
his arddc dcscribcs a proccdurc fOr adiust―

ing samplirlg locatiOns in onc sPatially dis―

crctlzcd data sct to thosc in allothcr whcn

thc valuc diffcrcnccs bc占〃ccn thcsc scts arc

mainly causcd by thc sampling intcrvals that locally

lcngthcn and shOrtcn.This adiustmCnt is formuiatcd

into an optilnizatiOn forェl that can bc s01vcd by

dynamic ProBrarnrmng.Uttmown Paralnctcrs involvcd

in thc fOrrn can bc ldcntlicd using

thc maxil■um likclihOOd Proccdurc

that cmP10ys nOnttncar flltcnng for a

gcncralizcd statc―spacc modcl.This

proccdurc is bascd On thc fact that
thc OPtimal sOlutiOn in dynalmc Pro―

M"s揚″θ動 物夕″物″″%冴
動物り″″″H物 夕筋″

部緯撤ettry v訂iattons

r蝦緑ぬ子ぬ憲s嬢苦etty

Although it is dcsttabic that thcsc iOcations can bc

flxcd t0 0bscrvc varlations in thc rail gcOmctr)らthc sct

of thc discrcdzcd locadOns On thc rail changcs shghdy

with cach mcasurcmcnt,as illustratcd in Figurc 2.

T h c s c  c h a n g c s  a r c  c a u s c d  b y  t h c  P u l s c  u s c d  f o r  s c l c c t―

ing thc samPhng locations(callCd a``whccl― rotation

P u l s c ' ' ) b c i n g 血丘 d  t o  t h c  r o t a d o n  o f t h c  c a r  w h c c l  a s

』ustratcd h Figurc 3.Thus,idcntical sPatial discrcdza―

tion callnot bc rcproduccd.

Morcovcr,lt is difflcult to adiust

thcsc iocatiOn gaPs aftCr thc dis―

crctization.If thc sPatial intcrvals

bctwccn thc discrctizcd iocatiOns

(CallCd a“samPling intcrval")kccp

組8漁8題in選野懇岳1

鷲o漁 e餓妙宝野憩言総s

gralnining is cqdvalcnt tO thc“ In従紅murll a PostC五 〇五

c s t l m a t c ' ' i n  a  B a y c s i a n  t t a l n c w O r k .

コntroduction
TO mallagc thc rtt gcOmctty of a railway track,a sPc―

cial rOlling stOck cancd thc``track inspcctiOn car''pcri―

odically mcasurcs thc rail gcomctry bccausc it vahcs

slighdy undcr thc 10ad of Passhg trains,Thcsc gcOmc‐

try variadOns inust bc lnallagcd tO kccP tralns r―■ing
saFc,恥鴨dC running on thc rails,thc track hsPcctOn
c a r  c o n d n u o u s t t  m C a s u r c s  v a r i o u s  a s p c c t s  o f r a i l  g c o m ―
c t r ちf o r  c x a m p l c , v c r d c a l  t t r c g u l a r i t t  a n d  t h C  d i s t a l l c c

bch′ccn thc ttwO rails(Callcd“gaugc'').ThCSc gcomc―
try mcasurcmcnts arc silnultancOusly discrctizcd at

axcd sPatal intcrvals and arc rccOrdcd in digital data

scts as■lustratcd in Figurc l.

constant in m/o mcasuring runs,thcsc gaPs could bc

casily adiuStCd by calculatng thc corrclation cocfflcicnt

distallcc bcNミcll thC占〃o data scts,cvcn ifthc locadOns

thcmscivcs changc.Itlo、 vcvCr,in rcali費んsomC Sampling

intcrvals  shOrtcn  Or icngthcn locally duc

to sliPPing or sliding of thc car whccl(illustratcd in

Figurc 4).UnfOrtunatciL thc lcngth and 10cadon of

thcsc loca■y irrcgular intcrvals calmot bc dctcctcd.Ths
causcs difIIcultt h adiuStng thc 10caton gaps.

An cxamplc of thcsc irrcgular sampling intcrvals is

shown in FitttH℃5.Thc uppcr bro cllrvcs sho、 v thc val―

ucs of thc track gaugcs incasurcd in thc samc rお lway

scction and dcmOnstratc silnllar bchav10r sincc track

gaugc docs nOt usualy vary undcr thc load Of passing
trams,Thc diffcrcncc scqucnccs bcsvccn thcm arc also

sho、vn bclowも  Notc that a diffcrcrlcc OPcratiOn is

BEEE SttCNAL PROCESS8NC MACAZ:NE
1053t5888/04/S20.m20041EEE
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valucs vary radcauy wlth dmc)thc suPcr、 ■SCd data sct
v a l u c s  a r c  c o m p l c t c l y  d i f f c r c n t  F r O m  t h o s c  O f  t h c  t r a i n ―

活謂i・辞描r:a葛8:農胃紙甘避農
Cf`岳
魯ょそ岳を

smaucst varlation undcr tralnloads.

