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7KH URMW U X FR\LXY/WRJE H U
LQFUHDVLQJ WKH DFWL
R[LGH DQG PDQJDQHV
ZDWHU R[LGDWLRQ FI

E\

+DQQDK -D\QH .LQJ

%DFKHORU RI 6FLHQFH +RQRXUYV

6 XSHUYLVRUV 'U 5RVDOLH . +RFENLQJ SULPL
SURI 3HWWHFR@GID U\

7TKHVLV VXEPLWWHG IRU WKH GHJUHH RI '"RFWRU RI 3KLOF
7TKHVLV VXEREWMEHU LQ

-DPHV &RRN 8QLYHUVLW\
'LYLVLRQ RI 7TURSLFDO (QYLURQPHQWY DQG 6R
&ROOHJIH Rl 6FLHQFH DQG (QJLQHHULQJ
6FKRRO RI &KHPLVWU\



&RS\ULJKW 1ROGDFHDDQGF
'"HFODUDWLRQ

<« 7TKH DXWKRUFHSW DV SURYLGHG LQ WKH &RS\ULJKW $FW
UHSURGXFHG LQ DQ\ZIRWPWHWERNPLWKHRQ RI WKH DXWKI
PDGH DOO UHDVRQDEOH HIIRUWY WR SIRXM\HF RRSWH DIK W QS
LQ WKLV WKHVLV DQG KDYH QRW NQRZLQJO\ DGGHG FRS
RZQHUYTV SHUPLVVLRQ

/KLY WKHVLV FRQWDLQV QR PDWHULDO ZKLFK KDV EHHQ C
RU GLSORPD DW DQ\ XQLYHUVLW\ RU HTXLYDOHQW LQVWL
DQG EHOLHI WKLV WKHVLV FRQWDLQ VVQHRQPBWHLR W K H3IM & A
HIFHSW ZKHUH GXH UHIHUHQFH LV PDGH LQ WKH WH[W RI




SEVWUDFW

7KLV WKHVLV FRQVLVWY Rl DQ LQWURGXFWLRQ &KDSWHL
&KDSWHUV DQG &KDSWHU H[DOLRHVFREDRWGRI[L
&KDSWHDPLQHV GLVRU®HUNH ® EQUMPWWHVRHLGHY DQG &K
KHW H U RIHNGL BWRIE D O W R MEBAXO HF DQRFKHPLFDO VWXG)\

&KDSVERWBI VHQW V YDH U WKKAERVRWHVW X G\ IRU D VHULHV R
KHWHURLINGLWREDOW R[LGHV ZLWK WKH DLP RI H[SODLQL
GLVRUGHU LQ .DQDQ DQG 1RBHY DK MVKHIROH & R\EBIOND W[ & F
SKRVSKDWH HOHENW BRR U MOIMWVHWG PENE KREBIOWR JR QIGMHV |
V\Q W K HHY LVIMREXD O O BEH DPWPKLQWUXFWXUDO FKDUDFWBULVDW
DEVRUSWLRQ VSHFWURVFRS\ :;$6 DQG WUDQVPLVVLRQ
UHODWLRQVKLS EHWZHHQ WKHUPRG\QDPLF VWDELOLW\ I
PHDVXULQJ WKH R[LGDWLYH VWUHQJWK RI HDFK PDWHUL
+2

W ZDV FRQFOXGHG IURP WKLV VWXG\ WK DWLBRRGSKD
WKH QDQRFU\WWDOOLQH XQGRSHG FREDOW R[LGH PDWH!
PDWHULDO ZLWK WQHM@IWIKFEQWRERBGERPBKDWH GRSLQJ !
GHFUHDVHG WKH WKHUPRG\QDP DR NMW B E D® H\KHRS DIVBGKY KIEED)
ZLWK ZW SKRVSKDWH GRSLQJ WR EHFRPH D VWURQJHL
FDWDO\WW 7KLV ILQGLQJ FKDOOHQJHG WKH FRQWHPSRU
R[LGH ZDWHU R[LGDWLRQ FDWDO\VWN@® VY EHOHDIGF 5D IRR
GLVRUGHU ZDV EHQHILFLDO WR R[LGDWLY H DFMH2HGV D &
SXEOLVKHG PDQXVFULSW WLWOHG 3(QOL§HHUREDOGL RRIUG
SKRVSKDWH GRSLQJ ,PSOLFDWLRRDWRHUBDWWK® REMHVDOD
&KHP&DWE&KHP
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&KDSWSUHVHQWYV PHUWYXFWXRIM VWXG\ IRU GLVRUGH!
ELUQHOWMLIWIRDQJIDQHVH ,,, ,9 R[LGHV ZFZWK GWK R UIBIHU HRQ
ELUQHVVLWH SKDVHV DFN PR MW KD RMAGHBBEQOELUQHVYV
GLVRUGHUHGLEHOSKMVHWHRQH ZLWK ' VWDFNLQJ GLVRUG
RUGHU DQG DQ ROGNHM X EVH @HWHL WRIP S UFKBIQNEWHOL VM
E\ ;UD\ GLIIUDFWI$BQDQ® 7(0 7KH WKHUPRG\QDPLF VWDEL(
ZDV TXDQWLILHG E\ H[DPLQLQJ KRZ HDFK PDWHULDO IX¢
R[ILGDWLRQY HFDWDO\WLF GLVSPRIRHWELRGOIWGHUHIG URT
GHJUDGHGGWRLOMVPKRHUHD FWLRQ DXQIEV G XD WLEN. W K & H
DV D FKHPLFDO R[LGDQW ZDWHU R[LGDWLRQ FDWDO\VL
GLVRUGHUHG PDWHULDOV ZHUH DFWLQJ DV GLUHFW R[LGLI

7KLV VWXG\ VXJIHWRHG HUKBWPW®&HDQHVH R[LGHV ZH
FDWDO\WWV EHFDXVH WKH\ ZHUH VWURQJHU FKHPLFDO
JHRFKHBLRBIOF\FOH EHWZHDIQG WKIRWQRQWHY &RQVHTXHQV
VXJIJHVWHG WKDW WKH FREDOWR R KL@GRHNV P RBVLEEWL B \\DH BIHGE
WKDW DPRUSKRXV PHWDO R[MBISY IFROUWPDD \FO/D/V V7 IRH UM 8 R
KHWHURJHQHRXV PHWDO R[LGH FDWDO\WWW.W¥ RDLVGDMQH H. A
FDXVHG WKH EXONGH RIXWMHRH\N D OWR ZEHV HQ YRR[Q & B @&/ LLRIQ WK
DQG QRWVMKVMFMVRBWHULDO 7KLV FKIDBMHZW G \D BB VSIGE B
PDQXVFULSWV LQYHVWLJDWLQJ PDQJDQHVH R[LGH ZDWHU

&EKDSVBHHVHQWY QWKEKXKWHYLVQOWLRQ RI D QHZ VSHFWUR
WKH LQYHVWLIJDWLRQ RI HOHFWURFKHPLFDO DQG SKRWRFE
LOLWSS6 HOHFWURFKHPLFDO H[SHULPHQWY G6SHFLILFDOO\
UHDFWLRQ PHFRDKHWRUW MY ERBEDOW R[LGHVDQEHWR TXI
LOQGXFHG SKHQRPHQRQLRQVWRWKDWWEH ZILWIXKWWKE Rl WKHVH

7KH VWXG\ FRQFOXGHG WKDW HLWKHU KLJK R[LGDWLR
LQ WKH FDWDKHWHE RIMHFRMEDOW R[LGHV *RQ WK D WHG K Bl W
LV WRR VKRUW OLYHG WR HYHU EH GHWHFWHG E\ ;$6
SKRWRR[LGDWLRQ SKRWRUHGXFWLRQ DQG SKRWRGHSR)
SDUDOOHO KDWKWWKHH FMEXG\ 7KLV FHKMHSYW HDHLOV EQF X R,
PDOQXVFULSW WIQNCEHGE G3RRWRYFDOH DQG HOHFRNWXGH H|
; UD\ VSHFWURVFRSLF DQDO\VLY RI HOHFWURFDWDO\VWYV
&
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7DEORBRRIWHQW YV

&RS\ULJKW 1RWLFH DQG 30DJHULVP "HFODUDWLRAQ

$EVWUDFW LL

7DEOH RI &RQWHQWV LY
3XEOLFDWLRQ 5HFRUG YLLL
BWDWHPHQW $FNQRZOHGJLQJ WKH &RQWULEXWLRQ RI 2Wk
3HUVRQDO $FNQRZOHGJPHQWYV [LL
$FNQRZOHGJPHQWYV IRU *UHBKWQL FIYD 6 & ¥ SIRQGV [LLL

ILVW RI JLIXUHYV [LY

JLVW Rl 7DEOHV [L]

/ILVW RI 6FKHPHYV [

EKDSWAHIRDWURGXFWLRQ
JRVVLO IXHOV UHQHZDEOH HQHUJ\ VRXUFHYV
6RODU SRZHU VRODU IXHOV
:DWHU VSOLWWLQJ
:DWHU R[LGDWLRQ FDWDO\VWYV
$ EULHI KLVWRU\ R KHWHURJHQRXV PHWDO R[LGH V
OHWDVWDELOLW\ DQG SDUWLFOH VL]H HIITHFWV LQ Q
&KDUDFWHULVDWLRQ RI QDQRSDUWLFXODWH GLVRU(
%LUQHKOVWHVRABPYHDR[LGH ZDWHU R[LGDWLRQ FDWDO\\
+HWHURJHQHWREDOW R[LGH ZDWHU R[LGDWLRQ FDW
7TKHVLVY UHVHDUFK REMHFWLYHYV
&KDSWHU UHIHUHQFHYV

&KDSWAHWILQHHULQJ GLVRUGHO UNHVRREBDW WUR[LHMMVEN
SKR\DSXKH GRSLQJ ,PSOLFDWLRQV IRU WKH GHVLJQ
R[LGDWLRQ FDWDO\VWYV

$EVWUDFW
&KDSW#BXEOLFDWLRQV
&KDSWHYDEOH Rl FRQWHQWYV
,QWURGXFWLRQ
([SHULPHQWDO
B\QWKHVLV[RI &RALHV
6\QWKHVLYV Rl EXON KHWHURJHQLWH

LY



 QGXFWLYHO\ FRRWRRGFSOPMPDLRQ VSHFEWURVEF
&% (6
3RZGHWD)\ GLIIUDFWLRQ ;5'°
. UD\ DEVRUSWLRQ VSHFWURVFRS\ :$6
7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0
YRXULHU WUDQVIRUP LQIUDUHG )7,5 VSHFWURYV
6FDQQLQJ HOHFWURQ PLFURVFRS\ 6(0
% U X QDPAHUNMO OHU % (7
,QGXFWLYHO\ FRRBOW & SHODVP®S/FRS\ &3
BFUHIQ QWL BDWR2HOHFWURGHV
(OHFWURFKHPLFDO H[SHULPHQWYV

&\FOLF YROWDPPHWU\ &9

7DIHO SORW

([ VIR WOVXUHPHQW RI ZDWHU R[LGDWLRQ FDWD
ZLWK K\SRFKORULWH &O0O2

OHDVXUHPHQRV LRSI DARLY H VWDF\QUR®E ELW K
K\GURJHQ SHUR[LGH +

5HVXOWVY DQG DQDO\VLV
BWUXFWXUDO FKIDWRIF&RZVHDWHR Q
, &35 (6
;9"
7(0
;36
)7.5
6(0
% (7
':DWHU R[LGDWLRQ FDWDO\VLV
&KDUDFWHULV D WIIRIQD R/HRSOKSARIA_DHDH/Q
(OHFWURFKHPLFDO DOGDOQWMINCRBERKH VFUHFE
PDWHULDOV
([ VIRMOVXUHPHQW Rl ZDWHU R[LGDWLRQ FC
UHDFWLRQ ZLWK K\SRFKORULWH &O2
OHDVXUHPHQRV LRSI DARLY H VWDF\WQURE ELW K
+2
'LVFXVVLRQ
&RQFOXVLRQ
&KDSWHU UHIHUHQFHV

&KDSWHWXFLGDWLQJ WKH UROH RI VWUXFWXUDO GLVRUG
DFWLYLW\ RIOENWHQMH/YLMHHVH R[LGHV

$EVWUDFW
&EKDSWHBXEOLFDWLRQV
&EKDSWHWDEOH RI FRQWHQWYV




, QWURGXFWLRQ
([SHULPHQWDO

6\QWKHVLV RI PDQJDQHVH R[LGH PDWHULDOV
6\QWKHVIM AP
B\QWKHVLV ®RQ2 3L
6\QWKHVIELWRQHVVLWH
6\QWKHVLV Rl S\ UROXVLWH

,QGXFWLYHO\ FOVSROMIF HPDRVRDRQ VSHFWURVFR

, &3P (6

,RQ FKURPDWRJUDSK\ ,&

- UD\ DEVRUSWLRQ VSHFWURVFRS\ :$6
3UHSDUDWLRQ RI PDQJIRQUHAH R[LGH VDPSO}
3UHSDUDWLR@Z2RQ KIBRFKORULWH IRU :$6
3UHSDUDWLRBQLRIWHGHOHFWURGHV IRU :$6
3UHSDUDWLRG\WRIPSX2HV IRU :$6

3RZGHWD) GLIITUDFWLRQ :5'

7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0

% U X Q DPXFHURNMO O4H O

&KHPLFDO ZDWHU RPLGDWLRQ XVLQJ &H

(OHFWURFKHPLFDO H[SHULPHQWYV

)DEULFDWLRQ RI HOHFWURGHV IRU HOHFWURFK
6FUMHQQWLQJ
'URS FDVWLQJ

OHDVXUHPHQW[IRGMWRYH VWDF\QURE ELW K

K\GURJHQ SHUR[LGH

5HVXOWY DQG DQDO\VLV

BWUXFWXUDO FKDUDFWHULVDWLRQ RI WKH PDQ.
;P56
;5
7(0
% (7

$SFWLYLW\ IRU ZDWHU R[LGDWLRQ

([]| VIPMHOVXUHPHQWY RI ZDWHU R[LGDWLRQ F
E\ UHDFWLRQ ZLWK &H

(OHFWURFKHPLFDO DQDO\VLV
2[LGDWLYH UHDFWLYLW\

OHDVXUHPHQW[IRGMWRYH VWUHQJWK E\ UHDF
ZLWK K\GURJHQ2SHURI[LG

$QDO\VLY RIpR®WG HOHFWURFKHPLFDO VDPS(
'LVFXVVLRQ
&RQFOXVLRQ
&KDSWHU UHIHUHQFHYV

YL



&KDSWAHBIKRWRG XFHG WLPHVFDOH DQG HOHFWURGH HIIHF
insitu; UD\ VSHFWURVFRSLF DQDO\VLV RI HOHFWURF
7KH ZDWHU R[LGDWLRQ FDVH

$EVWUDFW
&KDSW#HBXEOLFDWLRQV
&KDSWHYDEOH RI WRQWHQW
,QWURGXFWLRQ
([SHULPHQWDO
ODWHULDOV
YDEULFDWLRQ R| JROGDNWH FWAKES MW R QY HD
(OHFWURFKHPLFDO SURFHGXUHYV
'HSRVLWLRQ RI FREDOW R[LGHYV
YDEULFDWLREDRH @ LHHMHHFON U R G
6\QWKHVLV RI ;$6 UHIHUHQFH FRPSRXQGYV
. UD\ DEVRUSWLRQ VSHFWURVFRS\ :;$6
&HOO GHVLJQ DQG RSHUDWLRQ
(OHFWURFKHPLFDO DQG VSHFWURVFRSLF UHTXL
6SHFWURHOHFWURFKHPLFDO FHOO DUFKLWHFW)
‘RUNLQJ HOHFWURGH UHTXLUHPHQWYV
5HVXOWY DQG GLVFXVVLRQ
‘RUNLQJ HOHFWURGH VHOHFWLRQ
'DWD UHSURGXFLELOLW\
7KH REVHUYDD\LRQGKIFHG SKRWRHIIHFWV DV D I}
RI SRWHQWLDO
AXDQWLILKMHVERROWRIHOHFWURFKEPLFEDO HIIHFW\
,QWHUS U HWIMW\LIREQESRDI WADK HV KH ZDWHU R[LGDWLR
&RQFOXVLRQ
&KDSWHU UHIHUHQFHV

TKHVLV &RQFOXVLRQV

YLL



SXEOLFDWLRQ SHFRUG

7LWOH (QJLQHHULQJ GLVRUGHU DW D QDQRVFDOH $
LQYHVWLIDWLRQHRIBRRRESKRWBOOLQH VRGLXP EL

3XEOLVK$EKWWUDOLDQ -RXUQDO RI &KHPLVWU\

<HDU

'"HWDLOWROXPH LVVXH SDJHV

$XWKRUSRVDOLH . +RBMIDK] - $LPWHH +HVVRQ 6KDQQRQ $
%HUQW -RKDQQHVVHQ ORQLND )HNHWH /HRQH 6S

7LWOH (QJLQHHULQJ GLVRUGHLL NH V¥R EDWH RRLIG QY. WEH
GRSLQJ ,PSOLFDWLRQ VU RYLW R W IGRHY EDW R 0 L\DWAH

3XEOLVK&KHP&DWE&KHP

<HDU

'HWDLOWROXPH LVVXH SDJHV

$XWKRU¥YDQQDK - 6KIDQUQRQ $ %RQNH 6KHU\ / < &KDQJ
%HURMDQQHVVHQ 5RVDOLH . +RFNLQJ

7LWOH 7XQDEOH %LRJHQLF ODQJDQHVH 2[LGHV

3XEOLVK&KHPLVWU\ $ (XURSHDQ -RXUQDO

<HDU

'"HWDLOWROXPH LVVXH SDJHV

$XWKRUSOH[DQGU 1 6LPRQRY 5RVDOLH . +RFNLQJ /L]KL
7LPRWK\ :LOGDDD®DQQDKQJI6KD BQREKRQNH 'LMRQ
$ +RRYHHQ &KULVWLQH $ 5RPDQR %UDGOH\ 0 7
'LOOLDP + &DVH\ DQG /HRQH 6SLFFLD

YLLL



7LWOH 'LUHFW IRUPDWRPRQGFGHU'FRQGLWLRQV RI ZDWHU R

SXEOLVK#HPHULFDQ &KHPLFPSOOERBELHMQR ODWHULDOYV

<HDU

'"HWDLOWROXPH LVVXH SDJHV

$XWKRUBRVDOLH . +RFNLQJ 5RADDOALOXG -*XRRERGED 6DEUL
SHWHU .DSSHQ &KULVWLDQ 'Z\HU 6KHU\ / < &KDC

7LWOH 7KH R[LGDWLRQ RI SHUR[LGH E\ GLVRUGHUHG PH
WKRRG\QDPLF VWDELOLW\ *E\ SUR[\"

3XEOLVK&KHP3OXV&KHP

<HDU

'"HWDLOWROXPH LVVXH  SDJHV

$XWKRUUYD\DGD 6{DEUQDK - 5RQDOLQG - *XPPRZ )UDQORL)
5RVDOLH . +RFNLQJ

7LWOH 2[LGDQW RU RIWDIMWYWQIRE VWXG\ RI KRZ VWUXF
FKDQJH WKH VHOHFWLYLW\ IRU GLUHFW YHUVXV
PDQJDQHVH ,,, ,9 R[LGHV

3XEOLVK#HPHULFDQ &KHPEERBPARMLBIWRI ODWHULDOV

<HDU

'"HWDLOWROXPH LVVXH SDJHV

$XWKRUUD\DGD &OIEQUQDK - 5RQDOLQG - *XPPRZ ;XQ\X /X
=KDR OLFKDHO 2HOJHP|OOHU 6KHU\ / < &KDQJ !

7LWOH 3KRWRGXFHG WLPHVFDOH DQG HOH@WWREB\H HIIHF
VSHFWURWRRBYFRDGDHFWURFDWDO\WWY WKH ZDV

3XEOLVKRXUQDO RI 3K\WLFDO &KHPLVWU\ &

<HDU

'"HWDLOWROXPH LVVXH SDJHV

$XWKRUY¥DQQDK - ODUQBH )RXUQLHU 6KDQQRQ $ %RQNH
ODQMXQDWK &KDWWL $VNKRKDDQKPDHE® NRNW s L
$OH[DQGU 1 6LPRQRY 5RVDOLH . +RFNLQJ

L[



6WDW H
&RQWU

MQW Z O FAGKIHL Q J

_EXWLRQ RI 2WKH

7KLY WKHVLV §XEEDIWHKKEH R PDQXVFULSWY 7KH LGHDV GHY
WKLV WKHVLV ZDV WKH SULQFLSDO UHVSRQVLELOLW\ RI

VXSHUYLVIERY RARANLQJ
QDWXUM @WYFLF UHVHDUFK DQG

LQWHOOHFWXDO

7KH LQBRWKIRRY RIHFRHFWYV WKH
, KHUHE\ DFNQRZOHGJH
DQG WHFKQLFDO FRQWULEXWLRQV WR HE

&KDSY 3XEOLFDWLRQ WL| 3XEOLFDW| ([WHQWQG QIRW
VWDWXYV VWXGERQW ULEX
(QILQHHULQJ GLV| 3XEOLVKH(
KHWHURQHMRBHEIRA @ | &K HED8KHP | &aRPSOHWWHOGNEE
E\ RKWSKBWIHQJ DQG FKDUDFWH
,PSOLFDWLROQWLIR 3ULPDU\ PDQXWH
ZDWRH UG D W W@ W/
(QIJILQHHULQJ GLV| 3XEOLVKH(
QDQRVFROGHLG@HEG | $XVW - &l SDUWRPGOHRK H (
DQG ;$6 LQYHVWL VWUXFWXUDO F
IPRUSKRXV YHUVX 3ULPDU\ PDE®BYH
QDQRFU\WWDOOL(
BHUQHVVLWH
'LUHRWPIDWLRORRI SXEOLVKH(
XQGHU FRQGLWLR $&6 $SSO SDUW RPGOWHR H (
RLGDWILWRQO\VLV ODWHU VWUXFWXUDO F
3ULPDU\ PDQE‘M&




7KH R[LGDWLRQ R
GLVRUGHUHG HP\H W
PHDVXUHPHQW R
WHUPRG\QWPEREOL
UR[\

3XEOLVKH(
&KHP30OXV

3DUW RPGOE W

VWUXFWXUDO F
 QWHOOHFWXDQ
3ULPDU\ PDERBYE

2[LGDQW RU FDWI
R[LGDWLR®\ Sl \KR
VWUXFWXUH DQG
WKH VHOHFWLYLW
FDWDO\WLF R[LGE
E\ PDQJDQHWH RI[L

3XEOLVKH(
$&6 &KHP
ODWHU

&ROODERUDWLY,
'$6 GDWBURYGG
LQWH U S U BIWMWRDWL
LQWHOOHFW XD
3ULPDU\ PDERYH

3KRWRGXFHG WL
HOHFWURGH HIIHF
LQ VLWDXR VSHFWU
DQDO\VLV RI HOMHK
ZDWHU R[LGDWLR

3XEOLVKH(
- 3K&KHR

&ROODEHRRBRF®Q M
DO VWUXFWXUTL
FKDUDFWHULYD
PDQXVBNIWKR U

7XQDEOH %LRJHQ
2[LGHV

3XEOLVKH(
&KHP (XU

&ROODERUDWLY,|
;$6 GDWBURYEG
LOQWHUSUHWDW

7TKH XQGHUVLJQHG IFEHRMYWWHL AAHFOW K DW LMRMOHFRUUHFWO\ UHIC
RI WKH VWXOKQYWRNY® FROQWULEXWLRQV WR WKLV ZRUN

6WXGHQW 6LIQDWXUKBMXSHUYLVRU 6LJOMWIXUH

+DQQDK -

LQJ

SRVDOLH

+RFNLQJ

[L



SHUVRBRBRNQRZOHGJIJPHQWYV

, VLQFHUHO\ WKDQN WKRVH ZKR KDYH SURYLGHG JXLGDQF
WKLY GRFWRUDWH

, ZDQW WR WKDQN P5RNXSO U REREB LRSS R B R/KXSM MKV R
DQG IRU EHLQJ D PRUDO VXSSRUW WKURXJKRXW WKH \HDL

,ZRXOG DOVR OLNH WR WKDQN RXU HOHFWURFKHPLVW FR(
'U$OH[DQGU u6DVKDY 6LPRQRY 'U 6KDQQRQ %RQNH DQG

, HIWHQG P\ PDQ\ WKDQNV WR 'U 5RVDOLQG *XPPRZ DQG '
LOWHOQBFWHKXBIOQDFDO DVVLVWDQFH

7R WKH ;$6 EHDPOLQH VFLHQWLVWY DW WKH $XVWUDOLDQ
FROODERUDWRUYV , ZRXOG OLNH WR WKDQN \RX IRU \RXU +

WLPH

, ZRXOG OLNH WRRWKBQINY HPHYEX DQB BIRIWY MX S BRAUWLQJ
UHVHDUFK SURMHFW

, ILQDOO\ WKDQN P\ IDPLO\ IRU WKHLU VXSSRUW GXULQJ F

[LL



SFNQRZOHGJPHQWYV IRU -
$Z2DUGY DQG 7THFKQLFDO

7KH ZRUN LQ WKLV WKHVLV ZDV VXSSRUWHG EWBRE $XVV
$XVWUDOLDQ *RYHUQPHQW

, JUDWHIXOO\ DEN QURH\DHHIBUFXQ GX QIGQ QQ F LTUR YOLADHIGS \E\ W K
*UDGXDWH 5HVHBP® FEWSFRRR® &RRN 8QLYHUVLW\

, HIWHQG P\ DSSUHFLDWLRQ WR WKH $XQ\WJWDXORHDING DIFFFKHLL
H[WHQG DGGLWLRQDO WKDQNV IRU ILQDQFLDOO\ VXSSRL

RSSRUWXQLWLHV WRDQW WHQG WWRIHNPHHWLQJV

, WKDQN WKH -DPHV &RRN 8QLYHUVLW\ $GYDQFH $QDO\W
DVZWWWDQFH ZLWK LQVWUXPHQWYV

, JUDWHIXOO\ DFNQRZOHGJH WKH UHFHLSW RI D VFKRODU

, HIWHQG P\ WKDQNV WR WKH 5R\DO $XVWUDOLDQ &KHPLFI
JUDQW WR DWWHQG WKHQF$&, &8HQWHQDU\ &RQIHUH

, WKDQN -DPHV &RRN 8QLYHUVLW\ DQG 6ZRQHE X DMFEHYQLY I
DFFHVV WR WHFKQLFDO LQVWUXPHQWYV

[LLL



[LVW IRIXUHV

&+$37(5

JLIXUH$Q LQIRJUDSKLF LOOXVWUDWLQJ WKH SRZHU DYDLC
UHQHZDEOH HQHUJ\ UHVHUYDHMQ X 7HUDZDWW 7:
JLIXUHBFKHPDWLF Rl HOHFWSJRIAKWPQBEDO ZDWHU
JLIXUH*LEEV IUHH HQHUJ\ GLDJUDPWARSUHOMFWQYRFKHPLFDO
JLIXUH)ORZFKDUW GHSLFWLQJ WKH WKUHH PDLQ W\SHV RI
JLIXUH*UDSKLF VKRZLQJ WKH VFDOH RI SDUWLFOH VL]HV
JLIXUH2UGHRUWMEWDO VW B KB QAN RIHD YGSHV R
VWUXFWXUDO GLVRUGHU RFFXDWV IH)H LROWILBIGV LW L
IRUEDUQHVVLWH VW U WHVXIURH ZIMIFRI W RIW D O O L
J)LIXUH3DUWLFOH VL]H DQG GLVRUGHU VFDOH IURP PROHF
JLIXUH7KBQ&D 2D F WMLYBAHW &6, QD VLQJOH OD\HU IUDJPHQW RI
ELUQHNWEMHH OD\HU RWG MEEW®H M VRIW H
JLIXUH$ VLPSOLILHG KHWHURJHQHRXV HOHFWURFDWDO\W

&+$37(5

JLIXUH3RZGHU ;5" \FRHOFONHUFDV KE VRIQURXBGR LSVH &R 2
DQG g&R23

JLIXUH;5" LPXODWLRQV RI VLQJOH FU\VWDO KHWHURJHQL

JLIXUH7(0 LPDJHV Rl WKBH \&HRZ2L HV

JLIXUH&R HGJH ;$6 VESRHGEOWHMNVHG RQ WKH I&R2 L Q
WUDQVPLVVLRQ PRGH

JLIXUH&R HGJH ;$6 VSHFWUD FRO®DHRMH® QR BRREDOW
R[LGH UHIHUHQFH VDPSOHV LQ IOXRUHVFHQFH PRG

[LY



JLIXUH3 .HGJH VRIW ;$6 VSHFWUDQPRBORKXWKEE2RQ D

VHULHV

JLIXUH*UDSKLFDO UHSUHVHQWDWLRQ RI WKH SDUDPHWH

&R2[ 3 VHULHV

JLIXUH(;$)6 VLPXODWLRQV LOOXVWOB®QLWK WKYRHIGHHRMW V F

RWKH (;$)6 LQWHQVLW\

JLIXUH$QDO\VLV RI WKH (;$)6 E\ EDFN WUDQVIRUPDWLRQ F

YLIXUH
YLIXUH

YLIXUH
YLIXUH

YLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

JLIXUH

WUDQVIRUP GDWD

)7,5 GDWD FRO@REW B G VRIQ WHKR/H

6(0 LPDEROOHRWREG RQ@DQG &R2 DW
PDJQLILFDWLRQ OHYHOV

% (7 VXUIDFH DUH D FPMION %&IRI2P WO WVH V

7(0 LPDFROOHRWRRG R@R2 3 DQG

&R2 3 DIWHU YEUBGWOQRQJ

6(0 LPDERYYD O HFWM B GHFRED® VP RWIHAH. DOV DIWHU
VFUBHQQWLQJ DW PDJQLILFDWLRQ OHYHOV
&\FOLF YROWDPPHWB\ RHWKH &RDDO\VHG LQ

S+ SKRVSKDWH EXIIHU

&\FOLF YROWDPPHWB\ RHWKH &RDDO\VHG LQ

S+ SKRVSKDWH EXIIHU ZLWK VWDQGDUG GHYLLE
&\FOLFPPRIOWJD DQDO\VLE RDRRD\VH G LQ

S+ SKRVSKDWH EXIIHU IRU F\FOHYV

7DIHO SORW FRQWDLQLQJ WHKH37VHLOL WD PSHEV IRU
EXBNWHURJHQLWH

([ VLRMOVXUH RLEDWHRQRFDWDO\VLV XVLQJ K\SRFK
VDFULILFLDO R[LGDQW *DV HYROXWLRQ LV SUHVH
RI UHDFWLRQ

([ VLRMMOVXUH Rl ZDWHU R[LGDWLRQ FDWDO\VLV XV
VDFULILFLPDVRHNMRDXW SUHVHQWHG DV D IXQFWLR
OHDVXUHPHQW RIR§REGDWLYH WADUFHQLIRAOK ZH\W K
K\GURJHQ SHUR[LGH

[Y
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JLIXUH)UHH HQHUJ\ GLDJU FR R SDXIWIUDHV LOHHWKGH U J\ OH
WHKRHWDVWDEOH W UDQgDWLRIBOBQIBVWK HU P R
JLIXUH3RO\KHBGUSRUHVHQWDWLRQ RI WXUHRBDXMMWIHO VWU X FW

U0Q2 DQGELUQHMQW H QW&KISHW RI VWUXFWXUDO
GLVRUGHU RFFXUULQJ L@ W HDPHPEOL RGP HRUDID R[L
ELUQHVVLWH VW U WHVIURH ZINMAERI G\WU RMW D O O L
J)LIXUHOQ .HGJH ;$6FRPFPWDU L3QUQ 2 WRL U Q HAWULXVHV X U H V
JLIXUH3KRWRJUDSK RI WKH JDV EXUHWWH XVHG WR TXDQ\
0Q2 +2 UHDFWLRQ DQG VHTXHQWLDO SKRWRJUDSK\
GLVVROXWLR@QFRRYHWWKH FRXUVH RI  PLQV
J)LIXUHOQ. HGJH ;$6FRMWBIFWHG RQ WKH PDQJDQHVH R[LGF
JLIXUH9LVXIHBUHVHQWDWLRQ RI WKH (;:$)6 ILWV IRU WKH |
JLIXUH2[LGDWWR@/'H FDOFKB® PWORRQQRVH R[LGH PDWHULDO
JLIXUH&RPBULRRQ30Q2DQGELUQHNWR/IBWHFFLDYV FDWDO\VW
JLIXUH;5" VSHFWWRHPWQJDQHVH R[LGHVY DQG D ELRJHQLF
R[LGH VDPSOH
JLIXUH ;5" VSHFWWHOHRFRWHG PDQJDQHVH R[LGH VDPSOHV
VSHFWUD RI ELUQHVVLWH ZLWK GLIIHUHQW ODWW.L
JLIXUH 7(0 LPDJHV Rl WKH PDQJDQHVH R[LGH VDPSOHV
JLIXUH % (7 VXWODARBE PHDVXWKPHRDMVWIRQHVH R[LGH VDPSO}
JLIXUH $FW LR LW JD Q HWHD R BLESHHVMIKHE /W H U
R[LGDWHIRFW LR @ XW IDQBK&HPLFDO R[LGDQW
J)LIXUH 0Q .HGJH ;$6 GDW 3 WRUQAFHIBDRG L
JLIXUH +57(0 LPDJHVPOIQVRBHVH R[LGH VDPSOHV
J)LIXUH &9 GDWD FROOHFWHG RQ WKH PDQJDQHVH R[LGH V
JLIXUH 7KH TXIRQWDW\HYRO Y H GP RPGHHDW RW KRG ROH R
0Q IURP WKH U IDF QEER® IRW HDWDDV
DQG
JLIXUH 7KH TXDQWLW)\ RI JDV HYROYHS&H P PRODHURG DV PR(
0QIURP D UHDFWLRQ EQQRE 9 MIIDKOMRIQWK H+
S+ DQG

[YL



JLIXUH 0Q .HGJH ;$R(I6WLQJOBIVV\ FDUE PR BPOHGE WU REGH
1DILRRDWHB/>@QKHUHGLDU\OSKRVBKLQDWH
WHWUDQXFOMNBWHQ ZKRARWOMBHHRGLIIHUHQW
LVWRBKRWRFKHPLFDO F\FOLQJ

J)LIXUH 0Q .HGJH ;$6/RDWRKIWVL ZOWHWXR[LGDWLRQ UHDFWL

J)LIXUH &H HGJH GDWD F R CDOQHF W VR QHSHUH ILRQ

JLIXUH 0Q *HGJH ;$ MSHFWRODHFWHGPRQ NDIFB\OH R [L G H
ZLWK &BIPSOHV

&+$37(5

JLIXUH3KRWRJUDSK RI D JROG RQ 3(7 ZRUNLQJ HOHFWURG

JLIXUH6FKHPDWLFV RI WKH 6(&

JLIXUH&\FOLF YROWDPPHAWUVYXMWDELOL]HG ILIWK F\FOH
VKRZRDQLFNIH®RGLILHG JROG HOHFWURGH LQ FRQW
$WDWXUDWHDB2 +

JLIXUH&\FOLF YROWHDPRRADD\GRERPRGLILHG HOHFWURGH

JLIXUH6LQJOHH&ERIHUD\ DEVRUSWLRQ VG NRWEEDRR® OHFW H C
R[LGRHY PP WKLFN JODVVWY/"¥®Q ER @ ® QUK &R\

72 3(7

JLIXUH(OHFWURFKHPLFDO DQG VSHFWURDWNRISLF GDWD FR(
PDWHULDOV

JLIXUH(OHFWURFKH@LRBIBROXGBQB ;$6 GDWD FROOHFWHG RQ
&R2,72 3(7 DQG'%,R2 3(7

JLIXUH&KURQRDPSHURFRE@®E, 72 3(7 DQG
&R27% ,72 3(GXULQJ VSHFWURVFRSLF GDWD FROOHFV

JLIXUH,Q VRWXHGJH ;$1(6 GDWR @ ROYOHHFWMHRZ ORDGLQJ RI
&R27® &RP27S + P&FP § QPH® ZDV
HOHFWURR®FRVIWH® FRQWOMBRUIZLDWHK EXIIHU
S+

JLIXUH 1RUPDQ$6H&DWD FROOHFSI\RHGNGRBIREXNV WKH V
SKRWRGHSWYXHWHREDRW R[LGH PDWHULDOV

[YLL



YLIXUH

YLIXUH

YLIXUH

YLIXUH
YLIXUH

YLIXUH

5DZ2%$6 GDWD FEROHFINRNRBRWHWDWYHRXY SKRWRGHSRVLW
RWKH FREDOW R[LGH PDWHULDOV

&P SDULVRQ RI HOHFWSIRRAKEHBRKFOMORPGHSRVLWHG
&Rp27S

7KH LQWHUDFWLRQ RI WKH VI\QFRERWWRQ EHDP
RILEBWHULDOV

2[LGDWLRQOPXDMERPRQP QG &R2
([SDQG@RGHGJ$1 (6 GDMYWMHG LQ R[LGDWLRQ VWDWH
FDOFXODWLRQ
&DOLEUDWXRGF XQ WHRKNMWR] WEHDRMDLARRFX ODW LR Q

[YLLL



I[LVW/IREOHYV

&+$37(5

7DEOH,&35(6 GDWD DQG VIQWKHVLYV FRQGLWLRQV IRU WKH
&R2[ 3 VHULHV

7DEOH6XPPDU\ RI WKH SDUDPHWHUV IRU WKH (:$)6 ILW RI

7DEOH7KH DYHUDJH PDVV RI FREYQW CHKHUMHEGRGER D VLQJ

7DEOH7KH UHJLRQV RYHU ZKLFK WKH 7DIHO VORSHV ZHUH
&R2[ 3 VHULHV

&+$37(5

7TDEOH(;$)6ILRAM .ELUQHVVLBMHWKWL QJ

7TDEOH(;$)6I1LRM 30Q2XVL@IDWKYV

7DEOH(;$)6 1LRM IQ2XVLEIDWKYV

7TDEOH(;$)6 ILRMS\UROXVIL@&EB W KV

7TDEOH2[LGDWLRQ VWDRWH VBID® PO@QOIWQBEYMHOR[LGH PDWH

7TDEOH2[LGDWLRQ VWDWHY FDOFXODWHG IURP WKH DEVRU
DQG DQ DYHUDJH RI WKHVH YDOXHYV

&+$37(5

7TDEOH(QHUJ\ GDWD XVHG LQ WKH R[LGDWLRQ VWDWH FDO

[LI



I[LVWo RKHPHYV

&+$37(5

6FKHPH:DWHU VSOLWWLQJ UHGR[ KDOI UHDFWLRQV
6FKHPH6XPPDU\ RI WKH NH\ ILQGLQJYV LQWROBEKRVSKDWH G
FREDOW R[LGHV

&+$37(5

6FKHPHS$ JUDSKHBLD®MVHQWDANLIIR/AL R Q VIFHONY DE\WZIF H Q
DFWLYLW\ R[LGDWLYH DFWLYLW\ WKHUPRG\QDPLF

&+$37(5

6FKHPH,GHDOLVHG HIIHFWV Rl WKH HOHFWURPDWHULDO 11
VLIQDO DVVXPLQJ QR LQGLUHFW RU VHFRQGDU\ HI

6FKHPH$ VFKHPDWLF SUHVHQWDWLRQ RI KRZ HOHFWURFKI
HITHFW VSHFWURFKHPLB\DL@» 6 DIV X GHRHEY WYWRIFHLQ H R
HOHFWURFDWDO\WLF PHFKDQLVP

6FKHPHS$ YXKDPO JEGHE® HUWEKIKYQVHRIS O DX R WRHD\Q G
UHVLVWDQFH WUDQVSRUW HIIHFWV

[



&EKDSWHU |

QWURGXFWLRQ
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JRVVLO IXHOV UHQHZDEOH HQHUJ'

YRVVLO IXHONHZD DA HQHUJ\ UHVRXUFHV WKDW IRUPHG
IURP RUJDQLF PDWWHU WUDSSHG&DQY BR R SIRIMULFXGHS RV LW\
W R PLOOLR Q \R\DWNOMMRKIRU G® MPBQMYRXUKHRZHY HU

WKHLU H[WUDFWLRQ DQG FRPEXVWLRQ LV XW¥MKVIMOLDEL
HITHFWV RQ WKHVHOKLDARGPHEORQHBLRYLEBOVE&BHIRUHVWDV
SUHFLSLWDWLRQ D& RIRVQKHS HISROGIR\PLEEDPIQGWDDY VU F X U L
RXU SODQHW ZH QHHG WR VXEVWDQWLDOO\ GLPLQLVK R:
HQHUJ\ VRXUFHV WKRWUDOH VRPWERQDQQDE OH 5H@G ZHDFERIGHR P |
HQHUJ\ VRXQUWHDPWHRBRZBWXWDO VRXUFHV RU SURFHVVH
FRQVLGHUHG WR EH FOHDQ DQG L QH{KDXWMQFECSHD N/ RIHUFH
HQHUJ\ UHVRXUFHV DUH VRODU ZLQG ZDYHV $URHQHUJ
VWDEOH DQG UHOHL@HEWDWH VXSPEHRDWLYH IRU D IXQFWLR!
WUDQVLWLRQ WR D VROHO\ UHQHZDEOH HQHUJILHV IXW
UHQHZDEOH HQHUJ\ WHFKQRORJLHYV WR EH LPSOHPHQWHG

6RODU SRZHU VRODU IXHOV

7KH 6XWQ E\ IDU WKH ODUHQHY HSBRAQMEIAHWK D JOREDC
SRWHQWLDTHBD ZDWSMQ QXP ORUH HQWWIWRYLGHGLE\ WKH
RQH KRXU WKDQ FRQVXPHG JOSSEIR) DR VY SEWOMXWLUH \HD|

7KH KHDW DQG OLJKW HQHUJ\ IURP WKH 6XQ FDQ EH F
HOHFWULFLW\ RU EH XVHG WR KHDWXDIHG H 3 DWKHNIS R @ HRUN K
DYDLODEOH IURP UHPDLQLQJ ILQLWH UHWHQYHWU D QBWWH G
DQQ¥RODU WHFKQRORJLHV W\SLFDOO\ KDYH ORZHU FDSL\
WKDQ RWKHU UH@HZDEBHXYVXDOO\ GHBHQERQWREKHFDOO!
SUHGLFWDEOH LQ RAREHW UUMREBEMEOBINVY LQIUDVWUXFW
PDLQWH®@I@GEFADQ EH VFD@HRGE LQLVHERVVLRRIDRAR DI PN U
\RODU SRZHU SAHDREMDEFRMBN®WKH VXSSQQWIHEEHW N HYW
WR WKH GLXRUQDIOHF6RQHD R GZMHRRE R XZI\L FK © RO
LUUDGLDQFH DW WKH (DUWKYJV VXUIDFH
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Solar Wind
(23000 TW) (75-130TW)

Coal

(830 TW
Biomass
(2-6 TW)
Global energy o Hydro
Petroleum ‘ consumptionin 2015 (34TW)
185 TW
(335TW) ( ) ® Geotherma
(0.2-3TW)
05T
Natural gas '
(220 TW) ® Tidal
(0.3TW)

