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Human mobility analysis research, or the analysis of individuals’ daily activity and travel

patterns, is an important topic as the results on people’s travel patterns are the basis of hun-

dreds of billions’ investment for the nation’s transportation infrastructures. With ubiquitous

mobile sensors, human mobility analysis has been increasingly performed with an enormous

amount of mobile sensor data such as GPS location data generated from mobile devices.

Transportation researchers have developed pre-processing and analysis methods to extract

mobility patterns from those big mobile sensor data. These analytical methods are often

used by transportation researchers who might not be trained in computer science. Thus,

it is time-consuming and non-trivial to configure the computing environment required to

execute these methods so as to reproduce published results.

This thesis develops the Mobility Analysis Workflow, a containerized software tool, to en-

hance reproducibility of research in the transportation community. Providing an interactive

graphical user interface, the Mobility Analysis Workflow allows users to create and customize

mobility analysis pipelines, also known as workflows, in which each graphical module rep-

resents a data processing task. Furthermore, we conducted benchmarking experiments to

identify the computational bottlenecks of our case study workflow. In addition, we expanded



the functionality of the Mobility Analysis Workflow by creating new use cases in modeling

the spread of the Coronavirus Disease 2019.



AckQRZledgePeQWV
I ZRXld fiUVW like WR e[SUeVV P\ ViQceUe gUaWiWXde WR PURfeVVRU C\QWhia CheQ fRU heU e[SeUWiVe aQd

cRQWiQXRXV VXSSRUW iQ P\ WheViV SURjecW, aQd fRU Whe fXQdiQg RSSRUWXQiW\ WR XQdeUWake P\ WheViV SURjecW.

ThiV WheViV SURjecW iV fXQded b\ US FedeUal HighZa\ AdPiQiVWUaWiRQ (FHWA), Whe WaVhiQgWRQ SWaWe

DeSaUWPeQW Rf TUaQVSRUWaWiRQ (WSDOT), Whe US NaWiRQal IQVWiWXWe Rf HealWh (NIH)

(1R01GM108731-01A1) aQd Whe CeQWeU fRU TeachiQg Old MRdelV NeZ TUickV (TOMNET), a UQiYeUViW\

TUaQVSRUWaWiRQ CeQWeU VSRQVRUed b\ Whe US DeSaUWPeQW Rf TUaQVSRUWaWiRQ WhURXgh GUaQW NR.

69A3551747116.

I ZRXld like WR e[WeQd P\ ViQceUe WhaQkV WR PURfeVVRU Ka Yee YeXQg, ZhRVe iPPeQVe kQRZledge iV

iQYalXable iQ fRUPXlaWiQg Whe UeVeaUch PeWhRdRlRg\. HeU iQVighWfXl feedback SXVhed Pe WR VhaUSeQ P\

WhiQkiQg aQd bURXghW P\ ZRUk WR a higheU leYel.

I ZRXld like WR ackQRZledge DU. XiaQg\aQg GXaQ fRU hiV VXggeVWiRQV aQd gXidaQce WhURXghRXW WhiV WheViV

SURjecW.

I ZRXld like WR WhaQk DU. LiQg-HRQg HXQg aQd DU. WeV LlR\d fRU WheiU aVViVWaQce aW eYeU\ VWage Rf P\

WheViV SURjecW.

I ZRXld like WR WhaQk GUace Jia fRU heU cRQWUibXWiRQV WR P\ WheViV SURjecW.



GlRVVaU\

WorkfloZ
A VeTXeQce Rf ZidgeWV ZheUe iQWeUQal cRQQecWiRQV beWZeeQ Whe ZidgeWV VSecif\ Whe RUdeU Rf e[ecXWiRQ aQd
daWa flRZ WR cRQVWiWXWe a PXlWi-VWeS cRPSXWaWiRQal jRb.

Widget
The gUaShical fURQW eQd Rf a cRQWaiQeU iQ Whe BiRdeSRW-ZRUkflRZ-BXildeU (BZB). A Velf-cRQWaiQed
gUaShical e[ecXWiRQ PRdXle cRQWaiQiQg Whe cRPPaQdV, e[ecXWableV, deSeQdeQcieV, aQd iQWeUface. Each
ZidgeW UeSUeVeQWV a PRdXlaU cRPSXWaWiRQal WaVk.

Biodepot-ZorkfloZ-BXilder (BZB)
BiRdeSRW-ZRUkflRZ-BXildeU (BZB) [2] iV a VRfWZaUe WRRl Zhich SURYideV a gUaShical XVeU iQWeUface (GUI)
WR bXild biRiQfRUPaWicV ZRUkflRZV XViQg DRckeU cRQWaiQeUV.

Compartmental model
The cRPSaUWPeQWal PRdel iV a W\Se Rf PaWhePaWical PRdel fRU Whe VSUead Rf iQfecWiRXV diVeaVeV. The
PRdel cRPSUiVeV VeYeUal cRPSaUWPeQWV, each UeSUeVeQWiQg a SRSXlaWiRQ VegPeQW ZiWh a ceUWaiQ diVeaVe
VWaWXV (e.g., VXVceSWible, iQfecWiRXV RU UecRYeUed), PRdelV hRZ Whe QXPbeU Rf SeRSle iQ each cRPSaUWPeQW
chaQgeV aV Whe diVeaVe VSUeadV RYeU WiPe.

COVID-19
CRURQaYiUXV diVeaVe 2019 (COVID-19) iV a cRQWagiRXV diVeaVe caXVed b\ Whe VeYeUe acXWe UeVSiUaWRU\
V\QdURPe cRURQaYiUXV 2 (SARS-CRV-2).

Docker container
A cRQWaiQeU iQVWaQce Zhich haV a UXQQiQg eQYiURQPeQW SURYided/SUe-defiQed b\ Whe DRckeU iPage.

Docker image
AQ iPage file Zhich eQcaSVXlaWeV Whe deSeQdeQcieV Rf a VRfWZaUe aSSlicaWiRQ WhaW iV WheQ iQVWaQWiaWed iQWR
a UXQQiQg iQVWaQce cRQWe[WXali]ed b\ Whe DRckeU eQgiQe. A DRckeU cRQWaiQeU caQ be cUeaWed aQd laXQched
baVed RQ a DRckeU iPage.

Epidemiolog\
ESidePiRlRg\ iV Whe VWXd\ aQd aQal\ViV Rf Whe diVWUibXWiRQ (ZhR, ZheQ, aQd ZheUe), SaWWeUQV, aQd
deWeUPiQaQWV Rf healWh aQd diVeaVe cRQdiWiRQV iQ RbVeUYed SRSXlaWiRQV [5].

ReprodXcibilit\
ReSURdXcibiliW\ iV a PajRU SUiQciSle Rf VcieQWific PeWhRdV. IW PeaQV WhaW Whe UeVXlW RbWaiQed b\ RQe VWXd\
caQ be UeSURdXced ZheQ Whe VWXd\ iV caUUied RXW ZiWh Whe VaPe daWa aQd PeWhRd b\ RWheU UeVeaUcheUV [47].

SEIR model
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The SXVceSWible, E[SRVed, IQfecWiRXV, RecRYeUed (SEIR) PRdel [48] iV a W\Sical cRPSaUWPeQWal PRdel iQ
eSidePiRlRg\ Zhich diYideV Whe RbVeUYed SRSXlaWiRQ iQWR fRXU cRPSaUWPeQWV, Whe ³SXVceSWible´
cRPSaUWPeQW, Whe ³E[SRVed´ cRPSaUWPeQW, Whe ³IQfecWiRXV´ cRPSaUWPeQW, aQd Whe ³RecRYeUed´
cRPSaUWPeQW.

SIR model
The SXVceSWible, IQfecWiRXV, RecRYeUed (SIR) PRdel [49] iV a W\Sical cRPSaUWPeQWal PRdel iQ
eSidePiRlRg\ Zhich diYideV Whe RbVeUYed SRSXlaWiRQ iQWR WhUee cRPSaUWPeQWV: ³SXVceSWible´,
³IQfecWiRXV´, aQd ³RecRYeUed´.
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ChaSWeU 1

IQWURdXcWiRQ
1.1 BackgURXQd
IQ daWa VcieQce, VRfWZaUe aQd daWa SURceVViQg WRRlV helS UeVeaUcheUV WR aQal\]e e[SeUiPeQWal daWa.

GeQeUall\, a daWa SURceVViQg SiSeliQe, alVR kQRZQ aV a ZRUkflRZ, cRQViVWV Rf VeYeUal aQal\Wical VWeSV, VXch

aV clXVWeUiQg Rf daWa SRiQWV aQd YiVXali]aWiRQ Rf UeVXlWV. Ideall\, afWeU Whe ZRUkflRZ iV deVigQed aQd

iPSlePeQWed, UeVeaUcheUV VhRXld be able WR XSlRad WheiU e[SeUiPeQWal daWa WR Whe VRfWZaUe WRRl aQd

e[ecXWe Whe ZRUkflRZ. AV a UeVXlW, ZheQ WaVked ZiWh aQal\]iQg QeZ ePSiUical daWa, UeVeaUcheUV caQ fRcXV

RQ VWXd\iQg Whe e[SeUiPeQWal UeVXlWV UaWheU WhaQ bXildiQg Whe cRPSXWaWiRQal ZRUkflRZ fURP VcUaWch.

ReSURdXcibiliW\, defiQed aV a SURSeUW\ WhaW diffeUeQW UeVeaUcheUV caQ geQeUaWe Whe VaPe UeVXlWV fRllRZiQg

Whe VaPe e[SeUiPeQWal VeWWiQg aQd SURcedXUe, Sla\V aQ iPSRUWaQW URle iQ UeVeaUch [12]. IQ geQeUal UeVeaUch

SUacWiceV, diffeUeQceV iQ e[SeUiPeQWal aQd eQYiURQPeQW cRQfigXUaWiRQ aQd diffeUeQW YeUViRQV Rf UeTXiUed

VRfWZaUe WRRlV caQ SRWeQWiall\ lead WR diffeUeQW UeVeaUch UeVXlWV. WheQ XSgUadiQg a daWa aQal\ViV SiSeliQe,

deSeQdeQcieV aQd UXQQiQg SlaWfRUPV caQ chaQge, Zhich caQ UeVXlW iQ UeSURdXcibiliW\ iVVXeV.

SRfWZaUe WRRlV WR eQhaQce UeSURdXcibiliW\ Rf UeVeaUch, VXch aV JXS\WeU [27], GiWhXb [50], CRQda [9] aQd

DRckeU [32], aUe XWili]ed iQ daWa VcieQce UeVeaUch. JXS\WeU aQd GiWhXb faciliWaWe Whe VhaUiQg Rf cRPSXWeU

SURgUaPV aQd VRfWZaUeV. HRZeYeU, dXe WR cRPSle[iWieV aQd deSeQdeQcieV Rf Whe UeTXiUed cRPSXWiQg

eQYiURQPeQWV aQd iQVXfficieQW dRcXPeQWaWiRQ fRU VRPe SURjecWV, iW iV RfWeQ QRQ-WUiYial WR UXQ Whe VhaUed

cRde. CRQda, aV a VRfWZaUe Sackage PaQagePeQW WRRl, helSV Whe XVeUV WR PaQage Whe QXPeURXV libUaUieV

aQd SackageV Rf diffeUeQW YeUViRQV fURP diffeUeQW SURgUaPPiQg laQgXageV, aQd WR SURYide deSeQdeQcieV WR

UeSURdXce Whe RUigiQal UeVeaUch. DRckeU eQableV Whe cRQWaiQeUi]aWiRQ Rf Whe SURgUaPV aQd VRfWZaUeV, Zhich

eliPiQaWeV Whe Qeed Rf PaQXall\ iQVWalliQg Whe UeTXiUed deSeQdeQcieV. OQ Whe RWheU haQd, eYeQ WhRXgh Whe

deSeQdeQcieV aUe SURYided iQ DRckeU, Whe iQcRUUecW VeWWiQgV aQd iQSXW SaUaPeWeUV Rf aQal\ViV PeWhRdV

cRXld lead WR Whe failXUe Rf UeSURdXciQg Whe RUigiQal UeVXlWV. A RQe-VWRS VRlXWiRQ WR eQhaQce UeSURdXcibiliW\

Rf UeVeaUch iV XUgeQWl\ Qeeded.

IQ WUaQVSRUWaWiRQ eQgiQeeUiQg, UeSURdXcibiliW\ Rf UeVeaUch iV VWill aQ e[SlRUaWRU\ aUea. MRbile VeQVRU daWa

cRQWaiQV Whe geRlRgical lRcaWiRQ aQd WiPe iQfRUPaWiRQ Rf ZheQ aQd ZheUe a SeUVRQ haV beeQ WR. PURceVViQg

PRbile VeQVRU daWa WR iQfeU hXPaQ PRbiliW\ SaWWeUQV [19] [52] cRXld faciliWaWe SRlic\ deciViRQV Rf ZheQ
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aQd ZheUe a QeZ WUaQVSRUWaWiRQ iQfUaVWUXcWXUe, VXch aV a SaUkiQg lRW, VhRXld be bXilW. TR SURceVV WheVe

PRbile VeQVRU daWa, each iQdiYidXal WUaQVSRUWaWiRQ UeVeaUch lab haV iWV RZQ daWa SURceVViQg algRUiWhPV aQd

SiSeliQeV, VXch aV hXPaQ PRbiliW\ SaWWeUQ e[WUacWiRQ algRUiWhPV aQd hXPaQ PRbiliW\ WUace clXVWeUiQg.

AfWeU VhaUiQg ZiWh Whe WUaQVSRUWaWiRQ UeVeaUch cRPPXQiW\, Whe daWa SURceVViQg algRUiWhPV aQd SiSeliQeV

caQ be aSSlied WR Whe diffeUeQW caVeV accRUdiQg WR diffeUeQW UeVeaUch QeedV. HRZeYeU, becaXVe Rf Whe lack

Rf dRPaiQ kQRZledge iQ SURgUaPPiQg aQd VRfWZaUe deSeQdeQc\ XSdaWeV, iW iV QRQ-WUiYial fRU Whe

WUaQVSRUWaWiRQ UeVeaUch cRPPXQiW\ WR UeSURdXce Whe aQal\ViV UeVXlWV.

