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LifepredictionofZPW-2000Atrackcircuitequipment
basedonSVDDandgrayprediction

①
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Abstract:Evaluationofthehealthstateandpredictionoftheremaininglifeofthetrackcircuitareimportantforthesafe
operationoftheequipmentofrailwaysignalsystem.Basedonsupportvectordatadescription(SVDD)andgrayprediction,this
paperillustratesamethodoflifepredictionforZPW-2000Atrackcircuit,whichcombinesentropyweightmethod,SVDD,
Mahalanobisdistanceandnegativeconversionfunctiontosetupahealthstateassessmentmodel.Themodeltransforms
multiplefactorsaffectingthehealthstateintoahealthindexnamedHtoreflectthehealthstateoftheequipment.Accordingto
H,thelifepredictionmodelofZPW-2000Atrackcircuitequipmentisestablishedbymeansofgraypredictionsoastopredict
thetrendofhealthstateoftheequipment.Thecertificationoftheexampleshowsthatthemethodcanvisuallyreflectthehealth
stateandeffectivelypredicttheremaininglifeoftheequipment.Italsoprovidesatheoreticalbasistofurtherimprovethe
maintenanceandmanagementforZPW-2000Atrackcircuit.
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0 Introduction
 Withitswideapplicationinrailwaysignalsystem,
ZPW-2000Ajointlesstrackcircuithasplayedadirect
andcriticalroleintheefficiencyandsafetyofrailway
transportation. Nowadays, artificial regular
maintenanceandtroubleshootingareoftenusedin
the prediction and health management oftrack
circuit.Butduetolackofintelligentassessmentof
theequipment,itmightcauseunder-maintenance,
over-maintenanceandlowequipmentutilizationetc.
Therefore,itisofgreattheoreticalandpractical
meanings to improve the managementlevel by
establishingareasonableassessmentofthehealth
stateofZPW-2000Aandbypredictingitslife.
 Tosolvetheproblem,Zhao,etal.[1]proposeda
track circuit diagnosis method based on genetic
algorithm,whichcouldjudgeseveralcompensation
capacitorfailureandchannelresistancefluctuations.
Wang,etal.[2]analyzedthereliabilityofZPW-
2000A track circuit by means offailure mode
influenceanalysisandfaulttreeanalysis.Toimprove
efficiency and accuracy of track circuit fault
diagnosis,Wang,etal.[3]presentedafaultdiagnosis

modelbasedonleastsquaressupportvectormachine.
Wu,etal.[4]summarizedthecommonfailuresof
ZPW-2000A trackcircuitandestablishedafault
diagnosissystem based on decision tree C4.5
algorithm and expert system.Zhang,et al.[5]

proposedamethodtoassessthehealthstateofZPW-
2000A track circuit equipment based on fuzzy
comprehensive evaluation and realized the life
prediction.Inthepresent,however,researchonthe
stateassessment ofthetrack circuitis mostly
confinedtoreliabilityanalysisandfaultdiagnosis.
 Inthispaper,anewhealthassessmentmethodwas
appliedtothe maintenance managementofZPW-
2000Atrackcircuitwiththeestablishmentofahealth
stateassessmentmodelandalifepredictionmodel.

1 Healthstateassessmentmodel
 Manyfactorsjointlycausethedegradation or
failure of ZPW-2000A track circuit, so its
degradation mechanism becomes complicated[6].
Becauseofthecomplexrelationshipbetweenfactors
andvariables,onesinglevariablecannotdescribethe
healthstate.Therefore,thispaperpresentsanew
healthstateassessment modelbased on support
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vectordatadescription(SVDD),asshowninFig.1.

Fig.1 Healthstateassessmentmodel

 Thestepsoftheestablishmentofhealthstate
assessmentmodelareasfollows.
 1)Establishmentofassessmentsystem
 Theassessmentsystemblockdiagramisshownin
Fig.2.

