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ABSTRACT

Thepaperprovidesanalysisofthevariousmechanismsthroughwhichthesegmentationimproves
reliabilityandreducestechnicalriskandpresentsaclassificationofrisk-reductiontechniquesbasedon
segmentation.Onthebasisoftheoreticalargumentsandexamples,itisdemonstratedthatsegmentation
increasesthetoleranceofcomponentstoflawscausinglocaldamage,reducestherateofdamage
accumulationanddamageescalationandreducesthehazardpotential.Thepaperalsodemonstrates
thatsegmentationessentiallyreplacesasuddenfailureonamacro-levelwithgradualdeterioration
ofthesystemonamicro-levelthroughnon-criticalfailures.Itisdemonstratedthatsegmentationcan
evenreducethelikelihoodofalossfromopportunitybetsandthelikelihoodoferroneousconclusion
fromimperfecttests.Finally,acomprehensiveclassificationofmethodsandtechniquesforreducing
risk,basedonsegmentation,hasbeenproposed.
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1. INTRodUCTIoN

Asystematicclassificationofgenericmethodsforreducingtechnicalriskiscrucialtosafeoperation,
toengineeringdesignsandsoftware,yetthisveryimportanttopichasbeenoverlookedinthereliability
andriskliterature.Formanydecades,thefocusofreliabilityresearchhasbeenprimarilyonreliability
predictioninsteadofreliabilityimprovement.

Workonformulatinggenericprinciplesandmethodsforimprovingthereliabilityofengineering
componentsandsystemshasalreadybeendonein(Todinov,2007,2015).Thegenericreliability
improvementandriskreductionmethodsandprinciplesareespeciallysuitedfordevelopingnew
designs,withnofailurehistoryandwithinsufficientlyresearchedfailuremechanisms.Thepresent
papercontributesanimportantgenericreliabilityimprovementandriskreductionmethodreferred
toas‘thesegmentationmethod.’Segmentationistheactofdividinganentity(assembly,system,
process,task,time,etc.)intoanumberofdistinctparts.Segmentationisoftencombinedwithits
antipode-aggregation.Aggregationistheactofcombininganumberofdistinctpartsintoawhole.

Reducing the variation of returns by segmenting and diversifying an investment portfolio
into many non-correlated stocks is a well-documented technique for reducing financial risk by
segmentation.Withincreasingthenumberofnon-correlatedstocks,thevariance(volatility)ofthe
portfolio,whichisameasureoftheriskassociatedwiththeportfolioreturns,isreducedsignificantly
(TealandHasan,2002).

Micro-segmentation,aimedatimprovingthecybersecuritybyisolatingdifferentapplications
andpartsofcomputernetworkshasbeendiscussedin(Mämmeläetal.,2016).

Thestrugglebetweentheneedofincreasingefficiencyandreducingtheweightofcomponents
and systems and reliability is a constant sourceof technical andphysical contradictions. In this
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respect,themethodofsegmentationhasbeenusedasoneoftheprinciplesforresolvingtechnical
contradictionsinthedevelopmentofTRIZmethodologyforinventiveproblemsolving(Altshuller,
1984,1996,1999).However,theformulatedprincipleofsegmentationwasprimarilyformulatedas
atoolforgeneratinginventivesolutionsbyresolvingtechnicalorphysicalcontradictionsandnotasa
toolforreliabilityimprovementandriskreduction.Someexamplesofpatentsusingsegmentationto
improvereliabilityhaveindeedbeenlistedin(Altshuller1984,1996,2007),butnospecificdiscussion
hasbeenprovidedrelatedtothemechanismsthroughwhichsegmentationactuallyworksinincreasing
reliability.Nodiscussionregardingthemechanismsthroughwhichsegmentationworksexistinmore
recentliteraturerelatedtoTRIZ(Terninkoetal,1998,Savransky,2000;Orloff,2006;Orloff,2012;
RantanenandDomb,2008;Gadd,2011).Theinsufficientunderstandingwhysegmentationactually
worksdoesnotallowreachingthefullpotentialofthistechnique,particularlyintheareaofreliability
improvementandriskreduction.

Inaddition,thesegmentationasaproblem-solvingtoolinTRIZhasbeenintroducedinarather
narrowcontext:primarilyassizesegmentationortimesegmentation.However,aphysicaldivision
ofthesizeisnottheonlyinstancewhensegmentationispresent.Segmentationisalsopresentwhen
nophysicaldivisionisdonebutadditionalboundarieswithdifferentpropertiesareintroducedinthe
homogeneouscomponent.Suchisthecaseofweldingstiffeningringsaroundanunderwaterpipeline,
atregularintervals.Thepurposeoftheseringsistorestricttheeventualcollapseofthepipeline
betweentwoweldedrings,therebyminimisingtheextentofdamage.Segmentationispresentwithout
theexistenceofaphysicaldivisionofthewholeobject.

Inaddition,theTRIZmethodologydoesnotconsideralogicalsegmentationwherenophysical
divisionexistsyetthesystemisstillsegmented.Inalogicalsegmentationofacomputernetwork
intoseveraldistinctpartsforexample,noreductionofsizeorcomplexityexists.Ineffect,duringa
logicalsegmentation,thebarrierssetbetweenthedifferentpartsofthenetworkincreasecomplexity.

Essentially, thelogicalsegmentationhasbeenusedasaveryefficientproblem-solvingtool,
longbeforetheemergenceoftheTRIZmethodologyandmanyothermethodologiesforcreative
problemsolving.Segmentationisattheheartofoneofthebiggestinventionsinmathematics-the
differentialandintegralcalculus.Indeterminingthevolumeofanobjectwithcomplexshapeby
doubleintegration,forexample,thevolumeisessentiallyconvertedintosegments/sliceswiththe
sameinfinitesimalthicknessandwithcross-sectionalareadependentonthepositionalongoneofthe
coordinateaxes.Inturn,thecross-sectionalareaofeachsliceisessentiallyconvertedintosegments
(multiplestrips)withthesamewidthandheightdependentonthepositionofthestripalonganother
coordinateaxis.Asa result, theevaluationof thecomplexvolume isessentially reduced to two
sequentialsummations(integrations)involvingsegments.

Anotherpowerfulproblem-solvingstrategybasedonsegmentationhasalsobeenknownforalong
time-thedivide-and-conquerstrategy.Thisisapowerfulstrategyforsolvingseeminglyintractable
problemsbycombiningsegmentationanditsantipode-aggregation.

Thedivide-and-conquerapproachbreaksaproblemintosimplersub-problemsforwhichsolutions
canbeobtainedwiththeavailablemeans.Next,theobtainedsolutionsareaggregated(merged)until
thesolutionoftheinitialproblemisobtained.Thedivide-and-conquerapproachisattheheartofthe
heapsortalgorithmfor sortingarraysof large sizen,whoseworst-case running time (unlike the
worst-caserunningtimeofthequicksortalgorithm)isalwaysO n n( ln )

2
(Sedgwick,1992).

