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ｐｒｅｃisionofstrain

DaigoroHAYASHI＊

Abstract

TheleastsquarestraintechniquethatwasdevelopedbyHayashi（1994)andisbasedon

theleastsquaremethodisexplainedindetail・Thetechniqueusesthestrainellipsesonthree

non-parallelsectionplanesoforientedrocksamplestoconstructstrainellipsoid・Threeseries
ofmodelarepreparedtoexaminewhatkindoffactorcontrolstheprecisionofstrainwhere
theaxialratioofinitialstrainmarkerellipsoidsisassumedtoscatterasnormaldistribution

Threeseriesofmodelareproducedtotestthreefactors;(1)Thesamplesizeofmarkers.(2)

Themeanofaxialratioofmakersan。(3)Thestandarddeviationofaxialratioofmarkers・

Resultsofthesimulationare;(1)Whenthesamplesizeoftheinitialstrainmarkerellipsoids

islarge,highertheprecisionofstrainanalysisis.（２）Whenthemeanofaxialratioofthe

initialstrainmarkerellipsoidsissmalLhighertheprecisionofstrainanalysisis.(3)Although
thestandarddeviationofaxialratiooftheinitialstrainmarkerellipsoidsvaries,theprecision

ofstrainanalysisdoesnotchange．

１．Introduction

Thereareseveraltechniquesthataredevelopedtoconstructstrainellipsoidbyusing

strainellipsesonthreesectionplanes・Thetechniquesthatconstructstrainellipsoidusing
strainellipsesonthreemutuallyperpendicularplanes,weredescribedbyRamsay(1967)，
Oertel(1970),RobertsandSiddans(1971）andShimamotoandlkeda(1976).Sincethestrain

ellipsethatismeasuredonasectionplaneincludeserro囚theshapeofthestrainellipsedoes
notcoincidetheprOjectionofstrainellipsoidtotheplane・Wecantheoreticallyobtainsix

strainellipsoidsfiPomthethreemeasuredstrainellipses（Hayashi;1994,1995)．Ifthe
measurementofthethreestrainellipsesdoesnotincludeerronthesixstrainellipsoidsequal

toeachother､ThusthetechniquesthatusethestraineUipsesonthemutuallyperpendicular

planesarederivedfiPomtheidea､Ｔｈｅshapetensorofthestrainellipsoidisgivenasthemean
oftheshapetensorofthesixstrainellipsoids・Thusweagreethatthestrainellipsesthatwe
willmeasure,donotnecessarilylieonmutuallyperpendicularplanes．
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FromthepointofviewbMilton(1980),Owens(1984),ＤｅＰａｏｒ(1990）andHayashi(1994）
havedevelopedthemethodsthatconstructstrainellipsoidusingstraineI1ipsesonnoL
paraUelplaneｓｂｙｍｅａｎｓｏｆｔｈｅｌｅａｓｔｓｑｕａｒｅｍｅｔｈｏｄexceptfbrMiltonAlthough
Hayashi(1994)hasdescribedthetechniqueofthreedimensionalstrainanalysisbasedonthe
leastsquaremethodindetail,hehasnotexaminedtheprecisionofthetechmique、

Inthepresentpaperlhaveexplainedthestrainanalysistechniquethatwasdevelopedby
Hayashi（1994).Thetechniqueiscalledhere“leastsquarestraintechnique"・T11enlhave
simulatedthreeseriesofstrainanalysistoexaminetherelationbetweentheprecisionofthe
leastsquarestrainanalysisandthethreefactors・Theshapeofthestrainmarkersisassumed

tobeeUips･idThe…lr…(一芸)i…pposed…wn･lmald鱸tributi･nThre・
factorsare(1)thevariationofsamplesizeofstrainmarkers,(2)thevariationofmeanofthe
axialratio(RI)ofstrainmarkersand(3)thevariationofstandarddeviationoftheaxialratio

(Rl)ofstrainmarkers・ＴｈｅsimulationisperfOrmedasfOllows.(1)SeveralhundredrandomIy

orientedmarkerellipsoidsareproduced(2)TheyaredefOrmedtohave(｣Ｗ)data.(3)
Stminellipsoidiscalculatedusingthe(ルゾ)databymeansoftheleastsquarestrain
technique．

２．ＬｅａｓｔＢｑｕａｒｅｓｔｒａｉｎｔｅｃｈｎｉｑｕｅ

ａＩＴ１Ｍ）０．ｊ”c"sjomﾉsfmj〃α"α(ysjs

Themethodshowtoobtainstrainellipseusingmarkerellipsesoneachnon-parallel
plane，ｔｈａｔｉｓ，thetechniquesoftwodimensionalstrainanalysisweredevelopedbymany
researchers・ThetechniquesoftwodimensionaIstrainanalysisaredividedintotwo

