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ABS7RAC7

The amRXQW Rf iQfRUmaWiRQ iQ a SURjecW caQ iQcUeaVe VigQificaQWl\ dXe WR iQQRYaWiYe

deVigQV, iQcUeaViQg adRSWiRQ Rf emeUgiQg WechQRlRgieV, aQd cRmSlicaWed maQagemeQW

SURceVVeV. AlWhRXgh WhiV iQfRUmaWiRQ caQ be made aYailable WR all SURjecW VWakehRldeUV,

ZheQ deciViRQ-makiQg RccXUV, VRme iQfRUmaWiRQ iV QeglecWed RU QRW cRQVideUed. The

RmiWWed iQfRUmaWiRQ iV eVVeQWiall\ a ZaVWed UeVRXUce, Zhich dReV QRW add YalXe WR Whe

SURjecW. AQ effecWiYe maQagemeQW Rf iQfRUmaWiRQ flRZ iV Whe ke\ WR UedXciQg ZaVWed

iQfRUmaWiRQ, \eW iW accRXQWV fRU Whe laUgeVW SURSRUWiRQ Rf iVVXeV dXUiQg a SURjecW

lifec\cle. The SUimaU\ gRal iQ WhiV UeVeaUch iV WR deYelRS aQ iQQRYaWiYe daWa eQYiURQmeQW

WR UedXce Whe SRWeQWial ZaVWed UeVRXUceV VR aV WR imSURYe Whe iQfRUmaWiRQ flRZ iQ

SURjecWV.

ThiV UeVeaUch deYelRSV aQ iQWegUaWed cRmmRQ daWa eQYiURQmeQW (CDE) WR accRmmRdaWe

Whe SURjecW iQfRUmaWiRQ fURm mXlWiSle VRXUceV. IQ Whe SURSRVed cRmmRQ daWa

eQYiURQmeQW, Whe BIM-baVed field VeQViQg aSSURach iV deYelRSed WR mRQiWRU ViWe

cRQdiWiRQV Zhich VeUYeV fRU Whe iQfRUmaWiRQ demaQdV ZheQ deciViRQ makiQg. BeVideV,

Whe BIM-eQabled ZRUk SackagiQg aSSURach iV deYelRSed WR RUgaQiVe Whe iQfRUmaWiRQ

fURm YaUiRXV diVciSliQeV aQd ZRUkiQg VchedXleV. A VeUieV Rf ZRUk SackageV cRXld be

la\RXWed WR VSecif\ Whe WaVkV, aQd Whe liQkageV aUe aXWRmaWicall\ geQeUaWed afWeUZaUdV RQ

Whe baViV Rf Whe SURSeUWieV iQVide. TheUefRUe, Whe field VeQViQg iQfRUmaWiRQ aQd ZRUk

SackageV aUe Zell-RUgaQiVed aQd cURVV-UefeUeQced iQ Whe SURSRVed CDE. IW SURYideV

UeleYaQW iQfRUmaWiRQ aV mXch aV SRVVible ZheQ deciViRQ makiQg RccXUV Zhich iV

cRQVideUed WR be YeUVaWile aQd caSable Rf UedXciQg iQfRUmaWiRQ ZaVWe. IQ cRQVeTXeQce,

Whe imSURYemeQW Rf iQfRUmaWiRQ flRZ iQ cRmSle[ SURjecWV iV achieYed.
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TheRUeWical aQd SUacWical imSlicaWiRQV Rf WhiV UeVeaUch aUe SURYided fRU VWakehRldeUV

alRQg ZiWh Whe SURjecW lifec\cle. IW SURYideV a cRQWiQXRXV iQfRUmaWiRQ flRZ WR VWUeam ViWe

cRQdiWiRQV fURm ViWe WR Rffice aQd iQWeUSUeW Whe VeQVRU daWa iQ XVefXl iQfRUmaWiRQ WR

VXSSRUW Whe deciViRQ makiQg. BeVideV, SURjecW iQfRUmaWiRQ fURm mXlWiSle VWakehRldeUV iV

RUgaQiVed aQd liQkageV amRQg SURjecW iQfRUmaWiRQ aUe aXWRmaWicall\ geQeUaWed Zhich

SURYideV a QRYel aSSURach WR aUUaQge aQd aQal\Ve mXlWiSle VRXUceV Rf SURjecW

iQfRUmaWiRQ. The YeUVaWiliW\ Rf Whe cRmmRQ daWa eQYiURQmeQW VhRZV aQ iQVighW Rf

iQWegUaWiQg mXlWiSle emeUgiQg WechQRlRgieV WR VXffice YaUiRXV demaQdV Rf iQfRUmaWiRQ.

Ke\ZRUdV: bXildiQg iQfRUmaWiRQ mRdel, cRmmRQ daWa eQYiURQmeQW, ZRUk SackagiQg,

VmaUW VeQViQg WechQRlRg\, iQfRUmaWiRQ maQagemeQW
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CKDSWHU 1: IQWURGXFWLRQ

1.1 BDFNJURXQG

The amRXQW Rf iQfRUmaWiRQ iQ a SURjecW caQ iQcUeaVe VigQificaQWl\ dXe WR iQQRYaWiYe

deVigQV, iQcUeaViQg adRSWiRQ Rf emeUgiQg WechQRlRgieV, aQd cRmSlicaWed maQagemeQW

SURceVVeV. AlWhRXgh WhiV iQfRUmaWiRQ caQ be made aYailable WR all SURjecW VWakehRldeUV,

Whe iQfRUmaWiRQ iV SRRUl\ diVWUibXWed WR Whe UighW SeUVRQ aW Whe UighW Wime. SSecificall\, aV

VWakehRldeUV SeUfRUm SURjecW ZRUk aW diffeUeQW WimeV WhURXghRXW Whe SURjecW lifec\cle,

Whe\ each mighW haYe WheiU RZQ Za\ Rf RUgaQiViQg iQfRUmaWiRQ. AddiWiRQall\, WheUe ma\

be a lack Rf aQ e[SliciW aQd YeUVaWile iQfRUmaWiRQ VWUXcWXUe WR accRmmRdaWe YaUiRXV

W\SeV Rf iQfRUmaWiRQ. AV a UeVXlW, ZheQ deciViRQ-makiQg RccXUV, VRme iQfRUmaWiRQ iV

QeglecWed RU QRW cRQVideUed. The RmiWWed iQfRUmaWiRQ iV eVVeQWiall\ a ZaVWed UeVRXUce,

Zhich dReV QRW add YalXe WR Whe SURjecW. TR addUeVV WheVe iVVXeV, Whe mechaQiVm Rf hRZ

iQfRUmaWiRQ iV cRllecWed, RUgaQiVed, aQd caSWXUed fRU makiQg deciViRQV QeedV WR be

UedeVigQed.

SmaUW VeQViQg WechQRlRgieV cRXld be XWiliVed WR cRllecW ViWe daWa aQd WheQ iQWegUaWe Whem

iQWR a bXildiQg iQfRUmaWiRQ mRdelliQg (BIM) V\VWem. The iQWegUaWed iQfRUmaWiRQ cRXld

be fXUWheU iQWeUSUeWed WR meaQiQgfXl iQfRUmaWiRQ Zhich iV beQeficial fRU XQdeUVWaQdiQg

ViWe cRQdiWiRQV. The aQal\Ved UeVXlWV cRXld be YiVXaliVed RQ BIM mRdelV WR faciliWaWe

deciViRQ makiQg aV Zell. AV WR RUgaQiViQg mXlWiSle VRXUceV Rf iQfRUmaWiRQ WhURXghRXW

Whe SURjecW lifec\cle, a ZRUk SackagiQg aSSURach ZiWh VSaWial iQfRUmaWiRQ fURm BIM

mRdelV cRXld be deVigQed WR VWUeQgWheQ cRQQecWiRQV amRQg SURjecW daWa. GeRmeWUic

iQfRUmaWiRQ fURm BIM mRdelV aQd QRQ-geRmeWUic daWa fURm ZRUk SackageV caQ be

SURSeUl\ iQWeUcRQQecWed WhURXghRXW a WhRXghWfXl mechaQiVm. AfWeUZaUdV, Whe liQkageV

amRQg SURjecW iQfRUmaWiRQ cRXld UedXce Whe SRWeQWial iQfRUmaWiRQ ZaVWe dXUiQg Whe
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deciViRQ makiQg SURceVV becaXVe UelaWed iQfRUmaWiRQ iV e[WUacWed aV mXch aV SRVVible.

TR aSSl\ Whe afRUemeQWiRQed aSSlicaWiRQV WhURXghRXW Whe SURjecW lifec\cle, a cRmmRQ

daWa eQYiURQmeQW (CDE) QeedV WR be eVWabliVhed WR accRmmRdaWe all VRXUceV Rf daWa. AQ

iQWegUaWed fUameZRUk VhRXld be deVigQed WR cRmbiQe Whe adYaQWageV Rf cRllecWiQg field

iQfRUmaWiRQ aQd RUgaQiViQg SURjecW iQfRUmaWiRQ.

1.2 PUREOHP SWDWHPHQW

IQfRUmaWiRQ flRZ iV a WheRUeWical cRQceSW deVcUibiQg Whe iQfRUmaWiRQ WUaQVfeU fURm

iQfRUmaWiRQ VRXUceV WR adRSWeUV amRQg VWakehRldeUV WhURXghRXW Whe SURjecW lifec\cle

(EckeUW eW al., 2001). Ideall\, Whe iQfRUmaWiRQ VhRXld Ueach Whe UighW VWakehRldeUV aW Whe

UighW Wime WR fRUm aQ effecWiYe iQfRUmaWiRQ flRZ (RaWhQaViQghe eW al., 2020). A VmRRWh

iQfRUmaWiRQ flRZ iV eVSeciall\ imSRUWaQW dXUiQg cRQVWUXcWiRQ aV WheUe iV a cRQVWaQW Qeed

fRU cRmmXQicaWiRQ beWZeeQ SURjecW maQageU, cRQWUacWRUV, VXbcRQWUacWRUV, aQd fRUemeQ

(TaXUiaiQeQ & LeYlQiemi, 2020). TheUefRUe, XQdeUVWaQdiQg Whe fRUmaWiRQ Rf iQfRUmaWiRQ

flRZ iV cUXcial iQ RUdeU WR VWUeamliQe Whe iQfRUmaWiRQ flRZ.

GeQeUall\, Whe cRQWUacWXal URle Rf each VWakehRldeU cRXld deWeUmiQe hRZ Whe iQfRUmaWiRQ

iV VhaUed RU hRZ VWakehRldeUV iQWeUacW ZiWh Whe UeceiYed deliYeUableV. TheVe

deWeUmiQaWiRQV cRXld lead WR diffeUeQW SaWhV Rf iQfRUmaWiRQ flRZ. AlWeUQaWiYel\,

deliYeUableV cRXld iQflXeQce Whe iQfRUmaWiRQ flRZ b\ WheiU iQfRUmaWiRQ VWUXcWXUe dXe WR

Whe diffeUeQW SURceVVeV Rf cRllecWiQg aQd XViQg Whe iQfRUmaWiRQ (FUReVe, 2010; A. PhelSV

& HRUmaQ, 2008). UlWimaWel\, Whe deciViRQV Rf VWakehRldeUV aQd deliYeUableV bXild a

baVic iQfRUmaWiRQ flRZ Rf a SURjecW.

TR elabRUaWe Whe iQfRUmaWiRQ flRZ iQ deWail, FigXUe 1 e[emSlifieV YaUiRXV cRQWUacWXal

URleV fURm diffeUeQW VWakehRldeUV WhURXghRXW Whe SURjecW lifec\cle. SSecificall\, Whe
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SURjecW maQageU QRUmall\ UeceiYeV iQfRUmaWiRQ fURm RZQeUV RU clieQWV abRXW WheiU idea

aQd e[SecWed RXWcRmeV, aQd geWV Whe SRVVible deVigQV RU VRlXWiRQV fURm cRQVXlWaQWV aQd

eQgiQeeUiQg WeamV. The SURjecW maQageU WheQ iQWegUaWeV WhiV iQfRUmaWiRQ aQd SaVVeV iW WR

Whe cRQVWUXcWiRQ cRmSaQ\. AfWeU UeceiYiQg Whe deVigQ iQfRUmaWiRQ, Whe cRQVWUXcWiRQ

maQageU ZhR iV iQ chaUge Rf Whe SURjecW diVWUibXWeV Whe ZRUkV WR VeYeUal VXSeUiQWeQdeQWV

aQd mRQiWRUV Whe SURgUeVV aQd bXdgeW. Each VXSeUiQWeQdeQW WheQ aUUaQgeV Whe ZRUkV aQd

SaVVeV each WaVk WR cRUUeVSRQdiQg VXbcRQWUacWRUV. MaWeUial aQd eTXiSmeQW VXSSlieUV

ma\ be cRQWacWed WR VXffice Whe QeedV RQ ViWe dXUiQg Whe cRQVWUXcWiRQ aV Zell.

MeaQZhile, Whe VXbcRQWUacWRUV aVVigQ fRUemeQ WR lead Whe ZRUkeUV WR accRmSliVh

VSecific WaVkV RQ ViWe. IQ VhRUW, Whe afRUemeQWiRQed e[amSle iQdicaWeV WhaW each

VWakehRldeU fRllRZV WheiU cRQWUacWXal URle iQ Whe SURjecW Zhich QaWXUall\ fRUmV Whe

iQfRUmaWiRQ flRZ WhURXghRXW Whe SURjecW lifec\cle.

FigXUe 1. SWakehRldeUV¶ cRQWUacWXal URle iQ Whe SURjecW

While aQ iQfRUmaWiRQ flRZ faciliWaWeV Whe VhaUiQg Rf iQfRUmaWiRQ ZiWhiQ a SURjecW, iW

QeYeUWheleVV dReV QRW gXaUaQWee a SURSeU XVe Rf iQfRUmaWiRQ iQ a SURjecW. IQ facW, Whe

iQWeUacWiRQV amRQg VWakehRldeUV aQd deliYeUableV deWeUmiQe ZheWheU Whe iQfRUmaWiRQ iV
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acceSWed, UejecWed, RU igQRUed (AQdUeaV F. PhelSV & Redd\, 2009). If a Siece Rf

iQfRUmaWiRQ iV acceSWed, iW iV adRSWed iQ a deciViRQ WhaW cRXld add YalXe WR Whe SURjecW.

HRZeYeU, if iW iV UejecWed RU igQRUed, iW ma\ be diVcaUded aQd eYeQWXall\ diVaSSeaU fURm

Whe SURjecW. AQ aQal\ViV Rf iQfRUmaWiRQ flRZ iQ aQ iQWegUaWed SURjecW deliYeU\ (IPD)

SURjecW aligQV ZiWh Whe VWaWemeQWV WhaW e[ceVV iQfRUmaWiRQ flRZ iQcUeaVeV effecWiYeQeVV

RQl\ XQWil Whe VWakehRldeUV VXffeU fURm iQfRUmaWiRQ RYeUlRad (HickeWhieU eW al., 2013;

KUaW]eU eW al., 2008). The VWakehRldeUV ma\ cXW VRme iQfRUmaWiRQ flRZV WR balaQce WheiU

caSaciW\ Zhich iQcUeaVeV Whe SRVVibiliW\ Rf miVViQg iQfRUmaWiRQ. TheUefRUe, effecWiYe

maQagemeQW Rf iQfRUmaWiRQ flRZV iV QeceVVaU\ fRU ma[imi]iQg Whe YalXe Rf a SURjecW

(HaUWmaQ & AVhUafi, 2002; AQdUeaV F. PhelSV & Redd\, 2009).

ThiV SheQRmeQRQ iV illXVWUaWed iQ FigXUe 2 (A. F. PhelSV, 2012). BRWh QeZ aQd e[iVWiQg

iQfRUmaWiRQ aUe added aV iQSXWV WR Whe daWa SRRl. TheVe iQSXWV cRXld be cRllecWiYe

memRU\ Zhich iV Whe kQRZledge RU e[SeUieQce fURm VWakehRldeUV, SaUameWeUV VeW b\

SaVW deciViRQV, SUeYiRXVl\ caSWXUed iQfRUmaWiRQ iQ bRXQdaU\ RbjecWV Zhich cRXld be

dUaZiQgV, UeSRUWV, BIM mRdelV, RU UeTXeVW fRU iQfRUmaWiRQ (RFI) VheeWV. TheVe daWa ma\

UefeU WR each RWheU aQd WheQ be caSWXUed iQ cRllecWiYe memRU\, deciViRQV, RU bRXQdaU\

RbjecWV ZheQ Qeeded. AV VWakehRldeUV ZiWh diffeUeQW backgURXQdV aQd aW YaU\iQg WimeV

add daWa, Whe daWa SRRl mighW Veem like a black bR[. ThiV ViWXaWiRQ iQdicaWeV WhaW if Whe

daWa iV QRW caSWXUed iQ cRllecWiYe memRU\, deciViRQV, RU bRXQdaU\ RbjecWV, Whe\ Zill be

deemed aV a ZaVWe.
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FigXUe 2. IQfRUmaWiRQ flRZ iQ a SURjecW

AQ effecWiYe maQagemeQW Rf iQfRUmaWiRQ flRZ iV Whe ke\ WR UedXciQg ZaVWed

iQfRUmaWiRQ, \eW iW iV RQe Rf Whe WRS hXmaQ-UelaWed iVVXeV iQ SURjecW iQfRUmaWiRQ

maQagemeQW. AQ iQeffecWiYe maQagemeQW Rf iQfRUmaWiRQ flRZ iV aQ iVVXe dXUiQg Whe

SURjecW lifec\cle (ChaQ eW al., 2004). AccRUdiQg WR BU\de eW al. (BU\de eW al., 2013), Whe

UeciSURcal iQWeUdeSeQdeQcieV amRQg VWakehRldeUV iV RQe Rf Whe cRmSle[iWieV iQ

iQfRUmaWiRQ maQagemeQW (FigXUe 3). SSecificall\, WheVe VWakehRldeUV, VXch aV

aXWhRUiWieV, deVigQeUV, eQgiQeeUV, cRQWUacWRUV, aQd VXSSlieUV, W\Sicall\ SaUWiciSaWe iQ a

SURjecW aW diffeUeQW WimeV, leadiQg WR a difficXlW\ iQ SaVViQg RU e[chaQgiQg iQfRUmaWiRQ

(KRVkiQeQ, 2004). FXUWheUmRUe, VWakehRldeUV ZiWh diffeUeQW backgURXQdV all ZRUk ZiWh

each RWheU, Zhich iV chaUacWeUiVWic Rf a cRQVWUXcWiRQ SURjecW. AV a UeVXlW, Whe daWa SRRl iQ

VXch a SURjecW ma\ be cRmSle[ aQd iW ma\ be challeQgiQg WR e[WUacW QeceVVaU\

iQfRUmaWiRQ, eVSeciall\ ZheQ WheUe iV a lack Rf cRQViVWeQW meWhRdV fRU iQfRUmaWiRQ flRZ

WhURXghRXW Whe SURjecW lifec\cle.
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FigXUe 3. The iQWeUdeSeQdeQcieV Rf VWakehRldeUV

1.3 RHVHDUFK ALP DQG OEMHFWLYHV

TR Wackle Whe SURblem fURm SecWiRQ 1.2, WhiV UeVeaUch aimV WR deYelRS aQ iQQRYaWiYe daWa

eQYiURQmeQW WR imSURYe Whe iQfRUmaWiRQ flRZ iQ cRmSle[ SURjecWV. The daWa

eQYiURQmeQW leYeUageV Whe VmaUW VeQViQg WechQRlRg\ aQd BIM WR UeceiYe iQWeUSUeWed ViWe

iQfRUmaWiRQ, aQd RUgaQiVeV SURjecW iQfRUmaWiRQ WhURXgh a BIM-eQabled ZRUk SackagiQg

aSSURach WR VWUeQgWheQ Whe liQkageV amRQg SURjecW iQfRUmaWiRQ. TR achieYe WhiV aim,

WhUee RbjecWiYeV aUe eVWabliVhed iQ Whe VeTXeQWial RUdeU Rf iQfRUmaWiRQ flRZ aV fRllRZV:

OEMHFWLYH 1: MRQiWRUiQg ViWe cRQdiWiRQV ZiWh BIM aQd field VeQViQg iQfRUmaWiRQ fRU

deciViRQ makiQg iQ cRmSle[ SURjecWV.

A field VeQViQg fUameZRUk fRU leYeUagiQg VmaUW VeQViQg WechQRlRg\ aQd BIM Zill be

deYelRSed WR iQWeUSUeW VeQVRU daWa WR meaQiQgfXl iQfRUmaWiRQ. BecaXVe Rf Whe cRQWiQXRXV

iQfRUmaWiRQ fURm Whe ViWe, iW beQefiWV Whe deciViRQ makiQg SURceVV b\ SURYidiQg

VXfficieQW iQfRUmaWiRQ Rf ViWe cRQdiWiRQV. WiWhiQ Whe fUameZRUk, Whe haUdZaUe la\RXW Rf

VmaUW VeQViQg Zill be ideQWified aQd Whe caSabiliW\ WeVW Rf Whe VeQVRUV Zill be cRQdXcWed.
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BeVideV, Whe mechaQiVm Rf iQWeUSUeWaWiRQ Zill be SURSRVed. AQ aSSlicaWiRQ Zill be

deYelRSed WR demRQVWUaWe Whe feaVibiliW\ Rf Whe fUameZRUk.

OEMHFWLYH 2: DeVigQiQg BIM-eQabled ZRUk SackagiQg fRU VWUeQgWheQiQg iQfRUmaWiRQ

liQkageV iQ cRmSle[ SURjecWV.

A BIM-eQabled ZRUk SackagiQg aSSURach Zill be deVigQed WR liQk geRmeWUic aQd

QRQ-geRmeWUic daWa iQ Whe SURjecW. SSecificall\, VSaWial iQfRUmaWiRQ fURm Whe BIM mRdel

iV SaiUed WR mRVW Rf Whe SURjecW daWa. The SaiUed daWa WheQ VeUYeV aV Whe eVVeQWial SieceV

Rf Whe ZRUk Sackage Zhich deVcUibeV each WaVk iQ Whe SURjecW lifec\cle. ThURXghRXW Whe

ZRUk SackagiQg SURceVV SURSRVed iQ Whe aSSURach, Whe WaVkV iQ Whe SURjecW cRXld be

RUgaQiVed iQ a lRgical maQQeU WhaW cRmSlieV ZiWh cRQVWUXcWiRQ SUacWice. AddiWiRQall\,

ZRUk SackageV fURm all VWakehRldeUV cRXld be aXWRmaWicall\ liQked WRgeWheU baVed RQ

Whe dedicaWed Vchema Rf ZRUk SackageV. TheUefRUe, be\RQd deWailiQg WaVkV ZiWh

geRmeWUic aQd QRQ-geRmeWUic daWa, WhiV aSSURach alVR RXWliQeV Whe UelaWiRQVhiS Rf Whe

WaVkV iQ Whe SURjecW.

OEMHFWLYH 3: IQWegUaWiQg field VeQViQg iQfRUmaWiRQ aQd BIM-eQabled ZRUk SackagiQg

fRU imSURYiQg iQfRUmaWiRQ flRZ iQ cRmSle[ SURjecWV.

A CDE-VXSSRUWed fUameZRUk Zill be SURSRVed WR accRmmRdaWe mXlWiSle VRXUceV Rf

iQfRUmaWiRQ geQeUaWed fURm ObjecWiYe 1 aQd 2. BecaXVe Rf Whe iQfRUmaWiRQ iQWegUaWiRQ

feaWXUe Rf Whe SURSRVed fUameZRUk, Whe SURjecW iQfRUmaWiRQ cRXld be adaSWed aW Whe

ma[imXm degUee WR VXSSRUW Whe deciViRQ makiQg SURceVV WhURXghRXW Whe SURjecW

lifec\cle. TR YalidaWe Whe SRWeQWial Rf Whe SURSRVed fUameZRUk, WZR SilRW VWXdieV Zill be

cRQdXcWed. The fiUVW SilRW VWXd\ Zill demRQVWUaWe Whe iQWegUiW\ Rf SURjecW iQfRUmaWiRQ b\

SlaQQiQg deWailV Rf cRQVWUXcWiRQ iQVSecWiRQ befRUe Whe ViWe WUiS. B\ SUeSaUiQg mRVW Rf Whe
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iQVSecWiRQ WaVkV iQ Whe Rffice, VSRW checkV Zill maiQl\ iQYRlYe daWa cRllecWiRQ RQ ViWe

Zhich VimSlifieV Whe iQfRUmaWiRQ maQagemeQW Rf Whe iQVSecWiRQ SURceVV. The VecRQd

SilRW VWXd\ Zill demRQVWUaWe Whe eQhaQced liQkageV amRQg Whe SURjecW iQfRUmaWiRQ. A

chaQge imSacW VceQaUiR Zill be VhRZQ aQd UelaWed ZRUk SackageV Zill be ideQWified. The

iQfRUmaWiRQ flRZ cRXld be imSURYed b\ UedXciQg Whe ZaVWed iQfRUmaWiRQ alRQg ZiWh Whe

deciViRQ makiQg SURceVV.

1.4 SLJQLILFDQFH DQG CRQWULEXWLRQ RI WKH RHVHDUFK

PURjecW cRmmXQicaWiRQ maQagemeQW iQYRlYeV diffeUeQW leYelV Rf SlaQQiQg aQd maQagiQg

SURcedXUeV WR eQVXUe Whe iQfRUmaWiRQ QeedV Rf a SURjecW aUe meW (GillaUd & JRhaQVeQ,

2004; PURjecW MaQagemeQW IQVWiWXWe, 2017). HRZeYeU, Whe eVVeQWial chaUacWeUiVWicV Rf

SURjecWV iQ Whe aUchiWecWXUe, eQgiQeeUiQg, aQd cRQVWUXcWiRQ (AEC) iQdXVWU\ VXch aV

QXmeURXV VWakehRldeUV aQd YaUiRXV diVciSliQeV challeQge Whe cRmmXQicaWiRQV

(AWkiQVRQ, 1999). AV Whe QXmbeU Rf cRmSle[ SURjecWV gURZV, mRUe aQd mRUe SURjecWV

cRQfURQW cRmmXQicaWiRQ SURblemV iQ Whe glRbal cRQVWUXcWiRQ maUkeW (LRRVemRUe &

MXVlmaQi, 1999). TR effecWiYel\ maQage iQcUeaViQg amRXQWV Rf iQfRUmaWiRQ fURm

iQQRYaWiYe deVigQ, WechQRlRgieV, aQd SURcedXUeV acURVV VWakehRldeUV, effecWiYe

cRmmXQicaWiRQ WhURXghRXW Whe SURjecW lifec\cle iV eVVeQWial (ClaUke, 1999; LRRVemRUe

& MXVlmaQi, 1999). The UeVeaUch WaUgeWiQg WR imSURYe iQfRUmaWiRQ flRZ WhURXghRXW Whe

SURjecW lifec\cle haV a SURfRXQd effecW RQ hRZ iQfRUmaWiRQ iV UeceiYed, RUgaQiVed, aQd

e[chaQged fRU each VWakehRldeU. ThUee RbjecWiYeV deUiYed fURm Whe aim Rf Whe UeVeaUch

aUe eVWabliVhed iQ SecWiRQ 1.3. The cRQWUibXWiRQ Rf each RbjecWiYe elabRUaWeV aV fRllRZV:

TR VWaUW ZiWh, Whe SURSRVed field VeQViQg fUameZRUk (Objective 1) SURYideV a QRYel

aSSURach fRU acTXiUiQg ViWe iQfRUmaWiRQ WR make deciViRQ makiQg SURgUeVV. SeQVRU daWa

aUe iQWeUSUeWed WR ViWe iQfRUmaWiRQ Zhich SUeciVel\ aQd cRQWiQXRXVl\ UeflecWV Whe
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cRQdiWiRQ RQ ViWe. DeciViRQ makeUV aUe beQefiWed fURm a beWWeU XQdeUVWaQdiQg Rf ViWe

cRQdiWiRQV Zhich leadV WR a leVV ZaVWed iQfRUmaWiRQ Rf a SURjecW.

Ne[W, a BIM-eQabled ZRUk SackagiQg mechaQiVm (Objective 2) VWUeQgWheQV Whe

iQfRUmaWiRQ liQkageV iQ Whe SURjecW lifec\cle. DaWa fURm mXlWiSle VWakehRldeUV cRXld be

RUgaQiVed b\ a cRQViVWeQW meWhRd aQd cURVV-UefeUeQced WR each RWheU. The

Zell-RUgaQiVed SURjecW daWa VeUYeV Whe iQfRUmaWiRQ QeedV fURm VWakehRldeUV b\ RffeUiQg

UelaWiYe SURjecW daWa aV mXch aV SRVVible. ThiV UedXceV Whe ZaVWed iQfRUmaWiRQ alRQg

ZiWh Whe iQfRUmaWiRQ flRZ.

LaVWl\, a CDE-VXSSRUWed fUameZRUk (Objective 3) leYeUagiQg aSSURacheV fURm RbjecWiYe

1 aQd 2 WR VWUeamliQe iQfRUmaWiRQ amRQg mXlWiSle VWakehRldeUV alRQg ZiWh Whe SURjecW

lifec\cle. SSecificall\, Whe fUameZRUk UeWaiQV Whe field VeQViQg caSabiliW\ fURm RbjecWiYe

1 aQd Whe cURVV-UefeUeQced iQfRUmaWiRQ fURm RbjecWiYe 2. FXUWheUmRUe, becaXVe Whe

fUameZRUk fRllRZV Whe SUiQciSleV Rf CDE Zhich iV deVigQed fRU cRllabRUaWiRQ beWZeeQ

SURjecW membeUV, Whe YeUVaWiliW\ Rf Whe fUameZRUk fiWV YaUiRXV demaQdV iQ SURjecW

maQagemeQW. CRQVeTXeQWl\, Whe fUameZRUk leadV WR aQ imSURYed iQfRUmaWiRQ flRZ ZiWh

leVV iQfRUmaWiRQ ZaVWe alRQg Whe SURjecW lifec\cle.

1.5 SWUXFWXUH RI WKH 7KHVLV

ThiV WheViV iV cRmSRVed Rf VeYeQ chaSWeUV, aV VhRZQ iQ FigXUe 4, illXVWUaWiQg aV Whe

fRllRZiQgV:

CKDSWHU 1 iV aQ iQWURdXcWiRQ WhaW SURYideV Whe backgURXQd Rf Whe UeVeaUch. TheQ, Whe

SURblem VWaWemeQW cRQclXdeV Whe iVVXeV WR be imSURYed iQ Whe backgURXQd. ReVeaUch

aim aQd deUiYed RbjecWiYeV aUe eVWabliVhed accRUdiQgl\. SigQificaQce aQd cRQWUibXWiRQV

Rf Whe UeVeaUch aUe highlighWed aV Zell.
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CKDSWHU 2 SUeVeQWV Whe liWeUaWXUe UeYieZ iQ Whe field Rf VeQViQg WechQRlRg\, UelaWiRQVhiSV

Rf SURjecW iQfRUmaWiRQ iQ Whe SURjecW lifec\cle, aQd Whe SUiQciSleV aQd VWaQdaUdV Rf

cRmmRQ daWa eQYiURQmeQWV UegaUdiQg Whe iQfRUmaWiRQ maQagemeQW SeUVSecWiYe. TheVe

UeYieZV cRUUeVSRQd WR Whe WhUee RbjecWiYeV liVWed iQ ChaSWeU 1.

CKDSWHU 3 deVcUibeV Whe UeVeaUch deVigQ imSlemeQWed iQ WhiV UeVeaUch. TheUe aUe WhUee

VecWiRQV cRUUeVSRQdiQg WR Whe WhUee RbjecWiYeV: (1) ReVeaUch deVigQ fRU deYelRSiQg

BIM-eQabled ViWe mRQiWRUiQg fRU deciViRQ makiQg; (2) ReVeaUch deVigQ fRU deYelRSiQg

BIM-eQabled ZRUk SackagiQg fRU iQfRUmaWiRQ liQkageV; aQd (3) ReVeaUch deVigQ fRU

deVigQiQg cRmmRQ daWa eQYiURQmeQWV fRU SURjecW iQfRUmaWiRQ maQagemeQW.

CKDSWHU 4 SURSRVeV a fUameZRUk fRU leYeUagiQg BIM aQd field VeQViQg WR iQWeUSUeW ViWe

daWa iQWR XVefXl iQfRUmaWiRQ fRU deciViRQ makiQg. AQ e[SeUimeQWal WeVWbed iV VelecWed WR

demRQVWUaWe aQd YeUif\ Whe feaVibiliW\ Rf Whe fUameZRUk.

CKDSWHU 5 deYelRSV a fUameZRUk fRU VWUeQgWheQiQg iQfRUmaWiRQ liQkageV amRQg SURjecW

iQfRUmaWiRQ. AQ e[SeUimeQW iV cRQdXcWed WR YeUif\ Whe effecWiYeQeVV Rf Whe SURSRVed

aSSURach.

CKDSWHU 6 SURSRVeV a cRmmRQ daWa eQYiURQmeQW WR iQWegUaWe mXlWiSle VRXUceV Rf

SURjecW iQfRUmaWiRQ aQd WZR SilRW VWXdieV aUe SeUfRUmed WR illXVWUaWe Whe YeUVaWiliW\ Rf Whe

SURSRVed cRmmRQ daWa eQYiURQmeQW.

CKDSWHU 7 cRQclXdeV Whe UeVeaUch fiQdiQgV aQd WheQ e[SlaiQV Whe WheRUeWical

cRQWUibXWiRQV aQd SUacWical imSlicaWiRQV. RecRmmeQdaWiRQV fRU fXWXUe UeVeaUch aUe alVR

highlighWed.
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FigXUe 4. SWUXcWXUe Rf Whe diVVeUWaWiRQ
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CKDSWHU 2: LLWHUDWXUH RHYLHZ

2.1 SLWH MRQLWRULQJ ZLWK BIM

IQ WhiV VecWiRQ, WechQRlRgieV fRU mRQiWRUiQg ViWe cRQdiWiRQV aUe UeYieZed. The VWUaWegieV

Rf VelecWiQg VeQVRUV, Whe mechaQiVm Rf Whe iQfRUmaWiRQ e[chaQge, aQd Whe YiVXaliVaWiRQ

Rf VeQViQg iQfRUmaWiRQ aUe UeYieZed WR VXmmaUiVe Whe SRWeQWial Rf VXSSRUWiQg deciViRQ

makiQg SURceVV ZiWh ViWe mRQiWRUiQg daWa.

2.1.1 SPDUW SHQVLQJ 7HFKQRORJLHV

SeQVRUV aUe deYiceV WhaW deWecW Whe Sh\Vical eQYiURQmeQW aQd cRQYeUW Whe meaVXUemeQWV

WR elecWUical VigQalV (FUadeQ, 2016). T\Sicall\, VeQVRUV cRQWaiQ RQl\ Whe VeQVRU iWVelf aQd

RXWVRXUce Whe VigQal SURceVViQg aQd cRmmXQicaWiRQ ZRUk. S\VWem iQWegUaWRUV WhXV haYe

fXll acceVV WR Whe VeQVRU iQ Whe SURceVV Zhich iV beQeficial fRU VeQVRU calibUaWiRQ iQ a

SaUWicXlaU eQYiURQmeQW. RegaUdiQg Whe SRZeU aQd Vi]e, VeQVRUV YaU\ fURm W\Se WR W\Se

becaXVe Rf Whe diffeUeQW V\VWemV Whe\ hRVWed RQ. TheUefRUe, VeQVRUV SURYide aQ

XQdeUl\iQg VWUXcWXUe fRU iQWegUaWRUV WR cXVWRmiVe each cRmSRQeQW Rf Whe VeQViQg V\VWem.

OQ Whe RWheU haQd, VmaUW VeQVRUV aUe VeQVRUV ZiWh a micURSURceVVRU aQd ZiUeleVV

cRmmXQicaWiRQ mRdXle embedded iQ Whe iQWegUaWed ciUcXiW (IC) (FUaQk, 2013). WiWh Whe

SURceVViQg aQd cRmmXQicaWiRQ caSabiliWieV, VmaUW VeQVRUV aUe caSable Rf SURceVViQg UaZ

daWa RQ VeQVRUV aQd WheQ VhaUiQg Whe calibUaWed YalXeV WR Whe V\VWem. S\VWem iQWegUaWRUV

geQeUall\ acceVV Whe cRQYeUWed VeQVRU YalXeV iQVWead Rf elecWUic VigQalV fURm VeQVRUV. IQ

WeUmV Rf SRZeU VRXUce, VmaUW VeQVRUV cRQWaiQ Whe mRdXle WR geQeUaWe RU VWRUe SRZeU.

The SRZeU fURm Whe mRdXle iV lRZ aQd limiWV Whe caSabiliW\ Rf daWa SURceVViQg.

NeYeUWheleVV, Whe mRdXle makeV VmaUW VeQVRUV Velf-VXVWaiQiQg Zhich lRZeUV Whe baUUieUV

fRU V\VWem iQWegUaWiRQ. AddiWiRQall\, becaXVe all QeceVVaU\ cRmSRQeQWV fRU VeQViQg aUe
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iQWegUaWed iQWR VmaUW VeQVRUV, Whe Vi]e Rf VmaUW VeQVRUV aUe mRVWl\ Vmall aQd caQ be

adRSWed iQ a Zide YaUieW\ Rf eQYiURQmeQWV. IQ VhRUW, Table 1 VXmmaUiVeV Whe feaWXUeV Rf

VeQVRUV aQd VmaUW VeQVRUV WR cRmSaUe Whe diffeUeQceV.

Table 1. CRmSaUiVRQ Rf VeQVRUV aQd VmaUW VeQVRUV

FHDWXUHV SHQVRUV SPDUW SHQVRUV

PURceVVRU NR embedded SURceVVRU Embedded micURSURceVVRU

SeQVRU daWa cRQYeUViRQ Need e[WeUQal cRmSXWe
UeVRXUceV WR cRQYeUW UaZ
daWa

PURceVViQg daWa
cRQYeUViRQ RQbRaUd

CRmmXQicaWiRQ WiUed, RQe-Za\
cRmmXQicaWiRQ

WiUeleVV, WZR-Za\
cRmmXQicaWiRQ

SeQVRU cRQWURl FXll acceVV CRQYeUWed VeQVRU YalXeV

PRZeU VaUiRXV SRZeU
cRQVXmSWiRQ accRUdiQg WR
W\SeV Rf VeQVRUV

LRZ SRZeU cRQVXmSWiRQ

Si]e VaUiRXV Vi]eV accRUdiQg WR
W\SeV Rf VeQVRUV

MRVWl\ Vmall

GeQeUall\, bRWh VeQVRUV aQd VmaUW VeQVRUV caQ meaVXUe Whe eQYiURQmeQW, SUR[imiW\,

YiViRQ, RU mRWiRQ iQ Whe Sh\Vical ZRUld (Table 2). S\VWem iQWegUaWRUV ma\ adRSW VeQVRUV

RU VmaUW VeQVRUV baVed RQ Whe afRUemeQWiRQed feaWXUeV WR VXiW Whe VeQViQg VceQaUiRV. IQ

SaUWicXlaU, eQYiURQmeQW VeQVRUV deWecW Whe WemSeUaWXUe, hXmidiW\, VRXQd, RU gaV iQ Whe

VSace. AQ eQeUg\ aQal\ViV e[SeUimeQW ZaV cRQdXcWed WR meaVXUe Whe eQYiURQmeQW iQ a

demRQVWUaWiRQ hRXVe (KXR eW al., 2016). SeQVRUV aUe chRVeQ iQVWead Rf VmaUW VeQVRUV

becaXVe WheUe iV QR demaQd fRU a cRmSacW deVigQ Rf VeQViQg V\VWem. OQ Whe cRQWUaU\, fRU

Whe VafeW\ mRQiWRUiQg RU faciliW\ maQagemeQW RQ ViWeV, a Ueal-Wime, ZiUeleVV, cRmSacW

VeQViQg V\VWem iV SUefeUed (W.-F. CheXQg eW al., 2018; Ria] eW al., 2017; YXaQ HaR TVai
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eW al., 2019). SmaUW VeQVRUV aUe VelecWed WR mRQiWRU Whe WemSeUaWXUe, hXmidiW\, aQd gaV.

The VeQViQg daWa WheQ iV VeQW WR Whe V\VWem ZiUeleVVl\ fRU maQagemeQW VWUaWeg\.

FRU Whe SUR[imiW\ meaVXUemeQW, WechQRlRgieV iQclXdiQg XlWUaVRQic, laVeU, blXeWRRWh, RU

cameUa cRXld be XWiliVed. The deWeUmiQaWiRQ Rf WechQRlRgieV iV a WechQical deciViRQ

accRUdiQg WR Whe eQYiURQmeQW becaXVe Whe VeQVRU ma\ be Slaced iQ Whe ZaWeU, RU Vealed

iQ a meWallic Vhell Zhich QeedV dedicaWed WechQRlRgieV fRU SUR[imiW\ meaVXUemeQW. FRU

e[amSle, a URbRWic WRRl ZaV bXilW WR iQVSecW cRQcUeWe VXUfaceV iQ WXQQelV (VicWRUeV eW al.,

2011). The laVeU WechQRlRg\ Zhich iV VXiWable iQ a WXQQel eQYiURQmeQW ZaV iQWegUaWed

iQWR Whe SUR[imiW\ VeQVRU mRXQWed RQ a Zheeled Yehicle. BeVideV, VmaUW SUR[imiW\

VeQVRUV baVed RQ blXeWRRWh WechQRlRg\ ZeUe iQWegUaWed fRU iQdRRU SRViWiRQiQg (PaUk eW

al., 2017). The VmaUW SUR[imiW\ VeQVRUV aUe iQVWalled acURVV Whe ViWe WR deWecW Whe diVWaQce

beWZeeQ WaUgeW deYiceV aQd VeQVRUV. The SRViWiRQ WheQ caQ be calcXlaWed Zhich cXlWiYaWeV

Whe VafeW\ mRQiWRUiQg RQ ViWe.

RegaUdiQg Whe YiViRQ VeQVRUV, YaUiRXV WechQRlRgieV iQclXdiQg lighW deWecWiRQ aQd UaQgiQg

(LiDAR), cRlRU, lighW, iQfUaUed aQd cameUa caQ be adRSWed. HRZeYeU, VRme WechQRlRgieV

VXch aV LiDAR aQd cameUaV QRUmall\ Qeed high cRmSXWiQg SRZeU WR cRQYeUW Whe UaZ

daWa iQWR XVefXl iQfRUmaWiRQ. The WechQRlRgieV aUe mRUe aSSlicable RQ VeQVRUV iQVWead Rf

VmaUW VeQVRUV becaXVe Whe\ Uel\ RQ e[WeUQal SRZeU VRXUceV. FRU e[amSle, cameUaV aUe

iQVWalled RQ Whe WRZeU cUaQe WR VeUYe Whe QaYigaWiRQ V\VWem fRU bliQd lifWiQg (G. Lee eW

al., 2012). LiDAR ZaV imSlemeQWed WR mRQiWRU Whe cRQVWUXcWiRQ SURgUeVV RQ ViWe (AbbaV

eW al., 2020; JXQ WaQg eW al., 2015). TR adRSW VmaUW VeQVRUV fRU YiViRQ mRQiWRUiQg, lighW

WechQRlRg\ Zhich haV lRZ SRZeU cRQVXmSWiRQ ZaV imSlemeQWed WR mRQiWRU Whe WUaffic

fRU beWWeU WUaffic cRQWURl (KleSa eW al., 2019).
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LaVWl\, Whe mRWiRQ mRQiWRUiQg cRXld be UealiVed b\ acceleURmeWeU, SUeVVXUe, RU

g\URVcRSeV VeQViQg. The VelecWiRQ cRXld be aWWUibXWed WR Whe VeQViQg VceQaUiR. FRU

e[amSle, acceleURmeWeUV aUe VelecWed WR mRQiWRU Whe YibUaWiRQ iQ Whe UailZa\ WXQQel (Lai

eW al., 2015). The YibUaWiRQ VeQVRUV ZeUe iQVWalled iQ each VegmeQW Rf Whe WXQQel aQd

fRUmed a YibUaWiRQ VeQViQg aUUa\. IW helSV mRQiWRU Whe VWUXcWXUal healWh Rf WXQQelV. OQ Whe

RWheU haQd, Whe VmaUW VeQVRUV ZiWh acceleURmeWeUV aQd g\URVcRSeV ZeUe VelecWed WR

mRQiWRU Whe SRVWXUe Rf cRQVWUXcWiRQ ZRUkeUV (ValeUR eW al., 2017). BecaXVe Rf Whe Vmall

Vi]e aQd lRZeU SRZeU deVigQ, Whe VmaUW VeQVRUV cRXld be Slaced iQ Whe ZeaUable deYiceV

fRU cRQVWUXcWiRQ ZRUkeUV. The deYiceV WheQ aVVeVV Whe iQadeTXaWe ZRUkiQg SRVWXUe WR

SURWecW Whe ZRUkeUV¶ healWh.

