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ABSTRACT:ABSTRACT: TheThe objectiveobjective ofof thisthis studystudy isis toto evaluateevaluate routeroute diversiondiversion asas aa strategystrategy forfor 
reducingreducing crashcrash riskrisk onon freewaysfreeways usingusing Microsimulation.Microsimulation. TrafficTraffic simulationsimulation environmentenvironment 
providesprovides thethe 'loop'loop detectordetector data'data' whichwhich inin turnturn areare thethe inputsinputs toto thethe modelsmodels usedused forfor real-timereal-time 
crashcrash riskrisk estimation.estimation. ItIt hashas beenbeen foundfound thatthat rear-endrear-end crashescrashes areare moremore accuratelyaccurately describeddescribed asas 
occurringoccurring withinwithin oneone ofof twotwo distinctdistinct traffictraffic regimes.regimes. Hence,Hence, thethe crashcrash riskrisk estimatesestimates forfor remrem
endend crashescrashes belongingbelonging toto RegimeRegime 11 andand RegimeRegime 22 areare outputoutput posteriorposterior probabilitiesprobabilities fromfrom twotwo 
differentdifferent modelsmodels whichwhich areare notnot directlydirectly comparable.comparable. AA methodmethod waswas proposedproposed toto transformtransform thethe 
outputoutput fromfrom thethe twotwo modelsmodels intointo aa singlesingle measuremeasure ofof rear-endrear-end crashcrash risk,risk, whichwhich cancan bebe usedused toto 
assessassess thethe crashcrash riskrisk duringduring simulationsimulation environmentenvironment eveneven whenwhen traffictraffic conditionsconditions changechange fromfrom 
RegimeRegime 11 toto 22 oror vicevice versa.versa. UsingUsing thethe informationinformation obtainedobtained fromfrom simulationsimulation packagepackage thethe 
crashcrash riskrisk estimatesestimates forfor thethe basebase casecase (No(No routeroute diversion)diversion) andand casescases withwith routeroute diversion(s)diversion(s) 
werewere compared.compared. RouteRoute diversiondiversion waswas foundfound toto decreasedecrease thethe overalloverall rear-endrear-end andand lane-changelane-change 
crashcrash riskrisk onon thethe freewayfreeway sectionssections withwith free-flowfree-flow conditionsconditions toto lowlow levelslevels ofof congestion.congestion. 
However,However, aa crashcrash migrationmigration phenomenonphenomenon waswas observedobserved atat higherhigher levelslevels ofof congestion.congestion. 

INTRODUCTIONINTRODUCTION 

TheThe fieldfield ofof transportationtransportation engineeringengineering focusesfocuses onon ensuringensuring thethe movementmovement ofof peoplepeople andand 
goodsgoods asas efficientlyefficiently andand safelysafely asas possible.possible. AsAs thethe "vorld's"vorld's populationpopulation continuescontinues toto growgrow andand 
citiescities becomebecome moremore andand moremore crowded,crowded, engineersengineers needneed toto applyapply newnew technologiestechnologies toto enhanceenhance 
people'speople's mobility,mobility, thethe easeease inin whichwhich theythey cancan movemove fromfrom oneone placeplace toto another.another. IntelligentIntelligent 
TransportationTransportation SystemsSystems (ITS)(ITS) cancan bebe usedused toto increaseincrease throughputthroughput duringduring congestioncongestion (Chu(Chu etet 



at,at, 2004)2004) andand provideprovide usersusers withwith moremore informationinformation aboutabout thethe currentcurrent statestate ofof thethe transportationtransportation 
networknetwork soso theythey cancan makemake moremore informedinformed decisionsdecisions (Abdel-Aty(Abdel-Aty andand Abdalla,Abdalla, 2004).2004). 
However.However. thesethese samesame technologiestechnologies cancan alsoalso bebe appliedapplied toto improveimprove traffictraffic safety.safety. ThisThis studystudy 
examinesexamines oneone suchsuch ITSITS strategy,strategy, routeroute diversion,diversion, forfor reducingreducing thethe riskrisk ofof aa crashcrash onon anan urbanurban 
freeway.freeway. TheThe analysisanalysis involvesinvolves applicationapplication ofof modelsmodels usingusing traffictraffic informationinformation providedprovided byby 
looploop detectorsdetectors toto estimateestimate crashcrash riskrisk onon thethe freeway.freeway. InIn aa simulationsimulation environmentenvironment thethe measuremeasure 
ofof crashcrash riskrisk obtainedobtained fromfrom thesethese modelsmodels cancan bebe usedused toto evaluateevaluate routeroute diversiondiversion (or(or anyany otherother 
typetype ofof ITSITS measure).measure). TheThe measuremeasure achievingachieving mostmost reductionreduction inin crashcrash riskrisk overover basebase casecase 
(applying(applying nono ITSITS strategies)strategies) maymay bebe consideredconsidered forfor fieldfield implementationimplementation inin real-time.real-time. 

MEASURESMEASURES OFOF SAFETYSAFETY 

Traditionally,Traditionally, tratfictratfic safetysafety studiesstudies havehave usedused historicalhistorical crashcrash datadata atat oneone oror manymany locationslocations toto 
determinedetermine problematicproblematic areasareas thatthat needneed toto bebe addressed.addressed. AA typicaltypical exampleexample isis aa studystudy thatthat hashas 
beenbeen donedone thatthat takestakes historicalhistorical red-lightred-light runningrunning crashcrash datadata forfor aa periodperiod ofof fourfour yearsyears andand 
analyzesanalyzes trendstrends inin thethe datadata toto determinedetermine possiblepossible mitigationmitigation strategiesstrategies (Retring(Retring etet ai,ai, 1999).1999). 
TheThe usefulnessusefulness ofof thesethese typestypes ofof studiesstudies isis notnot beingbeing questionedquestioned asas thesethese aggregateaggregate crashcrash 
studiesstudies areare importantimportant inin thethe fieldfield ofof traffictraffic safety.safety. However,However, thethe strategiesstrategies adoptedadopted byby thesethese 
typestypes ofof studiesstudies areare reactivereactive toto historicalhistorical datadata andand typicallytypically dodo notnot considerconsider temporaltemporal 
fluctuationsfluctuations inin thethe traffictraffic stream.stream. ForFor example,example, oneone typetype ofof strategystrategy maymay bebe extremelyextremely usefuluseful 
forfor lightlight flowflow conditionsconditions butbut increaseincrease thethe riskrisk ofof aa crashcrash whenwhen flowflow becomesbecomes moderatemoderate oror 
congested.congested. IfIf thesethese studiesstudies onlyonly useuse AADTAADT asas aa measuremeasure ofof thethe tratfictratfic intensity,intensity, thethe crashcrash 
preventionprevention measuresmeasures thatthat areare implementedimplemented fromfrom thethe studystudy mightmight notnot bebe asas successfulsuccessful ifif traffictraffic 
patternspatterns change.change. Additionally,Additionally, studiesstudies suchsuch asas thesethese relyrely onon crashescrashes asas measurementmeasurement ofof safety.safety. 
SinceSince traffictraffic collisionscollisions areare typicallytypically rarerare events,events, thisthis meansmeans thatthat datadata needsneeds toto bebe collectedcollected 
overover longlong periodsperiods ofof timetime and,and, forfor thisthis reason,reason, thethe effectivenesseffectiveness ofof anyany measuremeasure willwill notnot bebe 
knownknown forfor somesome time.time. SimulationSimulation willwill bebe ofof nono useuse ifif thethe measuremeasure ofof safetysafety isis crashescrashes sincesince 
mostmost simulationsimulation softwaresoftware cannotcannot modelmodel thethe complexcomplex naturenature ofof traffictraffic crashes.crashes. 

InsteadInstead ofof performingperforming studiesstudies byby onlyonly usingusing crashcrash datadata itself,itself, anotheranother methodmethod isis toto useuse aa 
surrogatesurrogate measuremeasure ofof safety.safety. AA surrogatesurrogate measuremeasure ofof safetysafety isis aa directlydirectly measurablemeasurable variablevariable 
thatthat hashas aa knownknown relationshiprelationship withwith traffictraffic crashes.crashes. HistoricalHistorical crashcrash datadata cancan bebe usedused toto 
determinedetermine aa sUHogatesUHogate measuremeasure ofof safetysafety and,and, onceonce known,known, IhisIhis measuremeasure cancan replacereplace actualactual 
collisionscollisions toto eithereither determinedetermine thethe effectiveeffective ofof crashcrash preventionprevention measuresmeasures inin thethe fieldfield oror modelmodel 
thethe effectieffecti venessveness ofof thethe measuremeasure usingusing simulation.simulation. TypicalTypical surrogatesurrogate measuresmeasures ofof safetysafety 
includeinclude speed,speed, speedspeed variance,variance, timetime toto collision,collision, oror postpost encroachmentencroachment timetime (Gettman(Gettman andand 
Head,Head, 2003).2003). SomeSome researchersresearchers havehave alsoalso developeddeveloped statisticalstatistical modelsmodels thatthat useuse directlydirectly 
measurablemeasurable valuesvalues (e.g.(e.g. speed)speed) toto assessassess thethe riskrisk ofof aa collisioncollision occurring.occurring. OneOne simplesimple exampleexample 
isis aa modelmodel thatthat comparescompares thethe safesafe followingfollowing distancedistance ofof aa vehiclevehicle withwith thethe actualactual followingfollowing 
distancedistance (Park(Park andand Yadlapati,Yadlapati, 2003).2003). ThisThis modelmodel usesuses bothboth aa vehicle'svehicle's speedspeed andand distancedistance 
awayaway fromfrom anotheranother vehiclevehicle andand transformstransforms itit intointo aa valuevalue thatthat assessesassesses whetherwhether oror notnot thethe 
vehiclevehicle isis followingfollowing tootoo closely.closely. SinceSince followingfollowing aa vehiclevehicle tootoo closelyclosely hashas aa knovvnknovvn 
relationshiprelationship withwith rear-endrear-end crashes,crashes, thisthis measuremeasure cancan bebe usedused asas aa surrogatesurrogate measuremeasure ofof safetysafety 
forfor rear-endrear-end crashes.crashes. 

