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Abs tract

Moving work zones (MWZs) are frequently 1 m

routine road maintenance tasks. During the MW
speeds of 15 mph or slower, potentially disru
congestion and safety concerns, however, fact
severe crashes, and congestion, have mnot been
logistic regression, and VISSIM simulation we

In the spatial analysis, the output of mul
Neighbor ( ANN), Gl obal Moran’s I, and Getis- O
crashes exhibited cluste) imet hmd Kaamd aAn s éllhien GI
met hod identified the hot spots of MWZ crashe

eastern Shawnee, southern Leavenworth, sout he

speed limits above 55 mph. The observed high-
crashes, thus requiring further investigation

Logistic regression models were employed t
comparison to other types of work zone <c¢rashe

with medium o

-

high crash severity. The proba



with speed limits over 45 mph was much higher
odds ratio indicating that the Iikelihood of
non- MWZ crashes when the speed limit exceeded
strips and traffic signals were 1dentified as
primarily by lowering vehicle speeds and regu
speeding, disregarding traffic control and dr
of MWZ c¢crashes by 5 times, 3.1 times and 9.6

i1nvol vement doubled t he likelihood of MWZ <c¢r a;

KDOT regarding MWZ operations 1n these region

The simulation model developed in VISSIM c
flow by MWZ operations based on the perfor man.
speed, del ay, and stops. The MWZ operational
conditions for MWZ operation on a four-1ane f
which were determined to be: a traffic vol ume
speed limit of 55 mph, and a truck percentage
MWZ i1is above 10 mph, ideally reaching 15 mph,
distance was observed to have a negligible 1 m

accordance with DOT recommendations accountin
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&KDSWHU , ,1752'8&7,21

$ ZRUN JRQH LV DQ DUHD RI D URDGZD\ ZKHUH KLJKZD\ FF
XWLOLW\ ZRUN WDNH SODFH DQG QRUPDOO\ LQFOXGHV DQ D
DFWLYLW\ DUHD DQG D WHUPLQDWLRQ DUHD 7XUQHU 7U
LPSURYHPHQW DQG PDLQWHQDQFH RI QDWLRQDO KLJKZD\V D\
LQIUDVWUXFWXUH DJHV ODUNV 9HUHHQ HW DO +RZHYH
WKDW DUH DOUHDG\ XVHG E\ WUDIILF LQ KHDYLO\ XUEDQL]HG
JRQHV DQG KHDYLHU WUDIILF YROXPH ZLOO UHVXOW LQ PRUH
6DGDYLVDP

‘RUN JRQHV FDQ EH HLWKHU VWDWLRQDU\ RU PRYH DV ZR
0:= DUH LQFUHDVLQJO\ LPSOHPHQWHG WR PHHW WKH GHPDGC
GHSDUWPHQWY RI WUDQVSRUWDWLRQ '27V DUH SULRULWL]L
LQVWHDG Rl GHYHORSLQJ QHZ LQIUDVWUXFWXUH GXH WR WK
$EGHOPRKVHQ 6LQKD /DEL HW DO +RZHYHU 0:=V S
VDIHW\ RI ERWK ZRUNHUV DQG GULYHUV ,Q FRPSDULVRQ WR
VORZ VSHHGV FDQ LQWHUUXSW UHJXODU WUDIILF IORZ UHVX
5DKPDQL HW DO $OVR 0:=V SUHVHQW FULWLEDO ULVNYV
IUHTXHQWO\ KDYH WR ZRUN RQ RU QHDU URDGZD\V 3UDWW )
VLPSOLILHG WUDIILF FRQWURO SURFHGXUHV PD\ EH XVHG EH
XQGHUVWDQG KRZ 0:=V PD\ LPSDFW WUDIILF VDIHW\ DQG FRQ
WKH 0:= UHODWHG FUDVKHV DQG IDFWRUVY DQG GHYHORS D VI

FRQGLWLRQV IRU 0:= RSHUDWLRQV



'RUN =RQH 6DIHW\

$ ZRUN JRQH LV D KDJDUGRXV HQYLURQPHQW WKDW UDLV
DQG ZRUN J]RQH ZRUNHUV EHFDXVH RI WKH DOWHUDWLRQ RI F
RI vLJQV EDUUHOV DQG ODQH VKLIWYV VSHHG FKDQJHV OLP
DFWLYLWLHYVY )HGHUDO +LJKZD\ $GPLQLVWUDWLRQ ,Q WK
DSSUR[LPDWHO\ FUDVKHV DQG LOQMXULHY HDFK \HD
VSHHGLQJ GULYHUV QHJOLJHQW ZRUNHUV PLVSODFHG WUDI
FRQGLWLRQV *DPEDWHVH /HH HW DO $PHULFDQ 7UDIILF
7TKHUH ZHUH IDWDOLWLHYV LQ ZRUN JRQHV LQ UHSUHVH
JHGHUDO +LJKZD\ $GPLQLVWUDWLRQ $ ZRUN J]RQH IDWDC
ELOOLRQ YHKLFOH PLOHVY WUDYHOHG DQG IRU HYHU\ PLOC
8QLWHG 6WDWHYVY )HGHUDO +LJKZD\ $GPLQLVWUDWLRQ $
IDWDOLWLHYV LV D FRQVWUXFWLRQ ZRUNHU $FFRUGLQJ WR F|
6DIHW\ ,QIRUPDWLRQ &OHDULQJKRXVH IDWDO FUDVKHV LQ ZF
\HDUV ,Q WKHUH ZHUH IDWDO FUDVKHYVY FRPSDUHG WK
VDPH SHULRG ZRUN JRQH IDFLOLWLHYVY KDYH H[SDQGHG E\
,QIRUPDWLRQ &OHDULQJKRXVH .DQVDV UHFRUGHG ZF
LQ DV VKRZQ LQ 7DEOH JXUWKHUPRUH WKHVH ZRUN ]I

HFRQRPLF ORVV RI LQ HFRQRPLF GDPDJH .DQVDV 'H



7TDEOH RUN =RQH &UDVK 6XPPDU\ LQ .DQVDYV

<HDU 7RWDO J)DWDO &UDVKHUMXULHWMWDOLWLHE

'RUN JRQH LQMXULHYVY DQG IDWDOLWLHYVY FDQ RFFXU GXH V
VSHHGLQJ GULYHUV QHJOLIJHQW ZRUNHUV PLVSODFHG WUDI
FRQGLWLRQV *DPEDWHVH /HH HW DO 2QH FRPPRQO\ HF
SRVLWLRQ WUDIILF FRQWURO GHYLFHVY QHDU ZRUN JRQH VLWI

+RZHYHU GULYHUV IUHTXHQWO\ LJQRUH ZDUQLQJ LQIRU
FROQWURO GHYLFHVY OHDGLQJ WR VHYHUH FUDVKHV FDXVHG E
IRU FRQVWUXFWLRQ ZRUNHUV WR LGHQWLI\ D URJXH YHKLFOF

WKH FKDRWLF DQG QRLV\ QDWXUH RI WKH ZRUN HQYLURQPHQ

BHYHUDO SURJUDPV E\ )+:$ DQG WKH $PHULFDQ 5RDG DQC
$VVRFLDWLRQ $57%$ KDYH EHHQ LPSOHPHQWHG WR VDIHJXC
1IDWLRQDO :RUN =RQH $ZDUHQHVV :HHN DQG 7XUQLQJ 3RLQW

DGGLWLRQ JUHDWHU HPSKDVLV LV EHLQJ SODFHG RQ UHVHD



'"HSHQGLQJ RQ WKH REMHFWLYHV WKHVH VWXGLHV SULPDULC
VI\VWHPV ,3:6 KXPDQ PDFKLQH LOQWHUDFWLRQ GHWHFWLRQ
VI\VWHPV 656 5HFHQW VWXGLHV KDYH PRVWO\ IRFXVHG RQ ¢
YDULDELOLW\ KDYH D VLJQLILFDQW LPSDFW RQ FUDVKHV 1QTI
6DUDVXD HW DO UHSRUWHG WKDW WKH XVH RI UDGDU G
UbQJLQJ IURP WR PSK 2Q WKH RWKHU KDQG GURQH UDGD
DQG PSK ZLWK D VSHHG UHGXFWLRQ LQ YHKLFOHV H[FHH
KLIJKZD\ DJHQFLHV H[KLELW D SHUVLVWHQW ODJ LQ WKH DGR

=KRX ,UL]DUU\ HW DO

'RUN =RQH &RQJHVWLRQ

$ VLIQLILFDQW DPRXQW Rl WKH QRQ UHEXUUHQW WUDIILF
WR WHPSRUDU\ FDSDFLW\ UHGXFWLRQ LQ WKH IUHHZD\ :KHQ
WKH\ FDQ VORZ GRZQ DQG PDNH PRUH KHDGZD\ ZKLEFK PD\ Gt
DV D UHVXOW RI ODQH FKDQJHV RU PHUJHV ZKLFK FDQ DOVR
]JRQHVY ORFDWHG LQ KHWHURJHQHRXVY DUHDV ZLWK D VLJQLILF
LQFOXGLQJ FDUV WUXFNV PRWRUF\FOHV ELF\FOHV DQG SH
ERWWOHQHENVY VLPXOWDQHRXVO\ 5DPH]DQL DQG %HQHNRKD!

'"HSDUWPHQW RI (QHUJ\ ZRUNV J]JRQHV DSSUR[LPDWHO\ DFFRX

DQG RI QRQ UHFXUULQJ GHOD\V RQ IUHHZD\V ZKLFK UHVX(
R PLOOLRQ JDOORQV DQG D ORVYV RI PLOOLRQ KRXUV L
JUDQ]J]HVH HW DO 7TUDQVSRUWDWLRQ 6DIHW\ 'LYLVLRQ O

DZDUHQHVV RI WUDIILF FRQGLWLRQV LQ ZRUN JRQHV DQG WK



LQFUHDVHG DQ[LHW\ DQG IUXVWUDWLRQ DPRQJ GULYHUV ZKI
]JRQH FUDVKHV 4LQ &KHQ HW DO

(QKDQFLQJ ZRUN ]JRQH WUDIILF PDQDJHPHQW LV FUXFLDO
DGYDQFHG ODQH FRQWURO WHFKQLTXHV VXFK DV G\QDPLF O
EHHQ GHYHORSHG WR HQKDQFH FDSDFLW\ DQG UHGXFH WUDII

/R IDFLOLWDWH PHUJH RSHUDWLRQV 7DUNR DQG 9HQXJI
PHVVDJLQJ VLJQV DV DQ HDUO\ PHUJH FRQWURO DQG FUHDWE
FRQVLVWY RI D QXPEHU RI G\QDPLF VLIJQV WR IODVK WKH ZDL
ODQH FORVXUHYV LQ OLFKLIJDQ 6FKDWWOHU DQG 'DWWD [
WUDIILF FRQWURO V\VWHP ZKLFK VLJQLILFDQWO\ GHFUHDVH
7KH GHYHORSPHQW RI ODWH PHUJH FRQWURO DLPV WR GHFUI
XWLOL]JLQJ WKH HQWLUH FDSDFLW\ RI WKH URDGZD\ DV LW DS
ZDV VKRZQ WR EH HIIHFWLYH RQO\ LQ VLWXDWLRQV ZLWK OR.
3HVWL *ULOOR 'DWWD HW DO HPSOR\HG WKH G\QDT
VSHFLILF PHUJH SRLQW GXULQJ IUHHZD\ FRQVWUXFWLRQ ZRU

WKURXJKSXW LQ ZRUN JRQHYV

3UREOHP 6WDWHPHQW DQG 6LJQLILFDQFH R

7KH GHPDQG IRU UHQRYDWLRQ DQG PDLQWHQDQFH RI RO
HISDQGHG GUDPDWLFDOO\ WKXV LQFUHDVLQJ WKH DSSOLFDYV
&RVWLQ $GLEIDU HW DO 6WDWH '27V DUH SULRULWL]LC
LQIUDVWUXFWXUH ZKLFK PRVWO\ XWLOL]J]H VKRUW WHUP VWD

0:=V 6LQKD /DEL HW DO 7KH ODQXDO RQ 8QLIRUP 7UD



GHILQHV WZR W\SHV RI PRYLQJ ZRUN JRQHV FRQWLQXRXV DQ
7TUDQVSRUWDWLRQ )HGHUDO +LJKZD\ $GPLQLVWUDWLRQ
WKDW DUH LQ PRWLRQ DQG RIWHQ SURJUHVYVY DW D VORZ SDF
GRQH VXFK DV PDUNLQJ WKH SDYHPHQW RU SODFLQJ UXPEO
RSHUDWLRQV LQ ZKLFK WLPH VSHQW DW D FHUWDLQ ORFDWLI
JRQHV LV XVXDOO\ UHSHWLWLRXV DQG UHTXLUHV PXOWLSOH
WKH 0:= ZRUN HQFRPSDVVHV DFWLYLWLHYVY VXFK DV SRWKROH
RWKHU URDG UHSDLUV WKDW UHTXLUH IUHTXHQW VKRUW VWHE
+LJKZD\ $GPLQLVWUDWLRQ

6WDWLRQDU\ ZRUN JRQHV W\SLFDOO\ RFFXS\ D IL[HG ORF
GULYHUV WR DQWLFLSDWH WKHLU SUHVHQFH +RZHYHU GULY
GXH WR WKHLU XQSUHGLFWDEOH RFFXUUHQFH RQ WKH URDG¢
ERWWOHQHFN FRPSDUHG WR VWDWLRQDU\ ZRUN JRQHV PDNL
DSSURSULDWHO\ GXULQJ D PRYLQJ ERWWOHQHFN &RVWLQ $
RU OHVV HIIHFWLYH WUDIILF FRQWURO SURFHGXUHYV LQ FRQW
HIDFHUEDWH WKH ULVNV 7UDIILF ‘DWWD *DWHV HW DO
WKH SUHVHQFH RI 0:=V RSHUDWLQJ DW VORZ VSHHGYV FDQ LQ’
FRQJHVWLRQ DQG LQFUHDVHG OHYHOV RI DQ[LHW\ DQG IUXVYV
IDFWRUV OHDGLQJ WR 0:= FUDVKHV 4LQ &KHQ HW DO 'H
SUHVHQW VLJQLILFDQW ULVNV WR ZRUNHUV DV WKH\ RIWHQ

ODQ\ UHFHQW VWXGLHYVY KDYH LQYHVWLIJDWHG WKH FKDUEL
WR LPSURYH WKH VDIHW\ RI KLJKZD\ XVHUV DQG ZRUNHUV KF

RQ 0:=V OHDYLQJ WKH DVVRFLDWHG ULVNV DQG FRQWULEXW



QHHGHG WR XQGHUVWDQG WKH 0:= FUDVK SDWWHUQ LQWHU S
FROQOWULEXWLQJ YDULDEOHV WR 0:= ULVN DQG FUDVK VHYHUL!

LPSURYH PRELOLW\

SHVHDUFK 2EMHFWLYHY DQG 6FRSH RI 6WX(

7KH SULPDU\ JRDO RI WKLY UHVHDUFK LV WR XQGHUVWD C
HYDOXDWH WKH FRQWULEXWLQJ IDFWRUV WR SUHGLFW FUDV
0:= PDQDJHPHQW VWUDWHILHV WR PLWLIJDWH ULVN 7KH VSHI
WR

x $QDO\]H WKH VSDWLDO GLVWULEXWLRQ RI 0:= FUDVKHV D
0:= FUDVK UDWHV LQ .DQVDV XVLQJ $UF*,6 VRIWZDUH

Xx (YDOXDWH WKH FUDVK FKDUDFWHULVWLFV RI 0:= FUDVKH
GHWHUPLQH WKH SRWHQWLDO FRQWULEXWLQJ IDFWRUYV

x ,GHQWLI\ IDFWRUV VLIJQLILFDQWO\ LPSDFWLQJ WKH LQFL¢

X (YDOXDWH WKH LQIOXHQFH RI 0:=V RQ WUDIILF RSHUDWLF

UHGXFH FRQJHVWLRQ E\ PRGHOLQJ VFHQDULRYV



J)LIXUH VXPPDUL]HV WKH VWHSY FRQGXFWHG WR FRPS(
LGHQWLI\LQJ KLJK ULVN DUHDV IRU 0:= FUDVKHV DORQJ ZL
RFFXUUHQFHV WKH ILQGLQJV ZLOO IDFLOLWDWH WKH GHYF
VWUDWHILHV RI 0:= RSHUDWLRQV WR LPSURYH VDIHW\ DQG

7TUDQVSRUWDWLRQ RUJDQL]DWLRQV DQG WUDIILF VDIHW\ D.

Analysis
Safety Evaluation Operation Evaluation
Spatial Analysis Logistic Regression Volume Speed Truck % Length
Chapter Il Chapter IV Chapter V
J)LIXUH 6FRSH RI :RUN

2UJDQL]DWLRQ RI 'LVVHUWDWLRAQ

7KLV GLVVHUWDWLRQ LV RUJDQL]JHG LQWR VL[ FKDSWHUV
UHVHDUFK RQ O0:= VDIHW\ DQG PRELOLW\ DQG RXWOLQHV WK
VWXG\ &KDSWHU ,, SUHVHQWY D OLWHUDWXUH UHYLHZ WKDW
JRQHV DQG WKH PHWKRGRORJ\ XWLOL]JHG LQ WKLV VWXG\ IRL
vy, 9 DQG 9 DUH GLVWLQFW VHFWLRQV IRU WKH WKUHH VWX
LQFOXGLQJ VSDWLDO DQDO\WVLYV ORJLVWLF UHJUHVVLRQ DQD
FKDSWHU HQFRPSDVVHV D EULHI LQWURGXFWLRQ D PHWKRGI

FRQFOXVLRQ &KDSWHU 9, SUHVHQWY WKH FRQFOXVLRQV DQC



&KDSWHU ,, /,7(5%$785( 5(9,(:

ORYLQJ :RUN =RQH 6WDQGDUGYV

ORYLQJ :RUN =RQH 'HILQLWLRQ DQG *XLGHOLQHV E\ 0

&RQVWUXFWLRQ PDLQWHQDQFH DQG XWLOLW\ ZRUN ]JRQ
JRQHV WKDW DUH FODVVLILHG EDVHG RQ WKH DFWLYLWLHV E
7UDQVSRUWDWLRQ J)HGHUDO +LJKZD\ $GPLQLVWUDWLRQ
H[FHHG D GXUDWLRQ Rl WKUHH GD\V ZKHUHDV PDLQWHQDQF!
WKUHH GD\V DQG XWLOLW\ ZRUN JRQHV W\SLFDOO\ UHTXLUH
GHILQHG DV ZRUNHUV DQG HTXLSPHQW PRYLQJ DW VSHHGV R
HVWDEOLVKHG WR PHHW WKH UHTXLUHPHQWY RI URXWLQH UF
VZHHSLQJ SRWKROH ILOOLQJ VKRXOGHU UHSDLU DQG RWKH
DO 6XQ )HQJ HW DO

087&' GHILQHV WKUHH FDWHJRULHV Rl PRELOH RSHUDWLF
PRELOH RSHUDWLRQV RQ D WZR ODQH URDG DQG PRELOH RS
'HSDUWPHQW RI 7UDQVSRUWDWLRQ )HGHUDO +LJKZD\ $GPLQL
W\SLFDO DSSOLFDWLRQ RI D PXOWL ODQH KLJKZD\ ZLWK D 0:=
ZDUQLQJ VLJQV PD\ EH RPLWWHG DQG RWKHU WHFKQLTXHV C
VLIJQDJH DUH XVHG WR QRWLI\ GULYHUV Rl WKH SUHVHQFH RI
WUXFNV WKDW SURWHFW ZRUNHUV DQG PRWRULVWY 7UXFN F
VKDGRZ YHKLFOH DQG RSWLRQDO IRU WKH ZRUN YHKLFOH D
PLQLPL]H WKH ULVN RI FUDVKHV $FFRUGLQJ WR WKH JXLGHO
RQ D WZR ODQH URDG RU D PXOWL ODQH URDG VLJQV SODFH

WKDW HQVXUHV WKH\ DUH QRW REVWUXFWHG E\ DQ\ HTXLSPH



VLIQ OHIJHQGY RQ YHKLFOH PRXQWHG VLIJQV VKRXOG EH FRY!
DQG ZRUN YHKLFOHVY VKRXOG EH HTXLSSHG ZLWK KLJKO\ YLVI
VWUREH OLJKWYV :KHQ XVLQJ DQ DUURZ ERDUG IRU D PRELOH
XWLOL]JHG LQ FDXWLRQ PRGH 'XULQJ D PRELOH RSHUDWLRQ |
LW PXVW KDYH DQ DUURZ ERDUG $GGLWLRQDOO\ LW LV UHT:
FORVHG ODQH ZKHQ VHYHUDO URDGZD\ ODQHVY DUH FORVHG

+LIJKZD\ $GPLQLVWUDWLRQ

Work vehicle /

Truck-mounted — |
attenuator
(optional)

Shadow Vehicle 1 /

Truck-mounted — |
attenuator

Shadow Vehicle 2 — | |

@

Note: See Tables 6H-2 and
6H-3 for the meaning
of the symbols and/or
letter codes used in
this figure.

Truck-mounted
attenuator
(optional)

Typical Application 35
JLIXUH ORELOH 2SHUDWLRQ RQ D OXOWL /DQH 5RDC



ORYLQJ :RUN =RQH *XLGHOLQHV RQ 9DULRXV 5RDG &R
7TKH 7UDIILF 4RQWURO 0DQXDO RI WKH .DQVDYVY '"HSDUWPH
VSHFLILHVY WKDW PRELOH ZRUN LV HLWKHU LQWHUPLWWHQW |
LOQYROYH IUHTXHQW VWRSV IRU WDVNV VXFK DV SRWKROH ILC
DFWLYLWLHVY ZRUNHUV DQG HTXLSPHQW WUDYHO DORQJ WKH
7TKH DGYDQFH ZDUQLQJ DUHD LV PRYDEOH ZLWK WKH ZRUN DL
LQWHQVLW\ UHYROYLQJ IODVKLQJ RVFLOODWLQJ RU VWURE
GHYLFHVY DUH KLIKOLJKWHG LQ WKH PDQXDO 7KHVH VKRXOG
FORVH WR WKH PRELOH ZRUN DUHD :KHQ PRELOH RSHUDWLRC¢
HTXLSSHG ZLWK DQ DUURZ SDQHO RU D VLJQ LV UHTXLUHG W|
ZKHQ WKHUH LV VLIQLILFDQW YHKLFXODU WUDIILF VSHHG RU
EH SODFHG DORQJ WKH URDGY DQG SHULRGLFDOO\ UHORFDW
KLIKOLJKWYV WKH LPSRUWDQFH RI FRQVLGHULQJ WKH VFKHGX
SHDN KRXUV LQ URDGZD\V ZLWK KHDY\ WUDIILF )RU PRELOH |
WUDYHO ODQH RI D PXOWLODQH GLYLGHG URDGZD\ WKH PDQ
IROORZHG E\ DSSURSULDWHO\ FRORUHG DQG PDUNHG YHKLFQ
IODVKLQJ RVFLOODWLQJ RU VWUREH OLJKWV WUXFEFN PRXQW
FKDQJHDEOH PHVVDJH VLIQV .'27
2ZWKHU VWDWH '27V DOVR DXJPHQWHG WKH 087&"' ZLWK W
LPSURYH WKH PDQDJHPHQW RI1 0:=V DQG D YDULHW\ RI 0:= FR
WZR ODQH RU PXOWL ODQH URDGZD\V 7KH ,QGLDQD 'HSDUWP
PXOWLSOH 0:=V FRQILIJXUDWLRQVY DQG WKH FRUUHVSRQGLQJ

0:=V RQ VKRXOGHUYV ZLGHU WKDQ HLJKW IW 0:=V RQ WZR OD(



URDGV XVLQJ IODJJHUV 0:=V RQ WZR ODQH GLYLGHG URDGYV
,QGLDQD /7$3

7KH OLFKLJDQ 'HSDUWPHQW RI 7TUDQVSRUWDWLRQ 0'27 S
RXWOLQH WKH W\SLFDO FRQWUROV IRU YDULRXV W\SHV RI 0::
WR EH XVHG EDVHG RQ IDFWRUV VXFK DV WKH FRQVWUXFWLR
7KHVH LQFOXGH VKRXOGHU ZRUN ZLWK DQQXDO DYHUDJH GDL
VXIILFLHQW VLJKW GLVWDQFH VKRXOGHU ZRUN WZR ODQH \
KLJKZD\ RU I[UHHZD\ ZRUN RXWVLGH WKH VKRXOGHU ODQH F
VSHHG OLPLW OHVV WKDQ PSK PRELOH RSHUDWLRQ RQ D
D PXOWL ODQH KLJKZD\ 0'27 7KH OLVVRXUL '"HSDUWPHQW
(QJLQHHULQJ 3ROLF\ *XLGH (3* RXWOLQHV WKH IROORZLQJ \
FRQWURO RU PRYLQJ RSHUDWLRQ RQH ODQH WZR ZD\ RSHUL
URDGZD\ ZLWK HGJH OLQHV PRELOH RSHUDWLRQ RQ D WZR O
RSHUDWLRQ RQ D GLYLGHG RU PXOWL ODQH XQGLYLGHG KLJK
D OLJKW EDU DQG HPHUJHQF\ ZDUQLQJ OLJKWV ZKHQ SHUIRU
URDGZD\V ZLWK PXOWLSOH ODQHV O0OR'27

7KH PDLQWHQDQFH ZRUN JRQH VWDQGDUGY HVWDEOLVKH
7UDQVSRUWDWLRQ 1&'27 LQFOXGH D GLVWLQFWLRQ EHWZHH
1&'27 $V SHU WKH 1&'27 GHILQLWLRQ D PRELOH RSHUDYV
LQWHUPLWWHQWO\ PRYHV RU VWRSV IRU GXUDWLRQV OHVV W
LV FDUULHG RXW DW D PLQLPXP VSHHG Rl WKUHH PSK 7KH 16
DSSOLFDWLRQV IRU YDULRXV FRQVWUXFWLRQ DQG PDLQWHQI

VKRXOGHU VZHHSLQJ DQG SRWKROH SDWFKLQJ 7KH 1HZ <RU



1<6'27 LVVXHV  W\SLFDO DSSOLFDWLRQV IRU 0:= RSHUDWL]
PDQDJHPHQW UXOHV LQFOXGLQJ ODQH FORVXUH RQ D WZR
RQ D SDUNZD\ JUDVV VKRXOGHU RU QR VKRXOGHU ULJKW VK
SDYHG VKRXOGHU ZLGWK OHVV WKDQ HLJKW IW ULJKW VKRXZ
SDYHG VKRXOGHU ZLGWK OHVV WKDQ HLJKW IW ULJKW VKRXZ
SDYHG VKRXOGHU ZLGWK HTXDO WR RU H[FHHGLQJ HLJKW IW

7KH PDLQWHQDQFH ZRUN JRQH UXOHV RI WKH :DVKLQJWR:
16'27 KLJKOLJKW WKH VLJQLILFDQFH RI FUHZ FRRUGLQDWLR
RSHUDWLRQV :6'27 :6'27 SURYLGHV ILYH W\SLFDO DSSOL
RSHUDWLRQV ZKLFK FRQVLVW RI OHIW VKRXOGHU FORVXUH F
PRWRUZD\V PLGGOH ODQH RSHUDWLRQ RQ PRWRUZD\V ODQF
DQG VKRXOGHU FORVXUH RSHUDWLRQ RQ WZR ODQH URDGZD\
IUHHZD\V DQG UHFRPPHQGV WKHLU XVH RQ WZR ODQH URDGZ

ORYLQJ :RUN =RQH 2SHUDWLRQ &RQGLWLRQV

$PRQJ WKH '27V PDQXDOV IRU 0:= RSHUDWLRQV WKH SUH
GLVWDQFHV LV KLIJKOLJKWHG 7KH UROO DKHDG GLVWDQFH Lt
VKDGRZ YHKLFOH DQG WKH ZRUNLQJ YHKLFOH ZKLFK LV HVV}
EHLQJ SXVKHG LQ WKH ZRUNVSDFH XSRQ D UHDU KLW :6'27 U
PDLQWDLQV D YLVXDO UDQJH RI W R IHHW WRZDUGV RQI
UROO DKHDG OHQJWKY GHSHQGLQJ RQ ZRUN JRQH DQG VLWH
VXJJHVWV D OLVW IRU UROO DKHDG GLVWDQFHY EHWZHHQ Wk
GHSHQGLQJ RQ WKH YHKLFOH VSHHG ,QGLDQD /7$3 6LPL

IRU WDSHU OHQJWK DQG VSDFLQJ EDVHG RQ WKH VSHHG OLPI



IRU DFWLYLWLHY SHUIRUPHG RQ WKH VKRXOGHU LV W DQC
EHWZHHQ DQG PSK O0R'27 ,Q DGGLWLRQ WR UROO DK
D FKDUW OLVWLQJ WKH ZHLJKW Rl WKH VKDGRZ YHKLFOH GHS
JRQH 0'27 1<6'27 DOVR FRQVLGHUV WKH VKDGRZ YHKLFO
DQG WKH ZHLJKW RI WKH LPSDFWLQJ YHKLFOH IRU UROO DKH
WKH UROO DKHDG GLVWDQFH WKDW D SURWHFWHG YHKLFOH :
ZHLJIKLQJ OEV JLYHQ D SUHFRQVWUXFWLRQ VSHHG OLPL
DQG IHHW IRU 0:=V 7KH HYDOXDWLRQ RI UROO DKHDG GLV
DQG RSWLPL]HG IRU VDIHW\ FRQVLGHUDWLRQV EXW WKH VW)
UHPDLQV XQNQRZQ

$ SDUWLFXODU IRFXV LV SODFHG RQ WKH OLJKWLQJ FRQC
DQG FKDQJHV LQ EHKDYLRU DQG H[SHFWDQFLHV RI ERWK GUL
FRQFHUQV GXULQJ QLJKWWLPH HYHQ ZKHQ WUDIILF ORDGV D!
ZKHUH PRELOH QLJKW RSHUDWLRQV PD\ EH VXLWDEOH DV ZH
GHYLFHV WKDW VKRXOG EH XVHG WR HQVXUH D KLJK OHYHO F
PRELOH ZRUN JRQH KDQGERRN %U\GHQ %HFDXVH Rl SRR
IODJJHUV VKRXOG QRW EH XWLOLJHG GXULQJ QLIJKWWLPH 6S
WZR DQG PXOWL ODQH KLJKZD\V IRU YDULRXV VFHQDULRV V
RSHUDWLRQV %RWK VORZ GU\LQJ DQG TXLFN GU\LQJ SDYHPH
DSSOLFDWLRQV LQFOXGHG LQ WKH KDQGERRN &RQHV DUH Ut
PDUNLQJV IURP PRWRU WUDIILF 4XDQWLI\LQJ WKH ULVN DVVI
LQFOXGHG LQ WKLV VWXG\ DQG UHFRPPHQGDWLRQV ZHUH SU

VWUDWHILHY GHVFULEHG DERYH



*,6 TRROV

* 6 RIIHUV XQLTXH PHWKRGRORJLHV IRU DQDO\]LQJ WUDII
LGHQWLILFDWLRQ RI FUDVK WUHQGV XVLQJ WHFEKQLTXHV VXEFE
+LFNV 6FRWW DQG -DQLNDV %\ FRPELQLQJ VWDWLV\
DQDO\WLF WHEKQLTXHV KLJK ULVN FUDVK DUHDV FDQ EH LG}
DQG $QGHUVRQ

6HYHUDO PHWKRGVY KDYH EHHQ GHYHORSHG DQG DSSOLH:!
QHWZRUN VFUHHQLQJ .HUQHO 'HQVLW\ (VWLPDWLRQ .'( DQ
7KHVH PHWKRGV FRQGXFW D FRPSDULVRQ EHWZHHQ H[LVWLQ
FRQGLWLRQV WR LGHQWLI\ VDIHW\ KRWVSRWV ZLWKLQ URDG?Z
FDQ IDFLOLWDWH WKH LGHQWLILFDWLRQ Rl WKH FDXVHV DQG
WKH LGHQWLILFDWLRQ RI WUDIILF DQG URDG IDFWRUV WKDW
FDQ EH XVHG WR HQKDQFH WUDIILF RSHUDWLRQV DQG LPSUR.
FRQGXFWHG D VWXG\ HPSOR\LQJ VSDWLDO DQDO\WLF WHFKQL
PHWKRGRORJLHVY WR LGHQWLI\ DUHDV RQ URDGZD\V ZLWK D
=HQJ HW DO XWLOL]JHG WKH *L DSSURDFK DQG WKH .'( P
RI FUDVKHV DQG FULPH HYHQWYVY DV ZHOO DV WR GHWHUPLQFH
DOVR DSSOLHG WKHVH WZR DSSURDFKHV WR DVFHUWDLQ VWL
RFFXUUHQFHV RI IDWDO DQG QRQ IDWDO FUDVKHV LQYROYLQ
ORKDPPHG DQG 6FKURFN XWLOL]JHG DQ RUGLQDU\ OHDVW
JHRJUDSKLFDOO\ ZHLJKWHG UHJUHVVLRQ *:5 WR LGHQWLI\ V