IQ cRQclXViRQ, YaUiRXV caWegRUieV Rf VeQViQg WechQRlRgieV cRXld be adRSWed. Table 2

VXmmaUiVeV Whe caWegRUieV Rf Whe VeQVRUV aQd VmaUW VeQVRUV. UVe caVeV aUe liVWed

accRUdiQg WR each caWegRU\. IW VhRZV WhaW VeQVRUV aQd VmaUW VeQVRUV haYe WheiU RZQ

meUiWV iQ Whe VceQaUiRV.

Table 2. CaWegRUieV Rf VeQVRUV aQd VmaUW VeQVRUV

CDWHJRULHV SHQVRUV SPDUW SHQVRUV

EQYiURQmeQW
(WemSeUaWXUe, hXmidiW\,
VRXQd, gaV«)

EQeUg\ aQal\ViV (KXR eW al.,
2016)

CRQVWUXcWiRQ VafeW\ (W.-F.
CheXQg eW al., 2018; Ria] eW
al., 2017)
FaciliW\ maQagemeQW (YXaQ
HaR TVai eW al., 2019)

PUR[imiW\
(XlWUaVRQic, laVeU,
blXeWRRWh, cameUa...)

TXQQel iQVSecWiRQ (VicWRUeV eW
al., 2011)

IQdRRU SRViWiRQiQg fRU VafeW\
mRQiWRUiQg (PaUk eW al., 2017)

ViViRQ
(LiDAR, cRlRU, lighW,
iQfUaUed, cameUa«)

SiWe lifWiQg (G. Lee eW al.,
2012)
QXaliW\ cRQWURl (AbbaV eW al.,
2020; JXQ WaQg eW al., 2015)

TUaffic cRQWURl (KleSa eW al.,
2019)

MRWiRQ VibUaWiRQ mRQiWRUiQg (Lai eW WRUkeU SRVWXUe (ValeUR eW al.,
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(acceleURmeWeU, SUeVVXUe,
g\URVcRSeV«)

al., 2015) 2017)

SmaUW VeQViQg WechQRlRg\ haV beeQ imSlemeQWed RQ SiSeliQe mRQiWRUiQg iQ Whe iQdXVWU\

dXe WR iWV maiQ feaWXUeV: liWWle SURceVVRU, Vmall Vi]e, ZiUeleVV, aQd lRZ-cRVW (DeQeU &

BRVWaQcÕR÷lX, 2015; SSeQceU eW al., 2004). SSecificall\, VmaUW VeQVRUV aUe able WR cRllecW

daWa RQ ViWe aQd VeQd Whe daWa back WR VWaWiRQV ZiUeleVVl\ ZiWh Whe lRZ iQVWallaWiRQ aQd

maiQWeQaQce cRVW (AalValem eW al., 2018). IQ WeUmV Rf Whe cRmmXQicaWiRQ mechaQiVmV,

WiUeleVV SeQVRU NeWZRUk (WSN) aQd RadiR FUeTXeQc\ IdeQWificaWiRQ (RFID) aUe Whe

WZR cRmmRQ V\VWemV XVed iQ VmaUW VeQViQg (RXi]-GaUcia eW al., 2009). WSN cRQViVWV Rf

VeYeUal VeQVRU QRdeV Zhich caQ XVe BlXeWRRWh, Wi-Fi, RU ZigBee WR cRmmXQicaWe. OQ

Whe RWheU haQd, RFID V\VWemV aUe fRUmed Rf acWiYe RU SaVViYe RFID WagV aQd RFID

UeadeUV (AUXlRgXQ eW al., 2016). BecaXVe Rf diffeUeQW demaQdV Rf mRQiWRUiQg RQ ViWeV,

WheVe V\VWemV haYe beeQ imSlemeQWed iQ Whe iQdXVWU\ iQ diffeUeQW VceQaUiRV (PeWeUVeQ eW

al., 2007; YXaQ HaR TVai eW al., 2019). IQ VhRUW, VmaUW VeQViQg WechQRlRg\ iV a Ueliable

meWhRd aQd Zidel\ XVed iQ iQdXVWU\ WR VWeam daWa fURm ViWe WR Rffice.

TheUe aUe YaUiRXV W\SeV Rf VmaUW VeQViQg WechQRlRgieV WhaW caQ be imSlemeQWed RQ ViWe.

IQ addiWiRQ, maQ\ Rf Whem aUe iQWegUaWed WR BIM mRdelV acURVV Whe bXildiQg lifec\cle.

FRU e[amSle, UegaUdiQg ViWe maQagemeQW dXUiQg cRQVWUXcWiRQ, cXVWRmiVed VeQVRUV aUe

deVigQed aQd iQVWalled iQ cRQfiQed VSaceV WR mRQiWRU ZRUk ViWe aQd SURceVV daWa. The

VeQVRU YalXeV aUe VWUeamed WR VeUYeUV aQd iQWegUaWed iQWR BIM mRdelV aV Zell. WheQ

healWh aQd VafeW\ ha]aUdV haSSeQ, Whe healWh aQd VafeW\ deSaUWmeQW cRXld Wake QeceVVaU\

acWiRQV ZiWh adeTXaWe iQfRUmaWiRQ (Ria] eW al., 2014). DXUiQg cRQVWUXcWiRQ, YideR

VeQVRUV aQd laVeU VeQVRUV aUe adRSWed aQd iQWegUaWed ZiWh BIM WechQRlRg\ WR SURYide aQ

eaV\-WR-XVe aQd XVefXl QaYigaWiRQ V\VWem fRU WRZeU cUaQe RSeUaWRUV. IQVWead Rf
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QXmeUical daWa fURm cRlliViRQ-deWecWiRQ V\VWemV, WRZeU cUaQe RSeUaWRUV cRXld

XQdeUVWaQd VXUURXQdiQgV iQ WhUee-dimeQViRQal (3D) eQYiURQmeQWV beWWeU. IW iV SURYed b\

RQ ViWe imSlemeQWaWiRQ WhaW WRZeU cUaQe RSeUaWRUV heaYil\ Uel\ RQ Whe SURSRVed

QaYigaWiRQ V\VWem cRmSaUed ZiWh Whe QXmeUical aQWi-cRlliViRQ V\VWem (G. Lee eW al.,

2012). The iQWegUaWiRQ Rf VeQViQg aQd BIM WechQRlRgieV cRXld be imSlemeQWed iQ Whe

RSeUaWiRQ aQd maiQWeQaQce VWage aV Zell. SeUieV Rf VeQVRUV aUe iQVWalled RQ Whe bUidge

deck deiciQg V\VWem WR mRQiWRU Whe VWaWe Rf Whe bUidge deck XQdeU diffeUeQW climaWe

cRQdiWiRQV (J. CheQ eW al., Q.d.). IQ bUief, iQWegUaWiRQ Rf VeQViQg aQd BIM WechQRlRgieV

cRXld be imSlemeQWed acURVV lifec\cle fRU bRWh bXildiQgV aQd iQfUaVWUXcWXUeV.

OQe Rf Whe cRmmRQl\ XVed VeQVRUV RQ ViWe iV RFID VeQVRUV. OUdiQaUil\, WheUe aUe WZR

W\SeV Rf RFID VeQVRUV, SaVViYe aQd acWiYe. BRWh SaVViYe aQd acWiYe RFID VeQVRUV caQ

UeceiYe VigQalV fURm UeadeUV, aQd UeWXUQ Whe eQcRded iQfRUmaWiRQ. HRZeYeU, Whe

mechaQiVm Rf Whe VeQVRUV iV diffeUeQW. PaVViYe RFID VeQVRUV geQeUaWe SRZeU fURm Whe

UeadeU'V VigQal Zhich meaQV Whe\ dR QRW Qeed baWWeUieV. TheUefRUe, Whe\ caQ laVW fRU a

lRQg SeUiRd. OQ Whe RWheU haQd, acWiYe RFID VeQVRUV haYe baWWeUieV. The\ VeQd RXW

VigQalV SRZeUed b\ WhemVelYeV. BecaXVe Rf Whe diffeUeQce Rf SRZeU VRXUce, aQ acWiYe

RFID VeQVRU XVXall\ SURYideV a lRQgeU Uead UaQge WhaQ a SaVViYe RFID VeQVRU; hRZeYeU,

Whe lifeWime Rf aQ acWiYe RFID VeQVRU iV geQeUall\ VhRUWeU WhaQ a SaVViYe RFID VeQVRU.

SeYeUal UeVeaUch VWXdieV aUe cRQdXcWed WR leYeUage RFID VeQVRUV fRU iQfRUmaWiRQ

iQWegUaWiRQ. A SilRW VWXd\ fURm MeadaWi eW al. (MeadaWi eW al., 2010) SRiQWV RXW WhaW RFID

VeQVRUV cRXld UedXce WediRXV ZRUkV Rf maSSiQg digiWal RbjecWV WR elemeQWV iQ Whe Ueal

ZRUld. IQ Whe fRllRZiQg UeVeaUch, aQ iQWegUaWiRQ Rf RFID VeQVRUV aQd BIM mRdelV iV

imSlemeQWed WR VimXlaWe Whe lighWiQg leYelV RQ a Sh\Vical mRdel iQ Ueal-Wime Zhich

helSV WeVWiQg Whe facade V\VWem befRUe cRQVWUXcWiRQ (KeQVek, 2014). TR VXm XS, Whe
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afRUemeQWiRQed UeVeaUch XWiliVed VeQViQg aQd BIM WechQRlRgieV WR bXild Whe bUidge

beWZeeQ digiWal eQYiURQmeQW aQd Ueal ViWe. ThiV cRQQecWiRQ cRXld be adRSWed iQ WhiV

UeVeaUch WR cRllecW ViWe cRQdiWiRQV fRU Whe deciViRQ makiQg SURceVVeV.

2.1.2 IQWHUQHW RI 7KLQJV (IR7)

IRT iV Whe cRQceSW Rf embeddiQg Sh\Vical RbjecWV (WhiQgV) ZiWh VeQVRUV WR e[chaQge daWa

ZiWh RWheUV RYeU Whe iQWeUQeW. Namel\, VeQViQg deYiceV aUe able WR iQWeUcRQQecW aQd VhaUe

iQfRUmaWiRQ iQ a XQified SlaWfRUm (C. Z. Li eW al., 2018). IW acceleUaWeV Whe SURgUeVV Rf

digiWal WUaQVfRUmaWiRQ iQ Whe AEC iQdXVWU\ b\ SURYidiQg eQYiURQmeQWal RU lRcaWiRQ daWa

fRU RSeUaWiRQal maQagemeQW (Tei]eU eW al., 2017). ThiV YeUVaWiliW\ makeV IRT aSSlicable

acURVV Whe eQWiUe bXildiQg lifec\cle. BeVideV, b\ iQWegUaWiQg BIM aQd IRT, UeVeaUch

VWXdieV SRiQW RXW WhaW abXQdaQW iQfRUmaWiRQ iQ BIM mRdelV aQd Ueal-Wime daWa fURm IRT

deYiceV fRUmXlaWe a SRZeUfXl SaUadigm WR imSURYe cRQVWUXcWiRQ aQd RSeUaWiRQal

efficieQcieV (AUWhXU eW al., 2018; Zhai eW al., 2019).

CRQVideUiQg Whe aSSlicaWiRQV Rf IRT WechQRlRg\, cRQVWUXcWiRQ RSeUaWiRQ aQd mRQiWRUiQg,

healWh aQd VafeW\ maQagemeQW, cRQVWUXcWiRQ lRgiVWic maQagemeQW, aQd faciliW\

maQagemeQW aUe Whe maiQ fRcXVeV Rf Whe UeVeaUch VWXdieV. AmRQg WheVe dRmaiQV, Whe

cRQVWUXcWiRQ RSeUaWiRQ aQd mRQiWRUiQg accRXQWV fRU Whe laUgeVW SURSRUWiRQ (MRhammed

eW al., 2020; S. TaQg eW al., 2019). IW VhRZV WhaW imSlemeQWiQg IRT iQ Whe cRQVWUXcWiRQ

VWage iV Whe cXUUeQW WUeQd, aQd Whe aSSURacheV fURm WheVe VWXdieV SURYide iQVighWV fRU

deVigQiQg iQWeUfaceV fRU VWakehRldeUV WR e[SlRUe Whe iQWegUaWed iQfRUmaWiRQ. FRU iQVWaQce,

Whe SlaWfRUm called OWaQiemi3D iQWegUaWeV Whe bXilW eQYiURQmeQW daWa ZiWh IRT VeQVRUV

WR SURYide eQeUg\ XVage, RccXSaQc\, aQd XVeU cRmfRUW Rf Whe bXildiQgV RQ camSXV (DaYe

eW al., 2018). The SURSRVed fUameZRUk aQd Whe V\VWem aUchiWecWXUe claUif\ Whe

adYaQWageV aQd limiWaWiRQV Rf iQWegUaWiQg IRT aQd BIM WechQRlRgieV. AQRWheU VWXd\
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VhRZV WhaW Whe SUefabUicaWed cRQVWUXcWiRQ beQefiWV fURm Whe IRT-eQabled BIM SlaWfRUm.

The SlaWfRUm cRllecWV daWa fURm RFID VeQVRUV WR achieYe Ueal-Wime YiVibiliW\ aQd

WUaceabiliW\ Rf Whe SURceVVeV (ZhRQg eW al., 2017). IW VhRZV Whe SRWeQWial Rf hRZ Whe

Ueal-Wime caSWXUed daWa faciliWaWeV Whe SURceVVeV Rf makiQg adYaQce deciViRQV b\

VWakehRldeUV. IQ VhRUW, UeVeaUch VWXdieV VhRZ WhaW IRT iV beQeficial fRU cRQQecWiQg aQd

VhaUiQg Whe Ueal-Wime VeQVRU daWa Zhich VXfficeV Whe iQfRUmaWiRQ QeedV Rf a Wimel\

deciViRQ makiQg SURceVV. B\ iQWegUaWiQg Whe IRT ZiWh BIM, mXlWiSle VRXUceV Rf

iQfRUmaWiRQ caQ fXUWheU be iQWeUcRQQecWed aQd WhiV SURYideV a Ueal-Wime iQWeUface fRU

VWakehRldeUV WR maQiSXlaWe SURjecW iQfRUmaWiRQ.

2.1.3 SHQVLQJ DDWD IQWHJUDWLRQ

BIM haV beeQ laUgel\ imSlemeQWed fRU iQfRUmaWiRQ iQWegUaWiRQ WhURXghRXW Whe bXildiQg

lifec\cle (SalmaQ A]haU eW al., 2012; Eadie eW al., 2013; Ham eW al., 2008). ASSURacheV,

fUameZRUkV, V\VWemV, aQd SlaWfRUmV aUe WheUefRUe SURSRVed WR meeW Whe diffeUeQW QeedV.

GeQeUall\, Whe aSSlicaWiRQV cRXld be caWegRUiVed iQWR SlaQQiQg, cRQVWUXcWiRQ,

maiQWeQaQce VWageV (Table 3). IQ Whe SlaQQiQg VWage, feaVibiliW\ Rf Whe deVigQ cRXld be

aQal\Ved VXch aV cRVW, VafeW\ aVVeVVmeQW, aQd VXVWaiQabiliW\ aQal\ViV WhURXgh Whe 3D

iQWegUaWed SlaWfRUm SRZeUed b\ BIM (CamSiVi eW al., 2020; CaUYalhR eW al., 2021; F. K.

T. CheXQg eW al., 2012; SRlla eW al., 2019). TheVe UeVeaUch VWXdieV YalidaWe WhaW SURjecW

iQfRUmaWiRQ caQ be leYeUaged b\ BIM WR UeYieZ Whe deVigQ iQ aQ hRliVWic YieZ iQ Whe

eaUl\ ShaVe. RegaUdiQg deVigQ aSSlicaWiRQV, BIM WechQRlRg\ iQWegUaWeV mXlWiSle VRXUceV

Rf iQfRUmaWiRQ aQd YiVXaliVeV Whe daWa iQ a 3D eQYiURQmeQW (R|ck eW al., 2018). IW

imSURYeV Whe TXaliW\ Rf VWakehRldeUV¶ eQgagemeQWV aV Zell aV Whe deVigQ UeYieZ

SURceVVeV (DRQaWR eW al., 2018). The iQWegUaWiRQ faciliWaWeV Whe deciViRQ makiQg SURceVV

aQd haV beeQ cRQfiUmed WhaW Whe UeWXUQ Rf iQYeVWmeQW (ROI) iQ BIM iV ZRUWhZhile (Giel,
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BUiWWaQ\ K. & IVVa, Raja R. A., 2013). BeVideV, Whe deVigQ iV QRUmall\ aQal\Ved iQ Whe

SlaQQiQg VWage WR RSWimiVe Whe eQeUg\ cRQVXmSWiRQ RU VWUXcWXUal VWUeQgWh Rf Whe bXildiQg

(SalmaQ A]haU & BURZQ, 2009; F. TaQg eW al., 2020). B\ XWiliViQg Whe BIM mRdelV aV

Whe iQfRUmaWiRQ UeSRViWRUieV, iQSXWV Rf algRUiWhmV fRU RSWimiVaWiRQ caQ be UeWUieYed aQd

XSdaWed ZiWhRXW idle Wime.

IQ Whe cRQVWUXcWiRQ VWage, BIM WechQRlRg\ caQ be imSlemeQWed iQWR abXQdaQW

aSSlicaWiRQV iQclXdiQg Whe WRS cRQceUQV RQ ViWe VXch aV VchedXle, TXaliW\, cRVW, aQd

hXmaQ UeVRXUce. IQ WeUmV Rf Whe VchedXle, UeVeaUch VWXdieV VhRZ WhaW Whe BIM

WechQRlRg\ faciliWaWeV SURgUeVV mRQiWRUiQg (RebRlj eW al., 2017), aXWRmaWic VchedXliQg

(ElMeQVhaZ\ & MaU]RXk, 2021; Z. WaQg & A]aU, 2019), aQd miWigaWiQg Whe UiVk Rf

dela\ (C. Z. Li eW al., 2017). BecaXVe Rf Whe WhUee dimeQViRQal caSabiliW\ Rf BIM, bRWh

Wime aQd VSace caQ be cRQVideUed ZheQ VchedXliQg Zhich eQVXUeV Whe Wimel\ SURjecW

deliYeU\. AlVR, Whe TXaliW\ maQagemeQW dXUiQg Whe cRQVWUXcWiRQ caQ be eQhaQced. AQ

iQdRRU SRViWiRQiQg V\VWem iQWegUaWed ZiWh BIM WechQRlRg\ ZaV SURSRVed fRU TXaliW\

cRQWURl RQ ViWe (Ma eW al., 2018). BecaXVe Rf Whe abXQdaQW daWa biQdiQg WR BIM mRdelV,

TXaliW\ iQfRUmaWiRQ caQ QRW RQl\ be acceVVed bXW alVR lRcaWed b\ Whe SURSRVed V\VWem

Zhich UedXceV Whe SRVVible RmiVViRQV fURm ZRUkeUV alRQg Whe SURceVV. BeVideV, a lRW Rf

UeVeaUch VWXdieV SURSRVed QRYel aSSURacheV leYeUagiQg Whe laWeVW WechQRlRgieV WR

SeUfRUm Whe iQVSecWiRQ. FRU e[amSle, AR WechQRlRg\ ZaV adRSWed WR iQVSecW Whe

VWUXcWXUal elemeQWV RQ ViWe (MiUVhRkUaei eW al., 2019). DURQeV ZeUe VeQW WR Whe ViWe WR

cRllecW Whe Ueal-Wime ViWe iQfRUmaWiRQ aQd WheQ iQWegUaWed iQWR a BIM-AR SlaWfRUm (LiX

eW al., 2021). The YideR fUameV Rf ViWe iQfRUmaWiRQ caQ be aXWRmaWicall\ maWched WR Whe

BIM mRdel Zhich VSeedV XS Whe iQVSecWiRQ SURceVV iQ laUge SURjecW ViWeV. LiDAR

WechQRlRg\ ZaV imSlemeQWed WR iQVSecW Whe TXaliW\ Rf SUefabUicaWed hRXViQg XQiWV (TaQ
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eW al., 2020). The VcaQQed daWa WheQ aXWRmaWicall\ cRmSaUeV WR Whe BIM mRdel WR

SeUfRUm iQVSecWiRQ. OYeUall, BIM WechQRlRg\ SURYideV a Zell-RUgaQiVed iQfRUmaWiRQ

UeSRViWRU\ fRU TXaliW\ maQagemeQW WhURXgh bRWh cRQYeQWiRQal aQd iQQRYaWiYe meWhRdV.

IQ WeUmV Rf Whe cRVW, Whe RbjecW-RUieQWed daWa VWUXcWXUe iQ BIM mRdelV SURYideV a

cRmSUeheQViYe mechaQiVm fRU TXaQWiW\ VXUYe\iQg aQd cRVW eVWimaWiRQ (PlebaQkieZic] eW

al., 2015). IQ SaUWicXlaU, TXaQWiW\, YRlXme, aUea, RU leQgWh caQ be e[WUacWed diUecWl\ fURm

Whe BIM elemeQWV. FRU Whe iWemV Zhich aUe QRW bXilW iQ Whe BIM mRdel, YaUiRXV

aSSURacheV aQd algRUiWhmV aUe SURSRVed WR dedXce Whe aSSUR[imaWe TXaQWiWieV aQd cRVWV

fURm Whe BIM mRdel (AibiQX Ajibade & VeQkaWeVh SXdha, 2014; SmiWh, 2016).

FXUWheUmRUe, VchedXle caQ be cRQVideUed alRQg ZiWh Whe SURceVV Rf Whe TXaQWiW\

VXUYe\iQg aQd cRVW eVWimaWiRQ (FaQ eW al., 2015). ThiV eleYaWeV Whe cRQWURl Rf cRVW aQd

VchedXle dXUiQg Whe cRQVWUXcWiRQ VWage. LaVWl\, UegaUdiQg hXmaQ UeVRXUce, BIM SRZeUV

Whe SlaWfRUmV fRU cRllabRUaWiRQ Zhich iQYRlYeV Whe iQWeURSeUabiliW\ Rf SURjecW

iQfRUmaWiRQ (GUilR & JaUdim-GRQcalYeV, 2010). ThiV eVWabliVheV a cRmmRQ

XQdeUVWaQdiQg Rf Whe SURgUeVV alRQg ZiWh Whe SURjecW lifec\cle. BeVideV, ZRUkeU VafeW\

VXch aV fall ha]aUdV iV a VeUiRXV iVVXe RQ ViWe. B\ leYeUagiQg Whe BIM WechQRlRg\,

daQgeURXV ]RQeV aQd VafeW\ cRdeV cRXld be SlaQQed aQd checked aXWRmaWicall\ iQ Whe

YiUWXal ZRUld befRUe Whe cRQVWUXcWiRQ (S. ZhaQg eW al., 2015). IQ VhRUW, Whe cRQVRlidaWed

iQfRUmaWiRQ iQ BIM mRdelV VeUYeV aV Whe fRXQdaWiRQ fRU Whe abXQdaQW aSSlicaWiRQV iQ Whe

cRQVWUXcWiRQ VWage.

AfWeU Whe cRQVWUXcWiRQ iV cRmSleWed, Whe bXildiQg QeedV UegXlaU maiQWeQaQce WR keeS iW

fXQcWiRQal aQd liYable. BIM WechQRlRg\ caQ be adRSWed iQ mXlWiSle aSSlicaWiRQ VceQaUiRV

iQclXdiQg faciliW\ maQagemeQW, RSeUaWiRQ aQd maQagemeQW, aQd emeUgeQc\. RegaUdiQg

faciliW\ maQagemeQW, faciliWieV¶ iQfRUmaWiRQ aQd VeQVRU daWa caQ be iQWegUaWed iQWR Whe
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BIM mRdel fRU Ueal-Wime mRQiWRUiQg (AUVlaQ eW al., 2017; JXQ WaQg eW al., 2013). OQce

Whe eTXiSmeQW haV SURblemV, iQfRUmaWiRQ WheQ caQ be TXeUied fURm BIM mRdelV WR haYe

a beWWeU XQdeUVWaQdiQg Rf Whe ViWXaWiRQ (D. ZhaQg eW al., 2019). BeVideV, fRU Whe RSeUaWiRQ

aQd maQagemeQW, aVVeWV maQagemeQW aQd bXildiQg aXWRmaWiRQ caQ XWiliVe BIM mRdelV

WR keeS Whe iQfRUmaWiRQ VSaWiall\ RUgaQiVed Zhich aVViVWV Whe acTXiViWiRQ Rf iQfRUmaWiRQ

fRU URXWiQe maiQWeQaQce (EdmRQdVRQ eW al., 2018; PRcRck eW al., 2014; Shalabi FiUaV &

TXUkaQ Yelda, 2017). TR SUeSaUe fRU Whe emeUgeQc\, Whe eYacXaWiRQ caQ be VimXlaWed iQ

Whe BIM eQYiURQmeQW. FRU e[amSle, a VeUiRXV VR game ZaV deVigQed fRU fiUe

eYacXaWiRQ (B. WaQg eW al., 2014). The eYacXaWiRQ gXidaQce iV SURYided WR WUaiQ aQd

UaiVe Whe emeUgeQc\ aZaUeQeVV. AlVR, ZheQ a fiUe emeUgeQc\ haSSeQV, Whe eYacXaWiRQ

V\VWem caQ be iQWegUaWed ZiWh Whe iQdRRU SRViWiRQiQg V\VWem WR SURYide dedicaWed

eYacXaWiRQ gXidaQce fRU each RccXSaQW iQ Whe bXildiQg (N. Li eW al., 2014). IQ

cRQclXViRQ, BIM WechQRlRg\ iV YeUVaWile fRU eYeU\ aSSlicaWiRQ iQ Whe maiQWeQaQce VWage.

Table 3. BIM iQWegUaWiRQV acURVV bXildiQg lifec\cle

SWage ASSlicaWiRQ ReVeaUch

PlaQQiQg FeaVibiliW\ CRVW aVVeVVmeQW - (CamSiVi eW al., 2020; F. K. T.
CheXQg eW al., 2012)
SafeW\ aVVeVVmeQW - (CamSiVi eW al., 2020)
SXVWaiQabiliW\ - (CaUYalhR eW al., 2021; SRlla eW al.,
2019)

DeVigQ ViVXaliVaWiRQ - (R|ck eW al., 2018)
DeVigQ UeYieZ SURceVV - (DRQaWR eW al., 2018)
DeciViRQ makiQg imSURYemeQW - (Giel, BUiWWaQ\ K.
& IVVa, Raja R. A., 2013)

AQal\ViV EQeUg\ aQal\ViV - (SalmaQ A]haU & BURZQ, 2009)
SWUXcWXUal aQal\ViV - (F. TaQg eW al., 2020)

CRQVWUXcWiRQ SchedXle AXWRmaWic VchedXliQg - (ElMeQVhaZ\ & MaU]RXk,
2021; Z. WaQg & A]aU, 2019)
PURgUeVV mRQiWRUiQg - (RebRlj eW al., 2017)
Dela\ miWigaWiRQ - (C. Z. Li eW al., 2017)
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QXaliW\ CRllabRUaWiRQ - (Ma eW al., 2018)
IQVSecWiRQ - (LiX eW al., 2021; MiUVhRkUaei eW al.,
2019; TaQ eW al., 2020)

CRVW CRVW eVWimaWiRQ - (FaQ eW al., 2015; PlebaQkieZic]
eW al., 2015)
QXaQWiW\ VXUYe\iQg - (AibiQX Ajibade & VeQkaWeVh
SXdha, 2014; SmiWh, 2016)

HXmaQ UeVRXUce CRllabRUaWiRQ - (GUilR & JaUdim-GRQcalYeV, 2010)
SafeW\ - (S. ZhaQg eW al., 2015)

MaiQWeQaQce FaciliW\
maQagemeQW

ReSaiU - (D. ZhaQg eW al., 2019)
MRQiWRUiQg - (AUVlaQ eW al., 2017; JXQ WaQg eW al.,
2013)

OSeUaWiRQ aQd
maQagemeQW

BXildiQg AXWRmaWiRQ - (Shalabi FiUaV & TXUkaQ
Yelda, 2017)
AVVeWV maQagemeQW - (EdmRQdVRQ eW al., 2018;
PRcRck eW al., 2014)

EmeUgeQc\
maiQWeQaQce

FiUe RXWbUeak - (N. Li eW al., 2014; B. WaQg eW al.,
2014)

OQe Rf Whe adYaQWageV Rf aSSl\iQg BIM iV Whe YiVXaliVaWiRQ Rf deVigQ fRU checkiQg Whe

deVigQ iQWeQW (AUa\ici eW al., 2011). SSecificall\, RZiQg WR Whe 3D QaWXUe, QRQ-geRmeWUic

daWa iQ Whe BIM mRdel caQ be eaVil\ liQked, SURYidiQg a VSaWial YieZ Rf SURjecW

iQfRUmaWiRQ. IQ RWheU ZRUdV, VeQVRU YalXeV cRXld be added RU liQked WR BIM elemeQWV,

VWUeQgWheQiQg Whe cRQQecWiRQV beWZeeQ geRmeWUic aQd QRQ-geRmeWUic daWa. BeVideV,

becaXVe Rf YaUiRXV QeedV Rf Whe SURjecW iQfRUmaWiRQ, aSSURacheV fRU YiVXaliViQg VeQViQg

daWa QRUmall\ YaU\ ZiWh Whe VceQaUiRV.

GeQeUall\, WheUe aUe WhUee W\SeV Rf YiVXaliVaWiRQ fRU VeQViQg daWa iQclXdiQg cRlRXU-cRdiQg

RQ 3D mRdelV RU 2D VheeWV, SUeVeQWiQg RQ chaUWV, RU demRQVWUaWiQg iQ digiWal WZiQV.

FiUVWl\, VeQVRU daWa iV cRlRXU-cRdiQg eiWheU RQ BIM elemeQWV RU Whe ]RQeV iQ Whe bXildiQg

VSaceV. FRU e[amSle, iQ RUdeU WR mRQiWRU Whe eQeUg\ SeUfRUmaQce, lighWiQg aQd SeRSle

mRYemeQWV aUe cRllecWed b\ VeQVRUV aQd cRlRXU-cRded RQ 3D ]RQeV (H. WaQg eW al.,
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2013). TemSeUaWXUe, ambieQW lighW, aQd hXmidiW\ YalXeV aUe cRlRXU-cRded RQ URRm

RbjecWV Rf BIM mRdelV (RRgage eW al., 2019). TheVe SURYide aQ iQWXiWiYe iQWeUface fRU

XQdeUVWaQdiQg Whe eQeUg\ SeUfRUmaQce Rf Whe bXildiQg. IQ VRme caVeV, a cRlRXU Vcheme

VeWXS RQ 2D dUaZiQg iV aSSlied WR VimSlif\ Whe SUeVeQWaWiRQV. FRU iQVWaQce, iQ Whe faciliW\

maQagemeQW VceQaUiRV, WheUe iV a laUge amRXQW Rf VeQVRU daWa geQeUaWed fURm Whe

eTXiSmeQW. The VeQVRU daWa caQ be VimSlified b\ aSSl\iQg cRlRXU Vcheme VeWXSV RQ

mXlWiSle 2D dUaZiQgV (SXSUabhaV & Dib, 2017). AfWeUZaUdV, Whe cRlRXU-cRded dUaZiQgV

aUe dedicaWed WR VSecific maiQWeQaQce XVage ZiWh leVV YiVXal iQWeUfeUeQce. SecRQd Rf all,

iQ RUdeU WR e[SlRUe Whe deWailV Rf VeQVRU daWa, W\SeV Rf chaUWV aUe QRUmall\ chRVeQ WR

cRmSlimeQW Whe cRlRXU-cRdiQg UeVXlWV. FRU iQVWaQce, iQ Whe VafeW\ mRQiWRUiQg VceQaUiR RQ

ViWe, VeQVRU YalXeV aUe SlRWWed RQ chaUWV fRU TXaQWif\iQg Whe ha]aUdV Rf Whe WemSeUaWXUe

aQd R[\geQ e[WUemeV (Ria] eW al., 2014, 2017). LaVWl\, Whe VeQVRU daWa cRXld UeflecW Whe

Sh\Vical eQYiURQmeQW b\ SURYidiQg digiWal WZiQV. FRU e[amSle, a BIM- aQd VeQVRU-baVed

aSSURach iV SURSRVed WR aVViVW Whe RSeUaWiRQ Rf WRZeU cUaQeV (G. Lee eW al., 2012). B\

VhRZiQg Whe digiWal WZiQV Rf Whe WRZeU cUaQeV RQ ViWe, RSeUaWRUV caQ XQdeUVWaQd Whe

cUaQe¶V VXUURXQdiQgV VimXlWaQeRXVl\. BliQd VSRWV Zhich aUe RfWeQ a SURblem dXUiQg

lifWiQg RSeUaWiRQV aUe elimiQaWed. IQ VhRUW, Whe afRUemeQWiRQed aSSURacheV e[emSlif\ Whe

VceQaUiRV Rf leYeUagiQg VeQVRU daWa. TheVe helS ideQWif\ Whe VXiWable SUeVeQWaWiRQ Rf field

VeQViQg daWa iQ WhiV UeVeaUch.

2.2 :RUN PDFNDJLQJ IRU IQIRUPDWLRQ MDQDJHPHQW

IQ WhiV VecWiRQ, aSSURacheV fRU maQagiQg SURjecW iQfRUmaWiRQ aUe UeYieZed iQclXdiQg

SUiQciSleV Rf ZRUk SackagiQg, WechQiTXeV Rf QeWZRUk aQal\ViV, aQd SUiQciSleV Rf leaQ

cRQVWUXcWiRQ. The UeYieZV e[SlRUe Whe VRlXWiRQV fRU gaWheUiQg aQd maQagiQg iQfRUmaWiRQ
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alRQg Whe SURjecW lifec\cle. BeVideV, Whe UelaWiRQVhiSV amRQg Whe iQfRUmaWiRQ cRXld be

fXUWheU aQal\Ved. TheVe helS deVigQ Whe aSSURach fRU VWUeQgWheQiQg Whe iQfRUmaWiRQ

liQkageV.

2.2.1 :RUN PDFNDJLQJ SULQFLSOHV

WRUk SackagiQg iV a SURceVV baVed RQ ZRUk bUeakdRZQ VWUXcWXUe (WBS). IW bUeakV

dRZQ Whe cRQVWUXcWiRQ SURceVVeV iQWR maQageable ZRUk SackageV ZhRVe cRVW aQd

dXUaWiRQ caQ be eVWimaWed aQd maQaged (CRQVWUXcWiRQ IQdXVWU\ IQVWiWXWe, 2013). B\

leYeUagiQg Whe WechQiTXe, Whe SURjecW cRXld be VkeWched iQ Whe eaUl\ ShaVe aQd WheQ Whe

ZRUk SackageV aUe UefiQed SURgUeVViYel\ alRQg ZiWh Whe SURjecW lifec\cle (AllemaQ eW al.,

2017; IVaac eW al., 2017). IW iV ZRUWh QRWiQg WhaW Whe mechaQiVm Rf ZRUk SackagiQg aQd

WBS iV VimilaU, bXW Whe cRQceSW iV eVVeQWiall\ diffeUeQW. The ZRUk SackagiQg fRcXVeV

mRUe RQ Whe deliYeUableV. GeRmeWUic aQd QRQ-geRmeWUic deWailV ma\ be added WR WheiU

cRUUeVSRQdiQg ZRUk SackageV. IW keeSV Whe XQceUWaiQWieV aW Whe eaUl\ ShaVe aV lRQg aV Whe

cRVW aQd dXUaWiRQ caQ be eVWimaWed. DXUiQg Whe SURjecW lifec\cle, VWakehRldeUV caQ fRllRZ

WhiV XQified la\RXW Rf ZRUk SackageV WR maiQWaiQ Whe iQWegUiW\ Rf iQfRUmaWiRQ. ThiV

SURYideV a bURad YieZ Rf Whe WaVkV fRU VWakehRldeUV iQ a QRQ-geRmeWUic maQQeU.

FXUWheUmRUe, Whe SURceVV Rf iQfRUmaWiRQ flRZ fURm deVigQeUV WR cRQWUacWRUV aQd WR

VXbcRQWUacWRUV caQ be mRdeled, aV eYeU\ Siece Rf iQfRUmaWiRQ iV VWRUed iQ a XQified aQd

hieUaUchical VWUXcWXUe.

CUeaWiQg ZRUk SackagiQg iQ a SURSeU Vi]e iV a challeQge. IQ facW, maQ\ UeVeaUch VWXdieV

aim aW Whe mechaQiVm Rf effecWiYel\ cUeaWiQg ZRUk SackageV (Kim eW al., 2008; X. Li eW

al., 2020; Ra] & GlRbeUVRQ, 1998). The ZRUk SackagiQg SUiQciSleV eYRlYed iQWR VeYeUal

SlaQQiQg aQd e[ecXWiRQ aSSURacheV fRU caSiWal aQd iQdXVWUial SURjecWV. FRU e[amSle,

adYaQced ZRUk SackagiQg (AWP) ZaV imSlemeQWed iQ Whe SiSiQg iQVWallaWiRQ SURjecW WR
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SURYide gXideliQeV fRU a cRQVWUXcWiRQ-Uead\ deliYeUable (GXeUUa & LeiWe, 2020). WRUk

SackagiQg iV aQ RYeUall SURceVV flRZ WaUgeWiQg WR RUgaQiVe iQfRUmaWiRQ acURVV SURjecW

lifec\cle. GeQeUall\, AWP cRQViVWV Rf WhUee W\SeV Rf ZRUk SackageV Zhich aUe

cRQVWUXcWiRQ ZRUk SackageV (CWPV), eQgiQeeUiQg ZRUk SackageV (EWPV), aQd

iQVWallaWiRQ ZRUk SackageV (IWPV). The cRQceSWXal iQfRUmaWiRQ mRdel fRU ZRUk

SackageV iV illXVWUaWed iQ FigXUe 5, aQd a cRQVWUXcWiRQ ZRUk Sackage iV e[emSlified iQ

FigXUe 6. TheVe WhUee ZRUk SackageV aUe cUeaWed b\ VWakehRldeUV iQ diffeUeQW VWageV aQd

VWRUe diffeUeQW aVSecWV Rf iQfRUmaWiRQ. FRU iQVWaQce, a lRgical aQd maQageable diYiViRQ Rf

ZRUk iV defiQed iQ a CWP Zhich iV aligQed ZiWh Whe SURjecW e[ecXWiRQ SlaQ. EQgiQeeUiQg

aQd SURcXUemeQW deliYeUableV cRUUeVSRQdiQg WR a CWP aUe VSecified iQ YaUiRXV EWPV.

A SUedicWable, meaVXUable aQd efficieQW maQQeU fRU a cRQVWUXcWiRQ ZRUk cUeZ iV

UecRUded iQ aQ IWP fRU each EWP. RegaUdiQg Whe VWageV fRU imSlemeQWaWiRQ, WhUee

VWageV aUe cRQclXded, Qamel\ SUelimiQaU\ SlaQQiQg aQd deVigQ VWage, deWailed

eQgiQeeUiQg VWage, aQd cRQVWUXcWiRQ VWage. OZQeUV, deVigQeUV, cRQVWUXcWiRQ maQageUV,

aQd VXbcRQWUacWRUV, ZhR aUe Whe maiQ VWakehRldeUV ZiWhiQ a SURjecW, maQiSXlaWe

cRUUeVSRQdiQg ZRUk SackageV iQ diffeUeQW VWageV. IQ facW, maQ\ caVe VWXdieV ZeUe

cRQdXcWed WR WeVWif\ Whe caSabiliW\ Rf AWP WechQiTXeV iQ a SURjecW. SRme caVe VWXdieV

iQdicaWe WhaW eYeQ WhRXgh RQl\ SaUW Rf Whe AWP hieUaUch\ iV adRSWed, Whe VWUXcWXUal

iQfRUmaWiRQ helSV maQage Whe SURjecW iQfRUmaWiRQ. BeVideV, Whe\ alVR VWaWe WhaW a

digiWiVed AWP V\VWem ma\ helS accXUaWel\ RUgaQiVe SURjecW iQfRUmaWiRQ (CRQVWUXcWiRQ

IQdXVWU\ IQVWiWXWe, 2013). TheUefRUe, dXe WR Whe hieUaUchical VWUXcWXUe Rf AWP,

iQfRUmaWiRQ aQd SeUWiQeQW dRcXmeQWV acURVV all SURjecW lifec\cle cRXld be acceVVed iQ aQ

RUgaQiVed Za\ Zhich eVWabliVheV a VRlid fRXQdaWiRQ fRU cRmmXQicaWiQg acURVV SURjecW

lifec\cle.
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FigXUe 5. IQfRUmaWiRQ VWUXcWXUe Rf AWP

The gaS beWZeeQ Whe eQgiQeeUiQg aQd cRQVWUXcWiRQ mRdel ZaV ideQWified, aQd Whe gaS

cRXld be fXUWheU bUidged b\ a cRQWUacWXal 3D mRdel e[ecXWiRQ SlaQ. IQ WeUmV Rf Whe

cRVW-effecWiYeQeVV Rf Whe imSlemeQWaWiRQ, a V\VWemaWic aSSURach ZaV deYelRSed WR

aVVeVV Whe cRVW aQd beQefiWV Rf AWP imSlemeQWaWiRQ (Halala & Fa\ek, 2019). GeQeUall\,

Whe VaYiQgV iQ VchedXle aQd cRVWV cRXld be achieYed WhURXgh Whe imSlemeQWaWiRQ. SRme

UeVeaUch VWXdieV fRcXV RQ Whe eQhaQcemeQW Rf ZRUk SackagiQg WR aVViVW Whe iQfRUmaWiRQ

iQWegUaWiRQ Rf VSecific WaVkV iQ Whe SURceVV. FRU e[amSle, a VmaUW ZRUk SackagiQg

aSSURach ZaV deYelRSed WR maQage cRQVWUaiQWV dXUiQg Whe SURdXcWiRQ Rf SUefabUicaWed

bXildiQgV (X. Li eW al., 2019). CUaQe SaWhV cRXld be SlaQQed aXWRQRmRXVl\ ZiWhRXW

cRlliViRQV aQd d\Qamicall\ XSdaWed baVed RQ Whe d\Qamic cRQVWUaiQWV iQ ZRUk SackageV.

