
838

TF.?

IEEETraIIS.1CEioTISOLIDleIeCtrL'csarIdElectric,1Llnsltt,lEioTl I(oL.7No.6,December2000

AnEasyParameterEstimationbytheEM
AlgorithmintheNew
Up-and-downMethod
Y,KomorlandH HlrOSe

KyushuLJdltutCOETeChr･otogy
FukuokL･,Japan

ABSTRACT

Flashovervoltagee5tlmatlOnhasbeenCarriedoutCOnVentionalLywlththeup-and-down
methodbyDLXOnandMood.ReCently,HlrOSeandKatoproposedaFlewVerSIOnOFthemethod
toChangethewayofanalyzlngdata･ALthoughthemethodhasbetterpropert.esthanthe(on-
ventionalone,itreqt･lreSSOIvmgmaX･munI.kelLhoodequat･on5･Inthispaperwereduce
thetroubLesotnetask(egimplementall0nandthesele(tionofaproperinitLa)value)atten-
dantonulerequirementbyuslngtheexpectation-maximi乙ation(EM)algorilhmthat古lvesa
uSefuHterativeEorrnulatosolvetheequations･TheiterativeformulaaLnlOStalwaysCanglVe
thesoLutionsofl九ellkellhoodequatlOnSbeCduSeOE.tsexlellentglobal(onvergenCeoEthem1
algorithm

1 1NTRODUCTION

nLIShovcrvoltageLng(lSeOuSCle〔lTlCLIEll-SuE｡tlUn lSCOnSldered
obeyanormaldlShLLbutlOnAsanexperLmentalm e･lnStOlnVeS-

tlgatethestaIISIl〔alproperty,theup-andJownmethodLSusedl1日n
thlSPaperWedealesp∝lallylVLthlheup-and-down50%dISTuPLIVe
d.schargetestEECLIZmenLlonsthatthe50%dischargevoltageU50
⊂(lnbeobtaltledby〔ElrrytngOutSomeSLmPLearlthmetlCtlLoperal-ons
･vILhthedatathatup-and-downexpcrlmentSglVeHere,theFormula
usedtoevaluateU50eSSentlauylSequLValcnHotheapproxlmateeXI
presslOntOamaXLmumllkellhoodest】mator(MLE)gtvenbyDIXOnand
MoodStrtctlyspetlkmg′theestlmalesofthemeanandthesttlndard
dcv.atLOnthatDIXOn′sformulaglVeSareObtalnedbysettlnguPthe
llkel.hoodequahortseorrespondlngtOtheup-and-downdata′slmPL1-
fylngtheequatlOnS′andsolvlngthemOneortheseestlmates.tCthe
estlmateorthemeanparameter,lStheverys{lmeCSt】mateaSU50We
dea一､VlththemaxlmumElkellhood(ML)tncthodrelatLngtO〔OnVCn-
tLOnaldataWeCallthlStheJconvent10nalmethod'Howevcr,notethat

theresultswew]llobtaLrLherealsoremaincorrectlnU50although､ve
donotde･llwlthU50dlreCtly

TheConventlOnalmethodhasthreerestrletlOnSFLrSt,theup-and-
doIVndlStanCehastobeChosentobeapproxLmatClycqua=othestan-
darddevlatLOntObeestlmated lftheup-and-do､vndlStan〔eLSnot
sochosen,thestandarderrorsoftheestlmatOrSTrlayhappentobecome
largerSecond,toobt･llnaccurateeSt･m･ltlOnlnPractice,thes･lmPlesIZe
lSreCOrnmendedtobe三40Ho､vever,lt∝(urSthatthenumberLSkss
lnSomeCasesThlSlSmaullybecausethetLmeEorトshot～(lmPILngde-
pendsonlnSulat･onm,ltertalslnanexperlment′andwlllbeverylong

rorsonletypesOEmaterlalLastly,Lhcnumberofvoltagestresslev-
elsthatslmulL･lneOuSlyLnCtudeoneormoredlSruPtlVed.schargcsand
wlthst(lndshastobc>1,othcrwLSe,themaxlmumElkellhoodestLmate
doesnotexISt