categories・Oneistheshapemethodwherewetreatstrainmarkersasiftheirshapeisellipse，
andtheotheristhedirectionmethodwhereweuseanysuitablelines,fOrexample,mineral
grainboundary,asastrainmarkenTheshapemethodsweredescribedbyRamsay(1967)，
Dunnet(1969),Elliott(1970),DunnetandSiddans(1971)，MatthewsetaL（1974),Shimamoto
andlkeda(1976）andLisle(1977,1985)．Thedirectionmethodswerepublishedby
SandersonU977)，Fry(1979）andPanozzo(1984)．Ｗｅｃａｎｕｓｅｏｎｅｏｆｔｈｅｍｔｏｏｂｔａｉｎｓｔｒａin

ellipseonasectionplaneoforientedrocksamples．

２２Ｇs”e幼od

Whenwewanttoconstructstrainellipsoidusingstrainellipsesonmutuallynon-parallel
U■己・・・

planes,weshouIddescribethelongandshortaxiallengthof
thestraineIlipsesonnon-paralIelplanesbytheratioofaxial

lengthassumingacertainaxiallengthofacertainstrain
elｌｉｐｓｅｔｏｂｅｕｎｉｔｙＴｏｄｏｔｈｉｓ，Ihaveusedthemethod

EdevelopedbyGendzwillandStauffer(1981)．Ｔｈｅｍｅｔｈｏｄｉｓ
Ｂｃａｌｌｅｄｈｅｒｅ“GSmethod''．Themethodwasoriginally
developedinordertocalculatetheellipseoｎｔｈｅｐｌａｎｅｔｈａｔ

ゾノincludesthecenteroftheellipsoi｡,ｉｆａｇｉｖｅｎｅｌｌｉｐｓｅｌｉｅｓｏｎａ
ｓｐＬｎｃＡ

ｐｌanethatdoesnotincludethecenterofanellipsoid・Ihave
Fi9'1SlJYindbsoidshownijlSEUcuordinaleWsIcmnlIUeusedtheGSmethodtoobtainrelativeaxiallengthofellipsesIanesAB8ndCIhaIinchdellleccnIGro(IheclIipsoidaJe

8Jbi面ilycuLTbreev6dmsx,ｙａｎｄａ随Iheinle【sedingonmutuallynon~ParaIlelPlanesections．
IhesdIwoDlancs8mongIhelluUcphnes． ＡｓｓｈｏｗｎｉｎＦｉｇｌ,letcutarbitrarilyanelIipsoidthrough
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＄
threesectionplanesA,BandCthatincludethecenterof

theellipsoid,andletdefinetheintersectinglinｅｂｅｔｗｅｅｎＡ

ａｎｄＢａｓｖｅｃｔｏｒｘ・Theelongationalongvectorxonbotｈ

ｐｌａｎｅｓＡａｎｄＢｍｕｓｔｂｅｅｑｕａＬＩｆｔｈｅｐｌaｎｅＡｄｏｅｓｎｏｔ

｡!…cincludethecenteroftheeUipsoid,theshapeoftheellipse

’⑬1Ｉｌｉｉｉｉ墓Iilii:！;iiI;M鰐liiilii鮮鯛瓢
…,『…弓ＡｓｓｈｏｗｎｏｎｔｈｅｐｌａｎｅＡｉｎＦｉｇ､２，consideringtheＡｓｓｎｏｗｎｏｎｔｎｅｐｌａｎｅＡｍｒｎｇ・Z，consⅡdermgtneaxMrntOoH mxmIrn上i◎亀

｡'…lengthofxas“hepoint(hcosa,ムsinα)isatippointpInncA

Fi92Strainel1ipseOnIhreeplanesABandC・Seeofxinthecoordinatesystemwherethelongaxisandthe
textlOrdetaiLshortaxisoftheellipsearetakenasabscissaandordinate，

respectively8Sincethetippointliesonthearcofthe

ellipse，supposingtheaxialratioofthestrａｉｎｅｌｌｉｐｓｅｏｎｔｈｅｐｌａｎｅＡｔｏｂｅＲ１，thetippoint
satisfiestherelatio、

|急ルー’
Ｔｈｅｎｗｅｈａｖｅ

吻等2α･孵鬮…
Thisismodifiedto

ナール('一方１ CDS2a．

ＦｏｒｔｈｅｃａｓｅｏｆｐｌａｎｅＢ,considermgthelengthofxtobebａｎｄｔｈｅｓｔｒａｉｎｒａｔｉｏｏｎＢｔｏｂｅ

Ｒ２,ｗｅｈａｖｅ

☆-LlL念ﾙ"`β

Th…i・nmuMerpoftMmeAtotheplaneB…i……－，！…‐÷
lhavetakenthesameapproachdescribedabovetoestimatethesectionmultiplierqof

theplaneCtotheplaneASupposethat（１）theintersectinglineoftheplanesAandCis

vectory，(2)ontheplaneAthelengthofyisJAI(3)ontheplaneAtheanglebetweenlong
axisofstrainellipseandyisα',(4)ontheplaneCthelengthofyisl8(5)ontheplaneC

theanglebetweenlongaxisofstrainellipseandyisγ'，ａｎｄ(6)thestrainratioisRhonthe
planeC・ThenthesectionmultiplierqoftheｐｌａｎｅＣｔｏｔｈｅｐｌａｎｅＡｉｓｏｂｔａｉｎｅｄｆｒｏmthe
relation