LOQYROYLQJ WHHQDJHUYV DQG LQIOXHQWLDO IDFWRUV WKDW L



VXJIJHVWHG WKDW WKHUH ZRXOG EH D GHFUHDVH RI RYHU WK
.DQVDV E\ DV SUHGLFWHG E\ WKH 2/6 PRGHO

&KHQJ =X HW DO FRQGXFWHG D VWXG\ LQ D VPDOO
WKH KLVWRULFDO GDWD RI WUDIILF FUDVKHV WKDW RFFXUUH
WKH ORFDWLRQV ZLWK D KLJK LQFLGHQFH RI WUDIILF FUDVKHFHE
DQG VWDWLVWLFDO VLIQLILFDQFH RI WKHVH FUDVK ORFDWLR
WRIJHWKHU ZLWK WKHLU SDWWHUQV RI FKDQJH RYHU WLPH Z
ORUDQYYVY , VWDWLVWLF DQG *HWLV 2UG WR PDS KRW VSRWYV L
SURYLQFHV ZLWK KLJK PRUWDOLW\ UDWHV ZDV IRXQG WR EH
VLIQLILFDQFH RI S XVLQJ WKHVH VSDWLDO DXWRFRUUHC
GHQVLW\ QXPEHU RI YHKLFOHV QXPEHU RI YHKLFOH NLORPH
QXPEHU RI WRQ NLORPHWHUV ZHUH DOO XVHG LQ WKH IDFWR
1HDUHVW 1HLJKERUKRRG +LHUDUFKLFDO 11+ FOXVWHULQJ P
&LW\ VWXG\ DUHD XVLQJ *,6 7KH JHRJUDSKLFDO GLVWULEXW|
DQG LQYHVWLIJIDWHG WR JHW LQVLJKWY LQWR WKHLU UHODW.L
VWXGLHVY WKH VSDWLDO DXWRFRUUHODWLRQ RI FUDVK VHYHL
QHDUHVW QHLJKERU GLVWDQFH $11' PHWKRG WR DVVHVV Wk
FUDVK GbDWD EDVHG RQ VHYHULW\ W DOVR HPSOR\V *OREDO
VLIQLILFDQFH RI VSDWLDO DXWRFRUUHODWLRQ DQG /RFDO C
VLIQLILFDQW FOXVWHUV RI KLJK FUDVK VHYHULW\ YDOXHV +
/| &OXVWHU 7KH $11' DQDO\WVLV GHPRQVWUDWHG D QRWDEOH

VHYHULW\ LQ ERWK FLWLHVY 7KH *OREDO ORUDQ V , DQG /RFD



UHVXOWYV IRU WKH WZR FLWLHV ZKLFK ZHUH LQIOXHQFHG E\

EHKDYLRU DQG KLJKZD\ IDFWRUYV

/IRJILVWLF 5SHJUHVVLRQ DQG 3RWHQWLDO )D

$SSOLFDWLRQ RI /RIJLVWLF 5HJUHVVLRQ

+LJKZD\ VDIHW\ UHVHDUFKHUY KDYH GHYHORSHG PXOWLS
SUHGLFW WKH FRQWULEXWLQJ IDFWRUV LQ RUGHU WR UHGXF
/IRJLVWLF UHJUHVVLRQ LV D W\SLFDO SUHGLFWLYH DQDO\VLV
DVVRFLDWHG IDFWRUV W LV FRPPRQO\ XVHG WR PRGHO D EL
PRGHO VFHQDULRYV ZLWK PRUH WKDQ WZR SRVVLEOH GLVFUH\)
FUDVK RXWFRPHV DUH QRUPDOO\ ELQDU\ FUDVK DQG QR FUD
UHJUHVVLRQ LV DQ LGHDO PHWKRG IRU PRGHOLQJ WKHVH W\
$GGLWLRQDOO\ WKH FRHIILFLHQWY LQ ORJLVWLF UHJUHVVLR
LOQVLIKWY LQWR KRZ HDFK IDFWRU DIITHFWV WKH OLNHOLKRRC
GHWHUPLQH WKH LPSDFW DQG VLIQLILFDQFH OHYHO DQG SUF
ORUHRYHU ORJLVWLF UHJUHVVLRQ FDQ KDQGOH PXOWLSOH L
LOQFOXGLQJ ERWK FRQWLQXRXVY DQG FDWHJRULFDO YDULDEOF
YDULRXV IDFWRUV WKDW PLJKW FRQWULEXWH WR FUDVKHV R

&KHQ &DR HW DO DSSOLHG ORJLVWLF UHJUHVVLRQ
VHYHULW\ OHYHOV LQ LQWHUVHFWLRQV DQG GHWHUPLQH WKI
DERDO\VWLY UHSRUWHG VHYHQ LPSRUWDQW IDFWRUV WKDW VLJ
UHODWHG FUDVKHV LQ 9LFWRULD $XVWUDOLD LQFOXGLQJ F

XVDJH VSHHG WLPH RI GD\ DQG WUDIILF FRQWURO W\SH :X



PXOWLQRPLDO ORJLVWLF UHJUHVVLRQ PRGHOV WR GLVWLQJX
DQG DGXOW GULYHUV LPSOLFDWHG LQ LOQWHUVHFWLRQ UHOD
VHYHULW\ ZDV VLIJQLILFDQWO\ DIIHFWHG E\ URDGZD\ GHVLJQ
GULYHU EHKDYLRUV /RPEDUGL +RUUH\ HW DO DSSOLHCG
WR DVVHVV WKH FKDUDFWHULVWLFYVY UHODWHG WR DJH DQG J
FUDVK WLPH OLJKWLQJ ZHDWKHU FRQGLWLRQV ZHHNGD\V W
FRQWUROV YLVLELOLW\ SRVWHG VSHHG OLPLW DQG DW IDXC
DVVRFLDWHG ZLWK ROGHU GULYHU UHODWHG FUDVKHV FRPSL
GULYHUV 9DMDUL $JKDED\N HW DO XVHG D PXOWLQRPL
DVVRFLDWHG ZLWK PRWRUF\FOH UHODWHG FUDVK VHYHULW\
FKDUDFWHULVWLFV HQYLURQPHQWDO FKDUDFWHULVWLFV L(
FKDUDFWHULVWLFV WKH UHVHDUFKHUVY GHWHUPLQHG IDFWRI
LQFOXGHG DJH ! \HDUV FRQWUROOHG DQG XQFRQWUROOH
LOYROYHPHQW WLPH RI WKH FUDVK 7 LOQOWHUVHFWLRQV XUE
&RQWULEXWLQJ )DFWRUV RI &UDVK ,QFLGHQFH DQG (
J)DFWRUV WKDW VLIJQLILFDQWO\ FRQWULEXWH WR FUDVK |
SRDG UHODWHG IDFWRUV VXFK DV WUDIILF YROXPH DQG WUD
WUDIILF FRQWUROV OLJKW FRQGLWLRQ DQG VXUIDFH FRQGL
+XVVHLQ DQG +DVVDQ $QRWKHU FDWHJRU\ RI IDFWRUYV |
ZKLFK FRPSULVH EXW DUH QRW OLPLWHG WR DJH JHQGHU G

DQG RU GUXJV DQG GULYLQJ EHKDYLRUV :X DQG =KDQJ



‘ULYHU $JHV
/THHQ GULYHUYV DUH DW D KLJKHU ULVN RI EHLQJ LQYROY'

DJH JURXSVY GXH WR WKHLU LQH[SHULHQFH ORZHU VHDW EHC

DQG GULYLQJ XQGHU WKH LQIOXHQFH RI DOFRKRO &'& , (
FUDVKHV LQ .DQVDV DQG RXW RI WKHVH FUDVKHV ZHUH
UHSUHVHQWYV SHUFHQW RI WKH WRWDO FUDVKHV .'27

FUDVKHV LQ .DQVDV WKDW ZHUH FDXVHG E\ WHHQ GULYHUV L
WKH WRWDO QXPEHU RI IDWDO FUDVKHV .'27 7KH OLNHO
IDWDO FUDVKHV SHU PLOH GULYHQ LV DSSUR[LPDWHO\ WKUHt€E
DERYH &'& ORKDPPHG 7TKH GDWD VKRZ WKDW FUDVK'
GLVSURSRUWLRQDWHO\ KLJK FRPSDUHG WR RWKHU DJH JURX:
*XQWHU +XUG HW DO ORKDPPHG SUHYLRXV VWXGLFE
DQG IUHTXHQFLHV RI WHHQ DQG DGXOW FUDVKHV GLVFXVVHC(
DQG DGXOW GULYHUV DQG WKH YDULDWLRQV LQ FRQWULEXW
KDYH KLIJIKHU ULVNV RI EHLQJ LQYROYHG LQ D FUDVK GXH WR
RU PDNLQJ SKRQH FDOOV ZKLOH GULYLQJ %LQJKDP DQG (KVL
=KDQJ HW DO GHYHORSHG WZR PXOWLQRPLDO /RJLW UH
DGXOW GULYHU UHODWHG FUDVKHV EDVHG RQ LQMXU\ VHYHU
DQDO\WVLY DQG FRQGXFWHG WUDQVIHUDELOLW\ WHVWV WR HY
DVVHVV WKH DSSOLFDELOLW\ RI WKH WHHQ GULYHU LQMXU\ V
ZHUH PXOWLSOH VLIQLILFDQW IDFWRUV WKDW LQIOXHQFHG E
HPSKDVL]HG WKH QHHG WR GLVWLQJXLVK WKH VSHFLILF FKDL

RUGHU WR GHYHORS FXVWRPL]J]HG VDIHW\ PHDVXUHV IRU HDFEF



'"URZV\ 'ULYLQJ

'URZV\ GULYLQJ FDXVHG E\ IDWLJXH LV UHFRJQL]HG DV
HQGDQJHUV WKH OLYHV RI GULYHUY DQG RWKHU LQGLYLGXDC
LPSDFWV WKH GRPDLQ RI DWWHQWLRQ UHVXOWLQJ LQ D GHF
JDWKHUHG DQG DIITHFWLQJ RXU VHQVRU\ VA\VWHPV LQFOXGLQ
6KLQDU $FFRUGLQJ WR GULYHU VWXGLHYVY DSSUR[LPDWEF
UHSRUWHG KDYLQJ IDOOHQ DVOHHS ZKLOH GULYLQJ DW OHDV
$UQROG DQG 7HIIW 'ULYHU FDWHJRULHV H[KLELW YDU\LC
ZLWK SHUFHQW RI \RXQJ GULYHUV XQGHU \HDUV ROG DAC
RU RYHU UHSRUWLQJ WKLV EHKDYLRU $GGLWLRQDOO\ PDOF
IHPDOHV /RQJ KDXO WUXFN GULYHUV KDYH DQ H[DFHUEDWHG
WKH\ RIWHQ RSHUDWH WKHLU YHKLFOHV GXULQJ QLJKWWLPH
ORQJ GLVWDQFH WUXFN GULYHUV LQ LQGLFDWLQJ WKDW
DGPLWWHG WR IDOOLQJ DVOHHS ZKLOH GULYLQJ DW OHDVW F
DODUPLQJ WKH\ ZHUH OLNHO\ XQGHUVWDWHG DV SURIHVVLR
GR]LQJ RII ZKLOH GULYLQJ 2XW RI DOO FUDVKHYV SHUFHQW
ORRNLQJ RQO\ DW IDWDO FUDVKHV SHUFHQW ZHUH IDWLJX

JXUWKHUPRUH SHUFHQW RI IDWDO FUDVKHV RQ UXUDC
LOQGLFDWHG D VXEVWDQWLDO FRUUHODWLRQ EHWZHHQ IDWLJ
QLIKWWLPH RQ UXUDO URDGY GXH WR LQDGHTXDWH OLJKWLQ
UHODWHG FUDVKHV RQ XUEDQ KLJKZD\V ZHUH SULPDULO\ DVV
ZRUN )HOO DQG %ODFN /R DVFHUWDLQ WKH QHJDWLYH I

FRQGXFWHG D VXUYH\ RI PHGLFDO UHVLGHQWY DQDO\]LC



7TKH UHSRUWV GRFXPHQWHG WKH VSHFLILF GHWDLOV RI WKH

GXULQJ HIWHQGHG ZRUN VKLIWYV ZKLFK UHYHDOHG D QRWDEC(
RFFXUULQJ IRU LQGLYLGXDOV ZKR ZRUNHG DQ HIWHQGHG VKL
PHGLFDO UHVLGHQWYVY ZDV IRXQG WR EH WLPHV KLJKHU FR

VKLIW

([LVWLQJ SHVHDUFK RQ :RUN =RQHYV

6WXG\ RI :RUN =RQH &UDVKHYVY DQG $SSOLFDWLRQ RI |
UHYLRXV VWXGLHVY KDYH VKRZQ D VLIQLILFDQW LQFUHD
LQ ZRUN J]RQH DUHDV DQG WKH UHVXOWYV FRXOG EH UHIHUUH
&RPSDUDWLYH UHVHDUFK ZDV SHUIRUPHG WR HYDOXDWH WKF
SHULRGV EHIRUH DQG GXULQJ ZRUN JRQHV RQ IUHHZD\V LQ &l
RYHUDOO FUDVK UDWHYV GXULQJ WKH ZRUN JRQH SHULRG ZDV
HW DO JXUWKHUPRUH WKH UDWHVY RI ERWK LQMXU\ DQG
SHULRG DUH VLIJQLILFDQWO\ KLIJKHU ZLWK DQ LQFUHDVH RI
WKH UDWHV EHIRUH WKH ZRUN J]JRQH SHULRG +DOO DQG /RUH
UDWH GXULQJ ZRUN J]RQH SHULRG LQ 1HZ OH[LFR 7KH NH\ ZRl
9HOQXJRSDO DQG 7DUNR .KDWWDN HW DO ZHUH WU
SURMHFWY DQG OHQJWK RI WKH ZRUN JRQH 3DO DQG 6LQKD
FUDVKHV LQ ,QGLDQD DQG GLVFRYHUHG WKDW WKH VWUDWHJ
OLNHOLKRRG RI FUDVKHV LQ ZRUN JRQHV
7KH UHVHDUFKHUV KDYH HIWHQGHG WKH DSSOLFDWLRQ R
WKDW FRQWULEXWH WR ZRUN ]JRQH FUDVKHV &UDVK FDXVHV

URDG DQG GULYHU HOHPHQWY OLNH HQYLURQPHQW YHKLFOH



FLUFXPVWDQFHY DQG GULYHU EHKDYLRU VLPLODU WR WKH |
JXR HW DO FRQVWUXFWHG D PXOWLSOH UHJUHVVLRQ PR
GHVFULEH WKH UHODWLRQVKLSVY EHWZHHQ WKH GULYLQJ ULV
VWDWLRQDU\ RSHUDWLQJ UHJLRQ RI DQ H[SUHVVZD\ 7KH WUI
VSHHG PHDQ RFFXSDQF\ UDWLR DQG VSHHG YDULDWLRQ DO
YDULDWLRQ VLIJQLILFDQWO\ LPSDFWLQJ WKH GULYLQJ ULVN
ORJLVWLF UHJUHVVLRQ PRGHO WR H[DPLQH WKH FRUUHODWL
7TKH ILQGLQJVY UHYHDOHG WKDW WKH WLPH SHULRG YHKLFOH
XVHUV ZHUH WKH SULPDU\ GHWHUPLQDQWYV RI FUDVK VHYHUL
FUDVKHV LQ .DQVDV KLJKZD\ ZRUN JRQH IURP WR 7ZR
ZRUN ]JRQHV ZHUH LGHQWLILHG SHUVRQV EHWZHHQ WKH DJH)
ROG RU ROGHU 1RWDEO\ ZRUN JRQHV RQ UXUDO WZR ODQH U
OLPLWV ZHUH VKRZQ WR EH KLJK ULVN DUHDV VLQFH WKH\ ZH
WKHLU VXEVHTXHQW VWXGLHV WKH\ GHYHORSHG D ULVN DVV
RSHUDWLRQ DUHD WR HYDOXDWH WKH OHYHO RI GDQJHU LQ \
WUXFN GULYHUV ZHUH UHVSRQVLEOH IRU IDWDO FUDVKHV LQ
/IL %DL HW DO 2WKHU IDFWRUV WKDW FRQWULEXWH WR
WKH QXPEHU RI WUDIILF ODQHV WKH OD\RXW RI WKH URDG V
WUDIILF FRQWURO V\VWHPVY DGYHUVH ZHDWKHU FRQGLWLRQ
HQJ DQG OHQJ %DQHUMHH -HLKDQL HW DO 7KH DE

YDOXDEOH UHIHUHQFHV WR WKH HYDOXDWLRQ RI 0:=V XVLQJ



6WXG\ Rl :RUN =RQH &RQJHVWLRQ

OXOWLSOH VWXGLHVY DOVR ORRNHG DW ZRUN JRQH FRQJH
DFFRXQWHG IRU RI KLJKZD\ FRQJHVWLRQ DQG RI QRQ Ul
JUDQ]HVH HW DO 7UDQVSRUWDWLRQ 6DIHW\ 'LYLVLRQ 0
0DQXDO +&0 KLJKOLJKWHG WKDW ZRUN JRQH FDSDFLW\ FRXC
VXFK DV ODQH DUUDQJHPHQW EDUULHU W\SH DUHD W\SH OI
FRQGLWLRQV (OHIWHULDGRX /L )DJKUL HW DO FRC
'HSDUWPHQW Rl 7UDQVSRUWDWLRQ 'HO'27 WR GHWHUPLQH Z
HIIHFWV RI WUDIILF PRELOLW\ 7KH\ IRXQG IDFWRUV LQIOX}
FKDUDFWHULVWLFV KHDY\ YHKLFOH SHUFHQWDJH ODQH PHU
OHQJWK RI ZRUN JRQH OLJKWLQJ FRQGLWLRQV QXPEHU RI R
ZHDWKHU ZRUN JRQH LQWHQVLW\ DQG ZRUN JRQH JUDGH /L
HYDOXDWHG WKH FDSDFLW\ Rl ODQH FORVXUHV DQG GULYHU
PRGHO WKDW ZDV GHYHORSHG WR DQDO\]H GULYHU EHKDYLR!
WUDIILF FRQWURO GXULQJ ODQH FORVXUHV LQ ZRUN JRQHV ¢
SUHGLFWHG WKH FRQJHVWLRQ RFFXUUHQFH DQG DSSOLHG W|
FRQJHVWLRQ

.DULP DQG $GHOL XWLOL]HG DQ DGDSWLYH FRPSXWE
JRQH FDSDFLW\ TXHXH OHQJWK DQG GHOD\ 7KH\ PRGHOHG S
QXPEHU RI RSHQ ODQHV ZRUN ]JRQH OD\RXW OHQJWK RI ZRUI
JUDGH VSHHG ZRUN LQWHQVLW\ OLJKWLQJ DQG SUR[LPLW\
H[WUDSRODWH DQG TXDQWLI\ WKH FDSDFLW\ RI D ZRUN ]JRQH

IDFLOLWDWH WKH GHYHORSPHQW DQG LPSOHPHQWDWLRQ RI I



PRGHO V HYDOXDWHG VFHQDULRY LQGLFDWHG WKDW WKH OD
FDSDFLW\ YDOXHV UHODWLYH WR WKH FURVVRYHU FRQILJXUL
FDSDFLW\ VLIJQLILFDQWO\ UHGXFHG TXHXH GHOD\V 7ZR IXUW
FDSDFLW\ DQG GHOD\ HVWLPDWLRQ UHYHDOHG D VLJQLILFDQ
ZKHQ GULYHUV ZHUH ZDUQHG LQ DGYDQFH DQG RIIHUHG RWKI
GXULQJ SHULRGV RI ORZ WUDIILF )XUWKHUPRUH WKH PRGHC
RI WUXFNV FRQVLGHUDEO\ DIIHFWHG ZRUN JRQH FDSDFLW\ E\
JRQHV

3HVWL DQG %U\GLD HPSOR\HG WUDYHO WLPH DQG Gt
D VWDWLRQDU\ ZRUN JRQH RQ WUDIILF IORZ $SSUR[LPDWHO\
REVHUYHG WR RFFXU LQ ZDUQLQJ DUHDV EDVHG RQ WKUHH \}t
SURYLGHG DQ LQWHUYDO HVWLPDWH IRU WKH PD[LPXP ZDLWL
GHWHUPLQLQJ WKH PRVW DSSURSULDWH FORVXUH VFKHGXOH
FORVXUHV 7KH DQDO\VLV RI %YOXHWRRWK EDVHG SRVW HYHQ

2SWLPL]DWLRQ RI :RUN =RQH ODQDJHPHQW

7KH RSWLPL]DWLRQ Rl VWDWLRQDU\ ZRUN ]JRQH PDQDJHP|
SULPDU\ IRFXV RQ WKH ODQH FRQWURO WHFKQLTXHV VXFK D
VIVWHPV O0F&R\ DQG 3HVWL 6FKDWWOHU DQG 'DWWD
OHQJ 7R PLQLPL]H WKH LPSDFW RQ IUHHZD\ RSHUDWLRQ\
FRQWURO VWUDWHJILHYV LQ IUHHZD\ ZRUN JRQHV 5DPDGDQ DC
PLFUR VLPXODWLRQ SODWIRUP WR DVVHVV WKH /HYHO RI 6HU
WUDQVSRUWDWLRQ DJHQFLHV FKRRVH WKH PRVW VXLWDEOH

PDQDJHPHQW RI WUDIILF GHOD\V LQ ZRUN JRQHV KLJKOLJKWH



OHQJ =KHQJ HW DO LQYHVWLIJDWHG WKH IHDWXUHV
FRQVWUXFWLRQ DUHD RQ D WZR ZD\ IRXU ODQH H[SUHVVZD\
TXHXLQJ FKDUDFWHULVWLFV WKH\ SURSRVHG DQ RSWLPL]HG
P IHHW IRU WKH XSVWUHDP WUDQVLWLRQ DUHD RI WKH
PRGHO DQG VXUURJDWH VDIHW\ DVVHVVPHQW PRGHO 66%$0 °
QXPEHU RI WUDIILF FRQIOLFWY GHOD\ DQG VDIHW\ HYDOXDW
WKH DGYDQFH ZDUQLQJ DUHD ZDV P IHHW :X DQG =K
9,66,0 VLPXODWLRQ PRGHO WR RSWLPL]H WKH ZRUN JRQH OHC
6LPLODUO\ 3HQJ :DQJ HW DO FUHDWHG D 9,66,0 VLPXO
PDLQWHQDQFH RSHUDWLQJ DUHD DQG GHYLVHG D PHWKRG IR
H[SUHVVZD\ PDLQWHQDQFH ZRUN JRQH )XUWKHUPRUH VRPH
WRZDUGV HQKDQFLQJ WKH ZRUN JRQH OD\RXW 7R PLWLJDWH
':DOHF]HN *HLVWHIHOGW HW DO GHYHORSHG D V\VWHP ¥
FDSDFLW\ GURS RI RQO\ W R FRPSDUHG WR D WKUHH ODC
VKRXOGHU UXQQLQJ :X =KDQJ HW DO GHYHORSHG D OD
H[SUHVVZD\ ZRUN JRQH ZLWK WKH DLP RI PDQDJLQJ FUDVK H]
KLIJKHVW ULVN OHYHO DPRQJ WKH SURSRVHG W\SHV DUH GI
FRQVWUXFWLRQ FRQVWUXFWLRQ QHDU HQWUDQFH UDPSV Ol
JODUH QRQ VSHHG OLPLWHG JRQHV FRQVWUXFWLRQ HTXLSP
RU PRUH WXQQHOV ORFDWHG DORQD @GVISHWIHIUR MIFHROMRQI @ H
YHKLFOH UDWLRQ EHWZHHQ W R
<X 0D HW DO GHYHORSHG D FDOFXODWLRQ PRGHO \

OLPLW VLJIQV LQ H[SUHVVZD\ FRQVWUXFWLRQ DUHDV 7KH PR



GXUDWLRQ RI WKH YHKLFOH TXHXH WKH VKRUW WHUP PHPRU

EHWZHHQ VLIQV 6LPXODWLRQ UHVXOWY VKRZHG WKDW ZKHQ

YHKLFOH SHUFHQWDJH RI DQG WUDIILF YROXPH RI Y HK

WKUHH SURSRVHG VSHHG VLJQ ORFDWLRQV ZHUH DQ(

FRQIOLFW UDWHV ZHUH DQG WLPHV SHU PHWHU
&KLHQ 7DQJ HW DO GHYHORSHG D FRPSXWDWLRQDC

SODQQLQJ DQG WUDIILF FRQWURO IRU D WZR ODQH URDGZD\
REMHFWLYH ZDV WR HQKDQFH HIILFLHQF\ DQG UHGXFH WKH F
SURMHFWYVY $V D UHVXOW WKH SUH WLPHG FRQWURO LQFOX
JRQH VFKHGXOLQJ ZDV FRQILUPHG WR SOD\ D FUXFLDO UROH

7KH 1HZ -HUVH\ " HSDUWPHQW RI 7UDQVSRUWDWLRQ 1-'27
JXLGHOLQHYVY WR GHFUHDVH WUDIILF FRQJHVWLRQ FDXVHG E\
7TKH PRGHO ZzDV GHYHORSHG WR HYDOXDWH WKH LPSDFW RI W
JRQHV ZKLFK FRQVLGHUHG FXUUHQW URDG FDSDFLW\ DQG Wl
LPSDFWV RI SODQQHG WUDIILF GLYHUVLRQ DQG PDQDJHG ODC(
KLIKZD\V &KLHQ DQG =KDR

7KH XWLOL]DWLRQ RI GULYLQJ VLPXODWRUV IRU WKH H[D
]JRQH DUHDV KDV EHFRPH SUHYDOHQW DQG WKH ILQGLQJV DU
6KDNRXUL ,NXPD HW DO XVHG D GULYLQJ VLPXODWRU W
DPRXQW RI WUDIILF LQ D URDG PDLQWHQDQFH ZRUN JRQH LPS
GULYHUV 7KH HYDOXDWLRQ RI VHOl UHSRUWHG ZRUNORDG D
HISHULHQFHG D UHGXFWLRQ LQ RYHUDOO ZRUNORDG ZKH

FRPSDULVRQ WR D WUDGLWLRQDO ODQH PHUJH EXW QR VLJQ



ORUJDQ 'XOH\ HW DO FRQFOXGHG WKDW WKH SUREDELO
WKH GLVWDQFH IURP WKH VWDUW RI D ZRUN JRQH GURSSHG |
FRQGXFWHG RQ D GULYLQJ VLPXODWRU OHDVXUHV RI GULYH!
IUHTXHQF\ ZHUH UHFRUGHG DQG DQDO\]HG LQ 6366 ;X =KDR
WHFKQLTXH WR LQYHVWLJDWH WKH UHODWLRQVKLS EHWZHHC
DQG GULYLQJ VDIHW\ LQ D VWDWLRQDU\ KLJKZD\ PDLQWHQDQ
GHFLVLRQV DQG EHKDYLRUV RI SDUWLFLSDQWY RSHUDWLQ.
PHVVDJH VLJQV LQ D KLJK ILGHOLW\ GULYLQJ VLPXODWRU UH

GHFUHDVHG GULYHU VSHHGY DQG HQKDQFHG FRQWURO VWDE

ORYLQJ :RUN =RQH ORGHOLQJ LQ 9,66,0

9,66,0 $SSOLFDWLRQ LQ :RUN =RQH ORGHOLQJ

ODFURVFRSLF DQDO\WLFDO DSSURDFKHVY PDFURVFRSLF V
VLPXODWLRQ DSSURDFKHY HDFK KDYH GLVWLQFW DGYDQWDJI
IORZV LQ ZRUN J]RQHV OLFURVFRSLF VLPXODWLRQ KDV EHHQ
LQYROYLQJ ZRUN JRQHV EHFDXVH RI WKH DFFXUDF\ RI HVWLP
VLPXODWLRQ WRRO GXH WR LWV DFFXUDF\ DQG DELOLW\ WR |
ODQH FKDQJHV LQWHUDFWLRQV EHWZHHQ GLITHUHQW WUDIIL
LW KDV WKH FDSDELOLW\ RI FDSWXULQJ GULYHU EHKDYLRU

SRDG IDFWRUV VXFK DV FORVHG ODQH QXPEHU DQG ZLG\
VSHHG OLPLW YDOXH DUH WKH SULPDU\ IRFXV RI PRGHOLQJ"
ZKLOH HQYLURQPHQWDO DQG GULYHU IDFWRUV DUH OHVV FRI
HW DO XVHG 9,66,0 WR LQYHVWLIJDWH WKH PRELOLW\ DC

PLQLPXP VDIHW\ GLVWDQFH DQG WUDYHO WLPHV UHVSHFWLY



YDU\LQJ WUDQVLWLRQ DUHD OHQJWKY DQG VSHHG OLPLWV R(
LOQGLFDWHG WKDW WKH VSHHG OLPLW KDG D JUHDWHU LQIOXI
]JRQHVY DFURVV DOO ORFDWLRQV +RZHYHU WKH OHQJWK RI W
LPSDFW RQ WKH VDIHW\ RI WKDW VSHFLILF DUHD 6DDG $EGF
PLFURVLPXODWLRQ WR GHWHUPLQH WKH RSWLPDO GLVWDQFFE
ZHDYLQJ VHIPHQWY ZKLFK ZDV IRXQG WR EH IHHW SHU
HVWDEOLVKHG D 9,66,0 VLPXODWLRQ PRGHO IRU DQ H[SUHVV_:
GHYHORSHG D WHFKQLTXH WR GHWHUPLQH WKH OHQJWK RI IF
*H DQG <DQJ SURSRVHG WKDW WKH QXPEHU RI WUDIILF F
LQGH[ ZHUH PLQLPL]J]HG ZKHQ WKH OHQJWK RI WKH ZDUQLQJ ]
VLPXODWLRQ PRGHO DQG VXUURJDWH VDIHW\ DVVHVVPHQW P
WKH 9,66,0 VLPXODWLRQ PRGHO WR RSWLPL]J]H WKH ZRUN ]JRQ'
=KRX 6XQ HW DO GHYHORSHG D 9,66,0 VLPXODWLRQ PR
6KDQJKDL 1DQMLQJ ([SUHVVZD\ GHYHORSPHQW 7KH\ FRQGXF\
WKDW DIIHFW WUDIILF PDQDJHPHQW DQG D SUHGLFWLYH PRC
GHOD\V bQG WKH RFFXUUHQFH RI WUDIILF FRQIOLFWYV
([LVWLQJ 6WXG\ LQ 0:= ORGHOLQJ

ORYLQJ ZRUN JRQHV LQ FRQWUDVW WR VWDWLRQDU\ ZRU
ZKLFK PD\ GLVUXSW UHJXODU WUDIILF IORZ DQG JHQHUDWH V
PLFURVFRSLF VLPXODWLRQ PRGHOV ZHUH GHYHORSHG IRU 0::
HW DO HYDOXDWHG WKH LPSDFW RI 0:= RSHUDWLRQV RC
9,66,0 VLPXODWLRQ 7KH\ DOVR GHYHORSHG D OLQHDU UHJUH

0:=V 7KH RSHUDWLRQDO DQDO\VLY GHWHUPLQHG WKDW IRU [



RSWLPDO SHUIRUPDQFH ZDV DFKLHYHG ZKHQ WUDIILF YROXP
ODQH YHK K OQ DQG LGHDOO\ EHORZ YHKLFOHV SHU KR
HITHFWLYH WR VFKHGXOH VKRUWHU PRYLQJ DFWLYLWLHV RQ

WKH VDPH GD\ RU RQ RWKHU GD\V UDWKHU WKDQ RUJDQL]LQ
HW DO )DQJ DQG 0D FRQGXFWHG D VWXG\ XVLQJ 9,¢
WKH 0:= RQ UHDU FDUV JRLQJ LQ GLIITHUHQW ODQHV RI DQ XU
UHODWLRQVKLS EHWZHHQ WKH 0:= DQG YDULDWLRQV LQ WUD
WKH ULJKW ODQH SULPDULO\ DITHFWHG ERWK WKH OHIW DQG
WKDW WKH OHIW ODQH ZDV LQGLUHFWO\ LQIOXHQFHG E\ WKH
YHKLFOHV LQ WKH ULJKW ODQH ORFDWHG PHWHUV EHKLQ
GLUHFWO\ LPSDFWHG UHJDUGOHVV RI WKH WUDIILF YROXPH

