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AbTUSacU: IOUFHSBUFE MBOE VTF BOE USBOTQPSUBUJPONPEFMT IBWF FWPMWFE BMPOH
B TQFDUSVN GSPN TJNQMF TLFUDI QMBOOJOH NPEFMT UP DPNQMFY NJDSPTJNVMB-
UJPO NPEFMT. WIJMF FBDI IBT JUT OJDIF, UIFZ BSF MBSHFMZ VOBCMF UP CBMBODF UIF
flFYJCJMJUZ BOE SFBMJTN PG NJDSPTJNVMBUJPO BOE UIF TQFFE BOE JOUFSBDUJWJUZ PG
TJNQMF NPEFMT. F RFHJPOBM SUSBUFHJD PMBOOJOH MPEFM (RSPM) BJNT UP fiMM
UIJT HBQ CZ UBLJOH B NJDSPTJNVMBUJPO BQQSPBDI XIJMF NBLJOH PUIFS TJNQMJfi-
DBUJPOT JO PSEFS UP NPEFM fiSTU-PSEFS FffFDUT RVJDLMZ. IU FOBCMFT QMBOOFST UP
DPOTJEFS UIF SPCVTUOFTT PG QSPTQFDUJWF QPMJDJFT JO UIF GBDF PG GVUVSF VODFS-
UBJOUJFT CZ BDDFQUJOH B CSPBE SBOHF PG JOQVUT BOE BMMPXJOH SBQJE TJNVMBUJPOT
PG NBOZ TDFOBSJPT. JT QBQFS JOUSPEVDFT UIF RSPM BOE TIPXT IPX OFX
MBOE VTF BOENVMUJNPEBM USBOTQPSUBUJPO TFOTJUJWJUJFT IBWF CFFO JODPSQPSBUFE
UISPVHI UIF DPOWFSTJPO UP UIFOFXVJTJPOEWBM PQFO-TPVSDF GSBNFXPSL. LBOE
VTF BOE USBOTQPSUBUJPO JOUFSBDUJPOT JO UIF RSPM BSF SFWJFXFE, BOE UIF EF-
WFMPQNFOU PG B OFX NVMUJNPEBM USBWFM EFNBOE NPEVMF XJUI JNQSPWFE MBOE
VTF TFOTJUJWJUJFT JT IJHIMJHIUFE. F VTF PG B VOJRVF OBUJPOXJEF EBUBTFU DPN-
CJOJOH UIF 2009 NHTS, EPA’T SNBSU LPDBUJPO DBUBCBTF, BOE NFUSPQPMJUBO
USBOTJU BOE SPBEXBZ EBUB JT FYQMBJOFE. F QBQFS DPODMVEFT XJUI UIF SFTVMUT
PG WBMJEBUJPO BOE TFOTJUJWJUZ UFTUT, BOE B EJTDVTTJPO PG GVUVSF XPSL.
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SJNQMF TLFUDI QMBOOJOH UPPMT, TVDI BT CPUIFPSFUJDBM DPOTJTUFODZ UISPVHI TPQIJTUJDBUFE NPEFMJOH
PG JOEJWJEVBM CFIBWJPS BOENVMUJNPEBM OFUXPSL EFUBJMT (HVOU eU al. 2005). IO BNPSF SFDFOU SFWJFX BS-
UJDMF, ADIFBNQPOH BOE SJMWB (2015) TVNNBSJ[F UIF UIFPSFUJDBM GPVOEBUJPOT BOE UIF TUBUVT PG 28 PQFSB-
UJPOBM MBOE-VTF-USBOTQPSUBUJPO JOUFSBDUJPO (LUTI) NPEFMT IO QBSUJDVMBS, UIFZ EJTDVTT UIF DIBMMFOHFT PG
NJDSPTJNVMBUJPO LUTINPEFMT JODMVEJOH MPOH FYFDVUJPO UJNF BOE VODFSUBJOUJFT XJUI SFTQFDU UPNPEFM
PVUQVUT SFTVMUJOH “GSPN NPEFM NJTTQFDJfiDBUJPO, JNQFSGFDU JOQVU JOGPSNBUJPO, BOE JOOBUF SBOEPNOFTT
JO FWFOUT BOECFIBWJPST UIBU BSF CFJOHNPEFMFE.” AFS EJTDVTTJOH UIF UPQPMPHZ BOE FWPMVUJPO PG WBSJPVT
LUTI NPEFMT, KJJ, NBLBOJTIJ, NBLBNVSB, BOE DPJ DPODMVEF UIBU EJSFDUJPOT GPS GVUVSF LUTI JODMVEF
“B TJNQMJfiFE BOE FTTFOUJBM NPEFM GPS OBUJPOBM, SFHJPOBM BOE HMPCBM BTTFTTNFOU PG VSCBO MBOE VTF” (KJJ
eU al. 2016, Q. 153). WIJMF UIF MBOETDBQF PG LUTI NPEFMT JT DSPXEFE, UIFTF SFWJFXT BHSFF UIBU UIFSF
JT B HBQ JO UIJT MBOETDBQF UIBU CBMBODFT UIF flFYJCJMJUZ BOE SFBMJTN PG NJDSPTJNVMBUJPO NPEFMT XJUI UIF
TQFFE BOE JOUFSBDUJWFOFTT PG TJNQMFS NPEFMT.

F RFHJPOBM SUSBUFHJD PMBOOJOH MPEFM (RSPM) BJNT UP fiMM UIF HBQ CFUXFFO NPSF BHHSFHBUFE
TLFUDI QMBOOJOH UPPMT BOE NPSF DPNQMFY LUTI NPEFMT. SLFUDI QMBOOJOH UPPMT BSF QSJNBSJMZ ESJWFO CZ
DPSSFMBUJPO PS VOJWBSJBUF FMBTUJDJUJFT, CVU UIFZ BSF VOBCMF UP SFflFDU UIF JOUFSDPOOFDUFEOFTT CFUXFFO
EJffFSFOU VSCBO QIFOPNFOB, XIJMF GVMM-flFEHFE EJTBHHSFHBUF NPEFMT JOUFHSBUFE XJUI USBWFM EFNBOE
NPEFMT BJN BU DBQUVSJOH UIF JOUFSEFQFOEFODF JO UIF VSCBO TZTUFN BU UIF DPTU PG NPEFM DPNQMFYJUZ,
EFUBJM, BOE SVO UJNF. AEWBODFE BDUJWJUZ-CBTFE NPEFMT DBQUVSF JOUFSBDUJOH QPMJDJFT CZ NJDSPTJNVMBUJPO
PG FBDI JOEJWJEVBM’T EBJMZ USJQT CZ QVSQPTF VTJOH B EFUBJMFE NVMUJNPEBM OFUXPSL. TSBEJUJPOBM USBWFM EF-
NBOE NPEFMT JODPSQPSBUF UIF OFUXPSL, CVU QPMJDJFT BOE UIFJS JOUFSBDUJPOT BSF MJNJUFE CZ BO BHHSFHBUF
USFBUNFOU PG UIF BWFSBHF CFIBWJPS PG “HSPVQT” PG JOEJWJEVBMT.

RSPM VTFT NJDSPTJNVMBUJPO BOE JOUFSBDUJOH NPEFM DPNQPOFOUT UP FOBCMF CFUUFS BDDPVOUJOH PG
QPMJDZ JOUFSBDUJPOT BOE UIF TPDJBM BOE TQBUJBM IFUFSPHFOFJUZ PG FffFDUT UIBO JT QPTTJCMF XJUI TLFUDI QMBO-
OJOH UPPMT. F BEWBOUBHF PG BNJDSPTJNVMBUJPO BQQSPBDI JT JO UIF JOUFSQSFUBCJMJUZ PGNPEFM SFTVMUT BOE
UIF flFYJCJMJUZ JO JOUSPEVDJOH BEEJUJPOBM EJTBHHSFHBUF WBSJBCMFT BOE VUJMJ[JOH BMUFSOBUJWF NPEFM TUSVD-
UVSFT (DPOOFMMZ eU al. 2010;WBEEFMM 2011). AU UIF TBNF UJNF, RSPM TJNQMJfiFT UIF EJTBHHSFHBUFNPE-
FMJOH BQQSPBDI GSPN UIBU PG NPSF DPNQMFY LUTI NPEFMT. RSPM GPSFDBTUT POMZ PWFSBMM USBWFM CBTFE
PO VSCBOJ[FE BSFB USBWFM DPOEJUJPOT BOE IPVTFIPME BUUSJCVUFT, BWPJEJOH OFUXPSL EFUBJM UIBU MFBET UP
MPOH SVO UJNFT. IU UIFSFCZ TUSJLFT B CBMBODF CFUXFFO SBQJE DPNQVUBUJPO BOE BDDVSBUF SFQSFTFOUBUJPO PG
IPX EJffFSFOU UZQFT PG IPVTFIPMET XJMM DIBOHF USBWFM CFIBWJPS JO SFTQPOTF UP QPMJDJFT BOE JOWFTUNFOUT.
FTF TJNQMJfiDBUJPOT FOBCMF NPSF DPNQSFIFOTJWF BOBMZTJT DPOTJTUFOU XJUI UIF VODFSUBJOUJFT JOIFSFOU
JO MPOH-SBOHF QMBOOJOH, BOE CZ BMMPXJOH B MBSHFS TFU PG GBDUPST BOE NBOZ NPSF TDFOBSJPT UP CF FWBMV-
BUFE JO B UJNFMZ NBOOFS. JT FOBCMFT UIF QMBOOJOH EFDJTJPO TQBDF BOE QPUFOUJBM QPMJDZ USBEFPffT UP CF
CSPBEMZ FYQMPSFE. IU BMTP FOBCMFT UIF EFWFMPQNFOU PG XFC-CBTFE JOUFSBDUJWF EFDJTJPO-TVQQPSU UPPMT UP
HJWF QMBOOFST BOE EFDJTJPO-NBLFST UIF BCJMJUZ UP CFUUFS VOEFSTUBOE QSPTQFDUT BOE USBEFPffT, BT XFMM BT
SFTJMJFODF UP BMUFSOBUJWF GVUVSFT (GSFHPS 2016).

F RSPM JT BO PffTIPPU PG UIF GSFFOSTEP NPEFM, B NJDSPTJNVMBUJPO NPEFMJOH QBDLBHF PSJHJ-
OBMMZ EFWFMPQFE UP BTTJTU UIFOSFHPODFQBSUNFOU PGTSBOTQPSUBUJPO (ODOT) BOE PUIFS TUBUF BHFODJFT
UP EFWFMPQ TUBUFXJEF USBOTQPSUBUJPO TUSBUFHJFT BOE QPMJDJFT GPS SFEVDJOH HSFFOIPVTF HBT (GHG) FNJT-
TJPOT UP NFFU TUBUF HPBMT (OSFHPO SUBUF LFHJTMBUVSF 2010). F RSPM XBT EFWFMPQFE GSPN GSFFO-
STEP UP NPEFM NFUSPQPMJUBO BSFBT BU B fiOFS MFWFM PG HFPHSBQIJD EFUBJM UP BTTJTU XJUI UIF EFWFMPQNFOU
PG TDFOBSJP QMBOT DPWFSJOH QPMJDZ BDUJPOT SFMFWBOU BU UIF SFHJPOBM MFWFM, BOE SFQPSUJOH GPS SFHJPOBM HPBMT,
JODMVEJOH OSFHPO’T BEPQUFE NFUSPQPMJUBO GHG UBSHFUT (OSFHPO SUBUF LFHJTMBUVSF 2010). F NPEFM
XBT BMTP SFCSBOEFE UP SFflFDU UIF GBDU UIBU JU QSPWJEFT BOBMZUJDBM TVQQPSU GPS NVDI NPSF UIBO GHG
NJUJHBUJPO QMBOOJOH TJODF JU NPEFMT B MBSHF OVNCFS PG USBOTQPSUBUJPO GBDUPST BOE QSPEVDFT B SJDI TFU
PG QFSGPSNBODFNFUSJDT. F RSPM BOEGSFFOSTEPNPEFMT BSF CPUI PQFSBUJPOBM BOE IBWF CFFO VTFE
GPS B OVNCFS PG TUVEJFT UP TVQQPSU UIF NFUSPQPMJUBO BSFB QMBOOJOH, BT XFMM BT TUBUF QMBOT, SVMFT, BOE
MFHJTMBUJPO JOOSFHPO (OSFHPODFQBSUNFOU PG TSBOTQPSUBUJPO, PMBOOJOH SFDUJPO 2012; PJFU[ BOEGSF-
HPS 2014) BOE BMTP GPS MPOH-SBOHF WJTJPOJOH JO UIF AUMBOUB SFHJPO. OUIFS PQFSBUJPOBM NPEFMT UIBU IBWF
CSBODIFE Pff UIF PSJHJOBM GSFFOSTEP NPEFM DPEF CBTF JODMVEF UIF EOFSHZ BOE ENJTTJPOT RFEVDUJPO
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PPMJDZ AOBMZTJT TPPM (EERPAT) (FHWAOffiDF PG PMBOOJOH, PPMJDZ, BOE RFBMUZ 2016), BOE UIF RBQJE
PPMJDZ AOBMZTJT TPPM (RPAT), XIJDI XBT EFWFMPQFE BT QBSU PG UIF SHRP2 C16 QSPKFDU GPS FWBMVBUJOH
UIF FffFDUT PG TNBSU HSPXUI QPMJDJFT PO USBWFM EFNBOE (OVUXBUFS eU al. 2014).

