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,Q WKLV ZRUN WKH HIIHFWV RQ K\GURJRQ GGHWULFRHDWDRG RIX ¢
PDWHULDOV DUH H[SORUHG 7KH SULPWKMH WRBEEOH[WORU KX WD 3G |
XVHG LQ DPPRQLD GHFRPSRVLWLRQ FDWDOWDEFRRHPBUCH BGURBFI
VXUURXQGHG E\ DQ DPPRQLD GHFRPSRVLWIRR &H D WDRYWW VAKLFXWI
DV WKH GHFRPSRVLWLRQ RFFXUV 7R W KLWFMHQG RW KK\ G URVIWQV S U
QLWURJHQ DQG DPPRQLD DGVRUSWLRQ QY GHIBWVILY GOR SRR H Gl HDRWDY
FDQGLGDWH ZLWKRXW DQ\ DOOR\LQJ RIUF SURMH FINSLO/RIU BI MWL BBV X T
K\GURJHQ SHUPHDWLRQ GXH WR KLJK S WHWY DWH SIDWVVNPSRINK RHV
JDVHV VXFK DV DUJRQ FDQ DVVLVWHVQWKDW DFHHFERWU & KKRDRIH 6 DB}
VPRRWKHQLQJ 7KLV DSSHDUV WR D Q QHIM\O DVIHF\E ¥ HW® H | HKFK &/WR JAk
VRUSWLRQ LQWR WKH SDOODGLXP IL@RWXGTKMHKERFIXRAWW RV KHE Sk
ZKHUHLQ SHUPHDWLQJ K\GURJHQ ZDV REVXSYRIGWWIRQGHBDOFWH DO 0 J
ZLWK WKH 3G ILOP 7KH 0J ZDV RKVHFH ® WRKWHIE H L O P HD QUR HWK/HH
K\GURJHQ SHUPHDWLRQ E\ QRW DOORMHIA FRQW B BW LDLIWEKH3 B F W\Q
3G ILOPV LV GHWDLOHG ZKHUHLQ DVORIZ[HG QWWEJZSOR\LHW DRHG) SRILL
GHIHFW 7KLV LV WKHQ ILUHG XQGPROMZ Q O MWHP DHNMRNISUKHH I K HDUM
LQWR WKH GHIHFW DQG FRPSOH®MHOAVE B OV WK HR & RO HD EAKLLAD VGIGF
VHDOHG WKXV VDOYDJLQJ DQ RWKHUMKWH WHDLQHG PHPEUDQH Z)DX\
DQ H[WHQGHG GXUDWLRQ LQ DQ DPPRQLDSGRY¥R PS/RW XWIRIL \WH P!
WHFKQLTXH IRU UHDOLVWLF DSSOLFDWLRQV
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3DOODGLXP DQG WKH VROXWLRQ GLIIXVLRQ PHFKDQLVP
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$EVWUDFW

,QWURGXFWLRQ

([SHULPHQWDO
OHPEUDQH IDEULFDWLRQ
([SHULPHQWDO DSSDUDWXYV
OHPEUDQH FKDUDFWHUL]DWLRQ

5HVXOWYV DQG GLVFXVVLRQ
+\GURJHQ IOX[ FDOFXODWLRQYV
OL[WXUH JDV H[SHULPHQWV
3XUH JDV H[SHULPHQWYV
$SSDUHQW IOX[ LQKLELWLRQ IURP KHOLXP

&RQFOXVLRQV
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$SEVWUDFW

,QWURGXFWLRQ

([SHULPHQWDO
OHPEUDQH IDEULFDWLRQ WHVWLQJ DQG FKDUDFWHUL]DWL
$LU WUHDWPHQWY DQG K\GURJHQ I0OX[ PHDVXUHPHQWYV
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5HVXOWYV DQG GLVFXVVLRQ
+\GURJHQ I0X[ LQKLELWLRQ E\ KLJK PROHFXODU ZHLJKW J
7HPSHUDWXUH GHSHQGHQFH DQG 3G VXUIDFH VHOI GLIIXV]
3G VXUIDFH PRUSKRORJ\ FKDQJHV ZLWK $U H[SRVXUH
,QIOXHQFH RI FDUERQ GLR[LGH DQG WUDFH R[\JHQ
3UHVVXUH GHSHQGHQFH

&RQFOXVLRQV
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6XSSRUW FKDUDFWHUL]DWLRQ
5HVXOWY DQG GLVFXVVLRQ
5DSLG IOX[ GHFOLQH RQ 02 082 VXSSRUWYV
7HPSHUDWXUH GHSHQGHQFH RI IOX[ GHFOLQH
6RDNLQJ YHUVXV SHUPHDWLQJ K\GURJHQ
(TXLOLEULXP UHGXFWLRQ SRWHQWLDO
&RQFOXVLRQV
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$EVWUDFW
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OHPEUDQH IDEULFDWLRQ
OHPEUDQH VHDOLQJ WHFKQLTXH
OHPEUDQH UHDFWRU RSHUDWLRQ DQG DQDO\VLYV

5HVXOWVY DQG GLVFXVVLRQ
7KHUPDO VWDELOLW\ RI WKH VHDO
*6 HQYLURQPHQWYV
605 PHPEUDQH UHDFWRU
,QVWDELOLW\ GXH WR VWHDP
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*DV WUDQVSRUW PHFKDQLVPV LQ PHPEUDQHYV

6FKHPDWLF RI PHPEUDQH RSHUDWLRUR IR LS BBIRX\H PH\
PHPEUDQH 5HSULQWHG IURP 8HPL\D HW DO > @ ZLWK SF

SHUPHDELOLW\ RI YDULRXWRAM®YDWYV 2DRNYKV VEEOW B WUR[
6WHZDUG > @ H[FHSW IRU 3G FRDWHG %&& PHWDO GDWD
3G$J GDWD IURP +ROOHFN > @

&DWDO\WLF PHPEUDQH UHDFWRUW RQ QSIHIXWIDOMW.HR®& IR L
IURP =KDQJ HW DO > @ ZLWK SHUPLVVLRQ IURP (OVHYLH

6XUIDFH $ DQG FURVV VHFWHR@LQJ %7 KBHOVIXRIDDAM R
VKRZV D JUDLQ VL]H RI DERXW QP ZKHUHDWY WKH FURV'
ZLWK D WKLFNQHVYV RI DSSUR[LPDWHO\ VH¥RUDRWH WKDYV
XVHG WR REWDLQ WKH DYHUDJH WKLFNQHVV JLYHQ LQ 7D

7KH UHVLGXDO VXP RI VITIXDUHUH NDP 2RO I S HWUWPXIUDH) FHH
FDOFXODWLRQ IRU PHPEUDQHVY 0 DQG 0O 0 KDV D PLQLP>
UHJLPH RI Q ZKHUHDV 0 KDV D PLQLPXP FORVHU WR

RI Q

([SHFWHG .QXGVHQ IOX[ YHUVXV PHDVXUB® IOX[ IRU |
WKH EDVLV $ JRRG ILW VXJIJHVWV WKDW K\GQWRJIJHQ IOX[ G
EH FDOFXODWHG DQG UHPRYHG IURP WKH WRWDO K\GURJ}
PHPEUDQH VSHFLILF I10X]

5HVLGXDO VXP RI VITXDUHV YHUVXV HDNWKWHEGH H[SRQ
K\GURJHQ IOX[ DQG WZR FRUUHFWHG YDOXHMs 7KH FRUUH
ILQDA YHOHFWLYLW\ WR UHGXFH K\GURJHQ IORZ DVVXPLQ
GHIHFWYV

SHUPHDWLRQ GDWD IRU PHPEUDIQRHUOLHALSWXHEB WR DQ
DwW . DQG YDULRXV WUDQV PHPEUDQH SUHVVXUHV 1R C
REVHUYHG IRU DQ\ SUHVVXUH JDV FRPELQDWLRQ

SHUPHDWLRQ GDWD IRU PHPEUDQMHOORDW DNFHDOFXODYV
([SRVXUH FRQGLWLRQV IRU HDFK JDV VWDWH WKH DEVRO>

SHUPHDWLRQ UHFRYHU\ UHVXOWV LRWB WKH VORXIWFE
UHFRYHU\ DWEHIBYMH +SUHVVXUH ZDV LQFUHDVHG WR 03

K\GURJHQ 1O0X[ RI FRUUHWSRWGYV WRD PRO P
SHUPHDWLRQ UHFRYHU\ UHVXOWVDWU 0 .D%V DIWF
QRUPDOL]JHG K\GURJHQ IOX[ RI VFRWUHONBWHYV WR PRO

SHUPHDWLRQ UHVXOWY IRU O DWR IOXPIG\HFWD DQH PLQ
ZDV REVHUYHG GXH WR DQ\ VSHFLILF JDV DIWHU URXJKHQ
QRUPDOL]JHG K\GURJHQ IOX[ RI VFRWUHONBWHYV WR PRO

YLL



JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH
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+\GURJHQ IOX[ DQG 6LHYHUWV RREVWRQGXFWHE RO
WKH PHPEUDQH XVHG GXULQJ WKLV VWXG\ )OX[ WDNHQ D!
PHPEUDQH SUHVVXUH 6ROLG OLQHV GHSUHVHQW WKH DY}

1RUPDOL]HG ZYGORHNVQIROXWBRKWGEGLUVW VHULHV RI H[SR
1 VKRZLQJ GHSUMNMNWRMXQUE\DIQG WKHQ UHFRYHU\ E\ D VKR
H[SRVXUH 8QPDUNHG VHFWLRQV ZLWK K\GURJHQ IOX[ GD\
EHLQJ VRDNH®WQ SX3BP +

*DV LPSLQJHPHQW IOX[ DQG PRPHQWXR DIQGVXV JDV F
03D 7KH HUURU EDUV UHSUHVHQW ORZHU DQFDRSISHU OLPF
RI f& WR f& UHSUHVHQWLQJ WKH UDQJH RI WHPSHU

$ +\GURJIJHQ IOX[ GHSUHVVLRQ YHUVXV WLPH GXULQJ
WHPSHUDWXUHYVY % +\GURJHQ IOX[ UHFRYHU\ DIWHU FD
VRDNLQJ LQ & NBDUKHQLXV SORW RI WKH WLPH RI H[SRVX
GHSUHVVLRQ YHUVXV LQYHUVH WHPSHUDWXUH

$)0 LPDJHV RI P WKLFN 3G IRLOV fRARURLO ZDV H|
PLQ EHIRUH VRDNLQJ LQ K\GURJHQ IRU K DW N3D DQG
LQLWLDO % +HOLXP WUHDWHG IRU K DQG/ & $SUJIJRQ W
KDYH WKH VDPH VFDOH EDU WR VKRZ UHOBWLYH SHDNV EI
LPDJHV KDYH YDU\LQJ VFDOHV WR VRREKE LQGLYLGXDO FKD!

$)0 3HDN &RXQW IRU HDFK RI WKQWWKKIHHNWDRGSOHG (
HUURU RI DYHUDJLQJ IRXU OLQHV IRU HDFK VDPSOH

$ +\GURJIJHQ IOX[ DIWHU HJ®RVXWH WR&W ARG XWDVGHD ®
JUDGH VKRZQ WR LQFUHDVH IOX[ ZKHUH®DYV LQVWUXPF
GHSUHVV IOX[ % *& 7&" UHVXOWWYXVRG WEHMWWIZ\R VWRGHV7R
OHIW SHDN VKRZV WKH FRPELQDWLRQ RI DDOGRWPSXULWLH
SHDN UHSUH¥YH@X\WDWGE&EXSROH 06 UHVXXXWVY HD WW L¥MPXORDU V
WKH LQGXVWULDO JUDGH FRQWDLQV VXKPBIQWFDWOWH PRUF

1RUPDOL]HG GXYGORHWQIROX] @FAUGHDVLQJ SUHVVXUHV R
. '"UDVWLF K\GURJHQ IOX[ ORVV ZDV QRW REVHUYHG XC
H[SRVXUH

;5" SDWWHUQ IRU D EDUH VXSSRUWI$STHDQGORFDWLRQ\

=U < 2 XVLQJ ,&6' DQG UHVSHFWLYHO\
$ 6(0 FURVV VHFWLRQ RI 0 3G WKIRRSNQBWWLIW —P
FD —P RYHU D PXFK WKLFNHU <6= EDVH % 2('6 UHVXOW

DQG <6= EDUH VXSSRUWYV

+\GURJHQ IOX[ YHUVXV WLPH DW RpP&ODQG N3D SU
<6= 0 <6= DQG 0 02 0%$2 VKRZLQJ UDSLG IDLOXUH RQ(
VXSSRUW DV FRPSDUHG WR WKH <6= VXSSRUWYV

('6 UHVXOWYVY DW PXOWLSOH H@HVUEAGW CRW ORZ/KH 01J
DFFHOHUDWLQJ YROWDJHV VXJIJHVWLQXHW®DLEM ORFDC

YLLL



JLIXUH

JLIXUH

YJLIXUH

YJLIXUH

YJLIXUH

JLIXUH

YJLIXUH

JLIXUH

YJLIXUH

YJLIXUH

JLIXUH

YJLIXUH

YJLIXUH

;5" SDWWHUQ RI'0 DQG 0 VKRZLQDNVRLOWUQSHBNY Z
WKH 02 0$2 VXSSRUW 0 ZzZDV DV IDEULFRWHGDQN O ZDV
f&

I®Xf YHUVXV WLPH IRU 0 f& 0 f& DQG 0
N9 DFFHOHUDWLQJ YROWDJH RI 0 f& 0 f& DQG
('6 DW N9 IRU O VKRZLQJ WKDW SHUWRH.DMWIDRQQVP R G H

0J UHGXFWLRQ 7RWDO WHVWLQJ WLPH
K DW fa&

$ ;36 R 0 VKRZLQJ SHUPHDWLRQ PBGHXQNHNVVDU\ |
ZLWKLQ WKH 3G SHDNV UHSUHVHQW WKHOPHONILEHW IRU 3G
UHVROXWLRQ RI 0J DQG $O SHDNV IRU WKH VRDNHG DQG L

*LEEV IUHH HQHUBUFDPROWNHQWWDRAQMWRXRPWLRQ RI 0J2 I
XVLQJ ERWKO+GLDWRPLF JDV DQG + DWRPV DV D PRQDWRP

*LEEV IUHH HQ HWXRZDLQBXD BWWRIQWRDO PDJQHVLXP K
UHGXFWLRQ SDWIRAPDYWDRQIPQG VXEVHTXHQW GHFRPSRV|

6DPSOH LPDJH VKRZLQJ WKH IDEWG FODWWHGP GEGHORW Ol
DQG WKH VHDO DIWHU ILULQJ ULJKW

1LWURJHQ SHUPHDQFH PHDVXUHP&R@NVWRV FDf &
RQ 0

I1LWURJHQ SHUPHDQFH RYHO WRBPH DG LMH Y HNUIDO+W H P
EHWZHHQ PHDVXUHPHQWY &LUFOHV UHISDMHRGW GDWD EI
UHSUHVHQW GDWD DIWHU WKH GHIHFW ZDV IDEULFDWHG L

IOX[ DQG SXULW\ XQGHU :*6 DWPRVSKHUH DW f& DQG
SUHVVXUH EHIRUH DQG DIWHU VHDOLQJ O

605 UHVXOWYV IRU 0 ZLWK D PHWKDQHDB8G RI 6/:
6&5 RI S HDFWRU RSHUDWHG DW f& DQG D WUDQV PHP

J)OX[ DQG SXULW\ RYHU WLPH IRU PHREWLDYXE 0 H[SRYV
+2 IHHG ZLWK D 6/30 WRWDO IORZ DW f& DQG WUD
03D

$PPRQLD GHFRPSRVLWLRQ &05 UHVX@W\LWKUDPHPEUD
WubDQvVvV PHPEUDQH SUHVVXUH RI 03D DQG RHUHG RI 6/
PO J RKDW

IRU ®VERWK SHUP

f& E
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9DULRXV JDVHV WKHLVH®ROHFXODW GRDRMSWRUN.D QB
VDPSOH VWXGLHV OROHFXODU GLDRHWHIWGY-RQRBIFXODWHG
SRWHQWLDOV > @ RUE 6WRFNPD\HU SRWHQWLDOV >

6XPPDU\ RI SHUIRUPDQFH FK D UDHRKHURLO/RVIILHW | 5Bl O/HHF
GDWD WDNHQ IURP $O0 OXIDFKL HW DO % H®UHVHVHNVRHWDO
UHFHQW WKLQ ILOP IDEULFDWHG PHPEUDOG®IVIQI[YLQJ LPS
JLYHQ DW D GULYLQJ IRUFH RI N3D

6ROXELOLW\ GLIIXVLYLW\ PRGD®HUPBWHUQDWYV ROW H
VSHFLILHG WHPSHUDWXUHYV

+LIJKHU KHDWLQJ YDOXHV DQOG (H®HWUR GHD VUWRIUHDM HR
IXHOV &DOFXODWLRQV EDVHG RQ KHDW RI IRKPDWLRQ YD
VWRUDJH DW f&

OHPEUDQH VIQWKHVLYVY EDWKYV
6XPPDU\ RI PHPEUDQH SURSHUWLHYV

$YHUDJH DFWLYDMULRQXUWHO@HHIYHOI BROXVLRQ RI 3G IL
OLWHUDWXUH RYHU HDFK FU\VWDODODHHRQARWHYDWKODEBDS I
WKH ' VXUIDFHV

6XPPDU\ RI WHVWHG 3G FRPSRVLWH PHPEUDQHYV
&RPSRVLWLRQ HVWLPDWHV IRUVWKH WRS OD\HU RI W}

/[LVW RI SHDN ILW ORFDWLRQV |IRBUVM®W DQXGED 0 GEPRMHEV R
I[URP ,&6'

;36 SHDN ORFDWLRQV IRU HDFK VDPSOH RI O
OHPEUDQH GDWD

*ODVV IULW SURSHUWLHYV

&RPSDULVRQ RI DPPRQLD UHDPWEAGD UWHAN®GCWW LRIQWK W
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JLUVW WKH XWPRVW JUDWLWXGH L\RXJHOVHWU YH\GDIR® U R G &R\
'ROGHQ 7KHLU LQVLJKW DQG H[SHUWLRIHHI®NUL@HRWXD BPQIG D D\
YDULRXV SKHQRPHQD LQFOXGHG LQ WKLVOGRREXPHORY 6 ZRX® @\D P
JUDFLRXVO\ DOORZLQJ PH WR Y LLVURN <IDIP\D DOFK L QR-D EHQ QD PG SDUF
GXULQJ P\ WHQXUH LQ WKH 2\DPD CFINE) RZ®GIGN HR'QYD GO F K,H DU DRHU ]
DVVLVWDQFH ZLWK WKH DQDO\VLVWRPIWKHV;3BHWLBV& ONDW NL QRO CKL
PXFK Rl WKH ;5' DQG 6(0 FKDUDFWHUL]DWIORGNVVFXRPIDRQY LOHW KW
'U +DQL $EX (O +DZD IRU KLV HQWHUWMLPLYWKGWHWDFWLRQV LQ

7KLV PDWHULDO LV EDVHG XSRQ ZRUM @KI$ 9R X ¥E BWLRYKXQSE B
1RV DQG D 'HSDUWPHQW RI (QHUJ\ VXEFRQWUDFW ZL
$Q\ RSLQLRQV ILQGLQJV DQG FRQFOXYV IR @K LRU PUDMFRP PHH® GD/\W L\K
DXWKRU V DQG GR QRW QHFHVVDULO\ UHOQFHFWRWREBDMWHREQ RI WKFH
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ORGLILHG IURP D ERRN FKDSRWHOG VR LEHHQ WX EICFL S KEHEGLEKLQJ &R

6HDQ 7KRPDV % 1HL®GEQ IBWRLYV ) )KMHYTWLQHE&RFIRWSH :ROGHQ
'RXJODV :D\

2YHUYLHZ

+\GURJHQ SURGXFWLRQ KDV EHFRPH D@ WWXAUHDWVH QUIONXHRS RH
WKH VHDUFK IRU D UHQHZDEOH VRXQBHWKIHHQBURJIHKG WV \QRP\E CHQF
DOVR EH VHSDUDWHG IURP WKH Y DUWRKVKRGKRIWH @ IFERHF W UFDP 9D
SHWUROHXP VRXUFH RU LV VSOLW IURRJZBW HLQ FOXGHR XS\R PRI
PHPEUDQHV WKDW UHO\ RQ PROHFXODKHVHLYOL XKD XCCEHRQNE WH K
WKURXJK D PHWDO RU FHUDPLF ODWWWF AV RZBEIEXKH B R WHKH LG HSHA
XVLQJ HLWKHU FHUWDLQ PHWDOV RUPSURWE QD FR R &IXF \RL QU B WD
GHFDGHYV

,Q WKLV ZRUN WKH XVH Rl SDOODGLXPHE®NW G LKRPS RV IWKHHP S
WKHLU DSSOLFDWLRQ LQ DPPRQLD GHFWRBR YV $WAIRQDODW DR \RWLPE B
&05 LV D GHYLFH LQ ZKLFK D UHDWWRRQRL\R @R XB PR WH W R WHVS [
PRGXOH ,Q WKH FDVH Rl DPPRQLD GHFRPIS®VLWIRQV WKILW RXQQF
FDWDO\VW EHG DQG DPPRQLD LV GHFRP S®N HG GLURW R QK L&/U R PHQO B\
VHSDUDWHG E\ GLIIXVLRQ WKURXJK WKH 3G PHPEUDQH

JLUVW WKLV FKDSWHU ZLOO GH@DLPVW\S B WHKIHID & LWHIVIY DAK
LV DQ LGHDO FKRLFH IRU K\GURJHQ VHSDPXDWIFRIQDGYRDSWHRQ H

SHSULQWHG ZLWK SHUPLVVLRQ IURFEFDRVOZUEBFLEDRW IFIKB S3WH O L/
,QRUJDQLF OHPEUDQHV IRU +\GURJHQ 6HSDUMDW LKRHS BX BEWIL\RKH G €

BULPDU\ DXWKRU RI WKH VHFWLRQV LQFOXGHG LQ WKLV FKDSWH
'"HSDUWPHQW Rl &KHPLFDO DQG % LR@RRXA RO IKQHNY HROIGHI &&R0
8QLWHG 6WDWHYV

'"HSDUWPHQW RI OHFKDQLFDO (QJLQHHULQJ &RORWUWIBR 6WIORWRD/ F
&RUUHVSRQGLQJ DXWKRU



QLWURJHQ DQG DPPRQLD RQ 3G WR DQVZHHWU IR THOONXRG HU DI
GHFRPSRVLWLRQ FRQGLWLRQV &KDSWHIK SGHVNXW\HHYDY SIHFKOX
VXUIDFH PRUSKRORJ\ RI 3G ILOPV EXWHVRMIS®RY XFRQ/F O X G 613D WKB R
VWDEOH IRU 3G PHPEUDQH RSHUDWLR® K&KDWIHLF @R & SR UDW WK
SODWHG RQWR VKRZLQJ KRZ GLIITHULQJ VBB R IPOFH UEL@® VLB
FKDSWHU ZLOO GHWDLO D PHWKRIZ RLO/MHBGLEPRPSBY LM G HiIFHEW
FRQFOXGHV LQ WKH GHPRQVWUDWLRQ RIQ DD HDRARX MDK IGH FIRPRS R
PHPEUDQH UHDFWRU

*DV WUDQVSRUW PHFKDQLVPV

2QH RI WKH SULPDU\ UHDVRQV IRU WHK H H REWL@MKWH G VL. @W H USH
VHOHFWLYH QDWXUH RI K\GURJHQ WUDWNVB® URR 8K GELHNGV R WPKHAUD P
FHUDPLF PHPEUDQHYV KDYH D WUDQVSRUW PH FKKMHEBLEP RRUK K UG LIRIH
QLWURJHQ RU HYHQ KHOLXP 7R XQGHUWH WBQWGRGBKLRI 2B VP WD Q¢
YDULRXV PHPEUDQH WHFKQRORJLHYV
7UDQVSRUW PHFKDQLVPV LQ K\GURJHQ VIHE® UMWIRR QL YH PSEILLD
UHJLPHV )LJXUH , YLVFRXV IORZPRQHFQXO®WHYLBYLQYLR,Q
GLIIXVLRQ DQG 9 VROXWLRQ GLIIXVLRQ ES3HPHHP EHW WIK\DBEH ZS RAK\L
KDYH FRQWULEXWLRQV IURP PXOWLSOH UHURKNVPHRXEWKDIWH D VXUID
., 9LVFRXVHKHDWRAUHJILPH LV WKH UHVXOWDQW NOR D ZHHH) D KIDH\P
PROHFXOHV GR QRW LQWHUDFW VLJQIQYBRQWQ\ VWK FKK H R HH
VHSDUDWLRQ RI GLIIHULQJ JDV PROHFXOHV FDQ EH DFKLHYHG
., .QXGVHQ GUINWKHR®RUH VL]H LV UHGXFHG W R P\B I R VQR\D
WKH PHDQ IUHH SDWK RI WKH JDV PR OMRE XGRP\L Q DYXIG V HIQ VGH.IL M
WUDQVSRUW LV FRQWUROOHG E\ WKRHROHFX®WHR¥ PO RY WRB DTV

IDFWRU EHWZHHQ WZR JDVHV FDQ EH DFKLHYHG EDVHG RQ WK
‘ e

LO»LTI

,,, OB6XUIDFH GLIWKXWHLRSR@RUHVY RI D PHPEUDQH DUH KXRIGDFIHHG W
GLIIXVLRQ PHFKDQLVP FDQ SRWHQWRDROMFWRHD WM U R KXW
VXSSRUW )RU LQVWDQFH B8HPL\D DQG FRERBANKMGVQRERDWNH @ Y

>@ ,U>@ 3G >@ DQG 3W > @ WKURXJKRXMQ D @ KHPXFIDPDD



YDSRU GHSRVLWLRQ &9' DQG DFKLHYHG HQKDRHF BG I KA\ GIURY H
K\GURJHQ DFURVV D QHWZRUN RI PHWDO SWMKIWLHAQKD Q AHH Q/C
VHOHFWLYLW\ IURP QHDU .QXGVHQ WR DQ\ZKHUH IURP  WR

L9 OROHFXODWRQHAHWIQH SRUH VL]H DSSURDFKHV XWXHDW RI W
WUDQVSRUW LV KLJKO\ ELDVHG E\ WKNQRZE BV WRI® HIPXYO PR O
$OWKRXJK K\GURJHQ LV RQH Rl WKH \PEROVOVHEDHJIDR ES$H BHH
VHOHFWLYH EHFDXVH KHOLXP DQG QMWRQ KRIZH YIRD O\ U Q FIKHLRN
JDV PROHFXOH ODUJHU WKDQ K\GURJMHG LI7MKH LYR WHKW SWH
PHFKDQLVP RI VHSDUDWLRQ XVHG LQ PLFK®ISRRIUR X \KD/QOHBD}F
IDEULFDWLQJ D SHUIHFW SRUH VL]H GOXWDQBX®HBMHBWEY NG
PHPEUDQHV IURP EHLQJ IRUPHG

9 6ROXWLRQ BGKLMKWVHRWKRG Rl WUDQVSRUW LV EDMHG HQW
GLIIXVLYLW\ RI FHUWDLQ JDVHV ZLWKIODN DRGLSRODMHHUIM DO ¢
FDWHJRU\ ZKHUHLQ K\GURJHQ PXVW DE¥XRRBE JKQW RHWKH{P P D D
EHIRUH GHVRUELQJ RQ WKH SHUPHDW HXMHG HI URARPOORZU VRHRER
EHFDXVH WKH\ RIWHQ DOORZ IRU RWWRUWIWDNQVS R \D VSDHOQ
KLJK VROXELORRMWRISRD\PHUVVKBYPHWBELRQ IDFWRUV RI RUGH!
VLIJQLILFDQW VL]H GLIIHUHQFH 7K GHKQH IR VP KIMD GO QRS PKB E L
PHFKDQLVP EDVHG RQ DWRPLF K\GURJHQ ADKDSD Q W IRMHK HK LD \
UHDVRQ GHQVH PHWDOOLF PHPEUDQHY DUH WKHRUHWLFDOO\

) ) (IIT) (Iv) V)

Viscous Flow Knudsen diffusion Surface diffusion | Molecular sieving | Solution-diffusion

rpore ~ Afree path rpore Tmolecule pore

I > A1"ree path rpore i )Lfree path

pore

III

JLIXUH *DV WUDQVSRUW PHFKDQLVPV LQ PHPEUDQHYV




(VWHQWLDOO\ PHFKDQLVPV , WR , % IFDH) VQRIZTHWG EKI\ GBLHRIIH G W
EHFDXVH SRUHV WKDW RWKHU JDV \P RIQIHVAX O HRHFBIQVSHR @ W FEDW HD E |
VHOHFWLYLW)\ IRU JDVHV ODUJHU WKDQ K\GURSIBHRY RZKL ¥ K CLIM BV R P
7KHVH PHPEUDQHY DUH W\SLFDOO\ IRURWGHE\ HUWE WU RJ9DRYHWZ®R
DSSUR[LPDWHO\ RQH QP LQ GLDPHWHUPEWDRBYV EBBQRWVKRZQHW® D
K\GURJHQ VHOHFWLYLWLHYV IRU FHU\D L\QHDHN\FRWL YEXW NRU [ HV HWR P
RI K\GURJHQ 7VXUX HW DO > @1 |BDWH[RRIOH +REWDNKR G D\WQ RQ O\
W R 2WKHU JURXSV KDYH DOVR REVEBYHDVWE DA VKK GIURRBID V H C
FRPSDULVRQ JDV > + @

7KH EHVW VHOHFWLYLW\ UHSRPWHGRSRURKNM P HWEWDOHW I J §
IURP WKH ZRUN RI *X DQG 2\DPD > @+ZUBWLRKRMI\ REVIRLBDK I FOXD &
FRPSHWLWLYH IRU PHPEUDQH ZRUN RQ VVOKDP QRAMKK-DQ HVY N HFR @ P W
EDVHG PHPEUDQHV LV WKH GHQVLILFDWLRYPRVSKHUBRUH @H WoH
GHQVLILFDWLRQ WHQGV WR GHF@Q HD/VKQSRWHI W\L MAR WU KIIHF & HADK/ML |
PHPEUDQHV EXW WKH WRWDO K\GURJHQ W&WRRXKEXAR PID\KDN BUWHRI
UHJDUGLQJ WROHUDQFH WR VWHDP L@HRKQIF DWWV KKDDW HKQJ K ¥ W MR
KDYH WKXV IDU SUHYHQWHG D VWDEOH KLJKLI@X[UBRGLKHGK VHOHF!

7TDEOH 9DULRXV JDVHV WKHLU WHRO®OHHRAX OOV G LR B HWSHHFF V. | DR) @ H
VWXGLHY OROHFXODU GLDPHWHUM FODFEEOCRYHEG SXRWE® O WHLLDANOKWH L
6WRFNPD\HU SRWHQWLDOV > @

9 9
OROHFX@OROAOMHFIXO,DU 6,)’(,UIDFH OROHFXODU ¥RBXMQARQ
*DV 'LDPHWBDVYV .QXGVHOQ, | VLR P URSRURXVLIIXYLRQ
QP DPX 6HOHFWL¥_bWII<D\OXPQ\L/(5 FD GHQVH
SRO\PHU
+H ! +
1H ‘ + + +
" [
+ 2 ‘ + + +
1+ ‘ + + + +
&2 ‘ + +
$U ‘ + + + +
&2 ‘ + + +
1 [
& + ‘ +
5HI > @ S5HI > @ 5HI > @ 5F




7KH RQO\ PHFKDQLVP RI WUDQV SR UWDOQWR E EHUDHH ¥ FMWKD\W K {
K\GURJHQ WUDQVSRUW RYHU DOO RWKHUKIDWHWI\P MW KM ¥RDWWILRR
SRO\PHU PHPEUDQHV DV ZHOO DV KRZ K\GWRDION WRNBVGRQWY R\H
SURWRQ FRQGXFWLQJ FHUDPLFV IROORZ E\GUWRVRBL DQ ZRH PR UD IQH
ILUVW EH EURNHQ LQWR LQGLYLGXDODO®SHFHFAWURGQ RIUDNGHWSRYW
WRJIJHWKHU WKURXJK GHQVH PHWDO P HRSRWMNGHI/ YZIKIH D I DI W/ bl QHDD!
WKH SURWRQ GLIIXVHV WKURXJK WKH FRMUKXRL P IEBKBIGL PR PE UD Q
SRO\PHU PHPEUDQHY RQ WKH RWKHU KDQGGGFD QAWM YHMXHGHDWLE
WKH EXON PROHFXOH WR GLIIXVH WKURXJK QDQR VFDOH JDSV LQ V

7KH LVVXH ZLWK SRO\PHU PHPEUD QSRO LRHW KCDW D E[V RW RQICR C
VHOHFWLYH WR K\GURJHQ EHF D XRUEPXQ@WR SAOKH JDXOWS HZFKLLH\K FFD\QD;
VHOHFWLYLW\ 2QH RI WKH EHVW UH\LXOIW R A RUK 8 HARUHN SR O:\\AHHQ P
> @ ZKR FRPELQHG KLJK SHUPHDELOLWK D) FURGVRUEHHEG SPBH W
SRO\PHU WR LQFUHDVH VHOHFWLYLWDEKDQW \PRILQWBDQPRRDD K\AU
PP V3D <HW HYHQ ZLWK WKH JRRG V HOGH FWLIYY MWV \WRR ZIO\GE FRILHD!
FDUERQ GLR[LGH ZDV ORZ $OWKRXJK MWKLVLSERQW HU P DR JHQN DEY
PRVW SRO\PHUV FDSDEOH RI K\GURJHQ W & BVDR/IB\WR LD/ @ R/Z K DIR D LKV VY
7R LOOXVWUDWH WKH GLIITHUHQFH L ® HKKQGRHRREQDWH DVQNSKRYRO B UIF
FRQVLGHU VRPH UHFHQW UHVXOWYV HREUDBWHWB G KRQRWRIHD/ WD
DGGLWLRQ IRU D PRUH GHWDLOHG RYHULYRE ZWRIF KGR ORWLLKM W3
UHIHUUHG WR D UHFHQW UHYLHZ E\ /L HW DO > @

7DEOH 6XPPDU\ RI SHUIRUPDQFH FEDDQHWHHEKQRORJIIRHV VBENEH
IURP $0 OXIDFKL HW DO > @ 'HQVH HVHHQIMNO/O IUH FPHHPW U\ R HQ G DOV
PHPEUDQHYV JLYLQJ LPSHUIHFW VHOHFWLYHWRI +\GNUFIHQ IOX[ JLY
3RURXV &DUERQ |OHBVR SRORXWU 'H QW/®IVPIHMHLDPILF

FHUDPLEF
7TUDQVSRUMMGVHQ|WROHFXODROXWLRQ ROXWLRYROXWLR|Q
UHJLPH | PROHFXODWLHYLQJ GLIIXVLRQGLIIXVLRQ@LIIXVLRQ
VLHYLQJ
7THPSHUDWXUH + + +
f&
+ VHOHEWLYLW\
+ 1O0X] +
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,Q WKH HQG WKH RQO\ PHPEUDQHV WK DG FEIHR BHK\8
WUDQVSRUW PHFKDQLVP IRU HLWKHU SWRMDRQ FHRIW D WRP\|
EHQHILWY RI WKH FKHDS PDWHULDOD\ JLYH ULVH WR S
DSSOLFDWLFRSGW IXFMWQ W MKH UHVHDUGKQREXAMHRQ@( DV PHPEUDQH
PDWHULDOV VWKRRUHWRRADIO\ VXSHULRU VHSDUDYV

3DOODGLXP DQGLWKMLRROKWLRQ

$OWKRXIK WEH IXRORY LP@SOLHVY WR GHQVH SRO\PHL
FDVH RI GHQVH PHWDO PHPEUDQHV O\AKY M CPHHARK IDYOH. W\PR EKI\K
UHDVRQ IRU WKLV WLKKGUROH®W.IVYODRWLWUDQVSRUWHGDWRPYV
WKURXJK WKH PHWDO '@ DWQUWLWH DXQVEBHW WKH IHHG K\GU
, WKH JDV DGVRUEVWUIDFH ,, WKH K\GURJHQ PROHFXOI
DWRPYV .., HDFK DWRP WKHQ DEVRUERHLIPWRVWEH P FHW B
RQ WKH VXUIDFH LQWR DQ DGVRUEHG K\GUREBXQHO\ GHVRUEV LQW
WKH SXULILHG K\GURJHQ SHUPHDWH

,Q JHQHUDO WKH K\GURJHQ EH GHVFULEHGZELRKK VWD
SHUPHDELOLWE FIRHWKHLBQR/GXFW RI WKH

&, 6L
$VVXPLQJ HTXLOLEULXP DW WKH - RI PROHFXODU K\GURJI
GHWHUPLQHG XVLQJ )LFENYV OL (T ZKVFKRPPRQO\ NQFV

ODZ

Dense Metal Membrane Porous Membrane
Mixedgas | | PurifiedH, Mixed gas Purified H,
@ [ ]
P A
e i
Other gas ®H+ H+® otk )
o= er gas -
!\- ]% =r/_2 \V i"’g\.!
) |> | b !
Z Membrane 1 Membmnel

JLIXUH6FKHPDWLF RI PHPEUDQH RSHUDWLRQ IRU KH\GH
PHPEUDQH 5HSULQWH > @ ZLWK SHUPLVVLRQ RI 6SULQJHU



3°,
,Q WKLV HTXDWLRY GWHKMHHUPXQHG E\ XVLQJ WKIKKE SHOURGQ D ZIL OWKN L K

WKLFNQBQW WKH SUHVVXUH JUDGLHQW3R! KOG G RIMEPEBWMWEH/Q WK

7KH SUHVVXUB BEB\RROMQWZQ DV WKH 6LHYHUWYV H[SRQHQW LV NC
GHSHQGLQJ RQ ZKDW SRUWLRQ RI WURQVGRRLW DW URDQWH IORLP LY V @
LQ D VTXDUH URRW GHSHQGHQFH ZKHUHDRQWXIDLDPHUMFXRWS MY Q!
RI XQLW\
$V HDUO\ DV WKH V WKH VROXELOWWWYHR IPKA\G DRYHIDNQL O E
E\ VHYHUDO JURXSV LQFOXGLQJ WKRVH R@ PMOOHVYSHBHG @&\ DL
WKHLU ZRUN LW ZDV GHWHUPLQH5 WRDW WKSRKVEIURIBQ WROMEHO
HTXLOLEULXP K\GURJHQ SUHVVXUH 7KQV WIX® \WE HVEKBWLBDQQDS RHUGY E
+ JDV WKURXJK WKHVH PHPEUDQHV RFFRIUW ZRL D QG REAXLIDAV i RQN R
EXON 7KXV VROXELOLW\ PXVW DFFRXQW IRV WEKDMH HAXWMHQ XW E H LD
+RZHYHU GHYLDWLR@WDOXRP RVKH KOMBOEHHQ NQRZQ WR RF]
FRZRUNHUV > @ GLVFXVVHG WKH YDODXGL®J WIKHF6RHWIDQWMVHE
H[SRQHQW GHYLDWHV IURP WKH WKHRUHWLHEWOD®OD GXH® REH Y H DR
PLFURNLQHWLFV PRGHO WR GHDB UMW KOWEKH QR LSHHD/ODMQAH W R | Y
RU DW ORZ WHPSHUDWXUHV $OWPR®DIWHE®H®L\HYDEW X F FoLD B W/ B .
HITHFWV ZKHUH QRQ LGHDOLWLHY KDYH EHHQ REVHUYHG HYHQ IRL
'KHQ FRQVLGHULQJ PHWDOV IRU K\GUR OHE W UDX PSBHWUPB Y E
RSWLRQV )LJXUH VKRZV WKH PHD VXWIHREQ SAHHVP Bl O ¥ LODWL \& K OFOU DWH
DOOR\ ZKHUH LW LV DSSDUHQWDWHK DWUWAK K RR/IH] IRH VW 1SH U7FH D B GO
DV < DQG =U ZKLFK DUH OHIW RI JURX® OHPH MR ORBL 0DW LKD/Y W KA
PHFKDQLFDO IDLOXUH ORQJ EHIRUH WEB®HM V¥ DRQGEH WV R G DI\O K\ &/KR)
WHQG WR VXIIHU IURP D KLJK SURSBQW®LVO\RERUR[IMEKHH U ZK\IGRKR YIX @
WKH RWKHU VLGH Rl WKH WDEOH 3G LV\WKH RQO\ PHWDO WR KDYF
2XWVLGH RI 3G DQG LWV DOOR\V JWHRKLSR X \PGI\WEHIHQ ¥ WIXEG LHG
SRWHQWLDO K\GURJHQ PHPEUDQHV G X®IGWHRK MIX$! IUH & D YKL K HG ERV WQ
DUH DERXW WZR RUGHU RI PDJQLW X G Hi FKHIDVBW 0 HPKIIMQV 3mBW EXRZ K
> @ ,Q IDFW HYHQ WKRXJK WKHLW KGN IGAHD OR WRP\S HR Q VDXIHHD O @
2ZHQ > @ KDV DUJXHG WKDW K\W UIXG®H | R B D WIL® QH BRUHMW QR |
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5700 500 400 300 227
10 77—
T o) /¢'//z
e 107 L __—————
E =
€ ; ~
Ko} 10°®
S
z 0]
(] 10" b
g =r \T/a \
é‘_L’ 10" r Fe N
~ F Pd80Ag20 ~‘\~\“‘-
I 2 [| © PdcoatedV SN
) 10 | [ Pdcoated Ta 3
[l 3 Ni 3
T b rmenll
1 1.2 1.4 1.6 1.8 2
1000/T (1/K)