WKH PD[LPXP OHYHO RI FUDVK ULVN ZDV REVHUYHG LQVLGH C
LQ WKH ULJKW ODQH DQG WKH DYHUDJH FUDVK ULVN UHGXFFE
RI WKH 0:= LQFUHDVHG ,Q DQRWKHU VWXG\ *DQ :HQJ HW DO
VXFK DV 0:= VSHHG ODQH SRVLWLRQ WUDIILF FRQGLWLRQV |
ULVN LQ 0:=V 7KH DQDO\VLV ZDV FRQGXFWHG XVLQJ PLFURVF
RQ REVHUYDWLRQ GDWD 7KH VLPXODWLRQ UHVXOWY LQGLFD
LPSDFW RQ WUDYHO GHOD\ YHKLFOH FUDVK ULVN DQG IDWD:
FRPSDUHG WR ZKHQ WUDIILF ZDV FRQJHVWHG 7KH ODQHV ZL!
VWURQJO\ OLQNHG WR LQFUHDVHG WUDYHO WLPH DQG D JUHI
SRVHG WKH KLIJKHVW ULVN RI IDWDOLW\ IRU YHKLFOHV 7KH V
WR RU IDU IURP WKH 0:= ERWK H[SHULHQFHG DQ HOHYDWHG F

$GGLWLRQEDOO\ RWKHU VWXGLHVY KDYH IRFXVHG RQ VWXG\LQ



WUDIILF IORZ PRGHO VSHFLILFDOO\ IRU WKHVH ERWWOHQHFN
XSVWUHDP DQG GRZQVWUHDP WUDIILF TIORZV XVLQJ VXLWDEO
DQG *XOHU

9,66,0 KDV EHHQ IUHTXHQWO\ XVHG LQ WKH SDVW WR VLP
I[UHHZD\V XVLQJ WKH :LHGHPDQQ PRGHO ZKLOH :LHGHPDQC
JHQHUDO XUEDQ URDGV LQ XUEDQ DUHDV $V VXFK WKH :LHG
ZLWK PRGLILFDWLRQ DQG FDOLEUDWLRQ WR VLPXODWH GLIIH

PDQDJHPHQW

6 XPPDU\

7KH IROORZLQJ DUH WKH VLIJQLILFDQW ILQGLQJY JDWKHU

X 7TKH 087'& SURYLGHYV VWDQGDUG FRQILIJIXUDWLRQV IRU 0::
'27V VXSSO\ VXSSOHPHQWDU\ UHFRPPHQGDWLRQV RU UHJ
PDQDJIJHPHQW RI 0:=V LQ KLJK ULVN VLWXDWLRQV VXFK D
VSHHGY DQG ODQH FORVXUHV RQ PXOWL ODQH KLJKZD\V
VWXGLHYVY UHJDUGLQJ WUDIILF PDQDJHPHQW VSHHG OLPL
SURYLGHG WKH LPSURYHPHQW VWUDWHJ\ LQFOXGLQJ VF
KRXUV DQG DXJPHQWLQJ WKH YLVLELOLW\ RI VKDGRZ YHEk
HPHUJHQF\ ZDUQLQJ OLJKWV 5ROO DKHDG GLVWDQFH LV
WUDQVSRUWDWLRQ ZLWK VSHFLILF JXLGHOLQHV EDVHG R
LPSDFW YHKLFOH )+:$ GHYHORSHG D KDQGERRN IRU QLJ}
LQFUHDVHG ULVN UHODWLYH WR GD\WLPH DFWLYLWLHYV

X *,6 WHFKQLTXHV DUH FRPPRQO\ HPSOR\HG WR DQDO\]H FL

FRPSDULVRQV DPRQJ JURXSV 6HYHUDO HIIHFWLYH WRRO



WR DVVHVV WKH VLJQLILFDQFH Rl VSDWLDO FOXVWHULQJ
KRWVSRW DUHDV *OREDO ORUDQYV , WR HYDOXDWH WKH
DXWRFRUUHODWLRQ DQG /RFDO ORUDQYV , WR SLQSRLQV
/RILVWLF UHJUHVVLRQ PRGHOV DUH FRPPRQO\ XWLOL]HG
DVVHVV WKH FRQWULEXWLQJ IDFWRUV RI ULVN RU FUDVK
ULVN DQG VHYHULW\ LQFOXGH URDG DWWULEXWHV VXFK
VSHHG OLPLWV JHRPHWU\ WUDIILF FRQWUROV OLJKWLQ
ZHOO DV GULYHU FKDUDFWHULVWLFV LQFOXGLQJ DJH Jt
DOFRKRO DQG RU GUXJV DQG RWKHU GULYLQJ EHKDYLRU
3ULRU UHVHDUFK KDV GHPRQVWUDWHG WKDW ZRUN JRQH"
/RILVWLF UHJUHVVLRQ PRGHOV KDYH EHHQ XWLOL]HG WR
ZLWK WKH IDFWRUV EHLQJ VLPLODU WR WKRVH RXWOLQH
WKH GHYHORSPHQW RI ORJLVWLF UHJUHVVLRQ PRGHOV IF
7KH RSWLPL]DWLRQV RI ZRUN JRQHV LQFOXGH WKH DSSOL
RSWLPL]DWLRQ RI ZRUN JRQH OHQJWK WKH HQKDQFHPHQ
SODFHPHQW RI VLJQDJH DQG WKH LPSURYHPHQW RI ZRUI
GULYLQJ VLPXODWRU DQDO\VHV RI GULYLQJ EHKDYLRUYV

9,66,0 FDQ HIIHFWLYHO\ VLPXODWH 0:= RSHUDWLRQV ZLW
GULYHU EHKDYLRUV DFFRUGLQJ WR SUHYLRXV UHVHDUFK
UHVHDUFK RQ RSWLPL]LQJ ZRUN JRQH PDQDJHPHQW LGHQ
LQIOXHQFH VDIHW\ DQG PRELOLW\ LQFOXGLQJ WUDIILF V
JRQH 7UDIILF YROXPHV GXUDWLRQ DQG VSHHG RI 0:= ZF

UHVHDUFK XWLOL]JLQJ 9,66,0



7/KH UHVHDUFK UHYLHZHG LQ WKLV FKDSWHU RIITHUHG LQI
DQDO\VLV LQ &KDSWHU ,,, 6HFWLRQV DQG SURYLGHG YI
GHYHORSPHQW RI WKH ORJLVWLF UHJUHVVLRQ PRGHO LQ &KL
JRQHV DQG 0:=V VHUYH DV YDOXDEOH UHIHUHQFHYV IRU PRGHC(

PDQDIJHPHQW RI 0:=V



&KDSWHU ,,, 63%$7,%/ $1%$/<6,6

 QWURGXFWLRQ

7TKHUH KDV EHHQ D ODFN RI UHVHDUFK IRFXVLQJ RQ 0:=V
ULVNV LQ FRPSDULVRQ WR VWDWLRQDU\ ZRUN JRQHV 7KH PD
GHYHORSLQJ VLPXODWLRQ PRGHOV WR DVVHVYV 0:=V ZLWK Ot
WRROV ,Q SUHYLRXV VWXGLHV *HRJUDSKLFDO ,QIRUPDWLRQ
LGHQWLI\ DQG LOOXVWUDWH WKH DVVRFLDWLRQ EHWZHHQ JH
PHWKRGY KDYH EHHQ GHYHORSHG WR DQDO\]H FUDVK SDWWH
WKH .HUQHO 'HQVLW\ (VWLPDWLRQ DQG WKH *L VSDWLDO VW
SRLQW FOXVWHU PHWKRG

7KH REMHFWLYH RI WKLY UHVHDUFK LV WR XVH WKH *,6 W
PRYLQJ ZRUN JRQH FUDVKHV LQ .DQVDYV DQG LGHQWLI\ KRWVS
FRQGLWLRQV DQG IDFWRUV RI FUDVKHV LQ WKHVH DUHDV WR

RFFXUUHQFH

ODWHULDOV DQG OHWKRGYV

6WXG\ $UHD
.DQVDV ORFDWHG LQ WKH OLGZHVW UHJLRQ LV WKH WK
6WDWHV DFFRUGLQJ WR WKH FHQVXVY GDWD DQG WKH SRS
LQ WR LQ 8QLWHG 6WDWHV &HQVXV % XU
VWDWH LQWR VL[ RSHUDWLRQDO GLVWULFWY DQG SROLWLFD(

WKH ERXQGDU\ FRXQWLHV FXUUHQW PHWURSROLWDQ DUHDV
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J)LIXUH .DQVDV ,QIRUPDWLRQ ODS

‘DWDEDVH

7KH UDzZz GDWD IRU WKLV VWXG\ ZHUH FROOHFWHG IURP W

5HSRUWLQJ 6\VWHP .&%$56 DQG WKH .'27 .+8% JHRJUDSKLF GI
FRPSUHKHQVLYH UHVRXUFH IRU WUDQVSRUWDWLRQ UHODWHC

ZHUH FDWHJRUL]HG DV :RUN =RQH &DWHJRU\ L QWHUPLWW!
.DQVDV /DZ (QIRUFHPHQW &ROOLVLRQ 5HSRUWLQJ &RGLQJ 0D
JLIXUH 6RPH YDOXHV IRU FHUWDLQ GDWD LWHPV LQ WKH |
LQFRPSOHWH LQIRUPDWLRQ DQG HQWU\ HUURUV ZKLFK LQFO
ORQJLWXGH GDWD IRU FUDVK VLWHVY WKH QRQH[LVWHQFH RI
ODFN Rl FUDVK VHYHULW\ UHFRUGYV 7KHUHIRUH D GDWD UHG
HOLPLQDWH UHGXQGDQW FUDVKHY DQG HOLPLQDWH UHFRUG)\
UHGXFWLRQ D WRWDO RI FUDVKHY LQYROYLQJ 0:=V ZHUH

ZKLFK UHSUHVHQWHG D VXEVHW RI ZRUN J]RQH FUDVKHYV



7KH VSDWLDO DQDO\VLVY LQFRUSRUDWHG WKH IROORZLQJ
WKH FUDVK UHFRUG FUDVK NH\ WKH FUDVK UHFRUG QXPEHU
ODWLWXGH DQG ORQJLWXGH FUDVK VHYHULW\ FODVVLILHG
YHKLFOH RU RWKHU W\SHV RI ZRUN JRQH VXFK DV ODQH FOR
RWKHU 7KH .$%&2 FUDVK VHYHULW\ VFDOH GHYHORSHG E\ V

KDV EHHQ LQ XVH LQ .DQVDV VLQFH DQG FRQWLQXHYV
FUDVK VHYHULW\ LV FODVVLILHG LQWR ILYH OHYHOV . IRU ID
LQMXULHV % IRU QRQ LQFDSDFLWDWLQJ LQMXULHV & IRU SR
&RPSWRQ 7DEOH SUHVHQWY DQ H[WHQVLYH VXPPDU\
DVVRFLDWHG VHYHULW\ OHYHOV IRU HDFK \HDU RI WKH VWXG
0:= FUDVKHV ZHUH DQG ZLWK D WRWDO RI  UHSH
ORZHVW QXPEHU RI FUDVKHV LQ WRWDO ZDV UHFRUGHG L
SDQGHPLF $ WRWDO RI HLJKW IDWDO FUDVKHV ZHUH UHSRUMW
FUDVKHV DQG WKUHH RXW RI WKHP RFFXUUHG LQ $GGLWL
LQ GLVDEOHG DQG LQFDSDFLWDWLQJ LQMXULHY LQ WKH VDP}
FUDVKHYV RI WKHP UHVXOWHG LQ QR LQMXULHV ZKLOH W

ZHUH XQNQRZQ



7TDEOH 0:= &UDVK 6HYHULW\ 6XPPDU\ LQ .DQVDV EHWZ

. GL&DEOHG D%@ & 2 il

)DWD3Lﬁgﬁ¥ﬁﬁﬂf§%§imw%m¥bﬁﬁﬁLQMX@P&&RAQRWDO
<HDU
7RWDO

7TDEOH SURYLGHY D FRPSUHKHQVLYH VXPPDU\ RI DOO [

JRQHV IURP W R LQFOXGLQJ 0:=V DQG VWDWLRQDU\ ZR
ZRUN JRQH FUDVKHY UHDFKHG LWV SHDN DW 6LOQFH WKHC(
ZLWK D UHGXFWLRQ WR FUDVKHV LQ 7TKH IDWDOLW
FUDVKHYV ZDV DSSUR[LPDWHDO\ VLIQLILFDQWO\ ORZHU WK

VXIJIHVWYV WKDW VWDWLRQDU\ ZRUN JRQHV KDYH D ORZHU UL’



7TDEOH

'RUN =RQH &UDVK 6HYHULW\ 6XPPDU\ LQ .DQVDV

)DWD

$
GLVDEO
9 0FDsDF
LQMXUL

%
HG DQRQ
L WDRDIS@F
HVLQMXUL

wPREEY

L 2
:O\l;
H R LQM

AMRREZG py

DO

<HD

7TRWDQ(

JLIXUH

1 Q

WKHUH ZDV D UHSRUWHG GHFUHDVH RI

00 [o

00 None Apply

WORK ZONE TYPE - 00

01 Construction Zone -

02 Maintenance Zone -

03 Utility Zone -
99 Unknown

01 Before first warning sign
02 Advance warning area
03 Transition area

04 Activity area

05 Termination area

- LOCATION IN WORK ZONE (AO])

99 Unknown

- WORK ZONE CATEGORY
01 Lane closure
02 Lane shift / crossover
03 Work on shoulder / median

04 Intermittent or moving vehicle
88 Other:

99 Unknown

RUN =RQH 7\SH

/JRFDWLRQ LQ :RUN DQG :RUI

WKH ORZHVW QXPEHU RI 0:= FUDVKHYV GXULQJ WKH

LQ ZRUN ]JRQH FUD



ILQGLQJV RI WKH $$% )RXQGDWLRQ IRU 7UDIILF 6DIHW\ V 1HZ
HISHULHQFHG D VLIJQLILFDQW GHFOLQH LQ GXH WR WKH Z
SHRSOH V SUHIHUHQFH WR VWD\ DW KRPH DV D UHVXOW RI WI
UHVWULFWLRQV GXULQJ WKH VSULQJ RI WKDW \HDU *URVV

GDLO\ QXPEHU RI WULSV WDNHQ LQ D SHUVRQDO YHKLFOH GH

PDGH XVLQJ RWKHU PRGHV RI WUDQVSRUWDWLRQ GHFUHDVHC

LQ WKH 86% LQ WKH 8. LQ 6RXWK $IULFD LQ 1HZ =HI
OH[LFR DQG LQ $XVWUDOLD GXULQJ WKH VDPH SHULRG FR
HW DO *LYHQ WKH VLIQLILFDQW GHFOLQH RI GULYLQJ L¢

DIlHFW WKH RXWFRPHV RI WKLV UHVHDUFK 7R DFFXUDWHO\ LC
.DQVDV DQG WR H[FOXGH DQ\ SRWHQWLDO ELDV IURP SULRU
DQDO\VLV ERWK ZLWK DQG ZLWKRXW WKH FUDVK GDWD IURP
5HVHDUFK $SSURDEFK

J)LIXUH RXWOLQHV WKH DQDO\WLFDO DSSURDFKHV XVH
GLVWULEXWLRQ DYHUDJH QHDUHVW QHLJKERU KLJK ORZ FO.
FROQGXFWHG WR GHWHUPLQH GLVWULEXWLRQ DQG WUHQG RI |
UHVXOWY ZHUH HYDOXDWHG WR LGHQWLI\ WKH JHRJUDSKLF G
JRQH FUDVKHYV 'XULQJ 3KDVH RSWLPL]JHG KRW VSRW DQDO\
DQDO\VLV ZHUH XWLOL]J]HG WR LGHQWLI\ DUHDV ZLWK KRW VS
FUDVKHVY DQG DOO ZRUN J]RQH FUDVKHYV 9DULDQFHV EHWZHH(¢

ZHUH YLVXDOL]HG DQG IXUWKHU HYDOXDWHG



Directional Distribution
Determine the significance
of clustering and the

geographic difference Average Nearest Neighbor
between MWZ and work
zone crashes High/Low Clustering

Spatial Autocorrelation

Identify high-risk locations
for MWZ and work zone
crashes and visualize the

variances Optimized Cluster and Outlier Analysis

Optimized Hot Spot Analysis

J)LIXUH $SSURDFK &DWHJRU\ IRU VSDWLDO DQLI

6WDQGDUG 'HYLDWLRQDO (OOLSVH RU 'LUHFWLRQDO 'LV\

7R VWXG\ WKH VSDWLDO GLVWULEXWLRQ DQG WUHQGV DL
SRLQWV LQ .DQVDV WKH 6WDQGDUG 'HYLDWLRQDO (OOLSVH
7KLV LV D VWDQGDUGL]HG PHWKRG IRU DQDO\]LQJ WKH WUHQ
VWDQGDUG GHYLDWLRQ LQ WKH [ DQG \ GLUHFWLRQV $Q HO
FUDVKHV E\ FDOFXODWLQJ WKH VWDQGDUG GHYLDWLRQ RI Wt
7KLV LQIRUPDWLRQ LV WKHQ XVHG WR GHILQH WKH D[HV RI W

(VUL 7KH VWDQGDUG GHYLDWLRQDO HOOLSVHV GHS

LQFOXGLQJ PHDVXUHV RI FHQWUDO WHQGHQF\ GLVSHUVLRQ

T Y =B
58 L —

-

T U =B
5&, L ———~

~



'KHU6t (;DQ6'( DUH WKH VWDQGDUG GLVWDQFHVI[IRY WKH [ DQ
ORQJLWXGH |IRUW WKWKOEDmE®m X8 HVKH OHDQ &HQWHQLM U WKH

WKH QXPEHU RI VWXGLHG FUDVKHYV

Geoprocessing =
(&) Directional Distribution (Standard Deviational Ellipse) ()

Parameters Environments

Input Feature Class

MWZ_Crashes g
Qutput Ellipse Feature Class

MWZ_Crashes_DirectionalDistribution

Ellipse Size

1 standard deviation »

Weight Field

Case Field

J)LIXUH 'LUHFWLRQDO 'LVWULEXWLRQ $QDO\VLYV

$YHUDJH 1HDUHVW 1HLJKERU $11

7R GHWHUPLQH ZKHWKHU WKH FUDVKHV ZHUH FOXVWHUH!
QHLJKERU LQGH[ ZDV FRPSXWHG E\ FDOFXODWLQJ WKH DYHUI
QHLJKERULQJ FUDVK 7KHQ WKH DYHUDJH RI DOO WKH QHDUH
&; DQG WKH DYHUDJH IRU D K\SR#KHWIUFD BDOFEGRW GGV W |
HTXDWLRQYV DQG (VUL 7KH $118) D¥L R DLW WHIDWOFX O
ZLWK DQ $11 UDWLR OHVV WKDQ RQH ZDV FODVVLILHG DV FO»
WKDQ RQH ZHUH FODVVLILHG DV GLVSHUVHG

JING

gEL

-



rv
¥ o4

& L

'KHUGB LV WKH GLVWD QEBQEHMWY W HM BUBWW \Q WKIHKERXGUDVK D

QLV WKH QXPEHU RI VWXGLHG FUDVKHYV

+LJK /RZ &OXVWHULQJ *HWLV 2UG *HQHUDO *

7KH *HWLV 2UG *HQHUDO * DSSURDFK ZDV DSSOLHG WR G

FOXVWHULQJ FRXQWLHV DV VKRZQ LQ )LJXUH 7KH REVHU\
FDOFXODWHG XVLQJ (TXDWLRQ (VUL
A A Syy T,
)L AR T Bl

KHUED Q(DUH DWWULEXWHLDRQ@EX WY WKHFRIQWILBY ZHLIJKW EH

DOMQLY WKH WRWDO QXPEHU RI FEXVUMVAWUILG WRKDAREWX G R X Q )

FDQQRW EH WKH VDPH FRXQW\

Geoprocessing =ox
® High/Low Clustering (Getis-Ord General G) *

Parameters Environments

Input Feature Class

MWZ Crashes_Spatialloin v
Input Field

Join_Count x
[/] Generate Report

Conceptualization of Spatial Relationships

Contiguity edges corners *
Standardization

Riow -

J)LIXUH +LJK /RZ &OXVWHULQJ $QDO\VLV $SSOLI



6SDWLDO $XWRFRUUHODWLRQ *OREDO ORUDQTV ,
*OREDO ORUDQYYV , HYDOXDWH GDWD GLVWULEXWLRQ WKL
ORFDWLRQV DQG DWWULEXWH YDOXHV WR REWDLQ ORUDQTYV .
ZHUH FDOFXODWHG UHIHUULQJ WXBLNHEH PWHX GREBDRLIWW, UMLEC(
RUGHU WR GHWHUPLQH WKH VWDWLVWLFDO SRZHU (TXDWLRC
SR B Subl FPa1 F Y

L — - t
A PSSyl L] F %

\‘|_-

5(2;"
'KHUID Q[GDUH DWWULEXWH LD QX HY \WRWH FPRAOOQER K I/ WDIKOHK H V

VSDWLDO ZHLJKW. BEMBZMHOKFRWRWDO QXPEHU RI FRXQWLHYV I

Geoprocessing v B.X
(- Spatial Autocorrelation (Global Moran's [) -F
Parameters Environments

Input Feature Class

MWZ Crashes_Spatialloin o
Input Field

Join_Count =
Conceptualization of Spatial Relationships
|Contiguity edges corners b
Standardization

Row T

J)LIXUH 6SDWLDO $XWRFRUUHODWLRQ $QDO\VLYV



2SWLPL]JHG +RW 69RW $QDO\VLYV *

7KH 2SWLPL]JHG +RW 6SRW $QDOWEZWDVFRWPARGI\GNYR AT 1B
VSRWV DQG FROG VSRWV ZLWK VWDWLVWLFDO VLJQLILFDQFH
SUHGHILQHG GLVWDQFH 7IKM UKRZFZD OBX)ADYWHG XVLQJ WKH HT]

UHSUHVHQWYV D ] VFRUH IRU HDFK SUHGHILQHG KH[DJRQ (VUI

KHURMLY WKH DWWULEXWH YDOXH IRUMZU & HVKG®H\GS R W[IDD® @ H

EHWZHHQ KMHMEIRQWKH WRWDO QXAEQ® (RH EHYBDREWHTXDWLR

DQG (VUL
0 L
LAt
S Il Sty SR
Geoprocessing » 0 X
(—; Optimized Hot Spot Analysis 1.‘

Parameters Environments

Input Features

MWZ_Crashes >
OQutput Features

MWZ_Crashes_OptimizedHotSpotAnalysis

Analysis Field

Incident Data Aggregation Method
Count incidents within hexagen grid
Bounding Polygons Defining Where Incidents Are Possible

Kansas_Boundary

» Override Settings

J)LIXUH 2SWLPL]JHG +RW 6SRW $QDO\VLV $SSOLF



2SWLPL]JHG &0XVWHU DQG 2XWOLHU $QDO\VLV $QVHOLQ .

7KH 2SWLPL]JHG &0XVWHU DQG 2XWOLHU $QDO\VLV ZDV X\
WKH WDUJHW IHDWXUH DQG WKH VXUURXQGLQJ IHDWXUH E\ F
DOO IHDWXUHV LQ WKH VWXG\ DUHD DV VKRZQ LQ )LJXUH
VXEVWDQWLDO GLVSDULW\ EHWZHHQ WKH YDOXH RI WKH WDU
IHDWXUHV $GGLWLRQDOO\ LW FDQ DOVR GHWHUPLQH WKH G
IHDWXUHV ZLWKLQ WKH UHVHDUFEKFD&JER @G HVWKHU/RIFPHGOR\UW K
DWWDFKHG EHORZ (VUL

T F R (
LT Sk F

~

) FNER - e .
£ L.—FCFZ‘EE\N

'KHUHLY DQ DWWULERWW WRKUWH IPEDXBMEH VSDWLDO ZHLJKW Et

LDQM®LV WKH WRWDO QXPEHU RI IHDWXUHYV

Geoprocessing ~OXx

T

.f(_'_.

Cptimized Outlier Analysis =+
Parameters Environments

Input Features

MWZ_Crashes_OptimizedHotSpetinalysis ki
QOutput Features

MWZ_Crashes_OptimizedHetSpetinalysis_Optimized OQutherfnalysis
Analysis Field

Counts "
Perfarmance Adjustment

Balanced {499 permutations) ”

¥ Override Settings

J)LIXUH 2SWLPL]JHG 2XWOLHU $QDO\VLV $SSOLF



SHVXOWYV

$PRQJ WKH ZRUN J]RQH FUDVKHV WKDW RFFXUUHG LQ

RI WKHP ZHUH 0:= FUDVKHV )LJXUH GLVSOD\V WKH GLVYV
WR WKHLU VHYHULW\ 2XW RI WKH WRWDO RI 0:= FUDVKHYV
LOQOMXULHV LQGLFDWHG E\ UHG SRLQWYV FUDVKHV ZLWK VX
SRLQWYV FUDVKHV ZLWK VXVSHFWHG PLQRU LQMXULHV LQ

SRVVLEOH LQMXULHVY LQGLFDWHG E\ JUHHQ SRLQWV DQG

GDPDJH LQGLFDWHG E\ JUD\ SRLQWYV $ GLVWULEXWLRQ PDS
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JLIXUH O0:= &UDVKHV 'LVWULEXWLRQ %DVHG RQ ¢

6WDQGDUG 'HYLDWLRQDO (OOLSVH RU 'LUHFWLRQDO
7TKH 6WDQGDUG '"HYLDWLRQDO (OOLSVH DSSURDFK ZDV XV
DQRG WUHQGV VXUURXQGLQJ WKH PHDQV RI WKH ZRUN JRQH Fl

.DQVDV 7KLV DSSURDFK GLVSOD\V WKH FHQWUDO WHQGDQF\



RULHQWDWLRQ ZKHUH WKH ORQJHU D[LV RI WKH HOOLSVH LG
WKH VKRUWHU D[LV UHSUHVHQWY WKH GLUHFWLRQ RI OHDVW
J)LIXUH DQG )LIXUH UHSUHVHQW WKH 6WDQGDUG '"HYLD
HVVHQWLDOO\ VKRZLQJ WKDW WKH PDMRULW\ RI 0:= FUDVKHYV
FRPSDUHG WR WKH EOXH RYDO UHSUHVHQWLQJ ZRUN JRQH FU
UXQ IURP VRXWKZHVW WR QRUWKHDVW W LV QRWDEOH WKD)
DUHDV VHUYHG DV WKH YHUWH[ RI WKH RYDOV ORQJHU DJ[LV

IXOO GDWD VHW DQG WKH GDWD WKDW H[FOXGHG GDWD
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J)LIXUH 6WDQGDUG 'HYLDWLRQDO (OOLSVH IRU 0:= &UDV
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J)LIXUH 6WDQGDUG 'HYLDWLRQDO (OOLSVH IRU 0:= &UDV
ZLWKRXW &UDVKHV IURP

$YHUDJH 1HDUHVW 1HLJKERU $11

7KH PHDQ GLVWDQFH EHWZHHQ HDFK FUDVK DQG LWV FOTF
FDOFXODWH WKH QHDUHVW QHLJKERU LQGH[ DQG WKHQ WKH
GLVWDQFH H[SHFWHG LQ D K\SRWKHWLFDO UDQGRP GLVWULE
GLVWULEXWHG UDQGRPO\ RU LQ FOXVWHUV $V VKRZQ LQ )LJ.:
ZDV DQG WKH ] VFRUH ZDV ZLWK D S YDOXH OHVV W
SDWWHUQ ZDV QRW WKH UHVXOW RI UDQGRP FKDQFH :RUN ]F
VKRZQ E\ DQ $11 UDWLR RI DQG D S YDOXH VPDOOHU WK
DOVR VXPPDUL]JHG LQ 7DEOH +RZHYHU WKH ORZHU QHDUH
FRPSDUHG WR 0:= FUDVKHV VXJIJHVWY D PRUH FOXVWHUHG Gl
WR EH H[SHFWHG VLQFH PRVW ZRUN JRQHV DUH ORFDWHG RQ

PRUH VSUHDG RXW GXH WR WKH RQJRLQJ GDLO\ PDLQWHQDRQF



Significance Level Critical Value

Nearest Neighbor Ratio: 0.570076

z-score: 16.531550 B tendes) feemae)
0.01 mmm <-2.58
p-value: 0.000000 0.05 [Em -2.58--196
010 B -1.96--1.65
— [ -1.65-1.65
0.10 [J 1.65-1.96
0.05 [EE 1.96-2.58
0.01 BN >2.58

|

Clustered Random Dispersed

Given the z-score of -16.53155, there is a less than 1% likelihood that this dustered pattern
could be the result of random chance.

J)LIXUH $YHUDJH 1HDUHVW 1HLJKERU 6XPPDU\ IRU (

7DEOH SUHVHQWYVY D VXPPDU\ Rl WKH UHVXOWY REWDL
0:= FUDVKHY DQG ZRUN JRQH FUDVKHV ZLWK DQG ZLWKRXW W
RXWSXW FDQ EH IRXQG LQ )LIJXUH $SSHQGL[ DQG )LIXUH $S¢
VKRZHG WKDW ERWK FUDVK FOXVWHU SDWWHUQV ZHUH QRW \
$11 UHVXOWYV H[FOXGLQJ WKH FUDVK GDWD IURP GLVSOD

ZRUN J]RQH DQG 0:= FUDVKHYV



7TDEOH

7KH $YHUDJH 1HDUHVW 1HLJKERU RI 0:=

1HDUHVW 1
SDWLR

LIFER

H

S

‘RUN =RQH

x UDVKHV

0:= &UDVK

HV

‘RUN =RQH
ZLWKRXW

& UDVKHYV

0:= &UDVK
ZLWKRXW

HV

+LIJK /RZ &

OXVWHULQJ

&UDVKH\

YDOXH

*HWLV 2UG *HQHUDO *

7KH DQDO\VLV XVLQJ $11 UHYHDOHG WKDW WKH ZRUN ]RG
UHJLRQ ZHUH FOXVWHUHG LQ VSHFLILF DUHDV DQG *HWLV 2L
LGHQWLI\ LI WKHUH ZHUH FRXQWLHV ZLWK D KLJK RU ORZ FR(
UHVXOWLQJ IURP WKLV PHWKRG LQGLFDWHY WKDW WKH REVH
H[SHFWHG *HQHUDO * YDOXH DQG D ] VFRUH JUHDWHU WKDQ
WKDW WKH FUDVKHV ZHUH QRW UDQGRPO\ GLVWULEXWHG DPF

DQG )LIXUH $SSHQGL]

FRQILUPHG WKH SUHVHQFH RI FRX

0:= DQG ZRUN ]JRQH FUDVKHYVY 7KH ] VFRUH IRU 0:= LQYROYHG
YDOXH OHVV WKDQ KLIJKHU WKDQ WKH ] VFRUH IRU ZRUN

$SSHQGL[ DQG )LIJXUH $SSHQGL[ GLVSOD\HG WKH *HWLV 2U

VXPPDU\ IRU 0:= DQG ZRUN JRQH FUDVKHVY H[FOXGLQJ WKH Fl
FUDVK GDWD GLG QRW DIIHFW WKH FRQFOXVLRQ WKDW WKHV]|
FKDQFH DQG WKHUH ZHUH KLJK FOXVWHU FRXQWLHV IRU ERW
KLIKHU WKDQ

DV GHPRQVWUDWHG LQ 7DEOH ZKLFK LG



VXPPDUL]JHG IURP )LJXUH DQG )LIXUH $SSHQGL[ WKURXJ
ORFDWLRQV RI 0:= FUDVKHYVY DQG ZRUN JRQH FUDVKHV VHHP W

RlI .DQVDV ZKLFK KDYH D JUHDWHU GHQVLW\ RI KLJK YROXPH

Observed General G: 0.024581 Significance Level Critical Value
2-score: 4,696255 (prvalue) {z=ore)
001 mmm <-2.58
p-value: 0.000003 0.05 B -2.58--1.96
010 [ -1.96--1.65
— [ -1.65-1.65
010 [=3 1.65-1.96
005 [E3 1.96-12.53
001 BEE »258

|
|

Low-Clusters Random High-Clusters

Given the z-score of 4.606257931162164, there is a less than 1% likelihood that this high-
clustered pattern could be the result of random chance.