IQ addiWiRQ WR UeSURdXcibiliW\, aQRWheU challeQge fRU WUaQVSRUWaWiRQ UeVeaUcheUV iV WhaW WheVe PRbile VeQVRU

daWaVeWV cRXld be hXQdUedV Rf gigab\WeV [72], WhXV Whe cRUUeVSRQdiQg ZRUkflRZV aUe cRPSXWaWiRQal

iQWeQViYe. MRVW WUaQVSRUWaWiRQ eQgiQeeUiQg labV aUe QRW eTXiSSed ZiWh cRPSXWeU clXVWeUV fRU WheVe W\SeV Rf

big daWa aQal\VeV. ClRXd cRPSXWiQg VeUYiceV VXch aV APa]RQ Web SeUYice (AWS) [10] SURYideV

RQ-dePaQd aQd Vcalable cRPSXWaWiRQal UeVRXUceV. TheVe UeVRXUceV cRXld be XVed WR deSlR\ cRPSXWaWiRQal

iQWeQViYe ZRUkflRZV XViQg laUge daWaVeWV ZiWhRXW aQ\ XSfURQW haUdZaUe cRVWV.

1.2 CRQWUibXWiRQV
The cRQWUibXWiRQV Rf WhiV WheViV iQclXde Whe deYelRSPeQW Rf MRbiliW\ AQal\ViV WRUkflRZ (MAW), a

VRfWZaUe WRRl WR bXild WUaQVSRUWaWiRQ ZRUkflRZV, WR eQhaQce UeSURdXcibiliW\ Rf UeVeaUch RQ PRbiliW\

aQal\ViV. ThURXgh beQchPaUkiQg e[SeUiPeQWV RQ AWS, Ze VWXdied SeUfRUPaQce WUeQdV aQd ideQWified Whe

cRPSXWaWiRQal bRWWleQeckV Rf Whe iPSlePeQWed caVe VWXd\ ZRUkflRZV. IQ addiWiRQ, Ze e[SaQded Whe

fXQcWiRQaliW\ Rf MRbiliW\ AQal\ViV WRUkflRZ WR cUeaWe ZRUkflRZV fRU Whe CRURQaYiUXV DiVeaVe 2019

PRdeliQg XVe caVeV WR e[SlRUe Whe SRVVibiliW\ Rf aSSl\iQg Whe MAW be\RQd Whe VcRSe Rf Whe WUaQVSRUWaWiRQ

UeVeaUch.
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ChaSWeU 2

RelaWed ZRUk
IQ WhiV chaSWeU, Ze UeYieZ Whe UelaWed ZRUk iQ WhiV WheViV. SSecificall\, iQ SecWiRQ 2.1, Ze UeYieZ Whe

UelaWed cRQceSWV diVcXVVed iQ ChaSWeU 3; SecWiRQ 2.2 aQd SecWiRQ 2.3 cRYeU Whe UelaWed PeWhRdV XVed iQ

ChaSWeU 4; laVWl\, Ze diVcXVV Whe UelaWed UeVeaUch Zhich aUe UeleYaQW WR ChaSWeU 5 iQ SecWiRQ 2.4.

2.1 SRfWZaUe TRRlV fRU ReSURdXcibiliW\ iQ DaWa ScieQce
DRckeU [32] iV Zidel\ XVed iQ Whe daWa VcieQce UeVeaUch field aQd be\RQd WR SURYide cRQWaiQeU UXQQiQg

eQYiURQPeQWV fRU Whe VRfWZaUeV aQd SURgUaPV. AV aQ e[aPSle, Whe BiRCRQWaiQeUV SURjecW [3] cUeaWeV

DRckeU cRQWaiQeUV WR Sackage VRfWZaUe WRRlV fRU biRiQfRUPaWicV aSSlicaWiRQV. AV a DRckeU iPage VWRUiQg

UegiVWU\ aQd VhaUiQg SlaWfRUP, DRckeU HXb [33] faciliWaWeV Whe iPage VhaUiQg SURceVV ZiWhiQ Whe DRckeU

XVeU cRPPXQiW\. JXS\WeU [27] SURjecW, iQclXdiQg ³JXS\WeU QRWebRRk´, a YiVXali]able aQd iQWeUacWiYe cRde

UXQQiQg eQYiURQPeQW, aQd ³JXS\WeULab´, a RQliQe YeUViRQ Rf ³JXS\WeU QRWebRRk´ WhaW deSlR\ed RQ Whe

VeUYeU SURYided b\ JXS\WeU, SURYideV a VRlXWiRQ fRU e[ecXWiQg cRde YiVXall\ aQd iQWeUacWiYel\. GiWhXb [50]

allRZV XVeUV WR SXbliVh WheiU cRde WR VhaUe ZiWh Whe RWheU XVeUV, Zhich cRQWUibXWeV WR UeSURdXcibiliW\ Rf

UeVeaUch. CRQda [9] caQ helS WR PaQage Whe VRfWZaUe SackageV ZiWh diffeUeQW YeUViRQV fURP diffeUeQW

SURgUaPPiQg laQgXageV, aQd VXSSRUW Whe SURgUaP UXQQiQg ZiWh Whe UeTXiUed libUaUieV. HRZeYeU, iW

UeTXiUeV kQRZledge iQ SURgUaPPiQg WR XVe WheVe VRfWZaUe WRRlV aQd SlaWfRUPV.

TR VRlYe WhiV iVVXe, HXQg, LlR\d, YeXQg aQd cRlleagXeV SURSRVed a DRckeU baVed VRfWZaUe WRRl called Whe

BiRdeSRW-ZRUkflRZ-bXildeU (BZb) [2]. The BZb allRZV XVeUV WR bXild aQd UeSURdXcibl\ e[ecXWe PRdXlaU

biRiQfRUPaWicV ZRUkflRZV. A PXlWi-VWeS ZRUkflRZ iQ BZb cRQViVWV Rf PXlWiSle ZidgeWV, each Rf Zhich Zill

laXQch a DRckeU cRQWaiQeU iQ Whe backeQd WR e[ecXWe aQ aQal\Wical WaVk. ThURXgh Whe gUaShical XVeU

iQWeUface (GUI) SURYided b\ BZb, Whe XVeUV caQ eaVil\ UXQ WheiU RZQ ZRUkflRZV b\ dUaggiQgV aQd

clickiQgV ZiWhRXW UeTXiUiQg aQ\ SURgUaPPiQg kQRZledge.

2.2 GeRgUaShical DiVWaQce MeaVXUePeQW
MeaVXUiQg geRgUaShical diVWaQce beWZeeQ WZR geRgUaShical cRRUdiQaWeV iV a baVic bXildiQg blRck aQd iV

SeUfRUPed UeSeaWedl\ iQ RXU caVe VWXd\ ZRUkflRZ iQWURdXced iQ Whe ChaSWeU 3. TR ideQWif\ Whe SRVVible

bRWWleQeck Rf cRPSXWiQg geRgUaShical diVWaQceV iQ RXU caVe VWXd\ ZRUkflRZ, Ze iPSlePeQWed aQd

iQYeVWigaWed Whe SeUfRUPaQce Rf WhUee diffeUeQW geRgUaShical diVWaQce PeaVXUiQg PeWhRdV. SSecificall\,
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Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe [61] diVWaQce fXQcWiRQ iV a geRgUaShical diVWaQce eVWiPaWiRQ

fXQcWiRQ Zhich SURjecWV Whe VSaWial diVWaQce beWZeeQ WZR cRRUdiQaWeV RQ aQ elliSVRid iQWR a SlaQe aQd

calcXlaWeV Whe diVWaQce XViQg Whe EXclideaQ diVWaQce fRUPXla. The SSheUical LaZ Rf CRViQeV [62] iV a

WheRUeP defiQiQg Whe PaWhePaWical UelaWiRQVhiS Rf Whe Vide leQgWhV aQd Whe degUee Rf Whe aQgle Rf a

VSheUical WUiaQgle.

IQ ETXaWiRQ 2.1, Ze leW WR be Whe WhUee VideV Rf a VSheUical WUiaQgle VhRZQ aV FigXUe 2.1, aQd C WR be𝑎,  𝑏,  𝑐

Whe aQgle beWZeeQ Vide aQd Vide , WheQ Ze caQ calcXlaWe XViQg WhiV eTXaWiRQ. FXUWheU, Ze caQ𝑎 𝑏 𝑐𝑜𝑠 𝑐

cRPSXWe Vide XViQg IQYeUVe WUigRQRPeWUic fXQcWiRQV. AV a UeVXlW, Whe diVWaQce beWZeeQ WZR eQdSRiQWV Rf a𝑐

VSheUical WUiaQgle caQ be eVWiPaWed.

FigXUe 2.1: SSheUical WUiaQgle IllXVWUaWiRQ

SiPilaUl\, Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe (alVR called eTXiUecWaQgXlaU SURjecWiRQ) [63] diVWaQce

fXQcWiRQ iV WR SURjecW Whe YaUiaWiRQ Rf laWiWXde WR Whe YeUWical liQe aQd Whe YaUiaWiRQ Rf lRQgiWXde WR Whe

hRUi]RQWal liQeV. AfWeU aSSl\iQg Whe EXclideaQ diVWaQce fRUPXla, Whe diVWaQce beWZeeQ Whe WZR

geRgUaShical cRRUdiQaWeV caQ be eVWiPaWed.

6



2.3 CRPSXWaWiRQal ReVRXUceV UViQg Whe ClRXd
ClRXd cRPSXWiQg VeUYiceV VXch aV APa]RQ Web SeUYice (AWS) [10] SURYideV RQ-dePaQd aQd Vcalable

cRPSXWaWiRQal UeVRXUceV fRU bXViQeVV aSSlicaWiRQV [14], aV Zell aV VcieQWific UeVeaUch [11] [20]. AWS

ElaVWic CRPSXWe ClRXd (EC2) SURYideV elaVWic cRPSXWiQg UeVRXUceV, cRPSXWiQg iQVWaQceV, fRU XVeUV WR UXQ

WheiU aSSlicaWiRQV. UVeUV caQ Vcale XS RU Vcale dRZQ WheiU iQVWaQce gURXS(V) fRU WheiU aSSlicaWiRQV

accRUdiQg WR WheiU dePaQdV. AWS SiPSle SWRUage SeUYice (S3) iV a file VWRUage VeUYice fRU XVeUV WR VWRUe

aQd PaQage WheiU fileV.

2.4 MRdeliQg Whe SSUead Rf COVID-19
IQ eSidePiRlRg\, cRPSaUWPeQWal PRdel [42] iV aQ iPSRUWaQW WRRl iQ diVeaVe iQfecWiRQ PRdeliQg. FRU a

cRPSaUWPeQWal PRdel [42], iQiWiall\, eYeU\ SeUVRQ iV aVVigQed WR RQe ³cRPSaUWPeQW´ accRUdiQg WR hiV/heU

diVeaVe VWaWXV VXch aV "VXVceSWible", "iQfecWiRXV", aQd "UecRYeUed". Each ³cRPSaUWPeQW´ iV a

hRPRgeQeRXV eQWiW\, iQ Zhich Whe SeUVRQV aUe UegaUded aV ideQWical. WiWh e[WeUQal facWRUV VXch aV clRVe

cRQWacW ZiWh diVeaVe hRVWV, Whe diVeaVe VWaWXV Rf Whe SeUVRQV Pa\ chaQge. AV a UeVXlW, WheVe SeUVRQV Zill be

PRYed WR a QeZ cRPSaUWPeQW. AV aQ e[aPSle, ZheQ a SeUVRQ becRPeV iQfecWiRXV, he/Vhe PRYeV fURP Whe

S (VXVceSWible) cRPSaUWPeQW WR Whe I (iQfecWiRXV) cRPSaUWPeQW.

FigXUe 2.2: IllXVWUaWiRQ Rf SIR PRdel

FigXUe 2.2 VhRZV a W\Sical cRPSaUWPeQWal PRdel iQ eSidePiRlRg\ called Whe SXVceSWible, IQfecWiRXV,

RecRYeUed (SIR) PRdel [49] Zhich diYideV Whe RbVeUYed SRSXlaWiRQ iQWR WhUee cRPSaUWPeQWV, Whe

³SXVceSWible´ cRPSaUWPeQW, Whe ³IQfecWiRXV´ cRPSaUWPeQW, aQd Whe ³RecRYeUed´ cRPSaUWPeQW. EYeU\

SeUVRQ iV aVVigQed WR RQe cRPSaUWPeQW accRUdiQg WR hiV/heU diVeaVe VWaWXV aW Whe begiQQiQg Rf Whe

e[SeUiPeQW. The ³SXVceSWible´ cRPSaUWPeQW cRQViVWV Rf SeRSle ZhR aUe VXVceSWible WR Whe diVeaVe. PeRSle
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fURP Whe ³SXVceSWible´ cRPSaUWPeQW aUe PRYed WR Whe ³IQfecWiRXV´ cRPSaUWPeQW aW Whe fRUce Rf iQfecWiRQ

UaWe Ȝ, a SeUceQWage WhaW Whe VXVceSWible SeRSle becRPe iQfecWiRXV. The ³IQfecWiRXV´ cRPSaUWPeQW iV a

gURXS Rf SeRSle ZhR aUe iQfecWiRXV. PeRSle fURP Whe ³IQfecWiRXV´ cRPSaUWPeQW aUe PRYed WR Whe

³RecRYeUed´ cRPSaUWPeQW aW Whe UecRYeU\ UaWe Ȗ, a SeUceQWage aW Zhich iQfecWiRXV SeRSle UecRYeU fURP Whe

diVeaVe. The ³RecRYeUed´ cRPSaUWPeQW RQl\ cRQWaiQV SeRSle ZhR UecRYeUed fURP Whe diVeaVe aQd aUe

iPPXQe WR Whe diVeaVe.