ExamPics Ofthc rncastlrcd gaugc scts arc shOwn as thc

t O P  S V O  C l l r v c s  i n  F i g w c  5 . T h c s c  s c t s  a r C  a l r c a d y  d i s―

crcdzcd at abOut 30 cHl alld havc thc丘測陀用hg proPCr―

鮒撤:艦』盤運靴粘掛鮒 艦渋
畿岳甘;品樹督よ舗∬品鮎番猛品.ナ薔F堆
noisc is thOught tO bc Gausdan whitc noisc with a O IIIm

norlmal mcan valuc arld indcpcndcnt Ofthc gaugc valuc.

Morcovcr,an arlalog iow―pass ltttcr smooths thc mcas―
llrcd si3nal bcfOrc thc sPatlal discrctizat10n.

sered駒 口 。f口 DIg rn3引 円電′角r月 ,a,匂 佑
Sincc inspcctiOn cars run hundrcds Of ki10mctcrs in onc

mcasum■ g rtln and Producc largc data scts,adiuStlng au
samplttg iocadOns sllnultallcOusly is impractical.Thus,it

ls ncccssary to cxtract svO Partial

data scts from thc hv0 0dgina1 10ng

SCtS obtalncd On diffcrcnt lncasunng

runs. TO accOmplish this,thcsc

cxtractcd scts rnust bc lncasllrcd ovcr

approximatcly thc samc track sccdOn.

IncidcntallL sOmc data pOints in

thc rl■casurcd data scts can rougtty

match thc flx POints in thc railway

track.Thcsc P01ntS arc ldcntlllcd by

Pcaks in thc pulsc signals gcncratcd
by thc ground trallsmittcrs cmbcd―

dcd in thc rail、vay track and dctcct_

cd by thc dctcctOr in thc car as

illustratcd in Figurc 7.Wc cau this a
“
POSitiOning pulsc.力 Notc that dlis

pulsc is diffcrcnt from a ``、 vhccl―
rotation Pulsc."This pOsitioning

PulSC iS rccOrdcd alld discrctizcd at
thc samc dmc as thc othcr rncasllrcd

signals.Aftcr thc(五 scrctizatiOn,thc

Pcaks in thc discrctc POSitiOning

pulsc indicatc that thcsc data polllts
arc cquivalcnt to thc POsitiOns abovc

thc grOund transmittcrs.

Ho、 vcvcr,thcsc Pcaks dO not

indicatc thc POsitiOns right abOvc

thc transHllttcrs sincc thc pcaks Of

thc signal arc hcld bcfOrc thc sPatial discrctization,as

lllustratcd in Ftttrc 7.This is dOnc sO as not t0 1osc

thcsc Pcaks in thc discrctizatiOn.Hcncc,thc pcak cor―

rCSPOnds tO thc llrst iOcatiOn at which thc、vhcel―rOta―
tion pulsc、vas gcncratcd attcr thc dctcctOr in thc car

縦 毬 品 盟 躍 路 :驚 亀盤 鮒

S艦

景 T鮮
matcd frOm discrctzcd Positioning pulsc S.駈 cr thc
SPatial discrctization,thc POsitiOn of P is cstmatcd tO

A4Schene ror ttrittons rin sF沼施r‐sgqρttngれrerars wib

wrleer_rorariO,飼徒 丘
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bc somcwhcre bc眼 ミcn S alld POsitiOn△ ″back念 OHl S;
hcrc,△ ″rcprcscnts thc salnpling intcrval.Thus,whcn

S and S′ arc obtttncd ncar thc samc transmittcr as thc

supcrviscd sct and thc training sct,thc rclatlvc position

Of S(SCCn ttom S′ )iS POSsibic Only in thc rallgc illus‐

tratcd in Figurc 9.

Thc rcmaindcr Of this ardcic cOnsidcrs thc attuSt―
mcnt issuc as attuStlng dic sampling iocatlons bctwccn

▲ z scneme ror a p西衛研rng‐Purse srgnJ generre」れ o railMg/

track anどこ仏文コ引ル●」閉虎力wrleer_r。化商o,pul至 _

西 blttExistence Range of P

▲ aRパ 新開ぃ。途敵朔ce rgnge orPursegenerareど rocation P e車ト

何are」施 m』 撤孤戒資どβ孤向商前町再湾rse i

Onttrpola間)

Possible Existence Range of s

▲ a nssilbた卜e沼h確,ce rgnge ordな 巾 たに。百。,Sわ o suPer‐

所s e ど」a r g  s e r  a s  s e e n  f r O m 『わ。ご転 わg  J r a  s e r  t t e n △′た

めe sa"βttngれrergえ

thc cxtractcd data scts.Wc sclcct thc suPcr宙scd data sct

so that bOth cnds Of thc sct(ノ l alldメT,whcrc yl:r is
thc sclcctcd suPcr宙 scd sct)arC Cqu市 alcnt to S.Thc

trau■lng sct is cOHcsPOndingly sclcctcd.Thc gaugc scts

h Figurc S arc scicctcd accordillg to this PrOccdllrc.

s e r e t t  o f a  s 叫湾円をe J t t  S e t

Selccting a suitablc supcmscd data sct for a ccrtaln tram―

ing data sct is imPOrtant.Wc dccidcd that thc supcrviscd

sct shodd satlstt thC fO■Ouれng swO condidons.