CVSSFOU FffPSUT BSFNFSHJOH UIFGSFFOSTEP GBNJMZ PG UPPMT JOUP BO PQFO TPVSDF DPNNPO TPXBSF
QMBUGPSN, VJTJPOEWBM, UP TVQQPSU NVMUJ-BHFODZ DPMMBCPSBUJPO JO UIF EFWFMPQNFOU PG TUSBUFHJD QMBOOJOH
NPEFMT (GSFHPS eU al. 2016). IO DPOKVODUJPO XJUI NJHSBUJOH UIF RSPM UP UIF VJTJPOEWBM QMBUGPSN,
ODOT DPNNJTTJPOFE SFTFBSDI BOE EFWFMPQNFOU UP FYQBOE BOE JNQSPWF UIF MBOE VTF NPEFM DPN-
QPOFOUT PG UIF RSPM, JODSFBTF UIF TFOTJUJWJUZ PG USBWFM GPSFDBTUJOH UP MBOE VTF WBSJBCMFT, BOE JNQSPWF
NVMUJNPEBM USBWFM NPEFMJOH DBQBCJMJUJFT. JT QBQFS IBT GPDVTFE PO UIF SFTVMUT PG UIBU XPSL. F SF-
NBJOEFS PG UIF QBQFS QSPWJEFT BO PWFSWJFX PG MBOE VTF BOE USBOTQPSUBUJPO NPEFM DPNQPOFOUT PG UIF
RSPM BT JNQMFNFOUFE JO UIF VJTJPOEWBM QMBUGPSN, UIFO JU EPDVNFOUT UIF TQFDJfiDBUJPO, WBMJEBUJPO,
BOE TFOTJUJWJUZ UFTUJOH PG UIF OFXNVMUJNPEBM USBWFM EFNBOENPEVMF, CFGPSF DPODMVEJOH XJUI B EJTDVT-
TJPO PG UIF OFX NPEVMF’T JOUFHSBUJPO XJUI UIF RSPM BOE EJSFDUJPOT GPS GVUVSF SFTFBSDI.

2 OWeSWieX of Uhe RSPM andModeled Land UTe and TSanTpoSUaUion InUeSacUionT

ETUJNBUJPO PG UIF GSFFOSTEP BOE RSPM WFIJDMF PXOFSTIJQ, EBJMZ WFIJDMF NJMFT USBWFMFE (VMT, 1
NJMF = 1.61 LJMPNFUFST), BOE TFWFSBM PUIFS TVCNPEFMT SFMJFE IFBWJMZ PO UIF OBUJPOBM TBNQMF PG UIF 2001
NBUJPOBM HPVTFIPME TSBWFM SVSWFZ (NHTS). F VTF PG UIF 2001 NHTS JO UIF EFWFMPQNFOU PG UIFTF
NPEFMT JT EPDVNFOUFE JO GSFFOSTEP BOE RSPM UFDIOJDBM EPDVNFOUT (GSFHPS 2015) BOE BO FBSMJFS
QBQFS (CMJPO BOE GSFHPS 2012). A CFOFfiU PG VTJOH UIF OBUJPOXJEF EBUB XBT UIBU JU PQFOFE VQ QPT-
TJCJMJUJFT GPS USBOTGFSSJOH UIF NPEFM UP PUIFS TUBUFT BOE NFUSPQPMJUBO BSFBT JO UIF U.S. UOGPSUVOBUFMZ,
GFX MBOE VTF WBSJBCMFT BSF JODMVEFE JO UIF 2001 NHTS EBUBTFUT (J.F., QPQVMBUJPO EFOTJUZ BOE HFOFSBM
MPDBUJPO XJUI SFTQFDU UP UIF NFUSPQPMJUBO DPSF). AMUIPVHI MBOE VTF BUUSJCVUFT BSF JNQPSUBOU WBSJBCMFT
JO B OVNCFS PG UIF GSFFOSTEP BOE RSPM TVCNPEFMT, UIF TNBMM OVNCFS PG WBSJBCMFT MJNJUT UIF MBOE
VTF BOE QPMJDZ TFOTJUJWJUZ PG UIPTF NPEFMT.

IU IBT CFFO B HPBM PG UIJT QBQFS UP JNQSPWF UIF MBOE VTF JOUFSBDUJPO PG UIF RSPM BOE UIF BCJMJUZ
PG UIF NPEFM UP QSFEJDU DPOTFRVFODFT GPS OPO-BVUP NPEF USBWFM (J.F., XBML, CJLF, QVCMJD USBOTJU) UIBU
BSF IJHIMZ EFQFOEFOU PO CVJMU GPSN BT XFMM BT BVUPNPCJMF USBWFM. TP UIBU FOE, XF DPOEVDUFE SFTFBSDI
BOE EFWFMPQNFOU UP BDDPNQMJTI UIJT HPBM JO DPODFSU XJUI UIF DPOWFSTJPO PG UIF RSPM UP UIF OFX
VJTJPOEWBM GSBNFXPSL. JT PQFO-TPVSDF GSBNFXPSL, JNQMFNFOUFE JO UIF R TUBUJTUJDBM QSPHSBNNJOH
MBOHVBHF (RCPSF TFBN 2017), JT CFJOH CVJMU UP GBDJMJUBUF DPMMBCPSBUJPO JO UIF EFWFMPQNFOU PG TUSBUFHJD
QMBOOJOH NPEFMT. SVCNPEFMT BSF NPEVMFT UIBU DBO CF XSJUUFO UP JOUFSBDU XJUI PUIFS TVCNPEFMT JO B
QMVH-BOE-QMBZNBOOFS. DFUBJMT PO UIF GSBNFXPSL EFTJHO BSF BWBJMBCMF JO UIF QSPKFDU SFQPTJUPSZ (GSFHPS
2017). F PCKFDUJWFT PG UIF SFTFBSDI EFTDSJCFE IFSFJO XFSF UP DSFBUF OFX NPEVMFT BOE SFWJTF FYJTUJOH
NPEVMFT JO UIF VJTJPOEWBM GSBNFXPSL UP JODSFBTF UIF MBOE VTF BOE USBOTQPSUBUJPO JOUFSBDUJPO PG UIF
RSPM BOE FOBCMF NVMUJNPEBM USBOTQPSUBUJPO BOBMZTJT.

F EFWFMPQNFOU PG JNQSPWFE MBOE VTF BOE USBOTQPSUBUJPO NPEVMFT GPS UIF RSPM XBT NBEF QPT-
TJCMF CZ B VOJRVF EBUBTFU UIBU XBT DSFBUFE CZ KPJOJOH UISFF OBUJPOXJEF EBUBTFUT: UIF 2009 NHTS, UIF
SNBSU LPDBUJPODBUBCBTF, BOE USBOTQPSUBUJPO TVQQMZ JOGPSNBUJPO GSPN UIFNBUJPOBM TSBOTJU DBUBCBTF
BOE UIF TFYBT TSBOTQPSUBUJPO IOTUJUVUF (TTI). JT EBUBTFU FOBCMFE USBWFM NPEFMT UP CF FTUJNBUFE
XIJDI BSF TFOTJUJWF UP B OVNCFS PG MBOE VTF BUUSJCVUFT DIBSBDUFSJ[JOH UIF EFOTJUZ, EJWFSTJUZ, EFTJHO,
EFTUJOBUJPO BDDFTTJCJMJUZ, BOE EJTUBODF UP USBOTJU (5DT) PG QMBDFT. MPEVMFT IBWF CFFO DSFBUFE UP NPEFM
MBOE VTF BUUSJCVUFT BOE FOBCMF UIFN UP JOflVFODF UIF JOUFSBDUJOH USBOTQPSUBUJPO NPEVMFT. FPMMPXJOH
BSF IJHIMJHIUT PG RSPM NPEFM DPNQPOFOUT BOE UIF MBOE VTF BOE USBOTQPSUBUJPO NPEVMFT JODMVEFE
XJUIJO UIFN BT DPOUFYU GPS VOEFSTUBOEJOH UIF FOIBODFNFOUT HBJOFE GSPN UIF NPEFMT EFTDSJCFE JO UIF
SFNBJOEFS PG UIF QBQFS. FJHVSF 1 QSPWJEFT B TVNNBSZ PWFSWJFX PG UIF TFRVFODF PG NPEFM TUFQT; AMM
RSPM TUFQT BSF TIPXO GPS DPNQMFUFOFTT CVU UIPTF OPU EJSFDUMZ SFMBUFE UP UIJT QBQFS BSF OPU EJTDVTTFE.

HoVTehold SZnUheTiT: HPVTFIPMET BSF TZOUIFTJ[FE IBWJOH QFSTPOT JO FBDI PG 6 BHF CSBDLFUT GSPN B
SFHJPOBM QSPKFDUJPOPG QPQVMBUJPOCZ BHF DPIPSU VTJOH BO JUFSBUJWF QSPQPSUJPOBM fiUUJOHQSPDFTT. WPSLFST
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FigVSe 1: OWFSWJFX PG RSPM SUFQT

CZ BHF CSBDLFU BSF TJNJMBSMZ TZOUIFTJ[FE. F BHF BOE XPSLFS BUUSJCVUFT BSF VTFE UP BTTJHO B IPVTFIPME
MJGF DZDMF DBUFHPSZ. HPVTFIPME JODPNF JT NPEFMFE BT B GVODUJPO PG UIF OVNCFS PG IPVTFIPME XPSLFST
BOE UIFJS BHFT BOE UIF BWFSBHF QFS DBQJUB JODPNF PG IPVTFIPMET JO UIF SFHJPO.

-andUTeChaSacUeSiTUicT: LBOE VTF TDFOBSJPT BSF DSFBUFE CZ TQFDJGZJOH UIF OVNCFST PG TJOHMF GBN-
JMZ BOE NVMUJ-GBNJMZ EXFMMJOH VOJUT BOE UIF OVNCFST PG KPCT JO 3 TFDUPST CZ NPEFM [POF (F.H., DFOTVT
CMPDL HSPVQ). IO BEEJUJPO, UIF JODPNF EJTUSJCVUJPO PG IPVTFIPMET JO FBDI [POF JT TQFDJfiFE BT UIF QSP-
QPSUJPO PG IPVTFIPMET CZ SFHJPOBM JODPNF RVBSUJMF. A MPHJU NPEFM BTTJHOT FBDI IPVTFIPME UP B IPVTJOH
UZQF BOE BO JUFSBUJWF QSPQPSUJPOBM fiUUJOH QSPDFTT BTTJHOT IPVTFIPMET UP [POFT CBTFE PO EXFMMJOH VOJU
BOE JODPNF DIBSBDUFSJTUJDT PG FBDI [POF. SFWFSBM EFOTJUZ BOE EJWFSTJUZNFBTVSFT BSF DBMDVMBUFE GSPN UIF
[POBM BMMPDBUJPOT PG QPQVMBUJPO, FNQMPZNFOU, BOE [POBM BSFBT. DFTUJOBUJPO BDDFTTJCJMJUZ JT BMTP DBMDV-
MBUFE CBTFE PO UIPTF EBUB BT XFMM BT BO JOUFS[POBM EJTUBODF NBUSJY. ZPOBM OFUXPSL EFTJHO BOE EJTUBODF
UP USBOTJU BUUSJCVUFT BSF JOQVUT UP UIF NPEFM.