J)LIXUH 7KH +LJK /RZ &O0OXVWHULQJ *HWLV 2UG *HQHUDO *
7TDEOH 7TKH +LJK /RZ &OXVWHULQJ *HWLV 2UG *HQHUDO
&UDVKHV

2EVHUYH((]§SHFV\I1) ,
YHOHUDPGHOHUP RFRUH S| YDOXH

RUN =RQH &UDVKHYV

0:= &UDVKHV

RUN =RQH &UDVKHYV
ZLWKRXW

0:= &UDVKHYV
ZLWKRXW




6SDWLDO $XWRFRUUHODWLRQ *OREDO ORUDQTV ,

*OREDO ORUDQ V , LV D VWDWLVWLFDO PHDVXUH WKDW D'
DXWRFRUUHODWLRQ E\ DQDO\][LQJ WKH JHRJUDSKLFDO GLVWL
6LPLODU WR WKH *HQHUDO * PHWKRG D SRVLWLYH ] VFRUH U
REVHUYHG *OREDO ORUDQYV , YDOXH LV JUHDWHU WKDQ WKH
JUHDWHU WKDQ DQG D S YDOXH OHVV WKDQ LOQGLFDWEF
DUHD 7DEOH VXPPDUL]JHV WKH UHVXOWY IRU ZRUN JRQH D¢

FUDVK GDWD IURP )LIJXUH DQG )LIXUH $SSHQGL[ WK
UHVXOWY LQGLFDWHG WKDW ZRUN J]RQH FUDVKHVY DQG 0:= FU
$GGLWLRQDOO\ 0:= FUDVKHV GLVSOD\HG D PRUH FOXVWHUHDC
JXUWKHUPRUH DIWHU H[FOXGLQJ FUDVK GDWD VKRZHG D
IXOO GDWD VHW

7TDEOH 7KH 6SDWLDO $XWRFRUUHODWLRQ *OREDO ORUD
&UDVKHYV

2EVHUYH G| {DREDIDOH G| *0RED
SRUDOTY | ORUDQW?V%%BH S YDOXH

RUN =RQH & UDVKHV

0:= &UDVKHV

RUN =RQH &« UDVKHYV
ZLWKRXW

0:= &UDVKHYV
ZLWKRXW




Significance Level Critical Value
(p-value) (z-score)
0.01 <-2.58
0.05 -2.58 —-1.96
0.10 -1.86 --1.65
-1.65-1.65
1.65-1.96
1.96-2.58
> 258

Moran’s Index: 0.196453
Z-score: 4.539741 B
p-value: 0.000006

0.10
0.05
0,01

iR00omn

]
|

Clustered

Given the z-score of 4.539741, there is a less than 1% likelihood that this dustered pattern
could be the result of random chance.

JLIXUH 7KH 6SDWLDO $XWRFRUUHODWLRQ *OREDO ORUD

2SWLPL]JHG +RW 6SRW $QDO\VLV *HWLV 2UG *L

UHYLRXVY PHWKRGY DOO GHWHUPLQHG WKDW 0:= FUDVKH
VLIQLILFDQWO\ FOXVWHUHG LQ .DQVDY EDVHG RQ WKH VWDW
GLVWULEXWLRQ DW WKH FRXQW\ OHYHO RU HYHQYWEBDWOHU X
HPSOR\HG WR GHWHFW VWDWLVWLFDOO\ VLIJQLILFDQW FOXVW
FRPELQLQJ ZHLIJKWHG IHDWXUHV ZLWKLQ D SUHGHWHUPLQHG
$11 GLVWDQFH RI LOQBOWRIKDWXWHVFBPSDELOLW\ WR YLVXDOO
ORZ DFWLYLW\ LQGLFDWLQJ YDU\LQJ OHYHOV RI VLJQLILFDQ

$Q HIWHQVLYH KRWVSRW IRU 0:= FUDVKHV ZDV LGHQWLIL
'RXJODV -RKQVRQ :\DQGRWWH HDVW 6KDZQHH VRXWK /HDY

FRXQWLHV DV VKRZQ LQ



J)LIXUH $QRWKHU KRWVSRW ZDV ORFDWHG LQ WKH VR
HQFRPSDVVLQJ VRXWKHUQ +DUYH\ 6HGJZLFN DQG ZHVWHUQ
FRQILGHQFH OHYHO ZDV GHWHFWHG LQ *HDU\ &RXQW\ &RPSD
KRWVSRW IRU 0:= FUDVKHV LQ QRUWKHDVW .DQVDV WKUHH L
]JRQH FUDVKHVY ORFDWHG LQ 'RXJODV 6KDZQHH DQG -RKQVR
DV VKRZQ LQ )LJXUH 7KH KRWVSRW IRU ZRUN ]J]RQH FUDVK
6HGJZLFN &RXQW\ DQG LWV QHLJKERULQJ FRXQWLHV ZDV UH
KRW VSRW ,Q DGGLWLRQ WKHUH ZHUH QR LGHQWLILHG KRW
$V H[SHFWHG WKHUH ZDV D VWURQJ FRUUHODWLRQ EHWZHHC
ZRUN J]RQH DQG 0:= FUDVKHYVY E\ ORRNLQJ DW WKH SRSXODWLF
ZHUH PRVW OLNHO\ WR RFFXU LQ WKH FRXQWLHV ZLWK WKH C
KRwW VSRWYV GHVFULEHG DERYH DOO RWKHU DUHDV LQ WKHVF

QR FROG VSRWYV ZHUH GHWHFWHG
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J)LIXUH +RW 6SRW $QDO\VLV IRU :RUN =RQH &U

Kansas Counties
{Ranked by 2020 total population)

Population Density in Kansas Counties: 2020

1. Johnson County 609,863 |
2.  Sedgwick County 523,824 |
3. Shawnee County 178,909 |
4. Wyandotte County 169,245 |
5. Douglas County 118,785 |
i People per square mile 6. Leavenworth County 81,881
| | W ot e 7. Riley County 71,959 |
B 2000104908
B 000w 1990 8. Butler County 67,380
B 2500009
W oowms 9. Reno County 61,898 .
[ Less than 100 10. Saline County 54,303
11. Crawford County 38,972
12.  Finney County 38,470
13. Geary County 36,739
14. Cowley County 34,549

JLIXUH

.DQVDYV 3RSXODWLRQ "HQVLW\



7TKH GLVWLQFWLRQ EHWZHHQ 0:= FUDVK KRWVSRWYV DQG .
LGHQWLILHG DQG GHPRQVWUDWHG XVLQJ WKH +RWVSRW $QD

7KH KRWVSRWV IRU ERWK FDWHJRULHVY ZHUH UHSUHVHQW
WKH FHQWHU RI FRXQWLHYVY RU PHWURSROLWDQ DUHDV ZLWK
LOQGLFDWHG WKDW WKHVH ZHUH KRWVSRWYV IRU 0:= FUDVKHYV
FUDVKHV ZzDV UDQGRP 7KHVH DUHDV ZKLFK ZHUH PRVWO\ RC
QHLJKERULQJ FRXQWLHV VXUURXQGHG WKH SLQN DUHDV 7Kl

IRU PRUH ZLGHO\ GLVWULEXWHG PDLQWHQDQFH DFWLYLWLHV

I coid to Hot 5 cold to Net 5ig KANSAS_Counties [Ranannns

I net Sig to Hot Cold ta Cold [ Kanses State Boundary 0 25 50 100Miks
Hot ta Hot I ot sig o Cold

%52 Hot to Not Sig I Hot to Cold
Nt Sig to Not Sig

JLIXUH +RWVSRWYV &RPSDULVRQ EHWZHHQ 0:= &UDVKHYV

J)LIXUH DQG )LIXUH GLVSOD\HG WKH KRW VSRWYV IF
FUDVKHV ZLWKRXW GDWD 2YHUDOO SDWWHUQV DSSHDUH«
ZDV FRQGXFWHG IRU 0:= ZLWK DQG ZLWKRXW WKH FUDVK |
&RPSDULVRQ WRRO DV VKRZQ LQ )LJXUH 7TKH KRWVSRW L
GDWD DV LQGLFDWHG E\ WKH UHG JULG DUHDV ZKLFK FRXOC

FRXQW\ DQG UHGXFHG WULSVY LQ WKH XUEDQ DUHDV DV D UH\



WK H FUDVK GDWD WKH KRWVSRW ZLWK VLIQLILFDQFH
WR WKH 5LOH\ &RXQW\+*HDU\ & RXQW\ OLQH DQG LWV UDQJH

PLIKW EH GXH WR WKH OHVV WUDYHO EHWZHHQ WKH UHVLGH
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JLIXUH +RWVSRWYV &RPSDULVRQ EHWZHHQ 0:=

I[URP

&UDVKHYV

2SWLPL]JHG &0XVWHU DQG 2XWOLHU $QDO\WLV $QVHC
%\ FRPSDULQJ WKH FUDVKHV LQ WKH SUHGHILQHG KH[DJR

QHLIJKERULQJ KH[DJRQV WKH 2SWLPL]J]HG &0XVWHU DQG 2XWC

RXWOLHUV DQG FOXVWHUV RI KLIJK DQG ORZ YDOXHV 7KH

ILQ

0:= FUDVKHVY DUH SUHVHQWHG LQ )LJXUH 7KH SUHGHILQH

IHHW DQG RQO\ RI

IHDWXUHYVY KDG OHVV WKDQ HLIJKW QHL.
JHQHUDWHG EDVHG RQ WKH LQSXW IHDWXUHYV RXWSXW DW
7TKHUH ZHUH IRXU DUHDV KLJKOLJKWHG LQ UHG LQ QRUWKZHYV
FUDVKHV ZKLOH WKH VXUURXQGLQJ DUHDV KDG D ORZ IUHTX
SRO\UJRQV UHSUHVHQWHG VSDWLDO RXWOLHUV ZLWK ORZ K|
UHODWLYHO\ ORZ QXPEHU RI 0:= FUDVKHV FRPSDUHG WR WKH
QXPEHU RI 0:= FUDVKHV 6XUURXQGHG E\ ORZ KLJK RXWOLHU"

YDOXHV UHSUHVHQWHG E\ SLQN SRO\VJRQV LQGLFDWLQJ WKL



VLIQLILFDQW QXPEHU RI 0:= FUDVKHV 1LQH /RZ /IRZ FOXVWHL
WKHVH IHDWXUHV KDG D ORZ QXPEHU RI 0:= FUDVKHV DV ZHC
2YHUDOO WKH KRW D UHIHW B UPROGWKAFKHHGG L)\ W IKH KL JK KLJK FOX
RXWOLHUV ZLWK WKH IRXU KLJK ORZ RXWOLHUV EHLQJ SDUW
J)LIXUH VKRZHG WKH UHVXOWYVY RI FOXVWHU DQG RXWQC
FUDVKHV 21 WKH KH[DJRQV WKDW ZHUH FUHDWHG EDVHG
VLIQLILFDQW RXWSXW IHDWXUHV LQFOXGLQJ KLJK ORZ RX\
FOXVWHUV DQG ORZ ORZ FOXVWHUV ,Q WKH GLVWDQFH
KDG OHVV WKDQ HLIJKW QHLJKERUV LGHQWLILHG WKH DFFXUD
ORZ DUHDV ZHUH IRXQG LQ ZHVWHUQ .DQVDYV $UHDV WKDW Z
VSRW PDS +RZHYHU ORZ ORZ FOXVWHUV ZHUH LGHQWLIL

ZKLOH QR FROG VSRUWV ZHUH GHWHUPLQHG XVLQJ *L

T T T T T
| | | { |
= $ i ) | wn /
Chgyenne | Rawlins Decatur | NortBh Phillips Smith Jewell Republic | washington | Marshall | Nemaha Brown | oniphang N
| pe e \ —
| - OB _H=—DHD. @@= =S| |
I | | S eiahia | R Atchison
1 | ‘ ‘ { - g . | Jackson -
Sherman ‘ Thomas | Sheridan ; Graham |  RéBks Osborne i Mitched ‘, Oatalgl: Bign:  Pottawatomie | v [ avepgorth
‘ : { | B b ‘ ¥ N B 240, wszerson
= - bt | | Lincoln Ohiaia J—_— e oy o W
| | | | | | L Geary | | Shawnegiy, ™|
Wall | | Trego i | Rz = Wabaunsee |
allace Logan 1 Gove ‘ 9 Ellis | Russell | S | Dickinson ————{ b e giad
f | | | | | saine | % g LaSead
i B, — 4 1‘ Ellsworth I’ 2238528 Morris | | osage -
1 | Rush | Ba®a®ad I DBIB | Franklin
Greeley Wichita | Scott Lane | Ness | Barton | | Lyon |
| | | | | - | McPherson | Marion | | [
| E—— Rice | f | [
Tafaln b I 1Bafaa { | | Chase | 1 cotey ]
| pawnee | | D e D e 2 D e D e D B € | Hoe o €Y [ Anderson| Linn
| I I | I ]
t | : Hodgeman | 1 | | I - = | S =
Hamilton | Kearny LS P=Oa®, | St Reno {
. , [ 1 Edwards | . Greenwood 'Woodsoni Allen | Bourbon
[BE@=el e 1 | Gra Eoatat plat et Butier sZgseland
I 1‘ | i Ford == Pt = | et
Stanton | Grant | Haskell | | Kiowa | Kingman | R | Wilson | Neosho |
| Bl Ve tat - | Faman e’ = = Elk { | Crawford
L L CERST R T L el el ok
| ! e2=%e ' 3 —————Montgamery| =
Morton | Stevens | Seward | Mesoe | ‘ Comanche Corier ycHarper ) SUmc ey | Chautauqua | Labette | Cherokee
| ‘ ‘ ‘ | I q 3 |
| | | ! L L |
High-High Cluster B Low-High Outlier Not Significant [ Kansas State Boundary é T 2'5 . 5|0 v 1(130 il
iles
- High-Low Qutlier Low-Low Cluster Kansas_Counties

J)LIXUH &OXVWHU DQG 2XWOLHU $QDO\VLVY 5HVXOW
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J)LIXUH &OXVWHU DQG 2XWOLHU $QDO\VLV 5HVXOWYV

JLIXUH $SSHQGL] DQG )LIXUH $SSHQGL][ GLVSOD\HG V
UHVXOWY H[FOXGLQJ WKH FUDVK GDWD +LJK ORZ RXWOLF
WKH VWDWH ZLWK RQO\ WZR ORZ KLJK RXWOLHUV LGHQWLILH
QXPEHUV ZLWKLQ WKH VWXG\ DUHD DIWHU H[FOXGLQJ FUD
ZDV HPSOR\HG DQG DGMXVWLQJ WKH GLVWDQFH EDQG GLG Q
QHLJKERUV )RU ZRUN ]JRQH FUDVKHV ORZ KLJK RXWOLHUV W
GDWD ZHUH VLJQLILFDQWO\ PRUH FRPSDUHG WR WKRVH LQ )L
WKH FRXQW\ RU PHWURSROLWDQ DUHD KDG D KLIJKHU FRQFHC

DWWULEXWHG WR WKH SULRULWL]DWLRQ RI XUEDQ FRQVWUXF
\HDUYV



'LVFXVVLRQ

7KH 0:= FUDVKHV WKDW RFEXUUHG LQ WKH LGHQWLILHG K
ZHUH DQDO\]HG WR DVVHVV WKH IDFWRUV WKDW FRQWULEXW
FDXVHV Rl WKHVH KRWVSRWV 'XULQJ WKH VWXG\ SHULRG Wt
0:= LQ WKH LGHQWLILHG KRW VSRW JRQHV UHSUHVHQWLQJ
VWDWH $ WRWDO RI 0:= FUDVKHV RFEXUUHG GXULQJ GD\O
GXULQJ QLIJIKWWLPH ZKLFK LV QRW UHFRPPHQGHG IRU 0:= RS
GULYLQJ EHKDYLRUV WKHUH ZHUH FUDVKHV WKDW RFEFXUU
LOQYROYHG GULYHUV ZKR ZHUH DERYH WKH DJH RI 7KHUH Z
GUXJV RU DOFRKRO ZKLOH FUDVKHV RFFXUUHG DV D UHVXO
ZHUH UHSRUWHG WR EH FDXVHG E\ GULYHU GLVWUDFWLRQ 7
7KHUH ZHUH FUDVKHV RQ RQH ODQH URDGZD\V DQG  FUDVk
UHPDLQLQJ ZHUH RQ WKUHH ODQH RU IRXU ODQH URDGZD\V
LOQWHUVHFWLRQV DQG FUDVKHV RFFXUUHG LQ 0:=V ORFDW
RFFXUUHG LQ UXUDO DUHDV $ WRWDO RI FUDVKHV WRRN S
PSK ZKLOH FUDVKHV RFFXUUHG RQ URDGZD\V ZLWK D VSHH
$GGLWLRQDOO\ WKHUH ZHUH FUDVKHV RQ URDGZD\V ZLWK
DQG FUDVKHV RFFXUUHG DW D VSHHG OLPLW H[FHHGLQJ
LQ ZKLFK D ODUJH WUXFN ZDV LQYROYHG
$ WRWDO RI ZRUN ]JRQH FUDVKHV RFFXUUHG LQ WKH
RI UHSRUWHG ZRUN JRQH FUDVKHV GXULQJ WKH VWXG\ SHL
FUDVKHV 7KH VLJQLILFDQWO\ KLJKHU SHUFHQWDJH RI ZRUN |

DUHDV DV RSSRVHG WR IRU 0:= FUDVKHYV VXJIJHVWHG WKL



FRQFHQWUDWHG ORUHRYHU WKH SHUFHQWDJH RI ZRUN J]RQH
VSRW UHJLRQV ZDV RQO\ ZKLFK ZDV PXFK ORZHU FRPSDU
LQGLFDWLQJ WKDW ZRUN JRQH FUDVKHV RFFXU PDLQO\ LQ GH
0:=V ZHUH PRUH ZLGHO\ GLVSHUVHG DQG SUHVHQWHG JUHDW
$SSUR[LPDWHO\ RI' ZRUN ]RQH FUDVKHYVY RFFXUUHG GXULQJ
IRU 0:= FUDVKHV ZKLFK PLIKW EH GXH WR WKH OHVV 0:= R
FRQGLWLRQV 7KH SURSRUWLRQV RI GULYHUV LQ GLIITHUHQW
VXFK DV FUDVKHV LQYROYLQJ GUXJV RU DOFRKRO DQG GULYHE
REVHUYHG LQ 0:= FUDVKHYVY +RZHYHU WKH SHUFHQWDJH RI Z
ODQH URDGZD\V ZDV ZKLFK LV VLIQLILFDQWO\ ORZHU WKTELC
FUDVKHV WKDW RFFXUUHG RQ WZR ODQH URDGZD\V 7KLV VXJ
NH\ FRQWULEXWLQJ IDFWRU WR 0:= FUDVKHV $GGLWLRQDOO\
VSRW DUHDV LQYROYHG ODUJH WUXFNV LQ FRQWUDVW WR W
5HIJIDUGLQJ WKH VSHHG OLPLW RI URDGZD\V RQO\ RI'ZRUN
ZLWK D VSHHG OLPLW H[FHHGLQJ PSK ZKLFK ZDV WKUHH W
IRU 0:= FUDVKHV ZKLFK FRXOG EH D SRWHQWLDO FRQWULEX\
'XULQJ WKH &0XVWHU DQG 2XWOLHU $QDO\WVLV DQ LPSRL
RFFXUUHQFH RI KLJK ORZ RXWOLHUV LQ ZHVWHUQ .DQVDYV IRl
FUDVKHV 7KH FUDVKHV ORFDWHG LQ WKRVH KLJK ORZ RXWOL
WKH FRQWULEXWLQJ IDFWRUV RI WKHVH RXWOLHUV $ WRWDC
ORZ RXWOLHUV RI ZRUN ]JRQH FUDVKHV := + [/ 2XWOLHUV DQ
0:= FUDVKHV ZHUH LQ WKH KLJK ORZ RXWOLHUV RI 0:= FUDVK

RQH 0:= FUDVK RYHUODSSHG ZLWK WKH 0:= FUDVKHV LQ := + [/



LV QRWHZRUWK\ WKDW DOO RI WKRVH FUDVKHV RFFXUUHG LQ
DERYH FRPSDULVRQV LQ KRW VSRW DUHDV D ORZHU SURSRU'
QLIKWWLPH LQ WKH KLJK ORZ RXWOLHUV )LYH RXW RI VL[ 0:+
RFFXUUHG RQ WZR ODQH URDGZD\V ZKLOH RXW RI ZRUN |
SHUFHQWDJH RI FUDVKHV RQ WZR ODQH URDGZD\V ZDV VLJQL
LGHQWLILHG KRW VSRWV ZKLFK FRXOG EH WKH IDFWRU FRQW
RXWOLHUV )XUWKHUPRUH 0:=V FUDVKHV LQ 0:= +/ 2XWOLHU
OLNHO\ RQ WZR ODQH URDGZD\V FRPSDUHG WR RYHUDOO ZRU
ZRUN J]RQH FUDVKHV LQYROYHG ODUJH WUXFNV ZKLFK DFFRX
=+ [/ 2XWOLHUV 7KLV ILQGLQJ FRXOG EH OLQNHG WR WKH KL
WKHVH DUHDV ZKLFK WKHUHIRUH UHVXOWHG LQ DQ LQFUHDYV
WKH = + /| 2XWOLHUV $PRQJ WKH VL[ FUDVKHYV LQ WKH 0:= + |
WUXFN 7KLV SDUWLFXODU FUDVK RFFXUUHG RQ D IRXU ODQH
URDGZD\V 5HJDUGLQJ ZRUN JRQH FUDVKHV LQ = + / 2XWOLHL
URDGZD\ VSHHG OLPLW EHWZHHQ PSK DQG PSK ZKLOH

EHORZ PSK DQG WZR FUDVKHV RFFXUUHG ZLWK WKH OLPLW
LQ 0:= + / 2XWOLHUV WKUHH RFFXUUHG RQ URDGZD\V ZLWK D
PSK DQG WKH VSHHG OLPLWYV IRU WKH RWKHU WKUHH 0:= FUL

DQG PSK DQG DERYH PSK UHVSHFWLYHO\

&RQFOXVLRQ

7KLV VWXG\ FRQILUPHG WKDW ERWK ZRUN JRQH FUDVKHYV

FOXVWHUHG LQ .DQVDV XVLQJ WKH $11 PHWKRG DQG *OREDO



PHWKRGRORJLHV \LHOGHG FRQWUDVWLQJ FRQFOXVLRQV ZKH(
FRQGXFWHG E\ $11 UHYHDOHG WKDW ZRUN JRQH FUDVKHV KD
WR 0:= FUDVKHV &RQYHUVHO\ WKH *OREDO ORUDQ V , VWDW
GLVSOD\HG D JUHDWHU OHYHO RI FOXVWHULQJ 7KH GLIIHUHC
WKH PHDVXUHG LQGH[HV 7KH *HWLV 2UG *HQHUDO * PHWKRG
ZLWK D VLIJQLILFDQW FOXVWHULQJ Rl ZRUNRARQYKRF® ZVKHV DQ
XWLOL]HG WR YLVXDOO\ GLVSOD\ WKH KRW VSRWYVY DQG FROG
0:= FUDVKHV ZHUH FRQFHQWUDWHG LQ 'RXJODV -RKQVRQ :\L
IHDYHQZRUWK VRXWKHUQ +DUYH\ 6HGJZLFN DQG ZHVWHUQ
KRWVSRW DUHDV LGHQWLILHG IRU ZRUN J]RQH FUDVKHV ZHUH
FRXQWLHVY RU PHWURSROLWDQ DUHDV 7KHVH DUHDV H[KLELW
FUDVKHV DFFRXQWLQJ IRU RI DOO UHFRUGV 6LPLODU DUF
$QVHOLQ /RFDO ORUDQ V , DV WKH KLJK KLJK FOXVWHUV [/RZ
ORZ RXWOLHUV ZHUH DOVR GLVFRYHUHG DQG KLJK ORZ RXW!
FDXVHV RI WKH KLJK ULVN DUHDV VXUURXQGHG E\ ORZ ULVN |
7TKURXJK DQ DQDO\VLV RI FUDVK IDFWRUV LQ KRW VSRW L
SRVH D KLJKHU ULVN IRU 0:= FUDVKHV EXW ZHUH OHVV OLNH
LQ JHQHUDO &UDVKHV IUHTXHQWO\ RFFXUUHG ZKHQ 0:=V ZHL
FRPSOH[ VXUURXQGLQJV DQG RYHU RI WKHVH FUDVKHV KO
WKH VKRXOGHUYV 7KH LPSDFW RI OLJKW FRQGLWLRQV RQ 0:=
RI WKH OLPLWHG RFFXUUHQFH RI 0:= RSHUDWLQJ DW QLJKW
LPSDFWV RQ 0:= FUDVKHYVY DV WKHLU LPSDFWV RQ ZRUN ]JRQH

HITHFWV RQ 0:= FUDVKHV DV RSSRVHG WR ZRUN JRQH FUDVKH



0:= FUDVKHV WRRN SODFH RQ WZR ODQH URDGZD\V SRWHQWI
0:=V RQ RQO\ WZR ODQHV 7KH VSHHG OLPLW RI WKH URDGZD
WKH KRWVSRWY DQG + / RXWOLHUV WKH ULVN RI 0:= FUDVKH
VSHHG OLPLWYV EHWZHHQ DQG PSK DQG H[FHHGLQJ PSK
VHWWLQJ D WHPSRUDU\ VSHHG OLPLW E\ VKDGRZ YHKLFOH L
VFHQDULRV 7KLV LQFUHDVHG ULVN FDQ EH DWWULEXWHG WR
DGYDQFH DOHUWV WR GULYHUV DQG WKH JUHDWHU GLIILFXO\
VSHHG URDGZD\V (YDOXDWLRQ RI KRW VSRW DUHDV LGHQWL|
LOQYROYHPHQW LQ O0:= FUDVKHV ZHUH WLPHV KLIJKHU WKDQ
ODUJH WUXFN LQYROYHPHQW FRXOG EH RQH RI WKH NH\ IDFW
KDG IHZHU ZRUN ]J]RQH DQG 0:= FUDVKHV WKDQ WKH \H
SDPQGHPLF UHODWHG WUDYHO UHGXFWLRQ 7KLV IDFWRU ZDV
WKH VDPH PHWKRGV ZLWKRXW WKH GDWD 7KH RYHUDOO F
FUDVK GDWD KDG QR HIITHFW RQ WKH REVHUYDWLRQV RI ZRUN
RI WKH FOXVWHU GHFUHDVHG VOLJKWO\ 7KLV PD\ KDYH EHHC
RU ZRUN ]RQH DFWLYLWLHV LQ WKH FRXQW\ V RU PHWURSROL
UHVXOWHG LQ PRUH FRQFHQWUDWHG FUDVKHV LQ WKHVH DU
DUHDV LGHQWLILHG ZLWK WKH FUDVK GDWD ZHUH ODUJHU
UHVXOWHG IURP PRUH VFDWWHUHG WUDYHOV WKURXJKRXW W
UHPRWH ZRUN LQ
,Q WKLV VWXG\ WKH DQDO\VLV RI 0:= FUDVKHV LGHQWLIL
HYDOXDWLRQ RI WKH FUDVK UHFRUGYV ZDV FDUULHG RXW WR

FRPSDULQJ WKHP WR FUDVKHV WKDW RFFXUUHG LQ DOO W\SH



PRUH FRPSUHKHQVLYH LQYHVWLIJDWLRQ RI WKH IDFWRUV WR

FRUUHVSRQGLQJ HIIHFWV RQ WKH VHYHULW\ RI WKH FUDVKHYV



&KDSWHU ,9 /2*,67,& 5(*5(66,21

 QWURGXFWLRQ

/IRILVWLF UHJUHVVLRQ LV D IUHTXHQWO\ XVHG SUHGLFWL
IDFWRUV DVVRFLDWHG ZLWK FUDVK VHYHULW\ DV LW HQDEO}
DQG WKHLU SRWHQWLDO WR HQKDQFH WKH OLNHOLKRRG RI W
DQG 9DMDUL $JKDED\N HW DO XWLOL]J]HG WKLV PHWKRG
YDULRXV OHYHOV RI FUDVK VHYHULW\ OHYHOV LQ LQWHUVHF)
EHKDYLRUV HQYLURQPHQWDO FKDUDFWHULVWLFV LQWHUVH
JXUWKHUPRUH UHVHDUFKHUV KDYH HPSOR\HG WKLV PHWKRG
FRKRUWY X =KDQJ HW DO GHYHORSHG WZR PXOWLQRP
HYDOXDWH WKH VHYHULW\ RI LQMXULHV LQ FUDVKHV LQYROY
WKDW WKHUH ZHUH PXOWLSOH VLJQLILFDQW IDFWRUV WKDW
RUGHU WR GHYHORS FXVWRPL]J]HG VDIHW\ PHDVXUHV IRU HDFEF
VSHFLILF FKDUDFWHULVWLFV RI GLITHUHQW GULYLQJ JURXSYV

XWLOL]HG PXOWLYDULDWH ORJLVWLF UHJUHVVLRQ PRGH
DJH DQG JHQGHU LQ IDWDO LQWHUVHFWLRQ FUDVKHV .H\ YD
EHWZHHQ ROGHU GULYHU UHODWHG FUDVKHY DQG FUDVKHV L
FUDVK WLPH OLJKWLQJ ZHDWKHU FRQGLWLRQV ZHHNGD\V W
FRQWUROV YLVLELOLW\ SRVWHG VSHHG OLPLW DQG DW IDXC

5HVHDUFKHUV KDYH H[SUHVVHG VLJQLILFDQW FRQFHUQV
JRQHV 7R DVVHVV WKH IDFWRUV DVVRFLDWHG ZLWK ZRUN ]R(
XWLOL]DWLRQ RI ORJLVWLF UHJUHVVLRQ WR HYDOXDWH WKH

%LDR +RQJ JXR HW DO GHYHORSHG D PXOWLSOH UHJUH



EHWZHHQ VLQJOH YHKLFOH WUDIILF ULVN DQG WUDIILF IORZ
H[SUHVVZD\ /L DQG %DL HVWDEOLVKHG D ULVN DVVHVVP
KLIKZD\ VWDWLRQDU\ ZRUN JRQHV 6]H DQG 6RQJ XWLOL]
PRGHO WR LQYHVWLIJDWH WKH FRUUHODWLRQ EHWZHHQ FUDYV
LQGLFDWHG WKDW FUDVK VHYHULW\ LQ ZRUN JRQHV ZDV SULF
SHULRG WKH HQJDJHPHQW RI YHKLFOHV DQG WKH SUHVHQF!
HW DO HPSOR\HG ORJLVWLF UHJUHVVLRQ DQDO\VLV WR
VHYHULW\ RI ZRUN J]RQH FUDVKHV 7KH ILQGLQJV KLJKOLJKWF
DSSURSULDWH WUDIILF FRQWURO PHDVXUHV VXFK DV VIQFKL
JRQHV LQVWDOOLQJ OLJKWLQJ DW VSHFLILF DUHDV ZLWKLQ \
HGXFDWLRQ SURJUDPV WDUJHWLQJ KLJK ULVN GULYHU JURXS
7KH ORJLVWLFV UHJUHVVLRQ DSSURDFK KDV RQO\ EHHQ >
FUDVKHV RU VWDWLRQDU\ ZRUN J]RQH FUDVKHV DQG LW KDV !
FUDVKHV ZKHUH ULVNV DQG FRQWULEXWLQJ IDFWRUV DUH XQ
WKH UHVHDUFK JDS RQ WKH FRQWULEXWLQJ IDFWRUV RI 0:=F
WKH VHYHULW\ RI WKHVH FUDVKHYVY 7KHUHIRUH VHYHUDO OR.
RUGHU WR HYDOXDWH
7TKH IDFWRUV FRQWULEXWLQJ WR 0:= FUDVKHV LQ FRPS
FUDVKHV
&RPSDULVRQ RI VHYHULW\ OHYHOV LQ 0:= FUDVKHV ZL'
FUDVKHYV

7KH IDFWRUV FRQWULEXWLQJ WR LQFUHDVHG VHYHULW



ODWHULDOV DQG OHWKRGYV

6WXG\ $UHD DQG 'DWDEDVH

.DQVDV VWDWH ZDV WKH VWXG\ DUHD DQG WKH GDWD IR
.DQVDV &ROOLVLRQ DQG $QDO\VLVY 5HSRUWLQJ 6\VWHP .&%$56
7TUDQVSRUWDWLRQ .+8% JHRJUDSKLF GDWDEDVH 7KH FUDVKH
RUN =RQH &DWHJIRU\ ,(QWHUPLWWHQW RU ORYLQJ 9HKLFOI
(QIRUFHPHQW &ROOLVLRQ 5HSRUWLQJ &RGLQJ ODQXDO .DQVI
SURFHGXUH SURFHVYV ZDV LPSOHPHQWHG WR HOLPLQDWH UHC(
PLVVLQJ FULWLFDO GDWD $IWHU GDWD UHGXFWLRQ D WRWD
IURP WKH .&$56 GDWDEDVH ZKLFK UHSUHVHQWHG D VXEVHW
WKLV VWXG\ 7R DYRLG DQ\ ELDV UHVXOWLQJ IURP WKH LPSD
SDQGHPLF LQ D VHSDUDWH GDWDVHW ZDV FUHDWHG |IRU !
GDWD IURP

/IRIJILVWLF 5HJUHVVLRQ

7TKUHH VHWV RI PRGHOV ZHUH JHQHUDWHG ,Q RUGHU WR
0:= FUDVKHVY DV RSSRVHG WR ZRUN JRQH FUDVKHV WKH ILUV)
GDWD DQG ORGHO $ ZLWKRXW GDWD XVHG D ELQDU\ UHV
HLWKHU 0:= UHODWHG RU QRQ 0:= UHODWHG 7KH VHFRQG PR
SRWHQWLDO RI 0:= FUDVKHV WR HQKDQFH WKH OLNHOLKRRG
ZDV HPSOR\HG DV WKH ELQDU\ UHVSRQVH YDULDEOH LQ ORGH
ORZ VHYHULW\ DQG WKH W\SH RI ZRUN J]RQH ZDV LQFOXGHG I

ORGHO & FRQWDLQHG KLJK PHGLXP VHYHULW\ DQG ORZ VHY!



