
ȱ
ȱ

ȱ

ȱ
Sensorsȱ2021,ȱ21,ȱ4710.ȱhttps://doi.org/10.3390/s21144710ȱ www.mdpi.com/journal/sensorsȱ

Reviewȱ

ConditionȱMonitoringȱofȱRailȱTransportȱSystems:ȱ ȱ
AȱBibliometricȱPerformanceȱAnalysisȱandȱSystematicȱ ȱ
LiteratureȱReviewȱ
MariuszȱKostrzewskiȱ1,*ȱandȱRafaÙȱMelnikȱ2ȱ

1ȱ FacultyȱofȱTransport,ȱWarsawȱUniversityȱofȱTechnology,ȱ00Ȭ662ȱWarsaw,ȱPolandȱ
2ȱ FacultyȱofȱComputerȱScienceȱandȱFoodȱScience,ȱLomzaȱStateȱUniversityȱofȱAppliedȱSciences,ȱ ȱ

18Ȭ400ȱRomČa,ȱPoland;ȱrmelnik@pwsip.edu.plȱ
*ȱ Correspondence:ȱmariusz.kostrzewski@pw.edu.plȱ

Abstract:ȱConditionȱmonitoringȱofȱrailȱtransportȱsystemsȱhasȱbecomeȱaȱphenomenonȱofȱglobalȱinterȬ
estȱoverȱtheȱpastȱhalfȱaȱcentury.ȱTheȱapproachesȱtoȱconditionȱmonitoringȱofȱvariousȱrailȱtransportȱ
systems—especiallyȱinȱtheȱcontextȱofȱrailȱvehicleȱsubsystemȱandȱtrackȱsubsystemȱmonitoring—haveȱ
beenȱ evolving,ȱ andȱ haveȱ becomeȱ equallyȱ significantȱ andȱ challenging.ȱ Theȱ evolutionȱ ofȱ theȱ apȬ
proachesȱappliedȱtoȱrailȱsystems’ȱconditionȱmonitoringȱhasȱfollowedȱmanualȱmaintenance,ȱthroughȱ
methodsȱconnectedȱtoȱtheȱapplicationȱofȱsensors,ȱupȱtoȱtheȱcurrentlyȱdiscussedȱmethodsȱandȱtechȬ
niquesȱfocusedȱonȱtheȱmutualȱuseȱofȱautomation,ȱdataȱprocessing,ȱandȱexchange.ȱTheȱaimȱofȱthisȱ
paperȱisȱtoȱprovideȱanȱessentialȱoverviewȱofȱtheȱacademicȱresearchȱonȱtheȱconditionȱmonitoringȱofȱ
railȱtransportȱsystems.ȱThisȱpaperȱreviewsȱexistingȱliteratureȱinȱorderȱtoȱpresentȱanȱupȬtoȬdate,ȱconȬ
tentȬbasedȱanalysisȱbasedȱonȱaȱcoupledȱmethodologyȱconsistingȱofȱbibliometricȱperformanceȱanalyȬ
sisȱandȱsystematicȱliteratureȱreview.ȱThisȱcombinationȱofȱliteratureȱreviewȱapproachesȱallowsȱtheȱ
authorsȱtoȱfocusȱonȱtheȱidentificationȱofȱtheȱmostȱinfluentialȱcontributorsȱtoȱtheȱadvancesȱinȱresearchȱ
inȱtheȱanalyzedȱareaȱofȱinterest,ȱandȱtheȱmostȱinfluentialȱandȱprominentȱresearchers,ȱjournals,ȱandȱ
papers.ȱTheseȱfindingsȱhaveȱledȱtheȱauthorsȱtoȱspecifyȱresearchȱtrendsȱrelatedȱtoȱtheȱanalyzedȱarea,ȱ
andȱadditionallyȱ identifyȱfutureȱresearchȱagendasȱ inȱtheȱ investigationȱfromȱengineeringȱperspecȬ
tives.ȱ
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1.ȱIntroductionȱ
Conditionȱmonitoringȱofȱcertainȱdevicesȱisȱappliedȱinȱaȱparticularȱsystemȱinȱorderȱtoȱ

detectȱchangesȱorȱanalyzeȱtrendsȱinȱcontrollingȱparticularȱparameters,ȱandȱmostȱofȱallȱtoȱ
preventȱpotentialȱfailuresȱofȱaȱsystem.ȱEarlyȱproblemȱdiagnosisȱensuresȱpreliminaryȱinterȬ
ventionȱ forȱ replacementȱofȱanyȱequipment’sȱcomponentsȱbeforeȱ seriousȱ consequences.ȱ
Theȱ termȱ “conditionȱmonitoring”ȱ evolved—inȱ theȱ caseȱ ofȱ researchȱ connectedȱ toȱ railȱ
transport—withȱtheȱdevelopmentȱofȱinstrumentsȱthatȱallowȱtheȱdevelopmentȱofȱincreasȬ
inglyȱ betterȱmeasurementȱ analyses.ȱ Suchȱ anȱ evolutionȱ ofȱ terms,ȱ definitions,ȱ andȱ apȬ
proachesȱconnectedȱtoȱconditionȱmonitoringȱinȱtheȱcaseȱofȱtheȱaforementionedȱmodeȱofȱ
transportȱisȱpresentedȱinȱTableȱ1,ȱbasedȱonȱ[1–45].ȱ

RecentȱdecadesȱhaveȱshownȱaȱcertainȱevolutionȱofȱapproachesȱtoȱtheȱconditionȱmonȬ
itoringȱofȱvariousȱrailȱtransportȱsystems,ȱespeciallyȱinȱtheȱcontextȱofȱrailȱvehiclesȱandȱtrackȱ
subsystems.ȱ Theȱ approachesȱ appliedȱ toȱ railȱ infrastructureȱ conditionȱmonitoringȱ haveȱ
evolvedȱfromȱmanualȱmaintenance,ȱthroughȱmethodsȱconnectedȱtoȱtheȱapplicationȱofȱsenȬ
sors,ȱupȱtoȱtheȱcurrentlyȱdiscussedȱtechniquesȱfocusedȱonȱtheȱtermsȱofȱIndustryȱ4.0.ȱTheȱ
enormousȱ increaseȱ inȱ theȱ quantitiesȱ ofȱ generatedȱ data—namely,ȱ bigȱ data—requiresȱ
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diagnosticȱproceduresȱtoȱbeȱautomated.ȱSuchȱaȱchallengeȱinducedȱtheȱneedȱforȱupȬtoȬdateȱ
andȱ improvedȱ methodsȱ ofȱ autonomousȱ interpretationȱ ofȱ conditionȱ monitoringȱ dataȱ
(mainlyȱvibrationȱmethods).ȱThisȱhasȱ ledȱ theȱauthorsȱ toȱ theȱaimȱofȱ thisȱ reviewȱpaper,ȱ
whichȱisȱtheȱconsiderationȱofȱseveralȱpiecesȱofȱresearchȱfocusedȱonȱtheȱscientificȱareaȱofȱ
railȱtransportȱsystems’ȱconditionȱmonitoring.ȱTheȱauthorsȱofȱthisȱreviewȱpaperȱtookȱintoȱ
considerationȱtwoȱdistinctȱmethodsȱofȱscientificȱliteratureȱanalysis:ȱonȱtheȱoneȱhand,ȱaȱbibȬ
liometricȱperformanceȱanalysisȱ(whoseȱcomponentȱpartȱisȱmetaȬanalysis)ȱwasȱcarriedȱout,ȱ
andȱonȱtheȱotherȱhand,ȱaȱsystematicȱliteratureȱreviewȱwasȱperformed.ȱ

Tableȱ1.ȱTheȱoverviewȱofȱdefinitionsȱandȱapproachesȱconnectedȱ toȱ theȱconditionȱmonitoringȱofȱrailȱtransportȱsystems.ȱ
Source:ȱownȱelaborationȱbasedȱonȱreferencesȱdirectlyȱmentionedȱinȱtheȱtable.ȱ

Definitionȱ
Yearȱofȱ ȱ

Publicationȱ
Sourceȱ

“Theȱconditionȱmonitoringȱsystemsȱdevelopedȱsoȱfarȱinȱrailȱvehicleȱapplicationsȱareȱmainlyȱ
basedȱonȱtheȱdirectȱmeasurementȱofȱrelevantȱsignals,ȱwhichȱareȱanalysedȱusingȱtimeȱand/orȱ
frequencyȱdomainȱsignalȱprocessing,ȱe.g.,ȱtoȱfindȱfeaturesȱorȱsignaturesȱrelatedȱtoȱparticularȱ

faultsȱ[43,44]).”ȱ

2008ȱ [45]ȱ

“(…)ȱconditionȱmonitoringȱinȱtoday’sȱcomplexȱsystemsȱisȱmostlyȱregardedȱasȱanȱalarmȱtoolȱforȱ
maintenanceȱ[40].ȱEvenȱtheȱISOȱ17359ȱdefines,ȱhowȱaȱconditionȱmonitoringȱpolicyȱshouldȱlookȱ

likeȱtoȱestablishȱaȱsuccessfulȱmaintenanceȱstrategyȱ[41].”ȱ
2009ȱ [42]ȱ

“Conditionȱmonitoringȱsystemsȱareȱusedȱtoȱcollectȱbothȱdigitalȱandȱanalogueȱsignalsȱwithinȱaȱ
locationȱroomȱutilizingȱdistributedȱtransducersȱconnectedȱtoȱeitherȱpointȬtoȬpointȱorȱdigitalȱ
busȱcommunicationȱlinks.ȱTheyȱoftenȱcontainȱsomeȱkindȱofȱalarmȱsystemȱbasedȱaroundȱ

thresholdingȱtechniques,ȱtheȱlimitsȱbeingȱsetȱbyȱlocalȱmaintenanceȱpersonnelȱwhoȱhaveȱtoȱinȬ
spectȱtheȱrecordedȱsignaturesȱdailyȱtoȱattemptȱtoȱanticipateȱanyȱfailures.ȱNoȱdiagnosticȱcapaȬ
bilitiesȱareȱprovided.ȱ(…)ȱFaultȱdetectionȱandȱdiagnosisȱsystemsȱareȱaȱmoreȱadvancedȱversionȱ
ofȱconditionȱmonitoringȱsystems,ȱincorporatingȱ‘intelligent’ȱalgorithmsȱcapableȱofȱdetectingȱ

faultsȱpriorȱtoȱfailure,ȱdiagnosingȱtheȱincipientȱfaultȱandȱprovidingȱsomeȱindicationȱofȱtheȱcritȬ
icalityȱofȱtheȱdetectedȱfault.”ȱ

2009ȱ [39]ȱ

“Conditionȱmonitoringȱisȱnecessaryȱinȱorderȱtoȱimmediatelyȱdetectȱvehicleȱfaults.ȱForȱcondiȬ
tionȱmonitoring,ȱitȱisȱnecessaryȱtoȱdetectȱtheȱfaultȱfromȱtheȱsignalsȱofȱsensorsȱattachedȱtoȱtheȱ
vehiclesȱ[2].ȱConditionȱmonitoringȱcanȱbeȱconsideredȱtoȱbeȱaȱpartȱofȱtheȱwellȬestablishedȱandȱ

wellȬdevelopedȱareaȱofȱFaultȱDetectionȱandȱIsolationȱ(orȱIdentification)ȱ(FDI).”ȱ

2010ȱ [38]ȱ

“ConditionȱmonitoringȱmeasuresȱareȱcrucialȱtoȱensureȱsafeȱandȱcostȬeffectiveȱtrainȱoperationȱ
inȱtheȱrailroadȱtransportationȱindustry.ȱAȱwellȬdesignedȱmonitoringȱsystemȱsubstantiallyȱreȬ

ducesȱhardwareȱmaintenanceȱcostȱandȱimprovesȱserviceȱqualityȱandȱoverallȱsafety.”ȱ
2012ȱ [37]ȱ

“Conditionȱmonitoringȱtechnologyȱwithinȱtheȱrailwayȱindustryȱhasȱproliferatedȱinȱrecentȱ
years;ȱthisȱisȱdueȱtoȱtheȱcontinuousȱimprovementȱofȱelectronicȬbasedȱsystems.ȱThisȱhasȱcreatedȱ
aȱuniqueȱsituationȱforȱimplementingȱproactiveȱconditionȱmonitoringȱtechnologyȱinȱtheȱrailwayȱ
industry.ȱThisȱapproachȱwillȱcreateȱtheȱpossibilitiesȱofȱidentifyingȱfailingȱsystemsȱwhileȱtheȱasȬ
setȱisȱinȱoperationȱbeforeȱtheyȱcreateȱcatastrophicȱdamage.ȱEconomically,ȱmostȱofȱtheseȱproacȬ
tiveȱproductsȱareȱwaysideȱconditionȱmonitoringȱsystemsȱandȱveryȱfewȱsensorsȱareȱfewȱsensorsȱ

areȱdirectlyȱmountedȱonȱtheȱvehicles.”ȱ

2012ȱ [6]ȱ

“ConditionȱmonitoringȱofȱvehiclesȱallowsȱtoȱtrackȱtheȱdevelopmentȱofȱtheirȱtechnicalȱdegradaȬ
tion,ȱwhichȱallowsȱtoȱimplementȱrationalȱpreventiveȱandȱremedialȱactivitiesȱinȱorderȱtoȱavoidȱ
unpredictableȱdowntimesȱrelatedȱtoȱtheȱdamagesȱandȱseriousȱfailures.ȱTheȱreasonȱforȱcontinuȬ
ousȱimprovementȱofȱvehicles’ȱconditionȱmonitoringȱmethodsȱareȱstricterȱandȱstricterȱrequireȬ
mentsȱconcerningȱtheȱreliabilityȱandȱsafetyȱofȱbothȱallȱtransportȱsystemȱandȱseparateȱmeansȱofȱ

transport.”ȱ

2013ȱ [36]ȱ

“Conditionȱmonitoringȱrequiresȱtheȱgatheringȱofȱdataȱandȱprocessingȱofȱthatȱdataȱintoȱusefulȱ
informationȱtoȱsupportȱdesign,ȱavailability,ȱreliabilityȱandȱmaintenanceȱpractices.”ȱ 2014ȱ [35]ȱ
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“Conditionȱmonitoringȱaimsȱtoȱrecordȱtheȱcurrentȱ(realȬtime)ȱconditionȱofȱaȱsystemȱ[33].”ȱ 2014ȱ [34]ȱ
“ConditionȱmonitoringȱdetectsȱandȱidentifiesȱdeteriorationȱinȱstructuresȱandȱinfrastructureȱbeȬ
foreȱtheȱdeteriorationȱcausesȱaȱfailureȱorȱpreventsȱrailȱoperations.ȱInȱsimpleȱconditionȱmonitorȬ
ing,ȱsensorsȱmonitorȱtheȱconditionȱofȱaȱstructureȱorȱmachinery.ȱIfȱtheȱsensorȱreadingsȱreachȱaȱ
predeterminedȱlimitȱorȱfaultȱcondition,ȱthenȱanȱalarmȱisȱactivated.ȱHowever,ȱthisȱsimplisticȱ
approachȱmayȱleadȱtoȱaȱlargeȱnumberȱofȱfalseȱalarmsȱandȱmissedȱfailuresȱ[31].ȱ(…)ȱConditionȱ
monitoringȱcanȱbeȱperformedȱcontinuouslyȱorȱperiodically.ȱContinuousȱmonitoringȱshouldȱ
detectȱaȱproblemȱstraightȱawayȱbutȱitȱisȱoftenȱexpensive;ȱenergyȱhungry,ȱwhichȱisȱaȱproblemȱ
forȱWSNsȱwhereȱtheȱnetworkȱcomponentsȱneedȱpower;ȱandȱtheȱsensorȱdataȱareȱveryȱnoisy,ȱ
whichȱrequiresȱcarefulȱpreprocessingȱtoȱensureȱaccurateȱdiagnostics.ȱPeriodicȱmonitoringȱisȱ
cheaper,ȱusesȱlessȱenergy,ȱandȱallowsȱtimeȱforȱdataȱcleaningȱandȱfilteringȱbutȱaȱproblemȱwillȱ
onlyȱbeȱdiagnosedȱatȱtheȱnextȱprocessingȱrun.ȱ(…)ȱInȱbasicȱconditionȱmonitoring,ȱtheȱsystemȱisȱ

onlyȱableȱtoȱdistinguishȱbetweenȱnormalȱandȱabnormalȱconditionsȱ(noȱfaultȱorȱfault).”ȱ

2014ȱ [32]ȱ

“Underȱthisȱframework,ȱtheȱconditionȬbasedȱmonitoringȱ(CBM),ȱasȱaȱtechniqueȱtoȱprovideȱ
prognosisȱandȱdiagnosisȱofȱcomponentȱdegradation,ȱallowsȱtoȱdetectȱtheȱinȬserviceȱfailuresȱ

andȱcontributesȱtoȱtheȱdecisionȬmakingȱforȱimprovingȱtheȱsystemȱperformanceȱ[19,26].ȱDistinȬ
guishedȱfromȱtheȱconventionalȱfaultȱdetectionȱcarriedȱoutȱinȱtheȱdepot,ȱthisȱtechniqueȱisȱaimȬ
ingȱatȱtheȱonlineȱidentificationȱofȱtheȱcomponentȱperformanceȱonȱtheȱoperationalȱconditions.”ȱ

2016ȱ [30]ȱ

“TechnologiesȱthatȱcanȱperformȱconditionȱmonitoringȱandȱconditionȬbasedȱmaintenanceȱareȱ
thusȱofȱsignificantȱinterestȱtoȱidentifyȱandȱpredictȱprogressingȱdegradationȱtrendsȱandȱoptiȬ

mallyȱscheduleȱmaintenanceȱactionsȱtoȱlowerȱmaintenanceȱcostsȱandȱdowntime.”ȱ
2016ȱ [29]ȱ

“Conditionȱmonitoringȱisȱreferredȱtoȱasȱaȱprocessȱofȱmonitoringȱtheȱconditionȱofȱtheȱobjectiveȱ
whereȱtheȱrelevantȱparametersȱareȱmeasuredȱinȱorderȱtoȱdetermineȱtheȱsignificantȱchangesȱ

whichȱisȱindicativeȱofȱaȱdevelopingȱfault.ȱConsideringȱtheȱrailwayȱsystem,ȱtheȱobjectivesȱtoȱbeȱ
monitoredȱcouldȱbe:ȱ[v]ehicleȱcomponentsȱsuchȱasȱwheels,ȱaxleȱbearingsȱandȱbrakeȱpads,ȱ
[i]nfrastructureȱsuchȱasȱtheȱtrack,ȱrailȱbedsȱandȱbridgesȱorȱ[p]assengers/goodsȱwithinȱtrainȱ

cars.”ȱ

2017ȱ [28]ȱ

“ConditionȱmonitoringȱcanȱbeȱconsideredȱtoȱbeȱaȱpartȱofȱtheȱwellȬestablishedȱareaȱofȱFaultȱDeȬ
tectionȱandȱIsolationȱ(orȱIdentification)ȱ(FDI)ȱ[25].ȱConditionȱmonitoringȱisȱmainlyȱapplicableȱ
toȱsystemȱthatȱdeteriorateȱinȱtime.ȱTheȱaimȱofȱconditionȱmonitoringȱisȱtoȱdetectȱandȱisolateȱdeȬ

teriorationȱbeforeȱitȱcausesȱaȱfailureȱ[2,26].”ȱ

2017ȱ [27]ȱ

“RailwayȱtrackȱandȱrollingȱstockȱconditionȱmonitoringȱisȱessentialȱinȱensuringȱtheȱsafeȱandȱefȬ
ficientȱfunctionȱofȱrailwayȱsystems.ȱTheȱabilityȱtoȱuseȱanȱinstrumentedȱrevenueȱvehicleȱforȱtheȱ
conditionȱassessmentȱofȱrailȱtracksȱisȱparticularlyȱsignificantȱbecauseȱthisȱcapabilityȱwillȱnotȱ

requireȱtrackȱaccessȱduringȱinspection.ȱThisȱinstrumentedȱvehicleȱcanȱalsoȱprovideȱusefulȱdataȱ
forȱtheȱdefinitionȱofȱtheȱrailȱtrackȱinputȱconditionsȱforȱtheȱassessmentȱofȱtheȱstabilityȱofȱaȱrailȱ

vehicleȱwhenȱtraversingȱalongȱtheȱtrack.”ȱ

2017ȱ [24]ȱ

“Railwayȱinspectionȱisȱnormallyȱconductedȱperiodicallyȱeveryȱyearȱorȱseveralȱmonths.ȱItȱmayȱ
takeȱtooȱmuchȱtimeȱtoȱrapidlyȱdetectȱfaultsȱinȱtheȱtrackȱthatȱmayȱcauseȱcollapseȱorȱhugeȱloss,ȱ
asȱisȱtheȱcaseȱinȱtheȱpromptȱidentificationȱofȱrailȱdefects.ȱ(…)ȱHence,ȱconditionȱmonitoringȱofȱ
railȱinfrastructureȱhasȱbecomeȱimportantȱforȱsettingȱproperȱpredictiveȱmaintenancesȱbeforeȱdeȬ
fectȱandȱfailureȱtakeȱplace.ȱ(…)ȱConditionȱmonitoringȱcanȱreduceȱmaintenanceȱandȱitsȱcostsȱbyȱ

detectingȱtheȱfaultsȱbeforeȱtheyȱcanȱcauseȱdamageȱorȱpreventȱrailȱoperationsȱ[22].”ȱ

2018ȱ [23]ȱ

“Conditionȱmonitoringȱisȱdefinedȱasȱtheȱpracticeȱofȱmonitoringȱparametersȱofȱaȱsystemȱorȱ
component,ȱwithȱtheȱintentȱofȱgettingȱdeeperȱknowledgeȱofȱhowȱthatȱsystemȱchangesȱandȱdeȬ
terioratesȱwithȱtime.ȱIfȱkeyȱparametersȱthatȱcanȱbeȱlinkedȱtoȱwear,ȱfaultsȱandȱdegradationȱcanȱ

beȱmonitored,ȱemergingȱproblemsȱcanȱquicklyȱbeȱfoundȱorȱevenȱpredicted.”ȱ

2018ȱ [21]ȱ

“ConditionȱmonitoringȱisȱbasedȱonȱtheȱregularȱacquisitionȱofȱmachineȱconditionsȱorȱtheirȱcomȬ
ponentsȱbyȱmeasuringȱandȱanalyzingȱphysicalȱquantities.ȱTheseȱareȱcomparedȱbyȱtheȱsystemȱ

withȱspecifiedȱconditionsȱandȱserveȱforȱdiagnosisȱdecisionsȱ[14,18,19].”ȱ
2018ȱ [20]ȱ
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“Conditionȱmonitoringȱisȱaȱsuitableȱwayȱtoȱdetectȱimpendingȱvehicleȱfailuresȱandȱacousticallyȱ
criticalȱtramsȱimmediatelyȱbutȱunderȱtheȱaspectȱofȱconservationȱofȱresourcesȱ(exploitationȱofȱ
wearȱreservesȱofȱtribologicalȱcomponents).ȱInȱorderȱtoȱimplementȱsuchȱconcepts,ȱtheȱtramȱopȬ
eratorȱhasȱtoȱbeȱableȱtoȱquicklyȱandȱaccuratelyȱrecordȱtheȱcurrentȱtechnicalȱconditionȱofȱtheȱveȬ

hicleȱinȱorderȱtoȱinitiateȱappropriateȱcounteractionsȱandȱkeepȱdowntimesȱtoȱaȱminimum.”ȱ

2019ȱ [17]ȱ

“Aȱbetterȱwayȱtoȱavoidȱbreakdownsȱisȱaȱmaintenanceȱstrategyȱthatȱmonitorsȱandȱreportȱinȱ
realȬtimeȱtheȱconditionȱofȱaȱmachineȱorȱdeviceȱinȱuse,ȱaȱkeyȱprincipleȱofȱIndustryȱ4.0,ȱsoȱitsȱreȬ
mainingȱlifeȱcanȱbeȱestimated.ȱThisȱisȱcalledȱ‘conditionȱmonitoring’ȱandȱ‘diagnosticȱengineerȬ

ingȱmanagement’.ȱResearchersȱhaveȱnotedȱconsiderableȱevidenceȱthatȱ‘conditionȬbasedȱ
maintenance’ȱgivesȱeconomicȱadvantagesȱinȱmostȱindustriesȱandȱisȱtheȱbestȱavailableȱstrategyȱ

forȱpreventingȱunexpectedȱsystemȱdowntimeȱ[11–15].”ȱ

2019ȱ [16]ȱ

“Theȱconditionȱmonitoringȱofȱrailwayȱvehiclesȱhasȱtraditionallyȱreliedȱonȱsignalȱprocessingȱ
andȱknowledgeȬbasedȱtechniquesȱbut,ȱonȱtheȱotherȱhand,ȱmodellingȱtechniquesȱgiveȱgreatȱpoȬ

tentialsȱdueȱtoȱtheȱaȱprioriȱknowledgeȱincludedȱinȱtheȱmodel.”ȱ
2019ȱ [10]ȱ

“Modernȱconditionȱmonitoringȱsystemsȱhaveȱledȱfaultȱdiagnosisȱtoȱenterȱtheȱeraȱofȱbigȱdata,ȱ
whichȱleadȱtoȱtheȱobsolescenceȱofȱtraditionalȱphysicsȬbasedȱfaultȱdiagnosisȱmethodsȱ[8].”ȱ

2019ȱ [9]ȱ

“ConditionȱmonitoringȱofȱrailwayȱvehicleȱandȱtrackȱdynamicsȱareȱmonitoredȱviaȱtrackȬbasedȱ
systemsȱorȱvehicleȬbasedȱsystemsȱ([6]ȱ[–ȱactualizedȱbyȱtheȱauthors].ȱSystemsȱthatȱareȱtrackȬ
basedȱareȱusuallyȱusedȱforȱmonitoringȱtheȱconditionȱofȱwheelsets,ȱwhereȱvehicleȬbasedȱsysȬ
temsȱareȱusedȱtoȱmonitorȱtheȱconditionȱofȱtheȱbogie,ȱsuspensionȱandȱrideȱcomfort.ȱ(…)ȱCondiȬ
tionȱmonitoringȱsystemsȱareȱmadeȱupȱofȱsensorsȱandȱcollectiveȱdataȱprocessingȱhardwareȱareȱ
softwareȱthisȱallȱhasȱtoȱbeȱmountedȱontoȱtheȱdesiredȱrollingȱstockȱinȱtheȱcorrectȱlocationȱtoȱ

gainȱtheȱdesiredȱresults.”ȱ

2020,ȱ2012ȱ [6,7]ȱ

“(…)ȱtheȱconditionȱofȱcomplexȱsystemsȱisȱtypicallyȱmonitoredȱbyȱaȱlargeȱnumberȱofȱdifferentȱ
typesȱofȱsensors,ȱcapturingȱe.g.,ȱtemperature,ȱpressure,ȱflow,ȱvibration,ȱimagesȱorȱevenȱvideoȱ
streamsȱofȱsystemȱconditions,ȱresultingȱinȱveryȱheterogeneousȱconditionȱmonitoringȱdataȱatȱ

differentȱtimeȱscales.”ȱ

2020ȱ [5]ȱ

“ConditionȱMonitoringȱ(CM)ȱisȱanȱefficientȱandȱachievableȱwayȱtoȱensureȱtheȱreliabilityȱofȱsusȬ
pensionȱsystems,ȱtherefore,ȱnumerousȱscholarsȱhaveȱfocusedȱonȱdevelopingȱsuitableȱapȬ

proachesȱtoȱmonitorȱtheȱsuspensionȱsystemsȱ([2,3]).”ȱ
2020ȱ [4]ȱ

“(…)ȱtwoȱgenerallyȱconcernedȱquestionsȱofȱconditionȱmonitoringȱ[areȱtheȱsubjectȱofȱresearchȬ
ers’ȱinterest—addedȱbyȱtheȱpaper’sȱauthors]:ȱ(i)ȱevaluatingȱtheȱdiagnosabilityȱandȱisolatabilityȱ
ofȱaȱsystemȱwithȱexistingȱsensorȱnetwork;ȱandȱ(ii)ȱfindingȱoutȱaȱquantityȬoptimumȱsetȱofȱsenȬ

sorsȱforȱaȱdesiredȱdiagnosabilityȱandȱisolatabilityȱofȱaȱsystem.”ȱ

2020ȱ [1]ȱ

1.1.ȱBackgroundȱ
Accordingȱtoȱtheȱinformationȱcontainedȱinȱkeyȱscientificȱdatabases,ȱnearlyȱ20ȱreviewȱ

papersȱonȱtheȱconditionȱmonitoringȱofȱrailroadȱsystemsȱhaveȱbeenȱpublishedȱinȱtheȱlastȱ4ȱ
decades.ȱThisȱ isȱanȱ insignificantȱnumberȱconsideringȱ theȱessenceȱofȱ theȱsubjectȱmatter;ȱ
nevertheless,ȱitȱisȱworthȱunderliningȱthatȱthisȱnumberȱconcernsȱsomeȱlimitedȱareasȱthatȱ
willȱbeȱdefinedȱlaterȱinȱtheȱcurrentȱarticle.ȱByȱrecallingȱtheȱpublishedȱreviewȱpapers,ȱitȱcanȱ
beȱstatedȱthatȱtheirȱauthorsȱhaveȱtakenȱunderȱconsiderationȱtopicsȱsuchȱasȱ(certainly,ȱtheȱ
belowȱmentionedȱtopicsȱwereȱconsideredȱinȱresearchȱpapersȱasȱwell;ȱhowever,ȱsinceȱreȬ
viewȱpapersȱareȱtreatedȱasȱcertainȱsummaries,ȱresearchȱpapersȱareȱomittedȱinȱtheȱfollowingȱ
list):ȱ
x conditionȱmonitoringȱtechniquesȱforȱrailȱvehicleȱdynamicsȱ[10],ȱ
x applicationsȱandȱvariousȱsoftȱcomputingȱmethodsȱusedȱforȱconditionȱmonitoringȱinȱ

theȱcontextȱofȱintelligentȱsystemsȱ[46],ȱ
x descriptionȱofȱonboardȱconditionȱmonitoringȱsystems,ȱmethods,ȱandȱdevices—withȱ

aȱparticularȱinterestȱinȱmicroelectromechanicalȱsensors,ȱmicroprocessors,ȱandȱtransȬ
ceivers—creatingȱwirelessȱsensorȱnetworksȱforȱfreightȱrailȱtransportȱ[47],ȱ ȱ
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x methods,ȱtechniques,ȱandȱapplicationsȱconnectedȱtoȱtheȱconditionȱmonitoringȱofȱrailȬ
roadȱswitchesȱandȱcrossingȱsystemsȱ[48],ȱ

x conditionȱmonitoringȱsystemsȱandȱenablingȱautomaticȱrailroadȱtrackȱinspectionȱ[49],ȱ
x railroadȱtrackȱconditionȱmonitoringȱwithȱtheȱuseȱofȱinertialȱsensorsȱ(inertialȱmeasureȬ

mentȱsensors)ȱandȱGPSȱsignalsȱ[50],ȱ
x briefȱdiscussionȱonȱmachineȱ learningȱ techniquesȱ inȱrelationȱ toȱ railȱ trackȱconditionȱ

monitoringȱ[51],ȱ
x railwayȱturnoutȱconditionȱmonitoringȱ[52,53]),ȱ ȱ
x variousȱaspectsȱconnectedȱ toȱ theȱ industrialȱ InternetȱofȱThingsȱ solutionsȱ relatedȱ toȱ

conditionȱmonitoringȱ[54],ȱ ȱ
x variousȱtypesȱofȱsensorsȱinȱwiredȱandȱwirelessȱsensorȱnetworksȱ[23],ȱandȱwirelessȬ

sensorȬnetworkȬbasedȱconditionȱmonitoringȱappliedȱinȱtheȱcaseȱofȱtheȱrailȱindustryȱ
[32,55],ȱ ȱ

x conditionȱmonitoringȱassociatedȱwithȱfaultȱdiagnosisȱofȱrollingȱbearingsȱ[56].ȱ
Thisȱbrieflyȱpresentedȱbackgroundȱallowsȱusȱtoȱstateȱthatȱnoȱcomplexȱreviewȱpapersȱ

connectedȱtoȱconditionȱmonitoringȱforȱrailȱtransportȱwereȱnoted.ȱAsȱthisȱcanȱbeȱtreatedȱasȱ
aȱresearchȱgap,ȱtheȱauthorsȱdecidedȱtoȱconsiderȱanȱinȬdepthȱstudyȱconsistingȱofȱaȱcomplexȱ
reviewȱofȱapproachesȱtoȱconditionȱmonitoringȱforȱrailroadȱtransport,ȱunderȱparticularȱasȬ
sumptions.ȱThisȱstudyȱisȱrelatedȱbothȱtoȱpassengerȱandȱfreightȱrailroadȱtransportȱsystems’ȱ
conditionȱmonitoring—inȱaspectsȱconnectedȱtoȱbothȱrailȱvehiclesȱandȱtracks.ȱ

1.2.ȱTheȱAimȱofȱtheȱResearchȱandȱResearchȱQuestionsȱ
Asȱwasȱobserved,ȱthereȱisȱaȱlackȱofȱreviewȱpapersȱthatȱtreatȱconditionȱmonitoringȱofȱ

railwayȱtransportȱsystemsȱasȱcomplexȱsystemsȱcomposedȱofȱvariousȱfacilitiesȱandȱsubsysȬ
tems,ȱstraightforwardlyȱdiscussingȱbothȱrailȱtracksȱandȱrailȱvehicles.ȱThisȱreviewȱpaper’sȱ
authorsȱhaveȱtriedȱtoȱfillȱsuchȱaȱresearchȱgap.ȱAdditionally,ȱweȱdecidedȱtoȱtakeȱintoȱconȬ
siderationȱtheȱpastȱfewȱdecadesȱofȱconditionȱmonitoringȱconsiderationsȱpresentedȱinȱnuȬ
merousȱpublications,ȱwhichȱledȱusȱtoȱformulateȱtheȱmainȱresearchȱaimsȱofȱthisȱpublication.ȱ
Theȱresearchȱquestionsȱareȱasȱfollows:ȱ ȱ

RQ1:ȱWhatȱareȱtheȱcurrentȱtrendsȱinȱconditionȬmonitoringȱapproaches,ȱandȱhowȱhaveȱ
theseȱtrendsȱevolvedȱoverȱtheȱlastȱdecades?ȱ

RQ2:ȱWhatȱareȱtheȱfutureȱresearchȱdirectionsȱandȱperspectivesȱinȱtheȱconditionȱmonȬ
itoringȱofȱrailȱtransportȱsystems?ȱ

Thisȱpaperȱ isȱorganizedȱaccordingȱ toȱ theȱ followingȱstructure:ȱTheȱbackgroundȱ reȬ
sultedȱinȱresearchȱquestionsȱthatȱneedȱtoȱbeȱverifiedȱbasedȱonȱaȱcertainȱmethodology.ȱTheȱ
authorsȱpresentȱtheȱmethodologyȱofȱtheȱcurrentȱresearchȱinȱtheȱnextȱsection.ȱTheȱtwoȱsecȬ
tionsȱfollowingȱtheȱdescriptionȱofȱtheȱmethodologyȱwereȱselectedȱbasedȱonȱmethodologiȬ
calȱapproaches,ȱandȱareȱasȱfollows:ȱbibliometricȱperformanceȱanalysis,ȱandȱsystematicȱlitȬ
eratureȱreview.ȱFinally,ȱinȱtheȱlastȱsection,ȱweȱdiscussȱtheȱmainȱresultsȱofȱthisȱstudy,ȱandȱ
additionallyȱpresentȱcurrentȱresearchȱlimitationsȱandȱfutureȱresearchȱagendas.ȱ

2.ȱMethodologyȱ
Theȱtypeȱofȱresearchȱmethodologyȱandȱmannerȱofȱdataȱcollectionȱforȱfurtherȱanalysisȱ

dependȱonȱtheȱresearchȱquestionȱbeingȱstudied.ȱTherefore,ȱbeforeȱweȱpresentȱourȱresearchȱ
methodologyȱappliedȱ inȱ theȱcaseȱofȱ theȱcurrentȱpaper,ȱweȱshallȱpresentȱpotentialȱwellȬ
knownȱmethodsȱandȱtechniquesȱcommonlyȱusedȱinȱtheȱliteratureȱreviewȱcontext.ȱConseȬ
quently,ȱaȱproperȱcompilationȱofȱmethodsȱandȱtechniquesȱisȱpresentedȱatȱtheȱendȱofȱthisȱ
section.ȱ

Thisȱpaperȱ isȱbasedȱonȱcoupledȱreviewȱmethodologies—itȱcombinesȱaȱbibliometricȱ
performanceȱanalysisȱbasedȱonȱcontentȬbasedȱanalysis,ȱandȱaȱsystematicȱliteratureȱreviewȱ
asȱaȱresultȱofȱtheȱcontentȬbasedȱanalysis.ȱTheȱfirstȱofȱtheseȱmethodsȱisȱaȱformȱofȱquantitaȬ
tiveȱanalysis,ȱwhileȱtheȱsecondȱ isȱqualitative.ȱAsȱaȱwhole,ȱthisȱmethodologyȱadequatelyȱ
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presentsȱtheȱfullȱspectrumȱofȱpublicationsȱconnectedȱtoȱtheȱconditionȱmonitoringȱofȱrailȱ
transportȱsystems,ȱbothȱinȱquantitativeȱandȱqualitativeȱterms.ȱ

Neuendorfȱ[57]ȱdefinedȱcontentȱanalysisȱasȱaȱsystematic,ȱobjective,ȱquantitativeȱexȬ
aminationȱofȱaȱparticularȱmessage’sȱcharacteristics.ȱVariousȱmethodsȱandȱtechniquesȱofȱ
contentȱanalysisȱareȱgivenȱinȱMayringȱ[58].ȱContentȬbasedȱanalysisȱisȱaȱspecificȱresearchȱ
techniqueȱforȱdataȱfeedingȱappliedȱinȱorderȱtoȱdetermineȱtheȱoccurrenceȱofȱcertainȱwords,ȱ
phrases,ȱkeywords,ȱthemes,ȱorȱconceptsȱwithinȱsomeȱselected,ȱthematicallyȱcoupledȱqualȬ
itativeȱdata.ȱAccordingȱtoȱHsiehȱandȱShannonȱ[59],ȱthreeȱvariousȱapproachesȱtoȱcontentȱ
analysisȱwereȱverified:ȱ conventional,ȱdirected,ȱ andȱ summative.ȱWorkingȱwithȱ convenȬ
tionalȱcontentȱanalysisȱstartsȱwithȱobservation,ȱandȱparticularȱcodesȱareȱobtainedȱbasedȱonȱ
dataȱanalysis.ȱMeanwhile,ȱdirectedȱcontentȱanalysisȱstartsȱresearchȱonȱaȱspecificȱtheory,ȱ
andȱresearchȱfindingsȱappropriateȱtoȱtheȱtheoryȱthatȱhelpȱtoȱobtainȱinitialȱcodesȱintendedȱ
forȱlaterȱresearch,ȱwhereasȱsummativeȱcontentȱanalysisȱisȱconnectedȱtoȱinterpretationȱofȱ
dataȱsuchȱasȱkeywords,ȱandȱfurtherȱcountingȱandȱcomparisonsȱofȱkeywordsȱorȱotherȱconȬ
tent.ȱInȱtheȱcaseȱofȱtheȱlatterȱapproach,ȱkeywordsȱderiveȱfromȱresearchers’ȱinterestȱorȱfromȱ
literatureȱreview.ȱBasedȱonȱsuchȱbriefȱdefinitions,ȱtheȱlatterȱapproachȱwasȱidentifiedȱasȱtheȱ
supportingȱoneȱ forȱ theȱpurposesȱofȱ thisȱpaper.ȱTheȱobtainedȱkeywordsȱandȱelaboratedȱ
resultsȱofȱcontentȱanalysisȱservedȱasȱaȱfeedstockȱforȱfurtherȱdetailedȱresearchȱ(i.e.,ȱsystemȬ
aticȱliteratureȱreview).ȱInȱtheȱcaseȱofȱresearch,ȱsuchȱsourcesȱofȱdata/feedstockȱcanȱbeȱbooks,ȱ
essays,ȱdiscussions,ȱnewspapers,ȱspeeches,ȱmedia,ȱhistoricalȱdocuments,ȱetc.ȱ Inȱ thisȱreȬ
viewȱpaper,ȱtheseȱdocumentsȱareȱscientificȱpapers,ȱconferenceȱpapers,ȱbooks,ȱbookȱchapȬ
ters,ȱnotes,ȱeditorials,ȱletters,ȱshortȱsurveys,ȱandȱconferenceȱreviews.ȱThisȱisȱanȱopenȱcataȬ
logȱofȱpublicationȱtypes;ȱhowever,ȱitsȱcomponentsȱareȱcarefullyȱselectedȱinȱorderȱtoȱanswerȱ
researchȱquestionsȱasȱpreciselyȱasȱpossible.ȱ