TSanTpoSUaUionSVpplZ: F USBOTQPSUBUJPO TVQQMZ (J.F., DPOHFTUJPO)NPEFM JT B OFUXPSLMFTT BHHSF-
HBUF FRVJMJCSJVN NPEFM. IU BMMPDBUFT EBJMZ VMT BNPOH SPBEXBZ GVODUJPOBM DMBTTFT (GSFFXBZ, BSUFSJBM,
PUIFS) BOE DPOHFTUJPO MFWFMT VTJOH SFMBUJPOTIJQT EFSJWFE GSPN VSCBO NPCJMJUZ JOGPSNBUJPO DPMMFDUFE
CZ UIF TFYBT A&M TSBOTQPSUBUJPO IOTUJUVUF (TFYBT A&M TSBOTQPSUBUJPO IOTUJUVUF, 2015). EBDI DPO-
HFTUJPO MFWFM GPS FBDI GVODUJPOBM DMBTT JT BTTPDJBUFE XJUI BO BWFSBHF USJQ TQFFE. DBJMZ VMT JT BMMPDBUFE
CFUXFFO GSFFXBZT BOE BSUFSJBMT BT B GVODUJPO PG UIF SBUJP PG BWFSBHF USJQ TQFFET. F FffFDU PG QSJDJOH
JT NPEFMFE CZ DPOWFSUJOH QSJDFT JOUP UJNF FRVJWBMFOUT. F FffFDUT PG PQFSBUJPOT QSPHSBNT (F.H., SBNQ
NFUFSJOH) PO BWFSBHF TQFFET BSF BEESFTTFE VTJOHNFUIPET EFWFMPQFE CZ BJHB[[J BOECMJPO (2011) VT-
JOH EBUB EFWFMPQFE CZ UIF TFYBT A&MTSBOTQPSUBUJPO IOTUJUVUF GPS UIFUSCBOMPCJMJUZ RFQPSU (TFYBT
A&M TSBOTQPSUBUJPO IOTUJUVUF 2015). IOQVUT UP UIF NPEFM BSF UIF OVNCFST PG MBOF-NJMFT PG GSFF-
XBZT BOE PG BSUFSJBMT, UIF EFQMPZNFOU PG PQFSBUJPOT QSPHSBNT, QSJDFT (QFS WFIJDMF NJMF) GPS USBWFMJOH
JO TFWFSFMZ BOE FYUSFNFMZ DPOHFTUFE DPOEJUJPOT. OVUQVUT GSPN UIF NPEFM JODMVEF VMT BOE VHT
(WFIJDMF-IPVST USBWFMFE) CZ SPBEXBZ GVODUJPOBM DMBTT, WFIJDMF UZQF, BOE DPOHFTUJPO MFWFM.
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TSaWel Demand: MPEVMFT DBMDVMBUF IPVTFIPME USBWFM CZ MJHIU-EVUZ WFIJDMFT BOE CZ XBMLJOH, CJ-
DZDMJOH, BOE QVCMJD USBOTJU. F MJHIU-EVUZ WFIJDMF USBWFM NPEFM DBMDVMBUFT EBJMZ WFIJDMF NJMFT USBWFMFE
CZ UIF IPVTFIPME BT B GVODUJPO PG UIF DIBSBDUFSJTUJDT PG UIF IPVTFIPME (F.H., TJ[F, BHF, JODPNF, WFIJDMF
BWBJMBCJMJUZ, EJTUBODF UP USBOTJU), UIF MBOE VTF DIBSBDUFSJTUJDT PG UIF [POF XIFSF UIF IPVTFIPME SFTJEFT
(F.H., EFOTJUZ, EJWFSTJUZ, EFTJHO, EFTUJOBUJPO BDDFTTJCJMJUZ), BOE VSCBOJ[FE BSFB USBOTQPSUBUJPO TVQQMZ MFW-
FMT (F.H. GSFFXBZ MBOF-NJMFT, USBOTJU-SFWFOVF NJMFT, USBOTJU BDDFTTJCJMJUZ). DFUBJMT BCPVU UIF FTUJNBUJPO,
WBMJEBUJPO, BOE TFOTJUJWJUZ UFTUJOH PG UIJTNPEFM BSF EFTDSJCFE CFMPX. FXBMLJOH, CJDZDMJOH, BOE QVCMJD
USBOTJU NPEFMT MJLFXJTF BSF GVODUJPOT PG IPVTFIPME, MBOE VTF, BOE USBOTQPSUBUJPO TVQQMZ DIBSBDUFSJTUJDT.
F BMUFSOBUJWF NPEF USBWFM NPEFMT BSF BMTP TFOTJUJWF UP UIF BNPVOU PG IPVTFIPME WFIJDMF USBWFM. JT
FOBCMFT UIF FffFDUT PG USBWFM EFNBOE NBOBHFNFOU QSPHSBNT BOE IPVTFIPME USBWFM CVEHFUT (FYQMBJOFE
CFMPX) UP CF USBOTMBUFE JOUP DIBOHFT JO USBWFM CZ NPEF.

HoVTehold VehicleT: F RSPM JODMVEFT TFWFSBM IPVTFIPME WFIJDMF NPEFMT CFDBVTF PG UIF TUSPOH
SFMBUJPOTIJQT CFUXFFO WFIJDMF DIBSBDUFSJTUJDT, WFIJDMF FNJTTJPOT, BOE UIF DPTU PG WFIJDMF USBWFM. IO BE-
EJUJPO UP NPEFMJOH UIF OVNCFS PG WFIJDMFT FBDI IPVTFIPME PXOT, UIF RSPM NPEFMT UIF UZQFT (BVUP
WT. MJHIU USVDL), BHFT, BOE QPXFSUSBJOT (ICE, HEV, PHEV, EV) PG WFIJDMFT, BMPOH XJUI TUBUFXJEF GVFM
NJY BOE BTTPDJBUFE GVFM BOE FMFDUSJDJUZ DBSCPO JOUFOTJUJFT. F NPEFMT BMTP BMMPDBUF USBWFM CFUXFFO WF-
IJDMFT, BOE GPS QMVH-JO IZCSJE FMFDUSJD WFIJDMFT, UIF QSPQPSUJPOT PG USBWFM QPXFSFE CZ FMFDUSJDJUZ BOE
HBTPMJOF. IO BEEJUJPO, UIF RSPM NPEFMT UIF QPUFOUJBM GPS IPVTFIPMET UP VTF DBSTIBSJOH TFSWJDFT BOE
UIF TFSWJDFT PG TIBSFE BVUPOPNPVT WFIJDMFT (SAV) UP TVCTUJUVUF GPS TPNF PS BMM PG UIFJS WFIJDMFT. JT JT
BDDPNQMJTIFE CZ NPEFMJOH UIF PXOFSTIJQ DPTU QFS NJMF PG USBWFM BOE DPNQBSJOH UIBU XJUI UIF DPTU PG
VTJOH B DBSTIBSF TFSWJDF, UP EFUFSNJOF B IPVTFIPME’T BVUPT PXOFE. LBOE VTF DIBSBDUFSJTUJDT BSF JODMVEFE
JO TFWFSBM PG UIFTF NPEFMT BOE JOEJSFDUMZ BffFDU TFWFSBM PUIFST UISPVHI FffFDUT PO IPVTFIPME WFIJDMF
USBWFM.

HoVTehold Vehicle TSaWel BVdgeUT: F RSPM NPEFMT UIF FffFDUT PG QSJDFT PO IPVTFIPME WFIJ-
DMF USBWFM (GVFM QSJDFT, QBSLJOH QSJDFT, VMT UBYFT, FUD.) VTJOH B IPVTFIPME CVEHFUJOH BQQSPBDI. JT
BEESFTTFT UIF ‘SFCPVOE FffFDU’ XIFSF JNQSPWFE WFIJDMF GVFM FDPOPNZ JODSFBTFT UIF BNPVOU PG WFIJDMF
USBWFM. F CVEHFU NPEFM JT CBTFE PO CPOTVNFS EYQFOEJUVSF SVSWFZ EBUB XIJDI TIPX UIBU IPVTFIPME
TQFOEJOH PO USBOTQPSUBUJPO IBT IJTUPSJDBMMZ CFFO GBJSMZ TUBCMF BOE UIBU IPVTFIPMET TIJ FYQFOTFT CF-
UXFFO USBOTQPSUBUJPO CVEHFU DBUFHPSJFT XIFO HBTPMJOF QSJDFT flVDUVBUF. F CVEHFU NPEFM FTUBCMJTIFT
B NBYJNVN IPVTFIPME CVEHFU GPS WBSJBCMF USBOTQPSUBUJPO DPTUT BOE BEKVTUT IPVTFIPME WFIJDMF USBWFM
UP SFNBJO XJUIJO UIF CVEHFU. FXBML/CJLF/USBOTJU NPEFMT BSF SVO BFS UIF CVEHFU NPEFM UP BDDPVOU
GPS UIF FffFDU PG WFIJDMF USBWFM DPTUT PO UIPTF USBWFM NPEFT. FJOBMMZ, UIF NPEFM JODMVEFT BO PQUJPOBM
GFFECBDL MPPQ XIJDI DBMDVMBUFT TVQQMFNFOUBM VMT UBYFT OFFEFE UP DPWFS EFfiDJUT CFUXFFO SPBEXBZ
DPTUT BOE GVFM UBYFT�BT WFIJDMFT DPOTVNF MFTT GVFM QFS NJMF PG USBWFM�BOE BEKVTUT USBWFM JO SFTQPOTF.

F RSPM GSBNFXPSL VUJMJ[FT B NPEVMBS EFTJHO. OVUDPNFT PG QPMJDZ TDFOBSJPT BSF VTVBMMZ NPE-
FMFE JO DPPSEJOBUJPO XJUI NVMUJQMF NPEVMFT. FPS FYBNQMF, UIF NPEFMJOH PG VMT BOE VFIJDMF HPVST
TSBWFMFE (VHT) JT EPOF JO DPPSEJOBUJPO XJUI GPVS TFQBSBUF NPEVMFT: BMPOH XJUI UIF AADVMT
NPEFM JO UIF TSBWFM DFNBOE NPEVMF EFTDSJCFE JO EFUBJM MBUFS JO UIJT QBQFS, UIF HPVTFIPME VFIJDMFT
NPEVMF QSFEJDUT UZQFT, BHFT, BOE QPXFSUSBJOT PG WFIJDMFT; UIF HPVTFIPME VFIJDMF TSBWFM BVEHFUT NPE-
VMF BTTJHOT UIF IPVTFIPME VMT UP WFIJDMFT (BOE NPEFT) GPS FBDI IPVTFIPME JO SFTQPOTF UP NPOFUBSZ
DPTUT PG USBWFM; BOE fiOBMMZ UIF TSBOTQPSUBUJPO SVQQMZ NPEVMF UBLFT SFHJPOBM JOQVUT PG USBOTQPSUBUJPO
TVQQMZ, EFNBOE NBOBHFNFOU TDFOBSJPT, BOE USBWFM QSJDJOH BOE QSFEJDUT VMT BOE VHT CZ SPBEXBZ
GVODUJPOBM DMBTT, WFIJDMF UZQF, BOE DPOHFTUJPO MFWFM. JT NPEVMBS EFTJHO SFEVDFT NPEFM DPNQMFYJUZ
BOE CFUUFS DBQUVSFT QPUFOUJBM FffFDUT PG WBSJPVT QPMJDJFT UIBU BffFDU IPVTFIPME WFIJDMF flFFU DPNQPTJ-
UJPO, USBOTQPSUBUJPO TVQQMZ, IPVTFIPME USBWFM CVEHFU, BOE SFHJPOBM DPOHFTUJPO MFWFM.

