）
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Fig・5・Simulation resultsillustrating the random－Pulse addition oftwo
Slgnals．

The arithmetic HadditionM of m random－pulse data

Xl，X2，‥・，Xm Can be camiedoutas shownin Fig・4by

a time multiplexing controlled by random signals Si（fbr

i＝1，2，・・・，m）・Thisrandomscanningactsasa“stochastic

isolator”【4］whichremoves unwantedcorrelations between

SequenCeSWithsimilarpattemS・TherandomscannlngSlgnals

Siare unifbrmly distributed having the same probability

P（Si）＝1／m・Because ofthis scanning the multiplexed

SamPles are statisticallyindependent・The analog meanlng

OftheoutputsequenceylS

y＝
ズ1＋・‥＋ズm

m
（6）

Therandom－PulseadditionisillustratedinFig・5・Twostep

Slgnals，XIwhichtakesvaluesfromO・2・FSt0－0・45・FS，

andx2whichtakesvaluesfrom－0・45・FStoO・2・FS，have

theirrandom－PulserepresentationsXlandX2．Thearithmetic

additionofthesetwostreamsofrandom－Pulsesproducesthe

random－PulsetrainX12whichisreconvertedbyamovlng

aVerageoverN＝16runnlngSamPlesandarescalingfactor

m＝2toyieldtheanalogestimationこr12est．

IV・RANDOM－PULSENEURALNETWORKARCHITECTURE

AtypICalneuronconsistsofmoresynapsesandaneuron－

body，aSShowninFig・6・Eachsynapsemultipliesanincomlng

neuralslgnalXi，Wherei＝1，27・‥）m？bya synaptic－

StOred variable weight value wij・The connection weights

areaqjustedduringtheleamlngPhase・Connectionweights

Whicharepositive－Valuedare…excitatory”connections，and

Fig・6・Typicalneuron struCture．

thosewithnegativevaluesareHinhibitory”connections．The

neuron－bodyintegratestheslgnalsfromallthepost－SynaPtlC

Channels（alsocalleddendrites）・Theresultofthisintegration

isthensubmittedtoanHactivationMfunction”FMtoproduce

theneuron’soutputsignal羊・

Random－Pulserepresentationisusedthroughouttheneural

network・fbrsynapticweightstorageaswe11asfbrarithmetic

OPerations・InFig・7isshowntheimplementationofasynapse

arOundthel－bitrandom－Pulsemultiplicationmoduleshownin

Fig・4・ThesynaptlCWeightsaredynamicallystoredin＿a2n－

bitshiftreglSter・LoadingweightvaluesfromtheDATINinput

intoeachreglSterSelectedbythesynapseaddressSYNADDis

doneseriallywhenalowloglCSlgnalisappliedtothecontrol

lnPut MODE．

ThesynaptlCWeightmultiplicationisillustratedinFig・8・

Ananalogslgnalxl＝－0・4・FSisconvertedtoproduce

therandom－PulsestreamXltobemultipliedbyasynaptic
Weight wI which changesfrom an excitatory value O．75

toaninhibitory－0・5・The16－bitrandom－pulsestreamWl

representing this weightis then cyclically multiplied with

Xltoproducetherandom－PulsestreamDTl・Theanalog
estimation DTlestis the movlng aVerage OVer N＝16

SamPlesofthisdendriterandom－Pulsestream．

Fig・9showstherandom－pulseimplementationoftheneu－

ronbody・Them－lnPutaddition modulecollects thepost－

SynaPticdatastreamswhicharethenintegratedbyamovlng－

average random－Pulse／digitalconverter．Theintemalneuron

bodyclockCLK＊hasapulserateatleastmtimeshigher

thanthegeneralclockCLK・Thereareonlyfiveactivation

functionHFMtypeswhichareuSuallyused：linear，SteP，ramP，
Sigmoid，andGaussianl25］．

Duringtheleam1ngPhase，SOmealgorithmslikebackprop－
agationrequlreaSmOOthnonlinearaCtivationfunctionwhich
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Fig・7・Random－Pulseimplementationofasynapse・
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Fig・8・Simulation resultsillustratlng the random－Pulse synaptlC Weight

multiplication．

is differentiable everywherel21］．In general，any desired

activationfunctioncanbeimplemented as alook－uPtable・

SincetheneuronoutputwillbeusedasasynapticlnPuttO

otherneurons，afinaldigital／random－pulseconverterstageis

usedtorestoretherandomnessofthesignal羊・Aninteresting
implementationwasrecentlyreportedinl22］fbrlinearand

slgmOid activationfunctions・The counter of the random－

pulse／digitalconverterispreloadedateachconversioncycle

withaglVenthresholdvalue・Atanytimewhenthecounter
content reachesthis threshold，an OVerflowinto the most