JLIXUBHUPHDELOLW\ RI YDULRXV PHWD®@WZXLWRWWHGHF > @
HIFHSW IRU B&&FRIDWBG GDWD | > QG 3G$J GDWD > @

JURXS 9 PHWDOV EHFDXVH WKH\ DUH W& YDOXHV ,W KD
SURSRVHGWKDW@HPEUDQHYV LQYROYLQJ 9 1E RUf& WR DYRLG
HPEULWWOH P HQ WH FKKIHQ LVIPOXQ WKHVH PHPEUD Q QW LLR/QO IZN
EHHQ VKRZQ WR LQFUHDVH WR  XSRQ HUDRMXWH RVR |U
EULWWOH UHJLPH > @

3G DQG LWV DOOR\V FDQ DOVR VXIIHW OHPH &W UL IGHIX
OHVVHU H[WHQW WKDQ WKH JURXS 9 PHW®DION\ RK W IGH P DE\
K\GURJHQ SURGXFWILWHWWRBEBGRXELOLW\ GLIIXVLYLW R»

7TDEOH 6 RGXEXO/LWL WY DQG SHUPHDHPEUDQH PDWHUL
WHPSHUDWXUHYV
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PHWDOV DQG 3G VKRZLQJ WKDW WKK\GURXI$Q9 VIRROXEQ VU LG \K D QH
<HW WKH EHQHILW RI 3G RYHU WKWR WGRXY RFHDWPHIQ\W VY RM QW ¥ K[
PHWDOV PXVW EH FRDWHG LQ D RBPMDMWMCH VRN GW R JEIQV GRBILLIMW HV B € GW
$OWKRXIK JURXS 9 PHWDOV PD\ HYHQWWDBIOQOCD OHBERXDEFH@WE DNVH PY
QRW SURGXFHG VWDEOH ORQJ WHUP SHWOVYR&PH QWHH VDIRHR @QIHHNG WKW |
FDWDO\VW WR DVVLVW LQ WKH K\GRBNH® FEOWH/R RLD WKRIQP RWH S5 HK

P 3G FRPSRVLWH PHPEUDQHYV WKDW KDVBHWABURDQFHN KR BQK VAL
WUDQVSRUW

&DWDO\WLF PHPEUDQH UHDFWRUV DPPRQLD GHFRPSRVLWLRQ

7KH YDVW PDMRULW\ RI ZRUN RQ GHKQDWH EPHIMGD O RRHPEUNDHYX
GHK\GURJHQDWLRQ UHDFWLRQV ZKHURQQRDD UXHQ DFXFHG DRWY R H WK B
WKH K\GURJHQ SURGXFHG LV VLPXOWDQHRBV®LPLMARY QEXREBRB RIK)
KDYH XVHG GHQVH FHUDPLF PHPEUDQHV K@ LGTKK\ GRU RISISIDWQ R @ Y|
KDV JDUQHUHG IDU PRUH DWWHQWLRQ IRDFMABW R&H B DMR.@REH § VW D
DPPRQLD VIQWKHVLY 1HYHUWKHOHVV WKHVERHE G RWMWDOI RRIUGHK) B
RITHUV WKUHH PDMRU EHQHILWYV RRYGW W UPRQ WH. B DIDROQ M HIDRW R |LF HF F
OLPLWDWLRQV VLPLODU FR@HHWU RISRIQYY WDQJEFR QW WDILRG\G DWW G
EH UHGXFHG E\ FRPELQLQJ WKH UHDFWLRQ BQ® VHSDUDWLRQ VWD

$ JHQHULF &05 GHVLJQ FRQFHSW IR UHGH{HH LRH W& URHH P E U G
FDVH WKH FRQFHSW RI D VKHOO DQG RUXERPRBEVDJRDNR E HHQH LOID
DOWKRXJK RWKHU JHRPHWULHV DUH \8RWKHEGH W D@\ VA¥ & H GDPHHRIDH
LQWR K\GURJHQ DQG QLWURJHQ QHDU WKEHUPKH Q®LUQR R | $W KW K$H
GHFRPSRVHV RYHU WKH FDWDO\VW EHG WKH BWHUFRIPQLRYD WRXR
PHPEUDQH DQG FROOHFWHG DV D SXUH KGR DH)Q SQBBXFWH @KDIPE
XQVHSDUDWHG K\GURJHQ LV PHDQZKLOH FROOHFWHG LQ WKH UHW

$V D SULPDU\ LQJUHGLHQW LQ WK} WHHWARWPHEUYV EXU B K W O
DPPRQLD LV DUJXDEO\ RQH RI WKH PRV WRIGHBIRQY W R BIW WK HPR E B ONU
D VHFRQG SRWHQWLDO DSSOLFDWLRQ IRWLDPPR QLD MK RF KD BRXQI&
PDWHULDO $PPRQLD KDV EHHQ VX PHIGMWKHPGI BY B\ GRRIHH@WW B O W \
WUDQVSRUW OHVV FRVWO\ WR SURGXFH DQG KDV D KWXKB WP BI\D\H U
IUDFWLRQ RI K\GURJHQ DQG YROXPHW URR QG B QS/U MAX HBDE/RK W W V



Catalyst Retentate side :

N, H: e £ Retentate
NHaﬁ 0000 2 og s & 0,0,
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Feed

Permeate gas

AT

Pd membrane

Retentate gas
(Ha, N, NHy)

Thermocouple — rnace Ni/La-Al,0; catalyst 6.0 g,
diluted by quartz sand

JLIXUH &DWDO\WLF PHPEUDQH UHDFWERRVERQROXGESURQWRG DU
HW DO > @ ZLWK SHUPLVVLRQ IURP (OVHYLHU

SRWHQWLDOO\ FRPSHWLWLYH IXHO * HARS8SBBPHNYEG ZK\BQ FRAS DUrH
FRPSUHVVHG WR 03D FRPSUHVVHG KWUWRJGPQV VWHRV MWKBQLQ
IXHOV VXFK DV PHWKDQRO DQG HWKD QEROQ VRIWH.W \E NWK\WE UDPRR @ P
EXW XOWLPDWHO\ UHPDLQ FDUERQ EDMVWGR@ QG WY H DOP PRQRDVE HL
LQIUDVWUXFWXUH DQG NQRZOHGJH KBV XLHHE FRQ WL GBQ¥SRDEGNMQ
PHHW WKH GHPDQGV RI DQ DPPRQLD EDVHG HQHUJ\ HFRQRP\ IRU G

7DEOH +LJKHU KHDWLQJ YDOXHVHDRG SIRWHQWGEBQ VKVEIURIHA L
&DOFXODWLRQV EDVHG RQ KHDW RI IRUPDWLRQHYDWXHY&URP 1,67

+\GURJHOWRUDJIJH +9 + &RQWHOWDYLPHWULFROGRHWMULF HQHUJ
BRXUFRH3UHVVXUH PR|O JJ GHQVLW\ [0-GHQVLW)\ |0- /
03D

I1DWXUDO *DV
OHWKDQH

+\GURJHQ

$PPRQLD

OHWKDQRO

(WKDQRO

*DVROLQH
2FWDQH




$GGLWLRQDOO\ LQ UHFHQW DGYDQFHV IUD \URFR QW R DSU R GXFR
XVHG DV WKH IHHGVWRFN IRU HOHFPWMGRDW IPX ZK LFRZADQSD &YV R XK
WUDGLWLRQDO +DEHU %RVFK SURFWWG |URMWKMHQIHHEZE UH WXL B H PH
VIOWKHVLY DQG GHFRPSRVLWLRQ ZRXOG URSURBWHO WHD AR Z& /KW
EHQHILWY RYHU GLUHFW K\GURJHQ SURGXBWVRWW I+QRA HKYHYH DPE@R
OLPLWDWLRQV DQG DUH IDU IURP EHLQJ FRPRHWRIIDDAJROBWH®@ DK
PXVW EH GHFRPSRVHG DQG VHSDUDWHG IRU WKBOGMGURI®WQ WR EH

&RPSDUHG WR RWKHU K\GURJHQ SURGXFWLRRR PEHBWKRGM V)
GHFRPSRVLWLRQ LV RQO\ UHSUHYVHOQWHIA HEX D& KIDQGED XBOWR D @ L W H
WKRURXJK UHYLHZ RQ DPPRQLD GHFRPSRVLWER® | WRPHWR G OS UFHYN
DUWLFOHYV IRU WKH SHULRG WR W KD WP HQWR/O Y7HK D\PHP ISQ E LGF
ZHUH GLYLGHG LQWR IRXU PDMRU SURMFHLVURWHBE VWRPEPR QR R QGRHDA_RA
PHPEUDQH UHDFWRUY DQG HOHFWURO\JHUYV

S$OWKRXJK WKH PLFURUHDFWRUV DQG PIRMRWW WEIL FGJ HHRRWR B!
PHWKRGV UHVXOW LQ DQ RXWSXW VWUHDP RIHQMNR & JH & LIVOREH R\
HLWKHU WKH K\GURJHQ QHHGV WR \EKHKSDUWRMWIDGZ RO OVKXI IIEKBH @ @ |
GXH WR WKH GLOXWHG K\GURJHQ VWUHDP VAW ZOWKL @U5D & B ZIHPYSHLF
WKH SURFHVV LV WR UXQ WKH UHDRXKWDRQR®@ DQPBIGEUWQRQUWRFW
&05 PHQWLRQHG SUHYLRXVO\ D GHQVH K\GUWREKH® UPMAEDDO H QU
VHOHFWLYLW\ FDQ DOVR HOLPLQDWH YWWILIOFFKHFDXRXQGWH/JI BRD GCQWHR®
HYHQO DW FRQFHQWUDWLRQV DV ORZ DV SSP > @

,Q WKLY PHWKRG D K\GURJHQ WUDQVSRWWI RUWEDD QG )LNVIXNH
WKH DPPRQLD UHDFKHV WKH FDWDO\V\GL\@ LMW BHFR PYSLADV MK H. QH
UHDFWLRQ

tO*; .. ™ Qg.¢. El*euy, e CL{tve 'z
ZKLOH WKH K\GURJHQ LV VLPXOWDQHRXWOOVURZEDUBRW HEK H\ SURKS P
SXUH K\GURJHQ VWUHDP IRU XVH LQGDWXIBGEH-HQOHRBRWGOIK WRR R@LL
HIKDXVWHG LQWR WKH DWPRVSKHUH

2QH RI WKH SULPDU\ LVVXHV ZLBDKWAVKM WXWDWH @W HO DW PR Q@ MDX
ERWK H[SHULPHQWDO DQG PRGHOHDBV RIW M D FIXXFO X@ NV K HWSHHIP 1D DY
7KLV LV EHFDXVH D VZHHS VWUHDPWAH YYOEX)RRBHHQI | B BWIWY. DO\ SRS
SHUPHDWH VLGH RI WKH PHPEUDQH PIHWRQHHK WWXW LSORUMIDQ. B
IOX[ 7KLV K\GURJHQ IO0X[ LOQFUHDVH LQ WRQ Q+RA@M K HLD FW K DW H\O D



WKDW HLWKHU WKH K\GURJHQ QHHGW @ ® ERIWK-HID VD/\D BIlG  IRIIR RV WH
QHHGYV WR KDYH DQ DGGLWLRQDO YD BXXPRXWWHIG DAVRW 86 K HLGN ¥ KALR
7KH RQO\ VLPSOH RSWLRQ LV WR XVW WDWHDDR BRQIENQ@MHS RXW RK
SHUPHDWH +RZHYHU HYHQ D VWHDP VZHHSWHRKD® ® E®\FQRB/O |
VLIQLILFDQW EHQHILWY ZRUWK WKH F&\D/& S DK I D WIIRRIH Z R RO GX B/HK U
VXFK DQ DLGH

$OWKRXJK PDQ\ VWXGLHYV LQYROYHG & ISH XRHID RIL RDH N/ RIWUDI
H[LVW ZKLFK FROOHFWHG WKH SSHUPHDWH ¥W U HD R®D WR D W. R/ WSIKIR
> @ XVHG D P WKLFN SXUH 3G FRPORPWYWHDPIGPEEWQHQHGVK DFE
ZLWK UHFRYHU\ DW . DQG 03D +RZHFHREWBEQBY BMWUBOQRW
XWLOL]JHG LQ WKH FRPELQHG PHPEUD @t HIGI DFM RU DL GV WKHDUG W |
FUDFNHU IROORZHG E\ D VHSDUDWRRWUP,IGWK LV R RQNDIELODL WYL RAQH WA

FRQYHUVLRQ UHFRYHU\ DQG V + SURGKFRQ YLWRRRUPW K H
7KH UHDVRQ IRU WKLV LQFUHDVH R ISH FIRXUP® ERH | X D0 \WFKRIQAY HAUKA
WHPSHUDWXUH FUDFNHU DOORZLQXPW K HK PGP E UHD@® 1 W R W\H H. QADKHHN
QHHGLQJ WR RSHUDWH LQ SDUD®BDHOWILOWK BEMK K QRDHAVD O DVEND H< B M/F D
D VHSDUDWH KLJK WHPSHUDWXUH WRHDFHBRW R HWKBIH&WK 16 HPWIPEL D)
D ORZHU RYHUDOO WHPSHUDWXUH | IKKH K PPS RQHF QWD VHIQ\E KHOO RIH
FRVWO\ PDWHULDOV RI FRQVWUXFWLRQ

$ SRWHQWLDOO\ EHWWHU GHVLJQHMH® B QPH VDIQ\GZTHNO XWUHHGV B \ :
WHVWHG D PHPEUDQH PRGXOH IURP 5(% YH\GHDUFK FRE® YBHRUDMRMW

K\GURJHQ \LHOG DW . DQG 03D 7 KPHH PEXWMKQRHU \D FKOL\HRY IV @V [
WKDQ SXULW\ XQGHU DQ\ FRQGLWLRQ DOWKRBXJR ¥ROMLUDR V
WR WKH UHVXOWV Rl =KDQJ HW DOSRU@HEQGLWW D@ LGH W HUM QF HaA!
DERYH 03D 8QIRUWXQDWHO\ WKH GHWFGELSWLRWY RQ MOKHKEIHI 06 P |
DUHD PDNLQJ WKH K\GURJHQ SURGXFWLYLW\ Rl WKH VI\VWHP LPSR

$QRWKHU LVVXH ZLWK DPPRQLD GHFRPSRWUMLW CCLRAEL H@V
WHPSHUDWXUH :LWK D YDSRU SUHVVXUM RHIRFQMORUV DBB XWDEOH
SUHVVXUHV WR VLPLODU OHYHOV DW K H DIFR\PRRUQV. D RWH &0-BU ¥ RWIH R X Ky
SUHYHQWY D UHDFWRU IURP LQFURDMRQUHFR SHHV URGHSWR HQW UH |
FRQYHUVLRQ =KDQJ HW DO > @ |RQ@FHFHRBWH QVRIHL VWVI@IQ LEFHDW
DQG 03D EXW WKH\ GLG QRW JR DERY HK WIKIHWU SSUHAAMNOULH VS B R X €
WKH SUHVVXUH GLIITHUHQWLDO IURP W KH/L UORRXARGWURQID D) & FHU



,Q IDFW QRQH RI WKH H[SHULPHQW DB HGNSGH WV XKHHYHDERYRU
GXH WR WKH OLPLWDWLRQ Rl WKH YDSRU SVUUN@KU HDR U SXQG -DPWPH
UHSRUWHG OLWWOH SUHVVXUH GHSHQGHQ PHE URIQ FARMNHRW R R E HR\UZ
03D DQG 03D DW . EXW GLG VHH DQ LQPHHPEVID QB RIOERMN
DW VHYHUDO IORZ UDWHV 'L &DU® R R'GIG®OF WHGDI G' "WICP 80 BWHRQ
UHDFWRU DW 03D DQG IURP . WR . DQG IRXQG DEDRWRHDYV
FRQILJIXUDWLRQ RI DW . DQG 03D EXWHGLBUBRWXERIQYVLGHL

2QH ILQDO QRWH RQ WKH &05 U DM UWHQYFHAD 0 QJ WRILYV VHW WE RIE
VLOLFD PHPEUDQHV > @ *LYHQ WKBGOEBVWE ® QXPEBQHR/ WH ¥
VLOLFD PHPEUDQH UHVXOWYV ZHUBIQIG)RIXRSIHE KM RE Bl RGIHL MW \RK 1D X.Q
RQH VWHS UHDFWLRQ DQG FRQYHUVLR\Q RIQ BEWMRVY L R® ZAHHAKD QLY ©
PHPEUDQHV PLFURSRURXV VLOLFD PHPEUDQHYV X\ AW LRQOE \KHH® P
SRUH VL]H LV YHU\ ILQHO\ FRQWHWR ROHG WKW WRKHXU R DHEQ D\PHPRIQH\U
WKRVH WKDW UHSRUWHG SXULW)\ P IGFKRSWRRIRDQ/ SHNDLW DHRHREUD Q|
> @ ZKHUHDV 3G EDVHG UHDFWRUV REWDL Q@ G$SGLWVLIRROD D\ W]
VWDELOLW\ WHVW E\ =KDQJ HW DO JD @D WXRIM VR G RHPHEWIRQR T
DQG RXU JURXS UHFHQWO\ UHSRUWHG > @ERQHIDWRBBNDRPRKQGDR
QLWURJHQ FRQWDLQLQJ JDV VWUHDPV % HADXWH BX EDW HEY PP E L
GHJUDGDWLRQ LVVXHV WKH FXUUKIQ\EHAWHW RS WU IR ¢/ XWR HURG XK
K\GURJHQ IURP DQ DPPRQLD GHFRPSRVLWLRQ &05
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$ SDSHU DFFHRWXHGQGIEO WKBHPEUDQH 6FLHQFH

6HDQ 7KRPDV % 7TDACRBLQR <DPMDAXGKEL :ROBGH® 2\DPDRXJODV :D\

$EVWUDFW

7KH SRWHQWLDO LPSDFW RI QLWURJHQ DQ® FHP MRKQLRX HY SR K
SDOODGLXP PHPEUDQHYV —P WR — P WELREZ®VIYBRXGAHGH G EG LH
D UREXVW DSSURDFK LV LQWURGXFHG WRFFRBRQW VI\I RMK A REUNHY/LVEXH
.QXGVHQ IORZ WKURXJK GHIHFWV SUHVHQQWLD Y WUW R/ KSIUH P HRXWU®D
UHVXOWYV QR IOX[ LOQKLELWLRQ ZDV RBMBRBYKGHG %A X\ K\L W Q R OH
H[SRVXUHV WR ERWK SXUH JDVHV DQG HTXPPRQDD KLEWRUHQ DWW
PHPEUDQH SUHVVXUHV UDQJLQJ XS WR 03D RQB WHPSHL@HW BU
H[KLELW VLJQLILFDQW IOX[ LQKLELWLRQRVDDWRNWU KEDOLNB M[S RAKOG
PLFURVWUXFWXUH DVVRFLDWHG ZLWK \K\BYRDIHBQEH 8 DAJWRLIGID W & K
EHKDYLRU ZDV SHUPDQHQWO\ HOLPLQDWWGUED PH UDHG RWWK UM ¥ K 1§
WKLV VXUIDFH VWUXFWXUH PHFKDQLVPIQX[ O @PRIUEH \8 URE DEIODHIQHDSE
QLWURJHQ+EDVHG VSHFLHV

, QWURGXFWLRQ

$V D SULPDU\ LQJUHGLHQW LQ WKMWHKHUXRIOAGHYW F XZKUHRRKR WK HX
DPPRQLD LV DUJXDEO\ RQH RI WKH PRVWR GMHURU WDFRIW WK H P [aF DR/Z

5HSULQWHG ZLWK SHUPLVVLRQ IURP (OVHYLHU

3ULPDU\ UHVHDUFKHU DQG DXWKRU

'HSDUWPHQW RI &KHPLFDO DQG %LRORJLFDORQGHIHH2LQJ &ROF
'HSDUWPHQW RI &KHPLFDO 6\WWHP (TRIN\RHH UL Q J* RAKIHR 8 @XYOHR |
7RN\R -DSDQ

'HSDUWPHQW RI &KHPLFDO (QJLQHHULQJ 9LWH® BV DMWHY %ODFN
&RUUHVSRQGLQJ DXWKRU



VHFRQG DQG SRWHQWLDOO\ HTXDOOD LNSWKMMD RV DG HILHDIW L\RWOR
$PPRQLD KDV EHHQ VXJJHVWHG DVRD ERGWHRQIW RDW K\DWR UD HD P HigW >
FRVWO\ WR SURGXFH DQG KDV D KLJKHWVHI@HK\G WIGRHIGIWQL WD WK D) W
LV EHFDXVH DPPRQLD LV HDVLO\ FRPSUHYVWHIQ® RF DQOWKXLVGEWWDWI
PRUH HIILFLHQWO\ WKDQ FRPSUHVVHG WDARURIVMY KBWSE B EDNOD YV DF U
$GGLWLRQDOO\ LQ UHFHQW DGYDQFHVWKDDRPRFQLR KBQ RIGX KXW\
WKH IHHGVWRFN IRU HOHFWURO\VLRXEKL® R ZFHDJQ SUAHWR XEHH 8 HM KD QF
+DEHU %YRVFK SURFHVV > @ ,I K\GURJH Q@ HIUHHT X\[RJ HEPHH B @/L\P LD
VIQWKHVLY DQG GHFRPSRVLWLRQ ZRXOG URSUBKWHOQWHD AR ZE W/HKW
EHQHILWY RYHU GLUHFW K\GURJHQ SURGXPFWSIRRIQNH® ZB ¥ AR Q R BPEX
GHFRPSRVHG DQG VHSDUDWHG IRU WKH K\WGURJH@ WR EH XVHG HIII
$ VXJIJHVWHG PHDQV IRU GHFRPSRVLWLRQ DWKHVK®$B U®DIWDR
PHPEUDQH UHDFWRU FRQVLVWLQJ RI D SRXOQ®IE XE BDNBIG DDAV \ >
$V WKH DPPRQLD UHDFKHV WKH FDVWDARWHWQ LDMQEVQGWBRBBRVHEE
VLPXOWDQHRXVO\ SHUPHDWHY WKURXJK WKKN WG HPMHRP ERJD XN W RQSW
FHOO ZKLOH WKH QLWURJHQ WKDW RN VIRKHUWHKG LW R KHDW VDADH G RLXIY
PHWKRG FRXOG SURYLGH D NLQHWLF HQKDYQFGH PH WJWHRUWKRD GHB ¥
WKDQ D FRQYHQWLRQDO UHDFWRU DV ZW&&8 RMWGVIRRXQWDBQHRMOWCOH G
SDVV > @
3DOODGLXP LV DQ HIFHOOHQW PDWBURFOGIRY KLGK RON[H 8 HUW
WHPSHUDWXUHYV > @ O0DQ\ VWXGIHYDKMMLYH DHBRWWH G L@ VD R\GH |
UHDFWRUV > @ +RZHYHU WKHUH KBYHVE® HXQH VK\G B R MOLURER/Q W |
LQKLELW SHUPHDQFH E\ FRPSHWLWLYH DGVRUSWLRQ RQ WKH 3G V.
,Q FRQVLGHULQJ PHPEUDGHFBRBRWIBNMVRIREDW+RQ WKH TXH®
DULVHV DV WR ZKHWKHU HLWKHU QLWURWHIO QU LBAAAEQ WD WG KUE
WKURXJK 3G EDVHG PHPEUDQHYV 7KLV ZRMNOG/ 5 RW B GWLHREW\DEHH G |
D VIVWHP EHFDXVH DQ\ IOX[ LQKLELWKRE BRXEG® ORZIHW FHFRQRFW
$FFRUGLQJ WR D VWXG\ E\ 6DNDPRWR H® #)®I G>V\@UHD)ERIVWUH WRR
WKH K\GURJHQ I0X[ E\ ZKLOHIHHSRORZH WHRG DNKH 11© X[ E\ 7K
IRXQG WR GHFUHDVH ZLWK LQFUHDVLIQILBMGHP PAW DW XUGHHXQWDLO \H
:DQJ HW DO > @ UHSRUWHG WKDW H[SRYXUWHWRIUM 3B UP H PkE B D Q¥ H\
GHFOLQHV RI ZKLFK WRRN VHYHUD® KRMXUWLY WRVUB FRYWHWUXDBLQJ
1 KDV RIWHQ EHHQ XVHG DV D UHIHUHQFBELIDWKR Q6 FA\HRE GHOQHF W



7KH UHVXOWV RI WKHVH PHPEUDQH L @ WH\OML JDLW/IKR @K HK IRYZ W
XQGHUVWDQGLQJ LQ WKH FDWDO\\AL V@O UWSRDWHKGHQHRUOLQV WD
DOWKRXJK QLWURJHQ JDV DGVRUEHG R Q DSD/MLIDIOG SXIM WAOUU B F H \L VD
FRPSOHWHO\ GHVRUEHG XSRQ KHDWLQJ WRVKDW QL@UPRIHQH ® @

DW . XQGHU DPELHQW FRQGLWLRQV ER® HEH SR VIRWHDWRK B XL JKH
GLVVRFLDWLR@RRIL DGV VSHFLHV 7KHVH 1 DGV DUBS® FAHIWH ZORW
FRPSOHWHO\ GHVRUEHG XS WR . EXWHWKHVWHBDE WK K HPEH QRK RV

VWXG\ E\ WKH 1jUVNRY JURXS > @ VKRZH ® RQKDWY BGWHKDIW LR/Q B FRV
DPRQJ WUDQVLWLRQ PHWDOV EHFDXR/JHRI LWV LQDELOLW\ WR GLV\

$0 6KDPPHUL DQG 6DOHK > @ UHSRUWHG INKIDWP NRXPRDED D
IRUPH@G[1+ VXUIDFH VSHFLHV DW . <HW QRWHPAWUIRE HQREHW RH
GXULQJ WKH H[SHULPHQW QRU FRXOG W RH HEHXVKVEHRIBOPRWLD
$OWKRXJK WKH\ UHSRUWHG® SMKEDMWV WAUIG IGRW GHVRUE E\ HLWKHU
KHDWLQJ WR . WKH ODFN RI K\G WRM HQG®IRJISI@D FOHP[H QMK LVELIW H |
XQOLNHO\ IRU D SDOODGLXP PHPEUDQH ,Q DGGIWLRQ V.SBEPRWL
IRUPHG IURP 1 DO@YV QRUPDWLRQ ZDV REVHUYHG DQGV KW LRQICASR
RFFXUUHG ZKHQ DQ RXWVLGH HQHUJ\ VRXURHL D\WH @K FAWQUR\QU RBIDE

7KH SULPDU\ LVVXH ZLWK W K HWDMDV/OWR. \D PR RWHLLID WX WH. \D U RL]
SDOODGLXP PHPEUDQHV LV WKDW P RWINE )RR ND W VWHPUSUHLLHDGN X X W VX E
(IILFLHQW DPPRQLD GHFRPSRVLWLRQXWHINFRIRUV. DR RSHD QW @ H
UDQJLQJ IURP N3D WR N3D 7KH ORZDHI®GE \RR MLRIK\H S UWHK/DYX WH
SUHVVXUHV XVHG E\ .LQJ > @ RU .XQLXPREHV VMG DK D>W @ L J& HD FSD |
RI QLWURJHQ ZRXOG OLNHO\ OHD GGWRRKL YKHNHDICOMRR SR QR/Q G B XYW\
QDWXUH RI K\GURJHQ DQG ZDV PHUHO\ GLUHFWHG DW D SXUH QLW

%DVLQJ WKHLU ZRUN RQ WKH VWXGLIQVLRKLERQWLRW RO K5G !
SHUPHDQFH &KDQWDUDPROHH HW DO > @ 7F CFIDWDLAK® BWWR®WNQR/Q W
DGVRUSWLRQ RQ SDOODGLXP DQG VXJRQ/W&BUWKRW+1DIB&V RMRQ@H D
+RZHYHU WKH JURXS GLG QRW GLVFXV\L QVWH 5 RMUHQW EDO FIIRU$D \
+HUURQ 7RQHOOL DQG ODYULNDNLV > @ ORAWQGDU®D¥ GMNVRU:
WKHUPRFKHPLFDOO\ SUHIHUUHG RYHUWR GHFERP SRV LW LIDG HR | VEKLIW K YA\
IRUPDWLRQ RI 1 DGV LV XQOLNHO\LDQIG L\WB & WH FRLY# UPIDA\H QW R/ XID
DGVRUSWLRQ HQHUJLHV ,Q IDFW 6RQJ DR +XPPRQ@LOHWERWRHGL\



SDOODGLXP DQG FUHDWHG D PRGHO WXEDHHWDBR XWKD WL DBEWYO FRIY
XSRQ H[SRVXUH WR PQ[WXHBHO +

(VWHQWLDOO\ QRW RQO\ LV QLWURJIQ® V& LSWHR FLIUDMAICR R YRIQ @5
EXW WKH WRWDO FRYHUDJGIVRIPBLVEKHW RIRD\GPD CRIJ VIR VLIQLILFDQW
$W WHPSHUDWXUHWRR ULRWIHUHWWWKHU WKDQ GHFRP SRWK WIKRQ L\
IDFW WKDW QLWURJHQ GLVVRFLDWMR@ KDMWHES H@ MRPEWRIQA DU W\ WK
ZRUN RI (PPHWW DQG %UXQDXHU LQ >  BU SHEICR.QV LSRIGID 1B DK Q W
FRQILUPHG LQ D VHSDUDWH ')7 VWHX®\KEB\ VIKORZHB8VWVRDW >W @H BHIHKU
1+ WR ID}QG + LV WKH UDWH OLPLWLQJ VWHS LQ DPPRQLD GHFRPSR

+RZHYHU FDOFXODWLRQV E\ -LDQJ EWQB® QW @®XVKRRZH & SNHKED
DPPRQLD GHFRPSRVLWLRQ LV DFWXDOO\ 1SVDDB W O RK LG K FRP\S R X 1L W
QLWURJHQ LQ WKH SUHVHQFH RI K\GURJHG@ BRBXO & SHFLE VWRQDDODI
PHPEUDQH 7KLV UHVXOW ZRXOG QRWUPRE IS UFR\E LFWHG VEK H ROQRE DG
EHFDXVH WKH\ RQO\ FRQGLGWRFIDWKRQURWGHRI WKH DVUVUXPISWLRQ
VWHS LQ DPPRQLD VIQWKHVLV RYHU WKMKRXJK WEKKH IDFW H 7KIHG HVR
EH FRQVLGHUHG H[WUHPHO\ VORZ WKH K D3R BIQ DO X [P D Q KIDELHN E
FDXVHG E\ D EXLOGXS Rl VWDEOH 1+ DGV VSHFLHV

7KXV WKH PRWLYDWLRQ IRU WKLV LPWQGDIDU UK X O WR/PWR CHIRK
WKH ZRUN Rl :DQJ HW DO > @ ,Q WRMMHZRKMN U/ DOWWH RS WHEI W
H[SDQGHG WKH H[SHULPHQWYV WR LQFOXGH FFRRWH ROYGL BB B FLA/R\QLL
FRQIOLFW ZLWK WKHLU UHVXOWV KAIGH RZRUN [IOKY H QRXBDIGWQR (H EL G
)OX[ LQKLELWLRQ REVHUYHG DIWHU KHOLXP ZH[8R VK HH Q QHE[ S\RVE
VXJIJHVWV WKDW FKDQJHV LQ WKH 3G WX DIGFRUSWURBOW DWHI ) RV
H[SODQDWLRQ IRU LQKLELWLRQ LQ WKHVH V\VWHPV

([SHULPHQWDO
OHPEUDQH IDEULFDWLRQ
7KH VXSSRUWV XVHG LQ WKLV VWXGF ZHOHQWXEXOPNG HD I UFRFR
VWDELOL]HG JLUFRQLD <6= SXUFKDVKIG DVRPHW K HYHED VIXISE RBRW SR

E\ VRDNLQJ LQ HWKDQRO DQG DFHWRQHP DRIQ LMHIY R U DIDQK R XARQ W B F
ORRVH FHUDPLF SDUWLFOHV 7KHGHLRERYMG/ ZHW HUW K,H @ QG QOAHLGH



DLU XVLQJ DQ RSHQ DWPRVSKHUH RYIHR® WV W K H)Q SRRRIIHO ¥ E\M HGL X
SRURPHWU\ PHWKRG GHILQHG E\ WKH $670DQH V% SIRUGNDW G Q> W& L
FRQIRUPHG WR D ODUJHVW SRUH GLDPHWHUGRD ®PHW M UVKDRER X@P Z

2QFH WKH VXSSRUW ZDV SURSH U C\OMKMDLDIF WH B KTHG XW KZH W X
WKH WKLQ SDOODGLXP ILOPV RQ WKHKHRIXWWW VWHD FI) RV KW KHHOWFE
DFWLYDWLRQ RI WKH VXUIDFH ZLWHR BGWIQVWILDFO B Q WHW WRR H @V VBIOL
PHWKRG D 0 VROXWLRQ RI SDOOMBLEP EPVRFH DMV XWUWH. RRHUWH
FKORURIRUP $5 JUDGH ODFURQ IDYHV&KIDRHEDRYWR WKB® VXSSRUW
WR REWDLQ D XQLIRUP FRDWLQJ 7 K/H DYSFSQRA HP R WA RE X W/ LARY) S W D
H[DFW VLQFH D ODUJH DPRXQW RI WXHVWRGX WLKR SRULR/AHHG/X WHK HZ B
DSSHDUDQFH ZKHUH D XQLIRUP JROG FRIDARWDBDLX FRBDWDWQ MG KKHX
WKH VXSSRUW VXUIDFH 7KH VXSSRUW ZDY XWKHQ [OLQ HRG HDQVD WP R R §
ZKLFK LV ZHOO DERYH WKH GHFRPSRVQMWIDRE RHP S H UD WBX UHVRW KUK
SURFHGXUH ZDV UHSHDWHG LI WKH VXSSR@\W SZTHD QBQ/F B XIQKLLIR SR
GHSRVLWHG DERXW QP Rl SDOODGLXP RQWR WKHWXSSRUW DV

$IWHU DFWLYDWLQJ WKH VXUIDFR[ZGW S QDWW RFUNYW V&G LRH. G
WR IRUP SXUH 3G FU\WWDOOLWHV E\ S OROF KOG UWDKIHQWX S S R U WDLI®I @W
6LJPD $OGULFK LQ ZDWHU KHDWHG WRWKHQRWLQVM® LQKH AXEBE
H[FHVV K\GUD]LQH EHIRUH SODFLQJ WKHR ®KX8%RIMDWQQW KED\E RO @
SODWLQJ EDWK XVHG 0 DPPRQLD SURYLDR®BRYRDWKH ZEDDWMHU L @ B
DGGLQJ PIOFRQFHQWUDWHG DPPRQLXP K\GUR[LGH YROXWLRQ
$QDO\WLFDO WRDWRO OR WKLV \RRGOWIODBLXPJI ,0 FKORULGH
3UHVVXUH &KHPLFDO &R ZDV DGGHGR DREGN DIO® FERPG OMRV IV LG VR |
XOWUDVRQLF ZDWHU EDWK ZDV XVHGPW®& GKVOQRE 3 DM HQQ LMDUR U i&
PRUH GHQVH PLFURVWUXFWXUH OXOWXOWHGODWKED FMREHV/HXHUH
DFFHSWDEOH DUJRQ I0OX[ QRQ K\GURKHQF RMPRV LDMRDVZBY WKHKL
UHGXFWLRQ DQG SDOODGLXP SODWLQJ VROXWLRQV DUH JLYHQ LQ

'KHQ WKH GHVLUHG SDOODGLXP WKL BB@HV¥DAD K HDRKUHYG ® WD
GHWHUPLQH LI WKH PHPEUDQH TXDOLWO  DQR QXK \ GRLRUIGVD OO HKD. N KS H
W\SLFDOO\ OH\RO WKDIQ EXW WKH WKLQQHVW PHPEUDQH LQ WKLV \
FULWHULRQ GXH WR SRRU 3G SODWLQURW KW MG H, @ BMKLY FRWH VILY
WKDW D KLJKHU OHDN ZRXOG QRW MIGREHYUNGIOL QI IHEWSW Wi GW LB D
LQKLELWLRQ



7TDEOH OHPEUDQH V\QWKHVLV EDWKYV

&RPSRQHQW &KHPLFDO )RUPXOD 8QLWV S$FWLYDWLRQ
&KORURIRUP &+&0O 0
DWHR + 0
$PPRQLD 1+ 0

3DOODGLXP DFHWDWHPGBG 2%F
3DOODGLXP FKORULGHPBG&O

+\GUD]JL®H 1 PO
7HPSHUDWXUH
7LPH PLQ

([SHULPHQWDO DSSDUDWXYV

2QFH VI\QWKHVL]HG PHPEUDQHV ZHUBPWMWHWHGEWOQWRHYVVLQW
XVLQJ JUDSKLWH IHUUXOHV IURP &KURMHH®/ LFRPSBKPRORQ\ | DW @
6ZDJHORN %HWZHHQ WKH OHQJWK WKWDW LIQJ\D B\ GXKHH V8 R WMHKGHWHF
WXEH DQG UH VHDOLQJ D VKRUWHEUOB® YWKD ULKIE DB R/R \DHE RX\D J WK
VHDOHG PHPEUDQHV ZHUH WKHQ SODFWG LQLGHM\Q VDNV H HQ FEL B M WDHYL
ILQGEHUJ OLQLOLWH WXEH IXUQDFH IRDVWHPSHUB® XRUH WWROWHRO
PHPEUDQH DQG WKH K\GURJHQ WKDW SHURIRPWMIGH WKXE A HPE®H Q1
VZHHS JDV QRU YDFXXP FRQGLWLRQ ZDVOWS SOHNG QRY @ QQ HYKH
VFKHPDWLF RI WKH WHVWLQJ PRGXOH FDQ EH IRXQG LQ &ROOLQV I
7KH SHUPHDWLRQ V\WVWHP IRU WKLV3BUWRMY F\Q VARG G R
FRQWUROOHUV VXSSO\LQJ 8+3 JUDGH SIXDQ® \RDERMWKH IHHG H/ L&Y
ZHOO DV PDVV IORZ PHWHUV WR PHBWHQW B RW K| \RZH UDHAUHPWH D $10C
UHFRUGHG WR D FRPSXWHU XVLQJ DWRVRDNWD (%A F VR B RRELH HGX QM. G
WKH SHUPHDWH DQG UHWHQWDWH FRPBRVXWHRQWY ZH &H* & HFRUGIS ¢
+D\HVHS ' FROXPQ DQG WKHUPDO FRQGWFWD YV LRHD&XKWHEWRUG U
HYHU\ PLQ ZLWK WKH WLPH LQWHPHMDR 6RPRQIPL QWGCU EX MKW KH
%DVHG RQ UHVXOWYV IURP D FDOLE U DRRIORXP Q DAR P\E K 8 DAL 0D G V+ B X
KDYH ORZHU GHWHFWLRQ OLPLWYV RI QLWURJHQ DQG DPPR

OHPEUDQH FKDUDFWHUL]DWLRQ

6FDQQLQJ HOHFWURQ PLFURVFRS\ LPDURY RI WIXFKVXHIREBB @
REWDLQHG XVLQJ D -(2/ -60 ) )(6(0 DVRIDQND FIFG®IG HPDDWLQF YW O R



[ 6HYHUDO LPDJHV ZHUH WDNHQ |RID HD MKK PFIRE H DD HF ROROW KEDH
,Q DGGLWLRQ PHPEUDQH WKLFNQHVVHWHQZHWH PHOWVYRWER SLD:5)U
JLVFKHUVFRSH ;: 5D\ ;'/0 & 3&% VSHFWURPRRMHUHXYDMWLIQD YR OMODN H L

SHVXOWY DQG GLVFXVVLRQ

JRU WKLV VWXG\ WKH UHVXOWV INRV?HEBKU® H IRPWPEOD @B ¥ OZH. (
PHPEUDQHV ZHUH EHWZHHQ —P DQG LQFPHDKLEN B\BA RKRZHC
GHFUHDVLQJ WKLFNQHVV B6HYHUD ® BLHOW.PWDHBVWRI REWDY Q/ BROWL R
HDFK PHPEUDQH ZLWK DQ H[DPSOH RI D VXIRD PH PEAGD BHRY VVKIREZ\
JLIXUH W ZDV DOVR IRXQG WKDW PHPSEUBQWYUS ID[GE8 QHQW'G
BLHYHUWY ODZ ZKHUHDV 0 ZDV EHFRHAHQVXW KRBH HORXH KOWRL B9,
SURSHUWLHV IURP :DQJ HW DO DUH JLWHIQH ¥KXR DHRWWKDXNG W B H H
WKLFNQHVV ZLWK FRPSDUDEOH K\GURJHRIIWXH BKH FDXOUFK GID SR RH
GLVFXVVHG LQ 6HFWLRQ

)

N X
24
5.0kV  X10,000 WD 10.1mm 1um

50kV  X10,000 WD 9.1mm 1um

J)LIXUH 6XUIDFH $ DQG FURVV VBFOLWRQD OVHY WE(@QJL FFEKHHV XRJI [
JUDLQ VL]H RI DERXW QP ZKHUHDV WKGP FURVK I HWWILRNQ MY
DSSUR[LPDWHO\ —P 1RWH WKDW WKRKLRHEWDIRQ MWKR @H RU VHHY MAKE

7TDEOH
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+\GURJHQ IOX[ FDOFXODWLRQV