Another.Another. moremore complex,complex, measuremeasure ofof safetysafety areare modelsmodels createdcreated byby Abdel-AtyAbdel-Aty etet alal (2005)(2005) 
whichwhich describesdescribes thethe riskrisk ofof aa crashcrash occurringoccurring onon anan urbanurban freewayfreeway usingusing logisticlogistic regression.regression. 
ThisThis modelmodel usesuses datadata obtainedobtained fromfrom inductioninduction looploop detectorsdetectors embeddedembedded inin thethe freewayfreeway whichwhich 
makesmakes itit possiblepossible toto estimateestimate thethe riskrisk ofof aa crashcrash inin real-time.real-time. ThisThis cancan bebe extremelyextremely usefuluseful inin 
practicepractice becausebecause ifif thethe statestate ofof traffictraffic safetysafety onon thethe freewayfreeway cancan bebe obtainedobtained inin real-time,real-time, 



measuresmeasures cancan bebe implementedimplemented (or(or turnedturned off)off) basedbased onon howhow likelylikely itit isis forfor aa crashcrash toto occuroccur onon 
thethe freeway.freeway. ForFor measuresmeasures thatthat adverselyadversely affectaffect thethe mobilitymobility ofof vehiclesvehicles onon thethe freeway,freeway, thisthis 
isis invaluableinvaluable sincesince theythey cancan bebe turnedturned offoff ifif thethe riskrisk ofof collisioncollision isis lowlow inin orderorder toto increaseincrease 
throughputthroughput onon thethe freeway.freeway. AA majormajor drawbackdrawback toto thethe modelsmodels createdcreated byby Abdel-AtyAbdel-Aty etet alal 
(2005)(2005) isis thatthat thethe measuresmeasures ofof riskrisk isis obtainedobtained basedbased onon withinwithin stratumstratum matchedmatched samplingsampling 
procedure.procedure. Therefore,Therefore, thethe modelmodel includesincludes nono geometricgeometric oror spatialspatial inputinput variablesvariables andand thethe 
crashcrash riskrisk cannotcannot bebe comparedcompared acrossacross locations.locations. ThisThis meansmeans thatthat therethere isis nono wayway ofof 
determiningdetermining whichwhich locationlocation onon thethe freewayfreeway hashas thethe highesthighest riskrisk ofof aa crash.crash. 

SPATIALSPATIAL ANDAND TEMPORALLYTEMPORALLY DEPENDENTDEPENDENT NEURALNEURAL NETWORKNETWORK MODELSMODELS 

NewerNewer modelsmodels havehave sincesince beenbeen createdcreated byby PandePande andand Abdel-AtyAbdel-Aty (2006a,(2006a, 2006b)2006b) whichwhich useuse 
neuralneural networksnetworks andand accountaccount forfor geometricgeometric andand spatialspatial factorsfactors asas wellwell asas thethe real-timereal-time traffictraffic 
data.data. TheseThese modelsmodels calculatecalculate thethe riskrisk ofof rear-endrear-end collisionscollisions andand lane-changinglane-changing collisionscollisions 
separatelyseparately 'vvhich'vvhich alsoalso makesmakes themthem moremore appealingappealing thanthan thethe previousprevious withinwithin stratumstratum matchedmatched 
logisticlogistic regressionregression modelsmodels thatthat werewere genericgeneric inin naturenature (not(not specificspecific byby crashcrash type).type). TheseThese 
modelsmodels useuse thethe 30-second30-second looploop datadata aggregatedaggregated overover 5-minute5-minute intervalsintervals andand acrossacross thethe threethree 
laneslanes ofof thethe freewayfreeway inin orderorder toto reducereduce randomrandom noisenoise withinwithin thethe data.data. TheThe real-timereal-time measuresmeasures 
consideredconsidered areare averageaverage speed,speed, coefficientcoefficient ofof variationvariation ofof speedspeed (the(the standardstandard deviationdeviation divideddivided 
byby thethe average),average), standardstandard deviationdeviation ofof speed,speed, averageaverage occupancy,occupancy, standardstandard deviationdeviation ofof 
occupancy,occupancy, averageaverage volume,volume, andand standardstandard deviationdeviation ofof volumevolume allall takentaken eithereither atat thethe stationstation ofof 
interestinterest oror atat locationslocations upup toto II milemile upstreamupstream oror downstreamdownstream ofof thethe stationstation ofof interest.interest. TheseThese 
valuesvalues areare allall calculatedcalculated forfor thethe periodperiod ofof timetime 55 toto 1010 minutesminutes beforebefore thethe timetime ofof interest.interest. ItIt 
meansmeans thatthat ifif thethe modelsmodels werewere implementedimplemented inin real-timereal-time theythey wouldwould provideprovide crashcrash riskrisk forfor aa 
periodperiod 55 minutesminutes intointo thethe future.future. ThisThis willwill allowallow forfor thethe implementationimplementation ofof aa crashcrash riskrisk 
alleviationalleviation strategystrategy inin real-timereal-time beforebefore aa potentialpotential crashcrash occurs.occurs. 

TheThe issuesissues toto bebe resolvedresolved beforebefore thethe outputoutput ofof thosethose modelsmodels couldcould bebe usedused forfor thisthis studystudy 
emanatedemanated fromfrom thethe factfact thatthat rear-endrear-end crashescrashes werewere foundfound toto occuroccur withinwithin twotwo separateseparate traffictraffic 
regimesregimes (Pande(Pande andand Abdel-Aty,Abdel-Aty, 2006a).2006a). ToTo describedescribe thesethese differentdifferent regimes,regimes, aa classificationclassification 
treetree modelmodel waswas createdcreated thatthat LlsedLlsed averageaverage speedsspeeds atat differentdifferent locationslocations aroundaround thethe stationstation ofof 
interestinterest asas thethe input.input. TheThe resultresult ofof thethe classificationclassification treetree modelmodel waswas aa setset ofof simplesimple if-thenif-then 
statementsstatements thatthat usedused thethe speedspeed variablesvariables toto classifyclassify thethe datadata intointo sevenseven distinctdistinct "leaves""leaves" onon thethe 
tree.tree. EachEach ofof thesethese leavesleaves hadhad aa differentdifferent percentagepercentage ofof regimeregime II andand regimeregime 22 crashescrashes andand 
thisthis probabilityprobability waswas usedused toto definedefine thethe traffictraffic conditionsconditions asas eithereither regimeregime II oror regimeregime 2.2. IfIf aa 
particularparticular leafleaf hadhad aa percentagepercentage ofof regimeregime II crashescrashes thatthat waswas greatergreater thanthan 0.50,0.50, thenthen thatthat leafleaf 
waswas assumedassumed toto representrepresent regimeregime II conditions.conditions. Likewise,Likewise, ifif thethe percentagepercentage ofof regimeregime 
crashescrashes waswas lessless thanthan 0.50,0.50, thenthen thethe leafleaf waswas saidsaid toto denotedenote regimeregime 22 conditions.conditions. TheThe 
classificationclassification treetree isis givengiven inin FigureFigure 1.1. 

I I 



 

 
  

 

 

 
   

 

 

 
 

 

 

 

 

 

  

 

        

   

    

  

:hl1~1:hl1~1 I\Sf2I\Sf2 44154415 

.':~O~?.':~O~? --I--I........ 
f-f- -c::-c:: ~1~1 ~'~' 

ll 
t:oc-:et:oc-:e :.:. ,...,... ....:!1:!1 -=:'-=:' 2:.;.2:.;. 

ftSF:ftSF: 

r~;'Jlm~r~;'Jlm~ 11 
gc",la)gc",la) 

HC~Jllll~HC~Jllll~ '2'2 

~N:4:0~~N:4:0~ii "C"C ~~ 
~."t:I:;:~."t:I:;: :J~):J~) ~I~d~~I~d~ 'I'I'"'f'"'f ;,;;;';,;;;' 1""1"" 

.~SH2·.~SH2· 3232 <;J<;J fJedt:?fJedt:? .:.: 
HH -=-= 6:t-6:t-
/;S:::...:./;S:::...:. 