WKH JRDO ZDV WR HYDOXDWH WKH IDFWRUV OHDGLQJ WR WKt
WKH VWHSVY WDNHQ WR HVWDEOLVK WKH PRGHOV

6WHS J)DFWRU 6HOHFWLRQ

7KH VHOHFWLRQ RI WKH IDFWRUV WKDW FDQ SRWHQWLDOC
WR GHWHUPLQH WKH VLIJQLILFDQW IDFWRUV WKDW DIIHFW 0:53
HQYLURQPHQWDO IDFWRUV KDYH EHHQ GLVFXVVHG LQ &KDSW
FUDVKHV LQFOXGLQJ OLJKW FRQGLWLRQV XUEDQ RU UXUDO
LOWHUVHFWLRQ VKRXOGHU VSHHG OLPLW DQG ODUJH YHKL
RU EHKDYLRUV ZHUH DOVR H[SORUHG LQ &KDSWHU LQFOXG
GLVWUDFWLRQ GULYHU IDWLJXH DQG DOFRKRO GUXJ LPSDF

7R H[DPLQH D PRUH FRPSUHKHQVLYH VHW RI YDULDEOHYV
LOQFOXGHG FDWHJRULHYV XQGHU YDULDEOHV WKDW ZHUH
UHIHUHQFLQJ SUHYLRXV VWXGLHYVY 6FKURFN 800PDQ HW DO
ORNKWDULPRXVDYL $QGHUVRQ HW DO 7TKH IDFWRUV LQF
FUDVK VHYHULW\ KRUL]JRQWDO DOLJQPHQW WDQJHQW VHFWI
.'27 GLVWULFW OLJKW FRQGLWLRQ UXUDO RSHQ FRXQWU\ D
UHVLGHQWY DQG IHZHU WKDQ KRXVLQJ XQLWV 8 6 'HSDL
QXPEHU RI ODQHVY UHFNOHVVQHVV URDG GHSDUWXUH UXPE
MXULVGLFWLRQ D VSHFLILF DUHD RU ORFDWLRQ WKDW KDV X
LOQYHVWLIDWLQJ DQG UHSRUWLQJ FUDVKHYV VXFK DV 8QLYHU
oLPLW VWDWH V\VWHP URDG VWRS VLIJQV VXUIDFH W\SH V)

PDUNLQJ DQG ZHDWKHU FRQGLWLRQ



9HKLFOH DQG GULYHU FKDUDFWHULVWLFV LQFOXGHG DO
SKRQH GULYHU GLVWUDFWLRQ GULYHU IDWLJXH GLVUHJDUC
LQYROYHG PRWRUF\FOH LQYROYHG ROGHU GULYHU VSHHG |
GULYHUV

‘RUN JRQH FKDUDFWHULVWLFV LQFOXGHG ZRUN JRQH W\S

6WHS &RGH DQG 2UJDQL]H 'DWD

3ULRU WR JHQHUDWLQJ WKH ORJLVWLF UHJUHVVLRQ PRG
LOQIRUPDWLRQ REWDLQHG DQG DVVLIJQ DSSURSULDWH FRGHYV
IRU HQFRGLQJ ELQDU\ YDULDEOHV )RU H[DPSOH WKH GDWD .
GD\OLJKW DQG UHSUHVHQWY GDUNQHVV IRU OLIJKW FRQGLW
QRQ GLFKRWRPRXV YDULDEOHYVY VXFK DV FUDVK VHYHULW\ Z

LQVWDQFH VL[ OHYHOV ZHUH DVVLJQHG IRU FUDVK VHYHULW

VFDOH ZLWK . IRU IDWDO LQMXULHV $ IRU GLVDEOHG C
QRQ LOQOFDSDFLWDWLQJ LOMXULHV & IRU SRVVLEOH LQMXU
&RPSWRQ 7KH VHDVRQV ZHUH FODVVLILHG EDVHG RQ

VWDUWYVY RQ ODUFK VW VXPPHU VWDUWYVY RQ -XQH VW IDOO
'HFHPEWWOF1XOW\ 7KH FDWHJRULHV IRU HDFK YDULDEOH

ZHUH VXPPDUL]HG LQ 7DEOH



7TDEOH 6 XPPDU\ RI

1XP '"HVFULSWLRQ

&UDVK 9DULDEOHYV

&UDVK 6HYHULW\

IDWDO

$ VXVSHFWHG VHULRXYV

% VXVSHFWHG PLQRU

& SRVVLEOH

2 QRW LQMXU\

B8QNQRZQ

+RUL]JRQWDO $OLJQPHQW

<HV

1R

,QWHUFKDQJH

<HV

1R

,(QWHUVHFWLRQ

<HV

1R

27 'LVWULFW

ILIKW &RQGLWLRQ

'D\OLJKW
'DUN
5XUDO
<HV
1R
OHGLDQ
<HV
1R

1XPEHU RI /IDQHYV

9DULDEOHYV

SDWH



ODQH

ODQH

ODQH

ODQHYV

F ODQHV

SHFNOHVVQHVYV

<HV

1R

5RDGZD\ '"HSDUWXUH

<HV

1R

SXPEOH 6WULSHYV

<HV

1R

6HDVRQ

6SULQJ

6XPPHU

)DOO

"LQWHU

6KRXOGHU

<HV

1R

6SHFLDO -XULVGLFWLRQ

<HV

1R

6SHHG /LPLWYV

? PSK

” PSK !

” PSK !

! PSK

8QNQRZQ

6WDWH 6\VWHP 5RDG

<HV

1R

BWRS 6LJQ

<HV

1R




6XUIDFH 7\SHV

%ODFNWRS

&RQFUHWH

*UDYHO

"LUW

2WKHU

6XUIDFH &RQGLWLRQV

"U\

THW

7UDIILF 6LIJQDO

<HV

1R

SDYHPHQW ODUNLQJ

<HV

1R

"HDWKHU &RQGLWLRQ

&OHDU

1RW &OHDU

9HKLFOH /HYHO 9DULDEOHYV

$OFRKRO 'UXJV 5HODWHG

<HV

1R

%XV ,QYROYHG

<HV

1R

&HOO 3KRQH

<HV

1R

'ULYHU 'LVWUDFWLRQ

<HV

1R

'ULYHU )DWLJXH

<HV

1R

'LVUHJDUG 7UDIILF &RQWURO

<HV




1R
/[ DUJH &RPPHUFLDO 9HKLFOH ,QYROYHG
<HV
1R
ORWRUF\FOH ,QYROYHG
<HV
1R
20GHU '"ULYHU
<HV
1R
6SHHG ,QYROYHPHQW
<HV
1R
6LQJOH 9HKLFOHYV
6LQJOH 9HKLFOH
OXOWL 9HKLFOH
7THHQ 'ULYHU
<HV
1R

'RUN =RQH 9DULDEOHYV

‘RUN =RQH /RFDWLRQ
%HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJQ
$GYDQFH :DUQLQJ $UHD
7UDQVLWLRQ $UHD
$FWLYLW\ $UHD
7HUPLQDWLRQ $UHD
8QNQRZQ

'RUN =RQH &DWHJIRU\ 0:=
<HV
1R

6WHS 'HYHORS WKH 6366 PRGHO
,Q WKLV VWXG\ DOO ORJLVWLF UHJUHVVLRQ PRGHOV ZHL
UHGXFWLRQ PHWKRG LQ 6366 YHUVLRQ 7TKH LQGLFDWRU FR

QRQ GLFKRWRPRXV GDWD XWLOL]JLQJ JHURV WR GHQRWH WKF



6HYHUDO QRQ GLFKRWRPRXV YDULDEOHYV FRQWDLQHG DQ 8QN
UHIHUHQFH ,Q ORGHO $ DQDO\]LQJ WKH FRQWULEXWLQJ IDFW
LQ RWKHU W\SHV RI ZRUN JRQHV WKH ORJLW UHSUHVHQWV W
GHSHQGHQW YDULDEOH LV 0:= FUDVKHYV DV RSSRVHG WR QRQ
SUREDELOLW\ 3 RI DQ 0:= FUDVK
 LZ@ALGEGHIsE®EQH: g

'KHUH LY WKH LQGHSH Q GH.OWNVKBIURRKE O LF LIHDGV

'Q ORGHO % ZKLFK FRPSDUHG WKH VHYHULW\ OHYHOV RI
FUDVK W\SHV WKH VHYHULW\ OHYHOV ZHUH UHFODVVLILHG L
GLVDEOHG DQG LQFDSDFLWDWLQJ LQMXULHY DQG QRQ LQFD!
PHGLXP VHYHULW\ FRGHG DV  ZKLOH SRVVLEOH LQMXULHV |
H[FOXGLQJ FUDVKHV ZLWK XQNQRZQ VHYHULW\ 7KH ORJLW U
SUREDELOLW\ RI DQ DFFLGHQW EHLQJ RI KLJK RU PHGLXP VH®
JRQH FDWHJRU\ VHUYHG DV DQ LQGHSHQGHQW YDULDEOH ,Q
ELQDU\ UHVSRQVH YDULDEOH ZLWK 0:= FUDVKHV DV WKH RQC
ZLWK KHLJKWHQHG VHYHULW\ LQ 0:= FUDVKHV $ PRGHO IRU G

D UHIHUHQFH

SHVXOWY DQG 'LVFXVVLRQ

7KLYV VHFWLRQ SUHVHQWHG WKH IXOO ORJLVWLF UHJUHV'
YDULDEOHYVY DQG DOO ILQDO UHGXFHG ORJLVWLF UHJUHVVLR
QRQ VLIJQLILFDQW YDULDEOHYV GXULQJ WKH UHGXFWLRQ VWH:

ORJ RGGV IRUPDW VLIJQLILFDQFH S YDOXH DQG RGGV UDWL



LOQGLFDWHY DQ LQFUHDVHG OLNHOLKRRG RI EHLQJ DVVRFLDW
WA\SHV RI ZRUN ]RQH FUDVKHYVY ZKLOH D QHJDWLYH FRHIILFLH
DVVRFLDWLRQ )RU H[DPSOH D FRHIILFLHQW RI IRU WKH
ZLWK DQ RGGV UDWLR RI DQG D S YDOXH OHVV WKDQ
YHKLFOH LQYROYHPHQW VLIQLILFDQWO\ LQFUHDVHG WKH SUF
WR QRQ 0:= FUDVKHV +HQFH LW FRXOG EH FRQFOXGHG WKD\
YHKLFOHYVY SRVHG D JUHDWHU ULVN IRU 0:=V WKDQ IRU RWKHL
ORGHO $ &RQWULEXWLQJ IDFWRUV RI 0:= FUDVKHYV
7TDEOH DQG 7DEOH GLVSOD\ WKH VXPPDU\ IRU ORGH«(
PRGHO DQG WKH ILQDO UHGXFHG ORJLVWLF UHJUHVVLRQ PRG
ZRUN JRQH FUDVKHV LQ WRWDO 7KH KLJK FKL VTXDUH Y
LQGLFDWHG WKDW ERWK PRGHOV ZHUH VWDWLVWLRDOO\ VLJC

DFFXUDF\ UDWLR RI



7TDEOH S3DUDPHWHU HVWLPDWHYVY RI IXOO ORGF

1XPEHU RI 2EVHUYDWLRQV &KL VTXDUH

6KDUH RI 0:= 3 YDOXH

/JRJ ILNHOLKRRG 1DJHONHUNH 5 VTXDUH
)DFWRUV &RHIlI x S YDOXH 25
&RQVWDQW

%XV ,QYROYHG <HV

&HOO 3KRQH <HV

&UDVK 6HYHULW\ YV

$

%

&

2

8QNQRZQ

'LVUHJDUG 7UDIILF &RQWURO <HV

'ULYHU 'LVWUDFWLRQ <HYV

'ULYHU )DWLJXH <HYV

'UXJV $OFRKRO ,QYROYHG <HV

+RUL]JRQWDO FXUYHV <HV

,QWHUFKDQJH <HV

,QWHUVHFWLRQ <HV

27 '"LVWULFW YV

/IDUJH &RPPHUFLDO 9HKLFOH <HV

/ILIKW &RQGLWLRQV 'D\OLJKW

OHGLDQ <HV

ORWRUF\FOH ,QYROYHG <HV

1XPEHU RI /DQHV YV ODQH

ODQH

ODQH

ODQHYV

F ODQHV

20GHU 'ULYHU <HV

3DYHPHQW ODUNLQJ <HV

SHFNOHVVQHVV <HV

5RDGZD\ '"HSDUWXUH <HV

SXPEOH 6WULSV <HYV

5XUDO <HV




BHDVRQ YV 6SULQJ

6XPPHU

)DOO

"LQWHU

6KRXOGHU <HV

6LQJOH 9HKLFOH <HV

6SHHGLQJ <HV

6SHHG /LPLW P YW

? PSK !

? PSK !

! PSK

8QNQRZQ

6SHFLDO -XULVGLFWLRQ <HV

6WDWH 6\VWHP <HV

BWRS 6LJQ <HV

6 XUIDFH &RQGLWLRQV 'U\

6 XUIDFH 7\SH YV $VSKDOW

&RQFUHWH

*UDYHO

'LUW

2ZWKHU

7THHQ 'ULYHU <HV

7TUDIILF 6LJQDO

:HDWKHU &RQGLWLRQ &OHDU

RUN =RQH /RFDWLRQ YV %HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJC

$GYDQFH :DUQLQJ $UHD

7UDQVLWLRQ $UHD

$FWLYLW\ $UHD

7HUPLQDWLRQ $UHD

8QNQRZQ




7TDEOH SDUDPHWHU HVWLPDWHY RI ILQDO ORG

1XPEHU RI 2EVHUYDWLRQV &KL VTXDUH

6KDUH RI ,QWHUVHFWLRQ 3 YDOXH

/JRJ ILNHOLKRRG 1DJHONHUNH 5 VTXDUH
)DFWRUV &RHIlI x S YDOXH 25
&RQVWDQW
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/IDUJH &RPPHUFLDO 9HKLFOH <HV

/ILIKW &RQGLWLRQV 'D\OLJKW

OHGLDQ <HV

SXPEOH 6WULSV <HV

5XUDO <HV

6LQJOH 9HKLFOH <HV

6SHHG /LPLW P YW

? PSK !

? PSK !

! PSK

8QNQRZQ

6 XUIDFH &RQGLWLRQV 'U\

6 XUIDFH 7\SH YV $VSKDOW

&RQFUHWH

*UDYHO

"LUW

2ZWKHU

7UDIILF 6LJQDO

RUN =RQH /RFDWLRQ YV %HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJC

$GYDQFH :DUQLQJ $UHD

7UDQVLWLRQ $UHD

$SFWLYLW\ $UHD

7HUPLQDWLRQ $UHD

8QNQRZQ




'XULQJ WKH EDFNZDUG UHGXFWLRQ VWHSYV IDFWRUV LQF
LOYROYHPHQW GLVUHJIJDUGLQJ WUDIILF FRQWURO GULYHU G
LQYROYHPHQW KRUL]JRQWDO FXUYHV LQWHUFKDQJH LQYROY
LOQOYROYHPHQW QXPEHU RI ODQHV ROGHU GULYHU LQYROYHP
URDGZD\ GHSDUWXUH VKRXOGHU VSHHGLQJ VSHFLDO MXUL)
LOQOYROYHPHQW DQG ZHDWKHU FRQGLWLRQ ZHUH UHPRYHG IU

$00 GULYHU FKDUDFWHULVWLFVY DQG EHKDYLRUV ZHUH Q
UHPRYHG IURP WKH IXOO PRGHO VXJJHVWLQJ WKH\ KDG VLPL
QRQ 0:= FUDVKHV 7KLV ILQGLQJ GLG QRW LPSO\ WKDW WKRV|
0:= RUQRQ 0:= FUDVKHV )RU HIDPSOH GULYHU GLVWUDFWLR
]JRQH FUDVKHVY HYDOXDWHG LQ WKLV VWXG\ ZKLFK ZHUH UHS
LQYROYHPHQW LQ D KLJKZD\ ZRUN JRQH FUDVK E\ WLPHV %

$00 VSHHG OLPLW FDWHJRULHYV KLJKHU WKDQ PSK ZHU
ZLWK FRHIILFLHQW HVWLPDWHYVY DERYH DQG S YDOXHV OHVV
WKH ILQDO PRGHO WKH FRHIILFLHQW HVWLPDWHYV IRU WKH V

DQG PSK DQG RYHU PSK ZHUH DQG UHVS
VXJIJHVWHG WKDW WKHUH ZDV D JUHDWHU OLNHOLKRRG RI 0:;
VSHHG OLPLWYV WKDQ RWKHU W\SHV RI ZRUN JRQH FUDVKHV {
LQ WKH OLNHOLKRRG RI 0:= FUDVKHV FRPSDUHG WR QRQ 0:= |

PSK 7KH FRHIILFLHQW HVWLPDWHYVY LQ WKH IXOO PRGHO ZH
PDWFKHG YHU\ FORVHO\ ZLWK WKH UHVXOW RI WKH ILQDO PR
OLPLWYVY DQG UDLVHG ULVN RI 0:= FUDVKHY DOLJQHG ZLWK WK

KRWVSRWY DQG + /| RXWOLHUV LQ &KDSWHU 7KLV KLIJKHU U]



Rl1 0:=V LQ GHOLYHULQJ DGYDQFH DOHUWY WR GULYHUV FRX:¢
WR UHVSRQG DSSURSULDWHO\ RQ KLJK VSHHG URDGZD\V

,Q RWKHU VLIQLILFDQW QRQ GLFKRWRPRXV YDULDEOHYV L
FHUWDLQ FDWHJRULHYVY ZHUH LGHQWLILHG DV VWDWLVWLFDOC
ZDV ZLWK S YDOXH OHVV WKDQ DQG WKH RGGV UDWL
KDG D JUHDWHU OLNHOLKRRG RI 0:= FUDVKHV UHODWLYH WR
LGHQWLILFDWLRQ RI WKH KRWVSRW IRU 0:= FUDVKHV LQ *HDL
KRWVSRWYV IRU ZRUN ]JRQH FUDVKHV SUHVHQW LQ &KDSWHU
DITHFWHG ZRUN J]RQH FUDVKHV LQFOXGHG FRQFUHWH DQG JUI
FUDVKHV &RQFUHWH VXUIDFHV UHGXFHG WKH OLNHOLKRRG F
LW ,QH[SHULHQFHG GULYHUV ODFNLQJ VDIHW\ NQRZOHGJH P
JUDYHO URDGV LQ UXUDO DUHDV $ WRWDO RI RI DQDO\]H

WUDQVLWLRQ DUHD ZKLFK ZDV WKH RQO\ FDWHJRU\ RI ZRUN

VLIQLILFDQW GLIITHUHQFH ZLWK D S YDOXH RI LQ WKH IX
ILQDO PRGHO 7KH FRHIILFLHQWY ZHUH DQG LQ WKH |
ZLWK RGGV UDWLRYV RI DQG 7KLV LPSOLHG WKDW WK

LQ WKH WUDQVLWLRQ UHJLRQ ZDV JUHDWHU WKDQ WKDW RI C
HISHFWDWLRQV DV PDQ\ 0:=V ODFN DUHDV VXFK DV DGYDQFH
WHUPLQDWLRQ DUHDYV

7KH WUDQVLWLRQ DUHD LV WKH VHIPHQW RI ZRUN JRQH Z
WKHLU QRUPDO SDWK 7UDQVLWLRQ DUHDV W\SLFDOO\ LQYRC
087&' PDQGDWHYV WKDW ZKHQ WKH UHGLUHFWLRQ RI URDG XV

JXLGHG IURP WKHLU QRUPDO SDWK WR DQ DOWHUQDWLYH SD'



FRQWURO GHYLFHV DQG RU WHPSRUDU\ WUDIILF FRQWURO P/
UHGLUHFWLQJ URDG XVHUV QRUPDO URXWHV ZLWK VWDWLRC
0:=vV PRUH SURPLQHQW YHKLFOH PRXQWHG WUDIILF FRQWUR(
SRUWDEOH FKDQJHDEOH PHVVDJH VLIQV DQG KLJK LQWHQVL
OLJKWV PD\ EH HPSOR\HG WR FUHDWH D WUDQVLWLRQ DUHD
ULVN RI 0:= FUDVKHV LQ WUDQVLWLRQ DUHDV FRXOG UHVXOW
YHKLFOH PRXQWHG WUDIILF FRQWURO GHYLFHV FRPSDUHG W
PDQDJHPHQW VWUDWHJILHYV LQ VWDWLRQDU\ ZRUN JRQHYV
'LFKRWRPRXV YDULDEOHV LQFOXGLQJ ODUJH FRPPHUFLD
uxubo buUHD ZHUH GHWHUPLQHG WR LQFUHDVH WKH SRVVLEI
FRPSDULVRQ WR QRQ ZRUN ]JRQH FUDVKHV 7KH UHGXFHG ULV
DQ HOHYDWHG ULVN IRU 0:=V RSHUDWLQJ DW QLJKW LQ FRPS
FRPPHUFLDO YHKLFOHYVY KDYH OLPLWHG PRELOLW\ DQG ODUJH
VLPSOLILHG DQG OHVV HIIHFWLYH O0:= PDQDJHPHQW ODUJH Y
JUHDWHU FKDOOHQJHV ,Q UXUDO DUHDV 0:=V DUH PRUH SUH
SUHGRPLQDQWO\ RSHUDWH LQ KHDYLO\ SRSXODWHG UHJLRQV
ZLWK 0:=V LQ UXUDO FRPSDUHG WR VWDWLRQDU\ ZRUN JRQHYV
,Q FRQWUDVW WR QRQ 0:= FUDVKHV WKH PHGLDQ VWULS
LQYROYHPHQW GU\ VXUIDFH FRQGLWLRQ DQG WUDIILF VLJIQIL
%\ GLYLGLQJ WKH WUDIILF LQ RSSRVLQJ ODQHV D PHGLDQ V\
OLPLWYV WKH DPRXQW RI WUDIILF WKDW YHKLFOHV HQFRXQWFE
PRYLQJ LQ WKH VDPH GLUHFWLRQ WKHUH FRXOG EH OHVV UL

ORFDWLRQ DQG DFWLYLW\ WKH VFHQDULRV FRXOG EH PRUH |



PHGLDQ FURVVRYHU ZDV XVHG IRU VWDWLRQDU\ ZRUN JRQHYV
WR EH FORVHG WKH FUDVK ULVN FRXOG EH LQFUHDVHG OHG
LQ DFFRUGDQFH ZLWK WKH $PHULFDQ $VVRFLDWLRQ RI 6WDW
$$6+72 WKH 087&' DQG RWKHU ORFDO JXLGHOLQHV )RU LQ
ZRXOG OHVVHQ WKH OLNHOLKRRG RI FUDVKHVY DQG VWRS FDU
+RZHYHU WKHUH DUH KD]DUGVY DVVRFLDWHG ZLWK PHGLDQ F
FURVVRYHU HQKDQFH WKH OLNHOLKRRG RI D FURVVRYHU FUD
PRUH VHYHUH FUDVKHV LI WKH\ FURVV WKH PHGLDQ 9HUWLFI
WKH ULVN ZLWK FXUYHV DQG VORSHV EHLQJ PRUH DVVRFLDW
WHUUDLQ LQ WKH PHGLDQ VXFK DV KLOOV RU XQHYHQ JURXGQ

'ULYHUV PD\ KDYH D GLIILFXOW WLPH UHDFWLQJ DSSURSI
UDQGRPO\ RQ WKH URDG ZLWK OHVV DGYDQFH ZDUQLQJ DQCG
ORFDWLRQ 5XPEOH VWULSY DQG WUDIILF VLIQDOV ZRXOG SX
FKDQJH WKHLU VSHHG DQG UHVSRQG WR FKDQJLQJ WUDIILF F
0:= FUDVKHV ZLWK RGGV UDWLRYV RI DQG UHVSHFWLY
GU\ VXUIDFHV SURYLGH RSWLPDO WUDFWLRQ DOORZLQJ WLU
UHGXFLQJ WKH OLNHOLKRRG RI VNLGGLQJ RU ORVLQJ FRQWU
UHDFWLRQ WR 0:=V

&RQVLGHULQJ WKH RFFXUUHQFH ORFDWLRQV 0:= FUDVKHE
LOQYROYH D VLQJOH YHKLFOH GXH WR WKHLU SUHVHQFH LQ U>
PRGHO GHWHUPLQHG WKDW VLQJOH YHKLFOH LQYROYHPHQW
LOQGLFDWLQJ D FDXVH DVVRFLDWHG ZLWK WKH LQYROYHPHQW

WKH LPSDFW RI OHVV WUDIILF LQ UXUDO DUHDV 7KH SUHVHQ



SUHYDOHQW UHDU HQG FUDVKHV GXH WR LQDGHTXDWH IROOR
FUDVKHV IRU 0:=V PD\ H[SODLQ ZK\ ZKHQ WKH ULVN RI VXFK
LQYROYLQJ MXVW VLQJOH YHKLFOHV WKH UHVXOWDQW ULVN
QRQ 0:= FUDVKHYV

7KH ORJLVWLF UHJUHVVLRQ ILQDO PRGHO $ GHYHORSHG
VXPPDUL]HG LQ 7DEOH 7KH FKL VIXDUH YDOXH ZDV
GHPRQVWUDWLQJ WKDW WKH PRGHO ZDV VWDWLVWLFDOO\ VL
RI 7KH YDULDEOHV LQ WKH ILQDO PRGHO DOLJQHG ZLWK V
PD[LPXP RGGV UDWLR RI ZDV IRXQG IRU VSHHG OLPLWV R
WKDQ 7KH FRHIILFLHQW IRU VLQJOH YHKLFOH LQYROYHP
VXJIJHVWLQJ DQ LQFUHDVHG OLNHOLKRRG RI 0:= FUDVKHV EX
SHUFHQWDJH RI VLQJOH YHKLFOH FUDVKHV LQ PLIKW EH I
WUDYHO KHQFH DIIHFWLQJ WKH PRGHO ZKHQ HOLPLQDWLQJ \
ZDV WKH FUDVK SRVLWLRQ ZLWKLQ WKH WUDQVLWLRQ DUHD
YDOXH LQFUHDVHG IURP WR DERYH XSRQ WKH H[FOXVLI
WKH WUDQVLWLRQ DUHD VXEVWDQWLDOO\ LQIOXHQFHG WKH ¢

WA\SHV RI ZRUN J]RQH FUDVKHV LQ



7DEOH 3DUDPHWHU HVWLPDWHV RI ILQDO ORG
1XPEHU RI 2EVHUYDWLRQV &KL VTXDUH
6KDUH RI ,QWHUVHFWLRQ 3 YDOXH
/JRJ ILNHOLKRRG 1DJHONHUNH 5 VTXDUH
)DFWRUV &RHII S YDOXH 25
&RQVWDQW
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/IDUJH &RPPHUFLDO 9HKLFOH <HV

/ILIKW &RQGLWLRQV 'D\OLJKW

OHGLDQ <HV

SXPEOH 6WULSV <HV

5XUDO <HV

6LQJOH 9HKLFOH <HV

6SHHG /LPLW P YW

? PSK !

? PSK !

! PSK

8QNQRZQ

6 XUIDFH &RQGLWLRQV 'U\

6 XUIDFH 7\SH YV $VSKDOW

&RQFUHWH

*UDYHO

"LUW

2ZWKHU

7UDIILF 6LJQDO

RUN =RQH /RFDWLRQ YV %HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJC

$GYDQFH :DUQLQJ $UHD

7UDQVLWLRQ $UHD

$SFWLYLW\ $UHD

7HUPLQDWLRQ $UHD

8QNQRZQ

ORGHO % &RQWULEXWLQJ )DFWRUV RI &UDVK 6HYHU

ORGHO % ZzDV GHYHORSHG XVLQJ 6HYHULW\ DV WKH ELQD

ZRUN J]RQH W\SH DV DQ LQGHSHQGHQW YDULDEOH

7TKH FRHIIL



ZDV DQG WKH RGGV UDWLR ZDV LQ WKH IXO0 PRGHO
H[KLELWHG JUHDWHU VHYHULW\ WKDQ QRQ 0:= FUDVKHV 'ULY
FKDQJHV LQ VSHHG DQG TXLFNO\ FKDQJH ODQHYV EHFDXVH 0:=
GULYHUV UHDFWLRQ WLPH )XUWKHUPRUH VWDWLRQDU\ ZRU
SK\VLFDO EDUULHUV DQG PRUH SUHGLFWDEOH WUDIILF SDW\V
FUDVKHV 7KH S YDOXH RI WKH ZRUN JRQH FDWHJRU\ ZDV
ZDV HOLPLQDWHG LQ UHGXFWLRQ VWHS 7KH FRHIILFLHQW
SULRU WR LWV UHPRYDO
7KH ILQDO ORJLVWLF UHJUHVVLRQ PRGHO RI PRGHO % LV
FDWHJRULHYV ZLWK QHJDWLYH FRHIILFLHQW HVWLPDWHYV LQFC
DQG DQG ZRUN JRQH ORFDWLRQV RI DGYDQFH ZDUQLQJ DL
+RZHYHU LQWHUFKDQJH ZDV WKH RQO\ FDWHJRU\ ZLWK S YD
HVWLPDWH RI DQG DQ RGGV UDWLR RI LQGLFDWLQJ
FUDVKHV QHDU LQWHUFKDQJHV ZDV VLJQLILFDQWO\ ORZHU ,
EHFDXVH RI WKH KLJK VSHHGY DQG FRPSOH[ WUDIILF SDWWH
VHYHULW\ LQ ZRUN JRQH FUDVKHV QHDU LQWHUFKDQJHV PLJK
PDQDJHPHQW QHDU WKH LQWHUFKDQJH ZKLFK UHTXLUH FOHI
DFFHVV WR H[LW UDPSV )XUWKHUPRUH DFFHVV WR LQWHUFK
FRQVWUXFWLRQ LQ ZRUN ]JRQHV UHVXOWLQJ LQ GHFUHDVHG
UHGXFLQJ WKH IUHTXHQF\ DQG VHYHULW\ RI FUDVKHV 8 6 'H
+LJKZD\ $GPLQLVWUDWLRQ ,Q ZRUN JRQHV QHDU LQWHUF
GLUHFWLRQ ZLWK RSSRVLQJ WUDIILF VHSDUDWHG UHDU HQG

WA\SLFDOO\ OHVV VHYHUH WKDQ KHDG RQ FUDVKHV XQGHU LG



LQ UHDU HQG FUDVKHYVY DFFRXQWHG IRU DSSUR[LPDWHO\ R

PDMRULW\ UHVXOWLQJ LQ QR LQMXU\ RU RQO\ VOLJKW LQMXU

7TDEOH S3DUDPHWHU HVWLPDWHYV RI ILQDO ORC
I1XPEHU RI 2ZEVHUYDWLRQV &KL VTXDUH
6KDUH RI ,QMXU\ 3 YDOXH
/IRJ ILNHOLKRRG 1DJHONHUNH 5 VTXDUH
J)DFWRUV &RHIT X S YDOXH 25

&RQVWDQW

%XV ,QYROYHG <HV

'LVUHJDUG 7UDIILF &RQWURO <HV

'ULYHU 'LVWUDFWLRQ <HV

'ULYHU )DWLJXH <HYV

‘'UXJV $OFRKRO ,QYROYHG <HV

,(QWHUFKDQJH <HV

 QWHUVHFWLRQ <HV

27 '"LVWULFW YV

ORWRUF\FOH ,QYROYHG <HV

1XPEHU RI /D @HD\WQ HYV

ODQH

ODQH

ODQHYV

F ODQHV

20GHU 'ULYHU <HV

SHFNOHVVQHVV <HYV

5RDGZD\ '"HSDUWXUH <HV

5XUDO <HV

6SHHG /LPLW P YW

? PSK !

? PSK !