'ｨ蕾'16`…号…

去臺rlL方Ｉ cOs2m
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☆-Ｌｌ１－念ﾙ"2メ
SupposingthelengthoftheshortaxｉｓｏｎｔｈｅｐｌａｎｅＡｔｏｂｅｕｎｉｔｙｂｗｅｈａｖｅｒelativelength

ofthelongandshortaxiallengthonalltheplanesas(1)ＸとＲ１ａｎｄＹ≧１fOrthepIaneA,(2)
X=RaPandY=,fOrtheplaneBand(3)Ｘ=R3qandyとqfbrtheplaneCnlustheGSmethodcan

beusedtocaIculaterelativeaxiallengthonthesectionplanesbyusingthesection
multiplierspandq・

Incidentallyrelativeprincipalreciprocalquadraticextensions入ｉａｎｄ此`arewritten

accordingtotheirdefinition:Ｍ一夫-余and山１-十会,respectivelM

㎡＋２町＋２czr＋dy2＋2“＋ﾉｾz2＝１．

iWm…………M……

"脇?:llillrFll:鯛鰹嚇{`i:,;:霊『鵲鶏蝿:謡謡:謡:畳鯏j：

ｌＩｉ５糞

陵i
Supposingtheapproximatevalueofthesixcoefficientsa,６，…,ｈａｓα'ｂ６',…,〃'andconsidering

iiiI
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ltisworthtonotethatwecanpreviouslydeterminethesixcoefficientsα',ｂ',…,〃'byusingthe

coordinate(XLYZZi）ofsixarbitrarymeasuredpoints，

SubstitutingEqs.(2)ａｎｄ(3)ｉｎｔｏＥｑ(1),ｗｅｈａｖｅ

／(XrZ｣xi,Yi-ulyi,Zl-zlzjjα'一E０，b'‐E6,c'‐E`,`１－Ed,e'一Ｅ`,〃‐ＥＡ)＝０．

ExpandingthisbytheTaylorexpansionandabbreviatingthetermsthatareunderthesecond

differentiaLwehave

(…;……‐(芸い-(謡い-(誓い-|蜑雌｡
(語い(窯ルー(謡い-(謡い-(器ル`雪。

Ｔｈｉｓｉｓｒｅｗｒｉｔｔｅｎａｓ

ｎ宮ムームv剣-4,11,i-ん昭一几cb-乃巴６－鵬一九G`－い－几盈－０（４）
where

ムーバx”Ｈ２;α'’６',c',α,e',ｈ'）

ﾙｰ(芸し沙(謀L隊;〃(乳"
ん．(諾貼姻-(諾ル血-(乳(5)
ﾑｰ(乳;ぬ-(蜑ﾙﾊﾎﾟｰ(諾L
Supposingtheweightofeachmeasurementasハj，ＰｙｉａｎｄＰ鉱，“sumofweightedsquare
residuals，，Sis

s-:Ｍ+'’1吟行鴎v閻幽）（６）
ThustominimizeEq.(6)undertheconditionEq.(4),ｗｅｍｉｎｉｍｉｚｅ

:-:’一≦ん．，
usingtheLagrangeanmultiplier入iFromtheconditionwehave

莞-…恥．（ｱﾕ）
美雪…膝｡側
莞-…ん.。、
美-倉ﾊﾙ｡伽
蜑-=ｊＭｍ
蓋-#ｊｗ。㈹
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蓋一書ﾑﾙ･
美一二jM-、
憲一害Ｍ－ｑ

麓.馳聡ti鍋J1鰯ｉｆ鯛9繩v:繩一等聯－筈
"(讐鶚鶚響|ﾙ帆源｡-鵬-……-．

(7.7）

(7.8）

(7.9）

，andγ,--処
PhD

(8)

Usingthenextequation

上＝△ＬＬ+処L+△』Ｌ
腸脳ＢＩＰ沙

,Ｅｑ.(8)becomes

jLi-JW2jGb+あど`＋鵬MiGd十九c､+九鼻一心）

SubstitutingEq.(9)intoEqs.(7.4)ｔｏ(7.9),ｗｅｈａｖｅ

(9)