羊＝F【∑wIJ・Xi1
．i＝l

Fig・9・Random－Pulseimplementationoftheneuronbody・

TABLEI

AccURACYOFTHERANDOM－R几SEMUulPLICAT10N（SIMULATIONRESUIJS）

BitS机辺m M canAbsolu也 AbsolutC M止むISquam Square

k ng山 E汀Or Em rStandad

D引心血on

Em r Em r
Stan血d
De扇adon

8 0．4266 0．2268 0．2329 0．2123

16 0．3559 0．1984 0．1656 0．1469

32 0．3341 0．1878 0．1466 0．1348

糾 0．3078 0．1981 0．1336 0．138号

slgnificantbitisgeneratedandusedfurtherastheneuron’s

random－Pulse output・

Theneuralnetworkarchitecturedescribedcanbeinterfaced

directlywiththeenvironmentorothercomputersviaeither

analog／random－Pulseordigital／random－PulselnPutinterfaces

andrandom－Pulse／digitaloutputinterfaces・

TheproposedarchitecturehasbeensimulatedattheloglC

level・The purpose of the simulationis to detemine the

arithmeticaccuracythatcouldbeachievedbytheproposed

arChitecture andtofind a suitable size ofthe shiftregisters

which storeconnectionweights・Two measuresareuSedto

evaluate the architecture perfbrmanCe：meanS and standard

deviationsoftheabsoluteandsquareerrOrS・

First，theaccuracyonthemultiplicationoftwoanalogval－

uesbetween－landlismeasured．OnehundredpalrSOf16－bit

random－PulsedataaremultiplieduslngtheCOINCIDENCE

logic・ThesimulationresultsglVeninThbleIshowthatboth

themeansquareandabsoluteerrorsstabilizetoapproximately

O．3andO・1，reSPeCtively，fbrbitstreamlengthgreaterthan16・
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TABLEII

AtcURACYOFTHERANDOM－PULSEPRODUCTADDITION（SMULjmONRESUIJS）

N um k rof M ean A bsolu把 A bsolute M eam Squa托 Squa代
Products Per E汀Or E m r Standad Em r E汀Or

Sum 恥d ation Sh ndard
D e扇adon

2 0．2244 0．1吊05 0．04 14 0．0
4 0．3033 0．2 180 0．00 40 0．0
8 0．5154 0．397 3 0．0387 0．㈹ 1

Nexttheaccuracyoftheadditionofproductsismeasured

brlOO sums of2，4and8products of16－bit pseudo－

randomdatarepresenting analogvaluesbetween－landl．

Theresultingstatisticsfbrthesesumsofproductsarepresented

inThbleII・Itcanbeseenthatwhenthenumberofproducts

Which are summed（Fig・4）increases from2－8，relatively

Smallchangesareobservedinthemeansquareerror・

V．CoNCLUSIONS

The random－Pulse machine concept has been used as a

COmmOnanalyticalframeworkwhendealingwithquantization

PrOblems occumngin diffbrentareaS SuCh asinstrumenta－

tion，Slgnalprocesslng，andcontrol・Thispapershowshow

thisconceptcanbeextendedtothedesignofrandom－Pulse

neuralnetworks．AneuralnetworkarChitecturebasedonl－bit

random－Pulsedataprocesslnghasbeenpresented・Thedesign

representsatradeoffbetweenneuroncircuitcomplexltyand

COmPutationalaccuracy，aimedatobtainingahighpacking

densltylnanintegratedcircuitthatiswe11suitedfbrimple一

mentationuslngVLSItechnology．Thearchitectureismodular

and has neurons constructed uslng Simple digitalcircuits．

Simulationresultsshowthatreasonablygoodcomputational

accuracycanbeachieveduslngrelativelyshort，16－bitlong，

random－Pulsestreams．Morelogic－levelandelectronicdevice－

1evel simulationsare needed befbre attemptlng the VLSI

implementationofsucharandom－Pulseneuralnetwork．
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