▲ Thc IIrst cOndition is that track lnaintcnarlcc work

should not bc cOnductcd bcnvccn thc twO mcasurc―

mcnt datcs for thc supcrvlscd and thc tralning data

SCtS.TraCk maintcnallcc work noticcably changcs rail

gcomctrL inCludng thc gaugc,whcrcas trainloads Pro―
ducc only sh3ht Changcs.

▲ Thc sccOnd cOndition is that thc sttmpling intcrval of

thc supc「nscd sct shOuld bc unifOrm bccausc wc alm to

csdmatc thc icqucncy charactcristics Of thc gcOmctrical

vanatlon aftcr this adillStmcnt.Hcncc,unifor皿 呼 OfthC
SP狙 狙 Samplhg mtcrvals is dcsirabic for Ollr suPCrviscd

SCt hOWCVC馬 Strict uniform salnPhng is mPossibic.

For thcsc rcasons,a sPccinc critc宜。n is rcquircd lbr

cstimating thc unifbrinity of thc sampling intcrvais,

and wc dccidcd tO csdmatc thc unilbrinity frOm T:

thc numbcr of data includcd.This numbcr varics

slighdy with thc mcasuhng run cvcn though thc car

mcasurcs bcnvccn thc samc ttro ground transinittcrs.

A  s c r i c s  O f  m c a s u r c m c n t s  y i c l d s  a  d i s t r i b u d O n  o f  t h c s c

numbcrs.An cxampic is shOwn in Figurc 10.Thus,

wc dccidcd that thc suPcruscd data sct shOuld bc with

3 ) 2 0 1 , t h c  m o s t  t t c q u c n t l y  a r i s i n g  n u m b c r  i n  t h i s  d i s ,

tributon.In Othcr wOrds,this lnOdc numbcr is a rcP―

rcscntation Of a mcasuring run in which thc

insPcctiOn car did not sliP Or slidc.

Ifscvcral data scts satistt thCSC COndidons,wc scicct

thc suPcrviSCd data sct that was mcasurcd cioscst in

timc tO thc training sct sincc daily trainloads alsO

changc thc gcOmctry ofthc rails.

Samttng鯉督総:nt of Nonuttrm
加附角励 消防 O r a n 月切間 D e n t  P m b r e n
WC attust thc nonuniform sampling iocadons accord―
ing tO thc:bttOwing prOccdllrc:

▲ 1)SCiCCt a suPcr宙 SCd data sct suitabic For a trallllng

data sct.

▲2)Dividc thc Ottginal salnpling intcrval of thc train―

ing sct by posidvc htcgcr α ,arld apprOximatc thc val‐
ucs for thc ncwiy intcrP01atcd data(htcrp01adon).

▲ 3)SclcCt data points corrcsPonding to cach suPcr‐

宙scd data from thc htcrpolatcd training sct.

Stcps 2 alld 3 arc i■ustratcd in Figurc l l.

In this ProcCdurc,thc adillsttCnt is transfOrmcd htO

thc scicctiOn Of data points ttOIn thc intcrpolatcd data

sct.Lct″ ,bc thc data pomt ttdcx of thc tral― g sct,
and sclcct it cOrrcsPonding tO thc,d■ suPcr宙scd data.

BEEE SBCNAL PRCCESSBNC MACM:NE MAY 2004



This articic cxPrCSSCS{%1,″ 2,…・,″r_1,%r}as nl:r.
Thc othcr variabics arc silnllarly cxPrcSSCd・Thus,thc
adiuStmcnt is transfOrmcd intO cOnstructon of OPtmal

scqucncc nl:T,whcrc r is thc nllmbcr Ofthc supcmscd

data.COnscqucndL thc numbcr Ofthc data cOl■ talncd h
thc intcrpolatcd任施 g data sct is aPprOximatcly αユ
Hcncc)if″ ,一 %,_l iS iargcr than α ,thc whccl is
rcgardcd as having slippcd sincc thc sampttng intcrval

of thc training sct icngthcns with adjustincnt.
Similartt if″,一″,l is smallcr than α,thc whccl is
rcgardcd as having slid. Notc that thc unifOrmity of

thc intcrvals Of thc supcrviscd data sct cannot bc

assurcd.Hcncc,“ sliP"mcans″ ,一 ″′_1>α ,and“slidc''IIICanS%′―、″,_1<α )although thc Occurrcncc
of slip or slidc is nOt assurcd.