The aSSURach aVViVWV cUaQe RSeUaWRUV iQ makiQg adaSWiYe SaWh Ue-SlaQQiQg deciViRQV. IQ

VhRUW, VWakehRldeUV cRXld leYeUage Whe ZRUk SackagiQg WR iQWegUaWe mXlWiSle VRXUceV Rf

iQfRUmaWiRQ iQ RUdeU WR imSURYe Whe iQfRUmaWiRQ flRZ Rf Whe SURjecW.
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FigXUe 6. E[amSle Rf a CWP fRU VWUXcWXUal UemediaWiRQ ZRUkV

2.2.2 NHWZRUN AQDO\VLV

NeWZRUk aQal\ViV iV Whe SURceVV Rf gaWheUiQg daWa aQd illXVWUaWiQg Whe UelaWiRQV. The

SURceVV iQYRlYeV VeYeUal iQWegUaWed WechQiTXeV WR aQal\Ve Whe VWUXcWXUe aQd

iQWeUdeSeQdeQcieV. IW iV Zidel\ XVed iQ YaUiRXV VcieQWific aUeaV becaXVe Rf iWV caSabiliW\

Rf diVcRYeU\ Rf iQWeU-UelaWiRQV (Z. WX eW al., 2019). FRU e[amSle, WUeQdV aQd cXUUeQW gaSV

aUe ideQWified UegaUdiQg Whe BIM-baVed SURjecWV (OUaee eW al., 2017; Z. WX eW al., 2019).
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RelaWiRQV amRQg liWeUaWXUeV aQd WheiU UeVeaUch WeamV aUe ideQWified b\ QeWZRUk aQal\ViV

WR SRiQW RXW Whe aUeaV ZheUe Whe majRUiW\ Rf effRUWV aUe SXW. IW alVR highlighWV Whe UeVeaUch

WRSicV Zhich WRS UeVeaUcheUV aUe iQWeUeVWed iQ.

Ke\ facWRUV RU VWakehRldeUV Rf Whe SURceVV cRXld be ideQWified WhURXgh Whe QeWZRUk

aQal\ViV WR SURYide aQ iQVighW fRU imSURYemeQW. FRU iQVWaQce, Whe iQWeUdeSeQdeQcieV

amRQg YaUiRXV legal aVSecWV iQ BIM cRQWUacWV aUe iQYeVWigaWed (FaQ eW al., 2019). The

aQal\ViV VhRZV WhaW URleV aQd UeVSRQVibiliWieV fRU each VWakehRldeU aUe Whe ke\ aVSecWV

aVVRciaWed ZiWh BIM cRQWUacWV. BeVideV, ceQWUal VWakehRldeUV amRQg Whe cRllabRUaWiYe

UelaWiRQVhiSV iQ Whe SURjecW lifec\cle cRXld be miQed WhURXgh Whe QeWZRUk aQal\ViV (Y.

WaQg eW al., 2020). IW SURYideV a TXaQWiWaWiYe aSSURach WR diVcRYeU VXcceVVfXl

chaUacWeUiVWicV iQ Whe cRllabRUaWiRQ. IQ addiWiRQ, becaXVe Rf Whe laUge amRXQW Rf

iQfRUmaWiRQ iQ BIM mRdelV, UelaWiRQVhiSV amRQg Whe iQfRUmaWiRQ cRXld be aQal\Ved WR

imSURYe Whe deVigQ. FRU e[amSle, Whe diVaVVembl\ imSacW Rf Whe deVigQ iV eYalXaWed

WhURXgh Whe QeWZRUk aQal\ViV (DeQiV eW al., 2018). B\ XWiliViQg Whe iQfRUmaWiRQ Rf

bXildiQg elemeQWV iQ BIM mRdelV, maWeUial lRVV aQd diVaVVembl\ Wime aUe ideQWified

Zhich VXSSRUWV deciViRQV dXUiQg Whe deVigQ SURceVV. IQ bUief, QeWZRUk aQal\ViV eQableV

Whe diVcRYeU\ Rf UelaWiRQVhiSV amRQg daWa. ThiV helSV e[amiQe Whe SURjecW iQfRUmaWiRQ

aQd giYe SRWeQWial WR eVWabliVh Whe UelaWiRQVhiSV amRQg Whe iQfRUmaWiRQ.

2.2.3 LHDQ CRQVWUXFWLRQ

RegaUdiQg Whe iQfRUmaWiRQ maQagemeQW ZRUkflRZ, leaQ deVigQ aQd cRQVWUXcWiRQ

SUiQciSleV aim WR miQimi]e ZaVWe dXUiQg cRllabRUaWiRQ. TheVe SUiQciSleV VXggeVW WhaW Whe

laVW SlaQQeU V\VWem (LPS) VhRXld be adRSWed, Zhich leYeUageV VRcial meWhRdV WR claUif\

deSeQdeQcieV fURm VWakehRldeUV (A]i] & Hafe], 2013). SSecificall\, SXll SlaQQiQg, a

WechQiTXe XVed aV a SaUW Rf Whe LPS, iQclXdeV VWakehRldeUV ZhR aUe diUecWl\ UeVSRQVible
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fRU VXSeUYiViQg WaVkV. SWakehRldeUV VWaUW SlaQQiQg ZiWh Whe eQd gRal Rf Whe SURjecW aQd

ZRUk backZaUdV mileVWRQe b\ mileVWRQe. ThiV SURceVV ma[imi]eV VWakehRldeU

eQgagemeQW WR cRllabRUaWiYel\ deWeUmiQe Whe aYailable SlaQV. The imSlemeQWaWiRQ Rf

leaQ SUiQciSleV haV YalidaWed WhaW Whe iQfRUmaWiRQ ZaVWe iV UemRYed b\ VchedXliQg

accXUaWe iQfRUmaWiRQ UeTXiUemeQWV alRQg Whe SURjecW lifec\cle (UXViWalR, SeSSlQeQ,

PelWRkRUSi, eW al., 2019). FRU iQVWaQce, FigXUe 7 VhRZV Whe fiYe VWageV Rf Whe LPS adRSWed

iQ Whe cRQVWUXcWiRQ SURjecWV (AlSehaimi eW al., 2014; BallaUd & TRmmeleiQ, 2016). The

fiUVW WZR VWageV aUe maiQl\ fRU lRQg-WeUm SlaQQiQg Zhich iQclXdeV ideQWif\iQg

mileVWRQeV, eVWabliVhiQg SURmiVeV, VkeWchiQg cRllabRUaWiYe SlaQV aQd haQdRffV. OQ Whe

RWheU haQd, Whe laVW WhUee VWageV fRcXV RQ VhRUW-WeUm SlaQQiQg. The cRllabRUaWRUV lRRk

ahead Vi[ ZeekV WR elimiQaWe aQ\ cRQVWUaiQWV aQd eQVXUe Whe SURmiVeV cRXld be deliYeUed

RQ Wime. BeVideV, Whe SeUfRUmaQce iV TXaQWified VXch aV SlaQQed SeUceQW cRmSleWe (PPC)

UeYieZed b\ cRRUdiQaWRUV UegXlaUl\ WR SUeYeQW UecXUUeQce iQ Whe SURceVV. ASSaUeQWl\, a

gUeaW amRXQW Rf SURjecW iQfRUmaWiRQ QeedV WR be acTXiUed iQ WheVe VWageV. B\ leYeUagiQg

Whe iQfRUmaWiRQ iQWegUaWed b\ BIM, iW haV beeQ SRiQWed RXW WhaW Whe BIM-baVed

cRllabRUaWiYe eQYiURQmeQW fXUWheU miQimi]eV WaQgible aQd iQWaQgible ZaVWe iQ Whe

cRQVWUXcWiRQ SURjecW (HeigeUmRVeU eW al., 2019; Radl & KaiVeU, 2019). SSecificall\, Whe

SlaQQed TXaQWiWieV Rf maWeUialV aQd Whe SURdXcWiYiW\ Rf Whe ZRUkfRUce aUe eYalXaWed

baVed RQ Whe SURSeUWieV Rf bXildiQg cRmSRQeQWV. TheQ, afWeU cRmSaUiVRQ beWZeeQ Whe

SlaQQed WR Whe aV-bXilW TXaQWiW\ aQd SURdXcWiYiW\ iQ elemeQW leYel, Whe laUgeVW amRXQW Rf

ZaVWe cRXld be deWeUmiQed aQd be miQimi]ed iQ Whe leaQ SURceVV. IQ VhRUW, WheUe iV QR

dRXbW WhaW Whe leaQ cRQVWUXcWiRQ miQimi]eV Whe ZaVWe b\ iWVelf iQ Whe SURceVV.

FXUWheUmRUe, Whe abXQdaQW iQWegUaWed iQfRUmaWiRQ VXSSRUWed b\ BIM, iQclXdiQg

geRmeWUic aQd QRQ-geRmeWUic daWa, eleYaWeV Whe deWailV Rf eYalXaWiRQ fRU TXaQWiW\ aQd
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SURdXcWiYiW\ iQ each VWage aQd SURYideV Whe RSSRUWXQiW\ fRU fXUWheU imSURYed leaQ

SUacWiceV.

FigXUe 7. SWageV Rf laVW SlaQQeU V\VWem

A leaQ deVigQ maQagemeQW iV iQWegUaWed ZiWh BIM-baVed SURjecWV WR e[SliciWl\ defiQe

Whe maWXUiW\ Rf BIM mRdelV. FRU e[amSle, a lRcaWiRQ-baVed deVigQ maQagemeQW SURceVV

leYeUagiQg Whe leYel Rf deWailV Rf BIM mRdelV aQd LPS ZaV deYelRSed (UXViWalR,

SeSSlQeQ, LaSSalaiQeQ, eW al., 2019). SSecificall\, UeTXiUemeQWV Rf Whe eQd-XVeU iQ each

VWage Rf Whe cRQVWUXcWiRQ aUe defiQed aQd VeUYe aV Whe defiQiWiRQ Rf leYel Rf deWail (LOD).

The aSSURacheV claUif\ Whe iQfRUmaWiRQ QeedV fURm SURjecW VWakehRldeUV aQd iQcUeaVe Whe

cRmmRQ XQdeUVWaQdiQg Rf Whe SURjecW Zhich SRWeQWiall\ UedXceV Whe ZaVWe b\ VchedXliQg

SUeciVe LOD Rf BIM mRdelV. AddiWiRQall\, e[ceSW fRU aSSl\iQg leaQ cRQVWUXcWiRQ iQ Whe

cRQVWUXcWiRQ SURceVV, Whe idea iV caUUied RXW iQ SUefabUicaWed SURdXcWiRQ aV Zell (HRSS &

SSeaUmaQ, 2004). IQfRUmaWiRQ fURm SURdXcWiRQ, lRgiVWicV RSeUaWiRQV, aQd ViWe aVVembl\

iV iQWegUaWed b\ SXll SURdXcWiRQ aQd 4D BIM mRdelV (BaWagliQ eW al., 2020). The

aSSlicaWiRQ VWUeamliQeV Whe high degUee Rf cRmSle[iW\ fURm Whe iQWeUdeSeQdeQcieV

amRQg Whe SURdXcWiRQ, lRgiVWicV, aQd cRQVWUXcWiRQ SURceVVeV. IQ VhRUW, Whe UeVeaUch cRXld
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leYeUage Whe leaQ cRQVWUXcWiRQ WR VWaQdaUdiVe Whe ZRUkV iQ mXlWiSle SURceVVeV Zhich

aVViVWV Whe iQfRUmaWiRQ maQagemeQW Zhile cRllecWiQg SURjecW iQfRUmaWiRQ.

2.3 BIM-EDVHG CRPPRQ DDWD EQYLURQPHQW IRU IQIRUPDWLRQ CROODERUDWLRQ

IQ WhiV VecWiRQ, WechQRlRgieV aQd VWaQdaUdV fRU eVWabliVhiQg a daWa eQYiURQmeQW alRQg

ZiWh Whe SURjecW lifec\cle aUe UeYieZed. The liWeUaWXUe UeYieZV cRYeU Whe WRSicV Rf

clRXd-baVed BIM aSSlicaWiRQV, WechQiTXeV Rf clRXd cRmSXWiQg, VWaQdaUdV Rf daWa

eQYiURQmeQW, aQd VWaQdaUdV Rf Whe cRllabRUaWiRQ ZRUkflRZ. IW helSV deYelRS a

cRmSUeheQViYe cRllabRUaWiYe eQYiURQmeQW WR faciliWaWe Whe iQfRUmaWiRQ flRZ fURm each

VWakehRldeU.

2.3.1 CORXG BIM

BIM WechQiTXeV aUe Zidel\ XVed fRU iQfRUmaWiRQ maQagemeQW SXUSRVeV iQ Whe AEC

iQdXVWU\ b\ SURYidiQg iQWegUaWed geRmeWUic aQd QRQ-geRmeWUic iQfRUmaWiRQ (SalmaQ

A]haU, 2011; DemiaQ & WalWeUV, 2014). The geRmeWUic aQd QRQ-geRmeWUic daWa aUe

VWRUed RU liQked WR elemeQWV iQ Whe BIM mRdel, Zhich helSV VWakehRldeUV beWWeU YiVXali]e

RU maQiSXlaWe Whe SURjecW daWa (S. A]haU eW al., 2008; J. WaQg eW al., 2014). MaQ\ VWXdieV

haYe aWWemSWed WR imSlemeQW BIM WechQiTXeV iQWR a YaUieW\ Rf VceQaUiRV WR imSURYe Whe

efficieQc\ Rf iQfRUmaWiRQ maQagemeQW (X. Li eW al., 2018; MaQQiQg & MeVVQeU, 2008;

VRlk eW al., 2014; P. WX eW al., 2016). FRU e[amSle, HallbeUg aQd TaUaQdi (HallbeUg &

TaUaQdi, 2011) demRQVWUaWed VeYeUal caVe VWXdieV RQ Whe caSabiliW\ Rf BIM WechQRlRgieV

iQ lifec\cle maQagemeQW UelaWed WR iQfRUmaWiRQ YiVXali]aWiRQ. The BIM-baVed WRRlV XVed

iQ WheVe caVeV VeUYe aV aQ iQfRUmaWiRQ UeSRViWRU\. The\ demRQVWUaWe WhaW 3D RU

fRXU-dimeQViRQal (4D) bXildiQg iQfRUmaWiRQ helSV WR YiVXali]e aQd cRmmXQicaWe

bXildiQg iQfRUmaWiRQ, imSURYiQg Whe UeliabiliW\ aQd efficieQc\ Rf bXildiQg SURceVVeV. A
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high-VSeed Uail SURjecW iQ TaiZaQ alVR YeUified WhaW Whe 3D YiVXali]ed iQWeUfaceV imSURYe

efficieQc\ dXUiQg Whe WURXbleVhRRWiQg SURceVV (W. Lee eW al., 2015). The BIM mRdel

VeUYeV aV aQ iQfRUmaWiRQ iQWegUaWRU WR achieYe cRRUdiQaWiRQ amRQg mXlWiSle cRQVWUXcWiRQ

VecWRUV. TheUefRUe, VWakehRldeUV cRXld leYeUage Whe caSabiliW\ Rf BIM WechQRlRgieV,

eVSeciall\ YiVXali]aWiRQ, WR imSURYe Whe cRmmXQicaWiRQ ZiWhiQ Whe SURjecW lifec\cle.

TR haQdle Whe SURgUeVViYe eleYaWiRQ Rf VWakehRldeUV¶ eQgagemeQWV iQ iQfRUmaWiRQ

maQagemeQW, iW iV VXggeVWed WhaW clRXd-baVed BIM V\VWemV be adRSWed dXe WR WheiU

VcalabiliW\, acceVVibiliW\, aQd Ueal-Wime cRmmXQicaWiRQ caSabiliW\. FRU iQVWaQce,

dRcXmeQW maQagemeQW, XVeU aXWhRUi]aWiRQ, aQd ZRUkflRZ maQagemeQW haYe beeQ

imSlemeQWed iQWR a clRXd-baVed V\VWem WR imSURYe Whe acceVVibiliW\ Rf SURjecW

dRcXmeQWV aQd iQcUeaVe Whe leYel Rf SaUWiciSaWiRQ fURm VWakehRldeUV (DiQg & XX, 2014).

TR e[SaQd Whe bRXQdaUieV Rf cRmmXQicaWiRQ, BIMClRXd SURYideV iQfRUmaWiRQ VhaUiQg

RQ SaUWial BIM mRdelV (DaV eW al., 2015; MRXmiWa eW al., 2014). The deVigQed Vchema

iQWegUaWed ZiWh Whe BIM mRdel cRXld caSWXUe Whe daWa fURm Whe iQWeUacWiRQV, Zhich

VeUYeV aV Whe eVVeQWial kQRZledge alRQg ZiWh Whe SURjecW lifec\cle. TheUefRUe, iW haV beeQ

fRXQd WhaW clRXd-baVed BIM WechQRlRg\ ZRXld XQdRXbWedl\ haYe a SURfRXQd effecW RQ

BIM aSSlicaWiRQV (WRQg eW al., 2014). IQ VhRUW, clRXd-baVed BIM aSSlicaWiRQV VXSSRUW

Whe VcalabiliW\ aQd acceVVibiliW\ Zhich aUe Whe eVVeQWial QeedV iQ cRllabRUaWiRQ VceQaUiRV.

The BIM-eQabled aSSURach cRXld be beQeficial WR imSlemeQW Whe clRXd BIM WechQRlRg\.

AfWeUZaUdV, diYeUVe VWakehRldeUV aUe able WR be iQYRlYed iQ Whe cRllabRUaWiYe SURceVVeV.

2.3.2 SRIWZDUH AV A SHUYLFH

SRfWZaUe aV a VeUYice (SaaS), SlaWfRUm aV a VeUYice (PaaS), aQd iQfUaVWUXcWXUe aV a

VeUYice (IaaS) aUe WhUee W\SeV Rf VRfWZaUe diVWUibXWiRQV SRZeUed b\ clRXd cRmSXWiQg.

SSecificall\, SaaS SURYideV UeQWal VRfWZaUeV fRU XVeUV b\ VeUYice SURYideUV Zhich hRVW
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Whe VeUYice RQ a ceQWUal QeWZRUk VeUYeU. UVeUV aUe able WR VelecW Whe VeUYice baVed RQ

WheiU demaQdV iQ Whe Sa\-aV-\RX-XVe bXViQeVV mRdel (LRXkiV eW al., 2019). Ne[W, PaaS

aimV WR SURYide a YeUVaWile eQYiURQmeQW fRU deYelRSeUV WR cXVWRmiVe WheiU aSSlicaWiRQV

(VeUba eW al., 2017). DeYelRSiQg, WeVWiQg, UXQQiQg, aQd maQagiQg Whe aSSlicaWiRQV cRXld

be dRQe RQ Whe SlaWfRUm Zhich VimSlif\ Whe maiQWeQaQce Rf Whe iQfUaVWUXcWXUe. LaVWl\,

IaaS SURYideV YiUWXal haUdZaUeV VXch aV Sh\Vical cRmSXWiQg UeVRXUceV RU daWa

SaUWiWiRQiQg (Fad\ & Hema\ed, 2019). DeYelRSeUV aUe able WR acceVV Whe lRZ-leYel Rf

QeWZRUk iQfUaVWUXcWXUeV VXch aV YiUWXal machiQeV, fiUeZallV, IP addUeVVeV, RU lRad

balaQceUV.

IW haV beeQ SRiQWed RXW WhaW Whe AEC iQdXVWU\ cRXld beQefiW fURm Whe SaaS Rf clRXd

cRmSXWiQg (UQdeUZRRd & IVikdag, 2011). The UeaVRQ iV WhaW aSSlicaWiRQV fURm mXlWiSle

VWakehRldeUV aQd VWageV alRQg ZiWh Whe SURjecW lifec\cle cRXld be hRVWed aQd iQWegUaWed

WhURXgh a diVWUibXWed eQYiURQmeQW aQd YiUWXal daWa ceQWUeV. FRU e[amSle, iQVWead Rf

hRVWiQg all UeleYaQW daWa iQ RQe VXSeU Vchema, SUiYaWe clRXd SlaWfRUmV ZeUe deYelRSed WR

YiUWXall\ iQWegUaWe Whe iQfRUmaWiRQ fURm mXlWiSle VWakehRldeUV ZhR VWRUe Whe daWa iQ WheiU

RZQ VeUYeUV (RedmRQd eW al., 2012; J. P. ZhaQg eW al., 2014). The efficieQc\ aQd TXaliW\

Rf daWa e[WUacWiRQ aQd deliYeU\ aUe imSURYed. TheUefRUe, Whe cRllabRUaWiYe deVigQ Rf WhiV

UeVeaUch cRXld leYeUage Whe SRZeU Rf SaaS fRU iQfRUmaWiRQ iQWegUaWiRQ.

2.3.3 CRPPRQ DDWD EQYLURQPHQW

WiWh Whe deYelRSmeQW Rf cRllabRUaWiYe aSSlicaWiRQV, Whe cRmmRQ daWa eQYiURQmeQW

(CDE), Zhich iV a ceQWUal UeSRViWRU\ hRXViQg diVVemiQaWed dRcXmeQWaWiRQ, haV beeQ

adRSWed fRU geRmeWUic aQd QRQ-geRmeWUic daWa WR claUif\ Whe UeVSRQVibiliW\, liabiliW\, aQd

RZQeUVhiS Rf daWa (Radl & KaiVeU, 2019). The cRQceSW iV fXUWheU VWaQdaUdi]ed b\ Whe

CRQVWUXcWiRQ IQdXVWU\ CRXQcil aV a BIM SURWRcRl aimiQg WR RffeU cRQWUacWXal
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aUUaQgemeQWV (CRQVWUXcWiRQ IQdXVWU\ CRXQcil, 2018). IQ Whe SURWRcRl, Whe RbligaWiRQV fRU

SURYidiQg aQd VhaUiQg iQfRUmaWiRQ XViQg a CDE aUe VSecified. TheUefRUe, b\ fRllRZiQg

Whe SURWRcRl Rf CDE, Whe cRllabRUaWiYe deVigQ iQ WhiV UeVeaUch cRXld be cleaUl\ defiQed

aQd VXiWable fRU mXlWiSle W\SeV Rf VWakehRldeUV. AQ e[amSle Rf BIM- aQd CDE- eQabled

faciliW\ maQagemeQW alVR aligQV ZiWh Whe VWaWemeQWV (PaWacaV eW al., 2020). The

challeQgeV Rf iQfRUmaWiRQ maQagemeQW iQ faciliW\ maQagemeQW aQd maiQWeQaQce dXe WR

Whe lack Rf VWUXcWXUed iQfRUmaWiRQ fUameZRUk cRXld be VRlYed. AVVeW iQfRUmaWiRQ

mRdelV aUe bXilW WR iQWegUaWe Whe diVWUibXWed daWa VRXUceV.

2.3.4 ISO 19650

IQ WeUmV Rf Whe deliYeUableV aQd ZRUkflRZV, Whe IQWeUQaWiRQal OUgaQi]aWiRQ fRU

SWaQdaUdi]aWiRQ (ISO) 19650 VeUieV ideQWifieV Whe iQfRUmaWiRQ UeTXiUemeQWV iQ Whe

deliYeU\ c\cle aQd Whe UeTXiUed caSabiliWieV aQd caSaciWieV Rf Whe deliYeU\ WeamV

(IQWeUQaWiRQal OUgaQi]aWiRQ fRU SWaQdaUdi]aWiRQ, 2018a, 2018b). ThiV VWaQdaUd achieYeV

cRllabRUaWiRQ ZiWh a mXWXal XQdeUVWaQdiQg amRQg VWakehRldeUV. OYeUall, ZiWh Whe

imSlemeQWaWiRQ Rf a CDE, a ViQgle VRXUce Rf iQfRUmaWiRQ cRXld be eVWabliVhed WhaW

faciliWaWeV cRllabRUaWiRQ aQd aYRidV dXSlicaWiRQ dXUiQg Whe iQfRUmaWiRQ maQagemeQW

SURceVV. The RUgaQi]ed iQfRUmaWiRQ cRXld VXSSRUW Whe fXUWheU aQal\VeV RU

deciViRQ-makiQg SURceVVeV aV Zell (H. Li eW al., 2017; QX eW al., 2020; SRQg eW al.,

2019).
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CKDSWHU 3: RHVHDUFK MHWKRGRORJ\

ThiV chaSWeU iQWURdXceV Whe cRQWeQWV, meWhRdV, aQd e[SecWed RXWcRmeV Rf each RbjecWiYe

RXWliQed iQ SecWiRQ 1.3 UeVSecWiYel\. TR haYe a cRmSUeheQViYe YieZ Rf WhiV UeVeaUch,

FigXUe 8 illXVWUaWeV Whe meWhRdRlRg\ Rf Whe UeVeaUch RbjecWiYeV. TR VWaUW ZiWh, iQ

ObjecWiYe 1, Whe VeQViQg caSabiliW\ (FigXUe 8a) iV e[amiQed iQ WeUmV Rf Whe Uead UaQge

aQd aQgle. The e[amiQaWiRQ VXSSRUWV Whe SUacWical XVage Rf VeQViQg WechQRlRg\ iQ Whe

cRUURViRQ SUedicWiRQ VceQaUiR (FigXUe 8b). The RXWcRmeV Rf Whe aSSlicaWiRQ WheQ

VXmmaUiVe iQ a field VeQViQg fUameZRUk (FigXUe 8c) fRU fXUWheU UeVeaUch aQd VXSSRUW Whe

field VeQViQg mRdXle (FigXUe 8d) Rf cRmmRQ daWa eQYiURQmeQW. SecRQdl\, iQ ObjecWiYe

2, Whe iQfRUmaWiRQ flRZ iV iQYeVWigaWed (FigXUe 8e) WR bXild Whe fRXQdaWiRQ Rf Whe

BIM-eQabled ZRUk SackagiQg aSSURach. AddiWiRQall\, Whe VWUXcWXUal UefXUbiVhmeQW

SURjecW (FigXUe 8f) iV VelecWed WR eYalXaWe Whe SURSRVed aSSURach. The iQYeVWigaWiRQ aQd

Whe SURjecW VXSSRUW Whe RXWliQe Rf a BIM-eQabled ZRUk SackagiQg fUameZRUk

(FigXUe 8g), aQd Whe fUameZRUk cRQWUibXWeV WR Whe daWa maQagemeQW UeSRViWRU\

(FigXUe 8h) Rf Whe cRmmRQ daWa eQYiURQmeQW. LaVWl\, iQ ObjecWiYe 3, aQ iQWegUaWed

fUameZRUk Rf Whe cRmmRQ daWa eQYiURQmeQW (FigXUe 8i) iV cRQclXded WR leYeUage Whe

RXWcRmeV fURm ObjecWiYe 1 aQd 2 iQ mXlWiSle VceQaUiRV Rf SURjecW maQagemeQW. A

cRQVWUXcWiRQ iQVSecWiRQ VceQaUiR (FigXUe 8j) aQd a chaQge imSacW VceQaUiR (FigXUe 8k)

aUe cRQdXcWed WR VhRZ Whe effecWiYeQeVV Rf Whe imSURYemeQW Rf iQfRUmaWiRQ flRZ iQ Whe

SURSRVed fUameZRUk.

IQ WeUmV Rf Whe UeVeaUch deVigQ, FigXUe 9 SURYideV a hRliVWic YieZ Rf each UeVeaUch

RbjecWiYeV aQd Whe UelaWiRQVhiSV amRQg Whem, aQd Whe deWailV Rf each RbjecWiYe aUe

elabRUaWed iQ Whe fRllRZiQg VecWiRQV.
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FigXUe 8. ReVeaUch meWhRdRlRg\ fRU each RbjecWiYe

FigXUe 9. ReVeaUch deVigQ fRU each RbjecWiYe
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3.1 DHYHORSLQJ BIM-HQDEOHG SLWH MRQLWRULQJ IRU DHFLVLRQ MDNLQJ

SmaUW VeQViQg WechQRlRgieV ZeUe e[amiQed aW Whe begiQQiQg WR XQdeUVWaQd Zhich

WechQRlRgieV aUe VXiWed fRU Whe eQYiURQmeQW RQ cRQVWUXcWiRQ ViWeV (SecWiRQ 2.1.1, ChaSWeU

2). The e[amiQaWiRQ SURYideV aQ iQVighW WR cRQWiQXRXVl\ cRllecW ViWe iQfRUmaWiRQ Zhich

VXfficeV Whe iQfRUmaWiRQ Qeeded fRU deciViRQ makiQg. AfWeUZaUdV, BIM aQd IQWeUQeW Rf

ThiQgV (IRTV) WechQRlRgieV ZeUe iQYeVWigaWed (SecWiRQ 2.1.2, ChaSWeU 2) aV Zell WR

ideQWif\ SRVVible aSSURacheV WR iQWegUaWe ViWe iQfRUmaWiRQ aQd SURjecW iQfRUmaWiRQ fRU

deciViRQ makiQg. TheQ, Whe VRlXWiRQV Rf daWa YiVXaliVaWiRQ eQabled b\ VeQViQg

iQfRUmaWiRQ aQd BIM mRdelV ZeUe UeYieZed WR XQdeUVWaQd Whe aSSURacheV Rf XWiliViQg

VeQViQg iQfRUmaWiRQ aQd aQal\Wic UeVXlWV iQ deciViRQ makiQg SURceVVeV (SecWiRQ 2.1.3,

ChaSWeU 2). SXbVeTXeQWl\, a BIM-eQabled ViWe mRQiWRUiQg fUameZRUk fRU deciViRQ

makiQg ZaV deVigQed Zhich cRQViVWed Rf WhUee majRU mRdXleV: (1) DaWa cRllecWiRQ

mRdXle, (2) DaWa aQal\ViV mRdXle, aQd (3) ASSlicaWiRQ mRdXle. AQ e[SeUimeQWal WeVWbed

ZaV bXilW XSRQ Whe aSSURach fRllRZiQg Whe SURSRVed fUameZRUk. The caSabiliW\ WeVWV fRU

VelecWed VeQVRUV ZeUe cRQdXcWed WR XQdeUVWaQd Whe Uead UaQge aQd Uead aQgleV Rf Whe

VeQVRUV. BeVideV, each mRdXle iQVide Rf Whe fUameZRUk ZaV eYalXaWed UeVSecWiYel\ WR

YeUif\ Whe SUacWicaliW\ aQd SRWeQWial limiWaWiRQV Rf Whe SURSRVed fUameZRUk. A deWailed

deVcUiSWiRQ Rf Whe fUameZRUk aQd YalidaWiRQ aUe illXVWUaWed iQ ChaSWeU 4. The UeVeaUch

deVigQ fRU deYelRSiQg a BIM-eQabled ViWe mRQiWRUiQg aSSURach fRU deciViRQ makiQg iV

VXmmaUiVed iQ FigXUe 9(a).

3.2 DHYHORSLQJ BIM-HQDEOHG :RUN PDFNDJLQJ IRU IQIRUPDWLRQ LLQNDJHV

TZR W\SeV Rf iQfRUmaWiRQ maQagemeQW meWhRdV iQclXdiQg ZRUk SackagiQg SUiQciSleV

aQd SXll SlaQQiQg ZeUe e[amiQed fiUVWl\ (SecWiRQ 2.2, ChaSWeU 2). SRXUceV Rf

iQfRUmaWiRQ fURm VWakehRldeUV alRQg ZiWh Whe SURjecW lifec\cle aUe ideQWified aQd Whe
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mechaQiVm Rf RUgaQiViQg WhiV iQfRUmaWiRQ aUe iQYeVWigaWed aV Zell. The UeYieZ beQefiWV

Whe deVigQ Rf VWUeQgWheQiQg iQfRUmaWiRQ liQkageV becaXVe Whe VcRSe Rf iQfRUmaWiRQ iQ a

SURjecW iV RXWliQed aQd Whe VWUXcWXUe Rf SURjecW iQfRUmaWiRQ iV illXVWUaWed. AfWeUZaUdV, a

fUameZRUk Rf BIM-eQabled ZRUk SackagiQg fRU VWUeQgWheQiQg iQfRUmaWiRQ liQkageV ZaV

deYelRSed Zhich cRQWaiQV fRXU mRdXleV: (1) DaWa SUeSaUaWiRQ mRdXle, (2) ZRUk Sackage

SlaQQiQg aQd geQeUaWiRQ mRdXle, (3) ZRUk Sackage liQkiQg mRdXle, aQd (4) ZRUk

Sackage XSdaWiQg mRdXle. AQ e[SeUimeQW fURm Whe VWUXcWXUal UefXUbiVhmeQW SURjecW ZaV

SeUfRUmed WR YeUif\ Whe effecWiYeQeVV Rf VWUeQgWheQiQg iQfRUmaWiRQ liQkageV. DeWailV Rf

Whe fUameZRUk aQd iWV YalidaWiRQ aUe elabRUaWed iQ ChaSWeU 5. FiQall\, Whe UeVeaUch

deVigQ fRU VWUeQgWheQiQg iQfRUmaWiRQ liQkageV iV VXmmaUiVed iQ FigXUe 9(b).

3.3 DHVLJQLQJ CRPPRQ DDWD EQYLURQPHQW RI PURMHFW IQIRUPDWLRQ MDQDJHPHQW

BRWh iQfRUmaWiRQ WechQRlRgieV aQd iQfRUmaWiRQ maQagemeQW VWaQdaUdV ZeUe UeYieZed

(SecWiRQ 2.3, ChaSWeU 2) WR e[SlRUe Whe VRlXWiRQV fRU a YeUVaWile SURjecW daWa

eQYiURQmeQW. IQ WeUmV Rf Whe iQfRUmaWiRQ WechQRlRg\, iQfRUmaWiRQ iQfUaVWUXcWXUeV Rf Whe

clRXd BIM aSSlicaWiRQV ZeUe iQYeVWigaWed WR cRmSaUe Whe fle[ibiliW\ fRU diffeUeQW

aSSlicaWiRQV. MechaQiVmV Rf SRfWZaUe aV a SeUYice (SaaS) ZeUe VWXdied WR fiQd Whe beVW

SUacWice fRU SURjecW iQfRUmaWiRQ maQagemeQW. FXUWheUmRUe, UegaUdiQg Whe iQfRUmaWiRQ

maQagemeQW VWaQdaUdV, Whe SUiQciSleV Rf eVWabliVhiQg a CRmmRQ DaWa EQYiURQmeQW

(CDE) aQd IQWeUQaWiRQal OUgaQiVaWiRQ fRU SWaQdaUdiVaWiRQ (ISO) 19650 VeUieV ZeUe

UeYieZed WR leYeUage Whe RXWcRmeV fURm ObjecWiYe 1 aQd 2 Zhich alUead\ RUgaQiVeV Whe

iQfRUmaWiRQ Rf ViWe cRQdiWiRQV aQd fURm VWakehRldeUV fRU imSURYiQg iQfRUmaWiRQ flRZ

alRQg Whe SURjecW lifec\cle. SXbVeTXeQWl\, a CDE fRU imSURYiQg iQfRUmaWiRQ flRZ ZaV

deVigQed cRQViVWiQg Rf WhUee majRU mRdXleV iQclXdiQg: (1) Field VeQViQg mRdXle, (2)

daWa maQagemeQW UeSRViWRU\, aQd (3) SURjecW maQagemeQW mRdXle. TZR SilRW VWXdieV
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ZeUe WeVWed WR demRQVWUaWe Whe iQfRUmaWiRQ maQagemeQW caSabiliW\ Rf Whe SURSRVed CDE

iQ diffeUeQW VceQaUiRV. The deWailed elabRUaWiRQ abRXW Whe cRmmRQ daWa eQYiURQmeQW aQd

Whe e[emSlificaWiRQV aUe cRYeUed iQ ChaSWeU 6. The UeVeaUch deVigQ fRU Whe CDE iV

VhRZQ iQ FigXUe 9(c)
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CKDSWHU 4: MRQLWRULQJ SLWH CRQGLWLRQV ZLWK BIM DQG FLHOG SHQVLQJ

IQIRUPDWLRQ IRU DHFLVLRQ MDNLQJ LQ CRPSOH[ PURMHFWV

4.1 IQWURGXFWLRQ

CRQVWUXcWiRQ ViWe iV a challeQgiQg eQYiURQmeQW fRU XWiliViQg VeQVRUV becaXVe Rf Whe

chaUacWeUiVWicV Rf QR SRZeU VXSSl\ aQd VeYeUe ZRUkiQg eQYiURQmeQW. Namel\, VeQVRUV

ma\ Qeed WR haYe bXilW-iQ SRZeU VXSSl\, aQd be iQVWalled XQdeUgURXQd, iQ Whe ZaWeU, RU

ZRUkiQg iQ high WemSeUaWXUeV. The ViWXaWiRQ QaUURZV Whe VelecWiRQ Rf aSSlicable VeQVRUV.

BeVideV, Whe VeQVRU daWa QeedV WR be iQWeUSUeWed, aUUaQged RU aQal\Ved, eVSeciall\

iQWegUaWed ZiWh BIM mRdelV, befRUe Whe deciViRQ makiQg. AccRUdiQgl\, deciViRQ makeUV

caQ be Zell-iQfRUmed abRXW Whe ViWe cRQdiWiRQV. A fUameZRUk WhaW la\V RXW Whe

WechQRlRgieV, cRQVideUaWiRQV, aSSURacheV fRU field VeQViQg iV YiWal. IQ SaUWicXlaU, Whe

fUameZRUk VhRXld cRYeU Whe maiQ cRQceUQV iQclXdiQg hRZ Whe VeQVRU daWa iV VeQW fURm

ViWe WR Rffice, hRZ Whe VeQVRU daWa iV aUUaQged RU aQal\Ved, aQd hRZ deciViRQ makeUV caQ

leYeUage Whe RXWcRmeV Rf VeQVRU daWa?

ChaSWeU 4 SURSRVed a BIM aQd field VeQViQg fUameZRUk WR leYeUage Whe ViWe iQfRUmaWiRQ

ZiWh BIM fRU deciViRQ makiQg (ReVeaUch ObjecWiYe 1). The fUameZRUk cRQViVWV Rf WhUee

majRU cRmSRQeQWV iQclXdiQg daWa cRllecWiRQ mRdXle, daWa aQal\ViV mRdXle, aQd

aSSlicaWiRQ mRdXle aV VhRZQ iQ FigXUe 10. TheVe cRmSRQeQWV cRYeU Whe deWailV Rf

aSSl\iQg Whe aSSURach fURm VeQVRU VelecWiRQ, daWa iQWegUaWiRQ meWhRdV, WR aQal\Wic

UeVXlWV YiVXaliVaWiRQ. AQ e[SeUimeQWal WeVWbed ZaV VelecWed WR demRQVWUaWe aQd YeUif\

Whe feaVibiliW\ Rf Whe fUameZRUk. The UeVXlWV VhRZ WhaW a VXcceVVfXl imSlemeQWaWiRQ Rf

Whe fUameZRUk beQefiWV Whe deciViRQ makiQg SURceVV b\ aQ VWUaighWfRUZaUd iQWeUface Rf

XWiliViQg RQ ViWe iQfRUmaWiRQ.
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4.2 A FUDPHZRUN RI LHYHUDJLQJ BIM DQG FLHOG SHQVLQJ IRU DHFLVLRQ MDNLQJ

A fUameZRUk leYeUagiQg Whe SRZeU Rf BIM, aQal\ViV mRdel, aQd VeQViQg WechQRlRgieV iV

deYelRSed. SeQVRU YalXeV aQd elemeQWV¶ SURSeUWieV cRXld VWUeam WR Whe V\VWem aV iQSXWV

fRU Whe aQal\ViV mRdel. TheQ, Whe aQal\Wic UeVXlWV cRXld be YiVXaliVed iQ a 3D

eQYiURQmeQW SRZeUed b\ BIM WechQRlRg\. TheVe cRXld helS ideQWif\ Whe WaUgeW aUea fRU

Whe aSSlicaWiRQ.

FigXUe 10. FUameZRUk Rf leYeUagiQg BIM aQd field VeQViQg fRU deciViRQ makiQg
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4.2.1 MRGXOH 1: DDWD CROOHFWLRQ

FRU Whe daWa cRllecWiRQ mRdXle, W\SeV Rf VeQVRUV, hRZ Whe daWa be WUaQVfeUUed aQd VWRUed

VhRXld be cRQVideUed. DXe WR Whe laUge Vcale Rf Whe SURjecW ViWe, hRZ WR iQVWall RU

maiQWaiQ VeQVRUV VhRXld be cRQVideUed Zhile VelecWiQg VeQVRUV. Read UaQge, dXUabiliW\,

aQd cRVW effecWiYeQeVV aUe Whe WhUee cUiWeUia fRU chRRViQg VeQViQg WechQRlRgieV. LRQg

Uead UaQge iV QRUmall\ Qeeded RQ a ViWe becaXVe iW cRXld VaYe lRWV Rf maQSRZeU Zhile

cRllecWiQg VeQVRU daWa. OQ WhaW accRXQW, RFID VeQVRUV ZRUkiQg iQ XlWUa-high fUeTXeQc\

(UHF) Zhich iV QRUmall\ aURXQd 900 (MH]) aUe SUefeUUed. The UeaVRQ iV WhaW Uead UaQge

aQd ZRUkiQg fUeTXeQc\ aUe SRViWiYe-cRUUelaWiRQ. HigheU ZRUkiQg fUeTXeQc\ cRXld UeVXlW

iQ beWWeU Uead UaQge. BeVideV, Whe Vi]e Rf aQWeQQa RQ VeQVRUV iV UelaWiYe WR Uead UaQge. IW iV

beWWeU WR VelecW a laUge aQWeQQa fRU beWWeU Uead UaQge; hRZeYeU, Whe Vi]e aQd VhaSe Rf Whe

aQWeQQa ma\ iQflXeQce Whe aSSlicabiliW\ RQ ViWe. TheUefRUe, Whe VelecWiRQ Rf aQWeQQaV

VhRXld balaQce Whe QeedV Rf Uead UaQge aQd Whe aSSlicaWiRQ VceQaUiR. Ne[W, dXUabiliW\ Rf

Whe VeQVRUV iV Rf mXch cRQceUQ iQ iQdXVWU\. IQ facW, baWWeUieV, Whe SRZeU Rf VeQVRUV, aUe

Whe majRU facWRU fRU dXUabiliW\. IQ RUdeU WR ma[imiVe Whe dXUabiliW\, SaVViYe VeQVRUV

Zhich cRllecW eQeUg\ fURm QeaUb\ UeadeUV aUe Zidel\ XWiliVed iQ iQdXVWU\. HRZeYeU, Whe

SRZeU Rf SaVViYe VeQVRUV iV UelaWiYel\ Vmall cRmSaUed WR acWiYe VeQVRUV. ChiSV RQ Whe

SaVViYe VeQVRUV VhRXld be eQeUg\-efficieQW Zhich limiWV Whe fXQcWiRQV Rf VeQViQg.

RegaUdiQg cRVW effecWiYeQeVV, VeQVRUV ZiWh lRQg Uead UaQge aQd dXUabiliW\ cRXld UedXce

Whe cRVW. OQ Whe RWheU haQd, Whe mRUe aSSlicaWiRQV beQefiWed fURm Whe VeQVRU daWa cRXld

iQcUeaVe Whe YalXe Rf VeQVRUV Zhich UeVXlWV iQ iQcUeaViQg Whe cRVW effecWiYeQeVV. BRWh

UedXciQg Whe imSlemeQWiQg cRVW aQd iQcUeaViQg Whe YalXe Rf VeQVRUV aUe eVVeQWial Zhile

cRQVideUiQg Whe cRVW effecWiYeQeVV iQ iQdXVWU\. IQ VhRUW, Uead UaQge, dXUabiliW\, aQd cRVW
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effecWiYeQeVV aUe WhUee Rf Whe mRVW imSRUWaQW cUiWeUia Zhile VelecWiQg VeQVRUV fURm aQ

iQdXVWUial SeUVSecWiYe.

Ne[W, maQXall\ RU aXWRmaWicall\ VWUeamiQg daWa fURm ViWe WR V\VWem VhRXld be

cRQVideUed. AVVigQiQg ZRUkeUV WR SaWURl SaUWicXlaU aUeaV aQd cRllecW VeQVRU daWa cRXld be

eaVil\ imSlemeQWed. HRZeYeU, daWa miVViQg RU a lRQg SeUiRd Rf VeQViQg c\cle ma\

haSSeQ Zhich UeVXlWV iQ Whe cRmSURmiVeV Rf TXaliW\ Rf Whe daWa. AQ effecWiYe meWhRd fRU

maQagiQg Whe gURXSV Rf ZRUkeUV ma\ be Qeeded. OQ Whe cRQWUaU\, aXWRmaWicall\

cRllecWiQg VeQVRU daWa iV URbXVW. WiWh aQ aUUa\ Rf UeadeUV imSlemeQWed RQ ViWe, VeQVRU

daWa cRXld be XSdaWed WR Whe V\VWem XS WR eYeU\ miQXWe. IQ facW, Whe fUeTXeQc\ Rf

VeQViQg ma\ be cUXcial iQ VRme VceQaUiRV becaXVe VRme chaQgeV RQ ViWe haSSeQ aW a

glaQce. FRU e[amSle, gaV leakiQg RQ SiSeliQeV ma\ RQl\ haSSeQ a feZ VecRQdV bXW

UegXlaUl\. If Whe fUeTXeQc\ Rf VeQViQg iV QRW iQWeQVe eQRXgh, Whe leakiQg cRXld QRW be

QRWiced Zhich cRXld iQflXeQce aQal\ViV.