OHPEUDQH SHUIRUPDQFH LV W\SLFDOO\ LQW HSISHNHWIR@ WK UR X
S
/
ZKHUMY WKH 10X[ Rl PROSIAXOWKHKKGGERIBQLYHWRHDERWID®\ PHP|
WKLFNQHYW VDWKH K\GURJHQLSDW KNH) D RHESSHUPXBRH RI WKH SULPD
REVHUYDEOH PHDVXUHPHQWYV RQ SDGIOGBSKP GHPEH IRQ HVK HV KWK
7KLFN 3G EDVHG PHPEUDQHV RIWH Q HR GOKFDANV6 WHCHH G IM VX VALIRD ZRIL K X
LQ WKH EXON ZLOO FRQWURO WK SWRIAHAKXW HOGBSHQ 6 MR 1B RIKHR
WKLV KRZHYHU DUH FRPPRQ IRU WKLQ VXSSRWKHE RHKREUBQRXJK
WKH SUHVHQFH RI SRLVRQV OLPLWDWRRQRUISWPRHL K WR UEMH R/Q U
PDVV WUDQVSRUW VXSSRUW UHVLVWDQFUHEFDY \EKHARPHHVVXUH LEE
WKH K\GURJHQ I10X[ WRZDUG
5DWKHU WKDQ DVVXPLQJ WKH YDOXHDW®RLEHDHLWKHBUHVVRRQ |
ZLWK D PLQLPL]DWLRQ Rl HUURSUMNFKQHT&H SIMR G Q/H. @ DAOKHH E HY/
GHVLUHG WR PLQLPL]H WKH HUURXW QVKH 1$ FSUHRHPDH@FH I FO)OHF XZQ D 8
RUGHUV RI PDJQLWXGH XVLQJ Q YD OXH VOBHWRZH K QN K HDRDAD F X DKOLW H
DOVR FKDQJH E\ VHYHUDO RUGHUYV RIOR DLXGE&MPDGWH DWE B WOCH @ R W\
7KHUHIRUH WKH SUHIHUUHG PHWKRA GXDWN PLOHOLEN WKH ©XEHD
(I[IDPSOHV Rl UHVLGXDO FXUYHV IRU 0 DQG OHDWHPVYRRE® PLQV) IDIFKL
DW RQH VSHFLILF SUHVVXUH GHSHQGHQFH

Q Q
3%, 32,
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Pressure Exponent -n-
JLIXUH 7KH UHVLGXDO VXP RI VTXDUHYV VWU XYV VORI DWHX S H UHF

FDOFXODWLRQ IRU PHPEUDQHYV 0 DQG OHYMHURDW D HILLPH RP QHDU
0 KDV D PLQLPXP FORVHU WR WKH VXUIDFH OLPLWHG UHJLPH RI Q

JRU 0 ZKHUH WKH PHPEUDQH WKLFNQHMV ZHDIYHRBRIQWH ZB\P (
WK H H[SHFWHG IRU D EXON GLIIXVLRQ OU RLK\HHBX$SISRIPM QR W X/
SURFHVVHV KDG VLJQLILFDQW HIIHFW R @& RWKAHD QOWKP \ R W\ K HI DPFHAP BA
GLIIXVLRQ FRQWUROOHG RIIHUHG D SRVVLEKMQOBHWRRK GRE JHDD D
LQVWDQFH LI WKH VXUIDFH RI 0 ZHUH W R REH RR® B RV HIR DIG ¥ R Q B/HX
RQH ZRXOG H[SHFW WKH SUHVVXUH GHSHQGHOWNH WKR NQBUBIMD
DGVRUSWLRQ GLVVRFLDWLRQ RI K\GURJHQ EHFDPH UDWH OLPLWLQ

0 KRZHYHU KDG D GHSHQGHQFH ZHOO DERNH LWKGHFBWILXY
VLIQLILFDQW IORZ LPSHQGHQFH E\ HLW K $l 5 WRKEHO ¥ R SBLRAKN OR UWWKXR
WKH ORZ LGHDO VHOHFWLYLWVBKK WHRL QD ELLOLAAD W K B QQLIV W X H VHZLWM
PHPEUDQH 0 IHOO |IURPHD® A\EHDIONY R WR RQO\ OEZKHADGG&H Q
WR DQQHDOLQJ HIIHFWV VXFK DV DIQLRFIO-RIPHI DY LR@ IR) S LK RC
PRUH LPSRUWDQW WR WKLV VWXG\ ARX @&HMKHEWWMKW OB HE VWO
FDOFXODWLRQ 7R DVVHVV WKLVRRNVLEXWLEQ ¥ HRFRWIDHFWSHRE WR W
GHIHFWV WKDW DUH PRVW RIWHQ DWWULEXWHG WR .QXGVHQ IORZ

JRU PHPEUDQH 0 WKH I0X[ RI FKKHIULX® DWHVVXUBIQYGXS WR
PHDVXUHG WR FDOFXODWH D SHUPHDIWH WKB WQKEXYMH® W R B EIHE X
JDVHV 7KLV DSSURDFK ZDV WKHB ¥B EDV/HEHSUBGERWBERQVQILW
PHDVXUHPHQWY RI DUJRQ DQG QLWURJHQXIDHRZ LQWVKY BBVUHWY HG
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JLIXUH ([SHFWHG .QXGVHQ IOX[ YHUVXV P HMVXKHGL K®XD VRW KOHU B

$ JRRG ILW VXJIJHVWV WKDW K\GURJHQFDIXE B XD @/MRX O B WMN\G LD @&/ KUt
WKH WRWDO K\GURJHQ IOX[ WR REWDLQ D PRUH DFFXUDWH PHPEUIL

HVWLPDWHG IORZ ZDV ZLWKLQ IRUORQ OZ ¥ 0 (DXHAD \ E XWD VI K M/ GP\H |
HVWLPDWH 7KLV FRXOG SRWHQWLPDOO BH) B X HK \WRK B RIPW KG-H | M A O M
KHOLXP GXH WR LWV VLJQLILFDQWRJHP DIKMH UP 8 RJHWD IQIWQ PIHW MO H
LV WKDW DW OHDVW WR DQ DGHTXDRWEVDEBXBE. EMWKRBG .WRGHN)
FRQWULEXWLRQ WR K\GURJHQ IORZ IURP WKH GHIHFWV LQ WKH PHI

7KLV NQRZOHGJH DOORZHG IRU WKH K\GHERW K QVIKHX L Q QWL D/DR D
VHOHFWLYLW\ RI WKH PHPEUDQH )LJXU3HSH Y&IRZFHWKIHO BXO X o/ WHK
K\GURJHQ IOX[ PHDVXUHPHQW RQ 0 DVVXPQQJ HWMXKHFWW K HWAQW W L
$ VHOHFWLYLW\ RI UHVXOWHG H G5 WDH QWX 0OH J GEGH QGHFQRHD \RH K
ZKHUHDV D VHOHFWLYLW\ RI  FDXVHG RQQYPQPWEKRY GHFUHDVH I
FDQ EH FRQVLGHUHG VPDOO DQG GRHK\®WRRI HDQI HG X[ WHKHK FOXUKX P H ¢
HQWLUHO\ GLIIXVLRQ FRQWUROOHG

$QDO\]LQJ WKH UDWH OLPLWLQJWRVWSXLADVWRGV EGHD KGHL AR
ZDV WR GHWHUPLQH ZKHWKHU VXUIDRH; HRHFQ D GYRPISON\L W& H5 X & K\
DPPRQLD VSHFLHV EORFNLQJ VXUIDRH W WH \P HPHEWD QVH.V QW H\F\D B &/
HQRXJK WR DW OHDVW EHJLQ WR WHBIQV XQLW PR JHIWHR Q WIDLLVQDR W 1 FD
VSHFLHV ZRXOG LQKLELW WKH IORZ RI K\GERBDIQ® V8\@ KWWV X QB RO
WKLQ EXW ODFN DQ\ VXSSRUW UHVLQWDOQRE WRDW PLWDW AH QRHR
ZLWK D WKLFNQHVV RI —P VWLOO KDG EHOREZRIG QWO ¥[G S U WV
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Pressure Exponent -n-
JLIXUH BHVLGXDO VXP RI VTXDUHV YHUVXWB UWFHWVDACUH 8 [ 8 REAHRY

IOX[ DQG WZR FRUUHFWHG YDOXHQLWKD ¢ RULEH/HVOHBEVWADYCLXWH VWERY |
K\GURJHQ IORZ DVVXPLQJ . QXGVHQ IORZ WKURXJK WKH GHIHFWYV

WKH IOX[ GHSHQGHQFH PD\ KDYH EHHK® UG WHK DR  WHXESORHW DWHLYW
K\GURJHQ WUDQVSRUW PRGHO 1HYHUW K HGH WK HWEKHV W KR.& SIRUHW X
REVHUYLQJ VXUIDFH DGVRUEDWH HITHFWV RQ KD®UWRIH Q LIDLIRAZDINL Y Ri(

OL[WXUH JDV H[SHULPHQWYV

8QGHU DQ\ UHDOLVWLF RSHUDWLRQ FRQ®LWLAO®\ VXAKUBYH®
DPPRQLD ZRXOG FR H[LVW ZLWK K\GURJHQ® @PHPEUWRH VXHDHAHR
FRPSHWLWLYH DGVRUSWLRQ EHWZHHQ K\GWRRPH®E QR QH RRIFHU DY G|
HLWKHU QLWURJHQ RU DPPRQLD ZHUH VR FBLUHQWUK\@GW RD B Q \ DISGARR
GLVVRFLDWLRQ VXUIDFH VLWHV WKH KOGU B JIHIE W OW K H RSXUIRGS XGHHW
PHPEUDQH DQG VXJJHVW IXUWKHU VWXG\ WR ZE KV K HDOAF-HAW D Q K IDEA. W U

7KHUHIRUH WKH ILUVW H[SHULPHQW ORRR H}J$RRH RHPERIHIH
WR D ELQDU\ JDV PL[WXUH IRU DQ H[WHQZHDY BKRVWE FRUWWRH |
H[SHULPHQW RYHU 0 GXH WR LWV K IHUWK HFl D/GIFO-H RW L P BWU IDWQICH W K. 19
VWUHDP DIIHFWLQJ WKH 10X[ PHDVXUBFHQRNW KR XIQ\GHUW W RQ GV KL
WKH UHVXOWYV RI D VLPLODU H[SHVWPHQ W XV RPEW KWHX PPQU H\W GD O Q
H[SHULPHQW :DQJ HW DO H[SRVHG D PHRERUMH@HPWRNVEQHHDWLPRO D
WUDQV PHPEUDQH SUHVVXUH RI N3D $1WKHDW WKHRKH{SRYKXQHO?}



GHFOLQHG XQGHU WKH PL[HG JDV DQG Q@GILFIDOHSXD H5 K FOURIH R
WKH RULJLQDO SHUPHDQFH :LWK VXFEKVDHGHGWUH®H W R K LE[LSMIUR.®@ H
VLPLODU IOX[ GHFOLQHV PLJKW EH REVHUYHG

$V VKRZQ LQ )LJIJXUH WKH ILUVW K RIKHBRYVMNQHQ ERQRU
VIVWHP DW . DQG WUDQV PHPEUDQH ISIHBY MXRIH RRI  6N30 ZIREZK"
ZKHUH WKH UHVXOWYV Rl :DQJ HW DO RKVLIQUY HKG QRKEHFRILHM 110X [D
SXUH K\GURJHQ IOX[ ZDV REVHUYHG HRQY ®H FLYGHG DWR HLLD F UK D W\H AR
PHPEUDQH SUHVVXUH WR N3D DQG WHWRUH FRPOWRFVHBWH DX
DJDLQ QR IOX[ GHFOLQHV ZHUH REVHUYHG

7KH H[SHULPHQW ZDV WKHQ H[SDQGHG WR LQRDRBPRWKDHH
PLWXUHV WR VHH LI DPPRQLD PLJKW WRVRUE D@ K W SGE&MRERH. D W
DGVRUEDWHVY VXJJHVWHG LQ WKHWO BW WVIDEADYH W U BQW KLHP ED DB HWS
N3D EHFDXVH WKH YDSRU SUHVVXUH Rl DPPRQLD LV DSSUR[LPDWH ¢

W VKRXOG EH QRWHG WKDW DOWKRXJK RUKRAHLOXD LIS YHD B M C
JLIXUH WKLV ZDV DOZD\V GXH WRRY BUWWKIKW K EHIHIRGH LR BHH\
JDV K\GURJHQ SHUPHDQFH ZDV FDOFXODWW & UHHHWZ BIHQV X D AKX E HW
DQG N3D %HFDXVH WKLV SXUH JDV SHUPRDWEHWKHPDLQHGDNRC
LQGLFDWHG LQ 7DEOH LW ZDV FRQEONBBHGHWKDW RRFXQKHBGL\G
VHIPHQW RI WKH H[SHULPHQW
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J)LIXUH SHUPHDWLRQ GDWD IRU PHPEUDOQRW 1HSPWHGHIVWRVD Q H-
DQG YDULRXV WUDQV PHPEUDQH SUHVVXUHW YIHRG GQRBODLQH SIUH KVX
FRPELQDWLRQ




3XUH JDV H[SHULPHQWYV

'LWK D ODFN RI DGVRUSWLRQ LQ VBKIH LRAH IBGWID ¥ FFREGAW IDRXQ
XVLQJ WKH ZRUVW SRVVLEOH FRQGLWLR@NKKHVYWQVHTFKRSHANE W DR
WKLV UHDVRQ PHPEUDQH 0 ZDV |DE WIKAD WG QWHWRKILKQL DK/ BRO M E B
FRQVLGHUHG D UHDVRQDEOH WUDGHRIIDEKRDPHQ WV UFRRX OG WK H K
FRUUHODWLQJ WKH K\GURJHQ IORZ WKURXJK HGH LHF 9H/FYMIR®Q .QXG

7KH HQWLUHW\ Rl WKH JDV FRQGLRAHBQXUD®E QMW XOQW D\QUR KQ!

7KH1©X[ DQG WKH SUHVVXUH H[SRQHQW Q ZHU H UMDFRWU G®HE HD)!
GLITHUHQW SXUH JDV H[SRVXUHV ,QLWLDOO\ PHPBOWDIQM 0 EBN KH
K\GURJHQ IRU K 7KLV ZDV LQWHQGWG WIR FEHHU V@ L@ MAKLLDD LW BW L
FKDQJH VLJQLILFDQWO\ XQGHU SXUH K\GUR$ISE D UNVWFD G HR-D VB H Q/ @
WKLV ZDV FRQVLGHUHG D VPDOO HQRXJKFHAKIZQ XN WHIKQIW DADKCH HE B F
IOX[ LQKLELWLRQ UHSRUWHG E\ :DQJ HW DO ZDV IRW BHUPHDIQFH (
EH FRQVLGHUHG LQVLJQLILFDQWHGHYBWFHLSMO\L P BQOWL J KW XRIHW K H

GHFOLQH
$IWHU WKLV LQLWLDO GD\ 0 ZDV H[DPRMR® WR 03R SH WIURIW (
03D DPPRQLD DW . . DQG ILQDOO\ . ZLWK K\WZRHQQ SHU

WKH LQGLFDWHG SRLQWYV I1RWH WKIDMWVWRKW L\RR)D N U® J DEWHROVOWIHH
WuUDQV PHPEUDQH RU JDXJH SUHVVXUXWHXVHG 7IKQ W RHDRL HVEK 3D
DPPRQLD SUHVVXUH KHUH DULWW XURPOWKHWDWLHR Q@ COOWR W KSHY

04T H, ¢ Ar ! N, { NH, Ar PN, i ONH, Ar PN, ! NH,
0.1 MPa: 1.0 MPa: 1.0 MPa : 0.8 MPa | 1.0 MPa: 1.0 MPa : 0.8 MPa | 1.0 MPa: 1.0 MPa : 0.8 MPa

H, Flux (mol m? s) &
Pressure Exponent -n- O
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JLIXUH SHUPHDWLRQ GDWD IRU FPUHHP\ENDOUIHH GL | DN DQMDLMFEX @ D W H

FRQGLWLRQV IRU HDFK JDV VWDWH WKH DEVROXWH SUHVVXUH

=



FRQGLWLRQ VKRZQ SUHYLRXVO\ $OWKRXJKVKORXKWRGEWF YKGHN[E B
HDFK LQGLYLGXDO GHFOLQH QHYHU H[FGIHG HKRW RKDWKH BHWYHR
QLWURJHQ RU DPPRQLD H[SRVXUHV ,Q R0V IZRO\GEH \BKMHVER E KW
RI SDOODGLXP ILOP UHDUUDQJHPHQRW MKIFLKQ DM R XW KD FUHD WRKRHRIW K |
VSHFLILF DGVRUEHG JDV VSHFLHYV

W QRZ EHFRPHV LPSRUWDQW WR QRWHWMKQWVWKH ZHR[SN UG I
VSHFLILFDOO\ UHEXNH WKH K\SRRKHW¥LYV WD W &\RPWE | RQRV R | WIK H
GXULQJ WKHVH SXUH JDV H[SRVXUHVOHRVM FIW S R WWLL\R @ HRJ\ VDK N H/O
FRYHUHG LQ GLDWRPLF QLWURJHQ GXULRJVBROKW QPWXRW @I HDPI
GHFRPSRVLWLRQ VKRXOG UHV XONgHIBL B VFHRE B Y Q IF RY$RI@® LH WIX U
ULFK DWPRVSKHUH LW DSSHDUV WRAIB¥M G RASWMF ILHVQ BWVROE VR W
QRWLFHDEOH K\GURJHQ I0X[ UHGXFWLRRUSWRRDVHQHGJL7H\WH DUGIGW
1 DGV LV SUHVHQW RQ WKH VXUIDPMRIRR BGLWLRQ\V@QIRWOWNE B Y [E
PHDVXUHPHQWY DV LW LV QRW H[SODLQHGWRZB WKFHHDGVRUEDWHYV

$SSDUHQW IOX[ LQKLELWLRQ IURP KHOLXP

'KLOH FROOHFWLQJ GDWD IRU WBBUSREE®LRXVLYHEWE URQ W Q D!
EHKDYLRU ZDV REVHUYHG XSRQ LQLWLDO WHVWLWUILRICPHPEHPEQD Q@
0 ZDV KHDWHG WR . DQG DOORZHG WRURRRQDING WNBH K§GWUHRU K
WKH WHPSHUDWXUH ZDV UHGXFHG WR G WRQG W3CH KPHHIPLEXPD @ M HZ
JLIXUH LW ZDV H[SHFWHG WKDW W K{[VGHFOQL® H) BWHF D/)RV K HIDQ
QDWXUH EXW VXUSULVLQJO\ D VLIJQLILFDQW IOX[ GHFOLQH ZDV RE

8SRQ H[DPLQDWLRQ RI )LIJXUH RDNL®J ADXR KEHD M¥H @ RWK RW OA
K\GURJHQ IOX[ WR GHFOLQH WR DRVH®WK®LSLDWVV XD 8 XGH FKWG B

W R 7KLV VXJIJHVWYV WKDW DIWHD VO RKHWHLPFE H PSRV KD B WRI
VXUIDFH UDWH OLPLWHG WKDQ L®LO DXV L$FEGE IOL PR W BIGOD V DIOW BER X J K
UHFRYHU ZLWKLQ K DW . DQG 03D KWVOAXRIIH @ RUDLYB R JL Y KWM
YLVLEOH UHFRYHU\ ZLWK WKH |O XDWDHWMXDLQLIQLUQW RK 2 RU W& HWLLDLC
WKDW WKH +H WDQN FRQWDLQHG DQ VL PSHRPIDD\RW K DEM KZIDWL RUK H ¥/
SRVVLELOLW\ D VHFRQG H[SHULPHQWLZDDVDWKHZA +IHP P HIELL@PGAHHO \ DRRX;
DUH VKRZQ LQ )LJXUH ,Q WKLV H[SHWHRE @W WK A LOHDOL KR QRN
DQG 03D IRU K DQG DJDLQ LW HOVIREVEHFEIGQWE& DWL M@K H. KD



J)LIXUH SHUPHDWLRQ UHFRYHU\ UHVXBWWRDRU DRWMW WKH NIORZUU

03D EHIRUH SUHVVXUH ZDV LQFUHDVHG WR ORPU BHYRBRBERDGO L
PRO WDW N3D

SUHVVXUH GHSHQGHQFH UDLVHG IURP EWIRQH ZDYYQ N ERW HGSWBLF

03D EXW DW WKH KLJKHU WHPSHUDWXYUWH XUH . LBMW KUWKKIY® W H

WKH K\GURJHQ I10X[ EHIJDQ WR UHFRYHGH@EEHGE DB WH®\Q V¥ X I/ & OW KUH
DQG IOX[ ULVLQJ WR RI WKH LQLWLDO YDOXH DIWHU K
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JLIXUH SHUPHDWLRQ UHFRYHU\ UHKKOWXPIRBDON DW . D4 VQHRW
K\GURJHQ 10X[ RI FRUURODW HV M3D PRO P
UDWH ZDV VHQVLWLYH WR WKH FRQGLWLB®VFRYHGQAOWIKR Q VPR WUHHEC

Normalized H, Flux
Pressure Exponent -n- O




7KH UHVXOWYV RI )LIJXUH DQG )LIXUKOW WKWK R LIRIUO D ULHAUL
EHKDYLRU REVHUYHG E\ :DQJ HW DO > @ RUWIVWY HYDROVKR ¥UW RJ B\
VLIQLILFDQW K\GURJHQ IOX[ ORVV 6HFRQG DWKIGVLQRKN\WE UBIXHGRER
SUHVVXUH DQG WHPSHUDWXUH 7KHW ZKPMLWDGE LIDUHQFHD @1 FRXO €
EHKDYLRU WR QLWURJHQ H[SRVXUH WKLVFD\@XLEQ GXMRZV LW KO WUHEK
XQGHU FHUWDLQ FRQGLWLRQV DQGHLUS ORI QHDUHLAR Q@ V RU SIRK/N LUEEKD\HX O
'DQJ HW DO

W LV LPSRUWDQW WR QRWH WKDW QMHRWEKKHQI WRIRWKBG HIX LD
LQGLFDWLQJ WKH UHVXOWV ZHUH QR® RIDQHZ\ RHPSELRIGXH\L E®RZB)
K\SRWKHVL]HG WKDW FHUWDLQ IDEUDFHWRRQSEBRRKGHKYHWKP DA DY
WR WKLV W\SH RI EHKDYLRU ,Q RWKHU ZRUBAMN HAGK W B KBHQ B BHIQRL
K\GURJHQ XSWDNH LQ WKH ILOP $IWHU ORQDVW RUKH HIB B QB GH XW |
EHFRPHVY GHSOHWHG LQ K\GURJHQ 7KLV FRQVWIXFN WIQHG SDHOVOKE
VXEVHTXHQW VORZ K\GURJHQ DEVRUSWLR QG U R WH 2Z\KRHQU WH H7 KLHD 1S U
GHSHQGHQFH WKXV EHFRPHV VXUIDFH DUEDAVRH SOLIPRQ/ HU® WHR B X 1D H
GLIIXVLRQ FRQWUROOHG VWDWH DIWHU VXIILBIOHDGBW XP GUDRN W Q FKID V

2XU K\SRWKHVLV LV WKDW WKH RGGWEK RBIPERWD @HWK KB\D EXKX
FKDQJHV WR WKH 3G PLFURVWUXFWXUH QVPQWL QARBRP SRY L WKHP B @
WKLV WKH PLFURVWUXFWXUH ZD\HLSRVXQW L B QB DIOR XIVAW H WHIGD X VE |
DLU H[SRVXUH RU DQ\ R[\JHQ FRQWDLQLQRBIJSNORLDW XXA LURUIHKD
UDWH RI VRUSWLRQ LQWR WKH ILOP & W R@K HGHFR |LEWD @OW KL ULD V

DIWHU WKH ODVW GDWD SRLQW LQ )LDXWHDLQ REW HUYV KBV HKX
EHFRPHV WKH ILUVW GDWD SRLQW L@ IMMKH. JKQHO VHWWKI IIOPSHDWP
QRUPDOL]JHG YDOXH DQG DQ H[SRQHQW RIQ@ WKH |IQRP HRMMW HO\

HI[SRVHG WR N3D DLU JUDGH JHUR KWRWDSEK\GRBFD WPERJ WHRD \
FDXVHG DQ LPPHGLDWH UHFRYHU\ RI KIBGQEHIPE H MDY SURDK KL IOH B
OLPLW DW $IWHU WKLY WKH PHPEWBOQHKY®YVRDEBQRRHG WKRXBY
IOX[ GHFOLQHG DERXW EXW WKH SUH@VYXG H 7H[F PPOIIF @ WDMHV ZOK/
HI[SRVHG WR KRXUV RI SXUHDIDS/ H{B RV X QHFRQWBIDMW WR WKH S|
HI[SRVXUH WR 03D KHOLXP QR ORQJHWXWFIBDXVMHGDP @\ IDDMWHORNNSH

PHPEUDQH WR DLU 10X[ ORVV ZDV QRW REVHWH® RW BB RRRQD WH



J)LIXUH SHUPHDWLRQ UHVXOWYV IRU OH[BWVXUH DIWHOXJ G HFFLOQ
REVHUYHG GXH WR DQ\ VSHFLILF JDVDLIW HU QRRMIXGIIQ HGJ KWE B RV X (
FRUUHODWHYV WROW PRGQGDOP

6LPLODU EHKDYLRU WR WKDW UHSROWHHEWKBOH >Z D& RKER HXUY/H
I[UHH VWDQGLQJ ILOPV DQG IRXQG WKW PH U LHBBRKN XV HGU RVYGIUWKR I}
FDXVHG EXON GLIIXVLRQ WR EH UWRMVMDHDOALPLWER J 7THKYLN QP DR UV KLJQ AV
SUHVVXUH GHSHQGHQFH RI ERWK O —P Q RI WKEVPVWXG\ C
Q > @ PD\ KDYH HLWKHU EHHQ GXH WR VRVUKWRORIE WKWHY R EBRW K

7R VXPPDUL]H WKH VWXG\ KHUH IRXQG WKDWLK\QBR/JH Q KIOEU\
E\ DGVRUSWRBQ@RIKH LQKLELWLRQ RI WKH IOX[ DIWHU KHOLXP HJE
R[\JHQ H[SRVXUH LV OLNHO\ GXH WR FKDQ DH)V FIRP SHKWLI\A YX WG ¥ R L

&RQFOXVLRQV

1R HYLGHQFH RI K\GURJHQ I0X[ LQKLELWLQDWIUQR JHX BTRCHVED |
DGVRUEHG VSHFLHV ZDV REVHUYHG L& 8XUW VWX I6VDEDSY R G[ W ® UH '@ |
+1 +1+ IRU SUHVVXUHV XS WR 03D DQG D W.HHAKHYBWXHMK OW!
DUH SURSRVHG LQ VKDUS FRQWUDVW W B OV KR B XED MWRK H G LSIKH EI
K\GURJHQ IOX[ ZDV UHSRUWHG GXH WR QLWURJHQ H[SRVKGW W
LQKLELWLRQ DIWHU +H H[SRVXUH EXML@HKL®PZBVFDWWWUERERW KGHW
ZKHQ K\GURJHQ GHSDUWV WKH 3G ODWWLF6WNXRGHW XSSRBW QRG
H[SODQDWLRQ ZDV SURYLGHG DV WKDRWDWEKLELWH B Q1 [SIRW IS RIKGHH



DLU ZKLFK LV NQRZQ WR URXJKHQ WKH L\RXQU IDFW HD 8 GREGINWHIV HW
VKRZQ WKDW .QXGVHQ IORZ WKURXJK GHUHFIWAH DAKGH VOXSSSSIRUHAD W
HI[SRQHQW WKRXJK WKH IRUPHU PD\ EH RMRIRWOHFWE G RKFURXIKKRDS ¥
LQKLELWLRQ LQ 3G PHPEUDQH SHUIRU P DRRFGIGU WQ R QYW G MRV Q QW Q R/,
GHFRPSRVLWLRQ
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$ SDSHU DFFHRWXHGQGIEO WKBHPEUDQH 6FLHQFH

6HDQ 7KRPDV % 1HX@G& Q3RR/MDLYV ) XXRHOWNVWS$ ROBNQODV :D\

$EVWUDFW

7KH HITHFWV Rl KLJK SUHVVXUH JDV H[SRURBW RIQUW KHH XOBUR!
ZDV REVHUYHG WKDW H[SRVXUH$B| RUDG2PHPEID P WR 1f& FDXV
VXEVWDQWLDO GHFOLQH LQ K\GURRHIQUHOX WR WEKLQ RK LMWKDIWMQRQYO
K RI VXEVHTXHQW K\GURJHQ H[SRVXUH $WRPOMHGRWKDW LWKRVFG
EHFDPH VPRRWKHU ZLWK D UHGXFWLRQDLWHGHKQMIKW S (RH VY R QR Vi#
FRQVLVWHQW ZLWK DQ REVHUY G| WRM @ XDWLKQ! | XY LIRMW\W RO I R UWIL
UDWH RI IOX[ ORVV ZDV IRXQG WRUKDRH D QN DBIBIDAKH QW FIRFQVIL ¥ DWHIQ
YDOXHV UHSRUWHG IRU 3G VXUIDFH VHQIYGIG | XKHRQW K K LN[ $IR MXFUN
KHOLXP RU DW SUHVVXUHV 03D WPRPHYWXBD JLW DIMWL PBRIUGID QW
SURPRWHV VPRRWKHQLQJ Rl WKH 3G VXUIDKH O/RWW 6 R XIOG EMHV FRE
UHYHUVHG E\ DLU WUHDWPHQW R W PSSMMMQWN G FED. W K H. & WHKWH QHHHG

,QWURGXFWLRQ
3DOODGLXP DQG LWV DOOR\V KDYH RHHQKMIMX GiFABOIRHQ &/HK

SHUPHDWLRQ SURSHUWLHV WKDW SURDMIBBIHKL3K |0aX[H\D QWY WRXGH
UHSRUWHG LWV XVH DV D VHSDUDWLRNRDVHOW >@ + D@ G LYY RAQPIR

5HSULQWHG ZLWK SHUPLVVLRQ IURP (OVHYLHU

3ULPDU\ UHVHDUFKHU DQG DXWKRU

'HSDUWPHQW RI &KHPLFDO DQG %LRGRQ AR I(QHVO HROIGHR &RD
8QLWHG 6WDWHV

&RUUHVSRQGLQJ DXWKRU



VHSDUDWLRQV DV SDUW RI D QXFWHBUH XKDDY H\EEBHQ VEJ JHRZH YR
VSHFLHV FDQ LQKLELW SHUPHDQFH E\ FRPSHWLWLYH DGVRUSWLRQ
7KH VWXG\ Rl K\GURJHQ IOX[ LQKLELWLRQ RQ SDOODGLXP PHFP
FRPSHWLWLYH VXUIDFH DGVRUSWLRR® RI BWLWKHUH® >&2 FD QRURID F
RQ WKH VXUIDFH 8VRDIQURWBRE® 3G6 FRPSRXQG GLUHFWO\\+ ERWK
GHJUDGH WKH K\GURJHQ IOX[ DQG SXULM[SRN XKH KRHIP EHDHIQHV IGR B (
D FDUERQDFHRXV VSHFLHV > @ EXW K\WGUHRGIHWEROMN[ L QKL BL WAL R
RQ WKH RWKHU KDQG KDV QRW EHHQ VKRQALEWRWLER®XRH VHDFLWL ¥
3G& SKDVH > @ S$WWHPSWV WR ORZHBGWHKHYRDWHGLDQ W ERLGD
3G$J DOOR\V IRU ERWK &2 >@+H[SRDXQBH+ EXW WKHVH UHVXOWYV VKI
IOX[ LQKLELWLRQ DQG PHPEUDQH GHJUDGDWLRQHFRRSBUH GV RGHINC

KRZHYHU ZHUH REVHUYHG IRU 3G$X > * @ DQG 3G&X > @ DOC
7KH HIITHFWV RQ K\GURJHQ IOX[ LQ 3G PHPEBUDQ&VDQRXHIWR I
> @ KDYH DOVR EHHQ H[SORUHG ZLWWKLBQ D S/SNDUWLHAXW/IHREGENY R J ¢

DGVRUEHG VSHFLHV +RZHYHU RXU UHHAM®GW \ZRERP $H [@ R3/DGJ B FDW R
LQGXVWULDOO\ UHOHYDQW SUHVVXUWW HDQWHUWDQJR)LEDWLRQ DQG

6XUIDFH DGVRUSWLRQ HIIHFWV KRRHEH G LVE®QRMG H[OQ ODK V!
JURXS KDV HYHU UHSRUWHG DQ\ FRPSHWLVQLYQPREGWRIBW LR/ RV KK
ZLOO GHWDLO FRQGLWLRQV DW ZKLFKSWHK W VK\G WR/J B QU HWX]|ORD @ IEK
H[SRVXUH WR DUJRQ 7KLV HIIHFW LV DOVR VKR ZWHW R YEDH) WD XD/HHGV |
DQG &2W 03D 7KHVH HIIHFWV ZHUH QRW O/3DH GE PW [SQUGIX'WWUHD CE 8
DUH OLNHO\ WR XVH KLJKHU SUHVVXUHM DQP B ® EHJ DROHWV W & DILFCBW R Y
ZH VXJJHVW WKDW WKH SKHQRPHQRQ PXVW BHRXPDEGEN WRRGG W R/
FRQGLWLRQV )RUWXQDWHO\ DGGLWLRQQRIJPYOWRFWADO® TXDQYV
DSSHDUV WR SUHYHQW DQ\ HIIHFWV DQG PD\ DOV R HJSODIQOKG@R 2ZW

([SHULPHQWDO

OHPEUDQH IDEULFDWLRQ WHVWLQJ DQG FKDUDFWHUL]DWLRQ

7KH SULPDU\ PHPEUDQH XVHG LQ WBHY¥WWXWGHVAD GHBRVLRALWR{

WXEXODU DV\PPHWULF \WWULD VWDHDQU]R®RUBUFRQRDO D6 =W R/ X8
GHVFULEHG LQ RXU UHFHQW SXEOLFDWLRQ >P@DVKFARRHPEPDQ HE W



PHWKRGYV JUDYLPHWULF DQDO\WWR YV F R;SU D)L MPXRIWH\FRISGIF H 5\DS |
3% DQG FURVV VHFWLRQDO HQHFB&OURQ) PLFKIRN PREE UPRQHH X D
DFWLYH DUHD IRU SHD@G D)L RG@HRIO/ HDRI\W WD @ LA\ R DW f& D
WUDQV PHPEUDQH SUHVVXUH 7KH PHPE UMY D0VG PARRHKWQ BV GL WWLIQQ
DV GHVFULEHG LQ RXU SUHYLRXV ZRUN > @

OHPEUDQHYV ZHUH WHVWHG LQ D /LEBGEHSSHGLQ@LMWE BXEM S
UHJXODWRU RQ WKH UHWHQWDWH VWWRRWSRKHHSHDP HDWH DZ DD/Q C
EXEEOH IORZPHWHU ZDV XVHG IRU SHURBDWLP PABYXUGRBQ V8 R U Y\DH
PDVV IORZ FRQWUROOHUV VXSSO\LQJ 8+3UJWDIEHG BX WHO\ODE R YH W
LQGXVWULDO JUDGH RU LQVWDXPSQW. \WUB@HHUH PR2VXUHG )
FKURPDWRJUDSK ZLWK WKHUPDO FRQGXB®UXSWDO I8 HP\D M F WFRSUWH FV&UTRE
7KH *& 7&' FRQVLVWHG RI D 65, ,QVWUXPHQWMHV HS*& ARTONBS HD® G
TXDGUXSROH 06 ZDV D 3IHLIIHU 9DFXXP 3ULVPD 40(

6XUURJDWH PHPEUDQHV XVHG IRU VX UWXLH N KRG WR O OJHDGV |

PHWDOV EDVLV SXUFKDVHG |URP V$RUDHKHVEDOH & HOH) 5O D/Q N URI
PRUSKRORJ\ WKDW FRXOG QRW EH SHUIRUPH G XRQ DVXGE X & D O HGH R E
ILWWLQJV 6ZDJHORN XVLQJ 1L HDVNRW\SHUPHIW LR® X B FOWAHY H D
PRUSKRORJ\ ZDV LPDJHG E\ DWRPLF IRUFHHPRFURWEOR/S\RB)0 XALL
1DQRSUREH 630 0(63 WLSV

$LU WUHDWPHQWY DQG K\GURJHQ IOX[ PHDVXUHPHQWYV

OHPEUDQH SHUIRUPDQFH LV W\SLFDOO\ LQWHUSUHWHG WKUR X

- “/+ 3+Q) 3+Q3
ZKHUHY WKH IOX[ RI PROHAXOWHK KW GRRIQOQLYHWRHDW RWMDX\ PHPE
WKLFNQH¥V VLW WXH K\GURJHQ LSD WWHD O-RAG BSHURBIEFWSLFDOO\ 3G
PHPEUDQHYVY DUH DVVXPHG WR IROORXZ 6H\KGWWHRUWE® SOHDUP HDRALIEFRKQV M
OLPLWHG DQGQYIBDWOXMHWR/I LQ IKRZHYHU QMBOXWLROQN FRRP RQKLID U\
IRU YHU\ WKLQ 3G ILOPV 7KXV G6LMYHWR WK\GDRJIBQ GG LMWX/V DREG O\
PHPEUDQHY KDV EHHQ VWXGLHG LQ GHWFVOV>> @@ PRGEIHMB QVRHE
D PLFURNLQHWLF PRGHO > @ E\ RWKHUUIXRXB® G <HAMGEHON XWVHHP |
GHWHUPLQH ZKDW PD\ EH OLPLWLQJ D PHREVIZRH N X\®@URZIHGQHOKY




XVH RI D QRQOLQHDU UHJUHVVLEYD WX KIMQG XHS WQRL B 6 WKW RLRQ MV K
VXUIDFH OLPLWHG 3G PHPEUDQH ZH KDIG VIDAEH LVEBRKHIE T XRIU ZWE OV
WKURXJKRX®Y ZOQMHKVWIOHRWWHG DORQJ ZLWK K\GURJHQ 1OXD 7KUR X
DUH SORWWHG DW D WUDQV PHPEUDQHVSREDV RO MRIl W KNS [ DKWDZ &
(DFK 10X[ PHDVXUHPHQW ZDV WDNHQ D@ PUBHQYL P)RP FIDIOW® O B W I W
YDOXHV GLVSOD\HG
7KURXJKRXW WKLV VWXG\ LW ZDV LOP QRPWOQRQWOW RGHQMW QFBD
IOX[ VR WKDW GLIIHUHQFHV LQ H[SRVXRH{BOR®GHWLRXV URHRSURGS X H
HPSOR\HG D VLQJOH PHPEUDQH DQG GHYH O RIKRH® DQF B FIV WUV B BK
$ ZHOO NQRZQ DQG ZLGHO\ XVHG DSSURDEK W®RQBIPWLYDIWHK A & D
@ 'XULQJ WKLV SURFHVV D GHQVHLBEQ H\D\HLY MH OR UIPLHPE VR @ KoL |
H[SRVXUHWKR R[LGH OD\HU LV UHGXFHG UHSXRRRW B VL IDLRLRDQY
GLVVRFLDWLRQ DQG DEVRUSWLRQ LQWR VK8 BWKLNVOPRYN FR Q®@L VAK
PLQ H[SRVXUH WR IORZLQJ DLU DW N3D PIQBKLV f\& U BDRQ\G PWM QK UK
JLIXUH 7KH PHPEUDQH HPSOR\H® QRU QKKRDW 8 W KRA) Z D VK WEHHW\ZHH
DQG f& ZLWK RQO\ D IUDFWLRQ RHW EH GV IV IGH. \PH® B \HIEQ HQI QX
D WRWDO RI  WLPHV E\ H[SRVLQJ WRFOD® ZYWHDWKHRIOXN EHLQBR
DQGQY@OXH RI " 'XH WR WKH FR@EWH/TWXHQM RIJWHKHV SUR WHR
QRUPDOL]JHG ZLWK UHVSHFW WR LWV YOD OWHK BDOWH Z DV F RIGIV HOMH Q'

JLIXUH +\GURJHQ I10X[ DQG 6LHYHUWDDLWFR{Y RDXQUWH \D IFRHIG XBPW |
PHPEUDQH XVHG GXULQJ WKLV VWXG\ )ORHWDUWNHIHDSAHYV VXUBQGR |
UHSUHVHQW WKH DYHUDJH YDOXHV REWDLQHG



VXJIHVWLQJ WKDW IOX[ DIWHUWWKH> OLPLWHG UHJLP Q
YDOXHV IURPOWXKHUHGOLNHO\ GXH WR IORZ UHHBRWRNXD/Q EBI=
KRZHYHU WKLV UHVLVWDQFH FDQ EHWKRQOML WKURXJK D ELC

N3D SUHVVXUH GLIIH V VR WKH IO0OWKWKWGRKIKP UHSRL
DERXW RI WKH PDJ[LP:

5HVXOWY DQG GLVFXVVLRQ

+\GURJHQ I10X[ LQKLELWLRQ E\ KI

7R LOOXVWUDWH WKH SUR)LIXUWKRZV WKH HIIHFWV F
IURP H[SRVXUH WR KLJ JDVHV $00 K\GURJHQ IO0OX[ PHDVXI
DW f& DQG DUH VIPHPEUDQH SUHVVXUH RI N3D QR
PLQLPXP RI WKUHH SUHVVXIPHPEUDQH SUHVVXUH RI N
K\GURJHQ I1OX[ PHDVXUHIQYDOXRY WKH +H[BREXWWHYV KRZI
ZDV KHDWHG WR f& 2QFH DJDLQ WKRHLKWG YDIH(H IDNXY H
SURYLGH HDVH RI FRPSDUQYDOXHV ,QLWLDOO\ D K VRI
HITHFW RQ WKH K\GURJGIXHI O ZRHY WKHWKH VHFRQG H[SRYV
1 FDXVHG WKH K\GURJHQ IOX[ WR GHRIQYDOXH ULVLQJ Wt
K\GURJHQ WUDQVSRUW KDGPLWHG )XUWKHUPRUH DOWKR
RI WKH LQLWLDO YDOXH DIWHU DS CRADXVNEBFRRKE |10 X0 3W