Segmentationcombinedwithaggregationisalsoattheheartofthedecompositionmethodfor
systemreliabilityanalysis(Todinov2007)wheretheinitialcomplexsystemisdecomposedintosimpler
systemsupontheconditionofasinglekeycomponentorseveralkeycomponents.Theresultantsystems
caninturnbedecomposedandsoon,untiltrivialsystemswithsimplesolutionsfortheirreliability
areobtained.Thesystemreliabilityoftheinitialsystemisobtainedbyaggregating(combining)the
systemreliabilitiesoftheobtainedtrivialsystems.Finally,segmentationofacomplextaskintomultiple
simplermanageablesub-taskshasalwaysbeenacornerstoneinmanagingtheexecutionofprojects.
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Despite that applications of the segmentation method for reliability improvement and risk
reductionhaveactuallybeenusedinengineeringdesigns,nosystematicanalysisandclassification
ofthevarioussegmentationtechniquesandthemechanismsthroughwhichtheyachievetheirgoal
currentlyexists.Recently,in(Todinov,2015),ithasbeensuggestedthatthemethodofsegmentation
shouldbeusedasariskreductiontoolbutthemethodofsegmentationwasintroducedprimarilyas
amethodforreducingtheconsequencesoffailure.Nodiscussionhasbeenrelatedtoreducingthe
likelihoodoffailurebysegmentation.Tothebestofourknowledge,noworkcurrentlyexistsonthe
applicationofsegmentationforreducingthelikelihoodoffailureandonthemechanismsthroughwhich
segmentationleadstoreliabilityimprovementandriskreduction.Thispaperaimstofillthesegaps.

2. PReVeNTING dAMAGe ACCUMULATIoN ANd LIMITING 
dAMAGe eSCALATIoN By SeGMeNTATIoN

Segmentationoftencreatesphysicalboundarieswhichserveasbarriersdelayingdamageaccumulation.
Sincemanyfailuresareinitiatedwhenthedamageaccumulatesbeyondacriticallevel(e.g.fatigue
failure), segmentation can be often be used to delay the failure occurrence. Delaying damage
accumulationessentiallyreducesriskoffailurebyreducingthelikelihoodoffailureassociatedwith
aspecifiedtimeinterval.

Segmentationtoaverysmallsize(e.g.spinningverythinglassfibers)simplydoesnotallowfor
animperfectiontobepresentandthisisanothermechanismthroughwhichsegmentationprevents
accumulationofdamageanddecreasesthelikelihoodoffailure.

Thephysicalboundariescreatedbythesegmentationalsopreventtheescalationofdamage,which
isanotherdistinctmechanismthroughwhichsegmentationreducestheriskoffailure-byreducing
theconsequencesgiventhatfailurehasoccurred.

2.1. Creating Barriers by Segmentation
Theboundariescreatedbysegmentationcanbeusedtoblockthepathwaysthroughwhichthedamage
accumulatesortodelaythespreadofdamage.Theboundariesintroducedbythesegmentationact
aspassiveprotectivebarriers,physicallyseparatingthehazards(theenergysources)andisolateand
containtheconsequencesincaseofanaccident.Spacesegmentationbyintroducingblastwallsreduces
thedamagefromblastwavesandisanefficientmeasureagainstdomino-typefailuresoffueltanksand
pressurevesselsbuiltincloseproximity.Theboundariescreatedbythesegmentationprovidepassive
protectionagainstthespreadoffire,radiation,toxicsubstancesordangerousoperatingconditions.

Theboundariesresultingfromthesegmentationpreventdamagefrombuildingtoacriticallevel
whichprecipitatesfailure.TheHall-Petchrelationshipforexample,hasbeenknownforalongtime
inphysicalmetallurgy.Thisisarelationshipbetweentheyieldstrength σ

y
ofamaterialandthe

averagegraindiameterd .

σ σ
y

y
k

d
= +

0
 (1)

whereσ
0

andk
y

arematerialconstants.Thisrelationshipholdsforgrainsizesrangingfrom1mm
to1µm .With increasing thedegreeof segmentation,which isequivalent to reducing thegrain
diameterandincreasingthenumberofgrains,theyieldstrengthσ

y
increases.Theincreaseofyield

strengthincreasestherelativeseparationbetweentheloaddistributionandthestrengthdistribution
whichimprovesreliability(Todinov,2007).Inpolycrystallinematerials,plasticdeformationisdue
tothemovementofdislocationsthroughthematerial.Thesmallerthegrainsize,thelargeristhe
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stressnecessarytopropagatethedislocationsthroughthegrainboundaries.Asaresult,segmentation
achievedthroughgrainrefinementhasbeenusedtoincreasethestrengthofmaterialsandreducethe
riskoffailure.

Itneedstobepointedout,thattheboundariesresultingfromsegmentationincreasestrength
incaseswheretheylimittheaccumulationandescalationofdamage.Theboundariescanalsobe
aweaknessifthedamageaccumulatesandspreadsalongthem.Suchisthecaseingrainboundary
embrittlementforsomematerials.Thisisoftencausedbyanoxidation,corrosionandinappropriate
heat treatment resulting ina segregationofharmful impuritiesandweakphasesalong thegrain
boundaries.Weakenedgrainboundariesreducetheenergyofintergranularcrackpropagationand
increasetheriskoffailure.

Theboundariesfromsegmentationoftenhelpreducethedamageescalationandtheconsequences
giventhatfailurehasoccurred.Thus,segmentingapipeintomanyseparatesealedsegmentslimits
thedamagefromapropagatingcrackwithinasinglesegmentonly,whichreducessignificantlythe
consequencesfromfailure.

Segmentationlimitingthedamageescalationcanbeusedforreducingtechnicalriskinawide
rangeofapplications.Ithasbeenusedeffectivelytoincreasetheresistanceofashiptoflooding.The
volumeofthehullisdividedintowatertightcompartments.Iffloodingislocalised,onlyasingleor
fewcompartmentsareaffected,whichallowstheshiptoretainbuoyancy.Spacesegmentationofthe
corridorsinabuilding,withfireproofdoorshasbeenusedtodelaythespreadoffire.

Segmentinglargeformationsofpeopleintosmallergroupshasbeenusedtopreventthespread
ofinfectiousdiseases.Valuableassetscanbeprotectedbyreducingtheamountofaccessedasset.

Segmentationofcomputernetworksalso limits thespreadofdamageandhasclearsecurity
benefits. For a segmented computer network, accessing a computer in one segment does not
automaticallygivetheattackeraneasyaccesstoothersegments.Asegmentednetworkdesigncan
significantlyslowtherateatwhichanattackermovestowardsthevaluableserviceandprovidesmore
opportunitiesforasuccessfuldetection.Inaddition,securingeachsegmentthroughfirewallsmakes
accessingthevaluableservicemuchmoredifficultbecausenumeroussecuritywallsmustbebreached
beforeanaccesscanbegained.Theresultisasignificantlyreducedlikelihoodofunauthorisedaccess.

2.2. Improving Fault Tolerance by Segmentation
Acommonfailuremechanismisalocallyinitiateddamagewhichspreadstocauseatotalcollapseofa
componentorstructure.Segmentationcanbeusedtoimprovetheresistancetoalocaldamagewhich
subsequentlyspreadsandcausestotalcollapse.Ropesandcablesaretypicalsegmentedstructures
builtofmultipletwistedstrandsorwires.Thesegmenteddesigndoesnotallowthelocaldamage
fromfailureofasinglestrandtopenetrateintotheneighbouringstrands.