ReCentIy,theshapeoELmPOSedvoltagemaybeobservedbyuslnSa
fastosclllosCope.andthevalueso川ashovervoltagesmaybeseenHl-
roseandKatol4JremarkedonthESPOlntLlndproposedanewverslonol
theup-and-downmethod,lnWhLChne､vup-and-do､vndata､､･ereused
and-hemaxlrnumllkellhoodmethod､vasadopted WeCallthlSthe

newrnethod'lnthesequellTlenelVmethodcanrelaxthelestrl〔honS
rnent-OnedaboveF.rst,theup-and-downdtstancedoesnotncCessarlly
h'lVetObeChosentobeapproxLJnatelyequLlltothestandarddevlal10n
lfonlytheup-and-dolVndlStanCeLS4×lessthanthestandarddevLatlOn･
thestandarderrorsortheestimatorsScarcelydependonltSecond,the
standtlrderrorsortheesLlmatOrSbythenewmethodaresnlallerthan
thosebytheconventLOnalmethodInotherwords,LFbotherrorsforthe
meanarcalmosHhesame′thene､VmethodrequlreSOnlythreefourths
ofthesamplesLZethattheCOnVentlOnalmethod requlrCSSlmllar[y･Lf
botherrorsforthestandarddcvlat10naretltmOSHhesame′thenelV

methodrequLreSOnlyonefourthofthes(lmPlesIZethattheconven'
tEOnalmethodrequtresMoreover,even.nthec･lSement.Onedlnthe
lastoflhcprevlOuSParagr(lPh,IthardlyhappensthaHhemaxlrnum
llkel.hoodesLlmateSdonotexLStThlSISbecausethelVayOfanalyzLng
datalSdlfrerentfromthatlntheeonvent10nalmethod

Asst･lted,thenewmethodhasthreemalnadvantagesoverthe〔on-
ventlOnalone.Ho､vever,thenc､vmethodd(雌noth･lVeaVerySLmPle
EoTmulatoobtainthecshmatesastheconventlOnaLonehasTheslm~

pEeformulaorthe｡on､･entlOnalmethodallowsexpcr.men-erstoObtaln
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theestlmateSOfthemeanandthestanda,ddevlal10nbythefoursln一一
p一carlLhmetlCaloperatEOnS(+r,×./)ThlSISOneOfthemalnreaSOEⅦ
thatthe⊂onventlOnalmethodhasbeenuseduptonowTherefore,not
onlygoodestlma110n(egsmallerstandarderrors)butalsotra〔tab･t.ty
･npraCt】cearerequ】redoftheestlmaLIOnmethodshthlSPaperWC

atmatmakingthenelVmethodlractablcbyapplylngLhcexpeCtat10n一

maxlmlZatlOn(EM)algor･lhml61tolt

InthenextSeet10nWemh'OdueethecomparlSOnOfthenewand
COnVentlOnalTnethodsInSe〔tZon3WcshowaeoncreLeformulaofthe

methodwlthEMaEgorlthmhthe.{lSISeCtlO1日〟eStElteamerllofthe
EMaLgorlthmandsomeCOnlmenLsonthenelvnlethod

2 ASYMPTOTICERRORSOF

THETWOMETHODS

lnthLSSe(t】on,weIntroducethenewup-and-downdataandthe
maxlmumllkelLhoodmethodfortherm,andComparetheasymptot】C
errorsorthenewandconventlOnalmcLhods

21 THENEW UP-AND-DOWN
METHOD

F･rst,weexplalnthene､vmethod

211 THEWAYOFOBTAlNINGDATAIS
ASFOLLOWS_

lSetthelnltlalstressvolbsctJIForsomevoltageguessedasthemean
c.if)ashovervoltageDetcrm.netheup-artd･do､vndLSr..nCCasu.tL.bly
Here,notethaHhevalue,snotnccessarHydosetothestandarddcvl-
atlOnOfnashovcrvoLtage′unHkeLhcCaseoEtheConventLOnalonell
usrequ)redloprov･dean.easunngdcvl〔etOrecordthesh(.peorthe
)EnPOSedvoltage
2lnthesamerashLOnaStheConvenL10nalmethod,ImPSetheLJTtPube
volt7)getha‖akesI,LaStheFN2akvoltageonasample
3Lookattheshapeo=heImpulsevoltagea.･dobservewhetherthed15-
m･ptlVedlSChargc∝〔ur･edornotlrlt∝CuTred,recordthevoltageVl
atwhlChbreakdownstarted,andsetv2- Vl-alfnot,recordv)
aTldsettノ2- Vl十d

4Takev2aSlhenewstressvoltageandtestthenextsampklnaSlmHar
Way
5Repealtheaboveforthenumbcrort‖一一esdeで1dedlnadvance