F GVODUJPOBMJUZ EFTDSJCFE BCPWF IBT FWPMWFE XJUI UIF EFWFMPQNFOU PG UIF NVMUJNPEBM NPEFM
EFTDSJCFE JO UIJT QBQFS. JT JODMVEFT UIF JODMVTJPO PG CVJMU GPSN WBSJBCMFT JO UIF LBOE UTF CIBSBDUFS-
JTUJDT NPEFM TUFQ BOE UIFJS VTF JO QSFEJDUJOH USBWFM EFNBOE CZ NPEF, BOE PQQPSUVOJUJFT GPS UIFJS VTF JO
PUIFS NPEVMFT UP JNQSPWF UIFJS TFOTJUJWJUZ UP MBOE VTF.
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VT, UIF NBJO BTQFDU PG GVMM LUTI NPEFMT UIBU JT NJTTJOH GSPN UIF RSPM JT UIF GFFECBDL GSPN
USBOTQPSUBUJPO TZTUFNQFSGPSNBODF UP MBOEVTF. FVUVSF MBOEVTFT BSF TQFDJfiFE UISPVHI JOQVUT SFHBSEJOH
UIF OVNCFST PG IPVTJOH VOJUT (CZ UZQF), BOE KPCT (CZ TFDUPS), BOE SFMBUJWF BUUSBDUJWFOFTT (CZ IPVTFIPME
JODPNF RVBSUJMF) GPS FBDI [POF. IO PUIFS XPSET, IPVTJOH TVQQMJFT BSF fiYFE JOQVUT XJUI SFTQFDU UP UZQF
BOE MPDBUJPO. FZ BSF OPU EFSJWFE GSPN FJUIFS IPVTFIPME EFNBOE PS BDDFTTJCJMJUZ. FSF BSF TFWFSBM
SFBTPOT GPS UIJT BQQSPBDI. FJSTU, UIF PSJHJOBM EFWFMPQNFOU GPDVT PG GSFFOSTEP BOE UIF RSPMXBT PO
JODPSQPSBUJOHQPMJDZ MFWFST BOEPUIFS FYPHFOPVT JOflVFODFT UIBU BSF MJLFMZ UPIBWF UIF HSFBUFTU JOflVFODFT
PO GVUVSF GHG FNJTTJPOT. AMUIPVHI UIF EFWFMPQNFOU PG UIF GSFFXBZ TZTUFN JO UIF U.S. IBT HSFBUMZ
BffFDUFE MBOE VTF BOE USBWFM QBUUFSOT JO UIF QBTU, UIF TZTUFN JT GPS BMM QSBDUJDBM QVSQPTFT CVJMU PVU, BOE
UIFSF JT MJUUMF QVCMJD BQQFUJUF GPS DPOTJEFSJOH NPSF UIBO JODSFNFOUBM FYQBOTJPOT (JO NPTU SFHJPOT PG
UIF U.S. BU MFBTU). IU XBT EFUFSNJOFE BU UIF UJNF UIBU BEEJOH GFFECBDL XPVME TVCTUBOUJBMMZ JODSFBTF
UIF NPEFM DPNQMFYJUZ XIJMF QSPWJEJOH SFMBUJWFMZ MJUUMF JOGPSNBUJPO HBJO UP QMBOOFST HJWFO UIF UZQFT
PG TDFOBSJPT PG JOUFSFTU UP UIFN. SFDPOE, UIF RSPM XBT EFWFMPQFE UP TVQQPSU B TDFOBSJP QMBOOJOH
BQQSPBDI, XIFSF VTFST TQFDJGZ XIBU-JG TDFOBSJPT JO UFSNT PG MBOE VTF BOE USBOTQPSUBUJPO JOQVUT BOE UIF
NPEFM FTUJNBUFT USBWFM BOE FOWJSPONFOUBM PVUDPNFT PG UIPTF TDFOBSJPT. JT JT OPU UP TBZ UIBU UIF FffFDUT
PG USBOTQPSUBUJPO PO MBOE VTF BSF WJFXFE BT CFJOH JOTJHOJfiDBOU, POMZ UIBU BDDPVOUJOH GPS UIPTF FffFDUT
JO NPEFMT UIBU XFSF JOJUJBMMZ DSFBUFE UP TVQQPSU MPOH-SBOHF QMBOOJOH GPS SFEVDJOH GHG FNJTTJPOT
SFNBJOT B TFDPOEBSZ DPOTJEFSBUJPO. AT UIFRSPMBOE TUBUFXJEFGSFFOSTEPNPEFMT FYQBOE, UIF WBMVF
PG BOE QSPTQFDUT GPS JODPSQPSBUJOH GFFECBDL GSPN BOE DPOTJTUFODZ CFUXFFO USBOTQPSUBUJPO UP MBOE VTF
XJMM JODSFBTF, XIJDI XJMM CF JNQMFNFOUFE JO B NPSF FMBCPSBUFE MBOE VTF NPEFM JO B GVUVSF WFSTJPO PG
RSPM.

F USBWFM EFNBOE NPEVMF IBT CFFO JNQSPWFE UP CFUUFS DBQUVSF UIF CVJMU FOWJSPONFOU - USBWFM JO-
UFSBDUJPO GPS SFHJPOBM TUSBUFHJD QMBOOJOH BOE JT UIFNBJO GPDVT PG UIF SFNBJOEFS PG UIJT QBQFS. DFUBJMT PG
VJTJPOEWBM BOE PUIFS RSPM NPEVMFT DBO CF GPVOE PO UIF GJUIVC QSPKFDU SFQPTJUPSZ GPS VJTJPOEWBM
(GSFHPS 2017) BOE UFDIOJDBM EPDVNFOUT GPS RSPM (GSFHPS 2015). IO BEEJUJPO UP QSFWJPVT BQQMJ-
DBUJPOT PG GSFFOSTEP GBNJMZ PG NPEFMT, BQQMJDBUJPOT PG UIF OFX RSPM/VJTJPOEWBM GSBNFXPSL BSF
FNFSHJOH. FPS FYBNQMF, SFDFOUMZ, WFJEOFS eU al. (2018) BQQMJFE VJTJPOEWBM UP NPEFM AVUPOPNPVT
VFIJDMF (AV) SDFOBSJPT.

3 TSaWel DemandModVle

AT EFTDSJCFE BCPWF, UIF USBWFM EFNBOE NPEVMF DBQUVSFT UIF FffFDUT PG IPVTFIPME DIBSBDUFSJTUJDT, CVJMU
FOWJSPONFOU, BOE VSCBOJ[FE BSFB USBOTQPSUBUJPO TVQQMZ MFWFMT PO NVMUJNPEBM IPVTFIPME USBWFM PVU-
DPNFT.

MVMUJNPEBM USBWFM BOE JUT SFMBUJPOTIJQ UP IPVTFIPME DIBSBDUFSJTUJDT, CVJMU FOWJSPONFOU, BOE USBOT-
QPSUBUJPO TVQQMZ JT B XFMM-EPDVNFOUFE UPQJD JO UIF MJUFSBUVSF. NPU POMZ BSF UIFSF IVOESFET PG PSJHJOBM
SFTFBSDI QBQFST PO UIF UPQJD, CVU UIFSF BSF OPX NVMUJQMF SFWJFXT BOE TZOUIFTFT PG QSFWJPVT SFTFBSDI
(F.H., EXJOH BOE CFSWFSP 2001, 2010; SUFWFOT 2017). VMT, USJQ GSFRVFODZ, BOE USJQ MFOHUI BSF UIF
NPTU DPNNPO USBWFM PVUDPNFT NPEFMFE (EXJOH BOE CFSWFSP 2001). FPS PVS NVMUJNPEBM USBWFM NPE-
VMF, XF NPEFM VMT, USJQ GSFRVFODJFT, BOE USJQ MFOHUI GPS USBOTJU, CJLF, BOE XBML USBWFM. FSF BSF NPSF
UIBO B EP[FO NPEFM UZQFT VTFE JO UIF MJUFSBUVSF; UIF NPTU DPNNPO NPEFM TUSVDUVSFT BSF MJOFBS SF-
HSFTTJPO NPEFM, MPHJTUJD SFHSFTTJPO NPEFM BOE DPVOU NPEFM (PPJTTPO SFHSFTTJPO BOE OFHBUJWF CJOPNJBM
SFHSFTTJPO) (EXJOH BOE CFSWFSP 2010). DVF UP UIF MFOHUI MJNJUBUJPOT PG UIJT QBQFS, XF GPDVT PO UIF
VMT NPEFM JO UIF SFNBJOEFS PG UIJT QBQFS. RFTVMUT GPS UIF OPO-ESJWJOH NPEFMT BSF BWBJMBCMF JO PVS
QSPKFDU SFQPSU (WBOH 2017).

IO PQFSBUJPOBM NPEFMJOH TZTUFNT, UIFSF BSF OVNFSPVT BQQSPBDIFT UP NPEFM VMT SBOHJOH GSPN
GVMM-flFEHFE GPVS-TUFQ USBWFM EFNBOE NPEFMT BOE BDUJWJUZ-CBTFE NPEFMT UP TJNQMJTUJD FMBTUJDJUZ-CBTFE
TLFUDI QMBOOJOH NPEFMT. CPOTJTUFOU XJUI UIF EFTJHO HPBM PG RSPM, PVS USBWFM EFNBOE NPEVMF BJNT
UP CBMBODF flFYJCJMJUZ, SFBMJTN, TQFFE, BOE JOUFSBDUJWFOFTT. TP BDIJFWF UIJT FOE, XF EJSFDUMZ NPEFM MPOH-
UFSN VMT BT B GVODUJPO PG IPVTFIPME DIBSBDUFSJTUJDT, CVJMU FOWJSPONFOU, BOE USBOTQPSUBUJPO TVQQMZ



MVlUimodal USaWel modVle foS RS1M ƍƎƕƏ

GPS JOEJWJEVBM IPVTFIPMET JO PVS EBUB. FPS TUSBUFHJD QMBOOJOH UPPMT MJLF RSPM, BOOVBM BWFSBHF EBJMZ
VMT (AADVMT) JT NPSF VTFGVM UIBO NPEFMJOH VMT PO UIF EBZ PG UIF TVSWFZ BOE BQQSPYJNBUJOH
BWFSBHF PS BOOVBM VMT, XIJDI JT DPNNPOMZ EPOF JO QSBDUJDF EVF UP EBUB BWBJMBCJMJUZ PS MJNJUBUJPOT.
FPS FYBNQMF, GSFFOSTEP BOE UIF RSPM DVSSFOUMZ TZOUIFTJ[F AADVMT GPS FBDI IPVTFIPME CFDBVTF
UIF 2001 NHTS FTUJNBUFT PG BOOVBM VMT BSF JODPNQMFUF (BWBJMBCMF GPS MFTT UIBO IBMG PG UIF SFDPSET)
XJUI RVFTUJPOBCMF EBUB RVBMJUZ (CMJPO BOE GSFHPS 2012).

3.1 SUSVcUVSe of AADVMTmodel

TP FTUJNBUF BOE WBMJEBUF PVS AADVMTNPEFM, XF fiSTU DBMDVMBUF AADVMT GPS B IPVTFIPME GSPN BO
FTUJNBUF PG BOOVBM NJMFT ESJWFO GPS FBDI WFIJDMF JO UIF IPVTFIPME (AVMT):

AADVMTh =

∑Vh
vh=0

AVMTvh

365
, (1)

XIFSF
• AADVMTh JT UIF BOOVBM BWFSBHF EBJMZ VMT GPS IPVTFIPME h ,
• vh ∈ {0, . . . ,Vh} JOEFYFT WFIJDMFT JO IPVTFIPME h ,
• Vh JT OVNCFS PG WFIJDMFT JO UIF IPVTFIPME h , BOE
• AVMTvh

JT UIF BOOVBM VMT ESJWFO GPS WFIJDMF vh .
IO UIF NPEFM FTUJNBUJPO, AADVMTh DPNQVUFE XJUI ERVBUJPO (1) GPS FBDI IPVTFIPME JT UIFO

SFHSFTTFE PO JOEFQFOEFOU WBSJBCMFT JODMVEJOH IPVTFIPME DIBSBDUFSJTUJDT, CVJMU FOWJSPONFOU, BOE USBOT-
QPSUBUJPO TVQQMZ:

AADVMTh = f (SDh ,BEh ,TSRh
), (2)

XIFSF
• AADVMTh JT UIF BOOVBM BWFSBHF EBJMZ VMT GPS IPVTFIPME h ,
• SDh SFQSFTFOUT UIF TPDJBM-EFNPHSBQIJD DIBSBDUFSJTUJDT PG IPVTFIPME h ,
• BEh JT UIF CVJMU FOWJSPONFOU WBSJBCMFT (PG WBSJPVT HFPHSBQIJDBM SFTPMVUJPO) PG IPVTFIPME h , BOE
• TSRh

JT UIF USBOTQPSUBUJPO TVQQMZ PG UIF SFHJPO XIFSF IPVTFIPME h SFTJEFT.
IO UFSNT PG NPEFM TUSVDUVSF PQUJPOT GPS UIF IPVTFIPME AADVMT NPEFM ( f (.) JO ERVBUJPO (2)),

XF DPOTJEFS UISFF PG UIF NPTU DPNNPOMZ VTFE TUSVDUVSFT JO UIF MJUFSBUVSF (EXJOH BOE CFSWFSP 2010):
MJOFBS BOE USBOTGPSNFE MJOFBS SFHSFTTJPO NPEFMT, BOE B IVSEMF NPEFM, BT XFMM BT UIF NPEFM TUSVDUVSF
VTFE JO UIF DVSSFOU WFSTJPO PG UIF USBWFM EFNBOE NPEVMF PG RSPM: 2-TUFQ NPEFMT PG CJOPNJBM MPHJU
BOE MJOFBS/OPO-MJOFBS SFHSFTTJPO NPEFM.