! PSK

8QNQRZQ

6SHHGLQJ <HV

BWRS 6LJQ <HV

HDWKHU &RQGLWLRQ &OHDU

‘RUN =RQH /RFDWLRQ YV %HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJIC

$GYDQFH :DUQLQJ $UHD




7UDQVLWLRQ $UHD

$FWLYLW\ $UHD

7HUPLQDWLRQ $UHD

8QNQRZQ

)DEFWRUV WKDW FRXOG H[DFHUEDWH VHYHULW\ LQFOXGH(¢
GLVWUDFWLRQ GULYHU IDWLJXH GUXJV DOFRKRO LQYROYHP
ROGHU GULYHU LQYROYHPHQW UHFNOHVVQHVV URDGZD\ GH!
ZHDWKHU FRQGLWLRQ 7KH PD[LPXP FRHIILFLHQW DQG RGGYV

IRU PRWRUF\FOH LQYROYHPHQW ZLWK D S YDOXH RI OH\
LQYROYHPHQW HVEDODWHG ZRUN JRQH FUDVK VHYHULW\ E\ D
FUDVKHV ZLWKRXW PRWRUF\FOH LQYROYHPHQW ORWRUF\FOH
LOQMXULHYV DQG IDWDOLWLHY FRPSDUHG WR FUDVKHV LQYROY
FRQVWLWXWH URXJKO\ RI DOO UHJLVWHUHG FDUV LQ WKH 8
DFFRXQWYV IRU QHDUO\ RI KLJKZD\ WUDIILE GHDWKV (XVWTE
ORWRUF\FOLVWY DUH WLPHV PRUH OLNHO\ WR H[SHULHQFH
LOQMXUHG LQ D FUDVK JHQHUDOO\ FRPSDUHG WR RFFXSDQWYV
WR WKH DEVHQFH Rl SURWHFWLYH EDUULHUV WKDW YHKLFOH

'ULYHU FKDUDFWHULVWLFV DQG GULYLQJ EHKDYLRUV ZH!I
0:= FUDVKHV IURP QRQ 0:= FUDVKHV QRQHWKHOHVV PDQ\ ZH
FRQWULEXWLQJ WR LQFUHDVHG FUDVK VHYHULW\ 'LVUHJDUG
XQGHU WKH LQIOXHQFH RI DOFRKRO RU GUXJV GULYHU IDWL.
GHWHUPLQHG WR LQFUHDVH ZRUN JRQH FUDVK VHYHULW\ VLJ
LGHQWLILHG DV WKH PRVW LQIOXHQWLDO YDULDEOH LQIOXHC

DQG DQ RGGV UDWLR RI ZLWK DS YDOXH EHORZ



KLIJIKHVW FRHIILFLHQW R ZLWK DQ RGGV UDWLR RI D
)DWLIJXHG GULYHUV H[SHULHQFH VKRUWHU UHDFWLRQ WLPHYV
VHULRXV FUDVKHV 'LVUHJDUGLQJ WKH WUDIILF FRQWURO U*t
VLPLODU GULYHU EHKDYLRUV ZLWK FRUUHVSRQGLQJ FRHIILF
UHVSHFWLYHO\ 7KLV VXJJHVWV WKDW WKH\ DUH DVVRFLDWH
FUDVKHV E\ QHDUO\ WLPHV $JH LV DOVR D VLJQLILFDQW II
VHYHUH LQMXULHV DQG WKH RGGV UDWLR GHWHUPLQHG LQ \
GULYHUV
7KH URDG HQYLURQPHQW LQFOXGLQJ LQWHUVHFWLRQV
ODQH DQG ODQH URDGV DQG VSHHG OLPLWV H[FHHGLQJ

FUDVK VHYHULW\ OHYHOV ,QWHUVHFWLRQV JHQHUDOO\ LQFO
HYHQ PRUH FRPSOLFDWHG E\ ZRUN JRQH DFWLYLWLHV WKXV
GXH WR FRQIXVLRQ DQG XQH[SHFWHG PDQHXYHUV 6KDUDIHO
JRQHV FDQ REVWUXFW VLJKWOLQHV DW LQWHUVHFWLRQV SR
RQFRPLQJ WUDIILF RU ZRUNHUV OHDGLQJ WR PRUH VHYHUH |
QDYLJDWLQJ LQWHUVHFWLRQV LQ ZRUN JRQHV GULYHUV PD\
OLNH VSHHGLQJ RU UXQQLQJ UHG OLJKWV ZKLFK FRXOG IXUV
2]ED\ HW DO +LJK VSHHG FUDVKHV DUH OHVV OLNHO\ DW
LPSOHPHQWHG WR DOORZ D PRUH FRQWUROOHG IORZ RI YHKL
DFFRXQW IRU ZRUN ]JRQH FRQGLWLRQV FDQ DVVLVW FRQWURC
)XUWKHUPRUH ZHOO OLW WUDIILF VLIQDOV DUH PRUH YLVLE
ULVN RI FUDVKHVY 7KH LPSOHPHQWDWLRQ RI VWRS VLJQV DW

SRWHQWLDO WR UHVXOW LQ LOQOWHUVHFWLRQV ZLWK KLJKHU \



OLJKWV LQ PLWLIJDWLQJ ULVN &RQVHTXHQWO\ WKH FRHIILFL
JUHDWHU WKDQ WKDW IRU LOWHUVHFWLRQV LQ WKH PRGHO
VHYHULW\ 7KLV ILQGLQJ DOLJQV ZLWK WKH UHVXOWYVY LGHQW
WKDW WUDIILF FRQWURO PHWKRGV VLIJQLILFDQWO\ LQIOXHQF
7KH QXPEHU RI ODQHV FDQ EH VXEVWDQWLDOO\ DVVRFLD
FUDVKHV LQ ZRUN JRQHV :RUN JRQHV IHDWXULQJ PXOWLSOH
FUDVK VHYHULW\ GXH WR KHLIKWHQHG FRQJHVWLRQ DQG PR
+DVVDQ &UDVKHVY RQ PXOWLODQH KLJKZD\V ZLWKLQ ZRU|
WKRVH RQ WZR ODQH URXWHV GXH WR KLIJIKHU WUDIILF YROXHI
FRQILIXUDWLRQV LQ ZRUN JRQHV VXFK DV VKLIWV RU QDUUR
LQFLGHQFH RI VHYHUH FUDVKHV DV GULYHUV PD\ ILQG LW FK
URDG OD\RXW 'DQLHO 2]ED\ HW DO ,QFUHDVHG VSHHG
FDWDVWURSKLF FUDVKHYVY HVSHFLDOO\ LI GULYHUV GR QRW U
RI LQFUHDVHG ULVN E\ GULYHUV LQ ZRUN JRQHV FDQ LPSDFW
LQIOXHQFLQJ FUDVK RXWFRPHV /RZHU VSHHG OLPLWV LQ ZR
UHGXFWLRQ LQ WKH VHYHULW\ RI FUDVKHVY DQG D GURS RI
FKDQFH RI LQMXU\ FUDVKHV E\ 'LPLWULMHYLF $VDGL HW D
(QYLURQPHQWDO YDULDEOHV LQFOXGLQJ FOHDU ZHDWKF
KHLIKWHQHG VHYHULW\ OHYHO ,Q W\SLFDO FUDVKHV LQFOH
HIDFHUEDWH FUDVK VHYHULW\ E\ UHGXFLQJ WUDFWLRQ DQG °
PRGHO IRU ZRUN J]RQH FUDVKHVY 7KH RYHUDOO UHGXFHG VSH

FROQOWULEXWLQJ IDFWRU D VWXG\ E\ +DUE 5DGZDQ HW DO



ZRUN ]JRQH LQMXU\ VHYHULW\ 7KH KLJKHU VHYHULW\ RI ZRUN

DITHFWHG E\ YDULRXV IDFWRUV VXFK DV VSHHG OLPLWYV DQG

ORGHO & &RQWULEXWLQJ )DFWRUV RI 0:= &UDVK 6HY

7KH VXPPDU\ Rl WKH ILQDO UHJUHVVLRQ PRGHO IRU ORGFH
FUDVKHVY LV SUHVHQWHG LQ 7DEOH 7KH UHVXOWLQJ PRG!
LQFOXGLQJ VL[ YDULDEOHV HDFK ZLWK SRVLWLYH FRHIILELH
REVHUYHG IRU PRWRUF\FOH BQYROYRBHQW DOLJQLQJ ZLW
UHVXOWYV Rl ORGHO % 7KUHH GULYHU EHKDYLRUV GLVUHJDU
VSHHGLQJ ZHUH GHWHUPLQHG DV VLJQLILEDQW IDFWRUV LPS
IDWLJXH ZDV IRXQG WR KDYH D JUHDWHU LQIOXHQFH RQ WKH
ZRUN JRQH FUDVKHV LQ ORGHO % 7KLV RXWFRPH LV DQWLFLS
WR QRWLFH SURFHVV DQG UHVSRQG WR 0:=V WKXV LQFUHD
DVVRFLDWHG ZLWK PRUH UXQ RIl WKH URDG FUDVKHV 6KLQ
7UDQVSRUWDWLRQ J)HGHUDO ORWRU &DUULHU 6DIHW\ $GPLQL"
SHUFHQWDJH Rl ODUJH FRPPHUFLDO YHKLFOHV LQYROYH GUL
LV IXUWKHU LQFUHDVHG E\ ODUJHUWFRPPHYFLDO Y2BKLFOH LQ
,Q FRPSDULQJ ORGHO & WR WKH PRGHO IRU QRQ 0:= FUD

% GLVUHJDUGLQJ WUDIILF FRQWURO DQG VSHHGLQJ ZHUH C
VHYHULW\ OHYHO RI 0:= FUDVKHV WKDQ QRQ 0:= FUDVKHV ZL
UHVSHFWLYHO\ 0:= &UDVKHV RIWHQ UHVXOW LQ PRUH VHYHU
LV LJIQRUHG GXH WR WKH SUHVHQFH RI ZRUNHUV KHDY\ HTX
VXFK DV VSHHGLQJ DOFRKRO LQYROYHPHQW DQG FRPSOH[ U

VHYHULW\ RI FUDVKHV ZKHQ WUDIILF FRQWURO LV GLVUHJDU (



LQFOXGH KHDG RQ FUDVKHV ZKLFK DUH W\SLFDOO\ PRUH VH)
UHVXOWY LQ PRUH VHYHUH FUDVKHY GXH WR WKH LQWHQVLIL
LQMXULHYV DQG IDWDOLWLHYV 1DWLRQDO +LJKZD\ 7UDIILF 6DI!
FUDVKHV $OPRVW R1I DOO IDWDO FUDVKHV LQ ZHUH VS
UHDFWLRQ WLPH UHVXOWLQJ IURP WKH G\QDPLF FKDUDFWHUL
GLVUHJDUG WUDIILF FRQWUROV RU H[FHHG VSHHG OLPLWV P
RI ZRUN J]RQH FUDVKHVY ,PSOHPHQWLQJ VSHHG PDQDJHPHQW
YHORFLWLHV ZKLFK KHOSV LQ PLQLPL]LQJ FUDVK VHYHULW\
LOQFUHDVHG ULVN WKHVH EHKDYLRUV SUHVHQW WR ERWK ZRU
LQ ZRUN JRQHYV DUH I[UHTXHQWO\ GRXEOHG RU WULSOHG UHOI
YLRODWLRQV PD\ DOVR LQFXU DGGLWLRQDO SRLQWV RQ WKH
SDUWLFXODUO\ ZKHQ WKH\ UHVXOW LQ LQMXU\ RU IDWDOLW\
UHVXOWLQJ LQ MDLO WLPH 800OPDQ %UHZHU HW DO

5XUbO DUHDV ZHUH LGHQWLILHG DV KLJK ULVN DUHDV IR
OHYHO WLPHYVY JUHDWHU WKDQ WKDW RI XUEDQ DUHDV 7K
WKLV PRGHO ZDV PXFK DERYH WKDW IRU QRQ 0:= FUDVKHV DV
UXUDO DUHDV RQ 0:= FUDVK VHYHULW\ 5XUDO URDGV W\SLFD
RQHV UHVXOWLQJ LQ PRUH VHYHUH FUDVKHY DV GLVFXVVHG
OLIKWLQJ DQG PRUH FXUYHV ZKLFK FDQ UHGXFH YLVLELOLW
WKXV LQFUHDVLQJ FUDVK VHYHULW\ 5DQJDVZDP\ $0OQDZPDV
PLIKW KDYH QDUURZHU ODQHYV DQG VKRXOGHUV ZKLFK FDQ F
0:=V DUH SUHVHQW $OWKRXJK UXUDO UHJLRQV RIWHQ H[KLEI

FRPSRVLWLRQ RI YHKLFOHVY SDUWLFXODUO\ WKH LQFUHDVHG



VHYHULW\ RI FUDVKHV 5DQJDVZDP\ $0QDZPDVL HW DO
VHUYLFHVY WR FUDVK VLWHV LV RIWHQ SURORQJHG LQ UXUDO
SHRSOH DIIHFWHG

7TDEOH3DUDPHWHU HVWLPDWHYV RI )LQDO ORGHO ¢

1XPEHU RI 2EVHUYDWLRQV &KL VTXDUH
6KDUH RI ,QMXU\ 3 YDOXH

/JRJ ILNHOLKRRG 1DJHONHUNH 5 VIXDUH
)DFWRUV &RHIlI S YDOXH 25
&RQVWDQW

'LVUHJIDUG 7UDIILF &RQWURO <HV

'ULYHU )DWLJXH <HYV

/IDUJH &RPPHUFLDO 9HKLFOH <HYV

ORWRUF\FOH ,QYROYHG <HYV

5SXUDO <HV

6SHHGLQJ <HV

&RQFOXVLRQ

7KLY VWXG\ HPSOR\HG ORJLVWLF UHJUHVVLRQ PRGHOV W
ORGHO $ LQYHVWLIJDWHG WKH IDFWRUV FRQWULEXWLQJ WR 0:
FUDVK W\SHVY ZKLOH ORGHOV % DQG & DQDO\]JHG WKH IDFWRU
ZLWK ORGHO % IRFXVLQJ RQ JHQHUDO ZRUN JRQH FUDVKHYV D(

6SHHG ZDV LGHQWLILHG DV D VLIJQLILFDQW IDFWRU 7KHL
FUDVKHVY KDSSHQLQJ RQ URDGYV ZLWK VSHHG OLPLWYV DERYH
FUDVKHV DQG WKH RGGV UDWLR LQGLFDWHG WKDW WKH SRV
WKDQ RWKHU W\SHV RI ZRUN JRQH FUDVKHYV ZKHQ WKH VSHHG
FUDVKHV LQ ZRUN JRQHV ZHUH PRUH VHYHUH ZKHQ WKH VSHH
VHYHULW\ OHYHO URVH WR DURXQG WLPHV KLIJKHU ZKHQ F

'KHQ VSHHGLQJ KDSSHQHG LQ 0:= FUDVKHV WKH VHYHULW\ O



DURXQG ILYH WLPHYVY JUHDWHU WKDQ ZKHQ YHKLFOHV VWXFN
VXFK DV UXPEOH VWULSY DQG WUDIILF VLIQDOV ZHUH LGHQW
0:= FUDVKHV 7KH HIIHFWV ZHUH SULPDULO\ DFFRPSOLVKHG V
UHJXODWLRQ RI WUDIILF IORZ ,Q 0:= RSHUDWLRQV DORQJVL
DQG DUURZ SDQHO WHPSRUDU\ UXPEOH VWULSY DQG VSHHG
ULVNV DVVRFLDWHG ZLWK KLJK VSHHGV ,Q KLJK ULVN JRQHV
PD\ EH GHSOR\HG WR PLWLJDWH ULVN

,Q DGGLWLRQ WR VSHHGLQJ RWKHU GULYLQJ EHKDYLRUYV
GULYHU IDWLJXH ZHUH GHWHUPLQHG WR LQFUHDVH WKH VHYI
WLPHVY UHVSHFWLYHO\ VLJQLILFDQWO\ H[FHHGLQJ WKHLU LP
ZKLFK KDG RGGV UDWLRV RI DQG 'RUN JRQHV KDYH LPS
DQG LW ZRXOG DOVR EH QHFHVVDU\ WR FRQGXFW PRUH SXEO
PD\ WDUJHW KLJK ULVN GULYHU JURXSV VXFK DV GULYHUV R
PRWRUF\FOLVWY ZKR VKRXOG WDNH H[WUD FDXWLRQ ZKHQ Q
GRXEOHG WKH ULVN RI 0:= FUDVKHVY FRPSDUHG WR RWKHU YH
VHYHULW\ OHYHO ZKLOH PRWRUF\FOH LQYROYHPHQW HVFDOI
WLPHV

27 'LVWULFW  UHTXLUHV DWWHQWLRQ IURP .'27 IRU 0:=
DVVRFLDWHG ZLWK DQ LQFUHDVHG OLNHOLKRRG RI 0:= FUDVK
SDUWLFXODU IRFXV DV 0:= FUDVKHV ZHUH IRXQG WR EH w
FRPSDUHG WR RWKHU FDWHJRULHV RI ZRUN J]RQH FUDVKHV 0
IDFWRU RI LQ UXUDO DUHDV 2Q URDGZD\V ZLWK VLJQLILFL

HVVHQWLDO WR SRVLWLRQ VKDGRZ YHKLFOHYVY HTXLSSHG ZLW



UHFRPPHQGHG WR DYRLG 0:= RSHUDWLRQV DW QLJKW DQG LQ
DVVRFLDWHG ZLWK HOHYDWHG ULVNV RI 0:=V W KDV EHHQ G
WDNH DGGLWLRQDO FDXWLRQ ZKLOH RSHUDWLQJ 0:=V DW LQ\
DVVRFLDWHG LQFUHDVHG ULVN )RU URDGZD\V ZLWK D KLJK 1
OLPLWLQJ WXUQV DQG RIITHULQJ DOWHUQDWLYH DFFHVV GXUL

7TKH FRQWULEXWLQJ IDFWRUV RI FUDVK RFFXUUHQFH DQG

DQG WKH QH[W FKDSWHU IRFXVHG RQ WKH FRQJHVWLRQ UHOL



&KDSWHU 9 9,66,0 6,08/%$7,21 02'(/

 QWURGXFWLRQ

OLFURVFRSLF WUDIILF VLPXODWLRQ LV XVHIXO IRU HYDO:
IDFWRUV FDXVHG E\ WKH SUHVHQFH RI ZRUN JRQHV DQG KDV
0:=V 9,66,0 LV RQH Rl WKH PRVW XVHIXO PLFURVFRSLF VLPXC
DELOLW\ WR HIIHFWLYHO\ PLPLF G\QDPLF YHKLFOH EHKDYLRU
IROORZLQJ DQG ZDLWLQJ $GGLWLRQDOO\ LW LQFRUSRUDW*}
'LHGHPDQQ DQG :LHGHPDQQ ZKLFK FDQ DFFRXQW IRU WK
DVSHFWV RI GULYHU EHKDYLRU PDNLQJ WKHP KLJKO\ HIIHFW
(O +DQVDOL HW DO +X <DQJ HW DO

BUHYLRXV 9,66,0 VLPXODWLRQ VWXGLHV HYDOXDWHG VSH
UHYHDOLQJ WKDW VSHHG OLPLWV VLJQLILFDQWO\ LPSDFWHG
'LQJ =KDQJ HW DO 7KH LPSDFWV RI GLIIHUHQW ZRUN ]F
WUDQVLWLRQ JRQH OHQJWKYV ZHUH DOVR DQDO\]HG LQ 9,66,0
YDU\ GHSHQGLQJ RQ WUDIILF FRPSRVLWLRQV DQG WUDIILF YF

3HQJ :DQJ HW DO DOWKRXJK &K\ DQG 6LVLRSLNX
ZRUN ]JRQH OHQJWKYV GLG QRW \LHOG VWDWLVWLFDOO\ VLJQL
WKH WUDQVLWLRQ DUHD RQO\ KDG D VXEVWDQWLDO LPSDFW
HW DO ZKHUHDV WKH PHWHU ZDUQLQJ JRQH UHGXFH(
HQKDQFHG VDIHW\ *H DQG <DQJ 7KH LPSDFWV RI VHYHU|
DVVHVVHG 7KH ODWH PHUJH VWUDWHJ\ DQG WKH GHULYHG )l
ZDV GHWHUPLQHG WR VLJQLILFDQWO\ UHGXFH ODQH FKDQJH

FORVXUHV ZLWK KLJK WUDIILF YROXPHV . XUNHU )RXUQLHU F



HYDOXDWHG WKH HIILFDF\ RI /DQH %DVHG 6LJQDO OHUJH /%6
WKH YROXPH OHYHO RI YHK K OQ DQG GHWHUPLQHG WKDW
WKURXJKSXWV WKDQ WKH VWUDWHJLHYV 7UDIILF FRPSRVLWLEFK
WUXFNV ZHUH DQDO\HG LQ 9,66,0 $Q DGGLWLRQDO Rl WU
VLIQLILFDQWO\ LPSDFWLQJ FXUUHQW RSHUDWLRQDO SHUIRUI
ZKHQ WKH WUXFN SHUFHQWDJH UHDFKHV VLIQLILFDQW FR
<XDQ /LX HW DO

$V RI WKH WLPH Rl WKLV UHVHDUFK RQO\ WKUHH PLFURYV
0:=V (GDUD 5DKPDQL HW DO HYDOXDWHG WKH LQIOXHQ
9,66,0 VLPXODWLRQ FDOLEUDWHG ZLWK GDWD REWDLQHG IUF
JRQH RSHUDWLRQV 7KH RSHUDWLRQDO DQDO\WLV FRQFOXGH(
PRUH LV EHVW HIIHFWLYH ZKHQ WUDIILF YROXPHY DUH XQGHL
SUHIHUDEO\ EHORZ YHKLFOHV SHU KRXU SHU ODQH ORUH
DFWLYLWLHYVY RQ KLJK WUDIILF URDGY DW GLIITHUHQW WLPHYV
PRUH HIITHFWLYH WKDQ RUJDQL]LQJ D ORQJHU GXUDWLRQ H[H
VWXG\ XWLOL]JLQJ 9,66,0 WR H[DPLQH WKH HIIHFWV RI WKH 0::
DQ XUEDQ URDGZD\ DV ZHOO DV WR DVVHVV WKH FRUUHODWI|I
ULVN 7KH YHKLFOHV WUDQVLWLRQLQJ IURP WKH ULJKW ODQF
ObDQHV +RZHYHU WKH ILQGLQJY UHYHDOHG WKDW WKH OHIW
ZLWK D WUDIILF TIORZ RI SFX K 7KH YHKLFOHV LQ WKH ULJ
PRYLQJ ZRUN JRQH ZHUH IRXQG WR EH GLUHFWO\ LPSDFWHG
SDFH RI WKH ZRUN ]JRQH VKLIW ORUHRYHU WKH PD[LPXP OHY

PHWHU UDGLXV RI WKH PRYLQJ ZRUN JRQH LQ WKH ULJKW O



WKH WUDIILF YROXPH GHFOLQHG DQG WKH VSHHG RI WKH 0:=
HPSOR\HG 3%$5%$0,&86 WR DVVHVV WKH LPSDFWV RI 0:= VSHHG (
FRQGLWLRQV RQ WUDYHO WLPH FUDVK ULVN DQG IDWDOLW\
WUDYHO WLPH GHFUHDVHG E\ DV WKH 0:= VSHHG HVFDODW
WUDIILF FRQGLWLRQ 2Q D IRXU ODQH WZR ZD\ URDG LQFUH
ZHUH VLJQLILFDQWO\ FRUUHODWHG ZLWK /DQHV DQG ZKLF
YHKLFOHV ZKLOH WKH KLJKHVW IDWDOLW\ ULVN ZDV IRU YHK

UHYLRXVY UHVHDUFK KDV SURGXFHG OLPLWHG PLFURVFR
HITHFWV RI QXPHURXV SRWHQWLDO IDFWRUV UHPDLQ XQDVVH
PLFURVFRSLF VLPXODWLRQ RI VWDWLRQDU\ ZRUN JRQHV VXF
GLYLGHG JRQH DQG WUXFN LQYROYHPHQW KDYH EHHQ GHPR
PLFURVFRSLF PRGHOLQJ RXWSXW DQG PD\ VHUYH DV VLJQLIL
0:= RSHUDWLRQV WKH FULWLFDO OHQJWKY LQFOXGH WKH OH
DGYDQFH ZDUQLQJ YHKLFOH DQG WKH VKDGRZ YHKLFOH DV Z
VSDFH VHSDUDWLQJ WKH VKDGRZ YHKLFOH IURP WKH ZRUN Y}
WKH OLPLWHG LPSOHPHQWDWLRQ RI DGYDQFH ZDUQLQJ YHKL
GLVWDQFH 7KLV VWXG\ DOVR DVVHVVHG WKH RSHUDWLQJ VS
FKDUDFWHULVWLF RI LWV RSHUDWLRQ 7KHUHIRUH 9,66,0 ZD'
YDULRXV URDG FRQGLWLRQV DQG 0:= RSHUDWLQJ FRQGLWLRC
OLPLW WUXFN SHUFHQWDJH 0:= VSHHG DQG UROO DKHDG G|
WUDIILF LPSDFWV RI WKHVH IDFWRUV WKURXJK SHUIRUPDQFH

GHOD\ DQG VWRSYV



OHWKRGRORJ\

ORGHO 6HWWLQJY DQG 9DULDEOHYV

7KLY VHFWLRQ SUHVHQWY WKH IXOO VLPXODWLRQ VHWWI
LPSDFW RI WKH 0:= RQ WUDIILF RSHUDWLRQV DQG HYDOXDWH
WLPH GHOD\V DQG VWRSV 7KH VLPXODWLRQ GXUDWLRQ ZDV
FRQVLVW RI D PLOH VHIPHQW RI D IRXU ODQH WZR ZD\ IUH
IRXU ODQH IUHHZD\V LQ UXUDO DUHDV ZHUH LGHQWLILHG DV
,9 9,66,0 KDV RIWHQ EHHQ XWLOL]J]HG WR VLPXODWH GULYHU
'LHGHPDQQ PRGHO ZKLOH :LHGHPDQQ LV PRUH VXLWDEO
XUEDQ DUHDV $V VXFK WKH :LHGHPDQQ GULYHU EHKDYLRL
GXH WR WKH ODFN Rl 0:= ILHOG GDWD WKH PDMRULW\ RI LQS
J)LIXUH $GMXVWPHQWY ZHUH PDGH WR WKH OLQLPXP /RRN
J)DFWRU 65) UHIHUHQFLQJ WKH VWXG\ E\ (GDUD 5DKPDQL H'
WKURXJK FDOLEUDWLRQ ZLWK GDWD GHULYHG IURP ILHOG YL
OLQLPXP ORRN DKHDG GLVWDQFH ZDV XSGDWHG IURP W WR
GHIDXOW YDOXH RI WR LQGLFDWLQJ WKDW WKH VDIHW\
FKDQJH )LJXUH LQFOXGHYVY D GHWDLOHG ZLQGRZ LOOXVWU
VWXG\ DVVHVVHG ILYH YDULDEOHYV HVWDEOLVKLQJ D EDVH P
YROXPH RI YHK K OQ DQG D WUXFN SURSRUWLRQ RI X
SDKPDQL HW DO RQ D OLVVRXUL IUHHZD\ ,Q FRPSOLDQF
UHJXODWLRQV RQ 0:= RSHUDWLRQV WKH 0:= ZDV HVWDEOLVK

DKHDG GLVWDQFH RI IW LQ WKH EDVH PRGHO 8 6 '"HSDUWI



$GPLQLVWUDWLRQ 6'27 1<6'27 ,QGLDQD /7$3

DQ RYHUYLHZ RI bOO VLPXODWLRQ VHWWLQJYV LQ WKH EDVH F

B, Driving Behavior ? ¢

No.: 3 Name: Freeway (free lane selection)|

Following Car following model Lane Change Lateral Signal Control Autonomous Driving Driver Errors  Meso
Look ahead distance

Minimum: 500.00 ft
Maximum: 820.21 ft
Number of interaction objects: 2
Number of interaction vehicles: 9

Look back distance
Minimum: 0.00 ft
Maximum: 49213 ft

Behavior during recovery from speed breakdown

[CJ Slow recovery

Speed: 60.0 %
Acceleration: 40.0 %
Safety distance: 110.0 %
Distance: 6562 ft
(O] Standstill distance for static obstacles: 1.64 ft

@ Jerk limitation

G

D&DU )ROORZLQJ %HKDYLRU



. Driving Behavior ?
No: 3 Name: Freeway (free lane selection)
Following Carfollowing model Lane Change Lateral Signal Control Autonomous Driving Driver Errors  Meso
Wiedemann 99 v
Model parameters
CCO (Standstill distance): 492t CC5 (Positive speed difference): 035
CC1 (Gap time distribution): 209s v CC6 (Distance dependency of oscillation): 1144
CC2 (‘Following' distance oscillation): 13921t CC7 (Oscillation acceleration): 0.82 ft/s2
CC3 (Threshold for entering 'Following): -8.00 CC8 (Acceleration from standstill): 11.48 ft/s2
CC4 (Negative speed difference): -0.35 CC9 (Acceleration at 50 mph): 492 ft/s2
Following behavior depending on the vehicle class of the leading vehicle:
Number: OIVehCIass W74ax W74bxAdd W74bxMult W99cc0 W99cc1Distr IncrsAccel
There are no elements in this list. You can add new elements through the context menu.

E&DU )ROORZLQJ ORGHO




B, Driving Behavior ?

No.: 3 Name: Freeway (free lane selection)

Following Car following model Lane Change Lateral Signal Control Autonomous Driving Driver Errors  Meso

General behavior:  Free lane selection
Necessary lane change (route)

Own Trailing vehicle

Maximum deceleration: ~ -13.12 ft/s2 -9.84 ft/s2

- 1ft/s2 per distance: 200.00 ft 200.00 ft

Accepted deceleration: -3.28 ft/s2 -1.64 ft/s2
Waiting time before diffusion: 60.00 s [C) Overtake reduced speed areas
Min. clearance (front/rear): 1.64 ft @ Vehicle routing decisions look ahead
T er lane me is above 11.00s
Safety distance reduction factor: 0.70
Maximum deceleration for cooperative braking: -9.84 ft/s2
() Cooperative lane change

Maximu eed difference 6.71 mph . time 10.00 s

@ Zipper merging (1)
Minimum speed: 1243 mph Overtaking time distribution:  200: 2-45

() Rear correction of lateral position
Maximum speed 1.86 mph

1.00s unt 10.00s after lane change start

F/IDQH &KDQJH %HKDYLRU

J)LIXUH 9,66,0 :LHGHPDQQ 'ULYHU %HKDYLRU 6H



7TDEOH 6 XPPDU\ RI 6LPXODWLRQ 6HWWLQJV LQ %

6LPXODWLRQ|6HWWLQJV 2SHUDWLRQV
5RDG PLOHV IUHHZD\
5RDG &RQILIXUDWLRQ JRXU ODQHV WZR ZD\
&R QG LWEROV
6SHHG /LPLW PSK

7TUXFN 3HUFHQWDJH

0:= (QWHU WKH 1HWZRUN $URXQG PLQ

O:: - —
>SHUDWILROW = 6SHHG "

5RO0 DKHDG 'LVWDQFH W

OW VHWGEHPDRIQ ZLWK OLQ /RF
KHDG 'LVWDQFH [

W

'ULYLQJ %HKDYW':'F&%?

'ULYLQJ ”
%HKDYLRUQ/L.QL\//?NRN $KHDG

65)

,Q WKLV VWXG\ ILYH YDULDEOHV ZHUH DVVHVVHG E\ DOW
WLPH WUDIILF YROXPH IUHHZD\ VSHHG OLPLW WUXEN SHUF!
GLVWDQFH DV VXPPDUL]HG LQ 7DEOH $ORQJVLGH HYDOXEC
LQ WKH EDVH PRGHO WUDIILF YROXPHV RI YHK K 0Q Y+
DQG YHK K OQ ZHUH DVVHVVHG ZKLOH PDLQWDLQLQJ RW
PRGHO 7KH IUHHZD\ VSHHG OLPLW DQ LPSRUWDQW IDEFWRU F
DVVHVVHG LQ &KDSWHUV DQG ZDV IXUWKHU DQDO\]HG IRU
VSHHG OLPLWV Rl  PSK PSK PSK PSK DQG PSK EH
WKH EDVH PRGHO $QRWKHU VLJQLILEFDQW URDG FRQGLWLRQ
WUXFN SHUFHQWDJH ZDV DOVR H[DPLQHG DV D YDULDEOH D

DQG DORQJVLGH WKH LQ WKH EDVH PRGHO 7KH RSH

DQG UROO DKHDG GLVWDQFH ZHUH HYDOXDWHG 7KH 0:= VSH



ZLWK DGGLWLRQDO HYDOXDWLRQV SHUIRUPHG DW PSK PS
0:= VSHHG ZDV LQ DFFRUGDQFH ZLWK WKH GHILQHG RSHUDWL
DQG UHIHUULQJ WKH ORZ VSHHG UDQJH HYDOXDWHG EHWZHH

S5ROO DKHDG GLVWDQFHYV RI W IW DQG W ZHU

WKH EDVH PRGHO

7DEOH 6XPPDU\ Rl 9DULDEOHV
69LDPUXLODDE\g|ﬁ%QNWLQJ LQ %DVH ORGHO $GGLWLRQOO (YDOXI
gL YHK K 0Q DQG YHK K C
)UH/'L*FZ,E\)V(SHHG PSK PSK PSK PSK PSK DQG |
aHUEHQWDJH DQG
0:= 6SHHG PSK PSK PSK PSK DQG| PSK
S,TSV?/DD;FHHDG W W W W W

6LPXODWLRQ )UDPHZRUN

7KH VWHSV Rl WKH VLPXODWLRQ IUDPHZRUN DUH GHVFULEHG
ORGHO WKH JHRPHWU\ RI WKH IUHHZD\ QHWZRUN
6HW XS WKH GHPDQG LQSXWV DQG GDWD FROOHFWLRQ SF
6HW XS FDU IROORZLQJ SDUDPHWHUV IRU WKH EDVH PRGI
5XQ WKH VLPXODWLRQ PRGHO WLPHV WR HQVXUH DQ D
RXWSXW WKH VLPXODWLRQ UHVXOWY LQFOXGLQJ VSHHG
PRGHO
5XQ WKH QHWZRUN PRGHO IRU HDFK YDULDEOH LQFOXGH!