05.31,05.31, (1-3}(1-3} 

_"012_"012 r·,r·, :: S3!S3! II !.e'-\15!.e'-\15 ~N;;;;~N;;;; 28)28) 

~e~~:"1~e~~:"1 
~,~, ........ ,"),") 

Rt:.:Rt:.: ltr-~ltr-~ 

1111 1'.,1'., !a)!a) 
'\L'gll,'\L'gll, ee 11 
lkrlkr J)1J)1 ~1:J;~1:J; 

R~lln~R~lln~ 11 
17.9:~!17.9:~! (;)1(;)1 

f"~'f"~' l;."UJIIl\::l;."UJIIl\:: 11 

76",76", (a)(a) 
t;:.:qllnct;:.:qllnc 11 
O~·O~· (;.''Iv(;.''Iv ~31~31 

J;:eo'me-J;:eo'me- :?:? .q<:Tme?.q<:Tme? ReglllieReglllie 22 T\eglrT\eglrrr ll;:=2ll;:=2 Rc"gllreRc"gllre ~~ 

~2~2 ~~ ,,1-"1,,1-"1 1·~1·~ r~'"r~'" ll 1·~!1·~! !:!!:! 1':;1':; '1-fl.)'1-fl.) ;:;:........ 7·;.7·;. ~k1)~k1) 9~9~ ~,;,v~)~,;,v~) J}J} 

AS=LAS=L i\\'c-rcl9'~i\\'c-rcl9'~ S~~~S~~~ 111.oluTlon111.oluTlon cfcf lnli~lc~l.lnli~lc~l. 5,5, rlrl rrimJlcsrrimJlcs tn:?loletn:?lole ·Ime·Ime vv In"ere;jIn"ere;j 

/8J:2/8J:2 -- I\VCI(J~'-='I\VCI(J~'-=' S~S~ 11 rnlrnl Ups1lc(JrlUps1lc(Jrl ofof LocationLocation o·o· :Jela-entell5'sl.ntell5'sl. fj.~fj.~ 1100 mlnl:te~mlnl:te~ :Jeia-e TTmeme ofof IntefestIntefest 

AS,·AS,· 22 -- Aveloc:oAveloc:o :iPB'~'Ci:iPB'~'Ci JJllilli dcwinsliCnrndcwinsliCnrn clcl LocoJlnnLocoJlnn otot In·frr·~st.In·frr·~st. '1·1'1·1 [)[) minute:minute: oe:oreoe:ore TilleTille nlnl 'nle,esl'nle,esl 

FigureFigure 1.1. ClassificationClassification TreeTree toto DetermineDetermine RegimeRegime ConditionsConditions forfor TrafficTraffic DataData (Pande,(Pande, 2(05)2(05) 

AsAs seenseen fromfrom FigureFigure I,I, regimeregime II conditionsconditions areare generallygenerally lowerlower speedspeed conditionsconditions thatthat 
representrepresent congestioncongestion onon thethe freeway.freeway. RegimeRegime 22 conditionsconditions areare generallygenerally higherhigher speedsspeeds andand 
representrepresent lessless congestedcongested traffictraffic flow.flow. Also,Also, notenote thatthat thethe typicaltypical valuevalue ofof "a""a" (see(see FigureFigure 1)1) forfor 
aa leafleaf isis notnot closeclose toto 0.50.0.50. ThisThis showsshows thatthat thethe classificationclassification treetree doesdoes aa goodgood jobjob ofof 
partitioningpartitioning thethe datadata intointo oneone ofof thethe twotwo traffictraffic regimeregime conditions.conditions. TrafficTraffic datadata obtainedobtained priorprior 
toto crashescrashes andand randomrandom (non-crash)(non-crash) traffictraffic datadata werewere runrun throughthrough thethe classificationclassification treetree modelmodel 
toto determinedetermine thethe percentagepercentage ofof crashescrashes thatthat occuroccur withinwithin eacheach regimeregime andand thethe percentagepercentage ofof 
timetime thatthat traffictraffic conditioncondition belongedbelonged toto eacheach regime,regime, respectively.respectively. 45.8%45.8% ofof rear-endrear-end crashescrashes 
werewere foundfound toto occuroccur withinwithin regimeregime II conditionsconditions whilewhile thisthis statestate isis onlyonly prevalentprevalent 6.3%6.3% ofof thethe 
time.time. ThisThis leadsleads toto thethe beliefbelief thatthat regimeregime II conditionsconditions areare moremore crashcrash proneprone thanthan regimeregime 2.2. 

SeparateSeparate neuralneural networknetwork modelsmodels werewere thenthen createdcreated forfor eacheach ofof thethe twotwo traffictraffic regimes.regimes. TheseThese 
modelsmodels usedused variablesvariables similarsimilar toto thosethose usedused inin thethe classificationclassification treetree toto differentiatedifferentiate betweenbetween 
regimeregime 11 andand regimeregime 22 conditions.conditions. TheThe regimeregime II modelmodel usedused traffictraffic datadata locatedlocated atat thethe 
locationlocation (loop(loop detectordetector station)station) ofof interestinterest only.only. ThisThis waswas donedone becausebecause inin congestedcongested 
situationssituations thethe traffictraffic conditionsconditions dodo notnot varyvary muchmuch upup toto 11 milemile upstreamupstream oror downstreamdownstream ofof thethe 
locationlocation ofof interest.interest. Therefore,Therefore, usingusing traffictraffic datadata fromfrom otherother nearbynearby locationslocations doesdoes littlelittle toto 
improveimprove thethe accuracyaccuracy ofof thethe model.model. InIn thisthis traffictraffic regime,regime, thethe averageaverage occupancyoccupancy isis thethe mostmost 
importantimportant variablevariable affectingaffecting thethe rear-endrear-end crashcrash risk;risk; higherhigher occupanciesoccupancies increaseincrease thethe riskrisk ofof 
suchsuch aa crashcrash occurringoccurring inin congestioncongestion situations.situations. TheThe regimeregime 22 modelmodel usesuses traffictraffic informationinformation 
atat thethe stationstation ofof interestinterest asas wellwell asas upup toto 11 milemile upstreamupstream andand downstreamdownstream ofof thatthat location.location. InIn 
thisthis model,model, thethe speedspeed differentialdifferential isis veryvery importantimportant asas thethe crashcrash riskrisk isis increasedincreased whenwhen fasterfaster 
movingmoving traffictraffic approachesapproaches slowerslower movingmoving traffic.traffic. Therefore,Therefore, averageaverage speedsspeeds atat thethe locationlocation ofof 
interestinterest asas wellwell asas bothboth upstreamupstream andand downstreamdownstream ofof thisthis locationlocation areare importantimportant toto determinedetermine ifif 
therethere isis aa largelarge speedspeed differentialdifferential whichwhich wouldwould increaseincrease thethe riskrisk ofof aa rear-endrear-end collision.collision. 
SpecificSpecific informationinformation onon thethe modelingmodeling processprocess cancan bebe obtainedobtained fromfrom PandePande andand Abdel-AtyAbdel-Aty 
(2006a)(2006a) andand PandePande (2006b).(2006b). 

TwoTwo separateseparate modelsmodels provideprovide posteriorposterior probabilitiesprobabilities ofof aa rear-endrear-end crashcrash occurrenceoccurrence givengiven thethe 
inputinput traffictraffic andand offlineoffline (geometric(geometric andand spatial)spatial) factors.factors. AA posteriorposterior probabilityprobability ofof anan eventevent 
(crash)(crash) isis thethe conditionalconditional probabilityprobability ofof thethe eventevent occurringoccurring takingtaking intointo accountaccount thethe relevantrelevant 