StcP 2 in thc dcscribcd PrOccdurc aPProxlinatcs

thc valucs Ofthc data ncwly gcncratcd by thc intcrpo―

ladOn,sO as not tO changc thc frcqucncy charactcris―

tic of thc Original data sct[2]. This is bccausc a

lo、v、Pass flitcr has alrcady smoothcd thc data scts
bcFOrc samPling.That is tO sayj this flitcr assurcs that

thc data sct bcfOrc sampling dOcs not contain highcr

frcqucncy componcnts.

Thc intcrpolatcd training data sct is callcd thc
``training data sct"in thc rcst Ofthis articic.

的 Ofa胸 怖・g Darg Ser
BcfOrc cOmputadon fOr thc adiuStmcnt,cOnsidcr thc

choicc Of training data sct from thc largc sct aFtcr

intcrPOlatiOn.This sclcctcd training sct inust includc

all data that can bc incasurcd right abOvc thc 10cations

of ali suPcrViSCd data pOints. In thc discussiOn abOut

thc intcrval of thc suPcrViSCd data sct,both cnds Of

SuPCrViSCd sctノl andノ r arc cquivalcnt tO S in Figurc
8.Hcncc,thc training sct is sufIIcicnt tO includc all

data that arc in thc syo possibic―c対stcncc rangcs of S
in Figurc 9 fOrメl alldノT and that arc sandwichcd by
thcsc ttrO rangcs.Notc that it is not right abOvc thc

軽

3 0

２。
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α= ユ

ground transinittcr.As illustratcd in Figurc 9,thc POs―
siblc,cxistcncc rangc of S(sCCn frOm S′ )iS frOm
一△′tO△ 〃.Thus,all data that call bc obtaincd abovc

POint S arc thc Fol10wing:S′ itscif and fOrward and

backward α -l data From S′ .Thcsc arc 2α -l in a11.

Hcrcぅ zl:N is thc scicctcd training‐data sct and Ar is
thc numbcr Ofthc includcd data(Nミ αT),Zl iS COn_
flgurcd at(α -1)th fOrward data frOm S′ and zN at

(α-1)― th backward data from S′ .

Pmperes Of齢 ●9だ怖arn由同陶肪=seTrence
Lct″ヶbC a data―POint indcx of thc trai面ng sct,scicct‐
cd to match thc,d■ suPcrViSCd data Pointノ,,and ict
″, bc thc Optilnal indcx.nl:r iS thC scqucncc cOn―
structcd by all thc OPtimal data―Points. Itlcncc,this
10catOn adiuStmcnt is cquivalcnt tO scarching fOr oPd―

mal solution■ 1:r from ali fcasibic solutions nt:T.ThiS
scction cOnsidcrs thc dcsirabic PrOpcrdcs of nl:r fOr

thc OPdmlzadOn.

だ 主老冴1撫 鑑 ic埠 群 猫 瑠 品 艶 靴 糸
bccausc thc suPcr宙 SCd Sct and thc training sct(bCfOrc

intcrpolation)arC thOught to bc

individually contarninatcd by

Gaussian whitc noisc scqucnccs

whcn thc track insPcctiOn car

obtalns thcsc data scts.

△デ鉾 梱 ず総 盤 盟

thc samPling intcrval.If thc sanl―

Phng htcrvals IIl thc tralmg sct arc
thc sarnc as thosc m thc supcr宙 scd

sct,△″,‐ α.On thC othcr hand,if

t h c  t r a i n i n g  h t c r v a l s  a r c  i o c t t y  d i ニ

fcrcnt ttOm thc suPcrviSCd intcrvals,

△″′ is a diffcrcnt intcgcr from α.

Thc training data htcrval is csdmat―

Cd at(α/△″r)△tWhCrc△ ″is icngth

ofthc suPcr宙 SCd data tltcrval.

Obviously,thc truc sampling

intcrvals havc cOntinuous valucs.

Thc Prccisc disdbutiOn of thcsc is

血 owll. ItIOwcvcr,thc PrObabllity

of thc sllpPing and sliding is

assumcd to bc vcry loMん irhc tOtal

running‐distancc wlth sliPPing and

shding is cmpirica■y assumcd to bc
icss than O.1%Ofau.

Forthc mngc ofvalucs OfA″ ′,dis
a r t i d c  c m P l o y s  l≦△″,≦ 2α- 1 .

Whcn Δ ″,=1,thc whccl has slid)
and thc intcrval has locally lcngth―

cncd to α △″. Siinilarly, whcn

△″,=2α -1,thc whcd has slipPcd,

and thc intcrval h益10ctty shortcncd

to(α/2α-1)△ 〃.