０
０
０
０
０
０

■
・
二
・
二
・

１
Ｊ
１
Ｊ
１
１
１
１
１
Ｊ
～
』

ん
ハ
ム
ハ
ム
ル

ー
一
一
一
一
一

聡
孵
聡
鵬
聡
始

十
十
十
十
十
十

峪
聡
囎
嬬
願
嬬

十
十
十
十
十
十

聡
帆
聡
鰻
壗
壗

＋
＋
＋
・
＋
＋
＋

壗
鵬
鴎
総
嬬
聡

＋
＋
＋
＋
＋
＋

“
鵬
帆
鵬
聡
帆

十
十
十
十
十
十

具
尾
島
具
島
見

ん
た
ん
た
ん
ん

瓜
臥
瓜
瓜
圦
瓜

心
ぬ
い
勝
ら
必

侭
で
竺
卸
”
で
倉
回
”
で
空
？
、
こ
げ
で
竺
何
風
、
／
局

RearrangingthemregardingB｡,CO,…,Ｅｈ,ｗｅｈａｖｅ

[Ｍ小+[Ｍ几]亀+[，｡L小+[Ｍ小+[pbL小十[Ｍ(]eﾙｰ[肌(］

[ＭﾉiJ島化.ｊＢ/z]弓十[ｐｏｊｚ小十[ｐｏｊＢﾙ]弓+[Ｍ小心｡/b(]eh-[Ｍｊ:］

[pofL]q+[Ｍ几]６６+['・塊小+[Ｐ｡“]q,+[Ｐ.Ｌ小+[,｡ﾊﾟﾊﾟ]q‐[ｊｗ８］

[poLL]見十[Ｍ/b]島十[，.』Q/を]具心｡ｊ５小+[Ｍｊ:]q+[，.Ｍ]見-[Ｍｊ:］

[PoLL]島+[，of(]eb十Ｍ小+[ＭＬ]身+[Ｍ小心.ＬＬ]q-[ＭＬ］

[Ｍ小･[川人]GB+[Ｍ小十[Ｍﾙ]角+[Ｍ小+[Ｍ(]cb-[ＭＬｌ

(10）
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SymbolsthatdescribeEq.(10)ａｒｅｄｅｆｉｎｅｄａｓ

ｎ

[，.』:ハルヱ"．｣んん－，“ん九!+，.`ﾉz2L2+…十島４ふ
ゐ】

Andsofbrth

WecancaIculateE｡,Ｅ６，…,Eh,bysolvingEq.(10).ThensubstitutingC｡,CD,…,ａ,,intoEq.(3)，

wecanfiHlallyobtainzz,６，…吻・

ForexampleinthecaseofelIipsoid,letcalculatetheconcernmgdifferentialcoefhcientsof

thefUnctionfoftheellipsoidbyusingEq.(1)asfOllows．

蜑臺……

募臺2(鴎…
静にx…）
ユー襲凰;嘉一麩筌…諾-ﾉ;蜑-2獺;謡‐z’８ａ

ＴｈｅｎＥｑ(5)becomes

ルーα'渦z＋zblXl】i＋2c'ZlXh＋α'Ｚ２＋2eTiZl＋A'Z2-1

AJ-小x,+"】i+c'zi）

嘔藝2(砿,十.'H+ご'zi）

ん-2(｡x,｡ごz+"zl）

ん-X八九i=2XlYl;/Sl-2ZiXi;ん=M2;L,=醜ZI;几j-z2.

TheexpressionofAjis

-L-型L+△』L+ムムＬ．
Ｐ．Ｉ必鋤脇

Supposingalltheweightstobeunitybthatis,ルーハi＝ルー１，thesimplerexpressionofAi

becomes

’

ぬ一A,1＋ハノ＋L2.

２４日り"dUU”が1ｌｂ"e血沈e"sjO"qJs”j"aMysjsby伽eα"sq/肋e化Uzsｵ”“”slmj"jFch捌幻ｌＵｅ

(1)Cutoutthreenon-parallelplanesfromorientedrocksamplesandnamethemasplanesA，

ＢａｎｄＣ．

(2)Calculatethedirectionoflongaxisandtheaxialratioofthestrainellipsesontheplanes

A,ＢａｎｄＣｂｙｍｅａｎｓｏｆｔｈｅｔｗｏｄｉmensionalstrainanalysis．

(3)Calcu1atetherelativeaxiallengthofthestrainellipsesbytheGSmetho。

(4)Calculatetheshapetensorofthestrainellipsoidthatisconstructedfromthestrain

ellipsesbytheIeastsquarestraintechnique．
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(5)CalculatetheaxiallengthsX,YandZusmgtheeigenvaluesoftheshapetensorCofthe
strainellipsoid・Supposingthat入,，旭and入3aretheeigenvaluesofCandthat

入,〈入２〈入３

,wehavetheaxiallengthsofthestraineIlipsoidas

x-場’-,Fﾆｭｰ長
,whereＸ>Ｙ>Ｚ

(6)CalculatethedirectionofX,YandZofthestrainellipsoidusingtheeigenvectorsofC
ThedirectionofX,YandZequalsthatoftheeigenvectorsthatcorrespomdwith入,，入2and
入3,reSPeCtivelyb

３．Precisiomofthreedimensionalstminana1ysispenfbmnedbytheleastsquarestrain
technique

3.Ｉｎ１ｑｌｅ”qｱｓｔｍｊ郡沈α戒eγ

StrainmarkerisassumedtohavethefblIowingproperties．

(1)Shapeofthemarkerisellipsoid

(2)Thereisnocompetencycontrastbetweenthemarkerandthematrix．

(3)Directionoftheinitialprincipalaxesofthemarkerisrandom．

(4)MarkersarehomogeneouslydefOrme。

(5)MarkersdonotchangetheirvolumedurmgdefOrmation(refertoAppendixA)．

(6)Th…ialratio(脇一芸)｡fthemark…howsnormaldistribution
TheassumptionsfiPom（１）ｔｏ（４）arethesamethoseinthecaseoftwodimensionalfinite

strainanalysisusingellipseshapestrainmarkers､Ihavesupposedthattheconditionsｏｆ(5)ａｎｄ
(6)arereasonablefbrthenaturalstrainmarkers．