CRPSaUWPeQWal PRdelV haYe beeQ Zidel\ XVed iQ PRdeliQg Whe VSUead Rf COVID-19. TR giYe e[aPSleV,

PeQg eW al. [43] SURSRVed a geQeUali]ed cRPSaUWPeQWal PRdel WR SUedicW Whe iQflecWiRQ SRiQW Rf Whe

eSidePic cXUYe aQd eQdiQg WiPeV iQ Whe PajRU ciWieV iQ ChiQa. The cRQclXViRQ iV WhaW Whe eSidePicV iQ

BeijiQg aQd ShaQghai ZRXld eQd b\ MaUch 2020. WiWh a PRdified YeUViRQ Rf Whe cRPSaUWPeQWal PRdel,

YaQg eW al. [44] WUied WR deUiYe Whe eSidePic cXUYe XViQg 2019 SRSXlaWiRQ PigUaWiRQ daWa aQd

eSidePiRlRgical daWa iQ PaiQlaQd ChiQa, aQd VhRZed WhaW Whe Seak Rf Whe eSidePic iQ ChiQa ZRXld aSSeaU

iQ laWe FebUXaU\, 2020. TXiWe eW al. [45] ePSlR\ aQ age-VWUXcWXUed cRPSaUWPeQWal PRdel Rf COVID-19

WUaQVPiVViRQ Rf Whe SRSXlaWiRQ Rf OQWaUiR, CaQada, aQd eVWiPaWe WhaW 56% Rf Whe lRcal SRSXlaWiRQ ZRXld

be iQfecWed iQ Whe eSidePic. WiWh Whe cRPPRQ effRUWV Zhich aUe deYRWed iQ YacciQe deYelRSPeQW,

YacciQaWiRQ becRPeV aQ aYailable PeWhRd WR fighW agaiQVW COVID-19. Xia eW al. [64] VWXdied Whe age-baVed

YacciQaWiRQ VWUaWegieV Rf diffeUeQW cRXQWUieV cRQVideUiQg each cRXQWU\ haV Whe XQiTXe SRSXlaWiRQ

cRQVWUXcWiRQ XViQg Whe SEIR PRdel, aQd eYalXaWed WheiU effecWiYeQeVV.
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ChaSWeU 3

MRbiliW\ AQal\ViV WRUkflRZV (MAW) : VXSSRUW
UeSURdXcible aQd PRdXlaU PRbiliW\ ZRUkflRZV

3.1 TUaQVSRUWaWiRQ DaWa
IQ WhiV VWXd\, PRbile VeQVRU daWa (daWa geQeUaWed b\ XVeUV' XVage Rf WheiU YaUiRXV aSSV RQ WheiU PRbile

deYiceV), SURYided b\ PURfeVVRU CheQ¶V THINK Lab (hWWSV://ViWeV.XZ.edX/WhiQklab), iV XVed. We Pake XVe

Rf WhiV daWa WR bXild MRbiliW\ AQal\ViV WRUkflRZV (MAW) WhaW caQ be deSlR\ed RQ Whe lRcal hRVW RU Whe

clRXd. TR illXVWUaWe WhiV aSSlicaWiRQ, Ze SURYide e[aPSleV Rf PRbiliW\ VeQVRU daWa iQ Table 3.1.

Table 3.1 VhRZV VelecWed e[aPSleV Rf V\QWheWic PRbile VeQVRU daWa iQ Zhich each URZ UecRUdV Whe WiPe

(³TiPeVWaPS´ cRlXPQ) ZheQ Whe XVeU (³DeYice ID´ cRlXPQ) XVed Whe PRbile aSSlicaWiRQ iQ a VSecific

lRcaWiRQ (³LaWiWXde´, ³LRQgiWXde´ cRlXPQ) ZiWh a lRcaWiRQ accXUac\ [15]. All Whe daWa XVed iQ WhiV WheViV

SURjecW ZeUe cRllecWed ZiWhiQ Whe PXgeW SRXQd UegiRQ, WA, US.

Table 3.1: E[aPSle V\QWheWic PRbile VeQVRU daWa [15]

3.2 BackgURXQd Rf CaVe VWXd\
AV a caVe VWXd\ Rf MAW, Ze deYelRSed a PRbiliW\ ZRUkflRZ WR SURceVV PXlWi-VRXUced PRbile VeQVRU daWa
geQeUaWed b\ PXlWiSle SRViWiRQiQg WechQRlRgieV. The ZRUkflRZ iV baVed RQ Whe PeWhRd deYelRSed b\ WaQg
eW al. [52]. IQ geQeUal, Whe PeWhRd fiUVW SaUWiWiRQV iQSXW daWa iQWR PXlWiSle VXbVeWV deSeQdiQg RQ WheiU
lRcaWiRQ accXUac\. FRU e[aPSle, daWa VigQaled b\ GPS XVXall\ haYe PXch higheU accXUac\ WhaQ WhRVe b\
cellXlaU WRZeU WUiaQgXlaWiRQ. IW WheQ SURceVVeV each VXbVeW iQdeSeQdeQWl\ WR e[WUacW lRcaWiRQV ZheUe aQ
iQdiYidXal VSeQdV WiPe. FiQall\, iW iQWegUaWeV Whe SURceVVed daWa WR fRUP Whe PRbiliW\ SaWWeUQ fRU Whe
iQdiYidXal.
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3.3 MeWhRd
IQ WhiV VecWiRQ, Ze iQWURdXce Whe WeUPiQRlRg\ XVed, Whe deVigQ Rf each eVVeQWial cRPSRQeQW aQd Whe

iPSlePeQWaWiRQ Rf Whe PRbiliW\ ZRUkflRZ. BXildiQg RQ Whe BiRdeSRW-ZRUkflRZ-bXildeU (BZb) SlaWfRUP

[2], Ze deVigQ aQd iPSlePeQW QeZ fXQcWiRQaliWieV fRU WUaQVSRUWaWiRQ aSSlicaWiRQV iQ WhiV WheViV.

3.3.1 TeUPiQRlRg\ E[SlaQaWiRQ

IQ MAW, a modXle iV aQ iQdeSeQdeQW cRPSXWiQg XQiW Zhich Zill e[ecXWe a daWa SURceVViQg WaVk b\

e[ecXWiQg Whe SURceVViQg algRUiWhPV/WRRlV, Zhile a Docker container iV aQ iVRlaWed UXQQiQg eQYiURQPeQW

ZiWh Whe iQVWalled deSeQdeQcieV. A Zidget iV a gUaShical UeSUeVeQWaWiRQ Rf a PRdXle iQ Whe gUaShical XVeU

iQWeUface (GUI) Rf Whe MAW. A ZorkfloZ iV a VeTXeQce Rf PRdXleV/ZidgeWV ZheUe Whe iQWeUQal

cRQQecWiRQV beWZeeQ Whe PRdXleV VSecif\ Whe RUdeU Rf e[ecXWiRQ aQd daWa flRZ WR cRQVWiWXWe a PXlWi-VWeS

cRPSXWaWiRQal jRb.

3.3.2 MRdXlaUi]aWiRQ Rf PRbiliW\ aQal\ViV PeWhRd

TR deVigQ a PRdXle iQ MAW baVed RQ a PRbiliW\ aQal\ViV PeWhRd, Ze fiUVW Qeed WR diYide a PRbiliW\

aQal\ViV PeWhRd iQWR VeYeUal cRPSXWaWiRQal VWeSV. TheQ, Ze diYide Whe cRde Rf Whe PRbiliW\ aQal\ViV

PeWhRd iQWR diffeUeQW VRfWZaUe PRdXleV accRUdiQg WR Whe diffeUeQW fXQcWiRQaliWieV Rf each SURcedXUe. FRU

each VRfWZaUe PRdXle, Ze VSecif\ Whe iQSXW daWa, RXWSXW daWa aQd Whe SaUaPeWeUV fRU Whe iQWeUface, VXch

WhaW each PRdXle caQ ZRUk iQdeSeQdeQWl\ ZiWh Whe iQSXW daWa fURP Whe SUeYiRXV PRdXle, aQd iWV RXWSXW

daWa ZRXld VeUYe aV Whe iQSXW daWa fRU Whe Qe[W PRdXle.
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FigXUe 3.1: MRdXlaUi]aWiRQ Rf Whe ³e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS daWa´ PeWhRd iQ MAW

We illXVWUaWe Whe PRdXlaUi]aWiRQ Rf Whe ³e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS daWa´ PeWhRd iQ FigXUe

3.1. AV SaUW Rf Whe PeWhRd SURSRVed iQ [52], Whe ³e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS daWa´ PeWhRd,

aV Whe QaPe VXggeVWV, iV WR e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS WUace daWa. We PRdXlaUi]e WhiV PeWhRd

iQWR 3 PRdXleV, ³TUace SegPeQWaWiRQ ClXVWeUiQg´, ³IQcUePeQWal ClXVWeUiQg´ aQd ³USdaWe SWa\ DXUaWiRQ´.

The WhUee PRdXleV ZRUk VeTXeQWiall\ WR cRPSleWe Whe PRbiliW\ aQal\ViV WaVk, e[WUacWiQg XVeU VWa\

iQfRUPaWiRQ. The iQSXW aQd RXWSXW daWa Rf Whe ³e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS daWa´ PeWhRd iV iQ

VSUeadVheeW file fRUPaW. TR PaiQWaiQ Whe cRQViVWeQc\ Rf iQSXW aQd RXWSXW daWa fRUPaW, Ze keSW WhiV fRUPaW

fRU Whe WhUee PRdXleV. The SaUaPeWeUV Rf Whe ³e[WUacW XVeU VWa\ iQfRUPaWiRQ XViQg GPS daWa´ PeWhRd

iQclXdeV ³dXUaWiRQ WhUeVhRld´ aQd ³diVWaQce WhUeVhRld´. The dXUaWiRQ WhUeVhRld iV XVed iQ all WhUee

PRdXleV aQd Whe diVWaQce WhUeVhRld iV XVed iQ Whe ³TUace SegPeQWaWiRQ ClXVWeUiQg´ aQd ³IQcUePeQWal

ClXVWeUiQg´ PRdXleV. AV a UeVXlW, Ze UeZURWe Whe cRde WR UeceiYe Whe SaVViQg SaUaPeWeUV fRU each PRdXle.

3.3.3 CUeaWiRQ Rf cRQWaiQeUV

FRllRZiQg Whe PRdXleV Ze cUeaWed, Ze cUeaWe DRckeU cRQWaiQeUV fRU each PRdXle. EQcaSVXlaWiQg Whe

UeTXiUed VRfWZaUe deSeQdeQcieV, DRckeU cRQWaiQeUV SURYide aQ iVRlaWed UXQWiPe eQYiURQPeQW fRU Whe

e[ecXWiRQ Rf Whe cRPSXWaWiRQal WaVk. SSecificall\, fiUVW Ze cUeaWe a DRckeU iPage Zhich cRQWaiQV Whe

UeTXiUed deSeQdeQcieV aQd Whe SURgUaPV Rf cRPSXWaWiRQal WaVkV, cRXld be a VeW Rf P\WhRQ VcUiSWV, fRU each

PRdXle XViQg Whe ³dRckeU bXild´ cRPPaQd. TheQ Ze cUeaWe DRckeU cRQWaiQeUV baVed RQ Whe DRckeU

iPageV WR cRQdXcW Whe cRPSXWaWiRQal WaVkV  XViQg Whe ³dRckeU UXQ´ cRPPaQd.
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AV aQ e[aPSle, Ze cUeaWed DRckeU cRQWaiQeUV fRU Whe 3 PRdXleV aV VhRZQ iQ FigXUe 3.1. FRU Whe ³TUace

SegPeQWaWiRQ ClXVWeUiQg´ PRdXle, Ze fiUVW bXilW a DRckeU iPage WhaW iQclXded Whe VcUiSWV WR VXSSRUW

UXQQiQg Whe ³TUace SegPeQWaWiRQ ClXVWeUiQg´ jRb aQd eQcaSVXlaWed Whe deSeQdeQcieV WR UXQ Whe VcUiSWV.

The VcUiSWV Uead iQ Whe iQSXW daWa aQd Whe SaVViQg SaUaPeWeUV, ³dXUaWiRQ WhUeVhRld´ aQd ³diVWaQce

WhUeVhRld´, aQd ZUiWe Whe UeVXlWV aV Whe RXWSXW file. TheQ, Ze caQ cUeaWe DRckeU cRQWaiQeUV baVed RQ Whe

DRckeU iPageV Ze cUeaWed.

3.3.4 WRUkflRZ DeYelRSPeQW

GiYeQ Whe DRckeU cRQWaiQeUV aQd Whe DRckeU iPageV cUeaWed, Ze Qeed WR cUeaWe Whe cRUUeVSRQdiQg ZidgeWV

XViQg Whe GUI Rf MAW, aQd cRQQecW Whe ZidgeWV VeTXeQWiall\ WR bXild a ZRUkflRZ.

TR cUeaWe Whe ZidgeWV iQ MAW, Ze XVe Whe ³NeZ ZidgeW´ fXQcWiRQaliW\ Rf MAW, VhRZQ iQ FigXUe 3.2, WR

defiQe Whe cRQfigXUaWiRQ Rf RQe ZidgeW, iQclXdiQg Whe ZidgeW QaPe, Whe DRckeU iPage Whe ZidgeW baVed RQ,

Whe iQSXW aQd RXWSXW daWa SaWh aQd Whe SaVViQg SaUaPeWeUV.

FigXUe 3.2: CUeaWe QeZ ZidgeW iQ MAW
AfWeU all Whe ZidgeWV Rf WheiU cRUUeVSRQdiQg DRckeU cRQWaiQeUV aUe cUeaWed, Ze caQ ViPSl\ cRQQecW Whe

ZidgeWV fRllRZiQg Whe PRdXlaUi]aWiRQ Rf Whe RUigiQal PRbiliW\ aQal\ViV PeWhRd.
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3.3.5 GUaShical UVeU IQWeUface Rf MAW

TR SURYide a XVeU-fUieQdl\ acceVV PeWhRd, MAW SURYideV aQ iQWeUacWiYe GUI fRU XVeUV, VXch WhaW XVeUV

caQ ZRUk ZiWh MAW ZiWhRXW kQRZledge iQ SURgUaPPiQg. B\ ViPSle dUaggiQgV aQd clickiQgV, XVeUV caQ

bXild aQd cXVWRPi]e QeZ ZRUkflRZV WR cRQdXcW PRbiliW\ aQal\ViV UeVeaUch. NRWe WhaW Whe fRUP-baVed XVeU

iQWeUface aQd dUag-aQd-dURS fXQcWiRQaliWieV iQ Whe GUI Rf MAW aUe iQheUiWed fURP Whe BZb SlaWfRUP [2].