evidenceevidence ofof thethe datasetdataset usedused toto createcreate thethe model.model. Therefore,Therefore, thethe outputoutput ofof thethe regimeregime II modelmodel 
isis analogousanalogous toto thethe probabilityprobability thatthat aa crashcrash willwill occuroccur forfor thethe inputinput conditionsconditions givengiven thethe datadata 
usedused toto traintrain thethe neuralneural networknetwork model.model. ThisThis meansmeans thatthat thethe outputsoutputs fromfrom thethe twotwo modelsmodels areare 
notnot comparablecomparable withwith oneone anotheranother directly.directly. ForFor example,example, thethe riskrisk ofof aa regimeregime 22 crashcrash occurringoccurring 
couldcould bebe determineddetermined forfor twotwo continuouscontinuous timetime slicesslices toto comparecompare whetherwhether oror notnot thethe crashcrash riskrisk 
hashas increased,increased, decreased,decreased, oror remainedremained thethe same.same. However,However, thisthis assumesassumes thatthat thethe conditionsconditions 
forfor thethe twotwo timetime slicesslices areare bothboth regimeregime 22 conditions.conditions. WhenWhen thethe traffictraffic conditionsconditions changechange fromfrom 
regimeregime II toto regimeregime 22 conditionsconditions (or(or vicevice versa),versa), thethe outputoutput fromfrom thethe modelsmodels cannotcannot bebe usedused toto 
determinedetermine whetherwhether thethe crashcrash riskrisk situationsituation hashas improvedimproved oror worsened.worsened. TheThe lacklack ofof 
comparabilitycomparability betweenbetween thethe twotwo modelmodel outputsoutputs presentspresents aa problemproblem forfor determiningdetermining thethe 
effectivenesseffectiveness ofof ITSITS strategiesstrategies inin aa simulationsimulation environment.environment. TheThe purposepurpose ofof thethe simulationsimulation 
willwill bebe toto testtest variousvarious ITSITS strategiesstrategies andand theirtheir effectseffects onon thethe crashcrash risk.risk. TheThe routeroute diversiondiversion 
strategiesstrategies testedtested willwill changechange thethe rear-endrear-end crashcrash riskrisk byby alteringaltering thethe traffictraffic flowflow whichwhich cancan (and(and 
does)does) changechange thethe traffictraffic conditionsconditions fromfrom regimeregime II toto regimeregime 22 oror vicevice versa.versa. ItIt isis essentialessential toto 
knowknow howhow changingchanging thethe traffictraffic conditionsconditions fromfrom oneone regimeregime toto anotheranother affectsaffects thethe crashcrash risk.risk. IfIf 
thethe twotwo modelsmodels areare notnot comparable,comparable, thenthen therethere isis nono wayway ofof knowingknowing ifif thethe implementedimplemented 
procedureprocedure isis actuallyactually increasingincreasing oror decreasingdecreasing thethe riskrisk ofof aa rear-endrear-end crashcrash onon thethe freeway.freeway. 

MethodsMethods UsedUsed toto CompareCompare ModelModel OutputsOutputs 

SeveralSeveral methodsmethods werewere consideredconsidered toto comparecompare thethe outputsoutputs ofof thethe regimeregime II andand regimeregime 22 rearrear
endend crashcrash riskrisk estimationestimation models.models. TheThe firstfirst waswas toto applyapply aa scalescale factorfactor toto thethe valuevalue outputtedoutputted 
byby oneone modelmodel toto thethe valuevalue outputtedoutputted byby thethe other.other. TheThe scalescale factorfactor waswas equalequal toto thethe relativerelative 
likelihoodlikelihood ofof observingobserving aa crashcrash inin regimeregime II asas opposedopposed toto regimeregime 2.2. ThisThis factorfactor waswas equalequal toto 
13.6513.65 ([0.46/0.06]([0.46/0.06] // [(1[(1 -- 0.46)0.46) // (l(l -- 0.06)]).0.06)]). ThisThis methodmethod waswas notnot usefuluseful asas thethe rangesranges ofof 
thethe riskrisk valuesvalues obtainedobtained fromfrom thethe posteriorposterior probabilityprobability modelsmodels forfor regimeregime 11 andand regimeregime 22 werewere 
notnot comparable,comparable, eveneven whenwhen thethe formerformer waswas scaledscaled up.up. TheThe secondsecond methodmethod waswas toto artificiallyartificially 
assignassign aa valuevalue ofof riskrisk ifif observedobserved conditionsconditions werewere inin regimeregime 11 sincesince thisthis regimeregime hadhad suchsuch aa 
highhigh percentagepercentage ofof crashescrashes (compared(compared toto thethe percentpercent ofof timetime thisthis regimeregime occurred).occurred). However,However, 
thisthis methodmethod assumedassumed thatthat regimeregime II conditionsconditions werewere ALWAYSALWAYS moremore riskyrisky thanthan regimeregime 22 
conditionsconditions whichwhich maymay notnot alwaysalways bebe thethe case.case. ThisThis methodmethod alsoalso treatedtreated allall regimeregime 11 
conditionsconditions asas thethe same;same; however,however, thethe outputoutput fromfrom thethe RegimeRegime 11 modelmodel itselfitself showsshows thatthat therethere 
areare varyingvarying degreesdegrees ofof crashcrash riskrisk withinwithin regimeregime 1.1. 

TheThe nextnext methodmethod consideredconsidered waswas toto normalizenormalize thethe outputsoutputs ofof thethe twotwo modelsmodels soso thatthat theythey 
wouldwould bebe onon comparablecomparable scales.scales. AA simplesimple standardizationstandardization procedureprocedure waswas performedperformed byby 
subtractingsubtracting fromfrom thethe outputoutput ofof eacheach modelmodel thethe meanmean ofof thatthat model'smodel's outputoutput andand dividingdividing byby thethe 
thatthat output'soutput's standardstandard deviation.deviation. WithWith thisthis done,done, thethe rangesranges ofof thethe normalizednormalized outputsoutputs werewere 
similarsimilar andand thenthen thethe valuesvalues couldcould bebe directlydirectly comparedcompared toto eacheach other.other. ComparingComparing thesethese 
numbersnumbers directlydirectly whenwhen conditionsconditions areare regimeregime II oror regimeregime 22 wouldwould assumeassume thatthat thethe traffictraffic 
conditionsconditions (between(between regimeregime 11 oror 2)2) areare absolute.absolute. However,However, basedbased onon FigureFigure I,I, wewe seesee thatthat thethe 
classificationclassification treetree containscontains aa probabilityprobability ofof beingbeing correctcorrect (the(the valuevalue "a""a" forfor regimeregime 11 andand "I-a""I-a" 
forfor regimeregime 2).2). Therefore,Therefore, thethe normalizednormalized outputsoutputs fromfrom eacheach modelmodel (regime(regime 11 oror 2)2) werewere 
weightedweighted byby thethe probabilityprobability ofof thethe traffictraffic conditionsconditions belongingbelonging toto thatthat respectiverespective regime.regime. TheThe 
finalfinal expressionexpression forfor thethe crashcrash riskrisk metricmetric isis givengiven belowbelow inin EqnEqn 1.1. 

RECrashRiskRECrashRisk == oo (no(no 1'1111'111 __ riskl)riskl) +(1-+(1- a)(norm_a)(norm_ riskrisk 2)2) (1)(1) 

where:where: 



a:a: probabilityprobability ofof traffictraffic conditionsconditions belongingbelonging toto regimeregime 11 
I-a:I-a: probabilityprobability ofof traffictraffic conditionsconditions belongingbelonging toto regimeregime 22 
NannNann risk]:risk]: normalizednormalized regiregi meme 11 modelmodel outputoutput 
Norl11_risk2:Norl11_risk2: normalizednormalized regimeregime 22 modelmodel outputoutput 
RECrashRisk:RECrashRisk: rear-endrear-end crashcrash riskrisk 

TheThe metricmetric forfor crashcrash riskrisk waswas thenthen comparedcompared forfor severalseveral samplesample casescases (before(before ITSITS measuresmeasures 
werewere implemented)implemented) toto ensureensure thatthat thethe actualactual resultsresults areare inin thethe expectedexpected range.range. TheThe correlationcorrelation 
betweenbetween RECrashRiskRECrashRisk andand thethe traffictraffic regimeregime waswas strongstrong -- thethe valuevalue ofof RECrashRiskRECrashRisk waswas 
typicallytypically higherhigher whenwhen traffictraffic conditionsconditions werewere inin regimeregime 11 butbut notnot alwaysalways so;so; exactlyexactly whatwhat isis 
expected.expected. TheThe RECraskRiskRECraskRisk metricmetric calculatedcalculated usingusing EqnEqn 11 waswas alsoalso comparedcompared withwith thethe otherother 
suggestedsuggested methodsmethods (discussed(discussed above)above) andand waswas qualitativelyqualitatively foundfound toto moremore accuratelyaccurately describedescribe 
thethe expectedexpected crashcrash riskrisk forfor variousvarious situations.situations. 