Fig.2 Blockdiagramofassessmentsystem

 2)Determinationofweight
 Foritsstrongobjectivity,entropymethodisused
togiveweighttoeachfactorindexafterestablishing
theassessmentsystem.Moreover,italsoreflectsthe
truelevelaccurately[7].
 3)Establishmentofinitialsample
 AsshowninEq.(1),lettheproductofxki

(j)and
dibetheinitialnormalsampleset,wherexki

(j)is
theevaluationresultofsamplejinfactorindexki,
anddiisthecorresponding weight.Takinginto
accountthedegradationcurve,onlytheequipment
lessthan50%servicetimeisselectedasthereference
object.

X(j)= [xk1
(j)×d1,xk2

(j)×d2,…,xk6
(j)×d6]T.(1)

 4)TrainingofSVDDmodel
 TheSVDD modelistrainedbyusingtheinitial
sampleset.Itcandefineaminimalhyperspherethat
containshigh-dimensionalmappedspacesamplesets
and determines the radius and center of the
hypersphere[8-9].Inordertoreducetheimpactofthe
deviation points, relaxation parameter ξi and
adjustmentparameterCsareintroduced,andbothof
themaregiventhedefaultvalues,buttheadjustment
ofξiandCswillnotbediscussedhere.
 5)Indentificationofboundarydeviationpoints
 Thetrainedhyperspherecanseparatethehealth
samplesetXh (insidethehypersphere)andthe
boundarydeviationsamplesetXu(onthesurfaceof
andoutsidethehypersphere)fromtheinitialsample
setX(j).SupposingtherearepsamplesinXhandq
inXu.
 6)CalculationofMahalanobisdistance
 Mahalanobisdistanceisusedtocalculatethe
distancebetweendifferentsamples,whichcanreflect
therelationshipofdatabetterandavoidtheinfluence
ofdatadimension[10].
 First,averagingthehealthsamplesetXhas

􀭺Xh = [􀭿Xk1
,􀭿Xk2

,…,􀭿Xk6
]T, (2)

􀭿Xkn = 1p∑
p

i=1
xkn
(i),n=1,2,…,6 (3)

 Then,calculatingthecovarianceofthesamples
withdifferentfactorskaandkbby

Cov(Xka
,Xkb
)=
∑
p

i=1

[(xka
(i)-􀭺Xka

)(xkb
(i)-􀭺Xkb

)]

p-1
,

a,b∈[1,2,…,6]. (4)
 ThecovariancematrixCis
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 TheMahalanobisdistanceMDbetweenthesample
X(z)andthehealthsamplesetisobtainedby

MD = (X(z)-􀭺Xh)TC-1(X(z)-􀭺Xh). (6)

 7)Calculationofhealthindex
 Takingintoaccounttherelationshipbetweenthe
degreeofdeviationandthedegreeofhealth,the
negative function is chosen as the conversion
model[11],andthenitshealthindexis

H =100×e-bMD. (7)

 LettheaverageMDofXuobtainedinstep5from
thehealthsampleisMDr,anditshealthindexis60,
thatis,HXu=100×e

-bMDr=60,then

b=-ln0.6MDr
. (8)

 Finally,substituting Eq.(8)into Eq.(7),the
healthindexHcanbecalculatedby

H =100×e
ln0.6
MDr

MD. (9)

2 ZPW-2000Atrackcircuitequipment
lifeprediction

 Graypredictiontheorycanpredictthetrendofthe
systembyanalyzingthecorrelationbetweenvarious
factorsinthesystemandfindingtheinternalrulesin
theknowncluttereddatasequence[12].Itiswidely
usedintheprocessofpredictionduetovarious
advantages such as strong adaptability and
instantaneity, simple structure, fewer samples
needed,etc.
 TheoperationenvironmentofZPW-2000Atrack
circuitiscomplexandthefactorsinfluencinghealth
statearefuzzyandrandom.Thehealthdegreeof
ZPW-2000Atrackcircuitcanbecharacterizedby
smallsampleandpartialinformationunknown,andit
alsohasgraycharacteristics[13].Thelifepredictionof
ZPW-2000Atrackcircuitcanbecarriedoutbasedon
graypredictiontheory.