FigXUe 3.3: Whe GUI Rf MAW

ShRZQ iQ FigXUe 3.3, Whe GUI Rf MAW cRQViVWV Rf 3 cRPSRQeQWV: Whe PeQX baU, WRRl dRck aQd caQYaV.

The PeQX baU SUeVeQWV PaQ\ feaWXUeV Rf MAW, VXch aV lRadiQg a QeZ ZRUkflRZ, VaYiQg a ZRUkflRZ, aQd

addiQg QeZ ZidgeWV. The WRRl dRck allRZV XVeUV WR VelecW aQd dUag a QeZ ZidgeW aQd dURS aW Whe caQYaV WR

bXild a QeZ ZRUkflRZ. The caQYaV iV Whe VSace ZheUe XVeUV caQ bXild aQd UXQ Whe ZRUkflRZ. The VhRZQ

ZRUkflRZ VWaUWV ZiWh Whe ³TUace SegPeQWaWiRQ ClXVWeUiQg´ ZidgeW, Zhich e[ecXWeV Whe WUace VegPeQWaWiRQ

clXVWeUiQg WaVk b\ UXQQiQg a dRckeU cRQWaiQeU iQ Whe backeQd. AfWeU Whe e[ecXWiRQ, Whe Qe[W ZidgeW Zill be

WUiggeUed WR cRQdXcW Whe iQcUePeQWal clXVWeUiQg WaVk aV Whe QaPe VXggeVWed. IQ WhiV Za\, Whe e[ecXWiRQ Rf a

ZRUkflRZ Zill cRPSleWe afWeU all Whe ZidgeWV fiQiVh WheiU WaVkV.

3.4 ReVXlWV
FRllRZiQg Whe PeWhRdRlRg\ diVcXVVed, We iPSlePeQWed Whe caVe VWXd\ ZRUkflRZ Rf Whe PRbiliW\ aQal\ViV

PeWhRd SURSRVed iQ [52] WR aQal\]e PRbile VeQVRU daWa, VhRZQ iQ FigXUe 3.4.
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FigXUe 3.4: The caVe VWXd\ PRbiliW\ ZRUkflRZ iQ MAW

The caVe VWXd\ ZRUkflRZ VWaUWV ZiWh Whe ³DaWa PaUWiWiRQeU´ ZidgeW, Zhich SaUWiWiRQV Whe iQSXW PRbile

VeQVRU daWa iQWR Whe daWa VigQaled b\ GPS, kQRZQ aV GPS daWa, aQd Whe daWa VigQaled b\ cellXlaU WRZeU

WUiaQgXlaWiRQ, kQRZQ aV cellXlaU daWa. AfWeU UeceiYiQg Whe iQSXW daWa, Whe ³GPS DaWa PURceVViQg´ bUaQch

aQd ³CellXlaU DaWa PURceVViQg´ bUaQch Zill VWaUW WR ZRUk ViPXlWaQeRXVl\ WR e[WUacW XVeUV' VWa\V

iQfRUPaWiRQ. The ³GPS DaWa PURceVViQg´ bUaQch aQd ³CellXlaU DaWa PURceVViQg´ bUaQch haYe a cRPPRQ

gRal: e[WUacWiQg Whe XVeUV¶ VWa\ iQfRUPaWiRQ giYeQ diffeUeQW daWa W\SeV. WiWh Whe GPS daWa aV iQSXW, Whe

³TUace SegPeQWaWiRQ ClXVWeUiQg´ ZidgeW clXVWeUV Whe lRcaWiRQV WhaW aUe VSaWiall\ clRVe ZiWh a laUge

dXUaWiRQ, laUgeU WhaQ Whe SaVViQg ³dXUaWiRQ WhUeVhRld´, aQd calcXlaWeV Whe ceQWURidV Rf Whe clXVWeUV aV XVeUV¶

VWa\ lRcaWiRQV. ³IQcUePeQWal ClXVWeUiQg´ ZidgeW ZRUkV ViPilaUl\ WR Whe ³TUace SegPeQWaWiRQ ClXVWeUiQg´

ZidgeW bXW iW dReV QRW cRQVideU Whe dXUaWiRQ WhUeVhRld. GiYeQ a ³dXUaWiRQ WhUeVhRld´, ³SWa\ DXUaWiRQ

CalcXlaWRU´ ZidgeW calcXlaWeV Whe dXUaWiRQV Rf Whe XVeUV¶ VWa\V aQd eliPiQaWeV Whe VWa\V ZiWh a lRZ VWa\iQg

dXUaWiRQ. The ³OVcillaWiRQ CRUUecWRU´ ZidgeW Rf Whe ³CellXlaU DaWa PURceVViQg´ bUaQch iV WR cRUUecW Whe

RVcillaWiRQ iVVXe Rf Whe PRbile VeQVRU daWa. The RVcillaWiRQ iVVXe [15] UefeUV WR Whe caVe WhaW Whe PRbile

deYice UaSidl\ PRYed fURP RQe Slace WR aQRWheU iQ a VhRUW WiPe, Zhile iQ facW, Whe PRbile deYice iV

VWaWiRQaU\. ThiV cRXld lead WR iQaccXUaWe cRPSXWaWiRQ Rf Whe XVeUV¶ VWa\ lRcaWiRQV. The ³OVcillaWiRQ

CRUUecWRU´ ZidgeW iV heUe WR deWecW Whe RVcillaWiRQ iVVXe aQd eliPiQaWe Whe eUURU. AfWeU gaWheUiQg Whe XVeUV¶

VWa\V e[WUacWed fURP bRWh GPS daWa aQd cellXlaU daWa, Whe ³SWa\ iQWegUaWRU´ ZidgeW iV WR calcXlaWe Whe

cRPbiQed XVeU VWa\ lRcaWiRQV b\ iQWegUaWiQg Whe VWa\iQg iQfRUPaWiRQ geQeUaWed b\ Whe ³CellXlaU DaWa

PURceVViQg´ bUaQch WR Whe VWa\iQg iQfRUPaWiRQ calcXlaWed b\ Whe ³GPS DaWa PURceVViQg´ bUaQch aV Whe

GPS daWa iV PRUe accXUaWe WhaQ Whe cellXlaU daWa, aV Zell aV Whe VWa\ iQfRUPaWiRQ e[WUacWed fURP WheP [15].
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FigXUe 3.5: JXS\WeU QRWebRRk YiVXali]aWiRQ Rf Whe caVe VWXd\ PRbiliW\ ZRUkflRZ iQ MAW. The gUeeQ liQeV
RQ Whe figXUe UeSUeVeQW Whe XVeU WUaceV, aQd Whe Ued dRWV UeSUeVeQW Whe lRcaWiRQV Whe XVeU VWa\ed fRU a SeUiRd

Rf WiPe, e.g. 5 PiQXWeV.

AfWeU geQeUaWiQg Whe VWa\ lRcaWiRQV UeVXlWV, Whe ³JXS\WeU NRWebRRk ViVXali]aWiRQ´ bUaQch, cRQViVWiQg Rf

³SelecW UVeU TR DiVSla\´ ZidgeW, ³E[ecXWe NRWebRRk´ ZidgeW aQd ³DiVSla\ QRWebRRk´ ZidgeW, aQd Whe

³SSUeadVheeW File YiVXali]aWiRQ´ bUaQch, cRQViVWiQg Rf ³gQXPeUic´ ZidgeW Zill VhRZ Whe YiVXali]aWiRQ

UeVXlWV, VhRZQ iQ FigXUe 3.5. The ³SelecW UVeU TR DiVSla\´ ZidgeW SaVVeV a VelecWed XVeU ID WR Whe

³E[ecXWe NRWebRRk´ ZidgeW, aQd Whe ³E[ecXWe NRWebRRk´ ZidgeW Zill e[ecXWe Whe SUe-cRQfigXUed JXS\WeU

QRWebRRk WR VhRZ Whe XVeU¶V WUaceV aQd VWa\ lRcaWiRQV. AfWeU WhaW, Whe ³DiVSla\ QRWebRRk´ ZidgeW Zill SRS

Whe e[ecXWed JXS\WeU QRWebRRk XS. The ³gQXPeUic´ ZidgeW Zill VhRZ a VSUeadVheeW Rf Whe iQWegUaWed XVeU

VWa\ lRcaWiRQV aW Whe VaPe WiPe.

B\ bXildiQg RXU caVe VWXd\ ZRUkflRZ, Ze VhRZ WhaW Ze SURYide a UeSURdXcible aQd PRdXlaU ZRUkflRZ

bXildiQg WRRl, MAW. ThURXgh Whe iQWeUacWiYe GUI Rf Whe MAW, cUeaWiRQ aQd e[ecXWiRQ Rf a ZRUkflRZ aUe
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ViPSlified. UVeUV ZiWhRXW aQ\ SURgUaPPiQg e[SeUieQce caQ SeUfRUP PRbiliW\ aQal\ViV afWeU Whe aQal\Wical

ZRUkflRZ iV lRaded, Zhich addUeVVeV Whe Qeed Rf PaQ\ WUaQVSRUWaWiRQ UeVeaUcheUV.
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ChaSWeU 4

OSWiPi]aWiRQ Rf Whe PRbiliW\ ZRUkflRZ
IQ WhiV ChaSWeU, Ze deVcUibe hRZ Ze cRQdXcWed V\VWePaWic beQchPaUkiQg WR iQVSecW Whe SeUfRUPaQce Rf

RXU caVe VWXd\ ZRUkflRZ Rf Whe PRbiliW\ aQal\ViV PeWhRd SURSRVed iQ [52] (UefeUUed WR aV ³Whe PRbiliW\

ZRUkflRZ´ iQ Whe laWeU VecWiRQV) deYelRSed iQ ChaSWeU 3. All Whe beQchPaUkiQg e[SeUiPeQWV ZeUe

cRPSleWed RQ APa]RQ Web SeUYiceV (AWS) [10]. SSecificall\, Ze XVed Whe AWS ElaVWic CRPSXWe ClRXd

(EC2) fRU UXQQiQg Whe e[SeUiPeQWV aQd XVed AWS SiPSle SWRUage SeUYice (S3) fRU VWRUiQg Whe

e[SeUiPeQWal daWaVeWV. AWS EC2 SURYideV elaVWic cRPSXWiQg UeVRXUceV fRU XVeUV WR UXQ WheiU aSSlicaWiRQV.

AWS S3 iV aQ RbjecW VWRUage VeUYice fRU XVeUV WR VWRUe aQd PaQage WheiU fileV.

The PRdXleV ³TUace SegPeQWaWiRQ ClXVWeUiQg´ aQd ³IQcUePeQWal ClXVWeUiQg´ Rf Whe PRbiliW\ ZRUkflRZ

iQYRlYe laUge aPRXQWV Rf geRgUaShical diVWaQce calcXlaWiRQV XViQg XVeU¶V lRcaWiRQ WUaceV, Zhich cRXld

becRPe a bRWWleQeck Rf Whe SeUfRUPaQce Rf Whe ZRUkflRZ cRQVideUiQg Whe QXPbeU Rf lRcaWiRQ WUaceV. UVeU

lRcaWiRQ WUace daWa aUe VWRUed iQ daWa fileV ZiWh a VSUeadVheeW file fRUPaW. TheVe fileV caSWXUe Whe

geRgUaShical lRcaWiRQV Rf Whe XVeU WUaceV. Each daWa file caQ haYe XS WR 20 PilliRQ URZV. AV a UeVXlW, Ze

fXUWheU iQYeVWigaWed Whe SRVVible cRPSXWaWiRQal bRWWleQeckV Rf Whe PRbiliW\ ZRUkflRZ.

4.1 S\VWePaWic BeQchPaUkiQg
4.1.1 DaWa

The PRbile VeQVRU daWa deVcUibed iQ ChaSWeU 3 SecWiRQ 3.1 ZaV XVed iQ RXU beQchPaUkiQg e[SeUiPeQWV

cRYeUiQg Whe fRXU cRXQWieV (i.e. KiQg, KiWVaS, PieUce aQd SQRhRPiVh) Rf Whe ceQWUal PXgeW SRXQd UegiRQ.

The daWa ZaV cRllecWed iQ MaUch, ASUil, aQd NRYePbeU Rf 2019, cRQViVWiQg Rf 2 WUilliRQ geRgUaShical

lRcaWiRQ UecRUdV fRU 562,294 iQdiYidXalV, ZiWh a YRlXPe Rf 212 GB. WiWh Whe helS fURP DU. XiaQg\aQg

GXaQ, Whe PRbile VeQVRU daWa iV SUeSURceVVed WR gURXS Whe WUaceV fURP Whe VaPe XVeU iQWR RQe daWa file

VXch WhaW each daWa file cRQWaiQV Whe WUaceV fURP a fi[ed QXPbeU Rf XVeUV WR eQable a beWWeU XQdeUVWaQdiQg

Rf Whe XVeU¶V PRbiliW\ WUeQdV. The fi[ed QXPbeU Rf WUaceV SeU file ZaV VeW WR 5000 iQ RXU e[SeUiPeQWV.