IQ WeUmV Rf daWa VWRUage, bRWh elecWUical VigQalV aV kQRZQ aV UaZ daWa aQd VeQVRU YalXe

VhRXld be VWRUed. The UeaVRQ iV WhaW mRVW VeQVRU YalXeV aUe cRQYeUWed fURm Whe elecWUical

VigQal Zhich iV geQeUaWed fURm Whe VeQVRU RQ WagV. SSecificall\, ZheQ Whe eQYiURQmeQW

chaQgeV, e.g. WemSeUaWXUe chaQgeV RU mRiVWXUe chaQgeV, UeViVWaQce RQ Whe VeQVRU chaQgeV

Zhich UeVXlWV iQ elecWUic cXUUeQW chaQgeV. MRVW VeQVRUV caSWXUe Whe chaQgeV aQd cRQYeUW

Whem WR VeQVRU YalXeV. TheUefRUe, becaXVe Rf Whe iQdiUecW VeQViQg meWhRd, Whe elecWUical

VigQal cRXld SURYide a beWWeU UefeUeQce fRU calibUaWiQg Whe VeQVRU YalXeV. NRZada\V,

becaXVe Whe WechQRlRgieV Rf lRcal daWabaVeV RU clRXd daWabaVe VeUYiceV aUe maWXUe, all

VeQVRU daWa caQ be VWRUed iQ WheVe daWabaVeV effRUWleVVl\. SWRUiQg VeQVRU daWa iQ lRcal

daWabaVeV RU clRXd daWabaVeV ma\ be aWWUibXWed WR a bXViQeVV deciViRQ.
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4.2.2 MRGXOH 2: DDWD AQDO\VLV

FRU Whe daWa aQal\ViV mRdXle, algRUiWhmV aQd WheiU iQSXWV VhRXld be cRQVideUed.

T\Sicall\, Whe VRXUceV Rf iQSXWV aUe fURm BIM mRdelV aQd VeQVRUV Zhich UeSUeVeQW Whe

VRXUce Rf VWaWic iQSXWV aQd d\Qamic iQSXWV UeVSecWiYel\. RegaUdiQg Whe VWaWic daWa, BIM

mRdelV cRXld be a UeSRViWRU\ fRU elemeQWV¶ SURSeUWieV becaXVe mRVW SURSeUWieV aUe

alUead\ embedded iQ BIM mRdelV Zhile mRdelliQg VXch aV maWeUial aQd WhickQeVV Rf

SiSeliQeV. AddiWiRQall\, VSecificaWiRQV aQd UegXlaWiRQV cRXld be XWiliVed WR ideQWif\

cRQVWaQW YaUiableV dedicaWed WR aQal\ViV mRdelV. B\ leYeUagiQg WheVe VWaWic daWa,

SURSeUWieV iQ BIM elemeQWV aQd YaUiableV fURm VSecificaWiRQV RU UegXlaWiRQV cRXld be

cRllecWed aV iQSXWV fRU aQal\ViV mRdelV ZiWh leVV effRUW. FRU Whe d\Qamic daWa, Whe

YaUiRXV iQSXWV Zhich aQal\ViV mRdelV deSeQd RQ aUe fURm VeQVRUV. The iQSXWV aUe

VWUeamed fURm VeQVRUV aQd XSdaWed fUeTXeQWl\. BeVideV, d\Qamic daWa cRXld cRme fURm

e[WeUQal V\VWemV RU XVeU iQSXWV. TheVe cRXld alVR be iQWegUaWed iQWR Whe aQal\ViV mRdel

WR VXffice Whe QeedV fURm Whe chRVeQ algRUiWhm. IQ VhRUW, VWaWic daWa aQd d\Qamic daWa

VeUYe aV iQSXWV fRU aQ aQal\ViV mRdel. AV UegaUdV WR Whe aQal\ViV mRdelV, bRWh

WheRU\-baVed algRUiWhmV RU daWa-dUiYeQ algRUiWhmV cRXld be imSlemeQWed fRU daWa

aQal\ViV. IQ geQeUal, WheRU\-baVed algRUiWhmV aUe mRdeled WhURXgh e[SeUimeQWal

aSSURacheV. The algRUiWhmV cRXld be aSSlied iQWXiWiYel\ becaXVe Whe iQSXWV Rf Whe

algRUiWhm aUe defiQed. HRZeYeU, Whe aVVXmSWiRQV RU cRQdiWiRQV Rf Whe WheRUieV ma\ QRW

fiW Whe aSSlicaWiRQV. OQ Whe RWheU haQd, daWa-dUiYeQ algRUiWhmV leYeUage Whe emeUgiQg

WechQRlRgieV Rf daWa VcieQce. IQSXWV RU UecRUdV cRXld VeUYe aV WUaiQiQg daWa WR deYelRS a

machiQe leaUQiQg mRdel. The deYelRSmeQW Rf Whe daWa-dUiYeQ algRUiWhmV ma\ be

cRmSle[ bXW iW cRXld fiW Whe e[acW VceQaUiR Rf Whe aSSlicaWiRQ. BUiefl\, eiWheU
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WheRU\-baVed RU daWa-dUiYeQ algRUiWhmV cRXld SURYide aQ aQal\ViV mRdel fRU Whe

aSSlicaWiRQ.

4.2.3 MRGXOH 3: ASSOLFDWLRQ

FRU Whe aSSlicaWiRQ mRdXle, Whe YiVXaliVaWiRQ Rf aQal\ViV UeVXlWV aQd hRZ Whe UeVXlWV

VXSSRUW Whe iQVSecWiRQ ZRUkV VhRXld be cRQVideUed. RegaUdiQg Whe YiVXaliVaWiRQ, VeQVRU

daWa aQd Whe UeVXlWV fURm Whe daWa aQal\ViV mRdXle VhRXld be YiVXaliVed WhURXgh BIM

WechQRlRg\. ChaUWV caQ be SURYided aQd elemeQWV caQ be cRlRXU-cRded b\ Whe Vcale Rf

VeQVRU YalXeV RU aQal\ViV UeVXlWV WR aVViVW Whe deciViRQ makiQg SURceVV. IQ WeUmV Rf XVeU

eQgagemeQW, VXggeVWiRQV cRXld alVR be made b\ Whe iQfRUmaWiRQ maQagemeQW V\VWem.

The aQal\ViV UeVXlWV cRXld SURYide VWUaighWfRUZaUd adYice WR Whe deciViRQ makeUV Zhich

elimiQaWeV Whe SRWeQWial Rf miVViQg VSRWV RQ ViWe.

4.3 CDVH SWXG\

4.3.1 BDFNJURXQG

The SURSRVed fUameZRUk leYeUageV VeQVRUV WR cRllecW Whe ViWe cRQdiWiRQV aQd VWUeam WR

Whe Rffice fRU deciViRQ makiQg. The cRllecWed ViWe cRQdiWiRQV cRXld be eiWheU Whe VWaWXV Rf

Whe eQYiURQmeQW RQ a cRQVWUXcWiRQ ViWe RU Whe cRQdiWiRQV Rf Whe faciliWieV aQd aVVeWV

deSeQdiQg RQ Whe mRQiWRUiQg WaUgeWV, becaXVe Whe mechaQiVm Rf mRQiWRUiQg, cRllecWiQg

aQd iQWegUaWiQg VeQVRU daWa iV VimilaU iQ cRQVWUXcWiRQ aQd RSeUaWiRQal VceQaUiRV.

TheUefRUe, Whe fUameZRUk cRXld be aSSlied iQ Whe cRQVWUXcWiRQ VWage WhURXgh Whe

RSeUaWiRQal VWage. AQ RSeUaWiRQal VceQaUiR (cRUURViRQ maQagemeQW) iV VelecWed WR

demRQVWUaWe Whe feaVibiliW\ Rf Whe SURSRVed fUameZRUk iQ ChaSWeU 4. BeVideV, WhiV

fUameZRUk iV fXUWheU iQWegUaWed iQ Whe cRQVWUXcWiRQ VceQaUiR iQ ChaSWeU 6 Zhich

SURSRVeV a cRmmRQ daWa eQYiURQmeQW fRU SURjecW iQfRUmaWiRQ maQagemeQW.
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CRUURViRQ XQdeU iQVXlaWiRQ iV RQe Rf Whe mRVW imSRUWaQW iVVXeV iQ Whe SeWURleXm iQdXVWU\.

OUdiQaUil\, iQ RUdeU WR check Whe cRUURViRQ, iQVSecWRUV UemRYe Whe iQVXlaWiRQ Rf SiSeliQeV

WR meaVXUe Whe leYel Rf cRUURViRQ RQ each VecWiRQ Rf SiSeliQeV. ThiV SURcedXUe ma\ Wake

ZeekV fRU a ViWe Zhich diVWiQcWl\ affecWV Whe fiQaQcial aVSecW Rf Ril aQd gaV cRmSaQieV

dXe WR Whe SaXVe SURdXcWiRQ Rf iWV high-YalXe SURdXcWV; WheUefRUe, iQ mRVW caVeV,

iQVSecWRUV VSRW-check SiSeliQe cRUURViRQ baVed RQ WheiU e[SeUieQce. HRZeYeU, becaXVe

Whe eQYiURQmeQWV RQ ViWeV aUe YaUiRXV, e[SeUieQce-baVed iQVSecWiRQ ma\ QRW be VXiWable

fRU eYeU\ ViWe. OQ Whe RWheU haQd, eYeQ WhRXgh iQVSecWRUV ZaQW WR acceVV mRUe daWa fRU

beWWeU XQdeUVWaQdiQg Rf Whe ViWe befRUe Whe ViWe WUiS, hiVWRUical daWa VRmeWimeV aUe lRVW RU

VcaWWeUed Zhich leadV WR a haUd ViWXaWiRQ fRU SUeSaUaWiRQ Rf cRUURViRQ iQVSecWiRQ. WiWh

Whe aSSlicaWiRQ Rf BIM aQd field VeQViQg WechQRlRgieV, ViWe daWa cRXld be cRQWiQXRXVl\

cRllecWed aQd iQWegUaWed iQWR Whe BIM-eQabled V\VWem. WiWh Whe aQal\ViV Rf cRUURViRQ

SUedicWiRQ, SRWeQWial cRUURded aUeaV cRXld be highlighWed RQ Whe BIM mRdel.

The YalidaWiRQ XWiliVeV SaVViYe RFID VeQVRUV, Zhich aUe VmaUW VeQViQg WechQRlRgieV, WR

cRllecW ViWe daWa aQd WheQ iQWegUaWe Whem iQWR a BIM V\VWem. A XQifRUm cRUURViRQ mRdel

iV alVR adaSWed fURm Whe WheRUieV Rf cRUURViRQ WR leYeUage bRWh VeQVRU daWa aQd BIM

elemeQWV¶ SURSeUWieV. The\ VeUYe aV iQSXWV WR calcXlaWe Whe cRUURViRQ UaWe Zhich iV Whe

ke\ YalXe Rf cRUURViRQ SUedicWiRQ. TheQ, Whe cRUURViRQ SUedicWiRQ UeVXlWV aUe

cRlRXU-cRded RQ a BIM mRdel Zhich helSV iQVSecWRUV iQWXiWiYel\ XQdeUVWaQd Whe

SUedicWiRQ aQd SUeSaUe fRU Whe ViWe iQVSecWiRQ. IQ UeVXlW, Whe SURSRVed fUameZRUk cRXld

SURYide a QRYel aSSURach fRU deciViRQ makiQg baVed RQ Whe mRQiWRUiQg Rf ViWe

cRQdiWiRQV.

47



4.3.2 PURFHVV MRGHOOLQJ IRU WKH ASSURDFK IRU CRUURVLRQ PUHGLFWLRQ

The SURceVV mRdel Rf Whe SURSRVed aSSURach iV illXVWUaWed iQ FigXUe 11 b\ imSlemeQWiQg

BXViQeVV PURceVV MRdelliQg NRWaWiRQ (BPMN) WRRl (DijkmaQ eW al., 2011). SSecificall\,

hRZ XVeUV iQWeUacW ZiWh Whe V\VWem aQd Whe mechaQiVm Rf Whe V\VWem aUe ideQWified. FRXU

gURXSV iQ Whe SURceVV mRdel iQclXdiQg VeQVRU imSlemeQWaWiRQ, VeQVRU daWa VWUeamiQg,

daWa YiVXaliVaWiRQ, aQd WaVkV fRU iQVSecWiRQ aUe elabRUaWed iQ Whe fRllRZiQgV:

1. SeQVRU imSlemeQWaWiRQ: TR VWaUW ZiWh, SURSeU VeQVRUV aUe VelecWed aQd Whe BIM

mRdel iV SUeSaUed. TheQ, Whe VeQVRUV aUe cRdified WR maS Whe elemeQWV iQ Whe

BIM mRdel. NRUmall\, geQeUal XQiTXe ideQWificaWiRQV iQ elemeQWV¶ SURSeUWieV aUe

chRVeQ fRU cRdif\iQg VeQVRUV becaXVe Whe\ aUe XQiTXe aQd aYailable iQ eYeU\

elemeQW. AfWeU SUeSaUiQg VeQVRUV aQd BIM mRdelV, Whe BIM mRdelV VhRXld be

XSlRaded WR Whe V\VWem aQd VWRUed iQ VSecific mRdel daWabaVeV fRU Whe fRllRZiQg

XVage. MeaQZhile, VeQVRUV cRXld be aWWached WR SiSeliQeV RQ ViWe WR fiQiVh Whe

haUdZaUe imSlemeQWaWiRQ.

2. SeQVRU daWa VWUeamiQg: EiWheU maQXall\ RU aXWRmaWicall\ WUaQVfeU VeQVRU daWa

cRXld be adRSWed Zhile VWUeamiQg Whe daWa fURm ViWe WR Rffice. FRU maQXall\

cRllecWiQg VeQVRU daWa, ZRUkeUV aUe aVVigQed WR a VSecific aUea aQd UeTXeVWed WR

VcaQ all VeQVRUV iQ WhaW aUea. AfWeUZaUdV, Whe ZRUkeUV Qeed WR XSlRad Whe VeQVRU

daWa fURm Whe UeadeU WR Whe V\VWem. OQ Whe RWheU haQd, if fi[ed UeadeUV aUe

iQVWalled, VeQVRUV aUe UegXlaUl\ Uead aQd Whe UeadeUV XSlRad VeQVRU YalXeV WR Whe

V\VWem aXWRmaWicall\. NR maWWeU hRZ VeQVRU daWa iV cRllecWed, Whe V\VWem

SURceVVeV Whe VeQVRU daWa aQd VaYeV WheVe daWa iQWR a UaZ VigQal daWabaVe aQd

VeQVRU YalXe daWabaVe Zhich iV a Ueadable YalXe cRQYeUWed fURm UaZ VigQal.
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TheQ, XVeUV cRXld decide WheiU RSeUaWiRQV fRU Whe VeQVRU daWa.

3. DaWa YiVXaliVaWiRQ: TheUe aUe WhUee RSeUaWiRQV Zhile YiVXaliViQg Whe VeQVRU daWa:

YiVXaliViQg VeQVRU daWa, YiVXaliViQg cRUURViRQ SUedicWiRQ, aQd YiVXaliViQg

VSRW-check VXggeVWiRQV. FiUVW Rf all, VeQVRU YalXeV aUe embedded iQ Whe

cRUUeVSRQdiQg elemeQWV iQ Whe BIM mRdel b\ acceVViQg Whe BIM mRdel daWabaVe

aQd VeQVRU YalXe daWabaVe. TheUefRUe, elemeQWV cRXld be cRlRXU-cRded b\ Whe

XVeU-defiQed Vcale. SecRQdl\, Whe VeQVRU YalXeV aQd elemeQWV¶ SURSeUWieV aUe

VeUYed aV iQSXWV fRU maWhemaWical mRdelV Rf cRUURViRQ SUedicWiRQ. CRUURViRQ UaWe

cRXld be calcXlaWed baVed RQ Whe iQSXWV. WiWh a giYeQ WaUgeW daWe Zhich iV

QRUmall\ 3 WR 5 \eaUV fURm SUeVeQW, BIM mRdelV cRXld be cRlRXU-cRded b\ Whe

deSWh Rf cRUURViRQ. LaVWl\, baVed RQ Whe cRlRXU-cRdiQg Rf VeQVRU YalXeV aQd

cRUURViRQ SUedicWiRQ RQ BIM mRdelV, XVeUV caQ check Whe highlighWed elemeQWV

fRU beWWeU XQdeUVWaQdiQg Rf Whe ViWe. BecaXVe a 3D eQYiURQmeQW iV SURYided fRU

YiVXaliViQg Whe VXggeVWed VSRW-check elemeQWV, 3D RSeUaWiRQV VXch aV ]RRmiQg,

URWaWiQg, filWeUiQg mRdelV cRXld be aSSlied WR helS ideQWif\ WaVkV fRU iQVSecWiRQ.

4. TaVkV fRU iQVSecWiRQ: While decidiQg WaVkV fRU iQVSecWiRQ, deWailV Rf WaVkV cRXld

be SlaQQed aQd dRcXmeQWed becaXVe lRWV Rf iQfRUmaWiRQ iV VWRUed RU cRXld be

UefeUUed WhURXgh elemeQWV iQ BIM mRdelV. MRVW Rf Whe WaVkV aUe Zell-SlaQQed

befRUe Whe ViWe WUiS. IQ addiWiRQ, WheVe WaVkV cRXld be VaYed iQ a daWabaVe aQd

Uead\ fRU RQ-ViWe XVage.
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FigXUe 11. PURceVV mRdel Rf SUedicWiQg cRUURViRQ XQdeU iQVXlaWiRQ
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4.3.3 S\VWHP FUDPHZRUN

ImSlemeQWaWiRQV Rf Whe SURSRVed fUameZRUk aUe VhRZQ iQ FigXUe 12. The fUameZRUk

cRQViVWV Rf WhUee mRdXleV: daWa cRllecWiRQ ZiWh VmaUW VeQViQg WechQRlRgieV,

maWhemaWical mRdel fRU cRUURViRQ SUedicWiRQ, aQd BIM-eQabled e[WeUQal SiSeliQe

cRUURViRQ SUedicWiRQ.

FigXUe 12. A BIM-eQabled cRUURViRQ SUedicWiRQ fUameZRUk
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FRU Whe daWa cRllecWiRQ mRdXle, RFID-baVed hXmidiW\ aQd WemSeUaWXUe VeQVRUV aUe

chRVeQ. TheVe VeQVRUV aUe SaVViYe aQd deVigQed fRU cRQVWUXcWiRQ ViWeV Zhich meaQV Whe

VeQVRUV aUe eQeUg\-efficieQW aQd dXUable. RegaUdiQg Whe daWa WUaQVfeU aQd VWRUage, Whe

cRQfigXUaWiRQ iV VhRZQ iQ FigXUe 13. Fi[ed UeadeUV aQd aQWeQQaV cRllecW ViWe daWa aQd Whe

daWa hXbV VWUeam Whe iQfRUmaWiRQ WR Whe daVhbRaUd WhURXgh Whe iQWeUQeW cRQVWaQWl\. BRWh

elecWUical VigQal aQd VeQVRU daWa aUe VWRUed iQ Whe daWabaVeV lRcaWed aW Whe Rffice.

FigXUe 13. HaUdZaUe la\RXW Rf BIM-eQabled field VeQViQg

FRU Whe cRUURViRQ SUedicWiRQ mRdXle, SURSeUWieV Rf elemeQWV iQ BIM mRdelV aUe VelecWed

aV VWaWic daWa. CRUURViRQ mRdel cRXld acceVV Whe laWeVW elemeQWV¶ SURSeUWieV Zhich UeflecW

Whe Ueal ViWe cRQdiWiRQV. VaUiRXV iQSXWV Zhich cRUURViRQ mRdelV deSeQd RQ aUe fURm

VeQVRUV. FRU e[amSle, hXmidiW\ aQd WemSeUaWXUe aUe Whe iQSXWV Rf d\Qamic daWa fRU

XQifRUm cRUURViRQ mRdelV (CRWWiV, B., GUaham, M.J., LiQdVa\, R., L\RQ, S.B.,

RichaUdVRQ, T., ScaQWlebXU\, D., SWRWW, H., 2010). The iQSXWV aUe VWUeamed fURm VeQVRUV

aQd XSdaWed fUeTXeQWl\. TheUefRUe, VWaWic daWa aQd d\Qamic daWa VeUYe aV iQSXWV fRU a

cRUURViRQ mRdel WR SUedicW Whe VWaWXV Rf cRUURViRQ fRU SiSeliQeV. AV UegaUdV Whe

algRUiWhmV Rf cRUURViRQ mRdel, WheRU\-baVed algRUiWhmV RU daWa-dUiYeQ algRUiWhmV cRXld

be imSlemeQWed fRU calcXlaWiQg cRUURViRQ UaWe Zhich iV XVed fRU cRUURViRQ SUedicWiRQ. AV

afRUemeQWiRQed VWXdieV, Whe fXQdameQWal Rf WheRU\-baVed algRUiWhmV iV chemical
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eQgiQeeUiQg. The SURceVV Rf cRUURViRQ iV mRdeled WhURXgh elecWURchemical RU

e[SeUimeQWal aSSURacheV. OQ Whe RWheU haQd, daWa-dUiYeQ algRUiWhmV leYeUage Whe

emeUgiQg WechQRlRgieV Rf daWa VcieQce. IQSXWV aQd maiQWeQaQce UecRUdV cRXld VeUYe aV

WUaiQiQg daWa WR deYelRS a machiQe leaUQiQg mRdel WR helS ideQWif\ SRWeQWial cRUURViRQ.

BUiefl\, eiWheU WheRU\-baVed RU daWa-dUiYeQ algRUiWhmV cRXld SURYide a SUedicWiYe mRdel

fRU cRUURViRQ SUedicWiRQ.

FRU Whe iQVSecWiRQ mRdXle, UegaUdiQg Whe YiVXaliVaWiRQ aQd VmaUW iQVSecWiRQ SlaQQiQg,

VeQVRU daWa aQd Whe UeVXlWV fURm Whe cRUURViRQ SUedicWiRQ mRdXle VhRXld be YiVXaliVed

WhURXgh BIM WechQRlRg\. ElemeQWV caQ be cRlRXU-cRded b\ Whe Vcale Rf VeQVRU YalXeV RU

cRUURViRQ deSWh. ThiV cRXld helS iQVSecWRUV ideQWif\ Whe SRWeQWiall\ cRUURded aUea. IQ

addiWiRQ, VSRW-check liVWV cRXld be VXggeVWed b\ Whe V\VWem aXWRmaWicall\. RRXWeV Rf

iQVSecWiRQ cRXld be Vchemed befRUe ViWe WUiSV aV Zell. TheVe SURYide a VWUaighWfRUZaUd

SlaQ fRU iQVSecWiRQ Zhich elimiQaWeV Whe miVViQg Rf cUiWical VSRWV RQ ViWe. ThiV aSSURach

iV cRQViVWeQW ZiWh RWheU UeVeaUch VWXdieV Zhich agUee WhaW Whe effecWiYeQeVV aQd

efficieQc\ Rf iQVSecWiRQ cRXld be imSURYed (Y. H. TVai eW al., 2014; Y. H. TVai & HVieh,

2016).

4.3.4 S\VWHP AUFKLWHFWXUH

A V\VWem iV deYelRSed RQ Whe baViV Rf Whe SURSRVed fUameZRUk iQ RUdeU WR YalidaWe Whe

feaVibiliW\ Rf Whe aSSURach. EVVeQWial cRmSRQeQWV aUe ideQWified iQ Whe V\VWem

aUchiWecWXUe VhRZQ iQ FigXUe 14 TR VWaUW ZiWh, RFID UeadeUV aUe chRVeQ WR Uead WagV RQ

ViWe aQd cRmmXQicaWe ZiWh VeQVRU daWa hXb iQ a lRcal ZiUeleVV iQWeUQeW eQYiURQmeQW. The

VeQVRU daWa hXb iQWegUaWeV all UeadeU¶V YalXeV aQd VWUeamV VeQVRU YalXeV WR Whe V\VWem

WhURXgh H\SeUWe[W TUaQVfeU PURWRcRl (HTTP) UeTXeVWV. The Zeb VeUYeU lRcaWed aW Whe

Rffice SURceVVeV Whe daWa VWUeamiQg WhURXgh HTTP UeTXeVWV. IW acWV aV a gaWe WR haQdle
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UeTXeVWV Rf iQSXWV aQd RXWSXWV. TheUefRUe, Whe Zeb UI cRXld geW VeQVRU daWa RU aQal\Ved

UeVXlWV fURm Whe Zeb VeUYeU WR SUeVeQW Whe iQfRUmaWiRQ iQ aQ XVeU-fUieQdl\ Za\. IQ

addiWiRQ, WhUee maiQ lRgicV VXSSRUW Whe daWa SURceVViQg aQd aQal\ViQg Zhich aUe Whe

VeQVRU daWa SURceVViQg, algRUiWhm fRU cRmSXWiQg cRUURViRQ UaWe, aQd VSRW-check

VXggeVWiRQ. TR VXSSRUW Whe afRUemeQWiRQed lRgicV, fRXU daWabaVeV aUe bXilW: UaZ VigQal

daWabaVe, VeQVRU YalXe daWabaVe, BIM mRdel daWabaVe, aQd iQVSecWiRQ WaVk daWabaVe. The

lRgicV aQd UelaWed daWabaVeV aUe Whe cRUe Rf Whe aSSURach Zhich aUe deUiYed fURm Whe

SURSRVed fUameZRUk.

FigXUe 14. S\VWem aUchiWecWXUe fRU SUedicWiQg cRUURViRQ XQdeU iQVXlaWiRQ

4.3.5 MRGXOH 1: DDWD CROOHFWLRQ

Each VeQVRU haV iWV RZQ adYaQWage aQd iV dedicaWed WR a VSecific eQYiURQmeQW. IQ

geQeUal, SaVViYe RFID VeQVRUV Zhich aUe baWWeU\-fUee aQd ZiUeleVV aUe eVVeQWial. RaWheU

WhaQ XViQg acWiYe VeQVRUV Zhich Qeed a SRZeU VRXUce iQVide, SaVViYe VeQVRUV dR QRW Qeed

baWWeUieV Rf ZiUiQg fRU SRZeU. TheUefRUe, Whe acWiRQ Rf chaQgiQg baWWeUieV iV elimiQaWed.
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BecaXVe Rf WhiV elegaQW mechaQiVm, SaVViYe VeQVRUV aUe almRVW maiQWeQaQce-fUee

deYiceV aQd deVigQed fRU VeW-Q-fRUgeW RSeUaWiRQ. IW makeV SaVViYe RFID VeQVRUV

cRVW-effecWiYe b\ Whe UedXcWiRQ Rf maiQWeQaQce fee. IQ RUdeU WR cRllecW aSSlicable YalXeV

fURm bRWh WemSeUaWXUe aQd mRiVWXUe VeQVRUV RQ SiSeliQeV, a VeUieV Rf SaVViYe VeQVRUV

SURYided b\ RFMicURQ, a VeQViQg VRlXWiRQ cRmSaQ\, aUe cRQVideUed.

FRU mRiVWXUe VeQVRUV, WhUee VeQVRUV aUe WakeQ iQWR cRQVideUaWiRQ: RFM2100, RFM2110,

aQd RFM2120 aV VhRZQ iQ FigXUe 15. TheVe VeQVRUV aUe dedicaWed fRU diffeUeQW ZRUkiQg

eQYiURQmeQWV. FiUVWl\, RFM2100 iV dedicaWed fRU VeQViQg eQYiURQmeQWal aQd maWeUial

mRiVWXUe, fRU e[amSle, mRQiWRUiQg mRiVWXUe RQ fRRd SURdXcWV, bXildiQg aQd URRfiQg

maWeUialV, RU mRiVWXUe deWecWiRQ fRU cRUURViRQ SUeYeQWiRQ. IW iV cRQfigXUed WR be VeQViWiYe

WR mRiVWXUe aQd UaiQ Zhich UeVXlWV iQ UelaWiYel\ accXUaWe WR RWheU mRiVWXUe VeQVRUV.

HRZeYeU, WhiV VeQVRU iV QRW VXiWable fRU diUecW XVe RQ meWallic VXUfaceV dXe WR Whe high

iQWeUfeUeQce ZiWh UadiR fUeTXeQc\. SecRQd WR all, RFM2110 deWecWV iQ diUecW cRQWacW RU

liTXid bURXghW WR Whe VeQVRU WhURXgh ZickiQg WailV. BecaXVe Rf WhiV deVigQ, RFM2110 iV

cRQfigXUed WR deWecW mRiVWXUe ZheQ Slaced RQ meWallic VXUfaceV. TheUefRUe, iW cRXld be

deSlR\ed WR Whe aSSlicaWiRQ Rf mRiVWXUe deWecWiRQ iQ aXWRmRWiYe Yehicle aVVembl\,

aiUcUafW maiQWeQaQce RU cRUURViRQ SUeYeQWiRQ SURgUamV. LaVWl\, RFM2120 aUe caSable Rf

deWecWiQg mRiVWXUe VimilaU WR RFM2100. The\ aUe cRQfigXUed WR be VeQViWiYe WR mRiVWXUe

aQd UaiQ, bXW RQl\ ZRUk RQ QRQ-meWallic VXUfaceV. The RQl\ diffeUeQce iV WhaW RFM2120

iV VeQViWiYe WR a VlighW chaQge Rf mRiVWXUe Zhich mRVWl\ WaUgeWV Whe medical aSSlicaWiRQV.

IQ bUief, RFM2110 iV chRVeQ aV Whe mRiVWXUe VeQVRU. The UeaVRQ iV WhaW mRVW SiSeliQeV RQ

ViWe aUe made Rf meWal. IW iV eVVeQWial WR chRRVe a meWal-cRmSaWible VeQVRU Zhich cRXld

UeViVW Whe iQWeUfeUeQce Rf UadiR fUeTXeQc\. BeVideV, eYeQ WhRXgh Whe VeQVRU YalXeV ma\
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QRW be VeQViWiYe WR a VlighW chaQge Rf mRiVWXUe, VeQVRU YalXeV fURm RFM2110 VXffice Whe

Qeed Rf cRUURViRQ SUedicWiRQ becaXVe RQl\ Whe Vcale Rf mRiVWXUe iV Qeeded.

IQ WeUmV Rf WemSeUaWXUe VeQVRUV, WhUee VeQVRUV aUe WakeQ iQWR cRQVideUaWiRQ aV Zell Zhich

aUe RFM3200, RFM3240, RFM3250 aV VhRZQ iQ FigXUe 15. AV Whe afRUemeQWiRQed

diVcXVViRQ, Whe abiliW\ Rf ZRUkiQg RQ meWallic VXUfaceV iV eVVeQWial. TheUefRUe, RQl\

RFM3240 aQd RFM3250 aUe aSSlicable fRU Whe SURSRVed aSSURach becaXVe RFM3200 iV

QRW cRQfigXUed WR diUecW XVe RQ meWal. OQ Whe RWheU haQd, bRWh RFM3240 aQd RFM3250

caQ geW e[acW YalXeV fRU WemSeUaWXUe. The diffeUeQceV beWZeeQ WheVe WZR VeQVRUV aUe Whe

Vi]e Rf VeQVRUV, Uead UaQge, aQd Uead aQgle. IQ RUdeU WR decide a beWWeU fiW WR Whe SUacWical

XVe, deWailed cRmSaUiVRQV aUe cRQdXcWed. FiUVW Rf all, iQ WeUmV Rf Whe Vi]e Rf VeQVRUV,

RFM3240 haV laUgeU Vi]e WhaQ RFM3250 b\ WZR WimeV ZideU aQd fiYe WimeV higheU aV

VhRZQ iQ FigXUe 16. DeVSiWe RFM3250 haYiQg a mRUe cRmSacW bXild, bRWh Vi]eV Rf

VeQVRUV aUe VXiWable fRU deSlR\meQW RQ ViWe. RegaUdiQg Uead UaQge aQd aQgle, a lab WeVW iV

cRQdXcWed. BRWh VeQVRUV aUe aWWached RQ a SiSeliQe WR meaVXUe Whe ma[imXm Rf Uead

UaQge aQd Uead aQgle. The UeVXlWV fRU WheVe VeQVRUV aUe VhRZQ iQ FigXUe 17 aQd

FigXUe 18. SSecificall\, RFM3240 haV aSSUR[imaWel\ 8 meWUeV fRU iWV ma[imal Uead

UaQge aQd 30 degUeeV fRU iWV Uead aQgle; RQ Whe RWheU haQd, RFM3250 haV aSSUR[imaWel\

1 meWUe fRU iWV ma[imal Uead UaQge aQd 10 degUeeV fRU iWV Uead aQgle. IW iV iQdicaWed WhaW

RFM3240 haV a beWWeU Uead UaQge aQd Uead aQgle WhaQ RFM3250 Zhich SURYideV a

SRVVibiliW\ Rf miQimal amRXQW Rf VeQVRUV Zhile deSlR\iQg RQ ViWe aQd UedXceV Whe iQiWial

cRVW Rf iQVWallaWiRQ. IQ VhRUW, RFM3240 iV chRVeQ fRU WemSeUaWXUe VeQVRUV becaXVe Rf iWV

VXiWable Vi]e, beWWeU Uead UaQge aQd aQgle cRmSaUed WR RWheUV.
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(a) (b) (c)

(d) (e) (f)

FigXUe 15. MRiVWXUe aQd TemSeUaWXUe VeQVRUV: (a) RFM2100 - ZiUeleVV mRiVWXUe VeQVRU

(b) RFM2110 - ZiUeleVV mRiVWXUe VeQVRU (c) RFM2120 - ZiUeleVV mRiVWXUe VeQVRU (d)

RFM3200 - ZiUeleVV WemSeUaWXUe VeQVRU (e) RFM3240 - ZiUeleVV WemSeUaWXUe VeQVRU (f)

RFM3250 - ZiUeleVV WemSeUaWXUe VeQVRU

(a) (b)

FigXUe 16. Si]e Rf WemSeUaWXUe VeQVRUV: (a) RFM3240 - ZiUeleVV WemSeUaWXUe VeQVRU (b)

RFM3250 - ZiUeleVV WemSeUaWXUe VeQVRU
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FigXUe 17. Read UaQge aQd Uead aQgle fRU RFM3240

FigXUe 18. Read UaQge aQd Uead aQgle fRU RFM3250

Fi[ed UeadeU AR52 RFM5008 maQXfacWXUed b\ NRUdic ID haV beeQ chRVeQ. The maiQ

UeaVRQ Zh\ WhiV UeadeU iV chRVeQ iV Whe UeadeU¶V abiliW\ WR aXWRmaWicall\ deWecW Whe VeQVRU

daWa RYeU a ceUWaiQ SeUiRd Rf Wime. UViQg AR52 RFM5008 alRQg ZiWh Whe aQWeQQa, daWa

caQ be XSdaWed eYeU\ WhiUW\ VecRQdV aQd VWRUed iQWR Whe daWabaVe Zhich caQ helS iQ eaV\
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e[WUacWiRQ aQd iQSXW iQWR Whe BIM V\VWem. ASaUW fURm Whe UeadeU, a cXVWRmiVed daWa hXb

haV alVR beeQ XVed Zhich iV a UaVSbeUU\ Si V\VWem WR be aQ iQWeUmediaU\ Rf Whe UeadeU

aQd VeUYeU aimed aW VWRUiQg daWa (FigXUe 19). DaWa hXb caQ aVViVW iQ cRQYeUWiQg Whe UaZ

daWa iQWR meaQiQgfXl iQfRUmaWiRQ aQd diVSla\ Whem RQWR Whe cXVWRmiVed daVhbRaUd aV

FigXUe 20.

(a) (b)

FigXUe 19. (a) Fi[ed UeadeU AR52 RFM5008 (b) daWa hXb

FigXUe 20. Real-Wime VeQVRU YalXeV RQ Whe AXZON daVhbRaUd
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TR iQVeUW Whe VeQVRU daWa iQWR Whe BIM mRdel fRU YiVXaliVaWiRQ, V\VWem aUchiWecWXUe

VhRZQ iQ FigXUe 14 VhRXld be e[SlaiQed iQ mRUe deWailV. While RFID UeadeUV mRQiWRU

RFID VeQVRUV (FigXUe 14a) RQ ViWe, Whe VeQVRU daWa iV cRQWiQXRXVl\ cRllecWed b\ VeQVRU

daWa hXb (FigXUe 14b). TheQ, HTTP UeTXeVWV ZiWh VeQVRU daWa aUe VeQW WR Whe Zeb VeUYeU

(FigXUe 14d) WR SURceVV Whe daWa iQSXW. The daWa aUe cRQYeUWed b\ Whe lRgicV Rf VeQVRU

daWa SURceVViQg (FigXUe 14e) aQd VWRUed iQ UaZ VigQal daWabaVe (FigXUe 14h) aQd VeQVRU

YalXe daWabaVe (FigXUe 14i) fRU fXUWheU XVageV. BecaXVe all RFID VeQVRUV aUe SUe-cRded

ZiWh Whe elemeQW ideQWificaWiRQ iQ Whe BIM mRdel, Whe VeQVRU YalXeV cRXld be eaVil\

maSSed WR BIM elemeQWV ZheQ Qeeded. OQce a XVeU acceVVeV Whe Zeb UI (FigXUe 14c),

Whe V\VWem UeWUieYeV Whe mRdel fURm BIM mRdel daWabaVe (FigXUe 14j) aQd Whe VeQVRU

daWa fURm VeQVRU YalXe daWabaVe (FigXUe 14i) WR diVSla\ bRWh VWaWic aQd d\Qamic daWa iQ

Whe V\VWem. IQ bUief, iW iV VhRZQ WhaW Whe daWa hXb acWV aV a bUidge WR VWUeam daWa fURm

QXmeURXV UeadeUV RQ ViWe WR Whe clRXd V\VWem. WiWh WheVe abXQdaQce Rf VeQVRU daWa,

VeQVRU daWa YiVXaliVaWiRQ aQd cRUURViRQ SUedicWiRQV cRXld be UealiVed.

WheQ a cRUURViRQ SUedicWiRQ fXQcWiRQ iV WUiggeUed fURm Whe Zeb UI (FigXUe 14c), Whe

V\VWem UeWUieYeV VeQVRU YalXeV fURm VeQVRU YalXe daWabaVe (FigXUe 14i) WR geW Whe iQSXWV

fRU Whe algRUiWhm Rf cRUURViRQ SUedicWiRQ. The SUedicWiQg SURceVV (FigXUe 14f) WheQ

calcXlaWeV eVWimaWed cRUURViRQ deSWh aW a giYeQ Wime SeUiRd. AV a UeVXlW, Whe eVWimaWiRQ

Rf cRUURded deSWh iV embedded iQ elemeQW SURSeUWieV iQ Whe BIM mRdel. BeVideV, WheVe

YalXeV cRXld be cRlRXU-cRded RQ Whe BIM mRdel WR haYe a beWWeU XQdeUVWaQdiQg Rf Whe

cRUURViRQ SUedicWiRQ RQ a laUgeU Vcale.

4.3.6 MRGXOH 2: DDWD AQDO\VLV

WheQeYeU clickiQg RQ a SiSeliQe elemeQW fURm Whe BIM mRdel, YalXe iQ elemeQW¶V

aWWUibXWeV ZRXld XSdaWe. ASaUW fURm VRme VWaWic iQfRUmaWiRQ UeceiYed fURm Whe BIM
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mRdel iWVelf, VRme e[WUa VeQVRU iQfRUmaWiRQ iV aWWemSWed WR be embedded iQ each BIM

elemeQW fURm Whe V\VWem. A SURSeUW\ gURXS called ³SeQVRU DaWa´ iV cUeaWed WR

accRmmRdaWe RXU VeQVRU daWa meaVXUed, VXch aV ³MRiVWXUe CalibUaWiRQ´, ³MRiVWXUe

TUackiQg´, ³TemSeUaWXUe CalibUaWiRQ´, ³TemSeUaWXUe TUackiQg´, ³MRiVWXUe DelWa´,

³CRUURViRQ RaWe´, ³PUedicWiRQ Time DXUaWiRQ´ aQd ³CRUURViRQ PUedicWiRQ´ aV VhRZQ iQ

FigXUe 21. AmRQg Whe embedded SURSeUWieV, cRUURViRQ UaWe iV calcXlaWed b\ Whe

algRUiWhm aQd Whe SUedicWiRQ Wime dXUaWiRQ iV fURm XVeU iQSXWV RQ Zeb UI. IQ VhRUW, Whe

e[amSle VhRZV Whe mechaQiVm Rf VWUeamiQg VeQVRU daWa WR elemeQWV iQ Whe BIM mRdel

aQd iQWegUaWed ZiWh Whe SURSRVed V\VWem.

FigXUe 21. PURSeUW\ PaQel Rf a VecWiRQ Rf SiSeliQe iQ Zeb-baVed BIM mRdel YieZeU

TR aSSl\ Whe d\Qamic aQd VWaWic daWa WR Whe maWhemaWical mRdel fRU cRUURViRQ

SUedicWiRQ, Whe chemical iQWeUacWiRQV Rf Whe cRUURViRQ SURceVV ZaV iQYeVWigaWed.

SSecificall\, aV Whe emeUgeQce Rf Ril aQd gaV QRUmall\ accRmSaQieV b\ ZaWeU aQd

YaUiRXV amRXQWV Rf acid gaVeV, VXch aV caUbRQ diR[ide, CO2, iW affecWV Whe iQWegUiW\ Rf
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mild VWeel Zhich iV RfWeQ XVed iQ cRQVWUXcWiRQ maWeUial iQ Whe Ril aQd gaV iQdXVWU\. TR

XQdeUVWaQd Whe CO2 cRUURViRQ Rf mild VWeel, WhiV UeVeaUch iQWegUaWeV ZiWh aQ eQWU\ leYel

cRUURViRQ VimXlaWiRQ aQd SUedicWiRQ mRdel Zhich maWhemaWicall\ illXVWUaWeV Whe

elecWURchemical SURceVV Rf Whe CO2 cRUURViRQ. TR be VSecific, a XQifRUm cRUURViRQ iV

aVVXmed aV Whe cRUURViRQ SUedicWiRQ mRdel.

The UeaVRQ fRU Whe VelecWiRQ iV WhaW WheUe aUe VRme facWRUV Zhich affecW Whe UeacWiRQ

dXUiQg Whe cRUURViRQ, \eW QRW eaVil\ iQWegUaWed ZiWh VeQVRUV. FRU e[amSle, Whe diVVRlXWiRQ

Rf iURQ iV SH deSeQdeQW. Namel\, Whe mRUe iURQ iV diVVRlYed, Whe faVWeU cRUURViRQ iV

UeacWed Zhich UeVXlWV iQ higheU cRUURViRQ UaWe. HRZeYeU, WheUe ma\ be difficXlWieV fRU

acTXiUiQg SaVViYe VeQVRUV WR mRQiWRU SH Vcale dXe WR Whe lack Rf SRZeU RQ SaVViYe

VeQVRUV. ThiV ViWXaWiRQ ma\ be fi[ed RQce Whe VeQViQg WechQRlRg\ cRmeV XS ZiWh

eQeUg\-efficieQW VeQVRUV. UQWil WheQ, VelecWiQg a VimSlified cRUURViRQ mRdel Zhich

aVVXmeV VRme facWRUV aV cRQVWaQWV cRXld be aQ alWeUQaWiYe. IW ma\ iQflXeQce Whe accXUac\

Rf cRUURViRQ SUedicWiRQ, bXW VWill be aSSlicable iQ SUacWical XVageV.