3.1.1 -ineaS SegSeTTion model

IO B MJOFBS SFHSFTTJPO NPEFM PG AADVMT, UIF EFQFOEFOU WBSJBCMF JT NPEFMFE BT B MJOFBS GVODUJPO PG
UIF JOEFQFOEFOU WBSJBCMFT:

AADVMTh =Xhβ
l m + εh , (3)

XIFSF
• Xh JT UIF JOEFQFOEFOU WBSJBCMFT UIBU BSF DPNQPTFE PG SDh , BEh , BOE TSRh

,
• βl m JT UIF MJOFBS SFHSFTTJPO DPFffiDJFOUT UP CF FTUJNBUFE,
• εh JT UIF FSSPS UFSN PG UIF NPEFM, BTTVNFE UP CF JOEQFOEFOU, JEFOUJDBMMZ BOE NPSNBMMZ EJT-

USJCVUFE (JJE).
JT JT UIF TJNQMFTU NPEFM GPSN VTFE GPS NPEFMJOH VMT BOE JT XJEFMZ VTFE JO UIF MJUFSBUVSF (TFF,

GPS FYBNQMF, FSBOL BOE EOHFMLF 2005; KPDLFMNBO 1997; SVO eU al. 1998). HPXFWFS, UIF JJE NPSNBM
BTTVNQUJPOPG UIF FSSPS UFSN NBZ CF WJPMBUFE EVF UP UIF OBUVSF PG VMT NFBTVSF.
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3.1.2 TSanTfoSmed lineaS SegSeTTion modelT

WFUFTUFE UXPEJffFSFOU USBOTGPSNFE MJOFBS SFHSFTTJPONPEFMT: B TFNJ-MPHNPEFM BOE BQPXFS-USBOTGPSNFE
MJOFBS NPEFM, JO XIJDI UIF EFQFOEFOU WBSJBCMF JT MPH- BOE QPXFS-USBOTGPSNFE, SFTQFDUJWFMZ. F SJHIU-
IBOE TJEF PG UIF SFHSFTTJPO JT PUIFSXJTF TJNJMBS UP UIF MJOFBS SFHSFTTJPO NPEFM JO ERVBUJPO (3). FTF
USBOTGPSNBUJPOT BSF DPNNPOMZ VTFE UP BEESFTT UIF WJPMBUJPO PG UIF JJE NPSNBM BTTVNQUJPO JO B MJOFBS
SFHSFTTJPO NPEFM.

3.1.3 2-TUep modelT

F DVSSFOU USBWFM EFNBOE NPEVMF PG RSPM VTFT B 2-TUFQ BQQSPBDI UP NPEFM TVSWFZ EBZ VMT: B
CJOPNJBM MPHJTUJD SFHSFTTJPO NPEFM PO XIFUIFS B IPVTFIPME IBT OPO-[FSP VMT BOE, GPS IPVTFIPMET
XJUI OPO-[FSP VMT, B QPXFS-USBOTGPSNFE SFHSFTTJPONPEFM PG VMT (CMJPO BOEGSFHPS 2012). FPS
UIF OFX USBWFM EFNBOE NPEVMF, XF UFTUFE UIF TBNF 2-TUFQ NPEFM TUSVDUVSF XJUI AADVMT JO UIF
QMBDF PG TVSWFZ EBZ VMT:

PS(AADVMTh = 0) =
exp(Xhβ

2S1)

1+ exp(Xhβ
2S1)

, BOE

AADVMTδh =Xhβ
2S2, JG AADVMTh > 0,

(4)

XIFSF
• PS(AADVMTh = 0) JT UIF QSPCBCJMJUZ PGAADVMT GPS IPVTFIPME h FRVBM 0, XIJDI JT NPE-

FMFE CZ B MPHJTUJD SFHSFTTJPO NPEFM;
• Xh JT UIF JOEFQFOEFOU WBSJBCMFT UIBU BSF DPNQPTFE PG SDh , BEh , BOE TSRh

;
• β2S1 BOE β2S2 BSF UIF DPFffiDJFOUT UP CF FTUJNBUFE GPS UIF fiSTU BOE TFDPOE TUFQ PG UIF 2-SUFQ

NPEFMT, SFTQFDUJWFMZ; BOE
• δ JT UIF QPXFS QBSBNFUFS GPS UIF QPXFS-USBOTGPSNFE SFHSFTTJPO, XIJDI JT EFUFSNJOFE WJB UIF

BPY-CPY USBOTGPSNBUJPO (BPY BOE CPY 1964).

3.1.4 HVSdle model

SJODF VMT DBO POMZ UBLF WBMVFT FRVBM UP PS HSFBUFS UIBO 0 BOE IPVTFIPMET XJUI [FSP VMT NBZ CF
RVBMJUBUJWFMZ EJffFSFOU GSPN UIPTF XJUI QPTJUJWF VMT, UIFSF BSF BQQMJDBUJPOT PG IVSEMF NPEFMT UP NPE-
FMJOH PG VMT (F.H., EXJOH eU al. 2015). SJNJMBS UP 2-TUFQ NPEFMT EFTDSJCFE JO ERVBUJPO (4), B IVSEMF
NPEFM IBT UXP SFHJNFT, POF HFOFSBUJOH UIF [FSPT BOE POF HFOFSBUJOH UIF QPTJUJWF WBMVFT (GSFFOF 2011,
Q. 821–826). F EJffFSFODF JT UIBU JO B IVSEMFNPEFM, UIF FTUJNBUJPO QSPDFTTNBYJNJ[FT UIF MJLFMJIPPE
PG UIFTF UXP SFHJNFT KPJOUMZ, JOTUFBE PG EPJOH JU JOEFQFOEFOUMZ MJLF JO UIF 2-TUFQ NPEFMT.

PS(AADVMTh = 0) =
exp(Xhβ

h1)

1+ exp(Xhβ
h1)

, BOE

PS(AADVMTh = j ) = (1−PS(AADVMTh = 0))·
exp(−λh)λ jh

j ![1− exp(−λh)]
, j = 1,2, ..., XJUI

λh = exp(Xhβ
h2),

(5)

XIFSF
• PS(AADVMTh = 0) BOE PS(AADVMTh = j ) BSF UIF QSPCBCJMJUZ PG AADVMT GPS IPVTF-

IPME h FRVBM 0 BOE j SFTQFDUJWFMZ;
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• Xh JT UIF JOEFQFOEFOU WBSJBCMFT UIBU BSF DPNQPTFE PG SDh , BEh , BOE TSRh
;

• βh1 BOEβh2 BSF UIF DPFffiDJFOUT UP CF FTUJNBUFE GPS UIF UXP SFHJNFT PG UIF IVSEMF NPEFM, SF-
TQFDUJWFMZ; BOE
• λh JT UIF NFBO VMT GPS IPVTFIPME h BOE JT NPEFMFE BT exp(Xhβ

h2).

3.2 VaSiable andModel SelecUion

WF SFMJFE PO QSFWJPVT SFTFBSDI PO USBWFM CFIBWJPS UP FOTVSF CFIBWJPS WBMJEJUZ PG PVS NPEFMT BOE BJN
UP TFMFDU BU MFBTU POF WBSJBCMF GSPN FBDI HSPVQ PG IPVTFIPME DIBSBDUFSJTUJDT, CVJMU FOWJSPONFOU, BOE
USBOTQPSUBUJPO TVQQMZ WBSJBCMFT XJUI NPEFSBUF DPSSFMBUJPOT. FPS FBDI NPEFM TUSVDUVSF, XF MPPTFMZ VTFE
B GPSXBSE TUFQ-XJTF WBSJBCMF TFMFDUJPO QSPDFTT UP FOUFS UIFTF WBSJBCMFT JOUP UIF TQFDJfiDBUJPO UP BDIJFWF
IJHIFTU QSFEJDUJPO BDDVSBDZ (NFBTVSFE CZ SNTF - SPPU NFBO TRVBSF FSSPST) XIJMF NPOJUPSJOH DPFffi-
DJFOUT’ TUBUJTUJDBM TJHOJfiDBODF: XF fiSTU DPOUSPM GPS IPVTFIPME’T TPDJP-EFNPHSBQIJD DIBSBDUFSJTUJDT, BOE
HSBEVBMMZ BEE CVJMU FOWJSPONFOU BOE USBOTQPSUBUJPO TVQQMZ WBSJBCMFT. ANPOH UIF CVJMU FOWJSPONFOU
WBSJBCMFT, XF BJN UP JODMVEF BU MFBTU POF WBSJBCMF GSPN FBDI PG UIF 5D DBUFHPSJFT PG CVJMU FOWJSPONFOU
NFBTVSFT. WIFO OP WBSJBCMF JO B DBUFHPSZ JT TUBUJTUJDBMMZ TJHOJfiDBOU BU 5 QFSDFOU TJHOJfiDBODF MFWFM, XF
TUJMM JODMVEF POF UIBU JT NBSHJOBMMZ TJHOJfiDBOU CVU QSPWJEFT UIF CFTU JNQSPWFNFOU JO QSFEJDUJPO BDDV-
SBDZ.

AFSfiOEJOH UIFCFTUNPEFM TQFDJfiDBUJPO GPS FBDINPEFM TUSVDUVSF, XFVTF UIF5-GPME DSPTT-WBMJEBUJPO
UP TFMFDU UIF CFTU NPEFM TUSVDUVSF XJUI IJHIFTU QSFEJDUJPO BDDVSBDZ BNPOH UIF 4 QPTTJCMF PQUJPOT. A
L-GPME DSPTT-WBMJEBUJPO SBOEPNMZ QBSUJUJPOT B TBNQMF FWFOMZ JOUP k TVCTBNQMFT. IO k JUFSBUJPOT, FBDI
POF PG UIF k TVCTBNQMFT JT SFTFSWFE GPS DSPTT-WBMJEBUJPO (UFTUJOH) JO UVSO, XIJMF UIF SFNBJOJOH k − 1
TVCTBNQMFT BSF DPNCJOFE BOE VTFE GPS FTUJNBUJPO (USBJOJOH). L-GPME WBMJEBUJPO JT BO FffiDJFOU BQQSPBDI
GPS DSPTT-WBMJEBUJPO XJUI MPX WBSJBODF. 5- PS 10-GPME DSPTT-WBMJEBUJPO JT DPNNPOMZ VTFE (HBTUJF eU al.
2016).

3.3 DaUa

WF DPNCJOFE UISFF OBUJPOXJEF EBUBTFUT UP DSFBUF B VOJRVF EBUBTFU GPS NPEFM FTUJNBUJPO BOE UFTUJOH.

3.3.1 NHTS

F 2009 NHTS (U.S. DFQBSUNFOU PG TSBOTQPSUBUJPO, FFEFSBM HJHIXBZ AENJOJTUSBUJPO 2009) DPM-
MFDUFE USJQT UBLFO CZ BMM NFNCFST PG B TVSWFZFE IPVTFIPME JO B 24-IPVS QFSJPE, BT XFMM BT UIFJS TPDJP-
EFNPHSBQIJD DIBSBDUFSJTUJDT. F 2009 NHTS JODMVEFE 150,145 IPVTFIPMET, 308,901 IPVTFIPME
NFNCFST, BOE 1,079,763 USJQT.

F 2009 NHTS BMTP JODMVEFT PEPNFUFS SFBEJOHT, BT XFMM BT PUIFS BUUSJCVUFT, PG BMM WFIJDMFT JO
B IPVTFIPME. OBL RJEHF NBUJPOBM LBCPSBUPSZ (ORNL) DSFBUFT FTUJNBUFT PG BOOVBM NJMFT ESJWFO GPS
FBDI WFIJDMF VUJMJ[JOH UIF PEPNFUFS SFBEJOHT, TFMG-SFQPSUFE BOOVBM NJMFT ESJWFO, WFIJDMF BUUSJCVUFT, BOE
IPVTFIPME TPDJP-EFNPHSBQIJD DIBSBDUFSJTUJDT. ORNL WBMJEBUFT UIF JNQVUFE BOOVBM VMT BHBJOTU
IJHIXBZ TUBUJTUJDT BOE 2001 NHTS BOE DPODMVEFT UIF JNQVUBUJPO “JNQSPWFT VQPO BWBJMBCMF EBUB w
[BOE QSPWJEFT] CFUUFS FTUJNBUFT GPS B HJWFO WFIJDMF” (OBL RJEHF NBUJPOBM LBCPSBUPSZ 2011, Q. 48).
FJHVSF 2 TIPXT IJTUPHSBNT GPS AADVMT.