TheQ, Ze cUeaWed daWa VXbVeWV XViQg Whe SUeSURceVVed PRbile VeQVRU daWa b\ VelecWiQg VeYeQ VXbVeWV Rf

daWa fileV VXch WhaW each VXbVeW haV a daWa YRlXPe Rf 1 GB, 10 GB, 25 GB, 50 GB, 75 GB aQd 100 GB

UeVSecWiYel\. DeWailV aUe VhRZQ iQ Table 4.1.
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DaWa VXbVeW
Vi]e

1GB 10GB 25GB 50GB 75GB 100GB

NXPbeU Rf
daWa fileV

2 12 32 69 100 133

Table 4.1: NXPbeU Rf daWa fileV Rf Whe daWa VXbVeWV

4.1.2 WRUkflRZ E[ecXWiRQ

GiYeQ Whe daWa VXbVeWV Ze cUeaWed, Ze WheQ e[ecXWed Whe PRbiliW\ ZRUkflRZ iQ MAW aQd PRQiWRUed Whe

UXQWiPe aQd PePRU\ XWili]aWiRQ Rf Whe ZRUkflRZ. ShRZQ aV FigXUe 4.1, VWaUWiQg ZiWh Whe ³DaWa PaUWiWiRQeU´

ZidgeW, Whe PRbiliW\ ZRUkflRZ caQ be eaVil\ e[ecXWed b\ clickiQg Whe ³VWaUW´ bXWWRQ Rf Whe cRQfigXUaWiRQ

fRUP Rf Whe fiUVW ZidgeW, VhRZQ aV FigXUe 4.2.

FigXUe 4.1: The PRbiliW\ ZRUkflRZ iQ MAW
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FigXUe 4.2: The cRQfigXUaWiRQ fRUP Rf ³DaWa PaUWiWiRQeU´ ZidgeW

FRU Whe ZRUkflRZ e[ecXWiRQ, Ze Qeed WR VSecif\ Whe daWa file QaPeV Rf RQe daWa VXbVeW, aQd aQ\ UeTXiUed

SaUaPeWeUV. The ZRUkflRZ Zill RXWSXW a SURceVVed daWa file fRU each iQSXW daWa file. IQ Whe ePSiUical

e[SeUiPeQWV, Ze e[ecXWed Whe ZRUkflRZ PXlWiSle WiPeV WR calcXlaWe Whe aYeUage UXQWiPe aQd PePRU\

XVage Rf Whe PRbiliW\ ZRUkflRZ.

4.2 BRWWleQeck IdeQWificaWiRQ
4.2.1 GeRgUaShical diVWaQce PeaVXUePeQW

TR iQYeVWigaWe hRZ diffeUeQW diVWaQce PeaVXUePeQW PeWhRdV cRXld iQflXeQce Whe UXQWiPe Rf Whe ZRUkflRZ,

Ze iPSlePeQWed 3 diVWaQce eVWiPaWiRQ fXQcWiRQV, VhRZQ iQ ETXaWiRQV 4.1, 4.2, 4.3. TR deWeUPiQe Whe PRVW

accXUaWe aQd cRPSXWaWiRQall\ efficieQW diVWaQce fXQcWiRQ, Ze cRPSaUed WheiU UXQWiPeV aQd accXUacieV

giYeQ Whe VaPe iQSXW daWa. EYeQWXall\, Ze WeVWed Whe UXQWiPeV Rf Whe ZRUkflRZ ZiWh Whe diffeUeQW diVWaQce

eVWiPaWiRQ fXQcWiRQV.
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ETXaWiRQ 4.1 iV Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe fXQcWiRQ [61], ZheUe , aQd ,𝑙𝑜𝑛𝑔
1

𝑙𝑎𝑡
1

𝑙𝑜𝑛𝑔
2

𝑙𝑎𝑡
2

aUe WZR SaiUV Rf geRgUaShical cRRUdiQaWeV iQ deciPal degUeeV, aQd UeSUeVeQWiQg Whe laWiWXdeV iQφ
1

φ
2

UadiaQV, aQd iV Whe PeaQ YalXe Rf Whe laWiWXdeV iQ UadiaQV.φ
𝑚

ETXaWiRQ 4.2 aSSlieV Whe SSheUical LaZ Rf CRViQeV fXQcWiRQ [62] WR cRPSXWe Whe geRgUaShical diVWaQce,

ZheUe aQd UeSUeVeQW Whe laWiWXdeV iQ UadiaQV, aQd aQd UeSUeVeQW lRQgiWXdeV iQ UadiaQV giYeQφ
1

φ
2

λ
1

λ
2

WZR SaiUV Rf geRgUaShical cRRUdiQaWeV. iV Whe UadiXV Rf Whe eaUWh iQ kilRPeWeUV.𝑅

ETXaWiRQ 4.3 SURYideV eTXiUecWaQgXlaU aSSUR[iPaWiRQ [63] diVWaQce fXQcWiRQV ZheUe aQd UeSUeVeQWφ
1

φ
2

Whe laWiWXdeV iQ UadiaQV, aQd aQd UeSUeVeQW Whe lRQgiWXdeV iQ UadiaQV. GiYeQ WZR SaiUV Rf geRlRgicalλ
1

λ
2

cRRUdiQaWeV, iV Whe PeaQ YalXe Rf Whe laWiWXdeV iQ UadiaQV, aQd iV Whe UadiXV Rf Whe eaUWh iQ kilRPeWeUV.φ
𝑚

𝑅

4.3 ReVXlWV
4.3.1 RXQWiPe aQd PePRU\ XWili]aWiRQ Rf Whe PRbiliW\ ZRUkflRZ

We VWRUe Whe daWa VXbVeWV aV deVcUibed iQ SecWiRQ 4.1.1 iQ aQ AWS S3 bXckeW. We WheQ PRQiWRU Whe

UXQWiPe aQd PePRU\ XWili]aWiRQ Rf UXQQiQg Whe PRbiliW\ ZRUkflRZ RQ Whe AWS EC2 iQVWaQceV.

SSecificall\, Ze iPSlePeQW Whe UXQWiPe PRQiWRUiQg Vhell VcUiSW aQd Whe PePRU\ XWili]aWiRQ PRQiWRUiQg

Vhell VcUiSW aQd laXQch Whe VcUiSWV aW Whe begiQQiQg Rf Whe ZRUkflRZ e[ecXWiRQ. The VcUiSWV PeaVXUe Whe

ZRUkflRZ¶V UXQWiPe aQd RXWSXW Whe PePRU\ XWili]aWiRQ eYeU\ 5 VecRQdV dXUiQg Whe ZRUkflRZ e[ecXWiRQ. IQ

WhiV Za\, b\ cRllecWiQg UXQWiPe aQd PePRU\ XWili]aWiRQ, Ze caQ XQdeUVWaQd Whe d\QaPic chaQgeV Rf

PePRU\ cRQVXPSWiRQ WhURXghRXW Whe e[ecXWiRQ Rf Whe ZRUkflRZ.
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The PRbiliW\ ZRUkflRZ e[ecXWeV each cRPSXWiQg WaVk VeTXeQWiall\. DXUiQg Whe e[ecXWiRQ Rf ³TUace

SegPeQWaWiRQ ClXVWeUiQg´, diffeUeQW daWa fileV Rf Whe VaPe daWa VXbVeW, aV deVcUibed iQ SecWiRQ 4.1.1, aUe

SURceVVed VeTXeQWiall\. The PRbiliW\ ZRUkflRZ Zill QRW e[ecXWe Whe Qe[W cRPSXWiQg WaVk ³IQcUePeQWal

ClXVWeUiQg´, XQWil all Whe daWa fileV Rf RQe daWa VXbVeW aUe SURceVVed aQd cRPSleWed. TR VSeed XS Whe

SURceVViQg Rf each daWa file, a PXlWi-SURceVViQg PechaQiVP deSeQdiQg RQ Whe P\WhRQ libUaU\

³PXlWiSURceVViQg´ iV iPSlePeQWed. SSecificall\, RXU daWa SURceVViQg VcUiSWV diYide a daWa file iQWR 16

VhaUdV, aV Whe EC2 iQVWaQceV XVed iQ Whe e[SeUiPeQW haYe 16 YCPU cRUeV, aQd laXQch 16 VXb-SURceVVeV

ZheUe each Rf WheP iV aVVigQed RQe daWa VhaUd WR UXQ Whe fXQcWiRQ WhaW iPSlePeQWV ³TUace SegPeQWaWiRQ

ClXVWeUiQg´ iQ P\WhRQ. NRWe WhaW Whe QXPbeU Rf daWa VhaUdV aQd Whe QXPbeU Rf VXb-SURceVVeV aUe VeW WR be

eTXal WR Whe QXPbeU Rf YCPU cRUeV iQ Whe iPSlePeQWaWiRQ. WheQ Ze chaQge WR a QeZ AWS EC2 iQVWaQce

ZiWh a diffeUeQW QXPbeU Rf YCPU cRUeV WR UXQ Whe PRbiliW\ ZRUkflRZ, Whe QXPbeU Rf daWa VhaUdV aQd Whe

QXPbeU Rf VXb-SURceVVeV Zill aXWRPaWicall\ be adjXVWed.

FigXUe 4.3: RXQWiPe aQd PePRU\ XWili]aWiRQ Rf Whe PRbiliW\ ZRUkflRZ ZiWh a 10 GB iQSXW daWaVeW

FigXUe 4.3 VhRZV Whe PRQiWRUed UXQWiPe aQd PePRU\ XWili]aWiRQ ZheQ Whe ZRUkflRZ iV e[ecXWed RQ aQ

³P5d.4[laUge´ EC2 iQVWaQce. The [-a[iV Rf Whe figXUe UeSUeVeQWV Whe UXQWiPe iQ PiQXWeV VWaUWiQg aW 0

PiQXWe, aQd Whe \-a[iV VhRZV Whe PePRU\ XVage iQ Whe SURceVV Rf ZRUkflRZ e[ecXWiRQ. The Ued dRWWed

liQeV iQdicaWe Whe WiPe SRiQWV ZheQ a VSecific ZidgeW iV fiQiVhed, aQd Whe e[WeQded Ued dRWWed liQeV aUe

XWili]ed fRU beWWeU aQQRWaWiRQ. FRU e[aPSle, Ze caQ Vee fURP Whe figXUe WhaW Whe ³DaWa PaUWiWiRQeU´ ZidgeW

iV fiQiVhed afWeU 21 PiQXWeV Rf ZRUkflRZ e[ecXWiRQ. The WiPe iQWeUYal Rf Whe lRZeVW PePRU\ XWili]aWiRQ

aSSeaUed ZheQ Whe ZRUkflRZ ZaV SURceVViQg cellXlaU daWa, Zhile Whe higheVW PePRU\ XWili]aWiRQ WiPe
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SeUiRd iV ZheQ Whe ³SWa\ IQWegUaWRU´ ZidgeW iV UXQQiQg, fURP Whe 149 WR 189 PiQXWeV. FURP FigXUe 4.3, Ze

caQ Vee WhaW Whe Seak PePRU\ XWili]aWiRQ iV abRXW 4000 MB, Zhile Whe PiQiPXP PePRU\ XWili]aWiRQ iV

abRXW 1000 MB. The ³TUace SegPeQWaWiRQ ClXVWeUiQg´ WaVk cRQVXPeV Whe laUgeVW SRUWiRQ Rf cRPSXWaWiRQal

WiPe aPRQg all Whe WaVkV.

TakiQg diffeUeQW daWa VXbVeWV aV iQSXW, Whe ZRUkflRZ iV e[ecXWed RQ Whe AWS EC2 iQVWaQceV (W\Se:

³P5d.4[laUge´). The WiPe cRVWV Rf fiQiVhiQg Whe ZRUkflRZ aUe cRPSaUed aV VhRZQ iQ Table 4.2. We

UeSeaWed each e[SeUiPeQWal cRQfigXUaWiRQ 3 WiPeV WR deWeUPiQe Whe aYeUage UXQWiPe WR accRXQW fRU Whe

V\VWeP YaUiabiliW\ Rf EC2 iQVWaQceV, e.g. Ze UeSeaWed Whe ZRUkflRZ 3 [ XViQg Whe 1 GB daWa VXbVeW; Ze

UeXVed Whe daWa VXbVeWV ZiWhRXW UecUeaWiQg WheP. FURP Whe Wable, Ze caQ Vee WhaW aV Whe daWa VXbVeW Vi]e

iQcUeaVeV, Whe WiPe cRVW Rf fiQiVhiQg Whe ZRUkflRZ gURZV VigQificaQWl\. ThURXgh RXU ePSiUical

e[SeUiPeQWV, Whe P5d.4[laUge EC2 iQVWaQce SURYideV VXfficieQW PePRU\ fRU each VeW Rf e[SeUiPeQWV aQd,

aV a UeVXlW, Ze XVe Whe P5d.4[laUge EC2 iQVWaQce aV RXU defaXlW iQVWaQce.

DaWa VXbVeW
Vi]e

1GB 10GB 25GB 50GB 75GB 100GB

AYeUage
TiPe cRVW
(H:M:S)

0:16:28 3:09:18 7:42:20 15:17:40 23:21:10 30:44:59

Table 4.2: AYeUage WiPe cRVW Rf UXQQiQg Whe ZRUkflRZ ZiWh diffeUeQW daWa VXbVeWV
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FigXUe 4.4: AYeUage WiPe cRVW Rf UXQQiQg Whe PRbiliW\ ZRUkflRZ ZiWh daWa VXbVeWV Rf diffeUeQW Vi]eV (NR
UecUeaWiRQ Rf daWa VXbVeW)

AV VhRZQ iQ FigXUe 4.4, Whe [-a[iV UeSUeVeQWV Whe Vi]eV Rf Whe daWaVeWV, aQd Whe \-a[iV UeSUeVeQWV Whe

UXQWiPe (iQ PiQXWeV) Rf Whe PRbiliW\ ZRUkflRZ. WheQ Whe Vi]e Rf Whe daWaVeW iQcUeaVeV, Whe aYeUage WiPe

cRVW Rf cRPSleWiQg Whe ZRUkflRZ, aQd Whe Vi]e Rf Whe daWaVeW VhRZ SRViWiYe cRUUelaWiRQ. We alVR RbVeUYe

WhaW, if Ze cRPSaUe Whe UXQWiPe Rf SURceVViQg 1 GB daWa aQd Whe UXQWiPe Rf SURceVViQg 10 GB daWa, Zhile

Whe 10 GB daWa VXbVeW iV 10 WiPeV Rf 1 GB daWa VXbVeW iQ WeUPV Rf Vi]e, Whe UXQWiPe iV QRW QeceVVaUil\ 10

WiPeV laUgeU.