３．２１Ｗ`eb

Ihaveexaminedhowthefbllowingthreeiactorsaffecttotheprecisionoftheleastsquare
stramtechnique,assumingthattheaxialratioofthestrainmarkersshowsnormaldistribution

(1)Variationofthesamplesizeofthestrainmarkers

(2)Variationofthemeanoftheaxialratioofthestrainmarkers

(3)Variationofthestandarddeviationoftheaxialmtioofthestrainmarkers

ThreeseriesincludingtwelvemodelsareproducedtoperfOrmtheaim・T1enmodelswithin

thetwelve，sareindependentbecausethemodel38isusedrepeatedlythirdtimesinthedifferent
senes．

(1)SeriesA

Thesamplesize(")ofthemarkersvaries,thoughthemean(郷)oftheaxialmtioofthe
markerNsisfixedas2andthestandarddeviation（Ｏ）oftheaxialratioofthemalkersisfixed

as÷TheseriesiscomposedofthefOI1owingfburmodels
model44〃＝１００

model38〃＝３００
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model45〃＝６００

model46〃＝１０００

(2)SeriesＢ

…脇:謡liill芳懐i澱i::鰯『:齢乎琴欝:糎難:柵罐i麓鵬遷
threemodels

model38”＝２

ｍode１３９脚＝３

ｍode１４０脚＝４

(3)SeriesC

T1Iestandarddeviation（０)oftheaxialratioofthemarkersvaries,thoughthesample

size(")ａｎｄｔｈｅｍｅａｎ(”)oftheaxialratioofthemarkersarefixedas〃=300ａｎｄ”=2.The

seriesincludesthefOIlowingfivemodels．

１
’
６
ｌ
ｌ
８

ｌｌ
ｌｌ

ｏ
ｏ

８
０

３
戸
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ｄ
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ｏ
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ｍ
、

１
｜
、
１
｜
⑫

｜】
’一

び
ぴ

ｍｏｄｅｌ５１

ｍｏｄｅｌ５２

model41Ｏ＝０．

ａ３ＰｼE,α"囎獅α戒e7eJl〃so』ぬ

3.3.ＩＢｗｊ秘ci10g〃ｏｍｍＪｍ"do加加uc畑be応ｚＩﾉﾉiose伽eα〃1ｓ腕α"ｄｓｔａ"｡[zmdcDjatjo〃isク

NormalrandomnumberisproducedfmｍｕｎｉｆＯｒｍｒａｎｄｏｍｎｕｍｂｅｒｂｙｔｈｅＢｏｘａｎd

MiillermethodUsingtwounifOrmrandomnumbers雌ａｎｄ雌｡,，thenormalrandomnumbers

ziandziflwhosemeanandstandarddeviationaremandO，arecalculatedbytheequations

zi-J三百i5百瓦(cos2庭)仏緤,)。…

号釧一J=75面Z(sin2匂(皿,.!)+ｍ
Ｘｉ(可）

Theaxialratio（Ri)ofmarkerellipsoidsisassumedtothe
normalrandomnumbem

３．３２月⑩dj《c聴如0“αﾉﾉej0gｵﾉisclf机α'１beγeﾉ〃ｓＯｊｄ抑〃Dseamロノ
mZjOjSRi

Beingdifferenttothecaseofapointofstrainellipsoid

(strainpoinO，apointofmarkereUipsoid（ｍarkerpoinO

doesnotlieonthecuweX>Ｚ=１ｏｎＸｌＺｉｄｉａｇｒａｍ（referto

AppendixA).ThuswecannotlocatethemarkerpoiｎｔｂｙＲｉ，

炉
ZII=虹）

butweshouldrepresentthemarkerpointontheXiZFb3HZIdiag1mnHisdeiIrdtobeun雌PiisIhe

diagrambythetwoaxiaMengtlMandZWepayattention繍鯛澱Mi鰍jjllM;1MiMiJli
thatHisdefmedasuniIybOntheXlZdiagram価93),theandBismilU
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intersectingpointofalineXi=ＲｉＺｉａｎｄａｌｉｎｅＸｉ=１isP1andtheintersectingpointofａｌｉｎｅ
Ｘｉ=RiZiandZl=１ｉｓＰｈ､ＴｈｅｄｉｓｔａｎｃｅｂｅｔｗｅｅｎＰｉａｎｄＢ２ｉｓａｓｓｕｍｅｄｔｏｂｅｕｎｉｔｙ;Wedefine
arbitrarilyamarkerpoint(Zi,Ｘｌ)byproducingarandomnumberamongOtolasfOllows・Ｏｎ
ｔｈｅＸｉＺｉｄｉａｇｒａｍ,letrewritethevariableztoxasabscissaandvariablｅＸｌｔｏｙａｓｏｒｄｍａｔｅ，
ａｎｄＲｉｔｏｍＳｉｎｃｅｔｈｅｐｏｉｎｔＰｉｉｓｔｈeintersectionofboththelines