WF XFSF BCMF UP BDDFTT UIF DPOfiEFOUJBM SFTJEFODF CFOTVT BMPDL GSPVQ (2010 HFPHSBQIZ) GPS BMM
IPVTFIPMET JO UIF 2009NHTS.JT JOGPSNBUJPO BMMPXT VT UP KPJO IPVTFIPME DIBSBDUFSJTUJDT BOE USBWFM
PVUDPNFT JONHTSXJUI UIF SNBSU LPDBUJPODBUBCBTF UP DSFBUF B VOJRVF OBUJPOXJEF EBUBTFU XJUI SJDI
IPVTFIPME DIBSBDUFSJTUJDT, USBWFM PVUDPNFT, BOE CVJMU FOWJSPONFOU JOGPSNBUJPO. JT VOJRVF EBUBTFU
BMMPXT VT UP PWFSDPNF B MJNJUBUJPO UIBU QMBHVFT TJNJMBS SFTFBSDI VUJMJ[JOH UIF NHTS EBUB: JU IBT B WFSZ
MJNJUFE TFU PG CVJMU FOWJSPONFOU WBSJBCMFT BOE QSFWJPVT TUVEJFT SFTPSU UP VTJOH VSCBOJ[FE BSFBT BT UIFJS
VOJU PG BOBMZTJT (CFSWFSP BOE MVSBLBNJ 2010; GMBFTFS BOE KBIO 2008).
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FigVSe 2: HJTUPHSBN PG IPVTFIPME BOOVBM BWFSBHF EBJMZ VMT JO UIF 2009 NHTS EBUB

3.3.2 SmaSU -ocaUion DaUabaTe

F SNBSU LPDBUJPO DBUBCBTF (SLD) JT B US OBUJPOXJEF EBUBCBTF XJUI FYUFOTJWF CVJMU FOWJSPONFOU
WBSJBCMFT PSHBOJ[FE BSPVOE UIF 5D DBUFHPSJ[BUJPO - DFOTJUZ, DJWFSTJUZ, DFTJHO, DFTUJOBUJPO, BOE DJT-
UBODF UP USBOTJU. IU JODMVEFT NPSF UIBO 90 BUUSJCVUFT TVNNBSJ[JOH DIBSBDUFSJTUJDT TVDI BT IPVTJOH EFO-
TJUZ, EJWFSTJUZ PG MBOE VTF, OFJHICPSIPPE EFTJHO, EFTUJOBUJPO BDDFTTJCJMJUZ, USBOTJU TFSWJDF, FNQMPZNFOU,
BOE EFNPHSBQIJDT. MPTU BUUSJCVUFT BSF BWBJMBCMF GPS FWFSZ DFOTVT CMPDL HSPVQ JO UIF UOJUFE SUBUFT
(RBNTFZ BOE BFMM 2014).

3.3.3 TSanTpoSUaUion SVpplZ DaUa

EWFO UIPVHI UIF SLDDPOUBJOT TPNFNFBTVSFT PG UIF USBOTQPSUBUJPO TVQQMZ, TVDI BT USBOTQPSUBUJPOOFU-
XPSL EFOTJUZ BOE BDDFTT UP USBOTJU TUPQT BOE TFSWJDFT, UIFZ BSF MPDBM NFBTVSFT BU UIFCFOTVT CMPDL HSPVQ
MFWFM. FSF JT MJLFMZ B OFUXPSL FffFDU PG USBOTQPSUBUJPO TVQQMZ�UIF NPSF DPNQMFUF B USBOTQPSUBUJPO
OFUXPSL, UIF IJHIFS JUT VUJMJUZ UP USBWFMFST�UIBU DBOOPU CF DBQUVSFE CZ UIF MPDBM NFBTVSFT (LFWJOTPO
BOE KSJ[FL 2008). TP BEESFTT UIJT, XF VTF UIF VSCBOJ[FE BSFB MFWFM USBOTQPSUBUJPO TVQQMZ NFBTVSFT JO-
DMVEJOH GSFFXBZ MBOF-LJMPNFUFST (DPOWFSUFE GSPN PSJHJOBM MBOF-NJMFT), BOOVBM USBOTJU WFIJDMF SFWFOVF
LJMPNFUFS (DPOWFSUFE GSPN PSJHJOBM SFWFOVF NJMFT), FUD. GSPN TFYBT A&M TSBOTQPSUBUJPO IOTUJUVUF’T
USCBO MPCJMJUZ RFQPSU (TFYBT A&M TSBOTQPSUBUJPO IOTUJUVUF 2015).

SJODF UIJT EBUB JT POMZ BWBJMBCMF GPS VSCBOJ[FE BSFBT (UZA), XF TFHNFOU UIF NHTS EBUB TJNJMBS
UP XIBU GSFHPS EJE (2015): B UZA TFHNFOU XJUI DPNQMFUF JOGPSNBUJPO PG IPVTFIPME DIBSBDUFSJTUJDT,
CVJMU FOWJSPONFOU BOE USBOTQPSUBUJPO TVQQMZ BOE B OPO-UZA TFHNFOU GPS XIJDI SFHJPOBM USBOTQPSUB-
UJPO TVQQMZ JOGPSNBUJPO JT NJTTJOH.

AFS KPJOJOH UIFTF UISFF EBUBTFUT, XF IBWF B IPVTFIPME-MFWFM EBUBTFU XJUI BCPVU 200 WBSJBCMFT. TB-
CMF 1 QSFTFOUT B TFMFDU TVCTFU PG UIFTF WBSJBCMFT XJUI EFTDSJQUJPOT, TPVSDF, BOE TVNNBSZ TUBUJTUJDT. NPUF
UIJT JT BO JODPNQMFUF MJTU PG WBSJBCMFT UIBU BQQFBS JO BU MFBTU POF PG UIF NPEFMT XF QSFTFOU JO UIJT QBQFS.
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Table 1: VBSJBCMFT, UIFJS TPVSDF, EFTDSJQUJPO, BOE TVNNBSZ TUBUJTUJDT

NBNF SPVSDF DFTDSJQUJPO MFBO TUE EFW

AADVMT NHTS AOOVBM BWFSBHF EBJMZ VMT 60.01 48.87
OUSJQT.TSBOTJU NHTS TSBOTJU USJQT EVSJOH UIF EBZ PG

TVSWFZ
0.17 0.76

OUSJQT.BJLF NHTS BJLJOH USJQT EVSJOH UIF EBZ PG
TVSWFZ

0.07 0.49

OUSJQT.WBML NHTS WBMLJOH USJQT EVSJOH UIF EBZ PG
TVSWFZ

0.70 1.60

AHF0UP14 NHTS NVNCFS PG IPVTFIPME NFNCFST
ZPVOHFS UIBO 14

0.20 0.58

AHF65PMVT NHTS NVNCFS PG IPVTFIPME NFNCFST
PMEFS UIBO 65

0.57 0.75

CENSUS_D NHTS CFOTVT EJWJTJPO DMBTTJfiDBUJPO GPS
IPNF BEESFTT: NFX EOHMBOE,
MJEEMF AUMBOUJD, EBTU NPSUI
CFOUSBM, WFTU NPSUI CFOUSBM,
SPVUI AUMBOUJD, EBTU SPVUI
CFOUSBM, WFTU SPVUI CFOUSBM,
MPVOUBJO, PS PBDJfiD

DRVRCNT NHTS NVNCFS PG ESJWFST JO IPVTFIPME 1.80 0.78
HHSIZE NHTS CPVOU PG IPVTFIPME NFNCFST 2.34 1.24
LIF_CYC NHTS HPVTFIPME MJGF DZDMF DMBTTJfiDBUJPO:

SJOHMF, CPVQMF X/P DIJMESFO,
CPVQMF X/ DIJMESFO, PS ENQUZ
NFTUFS

LPHIODPNF NHTS MPH UPUBM IPVTFIPME JODPNF 10.72 0.87
VFIPFSDSJWFS NHTS NVNCFS PG WFIJDMFT QFS MJDFOTFE

ESJWFS
1.12 0.57

WRKCOUNT NHTS NVNCFS PG XPSLFST JO IPVTFIPME 0.93 0.89
D1B SLD GSPTT QPQVMBUJPO EFOTJUZ

(QFPQMF/BDSF) PO VOQSPUFDUFE MBOE
6.15 16.02

D2A_EPHHM SLD ENQMPZNFOU BOE IPVTFIPME
FOUSPQZ

0.47 0.23

D2A_WRKEMP SLD HPVTFIPME WPSLFST QFS JPC, BT
DPNQBSFE UP UIF SFHJPO

10.05 31.81

D3CQP4TRLN SLD IOUFSTFDUJPO EFOTJUZ JO UFSNT PG
QFEFTUSJBO-PSJFOUFE JOUFSTFDUJPOT
IBWJOH GPVS PS NPSF MFHT QFS TRVBSF
LJMPNFUFS

33.95 59.53

D4D SLD AHHSFHBUF GSFRVFODZ PG USBOTJU
TFSWJDF XJUIJO 400 NFUFST PG CMPDL
HSPVQ CPVOEBSZ QFS IPVS EVSJOH
FWFOJOH QFBL QFSJPE

25.70 65.44

D5BS SLD JPCT XJUIJO 45 NJOVUFT BVUP USBWFM
UJNF, UJNF- EFDBZ (OFUXPSL USBWFM
UJNF) XFJHIUFE

85004.28 123761.90



ƍƎƕƔ ķĹ    Ĺ  ƍƍ.ƍ

NBNF SPVSDF DFTDSJQUJPO MFBO TUE EFW

D5DS SLD ENQMPZNFOU BDDFTTJCJMJUZ
FYQSFTTFE BT B SBUJP PG UPUBM MSA
BDDFTTJCJMJUZ

0.00 0.01

TRPOPDEN SLD CFOTVT USBDU QPQVMBUJPO EFOTJUZ 5.53 15.04
EMPTOT_5 SLD TPUBM FNQMPZNFOU XJUIJO 8

LJMPNFUFST CVffFS PG CMPDL HSPVQ
31773.32 95420.00

FXZLBOFLNP1L TTI
UMR

USCBOJ[FE BSFB GSFFXBZ
MBOF-LJMPNFUFST QFS 1,000 QFSTPO

1.12 0.62

TSBORFWKNP1L TTI
UMR

USCBOJ[FE BSFB USBOTJU BOOVBM
WFIJDMF SFWFOVF LJMPNFUFST QFS
1,000 QFSTPO

26.95 19.13



MVlUimodal USaWel modVle foS RS1M ƍƎƕƕ

4 ReTVlUT

TP FMJNJOBUF QPUFOUJBM PVUMJFST, XF FYDMVEF PCTFSWBUJPOT XIPTF AADVMT WBMVF JT BCPWF UIF 99 QFS-
DFOUJMF. WJUI UIJT DVUPff, XF FYDMVEF 1403 PCTFSWBUJPOT (PVU PG 150145) XJUI AADVMT WBMVFT SBOH-
JOH GSPN221.588 UP 800.462. OCTFSWBUJPOTXJUINJTTJOH WBMVFT JO EFQFOEFOU PS JOEFQFOEFOU WBSJBCMFT
BSF BMTP FYDMVEFE. WF VTF UIF WBSJBODF JOflBUJPO GBDUPS (VIF) UP fiMUFS JOEFQFOEFOU WBSJBCMFT XJUI TFSJ-
PVT NVMUJ-DPMMJOFBSJUZ (VIF > 10) (MFOBSE 2001, Q. 76).