In additiOn,wc assumc that thc

Probability distrihdon of△″,お thc

salnc cxccPt fOr△ ″,=α .ThC mOdclcd disthbution is

inustratcd in Fi即12.Thc assllmcd u■tcrval that is con―

位luOllsly distributcd arOllnd△プis modclcd as thc dis‐

crctc probab出ty.

△2就期

' _ 2湧
i l章坊 1 2・縦 括S側鮮 弘膨坊,理 0だ :

arnost迅 ,(3≦ ″≦ T).ThiS is bccallsc△
2″
′is namal―

ly zcrO whcn thc whccl rotatcs rcgdtty Simil釘 lL cvcn

w h c n  t h c  w h c c l  s l i P s  O r  s h d C S , △2 ″
, l s  a l s o  a s s t l m c d  t o

b c  z c r O . I n  o t h c r  w o r d s , t h c  w h c c l  i n  t h c  c O l l r s c  o f  s 時―

Ping(△ ″,>α )sccmS tO rccovcr normal rotatiOn

(△″,+1=α )Or tO COntinuc slipping at thc samc ratc

( △″' + 1 = △″, ) . T h i S  a l s O  o c c u r s  w h c n  t h c  w h c c l
s l i d c s . T h u s , - 2 α+ 2 ≦ △

2 ″
″= 2 α- 2  i s  o b t a i n c d .

紹浮瞬
紺言鼎惜n

F o m 統 拘 向 向 m 仰 愉 協 肋 P m b r e m

Scqucncc nl:r iS thC Opdmal soludon that inirllHlizcs

thc fonowing constrau■cd nonttncar targct function:

Supervised Data SetlA1 2
Guage,           0

3,201 Pcints Total『
mml_2

■肺 `且4』An H!AJと 脱出 札nふ H■lとBAL蕊

ir呼珊榊叩
・TFtrrTPT'Tl…JP"l

母♀3‰碓Total o
(Bebre lnterpo:側on)imml-2

1封比 AL四」 と̀ _」・Ana温れ 品H上ムJ hattnh尚品

P' T r W !馴 叩
甲

口
V「
TW T W Vコ

i 1 1

D i f r e r e n c e  B e t w e e n   l

瑠里将艦報Blm耐ゴ

ｆ

牌

‥

経撰ド
d0  0

3,201 Points Total rmml-1

払hょ五_.1ム… 1……ユ!.u ttn直阻ごt:
'  | ,' '―

T'Ⅲ
田'……  ・コ甲「

'rFl "` r  … … 章'7W

Lemened Or shortened 2,667 of 3.200 intenに出島

▲駒

(μt=口 )

置 鷲 露 電 王 摯 選 = 踏 登 試 業 主 盟 こ こ

潤 樹鼎 0
3,201 Pcints Total imml-1

い ェ 止 ▲ ` J 工A L - 4 1 と “L L J 上 ― A ・` ぉL 五

口
'予・町ヤ'',,■ T・r'8… W「

―
田口
t'可 T'i'T17-
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ZS町,r
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５

１
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) °
3,201 Points Total imml-1
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▲17r
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十μlΣE sは4 -α,α- 1 )
,=2

仰2塗紳%力】,ω
SubiCCt tO

l ≦ム ≦2 α- 1 ,

N 一( 2 α- 1 ) + 1 ≦% ケ≦N ,
whcre

▲メ,lS thC Valuc Ofthc,th supcrwlscd data sct
▲ r is thc nllmbcr Ofthc suPcrⅥ SCd data
▲Z″;iS thC Vttuc Ofthc″ヶth training data

食熱記獄焦岸提益益「
iぶ血g COcttdcn低

の=は,便協マ,

〃(モ)=min陸穴毛_1)十/は,,x,_1)IX,lcS,1],
f o r  3 ≦″≦ T ,

whcrc

F ( キ, X , 1 ) = ( ルーz 4 ) 2 + μlξ(△″ケーα,α- 1 )

十μ2ξ(△2″ヶ, 2α- 2 ) ,

襴 翻 絲
FOr cach ″i c sl=〔1,2,….,2α-1},

〃( )ヽ雪(ノ1-z4)2.

Forcach tt c s2=t[ち″i]TIちC S2,″i C Sl},

〃α)暫min[グ(も)十(ノ2~Z吃)2
+ μl S ( ち―″1 - α, α- 1 ) | ″i  C  S l ] .

2)RccllrsiOn

Forcach 3≦,≦T andCach x,cs,,

夕はつ=min[夕に_1)十メ(キ,x,_1)ほケ_lCS,_1],
″に )=電

星撮や
レ に ‐)十 メに ,毛oに 刊 cS_J

w h c r c = _ 1 ( 2 ) = ぇ_ 2 ・

3)Tcrmlnatlon

minF(″ケ)=min[夕(】4)IXケC ST]

(thC minimiZCd Valuc ofどiF(4)),
[友1]=守響hレし時CS刺・

4)Backtracc

F o r  ″= 孔 T - 1 , … 。, 4 , 3 ,

″, - 2 = ″( X ケI X , ( 2 ) = ″, _ 1 ) .