JLIXUHRUPDOL]JHG K\GLQYDOXHV IRU WKH[$RWVKWHMHULNXRALQJ
GHSUHVVLRPEEYXWWUH DQG WKHQ UHFRYHU\ E\ D VKRBWWWLR
K\GURJHQ IOX[ GDWD LQGLFDWH WKH F DW N3D



+RZHYHU DIWHU DOORZLQJ IRU D GPL @D W MFRYHY WIRQ\E KRIE MHIUWY Q
PLQ DLU H[SRVXUH DW f& ZDV R EQYG USYHHRG) NIDROHDQIFHK VIRV MV KAHK
UHVSHFWLYH LQLWLDO YDOXHWDLEQ® WRDO® \+ D MRDY HPORRRQEH I 5
WKH K\GURJHQ 10X]
*LYHQ WKDW +H GLG QRW DI HMX WHICH Dl O YIHQULHN G B S O M VE/X W QL
EH K\SRWKHVLZIB® WKBWDOXVH RI WKH IOX[ ORVV 7HKR.® FDROGHG WM
QLWURJHQ DGVRUSWLRQ PD\ KDYH ERENRGHW®DX U R P HH QMWWHHN. @XQ @&
EXW VXFK D K\SRWKHVLV FDQQRW H[SODLRQ @& KrHi WHRFDR\Q GSD W\H G HVB K
EHJDQ WR UHFRYM[BRYRPHVKH+H H[SRVXUH VKRXOG KDYHD®RQH Ol
SXUHO\ D QLWURJHQ DGVRUSWLRQ SKHQRPHYRRXDG G DWKH BBMN P H
LGHQWLFDO WR RU KLJKHU WKDQ WIOHV HOW[K B U IF O XY H GVIDEIG R DM ¢
DOWHUQDWLYH K\SRWKHVLV LV SHBRRAKHG AKWMHKHGEK V8K H WXWID
UHDFWLYLW\ RI WKH 3G ILOP
(YLGHQFH IRU WKH VXUIDFH VWUXFWHKBERYHRKD @IKAN HY BUWR YH]|
([SRVLQJ 3G WR R[\JHQ FRQWDLQLQJ PURXNKHY WXFEK \DMU [OLAH LIVQI
LQFUHDVH LQ WKH K\GURJHQ 10X[ > W8 WKKIH L0 R UH F R QHHU F D
H[SRVXUH ZDV OLNHO\ GXH WR WKH URXUKEBHQKDRB| EMKH) VUXRI DHH
R[LGDWLRQ YLD DQ DLU WUHDWPHQW R+H WIRHD NN\WGRIREH QD JOKQ B
PHPEUDQH EHFDXVH +H LWVHOI GRHV QRW DB SBDWXWIPF®XVH DQ\ |
,Q WKH FRQWH[W RI HYDOXDWLQJ SRWHKHWERQG LPHFXWORY YV 2
FRQVLGHWKDIG\ Q HIIHFW EXW +H GLG QRW 7KXV GVR\PW KH SIR QW IV

WKHRU\ RI JDVHV VKRXOG EH GLVFXVVG@IKBU JA\KRI IJ.[DJ\X/‘GV_H—UH—KFD)Q/@LI—R\Q LV
(_ _NA:7

ZKHMHLY WKH %ROW]PDQQ VW RKHNVMDBRSBQDBWXUH RI WKH JDV 7KL

HQHUJ\ RI JDVHV LQFUHDVHV OLQHDUROW EHNG HEH R SHIODW X BRQ BXK

PROHFXODU ZHLJKW RI WKH JDV + DQG WK XV HADYHER VR bi [SHO DIQE AL
7KH VHFRQG HTXDWLRQ LV WKH LPSLQJHPPQW VX[ REH ROHFX
3

D57
ZKHOWHLY WKH SUHVVXUH RI M/KMWKI®D\WRGBEBLPFVV WK M KKH LIDH/U VDO
FRQVWDRQWVDWKH WHPSHUDWXUH RI WKH V\VWHR WIQUHW KK BV XUWD §



SURSRUWLRQDO WR WKH SUHVVXUH EXW WBRN B ROHFWHOWWH 2Z\HTLX B Wk
KLIJIKHU PROHFXODU ZHLJKW JDV VXFK WU \@UWKRWHK®E@ XXQWODFRIOWK B
)LQDOO\ WKLV EULQJV XV WR WKH PRPHQWXP RI WKH JDV PRC

§ N@P?‘
© S 1

S

ZKHMHLY WKH %ROW]RDLQWAR WW B FWUD WXXUHH P RQIBFXODU ZHLJKW

WKLV FDVH WKH PRPHQWXP LV LQGH SJHREROH Q WSRIQSHIIDFHX DIHW K R
ZHLJKW DQG WHPSHUDWXUH RI WKH JDV 7KXV 1RHJERASRMW KB V)L X E
LV WKDW D KLJKHU PRPHQWXP DODRH\3® FOWHR R @ HAUKID W P V. IGHRL

RI VHOI GLIIXVLRQ DQG UHDUUDQRKPE DM LG RP R PG WX/ YOIAEL JIHP SULK
ZLWK PROHFXODU ZHLJKW )LIXUH V XWKRZ W MMKRXVIHK RKW WHR/ I B O X
HUURU EDUV WKDW UHSUHVHQW WKH SWHHFR SIHADIO/OX UAR RIDMWIKGI) +/H L
WUDGHRII EHWZHHQ IOX[ DQG PRPHQWXP LY PRDAWRSRIWD QWX JJ}
,GHDOO\ WR WHVW WKH K\SRWKKH EL. MWKDW BRO HQLWDX W KSHD [
PHFKDQLVP JDVHV ZLWK D UDQJKIRRO ® REOHH ER® B VWAHIDMWMWS +RZ
FRPSOLFDWLRQV UHODWHG WR FKH P IPHRMUKDAQLHR @ Q &D V WHID R/ PR/ \I VE
DV WKH\ DUH KLJKO\ UHDFWLYB DY GNVXRIXW & PGLHNHDON X0U HA/F WPW & R\ H |

JLIXUH *DV LPSLQJHPHQW IOX[ DQG PRPKWWXW YHALRYWAEDWPRO
HUURU EDUV UHSUHVHQW ORZHU DQG XS®PHWH RUPLWY&EWDWRHG Rf@&
UHSUHVHQWLQJ WKH UDQJH RI WHPSHUDWXUHYV ZLWKLQ WKLV VWX



LOQWR RWKHU SURGXFWV 7KLV OHDYH V¥ XVKRIQL QbW DOWWHY G KX H Qe
FRVW DQG DYDLODELOLW\ DW KLDK JRXQUILW\HEHBWHGORRE KB WD O/ L
SURSHUWLHV WR KHOLXP EXW LWV FRQ®LIXPLREKD L P S1D U2 M X LUK HR
ZLOO VKRZ WKDW DUJRQ LV FDSDEDW \R R WHKGHX BLLOVIU IFODH[QL & [ B RADXA U\H
VXJIJHVWLQJ D OLQN EHWZHHQ JDV PRPHQWXP DQG IOX[ LQKLELWLTE

THPSHUDWXUH GHSHQGHQFH DQG 3G VXUIDFH VHOI GLIIXVLRC

7KH SUHYLRXV VHFWLRQ DQG )LJXUH KR ZARX GVGK W X N 5 FD\
GHFOLQH LQ K\GURJHQ IOX[ WKDW ZRXOG Q RRW UPHDRQR YKIRIX H Y HIDWZ K H
7KLV QH[W VHFWLRQ KRZHYHU ZLOEHIOMWULRPSRI WR LWK RYG WRHH §/
GXULQJ WKH KLJK SUHVVXUH QRQ K\GURJH® YRUXWRIRNY RUJIKWGHRJ
PHDVXUHPHQWY GXULQJ D 03D $U HR/DWDIRILGD |URKR IRUf & WP H L
WKLV VHW Rl H[SHULPHQWY WKH PHPEODE@HSREMGD MR SXUJHIE $0UQ
VHOHFWHG WHPSHUDWXUHV IRU FD K 7KURXJNRX/RWKGLRDOKO S C
SUHVVXUL]JHG DQG VZLWFKHG WR K\GWLRPHN WRUREKMFROLW WRH KRGQ R
WKUHH SUHVVXUHV UGITXOMH® WRHREWMPEQDWKHZDY WKHQ TXLFNO\
03D $U FRQGLWLRQ WR PLQLPL]H ORZ SUHRV\$XBB[DRY®P KRG U RRIH®MX W
HODSVHG GXULQJ DQ\ VLQJOH K\GUROHID RHPBDRMHFHRW HD/MAIQ W WK
DSSDUHQW DFWLYDSHIRRHBWHRQ\ZRY FDOFXODWRKGLW R/ ERIZV WK D WN
SDOODGLXP PHPEUDQH ZDV SHUIRUPLIQ.EBYRGSHU®D P XBOMW K& HH Y/SREKF
N- PRO + @ 7KH DSSURSULDWH DSSDUHQWHNYEW HQFW L\R QDMQ H
VXEVHTXHQW DLU SXUJH SURYLGHG DOM[PE&RWYH @GW L\DXOM D FHU D@ W
WKH PHPEUDQH ZDV RFFDVLRQDOO\OXH SRHHDI/NXWH PHI® WD QMED NDHQ +
PHDVXUHPHQWY WRRN OHVV WKDQ P MQDAVQH V WIEDOGHD REH WWKXHIQ
UHSUHVVXUL]H ZLWK $U 7KXV LW QW KR®URPIHF WOHKG RHKIDWK WHKRH 0
DIIHFWHG WKH HYROXWLRQ RI IOX[ GHSUHVVLRQ DW DQ\ WHPSHUD\
7KH SULPDU\ REVHUYDWLRQ IURP )L JXU} UHP NGHBDRWBRKWLKRH
WKH H[WHQW RI IOX[ GHSUHVVLROXUHWHS® HDFK RPH@E O DYXTHO X B VL @
K\GURJHQ DW N3D DQG DO OR IR YWRH URIYHRY MK XK QREBORZLQJ FD
RI WKH I1OX[ DW HDFK WHPSHUDWXUH LV VKRZQUHQD)SSXDHV WR ERH
ZLWK D ORZHU UHFRYHU\ $W f& WKHVKRGURRHQ WO XL @DWLRQ ON
ZDV DEOH WR UHFRYHU WR DIWHU WKH f& KRZHRHULD VRRE D7K



JLIXUKM +\GURJHQ IOX[ GHSUHVVLRQ YHUVXVYWURR X/X WIHF
+\GURIJHQHBRYHU\ DIWHU FD K 03D $U H[S & $SUUKH
RI WKH WLPH RI H[SRVXUH IRU IOX[ GH



GHSUHVVLRQ LQ IOX[ ZLWK D WR\WDOY B @ K8 LMGIGWR (RHFR\Y H LR\ W WIVW

,QWHUHVWLQJO\ WKH GDWD DW  P{&RaHERWWKL AIRMWDRDOWR X[ OfR
GHJUHH RI UHFRYHU\ VXJJHVWLQJ WKWW KB GKDBISN QD DRKLIHY HXS
WHPSHUDWXUHYV

&RUUHODWLQJ IOX[ GHSUHVVLRQ ZIXDK MX D WLAHH VDU X PW @ WH
RI VXSSRUWLQJ HYLGHQFH LV SURYLGHG BG® SUMHVIH R Q&W RDUNH QB KW |
LQLWLDO YDOXH IURP )LIXUH $ IRH@OXO SRORWWILPS IFUB YW GV W
DSSDUHQW DFWLYDWLRQ HQHUJ\ IRU URDAUQ\D RIHP HRWORS Z\DKHV 3 &
WLPH DW UHFRYHU\ IRU WKH EGZWXIO\GNVK P DM MV E H RCLIK H WK N AR
OHVV HUURU LQ WKH PHDVXUHPHQWYV EXW VIHR VEKIE\D X DN HW KK HZ D V F
PHDVXUHPHQW IRU f& $V VKRZQ LQHVARWHHG KQ \WKL I SFDQRAHXD
HQHUJ\ Rl * TMNKLRRIOV QRW GXH WR FKDQJHV LQ JDV IOXJ RU PRP]
WKLV UDQJH )LJXUH VXJIHVWLQJ \MKDMF WAK HWV MHH FSSHRSHIWY WAL H
PHPEUDQH LWVHOI

,QWHUHVWLQJO\ WKH DSSDUHQWLDFIWLWHW.RRL GRY WR RJOO
VXUIDFH VHOI GLIIXVLRQ Rl 3G $JJWHRFDWRYX W KR XODWH RDW XDJGIC
PHDVXUHPHQWY Rl WKH VHOI GLIIXVLRQ RI 3G VVYREQBW H G5 HWSJRD\ V¥
DFWLYDWLRQ HQHUJ\ RYHU HDFK SRWHQW LDROUBIGZBV\'SWB WYL R XV (D F
DQG GLVFXVVHG E\ $QWF]DN DQG (KUOLFK >HQ®@ V $SIDWHK R R PK 2 B WUC
LQ WKH OLWHUDWXUH WKH DSSDKIQ®MRDKWLY DWIKRQ IHD B H WM ZRIEM D

7DEOH $YHUDJH DFWLYDWUR Y XHUQBIEH\VNOIPRIOIIXVLRQ RI 3G IUR
HDFK FU\WWDO IDFH 1RWH WKDW BEMHU LRH QWKHO 'UHXY/XIODWNVDUH RC
" 6XUIDFHV
3G 3G 36
3DUDOOHOD -XPS “ b «
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([FKDQJH
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' 6XUIDFHV
3G 3G
([SHULPHQWDO' “
-XPS « “
([FKDQJH B '
5HI% + @ + >@ + %@ B ® ‘@
+ @ >@ ® > @@



UHVXOWYV IRU 3G DQG 3G @ ROG N-NPRB® UHVSHFWLYHO\ 2XU

N- PROY OLNHO\ FORVHU WR WKH BBFD X WH ®XH RW URMD-HRROGHSRV
SUHIHUHQWLDOO\ LQ WKH GLUHFMWQ\WWBQDIVWG HWHUPL Q KBG 6 Gi
VLPXODWLRQV RI 3G VHOI GLIIXVLRQ IRRWHAGLFW $BOXHD WXB® DU
ZLWK WKH DSSDUHQW DFWLYDWLRBUHORIWKH\ D HBHRIMWRH® E Q HWKAIS\R W
KLJK SUHVVXUH $U ZDV DEOH WR UPSDWWHNVWDOMNDRW 3® UAM ORI GW
HQKDQFHG VHOI GLIIXVLRQ WKHQ DQ QHD 8G GLGR | HF KXV RIXRW R Q W KE
WKH SUHIHUHQWLDO FU\VWDO |DF®O BXLRUOCHEW LR FEVMHGLIQY B/@
KDYH VLJQLILFDQWO\ GLIIHUHQW K\GURWHRWED KOS WIKRQD U Q WWK/H
GURS LQ K\GURJHQ IOX[ REVHUYHG KHUH

3G VXUIDFH PRUSKRORJ\ FKDQJHV ZLWK $U H[SRVXUH

,Q DQ HIIRUW WR GLUHFWO\ WHVWLWK I WKH S R WUKH VILY.J RUK DAX E
FKDQJHG WKH VWUXFWXUH RI WKH 3K VAN DG HR WK B H UM HS/HAUM RZLLF
WHVW VLPSO\ LQYROYHG KHDWLQJ WR f& H[SRRUQJKWRKLWLY R
UHSUHVHQW WKH LQLWLDO VXUIDFH DR WHWV W KKH PBIR ED D@LHY JUW ZF
PRXQWHG LQ 9&5 FHOOV DQG KHDWHG WRIDW MKXQ @HUHORBRYH GH
DLU DW N3D IRU WKH QRUPDO P L QF KM G DABROREQ W K KIHI R DO VZ R N D\
f& $W f& RQH IRLO ZDV H[SRVHG WRD+HRDQG KNVEH | RWH HDU |
H[SRVXUHRMR +« &RQVLVWHQW ZLWK WKH UHWXOWYKH RA WRBINW &
GLVSOD\HG QR IOX[ GHFOLQH ZKHUHIAOMWXH BIUDERXNHG RO K DNG3
PHPEUDQH SUHVVXUH 7KHVH IRLOV ZHUH WKHQ FRROHG DQG DQDC
JLIXUH VKRZV WKH VXUIDFH PRUSKRORXKXHREBWLDE PRUSRROIF
DIWHU DLU WUHDWPHQW $ FRQVLVWYV B! RIIDPR@LFXO D& HUFRYWHKB
QP DERYH WKH VXUIDFH 7KH WDOGRWW VYOLWKWY D SISPHDIH\D W KARK
&RPSDULVRQ RI WKH LQLWLDO VDPSOHH $HW R WKRGE $UH[&R VKA ZW RV
GHQVLW\ RI WKHVH IHDWXUHV LV VLDQMWLFRQN®DO\UKMGXFNG]H QR E R
ZKLFK FRUUHODWHYV ZLWK WKH GADP® WBP SR HWK$SISEBDMVW R GE MW K H
HLWKHU WUHDWHG VDPSOHV
7KLV HIITHFW LV TXDQWLILHG LQ )LJIXKSHIDN FRUIGW WKRZNK W Wi
WKUHVKROG IRU SHDN GHWHUPLGBHW LRWQP HK HR G HOLND HF R XGQUD ZD Y
PLFURPHWHU ZLWK HDFK GDWDWHW ID® )DYKUDJIH RIHBEKHWH OL:C



JLIXUH $)0 LPDJHV RI P WKLFN 3G RRDQV OWFK IR&ORADV RLHR
VRDNLQJ LQ K\GURJHQ IRU K DW N3D DDQOG % f&HO% X\ GURLDAVDHI
K DQG & $UJRQ WUHDWHG IRU K FBOW EDBDWRWKRB Y HJ W& B WLD/R+
VDPSOHV ZKHUHDV ULJKW ' LPDJHV KDYH WDRWHUL VWD 6 W \R WHRDFKI

UHSUHVHQWLQJ WKH VWDQGDUG HUBRDNVYLY® QLWXWHS U H YLD\ HQ RUH
HDFK VDPSOH FRQWDLQV WKH VDPH QXPBHWY KIHSEHOWNVWSH Y \PKLFEOR |
KRZHYHU WKH DUJRQ VDPSOH VKRZV DNVLDQLWIKAD & WIONK &/REZXW RQ KX |
LQFUHDVHG ,Q RWKHU ZRUGV DOWKRXIKQWRMN GMRMAD® BW D WK HP I\
KDG VPDOOHU SHDNV WKDQ HLWKH B&RWIXED K HIDQ W R RRXU KL @IUW R QOK B
URXJKQHVV HYHQ KHOLXP VHHPHG WR KM G&HF R RQK IO X.®H & MDIOD WR B
DOVR DVVLVW LQ VXUIDFH GLIIXVLRAKRQO DWIEFW 3WRKD SOWHKNMB UX
HYHQWXDOO\ LQGXFH D K\GURJHQ IOX[ZGWMBUG WKRWY ZRXW IHKUHH W
REVHUYH DQ\ VXFK HIIHFWYV



JLIXUH $)0 3HDN &RXQW IRU HDFK RUVWWHKHSWHKVH®W MMKSONWDQ
DYHUDJLQJ IRXU OLQHYV IRU HDFK VDPSOH

W LV VXJIJHVWHG WKDW WKH IOX[EBWKOWE®H UKDODMNMFLVW D QUG (
VXUIDFH VLWHYV DYDLGDEWVRFWMRWIDFQ O£ VODRHD W XUHPHQWY VKRZ Wk
UHGXFHG DQG DIWHU KLJK SUHVVXUWHK[\S RA\RZUHH MR WHK IDWDHS ¢
VPDOO GHFUHDVHV LQ VSHFLILF VXIQ DIFEHR DBQUM D OKXD QCLRRW IR [BS\OHDLLYQF
3DGDPD DQG FRZRUNHUV > @ IRXQG WKIEN RUBGK\GURIHK AD3D
WKDQ D 3G IDFH 7KH IDFH LV KDLV LLOAD KK DAWVRDWHKLH V L Q JHURHS
ULGJH DQG WURXJK DSSHDUDQFH $FVFRRREULKYIHYRUWHKWLEDBPDO FXC
K\GURJHQ WR DGVRUE GLVVRFLDWHKMQWLCENRBEW QWKRI \§ K HV3H B
HQDEOHV WKH ULGJH WR DFFRPPRGDWH WKH + DGDWRPYV PRUH HIIL

([SHULPHQWDOO\ LW KDV EHHQ REVBUYH® DAIQDW VGHUHR MLG D\

UHGXFWLRQ > @ ZKLFK PD\ H[SODLQ W& H QQFDHMDH/W MIQG WIHHF
+DQ HW DO > @ REVHUYHG D VXUIDRHLGDKMO RQ FIUH® WK RV HRIXGI\Q W
3G DQG 3G IDFHV DW . ,Q VXEVHTHKHCHNG ZRKIINW VDKQH HWW B €
DIWHU R[LGDWLRQ RI 3G ZHUH RULHQWKHG) ZRHIGIY HROW B R ®J KD \

DUHD GRHV QRW FKDQJH VLJQLILFDRWOW R[IRJPWARQ D @G LIHHGKHF G\
DUH H[SHFWHG WR DEVRUE K\GURJHQ PRUBIFBIND GHODWKQ @ WHLH \W¥
LPDJHV LW LV OLNHO\ WKDW WKHKHUQGMBENOW \VEILY XYV IRR K O3H KHDRW

RULHQWHG UHJLRQV 7KH VXEVHTXKH DIV SQRIWW RU HV K FB\RHY/ X BIWLR
ZLWK WKH REVHUYHG IOX[ GHSUHVVLRQ DQWLWDOQVOWRRWHGRPHGL



,QIOXHQFH RI FDUERQ GLR[LGH DQG WUDFH R[\JHQ

$QRWKHU LQWHUHVWLQJ H[SHULPHQW FRQWXRWGIA|HADMQHYSRKR
JUDGHV RJL&ZUH $ VKRZV WKH K\GURJHQ 10X[ UG WXIONV S URRD WK
UHVXOW ZDV WKDW LWQBOWHGUWKG KIGGRJIBD I0X[ ZKHUHDW LQVWU.
WKH FDVH RI LQGX\VZWUER XDVUIDGMW2RWHG SXULW\ RI WHGH K\GUF
E\ DOPRVW DIWHU K HISRVXUH RKM/KB LSUBRMR OV UHH XOWK
PROHFXODU ZHLJKW JDVHV FDXVHG D KH G URJIWIQNA DRI[ REWSDILHOMVG. RO
WHVWHG WKH IROORZLQJ GD\ $IWHU KRMWIYXWHKEW HPDGBIQH ZD\
IRU KRXUV 7KLV UHVXOWHG LQ D U HFGOERKWR. R QHL BDRIOWGLURN H Q W
SUHYLRXV UHVXOWYV DQG VXJJHVWHG |XUWHK® UF DWQOHVWKQA® K LUHKF AR
7R XQGHUVWDQG EHWWHU WKH RULJLRRRL WIKRIQELRIHW KB PMXRI
ZHUH DQDO\]HG E\ *& 7&' DQG 06 DV VKRZHFWQY)HOXUHNHFRXIDY R &
RYHUODS LQ WKH *& 7&' WKLV UHWYXQO W RS 6 WHRIWNVGN YW RR RRL B K
WKH VLJQDO LQWHQVLW\ ZDV7RKHBOLE UBWKGWXYVAD SWHM WKH D
UHSUHVHQWVLR&XULMKH 2 EXW QR FDOLEUDWR®QWBON ZBVXOML QY]]
UHSUHVHQWHG DV D IUDFWILRBQDR WKHV PBIPXQV&RKH 06 UHIVXOW LV
VLIQDO LQWHQVLW)\ LV OLQHDU IEHW\Z HHRQW HDHKH YIV\D UE OW VEBIX B X WH
EH XVHG WR TXDQWLPSWKHW HODWHIOY H RRP WKH *& 7&' UMHVERQWYV Vi
EH VHHQ WKDW WKH LQGXVWULDO JUDGH KRIQW DV QW IGH DIERXWU X P H!
RQO\ FRQWDLQHG DERXW SSP Rl WRWD OQICPSHWAW MOLGI \J U DIGHH *RRR
IDFWRU RI WLPHV PRUH LPSXULWLHW VGKIYQ/ LLQQIRAY KHIQM6 JUD G |
UHVXOWYV RI J)LIXUH &VWHKHFIQLFV ROOXNWH WIKHY 2DQG VKRZ WKDW WK
JUDGH ZDV DERXW  WLPHV JUHDWHU W K/QL W KN SIRQWKMWX PH® W K D
2 OHYHOV ZHUH HQRXJK WR FRQWLQXRXV@\VWRKHG HE\ ERGV URXKIW HS;
K\GURJHQ 10X[ GHSUHVVLRQ EXW D FRWX-DUD3D OF DOXX/[L Q8 HIF @ X \QHF UE HR DW
KU YV PLQXWHV DQG WKH WHPSHUDWXDI®) WKW HP Si&R \HIGU
R[LGDWLRQ WKH GHJUHH RI R[LGDWLRIQ W[GE WX W R UE B FIH K BRW HK
WKH REVHUYHG IOX[ HQKDQFHRHSXW LYWHW VUMB XFHOH OWKIR QG LQ
GHFUHDVHG WKH UDWH RI R[ILGDWLRQ LQBXV¥HE QR X\ R HIQLQY W RLZQ|
UHDUUDQJHPHQW WKDW UHVXOWHG LQ D K\GURJHQ IOX[ GHSUHVVL



JLIXUH $ +\GURJHQ IOX[ DIWHU H[SRV)>XUM WRf&ZRGNUWHY DRI &
VKRZQ WR LQFUHDVH IOX[ ZKHUHDV LQVWUX®XQW> JUD GE' UHV XOA
IRU WKH WZR JXDBE VL ®IWKLY VWXG\ 7KH OHIW SHDN VKRZHQWKH F|
LQ WKH JDV DQG WKH ULJ&W SBIG N XSROMHVEH QW V XZRWW I WW LD/P RO |
WKDW WKH LQGXVWULDO JUDGH FRQWDQQW WXBBQWFIJ@WEO\ PRUH R



7KLV H[SHULPHQW VKRZHG WKDW JDW HR XQ & KS DIQY R QLG DMKLHR
K\GURJHQ GHSUHVVLRQ HIIHFWV ZKL FKHHPS/DOWD V)R HUVOYIMOD Q A M X
VWHDP PHWKDQH UHIRUPLQJ PHPEUDQH WHDUDMRUM KOSY M/ FE HDHEQR XUWM
ERWK 6DULG HW DO > @ DQG RXU JURXS >RQJ @HURW [BRVEXNH G
UHSRUWHG $GGLWLRQDOO\ QR QHHBWUD W LHR QHF WK UIR W I DRWHWHITD
> @ 7KLV LV SRVVLEO\ GXH WR W¥FBXF HE NMWHDRVBIGVRVKD WU B RQFRD
WKHVH FDVHV LQ VLWX R[LGDWLRQRYMGXBEWRXRBKQHRUW KHVWXWI PDN Bl
GHWULPHQWDO LPSDFW RI SUHVVXUH LQGXFHG VXUIDFH UHDUUDQ.

3UHVVXUH GHSHQGHQFH

7KH ODVW YDULDEOH H[SORUHG ZD G H\SKHH \L\PISPE W7 R | XSAEHVUAK
SUHVVXUH DIIHFWV WKH I0X[ GHSUHV\UIRQHW KE\ P BEN[B@N XD/ BH
H[SRVHG WR LQFUHDVLQJ SUHVVXUHV RI WKIRQNHNVIXUHKH U MKQ 2ZW K\
ZDV H[SRVHG WR LQFUHDVLQJ DUJRQ SUHVVXWH W DRIBQKEXWR HQV
LQWHUYDOV EHWZHHQ WKH SXUHMX]JEBSVRIVNY R QVGL\G RERWH IRFHF & U
03D $U DWPRVSKHUH ZDV XVHG ,QWHWHWELREOXSWION IDXE LGLG B
EH OLQHDU ZLWK H[SRVXUH SUHVVXWH WRZR[SQDVQE WKHN Di$\% DM
UHGXFWLRQ LQ IOX[ )LUVW WKH ERPEDKLGRHQW KDI® A WYV RQRW K Hi U
RWKHU ZRUGV LW PD\ UHTXLUH WZR VLPRPMWDWXR X\Q HPSD MRVDW®R
GLIIXVLRQ DQG VXUIDFH UHDUUDQJHPHQW RI 3G

$OWHUQDWLYHO\ WKH VHFRQG SRGWHRIW QD 0O X[ SO/D QWL PG 3
UHGXFHG DIWHU D FULWLFDO WK UHRAKRG HRG V)RWI 0H B PLEHOHU UD[Q RN
SUHVVXUH +H GLG QRW DOWHU WKH D®SUHELRPEBH FKGKVENVWMRL
VWUXFWXUH )LJXUH JLNH Z L WH PIHWWLKVD WX DW HO B 1D Y WR @ R E 1 HY/ X\UR
ZRXOG KDYH RFFXUUHG ZLWK $U DW WKH PV BBDRU OR RH UH ELRAAXUX
RI WKHVH FRQGLWLRQV GLG QRW FDXVR GMNBURVNQWKWXKN®ERJIJHBL
FXPXODWLYH HIIHFW PD\ KDYH EHHQ RFG XVNA®H QWIKDW GBSV HGV W
DIWHU WKH 03D $U H[SRVXUH 7KLV VWFRWG ZH V8O DADKDHN KR DK LS/
UHVXOWV VKRZQ LQ )LJXUH 5HFD GQGWBRW HDS/RWX UMHKW RO X[ (R
WUHDWHG PHPEUDQHV EXW LW GLKDIXUEWMKQUSG H BLIDDOW WKRP BANR[P
SUHVVXHUBRVXUH ,Q WKH ODWWHU FDVE@ KWKHDW KHBGK EGG QRWX LS,
WKXV WKH LPSDFWV Rl DGGLWLRQDO +H QR[GXHUIGE WRQIDLEOMHDUUL



J)LIXUH l1RUPDOL]HG KQGDARYIHY IRN[LDPEGHDVLQJ SUHVVXUHV RI
'UDVWLF K\GURJHQ IOX[ ORVV ZDV QRW REVHUYHG XQWLO DIWHU D

W LV VRPHZKDW VXUSULVLQJ WKDW WKHEHSIQHQRPFXQWRH @ HS
OLWHUDWXUH OLNHO\ EHFDXVH PRMWWM BURNSAX VX G 'Q QWK BIGO BLDO B B (
KLIKHVW SUHVVXUHV UHSRUWHG ZDV3G\IEOPHWROL@ &W @ Z0GM H[SF
DQG XS WR f& IRU DQ XQVSHFLILHGRQBY DW R X WV WHRH D <$HDW WL B
&2 RI 03D + ZHOO EHORZ WKH 03D WKUBVKRYGROQHIQY LWKIGV WR
DGGLWLRQ WKH SUHVHQFH RI R[LGDWILH HZRR®XGU KDY H WP DLVQ\WHA B QWK |
GHPRQVWUDWHG DERYH

2QH LPSRUWDQW ILQDO QRWH LV WE&DWJW® H HUIHH FVRW R WORG H
ZRUN $OWKRXJK WKH 3G VXUIDFH DSSHIKXUYUWMR VXU UD\QHW 2 MV K\
KRZ RU LI WKLV HIIHFW ZRXOG RFFXU LRJMXHS$SU MBDHQFAHD @& ISER \
K\GURJHQ ZRXOG HQWHU WKH 3G ILOP D@® RQHWWH DXODOFH TKHX
SRVVLEOH WKDW WKLV VXUIDFH K\GURBHWKZR E R BEDR\GH HD@WD B\GR W
DQG SUHYHQW VLJQLILFDQW VXUIDFH HBDRQDRONKRH QW R XK NVWKD W
WR KLJK SUHVVXUHV PD\ QRW KDYH UHSRUWHG DIQXLUHG B/RSREW DL
EHWWHU XQGHUVWDQGLQJ

&RQFOXVLRQV

7TKURXJKRXW WKLV ZRUN ZH KDYH H[SORUHM[GRNVKHHHRFWXH!
K\GURJHQ I10X[ WKRXJK 3G ILOPV ,W ZDV REMHUY MR VKKDKWHU[BR®



ZHLJKW DQG QRQ UHDFWLYH JDVHV DW VKLING BRHVY XONY GBIV H G
HIITHFW ZDV REVHRW HBQE®W?2L 03D DQG f& ZKHUHLQ D VXEVV
K\GURJHQ IOX[ ZLWKLQ K RQO\ UHFRYHWHG WK RD VXERHIWHNQL L
H[SRVXUH <HW H[SRVXUH WR +H ZDV QRW QRXBLGN WRQ F®XWIHQ D QN
H[SRVXUH F\FOHV 7KH WHPSHUDWXUHGGI$SHY 8HREG HD RV HWK H [ 8 R&/ X
ZDV IRXQG WR KDYH DQ DSSDUHQW REWKYBPWILRQZHQE WILWRKLQ “W K I
VXUIDFH VHOI GLIIXVLRQ DFWLWDPRVLRK- HRRMDBGLHYV BQG 86 PROVXUI
UHVSHFWLYHO\ $GGLWLRQDOO\ $)0 LPPDAM VARRWBHG WIKDKV DVK H
GHQVLW\ Rl QDQRVFDOH IHDWXUHV D IKNMHUFWLEK LSQUHYRYVH HS FOWKI
EXW VWLOO YLVLEOH DIWHU KHOLXP W[ ERPEDH GPHXQW DA @D W BH Ry
GLIIXVLRQ SURFHVV FDXVLQJ PRUSKROR®O.LPEYRFRKDQURY WKDW DW
WKDW WKH IOX[ GHSUHVVLRQ LV WY VW& NV BN SWKHHI BIGH QW VX O |0 RN
DGVRUE DQG GUWURFKBRM/ KHVLV LV DOVR FRQWLRWH@VUDWHK MLP
VWHS IRU K\GURJHQ WUDQVSRUW IURP ENBRWEZOXVQRW WRVWXLY HGE
H[SRVXUH JDV ZDV KHOLXP RU DW SUKINWXERWK LPIDDJVRJIJIHNW IO
LPSRUWDQW IDFWRUV WKDW SURPRWW OAP RRWZXDB\Q IREV RU YHCH V8 5DV
FRXOG EH FRPSOHWHO\ UHYHUVHG E M DBLUH WHGIFBHE/ RBIQWL R FDH Y H |
WKH IHHG ZKLFK PD\ H[SODLQ ZK\ WKLV HIITHAW KWW WRMXBHHYLRX
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$ SDSHU DFFHRWXHGQGIEO WKBHPEUDQH 6FLHQFH

6HDQ 7KRPDV % 1\ @G& Q3RR/MDLYV ) XXROWNVWS$ ROBNQODV :D\

$EVWUDFW

,Q WKLV ZRUN ZH GLVFXVV DQ REVHUDHGIJY EEXFWURGBLRI PD
VXEVWUDWH E\ SHUPHDWLQJ K\GURJHQ L QHAKIL (D ELLOFF 3\ HGH K E D DHX
SODWLQJ Rl 3G RQ D 3RUGMWUIRWH I G WHVWHG XQGHU SXUH K\G
EHWZHHQ f& DQG f& ,W ZDV REVHUYHG \@KD\GHF QDSH R PRA

f& ZKHUHDW XS WR RI WKH K\GURJHQ IWXRQ@D¥VORY W @H W
GLVSHUVLYH [ UD\ VSHFWURVFRS\ DQGW UZDV SKRUFRXG HBWW R QW S
RFFXUUHG GXH WR DOOR\LQJ DQG D OMXLEQY MVIKGHH Q@ & NLOWI D,FH FRHIW B T
WHVW LQ ZKLFK WKH PHPEUDQH ZDV VR BNHUG HQRWLRQ RIHNX OWH G
UHGXFWLRQ RU DOOR\LQJ ZLWK WKH 3®& LRRHRVLOJPLDGRDQWD\ HC
PHPEUDQH RSHUDWLRQ LV DWWULEX®HG EARDWRIRLFKKFLEFRIH Q RN
WKURXJK WKH PHPEUDQH

, QWURGXFWLRQ

7KH WHUP VWURQJ PHWDO VXSSRUW LQW H U DHFRMX.ARL® U6 6®,W DD \F
EHKDYLRU RI VRPH VXSSRUW PHWDO FR\P EDQ DHW. FO@V >Z L \@K G \UFHLFL
RI WKH YDULRXV HOHFWURQLF JHRPHWWHG P® GV XIS RQFWE R DD
$GGLWLRQDOO\ )X DQG :DJQHU > @ RIIHWKDBQ PRG\QOWPILFHDRIGV KN

5HSULQWHG ZLWK SHUPLVVLRQ IURP (OVHYLHU

3ULPDU\ UHVHDUFKHU DQG DXWKRU

'HSDUWPHQW RI &KHPLFDO DQG %LRGRQ AR I(QHVO HROIGHR &RD
8QLWHG 6WDWHV

&RUUHVSRQGLQJ DXWKRU



SKHQRPHQD DVVRFLDWHG ZLWK 60KD W WDHIQ\R XK B CFOA\W DW 1 X SRERAHW ¥
KDYH JUHDWO\ GLIIHUHQW FDW DO UWDLFFVE R R 8 HENWLHWVH G X\W K\M RP M B/ID
VXSSRUW
$ FRPPRQO\ UHSRUWHG HIIHFQGRFFRXY & HWZHMDQOAM 2ZKLFK LQ
LQ K\GURJHQ VHSDUDWLRQ PHPEUDQHV JHRXQMHBGHY HDWFD W DO \V@
PDWHULDO ZDV VKRZQ WR GHJUDGH D QGPDXWHWISFKQWIR U X HGVL{HGDE |
JDV VKLIW VHSDUDWLRQV DW f& +XDQJ DRWGH'GVDW FDHGHUI %V L@ QV]
EHWZHHQ 3G DQG D VWDLQOHVV VWBIEHIQ O/K SBRW WK \RDARUIGIWY HOXF W F
ZHUH UHSRUWHG WR EH FRQVWDQW DWHDVW&URPHQWW HRN\H UDW WK
UHSRUWHG <HW WKLV VKRXOG FRPHUBN EHF D OWHH WY KIS U LYMWY R VA
DURVH LQ IURP 7DXVWHU DQG )XQJ >DV@DRK&O¥ SHABIMDPDOW \ZKL
FRDWHG WKH VXUIDFH ZLWK ,U DQG FRQGXFWHG &2 DGVRUSWLRQ \
2WKHU H[DPSOHV KDYH VLQFH EHHQ GL\BFERYH DID® RWX KS DY
UHGXFWLRQ RI =Q2 ZKHQ FRDWHG ZLWK 3/ $DPDW. FHOHAQ >F R @I L D Pk
ZKHQ XVLQJ 3G > @ UDWKHU WKDQ WKHD QR RI $ORRW FARXDQG H)W C
VWXGLHG WKH HIIHPWE® REWHB®HE23G HQFDSVXODWLRQ ZKHQ UH
7DXVWHU DQG )XQJ > @ DOVR FLVWHG \ORRRH 608 H FX QLFWRR GHY WK |
0J2 € DQG =URH ODFN RI D VLIJQLILFDQW 60®PHIOHBW RDPS\OHILLPD\O ¥ |
FRPPRQ FKRLFH IRU VXSSRUWHG FDWDO\GMWWFWEGE KHUM D@ W
UHGXFWLRQ RI RQVXESRIHBW VXIJIHVWV WKDW 606, HIIHFWV PD\ EH
SHUPHDWHG UDWKHU WKDQ IHG LQ RRARQYHQROLHRI) DIDVPW R B H60 6 , GV
EH SUXGHQW WR XQGHUVWDQG WKH UMIRFRE WD LD IV ¥FURHP RO HSW K PSHLI
QRQ 606, R[LGHV PD\ VWLOO EH UHGXFR®H®W WHPSHUDWXUHV ORZ]
'LWKLQ WKH 3G PHPEUDQH UHDFWRIH G130 GP LJHFO\QR\Q L@KKH G H
RI D VIVWHP ZLWK V\VWHPV Rl LQWSBMVYWLRQF®XGLQJ DPPRQLD
PHWKDQH UHIRUPLQJ > + @ PHWKDQRO DHXI0 HIWK V@GR OZ DW
JDV VKLIW UHDFWLRQ > @ <HWHPRIH K\GOQIRY B QDWW R QVKI R EZ
VWXGLHV EHFDXVH IHHGLQJ K\GURJHQ YLRDNP EHIUR KR ZSH WFRHDE
FRQYHUVLRQ DQG HQKDQFH VHOHFWLYLW)\ IRU VRPH SURGXFWYV
*U\D]QRY DQG FR ZRUNHUV ZHUH DPRQJ WRE& DO DIHEDVWE
PHPEUDQH UHDFWRUV > @ ,Q WKH HCH ®\G URJ MQTHV MRADX B L ID® NY R
ZHOO DV D KRVW RI F\FOLF DURPDW IGR F@ R S R XKIDAR\S HEDHADD B QH Q I \ FRO
GLHQH DQG QDSKWKDOHQH > @ ,Q HDPDPK IFQYHK\GWR ZHDY RENBHIC