JLIXUH$Q LQIRJUDSKLF LOOXVWUDWLQJ WKH SRZHU DYDLO
UHVHUYHV DQQ@XPSHUKH GLDJUDP VKRZV WKH HQHUJ\ DY
ILQLWH UHVHUYHVY DQG WKH \HDUO\ FDSDFLW\ IURP UHQH
HDFK VSKHUH LV VFDOHG WR WKH WRWDO DPRXQKMLRI UHFI
ILIXIBHMHSURGXFHG I URP UHIHUHQFH

7R RYHUFRPH WKH LQWHUPRWW b (W ZHRVFUTHRFERNFONDKIRBIO/X D
HQHUJ\ VWRUDJH KV BKKVCEDMMMHADIHKH FRQYHUVLRQ RI

HQHUJ\ LQW K HGNRPHEB\OROOHIAY 1l XY GW UDVG ¥ X Q DIV HRKOYV KDY H
D KLJK HQHUJ\ GHQVLW\ DUH WUDQVSRUWDLEKEEBEB FDQ EH
([DPSOHV RI VRODU IXHOVYLDEMKECH W VGLURIIH QAR Q L D
UHGXFWLRQ FDDODVERRERQAVEREKHOV PHWKDEBROER® PRQR[LGH
DQG PHWKDRQGH ESOW K HVL®HY B G XFWLRQYI XHONOVH HQHUJ\
Y LHD[ R W K IR ULPG. BWH IRFQWLKRHQV \ Q W\KRIYD B LIRR D@ BB GRWKHUPLF
UHGXFWLRQ RI D VHLWDERH ¥XEMWIPIRXOW RI HQHUJ\ UH’
VIQWKHVLVH D IXHO LV WURD W@ KHGCMWKD WRBKIHKBPROQ@ G DV
LPSHUDWLYH WKDW VRO I¥FUPDMADOVYVEE KHHV/IHAWI BRNVH H G
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:DWHU VSOLWWLQJ

'DWHU VSOLWWLQJ LV D UHGR[ SURFHVV LQYROYLQJ WKt
HOHFWURQV DQG R[\JHIHGIRPOWIRZH QRIEWKWHKWHH SURWRQV W
IXHO 7KH ZDWHU VSOLWWLQJ UHDFWLRQV DQG WKH DVVF
LOHDFWLRQWQG 7KH KAH®DIO HTXLOLEULXP SRWHQWLDOV
WKH VWD QG IMOG RWGARRGIH Q6+ ( VFDOH G X i RAQR/ \WKRH WEKRHD WHUU
HTXDWHRGWLRMKH KHD®® SRWHQWLDOV DUH GHFUHDVHG [
LQFUHDVH $Q HOHFWURFKHPLFDO FHOO GULYHQGEWRHQH Z
SHUIRUPHG WKH ZDWHU VSOLWWLQUQUHOFWLRQ DV VKRZC

2] +20-2 3 + bt H (porcH o HS+ 9Y\6+(
EHG + por H— + . (FDWKRGHOE HS+ O \6+(
5HGR[+20-2 5 + 4 (FHoOO X \6 + (
*LEEV IUHH HQHUJ\ DQG d2Q WKIDW S\ IRU
T f N- PROQG "+ N- PR@QHVSHFWLYHO

mvgbgqgch

VX
IHUQVW (TXDWcleRQ4Fﬁ Z pcbsach

ZKHWH HTXLOLEULX® SR WH@W HLW D O JDVG]'?'J_'—ORQVWDQW

7 WHPSHUD@WXWROHYV RI HOHFWURQV 3 UWMRKOWV R |

) )DUNEBQVWDQM k—fm_

Anode Cathode
O,
4e 4e
4Hr 4H
2H,0 2H,

JLIXUH6FKHPDWLF RI HOHFWY®IEFW WRIQRD ODADHNWUH UV R[LGLV
OHIW WR SURGXFH PRGHRVOPDO@YRBGHEIOAIFWKHRQAURWRQV D
VXEVHTXHQWO\ UHGXFHG DW WKH FDWKRGH UOKB&HKW WR I
PHPEUDQH SUHYHQWY WKH WUDQVSRUW RI R[\JHQ DQG K\(
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$OWKRXJK ERWK WKH ZDWHU R[LGDWLRQ DQG SURWRQ UFH
ZDWHU VSOUWRHI)G BAR DSSUHFLDEOH UDWHV RRMNZDWH
HQHUJHWLFDOO\ XQIDYRXUDEOH DQG KDV WKHUHIRUH

FRPPXQLWKH ZDWHU R[LGDWLRQ UHDFWLRQ LV NLQHWL
XQIDYRXUDEOH RZLQJ WR KLJK HQHUJ\ WRFRB\OLM LRQ R/IW
UHPYLQJ SURWRQV DQG HOHFWURQV IURP ZDWHU PRO
VWDEDPROHFXOHV WRRREPHWERD &

7KH NLQHWLF SHQDOW)\ IRU WKH ZDWHU RJ)D®&D W LDRFQV U ¥ DWW
HQHUJ\ EDWkULBOU WKH *LEEV IUHH HQHUXUVHGDRSUDWPKH Q
WKHUPRG\QDPLF SHQDOW\ LV TXDQWLILHG LQrWRKHVWDWH
GLIIHUHQFH EHWZHHQ WKH WKHUPRG\QDPLF HONWJ\ PLQL
6+( DW S+ DQG WKH H[SHULPHQW D O O \RIHTUSR\ 1§ QS\RVDIDQ
&DWDORZMY WKH UHTXLUHG RYHUSRW HQOMWLFDAOU RQ | D BIGO B Y
WUDQVIHU SURFHVVHV RI D UHDFWLRQ

| OX:2H,0 — O, +4H+ 4e Red:2H +2e —H,

Gibbs
free
energy| [/ T

(©)

Gibbs
free
energy
©)
FG,, =237kJ / mol HO 5.y =0kJ / molH,

O, + 4H + 4e

v
v

Reaction coordinate Reaction coordinate

JLIXUH *LEEV IUHH HQHUJ\ GLDJUDZPD\R H UH OHFON WRAFLKGHP L F
UHSUHYHQMD FW LY DW IDRWG HQHEEN IUHH HQHUJ\
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:DWHU R[LGDWLRQ FDWDO\VWYV

$Q LGHDO ZDWHU R[LGDWLRQ FDWDCRMW LNOHHIPIHFQLW Q WO \L
HQYLURQPHQWDOO\ EHQLJQ FKHDS WR RSHUDWH DQG VW
WKRHY HUSRRIHD W DRMP®® \WWH VIRIW M QWHEBVRXSURGXF GHQVLYV
P$FP DQG P$FP 1RWH WKDW RQVHW SRWHQWLDO LV W\
YDOXH FDQ EH GLIILFQOMWE WROGEDMWDQIXWVKDY DQ RYHUSR
P9 EXW RYHUSRWHQWLD O VDEHWZ[IF HIQFOCH/@™ROG VW PY JHQ
FRQVLGHUHG KLJKO\ DFWLYH LI L\R$DFFOR¥SSHNR L FXWH DO W
9 P9 DQG D FXUUHQW EPF @QWSSUR[LPDRSHO\
P9 LQ 0 .2+ S+

5X2DQG QIPQRSDUWLFOHV DUH E HXQWF WD RFABRORIF W KI IR K \WHO!
HIILFLHQFLHV IRU WKH ZDWHU R[LGDWLRQ UHDFKH\RH LQ
HOHFW UR F D WODYCH V 3/R\BHONAH BYG P9 WR GULYH D FXUUHQ\
RI P$OFRQ 0 .2+ +RZHYHU WKH KLJK FRVW DQG VFDUF
PHWDOV SUHYHQWYV WKHVH FDWDO\WWWFD®R E®G®Y WL
DSSOLFDWLRQV DQG UHTXLEMHGHNWYKDORFHEDSHU FDWDO\V!

7TKHUH DUH WKUHH PDLQ W\SHV RI ZDWHUKR[RBIHDHRX ¥ D
DTXHRXV VWDWH DQG LLL KHWHURJHQHRXV VROLG VW
RI FDWDO\WIWUHSKYVYLWLRQ P HWIDIQ RFRRPSWHIRFFDAWD O\ V W V
PHWROUJDQLF IUDPHZRUMANF 0200 ZDWHU R[LGDWLRQ FDWD
FRPELQDWLR QSKIRRURAFRKWRIRFD PLFOWHS O HWMHQWY D IORZFKDL
FDWDO\VW W\SHV UHDKHYIWQWFWRUWOL D QK HVQFWLRQDO L
FDWDO\VW W\SHV LV GHVHDMHG G ANEQYVU REPQWDQQNWWY DV H
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{ Water oxidation]

catalyst
0) % (ii) | \
similar to a
. . complex Homogeneous Heterogeneous
Biological (aqueous state) (solid state)

Similar H/e-transfer
mechanism ... / \ .
1} \Y
\ (i Both )

[Norrclassical redcj( solids [ Classical surfacj
-

catalyst catalyst

Transition metal Thermodynamlc hermodynamlcal
Enzyme
complex unstable nanopartlcl stable nanoparticle
Example Example Example Example

(" Mn,CaQin PS Il Mn,CaQ mimic of PS ) /” Fragment ofMn0, \  / Fragment ofUtMnO, \

./

- . J/

JLIXUH )ORZFKDUW GHSLFWLQJ WKH WKUHH PDLQ W\SH)
S5HIHUHQFHV WHKH PRGBGRWRQRJILFDO IFKORPIROWWMR XV FDWDO
LIKHWHURJHQHRXRRPEDW DI BEEWHWWHURIHQHRRPODNIN®DO\VW

ODQJDEWWHIG FDWDO\WWYV DUH KLVWRULFDOO\ LPSRUWD
SKRWRV\VWHP VRIFE UL GJHBDWQH QDY H 6 B DWW DW LWV
DFWLYH WBWH LV RQH RIVWEZRQPWOWWRWHLQV UHTXLUH

SKRWRV\Q@BBYUW LOOJDH DQGVF\WERERPGD\HELRORILEDO
SHUIRUP ZDWHU R[LUGDXMJHRQ LQ QDWXUH

6LQFH WKH V\QWKHONLF DQDORJXHV Rl WKH 0QRFWERV\QW K
DFWLYH VLWH KDYH BEREZGWAQWWKNMLWIBEW FRPSRVLWLRQ [
DFWLYH VLWH ZDV XQNQRZQ XQWLO ZKHQ WKH UHVHDL
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HYLGHRUFHDE&DOXEDQH PRGHO ZLWK D GL¥W VG FHBF MRIXYUHV Y L
36,, UHVHPEOHV D PROHFXODU PHWDO FRPSOH[ ZLWK R
KRPRJHQHRXV DQDORIXN\DIQ R | \WIREBDDU PDQJIJDQHVH FRPS
EHHQKHWQMAHE U HL L 2WKHU PROHFXODU RIKWX® GRPFS OHI[!
LULGL¥REDQW NARSIHULG LURMYH EHHQ GHYHORSHG DV ZC
FDWDO\WWYV ZLWK UXWKHQLXP FDWDO\VWV EHLQJ WKH PR

+HWHURJHQHRXV QDQRVQRHGDADMOHRLEBVIRRG VWUXFWXU
PRGHOV RI WKH DFWLYH VLWH ZLWKLQ 36 ,, ZKLFK KDV D
([DPSOHV RI QDQRVL]HG FDWDO\WWV LQFOXGH PHWDO R[L
DQG QDQRVWUXFWIXUHO/ IFBWHRRLWABYLDOV EOXU WKH FO}
KRPRIHQRXXWHLLDQG KHW HORMQERWHLY FOODVFDWLRQV G X
WR WIQHTIMH SK\VLRFKHPS\FBIODPSRSNWUWLHARPH VXVSHQVLR
VWDWH FDWDO\VWV FDQ DSSHDUL WUDRRISIMHREXW WR LW K
PHFKDQLVP FDQ GLIIHU VLJQLILMDBRDWDOD QWL FDQ@VILLARO
PROHFXCRP D@MH[HV FDQ WUDQVIR UKRHWHW R FEDIEIRRBHIM L F
R[LGHV K\XWRHBBVKHK R[LGDWRYH FPWEGLR(LBQWLRQ FDWL

ORUH VSHFLILEDOO\ VRPHHQD@BVKRPR JFDYRMNYSV\RW RG D
HOHFWURQ WUDQVIHU PHFKDQLVPHGL\ WHG W K B R D) EXVMD VI
EHHQ WHUPHG PUHGR[ FDWDO\VWVJ\EW \URZHWIHDVGNDLUNFIKR U
RDQ &R DQIE KDYH GHPRQVWUDWHG IREDKVFHW D O
R[LGDMQBUH SURPLVLQJ FKHDS DOWHUQDWLYHV WR SUHFL

$ EULHI KKUY¥WRURRH QR XW FQHWMODHOV R\

SULRU WRGWKH PHWDO R[LGHV ZHUH FRPPRRWWUDPUHSDL
PHWKRGVIEHUD RIUFRIOV W DWHY PHWKRIGQHQY RBYWGLROOLQF
SRZGHUV RI R[LGHV FDUERQDWHVY R[DODWHV RU RWKHU I
LSHOQH QJ WKH PL[WXUH ZLWK D K\GUDXOLF SWHWWHYV XF
UHDFWDQWY ZHUH LQ FORVH SURJ[L P LSAHOW H W IVBHHGE R VIDKAH W/ K
GHVLUHG KLJKWNYSPSHQOOWXR HD VE ®&NDKHN P\WM ARY WQELISRRGYH R U
PRUH RI WKH DPBDEFQPRQWRE K WKKHD WH D FOW IHEBQN K INAMCR/DOH. G
OHWLIK WHPSHUDWM)RUHMWHUH UHTXLUHG WR RYHUFRPH
HQHUJLHY DQG DOORZ WKH LOMWNBWGALDBWWLRIQQWXKURQV WKL
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&HUDPLF PHWKRGV \LHOGHG W K HUPRW D@RIGHD O@\G V SVRDE\
PHWDO R[LGHV ZLWK SDUWLF@M WFAOAW RIS SWKR{AFPICFMIRGH \
YLIXUH 7KH FHUDPLF PHWKRG ZDV XQDEOH WR SURGX
KLJK WHPSHUDWXUHV XVHG LQ WKH V\QMRLHFVIRPVFIHOHH G S|
SDUWLF@OWKRXIJK WKH RUGHUHG PHWDO R[LGHV FRXOG El
GLIFWDL. ZQGBO\ DYDLODEOH FKDUDFWHULWWHFUWEBRRRGTRKYH
VXUIDFH DUHD Rl WKH PHWDO R[LGHV ZDV LQKHUHQWO\ G
DQG SK\VLFDO DB8B®DNWWDHRKH UPRG\QDP L FD®BQRXQMED E
PDWHULDOV ZHUH SUHGLFWHG WR EH PRUH IXQFWLRQDO
XQLTXH SK\WLRFKHPLFDO SURSHUW L H W KR X H B WE QLIXPW
VWDWH

JLIXUH*UDSKLF VKREDQHWKEDUWLFOH VLIHV G6EHRDQHGU HJI
DQG EXON FU\VWDOOLQH PDWHULDOV FDQ EH DV VPDOO D

IEKLPLH TRRXEMRIW FKHPLVWU\Y VIQWKHWLF WHFKQLTXHV
WHPSHUDW X UHW RF RRUGISDIRQBWRUIDQNVF WKDW DUH QRW
WKHUPRG\QDPLFDOO\ FRQWUROOHG KLKHK WABMBHLU BWRXBEH |
ZDV LQWURGXFH®E\LQUNKKAK VZENR G2 IUNEAW MV Q W NQM K ANHLGY L]
ELRLQVSLUHG QDQRVXQ\QUGNBIXWHG RBYAWHROVR R Q GLLRDLR (
FRQGLWQRDWRPSHUDWXUHYD@G SHWNDXBK\ZDV SDUWLF)
RPLPLFNLQJ WKHGLKHPREWLWDJIRRUIDQLVPV IRXQG LQ ZDWH
WKH\ FDQ VI\QWKHVEDBB ON KHIWAVRIGE QBIPY.DW/L BR R DWH/RSH U D
ZKLOH WKH LQGXVWULDO WAKRASKHHADLW XRIIHWL B IL FKOH U HW K DIQH \
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&KLPLH CGPRIWFKIRGV IRFXV RPHWDWPKDERKLOE PDWHULDOV
W\S L RDDOQRVWUR BWRBBUWLS RO RWI RDQEHRBUPDWHULDOV DU
GHILQHG DV KDYLQJ SDUWLR®HE KILAKWEHWHEWUSRQGY WR D!

+ DWRPIMQRSDUWLFOHV PD\ EH DPRUSKRXV RU FRQVL
FU\WWWDOOLQHQPINVQHEIKDDBOL ® GRXFH PHWKRG L /YWDOUMWHIMVQG L
PDWHULDOV LQ D OLTXLG SKDVH WKHQ WXQLQJ UHDFWL!
WHPSHUDWXUH DQG UHDFWLRQ WLPHSMRLREWDLRWKH C(
PHWKR G VHHROXGRIF KIHROL FDQG LRQ H[FKDQJH UHDFWLRQV

(OHFWURFKHPLFDO PHWKRGV FDQ EH XVHG WR VIQWKHVL]
HOHFWURGHOWYWDIO FR{YGHY FDQ EH HOHFW U RGHSRULLTXKHE |
ZKHUHLQ DTXHRXV PHWDO LRQV LQ D ORZHU R[LGDWLRQ
R[LGDWLRQ VWODMMGZON X BHKWHIR K\GURO\VLV WR \LHOG W
SURGXFKMH DSSOLHG FHOO SRWHOQRNLDDVLY X8 AEHUERR F RAQKW
HOHFWURGHSRVLWLRQ DQG WR WKHUHE\ FRQWURO WKH S
EHHQ HOHFWURFKHPLFDOO\ VIQWKHVLVHG DW URRP WHPS
L BMLVRUGHUHG GLIIUDKDWLIHR QWIPRAVEKRXO A3 A X MWR E B DF
VWUXFWXUDO FKDUDFWHUL]DWLRQ RI WKH PDWHULDOV GL

OHWDVWDELOLW\ DQG SDUWLFOH VL

PDWHULDOV

1DQRVL]HG FDWDO\WWYV KDYH XQLTXH SK\VLFDO VWUXFW X
VL]H VXUIDFH DUHD PRUSKROR\XUHDMHP HQSMBLOR/FRIP\S R \
VWUXFWXUDO GHIHFWYV 7 KHYG KU\ TKBHO O MQUDWFIRMXQ DVOK HH D
WKHUPRG\QEPWMVH OFQG UHGR[ SURSHUWLHV Rl WEW QDQR\
RXWOLQHGHEN IDLWHHIHUHMEEY SDUWLFOH VL]H KDV WZR |
QDQRVFDOH L D WULY LIDWDAUBSKWHIKRHDE@ UGRUBNMELRH W Q W
YROXPHZKDRMKL RD XO/MHWJIHU U D FW BRFQVRY YW BRWMWWY KH VX UIDF
LQWHUIDFH DQG LL D WUXH HIIHF®URSHUR B BAREDU VA E
FRXQWHUSOWAW FXVVHYV WZR W QXGHW.DH CH | WAKFBVRERLWI W LURDQD
SURSHHWMSID/FH FKDUJH RYHQIHD/S WRMUCDIFME@EBES Q J W K
GLVWRUWLRQV LQ QDQRFU\VWDOV
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IDYURWVN\ V UHVHDUFK JURXS KDYH DOVR H[WHQVLYHO!
QDQRSDUWLFXODWH PDWHULDOV DQG WKHLU EXONGFRXQ\

QDQRPDWHULDOV PD\ GLHHLQ WG UL \V B/ X FEBAXI B
FU\WWWDOORJUDSKLF VI\PPHWU\ DQG ORZHU VXUIDFH HQHU.
PRUH VXVFHSWLEOH WR SRO\PRUSKLVP RU DPRUSKL]DWLR
VL]H HIIHFWV 1DYURWVN\ V JURXS KD W) WLHDSRKMWHG
WKHUPRG\QDPLF VWDELOLW\ RI QDQRSDUWLFOHV VLJQL
FRXQWHUSDUWYV ZLWK ODUJH WKHUPR G QIMDVEDR® \ GHIGF
HTXLOLEGBGRWLRQDOO\ WKHLU UH\LIRSBEKN BQNFHLRBDXWWURE
KLPLH GRIMWAHRGY LQ VIQWKHVLVLQJ FPLHFW RS W Q 8 DMK Sl K DI\EM |
UHVLVW SDUWLFOH FRDUVHQLQJ

&SKDUDFWHRILYDQYRBDUWLFXODWH GL
PHWDO R[LGHYV

W LV JHQHUDOO\ XQGHUVWRRG WKDW QDQRVFDOH PHWD\
IRU ZDWHU R[LGDWLRQ D@R WSKRWYV D\ QH VGHRIIMNIGE H WGV IS ¥
FDWDO\WWY ,Q PDQJDQHVHFREIROW Q&R DLFNHO[ R[LGH
PDWHULDDOAN Rl FU\WWDOOLQLW\ FRXOG EH FDXRMG E\ V
LQWHUOD\HUCROFONHRU BEMDARWHFXODU XQLWY 6SHFLILF
W\I\SHV RI VWUXFW X U DIV XGJLEVFRAGUHIW I QEBCEHR UBHUHG OD
VW D FINQ R @ F DY KW OLWHG LQWHUOD\HUHGKRHOY VYR QB DI
' PDWHULDOBWRPLF LQWUDIOBRWWY IYQFPEWMHY DQG RU RJ[)
LQ WEBWUDODYHU RI 0Q2 &R?2 DQG 1IPDWHULDOV ODWWL
L ERQ@GHQIWVER PG OH GLVWRUWERQOHG QD QRVEE HVQVY R Q
GHIHEQNOXGNVNYLQJ VXEV@RSXGM G PBXULRQ)\ RU LQWHUVW
)LIXUHJID S K L AEDAXV W URD WAHOH BBIF X W U X F W XX\DLAQQEDL\ R BIGH U
0Q2VLPLODELWA@HWWQAWBYV/D EDVH VWUXFWXUH
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(@)

Ordered birnessite
(b) : . .
Turbostratic Lattice strain
Dopant defects Limited sheet stacking
Atomic intralayer vacancies Curled layers

JLIXUH D2UGHBHBWWDO VWWHRVOXYQRMH. E 7\SHV RI

VWUXFWXUDO GLVRUGHU RFFXDV LK[H B Q OW BUDHIRYHIRMAN IR'QH P H'
VWUXFWXUH ¥ HWXL FH QDMEBHGWIIRH DB QEDUH WKH FU\WWWDOOR
GLPHQVLRQV RI WIQH \ RNQUB BB \HOQWSHU OD\HU FU\WWDOORJ!I
W\A\SHVWRU X FW X UBHDS G E YWAR IGGEH®BN W U D W L FOO DWW UGR\S\DVR B2/ XQ)
GHIHEWAPLWHG LQWHUO B DHVURYWD E K MWQUID RUDKEKW O BEDUQ/F L H YV




&+$37(5 ,QWURGXFWLR

BWUXFWXUDOO\ FKDUDFWHULVLQJ FDWDO\VWV EHIRUH
LPSURYLQJ RXU XQGHUVWDQGLQJ RI FDWDO\WLF PHFKDQL'

+RZHYHU QDQRVL]HG DQG RU GLVRUGRUWWURBWMXUDD
FKDUDFWHULVH D @G FKJIXTDUHGIDY BXBOO YD U\ DQDO\WLFDO
7UDGLWLRQDO DQDO\WLFDO PHWKRGYV DUH EHVW VXLWHGC
PDWHUYLDOM EXW WKH VWUXFWRBWYYH PDWDRLIW® IDOO
WZR OLPLWV $W WKH DWRPLF HQG RI WKH VL]H VFDOH PF
VSHFWURVFRS HF MOHKQURRHSD UDPDJQH VI L\FVE B YRM® Q F H
899LV QHDU LQDJDAHD®L MURPHWUH HQG RI WKH VL]H VFDC
DUH DPHQEAOHSMWMRUDFWLRQ ;5 WHFKQLTXHV

JLIXUH3DUWLFOH VL]H DQG GLVRUGHU VFDGHDOR RJARIORHFN
DUH QROHUAHXOH®G DQG EXDWHWAV W EORQEH DV VPDOO DV
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1DQRVL]HG GLVRUGHUHG PDWHULDOV DUH FRPPRQO\ VW
DQDO\WLFDO WHFKQLTXHUWVD\IWBDHEMRKUSWLRQ5'VSHFWURVFR
WUDQVPLVVLRQ HOHFWUR®LPLOORNFEREHG B LGHQWLI\ FL
SKDVHV LI SUHVHQW DQG GHWHUPLQH WKH FU\VWDOOLQH
SURYLGHV LQIRUPDWLRQ RI WKH HOHFWURQLF FRRUGLQEC
xc RI WKH PHWDO LQ WKB PHWDBOGRWIRKHKDQOFWHULVH W
FU\WWVWDOOLQLW\ RI WKH SDUWLFOHYV

7KHQ VRWXDVL LRKNUWKWHULVDWLRQ RI PDWHULDOV GXU
LPSRUWDQW IRU GHWHUPLQLQJ WKH FDWDO\WLFDOO\ DFW
RI FDWDO\VW GHJUDGDWLRIQ :$IVWSHIH R[RXNW L K QNBNWEBCHY
PROHFX@FRPSOH[HV FDQ WUDQVIR UPHWW R RDIEIRIHWM L F
R[LGHV K\XWRIHEBBVKK R[LGDWRYH FWEBGLR|LRQWLRQ FDWELC

7KHUHIRUH NRDRZDQUWAREOO\ DFWLYH SKDVH WHTRQ UHV
XQGHU FDWDO\WKLP W RDHIPMWLRRAKHPLVWU\ LV D YHU\ SRZH
UHDFWLRQ PHFKDQLVPV LQYROYLQJ HOHFWURQV HOHFW!
VWUXFWXUH DQG GLUHFWFKDRKD BW H $& \DEBAIL B 9 DW I E K QR X )
VWUXFWXUDO GHWHUPLQDWLRQ

%LUQHYIMWVNMRDQJIJDQHVH R[LGH ZDWH

FDWDO\VWYV

%LUQHVVLWH ORMHERUQHYNOQWHWUH PDQJDQHVH ,,, ,9 RJ[L
D ZLGH YDULHW\ Rl JHPORJRFY 8 Q/ A WDULDFRARHLQ\S FG\ \DW DEOH
RU FRPSOHWHO\ DPRUGKRBBIY ELUQHWQIHWID K FKHPKADO IF
1D &0D 0Q 0Q 2 2 DQG FRQVLVMD/URGQ REGDED KIKE H WV
ZLWK LQWUDODWE ED@QELIUGHD2 &DW IVRXEDKE 1D . &D

0J DQG DQUH W\SLFDOO\ IRXQ@ & HUXH IVKMH WERWAHRPES DR GWIDAM H
FKDVUURP LQWQNDBDF®%HY Q FM\WHVPLQHUDOV DUH JHRFKH
VSHFLHV DQG O DIKWG RESHMKH P QF D[QWHE®EQYLYH GWRRP SRV

0Q
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% LUQHWW.UWHWXUDOO\ &IDRPDG VUL WHRVB'® H) ZOXWKL D Q G
PDQ\ ELUQHNNLPDH)IJDQHVH R[LEBUML.YXE RPLEGIDWQKIPMH EHHQ
DV ZDWHU R[LGDWLRQ FDWD®\SDWMW PDQJDQHVH R[LGHV [
H[FHOOHQW ZDWHU R[LGIDMQLURQ HPDHD A \RMOMH DMF B KWHD O Z L
R[ILGDWLRQ VWDWHYGROI@FKH GLVRUGHUHG IRUPV RI ELUC
PRUFDWDO\WLFDOO\ [PRRURYUK HUKIIEQ KW KIHIRQDO DQG WUL
FRXQWHUSBUMW\ GLVRUGHSKDVHVURMY VERMN\QWKHVL]HG
FRQFHQWUDWLRQ RI 0D QGRPD/WRHAHWI PIXE ER VWD B WILE J
YLIXUHE 5HVHDUFK E\ WKH .ZR@DWBHEHHWRIFQ®DDQ G H\
JURXSV GHPRQVWUDWHGIGVERDWQEVVRWGEHUHDERUGID W\ E\
LQWUDOD\HB URPRONMHFGHVKH SKRWRUHGXFWLRQ RI QDWXU
VA\VWHPV

(a)Active site within PS 1l (MBaQ) (b) A fragment of birnessite (c)Ordered birnessite

JLIXUH D7KHWQ&D2DFWVYWIHNREQ ED VLQJOH OD\HU IUDJF
ELUQHD/EWHKH OD\HU RWGKEEWQRHMVRIWH

+HWHUROHQHWHREDOW R[LGH ZDWHU

FDWDO\VWYV

+HWHURJEHNGEREZR+FREDOW R[LGHV KDYH UHFHLYHG VLJQLI
R[LGDWLRQ FDWDO\VWVDQDQFB®QG 1RKHQD UHSRUWHG
KHWHURIHNHLWRIEDOW R[LGH ZLWK SKR\$§ f\CKABWED {VM\O \ VW
DFWLYH LQ QHXWURRBIS ¥ IF\RR @@ IHW WRJODGH. & R M LBRINEAER G
I[URPSKRVSKDWH EXROUMERR DW SRVLEHORZSRW BE WY B OA
UHTXLUHG IRU ZDWHHK R KIGGBEWIRQLYLW\ DQG VWDELOLW\ R
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S+ SURPSWHG WKH GHYHORSPHQW RI RWKHU pWUDQVLWL]
1L%L ZKHUH p%LY GHERRHWIBYERBYDWBWDO\WWY RI WKLV \
W\SLFDOOVHGQ WWMWYRXJK R[LGDWLYH HOHFWURGHSRVLW|I
WUDQVLWLRQ PHWDO FDWLRQ LQ D SURWRQ DFFHSWLQJ S
DQLRQ EHFRPHV LQFRUSRUDWHG LQWR WKH HOHFWURGHS

7KH FDWDO\WPFRP HFKW DURIH @ RE BIODW EHBAIWWXGLHG E\
UHVHDUFK JURXSVY SDUWLFXODUDQRW®KRXH RIV1RIEHRHD
RDQDOWHFRQ@QLIKMXNGLQJI HOHFW U REX HEOWHXD\W® UIR@D S R\BHD\P D J
UHVRQDOQIBH V88X 7KH FDWDO\WLF PHFKDQLVP KDV EHHQ
JURXSV WR EH RI WKHIXIUMGZ GHISHFW/HIKBUHQLY D SURWRQ F
WUDQVIHU 3&(7 SULRU WR D FKHPLFESM FLX WRIRE®N BHLIPQV
K\SRWKH YV MWKHG RWIKEMWV R RQWRR 2RRU HYHQH®RWLR QQ
JLIXUH LV FRXSOHG WR SURWRQ ZLWKGWYDBDO E3IGLVVROY
JLIXUHSULRU WR WKH RQF HRL RHRIX KHQUBRVHG VRWUHPD WLRQ

P G- Catalyst: Ground State
A- Catalyst: Active State
R- Reactant

R P-Product

Electrode
surface
(¢))

JLIXUH$ VLPSOLILHG KHWHURJHQHRXV B QiBIFFWHJ R/ KHWLIGRX\Q
DQG DFWLYH VWDWHYV RI WK HO BFWHIORFBID WDVES\ WRREN AW S H
ILIXUH ZDV UHSURGXFHG IURP UHIHUHQFH

, Q '‘BWIURSRVHG WKORD WHKHBLEXOORHORZ WKH VXUIDFH
KHWHHIQQAAMWNHH FDWDO\VW ZDV XQGHUJRLQJ R[LGDWLRQ VW
FRQVHTXHQWO\ F R YWRIQIXCGEHE WHXNDW) INKOBRKH KR XW WKH K\
FDWPOWWIUE® @RQOXVLY HOWDMOW W Q RV&I\W BVFKHY NDX H

$OWKRXJIK UHGR[ FDWDDWHN VY DOINUHU MRGOL GW KH\O GMHP R Q V' \
EHKDYLRXU E\ XQGHUJRLQJ VWUXFWXUDO FKHPLFDO DQ(
7KLV PRGH RI RSHUDWLRQ ZzDV WHUPHG pYROXPH FDWDO\V
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RI WKH PDWHULDO EHLQJ LQYROYHG LQ WKH UHDFWLRQ I
WKLV PHFKDQLVWLF PRGH ZHUHLA@BQGH®RARHGSRR XD \W B D
R[LGHV ZHUH DOVR VXJJHVWHG WR RSHUDWH DV UHGR][ F
PRWLIV WR DPRUSKRXV &R

OHWDO R[LGHV DUH EDVLF LQ WKH /X[ FODVVLILFDWLRQ

JHRFKHPLVI/VQGU MRKWH UHDGLO\ UHDFW ZLWK SURWRQYV

R[ILGDWLRQ+2HBRWLRQ H 7KLV UHDFWLRQ GHJUDGHV ILU
PHWDO R[LGH FDWDO\VWYV LQH BRRRHRV AD®V W& RiKE RW K R
FDWDO\WHWF RBRAMBPFFRPSDQLHG E\ WKH GLVVROXWLRQ R
RI IUHHb®&RQV LQ WKH HOHFWURO\WH RI WKH HOHFWURFK
HVHKMIDOLQJY PHFKDIQDVPWMIRKW RERWHOHB @& FR\OLGEMRUHY LV HG

H\ &R2IURWKHR o7VWDW 5 KRV\S KB W H G&HXFWIWRERWHQWLDOV |
ZDWHU R[LGDWLRQ FEWWO&LRLY REGKHWR JUZKDOH VLPXOWTL
FDWDO\VLQJ WKH ZDWHU R[KGDNORRRK DO DFRV LR QN 7KLY MR
DQG 1L FDWDO\VWV LQ SKRVSKDW H D) GKHI®IO D @/H PE-XA KHDIQHL
KLIJIKOLJKWY DQ LPSRUWDQW FKDUDFWHULVWLF RI DPRUS
DW URRP WHPSHUDWXUH ODKN HREXQL@UEWLXE® JRQHUDWL
UHJHQHUDWLRQ OLHV HQHUJHWLFDOO\ ZLWKLQ WKDW WK




&+$37(5 ,QWURGXFWLR

KHVLY UHVHDUFK REMHFWLYHYV

7KH RYHUDOO DLP BHWKUWP MQKH WIKVH LWVRW R IRQ FRUMWDX/A\P X UNDK
DFWLYLW\ RI DPRUSKRXV PHWDO R[LGHV IRU ZDWHU RJ[L¢
KHWHURIMNGLWREDOW R[LGEVUNBQBDEGILDQHVNLRMHGHY DQ
GLVRUGHUHG SKDVHV WR WKHLU P R WH RIRHF WH R F R/X\QVG H
7KH DLPV RI WKH IROORZLQJ FKDSWHUV FDQ EH GHVFULE

&KDSWHU _ 'LVRUGGUNHQFRHE\D B WRR HGLHWH
6\WWHPDWLFDOO\ GRSNH SKDVHURLIW R LSKHRVSKDWH
WKH VWUXFWXUDO D Q & KXKMR\NSLKFOQ\DHD G-R SHBQW VDRI O
PHGLXP3 DQG KLJKGRSBAWGLQJV &RQFOXVLRQV IU
FRQWULEXWH WROWX®IGHUYFMWDLRGLQJ RI .BQDQ DQ
EHQFKPDUN HOHFWURFDWDO\VW

&KDSWHU _ 'LVRUGHNHLEDBLUDQMHWWLR[H G HV
&RPSUHKHQVLYHO\ VWUXFWXUDOO\ FKDUDFMHIU LV H
PDWHULDOV DQG GHWHUR Vg HWH\S& DWVRIY GIHUWUH 6 RELHY
DFWLYH WKDQ RU®H VY H/GXEBUKHLY V. QWEINGN. FCHMWHAH MG
WKH JHRFKHPLFDO F\FOLQJ Rl PLQHUDO ELUQHVVLYV
ELUQHVVLWH FDWDO\VWYV E\ HW\PLQ [EQU Q/HWVU RGIHUR

&KDSW,KUVIIS WXHOHFWURFKHPLFDO D@RLOY ER RD OKX\W VR HLIUGRH W
'"HYHORS DQ&BD OWTLAIK®W VSHFWURHOHFWURFKHPLFEDO
TXDOLW\ ;86 DQG HOHFWURFKHPLFDWD®D SUDR VR MR3CL
WK WKWXDFWHULVDWLRQ RI HOHFWURFDWDO\VWYV
RI DPRUSKRXV OHWH FRED@WR[LGHYVY ZLWK FRQVLGF
DQG WKH WLPHVFDOHV RI ;$6 HOHFWURFKHPLFDO H
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&KDSWHUHQW HV

%HUQHU 5 $WHKR PROBRQ F\FOH IRVVLO IXHOV DQG
FRPSRVLDWRQH

JHXOQHU * )RUPDWLRQ RI PRVW RI RXU FRDO EURXJ
3URF 1DWO $FDG 6FL

/JHXQJ ' < & &DUDPDOROHY ODWRW® RYHUYLHZ RI F
VWDWXV RI FDUERQ G UR[LIG W i DISQURGIE] BB WL (QHUJ\ ¢

'UHVVHOKDXV 0 6 7KRPDV , / $OWBWQEDWLYH HQH

&KPLHOHZVNQWHUDFWLRQV (QHURDVWG@XEORYRHOQW &I
2[IRUG 8QLWHG .LQJGRP S

'LQFHU , B5HQHZDEOH HQHUJ\ DQG VXVWDLQDEOH GH
5HQHZ 6XVWDLQ (QHUJ\ 5HY

IXQG + B5HQHZDEOH HQHUJ\ VWUDWHUIQHYINRU VXVWD

7XUQHU - $ $ UHDOL]DEOH6BHBGEBEOH HQHUJ\ IXW)

3DQZDU 1 / .DXVKLN 6 & .RWKDUL 6 B5ROH RI UH
HQYLURQPHQWDO SURMIHEZWBRQW® IUH YLHEZUJI\ 5HY

*«U 7 0 B5HYLHZ Rl HOHFWULFDO HQHUJ\ VWRUDJH W
VIVWHPV FKDOOHQJHV /GG CGH RV BEMMIR LR DR QH 6 F L

/IHZLV 1 6 1RFHUD ' *ODIRIWUERHPLKEBCG FKDOOHQJ
HQHUJ\ XWiORFDWDWQ $FDG 6FL
1RFHUD ' * &KHPLVWU\ RI SHQRRQD&KHPG VRODU HC

$UYL]X ' %DOD\D 3 &DEH]D / ) DR®EDO @GV . * 7
.RQGR 0 .RQVHLER & OHOHVKNR HW K B&E&HGEHHEL DD PBISE
RQ UHQHZDEOH HQHUJ\ VRXUFHV D 6 I6QFHZIDFIOMHHRK-DUYI Y R |
DQEOLPDWH FKDQJIG RPQWR IIDWIIR®BXFEVS5 6RNRQD < 6H\
. ODWVFKRVV 3 .DGQHU 6 =ZLFNHO 7 (LFMNBI®GHLHU :
(GV &DPEULGJH 8QLYHUVLW\ 3UHVV &DPEULGJH 8QLWHG

"-RKDQVVRQ 7 % .HOO\ + B5HGG\ $ . 1 %XUQKDP
5HQHZDEOH HQHUJ\ 6RXUFHV,MODXHGVHVWYG HOHFWULFL\

3HUH] 5 38BUNDA®DPHQWDO ORRN DW HQHAKH UHVHUY
LOQOWHUQ DQHBDD$IHQF\ 9RO S

'DKO 6 &KRUNHQGRUII , 7RZDUGINWSUIIPWHEDO LPS

OHNKLOHI 6 6DLGXU 5 6DIDUL $ $ UHYLHZ RQ VR
5HQHZ 6XVWDLQ (QHUJ\ 5HY

$GPLQLVWUDWERYWSD®G(SHUIRUPDQFH FKDUDFWHUL\
WHFKQRORJLHV DQQXD:®HQU-QUIWRXWORRNLWHG 6WDWHYV

(O6KLP\ O O9LDELOLW\ DQDO\VLV WHHQHZRZH WIOD QW \
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3HUH] 5 =ZHLEHO . +RIl 7 ( 6RODU SRZHU JHQHL
H[SHQVLYH R {QB ED BRI

7VXEKL\D + (OHFWULFLW\ VXSSO\ ®DEHW QQIYRPDYR O
5HQHZ (QHUJ\

-DFREVRQ 0 = 'HOXFFKL 0 $ 3URYLGLQJ DOO JOR]
DQG VRODU SRZHU 3DUW , 7HFKQRORJLHV HQHUJ\ UHVR)
LQIUDVWUXFWXUBHDQ\G3RDWFWULDOYV

+HUQDQGH] VBHB 6 D% ODXUSRDO O / ODHVWUH ) 7
7DYDVVROL 0 $OOHQ ( % %DUURZWR. 5 HHWODUBS -
(QYLURQPHQWDO L\PFIDFFAV V RREMQMD HIMAIYWDLQ (QHUJ\ 5HY

7UDQ 3:RQJ / + %DUEHU - /RR - 6 & G5HFHQW D
SKRWRFDWDO\WVWYV IRUG@RODU(QX¥HORQ REFLFWLRQ

'DQJ / LD O :DQJ + +XDQJ . 4LDQ & ODUDYHC
*UHHQLQJLDPWRR®QDUG WKH VROPRXDPPRQLD UHILQHU\

%DUG $ - )R[ 0 $ S$UWLILFLDO SKRWRV\QWKHVLV
K\GURJHQ DQBGR[E&KHP 5HV

/JHZLV 1 6 5HVHDUFK R$%BRBMW X@OW UHNCIFHRIIFXW LOL ]

'DX + J/LPEHUJ & O5HLHU 7 5LVFK 0 ©5RJJDQ 6 ¢
PHFKDQLVP RI ZDWHU RJ[L G IXY\MWDARRR JJH@RHFP REKOHW R/ EER Q ORI F [
&KHP&DW&KHP

+D\QHV : 0 /LGH ' 5 &5& +DQGERRN RHGKHPLVWU\
7D\ORU DQG )UDQFLV %RFD 5DWRQ )/

6KLQDJDZD 7 T7DNDQDEH . 7RZDUGV YHUVDWLOH D
SURGXFWLRQ WKURXJK HQMAWLRF I O/ ROWWEKRD! BB BNHOKIM_8) H

.DQDQ 0 : 1RFHQD/IRUPDWLRQ RHYRORLQHEFDWDO\V
QHXWUDO ZDWHU FRQWDIBGLEDBSHKRVSKDWH DQG &R

-R\D . BVDQ 0 $ %DEDBRHKDLO 0 <DPDQL = + 1L
SDOODGLXP DV D QHZ EHQFKPDUN HOHFWURFDWDO\VW IR
ODWHU &KHP $

.DPGDU - 0 *URWMDKQ ' % DEOWRLFHKLYH YHEZPRIQW.\M QK
UXWKH@WG PROHFXODU ZDWHRORPDGDAWLRQ FDWDO\VLV

1RFHUD ' 7KH DIFFLI&EKHBOS®INDI

6XUHQGUDQDWK < .DQDQ O : 1RFHUD R[\JH@HFKD!
HYROXWLRQ UHDBWRR®KDWMH AFFORDIDAN $W EWHPHBWRBEDO S+

'HQJ ; 7+\V+] +R[&EEPDMEW PDWHULDOV DV ZDWHU RJ[L
SHFHQW SURJUHV\$ &6 &DFKD@® OHQJHV

7DKLU 0 3DQ / ,GUHHV ) =KbPQJDQJ:BQJ / =RX
(OHFWURFDWDO\WLF R[\JHQ HYROXWLRQ UHDFWLRQ IRU H
FRPSUHKHQVLD®R KFHHZ\

'H\ 6 ORQEXODWWHUMHH 6 5DQD $ $PDQXOODK 6
HOHFWURFDWDO\VWV IRU WEBW[EHN EKBXFWLRQ UHDFWI

<DQJ - :DQJ ' +DQ + J/L & G5ROHV RI FRFDWDO\V
SKRWRHOH F WRR FORMDIPO \SH. W
6KDR 4 <DQJ - +XDQJ : 7KH GHVLJQ RI ZDWHU R]