"n円 り脚阿□前兜,anJ翔 閲P EHttm配 駒朋
Assumc that(ノ,一 Z″,)iS a normalrandom vanabic with

私恐濃 i渉榊統 驚斌盟批部の

町 T = Ψ h l 白 C X P l 弟 い 物
対 |

X C 中
| 一す芳 [ μ

l を S は 4 - 軋 α
一め

(2);者||&呂『thaど
Zing thC IIrst tcrin on thc right sidc Of

堅 再砺告石
万
C中
[一募

ψ,一 Zィヤ
]・

o

This ttctOn can bc intcrprctcd as thc cOnditional

器&描普
盤魚麒 群縦」艦鮒艶熊

CC中|―す芳lpl≧すい4-島α―め
十ル塗ぜら加司ト
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This lunction can bc intcrprctcd as Probabllity distri―

bution P(nl:r).In thiS wayj(2)yicidS thC fol10wing

intcrPrctatiOn 、 vithin a Baycsian framcwOrk:

ク(nl:rlyl:r)0(夕(yl:rinl:r)夕(nl:T),WhCrc P(nl:rlyl:T)
is thc PostcriOr distribution of nl:T,夕G〆1:Tlnl:T)iS thC
data distribudon condidonal on nl:r,and P(nl:r)is

thc priOr distribudon.

Hencc)minimizing Σ  F(″ケ)by dynamic Program―
ming is cquivalcnt tO cOnStructing a scqucncc that

maxiinizcs thc POstcrior distribution of nl:r、vith a

givcn yl:r;nl:r is thcn calcd thc MAP c銅 matc.

▲'4.ぅク'6α′てれ貯わ配jo,“.jror,声絶何'。たe yt Mぬen α=与

μl = 1 ′μ2 = みa n どσ2 = 1 .

▲ riとOg―rilterilb。。どとと玖ガtres ttange MЙめμl′μみ6口どσ com‐

βureどrrO何」gra sets`り。,どrapわ 何卯rre rュ

黙群鞠拙:柵骨辮
meters included

Me齢 oJ of6電閉四膚駒,こ電再祐e怖 00J

According to thc abovc intcrprctation,thc likclihOOd Of

a rnodci sPcciIIcd by μl)μ2)and σ is obtaincd by

L(μl,μ2,σ)電ゴタOrl:rlμl,μ2,σ)

T

=回P(ノ,lyl,_1,μl,μ2,σ)・
ケ=l

Hcncc,thc valucs of thc httcrparaIIlctcrS(μぃμ2,σ)
c a n  b c  c v a l u a t c d  u s i n g  t h c  v a l u c  o f五[ 3 ] . N o t c  t h a t  t h c
conccpt of“ hypcrParalnCtCr"in a Baycsian tamcwOrk is

thc samc as that of“ Paralnctcr''h a statc―sPacC modcl

松 tl」岳開 艦 狩 ど与艦 戦 訴 灘 控 尾ど野

Log―likclihOOd ttL is givcn by

五五!ゴiog L(μl,μ2,σ)
r

=Σbg抑,yl,」,れ,μぁσ),C)
,=l

and obtaincd as thc by―product of thc computation
fOr夕(nl:rlyl:T).

拘 ,封 竹町め 怖to o Ce,研 閉Йガ

srmesPace FePns口 両d駒 朋

Baycsian intcrprctations(3)arld(4)call bC transformcd

irlto thc fonotting gCncralizcd statc―sPacc rCprcscntadoni

( S y S t C m  m o d c l )

X , = メ( X , 1 )

=[%'1+αt冴生
″'~h″,-2」,

(ObSCrvadOn modcl)

ル = 力( X , ) 十″, 主Z ″, 十″′,

溝抱z景蓋托子宝最b,σみ.昭配品を慾歓.,と
dcIIncd as fouows:

▲ I f ″, 1 - % , _ 2 = α, t h c n

夕(フ″IX,_1,μl,μ2,σ)

封晋トッンれ,警ゴ1枕|≦α_L
whcrc βl=1
Σ″( ・) = 1 .
▲If″,_1-″,-2

+2(α-1)CXP(―(μl+μ 2/2σ
2))for

≠α)thCn

フレ= 0 ,

フレ=竹 -1~″ ,-2~α ,

,  othcr than thc abovcフ,)and
l≦ |フ,|≦α-1,

＞
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，
ぁ
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whcrc β2=CXP(― (μ1/2σ
2))十cxP(一(μ2/2σ

2))

雑艦品出品:塩温艦監品鮭魚脅観c警
°=エ

This gcncralizcd statc―spacc mOdcl is charactc五 zcd
as followsi

▲ FoHncr statc vcctOr x,_l cOntrols thc(述 stributiOn of
cllrrcnt systcm noiscフr
▲ ンr and″ r arc rcal cOndnuOus vttabics,whcrcas xr
takcs On intcgcr valucs.