NLQHWLF UDWH RI K\GURJHQDWLRQ FOYQH® LDQ ARR AHG FUDNBIFWHRYUH B QLYRL
SDUWLDO K\GURJHQDWLRQ VHOHFWLYLW\

(DUO\ VWXGLHV IRFXVHG RQ WKH K\GURJHGDWA@R @ XRV X Q/XIB\Wb
WKDW DUH PRUH UHFHQW KDYH VKRZQL@HKWW WKB Q EFHUBBS A8 GHIG\
VIVWHPV LQFOXGLQJ HQKDQFHG KNGUIRWLQY LSWURUGMKH | U POV I
DFWLYLW\ IRU DPPRQLD V\QWKHVLV > 2+ @ [RP\GRERHHQD®LRER R
PHWKDQDWLRQ > @ WKH GLUHFW K\GWRK)\\® V\UDRE\®DWHWK\@ EB
VWXGLHY RQ WKH K\GUR[\ODWLRQ RI EHQ]H®H®FKRFBWHQRIDV >VKR
SHUPHDWLQJ K\GURJHQ WR EH VLJQLILFDQWSODBWUH UHDFWLYH WK

,QFUHDVHV LQ WKH UHDFWLYLW\ RHGWUB B DWHIMMR Q\G URQ H@® K
DVVRFLDWHG IUHH HQHUJ\ Rl DWRPLFJK\@KRRKXQJ KBXG VRK HV B H M M H
SHUPHDWH LQWHUIDFH 'LVVRFLDWLRQ RIEK\BQHR JHI RIQ MK ID SEHR

NFDO RR®HDW HQHUJ\ PHDQLQJ WKDW HDFK DN¥RMPL R ROGHHR JH Q
HQHUJ\ 7KLV HQHUJ\ LV VLPSO\ ORV@DWRRKHD@WRS BQDW\BRED & \GH
VLGH Rl WKH PHPEUDQH EXW DOWHUQDWVRKOFMW RILMUHMHQHEURX ©
K\GURJHQ WR UHDFW ZLWK WKH | XWWWKVXRRDFHH SISHFHBDW LRQ FRIQN
RQ WKH RUGHU RI PRQROD\HUV V RI K\GQ RYHIQW FD DX KL OLIY B
IODW 3G VXUIDFH ZLWK RQO\ RQH K\GU/R JBXQFE VDR IFO RWM/D H R M GOD \R E
WKLQ 3G ILOPV RSHUDWHG DW N3DXWR ZKNBE WUILGY POPEDD A+
DERYHPRO ¥ 3D +\GURJHQDWLRQ PHPEUDQH UHDFW®RIUW DMKH W KRS
WKURXJKSXW FRXSOHG ZLWK WKH IUHH HQH{UB\HRBPHD®/WR YH G HD W
PHPEUDQH ZLWK DQRWKHU UHDFWLYH VSHFLHV

)LQDOO\ SHUKDSV PRVW UHOHYDQXW LWR BHUWHI FEXRHG EW 2ZNDJ
FRZRUNHUV > + @ ,Q WKHLU ZR DN OXP LADD/ \RESSHFUNMG ZNHKUHVE W K
PHWDOOLF DOXPLQXP E\ SHUPHDWLQJ K\GURINWQ ORRURXJK WHKLQ
SHPHPEHU WKDW 7DXVWHU DQG )XQJDV @ QRHEDBLFBDDWD G\WWWH G(\
2ND]DNL DQG FRZRUNHUV KDYH VXJJHVOWHGQFK BV KIHY 18 0B D \H EIHH |
XWLOL]JLQJ SHUPHDWLQJ K\GURJHQ DV WKH UHDFWLYH PL[WXUH

,Q WKH FXUUHQW ZRUN ZH GHWDLO D$QREV[HIGY AGUDHE K FADLXR
E\ SHUPHDWLQJ K\GURJHQ WKURXJK D 3@ JI DO/ GG HY SKMIK W KPS H
FDWDO\WLF HQYLURQPHQWY > * @ 7KLWHK MGKXF\EGRIQ G XTH VY PI
DOWHULQJ WKH 3G PHPEUDQH DQG HIGI KXOWRIHIQL D ®[ V LH @ILIQ B DK



HITHFW UHTXLUHY SHUPHDWLQJ K\GURJHQ Z KHIWKRDY HVIYVHFWR/Q RMIRPF
WKLV UHJDUG WKH FKDQJH LQ FHUDPLF QW IXHIOGOL WMNH KNG XOWVRIFSL F

([SHULPHQWDO
OHPEUDQH IDEULFDWLRQ WHVWLQJ DQG FKDUDFWHUL]DWLRQ

7KH PHPEUDQHV XVHG LQ WKLV VWXGAV ZG M SR MLEMLRE® VRH G &X \
WXEXODU DV\PPHWULF VXSSRUW |URPGIDD[MSROGXU I[LF H/ 7 HFEDER O\
GHVFULEHG LQ RXU UHFHQW SXEOLFDWUWRW H> W& E A K HZ MURHS FORDD W/ W1\
SRUH VXEVWUDWH FRQVLVWLQJ RI \\WWWURP &DMBBNVOZHUG ]IIDERR.@ DIV
<6= RU D PDJQHVLXP R[LGH DQG PDJRUMLXB2DE$RHYBI\D HVSIL Q H CH E
WR DV 02 0$2 3G ILOP WKLFNQHVV ZDW UGHWHUPQ\YHE BQERWKD Y UC
VSHFWURVFRS\ )LVFKHUVFRSH ; 5D\ ;'/0 & X¥&%@J BHDRSKHL VEH LIGIU BPX
PHWDO ILWWLQJV H[DFWO\ DV GHVFULEHG LQ RXU SUHYLRXV ZRUN

OHPEUDQHVY ZHUH WHVWHG LQ D /LQGIEFBHGOZ QWKL VO MQXELH HX
SUHVVXUH UHJXODWRU RQ WKH U HAVMWQRSHAH WRV D WPR V B SHH UPDI
VRDS EXEEOH IORZPHWHU ZDV XVHG |IR{B SEUWPGE DMH H H D WX bikP HQG\
+ RU1 $ VXPPDU\ RI WKH YDULRXV PHP BUBH HRXW B VIVOH TD EC

LOQFOXGLQJ WKHLU LQHWNDO®\JHEWULE O WHEWHULRQ XVHG LQ \
IDEULFDSWHP HDQFH RI WKH 3G PHPEUDQHYV BMHQRRPGIREPBHUDW X U
3D WR SURFHHG ZLWK D WHVW

7DEOH 6 XPPDU\ RI WHVWHG 3G FRPSRVLWH PHPEUDQHYV

3G 7TKLFNQH|VV
OHPELJ)Q&KSSFUJ%{V&EFH _p Q 1 3HUPHDQFH|DW f&
' J L

, ODWHU PRO ¥ 3D

*UDYLPHWUYI)F

<6=

<6=
02 0%2
02 0%2
02 0%2
02 0%2
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(OHPHQWDO DQDO\VLV RI WKH PHPEUVUDSQNS HWDWLSHUIBDP NS HEW QR \
ZLWKLQ DQ HQYLURQPHQWDO VFDQQLQJ (O™ FIVQR Q PR F SR RARHD H
VSHFWURVFRS\ :36  3( (6&% 7KH 02 O$2L]WGSSRUQJ ZBY FAXDU

HPLVVLRQ VFDQQLQJ HOHFWURQ PLFURVFRSHDQ@/;-86D\ GIIIHDEKII
'5' G6LHPHQV .ULVWDOORIOH]

6XSSRUW FKDUDFWHUL]DWLRQ

$V VWDWHG SUHYLRXVO\ WKH VXSSRUWW®G XWHG VIXGE SOKIHVG VBN
6XUIDFH 7THFKQRORJLHYVY ,QGLDQDSROLV ,1V GKEG DRWHEFQEIKGH
LQIRUPDWLRQ RQ WKHLU PDWHULDOWR @ BRSFFFHMVL RQ@ PG5 MWMXH VHK[PK
WKH ILULQJ WHPSHUDWXUH DQG WK K&¥RVRIGE 1$¢ GWLQRKD JHKQW VV HUFHA
PHWKRGV XVHG WR FKDUDFWHUL]JH DQ& GRWSHRNWPLWHRDQR D SASKUR [Q
VXSSRUWYV ZLWKRXW GLUHFW NQRZOHGJH YHKRYNGMH ¢ ER SWOKH; ¥'HROLV
IRU WKH 02 0$2 VXSSRUWV XVHG LQ WKLYHBWSHED N VQDW KHR &V WUWYHG
,& 6" 0J30,&6" DQG <6= ,&6' KRZHYHU QR SHDN)
DOLJQ Z2Z W,Kk&O

$QDO\WLV RI WKH ;5" SHDNV ZDV WKBQHSBUHR BB RN I/&OEVHF )
0J2 DQG ®YB®U SHDNV XS WR D R f 7KH ODWW2PH % DQRBHWH

JLIXUH ;5" SDWWHUQ IRU D EDUH VXSSRUW GHfN DORFDWLR(
=U < 2 XVLQJ ,&6" DQG UHVSHFWLYHO\



QP IRU 2J$0 @ ZHUH XVHG LQ D 6FKHUUHU DQI®VLYHRD DH O

FU\WWWDOOLWH VL]H RI  “ QP IRU ®@2,RQTHUIRUPQOJRWKBIGOKHUU
LW ZDV DVVXPHG WKDW WKH VKDSHQNVFURRH @DV ZOYLWEQ FOANG WARK i
EURDGHQLQJ RI DERXW DFURVV QUION [ERMDK \F HRU DLFQW HRJ[H @ WV

LGHQWLFDO FU\WWDOOLWH VLRHVXQKIRRKP PW\ VFIWHKWHWS DREHYNOQJ
FHUDPLF VXSSRUWYV

1H[W D FURVV VHFWLRQDO 6(0 LPDWHKIRW WWKH 3XGUBD\HU YRR ZF
WZR OD\HU VXSSRUW VWUXFWXUH FRQVLWWBEQJLRXEDB %PVYRRBY Q'
VSRW VFDQV RQ HDFK RI WKH WZR VX3SSRURN OBWHHYE¥= DKQLE KU H KR DL
WRS OD\HU FRQWDLQV D FHUDPLF PPQ[WAHPHRIWIIODQBWALAR RHWDOV.
DQG $0 &RPELQLQJ WKHVH UHVXOWW KDIW KV KK KN XSSBDWWOHU |
ZLWK 3G PXVW FRQVLVW RI D PAL[YW XHHAHRPIE6SIZ WIKQG/ ONEKE ;5" SDWW
$@ DV D SRVVLEOH FRPSRXQG

JLIXUH $ 6(0 FURVV VHFWLRQ RI 0 3@ W&2 AMWRS O \IlMJ LV—D D C
RYHU D PXFK WKLFNHU <6= EDVH % ('6 UHVXOWWBR®BSRWWMJVMRU WKFE



)LQDOO\ QRZ WKDW WKH WRS OD\HU LY NQ@RR2SOSWR [ERQ WLH R/LFR
FDQ EH FDOFXODWHG IURP WKH GDQWHDRAL W' 5®IWVLER W,I6H B HWKR
WR REWDLQ ZHLJKW SHUFHQWDJHV Rl ELQDU\ PL[WXUHV IURP :5' Sl

'0J2 /& 0J2 [OJZ

10J%0Q /& 0Js@ [0J$O

ZKHUH, DQGse DUH WKH REVHUYHG LQWHQVLWLHV RISWBNVPD[LP

/012 DQB 1;5q DUH WKH H[SHFWHG LQWHGQIRRPISDURG R D QRR DX

VWDQGDUG REWDLQHG IURH,W OH[G&S' OV WEKBVADWDWQ EGUDFWLRQV |
0J$Q@ LQ WKH ELQDU\ PLIWXUH )URP )L2XBHDN KW K HD BDI QRWKHPQ /13D

FRPSDUHG WR XQLW\ IRU 0J2 ZXDOXWVFRIPELQH®& DIRK,&6' DC
IRU 01250,&6" WR REWDLQ DQ HVWLPDWH IRQWRH ELQOJRA PLJ)\
DQG 02$0DEOH

(VWLPDWHV IRU WKH FRPSRVLWLRQ EOVRG/RRZQ6LDQ/® EDGHU H \
WKH IUDFWLRQV ZHUH FDOFXODWIHDNXVLQ@OWKRXURWKRV ;BT DO ® Q'G
JRRG DJUHHPHQW DW FD 0J2 IUDGWMLRQQWRNH ORZ HY VDMP FW H L V
+RZHYHU JLYHQ ;36 LV D VXUIDFH VH®@WQGV["BHDW H FKKKIT KN W HOKWHD\M
EXON WKLV PD\ VLPSO\ EH GXH WR ORFDO PDOQDWQRKVLVY ¥XWIDFH

SHVXOWY DQG GLVFXVVLRQ
5DSLG IOX][ GHFOLQH RQ 02 0$2 VXSSRUWYV
7KH ILUVW VHW Rl H[SHULPHQWYV Q@ VI OVHIGQ W\R DLEQ. @ X WW WRD W\ |
VXSSRUWYV )LJIXUH VKRZV K\GURJHQ 10 X$ WYHHVUWXXWHWAEIA HH DWQ W L[C
DQG 0 WKDW ZHUH <6= VXSSRUWHG PHP BDQ2DIGERW XB\SRHO®E @ Y HP BN

$OWKRXIK WKHUH LV DQ LQLWLDO AQHFO@KQHM GO RO GQR JHIB HDXJ VI RUR

7TDEOH &RPSRVLWLRQ HVWLPDWHV IRU WKH WRS OD\HU RI WKH 0

ODVV SHUFHQW $WRPLF BHUFHQW
0J2 0J$0 0J2 0J%0

.5|

’('6




WLPH DQG WKH YDOXH RI K\GURJHQ VMORY WH®ED L RYDQHDKY HQ PGRID\
)XUWKHUPRUH WKH LQLWLDO ILQD®) VHOHFWILX LWLHV RUHV SIHE®/ LC
OXFK RI WKLV GHFOLQH LQ VHOHARWQYQW\LDDN\GURJIJW®R SWKIHP HQ D\V I
QLWURJHQ OHDN SHUPHDQFH ZDV VKR ZRZ\WRHLQ FOU HDDAH VRYRZD WL
JUHDWO\ GLPLQLVKHG K\GURJHQ I0X[ ZRNFWEREXVHG LWV LQLWLDO

'"HFOLQLQJ K\GURJHQ IOX[ Rl 3G EDVHG P HIPE WXV RSHW BWHQ
HOHYDWHG WHPSHUDWXUHV > @ @G RD\WEKHH WBHEO D YWH 6 PMRD W &
K\GURJHQ VRUSWLRQ UDWH ,W LV ZHODOR@R ZXWKIAM RPLG BPWXRE
DQG VXEVHTXHQW LQFUHDVH LQ WKH VR UKSDW. R@ FUHDN HR K G G R R
> @ EXW WKH R[LGDWLRQ VWXGIDHOR QM YHUf & SEQID VEZB G R
H[SODLQLQJ WKH GHFOLQH LQ K\GURJHQ KO XR REL WKW WRK LW K HVH® B
WKH VXUIDFH WR VPRRWKHQ WKRM GDW LVRIQHRR S/BIRIV WX IIBIAH FOAQ & |
ORZHU K\GURJHQ VRUSWLRQ UDWH LQWR WKH 3G EXON

'KHQ FRQVLGHULQJ WKH VXUIDFH FKDQVHKEOFD KD BN KR{ L GH
LQFUHDVH LQ K\GURJHQ SHUPHDQFH LRIGXKHWR DQ UQFH HON LK\
GXH WR D KLJKHU UDWH RI VRUSWLRQ LQWHRFO@K®H3GQ K\GLRH HQ St
PD\ EH GXH WR WKH DQQHDOLQJSRIHGHIHBWY DLAOW K H WXQMWDE® WK D
RQ ;5' GDWD )LJXUH LW LV NQRZQHWHKDRW LIDOAE W R B PV WK 8 0DG
VWUXFWXUH \HW R[LGDWLRQ LV NQRRQ WRHI RXPIDRAH>3G@ ,GRKX
SURFHGXUH ZH GU\ PHPEUDQHV LQ DQ HRSHIFOWD RW HXWQIEBIWLY J W
IURP WKH VXSSRUWV VR WKDW JU BIGL PR UMLAEP BIQR[Q GOLW LARIDQ OELHN I$E
WHPSHUDWXUH $OWKRXJK OHDN FKDQQRW G®HH @ RR[HGYWGR @ W
WKH IRUPDWLRQ Rl DGGLWLRQDO 3G O EDRNIDEWFRGBIBEWYV WERBMW G
SUHIHUHQWLDO DUUDQJHPHQW RI WKHKRZQNWXD\W WX UIBFKDYR XS
FKDQJH ZLWK KLJK SUHVVXUH JDV H[SRVXWHW KNVWQD ¥)(PPLOD@&@ BRI
PD\ RFFXU DW KLJK WHPSHUDWXUH DOWRRX YD DSPRYHZRXKRE FOH K
VXEVWDQWLDWH WKLV FODLP

$OWKRXJK D GHFOLQH FDXVHG E\ H[PSOIDIEFQ &MFIXHFDMWHIWH VAR .
0 0 VXIIHUHG D QHDU FRPSOHWH ORVVRRIRSBUBRWH® Q OXK ZWWHKL G
H[SODLQHG 7KH ILQDOM@BNVRRQO\ PRI WWKH RULJLQDO YDOXH DQC
PDJQLWXGH ORZHU WKDQ WKH <6= VXSSR W/0ON G PWPHW\DHG W K HH K H.J
RI WKH WKUHH PHPEUDQHV



JLIXUH +\GURJHQ I0OX[ YHUVXV WLPH DWUHQM&LDQG RU 0QI3D<&YF
<6= DQG O 02 0%$2 VKRZLQJ UDSLG IDLOWUH RFRP\BIDHU G O/R WX
VXSSRUWYV

8SRQ H[DPLQLQJ WKH VXUIDFH RI 0 DIVQHUQSHURHBW LR QW [EW F
HYLGHQW WKDW 0J KDG OLNHO\ DO QEMWG. @I VKKGW RHH3IG WIUDR YRR |
('6 VXJIHVWHG WKDW WKH 0J PLJKW HFDHV B HW IKQH VOKIU SIMIDHN VLIHIW H Q'
DV WKH DFFHOHUDWLQJ YROWDJH G M FUHIDAHGE HYLGKRAD DWKHN®J I
JRQH DW N9 ,W LV SRVVLEOH WK DW HGK I6>0d WIRFIKH VRUPDRH R
R[LGH RU K\GULGH WKDW FDXVHG GNBPOOVBXH WR [W&H BRIHPYIDVOIHRYF
EXW WKH JDV ZDV RQO\ LQGXVWULDOHQUDBSHX DG\ VPROX K DY WHERN B
$OWHUQDWLYHO\ K\GULGH IRUPDWLR®XHLWR WXHHDVXPRL MW RIXRMXH
K\GULGH VSHFLHV DQG FRQWLQXDO SUHWIREH RI K\GUWIRGH P DIVW U
NQRZQ GHVLJQ LVVXH ZLWK FHUWDLQ RBOR\VLYLE®H1RWDEQ\ DFR
YROWDJH )LQDOO\ DOWKRXJK QRW WXRZQWKIHEU A H P'B UDHMO WR/Q MR D
DQG 2 SHDNV IRU DOO DFFHOHUDDML @IWYWR RMADH HW FHIOLNU D@VG IQFID WA
WKH FRPSRVLWLRQ RI WKH H[WHULRU 3G EDVHG ILOP DQG QRW WK

'KHQ FRQVLGHULQJ DOOR\LQJ RI WKH HQWLW&O3®D G6&' ISDMGMIDL
GXH WR VKLIWV LQ WKH SXUH PHWDOKREHWKN ;5L IXWW H URQ B QXD
ORFDWLRQV IRU O EHIRUH WHVWLQJ DQf&02QOWHUYWKM VOKJIK I RS\
ZDV REVHUYHG IRU 0 RYHU WKH DV IDEWYLBDWHG KW VROR\ YL @I
REVHUYHG KRZHYHU LW PXVW DOVRWEHG QFOLBIGWOK DWR® \ZE W D&BU |
3G VXJIJHVWLQJ WKDW WKH HIIHFWV PD\ DOVIRQEH GXH WR WKH LQ\



JLIXUH UH¥ XOWYV DW PXOWLSOH HQHUJLHYVLIERQHOD W7 IOHR
YROWDJHV WOUBMVWIRFDOW]HG WR Wk

,Q SDUWLFXODU LW LV QRWHG WHKPXVKVKW VEBHRSY HPL (
VKLIW LV SRVVLEOH LI WKH VDP S/OKHLYQYRW ISWHWIHEMDAIRQ WR
WKH GHWHFWRU $ FXUYHG VDPSOHLW®WXDWKH RVMR/S GBRW [ KB\
YDULDQFH LQ WKH DQJOH EHWZHH QQWHHK Wi S0 B SEQ® HEQM
GDWD KHUH LV PRUH OH ;5' SDWWHUQ WKDQ GXH WR DQ B

JLIXUH;5" SDWWHUQ RI 0 DQG 0 VKRZLQJ VLPLODKL ISMLDQ
02 0$2 VXSSRUW I®OEADOVDWHG DQG 0 zZDV DIWH



7TDEOH /ILVW RI SHDN ILW ORFDWLRQUDRW 03® Y& D QEDVKGFR® HV

3HDN S3RVLWLRQ
K N O , &6 0 0

ILOP 7KLV LV QRW VXUSULVLQJ EHBDXNWHXOWEN BIOWKHBGM WKRZH®EIC
0J SHDN WKDW VXJIJHVWV WKH EXON BY WKMHO®GOUL 6 R PMDAN RW G\ KXHDU
ORZHU WKDQ UHTXLUHG IRU VLIQLILFDQW SHDN VKLIWLQJ

7THPSHUDWXUH GHSHQGHQFH RI IOX][ GHFOLQH

7KH VHFRQG VHW RI H[SHULPHQWYV LM BWISE QWG GHW R U LKLY \
0J R[ILGH UHGXFWLRQ $V )LIJXUH $ VKRZW WWKBE W ZR HQQDI O X [0B
VXSSRUWHG PHPEUDQH ZDV WHVWHG DW f& EXSVRBKNK DWXRBH JD
HIITHFW VLPSO\ EHFDPH PRUH VHYHUHWRK KW KH B HWFHP\EH! ULHV X DR
FRPSOHWH IDLOXUH DW f& $V EHKRIUSBIG (V& ZIDWF KW HDGWHR) DGHD/AN
WKH SUHVHQFH RI LPSXULWLHV )LIJXUK D®G 0Q WKL \& FDKRZHER YK
SHDN DIWHU WHVWLQJ ZKHUHDV 0 HDU ABXJGH@WILRWY WK DW JKYGHIR D
RQ WKH 02 0$2 VXSSRUWYV FDQ EH UHODWHG WKR{ B&H LLOFGXFWLRQ D

6RDNLQJ YHUVXV SHUPHDWLQJ K\GURJHQ

$OWKRXJK IOX[ GDWD IRU 0 ZHUHVVE&REZQ LIFX Q DJX WIS H USL P\W E
DQRWKHU DVSHFW WKDW VXJJHVWW MUK+ DWE R B VKL QRRH W KZHD ¥ HUW
ZDV RULJLQDOO\ FXW LQWR WKUHH OSHINF B\ WZHWWKH & KTHQ GL W\HWH B Ul
IDEULFDWHG VDPSOH 7KH RWKHU WHERP GGHWHVWHGE HKSGBBHIE L QNE
DWPRVSKHUH IRU K DW f& ,PSRUWDQWO\ KR EHILYHQW WM W
7KH SHUPHDWHG VDPSOH ZDV PRXQWHG DRD@E& WHHWWRH B QD M OVOIOUR QX
RXWVLGH DQG SHUPHDWLQJ WRZDUG WKW DRV §ilp R Wi K HY RB REIGD C



JLIXUH BOX{ YHUVXV WLPH IRU O f& 0 [& DWQGN9
DFFHOHUDWLQJ YROWDJH RI O f& O f& DQG O f&

VDPSOH KRZHYHU ZDV VLPSO\ OHIZALWRLDHY® HGK DAUR DHD B IHPR W\
QHW SHUPHDWLRQ ,Q BQMSIUHFWLRQ 3

('6 VSHFWUD RI WKH WKUHH SLHERZQRI QD ) LIXWHHU W H VDWFIKQ Y FI
SHUIRUPHG DW N9 DFFHOHUDWL QJHQRO WRPHWBE € @ HZ K B WF B/HFER P W \
GHWHFWHG LQ WKH VDPSOH H[SRVHG WR DOWH®R PHP SHLEOH W VRIY[ S
WR K\GURJHQ DW f& QR HYLGHQFH RI7TKLR[V®SSRMHGXF D LKR S RAD
SHUPHDWLQJ K\GURJHQ ZDV QHFHVVDWHIRW WK H X QHE®»PFM)MRI0 O R PF
WKDQ JDV SKDVH K\GURJHQ 6LPLODU WR WKH P@&PWHLMVHKLQURIBHR
FDWDO\WLF PHPEUDQH UHDFWRUV KZH KU HU M B FIHMML S B UR-HIDHW WE I



JLIXUH (‘6 DW N9 IRU 0 VKRZLQJ WKOMWFISWVYPHD WRIRYLBRGHH
UHGXFWLRQ 7RWDO WHVWLQJ WLPH IRU 0O ERWXWSHUP&HDWHG DQC

DEOH WR RYHUFRPH DQ HQHUJ\ EDUUIKS SRUW BMW WDHBXFRV DR HRU !
WKDQ ZRXOG EH QHFHVVDU\ IRU JDV SKDVH K\GURJHQ

7KH ("6 UHVXOWVY ZHUH WKHQ YHULILI®D® EFDP3SBQHE&HBHLIGHD F KO
SHDNV )LJXUH ,QWHUHVWLQJO\ ZW H G HDIVP S/&KHV VRIORZEG DSUG
SHDNV WKH SHUPHDWHG VDPSOH DRWXDPH \DRBGZOR BE SOANVEEG H (
7KXV WKH UDSLG DQG H[WUHPH K\GURBHQ I®XH @WHRFD L\QH IDFSHBUH
0J RQ WKH 3G VXUIDFH HIIHFWLYHO\ EO RMAN KQG URLHCR EQIWRLWR & HD ®

W PXVW EH QRWHG WKDW WKH PDJQVKRIZ/ LWBDW SUKRY VRIDG H
PD\ KDYH KDG DQ H[WUHPHO\ VOLJKW GQJRSM B NUDWY.RQI RUK W IOLR/Z SH.II
WKDW VLJQDO GULIW PLJKW H[SODLQHW KW KD D WHQIH 5 N DINR FHDW\BLH
VKLIWHG IURP WKH H9 RI WKH SHUPHDIW G W DPY®HT XIDVE® K RV \
VXSSRUW ZDV LQKHUHQWO\ XQVWDEOH DE® ZRX MG KONW KHYUH R VEXI
SHUPHDWHG RU H[SRVHG FRQYHQWLRQDOOJUBHEWKODSNQWK®F HE GG
SHUPHDWLRQ Rl K\GURJHQ $V VWDWHG HDKIDOQHU WW KHU 81D B AH. R\
EHFDXVH RI WKH WKURXJKSXW RI PRQROD\AR g YR QUAH.CRRQ\DLOY F CDMORP
H[SRVXUHV 5HJDUGOHVV WKH SHINIRQWHHEWURZBDWHGH YDO'S O W
VHIJUHJDWLRQ H[SODLQV WKH DSSDUHQW G U RS GQP K REWRIHVI0 X[ |

7DEOH JLYHV WKH H[DFW SHPOWHGRFDMELROW K K R DIE®J RW K\DKW
SHDN VKLIW ZDV REVHUYHG IRU DQ\ VBPRRWH FDIOHI RUV HDHIXN VDIP\S G



J)LIXUH ;36 RI 0 VKSHUPHDWLRQ PRGH QHFHVVDU\ IRU 0J
3G SHDNV UHSUHVHQW WKH SHDN ILWIJRULHEG NPHF BGRWLR
IRU WKH VRDDEHGLERW IDV

VOLIJKW YDULDQFH ZDV HDNV ,QWHUHVWLQJO\ WKH VRD
ERWK 3G DQG 3G2 SHDNV YLVLEOH MWHOH VERNWHINVUH Q
FXUYHV LQ §LDQUH WKLV UHVXOWHG LQ QHDURRULERW W LWID
DVDEULFDWHG VDPSOHV 7KH RULJLQ RI WHKHN AN KG'D NIVR
SHULRG RI WKH IXUQDFHQW RI WKH 3G ILOPV HDFK PHPE'
SXUHDWPRVSKHUHZIEWWQOKUIM GXVWULDO . LPSXULW\ ZDV 1
DQG R[LGL]HG WKH 3G VXUIDFH GXULC



7TDEOH ;36 SHDN ORFDWLRQV IRU HDFK VDPSOH RI O

3HDN /RFDWLRQ
OHPHQXKHGO
( $V )DEULFBDRMNHIBHUPHDWHG
& \%
2 \%
0J \%
G
3G
G
G
3G2
G

(TXLOLEULXP UHGXFWLRQ SRWHQWLDO

2Q0H LQWHUHVWLQJ FDOFXODWLRRQLIGH WK XKW LR @ @ HW XH 8 QE D W)RR
K\GURJHQ ,Q WU\LQJ WR XQGHUVWDQG WKH WRB\RPHY R G WHIHG SRW VI
FKHPLFDO UHDFWLRQV WKDW PD\VEHI\REBROU L (RIXUQSW XV VE\D\N VWHHMD |
WKH GLUHFW IRUPDWLRQ RI 0J

0J2 + | 0J + 2
0J2 +1 0J + 2
0Jsa@ + | 0J $@ + 2
0JsQ +1 0J $@ + 2

SHDFWLRQV DQG UHSUHVHQW WK H DBRRALEWL DO RIHHEX AW WR W k
XQOLNHO\ HYHQ ZLWK WKH 3G DFWRD 0J2VDD G IWMD® LW W HWPH® UADKA
FDWDO\VW VXSSRUWV > @ :DQJ BWWORUY G@\ WHYRWPGE QL D QX FROB)
DW f& +LOO DQG OLVWXUH >0)@®HEXMHE YHQIWKR\D ZIDV QRW
DQ\ VLIJQLILFDQW H[WHQW XQWLO DERXWG OLMNSHQ! WIX¥HHVKXISISQ PM @
WKH OLWHUDWXUH SUHYLRXVO\ $&GLRDINR-D@O® 3 RWK HRW & 8 VW RKHRIQ
DIWHUZDUGV IXUWKHU VXJJHVWV WKDW WKLV PHFKDQLVP LV XQOLI

SHDFWLRQV DQG RQ WKH RWKHU K KQGU RIHHSU IS WY © WD W
WKURXJK WKH 3G ILOP 7KH DWRPLF K\GGRRHREWRQW IS\H B RN W BV
GHVFULEHG DV 3G+ +RZHYHU LW T GLLEIWLIEXP \WR W RV K DD AXHIDIPWH. R/
GDWD IRU WKH 3G+ VSHFLHV 7KHUHIRUISHDFKWHLVQWWHB Q& D SBK
PRQDWRPLF K\GURJHQ LV VHHQ WR UHDFWOZPWMKY VX HD ®REL @ BIW HAUR
OLNHO\ WKDW EHFDXVH SHUPHDWLRQ ZDKHUR®XKLRFHEX LRIL QH G& AR



(TXLOLEULXP IRU FKHPLFDO UHDFWLRQ@WBDQUEHOBWQARXQODWHG
'*%  570Q,,

ZKHUH LV WKH GLIIHUHQFH LQ WKH *EEEW WM KQH XX LIRKU W RIEV UD\D F\R
WKH WHPSHUDWXWKIBD A3 XLOLEULXP FRQVWDQW 7KMKLEEHWHAHRP |

*LEEV HQHUJ\ HQWKDOS\ DQG HQWURS\ DIORRU PZRWIKRY KK 6K R\PKOH
-$1$) WKHUPRFKHPLFDO WDEOHV > QB®V DHWWHXGWRQYIWHGEXLQLEUXXA
UHDFWLRQV RI LQWHUHVW

JURP )LIXUH LW LV FOHDUO\ HY DOWRPW WICOWH LR Q D W RHP VK
HTXLOLEULXP FRQYHUVLRQ RYHU GLDWRPLEL\DSMRERHN K)BU FERVDK S
VWD\ LQ LWV GLDWRPLF IRUP DQG UHIGKE®WLRRID W\R PYLHU K YGQI R YHRQ [
H[SRVHG WR WKH V\VWHP WKH P HBEXNFALEQ\ FEIHFRP BQ G XUWG DY R
UHGXFWLRQ RI 042! KDINRUQD®O. WHPSHUDWXUHV RMWIK@WHDE®WR I 7\ |
PRQDWRPLF K\GURJHQ ZLOO UHGXFH WKHRR[IRG HKVGURJIDEVOLDRW WIKH
UHIRUPLQHPDLQV PXFK PRUH IDYRUDEOH W KW@ PGHIHAWX BIHNG H RIZ
RQO\ D VPDOO IUDFWLRQ Rl WKH R[LG I ZRX0BF & HMHIZ HAUR RU HG XV K DW
K\GURJHQ SHUPHDWLRQ DQG UHVXOW LQ WKH HIIHFWV VHHQ ZLWKL

)XUWKHUPRUH DQRWKHU SPWKX ED\ $RWRICEYAH) WEDW FRXOG
SODXVLEOH UHGXFWLRQ RI WKH R[LGH\R Q7 RHKIRW EBW QR QWXGE HEH

YLIXUH *LEEV IUHH HOQH,WIR UF B R AHMDWNIDROQ V HRA X.F2W KR QQRI| DR 1D Q
+ DV D GLDWRPLF JDV DQG + DWRPV DV D PRQDWRPLF JDV



K\GURJHQ VWRUDJHDRIGNRXUDWKHURRG\QDPLF FDOFXODWI
SURGXFW RI RXU 0J2 UHGXFWLRQ 7KLV SDWE&ZDW R RXWRG
FDSDEOH RI DWRR\2QJ ZLWK

0J2 +1 0J+ + 2

0J+ | 0J +
$V )LIXUMKRZV WKH IRU LV DFWXDOO\ FRPSHWI IRUPDWLRQ JLYH
DWRPLF K\GURJHQ DV D UHDJI LV XQVWDEOH DW KLJKHU
VSROQMREOXVO\ GHFRPSRVH L HYHQ LI IRUPHG IURP WKH DWI
0J2 )LQDOO\ DOWKERK)LIJXUH WKH IRUBRRWQ R (ERIKQALIK O\
WKH K\GURJHQ ZHUH SUR 7TKXV LW LV DIJDLQ K\SRWKHVL
RFFXUULQJ GXH WR RIKRWKR BUH XDOWRIHQ DYDLODEOH RQ

$OWKRXJIK LW LV WUXH WKDW DQPKEOW HARXIMHE® RV [
DGVRUEHG WR WKH FDWDO\VW VXUIDFH DQG SRWHQWDLOOKL
SHUPHDWLQJ K\GURJHQ DSSHDlH SRVVLELOLW\ LV WKDW \
VLPSO\ DOORZV PDQ\ PRUH PRQRODVHMWK RN KKA GUXRSIFRU W |
UHDFWLYLW\ RI WKH LQGLYLGXDO K\GFMRRHEGRDPHEHNHWRLR @Gl
3GPHPEUDQHY DOORZV FD PHR XEG B RHIUW NVOQW/RI LEID VY

JLIXUH *LEEV IUHH HQHUJ\ /4 VKRZLQJ D SRWHQWLDO PDJ
SDWKZD\ YLRUPDWLRQ XHQW GHFRPSRVLWLRQ



UHDFWLYLW\ IRU RQH PRQROD\HU VIHMWHDW IZR @ KLOQ D OJDR/Z PIIRIW O
LQFUHDVH LQ NLQHWLF UDWH VRS &\GLHRFIDDQV HD VRR PW K® WIHQFUFHADL
0J2 0J$D LQWHUIDFH

,Q FORVLQJ D IHZ QRWHV RQ WKRIQURIODM LY @ZSREROQOEGLEE YV |
VWDWHG )JUXHKDQ DQG ODUWRQLN > @ UHGXF@&B SR WKHN/E IWFPIRWE
DW f& WR f& EXW ERWK WKH WKH UPRRI QGOLR LHFWH Q@G DNAL (VXY
WHPSHUDWXUHV IRU HLWKHU R[LGH 6WLRQ HRW MXI0GEH U @U GG IO
R[\JHQ GHSOHWHG HQYLURQPHQWY DQE&DREVEHKHGGODQVR OXRPQ D\
VSLQHO DW WHPSHUDWXUHV DV ORAFDW ZHYEB ZRWMHJ HR/AW D@ HRQU I
ZKLFK ZRXOG EH VLPLODU WR WKH 02 \OWX GR PISRWLWUR® MW\KHHG OLLQ
PLJKW FRQFOXGH WKDW HLWKHU R[LGH BLJKW VEKHFWD EEBO R GRQ LML
VKRZQ 0J2 LV FRQVLVWHQWO\ PRUH2SIRRIQBE QN R IUW & X FS\R\VR QWK D Q
IDFW WKH PRVW OLNHO\ SDWKZD\ X/ BADHT X BI'\Q W QG WK RIP ISRRRADIVV. IRRQ
0J2 +RZHYHU ZH DFNQRZOHGJH WKDW QR @G MJKLPW ZRYING HRUF B HF®X
RQH R[LGH RYHU WKH RWKHU DQG D PRUHZREOGHEBHOQ HHX2 LIRS RARL |
IXUWKHU WKH H[DFW QDWXUH Rl WKH REVHUYHG UHGXFWLRQ

&RQFOXVLRQV

TKURXJKRXW WKLV ZRUN ZH KDYH GLVFXVVHG®IR2QBENVHUYHG
PLIWXUH YLD SHUPHDWLQJ K\GURJHQ WKURKXHREWRQ® VL 2R U3HG WPHH
f& DW ZKLFK XS WR RI WKH K\GURJSQUDWLRQV %QRWK (Z& WIQL
VKRZHG WKDW 0J KDG PLJUDWHG WR WKHN VUIDHHWR ICCBRVEB WHY W
ZDV GXH WR WKH SUHVHQFH RI 0J GAN UXBWDBRO\WKIHZD ¥ LQR W \GHRV K
3G PHPEUDQH WKDW ZMKM. W RXNHGY WY WKDW SHUPHDWLRRDRI DWRF
IDFWRU WKDW LQFUHDVHG WKH NLOHWLF&VROQ W HKHAXALIOREWUIEK R 166G X\F
WKDW WKH UHGXFWLRQ SURFHVV LV XRDOYRNH DEKQW HRID GRRUDWWERCPH R |
K\GURJHQ LV LQ DQ DWRPLF SURWRQLF IRUPG PRWHRYHDGDO2 WK B
0J$Q@ VSLQHO 7KHVH HQHUJHWLFV FRXSOHWKIRMXKKWHKKHKYIKWIDF
SURSRVHG WR H[SODLQ WKH NLQHWLF HQKD®@BHMWHYWWRBAKHUWH K
XQGHUVWDQGLQJ RRED@QIZEBIXOHG LQ FDWDO\WW VXSSRUWV ZLWK
UHGXFWLRQ E\ K\GURJHQ JDV PLIWXUHV XQGHU VLPLODU WHPSHUD



&+$37(5
*/$66 )5,7 6($/,1* 0(7+2' )25 0$&526&23,& '()C&IB6L' R20326,7(
0(0%5%$1(6 :,7+ $33/,&$7,21 ,1 &$7$/<7,& 0(0%5$1§ 5($&725

$ SDSHU DFBHSWUWBBWH\RQ DQG 3XULILFDWLRQ 7THFKQROI

6HDQ 7KRPDV % -RKQGLQIMHAO 6 &BWNQ $ :ROBMQODV :D\

$EVWUDFW

$ PHWKRG RI VHDOLQJ GHIHFWV LQHWEU® QHQOP X3& @O ORF FHHRU
DYDLODEOH JODVYV IULW SRZGHU LV GHW.RIPORGD 7XRY MWHIFW DQ T XSRI
DQG LQ VLWX ILULQJ LQ LQHUW JDV WR VHDO GHHHPBPWN BQVWKHW 4
D PHOWLQJ SRLQW RI f& ZDV IRXQGE&WRXPURGOFH VWDW O H L\OH. D\
SXUH K\GURJHQ &KDQJLQJ WKH IHHGWIDWXUH WRNHDP+ KRZHYHU
VRIWHQLQJ DQG VXEVHTXHQW VHDO HEHWOXWHRRQWZDV D& K+tRIZHGH DLV
VKLIW PLIWXUHV ZKHQ WKH WHPSHUDANDXAU HVZ G M PRRHQG/XWFHIBWW R W RZ |
ZLWKLQ DPPRQLD GHFRPSRVLWLRQ PHPEVDDGO KBG® RCARUBYW(FRQ WD
FDWDO\VW EHG LW ZDV REVHUYHG SR EW LWR\WQ DUEKDIHF W@R D @ VW@ P P RfCRL |
PHPEUDQH UHDFWRU REWDLQHG FROQYHUWRURQ SWRIGC DFL@X[ RE R
PRO FIRU K ZLWK QR VLIJQV RI VHDO GHJUDGDWLRQ

, QWURGXFWLRQ

3DOODGLXP DQG LWV DOOR\V KDWAKID LPKDWGHRB | WMGQIRIHAD QW &
GHFDGHV GXH WR WKH DELOLW\ RI SR@GCUIRGHXQP ZWROYIHPBIE@QM D H (
VWUXFWXUDO LQWHJULW\ $OWKRXIRQLIREKNBE PREDOVQWQBARG K®J
VWXGLHG DV K\GURJHQ WUDQVSRUW PHPEBB®WVEOH WR WVaHYWHKHW