{慨
,wehaveth…｡…｡f周鑪(会!）
ｏｆ

{Ｗｒ

SimilarlyfOrthepointPhwhichistheintersection

,ｗｅｈａｖｅＰｂａｓ（1,腕).TherefOre,WhenwedivideequallythedistancebetweenPIandHinto
〃parts,ｔｈｅｂｏｔｈｉｎｃｒｅｍｅｎｔｓｏｆｘａｎｄｙａｒｅ

|冤量
WehavethecoordinateqH,jIb)oftheルthpointas

脚Ｚ誰
ⅡwewanttoproducerandompointsmngｉｎｇｂｅｔｗｅｅｎＰｌａｎｄＰ２ｏｎｔｈｅＩｉｌｌｅｙ=加尤，we

exchang…alueof÷toarandomnumberamongOtoLIfwehavecalculatedthecoordinat・
他,yA)inthismannentheOih,jlh)couldbethecoordinateofarandommarkerpoint(Z,Ｘ》).Since
Yi=１ontheXiZdiagram,threeaxiallengthsofthemarkerellipsoidareobtainedasXl,１ａｎｄZ
nlusthedistributionofinitialmarkerpoimtsregardingacoupleoftypicalmodelisillustratedm
Fig4．

（a）（b）に）

５
４
３
２

１
０

５
４
３
２
１
０

篝
｡く

似（
ｶﾍﾟ

０１２３４５ ０１２３
ＺＩ

Ｚｉ

ＦＩｇ､４DistribuUonofinitialmaIkerpoiｎｔｓｏｎｊ【jZdiagram、
a：model46(samplesizeislOOO)asauDexamPleoftheseriesA

se……｡｡,52(ois金)asa…mpleofth…iesC

４５０１２３４５
ＺＩ

ｂ：models38,３９ａｎｄ４００ｎｉｓ２,３and４)ｏｆthe



1betochuiqufIhalcon町udssl価inGlliDsoMliomtllIPesuainCHiDsesmfasuIfdoDnoI】御aMsccUoushsedoDl1】Rl6astsqua｢cmEIhodaMlhChdoIshatcoMfo1DfttiSion01slmiD57

３３．３Rhz"do”dﾒs碗bIuim〃｡/”"c伽ｌα懸け腕α戒”e"ipsojd

ProducingthemarkerellipsoidWhoseaxesarerandomlyorientedhasthesamemeaning

thatweproduceanorthogonalXYZsystemthatrotatesarbitrEuilyaroundanorthogonal】q7z

coordinatesystem,IfthedirectionoftheXaxisisindicatedbytheEulerangle(α,β,γ),we
have

cos2α＋cos2β＋cos2γ＝１

TheiOrmulaischangedintO

c･‘γ-竃J=5Ｆ57=555扇75．

T11eX,YandZaxesarecalculatedbythefbllowingprocedure．

(1)Ｄｅｎｎｅａａｎｄβmndomm
(2)De5neγusingtheabovefOrmula・T11enXaxisisobtained．

(3)RepeatthecalculationhPom(1)ｔｏ(2),anddefinetheotheraxiswhichiscalledPaXis．

(4)DefineYaxisastheintersectionoftwoplaneswhosepolesa1℃XandPaxes．

(5)DefineZaxisasthevectorproductofXandYaxes．

３３．４Ｒ２ｐ魎e郡施f勿卯Qn0za戒”〃ﾉjpsoj`j"“Sjlste腕

’nlkingtheorthogonalXYZsystemthatisproducedatthesection3.3.3ｔｏｔｈｅｐ妃sent

coordinatesystem,wewritemarkerellipsoidasfbUows．
ＸＴＡＸ＝１

T11eequationoftheeUipsoidcanbechangedtotheequationthatispresentedmtheother

coordinatexyzsystemifweknowthetransiOrmtensorbetweenthetwocoordinatesystems・The

transiOrmtensorissupposedheｒｅａｓ

Ｘ＝Tｘ

where

,．縢織I
TheEulerangleofXaxisis(cosOll,cosOl2,cosO13)andthose
ofYandZaxesare(cosO21,cosO22,cosO23)and(cosO31,cosO

32，cosO3J，respectivelyasiIlustratedinH9.5.T11emarker
ellipsoiddescribedin

エ

。
Ｚ

ｙ

ｄ五ellipsoiddescrib

the汀zsystemis

(T)OTA(乃０＝１

x7(7Ｖ・ＡＤｘ＝1．

1，

Ｘ

X●
Fig.５TWoorlhogonalcoordimate

systems,可ｚａｍｄＸＹＺ

ａ４Ｄ碗ｍｐｑ！"〃q/j,wlbeγe"幼sOjd

ShowinginFIg､6,1ettransfOrmaplacevectorxinto

x1bythedeibrmationtensorG(refertoAppendixD)．

ｘ'＝Ｇ,［

Ｈ

Fig.６Aplacevectorxpresentedin】｡/z
coordinatesystemThevectorxistranslOrmed

intovectorxⅢbydelbmmiontenso｢Ｇ Werewriteitto
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ｘ＝Ｇ１ｘＩ．

SuPposingthemarkerellipSoidbefOredefbrmationas

x7Ax＝１

`themarkerellipsoidafterdefbrmationbecomes

xlT(Ｇ１)TAG-1xi＝1．

FbreachmodelthemarkerellipsoidisdefOrmedninetytimesvaryingthe麺dalratio(R)ofstmin
elHpsoidfiPomL1tolOatinterval0.1.