Coneern･ng(3),､veg.veanexampleortheImposedvoltagelnF･g-

ure1TheFlgUreSholVSthattheImposedvoltageftlllslnthepr∝essof

golrLguPThlSISbecausethedlSCharge∝CursbeforetheImposedvolt-
agereadleSthepeakHere,notethatpartofgraphclosertothebottom

lndlCateSthevoltagelSh･gherSuchdlS(hargesare(aHedbreakdown
ahvaveheadWerestn〔Lourse一vestosuchCaseslnthtspaper

212 THEWAYOFANALYZINGDATA

Use)lkcl1hoodmethodloesILmatcthemeanandthestandarddcm-

atlOnParamPtPrSIp=hemeanbeJE′thest･lndarddevlatJOnqThen
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thellkellhoodfunctLOnlSderlnCdas

L(p.q)聖n J(VI,′J,q)I(.)(1-F(Vり′上,q))l叫 ) (1)
t=l

Figu-e1Breakd

ownatwavcheadwherenst(lndsforthes(lmPleSIZ

C･(仰 ,J,聖去 C･yp巨悪 〉F(V,〟,q)dgr//(L)dLI(I,空 くA A.S,u｡tlVd:S;7:I:a:gdel::rSne.tK:un,:

慧 (3,AFteralE,thethlngwehavetodoIStOflndapoint(A,6)whererJhasarelatlVe

maXlmumOntheotherhand′thellkcllhoodfunCtlOnf

orconventtonalup-and-downdatalSL(p,q)a-a∩ F(vl,P,J)IM(ト F(V,;～

,q))1-''l'(4)E-･‖Notethatthed■freren｡ebchveenL(p.q)andi(p,q)tsonlythe
d.f-rerencebehveen/(V"FL,q)andF(vl,FL,q)when∫(i)-1

2.2 ERRORANALYSISUsu.gFLShcrnformallOnmatrl〔eS,We､VOrkonthetheoretlCaEe

rroranalyslSOfthecstlmatorsforboththeup-and-downmethods

221 PRELIMINARYWeIntroduceasymbolandaFunCbonLo

maketheanaLyslSeaSlerLetuobetheLnlt.altmposedvoltageandder.neuたdeuD+kdThen′
thei-thImposedvoltagemaytakeoneofthev

oll'lgeSuklVLthk-(喜芸 4.,i.L±∴ :vdedn (5,Next,deftnethelndl

CatOrfun〔110n･､ ∴ ‥ ･-OncetalldihavebeenglVen′6(1,良)couldbe
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renCerelat】ons

Pl6(0,0)-1】-1
P(6 (I,-I)I1】-Pt6(I-1,I+1)-11×p_i+I
Pt6(I,I)-L】-Pl6(L一日 11)-1】XqL_)

Pl6(I,k)-ll-L'[6(i-1,L･-1)-lJxqL--I
+Pla(I-i,A+1)-1】×pk+■
んニ ーL+2,-I+4,. ,I-2

lVhere

p,dg'F(uL,lL,q) q,聖1-p, (8)

However,fornotatlOnalslmPLICLty,WealsoIntroducethesymbols

xk聖 竺崇 zkde去 exp[一珂 (9,

arLd(B).,,whlChmeanstheI-1hrowandtheI-thcolumnelernenLoF
matTIXB

222 THECONVENTl0NALDATACASE

From(2)

lnL(It･g)-岩主 (∫(I)6(1･L')InF(uk･P･q) (10,

+(1-∫(t))6(I,k)111(1-F(uk.Ft,α)))
Therefore,

El蒜 lnL(FLTq,]-

妄kS.(ElI(1,6(ij,1品 InF(uk･P,U,

岬 (1-I(1,- ,】蒜 tn(1-F(u"L･可 (.I,
Here′

E【/(i)6(1,〟)I-PlI(I)-1,6(2,k･)-ll
-plI(I)-Ll6(I,A)-i)Pld(I,A)-1】

-pた×PlS(I,k)-i)
EI(1-I(l))6(1,lc)]- 恥×PI6(1,k)-L】

Mo(Cover,

蒜 .nF(uk./L･J,-一志 (ztxk･窪 )

S IR(.-F(uk･仰 ,)-去(lk･Tk一望)
Therefore,

BysLmLlarealCulatlOnS,WeObtaLntheFLSheHnformahonmatrLX

I-Tl聖- -1
｢
H
r

n

1

播｣い
⊥
H
J

l

り51

-拒主pl6(1･k,-lI孟[凋
AsthetheoretlCaluJltterrOrS亡OnCernlngWlthF▲andJ,､Vedefine

a(p)聖√両
e-(a,空而

respeCtlVely
2.23 THENEW DATACASE

From(1)