YDULDEOH LQ WKH EDVH PRGHO UHTXLULQJ WLPHV UXC



$QDO\]H WKH SHUIRUPDQFH PHDVXUHV LQFOXGLQJ DYHU

DYHUDJH GHOD\ WRWDO VWRS DQG DYHUDJH VWRS

SHVXOWYV

,Q WKLV VHFWLRQ WKH UHVXOWYV RI WKH PRGHO ZHUH SL

WKH EDVH PRGHO DQG WKH QRUPDO WUDIILF FRQGLWLRQ LQ

7KH EDVH PRGHO LQGLFDWHG D WUDYHO WLPH RI VHFRQG
PLOH IUHHZD\ ZKLFK KDV D VSHHG OLPLW RI PSK $ WRW|
D KRXU LQWHUYDO ZLWK DQ DYHUDJH GHOD\ RI VHFRQG

ZHUH UHTXLUHG WR VWRS QHDU WKH RSHUDWLQJ 0:= UHVXO\
EDVH PRGHO LQ WKH WHVWHG QRUPDO WUDIILF FRQGLWLRQ
UHGXFHG WR VHFRQGY DQG WKH DYHUDJH VSHHG URVH W
GHOD\V DQG QR VWRSV 7KH VWXG\ UHYHDOHG WKDW WKH 0:=
FRQJHVWLRQ RQ IUHHZD\V DQG WKH VWRS FDXVHG E\ 0:= FR>
SUR[LPLW\ WR 0:=V

7TDEOH 9,66,0 SHUIRUPDQFH OHDVXUHV IRU %DVH ORGHO
1RUPDO 7UDIILF 8ROQGLWLRQ ZLWKRXW 0:=

7TUDYH®YJ| TRWDORWD@YH 7TRWD®OWRSV
7LPH 6SHHGHOD\'HOD\'HODWWRS SHU
V PSK V KU V V | 9HKLFOH

%»DVH ORGHO

1RUPDO 7UDIIL|F
&RQGLWLRQ ZUWKRXW
0:= 2SHUDWLROQ

,Q RUGHU WR GHWHUPLQH WKH IDFWRUV FRQWULEXWLQJ

YROXPHYVY ZHUH FRPSDUHG XVLQJ GLIITHUHQW PHDVXUHV RI WL



UHVXOWY DUH VXPPDUL]JHG LQ 7DEOH 7TKH GHIDXOW YDOX't
IRU WKLY WDEOH DQG WKH IROORZLQJ WDEOHYV (OHYDWHG W
ZLWK D VLIQLILFDQW LQFUHDVH RI DQG LQ WUDYHO WLPF
HIFHHGHG YHK K 0OQ 7KH DYHUDJH GHOD\ HVFDODWHG IU
VXEVHTXHQWO\ WR RYHU PLQXWHYV DV WUDIILF YROXPH LQF
YHK K OQ DQG WKHQ WR YHK K OQ 1R VWRS RFFXUUHG |
KRZHYHU HYHU\ YHKLFOH SDVVLQJ WKH 0:= KDG WR VWRS DW
UHDFKHG YHK K OQ DQG PRUH WKDQ WZLFH DW D YROXPI
JR TXHXH EHKDYLRU 7KH DYHUDJH VSHHG GURSSHG WR EHOR
YROXPHV RI YHK K OQ DQG YHK K OQ UHVSHFWLYHO\
HOLPLQDWH VWRSV WKH 0:= RSHUDWLRQ FRXOG EH RSWLPL]E

YROXPH LV DURXQG RU EHORZ

7TDEOH 7UDIILF 9ROXPH ,PSDFW RQ 9,66,0 3HUIRUPD

7TUDIILEK $YJ TRWDO7RWDOS$YH
9ROXPH 7UDYH®SHHG 'HOD\ '"HOD\N '"HOD\7RWDKGVRSVY SHU
9HK K OQ@LPH |V PSK Vv KU Vv 6WRSYHKLKFOH

7KH VHFRQG 9,66,0 VLPXODWLRQ HYDOXDWHG WKH LPSDF
UHVXOWY SUHVHQWHG LQ 7DEOH $V H[SHFWHG WKH LQFU
VSHHG DQG UHGXFHG WUDYHO WLPH $W ORZ VSHHG OLPLWYV

ZHUH VOLJKWO\ DERYH WKH OLPLWYVY KRZHYHU DW KLJKHU VS



OLPLWV $W D VSHHG OLPLW RI PSK WKH WUDYHO GXUDWLF
LQ DQ DYHUDJH VSHHG RI DURXQG PSK 7KH PLQLPXP DYH!
DW D VSHHG OLPLW RI PSK ZLWK D WRWDO RI YHKLFOH \
WKH ULVH LQ VSHHG OLPLW LQFUHDVLQJ IURP WRWDO VWR
DW D VSHHG OLPLW RI PSK ORUHRYHU VWRSV RQ IUHHZD\V
DVVRFLDWHG ZLWK D KLJKHU FUDVK UDWH ,I| DQ DGYDQFH ZD
WKH VKDGRZ YHKLFOH RQ D KLJK VSHHG IUHHZD\ WR DOHUW (

VSHHG OLPLW ZRXOG EH PSK ZKLFK KDV EHHQ VKRZQ WR U

7TDEOH JUHHZD\ 6SHHG /LPLW ,PSDFW RQ 9,66,0 3HUIR

6SHHG 7UDYHOS$YJ 7TRWDO7RWDOS$YH| 7TRWD&®ONRSV SHU
/ILPLW 7LPH | V6SHHG '"HOD\ 'HOD) 'HOD\6WR|SWHKLHKOH
PSK P SK Vv KU Vv

7KH SHUFHQWDJH RI WUXFNV ZDV DQRWKHU URDG FRQGL)
PRGHO 7KH SHUFHQWDJH RI WUXFNV H[KLELWHG D OLQHDU H
GHOD\V :LWK D WUXFN SURSRUWLRQ RI WKH WUDYHO WLPI
VSHHG RI PSK DQG DQ DYHUDJH GHOD\ RI VHFRQGV DY\
SURSRUWLRQ RI WKH WUDYHO GXUDWLRQ HVFDODWHG WR
VHFRQGYVY DQG WKH DYHUDJH GHOD\ WULSOHG WR VHEF!

DV WKH WUXFN SHUFHQWDJH HVFDODWHG IURP WR W |

ZKHQ WKH YHKLFOH SHUFHQWDJH UHDFKHG ODLQWDLQLQJ



HQKDQFH WUDYHO WLPH DQG SUHYHQW GHOD\V QRWDEO\ NF

UHGXFH VWRSV RQ WKH IUHHZD\

7TDEOH 7TUXFN SBHUFHQWDJH ,PSDFW RQ 9,66,0 3HUIRI
7TUXFEN 7U|DBHNO 7TRWDO7RWDO$YH| 7TRWDOWRSV SHU
7LPH|{ WSHKHGHOD\| VVHOD) '"HOD\ 6WRSWHKLHOH
P SK KU V

2QH RI WKH WZR DVVHVVHG RSHUDWLQJ FRQGLWLRQV RI
UHVXOWY DUH VXPPDUL]JHG LQ 7DEOH 8QH[SHFWHGO\ LQF
WUDYHO WLPH DQG IXUWKHU GHOD\V 7KH WUDYHO WLPH VOL
R PSK WR VHFRQGY DW D 0:= VSHHG RI PSK EXW WKH

VHFRQGV WR VHFRQGV &RQYHUVHO\ ZKLOH WKHUH ZF
VSHHGY D JUHDWHU QXPEHU RI VWRSY ZHUH UHFRUGHG DW C
R VWRSV DW PSK WR VWRSV DW PSK 2Q IUHHZD\V V
DVVRFLDWHG ZLWK D KLJKHU FUDVK UDWH 'ULYHUV KDYH WR
DKHDG WR FRPSOHWH WKH PDQHXYHU VDIHO\ ZLWKRXW GLVU.:
ORZHU 0:= VSHHG ZDV IRXQG WR HQKDQFH DYHUDJH VSHHG D
SUHIHUDEOH IRU 0:= WR RSHUDWH DW D UHODWLYHO\ KLJKHU
VWRSV LI SRVVLEOH 7KLV PD\ QRW DOZD\V EH SRVVLEOH DV

FRQVWUDLQHG E\ WKH QDWXUH RI WKH ZRUN



7TDEOH 0:= 2SHUDWLQJ 6SHHG ,PSDFW RQ 9,66,0 3HUIR

0:= 7TUDYH®YJ TRWDO7RWDO $YH TRWDOGWRSV| SHU
6SHHG 7LPH | SHHGHOD\ | VHOD\ | ' HOD) 6WRSWHKLFOH
PSK PSK KU V

$QRWKHU HYDOXDWHG 0:= RSHUDWLRQDO SDUDPHWHU ZD
FRPSDULVRQ WR RWKHU IDFWRUV DVVHVVHG LQ WKLV VWXG\
WR EH PLQLPDO ZLWKLQ WKH WHVW UDQJH RI W WR | W
UHGXFWLRQ LQ DYHUDJH VSHHG ZHUH REVHUYHG ZKHQ WKH L
W R IW OHDQZKLOH WKH DYHUDJH GHOD\V URVH IURP v
VWRSV LQFUHDVHG IURP W R $V WKH UROO DKHDG GLVW
LQIOXHQFH RQ WUDIILF FRQJHVWLRQ LW VKRXOG EH GHILQH(
WKH ZHLJKW Rl WKH LPSDFWLQJ YHKLFOH DV VSHFLILHG E\ G

JXLGHOLQHV UHJDUGLQJ 0:= RSHUDWLRQ

7TDEOH 0:= 5ROO DKHDG 'LVWDQFH ,PSDFW RQ 9,66,0 3H

5ROO DKADBYH®YJ TRWDO7RWDO $YH TRWDOGWRSV| SHU
'LVWDQFHALRPW | SHHGHOD\ | VHOD\ | ' HOD) 6WRSWHKLFOH
PSK KU Vv




8QGHU WKH UHFRPPHQGHG URDG FRQGLWLRQV DQG 0:= R
DERYH IRU D WUDIILF YROXPH RI YHK K OQ WKH VSHHG (
SHUFHQWDJH RI DQG 0:= VSHHG RI PSK 7KH URDG DKHDG
VXFK FRQGLWLRQ DFFRUGLQJ WR WKH JXLGHOLQH E\ 1<6'27
PHDVXUHY DUH WUDYHO WLPH RI VHFRQGY DYHUDJH VSH

VHFRQGY DQG VWRSV

'LVFXVVLRQ

BUHYLRXV VWXGLHY RQ VWDWLRQDU\ ZRUN JRQH RSHUDW
FRQGLWLRQV SHUWLQHQW WR ORQJ WHUP PDQDJHPHQW JLY#
IRU H{WHQGHG GXUDWLRQV DQG HQFRXQWHU GLYHUVH URDG
WR DGMXVW WKH RYHUDOO OHQJWK RI WKH ZRUN JRQH RU WK
YDULRXV WUDIILF PHUJLQJ FRQWURO V\VWHPV OF&R\ DQG 3H
'DWWD HW DO 'HQJ DQG OHQJ X DQG =KRQJ *H D
WR WKRVH RSHUDWLQJ FRQGLWLRQV WKH RSHUDWLRQV RI 0:
WLPH DQG GXUDWLRQ ZKLFK DOORZV WKH RSHUDWLRQ WR R
URDG FRQGLWLRQV WR PLWLJDWH FRQJHVWLRQ DQG HQKDQF]
FRQGLWLRQV LQFOXGLQJ WUDIILF YROXPH VSHHG OLPLWV [
VLIJQLILFDQWO\ DIIHFW WUDIILF FRQJHVWLRQ 7KH RSHUDWLR
WR DOLJQ ZLWK WKH RSWLPL]JHG URDG FRQGLWLRQV HVWDEO

7KH SULPDU\ FKDUDFWHULVWLE RI 0:= LV WKH PRWLRQ RI
YHKLFOH KHQFH WKH RSHUDWLRQDO VSHHGVY ZHUH DVVHVVFE

DKHDG GLVWDQFH EHWZHHQ WKH WZR YHKLFOHYV ZDV DQDO\]F



WKH UHGXFWLRQ LQ DYHUDJH YHKLFOH WUDYHO WLPH GHW
FRQJHVWHG XUEDQ URDGZD\ ZKHQ WKH 0:= VSHHG HVFDODWH
WLPH H[KLELWHG D VOLJKW LQFUHDVH ZLWK D PLQRU ULVH L
ILQGLQJV RI WKLV VWXG\ DUH FRQILQHG WR WKH DQDO\VLV R
IRXQG WR EH DVVRFLDWHG ZLWK KLJKHU FUDVK UDWHV IRU 0
LPSDFW RI 0:= RSHUDWLRQV RQ XUEDQ URDGZD\ WUDIILF VWL
LOQIOXHQFH RI UROO DKHDG GLVWDQFH RQ FRQJHVWLRQ ZDV |
QR UHFRPPHQGDWLRQV IRU PDQDJLQJ WKH UROO DKHDG GLV\
SXUSRVHV DQ DFFXUDWH DVVHVVPHQW RI UROO DKHDG GLVW
0:= RSHUDWLRQV WDNLQJ LQWR DFFRXQW YHKLFOH VSHHG V
YHKLFOH 7KH SURWHFWLYH YHKLFOH PXVW EH SRVLWLRQHG
SUHYHQW PRWRULVWYV IURP HQWHULQJ WKH ZRUNVSDFH \HW

LOWR WKH ZRUNVSDFH LI VWUXFEN IURP EHKLQG

&RQFOXVLRQ

7KLV VWXG\ IRXQG WKDW 0:= RSHUDWLRQV GLVUXSWHG U
FRQJHVWLRQ E\ FRPSDULQJ SHUIRUPDQFH PHWULFV ZLWK DQ
I[UHHzZD\ 0:=V UHVXOWHG LQ LQFUHDVHG GHOD\V DQG VWRSYV
UHGXFLQJ DYHUDJH VSHHG RQ WKH IUHHZD\ 7KH JRDO RI WKI
SURYLGH JXLGDQFH IRU WKH RSHUDWLRQ DQG PDQDJHPHQW I

$FFRUGLQJ WR WKH VLPXODWLRQ DQDO\VLV RI GLIITHUHQV
0:= RSHUDWLRQV WKLV VWXG\ UHFRPPHQGYV 0:= RSHUDWLRQ

IORZ LV EHORZ YHKLFOHV SHU KRXU SHU ODQH LGHDOO\



ZLWK D WUXFN SHUFHQWDJH EHORZ 8QGHU VXFK FRQGLWL
I[UHTXHQW YHKLFOH VWRSV WR QDYLJDWH 0:=V FDQ EH SUHYH
YROXPH URDG GDWD PD\ EH VXUYH\HG RU H{IWUDSRODWHG IU
EH DYRLGHG ,I WKH 0:= RSHUDWLRQ RFFXUV RQ URXWHYV ZLW
RI WKH WUDIILF SDWWHUQV PD\ EH QHFHVVDU\ WR PLQLPL]H \
WUXFNV 6SHHG OLPLWV H[FHHGLQJ PSK RQ WKH IUHHZD\ G
VXEVWDQWLDOO\ LQFUHDVHG GHOD\V DQG YHKLFOH VWRSV 7
ULVNV DVVRFLDWHG ZLWK YHKLFOH VWRSVY D VSHHG OLPLW F
HOHYDWHG VSHHG OLPLWYVY DQ DGYDQFH ZDUQLQJ YHKLFOH P
HQIRUFH D PSK VSHHG VR PLQLPL]LQJ GHOD\V DQG SUHYHC
DOHUWV WR GULYHUV WR HQKDQFH VDIHW\
7TKH RSWLPDO ZRUNLQJ VSHHG IRU 0:=V LV DERYH PSK

LQWHUUXSWLRQV 7KH UROO DKHDG GLVWDQFH PLQLPDOO\ DI
DFFRUGLQJ WR '27 JXLGHOLQHYV FRQVLGHULQJ YHKLFOH VSHI
LPSDFWLQJ YHKLFOH 8QGHU RSWLPDO URDG DQG 0:= RSHUDYV
PLQLPL]HG DQG VWRSV ZHUH HOLPLQDWHG 7KLV PD\ QRW DO

VSHHG LV RIWHQ FRQVWUDLQHG E\ WKH QDWXUH RI WKH ZRUTI



&KDSWHU 9, &21&/86,216 $1' 5(&200(1'%$7,¢

7KLY FKDSWHU GLVFXVVHV WKH LPSOLFDWLRQV RI WKH D
ZLWK FRQVLGHUDWLRQV RI KRZ WKH VSDWLDO DQDO\VLV WRR
VLPXODWLRQ PRGHO HQKDQFH WKH VDIHW\ DQG PRELOLW\ RI
OLPLWYV HQFRXQWHUHG GXULQJ WKH SURFHVV RI WKLV UHVHL

IXUWKHU UHILQHPHQWY DUH SUHVHQWHG

6SDWLDO $QDO\VLV

%RWK WKH $11 DQG *OREDO ORUDQYV , PHWKRGV LQGLFD!'
0:= FUDVKHV H[I[KLELWHG FOXVWHULQJ LQ .DQVDV 7KH *HWLYV
HILVWHQFH RI FRXQWLHYV ZLWK D VLIJQLILFDQW FOXVWHULQJ

X TKHUPHWKRG ZDV HPSOR\HG WR YLVXDOO\ UHSUHVHQW W

JRQHV DQG 0:=V 7KH VWXG\ LQGLFDWHG WKDW WKH KRW

SUHGRPLQDQWO\ ORFDWHG LQ 'RXJODV -RKQVRQ :\DQGF

/IHDYHQZRUWK VRXWKHUQ +DUYH\ 6HGJZLFN DQG ZHVWE

FRQILGHQFH OHYHO 7KH LGHQWLILHG KRWVSRW VLWHYV I

ORFDWHG LQ WKH FHQWUDO UHJLRQV RI FRXQWLHV RU P}

FUDVK GDWD 6LPLODU UHJLRQV RI KRW VSRW DUHDV ZHL

$QVHOLQ /RFDO ORUDQ V, ZKLFK DOVR GLVFRYHUHG ORZ

KLJK ORZ RXWOLHUV 7KLV LQIRUPDWLRQ FDQ EH XWLOL]

FUDVKHV IRU LPSOHPHQWLQJ FUDVK PLWLJDWLRQ HIIRUW

LQVLGH WKHVH DUHDV FDQ EH DQDO\|JHG WR GHWHUPLQH



X TKH FKDUDFWHULVWLFV RI 0:= FUDVKHYVY LQ LGHQWLILHG |
UHYHDOLQJ WKDW RSHUDWLRQV LQ UXUDO DUHDV QHDU
URDGZD\V DQG WKH SUHVHQFH RI KHDY\ WUXFNV FRQVWI
FUDVKHV 'ULYHU FKDUDFWHULVWLFY DQG EHKDYLRUV KD
WKHLU LPSDFWV RQ ZRUN J]RQH FUDVKHYV 7KH DQDO\VLV I
WKH SURSRUWLRQ RI 0:= FUDVKHV LV VLJQLILFDQWO\ KLJ
EHWZHHQ DQG PSK DQG H[FHHGLQJ PSK FRPSDUHG
KLJK SUREDELOLW\ IDFWRUVY DUH SRWHQWLDO FRQWULEX

LOQYHVWLIDWLRQ WR GHWHUPLQH WKHLU LPSDFW DQG VL.

/IRILVWLF 5HJUHVVLRQ

/IRILVWLF UHJUHVVLRQ PRGHOV ZHUH HPSOR\HG WR GLIIH
IURP QRQ 0:= FUDVKHVY DQG WR LGHQWLI\ VLIQLILFDQW YDULI
X 6SHHG OLPLW DQG VSHHGLQJ ZHUH LGHQWLILHG DV VLJQ!
PRGHOV 7KH SUREDELOLW\ RI 0:= FUDVKHV RFFXUULQJ R
PSK ZDV PXFK KLJKHU WKDQ WKDW RI RWKHU ZRUN JRQ|
LQGLFDWLQJ WKDW WKH OLNHOLKRRG RI 0:= FUDVKHV ZD°
OLPLW VXUSDVVHG PSK :KHQ VSHHGLQJ KDSSHQHG LQ
LQFUHDVHG VLJQLILFDQWO\ DQG ZDV DURXQG ILYH WLPH)\
VSHHG OLPLW
Xx &HUWDLQ URDG FRQGLWLRQV VXFK DV UXPEOH VWULSV L
IDFWRUV WKDW UHGXFHG WKH SUREDELOLW\ RI 0:= FUDV

UHJXODWLQJ WUDIILF TIORZ ,Q 0:= RSHUDWLRQV LQ DGGL



YHKLFOH DQG DUURZ SDQHO WHPSRUDU\ UXPEOH VWULS"
XWLOL]HG WR PLWLJDWH ULVNV DVVRFLDWHG ZLWK KLJK
HQIRUFHPHQW SHUVRQQHO DQG YHKLFOHYV PD\ EH GHSOR
,Q DGGLWLRQ WR VSHHGLQJ DQRWKHU WZR GULYLQJ EHK
GULYHU IDWLJXH ZHUH GHWHUPLQHG WR LQFUHDVH WKH
WLPHV UHVSHFWLYHO\ VLJQLILFDQWO\ H[FHHGLQJ WK
WA\SHV RI ZRUN JRQH FUDVKHV ZKLFK KDG RGGV UDWLRYV
VHYHULW\
obQ\ VWDWHY KDYH LPSRVHG KHDY\ SHQDOWLHV IRU WUD
QHFHVVDU\ WR FRQGXFW PRUH SXEOLF HGXFDWLRQ SURJ
WDUJHW KLJK ULVN GULYHU JURXSV VXFK DV GULYHUV R
PRWRUF\FOLVWY ZKR VKRXOG WDNH KHLJKWHQHG YLJLOI
ORJLVWLF UHJUHVVLRQ PRGHOV ODUJH FRPPHUFLDO YHK
RI 0:= FUDVKHVY FRPSDUHG WR RWKHU YHKLFOH W\SHV DQ
KLIJK PHGLXP VHYHULW\ FUDVKHVY FRPSDUHG WR ORZ VHY
LQYROYHPHQW LQFUHDVHG WKH SUREDELOLW\ RI KLJK PH
WLPHV FRPSDUHG WR ORZ VHYHULW\
27 'LVWULFW  ZDV LGHQWLILHG DV D FRQWULEXWRU WR
FUDVKHVY FRPSDUHG WR QRQ 0:= ZRUN J]RQH ORFDWLRQV I
DWWHQWLRQ IURP .'27 UHJDUGLQJ 0:= RSHUDWLRQV ORU
WLPHV PRUH I[UHTXHQWO\ LQ UXUDO DUHDV FRPSDUHG WHF
ZLWK RYHU GRXEOH WKH ULVN RI UHVXOWLQJ LQ KLJK RU

DUHDV VLJQLI\LQJ WKH QHHG IRU VSHFLILF DWWHQWLRQ



DUURZ ERDUGY VKRXOG EH SRVLWLRQHG IRU RSWLPDO Yl
GLPLQLVK VLIKW GLVWDQFH DQG RQ JUDYHO URDGV WKD!'
$FFRUGLQJ WR WKH ORJLVWLF UHJUHVVLRQ PRGHOV LW
0:= RSHUDWLRQV DW QLJKW DQG LQ ZHW ZHDWKHU DQG W
ZLWKRXW WUDIILF VLIQDOV DV WKHVH FRQGLWLRQV VLJ(
FUDVKHV )RU URDGZD\V ZLWK D KLJK IUHTXHQF\ RI LQWH

DQG RITHULQJ DOWHUQDWLYH DFFHVV GXULQJ 0:= RSHUD)

9,66,0 6LPXODWLRQ ORGHO

7KLV VWXG\ FRQILUPHG WKH GLVUXSWLRQ RI UHJXODU W
9,66,0 VLPXODWLRQ PRGHO UHVXOWLQJ LQ LQFUHDVHG GHOL
DQG UHGXFLQJ DYHUDJH VSHHG RQ WKH IUHHZD\

Xx 7TKH RSWLPDO URDG FRQGLWLRQV IRU 0:= RSHUDWLRQ RQ
LOQFOXGH D WUDIILF YROXPH RI OHVV WKDQ YHKLFOH?
PSK DQG D WUXFN SHUFHQWDJH EHORZ 7TKH RSHUDWL
FRUUHVSRQG ZLWK WKH LGHDO WUDIILF YROXPH DQG WU}
YHKLFOH FDQ EH SRVLWLRQHG WR HVWDEOLVK D VSHHG (
PLWLIJDWLQJ WUDIILF GHOD\V DQG DYRLGLQJ YHKLFOH VYV

X TKH RSWLPDO RSHUDWLRQDO VSHHG IRU 0:= LV DERYH
PLQLPL]H GLVUXSWLRQV 7KH UROO DKHDG GLVWDQFH KD
VKRXOG EH HVWDEOLVKHG LQ DFFRUGDQFH ZLWK '27 UHF

YHKLFOH VSHHG VSHHG OLPLWDWLRQV DQG WKH ZHLJKW
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X &RPSDULQJ WKH VSDWLDO SDWWHUQ DQG ORJLVWLF UHJL
GDWD UHYHDOV WKDW WKH ZRUN JRQH DQG 0:= FUDVK
SDQGHPLF H[KLELWLQJ YDU\LQJ LPSDFWV RQ DOO DQDO\
IXUWKHU LQYHVWLIJDWLRQ WR HYDOXDWH WKH FRQWULE X
0:= RSHUDWLRQV LQ IXWXUH HPHUJHQELHYV

X $11 PHWKRG XWLOL]JHG VWDULJKW OLQH GLVWDQFHV EHW
IHDWXUHV DQG IXWXUH VWXG\ PD\ FRQVLGHU XVLQJ WKH
FUDVKHY FRQQHFWHG E\ URDGZD\V WR HYOXDWH WKH LP
WKH FOXVWHU DQDO\VLV

X /LQHDU UHJUHVVLRQ PRGHOV ZHUH GHYHORSHG XVLQJ Wi
HQFRPSDVVLQJ URDG FRQGLWLRQV HQYLURQPHQWDO IDF
EHKDYLRUV EXW LQIRUPDWLRQ SHUWDLQLQJ WR WKH RS
OLPLWHG )XWXUH VWXGLHV PD\ FROOHFW PRUH FRPSUHK
RSHUDWLRQDO FRQGLWLRQV LQFOXGLQJ PRYHPHQW VSH
SRVLWLRQLQJ Rl VKDGRZ DQG DGYDQFH ZDUQLQJ YHKLFO
LGHQWLI\LQJ WKH NH\ RSHUDWLRQDO FRQGLWLRQV RU P
FRQWULEXWH WR HOHYDWHG ULVN

X 7TKH 9,66,0 VLPXODWLRQ PRGHO PRVWO\ HYDOXDWHG WKH
DQG IXWXUH UHVHDUFK PD\ LQWHJUDWH HQYLURQPHQWD
EHKDYLRUV LQWR WKH PRGHO 'ULYHU EHKDYLRUV FRXOG
DQG WKHQ LQFRUSRUDWHG LQWR WKH 9,66,0 PRGHO )XW
Rl WUDYHO YHKLFOHV QHDU WKH 0:= WR UHILQH WKH SDU

DOVR FDSWXULQJ PRUH SUHFLVH HQYLURQPHQWDO FRQG



x 7KLV VWXG\ HYDOXDWHG HDFK YDULDEOH LQGHSHQGHQW
FRPELQDWLRQV FRXOG EH H[SORUHG LQ WKH IXWXUH VW)
RlI WUDIILF GHOD\V DQG VWRSV FDXVHG E\ 0:= RSHUDWLR
SHUIRUPHG

Xx 7KH 9,66,0 VLPXODWLRQ PRGHO DVVHVVHG IRXU ODQH W.
VFHQDULRV IRU 0:= RSHUDWLRQ LQFOXGLQJ IUHHZD\V ZL
ODQH RU VL[ ODQH XUEDQ VWUHHWY ZLWK WUDIILF FRQW

X SHVHDUFK XVLQJ D ODUJHU 0:= FUDVK GDWDEDVH ZKLFK
WR DQDO\]H WKH VSHFLILFV RI WKH FUDVK VXFK DV ZKHYV
LOQYROYHG RU ZKHWKHU WKH FUDVK KDSSHQHG EHWZHHQ
SURYLGH D EHWWHU XQGHUVWDQGLQJ RI WKH PDLQ IDFW

FUDVKHYV



50)(5(1&(

$EGHOPRKVHQ $ = 2SWLPL]JLQJ WKH FRQVWUXFWLRQ S
8QLYHUVLW\ RI ,OOLQRLYVY DW B8UEDQD &KDPSDLJQ

$PHULFDQ 7UDIILF 6DIHW\ 6HUYLFHV $VVRFLDWLRQ ‘RU
I[URPWWSYV 777 QBFFHWRVWHG -X0\

$UQROG / 6 DQG % & 7HIIW 7TUDIILF 6DIHW\ &XOWX
'ULYLQJ "URZV\

$VKTDU +, 4 + 4 6KDKHHQ 6 $ $VKXU DQG + $ 5DNKD
ZRUN J]RQH FUDVKHV XVLQJ ORJLVWLF PRGHOV DQG 5DQGRP )
, QWHOOLJHQW 7UDQVSRUWDWLRQ 6\VWHPV &RQIHUHQFH ,765&

%DL < DQG < /L "HWHUPLQLQJ WKH PDMRU FDXVHV RI
.DQvDV .DQVDY 'HSDUWPHQW RI 7UDQVSRUWDWLRQ 1R . 75
%DQHUMHH 6 0 -HLKDQL DQG =5 ORJKDGGDP ,PSDF\
GULYLQJ EHKDYLRU_RQ DUWHULDO URDGYV -RXUQDIRRI 7UDII
%DUJHU /. % ( &DGH 1 7 $\DV -: &URQLQ % 5RVQHU ) (
+DUYDUG :RUN +RXUV +HDOWK DQG 6DIHW\ *URXS ([WH
PRWRU YHKLFOH FUDVKHY DPRQJ LOWHUQV 13¥ (QJODQG -R.