AȱbibliometricȱperformanceȱanalysisȱbasedȱonȱcontentȬbasedȱanalysisȱisȱoneȱaspectȱofȱ
theȱcurrentȱpaper,ȱwhileȱtheȱotherȱisȱtheȱsystematicȱliteratureȱreview.ȱLiteratureȱreviewȱinȱ
generalȱisȱcharacterizedȱbyȱcertainȱtypology,ȱwhichȱwasȱpresentedȱinȱdetailȱinȱMarczewskaȱ
andȱKostrzewskiȱ[60]ȱbasedȱonȱGrantȱandȱBooth,ȱPetticrewȱandȱRobertsȱ[61,62].ȱAsȱwasȱ
mentionedȱinȱPetticrewȱandȱRobertsȱ[62],ȱaȱsystematicȱreview’sȱaimȱisȱ“toȱprovideȱanȱobȬ
jective,ȱcomprehensiveȱsummaryȱofȱtheȱbestȱevidence”.ȱTheȱauthorsȱofȱthisȱpaperȱconsidȬ
eredȱthisȱsystematicȱliteratureȱreviewȱasȱaȱcombinationȱofȱaȱnarrativeȱreviewȱ(treatedȱasȱ
theȱsynthesisȱofȱselectedȱresearch,ȱgivenȱinȱmostȱcasesȱasȱaȱdescriptiveȱratherȱthanȱstatistiȬ
calȱspecificationȱPetticrewȱandȱRobertsȱ[62])ȱandȱaȱcriticalȱreviewȱ(comparisonȱandȱevaluȬ
ationȱofȱvariousȱperspectivesȱofȱaȱparticularȱresearchȱproblem).ȱ

Theȱdataȱsearchingȱprocessȱwasȱlimitedȱtoȱcontributionsȱpublishedȱbetweenȱ1980ȱandȱ
2020ȱ(theȱinitiatingȱsearchȱwasȱperformedȱonȱ29ȱNovemberȱ2020;ȱhowever,ȱitȱmustȱbeȱmenȬ
tionedȱthatȱtheȱfinalȱsearchȱwasȱupdated—informationȱaboutȱwhichȱisȱdiscussedȱinȱfurtherȱ
partsȱofȱthisȱpaper).ȱTheȱendȱdateȱwasȱbasedȱonȱtheȱcontentȱofȱtheȱscientificȱdatabases.ȱTheȱ
specificȱ informationȱconnectedȱtoȱeveryȱstageȱofȱtheȱresearchȱreviewȱ isȱprovidedȱ inȱtheȱ
followingȱsubsections.ȱTheȱprocedureȱofȱthisȱresearchȱreviewȱisȱshownȱinȱFigureȱ1.ȱ
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Figureȱ1.ȱTheȱprocedureȱofȱtheȱconductedȱresearchȱreview.ȱSource:ȱbasedȱonȱ[58]ȱ(p.ȱ89),ȱ[60].ȱ

3.ȱBibliometricȱPerformanceȱAnalysisȱ
Theȱfirstȱstageȱofȱtheȱsearchȱprocessȱwasȱnotȱlimitedȱtoȱanyȱperiodȱofȱtimeȱ(however,ȱ

dataȱcollectionȱanalysesȱwereȱsummarizedȱonȱ1ȱJulyȱ2020,ȱandȱthenȱtheȱactualizationȱwasȱ
obtainedȱonȱ29ȱNovemberȱ2020,ȱandȱ8ȱJanuaryȱ2021).ȱ

Sinceȱourȱinterestȱwasȱfocusedȱonȱtheȱconditionȱmonitoringȱofȱrailwayȱvehiclesȱandȱ
tracks,ȱ theȱ followingȱsetȱofȱkeywordsȱwasȱ investigated:ȱ“condition”*ȱANDȱ“monitoring”ȱ
ANDȱ“railway*”ȱANDȱ“track”ȱORȱ“vehicle”.ȱThisȱresultedȱinȱtheȱreturnȱofȱ6115ȱrecordsȱinȱ
totalȱ inȱ theȱ Scopusȱ databaseȱ (5830ȱ publicationsȱ beforeȱ andȱ 285ȱ afterȱ actualization).ȱ Itȱ
shouldȱbeȱmentionedȱthatȱ23ȱpublicationsȱinȱtotalȱwereȱassignedȱtoȱtheȱyearȱ2021,ȱandȱtheseȱ
areȱincludedȱinȱthisȱnumber,ȱbutȱexcludedȱfromȱtheȱbelowȱstatistics.ȱTheȱmajorityȱofȱtheȱ
publicationsȱwereȱreleasedȱinȱEnglish,ȱandȱaȱsignificantȱnumberȱofȱthemȱinȱChinese—allȱ
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ofȱtheȱlanguagesȱofȱtheȱpublicationsȱareȱgivenȱinȱFigureȱ2.ȱWhenȱtheȱlanguageȱofȱtheȱpubȬ
licationsȱwasȱ takenȱ intoȱconsideration,ȱweȱdecidedȱ toȱanalyzeȱonlyȱ theȱpublicationsȱ inȱ
Englishȱ(especiallyȱgivenȱthatȱalmostȱ92%ȱofȱallȱofȱtheȱpublicationsȱwereȱpreparedȱinȱEngȬ
lish).ȱItȱwasȱdecidedȱtoȱexcludeȱlanguagesȱotherȱthanȱEnglish,ȱsinceȱthisȱlanguageȱisȱtreatedȱ
asȱanȱinternationalȱoneȱforȱtheȱexchangeȱofȱresearchȱandȱopinionsȱbetweenȱscientists,ȱandȱ
forȱscholarlyȱcommunicationȱ[63].ȱTheȱdatabaseȱcodeȱ“(condition*ȱANDȱmonitoring)ȱANDȱ
(railway*)ȱANDȱ(track*)ȱANDȱ(LIMITȬTOȱ(LANGUAGE,ȱ“English”))”ȱallowedȱusȱtoȱlimitȱtheȱ
numberȱofȱsearchedȱpublicationsȱtoȱ5185ȱitemsȱ(4946ȱpublicationsȱbeforeȱandȱ239ȱafterȱacȬ
tualization).ȱOnceȱagain,ȱitȱshouldȱbeȱmentionedȱthatȱ23ȱpublicationsȱwereȱassignedȱtoȱtheȱ
yearȱ2021,ȱandȱtheseȱareȱincludedȱinȱthisȱnumber,ȱbutȱnotȱincludedȱinȱtheȱbelowȱstatistics.ȱ

ȱ
Figureȱ2.ȱPercentageȱofȱpublicationsȱperȱlanguage.ȱ

AllȱofȱtheȱpapersȱinȱEnglishȱwereȱalsoȱfilteredȱbasedȱonȱtheirȱtype.ȱAsȱshownȱinȱFigureȱ
3,ȱtheȱmajorityȱofȱtheȱpublicationsȱwereȱscientificȱarticlesȱ(55.1%)ȱandȱconferenceȱpapersȱ
(31.6%).ȱ

ȱ
Figureȱ3.ȱPercentageȱofȱpublicationsȱperȱdocumentȱtype.ȱ

Theȱnumberȱofȱpublicationsȱinȱtheȱresearchȱareaȱofȱconditionȱmonitoring,ȱreleasedȱinȱ
English,ȱgrewȱannually.ȱTheȱnumberȱofȱpublicationsȱ(i)ȱinȱtheȱmentionedȱresearchȱareaȱperȱ
yearȱ(y)ȱisȱpresentedȱinȱFigureȱ4.ȱAsȱcanȱbeȱassumedȱbasedȱonȱFigureȱ4,ȱtheȱfirstȱwaveȱofȱ
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interestȱinȱrailȱtransportȱconditionȱmonitoringȱwasȱatȱtheȱendȱofȱtheȱ20thȱcenturyȱ(fromȱtheȱ
earlyȱ1980s).ȱAssumingȱthatȱ100ȱpublicationsȱwouldȱbeȱtheȱparticularȱthreshold,ȱitȱcanȱbeȱ
observedȱthatȱtheȱsecondȱwaveȱofȱinterestȱwasȱbetweenȱ2000ȱandȱ2007.ȱInȱtheȱcurrentȱpeȬ
riodȱofȱtimeȱi.e.,ȱ2008–2020,ȱtheȱinterestȱisȱenormousȱwhenȱnumbersȱareȱtakenȱintoȱconsidȬ
eration.ȱWhatȱmightȱalsoȱbeȱobservedȱisȱthatȱsinceȱ1994ȱthereȱhaveȱbeenȱnoȱgapȱyearsȱinȱ
theȱpublishingȱofȱmanuscriptsȱ inȱEnglishȱconnectedȱ toȱ theȱanalyzedȱresearchȱarea.ȱTheȱ
increaseȱinȱtheȱnumberȱofȱdocumentsȱpublishedȱperȱyearȱbetweenȱ1982ȱandȱ2020ȱcanȱbeȱ
determinedȱbyȱanȱexponentialȱequationȱwithȱaȱcoefficientȱofȱdeterminationȱequalȱtoȱR2ȱ=ȱ
0.964;ȱthisȱequationȱisȱnotedȱasȱEquationȱ(1).ȱTheȱendȱofȱtheȱyearȱ2020ȱwasȱnotȱexcludedȱ
fromȱthisȱanalysis;ȱhowever,ȱoneȱshouldȱbearȱinȱmindȱthatȱtheȱnumberȱofȱpublicationsȱwillȱ
increase,ȱconsideringȱthatȱindexingȱinȱscientificȱdatabasesȱisȱoutȱofȱregulations;ȱforȱexamȬ
ple,ȱifȱthereȱwasȱstillȱaȱmonthȱofȱ2020ȱleftȱuntilȱtheȱendȱofȱtheȱperiodȱbetweenȱtheȱcompleȬ
tionȱofȱtheȱanalyzedȱdataȱandȱtheȱendȱofȱtheȱyear,ȱnotȱallȱofȱtheȱreleasedȱpublicationsȱwouldȱ
haveȱbeenȱindexedȱinȱtheȱdatabaseȱyet.ȱ

݅ ൌ 8 ൈ 10ିଵଶ ൈ ݁.ଵଽ଼ସ௬ȱ (1)ȱ

ȱ
Figureȱ4.ȱNumberȱofȱpublicationsȱ(i)ȱinȱtheȱresearchȱareaȱofȱconditionȱmonitoringȱperȱyearȱ(y).ȱ

Inȱ theȱScopusȱdatabase,ȱeachȱpaperȱ isȱclassifiedȱbyȱsubjectȱarea.ȱ Inȱ theȱcaseȱofȱ theȱ
analyzedȱresearchȱarea,ȱoneȱwouldȱconsiderȱsomeȱofȱtheȱsubjectȱareasȱmentionedȱinȱFigureȱ
5ȱtoȱbeȱatypical.ȱNevertheless,ȱweȱdecidedȱnotȱtoȱlimitȱpublicationsȱaccordingȱtoȱanyȱsubȬ
jectȱarea;ȱhowever,ȱEngineeringȱwouldȱfirstȱandȱforemostȱbeȱtheȱareaȱmostȱthematicallyȱ
connectedȱtoȱtheȱsubjectȱmatter,ȱandȱsecondlyȱtheȱmostȱnumerousȱofȱallȱinȱtermsȱofȱnumberȱ
ofȱpublications.ȱInstead,ȱweȱdecidedȱtoȱlimitȱtheȱpublicationsȱbasedȱonȱScopusȱdatabaseȱ
internalȱkeywords—internalȱkeywordsȱareȱunderstoodȱasȱthoseȱthatȱwereȱnotȱdecidedȱbyȱ
theȱcurrentlyȱexaminedȱpublications’ȱauthors,ȱbutȱratherȱbyȱtheȱemployeesȱofȱtheȱcompanyȱ
thatȱownsȱtheȱScopusȱdatabase.ȱTheseȱkeywordsȱareȱmentionedȱinȱFigureȱ6a–cȱ(thereȱwereȱ
160ȱScopusȱdatabaseȱ internalȱkeywordsȱverified;ȱtherefore,ȱaȱfigureȱshowingȱoneȱgraphȱ
onlyȱwouldȱbeȱimpossibleȱtoȱreadȱinȱdetail—weȱthusȱdecidedȱtoȱpresentȱitȱinȱthreeȱseparateȱ
graphsȱ indicatingȱaȱnumberȱofȱpublicationsȱassignedȱtoȱ internalȱkeywordsȱequalȱ toȱbeȬ
tweenȱ0ȱandȱ64ȱ(partȱc),ȱbetweenȱ65ȱandȱ99ȱ(partȱb),ȱandȱoverȱ100ȱ(partȱa).ȱ
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Figureȱ5.ȱNumberȱofȱpublicationsȱ(i)ȱinȱtheȱresearchȱareaȱofȱrailwayȱtransportȱconditionȱmonitoringȱ
perȱparticularȱsubjectȱarea.ȱ

(a)ȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 11ȱ ofȱ 65ȱ
ȱ

ȱ

(b)ȱ

ȱ
(c)ȱ

Figureȱ6.ȱNumberȱofȱpublicationsȱ(i)ȱinȱtheȱresearchȱareaȱofȱrailwayȱtransportȱconditionȱmonitoringȱ
perȱparticularȱScopusȱinternalȱkeywords:ȱaȱnumberȱofȱpublicationsȱassignedȱtoȱinternalȱkeywordsȱ
equalȱtoȱbetweenȱ0ȱandȱ64ȱ(c),ȱbetweenȱ65ȱandȱ99ȱ(b),ȱandȱoverȱ100ȱ(a).ȱ

PotentialȱScopusȱdatabaseȱinternalȱkeywordsȱofȱinterestȱforȱtheȱpurposesȱofȱthisȱpaperȱ
wouldȱbeȱ“railroad”,ȱ“railroadȱtransportation”,ȱ“rails”,ȱ“conditionȱmonitoring”,ȱ“moniȬ
toring”ȱ(includedȱinȱ“conditionȱmonitoring”ȱterm),ȱ“railway”,ȱ“faultȱdetection”,ȱ“railwayȱ
track”,ȱ“vibrationȱanalysis”,ȱ“damageȱdetection”,ȱ“failureȱanalysis”,ȱ“railwayȱinfrastrucȬ
ture”,ȱ“faultȱdiagnosis”,ȱ“vibration”,ȱ“monitoringȱsystem”,ȱ“railwayȱaccidents”,ȱ“surfaceȱ
defects”,ȱ“trackȱ irregularity”,ȱ“accidentȱprevention”,ȱ“railroadȱengineering”,ȱ“conditionȱ
monitoringȱsystem”ȱ(thisȱtermȱisȱalsoȱunderstoodȱasȱ“conditionȱmonitoring”),ȱ“trackȱgeȬ
ometry”,ȱ“railȱtrack”,ȱ“rail”,ȱ“railways”,ȱetc.ȱAlthoughȱ internalȱkeywordsȱsuchȱasȱ“railȬ
road”,ȱ“railroadȱtransportation”,ȱandȱ“rails”ȱdescribeȱmoreȱpublicationsȱthanȱ“conditionȱ
monitoring”ȱterms,ȱtheseȱareȱtooȱgeneral,ȱandȱareȱcharacterizedȱbyȱaȱhighȱdegreeȱofȱabȬ
stractnessȱinȱconnectionȱtoȱtheȱparticularȱsubjectȱmatter.ȱOnȱtheȱotherȱhand,ȱtheȱremainingȱ
internalȱkeywordsȱareȱassignedȱtoȱfewerȱpublicationsȱthanȱ“conditionȱmonitoring”.ȱThereȬ
fore,ȱweȱassumedȱthatȱtheȱresearchȱpublicationsȱofȱinterestȱwereȱhiddenȱinȱaȱgroupȱfocusedȱ
onȱtheȱinternalȱkeywordȱ“conditionȱmonitoring”.ȱTherefore,ȱpublicationsȱfromȱtheȱcircleȱ
ofȱthisȱkeywordȱareȱsubjectedȱtoȱanalysisȱinȱthisȱarticle.ȱ

Aȱtotalȱofȱ617ȱpublicationsȱassignedȱtoȱtheȱconditionȱmonitoringȱtermȱwereȱreleasedȱ
inȱEnglishȱbetweenȱ1982ȱandȱ theȱ firstȱhalfȱofȱ2020ȱ (asȱmentionedȱabove,ȱ someȱgeneralȱ
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researchȱofȱliteratureȱwasȱundertakenȱonȱ1ȱJulyȱ2020,ȱandȱthenȱtheȱactualizationȱwasȱobȬ
tainedȱonȱ29ȱNovemberȱ2020—sinceȱweȱtookȱ intoȱconsiderationȱtheȱdirectȱ internalȱkeyȬ
wordȱ“conditionȱmonitoring”,ȱtheȱ literatureȱreviewȱwasȱfinallyȱactualizedȱonȱ8ȱJanuaryȱ
2021,ȱandȱhenceforth,ȱinȱthisȱpublication,ȱtheȱwholeȱperiodȱfromȱ1982ȱtoȱtheȱendȱofȱ2020ȱisȱ
assessed).ȱMostȱofȱtheȱcontributionsȱwereȱclassifiedȱasȱarticlesȱandȱconferenceȱpapers,ȱreȬ
views,ȱandȱconferenceȱreviews;ȱhence,ȱtheseȱtypesȱofȱreferencesȱwereȱofȱinterestȱtoȱus.ȱUnȬ
likeȱtheȱsampleȱbeforeȱfilteringȱviaȱinternalȱkeywords,ȱmoreȱpublicationsȱinȱthisȱsampleȱ
wereȱreleasedȱasȱconferenceȱpapersȱ(54.9%)ȱthanȱarticlesȱ(41.0%)ȱ(Figureȱ7).ȱ

Toȱsatisfyȱtheȱreader’sȱinquisitiveness,ȱtheȱfullȱcodeȱappliedȱinȱtheȱScopusȱdatabaseȱ
searchȱengineȱisȱasȱfollows:ȱ

(condition*ȱ ANDȱ monitoring)ȱ ANDȱ (railway*)ȱ ANDȱ (track*)ȱ ANDȱ (EXCLUDEȱ
(PUBYEAR,ȱ2021))ȱANDȱ(LIMITȬTOȱ(LANGUAGE,ȱ“English”))ȱANDȱ(LIMITȬTOȱ(EXACTȬ
KEYWORD,ȱ“ConditionȱMonitoring”)).ȱ

Notesȱandȱconferenceȱreviewsȱwereȱexcludedȱfromȱtheȱresearch,ȱsinceȱtheseȱareȱbeȬ
lievedȱtoȱbeȱlessȱinfluentialȱinȱscientificȱtermsȱand,ȱthus,ȱlessȱrelevant.ȱForȱthisȱreason,ȱtheȱ
studiesȱtoȱbeȱassessedȱwereȱselectedȱfromȱtheseȱareas,ȱconstitutingȱaȱfinalȱresearchȱsampleȱ
ofȱ613ȱdocumentȱresultsȱfoundȱwithȱtheȱfollowingȱfullȱcodeȱappliedȱinȱtheȱScopusȱdatabaseȱ
searchȱengine:ȱ ȱ

(condition*ȱ ANDȱ monitoring)ȱ ANDȱ (railway*)ȱ ANDȱ (track*)ȱ ANDȱ (EXCLUDEȱ
(PUBYEAR,ȱ2021))ȱANDȱ(LIMITȬTOȱ(LANGUAGE,ȱ“English”))ȱANDȱ(LIMITȬTOȱ(EXACTȬ
KEYWORD,ȱ“ConditionȱMonitoring”))ȱANDȱ(EXCLUDEȱ(DOCTYPE,ȱ“cr”)ȱORȱEXCLUDEȱ
(DOCTYPE,ȱ“no”).ȱ

ȱ
Figureȱ7.ȱPercentageȱofȱpublicationsȱperȱdocumentȱtypeȱforȱtheȱinternalȱkeywordsȱconnectedȱtoȱconȬ
ditionȱmonitoring.ȱ

Itȱisȱworthȱexplainingȱtheȱchoiceȱofȱtheȱscientificȱdatabaseȱinȱtheseȱconsiderations.ȱAȱ
coupleȱofȱyearsȱago,ȱtheȱauthorsȱofȱBaierȬFuentesȱetȱal.ȱ [64]ȱmentionedȱthatȱtheȱWebȱofȱ
Scienceȱ(WoS)ȱdatabaseȱwasȱ theȱprimaryȱbibliometricȱsourceȱofȱscientificȱevaluation.ȱInȱ
recentȱyears,ȱtheȱScopusȱdatabaseȱbecameȱpredominantȱtoȱWoS.ȱTheȱScopusȱdatabaseȱperȬ
formsȱsimilarȱbibliographicȱattributesȱasȱWoS,ȱsuchȱasȱ literatureȱsearchingȱandȱcitationȱ
analysesȱofȱbibliometricȱrecords.ȱForȱconfirmationȱofȱtheȱvalidityȱandȱadequacyȱofȱtheȱinȬ
vestigations,ȱbothȱdatabasesȱwereȱsearchedȱbeforeȱfurtherȱanalysis.ȱSimilarlyȱtoȱsearchesȱ
ofȱtheȱScopusȱdatabase,ȱweȱalsoȱfoundȱrecordsȱonȱtheȱWoSȱdatabase.ȱSinceȱourȱ interestȱ
wasȱfocusedȱonȱtheȱconditionȱmonitoringȱofȱrailwayȱtracks,ȱweȱinvestigatedȱtheȱsameȱsetȱ
keywordsȱonȱWoS,ȱi.e.,:ȱ“condition*ȱANDȱmonitoring”ȱANDȱ“railway*”ȱANDȱ“track”ȱORȱ
“vehicle”.ȱ Theȱ fullȱ codeȱ appliedȱ inȱ theȱWoSȱ databaseȱ searchȱ engineȱwasȱ asȱ follows:ȱ
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((TS=(condition*ȱANDȱmonitoring)ȱANDȱTS=(railway*)ȱANDȱTS=(track*))ȱORȱ(TI=(condition*ȱ
ANDȱmonitoring)ȱANDȱTI=(railway*)ȱANDȱTI=(track*))ȱORȱ(AB=(condition*ȱANDȱmonitoring)ȱ
ANDȱAB=(railway*)ȱANDȱAB=(track*))ȱORȱ(AK=(condition*ȱANDȱmonitoring)ȱANDȱAK=(railȬ
way*)ȱANDȱAK=(track*)))ȱANDȱLANGUAGE:ȱ(English)ȱANDȱLANGUAGE:ȱ(English)ȱRefinedȱ
by:ȱDOCUMENTȱTYPES:ȱ (ARTICLEȱORȱREVIEWȱORȱBOOKȱCHAPTERȱORȱPROCEEDȬ
INGSȱPAPER)ȱTimespan:ȱAllȱyears.ȱIndexes:ȱSCIȬEXPANDED,ȱSSCI,ȱA&HCI,ȱCPCIȬS,ȱCPCIȬ
SSH,ȱBKCIȬS,ȱBKCIȬSSH,ȱESCI,ȱCCRȬEXPANDED,ȱICȱ(itȱshouldȱbeȱnotedȱthatȱtheȱsearchȱ
acronyms’ȱmeaningsȱareȱasȱfollows:ȱAK—authors’ȱkeywords;ȱTS—topic;ȱTI—title;ȱAB—
abstract).ȱTheȱsearchȱofȱtheȱWoSȱdatabaseȱresultedȱinȱ473ȱrecordsȱ(checkedȱonȱ8ȱJanuaryȱ
2021).ȱTheȱmajorityȱofȱtheȱWoSȬindexedȱpublicationsȱwereȱalsoȱfoundȱonȱtheȱScopusȱdataȬ
base.ȱMoreover,ȱtheȱScopusȱdatabaseȱisȱcharacterizedȱbyȱaȱhigherȱnumberȱofȱuniqueȱjourȬ
nalsȱcomparedȱ toȱWoS,ȱasȱaȱresultȱofȱwhichȱ theȱ totalȱnumberȱofȱrecordsȱ inȱ theȱScopusȱ
databaseȱwasȱgreaterȱthanȱ inȱ theȱWoSȱdatabase.ȱAȱcomparisonȱofȱ theȱrecordsȱ foundȱ inȱ
bothȱdatabasesȱ isȱgivenȱ inȱFigureȱ8ȱ(pleaseȱnoteȱthatȱtheȱtypeȱofȱpublicationsȱknownȱ inȱ
ScopusȱasȱconferencesȱpapersȱareȱknownȱinȱWoSȱasȱproceedingȱpapers).ȱTakingȱallȱofȱtheȱ
aboveȱintoȱaccount,ȱtheȱScopusȱdatabaseȱwasȱselectedȱasȱtheȱmainȱsourceȱofȱbibliometricȱ
recordsȱforȱtheȱstudyȱpresentedȱinȱthisȱreviewȱpaper.ȱ

ȱ
Figureȱ8.ȱNumbersȱofȱpublicationsȱperȱdocumentȱtypeȱforȱtheȱScopusȱandȱWoSȱdatabases.ȱ

Theȱincreaseȱinȱtheȱnumberȱofȱpublicationsȱfromȱoneȱyearȱtoȱanotherȱisȱdifferentȱwhenȱ
theȱconceptȱofȱpublicationsȱisȱlimitedȱonlyȱtoȱthoseȱforȱwhichȱtheȱinternalȱkeywordȱ“conȬ
ditionȱmonitoring”ȱwasȱindicated.ȱThereȱisȱnoȱexponentialȱdependenceȱasȱseenȱinȱFigureȱ
3;ȱ instead,ȱ theȱ increaseȱ inȱ theȱnumberȱofȱpublicationsȱ isȱcharacterizedȱbyȱaȱpolynomialȱ
trend.ȱAȱtrendȱlineȱwasȱcomputedȱsinceȱ1995ȱ(Figureȱ9);ȱthisȱshowsȱthatȱresearchȱcontinuedȱ
onȱaȱregularȱbasis,ȱbutȱwasȱnotȱ“burdened”ȱwithȱtheȱinfluenceȱofȱtheȱinterestȱamongȱreȬ
searchersȱinȱcertainȱperiodȬspecificȱtermsȱorȱkeywords.ȱTheȱincreaseȱinȱtheȱnumberȱofȱdocȬ
umentsȱpublishedȱperȱyearȱbetweenȱ1995ȱandȱ2020ȱcanȱbeȱdeterminedȱbyȱaȱpolynomialȱ
equationȱwithȱaȱcoefficientȱofȱdeterminationȱequalȱtoȱR2ȱ=ȱ0.9147;ȱthisȱequationȱisȱnotedȱasȱ
Equationȱ(2).ȱ ȱ

݅ ൌ 0.1302 ൈ ଶݕ  519.86 ൈ ݕ  518956ȱ (2)ȱ
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Figureȱ9.ȱNumberȱofȱpublicationsȱ(i)ȱinȱtheȱresearchȱareaȱofȱtrackȱconditionȱmonitoringȱperȱyearȱ(y)ȱ
forȱtheȱinternalȱkeywordsȱ“conditionȱmonitoring”.ȱ

Currently,ȱtheȱparticularȱpublicationȱcouldȱbeȱassignedȱtoȱseveralȱsubjectȱareas,ȱwhichȱ
meansȱthatȱpublicationsȱassignedȱtoȱtheȱEngineeringȱsubjectȱareaȱcanȱbeȱassignedȱtoȱsevȬ
eralȱotherȱareasȱasȱwell.ȱThisȱ isȱbasedȱ lessȱonȱ theȱdecisionȱofȱaȱparticularȱpublication’sȱ
author(s),ȱbutȱmoreȱonȱanȱalgorithmȱofȱtheȱdatabase.ȱAsȱcanȱbeȱobserved,ȱinȱtheȱcaseȱofȱtheȱ
“conditionȱmonitoring”ȱ internalȱkeywords,ȱmostȱofȱ theȱpublicationsȱareȱ indexedȱ inȱtheȱ
Engineeringȱsubjectȱarea,ȱasȱisȱshownȱinȱFigureȱ10.ȱItȱshouldȱbeȱunderlined,ȱonceȱagain,ȱ
thatȱthisȱanalysisȱisȱlimitedȱonlyȱtoȱpublicationsȱforȱwhichȱoneȱofȱtheȱinternalȱkeywordsȱ
wasȱindicatedȱasȱ“conditionȱmonitoring”.ȱ

ȱ
Figureȱ10.ȱNumberȱofȱpublicationsȱ(i)ȱinȱtheȱresearchȱareaȱofȱrailwayȱtransportȱconditionȱmonitoringȱ
perȱparticularȱScopusȱresearchȱareaȱforȱtheȱinternalȱkeywordsȱ“conditionȱmonitoring”.ȱ

CooperationȱinȱpublicationȱandȱcitationȱofȱtheȱresearchersȱcitedȱinȱtheȱcaseȱofȱtheȱinȬ
ternalȱkeywordsȱ“conditionȱmonitoring”ȱisȱoneȱofȱtheȱmostȱimportantȱanalysesȱbyȱwhichȱ
toȱpresentȱtheȱlevelȱofȱresearcherȱproductivity.ȱInȱorderȱtoȱconductȱsuchȱanȱanalysis,ȱitȱwasȱ
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importantȱtoȱunifyȱdataȱimportedȱfromȱtheȱdatabase.ȱTheȱsetȱofȱdataȱconnectedȱtoȱtheȱpubȬ
lishedȱmanuscriptsȱwereȱnotȱgivenȱwithȱ theȱuniqueȱnamesȱorȱsurnamesȱofȱ theȱselectedȱ
researchers.ȱTherefore,ȱbeforeȱanalysis,ȱtheȱfollowingȱunificationsȱwereȱperformed:ȱeveryȱ
timeȱ“GoodallȱR.M.”ȱappearedȱinȱtheȱdataȱfileȱitȱwasȱchangedȱtoȱ“GoodallȱR.”;ȱ“Westonȱ
P.F.”ȱtoȱ“WestonȱP.”;ȱandȱ“GarcíaȱMárquezȱF.P.”ȱtoȱ“MárquezȱF.P.G.”,ȱetc.ȱAfterȱthisȱkindȱ
ofȱcorrection,ȱitȱwasȱpossibleȱtoȱobtainȱaȱnetworkȱofȱcooperationȱinȱpublicationȱandȱcitationȱ
ofȱresearchersȱcitedȱinȱtheȱcaseȱofȱtheȱinternalȱkeywordsȱ“conditionȱmonitoring”;ȱThisȱnetȬ
workȱisȱpresentedȱinȱFigureȱ11.ȱToȱobtainȱthisȱgraphȱitȱwasȱassumedȱthatȱtheȱminimumȱ
numberȱofȱdocumentsȱindexedȱinȱtheȱdatabaseȱperȱauthorȱinȱtheȱanalyzedȱperiodȱhadȱtoȱ
beȱequalȱtoȱfive.ȱTheȱminimumȱnumberȱofȱcitationsȱwasȱnotȱlimited.ȱ1268ȱauthorsȱwereȱ
analyzed,ȱandȱonlyȱ57ȱmetȱtheȱthresholdȱforȱnumberȱofȱpublishedȱdocumentsȱ(ifȱweȱsetȱ
thisȱthresholdȱtoȱaȱminimumȱofȱ4ȱdocuments,ȱtheȱnumberȱofȱauthorsȱmeetingȱexpectationsȱ
wouldȱbeȱ84;ȱforȱ3ȱdocuments,ȱitȱwouldȱbeȱ144ȱauthors;ȱandȱforȱ2ȱdocumentsȱitȱwouldȱbeȱ
304ȱauthors).ȱ

Forȱ theȱ totalȱnumberȱofȱ57ȱuniqueȱ researchers,ȱ theȱ totalȱstrengthȱofȱcoȬauthorshipȱ
linksȱwithȱotherȱauthorsȱwasȱcalculatedȱ(Tableȱ2;ȱincludingȱtheȱlistȱofȱtheȱresearchers’ȱpubȬ
lications).ȱTheȱresearchersȱwithȱtheȱhighestȱlinkȱstrengthȱwereȱselectedȱforȱgraphicalȱinterȬ
pretation,ȱtotalingȱ25ȱauthors.ȱ

ȱ
Figureȱ11.ȱCooperationȱinȱpublicationȱandȱcitationȱofȱtheȱresearchersȱcitedȱinȱtheȱcaseȱofȱtheȱinternalȱkeywordsȱ“conditionȱ
monitoring”.ȱSource:ȱOwnȱstudyȱappliedȱwithȱtheȱuseȱofȱtheȱVOSviewerȱsoftwareȱ(versionȱ1.6.15).ȱ

TheȱlargerȱtheȱdiameterȱofȱaȱcertainȱnodeȱasȱpresentedȱinȱFigureȱ11,ȱtheȱhigherȱtheȱ
strengthȱofȱcooperationȱwithȱotherȱresearchers.ȱAsȱcanȱbeȱobserved,ȱallȱofȱtheȱresearchersȱ
wereȱdividedȱintoȱsixȱgroupsȱ(sixȱclusters).ȱItȱcanȱbeȱnoticedȱthatȱtheȱgreatestȱproductivityȱ
wasȱ thatȱofȱRobertsȱC.ȱ (theȱdiameterȱofȱ theȱnodeȱassignedȱ toȱ thisȱresearcherȱshowsȱ theȱ
greatestȱproductivityȱinȱtermsȱofȱpublications),ȱwhoȱcanȱbeȱadditionallyȱdistinguishedȱbyȱ
havingȱtheȱhighestȱnumberȱofȱcoȬauthorshipȱpublicationsȱ(thisȱresearcherȱwasȱcoȬauthorȱ
inȱ34ȱpublicationsȱandȱ748ȱcitationsȱbyȱtheȱtimeȱofȱdataȱcollection).ȱLeadingȱpositionsȱinȱ
otherȱclustersȱareȱinȱtheȱcasesȱofȱPapaeliasȱM.ȱ(12ȱpublicationsȱwithȱ605ȱcitationsȱinȱtotal),ȱ
GoodallȱR.ȱ(15ȱpublicationsȱassociatedȱwithȱtheȱhighestȱnumberȱofȱcitationsȱinȱtotal,ȱi.e.,ȱ
814),ȱBruniȱS.ȱ(15ȱpublicationsȱwithȱ284ȱcitationsȱinȱtotal),ȱTsunashimaȱH.ȱ(13ȱpublicationsȱ
withȱ274ȱcitationsȱinȱtotal),ȱandȱMatsumotoȱA.ȱ(9ȱpublicationsȱwithȱ48ȱcitationsȱinȱtotal).ȱ

Tableȱ2.ȱCooperationȱinȱpublicationȱandȱcitationȱofȱtheȱresearchersȱcitedȱinȱtheȱcaseȱofȱtheȱinternalȱkeywordsȱ“conditionȱ
monitoring”,ȱobtainedȱusingȱVOSviewerȱsoftwareȱ(versionȱ1.6.15).ȱ

Authorȱ
Numberȱofȱ
Documentsȱ
Publishedȱ

Numberȱofȱ
Citationsȱ ȱ
Obtainedȱ

TotalȱLinkȱStrengthȱ
Computedȱinȱtheȱ
VOSviewerȱ ȱ
Softwareȱ

ListȱofȱDocumentsȱPublishedȱbyȱaȱResearcherȱinȱaȱ
ParticularȱYearȱ

AkinȱE.ȱ 8ȱ 119ȱ 14ȱ
2018:ȱ[65–67],ȱ2017:ȱ[68,69]),ȱ2016:ȱ[70],ȱ2014:ȱ[71],ȱ

2013:ȱ[72]ȱ
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AlfiȱS.ȱ 11ȱ 67ȱ 11ȱ 2019:ȱ[73,74],ȱ2017:ȱ[75],ȱ2016:ȱ[30,76,77],ȱ2014:ȱ[78],ȱ
2012:ȱ[79,80],ȱ2011:ȱ[81],ȱ2008:ȱ[82]ȱ

AnyakwoȱA.ȱ 5ȱ 22ȱ 13ȱ 2013:ȱ[83],ȱ2012:ȱ[84,85],ȱ2011:ȱ[86–88]ȱ
AsanoȱA.ȱ 4ȱ 7ȱ 11ȱ 2016:ȱ[89,90],ȱ2014:ȱ[91,92]ȱ

AsplundȱM.ȱ 5ȱ 35ȱ 8ȱ 2016:ȱ[93–95],ȱ2014:ȱ[34,96]ȱ
AydinȱI.ȱ 5ȱ 97ȱ 10ȱ 2018:ȱ[66],ȱ2017:ȱ[68],ȱ2016:ȱ[97],ȱ2014:ȱ[71],ȱ2013:ȱ[72]ȱ

BallȱA.ȱ 8ȱ 119ȱ 15ȱ
2017:ȱ[98],ȱ2015:ȱ[99],ȱ2013:ȱ[83],ȱ2012:ȱ[6,84,85,100],ȱ

2011:ȱ[86–88]ȱ

BruniȱS.ȱ 15ȱ 284ȱ 14ȱ
2020:ȱ[101],ȱ2019:ȱ[73,74],ȱ2017:ȱ[75],ȱ2016:ȱ

[30,76,77,102],ȱ2014:ȱ[78],ȱ2012:ȱ[79,80],ȱ2011:ȱ[81],ȱ2008:ȱ
[82],ȱ2007:ȱ[26],ȱ2006:ȱ[103]ȱ

CapolinoȱG.ȬA.ȱ 6ȱ 138ȱ 5ȱ 2017:ȱ[104],ȱ2011:ȱ[105],ȱ2009:ȱ[106,107],ȱ2008:ȱ[108,109]ȱ
ColeȱC.ȱ 5ȱ 20ȱ 0ȱ 2019:ȱ[47],ȱ2018:ȱ[110–112],ȱ2009:ȱ[113]ȱ

DixonȱR.ȱ 9ȱ 156ȱ 17ȱ
2019:ȱ[48,114],ȱ2013:ȱ[115],ȱ2012:ȱ[116,117],ȱ2011:ȱ[19],ȱ

2010:ȱ[118,119],ȱ2008:ȱ[33]ȱ

DollevoetȱR.ȱ 11ȱ 95ȱ 15ȱ 2019:ȱ[120],ȱ2018:ȱ[121,122],ȱ2017:ȱ[123,124],ȱ2016:ȱ[125],ȱ
2015:ȱ[126–128],ȱ2014:ȱ[129],ȱ2008:ȱ[130]ȱ

FirlikȱB.ȱ 6ȱ 19ȱ 0ȱ 2020:ȱ[131],ȱ2012:ȱ[132–136]ȱ

GalarȱD.ȱ 6ȱ 91ȱ 5ȱ
2016:ȱ[137],ȱ2015:ȱ[138,139],ȱ2014:ȱ[34],ȱ2013:ȱ[140],ȱ

2012:ȱ[141]ȱ
GaoȱM.ȱ 5ȱ 40ȱ 11ȱ 2020:ȱ[142],ȱ2019:ȱ[143],ȱ2018:ȱ[144,145],ȱ2017:ȱ[146]ȱ

GoebelȱK.ȱ 5ȱ 134ȱ 10ȱ
Lallȱetȱal.ȱ(2012a)ȱ[147],ȱLallȱetȱal.ȱ(2012b)ȱ[148],ȱLallȱetȱ
al.ȱ(2011a)ȱ[149],ȱLallȱetȱal.ȱ(2011b)ȱ[150],ȱLallȱetȱal.ȱ

(2010)ȱ[151]ȱ

GoodallȱR.ȱ 15ȱ 814ȱ 36ȱ
2013:ȱ[115],ȱ2012:ȱ[116],ȱ2011:ȱ[19,117],ȱ2010:ȱ[118,119],ȱ
2009:ȱ[152],ȱ2008:ȱ[33],ȱ2007ȱ[25,153–155],ȱ2006:ȱ[2,156],ȱ