Amonolithicglasspanelwillshattertotallyifhitbyaprojectilebecausetheinitialcrackfrom
theprojectilespreadsthroughtheentirepanel.Segmentingtheglasspanelintosmallglassbricks
makesthepanelresistanttoalocaldamage.Aglasspanelmadeofsmallglassbrickswillsuffer
onlyalocaldamagebutwillnotshattertotally.Thesegmentationpreventsacrackappearinginone
segmenttopenetrateanothersegmentandextend.Asresult,thelocalfailureofaglassbrickdoesnot
transcendintoafailureofthepanel.Thesameeffectispresentforwallsbuiltwithstonesandbricks.

Todemonstratetheoreticallythatsegmentationindeedimprovesfaulttolerance,supposethat
λ σ
1
( ) isthenumberdensityofflawsinamonolithiccylindricalcolumnwithvolumeV,subjected

toacompression(Figure1a).Acriticalflawisaflawwhich,ifpresentinthecolumn,willinitiate
anunstablecrackwhichpropagatesthroughthematerialofthecolumn.Inthecaseofamonolithic
column,acriticalflawwillcausefailureofthecolumn.

SupposethattheflawsfollowahomogeneousPoissonprocessinthevolumeofthecolumnand
theprobabilitythataflawwillbecriticalisF

c
( )σ .Forexample,theprobabilityF

c
( )σ thataflaw

willbecriticalcanbethoughtastheprobabilityF P D d
c c
( ) ( ( ))σ σ= ≥ thatthediameterDofthe
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flawwillbegreaterthanaparticularcriticalvalued
c
( )σ ,dependentontheloadingstressσ inthe

material,causedbythedistributedforcesF(Figure1a).
Theprobabilityoffailurep

f
ofthecolumnataloadingstressσ isnowequaltotheprobability

thatatleastasinglecriticalflawwillbepresentinthestressedvolumeoftheloadedcolumn.According
toanequationderivedin(Todinov,2005),thisprobabilityisgivenby

p F V
f c
= − − ( ) ( )



1

1
exp λ σ σ  (2)

Ifthemaximumacceptableprobabilityoffailureofthecolumnhasbeenspecifiedtobe p
f
,the

maximumacceptablenumberdensityoftheflawsinthematerialofthemonolithiccolumncanbe
determined:

λ σ
σ1

1
1( )

( )
ln= − −( )

F V
p

c
f

 (3)

NowsupposethatthecolumnhasbeensegmentedintonbrickswiththesamevolumeV
b

and
madeofthesamematerial(Figure1b).Becauseofthebricksboundaries,acrackstartingfroma
criticalflawinanyofthebricksnowcannotspreadthroughtheentirecolumnandcausecollapseof
thecolumn.Itonlycausesfailureofthebrickwheretheflawresided.Becauseofthesegmentation
ofthecolumn,supposethatacollapseofthecolumnoccursonlyifacertainfraction p

b
offailed

(cracked)bricksarepresentinthecolumn.Themaximumtolerableprobabilityoffailureofabrick
inthecolumnisthereforealsoequalto p

b
.

Assumethatforeachbrick,theprobabilitythataflawinthebrickwillbecritical(willcause
failureofthebrick)isequaltoF

c
( )σ .Again,theprobabilitythataflawinthebrickwillbecritical

canbethoughtastheprobability F P D d
c c
( ) ( ( ))σ σ= ≥  thatthediameterDoftheflawwillbe

greater thanaparticularcriticalvalue d
c
( )σ dependenton the loadingstress σ .Themaximum

acceptableprobabilityoffailureofabrickcannowberelatedtothemaximumacceptablenumber
densityofflawsλ σ

2
( ) inthebricks:

Figure 1. Segmentation improves the fault tolerance
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p F V
b c b
= − −1

2
exp[ ( ) ( ) ]λ σ σ  (4)

Solvingthisequationwithrespecttoλ σ
2
( ) gives:

λ σ
σ2

1
1( )

( )
ln( )= − −

F V
p

c b
b

 (5)

forthemaximumacceptablenumberdensityoftheflawsinthematerialofthebricks.
Takingtheratioofequations(5)and(3)gives:

λ σ

λ σ
2

1

1

1

1

1

( )

( )

ln( )

ln( )

ln( )

ln( )
= ×

−

−
=

−

−
V

V

p

p
n

p

p
b

b

f

b

f

 (6)

wheren V V
b

= / isthenumberofthebricks.Forthespecificvalues p
f
= 0 001. , p

b
= 0 03. and

n = 300 bricks,

λ σ

λ σ
2

1

3300
1 0 03

1 0 001
9 10

( )

( )

ln( . )

ln( . )
= ×

−
−

≈ × 

Asaresult,incaseofasegmentedstructure,themaximumtolerablenumberdensityoftheflaws
inthematerialofthebrickscanbemanyordersofmagnitudehigherthanthemaximumtolerable
number density of the flaws in the material of the monolithic column. Segmentation increased
significantlythefaulttolerance.

2.3. Reducing Strains by Segmentation
Damageappearingasanexcessivedeformationcanbesignificantlyreducedbysegmentingaprocess
associatedwithalargeamountofenergyintointermediateprocesses,eachassociatedwithamuch
smalleramountofenergy.Theresultisagreatercontrol,minimalintermediatedeformations,minimal
totaldeformationandminimalriskoffailure.

Forexample,insteadofapplyingthefullthermalloadinasingleweldbead,thesingleweld
beadcanbesegmentedintoseveralsmallermulti-passwelds.Eachofthesmallerweldsintroduces
asmalleramountofthermalenergyandtheresultisasignificantlyreducedgeometricdistortionof
theweldedpartcomparedtoweldingwithasinglepassandlargeenergy.

Thermaldeformationscanalsobereducedbyageometricalsegmentationwhichconsistsof
segmentsseparatedbyexpansiongaps.Thus,thethermalexpansiongapsleftbetweenrailsegments
andbetweenbuildingpanelshelpstoaccommodatethermalexpansionstrainsandreducethethermal
stresseswhosemagnitudeswouldotherwisebecapableofdestroyingthestructures.

2.4. Reducing the Hazard Potential by Segmentation
2.4.1. Limiting the Amount of Energy Possessed by Hazards
Segmentationofhazardoussubstancescanbeappliedwithsuccesstolimittheamountofenergy
lockedinthesubstanceanditspotentialtocauseharm.Processingverysmall(segmented)volumes
oftoxicsubstancesatatime,forexample,significantlyreducesthehazardpotentialofthehandled
substanceandeliminatestheriskofpoisoningincaseofaccidentalspillage.
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Preventingtheformationoflargebuild-upsofsnow,water,overheatedwatervapouretc.,bya
physicalsegmentation,reducesboththelikelihoodofaccidentalreleaseofalargeamountofpotential
energyandlimitstheextentofdamage/destructionshouldanaccidentoccur.

Segmentationofhazardoussubstancesavoidsstepsthatcouldpotentiallycauseharmandisfully
inlinewiththe‘precautionaryprinciple’inriskmanagement(Sunstein,2002).Whatmakesthisrisk
reductiontechniqueparticularlyappealingisthatitdoesnotrequireexternalfactorstoachieverisk
reduction.Riskreductionisachievedwithinthecurrentsystem,withouttheinvolvementofauxiliary
resources.Asaresult,thesegmentationmethoddoesnotinvolveabiginvestmenttoreducerisksand
leadstoveryeconomicalriskreductionsolutions.Handlingalimitedquantityofharmfulsubstance
atatimedoesnotinvolvesignificantinvestmentbutdoesguaranteethatthepotentialharmwillbe
small.Unlike implementing someother risk reductionmeasures, segmentation,doesnot lead to
indefensiblybigexpensesexhaustingthesafetybudgets.