･.lL(～.q)-皇∑〈I(i)6(1,k)ln′(vl.～,g)
tこ=】七=-I

･(i-I(1))6(iM n(1-F(uiJL,q)))
Then,theFLSherLnEormatlOnm.ltnXIS

告 一二十 骨 :.hI'':l

(16)

3日鑑

-去∑∑ pl6(iJ･)-1】× (18)1=1J亡=-1

L:三二zzkL芸.'を 2p{_Z三:Z霊 詣]
S.mlar)ytotheConventionaldataCase′wedef･netheunLterrors

e(′L)聖何

e'q)聖 航

Llql

WeshowLnFlgure2thetendenC･esofi(～)′e-(q),e(p),ande(a)
防 d/JIntheFlgurethesolldlLTleSCOrreSPOndtothoseFortheCaSe

uo-HandthedottedllneS｡OrreSPOndtothosefortLo-JJj=書
FlgtJre2showsthetendencLeSOHheuruterrorsfor71-40There
LSnOdlrferencebetweentheerrorsCOmPutedhereandtheasymptotlC

(12) errorsthatDIXOnandMoodcomputedapproxLmatClyThLSISbeC.luSe
LFonLyd/J>_04,eachPr6(n,i)-ll(A--n,-n+2, ,n)
rcmalnSSt･lt10naryforallthenwhl｡haregreaterthan20andareodd
numbers.andsoLSeachForauthenwhlChare>20andareevennum･

'13' kmF,,::r:Le,r:2Te.:eLEc:n/;u≡mOafl･zSeL霊,aニbT"a:tE.oLda:of'O;.IL:vLs'40

堀 ttlL卜占妻妾 pl6(17か 1】孟 (14,

)whenO2≦d/q≦4,125≦e(Jl)≦135andO9≦e(q)≦
i1Companngthem､vllha(F̀)ore-(J),､VeCanmenllOnth(ltthey
･lreSmalLandtheyseemtobeIndependentoFtheCh'lngeOFEL/6
2BeCausc丘(q)- 196ande(q)- 101､vhend/q- いVe
obtalne(q)/～(LT)符05 Hence,LntheeslmtlOnOEq,theuse
ofthenewmethodleadslothelnCred■blede(Teaseofnes.1mPEe

sLZeuPloonefourthoHhesampleslZerequlredbytheCon､･entlOnal
method,provldedthatthebothmethodsa〔hleVe･llrnostthesamemag~
nILudeoftheesILmatlOnerrorslntheestlmatlOnOEFL′be(ausethJI
e(FL)/a(/A)記088,SuchathlngaSaboveholdsw'ththreefourthsor
thes(lmPteSLZerCquLrCdbythe⊂onvcntlOnalmethod
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3 SIMPLEITERATIVEFORMULA
FORTHENEW METHOD

3.1 COMPUTINGPROCEDURE

Weexplalntheapplleaholl0日heEM-algorlthmtothenewmethod
TheEM-a】gorlthrnLSanLterallVemethodtooblaLnaMLEforcaChp･1-
rameterThealgorllhmhastwosteps′expe(latlOnStep(E･slcp).lnd
max】mlZat･OLIStep(M-step)manlteratlVeCOmPutatlOnlnthesequel
wesupposetotreaHhe〔･lkuhtLOneOnCernedwlthonlyi(/i,q)Let
(jl(k).a-(ん))betheapproxtmat-Onto

MLElnthekthllerahvccomputallOnWTten(Jl(A),6(A))a.egⅣen,

E-steprequlreStheealculatlonof

Q(,i,g,A(～,,6(L･,'聖-n.n(J和 一去よ くT(iW l-I▲'2t=l

･(I-I(I))Epw ,抑【(X-'l)2IX,vl]) (20)
･ntheA+lstlteratlOnHere′Ep(H.3(i)Standsfortheexpe'tahon
operatorlnWh)ch/(V,A(L'),6(良)).susedfor/(V.FL,q)

l(oL.7No▲6,DecenlbeT･2000

841matr)ias-(# )(I,.,=

(A,詩 g(I(1)(Vt-ll,2･(I-∫(I))At(ll･6)

)-(篭 ㌘ )(p,J,=(,..㌃ B I-I(1,,〈(V1-A,2･32
-(vl-lL)Al(如 )〉×

A-(I-1,6)-(誓 ㌍)(～
,q,=(A.詫 [掌 -完 坦×〈(V1-A)2･62- (vt-FAL)×

- ))(vt-l･L)Al(如 ,]