Mild VWeel iV chRVeQ aV VWaQdaUd SiSe maWeUial iQ Whe XQifRUm cRUURViRQ. The SiSeliQeV

aUe cRUURded b\ acid gaVeV VXch aV H2CO3 Zhich iV geQeUaWed fURm caUbRQ diR[ide. IQ

WheVe UeacWiRQV, WZR maiQ elemeQWV fRU cRUURViRQ aUe caUbRQ diR[ide, CO2, aQd ZaWeU,

H2O. The RYeUall UeacWiRQ Rf Whe elecWURchemical SURceVV fRU caUbRQ VWeel iV VhRZQ iQ

ETXaWiRQ 1.

ETXaWiRQ 1𝐹Վ ࡠ 𝐶𝑂
2

ࡠ 𝐻
2
𝑂 → 𝐹Վ𝐶𝑂

3
ࡠ 𝐻

2

TR lRRk iQWR Whe deWailV Rf elecWURchemical UeacWiRQV Rf ETXaWiRQ 1, Whe elecWURchemical

diVVRlXWiRQ Rf iURQ iQ ZaWeU iV Whe dRmiQaQW aQRdic UeacWiRQ iQ cRUURViRQ Zhich iV VhRZQ

aV ETXaWiRQ 2. ThiV UeacWiRQ iV SH deSeQdeQW RQ acidic VRlXWiRQV Zhich meaQV Whe lRZeU
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Whe SH Vcale iV, Whe faVWeU Whe iURQ diVVRlXWiRQ haSSeQV Zhich UeVXlWV iQ affecWiQg Whe

RYeUall UeacWiRQ. HRZeYeU, becaXVe Rf Whe aVVXmSWiRQV fURm Whe VelecWed cRUURViRQ

mRdel, SH Vcale Rf cRUURViRQ iV aVVXmed aV QeXWUal Zhich meaQV Whe SH Vcale Zill QRW

affecW Whe cRUURViRQ.

ETXaWiRQ 2𝐹Վ → 𝐹Վ2ࡠ ࡠ 2Վࡡ

The CO2 gaV iQ Whe eQYiURQmeQW iV VRlXble iQ ZaWeU aQd makeV caUbRQic acid, H2CO3.

The diVVRlXWiRQ Rf caUbRQ diR[ide iV e[SUeVVed aV ETXaWiRQ 3. ThiV UeacWiRQ iV affecWed

b\ WemSeUaWXUe aQd mRiVWXUe. Namel\, Whe VRlXbiliW\ Rf caUbRQ diR[ide decUeaVeV Zhile

Whe WemSeUaWXUe iQcUeaVeV Zhich iQcUeaVeV Whe UeacWiRQ UaWe WR acidic gaVeV, H2CO3. ThiV

caUbRQic acid fURm ETXaWiRQ 3 fXUWheU diVVRciaWeV iQ ZaWeU WR SURdXce h\dURQiXm Zhich

iV VhRZQ iQ ETXaWiRQ 4 aQd ETXaWiRQ 5. ASaUW fURm Whe WemSeUaWXUe facWRU, mRiVWXUe

cRXld affecW Whe UeacWiRQ UaWe iQ ETXaWiRQ 3 aV Zell. The caUbRQ diR[ide cRXld RQl\ fRUm

caUbRQic acid, H2CO3, ZiWh adeTXaWe amRXQWV Rf mRiVWXUe, H2O. IQ RWheU ZRUdV, if WheUe

iV QRW eQRXgh mRiVWXUe, caUbRQ diR[ide iQ ETXaWiRQ 3 VWa\V iQ Whe fRUm iWVelf aQd

SURdXceV QR acidic gaV Zhich VWRSV Whe UeacWiRQ Rf cRUURViRQ. IQ VhRUW, bRWh WemSeUaWXUe

aQd mRiVWXUe aUe WZR imSRUWaQW facWRUV ZheQ iW cRmeV WR cRUURViRQ UaWe.

ETXaWiRQ 3𝐶𝑂
2

ࡠ 𝐻
2
𝑂 ⇔ 𝐻

2
𝐶𝑂

3

ETXaWiRQ 4𝐻
2
𝐶𝑂

3
⇔ 𝐻ࡠ ࡠ 𝐻𝐶𝑂

3
ࡡ

ETXaWiRQ 5𝐻𝐶𝑂
3
ࡡ ⇔ 𝐻ࡠ ࡠ 𝐶𝑂

3
ࡡ2

B\ calcXlaWiQg Whe UeacWiRQ UaWeV fURm each afRUemeQWiRQed diVVRlXWiRQ, Whe cRUURViRQ

UaWe fRU SiSeliQeV cRXld be ideQWified. TheUe aUe WZR YaUiableV WakeQ iQWR cRQVideUaWiRQ:
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WemSeUaWXUe aQd mRiVWXUe. TemSeUaWXUe YalXeV fURm VeQVRUV VeUYe aV iQSXWV ( ) iQ Whe𝑇
Ռ

fRllRZiQg eTXaWiRQV WR calcXlaWe Whe UeacWiRQ UaWe fRU each elecWURchemical SURceVV. OQ

Whe RWheU haQd, mRiVWXUe YalXeV VeUYe aV Whe deWeUmiQaWiRQ ZheWheU Whe elecWURchemical

SURceVV cRXld VWaUW. AV a UeVXlW, cRUURViRQ UaWe RQ each SiSeliQe cRXld be calcXlaWed

iQdeSeQdeQWl\ baVed RQ Whe aWWached WemSeUaWXUe aQd mRiVWXUe VeQVRUV.

TheVe cRUURded UeacWiRQV aUe a VeUieV Rf chaUge WUaQVfeUV. TR VSecif\ Whe chaUge WUaQVfeU

fRU Whe afRUemeQWiRQed UeacWiRQV, Whe RYeUall cRUURViRQ SRWeQWial ( ) aQd cXUUeQW deQViW\Ւ
Ռ

( ) caQ be ZUiWWeQ aV ETXaWiRQ 6. B\ XViQg Whe Tafel eTXaWiRQ (McCaffeUW\, 2005),Ւ
Պ

elecWURchemical kiQeWicV fRU Whe elecWURchemical UeacWiRQV cRXld be calcXlaWed. Each

cRUURViRQ SRWeQWial aQd cXUUeQW deQViW\ iQ ETXaWiRQ 6 caQ be fRUmXlaWed, aV VhRZQ iQ

ETXaWiRQ 7, ETXaWiRQ 10, ETXaWiRQ 14, aQd ETXaWiRQ 18.

ETXaWiRQ 6Ւ
Ռഉ𝐻ࡠഊ

ࡠ Ւ
Ռഉ𝐻

2
𝐶𝑂

3
ഊ

ࡠ Ւ
Ռഉ𝐻

2
𝑂ഊ

ࡧ Ւ
Պഉ𝐹Վഊ

ࡧ Ւ
Ռ՘՛՛

ETXaWiRQ 7 VhRZV Whe calcXlaWiRQ Rf cXUUeQW deQViW\ Rf iURQ. RegaUdiQg V\mbRlV, iV WheՒ
𝑂

e[chaQge cXUUeQW deQViW\ Rf diVVRlXWiRQ. iV cRUURViRQ SRWeQWial (V). iV𝐸
Ռ՘՛՛

𝐸
՛Վ՟ഉ𝐹Վഊ

UeYeUVible SRWeQWial Rf diVVRlXWiRQ, . iV Whe aQRdic Tafel VlRSe𝐸
՛Վ՟ഉ𝐹Վഊ

ࡡࡧ 0. 488 𝑉 Ջ
Պഉ𝐹Վഊ

fRU Fe diVVRlXWiRQ.

ETXaWiRQ 7Ւ
Պഉ𝐹Վഊ

ࡧ Ւ
𝑂ഉ𝐹Վഊ

10
ഉ𝐸

Ռ՘՛՛
𝐸ࡡ

՛Վ՟ഉ𝐹Վഊ
ഊ/Ջ

Պഉ𝐹Վഊ

The e[chaQge cXUUeQW deQViW\, , aQd Whe aQRdic Tafel VlRSe, , aUe fXQcWiRQVՒ
𝑂ഉ𝐹Վഊ

Ջ
Պഉ𝐹Վഊ

UelaWiYe WR WemSeUaWXUe. ETXaWiRQ 8 aQd ETXaWiRQ 9 e[SlaiQ Whe fXQcWiRQV ZheUe iVՒ
𝑂ഉ𝐹Վഊ
՛ՎՏ

UefeUeQce e[chaQge cXUUeQW deQViW\ Rf Fe R[idaWiRQ, , iV acWiYaWiRQՒ
𝑂ഉ𝐹Վഊ
՛ՎՏ ࡧ 1 𝐴Ֆ2ࡡ Δ𝐻

𝐹Վ
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eQWhalS\, , R iV XQiYeUVal gaV cRQVWaQW, ,Δ𝐻
𝐹Վ

ࡧ 50 Ք𝐽 Ֆ՘Օ1ࡡ 𝑅 ࡧ 8. 314 𝐽 Ֆ՘Օ1ࡡ𝐾1ࡡ

iV WemSeUaWXUe (℃), iV UefeUeQce WemSeUaWXUe, , F iV FaUada\¶V𝑇
Ռ

𝑇
Ռ,՛ՎՏ

𝑇
Ռ,՛ՎՏ

ࡧ 25 ℃

cRQVWaQW, .𝐹 ࡧ 96485 𝐶 Ֆ՘Օ
Վ
1ࡡ

ETXaWiRQ 8Ւ
𝑂ഉ𝐹Վഊ

ࡧ Ւ
𝑂ഉ𝐹Վഊ
՛ՎՏ Վաՙഉ

Δէ𝐻ࡡ
𝐹Վ

𝑅 ഉ 1
𝑇

Ռ
273.15ࡠ ࡡ 1

𝑇
Ռ,՛ՎՏ

273.15ࡠ ഊഊ

ETXaWiRQ 9Ջ
Պഉ𝐹Վഊ

ࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

1.5𝐹

ETXaWiRQ 10 illXVWUaWeV Whe calcXlaWiRQ Rf cXUUeQW SRWeQWial Rf h\dURQiXm iRQV. IQ WeUmV

Rf V\mbRlV, iV UeYeUVible SRWeQWial fRU iRQ UedXcWiRQ (V). iV caWhRdic𝐸
՛Վ՟ഉ𝐻ࡠഊ

𝐻ࡠ Ջ
Ռഉ𝐻ࡠഊ

Tafel VlRSe fRU iURQ UedXcWiRQ (V). BecaXVe h\dURQiXm iRQ iV UeYeUVible aV VhRZQ iQ𝐻ࡠ

ETXaWiRQ 4 aQd ETXaWiRQ 5, iV calcXlaWed iQ ETXaWiRQ 13. BeVideV, ETXaWiRQ 11,𝐸
՛Վ՟ഉ𝐻ࡠഊ

ETXaWiRQ 12, aQd ETXaWiRQ 13 aUe affecWed b\ WemSeUaWXUe.

ETXaWiRQ 10Ւ
Ռഉ𝐻ࡠഊ

ࡧ Ւ
𝑂ഉ𝐻ࡠഊ

10
ഉ𝐸

Ռ՘՛՛
𝐸ࡡ

՛Վ՟ഉ𝐻ࡠഊ
ഊ/Ջ

Ռഉ𝐻ࡠഊ

ETXaWiRQ 11Ւ
𝑂ഉ𝐻ࡠഊ

ࡧ Ւ
𝑂ഉ𝐻ࡠഊ

՛ՎՏ Վաՙഉ
էէΔ𝐻ࡡ

ഉ𝐻ࡠഊ

𝑅 ഉ 1
𝑇

Ռ
273.15ࡠ ࡡ 1

𝑇
Ռ,՛ՎՏ

273.15ࡠ ഊഊ

ETXaWiRQ 12Ջ
Ռഉ𝐻ࡠഊ

ࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

0.5𝐹

ETXaWiRQ 13𝐸
՛Վ՟ഉ𝐻ࡠഊ

ࡡࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

𝐹 ՙ𝐻

ETXaWiRQ 14 calcXlaWeV Whe cXUUeQW SRWeQWial Rf caUbRQic acid. AV fRU Whe V\mbRlV,

iV UeYeUVible SRWeQWial fRU UedXcWiRQ (V). iV caWhRdic Tafel𝐸
՛Վ՟ഉ𝐻

2
𝐶𝑂

3
ഊ

𝐻
2
𝐶𝑂

3
Ջ

Ռഉ𝐻
2
𝐶𝑂

3
ഊ
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VlRSe fRU UedXcWiRQ (V). SiQce Whe UedXcWiRQV Rf aQd aUe eTXiYaleQW,𝐻
2
𝐶𝑂

3
𝐻

2
𝐶𝑂

3
𝐻ࡠ

iV Vame aV VhRZQ iQ ETXaWiRQ 17. IQ addiWiRQ, ETXaWiRQ 15,𝐸
՛Վ՟ഉ𝐻

2
𝐶𝑂

3
ഊ

𝐸
՛Վ՟ഉ𝐻ࡠഊ

ETXaWiRQ 16, aQd ETXaWiRQ 17 aUe affecWed b\ WemSeUaWXUe.

ETXaWiRQ 14Ւ
Ռഉ𝐻

2
𝐶𝑂

3
ഊ

ࡧ Ւ
𝑂ഉ𝐻

2
𝐶𝑂

3
ഊ
10

ഉࡡ𝐸
Ռ՘՛՛

𝐸ࡡ
՛Վ՟ഉ𝐻

2
𝐶𝑂

3
ഊ
ഊ/Ջ

Ռഉ𝐻
2
𝐶𝑂

3
ഊ

ETXaWiRQ 15Ւ
𝑂ഉ𝐻

2
𝐶𝑂

3
ഊ

ࡧ Ւ
𝑂ഉ𝐻

2
𝐶𝑂

3
ഊ

՛ՎՏ Վաՙഉ
Δ𝐻ࡡ

ഉ𝐻
2
𝐶𝑂

3
ഊ

𝑅 ഉ 1
𝑇

Ռ
273.15ࡠ ࡡ 1

𝑇
Ռ,՛ՎՏ

273.15ࡠ ഊഊ

ETXaWiRQ 16Ջ
Ռഉ𝐻

2
𝐶𝑂

3
ഊ

ࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

0.5𝐹

ETXaWiRQ 17𝐸
՛Վ՟ഉ𝐻

2
𝐶𝑂

3
ഊ

ࡡࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

𝐹 ՙ𝐻

ETXaWiRQ 18 ideQWifieV Whe cXUUeQW SRWeQWial Rf ZaWeU. WiWh UegaUd WR V\mbRlV, iV𝐸
՛Վ՟ഉ𝐻

2
𝑂ഊ

UeYeUVible SRWeQWial fRU UedXcWiRQ ( ). iV caWhRdic Tafel VlRSe fRU𝐻
2
𝑂 𝐴 Ֆ2ࡡ Ջ

Ռഉ𝐻
2
𝑂ഊ

𝐻
2
𝑂

UedXcWiRQ (V). BecaXVe Whe UedXcWiRQV Rf aQd aUe eTXiYaleQW, iV Vame aV𝐻
2
𝑂 𝐻ࡠ 𝐸

՛Վ՟ഉ𝐻
2
𝑂ഊ

VhRZQ iQ ETXaWiRQ 21. IQ addiWiRQ, ETXaWiRQ 19, ETXaWiRQ 20, aQd ETXaWiRQ 21𝐸
՛Վ՟ഉ𝐻ࡠഊ

aUe affecWed b\ WemSeUaWXUe.

ETXaWiRQ 18Ւ
Ռഉ𝐻

2
𝑂ഊ

ࡧ Ւ
𝑂ഉ𝐻

2
𝑂ഊ

10
ഉ𝐸ࡡ

Ռ՘՛՛
𝐸ࡡ

՛Վ՟ഉ𝐻
2
𝑂ഊ

ഊ/Ջ
Ռഉ𝐻

2
𝑂ഊ

ETXaWiRQ 19Ւ
𝑂ഉ𝐻

2
𝑂ഊ

ࡧ Ւ
𝑂ഉ𝐻

2
𝑂ഊ

՛ՎՏ Վաՙഉ
Δ𝐻ࡡ

ഉ𝐻
2
𝑂ഊ

𝑅 ഉ 1
𝑇

Ռ
273.15ࡠ ࡡ 1

𝑇
Ռ,՛ՎՏ

273.15ࡠ ഊഊ

ETXaWiRQ 20Ջ
Ռഉ𝐻

2
𝑂ഊ

ࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

0.5𝐹

66



ETXaWiRQ 21𝐸
՛Վ՟ഉ𝐻

2
𝑂ഊ

ࡡࡧ
2.303𝑅ഉ𝑇

Ռ
273.15ഊࡠ

𝐹 ՙ𝐻

B\ VXbVWiWXWiQg Whe e[SUeVViRQV iQ ETXaWiRQ 6 WR ETXaWiRQ 21, Whe RQl\ XQkQRZQ

cRUURViRQ SRWeQWial, , caQ be VRlYed. The YalXe Rf iV UeWXUQed WR Whe ETXaWiRQ 6.𝐸
Ռ՘՛՛

𝐸
Ռ՘՛՛

TheQ, Whe UeacWiRQ Rf cRUURViRQ, , caQ be VRlYed. OQce iV VRlYed iQ ETXaWiRQ 6,Ւ
Ռ՘՛՛

Ւ
Ռ՘՛՛

Whe cRUURViRQ UaWe (CR) caQ be fXUWheU calcXlaWed. FiQall\, Whe cRUURViRQ UaWe iV cRmSXWed

b\ FaUada\'V laZ (CRWWiV, B., GUaham, M.J., LiQdVa\, R., L\RQ, S.B., RichaUdVRQ, T.,

ScaQWlebXU\, D., SWRWW, H., 2010) aV VhRZQ iQ ETXaWiRQ 22 ZheUe M iV Whe mRlecXlaU

maVV, ȡ iV Whe deQViW\, Q iV Whe QXmbeU Rf elecWURQV aQd F iV Whe FaUada\'V cRQVWaQW. If Whe

XQiW amSeUeV SeU VTXaUe meWeUV iV XVed fRU Whe cRUURViRQ cXUUeQW deQViW\, , WheՒ
Ռ՘՛՛

cRUURViRQ UaWe e[SUeVVed iQ millimeWeU SeU \eaU iV cRmSXWed aV: .𝐶𝑅 ࡧ 1. 155 Ւ
Ռ՘՛՛

ETXaWiRQ 22𝐶𝑅 ഉՖՖ ՙՎ՛ բՎՊ՛ഊ ࡧ
Ւ

Ռ՘՛՛
 𝑀

𝐹Վ
 

ρ
𝐹Վ

 ՗ 𝐸՚՞Պ՝Ւ՘՗ 23𝐹

IQSXWV fRU Whe calcXlaWiRQ Rf cRUURViRQ UaWe caQ be e[WUacWed fURm BIM mRdelV dXe WR Whe

Zell-aUUaQged SURSeUWieV ZiWhiQ each elemeQW. B\ iQWegUaWiQg VeQVRU YalXeV aQd VWaWic

SURSeUWieV iQ Whe BIM mRdel, WheVe iQSXWV caQ eaVil\ fiW iQWR Whe cRUURViRQ UaWe

calcXlaWiRQ aV VhRZQ iQ FigXUe 22. AlWhRXgh Whe aVVXmSWiRQV ma\ be diffeUeQW fURm

each cRUURViRQ mRdel aQd UeVXlW iQ diffeUeQW iQSXWV, FigXUe 22 liVWV Whe SRWeQWial

SURSeUWieV fRU cRUURViRQ UaWe calcXlaWiRQ.
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FigXUe 22. IQSXWV fRU cRUURViRQ mRdel fURm BIM mRdel

4.3.7 MRGXOH 3: ASSOLFDWLRQ

IQ RUdeU WR YiVXaliVe VeQVRU YalXeV RU SUedicWiRQ UeVXlWV, iW iV eVVeQWial WR acTXiUe BIM

aSSlicaWiRQV Zhich eQableV XVeUV WR YiVXaliVe 3D BIM mRdelV aQd deYelRS XVeU-defiQed

e[WeQViRQV WR achieYe VSecific fXQcWiRQV. FRUge iV RQe Rf Whe afRUemeQWiRQed

aSSlicaWiRQV deYelRSed b\ AXWRdeVk cRmSaQ\. IW eQcRmSaVVeV all Whe fXQcWiRQV Qeeded

iQ a YiVXaliVaWiRQ WRRl aQd Whe maiQ diffeUeQce Rf WhiV SlaWfRUm fURm RWheUV iV iWV

Zeb-baVed chaUacWeUiVWic. ThURXgh aQ\ iQWeUQeW bURZVeU, XVeUV caQ YieZ Whe 3D BIM

mRdel cRlRXU-cRded ZiWh VeQVRU YalXeV aQd haYe Whe Ueal-Wime cRUURViRQ SUedicWiRQ

UeVXlW fRU each SiSeliQe diVSla\ed iQ Whe elemeQW'V SURSeUW\ SaQel. FigXUe 21 VhRZV aQ

e[amSle Rf a Zeb-baVed BIM mRdel YieZeU.

The aSSURach aVViVWV XVeUV iQ efficieQWl\ ideQWif\iQg Zhich SiSeliQe VXffeUV fURm heaY\

cRUURViRQ aQd QeedV WR be UeSlaced. A Zeb-baVed V\VWem SRZeUed b\ FRUge iV deYelRSed

WR iQWegUaWe Whe VeQVRUV, maWhemaWical mRdel, aQd BIM mRdelV. TR YiVXaliVe Whe UeVXlWV
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iQ Whe V\VWem, WhUee diffeUeQW WhUeVhRldV haYe beeQ VeW fRU mRiVWXUe, WemSeUaWXUe aQd

cRUURViRQ deSWh UeVSecWiYel\.

OQce Whe VeQVRU daWa alUead\ iV imSRUWed iQWR FRUge, a cRUUeVSRQdiQg cRlRXU ZRXld alVR

be giYeQ WR each SiSeliQe elemeQW iQ accRUdaQce ZiWh Whe WhUeVhRldV. FRU e[amSle, afWeU

clickiQg RQ Whe mRiVWXUe YiVXaliVaWiRQ bXWWRQ, Whe black cRlRXU ZRXld be giYeQ WR Whe

SiSeliQe ZiWh mRiVWXUe delWa YalXe belRZ 0.01mm, aQd Whe blXe cRlRXU UeSUeVeQWV

SiSeliQe ZiWh mRiVWXUe delWa YalXe RYeU 0.01mm aV VhRZQ iQ FigXUe 23.

AV fRU Whe cRUURViRQ YiVXaliVaWiRQ, Whe Vame mechaQiVm iV XVed, \eW diffeUeQW cRlRXUV aUe

chRVeQ. WheQ Whe cRUURViRQ SUedicWiRQ iV WUiggeUed, Whe aSSlicaWiRQ UeWUieYeV Whe laWeVW

VeQVRU YalXeV RQ each SiSeliQe fRU Whe algRUiWhm Rf cRUURViRQ SUedicWiRQ. TheQ, Whe

algRUiWhm calcXlaWeV Whe cRUURViRQ UaWe, Zhich XQiW iV millimeWUe SeU \eaU, WheQ

embedded Whe YalXe RQ each elemeQW Rf SiSeliQeV. WiWh Whe cRUURViRQ UaWe Rf each

SiSeliQe, Whe SUedicWiYe deSWh Rf cRUURViRQ caQ be calcXlaWed Zhich cRQVideUV SUedicWiRQ

Wime dXUaWiRQ, cRUURViRQ UaWe, aQd VafeW\ facWRU all WRgeWheU. AmRQg Whe iQSXWV Rf Whe

calcXlaWiQg cRUURViRQ deSWh, SUedicWiRQ Wime dXUaWiRQ iV a XVeU iQSXW Zhich VSecifieV Whe

WaUgeW daWe Rf cRUURViRQ SUedicWiRQ. AV VhRZQ iQ FigXUe 24, XVeUV caQ Sick XS SUedicWiRQ

Wime WhURXgh Whe iQWeUface. AfWeU VelecWiQg Whe Wime, Whe aWWUibXWe ³PUedicWiRQ Time´ Rf

each elemeQW Zill aXWRmaWicall\ XSdaWe. AV Whe cRUURViRQ UaWe fRU each elemeQW haV beeQ

calcXlaWed iQ adYaQce, Whe cRUURViRQ SUedicWiRQ deSWh ZRXld alVR XSdaWe aQd be

embedded iQ elemeQWV.

PUedicWiYe cRUURViRQ deSWh iV cRlRXU-cRded RQ SiSeliQeV WR ideQWif\ cRUURViRQ leYel RQ

ViWe. The Vcale Rf cRlRXU cRdiQg iV cXVWRmiVable WR accRmmRdaWe YaUiRXV ViWe cRQdiWiRQV.

GeQeUall\, YalXeV Rf Whe VcaleV cRXld be VeW alRQg ZiWh Whe iQVSecWiRQ QeedV. IQ WhiV caVe,

aV FigXUe 25 VhRZQ, gUe\ cRlRXU iV cRQfigXUed aV QRUmal Zhich cRUURViYe deSWh iV leVV
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WhaQ 3 mm; iYRU\ cRlRXU iV cRQfigXUed aV Whe ³ma\ iQVSecW´ SiSeliQeV Zhich cRUURViYe

deSWh iV beWZeeQ 3 WR 5 mm; RQ Whe RWheU haQd, Whe daUk Ued cRlRXU iV cRQfigXUed aV Whe

³mXVW iQVSecW´ SiSeliQeV Zhich cRUURViYe deSWh iV RYeU 5 mm. IQ UeVXlW, Whe SiSeliQe

ZiWh daUk Ued cRlRXU meaQV UeSlacemeQW iV Qeeded VeYeUel\ ZheUeaV Whe gUe\ SiSeliQe

iQdicaWeV QR aWWeQWiRQ iV Qeeded RQ WhaW SaUWicXlaU iWem. TheVe cRlRXU cRdiQg iQWXiWiYel\

aVViVW XVeUV iQ XQdeUVWaQdiQg Zhich SiSeliQe QeedV deWailed iQVSecWiRQ.

IQ VRme caVeV, WaUgeW SiSeliQeV fRU iQVSecWiRQ ma\ QRW be eaVil\ ideQWified becaXVe Whe

cRUURViRQ deSWh Rf WheVe SiSeliQeV aUe all caWegRUiVed iQWR Whe Vame leYel Zhich UeVXlWV iQ

Whe Vame cRlRXU RQ Whe BIM mRdel. IQ WhiV ViWXaWiRQ, Whe SUedicWiRQ Wime Rf aWWUibXWeV

VhRXld be mRdified WR fiQd a VXiWable YalXe fRU diVWiQgXiVhiQg VeYeUel\ cRUURded

SiSeliQeV fURm VlighWl\ cRUURded SiSeliQeV. AV aQ alWeUQaWiYe, a URXgh aUea ZiWh cRUURded

SiSeliQeV cRXld be ideQWified WhURXgh Whe cRlRXU-cRded BIM mRdel. TheQ, iQVSecWRUV

cRXld cRmSaUe amRQg VeQVRU YalXeV Rf Whe SiSeliQeV aQd lRcaWe Whe SRVVible cRUURded

SiSeliQeV b\ WheiU ViWe e[SeUieQce.

IQ VhRUW, WUadiWiRQall\, aQ iQVSecWiRQ WakeV Slace Zhile aQ iQVSecWRU aVVXmeV WhaW Whe

SiSeliQe iQ VRme SaUWicXlaU aUea iV heaYil\ cRUURded baVed maiQl\ RQ ViWe e[SeUieQce RU

VRme labRUaWRU\ e[SeUimeQW. HRZeYeU, ZiWh Whe SURSRVed aSSURach, iQVSecWRUV caQ Wake

adYaQWage Rf Whe cRUURViRQ YalXe embedded iQ each elemeQW aQd Whe cRlRXU-cRded

YiVXaliVaWiRQ WR make deciViRQV aV WR ZheUe WR iQVSecW. IW iV QRW QeceVVaU\ WR fiQd Whe

e[acW cRUURViRQ deSWh Rf eYeU\ SiSeliQe, aW leaVW Whe BIM mRdel ZiWh cRlRXU cRdiQg

fXQcWiRQ caQ aVViVW iQ ideQWif\iQg Whe WUeQd Rf cRUURViRQ Zhich caQ be aX[iliaU\

iQfRUmaWiRQ fRU Whe iQVSecWRU WR cRQVideU.
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FigXUe 23. CRlRXU cRdiQg fRU mRiVWXUe YalXeV RQ SiSeliQeV

FigXUe 24. SelecWiQg a Wime SeUiRd fRU cRUURViRQ SUedicWiRQ
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FigXUe 25. CRlRXU cRdiQg fRU cRUURViRQ deSWh RQ SiSeliQeV

4.4 DLVFXVVLRQV

ThiV chaSWeU SURSRVed a fUameZRUk Zhich leYeUageV Whe BIM aQd field VeQViQg

WechQRlRgieV WR aVViVW Whe deciViRQ makiQg SURceVV. A QRYel aSSURach fRllRZiQg Whe

fUameZRUk ZaV imSlemeQWed WR SUedicW cRUURViRQ XQdeU iQVXlaWiRQ. Namel\, VeQViQg

WechQRlRg\ aQd Whe maWhemaWical mRdel Rf cRUURViRQ SUedicWiRQ aUe imSlemeQWed iQWR a

BIM-baVed V\VWem. The VeQVRU YalXeV aQd aQal\Wic UeVXlWV Rf cRUURViRQ SUedicWiRQ ZeUe

YiVXaliVed RQ BIM mRdelV. AV a UeVXlW, iQVSecWiRQ aUeaV cRXld be decided maiQl\ b\ Whe

daWa UaWheU WhaQ e[SeUieQce RU iQVWiQcWV. BeVideV, Whe SeUiRd Rf SaXViQg SURdXcWiRQ cRXld

be UedXced becaXVe WheUe iV leVV Wime demaQd fRU VSRW-checkiQg Whe VWaWXV Rf cRUURViRQ

XQdeU iQVXlaWiRQ. A demRQVWUaWiYe caVe iV imSlemeQWed WR YalidaWe Whe SUacWicaliW\ Rf Whe

SURSRVed fUameZRUk.
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CKDSWHU 5: DHVLJQLQJ BIM-HQDEOHG :RUN PDFNDJLQJ IRU SWUHQJWKHQLQJ

IQIRUPDWLRQ LLQNDJHV LQ CRPSOH[ PURMHFWV

5.1 IQWURGXFWLRQ

PURjecW iQfRUmaWiRQ iV VcaWWeUed becaXVe WheUe aUe mXlWiSle VRXUceV Rf iQfRUmaWiRQ Zhich

cRme fURm diffeUeQW VWakehRldeUV acURVV Whe SURjecW lifec\cle. BeVideV, eYeU\ VWakehRldeU

ma\ haYe diffeUeQW daWa W\SeV aQd fRUmaWV ZiWhRXW a XQifRUm daWa VWUXcWXUe. TheUefRUe,

ZheQ Whe deciViRQ makiQg SURceVV VWaUWV, iW iV challeQgiQg WR e[WUacW aQd iQWegUaWe all Whe

UelaWiYe iQfRUmaWiRQ fURm Whe SURjecW daWa SRRl. FRU iQVWaQce, BIM mRdelV, dUaZiQgV,

check liVWV, cRQWUacWV aUe diffeUeQW fURm RQe aQRWheU UegaUdiQg Whe daWa W\SeV aQd

fRUmaWV. All Whe daWa iV VWRUed iQ a ceQWUal daWa SRRl iQ a fRldeU VWUXcWXUe. WheQ Whe

deciViRQ makeUV Qeed Whe iQfRUmaWiRQ, Whe\ VcaQ WhURXgh Whe fRldeUV aQd cRllecW all Whe

UelaWiYe fileV. If VRme daWa iV QRW Sicked WhURXghRXW Whe SURjecW lifec\cle, Whe daWa iV

ZaVWed aV iW dReV QRW add aQ\ YalXeV WR Whe SURjecW. The iQfRUmaWiRQ flRZ iV iQWeUUXSWed

aV Zell. TheUefRUe, BXildiQg Whe cRQQecWiRQ beWZeeQ daWa iV eVVeQWial fRU a VmRRWh

iQfRUmaWiRQ flRZ aV all Whe UelaWiYe iQfRUmaWiRQ caQ be e[WUacWed all aW RQce ZheQ

Qeeded.

ChaSWeU 5 deYelRSV a BIM-eQabled ZRUk SackagiQg aSSURach fRU VWUeQgWheQiQg

iQfRUmaWiRQ liQkageV iQ cRmSle[ SURjecWV (ReVeaUch ObjecWiYe 2). SSecificall\, Whe

aSSURach ZaV deVigQed baVed RQ Whe XVe Rf BIM WechQRlRg\ WR VWUeQgWheQ cRQQecWiRQV

amRQg SURjecW daWa. B\ liQkiQg Whe daWa iQ diffeUeQW leYelV, geRmeWUic aQd QRQ-geRmeWUic

iQfRUmaWiRQ caQ be SURSeUl\ iQWeUcRQQecWed. The deVigQed aSSURach iQclXdeV fRXU majRU

mRdXleV: a daWa SUeSaUaWiRQ mRdXle, ZRUk Sackage SlaQQiQg aQd geQeUaWiRQ mRdXle,

ZRUk Sackage liQkiQg mRdXle, aQd ZRUk Sackage XSdaWiQg mRdXle. FXUWheUmRUe, a
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SURceVV mRdel ZaV deVigQed WR SUeVeQW Whe aSSlicaWiRQ Rf Whe ZRUk SackagiQg meWhRd iQ

cXUUeQW SUacWice. IQ WhiV chaSWeU, Whe fXQdameQWal elemeQWV Rf iQfRUmaWiRQ ZeUe

ideQWified. TheQ, Whe mechaQiVmV fRU liQkiQg SURjecW daWa ZeUe elabRUaWed leYel b\ leYel.

SXbVeTXeQWl\, a fUameZRUk Rf BIM-eQabled ZRUk SackagiQg ZaV SURSRVed WR SURYide

aQ aSSURach fRU VWUeQgWheQiQg iQfRUmaWiRQ liQkageV iQ cRmSle[ SURjecWV. The V\VWem

aUchiWecWXUe ZaV deVigQed WR YalidaWe Whe feaVibiliW\ Rf Whe SURSRVed aSSURach, aQd a

SilRW VWXd\ ZaV SUeVeQWed WR demRQVWUaWe Whe RXWcRmeV Rf iQWeUcRQQecWed SURjecW daWa.

5.2 A FUDPHZRUN RI SWUHQJWKHQLQJ LLQNDJHV DFURVV :RUN PDFNDJHV

The fUameZRUk Rf Whe SURSRVed BIM-eQabled ZRUk SackagiQg aSSURach iV illXVWUaWed iQ

FigXUe 26, Zhich iQclXdeV fRXU maiQ mRdXleV: daWa SUeSaUaWiRQ, ZRUk Sackage SlaQQiQg

aQd geQeUaWiRQ, ZRUk Sackage liQkiQg, aQd ZRUk Sackage XSdaWiQg. Each mRdXle iV

e[SlaiQed iQ deWail iQ Whe fRllRZiQg VXbVecWiRQV.

FigXUe 26. FUameZRUk Rf Whe SURSRVed BIM-eQabled ZRUk SackagiQg
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5.2.1 MRGXOH 1: DDWD PUHSDUDWLRQ

The maiQ SXUSRVe Rf WhiV mRdXle iV WR iQde[ SURjecW daWa XViQg BIM, Zhich SURYideV a

cRmmRQ daWa fRUmaW fRU ZRUk SackagiQg. IQ SaUWicXlaU, VcaWWeUed daWa iQ Whe SURjecW daWa

SRRl aUe liQked WR BIM elemeQWV. ThiV iV a maQ\-WR-maQ\ UelaWiRQVhiS. AW WhiV VWage,

QRQ-geRmeWUic daWa VXch aV dRcXmeQWV, ShRWRV, RU VeQVRU YalXeV VhRXld be liQked WR

BIM elemeQWV. The elemeQW SaiUiQg SURceVV cRXld be cRQdXcWed eiWheU aXWRmaWicall\ RU

maQXall\. WheQ aXWRmaWicall\ SaiUiQg, daWa aQd BIM elemeQWV cRXld be SaiUed ZheQ Whe

daWa iV geQeUaWed b\ Whe V\VWem. FRU e[amSle, VeQVRUV ma\ be iQVWalled RQ ViWe WR

mRQiWRU Whe SURjecW. TheUefRUe, Whe VeQVRU YalXeV cRXld be aXWRmaWicall\ SaiUed WR WheiU

hRVW iQ Whe BIM mRdel. AQRWheU e[amSle fRU aXWRmaWic SaiUiQg iV UeSRUWV RU iVVXeV

geQeUaWed b\ Whe V\VWem. FRU iQVWaQce, claVh deWecWiRQ iV aQ imSRUWaQW SURceVV WR aVVXUe

a cRQflicW-fUee SURjecW; heUe, claVh deWecWiRQ cRXld be dRQe b\ Whe algRUiWhm. ReSRUWV aQd

iVVXeV cRXld be cUeaWed afWeUZaUdV WR highlighW Whe claVheV. IQ WhiV VceQaUiR, elemeQWV aUe

SaiUed WR Whe UeSRUWV aQd iVVXeV aXWRmaWicall\. WheQ maQXall\ SaiUiQg, VWakehRldeUV

cRXld VSecif\ Whe UelaWed elemeQWV fRU WhRVe daWa WhaW caQQRW be aXWRmaWicall\ SaiUed,

VXch aV ViWe ShRWRV. AlWhRXgh Whe maQXall\ SaiUiQg SURceVV cRXld be WediRXV, iW eQVXUeV

WhaW mRVW Rf Whe daWa iV SaiUed, Zhich helSV iQcUeaVe Whe TXaQWiW\ aQd TXaliW\ Zhile

gURXSiQg aQd UeWUieYiQg daWa aW Whe fRllRZiQg VWeSV.

IQ facW, abXQdaQW UeVeaUch VWXdieV SURSRVe aSSURacheV fRU bRWh aXWRmaWicall\ aQd

maQXall\ liQkiQg BIM elemeQWV WR SURjecW daWa. FRU e[amSle, aQ iQWegUaWed SlaWfRUm fRU

faciliWieV maQagemeQW iV deVigQed b\ iQWegUaWiQg BIM iQWR a VeQVRU-baVed aSSURach fRU

faXlW deWecWiRQ aQd aleUWiQg malfXQcWiRQ iQ Whe RSeUaWiRQal ShaVe (ValiQejadVhRXbi eW al.,

2021). MXlWiSle VeQVRUV aUe iQWegUaWed ZiWh BIM aQd WheQ YiVXali]ed iQ a clRXd-baVed

V\VWem. The VeQVRU daWa iV aXWRmaWicall\ liQked WR Whe BIM elemeQWV b\ a YiVXal
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SURgUammiQg WRRl Zhich alVR e[WUacWV aQd VeQdV VeQVRU daWa WR Whe V\VWem achieYiQg aQ

effecWiYe IQWeUQeW Rf ThiQgV (IRT) aSSURach fRU maiQWeQaQce. BeVideV, Whe VRlXWiRQ helSV

faciliW\ maQageUV iQ WakiQg Wimel\ acWiRQV iQ Whe eYeQW Rf aQ emeUgeQc\ RU malfXQcWiRQ.

AQRWheU UeVeaUch demRQVWUaWed WhaW Whe aXWRmaWicall\ liQked VeQVRU daWa cRXld be

fXUWheU adRSWed fRU Whe cRUURViRQ SUedicWiRQ mRdel iQ Whe SlaQW ViWe RSeUaWiRQ (YXaQ HaR

TVai eW al., 2019). SSecificall\, Whe ideQWificaWiRQ Rf Whe BIM elemeQW iV embedded iQ Whe

VeQVRU WR fXlfill Whe aXWRmaWic liQkiQg. TheQ, Whe VeQVRU daWa iV VWUeamliQed WR Whe

SUedicWiRQ mRdel aV iQSXWV fRU cRUURViRQ SUedicWiRQ aQal\ViV. BRWh VeQVRU YalXeV aQd

SUedicWiRQ UeVXlWV aUe YiVXali]ed RQ Whe BIM mRdel WR SURYide aQ iQWXiWiYe iQWeUface fRU

iQVSecWRUV WR VkeWch Whe maiQWeQaQce SlaQ. OQ Whe RWheU haQd, iQ WeUmV Rf Whe maQXall\

liQkiQg Rf daWa aQd BIM elemeQWV, aQ iQWeUQaWiRQal aiUSRUW SURjecW ZaV iQYeVWigaWed

(KXla & EUgeQ, 2021). DXe WR Whe laUge-Vcale faciliW\ Rf Whe iQWeUQaWiRQal aiUSRUW, Whe

SURceVV Rf iQWegUaWiQg BIM aQd FM iQYRlYed mXlWiSle SUacWiWiRQeUV WR cRllecW, ideQWif\,

aQd iQWegUaWe Whe daWa. The VSecificaWiRQV, ZaUUaQWieV, aQd Whe BIM mRdelV ZeUe

XSlRaded WR Whe SlaWfRUm VeSaUaWel\. AfWeUZaUdV, dedicaWed SUacWiWiRQeUV aVVRciaWe Whe

dRcXmeQWV ZiWh BIM elemeQWV. IQ VhRUW, liQkiQg SURjecW daWa ZiWh BIM RbjecWV iV

imSRUWaQW aQd haV beeQ imSlemeQWed iQWR bRWh academic aQd iQdXVWUial SURjecWV ZiWh

diffeUeQW mechaQiVmV aQd ZRUkflRZV.

MaQ\ UeVeaUch VWXdieV fRcXV RQ liQkiQg SURjecW iQfRUmaWiRQ WR BIM RbjecWV fRU

iQfRUmaWiRQ maQagemeQW, \eW Whe liQkageV amRQg Whe SaiUed iQfRUmaWiRQ, e.g. liQkageV

Rf ZRUk SackageV, haYe QRW beeQ Said gUeaW aWWeQWiRQ WR. IQ Sace ZiWh Whe gURZWh Rf Whe

QXmbeUV Rf ZRUk SackageV iQ Whe SURjecW daWa SRRl, a liQkiQg mechaQiVm VhRXld be

eVWabliVhed WR eQhaQce Whe TXaliW\ Zhile UeWUieYiQg ZRUk SackageV. Namel\, VimilaU

VcRSe Rf ZRUk SackageV VhRXld be UeWUieYed WRgeWheU WR UedXce Whe SRVVibiliW\ Rf miVViQg
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iQfRUmaWiRQ. TR achieYe Whe ZRUk Sackage liQkiQg, SaiUed iQfRUmaWiRQ iQ Whe ZRUk

Sackage VhRXld VeUYe QRW RQl\ Whe deWailV Rf Whe ZRUk, bXW alVR Whe ideQWiW\ amRQg ZRUk

SackageV fRU fiQdiQg VimilaU ZRUk SackageV. TheUefRUe, WhiV UeVeaUch SXWV mRUe

emShaViV RQ Whe ZRUk Sackage liQkiQg RYeU Whe liQkiQg beWZeeQ BIM elemeQWV aQd

SURjecW daWa becaXVe Whe ZRUk Sackage liQkiQg iV VcaUce \eW eVVeQWial WR Whe SURSRVed

aSSURach. The mechaQiVm Rf ZRUk Sackage liQkiQg iV elabRUaWed iQ Whe ZRUk Sackage

liQkiQg mRdXle.

5.2.2 MRGXOH 2: :RUN PDFNDJH PODQQLQJ DQG GHQHUDWLRQ

The maiQ SXUSRVe Rf WhiV mRdXle iV WR cRQVideU VWakehRldeUV SlaQQiQg WheiU ZRUk aQd

XWili]iQg Whe daWa fURm Whe daWa SUeSaUaWiRQ mRdXle WR geQeUaWe a VeUieV Rf ZRUk

SackageV. SSecificall\, a VeUieV Rf ZRUk SackageV aUe SURdXced fURm each W\Se Rf

VWakehRldeUV. TheVe ZRUk SackageV VWRUe SURjecW daWa iQ WhUee aVSecWV: elemeQWV,

meWadaWa, aQd deWailV Rf Whe ZRUk Sackage. IQ SaUWicXlaU, elemeQWV UecRUd Whe UelaWed

BIM elemeQWV Rf Whe ZRUk, Whe meWadaWa VWRUeV Whe baVic iQfRUmaWiRQ WR deVcUibe Whe

ZRUk Sackage, aQd laVWl\, Whe deWailV VWRUe Whe QRQ-geRmeWUic daWa Rf Whe ZRUk ZiWhiQ Whe

SURjecW daWa SRRl WR VSecif\ Whe WaVk. TheUefRUe, each ZRUk Sackage meaQiQgfXll\ gURXSV

SURjecW daWa WR e[SUeVV aQd elabRUaWe cRQVWUXcWiRQ ZRUkV.