QDQRVFD{EHIDHODLPAEZRKNY (XU -
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8PHQD < .DZDNDPL5 . .D6KIHR 1 &U\WWDO VWUXFWX|
HYROYLQJ SKRWRV\VWHP ,,IDWXUHHVROXWLRQ RI c

=KDQJ & &KHQ & “BQJ'BX 6KHXEDR - $ &DQWKHWLF C
FOXVWHU PLPLFNHYOROWKBJIJRFHEQWUH 6FILBEQRWRV\QWKHVLYV

<DQJ - $Q + =KRX :; /L & :DWHU R[LHDUMLIKRQ PHI
FDWLRQ FRQWDODQNGIJPHLYMRYVEKNA &KHP &

3RVW - ( ODQJDQHVH R[LGH PLQHUDOV &U\VWDO VYV
HQYLURQPHQWDSQW REJQDM/BDQFHG 6FL
JHQJ 4 .DQRK + 2RH R[LGBIQSRQRX\ FW HUN BB P

1IDMDISRXU 0 0O +HLGDUL 6 %DODJKL 6 ( +Ra\ Vi
% .KDWDPLDQ O /DUNXP $ : $OODNKYHUGLHY 6 , 3
R[ILGDWLRQ EWHBRRWBEYG QDQRVL]H® B QILIRPHOHU RH MAHV

JHUUHLUD . 1 ,YHUVRQ 7 0 ODJKODRXL . %DUEH
WKH SKRWRV\QMWKRIGWLLR) B FRLHHIQF H U
<DQR - <DFKDQ@®UMOXVWHU LQ SKRWRV\QWKHVLV :K

R[LGL]JHG WR&BHR[\BH®

1IDMDISRXU 0 0 5HQJHU * +RAa\ VND 00 ORJKDGGD!
&DUSHQWLHU 5 1LYKLKDUD 6&H@OMDNKYHUGLHY 6
O0DQJDQHVH FRPSRK[QGY]DYJIZBOIWHLO\VWYV RJIRB LWKQJ Q D W X
FRPSOH[ WR QDQRVL]HG PD QIOHFPHVFHR[LGH VWUXFWXUHYV

JUNIV 0 ' 9HUKR 2 9-RERNWHRIQUN % $UWLILFLDO ‘!
OROHFXODU V\VWHPV IRU FOKPO\SMHY ZDWHU R[LGDWLRQ
<DFKDQGUD 9 . 6DXHU . .OHLQ O 3 OD®JDQHVH

KHUH SODQWYV R[LCGILHREBWHIHWR GLR
+DPPDUVWUI|P / 6XQ / cNHUPDUN % 6W\ULQJ 6
7TRZDUGV IXQFWLRQDO PLPA®Y RLERKRWBYNWALRY . "

IDMDISRXU 0O O O5DKLPUHH+&WOQDNKYHUGLHY 6
VLIHG PDQJDQHVH R[LGHVY DV ELRPLPHWLF FDWDO\VWYV IR/
SKRWRV\QWKHVLY @ERPEHMIWHAUIDFH

'HEXV 5 - 7KH PDQJDQHVH DQGWIHOWLRKRLROY RYBE
%%$ %LRHQHUJHWLFV

&RQFHSFLRQ - - -XUVV - : %UHQQDPDQ 0 . +RH
7 OXUDNDPL ,KD 1 < 7HPSOHWRQ - / OH\HU 7 - 0DI
FRPSOBMFHV&KHP 5HV

7KRPVHQ - 0 +XDQJ ' / &UDEWUHH EDYHG®UXGYL.
FRPSOH[HV IRU ZDMHWRR) L7GD\@ VR Q

+XDQJ = J/XR = *HOHWLL < 9 O9LFNHUV - : <LQ

< 6RQJ -HYOXV®W (DIQFLHQGWOY HKWUMHHE RRIEVHDAW PROHFXOL
FDWDO\VW IRU ZD WM U&R HFR DORIER Q

6LQJK $ 6SLFFLD / :DWHU R[LGDWLRORZDWDDOW\WW LE
PHWRRNUGP &KHHY

=KDQJ 7 :DQJ & /LK 6LQ:D:QJ$ -ELRPLPHWLF FRSSHL
RILGDWLRQ FDWDO\VW ZL#PK OREPRYBREFSRWHQWLDO
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J)LOORO - / &RGRRYFK DUW¥RBOD - - &RVWDV 0
(IILFLHQW ZDWHU R[LGDWLRQ FDWDO\VWV EDVHG RQ UHDC
1DW &KHP

(OOLV : & OF'DQLHO 1 ' %HUQKDUG 6 &ROOLQV
XVLQJ-L&YREKHP 6RF

/ILX 7 =KDQJ % BEIXWHG PRORHFXODU ZDWHU R[LGDWL
$EXQGDQW FKHDS&BIFB SVRPQV-LQJ

+RFNLQJ 5 . %ULPEOHFRPEH Q3R KHKDIKQJIO/ +
*ORYHU & &DVH\ : + ®$LEBMDLRQ EDW®O\VLV E\ PDQJD
JHRFKHOLRBIOETA® H&KHP

&UDEWUHH 5 + B5HVROYLQJ KHWHURJHQHLW\ SUREOF
RSHUDWLRQDRXY MRITRYWIOML R QKPIHPW BIBYEDWDO\V W V

9pGULQH - & OHWDO R[LGHV LQ KHWHURJHQHRXV R]
DQG FKDOOHQJHV IRU D RRUIR6WWAKBPQDEOH ZRUOG

*RSDODNULV&KIPQH GRXFH DSSURDFKHV WR WKH V\QW
PDWHBKBI®V ODWHU

6DQFKH] & 5R]JHV / SHRERIWW &DEHBRWVR ' 6DVVR
%RLVVLHUH & 1LFROH / 3&KLWLXH GWRKXFW |RY ODQHE GRH VR
FRQVWUXFWLRQ RI IXQFWLRQDDQRURIDINELE CRGRP BWEHULIGD |
&KLP

5LVFK 0 5LQJOHE ) .RKOKRII 0 %RJGDQRII 3 &k
'DX + :DWHU R[LG DRXMRDRIDVBIMR BEIGWWRFNLQJ Rl UHGR]
WUDQVLWLRQV DQGQRRGN (RIYED\W D O B\FEILV

.OLQJDQ . 5LQJOHE ) =DKDULHYD , +HLGNDPS -
JORUHV ' B5LVFK 0 )LVFKRYLGDWDRKQ £\ IPEMBKBXV FRE
R[LGHY 9ROXPH DFWLYLW\ DQG S&RKWREXWOHNIHU HOHF)

1IDMDISRXU 0 0 (KUHQEHUJ 7 :LHFKHQ 0 .XUW]
R[LGHV Z0&Q DV ELRPLPHWYRR[LIHGFOQIWHZOWKHPLH ,QW
(G

=DKDULHYD , 1DMDISRXU 0 0 :LHFKHQ 0 +DXPDQ
6\QWKHWLF ##*DQFRRXP\R{LGHV PR[RIGA M RH ERMWIAMH[ RI
SKRWRV\QWKHVLV IXQFW(LRWI @Y PIQERQW BKIEWXUDO O\

‘LHFKHQ=DKDULHYD , 'DX + .XU] 3 /D\HUHG PDQ.
ZDWR{UGDWLRQ DONDOLQH HDUWK FDWLRQV LQOQ@XHQFH F
IDVKERK®P 6FL

JUH\ & ( :LHFKHQ 0 RXUGRIIVEDDABBWLY E\ VIQWKHW
PDQJDQHVHVRYMGHPDWLF YDULDWLRQV RI WM RQ O/RLXPVE L

=DKDULHYD , &KHUQHY 3 G5LVFK 0 .0LQJDQ . .R
+ (OHFWURV\QRQHV LI/Q GXOWWXFWXUDO RKDGIDE@HUL]DWI
PDQJDQHVHQRILWGHQYLURQ 6FL

AHU $ 3LWOU - .LQJYRQGX & . .LVVHO ( *DUFHV
6DZ\ $ 0 'XWWD 3 . 6XLEVLKRQ FDOWDHUVRM GVLQJ DPRU
PDQJDQHVH R[LGHVY RFWDKHGUDDQRRRHAWDEB G WD E YOHDA H2X
PDQJDQHVH R[LGH3KWU XAWMW®RU K.V

1IDMDISRXU 0 0 1D\HUL 6/L]3DURBSKRXVPLD QR
PDQJDQHVH R[LGH DV DQ HIILFLHQW DQG ELRPLPHWLF ZD\
SKRWRV\QWKHVLV EDBMWRR PDIIWVQH VH
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=KRX ) ,]JJRURGLQ $ +RFNLQJ 5 . 6SLFFLD / 0D
(OHF WRNRLGAHHGG LGP/ I[URP LRQLF OLTXLG IRU HGFYWURFDW |
(QHUJ\ ODWHU

=KRX ) ,]JJRURGLQ $ +RFNLQJ 5 . S$UPHO 9 6SL
,PSURYHPHQW RI FDWDO\W LA ZPW B U KR{ D &DWLU R QWFRH Q@72
&KHPBXV&KHP

1IDMDISRXU 0 0 ORJKDGWORGS$POQJIDMBGRH R[LGH $ S
FDWDO\VW IRU ZDWHU R[LGDWLRQ LQ WKH UHDFWLRQ RI V
DPPRQLXP QMIOMFDWHUDQV

-LDR ) )UHL + 1DQRVWUXFWXUHG FREDOW DQG PD:
ZDWHU R[LGDW QR AD\W P DURWYV 6FL

*RUOLQ < .DRWWLOQ®H %HQFN - ' 0*X<DFKDQHEED 69
. <DQR - -DUDPLOYIORX\7DEVRUSWLRQ VSHFWURVFRS\ LQ
ELIXQFWLRQDO PDQJDQHVH R[LGH FDWDO\VW ZLWK KLJK C
R[LGDWLRQ DQG R{\JPQ &KIBEXFHRR Q

5LVFK 0 .KDUH 9 =DKDULHYD , *HUHQFVHU / &k
&REDOWIR[R FREH RL]D @D AWHWI3® \ V&K HIPO B R F

IXWWHUPDQ ' $ 6XUHQGUDQDWKD®R]YRHEHROYLQY $
FDWDOWPW &KHP 6RF

.DQDQ 0 : B6XUHQGUDQDWK <SKRRBSHKDWH R[\J&REDO
HYROYLQJ FRIPHSIR XERF 5HY

6XUHQGUDQDWK < 'LQFDFWUFRRISMHIGHQW HOHFWUR
DQG DFWLYLE\D\VRIGFREWE W R[LGBW L R® HD VWRE\V WV

OF$0OSLQ - * B6XUHQGUDQDWK < 'LQFD 0 BWLFK
+ 1RFHUD ' * %ULWW 5 ' (35 HYLGHQFH IRU &R ,9 V¢
R[LGDWLRQ DW £ X&KWHPO ERF

.LQJ + %RQNH 6 $ &KDQJ 6 / < 6SLFFLD / -RKD
5 . (QJLQHHULQJ GLVRUGHH LFRRER &KW VWRHURH W ELVSHK RV S K
,PSOLFDWLRQV IRU \RKHG B WYV RDR KDl RZITMAENK Y4 P

.DQDQ 0 : <DQR - 6XUHQGUDQDWK < 'LQFD 0 <
' * BWUXFWXUH DQG YIORWHSKXDVRH ZIPFRED RYLGDWLRQ FDW
LQ VLMWK VSHFWURNFREBHP 6RF

*HUNH® -OF$OSLQ - * &KHQ - < & 5LJVE\ 0 / &l
5 ' 6WDKO 6 6 (OHFWURFKHPLFEDVHDBWHOHREMWGRRADL\R QD (
S+ 7KH WKHUPRG\QDPLF EDVLV IRU FDWD-O\$Y"N VWUXFW
&KIP O6RF

(VWZHLQ $ - 6XUHQGUDQDWK < b5HHFH 6 < 1RFH

SKRVSKDWH DQG ERUDWH EDVHG R[\JHQ HYROYLQJ FDWDC
ZDWH@NUJ\ (QYLURQ 6FL

5LVFK 0 .0OLQJDQ . 5LQJOHE ) &KHUQHY 3 =DKI
+ :DWHU R[LGDWLRQ E\ HOHFWR & B HI RD/Q MRHIG) FIREE OW GRR
FDWLRQV LQ VWUXFWXUH DQG IXQKMWRARQ &KMPKH DPRUSKR

&RER 6 +HLGNDPSS$- )EPFTXHYRBUPRQG 9 *XHWD]
-RXVVHOPH % ,YDQRYD HWDXDIXVIERDBEGYF BWDO\WLF
PDWHULDO VRO LMOMIEFQUDRI 2 DW H U
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%HGLDNR ' . &RVWHQWLQ & -RQHVO( JRURWRE® UD
HOHFWURQ WUDQVSRUW DQG WUDQVIHU LQ BDOHFGVY RFD W |
HYROXWLRQ $® WSKOHR W6 R F

'LGD 0 6B6XUHQGUDQDWK <R UWURMHHYRIOMNLLFNRADWDO\
WKDW IXQFWLRQV XQGHRE HIDWQ FR®GLVEERQV

6LQJK $ &KDQJ 6 / < +RFNLQJ 5 . %DFK 8 6SL
QLFNHOHRZDWHU R[LGDWLRQ FDWDO\VWV GAISBYLWHG IUR
(QYLURQ 6FL

5LVFK 0 .0OLQJDQ . +HLGNDPS - (KUHQEHUJ ' &
'DX + 1RANGR VWUXFWRK[LIG RL QJZDOWHIIOR Y R/P P

BHR + &KR . + +D + 3DUN 6 +RQJ - 6 -LQ .
R[LGDWLRQ PHFKDQLVP IRU G WUDQVLWLRQ PHWDO R[LG}
.RUHDQ &HUDP B6RF

OF&URU\ & & / -XQJ 6 3HWHUV - & -DUDPLOOR
KHWHURJHQHRXV HOHFWURFDWDO\VWWRREBKMRH GRHFIHQ H)\

5DR & 1 5 %LVZDV . &HdV\DHPQ W LFRMDNE R GR/® DOV H UL D
VIQWKHRK® :LOH\ B6RQV ,QF SsS
5DR & 1 5 &KHPLFDO VI\QWKHVLWBWMROEBELLQRU JM

OHOJKL&BRIW FKHPLVWU\ URXWHV WR QRO QDQ&VL]H PL

7KHUHVH * + $ .DPDWK 3 9 (OHFWURFKHPLFDO V
K\GUR[kR&HF ODWHU

/ILYDJH - &KLPLH GRX@GEDNHRSRURKBMWLQJ WHRZZHW FK
- &KHP

6FKOHLFK ' 0 &KLPLH GRXFH /RZ WHPSHUDWXUH W
XVHIXO FRBERXQGEGMWDWH ,RQ

IDYURWVN\ $ (QHUJHWLF FOXHV WR SDWKZD\V WR E
FOXVWHU\SDDOWRERHMDWO $FDG 6FL

IDYURWVN\ $ 7KHUPRFKHPANWUQLRIHYDO@RP B RHULD O

5DR & 1 5 %LVZDV . 6RI\WNK@RMLLDWDUA RIRXGRLI D,Q
PDWHUQI/EWWXWQ :LOH\ B6RQV ,QF SsS

%DHU ' 5 (QJHOKDUG 0 + -RKQVRQ * ( /DVNLQ
OXQXVDP\ 3 7KHYXWKDVDQ 6 HWBX® I|PFHIPKOURGEWHUL]L
QDQRPDWHULDOV DRSROWORSDQWHEUHMWMG FKDDIOFHQJILQJ
6FL 7HFKQRO $

JHYDU & ( +RIIPDQ & / 'XQVKHH $ - 7RQHU % (
SRWHQWLDO DV D PDVWHU YDULDEOH FRG®WEBRPWHQJ SDW
VXOIXUUHBOXFHQV

IDYURWVN\ $ OD & J/LORYD . %LUNQHU 1 1DQRS
VKRZ ODUJH WKHUPRG\QDP L F D OUH GXUFIMYLHRAAIIE @&/H EQ LR L

-DPQLN - ODLHU - 1DQRFU\WVWDOOLQLW\ HIITHFWV L
RI QRRRLFV 3RWW &EHP &KHP 3K\V
ODLHU - 7KHUPRG\QDPLF DVSHFWYUXE® PRHUG LRQR J\

FRQG X F WRHPAW \$ IRR @QUIFYRBRIOLWE 6WDWH ,RQ
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IDYURWVN\ $ (QHUJHWLFV RI QDQRSDUWLFOH R[LGF
DQG SRO\PRUHREIKWHP 7UDQV

&KDQJ 6 / < 6LQJK $ 'ZRFWLJ 65SLFFLD / 1DQRYV
VWUXFWXUDO GLVRUGHU LQ PDQJDQHWH (R WGH S&KMPL FP H

$OEHULQ4DQGERRN RI EDWYHHE \ PR YHNOWDJ *PE +

S

=KDQ% /L < O9DOYR O )DQ / 'DQLHO 4 =KDQJ 3
(OHFWURFDWDO\WLF ZDWHU R[LGDWLRQ SURPRWRIG E\ ' Q
FDUERQ QRBGRWGEEWHAKHP

+LUDWD . HAWMR®KDZIR 1 7DNHPXUD 6 .DWR . +DC
OXUDPRWR . .DZDKDUD 7 7VXNMKB@DHUPLGDWRRKRLRID
GDPDWHIH FU\WVWDO VWID\X¥MWXUIHVRI B G U R WHWQ OHW KR GWQ

%HUJP®PQBDKDULHYD , 'DX + B6WUDVVHU 3 (OHFW
E\ OD\HUHG DQGQNHGRPAD/QIJDQHVH R[LGHV FRUUHODWLQJ
FDWDO\WLRBEWMLONQWWRQ 6FL

+RFNLQJ 5 . *XPPR@J5+-- 6DEUL O .DSSHQ 3 'Z
&KDQJ 6 / < 'LUHFWOIRAMDAHIR ORRIGLWLRQV Rl ZDWHU |
FDWD®&GLYSSO 1DQR ODWHU

*HQJ = 6XQ < =KDQJ < :DQJ < /L / +XDQJ .
<XDQ / )HQJ 6 $UFKLWHFWXUH RI ELRPLP&WALF ZDWHU
FOXVWHUOLNHS &8V HSE D XUHWHYLWQWHUIDFHYV

,GD 6 ,VKLKDUD 7 5HGHOMQSURQDBVR[LOHWIKRWRF
ZDWHU VS CBLKWW L&XKIHP /HWW

/LX + *DR : <DR : &KHQ 0 =KRX * 4L - =KDR
. &DR 5 ODQJDQHVH ,, SKRVSKDWH QDRRBOUBRQHWI QVVHP
FHQWUHYV IRWDHOQOWEW ZRRY/KHPREFADWLRQ

'LHFKHQ 0O 1DMDISRXU 0 0 $OODNKYHUGLHY 6 ,
FDWDO\VLV E\ PDQJDQHVH R[LGK¥HUKHD (@LIQURIQ RPFHY RO X

=KQJ * 'RQJ : +XDQJ ; =RX - 2[\JHQ YDFDQF\ LQ
RI SKRWRFKHPLFDO ZDWHU R[LGDWLRQ RRQRWD®F&RP PO J |

.ZRQ . ' S5HIVRQ . 6SRMOGE HGC SKIRWROGRQGBMFGVLY
PDQJDQHVH R[LGHV $ GHQVLWXIXQFMY. RIGIMONWKHRU\ VWX

=KDQJ 5 =KkDQIDR® / EKHODKPRRG 1+ 0PKk <

LD : :DQJ / HMD@DLQHHULQJ FRE DIMW G LIBFHWIR UL X ERGE
HIILFLHQW HOHFWURFDWR®\8DLWDRJ\JHQ HYROXWLRQ

‘DQJ - /LX - =KDQJ % &KHQJ ) 5XDQ < -L
/ -LDQJ - 6WDELOL]LQJ WKH R[\JH QR MIGID/QIFR & \N DQIGWA_
FREDOW R[LGHV BEXVOIRE H WDRERD BE@HWIJ \

7LDQ 7 *DR + =KRX : =KHQJ / :X - /L . 'LQJ

VLWHV LQ SRURXV QLFNHO R[LGH QD QR YIQKID\W ¥ HG RDPQHRC
HYROXW LR @ &®6D YOHQ\MLAH W W

&KDQ 0 = .LWFKDHY ' $ :HNHU - 1 6FKQHGHUPD
7XPDV : 7RQH\ 0 ) 1RFHUD ' * (OHFWURFKHPLFDO W
LRQV IRU DFWLRD)WHRQHRROQXWEBRFFOWWO\VIWWDG 6FL

(
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&KHQ / =KDQJ < /L ' :DQJ < UMNDXQORW H® RPHWIQX
YDFDQFLHV RI QLEFNHO OD\HUHG G R XZIDWHK\ RUHRG DGVH\R QR U
ODWHU &KHP $

=KX < /LX ; -LQ 6 &KHQ + /HH : J/LX 0 &KHOQ
HQJLQHHULQJ RI WUDQVLWLRQ PHWDO R[LGHV-IRU R[\JHQ
ODWHU &KHP $

9pGULQH - & +HWHURJHQHRX&DADMMDUWNLY RQ PHWD

ODYURNHIDORV & . SDW]JNH * 5 :DWHU R[LGDWLRC
RILEBVHG PDQRULDQLVFV

OHQ]HV 3 ,QGUD $ *XWNLQ 9 'ULHVV 0 %RRV\

RI[ILGDWLRQ WKURXJK UHSODFHPHQW Rl 2+ &R VLWHV LQ F
&KHP&RPP

&RRN 7 5 'RIXWDQ "' . SHHFH 6 < 6XUHQGUDQD)
"' * B6RODU HQHUJ\ VXSSO\ DQG VWRUDJH IKKHWKHHIHJIDQ

%ODQNHQVKLS 5 ( 7LHGH ' 0 : %PQHEMLRJI *%UXGYL
*KLUDUGL 0 *XQQHU 0 5 -XQJH :HWURPKSDULQ@J OHOL!
SKRWRV\QWKHWLF DQG SKRWRYROWDLF HIILFLHQFLHV DQ
LPSURY HFEHBQFH

ORQWRUR %XVWRAR@H 5- BGHWWUSK\ . ( &KDSWHU
&KDUDFWHUL]DWLRQ RI QDIIRSDIDNVLWEIOHIH EEHWDR QG HD/Q G QF K
IRU FDWDO\WLF DSSOLFDWLRTKH LER VXO/ WRE IQHVE\O R | FKKH-PRLLY
SsS

ORXUGLNRXGDMUHY DO 7KDQK 1 7 . &KDUDFWHUL
QDQRSDUWLFOHV FRPSDULVRQ DQG FRPSOHPHQWDULW\ X
1DQRVFDOH

+RFNLQJ 5 . &KDQJ 6 / < O0ODF)DIUHS@H D'WER & DICF
FKDUDFWHUL]DWLRQ RI FDWDO\VW VURW FQHD B GMPMUIR Q%/
- &KHP

'LQQLVFKRIHU + G5RFKD 7 & 5 1XQHV : & B6RFRO
=DQFKHW ' &KHPLRODBGOVWQXFRMHMMLNO FKDUDFWHUL]DWLRQ
FROORLGDO GBGRIPMRWLFOHV

':DONHU ) $ ODJQHWLF VSHFWURVFRSLF (35 (6((0 O
105 VWXGLHAMSRQ ORRZULKHPH FHQWUHVKBI@E ®EKRWW LFRW U H
&RRUG &KHP 5HY

OXUDG ( &DWRVYREDXHU VSHFWURVFRS\ RI HQYLURQPF
WKHLU LQGXVW UQBDHXWIFDIGBEWLR @XEOLVKHUYV

%DOOKDXURQHEFX-ODU HOHRWRIRWYUBD /M WLFRDXBPHWDO F
OF*UD®ZL 0O

3DVWRU ( /H )RUPDO ) OD\HU 0 7 7LOOH\ 6 ' )
*UIW]JHO 0 'XUUDQW - 5 6SHFWURHOHFWURFKHPLFDO I
SKRWR HOHFWURFKHPLERQ KW DRRIDI\PDNM RIRFP PRQY HUIDFH

%DUG $ - )DXOONHFWURFEHPLFDO PHWKRGV )XQGDP
DSSOLFDWGRHG/ -RKQ :LOH\ 6RQV ,QF S

%LQQLQJHU 7 )DEEUL ( 3DOWUYDG -*DIEBRWRWUD N)L
6HUHGD 2 .|W] 5 OHQ]HOH (DOFMKWRFXHRATO0 O/ HOWRS |R
LOLWXD\ LQYHVWLIJDWLRQV , &HOO IRU 6%$:6 DQG :$6 DW
(OHFWURFKHP BRF + +
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*ROGHQ ' 'L[RQ - .DQHKLUR < 7KH PDQJDQHVH R]
LQ DQ R[LVRO BRRA® HSHHADLL

7D\ORU 5 OF.HQJLH 5 1RUULVK . 7KH PLQHUDORJ
PDQJDQHVH LQ VRPHEREBWUDOLDQ VRLOV

2Q0DF % 3 OLQAUIDRSHGQLBARILWRREWH : % &XOYH!
' & (GV $FDGHPLF 3UHVV $PVWHUGDP SS

6XQGD : * +XQWVPDQ 6 $ +DUYH\ * 5 3KRWRUH

R[LGHQ VHDZDWHU DQG LWV JHRFKHPILIF'WRUMHQG ELRORJLF

6XQGD : * +XQWVPDQ 6 $ 3KRWRUHGXFWLRQ RI P
ODU &KHP

1IDMDISRXU 0 VYDOHOQHGE PPMIPIQHVR[LGHY DV HIILFLHC
IRU ZDWHU 'RQWRQ L7TRI® Q V

/IHH 6 < *RQRMAH] ' 2KPV - 7URVW 7 'DX + =D
3 6FWBHHQWHGEEDQRNVXRWH HOHFW UR GHN WRUD © DSWHDIQRS[ LD
HOHFWURFKHPLF D @ KHRIBXIVERIK R HU L H V

6DXHU . <DFKDQGUD 9 . $ SRVVLEOHFOXROMWLRIQD!
WKH SKRWRV\QWKHWLF ZDWHU R[LGMIER © LFRIPVS B W [L QU RVK
RFHBQRF 1DWO $FDG 6FL

%LUNQHU 1 1D\HUL 6 3DVKDHL % 1DMDISRXU 0
$ (QHUDHMVUFRE FDWDO\WLF DFWLYLW\ RI OD\HUHG QDQRS
IRU ZDWHU RJREDWDWQ $FDG 6FL

+X\QK 0 &KL & %LOOLQJH 6 - 1RFHUD ' * 1DWXUL
RI[LGH IRU R[\JHQ $PY ROXHPL BRF
9LOODORERV 0 7RQHU % %DUJDU - 6SRVLWR *

PDQJDQHVH R[LGH SURGXFHG E\ SVHX&®RFKRRD&RS/PWREEBDPV
$FWD

ZRQ . ' 5HIVRQ . G6SRVLWR * 20Q WKH UROH RI 0¢
SKRWRUHGXFWLYH GLVVROXWRRKQLRI KRNRREXOL® ESRWQB VL

6DNDL 1 (ELQD < 7DNDGD . 6DVDNRP7 3KRWRFX
VHPLFRQGXFWLQJ PDQJDQHVH R[LGH QDQR3K\NHWRK/HIPQ % H"

+X\QK 0 %HGLDNR ' . JLX < 1RFHUD ' * 1XFOH
PHFKDQLVPV RI DQ HOHFWURGHSRVROXVEL R Q-QFIEKY B © HV W[ L C
&KHP &

%URGVN\ & 1 %HGLDNR ' . 6KL & .HDQH 7 3 &
/ 1RFHUD ' %HCBHURWRRY FRQGXFWLY LW [LIH @ KLYR OLYQ R\
FDWDSRBVHS SO (QHUJ\ ODWHU

%HGLDNR ' . 800OPDQ $ 0 1RFHUD ' * &DWDO\W|
FREDOW R[LGR6WRDY HQRVIXQRY] I XHO’MKDQ & . (GV 6SL
, QWHUQDWLRQDO 3XEOLVKLQJ &KDP SS

$KQ + 6 %DUG $ - 6XUIDFH LQWHUURJDWLRQ RI &

VFDQQLQJ HOHFWURFKHWPLFOKHPLBRRVFR S\

&RVWHQWLQ & 3RUWHUERQBXPRWIYRQ@MG UHDFWLYL
KHWHUR PROMEXWODU FDWDO\VLY 1HZ LQVLJKWYV LQ ZDWHL
FREDOW RI[LGHP | GKP\P 6RF

=DKDULHYD ,)ORRIGDOH]$VIDUL % 3DVTXLQL & ORI
.OLQJDQ DN sL]/RRV 6 &KHUQHY 3 'DX +A SFDOMHRIR[LG
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UHGR[ DQG VWUXFWXUDO G\QDPLFV LQ ELRORJLFDO SKRW
R[LGHMUJ\ (QYLURQ 6FL

8OOPDQ $ 0 1RFHUD ' * OHFKPKRQLYPHRHGREWDORQV I
WUDQVBHPU &KHP 6RF

.LQJ +)RXUQLHU 0 %RQNH 6 $ 6HHPDQ ( &KDWWL
-RKDQQHVVHQ % .DSSHORFNBEDRRQRYL.QPBEWHR® WLPHVFDC
DQG HOHFWURGH HIITHFWV FUYSHFWORRERWKH D QDWW KV; R
7KH ZDWHU R[L-GBMLVRKFPV &

IX[ + 36IXUHQ XQG *EJDOXQV L'PH EKFMAPPXQJ GHU
VD XHUVWNRRQRI@QNMEHDWYRRULIW le+U (OHNWURFKHPLH XQG C
&KHPLH

&RVWHQWLQ & 1RFHLMDLQJ*FDBDAVREYV IUDOQVDODVBRADG 6




&EKDSWHU |

(QJLQHHULQJ GLVRUG
KHWHURJHQHLWREDOW R
SKRVSKDWH GRSLQJ ,P
IRU WKH GHVLJQ RI ZDW

FDWDO\VWYV
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$%675%&7

$PRQJVW WKH PRVW SURPLVLQJ PDWHULDOV IPWHHFRQR
PDQJDQHVH QIFNHO DXQ@ FREDQR2RTHGSVWH H[WHQVLYH |
LQWR PHWDO R[LGH FDWDO\VWV RI WKLV NLQG WKH UHOD
IXOO\ XQGHUVWRRG +RZHYHU LW LV NQRZQ WKDW PDQ\
SURWRQ DFFHSWLQJ HIDHFAY BR CBMRYV SKCPKHDEXERHU  DQG \
IURP WKHVH HOHFWURO\WHV VLJQLILFDQWO\ DOWHUV W}
LPROHFXODU QDWXUHY RU IRUP RI LQW H WXRRZ @ GLDARHJ GRU
WKLV SKHQRPH@RQ GV REBIWD PREDPW R[LGH ZLWK SKRVSK

,Q WKLV VWXG\ ZH VIQWKHVLOHGE HD AREWDLAAW R | LKGHHW HALRWIKA C
RI SKRVSKDWH GRSLQJ DQG ZW SKRVSKDWH WR

SURISMLHVY RI WKH HOBIFWDWGBSRWLWKIKE WWRWHPDWLF VWU
WKH &RHULHG ZHUAHWNV O\ FRUUHODWHG ZLWK DFWLYLW\ IRU :
&RPZR[LGDWLYH VWUHQJWK ,W ZDV GHWHUP\. QHG WK BW R
DFWLYH DV VDFULILFLDO R[LGDQWV EXW ZHUH WKH OH
JXUWKHUPRUH WKLV UHVHDUFK VXJJHVOHGJI WK DWW S XRW
GLVRUGHUBLLOQWYWEB WKDW WKLV FRQVHTXG\@QWe L F NMAMDHD OH @
FKDQJHG WKH PHFKDQLVWLF IXQFWLRQDOLW\ RI WKH PDW
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&EKDSWHBXEOLFDWLRQV

7KLV FKDSWHU LV DQ HWHQGHG YUHYLRDHRI| DQIGH SIXBY
PDQXVFULSW GHVFULEHG EHORZ

7WOH (QJLQHHULQJ GLVRUGHLL NH V¥R ERDOWH BRUGHIDVY. WEH
GRSLQJ ,PSOLFDWLRQV IRU WKH GHVLJQ RI ZDWH

3XEOLVK&KHP&DW&KHP

<HDU

'HWDLOWROXPH LVVXH SDJHV

$XWKRU¥YDQQDK - 6KIDQUQR@®@NH6 6KHU\ / < &KDQJ /HRQF
%HURMDQQHVVHQ 5RVDOLH . +RFNLQJ
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&EKDSWHADEOH RI FRQWHQWYV

 QWURGXFWLRQ
([SHULPHQWDO
\QWKHVLV[RI &RALHV
6\QWKHEXBNWHURJHQLWH
 QGXFWLYHO\ FRRW®RRGFSOPMPDLRQ VSHFWURVFF
&% (6
3RZGHWD\ GLIIUDFWLRQ ;5'°
. UD\ DEVRUSWLRQ VSHFWURVFRS\ :;$6
7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0
YRXULHU WUDQVIRUPS HE WUWRNFRR S)\7, 5
BFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0
% U X QDPAHUNMOOHU % (7
,QGXFWLYHO\ FRRBOW & SHODVP®S/FRS\ ,&3
BFUMHIQ QWL BDWR2HOHFWURGHV
(OHFWURFKHPLFDO H[SHULPHQWYV
&\FOLF YROWDPPHWU\ &9
7DIHO SORW
([ VIR VXUHPHQW RI ZDWHU R[LGDWLRQ FDWD
ZLWK K\SRFKORULWH &O2
OHDVXUHPHQRVLRGD&RLY H VWIVH R QWKL \E K
K\GURJHQ SHUR[LGH +
5HVXOWYV DQG DQDO\VLV
BWUXFWXUDO FKDUDFWBUNVWDWHRQ RI WKH &R?2
L &35 (6
;o'
7(0
;P56
)7,5
6(0
% (7
':DWHU R[LGDWLRQ FDWDO\VLV
&KDUDFWHULV D WIRIQQ R/[HNSCKEARZADHDH/Q
(OHFWURFKHPLFDO DOGDOQWMMRERKH VEUHFE
PDWHULDOV
([ VIRMOVXUHPHQW RI ZDWHU R[LGDWLRQ FC
UHDFWLRQ ZLWK K\SRFKORULWH &O2
OHDVXUHPHQRV LR D&RLY H VWD FWQLURZK ELW K
'LVEXVVLRQ
&RQFOXVLRQ
&KDSWHBHUHQFEHV
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QWURGXFWLRQ

2QH RIEWXH VW FKDOOMODHWWXRN WNKM/ R GHYHORS PHWKRGV
FDUBRRXWUDO FOHDH BK@HUVM\WKH (DUWKYJV PRVW SRZHUI>
RI UHQHZDEOH HQHUI\ UDIGLRWRG HREWRUWKH (DUWK LQ RC
JOREDOO\ IURP DOO HQHUJ\ VRXOFRHWKLYQ MMNHYW\LKH 6K (
UHQHZDEOH HQHUJ\ VRXUFH LWV GLXUQDO DQG LQWHUPL
HQHSWWRYLGHU (OHFWURFKHPLFDO ZDWHU VSOLWWLQJ LV
HQHUJ\ IURP WKH 6XQ FDQ EH VWRUEBG OIMG FIKVHRPQ B D Ol XHHKC
7KRYHUDOO FHI® KDHOFWLRQV IRU HOHFWURFKHPLFDO .
6FKPH

2[LGDWLR®@ 2 - 2 + H (porGH > HS+ 9 YW+(
SHGXFWHKERQH- + (FowkrGHOE HS+ 9 Y\W+(
2YHUDOO +2 — + 2 (gt 9 * NP R R b

6FKHPH:DWHU VSOLWWLQJ UHGR[ KDOIl UHDFWLRQV 7KH V
S+ YVVWDQGDUG K\GURJHQ HOHFWURGH 6+( YDU\ DFF
ZKHUHE\ WK XBARWHQWLDOV DUH GHFUHDVHMEB E\ P9 IRL

7KH ZDWHU R[LGDWLRQ UHDFIQB QNIKH WKRIGRGDIVQRBIRL QB W L F
WKH WZR UHGR[ UMFRWPRQGXH KRRBWDRFV Rl WKH ZDWHU R
DUH VORZ GXH WR WKH PDQ\ LQWHUPHGRPMGHDWU R QXR U B GV
WR PROHFXODUKRI[\WERZVNDRWAKEJK RYRUBR® HIHFHYO YW
WKH XDMW RO WBA\D MWRH WERQHWLF LQWHUPHGLDWHY DQG OR?Z
7KH ODUJH ILQDQFLDO FRVWV DVVRFLDWHG ZLWK HOHFV
FDWDO\VLQJ WKH ZDWB EWRRIEDM WR@ & PHIWDO R[LGHV KDY
SRWHQWLDO DV FKHDS DQG HIILFLHQW ZDWHU R[LGDWLRQ
QLFNHP DQxB FREDOW R[LGHV &R?2
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7KH DPRUSKRXV FREDOW R[LGH ZLWK SKRVSKDWH FDWDO\
LV RQH RI ZNIGKHOPRVWXGLHG PDWHULDOV IRU WKHKHADWHU
VEDOOHGLWMW&RDWDO\VW ZKHUH p3LY GHQRWHV LQRUJI
KHWHURIHN{HLWHR 22+ FREDOW R[LGH E\ FRPSRVLWLRQ 2Z
SKRVSKDWHHICQERQWRRWRWKPIDKMHWLDEOWLYLW\ RI WKLV FDW
SURPSWHG WKH GHYHORSPHQW RI RWKHU pWUDQWILWLRQ F
ZKHUH p%LY GHQRWMHD ER@QDWKEBDWDO\VWYV RI WKQV W\SH
VIQOWKHQLWHKER XIJK R[LGDWLYH HOHFWURGHSRVLWLRQ IUR
FDWLRQ LQ D SURWRQ DFFHSWLQJ S+ EXIITHULQJ HOHFWU'
LOQFRUSRUDWHG LQWR WKH HOHFWURGHSRVLWHG PDWHUL

&R3L IKMW LQVSLUHG VWXGLHV LQWR D UDQJH RI UHODW
QDQRSDUWLFOH VXSSRUWHG mMHH WIMNQR KE M L ¥ SIWLON0N W BNV Q
PDWHULBDWHULDOV SUHFLSLWDWGEG DURRFG LRIPGFPE WIXQ R
0DQ\ RI WHWWIOFRWGB\VWY KDYH VKRZQ VRPH LPSURYHG |
LQ QHXWUDO SKRVSKDWH EXIIHU S+ RU PLOGO\ EDVLF E

(IWHQVLYH UHVHDUFK L Q®WILR KK HU ML FKOBDGHLG/ RKHRYFRELRIRQ) V. PRSI F
WKH SKRVSKDWH DQLRQ LQ WKH HOHFWURGHSRWYWORQ C
SKRVSKDWH LV VDLG WR SURPRWH RBRWDR \WMW HEBHPWWREE
IURP ORFR®FHQWUDWLRQV DW P RAGKDUD W H SRWSHIGWLDOV .
BHFRQGO\ SKRVSKDWGH ISORALION NROQV Bl R F/ARK Bl DIERBS K RV SKD W |
GHJUDGDWLRQ SURGXFWV G X URLINQ OFHIGMD\OHEDLIA R S I K D QVIL\RF
7KLUGO\ ;$6 DQG 7(0 VWXGLHV KDYH UHYHDOHG WKDW S|
DPRUSKRXV VWUXFWXUDOO\ GLVRGGHWV HG \WEW HRIEM® D6 B
UHVHDUFK JURXSV KDYH VXJIJHVWHG WKDW S KRXSKDANK W
DQG WKHUHE\ OLPLWV WKH BWRB WH O HY B@DRWG HRIHFE K B & H\
VWXGLHV KDYH VKR ZQDW KD B/URKRRS DEFWHSIWRUVG X ULQJ SU
WUDQVIHU 3&(7 VWHSV GXULQJ KLDW DX M. ERRS HY DLW SR(
PDLQWDLQLQJ WKH ORFDO DQG EXON S+ HQYLURQPHQWV
UHGXFLQJ SURWWROQRMFEMPWKH FDWDO\VW VXUIDFH
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$OWKRXJK KHWHURJHQHRXV FDWDO\WLF UHDFWLRQV DUH
FREDOW R[LGH FDWDO\VWV Rl WKH W\SH GHVFULEHG DER)
RI FREDOW SUHVHQ@W® KQ YHK HIWWRBWHIRWDHO DKRZQ WKDW PD
QDOM\HU LV IXQFWLRQDO LQ WKHKLAMDWBEOLYWHE RRMHAKBOL!
KHWHURJHQHRXV EHKDYLRXU KDV EHHQ LQYHVWLJDWHG E
FDWDO\WLFUFDWHEQLROPUO\ ZLWR QGORDW KELHFMNQ HAXS SR |
*RQJIOH]()ORUHVNHW HMOL F ZKNMXUGLHY GHWHUPLQHG WKDW W
R[LGH FDWDO\VW ZDV H[SODLQHG E\ ERWKKHWXUQPRB YOHPG @
RI ERWK WKH VXUIDFH DQG EXON LQ WKH FDWDO\WLF UH
PHFKDQLVP DFWLYLW\ DQG WKHUPRRHON QBOR [F. & W BB MOH. WD

7R EHWWHU XQGHUVWDQG WKH VWUXBPWNXM HF REIEO WX (RF |
HOHFWURFDW D G\ W \GHKH DR SR DN KIHRMR-EDROW QR[WEH V H
GLIIHUHQW OHYHOV RI SKRVSKDW IS5 KERR/SSIKDIWH D QG DUXE \
FRUUHODWHG WKH VIVWHPDWLF FKDQJHV DQVVRQ XF\VD XK WH. |
7KH SKRVSKDWH GRSHG VHULHV ZDV FKHPLFDOO\ DQG V\
: UD\ GLIIUDFWLR®Q\ (BEVRUSWLRQ VSHFEWURVFRS\ ;$6 \
PLFURVFRS\ 7(0 LQGXFWLYHMWRRKBEOHBL\SQBRFP\D/SH F
,&%(6 )RXULHU WUDQVIRUP LQIUDUHG )7,5 VFDQQLQJ
% U X Q DPRHUWIO @%H T DQDO\WHVY 7KH FDWDO\WLF HIILELHQF\
R[LGDWLRQ ZDV DQDO\WHG XVLQJ HQ HFMHYERFWHREDO F
K\SRFKORULWW D&ORFULILFLDO R[LGDQW )LQDOO) WKH F
PDWHULDOV ZDV PHDVXUHG ZLWK UHGXFWLYH GLVVROXW
+2
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([SHULPHQWDO