2.5. Limiting the Presence of Flaws by Segmentation
Segmentationofmaterials,resultinginverysmallvolumes,doesnotallowforanimperfectiontobe
present.Thisistheoneofthereasonsfortheexceptionalstrengthofglassfibersandcarbonfibers,
forexample.

Glassfibersarespunfrommoltenglassandarewithdiametersbetween10and100microns.The
absenceofimperfections,becauseoftheverysmallcrosssections,contributestotheirexceptional
tensilestrength.Becauseoftheirexceptionalstrength,theyareusedforreinforcementinglassfiber
polymers.

Carbonfibersarevery thin (<10microns indiameter)andalsopossessexceptional tensile
strengthduetotheverysmallsectionsandtheabsenceofimperfections.Theyarecommonlywoven
intotextilesandusedasreinforcementinpolymer,metalorcarbonmatrices(AshbyandJones,2002).

3. RedUCING LoAdING STReSS By SeGMeNTATIoN

3.1. Increasing Contact Area by Segmentation
Segmentingacomponentintoseveralsmallercomponentsincreasesthecontactareaandoftenbrings
asignificantreductionofthemaximumstresses.Thereliabilityincreaseisachievedbydistributing
theloaduponmanyload-carryingunits.

Incaseswheretorqueistransmittedfromarotatingshafttoagear,sprocketorpulleyorvice
versa,retentiondevicessuchaskeysorsplinesareusedtopreventtherelativerotationofthegear,
sprocketorpulley.Foraspecifiedtorque,thestressesactingonasinglekeyarehighbecausetheload
isconcentratedoverarelativelysmallarea.Splinescanessentiallyberegardedassegmentedkeys,
uniformlyspacedaroundtheshaft.Thesegmentationinthiscase,improvestheloaddistribution,
decreasesthestressesandensuresahigherreliabilityoftheconnectionforagivenmagnitudeofthe
torque.

Inanotherexample,consideraflangewithveryfewfasteners.Aflangeconnectionwithavery
smallnumberoffastenersleadstoexcessivestressesinsomeofthefasteners.Segmentationinvolving
anincreasednumberoffastenerswhosecombinedtensilestrengthisequivalenttothetensilestrength
ofthefewfasteners,improvestheloaddistributionandimprovesthereliabilityoftheassembly.

Segmentationoftenresultsinbetterconformingcontactsurfaces,withincreasedcontactarea
andsignificantlyreducedcontactstresses.Segmentationincreasesthecontactsurfaceorthelength
ofcontactlinetherebyreducingthecontactstresses.Reducedcontactstressesresultinreducedwear
andincreasedreliability.Forexample,segmentationwhichconsistsofintroducingseveralrowsof
ballbearings,insteadofasinglerow,reducessignificantlythecontactstressesandwearoftheball
bearings.
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3.2. Reducing the Tensile Stresses in Pressure Vessels by Increasing 
the Perimeter to Cross-Sectional Area Ratio by Segmentation
Segmentationreducesloadingstressesbyincreasingtheperimetertocross-sectionalarearatio.This
rathersubtleyetverypowerfulsegmentationeffecthasbeendepictedinFigure2afeaturingapressure
vesselwithvolumeV,andthicknesstoftheshell.Thepressurevesselcontainsfluidexertingpressure
pontheinsideoftheshell(Figure2a).Segmentingthevesselintomsmallerandsimilarpressure
vesselswithvolumesV

1
,V
2

,...,V
m

(Figure2b)(V V V V
m

= + + +
1 2

... ),reducessignificantlythe
maximumstressactingintheshellofeachofthesmallervessels.

Indeed,anexpressionforthestressactinginthewallofthepressurevesselcanbederivedfrom
theequilibriumofelementaryforces.Aslicehasbeentakenfromthepressurevessel(Figure3).The
z-axisisperpendiculartothexandyaxes.

Thepressurepisalwaysperpendiculartothewallofthepressurevessel(Figure3).Theelementary
forcecreatedbythepressureponanelementarysurfaceareadsontheinsidewallofthevesselis
equalto pds .Thecomponentofthiselementaryforcealongthey-axisis ( ) cospds × α whereα 
istheanglewhichthenormaltotheelementarysurfaceelementsubtendswiththey-axis(Figure3).
Notethattheprojectionoftheelementaryforcecanalsobewrittenasaproductofthepressurep
andtheprojectionoftheelementaryareads cosα onthe(x, z)-plane.Thesumofthecomponents
ofallelementaryforcesalongthey-axis,duetotheinternalpressurep,isthereforegivenbythe
productpS ofthepressurepandthetotalprojectedareaS oftheinnersurfaceofthepressurevessel
on the(x, z)-plane.Thisresultant forcemustbecounterbalancedby thesumof theforces tL

S
σ 

createdbythestressσ
S

actinginthewallofthepressurevessel,wheretisthethicknessoftheshell

Figure 2. Segmenting the pressure vessel into several smaller pressure vessels increases the perimeter to cross-sectional area 
ratio and significantly reduces the loading stress acting in the wall

Figure 3. Derivation of the magnitude of the stress acting in the shell of a vessel under pressure with magnitude p
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andListheperimeteroftheslicedpartofthepressurevesselalongwhichthecounteractingstress
σ
S

acts(Figure3).SupposethatSistheprojectedareaofaselectedsectionfromtheinitialpressure
vesselandListheperimeterofthatsection.Denotebysandltheprojectedareaandtheperimeter
ofthesimilarcrosssectionfromthesmallerpressurevessel.

Fromtheequilibriumequation tL pS
S

σ
0
= ,theexpression

σ
S

pS

tL0
=  (7)

isobtainedimmediatelyforthestressactinginthewallofthelargepressurevessel.Similarly,

σ
S

ps

tl1
=  (8)

isobtainedforthestressactinginthewallofthesmallerpressurevessel.Withreducingthesizeof
thepressurevesselbysegmentation,theratioofthecrosssectionareaandtheperimeterofthecross
sectiondecreases:

s

l

S

L
<  (9)

Sincethepressurepandthethicknesstofthewallarenotalteredbythesegmentation,from
equations(9),(7)and(8),itfollowsthatσ σ

S S1 0
< .Consequently,segmentingapressurevesselwith

arbitraryshapeintosmallersimilarpressurevesselsreducestheloadingstressesinthewall.
Thedegreeofreductionoftheloadingstresseswillbeillustratedwithasimplespecialcaseof

asphericalpressurevesselwithinnerdiameterDandthicknessoftheshellt,subjectedtoapressure
withmagnitudep.Thecrosssectionalareaofasectionacrossthecentreofthesphericalvesselis
S D= π 2 4/ and theperimeterof thecrosssection is L D= π . If the initialpressurevessel is
segmentedintoanumberofpressurevesselswithinnerdiameterd,fortheratiooftheloadingstresses
inthewall,theexpression

σ

σ
S

S

D

d
0

1

=  (10)

isobtainedfromequations(7)and(8).Iftheinitialpressurevesselissegmentedintopressurevessels
withtwiceassmalldiameter,themaximumloadingstressinthewall,duetothepressurep,ishalved.