AW Whe begiQQiQg Rf Whe SURjecW (FigXUe 27a), deVigQeUV VkeWch WheiU SUelimiQaU\ deVigQ

aQd add Whe deVigQ iQfRUmaWiRQ WR Whe eQgiQeeUiQg ZRUk SackageV (EWPV). BIM

elemeQWV, la\RXW, dRcXmeQWV, RU deWailed UeTXiUemeQWV ma\ be added WR Whe EWPV WR

aVViVW iQ Whe UefiQemeQW Rf Whe deVigQ. DXUiQg Whe SURceVV, SURcXUemeQW ZRUk SackageV

(PWPV) ma\ be cUeaWed fRU eTXiSmeQW, VeUYiceV, RU VXSSlieV fRU Whe fRllRZiQg

SURcXUemeQWV. AV Whe SURcXUemeQWV ma\ be caUUied RXW b\ aQ\ VWakehRldeUV, VeSaUaWiQg

SURcXUemeQW iQfRUmaWiRQ aV aQ iQdiYidXal ZRUk Sackage cRXld helS faciliWaWe Whe
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SURcXUemeQW SURceVV. OQce Whe deVigQ iV maWXUe aQd Uead\ fRU UeYieZiQg aQd deliYeUiQg,

cRQWUacWRUV eQgage iQ ZRUkiQg RQ Whe SlaQ fRU Whe cRQVWUXcWiRQ VWage.

OQce cRQWUacWRUV UeceiYe Whe QRWificaWiRQ fURm deVigQeUV (FigXUe 27b), Whe\ fRUmXlaWe

Whe cRQVWUXcWiRQ SlaQ aV cRQVWUXcWiRQ ZRUk SackageV (CWPV) b\ leYeUagiQg Whe

eQgiQeeUiQg aQd VXSSl\ chaiQ iQfRUmaWiRQ fURm EWPV aQd PWPV. The cRQWUacWRU cRXld

iQYeQWRU\ Whe maQSRZeU, UeVRXUceV, RU SeUmiWV fRU Whe WaVkV iQ Whe CWPV. OQce Whe

UeTXiUemeQWV liVWed iQ Whe CWP aUe checked, Whe CWP iV Uead\ WR iVVXe fRU cRQVWUXcWiRQ.

ThiV SURceVV aVVXUeV all WaVkV aUe Zell-SlaQQed befRUe cRQVWUXcWiRQ aQd Uead\ fRU

VXbcRQWUacWRUV WR fiQali]e Whe deWailV. AddiWiRQall\, if Whe cRQWUacWRU ZeUe UeVSRQVible fRU

Whe SURcXUemeQW, Whe cRQWUacWRU ZRXld be aVked WR XSdaWe Whe cRUUeVSRQdiQg PWP aQd

liQk iW WR Whe cRUUeVSRQdiQg CWPV WR maiQWaiQ Whe iQfRUmaWiRQ iQWegUiW\ Rf ZRUk

SackageV.

SXbcRQWUacWRUV RbWaiQ Whe cRQVWUXcWiRQ iQfRUmaWiRQ fURm CWPV aVVigQed b\ cRQWUacWRUV

(FigXUe 27c). TheQ, Whe\ dUafW WheiU e[ecXWiRQ SlaQ aV iQVWallaWiRQ ZRUk SackageV (IWPV)

fRU Whe VSecific WaVkV UelaWed WR Whe aVVigQed CWPV. IW iV ZRUWh QRWiQg WhaW Whe VcRSe Rf

RQe CWP cRXld cRYeU mXlWiSle VcRSeV Rf IWPV. ThiV iV becaXVe RQe CWP ma\ be

cRQdXcWed b\ VeYeUal VXbcRQWUacWRUV, aQd mXlWiSle IWPV ma\ liQk WR Whe Vame CWP.

FXUWheUmRUe, RQce each VXbcRQWUacWRU cRmSleWeV WheiU ZRUk aQd XSdaWeV Whe SURSeUWieV

iQ Whe IWP, cRQWUacWRUV cRXld check Whe SURgUeVV fURm WheiU CWPV dXe WR Whe liQkageV

beWZeeQ Whe CWPV aQd IWPV.
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FigXUe 27. PURceVV mRdelliQg Rf Whe ZRUk Sackage SlaQQiQg fRU VWakehRldeUV
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5.2.3 MRGXOH 3: :RUN PDFNDJH LLQNLQJ

The maiQ SXUSRVe Rf WhiV mRdXle iV WR liQk ZRUk SackageV geQeUaWed b\ all VWakehRldeUV

WhURXgh geRmeWUic aQd QRQ-geRmeWUic UelaWiRQVhiSV amRQg Whe ZRUk SackageV. WheQ

ZRUk SackageV aUe VhaUed WR Whe SURjecW daWa SRRl, Whe\ cRXld be aXWRmaWicall\ liQked b\

leYeUagiQg Whe SURSeUWieV fURm Whe ZRUk Sackage SlaQQiQg aQd geQeUaWiRQ mRdXle.

GeQeUall\, Whe ZRUk SackageV cRXld be liQked b\ geRmeWUic aQd QRQ-geRmeWUic

SURSeUWieV. IQ WeUmV Rf Whe liQkiQg Rf geRmeWUic SURSeUWieV, if Whe ZRUk SackageV UefeU WR

Whe Vame gURXS Rf elemeQWV, WhiV iQdicaWeV WhaW mXlWiSle VWakehRldeUV RU diVciSliQeV aUe

WaVked ZiWh Whe Vame deVigQ VcRSe. TheUefRUe, WheVe ZRUk SackageV VhRXld be liQked WR

aYRid SRVVible VSaWial RU Wime cRQflicWV dXUiQg Whe cRQVWUXcWiRQ VWage. AV WR Whe liQkiQg

Rf QRQ-geRmeWUic SURSeUWieV, ZRUk SackageV ma\ haYe VimilaU cRQVWUaiQWV, e.g. high

WemSeUaWXUe, high ZiQd VSeed, RU high hXmidiW\, Zhich haYe imSacWV RQ Whe SURdXcWiYiW\

Rf Whe SURjecW. B\ leYeUagiQg Whe liQkageV fURm Whe QRQ-geRmeWUic SURSeUWieV Rf ZRUk

SackageV, ViWe maQageUV cRXld SUeSaUe fRU WheVe XQe[SecWed ViWXaWiRQV ZiWh leVV

iQfRUmaWiRQ lRVV.

DXe WR Whe VimilaU fRUm Rf ZRUk SackageV acURVV SURjecW membeUV, Whe ZRUk SackageV

fURm diffeUeQW VWakehRldeUV cRXld be VhaUed WR Whe SURjecW daWa SRRl aQd UefeU WR each

RWheU (FigXUe 28). AmRQg all liQkage W\SeV, RYeUlaSSed WaUgeW elemeQWV, Vame

cRQVWUaiQWV, VeTXeQWial ZRUkV, aQd hieUaUch\ UelaWed ZRUk SackageV aUe Whe mRVW

cRmmRQ VceQaUiRV fRU addiQg liQkageV WR ZRUk SackageV. FiUVW, ZheQ WZR RU mRUe

cRQWUacWRUV aVVigQ Whe Vame BIM elemeQWV WR WheiU ZRUk Sackage, WheVe ZRUk SackageV

VhRXld geRmeWUicall\ liQk WRgeWheU dXe WR Whe SRVVible iQWeUfeUeQceV iQ WheiU cRQVWUXcWiRQ

SeUiRdV, VeTXeQceV, RU cRQflicWV. SecRQd, WheUe aUe YaUiRXV W\SeV Rf cRQVWUaiQWV fRU

deWeUmiQiQg Whe VeTXeQce Rf Whe ZRUkV aV Zell, VXch aV ZRUkiQg WemSeUaWXUe RU
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hXmidiW\. If ZRUk SackageV haYe Whe Vame cRQVWUaiQWV, WheVe ZRUk SackageV VhRXld be

liQked WRgeWheU WR XQdeUVWaQd Whe Vcale Rf Whe imSacWV XQdeU Whe imSRVed cRQVWUaiQWV.

ThiUd, ZRUk SackageV cRXld be liQked chURQRlRgicall\ WR ideQWif\ Whe VeTXeQceV Rf Whe

ZRUk SackageV. ThiV alVR SURYideV Whe iQfRUmaWiRQ fRU Whe ViWe maQageU fRU Whe SUeYiRXV

aQd Qe[W WaVkV Rf Whe cXUUeQW ZRUk Sackage. FiQall\, VWakehRldeUV fRllRZ Whe WBS WR

bUeak dRZQ Whe cRQVWUXcWiRQ acWiYiWieV iQWR maQageable Vi]eV aV a VeUieV Rf ZRUk

SackageV. TheVe fRUm a hieUaUch\ Rf ZRUk SackageV. B\ liQkiQg Whe ZRUk SackageV

accRUdiQg WR Whe hieUaUch\, Whe UelaWiRQVhiS amRQg Whe ZRUk SackageV caQ be cleaUl\

VhRZQ iQ a glRbal YieZ. IQ WhiV maQQeU Rf liQkageV, SURjecW membeUV caQ maiQWaiQ Whe

fle[ibiliW\ Rf iQfRUmaWiRQ maQagemeQW ZiWhiQ Whe Weam Zhile VimXlWaQeRXVl\

ma[imi]iQg Whe iQfRUmaWiRQ VhaUiQg.

FigXUe 28. The iQfRUmaWiRQ maQagemeQW cRQceSW fRU Whe SURjecW daWa SRRl

ASaUW fURm bXildiQg liQkageV diUecWl\ WhURXgh SURSeUWieV iQ ZRUk SackageV, cRUUelaWiRQ

Rf Whe ZRUk SackageV cRXld be fXUWheU aQal\]ed WR VWUeQgWheQ liQkageV amRQg ZRUk

SackageV. IQ facW, Whe calcXlaWiRQ Rf cRUUelaWiRQ cRefficieQW iV Zidel\ adRSWed b\

UecRmmeQdaWiRQ eQgiQeV iQ elecWURQic cRmmeUce WR aQal\]e Whe behaYiRU Rf cXVWRmeUV

fRU SUedicWiQg SUefeUeQceV. FRU e[amSle, aV VhRZQ iQ FigXUe 29, SURYideUV fURm YideR
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VWUeamiQg VeUYice cRllecW XVeUV¶ UaWiQgV Rf Whe VhRZV. B\ aQal\]iQg Whe cRUUelaWiRQ

beWZeeQ each XVeU aQd WheiU faYRUiWe VhRZV, Ze caQ ideQWif\ XVeUV ZiWh VimilaU WaVWeV Rf

Whe VhRZV. TheUefRUe, ZheQ a QeZ VhRZ iV liked b\ RQe XVeU, iW cRXld be UecRmmeQded

WR RWheU VimilaU XVeUV.

FigXUe 29. MechaQiVm Rf UecRmmeQdaWiRQ eQgiQeV

The calcXlaWiRQ Rf cRUUelaWiRQ cRefficieQW Zhich iV Whe cRUe Rf Whe UecRmmeQdaWiRQ

eQgiQeV caQ be imSlemeQWed WR ideQWif\ Whe VimilaUiW\ beWZeeQ ZRUk SackageV.

SSecificall\, becaXVe Whe ZRUk SackageV aUe cRmSRVed Rf mXlWiSle SaiUV Rf daWa aQd

BIM elemeQWV, cRUUelaWiRQ beWZeeQ ZRUk SackageV caQ be calcXlaWed b\ WheVe SaiUed

daWa. WRUk SackageV ZiWh VimilaU elemeQW-daWa SaiUV (EDPV) caQ be ideQWified aV VimilaU

ZRUk SackageV Zhich helS VWUeQgWheQ Whe liQkageV iQ Whe SURjecW daWa SRRl. FXUWheUmRUe,

Whe cRUUelaWiRQ cRefficieQW beWZeeQ ZRUk SackageV aUe iQVWaQWl\ XSdaWed eYeU\ Wime a

QeZ EDP iV added. ThiV makeV VXUe Whe liQkageV alZa\V UeflecW Whe UelaWiRQVhiS Rf

SURjecW daWa aQd allRZ WR cRQWiQXRXVl\ imSURYe Whe accXUac\ Rf Whe cRUUelaWiRQ. FRU
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e[amSle iQ FigXUe 30, deVigQeUV la\RXW Whe SiSiQg deVigQ aQd add VXSSRUWiQg dRcXmeQWV

VXch aV SXmS VSecificaWiRQ aQd SiSiQg la\RXW WR fiQali]e Whe EWP. OQ Whe RWheU haQd,

cRQWUacWRUV VkeWch Whe CWP ZiWh VimilaU VXSSRUWiQg dRcXmeQWV. AlWhRXgh Whe deVigQeUV

aQd cRQWUacWRUV ma\ ZRUk iQ diffeUeQW WeamV aQd Wime VchedXleV iQ Whe SURjecW lifec\cle,

aV lRQg aV Whe ZRUk SackageV cRQViVW Rf VimilaU EDPV, Whe VimilaUiW\ Rf WheVe ZRUk

SackageV aUe ideQWified b\ calcXlaWiQg WheiU cRUUelaWiRQ cRefficieQW. WRUk SackageV ZiWh

a high degUee Rf VimilaUiW\ caQ be liQked afWeUZaUdV. TheUefRUe, Whe liQkageV beWZeeQ

WheVe ZRUk SackageV aUe VWUeQgWheQed. BeVideV, Whe cRUUelaWiRQ cRefficieQW iV XSdaWed iQ

Sace ZiWh Whe SURjecW lifec\cle. Namel\, RQce Whe VWakehRldeUV add a QeZ EDP WR Whe

ZRUk Sackage, Whe liQkageV beWZeeQ Whe ZRUk SackageV aUe Ue-eYalXaWed WR UeflecW Whe

UelaWiRQVhiSV iQ Whe SURjecW daWa SRRl.

FigXUe 30. CRUUelaWiRQ beWZeeQ ZRUk SackageV fURm Whe VimilaUiW\ Rf elemeQW daWa SaiUV

(EDPV)
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TR imSlemeQW Whe algRUiWhm Rf cRUUelaWiRQ, maWhemaWical mRdelV VXch aV cRllabRUaWiYe

filWeUiQg Zhich cRmSXWeV Whe UelaWiRQVhiS beWZeeQ EDPV aQd ZRUk SackageV caQ be

adRSWed. GeQeUall\, WheUe aUe imSliciW aQd e[SliciW UelaWiRQVhiSV beWZeeQ EDPV aQd ZRUk

SackageV. ImSliciW UelaWiRQVhiSV aUe Whe UelaWiRQVhiSV QRW diUecWl\ ideQWified. FRU

e[amSle, Whe RUdeU Rf Whe EDPV added WR Whe ZRUk SackageV QRUmall\ UeflecWV Whe

imSRUWaQce Rf Whe EDP. Namel\, Whe mRUe UeleYaQW daWa iV added befRUe Whe RWheU daWa.

AQRWheU e[amSle iV WhaW Whe QXmbeU Rf YieZ WimeV fRU each EDP iQ Whe ZRUk Sackage

iQdicaWeV Whe imSRUWaQce Rf Whe EDPV. The imSRUWaQW EDPV geQeUall\ UeceiYe mRUe

YieZV WhaQ Whe RWheUV. OQ Whe RWheU haQd, e[SliciW UelaWiRQVhiSV aUe defiQed b\

VWakehRldeUV ZhR add RU UemRYe EDPV WR ZRUk SackageV. ThiV giYeV a geQeUal idea Rf

Zhich EDPV iQ Whe SURjecW daWa SRRl aUe UeleYaQW WR Whe ZRUk Sackage. TheUefRUe, b\

XWili]iQg Whe imSliciW aQd e[SliciW UelaWiRQVhiSV iQ Whe maWhemaWical mRdelV Rf

UecRmmeQdaWiRQ eQgiQeV, Whe imSRUWaQce UaWiQg Rf each EDP WR Whe ZRUk Sackage caQ

be ideQWified aQd VeUYeV aV Whe fRXQdaWiRQ Rf cRmSXWiQg Whe cRUUelaWiRQ beWZeeQ ZRUk

SackageV. TheQ, Whe cRUUelaWiRQ iV XVed aV Whe iQdicaWRU WR fRUm Whe liQkageV beWZeeQ

ZRUk SackageV.

5.2.4 MRGXOH 4: :RUN PDFNDJH 8SGDWLQJ

The maiQ SXUSRVe Rf WhiV mRdXle iV WR d\Qamicall\ XSdaWe Whe liQkageV ZheQ ZRUk

SackageV aUe XSdaWed WhURXghRXW Whe SURjecW lifec\cle. WheQeYeU deVigQ chaQgeV RccXU,

mXlWiSle VWakehRldeUV ma\ VimXlWaQeRXVl\ XSdaWe WheiU WaVkV. DXUiQg Whe SURceVV,

SURjecW daWa SaiUV iQ Whe ZRUk Sackage ma\ be UegURXSed WR UeflecW Whe chaQgeV. The

ZRUk Sackage meWadaWa, VXch aV VWaUW Wime, ma\ be XSdaWed aV Zell. B\ liQkiQg Whe ZRUk

SackageV WhURXgh SURSeUWieV iQVWead Rf VeQdiQg deVigQ maWeUial, each VWakehRldeU iV able
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WR acceVV Whe laWeVW ZRUk SackageV ZiWhRXW cRmSle[ TXeU\iQg RU cRmmXQicaWiQg. EYeU\

chaQge iQ Whe ZRUk SackageV caXVeV Whe ZRUk Sackage liQkiQg algRUiWhm WR XSdaWe Whe

liQkageV.

FigXUe 27d illXVWUaWeV Whe deWailed XSdaWiQg SURceVV fRU VWakehRldeUV iQ UeVSRQVe WR

deVigQ chaQgeV. WheQ aQ\ chaQge RccXUV, mRVW VWakehRldeUV aUe UeTXiUed WR XSdaWe WheiU

ZRUk SlaQ WR aligQ WR Whe laWeVW deVigQ. AV eYeU\ ZRUk Sackage iV VeSaUaWe fURm Whe

RWheUV, deVigQeUV, cRQWUacWRUV, aQd VXbcRQWUacWRUV cRXld mRdif\ WheiU ZRUk SackageV

VimXlWaQeRXVl\ WR UeflecW WheiU SaUWV Rf Whe deVigQ. HRZeYeU, VRme Rf Whe ZRUkV ma\

Qeed XSdaWeV fURm RWheU VWakehRldeUV VXch aV, fRU iQVWaQce, ZaiWiQg fRU Whe flRRU SlaQ

la\RXW fURm deVigQeUV. IQ WheVe caVeV, cRQWUacWRUV cRXld UeceiYe Whe iQfRUmaWiRQ

immediaWel\ RQce Whe deVigQeU fiQali]eV Whe EWP WhURXgh Whe liQkageV amRQg WheiU

ZRUk SackageV. SimilaUl\, VXbcRQWUacWRUV cRXld mRdif\ WheiU IWPV baVed RQ Whe XSdaWeV

Rf CWPV. IQ VhRUW, VWakehRldeUV cRXld faciliWaWe WheiU ZRUk SackageV ZiWhRXW affecWiQg

RWheUV. FXUWheUmRUe, RQce Whe VWakehRldeUV XSdaWe WheiU ZRUk SackageV, Whe UeVW Rf

VWakehRldeUV UeceiYe Whe XSdaWeV VimXlWaQeRXVl\. ThiV ma[imi]eV Whe efficieQc\ Rf

iQfRUmaWiRQ VhaUiQg aQd XVage.
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5.3 CDVH SWXG\

5.3.1 BDFNJURXQG

The CRckbXUQ CemeQW SURjecW ViWe lRcaWed iQ DRQgaUa ZaV chRVeQ aV a WeVW field. The

SUeheaWeU WRZeU VWeelZRUk iV deWeUiRUaWiQg dXe WR e[SRVXUe. The SURjecW aimed WR UeWXUQ

Whe VWUXcWXUe WR iWV aV-cRQVWUXcWed VWUXcWXUal iQWegUiW\. The fiUVW VWage Rf Whe

UefXUbiVhmeQW ZaV RQ LeYel 5 aQd 6 Rf Whe SUeheaWeU WRZeU, begiQQiQg iQ ASUil 2018

ZiWh a SURjecW dXUaWiRQ Rf WhiUW\ ZeekV. DXe WR Whe Vmall Vcale Rf Whe SlaQW aQd Whe

UefXUbiVhmeQW, iW ZaV SRVVible WR RbVeUYe Whe eQWiUe SURjecW lifec\cle. AV a UeVXlW, Whe

SURSRVed aSSURach iQ each VWage Rf Whe SURjecW cRXld be eYalXaWed. B\ imSlemeQWiQg Whe

SURSRVed fUameZRUk, Whe iQcUeaViQg amRXQW Rf SURjecW iQfRUmaWiRQ aimV RQl\ WR be

aYailable WR all SURjecW VWakehRldeUV, bXW alVR diVWUibXWed WR Whe UighW SeUVRQ aW Whe UighW

Wime.

5.3.2 S\VWHP AUFKLWHFWXUH

TR WeVW Whe feaVibiliW\ Rf Whe SURSRVed aSSURach, a V\VWem SURWRW\Se ZaV deYelRSed.

FigXUe 31 VhRZV Whe RYeUall V\VWem aUchiWecWXUe, Zhich iQclXdeV Whe aSSlicaWiRQ

SURgUammiQg iQWeUface (API) gaWeZa\, BIM mRdel YieZeU, ZRUk SackagiQg, aQd ZRUk

Sackage liQkiQg mRdXleV. Each mRdXle iV iQdeSeQdeQW aQd cRmmXQicaWeV WhURXgh

VWaQdaUdi]ed Vchema RU eYeQWV. ThiV eQVXUeV Whe VcalabiliW\ Rf Whe V\VWem WR adaSW WR Whe

QeedV Rf YaUiRXV SURjecWV. FRU iQVWaQce, if Whe geRmeWUic mRdel Rf Whe SURjecW iV cRmSle[,

Whe BIM mRdel YieZeU mRdXle ma\ Vcale XS iWV SeUfRUmaQce ZiWhRXW iQWeUfeUiQg ZiWh

Whe RWheU mRdXleV. AQRWheU e[amSle iV WhaW if addiWiRQal aQal\ViV Rf ZRUk SackageV

liQkiQg iV UeTXiUed, QeZ aQal\Wical lRgic cRXld be added WR Whe cXUUeQW mRdXleV ZiWhRXW

affecWiQg RWheU mRdXleV.
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The Zeb XVeU iQWeUface (UI) (FigXUe 31a) iV Whe maiQ iQWeUface fRU V\VWem iQWeUacWiRQ. AV

Whe iQWeUface cRXld UXQ ideQWicall\ RQ diffeUeQW SlaWfRUmV, eYeU\ VWakehRldeU cRXld

iQWeUacW ZiWh Whe V\VWem ZiWhRXW lRcal iQVWallaWiRQ. FXUWheUmRUe, b\ VeSaUaWiQg Whe Zeb

XVeU iQWeUface fURm Whe back-eQd aUchiWecWXUe (FigXUe 31b-e), Whe XVeU iQWeUface cRXld be

cXVWRmi]ed fRU each SURjecW WR meeW VSecific ZRUkflRZ RU daWa QeedV.

The API gaWeZa\ (FigXUe 31b) iV Whe gaWe Rf Whe back-eQd aUchiWecWXUe. IW SURYideV a

VWaQdaUdi]ed iQWeUface fRU cRmmXQicaWiQg beWZeeQ Whe V\VWem lRgic aQd Whe XVeU

iQWeUfaceV. SSecificall\, fURQW-eQd XVeU iQWeUfaceV e[chaQge daWa WhURXgh h\SeUWe[W

WUaQVfeU SURWRcRl (HTTP) UeTXeVWV WR acceVV bRWh mRdelV aQd ZRUk SackageV. IW iV ZRUWh

meQWiRQiQg WhaW ZiWh a dedicaWed mRdXle fRU haQdliQg UeTXeVWV, SURjecW daWa VXch aV

mRdelV, ZRUk SackageV, aQd liQkageV cRXld be SURWecWed fURm XQe[SecWed

maQiSXlaWiRQV. SSecificall\, RQl\ aXWhRUi]ed RSeUaWiRQV cRXld SaVV Whe API gaWeZa\ aQd

WheQ maQiSXlaWe SURjecW daWa. AddiWiRQall\, WhiV mRdXle cRXld alVR diVWUibXWe Whe lRadiQg

Rf each mRdXle. The cRmSXWiQg UeVRXUceV Rf Whe back-eQd VeUYiceV cRXld be Vcaled XS

ZheQ Qeeded ZiWhRXW VhXWWiQg dRZQ Whe eQWiUe back-eQd VeUYice.

The BIM TXeU\ mRdXle (FigXUe 31c) VeUYeV aV Whe BIM daWabaVe aQd SURYideV

YiVXali]aWiRQ WRRlV fRU Whe V\VWem. GeRmeWUic-VSecific RSeUaWiRQV VXch aV SaiUiQg SURjecW

daWa aUe fXlfilled b\ dedicaWed e[WeQViRQV iQ Whe BIM mRdel YieZeU. ElemeQW daWa SaiUV

UeTXiUed b\ Whe daWa SUeSaUaWiRQ mRdXle Rf Whe SURSRVed fUameZRUk aUe cUeaWed aQd

VWRUed iQ Whe daWabaVe. FRU QRQ-geRmeWUic daWa, WhiV mRdXle TXeUieV aQd SaVVeV elemeQW

daWa WR Whe RWheU mRdXleV fRU fXUWheU daWa maQiSXlaWiRQ. IQ VXmmaU\, Whe BIM mRdel

YieZeU mRdXle VeUYeV aV a fRXQdaWiRQ fRU RWheU mRdXleV WR iQWeUacW ZiWh BIM mRdelV.

The ZRUk SackagiQg mRdXle (FigXUe 31d) iV Whe iQWegUaWRU Rf Whe V\VWem, SackagiQg Whe

geRmeWUic aQd SURjecW daWa. ThiV mRdXle SeUfRUmV Whe SUimaU\ RSeUaWiRQV iQclXdiQg daWa
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SUeSaUaWiRQ aQd ZRUk Sackage SlaQQiQg iQ Whe fUameZRUk Rf Whe BIM-eQabled ZRUk

SackagiQg. IQ WhiV mRdXle, ZRUk Sackage daWa aQd UelaWed fileV aUe VWRUed iQ Whe

daWabaVe. The mRdXle SeUfRUmV cUeaWe, Uead, XSdaWe, aQd deleWe (CRUD) RSeUaWiRQV

baVed RQ Whe UeTXeVWV fURm Whe API gaWeZa\. FXUWheUmRUe, RQce ZRUk SackageV aUe

cUeaWed RU XSdaWed, aQ eYeQW iV VeQW WR Whe ZRUk SackageV liQkiQg mRdXle WR iQiWiaWe Whe

lRgic Rf Whe liQkage aQal\ViV.

LaVWl\, Whe ZRUk SackageV liQkiQg mRdXle (FigXUe 31e) aQal\VeV Whe ZRUk SackageV aQd

geQeUaWeV liQkageV ZheQeYeU Whe ZRUk Sackage daWabaVe chaQgeV. The aQal\ViV UeVXlWV

aUe VWRUed aV ZRUk Sackage liQkageV iQ Whe daWabaVe. ThiV mRdXle allRZV fRU SRVVible

ideQWificaWiRQ Rf UelaWed ZRUk SackageV, Zhich iV eVVeQWial fRU cRllabRUaWiRQ acURVV

VWakehRldeUV. I.e., ZheQ a ZRUk Sackage iV XSdaWed, Whe aVVigQeeV Rf Whe UelaWed ZRUk

SackageV cRXld be QRWified aQd UeacW WR Whe chaQge. IQ WeUmV Rf Whe liQkiQg lRgic,

geQeUall\, ZRUk SackageV cRXld be liQked b\ UefeUUiQg WR Whe Vame elemeQWV, haYiQg Whe

Vame cRQVWUaiQWV, b\ WheiU VeTXeQWial RUdeU, RU b\ Whe hieUaUch\ Rf ZRUk SackageV. ThiV

lRgic iV called RQce Whe eYeQW Rf a ZRUk Sackage chaQge iV VeQW. HRZeYeU, aV Whe liQkiQg

lRgic ma\ diffeU fURm SURjecW WR SURjecW, iW iV imSRUWaQW WR eQVXUe WhaW WheUe iV

e[SaQdabiliW\ iQ Whe mRdXle. AV Whe mRdXle iV VeSaUaWed, WheUe iV a SRVVibiliW\ Rf

e[SaQdiQg Whe liQkiQg lRgic ZiWhRXW iQWeUfeUiQg ZiWh Whe V\VWem.
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FigXUe 31. S\VWem aUchiWecWXUe fRU Whe BIM-eQabled ZRUk SackagiQg

BaVed RQ Whe afRUemeQWiRQed V\VWem aUchiWecWXUe, a V\VWem fUameZRUk ZiWh daWa la\eUV,

a lRgic la\eU, aQd aQ iQWeUface la\eU ZaV deVigQed aV VhRZQ iQ FigXUe 32. ThiV

aUchiWecWXUe leYeUageV Whe SRZeU Rf clRXd cRmSXWiQg aQd VeUYeUleVV cRQceSWV fRU

fle[ibiliW\ iQ Whe SeUfRUmaQce aQd e[SaQdabiliW\ Rf Whe V\VWem. FiUVW, Whe daWa la\eU

imSlemeQWV clRXd VeUYiceV WR VWRUe BIM mRdelV, ZRUk SackageV, aWWachmeQWV fURm ZRUk

SackageV, aQd ZRUk Sackage liQkageV. DXe WR YaU\iQg daWa fRUmaWV, fRXU daWabaVe

VeUYiceV iQclXdiQg AXWRdeVk FRUge, Ama]RQ Web SeUYice (AWS) D\QamRDB, AWS S3,

aQd AWS D\QamRDB SWUeam ZeUe VelecWed. TR elabRUaWe RQ Whe daWabaVeV, Whe BIM

mRdelV aUe VWRUed iQ AXWRdeVk FRUge, Zhich iV dedicaWed WR haQdliQg Whe geRmeWUic aQd

QRQ-geRmeWUic daWa Rf Whe BIM mRdelV. Ne[W, ZRUk SackageV aUe VWRUed iQ AWS

D\QamRDB, Zhich iV a faVW aQd fle[ible QRW RQl\ VWUXcWXUed TXeU\ laQgXage (NRSQL)

daWabaVe VeUYice. WRUk Sackage daWa cRXld be VWRUed aV URZV iQ a VeUieV Rf WableV
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ZiWhRXW cRQVideUaWiRQ Rf Whe maQagemeQW Rf Whe VeUYeU. Ne[W, Whe aWWachmeQWV aUe VWRUed

b\ Whe AWS S3 VeUYice, Zhich iV a highl\ Vcalable clRXd RbjecW VWRUage VeUYice. LaVWl\,

Whe liQkageV aUe VWRUed b\ leYeUagiQg Whe AWS D\QamRDB SWUeam, Zhich caSWXUeV a

Wime-RUdeUed VeTXeQce Rf mRdificaWiRQ iQ D\QamRDB WableV. OQce Whe ZRUk Sackage

WableV aUe XSdaWed, AWS D\QamRDB SWUeam caSWXUeV Whe XSdaWeV aQd Whe liQkageV aUe

aQal\Ved cRUUeVSRQdiQgl\. ThXV, b\ leYeUagiQg Whe VeUYeUleVV cRQceSW Rf daWabaVe

VeUYiceV, Whe deVigQed daWabaVeV aUe Vcalable aQd hRVWed RQ Whe clRXd. All daWa W\SeV iQ

Whe SURSRVed V\VWem cRXld be maQaged ZiWhRXW cRQVideUiQg Whe SRZeU RU VWRUage RQ

VeUYeUV, aV Whe VeUYiceV cRXld adaSW immediaWel\ WR cRmSXWiQg SRZeU RU VWRUage QeedV

fURm eYeU\ SURjecW.

The lRgic la\eU haQdleV Whe UeTXeVWV fURm Whe iQWeUfaceV aQd Whe daWabaVe RSeUaWiRQV iQ

Whe V\VWem aUchiWecWXUe. TheUe aUe WhUee majRU lRgicV iQVide Whe lRgic la\eU: Whe mRdel

YieZeU lRgic, ZRUk SackagiQg lRgic, aQd ZRUk Sackage liQkiQg lRgic. FiUVW, Whe mRdel

YieZeU lRgic adRSWV Whe AXWRdeVk FRUge SlaWfRUm fRU maQiSXlaWiQg Whe BIM mRdelV

accRUdiQg WR UeTXeVWV fURm Whe iQWeUface la\eU. SecRQd, Whe ZRUk SackagiQg lRgic

imSlemeQWV AWS Lambda, Zhich iV a cRmSXWiQg VeUYice WhaW hRVWV cRde RQ Whe clRXd.

The CRUD RSeUaWiRQV Rf ZRUk SackageV aUe UXQ RQ Whe clRXd aQd aUe WUiggeUed b\ Whe

iQWeUface la\eU. The VSecialW\ Rf Whe AWS Lambda iV WhaW iW aXWRmaWicall\ VcaleV Whe

aSSlicaWiRQ Zhile UXQQiQg cRde, Zhich SURdXceV cRQViVWeQW SeUfRUmaQce. ThiUd, Whe

ZRUk Sackage liQkiQg lRgic UXQV cRde RQ AWS Lambda aV Zell. AV Whe liQkiQg lRgicV

ma\ YaU\ beWZeeQ SURjecWV, Whe VcalabiliW\ aQd e[SaQdabiliW\ Rf AWS Lambda SURYideV

a SRVVible meaQV Rf SRZeUfXll\ aQal\ViQg ZRUk SackageV aQd addiQg e[WUa liQkiQg lRgic.

The iQWeUface la\eU acWV aV Whe fURQW dRRU Rf Whe VeUYice. AWS API GaWeZa\ iV adRSWed,

Zhich cRXld cUeaWe UeSUeVeQWaWiRQal VWaWe WUaQVfeU (RESTfXl) APIV. TheVe APIV aUe
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fle[ible, haQdliQg mXlWiSle W\SeV Rf callV aQd deliYeUiQg Whe cRUUeVSRQdiQg VeUYiceV.

FXUWheUmRUe, iW iV caSable Rf haQdliQg laUge amRXQWV Rf WUaffic aQd aXWhRUi]aWiRQV fURm

all SURjecW VWakehRldeUV. OYeUall, b\ adRSWiQg API GaWeZa\, Whe iQWeUface la\eU SURYideV

fle[ible aQd VecXUe cRQWURl Rf Whe VeUYice aW aQ\ Vcale.

FigXUe 32. S\VWem fUameZRUk fRU Whe BIM-eQabled ZRUk SackagiQg

5.3.3 MRGXOH 1: DDWD PUHSDUDWLRQ

FRllRZiQg Whe fUameZRUk Rf Whe BIM-eQabled ZRUk SackagiQg, VWakehRldeUV add WheiU

daWa WR Whe SURjecW daWa SRRl aQd SaiU WheiU daWa ZiWh BIM elemeQWV aV mXch aV SRVVible.

AV VhRZQ iQ FigXUe 33, ZheQ RSeQiQg Whe cUeaWe elemeQW daWa SaiU dialRg, SURjecW daWa

cRXld be added RQ Whe lefW Rf Whe dialRg. VaUiRXV iQfRUmaWiRQ fRUmaWV iQclXdiQg fileV,

deVcUiSWiRQV, aQd checkbR[eV cRXld be added. OQ Whe UighW Rf Whe dialRg, a BIM mRdel iV

lRaded WhURXgh Whe YieZeU WR TXeU\ aQd VelecW Whe UelaWed elemeQWV. IQ WhiV e[amSle, Whe

checkeU SlaWe elemeQW RQ Whe WRS leYel iV SaiUed ZiWh Whe checkliVW. The SURceVV aVVXUeV
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VSaWial daWa aUe added WR Whe SURjecW iQfRUmaWiRQ, Zhich VeUYeV aV Whe fRXQdaWiRQ fRU Whe

ZRUk SackageV. IQ VRme caVeV, SURjecW daWa iV QRW VSecific WR ceUWaiQ BIM elemeQWV, VXch

aV SeUmiWV, \eW Whe daWa cRXld VWill be added iQ Whe daWa SUeSaUaWiRQ VWage. AV VhRZQ iQ

FigXUe 34, a SeUmiW checkliVW ZiWh WZR check iWemV iV added ZiWhRXW SaiUiQg ZiWh BIM

elemeQWV. ThiV VhRZV WhaW Whe Vchema iQ Whe daWabaVe iV fle[ible WR fiW Whe YaUiRXV W\SeV

Rf SURjecW daWa.

IQ bUief, iQ Whe daWa SUeSaUaWiRQ VWage, laUge amRXQWV Rf SURjecW daWa aUe VWRUed iQ Whe

daWabaVe. The SURjecW daWa ma\ be VWRUed iQ VlighWl\ diffeUeQW VchemaV dXe WR Whe

VSecificV Rf Whe daWa fRUmaW. NeYeUWheleVV, b\ leYeUagiQg Whe NRSQL daWabaVe, SURjecW

daWa iV RUgaQi]ed iQ a ViQgle lRcaWiRQ aQd cRXld VeUYe aV Whe fRXQdaWiRQ fRU BIM-eQabled

ZRUk SackagiQg iQ Whe Qe[W VWage.

FigXUe 33. PaiUiQg BIM elemeQWV WR a TXaliW\ iQVSecWiRQ checkliVW
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FigXUe 34. A Siece Rf SURjecW daWa ZiWhRXW BIM elemeQWV

5.3.4 MRGXOH 2: :RUN PDFNDJH PODQQLQJ DQG GHQHUDWLRQ

Each VWakehRldeU RXWliQeV ZRUk SackageV aQd XWili]eV Whe SaiUed SURjecW daWa WR deWail

WheiU ZRUk. AV SURjecW daWa aUe SaiUed WR BIM elemeQWV iQ Whe daWa SUeSaUaWiRQ VWage, Whe

cRUUeVSRQdiQg BIM elemeQWV aUe aXWRmaWicall\ liQked WR Whe ZRUk SackageV ZheQ Whe

daWa aUe added. ThiV SURceVV elimiQaWeV SRWeQWial hXmaQ eUURUV ZheQ VWakehRldeUV

maQXall\ add SaiUV Rf elemeQWV aQd SURjecW daWa WR ZRUk SackageV. OQce Whe deWailed

ZRUk SackageV aUe VeQW WR Whe V\VWem, Whe AWS D\QamRDB VWRUeV Whe daWa iQ WableV aQd

WheQ QRWifieV Whe ZRUk Sackage liQkiQg mRdXle fRU fXUWheU aQal\ViV WhURXgh AWS

D\QamRDB SWUeam. 91 ZRUk SackageV iQclXdiQg 4 EWPV, 23 CWPV, 61 IWPV, aQd 3

PWPV ZeUe cUeaWed, aV VhRZQ iQ FigXUe 35.
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FigXUe 35. 91 ZRUk SackageV ZiWh 4 EWPV, 23 CWPV, 61 IWPV, aQd 3 PWPV

FigXUe 36 aQd FigXUe 37 SUeVeQW e[amSleV Rf ZRUk SackageV. HeUe, Whe cRQWUacWRU iV

RXWliQiQg Whe SiSiQg iQVWallaWiRQ ZRUk Sackage. The geQeUal deVcUiSWiRQ aQd baVic

iQfRUmaWiRQ aUe added aV VhRZQ iQ FigXUe 36. TR eQUich Whe deWailV Rf Whe ZRUk Sackage,

cRQWUacWRUV cRXld add SURSeUWieV WhaW aUe elemeQW daWa SaiUV fURm Whe daWa SUeSaUaWiRQ

VWage WR Whe ZRUk Sackage aV VhRZQ iQ FigXUe 37. TheQ, Whe UelaWed BIM elemeQWV aUe

aXWRmaWicall\ added WR Whe ZRUk Sackage b\ leYeUagiQg Whe UeVXlWV fURm Whe daWa

SUeSaUaWiRQ VWage (FigXUe 36). AfWeU RXWliQiQg Whe ZRUk SackageV, alRQg ZiWh Whe

cRQVWUXcWiRQ VWage, VWakehRldeUV cRXld XSdaWe aW aQ\ Wime Whe VWaWXV Rf Whe ZRUk

SackageV WR UeflecW Whe SURgUeVV RQ ViWe. FRU iQVWaQce, ZheQ cRQWUacWRUV check Whe liVW fRU

Whe ZRUkVSace (FigXUe 37), Whe SeUceQWage Rf Whe ³ZRUkVSace´ gURXS XSdaWeV iQVWaQWl\.

ThiV SURYideV cRQWUacWRUV aQ imSURYed XQdeUVWaQdiQg Rf Whe SURgUeVV RQ each SaUW Rf Whe

WaVkV iQ a ZRUk Sackage ZiWhRXW cRQWiQXRXVl\ VeaUchiQg fRU UelaWed iQfRUmaWiRQ.
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FigXUe 36. GeQeUal deVcUiSWiRQ aQd UelaWed BIM elemeQWV fRU Whe SiSiQg iQVWallaWiRQ

ZRUk Sackage

IQ VhRUW, ZiWh ZRUk b\ all VWakehRldeUV, SURjecW daWa cRXld be RUgaQi]ed WhURXgh Whe

SURceVV Rf deWailiQg aQd XSdaWiQg ZRUk SackageV. WRUk SackageV aUe VWRUed iQ Whe clRXd

daWabaVe aQd Whe liQkage aQal\ViV cRXld be WUiggeUed b\ eYeQWV ZheQ ZRUk SackageV aUe

XSdaWed. The VWUXcWXUed daWa QRW RQl\ helSV mRQiWRU Whe ViWe cRQdiWiRQ, bXW alVR UedXceV

SRWeQWial iQfRUmaWiRQ eUURUV Zhile XWili]iQg SURjecW daWa.
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FigXUe 37. PURjecW daWa added WR Whe SiSiQg iQVWallaWiRQ ZRUk Sackage
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5.3.5 MRGXOH 3: :RUN PDFNDJH LLQNLQJ

B\ cRllecWiQg ZRUk SackageV fURm all VWakehRldeUV, Whe liQkage aQal\ViV cRXld be

cRQdXcWed WR deWeUmiQe Whe UelaWiRQVhiSV beWZeeQ SURjecW ZRUk SackageV. IQ Whe ZRUk

Sackage liQkiQg VWage, afWeU Whe ZRUk Sackage XSdaWe eYeQW iV UeceiYed, Whe lRgic iQ Whe

mRdXleV aQal\VeV Whe XSdaWed ZRUk Sackage aQd VWRUeV Whe liQkageV iQ Whe liQkage Wable,

Zhich iV hRVWed b\ Whe AWS D\QamRDB VeUYice. TheUe ZeUe 609 liQkageV

aXWRmaWicall\ geQeUaWed fURm Whe VSaWial UelaWiRQVhiSV beWZeeQ Whe ZRUk SackageV iQ

WhiV SURjecW. The VWRUed liQkageV VXggeVW UelaWed ZRUk SackageV WR VWakehRldeUV, Zhich

SURYide aQ efficieQW XVage Rf Whe SURjecW daWa b\ acTXiUiQg aV mXch SURjecW daWa aV

SRVVible Zhile maQagiQg ZRUk SackageV. FRU e[amSle, VWakehRldeUV cRXld eaVil\

XQdeUVWaQd Whe deWailV aQd SURgUeVV Rf UelaWed ZRUk SackageV fURm aQRWheU VWakehRldeU

b\ e[amiQiQg ke\ SURSeUWieV VXch aV VWaWXV, checkliVWV, RU WableV iQ Whe ZRUk Sackage

caUd aV VhRZQ iQ FigXUe 38. FXUWheUmRUe, if mRUe iQfRUmaWiRQ iV UeTXiUed fURm Whe

UelaWed ZRUk SackageV, VWakehRldeUV cRXld click Whe liQk WR QaYigaWe WR Whe deWailV Rf Whe

UelaWed ZRUk Sackage.
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FigXUe 38. A UelaWed EWP SUeVeQWed iQ a SiSiQg IWP

AlWhRXgh Whe liQkage lRgic ma\ YaU\ dXe WR VSecific SURjecW UeTXiUemeQWV, SURjecW daWa

SaiUed ZiWh BIM elemeQWV aUe eVVeQWial fRU Whe aQal\ViV aV iW SURYideV a VSaWial

dimeQViRQ fRU UefeUeQce. IW caQ be ideQWified WhaW a VeUieV Rf ZRUk SackageV UefeUV WR Whe

Vame WaUgeWV Rf BIM elemeQWV. The UelaWiRQ beWZeeQ WheVe ZRUk SackageV cRXld WheQ be

fXUWheU cRQfiUmed. B\ leYeUagiQg Whe AWS Lambda VeUYice, all liQkiQg lRgic iV

iQdeSeQdeQW aQd hRVWed RQ clRXd. The SeUfRUmaQce Rf Whe aQal\ViV cRXld be Vcaled

ZheQeYeU Qeeded. AddiWiRQall\, liQkiQg lRgic cRXld be added aW aQ\ Wime ZiWhRXW

iQWeUfeUiQg ZiWh RWheU lRgic. ThiV meeWV Whe QeedV Rf ZRUk Sackage liQkiQg aV Whe lRgicV

cRXld be cXVWRmi]ed SURjecW b\ SURjecW.