2004:ȱ[157]ȱ
GoodmanȱC.J.ȱ 5ȱ 202ȱ 16ȱ 2009:ȱ[158],ȱ2007:ȱ[153–155],ȱ2006:ȱ[159]ȱ

GuȱF.ȱ 6ȱ 74ȱ 11ȱ 2017:ȱ[98],ȱ2012:ȱ[6,85,100],ȱ2011:ȱ[86,88]ȱ
HenaoȱH.ȱ 5ȱ 122ȱ 5ȱ 2011:ȱ[105],ȱ2009:ȱ[106,107],ȱ2008:ȱ[108,109]ȱ
HoȱS.L.ȱ 5ȱ 64ȱ 0ȱ 2012:ȱ[37],ȱ2008:ȱ[160,161],ȱ2006:ȱ[162,163]ȱ
HuangȱZ.ȱ 5ȱ 22ȱ 6ȱ 2017:ȱ[164,165],ȱ2016:ȱ[166,167],ȱ2014:ȱ[168]ȱ
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Researchȱonȱconditionȱmonitoringȱisȱconductedȱallȱoverȱtheȱworld;ȱhowever,ȱseveralȱ
countriesȱareȱcharacterizedȱwithȱleadingȱroles.ȱTheȱresearchȱconductedȱinȱtheȱUnitedȱKingȬ
domȱisȱcharacterizedȱbyȱtheȱmostȱoutstandingȱnumberȱofȱpublicationsȱandȱcitations,ȱasȱisȱ
mentionedȱinȱTableȱ3ȱ(moreover,ȱasȱcanȱbeȱobservedȱinȱFigureȱ12,ȱtheȱUKȱisȱcharacterizedȱ
byȱtheȱhighestȱstrengthȱofȱinterests,ȱasȱillustratedȱbyȱitsȱhavingȱtheȱhighestȱdiameterȱcircle).ȱ
ThisȱisȱnotȱsurprisingȱgivenȱtheȱfactȱtheȱUKȱisȱtheȱcountryȱofȱoriginȱofȱrailȱtransport.ȱTheȱ
nextȱcountries,ȱasȱsortedȱbyȱtheȱnumberȱofȱpublications,ȱareȱChina,ȱJapan,ȱItaly,ȱtheȱUSA,ȱ
theȱNetherlands,ȱSweden,ȱandȱSpain—or,ȱsortedȱbyȱtheȱnumberȱofȱcitations:ȱItaly,ȱSpain,ȱ
theȱUSA,ȱChina,ȱJapan,ȱandȱSwedenȱ(theȱNetherlands,ȱinȱthisȱcase,ȱisȱplacedȱafterȱseveralȱ
otherȱcountries).ȱOneȱcanȱfindȱtheȱreasonsȱforȱsuchȱanȱoccurrence:ȱInȱmostȱofȱtheseȱcounȬ
tries,ȱ highȬspeedȱ trainȱ systemsȱ areȱ developed,ȱwhoseȱ conditionȱmonitoringȱmustȱ beȱ
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treatedȱwithȱtheȱhighestȱ interest,ȱforȱsafetyȱreasons.ȱItȱwouldȱbeȱ interestingȱtoȱcompareȱ
theseȱdataȱwithȱtheȱresearchers’ȱaffiliationsȱasȱwell;ȱhowever,ȱaffiliationsȱareȱnotȱanalyzedȱ
inȱthisȱpaper.ȱTheȱreasonȱforȱthisȱisȱthat,ȱaccordingȱtoȱVOSviewer’sȱcreators,ȱtheȱScopusȱ
databaseȱinformationȱonȱorganizationsȱmayȱnotȱhaveȱbeenȱharmonized—thatȱis,ȱorganiȬ
zationsȱmayȱnotȱhaveȱaȱconsistentȱformat.ȱ

ȱ
Figureȱ12.ȱCountries’ȱspecificȱcooperationȱinȱtheȱresearchȱonȱ“conditionȱmonitoring”.ȱSource:ȱOwnȱstudyȱappliedȱusingȱ
VOSviewerȱsoftwareȱ(versionȱ1.6.15).ȱ

Tableȱ3.ȱCountries’ȱspecificȱcooperationȱinȱtheȱresearchȱonȱ“conditionȱmonitoring”,ȱobtainedȱusingȱVOSviewerȱsoftwareȱ
(versionȱ1.6.15).ȱ

Countryȱ
Numberȱofȱ
Documentsȱ
Publishedȱ

Numberȱofȱ
Citationsȱ ȱ
Obtainedȱ

TotalȱLinkȱ
Strengthȱ ȱ

Computedȱinȱtheȱ
VOSviewerȱ
Softwareȱ

Countryȱ
Numberȱofȱ
Documentsȱ
Publishedȱ

Numberȱofȱ
Citationsȱ ȱ
Obtainedȱ

TotalȱLinkȱ
Strengthȱ ȱ

Computedȱinȱtheȱ
VOSviewerȱ
Softwareȱ

Unitedȱ
Kingdomȱ

164ȱ 2776ȱ 54ȱ Finlandȱ 4ȱ 257ȱ 0ȱ

Chinaȱ 71ȱ 447ȱ 35ȱ Norwayȱ 4ȱ 13ȱ 2ȱ
Japanȱ 45ȱ 387ȱ 8ȱ Portugalȱ 4ȱ 53ȱ 7ȱ
Italyȱ 42ȱ 981ȱ 15ȱ SouthȱKoreaȱ 4ȱ 199ȱ 0ȱ
Unitedȱ
Statesȱ

41ȱ 755ȱ 10ȱ Irelandȱ 3ȱ 10ȱ 5ȱ

Netherlandsȱ 33ȱ 171ȱ 11ȱ Latviaȱ 3ȱ 15ȱ 5ȱ
Swedenȱ 32ȱ 258ȱ 11ȱ Switzerlandȱ 3ȱ 6ȱ 5ȱ
Spainȱ 25ȱ 938ȱ 20ȱ Greeceȱ 2ȱ 1ȱ 0ȱ
Indiaȱ 22ȱ 97ȱ 6ȱ Hungaryȱ 2ȱ 1ȱ 0ȱ
Polandȱ 20ȱ 151ȱ 0ȱ Iranȱ 2ȱ 14ȱ 0ȱ
Australiaȱ 19ȱ 225ȱ 11ȱ Mexicoȱ 2ȱ 16ȱ 1ȱ
Franceȱ 18ȱ 192ȱ 8ȱ Romaniaȱ 2ȱ 0ȱ 0ȱ
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Turkeyȱ 14ȱ 141ȱ 2ȱ Tunisiaȱ 2ȱ 18ȱ 2ȱ

HongȱKongȱ 13ȱ 153ȱ 7ȱ
UnitedȱArabȱ
Emiratesȱ

2ȱ 2ȱ 0ȱ

Germanyȱ 12ȱ 22ȱ 0ȱ Indonesiaȱ 1ȱ 2ȱ 1ȱ
Canadaȱ 8ȱ 4ȱ 4ȱ Malaysiaȱ 1ȱ 1ȱ 1ȱ
CzechȱReȬ
publicȱ

7ȱ 43ȱ 2ȱ Myanmarȱ 1ȱ 0ȱ 1ȱ

Russianȱ
Federationȱ

7ȱ 58ȱ 3ȱ Nigeriaȱ 1ȱ 3ȱ 0ȱ

Singaporeȱ 7ȱ 21ȱ 0ȱ Qatarȱ 1ȱ 1ȱ 3ȱ

Austriaȱ 6ȱ 8ȱ 0ȱ SaudiȱAraȬ
biaȱ 1ȱ 1ȱ 1ȱ

Denmarkȱ 6ȱ 20ȱ 2ȱ Serbiaȱ 1ȱ 2ȱ 1ȱ
SouthȱAfricaȱ 5ȱ 146ȱ 2ȱ Taiwanȱ 1ȱ 1ȱ 0ȱ
Belgiumȱ 4ȱ 64ȱ 6ȱ Ugandaȱ 1ȱ 1ȱ 0ȱ

4.ȱSystematicȱLiteratureȱReviewȱ
Keywordsȱ areȱ primarilyȱ theȱ languageȱ constructsȱ thatȱ linkȱ variousȱ publications.ȱ

Therefore,ȱspecialȱattentionȱisȱgivenȱtoȱthemȱinȱthisȱreviewȱpaper.ȱAllȱofȱtheȱkeywordsȱforȱ
613ȱ analyzedȱ publicationsȱwereȱ groupedȱ aroundȱ theȱ phraseȱ “conditionȱmonitoring”.ȱ
Thereȱwereȱ323ȱindividualȱkeywordsȱreportedȱinȱtotal.ȱOneȱshouldȱbearȱinȱmindȱthatȱsomeȱ
ofȱtheseȱareȱpluralȱandȱsingularȱformsȱofȱtheȱsameȱwordȱ(e.g.,ȱ“accelerometer”ȱandȱ“accelȬ
erometers”),ȱwhichȱwereȱnotȱunified,ȱasȱcanȱbeȱobservedȱinȱFigureȱ13.ȱFromȱtheȱviewpointȱ
ofȱthisȱreviewȱpaper,ȱdevelopedȱespeciallyȱforȱaȱSpecialȱIssueȱofȱtheȱjournal,ȱselectedȱkeyȬ
wordsȱwereȱchosen.ȱAllȱindividualȱkeywordsȱwereȱcomparedȱwithȱtheȱlistȱofȱSpecialȱIssueȱ
keywordsȱandȱtheȱjournal’sȱaimsȱandȱscope,ȱaccordingȱtoȱtheȱbestȱofȱourȱknowledge.ȱKeyȬ
wordsȱdirectlyȱconnectedȱtoȱinfrastructureȱandȱvehicles,ȱasȱwellȱasȱvariousȱtechniquesȱandȱ
methods,ȱwereȱexcludedȱ fromȱ theȱgraphicalȱanalysis.ȱWeȱdecidedȱ toȱconsiderȱonlyȱ theȱ
keywordsȱconnectedȱtoȱtheȱSpecialȱIssueȱofȱSensors.ȱTheȱlistȱofȱselectedȱkeywordsȱisȱgivenȱ
inȱTableȱ4;ȱitȱwasȱdividedȱintoȱthreeȱseparateȱparts:ȱTheȱfirstȱpartȱisȱconnectedȱtoȱvariousȱ
typesȱofȱsensorsȱusedȱ inȱdifferentȱsolutionsȱappliedȱ toȱconditionȱmonitoringȱ inȱrailwayȱ
transport.ȱTheȱsecondȱpartȱpresentsȱpublicationsȱconnectedȱtoȱwirelessȱandȱonlineȱcomȬ
munication,ȱwhichȱ leadsȱdirectlyȱ toȱtheȱ thirdȱpart,ȱwhichȱ focusesȱonȱcurrentȱaspectsȱofȱ
Industryȱ4.0ȱappliedȱtoȱconditionȱmonitoringȱ inȱrailwayȱtransport.ȱAnytimeȱaȱkeywordȱ
givenȱinȱTableȱ4ȱisȱmentioned,ȱitȱisȱhenceforthȱnotedȱinȱboldȱinȱthisȱpaper.ȱ ȱ

Itȱ isȱworthȱmentioning,ȱdespiteȱperhapsȱseemingȱobvious,ȱ thatȱdifferentȱkeywordsȱ
characterizeȱaȱgivenȱpublication.ȱTherefore,ȱ itȱ isȱnotȱpossibleȱ toȱgroupȱallȱpublicationsȱ
characterizedȱbyȱidenticalȱkeywordsȱinȱtheȱtextȱwithin—forȱexample—aȱsingleȱparagraph;ȱ
thisȱisȱtheȱpurposeȱofȱTableȱ4.ȱItȱisȱthereforeȱpossibleȱthatȱaȱpublicationȱpresentedȱinȱaȱgivenȱ
fragmentȱofȱtheȱcurrentȱsectionȱconcernsȱaȱdifferentȱgroupȱofȱkeywords.ȱInȱtheȱcontentȱofȱ
thisȱsection,ȱaȱgivenȱpublicationȱisȱdescribedȱonce,ȱandȱanyȱreinstatedȱreferencingȱisȱrare;ȱ
therefore,ȱwithinȱtheȱscopeȱofȱthisȱdescription,ȱmoreȱthanȱoneȱkeywordȱmayȱoccurȱinȱtheȱ
immediateȱvicinity,ȱwhichȱweȱhopeȱshouldȱbeȱaȱconvenienceȱforȱtheȱreader.ȱItȱshouldȱalsoȱ
beȱnotedȱthatȱsomeȱpartsȱofȱtheȱpaperȱtreatȱrailȱvehicles’ȱandȱrailȱtracks’ȱconditionȱmoniȬ
toringȱseparately,ȱwhereasȱothersȱdoȱtheȱopposite.ȱWeȱhopeȱthatȱthisȱdoesȱnotȱcauseȱundueȱ
interference.ȱMoreover,ȱweȱ triedȱ toȱdescribeȱ theȱpresentedȱresearchȱbyȱmaintainingȱ theȱ
chronologicalȱsequenceȱ(naturally,ȱwithȱminorȱdeviations).ȱ
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Figureȱ13.ȱCompleteȱsetȱofȱkeywordsȱsignificantȱtoȱtheȱresearchȱgatheredȱaroundȱtheȱinternalȱkeywordsȱ“conditionȱmoniȬ
toring”.ȱSource:ȱOwnȱstudyȱappliedȱusingȱVOSviewerȱsoftwareȱ(versionȱ1.6.15).ȱ

4.1.ȱAnalysisȱofȱVariousȱTypesȱofȱSensorsȱUsedȱinȱDifferentȱSolutionsȱConnectedȱtoȱConditionȱ
MonitoringȱinȱRailwayȱTransportȱ

Asȱmentionedȱatȱtheȱendȱofȱtheȱpreviousȱsection,ȱweȱinitiallyȱpresentȱanȱanalysisȱofȱ
selectedȱpapersȱ connectedȱ toȱvariousȱ typesȱofȱ sensorsȱusedȱ inȱdifferentȱ solutionsȱ conȬ
nectedȱ toȱconditionȱmonitoringȱ inȱrailwayȱ transportȱTheȱ listȱofȱ reviewȱpapers’ȱspecificȱ
keywordsȱstartsȱwithȱ“accelerationȱsensors”ȱandȱ“accelerometers”.ȱTheseȱkeywordsȱwereȱ
ascribedȱbyȱtheȱauthorsȱinȱbothȱsingularȱandȱpluralȱform.ȱ ȱ

InȱLiuȱetȱal.ȱ[198],ȱtwoȱmeasuringȱsystems,ȱnamely,ȱElectronicȱSystemȱAnalysisȱFrog—
Mobile,ȱandȱaȱvideoȱgauge,ȱwereȱusedȱforȱtheȱconditionȱmonitoringȱofȱrailwayȱturnouts.ȱ
Theȱauthorsȱanalyzedȱdataȱmeasuredȱwithȱaȱ3DȱaccelerationȱsensorȱmountedȱonȱtheȱcrossȬ
ingȱnoseȱ inȱorderȱ toȱobtainȱdataȱonȱ theȱ threeȬdimensionalȱdynamicȱaccelerationȱofȱ theȱ
crossingȱnoseȱandȱtheȱverticalȱdisplacementȱofȱtheȱsleeper.ȱTheȱauthorsȱanalyzedȱrecordȬ
ingsȱfromȱcamerasȱ(installedȱoutsideȱtheȱtrack)ȱtoȱdetectȱtheȱmovementsȱofȱtheȱtargetsȱsetȱ
onȱtheȱrailȱ(orȱsleeper)ȱbyȱanalyzingȱtheȱrecordedȱvideos.ȱDuringȱaȱtestȱinȱtheȱNetherlands,ȱ
theȱresearchersȱobservedȱthatȱtheȱverticalȱaccelerationȱofȱaȱrailwayȱcrossingȱwasȱdramatiȬ
callyȱreducedȱafterȱtampingȱand,ȱsimultaneously,ȱtheȱfrequencyȱcompositionȱofȱtheȱdyȬ
namicȱresponsesȱalsoȱchanged.ȱSeveralȱyearsȱlater,ȱtheȱauthorsȱLiuȱandȱMarkineȱ[193]ȱinȬ
vestigatedȱrailwayȱcrossingȱdegradation.ȱTheȱauthorsȱassessedȱrailwayȱcrossingsȱwithȱtheȱ
useȱofȱsensorȬbasedȱcrossingȱinstrumentation,ȱandȱverifiedȱobtainedȱmeasurementsȱwithȱ
theȱuseȱofȱ theȱmultibodyȱvehicle–crossingȱmodel.ȱTheȱauthors’ȱresultsȱshowedȱ thatȱtheȱ
huntingȱmotionȱ(activatedȱbyȱtheȱtrackȱgeometryȱmisalignmentȱcoupledȱwithȱnonȬrectiȬ
linearityȱinȱfrontȱofȱtheȱcrossing)ȱofȱtheȱhighȱwheel–railȱimpactȱforcesȱduringȱtrains’ȱpassȬ
ingȱcausedȱprogressiveȱcrossingȱdegradation.ȱAdjacentȱtrackȱstructuresȱwereȱanotherȱreaȬ
sonȱforȱcrossingȱdegradation,ȱaccordingȱtoȱtheȱauthors’ȱresults.ȱ

AccelerationȱsensorsȱwereȱalsoȱappliedȱbyȱKänsäläȱetȱal.ȱ[268].ȱTheȱauthorsȱfocusedȱ
onȱ theȱmonitoringȱ ofȱ railȱ trackȱ conditionȱ inȱ Finlandȱ withȱ useȱ ofȱ sensorȱ technologyȱ
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employingȱwirelessȱthreeȬdimensionalȱaccelerationȱ(asȱcanȱbeȱobserved,ȱvariousȱresearchȱ
teamsȱuseȱsimilarȱkeywords;ȱhowever,ȱwithȱtheȱdifferentȱdescription,ȱasȱforȱtheȱpreviouslyȱ
mentionedȱpaper,ȱ itȱwasȱ“3Dȱaccelerationȱsensor”).ȱTheȱsystemȱwasȱ installedȱonboard.ȱ
Anomaliesȱduringȱridesȱwereȱcomparedȱtoȱknown,ȱpreviouslyȱmeasuredȱparameters,ȱforȱ
exampleȱonȱbridgesȱandȱswitches.ȱTheȱauthorsȱappliedȱmapȬmatchingȱandȱBayesianȱfilterȬ
ing,ȱwithȱtheȱaimȱofȱimprovingȱtheȱglobalȱpositioningȱsystemȱ(GPS)ȱlocationȱaccuracyȱofȱ
theȱmeasuredȱandȱcollectedȱdata.ȱTheȱauthorsȱclaimedȱ thatȱmeasurementsȱcollectedȱbyȱ
sensorsȱattachedȱtoȱrollingȱstockȱsupportȱstrategicȱandȱoperativeȱmaintenanceȱplanning.ȱ

Theȱ nextȱ keywordȱ connectedȱ toȱ thisȱ subsection,ȱ namelyȱ “accelerometer(s)”,ȱwasȱ
foundȱinȱtheȱcaseȱofȱtheȱfollowingȱpublications.ȱ ȱ

TheȱsystemȱdescribedȱinȱDanneskioldȬSamsøeȱandȱRamkowȬPedersenȱ[269]ȱconsistedȱ
ofȱanȱarrayȱofȱaccelerometersȱ thatȱwereȱappliedȱ inȱorderȱ toȱmeasureȱ theȱwheelȱprofileȱ
wear.ȱAdditionally,ȱthisȱwasȱmeasuredȱwithȱlaserȱscannersȱandȱcamerasȱaȱmanufacturerȱ
otherȱthanȱthatȱofȱtheȱsystemȱofȱaccelerometers.ȱSuchȱaȱcombinationȱofȱdevicesȱensuredȱ
diagnosisȱofȱdefectsȱofȱvariousȱtypes,ȱsuchȱasȱwheelȱflats,ȱoutȬofȬroundȱwheels,ȱandȱcorruȬ
gatedȱwheels.ȱ

InȱWestonȱetȱal.ȱ[156],ȱtheȱauthorsȱobservedȱselectedȱfeaturesȱinȱtheȱbogieȱandȱaxleȱ
boxȱobtainedȱusingȱrobustȱsensors.ȱSensorsȱsuchȱasȱaccelerometersȱandȱrateȱgyroscopesȱ
wereȱmountedȱonȱtheȱinȬserviceȱvehicle’sȱbogieȱandȱaxleȱboxes.ȱTheȱauthorsȱclaimedȱinȬ
completenessȱofȱtheȱtrackȱgeometryȱinformationȱobtainedȱviaȱtheseȱsensors.ȱInȱWestonȱetȱ
al.ȱ[156],ȱtheȱauthorsȱappliedȱaȱpitchȬrateȱgyroscopeȱmountedȱofȱaȱbogieȱinȱorderȱtoȱobserveȱ
meanȱverticalȱtrackȱgeometry,ȱasȱwellȱasȱaȱbogieȬmountedȱyawȬrateȱgyroscopeȱtoȱobserveȱ
meanȱlateralȱalignmentȱandȱwavelengthȱtrackȱcurvature.ȱTheȱauthorsȱdescribedȱtheȱresultsȱ
ofȱmeasurementsȱcarriedȱoutȱonȱtwoȱseparateȱrailwayȱvehiclesȱasȱaȱmeansȱofȱresearchȱvalȬ
idation.ȱAsideȱfromȱmeanȱverticalȱandȱlateralȱalignmentȱirregularities,ȱtheȱmeasurementsȱ
wereȱalsoȱconnectedȱtoȱcrossȬlevelȱandȱtwistȱfaults.ȱTheȱauthorsȱofȱWestonȱetȱal.ȱ[153]ȱmenȬ
tionedȱthatȱtheȱopticalȱsensorsȱthatȱwereȱusedȱinȱrailȱtrackȱconditionȱmonitoringȱsystemsȱ
inȱtheȱyearsȱofȱtheȱauthors’ȱresearchȱwereȱaȱchallengingȱpartȱofȱtheȱsystems,ȱsinceȱtheseȱ
kindsȱofȱequipmentȱneedȱfrequentȱcleaning.ȱTheȱauthorsȱalsoȱaddedȱthatȱaȱsimplerȱandȱ
moreȱcostȬeffectiveȱalternativeȱcouldȱbeȱusingȱaȱsmallȱnumberȱofȱaccelerometersȱandȱrateȱ
gyroscopes.ȱTheȱ resultsȱofȱ theirȱ researchȱprovedȱ thatȱaccelerometersȱandȱdisplacementȱ
transducersȱcanȱprovideȱmoreȱaccurateȱresults.ȱAtȱtheȱsameȱtime,ȱaȱpitchȬrateȱgyroscopeȱ
methodȱwasȱacclaimedȱasȱprovidingȱresultsȱoverȱaȱwiderȱspeedȱrange,ȱandȱtheȱuseȱofȱgyȬ
roscopesȱwasȱalsoȱsupposedȱtoȱbeȱaȱsimplerȱandȱmoreȱrobustȱarrangement.ȱVerticalȱtrackȱ
irregularitiesȱwereȱconsideredȱinȱWestonȱetȱal.ȱ[153],ȱwhereasȱlateralȱonesȱwereȱpresentedȱ
inȱWestonȱetȱal.ȱ [154].ȱ Inȱ theȱ latterȱpaper,ȱ theȱauthorsȱpresentedȱmeasurementsȱ (lateralȱ
accelerationȱorȱyawȱrate)ȱwithȱsensorsȱmountedȱonȱaȱbogieȱforȱestimationȱofȱtheȱmeanȱtrackȱ
alignment,ȱwithȱnoȱapplicationȱofȱopticalȱorȱcontactȱsensors.ȱTheȱresultsȱshowedȱ thatȱaȱ
bogieȬmountedȱ yawȬrateȱ gyroscopeȱ canȱ provideȱ measurementsȱ sufficientȱ toȱ specifyȱ
maintenanceȱoperationsȱ laterally;ȱ therefore,ȱaȱ sensingȱaccelerometerȱ isȱnotȱ requiredȱ toȱ
monitorȱtheȱlateralȱmotionȱofȱaȱbogieȱinȱresponseȱtoȱtrackȱalignmentȱ(however,ȱtheȱauthorsȱ
claimedȱthisȱwasȱnotȱstraightforward).ȱ

InȱLeeȱetȱal.ȱ[270],ȱaccelerometersȱwereȱfittedȱonȱhighȬspeedȱtrains’ȱaxleȱboxesȱandȱ
bogies.ȱMeasurementsȱofȱaccelerationȱinȱbothȱtheȱlateralȱandȱverticalȱdirectionsȱwereȱcomȬ
paredȱ toȱaȱcommercialȱtrackȱgeometryȱmeasurementȱsystem,ȱwhichȱenabledȱauthorsȱ toȱ
obtainȱtheȱfollowingȱconclusion:ȱTheȱmeasurementsȱobtainedȱfromȱbogieȬmountedȱaccelȬ
erometersȱprovidedȱmoreȱreliableȱresultsȱthanȱmeasurementsȱfromȱtheȱaxleȬboxȬmountedȱ
accelerometersȱ inȱ theȱwavebandȱ fromȱ70ȱ toȱ150ȱm.ȱThisȱwasȱunexpected,ȱasȱtheȱauthorȱ
mentioned,ȱbecauseȱaxleȱboxesȱfollowȱtracks’ȱirregularitiesȱmoreȱcloselyȱthanȱaȱbogieȱasȱaȱ
generalȱ rule.ȱThisȱ researchȱwasȱannouncedȱ inȱLeeȱetȱal.ȱ [271],ȱwhereȱaȱ trackȱgeometryȱ
measurementȱsystemȱequippedȱwithȱaȱlaser,ȱaȱcamera,ȱandȱaccelerometersȱwasȱalsoȱusedȱ
toȱobtainȱcommensurateȱmeasurementsȱforȱhighȬspeedȱtrains.ȱ

TheȱauthorsȱofȱChellaswamyȱetȱal.ȱ[272]ȱinvestigatedȱfuzzyȱlogicȱforȱtheȱestimationȱofȱ
potentialȱirregularitiesȱinȱtheȱrailwayȱtrackȱduringȱtrainȱoperation.ȱTheȱauthorsȱelaboratedȱ
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aȱfuzzyȱtrackȱmonitoringȱsystem,ȱwhoseȱessentialȱpartsȱwereȱvibrationȱsensorsȱmountedȱ
onȱanȱaxleȱboxȱandȱaȱcarȱbogie,ȱforȱmeasuringȱaccelerationȱinȱbothȱtheȱlateralȱandȱverticalȱ
directions.ȱTheȱsystemȱwasȱequippedȱtoȱautomaticallyȱtrackȱtheȱlocationȱofȱvibrationsȱandȱ
sendȱtheȱinformationȱtoȱtheȱcentralȱoffice;ȱwhenȱtheȱGSMȱsignalȱwasȱinaccessible,ȱtheȱfuzzyȱ
trackȱmonitoringȱsystemȱautomaticallyȱstoredȱtheȱcoordinates.ȱTheȱauthorsȱconcludedȱthatȱ
forȱverticalȱtrackȱirregularity,ȱanȱaccelerometerȱplacedȱonȱaȱbogieȱgivesȱbetterȱresultsȱthanȱ
oneȱonȱanȱaxleȱboxȱinȱaȱspeedȱrangeȱfromȱ51ȱtoȱ100ȱkm/h.ȱTherefore,ȱtheirȱresultsȱwereȱ
consistentȱwithȱLeeȱetȱal.ȱ[270].ȱChellaswamyȱetȱal.ȱ[273]ȱdescribedȱaȱsystem—namely,ȱanȱ
intelligentȱtrackȱmonitoringȱsystem—thatȱcanȱbeȱadoptedȱtoȱeliminateȱtheȱtrackȱirregularȬ
ities.ȱTheȱauthorsȱdevelopedȱMEMSȱtechnologyȱandȱplacedȱsensorsȱonȱbothȱanȱaxleȱboxȱ
andȱaȱbogie—theȱmeasurementsȱwereȱobtainedȱinȱbothȱtheȱverticalȱandȱlateralȱdirections.ȱ
Aȱglobalȱpositioningȱsystemȱ(GPS)ȱwasȱappliedȱtoȱdetermineȱtheȱlocationȱwithinȱtheȱsysȬ
tem;ȱhowever,ȱifȱtheȱsignalȱwasȱmissingȱthenȱanȱintelligentȱtrackȱmonitoringȱsystemȱautoȬ
maticallyȱstoredȱtheȱcoordinates.ȱSimilarlyȱtoȱChellaswamyȱetȱal.ȱ[272],ȱtheȱauthorsȱstatedȱ
thatȱaȱverticalȱ trackȱ irregularityȱMEMSȱmountedȱonȱaȱbogieȱgaveȱbetterȱ resultsȱ thanȱaȱ
MEMSȱmountedȱonȱanȱaxleȱboxȱforȱaȱspeedȱrangeȱfromȱ51ȱtoȱ100ȱkm.ȱ

InȱBagshaweȱ[274],ȱtheȱauthorȱcomparedȱservoȱaccelerometersȱwithȱtheȱacceleromeȬ
tersȱusedȱinȱMEMSsȱforȱtrackȱconditionȱmonitoring,ȱwithȱaȱbogieȬmountedȱ installation.ȱ
Theȱauthorȱselectedȱaȱverticalȱprofileȱasȱ theȱsubjectȱofȱaȱcomparativeȱ trialȱbetweenȱ theȱ
alternatives.ȱAccordingȱtoȱtheȱpresentedȱresults,ȱtheȱMEMSȱaccelerometerȱofferedȱcompaȬ
rableȱperformanceȱatȱspeedsȱaboveȱ50ȱmphȱ(80.47ȱkm/h),ȱandȱitȱwasȱespeciallyȱaȱmatterȱofȱ
interestȱ thatȱsolutionsȱwithȱ theȱuseȱofȱMEMSsȱareȱ typicallyȱ lessȱexpensive;ȱgyroscopesȱ
wereȱalsoȱincludedȱinȱtheȱsystem.ȱ

Verticalȱandȱlateralȱaccelerationȱ(withȱuseȱofȱthreeȱaccelerometerȱsignals)ȱofȱtheȱaxleȱ
box,ȱbogie,ȱandȱcarȱbodyȱwereȱalsoȱtheȱsourcesȱofȱmeasurementsȱinȱQinȱetȱal.ȱ[275];ȱasȱinȱ
theȱcaseȱofȱseveralȱaforementionedȱresearchȱelaborations,ȱthisȱpaperȱfocusedȱonȱtheȱdesignȱ
ofȱanȱonboardȱdeviceȱ forȱ trackȱ faultȱdiagnosisȱandȱrailȱ irregularityȱdataȱcollection.ȱTheȱ
authorsȱproposedȱaȱsystemȱforȱtheȱcalculationȱofȱtrackȱfaultȱprobabilities.ȱ ȱ

InȱYeoȱetȱal.ȱ[242],ȱtheȱconditionȱofȱtheȱtrackȱgeometryȱwasȱassessedȱwithȱtheȱuseȱofȱaȱ
systemȱthatȱconsistedȱofȱthreeȱaccelerometers,ȱthreeȱgyroscopes,ȱaȱtachometerȱsignal,ȱandȱ
aȱGPSȱfeederȱcomprisingȱanȱinertialȱmeasurementȱunit;ȱthisȱsystemȱwasȱmountedȱonȱtheȱ
bogie.ȱTheȱaimȱofȱtheȱauthorsȱwasȱtoȱinvestigateȱtheȱrenewal,ȱdegradation,ȱandȱmainteȬ
nanceȱofȱrailȱtracks.ȱ

Theȱsystemȱpresentedȱ inȱTsunashimaȱetȱal.ȱ[91]ȱconsistedȱofȱaccelerometers,ȱaȱrateȱ
gyroscope,ȱaȱGPS,ȱandȱaȱmapȬmatchingȱalgorithmȱappliedȱinȱorderȱtoȱpinpointȱtheȱlocationȱ
ofȱfaultsȱonȱtheȱtracks.ȱTheȱsystemȱallowedȱtheȱauthorsȱtoȱestimateȱtrackȱirregularitiesȱfromȱ
accelerationsȱinȱtheȱverticalȱandȱlateralȱdirections,ȱandȱalsoȱtoȱestimateȱtheȱrollȱrateȱofȱaȱcarȱ
body.ȱInȱorderȱtoȱcollectȱtheȱdataȱforȱtrackȱmaintenance,ȱtheȱsystemȱwasȱequippedȱwithȱaȱ
smartphoneȱ toȱsendȱ theȱdataȱ toȱaȱserver.ȱTrackȱ irregularitiesȱ forȱconventionalȱrailwaysȱ
wereȱalsoȱestimatedȱbasedȱonȱaccelerationȱmeasurementsȱinȱtheȱverticalȱandȱlateralȱdirecȬ
tionsȱandȱtheȱrollȱrateȱofȱaȱcarȱbodyȱinȱTsunashimaȱetȱal.ȱ[92];ȱthisȱsystem’sȱdeviceȱwasȱ
developedȱtoȱgiveȱhigherȱperformanceȱforȱpracticalȱuse;ȱtherefore,ȱtheȱcompactȱonboardȱ
devicesȱwithȱGPSȱsystemsȱwereȱfittedȱwithȱaȱmapȬmatchingȱalgorithm,ȱasȱinȱTsunashimaȱ
etȱal.ȱ[91]ȱandȱTsunashimaȱetȱal.ȱ[204].ȱTheȱauthorsȱmentionedȱthatȱtheirȱsystemȱprovidesȱ
theȱpossibilityȱofȱtheȱdetectionȱofȱrailȱcorrugationȱfromȱcabinȱnoiseȱviaȱtheȱcomputationȱofȱ
spectralȱpeaks.ȱAdditionally,ȱaȱsmartphoneȱwasȱproposedȱasȱequipmentȱtoȱsendȱdata.ȱ

Tsunashimaȱetȱal.ȱ[224]ȱdevelopedȱaȱsystemȱallowingȱforȱtheȱestimationȱofȱtheȱtrackȱ
geometryȱandȱirregularitiesȱofȱShinkansenȱtracksȱusingȱcarȱbodyȱmotionsȱaloneȱ(AȱKalmanȱ
filterȱwasȱappliedȱ toȱ solveȱ theȱproblemȱofȱnotȱusingȱotherȱaccelerometerȱplacements).ȱ
Theirȱaimȱwasȱtoȱexamineȱtrackȱtamping,ȱwithȱaȱviewȱtoȱanalyzingȱacceptableȱqualityȱofȱ
ridingȱcomfort.ȱTheȱauthorsȱclaimedȱthatȱverticalȱirregularityȱestimationȱofȱtracksȱisȱposȬ
sible,ȱwithȱacceptableȱaccuracyȱforȱactualȱuse.ȱ ȱ

Continuingȱ descriptionȱ ofȱ theȱworksȱ underȱ Japaneseȱ supervision,ȱ theȱ authorsȱ ofȱ
Tsunashimaȱetȱal.ȱ[89]ȱandȱTsunashimaȱetȱal.ȱ[90]ȱpresentedȱanȱonboardȱsensingȱdeviceȱ
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equippedȱwithȱsensorsȱandȱaȱGPSȱsystem,ȱandȱdiagnosisȱsoftwareȱthatȱdetectsȱtrackȱfaultsȱ
basedȱonȱtheȱrootȱmeanȱsquareȱofȱaccelerationȱobtainedȱfromȱmeasurementsȱinȱaȱcarȱbody.ȱ
Estimationȱofȱtrackȱirregularityȱbasedȱonȱcarȱbodyȱaccelerationȱwasȱappliedȱwithȱtheȱuseȱ
ofȱaȱKalmanȱfilter.ȱ

InȱXuȱetȱal.ȱ[276],ȱtheȱauthorsȱpresentedȱaȱfaultȱidentificationȱmethodȱforȱdeterminingȱ
theȱdynamicȱmanagementȱ levelsȱofȱ trackȱ irregularityȱbasedȱonȱanȱevidentialȱreasoningȱ
ruleȱ(aȱclassificationȱmethodȱusingȱaȱnovelȱcombinationȱruleȱasȱinȱXuȱetȱal.ȱ[277]);ȱinȱtheirȱ
research,ȱtheȱauthorsȱusedȱsampleȱdataȱmeasuredȱfromȱtwoȱaccelerometersȱmountedȱonȱ
anȱaxleȱboxȱandȱaȱcarȱbodyȱofȱanȱinȬserviceȱtrain.ȱ ȱ

Milneȱetȱal.ȱ[278]ȱfocusedȱtheirȱresearchȱonȱtheȱissueȱofȱcumulativeȱdistributionȱfuncȬ
tions,ȱandȱtheirȱutilityȱtoȱidentifyȱtheȱatȬrestȱpositionȱinȱtrackȱdeflectionȱdataȱobtainedȱfromȱ
geophonesȱ(forȱvelocityȱmeasurements)ȱorȱaccelerometers.ȱ

Teši°ȱetȱal.ȱ[279]ȱdevelopedȱsoftwareȱthatȱhelpsȱtoȱdiscoverȱandȱinterpretȱtypicalȱsituȬ
ationsȱconnectedȱtoȱirregularitiesȱonȱrailwayȱtracksȱbasedȱonȱmeasurementsȱfromȱfiveȱacȬ
celerometersȱ(locatedȱonȱtheȱtrack,ȱbody,ȱandȱaxles).ȱChellaswamyȱetȱal.ȱ[280]ȱdevelopedȱ
aȱdifferentialȱevolutionȱalgorithmȱ inȱorderȱ toȱoptimizeȱ theȱvaluesȱofȱ irregularitiesȱ thatȱ
wereȱreceivedȱfromȱbogies’ȱandȱcarȱbodies’ȱaccelerationȱmeasurementsȱbyȱMEMSȱsensorsȱ
(accelerometers).ȱTheseȱmeasurementsȱgaveȱ theȱauthorsȱ actualȱdataȱaboutȱ trackȱ alignȬ
ment,ȱwhichȱwasȱfurtherȱ investigatedȱwithȱuseȱofȱ theȱmathematicalȱmodelȱandȱ theȱ freȬ
quencyȱresponseȱanalysis.ȱ

InȱSomaschiniȱetȱal.ȱ[281],ȱtheȱauthorsȱtookȱintoȱconsiderationȱtheȱconditionȱmonitorȬ
ingȱofȱinsulatedȱrailȱjoints,ȱwhichȱtoȱdateȱwereȱmonitoredȱdirectlyȱbyȱtrainedȱpersonnel.ȱ
However,ȱinȬpersonȱcontrolȱofȱaȱrailwayȱlineȱisȱtimeȬconsuming,ȱandȱnoȱobjectiveȱparamȬ
etersȱcanȱguaranteeȱ theȱhealthȱconditionȱofȱaȱ joint.ȱTherefore,ȱ theȱauthorsȱdevelopedȱaȱ
systemȱconsistingȱofȱaccelerometersȱplacedȱonȱtwoȱwheelsetsȱofȱaȱrailȱvehicle.ȱ

Monitoringȱofȱtheȱtrackȱconditionȱforȱlightȱrailȱtransportȱ(trams)ȱwasȱalsoȱofȱinterestȱ
toȱresearchers.ȱInȱVinkóȱandȱBoczȱ[282],ȱtheȱauthorsȱdescribedȱaȱsystemȱwhoseȱpurposeȱisȱ
toȱrecordȱtheȱdataȱofȱtriaxialȱwirelessȱaccelerometersȱattachedȱtoȱtheȱwheelȱdiscsȱofȱaȱregȬ
ular,ȱinȬserviceȱtram.ȱTheȱauthorsȱmentionedȱthatȱsensorsȱmountedȱonȱaxleȱboxesȱandȱboȬ
gieȱsideȬframesȱareȱcommonlyȱusedȱworldwideȱtoȱidentifyȱtrackȱirregularities.ȱAtȱtheȱsameȱ
time,ȱtheyȱprovedȱthatȱwheelȬdiscȬmountedȱsensorsȱprovidedȱaȱmoreȱadequateȱsolutionȱ
forȱmonitoringȱ lightȱrailȱ transportȱ tracks.ȱOnȱ theȱotherȱhand,ȱmetroȱ trackȱmaintenanceȱ
was,ȱtoȱdate,ȱinvestigatedȱbyȱinȬpersonȱinspection,ȱaccordingȱtoȱKomalanȱandȱChauhanȱ
[283];ȱtheȱauthorsȱdevelopedȱaȱwirelessȱsensorȱnetworkȱ(WSN)ȱwithȱsensorȱnodesȱincludȬ
ingȱaccelerometersȱlaidȱalongȱtheȱtracks’ȱlength;ȱinȱtheirȱopinion,ȱmaintenanceȱtimeȱcanȱbeȱ
reducedȱthanksȱtoȱmeasurementsȱobtainedȱwithȱtheȱapplicationȱofȱsuchȱaȱnetwork.ȱThisȱ
reductionȱcouldȱbeȱensuredȱthroughȱautomatedȱmonitoringȱbyȱdetectingȱfaultsȱbeforeȱesȬ
calation.ȱ