5HSULQWHG ZLWK SHUPLVVLRQ IURP (OVHYLHU

3ULPDU\ UHVHDUFKHU DQG DXWKRU

'HSDUWPHQW RI &KHPLFDO DQG %LRGRQ AR I(QHVO HROIGHR &RD
8QLWHG 6WDWHV

&RUUHVSRQGLQJ DXWKRU



LQGXFHG HPEULWWOHPHQW WKDW LV PRFK/\FRWHPVHDVLO\ @ YRH
LPSOHPHQWDWLRQ Rl SDOODGLXP RWQ D/\AMVEHPVIKD D HE HKN@URL G G HWH
WKH PHWDO V QDWXUDO VFDUFLIW\RRFEESQRSHDMWLKH Y WXK G FIK/ [PUDDNEHO
H[SHQVLYH PHWDOV
,Q DQ HIIRUW WR UHGXFH FRVWV DQG WE&FUBDVW WHH GHEDR!
IRFXVHG KHDYLO\ RQ WKH FUHDWLRQ RI WKLQ MXOFPSRWWDIWRUD H & KD\
VWUXFWXUDO VWUHQJWK > @ 6\QWDRNVHV VW BRK@LOTO\H I QINRRIO WH
JURZLQJ WKH 3G ILOP RQWR WKH VX®$FWUROEVIYXSQ QW LHQIH FVKL
GHSRVLWLRQ SK\WLFDO YDSRU GHSRVLWLRQF NDQ@QHV W LW GHNULLLODIE
LQFUHDVH I0X[ DQG UHGXFH FRVW EXWFWKHV@ WHIHF K QQ DXOH M. GRP WA
SXULW\ E\ DOORZLQJ QRQ K\GURJHQ JDV VGW LW VY XFR/ Sbi P HIDNV BIGW
UHTXLUHG WR SURGXFH D OHDN IUHHOMRHP RUDWQKHVXQGHYVOAL K WK
XVLQJ HOHFWUROHVYV SODWLQJ 0DRIGLICPROPL MKK HRN @ 9V \R EV H UW HBHX
RI WKH ODUJHVW SRUH ZLWKLQ WKH VXSSRUW > H@® W,IQE D 8 G RV IGRIQ!
IRUPDWLRQ GXULQJ KDQGOLQJ RU H[WUHPHORYNUDWXR D VORIW UV
JRDO LQ WKH FRPPXQLW\ KDV EHHQ WEHGBYHO®RISI HHA W V¥ L H@WU R/Gi;
IDEULFDWLRQ RU DIWHU VXEVHTXHQW XVH
2QH PHWKRG XVHG IRU GHIHFW UHSDEW QNTRHB VGIKEY R Q RABKIHG FEX F
DQG FRZRUNHUV > @ ,Q WKLV WHFKR LFIKXO-R DL & R ODVORV VLXVF R\ B
WKH LQWHULRU RI WKH VXSSRUW VRODQULR@QDMWHB[IRVE B WRHWICH K
FDXVHV DQ RVPRWLF SUHVVXUH JU3BG5BQW LK DUM DR H BMAW ZBMHRU W2
ILOP UHVXOWLQJ LQ SODWLQJ ZLWKLQ GHHMH DEH3 HFRDN DQ 8 HV 3 6 \C
/L HW DO HPSOR\HG WKH RVPRDMIS\2 WHIPKEQIDTQHH MQRG UGHSULHDNY & W
RI LWV LQLWLDO YDRRXH RBRWR 1 iPRO P3D> @ 7KH WKLFNQHV
WKH PHPEUDQH KRZHYHU DOVR LQFUHDVHGKDJVRPRVKLVPPWWKRG Wk
FRQVLGHUHG IRU WKH LQLWLDO PHPEUDQ@HUBSDLBDWLRQ DQG SUH
7R UHGXFH WKH DPRXQW RI SDOODGLXP SOD WM Z&HQB WWPXC
UHSDLUHG 3G PHPEUDQHV E\ VHSDUD WD DHQWR/HWRS FBBIFRKLUN IR U/ DG
ILOP > @ 7KLV LGHD DOVR GHVFQGEHBWONWKINQ>D D W HWY W LP\L O
WKH RVPRVLV WHFKQLTXH EHFDXVH REVHKMHGUDMMKRQ WHKIH \BHR
PHPEUDQH EXW KDV WKH EHQHILW RY IR QUXK\HS 0BG RLIQ L QD WHGIWG R QH
SUHFXUVRU ZLWKLQ WKHVH SRUHV (YH@RWKIRXHIKHW K H SHW DHBW XOPC
GHFUHDVH LQ QLWURJHQ OHDN UDWENVNWL® QVKBIOXBGUYD@IWRILQL



SHUPHDQFH RIPROTW 3D %DVHG RQ LQLWLDO DQG ILQDO LPDJHV RI
RUGHU RI FD P ZHUH FRPSOHWHO\ FORVHG DIWHU UHSDLU SOD
5\L HW DO RQ WKH RWKHU KDQG GH¥YISORS H3G [E BRDA WFKRRE
PHPEUDQHV IDEULFDWHG YLD PDJQHWURQEUVYBRWWHWLYE XWWai U B
WKLFNQHVV RI FD P RQ D SODQD WG RIDRXW. D ON HRE WHISYSHR® W/ R:
OHDN SHUPHDQFI®RO W 3D 8SRQ SROLVKLQJ WKLV ILOP ZLWK D ILQ
WKH KHOLXP OHDN UDWH ZDV URR®FHEDWR OHWHUWSERQLVKLQJ PHW
OLPLWHG WR SODQDU VXSSRUWYV ZKHNHEH DG SONXDD DXEX QW H DIXE F!
UHTXLUH VLJQLILFDQW HIIRUW WR BRBUWKF M WK E X & DXUQ WK DI H X HDQ
ZLWK PRVW SROLVKLQJ HTXLSPHQW
JRU ODUJHU VFDOH GHIHFWV /X BRQBOQXWR: FHHBDROORF3 G
PHPEUDQH > @ 7KH\ FXW D PP LQFLVLRQ LIRWRWEKGGUUSSDRDW
IDEULFDWHG GHIHFW E\ SUHVVLQJ D MPBLO/Q RBE D @G IIRQ Q HPLOHFQU R.Y
f& IRU FD K $OWKRXJK WKLV FRPZSROMHWH EH WEH.S DLIAXHOGV W\KRH |
WXEXODU GHVLJQ DQG UHTXLUHV VLUQR IRFPBWD B0 O® ®LXR VD RE LW\
WKLFN IRLOV D VLJQLILFDQWO\ WKLQQHWHIRRIOUZRRKD G EH UHTXLUH
7KXV WKH ZRUN GHWDLOHG KHUH LYRBHPHRE UDR) HR IWUHIS DRQH
SDUWLFXODUO\ WR ILOO D JDS LQ HAXMWLRRQUGHWY WFW® EFKQHT XHM DIE]
VPDOO GHIHFWV PLQ GLDPHWHU RU GHIREWD QOHE\R Y7HK MVK DV ¥V
D JDS LQ WKH FXUUHQWO\ SXEOLVKHG JHW VEHLV MW KD KRZ RVR QJ
VXSSRUWV ZKLFK PD\ SRWHQWLDOO\ EH HFDXFHRS RHL \W K WD GO 0D LG
E\ DFFLGHQWDO VFUDWFKHVY GXULQJ %D QB®Q BB HY WL QX O \J OIDBAVL F
VWUDWHJI\ ZH VKRZ WKDW GHIHFWHNFRQ WHKOH RHGEHGRIRUP W KD IE B
VXSSRUWHG RQ FHUDPLF VXEVWUDWWHYD K H WK HY B D& DWYAHEEE LR U W
LQGXVWULDOO\ UHOHYDQW PHPEUD QHRV U DBW RUK H@Y LU R Q PHDHADWP
UHIRUPLQJ 605 DQG FDWDO\WLF DPPRQLD GHFRPSRVLWLRQ

([SHULPHQWDO

OHPEUDQH IDEULFDWLRQ

7XEXODU DV\PPHWULF \WWULDVXWBE UWL] HX JIFKPR/@IGD | UK
&RUSRUDWLRQ ZHUH FOHDQHG FKDWDODEBERGHWLYHGHBR G LS\OALIRWY HREGH WKL



7TDEOH OHPEUDQH GDWD
OHPEUDQH ,' 0 D 0
$FWLYH $UHD| FP

TKLEFENQHUWYLPHWULF

—P .5)

+ SHUPHDQFH bW . f& A A
PRO W 3D

1 SHUPHDQFH bW . f& - ;
PRO W 3D

RXU UHFHQW SXEOLFDWLRQ > @ %ULHU®\ VWKHRH PMMXSSRQW\D KRG
FOHDQHG LQ HWKDQRO DQG DFHWRQH VRWHKWKHIY EHVR Y B WSHOD T |
DFHWDWH VROXWLRQ E\ VSUD\ FRDWLQRGE WHR MRU DADNE REWKD KX Q M
DFHWDWH ZDV WKHQ FDOFLQHG LQ DLU XA8LQRUDQ RSO @ Q& RRADK
K\GUD]LQH VROXWLRQ EHIRUH 3G ZDV WHRRPWHMVHGHSRIVQW DRBDEE
SODWLQJ F\FOHV ZHUH FRQGXFWH G/\X@®W LD QHDWKHIMWW K & HG € ¥ WWHR
K\GURJHQ OHDN UDWH ZDV DFKLHYHG DW OHEN $So UPFHIHSMHD BV
WHPSHUDWXUH LV FRQRRG HPUIDGEXMNV VL WROQO YDOXHV DUH RFFDVL
DIWHU KHDWLQJ HJ 0 OHPEUDQH WH LIFNIQMH. \PWHIWU ZFHRIGIO G HD\Y 6 U
IOXRUHVFHQFH VSHFWURVFRS\ ;5) :'X0/BQ B &%) MSAHFHNWRE RISW H U5 Z L
ILOWHU RSHUDWLQJ DW DQ DFFHPBHWDRILY K RDEMOLADWHG RB P& UL
SHUPHDQFH YDOXHV DW f& FDQ EH IRXQG LQ 7DEOH

OHPEUDQH VHDOLQJ WHFKQLTXH

7KH VHDOLQJ VWUDWHJI\ ZLW K LSU MWACLW\ Z/RAUHNS ¥ R QDVE W MFHDGV R | DW
IULW FRDWLQJ DQG ILUH WKHJKLWKW R YHOQW X\W OHIBBIOH EW WiFO W R
GHIHFWV LQ WKH SODWLQJ SURFHVVLDEKLIOLWW RG WKW WHPOVRG XM
VDPSOHV $V VXFK GHIHFWV QHHGHGUWRFHEW VIREWIKAD\VHGORW \ ORH
HITHFWLYHO\ HOLPLQDWH JDV OHDNMWHFRW®&GE BH IEAWWUPLRRGH 7R
WZLVWLQJ D EODGH WLS RQ WKH VX K ROCFHH FRIl D\SKSHU 8 L@ O VGILOXAP IR R
IRUPHG 7KLV FUHDWHG D ZHOO Z LW WIRQWWKHKIH FVXUWIBIEFH WX WY UHD W H
LQ VL]H DQG VIXBUSIH BWR HBEKXEH 8 FVQ )L J X U H

$IWHU FUHDWLQJ WKH GHIHFW DPOQID\DW VUILUA W HIDOG 8 1 RAR.Q M €
PL[HG 7KH PDQXIDFWXUHU VXSSOLHG POMAKBUL®Q ON & UR SHAUXGLHVD R |
7DEOH %HFDXVH WKLV IULW VROK®OHWRQ XV RO \ZDWPKRWWUD K



JLIXUH 6DPSOH LPDJH VKRZLQJ WKK IBDXWLXFQMWHSBGEHIHWW P IOGIGY
VHDO DIWHU ILULQJ ULJKW

PDLQWDLQ WKH VXVSHQVLRQ WKH VROXRH®RID \®HD\DBHEIRWHYD $BC
ORUHRYHU EHFDXVH WKH IULW ZB'G RROX WIL[RIG ZRXXGZ B BPAHLD \CE B L
XVHG WR PLQLPL]H ZDVWH RI WKH KE&D&NIHEMWN D7 R/ KOLSB QL SVKHHG | S |
GLSSHG LQWR WKH VROXWLRQ DQG WHKN @ ®XB K W\D \WIRS W& IHH G HWHRF W
JODVV IULW WR ZLFN RQWR WKH VX SSPOUWWD\UQREQD | WWKH RSXHU MV B KW
WKH GHIHFW LQ DQ DS$ISS0DBEG B BMA® LD )L IXR AV K H

7KH ILQDO VWHS LQYROYHG ILULQWKH WK EVWDIG VIRHEHQLW JI BB
WR SURGXFH D VHDOHG KROH)VURGOPREWQ DOSHDYDFH WRLWKZDV
IORZLQJ QLWURJHQ JDV ZLWK D KHDW L%@Q\J SHUGRREFPR QU QLIQ UDIWAHX RJ L
PHDVXUHPHQWY LW ZDV DSSDUHQRWPIGXUL®YJIDRSD LD WILRQVWHRAE O
GHIHFW ZLWKLQ PLQ ZKHUHDV RWKWMU® BRG QRMQ | XY&XV V B D\CD Wik

HITHFWLYH WLPH RI PLQ ZDV FKRVHQ XY WKH ILQDO WHVWYV
7TDEOH *ODVV IULW SURSHUWLHV
&RPSDQ\ 1LSSRQ (OHFWULF *ODVV &R /WG
SURGXFW ' *$

6SHFLILF 6XUIDBH $UHD FP
OHDQ 'LDPHWHU| —P
'"HQVLW\ J FP

&RHIILFLHQW RI ([SDQVLRQ f&

7UDQVLWLRQ 3RLQW f&
BRIWHQLQJ 3RLQW f&




W LV LPSRUWDQW WR QRWH WKDW WKQEHWNWFEOWKX B @KG QR
PLIWXUH PDNLQJ WKH ILULQJ VWH $I GRMYR G P H QX\Q GHHOIUN Bl RXXIKHJ Q RY
H[SRVHG 3G ILOPV WR DLU VDZ QR LQFWBHDVH ® @RSRKXWHRWHRQ JDf
VKRZQ WKDW R[LGDWLRQ FDQ LQFUHDWYG® \8KXVFWHWGLXHMH LK\ GMKRLIH G
> @ :KHUHDV R[LGDWLRQ LV RQO\ [3RHMDE WK UWBBDMW HIHBDFW R[L
VXEVHTXHQW UHGXFWLRQ FDQ H[SD QKF BXVHFW K LW KD WH PV LDHSIBGHD k
ZRUVH ZLWK LQFUHDVLQJ WHPSHUDWX &HU H WX EDIGEW RS B H DX\ MK H
FDXVH LUUHSDUDEOH GDPDJH WHRPWK®V3BDIVOBQBEHIDHEWHYN WR/ V|
IULW ZLWK GHLRQL]HG ZDWHU PDNLQJ DQ @NJHRQ RHQRWX® QHAEWN \

OHPEUDQH UHDFWRU RSHUDWLRQ DQG DQDO\VLV

2QFH V\QWKHVL]HG FP RXWHU GLVPABWHG RQWRH P E UDDJFH
VWDLQOHVV VWHHO SLSLQJ XVLOQIURRKVAKRR PDGWV 1B D7SHAKDR ORU U )
VWHHO FRPSUHVVLRQ ILWWLQJV | DRM\6 ZHIHKD RN HAXK IS O/DHADHIEH @ L RVHKF
VWDLQOHVV VWHHO SLSH DQG SODPMHG WRERQIKWRQDFER /DYGEHWRIX
WHPSHUDWXUH FRQWURO 7KH IHHGWPRN MQREHDHG DM@ GV KK IV KKH G
SHUPHDWHG WKH PHPEUDQH ZDV FR QOWEMHEGJDAR P RIKNMDEXER FR®
DSSOLHG IRU DQ\ H[SHULPHQWDO OBVSIOWP ISDWWHIDWVHGE Z® UWHKER C
DWPRVSKHULF SUHVVXUH FD N3D H NFGHPDWEQR! LVOK 8 RW DV W
> @

)RU WKH FDWDO\WLF PHPEUDQH UHDFWRU RHJ SHQGPHYWINP PP
UHIRUPLQJ D E2 ROMMR UL §0 FDWDO\WW 6WUHP &KHPLFDOV
DQQXODU VSDFH RI WKH DIRUHPHQWLRQHG \WHR EGBD BHVKRG X\ORHV D ¢
PHVK 7KH FDWDO\VW ZDV FUXVKHG DQGWWRLHYHG WRG D ILQPE WK
PDVV Rl FP ZDV XVHG )LQDOO\ WKH FDWD®WM) DDW D FA&L NFOUV H
K EHIRUH EHJLQQLQJ DQ\ H[SHULPHQW

7ZR SHUPHDWLRQ V\WVWHPV ZHUH XWG® G QRW KW KIR GIQRIZ U QB HQHF
SHUPHDWLRQ V\WWHP IRU WKH SXUH JFRPSRNUML® Q/ \N PFHIDLLRH QIO
RI LQGLYLGXDO 3RUWHU ,QVWUXPHQWY PDVV ILORZ PRXBWRIRASHU)

WR WKH IHHG VLGH DV ZH®Y OWHPBRW K ONRKZHPS$IMUPUHD WR B 8
UDWHV $00 IORZ GDWD ZDV UHFRU @D LW RF BGHR P QW HQ JXIVQ @1 L
,QWHUQDO WHPSHUDWXUH ZDV PHDVXUHGUY\HGD\W KAPRXIK WAEH S MUK



ZLWK WKH WLS QHDU WKH LQVLGHGF HIW FR QRS LW K R (PH PVE K B (BHH U)R-UI
FRPSRVLWLRQV ZHUH UHFRUGHG YLD DQ BEW/QWDWUXPBHOIWNS ' BRG
DQG WKHUPDO FRQGXFWLYLWD\GHWKHF WRUU LY IJOAM QIKH SXULW)
UHFRUGHG HYHU\ PLQ ZLWK WKH WOLDPWLRQWW UPHD QR |G BIR\PHRUQPLLDD M
FROXPQ %DVHG RQ UHVXOWYV IURP D G L«DXWWIGS FDOREXPW ER® EILDY/
VXJIJHVWHG WR KDYH ORZHU GHWHFWLRQ OLPRQVIRILEDK\G U R JBIQN L

7KH SHUPHDWLRQ V\VWHP IRU WKH :FSHBQPHRQ ZWW DWPKW R/@F
RXU UHFHQW 605 SXEOLFDWLRQ > @ ,W FROVMWWHZ FIR QQEIRC
VXSSO\LQJ $U &+8&2 &2 DQG RU +WR WKH IHHG VLG
ZHOO DV D PDVV IORZ PHWHU PHDWXHWDP Z DA\K HHHUPHDMWE EORE W D!
ZDWHU LQWR D SUH KHDWHU XVLQJ D KLJK 3/UIBRXPS QFRQ W UROL
7HOHG\QH ,VFR ' $IWHU H[LWLQJ WKHQWHDIWFH RW UERWY SBUWPEH
ZDWHU FRROHG WXEH LQ WXEH KHDW HQPPOKD@REWDWB HRQGHQWQHL
WHPSHUDWXUH DQG SUHVVXUH ZDV $/$RR QG/KMA XWPRH QWAR RISFW H G H
WHPSHUDWXUH ZDV PHDVXUHG YLD D Q@ PMK D RXISKH W KW KSHIPRHFRW S (
WLS QHDU WKH LQVLGH FHQWHU RI WIRKW HWEHDQHUPRDWRL [BIGG
FRPSRVLWLRQV ZHUH UHFRUGHG YLD D 63VKQVW UDRHQMS/ ' F RO X&® @
7&' XVLQDW WKH FDUULHU JDV 7KH SXULW\WED YV PRIQD \DLWHKG WDKHG W
LQWHUYDO GHWHUPLQHG E\WKKHRXIEXWKRQFRQRPIQRI%ONHG RQ UH
FDOLEUDWLRQ JDV WKH 7&' DQG + DXNYHSEV WHRED WRQK PR PE D QDRZIHRIQ
RI FD |IR&2E&BQG &2

SHVXOWY DQG GLVFXVVLRQ

7TKHUPDO VWDELOLW\ RI WKH VHDO

7R REWDLQ D JRRG XQGHUVWDQGLQIORQWWH AKIQHT R B O WZNRD W
FRQGXFWHG WKHUPDO F\FOLQJ )LJIJXWBXUH DQG 7&KRQW KHUPFD @ SFHHE
ZDV FRQGXFWHG RQ 0 DQG FRQVLVWHG ROBVWRMDQO RIUDWHIRNVLQ
EHWZHHQ DPELHQW WHPSHUDWXUH FD O f$& QDWGRJH®&SHAUW K D
PHDVXUHG DW DPELHQW WHPSHUDWXWDH)GHNRHHSD Q& W HBHQL W K R JK
WKH DYHUDJH RI DQ\ RYHUODSSLQJ PHDVXUHPHQWY )LJXUH



JLIXUH 1LWURIJHQ SHUPHDQFH PHDVXUHFIOQQY WR FDf& R@ EHW

,QLWLDOO\ WKH DV IDEULFDWHG P HPEWH\Q HZ KBV HVOCE MWDW B 6
SHUPHDQFH EHWZHHQ F\FOHV ZDV RGXHANG H® WSR GW KHHF \G ZID D PV K H KF
0 WR DQ DGGLWLRQDO WKHUPDOKBP\G QW US$I\U WHIGL W ISHR LQQLW U\R B IH QX
DQ DYHUDJH RARO P 3DWR TPRO ¥ 3D EXW ZDV VWLOO VWDEOH EF
F\FOHV 7KH GHIHFW LQ 0 ZDV WKHIQQDI®D O M\ D QD DX EW BFHW H 6 S\
QLWURJHQ SHUPHDQFH ZDV FRPSOHWHO\ URBRFHEDWR G WU VRQRW Q
REVHUYHG WR LQFUHDVH VXJJHVWLQ D S\DKELO/HVRID DILVG B VAHIVMKRLA L
F\FOLQJ GXULQJ RSHUDWLRQ LQ SXUH K\GURJHQ DQG QLWURJHQ

W LV LQWHUHVWLQJ WR QRW®M M/BEDQYVWRE FRH VI L FR H QUK\H RH \R
QRW LGHQWLFDO VXJJHVWLQJ W WSS HY KDRSW VDIQN VPDXOFOV VG XH RV
7KH &7( IRU 3G KDV EHHQ UHSFEHWEG DY [&IDQG f& > @ ZKLI
KLIKHU WKDQ WKH &7( YDOXHV IRU D PROH IJBRRWRLRQ Rfl& DWWV R <

f& > @ 7KH IULW LQ WKLV VWXG\ KREZHAFHWZHABQ VWRERWHBGW R
7DEOH ZKLFK LV VLJQLILFDQWO\ GRIK UNREBDQDWKID WV R | WIGH L
ZLWKRXW DQ\ DSSDUHQW DGKHVLRQ YWD\OXHW \LXJ DHRWW B WKIDML PDOV
PDLQWDLQ WKH LQWHJULW)\ RI W KK M HDHP E $ B G H WPLDRADHDUOLAD\O F K D RR |
3G DOOR\ RU DOXPLQD VXSSRUWV DUH QR W K ISRVOK HW H K WIRK 1D | 1 |

7KH VHFRQG WKHUPDO VWDELOLW)\ R\HRW PRHRREWUD/QWH G FOIWO R
WHPSHUDWXUHV ZLWK WKH LQWHQWURBSRIURLW B UG J RUPW KHP OB RGIE
FRQVLVWHG RI H[SRVXUH WR FRQWLQXR XV OZKI®® ZFKDIQK H3U R.FH Q LI



YLIXUH 1LWURJHQ SHUPHDQFH RYHUOWYRB NHG \LIQY B HNDBDHMIPP S H
PHDVXUHPHQWYV &LUFOHV UHSUHVIBQWPRQ®YD &HSRIWN HOWD OGMW D ZI
ZDV IDEULFDWHG DQG VHDOHG

IRU WKH SHUPHDQFH PHDVXUHPHQWYV XWKRZQD QQH)IRIXUH f& WHRKH Wt
FKRVHQ VSHFLILFDOO\ WR VWUDGGOHMXKH RILW YRIWHQLQJ DQG |
,QLWLDOO\ WKH DV IDEULFDWHGDIEIORVEP S HUIDWXHE ME RBDWI
PHDVXUHPHQW Rl SRWHQWLDO QLWURJOH\SHQP HIDIXFH JURZWK
SHUPHDQFH JURZWK UDWHV IRU W KR @MU DER VFRORMHE R E T R UZHHGH | ]
SXUH 3G PHPEUDQHV RQ WKH VDPH VXSSRUWW LU RXW KS UB WLHR E W L2
i PRO V3D KDW f& DQG PRIO W3D KDW f& *XD]]JRQH DQG
> @ DOVR REVHUYHG DQ LQFUHDVLQWUXOH DN HSFRIMLK U WKHD VZ LW H
GHSHQGHQFH IROORZHG DQ $UUKHQLXVJIWUWDMLVOIDRQ WL 8V RH WK OIQG
3G
$IWHU REWDLQLQJ WKH EDVHOLQH GDW B IS FMR Z D Vf &D EDU LEDW
VXEVHTXHQWO\ VHDOHG DV EHIRUH EHKH PEPEU D@H Z DN\& WAKKIHQU H B V
QLWURJHQ SHUPHDQFH ZDV DERXW HE&XD@GWR Q\LK\HJ R DVQV SG-DVP Bl (5@
7 PRO W3D KZDV REVHUYHG 7KLV VOLJKWO\ ORZMHD®RZIWK L
PD\ EH DWWULEXWHG WR WKH f& DQBHREDGILSHRXRGS B H MRIREK X
ZRUN > @ ORUH LPSRUWDQWO\ XSRQ UDLWRQHQVEKHUWHP SR H DEMX
JURZ VLJQLILFDQWO\ DQG WKH |UHON ¥HWKLRQS\E KB WHGI W R |1 BLHY WR P
WKDW D FOHDU WUDQVLWLRQ LRHRSWKBWRLHRPEVWQ BLW HW S U DWW XRF
VRIWHQLQJ SRLQW RI D JODVV |V LW LW PRVAMR BLLQH © R BLX®HWR & KZH. FJ



RXW RI WKH GHIHFW ,Q RWKHU ZRUGV WIKBOX8SHUDWHRIH UD VGALEF
VRIWHQLQJ SRLQW RI WKH JODVV IULW

*6 HQYLURQPHQWYV

7KH ZDWHU JDV VKLIW WHOFWERQV & LPSRUWDQW SURFHVV
SURGXFWLRQ DQG FRQYHUVLRQ LV HTXHPEUDLX®P OHPEWRGVY %D @]
UHDFWLRQ WR SURFHHG WR FRPSOHWLRSRWH @AV L QOD BHDIHRILMY VRR
PP GLDPHWHU GHIHFWV PHPEUDQH\\Y RAD:Y6VWEMWNWHNE W Rf & KUQH
PHPEUDQH SUHVVXUH RI 03D 7KH DIFH AR QXIWHNV KGH B | VDK W KPLR/C
+ ) &2DQG &2 ZLWK D WRWDO IORZ RI 6/30 IRU V
VKRZV WKH UHVXOWYV RI WKH :*6 WHKWDWHIGHD 8 GQWMK MW PG PR U DWW KU
SHULRGYV
7KH ILUVW K SHULRG ZDV SHUIRUFDW BE& B HPEWH®H HP RQQ\
GHIHFW RU VHDO KDG EHHQ DSSOLHKUPTHD W KV B X WL WD LRIW D L Q HEX W
GHFOLQLQJ K\GURJHQ IOX[ +\GURJHQ IOX[ LEKHBLWHREQ UGG WR
OLWHUDWXUH IRU SXUH 3G PHPEUDQHVYBO UHD\WRQVIR U VW K H POH W
SRVVLEOH WKDW WKH LQLWLDO GHF @HDH IZQYN RI XW KWW Rl WH\DK B G Ul
LPSRUWDQW WR WKLV VWXG\ WKHHMYDWKXDQLW D RS LK \W HR & UDFFH
WKXV XQOLNHO\ WR DOWHU K\GURJHQ IOX[ LQ DQ\ VLIJQLILFDQW PD
$IWHU WKH ILUVW GD\ D GHIHFW ZD¥X\GQW UHRG XSG WIKD R FD
WKURXJKRXW WKH VHFRQG GD\ Rl WHVW LWK D ®\@WKRIJHQ G CRX[ VEKHK D Q|
FRQWLQXHG WR GHFOLQH IRU WKH GXUDWILKRQ GRAKHFWHPEDDORBE ZD
EHIRUH WHVWLQJ IRU WKH WKLUG GD\ 7KLV EQXWAGLWKW LKDGURJH(
DQG LQWHUHVWLQJO\ WKH K\GURJHQVI®N} WWRS KHRX UBH RO IRGIHQID |
K\GURJHQ 10X[ ZDV IRXQGVWRUWEHKJI WIRPROLPDO K VXJIJHVWLQJ W
RQ WKH 3G VXUIDFH KDG FRPH WR DOLHWXUGLBEWNE MRKUWK HG DLY
ORUHRYHU WKH FRPSOHWH UHFRYHU\ RIVWKIDW L\@K W L\DHOD ®\ G D R J FR
HIITHFWLYH LQ EORFNLQJ D GHIHFW WKDW ZDV DEOH WR ORZHU SXU
%HIRUH HDFK GD\ RI WHVWLQJ D QXU HRQU GH DNV SUHRJFPRH DVQHAP
FD f& 7KHVH YDOXPROZRBBLQLWLDOOPRO VY 3DDIWHU FUHDWLC
WKH GHIHFW DQG RR® ®BDRQFH WKH GHIHFW ZDV VHDOHG 3RVW
IULW VHDO LQFOXGHG D YLVXDO O KRN WK FR\NX & H D S\S)XOU LIDFIH DRV RADKS



JLIXUH [1OX[ DQG SXULW\ XQGHU :*6 DWPRVSKHUH DWUHWWXDRG
EHIRUH DQG DIWHU VHDOLQJ O

SUHVVXUL]LQJ WKH LQVLGH XS WR LQNGAIFIWRLRRN R\ BXDENOEM D
ZDV REVHUYHG :LWK WKH UHVXOWNWRWWHK UV IMWHVWD QW ZDNDRIRHGF &
FRQGLWLRQV DW f& DQG 03D WUuDQV PHPEUDQH SUHVVXUH

605 PHPEUDQH UHDFWRU

$ VHFRQG LPSRUWDQW LQGXVWULDOJ UHDH W VR ®HL Z LWYWKH ©F5 ALH
WKLV HQGRWKHUPLF UHDFWLRQ LV OLFPPINUDGN EVUHWKHHPRGUG GP W
VXIILFLHQWO\ IDVW NLQHWLFV > BHDBRERYN U DRD WDOUWR P HP MRKEWY
WKH VLPXOWDQHRXV UHPRYDO RI K\GURIHQFRQPHEOWLWR WRFBERPYC
7R WHVW WKH SHUIRUPDQFH RI WHKH BB QWVPIHRBDBBO0 L@ DDVQUGDBRE
5X DOXPLQD FDWDO\VW DV GHVFUBES @ HPEUDWLEBDFW R GUIHED
VWDELOLW\ WHVWLQJ VXJIJHVWHG V® |HVRIS\HZDWLRORRHQVION MK k
WHPSHUDWXUH IRU WKH IXUQDFH 7KH W HRD FRXRIUSIHRIQY G RW Y. RZRW E HU
VWHDP WR FDUERQ UDWLR 6&5 RI WUDQV FPHWED Q B H [3W HRWUDH
YHORFLW\ *+69 $ROWKRXJK WKH IXUQDFH WHPSHUDWMURY PDLfF@WD L
WKH LQWHUQDO WKHUPRFRXSOH PHDVXP& & YOH S\M R PRV H QAGHRAASKIHUU
RI WKH UHDFWLRQ

8QIRUWXQDWHO\ DV )LIXUH VKRZV D VLJQQIMFD QWUPHDOWH
WKH PHPEUDQH FDXVLQJ D UDSLG GHFUHWV B HROW® HGK WRJ B HO®R B )



JLIXUH 605 UHVXOWYV IRU 0 ZLWK D PH6WKRDOQH KOEG &&5 RI 6/30
5SHDFWRU RSHUDWHG DW f& DQG D WUDQV PHPEUDQH SUHVVXUH

RQH GD\ DQG ZDV RQO\ DW WKH HQG \RIGWR®ILQHKL Q@ HFB\KW L WE G DV
ZLWK DQ LQFUHDVH LQ SHUPHDWH IOX[ DQBQWIOXY EDFUREM B UL HF
LQFUHDVH IURPV WRPRO PRIODW WKH HQG ,W ZDV LQLWLDOO\ K\SRV
PD\ KDYH IDLOHG VLPLODU W R W KH ORQJ@W H KR WAH QWS RU L6WB U GiH F ¢

K Rl WHVWLQJ +RZHYHU RQFH FRROHG DR GHPRL W GNIKIHR B ONDR/F
RQ 0 KDG GLVORGJHG IURP WKH PHPEUDQHVGRLBBPW V®GWIXS$S KO LLHJ
,Q RWKHU ZRUGV WKH JODVV IULW VHDO RI®HFRWSOHWHO\ IDLOHG

,QVWDELOLW\ GXH WR VWHDP

'XH WR WKH IDLOXUH RI WKH VHDOSR@EHWY L§ 6155 PR IQIBW WA IRIQ \I C
XQVWDEOH XQGHU VWHDP HQYLURQRHQWNQ GWWHDNV WKKQGMH G HF VG IR S
DWPRVSKHUH WR YHULI\ 7KH JDV PL[WXDHWALRY ¥ KRV HRUWRQERQW
+2 W PXVW EH QRWHG WKDW OD FNDQUL W\ FDID\. B \QVWIHDGG JADH/D
DVVXPLQJ DUJRQ ZRXOG JLYH D VLPLKGHDAH \JIDAQGHDVO KIDW K. 2V ER LVOKOH) 7HE
EXW WKH KLIJKHU WKHUPDO FRQGXFWLYLWV KD&H RIPY PHDE WK @\
VLPSO\ WKH TXDOLWDWLYH FKDQJH LQ SXULW\ WKDW LV LPSRUWDC
7KLV WHVW ZDV UXQ DW VLPLODU FRIQWGH WLWRWDR IWRE R16 H

03D WUDQV PHPEUDQH SUHVVXUHDW[EGQSWHNKIBDGY WWR KV KWHH P S H&D
H[SHULPHQW 7KH UHVXOWV RI WKLV WHVW DWKDWKRAXGEQHQJEURS
RFFXUUHG DURXQG WKH K PDUN $Q LQLMWQID® BHMURJIKDDOHIN ¢



PRO 3D DQG ZDV REVHUYHG WR LQFUHDVHITE\ BROPFWMPU RI WF

DIWHU K RI HISRVXUH WR WKH VWHD®P R Y QURQ BLREGIW B FH/LLW LUM\
I[URP WR DQG ZDV YHULILHG DW ORRR WRIPQEWDQYXUWBHRWR R
VHDO

2QH K\SRWKHVLV WR H[SODLQ WKH605 HSKHUGFAHQIG DW MRKH Y(
FDWDO\VW EHG 'XULQJ 605 LW LV HKOSIRWEHKNLWFRG 2DKMHY W K3R VX
VXEVHTXHQWO\ DEOH WR ZLFN RIQW R K\LK/H ZIRGORL © B ORD W B & \ MWL \8 O L
GHIHFW DQG SRVVLEO\ TXLFNHQ LWV IWhLOXRZH YCHWU P HQ WXK H ® EJ RQ
HQYLURQPHQW WKH JODVV IULW FRXOG Q@R \WDEMDOKNWP\R YEHEG GOOH/ \BR
HYHQ ZLWKRXW D FDWDO\VW EHG W KHQIUHNMHIWFE\ R | MAFEMD PV KZHD W \
JODVV IULW VHDO ZKHQ RSHUDWHGJJIDSRWHWSHUDWXUHV FORVH WR

$OWKRXJK WKH VHDO GLG QRW FRRSOMNWAV\EH WD KD B VY L WL R
LQ FRORU DQG ZDV IRXQG WR EH OHBINYRJIJINVNHGL DD BKADIRJ H KIQV
FRPSRVLWLRQ RI WKH JODVV DQG IRVK\BRWE KM V]HR® VZ RWKKD WK 1D K G
&KDQJHV LQ WKH FRPSRVLWLRQ RI RXYRZ OMREUN LR] WKV \D XAC
PDQDJHPHQW FRPPXQLW\ ZLWK FRPSRVLWLRQIRY YHYLHIWMIOR Q¥ DM
LQFOXGLQJ ERURVLOLFDWHY > @ JLUBRQRWLIWHV>> @@ IRQGHBRES
WKH H[SRVXUH RI D ERURVLOLFDWH LQ VAW HDX®VBGGWIRK QG QHIDWH
PHWDO LRQV DQG ERURQ IURP WKH QHRDURMXL IDRE L & HNDOFWILGRED La
RXWHU OD\HU Rl WKH JODVV

JLIXUH J)OX[ DQG SXULW\ RYHU WLPH IRU PHPEWDDM®G02 H[$RVHC
IHHG ZLWK D 6/30 WRWDO IORZ DW f& DQG WUDQV PHPEUDQH



ODUWLQ HW DO > @ REVHUYHG WKHWDWKWRBHLPHWKDQLYPGOH
LQFUHDVH LQ VXUIDFH DUHD RI WERHH][BOPRQRIOR IV MV KEK VD & ROQO &
IDLOHG 2XU ZRUN KDV VXJJHVWHG W KD WR VKB DB\G/ RAKLW KGRWH \Z K
LQWR WKH <6= PXVW EH IRUPHG ,WDRW KL:RW WHWLKBG WK DXW DWK
DGKHVLRQ QHFHVVDU\ WR IRUP D RDXOUD DGH FHOHIRN W VIEWREBEO\ QHH
3G RWKHUZLVH JDV PLJKW EH DEOH WRNWHIHSVXDIE\HW KW R JIK WK B
7KXV RQH K\SRWKHVLV IRU WKH IDLOXXHIPAH Q RXIKQHW W R D W KH F
ORVV RI DGKHVLRQ WR WKH 3G ZKKERXWK H\QK B 0GR EF &/ TOQ/G WFRD XN\HE
$OWKRXJK WKH QDWXUH RI WKLV GSUUPGDWA R SLIEVRY RWK H FW H QB &
FHUWDLQO\ EH Rl LPSRUWDQFH VKRXOGHWXVYMGP HQ KRG HRJ YL HRQP®
VWHDP LV QHFHVVDU\

$PPRQLD GHFRPSRVLWLRQ PHPEUDQH UHDFWRU

$PRQJ K\GURJHQ VWRUDJH PDWHULDOW IPIKR RL®U R DN QW& H QLY
ZHOO GHYHORSHG WHFKQRORJ\ IRU V\QWKWBDYWDB GG KRR MER\ELXWW
OHPEUDQH UHDFWRUV DUH MWW UDHWL YSHU RRU RABPRGHMBRPSRVLWLR
FRPSDFW IRRWSULQW 7R IXUWKH b DA\CH\QW W H DOALPL\W W IRH W WHD ESLUCF
VHDO ZDV HYDOXDWHG LQ WKH UHDFWLYH UHIGXERQJPH® F UDR® PHHL
7KH IULW VHDO RQ 0 WKDW IDLOHGI BRYH Q@ JDW & HV X BAHDTPX H (B/RY X U H
QHZ DSSOLFDWLRQ WR RQFH DIDABGUEBHHB® WHKH Q QQWZ DD Q\H IFDFEX
VKHOO XVLQJ WEKHFDWPKW\¥V$OHFRYHUHG IURP WKH BOB H[SKHULPH
DPPRQLD GHFRPSRVLWLRQ PHPEUDQH UHDFWRU WHVW )LJXUH

,Q D FRQWLQXHG HIIRUW WR SXV KWW R 5 HM MUXRIHO RV W\DKEH. @ HVD F
DJDLQ VHW WR f& 7KH WUDQV PHPEUD®HHR SUHOADX GK HKWRRHYDBI
SUHVVXUH OLPLWDWLRQV RI WKH IHHG DWPHPROLDHFERHEB 6 HIR UZ MWK
RSHUDWLRQ 7KH IHHG ZDV IL[HG DW D *K6WRUFK SURYLEDMW D
FRQYHUVLRQ DV VHHQ LQ )LJXUH 8QGHU WKRH F R QAR IQEEX RVXL\VRID WU |

RI WKH K\GURJHQ SURGXFHG ZI\W KODNHI)JIDRILYHORR® @PH FRXO!
RYHUDOO UHDFWRU SURGXEMWWNKHWVWRWDO PRWDO\VW DQG PHPEUD
WRJIJHWKHU



JLIXUH $PPRQLD GHFRPSRVLWLRQ &05 UHZ/XOQWV |R& PIHWPIE LD QH
PHPEUDQH SUHVVXUH RI 03D DQG IHHGRNI PO/ IOFDW9 RI K

7KHVH UHVXOWV FRPSDUH ZHOO WIROO W @U D@ & U M UYID@LX HW W)
ERWK XVHG VLPLODU WKLQ ILOP 3G EDVMBH&IES JBNWVILQ QW KH. WK B K MT
7DEOH ,Q WKLV FRPSDULVRQ HDFKf& IRV R U NZDV VRSHIQD \W H B
SUHVVXUH SURGXFLQJ VLPLODU K\GURJHQ SXULWLHV DERYH

7KH FRPSDULVRQ ZLWK =KDQJ HW DO RQL@® FRRMHWKLIRQ DIO\G
SXULW\ DQG K\GURJHQ IOX[ ZHUH QHDUO\ LGHRW ERD® J WVHK\H KOG B R

IRU WKH FXUUHQW VWXG\ 7KLV FD® VEKHDRMHPEUDQWHDUWR BIK\H
DORQJ ZLWK GLITHUHQFHV LQ WKH SXUM KLG URIEGH P H P BAUKDHD H DS
LV WKH WUDGLWLRQDO PHWULF |RUWKIGHVRBEZELW K DWUHDIFQURHWVBE O R