FRXU baVic liQkiQg lRgicV ZeUe adRSWed: liQkiQg b\ Whe Vame BIM elemeQWV, b\ Whe Vame

cRQVWUaiQWV, iQ chURQRlRgical RUdeU, aQd b\ Whe hieUaUch\ Rf ZRUk SackageV. FiUVW, Whe
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ZRUk SackageV UefeUUiQg WR Whe Vame BIM elemeQWV aUe liQked. ThiV VXggeVWV Whe ZRUk

SackageV WR VWakehRldeUV ZhRVe ZRUk SackageV haYe Whe Vame WaUgeWV. SecRQd, Whe ZRUk

SackageV aUe liQked if Whe\ add Whe Vame SURjecW daWa SaiUV. ThiV iV becaXVe if WZR ZRUk

SackageV aUe added WR Whe Vame SURjecW daWa SaiUV, Whe\ ma\ haYe Whe Vame cRQVWUaiQWV WR

cRmSleWe WheiU ZRUk. ThiV VhRZV Whe imSacW Rf cRQVWUaiQWV WR Whe ZRUk SackageV iQ Whe

SURjecW. ThiUd, ZRUk SackageV cRXld be liQked chURQRlRgicall\ b\ ideQWif\iQg Whe

e[ecXWiRQ Wime SeUiRd RQ Whe SURjecW VchedXle. ThiV illXVWUaWeV Whe RUdeU Rf ZRUk

SackageV aQd SURYideV a glRbal YieZ Rf Whe VchedXle iQ Whe SURjecW. LaVWl\, SackageV

cRXld be liQked b\ Whe hieUaUch\ Rf ZRUk SackageV, Zhich iV UecRUded fURm each

VWakehRldeU Zhile Whe\ maQage WheiU RZQ ZRUk SackageV. ThiV helSV iQ XQdeUVWaQdiQg

Whe VWUXcWXUe Rf Whe ZRUk iQ each diVciSliQe.

FigXUe 39 aQd FigXUe 40 VhRZ aQ e[amSle Rf Whe liQkageV fRU ³SWUXcWXUal fabUicaWiRQ RL

44.232 WR RL 53.092´, Zhich iV a CWP liQked WR RQe EWP aQd WZeQW\-Vi[ IWPV. The

liQkageV ZeUe cUeaWed fRllRZiQg Whe lRgic Rf Whe BIM elemeQWV aQd Whe hieUaUch\ Rf

ZRUk SackageV. SSecificall\, Whe liQkageV ZeUe cUeaWed beWZeeQ Whe EWP aQd CWPV

ViQce Whe EWP iQ FigXUe 39 cRQWaiQV all Rf Whe BIM elemeQWV iQ Whe CWP aQd Whe EWP

W\Se iV RQ Whe XSSeU leYel Rf hieUaUch\ aV cRmSaUed WR Whe CWP. IQ FigXUe 40, fRllRZiQg

Whe Vame lRgic, Whe CWP cRQWaiQV all Whe BIM elemeQWV iQ each IWP aQd iV iQ Whe higheU

hieUaUchical SRViWiRQ. CRQVeTXeQWl\, Whe liQkageV fRU Whe CWP SURYide iQVighW fRU

e[SlRUiQg Whe UelaWed SURjecW daWa. ThXV, Whe UelaWiRQVhiSV beWZeeQ ZRUk SackageV cRXld

be fRUmali]ed. SWakehRldeUV cRXld WUace Whe SURjecW daWa WhURXgh RQe ZRUk Sackage WR

aQRWheU WR XQdeUVWaQd Whe eQWiUe SicWXUe ZiWhRXW Whe Wime-cRQVXmiQg ZRUk Rf TXeU\iQg

fRU SURjecW iQfRUmaWiRQ.
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FigXUe 39. The EWP ³SWUXcWXUal UeSaiU fURm RL 53.092 WR RL 44.232´ aV liQked WR fiYe

CWPV baVed RQ Whe VSaWial daWa aQd hieUaUch\ Rf ZRUk SackageV

FigXUe 40. The CWP ³SWUXcWXUal fabUicaWiRQ RL 44.232 WR RL 53.092´ aV liQked WR

WZeQW\-Vi[ IWPV baVed RQ Whe VSaWial daWa aQd hieUaUch\ Rf ZRUk SackageV

100



IQ WeUmV Rf geQeUaWiQg liQkageV b\ UecRmmeQdaWiRQ eQgiQeV, Whe liQkiQg mechaQiVm

SRZeUed b\ cRllabRUaWiYe filWeUiQg, Zhich iV a W\Se Rf UecRmmeQdaWiRQ mRdel, iV

deVigQed. The liQkiQg mechaQiVm calcXlaWeV Whe behaYiRUV beWZeeQ VWakehRldeUV aQd

EDPV iQ each ZRUk Sackage WR ideQWif\ Whe VimilaUiW\. SSecificall\, Whe VeTXeQceV Rf

EDPV added WR Whe ZRUk SackageV aUe UegaUded aV Whe imSRUWaQce UaWiQg iQ Whe ZRUk

Sackage. The UaWiQgV WheQ VeUYe aV Whe iQSXWV fRU Whe calcXlaWiRQ Rf cRUUelaWiRQ

cRefficieQW beWZeeQ ZRUk SackageV. HRZeYeU, iW VhRXld be QRWed WhaW Whe UaWiQgV ma\

cRQWaiQ biaV becaXVe Whe\ aUe fURm diffeUeQW VWakehRldeUV ZhR haYe diffeUeQW VWaQdaUdV

Rf addiQg EDPV. FRU e[amSle, RQe VWakehRldeU ma\ SUefeU addiQg aV maQ\ EDPV aV

SRVVible WR eQUich Whe ZRUk SackageV; RQ Whe cRQWUaU\, aQRWheU VWakehRldeU ma\ RQl\ add

cUiWical EDPV WR Whe ZRUk SackageV WR highlighW Whe ke\ EDPV. TheUefRUe, a SURcedXUe WR

elimiQaWe Whe biaV Rf UaWiQg iV YiWal.

FigXUe 41 demRQVWUaWeV Whe mechaQiVm Rf ZRUk Sackage liQkiQg WhURXgh Whe

cRllabRUaWiYe filWeUiQg mRdel. SSecificall\, Whe fiUVW URZ iV Whe EDPV iQ Whe SURjecW daWa

SRRl, aQd Whe fiUVW cRlXmQ VhRZV Whe ZRUk SackageV cUeaWed b\ VWakehRldeUV. Each URZ

Rf Whe ZRUk Sackage liVWV Whe VeTXeQce Rf added EDPV. IQ FigXUe 41, WheUe aUe 5 EDPV

aQd 3 ZRUk SackageV iQ Whe SURjecW daWa SRRl. Each UaWiQg SRiQW iV maUked belRZ Whe

VeTXeQce Rf EDPV. FXUWheUmRUe, Whe UXle Rf UaWiQg EDP iV WhaW Whe fiUVW added EDP iQ Whe

ZRUk Sackage iV UaWed fRU higheVW SRiQWV Zhich eTXal WR Whe aYeUage TXaQWiW\ Rf EDPV iQ

all ZRUk SackageV. TheQ, Whe UaWiQg SRiQW fRU Whe VXbVeTXeQW EDP decUeaVeV RQe SRiQW iQ

RUdeU XQWil iW UeacheV RQe SRiQW. TheUefRUe, Whe UaWiQg UXle ZeighV Whe SRiQWV WR QeXWUali]e

Whe biaV. FRU e[amSle, if Whe aYeUage TXaQWiW\ Rf EDPV amRQg all ZRUk SackageV iV

WhUee, Whe fiUVW EDP added WR Whe ZRUk Sackage iV maUked aV WhUee SRiQWV. TheQ, Whe

VecRQd added EDP iV maUked aV WZR SRiQWV, aQd all Whe UeVW Rf Whe added EDPV aUe
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maUked aV RQe SRiQW. AV a UeVXlW, all EDPV iQ Whe ZRUk SackageV aUe UaWed imSliciWl\ aQd

Whe UaWiQgV aUe XVed fRU Whe calcXlaWiRQ Rf VimilaUiW\ beWZeeQ ZRUk SackageV.

FXUWheUmRUe, biaV fURm diffeUeQW VWaQdaUdV Rf addiQg EDPV iV QeXWUali]ed becaXVe Rf Whe

ZeighWed SRiQWV fRU each added EDP.

FigXUe 41. MechaQiVm Rf ZRUk Sackage liQkiQg WhURXgh UecRmmeQdaWiRQ eQgiQeV

WiWh Whe UaWiQgV Rf all ZRUk SackageV, VimilaUiW\ beWZeeQ WZR ZRUk SackageV caQ be

UeSUeVeQWed aV Whe cRUUelaWiRQ cRefficieQW Rf Whe WZR ZRUk SackageV aQd calcXlaWed b\

Whe KaUl PeaUVRQ¶V cRUUelaWiRQ (NRUWRQ, 1978):

ETXaWiRQ 24՛ ࡧ
Σഉա

Ւ
աഊ ഉբࡡ

Ւ
բഊࡡ
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2

U = cRUUelaWiRQ cRefficieQW

[i = UaWiQgV Rf Whe fiUVW ZRUk Sackage
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= meaQ Rf Whe UaWiQgV Rf Whe fiUVW ZRUk Sackageա

\i = UaWiQgV Rf Whe VecRQd ZRUk Sackage

= meaQ Rf Whe UaWiQgV Rf Whe VecRQd ZRUk Sackageբ

The calcXlaWed cRUUelaWiRQ cRefficieQW iV a YalXe beWZeeQ -1 aQd 1, aQd Whe higheU Whe

YalXe iV, Whe mRUe VimilaU Whe WZR ZRUk SackageV aUe.

HRZeYeU, Whe cRUUelaWiRQ cRefficieQW ma\ be biaVed ZheQ Whe QXmbeUV Rf cRmmRQ

UaWiQgV aUe QRW laUge. Namel\, WZR ZRUk SackageV ma\ RQl\ haYe a feZ cRmmRQ EDPV,

bXW Whe cRUUelaWiRQ cRefficieQW ma\ be YeU\ high. FRU e[amSle, FigXUe 42 calcXlaWeV Whe

cRUUelaWiRQ cRefficieQW beWZeeQ ZRUk Sackage 2 aQd 3 iQ FigXUe 41, aQd WheUe iV RQl\ RQe

cRmmRQ EDP beWZeeQ Whem. IQ Whe QXmeUaWRU Rf Whe fRUmXla, Whe YalXeV fURm

XQcRmmRQ EDPV (EDP b WR e) affecW Whe cRUUelaWiRQ cRefficieQW becaXVe Whe VXm Rf Whe

QXmeUaWRU iV mRVWl\ decided b\ XQcRmmRQ EDPV. TheUefRUe, WR UemRYe Whe biaV, RQl\

cRmmRQ EDPV aUe cRQVideUed iQ Whe QXmeUaWRU Rf Whe fRUmXla, bXW all UaWiQgV Rf EDPV

aUe calcXlaWed iQ Whe deQRmiQaWRU Rf Whe fRUmXla. AV a UeVXlW, WhiV ZeighWiQg SURcedXUe

elimiQaWeV SRVVible biaV ZheQ WZR ZRUk SackageV haYe liWWle cRmmRQ EDPV.
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FigXUe 42. E[amSle Rf calcXlaWiQg cRUUelaWiRQ cRefficieQW ZiWh RQe cRmmRQ EDP

B\ imSlemeQWiQg Whe cRllabRUaWiYe filWeUiQg fRU ZRUk Sackage liQkiQg, VimilaU ZRUk

SackageV caQ be ideQWified fRU beWWeU iQfRUmaWiRQ maQagemeQW VXch aV XQdeUVWaQdiQg RU

VhaUiQg iQfRUmaWiRQ. FRU e[amSle, Whe ZRUk Sackage cRXld fiQd iWV VimilaU ZRUk

SackageV b\ Whe cRUUelaWiRQ cRefficieQW beWZeeQ ZRUk SackageV. TheQ, VWakehRldeUV

cRXld UeYieZ Whe ZRUk SackageV Zhich haYe a VimilaU VcRSe Rf ZRUk bXW aUe cUeaWed b\

RWheU VWakehRldeUV. IQ FigXUe 43, Whe ZRUk Sackage Rf SiSiQg deVigQ (EWP104) iV

cUeaWed b\ Whe deVigQeU Weam, aQd Whe ZRUk Sackage Rf SiSiQg iQVWallaWiRQ (CWP104) iV

cUeaWed b\ Whe cRQWUacWRU Weam. AlWhRXgh Whe deVigQeUV ZRUk iQ diffeUeQW cRmSaQieV

fURm cRQWUacWRUV aQd QRUmall\ ZRUk ZiWh diffeUeQW Wime VchedXleV aV Zell, Whe\ cRXld

VimSl\ fiQd Whe SiSiQg iQVWallaWiRQ ZRUk Sackage WhURXgh liQkage aQd XQdeUVWaQd Whe

cXUUeQW VWaWXV iQ Whe cRQWUacWRU Weam. ThiV helSV deVigQeUV WUack Whe VWaWXV Rf Whe ZRUk

aQd aYRid miVViQg XVefXl iQfRUmaWiRQ. BeVideV, EDPV iQ Whe ZRUk SackageV cRXld be

WUacked b\ RWheU WeamV WhURXgh liQkageV aQd WheQ be iQclXded b\ RWheU ZRUk SackageV.

ThiV imSURYeV Whe iQfRUmaWiRQ VhaUiQg b\ UedXciQg Whe baUUieUV Rf fiQdiQg Whe UelaWed

SURjecW iQfRUmaWiRQ. IQ RWheU ZRUdV, Whe claVh check UeSRUW iQ Whe SiSiQg deVigQ ZRUk

Sackage (EWP104) cRXld be fRXQd aQd iQclXded iQ Whe SiSiQg iQVWallaWiRQ ZRUk Sackage

(CWP104) if Qeeded. IQ VXmmaU\, liQkageV amRQg VimilaU ZRUk SackageV aUe cUeaWed

fRU QRW RQl\ RffeUiQg Whe iQVighW Rf UelaWed ZRUkV bXW alVR SURYidiQg TXick acceVV WR Whe

UeleYaQW iQfRUmaWiRQ Zhich beQefiWV Whe SURceVV Rf XQdeUVWaQdiQg aQd VhaUiQg Rf Whe

SURjecW iQfRUmaWiRQ.
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FigXUe 43. MechaQiVm Rf leYeUagiQg liQkageV fRU iQfRUmaWiRQ maQagemeQW

5.3.6 MRGXOH 4: :RUN PDFNDJH 8SGDWLQJ

DeVigQ chaQgeV aUe iQeYiWable iQ Whe SURjecW lifec\cle, W\Sicall\ iQYRlYiQg mXlWiSle

VWakehRldeUV alRQg ZiWh ZRUk Sackage XSdaWeV. DXUiQg WhiV SURceVV, VWakehRldeUV

mRdif\ WheiU SaUWV Rf Whe deVigQ aQd XSdaWe Whe cRUUeVSRQdiQg ZRUk SackageV. SimilaUl\,

Whe liQkageV amRQg Whe SURjecW VhRXld cRQWiQXRXVl\ UeflecW Whe chaQgeV WR iQfRUm

VWakehRldeUV abRXW Whe chaQgeV fURm RWheU VWakehRldeUV.

B\ leYeUagiQg Whe AWS D\QamRDB SWUeam, each chaQge iQ Whe ZRUk Sackage daWabaVe

QRWifieV Whe liQkiQg lRgic aXWRmaWicall\. The ZRUk Sackage liQkiQg mRdXle WheQ aQal\VeV

Whe liQkageV fRU Whe XSdaWed ZRUk Sackage. SiQce Whe Vchema Rf ZRUk Sackage liQkageV

aUe UefeUeQceV (FigXUe 44), dXSlicaWiRQ aQd XQV\QchURQi]ed ZRUk SackageV aUe aYRided.

TheUefRUe, dXUiQg Whe iWeUaWiRQ Rf deVigQ chaQgeV, VWakehRldeUV cRXld keeS XSdaWed WR
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Whe UelaWed aQd laWeVW ZRUk SackageV, Zhich aidV iQ Whe cRllabRUaWiRQ amRQg

VWakehRldeUV.

FigXUe 44. DaWa Vchema fRU Whe ZRUk Sackage liQkage

5.4 DLVFXVVLRQV

IQ WhiV chaSWeU, Whe fXQdameQWal elemeQWV Rf iQfRUmaWiRQ ZeUe ideQWified. TheQ, Whe

mechaQiVmV fRU liQkiQg SURjecW daWa ZeUe elabRUaWed leYel b\ leYel. SXbVeTXeQWl\, a

fUameZRUk Rf BIM-eQabled ZRUk SackagiQg ZaV SURSRVed WR SURYide aQ aSSURach fRU

VWUeQgWheQiQg iQfRUmaWiRQ liQkageV iQ cRmSle[ SURjecWV. The V\VWem aUchiWecWXUe ZaV

deVigQed WR YalidaWe Whe feaVibiliW\ Rf Whe SURSRVed aSSURach, aQd a caVe VWXd\ ZaV

SUeVeQWed WR demRQVWUaWe Whe RXWcRmeV Rf iQWeUcRQQecWed SURjecW daWa.

WRUk SackageV fURm all VWakehRldeUV aUe cUeaWed ZiWhRXW deSeQdeQcieV RQ RWheU ZRUk

SackageV. SWakehRldeUV aUe able WR ZRUk WRgeWheU WR RXWliQe WheiU ZRUk, SURYidiQg deWail

RQce mRUe iQfRUmaWiRQ iV UeceiYed fURm RWheU VWakehRldeUV. MeaQZhile, UelaWiRQVhiSV

amRQg Whe ZRUk SackageV aUe geQeUaWed aXWRmaWicall\ dXUiQg WhiV SURceVV. The

e[SlRUaWiRQ Rf SURjecW iQfRUmaWiRQ WhURXgh liQkageV iV SRVVible, Zhich ma[imi]eV Whe

XVage Rf SURjecW iQfRUmaWiRQ iQ deciViRQ-makiQg.
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HRZeYeU, WheUe aUe limiWaWiRQV fRU WhiV UeVeaUch. FiUVW, Whe SURceVV Rf cUeaWiQg elemeQW

daWa SaiUV dXUiQg Whe daWa SUeSaUaWiRQ iV WediRXV. AlWhRXgh Whe SURceVV ma\ be labRXU

iQWeQViYe, Wime iV VaYed ZheQ VeaUchiQg SURjecW daWa afWeUZaUdV. AlWeUQaWiYel\,

cXVWRmi]iQg VcUiSWV fRU aXWRmaWicall\ cUeaWiQg elemeQW daWa SaiUV iV aQ RSWiRQ fRU

iQcUeaViQg SURceVV efficieQc\ Rf Whe SURceVV. AQRWheU limiWaWiRQ iV WhaW dXe WR YaUiaQceV

iQ SURjecW RbjecWiYeV, liQkage W\SeV ma\ Qeed WR be added WR bXild a cXVWRm la\eU Rf

liQkageV fRU ideQWif\iQg Whe VSecific UelaWiRQVhiSV amRQg ZRUk SackageV.
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CKDSWHU 6: IQWHJUDWLQJ FLHOG SHQVLQJ IQIRUPDWLRQ DQG BIM-HQDEOHG

:RUN PDFNDJLQJ IRU IPSURYLQJ IQIRUPDWLRQ FORZ LQ CRPSOH[ PURMHFWV

6.1 IQWURGXFWLRQ

IQ WhiV UeVeaUch, Whe ViWe cRQdiWiRQV aUe cRllecWed aQd VWUeamed WR Whe Rffice iQ ChaSWeU 4.

BeVideV, liQkageV amRQg Whe SURjecW iQfRUmaWiRQ aUe bXilW fRllRZiQg Whe BIM-eQabled

ZRUk SackagiQg aSSURach iQ ChaSWeU 5. TR ma[imiVe Whe YalXe Rf WheVe Zell-RUgaQiVed

SURjecW iQfRUmaWiRQ, a cRmmRQ daWa eQYiURQmeQW VSecified fRU eYeU\ SRVVible

aSSlicaWiRQ QeedV WR be deVigQed. CRQVeTXeQWl\, eYeU\ aSSlicaWiRQ caQ fRllRZ Whe Vame

SaWWeUQ WR leYeUage Whe SURjecW iQfRUmaWiRQ cRmSUeheQViYel\. IQfRUmaWiRQ flRZ

WhURXghRXW Whe SURjecW lifec\cle caQ be VmRRWh aV Zell.

ChaSWeU 6 SURSRVed aQ iQWegUaWed fUameZRUk WR imSURYe Whe iQfRUmaWiRQ flRZ iQ

cRmSle[ SURjecWV (ReVeaUch ObjecWiYe 3). Namel\, Whe BIM-baVed field VeQViQg

aSSURach fURm ChaSWeU 4 aQd Whe BIM-eQabled ZRUk SackagiQg aSSURach fURm ChaSWeU

5 aUe iQWegUaWed iQWR a cRmmRQ daWa eQYiURQmeQW WR accRmmRdaWe Whe SURjecW

iQfRUmaWiRQ fURm mXlWiSle VRXUceV. WaVWed iQfRUmaWiRQ cRXld be UedXced b\ leYeUagiQg

Whe iQWegUaWed iQfRUmaWiRQ iQ Whe daWa UeSRViWRU\ Zhich leadV WR aQ imSURYemeQW Rf

iQfRUmaWiRQ flRZ iQ Whe SURjecW. The SURSRVed fUameZRUk cRQViVWV Rf WhUee maiQ

cRmSRQeQWV iQclXdiQg fieldiQg VeQViQg mRdXle, daWa maQagemeQW UeSRViWRU\ mRdXle,

aQd SURjecW maQagemeQW mRdXle. The deWailV Rf Whe mRdXleV aUe elabRUaWed iQ WhiV

chaSWeU aQd WZR SilRW VWXdieV aUe imSlemeQWed WR demRQVWUaWe Whe SRWeQWial Rf Whe

SURSRVed fUameZRUk. The UeVXlWV VhRZ WhaW Whe SURSRVed fUameZRUk iV YeUVaWile WR

VXffice YaUiRXV QeedV Rf SURjecW maQagemeQW.
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6.2 CRPPRQ DDWD EQYLURQPHQW IRU IPSURYLQJ IQIRUPDWLRQ FORZ LQ PURMHFW

LLIHF\FOH

A fUameZRUk Rf Whe CRmmRQ DaWa EQYiURQmeQW (CDE) fRU imSURYiQg iQfRUmaWiRQ flRZ

iV deVigQed aQd VhRZQ iQ FigXUe 45. TheUe aUe WhUee cRmSRQeQWV iQ Whe SURSRVed

fUameZRUk iQclXdiQg field VeQViQg mRdXle, daWa maQagemeQW UeSRViWRU\ aQd SURjecW

maQagemeQW mRdXle. GeQeUall\, Whe field VeQViQg mRdXle iV iQ chaUge Rf ViWe daWa

cRllecWiRQ. The daWa maQagemeQW UeSRViWRU\ fRcXVeV RQ RUgaQiViQg Whe iQfRUmaWiRQ fURm

mXlWiSle VRXUceV fURm Whe field VeQViQg mRdXle RU fURm VWakehRldeUV alRQg ZiWh Whe

SURjecW lifec\cle. The SURjecW maQagemeQW mRdXle haQdleV Whe diYeUVe aSSlicaWiRQV Rf

SURjecW iQfRUmaWiRQ VXch aV TXaliW\ maQagemeQW RU chaQge imSacW aQal\ViV. TheUefRUe,

aQ\ VceQaUiRV cRXld leYeUage SaUWV RU all Rf Whe mRdXleV iQ Whe SURSRVed fUameZRUk WR

ma[imiVe Whe XVage Rf SURjecW iQfRUmaWiRQ Zhich leadV WR aQ imSURYemeQW Rf

iQfRUmaWiRQ flRZ b\ decUeaViQg Whe iQfRUmaWiRQ ZaVWeV.
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FigXUe 45. CRmmRQ daWa eQYiURQmeQW fRU imSURYiQg iQfRUmaWiRQ flRZ

Field VeQViQg mRdXle iV cRmSRVed Rf fRXU cRmSRQeQWV iQclXdiQg VeQVRU WechQRlRg\,

IQWeUQeW Rf ThiQgV (IRT), AXgmeQWed RealiW\ (AR), aQd VeQVRU daWa aQal\ViV. B\

leYeUagiQg Whe VeQVRU WechQRlRg\ aQd IRT, ViWe cRQdiWiRQV VXch aV VeQVRU YalXeV RU

VXUYeillaQce fRRWage cRXld bXild a ZiUeleVV VeQVRU QeWZRUk aQd be embedded iQWR Whe

cRQWURl V\VWem. BeVideV, ZiWh Whe caSabiliW\ Rf AR, VSaWial daWa RQ ViWe cRXld UeSUeVeQW

Whe Sh\Vical eQYiURQmeQW aQd iQWeUacW ZiWh Whe digiWal WZiQ fURm Whe BIM mRdel.

AfWeUZaUdV, all Whe VeQViQg daWa afRUemeQWiRQed cRXld be XWiliVed fRU VeQVRU daWa

aQal\ViV WR iQWeUSUeW VeQViQg daWa WR ViWe iQfRUmaWiRQ. The aQal\Ved UeVXlWV cRXld be VeQW

back WR Whe SURjecW daWa UeSRViWRU\ fRU fXUWheU XVage alRQg Whe SURjecW lifec\cle.

DaWa maQagemeQW UeSRViWRU\ VWRUeV aQd RUgaQiVeV all geRmeWUic aQd QRQ-geRmeWUic

iQfRUmaWiRQ geQeUaWed alRQg ZiWh Whe SURjecW lifec\cle. MeaQZhile, iW SURYideV daWa fRU a

Zide UaQge Rf SURjecW aQal\ViV VceQaUiRV. TR VXSSRUW Whe XVage, WheUe aUe fRXU maiQ

cRmSRQeQWV Zhich aUe Whe cRmmRQ daWa eQYiURQmeQW, SRfWZaUe aV a SeUYice (SaaS),

BIM, aQd leaQ maQagemeQW. Each cRmSRQeQW VXSSRUWV diffeUeQW aVSecWV Rf Whe daWa

maQagemeQW iQ Whe SURjecW. FiUVWl\, Whe cRmmRQ daWa eQYiURQmeQW SURYideV a digiWal

Slace WR gaWheU aQd VhaUe iQfRUmaWiRQ dXUiQg Whe SURjecW lifec\cle. B\ fRllRZiQg Whe

SUiQciSleV iQ ISO 19650 VeUieV, Whe cRllabRUaWiRQ Rf SURjecW iQfRUmaWiRQ cRXld be

la\RXWed. Namel\, Whe ZRUkflRZV Rf iQfRUmaWiRQ e[chaQgeV amRQg VWakehRldeUV aUe

ideQWified. FXUWheUmRUe, ZRUk SackagiQg SUiQciSleV helS VkeWch Whe VWUXcWXUe Rf SURjecW

iQfRUmaWiRQ. SWakehRldeUV cRXld fRllRZ a XQified aSSURach WR add iQfRUmaWiRQ WR Whe

cRmmRQ daWa eQYiURQmeQW iQ aQ RUdeUl\ maQQeU. SecRQdl\, SaaS SURYideV Whe

IQfRUmaWiRQ TechQRlRg\ (IT) VXSSRUW fRU Whe daWa UeSRViWRU\. BecaXVe Rf iWV VeUYeUleVV

fUameZRUk, Whe cRmSXWiQg SRZeU iV Vcalable ZiWh aQ adeTXaWe cRVW. The cRmSXWiQg
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SRZeU iV able WR Vcale XS ZheQ mRUe aQd mRUe VWakehRldeUV SaUWiciSaWe iQ Whe SURjecWV

alRQg Whe SURjecW lifec\cle. NRWhiQg QeedV WR be UecRQfigXUed iQ Whe IT aVSecWV fRU Whe

daWa UeSRViWRU\. ThiV VimSlifieV Whe maiQWeQaQce ZRUk Rf Whe daWa VeUYeU Zhich iV

QRUmall\ a difficXlW\ fRU Vmall cRmSaQieV. ThiUdl\, Whe BIM WechQRlRg\ allRZV Whe

SURjecW iQfRUmaWiRQ WR add VSaWial UefeUeQceV. The UefeUeQceV make Whe iQWegUaWiRQ Rf

SURjecW iQfRUmaWiRQ SRVVible Zhich iV afRUemeQWiRQed iQ ChaSWeU 5. BeVideV, BIM

SURYideV a YiVXal iQWeUface WR maQiSXlaWe Whe SURjecW iQfRUmaWiRQ. SWakehRldeUV

iQWXiWiYel\ e[SlRUe Whe SURjecW iQfRUmaWiRQ ZiWh BIM mRdelV Zhile UelaWed SURjecW

iQfRUmaWiRQ cRXld be VhRZQ. ThiV makeV Whe cRmmRQ daWa eQYiURQmeQW XVeU-fUieQdl\

Zhich iV beQeficial fRU aSSl\iQg WR SURjecW maQagemeQW VceQaUiRV. LaVWl\, Whe leaQ

maQagemeQW ideQWifieV Whe SURceVVeV Rf ZRUk iQ Whe SURjecW. B\ leYeUagiQg Whe SXll

SlaQQiQg aQd ZRUkface SlaQQiQg WechQiTXeV, deWailV Rf Whe SURjecW WimeliQe aUe VchedXled

aQd e[ecXWiRQ RQ ViWe iV SlaQQed. The SURjecW iQfRUmaWiRQ iV XWiliVed WR a gUeaW e[WeQW

Zhich UedXceV Whe SRWeQWial iQfRUmaWiRQ ZaVWeV iQ Whe cRmmRQ daWa eQYiURQmeQW.

PURjecW maQagemeQW mRdXle leYeUageV Whe cRmSleWe ViWe daWa fURm field VeQViQg mRdXle

aQd Whe Zell-RUgaQiVed SURjecW iQfRUmaWiRQ fURm daWa maQagemeQW UeSRViWRU\ WR SeUfRUm

a Zide UaQge Rf aSSlicaWiRQV dXUiQg Whe SURjecW lifec\cle. AlWhRXgh QXmeURXV VceQaUiRV

cRXld aSSl\ Whe SURSRVed fUameZRUk, WhUee W\SeV Rf aSSlicaWiRQV Zhich aUe laUgel\

beQefiWed b\ Whe SURSRVed fUameZRUk aUe highlighWed, aQd WheVe aSSlicaWiRQV aUe TXaliW\

maQagemeQW, cRQVWUaiQW aQal\ViV, aQd chaQge imSacW aQal\ViV. TR VWaUW ZiWh, Whe TXaliW\

maQagemeQW XWiliVeV Whe field VeQViQg daWa aV eYideQce WR aVVXUe Whe cUiWeUia aUe meW. The

iQfRUmaWiRQ fURm Whe daWa maQagemeQW UeSRViWRU\ cRXld SURYide VXfficieQW UefeUeQceV WR

Whe cUiWeUia aV Zell. BeVideV, becaXVe Rf Whe amSle SURjecW iQfRUmaWiRQ, Whe iQVSecWiRQ

WaVkV cRXld be SlaQQed befRUe Whe ViWe WUiS. ThiV SURcedXUe helSV ideQWif\ Whe cUiWical
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VSRWV b\ lRgic iQVWead Rf UaQdRm VelecWiRQV Zhich cRXld haSSeQ RQ ViWe dXe WR Whe lack

Rf VXSSRUWiQg iQfRUmaWiRQ. The UeVXlWV Rf TXaliW\ maQagemeQW cRXld be VeQW back WR Whe

daWa maQagemeQW UeSRViWRU\ WR maiQWaiQ Whe iQWegUiW\ Rf SURjecW iQfRUmaWiRQ. Ne[W,

cRQVWUaiQWV Rf each ZRUk aQd iWV chaQge imSacWV cRXld be aQal\Ved dXe WR Whe abXQdaQW

SURjecW iQfRUmaWiRQ. DiYeUVe algRUiWhmV Rf aQal\ViV cRXld be aSSlied WR VRUW RXW Whe

affecWed ZRUkV b\ Whe cRQVWUaiQWV aQd Whe RWheU ZRUkV iQflXeQced b\ Whe affecWed ZRUkV.

GeQeUall\, Whe algRUiWhmV aUe baVed RQ WheRUieV, e[SeUieQceV, RU daWa aQal\ViV. FRU

e[amSle, cUiWical SaWh meWhRd, YalXe VWUeam maSSiQg, aQd d\Qamic QeWZRUk aQal\ViV aUe

Whe algRUiWhmV fURm WheRUieV. TheVe algRUiWhmV SURYide lRgical VWaWemeQWV WR fRllRZ iQ

Whe aQal\ViV. BeVideV, VRme algRUiWhmV cRme fURm e[SeUieQceV VXch aV UXle-baVed

checkeUV. ThiV W\Se Rf algRUiWhm cRXld be eaVil\ mRdified WR fiW Whe YaUiaWiRQal

ViWXaWiRQV. LaVWl\, VRme Rf Whe algRUiWhmV aUe VXSSRUWed b\ daWa VXch aV machiQe

leaUQiQg. The aQal\ViV UeVXlWV cRXld be SURmiViQg becaXVe Rf Whe iQWegUiW\ Rf Whe SURjecW

iQfRUmaWiRQ. HRZeYeU, Whe WUaiQed mRdel fURm machiQe leaUQiQg algRUiWhmV ma\ QRW be

iQWeUSUeWed. BUiefl\, YaUiRXV aSSlicaWiRQV aUe SRVVible fRU imSlemeQWaWiRQV iQ Whe SURjecW

maQagemeQW mRdXle. The Zide UaQgeV Rf algRUiWhmV cRXld be VelecWed fRU a dedicaWed

aQal\ViV aV Zell.

6.3 PLORW SWXG\: A BIM-HQDEOHG ASSURDFK IRU CRQVWUXFWLRQ IQVSHFWLRQ

6.3.1 BDFNJURXQG

QXaliW\ maQagemeQW iV RQe Rf Whe mRVW imSRUWaQW aVSecWV iQ SURjecW maQagemeQW

(PURjecW MaQagemeQW IQVWiWXWe, 2017). IQ Whe aUchiWecWXUe, eQgiQeeUiQg aQd cRQVWUXcWiRQ

(AEC) iQdXVWU\, cRQVWUXcWiRQ iQVSecWiRQ iV a Zidel\ XVed aSSURach fRU TXaliW\

maQagemeQW iQ a SURjecW fRU decadeV (BXUaWi eW al., 1991).
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WiWh Whe gURZWh Rf BIM aSSlicaWiRQV (EaVWmaQ eW al., 2011), mRUe aQd mRUe eQgiQeeUV

XVe BIM WechQRlRg\ RQ TXaliW\ maQagemeQW dXUiQg cRQVWUXcWiRQ. The ZRUkflRZ fRU

maQagiQg a BIM mRdel fRU TXaliW\ maQagemeQW haV beeQ diVcXVVed aQd WeVWed iQ a Ueal

ViWe (L. CheQ & LXR, 2014). HRZeYeU, WheUe aUe WZR challeQgeV ZheQ XViQg BIM iQ

TXaliW\ maQagemeQW. FiUVW, maQiSXlaWiQg a BIM mRdel iQ Whe cRQVWUXcWiRQ ViWe ma\ be

difficXlW fRU iQVSecWRUV dXe WR Whe RfWeQ cRmSlicaWed XVeU iQWeUface Rf Whe VRfWZaUe. The

RWheU challeQge iV WhaW all iQVSecWiRQ WaVkV Qeed WR haYe cRUUeVSRQdiQg elemeQWV alUead\

iQ Whe BIM mRdel.

TR addUeVV Whe afRUemeQWiRQed iVVXeV iQ cXUUeQW iQVSecWiRQ SUacWice, Whe idea Rf a

BIM-eQabled cRQVWUXcWiRQ iQVSecWiRQ aSSURach haV beeQ SURSRVed (Y. H. TVai eW al.,

2014). FiUVW, all iQVSecWiRQ WaVkV aQd UelaWed deWailV aUe SUeSaUed befRUe Whe ViWe WUiS.

SecRQd, iQVSecWRUV aUe able WR fiQiVh Whe iQVSecWiRQ b\ UeWUieYiQg Whe SUeSaUed iQVSecWiRQ

WaVkV ZiWhRXW cRmSlicaWed maQiSXlaWiRQ Rf Whe BIM mRdel. ThiUd, Whe iQVSecWiRQ WaVkV

aW cRQVWUXcWiRQ ViWeV iQYRlYe maiQl\ daWa cRllecWiRQ. BecaXVe Rf Whe meQWiRQed feaWXUeV,

iQVSecWiRQV aUe fUee Rf SRVVible iQWeUfeUeQce fURm ViWe eQgiQeeUV aQd leVV chaQceV WR miVV

Whe cUiWical VSRWV.

TR imSlemeQW Whe SURSRVed iQVSecWiRQ fRU Whe AEC iQdXVWU\, Whe UelaWiRQVhiSV aQd

UeVSRQVibiliWieV beWZeeQ diffeUeQW VWakehRldeUV aUe VWXdied aQd defiQed. BeVideV, WR

VSecif\ Whe RSeUaWiQg mechaQiVm Rf Whe aSSURach, Whe iQWeUacWiRQV amRQg VWakehRldeUV

iQ Whe aSSURach aUe illXVWUaWed. All Rf Whe UeVXlWV aUe VhRZQ iQ diagUamV Zhich fRllRZ Whe

BPMN VWaQdaUdV (DijkmaQ eW al., 2011). BPMN iV a Zell-kQRZQ SURceVV mRdelliQg

laQgXage Zhich haV beeQ adRSWed b\ maQ\ BIM UeVeaUcheUV WR deVcUibe acWiYiWieV aQd

iQfRUmaWiRQ flRZV Rf BIM-UelaWed SURceVVeV (AlUeVhidi eW al., 2015).
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6.3.2 CDE-VXSSRUWHG CRQVWUXFWLRQ IQVSHFWLRQ

FRllRZiQg Whe CDE SURSRVed iQ WhiV chaSWeU, a fUameZRUk Rf BIM-eQabled ZRUk

SackagiQg ZiWh field VeQViQg fRU cRQVWUXcWiRQ iQVSecWiRQ iV SURSRVed, aV VhRZQ iQ

FigXUe 46. SimilaU WR Whe CDE, WheUe aUe WhUee maiQ mRdXleV Zhich aUe field VeQViQg,

daWa maQagemeQW UeSRViWRU\ aQd SURjecW maQagemeQW. IQ Whe field VeQViQg mRdXle, Whe

daWa cRllecWiRQ cRmSRQeQW fRllRZV Whe WaVkV defiQed befRUe Whe ViWe WUiS. IQVSecWRUV Wake

ViWe ShRWRV aQd ZUiWe cRmmeQWV WaVk b\ WaVk. BecaXVe all Rf Whe ViWe WaVkV aUe la\RXWed,

Whe ZRUkV RQ ViWe aUe VWUaighWfRUZaUd aQd maiQl\ iQYRlYe daWa cRllecWiRQ. Ne[W, Whe daWa

maQagemeQW UeSRViWRU\ e[WUacWV daWa fRU iQVSecWiRQ SlaQQiQg aQd VWRUeV SUedefiQed

iQVSecWiRQ WaVkV fURm ZRUk SackageV. SSecificall\, Whe VSaWial daWa iQ Whe BIM mRdel

aQd SURjecW iQfRUmaWiRQ iQ Whe ZRUk SackageV aUe caSWXUed WR VXSSRUW Whe iQVSecWiRQ.

IQVSecWRUV aUe able WR ideQWif\ cUiWical aUeaV baVed RQ Whe e[WUacWed iQfRUmaWiRQ aQd

defiQe a VeUieV Rf iQVSecWiRQ WaVkV. The iQVSecWiRQ WaVkV aUe VWRUed iQ Whe daWa

maQagemeQW UeSRViWRU\ aQd Uead\ fRU Whe ViWe iQVSecWiRQ. LaVWl\, Whe SURjecW

maQagemeQW mRdel SURYideV Whe iQWeUface fRU iQVSecWiRQ SlaQQiQg aQd aQal\ViV. BRWh

YiVXaliVed iQWeUface RU dedicaWed algRUiWhmV cRXld be SURYided WR aVViVW iQVSecWRUV iQ

e[SlRUiQg Whe SURjecW. The iQVSecWRUV leYeUage Whe VXfficieQW iQfRUmaWiRQ WR aQal\Ve Whe

cUiWical aUeaV aQd make SlaQV. ThiV e[SediWeV Whe XQdeUVWaQdiQg SURceVV Rf Whe

cRQdiWiRQV RQ ViWe Zhich iV YalXable fRU iQVSecWRUV ZhR aUe QRUmall\ iQ chaUge Rf

mXlWiSle SURjecWV aW Whe Vame Wime.
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FigXUe 46. A BIM-eQabled ZRUk SackagiQg ZiWh field VeQViQg fUameZRUk fRU

cRQVWUXcWiRQ iQVSecWiRQ

6.3.3 IPSOHPHQWDWLRQ

TheUe aUe WhUee maiQ VWakehRldeUV iQ Whe iQVSecWiRQ SURceVV: deVigQeUV, iQVSecWRUV aW

Rffice, aQd iQVSecWRUV aW cRQVWUXcWiRQ ViWeV. Each Rf Whem iV UeVSRQVible fRU a diffeUeQW

SaUW Rf iQVSecWiRQ WaVkV iQ Whe iQVSecWiRQ lifec\cle. The acWiYiWieV amRQg Whem aUe VhRZQ

iQ FigXUe 47 aQd elabRUaWed iQ Whe fRllRZiQg:

1. DeVigQeU aW Rffice: AW Whe deVigQ VWage Rf Whe SURjecW, deVigQeUV deYelRSed WheiU

deVigQV iQ a BIM mRdel. DXUiQg Whe deYelRSmeQW SURceVV, deVigQeUV ma\ QRWe

cUiWical RU VSecial VSRWV iQ WheiU deVigQV WhaW UeTXiUe caUefXl iQVSecWiRQ WR eQVXUe

VaWiVfacWiRQ Rf deVigQ iQWeQW, fRU e[amSle, VSecial UebaU aUUaQgemeQW aW VRme jRiQWV.