This example demonstrated that by increasing the perimeter to cross-section area ratio,
segmentationreducessignificantlythemagnitudeofthestressesinpressurevessels.

Oftensegmentationisusedtoachieveagreaterlevelofbalancing.Theincreasedlevelofbalancing
resultsinagreaterstabilityandsmallervibrationamplitudeswhichenhancesreliability.Suchisfor
examplethecaseofintroducingmultiplecylindersininternalcombustionengines,multipleblades
inaturbine,etc.
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3.3. Improving Heath dissipation by Segmentation
Segmentationincreasesthetotalsurfaceareaofthesegmentedparts,whichhelpsheatdissipation.
Heatdissipationisanimportantaspectofthereliabilityofelectronicdevices.Fastheatdissipation
andanequilibriumtemperaturewithin theacceptable limits isanecessarycondition fora fault-
freeoperationofmanyelectricalcomponents.Foragivenvolumeofthecomponent,segmentation
increasesthesurfaceareathroughwhichheatislostandthecomponentiscooled.Anincreasedheat
transfermeansalowequilibriumtemperatureandmorereliableoperation.Ifasegmentationofthe
heatedcomponentsisnotpossible,highlysegmentedradiatorsattachedtothecomponentsareused
forfastheatdissipation.

Heatdissipationisalsoanimportantaspectofthereliabilityofmechanicaldevices.Inmechanical
systems,anexamplecanbegivenwithasingleV-belt,segmentedintomultipleparallelV-belts.
Becauseofthesegmentation,theheatreleasedduetohysteresislossesisbetterdissipatedbymultiple
parallelV-belts.Betterheatdissipationleadstoalowerequilibriumtemperatureofthematerialof
thebeltandenhancedreliability.

4. RedUCING THe VULNeRABILITy To A SINGLe FAILURe By SeGMeNTATIoN

Segmentationreducingtheriskofunauthorisedaccesstoavaluableassethasbeenpracticedincases
wherethevaluableassetsaredivided(segmented)intosmallerparts,eachofwhichissubsequently
storedinadifferentplace.Accidentalaccesstoapartoftheassetwillnotresultinanautomaticloss
oftheentireasset.Segmentingasinglecommandcentreintoamesh-typenetworkofinterconnected
partsmakesthecommandcentreinvulnerabletoasinglestrike.

4.1. Reducing the Vulnerability to a Single Failure by Segmentation
Segmentationreplacesasinglecriticalfailureoccurringatamacrolevelwithnon-criticalfailures
occurring at a micro level. Suppose that a single light source is used for illuminating a critical
manufacturingprocess.Failureofthelightsourceentailsaninterruptionofthemanufacturingprocess
andcausesseveredelaysandlostproduction.Ifthesinglelightsourceissegmentedintomultiple
smallerlightsourceswiththesametotalluminousflux,failureofasinglelamporevenfailureof
halfthelampswillnotbecatastrophicandwillnotentailashutdownofthemanufacturingprocess.
Segmentationreducesriskbyreplacingasinglecriticalfailureatamacrolevelwithnon-critical
failuresatamicro-level.Thisessentiallyreplacesasuddenfailureatamacro-levelwithgradual
deteriorationofthesystematamicro-levelthroughmanynon-criticalfailures.

Analytical justificationof this techniquewill begivenwith the single light sourceused for
illuminatingacriticalspotonamanufacturinglineinFigure4awhosereliabilityassociatedwithone
yearofcontinuousoperationisr = 0 75. .Supposethatasegmentationofthelightsourcehasbeen
madebyreplacingitwithfoursmallerlightsourceswhichgivethesametotalluminousfluxasthe
singlelightsource.Eachofthesmallerlightsourcesischaracterisedbyalowerreliabilitys = 0 70. ,
associatedwiththeoperationaltimeintervalofoneyear.Anytwoofthesmallerlightsourcesare
sufficienttoperformthefunctionofilluminatingthecriticalspotonthemanufacturingline.

Theprobabilitythatthesegmentedlightassemblywillsurvive1yearofcontinuousoperation
withouthavingtoshutdownthemanufacturinglinebecauseoflackofsufficientillumination,isnow
equaltotheprobabilitythatatleasttwo(two,threeorallfour)lightsourcessurvivetheoperational
intervalofoneyear.Ifthelightsourcesfailindependentlyfromoneanother,thisprobabilityisgivenby

R s s s s s= +
× −

− +
−

− =4 3 1 2 24

3 4 3
1

4

2 4 2
1 0 916

!

! ( )!
( )

!

!( )!
( ) .  (11)
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Asaresultofthesegmentation,thereliabilityofthesegmentedassemblyincreasedsignificantly
comparedtothesinglelightsource,despitethatthereliabilityofthesmallerlightsourcesinthe
segmentedassemblywasactuallyinferiortothereliabilityofthesinglelightsource.

Similarly,foraflangewithaveryfewfasteners,failureofanysinglefastenerwillcausealossof
containment.Inotherwords,everysinglefailureofafasteneriscritical.Considernowaflangewith
manyfasteners,eachofwhichhasalowerreliabilityandlowerload-carryingcapacitycomparedto
theoriginalfasteners.Thisassemblywillnotbevulnerabletoasinglefailureofafastenerorevento
severalfailures.Thesinglecriticalfailuresintheinitialassemblyhavebeenreplacedbynon-critical
failuresinthesegmentedassembly.Thesuddenfailurehasbeenreplacedbygradualdeterioration.

Averysimilarcaseexistsforthefailureofasolidsteelrodandthefailureofthesegmentedrod
intoacablewiththesamestrength,builtbytwistingalargenumberofwires.Thecriticalfailureof
thesolidrodonamacro-levelhasbeenreplacedbynon-criticalfailuresofthetwistedwiresona
micro-level.Insteadofasuddenfailure,thesegmentedcablewillexperiencegradualdeterioration
throughthenon-criticalfailuresoftheseparatewires.Whentheinspectiondiscoversthatthenumber
offailedsinglewiresatthesurfacebecomesgreaterthanaspecifiedmaximumtolerablequantity,
thecablewillbereplacedandthecatastrophicconsequencesfromasuddenfailurewillbeavoided.

Thesegmentationmethodalsogreatlyenhancesthereliabilityofdevicesobtainingasignalfrom
asensorandtriggeringaparticularaction/alarmifthesignalindicatesadangerousconcentration
ofaparticularchemical,dangerousmagnitudeofaforce,torque,pressure,temperature,humidity,
etc.Segmentationofasinglesensorintomultiplesensors,evenwithinferiorreliability,makesthe
devicelessvulnerabletoamalfunctionofasensororeventosimultaneousfailuresofseveralsensors.

4.2. Reducing the Vulnerability to Failures by Creating a 
Reconfigurable System Through Segmentation
Segmentinganassemblyintoanumberofidenticalsectionsmakestheassemblyeasilyreconfigurable
ifoneorseveralsectionsaredamaged.Forexample,alongchuteonabuildingsite,madeofseparate
smallsegmentswhichfitintoeachother,canbeeasilydamagedbythetransportedbuildingdebris.
Thesegmentedchutehowever,canbereconfiguredeasilyintoafullyfunctioningchutebysimply
discarding thedamagedsegment.Thereexistalsosegmented robotic systemswhich reconfigure
themselvesautomaticallyuponfailureofanyoftheirbuildingsegments.Thisisdonebybypassing
thefailedsegment,withinsignificantlossoffunctionality(Paley,2010).