(24)ln(3),(4)and(5)′wehavetoevaluateA,(仏q)
Thenextformula(12Ⅰ′p 932)lSuSe

rulbecauseF(V,p,q)-(1'((vIP)/cr)o(I,空去iex

p(-封 dL弓 〈1+童
dt
rl)I (25)し 一=1 )

whered1 - 00498673470,d2-00
2日LuOO61,d3 -00032776263,d4 - 00000380036,d

5 - 00000488906,d6-0000005383032 NUMERICALEXAM

PLEWeglVeanumerl(a)
examplebelow,seeTable1Then′from(3)∫(4),aTLd(5)The川-steprequLrCStOSeekapoint(ii(" 1),6(k'1))thaLQ(FI,q;

A(
A),6(i-))becomesmaxlrnumTherefore,w

eobtanp'叫 -三∑ ll(I)V･I(.-I(I))(dた'+Al(lL'k'･3'k'))]1=

1 1(21) A(hl)--306(J=+))
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Table1AnexampleoFnewup-and-downd.ltd

-(塑芸㌍)(p.柵 ,

A(I(li =l 3U(V.-lL)2

+∑ Al(lL,6)t= I

J(I)= 0 (28)-(篭 禦 )
(～.U,=(,..."-諾('V.-lL'2+62-'V.-b'A.… )At(I-i,6日 29'

▲=1I(I)=O-(誓諾逆)(p.Q,
=(戸.6,-芸30∑((vt一/-i)2+62-(vt一lL)AL(lL,6))×

t=1I(I)-0 (Vt-lL)AL(/i,6)

(30) m｡fr.xThlSPaperCOn〔ernSOnlythecaselI-htchallthebrea

kdownsLnanexperEmCntOCCurbeforetheImposedvo】t･lgeScomeuPtOtheexpe⊂tcd4 SUMMAR

YANDREMARKSIご.tnhi7up昌?aenrdTdCoPwC;fonrl:tnt.h昌,erarnod"S::lIsisheOf,よ.C.:?:.vga.nndtchOen
二cc:;methodlTTleeStLmal-onerrorsareseldor-ffe(tedbythernagrLltud

eoftheup-and-do
wndlSlanCe2TTteestlmatlOnerrorsareStluSmalkrthanlhoSeOEthe

conventlOndlrncthodTheana】ysISShownherelS･lboutonLytheCaseL
n､Vhlehthesamples･zecqu･lEs40Howcver,noteth･lHherelSnOdl
fFeren〔ebellWeenthetendenCleSOEthean叫ZcderrorsandthoseoEth

easymplollC｡y:r,r,on鐙 aetEaMV_eafgu禁anlL,y.tva;sgelTemtR'eess.I:P-P..p,a,.
ve,dlemeloobtalntheMLEoHheme(lnandthestandarddevL(lt10nP

arameterslnthenewup-and-downmethodThlSfactnl(lyhelpexperl
n-entersusethenelVup-and-downmethod,whl〔hhasmuchbetterpro
pert.esthantheCOnV

entlOnaloneBecausetheEM-at80rLthmhasexcellentglobalConverg
enceproper-l.esandalrnostalvvaysgJVeSal∝almaxlmlZer,thelterat
lVeformu一asweglVealmostalwaysprovldetheMLEOEthemeanands
tLlndardde-VLatlOnParametersFurthermore,theformulasareverys

lmPlelnad-d-Ron."realsoglVetheexpressl0nStOObtaLntheobserved

lnFormaLIOnUslngneSC,WeOb

talnandand (lL,6)-(404,248) (31) peakvoltagesTherefore.theresultherecannotbeuse

ddLr∝(lyLfsomebreakdoIVn∝CurSarOuTldthetalloEthelVaVefo

rm lnsucha-(# )-372 (32' CaW'5.gtv6arurtherCOBsL;
eEa;oRnENCESl111ntematlOnaLEl∝troteChn･calCommlsslOn60-LHVtestte
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109-126.19胡14日tH】rl,seandKK･.to,"A】-etvanalystsOFtheup-nod-down∩.elhcKr',T
r･,nsLEEoF(34) J･.p･ln,VoLlは･八,(10).ppIO87-1093,1998

(1nJapane双)lS】HHIP-andYKomor.."Aremarku"tllt･newup一and-dowrLmethdan叫S･

51･-(# )-550onthepolntTllereEore,theasymptotlCStandarderrorsof
lLandaare0563and0J63′respeCtlVeLy T,drLSLEEoりapdn,Vol119.(4),pp527-528,19卵 (
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