TBCMF 2 TIPXT UIF NPEFM HPPEOFTT-PG-fiU (R2 GPS MJOFBS SFHSFTTJPO NPEFMT PS QTFVEP-R2 GPS OPO-
MJOFBS NPEFMT) BOE SPPU NFBO TRVBSFE FSSPS (SNTF) GPS FBDI PG 5-GPME DSPTT-WBMJEBUJPO. AT TIPXO JO
TBCMF 2, UIF QPXFS-USBOTGPSNFE NPEFM BOE UIF 2-TUFQ NPEFMT IBWF UIF CFTU BDDVSBDZ (MPXFTU SNTF) JO
DSPTT-WBMJEBUJPO. WF DIPTF UIF QPXFS-USBOTGPSNFE NPEFM GPS JUT TJNQMJDJUZ, FBTF PG VTF, BOE DPNQV-
UBUJPOBM QFSGPSNBODF. F QPXFS QBSBNFUFS JT EFUFSNJOFE WJB UIF BPY-CPY USBOTGPSNBUJPO (BPY BOE
CPY 1964): δ = 0.38.
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Table 2: L-GPME DSPTT-WBMJEBUJPO GPS NPEFM TUSVDUVSF TFMFDUJPO

MPEFM TZQF SFHNFOU kt h -GPME SNTF R2 QTFVEP-R2

2 TUFQ NPEFMT UZA 1 29.27 0.46 0.59
IVSEMF NPEFM UZA 1 30.54 0.33
QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

UZA 1 29.31 0.45

TFNJ-MPH SFHSFTTJPO NPEFM UZA 1 32.51 0.41
2 TUFQ NPEFMT UZA 2 28.91 0.46 0.61
IVSEMF NPEFM UZA 2 29.69 0.33
QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

UZA 2 28.89 0.46

TFNJ-MPH SFHSFTTJPO NPEFM UZA 2 31.43 0.42
2 TUFQ NPEFMT UZA 3 29.24 0.46 0.60
IVSEMF NPEFM UZA 3 29.91 0.33
QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

UZA 3 29.29 0.46

TFNJ-MPH SFHSFTTJPO NPEFM UZA 3 31.63 0.42
2 TUFQ NPEFMT UZA 4 29.48 0.46 0.58
IVSEMF NPEFM UZA 4 31.35 0.34
QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

UZA 4 29.46 0.46

TFNJ-MPH SFHSFTTJPO NPEFM UZA 4 33.79 0.42
2 TUFQ NPEFMT UZA 5 28.98 0.46 0.57
IVSEMF NPEFM UZA 5 29.84 0.34
QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

UZA 5 28.94 0.45

TFNJ-MPH SFHSFTTJPO NPEFM UZA 5 31.67 0.41
2 TUFQ NPEFMT OPO-

UZA
1 32.78 0.47 0.41

IVSEMF NPEFM OPO-
UZA

1 34.04 0.12

QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

OPO-
UZA

1 32.79 0.47

TFNJ-MPH SFHSFTTJPO NPEFM OPO-
UZA

1 36.00 0.43

2 TUFQ NPEFMT OPO-
UZA

2 32.77 0.47 0.41

IVSEMF NPEFM OPO-
UZA

2 33.67 0.12

QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

OPO-
UZA

2 32.75 0.47

TFNJ-MPH SFHSFTTJPO NPEFM OPO-
UZA

2 35.46 0.43

2 TUFQ NPEFMT OPO-
UZA

3 32.77 0.47 0.39

IVSEMF NPEFM OPO-
UZA

3 33.74 0.12

QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

OPO-
UZA

3 32.74 0.47
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MPEFM TZQF SFHNFOU kt h -GPME SNTF R2 QTFVEP-R2

TFNJ-MPH SFHSFTTJPO NPEFM OPO-
UZA

3 35.50 0.43

2 TUFQ NPEFMT OPO-
UZA

4 32.97 0.47 0.39

IVSEMF NPEFM OPO-
UZA

4 34.70 0.12

QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

OPO-
UZA

4 32.96 0.47

TFNJ-MPH SFHSFTTJPO NPEFM OPO-
UZA

4 37.30 0.43

2 TUFQ NPEFMT OPO-
UZA

5 33.38 0.47 0.41

IVSEMF NPEFM OPO-
UZA

5 34.95 0.12

QPXFS-USBOTGPSNFE MJOFBS
SFHSFTTJPO NPEFM

OPO-
UZA

5 33.35 0.47

TFNJ-MPH SFHSFTTJPO NPEFM OPO-
UZA

5 37.37 0.43
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FigVSe 3: AADVMT FMBTUJDJUZ UP VFIPFSDSJWFS. F FMBTUJDJUZ JT OPO-MJOFBS BOE OPO-UZA IPVTFIPMET
IBWF IJHIFS FMBTUJDJUJFT UP VFIPFSDSJWFS UIBO UZA IPVTFIPMET

TBCMF 3 QSFTFOUT UIF fiOBM FTUJNBUJPO SFTVMUT GPS UIF QPXFS-USBOTGPSNFE NPEFM. AMM UIF IPVTFIPME
DIBSBDUFSJTUJDT DPWBSJBUFT IBWF FYQFDUFE TJHOT. FPS UIF VFIPFSDSJWFS WBSJBCMF (OVNCFS PG WFIJDMFT QFS
ESJWFS JO BIPVTFIPME), XFVTF B DVCJD TQMJOF PO MPH(VFIPFSDSJWFS+1) UP DBQUVSF UIFOPO-MJOFBS FffFDU PG
IPVTFIPMET’ WFIJDMF PXOFSTIJQ PO ESJWJOH. F L-GPME DSPTT-WBMJEBUJPO IFMQT FOTVSF UIBU TQFDJfiDBUJPOT
XJUI TVDI OPO-MJOFBS USBOTGPSNBUJPOT EP OPU PWFSfiU UIF TBNQMF.

FJHVSF 3 TIPXT UIFOPO-MJOFBS FMBTUJDJUZ PGAADVMTUPVFIPFSDSJWFS: UIF Y-BYJT JT UIFQFSDFOUBHF
DIBOHF UP DVSSFOU WFIJDMF QFS ESJWFS MFWFM JONHTSIPVTFIPMET BOE UIF Z-BYJT JT UIF BWFSBHFAADVMT
PWFS BMM UZA PS OPO-UZA IPVTFIPMET. IU JT DMFBS UIBU UIF FMBTUJDJUZ JT OPO-MJOFBS. IO UIFNHTS, UZA
IPVTFIPMET IBWF AADVMT = 48.291 (XIFSF UIF UZA FMBTUJDJUZ DVSWF JOUFSTFDUT XJUI x = 0). AT
VFIPFSDSJWFS SFEVDFT CZ 100 QFSDFOU (JO UIJT DBTF, BMM IPVTFIPMET PXO0 WFIJDMFT), AADVMTESPQT UP
5.555, B 88.498 QFSDFOU ESPQ. HPXFWFS, JG VFIPFSDSJWF JODSFBTFT CZ 100 QFSDFOU, AADVMT JODSFBTFT
UP 66.675, B 38.068 QFSDFOU JODSFBTF. F OFYU 100 QFSDFOU JODSFBTF JO VFIPFSDSJWFS CSJOHT FWFO MFTT
JODSFBTF JO AADVMT. IU BMTP TIPXT UIBU IPVTFIPMET JO OPO-UZA IBWF IJHIFS FMBTUJDJUJFT UIBO UZA
IPVTFIPMET.

MPTU DPFffiDJFOUT GPS UIF 5D WBSJBCMFT IBWF FYQFDUFE TJHOT BOE SFMBUJWFMZ TNBMM NBHOJUVEF BT EPD-
VNFOUFE JO UIF MJUFSBUVSF (EXJOH BOE CFSWFSP 2010; SUFWFOT 2017), FYDFQU GPS D1B (QPQVMBUJPO EFO-
TJUZ) BOED2A_EPHHM(MBOE VTF EJWFSTJUZ) WBSJBCMF GPS UIF OPO-UZA TFHNFOU. AFS DPOUSPMMJOH GPS
TRPOPDEN (USBDU QPQVMBUJPO EFOTJUZ) BOE FNQMPZNFOU XJUIJO 8-LJMPNFUFS CVffFS (TOTEMP_5),
DPFffiDJFOUT GPS D1B BOE D2A_EPHHM BSF QPTJUJWF. IO BEEJUJPO UP FBDI 5D WBSJBCMFT CZ UIFNTFMWFT,
XF BMTP UFTU JOUFSBDUJPO UFSNT BDSPTT EJffFSFOU 5D DBUFHPSJFT. F TJHOJfiDBOU BOE QPTJUJWF DPFffiDJFOU
GPS UIF JOUFSBDUJPO UFSN PG UZA USBOTJU SFWFOVF LJMPNFUFST QFS 1,000-QFPQMF (TSBORFWKNP1L) XJUI
B MPDBMJ[FE NFBTVSF PG UIF GSFRVFODZ PG USBOTJU TFSWJDF (D4D) JOEJDBUFT UIBU HPPE MPDBM BDDFTT UP USBOTJU
TFSWJDFT JO B UZA XJUI FYUFOTJWF USBOTJU OFUXPSL IBWF BO FYUSB FffFDU PO SFEVDJOH ESJWJOH. SJNJMBSMZ,
UIF JOUFSBDUJPO UFSN PG D1B BOE D2A_EPHHM GPS UIF OPO-UZA NPEFM IBT BO FYQFDUFE OFHBUJWF
TJHO, XIJDI NBZ JOEJDBUF UIBU EFOTJUZ PS EJWFSTJUZ BMPOF JO OPO-UZA BSFBT JT OPU FffFDUJWF JO SFEVDJOH
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ESJWJOH, CVU UIF UXPXPSLJOH UPHFUIFS JT. EYDMVEJOH UIF JOUFSBDUJPO UFSNPGD1B:D2A_EPHHMEPFT
OPU DIBOHF UIF TJHO PS TJHOJfiDBODF PG UIF DPFffiDJFOUT GPS D1B PS D2A_EPHHM.

5 ConclVTion and DiTcVTTion

IO UIJT QBQFS, XF JOUSPEVDF UIF RSPM TVJUF PG UPPMT: JUT PSJHJO BOE OJDIF PG GPDVTJOH PO MPOH-UFSN
FffFDUT BOE FOBCMJOH SBQJE TDFOBSJP TJNVMBUJPOT XJUI B flFYJCMF NJDSPTJNVMBUJPO BQQSPBDI, JUT FWPMV-
UJPO, BOE DVSSFOU EFWFMPQNFOU. WF UIFO GPDVT PO UIF SFDFOUMZ JNQSPWFE NVMUJNPEBM USBWFM EFNBOE
NPEVMF GPS UIF RSPM UIBU CFUUFS DBQUVSFT UIF MBOE VTF-USBWFM JOUFSBDUJPO. WF EPDVNFOU UIF QSPDFTT
BOE UFDIOJRVFT XF VUJMJ[F UP EP NPEFM TFMFDUJPO, WBMJEBUJPO, BOE TFOTJUJWJUZ UFTUJOH XJUI UIF IPVTFIPME
AADVMT NPEFM. WF BJN GPS UIF TJNQMFTU NPEFM XJUI UIF CFTU QSFEJDUJOH QPXFS BOE CFIBWJPS WBMJE-
JUZ. WF FOEFE VQ DIPPTJOH UIF QPXFS-USBOTGPSNFE NFUIPE BNPOH GPVS NPEFM TUSVDUVSF PQUJPOT XJUI
B L-GPME DSPTT-WBMJEBUJPO QSPDFTT. F DSPTT-WBMJEBUJPO QSPDFTT BMTP FOTVSFT XF EPO’U PWFSfiU UIF TBNQMF
EBUB BT XF DPOTJEFS USBOTGPSNBUJPOT UP DBQUVSF OPO-MJOFBS FffFDUT BOE JOUFSBDUJPO FffFDUT. WF CFMJFWF
UIJT QBQFS JT UIF fiSTU UIBU CFODINBSLT BMUFSOBUJWF NPEFM TUSVDUVSFT GPS NPEFMJOH AADVMT VTJOH B
SJHPSPVT DSPTT-WBMJEBUJPO QSPDFTT.
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Table 3: ETUJNBUJPO SFTVMUT GPS UIF QPXFS-USBOTGPSNFE OPO-MJOFBS NPEFM