2.1 Healthpredictionbasedongrayprediction
model

 Letoriginalsequencex(0)beasetcomposedofn
orderedvaluesasx(0)=(x(0)(1),x(0)(2),…,x(0)

(n)),wherex((0)(k)=Hac(k)istheactualhealth
index,andnisthenumberofsamplingpoints.
 Step1:Calculatinganewhealthindexsequence
x(1) by exerting the accumulating generation
operation (AGO)on the original healthindex

sequence,thereis

x(1)= (x(1)(1),x(1)(2),…,x(1)(n)),

x(1)(k)=∑
k

i=1
x(0)(i),k=1,2,…,n. (10)

 Step2:Establishinggraydifferentialequations,its
GM(1,1)is

dx(1)

dt +ax(1)(k)=b. (11)

 Parametersaandbcanbecalculatedbytheleast
squaresmethod,andthentwoestimatedvalueŝaand
b̂canbefound.Theirrelationshipisexpressedas

U =
â

b̂
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,

Y = (x(0)(2),x(0)(3),…,x(0)(n))T. (12)

 Step3:Substitutingparametersâ andb̂into
Eq.(11),thenis

x̂(1)(k+1)= x(0)(1)-b
a  e-ak +b

a
,

k=0,1,…,n-1. (13)

 Exerting theinverse accumulating generation
operation (IAGO)onx̂(1),thepredictedoriginal
sequencex(0)isobtainedas

x̂(0)(k+1)= (1-ea)x(0)(1)-b
a  e-ak,

k=0,1,…,n-1. (14)

 Therefore,thepredictedhealthindexis

Hpr(k)= (1-ea)x(0)(1)-b
a  e-ak,

k=1,2,…,n. (15)

2.2 Processofsolvingremaininglife

 Uptillnow,multivariatevariableshavebeen
transformedintoasinglehealthindex whichcan
reflectthehealthstateoftheequipment.According
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tohealthindex,theremaininglifecanbecalculated
basedongraypredictiontheory.Thecalculation
processisshowninFig.3.

Fig.3 Calculationprocessofremaininglifeprediction

 LettheactualhealthindexsequencebeHac(1),Hac

(2),…,Hac(nA),wherenAisthenumberofsampling
points.Theprocessofsolvingremaininglifeisas
follows.
 AnalyzingtheoriginalsequencebasedonGM(1,1)
modelandtheninputtingtheactualhealthindex
sequence into the gray prediction model,the
predictedhealthindexsequencewiththenumberof
healthindexpredictionpointsnpisobtainedas

Hpr(1),Hpr(2),…,Hpr(np). (16)

 Assumingthattheequipmentwillnotberepaired
duringservice,theidealhealthindexcurvegenerally
showsthreedownwardtrends:monotoneconcave
descent,monotoneconvexdescentor monotonous
fluctuationdescent[14].Itcanbeseenthatthetrend
oftrack circuit equipmentis monotone convex
downward,whichisconsistentwiththeexponential
function.Substituting the predicted pointsinto
Eq.(15)andcalculatingc,dandg bytheleast
squarescurvefittingmethod,thereis

H(t)=c+degt,

c,g>0;d<0. (17)

 LetH(T')=60,thefinalpredictedlifeT'ofthe
equipmentcanbecalculated.
 AssumingthattheequipmenthasrunforT0,the

remaininglifeTis

T =T'-T0. (18)

3 Verificationandanalysis
3.1 Remaininglifepredictionoftransmitter

 Now,an example waschosen to verify the
reasonablenessofthe model.Foronetransmitter
thathasretiredfromthetrackcircuit,wetook36
groupsofrepresentativemaintenancedatafromits
firsttenyearsofserviceasaninitialsampleto
calculateitshealthindexusingtheabovemethods
andtopredictitsremaininglife.
 The appropriate field data were selected to
calculateHandT.
 1)Calculationofweights
 Theentropy method wasusedtocalculatethe
weightsofthefactorindexes,andtheresultsare
showninTable1.

