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ABSTRACT

Testingdeeplearningsystemsrequiresexpensivelabeleddata.Inrecentyears,researchersbegan
toleveragemetamorphictestingtoaddressthis issue.However,metamorphicrelationsonimage
dataremainpoorlyunderstood.Togainadeeperunderstandingofthesemetamorphicrelations,the
authorssurveycommonimageoperationsmodelingcovariateshift,manuallyclassifyandcategorize
theunderlyingmetamorphicrelations,andconductexperimentstovalidatetheclassifications.In
theseexperiments,theauthorstrainedthreepopularconvolutionalneuralnetworkarchitectureson
animageclassificationtask.Next,theauthorsappliedmetamorphicoperationsoninputtestimages
andmeasurethechangeinclassificationaccuracyandcross-entropyloss.Ahierarchicalclustering
algorithmclustertheseresultsandplotsadendrogram.Theauthorsthencomparethegroupsfrom
manualclassificationandtheclustersfromthealgorithmtoprovidekeyinsights.Theauthorsfind
thatAffineandNoiserelationsareconsistent.Furthermore,theauthorsrecommendmetamorphic
relationshipstosavetimeandbettertestdeeplearningsystemsinthefuture.
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INTRoDUCTIoN

Deeplearning(DL)hasproliferatednotjustinresearchpapersbutinmanywalksoflife.Forexample,
ourongoingworkexploitsDLinpredictingcombinedseweroverflowsGudaparthietal.(2020),
Challaetal.(2020)andMatlibeetal.(2021).IfdataisthenewoilBhageshpur(2019),thenDL
systemshavebecomethede factorefineries.OnesuchareawhereDLhasshonethebrightestis
computervision.Theculpritforthisriseareconvolutionalneuralnetworks(CNNs).In2012,Ciresan
etal.(2012)usedCNNstoachievenear-humanperformanceofimageclassificationontheMNIST
dataset.Fromself-drivingcarsBojarskietal.(2016),throughdetectingobjectsfromaerialimages
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Xiaetal.(2018),tophotobeautymobileapplicationsXuetal.(2019),theCNN-basedcomputer
visionsolutionshavebecomewidespread.Aswithallsoftwaresystems,DLsystemscomewiththeir
ownbugsandfallacies.

AsoneofthepremisesofDListoraisethelevelofintelligencetherebyrequiringfewerhuman
validationofthesystem,thebugscanleadtogreaterdisasters.Forinstance,ina2018TeslaAutopilot
crash, theNationalTransportationSafetyBoard found the crashoccurreddue to “limitationsof
the Tesla Autopilot vision system’s processing software to accurately maintain the appropriate
laneoftravel”NationalTransportationSafetyBoard(2020).InanothercaseoccurredinChina,a
facialrecognitionsystemtaggedawomanasajaywalker,whileshewasneveractuallythereatthe
intersectionLiao(2018).

ThesecasesillustratewhythoroughlytestingDLsystemshasbecomecritical.However,software
testingoftenrequireslabeleddata,whichisacostlyresourcecommonlyexpendedintrainingDL
systemsratherthantestingthem.Moreover,datalabelingistime-consumingandcansometimesbe
error-prone.Additionally,realworlddatacanchangebeforeDLsystemcanbetested.

To address the bottleneck of lacking sufficient labeled data, researchers began to leverage
metamorphic testing Chen et al. (1998), a property-based software testing technique useful for
alleviatingtheoracleproblemLinetal.(2018)andforgeneratingnewtestcases.Theprototypical
exampleofmetamorphictestingistheprogramthatcomputesthesinefunctionSeguraetal.(2016):
Theexactvalueofsine(x)coulddependonhowfloating-pointcomputationsarehandledinthespecific
implementation,representinganinstanceoftheoracleproblem.Metamorphictestingusesproperties
likesine(x)=sine(π−x)totestanyimplementationwithouthavingtoknowtheconcretevaluesof
eithersinecalculation,i.e.,withoutknowingthetestoracleofsine(x)orthetestoracleofsine(π−x).

Propertieslikesine(x)=sine(π−x)areknownasmetamorphicrelations(MRs)Linetal.(2021).
EachMRconsistsoftwoparts:(1)aninputtransformationthatcanbeusedtogeneratenewtestcases
fromexistingtestdata,and(2)anoutputrelationthatcomparestheoutputsproducedbyapairof
testcasesSeguraetal.(2016).Asfarasimagedataisconcerned,Dingetal.(2016)developedfive
MRsbasedoninputbiological-cellimagestovalidatetheopen-sourcelightscatteringsimulation
softwarethatperformsdiscretedipoleapproximation:alteringtheimagesize,shape,orientation,
refractiveindex,etc.

Despitetheemergenceofmetamorphictestingonimagedata,littleisknownabouttherelations
oftheMRsappliedtoDLtesting.Forexample,theMRsinDeepXplorePeietal.(2019)focusonthe
decisionboundariesofmultipleCNNs,whereasDeepTestTianetal.(2019)andDeepRoadZhang
et.at(2018)dependonchangeinsingleneuralnetwork’soutput.Toshortenthegap,wemanually
classifyseveralMRsontheimagedata,andthenperformautomatedclusteringanalysisbasedon
theDLperformancesoftheMRs.Inparticular,wetrainthreeCNNarchitectures(MobileNetV2,
NasNetMobile,ResNet50V2)byusingtheKeraslibraryCholletetal.(2015)andbyexploitinga
subsetoftheImageNetdata.BycomparingthemanualclassificationandMRclusteringresults,we
offerconcreteinsightsintotherelationsandchoicesofmetamorphictestinginthecontextofCNN-
basedimageclassification.

Thispapermakesthreemaincontributions:weclassify11MRsintofivegroupsbasedonthe
underlyingimagedataoperations,weembedtheMRsintothethreeCNNimplementationsona
subsetoftheImageNetdata,andweperformclusteringanalysistouncoverthedistanceandnatural
groupingsofMRs.Ourworkcanguidemachinelearningdevelopers’choosingrepresentativeMRs
totestDLsolutions,ensuringthefunctionalandnonfunctionalqualities.Inwhatfollows,wepresent
backgroundinformationandrelatedworkinSectionII.WethenmanuallyclarifytheMRsforthe
taskofimageclassificationinSectionIII.SectionIVdetailsourCNNimplementations,SectionV
describestheclusteringanalysis,andfinally,SectionVIconcludesthepaper.
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