5. RedUCING THe PRoBABILITy oF A LoSS/eRRoR By SeGMeNTATIoN

5.1. Reducing the Likelihood of a Loss by Segmenting opportunity Bets
Segmentationcanalsobeusedwithsuccesstoreducetheriskofalossfromarisk-rewardbet.Risk-
rewardevents/betscanmaterialiseasbenefitorloss.Aninvestmentinaparticularenterpriseisa

Figure 4. Segmentation reduces the vulnerability to a single failure
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typicalexampleofarisk-rewardbet.Asuccessfulinvestmentisassociatedwithreturns(benefits)
whileanunsuccessfulinvestmentisassociatedwithlosses.

Suppose that 0 1≤ ≤p
s

 is the probability that the risk-reward bet will be a ‘success’ and
p p
f s
= −1 istheprobabilitythattherisk-rewardbetwillmaterialiseasaloss.
Theexpectedvaluesofthebenefitandthelossgiventhattherisk-rewardeventhasmaterialised

aredenotedbyB
s
andC

f
,respectively.

TheexpectedprofitG fromarisk-rewardbetisthengivenby:

G p B p C
s s f f

= × + ×  (12)

where p
s

istheprobabilityofabeneficialoutcomewithexpectedmagnitudeB
s
and p p

f s
= −1 

istheprobabilityofalosswithexpectedmagnitudeC
f

(thelossC
f

hasbeentakenwithanegative
sign).IfG > 0 ,therisk-rewardbetwillbereferredtoasopportunitybet.

Traditionally,themaximumexpectedprofitcriterionisoftenusedformakinganoptimalchoice
amongriskyprospectscontainingrisk-rewardbets(Moore1983;Denardo,2002).Accordingtothis
criterion,arationaldecisionmakercomparestheexpectedprofitsfromanumberofriskyprospects
andselectstheprospectwiththelargestexpectedprofit.

Themaximumexpectedprofitcriterionhoweverdoesnotaccountforthesignificantimpactof
theactualnumberofrisk-rewardevents/betsinariskyprospect.Thecriticaldependenceofthechoice
ofariskyprospectonthenumberofrisk-rewardbetsinithasnotbeendiscussedinstudiesrelatedto
rankingriskyalternatives(RichardsonandOutlaw,2008,NielsenandJaffray,2006;Starmer,2000).
Eveninarecent,probablythemostcomprehensivetreatiseofthetheoryofbetting(Epstein2009),no
discussionhasbeenprovidedontheimpactofthelimitednumberofrisk-rewardbetsonthechoice
ofariskyprospect.Thenumberofrisk-rewardbetsinariskyprospecthowever,hasacrucialimpact
onthechoiceofariskyprospectandcannotbeignored.

The potential profit G from a risk-reward bet is a random variable following a Bernoulli
distributionwithparameter p

s
.Forconstantvaluesofthebenefitgivensuccess B

s
andtheloss

givenfailureC
f

,theprobabilitydistributionofthepotentialprofitGisgivenbyP G B p
s s

( )= = 
andP G C p

f f
( )= = .TheprobabilitydistributionofthepotentialprofitGcanbeconsideredtobe

adistributionmixtureincludingtwodistributionswithmeansB
s
andC

f
andvariancesV

1
0= and

V
2

0= ,sampledwithprobabilities p p
s

= and1− =p p
f

.Consequently,fromthetheoryofthe
distributionmixtures(Todinov,2007),forthevarianceofthepotentialprofitwehave

Var G p p B C
s f s f

( ) ( )= − 2  (13)

Thenextexampleinvolvestworiskyprospectscontainingadifferentnumberofopportunity
bets.Thefirstriskyprospectcontainsasingleopportunitybetwithparameters:p

s
= 0 3. ,B

s
= 300 ,

p
f
= 0 7. ,C

f
=-90andexpectedprofitE G( ) . .= × − × =0 3 300 0 7 90 27 .Theprobabilityofa

netlossfromthisriskyprospectis70%.Theriskofanetlossis− × = −0 7 90 63. .
Thesecondriskyprospectcontainsthreeopportunitybetswiththesameprobabilityofsuccess

andfailurebutwiththreetimessmallermagnitudesforthebenefitgivensuccessandthelossgiven
failure:p

s
= 0 3. ,B

s
= =300 3 100/ ,p

f
= 0 7. ,C

f
= − = −90 3 30/ .Theexpectedprofitfrom

t h e  r i s k y  p r o s p e c t  c o n t a i n i n g  t h e  t h r e e  s e g m e n t e d  o p p o r t u n i t y  b e t s  i s



International Journal of Risk and Contingency Management
Volume 6 • Issue 3 • July-September 2017

39

E G( ) ( . . )
123

3 0 3 100 0 7 30 27= × × − × = .Becauseanetlossfromthesecondriskyprospectcan
begeneratedonlyifalossisgeneratedfromeverysinglesegmentedbet,theprobabilityofanetloss
fromthesecondriskyprospectis p

f ,
. .

123
30 7 0 34= ≈ .

Clearly,thesecondriskyprospectinvolvingsegmentedopportunitybetsistobepreferredtothe
firstriskyprospect.Segmentingtheopportunitybetssignificantlyreducedtherisk.

Thisexampleshowshowtheriskassociatedwithanopportunitybetcanbereducedsignificantly
iftheopportunitybetissegmented(split)intoseveralopportunitybetscharacterisedbythesame
probabilityofsuccessandfailureastheoriginalbetbutwithproportionallysmallerbenefitandloss.
Indeed,considerariskyprospectcontainingasingleopportunitybet,characterisedbyaprobability
ofsuccess p

s
,benefitgivensuccessB

s
,probabilityoffailure p

f
andlossgivenfailureC

f
.This

opportunitybetcanbesegmentedintomopportunitysub-bets,eachcharacterisedwiththesame
probabilityofsuccessandfailure p

s
and p

f
andwithmtimessmallerexpectedbenefitandloss

B m
s
/ andC m

f
/ .Theexpectedprofitfromthesegmentedbetsis:

E G m p B m p C m E G
m s s f f

( ) ( / / ) ( )
,...,1

= × + =  (14)

isequaltotheexpectedprofitfromtheoriginalbet.Consideringequation(13),thevariance
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2

11

21
,...,
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∑∑  (15)

oftheprofitfromtheriskyprospectwithmopportunitybetsismtimessmallerthanthevariance
p p B C
s f s f

( )− 2 oftheprofitcharacterisingtheinitialopportunitybet.
Asaresult,segmentingtheinitialopportunitybetsignificantlyreducedtheriskofaloss.This

examplealsoshowsthatthenumberoftherisk-rewardactivitiesshouldbeakeyconsiderationin
selectingariskyprospect.

5.2. Reducing the Likelihood of an erroneous Conclusion 
from Imperfect Tests by Segmentation
Anotherimportantapplicationofthesegmentationmethodcanbefoundinreducingthelikelihood
oferroneousconclusionfromanimperfecttest.