Table1 Weightsoffactorindexes

Factorindex Weight Factorindex Weight

k1 0.1777 k4 0.0566

k2 0.3276 k5 0.2976

k3 0.0547 k6 0.0858

 2)Establishmentofinitialsampleset
 The initial sample set was established by
qualitativelyanalyzingeachfactorindexaccordingto
theactualsituationoftheequipment.
 Generally,thelifecycleofthetransmitteris30
years.Consideringthethresholdvalueofthefinal
lifeexpectancyis95% -99.9% ofthemaximum
valueundernormalworkingconditions[15],wechose
28.5yearsasthemaximumlifespan.Asthefactor
indexscorevaluesusepercentile,thefactorindex
scoreoftherunningtimecanbeobtainedby

xij =60+40×28.5-10
28.5 =85.96.

 Othersubjectiveandqualitativefactorindexscore
valuesshowninTable2aregradedbyexpertsand
sitestaffs.CombiningthedatafromTables1and2,
accordingtoEq.(1),theinitialsamplesetcanbe
calculated.
 3)TrainingofSVDDmodel
 TheSVDDmodelwastrainedbyusingtheinitial
samplesettodeterminethehypersphereparameters
andtoidentify boundary deviationspoints.The
trainedhealthsamplesetandthedeviatedsampleset
are
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X = [X(1),X(2),…,X(36)], (19)

Xu = [X(4),X(6),X(8),X(10),X(11),X(23),

X(24),X(26),X(31)], (20)

Xh(j)=X-Xu. (21)

Table2 Factorindexscores

j
Scores

k1 k2 k3 k4 k5 k6
1 85.96 86.32 91.85 93.05 91.96 91.85
2 94.77 92.59 97.56 96.82 98.48 90.94
3 93.24 81.38 90.70 90.49 95.20 98.73
4 98.74 95.27 96.50 99.65 97.53 90.86
5 96.56 82.83 98.03 95.61 96.32 93.67
︙ ︙ ︙ ︙ ︙ ︙ ︙
35 90.29 95.41 97.48 96.18 95.20 99.02
36 97.71 90.78 93.83 92.34 91.65 97.21

 4)Calculationofhealthindex
 AftercalculatingtheaverageMahalanobisdistance
fromthedeviatedsamplesettothehealthsampleset
(MDr=11.6757)aswellthecoefficient(b=0.0437)
according to Eq.(8), the final health index
calculationequationis

H =100×e-0.0437×MD. (22)

 5)Predictionofhealthindex
 Theoriginalhealthindexsequencewasobtainedby
calculatingthe healthindex of maintenance and
troubleshootingrecordswithVt=1(Unit:a)andby
buildingGM(1,1)model,aslistedinTable3.

Table3 Actualhealthindexoftransmitter

T (a) Hac T (a) Hac

1 98.95 6 97.38
2 98.46 7 97.01
3 98.25 8 96.59
4 97.99 9 96.11
5 97.71 10 95.55

 Thedatain Table3 wereinputintothegray
predictionmodel,thepossibletrendofthenext10
pointsarepredicted,asshownin Table4.The
curvesoftheactualdataandpredictedhealthindex
areshowninFig.4.Itcanbeseenthatthehealth
indexofthetransmitterdecreasesexponentiallywith
therunningtime.

Table4 Predictedhealthindexoftransmitter

T(a) Hpr T(a) Hpr

11 94.92 16 90.13
12 94.20 17 88.72
13 93.38 18 87.12
14 92.43 19 85.30
15 91.35 20 83.21

Fig.4 Predictedcurvesfortendencyofhealthindex

 6)Solutionoffunction
 Theleastsquarescurvefittingmethodisusedfor
fittingthepredicteddataHprandsolvingthecurve
coefficient,andthenthefinalhealthindexfunctionis

H(t)=100.5546-1.4419e0.1243t. (23)

 7)Calculationofremaininglife
 LetH(T')=100.5546-1.4419e0.1243T'=60,then
T'=26.84a.AsknownthattheservicetimeT0=
10,theremaininglifeTis

T =T'-T0 =26.84-10=16.84a. (24)

 Calculatingtheremaininglifeofthesampleateach
timepointbyusingEqs.(10)-(18),theresultsof
theremaininglifepredictionofthetransmitterby
this methodisshownin Fig.5,andtheactual
remaininglifeisgivenasareferencestandard.