Asideȱfromȱusingȱaccelerometersȱforȱtrackȱconditionȱmonitoring,ȱsomeȱsignificantȱelȬ
ementsȱofȱrailȱvehiclesȱareȱalsoȱofȱinterestȱtoȱresearchers.ȱ

AȱsystemȱforȱheavyȬhaulȱwagonsȱwasȱproposedȱinȱLiȱetȱal.ȱ[110]ȱinȱorderȱtoȱbolsterȱ
springȱfaultȱconditionȱmonitoring;ȱtheȱauthorsȱdesignedȱtheȱsystemȱrelyingȱsolelyȱonȱtwoȱ
accelerometersȱ (excludingȱotherȱmeasuringȱappliances)ȱmountedȱonȱ theȱ frontȱ leftȱandȱ
rightȱrearȱpartȱofȱeachȱcarȱbodyȱonȱaȱheavyȬhaulȱtrain.ȱ ȱ

Hajovskyȱetȱal.ȱ[284]ȱdevelopedȱaȱlessȱtypicalȱconditionȱmonitoringȱsystem;ȱtheȱauȬ
thors’ȱconceptȱfocusedȱonȱtheȱimplementationȱofȱaȱprotectiveȱfenceȱinstalledȱaboveȱrailwayȱ
tracks.ȱSuchȱaȱfenceȱensuresȱsafetyȱagainstȱerodingȱrocksȱandȱotherȱmaterialȱfallingȱfromȱ
hillsidesȱnextȱtoȱrailwayȱtracks.ȱTheseȱmonitoringȱsystemsȱconsistedȱofȱfiberȱoptics,ȱasȱdeȬ
scribedȱ inȱGuoȱetȱal.ȱ[285],ȱandȱ theȱsystemȱwasȱequippedȱwithȱaccelerometersȱ (MEMSȱ
sensors),ȱwhereasȱtheȱenergyȱforȱtheȱsystemȱcameȱfromȱsolarȱpanels,ȱasȱsuchȱaȱsystemȱcanȱ
beȱinstalledȱmoreȱeasilyȱinȱhardȬtoȬreachȱterrain.ȱ

Sinceȱotherȱsignificantȱelementsȱareȱmentioned,ȱitȱisȱworthȱaddingȱanotherȱkeywordȱ
here—namely,ȱ“acousticȱemissionȱsensors”—whichȱwasȱtakenȱunderȱconsiderationȱinȱtheȱ
followingȱpublications:ȱ[165,166,168,286].ȱ
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Inȱ[166],ȱtheȱauthorsȱresearchedȱhighȬfrequencyȱacousticȱemissionȱpairwiseȱvibrationȱ
analysisȱofȱmeasuringȱdevicesȱinstalledȱonȱaȱtrainȱinȱorderȱtoȱinvestigateȱaxleȱbearingȱdeȬ
fectsȱandȱpotentialȱwheelȱ flats.ȱAcousticȱemissionȱsensorsȱcoupledȱwithȱaccelerometersȱ
wereȱ installedȱonȱanȱaxleȱbearingȱbox,ȱwithȱminimumȱinterventionȱwithinȱtheȱvehicle’sȱ
equipment,ȱasȱrequired.ȱ ȱ

TheȱauthorsȱofȱPapaeliasȱetȱal.ȱandȱHuangȱetȱal.ȱ[165,168]ȱstatedȱthatȱhotboxȱwaysideȱ
systemsȱareȱsubjectedȱtoȱfalseȱalarms,ȱandȱfaultyȱaxleȱbearingsȱcanȱonlyȱbeȱdetectedȱshortlyȱ
afterȱfailureȱandȱfastȱenoughȱtoȱpreventȱtheirȱeffects.ȱTherefore,ȱtheȱauthorsȱdevelopedȱanȱ
acousticȱemissionȱsystemȱ(withȱacousticȱemissionȱsensorsȱincluded)ȱforȱtheȱdetectionȱofȱ
axleȱbearingȱfaults.ȱSuchȱaȱsolutionȱwasȱbasedȱonȱtheȱphysicalȱdependenceȱonȱtheȱacousticȱ
emissionȱsignal,ȱwhichȱarisesȱfromȱtheȱaxleȱbearingȱfault,ȱresultingȱinȱnoiseȱandȱinterferȬ
enceȱ (ultrasound).ȱTheȱ testsȱwereȱ conductedȱonȱactualȱ freightȱwagonsȱwithȱartificiallyȱ
damagedȱaxleȱbearings.ȱOneȱpaperȱFararooyȱandȱAllanȱ[286]ȱwasȱrelatedȱtoȱtheȱconditionȱ
monitoringȱandȱdiagnosticsȱofȱrailwayȱsignalingȱdevices;ȱtheȱauthorsȱemployedȱacousticȱ
emissionȱandȱotherȱtypesȱofȱsensors,ȱwithȱtheȱapplicationȱofȱtechniquesȱemployingȱneuralȱ
networks.ȱ

Bearingsȱusedȱinȱfreightȱserviceȱareȱsubjectedȱtoȱrollingȱcontactȱfatigue.ȱAccordingȱtoȱ
Tarawnehȱetȱal.ȱ[287],ȱsubsurfaceȱinclusionsȱinȱbearingsȱresultingȱfromȱsteelȱcontaminationȱ
initiateȱsubsurfaceȱfatigueȱcracks,ȱwhichȱpropagateȱcontinuously.ȱTherefore,ȱtheȱauthorsȱ
describedȱprognosticȱmodelsȱforȱspallsȱinitiatingȱonȱbearings’ȱinnerȱ(cone)ȱandȱouterȱ(cup)ȱ
rings,ȱwhichȱtogetherȱwithȱaȱharmonious,ȱsensorȬbased,ȱbearingȬconditionȬmonitoringȱalȬ
gorithmȱcanȱincreaseȱsafetyȱinȱtheȱuseȱofȱbearings.ȱ

InȱSánchezȱetȱal.ȱ[288],ȱtheȱauthorsȱappliedȱtwoȱseparateȱapproachesȱinȱorderȱtoȱdetectȱ
faultsȱinȱrailwayȱaxles.ȱTheȱfirstȱofȱtheȱapproachesȱwasȱconnectedȱtoȱgatheringȱandȱanalysisȱ
ofȱaccelerationȱsignalsȱmeasuredȱinȱtheȱlongitudinalȱdirection.ȱMeanwhile,ȱtheȱauthorsȱapȬ
pliedȱtheȱdataȱfusionȱtechniqueȱinȱtheȱsecondȱapproach,ȱwhichȱledȱtoȱevaluationȱbasedȱonȱ
measurementsȱobtainedȱwithȱtheȱuseȱofȱsixȱaccelerometersȱbyȱmergingȱtheȱindicatorȱconȬ
ditionsȱaccordingȱtoȱtheȱsensorȱplacement.ȱTheȱtotalȱnumberȱofȱconditionȬmonitoringȱinȬ
dicatorsȱperȱvibrationȱsignalȱwasȱequalȱtoȱ54.ȱToȱfindȱtheȱbestȱfeatures,ȱtheȱauthorsȱusedȱ
theȱmeanȱdecreaseȱaccuracyȱmethodȱofȱrandomȱforests.ȱTheȱresultsȱshowedȱthatȱaȱfusionȱ
ofȱapproachesȱand,ȱconsequently,ȱindicatorsȱworkedȱefficientlyȱtogetherȱinȱorderȱtoȱdetectȱ
aȱcrackȱfaultȱinȱtheȱanalyzedȱrailȱvehicles’ȱparts.ȱ

Conditionȱmonitoringȱconcernsȱvariousȱrailȱvehicles,ȱpassengerȱandȱfreightȱcars,ȱandȱ
railȱinfrastructure—especiallyȱtracks.ȱSomeȱstudiesȱwereȱalsoȱconductedȱinȱorderȱtoȱmonȬ
itorȱtheȱconditionȱofȱrailȱbridges,ȱasȱinȱFaulknetȱetȱal.ȱ[263];ȱtheȱauthorsȱdevelopedȱaȱrotaȬ
tionalȱmeasurementȱsystem,ȱwhichȱoperatesȱbyȱmeasuringȱquasistaticȱandȱdynamicȱmeasȬ
urementsȱofȱaȱbridge,ȱandȱwhichȱconsistsȱofȱaccelerometer(s)ȱandȱgyroscopes.ȱGyroscopesȱ
wereȱtreatedȱinȱthisȱsystemȱasȱcomplementaryȱsensorsȱforȱtheȱinstrumentationȱofȱtheȱrotaȬ
tionalȱaccelerometer.ȱTheȱauthorsȱusedȱsensorȱfusionȱtechniquesȱtoȱcombineȱtheȱmeasureȬ
ments,ȱwhichȱresultedȱinȱanalysisȱofȱaȱbridge’sȱtiltingȱbehavior.ȱ

Someȱstudiesȱwereȱfocusedȱonȱfreightȱrailȱtransportȱonlyȱ(theȱpresentedȱsolutionsȱareȱ
connectedȱtoȱcars;ȱnevertheless,ȱenergyȱharnessingȱmayȱalsoȱbeȱappliedȱforȱsensorsȱanaȬ
lyzingȱtracks;ȱtherefore,ȱitȱisȱalsoȱincludedȱinȱthisȱreviewȱpaper).ȱTheȱauthorsȱofȱGaoȱetȱal.ȱ
[142]ȱnotedȱ thatȱelectricalȱwiresȱareȱnotȱprovidedȱ forȱ freightȱwagons;ȱ therefore,ȱpowerȱ
monitoringȱsensorsȱsuchȱasȱpressureȱsensorsȱandȱaccelerometersȱcannotȱbeȱdirectlyȱapȬ
pliedȱforȱsuchȱvehicles’ȱconditionȱmonitoring.ȱNevertheless,ȱtheseȱtypesȱofȱsensorsȱareȱesȬ
sentialȱforȱensuringȱoperationalȱsafety;ȱtherefore,ȱtheȱauthorsȱinvestigatedȱtheȱapproachȱofȱ
harnessingȱfreightȱwagons’ȱvibrationalȱenergyȱ inȱorderȱtoȱpowerȱmonitoringȱsensorsȱ (aȱ
pressureȱsensorȱandȱaȱtriaxialȱMEMSȱaccelerometer)ȱwithȱtheȱuseȱofȱanȱelectromagneticȱ
vibrationalȱenergyȱharvesterȱwithȱanȱinertialȱpendulum.ȱTheȱdevelopmentȱofȱrailȱtransportȱ
evokedȱaȱdramaticȱ increaseȱ inȱ theȱmarketȱrequirementȱ forȱrailȬsideȱmonitoringȱdevicesȱ
andȱsensorsȱinȱChina,ȱasȱmentionedȱinȱGaoȱetȱal.ȱ[146];ȱtheȱauthorsȱdevelopedȱaȱprototypeȱ
forȱ theȱsmartȱmonitoringȱofȱundergroundȱrailȱ transit;ȱtheȱpowerȱsupplyȱwouldȱbeȱproȬ
videdȱbyȱ localȱenergyȱgeneration;ȱasȱaȱ localȱ energyȱ source,ȱ theȱauthorsȱ consideredȱanȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 25ȱ ofȱ 65ȱ
ȱ

ȱ

electromagneticȱenergyȱharvester.ȱPowerȱforȱtheȱsensorȱnodesȱofȱaȱwirelessȱsensorȱnetworkȱ
(WSN)ȱwasȱobtainedȱbyȱconnectingȱanȱaccelerometer,ȱaȱwindȱpressureȱsensor,ȱandȱaȱtemȬ
peratureȱsensor.ȱTheȱmentionedȱsensorsȱwereȱcoordinatedȱbyȱaȱselfȬpoweredȱZigBeeȱwireȬ
lessȱsensorȱnode,ȱwhichȱwasȱalsoȱdevelopedȱinȱGaoȱetȱal.ȱ[145]ȱforȱotherȱpurposes,ȱmenȬ
tionedȱfurtherȱinȱthisȱsection.ȱ

AmongȱtheȱpublicationsȱlistedȱinȱTableȱ4,ȱnextȱtoȱtheȱkeywordȱ“accelerometers”ȱareȱ
[289]ȱbyȱFarkas—whoseȱauthorsȱreviewedȱmeasurementȱofȱrailwayȱtrackȱgeometry—andȱ
Chiaȱetȱal.ȱ[50],ȱinȱwhichȱtheȱauthorsȱreviewedȱapplicationȱconsiderations,ȱcurrentȱchalȬ
lenges,ȱandȱprospectiveȱopportunitiesȱforȱimprovementsȱinȱrailroadȱtrackȱconditionȱmonȬ
itoringȱwithȱtheȱuseȱofȱinertialȱsensorsȱ(inertialȱmeasurementȱsensors)ȱandȱGPSȱsignals.ȱ
MuthukumarȱandȱNallathambiȱ[49]ȱveryȱbrieflyȱreviewedȱselectedȱconditionȱmonitoringȱ
systemsȱandȱalgorithmsȱconnectedȱtoȱthem—namely,ȱautomaticȱrailroadȱtrackȱinspection,ȱ
andȱremoteȱsensorȱnetworksȱbasedȱonȱfuzzyȱlogic.ȱInȱYellaȱetȱal.ȱ[290],ȱtheȱauthors’ȱreviewȱ
paperȱwasȱconnectedȱtoȱartificialȱintelligence.ȱAnotherȱreviewȱpaper’sȱauthorȱdescribedȱ
detailedȱinformationȱonȱonboardȱconditionȱmonitoringȱdevices,ȱwithȱaȱparticularȱinterestȱ
inȱtreatingȱthemȱasȱsensorȱnodes—namely,ȱmicroelectromechanicalȱsensors,ȱmicroprocesȬ
sors,ȱandȱtransceivers—creatingȱwirelessȱsensorȱnetworksȱBernalȱetȱal.ȱ[47];ȱtheȱauthorsȱ
alsoȱinvestigatedȱsystems,ȱmethods,ȱandȱtechniques,ȱfocusingȱonȱsolutionsȱconnectedȱtoȱ
applicationsȱforȱfreightȱwagonsȱwithoutȱonboardȱelectricȱpower.ȱTheyȱalsoȱmentioned,ȱasȱ
inȱFragaȬLamosȱetȱal.ȱ[54],ȱthatȱsuchȱsystemsȱconnectedȱtoȱtheȱInternetȱofȱThingsȱnetworkȱ
enableȱadvancedȱdataȱanalytics.ȱTheȱauthorsȱofȱHamadacheȱetȱal.ȱ[48]ȱreviewedȱmethods,ȱ
techniques,ȱandȱapplicationsȱconnectedȱtoȱtheȱconditionȱmonitoringȱofȱrailroadȱswitchesȱ
andȱcrossingȱsystems.ȱ

Theȱfollowingȱkeywordsȱwereȱassignedȱonlyȱonce:ȱangularȱrateȱsensor,ȱcontrastȱsenȬ
sor,ȱeddyȱcurrentȱsensor,ȱandȱinfraredȱproximityȱsensor.ȱTheȱpublicationsȱinȱwhichȱeachȱ
keywordȱwasȱassignedȱareȱmentionedȱbelow.ȱ

TheȱauthorsȱofȱSakamotoȱetȱal.ȱ[259]ȱdevelopedȱaȱsystemȱconsistingȱofȱanȱangularȱrateȱ
sensorȱmountedȱonȱaȱbogieȱinȱorderȱtoȱmonitorȱandȱdetectȱflangeȱclimbȱderailmentȱthatȱ
occursȱforȱaȱrailwayȱvehicleȱatȱlowȱspeeds.ȱ ȱ

InȱLiuȱetȱal.ȱ[291],ȱaȱhighȬspeedȱframeȬgrabberȱsystemȱwasȱdesignedȱinȱorderȱtoȱmonȬ
itorȱbulletȱtrainȱtracksȱwithȱtheȱuseȱofȱimageȱrecognition.ȱTheȱsystemȱincludedȱaȱfastȱcamȬ
era,ȱanȱimageȱacquisitionȱcard,ȱartificialȱlighting,ȱaȱcontrastȱsensor,ȱandȱotherȱequipment.ȱ
Resultsȱofȱthisȱresearchȱshowedȱthatȱtheȱheightȱofȱcameraȱinstallationȱdidȱnotȱaffectȱtheȱ
accuracyȱofȱtheȱdesignedȱsystem.ȱ

Theȱrailȱfastening,ȱwhichȱfixesȱtheȱrailsȱtoȱtheȱsleepers,ȱisȱoneȱofȱtheȱcrucialȱcompoȬ
nentsȱ inȱrailȱ tracks.ȱItsȱsignificantȱ functionȱ isȱconnectedȱ toȱmaintainingȱtheȱtrackȱgaugeȱ
andȱstability.ȱInȱChandranȱetȱal.ȱ[233],ȱtheȱauthorsȱtookȱintoȱconsiderationȱtheȱmonitoringȱ
ofȱrailȱ fasteningȱconditionsȱwithȱtheȱuseȱofȱanȱeddyȱcurrentȱsensorȱsystemȱ forȱ fastenerȱ
detection.ȱThisȱkindȱofȱsensorȱappliesȱtheȱprincipleȱofȱelectromagneticȱinduction.ȱTheȱsysȬ
temȱproposedȱbyȱtheȱauthorsȱwasȱableȱtoȱdetectȱanȱindividualȱrailȱfasteningȱfromȱaȱheightȱ
ofȱ65ȱmmȱaboveȱtheȱrail.ȱ

TheȱauthorsȱofȱKuuttiȱetȱal.ȱ[292]ȱpresentedȱtheirȱresearchȱonȱtheȱenergyȱefficiencyȱofȱ
twoȱ escalatorsȱ atȱdifferentȱmetroȱ stations.ȱ InfraredȬproximityȬsensorȬbasedȱpedestrianȱ
countingȱcanȱbeȱusedȱinȱtheȱconditionȱmonitoringȱofȱescalators,ȱaccordingȱtoȱtheȱauthors.ȱ
Theȱauthorsȱalsoȱmentionedȱthatȱtheȱadjustmentȱofȱescalators’ȱenergyȬsavingȱsettingsȱcanȱ
beȱanalyzedȱbasedȱonȱperiodicalȱpedestrianȱpatternsȱ(powerȱconsumptionȱwasȱalsoȱanaȬ
lyzed).ȱ

Theȱelectricȱsensingȱdeviceȱisȱtheȱnextȱkeywordȱthatȱfocusesȱtheȱinterestȱofȱaȱgroupȱofȱ
researchers.ȱ

OneȱpaperȱbyȱZhangȱetȱal.ȱ[293]ȱbroughtȱattentionȱtoȱtheȱincreasingȱnumberȱofȱsensorȱ
nodesȱcreatingȱsensorȱnetworks;ȱtheȱauthorsȱobservedȱthatȱtheȱtrackingȱandȱallocationȱofȱ
fiberȱBraggȱsensorsȱ inȱelectricȱsensingȱdevicesȱwasȱbecomingȱaȱbottleneckȱ inȱconditionȱ
monitoring;ȱhowever,ȱtheirȱresearchȱwasȱnotȱdirectlyȱconnectedȱtoȱrailȱtransport.ȱ
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TheȱauthorsȱofȱZhangȱetȱal.ȱ[294]ȱdevelopedȱaȱsystemȱconsistingȱofȱaȱfiberȱBraggȱsenȬ
sorȱnetworkȱ(consistingȱofȱfiberȬopticȱsensors,ȱalsoȱknownȱasȱopticalȱfibers)ȱdedicatedȱtoȱ
trackȱconditionȱmonitoring,ȱespeciallyȱforȱhighȬspeedȱtrainȱsystems.ȱThisȱconditionȬmonȬ
itoringȱsystemȱ(withȱanȱelectricȱsensingȱdevice)ȱenablesȱmeasurementsȱofȱrailwayȱtrackȱ
temperature,ȱdisplacement,ȱandȱstrain.ȱTheȱauthors’ȱaimȱwasȱtoȱshowȱthatȱtheȱsystemȱwasȱ
adaptedȱtoȱtheȱcomplexȱnaturalȱenvironmentalȱterrainȱaroundȱrailways.ȱ ȱ

InȱAnastasopoulosȱetȱal.ȱ[295],ȱtheȱauthorsȱinvestigatedȱtheȱabilityȱtoȱobtainȱsubȬmiȬ
crostrainȱaccuracyȱwithȱfiberȬopticȱBraggȱgratings,ȱusingȱtheȱauthors’ȱthenȬnovelȱopticalȱ
signalȱprocessingȱalgorithmȱdesignedȱforȱtheȱidentificationȱofȱwavelengthȱshiftsȱwithȱhighȱ
accuracyȱandȱprecision.ȱTheȱpaperȱwasȱnotȱdirectlyȱrelatedȱtoȱrailȱtransport;ȱhowever,ȱitȱ
mentionsȱthatȱfiberȬopticȱsensorsȱhadȱbeenȱusedȱforȱtheȱrealȬtimeȱmonitoringȱofȱrailwayȱ
infrastructure.ȱInȱRoveriȱetȱal.ȱ[296],ȱtheȱauthorsȱsuggestedȱaȱfiberȱBraggȱsensorȱarrayȱsysȬ
temȱ(electricȱsensingȱdevice)ȱmountedȱalongȱaȱrailwayȱtrack,ȱforȱvariousȱpurposes;ȱonȱtheȱ
oneȱhand,ȱtheȱauthorsȱplannedȱtheȱmonitoringȱofȱundergroundȱrailwayȱtrafficȱ(suchȱasȱtheȱ
numberȱofȱaxles,ȱtheȱtrainȱspeed,ȱandȱload)ȱinȱrealȬtime,ȱandȱonȱtheȱotherȱhand,ȱtheirȱaimȱ
wasȱtheȱconditionȱmonitoringȱofȱbothȱtheȱrailwayȱtrackȱandȱtheȱtrainȱwheels,ȱsuchȱasȱtheȱ
estimationȱofȱrailȱandȱwheelȱwear.ȱ

Meanwhile,ȱinȱrelationȱtoȱtheȱpreviousȱkeyword,ȱSongȱandȱSunȱ[297]ȱanalyzedȱwheelȱ
defects.ȱTheȱauthorsȱresearchedȱwheelȱpolygonsȱinȱparticular,ȱwithȱaȱsystemȱbasedȱonȱpiȬ
ezoelectricȱsensorsȱ(electricȱsensingȱdevices)ȱinsteadȱofȱstrainȱgauges,ȱwhichȱhasȱtheȱadȬ
vantagesȱofȱhighȱsensitivity,ȱwideȱfrequencyȱresponse,ȱvastȱdynamicȱrange,ȱandȱperfectȱ
electromagneticȬimmuneȱproperties.ȱ

AȱfiberȬopticȱsensor,ȱmentionedȱpreviouslyȱbyȱZhangȱetȱal.ȱ(2017a)ȱ[294],ȱisȱtheȱnextȱ
setȱofȱkeywordsȱworthȱconsideration.ȱ

AccordingȱtoȱIlieȱandȱStancalieȱ[298],ȱmanyȱrailȱsystemsȱconsistȱofȱopticalȱfiberȱcomȬ
municationsȱinfrastructure,ȱespeciallyȱinȱurbanȱareas,ȱandȱthisȱ isȱwhyȱtheȱauthorsȱmenȬ
tionedȱthatȱitȱisȱpossibleȱtoȱapplyȱopticalȱfiberȱsensorsȱforȱtheȱstructuralȱhealthȱmonitoringȱ
ofȱrailways.ȱInȱIlieȱandȱStancalieȱ[298],ȱtheȱauthorsȱdecidedȱtoȱanalyzeȱrailȱinfrastructureȱ
inȱorderȱ toȱavoidȱbrokenȱrails,ȱwhichȱmightȱhaveȱseriousȱ implicationsȱ forȱsafetyȱ inȱrailȱ
transport.ȱTheȱauthors’ȱinvestigationsȱreferredȱtoȱtheȱmaintenanceȱofȱfiberȬopticȱsensors,ȱ
andȱ theȱ responseȱofȱ thisȱ typeȱofȱdeviceȱ toȱ temperatureȱandȱstrainȱchanges,ȱ inȱorderȱ toȱ
evaluateȱrailwayȱexpansion.ȱInȱthisȱparticularȱpaper,ȱaȱtestedȱmetalȱprobe—similarȱtoȱtheȱ
railȱmaterial—wasȱexposedȱtoȱchangesȱinȱtemperature.ȱ

NaderiȱandȱMirabadiȱ[299]ȱmentionedȱtheȱlimitationsȱandȱcapabilitiesȱofȱvariousȱsenȬ
sorsȱinȱrailwayȱtransport,ȱwhichȱresultedȱinȱtheȱchoosingȱofȱaȱsuitableȱfiberȬopticȱsensorȱ
forȱdetectingȱseveralȱdifferentȱparameters.ȱTheȱauthorsȱproposedȱaȱsensorȱforȱtheȱpurposeȱ
ofȱmeasuringȱ theȱ train’sȱweightȱ inȱdifferentȱconditions.ȱ InȱEliaȱetȱal.ȱ [103],ȱ theȱauthorsȱ
comparedȱfiberȬopticsȱmeasurementȱwithȱsignalsȱfromȱaccelerometers.ȱ

InȱBuggyȱetȱal.ȱ[300],ȱtheȱauthorsȱpresentedȱtheirȱpreliminaryȱresearchȱonȱtheȱdynamicȱ
loadȱmonitoringȱofȱfishplates,ȱstretcherȱbars,ȱandȱswitchbladesȱonȱaȱtramȱnetworkȱwithȱ
theȱuseȱofȱopticalȱfiberȱBraggȱgratingȱsensorsȱ(alsoȱreferredȱtoȱasȱfiberȬopticȱsensors,ȱopticalȱ
fiberȱBraggȱgratingȱstrainȱsensors,ȱorȱstrainȱsensors).ȱArraysȱofȱfiberȱBraggȱgratingȱsenȬ
sorsȱwereȱalsoȱstudiedȱinȱBuggyȱetȱal.ȱ[301]ȱforȱtheȱdynamicȱloadȱmonitoringȱofȱfishplates,ȱ
switchblades,ȱandȱstretcherȱbarsȱonȱaȱtramȱnetwork.ȱAccordingȱtoȱtheȱauthors,ȱtheȱmeasȬ
urementȱofȱstrainȱonȱaȱfishplateȱcanȱprovideȱinformationȱonȱtheȱtorqueȱofȱtheȱbolts.ȱOpticalȱ
fiberȱBraggȱgratingȱsensorsȱwereȱappliedȱforȱmonitoringȱchangesȱinȱtheȱdynamicȱstrainȱ
signatureȱthatȱappearedȱinȱtheȱabovementionedȱtrackȱelementsȱinȱresponseȱtoȱtheȱpassageȱ
ofȱaȱtramȱoverȱtheȱsensorȱlocation,ȱasȱpresentedȱinȱBuggyȱetȱal.ȱ[302].ȱ

Freightȱrailȱairbrakesȱmightȱaffectȱtrainȱschedulingȱinȱaȱnegativeȱway,ȱwhichȱisȱwhyȱ
theȱauthorsȱofȱPoddarȱandȱLipsettȱ[303]ȱdecidedȱtoȱresearchȱconditionȬmonitoringȱtechȬ
niquesȱforȱairbrakeȱleakageȱdetection.ȱTheȱauthorsȱworkedȱonȱqualitativeȱandȱquantitativeȱ
evaluationȱandȱverificationȱofȱtheȱ implicationsȱofȱdetectingȱ leaksȱultrasonicallyȱ inȱcoldȬ
weatherȱconditionsȱ(accordingȱtoȱtheȱScopusȱindexȱkeywordsȱthisȱpaperȱwasȱconnectedȱtoȱ
fiberȬopticȱsensors).ȱ ȱ
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NiȱandȱZhangȱ[304]ȱsuggestedȱapproachesȱinȱBayesianȱmodelingȱforȱtheȱevaluationȱ
ofȱwheelȱquality.ȱTheyȱappliedȱthisȱmodelingȱtoȱaȱtrackȬsideȱmonitoringȱsystemȱbasedȱonȱ
opticalȱfiberȱsensorsȱinȱorderȱtoȱobtainȱdataȱforȱrailȱbendingȱandȱtheȱconditionȱofȱwheels.ȱ

AnȱopticalȱfiberȱsensingȱnetworkȱwasȱalsoȱdepictedȱinȱTamȱetȱal.ȱ[305];ȱtheȱauthorsȱ
developedȱaȱconditionȬmonitoringȱsystemȱbasedȱonȱmachineȱlearningȱinȱorderȱtoȱdetectȱ
andȱidentifyȱvariousȱtypesȱofȱtrackȱdefectsȱ(railȱcorrugations,ȱdippedȱweldȱjoints,ȱandȱdeȬ
fectsȱofȱrailȱcrossings).ȱ

Facilitiesȱotherȱ thanȱbogiesȱandȱ tracksȱ inȱ theȱ railwayȱvehicleȱ trainȱneedȱconditionȱ
monitoringȱ asȱwell.ȱLinȱ etȱ al.ȱ [306]ȱ analyzedȱ railwayȱ bridges;ȱ theȱ authorsȱ assessedȱ aȱ
skewedȱhalfȬthroughȱplateȱgirderȱ railwayȱbridgeȱwithȱ theȱuseȱofȱ aȱ fiberȬopticȬsensorȬ
basedȱ(fiberȱoptics)ȱmonitoringȱsystemȱinstalledȱdirectlyȱonȱaȱbridgeȱduringȱitsȱconstrucȬ
tion.ȱTheȱauthorsȱanalyzedȱandȱevaluatedȱtheȱimpactȱofȱaxleȱloadȱdistributionȱthroughȱtheȱ
evaluationȱofȱtrackȱballastȱspeciallyȱallocatedȱalongȱtheȱbridgeȱstructure.ȱMeanwhile,ȱtheȱ
authorsȱofȱSengsriȱandȱKaewunruenȱ[307]ȱreviewedȱtheȱpublicationsȱconnectedȱtoȱbridgeȱ
bearingsȱasȱamongȱtheȱmostȱcommonȱcausesȱofȱbridgeȱfailure.ȱTheȱreviewȱwasȱconnectedȱ
toȱtheȱuseȱofȱsensorsȱandȱotherȱsuchȱdevices.ȱ

InȱNaȱetȱal.ȱ[308],ȱtheȱauthorsȱexaminedȱtheȱcontactȱconditionȱofȱtheȱenergyȱsupplyȱ
system.ȱThisȱcontactȱwasȱcertainlyȱassociatedȱwithȱaȱpantographȱandȱanȱoverheadȱcontactȱ
line,ȱandȱ theȱauthorsȱanalyzedȱ itȱviaȱ imageȱprocessingȱ implementedȱusingȱaȱdeviceȱ inȬ
stalledȱonȱaȱrailȱvehicle’sȱroof;ȱthisȱdeviceȱincludedȱfiberȬopticȱsensors.ȱInȱArthingtonȱetȱ
al.ȱ[309],ȱtheȱauthorsȱdescribedȱtheirȱimageȱprocessingȱapproach;ȱtheyȱsuggestedȱaȱtechȬ
niqueȱbyȱwhichȱtoȱextractȱtheȱverticalȱmovementȱofȱaȱpantographȱfromȱimagesȱtakenȱusingȱ
existingȱonboardȱcameras.ȱBasedȱonȱtheȱpostȬprocessingȱofȱimages,ȱtheȱcontactȱforceȱbeȬ
tweenȱtheȱpantographȱandȱtheȱoverheadȱlineȱcanȱbeȱestimatedȱbasedȱonȱtheȱobservedȱacȬ
celerationȱofȱtheȱpantographȱhead.ȱInȱthisȱsolution,ȱKalmanȱfiltersȱareȱprovidedȱtoȱelimiȬ
nateȱmeasurementȱerrorsȱandȱsensorȱnoise.ȱ

Xuȱetȱal.ȱ[190]ȱstudiedȱprestressedȱconcreteȱsleepersȱenrichedȱwithȱfiberȬopticȬsenȬ
sor–basedȱsystems,ȱwhichȱwereȱcalledȱselfȬsensingȱsleepers.ȱTheȱauthorsȱconductedȱlaborȬ
atoryȱtestsȱinȱorderȱtoȱdevelopȱanȱestimationȱofȱrailȱseatȱload,ȱdetectionȱofȱcracking,ȱandȱ
identificationȱofȱballastȱsettlement—allȱwithȱtheȱuseȱofȱselfȬsensingȱsleepers.ȱTheȱauthorsȱ
concludedȱthatȱaȱselfȬsensingȱsleeperȱmayȱbeȱdeployedȱonȱanȱoperationalȱrailwayȱinȱorderȱ
toȱprovideȱreliableȱandȱ longȬtermȱmeasurementsȱofȱrailȱaxleȱ loadȱandȱballastȱpressure.ȱ
Measurementsȱobtainedȱ inȱ laboratoryȱ testsȱandȱbasedȱonȱ theȱFEMȱsimulationsȱshowedȱ
thatȱthisȱkindȱofȱrailwayȱelementȱcanȱbeȱusedȱasȱaȱrailȱseatȱloadȱsensorȱandȱaȱballastȱpresȬ
sureȱsensorȱinȱactualȱapplicationȱonȱtracks.ȱ

Opticalȱ fiberȱBraggȱgratingȱstrainȱsensorsȱareȱthematicallyȱconnectedȱ toȱ fiberȬopticȱ
sensors;ȱtherefore,ȱsomeȱpublications’ȱdescriptionsȱareȱgivenȱdirectlyȱinȱtheȱfollowingȱfewȱ
paragraphsȱ(withȱdisregardȱforȱanyȱalphabeticalȱlistȱofȱkeywords).ȱ

InȱHoȱ[160],ȱtheȱauthorȱusedȱphotonicȱsensorsȱwithȱfiberȱBraggȱgratingȱarraysȱinȱorȬ
derȱtoȱmeasureȱtheȱtemperatureȱandȱstrainȱappliedȱinȱvariousȱrailwayȱtransportȱsolutions.ȱ
Theȱsameȱyear,ȱtheȱresearchȱteamȱinȱHoȱetȱal.ȱ[161]ȱpresentedȱaȱsolutionȱthatȱappliedȱfiberȱ
Braggȱgratingȱsensorȱarraysȱforȱtrainȱdetection,ȱtrainȱweightȱmeasurement,ȱandȱdataȱcolȬ
lectionȱforȱcharacteristicsȱofȱwheel–railȱinteractionȱinȱorderȱtoȱenableȱrailȱdefectȱdetection.ȱ

InȱWeiȱetȱal.ȱ[37],ȱtheȱauthorsȱdescribedȱaȱrealȬtimeȱsystemȱthatȱwasȱdesignedȱtoȱmonȬ
itorȱwheelȱdefectsȱbasedȱonȱfiberȱBraggȱsensors.ȱThisȱsystemȱensuresȱtheȱminimizationȱofȱ
theȱriskȱofȱwheelȱdeteriorationȱbyȱmonitoringȱtypicalȱtrainȱwheelȱdefects,ȱwhichȱaccordingȱ
toȱNielsenȱandȱJohansson,ȱAttivissimoȱetȱal.,ȱJohanssonȱandȱNielsenȱ[310–312]ȱincludeȱdeȬ
fectsȱsuchȱasȱwheelȱflats,ȱoutȬofȬroundness,ȱspalling,ȱandȱshelling.ȱTheȱadvantageȱofȱtheȱ
systemȱdescribedȱinȱWeiȱetȱal.ȱ[37]ȱisȱthatȱsensorsȱandȱconnectingȱfibersȱinstalledȱnextȱtoȱ
theȱrailroadȱsideȱ(electricȱsensingȱdevice)ȱareȱpassiveȱtoȱelectromagneticȱinterferenceȱfromȱ
theȱ railroadȱenvironment.ȱTherefore,ȱ thisȱkindȱofȱsystemȱdoesȱnotȱneedȱanyȱadditionalȱ
powerȱsources,ȱandȱcanȱbeȱinstalledȱatȱsignificantȱdistancesȱfromȱtheȱmeasuringȱpoints.ȱ
TheȱsystemȱcanȱbeȱintegratedȱwithȱotherȱapplicationsȱofȱrailroadȱfiberȱBraggȱgratingȱsenȬ
sors,ȱsuchȱasȱtheȱtrainȱaxleȱcountingȱpresentedȱinȱLieȱetȱal.ȱandȱWeiȱetȱal.ȱ[313,314],ȱforȱ
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example.ȱTheȱsensorsȱwereȱinstalledȱnearȱtheȱfootȱofȱtheȱrails,ȱwhichȱwasȱconsideredȱtoȱbeȱ
theȱmostȱsensitiveȱandȱpracticalȱallocationȱinȱWeiȱetȱal.ȱ[314];ȱtherefore,ȱtheȱsystemȱmightȱ
beȱaȱbitȱofȱaȱnuisance,ȱespeciallyȱsinceȱtheȱrailsȱmustȱbeȱpolished,ȱandȱpairsȱofȱsensorsȱmustȱ
beȱinstalledȱinȱtheȱsameȱ locationȱtoȱensureȱthatȱwheelsȱ locatedȱonȱbothȱsidesȱofȱanȱaxleȱ
passȱtheȱtwoȱmeasurementȱpointsȱatȱtheȱsameȱinstant.ȱThisȱsystemȱconsistsȱofȱrealȬtimeȱ
camerasȱ andȱRFIDȱ receiversȱ installedȱ forȱ trainȱ identification,ȱ andȱ resultsȱ inȱmapping.ȱ
Moreover,ȱ inȱAttavissimoȱetȱal.ȱ[311]—mentionedȱpreviously—theȱauthorsȱusedȱaȱ laserȱ
diodeȱandȱaȱchargeȬcoupledȱdeviceȱcameraȱforȱmeasurementsȱofȱwheelsȱandȱrailheadȱproȬ
files.ȱTheȱconglomerationȱofȱsuchȱaȱdeviceȱallowedȱusȱtoȱevaluateȱtheȱwheel–railȱinteracȬ
tionȱquality.ȱThisȱsystemȱrecognizesȱanomaliesȱinȱwheel–railȱcontact;ȱhowever,ȱaccordingȱ
toȱWeiȱetȱal.ȱ[37],ȱitȱdoesȱnotȱidentifyȱtheȱtypeȱofȱwheelȱorȱrailȱdefect.ȱFurthermore,ȱsystemsȱ
withȱdevicesȱsuchȱasȱlasersȱandȱcamerasȱrequireȱprecisionȱsetupȱandȱcalibration,ȱandȱcanȬ
notȱ interfereȱwithȱ theȱextremeȱ trackȱgaugeȱorȱ theȱvehicleȱgauge,ȱposingȱchallengesȱ forȱ
practicalȱrailroadȱapplication.ȱ

Alemiȱetȱal.ȱ[315]ȱpresentedȱtheirȱresearchȱonȱtheȱmeasurementȱofȱwheelȱdiameterȱasȱ
aȱpartȱofȱrailȱvehicles’ȱconditionȱmonitoring,ȱwithȱtheȱuseȱofȱaȱcommercialȱmonitoringȱsysȬ
temȱcalledȱ theȱWheelȱ ImpactȱLoadȱDetectorȱ (WILD).ȱThisȱsystemȱcollectedȱmonitoringȱ
dataȱinȱorderȱtoȱdetectȱpotentialȱdefectsȱinȱwheelsȱbasedȱonȱtheȱmeasurementsȱofȱatȱleastȱ
oneȱstrainȱsensor,ȱwithȱtheȱabilityȱtoȱmonitorȱmoreȱfeaturesȱofȱtheȱwheelȱconditionȱusingȱ
theȱsameȱsystem.ȱThisȱsystemȱwasȱalsoȱusedȱbyȱotherȱresearchers,ȱasȱ inȱGaoȱetȱal.ȱandȱ
Harrisonȱetȱal.ȱ[146,316],ȱforȱmoreȱcomplexȱsolutions.ȱ