Suppose that a test results either in a positiveor negativeoutcomeabout thepresenceof a
particularattributeinthetestsubstance.Thetestisnotperfectandproducesanerrorwithprobability
p.However,theprobabilityofanerroneousconclusioncanbereducedbysegmentingtheavailable
testsubstanceandconductingseparatetestswiththesegmentedpartsinsteadofperformingasingle
testwiththeentireavailablesubstance(Figure5).

Supposethateachtestwiththesegmentedtestsubstance,resultsinanerror,withprobabilityp.
Afteralloutputsfromtheseparatetestsbecomeavailable,thepresenceoftheattributeisdecidedby
theprevalentoutcome(positiveornegative)fromtheindividualtestswiththesegmentedsubstance.
Inorderforthesegmentedtesttoproduceanerroneousconclusion,morethanhalfoftheseparate
testsmustresultinanerror.Forthespecialcaseofn k= +2 1 identicaltestswiththesegmented
substance,atleastk+1testresultsmustbeerroneous.Becausethetestsarestatisticallyindependent
andtheprobabilityoferroneousconclusionineachtestisconstant,theconditionsforabinomial
experimentarefulfilledandthenumberoferroneousoutputsXfollowsthebinomialdistribution.
Theprobabilitythatthenumberorerroneousoutputswillbegreaterthanorequaltok+1isgiven
by:
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Forn=11andp=0.1forexample,theprobabilityofanerroneousoutputfromthesegmented
testsis
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Asaresult,therelativelyhighprobabilityofanerroneousoutputofp=0.1characterisingthe
initialsingletesthasbeendecreased333timesbysegmentingthetest.

Thesamesegmentationtechniquecanbeappliedintakingthecorrectdecisionaboutapproving
aparticulardecision,transactionetc.Iftheprocessofdecisionmakingissplitbetweenanumberof
independentdecisionmakers,thelikelihoodofmakingawrongdecisioncanbereducedsignificantly.

6. RedUCING THe CoST oF RePLACeMeNT, THe dowNTIMe FoR 
RePAIR ANd THe TRoUBLeSHooTING TIMe By SeGMeNTATIoN

Thelifeofacomponentcanbeextendedbysegmentingitintoreplaceablesections.Thiscreatesthe
possibilitytoreplaceafailedsectionwithouthavingtoreplacetheentirecomponent.

Inmechanicalsystemsforexample,thistechniqueproducesmaximumbenefitifzonessubjected
tointensivewearareidentifiedandsubsequentlysegmentedintoreplaceablesections.Changinga
wornoutreplaceablesectionavoidsreplacingtheentirecomponent.

Thelifeofaconveyorbeltcarryingtilesforpolishingforexample,canbeincreasedsignificantly
byapplyingthismethod.Afteranumberofyearsofcontinuousoperationoftheproductionline,the
surfaceoftheconveyorbeltwillbeerodedbytheabrasiveactionofthetiles.Toavoidareplacement
oftheentireconveyorbelt,thesurfacezonesoftheconveyorbeltwhichareindirectcontactwiththe
polishedtiles,aredesignedasreplaceablesegments.Asaresult,insteadofreplacingtheexpensive
conveyorbelt,onlythesurfacesegments,whichundergothemostintensivewear,arereplacedor
repaired(forexample,byrestoringthewornrubbersubstratesonthereplaceablesteelsegments).
This technique has also been used widely in replacing inserts for journal bearings and pads for
frictionbrakes.

Figure 5. Segmenting the available substance and conducting multiple parallel tests with the segmented parts significantly 
reduces the probability of an erroneous conclusion from imperfect tests
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Segmentingacomplexdevice intoseparateblocks,greatlyreduces thedowntimefor repair,
because such a device is easy to disassemble and assemble. Identifying the block where failure
occurredisalsoeasyandthefailedblockisquicklyreplacedwithanewblockwithouthavingto
dismantletheentiredevice.Thereduceddowntimeforrepairincreasestheavailabilityandefficiency
oftheproductionprocess.

Thelogicalsegmentationofcriticalinformationintocategoriesandclassesdecreasessignificantly
the time for retrieval of a key piece of information. This is of particular importance during
troubleshooting,whenacorrectdecisionmustbemadeveryquickly,inordertoavertanaccidentor
minimizetheconsequencesfromanaccident.

7. deCReASING THe VARIATIoN oF PRoPeRTIeS By SeGMeNTATIoN

Itisawell-knownfactfromstatisticsthatreplacingasinglemeasurementcharacterisedbyavariance
σ2 withtheaveragefromnmeasurements,eachofwhichischaracterisedbyavarianceσ2 ,decreases
thevarianceoftheaveragedresulttoσ2 / n .

Acoarsemicrostructurecomposedoftwomicrostructuralconstituents,AandB(Figure6a)is
associatedwithbigvariationofthepropertiesofthesample(transect)T.

IfthesegmentationofthemicrostructurefromFigure6aisincreased(Figure6b)byfragmenting
themicrostructuralconstituentB,thevariationofpropertiesofthesample(transect)Tisdecreased.

Oneofthereasonsforthedecreaseinthevariationofthepropertiesofthesampleisthedecreased
variationoftheinterceptedvolumefractionfrommicrostructuralconstituentBwithincreasingthe
segmentationofthemicrostructuralconstituentB.Figure6cdepictsthedecreaseofthevarianceof
theinterceptedvolumefractionfrommicrostructuralconstituentB,withincreasingthesizeofthe
transect(sample).

8. RedUCING weIGHT wITHoUT CoMPRoMISING 
ReLIABILITy By SeGMeNTATIoN

Segmentationcanoftenbeusedtoresolveamajorcommontechnicalcontradiction-reducingthe
weightofdesignswithoutsignificantlyreducingtheirreliability.Thiscanbedonebysegmenting
componentsintolightsegmentsconnectedwithlightjoints.Segmentingaheavybeamintoalight
truceformedbylightstraightmembersconnectedthroughjointsisademonstrationofthistechnique.

Thistechniquecanalsobeappliedbysegmentingcomponentsintoworkingzones,linkedwith
lightbridges,whichtakedirectlythecontactstressesandwear.Thismethodcanbeusedinpackaging

Figure 6. With increasing the microstructural segmentation, the variation of the sample properties decreases
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ofgoodswhere,insteadofheavypackagingboxes,onlypackagingsegmentsalongtheedgesofthe
packageditemsareused,connectedwithlightlinks.Thismethodisusedwheneveraheavymonolithic
foundationisreplacedwithmultiplelighterfoundationsegmentsprovidingthenecessarysupport.

9. IMPRoVING CoNTRoL ANd CodITIoN 
MoNIToRING By TIMe SeGMeNTATIoN

Timediscretization(segmentation)hasbeenusedwithsuccessforreal-timecontrolofvariousrisks,
forexampletheriskofflooding.Atregulartimeslices(segments),adataacquisitionsystembased
onsensors,serialinterfaceandcomputer,monitorskeyriskparameterslikeon-sitewaterlevel,flow,
rainfall,etc.andafterpost-processing,estimatestheriskofflooding(Zhang,2012).