4.3.2 PeUfRUPaQce cRPSaUiVRQ Rf diVWaQce eVWiPaWiRQ PeWhRdV

TR cRPSaUe Whe SeUfRUPaQce Rf diffeUeQW diVWaQce eVWiPaWiRQ fXQcWiRQV, UegaUdiQg Whe UXQWiPe aQd

accXUac\, Ze SeUfRUPed aQRWheU VeW Rf ePSiUical e[SeUiPeQWV. FiUVW, Ze UaQdRPl\ VaPSled geRgUaShical

cRRUdiQaWeV fURP Whe PXgeW SRXQd UegiRQ aV e[SeUiPeQWal daWa. TheQ fRU each SaiU Rf cRRUdiQaWeV, Ze

cRPSXWed Whe ³SVeXdR gURXQd WUXWh´ diVWaQce XViQg Whe ³geRdeVic´ diVWaQce fXQcWiRQ. The ³geRdeVic´

diVWaQce fXQcWiRQ ZaV cRPSXWed XViQg Whe ³geRS\´ P\WhRQ libUaU\ aQd Ze UegaUded Whe diVWaQce

PeaVXUePeQW UeVXlW fURP Whe ³geRdeVic´ diVWaQce fXQcWiRQ aV Whe ³SVeXdR gURXQd WUXWh´ iQ RXU

e[SeUiPeQWV. We alVR calcXlaWed Whe eVWiPaWed diVWaQceV XViQg Whe WhUee Velf-iPSlePeQWed diVWaQce

fXQcWiRQV WR cRPSaUe Whe accXUac\ aQd UXQWiPe.
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RXnWime compaUiVon

TR cRPSaUe Whe UXQWiPeV Rf Whe 3 diVWaQce eVWiPaWiRQ PeWhRdV, Ze UaQdRPl\ VaPSled 1000 geRgUaShical

cRRUdiQaWeV fURP Whe PXgeW SRXQd UegiRQ aV iQSXW fRU each e[SeUiPeQW aQd calcXlaWed Whe aYeUage WiPe

cRVW Rf cRPSXWiQg diVWaQceV fRU all cRRUdiQaWe SaiUV. TheQ, Ze UeSeaWed Whe e[SeUiPeQWV 15 WiPeV WR aYRid

aQ\ VaPSliQg biaV.

DiVWaQce FXQcWiRQ ElliSVRidal EaUWh
SURjecWed WR a SlaQe

SSheUical LaZ Rf
CRViQeV

ETXiUecWaQgXlaU

aSSUR[iPaWiRQ

AYeUage UXQWiPe
(in micUoVecondV)

2.792 2.576 2.153

Table 4.3: AYeUage UXQWiPeV Rf  (iQ PicURVecRQdV) diVWaQce fXQcWiRQV fRU all cRRUdiQaWe SaiUV

AV VhRZQ iQ Table 4.3, Whe ETXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce fXQcWiRQ giYeV beWWeU SeUfRUPaQce iQ

WeUPV Rf Whe aYeUage UXQWiPe RYeU Whe SaiUZiVe diVWaQce calcXlaWiRQV Rf 1000 geRgUaShical cRRUdiQaWeV.

We alVR SURYide a YiVXali]aWiRQ Rf Whe cRPSaUiVRQ XViQg a baU chaUW VhRZQ iQ FigXUe 4.5.

FigXUe 4.5: AYeUage UXQWiPe (iQ PicURVecRQdV) Rf diVWaQce fXQcWiRQV iQ diffeUeQW e[SeUiPeQWV

FigXUe 4.5 VhRZV Whe aYeUage UXQWiPe Rf diVWaQce fXQcWiRQV iQ diffeUeQW e[SeUiPeQWV RYeU a WRWal Rf 15

UeSeaWed e[SeUiPeQWV. The [-a[iV Rf FigXUe 4.5 UeSUeVeQWV Whe diffeUeQW e[SeUiPeQWV. FRU e[aPSle, ³1´
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UeSUeVeQWV Whe fiUVW e[SeUiPeQW Ze cRQdXcWed. The \-a[iV VhRZV Whe aYeUage UXQWiPe iQ PicURVecRQdV Rf

each diVWaQce fXQcWiRQ. The aYeUage UXQWiPe Rf Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe fXQcWiRQ, Whe

SSheUical LaZ Rf CRViQeV fXQcWiRQ, aQd Whe ETXiUecWaQgXlaU aSSUR[iPaWiRQ fXQcWiRQ aUe VhRZQ XViQg a Ued

baU, blXe baU aQd gUeeQ baU, UeVSecWiYel\. FURP FigXUe 4.5, Ze caQ RbVeUYe WhaW Whe ETXiUecWaQgXlaU

aSSUR[iPaWiRQ fXQcWiRQV RXWSeUfRUPed Whe RWheU WZR diVWaQce fXQcWiRQV giYeQ Whe diffeUeQW iQSXW daWa Rf

each e[SeUiPeQW.

FXUWheUPRUe, Ze cUeaWed bR[ SlRWV ZiWh VWaQdaUd deYiaWiRQ eUURU baUV WR iQYeVWigaWe Whe YaUiabiliW\ Rf Whe

UXQWiPeV iQ Whe SURceVV.

FigXUe 4.6: BR[ SlRW ZiWh VWaQdaUd deYiaWiRQ eUURU baUV XViQg Whe UXQWiPeV
Rf Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe diVWaQce fXQcWiRQ
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FigXUe 4.7: BR[ SlRW ZiWh VWaQdaUd deYiaWiRQ eUURU baUV XViQg Whe UXQWiPeV
Rf Whe SSheUical LaZ Rf CRViQeV diVWaQce fXQcWiRQ
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FigXUe 4.8: BR[ SlRW ZiWh VWaQdaUd deYiaWiRQ eUURU baUV XViQg Whe UXQWiPeV
Rf Whe eTXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce fXQcWiRQ

FRU FigXUe 4.6, FigXUe 4.7, aQd FigXUe 4.8, Whe [-a[iV iQdicaWeV Whe WRWal 15 e[SeUiPeQWV, iQ Zhich ³1´ Rf

Whe [-a[iV UeSUeVeQWV Whe fiUVW e[SeUiPeQW, aQd Whe \-a[iV VhRZV Whe UXQWiPe (iQ PilliVecRQdV). The eUURU

baUV, VhRZQ aV Ued baUV ZiWh blXe liQeV, UeflecWV Whe VWaQdaUd deYiaWiRQ Rf Whe UXQWiPeV. B\ cRPSaUiQg

cRQYeUgeQce Rf Whe PediaQ YalXeV, VhRZQ iQ Whe bR[ SlRW, aQd Whe aYeUage YalXeV, VhRZQ iQ ZiWh Whe

VWaQdaUd deYiaWiRQ eUURU baU, Ze caQ RbVeUYe WhaW Whe YaUiaQce Rf UXQWiPe Rf Whe ElliSVRidal EaUWh SURjecWed

WR a SlaQe diVWaQce fXQcWiRQ iV laUgeU WhaQ Whe YaUiaQceV Rf UXQWiPe Rf Whe RWheU WZR diVWaQce fXQcWiRQV. IQ

addiWiRQ, b\ cRPSaUiQg Whe iQWeUTXaUWile UaQgeV Rf Whe bR[ SlRW giYeQ Whe VaPe e[SeUiPeQW, Ze RbVeUYe

WhaW Whe diVWUibXWiRQ Rf Whe UXQWiPeV Rf Whe ElliSVRidal EaUWh SURjecWed WR a SlaQe diVWaQce fXQcWiRQ VhRZV

UelaWiYel\ liWWle YaUiaWiRQ cRPSaUed WR WhRVe fURP Whe RWheU WZR diVWaQce fXQcWiRQV.

AccXUac\ compaUiVon

We UaQdRPl\ VaPSled 1000 geRgUaShical cRRUdiQaWeV fURP Whe PXgeW SRXQd UegiRQ aV iQSXW fRU each

e[SeUiPeQW, aQd WheQ cRPSXWed aQd cRPSaUed Whe eUURU iQ diVWaQce PeaVXUePeQWV fRU Whe 3 diVWaQce

eVWiPaWiRQ PeWhRdV. We XVed Whe URRW-PeaQ-VTXaUe deYiaWiRQ (RMSD) WR PeaVXUe Whe eUURU beWZeeQ Whe

³SVeXdR gURXQd WUXWh´ diVWaQce, geQeUaWed b\ Whe ³geRdeVic´ diVWaQce fXQcWiRQ, aQd Whe eVWiPaWed
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diVWaQce, cRPSXWed b\ Whe 3 diVWaQce fXQcWiRQV. We UeSeaWed Whe e[SeUiPeQWV 3 WiPeV WR UedXce aQ\

VaPSliQg biaV.

The URRW-PeaQ-VTXaUe deYiaWiRQ (RMSD) iV a PeaVXUePeQW Zhich UeflecWV Whe aYeUage eUURU Rf eVWiPaWiRQ

UeVXlWV RYeU Whe WUXe UeVXlWV. IQ RXU e[SeUiPeQW, Whe eVWiPaWiRQ UeVXlWV aUe Whe eVWiPaWed diVWaQce, aQd Whe

WUXe UeVXlWV aUe ³SVeXdR gURXQd WUXWh´ diVWaQce. IQ ETXaWiRQ 4.4, UeSUeVeQWV Whe ideQWifieU Rf Whe𝑖

cRRUdiQaWe SaiU; iV Whe WRWal QXPbeU Rf Whe cRRUdiQaWe SaiUV; iV Whe ³SVeXdR gURXQd WUXWh´ diVWaQce Rf𝑁 𝑑
𝑖

Whe i Wh cRRUdiQaWe SaiU geQeUaWed b\ Whe ³geRdeVic´ diVWaQce fXQcWiRQ; aQd iV Whe eVWiPaWed diVWaQce Rf𝑑
𝑖

Whe i Wh cRRUdiQaWe SaiU geQeUaWed b\ Whe 3 Velf-iPSlePeQWed diVWaQce fXQcWiRQV.

MeWUicV
(iQ MeWeUV)

DiVWaQce FXQcWiRQV

ElliSVRidal EaUWh
SURjecWed WR a SlaQe

SSheUical LaZ Rf CRViQeV ETXiUecWaQgXlaU
aSSUR[iPaWiRQ

(1VW) RMSD 435.2 77.7 75.0

(1VW) RMSD / MEAN 0.0046 0.0008 0.0008

(2Qd) RMSD 364.8 75.0 74.4

(2Qd) RMSD / MEAN 0.0041 0.0008 0.0008

(3Ud) RMSD 453.4 86.2 85.0

(3Ud) RMSD / MEAN 0.0050 0.0009 0.0009

Table 4.4: TiPe cRVW aQd RMSD cRPSaUiVRQ XViQg diffeUeQW diVWaQce fXQcWiRQV

The ³MEAN´ iQ Table 4.4, iV Whe PeaQ YalXe Rf Whe ³SVeXdR gURXQd WUXWh´ diVWaQceV acURVV all SaiUV Rf

cRRUdiQaWeV PeaVXUed b\ ³geRdeVic´ fXQcWiRQ, aQd ³RMSD/MEAN´ iV calcXlaWed XViQg Whe RMSD UeVXlWV

diYided b\ Whe PeaQ YalXe Rf Whe ³SVeXdR gURXQd WUXWh´ diVWaQceV, Zhich UeflecWV Whe UaWiR Rf Whe eUURU Rf

eVWiPaWiRQ WR Whe PeaQ diVWaQce. ³(1VW)´, ³(2Qd)´ aQd ³(3Ud)´ XQdeU Whe ³MeWUicV (iQ MeWeUV)´ cRlXPQ
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iQdicaWe Whe fiUVW e[SeUiPeQW, Whe VecRQd e[SeUiPeQW, aQd Whe WhiUd e[SeUiPeQW UeVSecWiYel\, aQd ³(1VW)

RMSD´ UeSUeVeQWV Whe RMSD UeVXlW geQeUaWed fURP Whe Whe fiUVW e[SeUiPeQW. FURP Table 4.4, Ze caQ Vee

WhaW ETXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce fXQcWiRQ VhRZV UelaWiYel\ beWWeU SeUfRUPaQce giYeQ RXU

VaPSled cRRUdiQaWeV daWa.

Ne[W, XViQg RXU 3 diffeUeQW diVWaQce fXQcWiRQV, Ze cRPSaUed Whe UXQWiPeV Rf Whe PRbiliW\ ZRUkflRZ ZiWh

daWa VXbVeWV aV deVcUibed iQ SecWiRQ 4.1.1 aV iQSXW. We YiVXali]ed Whe UXQWiPe UeVXlWV XViQg a baU chaUW.

FigXUe 4.9: BaU chaUW  Rf Whe UXQWiPe (iQ PiQXWe) Rf Whe PRbiliW\ ZRUkflRZ ZiWh diffeUeQW diVWaQce
fXQcWiRQV

The [-a[iV iQ FigXUe 4.9 iQdicaWeV Whe Vi]eV Rf diffeUeQW daWaVeWV, aQd Whe \-a[iV UeSUeVeQWV Whe UXQQiQg WiPe

(iQ PiQXWeV) WR cRPSleWe Whe ZRUkflRZ. FURP FigXUe 4.9, Ze caQ Vee WhaW giYeQ Whe VaPe iQSXW daWaVeW, Whe

PRbiliW\ ZRUkflRZ ZiWh Whe eTXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce fXQcWiRQ WakeV Whe lRZeVW UXQWiPe WR

fiQiVh cRPSaUed ZiWh Whe ZRUkflRZ ZiWh Whe RWheU WZR diVWaQce fXQcWiRQV.