WLPHV ODUJHU WKDQ WKH FXUUHQBOVW X&) LPBRUWHLIQ W H P E WRQ
&05 ,1 WKH PHPEUDQH DUHD LV XVHW® IDL@QWWH IR R IFW& HR ERVOX PHW
*+69 VKRZQ LQ WKH WDEOH 7KLV VKRZ\PRWD W PW R B LIDX WKIDQ@W= K IVQ

7TDEOH &RPSDULVRQ RI DPPRQLD UHDFMWRIWWFRXKXOMWM ZOQWK WKH
=KDQJ HW PO > @ vubQL HW DO > @

7HPSHUDWXUH f&
3UHVVXUH N3D
&DWDO\VW *+69K PO|J FDW
OHPEUDQH *+69KPO FP
3XULW\
&RQYHUVLRQ
SHFRYHU\
J)OX[ PRW P
SURGXFWLYLW\ PRO P




> @ ZKLFK PD\ H[SODLQ WKH UHG X FW L RQDIOQ U HFKRDYHU H \R D (R
VLIQLILFDQWO\ KLIJKHU SXUH K\GURJHQPROUPBDQFIR MM UHG WRI ¥
i PRO W3D DW f& Rl WKH FXUUHQW VW XGMH QF HW LTX IKWGIURR |

UHFRYHU\ DUH GXH PRUH WR PHPEUDQH S\IWWPNDQWW LFIVPLWDWLRQ\

,Q WHUPV RI WKH VOLJKWO\ ORZHU KABVRNKI UHFRYHNWDRIL |
> @ WKLV PD\ SRWHQWLDOO\ EH GXH GHRVGLQ DQHEQWIRW DQ WW HOLH
,VUDQL HW DO KDG D VLJQLILFDQWO\LQR®IJHU BPG' WKHQQHZAL WK GX
ORQJ PHPEUDQH 7KLV LV LQ FRQWUDVW WRQWKHHPEUBRQH XKH® C
$OWKRXJK WKHLU PHPEUDQH ZDV DOWR YWHUKXM FD QFPO 2 ' WKKHDH) HW
GLIIHUHQFHV PD\ DFFRXQW IRU VLJQEILWHOIQQN &K 16 LU HFAOQRWU IR DV
DFKLHYH D KLJKHU K\GURJHQ UHFRYHU\Y$G\GLW L RQFRIQON UD WO W R V
ORZHU RYHUDOO UHDFWRU SURGXFWLYLWREQ|WKLFMROWX G\ $OWKR.
VLPLODU RQH FDQ DUJXH WKDW B H IDIKH\H & URB XRWIMH. WR @ E B QWU
HITHFWV HYHQ LI WKH UHDFWRUV ZEUH W KO VBP @ GH 'GL Y@ D)W 8 DVD|
VHYHUH FRQFHQWUDWLRQ SRODUL]DW LARLCP IHWIHHE WWK HR U WKREBIRBRQ
RYHUDOO UHDFWRU SURGXFWLYLWDW QWK HW. Q5 LHPAKRIQ BEOBHW R/
IURP VLPLODU LVVXHV

7KH UHSRUWHG FRQYHUVLRQ LQ WKL XMWXEUZXYP YO DXHVRN K

f& DQG 03D +RZHYHU WKLV FDQ [EQ{ HDWKWO L E M WXFG GXRI DV R PV

UHPRYDO RI K\GURJHQ WKURXJK WKH PHPEUDRRR QP IGCHFR MER U HW
&05 VWXGLHV > @ $PPRQLD GHFRPSRVLWLR @GHRWNMOREQ W S EIHQ
EXW WKLV LV RQO\ WUXH IRU WKH PG@LWQRH}RHQEMW URIARYW R WK
EH YLHZHG VLPLODU WR DGGLWLRQ RBRD®XHWUFRIHIO @KE B K \O-E\R P R UH
IRUPHG 7KXV DQ\ &05 GHVLJQ WKDW UHPRYMWR GG URH HQK KDWHYT
FRPSOHWLRQ

)LQDOO\ WKH SXUH QLWURJHQ SHUPHD QPFRODME W R K LHFRGLR | W |
LGHQWLFDO WR WKH YDOXH UHSRUBHHFG/LRQ W K H7 BRI RS®! IDRHD § WHH I
+ 1 VHOHFWLYLW\ RI DW N3D DQG VIKRZAGE WXWDMY W R B HUHDDAC
LQWHUHVWLQJ WR QRWH WKDW RQZD VDREY HIKWHGE IOR ZHLL K \\GW R G M G
> @ UHSRUWHG DQ LGHDO VHOHFWLYLWHBEBWH G D Q& HQUDIQN KH
PDJQLWXGH LQFUHDVH LQ WKH R®D O/ NB\O PEQ@RLY LIWP\S ULRAY WPHIE® W WA
REWDLQHG



&RQFOXVLRQV

,Q WKLV VWXG\ ZH LQWURGXFHG D PHRVKRRGD @O RAHBRRBORVGE
PHPEUDQHV XVLQJ FRPPHUFLDOO\ BYD L O DfROPHIOMMYI | §R WQ SR ZiKH.
LQYROYHV DSSOLFDWLRQ RI D ORZ PHOW Q@GH SR D@W RDIDYN | RUL WQZ\
LQ LQHUW JDV 7KH DEVHQFH RI DQ RUJB QRIFRELM®H G XIUIQYHIQ W/
ZRXOG RWKHUZLVH KHDYLO\ R[LGL]H WKH 3G GHIMFWIWQRQ WKW R\
PP LQ GLDPHWHU DQG ZDV REVHUYXHSXWR EW VRIDED MW IEXW LW WK |
LPSHUYLRXV WR WKHUPDO F\FOLQJ EHWZHWQ WRH R MHPRBIHID \U K D |
REVHUYHG WR LQFUHDVH UDSLGO\ ZKHQ WSS/MUH & HP/S H U DAVEX WK JQ E
JODVV IULW FDQ EH HVWLPDWHG EDVHG RQ LWV PHOWLQJ SRLQW

BWHDP KRZHYHU ZDV REVHUYHG WROWRIMWHAQWKKE DUEWRXBQGE
HYHQ ZKHQ RSHUDWHG EHORZ WKH PHOWLDHVS\RL® W IRD W KMV HIDLPWZ T
DEVRUE LQWR WKH SUHYLRXVO\ ILUB\D QFIHWVR RGOD M YW B W L2 W RE b
7KLV FDXVHG D ORVV RI DGKHVLRQ WR MDA QG \MFO W P GDEOXDPLR I
IRU DSSOLFDWLRQV LQ VWHDP FRQWIL 60Y JWIQH RERQYPMQYY WHKFES
EH UHGXFHG VLJQLILFDQWO\ EHOR2ZVWKH WIKILW P W & &L QUWDRELAHNV R $F
ZDV REVHUYHG DW 7& RU 7& EHORZ WKH PHOWLQJ SRLQW

$OWHUQDWLYHO\ WKH VHDO ZDV WGRPRQQWK D\WHILH &RFKQY H @
VXFK DV DPPRQLD GHFRPSRVLWLRQ PHPEUD® HKDGIBAWRBEW RRBY D
FDWDO\VW EHG WKH IULW VHD® ZPDR/QR BVGIHFRIFES RRL B/H. R/QVR ED B W Q
K RI FRQWLQXRXV WHVWLQJ 7KLV VXIBWVW\P MOKIDUWO \UW & XSXQH K BN
SHUVSHFWLYH RI IULW VWDELOLW QDEHGSW K )G\ RS H G DOA UG F WP BUHR
SRLQW +HUH WKH &05 REWDLQHG FRQYHURURQ ZAURKG BFLAX[ B

PRO WIRU K ZLWK QR VLJQV RI VHDO GHQUYWDGHWH RRPSEHWB
WKH OLWHUDWXUH DQG VKRZQ WR EH VLPLODU WR RWKHU &05 VWX



&+$37(5
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7KURXJKRXW WKLV ZRUN WKH RSHUDWLR G EDVHEG KR O WRILH
VHSDUDWLRQ PHPEUDQHV KDYH EHH@ GREFERQWHIGD V QVZ 8 Cs UD. FRP\S
SRWHQWLDO IOX[ LQKLELWRQ JDV RHVWODW HQ WHH IHFFWL RQ'G \BWURWD .
WKHVH HITHFWV LQ GHWDLO WK IR EJHIMGIHND & ¥XRISFAUOKN G RRQ LY W6KDED
HIITHFWLYHO\ LQ DPPRQLD GHFRPSRVLWLRQ Q0138 [D OMZK RXS K RW KR |
EHIRUH LPSOHPHQWDWLRQ RQ DQ LQGXVWULDO VFDOH

*DV UHODWHG HIIHFWV FDQ PHDQ ISMWRIQU SIWHRPH W P S B WK\
GLVVRFLDWLRQ RQ WKH 3G VXUIDFH H[YORBWE&H®L @K DS WHFW HII
&KDSWHU ,Q WHUPV Rl DPPRQLD GHFRPSRVIOX[RQ KXDI$S@WM LD O
DIIHFWHG E\ QLWURJHQ RU DPPRQLD H[SR\RMMO\ ZSEB LKW G RIIW X |
DIWHU FRQWUROOLQJ WKH VXUIDFHINVRHI XKEWE XY REHE RIK G ZWV R RI
H[SHULPHQWYV )XUWKHUPRUH &KDSWHUHQM[S\DKIM ®@ YRPBIUVXW RO E
RU FDXVHG E\ KLJK SUHVVXUH JDV H[SRW\ HHAHO U KIRZRY WR VORI
VXUIDFH DQG DSSHDUHG WR EH ZRUVH IRIUN K DJKGXHPW R HFQY QMU !
DWRP V PRPHQWXP )RUWXQDWHO\ W KHVIHS M | HHYFHVQV QA-R1XOQ.G LE 1D 1D IDPA
DPPRQLD GHFRPSRVLWLRQ ZKLFK DUH OLPLWB GHE\GWWR BDRBRRQGS
03D

7KH VWURQJ PHWDO VXSSRUW LQWHUDFVQLRQUEAIK FHYSE R R URIIG
FHUDPLF VXSSRUW FDXVHG VHYHUH K\GUKRDIWQSHWPHDRYQJ , K\ GADF
UHTXLUHG EXW ZKHQ WKLV SHUPHDWLQSOK\EXKRIRQW DWK H [8R S SIBU\
OHDVW SDUWLDOO\ UHGXFHG DQG 0JDDA 6 R W IGUH.GN W K\HK BIG3 @ OLPOP H
VXUIDFH HIIHFWLYHO\ EORFNLQJ K\RBQ RIHOR GW K W RIFEIODPW L7RKQ VD W GS I
ZDV QRW REVHUYHG RQ D \WWULD VWDEKCVHG L& FRIQLD DXQS SIRRJ
GHFRPSRVLWLRQ &05 VKRXOG XVH D 3G <6= PHPEUDQH IRU WKH EH

7KH ILQDO WRSLF Rl GLVFXVVIRQL2PV V@ SSRIONIDE BH DH EBEV FLt
VHDOLQJ VWUDWHJI\ LV VXJIJHVWHEBQDVFD GIRWHRWRECFWHBQ LW RP BN
PHPEUDQHV 7KH VXSSRUW PDQXIDFWXOLMHOD Q\GR 35U R G & WH. Q 1 OPUF
GHIHFWV GXH WR D EXPS LQ WKH FHUDP LVF GXWE® JRWY KW KHH[ \§ G X\GXULL
KDQGLQJ 7KH WHFKQLTXH GHVFULEHG KHRHRBUPRXYGES RMISOQ WU



GHIHFW DQG WKXV UHGXFLQJ RYHUDZOOV VB R& XHW ORHG FPRMWWE Y EQ HP LZ
LOQWR D &05 PRGXOH DQG DPPRQLD GHFRPSRVLWIHR® VZR VS SR G XRFUHP
FRQYHUVLRQ RI DPPRQLD ZLWK K\GURJHQ UHFRYHU\ DQG S

%DVHG RQ WKH ILQDO DPPRQLD GHFRPSRWQWVRBD®0EHWVWXW HDW
LPSURYLQJ WKH SUDFWLFDO DSSOLFDWLRQ DVSHFWV RI WKLV ZRUI

+\GURJHQ 5HFRYHU\ WKH ORZ K\GURJHQ LPHFRWHRQ RD\WEKH LIS
GHVLJQ JHRPHWU\ DQG WKXV UHGXFAHRBXEH DO GER\QVWRILY UWX
RSWLPL]JHG DQG D K\GURJHQ UHFRYHUD B DV H E DNVRWRH CRR ZK FRQR/1H
RI WKLV K\GURJHQ FRXOG EH VXEVHTXHBWIHUDWXQHG BWRWP IVIKGIW D
VWXG\ LV OLNHO\ WRR ORZ IRU DQ HFRQRFDRLO BULHDF W R H FO\H WLKIK)
WKH WRWDO IHHG IORZUDWH RI| DRWPR@AD |URP RXKW HWH DB &/& W B DRAH.
DQG LLL WKH SHUPHDQFH RI WKH 3G PMWRKEWYD QR F XFHDKAR XRIQ H) R W
WU\LQJ WR RSLPL]H HYHU\WKLQJ PD\ RQIROQYKP BVHKWV XW KDRV BIR®
WLPHVFDOHV RI K\GURJHQ SHUPHDQFH DORQYLRKQHLBHWKWHD DHWDQ
IHYHUWKHOHVYV WKH IROORZLQJ FDQ REH PBRIRWIL@H UW & HD V¥ HIY XJRWR
GRFXPHQW
L *LYHQ D VSHFLILHG JHRPHWU\ DQG PHPERQ QDI BSHY RHBOGH E
ORZHUHG XQWLO D KLJK K\GURJHQ UHBRMRO YD ULAEGH MR E
ILUVW EHFDXVH LW FDQ HDVLO\ UHVR®WHLD ZRRIGVHWKRY SDHEC
FRQVLGHUHG ODVW EHFDXVH WKH PHFSEDDQR ZD R & IWHKHRWIRIG G
DPPRQLD WR EH FRQYHUWHG DQG WKXW DIQME XFFBH RW K H DROHOP B
SHUPHDQFH DQG UHDFWRU JHRPHWU\
LL $ KLJKHU PHPEUDQH SHUPHDQFSHDLR®PO QN HOE HAHDWVOHWL 1AL
WR SHUPHDWH DOO K\GURJHQ WK DARZHYIHAK HYHW RWRPHBERB B ¥
YHU\ LPSRUWDQW EHFDXVH LI WKHNGWURHEQ BDQDQRW LIV W R R LOH
WKH PHPEUDQH VXUIDFH DQG WKXNK\0G UWRMXDMILGQRIL. EG DHPWRI
JDV SKDVH GLIIXVLRQDO OLPLWDWLRQV USIHDPBD®NN RI WK
PHPEUDQH LV ,Q IDFW PHPEUDQH SHUPIGDREHWDIQRHPG Z0 WK
UHDFWRU JHRPHWU\ EHFDXVH GHFUHDWLQ®O KRG RAIBI\Q DOHORZH
LPSURYHPHQWY WR WKH RWKHU



LLL ,Q WKLV VWXG\ WKH OLWIKWMLRIWDPWRNY ZIDE BB & WX ¥ LENH
WKH PHPEUDQH VXUIDFH ZKLFK LQWURGXFHBEG KRG XNRHIGQ WKL
PHPEUDQH WR XQGHUSHUIRUP 2SWLPL]DMWOLRIR RAVHED R\W RUWH G
WKH FDWDO\VW EHG UDGLXV EHBRROHKWKLR/JIARQIUDB DWW \U H
PRUH HIILFLHQW XVH RI WKH PHPEVBBHFHW Q WNKH JHVVEM®R D V7 W
LQ RSWLPL]DWLRQ IROORZHG E\ RON®\S WHPSIQF B W Q OWKH B &
ODVWO\ LV WKH RSHUDWLRQDO D P RRIQ@ED RUH BH FOPRZVWD VB H V § QC
DEOH WR GHFUHDVH FRQFHQWUDWLR\Q V8 RDOQ VIH D WLLRPQ VIHD W E R\
FDWDO\WW EHG ZKLFK ZRXOG UHVXOW LQ D FRPEXQDMLIKG® R
DPPRQLD FRQYHUVLRQV DSSURDFKLQJ DQG KLJKHU K\GUI
+\GURJHQ 3XULW\ D K\GURJHQ SXUILRW\ HRIIHFWIDYH WV Q |EW KMRF
KLJK SXULW\ IRU IXHO FHOO DSSOLFDWHKIRQ W PRARRR B ® L3R5Q § O WAL J
3G ILOP WKLFNQHVV ,QFUHDVLQJVWKRUSBIGVWEQPNGHMVF WP BQ \ WK
FRYHUHG EXW LW FRPHV DW WKH FRY® WRH GOGFADQH DRALGIIR WHK®! 303X [L
UHDFWRU SURGXFWLYLW\ $OWHWRIDWKHHDXSBRIUNALW PBD QJ WX 6\ U
WR WKH SRUH VL]H DQG GLVWULEXWIWRQHEDWKHM BR UR SV RFYHHPHRLF
HOHFWUROHVYV SODWLQJ SURFHSNG LWH JLHRHP ¥ WK\ VO i KWK K QSSRHUIRCA
%HFDXVH WKH WKLQ 3G ILOPV PXVW WXSIFRMUWHOX FAYWU PRIQW BRO
RSWLPL]JHG SRUH VL]H DQG SRUH XQLIRWURPLUWE IRFDMKIQ IV OUKRLEHK
VHOHFWLYLW\ PHPEUDQH 8QIRUW XQ® WX\ HBURPRIG I BPHDXIFKL ¥
VXSSRUW TXDOLW\ OHDGLQJ WR D ZLGHOUWGIHD RIXBE PN FBUDPRQ!
SODWLQJ WHFKQLTXHV LQ UHFHQW VWXGLHV
3G DOOR\ 2SWLRQV DOWKRXJK 3ERW BQYRXV \KDE H @ V8 RMVH Q MALHDI
RI WKH PHPEUDQH E\ XVLQJ WKH ORZ FRVW WRWR JUIRFODFIID Y BSRYR
SHUVSHFWLYH DOOR\LQJ ZLWK $J WH ®)XGU/®R KDW HRIQY HIQN & HY MRS
VR VKRXOG DFW VLPLODU WR WKH\3GQa840RNVOPW XIAWM SDIOKUY H. QF GGl
IOX[ ZKLFK PD\ DFWXDOO\ LQFUHDVH WKHGSILR®XFWLYLW\ Rl WKH ¢

,Q DGGLWLRQ WR WKH PRUH SUDFWLFD@RDSSWRDHAKHYO ORR'
IXQGDPHQWDO TXHVWLRQV UHPDLQ WR/ BH BI\DORUHE PVUIHTFE O DK
DQG EHFDXVH &KDSWHUV DQG ZHWPHIRAOH SAUE®FMMFD® L) U DO
GHVLUH WR H[SORUH K\GURJHQ IOX[ LQKLUEDW. R GYU HMWHLR LQ &R
EHFDXVH QR VLJQLILFDQW LQKLELWLRQEDW BEVHUYG G L O\PKH FIRQ



HIITHFWLYHO\ LQ DPPRQLD GHFRPSRVLWLRQ HN SRHU&RBHIWHU ) XGHNWK D]
IXOO\ IXQFWLRQDO WHFKQLTXH ZQWK RS BB QMDE LDEYL\R XY GAR @/ KM H
VRIWHQLQJ WKH VHDO FRXOG EH IXUWKBOWHE@DNMWHG UIRDF VDI
HQYLURQPHQWYVY EXW WKH FKRLFH RIQDJQ W FDAL EHVWLIRIQGC WHP SRIEDDU
RQO\ VRIWHQ WKH IULW GRZQ WRRDW KB WSH B GILWIGR @B ® SAHDMDQUIF
KLIJKHU PHOWLQJ SRLQW IULW PD\ HDVWRW\L QD GRZP SRIW HYXRHX D B G/
&KDSWHUV DQG KRZHYHU FRQWDLQHOG\ VERPQH BLHWF XMLURQU | RFEEIVRIN
IXUWKHU H[SHULPHQW DQG RU WKHRUHWLFDO VWXGLHV

&KDSWHU  +LJK SUHVVXUH JDV ERPEDNPKRRMKWM Q LVQK HR V MWL B @
KLJK SUHVVXUH H[SRVXUH WR KLJKHW PROHSEKOWH GZ RIENKWU YYDW H R
SRWHQWLDOO\ XVH VRPH IXUWKHU VWXGLHYV

L $IWHU VHHLQJ D UHGXFWLRQ LQ K\GURQHDDSHRPWDWOFHIG \
UHFRYHU EXW WKLV WRRN VHYHUDO KRXURUL®@ SKKUHHKRGHRBI
LPPHGLDWHO\ FOHDU ,W KDV EHHQ ‘% WRKSHR WH SD W W DRVQ WRK HV/ I Hi F
WKDW DOORZV IRU D IDVWHU VR U VRIXRIQ NIQIR B H.GIW RQW KGIL B/G
DFWXDOO\ GHVFULEHG WKLV SURFHWO DXWHGJ UHWKXIONY H ) X WL
FOHDU H[SODQDWLRQ RI WKLV SKHQ R PMHUD RLIKNY LTHOAKRO W S & |
WKDW K\GURJHQ SHUPHDWLRQ LQLWLIBDW\RXQFUHBRXS VK Z¥K HGQ-
K\GURJHQ SHUPHDQFH EHJLQ KLJK DQG WKHQ GHFURDVHVRYHU
KLJK DERYH FD f& ,V WKH GLIIHUHQFHDMAH PRUSKRORHG
LL 7KH KLJK SUHVVXUH VRDNV RQ W KWHU W& LRQI MDKPH 3)GS ¥ WRJEU
FRQVHTXHQWO\ DIIHFWLQJ WKH DEVRUSWHBRVMLWR WR HU XL F
H[SHULPHQWY LQ UHYHUVH WR VHH LI @&\LGLADIPWQO S HU PHHFDMK
VPRRWKHQLQJ RQO\ RFFXUV RQ WKH GRDQMFWHDBRWRIGHVDRG
WKH ILOP ,Q RWKHU ZRUGV FRXOG WKLYWWRSH RR) WKSH WLHPOD
LPSRUWDQFH RI DEVRUSWLRQ DQG GHVRUSWLRQ SURFHVVHV F

&KDSWHU 6XSSRUW PHPEUDQH LQWHUYEBWL RIGNG X E\YLWRLR| ZR |
FRQWDLQLQJ R[LGH ZKHQ H[SRVHG WR FSIHWRHDRMUFL KOG YRUHDE Gk
XQFRQWUROOHG

L 7KH SULPDU\ UHVXOW OHIW RQHN.FROHIGSQUWRHQVERBN YE
GLUHFWLRQ RI SHUPHDWLRQ PDWWH U K& D WK W RSZ-DUFPGN\D WIKRIQ VB
PHDQLQJ WKDW WKH DVVXPSWLRQ LV GRZGDWW HDH &SIHIPHDIW



VLPSOH H[SHULPHQW LQYROYLQJ SHUPHIXWLK® Yl RPU RWKHQ RW
GRZQVWUHDP K\GURJHQ LV WKH UHQWWD ® B \VEHLEQ H VREHFFHIEX WHR
VXUIDFH E\ LQFRPLQJ K\GURJHQ IURP EHKLQG * XSVWUHDP K\C
GRHV QRW LQGXFH D JUHDWHU UHDFWLYLW\ Rl K\GURJHQ RQ W
LL )XUWKHUPRUH WKH FHUDPLF VXSSRU$® FRMWDXYHR D WK
LW ZDV QHYHU GHWHUPLQHG LI RQO\ RIQERMR® 2R QH QW T20LW B @
HITHFW WR EH REVHUYHG $GGLWLRQDOBY [[ED\KHGKRQHWKHUR
FDWDO\VW VXSSRUWV LW LV DOVR GR\WL\POHW\ R BWJI WIKLHQ | LR
RI WKH FHUDPLF PD\ KDYH EHHQ LPSRUWDVXWM N@ XGKHFREUB L
FRPSOHWHO\ FRQWUROOHG WKHQ WX®GFERK DWPKIFVREYREXWV \QLHY
WR H[SORUH ,Q SDUWLFXODU FKDQJLQIW LRLLQX WHIP RH UNDKAHX |
VKRXOG KHOS VLJQLILFDQWO\ LQ XQGHUVWBQBEEGYWKH H[DFW
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6 8HPL\D O .DMLZDUD 7 .RMLPD RBP$%RVPWWDIDRHRNXSGRHYV
SRURXV DOXPLQD $,&K( - * GRL DLF

0O .DMLZDUD 6 8HPL\D 7 .RMLPDULGLKRXFEK\LSHBHUREEGXFPR WX
PHPEUDQHV DQG WKHLU K\GURJHQ SHUPHDWLRQ SURSHUWL
GRL 6

O .DMLZDUD 6 8HPL\D 7 .RMLPD WLRRXBKR S H UNLRIWH QN
FRPSRVLWH PHPEUDQHV RI SODWLQXP VKBEBGBUWHG RQ SRURXYV
GRL 6

7 7VXUX 5 JL 0 .DQH]DVKL < L<ADWRWRDI3IHBURKDWLIRNDL S L
K\GURJHQ DQG ZDWHU YDSRU WKURXJK SRDJWXWYHW O34 ,RK (PHPE!
* GRL DLF

" /HH / =KDQJ 6 7 2\DPD 6 1LRKBUDMBWHDL]BWILVRIQHWLYG JI
SURSHUWLHV RI D K\GURJHQ SHUPHDEOH VLIOQQIFD-PBREBD QG&IFV >
* GRL M PHPVFL

< *X 6 7HG 2\DPD 8OWUDWKLQPKVGOQRIWM G VFROHAMMNHEY HRQ'L
JUDGHG VWUXFWXUHYVY SUHSDUHG IURPHHABH FREQWUROOHG ERF
GRL M PHPVFL

0O .DQH]DVKL $ <DPDPRWR 7 <RWKLRWIRI DPPRQLDO &KDBI
WKURXJK SRURXV VLOLFD PHPEUDQHV $,&K( - 1$ 1$ GRL

0O .DQH]DVKL 7 6DVDNL + 7DZDUD\DPD 7 DIRIVKQ RBNRSHUMWL
DQG +\GURWKHUPDO 6WDELOLW\ RI 6RIOPHEHLD QHM YBHBULEFRWIKR
7THPSHUDWXUHV - $P &HUDP 6RF + GRL MD

* /L 0 .DQH]DVKL 7 <RVKLRND 7 QVKQXFD3PPAQLIDF GPHFR
UHDFWRUYV 6LPXODWLRQ DQG HISHULPHQWDO VWXGLHYV
GRL DLF

< *X 67 2\DPD +LJK OROHFXODHUDPUFHOHPEUDQH) $BRYHOB
* GRL DGPD

/" OHQJ 7 7VXUX +\GURJHQ SURG XFWELRH GU RPWDXHWI\FFPRR
UHDFWRUV &DWDO 7RGD\ + GRL M FDWWRG

& 2 +LUVFKIHOGHU & ) &XUWLVRUGR *BYHE DIAXE /ARAHEX O
(GLWLRQ :LOH\ 1HZ <RUN

7TDEOHV RI 3K\VLFDO &KHPLFDO &RQVQWP QWR/FLWA K I H B8 HWSLIRY
VLIH RI PROHFXOHV .D\H /DE\ 2QOLQH 9HUVLRQ 2727

0( YDQ /HHXZHQ 'HULYDWLRQ RIH&W RRNP 5RO $ R & XIQGWL D)@
(TXLOLEULD + GRL

6 1 :LMHQD\DNH 1 3 3DQDSLWL\D BROINXMX\HQ OXV¥NKDEDQ.
JHUUDULV &RPSRVLWH PHPEUDQHV KLW®W K RU KKL\IKUCR JWHKO HHF S\DLLY B
3XULlI 7HFKQRO * GRL M VHSSXU
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@ 1 $IJPRQ 7KH *URWWKXVV PHFKDQLVP &KGRL 3K\V /HWW

@ 3 /L = :DQJ = 4LDR < [/LX ; &D®RI :5SHEHQW DEHYHHORBPH
PHPEUDQHV IRU HIILFLHQW K\GURJHQ SXULILFDWLRQ - Ol
GRL M PHPVFL

@ 1% $0 OXIDFKL 1 9 5HHV 5 6WHLHDEBHUWIHYH: POINEQ D Q H\G UF
Rl SDOODGLXP EDVHG GHQVH PHWDO PBAKFUDQHYV O5HQ@HZ 6XV
GRL M UVHU

@ 6 8HPL\D %ULHI 5HYLHZ RI 6 WHD® GHPEUPRIQMI BVDLRW U OH R S
* GRL % 72&% F

@ [/ - *LOOHVSLH / 6 *DOVWDXQ LEUH 2P @AEEGCLKE 3 DAWORIGIOX PT

- $P &KHP 6RF * GRL M D D

@ $ 6LHYHUWV = 0HW

@ %U*QLQJ 6LHYHUWYV = )eU 3K\V &KHP $

@ $ 6LHYHUWV * =DSI = )eU 3K\V &KHP $

@ )% /HzLV 7KH 3DOODGLXP +\GURJHQ 6\VWHP $FDGHPLF 3UH

@ $ &DUDYHOOD ) 6FXUD * %DUPISHULFDO'YLFRROQH GWHMHU &

OHPEUDQHYV &ULWLFDO $QHDPAHDIWLRQ 3XUIKW &KHP %
GRL MS

@ $ &DUDYHOOD 6 +DUD ( 'UIOPJL SWHWWDXUEL H[BER GHQY\HUR
SHUPHDWLRQ WKURXJK 3G EDVHG PHPEUDQHV LSRXSDPE LOQ
PXOWLFRPSRQHQW H[WHUQDO PDVV WUDQVIHU QW - +\GL
GRL M LMK\GHQH

@ 1' 'HYHDX <+ 0D 5 'DWWD %H\RE&GVALYHY RURURING QB W FF|
K\GURJHQ SHUPHDWLRQ LQ GHQVH PHWDO PHPEWDQHV - I
GRL M PHPVFL

@ O 9DGUXFFL ) %RUJRJQRQL $ ORWURIHQ $ HEDRQWVDXAFRLQ 6V KL
$J PHPEUDQHV 6XUIDFH HIIHFWV DQG(GHHYHUWVY ODZ +,QW -
GRL M LMK\GHQH

@ 5 ( %X[EDXP 7/ ODUNHU +\GURJHQ WUDQVISBDO@OWKURRJIK
FRDWHG QLRELXP WDQWDOXP DQG YDQDGLXP - OHPEU 6FL
*

@ 5 ( %X[EDXP $ % .LQQH\ +\GURJHQ 7UDQWIRIDND OVKAILROPI K
&RDWHG 7DQWDOXP DQG 1LRELXP ,QG (QJ &KHP 5HV

@ 7 1DPEX . 6KLPL]X < ODWVXPRWR 5ZBRQJORULDWDMDELF
<DVXGD (QKDQFHG K\GURJHQ HPEULWWORRARRWD R H 3GHMRDAMH
VLWX VPDOO SXQFK WHVW XQGHU K\GURJHQ SHUPHDWLRQ -
GRL M MDOOFRP

@ '$ &RRQH\ - ' :D\ & $ :ROGHQ $ FRPSDDEYROWI RN KK S4KLE
PHWDO FRPSRVLWH PHPEUDQHV IRU K\GURJHQ SXULILFBWLRQ
GRL M LMK\GHQH
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6 1 3DJOLHUL -5 :HUPHU 5 ( %X[EDXP 0 9RWGWURBPRI %
'"HYHORSPHQW RI PHPEUDQHV IRU K\GURJHQ WOHDMAWDHUDWLRQ 3G
* GRL ;

3 &RWWHULOO 7KH K\GURJHQ HPBULVWWIOHPHQW RI*PHWD
GRL

& 9 2ZHQ 7 ( 6FRWW O5HODWLRQ EHONWHHQI KUE D R/IHR@® HA EKA
WKH JURXS 9 WUDQVLWLRQ PHWDOV OHWDOO 7UDQV

6 $ 6WHZDUG 5HYLHZ RI K\GURJKQPDWRWRBEBVSHDRHBEEGLM
IDWLRQDO /DE &% 869% KWWS Z7ZZ RV % O RYDWHWHO K
DFFHVVHG $SULO

* | +ROOHFN 'LIIXVLRQ DQG VROXEQG LS\D ORI DIG\IGXPR J\HLQD Y B US
3K\V &KHP + GRL M D
0' 'RODQ 1RQ 3G %&& DOOR\ PHPEUDSMHYD LR QQ G X ¥ MRELD (
+ GRL M PHPVFL
< 6DNDPRWR 6 +LUDWD + 1LVKIRNDABGURJIHKYILLYOLBG BO® YR
DOOR\V - &RPPRQ OHW + GRL
0 'H )DOFR * ,DTXDQLHOOR (PBDOGR &WDREFGERLHGDOODG |

PHPEUDQHV IRU K\GURJHQ VHSDUDWLRQ SUBSXUDWLRZ DWHRQ
VKLIW UHDFWRU LQ +DQGE OHPEU SHDFW (OVHYL
KWWS OLQNLQJKXE HOVHYLHU FRP UHWULHYH SEH®

' OHQGHV $ OHQGHV / 0 ODGHLDDS$ $% PMLIOHQ HH&KGILZDWH B F
UHDFWLRQ IURP FRQYHQWLRQDO FBWDQHWIHDFVWRWUHPE WIRY3E -
- &KHP (QJ * GRL DSM

* 6DUDFFR + : -3 1HRPDJXV * ) ®HUVLWK MIHPSHUDWXUGZPE
UHDFWRUV SRWHQWLDO DQG SUREOHPV &KHP (®J ©6FL

1 /X " ;LH 1RYHO OHPEUDQH 5HDFRMRHFWRREHIWRY HROUHRED
$ 5SHYLHZ ,QW - &KHP 5HDFW (QJ * GRL LMFU

-: (ULVPDQ 0% 6XWWRQ - *DOOREDARZ D Gr'IHRRWQXW \ :R I: LDQALR
VIQWKHVLV FKDQJHG WKH ZRUOG 1DW *HRVFL + G

$ .OHUNH & + &KULVWHQVHQ - . 1KUWRIMH Y VIWRIUBJIKPPRCE
DQG RSSRUWXQLWLHYV - ODWHU &KHP GRL E

5 /DQ -76 ,UYLQH 6 7DR $PPRQIRWH@GVLUHD DWE GUF KM
VWRUDJH PDWHULDOV QW ; +\GURJ (QHUJ\
GRL M LMK\GHQH

6 &KLXWD 5 & (YHUVRQ + : -3 1HRPDWAXVYVDUDERY GHHDF
WHFKQRORJ\ RSWLRQV IRU GLVWULEXWHG K\WURQHG JHQYHBIEZW
, QW - +\GURJ (QHUJ\ * GRL M LMK\GHQH

$ $ILI 1 5DGHQDKPDG 4 &KHRN 6 PRBRVYLD-IHG.LRPHG@ FHEJ
FRPSUHKHQVLYH UHYLHZ SHQHZ 6 XVWDLQ (QHUJ\ S5H
GRL M UVHU
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- =KDQJ + :X : JL +LJK SXULW\ &24 I¥YHB WK BHQ®W D W LRHY
DQG KLJKO\ VHOHFWLYH 3G PHPEUDQHV - OHPEU 6
GRL M PHPVFL

/ *UHHQ -U $Q DPPRQLD HQHUJ\ YHRWRU IRU WKH KQGIURY

+ GRL

'5 9%XUJHVV 7KHUPRFKHPLFDO GDMDODWUEG 3GV /LQN WU RK
"HE%RRN 1,67 6WDQG 5HI 'DWDEDVH 1XPEHU 1DWRRQDO ,QV
*DLWKHUVEXUJ 0° Q G KWWS ZHEERRN QLVW JRY DFFHYV

5 /DQ -76 ,UYLQH 6 7DR 6\QWWPHDLY RQOGPPRWHD OW }
WHPSHUDWXUH DQG SUHVVXUH 6FL 5HS GRL VUH

., $ $PDU & 7 * 3HWLW * 0DQQ 5 /MMURFKHENBEDUD QBK?
DPPRQLD IURP 1 DQG + 2 EDVHG RQ /L 1D . &2 +&MH*G &
HOHFWURO\WH DQG &R)H 2 FDWKRGH ,QW - +\GURJ (C
GRL M LMK\GHQH

5 /DQ 6 7DR $PPRQLD DV D 6XLWWEQKWHXHOS5HW )XHO &
GRL IHQUJ

5 +DOVHLG 3 -6 9LH 5 7XQROW@GIRUPRPQYFRI DPPRQ\WPH R OV
PHPEUDQH IXHO FHOOV - 3RZHU 6RXUFHYV * GRL

05 5DKLPSRXU $ $VIDUL 3URGXFWLRQ@ FRARKQG BIHX WM B
FDWDO\WLF K\GURJHQ SHUPVHOHFWLYHURNPEUDQH UHDFWRU
GRL M LMK\GHQH

* JL 0 .DQH]DVKL 7 7VXUX +LJKO\ RQKIQBHELPRERBQ LMD ®
PHPEUDQH UHDFWRU IRU &2[ IUHH K\GURJHQ SURGXFWLRQ
GRL M FDWFRP

* /L 0 .DQH]DVKL +5 /HH 0 ONWKGBUWSPRDKMLIRRND R7 D7TQRY
FDWDO\WLF PHPEUDQH UHDFWRU DQG LWWVRSBROL R2 W LURHH WKR G
SURGXFWLRQ ,QW - +\GURJ (QHUJ\ + GRL

0 i *yPH] *DUFtD , 'REURV] *yPHRZVN)IR QMPEYR QH 0U HsD® W R
JXLGHOLQHV IRU DPPRQLD GHFRPSRVLWLRQ &DWDO 7
GRL M FDWWRG

) 5 *DUFtD *DUFtD < + 0D , 5RGUXL{HJ}EDRRIX UL WAXKWGEUH
SURGXFWLRQ E\ ORZ WHPSHUDWXUH FDW WQ\WQ F WLPRPGRIDQ. CP & ME
UHDFWRU &DWDO &RPPXQ + GRL M FDWFRP

1 ,WRK $ 2VKLPD ( 6XJD 7 6DWRRQLOH®HFRRORUQWHRE

FKHPLFDO K\GURJHQ FDUULHU LQ SDOORGDXP PHPEUDQH UHI
GRL M FDWWRG

6 + ,vUDQL % .5 1DLU 0 3 +DURXWLH\BEDWIRQ 1KQQM UFRWHE
KROORZ ILEHU PHPEUDQH UHDFWRU ([BEBEDLPHQWY DQG& PRGHC
GRL M FDWWRG

$ 'L &DUOR $ 'HOOf(UD = 'HOGIRIWR SURGRKODWRQRE)X R
GHFRPSRVLWLRQ LQ D FDWDO\WLF PHPEUDQH UHDFWRU ,QW
GRL M LMK\GHQH
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( 5L]]XWR 3 3DODQJH = 'HO 3UHMVOH D &&IDRAFS\ARAL W D R/Q RSQJ
PHDQV RI D PXOWLIXQFWLRQDO FDWOGORWLFQMURIEUDQH UHDFW
GRL M LMK\GHQH

6 7 % /XQGLQ 7 <DPDJXFKL & $ :ROGHROQH6 RU20DFD W K H:L
QLWURJHQ RU DPPRQLD DGVRUSWLRQ LQGXFHG REMWDRIHQ 10
SHUIRUPDQFH - OHPEU 6FL + GRL M PHPVFL

6 <XQ 6 7HG 2\DPD &RUUHODWLRQXURQHSD UBBBURW PRI®E §
- OHPEU 6FL + GRL M PHPVFL

7% 3HWHUV 0 6WDQJH 3 9HHQVKMHUBSH® I RUMPEEMHU 35 +% 1
PHPEUDQH ILOPV XQGHU H[SRVXUH WR WWUDFH DPRXQWV RI +
GRL M PHPVFL

6 - .KDWLE 6 <XQ 6 7 2\DPD 6XOHRE UIHYHYVY VED @QWR3/G KOLBD
OHPEU 6FL * GRL M PHPVFL

$( /HZLV ' & .HUVKQHU 6 1 3DJOOHUIG+*BW <®GHBRPSRYV L
PHPEUDQHV IRU K\GURJHQ VHSDUDWLRQHDRP VI\QWREWLEFZDW
* GRL M PHPVFL

0 $EGROODKL - <X 3.7 [/LX 5 &LRBDODWUOD XK LK\GUR
SURGXFWLRQ IURP UHIRUPDWH PL[WXUHW RV VQUWH B DO COHPIEXP
* * GRL M PHPVFL

6 <XQ + /LP 6 7HG 2\DPD ([SHULRHHWIDWKDQR N VWHDLFFE U,
UHDFWLRQ HTXLSSHG ZLWK XOWUDWKLQFRDPBGVIROL R PG REG L
\LHOG - OHPEU 6FL + + GRL M PHPVFL

+ $ELU 0 6KHLQWXFK ORGHOLQG $JWUHPQVHRBIW D/QIGU RW YKL
E\\ FR DGVRUEDWHYV IURP ILUVW SULQFLSOHV - OHPEL
GRL M PHPVFL

) 6DNDPRWR +\GURJHQ SHUPHDWLRQ/ W RUMRXNKX B B Q®NE VXR
QLWURJHQ DQG DPPRQLD LQ WKH K\GURJHQ ,QW - +\GU
GRL 6

© :DQJ ; 3DQ ; =KDQJ : <DQJ * [LRWIQJKIH WNURBMWQRRF R
SHUPHDWLRQ WKURXJK WKLQ 3G FRPSRVLWH PHPEWDQHV 6H
GRL M VHSSXU

'$ .LQJ 1LWURJHQ DGVRUSWLRQ RQ EENHO DQG $DOODC
GRL ;

. .XQLPRUL 7 .DZDL 7 .RQGRZ 7 RIDWKLRQ $PQURDU X O M1
VSHFWURVFRSLF VWXG\ Rl QLWURJHQXSHFAMY DGVRUEHS RQ
GRL

$ 9RMYRGLF $ - OHGIRUG ) 6WXGW )IDBEULUGG-3HGAHUVHNRY
([SORULQJ WKH OLPLWYV $ ORZ SUHVVXURFI\WZ WKRBHGBRWXUF
* GRL M FSOHWW

.. $0 6KDPPHUL -0 6DOHK $GVRDSWRROQDDRG BHIWRBPSR\D
QLFNHO SDOODGLXP WXQJVWHQ DQG DOXPLQXP - 3K\V
GRL M D



\Y

\

\%

V

\

\Y

\

@

@

@

@

@

@

@

@

@

@

@

@

@

@

@

@

% &KDQWDUDPROHH $ $ % 3DGDPD + .DVDLDQRG +¥WXWRERV)L
DGVRUSWLRQ DQG 1+ IRUPDWLRQ RQ 3G DQG 3G $J VXL
* GRL M PHPVFL

- $ +HUURQ 6 7RQHOOL 0 ODYULMRINSWLRWRBLBGD QG FBR®
+ GRL M VXVF

7 6RQJ 3 +X ,QVLJKW LQWR WKH WGRAVKMI EG VFRHPISEO VGELW
DQG DVVRFLDWLRQ UHDFWLRQV LQ DPPRQLD V\QWKHVLV -
GRL

3+ (PPHWW 6 %UXQDXHU 7KH $GO\WKBWLR G RRRIQ MU R DMD
$P &KHP 6RF + GRL M D D

= -LDQJ 4 3DQ 0 /L 7 <DQ 7 )DQUW XHQ VR \G DUMPML FQ
GHFRPSRVLWLRQ RI DPPRQLD RQ 3G VXUIDFH $SSO 6
GRL M DSVXVF

$670 6WDQGDUG ) H 6 WD QG D URK NWUHDWAW IR Bl MMWRIGFW TIRIU P
ILOWHUV E\ EXEEOH SRLQW DQG PHDQ IORZ SRUH WHVW $670 ,

3. *DOODJKHU 0 ( *URVV 7KH W KHUD BWBMFHR P-S RAKLHNWLPR G
- GRL %)

-3 &ROOLQV -' :D\ 3UHSDQDRILPQ FROSRVFKWUDESWE OD®L
PHPEUDQH ,QG (QJ &KHP 5HV + GRL L H

. =KDQJ 6 . *DGH ‘ +DWOHYLN - KHWLV $RAR WML RQFUBWOY
SHUPHDELOLW\ Rl SDOODGLXP VLOYH WU 3R[+%ID WPLHRRGE U DQQMH V - F
(QHUJ\ + GRL M LMK\GHQH

. =KDQJ 6 . *DGH - ' :D\ (IIHFW\R @ IKKG DRI WY WRW BWQ RQL R
DQG 3G+$X PHPEUDQH VXUIDFHV - OHPEU 6FL +
GRL M PHPVFL

$/ OHMGHOO + .OHWWH $ 5DPBEK D QGURIG Q$ S MURRIHID \F L B
IUHH VWDQGLQJ 3G $J PHPEUDQHV EHIRDHUD QG OHMEHU EFIDV
+ GRL M PHPVFL

9 9LRODQWH $ %DVLOH ( 'ULROL WHKREU DG O HFPDW IDRAQL RVQ
UHDFWRU IXHO F\FOH )XVLRQ (QJ 'HV * GRL

0 $PDQR & 1LVKLPXUD O .RPDNL (IIHF&R2V DRIG +LJK
&2 68%! 68%! RQ +\GURJHQ 3HUPHDWLRQ BUKWRX JEKDWKHKH 3D
-,0 + GRL PDWHUWUDQV

+ /L $ *ROGEDFK : /L + :X 3G& IRUFDUDIGRHY LGX X O DHEE
+ &2 PL[WXUHV - OHPEU G6FL + GRL M PHPV]

- %RRQ -$ = 3LHWHUVH ) 3) YDQ6%EWNS$®QDOD QED G \GIL
SHUPHDWLRQ WKURXJK SDOODGLXP PHPEUDQHYV DQG LQKLELWL
VWHDP - OHPEU B6FL + GRL M PHPVFL

) *XD]JIRQH - &DWDODQR , 3 ODUGLORLFKPEUHGKMS 66 'BD
1. .DJDQW]JLV < + 0D *DV SHUPHDWLRIQGE BG&$W HHPE LIRD QFHRV
DFWXDO FRDO GHULYHG V\QJDV DWPRVSKHUH ,QW - +\GU|
GRL M LMK\GHQH
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@ & + &KHQ <+ 0D 7KH HIIHFW RI + 6QRQ3&®IBKX FRP ERIVADV
PHPEUDQH - OHPEU ©6FL + GRL M PHPVFL

@ 7% 3HWHUV 7 .DOHWD 0 6WDQIRUW WHIHGHWKHD VHGHRWHE
DOOR\ PHPEUDQHV OHPEUDQH VWDELOLWU\ +L® KQBURUWQRDC
VLPXODWHG :*6 PL[WXUHV &DWDO 7RGD\ + GRL

@ + /L $ *ROGEDFK : /L + ;X 2Q &HSDUBPWREBRVIDRIPR® ®XU
ZLWK WKLQ 3G PHPEUDQHV - OHPEU 6FL * GRL

@ 6+ -XQJ . .XVDNDEH 6 ORURRNDLG®J'K\GPRHEDHEWR®Q\R RRRKH
SHUPHDWLRQ WKURXJK D SDOODGLXP PHPEGBQH - O6PEU 6FL

@ 7% 3HWHUV 0 6WDQJH + .OHWWHSHYIRUPHD®HWHH @RI W.KK!