MEASUREMEASURE OFOF EFFECTIVENESSEFFECTIVENESS 

UsingUsing thethe aforementionedaforementioned crashcrash riskrisk models,models, aa valuevalue ofof thethe rear-endrear-end andand lane-changelane-change crashcrash 
riskrisk isis determineddetermined forfor everyevery 5-minute5-minute periodperiod atat everyevery locationlocation alongalong thethe freewayfreeway forfor eacheach ofof 
thethe simulationsimulation runs.runs. WhenWhen multiplemultiple differentdifferent scenariosscenarios areare simulated,simulated, plotsplots ofof thethe crashcrash riskrisk 
vs.vs. timetime andand crashcrash riskrisk vs.vs. locationlocation cancan bebe createdcreated inin orderorder toto assessassess thethe scenarioscenario thatthat hashas thethe 
lowestlowest real-timereal-time crashcrash riskrisk value.value. However,However, graphicalgraphical comparisonscomparisons areare notnot efficientefficient atat 
determiningdetermining thethe bestbest strategystrategy soso numericalnumerical measuresmeasures ofof effectivenesseffectiveness areare alsoalso usedused toto helphelp 
determinedetermine thethe strategiesstrategies thatthat reducereduce thethe crashcrash riskrisk thethe most.most. 
TheThe firstfirst twotwo measuresmeasures ofof effectivenesseffectiveness (MOE's)(MOE's) usedused inin thisthis studystudy areare thethe OverallOverall RiskRisk 
ChangeChange indexindex (ORCI)(ORCI) andand thethe Lane-ChangingLane-Changing RiskRisk ChangeChange IndexIndex (LCRCI).(LCRCI). TheyThey denotedenote thethe 
changechange inin thethe rear-endrear-end andand lane-changelane-change crashcrash risk,risk, respectively,respectively, betweenbetween anyany particularparticular testtest 
casecase (with(with RouteRoute didi versionversion strategies)strategies) andand thethe basebase casecase (without(without RouteRoute didi versionversion strategies).strategies). 
TheseThese MOE'sMOE's areare calculatedcalculated inin thethe followingfollowing manner.manner. First,First, thethe crashcrash riskrisk isis calculatedcalculated forfor 
eacheach 5-minute5-minute periodperiod atat everyevery location.location. Second,Second, thethe crashcrash riskrisk atat eacheach locationlocation isis averagedaveraged 
overover thethe entireentire simulationsimulation lengthlength (3-hour(3-hour simulationsimulation ==36xS-minute36xS-minute crashcrash riskrisk values)values) atat everyevery 
location.location. Next,Next, aa plotplot ofof thethe averageaverage crashcrash riskrisk valuevalue vs.vs. locationlocation isis createdcreated forfor thethe basebase casecase 
andand thethe testtest case.case. TheThe areaarea betweenbetween thethe twotwo rear-endrear-end crashcrash riskrisk curvescurves representsrepresents thethe ORCIORCI 
whilewhile thethe areaarea betweenbetween thethe lane-changelane-change crashcrash riskrisk curvescurves isis thethe LCRCI.LCRCI. ThisThis measuremeasure isis 
shownshown moremore clearlyclearly inin EquationEquation 2.2. AA negativenegative valuevalue ofof thethe ORCIORCI (or(or LCRCI)LCRCI) indicatesindicates thatthat 
thethe overalloverall changechange acrossacross thethe freewayfreeway segmentsegment isis anan increaseincrease inin thethe crashcrash riskrisk whilewhile aa positivepositive 
valuevalue showsshows aa decreasedecrease inin thethe crashcrash riskrisk (improved(improved safetysafety conditions).conditions). 

Where,Where, (Risk_profile)(Risk_profile) tt II == thethe averageaverage rear-endrear-end crashcrash riskrisk atat timetime tt andand stationstation I;I; TT == thethe 
numbernumber ofof timetime periodsperiods inin thethe simulationsimulation runrun (36)(36) 

ROUTEROUTE DIVERSIONDIVERSION ANALYSISANALYSIS 

TheThe didi versionversion routeroute usedused inin thisthis studystudy isis locatedlocated inin thethe downtowndowntown OrlandoOrlando areaarea andand isis depicteddepicted 
inin FigureFigure 1.1. ThisThis routeroute waswas chosenchosen toto influenceinfluence thethe traffictraffic flowflow aroundaround thethe Interstate-4Interstate-4 // 
SRSR 408408 Interchange.Interchange. AtAt thisthis interchangeinterchange aa largelarge volumevolume ofof vehiclesvehicles enterenter Interstate-4Interstate-4 inin anan 
uncontrolleduncontrolled fashionfashion fromfrom SRSR 408408 whichwhich causescauses heavyheavy congestioncongestion andand possiblypossibly increasedincreased 



crashcrash risk.risk. TheThe routeroute isis comprisedcomprised ofof twotwo decisiondecision points,points, DP-IADP-IA andand DP-IB.DP-IB. AA decisiondecision 
pointpoint isis defineddefined asas aa locationlocation wherewhere aa vehiclevehicle isis facedfaced withwith thethe choicechoice ofof whetherwhether oror notnot toto 
divertdivert fromfrom itsits naturalnatural routeroute defineddefined byby PARAMICS.PARAMICS. AtAt DP-IA,DP-IA, vehiclesvehicles thatthat wouldwould 
traditionallytraditionally enterenter 1-41-4 viavia thethe OrangeOrange BlossomBlossom TrailTrail (OBT)(OBT) on-rampon-ramp havehave thethe optionoption toto insteadinstead 
traveltravel furtherfurther northboundnorthbound onon OBTOBT untiluntil theythey reachreach DP-lB.DP-lB. AtAt DP-IB,DP-IB, thethe diverteddiverted vehiclesvehicles 
havehave thethe choicechoice betweenbetween travelingtraveling easteast onon AndersonAnderson StreetStreet toto accessaccess 1-41-4 throughthrough thethe AndersonAnderson 
StreetStreet rampramp oror travelingtraveling furtherfurther north,north, thenthen easteast onon ColonialColonial DriveDrive toto enterenter 1-41-4 atat thethe ColonialColonial 
OliveOlive ramp.ramp. TheThe vehiclesvehicles thatthat enterenter onon AndersonAnderson StreetStreet werewere diverteddiverted aa totaltotal ofof 22 milesmiles whilewhile 
thethe vehiclesvehicles enteringentering onon ColonialColonial DriveDrive werewere diverteddiverted 33 milesmiles fromfrom thethe initialinitial entryentry locationlocation 
onon 1-4.1-4. ThisThis diversiondiversion routeroute forcesforces vehiclesvehicles thatthat enteredentered justjust upstreamupstream ofof thethe 1-41-4 // SRSR 408408 
InterchangeInterchange toto bypassbypass thethe freewayfreeway andand enterenter downstreamdownstream ofof thethe interchange.interchange. 

TheThe evaluatedevaluated diversiondiversion routeroute keptkept vehiclesvehicles fromfrom enteringentering 1-41-4 onon thethe OrangeOrange BlossomBlossom TrailTrail 
entryentry rampramp andand insteadinstead diverteddiverted themthem downstreamdownstream toto enterenter thethe freewayfreeway onon eithereither thethe AndersonAnderson 
StreetStreet oror ColonialColonial DriveDrive on-ramp.on-ramp. TheThe OrangeOrange BlossomBlossom TrailTrail on-rampon-ramp hashas aa highhigh rampramp 
volumevolume ofof aboutabout 10201020 veh/hrveh/hr duringduring thethe PMPM peakpeak periodperiod (the(the durationduration ofof thethe simulation).simulation). TheThe 
AndersonAnderson StreetStreet on-rampon-ramp hashas aa lowlow volumevolume ofof aboutabout 300300 vehveh // hrhr andand thethe ColonialColonial DriveDrive 
on-rampon-ramp hashas aa muchmuch higherhigher volumevolume ofof aboutabout 970970 vehveh // hr.hr. DivertingDiverting tootoo manymany vehiclesvehicles toto 
anyany ofof thethe on-rampson-ramps wouldwould increaseincrease thethe rampramp volumevolume beyondbeyond capacitycapacity andand causecause thethe rampramp 
traffictraffic toto backback upup ontoonto thethe surroundingsurrounding surfacesurface streets.streets. ThisThis factfact waswas takentaken intointo considerationconsideration 
whenwhen examiningexamining thethe resultsresults ofof routeroute diversiondiversion toto ensureensure thatthat operationaloperational capacitycapacity waswas notnot 
exceededexceeded inin orderorder toto improveimprove thethe safetysafety onon thethe roadway.roadway. 
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FigureFigure 2.2. LocationLocation ofof DiversionDiversion RouteRoute andand DecisionDecision Points.Points. 

EXPERIMENTALEXPERIMENTAL DESIGNDESIGN 

TheThe experimentalexperimental designdesign forfor thisthis studystudy consistedconsisted ofof aa totaltotal ofof 6060 runsruns createdcreated toto testtest differentdifferent 
levelslevels ofof diversiondiversion forfor thethe twotwo diversiondiversion routesroutes atat differentdifferent networknetwork loadingloading conditions.conditions. ThisThis 
factorialfactorial designdesign testedtested allall combinationscombinations ofof differentdifferent levelslevels ofof networknetwork loadingloading conditionsconditions (60.(60. 
80.80. 90.90. andand 100100 percentpercent ofof thethe ODOD matrixmatrix toto representrepresent varyingvarying conditionsconditions -- uncongesteduncongested toto 
congested).congested). percentpercent diversiondiversion fromfrom DP-lADP-lA (20,(20, 40,40, 60,60, 80,80, andand 100100 percent),percent), andand percentpercent 
diversiondiversion fromfrom DP-lSDP-lS (0,(0, 50,50, andand 100100 percent).percent). TheThe percentpercent ofof vehiclesvehicles diverteddiverted fromfrom DP-IADP-IA 
controlscontrols howhow manymany vehiclesvehicles werewere diverteddiverted fromfrom usingusing theirtheir preferredpreferred entryentry locationlocation andand thethe 
percentpercent ofof vehiclesvehicles diverteddiverted fromfrom DP-lBDP-lB controlscontrols howhow farfar thesethese diverteddiverted vehiclesvehicles traveledtraveled 
beforebefore re-enteringre-entering thethe freewayfreeway traffictraffic stream.stream. 