3.5月向BcjsjO〃〃伽Odbk〃eaclzsU"es

Regardingthreeseriesincludingtwelvemodelsdescribedinthesection3.2,stmineUipsoid
iscalculatedbytheleastsquarestrainmethodWecannotclearlyrecognizethedifference

betweenIhecalculatedstminandthetrueshPainonthenormalizedF1in、diagram*＊sincethe

diiferenceissmalLThusltakethedistancebetweenthecalculatedandthetruestrampointson

thenormalizedFlinndiagramasaparameterofstrainprecision，whichiscalled“distance

precision,'．

3.5.ＩＤｊＳｍ"“，j月DC応勿卯q/・”0“KSQ/“clbse"Gs

lnordertocomparethemodelsofeachseries,IhaveusedthediagramWherethedistance

precisionistakenasordinateandtheaxialratio(R)oftruestrainistakenasabscissa・Itseems

thatthestrainprecisiondｏｅｓｎｏｔｄｅｐｅｎｄｏｎｔｈｅｓａｍｐｌｅｓｉｚｅｆｉＰomFig7a**＊fbrtheseriesA

Whenthevalueofstrainislargel;theorderofthedistanceprecisionofeachsamplesizechanges、

Thusthesamplesizedoesnotclearlydependonthestrainprecision・ＦｒｏｍFig.7bfbrthesenes

B,whenthemeanoftheaxialmtioofmarkerellipsoidsissmall,thestrainprecisionishighFrom

Fig7cfOrtheseriesC,thestandarddeviationoftheaxialratioofthemarkerelIipsoidsdoesnot
③（b）｡
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四
℃
鐸
肚

００⑥

ＯＺ４６ｅｌＯ

Ｒ

Ｆｉｇ､7cDistanceprecisionofmodels
fbrsｅｒｉｅｓＣＯｔｈｅｒｓａｌＥｓａｍｅａｓｍ

●

Fig.7３．

０２４６Ｂ１００２４６Ｂ１０

ＲＲ

Ｆｉｇ､7ａＤｉｓ曲IceplEci5iomo(modcMO『seliesAFig､7bDistanceprecisionofmodeIs
Di劇mxep『eci6ionist2kenaso『dinalebAbsdssasbowsfbrseriesB・Othersaresameasin

hueslminmlioRTb8(fstaJWeplcdsiDmisIhedishnoｅFig.7a・
beIwccnIhecahlhledandlheI『ue5b2jnpointsoMlIhe
mmdhedFlinndiaglmn

*＊ThenormalizedminndiagramistheF1inndiagmmWherethelengthofYaxisisde5nedunityBAsa
resulttheabscissaisl/ZandtheordinateisXinthisdiagmm．

**＊OneortwopointsnearR=１ｏｎFig.7aisdeviatedhomthecurve・T11ismightbeduetotheinstabi1ity
ofthecalcI11nfi⑪、
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relatetothestminprecision．

3.5.2Ａ“Cp7FCjSjo1zq'腕odblS〃BaCﾉiseがｅｓ

Ｉｎｏｒｄｅｒｔｏｃｏｍｐａｒｅｔｈｅａｎｇｕｌａｒｐｒecisionofthemodelsofeachselies，IhaveusedUle

diagramwhoseordinateisangleprecisionandabscissaisRT11eangleprecisionisthedifference

betweenthedirectionofthelongOOaxisofthecalculatedandthetruestrainellipsoidSincethe

tendencyofthreeprincipalaxesX,ＹａｎｄＺａｒｅａｌｍｏｓｔｔｈｅｓａｍｅ,thetendencywithregardtotheX

axisisdescribedastherepresentativeofthethreeaxes

FY9.8afOrseriesAshowsthattheangleprecisionofXaxisislowinthemodeloflOOsample

sizethanthatofothersamplesizes,ａｎdamongtheothersamplesizestheangleprecisionofthem

isalmostsame・Fig8bfOrseriesBindicatesthatWhｅｎｔｈｅｍｅａｎｏｆｔｈｅａｘｉａｌｒａｔｉｏｏｆｍａｒｋer

ellipsoidsissmall,theangleprecisionofXaxisbecomeshigh・Fig8cfOrseriesCshowsthatthe

angleprecisionofXaxisisindependentofthestandarddeviationoftheaxialratioofmalker

ellipsoids．
（a）（b）（c）
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Fig.8aAnglepImisionofmodelshrsencsA