$J VWDLQOHVYV VWHHO FRPSRVLWHDWVHREWRQHY L@ ADWIQW H ¥
PDVV WUDQVIHU DQG VXUIDFH HIITHFWVG6ROQ WKH K\GURJHQ 10
GRL M PHPVFL

@ &9 O0OLIJXHO $ OHQGHV 6 7RVWL DIQIG &RGRIQUBD SIHKPW DRV
WKURXJK ILQJHU OLNH 3G+*$J PHPEUDQHV ,QW - +\GURJ (
GRL M LMK\GHQH

@ + .XURNDZD + <DNDEH , <DVXGD RQ BHWHWVRI5&20RQGHEGH
SHUPHDELOLW\ RI 3G+$J PHPEUDQH DSSQUNGDOWLBE Q@ LM FK D!
(QHUJ\ * GRL M LMK\GHQH

@ 3 3pUH] & $ &RUQDJOLD $ OHQGHKWI DFH GIDIGHIMN DRG7R
LQIOXHQFH LQ WKH + SHUPHDWLRQ WKURXYK PRGGHGJ ,RHWPEY
+\GURJ (QHUJ\ + GRL M LMK\GHQH

@ 6. *DGH 6 - 'H9RVV . ( &RXOVBAMMHNG Q 3DJODLH WD 0*OD GEX
PHPEUDQHV LQ PL[HG JDV VWUHDPW ZRIWKOK\R\URR B @ WX\ | DRIE
WHFKQLTXH - OHPEU G6FL + GRL M PHPVFL

@ . ( &RXOWHU -' :D\ 6 . *DGH 6 &KM¥EBKDUIbL 1* ZDIOEWUHIN
BOHGJHU 6X0OIXU WROHUDQW 3G$X DQG 3@XBW B O@HR EKAGE&RL
* * GRL M PHPVFL

@ $( /HZLV + =KDR + 6\HG & $ :ROGHQ -SRVDWH3BHRDUDX B
IRU K\GURJHQ VHSDUDWLRQ IURP V\QWHKIQWQB KDGWHRUHQ W X LI
OHPEU 6FL + GRL M PHPVFL

@ 7% 3HWHUV -0 3ROIXV 0 6WDQJHGRBVHERH®VWWXD LK KLLEMMH
VWDELOLW\ RI 3G $J PHPEUDQHV XQGHU }H{BRVXWRF M\RV W TUHDHKAC
* GRL M IXSURF

@ $ &DUDYHOOD ) 6FXUD * %DUERSIIWMWLLFDODOUURRODHQMHYRUW
OHPEUDQHV &ULWLFDO SRDPAHDIWLRQ 3XU3KW &KHP %
GRL MS

@ 0 9DGUXFFL ) %RUJRJQRQL $ ORWURIHQ $ HALPGVDXNAFARQ &V KU
$J PHPEUDQHV 6XUIDFH HIIHFWV DQG(GHHYHUWVY ODZ +,QW -
GRL M LMK\GHQH
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@ 1' 'HYHDX < + 0D 5 'DWWD % H\RIQGHQWHYHURLFU RDIZQ KWL
K\GURJHQ SHUPHDWLRQ LQ GHQVH PHWDO PHPEWDQHV -
GRL M PHPVFL

@ ' J)RUW -3 * )DUU , 5 +DUULVLO®YYRPOIMEGLERQ D GGLIXPO\MGALL

K\GURJHQ VHSDUDWLRQ PHPEUDQHV - &RPPRQ OHW

@ ) 5RD -' :D\ 7KH HIIHFW RI DLU H[SRVXRPHPEQ DSDHOVO BGEISXOP
6 XUl 6FL * GRL M DSVXVF

@ / <DQJ = =KDQJ ; *DR < *XR % :D/@NDXD6/KND L& KD QEBN
K\GURJHQ SHUPHDELOLW\ DQG VXUIDFH PHW\PEWB QHV3 0 W H T HUK
WUHDWPHQW - OHPEU 6FL * GRL M PHPVFL

@ 7% 3HWHUV 0 6WDQJH 5 %UHGHVHQRRERQVKLQH VKSIKR 8 WHH\C
$J PHPEUDQHV2(YLGHQFH RI XOWUDKLWRHKQWURIHEGBRPABX|[ ®HW I
* GRL M PHPVFL

@ ++ .DQ 5 % 6KXPEHUD -) :HDYHU $GMRDBWMRPRQRDQE DEV)
&KDUDFWHUL]DWLRQ RI WKH SUHFX&MRU WR 3G2 IRUPDWLR
GRL M VXVF

@ ++ .DQ -) :HDYHU OHFKDQLVP ®XBIGRJWKLK) RLIOPDM UPD R L

6 XUl 6FL + GRL M VXVF

@ + B8FKLNDzZD 7 2ND]DNL . 6DWRLQBHZIDEBERPGLKPHG6RUIPHF

$EVRUSWLRQ RI +\GURJHQ RU 'HXWHULXP -SQ - $SSO

GRL --$3

@ 5 & +XUOEHUW -2 .RQHFQ\ '"LIIXVLIRQ REKHBURKHIQY WKUR X.
* GRL

@ */ +ROOHFEN 'LIIXVLRQ DQG VROXEL®DLWO CR3 LK\ UWRLIAHYH U QD €

3K\V &KHP * GRL M D

@ + .DWVXWD 5 - )DUUDUR 5 % VOGFUROBOQ Q Q7K B OCOLD IXIVAPY L R

* GRL

@ %' ORUUHDOH 09 &LRFFR 50 (QLFN %&XJORUVL 6% +
5RWKHQEHUJHU 7KH SHUPHDELOLW\ RHGBMHYDRUH® WEPEXOQWD WS
SUHVVXUHV - OHPEU 6FL * GRL 6

@ * $QWF]IDN * (KUOLFK ©6XUIDFBIWEPNXVIR®@ FRXWDOVV PR
8QLYHUVLW\ 3UHVV

@ & ODVVREULR 3 )HUQDQGH] &OXWW HW WDXEPWRUSH DRG RSG;IP)H\

&X 3G DQG 3G 3G VI\VWHPV - &KHP 3K\V +
@ 3* )ODKLYH :5 *UDKDP 3DLU SRIWWEQYWEDWHO6DGEXAXNMWRR® C
HQHUJLHV 6XUIl 6FL * GRL

@ &/ /LX -0 &RKHQ - % $GDPV $ ) 9RWOIUGLBIXWMRQGRIRV L
DGDWRPV RI IFF PHWDOV 1L &X $0O0 $J $X 3G+xDQG 3w
GRL 4
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Q )&& PHWDO VXUIDFHV 6XUI

8 7

6 <
@ - :
H

@ - :
VLPX
GRL

@ ' (
GRL

@ /6
6FL

@ +

VXUIDFHV 3K\V 5HY
JHLEHOPDQ 5 G6WXPSI

@ 3 -

SHUNLQV $ ( 'H3ULVWR 6HOI GUXIXI\DIFRHY R6 XDJG D8RPV R(
+/ GRL

6WROWI]H 6LPXODWLRQ RI VXUIDFHWEHWMHFWYV - 3K\V

$JUDZDO % 0 5LFH '/ 7KRPSVPYDPHMGLFW LRU WHIAMHIQE

1GRQJPRXR )

.LP , + /HH 6

6FL * GRL 6

+ROQWLQILQGH 'LIIXVLP® INXGIDBRYWR
RPSXWDWLRQDO VWXG\ 6XUl 6FL + GRL M V

-XQ 7UDQVLWBGRQI S\DLVRKQZRQ PRE HPOIW RO I
., )ODW VXUIDFHV 3K\V 5HY %

(YDQV ' . )O\QQ 6DQGHUV 3 $ 7HUHBU GRXUIBFH VIHIRIPGQ
QHUJ\ HOHFWURQ GLIIUDFWLRQ 6XUIl 6FL + GRL

(YDQV 0 & %DUWHOW 1XFORBWDRQKRORBHBLRZMK 5Q VWPH \
ODWLRQV DQG H[SHULPHQWY - O9DF B6FL 7HFKQRC

6DQGHUV $ ( 'H3ULVWR
DGVRUEDWH VXEVWUDWH FRPELQDWLRQV RI 1L &X &K 3G $J

SHUNLQV $ ( '"H3ULVWR

+ GRL
OHKO 2 %LKDP

%

)XUPDQ

VXEVWLWXWLRQ 3K\V 5HY %

'DY\GRY &DOFXODWLRQ RI WKXHOD FGALLNMNDODWRRQRH QHIDIQ V |
DWRPV 3K\V 6ROLG 6WDWH

@ 6 <

@ $9
WKH

@ * %RLVYHUW [/ - /HZLV $
'LIIXVLRQ 3K\V 5HY

(YWHHY $ 7 .RVLORY

GRL 3K\V5HY

SUHGLFWHGIWELOI XWX RID FBNYW

6HOI GIRIXVERQ PHPHKOQEWRV d

+

0 .DUXNFLROQRR@AWFIRU DIRSHV
* GRL 3K\V5HY %

$ G V RURSQV DRYGE L@ IGI XX WICR @ DEWN W IR

* GRL 3K\V5H"

+ GRL

6 $ 6RQUEDQLRHBWRY LA R/HIFOK DAL

3G VXUIDFH 3K\V 6ROLG 6WDWH + GRL

@ ) /LX : +X + 'HQJ

DQG
GRL

@ [/ 6

VXUIDFHV 1L &X 3G $J

@ $
GRL

@ <
6FL

GLPHU RQ 3G

IHWW

6 ;LDR

<HORQ ODQ\&RRSMHQUI/WURQRIDEK

+ GRL SK\WV5HY/HW
/L XEHKDRAMME@®U V6RO IBGLDIG

VXUIDFH &RPSXW ODWHU 6F

M FRPPDWVFL
SBHUNLQV $ ( 'H3ULVWR

6WHOWHQSRKO 1
6

L $ (
+ GRL

OHPPHO

7 KRIQL @ QD ORVRPH. FR IV B O WG\WLL FXV

6 XUl 6FL * GRL

6HOI GHIXVLRQ R& 3G 6

'"H3ULVWR 3UHGLFWHG DYRRYKVRRGHFIRU PWYXWD O Rt
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@ & 0 &KDQJ & 0 :HL 63 &KHQ G6MOHUVIRQY/LRE® RHVWPDOO &6)
3K\V 5HY /HWW + GRL 3K\W5HY/HWW

@ 1, 3DSDQLFRODRX 6HOI GLIIXVLRQ RXGGBWLRQ E& RPROXF X OI
6FL * GRL 6

@ -- ORUWHQVHQ % +DPPHU 2 + 1LHORMYHQ HQVLVD\FREYFH@LI
7KHRU\ 6WXG\ Rl 6HOI 'LIIXVLRQ RQ WHKH $J DOBUSRFHY RI 4L2 1N
3+ .DVDL 3. ODNRVKL (GV (O HP6RQURF WKW I ([BISW L GHDF

+HLGHOEHUJ SsS + GRL B

@ 1, 3DSDQLFRODRX '$ 3DSDFRQVWDQ@WRGRXQ®R VP R QMFXID

G\QDPLFV VLPXODWLRQ RI GLIIXVLRQ LQ 3G 3G VAVWHP

GRL 6

@ ) /LX : +X + 'HQJ 5 +H : <DQJ "\QDERFV BLIVXVHR®D EHKELC

RI 3G VPDOO FOXVWHUV RQ D 3G VXQWDFH ORGHO 6LPXC

GRL

@ . /XQ <HXQJ $ O9DUPD 1RYHO SUHSBWDW LFRHU DWPHFKEORPSF

PHPEUDQHV $,&K( - + GRL DLF

@ - .LP <6 /LQ 3DOODGLXP ORGIARBGD<WNPEIUD WD E |LQG]H®

5HV + GRL L H P

@ 16 3DWNL 6 7 /XQGLQ - ' :D\ 5DSEGDIMMHEGHBG LIXI FRRPER

PHPEUDQHV XVLQJ KLJK SUHVVXUH K\GURJHQ - OHPEU

GRL M PHPVFL

@ $$ % 3DGDPD % &KDQWDUDPROHIBURJHKD NDDAQR R/ KILE V4R U DA

K\GURJHQ FRYHUHG 3G i PLVVLQJ WRY VXUIDFH MW -
GRL M LMK\GHQH

@ $$ % 3DGDPD + .DVDL 8QGHUVWD®EVRU SWKIHR BHIFE DALV B

VXUIDFH - $OOR\V  &RPSG BXSSOHPHQW

GRL M MDOOFRP

@ - +DQ * =KX '< =HPO\DQRY ) + 5LEHUHD FIFWHEBEDMW FRH

GLR[\JHQ - &DWDO + GRL M MFDW

@ % .O|W]JHU . +D\HN & .RQYLFND ( QGXGEHEHYXBIDFBUIH

WUDQVIRUPDWLRQ RI 3G V W IRFON INQ ) HIWAL\FR/U SWUR Q6 PIQ G Gt

+ GRL 6
@ - +DQ '< =HPO\DQRY ) + S5LEHL®R/LQUWHUDFWINDDRILY X

7TRUU 6XUIDFH PRUSKRORJ\ WUDQVIRUPDWLRQV 6 XUl
GRL M VXVF

@ 0 6DULU < & YDQ 'HOIW 5 6XPEKDADHDXP UHIBHWMWD J$R IGPH?
LQ D EHQFK VFDOH PHPEUDQH UHDRWR & DWDOHODB®GDWLF ZRUN
GRL M FDWWRG

@ +: $EX (O +DzZzD 6 1 3DJOLHUL & HVORUUBESOLFDWDRE RI
5X FRPSRVLWH PHPEUDQH WR K\GURJHQ SRRWGXEM LWRHD EWRL K¢
3XULlI 7HFKQRO * GRL M VHSSXU
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@ +: $EX (O +DZD 6 7 % /XQGLQ \1 6WSBDWNLHWKIIRXHdADMRDP

3G$X PHPEUDQH UHDFWRU /RQJ WHUP DVVHVVPHQW ,QW - +)
GRL M LMK\GHQH

@ 6 . 5\L & % /HH 6 : /HH - 6 PHMHPNUD® IEIDQG LARVP KR\ KW
PRGXOH IRU SUH FRPEXVWLRQ &2 FDSWXUH (QHUJ\
GRL M HQHUJ\

@ & - 3DQ 0 & 7VDL : 1 6X - S5LFMHIJDHKENBOHZRHKNQS$ .%
+ZDQJ 7XQLQJ H[SORLWLQJ 6WURQJ OHWBW HXB SRR XYWEDMDI
- 7DLZDQ ,QVW &KHP (QJ + GRL M MWLFH

@ 4 )X 7 :DJQHU ,QWHUDFWLRQ BRYHYNVQRMWU RFMGH N & UR B WHD
5HS + GRL M VXUIUHS

@ ( )HUQDQGH] $ +HOPL . &RHQHQ $- 3DHFEHERBH|DQDNDBLYLH

6LQW $QQDODQG ) *DOOXFFL 'HYHORSEHQ@WHV MKLQD GG & JH
PHPEUDQH UHDFWRUV LQFOXGLQJ :*6 UHODWHG JDVHY ,QW -
GRL M LMK\GHQH

@ < +XDQJ 5 'LWWPH\HU 3UHSDUPPSIRRQ WIQ G IFEO D G E X P H]|PE
VLOQWHU PHWDO VXSSRUWY ZLWK WIFHWIDRP IGA IEXVIR@U-D OBIPEV

* GRL M PHPVFL
@ 6 - 7TDXVWHU 6 & )XQJ 6WURQJ RHW¥DBIODYR®IRW KH LEVDHDWD A~
JURXSV ,,$+9% - &DWDO * GRL

@ $ .DULP 7 &RQDQW $ 'DW\H 7KH URDISDRIWIGOP VO DR\R
VHOHFWLYLW\ IRU VWHDP UHIRUPLQJ RI PHWKDQRO -
GRL M MFDW

@ 0 %RZNHU 3 6WRQH 3 ORUUDOOV 55 6PMRMX & IPMIQHWWX
0 +DOO ORGHO FDWDO\WW VWXGLHV WRDFWKRQV VYR QIF IR HWWD
LGHQWLILHG E\ 670 RQ 3G QDQRSDUWLFOHV RQ+7L2 -
GRL M MFDW

@ 5 1DXPDQQ GI$OQRQFRXUW 0 )ULHGUUFKGLHVXONHIWKDQFR
BKDR 0 BFKXVWHU 0 %HKUHQV 5 6FKO|JEHMWIHRQJISPHODGL
DQG LURQ R[LGH DQG WKHLU HIIHFW RQ &2 R[LGDWLRQ
GRL M MFDW

@ - 6KX % 3 $ *UDQGMHDQ 6 .DOLDJXQQIV\PRWWDQF 3/GVHD@
$J SRURXV 66 PHPEUDQH UHDFWRUV $SSO &DWDO *HOQ

@ ) *DOOXFFL / 3DWXUJR $ )D®WXG\%OWLRH 0H SHWDIQPHH 6@ W B DF
SHDFWLRQ LQ D 'HQVH 3G $J OHPEUDQH 5HDFWRU QG (QJ
GRL L H D

@ - 7RQJ / 6X < .DVKLPD 5 6KLUDRXOW®XQGHHRXY O0DWYRWYXW D
7KLQ OHPEUDQH RQ $V\PPHWULF 3RURXS8SOWPDWYQREV7BWHHO
+\GURJHQ IURP 6WHDP 5HIRUPLQJ RI OHWKDQH ,QG (QJ &Kk
GRL LH X
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@ & 6 3DWLO O YDQ 6LQW $QQD CHHEGPHBEW D.QXH SUHHIVF W& X L IGRL
K\GURJHQ SURGXFWLRQ YLD PHWKDQH VWHDRRQ DIRG PRRGH Q|
YDOLGDWLRQ &KHP (QJ 6FL + GRL M FHV

@ < &KHQ < :DQJ + :X * :LRQJ (IILFLR®WQ BWRGRPWIRQ RA
UHIRUPLQJ LQ SDOODGLXP PHPEUDQH UHDFWRU #$SSO &DW
GRL M DSFDWE

@ $ ,XOLDQHOOL * ODQJROLQL 0 OHRDOFRLIEREDPS$D QMDWL C
SURGXFWLRQ E\ ORZ SUHVVXUH PHWKDQH VWHDIFRVRHIRYAUQD |
EDVHG FDWDO\VW ([SHULPHQWDO DQG PRGHOLQH# ,QW - +\(
GRL M LMK\GHQH

@ $ %DVLOH 6 &DPSDQDUL * ODQJROIQXRBL ,X0LHQNOFR

3LHPRQWH OHWKDQH VWHDP UHIRUPLQS$Q @[3 HBBLFSH QRWHIPE U/DAOX
UHDFWLRQ SUHVVXUH LQIOXHQFH DW PHBBOH WHPSHUBDWXUH

GRL M LMK\GHQH

@ 0 6DULU < & YDQ 'HOIW 5 6XPEKDADHDXP UHIBHWMD J$R IGHH"
LQ D EHQFK VFDOH PHPEUDQH UHDRWR & DWDOHODB®GDWLF ZRUN
GRL M FDWWRG

@ 7 . XPH < ,NHGD 7 ,VHNL + <DNDEBNBJLZDRQDMWR 8BHUIRRY
HYDOXDWLRQ RI PHPEUDQH RQ FDWDO\VW PRGROHJDR/U [KQWUR
+\GURJ (QHUJ\ * GRL M LMK\GHQH

@ $ ,XOLDQHOOL 3 5LEHLULQKD $WHDPGCHWIRUPKOQYLEAW OV
JHQHUDWLRQ YLD FRQYHQWLRQDO DE® HPH PEX\DWBIL Q H DG WRU V5
+ GRL M UVHU

@ $ %DVLOH $ ,XOLDQHOOL - ™WRKH FRQYHREURQHRU I? Bl PVKR
WR K\GURJHQ LQ OHPEU 5HDFW (QHUJ\ $SSIDLVEKDYPLF &KHPS 3|
* GRL %

@ $ ,XOLDQHOOL & B3LUROD $ &RBDMLOMW *DO:OWHU 0DYHWDRA I
UHDFWRUV LQ OHPEU G5HDFW (QHUJ\ $SXBOPLAKMIFI&KHP S3UR:

GRL %
@ / &RUQDJOLD - 0~QHUD ( /RPEDVUWR S5BPOH@WELXEYDQERW
WHPSHUDWXUH :*6 PHPEUDQH UHDFWRUV ,QW - +\GURJ

GRL M LMK\GHQH

@ 9 *U\D]JQRY OHWDO FRQWDLQLQJ PHMBXLGHK\GRIR IWKH DG
UHFRYHU\ Rl K\GURJHQ LVRWRSHV 6HS 3XULI 5HY +
@ 90 *U\DJQRY 0 * 60LQINR 6HOHHR®YLSRWRXVQPHPEDDQHW [
'LVFXVV &KHP 6RF GRL GF

@ 90 *U\DJQRY 0 0 (UPLORYD /6 ORURIJRYD 1 & BRNKBRRYD
(0 6DYLWVN\ 1, 3DUIHQRYD 3DOODEBQNPDOOR\VWY IKQGKARLF
DQRG GHK\GURJHQDWLRQ UHDFWLRQV - &RPPRQ OHW

@ -1 $UPRU &DWDO\VLV ZLWK SHUPSS® M FWDWHD AQAQRUJIJDQLK
GRL 6
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@ - 6KX % 3% *UDQGMHDQ $ 9 1HVADHOO®GLX®LBDDXHGH P A
UHDFWRUV $ UHYLHZ &DQ - &KHP (QJ + GRL

@ * 6DUDFFR 9 6SHFFKLD &DWDGEWREFV, QRUHDVKQW qHPHEWILCHIH
2SSRUWXQLWLHYV &DWDO 5HY * GRL

@ -1 $UPRU OHPEUDQH FDWDO\VLV R:EHUBRIQOH'LWE QWP O ZKR\G
* GRL 2

@ 7 ,QRXH < 7DQDND '$ 3DFKHFR 7DQUKDRNDO 66X{RRDND zZax
OL]XNDPL 'LUHFW SURGXFWLRQ RI K\GURJHQ SHUR[LGH IUR

PHPEUDQH SHUPHDWLRQ PHFKDQLVP &KHP (QJ 6FL
GRL M FHV

@ 0 ,WRK . ODFKLGD * $GDFKL $PPRQL® 3XRBXEW KB ERK\D
8VLQJ +\GURJHQ SHUPHDEOH OHPEUDOQH &KHP ITHWYV
GRL FO

@ 0 ,WRK 0O 6DLWR 1 7DMLPD . OD®KI$GRPEFPRGLIIR &MNQWKISE
JURP 6LOYHU 3DOODGLXP $OOR\ OHPEUDQH ODWHU 6FL )R
GRL ZZ2Z VFLHQWLILF QHW 06)

@ 6 ORULPRWR + <XNDZD 7 1DPEXRI <lH@ZXYBPRFROQ L) B W K BIL
3URFHVV 8WLOL]LQJ 9DQDGLXP %DVHG +\GHWROP@ HBWHUPHUDEDH

* GRL PDWHUWUDQV 0%:
@ . 6DWR O 1DWVXL < +DVHJDZD JJUHIPEDDOQWLRRPRLQRKED
3DOODGLXP OHWDO DQG )$8 =HROLWHRIRUWRWWDOYWDRWVWHPEUD (
GRL PDWHUWUDQV 0)

@ O OL\DPRWR 5 +D\DNDZD < ODNLQRDQXPOPL&26 P3HWPK DD DO/
FRPELQHG ZLWK 1+ GHFRPSRVLWLRQ BGLRHFEWBQH VHSB WRW L
+\GURJ (QHUJ\ * GRL M LMK\GHQH

@ . 6DWR 6 1LzZzDD 7 +DQDRND . .RPXWUIHFW ¥DEEREO D WILR
OHWK\O %HQ]J]RDWH WR OHWK\O 6DODRODOWEFRNRBYLEDWED 3/ WA
* GRL % &$7/ E

@ 6 1LZD O (VZDUDPRRUWK\ - 1DLUIBGPBDM) DOL]WRKPL+ HBRR
6WHS &RQYHUVLRQ RI %HQ]JHQH WRDBEH QGRFAAZQWH D 3DOODGEXI
GRL VFLHQFH

@ + 2ULWD 1 ,WRK 6LPXODWLRQ RIWSKBDQR® RRBEDWQR QU HDR
LQLWLR SHULRGLF GHQVLW\ IXQFWLRQDO VWXGH# $SSO
GRL M DSFDWD

@ 5 'LWWPH\HU / %RUWRORWWRURRIBUWIFDW RR Q@ R G VWKH FEDMNQ
GLUHFW K\GUR[\ODWLRQ RI EHQ]JHQH WR BKHQR/G X\WWHQG R E GRH
FDWDO\VW V\VWHPV $SSO &DWDO *HQ * GRL

@ : :DQJ % OHQJ : 7DQ ; =KDQJ 6 =K®D@WLRQ RIX % HQHFWN
3KHQRO 8VLQJ 3DOODGLXP+7LWDQLXP 06ILRELFDMH. VB H D=FHARFOLWLW H,
&KHP 5HV + GRL LH H

@ - 2ND]DNL 7 ,NHGD '$ 3 7DQDND O6D3WR 7PQFRXNDPDN X L
6X]XNL B6WURQJ ,QWHUDFWLRQ DW WKHPEDOQBIGE X P LYPDIX P L@ D]
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SHUPHDWLRQ Dw (OHYDWHG THPSHUDWXUH &KHP [HV
GRL FO

@ - 2ND]DNL 7 ,NHGD ' $ 3DFKRFR 7DQDNDXLO0.$ 600RRD)7DL]>
70 6X]XNL ,PSRUWDQFH RI WKH VX®SRRWS RDMWWH LFCHP BQD @/ K
VWHDG\ K\GURJHQ SHUPHDWLRQ DW HA@KMPWBIGVWHPSHUDWXUF
GRL E I

@ - 2ND]DNL 7 ,NHGD '$ 3 7DQDND]XNDEFOLWRQ7L® Y&X]W N LD V)
WKHUPDO VWDELOLW\ RI WKLQ SDORDGKIXFP¢WBFSHUDW®EH F
VHSDUDWLRQ - OHPEU 6FL + GRL M PHPVFL

@ - *XR + /RX + =KDR ' &KDL ; =KHQRYHU QHFRUYMLGDWD
VXSSRUWHG RQ PDJQHVLXP DOXPLQDWH VSLQHOV $SSO
GRL M DSFDWD

@ < + :DQJ + 0 /LX % 4 ;X 'XUDEOHKRZL WHPRBPWPIO RRIWRHW

$FWLYLW\ DQG PHWDOxzVXSSRUW LQWHUDFWLRQ - ORO
GRL M PROFDWD

@ % ( +LOO 6 7 OLVWXUH $WRPLFGXFMAHR QHAKDQANPY ODIJ G
$OXPLQDWH 6SLQHOV - $P &HUDP 6RF + GRL

@ &ROODERUDWLRQ $XWKRUV DQG HGLWRQWW.IX®W KH LGRIO ORI
FU\WVWDO VWUXFWXUH ODWWLFK SDUDPGHWHXOI W KB PDWPADOOH Ul [ S

(GV ,,9, 9,, &RPSG B6HPLPDJQ &RPSGHLEGHHDEHWHU IHUGB]
GRL B

@ - 6KRX <RQJ / /L %LQ + 1LQJ .DQJ RQ QDWW LERIQRR QW Y\HD/MN
$0 VSLQHOV - ODWHU BFL /HWW + GRL $

@ +: $EX (O +DZD 6 7 % /XQGLQ 6 RX3ODULIUL7EH HIUDRHC
KHDW WUHDWPHQW RQ WKH WKHUPDOVVWDEHREW\6RL 3G FRPS
+ GRL M PHPVFL

@ 6 7 % /XQGLQ 16 3DWNL 7 ) )XHUVMWRQ Bl KROGRIHQ 0 X[
SDOODGLXP PHPEUDQHYV E\ SUHVVXUH=*DQEXFXGI A WURBHAWKWU I
* GRL M PHPVFL

@ 6 %UXWWL 6 3DQHUR $ 3DRPBQHLWXFEFPWWRODQIHJIILBROQI
6LOYHVWUL / )DULQD 3 5HDOHS$Q@RGCHVGHEY DM KILXKL S&MHSODOAL V
) XWXUR LQ SLFHUFD GL %DVH ),5% ’ SURMHFW &k
GRL FKDOOH

@ O0: &KDVH 1DWLRQDO ,QVWLWXWH Rl 6W®WGDUGEN -PIFE
WKHUPRFKHPLEDO WDEOHV WK HG&PHEPHULE D Q VAKIHP X RIHO RE R3KL
1IDWLRQDO ,QVWLWXWH Rl 6WDQGDUGY DQG 7THFKQRORJ\ :DVKL

@ & - HEE $ UHYLHZ RI FDWDO\VW BOK\IQRHE P VW RV XP KD G
3K\V &KHP 6ROLGYV + GRL M MSFV

@ 5 - )UXHKDQ /- ODUWRQLN 7KH 5DWH\RDOG GXEWQRQYRI 0J
- GRL %)
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@ 0 6DLQ] $ OD]JIRQL ( $JOLHWWILFD3O &MADKIO@HWR RAK
0J2 $0 2 XQGHU VWURQJ UHGXFLQJ FRQGLWLRQV ODWHU
GRL M PDWFKHPSK\V

@ ( 9HOHFNLV 5. (GZDUGV 7KHUPRGWRPRL F DSUORGEHUPWKNGW |
QLRELXP K\GURJHQ DQG WDQWDOXP K\GURJHQ -  3K\V
GRL M D

@ '$ &RRQH\ - ' :D\ & $ :ROGHQ $ FRPSDWEIMRWRRWXG %8 &
PHWDO FRPSRVLWH PHPEUDQHV IRU K\GURJHQ SXULILFPWLRQ
GRL M LMK\GHQH

@ < ODWVXPRWR + <XNDZD 7 1DPEX OXDWDRLWIX KiZEDQV
HPEULWWOHPHQW LQ JURXS PHWDOV X\DHVG RRU KOG $BYH G \\GH
3URG 6WRUDJH 'LVWULE ‘RRGKHDG 3XEOLVKLQJ
GRL

@ + <XNDZD 7 1DPEX < ODWVXPRWR HG BOVORY RHPERXGH VP
KLJK K\GURJHQ SHUPHDELOLW\ DQG VWORPHQWHVLYWP®F H +WR
3URG 6WRUDJH 'LVWULE ‘RRGKHDG 3XEOLVKLQJ
GRL

@ ,3 ODUGLORYLFK ( (QJZDOO < + 0D) WMISH CGRHEFHLFH B |
VXUIDFH WRSRORJ\ RI DV\PPHWULF 3G SRUWDOL YDWDLR@HVV V\
+ GRL 6 :

@ ./ <HXQJ -0 6HEDVWLDQ $ 9DU®PRURKFRIRSBVHSB UDHNPLERX
&DWDO 7RGD\ * GRL 6

@ 56 O6RXOHLPDQRYD $ 6 OXNDV\DQ RQ IPUFRIRYVWIHERMWXBRH I
FRPSRVLWH PHPEUDQHV VI\QWKHVL]HG EVOHMHPEHFWIFROHVYV SODV
* GRL 6

@ $ /L : /LDQJ 5 +XJKHV 5HSDLU RHAEBBQHSGRQWRPQRY LW
6HS 3XULI 7HFKQRO + GRL 6

@ * =HQJ $ *ROGEDFK + :X 'HIHFW SRID@®W QSIOIDWBQJIPHPEHDBI
+ GRL M PHPVFL

@ -' D\ 2 +DWOHYLN OXOWLOD\HHUWD)XOO PHP BUD QWW DBQQNG ARF
PDNLQJ DQG UHSDLULQJ WKH VDPH 86
KWWS 2727ZZ JRRJOH FRP DU SDWHQWYV 86 DFFHVVHG 0D

@ 6 . 5\L - 6 3DUN . 5 +ZDQJ & %RI/BK EDV.HGHHR PSR\
PHPEUDQH E\ SROLVKLQJ WUHDWPHQW , QW - +\GURJ (C
GRL M LMK\GHQH

@ 1 /X ' ;LH ) :DQJ 5HSDLU RI SD/OBDDBHWRD @6 PE WD QI WPLRRGY
, QW - +\GURJ (QHUJ\ * GRL M LMK\GHQH

@ 6 3DwWL 5% -DW 6. OXNHUMWHR®@ & W3CAJLKRIDW K HDP Q | SUDIJF
3G+$J DQG 3G*$J+&X DOOR\V DV K\GURJHQ &XWL % RORNLGRHQ ¥ H
ODWWHU * GRL M SK\VE
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@ + +D\DVKL 7 6DLWRX 1 ODUX\DPD RULQDEBUPDODHDPPXQI
FRHIILFLHQW RI \WWULD VWDELROWIBQWVFRBK DL G RAINDIMH. RXY \
GRL M VVL

@ +: $EX (O +bzD 6 1 3DJOLHUL- &RXJO®PWULM $GHQWDLOH D
WKHUPDOO\ VWDEOH 3G DOOR\ FRPSRXUWHD BEGEEDWHRQ\R U- KO

+ GRL M PHPVFL
@ ) *XD]]JRQH < + 0D /HDN JURZWK PHF MW B UHSBEASREL)
HOHFWUROHVY GHSRVLWLRQ PHWKRG $,&K( - + GR
@ - &DWDODQR ) *XD]JRQH , 3 ODUGDORYGEBRJIHQ 3.\DROE AWMLV
/IDUJH 6FDOH :DWHU+*DV B6KLIW 3G YOIFWWHRGU & DQVED O(\QWL F& B H PE (5
+ GRL LH
@ + /L $ *ROGEDFK : /L + ;X 3% &G FPHPEWDRG LG XOMOIDVW &
+ &2 PL[WXUHV - OHPEU B6FL + GRL M PHPVI
@ + /L -: 'LMNVWUD -$ = 3LHWHUVH -DOARIRQ 7TRZDYDY GHQ

GHPRQVWUDWLRQ RI K\GURJHQ VHOHFWLEIHWPRQEHDRHW RIU:*
FRPSRQHQWY RQ WKH + SHUPHDWLRQ WKURXJKEWKBHH 3G PHP
* GRL M PHPVFL

-5 5RVWUXS 1LHOVHQ 7 5RVWUXSGAGAXHWVRQ &DWWHRHD OH
* GRL D

@ $ %DVLOH 6 /LJXRUL $ ,XOLDHWRODQH OVHWPED P QM- IRRPRW R L
OHPEU S5HDFW (QHUJ\ $SSO %DVLF &KHP 3URG $%OVHYLHU

@

@ :/ (EHUW - . %DWHV :/ %RXUFLBWH 740HVWH UDWVYRQ R IOE]
DQG VWHDP DW f& :DVWH O0DQDJ * GRL
@ & ODUWLQ , S5LEHW 7 $GYRFDW VHOSHHWDRNLIER QD R/IU D[ XIC

+\GURWKHUPDO &RQGLWLRQV LQ 6\PSJ--;8996FL %DVLV 1XFO
SDJHV GRL 352& --

@ - 1HHZD\ $ $EGHORXDV % *UDPERZ 6 G6FKXRDRRHW & O0D!
*LQ 3 )UXJLHU 9DSRU K\GUDWLRQ RI 621% NO@WW LIFURR XG &
FRUURVLRQ SURGXFWV LQYHVWLJDWLRQ - 1RQ &U\VW
GRL M MQRQFU\VRO

@ 0 - 8OLQH '6 &RUWL 7KH $PPR® L(DF I8 SQW RIDV MMR 5W B W HR €
3ULQFLSOH DQG (IIHFWV RI 1IRQLGHDOLW)\ - &KHP (GXF