ForFor eacheach testtest casecase aa minimumminimum ofof 1010 simulationsimulation runsruns werewere performedperformed usingusing differentdifferent randomrandom 
numbernumber seedsseeds toto ensureensure variationvariation withinwithin thethe traffictraffic data.data. UsingUsing multiplemultiple runsruns helpedhelped toto ensureensure 
thatthat thethe resultsresults thatthat areare foundfound werewere basedbased onon thethe routeroute diversiondiversion andand notnot simplysimply anan effecteffect ofof 
usingusing aa specificspecific startingstarting numbernumber seed.seed. AfterAfter 1010 runsruns werewere performed.performed. thethe variationvariation inin thethe 
crashcrash riskrisk waswas calculatedcalculated and,and, ifif itit waswas tootoo high,high, moremore runsruns werewere addedadded inin orderorder toto reducereduce thethe 
variationvariation toto withinwithin acceptableacceptable limits.limits. AA 90%90% significancesignificance levellevel waswas assumedassumed alongalong withwith anan 
allowableallowable errorerror ofof 0.10.1 inin thethe averageaverage crashcrash riskrisk (which(which correspondedcorresponded toto 2%2% ofof thethe rangerange ofof 



 

crashcrash risksrisks found).found). BasedBased onon thisthis method,method, thethe maximummaximum numbernumber ofof runsruns thatthat werewere neededneeded toto 
bebe performedperformed forfor anyany scenarioscenario waswas 20.20. OnceOnce thethe runsruns forfor aa particularparticular testtest casecase werewere 
completed,completed, thethe valuesvalues ofof thethe crashcrash riskrisk atat eacheach similarsimilar timetime periodperiod andand locationlocation werewere averagedaveraged 
togethertogether whichwhich createdcreated aa singlesingle crashcrash riskrisk profileprofile thatthat representedrepresented thethe particularparticular testtest case.case. 

TheThe experimentalexperimental designdesign waswas createdcreated inin orderorder toto answeranswer thethe followingfollowing questions:questions: 1)1) doesdoes routeroute 
diversiondiversion serveserve toto reducereduce thethe crashcrash riskrisk moremore duringduring timestimes ofof freefree flowflow conditionsconditions oror heavyheavy 
congestion;congestion; 2)2) doesdoes divertingdiverting moremore vehiclesvehicles increaseincrease thethe safetysafety benefitsbenefits alongalong thethe freeway;freeway; 
andand 3)3) doesdoes divertingdiverting vehiclesvehicles furtherfurther awayaway havehave aa greatergreater safetysafety impactimpact thanthan divertingdiverting themthem 
toto nearbynearby on-ramps?on-ramps? 

RESULTSRESULTS 

SummarySummary valuesvalues ofof thethe firstfirst twotwo measuresmeasures ofof effectivenesseffectiveness (ORCI(ORCI andand LCRCI)LCRCI) werewere 
calculatedcalculated forfor eacheach testtest casecase valuesvalues areare presentedpresented inin TableTable 1.1. LookingLooking atat thesethese summarysummary 
measuresmeasures givesgives anan indicationindication ofof thethe effectseffects ofof routeroute diversiondiversion onon thethe crashcrash riskrisk throughoutthroughout thethe 
networknetwork corridor.corridor. FromFrom thisthis tabletable itit cancan bebe seenseen thatthat asas thethe percentpercent ofof vehiclesvehicles thatthat werewere 
didi vertedverted fromfrom DP-lDP-l AA (the(the totaltotal numbernumber ofof vehiclesvehicles didi verted)verted) increasesincreases thethe valuesvalues ofof thethe ORCIORCI 
andand LCRCILCRCI increaseincrease asas well.well. ThisThis meansmeans thatthat divertingdiverting moremore vehiclesvehicles tendstends toto increaseincrease thethe 
safetysafety benefitsbenefits realizedrealized onon thethe freeway.freeway. MaximumMaximum safetysafety benefitsbenefits areare realizedrealized whenwhen 100100 
percentpercent ofof thethe vehiclesvehicles areare diverteddiverted fromfrom DP-IADP-IA (l00(l00 percentpercent ofof thethe vehiclesvehicles areare diverteddiverted fromfrom 
enteringentering atat thethe OrangeOrange BlossomBlossom TrailTrail on-ramp).on-ramp). 

DivertingDiverting vehiclesvehicles toto thethe furtherfurther on-rampon-ramp (having(having aa higherhigher percentagepercentage ofof vehiclesvehicles USll1gUSll1g 
DP-IB)DP-IB) alsoalso servesserves toto increaseincrease thethe safetysafety benefitsbenefits onon thethe freewayfreeway corridor.corridor. AsAs shovvnshovvn inin 
Table-I,Table-I, thethe valuesvalues ofof thethe ORCIORCI andand LCRCILCRCI tendtend toto increaseincrease withwith higherhigher percentagespercentages ofof 
vehiclesvehicles usingusing DP-lDP-l B.B. TheThe mostmost notablenotable exceptionsexceptions areare thethe valuesvalues ofof LCRCILCRCI atat thethe 6060 percentpercent 
loadingloading scenarioscenario whichwhich decreasedecrease asas moremore vehiclesvehicles areare diverteddiverted toto thethe furtherfurther on-ramp.on-ramp. TheThe 
reasonreason forfor thisthis isis becausebecause atat thethe lowlow (60(60 percent)percent) loadingloading scenarioscenario divertingdiverting moremore vehiclesvehicles toto 
thethe ColonialColonial DriveDrive on-rampon-ramp (which(which alreadyalready hashas aa highhigh traffictraffic volume)volume) significantlysignificantly increasesincreases 
thethe occupancyoccupancy inin thethe rightright mostmost lanelane ofof thethe freewayfreeway nearnear thethe re-~ntryre-~ntry location.location. AlthoughAlthough thethe 
overalloverall effecteffect ofof thethe diversiondiversion isis toto reducereduce thethe lane-changelane-change crashcrash risk,risk, thethe higherhigher differentialdifferential 
betweenbetween thethe lanelane occupanciesoccupancies onon adjacentadjacent laneslanes causedcaused byby divertingdiverting moremore vehiclesvehicles toto thethe 
ColonialColonial DriveDrive on-rampon-ramp causescauses thethe magnitudemagnitude ofof thethe safetysafety benefitsbenefits toto bebe reducedreduced comparedcompared 
toto whenwhen thethe diverteddiverted vehiclesvehicles usedused thethe lessless traveledtraveled on-ramp.on-ramp. ThisThis phenomenonphenomenon isis notnot 
realizedrealized atat thethe higherhigher (80(80 percentpercent oror greater)greater) loadingloading cases,cases, however.however. TheThe reasonreason forfor thisthis isis 
thatthat thethe traffictraffic nownow onon thethe freewayfreeway isis alreadyalready soso highhigh thatthat thethe differencedifference inin thethe lanelane 
occupanciesoccupancies acrossacross adjacentadjacent laneslanes doesdoes notnot becomebecome significantsignificant enoughenough toto causecause reducedreduced 
valuesvalues ofof LCRCILCRCI whenwhen thethe furtherfurther re-entryre-entry rampramp isis used.used. 

LookingLooking atat thethe ORCIORCI andand LCRCILCRCI valuesvalues inin TableTable 1,1, itit cancan bebe seenseen thatthat rOllterOllte diversiondiversion seemsseems 
toto havehave aa positivepositive impactimpact onon thethe rear-endrear-end crashcrash riskrisk atat thethe 60,60, 80,80, andand 9090 percentpercent loadingloading 
conditionsconditions asas wellwell asas aa positivepositive impactimpact onon thethe lane-changelane-change crashcrash riskrisk atat allall loadingloading cases.cases. 
However,However, whilewhile thethe summarysummary statisticsstatistics showshow thethe overalloverall changechange inin thethe crashcrash riskrisk throughoutthroughout 
thethe corridor,corridor, aa moremore in-depthin-depth looklook atat howhow thethe crashcrash riskrisk changeschanges acrossacross thethe differentdifferent locationslocations 
alongalong thethe freewayfreeway isis neededneeded toto understandunderstand thethe truetrue effectseffects ofof routeroute diversion;diversion; eveneven thoughthough thethe 
summarysummary statisticsstatistics showshow aa positivepositive changechange inin thethe riskrisk therethere isis stillstill thethe chancechance thatthat routeroute 
diversiondiversion isis notnot applicableapplicable inin somesome situations.situations. 
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TableTable 11 SummarySummary StatisticsStatistics 
%% %% DivertedDiverted fromfrom DP-IADP-IA

LoadingLoading 
DivertedDiverted 

MOEMOE ConsideredConsidered 
fromfrom 2020 4040 6060 8080 100100(%)(%) 

DP-1BDP-1B 

00 0.63050.6305 0,92130,9213 1.78761.7876 2.02132.0213 2.'07372.'0737 

6060 5050 0.3970.397 1,2321,232 1.911.91 2.552.55 32243224 

100100 0.4180.418 1.2991.299 2,0852,085 2.7772.777 3.6663.666 

00 0.7880.788 1.2111.211 1,7791,779 18931893 2.6512.651 

8080 5050 O,(i(i(iO,(i(i(i 1.1731.173 1,9011,901 2.6132.613 3.3913.391 
Rear-EndRear-End CrashCrash 100100 0.8990.899 1.391.39 2,0262,026 3.1053.105 4.0694.069 