G\QWKHVLY RIKR2LHV
7KH KHWHORNHQEREHDOW R[LGH VDPSOHV ZRWH VHDWKHWR
SURFHGXUH LQ2ZKDNKLRWLDOO\ SUHFLSLWDWHG IURP GLC(

FREDOW VXOIDWH KHSWDK\GUDWH 0 DQG SKRVSHE
RUWKRSKRVSKDWHRGLK\GUBWH DQG VXEVHTXHQWO\ RJLC
K\SRFKORULWH 1D2&0O ZY S+ E\ YROXPH 2[\JHQ

K\SRRKOWH DGGLWLRQ DQG ZDYURBHWXWREA X YH QB DIQ 2
OLFURPRQLWRULQJ V\VWHP ZLWK 3VW SUREH 7KH UHV)
SUHFLSLWDWH ZDV LVRDIPWWE BQGWAMKHEG ZDWHU XVLQ.
ZDVKH®& BEWWRQH; VD @R2 ZHUH GULHG LQ DQ RYHQ DV
SUHSDUDWLRQ IRU DQDO\VLYVY +HUHLQ ZH GHRBQ®JIJWKH L
VIVWHPDWLFDPPBGRIBHGH&R2DY GHYHORSHG E\ YDU\LQJ W
E\ DDFWRU RI XVHG L\D\QWKKHVRO/ &R KLJK FREDOW FRQ
t ZDV VIQWKHVLVHG IWVRPXOWLRE®O &R

6\QWKEXEWWHURIHQLWH
%XB®NWHURI&ERA2W¥HZDV VIQWKHVLVHG RXW®L Q HGH B\KREG RO
SHQQQ ZKLFK VRGLXP K\GUR[LGH 1D2+ P/ 0 f& ZDV
PLQWR DWKVROXWLRQ FREDOW VXOIDWH KHSWDK\GUDWH
GURSZLVH DGGLWLRQ RI VRGLXP E\SRFEORULWKH YRY&BQ)\
ZDV VWLUUHG DQG/ KHIBWHGELIRWDWH ZDV VHSDUDWHG DQ
+

,QGXFWLYHO\ FRXRMHIGF HPDWFNDRQ VSHFWURVFRS\ &
,&33(6ZDV XVHG WR PHDVXUH RVWUXH FFRREDVO MORDIINGHIWKIANDS/R 27 K
&RRVROLG ZDV GLVYROVROARMLYV&B\ KHDWLQJFD *“ J& WKI
DFFXUDWHO\ ZHLJKHG LQ FYLWULFMPFLXK +1KH VROXWLRQ
DQG GLOXWHG $(@ DOMOADMFDUULHG RXW XVLQJ D 9DUL!
DQG D FDOLEUDWLRQHQHYBWHG IURP VWDQGDUGYV
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SRZGHD\;GLIIUDFWLRQ ;5
7KH FREDOW R[LGH VDPS®BV ZHSHHIWHSESDBRBGBW PRXQW
DRDO\VLYVY 7KH SRZGHU ;5" DQDO\VHYV ZHUH FDUULHG RXW X
a aJRQLRPHWHU ZLWK ODDKFR®SHH O[PRGHKH HIIHFWV RI SD
VLIH RQ WKH FREDOW R[LGH VSHFWUD ZHUH WMLXQQ DWKEHG |
g&Uu\vwbDO'suebewP 3DUWLFOH VLIHV ZHUHUHMWXPWWRI@G ETL

UD\ DEVRUSWLRQ VSHFWURVFRS\ :$6
&R HGJH ;$6 VSHFWUD ZHUH FROOHFWHG RQ WKHIPMOWLS
WKH $XVWUDOLDBQGNDBPKOERYRQH RSHUDWLQJ ZLWK DQ F
RI *H9 DQG EMDRIFXURBHQKH ;$6 EHDPOLQH ZDV RSHUD\V
XS PRGH XVLQJ D 6L PRQRFKURPDWRU DQG IRFXVLQJ
SHOOHWY &R2LWK PJ RI FHOOXORVH WRQQHV IRU V¢
LQ D OLTXLRKXWOWXPKAOG EHORZ . 7KH GDWD ZHUH FR
VROLG VANDHPHI QW *H GHWHFWRU DQG WUDQVPLVVLRQ 2.
7KH HGJH HQHUJ\ ( GHILQHG DV WKH ILUVW LQIOHFWLRQ
FROOHFWHG VSHFWUXP ZDV DOLJQHG WR D &R IRLO UHIHL
UDZ GDWD FROOHFWHG IURP WY B BRDSPIONDQUHD @ B VD FFDDY M H €
LEWKH@RUPDOLVH EDENJURXQG VXEBWWHPEEROQ | WDQAIQE

TKHWHQ®®B®G DEVRUSWLRQ;BH)O@HGOGMNWNUXZW X UILHQDO\WHG LQ V
WKH ILUVW PHWKRG HDFK GDWD VHW ZDV ILWWHG ZLWK
KHWHURJHQLWH FWKDD Q@ VWU K BRIV QMR WKHWEDWD 7KH
FRUUHODWH ZLWK HDFK RILWKHH , @ HDWNIW VAIRZG L Y@ W LFRRQ
QXPEHU RI HDFK YHFWRU ZDV IL[HG:DDOQ® WDKM RBUWY WBIQ HI
IORDWHG ,Q WKH VHFRQG PHWRKRBGF XKW ¥ D 61HZ WIWRHRTE D
GLITHUHQW UHJLRQV RI WYXSDRXU L@ UE DN\JLLCFQ , BR 8 FG DawdD L Q
WKH FROOHFWHG (($9P®ONIBSHEWNVNEPLW LQWR LWV )RXULHU F
WR JLYH WKH )RXULHU WDJWDH BHRYWEPU LEMKHQ ;D) M YBIRHUHJL |
WKHQ WSOHH (;$)6 ZLOO WPODWFAK (WMKE6H FRZHYHU LI WKH GD
GHVFULENGDIF} 3%KWHID WK BENGFR (;$)6 ZLOO GLIIHU 7KHUL
FDOFXODWLQJ GLIIHBHOQMWHURVURQVIRUWKHOO JLYH DQ LC
RUGHU E\ LGHQWLI\LQJ ZKLFK (;$)6 UHJLRQV FRQWULEXWH
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7TUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0
,Q SUHSDUDWLR QF RREWD O ¢DRW\WA N VB R SFDHMWZE UKHHGEW O\ RQW
FDUERQ ILOP FRDWHG FRSSHU 7(0 JULGV 7KH 7(0 LPDJHYV
FRUUHFWHG 7LWDQ )(, &RPSDQ\ RSHUDWHG DW N9

JRXULHU WUDQWRBEFIHAWDRBRMBER S\
7KH JURXQG FREDOW R[LGH VDPSOHV ZHUH DQDO\VHG E\ )
GDWD ZDV FROOHFWHG XVLQJ D 1LFROHW YRXULHU
DWWHQXDWHG VR D\OS WHWQHF WML@J 201, & FRPSXWHU
WHWILRQ RI FP

6FDQQLQJ HOHFWURQ PLFURVFRS\ 6(0

7KAREDOW R[LBMUWDPSDEWHG E\ 6(0 DV L D ILQHO\ JUR
D 6(0 SLQ VWXE ZLWK DQ ®HKHVUDSHK IGRKBEOHE DQG LL D
DGKHUBG®QSLQ VWXE ZLWK D/Q ®HXK HVUDBH LGRK BAOOHE $0 0
JROG VSXWWHU FRDWHG ,Q SUHSDUDWLRQ LL JUDSKLYV
VDPSOH VXUIDFH MR W/(KHL B DQHWWZHEUM M RO H-G 0X V /O J

WUXQORRHWWOOHU % (7
7KH VSNRUIDHFH DUHD ROWWHDWEKD&OR2DY GHWHUPLQHG XVLQJ
SUHSDUDWLRQ IRU %(7 bQDO\VLV WKH PHWDO R[HGHV SR
7TKHDGVRUSWLRQ DQG GHVRUSWLRQ LVRWKHUPV DW .
OLFURPHWULFV LQVWUXPHQW

,QGXFWLYHO\ FRPOGS\OH G SHEMWFFDGFR S\, &3
,QGXFWLYHO\ FRRBOWY ¢ SHODW P®EP HADW\ X \B#8G WKRIH WKH FRE
FRQWHQW RPDVKHHUEBOAOMV LWVOAWHHE QRU HOHFWURGRSRULWHG |
R[LGH )72 FRDWHG JODVV )72 JODVYV ,Q YBRIOEBUDMWL R
GLVVROYHG RIl WKH HOHFWU RQ@HQEWKHIEPWLRY J IRU

PLQV WKHQ FRROHG DQG GLOXWHG LQ 7TUD6O0LFDWH
DQDO\VLV ZDV FDUULHG B&W XVHQUHN 9MYVVDWDXPEBQW ZLW
FXUYH 5 JHQHUDWHG IURRQVWDQGB@SB8 VROXWL
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6 F UHH®W LQQRQ&RR HOHFWURGHYV

,Q WKLV SURFHURPPSOWKH &R2PZIDWHEGSP IRU K LQWR D
SRZGHU DQG RYHQ GULHG f& K WR UHPRYH ZDWHU Z
XVH® WKH SULQWLQJ SDVWH 7R PDNH WKH SULD®LQJ S|
HWKDQRO WHUSLQHRO VROYHQW J GR\GSHWKNG EIO O
HWKDQRO ZHUH DA®HGKMREW&H BRQO MDU UBPGIRUKH K LO
ZDV UHSHDWHG WR JLYH D XQLIRUP SDVW HSRUW QWQRJ F H KMt
RSWLPDO YLVFRVLWQ ZMHFRW D DQRIGWEKIH HWKDQRO VROYH
(DFK VDPSOH BDVQMWHEH®VLGH MK H QGH\DLYIH® BB & DO D V
HOHFWURDFWLYH BRUWDODUJHFP72 JODIVWVREBHWS& *ODVV
30DWRKH VEUHOIWHG ODUJH )72 JODVV VKHHW ZDV LQLWLI

PLQV WKHQ VLQWHULKY DRMLQWE ULQJ KRWSODWH ,Q
HOHFWURFKHPLFDO H[SHULPHQWYVY LQGLYLGXDO HOHFWUF
7KH HOHFWURDFWLYH DUHD ZDV LVRODWHG E\ PDVNLQJ Z
WKH PHDVXUHG DFWLWRW\ KZHD ¥ RECHO WRRHGH PDWHULDO

W LV DGGLWLRQDOO\ QRWHG IGREHWKW LQER M W IKBWYW H.G
W\SLFDOO\ DEEUHYLDWHOG/ D¥MD)PBRY2ZHOHFWURDFWLYH DUHD
RI VFGHHQWHG VDPSCGHWBOODKH ISDYMH®DVYV VKHHW ZLWK |
PDWHULDO FRUUHVSRQGLQJ WR RQH HOHFWURGH LLL +H
DQG WHUSLQHRO FRPSRQHQWY DQG OHDYHV SRUHV LQ WK

(OHFWURFKHPLFDO H[SHULPHQWYV

$00 HOHFWURFKHPLFDO H[SHULPHQWY ZHUH FRQGXFWHG
D WERPSDUWPHQW HOHHWOREKWRLBD®D + i —P FHUDPLF
HOHFWURGH V\VWHMHODKHRB@RERMPWDLQHG WKH $J_$J&O
UHIHUHQFH HOHFWURGH DQG WKH ZRUNLQJ HOHFWURGH
SODWLQXP PHVK DX[LOLDU\ HOHFWURGH $ ' SULQWHG H
UHIHUHQFH HOHFWURGHQFNWIDGDVWD/QWKH FREDOW R[LGH
DQDO\WVHG RSHUDWHG LQ SKRVSKDWH EXIIHU VRGLXP G

0O S+ ZKLFK ZDV VWLUUHG XVLQJ D PDIQHWLF VWLUUF
SRWHQWLDO GLITHUHQWHWKOHUH[SHBRRMHWDDI DHPNWUHQFH
0O 1D&O 2ZWKHU SRWHQWLDO GLITHUHQFHVY TXRWHG KHU
VWDWHG UHIHUHQFH HOHFWURGH
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&\FOLF YROWDPPHWU\ &9
&\FOLF YROWDPPHWU\ &9 GDWIWHADG LFRHQUAIRYW H G HLIFQV W R (
VDPH VDPSOH DQG WKH ILUVW F\FOH RI WKH PHGLDQ VFD(
DW D VFDQPOUMWMH/RH EDFNJURXQG FXUUHQW ZDV PHDVXUH!
HOHFWURGH

7DIHO SORW

7DIHO GDWD ZDV FROOHFWHG LQ GXSOLFDWH DQG DYHUTL
VORSHV ZHUH JHQHUDWHG E\ SORWWLEYF LWKDWRKRI RI| F
RYHUSRWHGOGWQDWE FDOFXODWLQJ WKH VOR KH R SWKIP IDQ. G
GRPDLQ RYHU WKH UHJLBRURKHBFXH WRH FWR FRSPUWHWRQ WKH 7
FDOFXODWHG RYHU D VLPLODU GRPDLQ UHJLRQ WR

Exsiu PHDVXUHPHQW RI ZDWHU R[LGDW KRKQ FORMKDAR\WILW HE \ &UH
+\SRFKORULWH LV D FRPPRQO\ K[VNG®VAXOW VM LIIR BLDOWUHHRID RIf
FDWDO\YHVYHLQ D JDV EXUHWWH ZDV XVHG WR PHDVXUH W
K\SRFKORULWH DRMVELRRX SQ WKN\BREFWH PJ ZDV WUDQVIHU
LOQOWR D VPDOO 4XLEFENILW FRQLFDO IODVN ZLWK SKRYV
RUWKR/SSKDWH GRK\GWOWDWH D PDIJIQHWLF VWLUUHU EDU
VXVSHQVLRQ WKH IODVN ZDV FRQQHFWHG WR WKH JDV
FROQQHFWLRQ DQG WKH IODVN ZDV SODFHG RQ D ADJQHWL
VXVSHQVLRQ ZDV EHLQJ VWLUUHG D QHHGOH ZDV XVHG

P/ ZzY S+ WKURXJK WKH VHSWXP LQWR WKH IODVN 7K
LQFUHPHQWDOO\ PHDVXUHG IRU PLQV (DFK UHDFWLRQ V

OHDVXUHPH@®W BDWRY H VWHDHQIWVRKGDIRYKQ SHAR[LGH +
7KH R[LGDWLYH VWUHQJWK Rl HDFK FREDOW R[LGH VDPSO
LOQYROYLQJ K\GURJHQ SHURPLS W LIPQ® MUJWR EHXKUDAN & iV VE I\
,Q WKLV H[KHU&RBISW RJYLPDWH O\ PPRO &RWZXDBIW QX WASUHL
DFLG +120 P/ S+ DFHWDWH EXIIHU VRGLXP DFHWDW!
RU SKRVSKDWH EXIIHU VRGLXP K\GURJHQ SKRVSKDWH

WKHQ PL[HG ZLWK K\GPRJHQ PHUR[LRRH7KH YROXPH RI JD
HYROYHG ZDV LQFUHPHQRLID WV RR B VX# A BQHEREW UR QBU RZ Q
&RRVROLG GLVVROYHG WR SURGXFH D SDOH UHG VROXWLF
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SHVXOWY DQG DQDO\VLYV

BWUXFWXUDO FKDUDFWHSLVBWLIRY RI WKH &R?2
7KIMWXG\ H[DPLQHG D VHOILMW FIREB®WUR[LEGHL WBWHULDO
VIVWHPDWLFDOO\ GRSHBWZLSKR YV SKDWH[QBKH KR2HV ZDV
VWUXFWXUDOO\ FKDUDFWHULVHG XVLQJ ;5' 7(0 DQG ;$6
FRPBAQWDU\ LQIRUPDWL®RKQY HDE RXQG DOMRPRVYFDOH VWU XF
FKHPLFDO VWUXFWXUDO DQG PRUSKRORJIBF DD 5 QGI(UPDWI
DQG % (7 DQDO\VHYV

, &3 6
7DEOHSUHVHQW¥ (B IGHD W&B DQG W KGIL VAIQRADK/MH MR BB BK &R 2
VDPSOH 7KH PRO UDWLR RI FREDOW DQG SKRVSKDWH LC
SURGXFW LV DOVR SURYLGHG

7TDEOH ,&3%(6 GDWD DQG VI\QWKHVLV FRQGLWLRQV IRU
&R2[ 3 VHULHV 7BOVRKBWRYLWVGHG IRU D [VZS8BUPHY ®DW K
D@®W SKRVSKDWH DV VHOHFWHG DQDO\VHV ZHUH FR(

6\QWKHVLV V &RZ2SURGXFW

&R | 3L| ORO U &R 3L ORO U| &R2x 3
PO| PO &R 3L zZwW “1 zZW “1 &R 3L QDPH

“ ¢ &R
“ “ & R2
“ “ &R
“ & R2

“ “ & R2
“ “ & R2
¢ “ &R 3
% X OMWKH U R J H ¢ “

WIW W w| w|w

3L LQRUJDQLF SKRVSKDWH
1 UHIHUVWMRQWRHG GHYLDWLRQ RI WKH WULSOLFDWH PHI
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;o
JLIXUHSUHVHQWY WKH ;5' SD WA BHQWH B R WHDQ IQ# I6D IQURP
&R2 3 :KLOH WKH :5' SHDN® FIQ&RZR2 DUH VXEVWDQWL
ZHDNHU DQG ERDUGH E X\BMNWHW RHHSHINY RIKH FKDUDFWHU
KHWHURJHQLWH UHIOHFWLRQVVIDPH GHY VHRWHLW KDKH ; & | Z
FRQILUP WKDW3WKBPSSRPHV DU H KIHNIK H R\ K CRLISDIERX W
UHIOHFWLRQ SUHNVBQWDIPG OWKH LARRW W UL E X W IS G RGK A\D & O
RI K\SRFKORULWH R[LGDWLRQ DQG FDQ EH D PLQRU FRQW!I
ZDVKHG GXULQJ WIK® W¥KROD QWK WIWH S

(&)
©
Z
™ o —N © <t n
o o o o o —
o N — O O - o
| A .
1 1 : : 1 1
480 - S T A B
N B Buk
] 1 v heterogenite
380 | A
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i R CoQ (0 %P)
2 280 M—MW CoQ (9 %P)
a ] i P I '
= ! L ! 1
£ 180 - ! I i1 i ]
I . - i L Nacl
I P I i
R
80 - R ] H
' i b Simulated
I I heterogenite
'20 T T T T T T T T T T T ]
10 20 30 40 50 60

JLIXUH 3RZGHU

&R2 3
&R

3

2

VSRG WHIBPW H & HRVH IERKIOHNQ L W H  D&R=2
'‘DVDV FROOHRPVOHMEWRQ RIHQ\LARR 3
3 SLONLD&O XHDQG VLPXODWHG FU\GWDDR OUBKIHKHW H |

VLPXODWHG FU\VWDOOLQH KHWHURJHQLWH VSHFWUXP L\

UHIHUHQFHKH FU\\WWHDVOHQJJIRJHQLWH WBDFH @UMDXEG LWK3H OD
FRQVWDQWY DUH D c

c DQG F
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JLIXUHSUHVHQWY WKH ;5 VLPXODWLRQV JHQHUDWHG XVL
WKH HVWLPDWLRQ RI DYHUDJH FU\\8W DQGL &/RIBFOXRMWHU
VLPXODWLRQV LQGLFD® HBQWKORE WP @HY KDYH DYHUDJ
VL]HV RI DQG QRKIMMSWEWDWH®Q UHOLHV RQ WKH DV
VWUXFWXUH RI WKH QDQRSDUWLF O H+ R Y HALKPUNO BV VWX R SMKLHR
LV SRMYDEG DD WHE VHT DIQQW \\S6V L WECK IF FVRED QWK R[LGH P
DUHWU X FWXVYRPW®NUHG DQG DV VXFK WKH EXON VWUXFW
VWUXFWXUHV ZLWKLQ WK$&H PDWHULDOV

18W
CoQ (0 %P)
13
MMMMCOQ(Q%P)
P
‘0
§8
E .................................................. 0.002. u
3 e SN——— 0.001...u
__________ ee T T T TS e e e e - 0.0009...u
'2 T T 7T T 7T T 7T T 7T L
10 20 30 40 50 60
2 R
JLIXUH ;5° LPXODWLRQV RI VLQJOH'FWDD W R O OKIHFWHIGR RH
&RR 3 &R2 3 SLOQWLPXODWHG KHWHURJBHQDWM FO X

GRWWH® XODWHG KHWH U R JEH@D MNH VRROBXE/HW VG- JKH WHRJ R J H
VL]H E@OFN GDVKHG

7(0

JLIXUHSHVHQWY WKH 7(0 LPDJHV; FRO O/HARMHE R MWK &R D
LQGLFDWH WKDW $R G\ FUL\MWHO 2DY WERPDVLWLRQHG LQWR
PDWHULDO FRQWDLQLQJ QDQRFU\VWDOOLQH)UMKILIRQV DW
LDQIGLLDQG ZDV IXUWKHU WUDQVLWLRQHG LQWR D FRPS
SKRVSKDWH.BRBHL QJ7KDW LV WKH QXPEHU RI FU\WWDOOLC
IXQFWLRQ RI LQFUHDVHG SKRVSKDWW VGRSRMW LM Q® FW KL
QDQRVFDOH GLVRUGHU ZLWK LQFUHDVHG SKRVSKDWH GRS
&R2 3 &R2 3 DQG[ &R®2 ZDV HVWLPDVWQ®PG WRPHHQG QP
UHVSHFWLYHO\
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(i) CoQ (0%R

(i) CoQ (1 %P)

\‘\
(iii) CoQ (3 %P

(iv) CoQ (9 %P)

J)LIXUH7(0 LPDJHV RIf WKH WHRZLHV 'DWD LV SRIHVBQWHG D
LI&R2 3 LL&RP 3 DQ&RR2 3 &R2 3 LV GHVFULEHG
QDQR SRO\FU\UWDBOAMIBEHEYRZLEHG DV DPRUSKRX®G DQG
&R2 3 DUH GHVFULEH@ERPWM\KWYDPO®LQ® UHJLRQV LQ DQ DP
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;$6
JLIXUHSUHVHQWY WKH WUDQVPLWGURQ; ¥R G B WR FROW H B W
&R2[ 3 VHULHEXOXXHOVHURJIHQLUWHHHWDY BRRHUHSUHVHQWY WK
IOXRUHVFHQFHPRGH&BDWD FROOBFWHR2 BQ &R2DQG
PXOWLSOH FREDOW R[LGH UHIHUBMHHIFH H/@PIS\O 8IR & R.R2 LV
UHIHUHQFH &R22HIHVUHQ&ER DQ® BMRRRUHQFH

7KHUD\ DEVRUSWLRQ QHDU HGJH VWUXFWXUKH ;81(6 DQG
DQG ®R FRQWDLQLQJ DSSURI[URDWBIONM QHDUO\ LQGLVWLQ
ERWK DV FROOHFWHG KHUHLQ DQG DAKIWH $ R URRREY/ L Q WIK:
&R2 3 DQ®BIEHLQJ HOHFWURQLFDOO\ DQG VWUXFWXU!
&R2 3 PD\ EH D JRRG VWUXFWXUDO QG IXQFWLRQDO PL

7KH ;$1(6 IHDWHK®MHY VKDSH HGJH HKRM. \WHRQ ORJ) GH/KWHHE R 2
VHULHY DUH EURDGO\ FRQMUXWH Q WDK LW IS WRYWHUHR/J H @ L &/H
WKH FREDOW R[LGH VDPSOHV KDYLQJ DQ DYHUDJH FREL
HGJH SRVLW L RRF WDXKG G UDHD PR R U G L Q DQVG RAQR VDA BFEE(@EV W K
GHWHUPLQHGH®G RHP WHIH B®H &R ,,, FHQWUHV KDYH D ORZ
FRQILIXUDW DR/QLGEERFWKH GUH KDYLQJ RQO\ RQH SHDN FR
WKH \, :GRUELWDO WUDNQNIQWIORYVWRRVMHKEUH QR LQIOHF!
GLITHUHQFHV LQ WKH ;$1(6 WKDW PD\ LQGLFDWH BRQWDP
VPDOO ORDGRQU®WER &R2VDPSOH

7KH (;$)6 Rl WKH3&RPDWHULDOV DUH YHU\ VLPLODU WR WK
JLIXUHF ZKLFK LQGLFDW H\3 WKIDWMHWKBIO&RRDYH D YHU\ VLF
VWUXFWXUH WR KHWHURJEQDWH LW FPRKBRBUANX YVBKHU EH
GRSHG SKRVSKDWH[ ZL WIOLVDOHW KBIO&R 2,1 WKH GRSBG SKRVSK
ZDV ERXQG WR WKH FREDOW R[LGH LQWQ2B® DEHRW G LRAK H L
WKURXJK R[\JHQ 2BY [ER®GHISKRVERDMWIBOD\HUY ERQGYV

ERQGLQJ LQWHUDFWLRQ ZRXOG DSSHDU DV DQ DGGLWLRQ
GDWD WKDW ZRXOG LQFUHDVH V\WWHPDWLFDOO\ ZLWK L
WUDQVIRUP GDWDO Rl WHU)LWEX2DH SERYLGHV QR HYLGHC
SKRVSK@WWDOD\HU ERQGV DQG WKH RPLVVLRQ RI WKHVH
DQG N WUDQVPLVVLRQ (;$)6 VXJJHVW\ QWKDHO OKHWU B RLC
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CoQ (0 %P)
— C0Q (1 %P)
— CoQ /(3 %P)
— C0Q(9 %P)

Absorption Intensity o
(normalized)

Energy (eV)

E
F

%)

LL

<

X

W

X

Wavenumber (k, &)

G

Il v VI

Fourier Transform Intensity

%0 % & v§ ]S v ~Z;U -

JLIXUH&R HGJH ;$6 VSHFWUD FRPDBFWHGLRY WEHMWERDVF
PRGHDWD LV SUHYH®MW6 GE BWHGIH N ZHLIJKWHG (;$)6 DQG
G)RXULHU WUDQVIRUP RI WKH (;9)WD NZDV FWRRAOHFWH
&R2 3 &R2 3 RUDQJ&R2 3 UHG&R2 3 SLQN
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(a)
>
i CoQ (0 %P)
28 — C0Q (9 % P)
S T m— COPI
s % = C0O(Ca* ref)
2= Ca0, (CH+3+ ref)
< = COOOHCG" ref)
LiCoQ (Ca* ref)
Energy (eV)
(b)
(c)
n
LL
$
Ll
X
2 4 6 8 10 12

Wavenumber (k, &)
(d)

VI v

Fourier Transform Intensity

%% E VS J*S v ~Z;U -

JLIXUH&R HGJH ;$6 VSHFWUD FRROGHFS8MHGDR® SFREDOW R|
UHIHUHQFH VDPSOHV LODWXRWHY B HWF%A (\WHRE SWMHG J H
FNZHLIJKWHG (;$)6 ZLWK WUDQVPLVVLRQ PRGH\DGBFG6 GD\
G)RXULHU WUDQVIRUP PARNKHEDPSH® AP W H&BGZH 3

&R2 3 SLON&RLIUHH@&R2 &RHIHUBQBHN JWR\
&R UHIHUEQFH &R22+ &RIHUHQPHN&RZR UHIHUHQFH

PHGLXP JUH\
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3KRVSKRUXVGJIH VRIW ;B6IXGWDMWEDY VXEVHTXHQWO\ FROOH
DQDORJRXV SKRVSKDWH GRSHG VHULHV FRQWDLQLQJ
SKRVSKOPWWDOD\HU ERQGV FRXOG EH LGKHQVGHQRB RIKU
SKRV SIKDWUWD O DZRY ER QS WHPDO ®OVARZ LQWHQVLW\ SHDN E
HIV LQGLFDWHIERE\IMIKHH 7KH &R23 VDPSOHV GR QR
KDYW¥ KDUDFWHAMNVNHEISNUMK 7KHUHIRUH ERWK WKH VRIW
'$6 GDWD VXJJHVVW)RVIDWHWWKHRMRIBKXDWH ERQG DQG Wk
SKRVSKDWH PD\ EH ORFDWHG LQ WKH LR ¥ HRODWMHW DRY HT

4.0 -
2 30
C s — NaHPQ,
2% == NaHPQ
-3 297 == C0Q (0.2 %P
S E == C0Q (2 %P)
= é 10 - = C0Q (5 %P)
3
<

0.0 -

21 48 2149
2145 2150 2155 2160

Energy (eV)

JLIXUH3 .HGJH VRIW ;$6 VSHFWUD FROQHFWHG RIHV Q' DWD
ZDV FROOH&®WHG RQOLIKW ER2H 3 GDUN E&QRBR 3
sXusam32 EODFRNQG3AD JUH\1IRWH WKDW WKH GDWD KDV Q
LQ DEVROXWH HQHUJ\

(;$)6 DQEDO\VLYV ZDV IXUWKHU XVHG WR IFKRU® MAKHHU IL @ W W\DK
WKH &R2 PDWHULDOV )URP WKH WYDQUPMGMW.RY GHMD WI
WKH KLJK UDQJH )RXULHU WUDQVIRUP SHDNV ,9 WKURXJK
UDQJH VWUXFWXUDO RUGHU VKRZ D VXEVWDQWLDO V\V
SKRVSKDWH GRSLQJ LV LQFUHDVHG 7WRVD(GH& \GHDWP $HW HQ
IOXRUHVFHQFH )RXULHWJWUBR %IRIRR Hc WK IFQP XVH RI Wk
GDPSHQLQJ FDQ EH HYDOXDWHG LW LV LPSRUWDQW W
IOXRUHVFHQFH GDWD YDULHV DQG WRXGH®W HWUR LHOYD @ K D W\
(;9)6 GDPSHQLQJ SKHQRPHQRQ 7KLV GLVFXVVLRQ LV SUH’
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$ FRPSDULVRQ EHWZHHQ WKH )RXULHU WUDQVIRUP WUTL
JLIXUHBDQG G UHVSHFWLYHO\ VKRZV WKDW WXH XWHBK 5%
RFHUDOO OHVV LQWHQVH LQ WKH IOXRUHVFHQFH GDWD W
GLIIHUHQFH LOOXVWUDWHY WKDW PHDQLQJIXOO\ GLIIHUF
VDPSOH XVLQJ GLIIHUHQW GHWHFWRU PROGMNRUB ¥ BHORGIVE |
LV GDPSHQHG GXH WR HIIHFWV EH\RQG WKH VDPSOH VWU)

7KH LQWHQVLW\ GLIIHUHQFH EHWZHHQ WKH WUDQVPLVV]
JLIXUHEDQG GFDQ EH XQGHUVWRRG E\ H[DPLQLQJ KRZ V
GHFRQYRQ$WHVQMWRH FRQVWLWXHQW IUHTXHQFLHV ,Q VLF
(:$)6 YHFWRUSDIF®I DUH DVVRFLDWIDF H LOLK VORQRBHY 5@ W
WUDQVIRUP 7KLYLUXUHZKBIUHURPFK RI WKH (;$)6 YHFWRU
(;$)6 ILRN &R2 3 DUH FREUWMKDWXGLHU WUDQVIRUP SHDN
GDPSHQIKQJKRUDQJH )RXULHU BVBRNHRUV BHORNLDYHG Z
IUHTXHQF\ (:$)6 GDPSHEHQ *LOKNUVSDIAKH®H6 FRQWULE X\
DUH PRUBWLEVAHWR QRW RQO\ HNBKYRXGBO R QWHRDIH G
FOXVWHUV EXW DOVR WR H[SHHK LWBHRINOHO FRIUFIHIEDBVW L R
YLEUDWLRQ IURP D PRQRFKURPDWRU DQG VDPSOH LQKRP

JRU WKH ;$FRGOWPWHG KHUHLQ LW LV OLNHO\ WKDW WKH
OHVV LQWHQVH WKDQ WKH DVVRFLD\WESRWEZNYKR IV WIKRHQ
V D P SOMW H @QKDAWKIEDIQ NMH RVFLOODWLRQV DQBQGBHPSH)BHG \
VLIQEHDEVRUSWLRXQAGHDVIMRRGBG SKHQRPHQRQ LQ IOXRU
LQYROYHV WKH HPLWDANW GEHO® R WHDEW@®W EHG E\ WKH PDWH
PHDVXUHG E\ WKH IOXRUHVFHQFH GHWHFWRU 7WHKHSKHOQF
SURSRUWLRQDOLW\ EHWZHHQ WKH 10X RUKHWFXQXBOQ\RBP
DV D IXQFWLRQ RI WKH PDWHULDO ZKHUH=DPWMPASIOH PD\ E
VRLO VDPSOH 'XH WR WKH GLIILFXQWMH LI} GBI E HRR WEIDH RV/Q
DQG VWUXFWXUDO GLVRUGHU WKH (;$)6 DQDO\VLV KHUHI
DQG QRW WKH IOXRUHVFHQFH GDWD
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@)
CoQ (3 %P)
CoQ (1 %P)
(b)
(©)

JLIXUH*UDSKLFDO UHSUHVHQWDWLRQ RI WKH [ SDUDPHW!
VHULBWD UMW IBQWBIBGDBK ILW RYHUOD\LQ@B LWKWHRU LB DO
EGHFRQYROXWHG (;$)6 ITUHTXHQFLHNMRKXG LIHQY WKIHD @ RER U
HDFK ITUHTXHQF\ XVHG UODWVKHVWR2NVKH RULJLQDBORKNLHU
GDNG& 7KWUDFH FRODBRXSIVHIE® D VB &R2 3 RUDOQJH

&R 3 UHG&R2 3 SLONDQGEODMMFN GDMMHOGFH FREBRXUV L
FRUUHODWH ZLWK WKH FRORXUV XVHG LQ
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7KH GDPSHQLKQIKRIUVBREHLHU WUDQVIRUP SHDNWHS WKURX
JHQHUDOO\ VXJJBNV\DQ VKB AWPWWIH BIRDOV ODFN ORQJ UDQJ}F
WKLV GDPSHQLQJ HIIHFW KDV EHHQ DWW ULE XRaHG/ WRUW K
E\ WKH 1RF HUDHV/® UDYKLPQ RKSHL U :$6 FKDUBEWHUKMD W LR
GDPSHQLQJ HIIHFW FRXOG HTXDOO\ EH H[SODLQHG E\
VSHFLILFDOO\ HYDOXDWHY WKH HIITHFWV VWUXFWXUDO GL

7R EHX\QGHHW VWDQG WKH JHQHUDO GLIIHUHQFHV LQ VWUXF
VHULHVY WKH WUDQVPLVVLRQ PRGH (:$)6 GDWD ZDV DQDC
DQG FRPSDULQUJSVKHI (N$)6 W RF VKX BIDEMNAE T;$)6 ,Q WKH IL
PHWKRG HDFK GDWD VHW ZDV ILW ZLWK WKH VDPH VHW R
GDWD WKDW DSSUR[LPDWHO\ FRUUHODWHKXUZGW® WIHFRK/ IR |

ILWV WHBLERFOWLRQ QXPEHU 1 Rl HDFKWWWBRWR W QBV'HENH
:DOOHU IDFWRUV ZHUHDO® B W HIBF W R BHEGEWK R RO XPEHU

KLIJKO\ FRUUHODWHG SDUDPHWHUY |IZKWMRY KMV ' FER HG H
LOQWHQVLW\ WKUR XJKRG IGVLRUDGH.UR QD QbGP WEHKBIV BIR (W$/) 6V RQEV H Q
WKURXJK D FKDQRUGL@ PWWP® GRPEHU $V VXFK LW LV RI\
WKH HITHRWGIRQCPRLRQ QXPEHU IURP WKH HIIHFWV RI GLV
YHFWRUV EHLQJ PRUH VXVKHUSDWLEGD QWRY VKEXWMHG VB UL
JLIXUH

7KH GHWDLOV RI WKH (;$)dDEWWRGHDSUHVFHKQAIWEB G UG SUH\
WKH ILW[IRWB &R2 SUHVYHDWHG)WRIDEOHLW LV REVHUYHG W
'"HE\HDOOHQE YDXHYFUHDVH SURSRUWLRQDODKHAL WKLY KR\
ILIHGDQG WKHUHE\ VXJJHVW WKDW VWUXFWXUDO GLVRU
SKRVSKDWHHBREIQJILW LV VXIIHVWHG WKDW WKLV LQFUF
SULPDULOD WRIBKQ&GLVRUGHU 7KLV HIITHFW LV HYDOXDWH ¢

WRMMHQIWK GLVRUGHU RFFXUV ZKHQ WKE&Hg JIJIMWKDRYV BDDWIAY
FROQWULEXWYRQIHFW LV GHPRQOQNWUDWMWKHEX GQ @& R& R
YHFWRUV XVHG BQIWWMHAX&RERPSDUHY WKH HIITHFWV RI VSO

@&R&R YHFWIKWH DG WKH ORQ&RUYHHRFWRSRH EOPFN
GDVKHG c DV ZHOO DV WKdHR ORIGIBKWH EWR C
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7TDEOH6XPPDU\ RI WKH SDUDPHWHUV IRU WKH (;%$)6 ILW RI

+HWHURJH

6FDWWHUHUcGHEMD@BEOHU ¢
6KHOO

1 %RQG
6FDWWHUH| &R2 3 | &R2 3 | &R2 3 | &R2 3
GLVWDQFH

&R @

&BR @

&R @

&BR @

&BR @

&BR @

&BR @

SIDFWRU

"5

"N

$ QHIDWEYHDOOHU IDFWRU LV QRW FRQVLGHUHG UHDVRQDEO
SHUPLWWHG DV WKLV LV D FRPSDUDWLYH ILW QRW LQGHSHQG|
FRQWULEXWLRQ LV QHHGHG LQ WKDW IUGBDWBQF\ UDQJH WR DG
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(a)

Wavenumber (k, A)

(b)

Wavenumber (k, &)

(

()
~

— CoCo @ 2.8% split G0.05 A

== CoCo @ 5.7& split G0.05 A
CoCo @ 5.7& split G0.1 A

Fourier Transform Intensity
+

%o% E VS JeS v ~Z;U -

JLIXUH (;$)6 VLPXODWLRQV LOOXVWUOMWQIWKWEHVRUGRW YV
(;$)6 LOWH@WL.IVLYV S U HV&RER HYGH BW R @VIBW0 L W @\
PHGLXP EB&R&R YHFWR@\B0OLW @EAHGLXP SEWKH
JRXULHU WUDQVIRUP RI WKH (;@NHQJH&F FRQYG HWIHR ERDEG
ER@AHQIWRVIGLXP P@GRHGLXP SZIOMK WKH DGGLWLRQDO
RI WKH@&R&R YHEWRBEINKHGH LQFWWNREY D JUDSKLFDO UHSU
RI WK&R&RHFWR@VBWLW E\ c
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JLIXUHGHPRQVWUDWEMQWWERWG ERRBGHU UHGXFHV WKH R®
(:$)6 E\ RIIVHWWLQJ WKH SKDVH RI WHKH W IQXY RLIGHIOWL®
IUHTXHQF\ Rl WKH ZDYH 7KLV UHGXFWLRQ LQ (;$)6 LQWHQ
LQ WKH )RXULHU WUYDXXWRUPFGIRPOILBFWY RI GLVRUGHU
SURQRXQFHG LQ WKH ORQ&R U KEWKRHU | LHTSERQW\ &K HUH |
WKDQ RI WKH (;$)6 LOQWHRVHW\QEDVKERVWKH VSOLWWL
UHGXFHG WRIXUHCEODFN GIDVEIHR[LPDWHO\ RI WKH LQW
LQ WKH )RXULHU WUD®@V IRRIPHSMIXNMH H%XLYDOHQW VSOLWW
&R&R YHFWRU c c VSOLW RQO\ UHVXOWHG LQ D

SHDN 5% 7KHUHIRUH WKH (;$)6 Rl WKH ORQJHU KLJKHU
VHQVLWLYH WRQVRUGKW PIQBQIHVH WKXV PRUH OLNHO\ WR

,Q WKH VHFRQG PHWKRG RIVSHBHDQH)B\ \ZIHUHWKRIPEDUHG
EDFNDOFXO\DIMDHFG®E T:$)6 IRU &R2DQG; &R2 )LIXUH ,0Q
JLIXUH WKH, &R2 VDPSOH UHTXLUHG WKH IXOO 5% W R
WR EH FOODFNXODWHESORAH W;h6 TWR FORV H/G\D PB W FK) 6W K H
+RZHYHU WK3 &PPSOH RQO\ UHTXLUHG WKHPRGBEX 8D WHXE
IURP 5% Rc IRU WIHVISIDFH (;$)6 WR PDWFK 7KLV SURYLGH
IRU WKH OLQN EHWZHHQ GDPSHQLQJ DQG HBLNRQGEHU E\
VXIILFLHQWO\ GHVFULEHG ZLWKRXW D KLJKHU IUHTXHQF)
GDPSHQLQIK DB®% KUDQJH PDNHV VSHFWUDO LQIRUPDWLRQ
GHVFULELQ3 &R?2

(LWKHU PROHFXOMDXWW RHL/EEERRQ IWK VWUXFWXUDO GLVRU
FDXVH RLIMKWHWDQJH )RXULHU WUDQVIRUPHBRRVGEKPMNHD GR.E
PDWHULDOV BRFORCHFHBERWBKNHKK®RZ2HY GHPRQVWUDWHG W
LQWHQVLW\ VA\VWHPDWLFDOO\ GHFUHDVHG DV WKH OHYH
LQFUHDVHG ZKLFK V&HIHWKY VWKIDMWRNEXRJEDW & HWUR B GFHQID L
REVHUYHG V\VWHPDWLF FKDQJHV LQ WKH VSHFWUD 7Kl
LOQFUHDVHG SKRVSKDWH GRSLQJ LV DOVR PRUH FRQVLVW|
&RR2[ 3 VDPSOHV ZKLFK LQGLFDW K& XWKMPDWHWIZMDKO RJ DDAXK E
SUHVHQFH RI PROHFXODU OHYHO FOXVWHUYV
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(@)

Data Fourier transform Back calculated
EXAFS
— —
ﬁ—‘ g-spacevs.k-space
6 indication of longrange
- o order

(b) CoQ (3 %P)

Z: PA

= k-space EXAR
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Wavenumber (k = g, A

(c) CoQ (0 %P)

Z: PA

k-space EXAF

Z; A space EXAR

Z: BA

Wavenumber (k = g, A)

JLIXUH$QDO\VLV RI WKH (;$)6 E\ EDFN WUDQVIRUPDWLRQ
'DWD LV SUHVMHQWHKIGP B \R IF Y& A XDDANL E § KSH RIORMBOAHO N
(;$)6 UHARYHUOD\HG ZE WVXF WG/ESEMEF NI; $ )61 IRU &R 23

FWKH RUVSIDFMHO(M)E ORYHUOD\HG ZADNKF WO/IB\IEFDE I $ ) 6
JUHVIRU &R23 ,8DQG WKH 5 UHJLRQV IRU ZKLFK WKH WU
DUH LQGLFDWHG WR WKH ULJKW RI WKH WUDFH
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)7,5