血 H閉 ね両拘, o f殉 解回ヮロ協研e t e r閉 宮
筋a t t w町 卸降用ね田怖w a働
Thc gcncralizcd statc―sPacc rCPrcSCntation has thc

advantagc of cOmputation Of afOrcmcndOncd likcli―

!どl]苫を)fさi!と能 と驚 ょぞ逮 搬 苦キを:fi」liCiliiVC

(PrCdiCtOn)

畑 ・ 舟 =/劇 狛 ぬ 封 ・ 舟 族 Hω

(Filtcring)

[二五nax in Tabic l mcans thc maximum
五五(μl,μ2,σ)]・ThCSc rcsuits indicatc that thc mOst

likcly attuStmcnt is showll in thc 10wcst Casc in Figurc

1 3 ( t h c  s a l n c  a s  t h c  a d i l l s t m c n t  r c s u l t s  i n  F i即に 5 ) . I n
adddon,thcsc rcsults alsO prc乱 ct that thc whccl has
slid ovcr a distallcc cqlllvalcnt tO fOur sampling intcr―

vals On mcasuttg run(B).

▲'6 7he yarge胡的ゎ配ん,orは ductsbem懲抑″りan」何Osr
旅eケC t t u t t d r a 9ゎ何即々i

劇 れ か=

_夕 (ノ,IX,)夕(X,lylサ_1)

夕(ノ,lyl:夕_1)  ・
(7)

Notc that夕 (メ,lylサ_1)appcars as thc dcnOnlinatOr in

(7).ThuS,log-likclihOOd五五 in(5)is Obtaincd aftcr
thcsc rccllrsivc cOmputations.In additiOn,P(X,lylサ_1)
alld P(X,lylサ)Can bc computcd arimcdcaly without
comPlicatcd nllmcical intcgradOn such as[4].Ths is

bccausc thc valucs Ofx,arc discrctc.

W c  l n a x i m i z c  五五 u s i n g  a  g r i d

scarch Ovcr a hyPcrParamCtCr sPacc

sincc thc numbcr Of hypcrparamc―

ters is Only thrcc,

Incidcnt狐ち thc rccllrslvc cOmpu―

tadon for五 五 rcqurcs inidal statc dis―

tributiOn P(XllyO。).A unifOrm
dttdbudon is asstlmcd hcrc.Thc rca―

s o n s  f o r  t h i s  t r c a t t c n t  a r c  g i v c n  h
“Scicction Of a Data lntcrval for

Analys芯."

DiscussEOn

■開脚脇阿沼b"
WC attustcd thc samPhng 10cadOns

Of(B)tO thOsc Of(A)in Figurc 5

whcrc α =5.Data scts(A)and(B)

arc actually mcasurcd by a track

inSPCCtiOn car in thc samc rallway

scction.Figurc 15 disPlays thc val―

ucs of iOg―上kclihOOd二 五(μl,μ2,σ)
computcd tO cstiinatc thc Optiinal

Pararnctcrs(,1,,2,3)・Tabic l is a
sulninary of thc cstimatiOn rcsults

MAY 2004
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Ncxt)Figurc 16 disPlays thc(上 stribution of thc csti―

matcd rcsiduals shOwn in F建 丼rc 5.Lct σ DP bC thc stan―

dard dcviation of this distribution to distlnguish it from

う.As sumlnarizcd in Tabic l,σDP iS O・216 arld is iargcr

thallう =0,176.This diffcrcncc is probably bascd on

thc prOpertics of thc rcsiduals. In othcr、vOrds,thc

rcsidual scqucncc dffcrs frOm thc idcal Gaussian whitc

noisc in thc fol10_g rcsPcct;nOnstattonary bchaviors

arc sccn apPrO対matcly,‐ 900 and,=2,300.

In組 はdOn,wc also mOvcd thc smpling locations of

thc vcrtical―irrcgularity data sct(B′),Sir■uitancously

mcasllrcd with(B))accOrding to thc abovc adiuStmcnt,

Thc comparison bcwccn attllstCd(B′ )alld thC Vcrdc狙
―

士rcgulぶ 呼 data sct(ポ ),SimultarlcOusly mcasurcd with

(A),is shOWn in Figurc 17.AlthOugh thc data― POint
scqucncc fOr adiuStlng(B′)waS COnstructcd hdcPcndCnt―
lb7 of thc valucs of(ポ)and(B′ ),thC dircrcncc scqucncc
bcsvccn(A/)and adiustCd(B′ )SCCmS rcasonablc.
Figurc 17 also dsPlayS thC train spccd obtお ncd with

(B)alld(B′ );thiS SPCCd data usually cannOt bc rcfcrrcd

to.Thc fact that thc sPccd dccrcascd with no othcr

aPParCnt rcason to around,=1,900 indicatcs that thc

whccl Probably slid.