Fig.5 Predictionresultsofremaininglife

3.2 Modelverification

 Inordertoverifytheeffectivenessofthismethod,
definingMPE(k),whichcanmeasuretheprediction
method’serroratasinglemonitoringpoint,namely

MPE(k)= 1r∑
r

h=1
|Ph(k)-Ah(k)|, (25)

wherePh(k)andAh(k)isthepredictedremaining
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lifeandtheactualremaininglifeofthesamplehat
thetimek;risthenumberofsamples.Accordingto
Eq.(25),thesmaller MPE (k),thesmallerthe
prediction error and the higher the prediction
accuracy.
 Calculatingtheremaininglifeoftheretiredsample
usingZhang’smethod[5]andthismethodandthen
calculatingtheirMPE byEq.(25),thecomparison
resultsofdifferentmethodsareshowninFig.6.

Fig.6 MPEcomparisonofdifferentmethods

 Asshownin Fig.6,theaverage MPE bythe
proposedmethodinthispaperislessthanthatof
Zhang’smethod.Moreover,itslong-termprediction
errorissmallanditscurveissmooth.Itisproved
thatthis methodisreasonableandadvantageous,
thatis,this method can obtain more accurate
remaininglifeprediction.

4 Conclusion
 Inthispaper,ahealthassessmentmodelbasedon
SVDDhasbeenconstructedtodetecthealthstatein
realtime and to quantify the health state of
equipmentundermulti-statefactors.Atthesame
time,alifepredictionmodelbasedongrayprediction
hasbeenestablished.Inthismodel,thehealthindex
isregardedastheinputtopredicttheremaininglife
undertheequipmenthealththreshold.
 1) This paper presents a new method for
equipmenthealthassessment.Itcanreflectthereal-
timehealthstateofthetrackcircuitequipmentand
makeupfortheshortageofthecurrentapplications,
whichmeansthatitisnecessarytostudyonthe
healthofthetrackcircuitequipment.
 2)Thepredictedlifecurveofthetrackcircuit
equipmentinthispapercanaccuratelycharacterize
thedegradationprocessofhealthstate,whichstate
thatthemethodisreasonableandfeasible.
 3)This methodisconvenientfor maintenance
personnel to grasp the equipment state more
intuitivelyandaccuratelyandforrailwaydepartments

to provide scientific basis and guidance for
maintenancedecisions.Italsoprovidesanewidea
andtheoreticalsupporttorealizetheintelligent
managementofrailwaysignalequipment.
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基于SVDD和灰色预测的ZPW-2000A
轨道电路设备寿命预测研究

王瑞峰,贾 楠

(兰州交通大学 自动化与电气工程学院,甘肃 兰州730070)

摘 要: 轨道电路作为铁路信号的重要基础设备,对其进行健康状态评估和剩余寿命预测可以有效保障设

备安全运行。本文描述了基于支持向量数据描述法(supportvectordomaindescription,SVDD)和灰色预测的

ZPW-2000A轨道电路寿命预测方法。采用熵权法、SVDD、马氏距离和负向转换函数等建立健康状态评估模

型,将影响健康状态的多因素转化为反映轨道电路设备健康状态的指标,即健康度 H;根据健康度,建立基

于灰色预测的ZPW-2000A轨道电路设备寿命预测模型,预测健康状态未来的发展趋势。实例验证表明,该

方法能直观地看出轨道电路设备健康状态水平,并有效地预测设备的剩余寿命,为进一步提高维修管理水

平提供了理论依据。

关键词: 轨道电路;健康状态评估;寿命预测;支持向量数据描述;灰色预测
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