)7,5 VSHEWURVFRS\ ZDV XVHG LH)GBR P,EBb QDG RQ ;36 WKR&R
DWWHPSW WR ORFDW HR$ KRN S/KABUDKAF KMFRXSIRKR W 18 IRVECDPCSVD H V
FRQWDLQ WKH F X D/UDFHWNHRKIBAW WER BV EKDH) B X W LSOH SKR V!
SHDINY WRH WR EPQG DUH QRW FOHDUSRRLUGHQWLILDE
VDPSQHWXUH +RZHYHU WKH JHQHUDO LQFUHDVH LQ DE
SKRVSKDWH EDQG DV D IXQFWLRQ Rl SKRVSKDWH GRSLQJ
WKH VDPSOHV GHPBDMWNLR @ R LFRQRDODOIMH ERQGLQJ

100 —earegseren.
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— CoQ (1 %P)
— CoQ (3 %P)
— CoQ (9 %P)
— Bulk heterogenit
-=- NaH,PQ,
..... Na,HPQ
— Blank

(o)
o
1

~
o
1

a1
o
1
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JLIXUH )7,5 GDWD FROOHFWH® RUWHYD &R®VY FROOHFWH
&R 3 &R2 3 RUDQIR2 3 UHG&RZ2 3 SLOQEXON
KHWHURJHQEWEQMEN+32 EODFN GRW&ER®B EODFN GDVKHG

6(0
7KH 6(0 LPDJHV Rl WIRR RIHRQEUY&RE VDP DWHVSUHVHQWHG
JLIXUH 7KH LAMXRZVLUUHJXODU VKDSHG ODUJHU SDUWLFO
7KH DYHUDJH ODUJH&BPUWLEDW NMSBUR[QPDWRG@DV P
DSSUR[LPDWHO&RR P 3 QVWRSOH
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JLIXUH 6(0 LPDFROOHRVREG RQDQG (&R3 DW PDJQLILFDW!
OHYHOV 'DWD LY&R@ZHVB QWM RPV 3

% (7
JLIXUHSUHVKBWS MKW LFFH DUHDY Bl MKXMH&RDOV DV GHW
XVLQJ PXOWLSWLQMWL®ONVIWUBWKBWXWKHFH DUHD VA\VWHP
GHFWBONVB IXQFWLRQ RI SKR V3 KIMWUR@REDVOLIR G KAKDIW WK
GRSBQW\V D UROH LQ E@RFNW®RJ LIFVPDKAGY WKW U B €\ SIRIPH W V
VXUIDFH DUHD 7KLV DVVHVVPHQW LV FRQVLVWHQW ZLW

LQWHUOD\HU

CoQ (1%P)-
CoQ (0 %P)-

i
%
Q
o
O
@)

CoQ (9%P)-

JLIXUH % (7 VXUIDFH DU H D RN &RE P W BWI\HXD VDRRID O H F W H
RQ&R2 3 &R2 3 RUDQJ&R2 3 UHGDQG[&R3
SLQN
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:DWHU R[LGDWLRQ FDWDO\VLV
7KH FDWDO\WLF DRFRWLYLWAURHWKHD\KFEXDUDFWHULVHG XV
PHWKRGYV DQG JDV HYROXWLRQ H[SHULPHQWYV XVLQJ K\SR
FREDOW R[LGH PDWHUHDOUVWEIU B Y\IQOWKAHVYURBE VXUIDFH
ZHUH DGKHUHXOOWRVXEVWUDRMHMOHFWURFKHPLFDO DQDOV

&KDUDFWHULVD VSR @ \R H &R MFLLIHAQ
'KLOFUWSIWQLQWLQJ LV KLJKO\ EHQHILFLDO IRU XQLIRUPO\
PDWHULDO WR DQ HOHFW WPRIGK DY KFHD®WR AHYW FIQH RIOADHD O \
DQG FRXOG WKHUHE\ FKDQJH W B H OQHIFW/ERH VADIWHHKGE HVADHPFSVD U
ZHUH H[DPLQHG XVLQJ 7(0 WR HQVXWBHRANKH QBDERWDOH
PDLQWDLQHG W KSR X DRV WEHLSWFRIFHBMIMHVHQWY WKH 7(0 LPD
&R2 3 &RP 3 DQ&RR 3 DIWHU EHISQLYWHBHRQWR )72 J
7(0 FRQILUPW&HWPSIDMY PDLQWDLQHG WKHLU VWUXFWXUD (
SULQWLQJ SURFHVYV

(i) CoQ (0 %P) (i) CoQ (1 %P) (i) CoQ (9 %P)

10nm 5nmn$m 5nm

JLIXUH 7(0 LPDFROOHRWEHEG B@R2 3 DQG[&R3 DIWHU
VFUBHQQWLQJ 'DWD LVL 8REVHGWHGERY 3 DOQG
LL&R2 3

7R HQVXUH WKH PDWHULDOV ZHUH XQLIRUPO\ SDGIKHWHG W
HOHFWURGHYV ZHUH H[DPLQBGLIXUGQGTFBHOVBQWV,&BKH 6(0 LF
Rl &R2 3 DQ@RR2 3 DIWHU EH$QUQWFHIG HD DAd/E O X
SUHVHQWYV WKH DYHUDJH PDVV RI FREDOW DGKKWBEHG WR I
DQRDO\VLV 6pRWRDWHKWY DOBGURKRBXOWYVY FRQILUPHG WKDW W
XQLIRUPO\ DGKHUHG WR WKH HOHFWURGH VXUIDFH
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(i) CoPi

2.m
(i) CoQ (0 %P)

1.m
(i) CoQ (2 %P)

1.m

400nm

400nm

400nm

J)LIXUH 6(0 LPDFRYOHNWMB GFRED® VW IRWIHGUH. D O V U WRHW L\YRU H
DW PDJQLILFDWLRQ OHYHOVL &BSD LER2ZSWBHVBQWHG L

LL&RR 3

7TDEOH7KH DYHUDJH PDVV RI FREIDQ VDO DNBSKHUMHWBRWR D VLQJ

obvyv

[ 1

6DPSOH
&R2 3
&R2 3
&R2 3
&R2 3
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(OHFWURFKHPLFDO DRWIOQ WLMB R&/RR K HDVCAW H H Q

7KH VFUWHHOQNHG FREDOW R[LGH PDWHULDOV ZHUH DQDO\V
&9 DQG 7DIHOADE\FUMVHQWY WKH &9 DQD®\ W RH W K
FRQGXFWHG LQ SKRVSKDWH EXIIHU ¥$3+$I&EBIWVZHHQ
PHPEHUV RI;{WKH \8RQLHVY DFWHG DV HIILFLHQW ZDWHU R]
PD[LPXP FXUUHQW GHQVLW\ Rl HDFK FDWDO\WLF ZDYH V
FXUUHQW IURP WKH EXOWDH) N7H 6 HFFRWWR B AW LY . RDVBHULD OV
DQG &RB ZKLFK DFKLHYHG WKH VDPH 2LWXWH H[SHUL
PD[LPXP FXUUHQW GHQVLWS$RP DBISH RRPDWBOSOH ZDV Wk
QH[W PRVW DFWLYH FDWDO3VW K HUMHORZ H GFEVEIR®\GH_FFU BI D \
DV SKRVSKDWH GRSLQJ LQFUHDVHG

7KH ORQJHYLW\ R3 WIDANWRR2VW ZDV DQDO\WVHG E\ F\FOLQJ W
LQ 0O S+ SKRVSKDWHIEXWHHYLIXUHVKRZV D VXFFHVVLYH G
LQ FXUUHQW NHKQAFBOVADRFIODWHG ZEWKE WRKCHVE R Y B OR 1 USRRP2 !
HOHFWURGH VXUIDFH

TKADWDO\WWLFRHIMRERHRERFAHHM.- DOV ZDV FBRP &ED HHY® @ X /WK L&ER)
DFWLYLW\ SHU VTXDUH PR RPIFDPWD ®\RWPPODWHGUROHQ HOF
1+( 7TKH FXUUHQW GHQVSWLAWHRE MEHFWRRIKBHEY IHOO
P$SFPDWO9YWU+( DQGIK®MG D FXUUHQW GHQVLW\DRHDYV XU |
YM+( XVLQFPJIODVV\ FDUERQ GLVF $00 VDPSOHYV LC
DQDONQHGB S+ SKRVSKDWH EXIIHU EXW ZHUH H[DPLQHG F
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CoQ (0 %P)
= COQ (1 %P)
== C0Q (3 %P)
=== C0Q (9 %P)
=== Blank electrodg
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J)LIXUH &\FOLF YROWDPPHWU3 RMHWKHV&RPQDO\BHG LQ
SKRVSKDWH EMNWHISEOON BRQNRSULRU WR WRK HGROQWNRMD R ZL
ZDV FROOHRWRG3 RQ &R2 3 RUDQJ&R2 3 UHG

&R2 3 SLQNDQG HOEBBVWEORGSHRWHQ W MO $IRIO H

JLIXUH &\FOLF YROWDPPHWU3 RAHWKHV&R2QDD\BHG LQ
SKRVSKDWH EXIIHU ZLWK VWDQGDUG GHYLDWLRQ HU
DFKLHYHG E\ HDFK VDPSOH LV VRERYQFRQ OMERCHESBQVLRQ
&R2 3 RUDQJ&R2 3 UHGR?2 3 SLQNDQG EODQN
HOHFVEORGBRW H QW MO $IRIDO H
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J)LIXUH &\FOLF YROWDPPHWU\ DQDO\D/QYORYHER S 9
SKRVSKDWH EXITHUQVRW NKEDHSR@NRISULRU WR WKH RQV
R[LGDWRR® LV SUHVHQWHLEN BB WRHORDIH K W EORQOIE D UN
JUHHB\FOH F\FOEBDUN RUDQGHF\POH 3RWHQWLDO
VFDOSI_$J&O0

7KH &§RDWHULDOV ZHUH DOVR DQDO\WVHG ENXDWMHHWDEV RI

VWDWH PHDVXUHPHQWY WKURXJK WKH SRWHQWLDO UDQJ
WK&MWD D 7DIHO SORW ZDV FRQVWUXFWHG E\ SORWWLQJ
GHQVLW\ PBQFP ORJDULWKWHF NMRD®DBDWD LV LQGHSHQGHC
VDPSOH ORDGLQJ DQG LV D PHDWXM®WHK HR DWBRO/HOMN FFBR YWDV VY|
FRQILQHG R[LGDWLRQ SURFHVVHVY DQG FDSDFLWLYH FRQW

JLIXUHSUHVHQWY WKH 7DIHO SORW FRQWDLQLYHWHKH 7D
DOEBEXBEMWHURIHQLWH 7KH 7DIHO VORSHV ZHUH FDOFXOD
LQFUHDVLQJ HIRPUHQWR P9 ZLWK VRPH YDULDWLRQ EH
7TDEOH 7KH 7DIHO VORSHV KDYH VLPLODU JUPGBHQWYV ZK
PDWHULDOV DFW E\ D VLPLODU ZDWHU R[LGDWLRQ PHF
&R2 3 IROORZHG B &RRHVH VDPSOHV DUH VLIJQLILFDQW:
WKH KLIJKHU SKRVSKDWH GRS HBQGDEBDODHVWRWEZRRQ WKHVH
SDLUV RI VDPERBMNMVOHUBHONIJWRHWH VDPSOH
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7KH 7DIHO DQDO\VLVY VKRZV D V\VWHPDWLF GHFUHDVH L(
GRSLQJ $V|WKH BRG (&R23 VDPSOHV DUH WKH PRVW GLV
VHULHV WKH V\\WH®DMLEFGGHFR\HD®VR FRUUHODWHYV ZL
GLVRUGHU 7KLV VXJJHVWV WKDW SKRVSKDWH LWVHOI G
R[LGDWLRQ FDWDO\VLV

7TDEOH7KH UHJLRQV RYHU ZKLFK WKH 7DIHO YQR®HV ZHUI
VHULHV

6DPSOH QI 60RSH ¢ 7DIHO SORW
&R2 3

&R2 3

&R2 3

&R2 3

% X OHNWHH U R

JLIXUH 7DIHO FRORMDLQLQJ WKH 7DIHG YORSHNVHAMR DIQGKH ¢
KHWHURJHQAMWH F RIDWBI RVRIRG3 R Q &R2 3 RUDQJH

&RZ 3 UHG&R2 3 SLONDEERBENWHURJHQRWHUSRWHQWLDO
Y$J $J&O
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Exsitu PHDVXUHPHQW RI ZDWHU R[LGDWLRQ FDWDO\VLV E\

&0?2
7KH HOHFWURFKHPLFDO DQDO\VHV KD YPWEYQUFRRIS @D MWH
R[LGDWLRQ FDWDODWIRO\ ML W KLKH FREDG LR KGH 8 RZAKUIR U
D VDFULILFLDO R[LGD QW VIHY®R OKWMLRIQVZDWPED2XUHG 'H
EHLQJ IRXQG IRU FKDQJSIWVLGMLIQYJ SMRWHIROIMIM DOORZV
FDWDO\WLF DFWLFDWWH BLDOR/H\BRRGE D WH [DWPHSDUHG :KLOH
VDFULILFLDO R[LGDQWYV FI/&HE K\BERONURYIHWEN LWBVW SUR

FRPSDULVRQ ZLWK WKH HOH FM[UWRHRMRILEFEHID ¥ QLI N S N QOB
PHDVXUHPHQW Rl ZDWHU R[LGDWLRQ HIILFLHQF\ SHU PRC

JLIXUHVWDQG SUHWHKQWUHV XOM[VVIIIRRHW KRLGDWLRQ DQDO
K\SRFKORULWH DV D VDFULILFLDO R[LGDQDW HQ LW IOMW H¥S ¢
WKH PRVM/JIDW VKRZV WKDW FDWDO\WLF DFWLYLW\ V\V
SKRVSKDWH GRSLQJ V\VWHPDWLFDOO\ LQFUHDVHG ,W LV
WKH PHDVXUHG HIILFLHQF\ RI HD®KUMDW HQ I D83J RBIRVKV HR
VXUIDFH DUHD DQG LQYHUVHO\ ZLWK SDUWLFOH VL]H )UR
VXUIDFH DUHD LQFUHDVHG DV )S8KRVBKDWH BRI LW GWY FGJIH
WR GHFRQYROXW H MWWZHINY HYXRYWE DRV LVRKHH[SHULPHQW [TURF

JLIXUH ([ VIMWDVXUH Rl ZDWHU R[LGDWLRQ FDWDO\VLV XV
R[LGDQW *DV HYROXWLRQ LV SUHVH QU MZD D VF R O\DRW IV®i ® |
&R2 3 &R2 3 RUDQJMR2 3 UHG&R2 3 SLQNDQG
EX®NWHURJIHQLWH
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JLIXUH ([ VIRMDOVXUH RlI ZDWHU R[LGDWLRQ FDWDO\VLV XV
R[LGDQOW HYROXWLRQ LV SUHVHQWHG ZDN DFRRQFHWWRIEG F
&R2 3 &R2 3 RUDQJMR2 3 UHG&R2 3 SLQNDQG
EX®NWHURJHQLWH

7TKH VWUXFWXUDO DQG FDWDO\WLF DQDO\WHV KDYH WKHX
LQWURGXFHY VWUXFWXUDOLGILlY RREBIOW. @WK K WIRGRWKOQ
GHFUHDWHSKRVSKDWH GRSLQJ LQFUHDVHV +RZHYHU DP
FRQVLGHUHG WR EH PRUH DFWLYH IRU ZDWHU R[LGDWIL
GHVWDELOLVHG UHODWLYH WR WKHLU RUGHR WGWEEDN SK
FKHPLFDO HIIHFW VWUXFWXUDO GHVWDELOLVDWRRQ KDG |
VHULHV ZDV VWXGLHG E\ K\GURJHQ SHUR[LGH UHGXFWL
VWUHQIWK  RDWHKHLOROY ZDV GHWHUPLQHG
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OHDVXUHPRRRWLEBDWLYH VWHDHQULWRKQ E2\L W K

5HVHDUFK E\ 8OULFK BWQODQE BHEOHXY HWHDO KDV QRW!
RI GHVWDELPDWH® LSOR2Y VKRXOG EH PRUH SUR®HZWR UHCG
QRWHG GXULQJ WKHVH VWXGLHVY WKDW WKH FREDOW R[LG
GLUHFWO\ R[LGLVH K\GURJHQ SHUR[LGH $V VXFKKWKLV U
ZKLFK WKRD®RIULDOV ZHUH UHGXFHG DQG WKHUHE\ GHWH |
&RR2 [ 3 PDWHULDOV BXEVHTXHQWO\ WKLV ZDV XVHG W
GHVWDELOLVDWLRQ KDG RQ WKH DFWLYLW\ RN WKKHPDW
KHWHURJHQLWH ADWIHQAALROY¥RZDQ FDWDO\VH WK G RWS UR ¢
GLUHFWO\ RP\NG GHW FU HPH @/ LRQE

&DWDO\VH WKH GLVSAJJRSRUWLRQDWLRQ RI +

+2 pt + 2 p1r 02 3

'"LUHFWO\ R[LGLVH +
&RR2v + b1t +2 o7 2 3 &Robor +2 b7

SHDFWLRQHVHUYHWR®EHG&®Y LW LV DFWLQJ DV D FDWDO\
FDQ EH HYROYHG5SIDFWRBARKQRY LQ WKH GLWYRGIHWLR Q
GDUN EURYR®R2GHFRPSRVHV WROWKH B® OBIQWHEBD&RH Y RO )
RI 2HU RRAR 7KH SURSHQVLW\ RI D P DWWHHUBRHWVRWKHHGIL |
FDQ EH IRXQG E\ PHDVXULQJ WKH JDV HYROYHG IURP WKH
$V WKH R[LGDWLRQ UHDFWLRQ ZLOO EHFRPH PRUH VSRQ\
FRPWG LQ WKHLWHDBEWLRORUWDQW WR HYDOXDWR WKH HI|
UHDFWLRQ $V VXFK WKH K\GURJHQ SHWBR[LGH H[SHULPH
DQG

JLIXUHSUHVHQWYVY WKH TXDQWLW\ RI JDQ GRYBRQ@YFHGC EHWZH

DQG PHDVXSHG BROPRKHR&R3 VHULHV GHPRQVWU
VI\VWHPDWLF LQFUHDVH LQ JDV HYROXWLRQ DQG GHFUHL
GR®J GHFUHDVHG 7BOWMWKWH &&R¥W GLVRUGHUHG PDWHULTI
JDV DQG zZzDbV WKH PRVW HDVLO\LUMEXFARVW (RUGRBHG P
HYROYHG WKH PRVW JDV DQG ZDV WKH OHDVW HD&ZHQFHR H
WKDW R[LGDWLYH VWUHQJWK LQFUHDVHYVY SURSRUWLRQDO
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JLIXUH OHDVXUHPHQW RI RRSEDWLYH VMWAQLURYE UHER WHKQ
SHUR[LGH *DWROYRENXWIRROH &R ZDMWMHRD V >BHOY VLW Q
ZDV FROOHBWHGG& W LIS+ ¥ S+ YS+ DQ®@ S+ 'DWD
ZDV FROOH&RHG RQ &R2 3 RUDQJI&IR2 3 UHGDQG

&RR2 3 SLQNOO &§R2 PDWHULDOV GLVVROYHG LQ DOO S+
HISHULPHQW
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'LVEXVVLRQ

7KLV VWXG\ XWLOLVHG D QRYHO V\QWKHWLF PHWKRG T
VIVWHPDWLFDOO\ FKDUDFWHULVH WKH I XQFRNHRQIDIKBHH | | HF
FREDOW R[LGHV ,Q VXPPDU\ WKH VI\VWHPDWLF LQFUHDVH
LQFUHDVHOHQJJBRQBGQG QDQRVFDOH GLVRUGHU D V\VWHP
VWDELOLW\ D V\VWHPDWLF GHFUMDHADWQ FDYPWHWYYA DO
VWUH®BLWK WKH JHQHUDO XQGHUVWDQGLQJ LQ WKH FDWD
GLVRUGHUHG SKDVHV DUH PRUH UDFWLYHY WKDQKWKHLU
ILQG KMPIMQGOLFDWH WIKGDIK BVNRWDAHUPRUH pUHGR[ DFWLY}
DUH PRUH pFDWDO\WLFDOO\ DFWLYHY 7KH VI\VWHPDWLF
&R2[ 3 VHULHV LQ®HFRIRYADOW®IODWLF IXQFWLRQDOLW)\ PD
FRQWUROOLQWRKHYREGHUDP REFKHRSIHKWWHYY WKH IXQFWL
RI D PDWHULDO WRZDUGV FDWDO\VW RU R[LGDQW EHKDY!|
GLVRUGHU VXFK WKDW WKH WKHUPRG\QDPLF VWDELOLW\ |

7KLV XQGHUVWDQGLQJHV LIRS RU \@ B ZDWWDARD B/OVL B VP WK H F
PHFKDQLVP VXJJHVWVY WKDW D PDWHULDO QHHGV WR KDY]
RSWLPDOO\ DFWLYH IRU WKH ZDW HWV RI[K@ DVKLHR ¥ HROHKFDADLLF
L H WKH PDWHULDO LV RRRXXIR HG ®R[GFY B (RIHAVHIGOQWNV KH F
RSHUDWH D PDWHULDO QHHGV WR EH WKHUPRG\QDPLFDO
LQ WKH ZDWHU R[LGDWLRQ UHDFWLRQ EXW WKHUPRG\QDP
XQGHU WKH FRWOGMWNLRPOWRL WKH UHDFWLRQ

7KH FREDOW R[LGH PDWHULDOV VWXGLHG KHUHL®LPLPLF \
FDWDQ\WVWURYLGH WKUHH NH\ LQVLIJKWYV LQWR WKH VWUX
WKLV FPWINOMNOW WKRIGKOREHDDRLQJIH (;$)6 PD\ EH MHIXQNFRVLR
GLVRUGHU UDWRHVWHWD §LER26HFRQGO\ SKRVSKDWH GRH
WKH ZDWHU R[LGDWLRQ PHFKDQLVP EXW UDWKHY DFWYV \
SKDVH DQG \IHKHBRD WKIHPHFKDQLVP WR RSHUDWH )LQDOO
VXIJIHVWYV WKDW VDFULILFLDO R[LGDWLRQ PD\ EH DQ LPSHF




&+$37(5+'LVRUGHY LQ &R?2

6FKHPHB6XPPDU\ RI WKH NH\ ILQGLQJ¥K H.VQNURRSHKGIN S R D DVOHW
R[LGHV )LUVWO\ SKRVSKDWH GRSLQJ VIVWHPDWLFDOO\ L
&R2[ 3 PDWHULDOV WKURXJK D® HQFW K DO/H R QGERWKQBF
GLVRUGHU 6HFRQGO\ SKRVSEBRMUIHBRISGQY KH WWKHPDRARIGA D
RI WKH FREDOW R[LGH SKDVH )LQDOO\ SKRVSKDWH GRS
DFWLYLW\ DQG VI\VWHPDWLFDOO\ LQFUHDVHG R[LGDWLYH |
VWUXFWXUH VWD EW®HW HADEU B BMERYEDADWR IR[LGH SKDVH W
GLVRUGHUHG DQG GHVWDELOLVHG PDWHULDO WKDW UHDF
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&RQFOXVLRQ

7KLV VWXG\ H[DPLQHG WKH VWUXFWXUDO DQGROQXQ@FWLRC(
KHWHURIHNHLWREEDOW R[LGRBLSK\DY BV \GHWHUWM EQHG IURP 7 (
FKDUDFWHULVDWLRQV WKDW SKRVSKDWHOGREOQV W.IOXRW:
GLVRUGHU ZLWKLQ W®&HNHEDVW WKAHHFWEKWRIJ) HERABHKHIY\S H FG RLF1DQ
W U D Q V L VEXREBONHNGH W IOHHNGL W'KIDVH LQWR D WZUL XK\ DRQUG\W KR XV
GLVRU®GHDDYV GHWHUPLQHG WKDW SKRVSRODWH SRV D PO
WKHUPRG\QD P IDRIIEOOHN WWPEWEB O\WHRDOO\ DFWLYH PD

W LV VXJIJHVWHG WKDW SE&R VXKW WO\ VAL WGH. QW WV KLHO L&FRH
KHWHURIHNPHLBKIDVH DQG WKHUHE\ DOORZV I\RKPVZE WK D/XDR W
DSSOLFDWLRQ RI SRWHQWLDO GXULQYWR®G\DXYVWK HBDW VXR
WKDW SKRVSKDWH LV ORFDWHG LQ WKH LQWHUOD\HU DQ(
DFWLYLW\ RI WIOH NKHHVBKDRBHQKWHM WKH FDWDO\WLF HIIL
PDWHULDO PD\ EH RSWLPLVHGZEW KLRQMWXH WHHV HEULLVIRW !
WKHUPRG\QDPLF LQVWDEKEBDWLQDOBGREKDQYIKWHP WHMR I IXQF
RYHUSRWHQWLDOV
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&KDSWHUHUHQFHYV

BWHUBGWHUQ UHYLHZ RQ WKH HFR @GPPIEFI RJ H G QR Y Wb
3UHVV &P BUWUGVHG .LQJGRP

,QWHUQDWLRQDO VWXGHQW HQ@aHIJV SPRIEW H P V8 Q/\KRIC
PXVW VROYH KWWS XQVROYDEOHV RUJ DFFHVVHG

1DNDJDZD 7 %HDVOH\ & $ OXUUR\LGDWLRRQLELHEQ\
QHDWY UHYHUVLEOH SRW HQDLDROS BU I¥ IPBHROMR SIRXMR X V & U 2

.DPDW 3 9 OHHWLQJ WKH XEDE& RQWUXHFWIX UGHP D BIGL V
VRODU HQHUJY FRQYHEKHRQ&

%DBG- )R[$ SUWLILFLDO SKRWRVI\QWKHVLY VRODU
DQG R[WHQ &KHP 5HYV

/JHZLV 1 6 1RFHUD ' * 3REMPLEDONKKDDOMHDHWV
HQHUJ\ XW3AORFDWDWQ $FDG 6FL

)DXQFH 7 6W\ULQJ 6 :DVLHOHZVNL 0 5 %UXGYL
OHVVLQJHU - /HH $ ) +LOO & / GH*UBBWLILEFLDRX
SKRWRV\QWKHVLY DV D IURQWLHU WEBRKQRARJINURQ HFEHU.

IHZLV 1 6 SHVHDUFK RSSRUWXQLWLHYV 6/¥RHDI)GFHD Q F

/IHZLV 1 6 7RHEIDHBWLRNAHVY R GHFUHIFAHU I\ XV H

&RRN 7 5 'RIXWDQ "' . 5HHPWK 6 << 7TEKWHQGUDB ]
o 6RODU HQHUJ\ VXSSO\ DQG VWRUDJH IKKHWKHHEHJIDI

*XVW ' ORRUH 7 $ ORRUWLIBUWLIERDODW $KHDARV\QW
&KHP 5HV

$UYL]X ' %DOD\D 3 &DEH]D [/ ) :DHR®IDO GBGCV.RQER7
0 .RQVHLER & OHOHVKNR 9 6WHLQ 7TDPDXUD <

UHQHZDEOH HQHUJ\ VRXUFHV DQG HOHERHWH HKD Q ¥R >PUW MH
FOLPDWH FKDQJHGRDWRIDWDORQ BXFHRV 5 6RNRQD < 6H\E
ODWVFKRVYVY 3 .DGQHU 6 =ZLFNHO 7 (LFNHPHLHU 3

&DPEULGJH 8QLYHUVLW)\ 3UHVV BROBEIHAIRUSIQUWH&E $LQJ

ODHGD . 'RPHQ . 3KRWRFDWBOHN®YWFSAIRNHHWSD D\
FKDOOH@IHV &KHP /HWW

%DUG $ - )DXONQHEWURFKHPLFDO PHWKRGV )XC
DSSORGBWKQ :LOH\ 6RQV ,QF 8QLWHG 6WDWHV RI $PHU

.DQDQ 0 : 1RFHQDVIR\WPDWLRQ RHDRORLQHQDWDO\'

QHXWUDO ZDWHU FRQWDIBGLEDSKRVSKDWH DQG &R

'DX + /LPBRHUIHLHU 7 G5LVFK 0 5RJJDQ 6 6WUDV
RI ZDWHU R[LGDWLRQ VY)URRP RIOHFMRIR/O\WRY ELRORJLFL
&KHP&DWE&KHP

%DO]DQL 9 $UPHWRARULID VXVWDLQDENH ARR DGV XY@ R
SRZHUHG 1X®H\UH

6XUHQGUDQDWK < .DQDQ O : 1RFHUD ' * OHFKD
HYROXWLRQ UHDBWRRSQKHWH FFREDDG \VHP DK HDRH XGRFD O S +

'"HQJ ; «\VWe] + &REIEBWHG PDWHULDOV DV ZDWHU R
S5HFHQW SURJUHV\% &Q &DRMKID@ OHQJHYV
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6LQJK $ +RFNLQJ 5 . &KDQJ 6 / < *HRUJH %
6FKQHJJ $ 6SLFFLDWLR®WBWIRILGELY E\ QDQRSDUWLFXO!
ILOPV 3URELQJ WKH HIIHFW RI&WHM PD@IHDWHVH SUHFXU\

6KDQHU 6 ( +RRNHW 3 /HLAKWNXWVS$$S 5 $GDPV & 6
' B6KH < *HUNHQ - % 3RNKUHO 5 $PEURVH 1 - HW
HIITHFWLYH FDWDO\VWYV IRU VRODU HQHUJ\ FRQYHQWHRQ $
. &KHP (G

IXWWHUPDQ ' $ 6XUHQGUDQDWK DOLQRHRARIDND. QY  $
FDWDOWPW &KHP 6RF

BXUHQGUDQDWK < 'LQFD 0 DTRFHIDG HURW \ B /HKFW U R
DQG DFWLYLBRDWIGFREWGIW R[LG D$PLREK P WORRV W V

.DQDQ 0 : <DQR - B6XUHQGUDQDWK < 'LQFD 0 <
* BWUXFWXUH DQG BBEBMSKDWRHDABIRE@GCEM\WG O\VIMD GHW H L
VLWUD\ VSHFWURRFREBHP 6RF

1RFHUD ' 7KH DIFWLI&KHP O5GIND I

'LQFD 0 6XUHQGUDQDWK ER UDRFH HR¥ RINUQ F GFH/QV
WKDW IXQFWLRQV XQ GHR FE HIDWQ FR@GLVBERQV

+X\QK 0 9%HGLDNR ' . J/LX < 1RFHUD ' * 11X
PHFKDQLVPV RI DQ HOHFWURGHSRVLWHG PDQJB®&MWH RJ[L
&KHP &

+X\QK 0 %HGLDNR ' . 1RFHUD ' * $ IXQFWLRQDC(
R[\JHQ HYROXWLRQ FPRVIERXWRY BRFDFLG
=DKDULHYD , &KHUQHY 3 RKFKRIO 00LQVBPRHU $

+ (OHFWURV\QWKHVLV IXQFWLRQDO DQGRYMGINEQXUD
PDQJDQHVHQRILWGHQYLURQ 6FL

5LVFK 0 .KDUH 9 =DKDULHYD , *HUHQFRB®W/ &K
FRUH RI R[ECWHQJ FDWIO\VAKHPORBRF
+RX + - 0 6WUXFWXUDO DQG PHRKDQE®EDARFG DVSH|

FRPSRXQGV LQ ZDWHU R[LGDWLRQ FDWDOWQ@\VSDRGXFRWLR ¢
- ,QWHJU 30DQW %LRO

ILQ % +VX.<&KHQ& </HH: %+ZDQJ - &KH® /&KHQ
. + &RBEKBWSKOWWWHG SKRWRHOHFWURFKHPLFDO ZDW
PRO\EGIB®RSM G L) B ROIRBKRIGE XV&KHP

3LOOL 6 . -DQDUWKDQDQ 5 'HXWVFK 7 * )XUWD
$ +HUULQJ $ 0 (IILFLHQW SKRWRHOHFWURFKHPHLEDWNE 7
&RBL FDWDO\WWPRGRILKHEBWHURMXQFWIREY HOKHPW RGPV
3K\V

3LKRVK < 7XUNHY\FK , 0DzZDWDUL . $VDL 7 +L\
0 6KLPDPXUD . .XERWD - 'RPHQ . .LWD®RR®ZL 7 1
SKRWRDQRGHV IRU HIILFLHQW SKRWRMOG FWURFKHPLFDO

3LOOL 6 . '"HXWVEFK 7 * )XUWDN 7 ( 7XUQHU -
0 ILIJKW LQGXFHG ZDWH B KHVGSRDAVRF&WMDPRELOMAG VHP
WUDQVSDUHQWLSRORXWKRSB HYKHP &KHP 3K\V

JHNHWH 0 +RFNLQJ 5 . &KDQJ 6 / < ,WDOLDQR
6SLFFLD / +LJKOSDEQM/MB VWPOWHFMQURFDWDO\VWYV IRU ZDW
EHWD@JDQHVHQRILGHQYLURQ B6FL
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,QGWD OHQH]HV 3 : =DKDULHYD , %DNWDVK ( 3|
'DX + 'ULHVV 0 YMOHYHWFRWYHR® R[LGDWLRQ FDWDO\VW
R[ILGDWLRQ FRUURVLRQ RI QDIDRWEUXKWXUHGN0QG S(MUD

6LQJK $ )HNHWH 0 *HQJHQEDFK 7 B6LPRQRY $ 1
/] < B5RWKPDQQ 0 3RZDU 6 )X ' +X = HW DO &DW
EHKDYLRU RUIMFWHE @QLFNHO R[LG BVDWRIQ! IREHAHERBWARDKWHHPU R

+RFNLQJ 5 . .LQJ + - +HVVRQ $ %RQNH 6 $ -R
6SLFFLD / &KDQJ 6 / < (QJLQHHULQJ GLVRUGHU DW |
'$6 LQYHVWLIDWDRDHRQPOVREBKRVDOOLQHS$SXRGE X B KEHRJ QH

IHH 6 < *RQROHY ' 2KPV - 7URVW 7 'DX + =I
3 6FWBHHQWHGEEDQHRANVXYRWH HOHFWURGHV IRU@®WBAU RJ[L
HOHFWURFKHPLF D @ KHRIBXIVRIKI R HU L H V

=KRX ) ,]JJRURGLQ $ +RFNLQJ 5 . 6SLFFLD |
(OHFWURGHSRNOWWHGURP2LRQLF OLTXLG IRU HO$IGWURFDYV
(QHUJ\ ODWHU

+X ; / 3LFFLQLQ 6 /DLR $ )DEULV 6K RW\SRKMLIWVM L
QDQRSDUWLFOHV IRU F3WHQADMIF ZDWHU R[LGDWLRQ

%HGLDNR ' . 6XUHQGUDQDWK VWLERFRHI®LHV*R| OMKI
HYROXWLRQ UHDFWLR @ RPHIBAB WG E \I [DO O SHPO BBV P R BRW D |

&RVWHQWLQ & SRUWHW 7&RGXEWPRQWDQ-G UHDI
KHWHURPROHEXODW BEEBWDQWLUKWY LQ ZDWHU R[LGDWLRQ
FREDOW RI[LGHP II&KMWP 6RF

.OLQJDQ . 5LQJOHE ) =DKDULHYD , +HOD®NDBFS - &
5LVFK 0 )LVFKHU $ 'DX £\ DPRUHBKREBGFMREBRQMGHY 9RO’
DFWLYLW\ DQG SURWRQ WHB¥XN&KHPHFWURO\WH EDVHV

%RQG **HRWHURJHQHRXQWED WWODADVHWGRQ 3UHVV 2[IRU

'‘DYLV O ( 'DYKQGCGDPHWQWRIDFKHPLFDO UHDFWILIIRZQ HQJL
+LOO +LJKHU (GXFDWLRQ 1HZ <RUN 1<
%HOO $ 7 7TKH LPSDFW RI QDQRVFLHERIFHHOQR KHWHL

(VWVZHLQ $ - 6XUHQGUDQDWK < GS5HHFWL8H<FRERPHN
SKRVSKDWH DQG ERUDWH EDVHG R[\JHQ HYROYLQJ FDWTE
ZDWH@NUJ\ (QYLURQ 6FL

*RQ]JIQBRUHV ' BiQFKH] , =DKDULHYD , .0LQJDQ
3 OHQH]HV '8BLHVV 0 'DX + ORQWHUR O / +HWHURJF
6XUIDFH IYFWMWYMNRVASKL]DWLRQ DFWLYDWLRQ LS®PAREDOW
&KHP ,QW

O\HUV - & 3HQQ 5 / &RQWUROOLQJ KHWHURJH(
PLFURVWUXFWXUH E\ YDU\CDW WUQ WKW W RECRQGLWLRQV

'"HOLHQV 0 *RHWKDOV + 3ROLGWULVORRI EB®HURJF

&U\WVWDO'LITIUDFW 2[IRUG 8.

SDWWHUVRQ $ / 7KH 6RKIM\UJHWWIIRRUPHKK YDIKRBHWHUP
SHY

(OOLV 3 - )UHWRORIJB\QFKURWURQ 5DGLDW
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.DSSHQ 3 S5XENMQ$RVWUDOLDQ 6\QFKURWURQ

5DYHO % 1HBWKHIMHD OBUWHPLV +HSKDHVWRV 'DWLE
$EVRUSWLRQ 6SHFWURVFRSQRKURW URXQ,3DGLDW

<DQJ - <DR / 6XQ -GL®DW LRQ/ EMRBQ R|I KHWHUR
QDQRVKHHWY LQWR XQLIRUP QDQRVYKMWHG \8KIBRMYK D (
2UJDQRPHW 3RO\P ODWHU

%UXQDXHU 6 (PPHWW 3 + 7HOOHU ( $EVYRUSWLRQ
- $P &KHP 6RF

%XUVWHLQ * 7 $ KXQGUHG \HDUV &RUDRWO 6/F (TXDW]

ODFRXQRYi . 0 B6LPLF 1 $KOEHUJ ( .W\WOQW3VLQQF
EDVHG RQ WKL BRIFRLRGEIPV IBKGIP 6RF
3DUHQW $ 5 &UDEWUHH 5 + %UXGYLJ * : &RPSI

ZDWR{UGDWLRQ&RBIWDORVLBHY

'RURIHHY * $ 6WUHOWWYDUL, $91 3BRWDVRF $ 9 (
'HWHUPLQDWLRQ RI QDQRS DU WIRBREMWIFRJHY E\ ;

<DQ : 3HWNRY 9 ODKXULQ 6 0 2YHUEXU\ 6 + 'D
DQG FDWDO\VLV FKDYPPWPWIRO® IR R B & 0 W LPBOGLM LGHES R V
6%$ t&DWDO &RPPXQ

LHO 6 *ULQEHW) &KDBWHRHWDV- .HSQHU + *HGDQNI
QDQRSDUWLRMROW RO ADLMRBUF PROHFXOHY DQG HPEHGGLQJ
VXEVWUDRWORWHFKQRO

5LVFK 0 5LQJOHE ) .KDUH 9 &KHWQH¥ 3 =
&KDUDFWHULVDRJLBQVRIQD ZBW Y& K\V

'HODSODQH 5 * ,EHUV - $ )HUUDUR - 5 B5XVK -
VWXGLHV Rl WKH FRED@WRE -DRIKHR\\BWHP +&R&

.ODHXL : (EHUVSDFK : EXRWORF¥KU3FRBSOW ,,, F
VWHULF DQG HOHFWURQFUIR@WHKHMRO RI VSLQ VWDWH

‘HVWUH 7 ( .HQQHSRKO 3 'H:LWW - * ORFRDQ %
., $ PXOWLSOHW BIGDB\WLWRG BHSIHIBDWXUHV RI-LBRQ FRPS
&KHP 6RF

,QJDOO ( ' %UDQGHV - $ 'LD] - 0 GH -RQJH 0
&UDZIRUG (OOLRWW : 1RUWRUMNS $3B(6 IMSRMWIKRRIMNKARS\ RI
VWDQGDBAG¥KURWURQ 5DGLDW

9DQWHORQ ' $+RHIDQMHOPDQQ . ) OSBGINLISWIOR Q QR

SKRVSKDWH LQ LURQ ULFK PLQHUDO GHSRVLW LQ D KLJK |
PLFURQ VFDOH DW WKH /8&,$ FHDPOLQH
3LFNHULQJ*HRUIH <X < %UX@H 7XVEKDERNHUPDQQ
%HDWW\ 3ULQ&H $QDO\VVLV RI VXOIXU ELRFKHPLWDU\ RI \
DEVRUSWLRQ %ERFWHRVFRS\
&DOYLG®)® IRU HYHIB& @HHVV )ORULGD 8 6 $
5HVVOHU 7 %URFN 6 / :RQJVFDBWAEWLQJ QXBWILGDE
WHWUDDO\N\ODPPRQLXP P D-QBXOWV&KRRL.GH FROORLGV
LQJ + - %RQNH 6 $ &KDQJ 6 6SLFFLD / -RKDOQ
(JLQHHULQJ GLVRUG DU NLI9 \WR EKD-OMH R LIGHOL WHS KRV SKD W H
IRU WKH GHVLJQ RI ZDW&KH R RIIBDEKIHRRQ FDWDO\VWYV
5LVFK 0 5LQJOHE ) .RKOKRII 0 %RJGDQRII 3 &KHU
‘DWHU R[LGDWLRQ E\HDPRLES RRUGHMWEENQYJ RI UHGR[ WUDC
PRGH RI FDQHWAMW[(¥YLURQ 6FL
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*HUNHQ® OF$O0OSLQ&KkHQ OS5LODVE\ &DVHA %GBLWW
6WDK® OHFWURFKHPLFDO ZDWHAEDR HG BIWHR Y ZR WIKWHRCE\D €
7KH WKHUPRG\QDPLF EDVLV IRU FDWDO WW &KHPX FBRX U F

JLPEXUJ - O9UHWWE&RDQGV6E/ NOBBMHG $ / &UDEWUHE
%BUXGYLI * : $ IXQFWLREDPQGP FRAHP® WRHRER @Y WKIHFRP SO
LQ SKRWRGALWIFEH,

BWRQH $ 7 S8OULGBKWEFV DQG UHDFWLRQ VWRLFKL]
GLROXWLRQ Rl PDQJDQHVH ,9 GLR[LGH DQG &RQOORRGEGLG
,QWHUIDFH 6FL

3HQQ 5 / 6WRQH $ 7 O9HEOHQ ' 5 'HIHFWV DQG G
FKHPLVWU\ Rl KHWHURJHQLW HQRGALDIF KWALFR DR L @ RIDA  B6Q C

*HODVFR $ $VNHQDV $ 3HFRUDUR 9 / &DWDO\WL
SHUR[LGH E\ WKH WHWUDQXFOHDRYSPPRQDEHVHKRPSOH[ >

3UDVDG 5 9 7KDNNDU 1 9 6WXG\ RI FREDOW FF
GHFRPSRVLWLRQ RI K\GURRJ H&D BHWR [L G H

6DOHP , ®DDJ®ZL O =DNL $ % .LQHWLFV DQG
GHFRPSRVEWLRQ RHR\GURJHQ SHUR[LGH LQ GW H Y H&HIPR |
LQHW

JUH\ & ( :LHFKHQ 0 .RGDBWLRMWHADWDO\VLV E\
PDQJDQHVHBERYMGHPDWLF YDULDWLRQV RI WXGRW DOBIQXP El

6DEUL.L@QJ -+*XPPRZ -5/X ;=KDR 2&0JHP|OGKDQO
6/ <+RFNLQJ 29LGDQW RU FDWDO\VW IRU R[LGDWLRQ" $
GLVRUGHU FKDQJH WKH VHUKV¥WENFWWO\MRIUF R{UBPWLRRA
PDQJDQHVH ,,, &KHR[LEHVHU