… Of伽 ,Pnsenを Procerwre々 に""何
挽 h血 町 陥「降 叩 硫 !
Our prOccdurc is bascd On thc fact that a maximurll a

POStCdOi(MttP)CSdmatc(in a BayCSiarl ttamcwork)is

cqu市alcnt to thc Optimal solutiOn obtaincd by dynamic

Progralnining.]Dynamic Progralnining is a gcncral
mcthod fOr s01ving nonincar discrctc optilnization

probiclns that obscrvc thc“Pnnciplc ofOptimality."
Hcrc,thc cquivalcncc mcntioncd abOvc ls Sunllna―

rizcd, Considcr a gcncralizcd statc― sPaCC modcl for

obscrvcd timc scrics y13r)

S y s t c m  d i s t i b u t i o r l i  x , ～夕j ( X , I X , 1 , θj ) ,

Obscrvation(■ stributiOn: ノ,～ 夕θ(ルIX,,θθ),   (8)

、vhcrc x,is an unknO、 vn statc vcctor,θj and θθ arc
hyPcr‐ParamCtCr vcctors in a Baycsiall fralncwork,and

ノ,iS thC SuPcrviscd data.ァ Oint distriblltion夕 (xl:Tlyl:T)

has thc fOl10wlng fbrnl:

T

夕 ( X t t T け L T ) = 回 夕す( X r l x , 1 , θ J ) 夕θ( ノホ , , θθ) .

,=1

MAP cstimation maximizcs this,Oint distribution

undcr thc glvcn yl:r and can bc obtalncd by rnaxlIIllz、

ing thc iogarithln Ofthis distributiOn

T

ΣE10g夕Jは,ほ,_h θJ)十bg夕θψ,ほ,,θか].0)
,=1

FortunatclL(9)can bC inaximizcd by dynamic Pro―

gramming[1].
Thc inOst importarlt contribudon of this articic is

that whcn a ccrtaill optimization prObicm call bc trans―

fOrmcd into fOrm(9),it iS POSsibic tO dcnvc gcncral―

芽鮒坊;二号猛材習θ鼎夕泄封私i携
'為ギ
°n立並S°f

Whcn thc most sllitablc valucs of θ  arc ncccssary)

thcy can bc obtaincd by maximizing 10g― likclihood

五五(θ)dCincd as fonows[3]:

比口)=bg夕KyI T,の=ΣbgP(ダれt,ぃの,
,=l

SlllCC rltCrprctadon usIIlg thc lnaxlmllm likctthood Pnn―

cIPlc anows us to dctcrmmc― owII Paralnctcr vcctor

θ O b i C C t i V C けC o n d d O n a l  d i s t r i b u d o n 夕( ルl y l : ″1 , θ) c a n

b c  o b t a i n c d  a s  t h c  b y ―p r o d u c t  o f n o d i n c a r  t t t c r l n g .

Conclusion

GaPs in Samplillg 10cations for rおl gcomctry data scts

obtau■cd宙 th a track hsPccdOn car call bc adiustCd bj7

0PdmiZaton with dynarmc Programming attcr modcl

ing thc whccl rOtatiOn and dctcction of thc ground

transnllttcr.Thc ullkno、vn paramctcrs introduccd by

modcling can bc idclltillcd using thc ma対mum likcli―

hood proccdurc that cmPk巧 /S nonlincar iltcttng for a

gcncralizcd statc―sPaCC rnodcl.This is bccausc this opti―

mization ttnctiOn can bc intcrprctcd、 rlthin a framc―

work of gcncrahzcd statc― sPaCC rcPrCSCntation. This

proccdurc is bascd on thc fact that thc optimal soludOn
o f  d y n a m i c  P r o g r a l n r l m g  i s  c q l l l v a l c n t  t o  t h c  m t t m u m

a postcriOri cstimatc in a Baycsiall iamcwOrk.

This adiustmCnt proccdurc h7ill bc uscttl in Obscrv―

irlg variations in rail gcomctry
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pllrsllmg thc Ph.D.dcgrcc at DcPartnCnt of Statistical
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チapan.飾 CC 1992)shc has bccn a rcscarchcr■vith Rttway

Tcchnictt Rcscarch lnstttltc(RTRI),Tol《5rOぅJapan.

動物のヮ″ガH物 夕筋″iS CllrrcntⅢ統 ctOr Of thc Prcdicdon

alld h■owicdgc Discovcry Rcscarch Ccntcr(PKDRC)at

thc lnstitutc ofStadsdctt Mathcmadcs(ISM).HC iS』 SO

a profcssor of IS 4ヽ alld of thc Graduatc Uni■ 7cttitt fOr

Advallccd Studicst Hc obtaincd thc B.S.dcBrcc in 1984)

thc M.S`dcgrcc in 1986,and d■c Ph.D.dcgrcc in 1989

from thc univcttitt ofTOttO・
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