Theȱ nextȱ keyword,ȱ “gyroscope”,ȱ wasȱ mentionedȱ previouslyȱ inȱ
[50,91,153,154,156,242,263,274,289];ȱsomeȱotherȱpublicationsȱareȱbrieflyȱdescribedȱ inȱ theȱ
nextȱparagraph.ȱ

Tsunashimaȱetȱal.ȱ[262]ȱconsideredȱaȱsystemȱthatȱcanȱdetectȱcracks,ȱcorrugation,ȱandȱ
otherȱirregularitiesȱinȱtracks,ȱespeciallyȱforȱbulletȱtrainsȱthatȱareȱtheȱpartȱofȱtheȱShinkansenȱ
railroadȱsystem;ȱthisȱsystemȱisȱcalledȱRAIDARSSȬ3,ȱandȱcanȱalsoȱbeȱusedȱinȱconventionalȱ
trains.ȱWithinȱtheȱauthors’ȱsystem,ȱinȬserviceȱvehiclesȱareȱequippedȱwithȱaȱmicrophone,ȱ
accelerometers,ȱaȱrateȱgyroscope,ȱaȱGPSȱreceiverȱforȱpositionalȱdetection,ȱaȱcomputerȱforȱ
analysis,ȱandȱanȱanalogȱdeviceȱ transferringȱsignalsȱ fromȱeachȱsensorȱ toȱ theȱmentionedȱ
computer—thisȱsystemȱwasȱalsoȱmentionedȱpreviouslyȱinȱTsunashimaȱetȱal.ȱ[205].ȱAllȱofȱ
theȱequipmentȱwasȱputȱinsideȱaȱcompact,ȱportableȱsensorȱboxȱinstalledȱinsideȱtheȱcarȱbody.ȱ
AsȱtheȱauthorsȱofȱTsunashimaȱetȱal.ȱandȱKojimaȱetȱal.ȱ[262,317,318]ȱclaimed,ȱaȱsetȱthatȱconȬ
sistsȱofȱsimpleȱsensorsȱandȱGPSȱisȱsufficientȱtoȱserveȱasȱaȱprobeȱinȱorderȱtoȱmonitor,ȱdetect,ȱ
andȱanalyzeȱaȱvehicleȱduringȱitsȱoperation.ȱFurthermore,ȱsuchȱaȱsystemȱcanȱdetectȱmainteȬ
nanceȱproblemsȱatȱanȱearlyȱstageȱofȱtheirȱoccurrenceȱHayashiȱetȱal.ȱ [319].ȱAccordingȱtoȱ
Tsunashimaȱetȱal.ȱ[262],ȱtheȱdetectionȱofȱrailȱcorrugationȱwithȱdirectȱmeasurementȱsignalsȱ
(inȱparticularȱthresholdȱprocessing)ȱisȱproblematic;ȱtherefore,ȱinȱthisȱsystemȱtheȱauthorsȱ
proposedȱusingȱaȱmicrophoneȱ forȱdetectingȱcorrugationȱwithȱspectralȱpeakȱcalculation.ȱ
Spectralȱpeakȱcalculationȱwasȱappliedȱtoȱdetectȱrailȱcorrugationȱbasedȱonȱmeasurementsȱ
obtainedȱfromȱcabinȱnoise.ȱCorrugationȱfindingsȱwereȱtransformedȱwithinȱtheȱanalyzingȱ
computerȱonȱtheȱbasisȱofȱmultiresolutionȱanalysisȱ(MRA),ȱafterȱDaubechiesȱ[320],ȱandȱFFTȱ
analysis.ȱTheȱauthorsȱdidȱnotȱseeȱanyȱcontraindicationsȱwhenȱusingȱaccelerometersȱtoȱdeȬ
tectȱtrackȱirregularitiesȱ(inȱtheȱsystem,ȱtrackȱirregularitiesȱwereȱestimatedȱbasedȱonȱincomȬ
ingȱsignalsȱfromȱtheȱverticalȱandȱlateralȱaccelerationȱofȱtheȱcarȱbody).ȱAsȱTsunashimaȱetȱal.ȱ
[262]ȱmentioned,ȱtrackȱirregularitiesȱareȱestimatedȱfromȱtheȱverticalȱandȱlateralȱacceleraȬ
tionȱofȱtheȱcarȱbodyȱinȱthisȱsystem.ȱAȱgyroscopeȱisȱusedȱinȱorderȱtoȱdistinguishȱlineȱirregȬ
ularitiesȱfromȱlevelȱirregularities.ȱTheȱresultsȱofȱusingȱthisȱsystemȱinȱtheȱfieldȱtestȱ(duringȱ
theȱresearchȱtheȱRAIDARSSȬ3ȱsystemȱwasȱinstalledȱonȱsixȱN700ȱseriesȱbulletȱtrains)ȱwereȱ
comparedȱwithȱthoseȱobtainedȱbyȱmultipleȱinspectionȱtrainsȱcollectivelyȱknownȱasȱ”Dr.ȱ
Yellow”,ȱwhichȱrunȱonȱtheȱTçkaidçȱandȱSanyçȱShinkansenȱlines,ȱalongȱwithȱanotherȱinȬ
spectionȱtrainȱ”Eastȱi”,ȱwhichȱrunsȱonȱtheȱTçhoku,ȱJçetsu,ȱNagano,ȱYamagata,ȱandȱAkitaȱ
Shinkansenȱlines,ȱandȱcontributesȱtoȱShinkansenȱtracks’ȱsafety.ȱAȱGPSȱwithinȱtheȱsystemȱ
andȱaȱmapȬmatchingȱ algorithmȱ areȱusedȱ toȱ locateȱ faultsȱonȱ tracks.ȱAsȱmentioned,ȱ theȱ
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systemȱdescribedȱinȱTsunashimaȱetȱal.ȱ[262]ȱcanȱanalyzeȱirregularities,ȱcracks,ȱandȱcorruȬ
gation;ȱsignalsȱofȱdifferentȱfrequenciesȱindicateȱwhatȱkindȱofȱtrackȱfailureȱ(ofȱthoseȱthreeȱ
mentioned)ȱhasȱbeenȱdetected.ȱ

Theȱnextȱkeywordȱisȱ“heterogeneousȱsensors”,ȱwhichȱoccurredȱinȱonlyȱoneȱpublicaȬ
tion.ȱFumeoȱetȱal.ȱ[321]ȱcomposedȱaȱconditionȬmonitoringȱsystemȱconsistingȱofȱthreeȱmodȬ
ules:ȱaȱdataȱfusionȱapplication,ȱaȱsystemȱintegrator,ȱandȱaȱvisualizationȱsystem;ȱtheȱlatterȱ
wasȱreferredȱtoȱasȱtheȱhuman–machineȱinterface.ȱTheȱsystemȱwasȱdevelopedȱinȱorderȱtoȱ
operateȱseveralȱheterogeneousȱsensorsȱinȱtheȱrailwayȱsystem.ȱInȱthisȱtime,ȱevenȱmoreȱsysȬ
temsȱwithȱvariousȱsensorsȱwereȱdeveloped.ȱ

Whereȱtheȱkeywordȱ“inertialȱsensors”ȱisȱconsidered,ȱitȱwasȱmentionedȱonlyȱinȱChiaȱ
etȱal.ȱ[50]ȱsoȱfar.ȱ

Wardȱetȱal.ȱ[118]ȱreviewedȱadvancedȱconditionȬmonitoringȱsolutionsȱforȱrailȱvehicleȱ
bogies,ȱandȱinvestigatedȱvehicleȬbasedȱsensorsȱforȱmonitoringȱtheȱrunningȱgear,ȱasȱwellȱasȱ
suspensionȱandȱwheelȱparameters.ȱTheȱwork,ȱinȱthisȱcase,ȱreliedȱonȱsimulations,ȱutilizingȱ
modelȬbasedȱ conditionȱ monitoringȱ andȱ Kalmanȱ filtersȱ withȱ accelerometerȱ data.ȱ Theȱ
methodȱalsoȱrequiredȱknowledgeȱofȱtheȱtrackȱirregularitiesȱasȱwellȱasȱaccelerometersȱonȱ
allȱbodiesȱforȱtheȱbestȱresults.ȱTheȱauthorsȱofȱWardȱetȱal.ȱ[116]ȱobservedȱthatȱwheel–railȱ
contactȱcausesȱsignificantȱdisruptionȱtoȱtheȱoperationȱofȱtheȱrailwayȱnetwork,ȱespeciallyȱ
duringȱtheȱautumn.ȱTheȱauthorsȱdevelopedȱaȱmethodȱincludingȱaȱKalman–Bucyȱfilterȱinȱ
orderȱtoȱobtainȱanȱestimationȱofȱcreepȱforcesȱinȱaȱwheel–railȱcontactȱarea.ȱTheȱalgorithmȱ
gatheredȱdataȱwithȱtheȱuseȱofȱinertialȱsensorsȱmountedȱonȱtheȱvehicleȱbogieȱandȱwheelsets.ȱ
Creepȱ forcesȱwereȱalsoȱ consideredȱ inȱWardȱ etȱal.ȱ [117];ȱ theȱauthorsȱ reportedȱdynamicȱ
methodȱofȱtheȱdetectionȱofȱcreepȱforcesȱwithȱinertialȱsensorsȱinstalledȱunderneathȱaȱrailȱ
vehicle.ȱInȱWardȱetȱal.ȱ[19],ȱtheȱauthorsȱbroadlyȱdiscussedȱtheȱuseȱofȱinertialȱsensorsȱinȬ
stalledȱonȱrollingȱstockȱinȱorderȱtoȱmonitorȱtrackȱandȱvehicleȱconditions;ȱtheȱauthorsȱreȬ
calledȱtheȱappropriateȱallocationȱofȱsensorsȱforȱtrack/vehicleȱconditionȱmonitoring.ȱMoreȬ
over,ȱtheȱauthorsȱdiscussedȱstandardsȱofȱdataȱsentȱinȱsuchȱaȱsystem.ȱAsideȱfromȱpotentialȱ
monitoringȱopportunitiesȱwithȱtheȱsuggestedȱsystem,ȱtheȱauthorsȱprovidedȱcertainȱoperȬ
ationalȱinformationȱforȱuseȱonboardȱaȱtrainȱinȱrealȱtime.ȱ

Bhardwajȱetȱal.ȱ[322]ȱresearchedȱaȱsystemȱwithȱinertialȱsensorsȱonboardȱserviceȱtrainsȱ
forȱtheȱdetectionȱandȱlocalizationȱofȱrailroadȱtrackȱirregularities.ȱInȱsuchȱaȱsystem,ȱnoiseȱ
andȱreducedȱsignalȱstrengthȱwereȱadditionallyȱgeneratedȱbyȱtheȱgeospatialȱpositionȱofȱtheȱ
GPSȱreceiversȱandȱtheȱnonȬuniformȱsamplingȱofȱtheȱinertialȱsensors.ȱTherefore,ȱinterferȬ
enceȱinȱtheȱmeasuredȱsignalsȱdecreased,ȱleadingȱtoȱhigherȱratesȱofȱfalseȱpositivesȱandȱfalseȱ
negatives.ȱTheȱauthorsȱdevelopedȱaȱmethodȱtoȱlimitȱtheȱoccurrenceȱofȱsuchȱaȱsignalȬtoȬ
noiseȱratioȱdecrease.ȱ

MeiȱandȱDingȱ[45]ȱtookȱintoȱconsiderationȱaȱmethodȱthatȱreliedȱonȱcrossȬcorrelationsȱ
betweenȱheterogeneousȱmeasurementsȱfromȱinertialȱsensorsȱmountedȱonȱaȱrailȱbogie.ȱTheȱ
authorsȱanalyzedȱverticalȱprimaryȱsuspensionsȱofȱbogies;ȱnevertheless,ȱtheyȱclaimedȱthatȱ
theȱmethodȱmightȱbeȱappliedȱinȱorderȱtoȱobserveȱpotentialȱfaultsȱinȱtheȱlateralȱdirectionȱ
onȱprimaryȱsuspensions,ȱasȱwellȱasȱinȱbothȱtheȱverticalȱandȱlateralȱdirectionsȱonȱsecondaryȱ
suspensions.ȱTheȱauthorsȱalsoȱmentionedȱthatȱusingȱthisȱmethodȱandȱsystemȱenablesȱconȬ
ditionȱmonitoringȱinȱotherȱdynamicȱsystemsȱcharacterizedȱbyȱsymmetricalȱconfigurations.ȱ

InȱVanrajȱDhamiȱandȱPablaȱ[323],ȱtheȱauthorsȱclaimedȱthatȱvibrationȱanalysisȱviaȱstaȬ
tisticalȱmeasuresȱwasȱoftenȱusedȱforȱtheȱdiagnosisȱofȱgearȱdefects;ȱhowever,ȱacousticȱsigȬ
nals—inȱtheȱopinionȱofȱtheȱauthors—wereȱalsoȱcharacterizedȱbyȱhugeȱpotential.ȱTheȱauȬ
thorsȱdidȱnotȱkeepȱawayȱfromȱstatisticalȱanalysesȱbasedȱonȱtheȱmeasurementsȱofȱvibrationȱ
sensors.ȱMoreover,ȱ theyȱcombinedȱvibrationalȱandȱacousticȱsignalsȱ intoȱaȱ fusionȱofȱviȬ
broacousticȱsignalsȱ(sensorȱdataȱfusion,ȱsensorȱfusion)ȱthatȱproducedȱmoreȱpromisingȱ
resultsȱthanȱvibrationalȱorȱacousticȱfeaturesȱindividually.ȱ

Laserȱ scanningȱwasȱ alsoȱ amongȱ theȱ interestsȱ ofȱ researchersȱ forȱ railwayȱ vehiclesȱ
(trackȬaccompanying),ȱasȱwellȱasȱforȱtheȱtracksȱthemselves,ȱasȱisȱmentionedȱbelow.ȱ

Kimȱetȱal.ȱ[245]ȱpresentedȱtheirȱresearchȱonȱsleepers’ȱconditionȱmonitoringȱandȱdisȬ
placementȱinȱparticularlyȱcriticalȱareas.ȱTheȱsystemȱcollectedȱdataȱviaȱtheȱuseȱofȱdevicesȱ
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mountedȱonȱaȱvehicle,ȱincludingȱinertialȱsensors,ȱlaserȱsensorsȱmountedȱonȱaȱbogie,ȱpoȬ
sitionalȱsensitivityȱdeviceȱsensors,ȱandȱgeophonesȱmountedȱonȱtheȱsleeperȱandȱconnectedȱ
viaȱaȱcontrollerȱareaȱnetworkȱ(CAN)ȱbus.ȱThisȱbusȱallowsȱtheȱtransmittingȱofȱdataȱbetweenȱ
multipleȱsensorȱnodesȱ inȱ theȱsensorȱnetwork.ȱTheȱauthorsȱplannedȱ toȱhandleȱupȱ toȱ16ȱ
sleepersȱinȱaȱcriticalȱzoneȱusingȱjustȱoneȱsetȱofȱtheȱaforementionedȱdevices.ȱ

InȱReitererȱetȱal.ȱ[324],ȱtheȱauthorsȱstatedȱthatȱlaserȱscanning,ȱasȱaȱfastȱandȱhighȬpreȬ
cisionȱmethod,ȱcouldȱbecomeȱanȱapprovedȱoptionȱforȱtheȱmeasurementȱofȱtracks,ȱoverheadȱ
lines,ȱclearanceȱprofiles,ȱandȱrollingȱstock.ȱWithȱtheȱuseȱofȱsuchȱaȱmethod,ȱitȱwasȱpossibleȱ
toȱobtainȱmeasurementsȱfromȱupȱtoȱseveralȱmillionȱpointsȱperȱsecondȱ(highȱdensitiesȱofȱ
measurementsȱspots),ȱwhileȱatȱtheȱsameȱtimeȱitȱwasȱpossibleȱtoȱobtainȱpreciseȱmeasureȬ
mentȱ accuracy.ȱ Theȱ authorsȱ describedȱ anȱ overviewȱ ofȱ laserȬbasedȱ sensorȱ systemsȱ forȱ
measuringȱrailwayȱinfrastructure,ȱandȱhighlightedȱadvantagesȱandȱdrawbacksȱassociatedȱ
withȱsuchȱsystems.ȱ

TheȱconditionȱofȱaȱrailwayȱwheelȱcanȱbeȱanalyzedȱbasedȱonȱwheelȱprofileȱmeasureȬ
mentȱwithȱtheȱuseȱofȱautomaticȱsystemsȱmountedȱalongȱaȱrailwayȱtrack.ȱOneȱofȱsuchȱaȱ
system’sȱadvantagesȱisȱpinpointingȱbadȱwheelsȱatȱanȱearlyȱstage.ȱNevertheless,ȱmeasureȬ
mentȱdataȱinȱsuchȱaȱsystemȱhaveȱtoȱbeȱcontrolled;ȱtherefore,ȱtheȱauthorsȱofȱAsplundȱetȱal.ȱ
[93]ȱdevelopedȱanȱassessmentȱmethodȱforȱtheȱvalidationȱofȱindividualȱwheelȱprofileȱmeasȬ
urements,ȱinȱorderȱtoȱprovideȱadequateȱaccuracyȱofȱtheȱwheelȱprofileȱmeasurementȱdata.ȱ
Wheelȱmeasurementsȱwereȱcomparedȱbyȱ fourȱsensors—oneȱperȱsideȱofȱ twoȱrails;ȱ laserȱ
scanningȱwasȱtakenȱintoȱconsiderationȱinȱthisȱresearch.ȱInȱAsplundȱetȱal.ȱ[94],ȱtheȱauthorsȱ
presentedȱaȱwheelȱdefectȱdetectorȱasȱaȱdeviceȱwithȱwhichȱtoȱmeasureȱandȱmonitorȱwheels’ȱ
parametersȱalongȱtheȱtrackȱsoȱasȱtoȱdetectȱfaultyȱwheels,ȱwhichȱareȱoneȱofȱtheȱreasonsȱforȱ
trackȱdamage.ȱWheelȱdefectȱdetectorsȱcanȱcatchȱfailuresȱsuchȱasȱflats,ȱlargeȱshelling,ȱandȱ
severeȱwheelȱpolygonization.ȱ

Inȱ theȱTçkkaidçȱShinkansenȱ line,ȱ theȱaccelerationȱonȱ theȱcarȱbodyȱ trainsȱhasȱbeenȱ
measuredȱcontinuouslyȱsinceȱtheȱinaugurationȱofȱtheȱTçkaidçȱShinkansenȱinȱ1964ȱ(Araiȱetȱ
al.ȱ[325]),ȱinȱadditionȱtoȱtrackȱmeasurementȱconductedȱusingȱtrackȱgeometryȱcars.ȱInȱ[326],ȱ
theȱauthorȱAraiȱpresentedȱaȱtwoȬdimensionalȱlaserȱdisplacementȱsensorȱandȱmeasuringȱ
deviceȱthatȱcompensatesȱforȱtheȱcarȱbodyȱaccelerationȱinȱorderȱtoȱallowȱtheȱmeasurementȱ
ofȱallȱparametersȱofȱtrackȱirregularityȱinȱtheȱShinkansenȱsystem’sȱtracks.ȱ

TheȱauthorsȱofȱMcCormickȱetȱal.ȱ[327]ȱexaminedȱtheȱinteriorȱconditionȱofȱrailwayȱtunȬ
nelsȱwithȱtheȱuseȱofȱimagingȱandȱlaserȱscanningȬbasedȱtechniques,ȱwhichȱledȱtoȱrapidȱdataȱ
capture.ȱTheseȱmethodsȱensuredȱ theȱreductionȱorȱeliminationȱofȱ theȱnecessityȱ forȱ trackȱ
accessȱandȱvisualȱinspections.ȱ

Theȱfollowingȱkeywordsȱareȱcharacterizedȱbyȱaȱsmallȱnumberȱofȱpublications,ȱyetȱareȱ
neverthelessȱofȱqualitativeȱvalue.ȱTheseȱare:ȱ“multipleȱsensors”,ȱ“onboardȱsensors”ȱ(thisȱ
keywordȱisȱpresentedȱinȱSectionȱ4.2,ȱsinceȱtheȱthematicȱscopeȱofȱthatȱsectionȱsuitsȱitȱbetter),ȱ
“pressureȱ andȱ temperatureȱ sensors”,ȱ “rechargeableȱ sensorȱ nodes”,ȱ “strainȱ gaugeȱ senȬ
sors”,ȱandȱ“remoteȱsensors”ȱ(alreadyȱpresented).ȱ

AȱperiodicȱoutȬofȬroundȱwheelȱgeneratesȱexcitationȱfrequenciesȱevolvingȱintoȱtheȱresȬ
onanceȱofȱaȱtrackȱandȱvehicle;ȱpolygonalȱdefectȱdetectionȱwasȱusedȱinȱAlemiȱetȱal.ȱ[328]ȱinȱ
orderȱtoȱstudyȱtheȱmentionedȱaspect.ȱDifferentȱpolygonalȱdefectsȱwereȱsuccessivelyȱrecȬ
ognizedȱwithȱ thatȱsolution,ȱusingȱmultipleȱsensors,ȱandȱtheȱdominantȱharmonicsȱwereȱ
decomposed.ȱ

OneȱpaperȱbyȱSomàȱetȱal.ȱ[329]ȱpresentedȱexperimentalȱdataȱmeasuredȱviaȱtheȱappliȬ
cationȱofȱanȱonboardȱunitȱinstalledȱonȱanȱintermodalȱfreightȱtrain.ȱTheȱdeviceȱwasȱcomȬ
posedȱ ofȱ variousȱ kindsȱ ofȱ sensorsȱ toȱ describeȱ theȱ actualȱ conditionsȱ ofȱ aȱmonitoredȱ
wagon—especiallyȱaȱbrakingȱsystem.ȱTheȱsensorsȱusedȱinȱthisȱmonitoringȱsystemȱwereȱasȱ
follows:ȱpressureȱandȱ temperatureȱsensorsȱ toȱenableȱanalysisȱofȱ theȱbrakes’ȱcondition,ȱ
andȱanȱaccelerometerȱforȱanalysisȱofȱtheȱwagonȱdynamics,ȱinstalledȱonȱtheȱwagon’sȱchasȬ
sis.ȱ

AȱsystemȱofȱwirelessȱrechargeableȱsensorȱnodesȱforȱtheȱanalysisȱofȱcorrugationȱprobȬ
lemsȱ inȱ urbanȱ railwaysȱ wasȱ developedȱ inȱ Luȱ etȱ al.ȱ [143];ȱ thisȱ systemȱ includedȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 31ȱ ofȱ 65ȱ
ȱ

ȱ

electromagneticȬinductionȬprincipleȬbasedȱenergyȱgeneratorsȱandȱwirelessȱsensorȱnodes,ȱ
creatingȱaȱwirelessȱsensorsȱnetwork.ȱTheȱsystemȱwasȱelaboratedȱforȱtheȱpredictionȱofȱtheȱ
dynamicȱresponseȱofȱrailwayȱtracksȱbrandedȱbyȱrailȱcorrugation.ȱ

Theȱnextȱinȱlineȱisȱanȱexceptionalȱkeyword:ȱsimplyȱ“sensor(s)”,ȱtheirȱderivatives,ȱandȱ
relatedȱkeywords.ȱAsȱmayȱbeȱsuspected,ȱmanyȱpublicationsȱwereȱdefinedȱbyȱoneȱofȱtheseȱ
terms—allȱofȱtheseȱpublicationsȱareȱmentionedȱ inȱTableȱ4,ȱwhileȱsomeȱofȱthemȱareȱalsoȱ
givenȱbelow.ȱTherefore,ȱtheȱpublicationsȱmentionedȱupȱtoȱtheȱendȱofȱtheȱcurrentȱsubsecȬ
tionȱareȱonlyȱaȱfewȱexamples,ȱandȱdoȱnotȱexhaustȱtheȱfullȱrangeȱofȱtheȱissue.ȱ

TheȱauthorsȱofȱBruniȱetȱal.ȱ[26]ȱsurveyedȱtheȱapplicationȱofȱsensors,ȱelectronics,ȱandȱ
computerȱprocessingȱtechnologiesȱtoȱsuspensionsȱandȱrunningȱgear;ȱtheȱauthorsȱfocusedȱ
onȱtheȱcomplementaryȱissuesȱofȱcontrolȱandȱmonitoring.ȱ

InȱWardȱetȱal.ȱ[119],ȱtheȱauthorsȱresearchedȱtheȱrecursiveȱleastȱsquaresȱalgorithm;ȱaȱ
solutionȱbasedȱonȱ linearȱ estimationsȱwasȱ suggestedȱbecauseȱofȱ theȱobservationȱofȱ theȱ
strongȱdiscontinuousnessȱofȱtheȱcontactȱgeometryȱduringȱwheel–railȱdisplacement.ȱTheȱ
algorithmȱofȱwheel–railȱcontactȱgeometryȱinȱaȱrailȱvehicleȱsystemȱwasȱdiscussedȱbasedȱonȱ
aȱsystemȱequippedȱwithȱmultipleȱsensorsȱandȱhighȬcapacityȱcommunicationȱbuses,ȱbothȱ
withȱhighȱprocessingȱcapability.ȱ

BöhmȱandȱDoegenȱ[330]ȱdeemedȱswitchesȱtoȱbeȱaȱcriticalȱpartȱofȱrailȱinfrastructure;ȱ
theyȱstatedȱthatȱswitchesȱwereȱexposedȱtoȱstrongȱforcesȱduringȱtrainȱoperationȱandȱinciȬ
dentallyȱextremeȱweatherȱconditions.ȱUsingȱhugeȱquantitiesȱofȱsensorsȱwouldȱbeȱfarȱtooȱ
expensive;ȱtherefore,ȱtheyȱdevelopedȱaȱsystemȱtoȱmonitorȱtheȱconditionȱwithoutȱtheȱapȬ
plicationȱofȱsensors.ȱTheȱauthorsȱnotedȱthatȱexternalȱdataȱsourcesȱhadȱtoȱbeȱidentifiedȱandȱ
accordinglyȱ integratedȱ inȱorderȱ toȱ ensureȱ theȱnecessaryȱ informationȱotherwiseȱgainedȱ
fromȱsensorsȱwasȱobtained,ȱasȱrailwayȱswitchȱandȱcrossingȱsystemsȱareȱexposedȱtoȱharshȱ
workingȱconditionsȱ thatȱmakeȱ themȱsusceptibleȱ toȱ failuresȱandȱbreakdowns;ȱ therefore,ȱ
theseȱareȱelementsȱofȱintensifiedȱconditionȱmonitoring.ȱFurthermore,ȱtheȱauthorsȱofȱHamȬ
adacheȱetȱal.ȱ[114]ȱconsideredȱaȱmodelȬbasedȱfaultȱdetectionȱmethodȱwithȱaȱmodifiedȱreȬ
sidualȬbasedȱtechniqueȱappliedȱtoȱelectroȬmechanicalȱrailwayȱswitchȱsystems.ȱ

InȱHenaoȱetȱal.ȱ[105],ȱtheȱauthorsȱavoidedȱtheȱuseȱofȱmechanicalȱsensorsȱinȱtheȱdiagȬ
nosisȱofȱmechanicalȱfaultsȱinȱrailwayȱtractionȱsystems;ȱtheyȱdemonstratedȱtheȱnoninvasiveȱ
techniqueȱofȱusingȱaȱtractionȱmotorȱasȱaȱtorqueȱsensorȱthroughȱitsȱelectromagneticȱtorqueȱ
estimationȱforȱtorsionalȱvibrationȱmonitoringȱ(alsoȱpresentedȱinȱKiaȱetȱal.ȱ[107]).ȱKiaȱetȱal.ȱ
[106]ȱpresentedȱthisȱsolutionȱpreviouslyȱbasedȱonȱresearchȱusingȱaȱdeviceȱonȱaȱreducedȱ
scale,ȱ inȱwhichȱ theȱexperimentalȱ setupȱofȱ theȱ tractionȱpartȱwasȱdevelopedȱandȱ instruȬ
mentedȱbasedȱonȱtheȱextrapolationȱofȱrealȱscaleȱparameters.ȱElectromagneticȱtorqueȱestiȬ
mationȱwithȱtheȱuseȱofȱnoninvasiveȱmeasurementȱasȱaȱresourceȱforȱmechanicalȱtorsionalȱ
stressȱmonitoringȱinȱanȱinductionȱmachineȱdrivingȱsystemȱatȱnonstationaryȱoperatingȱconȬ
ditionsȱwasȱalsoȱpresentedȱinȱKiaȱetȱal.ȱ[108].ȱTestsȱandȱvalidationȱofȱtheȱproposedȱmethodȱ
wereȱconductedȱwithȱaȱsquirrelȬcageȱinductionȱmachineȱconnectedȱtoȱaȱoneȬstageȱgearbox.ȱ
Kiaȱetȱal.ȱ[109]ȱclaimedȱthatȱaȱcomplexȱstructureȱandȱtheȱdiagnosisȱofȱtheȱelectromechanicalȱ
systemȱbasedȱonȱnoninvasiveȱelectricalȱsensorsȱdrewȱspecialȱattentionȱfromȱrailwayȱtracȬ
tionȱresearchersȱinȱrecentȱyears.ȱInȱKiaȱetȱal.ȱ[109],ȱaȱrealȱtractionȱbogieȱwasȱusedȱforȱmeȬ
chanicalȱconditionȱmonitoring.ȱ

Anȱelectricȱpointȱmachineȱisȱaȱdeviceȱforȱoperatingȱrailwayȱturnouts,ȱespeciallyȱfromȱ
aȱparticularȱdistance.ȱTheȱconditionȱmonitoringȱofȱsuchȱaȱdeviceȱwasȱreviewedȱandȱdisȬ
cussedȱinȱOyebandeȱandȱRenfrewȱ[52,53].ȱAnȱapproximateȱmethodȱandȱaȱcomputerȱsimuȬ
lationȱtoȱreplicateȱmaladjustmentȱwithȱtheȱuseȱofȱnoninvasiveȱsensorsȱwereȱproposedȱbyȱ
theȱauthors.ȱZhouȱetȱal.ȱ[331]ȱproposedȱtheȱconditionȱmonitoringȱofȱanȱelectricȱpointȱmaȬ
chineȱwithȱapproximatelyȱ15ȱ separateȱ sensors,ȱeitherȱ connectedȱdirectlyȱ toȱ theȱ electricȱ
pointȱmachine,ȱorȱnextȱtoȱtheȱtrackȱsurroundingȱit.ȱ

Railwayȱtracksȱrelyȱonȱnumerousȱboltedȱjointȱconnectionsȱappliedȱtoȱensureȱtheȱsafeȱ
andȱreliableȱoperationȱofȱbothȱtheȱtrackȱandȱtracksideȱdevices.ȱSimilarlyȱtoȱotherȱelementsȱ
ofȱrailwayȱsystems,ȱmanualȱmaintenanceȱofȱboltedȱjointsȱisȱcharacterizedȱasȱhighȱcost,ȱdisȬ
ruptive,ȱandȱunreliable,ȱandȱcanȱbeȱsubjectȱtoȱhumanȱerror.ȱTherefore,ȱtheȱauthorsȱofȱTesfaȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 32ȱ ofȱ 65ȱ
ȱ

ȱ

etȱal.ȱ[100]ȱdevelopedȱaȱsystemȱthatȱautomaticallyȱmeasuredȱtheȱclampingȱforceȱofȱeachȱ
individualȱboltedȱjoint;ȱasȱaȱresultȱofȱtheirȱanalyses,ȱpiezoresistiveȱsensorsȱusingȱtheȱforceȱ
attenuationȱmethodȱwereȱchosenȱasȱtheȱmostȱproductiveȱsensorsȱforȱtheȱpurposesȱofȱthisȱ
research.ȱTheȱstrainȱgaugeȱandȱcapacitorȱsensorsȱallowedȱthemȱtoȱobtainȱfewerȱsatisfyingȱ
resultsȱ(theȱcomparisonȱanalysesȱwereȱperformedȱusingȱdesignȱoptimizationȱtechniques).ȱ

InȱTsunashimaȱandȱMoriȱ [38],ȱ theȱauthorsȱadaptedȱ theȱ interactingȱmultipleȬmodelȱ
methodȱtoȱdetectȱfaultsȱinȱrunningȱrailwayȱvehicles;ȱtheyȱusedȱtheȱvehicleȱmodel/systemȱ
forȱnumericalȱanalysesȱofȱtheȱgivenȱsolutions,ȱincludingȱtheȱlateralȱandȱyawȱmotionsȱinȱ
theȱcaseȱofȱtheȱrailȱvehicle’sȱwheelsetsȱandȱbogie,ȱandȱtheȱlateralȱmotionȱinȱtheȱcaseȱofȱtheȱ
vehicle’sȱbody.ȱTheȱauthorsȱdecidedȱtoȱuseȱsensorsȱforȱmeasuringȱtheȱlateralȱaccelerationȱ
andȱyawȱrateȱofȱaȱbogie,ȱandȱtheȱlateralȱaccelerationȱofȱaȱbody.ȱ ȱ

InȱLallȱetȱal.ȱ[147,148],ȱtheȱauthorsȱmentionedȱthatȱaȱvehicle’sȱconditionȱmayȱbeȱmonȬ
itoredȱagainstȱfailuresȱwithȱtheȱuseȱofȱresistanceȬspectroscopyȬbasedȱstateȬspaceȱvectors,ȱ
rateȱofȱchange,ȱandȱacceleration—theȱlatterȱtwoȱforȱtheȱstateȱvariable.ȱTheȱauthorsȱmenȬ
tionedȱthatȱactualȱprognosticȱhealthȱmanagementȱapplicationȱareasȱincludeȱfatigueȱcrackȱ
damageȱinȱmechanicalȱstructures—suchȱasȱthoseȱinȱrailȱstructures—mostlyȱwithȱvariousȱ
typesȱofȱsensors.ȱ

InȱNgigiȱetȱal.ȱ[6],ȱtheȱauthorsȱappraisedȱtheȱupȬtoȬdateȱconditionȬmonitoringȱtechȬ
niquesȱappliedȱforȱrailwayȱvehicleȱdynamicsȱbyȱanalyzingȱvariousȱmethods’ȱadvantagesȱ
andȱ disadvantages.ȱ Theȱ authorsȱ identifiedȱwheelsetȱ conditionȱmonitoring,ȱ andȱ trackȬ
basedȱsensorsȱforȱtheȱeffectiveȱconditionȱmonitoringȱofȱvehicles.ȱTheyȱconsideredȱtheȱchalȬ
lengeȱofȱfindingȱproperȱmeasurementȱtechnologies,ȱalongȱwithȱrelevantȱandȱcorrectȱpaȬ
rametersȱthatȱcanȱbeȱmeasuredȱtoȱmeetȱtheȱexpectedȱaimsȱofȱsuchȱsystems.ȱ

TheȱexperimentsȱpresentedȱinȱCzechyraȱandȱFirlikȱ[132]ȱwereȱcarriedȱoutȱviaȱnumerȬ
icalȱsimulationsȱforȱdifferentȱtramȱtypes,ȱconductedȱwithȱconsiderationȱofȱselectedȱfaults,ȱ
underȱvariousȱrunȱparameters—suchȱasȱspeed,ȱvehicleȱload,ȱtrackȱtype,ȱetc.ȱTheȱsystemȱ
developedȱbyȱtheȱauthorsȱtookȱintoȱconsiderationȱanalysesȱofȱmetricsȱsuchȱasȱsuspensionȱ
condition,ȱwheelȱsurfaceȱwear,ȱrideȱcomfortȱandȱstability,ȱandȱsafetyȱagainstȱderailment.ȱ
Theȱsystemȱwasȱequippedȱwithȱaȱcommunicationȱmodule,ȱaȱpositioningȱdevice,ȱandȱaȱsetȱ
ofȱsensors.ȱEachȱmeasurementȱofȱsensorsȱlocatedȱonȱtheȱvehicleȱwasȱcomparedȱtoȱtheȱnomȬ
inalȱvaluesȱandȱhistoricalȱmeasuresȱ fromȱ theȱsameȱsensorȱ (comparisonȱofȱaccelerationsȱ
andȱpositionȱsignalsȱmeasuredȱduringȱrunsȱoverȱtheȱsameȱtrackȱsection).ȱ

TheȱauthorsȱofȱThakkarȱetȱal.ȱ[332]ȱpresentedȱaȱprototypeȱsystemȱforȱpredetectionȱofȱ
wheelȱdefectsȱusingȱrailȬmountedȱsensors;ȱtheȱauthorsȱconcludedȱthatȱtheirȱsystemȱmightȱ
beȱusedȱforȱtheȱanalysisȱofȱwheelȱdefectsȱbyȱusingȱeitherȱtrackȬmountedȱorȱwheelȬmountedȱ
sensors,ȱafterȱselectedȱcalibrations.ȱ

InȱMatsumotoȱetȱal.ȱ[203],ȱtheȱauthorsȱdevelopedȱaȱthenȬnewȱmethodȱofȱmeasuringȱ
wheel–railȱcontactȱforces,ȱwhichȱwasȱbasedȱonȱnonȬcontactȱgapȱsensorsȱplacedȱonȱpartsȱofȱ
theȱbogieȱinȱwhichȱnoȱrotatingȱpartsȱareȱsituated.ȱTheȱmethodȱandȱtheȱsystemȱwereȱverifiedȱ
onȱtheȱsubway/metroȱline.ȱTheȱauthorsȱobtainedȱsomeȱimportantȱcharacteristicsȱofȱwheel–
railȱcontactȱmechanicsȱ(i.e.,ȱderailmentȱcoefficients,ȱfluctuationsȱofȱtheȱcoefficientsȱbeingȱ
similarȱonȱstraightȱandȱcurvedȱtracks)ȱduringȱtheȱsystemȱexploitation,ȱwithȱmutualȱinfluȬ
ence.ȱ

ChudzikiewiczȱandȱStelmachȱ[333]ȱdescribedȱaȱcomplexȱsolutionȱforȱmonitoringȱtheȱ
technicalȱconditionȱofȱaȱvehicleȱandȱtrackȱatȱtheȱsameȱtime;ȱtheȱsystemȱdescribedȱbyȱtheȱ
authorsȱwasintendedȱtoȱconsistȱofȱaȱnetworkȱofȱsensorsȱmountedȱonȱaȱselectedȱpartȱofȱaȱ
railȱvehicle.ȱTheȱdataȱacquisitionȱunitȱandȱaȱdataȱserver—bothȱenrichedȱbyȱsoftwareȱdediȬ
catedȱtoȱtheȱanalysisȱandȱmanagementȱofȱdiagnosticȱdata—wereȱalsoȱincludedȱwithinȱtheȱ
system.ȱTheȱdata—i.e.,ȱaccelerationȱsignalsȱobtainedȱduringȱrunsȱoverȱcriticalȱpartsȱofȱtheȱ
trackȱsectionȱ(e.g.,ȱcrossings)—wereȱintendedȱtoȱbeȱcomparedȱwithȱoneȱanother.ȱ ȱ

Limitationȱinȱsensorȱquantitiesȱisȱimportant,ȱforȱexampleȱwithȱrespectȱtoȱcostsȱorȱtheȱ
sendingȱofȱsignals.ȱKirkwoodȱetȱal.ȱ[334]ȱdiscussedȱsuchȱaȱtopic,ȱwithȱreferenceȱtoȱrailwayȱ
transportȱasȱwell;ȱinȱtheȱopinionȱofȱtheȱauthors,ȱaddingȱsensorsȱisȱnotȱaȱdifficultȱtask;ȱhowȬ
ever,ȱassociatedȱcostsȱareȱconnectedȱtoȱthoseȱsensors—suchȱasȱtheȱcostȱofȱeachȱsensor,ȱtheȱ
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costȱofȱutilitiesȱrequiredȱtoȱpowerȱthem,ȱtheȱcostȱofȱdataȱgatheringȱandȱprocessing,ȱandȱtheȱ
costȱofȱstorageȱofȱthatȱdata.ȱTheseȱcostsȱmustȱbeȱtakenȱintoȱconsideration—especiallyȱcurȬ
rently,ȱwhenȱwirelessȱsensorȱnetworksȱareȱofȱhugeȱinterestȱforȱvariousȱpurposes.ȱ