&EKDSWHU |

(OXFLGDWLQJ WKH URO|
GLVRUGHU LQ LQFUHDVL
ELUQHONVNMWIRDQJIJDQHVH
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$%675%&7

7KH QDWXWRDIDGZDMHU F BRROHVRIOMGEPD 2 KDV LQVSLUHG W
GHYHORSPBQWQRVKHWLF PDQJDQHDN RQHIBWQUQPZH DQG |
FDWDO\VWV IRU WKH ZDWHU R[LGDWLRQ UHDFWLRQ +RZH
LPSRUWDQW IRU KLJK FDWDO\WLPDGWDRFWW Y K DP\D @ BIDIQHNK
DUH DPRUSKRXV DQG RU GLVRUGHUHG DQG DUH WKHUHE\
DQDO\WLFDO DSSURDFKHYV

,Q WKLV VWXG\ ZH LQYHVWLIJDWH WKH UROH RI VWUXFW.
ELUQHFOAVRIMHIDQHVH R[LGHV IRU WKH ZDWHU R[LGDWLRC
GLVRUGHUHGLRNIH Q BQVDWHIVRQRI[ZEWK ' VWDFNLQJ GLVRU
ZLWK QR FU\VWDOOLQLW\ ZHUH VIQWKHVLEHGQBY & LMRP &
FRPIBKHQVLY HWINWWREMWXURIQ FKDUDFWHULVDWYLRRB F/REBOW
R[LGH VHULHV H[DPLQHG LQ &KDSWHU LW ZDV IRXQG WK
OHVV WKHUPRG\QDPLFDOO\ WVWHHMELIFH @ RGOQERBGHY WEEX MQ J H
EHWADMWWD O\VWY 7KH UHODWLRQVKLS EBWZ[HDHQ QGHE RULGMHKJ
EURDGHU LPSRUWDQFH WR WKH IXQFWLRQDOLW\ RI WUDQ\
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&KDSWH3AXEOLFDWLRQV

7KLV FKEBRERQWWHRDLQV XQSXEOLVKHG UHVHDUFK DV ZHOO DV
DSSHDU LQ WKHURDYIOHRZH® DQBHIXEOLVKHG PDQXVFULSWYV

7LWOH (QJLQHHULQJ GLVRUGHU DW D QDQRVFDOH $
LQYHVWLJIDWLRQHRIPRRREFSKRRGIOXPL GHUQHVVLWH

3XEOLVK$XVWUDOLDQ -RXUQDO RI &KHPLVWU\

<HDU

'"HWDLOWROXPH. VVXISDJHV

$XWKRUSRVDOLH . +RBMIDK] - $LPMHH +HVVRQ 6KDQQRQ $
%HWRKDQQHVVHQ ORQLND JHNHWH&KBRQH 6SLFFL

7LWOH 'LUHFW IRUPDWRERQGFGHU'FRQGLWLRQV RI ZDWHU R

SXEOLVKIHPHULFDQ &KHPLFPSOOGRELHMNQR ODWHULDOV

<HDU

"HWDLOVYROXPHVVX$DJHYV

$XWKRUBRVDOLH . +RFNLQJ 5RADDOALOIXG -*RAREERGED 6DEUL
SHWHU .DSSHQ &KULVWLDQ 'Z\HU 6KHU\ / < &KDC

7LWOH 7KH R[LGDWLRQ RI SHUR[LGH E\ GLVRUGHUHG PH
WKHUPRG\QDPLF VWDELOLW\ 2E\ SUR[\

3XEOLVK&KHP3OXV&KHP

<HD U

'"HWDLOWROXPH VVX$DJIHV

$XWKRUUD\DGD 6{DEUQADK - 5RQDOLQG - *XPPRZ )UDQORL)
5RVDOLH . +RFNLQJ
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7LWOH 2[LGDQW RU FDWDO\VW IRU R[LGDWLRQ" $ VWXG'
FKDQJHVAMKHFWLYLW\ IRU GLUHFW YHUVXV EFDWD
PDQJDQHV,® R[LGHV

3XEOLVK$PHULFDQ &KHPEERBPARMLBIWR| ODWHULDOV

<HDU

'"HWDLOWROXPH. VVXISDJHV

$XWKRUUYD\DGD &IEUQDK - 5RQDOL*XEPRZ ;XQ\X /X &KXD
=KDR OLFKDHO 2HOJHP|OOHU 6KHU\/ < &KDQJ '
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&EKDSWHADEOH RI FRQWHQWYV

, QWURGXFWLRQ
([SHULPHQWDO
6\QWKHVLV Rl PDQJDQHVH R[LGH PDWHULDOV
6\QWKHVIM AP
B\QWKHVLV ®RQ2 3L
6\QWKHVIELWRQHVVLWH
6\QWKHVLV RI S\ UROXVLWH
,QGXFWLYHO\ FOVSROMIF HPLVRDRQ VSHFWURVFR
&% (6
,R&KURPDWRJUDSK\ ,&

UDDEVRUSWLRQ VSHFWURVFRS\ :$6
3UHSDUDWLRQ RI PDQJDQHVH R[LGH VDPSO}
3UHSDUDWLR@2RQ KIBRFKORULWH IRU :$6
3UHSDUDWLRBQLRIWHGHOHFWURGHV IRU :$6
3UHSDUDW L R® \RD POSIRHV; $ 6

3RZGHWD) GLIIUDFWLRQ :5'
7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0
% U X Q DPXFHURMO GoH T
&KHPLFDO ZDWHU &JLGDWLRQ XVLQJ
(OHFWURFKHPLFDO H[SHULPHQWYV
)DEULFDMAREWRIRGHY IRU HOHFWURFKHPLFDO +
6FUMHQQWLQJ
'URS FDVWLQJ
OHDVXUHRKADR[IRGDWLYH UWDF®UR® ELWK
KGURJHQ SHDR[LGH
5HVXOWVY DQG DQDO\VLV
BWUXFWXUDO FKDWPDRWB QHWHRLEQHR | WKH
;P56
;9!
7(0
% (7
$SFWLYLW\ IRU ZDWHU R[LGDWLRQ
([ VIRMOVXUHPHQWY RI ZDWHU R[LGDWLRQ F
E\ UHDFWLRQ ZLWK &H
(OHFWURFKHPLFDO DQDO\VLV
2[LGDWLYH UHDFWLYLW\
OHDVXUHPHQW[RGMWRYH VWUHQJIJWK E\ UHDF
ZLWK K\GURJHQ2SHUR[LGH +
$QDO\VLY RIpRMG HOHFWURFKHPLFDO VDPS(

'LVFXVVLRQ

&RQFOXVLRQ

&KDSWHB UHIQFHYV
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' QWURGXFWLRQ

+\GURJHQBSWRGXAWQRPWURFKHPLFDO ZDWHU VSOLWWLQJ L
SURPLVLQJ PHWKRBHZHNROWMHS PDMRU FKDOOHQJH WR DFKLF
ZDWHU VSOLWWLQJ LV WKH VLJQLILFDQWHR YFWIERWQH DIWL
R[LGDWLRQ #2HDFWIHRQHDQG D ODFN RREXMWLIF®WDS DQG
PDQXIDFWXUHG FDWDO\VWV VKR OF-H @ RYWHF WKR M Ui D DPWHL G
XWLOLVH HOHFWURFDWDO\VWYV EDWKXG IRIG S,WRWIKRIXKLB KW
FRVW DQG VFDUFLW\ Rl SUHFLRXV RHWDOB8 VDS aMBWILR Q'
R[ILGDWLRQ FDWDO\VMGHEDRMHBRED WEXQB&PQW WUDQVLW
PDQJDQHVH OQ2QLFNHO 1D®DG FREDOWDER2EHHQ GHYHOR
DV HIILFIFKGWDOWHUQDWLYHY WR SUHFLRXV PHWDO EDVHG

+LJKO\ DFWLYHDI@@ &RRDWHD®WH PRVW FRPPRQO\ VIQWKHYV
R[LGDWLYH HOHRAWDRGEHISQWLWHR Q H IULRIPR bl i WIQRS0 SW H WWRKQ
FRQWDLQLQJ VLPSOH VDOWYV MRHWWDIOH LUBHVZELHNAHA MYUHD GMLWADL
KLMHPSHUDWXUH FEH P ERD®E&MBWRRFG WV I OBEUR-G X FIWY
HOHFWURFKHPLFDO V\VWHP DOORZV W KHP®WHRLISD ®AD WIL\K
KLIKHU IUHMKBQHN FRUWKWSRQ G L@D P LSOV & WER EDPMW
FRQGLEASR@YLGLQJ [OFPOW QR ORI QUMUK WKHUPRGNVBEBEPLFV
U H D F WMLLIXQ@ H ,Q DQ HOHFWURFKHPLFDO V\VWHP WKH
FRQWUROOHG E\ U H JXID\DWHIEY W MMKRIXF & WBIRRBHKKQIDPLFV LV
FRQWUROOHG E\SRRWYHIQWLRO WESOLHEHLPURYERMKINV FHO
FKHPUVARQGLWLRQV RI DQ HOHFWURGHSRVLWLRQ SURYLG
QDWXUH E\ DOORZLQJ VIQWKHWLF HHOFNWWERR/OFRIREGDW L R C
QD WXWMH P V
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JLIXUH )UHH HQHUJ\ GLDJUDPRPGOXDWUD W LQ H HW\KKGH U J\ (
PHWDVWDEOH W U D (GAIQW PR Q\DWIDD &/ WKNUPRWDVWDEOH

WKHEWRROPLY¥YYOBOIHWHY DUH DW HQHUJ\ PLQLPD DQG WKH
DW DQ HQHUJ\ PD[LPXP

&KLPLH GROXHFHWURFKHPLFDO PHWKRGV FDQ EH XVHG WR
GLVRUGHUHG WUDQVLWLRQ PHWDO R[LGH FDWDO\VWYV

MDPRUSKRXVY DQG RU pGLVRUGHUHGY UDWGE®GHN FDRW RR\Q E
DUH GHPRGWWR ODFN RUGHU E\ HOHFWURQ PLFURVFRS\

VRPHZKDW GHSHQGHQW RE WKRORIMFESQDRH\XBKQULIEW R L
$ ODFN RI FU\VWDOOLQLW\ FRXOG EH FFRXVHDWHW RUGRW
DQGO®MWN RUBHBMEDROHFXODU XQLWY6SHFLILF W\SHV RI VWL
GLVRUGHU WXRHER®NW UHDUNVRALUBGREWRUBHUHG CDORQJVWERHEN

FD[LV OLPLWHG LQWWDOBDMWIGLPKIOWWRQDO ' PDWHULD
DWRPLF LQWUDODWRLWY WDOFDEOAWDO DQG RU R[\JHQ DWRPYV
0Q2 &R2 DQG[IRRWHULDOV IO BEW @GRH WHRWDIHLGE)

DQJOH BRQVWRUWKUOHG QDQRQH PWVR QQGE B MEMML Q J
VXEVWLWXWHG DQLRQ GRSDQW LPSXUXWHN JBREK L BDIVHRAV W
LOOXVWUDWHY HDFK W\SH LRYODWHIKHFGWX®R O BEGUMFRYG H W H
/0Q2 DV D EDVH VWUXFWXUH
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J)LIXUH FDSWLRQ RYHU SDJH
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JLIXUH S3RO\KHGHRUWHVHQWDWLRQ RI WSKH RROUNXV UWDID
U0Q2 DQG ELUQHVYQWH E 7\SHV RI VWUXFWXUDO
RFFXUULQJ LQ WUD QDA \MLRRS PHRLBI® RYNGRMNH VW U XFV
FU\WWWBO®ILPHQDHEQN ZKIHDHD QEDUH WKH FU\WWDOOR
GLPHQVLRQV RI WKH LQRLWD OMXH UL G\WBQE B JHIDEEU \F/
GLPHQVLMR®H VWDFNLQW \IB[HVWRUNKHW X UBKDS G E WRIGGHIWH
WXUERVWUDW L FOO DAM LIFHRIAKE B/LXQ M/ H IO 1 DRVUR 7 WD F N L
LQWUDOD\H WF XMDGIDEHDB®E GRISDHFMEY VLASBRER GHO

VKRZLQJ DQ LQFUHDVH LQ VWUXAMXUBIG KUWNE& U GH

IFU\VW D OO L Q H 2400Q B E V MI@RIFRULSKRKXIW RUGHUH G

%LUQHVVLWH OQNGHERIU@HYIVOWBUH XELTXLWRXV LQ D ZLGFH
DQG DUH RIWHQ FKDSBRW B8 U IFWUREGWBDRPEKHWH O\ DPRUSKR
OLQHUDO ELUQBHNY HUKBIOKIAD & HBULKODQ 0Q 2 +2

DQG FRQVLWHXWD RIQHBEGD NKEHWYV ZLWK LQWYDRIDQAUHVQ
JLIXUHD &DWIVXEKLDV. &D 0J DQG O@H W\SLFDOO\ IRXQG
L QW H Z® B \HU MFRAH\W R F RPHS HIQW IDYWAHUFRK® LIHW UD OD\HU YDFI
%LUQHMMWHMVALQHUDOV DUH JHRFKHPLFDO OJY HRAKIHPH PVDSH F
F\FOY Q®K RMWRE XFWLYH GWREPSRVLWLRQ

0DQ\ KHWHURJHQRXV PDQJDQHVH R[LGHV DQG PR®HFXOD
OD\HUHG ELLNMH V WILX R W R UHL WEGHIQY MKHFWURFKHVPLWIXO F}
L HQ WKH SUHVHQFH ‘RIFROUAIXWLRYV & ZDWHU R[@GDWLR
WKIWRWRWFKRFD RULJLQDO PDQJD GHV M HFE®XVNWHINRG DMYE K L B K
LV WKHQ UHR[LGL]HG WR IRORNH GKIRUHSBIR\M R EERIGU QHOHV L \
EDVLV RDD O/MGHDVHMIY] PHFKDQLVP DV GHVFULEHG E\ .DQ
ZKHUH WKH DFWLRBIVEHU QBIO \VGAMARBXBVEY WIRHODDWD O\WLF
LV UHIRUPHG XQGHU WKH FRQGLWLRE@Y BILYZWWORWRRG E
PROHFXIONHU DQG K HOHNUR JHEKTRMOAR XUWKHU EOXUUHG E\
XQGHUVWDQGL @WDWMKD VW PRRGK&® XV PDQJDQHVH R[LGH H
PROHFXINHUEHKDYLRXU E\ XQGHUJRLQJ VWUXFWXUDO FK
FDWDO\VKW WKHDIOLQJ PHFKDQLWPHSIPRYW®EY CARQIWR WKF
KDV DQ LPSRUWDQW FRQFHSWXDO OLQN WR WKH R[LGD
QDWXUH
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+HUHLGRESDUH W KBIQWGWWEKEFRWKIUYL W\ Ril . RELGHQUHWSR ER H Q H V \
GLVRUGHUHGOLRH PBYYDWHYH ®RIDQ@KE 02 DQG H[DPLQH
WKH UHODWLR @ WUDSF \E K WIBGVEROFRHLE LADWIRRW R[LGDWLRQ
WKHUPRG\QDPLF VWDELOLW)\ $GG LSWURQKOORERPIBIOLAK RQV
LVZBI O @ X8 DIPGD Q H WHKBMW AN VWUXFWXUDOO\ RUGHUHG DQ
7KH VWUXFWXUDO RUGHU RI WKB\PDEWHRIULD/DOLR DDWSHE VQ\R/
SRZGHUD) GLIIUDFWLR@ UBQVPRLYBLROFBROWHRBIRQG(0 7Kl
FDWDO\WLF HIILFLH QD YRY DWKWHABOEBROWIDRPHWU\ &9 DQG
HYROMXWIROLPHQWYDXVDQUD&MWLILFLDO FHKHH PLKB 0P R G\®DP\
VWDELOLW\ RI WKH PDQDOQMDWLRHGHY HADAX UHG XVLQJ |
+2 DV D WHYQ\GI6VDQDAVVWYH PDQJIDQEVRIRH\GHW B W W I
RI WIOMVHU R[LGDWLRQ UHDFWLRQ
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([SHULPHQWDO

6\QWKHVLV Rl PDQJDQHVH R[LGH PDWHULDOV

JRXU QQRPSOHV ZHUH XWLOLVHG LQ WRALWWWLGIK Q DRKRFE\DS
GRSLQJ WHUPHG BEPHQRQRSD WBW LVEXIOWM H LBALK QH SKRVS
GRSLQJ WHUPHG KHWPLGROWDV VLXK LEMHWAHG KHUHLQ

ELUQHBQIBWS\UROXVLWH 7KH QRPHQHGRWXIMDRE QBIM] LV
WR GHQRWH LQRUJDQLF SKRVSK®a2WH+ZX LR HRWSH®V LQ WK
7KIQRPHQFODWKMFDXW KK WHCH SURWRQDWLRQNWAEGH RI W
WHBR AL QY XVHG WR GHVFULEH WKH DGGLWLRQ RI SKRVS

7KH HPSLULFDO IRUPXGRLW H IPW® HDBDIHVMHR MLGHY ZHUH GH

FRPELQDWLRQ RI LRQ & KQBRPWIRVND'S KR & Y®R P EGRSEER\DP D

VSHFWURVSERSY URBDEVRUSWLRQ Q HDLY6HIBIBIOYWLLVX RW X H B

VWDWH DQG ZHLJKW FKDQJHV XSRQ KHDWLQJ WR GLIIHUF

PDWHULDOV DUH GHBEWUQFIH® DYDRODRAINQ 0Q 2@
3l0Q2LYQ 1D +2 +32 >0Q 0Q 2@ DOQELUQHVVLWH L
0Q 0Q 0Q 2 2 ZKHUHK LOQDYDEDQF\

6\QWK H¥IL¥QRI
7KH/\QWKHVLVO0QR L BYR WDISGR[@GLVLQJ D 0Q ,, VROXWLR
0Q &&22 +2 P/ ZLWK K\SRFKORULWHP/ Z7KH pmx& 0
PDWHULD/R@DWHG DQG ZDVKHG ZLWK ZDWHU XVLQJ D FHQ
DFHWRQMWRODKHVHG VDPSOH ZDV GULHG LQ DQ KYH® DW
SUHSDUDWLRQ IRU DQDO\VLV

7TKH3LOQ2VDPSOH ZDV IRXQWRXKWXHH E\ ;5' DQG 7(0 DC
6DPSOHV RR2BHUH KHDVWHG WR & DQG PXFI®©OHQXWUQDFH
DQG DQDO\WVHG E\ ;5" WR H[DPLQH WKH HIIHFWV RI WHPSFt
EHORZ f&OQBUHWDLQWGVUWRWXUH EXW ZDV QRWHG WR L
GHVRUE ZDWHU
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7KH IRUPXODWLRQ RRXQKEQWBI G+23L>0Q 0Q 2@ DQG

W K H IRUPXODWLRQ OQRI KHDBBWHG WR fé& |

0Q 1D +2 >0Q 0Q 2@ ZKHWHLW® 0Q YDFDQF\ :KHQ KH
f& IQ2GHFRPSRVHG WR KROODQGLWH ZLWK W®GLXP |

IXUWKHU WR  f& WKH PDWHULDO GHFRPSRVHG WR 00Q

6\QWKHVLVORR 3L
7KH BQ2VDPSOH ZDV VIQWKHVLVHG E\ K\SRFKORULWH R
WKH OR2VDPSOH ,Q WKLV SURFHGXUH RBDdD0Q WROXWLRC
P/ ZDV PL[HG ZLWK VRGLXP 8K3RV S KIE®¥ H E X | | HRY
DQG WKHBFWEHWDW IRGOBY.VHG ZLWK K\SRFKORULWH Z Y
7KH OPDWHULUD/READWHG D QI LADK/ KHDGVHU XVLQJ D FHQWU
ULQVHG RQFH ZLWK DFHWR QR HB@H H&¥ RDW W H £& VIRRIS D SIS DI
KLQ SUHSDUDWLRQ IRU DQDO\VLYV

5HSOLFDWH VDBERQRVRQWDLQHG WKH VDPH\SKEBY&SKDWH F
ZLWKLQ H[SHULPHQWDO HUURU ZKLFK LQGLFDWHG WKDW
LOWR WKMWOURKEWXUH 7KH DPRXQW RI SKRVSKDWH GRSHG
FRXOG EH DOWHUHG EDVHG RQ WKH SKRVSKDWH FRQFH
SKRVSKDWH FRQFHQWUDWLRQV KLJKBLO Q2K WM MVKIROVGHGHT
; UD\ DEVR USQHLRW;$X-WKRE SKDVH FIKIXQHEDQRSIURP

WKH UHTXLUBGNEL VYHWKFWKHIH DQG FRQVRIXWN Q®H WX®ID\FF-
RI WKLV ZRUN 7KLV SKDVH FKDQJH LV H[HPSOLILHG LQ W
0@ DQRG3 0Q2 L B 0OQ¥DPSOH ZLWK SKRV)EKRWHH GRSLQJ
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JLIXUHOQ .HGJH ;$6 FRIPWDULQOQ2WRLUQHVVLWH VWUXFWX
SUHVHQWHA (BVEH[SD QG H& BUMHHIWRQ@Q DUURZ LQGLFDWL
VKLIW 2QQ2 FNZHLJKWHG (;$)REQGHU 7UDQVIRUP RI WK
'DWDDV FROOHFBMHBYREMXH 30Q2 UHG 30Q2 SXUSOH
0Q2PHGLXP DWQUHIHUHQEHO | 00//D OQUHIHUHQFH DQG 0
GDUN DUMQUHIHUBRWHIULDOV ZLWK ! VL3 Q@RSERQWOUBLII
WR ELUQ@HAMNWWMKH UBIIRUH QRW DQDO\VHG IXUWKHU
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6\QWKH\ELW @HVVLWH
3RWDVVLXP ELSQHBDIUME DIFRFRUGLQJ WR D PHWKRG SU
*DOOLRWH VIQWKHVLY LQYROYHG KHDWLQJ $RWD PXLDICPH S
IXUQDFH& K VHSDUDWERQUQMKMLWH SURGKFWN BYWIEW UDV
HO X HQKAH Q @/UVIRGRP DW HPISH BBWXHH QG FKHMRIFWRHFRBB R XE!
ZDV FRQILUPHG E\ ;5' DQG VR H PHRRND/AN YOX)HD QU & WIXE H G
E\ *DOOLRW

6\QWKHVLV RI S\UROXVLWH
7KH VIQWEHMOXFYRBIYH®@J .0Q2 J LQ P/ RI ZDWHU +&0O
0 DQG WLWDQLXP IRLO DQG KHDWLQ@XHDV B Q BWKFHPD ¥
FRPSRVARMWRE S\UROXVEWGISURIBEAEN DV QG HWIRPEK WD C
FRQVLAWWHKQWR ARRMRKWUFLDOO\ S X U FeK.D PIB05G § WIFFKO X VL W H

 QGXFWLYHO\ FOXEOMHG $IPDVFDRQ VSHFEFWURVFRS\ &
,&3%(6 ZDV XVHG WR PHDVXUH WKH PDQJD QH VMDIVHGE SK®YV S
,Q SUHSDUDWLRQN®RZDQDXD QML W\ J RI HDFK PDQJDQ
“f& K LQ QLWWUIRF DFLGP/ DQG K\GURJHQ2SHUR[LGH +
P/ 7KH VROXWLRQ ZDV FRROMKGIDBEG BQOWVREHEU ULBG
XVLQJ D 9DULDQ /LEGE®W\ BBOLEVDWLRQJIJFQUWUHDWHG IUR
VWDQGDUGYV DQG SSP

, FAQURPDWRJUDSK\ ,&
,&«ZDV XVHG WR PHDVXUH WKH PDQJDQHVH DQG VRGLXP
PDWHULDOVHBBPEIOHAMRAYHG XVLQJ WKH SUB®®R®DOIMHEGH V |
ZLWK D OHWURKP IOH[ XVLQJ D VWDQGDUG FDWLRQ
&

,UD\ DEVRUSWLRQ VSHFWURVFRS\ ;%6
ODQJDQB@HHGJIH ;$6 VSHFWUD ZHUH XRROICSGRFOWHH G L RIO MK
EHDPOLQH DW SMIKA2$XVWUDOLDQ 6\QFKURWURQ OHOERX
6\QFKURWURDHKPWURQ EHDP HQHUJ\ RI *H9 DQG EHD
PDLQWDLQHGPRS®&®S/DPSOHY ZHUH DQDO\WWHGS/WQ W KHJ !
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EHORZ OD.QJDQHVH R[LGH VDPSOHV ZHUH FROOHEWGIHGLQ \
2.(1 LRQLVDWLRQ FKDPERMWWDPSGHWKIHHUB2FROOHFWHG L
PRGH XWIRQMBD WHOHPHQW *H GHWHFWRU | 7ZHGHIBN HVIK & HU
LQIOHFWLRQ SRLQW RI WKH PDLQ DESHAVBWAR @QDSHDBLR)|
PDQJDQHVH IRLO UHIHUHQFH WEBMDKM DDV BDWE FRWBE AWR
EHDPOLQH ZDV FRRXHUDQE @ Q QEWKHEIRQPDOLVH EDFNJU
VXEWUDFWLRQ ($ADVOH ELY)8/G RQY DDI@®WHMY RQUGDWLRQ VWD W
PDQJDQHVH R[LGH PDWHULDOV ZHUH FDOFXODWHG IURP V
DQG PDQJDQHWH ®FHGWDWPISIH V

SBUHSDUDWLRQ RI PDQJDQHVH R[LGH VDPSOHV IRU ;¢
7KH VWDQGDUG PDQJDQHVH R[LGH VDPSOHV ZHUH SUHSD
0Q2 PIWRIJHALMKUFHO O XORQYE VHD®ILQJ WKH VDPSOH LQ
$O VSDEWW Z —0 .DSWRKEHWHMDSBPSOHY ZHUH DQDO\VH
WUDQVPLVVLRQ PRGH

3UHSDUDWLIR)® RQ K3IBRFKORULWH IRU ;$6
7KH 8R2LQ K\SRFKORULWH VDPSOH ZDV SUHSDUHHGE IRU ;¢
OLTRLWURYHWQVSHFLDOO\ GHVLJQHBQSDO®LNMKIRANV\LRP BEH K R
K\SRFKORULWH VIQWKHVLY VROXWLRQ DRWHVD RPSBIH}R | UH
TXHQFKHG DW WLPH\LWKRZWGE WV X\EVDADB @ IVILQ I0QJ Q

3UHSDUDWLROURIQWAHUGH MQHFWURGHV IRU ;$6
7KH VFYHHONHG HOHFWURGHV ZHUH PRXQWHG GLUHFWO
—0 .DSWRIQW ISD@ \WHK®KRUHVFHQFH PRGH

3UHSDUDWLRQRMDIRBOHV IRU ;$6
7KH UHDFWLRQWRd OFKM AL FDO R[LGDQW ZDV VWXGLHG DW
DQG K E\ TXHQFKLQJ WKH VXVSHQYERIQ HHYHW KBIQG
IUHKJB\LQJ LQ SUHSDUDWLRQ IRU ;$6 DQDO\VLV $ QHZ VXV
SRLQW (DFKADAWSHESDR®G LQ D P/ )DOFRQWHXESOHQG F
FD PJ IRU O®2 RU 3L0Q2 DQGPJ IRUELUQH®EWLR(HGDQW
1+ &H 12 J DQG ZDWHU P/ $IWHU WKH VXVSHQVLR
y K LQ WKH LWHHEPW IUHKM. QGEREHT26 TIUHH]H GU\HU
FD P%DUf&XQWLO DOO WKH VR YHKQW KDG HYDSRUDWH
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7KH 0Q&HQ VDPSOHV ZHUH SUHSDUHG IRU ;$6 DQIO\VLV E
W R JH W KFHHUO DLCRIOKHG ® QG VHDOLQJ WKH VDPSOH LQWR D
ZLWK —0 .DSWRQ WDSH 7KHVH VDP S O®YXRHUHN PHXDRH WPHRGS |

$V WeHH /HGJRD\ LQWHUIHOB ZHGWK WKDP SO B @ GRICZEH H
DQDO\VHG LQHWKH UBJLRQ WR GHWHUPLQH WKH SRVVL
LQWHU IHKH @MBPPSOH ZDV SUHSDUHG IRU ;$6 DQDO\VLV D
1+ &H 12 LQ FHOOXORWHP3IOM &BV VIQWKHVLVHG E\ UHD
VROXWILRQRI12ZLWK JLQF SRUGHUH WXHQFKLQJ WKH VROX
QLWURFHGPLYIH WKH LQWHUIHU HGEW KRR QVKHHQ &MU D W LR Q
UHGXFHG IURP RN ZDWMWKH TXDQWLWY XZB/HH\Q RYKGD WL |
H[SHULRHQWWR WHKGIXFHG FRRFHQWULPWIRR@DWHU DV VWDV
7KHS1(6GDWD IRU V&KFRQF B R VELEBRWIVDP SO HV IMKWRZIKE ILFD Q\
LQWH U IHBW R A HHG OH

3RZGHWWD\; GLIIUDFWLRQ ;5'
'5' VDPSOH®WHIIMHUHG DV SUHVVAHIG SRZEBHU5P ©DXQ@WVVHYV Z|
FDUULHG RXW XVLQJ D 6LHPHQV GLIIUDFWRPHWHU
; UD\ WXEH QP 6DPSOHV ZHUH VFDQQHG EHWDRKHQ DQ
LQFUHPHQWY DW D UDWH RI ZHWU 8 HRQID®A U HBREQRWK ; § [ FGIIDV

7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0
+LIKHVROXWLRQG+BULJKW r(EDBY HBHUIRUPHG XVLQJ DQ I
FRUUMFWHLGY HONEWQRQ PLFWRQFREH&RPSDQ\ DW N9
(\ULQJ &HQWHU IRU 6B®ULG] RYDWW bW HHEFIHY HUVLW\ 7KH
ZDV WXQH® W HEROQHIDWLYH &V LPDJLQJ FRQGLWLRQ ,Q
&V —P DR OHIRRXVQR 7KH LPDJHV ZHUH DFTXLUHG X
HOHFWURQ GHWHFWLRQ XQ@EHRWIXQWR&GB WDKH GRFVH UDWH ZD

HOHFWURQF BLOQH®LMH WKH SRWHQWLDO HOHFWURQ EHD

%UXQORRHWWO OH(U
7KH VSHFLILF VXUIDFH 2D0\H [ HRV/UWWHDFXHBQQW L SQ LVQ KL ¥ (7
PHWKRIGHWDO R[LGHV SRZGHUV RKRYHUHM AKWGEN & UISW LR Q
DQG GHVRUSWIDRWQ AMRIRWDPYH® IZ&WHKUD | FHHRIRHYW UL FV




&+$37(5+'LVRUGHU; LQ 0Q2

&KHPLFDO ZDWHU R{M¥GDWLRQ XVLQJ

7KH JUH\ :LHFKHQ DQGDRUMIFDO PHWKRG ZDWI[XVHSXWR
ZDWHU R[LGDWLRQ HIILFLHQF\ Rl WK 8 QBBIM\LAW RG RGNV
QRW UHTXLUH PHFKDQLFDO FKHPLFDO RU WKHUPDO WUF
DQDO\VLV 7KH JUH\ :LHFKHQ DQG .XURN]WKHVRROVW BRE
WHFKQLTXHV WR WHVW IRU PDQJDQBHV IR LO5 M LAD\® H UH R HLK
R[LGDQW XULWK HQRXJK SRWHQWLDQRRLWG ZWWRHQY R MWGDIM
DSSUR[LPDWHOXVQRUP®O K\GURJHQ HOHFWRSRFEHN DIG\ O\
20DEHOOLQJ KDV VKRZQ WK W D/¥ \VH ARQ\ HE®I \8 D IR I6 QX FR-DAQ 1L |
DQG°®WLILQDWHY IURP WKH ZDWHU VROYHQW

JROORZLQJ WKH )UH\ :LHFKHQ DQG .XUW] PHWKRG HDFK
0Q2 FD PJ BROQ2DQG O0R2DQG PJ IRUDUQHVVLWH D¢
S\UROPVER¥WR[LGDQW&H1%2 J PL[HG ZLWK ZDWHU P/ L
(([HWDLQHU YLDO P/ HODWXPRWHGRBREEQR¥DGGHG FDS
RI DQG PLQ P/ RI WKH VDPSOH YLDO KHDGVS
FKURWRJUDSK\ *& DQDO\VLV

OROHFXODU R[DIH® Q2ZWURBHHWG AHDVXUHG XVLQJ D 6KLPD
HTXLSSHG ZLWK D 5H WHN POPROHA/QHYHIWPT DQG WKHUPD
FRQGXFWLYLW\ GHWHFWRU 7&' 7&H \WMREVKHPRNV R H PV8 H B D MW
ZDV f& DQG WKH 7&' ZDV f& 8OWUDKLJK SXULW\ +H ZI
UDWH RIPLQP/

(OHFWURFKHPLFDO H[SHULPHQWYV

$00 HOHFWURFKHPLFDO H[SHULPHQWYV ZISHRWHHRRQ KX MWDG
D WERPSDUWPHQW HOHHWOREKWRLBD®D + i —P FHUDPLF
HOHFWURGH V\VWHMODKHRPGRGMWFPHQW FRQWDLQHG WK
UHIHUHQFH HOHFWURGH DQG WKH ZRUNMPHIQWHFRQW BHQ |
SODWLQXP PHVK DX[LOLDU\ HOHFWURGH $ ' SULQWHG H
UHIHUHQFH HOHFWUWRPGENVVIWBROG MWHE@WW 7KH PDQJDQHVH
DQDO\WHG RSHUDWHG LQ SKRVSKDWHK EIKIRWS KYDRVGL XGPL K&

0O S+ ZKLFK ZDV VWLUUHG XVLQJ D PDIJQHWLF VWLUU
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FROOHFWHG IL® WIULSOHBOMMWHOHFWURGHY RI WKH VDPH VL
WKH PHGLDQ VFDQ LV SUHVHQMWG ® W7 BHV & BR® WMMV7H BRY P HD
EDFNJURXQG FXUUHQW ZDV PHDVXUHG XVLQJ D EODQN
GLIIHUHQFHYVY DUH UHSRUWHG DJDLQVW WKH B[BBI&JQPHQWI
2WKHU SRWHQWLDO GLIUHUBIDFRIVWIHEK®R \I BBLONWHWE HD H[S O
HOHFWURGH

)DEULFDWLRQ RI HOHFWURGHY IRU HOHFWURFKHPLFI
7KH 3L0Q2DQG O0RZ2VDPSOHV ZHUH DGKHUHG RQWR IOXR
)72 FRDWHG JODVV HOHFWURGHV GHRRVOME QY P AW KRB\

ELUQHVVLWH ZDV DGKHUHG XVLQJ D GURS FDVW PHWKF
RQWR DQ HOHFWRIRGHGAD VPRES OR [ L

6FUHH@WLQJ

,Q WKLV SUFRRRGOPBOWKH PJPIDVEGSP IRU K LQWR D
SRZGHU DQG RYHQ GULHG f& K WR UHPRYH ZDWHU Z
XVHG LQ WISHDWBWHQWR PIDNH WKH SULQWLQJ Sy WA Z
HWKDQRO WHUSLQHRO VROYHQW 1 GO\GSHWKNG EIQO O
HWKDQRO ZHUGBIQHGEH® KHREWRI® PLOO MDU DQG WKH PLO
ZDV UHSHDWHG WR JLYH D XQLIRUP SDVWHSRIL QUWQR®@F AKWMI
RSWLPDO YLVFRVLWQ ZMFHRRW D DQRIGWE(H HWKDQRO VROYH
(DFK VDPSOH BDVQVWMHEH®VLGH WKH GHVLJE@DWRG ODVH
HOHFWURDFWLYH BUWDODUJHFP72 JODVWVREHMWE& *ODVV
30DWRKH VEUHBIWHG ODUJH )72 JODVV VKHHW ZDV LQLWLI
PLQV WKHQ VLQWHUKE DRWQ D f\L@DIWHH L Q) KRASSD UD W
HOHFWURFKHPLFDO H[SHULPHQWYVY LQGLYLGXDO HOHFWUR
7KH HOHFWURDFWLYH DUHD ZDV LVRODWHG E\ PDVNLQJ Z
WKH PHDVXUHG DFWLYLW\ Z®N GH P DARBHOD WR WKH FRED

,W LV DGGLWLRQDOO\ QRWHG IGR&HW KW LERMH W IKBWYW H.G
W\SLFDOO\ DEEUHYLDWHOG/ D¥MD)PBRY2ZHOHFWURDFWLYH DUHD
RI VFSHHQWHG VDPSOH ZHUR B@ONVYWHGKS&SHW ODBIUWK HDFK V
PDWHULDO FRUUHVSRQGLQJ WR RQH HOHFWURGH LLL +H
DQG WHUSLQHRO FRPSRQHQWY DQG OHDYHV SRUHV LQ WK




&+$37(5+'LVRUGHU; LQ 0Q2

'URS FDVWLQJ

7KH GURSEALDM\QWWVVDPSOMSDRNAG E\ VRQLFDWLQJ DQVXVSH(
VROYHQW [LPJ 0Q2/ RI ZDWHU LVRSURSDQRO PLFURS
VXVSHQVERQRQWR WKH HOHFWURGH DQG WKHQ GU\LQJ W
IRU DWW O HQV

OHDVXUHP HQRV LRSI DOL2Y H VINHDHQUIMRKQ EALW K K\GURJHQ
+ 2
0Q2PDWHULDOV ZHUH WHVWHG2IRY WHBAR[ P HD VWU LRV\ W
WKHUPRG\QDPLBVWWBE¥EOLBHNG LQ GHWWKIH ® DLQ@J GH N b HR[A!
FD PPRO ORDV VXVSHQGHG LQ+H2WKHU QRW SKF DFLFGHWD)\
EXIIHU VRGLXP DFHWIDWH PJ GRSKRVSKDWH EXIIHU VRGL

SKRVSKDWH 0O S+ S+ RU S+ P/ DQG WKHQ PL
+ 2 P/ PPR®&HDYV HYROYHG IURBD W RH DUEXWPMEL R Q
XVLQJ D JDYHEPXUWHWRROQIMRUHG IRU MYSHULRG RI PL

7KH JDV EXUHWWH LV FRQVWUXFWHG R WK VBRIKPRYDE JH D(
AXLFENQDWY VWRSSHU DW WOPHR GROED B | \DMWIKRHSY IKRFUHRWWHR P R
EXUHWWH AKR AKX G/W IR H@ L F VIRRWMN H \WONIFRRVWQOGWH BW R U
ZHOO DV D JUDGXDWHG JODVYV LQVHWDWKDW WIWMG ZN.RV R H(
WKH JDV LQSXW WKURXJKRW KWK R SH[@E HHRPIGMDRYYR K H U H L Q
VXVSHQVESR@FAHINMO. FNIRXWQG ERWWRR IODLVNWKH URXQG EF
IODVNFRDYWHFWHG WR WKH JDV EXUHARYK BV4AXQLFDN | EXW WRP
WR WKH URXQGDERAWWRIRWOPKNOO MRLQW FRODQ®IHWHW®RQVR
VHSWXP LQSXW IRY ZIHWHGQHXNW LOWR- WKH URXQG ERWWRP
VHSWXP XVLQJ D QHHGOH DQG V\ULQJH DQG LY WKH JD
KRZ KLJK WKH JODVV LQVHW ZDV SXV/KKBGSKRWRLIQ DASKHRW X
HISHULPHQWDO VHWXX&H LV JLYHQ LQ
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JLIXUH SBKRWRJUDSK RI WKH JDV EXUHWWH XVHG WR TXI
0Q2+2 UHDFWLRQ DQG VHTXHQWLDO SKRWRJUDSKV L

SWIOQZRYHUFRXBVIRLIRIOV HYROXWLRQ ZDV PHDVXUHG IR
JDV HYROXWLRQ W\SLFDOO\ FHDVLQJ RQFH WKH PDQJDQH
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SHVXOWY DQG DQDO\VLYV

BWUXFWXUDO FKDUDFWHULVDWLRQ RI WKH PDQJDQHVF
7ZRGLVWLQFWLYHO\ GLORNBHBPBRBGQJEQH QBM\ORMBHG

31002 ZHUH VV\QWKHVLVHG DQG FRPSDEHGQHVNN KWKL JX
S\UROXVLWH LQ D FRPSUMNKN@WNWYR QVWKXBH\WRSLYDALR
IRUPXODN RILUQELMYH WHD Q JD Q HVIH YRHQG HV 7IXUHH L (DWQGD
LQWHUOD\HU VBUDIRORWXUBEQRI. ELUQHVVLWH DQG S\URO
FKDUDFWHUSYHG ' XVQQJI7 (0% TKMVHFKQLTXH IRU PHDVXULQ.
ZDV XVHG WR HVWLPDWH SDUWLFOH VL]H DQG VXEVHTXI
VWUXFWXUDO GLVRUGHU

:$6

JLIXUHSUHVHQWYV WKEH; $$aLYE IDRGUD FRIOBGKFRDHG IRHVH R]
PDWETKH (;$)6 BILOQ2DQG 300Q2DUH YHU\ VWAIRH QD) 6WR

ELUQHWWKUWK LQGLFBPMWBY DIGDVELOQ2 KDYH DQ LQWUDO
VWUXFWXMKDRILQREQYDNKEHWY VLELOQHWIROMHHWKH (;$)6
Rl ELUQVR@GE ®BGQR2DUH QHDUO\ LQGLVWLQJXGAMKDE®® F WK
EHWZHK;@)® RH ELUQH\WQGWHIZ 7KHVH GLIIHUHQFHV DUH L
WKH WKUHHLDXWHRZVELQ

7TKHVH GLIKDMOEHWHQ TXDQWLIUHGWRRLIFK (DR)E LU RYLGE
7TDEOHYV DQ®QDBUH.VXDOO\ UHPBUIIKVHQM RIB EIQUQHVVLWH

3L0Q2DQG 0?2 UHVSHFW(CBHORI7TWKMWHH VDPSOHV KDY
ILW XVLQJ VOIOWNKBPMR IDFLOLWDWH D VWUXFWXAKD® FRPS
VLPSOLILHG ILW HVWLPDWHYV WKH D, WRYZAMWH HU CRWPE WWH G H_
EHWZH#H G @D UHJLRQ ZKLFK W\SIRRD PR & i SFARKEGINMNN
IRU D JRRGVILRESOLIDAX (;$)6 ILW RI S\UROXVLWH KDV E
FRPSDULNDRE® HR)E& J XU HG
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)L J XGIG F DFRQIWRIRY XKGS D J H
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JLIXUH 0Q. HGU ;$6 GPRV\DOHFWHG RQ WKH PDQJDQWVH RIJL
SUHVHQWHMG(PXYLWK H[SDBGHEG LENHEWLJIKWHE DVVWDFN
SORW IDRBHUODSSHG SORW ODEHOOHG ZLWK DUURZV L
F)RXULHU 7UDQVIRUP REHDKHG ®MBWK WKH ERQGLQJ LQWH
WKH GRPLQDQW ELDQG VWLUXHEWSHDINY ER®HQ D JI RO WHKUWD F
ODEG@BRHOWD ZDV FR S OUHRFORIDVRKE L W@HBAOHK H - 30.Q 2