AADVMT 0.38

UZA NPO-UZA

DRVRCNT 0.719∗∗∗ (0.011) 0.755∗∗∗ (0.011)
HHSIZE 0.004 (0.008) 0.018∗∗ (0.009)
WRKCOUNT 0.178∗∗∗ (0.008) 0.167∗∗∗ (0.007)
LPHIODPNF 0.250∗∗∗ (0.007) 0.299∗∗∗ (0.006)
AHF0UP14 0.095∗∗∗ (0.011) 0.097∗∗∗ (0.011)
AHF65PMVT −0.066∗∗∗ (0.008) −0.073∗∗∗ (0.007)
OT(MPH1Q(VFIPFSDSJWFS), 3)1 2.770∗∗∗ (0.047) 2.730∗∗∗ (0.043)
OT(MPH1Q(VFIPFSDSJWFS), 3)2 5.870∗∗∗ (0.192) 5.600∗∗∗ (0.171)
OT(MPH1Q(VFIPFSDSJWFS), 3)3 2.950∗∗∗ (0.208) 3.530∗∗∗ (0.173)
LIF_CYCENQUZ NFTUFS −0.227∗∗∗ (0.016) −0.188∗∗∗ (0.015)
LIF_CYCPBSFOUT X/ DIJMESFO 0.034∗ (0.017) 0.019 (0.017)
LIF_CYCSJOHMF −0.186∗∗∗ (0.020) −0.176∗∗∗ (0.020)
MPH1Q(TRPOPDEN) −0.028∗∗∗ (0.010) −0.039∗∗∗ (0.013)
MPH1Q(EMPTOT_5) −0.057∗∗∗ (0.005) −0.037∗∗∗ (0.003)
CENSUS_DEBTU SPVUI CFOUSBM 0.079 (0.054) 0.087∗∗∗ (0.030)
CENSUS_DMJEEMF AUMBOUJD −0.108∗∗∗ (0.027) −0.168∗∗∗ (0.022)
CENSUS_DMPVOUBJO −0.084∗∗∗ (0.026) −0.111∗∗∗ (0.029)
CENSUS_DNFX EOHMBOE −0.130∗∗∗ (0.045) −0.025 (0.030)
CENSUS_DPBDJfiD −0.077∗∗∗ (0.023) −0.202∗∗∗ (0.024)
CENSUS_DSPVUI AUMBOUJD 0.018 (0.023) 0.030 (0.019)
CENSUS_DWFTU NPSUI CFOUSBM −0.030 (0.058) −0.057∗∗ (0.025)
CENSUS_DWFTU SPVUI CFOUSBM 0.073∗∗∗ (0.024) 0.084∗∗∗ (0.021)
FXZLBOFLNP1L 0.040∗∗∗ (0.015)
TSBORFWKNP1L −0.0004 (0.0003)
D1B −0.001∗∗∗ (0.0004) 0.010∗∗∗ (0.004)
D2A_WRKEMP −0.0003∗∗ (0.0001)
D3CQP4TRLN −0.0002∗∗ (0.0001)
D5DS −12.000∗∗∗ (2.930)
TSBORFWKNP1L:D4D −0.00000∗∗∗ (0.00000)
D2A_EPHHM 0.044∗ (0.026)
I(D5BS/1000) −0.00002 (0.0002)
D1B:D2A_EPHHM −0.026∗∗∗ (0.007)
CPOTUBOU −1.900∗∗∗ (0.112) −2.220∗∗∗ (0.094)
OCTFSWBUJPOT 47,288 55,103
R2 0.456 0.464
AEKVTUFE R2 0.456 0.464
RFTJEVBM SUE. ESSPS 0.979 (EG = 47258) 1.000 (EG = 55076)
F SUBUJTUJD 1,366.000∗∗∗ (EG = 29; 47258) 1,834.000∗∗∗ (EG = 26; 55076)
NoUe� ∗Q<0.1; ∗∗Q<0.05; ∗∗∗Q<0.01

SUE FSSPS JO QBSFOUIFTFT.
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WF VUJMJ[F B VOJRVF EBUBTFU CZ KPJOJOH UISFF US OBUJPOXJEF EBUBTFUT: UIF 2009 NHTS, UIF SNBSU
LPDBUJPO DBUBCBTF, BOE USBOTQPSUBUJPO TVQQMZ JOGPSNBUJPO GSPN NBUJPOBM TSBOTJU DBUBCBTF BOE TTI.
WF CFMJFWF UIF IPVTFIPME AADVMT NPEFM QSFTFOUFE JO UIJT QBQFS JT UIF fiSTU NPEFM VUJMJ[JOH TVDI B
OBUJPOXJEF EBUBTFU XJUI IJHI SFTPMVUJPO CVJMU FOWJSPONFOU WBSJBCMFT XIJMF DPOUSPMMJOH GPS IPVTFIPMET’
TPDJP-EFNPHSBQIJD DIBSBDUFSJTUJDT. PSFWJPVT OBUJPOXJEF SFTFBSDI JO UIF US JT FJUIFS MJNJUFE UP VTJOH
POMZ UIF DPBSTF NFBTVSFT PG CVJMU FOWJSPONFOU (GPS FYBNQMF, GSFHPS, 2015) PS BHHSFHBUF IPVTFIPME
USBWFM UP B MBSHFS HFPHSBQIZ MJLF UZA (F.H., CFSWFSP BOE MVSBLBNJ 2010; GMBFTFS BOE KBIO 2008)
XIJMF EJTDBSEJOHNPTU PUIFS IPVTFIPME DIBSBDUFSJTUJDT. OVSNPEFM SFTVMUT MBSHFMZ DPSSPCPSBUF QSFWJPVT
fiOEJOHT PG TNBMM FffFDU TJ[FT PG EFOTJUZ, EJWFSTJUZ, BOE EFTJHO WBSJBCMFT POVMTBOE B SFMBUJWFMZ TUSPOHFS
FffFDU PG EFTUJOBUJPO BDDFTTJCJMJUZ (BDDFTT UP FNQMPZNFOU JO PVS DBTF) (EXJOH BOECFSWFSP 2010; SUFWFOT
2017).

HPXFWFS, VTJOH B MBSHF TBNQMF XJUI NBOZ WBSJBCMFT JT OPU XJUIPVU DIBMMFOHFT, JODMVEJOH UIF DVSTF
PG EJNFOTJPOBMJUZ BOE TQVSJPVT DPSSFMBUJPO. WJUI UIF OVNCFS PG WBSJBCMFT XF IBWF, JU XBT BMNPTU BU UIF
MJNJU PG XIBU JT QPTTJCMF XJUI B NBOVBM NPEFM TFMFDUJPO QSPDFTT, FTQFDJBMMZ TJODF XF XBOU UP DPOTJEFS
OPO-MJOFBS FffFDUT BOE JOUFSBDUJPOT CFUXFFO WBSJBCMFT. MPEFM TFMFDUJPO UFDIOJRVFT TVDI BT TUFQXJTF
SFHSFTTJPO BOE BBZFTJBO NPEFM BWFSBHJOH BSF IFMQGVM POMZ UP BO FYUFOU JO UIJT DBTF. MBDIJOF MFBSOJOH
UFDIOJRVFTNBZ CF B QPUFOUJBM TPMVUJPO BOE BSF B EJSFDUJPO XFXJMM FYQMPSF JO PVS GVUVSF SFTFBSDI. WJUI
UIF MBSHF TBNQMF TJ[F PG NPSF UIBO 150,000 JO UIF 2009 NHTS, JU JT WFSZ FBTZ UP fiOE B TUBUJTUJDBMMZ
TJHOJfiDBOU DPSSFMBUJPO CFUXFFO BO JOEFQFOEFOU WBSJBCMF BOE UIF EFQFOEFOU WBSJBCMFT. HPXFWFS, OPU
BMM TJHOJfiDBOU DPSSFMBUJPOT BSF NFBOJOHGVM. IO UIJT QBQFS, XF SFMZ PO QSFEJDUJPO BDDVSBDJFT JO DSPTT-
WBMJEBUJPOT JO BEEJUJPO UP NPEFM HPPEOFTT-PG-fiU UP HVJEF UIF NPEFM TFMFDUJPO BOE BWPJE PWFSfiUUJOH,
CVU UIF QSPDFTT JT WFSZ POFSPVT XJUI B MBSHF OVNCFS PG JOEFQFOEFOU WBSJBCMFT.

AMUIPVHI OPU JODMVEFE JO UIJT QBQFS, UIF NPEFMT GPS OPO-BVUP USBWFM, BMPOH XJUI UIF AADVMT
NPEFM, NBEF VQ UIF NVMUJNPEBM USBWFM EFNBOE NPEVMF UIBU BSF JNQMFNFOUFE GPS UIF PQFO TPVSDF
VJTJPOEWBM TPXBSF GSBNFXPSL. WF IPQF UIBU JUT NPEVMBS TUSVDUVSF, PQFOMZ BWBJMBCMF TPVSDF DPEF,
BOE EPDVNFOUBUJPO XJMM FOBCMF NPEJfiDBUJPOT BOE FYUFOTJPOT PG UIJT XPSL CZ UIF SFTFBSDI DPNNVOJUZ.
F VJTJPOEWBM BOE RSPM QSPKFDU JT DVSSFOUMZ VOEFS BDUJWF EFWFMPQNFOU (GSFHPS 2017). AT UIF OFX
NPEVMFT BSF NFSHFE JOUP UIF VJTJPOEWBM VE-RSPM WFSTJPO, UIF fiOBM JNQMFNFOUBUJPO BEPQUFE NBZ
JODPSQPSBUF PUIFS DPOTJEFSBUJPOT BOE FWPMWF TMJHIUMZ GSPN XIBU JT EFTDSJCFE JO UIJT QBQFS.

FJOBMMZ, UIF OFX USBWFM EFNBOE NPEVMF JT BQQMJFE UP UIF RPHVF VBMMFZ MPO (UIF MPO BSFB JO-
DMVEJOH MFEGPSE JO TPVUIFSO OSFHPO XJUI NPSF UIBO 70,000 IPVTFIPMET) GPS B QFSGPSNBODF DIFDL,
TFOTJUJWJUZ UFTUT, BOE FYUFSOBM WBMJEBUJPO. F NPEVMF UBLFT TFDPOET PO B NPEFSO PC PG NPEFSBUF
DPOfiHVSBUJPO XJUI UIF RVMPO EBUB. F OFX USBWFM EFNBOE NPEVMF IBT CFUUFS TFOTJUJWJUZ UP CVJMU
FOWJSPONFOU UIBO UIF DVSSFOU RSPM NPEVMF. WF BMTP DPNQBSF UIF QSFEJDUJPOT PG VMT BOE OPO-
NPUPSJ[FE USBWFM GSPN UIF OFX NPEVMF BHBJOTU UIF JOGPSNBUJPO JO UIF OSFHPO HPVTFIPME ADUJWJUZ
SVSWFZ. F OFX NPEVMF QSPEVDFT HPPE QSFEJDUJPOT JO BHHSFHBUJPO (QSFEJDUFE VMT PG 41.8 WT PC-
TFSWFE VMT PG 36.7) BOE CZ NBSLFU TFHNFOUT. OWFSBMM, UIF OFX NPEVMF IBT EFNPOTUSBUFE JNQSPWF-
NFOU JO BMM BTQFDUT DPNQBSFE. DFUBJMT PG UIF NPEVMF UFTUJOH BSF BWBJMBCMF JO B TFQBSBUF QSPKFDU SFQPSU
(WBOH, 2017). A DPNQBSJTPOXJUI GVMM-flFEHFE USBWFM EFNBOENPEFMT JT MF GPS GVUVSF SFTFBSDI, BT UIFZ
BSF OPU SFBEJMZ BWBJMBCMF GPS RVMPO.

6 AcknoXledgemenUT

F SFTFBSDI QSPKFDU SFDFJWFE fiOBODJBM TVQQPSU GSPN OSFHPO DFQBSUNFOU PG TSBOTQPSUBUJPO (SPR
788) BOE NBUJPOBM IOTUJUVUF GPS TSBOTQPSUBUJPO BOE CPNNVOJUJFT (NITC; HSBOU OVNCFS 881), B U.S.
DOT UOJWFSTJUZ TSBOTQPSUBUJPO CFOUFS. EBSMJFS WFSTJPOT PG UIF QBQFS XFSF QSFTFOUFE BU UIF 97UI
TSBOTQPSUBUJPO RFTFBSDI BPBSE AOOVBM MFFUJOH (WBOH eU al. 2018B) BOE UIF 7UI IOUFSOBUJPOBM CPO-
GFSFODF PO IOOPWBUJPOT JO TSBWFM MPEFMJOH (ITM) (WBOH eU al. 2018C). WF BQQSFDJBUF UIF IFMQGVM
DPNNFOUT PO PVS NBOVTDSJQUT GSPN UIF SFGFSFFT BOE DPOGFSFODF QBSUJDJQBOUT.
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