%KDUDGZDM 1 3 (GDUD DQG & 6XQ SLVN IDFWRUYV L(
QDWXUDOLVWLF GULYLQJ VWXG\ DQDO\VLYVY 3BUDQVSRUWDWLF

%LDR + ;X 7 'DL DQG & 6RQJ 6LPXODWLRQ (YDOXI
([SUHVVZD\ :RUN =RQH -RXUQDO RI TUDQVSRUWDWLRQ 6\VWI

7THEKQRORJ\

%LHEHU & ORWRUF\FOH $FFLGHQW 6WDWLVWLFV 1XP
KWWSV 7Z7Z7Z IRUEHV FRP DGYLVRU OHIJDBFHR/'WHRHGF\FX\DFFLC

%LOODK . + 2 B6KDULI DQG 6 'HVVRXN\ $QDO\VLV RI
6DQ $QWRQLR 7H[DV ,QWHUQDWLRQDO -RXUQDO RI (QYLURC

%LQJKDP & 5 DQG - 3 (KVDQL 7KH UHODWLYH RGGV RI
FRQILIXUDWLRQV E\ GULYHU DJH DQG VH[ 33RXUQDO RI $GRO

%U\GHQ - ( 7TUDIILF &RQWURO +DQGERRN IRU ORELOH ¢
&RQVWUXFWLRQ ODLQWHQDQFH DQG 8WLOLW\ 2SHUDWLRQYV



&HQWHUYV IRU 'LVHDVH &RQWURO DQG BUHYHQWLRQ OR\
KWWSV 777 FEGF JRY PRWRUYHKLFOHVDIHW\ WHHMMBGLGE YHUV
0D\

&KHQ + / &DR DQG ' % /RJDQ $QDO\VLYV RI ULVN IDF\
LOWHUVHFWLRQ FUDVKHV E\ ORJLVWLF UHJ3BHVVLRQ 7UDIILF

&KHQJ = = =X DQG - /X 7UDIILF FUDVK HYROXWLRQ F
VSDWLRWHPSRUDO KRWVSRW LGHQWLILFDWLRQ RI3XUEDQ URI

&KLHQ 6 < 7DQJ DQG 3 6FKRQIHOG 2SWLPL]LQJ ZRU
PDLQWHQDQFH SURMHFWY -RXUQDO RI3BUDQVSRUWDWLRQ (C

&KLHQ 6 DQG / =KDR (YDOXDWLQJ WKH (IITHFWLYHQHV'
IDQHV RQ +LJKZD\ :RUN =RQHV 5XWJHUV 8QLYHUVLW\ &HQW
TUDQVSRUWDWLRQ

&KLQ 60 2 )UDQJHVH '/ *UHHQH + / +ZDQJ 2DN 5LGJH 1C
DQG 2DN 5LGJH 7HQQHVVHH 7HPSRUDU\ ORVVHV RI KL
SHUIRUPDQFH 3KDVH 8QLWHG 6WDWHV '"HSDUWPHQW RI (P
7HFKQLFDO ,QIRUPDWLRQ

&K\ $ 78 DQG 9 3 6LVLRSLNX 4XDQWLI\LQJ RSHUDWLR
JRQH VHWXSV WUDIILF GHPDQG DQG _WUDIILE FRPSRVLWLRQ

/HFKQRORJLBY¥

&ODUN - % DQG 0' )RQWDLQH ([SORUDWLRQ RI ZRUN ]
IRU VDIHW\ SHUIRUPDQFH PHDVXUHPHQW SURJUDPW3 7UDQVS

&REXUQ -6 $5 %LOO 09 &KLWWXUL DQG " $ 1R\FH
ZRUN J]RQH FUDVKHY 7UDQVSRUWD®ILRQ 5HVHDUFK 5HFRUG

&RPSWRQ & 3 , QMXU\ VHYHULW\ FRGHV $ FRPSDULVRC
RXWFRPHY DV GHWHUPLQHG E\ 1$66 &'6 . QYHVWLJIJBWRUV -R>

&RVWLQ $ $ $GLEIDU + +X 6 6 &KHOQ %XLOGLQJ ,QIl
WUDQVSRUWDWLRQ LQIUDVWUXFWXUH+/LWHUDWXUH UHYLHZ
$XWRPDWLROQO LQ FRQVWUXFWLRQ

'‘DQLHO - 5 . 2]ED\ 6 &KLHQ ‘RUN JRQH VDIHW\ DQDO
TUDQVSRUWDWLRQ %XUHDX RI 5HVHDUFK



'DWWD 7 . 7 - *DWHV 3 7 6DYRODLQHQ DQG 3 1DQQDSDQF
%XUQ :DUQLQJ /LIKWV RQ &KDQQHOL]JLQJ '"UXPV LQ :RUN =RQF
7UDQVSRUWDWLRQ

‘LPLWULMHYLF % 5 $VDGL DQG / 6SDVRYLF $SSOLFD
ODFKLQH PRGHOV LQ DQDO\VLV RI ZRUN JRQH FUDVK LQMXU\ \
LOWHUGLVFLSOLQDU\ SHUVSHFWLYHV

'LQJ 0+ & =KDQJ - <DQ DQG - 7VDL .HV IDFWRUYV D(
PRELOLW\ EDVHG RQ_ PLFUR VLPXODWLRQ 3URBHGLD 6RFLDO

(FNHQURGH 57 :$ 6DUDVXD -+ ODWWR[ -+ 2JOH DQG O
WKH XVH Rl GURQH UDGDU WR UHGXFH VSHHG LQ ZRUN JRQHYV
7UDQVSRUWDWLRQ UHVBDUFK UHFRUG

(GDUD 3 5 5DKPDQL + %URZQ DQG & 6XQ 7TUDIILF L
ZRUN JRQH RSHUDWLRQV 6PDUW :RUN =RQH "HSOR\PHQW ,QL
(GJDU 7 : DQG "2 0DQ] 5HVHDUFK PHWKRGV IRU F\EHL
(OHIWHULDGRX [/ $ 7KH KLJKZD\ FDSDFLW\ PDQXDO WHK
PRELOLW\ DQDO\VLV 2 WH MRXUQDO

(VUL $UF*,6 KWMOSBSVIURPIVRXUFHY DUFJLDFRHHVVYIBHGKHOS
-DQ

(XVWDFH ' DQG 6 'LVVDQD\DNH S5LVN DQG 3URWHFWLY

ORWRUF\FOH ,QMXU\ 6HYHULW\ LQ WKH 8QLWHG 6WDWHYV

)DQJ 6 DQG - 0D ,QIOXHQFH UDQJH DQG WUDIILF ULVN
XUEDQ URDGY 6XVWDLQDELOLW\

ybuubJ 6 * 0< (O +DQVvDOL $ 8 + <DVDU (0 6KDNVKXNL
PLFURVLPXODWLRQ EDVHG DQDO\VLV IRU GULYLQJ EHKDYLRX
-RXUQDO RI $PELHOQW ,QWHOOLJHQFB3DQG +XPDQL]JHG &RPSX\

JHGHUDO +LJKZD\ $GPLQLVWUDWLRQ )+:$ :RUN =RQH )D
KWWSYV RSV IKZD GRW JRY Z] DEFRYXVHGYV DDRAVWFKBVWDWYV KWI

JHGHUDO ORWRU &DUULHU 6DIHW\ $GPLQLVWUDWLRQ U
KWWSV 777 IPEVD GRW JRY VDIHW\ GULYHU BFHWYH®Y GDQOQ

JHOO '/ DQG % %ODFN '"ULYHU IDWLJXH LQ WKH FLW\




*DPEDWHVH -$ +: /HH DQG & $ 1QDML 'RUN JRQH LG
$VVHVVPHQW DQG SUDFWLFDO JXLGDQFH 2UHJRQ 'HSDUWPFH
1R )+:$ 25 5'

*DQ ; - HQJ DQG - =KDQJ (YDOXDWLRQ RI WUDYHO ¢
ZRUN JROQHV -RXUQDO RI 7TUDQVSRUWDWLRQ 6DIHW\ G6HFXUL

*H + DQG < <DQJ 5HVHDUFK RQ FDOFXODWLRQ RI ZDU
RQ PLFUR VLPXODWLRQ PRGHO ,((( $FFHVV

*HGDPX : 7 8 30DQN :LHGHQEHFN DQG % 7 :RGDMR g
DQDO\VLV RI URDG WUDIILF FUDVK E\ VHYHULW\ XVLQJ ORUDQ
Rl $GGLV $EDED DQG %HUOLQ FLWLHV $FFLGHQW $QDO\VLYV

*ULOOR /) 7 . 'DWWD DQG & +DUWQHU '\QDPLF ODW
FRQVWUXFWLRQ ZRUN JROQHY 7UDQVSRBUBWDWLRQ 5HVHDUFK ¢
*URVV $ SDQGHPLF 3DXVH $PHULFDQV &XW '"ULYLQJ 1t}
&29," &ULVLV |URP

KWWSV QHZVURRP DDD FRP WUDYHO BHFIRHMVHEGG GXQE
*XQWHU - * 0 +XUG ; :HGHO $ %\UG .DQVDV 6WDWL

IRU 3BROLF\ O6RFLDXYHVHDURKGIDMRP NX HGX BD¥FEBWHBVDK .
ODUEFK

+DOO - DQG 9 /RUHQ] &KDUDFWHULVWLEFV RI FRQVWU?>
SHVHDUEK 5HBRBUG

+DUE 5 ( 5DGZDQ ; <DQ $ 3DQGH 0 $EGHO $WwW\ JUF
DQDO\VLYVY DQG ULVN LGHQWLILFDWLRQ XVLQJ PXOWLSOH DQG
7TUDQVSRUWDWLRQ (BBLQHHULQJ

+LFNV $ 3 'LVFRYHULQJ 6SDWLDO DQG 7THPSRUDO 3DW
6WLOOZDWHU 2NODKRPD 'HSDUWPHQW RI *HRJUDSK\ 2NODEK
06

+X = 5 <DQJ / )DQJ = :DQJ DQG < =KDR 5HVHDUFK
PRGHO EDVHG RQ WUDIILF IORZ LQIRUPDWLRQ IXVLRQ (QHUJ

+XVVHLQ 1 DQG 5 +DVVDQ 6XUIDFH FRQGLWLRQ DQG \
. OWHUODWLRQODO -RXUQDO RI 3BYHPHQW (QJLQHHULQJ

,QGLDQD /RFDO 7THFKQLFDO $VVLVWDQFH 3URJUDP &RQ
&RQWURO &RQVWUXFWLRQ ODLQWEBGDRGEH /R BDB0O8 WH.IOKQW\FDSH
BURJUDP /7$3 3XEDIRDWLRQV



-XubQ , -1 3UDVKNHU 6 %HNKRU DQG , ,VKDL $ G
WKH DVVHVVPHQW RI PRYLQJ ERWWOHQHENY 7UDQVSRUWDW

33
.DQVDYV '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ &UDVK 6WD
KWWSV NGRWDSS NVGRWDFFHWYHGG HX\WQEHWDWLVWLFV
.DQVDYV "HSDUWPHQW RI 7TUDQVSRUWDWLRQ IDZ (QIRUF
I[URP

KWWSV ZZZ NVGRW RUJ $VVHWYV ZZZNVGRWRUJ EXUHDXV EXI
JODOXDODEFEHVVHG ODUFK

.DULP $ DQG + $GHOL 5DGLDO EDVLV IXQFWLRQ QHXU
DQG TXHXH HVWLPDWLRQ -RXUQDO RI 38BDQVSRUWDWLRQ (Q

.DQVDYV "HSDUWPHQW RI 7TUDQVSRUWDWLRQ TUDIILF &R
KWWSV SSP RSNDQVDV RUJ ZLNL LPDJHV 7U DIFEHRRHGV XEARPH -

.DQVDYV "HSDUWPHQW RI 7TUDQVSRUWDWLRQ .DQVDV
KWWSV Z72727Z NVGRW RUJ $VVHWYV ZZZNVGRWRUJ EXUHDXV EXL
RRN PGEFHVVHG -XO\

.KDWWDN $ - $- .KDWWDN DQG ) 0 &RXQFLO $QDO\V
LQ &DOLIRUQLD ZRUN JRQHYV WK $QQXDO OHHWLQJ 7UDQVS
'& 1R

.KDWWDN $ - $ - .KDWWDN DQG )0 &RXQFLO (ITHF W\
DQG QRQ LQMXU\ FUDVKHV $FFLGH@W $QDO\WLV 3UHYHQWL

.ODXHU 6 * -3 (KVDQL "9 OF*HKHH DQG 0O ODQVHU
URDG FUDVKHYVY DPRQJ QRYLFH DQG H[SHULHQFHG GULYHUYV
33

XQGDNFL ( ,GHQWLILFDWLRQ RI XUEDQ WUDIILF DFFL(
E\ XVLQJ *,6 ODVWHU 7H]JL 2UWD 'R+X 7HNQLN hQLYHUVLWHYV

XR 3) ; =HQJ ' /RUG *XLGHOLQHV IRU FKRRVLQJ KR
GDWD FKDUDFWHULVWLFY QHWZRUN UHVWULFWLRQV DQG W
OHHWLQJ RI WKH 7TUDQVSRUWDWLRQ 5SHVHDUFK %RDUG

.XUNHU 0 & )RXUQLHU 4 =KDR 6 +DNLPL < 4L 6 7DQJ 5
ODFKHPHKO OLQLPL]LQJ XVHU GHOD\ DQG FUDVK SRWHCQC
SODQQLQJ 7H[DV 'HSDUWPHQW RI 7TUDQVSRUWDWLRQ 5HVHEL
2IILFH



/IL 0 $ )DJKUL DQG 5 )DQ '"HWHUPLQLQJ :RUN =RQH /I
6LIJIQDOL]HG &RUULGRUV 'HODZDUH &HQWHU IRU 7UDQVSRUMW

IL < DQG < %DL )DWDO DQG LQMXU\ FUDVK FKDUDFWH
TUDQVSRUWDWLRQ SHVHDUFK %RDUG WK $QQXDO OHHWLQJ

IL < DQG < %DL 'HYHORSPHQW RI FUDVK VHYHULW\ LQ
ZRUN JRQH ULVN OHYHOV $FFLGHQ®3$QDO\VLY 3UHYHQWLR

/L < < %DL 6 ' 6FKURFN DQG 7 ( 0XOLQD]]L ORGHOL
8SVWUHDP RI 2QH ODQH 7ZR ZD\ +LJKZD\ :RUN =RQHV ,PSOLF
&UDVKHV LQ :RUN =RQHV OLG $PHULFD 7UDQVSRUWDWLRQ &

/IRPEDUGL '"$ : - +RUUH\ DQG 7 . &RXUWQH\ $JH UHO
LQWHUVHFWLRQ FUDVKHY LQ WKH 8QLWHG 638DWHV $FFLGHC
IRR % 3 DQG 7. $QGHUVRQ 6SDWLDO DQDO\VLV PHWK
3UHVYV

ODOOHOD - DQG 6 6DGDYLVDP 'RUN JRQH URDG XVHU |
5HSRVLWRU\ 2SHQ 6FLHQFH $FFHVV 3RUWDO

ODUNV ( 6 & 9HUHHQ DQG , $ZROXVL $FWLYH :RUN =
THFKQRORJLHV 5HSRVLWRU\ 2SHQ 6FLHQFH $FFHVV 3RU
OD\FREFN * ‘ULYHU VOHHSLQHVY DV D IDFWRU LQ FDU D
SHSRUW

ODJH 7 6 ' 6FKURFN DQG $ .DP\DE &DSDFLW\ RI T[UHH
OLG &ROWLQHOQOW 7UDQVSRUWDWLRQ 68BBSRVLXP SURFHHGL
OF&DUWW $ 7 [/ / *HDU\ DQG $ %HUQLQJ 2EVHUYDWL|

ZKLOH VXVSHQGHG IRU DOFRKRO LPSDLWKG GULYLQJ , QM XU

OF&R\ 3 7 DQG * 3HVWL ‘\QDPLF ODWH PHUJH*FRQWUR
LQWHUVWDWH KLJKZD\V 7UDQVSRUBWDWLRQ UHVHDUFK UHFR

OF1XOW\ 5 3 KHQ 'R WKH 6HDVRQV 6WDUW" S5HWULHY|
KWWSV 7Z7Z7Z ZIRQOLOH LOIR UPDP¥FARBVY¥HGHOORQVEWDUW SGI

OLFKLIJDQ '"HSDUWPHQW RI TUDQVSRUWDWLRQ ODLQWHQ
*LGHOLQHY OLFKLIJDQ '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ C
KWWS Z7Z7Z PLEKLJDQ JRY GREXPHOQW/FFHYNHRGQWXIQRIO B B




=KHQJ / DQG ; + OHQJ SHVHDUFK RQ WUDIILF FKDUDFYV
ZD\ FORVHG ZRUN ]J]RQH RQ H[SUHVVZD\ =KRQJJXR *RQJOX ;X

DQG 7UDQVS RBW

OLVVRXUL '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ 6HFWLRQ
+ (QIJLQHHULQJ 3ROLF\ *XLGH IURP

KWWS HSJ PRGRW RUJ LQGH[] SKS"WLWOH B7\SLFDOB$SSC
ORKDPPHG + - 6SDWLDO $QDO\WLV RI 7THHQ 'ULYHU 5HC

(QYLURQPHQWDO SUFKLWHFWXUDO (QJLQHHULQJ .DQVDV ¢
GLVVHUWDWLRQ

ORKDPPHG + - DQG 6 ' 6FKURFN ORGHOLQJ 6SDWLDO 5
,QYROYLQJ 7HHQ 'ULYHUV ,QWHUQDWLRQ -RXUQDO RI 6FLHQ
LVVXH

ORNKWDULPRXVDYL 6 - & $QGHUVRQ 0 +DGL DQG $ $]L]JLC
LQYHVWLJIJDWLRQ RI FUDVK VHYHULW)\ IDFWRUV LQ ZRUNHU LQ
DQG PDFKLQH OHDUQLQJ DSSURDFKHY 7UDQVSRUWDWLRQ U]

ORUJDQ -) $5 'XOH\ DQG 3 $ +DQFRFN '"ULYHU UHVS
JROQH FRQILJIXUDWLRQV $FFLGHQW38QDO\VLY 3UHYHQWLRQ

1IDGKLUDK $ 0 :LGLD 16 )DX]DQ $ $ 5DVKLG + $ $]L] DQ
DVVRFLDWLRQ EHWZHHQ 5HDU ,PSDFW &UDVK &KDUDFWHULVW
7HFKQRORJ\ IRU D %HWWHU 7RPRUURZ 3URBBHGLQJV RI +80(

IDWLRQDO +LJKZD\ 7UDIILF 6DIHW\ $GPLQLVWUDWLRQ €
KWWSV 777 QKWVD JRY UDFRHGVHBLEXIIVSHHGLQJ

1IDWLRQDO :RUN =RQH 6DIHW\ ,QIRUPDWLRQ &OHDULQJKRXVH
)DWDOLWKMAMVSMIRPZZ ZRUN]JRQHVDIHW\ RUJ FUDVK LQIRUPDW
IDWDOLWLHD F BHWWLHRGE) DX0 \

1RUWK &DUROLQD '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ C
*XLGHOLQHYV 1RUWK &DUROLQD '"HSDUWPHQW RI 7UDQVSRUW
I[URRPWWSY FROOHEFEW QFGRW JRY SURMHEWY BFEHRYHBHEXWY V

1QDML & - *DPEDWHVH DQG + : /HH RUN JRQH LQWU
LOQMXULHY DQG IDWDOLWLHYV 3BURIHVVLRQDO 6DIHW\

1QbML & - *DPEDWHVH + : /HH DQG ) =KDQJ ,PSURY
VDIHW\ XVLQJ WHFKQRORJ\ $ VI\VWHPDWLFEF UHYLHZ RI DSSOLF
7UDQVSRUWDWLRQ (QJLOHHUBDRJH(QJOLVK HGLWLRQ




1RUGEDNNH 6 'ULYHU IDWLJXH DQG IDOOLQJ DVOHHSH*
DPRQJ SULYDWH GULYHUV DQG SURIHVVLRQDO GULYHUV 72,

1R\FH ' $ DQG & 5 6PLWK 'ULYLQJ 6LPXODWRUYV IRU (Y
&RQWURO 'HYLFHV 3URWHFWHG+*3HUPLVVLYH /HIW 7XUQ 6LJQ
SHVHDUEFEK 5HFRBBGJH

1HZ <RUN 6WDWH '27 '"HSDUWPHQW RI 7TUDQVSRUWDWLRQ
<RUN 6WDWH 'HSDUWPHQW RI TUDQVSRUWDWLRQ 2IILFH RI 71
KWWSV ZHEDSSV GRW Q\ JRY SDUW L ZRRAHWR/@IK WKDIILF FR

2]WXUN 2 . 2]ED\ DQG + <DQJ ,QYHVWLJIJDWLQJ WKH
BHYHULW\ E\ &RPSDUDWLYH $QDO\VLYV 7UDQVSRUWDWLRQ 5H

3DO 5 DQG . & 6LQKD $QDO\WVLV RI FUDVK UDWHYV DW 1
TUDQVSRUWDWLRQ SHVHPUFK 5SHFRUG

3HQJ < : :DQJ - /X : :DQJ DQG + =KDQJ JHQIJWK GF
H[SUHVVZD\ PDLQWHQDQFH ZRUN ]JRQH EDVHG RQ VHUYLFH OF
7UDQVSRUWBWLRQ

SHVWL * DQG 5 ( %U\GLD 'RUN ]JRQH LPSDFW DVVHVVP
TUDQVSRUWDWLRQ SHVHDPUFK 5HFRUG

3ubww 6 * ' ( )RVEURNH DQG 6 0 ODUVK %XLOGLQJ
OHDVXUHV WR SUHYHQW ZRUNHU LQM&E&UQHNVQQBW LY HXH FIIDHNWL R
,QVWLWXWH IRU 2FFXSDWLRQDO 6DIHW\ DQG +HDOWK

4LQ ; &KHQ DQG '$ 1R\FH 5HDO WLPH 7UDYHOHU ,Ql

IRU :RUN =RQH &RQJHVWLRQ ODQDJHPHQW -RXBQRO RI WKH
1R

5DPDGDQ 2 DQG 9 B6LVLRSLNX ,PSDFW RI ERWWOHQHF

OHYHO RI_VHUYLFH 7UDQVSRWWDWLRQ UHVHDUFK SURFHGLD

5DPH]DQL + DQG 5 ) %HQHNRKDO :RUN =RQHV DV D 6H
WR (VWLPDWH 'HOD\ DOQG 4XHXH /HQIJWK 7UBQVSRUWDWLRQ

5DQJDVZDP\ 5 1 $0QDZPDVL DQG < =KDQJ $QDO\VLV
JRQH FUDVKHYVY RQ UXUDO DQG XUEDQ ZRUN JRQHV DFFRXQWL
WHPSRUDO LOQVWDELOLW\ $FFLGHQW $QDO\VLVY 3UHYHQWLF

6DDG 0 O $EGHO $wW\ - /HH DQG / :DQJ 6DIHW\ DQD(
PDQDJHG WROO ODQHV RQ IUHHZD\V _-RXUQDO RI 7UDQVSRU\




6FKDWWOHU . DQG 7 'DWWD $VVHVVLQJ WKH LPSDFW\
FRQWURO V\VWHP ,QVWLWXWH RI 7TUDQVSRUWDWLRQ (QJLQH
FROQMXQFWLRQ ZLWK ,7( 'LVWULFW $QQXDO OHHWLQJ ,QVWL

6FKURFN 6 ' */ 800OPDQ $6 &RWKURQ ( .UDXV DQG $ 3
IDWDO ZRUN JRQH FUDVKHYV LQ 7H[DV 5HSRUW )+: $ 7;

6FRWW / 0 DQG 0 9 -DQLNDV 6SDWLDO 6WDWLVWLFV L
DQDO\VLYVY 6RIWZDUH WRROV PHWRBGV DQG DSSOLFDWLRQV

6KDNRXUL O [/ + ,NXPD ) $JKD]J]DGHK . 3XQQLDUDM DQG 6
JRQH FRQILIJXUDWLRQV DQG WUDIILF GHQVLW\ RQ SHUIRUPDQ
$FFLGHQW $QDO\WLV333UHYHQWLRQ

6KDUDIHOGLQ O $ )DULG DQG . .VDLEDWL ,QYHVWLJ
FKDUDFWHULVWLFV RQ LQWHUVHFWLRQ FUDVK VHYHULW\ (Q

6KLQDU 7UDIILF VDIHW\ DQG KXPDQ EHKDYLRU (PHLU
6LQKD . & 6 /DEL DQG % 5 $JEHOLH TUDQVSRUWDWL

LQ WKH QHZ PLOOHQQLXP FRQWLQXLQJ LVVXHV DQG HPHUJL
7UDQVSRUWPHWULFD $ WBDQVSRUW VFLHQFH

6PLWK 6 : %DURQ . *D\ DQG * 5LWWHU ,QWHOOLJH
SDUNLQJ 8QLWHG 6WDWHV 'HSDUWPHQW RI 7TUDQVSRUWDWL
$GPLQLVWUDWLRQ

6XQ & + )HQJ DQG < $GX *\DPIL &KDUDFWHUL]DWLRC
OLVVRXUL 7KH 2SHQ 7UDQVSRUWDWLRQ -RXUQDO

6]H 1 DQG = B6RQJ J)DFWRUV FRQWULEXWLQJ WR LQMXL
LQ 1HZ =HDODQG ,QWHUQDWLRQDO MRXU®DO Rl VXVWDLQDE

7DUNR $ DQG 6 9HQXJRSDO 6DIHW\ DQG FDSDFLW\ HY
VI\VWHP 1R )+:$ ,1 -753

7TRUUHV |/ 6SHHGLQJ ODNHV :RUN =RQHV 'DQJHURXV IR/
KWWSV 777 QVEF RUJ VDIHW\ ILUVW VSHHGLQJ PDRNHHWVX RGN ]|

$XJ

7TRUWXP $ DQG $ $WDOD\ 6SDWLDO DQDO\VLV RI URDC
BURFHHGLQJV RI WKH ,QVWLWXWLRQ RI &LYLO (QJLQHHUV 7UI



7TUDQVSRUWDWLRQ 6DIHW\ 'LYLVLRQ 0 &HQWHU RUN =1
%HVW 3UDFWMW WYYV TPREWLPHGLD P FRP PZV PHGLD 2 Z
FKDOOHQJHVY WUHQGY DQG EHVW SUDFWLFHYV

HERRN SGI"HOT7UDEN,G EG F E G GDFFEHVVYHG 0DWEF K5

7TXUQHU - ' KDW V_$ :RUN =RQ33 3XEOLF 5RDGV

8 6 'HSDUWPHQW RI $JULFXOWXUH KDW LV 5XUDO" [|UF
KWWSV Z77Z HUV XVGD JRY WRSLEFV UXUDO HEFERQRP\ SRSXOD\

DFFHVVHG ODUFK

86 'HSDUWPHQW RI 7TUDQVSRUWDWLRQ )HGHUDO +LJKZD\ $GF
8QLIRUP 7UDIILF &RQWURO 'HYLFHV IRWWWUJH HWW FIQ I 2D JKEZ
DFFHVVHG ODUFK

800PDQ */ 0 %UHZHU - ( %U\GHQ 0 2 &RUNUDQ & : +XEI
-HDQQRWWH 7UDIILF HQIRUFHPHQW VWUDWHIJLHV IRU Z
%RDUG :DVKLQJWRQ '&

8QLWHG 6WDWHYV &HQVXV % XUHDX 4XLFN)DFWV .DQVDYV
KWWSV 7Z7Z7Z FHQVXV JBFFHMVHNGD-XWOV .6

ODMDUL 0$ . $JKDED\N 0O 6DGHJKLDQ DQG 1 6KLZDNRWL
RI PRWRUF\FOH FUDVK VHYHULW\ DW $XVWUDOLD@ LQWHUVHF

9HPXODSDOOL 6 6 *,6 EDVHG VSDWLDO DQG WHPSRUDC(
JORULGD 7KH )ORULGD 6WDWH 8QLYHUVLW\

OHQXJRSDO 6 DQG $ 7DUNR 6DIHW\ PRGHOV IRU UXUD
TUDQVSRUWDWLRQ UHVBDUFK UHFRUG

:DOHF]HN + - *HLVWHIHOGW ' &LQGULF OLGGHQGRUI DQG
D IUHHZD\ ZRUN ]RQH ZLWK UHYHUVLEOH PHGLDQ3BDQH 7UD

'HQJ - DQG 4 O0HQJ $QDO\WLV RI GULYHU FDVXDOW\ UL
$FFLGHQW $QODO\VLYV 3BHYHQWLRQ

‘HQJ - DQG 4 OHQJ (IHIHFWV Rl HQYLURQPHQW YHKLFO
ULVN\ GULYLQJ EHKDYLRU DW ZRUB3RQHV 6DIHW\ VFLHQFH

‘HQJ - DQG 4 O0HQJ (VWLPDWLQJ FDSDFLW\ DQG WUDII
RYHUYLHZ 7UDQVSRUWDWLRQ 5HVHDUFRB33DUW & (PHUJLQJ |




‘DVKLQJWRQ 6WDWH 'HSDUWPHQW RI 7UDQVSRUWDWLRQ
IRU ODLQWHQDQFH 2SHUDWLRQV IURP
KWWS 7ZZZ ZVGRW ZD JRY SXEOLFDWLRQV PDFERBUVHEOBXW H [

X -/ 65 =KDQJ $ . 6LQJK = 0D DQG % =KRX 2SWL
FRQVWUXFWLRQ DUHD EDVHG RQ FUDVK FRVW FRQWURO >-@

X . DQG 6, *XOHU (VWLPDWLQJ WKH LPSDFWV RI WUL
RSHUDWLRQV $ PRYLQJ ERWWOHQHEN DSSURDFK 7UDQVSRU

/HFKQRORJ&HV

X .0 DQG /' =KRQJ $ PHWKRG IRU GHWHUPLQLQJ OH(
EDVHG RQ FODVVLILFDWLRQ RI VHUYLFH OBSHO $GYDQFHG (

‘X 4 DQG * =KDQJ JRUPXODWLQJ DOFRKRO LQIOXHQFH
LQWHUVHFWLRQ UHODWHG 3UDVKHVY 7UDQVSRUW

X 4 * =KDQJ < &L / :X 5% 7DUHIGHU DQG $ ' $OFiQWDU
PXOWLQRPLDO ORJLW PRGHO+*EDVHG GULYHU LQMXU\ VHYHUL
LQWHUVHFWLRQ_UHODWHG FUDVKH®3 7UDIILF LQMXU\ SUHYHC

X : : =KDR < &KHQ < %LDQ DQG + /L SHVHDUFK R
G\QDPLF PHVVDJH VLJQ FRQWURO VWUDWHJILHY DOG GULYLQJ
$GYDOQOFHG 7UDQVSRB®WDWLRQ

<DVLQ < - 0 *ULYQD DQG )0 $EX =LGDQ *OREDO LPS
URDG WUDIILF FROOLVLRQV :RUOG3BRXUQDO RI HPHUJHQF\

<X 5 5* 0D + +DQ < <DQ DQG -/ :DQJ '"HWHUPLQD
VLIJQ SRVLWLRQ LQ H[SUHVVZD\ ZRUN JRQH -RXUQDO RI 7UDI
33

<XDQ < < J/LX DQG : /LX "\QDPLF ODQH EDVHG VLJQD
ZRUN ]JRQH RSHUDWLRQV -RXUQDO RI 7FUDQVSRUWDWLRQ (QJ

=KDQJ . DQG 0 +DVVDQ &UDVK VHYHULW\ DQDO\VLV RI
ZRUN J]RQH FUDVKHV H30OR6 RQH

=KRX 6 - 6XQ . /L DQG :; <DQJ 'HYHORSPHQW RI D U
PHDVXULQJ LQWHUVHFWLRQ VDIHWA3IDFWRUY 6DIHW\ VFLHQ]

=KRX = - ,UL]DUU\ DQG 4 /L $SSO\LQJ DGYDQFHG Wk
PDQDJHPHQW LQ WKH FRQVWUXFWLRQ LOGXVWU\ D OLWHUDMW

(FRORPLFV 33
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$SSHQGL[ $ &KDSWHU $UF*,6 2XWSXW )LIXUH

JLIXUH $SSHQGL] 0:= &UDVKHV "'LVWULEXWLRQ %DVHG RQ ¢

JLIXUH $SSHQGL] $YHUDJH 1HDUHVW 1HLJKERU 6XPPDU\



JLIXUH $SSHQGL] $YHUDJH 1HDUHVW 1HLJKERU 6XPPDU\ IR
FUDVKHV IURP



JLIXUH $SSHQGL| $YHUDJH 1HDUHVW 1HLJKERU 6XPPDU\ |
FUDVKHV IURP



JLIXUH $SSHQGL] 7KH +LJK /RZ &0XVWHULQJ *HWLV 2UG *|
=RQH &UDVKHYV



JLIXUH $SSHQGL[ 7KH +LJK /RZ &O0OXVWHULQJ *HWLV 2UG *F
=RQH &UDVKHV ZLWKRXW FUDVKHV IURP



JLIXUH $SSHQGL[ 7KH +LJK /RZ &O0XVWHULQJ *HWLV 2UG *H
&UDVKHV ZLWKRXW FUDVKHV IURP



JLIXUH $SSHQGL] 7KH 6SDWLDO $XWRFRUUHODWLRQ *ORE
=RQH &UDVKHYV



JLIXUH $SSHQGL] 7KH 6SDWLDO $XWRFRUUHODWLRQ *ORE
=RQH &UDVKHV ZLWKRXW FUDVKHV IURP



JLIXUH $SSHQGL] 7KH 6SDWLDO $XWRFRUUHODWLRQ *ORE
&UDVKHV ZLWKRXW FUDVKHV IURP



JLIXUH $SSHQGL] &OXVWHU DQG 2XWOLHU $QDO\VLV 5HV.
&UDVKHV IURP

JLIXUH $SSHQGL] &OXVWHU DQG 2XWOLHU $QDO\VLV 5HVXC
&UDVKHV IURP



$SSHQGL[ % &KDSWHU /RJIJLVWLF 5HIJUHVVLRQ

7DEOH $SSHQGL[ % )LQDO PRGHO RI QRQ 0:= FUD

1XPEHU RI 2EVHUYDWLRQV &KL VTXDUH

6KDUH RI ,QMXU\ 3 YDOXH

/JRJ ILNHOLKRRG 1DJHONHUNH 5 VTXDUH
)DFWRUV &RHIlI S YDOXH 25
&RQVWDQW

%XV ,QYROYHG <HV

'LVUHJDUG 7UDIILF &RQWURO <HV

'ULYHU 'LVWUDFWLRQ <HYV

'"ULYHU )DWLJXH <HYV

'UXJV $OFRKRO ,QYROYHG <HV

,(QWHUFKDQJH <HV

,QWHUVHFWLRQ <HV

27 '"LVWULFW YV

/ILIKW &RQGLWLRQV 'D\OLJKW

ORWRUF\FOH ,QYROYHG <HV

1XPEHU RI /D @\QHYV

ODQH

ODQH

ODQHV

F ODQHV

20GHU 'ULYHU <HV

SHFNOHVVQHVV <HV

SRDGZD\ '"HSDUWXUH <HV

5XUDO <HV

6SHHG /LPLW P YW

PSK !

PSK !

! PSK

8QNQRZQ

6SHHGLQJ <HV

BWRS 6LJQ <HV

:HDWKHU &RQGLWLRQ &OHDU

RUN =RQH /RFDWLRQ YV %HIRUH )LUVW :RUN =RQH :DUQLQJ 6LJC

$GYDQFH :DUQLQJ $UHD




7UDQVLWLRQ $UHD

$FWLYLW\ $UHD

7HUPLQDWLRQ $UHD

B8ONQRZQ