RiskRisk ChangeChange 
00 0.1440.144 0,1350,135 0,8660,866 0.6220.622 2.0962.096(ORCl)(ORCl) 

9090 5050 05350535 -0.754-0.754 -0155-0155 0.7040.704 1.0211.021 

100100 0.1130.113 0,070,07 1,9951,995 4.1884.188 6.7466.746 

00 -0.318-0.318 -0.206-0.206 -0.385-0.385 -0.523-0.523 -0.179-0.179 

100100 5050 -0-0 198198 -0.421-0.421 -0,312-0,312 -0.531-0.531 -0.676-0.676 

100100 -0.558-0.558 -0.795-0.795 -0.572-0.572 0.4130.413 1.7631.763 

00 0.14530.1453 0.41370.4137 1.07981.0798 1.5441.544 2.36872.3687 ,-,- --
6060 5050 0.15490.1549 0.38440.3844 0,86310,8631 1.32711.3271 2.01042.0104 

100100 0.l7130.l713 0.40290.4029 0,85030,8503 1.19391.1939 1.75991.7599 

00 -0.27(j5-0.27(j5 0.6240.624 1.1341.134 1.37181.3718 2.03112.0311 

8080 5050 0.39770.3977 0.62160.6216 0.99690.9969 1.30871.3087 2.31672.3167Lane-ChangeLane-Change 
CrashCrash RiskRisk 100100 0.38090.3809 0.64110.6411 0.88720.8872 1.50851.5085 2.39232.3923 

ChangeChange 00 --1.6461.646 -0.8402-0.8402 -0.3415-0.3415 -1.0547-1.0547 0.19820.1982 
(LCRCI)(LCRCI) 9090 5050 1.01371.0137 0.47610.4761 0.93330.9333 1.76921.7692 2.16392.1639 

100100 0.92930.9293 1.22581.2258 2.97252.9725 4.69424.6942 7.20357.2035 

00 0.40270.4027 1.01471.0147 1.46]21.46]2 3.15493.1549 4.74684.7468 

100100 5050 1.51031.5103 1.77421.7742 2.91332.9133 4.473]4.473] 5.59835.5983 

100100 0.74320.7432 2.32372.3237 5.08345.0834 6.67536.6753 8.30678.3067 

AtAt thethe 6060 percentpercent loadingloading casecase thethe effecteffect ofof routeroute diversiondiversion isis toto reducereduce thethe crashcrash riskrisk atat allall 
JJocationsocations betweenbetween wherewhere vehiclesvehicles areare didi vertedverted fromfrom andand wherewhere theythey re-enterre-enter 1-4.1-4. AtAt thethe 8080 
percentpercent loadingloading case,case, aa phenomenonphenomenon knownknown asas crashcrash riskrisk migrationmigration startsstarts toto appear.appear. CrashCrash
riskrisk migrationmigration isis thethe reductionreduction ofof thethe crash-riskcrash-risk atat oneone locationlocation coupledcoupled withwith thethe increaseincrease ofof 
thethe crashcrash riskrisk immediatelyimmediately downstream.downstream. ThisThis isis shownshown graphicallygraphically inin FigureFigure 22 whichwhich isis aa plotplot 
ofof howhow thethe crashcrash riskrisk changeschanges forfor thethe variousvarious routeroute diversiondiversion testtest casescases comparedcompared toto thethe basebase 
case.case. TheThe locationslocations alongalong thethe freewayfreeway makemake upup thethe verticalvertical axisaxis whilewhile thethe percentpercent ofof vehiclesvehicles 
diverteddiverted fromfrom DP-IBDP-IB (or(or wherewhere thethe vehiclesvehicles areare diverteddiverted to)to) isis shownshown onon thethe horizontalhorizontal axis.axis. 
NoteNote thatthat onon thethe verticalvertical axisaxis eacheach looploop detectordetector stationstation isis representedrepresented twice.twice. TheThe suffixsuffix 00 
denotesdenotes thethe riskrisk valuevalue calculatedcalculated forfor thethe areaarea justjust upstreamupstream ofof thethe detectordetector locationlocation whilewhile thethe 
suffixsuffix II representsrepresents thethe crashcrash riskrisk justjust downstreamdownstream ofof thethe looploop detector.detector. OnOn FigureFigure 2,2, thethe 
locationlocation ofof thethe rampramp wherewhere vehiclesvehicles areare diverteddiverted fromfrom isis markedmarked asas aa solidsolid horizontalhorizontal lineline 
whilewhile thethe locationlocation ofof wherewhere vehiclesvehicles areare diverteddiverted toto isis markedmarked asas aa dasheddashed horizontalhorizontal line.line. InIn 
thisthis figure,figure, thethe darkdark coloredcolored areasareas representrepresent locationslocations wherewhere thethe rear-endrear-end crashcrash riskrisk isis 
increasedincreased inin thethe testtest casecase asas comparedcompared toto thethe basebase case,case, thethe mediummedium shadesshades representrepresent areasareas ofof 
nono crashcrash riskrisk change,change, andand thethe lightlight areasareas representrepresent aa rear-endrear-end crashcrash riskrisk decrease.decrease. ForFor thethe 8080 
percentpercent loadingloading case,case, thethe rear-endrear-end crashcrash riskrisk isis reducedreduced betweenbetween thethe locationslocations wherewhere thethe 
vehiclesvehicles areare didi verredverred fromfrom andand wherewhere thethe vehiclesvehicles areare diverteddiverted to.to. TheThe crashcrash riskrisk migrationmigration 
occursoccurs wherewhere thethe diverteddiverted vehiclesvehicles areare reinsertedreinserted backback ontoonto thethe freeway.freeway. ThisThis occursoccurs becausebecause 



asas largelarge numbersnumbers ofof vehiclesvehicles re-enterre-enter thethe freewayfreeway theythey increaseincrease thethe traffictraffic volumevolume nearnear thatthat 
areaarea andand causecause addedadded congestioncongestion whichwhich increasesincreases thethe crashcrash risk.risk. TheThe areaarea affectedaffected byby crashcrash 
riskrisk migrationmigration inin FigureFigure 22 isis veryvery smallsmall andand isis confinedconfined toto justjust thethe fewfew stationsstations locatedlocated 
immediatelyimmediately downstreamdownstream ofof thethe vehiclevehicle re-entryre-entry ramps.ramps. 

However,However, forfor thethe 9090 andand 100100 percentpercent loadingloading casescases thethe resultsresults areare significantlysignificantly different.different. TheThe 
changechange inin thethe crashcrash riskrisk duedue toto routeroute diversiondiversion atat thethe 9090 andand 100100 percentpercent loadingloading casescases areare 
shownshown inin FigureFigure 22 asas well.well. First,First, thethe areaarea ofof effecteffect ofof routeroute diversiondiversion isis muchmuch largerlarger forfor thesethese 
casescases thanthan thethe areaarea ofof effecteffect forfor thethe 8080 percentpercent loadingloading case.case. ThisThis occursoccurs becausebecause atat higherhigher 
loadingloading casescases therethere isis muchmuch moremore traffictraffic volumevolume andand congestioncongestion onon thethe freeway.freeway. TheThe effecteffect ofof 
divertingdiverting vehicles,vehicles, therefore,therefore, isis toto reducereduce thethe lengthslengths ofof thethe largelarge queuesqueues thatthat formform inin thethe 
downtowndowntown area.area. TheseThese largelarge areasareas ofof congestioncongestion extendextend upstreamupstream forfor milesmiles andand whenwhen vehiclesvehicles 
areare diverteddiverted thethe queuesqueues becomebecome shorter.shorter. ThisThis causescauses aa reductionreduction inin thethe crashcrash riskrisk atat thethe 
upstreamupstream endend ofof thethe originaloriginal queuingqueuing area.area. AsAs thisthis areaarea thatthat waswas typicallytypically congestedcongested inin thethe 
basebase casecase suddenlysuddenly becomesbecomes lessless congested,congested, thethe rear-endrear-end crashcrash riskrisk decreases.decreases. Second,Second, thethe 
numbernumber ofof locationslocations thatthat experienceexperience anan increaseincrease inin thethe rear-endrear-end crashcrash riskrisk (crash(crash riskrisk 
migration)migration) increasesincreases significantly.significantly. AtAt thethe 8080 percentpercent loadingloading scenario,scenario, betweenbetween 1515 andand 1919 
locationslocations showedshowed aa crashcrash riskrisk decreasedecrease whilewhile 22 toto 44 locationslocations experiencedexperienced aa riskrisk increase.increase. 
However,However, atat thethe 9090 percentpercent loadingloading scenario,scenario, 1616 toto 2222 locationslocations showedshowed aa crashcrash riskrisk decreasedecrease 
whilewhile 66 toto 1212 locationslocations experiencedexperienced increasedincreased crashcrash risk.risk. AtAt thethe 100100 percentpercent loadingloading scenario,scenario, 
thisthis isis eveneven furtherfurther exaggeratedexaggerated asas 1010 toto 1818 locationslocations showedshowed reducedreduced crashcrash riskrisk whilewhile 1313 toto 1616 
locationslocations showedshowed increasedincreased crashcrash risk.risk. AsAs shown,shown, thethe numbernumber ofof locationslocations thatthat showshow crashcrash 
riskrisk decreasedecrease remainsremains relativelyrelatively constantconstant regardlessregardless ofof thethe networknetwork loadingloading conditions.conditions. 
However,However, atat higherhigher loadingloading scenariosscenarios thethe numbernumber ofof locationslocations thatthat experienceexperience negativenegative safetysafety 
benefitsbenefits (crash(crash riskrisk migration)migration) increasesincreases significantly.significantly. ThisThis furthersfurthers thethe evidenceevidence thatthat 
implementingimplementing routeroute didi versionversion atat highhigh loadingloading scenariosscenarios hashas aa negatinegati veve effecteffect onon thethe crashcrash riskrisk 
alongalong thethe freeway.freeway. 