Figure 7. Classifications of various techniques for improving reliability and reducing risk by segmentation
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Timesegmentationcanalsobeusedforanalysingcomplexmotionevenifthelawsofmotion
arenotknownintheirintegralform.Suchisforexamplethecaseoftracingthetrajectoryofaflying
objectinthepresenceofairresistance.Timesegmentationwithaverysmalltimestepisintroduced,
followedbyupdatingthedirectionandmagnitudeoftheair-resistanceforceandthegravityforce.
Next,anupdatedvalueforthecurrentaccelerationandvelocityoftheobjectarecalculatedafter
whichthevaluesofthenewcoordinatesoftheflyingobjectareobtained.Continuingthisprocess
yieldsaverypreciseapproximationoftheactualtrajectoryoftheobject.Decreasingthesizeofthe
timesegment(timeslice)downtoaspecificcriticallevelincreasestheprecisionoftheapproximation.

Timesegmentationcombiningsamplingofkeyparametersandcorrectivefeedbackisattheheart
ofthediscrete-timecontrollersofmissiles.Timesegmentationisalsocentraltothefeedbackcontrol
ofmechatronicsystemssuchasindustrialmanipulators,robots,etc.(Awrejcewiczetal.,2017).

Aclassificationofthediscussedmethodsforreducingriskandimprovingreliabilitybasedon
segmentationhasbeenpresentedinFigure7.Mostofthetechniquesarefocusedonreducingthe
likelihoodoffailurebyasegmentation.

10. CoMPARISoN BeTweeN THe GeNeRIC PRINCIPLeS APPRoACH, 
THe dATA dRIVeN APPRoACH ANd THe PHySICS oF FAILURe 
APPRoACH FoR IMPRoVING ReLIABILITy ANd RedUCING RISK

Acommontendencyinmanytextsdevotedtoreliabilitypredictionistochooseastatistical‐based,
data-drivenapproach.Calculatingtheabsolutereliabilitybuiltinaproductisoftenaverydifficult
taskbecauseoften,reliability‐criticaldata(failurefrequencies,strengthdistributionof theflaws,
failuremechanisms,repairtimes)aresimplyunavailable,particularlyfornewdesignswithnofailure
history.Inaddition,forhighlyreliablecomponentsandsystems,theamountofexistingpastfailures
isinsufficienttofitareliableandrobuststatisticalmodelbecauseofthesparsityoffailuredata.This
leadstoincreasedlevelsofuncertaintyinthemodelparametersandpoorpredictivepowerofthemodel.

Finally,pastreliabilitydatacollectedforaparticulartypeofenvironment/dutycycleoftenyield
poorpredictionsifappliedtoanotherenvironment/dutycycle.

Thedeficienciesofthedata-drivenapproachpromptedthedevelopmentofthephysics-of-failure-
basedapproachtoreliabilityimprovementwhichisrelativelyindependentofhistoricalfailuredata.
Accordingtothisapproach,failuresanddeclineinperformanceofcomponentsandsystemsoccurdue
tounderlyingfailuremechanisms.Asaresult,unlikethedata-drivenapproach,thephysics-of-failure
approachaddressestheunderlyingcausesoffailure.Manyfailuremechanismsleadtoaccumulation
ofdamagewhichprecipitatesfailureswhentheamountofaccumulateddamageexceedsendurance.
Asaresult,thetimetofailureofcomponentscanbephysicallymodelled.However,buildingaccurate
physics-of-failuremodelsofthetimetofailureisnotalwayspossiblebecauseofthecomplexityof
thephysicalmechanismsunderlyingthefailuremodes,thecomplexnatureoftheenvironmentand
theoperationalstresses.Thereisusuallyagreatdealofuncertaintyassociatedwiththeparameters
ofthephysics-of-failuremodelsandthequantityandsizeoftheflawsinthecomponents.Ifthegoal,
forexample,istoincreasestrength,thephysicsof-failuremodellingcanhelpincreasestrengthby
conductingresearchonthelinkbetweenmicrostructureandmechanicalproperties.However,this
approachrequiresspecialequipment,humanresourcesandsubstantialtime,andapositiveoutcome
fromtheresearchisnotguaranteed.Inmanycases,itismuchmorebeneficialtorelyongeneric
methodsandprinciplesforreliabilityimprovementandriskreduction.

Furthermore,inmanyfailureevents,severalfailuremechanismsareofteninvolved,interacting
inaverycomplexfashion.Such is, forexample, thecorrosionfatiguewhere twoverycomplex,
interdependentandsynergisticfailuremechanisms(‘corrosion’and‘fatigue’)contributetofailure.
Corrosionincreasestherateoffatiguedamageaccumulationandtheprogressionofthefatiguecrack
increasestheextentofcorrosion.Thisverycomplexinteractionandsynergisticbehaviourcannotbe
capturedandmodelledsuccessfully,particularlyiflimitedresearchhasbeendoneintheseareas.Often,
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limitedexperimentalevidenceisavailablebecauseofcostlimitations.Theexperimentalevidence
necessarytobuildacorrectmodelcanbelimitednotonlyintermsofquantitybutalsointermsof
quality.Theexperimentalevidenceusuallycapturesthevisual,easilymeasurablemanifestationsof
damage,whichmaynotnecessarilyreflectcorrectlythetotalexistingdamageresponsibleforthe
failureevent.Asaresult,onlythevisualmanifestationofthedamageiscapturedandmodelledas
opposedtothetotalexistingdamagereachingthedamageendurancelimitdefiningfailure.

Acquiringthenecessaryknowledgeanddatarelatedtothefailuremechanismsandcapturing
andquantifyingalltypesofuncertainty,necessaryforacorrectpredictionofthetimetofailure,isa
formidabletaskwhichdoesnotneedtobeaddressedifthefocusisplacedonreliabilityimprovement
ratherthanreliabilityprediction.Thegenericreliabilityimprovementandriskreductionmethodsdo
notnormallyrelyonreliabilitydataoronknowledgeofphysicalmechanismsunderlyingpossible
failuremodes.Asaresult,thegenericreliabilityimprovementandriskreductionmethodsareespecially
suitedfordevelopingnewdesigns,withnofailurehistoryandwithinsufficientlyresearchedfailure
mechanisms.

11. CoNCLUSIoN

1. Thepaperprovidesanalysisofthevariousmechanismsthroughwhichsegmentationimproves
reliabilityandreducestechnicalrisk.Segmentationcanbeappliedwithsuccesstoreduceboth
thelikelihoodoffailureandconsequencesfromfailureofcomponentsandsystems.

2. Onthebasisoftheoreticalargumentsandexamples,ithasbeendemonstratedthatsegmentation
increasesthetoleranceofcomponentstoflawscausinglocaldamage,reducestherateofdamage
accumulationanddamageescalationandreducesthehazardpotential.

3. Onthebasisoftheoreticalarguments,itisdemonstratedthatbyincreasingtheperimetertocross-
sectionarearatio,segmentationreducessignificantlythemagnitudeofthestressesinpressure
vessels.

4. Itisshownthatsegmentationimprovestheloaddistributionandreducesthemagnitudeofthe
loadingstresses.

5. Itisdemonstratedthatsegmentationreducesthelikelihoodoffailurebyreplacingasinglecritical
failureonamacrolevelwithnon-criticalfailuresonamicro-level.ThisSegmentationessentially
replacesasuddencriticalfailurewithagradualdeteriorationofthesystemthroughnon-critical
failures.

6. Itisdemonstratedthatsegmentationcanbeusedtoreducethelikelihoodofalossfromopportunity
betsandthelikelihoodoferroneousconclusionfromimperfecttests.

7. A comprehensive classification of methods and techniques for reducing risk, by using
segmentation,hasbeenproposed.
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