DQG 0Q@R

7TDEOH(;$)6ILAM .ELUQHVVLBMHWKWL QJ

6KHOO &RRUGLQ| 6FDWWHU[ | @
QXPEHU | GLVW@QHF

0Q 2

0Q 0Q 2 LQWHUOD\

0Q 0Q HGJH

0Q 0Q FRUQHU

0Q 2

0Q0Q 0Q@WQO0Q HVWLHR HVWLPD

0Q0Q 0Q@WQO0Q HVWLHR HVWLPD

3DUDPHWHUMVIRE) WKLV H9 JDFWRU

/IRQUDQJH LQWHUDFWLRQV DUH GLIILFXOW WR HIIHFWLYH

D ODUJHU QXPEHU RI

VLQJOSID DR PW O WE® Q ¥YWHWOR DDM/EH G

LQWHUIHUH WR SURGXFH WKH (;$)6 DW ORQJHU UDQJHYV
"7H¥ YDOXPDROOHU WKD Q FFKIS\WHG HUD@RY H WHKLY VPDOO
YDOXH KDV E HEHHE XX \FHH SWKHL & L V CDQGEROAEDAHDIHLYGIHIQW | LW
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7DEOH(:;$)6ILAM 30Q2XVL@DWKYV

6KHOO &RRUGLQ| 6FDWWHU[ I @
QXPEHU | GLVWDQF
@
0Q 2

0Q 0Q 2 LQWHUOD\
0Q 0Q HGJH

0Q 0Q FRUQHU
0Q 2

0Q00Q 0@®QO0Q HVWLF HVWLPD
000Q 0O@QO0Q HVWLFE HVWLPE
3DUDPHWHUV IRU WKLV ILW H® JDFWRU

/JRQUDQJH LQWHUDFWLRQV DUH GLIILFXOW WR HIDNWFWLYH !
DODUJHU RIXFEEBUOH DQG P XSDWRDNY WBRKPWIHHMIDQG Gt
LQWHWERHBEB XFH WKH (;$)6 DW ORQJHU UDQJHV

7K ¥ YDOXH LV VPDOOHU WKDQ WRKH JMERIZHDYWMIIL U AFRISGCH
YDOXH KDV E HEHHE DXO\FHD SWRIPSE D W D QEERDM) QIOM SHQGHQW LW

7DEOH(;$)6 | LRV DQ2XVLBDWKYV
6KHOO &RRUGLQ 6FDWWHU[ T @
QXPEHU | GLVW@QF

0Q 2
0Q 0Q 2 LQWHUOD\
0Q 0Q HGJH

0Q 0Q FRUQHU A
0Q 2
0Q0Q 0Q@WQO0Q HVWLR HVWLPD
0Q0Q 0Q@WQO0Q HVWLR HVWLPD
3DUDPHWHUV IRU WKLV ILW H59 JDFWRU

/JRQUDQJH LQWHUDFWLRQV DUH GLIILFXOW WR HIDNWFWLYH
DODUJHU RIXFEGUOH DQG P X5 DMFRIMY W B HPFWHUH@MIDQG G
LQWHWRH BB XFH WKH (:$)P @W\ORQJHU

7K ¥ YDOXH LV VPDOOHU WKDQ WRKH JFERIZHDYIMIL U PFR-ISGVCH
YDOXH KDV E HEHHE IXF\FHH SWKHL & L V CDQGEROAEDAHDIHLYGIHIQW | LW
ATKLV 'HP\WOHU | VRWPRUROVD VDWLVKDHW RBUOQREMW EHWWHU
ILW ZLWHER RUGK QDWER@ EXBEHVVLVBH QDIGWVL VHW

WR | DFD Q/MWMDRRM & D BBMRZHHQ WKUHH PDWHULDOV
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7DEOH(:$)6 ILRMS\UROXVLEB W K V

6KHOO &RRUGLQ| 6FDWWHU| I @
QXPEHU | GLVW@QF

0Q 2

0Q 0Q 2 LQWHUOD\

0Q 0Q FRUQHU

SDUDPHWHUV IRU WKLV ILWH® IDFWRU

7KLV LV D VLPSOLILHG ILW LQWHQGHG WR ULWUWRN IRWK \
5. D@G
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JLIXUHOLVXUMHBUHVHQWDWLRQ RI WKH (;$)6 ILWV IRU WKH |
DVVRFLDWHKB g$WKILWYV GB¥PBIVEHGDIQG 'DWD LV SUHVHQ
DVD. ELUQHEVLINBQZDQ® 3l0Q2 GS\UROXVLWWKHLWK
JRXULHU WUDQVIRUP RBE DRHLDMEGIE I6QLEW SDFH 7KH DUURZ
G LQGLFDWHYV WKH SHDNOQW W R IUEMID YEHIAM RW K H

,QE LLKWH 3LOQ2PDWHUKD® AWWHPDWLF GLIIHUHQFHV EHWZ}L
GDWD DV WROHW\D ROGHBPHGOQWKBOWH DQG WKH (;$)6 OLNHO\

IURP OQQWHUOD\HU LRQV ZKLFK LQWHUIHUH DQG GDPSHQ
ILW LQFOXGL@HBW MIHFWYV
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7KH (;$)6 GLIIHUHQF HEV LEGINWAHMQO.QPBUH BGRUJHO\ H[SODL
WKH YDU\LQJ FRQWULEXOMLRFRUBRDWKH OMHFWRU DW
JLIXUHGLLL 7KH (;$)BWAKRZ WKDW WIOHHHEYBFWRLD LV OR

3l0Q2 7TDEOH WKDQELQ QHAMYEMHZKHQ WKH FRRUGLQDWL
IRU WKIB@Q FRUZKDULQJ YHFWRU ZDV IL[HG WR LQ ERWK
VXJIJHVWV WKDW WKHUH LV YDULDWLR®KD@ WIK}IRIGLVRUG F
OLNHO\ EHWWHU ILW ZLWK D KL.JKHBORRFPBEH YWRRQ W]
VSHFWURVFROIQF H) IHFRUWKBWIHFWRU KDV RQ WKH (;$)6
E\ WKH DUURDHED ZLWK MWKHSH®RPLQRBW ROXKILFMKH KDV
PDQ\ FRUQHU VKDULQJ YHFWRUV +RZHYHU LW LV GLIILFX
LQFUHDVHG GLVRUGHU DQG KLJKWUWHVRIRKEBLQDMIIZRQ QXPE
2QH SRVVLELOLW\ LV WKDWWO WKRWSK IWKH G@RSEGU KDVOQ |
LQWHUOD\HU

7KH DYHUDJH R[LGDWERQQWW B \WRARFDIQWIKH 032 VDPSOHYV

ZDV HVWLPDWHG E\ FRPSDULQJ WKHLU UHVSHFWLYH HGJ
FORVHO\ UHODWHG RDEQFOHNRPRROGHGUHIW WZR DEVRUS\
DQG $Q H[DPSOH RI WKLV R[LGDWLRQ Y XWH RADIOH XODW
QRUPDOL]HG DEVRUSWLRIQOHQWHKIQV PHWRRG GRHV QRW S
PHDVXUHPHQRQRVWRDPMGDWY PDQ\ IDFWRUV LQIOXHQFH WKH
LW GRHV DOORZ WKHFRRVHEHDHGHUHDOW WRI BB HR HDFK RW

7KH HGJH SRVEWUREGVVIOWRDQGL3WOQ2DUH FRQVLVWHQW ZL
VDPSOH KDYLQJ DQ DYHUDJH 0Q R[LGDWLRQ VWDWH RI
7DEOHDQG ,QGUD DQG 'ULHVV HW DO KDYH SUHYLRXV
R[LGDWLRQ FDW D @WK SQLHWHHID FBIHWIK D HVH /G W Q R[LGDW L
EHWZHHQ BYG/XFK WKIMDQGG O0RZPDWHULDOV KDYH D
0Q" OQ UDWLR IRU FDWDOWQAXDGE WKBZ2 POWHULDOV DU
VIQWKHVLVHG LQ R[LGLVLQJ K\SHRFKORQWWHRFB QB OWLR @\
VWDWH Rl WKHVH PDWHULDOV XQGHU IRUPDWLRIR FRQGLYV
PDWHULDO XQGHU WKH R[LGLVLQJ VI\QWKHWLKEREQGLWLR
UHWBUD FH
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JLIXUH2[LGDWWR® H FDO¥FKID PWORDAQARVH R[LGHUMNVW ) WIHXEO
DVD;$1(6 E SUHGJH PBRBOLEUDWLRQ FXUYH ZLWK OLQHDU
FROOHFWHBGL WR@HWEIXH 30Q 2 30Q2 DIQG
3LOQ2IRUPDWHRQ
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7DEOH2[LGDWLRQ VWDRW \WE 8 FXD@IMIQRHY H (R HIGHN P D @HM
H9 FRUUHVSRQGLQJ WR WKH QRUPDOL]HG DEVRUSWLRQ
R[LGH UHIHUHQFHY DQG VDPSOHYV

(QHUJ\ HO

0Q 0Q 0Q 3L 0;; 3L
UHIHU UHIHU UHIHU 0Q2| _ “ | 002 | ELUQH
DI
DE\

7TDEOH2[LGDWLRQ VWDWHYV FDOFXODWHG IURP WKH DEVRU
DYHUDJH RI WKHVH YDOXHYV

$YHUDJH 2[L
2[LGDWLRQ V 2[LGDWLRQ V
VWDWH
3L0Q2
3L0Q2
IRUPDWL
3L0Q2
ELUQH

7KH .ELUQHVVLOWQR DQ3A 310Q2 VDPS®HYH [CHG®GIUH IHDWXUH
FROQWDMWHZRQJSHIZKYFK WLSYLFDOQ°RLQELUQHMWNMWHPDWHULD
YLIXUHE +RZHYHU M&H SSHDN LOQWHQUQWRAG IRU
3L0Q2 )LIJXUHE DUH VOLJKWO\ UHGXEHEGQ HWOIDMH. Y A K WAR
GDPSHQLQJ LV HYEOGWW\WQF RRKME UL DWXF K WDXG BISGF F L
ELRPLPHWL FOE INBOHXGAMHZDEH IRREHFSUWODAXUVRUV LQ 1D
DQG LV GHVFULEHG :®\R FRPBOHIQEMMK D  FRXRUFH ~00Q
YLIXU HE 7KH PRVW OLNHO\ H[SODQDWLRQ IRU WKH GDF
SUHVHQFHLQ I \WEWHZRBUBPUKDY D YHEBUHAGIDNDQG KDV D GLC
HITHFW RQ WKH 0Q &DVWLRQ\WEXMY DUH W\SLFDOO\ IRXQG
LQWH D®DWHW \ FR® IS HIW DY\HHUFRD U QMOQY O B DHUE QMMMU D O D\H U
YDFDQFLHYV DUH D IRUP RUJXWH X ZWEIXFKD O UH. VRHWTHLUQ WO\ |
ZLWK KLJKO\ DFWLYH PDQJDQHVH R[LGH PDWHULDOV
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J)LIXUH&RPSDWRIVREAQ2DQGELUQHWR/ I6\8 HF F L DT K IGFDWMD Q W W
SUHVHQWHA (BVE SUMGJWNZHLIJKWHG (;$B9REQIGHU WUDQVIF
RI WKH (:$p8VD ZDV FROGEHEWHBUR® H3DQ 2 DIQG
6SLFFLDTV JEDWDO\WWKLOH WKH (:$)6 RI 6S LDRFH DDJO P RIVWD
LQGLVWL QIR KDEMH;$)6 0RI2 DIALG ELUQHVVLWH WKH ;$1¢(
SUHHGVURI 6SLFFLDYV FDWDO\VW BRUM AWEKREHQ\QUINWH WEO H
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;9
$OWKRXJIK ;$8VHY KQNFAXWUBRWDWFW XUDO FAKBWU DAY B KMND W L
WKDQ WKH WRHKGLVFRIRSEHHPHQWHG ZLWK GLIITUDFWLRQ D¢
DQDO\WVHV WR SURYLGH WQRFMDWLRIQ ROQWGINE®\HU VWDF
JLIXUHSUHVHQWYV WKH :5' SDWWHUQ@L IREWNILGGHS | BRP
31002 D@EGUROXDPPWEHY ZLWK PDERIPERRINRAWLF 0Q2
IRUPHG &L VR SRR WH SR UXMHIE GVRQ

7KH BQ2VDPSOH GLG QRW SURGXFH DQ\ GLIIUDFWLRQ S
DPRUSKRXV 1IFROMHH WIKIDB\R WKK RXV QDWQ@PEDRIFR@LUPHG E!
7(0 t 7KH ELUQHVVLWH VDPSOH K DN\ L EDLOIRD FRULRHK
OD\HUHG/ ELWB ZLWEHVKQWG SHDOV 7KH GRPLQDQW O
DVVRFLDWHG ZLWE&LYHBWRR QB O MV D/KMHIHOBKR | GALKIFU D BW L R
SDWWHUBNURH VVI\W R ORMEWFR Q VL ? W6 WINS @HIWRKX VL Q@ HS R U W
OLWHUDWXUHG ZLWK ;5 VLPXODWLRQV EDVHG RQ WKHLL
J)LIXUH JDQKIRU WKH FRPSDULVRQ EHVEZMIQ® VIW[ISHMN LPO G
FU\WWDOOLQH VLPXODWLRQ

JLIXUH;5' VSHFWWPRH RPDQJIJDQHVH R[LGHV DQG D ELRJHQLF
'DWD LV SUHSHROKSABDAN ELWVYHBGIXH  30Q 2

3L0Q?2 DIQEE ELRJH QLB RO 2X U JHEMRSIKH ER[HG SHDNV |
WKHELUQHVVLWH DQG S\UROXVLWH VSHFWUD LQGLFDWH V
VFDOHG E\ KDOI DQG D WKLUG UHVSHFMLILYE O D UMK WAKKDOD
WKH\ DSSHDU LQ WKH ILJXUH UHVSHFWLYHO\
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JLIXUH :5' VSHFWWHOMRAWHG PDQJDQHVH R[LGH VDPSOHV
ELUQHVVLWH ZLWK GLIIHUHQW ODWWRFBLGQRHRQWLRIQV 'DV
EELRJHQLFURP2- X UJHRMRIDAE . EL WYHMOHKEZLWK VLPXODWL
RI ELUQHWIDWHQIL WBRW W 8 BR CLGFH® VDRI D\Q G

7TKH 802DQG ELRIJHQYDRPSQRY HKIDYWLPLODU ;5" SDWWHUQ"
VDPSOHYVY DUH JHQHUDOO\ FRQVLVWHQW °ASHDKNXR EH Q QHY V L
HWKIDOY H SUHY LR X\KGI\ @RRLIQ®HBMNYVW I QHVVLWH DUH DVVRI
FGLUHFWLRQDO VWDFNLQJ DQG WKDW WKHVH SHDNV FDQ
FGLUHFWLRQDO VWDFNLQJOQZ2CD\PMIUWVHAHIGIHRWIRI PWIHLY VXSSRU
E\ WKH VLPXYODWUIRQNRPLISPULVRODBKWZKIHXWKIRZEHDNYV
EHFRPH EAKRDGRMBKHHFWLRQDO VWDFNLQ@L GVDU IHP DWHKEQW RZ
WKKLUHFWLRQDO VWDFNLQ/KHVY HI RRIHWAONER BVRG LEOLIR\HUQY/L F
0OQ2VDPSOHV OUNIBEAFKBYIHQWHUOD\ KW \GWPHD Y GRW K HRIH E\
DSSUR[LPDWHUXFWXUH 7KHKBDYRBHBHHIYL RRZ20\ EHH\FKDUDF
-XUJHQVHDXBPYYWQILQWUDOD\HU YIBEMKHWHV X IXHFERY WKDW
0Q LQWUDOD\HUKHDHDRUBDKIRVOLNHO\ IHDW X DK\G HRWHKH U Q /AU
G LVR YIGIXW HF
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7KNWLJQDOV IRUQWBKEG BELRIJHQDP YQRM DN B Q ® @EGYFSD.E D W H
WKDW WKH FU\WWDOOLQLW\ Rl WKHVH PDWHELDQMMVMWL\§H!
VWDUEBG DTKH VRXUFH Rl WKHVH SHUWXUEDWLRQV FDQ LQF
OLPLWHG VWDFNLQDWRIKHDHBBM GEHVWR WKH ILQLWH QXP
OD\HU VWDHWLWEIRVWUDWUKUWLVREGHU7KH FDXVH RI WK
SHUWXUEHG FU\VW DQQDQICVW K& BKRUBEBEOHWZDV GHWHU
IURP WKH VHULHV RI VLBXDOUML ZEW SH MWVKH WH\& W RO O L W
ZHUH VHOHFWL Y HD8 EOREGILWHGV L @ QWK H

$V WWWEE DERYH V\VWHWBRGLRAMHFGALQDPIOVYYDFNLQJ V\VWE
WKH UHODWLYH LDWHDWRRSHBYV)RRQUH DO /LPLWLQJ WKF
FU\WWDOOLWH Gt PBEDIOQRONVWAWHG LQ SHDN BUKRDEZKRQE
VSHFWUXP FRAIBUHURPQ®I|,W ZDV GHWHUPLQB@DWIGDW WK
WKH ELRJHQLFSOHEHAHN HLW ZLWK 5 LPGIQVE SLEINRILIDRCODN H @ \

QDQRPHWHUV DQG D UHGXFH G DQHUBUDVD UKEF V& X B H QOULLNRHD |
' PDWHUUZIXK®IV 0312 VDPSOH LV YHU\ VWUXFWXUDO®\ VLPLO
VDPSOH DQG LV OLNHO\ D JRRG IXQFWLRQDO PLPLF RI Wk

7(0
7KH ;5' DQIF®RWQE. QRMSHFRQOMWP WRMW XUH BLOWEH
PDWHULDO DV WKH DELIVRWGE KM IFFRX RRED BNBEHOWR EH LQWHU
D ILQLWH QXPEHU RI OD\VHUV 7KXV 7(0 ZDV UHTXLUHG
FRPSULVHG R ®D\HZ ¥ QLD W K H UMX K B R VHY K DEMMRIUGE/ DFNL Q J

JLIXUH SUHVHQWWM (WRBG #60 LPDJHV REWDBLQROG XMLRPH
ELUQHVVLW®?2 D@BE& 3L0Q2 7KH 7(0 LPDJHVELRIQHVVLWH
JLIXUHE VKRZ DJJUHJBWHMRIGEHMOMK OO O L @H NWSKBIWWEB O
RI VLIHV DURXQG OQRPDKHUBX®H VKRZV QDQRFU\VWD
DJJUHJDWHYV ZLWK D FXUMH & WK HHW LPRESKRIOR MKHHW PR
LV NQRZQ WR EH FKPDWFWHDQVWYRFX DV 'JRD\S B QR LDAH/
GHVFULEHG LQ OZWHUDWKXPBIHSLRQ2 )LIXUHGVKRZ QR
LQGLFDIVQR Q LRV W MAIS LI @\ IAWDUS 6 UQ R GR. FD IH® WX LFHRWQ V L VW
ZLWK WKH VDPSOH EHLQJ GHVFULEHG DV DPRUSKRXV
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JLIXUH 7(0 LPDJHV RI WKH
PDQJDQHVH R[LGH VDPSOH
SUHVHQWHE (DW QG
LE57(0LPDJHV RI
DS\URO X&V.L\E HWV@HW H
F 3L0Q2 DQG
G 3l0Q2 HSWRPLFDOO\
UHVROYHG LPOQR RI 3L
YLHZHG DORQJ > @ RULHC
| %DOO DQG VWLFN DWRPL]
0Q2ZLVEKQRD QJD QHI\GH
R[\JHQ 7KH LPDJH LOOXV!
WKDW W KUHHRY LH QQDWR P V
GLVWRUW IURP WKHLU VKR
WR WKH GDVKHG SRVLWLRC
YDFDQF\ LQ WKH VWUXFWXI
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% (7

JLIXUHSUHVHQWY WKH VXUIDFH DUHD PHDVXUHPHQWYV REV
XVLQJ WKH % (7 ,WHIP\KROQMBXWVWRRG WKDW VXUIDFH DUF
FRQVLGHUDWLRQ ZKHQ VWXG\LQJ NLQHVHLHFEXEFY QIQEDH D\
VIH ZLOO W\SLFDOO\ LQFUHDVH WKH UHDFWLRQ UDWH +R.:
HITHFW RQ WKH LQWHUQDO VWUXFWXUH DQG WKHUPRG\QD
IRXQG WKDW QDQRVL]HG PDWHULDOV RIMGH QQKDWHD KH GKL D)
VWUXFWXUDOORWHDLSHBLILAB®RPWLRQ LQ SDUWLFOH VL]H
JUHDWHU HQHUBMVGAHHY QKM EXON RI WKH PDWHULDO
PDWHULDQG FDXVHV VLJQLIYEDWWWR QW U X R R GG VEBEHD QG
ER@®RJIOHV

7KH UHVWXOXWOWHN@®RZ WKDWQ2DQG ®BQR2KDYH WKH ODUJHVW
DUHDVPHDWXUHG VXRIIDPH) ®UHIPVUHVSHFSWL YHOQ 2

DQG ®BQ2KDYH WKH ODUJHVW VXUIDFH DUHDV LW LV OL
VPDOOHVW SDUWLFOH VL]HV DQG JUHDWHVWRQWHORW 8V
ZLWK WKH FRPELQHG ;$6 ;5" DQG 7(0 ILQGLQJV ZKLFK G
FROWIVHQ QRO VW U XIE ERGDBOQG WKR ID®RE ER GEVWRUWLRQV

0Q LQWUDOD\HU YDFIDQREHYQZLDVWUXO\ DPRUSKRZV SKDVF
KDYLQJ [ODQBRUV ZLWK 6RWIHGEHWQULQJIHYV

JLIXUH % (7VXUIDBHD PHDVXWKPHRMNQIROHVH R[LGH VDPSO
FROOHFWHG RQE ISWYR®OIQBHDQG 0G@?
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$FWLYLW\ IRU ZDWHU R[LGDWLRQ

7KHUH DUH W ZRHNWK/RISE/OIIRUK P8 DM K D E QK WIKHHIRIZ B @ H U

R[LGDWLRQ FRWDOWANW LPSDHPHQWLQJ D FKAPDPIO RI[L
LLYLWIXHFWURFDWDO\WLF VWXGLHVY ZKHUH WKH PDWHULL
+HUHLRWK VDOLE WHYWKKRGY ZHUH XVHG WR GHWHUPLQH WK
UHDFWLYLW\ Rl WKH BLLO Q RIMY INQWR B/Q8 b ERWP SIRWIHQW RVWKHR X S R
KHDWLQJ WR f& DQG UHYHUVLEO\ DEVRUE GHVRUE ZDV
PLQLPL]H WKH PHFKDQLFDO FKHPLFDO DQG WKHUPDO V
SUHSDUDWLRQ IRU DFWLYLW\ VWXGLHV WARLBUHVWHKHHVWK §

Exsitu PHDVXUHPHQW RI ZDWHU R[LGDWLRE7KIHW D O\VLV
JUHALHFKHQ DQG VRWANIKRG Rl PHDVXULQJ ZDWHU R[LGDWL
UHDFWLQJ D &) B SRHDXIXWK QJ W KRH[ \T K R QNWLRAD YR{IG V
PHWKRG WIQBDRZMQWKHVLVHGY PDQJDQHVH R[LGH PDWHULLI
IXUWKHU PHFKDQLFDO RW JKHPIFB OHRWRF MAKH. @ XD QW LW\
HYROYHG DIWHU PLQV Rl UHDFWLRK &I @7 KHBLQ HDFK PDC
0Q2PDWHULDO SHUIRUPHG AWDKAHH O DRUVL 6 D QVRZR¥WE/HDUQ RD F W L Y

WLPHV PRUBLWIRDQ WLPHV PREHUQKINYLWH DQG  WLPH
WKDQ S\UROXVLWH

JLIXUH $FWLRLWWOHQJIJDQHVHMDR[II®RWY WKNEZWWHU R[LGDWLI
UHDPWULRI BH D FKRPLEDQW 7KH LQVHW FKHPLFDO HTXDW
SURFHVV RFFXUULQJ GXUUQRW KB UCHDBWEREHYCE GHYLDW |
$ UHODWRYHOWHUURU LV DVVRRIZDWHSES ZH VOK WKH UKD UH |




&+$37(5+'LVRUGHU; LQ 0Q2

ObUJHU HUURUV DVVRFLDWHG ZLWK PHDVXULQJ ODUJHU Y
LV UHIOHFWHG LQ WKH VWDQGDUG GHYLDWLRQ RI WKH GD
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(OHFWURFKHP L7KIR® Q DIDPOH V BVRI[H GOHMD ®IVEIGLEK LV D
G L UIHF WHOWHE WU RFK H P L FR DDRHDY RYHEPHVWPMR Q FDWDO\VLV ¢
JLIXUH DQG DWWIXUH ZHUH SHUIRUPHG RIQQWHKBYRBUHHQ
PDWH U RN® UMRWK B DPVD XVHAKLID@J H G SLQL @K H QWIFSHH RIEH 6 V
JLJIXUHDDQE DQG (;9IBIXUH VFHEMWHD WKH VDPH EHIRUH D
VFUBHQQWLQJ ZKLFK PQGLUPRQW VK RGHBNQW WHF KD@ JH SKD)\
WKHHMRULQWLQJ SURFHVV

JLIXUH 0Q .HGJH ;$6

GDWD RISVUEQMHE

3L0Q2 'DWD LV SUHVHQWH
D:$1(6 EH[SDQGHG SUH
HGJAN ZHLJKWHG (;$)6
G)RXULHU WUDQVIRUP RI W
(;$)6 'DWD ZDV FROOHFWH(
3L0Q2uDV VIQWKHVLVHGT
EHIRUH VFUHMQDSUEQWLQJ
DQG ®BQ2DIWHU VFUHHQ
SULQWLIQJ
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7KH 7(0 LPDLUKKUHD EHIRUHSWAWHHIADJ VKRZV FOWD/WIG\ GHI
SRO\FU\VW D ODQ®HNVIIA JL FDWHH U ¥ B UGNKIZYV O H3/MI LZGH®

SRO\FU\VW D O PLLIXH HEH $ORVQR X JK WEMVDPISOH PDLQWDLQH
SRO\FU\WWDOOLQH FKDUDFWHU WKH FKD@UHD Q8 VHI R[ WG
SDUWLFOHVHIRIQ OWRRH UKDOH F W UIRBEN N & U IPFFHX U UH® IBXULQ
VLQWHULQJ SURFHVVZKLPKQWWHTXKBUHG WR LPSURYH WK
VDPSOH DQG WK MRBFNDREMH R[LGH SKDRGH PBIQGY D!
SRO\FU\VWDOOLQH FK®U® VR MUFEIDWEKGHEHS B RGWFR/YVH H Q

SULQWLQJ ZDV DFFHSWHG DV DQ HOHFWURGH SUHSDUDWL

JLIXUH +57(0 LPDJHWHRBQJDQHVH R[LGH VDPSOHV 'DWD :
D 3L0Q2uDV VIQWKHVLVHGY EHIRUE JMEGHH.OQ QWL @M UQ J
VFUHHQ SULQWLQJ




&+$37(5+'LVRUGHU; LQ 0Q2

YLIXUHSUHVHQWSDWIOHFED GHEQHG BWQ2DQGELUQHVVLWH
LQ SKRVSKDWH EXIIHU 0Q28®G 3IKM2PBWHULDOV ZHUH

KLJKO\ DEFWLYH IRU ZDWH UKR{ IKG&D WHR\Y F R WWDHQWL G HDLWL K/
RYHUSRWHQWLDO DGRLHYHGEEUQBNVVLWH ZDV D VOLJKWC
R[ILGDWLRQ FDWDO\VW BXULWHA GW REGEKFWHIGND WKDIQHWKH EO
PDWHULDOV ZHUH VLJQLIL FOLYWRONGRHRIBHHBJMAHV VY. MW W K R & QWK

J)LIXUH &9 GDWD FROOHFWHG RQ WKH PDQJDQHVH R[LGH
3L0Q2 30Q2 DQGELWYHWEIXHZLWKEODQN
HOHFVEORGMKH ILUVW KDOI RI WKH ILUVW &9 F\FOH LV VKRZ

7KXV IDU W KH VBRMKEYZWXWHY W X G\ K DOQ Y R RBGQ 3W0KQRW 3L
DUH ERWK PRUH GLVRUGHUHG DQG PRUH ERWQOVWLWBDIC
6SHFLILFBIMQ\? KDV PRUH VWUXFWXUD® RUEH UL WWEKS PRY
FDWDO\WLFDOO\ DFWLYH PDQJDQHVH R[LGH IBQOWEH ELUQ|I
ZDV WKH PRVW FDWDO\WXBW®E U CH\WHYHPHIMASD EHUH FRQ
WKH IXQFWLRQDOLW\ RI HDFK PDQJDIQR HUHRDEGH RIQD Tk
H[SHULPHQWY LQYHVWLIJDWHG WKH UHGR[ SURSHUWLHV F
FRUUHODWHG UHGR[ VWUHQJWK ZLWK WKHUP RQIDEHF VV
FDWDO\VLV RU EXON YROXPH FDWDO\VLV
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7KH UDWLRDPQVLERU UHGR[ VWURQGWHKLDDNWQA KOWQHEH

31002 ZHUH VWUXFW X UDLGR@\R YILPR O DNQ & RIHRORJLFDO F
VDPSOHV ZKLFK DUH NQRZZQ GMRYBHLBRW LR HYHFERQ DG F
UHDFWQRQMWX8HFRQGO\ LW LV JHQHUDOO\ XQGHUVWRRG
PRUH HDVLO\ UHG XF\WN KD &K\DRKKILMENXMHWKH WKHUPRG\QDP
UHGR[ SRWH®W}Q®RI WKHVH VODWRBLDWYRQ ZLWK FKDQJH!
RUGHWKLUBBFKDQLVWLF VWXGLHY RQ VLPLODU PHWDO R]
EXON Rl WKH PDWHULDO ZDV LQYROYHG LQ WKH FDWDO\W
ZDV QRW VROHO\ HIIHFWHG E\ VXUIDFH SURSHUWLHYV

$ VLPSOH WHGWRIWQQSHUR[LGH T2ODWQ@®HY\HWRIS HSG& RIRHQ VL W
R[LGH WR XQGHUJR KHBEXDP @LWRBUR SR DWGRWBOMW IGRQOHFW Rl
RI 2 E\0OQ2DUH GHVRAHDEMGE RQGHD FW L RUH VBHIG W L%
PHDVXULQJ WKH HIILFLHQF\ IRU 2W K DoAW HREGWQ @ [ MGKTHW L
GLVSURSRUWRROQUBWEWQRR D IXQFWLRQ RI S+ LW LV SRVV
UHODMW/IDEHL OLW\ Rl WEKEN SOMMDYROM RV WKHUPRG\QDPLF
UHGR[ SRAKHQRMDVBIDY SWIRFS R BW PRI MMIRROY H PDQ\ BRIOHV RI
PROH RIDOWGGLUHFW R[LG XW BIR® QWSHFRLR PWE B \RR L2

HDFK PROH Rl 0Q FRGWIRH®HWR [L @B WSINVW R GRLHIG DAQ W
S+ YDOSGHV W@EEWHUPLQH WKH S+ GHSHQGHQFH R
ZIKWKH UHBDBPWMERGNG WRUFHFRRABWD Q DR XIVURW PRZ BYH FRC
LQ WKH GLUHMDRWLKRDW LR Q
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&DWDO\]HG GLVSURSRUWLRQDWLRQ RI +

0Q2FDW
+2 p———> + 2 p1 2,

'LUHFW R[LGRWLRQ RI +
0Q2 v H + pt— 0Q ot +2 b7 ( 9 D
2 + bt H- +2 pr7 ( 9 E

OHDVXUHPOIQ@WRRIGDWLYH VWHIHQMRQEALMKH SUHVHQW YV
WKH TXDQWYWORHGD W RROXYHIS BVWPROHWRRPO@ KH UHDFWLF
+2 DQ@Q2PDWHDWD OV $\D ® GS HERWHHS J DN YZRIDW H G
DFURVV WKH ZKROH PDQJDQHVH R[LGH VHULHVZBNFWKH S-
LQGLFDWHVY WKDW WKH VSRQWDQHLW\ RI WKH R[LGDWLR
LQFUHEDYA QJ WKH SHUR[LGH FRQFHQW UDMWRIQRVL \B'S RU RI[
HYROMHGUH 7KLV VXJJHV&LW BKDIR W BRIQDRUL GIBDBR | +
WK DFWILWR B LV SURSREURQROPDWIKDBRERQVLVWHQW ZLWK S
OLWHU B SRUWMV

7KH REVHUYDWLRQOWEDYGERBRRGLVVROYHG XQGHU DOO S-
LQGLFDWHY WKDW WKHVH PDWHULD OBL DQ HVSANUNRRIQRMELW IR |
BHTXHQWLDO SKRWRJOD$KY VRIRW KW LRUIBIM H QXWHHG 7 K
GLVVROXWBROQRDQ 30Q2LV FRQVLVWHQW ZLWK WKHVH
HYROYHG WKH OHDW®Q THD/GWWWLGHWRROYLQJ WQRIHY EHD O
VHHQD@IODWR XU P D Q JDIH DE RMJMKXEBY R[LG D QWVDW KHDSHDMYD
LQFUHDVHG RKR-ADHIE VWRLFKLRPHWUILG ALIRRERPRFR PRUH
IDYRUDEOH WKH FD/WD®XWHFW HJ E@&DW®Q R

JRU HDFK S+ FRQGLWLRQ WKHRPBD® UMHGHMH R [ W&V OFHDY/ \B
HYROYHG SHU PROH BI0OQ® DM3LDQZ LLLELUQHVVLWH D
LYS\UROXMHLANWUHIRUH WKH PDQJDQHVH R[LGH VHULHV FDQ
ZHDNHVW R[LGDQW DQG IURRDPHBEB®OW N VWREW/ADKWHURR G
LL 3LOQ2 LLLELUQHVVLVSBNHU D@ HNEGHWHUPLQDWIRQ WKD\
LV PRUH WKHUPRG\QDPLF®OQ?2 MWWBRQMLWWEQW ZLWK Wt

DQDO\VLV LQ ZKLFK LW3EZOY?R¥E \QHUYRIFU WHKDBOMIZQAN DQ G
DPRUSKRXV 7KLV FRQBHBWHYV LOOXVWUDWHG LQ
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JLIXUH 7KH TXIRQWDW\HYROY HGP FPOIHDW RH 2GP R U HI IRR FO Q
WKH UHDFAVDREQRPB W HDWD®V DQG 'DWD ZDV F
3L0Q2 30Q2 RUDQJLELUQHNYX VDI G [ 0B2D FRK H

M T DERYH D FROXPQ LQGLFDWHY WKDW D PDWHWULIEO GLVV
UHDFWLRQ
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JLIXUH 7KH TXDQWLW\ Rl JDV HYROYHSH WP RBOXHURIGORV IRJARC
UHDFWLRQ LQ YRROQMAHGVWKDEDMMEB@H R + DQ®WD ZDV FROOHF)
RQ 3L0Q2 30Q2 ELUQHEWXMIBG S\URRGXVLWH

$FFRUGLQJ WR WKH UHVXOWMWRU®KEEDUBEL GBI HVW Wi
VDPSODHWHG DV VDFULILFLDO R[LGDRQWWI Q@ GALK MR YUHHD RN
0Q 7R GHWHUPLQHORDRPW&HUOIRDOVR UHDFWHG DV R[LG
ZDWHU R[LGDWLRQ UHDMMHWR QI WKH RDPVGEHWLICRIQYY VAW UH WU
WKHEKXDVL D@QHLWIW/WHU R[LGDWLRQ UHDFWLRQV
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7KH R[LGDWLRQ VWDWH FRQY FOWWLHR B DEH\D DHN @ R/ [K K HE LSK]
FRPSOHWHO\ UHBXWHG DY SUHYLBXM®B EWHDI FEE ED FRAN L
DO7KH ;$6 GDWD VKRZLQJ WKLV FRQYHYUMDRIH EDWKEHHQ
SHUPLVVLRQ IURP7KHIMKB®HFHDQG SRVLWLRQV RI WKH HC

ILQJHUSUGOIWWRULQJ WIH GLIVG&VDYHV L@ LENH @BDDIDWQH V|
R[LGHV

J)LIXUH 0Q .HGJH ;$RI6WLQJOBVV\ FDUERQRBGHGMUREH

FRDWHGB/>®QKHUH GLDU\OSKRLY BDKW@EDWIID Q XPXWDMHOQ ZKLF
KDV EMHHHOQV XUHG LQ GLIITHUHQW pVWDWHWEH RY SKIRHW R BRAHHF
6WDWMWKH LQLWQR@WMWHUW HOHFWURR[LGDWA\RQWRO LHRWF W U
LUUDGERDMWMWRHQOHFWURR[LGD WAR Q VRO IHEMF WWREELDWLRQ
HOHFWURR[LGDWLRQ ZDV FRQGXFWHE2 DIWQ G OLYNVG L BURG
ZDV FRQGXFWHI®2A2RU PDQV 7ZR LVRVEHVWLF SRLQWYV DU
GDWD DQG LQGLFDWH WKDW UHSHDWHG OR\¥ I L\QW DEAHHV DI
UHGXFHEWDODWH FDQ EH DFKZIHWHK G HIUHIVRGRRHIG RP UHIHUI

QN KX DVW.LEQW HU RH[GBWLRIQQW WKH VB QRPRWHILIDMDHTD V
DQDO\VHG E\ ;$6 EHIRUH DQGJOUWH 7 K& \DKADW\VYRQVHGJIH S
IURP D KLJKHU WR D ORZKUHB@HUE \WKHO XHQHUDO VKDSH
LQGHFWDMKH SUHVHQ MK RSWROHMKG VDPSOH DIWHU &9 DQDO
WKDW 0QRLZIY XQGHUDIRIZQURDOBR QY HGXUR Q U QW VaHWXH U
R[LGDWLRQ UHDFWLRQ
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JLIXUH 0Q .HGJH ;$6IBDWDKDVL IZOWHWXR[LGDWLRQ UHDFW
SUHVHQWHS®1 @Y EH[SDQSUVHBS JHFN ZHLIJKWHG (GHRBXULHU
WDQVIRUP RI WK DM )R ODW B 1WOHG RHY RWB Q D ORVILLV
DQG3LOQ2DIWHU &9 DODOKMLNVUURZKIR@ K/HKLIW LQ HGJH SRV
WR D ORZHU HRQKIWRKQWHIDSHUHWHG DV WKH IRUPDWLRQ RI C
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,Q VHHWWEDWHU RH[GBWLROQW &HDPEEZZHW RIIUHH]H TXHQFK!
WLPH SRLQWV RI D Q GI R UK DI®@® \\WIAR FBl HRBH WL Q H W K H
WR ZKLF K &/XH /R QRAP®B\ LQWHUIHUH HGWHVWHHIGR .
VDPSOHVHGOWKHRD QI &HUH PHDV XU H Gl GQHMKHIIDRUH
SUHVHQWY WKH UDZ DEVRUSWLR QDQ@GE BMYW \W, K H( & VIS
&H 3L0Q2DGGHG DV D FRPSDULVRQ 7KHHGRE W LIWEOLE D W
WKDW &H ZLOO QRW LQWHUIHHE WL COVLEF BQAVIONR SDWK WK

JLIXUH &H HGJH GDWD FR CDOHF W19 GORGIHGHUHH JL RIQV D LV
SUHVHQWHSLDW RH XIDQKE  3L0Q2 KxJUH\Kt
K+tGDUN JUHHQ

7KH p$DQDO\VLIHMVRWDMHU R H[GBIWLREQW )L\ XILK H&HL Q
'$1(6 R&H . ELUQH\WOWW VKRZ DQ\ L QRRUFDWURQ HDl 0Q
ZKLFK LQGLFEWHWYHVKDWH GRHV ®RW Q@HGWNVHOWRLWHKE DF
H[ VLIDWHU R[LGDWLRKH UHBDFEWRRKEH 30Q2 DQG

&H 3L0Q2 VDPSOQHMUH EDQBE UHVSHPWKIREHKOM SURJUHVVL
FRQWULEXWWRQWKIHORGDN SRIVLQHB® E\ WKH ILQJHUSULQW
JLIXUH 7KLV LQGLFDWH\8KDRHWZ BAK HU 1 @ BRKHIG QN RWKM K L J
DFWLYLWHMN[RVAWARH U R[LGDWLRGLWMHNWIPSTOKHH KDG D JUH|
SURSRUWL RROURHGQD W W/KAHH SRLLMWQYE KIKQFK LV FRQVLVWH G
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3LOQ2EHLQJ PRUH WKHUPRG\QRPYF3Q00 XQNO\VEYHSUR
VWURQJ HYLGHQFH WXDW®W2WRIG G LYRIPEOHNNHHG.DW VOBIPWW L
SDWW R[LGDQWYV I2ZKGFBRPLHDQWO\ IRUPHG DV ZH®O DV D
PHGLDWHG ZDWHU R[LGDWLRQ UHDFWLRQ

JLIXUH 0Q #HGJH ;$VSHFWODHFWHGPRQ \DOABVIHR[EGH ZLW
VDPSOHYV 'DWD LV BWHHHGWHEGHMVEMRWH 3L0Q2 DQG

F &H 3L0QZ2 7KH DVWIWEDQGELQGLWBWH/ KLIW LQ HGJH SRV
ORZHU HQHUJ\ KDWY EMH HOKLEKWWHUSUHWHG DV WKH IRUPDWL
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'LVFXVVLRQ

7KH VWXG\ KHUHLQ H[DPLQHGLWWH RS FWQR QD RM FHDROMV
LQWHUOD\HU VWDFNLQJ GLVRUGHU LQWR D ELUQHVVLWH
VWDFNLQJ GLVRUGHU PDGH ELUQHVVLWH PRUH DFWLYH IR
ELUQHVVLWH SKDVH ONWD RGH DRRSG DQWW URMAIEYU FKHPLFD
ZKHUH (OFAWHG DV DIKLR[LIGOFUMDVH LQ DFWLYLW\ ZDV UH
WKHUPRG\QDPLF VWDELOLW\ DQG VXJJHVWV WXBHDWKH G
LQ SWBWS L UHPWHOZ RYIHA UDWKHU WKDQ FDW DO \WHKHVWERZD )\
GLVRUGHUHG PDWHULDOV LG MWE2¥DWWXIGH DWBROBERXW R|
ZHDNHVW FDWDO\WQR ZDYGD VOBUKWO\ ZHDNHU R[LGDQW E.
FDWWOYKHUHIRUH WKHUH LV DQ RSWLPLVDWLRQ EHWZHH
IRU WKH ZDWHU R[LGDWLRQ UHDFWLRQ ZKHUH D PDW}
WKHUPRG\QDPLFDOO\ VWDEOH WR HIIHFWLYHO\ PHGLDWH

W ZBBWKBUPLQHG WKDW WKHUH LV DQ RSWLPDO OHYHO RI
FRQIHU DQ DGYDQWDJH IRU FDWDO\WLF ZDWHU R[LGDWLF
SURSHQVLW\ IRU R[LGDWLYH DFWLYLW\ V\VWEHRDWIQFD OO
GHFUHDVHG WKHUPR G\IQ\WPRFDWW HG OWVWD /ARHQEMOH JUDSK L

6FKHPH $ JUDSKIHDUWHVHQW W DRPQW IR QW KBW EGWZAHHQFWL
R[LGDWLYH DFWLYLW\ WKHUPRG\QDPLF VWDELOLW\ DQG (
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7KH DFWLY HOE NBIQM/YLMQHVH R[LGHYV DSSHDU WR KDYH D \
IXQFWLRQDO SULQFLSOHWLWR BRWDOMW KRHMWGHNWR KEHRARWYHH
PDWHULDOV KDYH D VLPLODU OD\HU VWUXFWXUH H[KLEL!
GLVRUGHUHG RU DPRUSKRXV DUH W\SLFDOO\ PHWDVWDEC
FU\WWDOOLQH FRXQWHUSD WKW O D®IOMER \ZHKOILUIH W KB D P
LV UHIRUPHG IURP LWV RZQ IGHFRHP SRADLIWH. R ®QEUIRIG W KN V3
FRQGLRVLROQNHU R[LGDWLRQ FDWDO\VLV &ROOHFWLYHO\ \
ELUQHOAWIMWEQG K BWNHH RHVGMW HURP FODVVLFDO KHWHUR.
LQWHUQDOLSWBBEHWWHMY EH\RQG WKH FDWDO\VW VXUIDF
WKH PDWHULDOV DSSHDU WR EH ERWK FRQVXPHG DQG UH

7KH V\QWKHW L F DIO\OVQ VRHHP R 0 QE DWGIVH RRWGEHH¥ORVHO\ UH
QDWXUDOO\ IRUWP\ISE PLQOIHDWVIMVIHQ ERWK VWUXFWXUH DQG
DQG QDWXUD®LNHUPHDWHWH OV KDYLQJ D GLVRUGH
GLVVROXWLRQ UHIRBOBRLPQ H WREOFMRRQ FRQGLWLRQV C
IRU VIQWKHVLVLQJ WKHVH PHWDVWDEOH SKDVHV DQG ZL
GHYHORSPHQW RI UHGIRY B PDMHUYRONVGWKDW FDQ EH WKt
EH EHWWHU FDWDO\VWV RU EHWWHU R[LGDQWYV
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&RQFOXVLROQ

+HUHL®[@XMLQHG WKH HIIHFWV QDQRVFDOH GLVRUSH U RQ
PDWHULDOV IRU ERWK UHGR[ DQG FDWDO\WLF UBDRMWLRQ\
PDWHULDOV ZHUH OHVV WKHUPRGRRBPLFDOOR[VGDEWW D
RUGHUHG ELUQHVVLWH PDWHULDO :KLOH LW DSSHDUHG W
R[LGDWLRQ FDWDO\VLV ZH VXJJHVW WWDWH DNAIR/LEQRFBHE\Y \
R[LGDWLRQ RI ZDWIHUF UBDAKH U QVRORVYQFDO FDWDO\WLF [
KHDOLQJ PHFKDQLVP LV PRUH VLPLODU LQ FKDWDSMWHU W
PLQHUDOV WKDQ LW LV WR KHWHURJHQHRXV VXUIDFH FDW
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&KDSWHUHUHQFHYV

3DFH $) LQMMMHG DUWLILFLDO SKRWRV\QWKHVLV PRGI
JURP EDVLF ELRORJ\ WR LQ®%8W U:IHL.@ KOISISOLFDWLRQ

2 0 %RFNUQNUJ\ 7KH VRODU K\G®RB K QWHIFWH W Q DWLUYH
IRQGRQ 9RO S

1IDMDISRXU 0 0 1D\HUL 6/L]3DPRBHBK®&XVIPD®FLXP
PDQJDQHVH R[LGH DV DQ HIILFLHQW DQG ELRPLPHWLF ZD\
SKRWRV\QWKHVLY EDBMWR@R PULDQIWQHVH

&KDQJ 6 / < 6LQJK $ +RFNLQJ 5 . 'Z\HU & 6SL
VWUXFWXUDO GLVRUGHU LQ PDQJDQHWH (R WGH S&KMPL FP H

JHZLV 1 6 1RFHUD ' * 3RZHULQO FXIH 8 @ QQWRND DAK
HQHUJ\ XW3AORFDWRWQ $FDG 6FL

$UPDUROL 1 %DO]DQL 9 7KH IXWXUH RI HQHUJ\ VX
RSSRUWK@LWZLHAMKHP ,QW (G (QJO

%RQNH 6 $ :LHRKEWQQO 5 .<)DEB3SWRQ ' :
ODF)DUODQH ' 5 B6SLFFLD / (OHFWURV\QWKHVLV RI KL.
R[LGDWLRQ FDWDO\VW ILOPV IURP FREBEWPBRN@RHBRO\FD!