AnotherAnother reasonreason thatthat routeroute diversiondiversion isis notnot idealideal atat higherhigher loadingloading scenariosscenarios isis thethe re-entryre-entry 
rampramp volume.volume. AsAs previouslypreviously mentioned,mentioned, thethe firstfirst diversiondiversion routeroute diverteddiverted vehiclesvehicles fromfrom aa 
rampramp withwith aa peakpeak volumevolume ofof aboutabout 10201020 veh/hrveh/hr toto eithereither aa rampramp volumevolume ofof aboutabout 300300 veh/llrveh/llr oror 
anotheranother withwith aa 970970 veh/hrveh/hr vehicularvehicular demand.demand. AtAt thethe 9090 percentpercent loadingloading scenario,scenario, divertingdiverting allall 
vehiclesvehicles toto thethe nearernearer re-entryre-entry rampramp increasedincreased thethe rampramp volumevolume toto aboutabout 12001200 veh/hrveh/hr whilewhile 
divertingdiverting toto thethe furtherfurther rampramp increasedincreased thethe volumevolume toto 18001800 veh/hr.veh/hr. TheseThese areare extremelyextremely highhigh 
rampramp volumesvolumes andand inin thethe simulationsimulation thisthis causescauses queuesqueues toto formform onon thethe rampsramps whichwhich extendextend 
ontoonto thethe surfacesurface streetsstreets andand disruptdisrupt thethe backgroundbackground traffictraffic flow.flow. ThisThis isis unacceptableunacceptable fromfrom anan 
operationsoperations perspectiveperspective andand helpshelps toto rulerule outout routeroute diversiondiversion asas aa real-timereal-time crashcrash preventionprevention 
strategystrategy atat highhigh levelslevels ofof traffictraffic flow.flow. 
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CONCLUSIONSCONCLUSIONS 

ThisThis paperpaper demonstratesdemonstrates howhow thethe crashcrash riskrisk modelsmodels developeddeveloped byby PandePande andand Abdel-AtyAbdel-Aty (2006(2006 
a).a). whichwhich calculatecalculate thethe riskrisk ofof rear-endrear-end collisionscollisions inin twotwo separateseparate traffictraffic regimes,regimes, maymay bebe 
combinedcombined toto formform aa singlesingle metricmetric forfor rear-endrear-end crashcrash risk.risk. ByBy normalizingnormalizing thethe riskrisk valuesvalues andand 
combiningcombining themthem usingusing thethe probabilityprobability ofof thethe respectiverespective traffictraffic regimeregime occurring,occurring, oneone cancan 
obtainobtain aa singlesingle valuevalue thatthat representsrepresents thethe crashcrash risk.risk. ThisThis measuremeasure ofof crashcrash riskrisk cancan bebe 
comparedcompared eveneven ifif thethe traffictraffic conditionsconditions changechange (from(from RegimeRegime II toto RegimeRegime 2)2) asas aa resultresult ofof 
routeroute diversion.diversion. UsingUsing thisthis combinedcombined rear-endrear-end crashcrash riskrisk andand anotheranother modelmodel forfor lane-changelane-change 
crashcrash riskrisk itit waswas foundfound that,that, inin general,general, routeroute diversiondiversion successfullysuccessfully decreasesdecreases bothboth thethe rearrear
endend andand lane-changelane-change crashcrash riskrisk alongalong thethe freewayfreeway duringduring periodsperiods inin whichwhich thethe freewayfreeway isis 



operatingoperating atat uncongesteduncongested conditionsconditions (represented(represented byby 6060 andand 8080 percentpercent networknetwork loading).loading). 
DuringDuring thesethese times,times, thethe primaryprimary areaarea ofof effecteffect ofof routeroute didi versionversion isis betweenbetween thethe locationslocations 
wherewhere vehiclesvehicles areare diverteddiverted fromfrom andand wherewhere thethe diverteddiverted vehiclesvehicles areare allowedallowed toto re-enterre-enter thethe 
freeway.freeway. WhenWhen routeroute diversiondiversion isis implementedimplemented atat higherhigher levelslevels ofof congestioncongestion (when(when thethe 
demanddemand isis atat oror nearnear capacity),capacity), thethe effectseffects ofof routeroute diversiondiversion extendextend muchmuch furtherfurther upstreamupstream 
andand downstreamdownstream duedue toto thethe heavyheavy traffictraffic flow.flow. WhenWhen routeroute didi versionversion isis implemented,implemented, crashcrash 
riskrisk migrationmigration typicallytypically occursoccurs atat oror nearnear thethe locationlocation wherewhere vehiclesvehicles areare reinsertedreinserted backback ontoonto 
thethe networknetwork fromfrom thethe didi versionversion route.route. ThisThis isis causedcaused byby thethe muchmuch largerlarger inflowinflow ofof vehiclesvehicles 
ontoonto thethe freewayfreeway comparedcompared toto thethe basebase casecase whenwhen routeroute diversiondiversion isis notnot applied.applied. DuringDuring lowerlower 
loadingloading scenariosscenarios thisthis effecteffect isis modestmodest butbut atat thethe higherhigher loadingloading scenariosscenarios thethe crashcrash riskrisk 
migrationmigration becomesbecomes significant.significant. InIn thethe higherhigher loadingloading cases,cases, divertingdiverting aa majoritymajority ofof thethe 
vehiclesvehicles fromfrom aa particularparticular on-rampon-ramp alsoalso causescauses queuingqueuing onon thethe re-entryre-entry rampramp which,which, ifif itit spillsspills 
ontoonto thethe surfacesurface streets,streets, cancan seriouslyseriously deterioratedeteriorate thethe operationaloperational capacitycapacity ofof thethe networknetwork asas aa 
whole.whole. 

VehiclesVehicles cancan bebe diverteddiverted byby warningwarning driversdrivers ofof thethe highhigh crashcrash riskrisk onon thethe freewayfreeway atat specificspecific 
locations.locations. EvenEven ifif aa minorityminority (close(close toto 20%)20%) ofof vehiclesvehicles divertsdiverts duringduring lightlight traffictraffic situations,situations, 
thethe resultsresults ofof thisthis studystudy showshow thatthat aa significantsignificant crashcrash riskrisk benefitbenefit wouldwould bebe realized.realized. TheThe 
authorsauthors recognizerecognize thatthat divertingdiverting vehiclesvehicles fromfrom thethe freewayfreeway toto nearbynearby surfacesurface streetsstreets maymay 
increaseincrease thethe congestioncongestion and/orand/or riskrisk ofof collisionscollisions onon thethe arterials.arterials. AlthoughAlthough furtherfurther researchresearch isis 
neededneeded inin thisthis areaarea toto determinedetermine ifif thisthis crashcrash riskrisk increaseincrease onon thethe arterialsarterials wouldwould negatenegate thethe 
benefitsbenefits onon thethe freeway,freeway, therethere areare twotwo reasonsreasons toto believebelieve thatthat thisthis mightmight bebe acceptableacceptable inin 
certaincertain instances.instances. First,First, routeroute diversiondiversion wouldwould onlyonly bebe appliedapplied duringduring relativelyrelatively freefree flowflow (off(off
peak)peak) conditionsconditions whenwhen traffictraffic volumesvolumes wouldwould bebe lowlow onon thethe arterialsarterials andand thethe arterialsarterials shouldshould 
bebe ableable toto adequatelyadequately accommodateaccommodate thisthis additionaladditional flow.flow. Second,Second, vehiclevehicle speedsspeeds onon arterialsarterials 
areare generallygenerally lowerlower thanthan speedsspeeds onon freewaysfreeways whichwhich wouldwould generallygenerally leadlead toto lessless severesevere crashescrashes 
onon arterialsarterials thanthan onon thethe freeways.freeways. Still,Still, carecare needsneeds toto bebe takentaken aboutabout wherewhere vehiclesvehicles areare 
diverteddiverted from,from, wherewhere theythey areare diverteddiverted to,to, andand howhow manymany vehiclesvehicles areare diverteddiverted inin orderorder toto 
minimizeminimize thethe potentialpotential negativenegative impacts.impacts. 
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