InȱGroosȱetȱal.ȱ[335],ȱtheȱauthorsȱpresentedȱaȱquasiȬcontinuousȱconditionȬmonitoringȱ
systemȱthatȱwasȱdevelopedȱtoȱanalyzeȱshortȬwavelengthȱ(fromȱaȱfewȱcentimetersȱtoȱaȱfewȱ
metersȱlong)ȱdefectsȱofȱrailwayȱtracks,ȱsuchȱasȱrailȱcorrugation.ȱTheȱmeasurementsȱwereȱ
obtainedȱinȱthisȱresearchȱusingȱaȱvehicleȬembeddedȱsensorȱasȱaȱtriaxialȱaxleȱboxȱacceleromȬ
eter.ȱTheȱaccelerationȱsensorȱdataȱwereȱcombinedȱwithȱaȱdigitalȱmapȱofȱlinearȱrailwayȱinȬ
frastructureȱandȱotherȱcrucialȱoperationalȱdata,ȱwhichȱwereȱimplementedȱwithinȱaȱlandȬ
sideȱdataȱmanagementȱsystem.ȱTrackȬselectiveȱgeoreferencingȱbyȱmultisensorȱfusion,ȱtheȱ
axleȱboxȱaccelerationȱdataȱappliedȱ forȱpatternȱ recognition,ȱandȱ furtherȱ intelligentȱdataȱ
analysisȱwereȱusedȱforȱtheȱtemporalȱconditionȱofȱtrackȱanalyses.ȱ

Ningȱetȱal.ȱ[336]ȱtookȱintoȱconsiderationȱtheȱproblemȱofȱsmallȬamplitudeȱhuntingȱdeȬ
tectionȱbeforeȱtheȱoccurrenceȱofȱlateralȱinstabilityȱobservedȱinȱtheȱcaseȱofȱhighȬspeedȱtrains.ȱ
Dataȱobtainedȱwithȱonlyȱoneȱsensorȱwereȱconsideredȱbyȱauthorsȱtoȱbeȱinsufficient;ȱthereȬ
fore,ȱinȱorderȱtoȱimproveȱtheȱaccuracyȱandȱrobustnessȱofȱtheȱmonitoringȱsystemȱforȱtheȱ
detectionȱofȱsmallȬamplitudeȱhunting,ȱtheȱauthorsȱdevelopedȱaȱmultisensorȱfusionȱframeȬ
workȱusingȱtheȱDempster–Shaferȱtheory.ȱThisȱmultisensorȱfusionȱframeworkȱconsistsȱofȱ
severalȱsteps,ȱdescribedȱ inȱ theȱpaperȱ inȱdetail.ȱTheȱauthorsȱsuggestȱthatȱ theȱmentionedȱ
frameworkȱcanȱalsoȱbeȱusedȱasȱaȱgearboxȱmonitoringȱsystem,ȱsinceȱnonstationaryȱsignalsȱ
areȱacquired.ȱ

InȱXuȱetȱal.ȱ[264],ȱtheȱauthorsȱproposedȱaȱmethodȱofȱwheelȱconditionȱmonitoringȱinȱ
theȱcontextȱofȱtheirȱwear;ȱtheȱmethodȱwasȱdevelopedȱinȱorderȱtoȱprovideȱanalysesȱforȱhighȬ
speedȱtrains’ȱwheelȱwearȱusingȱonboardȱvibrationȱsensors.ȱAccordingȱtoȱtheȱauthors,ȱtechȬ
niquesȱandȱstatisticalȱmethodsȱforȱsignalȱprocessingȱwereȱappliedȱinȱorderȱtoȱobtainȱmulȬ
tilocationȱvibrationȱdataȱandȱestimateȱtheȱwheelȱwear.ȱ

Rothȱetȱal.ȱ[337]ȱsuggestedȱaȱsystemȱforȱtrackȱconditionȱmonitoringȱdevelopedȱviaȱtheȱ
sensorȱfusionȱ(sensorȱdataȱfusion)ȱofȱaȱglobalȱnavigationȱsatelliteȱsystemȱ(GNSS)ȱandȱinȬ
ertialȱmeasurementȱunitȱ(IMU)ȱmeasurements,ȱtogetherȱwithȱaȱrailwayȱnetworkȱmap.ȱThisȱ
systemȱisȱcharacterizedȱbyȱanȱofflineȱpositioningȱproblem;ȱtherefore,ȱtheȱauthorsȱproposedȱ
positioningȱestimationȱbyȱaȱtwoȬstageȱapproachȱbasedȱonȱGNSSȱdataȱandȱaȱrailwayȱmap.ȱ
TheseȱapproachȱstagesȱareȱdeterminationȱpathȱhypothesesȱfromȱtheȱGNSSȱpositionsȱatȱtheȱ
firstȱstage,ȱwhereasȱtheȱsecondȱstageȱisȱconnectedȱtoȱsmoothingȱextensionȱtoȱtheȱKalmanȱ
filter,ȱi.e.,ȱnonlinearȱRauch–Tung–StriebelȬsmoothedȱpositionȱandȱspeedȱestimation.ȱTheȱ
measurementsȱofȱrailwayȱtrackȱcoordinatesȱwithȱtheȱuseȱofȱtheȱGNSSȱtechniqueȱwereȱalsoȱ
appliedȱinȱWilkȱetȱal.ȱ[338];ȱtheȱauthorsȱassessedȱtheȱqualityȱofȱobtainedȱmeasurements,ȱ
andȱinvestigatedȱtheȱpotentialȱforȱtheirȱfurtherȱprocessing.ȱTheirȱaimȱwasȱtoȱdevelopȱtheȱ
usageȱofȱgeometricallyȱconstrainedȱparametersȱofȱtheȱbaseȱvector,ȱalongȱwithȱspecializedȱ
digitalȱfilteringȱappliedȱwithinȱnumericalȱanalysesȱconnectedȱtoȱtheȱresearch,ȱinȱorderȱtoȱ
preciselyȱdetermineȱtheȱtrackȱaxis.ȱ

Wolfȱetȱal.ȱ[17]ȱsuggestedȱaȱconceptȱofȱaȱtramȱconditionȬmonitoringȱsystemȱinȱwhichȱ
aȱmeshedȱandȱwirelessȱsensorȱnetworkȱcanȱprocureȱvibrationȱmeasurementȱdata.ȱTheȱ
conceptȱwasȱbasedȱonȱtheȱassumptionȱthatȱsensorȱnodesȱwereȱeventȬtriggered,ȱinȱanȱenȬ
ergyȬefficientȱmanner.ȱTheȱsystemȱwouldȱevaluateȱdecentralizedȱdataȱcollectedȱbyȱmeshedȱ
andȱautonomousȱvibrationȱsensorȱnodes.ȱ

AnȱunmannedȱhighȬspeedȱvehicleȱwasȱstudiedȱinȱGongȱ[339];ȱtheȱauthorȱpresentedȱ
anȱanomalyȱdetectionȱmethodȱwithȱtheȱuseȱofȱanȱaccelerationȱsensorȱonȱanȱaxleȱbox.ȱThisȱ
method’sȱauthorȱproposedȱtheȱuseȱofȱaȱquasiȬdoubleȬlayerȱchloropreneȱrubberȱfilter,ȱinȬ
steadȱofȱanȱalgorithmicȱsolution,ȱ toȱ isolateȱ theȱhighȬfrequencyȱcomponentȱofȱ theȱshockȱ
accelerationȱsignal.ȱApartȱfromȱtheȱvibrationȱaccelerationȱofȱanȱaxleȱboxȱofȱaȱvehicle,ȱtheȱ
deviceȱaccompanyingȱthisȱmethodȱconsistsȱofȱaȱdataȱacquisitionȱcardȱandȱaȱtrainȱspeedȱ
sensor.ȱTheȱauthorȱdescribedȱchangesȱinȱtheȱstatisticsȱofȱparticularȱparametersȱconnectedȱ
toȱconditionȱmonitoringȱinȱdetail.ȱTheȱauthorȱconcluded,ȱforȱexample,ȱthatȱdifferencesȱinȱ
vibrationȱsuppressȱcharacteristicsȱofȱanȱaxleȱboxȱdamper,ȱandȱthatȱtheȱuseȱofȱresponseȱratioȱ
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toȱdetectȱtheȱabnormalityȱofȱtheȱaxleȱboxȱdamperȱcanȱdetermineȱtheȱabnormalȱconditionȱ
ofȱtheȱaxleȱbox’sȱaccelerationȱ(detectionȱofȱfault)ȱofȱtheȱunmannedȱvehicle.ȱ

InȱBarmanȱandȱHarazikaȱ[340],ȱtheȱauthorsȱattemptedȱtoȱdevelopȱaȱsensorȬbasedȱsysȬ
temȱtoȱachieveȱtrainȱconditionȱmonitoring;ȱthisȱsystemȱwasȱaȱvibrationȱsensor,ȱtogetherȱ
withȱtheȱinsignificantȱeffectȱofȱtemperatureȱonȱitsȱmeasurements.ȱInȱorderȱtoȱstoreȱvibraȬ
tionȱdata,ȱanȱembeddedȱsystemȱusingȱtheȱArduinoȱUnoȱboardȱwasȱdeveloped.ȱTheȱauthorsȱ
observedȱthatȱtheȱtimeȱdomainȱanalysisȱprovidedȱinformationȱonȱtheȱslipȱandȱderailmentȱ
tendenciesȱofȱaȱtrain,ȱwhileȱfrequencyȱdomainȱanalysisȱindicatedȱtheȱconditionȱofȱvariousȱ
trainȱcomponents.ȱ

4.2.ȱAnalysisȱofȱVariousȱTypesȱofȱSensorsȱUsedȱinȱDifferentȱSolutionsȱConnectedȱtoȱWirelessȱandȱ
OnlineȱCommunicationȱ ȱ

AsȱmentionedȱinȱtheȱfinalȱpartȱofȱSectionȱ3,ȱanȱanalysisȱofȱselectedȱpapersȱrelatedȱtoȱ
wirelessȱandȱonlineȱ communicationȱusedȱ inȱdifferentȱ solutionsȱ connectedȱ toȱ conditionȱ
monitoringȱ inȱ railwayȱ transportȱ isȱpresentedȱnext.ȱTheȱ listȱspecificȱkeywordsȱ forȱ theseȱ
papersȱ isȱgivenȱ inȱTableȱ 4,ȱ startingȱwithȱ “Bluetoothȱ communication”,ȱ throughȱ “GPS”,ȱ
“mapȬmatchingȱ algorithm”ȱ (alreadyȱ presentedȱ inȱ theȱ previousȱ subsection),ȱ
“smartphones”,ȱandȱplentyȱofȱsimilarȱkeywordsȱconnectedȱtoȱwirelessȱcommunicationsȱ
andȱwirelessȱnetworks—suchȱ asȱ “wirelessȱ sensorȱnetwork”,ȱ “wirelessȱ sensorȱnetworkȱ
(WSN)”,ȱ“wirelessȱsensorȱnetworksȱ(WSNs)”,ȱ“wirelessȱsensorȱnode”—asȱwellȱasȱ“artifiȬ
cialȱintelligence”ȱandȱ“bigȱdata”.ȱ

InȱDaadbinȱetȱal.ȱ[341],ȱtheȱauthorsȱpresentedȱaȱconditionȬmonitoringȱsystemȱinȱwhichȱ
componentsȱallowȱtheȱmonitoringȱofȱbothȱaxleȱvibrationȱandȱpantographȱload.ȱTheȱmoniȬ
toringȱsystemȱconsistedȱmainlyȱofȱstrainȱgaugeȱinstrumentation,ȱtelemetryȱsystems,ȱandȱ
dataȱ loggers.ȱTheȱmeasuredȱdata—suchȱasȱ torqueȱandȱbendingȱmomentsȱonȱaȱgearboxȱ
shaft,ȱandȱloadȱorȱactualȱaccelerationȱonȱaȱpantograph—wereȱcontinuouslyȱmonitoredȱandȱ
diagnosedȱduringȱtheȱtrains’ȱroutineȱoperations.ȱRapidȱandȱaccurateȱidentificationȱofȱtheȱ
locationȱandȱexactȱtimeȱandȱdateȱofȱanȱalarmingȱeventȱwereȱprovidedȱbyȱBluetoothȱradioȱ
communicationȱwithȱ trainsȱandȱ theirȱonboardȱGPSȱsystems.ȱThisȱsystemȱwasȱalsoȱdeȬ
scribedȱinȱaȱpreviousȱpaperȱbyȱDaadbinȱandȱRosinskiȱ[342]ȱ(especiallyȱinȱtheȱcontextȱofȱaȱ
numericalȱmodelȱforȱtheȱtractionȱsystem),ȱandȱitȱwasȱmentionedȱthatȱitȱusedȱtwoȱsubsysȬ
tems—namely,ȱaȱdigitalȱprocessingȱmodule,ȱandȱaȱreceivingȱsignalȱandȱtransmitterȱunit,ȱ
bothȱinstalledȱinsideȱtheȱcarriage.ȱ

TheȱdeviceȱdesignedȱandȱpresentedȱinȱMizunoȱetȱal.ȱ[343]ȱconsistedȱofȱaȱGPSȱreceiver,ȱ
anȱaccelerometer,ȱandȱanȱanalog–digitalȱconverter.ȱAȱsensorȱwasȱsettledȱonȱaȱvehicleȱfloor,ȱ
asȱopposedȱtoȱaxlesȱorȱbogiesȱasȱinȱtheȱcaseȱofȱnumerousȱotherȱstudies.ȱTheȱauthorsȱrecogȬ
nizedȱsuchȱaȱlocationȱasȱbeingȱeffectiveȱforȱcapturingȱverticalȱtrackȱdisplacements,ȱandȱtheȱ
measurementȱofȱaccelerationȱresponseȱonȱaȱvehicle’sȱfloorȱasȱaȱpromisingȱindexȱtoȱcaptureȱ
railwayȱtrackȱdisordersȱinȱtheȱverticalȱdirection.ȱTheȱauthors’ȱaimȱwasȱtoȱtraceȱaȱrouteȱand,ȱ
atȱtheȱsameȱtime,ȱcollectȱtheȱaccelerationȱresponseȱofȱaȱpassengerȱvehicle.ȱ ȱ

InȱLoȱSchiavoȱ[344],ȱtheȱauthorsȱpresentedȱaȱwireless,ȱenergeticallyȱautonomousȱsenȬ
sorȱnetworkȱforȱtheȱonboardȱmonitoringȱofȱrailwayȱfreightȱwagons.ȱTheȱenergyȱharvesterȱ
usedȱinȱthisȱsolutionȱensuredȱindependentȱnetworksȱofȱsensorȱnodesȱforȱeachȱwagon.ȱReȬ
ductionȱinȱenergyȱconsumptionȱwithoutȱworseningȱqualityȱofȱserviceȱwasȱassuredȱbyȱtheȱ
useȱofȱaȱbiȬperiodicȱcommunicationȱschemeȱforȱtheȱlocalȱwirelessȱtransmission:ȱaȱGPSȱreȬ
ceiver,ȱandȱaȱGPRSȱtransceiver;ȱtheȱauthorȱcalledȱthisȱ“optimizedȱmanagementȱofȱtheȱsleepȱ
modes”.ȱ

InȱAimarȱetȱal.ȱ[345],ȱtheȱauthorsȱpresentedȱaȱconditionȬmonitoringȱsystemȱforȱanȱinȬ
termodalȱfreightȱwagon.ȱTheȱsystemȱwasȱpoweredȱbyȱaȱbattery,ȱasȱmostȱfreightȱcarsȱareȱ
notȱpoweredȱbyȱtractionȱsourcesȱofȱelectrification.ȱTheȱauthorsȱmentionedȱthatȱtheȱmainȱ
aimȱatȱtheȱbeginningȱofȱtheirȱresearchȱwasȱtoȱenrichȱaȱdatabaseȱforȱtheȱdevelopmentȱofȱaȱ
diagnosticȱalgorithmȱ forȱanȱembeddedȱ remoteȬmonitoringȱ systemȱbasedȱonȱmonitoredȱ
parameters,ȱwhichȱwere:ȱGPSȱposition,ȱpressuresȱofȱ theȱpneumaticȱcircuitȱofȱaȱbrakingȱ
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system,ȱtheȱtemperatureȱofȱaȱbrakeȱhangerȱandȱblocks,ȱandȱonboardȱaccelerationȱrecordedȱ
duringȱtrainȱoperation.ȱ ȱ

Zoccaliȱetȱal.ȱ[346]ȱassessedȱrideȱcomfortȱinsideȱrailȱvehiclesȱaccordingȱtoȱISOȱ2631.ȱ
Forȱthisȱpurpose,ȱtheȱauthorsȱcomputedȱverticalȬfrequencyȬweightedȱaccelerationȱforȱsubȬ
sectionsȱofȱ fixedȱ lengths,ȱandȱcommensuratelyȱmappedȱ theȱobtainedȱmeasurementsȱonȱ
geographicȱ informationȱsystemsȱ (dataȱwereȱgatheredȱonȱrailwayȱ linesȱcharacterizedȱbyȱ
automaticȱ trainȱoperation).ȱThisȱ enabledȱ theȱauthorsȱ toȱassessȱwhetherȱdiscomfortȱocȬ
curredȱdueȱtoȱlocalizedȱirregularitiesȱorȱwornȱrailȱswitches.ȱTheȱsystemȱtheȱauthorsȱusedȱ
consistedȱofȱanȱinertialȱmeasurementȱunitȱ(IMU)ȱintegratedȱtogetherȱwithȱaȱGPSȱreceiver.ȱ

InȱorderȱtoȱenableȱtheȱuseȱofȱsmartȱtechnologiesȱwithȱGPSȱinȱtheȱconditionȱmonitoringȱ
ofȱfreightȱrailcars,ȱanȱeffectiveȱpowerȱsourceȱisȱrequired.ȱInȱPanȱetȱal.ȱ[347],ȱtheȱauthorsȱ
developedȱaȱ freightȱ railcarȱ electromagneticȱ energyȱharvesterȱatȱ theȱ secondaryȱ suspenȬ
sions,ȱwithȱaȱmechanicalȱmotionȱrectifierȱmechanism.ȱTheȱharvesterȱwasȱdesigned,ȱmodȬ
eled,ȱandȱtestedȱinȱbothȱlaboratoryȱandȱfieldȱconditions.ȱTheȱpaperȱpresentsȱtheȱdesign,ȱ
modeling,ȱinȬlabȱtests,ȱandȱonboardȱfieldȱtestsȱofȱtheȱenergyȱharvester.ȱAccordingȱtoȱtheȱ
authors,ȱthisȱenergyȬharvestingȱdeviceȱcanȱacquireȱtheȱvibrationalȱenergyȱthatȱisȱusuallyȱ
dissipatedȱorȱwasted.ȱ

Daviesȱ[348]ȱmentionedȱthatȱtheȱrailȱindustryȱwasȱunwillingȱtoȱrespondȱtoȱtheȱintroȬ
ductionȱofȱsmartphonesȱandȱtabletȱcomputers,ȱwhichȱhasȱchangedȱrecently.ȱInȱAungȱetȱal.ȱ
[349],ȱtheȱauthorsȱconsideredȱonboardȱsensorȱmeasurementȱandȱsatelliteȱimageȱanalysisȱ
appliedȱforȱtheȱearlyȱdetectionȱofȱpotentialȱdeteriorationȱofȱtrackȱcondition.ȱTheȱauthorsȱ
usedȱanȱaccelerometerȱinȱaȱsmartphoneȱ(onboardȱsensor)ȱinȱorderȱtoȱmeasureȱaccelerationȱ
inȱtheȱverticalȱandȱlateralȱdirections.ȱTheȱsmartphoneȱwasȱplacedȱagainstȱtheȱcarȱbody;ȱtheȱ
authorsȱassumedȱthatȱaȱsmartphoneȱvibratesȱwhenȱpassingȱirregularȱrailȱtrackȱsections.ȱ

Inȱ Serajȱ etȱ al.ȱ [350],ȱ theȱ authorsȱworkedȱ onȱ aȱ systemȱ calledȱ RoVi,ȱwhichȱwasȱ aȱ
smartphoneȬbasedȱframeworkȱforȱtheȱcontinuousȱmonitoringȱofȱnumerousȱconditionȱinȬ
dicatorsȱ forȱ infrastructureȱ conditionsȱ andȱ assets.ȱ Theȱ systemȱ usedȱ dataȱ acquiredȱ viaȱ
smartphoneȱGPSȱandȱtheȱinertialȱsensorsȱofȱdevicesȱcarriedȱbyȱtrainȱpassengersȱtoȱproȬ
videȱ actualȱ spaceȬtimeȱ informationȱonȱmonitoredȱ infrastructureȱ (theȱ crowdsensingȱasȬ
sumptionsȱwereȱapplied).ȱTheȱdataȱwereȱprocessedȱbyȱanȱoptimizedȱprocessingȱalgorithm,ȱ
whichȱledȱtoȱcomputingȱindicatorsȱconnectedȱtoȱrailroadȱtrackȱgeometryȱfeaturesȱsuchȱasȱ
aȱcant,ȱaȱtwist,ȱaȱcurvature,ȱandȱanȱalignmentȱforȱdifferentȱsegmentȱlengths,ȱasȱwellȱasȱaȱ
pathȱroughnessȱindex.ȱ

BridgelallȱandȱTolliverȱ[351]ȱnoticed,ȱasȱwithȱmanyȱotherȱresearchers,ȱtheȱnecessityȱofȱ
lowerȱcostȱandȱmoreȱscalableȱsolutionsȱforȱsensorsȱusedȱinȱonboardȱrailȱvehicleȱmonitoringȱ
approaches.ȱTheseȱsolutionsȱareȱgenerallyȱassociatedȱwithȱaȱgreatȱdealȱofȱuncertainty,ȱesȬ
peciallyȱconsideringȱthatȱvariousȱaspectsȱofȱanomaliesȱthatȱoccur—suchȱasȱpotholes,ȱfrostȱ
heaves,ȱswelling,ȱandȱcracking—canȱrapidlyȱprogressȱwithȱanȱincreaseȱinȱdynamicȱvehicleȱ
loadingȱandȱchangesȱinȱweatherȱcyclesȱ[351].ȱTherefore,ȱresearchersȱusedȱsmartphonesȱasȱ
devicesȱthatȱmightȱbeȱusefulȱinȱorderȱtoȱevaluateȱaȱvarietyȱofȱmethodsȱandȱapplicationsȱ
usedȱinȱrailȱvehicles.ȱTheȱauthorsȱunderlinedȱdemandingȱaspectsȱconnectedȱtoȱgeospatialȱ
positioningȱsystemȱreceivers.ȱTheȱexperimentsȱconductedȱinȱthisȱresearchȱfoundȱthatȱtheȱ
longitudinalȱGPSȱerrorȱspreadȱrangedȱfromȱ21ȱmȱtoȱ32ȱmȱ(orȱsometimesȱevenȱexceededȱ
thisȱvalue),ȱwhileȱtheȱerrorȱinȱlateralȱdirectionȱspreadȱrangedȱfromȱ9ȱmȱtoȱ15ȱm.ȱMoreover,ȱ
accordingȱtoȱtheȱauthors,ȱtheȱerrorȱconnectedȱtoȱgeodesicȱdistanceȱincreasedȱlinearlyȱwithȱ
traversalȱspeed,ȱfromȱ16ȱmȱatȱspeedsȱofȱ18.8ȱm/sȱtoȱ27ȱmȱatȱhighwayȱspeedsȱofȱ31.3ȱm/s.ȱ
Theȱauthorsȱopenedȱtheȱdoorȱforȱfutureȱdeliberationsȱonȱusingȱsuchȱsystems’ȱpositioning.ȱ

Twoȱtypesȱofȱspecialȱequipmentȱvehiclesȱareȱmentionedȱinȱtheȱliterature:ȱoneȱofȱthemȱ
isȱtheȱtrackȱrecordingȱvehicleȱ(TRV),ȱwhichȱisȱusedȱforȱtrackȱinspectionsȱinȱorderȱtoȱmainȬ
tainȱtheȱsafetyȱofȱtheȱtracks,ȱwhileȱtheȱotherȱisȱtheȱhauledȱtrackȱrecordingȱcoachȱ(TRC),ȱ
whichȱcollectsȱtrackȱgeometryȱdata,ȱChudzikiewiczȱetȱal.ȱandȱWestonȱetȱal.ȱ[176,238].ȱInȱ
Balouchiȱetȱal.ȱ[352],ȱtheȱauthorsȱclaimedȱthatȱinȱtheȱUK,ȱTRVsȱwereȱused;ȱhowever,ȱtheyȱ
developedȱaȱlowȬcostȱTracksureȱtrackȬmonitoringȱsystem.ȱThisȱsystemȱisȱdedicatedȱtoȱtheȱ
detectionȱofȱ trackȱvoidsȱandȱotherȱ trackȱdefectsȱandȱ irregularitiesȱ (Balouchiȱetȱal.ȱ [352]ȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 36ȱ ofȱ 65ȱ
ȱ

ȱ

claimedȱthatȱtheȱsystemȱcanȱalsoȱdetermineȱcorrugationȱandȱwheelȱflats);ȱitȱmakesȱuseȱofȱ
theȱexistingȱonboardȱGSMȬRȱcabȱradioȱoperatedȱinȱeveryȱsingleȱUKȱtrain,ȱthroughȱtheȱfitȬ
tingȱofȱaȱsensorȱcardȱthatȱdetectsȱtrackȱconditionȱoverȱthreeȱaxesȱofȱtrainȱvibrations.ȱIdenȬ
tificationȱofȱvoidsȱisȱrealizedȱbyȱaccelerationȱsignalsȱmeasuredȱwithȱtheȱuseȱofȱsensorȱcardsȱ
installedȱwithinȱtheȱvehicleȱcabsȱofȱmultipleȱtrainsȱtoȱassessȱeachȱtrackȱsection.ȱInȱthisȱsysȬ
tem,ȱtheȱmachineȱreadsȱdataȱpacketsȱcomputingȱtheȱaccelerationȱsignal’sȱrootȱmeanȱsquareȱ
(RMS).ȱAdditionally,ȱtheȱsystemȱsetsȱtheȱRMSȱthresholdingȱdynamically,ȱbasedȱonȱmaȬ
chineȱlearningȱfromȱtheȱmultitrainȱanalysis;ȱtheȱdataȱareȱobtainedȱusingȱaȱGPSȱsystem.ȱ

InȱBosomworthȱetȱal.ȱ[112],ȱtheȱauthorsȱconsideredȱtheȱsituationsȱinȱwhichȱaȱparticularȱ
parameterȱcannotȱbeȱmeasuredȱdirectlyȱonȱaȱspotȱconnectedȱtoȱit—suchȱasȱrollingȱcontact,ȱ
forȱexample.ȱAtȱtheȱsameȱtime,ȱtheȱauthorsȱtookȱintoȱconsiderationȱtheȱfactȱthatȱaȱdeviceȱ
operatesȱ inȱ extremeȱ environmentalȱ conditions.ȱ Theyȱ statedȱ thatȱ simulationȱmodelingȱ
playsȱaȱsignificantȱroleȱinȱsuchȱcircumstances;ȱtherefore,ȱtheȱauthorsȱintegratedȱaȱmultiȬ
bodyȱsimulatorȱintoȱanȱonboardȱpassengerȱvehicleȱdeviceȱwithȱlocalȱsensors,ȱsuchȱasȱGPS,ȱ
inȱorderȱ toȱsendȱanȱ inputȱsignalȱ toȱaȱsimulatorȱ thatȱcomputedȱ indicatorsȱofȱwheel–railȱ
contactȱandȱderailmentȱrisk.ȱ

InȱBogueȱ [353],ȱ theȱ authorȱ brieflyȱmentionedȱ theȱ applicationȱ ofȱ aȱwirelessȬbasedȱ
stressȬmonitoringȱsystemȱthatȱwasȱdedicatedȱtoȱtheȱmonitoringȱofȱrailwayȱtracksȱandȱrollȬ
ingȱstock;ȱhowever,ȱotherȱlargeȱstructuresȱwereȱalsoȱmentionedȱinȱthisȱpaper.ȱ

Hodgeȱetȱal.ȱ[32]ȱsurveyedȱwirelessȱsensorȱnetworkȱ(WSN)ȱtechnologiesȱforȱrailwayȱ
transportȱconditionȱmonitoring.ȱTheȱauthorsȱanalyzedȱsystems,ȱstructures,ȱvehicles,ȱandȱ
machineryȱinȱtheȱcontextȱofȱwirelessȱcommunication—theyȱwereȱespeciallyȱinterestedȱinȱ
solutionsȱforȱtheȱmonitoringȱofȱinfrastructureȱ(bridges,ȱrailȱtracks,ȱtrackȱbeds,ȱandȱtrackȱ
equipment)ȱalongȱwithȱvehicleȱhealthȱmonitoringȱ(chassis,ȱbogies,ȱwheels,ȱandȱrailcars).ȱ

InȱKrichenȱetȱal.ȱ[354],ȱtheȱauthorsȱresearchedȱopticalȱwirelessȱsensorȱnetworkȱarchiȬ
tectureȱbasedȱonȱvisibleȱlightȱcommunicationȱandȱfreeȬspaceȱopticsȱtechnologies.ȱInȱorderȱ
toȱensureȱrailȱtransportȱtrafficȱsafety,ȱlightȬbasedȱsensorȱnodesȱwereȱproposed.ȱSuchȱsensorȱ
nodesȱallowedȱtheȱauthorsȱtoȱmeasureȱtheȱamplitudeȱandȱtheȱfrequencyȱofȱtheȱrailȱvibraȬ
tionȱduringȱaȱtrain’sȱoperation.ȱOpticalȱsensorsȱlocatedȱatȱtheȱrailȱfootȱusedȱvisibleȱlightȱ
communicationȱtoȱtransmitȱappropriateȱdata.ȱFreeȬspaceȱopticalȱcommunicationȱwasȱusedȱ
toȱenableȱcontactȱbetweenȱgateways,ȱandȱenabledȱcommunicationȱbetweenȱopticalȱsenȬ
sors.ȱ

InȱMaddisonȱandȱSmithȱ[355],ȱtheȱauthorsȱpresentedȱaȱsolutionȱthatȱsupportsȱwirelessȱ
sensorȱnetworks—especiallyȱforȱrailȱtunnels,ȱtrackȱbeds,ȱandȱtrackȱmonitoring—duringȱitsȱ
constructionȱandȱfutureȱexploitation.ȱThisȱsolutionȱwasȱdescribedȱinȱtheȱspecificȱcontextȱ
ofȱtunnelȱdeformationȱmonitoringȱduringȱengineeringȱworks.ȱMoreover,ȱtheȱsystemȱenȬ
suredȱtheȱabilityȱtoȱmeasureȱfluctuationsȱinȱtrackȱcantȱandȱtwist,ȱasȱwellȱasȱtheȱlongitudinalȱ
rateȱofȱchange.ȱTheseȱmeasurementsȱwereȱcollectedȱwithȱextremelyȱhighȱprecisionȱandȱ
stability,ȱwhichȱ theȱresearchersȱattributedȱ toȱsensorȱnodes.ȱTheȱwirelessȱsolutionȱ isȱbeȬ
lievedȱtoȱbeȱsuperiorȱtoȱthoseȱbasedȱonȱopticalȱsensors.ȱTheȱauthorsȱmentionedȱthatȱtheȱ
measurementsȱandȱdataȱobtainedȱwereȱhighlyȱstableȱandȱrepeatable,ȱwithoutȱanyȱneedȱforȱ
frequentȱmaintenanceȱorȱconfigurationȱofȱreflectors,ȱwithoutȱsusceptibilityȱtoȱnoise,ȱand—
sinceȱwirelessȱsensorȱnetworksȱwereȱused—theȱsystemȱavoidsȱtheȱneedȱforȱwiring.ȱThisȱ
batteryȬpoweredȱsystemȱ(batteryȱlifeȱextendedȱtoȱoverȱ10ȱyears)ȱensuredȱhighȱprecision,ȱ
MaddisonȱandȱSmithȱ[356].ȱ

Theȱauthorsȱofȱ[23]ȱreviewedȱvariousȱtypesȱofȱwiredȱsensorsȱandȱsensorsȱinȱwirelessȱ
sensorȱnetworksȱ(WSN)ȱthatȱwereȱusedȱforȱtheȱconditionȱmonitoringȱofȱrailwayȱtracks.ȱ
TheȱauthorsȱdescribedȱtheȱapplicationȱofȱparticularȱsensorsȱinȱorderȱtoȱmonitorȱtheȱperforȬ
manceȱofȱdifferentȱtrackȱcomponents,ȱespeciallyȱduringȱunpredictedȱoccurrences.ȱ ȱ

InȱNsabagwaȱetȱal.ȱ[357],ȱtheȱauthorsȱpresentedȱaȱconditionȬmonitoringȱandȱreportingȱ
structure,ȱwhichȱreliesȱonȱaȱwirelessȱsensorȱnetworkȱwithȱsensorȱdataȱtoȱestablishȱautoȬ
maticȱweatherȱstationȱhealth.ȱThisȱkindȱofȱsolutionȱmightȱalsoȱbeȱusedȱasȱpartȱofȱaȱtransportȱ
system;ȱtherefore,ȱitȱisȱalsoȱmentionedȱinȱthisȱpaper.ȱBasedȱonȱtheȱidentifiedȱproblemsȱinȱaȱ
database,ȱSMSȱorȱemailȱwasȱsentȱtoȱtheȱconcernedȱperson.ȱ
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InȱHusselsȱetȱal.ȱ [358],ȱ theȱauthorsȱ researchedȱaȱconditionȬmonitoringȱsystemȱ thatȱ
revealsȱtraceȱthreatsȱinȱpipesȱwithȱfiberȱopticsȱ(opticalȱfibers);ȱhowever,ȱtheȱauthorsȱmenȬ
tionedȱthatȱtheȱgreatȱpotentialȱforȱdistributedȱacousticȱandȱvibrationalȱsensingȱwasȱalsoȱ
rapidlyȱevolvingȱinȱtrainȱandȱtrackȱmonitoring,ȱe.g.,ȱinȱLienhartȱetȱal.ȱ[359].ȱTheȱsubjectȱofȱ
optoelectronicȱandȱphotonicȱsensorsȱusedȱforȱtheȱconditionȱmonitoringȱofȱpipelinesȱwasȱ
consideredȱinȱLopezȱetȱal.ȱ[360].ȱInȱLienhartȱetȱal.ȱ[359],ȱtheȱauthorsȱreportedȱcertainȱapȬ
proachesȱtoȱcontinuouslyȱmonitoringȱrailwayȱtracksȱandȱvehiclesȱbyȱusingȱdistributedȱfiȬ
berȬopticȱsensingȱtechniques.ȱTheȱmonitoringȱsystemȱconsistedȱofȱfiberȬopticȱstrainȬsensȬ
ingȱcablesȱthatȱwereȱ locatedȱalongȱrailwayȱtracks,ȱandȱstrainȱchangesȱdueȱtoȱrailȱdeforȬ
mationsȱwereȱdepictedȱbyȱdistributedȱBrillouinȱmeasurements.ȱSuchȱmeasurementsȱallowȱ
theȱdetectionȱofȱpossibleȱdamageȱtoȱtheȱrailwayȱinfrastructureȱdueȱtoȱnaturalȱcausesȱsuchȱ
asȱmudflow,ȱavalanches,ȱ floods,ȱandȱ landslides,ȱandȱaccordingȱ toȱ theȱauthorsȱcanȱalsoȱ
headȱoffȱsecondaryȱdamageȱbyȱenablingȱfastȱandȱappropriateȱcounteractions.ȱTheȱauthorsȱ
usedȱopticalȱcommunicationȱcablesȱthatȱhadȱalreadyȱbeenȱallocatedȱalongȱrailȱinfrastrucȬ
tureȱtoȱdetectȱflatȱspotsȱinȱrailwayȱwheels.ȱInȱsummary,ȱtheȱauthorsȱmonitoredȱbothȱinciȬ
dentsȱandȱdeformations.ȱ

Wirelessȱsensorȱnetworksȱdoȱnotȱrequireȱregularȱreplacementȱofȱbatteries.ȱInȱNaramȬ
panaweȱetȱal.ȱ[361],ȱtheȱauthorsȱfoundȱanȱenergyȱharvesterȱtoȱcollectȱenergyȱfromȱcurrentȬ
carryingȱcablesȱavailableȱwithinȱrailwayȱsystemsȱandȱbuildingȱfacilities.ȱTheȱauthorsȱexȬ
ploredȱanȱultraȬthinȱinductivelyȱcoupledȱtransformerȱthatȱmayȱbeȱusedȱforȱenergyȱcollecȬ
tionȱpurposesȱtoȱpowerȱupȱsensorȱnodes.ȱTheȱauthorsȱdescribedȱthatȱthisȱsolutionȱmayȱbeȱ
manufacturedȱonȱaȱ flexibleȱprintedȱcircuitȱboardȱ inȱtheȱ formȱofȱanȱautonomousȱsensorȱ
node.ȱ

TheseȱsystemsȱinȱGaoȱetȱal.ȱ[142,144,145]ȱareȱcalledȱselfȬpoweredȱwirelessȱsensorȱnetȬ
worksȱforȱwirelessȱcommunication.ȱTheȱconditionȬmonitoringȱsystemȱbasedȱonȱenergyȱ
harvestingȱwasȱdescribedȱinȱtheȱabovementionedȱpaperȱGaoȱetȱal.ȱ[142].ȱAȱtrackȬside,ȱviȬ
brationȬbased,ȱelectromagneticȬenergyȬharvestingȱprototypeȱwasȱpreviouslyȱanalyzedȱinȱ
Gaoȱetȱal.ȱ[144];ȱhowever,ȱthisȱsystemȱwasȱdesignedȱforȱtrackȱanalysisȱonly.ȱTheȱsystemȱ
describedȱinȱGaoȱetȱal.ȱ[144]ȱprovidedȱpowerȱtoȱrailȬsideȱmonitoringȱdevicesȱconnectedȱtoȱ
sensorsȱthatȱensuredȱtheȱcollectionȱofȱwheel–railȱvibrationȱenergyȱduringȱtheȱtrainȱrides.ȱ
Thisȱprototypeȱwasȱequippedȱwithȱwirelessȱsensorȱnodesȱcoupledȱwithȱanȱaccelerometerȱ
andȱaȱtemperature/humidityȱsensor.ȱInȱGaoȱetȱal.ȱ[145],ȱtheȱauthorsȱextendȱanȱenergyȬharȬ
vestingȱsystemȱwithȱaȱselfȬpoweredȱZigBeeȱwirelessȱsensorȱnodeȱasȱaȱcoordinatorȱofȱanȱ
accelerometer,ȱaȱtemperatureȱsensor,ȱaȱhumidityȱsensor,ȱandȱanȱinfraredȱdetector.ȱ

EnergyȱharvestingȱwasȱalsoȱofȱinterestȱinȱEspeȱandȱMathisenȱ[362];ȱtheȱauthorsȱevalȬ
uatedȱtheȱimplementationȱabilityȱofȱenergyȱconnectedȱtoȱtheȱmagneticȱfields,ȱinȱorderȱtoȱ
increaseȱ theȱ lifetimeȱofȱdistributedȱ conditionȬmonitoringȱ systems.ȱThisȱ energyȱwasȱ inȬ
tendedȱtoȱbeȱgainedȱnearȱelectrifiedȱrailwayȱtracks.ȱAccordingȱtoȱtheȱauthors,ȱitȱmayȱbeȱ
usedȱforȱlowȬpowerȱoperationȱandȱlowȬdutyȬcycleȱwirelessȱcommunicationȱinȱtheȱcaseȱofȱ
conditionȬmonitoringȱsystems.ȱ

InȱCiiȱetȱal.ȱ[363],ȱtheȱauthorsȱpresentedȱaȱsystemȱforȱtheȱconditionȱmonitoringȱandȱ
structuralȱdiagnosisȱofȱfreightȱrailwayȱvehicles.ȱTheȱauthorsȱpresentedȱtheȱdesign,ȱandȱtheȱ
laboratoryȱtestȱresultsȱofȱwirelessȱsensorȱnodesȱ(WSNs)ȱequippedȱwithȱthreeȱenergyȬinȬ
dependentȱandȱautonomousȱonboardȱproductionȱsystemsȱbasedȱonȱsolar,ȱwind,ȱandȱmeȬ
chanicalȱvibrationȱpowerȱavailableȱduringȱtrains’ȱoperation.ȱTheȱthreeȱsensors,ȱusingȱvarȬ
iousȱenergyȱsources,ȱwereȱcomparedȱaccordingȱtoȱtheirȱfatigueȱbehaviorȱandȱperformancesȱ
duringȱlaboratoryȱtests.ȱ