DeVigQeUV caQ maUk Whe QRWeV iQ Whe BIM deVigQ mRdel aQd SaVV Whem WR Whe
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iQVSecWRUV aW Whe cRQVWUXcWiRQ. IQVSecWRUV aUe able WR kQRZ Whe cUiWical VSRWV iQ Whe

SURjecW aQd keeS aQ e\e RQ Whem ZiWhiQ Whe ZhRle cRQVWUXcWiRQ VWage.

2. IQVSecWRUV aW Rffice: CRQVWUXcWiRQ iQVSecWiRQ iV XVXall\ SlaQQed befRUe Whe

begiQQiQg Rf cRQVWUXcWiRQ. IQVSecWRUV fRllRZ Whe UeTXiUed checkSRiQWV iQ Whe SlaQ WR

e[ecXWe iQVSecWiRQV aW cRQVWUXcWiRQ VWage. The BIM mRdel allRZV iQVSecWRUV WR

diVcXVV all iQVSecWiRQ iWemV befRUe a ViWe WUiS. All Rf Whe iQVSecWiRQ iWemV caQ be

defiQed aQd SaVVed WR Whe ViWe iQVSecWRUV. AfWeU Whe ViWe iQVSecWiRQ iV cRmSleWed b\

Whe ViWe iQVSecWiRQ, Whe iQVSecWRUV aW Whe Rffice aUe QRWified WhaW Whe SUeSaUed

iQVSecWiRQ WaVkV aQd cRllecWed ViWe daWa aUe Uead\ WR be acceVVed. IQVSecWRUV caQ

WheQ lRgiQ WR Whe maQagemeQW ZebViWe aQd maQage all Rf Whe iVVXeV aW Whe Rffice. A

URXQd Rf cRQVWUXcWiRQ iQVSecWiRQ iV dRQe.
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FigXUe 47. AcWiYiWieV fRU BIM-eQabled cRQVWUXcWiRQ iQVSecWiRQ amRQg VWakehRldeUV

117



3. IQVSecWRUV aW cRQVWUXcWiRQ ViWeV: OQce Whe ViWe iQVSecWRUV geW Whe SUeSaUed WaVkV

fURm Whe Rffice, Whe UeVW Rf Whe WaVkV aUe VWUaighWfRUZaUd aQd maiQl\ iQYRlYe daWa

cRllecWiRQ. The iQVSecWRU¶V WaVkV aUe Zell defiQed aQd fUee Rf SRVVible iQWeUfeUeQce

fURm ViWe eQgiQeeUV. AfWeU Whe ViWe iQVSecWiRQ, iQVSecWRUV aW Whe Rffice aUe QRWified

aQd able WR Vee Whe iQVSecWiRQ daWa.

BaVed RQ Whe diffeUeQW acWiYiWieV meQWiRQed iQ FigXUe 47, aW leaVW fRXU cRmSRQeQWV, i.e.

BIM mRdelliQg WRRlV, cRQVWUXcWiRQ iQVSecWiRQ daWabaVe, WableW aSS, aQd maQagemeQW

ZebViWe, aUe Qeeded WR VXSSRUW Whe imSlemeQWaWiRQ. The cRUUeVSRQdeQceV beWZeeQ Whe

cRmSRQeQWV aQd Whe acWiYiWieV aUe liVWed aV fRllRZV: BIM mRdelliQg WRRlV aQd

maQagemeQW ZebViWeV VeUYe fRU Whe iQVSecWRUV aW Rffice. TableW aSS iV deYelRSed fRU ViWe

iQVSecWRUV WR UecRUd daWa aW cRQVWUXcWiRQ ViWeV. The cRQVWUXcWiRQ iQVSecWiRQ daWabaVe

VeUYeV fRU iQWegUaWiQg all Rf Whe daWa iQ diffeUeQW cRmSRQeQWV. The fXQcWiRQaliWieV aQd Whe

iQWeUacWiRQV beWZeeQ diffeUeQW VWakehRldeUV aQd Whe aSSURach aUe aQal\Ved iQ WhiV

VecWiRQ. BeVideV, Whe RSeUaWiQg mechaQiVmV Rf Whe iQVSecWiRQ aSSURach aUe illXVWUaWed iQ

FigXUe 48.
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FigXUe 48. OSeUaWiQg mechaQiVmV Rf BIM-eQabled cRQVWUXcWiRQ iQVSecWiRQ aSSURach

119



1. BIM WRRlV: The BIM WRRlV SURYide a digiWal eQYiURQmeQW fRU iQVSecWRUV WR YiVXali]e

Whe SlaQQed iQVSecWiRQ iWemV aQd WheiU UelaWed aWWUibXWeV iQ adYaQce, aV VhRZQ iQ

FigXUe 49. DeWailV Rf Whe cRQVWUXcWiRQ ZRUkV aUe alUead\ VWRUed iQ Whe iQVWallaWiRQ

ZRUk SackageV alRQg ZiWh Whe SURjecW lifec\cle b\ VWakehRldeUV iQ Whe SURSRVed

CDE. ElemeQWV iQ Whe BIM mRdel aUe maUked XS aV Zell WR ideQWif\ Whe VSaWial

UelaWiRQVhiS Rf Whe ZRUk. WheQ SUeSaUiQg Whe iQVSecWiRQ iWemV, Whe WaUgeW ZRUk

SackageV aUe VelecWed aQd Whe cUiWeUia cRXld be added aV checkliVWV WR Whe ZRUk

SackageV WR highlighW Whe VcRSe Rf iQVSecWiRQ. TheQ, Whe iQVSecWiRQ ZRUkV aUe Zell

SUeSaUed aQd UeheaUVed befRUe Whe ViWe WUiS. All Rf Whe Qeeded iQfRUmaWiRQ iV

eQcaSVXlaWed aQd XSlRaded WR Whe iQVSecWiRQ daWabaVe fRU ViWe iQVSecWiRQ.

FigXUe 49. The iQVSecWiRQ WaVkV iQVide aQ iQVWallaWiRQ ZRUk Sackage

2. CRQVWUXcWiRQ iQVSecWiRQ daWabaVe: The daWabaVe leYeUageV Whe Zell-RUgaQiVed

SURjecW iQfRUmaWiRQ iQ Whe daWa maQagemeQW UeSRViWRU\ Rf Whe CDE. SSecificall\,

IQVSecWiRQ daWa iV VWRUed aV Whe SURSeUWieV Rf Whe ZRUk SackageV aV VhRZQ iQ

FigXUe 49. BecaXVe Whe UelaWed BIM elemeQWV aQd deWailV Rf Whe ZRUkV aUe alUead\
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added dXUiQg Whe cRQVWUXcWiRQ SURceVV b\ ViWe eQgiQeeUV, iQVSecWRUV aUe able WR

XWiliVe WheVe daWa fRU UefeUeQce ZiWh QR addiWiRQal cRVW, aQd Whe ZRUk SackageV aUe

alZa\V XSdaWe-WR-daWe alRQg Whe SURceVV. FRU e[amSle, Whe iQVSecWiRQ WaVkV cRXld

be highlighWed RQ Whe BIM mRdel Zhich SURYideV a glRbal YieZ fRU XQdeUVWaQdiQg

Whe VcRSe Rf Whe iQVSecWiRQ WaVkV (FigXUe 50). BeVideV, all Rf Whe daWa e[chaQgeV

beWZeeQ Rffice aQd ViWe aUe achieYed b\ iWV Zeb VeUYiceV. IQVSecWRUV XSlRad

iQVSecWiRQ daWa WR Whe daWabaVe aW Whe Rffice. AfWeU WhaW, ViWe iQVSecWRUV acceVV Whe

iQVSecWiRQ daWa aW Whe cRQVWUXcWiRQ ViWe, SeUfRUm iQVSecWiRQ XViQg a WableW, aQd

XSlRad Whe iQVSecWiRQ UeVXlWV WR Whe daWabaVe.

FigXUe 50. ScRSe Rf iQVSecWiRQ WaVkV highlighWed iQ Whe BIM mRdel

3. TableW aSS: TableW aSS iV deVigQed fRU ViWe iQVSecWiRQ XVage. BefRUe iQVSecWRUV VWaUW

WR cRQdXcW iQVSecWiRQ WaVkV, Whe\ cRXld dRZQlRad Whe iQVSecWiRQ daWa WR Whe WableW

iQ adYaQce fRU laWeU XVe aW cRQVWUXcWiRQ ViWeV. BecaXVe all iQVSecWiRQ WaVkV aUe

defiQed iQ adYaQce, Whe iQVSecWiRQ iV VWUaighWfRUZaUd aQd maiQl\ iQYRlYeV daWa

cRllecWiRQ. AQ UI SURWRW\Se iV mRcked XS iQ FigXUe 51. TheUe iV QR Qeed WR

maQiSXlaWe BIM mRdelV WR accRmSliVh Whe iQVSecWiRQ WaVkV. IQVWead, iQVSecWRUV
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fRllRZ Whe iWemV WR cRmSleWe Whe WaVkV. If addiWiRQal iQfRUmaWiRQ iV Qeeded,

iQVSecWRUV cRXld WaS Whe iWem fRU mRUe deWailV. B\ leYeUagiQg Whe field VeQViQg

mRdXle Rf Whe CDE, ViWe ShRWRV aQd check UeVXlWV Rf cUiWeUia aUe UecRUded. AfWeU Whe

ViWe iQVSecWiRQ, all Whe UecRUdV aUe XSlRaded WR Whe cRQVWUXcWiRQ iQVSecWiRQ daWabaVe.

FigXUe 51. PURWRW\Se Rf Whe WableW UI fRU iQVSecWiRQ RQ ViWe

4. MaQagemeQW ZebViWeV: MaQagemeQW ZebViWeV aUe deVigQed fRU maQagiQg

iQVSecWiRQ daWa. B\ leYeUagiQg Whe daWa maQagemeQW UeSRViWRU\ Rf Whe CDE,

iQVSecWiRQ daWa aUe iQWegUaWed iQWR Whe cRUUeVSRQdiQg ZRUk SackageV. TheUefRUe,

afWeU Whe ViWe iQVSecWiRQ, iQVSecWRUV aW Whe Rffice caQ UeYieZ aQd WUack Whe iQVSecWiRQ

daWa b\ fRllRZiQg Whe VWaWXV Rf Whe ZRUk SackageV. TheQ, Whe XQVRlYed iVVXeV caQ

be aUUaQged fRU Whe Qe[W URXQd Rf iQVSecWiRQ.

6.3.4 DLVFXVVLRQV

B\ imSlemeQWiQg Whe SURSRVed CDE, iQVSecWRUV aUe able WR defiQe all Rf Whe iQVSecWiRQ

WaVkV befRUe ViWe iQVSecWiRQ. NRW RQl\ Whe cUiWical VSRWV aUe mRQiWRUed, bXW Whe ViWe

iQVSecWiRQ iV RbjecWiYe aQd VWUaighWfRUZaUd. ThiV SilRW VWXd\ aQal\VeV Whe acWiYiWieV aQd

RSeUaWiQg mechaQiVmV Rf Whe aSSURach. The acWiYiW\ diagUam defiQeV Whe UeVSRQVibiliWieV
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amRQg diffeUeQW VWakehRldeUV, Zhile Whe RSeUaWiQg mechaQiVmV diagUam deVcUibeV hRZ

Whe acWiYiWieV aQd VWakehRldeUV iQWeUacW ZiWh each RWheU iQ Whe iQVSecWiRQ aSSURach. TheVe

WZR diagUamV illXVWUaWe hRZ Whe CDE-VXSSRUWed cRQVWUXcWiRQ iQVSecWiRQ aSSURach caQ

be imSlemeQWed aQd VhRZV WhaW Whe CDE iV caSable Rf VXSSRUWiQg Whe aSSlicaWiRQV Rf

TXaliW\ maQagemeQW.

6.4 PLORW SWXG\: BIM-HQDEOHG :RUN PDFNDJLQJ ZLWK FLHOG SHQVLQJ IRU CRQVWUDLQW

MDQDJHPHQW

6.4.1 BDFNJURXQG

A cRQVWUaiQW iV a cRQdiWiRQ Zhich imSedeV RU dela\V Whe SURgUeVV Rf WaVkV. TheUe aUe

QXmeURXV W\SeV Rf cRQVWUaiQWV VXch aV maQagemeQW cRQVWUaiQWV, legal cRQVWUaiQWV, RU

eQYiURQmeQWal cRQVWUaiQWV. The gRal Rf Whe cRQVWUaiQW maQagemeQW iQ Whe SURjecW

lifec\cle iV WR ideQWif\ aQd UemRYe all cRQVWUaiQWV SUiRU WR Whe WaVk VWaUW (BallaUd eW al.,

2007). BecaXVe Rf Whe XQiTXeQeVV Rf each cRQVWUaiQW, SaUWV RU all Rf Whe mRdXleV iQ Whe

SURSRVed CDE caQ be aSSlied WR UemRYe Whe cRQVWUaiQWV. FRU iQVWaQce, Whe maQagemeQW

cRQVWUaiQWV aQd legal cRQVWUaiQWV cRXld be ideQWified aQd UemRYed WhURXgh Whe leaQ

maQagemeQW iQ Whe daWa maQagemeQW UeSRViWRU\ mRdXle. OQ Whe RWheU haQd, Whe

eQYiURQmeQWal cRQVWUaiQWV cRXld be VRlYed WhURXgh Whe cRmbiQaWiRQ Rf field VeQViQg,

daWa maQagemeQW UeSRViWRU\, aQd SURjecW maQagemeQW mRdXleV.

A Zell-cRQdXcWed cRQVWUaiQW maQagemeQW imSURYeV Whe efficieQc\ Rf Whe cRQVWUXcWiRQ

SURceVV aQd clRVeV gaSV iQ VchedXleV. TR maQage cRQVWUaiQWV iQ SUacWice, cRQVWUaiQWV

VhRXld be ideQWified iQ mXch deWail aV eaUl\ aV SRVVible. IQ RWheU ZRUdV, RQce Whe

cRQdiWiRQ chaQgeV, Whe deUiYaWiYe cRQVWUaiQWV VhRXld be Wimel\ UecRgQiVed aQd

elimiQaWed. TheUefRUe, cRQWURlliQg chaQge aQd iWV imSacW iV cUXcial iQ SURjecW
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maQagemeQW. IQ WhiV VecWiRQ, aQ eQYiURQmeQWal cRQVWUaiQW iV VelecWed aV a SilRW VWXd\ WR

XWiliVe all WhUee mRdXleV iQ Whe SURSRVed CDE. The VWXd\ demRQVWUaWeV Whe mechaQiVm

Rf iQWegUaWiQg field VeQViQg iQfRUmaWiRQ aQd BIM-eQabled ZRUk SackagiQg WR Wimel\

deWecW cRQVWUaiQWV aQd ideQWif\ Whe imSacWV fURm Whe chaQge.

6.4.2 CDE-VXSSRUWHG CRQVWUDLQW MDQDJHPHQW

The CDE-VXSSRUWed aSSURach (FigXUe 52) VWUeamliQeV Whe SURceVV Rf cRQVWUaiQW

maQagemeQW b\ VeQViQg Whe ViWe cRQdiWiRQV aQd ideQWif\iQg Whe imSacWV WhURXgh liQkageV

amRQg ZRUk SackageV. SeQVRUV cRXld be imSlemeQWed WR cRQWiQXRXVl\ mRQiWRU Whe ViWe

cRQdiWiRQV. IQ Whe CDE-VXSSRUWed cRQVWUaiQW maQagemeQW, VeQVRU YalXeV aUe added WR

Whe cRQVWUaiQWV Zhich iV SaUW Rf Whe iQfRUmaWiRQ iQ Whe ZRUk SackageV. OQce Whe VeQVRU

YalXeV aUe abQRUmal, eYeQWV cRXld be WUiggeUed aQd VeYeUal SURcedXUeV VXch aV

eYalXaWiRQ aQd imSacWV aQal\ViV cRXld be cRQdXcWed. B\ leYeUagiQg Whe Zell-RUgaQiVed

SURjecW iQfRUmaWiRQ, ZRUk SackageV cRQWaiQiQg Whe WUiggeUed cRQVWUaiQWV aUe highlighWed

aQd Whe VecRQd degUee Rf ZRUk SackageV Zhich aUe Whe UelaWed ZRUk SackageV Rf Whe

cRQVWUaiQed ZRUk SackageV caQ be ideQWified. TheUefRUe, Whe cRQVWUaiQWV VWaUW WR be

elimiQaWed SURmSWl\, aQd Whe VecRQd degUee Rf ZRUk SackageV aUe adjXVWed WR adaSW Whe

chaQgeV.
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FigXUe 52. A BIM-eQabled ZRUk SackagiQg ZiWh field VeQViQg fUameZRUk fRU cRQVWUaiQW

maQagemeQW

The cRQVWUaiQW maQagemeQW fUameZRUk VhRZQ iQ FigXUe 52 fRllRZV Whe SURSRVed CDE

iQ WhiV chaSWeU. TheUe aUe WhUee maiQ mRdXleV iQclXdiQg field VeQViQg mRdXle, daWa

maQagemeQW UeSRViWRU\, aQd SURjecW maQagemeQW mRdXle. TR VWaUW ZiWh, Whe field

VeQViQg mRdXle XWiliVeV Whe VmaUW VeQViQg WechQRlRg\ WR mRQiWRU aQd cRllecW ViWe daWa. A

cXVWRmiVed haUdZaUe la\RXW VXch aV VeQVRU aUUa\V VhRXld be bXilW WR efficieQWl\ cRYeU Whe

aUea RQ ViWe. TheQ Whe VeQVRU VigQalV VhRXld be iQWeUSUeWed aV XVefXl iQfRUmaWiRQ. Ne[W,

Whe daWa maQagemeQW UeSRViWRU\ liQked Whe ZRUk SackageV aQd Whe VeQVRU-baVed

cRQVWUaiQWV. SSecificall\, VWakehRldeUV defiQe Whe cRQVWUaiQWV b\ Whe VeQVRU YalXeV aQd iWV

WUiggeUed cRQdiWiRQV ZheQ cUeaWiQg RU mRdif\iQg Whe ZRUk SackageV. AfWeUZaUdV, Whe

ZRUk SackageV aUe able WR leYeUage Whe field VeQViQg iQfRUmaWiRQ fRU cRQVWUaiQW

maQagemeQW. LaVWl\, Whe SURjecW maQagemeQW mRdXle highlighWV Whe affecWed ZRUk

SackageV ZheQ cRQVWUaiQWV aUe WUiggeUed. BeVideV, Whe ZRUk SackageV UelaWed WR Whe

affecWed ZRUk SackageV aUe aQal\Ved WR aVViVW Whe imSacW cRQWURl. IQ VhRUW, WheVe WhUee
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mRdXleV cRmSleWe Whe SURceVV Rf cRQVWUaiQW maQagemeQW. The iQWegUaWed ViWe

iQfRUmaWiRQ aQd ZRUk SackageV SURYide aQ iQVWaQW aQd UeVSRQViYe iQWeUface fRU

maQageUV WR adjXVW Whe chaQge imSacWV alRQg ZiWh Whe SURjecW lifec\cle.

6.4.3 IPSOHPHQWDWLRQ

AQ eQYiURQmeQWal cRQVWUaiQW iV e[emSlified WR imSlemeQW each mRdXle iQ Whe

CDE-VXSSRUWed cRQVWUaiQW maQagemeQW. SSecificall\, aQ RQ-ViWe SaiQWiQg jRb Zhich iV

QRUmall\ affecWed b\ hXmidiW\ aQd WemSeUaWXUe iV VelecWed. B\ mRQiWRUiQg Whe ZeaWheU

RQ ViWe, ZRUk SackageV cRQWaiQiQg Whe cRQVWUaiQW cRXld be highlighWed aQd Whe VecRQd

degUee Rf ZRUk SackageV (affecWed b\ Whe cRQVWUaiQed ZRUk SackageV) cRXld be

ideQWified afWeUZaUdV.

TR VWaUW ZiWh, hXmidiW\ aQd WemSeUaWXUe aUe cRllecWed cRQWiQXRXVl\ b\ leYeUagiQg Whe

BIM aQd field VeQViQg WechQRlRg\ SURSRVed iQ ChaSWeU 4.3.3. TheUefRUe, hXmidiW\ aQd

WemSeUaWXUe VeQVRUV aUe efficieQWl\ Slaced WR cRYeU Whe WaUgeW aUea. TheQ, Whe VeQVRU

YalXeV aUe VWUeamed WR Whe Rffice aQd VeUYed aV Whe iQSXWV fRU Whe cRQVWUaiQW

maQagemeQW. The CDE-VXSSRUWed cRQVWUaiQW maQagemeQW fRllRZV Whe mechaQiVm Rf Whe

BIM-eQabled ZRUk SackagiQg aSSURach SURSRVed iQ ChaSWeU 5.3.2. CRQVWUaiQWV aUe

defiQed iQ Whe daWa SUeSaUaWiRQ VWage (ChaSWeU 5.3.3). The lRgicV Rf cRQVWUaiQWV, UelaWed

elemeQWV aUe deWailed WR VSecif\ Whe cRQdiWiRQV. FigXUe 53 demRQVWUaWeV Whe cUeaWiRQ Rf

ZeaWheU cRQVWUaiQW ZiWh hXmidiW\ aQd WemSeUaWXUe cRQdiWiRQV. CRmSaUiVRQ RSeUaWRUV aUe

VSecified aQd Whe UelaWed elemeQWV aUe VelecWed. AfWeU Whe cRQVWUaiQWV aUe cUeaWed, Whe

cRQVWUaiQWV aUe added WR Whe cRUUeVSRQdiQg ZRUk SackageV iQ Whe ZRUk Sackage SlaQQiQg

aQd geQeUaWiRQ VWage (ChaSWeU 5.3.4). OQce Whe ZRUk SackageV aUe XSdaWed, Whe liQkageV

amRQg ZRUk SackageV aUe Ue-aQal\Ved iQ Whe ZRUk Sackage liQkiQg VWage (ChaSWeU

5.3.5). All Whe cUeaWed cRQVWUaiQWV, ZRUk SackageV, aQd liQkageV aUe VWRUed iQ Whe
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dedicaWed daWabaVeV Zhich aUe illXVWUaWed iQ Whe V\VWem aUchiWecWXUe aV VhRZQ iQ

FigXUe 54.

FigXUe 53. CUeaWe ZeaWheU cRQVWUaiQW fRU Whe ZRUk Sackage Rf SaiQWiQg jRb

FigXUe 54. S\VWem aUchiWecWXUe Rf CDE-VXSSRUWed cRQVWUaiQW maQagemeQW

WheQ Whe VeQVRU cRQdiWiRQV aUe WUiggeUed, Whe cRUUeVSRQdiQg cRQVWUaiQWV aQd Whe ZRUk

SackageV ZiWh Whe cRQVWUaiQWV aUe ideQWified. FRU e[amSle, FigXUe 55 VhRZV Whe

UelaWiRQVhiS Rf ZRUk SackageV beWZeeQ Whe SaiQWiQg jRb aQd UelaWed ZRUkV. OQce Whe

cRQVWUaiQWV Rf Whe SaiQWiQg jRbV haSSeQ, all Whe UelaWed ZRUk SackageV caQ be highlighWed

WhURXgh Whe liQkageV. The SURSeU adjXVWmeQWV fRU WhRVe ZRUk SackageV cRXld be made iQ

Whe eaUl\ VWage.
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FigXUe 55. RelaWed ZRUk SackageV WR Whe ViWe blaVWiQg aQd SaiQWiQg ZRUk SackageV

6.4.4 DLVFXVVLRQV

The imSlemeQWaWiRQ Rf Whe SURSRVed CDE fRU cRQVWUaiQW maQagemeQW imSURYeV Whe

ZRUk flRZ Rf Whe iQfRUmaWiRQ maQagemeQW aQd UedXceV Whe SRVVible chaQge imSacWV.

The field VeQViQg mRdXle Zhich fRllRZV Whe aSSURach fURm ChaSWeU 4 SURYideV Whe

VXfficieQW ViWe iQfRUmaWiRQ fRU mRQiWRUiQg Whe cRQVWUaiQWV. BeVideV, Whe daWa maQagemeQW

UeSRViWRU\ Zhich fRllRZV Whe ZRUk SackagiQg aSSURach fURm ChaSWeU 5 liQkV Whe ViWe

iQfRUmaWiRQ WR Whe ZRUk SackageV aQd ideQWifieV UelaWed ZRUk SackageV. AQ e[amSle Rf

Whe SaiQWiQg jRb VhRZV Whe SRWeQWial Rf Whe CDE-VXSSRUWed cRQVWUaiQW maQagemeQW. ThiV

iQWegUaWed aSSURach helSV imSURYe Whe iQfRUmaWiRQ flRZ Rf cRQVWUaiQW maQagemeQW.

6.5 SXPPDU\

IQ WhiV chaSWeU, aQ iQWegUaWed fUameZRUk iV deVigQed WR imSURYe Whe iQfRUmaWiRQ flRZ iQ

Whe SURjecW lifec\cle. Namel\, a CDE fUameZRUk iV SURSRVed WR leYeUage Whe BIM-baVed

field VeQViQg aSSURach fURm ChaSWeU 4 aQd Whe BIM-eQabled ZRUk SackagiQg aSSURach
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fURm ChaSWeU 5. IQ Whe CDE, field VeQViQg iQfRUmaWiRQ aQd ZRUk SackageV aUe

Zell-RUgaQiVed aQd cURVV-UefeUeQced iQ a fle[ible daWa UeSRViWRU\. The iQfRUmaWiRQ iQ Whe

daWa UeSRViWRU\ cRXld VXffice YaUiRXV iQfRUmaWiRQ QeedV Rf SURjecW maQagemeQW.

TR e[amiQe Whe SURSRVed CDE fUameZRUk, WZR SilRW VWXdieV iQclXdiQg a cRQVWUXcWiRQ

iQVSecWiRQ VceQaUiR aQd a cRQVWUaiQW maQagemeQW VceQaUiR aUe e[emSlified. FiUVWl\, Whe

cRQVWUXcWiRQ iQVSecWiRQ VceQaUiR leYeUageV Whe Zell-RUgaQiVed ZRUk SackageV WR UeheaUVe

Whe iQVSecWiRQ befRUe Whe ViWe WUiS. All VXSSRUWiQg iQfRUmaWiRQ iV aUUaQged aQd aYailable

fRU Whe ViWe WUiS. The YiVXal RU fRUm cRllecWiRQ RQ ViWe aUe iQWegUaWed iQWR Whe daWa

UeSRViWRU\ aV Zell. SecRQdl\, Whe cRQVWUaiQW maQagemeQW VceQaUiR XWiliVeV Whe field

VeQViQg iQfRUmaWiRQ WR mRQiWRU Whe cRQdiWiRQ RQ ViWe aQd Whe daWa maQagemeQW

UeSRViWRU\ WR ideQWif\ Whe cRQVWUaiQed ZRUk SackageV. SSecificall\, becaXVe Whe ViWe

iQfRUmaWiRQ aQd Whe ZRUk SackageV aUe iQWegUaWed aQd cURVV-UefeUeQced, RQce Whe

cRQVWUaiQW haSSeQV, Whe cRQVWUaiQWV iQ Whe ZRUk SackageV aUe WUiggeUed aQd Whe UelaWed

ZRUk SackageV aUe ideQWified. IQ VhRUW, WheVe WZR SilRW VWXdieV VhRZ WhaW Whe iQfRUmaWiRQ

ZaVWe iV UedXced. The SURSRVed CDE iV YeUVaWile aQd caSable Rf imSURYiQg Whe

iQfRUmaWiRQ flRZ iQ Whe SURjecW lifec\cle.
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CKDSWHU 7: CRQFOXVLRQV, IPSOLFDWLRQV, DQG FXWXUH RHFRPPHQGDWLRQV

7.1 CRQFOXVLRQV

ThiV VecWiRQ VXmmaUiVeV Whe UeVeaUch fiQdiQgV UegaUdiQg Whe WhUee RbjecWiYeV fRUmXlaWed

iQ ChaSWeU 1 WR dUaZ cRQclXViRQV fURm Whe UeVXlWV. TheRUeWical cRQWUibXWiRQV aQd

SUacWical imSlicaWiRQV aUe RXWliQed WR highlighW Whe VigQificaQce Rf Whe UeVeaUch. BeVideV,

Whe UecRmmeQdaWiRQV aUe diVcXVVed WR SRiQW RXW Whe RSSRUWXQiWieV fRU fXWXUe UeVeaUch.

7.1.1 RHVHDUFK ILQGLQJV IRU OEMHFWLYH 1

ObjecWiYe 1, WiWled ³MRQiWRUiQg ViWe cRQdiWiRQV ZiWh BIM aQd field VeQViQg iQfRUmaWiRQ

fRU deciViRQ makiQg iQ cRmSle[ SURjecWV´, WaUgeWV WR deYelRS a field VeQViQg fUameZRUk

leYeUagiQg BIM aQd VmaUW VeQViQg WechQRlRgieV WR VXffice Whe iQfRUmaWiRQ Qeeded iQ Whe

deciViRQ makiQg SURceVV. A VeQViQg haUdZaUe la\RXW ZaV deVigQed aQd Whe VeQViQg

caSabiliW\ Rf RFID VeQVRUV Zhich iV chRVeQ iQ WhiV UeVeaUch ZeUe WeVWed. SiWe cRQdiWiRQV

aUe cRQWiQXRXVl\ cRllecWed aQd VeQW WR Whe V\VWem ZiWh WhiV deVigQ. BeVideV, Whe

fUameZRUk ZaV YeUified iQ a cRUURViRQ SUedicWiRQ VceQaUiR, aQd imSURYemeQWV had beeQ

achieYed RQ cRUURViRQ maQagemeQW ZheQ ideQWif\iQg SRWeQWial cRUURViRQ aUeaV dXUiQg

Whe deciViRQ makiQg SURceVV.

7.1.2 RHVHDUFK ILQGLQJV IRU OEMHFWLYH 2

ObjecWiYe 2, WiWled ³DeVigQiQg BIM-eQabled ZRUk SackagiQg fRU VWUeQgWheQiQg

iQfRUmaWiRQ liQkageV iQ cRmSle[ SURjecWV´, aimV WR VWUeQgWheQ Whe liQkageV amRQg Whe

SURjecW iQfRUmaWiRQ. TR VWaUW ZiWh, iQfRUmaWiRQ flRZ amRQg VWakehRldeUV alRQg ZiWh Whe

SURjecW lifec\cle ZaV ideQWified. TheQ, a BIM-eQabled ZRUk SackagiQg fUameZRUk fRU

VWUeQgWheQiQg Whe iQfRUmaWiRQ liQkageV ZaV deYelRSed. TR YalidaWe Whe SURSRVed
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fUameZRUk, a VWUXcWXUal UefXUbiVhmeQW SURjecW ZaV WeVWed. 91 ZRUk SackageV ZeUe la\RXW

aQd 609 liQkageV ZeUe aXWRmaWicall\ geQeUaWed baVed RQ Whe SURSRVed aSSURach. ThiV

BIM-eQabled mechaQiVm beQefiWV VWakehRldeUV b\ imSURYed XQdeUVWaQdiQg Rf Whe

SURgUeVV Rf WheiU ZRUk aQd UelaWed ZRUk b\ RWheU VWakehRldeUV ZiWh miQimal iQfRUmaWiRQ

ZaVWe.

7.1.3 RHVHDUFK ILQGLQJV IRU OEMHFWLYH 3

ObjecWiYe 3, WiWled ³IQWegUaWiQg field VeQViQg iQfRUmaWiRQ aQd BIM-eQabled ZRUk

SackagiQg fRU imSURYiQg iQfRUmaWiRQ flRZ iQ cRmSle[ SURjecWV´, aimV WR accRmmRdaWe

mXlWiSle VRXUceV Rf iQfRUmaWiRQ alRQg Whe SURjecW lifec\cle b\ deVigQiQg a cRmmRQ daWa

eQYiURQmeQW leYeUagiQg Whe RXWcRmeV fURm RbjecWiYe 1 aQd 2. Namel\, aQ iQWegUaWed

fUameZRUk fRU XWiliViQg SURjecW iQfRUmaWiRQ ZaV deYelRSed WR imSURYe iQfRUmaWiRQ flRZ.

A cRQVWUXcWiRQ iQVSecWiRQ VceQaUiR fRllRZiQg Whe SURSRVed fUameZRUk ZaV WeVWed WR

YeUif\ Whe iQfRUmaWiRQ iQWegUiW\ Rf Whe SURjecW UeSRViWRU\. IQ addiWiRQ, a chaQge imSacW

VceQaUiR fRllRZiQg Whe SURSRVed fUameZRUk ZaV e[emSlified WR YeUif\ Whe VeQVRU

iQfRUmaWiRQ aQd ZRUk SackageV cRXld beQefiW Whe deciViRQ makiQg SURceVV iQ Whe SURjecW

lifec\cle.

7.2 SXPPDU\ RI 7KHRUHWLFDO CRQWULEXWLRQV

ThiV UeVeaUch ZaV mRWiYaWed b\ Whe iQcUeaViQg challeQgeV Rf SURjecW iQfRUmaWiRQ

maQagemeQW dXe WR Whe UiViQg amRXQW Rf iQfRUmaWiRQ fURm iQQRYaWiYe deVigQV, adRSWiRQ

Rf emeUgiQg WechQRlRgieV, aQd cRmSlicaWed maQagemeQW SURceVVeV. The ViWXaWiRQ leadV

WR aQ iQefficieQW diVWUibXWiRQ Rf SURjecW iQfRUmaWiRQ Zhich accXmXlaWeV ZaVWed

iQfRUmaWiRQ aQd clRgV XS Whe iQfRUmaWiRQ flRZ. NXmeURXV VWXdieV haYe SURSRVed

aSSURacheV RQ liQkiQg SURjecW daWa WR BIM RbjecWV fRU iQfRUmaWiRQ maQagemeQW.
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HRZeYeU, liQkageV amRQg Whe SaiUed iQfRUmaWiRQ, e.g. ZRUk Sackage liQkageV, haYe QRW

beeQ Said gUeaW aWWeQWiRQ WR. IQ Sace ZiWh Whe gURZWh Rf Whe QXmbeUV Rf ZRUk SackageV

iQ Whe SURjecW daWa SRRl, a liQkiQg mechaQiVm VhRXld be eVWabliVhed WR eQhaQce Whe

TXaliW\ Zhile UeWUieYiQg ZRUk SackageV. Namel\, VimilaU VcRSe Rf ZRUk SackageV VhRXld

be UeWUieYed WRgeWheU WR UedXce Whe SRVVibiliW\ Rf miVViQg iQfRUmaWiRQ. TR achieYe Whe

ZRUk Sackage liQkiQg, SaiUed iQfRUmaWiRQ iQ Whe ZRUk Sackage VhRXld VeUYe QRW RQl\ Whe

deWailV Rf Whe ZRUk, bXW alVR Whe ideQWiW\ amRQg ZRUk SackageV fRU fiQdiQg VimilaU ZRUk

SackageV. TheUefRUe, WhiV UeVeaUch SXWV mRUe emShaViV RQ Whe ZRUk Sackage liQkiQg

RYeU Whe liQkiQg beWZeeQ BIM elemeQWV aQd SURjecW daWa becaXVe Whe ZRUk Sackage

liQkiQg iV VcaUce \eW eVVeQWial WR Whe SURjecW iQfRUmaWiRQ maQagemeQW.

The fiUVW WheRUeWical cRQWUibXWiRQ, Whe field VeQViQg fUameZRUk fURm ChaSWeU 4, acTXiUeV

ViWe cRQdiWiRQV WR Whe deciViRQ makiQg SURceVV. IW SURYideV a cRQWiQXRXV iQfRUmaWiRQ

flRZ WR VWUeam ViWe cRQdiWiRQV fURm ViWe WR Rffice aQd iQWeUSUeW Whe VeQVRU daWa iQ XVefXl

iQfRUmaWiRQ WR VXSSRUW Whe deciViRQ makiQg. BeVideV, Whe cRllecWed daWa VXSSRUWV Whe

ideQWificaWiRQ Rf liQkageV amRQg ZRUk SackageV. The fUameZRUk demRQVWUaWeV aQ

iQWegUaWed aSSURach Rf cRllecWiQg aQd aQal\ViQg daWa Zhich iV a cRmbiQaWiRQ Rf Whe

SUacWical VeQViQg aSSlicaWiRQV aQd WheRUeWical aQal\ViV algRUiWhmV.

SecRQdl\, Whe cRQWUibXWiRQ iV WR SURSRVe a BIM-eQabled ZRUk SackagiQg mechaQiVm fRU

VWUeQgWheQiQg iQfRUmaWiRQ liQkageV iQ SURjecWV fURm ChaSWeU 5. PURjecW iQfRUmaWiRQ fURm

mXlWiSle VWakehRldeUV iV RUgaQiVed, aQd liQkageV amRQg SURjecW iQfRUmaWiRQ aUe

aXWRmaWicall\ geQeUaWed. The mechaQiVm SURYideV a QRYel aSSURach WR aUUaQge aQd

aQal\Ve mXlWiSle VRXUceV Rf SURjecW iQfRUmaWiRQ. The BIM-eQabled ZRUk SackagiQg

addUeVVeV aQ eVVeQWial iVVXe Zhich iV Whe liQkageV Rf SURjecW iQfRUmaWiRQ. IQ SaUWicXlaU,

Whe aSSURach iQWegUaWeV SURjecW daWa fURm mXlWiSle VWakehRldeUV alRQg ZiWh Whe SURjecW
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lifec\cle. TR cUeaWe liQkageV amRQg ZRUk SackageV fRU faciliWaWiQg iQWegUaWiRQ, a QRYel

VWUaWeg\ ZiWh Whe KaUl PeaUVRQ¶V cRUUelaWiRQ cRefficieQW iV SURSRVed. The fRUmXla

calcXlaWeV cRUUelaWiRQ cRefficieQW WR ideQWif\ VimilaU ZRUk SackageV. IW cRQWUibXWeV WR Whe

VcaUce \eW eVVeQWial iVVXe Rf iQfRUmaWiRQ iQWegUaWiRQ.

ThiUdl\, a WheRUeWical daWa fUameZRUk fURm ChaSWeU 6 iV SURSRVed WR imSlemeQW a

cRmmRQ daWa eQYiURQmeQW fRU VWUeamliQiQg iQfRUmaWiRQ amRQg mXlWiSle VWakehRldeUV

alRQg ZiWh SURjecW lifec\cle. The YeUVaWiliW\ Rf Whe cRmmRQ daWa eQYiURQmeQW VhRZV aQ

iQVighW Rf iQWegUaWiQg mXlWiSle emeUgiQg WechQRlRgieV WR VXffice YaUiRXV demaQdV Rf

iQfRUmaWiRQ. IW alVR SURYideV Whe RSSRUWXQiW\ fRU fXWXUe UeVeaUch WR e[WeQd adYaQced

aSSlicaWiRQV RQ Whe baViV Rf Whe cRmmRQ daWa eQYiURQmeQW.

7.3 PUDFWLFDO IPSOLFDWLRQV

ThiV UeVeaUch UeSUeVeQWV aQ effRUW WR VWUeamliQe iQfRUmaWiRQ flRZ acURVV VWakehRldeUV. TR

begiQ ZiWh, a cRUURViRQ SUedicWiRQ V\VWem fURm ChaSWeU 4 SURYideV aQ iQQRYaWiYe

aSSURach WR maQagemeQW SiSeliQe cRUURViRQV. IQVWead Rf VSRW check SiSeliQeV, a lRgical

deciViRQ fRU SiSeliQe maiQWeQaQce cRXld be made. AddiWiRQall\, Whe aSSURacheV fRU

VWUeamiQg aQd iQWegUaWiQg Whe VeQVRU daWa ZiWh BIM SURYide a YeUVaWile daWa

eQYiURQmeQW fRU aSSlicaWiRQV alRQg SURjecW lifec\cle. Ne[W, a BIM-eQabled ZRUk

SackagiQg V\VWem iV bXilW, aQd iW aXWRmaWicall\ liQkV SURjecW iQfRUmaWiRQ Zhich VXfficeV

Whe QeedV fRU deciViRQ makiQg b\ SURYidiQg UelaWed SURjecW iQfRUmaWiRQ. PaUWicXlaUl\,

SieceV Rf SURjecW daWa aQd BIM elemeQWV aUe imSliciWl\ SaiUed dXUiQg Whe cUeaWe aQd

XSdaWe SURceVV. SimilaU ZRUk SackageV aUe ideQWified Zhich helSV VWakehRldeUV e[WUacW

iQfRUmaWiRQ aV mXch aV SRVVible Zhile deciViRQ-makiQg ZiWhRXW cRQWiQXRXVl\ TXeU\iQg

Whe SURjecW daWa SRRl. CRQVeTXeQWl\, Whe SRWeQWial iQfRUmaWiRQ ZaVWe cRXld be UedXced.

FiQall\, a YeUVaWile CDE Zhich fiWV YaUiRXV demaQdV iQ SURjecW maQagemeQW iV
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demRQVWUaWed. TZR VceQaUiRV iQclXdiQg cRQVWUXcWiRQ iQVSecWiRQ aQd chaQge imSacW Rf

cRQVWUaiQWV aUe imSlemeQWed WR VhRZ Whe SRWeQWial Rf VWUeamliQiQg iQfRUmaWiRQ flRZ iQ

iQdXVWU\.

TR VXm XS, VWakehRldeUV alRQg ZiWh Whe SURjecW lifec\cle caQ beQefiW fURm Whe UeVeaUch.

IQfRUmaWiRQ fURm Whe deVigQ Weam giYeV VWakehRldeUV VXch aV cRQWUacWRUV a beWWeU

XQdeUVWaQdiQg Rf Whe deVigQ ZRUk Zhile cRQWUacWRUV maQage WheiU RZQ ZRUk.

FXUWheUmRUe, ZheQ a deVigQ chaQge RccXUV, Whe deVigQ, cRQWUacWRU, aQd VXbcRQWUacWRU

WeamV ZRUk WRgeWheU WR XSdaWe ZRUk SackageV ZiWhRXW ZaiWiQg fRU cRmSleWe daWa fURm

each RWheU. ThXV, Wimel\ iQfRUmaWiRQ VhaUiQg aQd cRmmXQicaWiRQ cRXld be Ueali]ed.

IQfRUmaWiRQ cRXld be VhaUed beWZeeQ VWakehRldeUV aW aQ\ Wime. TheUe Zill be QR RU liWWle

idle Wime fRU diffeUeQW WeamV WR ZaiW fRU iQfRUmaWiRQ. IQ VhRUW, aQ accXUaWe, RQ Wime, aQd

aSSURSUiaWe e[chaQge Rf iQfRUmaWiRQ cRXld be e[SecWed.

7.4 RHFRPPHQGDWLRQV IRU FXWXUH RHVHDUFK

The iQfRUmaWiRQ fURm mXlWiSle VWakehRldeUV alRQg ZiWh Whe SURjecW lifec\cle iV RUgaQiVed

aQd cURVV UefeUeQced iQ Whe fRUm Rf ZRUk SackageV. FXWXUe UeVeaUch caQ e[WUacW Whe

iQfRUmaWiRQ iQ ZRUk SackageV aV a baViV WR VXSSRUW Whe iQfRUmaWiRQ QeedV Rf aSSlicaWiRQV

iQ Whe SURjecW lifec\cle. IW caQ QRW RQl\ UedXce Whe ZRUk Rf daWa cRllecWiRQ bXW alVR

SUeVeUYe Whe daWa iQWegUiW\ Rf SURjecW iQfRUmaWiRQ.

E[ceSW fRU Whe aSSlicaWiRQV iQ Whe SURjecW lifec\cle, Whe Zell-RUgaQiVed iQfRUmaWiRQ caQ

VXSSRUW Whe iQfRUmaWiRQ QeedV Rf faciliW\ maQagemeQW aV Zell. BecaXVe Whe iQfRUmaWiRQ

demaQdV fURm faciliW\ maQagemeQW aUe mRVWl\ added WR Whe ZRUk SackageV dXUiQg Whe

cRQVWUXcWiRQ VWage, Whe iQfRUmaWiRQ caQ be e[WUacWed fURm Whe ZRUk SackageV WR UedXce

Whe WediRXV SURceVV Rf daWa cRllecWiRQ.
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