DaWa PUoceVVing CapaciW\ CompaUiVon

TR PeaVXUe Whe e[acW daWa SURceVViQg caSaciW\ Rf Whe PRbiliW\ ZRUkflRZ ZiWh diffeUeQW diVWaQce fXQcWiRQV,

Ze calcXlaWed Whe WhURXghSXW Rf Whe PRbiliW\ ZRUkflRZ. ThURXghSXW iV a PeWUic WR UeSUeVeQW Whe aPRXQW Rf

daWa WhaW caQ be SURceVVed iQ a XQiW Rf WiPe, Zhich caQ be XVed WR deVcUibe Whe caSaciW\ Rf daWa SURceVViQg

Rf a V\VWeP RU aQ algRUiWhP [65].
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FigXUe 4.10: BaU SlRW Rf Whe WhURXghSXW (iQ GB/hU) Rf Whe PRbiliW\ ZRUkflRZ ZiWh diffeUeQW diVWaQce
fXQcWiRQV

AV VhRZQ iQ FigXUe 4.10, Whe [-a[iV iQdicaWeV Whe Vi]eV Rf diffeUeQW daWaVeWV, aQd Whe \-a[iV UeSUeVeQWV Whe

WhURXghSXW (iQ GB/hU) WR cRPSleWe Whe ZRUkflRZ. We caQ RbVeUYe WhaW giYeQ Whe VaPe iQSXW daWaVeW, Whe

PRbiliW\ ZRUkflRZ ZiWh Whe eTXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce fXQcWiRQ haV Whe higheVW WhURXghSXW

cRPSaUed ZiWh Whe ZRUkflRZ ZiWh Whe RWheU WZR diVWaQce fXQcWiRQV.

4.4 CRQclXViRQV
FURP RXU ePSiUical e[SeUiPeQWV, Ze VhRZed Whe SeUfRUPaQce Rf RXU caVe VWXd\ ZRUkflRZ fURP diffeUeQW

aQgleV aQd ideQWified SeUfRUPaQce iPSURYePeQW RSSRUWXQiWieV. TR be VSecific, Ze diVcRYeUed WhaW b\

iPSlePeQWiQg Whe eTXiUecWaQgXlaU aSSUR[iPaWiRQ diVWaQce eVWiPaWiRQ fXQcWiRQ, Ze RSWiPi]ed RXU caVe

VWXd\ ZRUkflRZ iQ WeUPV Rf UXQWiPe aQd daWa SURceVViQg caSaciW\. AddiWiRQall\, b\ UXQQiQg Whe ZRUkflRZV

RQ Whe AWS EC2 iQVWaQceV, Ze dePRQVWUaWed WhaW MAW caQ be deSlR\ed RQ Whe clRXd WR leYeUage

RQ-dePaQd aQd Vcalable cRPSXWaWiRQal UeVRXUceV.
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ChaSWeU 5

ReSURdXcibiliW\ iQ MRdeliQg Whe VSUead Rf COVID-19
5.1 RaWiRQale
CRPSaUWPeQWal PRdelV deVcUibed iQ ChaSWeU 2 aUe Zidel\ XVed iQ eSidePiRlRg\ [43] [44] [45]. TheVe

PRdelV haYe SURYided helSfXl iQfRUPaWiRQ WR Whe SXblic dXUiQg Whe cXUUeQW COVID-19 SaQdePic. FRU

e[aPSle, cRPSaUWPeQWal PRdelV aUe XVed WR SUedicW Whe WUeQd Rf Whe eSidePic, VXch aV Whe WRWal QXPbeU Rf

iQfecWed SeRSle RYeU WiPe. HRZeYeU, giYeQ Whe UeTXiUed SURgUaPPiQg kQRZledge WR deSlR\ aQd UXQ

cRPSaUWPeQWal PRdelV, iW iV QRQ-WUiYial fRU eSidePiRlRg\ UeVeaUcheUV WR UeSURdXce aQal\Wical UeVXlWV.

CRQVideUiQg Whe cRPSaUWPeQWal PRdelV caQ be iPSlePeQWed diffeUeQWl\ ZiWh diffeUeQW SaUaPeWeUV, iW caQ

be eYeQ PRUe difficXlW WR UeSURdXce Whe cRPSaUWPeQWal PRdelV aQal\ViV UeVXlWV.

AV aQRWheU aSSlicaWiRQ fRU MAW, Ze iPSlePeQWed Whe SXVceSWible, E[SRVed, IQfecWed, RecRYeUed (SEIR)

[48] PRdel ZRUkflRZ aV aQ e[aPSle Rf PRdeliQg Whe VSUead Rf COVID-19 XViQg Whe cRPSaUWPeQWal

PRdelV.

5.2 DaWa
We XWili]e WhUee VRXUceV Rf daWa aV iQSXW WR RXU SEIR PRdel ZRUkflRZ. The fiUVW RQe iV Whe aiUSRUW flighWV

VWaWiVWicV daWa cRllecWed fURP Whe U.S. BXUeaX Rf TUaQVSRUWaWiRQ SWaWiVWicV [29]. IW SURYideV Whe dail\

QXPbeUV Rf flighWV fURP RQe ciW\ WR aQRWheU VhRZQ iQ Table 5.1.

Table 5.1: AiUSRUW flighWV VWaWiVWicV daWa deSaUWiQg fURP SeaWWle [29]

Table 5.1 VhRZV aQ e[aPSle Rf Whe aiUSRUW flighWV VWaWiVWicV daWa deSaUWiQg fURP SeaWWle. The cRlXPQ

³DaWe´ iV Whe daWe ZheQ Whe aiUSRUW flighWV deSaUWed fURP SeaWWle, aQd Whe RWheU cRlXPQV ZiWh a ciW\ QaPe
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aV headeU VhRZ Whe QXPbeU Rf flighWV fl\iQg fURP SeaWWle WR WhaW ciW\. Each URZ Rf Whe Wable UeSUeVeQWV Whe

QXPbeU Rf flighWV fl\iQg fURP SeaWWle WR Whe RWheU ciWieV, VXch aV NeZ YRUk CiW\, LRV AQgeleV, RQ a

VSecific daWe. We QRWe WhaW all Whe aiUSRUW flighW daWa SURYided b\ Whe U.S. BXUeaX Rf TUaQVSRUWaWiRQ

SWaWiVWicV RQl\ cRQWaiQV aiUSRUW-ZiVe iQfRUPaWiRQ, VXch aV Whe QXPbeU Rf flighWV fURP RQe aiUSRUW WR Whe

RWheU. TR gaWheU flighW daWa aW ciW\ leYel, Ze cRllecWed all Whe aiUSRUW-ZiVe daWa fRU aiUSRUWV WhaW aUe lRcaWed

iQ RQe ciW\ aQd did Whe VXPPaWiRQV.

The VecRQd daWa VRXUce iV ciW\-ZiVe SRSXlaWiRQ daWa iQ Whe U.S, cRllecWed b\ Whe U.S. CeQVXV BXUeaX [66].

Table 5.2: CiW\-ZiVe SRSXlaWiRQ daWa fURP [66]

We fRcXV RQ Whe SRSXlaWiRQ daWa Rf Whe 14 U.S. ciWieV VhRZQ iQ Table 5.2 iQ RXU VWXd\. The SRSXlaWiRQ daWa

VhRZQ aUe cRllecWed fURP Whe 2020 U.S. SRSXlaWiRQ ceQVXV. Each URZ Rf Whe Wable, e[ceSW fRU Whe headeU,

UeSUeVeQWV Whe eVWiPaWed SRSXlaWiRQ Rf RQe ciW\ aV Rf ASUil 1, 2020. FRU e[aPSle, Whe eVWiPaWed SRSXlaWiRQ

iQ ChicagR iV 9,458,539 aV Rf ASUil 1, 2020.

The WhiUd daWa VRXUce Rf RXU SEIR PRdel ZRUkflRZ iV Whe dail\ cRQfiUPed caVeV Rf COVID-19 daWa fURP

NeZ YRUk TiPeV [56] VhRZQ iQ FigXUe 5.1.
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FigXUe 5.1: Dail\ cRQfiUPed caVeV Rf COVID-19 daWa fURP NeZ YRUk TiPeV [56] iQ KiQg cRXQW\, WA

The [-a[iV Rf FigXUe 5.1 UeSUeVeQWV Whe daWe, aQd Whe \-a[iV VhRZV Whe QXPbeU Rf dail\ cRQfiUPed caVeV Rf

COVID-19 iQ KiQg cRXQW\. We caQ RbVeUYe WhaW Whe QXPbeU Rf QeZ caVeV RQ FebUXaU\ 11 iQ KiQg cRXQW\

iV 286 fURP FigXUe 5.1, aQd Whe eVWiPaWed UiVk leYel iV ³YeU\ high UiVk´ giYeQ Whe WUeQd Rf Whe cRQfiUPed

caVeV iQ RQe cRXQW\ RU VWaWe. IQ RXU VWXd\, Ze XWili]e Whe dail\ cRQfiUPed caVeV daWa WR cRPSXWe Whe iQiWial

YalXe Rf Whe SXVceSWible, E[SRVed, IQfecWed, aQd RecRYeUed cRPSaUWPeQWV XViQg Whe SEIR PRdel.

5.3 MeWhRd

FigXUe 5.2: SEIR PRdel illXVWUaWiRQ

ShRZQ iQ FigXUe 5.2, Whe SEIR [48] PRdel, aV a cRPSaUWPeQWal PRdel, iV SURSRVed WR deVcUibe Whe

d\QaPic chaQgeV Rf fRXU diffeUeQW cRPSaUWPeQWV: Whe ³SXVceSWible´ cRPSaUWPeQW, Whe ³E[SRVed´

cRPSaUWPeQW, Whe ³IQfecWiRXV´ cRPSaUWPeQW, aQd Whe ³RecRYeUed´ cRPSaUWPeQW, dXUiQg Whe VSUead Rf

COVID-19. DiffeUeQW fURP Whe SIR PRdel iQWURdXced iQ ChaSWeU 2, Whe SEIR PRdel aVVigQV Whe SeRSle

ZhR aUe iQfecWed bXW QRW \eW iQfecWiRXV WR Whe ³E[SRVed´ cRPSaUWPeQW.
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       𝑆 𝑡 + 1( ) − 𝑆 𝑡( )  =  − β · 𝐼 𝑡( ) · 𝑆 𝑡( )
𝑁

(5.1)       𝐸 𝑡 + 1( ) − 𝐸 𝑡( ) =  β · 𝐼 𝑡( ) · 𝑆 𝑡( )
𝑁 − 𝐸 𝑡( )

σ

         𝐼 𝑡 + 1( ) − 𝐼 𝑡( ) =  𝐸 𝑡( )
σ − γ · 𝐼 𝑡( )

       𝑅 𝑡 + 1( ) − 𝑅 𝑡( ) =  γ · 𝐼 𝑡( )

ETXaWiRQ 5.1 UeSUeVeQWV Whe PaWhePaWical fRUPXla behiQd Whe SEIR PRdel. SSecificall\, aV VhRZQ iQ

ETXaWiRQ 5.1, , , aQd aUe Whe QXPbeUV Rf SeUVRQV iQ Whe ³SXVceSWible´, ³E[SRVed´,𝑆 𝑡( ) 𝐸 𝑡( ) 𝐼 𝑡( ) 𝑅 𝑡( )

³IQfecWed´ aQd ³RecRYeUed´ cRPSaUWPeQWV aW WiPe VWeS , UeVSecWiYel\. ³ ´ UeSUeVeQWV Whe Qe[W WiPe𝑡 𝑡 + 1

VWeS Rf Whe WiPe VWeS . SSecificall\, Ze XVe ³da\´ aV RXU WiPe XQiW fRU each WiPe VWeS. iV Whe WRWal𝑡 𝑁

SRSXlaWiRQ Rf a geRgUaShical UegiRQ, VXch aV a ciW\. TheUe aUe WhUee SaUaPeWeUV iQ Whe PRdel, Whe iQfecWiRQ

UaWe , iQcXbaWiRQ UaWe , aQd UecRYeU\ UaWe . The iQfecWiRQ UaWe UeSUeVeQWV Whe SeUceQWage aW Zhichβ σ γ β

VXVceSWible iQdiYidXalV WUaQVfeU fURP Whe VXVceSWible cRPSaUWPeQW WR Whe e[SRVed cRPSaUWPeQW. The

iQcXbaWiRQ UaWe iV Whe WiPe iQWeUYal fURP a SeUVRQ beiQg iQfecWed WR becRPiQg iQfecWiRXV. The UecRYeU\σ 

UaWe iV Whe dail\ SURSRUWiRQ Rf iQfecWiRXV SeRSle ZhR UecRYeU RU die.γ

IQ RXU ePSiUical e[SeUiPeQW, Ze XVe Whe eVWiPaWed YalXeV fRU , aQd , Zhich aUe cRllecWed fURP [67] [68]β σ  γ

[69] [70] [71], aV WhRVe eVWiPaWed YalXeV aUe VcieQWificall\ WeVWed WR geQeUaWe accXUaWe COVID-19 WUeQd

eVWiPaWeV, aQd Whe\ gaiQed cRPPXQiW\ UecRgQiWiRQ iQ eSidePiRlRg\. AccRUdiQgl\, Whe QXPbeU Rf SeUVRQV

iQ Whe fRXU cRPSaUWPeQWV caQ be calcXlaWed giYeQ Whe dail\ cRQfiUPed caVeV daWa. TheQ, Whe calcXlaWed

QXPbeUV Rf SeUVRQV iQ Whe fRXU cRPSaUWPeQWV, kQRZQ aV Whe VWaWeV Rf Whe fRXU cRPSaUWPeQWV, aUe fed WR Whe

SEIR PRdel WR fRUecaVW Whe VWaWeV iQ Whe Qe[W WiPe VWeS.

The SEIR PRdel ZRUkflRZ ZaV bXilW ZiWh WhUee VWeSV: PRdXlaUi]aWiRQ, cUeaWiRQ Rf cRQWaiQeUV, aQd

ZRUkflRZ deYelRSPeQW.  TheVe WhUee VWeSV aUe RXWliQed iQ Whe fRllRZiQg VXbVecWiRQV.