AngleprecisionistakenasordinatGAbscissa

indicatestruesIrain｢atioRTheanglep花cisionis

IhedifhrenceoIanglebetweentheXaxjsoIlhe

calculatedandIheIruesIrajnellipsoid

０２４ＲGＢ１D

FigBbAngIeprecisionofmodeIsfｂｒ
ｓｅｎｅｓＢＯｔｈｅｒｓａｒｅｓａｍｅａｓｉｎ

Ｆｉｇ８ａ．

０２４ＲGＢ１０

Ｆｉｇ８ｃＡ｣Bgleprecisionofmodelsibr
seriesCOthe鱈ａｒｅｓａｍｅａｓｉｎ

Ｆｉｇ８ａ．

Threeitemsareconcludedffomthedescriptionofthesections3.5.1ａｎｄ3.5.2that(1)the

relationbetweenthestrainprecisionandthesamplesizeofmarkerellipsoidsisuncleaM2)the

strainprecisionishigh,whenthemeanoftheaxialratioofmarkereUipsoidstakesasmallvalue，

(3)thestrainprecisionisindependentofthestandarddeviationoftheaxiaIratioofmarker

eUipsoids．

3.6ﾉWlzD‘mesfj腕ate肋c〃0”αﾉjZgddfsjzU"Ce〃s況施celDj"t

T11enormalizeddistanceistheconceptofanotherprecisionofstraindescribedbythe

calculatedandthetruestrainellipsoidsthemselVesmhemethodwasoriginaUydevelopedby

Hayashi(1995).ThemethodisdescribedbrienyasfOllows,ＡｓｓｈｏｗｎｍＦｉｇｌ，letcutastmin

eUipsoidthroughnonparallelplanesA,ＢａｎｄＣ・Ifwedivideonetwelfthevery30゜ｔｈｅａｒｃｏｆａ

strainellipseasillustratedmH9.9WherethestrainellipseisasectionofthestrainelUpsoid,we

havelocated36pointsonthethreｅｐｌａnes・IcalIthe36points“surfacepomts，'smcetheylieon

thesurmceofthestrainellipsoidlnFi9.10,werepresentanyvectorpas

,'３
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Ｚ⑧五nｓ

1０

２

ＸＩＳ

Ｆ'9.9ＴｗｅｌｖｅsurfacepointsonastminelIipse・Fig.１０AdirectionvectorPisdenotedbyEu1erangle(､｢,β,γ）
TheydMdetheellipseatimtervalof30..anditscoordinateis(x,ybz)AnintersecthIgpointbetweenPand

thesurfaceoftheellipsoidshowsdiSlancelhromtheorigin

Wehavethenextrelationwithregardtoanyvectorp

lpl-FT7zT了

where

…-台｡…-iii…γ‐iii
Supposethatpliesontheellipsoid

(…'二:iルⅢ）
Eq.(11)isrewrittenas

藤十2町十2czx＋が十2牢十ｈ餅＝１．

Supposethedistancebetweenthesurfacepointandthecenteroftheellipsoidtobeﾉ.T1Tesurface

pointisthepointthatintersectsthevectorpandthesurfaceoftheeUipsoidWehaverelations

jﾋﾞｰﾉCOSα,ルノCOSβ,ｚ－/ＣＯＳγ

and

Racos2α+2bcosacosβ+2ＣＣＣＳγＣＯＳα+dcos2β+2ＣＣＣＳβＣＯＳγ+ﾉbcos2γ)－１（12）

IhavecalculatedbyusingEq.(12)thedistance(E))ofapoint(B)thatliesonthesurfaceofthe

truestraineUipsoidmeasuredfiFomitscenterBIhavealsocalculatedthedistance(Et)ｏｆａｐｏｉｎｔ

(B）thatliesonthesurfaceofthecalculatedstrainellipsoidmeasuredfiFomitscentel:Ⅱthe

directionofbOththepointsBanｄＲｉｓｓａｍｅ,thedifferencebetween且ａｎｄＥｉａｒｅｄｅｎｏｔｅｄＥｂｆ

(=ＥｋＥｉ).WhenEb1isdividedbyE,IcallitﾉVa・ﾉVb,isthevaluethatisthenormalizeddistance

betweenasurfacepointofthetruestrainellipsoidandthatofthecalculatedstraineUipsoid,ａｎｄ
ｌｃａＵハル,``normalizeddistanceofsurfacepoint，,、

Figllshowsthenormalizeddistanceofthe36surfacepointsatR=1.1forthemodel38・I、Fig.１１
thesurfacepointnumberistakenasabscissaandthenormalizeddistance(ﾊﾙ,)asordinate・Inthe

figure,thelineハL,=Oindicatesthesurfaceofthetruestrainellipsoid,T11eopencirclesrepresent
thenormalizeddistanceUVDofthe36surfacepoints､ＷｈｅｎtheopencircIeapproachestoward
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�k�n�o�w�t�h�a�t�w�h�e�n�t�h�e�m�e�a�n�o�f�t�h�e�a�x�i�a�l�r�a�t�i�o�(�R�I�)�o�f�i�n�i�t�i�a�l�m�a�r�k�e�r�e�l�l�i�p�s�o�i�d�s�i�n�c�r�e�a�s�e�s�h�P�o�m�2�t�o�4ÿ�
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