4.3.ȱCurrentȱAspectsȱofȱIndustryȱ4.0ȱAppliedȱinȱConditionȱMonitoringȱinȱRailwayȱTransportȱ
AsȱnotedȱinȱtheȱfinalȱpartȱofȱSectionȱ3,ȱanȱanalysisȱofȱselectedȱpapersȱconnectedȱtoȱ

selectedȱaspectsȱofȱIndustryȱ4.0ȱappliedȱinȱconditionȱmonitoringȱ inȱrailwayȱtransportȱ isȱ
presentedȱbelow.ȱTheȱlistȱofȱtheseȱreviewȱpapers’ȱspecificȱkeywordsȱgivenȱinȱTableȱ4ȱstartsȱ
withȱ“artificialȱintelligence”ȱandȱ“bigȱdata”,ȱproceedingȱtoȱ“Industryȱ4.0”,ȱandȱthroughȱ
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“intelligentȱconditionȱmonitoring”,ȱ“intelligentȱsystems”,ȱ“InternetȱofȱThings”—andȱalsoȱ
“InternetȱofȱThingsȱ(IoT)”—andȱfinishesȱwithȱ“robotics”.ȱ

Numerousȱabovementionedȱpublicationsȱpresentedȱextensiveȱconditionȱmonitoring,ȱ
signalȱgathering,ȱandȱsignalȱcollection;ȱnevertheless,ȱtheȱapplicationȱofȱdeepȱlearningȱandȱ
artificialȱ intelligenceȱapproachesȱappliedȱ toȱ theȱdetection,ȱdiagnosis,ȱandȱpredictionȱofȱ
faultsȱwasȱlimited.ȱ

Yellaȱetȱal.ȱ[290]ȱsummarizedȱtheȱresearchȱandȱoutcomesȱofȱaȱlargeȱnumberȱofȱstudiesȱ
connectedȱtoȱartificialȱintelligenceȱtechniquesȱappliedȱtoȱtheȱautomaticȱinterpretationȱofȱ
dataȱfromȱnondestructiveȱ testingȱcarriedȱoutȱonȱrailȱ inspectionȱproblems;ȱcertainly,ȱtheȱ
authors’ȱreviewȱwasȱpertinentȱatȱthatȱtime.ȱ

AȱspecificȱsubjectȱofȱresearchȱwasȱtakenȱintoȱconsiderationȱinȱWuȱetȱal.ȱ[364];ȱtheȱauȬ
thorsȱanalyzedȱtheȱdynamicȱchangesȱinȱvibrationȱradiationȱnoiseȱinȱaȱbulletȱtrain’sȱpassenȬ
gerȱcompartmentȱluggageȱrack.ȱAccordingȱtoȱtheȱauthors,ȱaȱthreeȬdimensionalȱspectrumȱ
isȱ sensitiveȱ toȱ changesȱ inȱ trainȱoperationȱ status,ȱoperationȱ speed,ȱandȱ trackȱ condition;ȱ
therefore,ȱtheirȱmethodȱcanȱbeȱextendedȱtoȱnoiseȱmeasurementȱandȱanalysisȱofȱtheȱpassenȬ
gerȱcompartment.ȱTheȱauthorsȱmentionedȱthatȱthisȱmethodȱcanȱbeȱusedȱforȱtheȱmeasureȬ
mentȱandȱanalysisȱofȱbothȱpassengerȱcompartmentȱnoiseȱandȱexteriorȱnoise.ȱMoreover,ȱtheȱ
authorsȱsuggestedȱthatȱthisȱmethodȱcanȱbeȱappliedȱforȱtrainȱoperationȱstateȱmonitoringȱ
andȱcomfortableȱevaluationȱofȱpassengerȱcompartmentȱnoise.ȱ

TheȱauthorsȱofȱSaeedȱetȱal.ȱ[365]ȱdiscussedȱaspectsȱofȱconditionȱmonitoringȱandȱfaultȱ
diagnosisȱinȱaȱFrancisȱturbine.ȱTheȱauthorsȱintegratedȱnumericalȱmodelingȱwithȱseveralȱ
differentȱartificialȱneuralȱnetworkȱtechniquesȱ(artificialȱintelligence).ȱThisȱresearchȱwasȱ
notȱdirectlyȱconnectedȱtoȱrailȱtransportȱconditionȱmonitoring;ȱnevertheless,ȱitȱwasȱindexedȱ
inȱtheȱdatabaseȱunderȱtheȱmatterȱofȱinterest,ȱandȱitȱcanȱbeȱapplied,ȱespeciallyȱconsideringȱ
thatȱtheȱauthorsȱmentionedȱthatȱtheȱmultipleȱadaptiveȱneuroȬfuzzyȱinferenceȱsystemsȱtechȬ
niqueȱwasȱappliedȱforȱmonitoringȱandȱdiagnosisȱinȱdifferentȱpracticeȱareas,ȱasȱwellȱasȱforȱ
railwayȱtrackȱcircuitsȱinȱChenȱetȱal.ȱ[366].ȱ

InȱMarwalaȱ[367],ȱtheȱauthorȱdescribedȱartificialȱintelligenceȱmethods;ȱamongȱtheseȱ
methods,ȱtheȱauthorȱincludedȱneuralȱnetworks,ȱparticleȱswarmȱoptimization,ȱgeneticȱalȬ
gorithms,ȱandȱsimulatedȱannealing.ȱ ȱ

TheȱauthorsȱofȱSuȱetȱal.ȱ [127]ȱdevelopedȱ linearȱdynamic,ȱhybridȬmodelȱpredictiveȱ
control,ȱwhichȱwasȱusedȱtoȱdescribeȱtheȱevolutionȱofȱrailwayȱtrackȱsegment’sȱcondition.ȱ
Theȱauthorsȱofȱthisȱmodelȱprovidedȱaȱdetailedȱprocedureȱtoȱillustrateȱhowȱtoȱtransformȱ
theȱmodelȬbasedȱoptimizationȱproblemȱintoȱaȱstandardȱmixedȬintegerȱquadraticȱprogramȬ
mingȱproblem.ȱForȱfutureȱwork,ȱtheȱauthorsȱplannedȱtoȱenrichȱthisȱmodelȱwithȱparametersȱ
obtainedȱ fromȱ trackȱmeasurements.ȱAccordingȱ toȱ theȱdatabase,ȱ thisȱ researchȱwasȱ conȬ
nectedȱtoȱartificialȱintelligence.ȱ

AnotherȱstudyȱconnectedȱtoȱtheȱuseȱofȱartificialȱintelligenceȱwasȱconnectedȱtoȱtherȬ
malȱcameraȱ imageȱprocessing.ȱ InȱYamanȱandȱKarakoseȱ [175],ȱ theȱauthorsȱanalyzedȱtheȱ
detectionȱofȱrailȱsurfaceȱdefectsȱbasedȱonȱcomplexȱfuzzyȱautomata.ȱTheȱauthorsȱappliedȱ
Otsu’sȱmethodȱforȱimagesȱtakenȱfromȱthermalȱcameras.ȱTheȱobtainedȱresultsȱwereȱusedȱasȱ
theȱ inputȱvaluesȱofȱ theȱcomplexȱ fuzzyȱautomataȱsystem.ȱAccordingȱ toȱ theȱauthors,ȱ theȱ
proposedȱmethodȱwasȱnotȱaffectedȱbyȱenvironmentalȱconditionsȱwhenȱusingȱaȱ thermalȱ
camera.ȱTheirȱresearch’sȱsuccessȱratioȱinȱtheȱdetectionȱofȱrailȱsurfaceȱdefectsȱwasȱalmostȱ
90%.ȱ

InȱSunȱetȱal.ȱ[368],ȱtheȱauthorsȱpresentedȱanȱapproachȱforȱtheȱdetectionȱofȱrailȱ jointȱ
failureȱonȱaȱrailwayȱtrackȱbasedȱonȱaccelerationȱmeasurementsȱbyȱtrainingȱconvolutionalȱ
neuralȱnetworksȱ(artificialȱintelligence).ȱTheȱsystemȱdetectedȱjointsȱorȱfailures,ȱandȱwasȱ
ableȱtoȱdetectȱfailuresȱonȱbothȱrailsȱusingȱoneȱmodel.ȱTheȱdevelopedȱsystemȱworkedȱwithȱ
rawȱdataȱinputȱ inȱorderȱtoȱobtainȱaȱreductionȱofȱheavyȱdataȱpreprocessing.ȱTheȱexperiȬ
mentalȱ resultsȱ showedȱ thatȱbothȱ convolutionalȱneuralȱnetworks—namely,ȱResNetȱandȱ
FCN—obtainedȱsatisfactoryȱperformance.ȱ

InȱMoslehȱetȱal.ȱ[369],ȱtheȱauthorsȱpresentedȱanȱapproachȱthatȱallowsȱtheȱidentificaȬ
tionȱofȱwheelȱdefectsȱandȱwheelȱflatsȱwithȱtheȱuseȱofȱaȱwaysideȱmonitoringȱsystem.ȱToȱdoȱ
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so,ȱaȱmethodologyȱofȱenvelopeȱspectrumȱanalysisȱwasȱappliedȱ(artificialȱintelligenceȱinȬ
cluded,ȱaccordingȱtoȱtheȱdatabase).ȱTheȱauthorsȱpresentedȱtests,ȱandȱdiscussedȱandȱanaȬ
lyzedȱ theȱsensitivityȱofȱtheȱproposedȱapproachȱtoȱ trackȱirregularities,ȱrandomizationȱofȱ
bothȱtheȱpositionsȱandȱsizeȱofȱaȱwheelȱflat,ȱandȱperturbationȱresultingȱfromȱdifferentȱnoiseȱ
intensities.ȱ

Finkȱetȱal.ȱ[5]ȱprovidedȱaȱthoroughȱassessmentȱofȱactualȱdevelopments,ȱdrivers,ȱchalȬ
lenges,ȱsolutions,ȱandȱplannedȱstudiesȱinȱtheȱfieldȱofȱdeepȱlearningȱandȱartificialȱintelliȬ
genceȱapproachesȱappliedȱ toȱprognosticsȱandȱhealthȱmanagementȱ (PHM)ȱapplications,ȱ
takingȱrailȱtransportȱintoȱconsiderationȱasȱwell.ȱTheȱauthors,ȱforȱexample,ȱmentionedȱpubȬ
licationsȱofȱGibertȱetȱal.ȱ[370]ȱthatȱdescribedȱtheȱuseȱofȱimageȱdataȱcollectedȱinȱorderȱtoȱ
buildȱaȱmultiȬtaskȱdeepȱconvolutionalȱneuralȱnetworkȱforȱrailwayȱinfrastructureȱmonitorȬ
ing.ȱTheȱelaboratedȱconvolutionalȱneuralȱnetworkȱ(CNN)ȱwasȱableȱtoȱrecognizeȱelementsȱ
ofȱrailwayȱinfrastructure.ȱMoreover,ȱtheȱapplicationȱofȱtheȱCNNȱallowedȱtheȱdetectionȱofȱ
damage,ȱsuchȱasȱcrackedȱconcreteȱtiesȱandȱmissingȱorȱbrokenȱrailȱfasteners.ȱ

Nieblingȱetȱal.ȱ[371],ȱstayingȱinȱtheȱmainstreamȱofȱlowȬcostȱsensorȱapplications—e.g.,ȱ
KnightȬPercivalȱetȱal.ȱ[372]—onȱinȬserviceȱtrains,ȱsuggestedȱdeepȱlearningȱ(artificialȱintelȬ
ligence)ȱ inȱorderȱ toȱanalyzeȱ largeȱvolumesȱofȱsensors’ȱmeasurementȱdata.ȱTheȱauthorsȱ
combinedȱcommonȱsignalȱprocessingȱmethodsȱandȱdeepȱconvolutionalȱautoencodersȱandȱ
clusteringȱalgorithms.ȱSuchȱaȱcombinationȱofȱmethodsȱandȱtechniquesȱwasȱappliedȱtoȱfindȱ
variousȱrailȱtrackȱanomaliesȱandȱtheirȱpatterns;ȱfurtherȱimprovementsȱandȱdevelopmentsȱ
wereȱplanned.ȱ

InȱNúñezȱetȱal.ȱ[126],ȱtheȱauthorsȱobservedȱ thatȱcountlessȱrailwayȱ trackȱconditionȬ
monitoringȱdataȱ (terabytesȱofȱdataȱ fromȱvariousȱsensors)ȱwereȱbeingȱcollected,ȱyetȱnotȱ
fullyȱused,ȱbecauseȱofȱinsufficientȱsuitableȱtechniquesȱtoȱextractȱtheȱrelevantȱeventsȱandȱ
crucialȱinformation.ȱTheȱauthorsȱdiscussedȱconditionsȱofȱtheȱfiveȱVsȱofȱbigȱdataȱinȱrailwayȱ
conditionȬmonitoringȱsystems,ȱnamely:ȱvolume,ȱvelocity,ȱvariety,ȱveracity,ȱandȱvalue.ȱTheȱ
authorsȱdescribedȱanȱaxleȱboxȱaccelerationȱmeasurementȱsystemȱcalledȱtheȱABAȱsystem,ȱ
whichȱincorporatesȱfailureȱandȱmaintenanceȱinformationȱinȱorderȱtoȱbeȱadaptiveȱandȱselfȬ
learning.ȱ

InȱLinȱetȱal.ȱ[257,258],ȱtheȱauthorsȱsuggestedȱapplyingȱbigȱdataȱanalysesȱinȱtheȱcondiȬ
tionȱmonitoringȱofȱrailwayȱsystems,ȱsinceȱtheseȱmonitoringȱsystemsȱenableȱbigȱdataȱtoȱbeȱ
accumulatedȱduringȱ commercialȱ operations.ȱ Inȱ thisȱ research,ȱ theȱ authorsȱ useȱ aȱ naiveȱ
Bayesȱclassifierȱasȱaȱmethodȱofȱbigȱdataȱanalytics,ȱwhichȱhelpedȱtoȱidentifyȱindividualitiesȱ
ofȱrailwayȱvehicles.ȱ

InȱLinȱetȱal.ȱ[256],ȱtheȱauthorsȱdescribedȱanȱonȬtrackȱconditionȬmonitoringȱsystemȱtoȱ
measureȱtheȱwheelȱloadȱandȱforceȱofȱrailwayȱvehiclesȱgeneratedȱinȱtheȱlateralȱdirection,ȱinȱ
orderȱtoȱobtainȱbothȱvehicleȱandȱtrackȱinspectionȱinformationȱafterȱbigȱdataȱprocessing.ȱ

LinȱandȱSudaȱ[255]ȱdevelopedȱaȱmethodȱimplementedȱinȱtheȱonȬtrackȱconditionȬmonȬ
itoringȱsystemȱthatȱassistsȱinȱtheȱdetectionȱofȱaȱvehicle’sȱabnormalityȱbyȱaddingȱbothȱveȬ
hiclesȱandȱtrackȱinspectionȱinformationȱwithinȱbigȱdataȱprocessing.ȱThisȱmethodȱwasȱimȬ
plementedȱinȱtheȱmonitoringȱsystemȱforȱtheȱwheelȱloadȱofȱrailwayȱvehicles,ȱandȱforȱforceȱ
generatedȱinȱtheȱlateralȱdirection.ȱTheȱauthors’ȱresultsȱaidȱinȱtheȱdeterminationȱofȱwhetherȱ
orȱnotȱvehicleȱandȱtrackȱinspectionȱwereȱexecuted.ȱ ȱ

InȱGrossoniȱetȱal.ȱ[373],ȱtheȱauthorsȱanalyzedȱtrackȱstiffnessȱasȱaȱkeyȱphysicalȱparamȬ
eterȱforȱtrackȱqualityȱassessmentȱandȱlongȬtermȱtrackȱdeterioration.ȱTheȱauthorsȱverifiedȱ
theȱroleȱofȱtrackȱstiffnessȱandȱaspectsȱofȱitsȱspatialȱvariabilityȱthroughȱaȱsetȱofȱexperimentsȱ
basedȱonȱdigitalȱinformationȱandȱbigȱdata.ȱTheȱauthors’ȱanalysesȱwereȱaȱkindȱofȱsensitivityȱ
assessment,ȱwithȱotherȱvehicleȱandȱ trackȱphysicalȱparametersȱbeingȱunderȱquantitativeȱ
alterationȱ(theȱfollowingȱparametersȱwereȱvaried:ȱvehicleȱunsprungȱmass,ȱspeed,ȱandȱtrackȱ
verticalȱirregularities;ȱdataȱconnectedȱtoȱstiffnessȱandȱverticalȱirregularityȱwereȱanalyzedȱ
usingȱaȱsampleȱprocedureȱbasedȱonȱanȱARIMAȱstochasticȱprocess).ȱTrackȱgeometryȱdeteȬ
riorationȱratesȱwereȱestimatedȱbasedȱonȱaȱvehicle–trackȱinteractionȱmodel,ȱwhichȱwasȱcouȬ
pledȱwithȱseriesȱofȱlogȬlinearȱregressionȱmodelsȱappliedȱtoȱanalyzeȱtheȱimpactȱofȱvariableȱ
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parametersȱonȱ trackȱdeterioration.ȱAccordingȱtoȱtheȱauthors,ȱspatialȱvariabilityȱofȱtrackȱ
stiffnessȱwasȱcharacterizedȱasȱhavingȱaȱsignificantȱimpactȱonȱtrackȱdeteriorationȱrates.ȱ

Pistoneȱetȱal.ȱ[374]ȱdiscussedȱtwoȱvariedȱseriesȱofȱresultsȱofȱaȱcontinuousȱmonitoringȱ
systemȱofȱtheȱoperatingȱtrack:ȱfirstly,ȱforȱmassiveȱtrainȱwheels,ȱandȱsecondlyȱbyȱimpulseȱ
testsȱperformedȱinȱnineȱselectedȱstationsȱofȱtheȱundergroundȱinȱVienna.ȱTheȱreasonȱforȱtheȱ
testȱwasȱtheȱsubstitutionȱofȱconventionalȱresilientȱwheelsȱforȱmassiveȱwheelsȱinȱorderȱtoȱ
increaseȱ theȱperformanceȱofȱvehicles,ȱreduceȱoperationalȱcosts,ȱandȱ increaseȱsafety.ȱSeȬ
lectedȱtrainsȱcirculatingȱinȱtheȱundergroundȱnetworkȱwereȱequippedȱwithȱmassiveȱwheels,ȱ
andȱmodulesȱofȱ theȱsystemȱwereȱ fittedȱwithȱ inertialȱsensors.ȱNineȱmeasuringȱsystemsȱ
wereȱinstalledȱwithinȱtheȱnetworkȱinȱtheȱformȱofȱmonitoringȱdevicesȱappliedȱtoȱcontinuȬ
ouslyȱ recordȱdata.ȱRadioȱ frequencyȱ identificationȱ tagsȱ (InternetȱofȱThingsȱ employed)ȱ
wereȱ installedȱ forȱ trainȱ identification,ȱandȱ theȱ informationȱonȱvehicles’ȱcondition—andȱ
especiallyȱdataȱonȱtheȱimpactȱofȱmassiveȱwheels—wereȱsentȱtoȱheadquarters.ȱThreeȱyearsȱ
ofȱthisȱtestingȱallowedȱanalysisȱofȱtheȱbigȱdataȱusedȱforȱrealȬtimeȱdiagnosticsȱofȱinfrastrucȬ
ture.ȱ

InȱAnȱetȱal.ȱ[9],ȱtheȱauthorsȱresearchedȱaȱrecurrentȱneuralȱnetworkȱwithȱaȱlongȱshortȬ
termȱmemoryȱinȱorderȱtoȱdiagnoseȱfaultsȱinȱmotorȱdriveȱsystemsȱcharacterizedȱbyȱbigȱdataȱ
measurements.ȱTheȱauthorsȱwantedȱtoȱexcludeȱtheȱlimitationsȱofȱexistingȱintelligentȱmethȬ
ods—namely,ȱtheȱfactȱthatȱtheȱtrainingȱdataȱandȱtestingȱdataȱareȱsubjectȱtoȱtheȱsameȱworkȬ
ingȱconditionsȱinȱsuchȱmethods.ȱTheyȱdevelopedȱaȱnovelȱthreeȬlayerȱmodelȱinspiredȱbyȱaȱ
recurrentȱ neuralȱ networkȱ coupledȱwithȱ transferȱ learning,ȱ andȱ verifiedȱ theȱ proposedȱ
methodȱusingȱaȱrollingȬelementȱbearingȱdataset.ȱTheȱresearchers’ȱresultsȱwereȱanȱimproveȬ
mentȱinȱcomparisonȱtoȱartificialȱneuralȱnetworksȱandȱsparseȱfiltering.ȱTheȱauthors’ȱmethȬ
odsȱensuredȱrapidȱjudgmentȱofȱtheȱconditionȱofȱtheȱanalyzedȱelements.ȱ

InȱXuȱetȱal.ȱ[375],ȱtheȱauthorsȱdefinedȱabnormalȱsegmentsȱinȱconditionȱmonitoringȱ
thatȱnotȱonlyȱreduceȱtheȱqualityȱofȱdataȱforȱconditionȱmonitoringȱandȱbigȱdataȱanalysis,ȱ
butȱalsoȱbringȱaȱheavyȱcomputationȱload.ȱTheȱauthorsȱmentionedȱthatȱtheseȱsegmentsȱareȱ
missingȱsegmentsȱandȱdriftȱsegments,ȱwhichȱoccurȱunavoidablyȱinȱbigȱdataȱanalysesȱwhenȱ
sensorsȱundergoȱfailures,ȱnetworkȱsegmentȱtransmissionȱisȱdelayed,ȱorȱthereȱisȱaccidentalȱ
lossȱofȱsomeȱcollectedȱdata,ȱetc.ȱTherefore,ȱtheȱauthorsȱelaboratedȱanȱabnormalȱsegmentȱ
detectionȱmethodȱinȱorderȱtoȱimproveȱtheȱqualityȱofȱbigȱdata.ȱTheȱsolutionȱwasȱverifiedȱ
withȱactualȱwindȱ turbineȱdata;ȱhowever,ȱ thisȱmethodȱmightȱbeȱusedȱ forȱ theȱconditionȱ
monitoringȱofȱrailȱtransportȱmachinery.ȱ

InȱXuȱetȱal.ȱ[376],ȱtheȱauthorsȱdevelopedȱanȱoverviewȱofȱpredictiveȱmaintenanceȱsysȬ
tems,ȱwithȱaȱparticularȱemphasisȱonȱexistingȱmodels,ȱmethods,ȱandȱalgorithmsȱensuringȱ
dataȬdrivenȱfaultȱdiagnosticsȱandȱprognostics.ȱTheȱauthorsȱelaboratedȱsuchȱanȱoverviewȱ
becauseȱofȱtheȱmassiveȱgrowthȱinȱtheȱresearchȱofȱconditionȬmonitoringȱdataȱofȱindustrialȱ
equipmentȱ(industrialȱbigȱdata).ȱWhenȱrailȱtransportȱwasȱconsidered,ȱtheȱauthorsȱmenȬ
tionedȱdeȱBruinȱetȱal.ȱ[377]ȱasȱaȱstudyȱonȱaȱlongȱshortȬtermȱmemoryȱrecurrentȱneuralȱnetȬ
workȱthatȱwasȱappliedȱtoȱlearnȱfromȱdependenciesȱonȱrawȱrailwayȱtrackȱcircuitȱdataȱandȱ
theirȱdiagnosedȱfaults.ȱ

InȱSakiȱetȱal.ȱ[378],ȱtheȱauthorsȱsuggestedȱaȱdiscontinuanceȱofȱonboardȱdataȱcompuȬ
tingȱwithȱtheȱuseȱofȱsignalȱprocessingȱcoupledȱwithȱenrichedȱmachineȬlearningȬbasedȱapȬ
proaches.ȱTheȱauthors’ȱreasonȱforȱsuchȱaȱdecisionȱwasȱtoȱlimitȱtheȱtransmissionȱbandwidthȱ
onȱtheȱpublicȱmobileȱnetworks.ȱTheȱresearchersȱdevelopedȱaȱdeviceȱconsistingȱofȱtwoȱmainȱ
parts:ȱtheȱfirstȱpartȱwasȱaȱdataȱclassificationȱmodelȱthatȱclassifiedȱInternetȱofȱThingsȱ(IoT)ȱ
dataȱintoȱmaintenanceȬcriticalȱdataȱandȱmaintenanceȬnonȬcriticalȱdata,ȱwhileȱtheȱsecondȱ
partȱwasȱaȱdataȱtransmissionȱunitȱensuringȱcommunicationȱmethodsȱtoȱtransmitȱbigȱdataȱ
toȱrailwayȱcontrolȱcenters.ȱForȱtheȱtransmissionȱofȱmaintenanceȬnonȬcriticalȱdata,ȱtheȱauȬ
thorsȱproposedȱaȱspecificȱmethodȱthatȱemploysȱtrainȱstationsȱasȱpointsȱatȱwhichȱdataȱareȱ
transferredȱandȱdeliveredȱtoȱmentionedȱcenters.ȱAsȱthisȱsolutionȱconcernedȱpassengers’ȱ
stations,ȱitȱcouldȱthereforeȱbeȱappliedȱonlyȱinȱtheȱcaseȱofȱpassengerȱtrains.ȱ

Parhiȱetȱal.ȱ [379]ȱdevelopedȱanȱ inferenceȱsystemȱofȱmultipleȱadaptiveȱneuroȬfuzzyȱ
characteristics,ȱ andȱ aȱ methodologyȱ relatedȱ toȱ theȱ detectionȱ ofȱ cracksȱ inȱ structures.ȱ
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Accordingȱtoȱtheȱauthors,ȱthisȱmethodologyȱcanȱbeȱappliedȱforȱtheȱconditionȱmonitoringȱ
ofȱdynamicȱstructures,ȱsuchȱasȱrailwayȱstructures;ȱnevertheless,ȱtheȱauthorsȱdidȱnotȱconȬ
ductȱresearchȱonȱrailȱstructuresȱdirectly.ȱTheȱauthorsȱmentionedȱthatȱtheȱauthorsȱofȱChenȱ
etȱal.ȱ[366]ȱstudiedȱfaultȱdetectionȱandȱdiagnosisȱforȱrailwayȱtrackȱcircuitsȱwithȱtheȱuseȱofȱ
neuroȬfuzzyȱsystems.ȱ

InȱMolodovaȱetȱal.ȱ[129],ȱtheȱauthorsȱpresentedȱtheȱresultsȱofȱrailȱjointȱconditionȱmonȬ
itoringȱbasedȱonȱaxleȱboxȱaccelerationȱmeasurements.ȱTheȱauthorsȱconsideredȱmeasureȬ
mentsȱobtainedȱfromȱtrailingȱandȱleadingȱwheels,ȱinȱtheȱcaseȱofȱbothȱtheȱrightȱandȱleftȱrails.ȱ
Theȱobtainedȱcharacteristicsȱaimȱtoȱobtainȱknowledgeȱofȱtheȱqualityȱandȱtheȱstateȱofȱtheȱ
insulatedȱjointȱinȱorderȱtoȱdevelopȱintelligentȱpreventiveȱmaintenanceȱstrategiesȱ(intelliȬ
gentȱsystems).ȱTheȱauthorsȱvalidatedȱtheirȱmonitoringȱmethodȱbyȱinȬpersonȱvisualȱtrackȱ
inspectionsȱandȱhammerȱtestsȱofȱtheȱinsulatedȱjoints.ȱ

AȱvehicleȬborneȱbatteryȱisȱoneȱofȱtheȱpiecesȱofȱequipmentȱusedȱinȱmagneticȱlevitationȱ
trains,ȱwhoseȱconditionȱhighlyȱaffectsȱtheȱefficiencyȱofȱtheȱtrain’sȱoperation.ȱInȱZhangȱetȱ
al.ȱ[267],ȱtheȱauthorsȱdevelopedȱaȱsensorȱnetworkȱdesignedȱtoȱmonitorȱbatteries’ȱconditionȱ
inȱeachȱcar—especiallyȱtheȱbatteries’ȱtemperatureȱandȱremainingȱcapacity.ȱThisȱsolutionȱisȱ
basedȱonȱtheȱInternetȱofȱThingsȱconcept,ȱthanksȱtoȱwhichȱaȱtrainȱoperationȱcontrolȱsystemȱ
collectsȱmeasurementsȱofȱallȱcarsȱinȱaȱmaglevȱtrainȱbyȱusingȱitsȱcommunicationȱnetworkȱ
throughȱtheȱradioȱcommunicationȱsystem.ȱFurthermore,ȱ inȱGaoȱetȱal.ȱ[145],ȱtheȱauthorsȱ
benefittedȱfromȱtheȱdevelopmentȱofȱtheȱInternetȱofȱThingsȱinȱtheȱareaȱofȱintelligentȱrailwayȱ
transport.ȱ

InȱSramotaȱetȱal.ȱ[380],ȱtheȱauthorsȱreferredȱtoȱanȱautonomous,ȱnearȬrealȬtimeȱsystemȱ
forȱtheȱconditionȱmonitoringȱofȱrailwayȱtracks,ȱpoints,ȱandȱcrossings;ȱtheȱsystemȱworksȱ
duringȱtheȱoperationȱofȱaȱnearbyȱtrain.ȱSensorsȱorȱsensorȱnodesȱcreatedȱwirelessȱsensorȱ
networks.ȱAsȱtheȱauthorsȱmentioned,ȱtheȱaggregationȱofȱdataȱwasȱrealizedȱwithȱaȱ lowȬ
power,ȱwideȬarea,ȱInternetȱofȱThingsȱnetworkȱstructure.ȱSuchȱaȱnetworkȱprovidedȱpostȬ
processingȱbigȱdata.ȱ

Karadumanȱetȱal.ȱ[65]ȱpresentedȱaȱmethodȱbasedȱonȱimagesȱtakenȱfromȱtheȱcamerasȱ
monitoringȱtheȱrailways.ȱTheseȱimagesȱwereȱtransmittedȱtoȱaȱcentralȱcomputerȱusingȱtheȱ
conceptȱofȱtheȱInternetȱofȱthingsȱ(IoT)ȱasȱaȱtechnologyȱcontinuouslyȱappliedȱforȱconditionȬ
monitoringȱ systemsȱ (includingȱ artificialȱ intelligence).ȱTheȱ authorsȱ appliedȱ imageȱ proȬ
cessingȱtechniquesȱtoȱtheseȱimages,ȱandȱafterwardsȱmeaningfulȱdataȱwereȱextractedȱinȱtheȱ
centralȱcomputer.ȱThisȱsystemȱwasȱdevelopedȱforȱcontactlessȱfaultȱdiagnosis—especiallyȱ
forȱpantographsȱandȱcatenary.ȱItȱshouldȱbeȱmentionedȱhereȱthat,ȱalthoughȱthisȱreviewȱpaȬ
perȱisȱmostlyȱconcernedȱwithȱconventionalȱvehiclesȱandȱtracksȱinȱrailwayȱtransport,ȱtheȱ
otherȱsolutionsȱandȱtheirȱconditionȱmonitoringȱareȱgettingȱtoȱaȱmoreȱrapidȱstage.ȱOneȱsuchȱ
solutionȱisȱtheȱconceptȱofȱmagneticȱlevitationȱ(popularlyȱcalledȱmaglev)ȱcoupledȱwithȱsoȬ
lutionsȱstandardizedȱforȱtheȱconceptȱofȱIndustryȱ4.0,ȱmakingȱtheȱpairȱanȱexampleȱofȱintelȬ
ligentȱtransportation.ȱInȱSunȱetȱal.ȱ[381],ȱtheȱauthorsȱdevelopedȱaȱmethodȱforȱtheȱcontrolȱ
ofȱsuspensionȱforȱmedium–lowȬspeedȱmaglevȱtrains.ȱTheȱauthorsȱincorporatedȱtheȱInterȬ
netȱofȱThingsȱ(IoT)ȱtechnologyȱandȱanȱadaptiveȱfuzzyȱcontrollerȱ(developedȱbyȱtheȱauȬ
thors).ȱFirstly,ȱtheȱauthorsȱestablishedȱaȱmathematicalȱmodelȱforȱtheȱanalyzedȱsuspensionȱ
systemȱofȱtheȱmentionedȱtrains,ȱandȱthenȱtheyȱcomposedȱtheȱIoTȱandȱtheȱcircuitȱdesign.ȱ
Basedȱonȱhistoricalȱdataȱfromȱpreviousȱridesȱofȱsuchȱmaglevȱtrains,ȱtheȱauthorsȱextractedȱ
suspensionȱairgapȱcontrolȱlaws,ȱandȱasȱaȱresultȱtheyȱdevelopedȱadaptiveȱfuzzyȱrulesȱofȱ
maglevȱtrains’ȱsuspensionȱsystems.ȱAllȱofȱtheseȱoperationsȱresultedȱinȱtheȱverificationȱofȱ
theȱmethod’sȱeffectivenessȱbyȱtheȱtestingȱofȱfullȬscaleȱmaglevȱtrains.ȱTheȱauthorsȱstatedȱ
thatȱforȱfutureȱresultsȱtheyȱintendȱtoȱfocusȱonȱtheȱtuningȱrulesȱofȱtheȱproposedȱcontrollerȱ
inȱorderȱtoȱextendȱitȱtoȱotherȱsystems.ȱ

Chenȱetȱal.ȱ[252]ȱsupportedȱmaintenanceȱactivitiesȱwithȱintelligentȱconditionȬmoniȬ
toringȱsystemsȱthatȱensureȱavailability,ȱreliability,ȱandȱsafetyȱinȱrailwayȱoperations.ȱTheȱ
authors’ȱproposedȱmethodȱusesȱ aȱ combinedȱ techniqueȱ ofȱ quantitativeȱ andȱ qualitativeȱ
characters,ȱknownȱasȱaȱcoactiveȱneuroȬfuzzyȱinferenceȱsystem,ȱforȱtheȱdetectionȱandȱidenȬ
tificationȱofȱtheȱ10ȱmostȱcommonȱfailuresȱofȱrailwayȱtrackȱcircuits.ȱTheyȱappliedȱaȱsingleȱ
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audioȱfrequencyȱjointlessȱtrackȱcircuitȱforȱtheȱverificationȱofȱtheȱsimulationȱmodel,ȱandȱforȱ
collectingȱfaultȱdata.ȱ ȱ

SandidzadehȱandȱDehghaniȱ[382]ȱemployedȱaȱneuroȬfuzzyȱnetworkȱ(coupledȱfuzzyȱ
systemsȱandȱneuralȱnetworks)ȱforȱfaultȱdetectionȱandȱidentificationȱinȱaȱtypicalȱaudioȱfreȬ
quencyȱtrackȱcircuit,ȱwhichȱisȱaȱhybridȱofȱknowledgeȬbasedȱandȱdataȬbasedȱsystems.ȱThisȱ
kindȱofȱresearchȱisȱrelatedȱtoȱintelligentȱconditionȱmonitoring.ȱTheȱauthors’ȱsolutionȱwasȱ
generatedȱforȱinteractionȱwithȱlowȬprecisionȱdata,ȱandȱitȱisȱcharacterizedȱbyȱtheȱlearningȱ
abilityȱofȱaȱneuralȱnetwork.ȱTheȱmethodȱwasȱverifiedȱbyȱanalysesȱofȱmodeledȱandȱsimuȬ
latedȱregularȱtrackȱcircuits.ȱDataȱwithȱandȱwithoutȱfaultsȱwereȱusedȱforȱtrainingȱtheȱalgoȬ
rithmȱofȱtheȱneuroȬfuzzyȱnetwork.ȱ ȱ

InȱAnyakwoȱetȱal.ȱ[83],ȱtheȱauthorsȱdevelopedȱaȱtwoȬdimensionalȱwheel–railȱcontactȱ
model,ȱwithȱtheȱexclusionȱofȱsomeȱvariablesȱofȱtheȱcontactȱmodel’sȱgeometryȱinȱorderȱtoȱ
reduceȱcomputationalȱtime.ȱAȱlookupȱtableȱwasȱappliedȱtoȱordinaryȱdifferentialȱequationsȱ
representingȱtheȱdynamicȱbogieȱbehavior,ȱandȱasȱaȱresultȱcomputationȱtimeȱwasȱshorter.ȱ
ThisȱmethodȱcanȱbeȱappliedȱforȱfastȱandȱrealȬtimeȱsimulationsȱofȱhybridȱintelligentȱsysȬ
temsȱ(hybrid,ȱaccordingȱtoȱtheȱauthors,ȱconsistsȱofȱmathematicalȱmodelingȱandȱcomputerȱ
simulationȱtechniques).ȱAȱnovelȱ2Dȱwheel–railȱcontactȱmodelȱwasȱappliedȱinȱthisȱmethod.ȱ

InȱEtchellȱetȱal.ȱ[383],ȱtheȱauthorsȱdevelopedȱaȱremoteȱsystemȱforȱconditionȱmonitorȬ
ing,ȱprediction,ȱandȱpreventionȱinȱcaseȱofȱfailuresȱofȱundergroundȱjointlessȱtrackȱcircuits.ȱ
SuchȱaȱsolutionȱallowedȱtheȱanalysisȱofȱaȱlargeȬscale,ȱgeographicallyȱdiverse,ȱintelligentȱ
systemȱthatȱcanȱconductȱrealȬtimeȱconditionȱanalysisȱofȱvoltageȱandȱfrequencyȱforȱcircuits.ȱ

Márquezȱetȱal.ȱ[214]ȱcoupledȱintelligentȱconditionȱmonitoringȱwithȱreliabilityȬcenȬ
teredȱmaintenance,ȱwhichȱallowsȱtheȱcollectionȱofȱbothȱdigitalȱandȱanalogȱsignalsȱobtainedȱ
fromȱtransducersȱconnectedȱtoȱeitherȱpointȬtoȬpointȱorȱdigitalȱbusȱcommunicationȱlinks,ȱ
dependingȱonȱsignalȱform.ȱTheirȱresearchȱconductedȱfailureȱanalysis,ȱdataȱacquisition,ȱandȱ
incipientȱ faultȱdetectionȱonȱaȱhydraulicȱrailwayȱ levelȱcrossingȱbarrierȱsystem.ȱForȱeachȱ
barrier,ȱnotȱonlyȱtheȱhydraulicȱcharacteristics,ȱbutȱalsoȱtheȱmotor’sȱcurrentȱandȱvoltage,ȱ
hydraulicȱpressure,ȱ andȱbarrier’s/rotary’sȱpositionȱwereȱ acquired.ȱDataȱwithoutȱ errorsȱ
wereȱobtainedȱwithȱtheȱuseȱofȱaȱsingleȬcableȱfieldbusȱthatȱenablesȱallȱsensors’ȱconnectionȱ
throughȱappropriateȱcommunicationȱnodesȱtoȱaȱbusȱcharacterizedȱbyȱhighȱspeed.ȱTheȱreȬ
searchersȱusedȱARIMAȱ(autoregressiveȱintegratedȱmovingȱaverage)ȱmodelsȱforȱtheȱdetecȬ
tionȱofȱfaults.ȱTheȱmodelsȱwereȱtestedȱaccordinglyȱwithȱJarque–BeraȱandȱLjung–BoxȱstaȬ
tisticalȱtests.ȱ

AȱBayesianȱnetworkȱrelatedȱtoȱtheȱintelligentȱconditionȱmonitoringȱofȱrailwayȱcateȬ
naryȱsystemsȱwasȱdevelopedȱinȱWangȱetȱal.ȱ[122].ȱThisȱnetwork’sȱparametersȱwereȱlearnȬ
ingȱbasedȱonȱhistoricalȱdata.ȱTheȱauthorsȱsuggestedȱtheȱfollowingȱtypesȱofȱmeasurementsȱ
forȱconsideringȱtheȱmentionedȱmonitoringȱsystems:ȱwireȱstagger,ȱcontactȱwireȱheight,ȱpanȬ
tographȱheadȱdisplacement,ȱpantographȱheadȱverticalȱacceleration,ȱandȱpantograph–cateȬ
naryȱcontactȱ force.ȱTheȱauthorsȱwereȱcuriousȱaboutȱbothȱ theȱphysicalȱmeaningsȱofȱ theȱ
mentionedȱparametersȱandȱtheȱcorrelationsȱbetweenȱthem.ȱTheȱresearchȱresultedȱinȱcateȬ
naryȱconditionȱlevelȱidentification.ȱ ȱ