5.3.1 MRdXlaUi]aWiRQ Rf SEIR MRdel

FRllRZiQg Whe VaPe PRdXlaUi]aWiRQ PeWhRd deVcUibed iQ SecWiRQ 3.3.2, Ze PRdXlaUi]ed Whe SEIR PRdel

cRde iQWR PXlWiSle VRfWZaUe PRdXleV, VXch WhaW each Rf WheP cRXld be a VeW Rf SURgUaPV Zhich caQ UXQ

iQdeSeQdeQWl\ fURP RWheU PRdXleV.
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FigXUe 5.3: MRdXlaUi]aWiRQ Rf SEIR PRdel

We illXVWUaWe Whe PRdXlaUi]aWiRQ Rf Whe SEIR PRdel iQ FigXUe 5.3. BaVed RQ Whe fXQcWiRQaliW\, Ze

PRdXlaUi]ed Whe SEIR PRdel iQWR 2 PRdXleV, ³LRad daWa´ aQd ³SEIR PRdel fRUecaVWiQg´ PRdXleV. The

³LRad daWa´ PRdXle UeadV iQ Whe ciW\-ZiVe SRSXlaWiRQ daWa aQd ciW\-ZiVe aiUSRUW flighWV daWa WR geQeUaWe

Whe hXPaQ flRZ daWa beWZeeQ diffeUeQW ciWieV b\ UXQQiQg Whe e[iVWiQg daWa SUeSURceVViQg VcUiSWV.

SSecificall\, Whe hXPaQ flRZ daWa deVcUibeV Whe QXPbeU Rf SeRSle ³flRZiQg´ iQWR RQe ciW\ fURP Whe RWheUV

RQ a VSecific daWe, aQd Ze caQ alVR kQRZ Whe QXPbeU Rf SeRSle PRYiQg RXW Rf RQe ciW\ giYeQ a daWe. The

³SEIR PRdel fRUecaVWiQg´ PRdXle WakeV Whe hXPaQ flRZ daWa, Whe ciW\-ZiVe SRSXlaWiRQ daWa, aQd Whe

calcXlaWed VWaWeV Rf Whe fRXU cRPSaUWPeQWV Rf each ciW\ VWXdied, aV PeQWiRQed abRYe, WR cRQdXcW

fRUecaVWiQg XViQg Whe SEIR PRdel ZiWh Whe SUe-cRQfigXUed SaUaPeWeUV, , , aQd . GiYeQ Whe VWaWeV Rf Wheβ σ  γ

fRXU cRPSaUWPeQWV, Whe ³SEIR PRdel fRUecaVWiQg´ PRdXle RQl\ UXQV Whe SEIR PRdel fRU RQe iWeUaWiRQ WR

fRUecaVW Whe QeZ VWaWeV iQ Whe Qe[W WiPe VWeS, i.e. Whe Qe[W da\. CRQVideUiQg Whe d\QaPic hXPaQ flRZ

aPRQg PXlWiSle ciWieV, Ze UecalcXlaWe Whe VWaWeV Rf Whe fRXU cRPSaUWPeQWV afWeU SeUfRUPiQg fRUecaVWiQg

XViQg Whe SEIR PRdel b\ diUecWl\ addiQg Whe QXPbeU Rf iQflRZ SeRSle aQd UedXciQg Whe QXPbeU Rf

RXWflRZ SeRSle WR each cRPSaUWPeQW.

5.3.2 CUeaWiRQ Rf CRQWaiQeUV

AfWeU Whe VRfWZaUe PRdXleV aUe deVigQed aQd cUeaWed, Ze cUeaWe DRckeU cRQWaiQeUV WR SURYide aQ iVRlaWed

UXQQiQg eQYiURQPeQW WR eQcaSVXlaWe Whe UeTXiUed deSeQdeQcieV. SSecificall\, Whe ³LRad daWa´ aQd ³SEIR

PRdel fRUecaVWiQg´ PRdXleV aUe iPSlePeQWed XViQg R. AV a UeVXlW, Ze cUeaWe DRckeU iPageV WR

eQcaSVXlaWe Whe R UXQQiQg eQYiURQPeQW aQd Whe UXQQiQg VcUiSWV Rf Whe ³LRad daWa´ aQd ³SEIR PRdel

fRUecaVWiQg´ PRdXleV. TR giYe aQ e[aPSle, Whe DRckeU cRQWaiQeU UXQQiQg Whe ³LRad daWa´ jRb UeadV iQ
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ciW\-ZiVe SRSXlaWiRQ daWa aQd ciW\-ZiVe aiUSRUW flighWV daWa aQd RXWSXWV Whe hXPaQ flRZ daWa. GiYeQ Whe

hXPaQ flRZ daWa, Whe cUeaWed DRckeU cRQWaiQeU fRU UXQQiQg Whe ³SEIR PRdel fRUecaVWiQg´ jRb RXWSXWV Whe

SEIR PRdel fRUecaVWiQg UeVXlW aV Whe VWaWeV Rf Whe fRXU cRPSaUWPeQWV.

5.3.3 WRUkflRZ DeYelRSPeQW

LaVWl\, Ze XVed Whe ³NeZ WidgeW´ fXQcWiRQaliW\ iQ MAW WR add QeZ ZidgeWV WhaW iQcRUSRUaWe Whe cUeaWed

DRckeU iPageV aQd DRckeU cRQWaiQeUV. We cRQQecWed WheVe ZidgeWV VeTXeQWiall\ WR bXild Whe ZRUkflRZ.

NRWe WhaW each ³SEIR PRdel fRUecaVWiQg´ ZidgeW RQl\ cRQdXcWV Whe fRUecaVWiQg jRbV fRU RQe WiPe VWeS, i.e.

RQe da\. TR cRQdXcW Whe fRUecaVWiQg jRbV fRU PXlWiSle WiPe VWeSV, Ze Qeed WR dXSlicaWe PXlWiSle ³SEIR

PRdel fRUecaVWiQg´ ZidgeWV ZiWh Whe iQWeUcRQQecWiRQ WR VWiPXlaWe a PXlWiSle VWeSV fRUecaVWiQg SURcedXUe.

5.4 ReVXlWV

FigXUe 5.4: SEIR ZRUkflRZ

ShRZQ iQ FigXUe 5.4, Whe SEIR PRdel ZRUkflRZ cRQViVWV Rf Whe ³LRad DaWa´ bUaQch, Whe ³SEIR AQal\ViV´

bUaQch, aQd Whe ³SSUeadVheeW File ViVXali]aWiRQ´ bUaQch. The ³ReadDaWa´ ZidgeW Rf Whe ³LRad DaWa´

bUaQch SeUfRUPV Whe fXQcWiRQaliW\ Rf Whe ³LRad DaWa´ PRdXle: UeadiQg SRSXlaWiRQ daWa aQd aiUSRUW flighWV

daWa aQd RXWSXWWiQg Whe hXPaQ flRZ daWa WR Whe ³SEIR AQal\ViV´ bUaQch. The ³SEIR (1)´, ³SEIR (2)´ aQd

³SEIR (3)´ ZidgeWV Rf Whe ³SEIR AQal\ViV´ bUaQch WakeV Whe hXPaQ flRZ daWa, Whe SRSXlaWiRQ daWa Rf

PXlWiSle ciWieV, aQd Whe calcXlaWed VWaWeV Rf Whe fRXU cRPSaUWPeQWV Rf PXlWiSle ciWieV aQd fRUecaVWV Whe QeZ

VWaWeV Rf Whe fRXU cRPSaUWPeQWV XViQg Whe SEIR PRdel. SSecificall\, Ze cUeaWe aQd cRQQecW PXlWiSle

ZidgeWV, ³SEIR (1)´, ³SEIR (2)´ aQd ³SEIR (3)´ ZidgeWV, WR VWiPXlaWe a PXlWiSle VWeSV fRUecaVWiQg

SURcedXUe ZiWh each RQe Rf WheP UeSUeVeQWiQg RQe WiPe VWeS. FiQall\, Whe ³gQXPeUic´ ZidgeW Rf Whe
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³SSUeadVheeW File ViVXali]aWiRQ´ bUaQch SURYideV a VSUeadVheeW YiVXali]aWiRQ VhRZiQg Whe SEIR aQal\ViV

UeVXlW iQ Table 5.3.

Table 5.3: SEIR aQal\ViV UeVXlW iQ VSUeadVheeW

Table 5.3 VhRZV Whe SEIR aQal\ViV UeVXlWV Rf e[ecXWiQg Whe ³SEIR´ ZidgeW fRU 3 WiPe VWeSV. The fiUVW

cRlXPQ VhRZV Whe ciW\ QaPeV fRU each URZ, aQd Whe RWheU cRlXPQV ZiWh headeU ³SW´, ³EW´, ³IW´ aQd ³RW´

UeSUeVeQW Whe VWaWeV Rf Whe fRXU cRPSaUWPeQWV Rf diffeUeQW ciWieV. FRU e[aPSle, iQ Whe VecRQd URZ Rf Table

5.3, Whe fRUecaVWed QXPbeUV Rf SeRSle iQ Whe ³SXVceSWible´ cRPSaUWPeQW, Whe ³E[SRVed´ cRPSaUWPeQW, Whe

³IQfecWed´ cRPSaUWPeQW, aQd Whe ³UecRYeUed´ cRPSaUWPeQW aUe 9413422, 11174, 4594 aQd 664

UeVSecWiYel\.

CRPSaUWPeQWal PRdel ZRUkflRZV iQ MAW, WR Whe beVW Rf RXU kQRZledge, iV a QRYel aSSlicaWiRQ Rf

UeSURdXcibiliW\ UeVeaUch iQ eSidePiRlRg\. UViQg RXU deVigQed ZRUkflRZV, XVeUV Zill be able WR

UeSURdXcibl\ e[ecXWe WheVe ZRUkflRZV WR geQeUaWe fRUecaVWV Rf Whe QXPbeUV Rf SeRSle iQ diffeUeQW diVeaVe

VWaWXV ZiWh a XVeU-fUieQdl\ iQWeUface WhaW VXSSRUWV iQWeUacWiYe gUaShical RXWSXW. We deYelRSed cRQWaiQeUV

aQd ZidgeWV Rf Whe cRPSaUWPeQWal PRdel ZRUkflRZ. The cRQWaiQeUV Zill be SXblicl\ aYailable WR Whe

WUaQVSRUWaWiRQ aQd SXblic healWh UeVeaUch cRPPXQiWieV fURP DRckeU HXb.
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ChaSWeU 6

DiVcXVViRQ aQd CRQclXViRQ

6.1 DiVcXVViRQ aQd CRQclXViRQ

IQ WhiV WheViV SURjecW, b\ iPSlePeQWiQg Whe caVe VWXd\ PRbiliW\ ZRUkflRZ aQd Whe SEIR PRdel ZRUkflRZ,

iQWURdXced iQ Whe ChaSWeU 3 aQd ChaSWeU 5 UeVSecWiYel\, Ze VhRZ WhaW Whe MRbiliW\ AQal\ViV WRUkflRZ

(MAW) iV a UeSURdXcibiliW\ UeVeaUch WRRl WhaW caQ be aSSlied WR PRbiliW\ aQal\ViV SURblePV aV Zell aV

PRdeliQg iQfecWiRXV diVeaVeV. ThXV, MAW caQ be XWili]ed aV a cRPPRQ fUaPeZRUk fRU diffeUeQW

aSSlicaWiRQV. The ZRUkflRZV caQ be bXilW XViQg Whe VaPe SURcedXUe: PRdXlaUi]aWiRQ, cUeaWiRQ Rf

cRQWaiQeUV, aQd ZRUkflRZ deYelRSPeQW.

GiYeQ Whe VaPe UeVeaUch daWa aV iQSXW, MAW caQ be XVed WR UeSURdXce SXbliVhed UeVXlWV. IQ addiWiRQ, each

ZRUkflRZ cRQViVWV Rf PXlWiSle PRdXleV WhaW cRXld be UeXVed iQ diffeUeQW ZRUkflRZV aQd aSSlicaWiRQV. FRU

e[aPSle, Whe ³IQcUePeQWal ClXVWeUiQg´ PRdXle Rf Whe PRbiliW\ ZRUkflRZ cRXld be aSSlied WR Whe RWheU

PRbiliW\ aQal\ViV caVeV. Be\RQd WhaW, MAW SURYideV aQ iQWeUacWiYe gUaShical XVeU iQWeUface (GUI) WR Whe

UeVeaUcheUV WR YiVXali]e Whe e[SeUiPeQWal SURceVV aQd iQWeUacWiYe aQal\VeV ZiWh a fRUP-baVed XVeU iQWeUface

WR VSecif\ SaUaPeWeUV aQd VXSSRUWiQg fileV.

B\ deSlR\iQg MAW RQ Whe clRXd, laUge WUaQVSRUWaWiRQ daWaVeWV caQ be efficieQWl\ SURceVVed b\ haUQeVViQg

clRXd-baVed cRPSXWaWiRQal UeVRXUceV. AlVR, aV a DRckeU aSSlicaWiRQ, Whe MAW caQ be eaVil\ deSlR\ed RQ

aQ\ YiUWXal VeUYeUV, VXch aV aQ AWS EC2 iQVWaQce. WiWh clRXd-baVed VWRUage, laUge daWaVeWV caQ be VWRUed

aQd VhaUed. MRVW iPSRUWaQWl\, UeVeaUcheUV caQ diUecWl\ XSlRad QeZ daWa WR Whe clRXd aQd UXQ MAW WR

XSdaWe Whe aQal\Wical UeVXlWV.

The fXWXUe ZRUk Rf WhiV WheViV SURjecW iQclXdeV iPSURYiQg Whe algRUiWhPic efficieQc\ Rf Whe caVe VWXd\

PRbiliW\ ZRUkflRZ b\ leYeUagiQg PaWUi[ SURceVViQg libUaUieV iQ P\WhRQ VXch aV QXPS\ [73] aQd SaQdaV

[74]. We cRXld alVR cRQdXcW addiWiRQal beQchPaUkiQg e[SeUiPeQWV XViQg diffeUeQW W\SeV Rf AWS EC2

iQVWaQceV aQd cRPSaUe Whe e[SeUiPeQWal UeVXlWV WR haYe a beWWeU XQdeUVWaQdiQg Rf Whe caVe VWXd\ PRbiliW\

ZRUkflRZ. IQ addiWiRQ, Whe deVigQ aQd iPSlePeQWaWiRQ Rf Whe SEIR PRdel ZRUkflRZ caQ be iPSURYed WR
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iQWegUaWe a fRUecaVWiQg PRdXle Zhich caQ SeUfRUP fRUecaVWiQg RYeU PXlWiSle WiPe VWeSV.
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