AsȱJoshiȱetȱal.ȱ[46]ȱmentioned,ȱanȱintelligentȱconditionȬmonitoringȱsystemȱrequiresȱaȱ
properȱdataȱstorageȱsystemȱforȱtheȱdetectionȱofȱincipientȱfailuresȱreportedȱduringȱtheȱconȬ
ditionȱassessmentȱofȱdistributedȱgenerationȱsystems.ȱSuchȱsystemsȱareȱalsoȱusedȱ inȱrailȱ
transport.ȱTheȱauthorsȱcurrentlyȱsurveyedȱusedȱapplicationsȱandȱvariousȱsoftȱcomputingȱ
methodsȱforȱconditionȱmonitoringȱinȱtheȱcontextȱofȱintelligentȱsystemsȱusedȱforȱdiagnosesȱ
ofȱdistributedȱgenerationȱsystems.ȱ

Amongȱtheȱlessȱtypical—yetȱstillȱimportant—researchȱproblemsȱfromȱtheȱcities’ȱpointȱ
ofȱview,ȱtheȱcleaningȱofȱlightȱrailȱtransportȱareasȱcanȱbeȱconsidered.ȱInȱDongȱetȱal.ȱ[194],ȱ
theȱauthorsȱdevelopedȱaȱroad–railȱprecisionȱcleaningȱvehicleȱdesignedȱtoȱcleanȱtheȱgrooveȱ
railsȱofȱmodernȱ tramways.ȱTheȱauthorsȱdevelopedȱanȱoverallȱmechanicalȱstructureȱ forȱ
suchȱaȱvehicle,ȱasȱwellȱasȱanȱelectricalȱcontrolȱsystemȱwithȱaȱhighȱdegreeȱofȱautomationȱ
and,ȱmoreover,ȱtheyȱproposedȱaȱconditionȬmonitoringȱsystemȱandȱhuman–machineȱinterȬ
faceȱ system.ȱ Combiningȱ bothȱ aȱ programmableȱ logicȱ controllerȱ andȱ aȱ touchscreenȱ
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industrialȱpersonalȱcomputerȱallowedȱthemȱtoȱrealizeȱanȱautomaticȱintelligentȱsystemȱforȱ
cleaningȱbasedȱonȱ imageȱrecognitionȱ thatȱcoupledȱwithȱautomation,ȱ improvedȱtheȱeffiȬ
ciencyȱofȱcleaningȱtheȱrailȱandȱreduced—forȱexample—waterȱconsumption,ȱwhichȱisȱusedȱ
forȱcleaning.ȱTheȱauthorsȱplannedȱtoȱcontinueȱusingȱimageȱrecognitionȱtechnologyȱinȱorȬ
derȱtoȱimproveȱtheȱclassificationȱofȱgarbageȱbyȱdeepȱlearningȱwithȱimageȱrecognition.ȱ ȱ

Inȱ Sunȱ etȱ al.ȱ [384],ȱ theȱ authorsȱ developedȱ anȱ intelligentȱ conditionȬmonitoringȱ
methodȱforȱrailwayȱpointȱmachinesȱ(equipmentȱthatȱenablesȱtheȱswitchingȱofȱroutesȱforȱ
trains)ȱbasedȱonȱsound/noiseȱanalysis.ȱTheȱauthorsȱusedȱtheȱfollowingȱmethodsȱandȱtechȬ
niques:ȱparticleȱswarmȱoptimization,ȱsupportȱvectorȱmachines,ȱkȬnearestȱneighbors,ȱranȬ
domȱforests,ȱandȱnaiveȱBayesȱclassifiers;ȱsupportȱvectorȱmachinesȱwereȱstatedȱtoȱbeȱtheȱ
bestȱofȱthisȱgroupȱforȱidentificationȱaccuracyȱandȱcomputingȱcost.ȱ

AsȱKarakoseȱandȱYamanȱ[174]ȱmentionedȱafterȱAazamȱetȱal.ȱ[385],ȱIndustryȱ4.0ȱtechȬ
nologyȱprovidedȱtheȱdevelopmentȱofȱtheȱInternetȱofȱThingsȱ(IoT),ȱbigȱdataȱanalytics,ȱsmartȱ
machines,ȱcloudȬbasedȱmanufacturingȱ(CBM),ȱandȱcyberȬphysicalȱsystemsȱ(CPSs).ȱTheȱauȬ
thorsȱdevelopedȱaȱcomplexȱthermographyȱmethodȱcoupledȱwithȱfuzzyȱmethodsȱforȱtheȱ
railwayȱandȱpantographȱcatenaryȱsystem,ȱwhichȱresultedȱinȱanȱapproachȱforȱpredictiveȱ
maintenanceȱonȱelectricȱrailwaysȱthatȱreliesȱonȱaȱcomplexȱfuzzyȬsystemȬbasedȱthermograȬ
phy.ȱAȱcoupledȱapproachȱusingȱthermalȱimageȱandȱsignalȱprocessingȱmethodsȱwasȱapȬ
pliedȱbyȱtheȱauthors.ȱTheȱreasonȱforȱtheȱproposalȱofȱtheȱfuzzyȱapproachȱwasȱthatȱitȱwasȱ
suitableȱasȱaȱmaintenanceȱestimatorȱwhenȱseasonalȱweatherȱconditions,ȱexternalȱenvironȬ
mentalȱconditions,ȱdaylight,ȱandȱespeciallyȱintermittentȱeffectsȱsuchȱasȱtrainȱspeedȱwereȱ
takenȱintoȱconsideration.ȱMoreover,ȱtheȱauthorsȱmentionedȱthatȱthermalȱchangesȱimpactȱ
bothȱrailȱsurfaceȱandȱpantographȱcatenary;ȱtherefore,ȱtheyȱsuggestedȱtheȱcouplingȱofȱfuzzyȱ
andȱthermalȱimageȱprocessingȱmethods.ȱMoreover,ȱinȱKnightȬPercivalȱetȱal.ȱ[372],ȱtheȱauȬ
thorsȱobservedȱthatȱtheȱinterdisciplinaryȱfieldȱofȱsystemsȱengineering—inȱparticularȱtransȬ
portationȱsystems—isȱextendedȱandȱsupportedȱbyȱIndustryȱ4.0.ȱIndustryȱ4.0,ȱaccordingȱtoȱ
theȱauthors,ȱfocusesȱonȱtheȱdesignȱandȱmanagementȱofȱcomplexȱsystemsȱduringȱtheirȱlifeȱ
cycles,ȱwithȱconsiderationȱofȱfourȱdesignȱprinciples—namely,ȱinteroperabilityȱ(communiȬ
cationȱandȱconnectionȱbetweenȱsystems,ȱdevices,ȱandȱsensors),ȱinformationȱtransparencyȱ
(integrationȱofȱsensorȱdataȱwithȱaȱdigitalȱtwinȱofȱaȱphysicalȱsystem),ȱtechnicalȱassistanceȱ
(visualizationȱofȱcomplexȱdataȱandȱreductionȱofȱworkload),ȱandȱdecentralizedȱdecisionsȱ
(autonomyȱofȱcomplexȱsystemsȱ thatȱcanȱadaptȱ toȱ theȱspecificȱenvironment).ȱ InȱKnightȬ
Percivalȱetȱal.ȱ[372],ȱasȱaȱconsequenceȱofȱtheȱimplementationȱofȱsuchȱprinciples,ȱtheȱauthorsȱ
developedȱaȱcustomȬbuilt,ȱlowȬcostȱmagneticȱfieldȱdetectionȱsystemȱforȱtrackȱcircuitȱconȬ
ditionȱmonitoring,ȱmountedȱunderȱtheȱbodyȱofȱaȱrailȱvehicle.ȱTheȱauthorsȱusedȱelectroȬ
magneticȱinductionȱasȱaȱsensingȱtechnique,ȱandȱtheȱconsequentlyȱobtainedȱmeasurementsȱ
wereȱnonintrusiveȱandȱgalvanicallyȱisolatedȱfromȱtheȱtrackȱcircuit.ȱTheȱauthorsȱdevelopedȱ
theȱphysicalȱsystemȱandȱaccompaniedȱ itȱwithȱaȱvirtualȱdigitalȱ twinȱofȱ theȱrailȱnetworkȱ
integratingȱtheȱsensorȱdata.ȱ

SolutionsȱusedȱinȱrailwayȱconditionȱmonitoringȱareȱalsoȱtransferableȱtoȱotherȱfaciliȬ
ties.ȱForȱexample,ȱtheȱauthorsȱofȱKoenigȱetȱal.ȱ[16,386]ȱmentionedȱthatȱvibrationȱmonitorȬ
ingȱwasȱappliedȱtoȱmeasureȱmovementȱinȱbothȱstaticȱstructuresȱandȱinȱrotatingȱequipmentȱ
suchȱasȱwheels,ȱandȱtheseȱauthorsȱdevelopedȱthisȱapproachȱtoȱbeȱappliedȱtoȱtheȱstructureȱ
ofȱtracksȱcarryingȱhighȬspeedȱrotatingȱequipment—namelyȱbaggageȱcartȱwheelsȱatȱanȱairȬ
port.ȱTheȱideaȱwasȱusedȱbecauseȱunpredictableȱbreakdownsȱareȱaȱseriousȱchallengeȱatȱairȬ
ports,ȱespeciallyȱwhenȱwheelsȱbecomeȱblocked,ȱandȱasȱaȱconsequence,ȱmassiveȱderailmentȱ
ofȱcartsȱoccursȱwithinȱconnectionȱtunnels.ȱConditionȱmonitoringȱtoȱpreventȱbaggageȱcartȱ
failureȱinȱrealȱtimeȱwasȱappliedȱbyȱtheȱauthors,ȱandȱwasȱadditionallyȱenrichedȱbyȱautonoȬ
mousȱsystemsȱlinkedȱtoȱartificialȱintelligenceȱandȱIndustryȱ4.0ȱairportȱlogic.ȱInȱMetsoȱandȱ
Thenentȱ[387],ȱtheȱauthorsȱalsoȱinvestigatedȱaspectsȱofȱconditionȱmonitoringȱinȱconnectionȱ
toȱmaintenanceȱ4.0ȱforȱairȱtransport;ȱtherefore,ȱitȱmayȱbeȱsuspectedȱthatȱthisȱwouldȱbeȱaȱ
newȱtrendȱinȱtheȱconditionȱmonitoringȱofȱrailȱtransportȱfacilities.ȱ

InȱXuȱetȱal.ȱ[388],ȱtheȱauthorsȱdevelopedȱanȱinsulationȬmonitoringȱmethodȱforȱrailwayȱ
signalingȱpowerȱsystemsȱ(signalingȱpowerȱdistributionȱnetworksȱwithȱmultipleȱbranches),ȱ
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statingȱthatȱintelligentȱconditionȱmonitoringȱandȱaccurateȱfaultȱlocationȱareȱsignificantȱforȱ
railwayȱtransport.ȱTheȱauthors’ȱmethodȱallowsȱforȱtheȱcontinuousȱmonitoringȱofȱtheȱresisȬ
tiveȱearthȱleakageȱcurrent,ȱandȱindicatesȱtheȱlocationsȱofȱ leakageȱpointsȱbyȱtrackingȱtheȱ
rectifiedȱdifferenceȱpattern.ȱTheȱauthors’ȱmethodȱdidȱnotȱrequireȱanȱexternalȱpowerȱsupȬ
plyȱorȱsignalȱinjection.ȱ ȱ

Theȱ termȱ Industryȱ4.0ȱ isȱ interconnectedȱwithȱ robotics;ȱ therefore,ȱ railȱ transportȱ reȬ
searchersȱalsoȱshareȱanȱinterestȱinȱthisȱaspectȱofȱengineering.ȱ

Ahmadianȱetȱal.ȱ[389]ȱinvestigatedȱconceptsȱtoȱdecreaseȱtheȱdependenceȱonȱbondedȱ
insulatedȱjointsȱforȱrailwayȱtrackȱmonitoring.ȱTheȱauthorsȱexaminedȱtheȱuseȱofȱinsulatedȱ
jointsȱandȱdiscussedȱtheȱutilizationȱofȱtrackȱcircuitsȱaccordingȱtoȱknowledgeȱonȱacousticȱ
methods,ȱreflectometry,ȱandȱrobotics.ȱTheȱauthorsȱconsideredȱautonomousȱvehiclesȱenȬ
richedȱwithȱGPSȱtoȱbeȱaȱformȱofȱrobotics;ȱtherefore,ȱthisȱisȱoneȱsuchȱearlyȬpublishedȱpaperȱ
consideredȱwithinȱthisȱtopic.ȱ

InȱRowshandelȱetȱal.ȱ[246],ȱtheȱauthorsȱmentionedȱvariousȱdevicesȱthatȱareȱusedȱinȱ
theȱ railȱ industryȱ forȱ conditionȱ monitoring—namely,ȱ inspectionȱ trains,ȱ dualȬpurposeȱ
road/trackȱvehicles,ȱandȱhandheldȱtrolleysȱutilizingȱultrasonic,ȱeddyȱcurrent,ȱandȱalternatȬ
ingȱcurrentȱfieldȱmeasurements,ȱorȱmagneticȱfluxȱleakageȱsensors.ȱTheȱauthorsȱalsoȱmenȬ
tionedȱthatȱmostȱdevicesȱandȱsystemsȱprovideȱdataȱonȱdefectȱlocations;ȱhowever,ȱtheȱinȬ
formationȱonȱdefectȱsizesȱisȱrarelyȱindicated.ȱTherefore,ȱtheyȱpresentedȱaȱsystemȱbasedȱonȱ
robotics,ȱwhoseȱpurposeȱwasȱtheȱdetectionȱandȱcharacterizationȱofȱrollingȱcontactȱfatigueȱ
cracksȱinȱrailȱtracks.ȱTheȱauthors’ȱsystemȱconsistedȱofȱaȱmechanizedȱcart,ȱaȱroboticȱarm,ȱaȱ
lowȬcostȱdistanceȱlaserȱsensor,ȱandȱaȱcommerciallyȱavailableȱcurrentȱfieldȱmeasurementȱ
system.ȱWhenȱaȱdefectȱwasȱdetected,ȱaȱroboticȱarmȱlocatedȱonȱaȱtrolleyȱwouldȱperformȱaȱ
detailedȱtwoȬdimensionalȱscanȱofȱtheȱcharacterizationȱdefects.ȱThisȱwasȱquiteȱaȱnewȱsoluȬ
tion,ȱ andȱ especiallyȱ importantȱ atȱ theȱ timeȱwhenȱ theȱ Industryȱ 4.0ȱ conceptȱbeganȱ toȱbeȱ
broadlyȱanalyzed.ȱ

Tableȱ4.ȱTheȱlistȱofȱreviewȱpapers’ȱspecificȱkeywords.ȱ

Keywordȱ
OccurȬ
rencesȱ

TotalȱLinkȱ
Strengthȱ

AppearanceȱofȱaȱParticularȱKeywordȱinȱtheȱFollowingȱPublicationsȱ

Variousȱtypesȱofȱsensorsȱ
3Dȱaccelerationȱsensorȱ 1ȱ 0ȱ 2014:ȱ[198]ȱ
accelerationȱsensorsȱ 1ȱ 0ȱ 2018:ȱ[268]ȱ

accelerometerȱ 4ȱ 3ȱ 2020:ȱ[263],ȱ2014:ȱ[275],ȱ2012:ȱ[270],ȱ2011:ȱ[271]ȱ

accelerometersȱ 24ȱ 13ȱ
2020:ȱ[142,263,288],ȱ2019:ȱ[50,281,284,289],ȱ2018:ȱ[110,278,279,282],ȱ2017:ȱ
[146,280,390],ȱ2016:ȱ[166,276],ȱ2014:ȱ[91,242],ȱ2013:ȱ[274],ȱ2010:ȱ[118,119],ȱ

2007:ȱ[153,154],ȱ2006:ȱ[156],ȱ2001:ȱ[269]ȱ
acousticȱemissionȱsenȬ

sorsȱ 4ȱ 1ȱ 2017:ȱ[165],ȱ2016:ȱ[166],ȱ2014:ȱ[168],ȱ1995:ȱ[286]ȱ

angularȱrateȱsensorȱ 1ȱ 0ȱ 2014:ȱ[259]ȱ
contrastȱsensorȱ 1ȱ 0ȱ 2011:ȱ[291]ȱ

eddyȱcurrentȱsensorȱ 1ȱ 0ȱ 2019:ȱ[233]ȱ
electricȱsensingȱdevicesȱ 5ȱ 6ȱ 2018:ȱ[297],ȱ2017:ȱ[294],ȱ2014:ȱ[293,296],ȱ2012:ȱ[37]ȱ

fiberȬopticȱsensorsȱ 12ȱ 9ȱ
2020:ȱ[190,308],ȱ2019:ȱ[304,306],ȱ2017:ȱ[294,295],ȱ2016:ȱ[298],ȱ2015:ȱ[303],ȱ

2012:ȱ[37,301],ȱ2006:ȱ[299],ȱ2003:ȱ[353]ȱ
fiberȱopticsȱ 6ȱ 4ȱ 2019:ȱ[306,358],ȱ2017:ȱ[295],ȱ2016:ȱ[359],ȱ2006:ȱ[103,299]ȱ

fiberȱBraggȱgratingȱsenȬ
sorsȱ

5ȱ 3ȱ 2016:ȱ[302],ȱ2012:ȱ[300,301],ȱ2008:ȱ[160,161]ȱ

gyroscopesȱ 11ȱ 7ȱ
2020:ȱ[263],ȱ2019:ȱ[50,289],ȱ2014:ȱ[91,242],ȱ2013:ȱ[274],ȱ2008:ȱ[205,206],ȱ

2007:ȱ[153,154],ȱ2006:ȱ[156]ȱ
heterogeneousȱsensorsȱ 1ȱ 0ȱ 2016:ȱ[321]ȱ
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inertialȱsensorȱ 9ȱ 2ȱ 2020:ȱ[322],ȱ2019)ȱ[50,374],ȱ2017:ȱ[350],ȱ2012:ȱ[116],ȱ2011:ȱ[19,117,245],ȱ
2009:ȱ[45]ȱ

inertialȱmeasurementȱ
sensorsȱ

1ȱ 0ȱ 2019:ȱ[289]ȱ

infraredȱproximityȱsenȬ
sorȱ 1ȱ 0ȱ 2013:ȱ[292]ȱ

laserȱscanningȱ 4ȱ 0ȱ 2016:ȱ[93,94],ȱ2014:ȱ[324,327]ȱ
laserȱdisplacementȱsenȬ

sorsȱ
1ȱ 0ȱ 2019:ȱ[326]ȱ

laserȱsensorȱ 1ȱ 0ȱ 2011:ȱ[245]ȱ
MEMSȱsensorsȱ 1ȱ 0ȱ 2019:ȱ[284],ȱ2017:ȱ[280]ȱ
multipleȱsensorsȱ 1ȱ 0ȱ 2018:ȱ[328]ȱ
onboardȱsensorsȱ 1ȱ 0ȱ 2020:ȱ[349]ȱ
opticalȱfibersȱ 6ȱ 8ȱ 2019:ȱ[304,305,358],ȱ2017:ȱ[294],ȱ2016:ȱ[298,302]ȱ
opticalȱsensorsȱ 3ȱ 3ȱ 2018:ȱ[360],ȱ2016:ȱ[354],ȱ2007:ȱ[153]ȱ

opticalȱfiberȱBraggȱgratȬ
ingȱstrainȱsensorȱ

1ȱ 0ȱ 2012:ȱ[300]ȱ

optoelectronicȱandȱphoȬ
tonicȱsensorsȱ 1ȱ 0ȱ 2018:ȱ[360]ȱ

piezoelectricȱsensorsȱ 1ȱ 0ȱ 2018:ȱ[297]ȱ
pressureȱandȱtemperaȬ

tureȱsensorsȱ 1ȱ 0ȱ 2017:ȱ[329]ȱ

rechargeableȱsensorsȱ 1ȱ 0ȱ 2019:ȱ[143]ȱ
remoteȱsensorsȱ 2ȱ 0ȱ 2017:ȱ[49]ȱ

sensorȱ 7ȱ 2ȱ 2020:ȱ[307,338–340,363,371],ȱ2019:ȱ[50,287]ȱ

sensorsȱ 26ȱ 17ȱ

2020:ȱ[371],ȱ2019:ȱ[17,47,50],ȱ2018:ȱ[357],ȱ2014:ȱ[334],ȱ2013:ȱ
[272,273,292,333],ȱ2012:ȱ[6,132,148,203,332],ȱ2011:ȱ

[19,38,105,117,245,246,291],ȱ2010:ȱ[330],ȱ2009:ȱ[106,107],ȱ2008:ȱ[108,109],ȱ
2007:ȱ[26,53,153],ȱ2006:ȱ[159,299],ȱ2002:ȱ[52,331],ȱ1995:ȱ[286]ȱ

sensorȱdataȱfusionȱ 3ȱ 2ȱ 2018:ȱ[323,337],ȱ2017:ȱ[335]ȱ
sensorȱfusionȱ 4ȱ 4ȱ 2020:ȱ[263],ȱ2018:ȱ[323,336,337]ȱ

sensorȱnetworksȱ 5ȱ 7ȱ 2018:ȱ[267],ȱ2017:ȱ[49,293],ȱ2014:ȱ[294],ȱ2011:ȱ[245]ȱ

sensorȱnodesȱ 13ȱ 26ȱ
2020:ȱ[142,363],ȱ2019:ȱ[17,47,143],ȱ2018:ȱ[144–146,361],ȱ2016:ȱ

[344,354,355],ȱ2014:ȱ[293]ȱ
strainȱgaugeȱsensorȱ 1ȱ 0ȱ 2012:ȱ[100]ȱ

strainȱsensorsȱ 3ȱ 3ȱ 2016:ȱ[315],ȱ2012:ȱ[300],ȱ2012:ȱ[100]ȱ
vibrationȱestimatingȱ

sensorsȱ
1ȱ 0ȱ 2018:ȱ[283]ȱ

wiredȱsensorȱ 1ȱ 0ȱ 2018:ȱ[23]ȱ
vibrationȱsensorȱ 2ȱ 4ȱ 2020:ȱ[340],ȱ2018:ȱ[323]ȱ
vibrationȱsensorsȱ 4ȱ 7ȱ 2020:ȱ[340],ȱ2019:ȱ[17],ȱ2018:ȱ[264],ȱ2013:ȱ[272,273]ȱ

Wirelessȱandȱonlineȱcommunicationȱ
BluetoothȱcommunicaȬ

tionȱ
2ȱ 0ȱ 2012:ȱ[341],ȱ2011:ȱ[342]ȱ

GPSȱ 19ȱ 3ȱ
2020:ȱ[322,351],ȱ2019:ȱ[347],ȱ2018:ȱ[112,346],ȱ2017:ȱ[350],ȱ2016:ȱ

[89,90,344,345,352],ȱ2014:ȱ[91,92,242],ȱ2013:ȱ[273],ȱ2011:ȱ[204],ȱ2008:ȱ
[205,206,343]ȱ

mapȬmatchingȱalgoȬ
rithmȱ 4ȱ 3ȱ 2014:ȱ[91,92],ȱ2011:ȱ[204],ȱ2008:ȱ[205],ȱ

smartphonesȱ 4ȱ 0ȱ 2020:ȱ[349,351],ȱ2017:ȱ[350],ȱ2015:ȱ[348]ȱ
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wirelessȱcommunicaȬ
tionsȱ

2ȱ 7ȱ 2020:ȱ[362],ȱ2018:ȱ[145],ȱ2015:ȱ[32]ȱ

wirelessȱnetworksȱ 2ȱ 4ȱ 2016:ȱ[354],ȱ2010:ȱ[379]ȱ
wirelessȱsensorȱnetworkȱ 3ȱ 9ȱ 2019:ȱ[17,47,143]ȱ
wirelessȱsensorȱnetworkȱ

(WSN)ȱ 2ȱ 2ȱ
2018:ȱ[23]ȱ
2018:ȱ[283]ȱ

wirelessȱsensorȱnetȬ
worksȱ(WSNs)ȱ

1ȱ 5ȱ 2015:ȱ[32]ȱ

wirelessȱsensorȱnetȬ
worksȱ

15ȱ 28ȱ
2019:ȱ[17,47,143],ȱ2018:ȱ[23,144,145,283,357,361,380],ȱ2016:ȱ[354,355],ȱ

2015:ȱ[32],ȱ2014:ȱ[356]ȱ
wirelessȱsensorȱnodeȱ 4ȱ 8ȱ 2020:ȱ[363],ȱ2019:ȱ[143],ȱ2018:ȱ[144,145]ȱ

Currentȱaspectsȱofȱindustryȱ4.0ȱ

artificialȱintelligenceȱ 12ȱ 7ȱ
2020:ȱ[5,369,371],ȱ2019:ȱ[368],ȱ2018:ȱ[65,112,175]ȱ2015:ȱ[127,367],ȱ2013:ȱ

[365],ȱ2012:ȱ[364],ȱ2006:ȱ[290]ȱ
bigȱdataȱ 10ȱ 8ȱ 2020:ȱ[378],ȱ2019:ȱ[9,255,373–376]],ȱ2018:ȱ[256–258],ȱ2015:ȱ[126]ȱ

Industryȱ4.0ȱ 5ȱ 0ȱ 2020:ȱ[174,372,387],ȱ2019:ȱ[16,368]ȱ
intelligentȱconditionȱ

monitoringȱ
5ȱ 0ȱ 2020:ȱ[381],ȱ2018:ȱ[122,388],ȱ2015:ȱ[214],ȱ2013:ȱ[382],ȱ2006:ȱ[252]ȱ

intelligentȱsystemsȱ 5ȱ 1ȱ 2020:ȱ[46],ȱ2019:ȱ[194],ȱ2014:ȱ[129,383],ȱ2013:ȱ[83]ȱ
InternetȱofȱThingsȱ 7Ȭȱ 12ȱ 2020:ȱ[378,381],ȱ2019:ȱ[374],ȱ2018:ȱ[65,145,268,380]ȱ

InternetȱofȱThingsȱ(IoT)ȱ 3ȱ 6ȱ 2020:ȱ[378,381],ȱ2018:ȱ[65]ȱ
roboticsȱ 3ȱ 1ȱ 2016:ȱ[321],ȱ2011:ȱ[246],ȱ2005:ȱ[389]ȱ

5.ȱConclusionsȱ
Asȱmentionedȱinȱthisȱpaper’sȱintroduction,ȱtheȱapproachesȱappliedȱtoȱtheȱconditionȱ

monitoringȱofȱrailȱsystemsȱhaveȱmuchȱevolvedȱ inȱrecentȱdecades.ȱObservationȱofȱ theseȱ
changesȱoverȱtheȱanalyzedȱperiodȱofȱtimeȱhasȱledȱusȱtoȱdefineȱthisȱreviewȱpaper’sȱaim.ȱWeȱ
formulatedȱtwoȱresearchȱquestions,ȱnamely:ȱ ȱ
x RQ1:ȱWhatȱareȱtheȱcurrentȱtrendsȱinȱconditionȬmonitoringȱapproaches,ȱandȱhowȱhaveȱ

theseȱtrendsȱevolvedȱoverȱtheȱlastȱdecades?ȱ
x RQ2:ȱWhatȱareȱtheȱfutureȱresearchȱdirectionsȱandȱperspectivesȱinȱtheȱconditionȱmonȬ

itoringȱofȱrailȱtransportȱsystems?ȱ
Allȱofȱtheȱpresentedȱresults,ȱdiscussedȱbothȱinȱtheȱformȱofȱbibliometricȱperformanceȱ

analysisȱandȱsystematicȱliteratureȱreview,ȱhaveȱheadedȱtowardȱfindingȱtheȱanswersȱtoȱtheȱ
twoȱmentionedȱresearchȱquestions.ȱAlready,ȱinȱtermsȱofȱhighlightingȱtheȱsubsectionsȱinȱ
thisȱpaper,ȱ theȱauthorsȱhaveȱ identifiedȱsomeȱ thematicȱgroupsȱ inȱwhichȱresearchersȱareȱ
interested,ȱinȱtheȱcontextȱofȱwidelyȱunderstoodȱconditionȬmonitoringȱapplicationsȱinȱrailȱ
transport.ȱTheseȱthematicȱgroupsȱofȱissuesȱwereȱasȱfollows:ȱ
x variousȱtypesȱofȱsensorsȱusedȱinȱdifferentȱsolutionsȱappliedȱtoȱconditionȱmonitoringȱ

inȱrailwayȱtransport,ȱ
x wirelessȱandȱonlineȱcommunication,ȱandȱtherebyȱcurrentȱaspectsȱofȱIndustryȱ4.0,ȱapȬ

pliedȱtoȱconditionȱmonitoringȱinȱrailwayȱtransport.ȱ
Theȱlatterȱgroupȱofȱissuesȱwouldȱseemȱespeciallyȱsurprisingȱatȱfirstȱglance,ȱbecauseȱ

transportȱissuesȱareȱseeminglyȱnotȱdirectlyȱrelatedȱtoȱtheȱtopicȱofȱIndustryȱ4.0ȱasȱanȱideaȱ
aimingȱatȱtheȱfullȱautomationȱofȱtechnologicalȱandȱmanufacturingȱprocesses.ȱEachȱoneȱofȱ
theseȱthematicȱgroupsȱofȱissuesȱwasȱdiscussedȱinȱaȱchronologicalȱmanner;ȱtherefore,ȱSecȬ
tionȱ4ȱofȱthisȱreviewȱpaper—comprisingȱsubsectionsȱ4.1–4.3—answersȱtheȱquestionȱaboutȱ
currentȱtrendsȱinȱconditionȬmonitoringȱapproachesȱandȱtheirȱevolutionȱoverȱtheȱpastȱfewȱ
decades.ȱInȱtheȱsearchȱforȱcurrentȱtrends,ȱtheȱkeywordȱanalysisȱthatȱaccompaniedȱtheȱdeȬ
scriptionsȱinȱSectionȱ4ȱwasȱanȱundeniableȱmeansȱofȱfindingȱanswers,ȱandȱthisȱculminatesȱ
inȱTableȱ3ȱandȱFigureȱ13;ȱ inȱTableȱ3,ȱquantitativeȱanalysisȱofȱresearchȱpapersȱrelatedȱtoȱ
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specificȱkeywordsȱisȱindicated,ȱwhileȱinȱFigureȱ13,ȱquantitativeȱandȱqualitativeȱillustrationȱ
ofȱtheȱrelationshipsȱbetweenȱspecificȱkeywordsȱisȱpresented.ȱItȱisȱalsoȱimportant,ȱforȱexȬ
ample,ȱtoȱanalyzeȱtheȱcountriesȱwithinȱwhichȱtheȱresearchȱwasȱcarriedȱout,ȱincludingȱinȱ
particularȱtheȱcradleȱofȱrailȱtransport—theȱUnitedȱKingdom—andȱtheȱcountriesȱinȱwhichȱ
highȬspeedȱrailwayȱsystemsȱareȱdevelopingȱonȱaȱlargeȱscale,ȱasȱshownȱinȱtheȱbibliometricȱ
analysisȱandȱsummarizedȱinȱFigureȱ12ȱandȱTableȱ2.ȱAllȱofȱtheȱinformationȱpresentedȱ inȱ
thisȱreviewȱpaperȱfocusedȱonȱtheȱspecificȱevolutionȱofȱsolutionsȱconnectedȱtoȱconditionȱ
monitoring.ȱAtȱpresent,ȱmaintenanceȱhasȱbeenȱgettingȱgraduallyȱmoreȱsupportȱfromȱmethȬ
odsȱconnectedȱtoȱsensorȱapplication,ȱandȱtheȱincreasedȱuseȱofȱsensorsȱhasȱledȱtoȱtheȱcurȬ
rentlyȱdiscussedȱtechniquesȱfocusedȱonȱIndustryȱ4.0.ȱAnȱenormousȱincreaseȱinȱamountsȱofȱ
generatedȱdata—knownȱasȱbigȱdata—requiresȱdiagnosticȱproceduresȱ toȱbeȱautomated.ȱ
SuchȱaȱchallengeȱinducedȱtheȱneedȱforȱnewȱandȱimprovedȱmethodsȱofȱautonomousȱinterȬ
pretationȱofȱconditionȬmonitoringȱdataȱ(mainlyȱvibrationȱmethods).ȱ ȱ

Theȱsecondȱresearchȱquestionȱstatedȱbyȱtheȱauthorsȱofȱthisȱpaperȱwasȱ“whatȱareȱtheȱ
futureȱresearchȱdirectionsȱandȱperspectivesȱinȱtheȱconditionȱmonitoringȱofȱrailȱtransportȱ
systems?”;ȱtheseȱdirectionsȱandȱperspectivesȱmightȱbeȱexpressedȱbyȱtheȱindicationȱofȱparȬ
ticularȱresearchȱagendas.ȱ

InertialȱsensorsȱsuchȱasȱaccelerometersȱandȱgyroscopesȱhaveȱbeenȱappliedȱtoȱtheȱconȬ
ditionȱmonitoringȱofȱtransportationȱresourcesȱsinceȱtheȱearlyȱ1990s,ȱChiaȱetȱal.ȱ[50].ȱThereȬ
fore,ȱitȱcanȱbeȱstatedȱthatȱthisȱisȱaȱmuchȬdiscussedȱtopic,ȱandȱitȱisȱworthȱnotingȱnovelȱfieldsȱ
ofȱexploration.ȱTheȱapplicationȱofȱnewȱconceptsȱtriggersȱaȱnumberȱofȱpotentialȱresearchȱ
agendasȱthatȱmayȱbeȱdevelopedȱinȱtheȱcomingȱyears,ȱinȱadditionȱtoȱthoseȱthatȱareȱstillȱinȱ
progress.ȱOneȱofȱtheseȱrelativelyȱnovelȱresearchȱagendasȱthatȱareȱconnectedȱtoȱchangesȱinȱ
conditionȱmonitoringȱresultsȱfromȱtheȱdevelopmentȱofȱtheȱconceptȱofȱIndustryȱ4.0.ȱThisȱ
researchȱagendaȱcanȱbeȱexpressedȱasȱaȱrequirementȱforȱtheȱautomationȱofȱdiagnosticȱproȬ
ceduresȱandȱmethodsȱofȱgeneratingȱlargeȱamountsȱofȱdata,ȱwhichȱdrivesȱtheȱneedȱforȱmoreȱ
sophisticatedȱmethodsȱofȱautonomousȱinterpretationȱofȱvibrationȬreliantȱconditionȬmoniȬ
toringȱdata.ȱInȱturn,ȱaȱlargeȱamountȱofȱmonitoringȱleadsȱtoȱtheȱcollaborativeȱtermȱofȱInȬ
dustryȱ4.0ȱasȱbigȱdata.ȱThisȱ isȱworthȱconsideringȱ inȱaccordanceȱwithȱ theȱpastȱdecade’sȱ
discussionȱofȱparticularȱaspectsȱofȱbigȱdataȱappliedȱinȱconditionȱmonitoring,ȱsuchȱasȱvolȬ
ume,ȱvelocity,ȱvariety,ȱveracity,ȱandȱvalue.ȱFurthermore,ȱdiscontinuanceȱofȱonboardȱdataȱ
computingȱisȱstillȱaȱchallenge,ȱandȱseemsȱtoȱbeȱaȱresearchȱagendaȱforȱtheȱnextȱseveralȱyears,ȱ
especiallyȱgivenȱ thatȱ theȱquantityȱofȱdataȱ continuouslyȱ increasesȱ asȱanȱ exponentialȱorȱ
powerȱfunctionȱinȱrelationȱto—forȱexample—theȱnumberȱofȱsensorsȱusedȱandȱtheirȱmeasȬ
urementȱdirections.ȱThisȱmayȱbeȱsupportedȱbyȱtheȱapplicationȱofȱvariousȱmethodsȱofȱartiȬ
ficialȱintelligence.ȱAnotherȱinterestingȱresearchȱagendaȱhighlyȱconnectedȱtoȱIndustryȱ4.0ȱisȱ
theȱInternetȱofȱThings,ȱasȱcertainȱabovementionedȱstudiesȱsuggest.ȱ

Moreover,ȱfromȱtheȱviewpointȱofȱresearchers,ȱitȱisȱsignificantȱtoȱreduceȱtheȱnumberȱ
ofȱsensorsȱasȱfactorsȱgeneratingȱadditionalȱdataȱinȱhugeȱamounts.ȱSomeȱauthorsȱgoȱevenȱ
further,ȱwonderingȱhowȱtoȱanalyzeȱtheȱconditionȱofȱtracksȱandȱvehiclesȱotherȱthanȱbyȱaddȬ
ingȱmoreȱsensorsȱtoȱrailroadȱsystemsȱ(e.g.,ȱusingȱpassengers’ȱphonesȱforȱthisȱpurposeȱisȱ
interesting).ȱAȱseparateȱissueȱisȱtheȱanalysisȱofȱdifferentȱmeansȱofȱcommunicationȱbetweenȱ
differentȱelementsȱofȱmonitoringȱsystems,ȱwhichȱisȱdiscussedȱinȱtheȱsecondȱsubsectionȱofȱ
Sectionȱ4.ȱ

Inȱgeneral,ȱaȱseparateȱresearchȱagendaȱisȱtoȱconsiderȱtheȱappropriateȱnumberȱofȱsenȬ
sorsȱusedȱforȱaȱspecificȱneed,ȱandȱtoȱdetermineȱwhereȱtoȱlocateȱtheseȱsensors.ȱ

Atȱtheȱendȱofȱthisȱpaper,ȱitȱisȱalsoȱworthȱmentioningȱsomeȱofȱitsȱlimitations.ȱOneȱofȱ
theseȱisȱtheȱmannerȱinȱwhichȱtheȱliteratureȱreferencesȱareȱsegregated.ȱAȱthematicȱconvenȬ
tionȱwasȱadoptedȱinȱthisȱregard,ȱinȱlineȱwithȱtheȱkeywords,ȱalthoughȱwithinȱeachȱtopicȱ
(themes)ȱ theȱ successiveȱworksȱwereȱdescribedȱ inȱ chronologicalȱ order.ȱBecauseȱ ofȱ thisȱ
chronologicalȱorder,ȱthisȱmayȱinȱsomeȱcasesȱcreateȱaȱsenseȱofȱapparentȱdifferentiationȱofȱ
themes,ȱespeciallyȱinȱcasesȱwhereȱkeywordsȱareȱconsolidatedȱ(whichȱnecessarilyȱoccursȱinȱ
theȱcaseȱofȱmostȱofȱtheȱcitedȱpublications,ȱasȱseveralȱkeywordsȱareȱassignedȱtoȱeachȱpubliȬ
cation).ȱ Inȱaddition,ȱ inȱ futureȱanalyses,ȱ itȱwillȱbeȱworthȱcommentingȱonȱ theȱ increasingȱ



Sensorsȱ2021,ȱ21,ȱ4710ȱ 48ȱ ofȱ 65ȱ
ȱ

ȱ

numberȱofȱsensors,ȱtheirȱdiversity,ȱandȱtheȱamountȱofȱdataȱthatȱwereȱacquiredȱusingȱtheseȱ
sensors,ȱwhileȱalsoȱelaboratingȱonȱtheȱgradualȱabandonmentȱofȱtheȱuseȱofȱsensorsȱinȱtrackȱ
andȱrailȱvehicleȱconditionȬmonitoringȱstudies.ȱInȱfutureȱconsiderations,ȱitȱwouldȱbeȱworthȱ
separatingȱtheȱtopicsȱonȱinfrastructureȱandȱmeansȱofȱtransport—focusedȱdirectlyȱonȱlightȱ
railȱvehicles,ȱurbanȱandȱlongȬdistanceȱrailȱtransport,ȱandȱhighȬspeedȱtrains—andȱadditionȬ
allyȱincludeȱaȱbreakdownȱbyȱcountry.ȱ ȱ

Moreover,ȱitȱisȱworthȱnotingȱhereȱthatȱtopicsȱcenteredȱonȱtheȱconceptȱofȱIndustryȱ4.0ȱ
haveȱjustȱrecentlyȱenteredȱtheȱfieldȱofȱvehicleȱandȱtrackȱconditionȱmonitoringȱinȱtheȱcaseȱ
ofȱrailȱtransport.ȱHowever,ȱ“[t]heȱbiggestȱchallengeȱforȱconditionȱmonitoringȱisȱensuringȱ
selectionȱofȱtheȱrightȱtechnologies”,ȱBrantȱandȱLiangȱ[7].ȱ
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