&RRN 7RIXWDQ ' . SHHFH 6 < 6XUHQGUDQDWK <
"' * B6RODU HQHUJ\ VXSSO\ DQG VWRUDJH &RUHPNIKHYOHJIDF'

=KRX ) ,JJRURGLQ $ +RFNLQJ 5 . 56SLFFLD / 0D
(OHFWURGHSRMAMMHBUBBR2LRQLF OLTXLG IRU HGKMFFWURFDW |
(QHUJ\ ODWHU

<DPDVKLWD < 7DGD O .DNLKDQD O 2VDGD 0 <R
5X20RDGHG §D®QLQ?2 DQQRJ DXYRO\PHUL]DEOH FRPSOH[ PH
SKRWRFDWDO\WLF DFWLYLW\ IRWDMMWKHUG RKRIPSRVLWLRQ RI

JUDPH ) $ 7RZQVHQG 7 . &KDPRXVLV 5 / G6DELR
%URZQLQJ 1 ' 2VWRINRFRIXWDO(WIBK ZDWHU R[LGDWLRQ ZL
QDQRFU\VWDOV XQGHU Y&RLERHPDBEFB9 OLJKW

1IDMDISRXU 0 0 (KUHQEHUJ 7 :LHFKHQ 0 .XUW]
R[LGHV Z0®&Q DV ELRPLPHWYRR[LIHGFOQWHZO\WKHPLH ,QW
(G

+RFNLQJ 5 . %ULPEOHFRPEH QiK &KD@KHDK 0 +
*ORYHU & &DVH\ : + ®ILEPMDLRQ EDWIBWO\VLV E\ PDQJD
JRFKHPQEND ETPOH&KHP

=DKDULHYD , 1DMDISRXU 0 0 :LHFKHQ 0 +DXPDQ
6\QWKHWLF #*DQFRRXP\R{LGHV PR[RIGA M RH ERMWIAMH[ RI
SKRWRV\QWKHVLV IXQFW(LROWI GO BOERQW BKIEWXUDO O\

‘LHFKHQ 0 =DKDULHYD , 'DX + .XU] 3 /D\HUHG
ZDWR{UGDWLRQ DONDOLQH HDUWK FDWLRQV LQOQXHQFH F
IDVKERK®P 6FL

JUH\ & ( :LHFKHQ 0 RXUGDWLRDWADUNDO\VLV E\ V\Q!
PDQJDQHVHVRYMGHPDWLF YDULDWLRQV RI WM RQORLXPVE L
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=DKDULHYD , &KHUQHY 3 G5LVFK 0 .0LQJDQ . .R
+ (OHFWURV\QWKHVLV IXQFWLRQDO D@GLBWUWRORWXUDO
PDQJDQHVHQRILGHQYLURQ 6FL

AHU $ 3LWOULQJTRQGX & . .LVVHO ( *DUFHV + )
6DZ\ $ 0O 'XWWD 3 . 6XLE 6 / :DWHU R[LGDWLRQ FD\
PDQJDQHVH R[LGHV RFWDKHGUDDQRRRHAWYED G WD E YOHDA H2J
PDQJDQHVH R[LGH3KWU XRRWRPU KV

=KRX ) ,]JJRURGLQ $ +RFNLQJ 5 . $UPHO 9 6SL
,PSURYHPHQW RI FDWDO\W L{A LZDPVHE\ KH B\ \WLIRHD R/@ Q&
&KHPBXV&KHP

1IDMDISRXU OORJKDGGDP %L]JHGIPRQRJIDQHVH R[LGH $ S
FDWDO\VW IRU ZDWHU R[LGDWLRQ LQ WKH UHDFWLRQ RI V
DPPRQLXP QMIOMUIFDWHUDQV

-LDR ) )UHL + 1DQ P\QBUXEFQIOUHD/AFREDGW FOXVWH
ZDWHU R[LGDW QR AD\W P DURWYV 6FL

*RUOLQ < .DDWHLOQ®H %HQFN - ' *XO 6 :HEE 6 0
. <DQR - -DUDPLYIORX\7DERRQWSSMEWURVFRS\ LQYHVWLJI
ELIXQFWLRQDO PDQJDQHVH R[LGH FDWDO\VW ZLWK KLJK C
R[LGDWLRQ DQG R{\JPQ &KIBXF&RR Q

'LQFD 0 6XUHQGUDQDWK ERUDRFHBIROYLQFRBWDO\
WKDW IXQFWLRQV XQGHRE HIDWQ FRPGLVGERQV

6LQJK $ &KDQJ 6 / < +RFNLQJ 5 . %DFK 8 6SL
QLFNHO R[LGH ZDWHU R[LGDWLRQ EDRRPG\MIMNEHSRVLWH
(QYLURQ 6FL

5LVFK 0 .0OLQJDQ . +HLGNDPS - (KUHQEHUJ ' &
'DX + 1RANGIR VWUXFWK[WLIG KL QJZDIMMWOPERP A O P

.DQDIR : 1RFHUD,Q VIRWPDWLRQ RHYDRORLQIFDWDO\V
QHXWUDO ZDWHU FRQWDIBGLEDBSHKRVSKDWH DQG &R

5LVFK 0 .KDUH 9 =DKDULHYD , *HUHQFVHU / &%k
&REDOWIR[RZPREHURL]DQJ FDW 3@\ VAKX HIPO B R F

IXWWHUPDQ ' $ 6XUHQGUDQDWKDOLQRIRARIDNQ. QY  $
FDWDOWPW &KHP 6RF

.DQDQ 0 : B6XUHQGUDODWK <SRERRUBMDWH R[\JHQ
HYROYLQJ FRIOHRXERF 5HY

6XUHQGUDQDWK < 'LQFD 0 TCRIFSHIGHQW HOHFWUR
DQG DFWLYLE\DVRIGFREWEW R[LG BW L RE& HD WRE\VW V

OF$OSLQ - * B6XUHQGUDQDWK < 'LQFD 0 BWLFK
+ 1RFHUD ' * %ULWW 5 ' (35 HYLGHQFH IRU &R ,9 V¢
R[LGDWLRQ DW £ X&KWHPO ERF

LQJ + - %RQNH 6 $ &KDQJ 6 / < 6SLFFLD [/ -
5 . (QJLQHHULQJ GLVRUGLHH LFRER &W VWRHURH W ELVSHK RV S K

,PSOLFDWLRQV IRU RKH BWY RIR Kbl RZAIDAWEK YA P

.DQDQ 0 : <DQR - B6XUHQGUDQDWK < 'LQFD 0 <
' * BWUXFWXUH DQG YIORWHSKXDVRH ZIPRED RYLGDWLRQ FDW
LQ VLMWK VSHFWURBRNFREBHP 6RF
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6XUHQGUDQDWK < .DQDQ O : 1RFHUD ' * OHFKD!
HYROXWLRQ UHDBWRRKDWH FFOEDDAN SR BWHPHYWBDO S+

*HUNHQ - % OFS$&OKHQ@ - ¢ & GS5LJVE\ 0 / &DVH)\
5 ' 6WDKO 6 6 (OHFWURFKHPLFPDVAHBWHOHEWGRRAL\RD (
S+ 7KH WKHUPRG\QDPLF EDVLV IRU FDWD-O\%RV VWUXFW
&KHP 6RF

(VWZHLQ $ - 6XUHQGUDQDWK < 5HHFH 6 < 1RFH

SKRVSKDWH DQG ERUDWH EDVHG R[\JHQ HYROYLQJ FDWDC
ZDWKHQWUJ\ (QYLURQ 6FL

5LVPK .OLQJDQ . 5LQJOHE ) &KHUQHY 3 =DKDULI
+ :DWHU R[LGDWLRQ E\ HOHFWR QB HI R)/Q MRHIB) FIRIED O W GRR
FDWLRQV LQ VWUXFWXUH DQG IXQKMWRARQ &KMPKH DPRUSKR

1RFHUD ' 7KH DYFFLIGKHPOS®INDI

&RER 6 +HLGNDPS$- )EPFTXHYRBUPRQG 9 *XHWD]
-RXVVHOPH % ,YDQRYD HW®DXDQXVIERDBGQFDBWDO\WLF
PDWHWLBEONBWUWRWLQDWRI DDWHU

%HGLDNR ' . &RVWHQWLQ & -RQHVO( JRURWRE® UD
HOHFWURQ WUDQVSRUW DQG WUDQVIHU LQ BDOHFGVY RFD W |
HYROXWLRAD &P WEKMHP 6RF

5LVFK 0 5LQJOHE ) .RKOKRII 0 %RJGDQRII 3 &k
'DX + :DWHU R[LGDWLRQEDVHTREBLUGHWRFREQROW| UHGR]
WUDQVLWLRQV DQGQRRGN (RIYED\W D O B\FEILV

6HR + &KHRH . +D + 3DUN 6 +RQJ :DWHQQ . 1DP
2[LGDWLRQ OHFKDQLVP IRU G 7TUDQVLWLRQ OHWDO 2[LGH
9RO S

OF&URU\ & & / -XQJ 6 3HWHUV - & -DUDPLOOR
KHWHHUQHRXYVY HOHFWURFDWDO\VWYV IR $PVIKRHKRP\IJERFHY R O X

7KHUHVH * + $ .DPDWK 3 9 (OHFWURFKHPLFDO V
K\GUR[R&HF ODWHU

*RSDORPQDQYV - &KLPLH GRXFH DSSURDFKHV WR WKH V
PDWH@KBI®V 0DWHU

5HLQ WHQ :ROGH 3 )JUHQNHO ' +RPRJHQHRXV QXFC
UXBGK\V &KHP &KHP 3K\V

9DQ 6DQWHQ 5 $ 7KH-2BWWAD RKWRVHS UXOH

7KUHOIDOO 7 6WUXFWXUDO DQG WKHUPRGIQDPLF HJ
3URFHVV 5HV 'HY

6DQFKH] & 5R]JHV / SRRWW &DEHBWVYR ' 6DVVR
%RLVVLHUH & 1LFROH / 32&KLPLH GRXFH" $ ODQG RI R
FRQVWUXFWLRQ RI IXQFWLRQDDQRURDIN G LE IR BWEHULIGD
&KLP

=DKDULHYD , &KHUQHY 3 G5LVFK 0 .0LQJDQ . .R
+ (OHFWURV\QWKHVLV IXQFWLRQDO D@RGELGWWQRWXUDO
PDQJDQHVHQRILWGHQYLURQ 6FL

OHOJKLBRIW FKHPLVWU\ URXWHY WR QHRQDQRSL]H PL
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%HUJPDQQ $ =DKDULHYD (OHBW UR FKMRILIF\D\OHBD &/ H L
E\ OD\HUHG D@GQNFAGRFNNYNQJIJDQHVH R[LGHV WFRUQUEHODWLQJ
FDWDO\WLF DFEWLYLW\

$OEHULQY4DQGERRN RI EDWHI®E \ PR YHNOWDJ *PE +

S

=KDQJ % /L < 9DOYR 0 )DQ / 'DQLHO 4 =KDQJ
(OHFWURFDWDO\WLF ZDEWHU RJREDW E R QWSHFR\PRUBHRGE W X U E R
FDUERQ QRBBRWGEEWHAKHP

+LUDWBKLQ]WARK <DQ@R 7DNHBXUDWR+DQDQDND
OXUDPRWRDZDKDUDBVXMLKD WD P O VKW VWY HOMWLRQ RI
GDPDWHIH FU\WVWDO VWID\X¥MWXUIHVRI B G U R WHWQ OHW KR AW

3RVW( ODQJDQHVH R[LGH PLQHUDOV &U\WWDO VWUX
HQYLURQPHQWDBORRJQDW®GDHMDG 6FL

+RFNLQJ 5 . *XPPRZ 5 - .LQJ + - 6DEUL O .DS
&KDQJ 6 / < 'LUHFWOIRAXRDGHIRORRIGLWLRQV RI ZDWHU |
FDWD®&GLSSO 1DQR ODWHU

*HQJ = 6XQ < =KD®J K FIDGXDQJ . :DQJ :; [/LX
<XDQ / )HQJ 6 $UFKLWHFWXUH RI ELRPLP&WALF ZDWHU
FOXVWHUOLNHS &8V HSE D XUHWHYLWQWHUIDFHV

,GD 6 ,VKLKDUD 7 5HGHOMQSURQDBVR[LGOHWIKRRWRF
ZDWHU VS CBLKWW LEXIHP /HWW

/JLX + *DR : <DR : &KHQ 0 =KRX * 4L - =KDR
. &DR 5 O0ODQJDBXHRWEBKDWH QDQRVKHHWRISO/BI@E ®QZLWK
FHQWUHY IRU HOHFWURRKWMBOBWLF ZDWHU R[LGDWLRQ

'LHFKHQ 0O 1DMDISRXU 0 0 $OODNKYHUGLHY 6 ,
FDWDO\VLV E\ PDQHDUHMH R [[IURKRYH Y RO XWLRI@®Q 6FL

=KDQJ * 'RQJ : +XDQJ ; =RX - 2[\JHQ YDFDQF\ L
RI SKRWRFKHPLFDO ZDWHU R[LGDWLRQ RRQRWD®F&RP PO J |

IDMDISRXU O 5DKOPL/HH+&®URKROOQODNKYHDQWRHWYG6
PDQJDQHVH R[LGHV DV ELRPLPHWLF FDWDO\VWYV IRU ZDW&
$ UHYLH® 6RF ,QWHUIDFH 9RO S

ZRQ . ' BPBOIV 6SRVLWRQGXHHEBERXRWRFRQGXFWLY
PDQJDQHVH R[LGHV $ GHQVLWXIXQFMY. RIGIMONWKHRU\ VWX

=KDQJ 5 =KkDQIDR® / EKHODKPRRG 1+ 0PKk <
LD : :DRQJ=KDQW (ROLQHHULQJ FREDOW GHIHFWV LQ FRE
HIILFLHQW HOHFWURFDWR® \8WDLWDRJ\JHQ HYROXWLRQ

‘DQJ - /LX - =KDQJ % &KHQJ ) 5XDQ < -L
/ -LDQJ6SWDELOL]LQJ WKH R[\JHQ YD FRIQG DMM PQ & ISUHRW RF
FREDOW R[LGHV BEXVOIRE H WDRERD BE@QH W \

7LDQ 7 *DR + =KRX : =KHQJ / :X - /L . 'LQJ
VLWHWKXY SRBNHO R[LGH QDQRVKHHWYV E\ PDQJDQHVH PR
HYROXW LR @ &®6D YOHHOQ\MLAH W W

ORUJDQ &KDQ = .LWFKDHY6FK®HGHNUPDQQ & /LP .
&HGHU * 7XPDV : 7RQH\*0 (DHEWRRHRFKHPLFDO WUDSSL
PHWD VW DIEFOQMVOIRU DFWLRIWHRQHR ROQY IR BRFF 1N O\ VIFD G
6FL (
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&KHQ / =KDQJ < /L ' :DQJ < UMNDXQORW H® RPHWIQX
YDFDQFLNWRIOQLAUHG GRXEOH K\GUR[LGHV IRU HOHFWUR
ODWHU &KHP $

=KX < /LX ; -LQ 6 &KHQ + /HH : J/LX 0 &KHOQ
HQJLQHHULQJ RI WUDQVLWLRQ PHWDO R[LGHV-IRU R[\JHQ
ODWHU &KHP $

9pGULQH - & +HWHURJHOPDRXKDE®BMDUWALY RQ P

ODYURNHIDORV & . SDW]JNH * 5 :DWHU R[LGDWLRC
RILEBVHG PDQRULDQLVFV
OHQH]JHV 3 : ,QGUD $ *XWNLQ 9 ‘'ULHVV 0 %RR’

R[ILGDWLRQ WKURXJK UHSODFHPHQW RI 2+ &R VLWHV LQ F
&KHP&RPP

3RVW - ( O0DQJDQHVH R[LGHWKUGNUDQYF HERYRMLG DV
HQYLURQPHQWDSQM REJQDM/BDQFHEHG 6FL

JHQJ 4 .DQRK + 2RL . ODQJDQHVHDRYHG®H SKRHMR XV

*ROGHQ ' 'L[RQ - .DQHKHVR RJLGH I IPQHUDQ OLWK
LQ DQ R[LVRO BRR® HSHHADLL

7D\ORU 5 OF.HQJLH 5 1RUULVK . 7KH PLQHUDORJ
PDQJDQHVH LQ VRPHERXOWWHIVOLDQ VRLOV

2Q0DF % 3DOM(QRUFORSHGLPRILAMIRYWH : %
&XOYHU ' & (GV $FDGHPLF 3UHVV $PVWHUGDP SS

+RENIGQJ %ULPEGHFRRBAJ < 6BQJI&KHD K
*ORY& U &DVHA 6SLFFLDWHUGDNVE\ PDQJDQHVH LQ D JHRFK
OLNH EDA H&KHP

6XQGD : * +XQWVPDQ 6 $ +DUYH\ * 5 3KRWRUH
R[LGHV LQ VHDZDWHU DQG LWV JHRFKIDRMLFD®W DQG ELROR.

6XQGD : * +XQWVPDQ 6 $ 3KRWRUHGXFWLRQ RI P
ODU &KHP

1DMDISRXU 0O O +Ra\ VND O 6DOLPL 6 $SSOLFDW
R[LGHV 0Q R[LGH DV D&RRWYE REWKPMPNGHNM

I1DMDISRXU 0 0 6HGLJK ' - :DWHU R[LGDWLRQ E\ F
WRZDUGYVY D FRPSOHWH SLFWXUH VLPSOOWRW\7WDWYKH XO\

IDMDISRXU 0 0 +DJKLJKL ®KRBHGLJO = &RQYHUVI
R[LGHV WR QDQROD\HUHG 0Q R[LGH LQ HOHFWURFKHPLFD!
WR D EHWWHU FDWDODOW RF® WDDOWW HYROXWLRQ

IXWWHURBDQ6XUHQEUDRBPAMUKD $ VKHIDOLQJHYRINL QJ
FDWDOWPW &KHP 6RF

+RFNLQJ 5 . ODODHE 5 *DWHV : 3 3DWWL $ )
ODF)DUODQH ' 5 B6SLFFLD / )RUPDWLRQNH SKONEBRLSD U
SXUSRUWHG PROHFXODU ZDW RKHRPEGIWEKRI® FDWDO\VW V\

.OLQJDQ . 5LQJOHE ) =DKDULHYD , +HLGNDPS -
JORUHV ' 5LVFK 0 )LVFKHU $ 'DX + DVEBVHRGLGDWL
R[LGHVY 9ROXPH DFWLYLW\ DQG SBKWREXWHOHHRIHU HOHF)
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.LP6 + 6P - BKO 3UHSDUDWLRQYRWRBUHWLWHHDG 0Q 2
GHFRPSRVLWLP@QRILWQHOHFWURFKHRKHPO FIXWHDFWHUL]

6DUDWRYVINNKWPDQ 3D¥WHQ*DLOODBREFHASSHOBHLHU
ODQJD HLGBEHY 3DUDOOHOV EHWZHHQ DBPRWKHMBM QERELRWL

86 (3% SOHWKRG % $FLG 'LJHVWLRQ RI 6HGLP
BRLOV ~ 5HYLVLRQ :DVKLQJWRQ '&

.DSSHQ 3 5%PNE@YRVWUDOLDQ 6\QFKURWURQ

5DYRO 1HZWYWLO®WKHQD $UWHPLV +HSKDHYDNXV 'DWD
[EVRUSSHRMURVBRBFKURWURQ 5DGLDW

6FRWVW +DKQ 'RQBDFKIBBP & +RGJIJVRQ3RODUL]HG
. UD\ DEVRUSWLRQ VSHFWUD Rl RULHQWHG SODVWRF\DQL
PHWKLRREOHU FRRUGPQRWHRQ6RF

%BUXQBXHPPBWW 7HOCGHLW RUSW IVRIQQRR XIDIVAHR OHF X O D L
OD\HUYP &KHP 6RF

'LHFKHQ 0 =DKDULHYD , 'DX + .XU] 3 /D\HUHG
ZDWR{UGDWLRQ DONDOLQH HDUWK FDWLRQV LQO@NHQFH F
IDVKBRRO P 6FL

1IDMDI®RRU (KUHQEHUBFBHQXU3] &DOFLXP PDQJDQHVI
R[LGHV Z08Q DV ELRPLPHWYRRLIHGFEQIHZOWKHPLH ,QW
(G

JUH& ( .X®W]DWHU R[LGDWLRQ FDWDO\VLV E\ VIQWK|
ZLWK GLIIHUXQMO VAWRWIAY $ FRRISPUDWLYH VWXG\

6DEUL 0 .LQJ + - *XPPRZ 5 - ODOKHUEH ) +RF
R[LGDWLRQ Rl SHUR[LGH E\ GLVRUGHUHG PHWDO R[LGHYV
VWDELOLW)\ &E MB®XR[&KH P

LQ . &KX $ 3DUN - -HRQJ ' -HWQJ/HH (& 6LP 8
© 3DUNs <<DQJ HW'3DQWWLDOO\ R[IQFLDHE YONRFU\WWDOV
KLJK DFWLYLW\ IRU ZDWsHU RHSDWLRQ FDWDO\VLV

,QGUD $ OHQH]HV 3 : =DKDULHYD , %DNWDVK (
'DX + 'ULHVV 0 ¥PWHQIZP\PRE R[LGDWLRQ FDWDO\VWYV
R[LGDWLRQ FRUURVLRQ RI QB@RWWY UXKEMXU QG 002 SRUW/

JJJRURGLORFNLQJ LQWKIMRQ+LOGHU QWKBYVRQ
% ODF)DUGD@HRVSKRU\ODWHG PDQJDQHVH R[LGH HOHFW
DV D VWDEOH KLJK HIILFLHQ&EDWDWHURRBDRGDWLRQ FDWDO
%ULPEOHFRBEHHYHUV'LVPXNBY 6SLUFF&EOVWDLQHG ZDW
R[ILGDWLRQ SKRWRFDWDO\VLV E\ BEIHL RQKHR H® WD QEDQ

ODQFHDXODUEGXY *UDQEHRMOQYRQDQWRQ*DLIOORW
& 6NDQWIDNXPOWUKRBERDM DQGUDRQIH RUGHU RI
SK\OORPDQJDQDWH QDQRSD U VHIQFHOUHNDE N WHIW RRISIHOR X VL Q J
&U\VW

“XUJH@VHQGPH\HI *RBGRQ %HOQRBH@IO, ORBUH
0 &URJILMU 7KH VVWRUXFKRHXBBEQJIJDQHVH R[LGH RQ WKH VKHD
IJHSWRWKUL[ GLVFRSKRW®PD 08§QH B)BOVW X G \
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6LOYHVWDWFHDXUOWVEWUXFWXUH RI VIQWHIEWLFE PRQF
ELUQHVVLWH DQG KH[DJRWQ DUR E LAKHPLFDWHY W, X G HVX O\ G
VSHFWURK FRISQHUD O

%ULPEOHFRPERD @ 'LVPXNEYV 6ZLHIBUWSLFFLD
(OHFWURFKHPLFDO LQ YAHK\EWQHRDWRIQ RI BIQXV\EKHF
& K HPK\%/

%ULPEOHFRPIEVP X*NHKYV 6ZLHIBUWSLFFDROHFXODU ZDW
R[LGDWLRQ FDWDO\VWV IRU'BRR\RRHOMFRWURFKHPLFDO FH
%ULPEOHFRPEBOLRI- %RQG 'LVPXNBV 6ZLHIJHUV
) 6SLFFLEXVWDLQHG ZDWHU @ FRODHVERPSB\HIAY LQVSLUHG

R\JHQLF SKRWRRUWIWEKMPV

+RFNI5QJ 6RORPRQLIJDQG ILHOG DQGVRRRHEM®MRU RUE
WUDQVLW LRI PEWROSW LR Q6MANF WL2HEQOMIGRQV S

+RFNI5QJ .L®J- +HSVRQRONSH -RKDQQHYNNOWH
0 6SLEFLOKDRNY < (QJLQHHULQJ GLVRBURRAEDWHDB Q@QR\
DQG :$6 LQYHVWLJIDWLIHRPRY RPBWIKRXVLQH XRGLXP ELUQ
&KHP

+RFNI5QJ &KBQO < ODF)DWOD®SLFFBDHSDULQJ DQG
FKDUDFWHULVLQJ FDW DOR K VOI® HIRG/HIRQGH & MBW U R Q V
&KHP

*DLOPRW 'WLBLVEY ODQSHDRQWRQB6WUXFWXUH RI WKH V\
ULFK SK\ORRPDQJDQDWH ELWEHRSMWUW W REN BHER B8 S|RVKMWIK
6 XEWUXFWXWHK BRLUQHV VRWHSIHREPRAQRSRURXY OHVRSRUR
ODWHU

3RVW( %LVK 5LHWYHOG UHILQHPHQW BPWKH WRGRU|
OLQHUDO

3RVW( 9HEOHQ&U\WWDO VWUXFWXUH GHWHUPLQDWLF
XVLQJ 7(0 DQG WKH 5LHWYH®GUWRHVWKREWMDP SOH LV 1D

9LOODORERPWRQODQBHDIMXROHUGSRVLBMUXFWXUDO PR
IRU WKH EQRRH@LIH DURGXFHG E\ 3¥ P XGIRPHRUIDO/ SXWLGD

'ULWYV 6LOYHVVRWWKINRZ ODQSHBXWUXFWXUH RI VIQWKF
PRQRFOLWUAKIBLUQHVVLWH DQG KH[DJRQDD\ EilU QUDFAN MR
DQEOHPWHG HOHFWURQ GLIIUDFWLRQ

6XQ@ X . +XDQBKDQJGBKKH <IBQ /LI=X 2GRW V\QWKHVLYV
RI XOWUDWKLQ PDQJDQHVH GLR[LGH QDQRVKHHWY DQG W
S5KRGDPLEBE @ 6XUI 6FL

OH\HU & *HLP .DWVQHOVRRYRVHORY»RRWK 5RWK
6 7KH VWUXFWXUH RI VXVIDINAHG JUDSKHQH VKHHWYV

+DQ + /6lH &KHR®B\QWKHVLYV DQG VWUXFWXUDO WUDC
' OD\HUHG PHWDO FKDORRIHRQEBA GBYRFU\VWDOV

OHL /LDR .RX 6XQ 7ZRPHQVLRQDO PHWDO R[LGH QD
QHPWQHUDWLRQ EIHW WBEM HHMEW H U

1LFR®RV&KKR DD O.M DW]LGWDOD R &ROHPIDQ/LTXLG
H[IROLDWLRQ RI OERHHWGFEHPDWHULDOV

*XSVD 6DNWKLSHDOS5HFHQW GHYHRREBRUDMOVQEH\RQG
JUDSKHRYI ODWHU 6FL

IDYURWVND]HLQDDM]OD®GHLYHQ VWUXFWXUDO DQG W
FRPSOH[LW\ LQEEURQFRI[LGHYV
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%LUNQHUDYURBWWVNKXHUPRBLFY RI PDQJDQHVH R[LGHV (
SDUWLFOH VL]H DQG KUGGXWWRAQ R & TRILGDEVULADQDPRQJ KD
DQG S\UR®XVULQHUDO

%LUNQHU 1 1D\HUL 6 3DVKDHL %+ 1DBDDURRKINO
$ (QHUJHWLF EDVLV Rl FDWDO\WLF DFWLYLW)\ Rl OD\HUH!
IRU ZDWHU RJREDWRWQ $FDG 6FL

*LOE®%HUWADQILHOGRONFROBIUSURFHVVHYV ERORW/NLQJ Q
PLQHUDOV LQ ELRJHERKMPDERO *WR/WHPV

*LOEWUW XDQEKDIQJ:D\FKXQBV %DQILHOG
1IDQRSDUWLFOHV 6WIUHQRHG DQG VWLII

=KDQJ *LOBHUMKDQIMDQI.HOGDBMWHIWHQ VWUXFWXUH
WUDQVIRUPDWLRQ LQ QDQRSRDWKKEGIHY DW URRP WHPSHU

*ROGHQ ' & &KHQ & & 'L[RQ - %FLHAQMKHVLV RI

JHYBU ( +RIIPDQ & / 'XQVKHH $ - 7RQHU % 0 ¢
SRWHQWLDO DV D PDVWHU YDULDEOH FRQWUROOLQJ SDW
VXOIXUUHBOXFHQV

'R 6+ %DWRKHORH .RQ&+ +\GURJHQ SHUR[LGH GHFRP
RQ PDQJDQHVH R[LGH S\UROXVLWH .L@HKWERWKMHUWHPHG |

%BURXIJKWRQ:HQWZRUWKHFKDQLVP RI GHFRPSRVLWLRQ
SHUR[LGH VROXWLRQV ZLWK RKX®FPDBRVH GLR[LGH

=KRX 6KHQ) :DQJ< &KHQ@ <RX&QJ 6XBE/ B6WXGLHV
RI GHFRPSRV2Z\WRIYRQ® RDO®JDQHVH R[LGH RFWDKHGUDO PRO
&DWDO

(OSULSQMH ORKDPHG &DWDO\WLF GHFRPSRVLWLRQ NLC
K\GURJHQ SHUR[LGH DQG VROLG PDERHY ¥R SGERUIR[EB H- E\

IDWLPH® 7KH R[LGDWLRQ VWDWHYV Rl WKB THHRXPH QW \
VROXWIBRKM P (GXF

5R\& % &DWDO\WLF GHFRPSRVLWLRQ RI K\GURJHQ S|
- &DWDO

.DQXQBR% 3DULGHBDAW 6WXGLHY, RDKBQRLQHWLFV D
WHKHFKDQLVP IRU WKH FDWDQ\RYRWGEERPSRQMWVERQ/RIDO C
PRGLILFDWLR@MMHRWUREKLP $FWD

.LWDMLPPXNX]&KPL2QR )RUPDWLRQ RI VXSHUR[LGH LRC
GHFRPSRVLWLRQ RULGHGUR VXSG SRHURH G PWW RRHP[LGHV




&KDSWHU

SKRWRXB XFHG WLPHVE
HOHFWURGH HIIHFWYV F
insitu; UD\ VSHFWURVFRSI
RI HOHFWURFDWDO'

(KH ZDWHU R[LGDWLF
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$%675%&7

,Q VHMSXULPHQWYV ERPBDIEMRUISWLRQ VSHFWURVFRS\ ;$6 I
KDYH EHFRPH DQ LQGLVSHQ VD ERHF MRRLO/ PRURX RGHUDWD R (
DQG WKH BRIGH D G W IORHF W URFOMILD @ SVHWU\D W L-RHWDHOL G R QY& HW
GHVLJQ RD@GJDWIIK® VSHFWURHOHFW UQ WKHRRDERHOGF H O O
HITHFWV RI WKH ZRUNLQJ HOHFWURGH U®DRDGR®DJR | DA
GHPRQVWUDWHG DQG LQW H U SNUGR\ZHDG K FH\\REBUNRH) DRESEWRHD RVl [ |
ZDWHU R[LGDWLRQ FDWDO\VW 7KH 6(& SHUPLWWHG UHSL
UHVROXWLRQ RI DW OHDVW H9 HTXLYDOX@WWDMORS DS S L
DOORZHIB PHGLDWHG SKRWRHIIHBWK BWRWER NG EDERGHIHDGV L Q
R[LGDWLRIQDQRWRAMEHRR EDOW R [LBHIUFDWDDKAKWIGC SUHFLVLRQ L
UHSURGXRQE LZHUWW XVHG WR LQYHVWEDDAB B \WWH PHFKDQL)

7R HQV XOFW WXH V WIDWIHORY W 2 BRI HDS/BOKIHIBO \V LV ZDV FRX S
WR D UHHORHHFQWAU\RW 0@V WR DQ HYD GRDW LGHMMN EMRQEHWQ W |
SUREHG HOHFWURQ WUDQVIHU, WYZDQMWRR Q@ G XREHIG DMELIRP DX
VWDWHYV KLIKHU WKBG L% DVKHQFOWDQYWDF PHFKDQLVP
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&EKDSWHBXEOLFDWLRQV

7KLV FKDEDVHG IRQ WKH OYDHUIIWIOR QX @ H @/LKVA HUEEBH YW ZIHCN B Q G
SXEOLVKHG PDQXVFULSW GHVFULEHG EHORZ

7LWOH 3KRWRGXFHG WLPHVFDOH DQG RO MEWWREB\H HIIHF
VSHFWURVFRSLF DQDO\VLV Rl HOHFWURFDWDO\VV

3XEOLVKHRXUQDO RI 3K\WLFDO &KHPLVWU\ &

<HDU

'"HWDLOWROXPHLVVXISDJIHV

$XWKRUY¥DQQDK - ODUQBH )RXGKIDLGIQRQ $ (QRIGFNRHB6HHPDQ
0DQMXQDWK &KDWRLEHXRYRMDQQBNWHE® .DSSHQ
$OH[DQGU 1 BRPRQRY . +RFNLQJ
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&EKDSWHADEOH RI FRQWHQWYV

, QWURGXFWLRQ

([SHULPHQWDO
ODWHULDOV
)DEULFDWLRQ RI JROGDNOH FWXES MU RY HD
(OHFWURFKHPLFDO SURFHGXUHYV
'HSRVLWLRQ RNFREDOW R[LGH
Y)DEULFDWLREDRH @ LHFO\HHFOW UR G H V
6\QWKHVLV RI ;$6 UHIHUHQFH FRPSRXQGYV
- UDDEVRUSWLRQ VSHFWURVFRS\

&HOO GHVLJQ DQG RSHUDWLRQ
(OHFWURFKHPLFDO DQG VSHFWURVFRSLF UHTXL
6SHFWURHOHFWURFKHPLFDO FHOO DUFKLWHFW)
"RUNLQJ HOHFWURGH UHTXLUHPHQWYV

5HVXOWY DQG GLVFXVVLRQ
‘RUNLQJ HOHFWURGH VHOHFWLRQ
'DWD UHSURGXFLELOLW\
7KH REVHUYDD\LBQGIFHG SKRWRHIIHFWV DV D I}
RI SRWHQWLDO
AXDQWLILFDWLRQ RI WKH SKRWIRHBHFWURFKHPL
,QWHU S UH W.EMW\LIRDED WK HWWKH ZDWHU R[LGDWLR

&RQFOXVLRQ

&KDSWHBHUHQFHYV
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' QWURGXFWLRQ

'LYHUWH QB ZDEAHNVULFLW\ WRZDUGY HOHFWURV\QWKHVLV
FRQVLGHUHG DQG DFWLYHO\ VWXGLHG DV D SURPLVLQJ I
LQGXVWU\ DQG SURGXERI JXHISHDHP HQWDIWLRQ RI WKHVH
JOREBDOH ZLOO UHTXLUH FKHDS HIILFIBHQW DGO QMW SB@ Bl
KDV EHHQ PDGH LQ D QXPEHU RI UHOHYDQW WHFKQRORJI
HYROXWLRQ UHDFWEKRQ K\B(BRIJHQ HYROXWLRQ&2UHDFWL]
UHGXFWDRG PRVW UHABRPWARDHYHU PRVW RI WKHVH V\V
LPSURYHPHQWMURQ VWARIEILOLW\ DQG DFWLYLW\ WR EHFRP]
FRPSHWLWLYH ZLWK WKH IRVVLO IXHOV LQGXVWU\

7TKH SDWKZD\ DVWVRDOOWFWBRBRBRYHPHQW KDV EHHQ OHG E\ F
VWXGLHVY WKDW IRFXV RQ UHVROYLQJ WKH H[DFW VWUXF
LQYHVWLJIDW L QrdH WNKkY MV \WIURXG W X O \Q L REIFKIWSWVPHQWDO VW
WMDFRXSOH HOHFWURDQDO\WWLFDO PHWKRGV WR GLUHFW
LQFUHDVLQJO\ YDOXDEOH LQ GHWHUPLQLQJ WKH QDW:?
FROQGLWLRKMHWH VWXGLHYV DUH FUXFLDO DV DFWLYH FDWD(
GLIITHU IURP WKHILDA DEVWUASMWDLWREB VSHFWURVFRS\ ;$6 KD\
RWKHU GLUHFW FKDUDFWHULVDWLRQ PHWKRGV XVHG W
PDHWULDOAMQH RI LWV JUHDWHVW VWUHQJWKYVY LV LWV DELC
HOHFWURQLF DQG JHRPHWULF VWUXFWXUHV XQGHU RS|
FU\WWDOOLQLW\ RIKDWLDWHNULIQROILFDQW WKHMB HPIEWHRJAIDWWD
RIWHQ DPRUSKRXV DQG RU GLVRUGHUHG WKLQ ILOPV DQ
WHFKQLTXHYV

$Q UD\ DEVRUSWLRQ VSHFWURHGOHMN GRFKFR DO DDOEMKE O
VWXBULKR/XOG SURYLGH KLIXW XKBOBWRP$6/ZQWKMRKH HOHFW L
0DQ\ 6(&V KDYH EHHQ GHVLQQWG®ESER QGP XQM®WRERQ

WKRXJK D QXPEHU RI GHVLJQV VXIIHU WBREVHQ VU BDMWLR\
6SHFWURVFRSLF GDWELFI$D WD/RIZMMEIDRDQED H{EQUWHKE VDPSOH
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RQ WKH HOHFWURGE&DODVVO®RDWVEBRPSIOH ORDGLQJV RI KH
HOHFWURFDWDO\WWY LV UHTXLUHG WR LQFUHDVH WKH SL
SLQDFWLYH PDWHULPOWEKKDWO P8 OEHFRBIGNVNQJ VKRXOG LQ
RI WKH ;$6 VLIJQDO DWWULEXWDEOH WEKMRH DEEAVLYH FR
HOHFWURFDWDO\WW ORDGLQJV W\SLFDOO\ UHTXKMH PHD\
QHHG IRU D ORZ VDFB® HKARBBHQJ BHKFERQVLGHUHG LQ SD
PLQLPLVH SKRWRHIIHFWV ZKLFK DUH PRUH SURQRXQFHG

6FKHPH ,GHDOLVHG HIIHFWV Rl WKH HOHFWURPDWHULDO
DVVXPLQJ QR LQGLUHFWYRU VHFRQGDU\ HI

3KRWRHMH¥MH FROOHFWLYH WHUP XVHG WR GHVFULEH WK
ZLWKLQ D VDPSOH XSRQUDOQMWHKD PRIV RMPARQ O\ HQFR
SKRWRHIITHFW SKHGRRMWRL HEXMBXXIR{L. GDWLRADVWDWH GF
SKRWRR[LGBWQRR[LGDWLRQ VWDWHDPQEDRDVHEKDVH

GHFRPSRVLWLRQ DQG JDV EXEEOH IRUFRRW\LR @HKDRBHAR BI
EH FDXVHG E\ GLUHFW SKRWRHOHFWURFKHPLREIIDY: HITHF\
UDGLDWLRQ RU E\ LQGLUHFW FKDQJHV DIIHFWLQJ WKH VL
FKHPLFDO SHUWXUEDWLRQV LQ REHRIDWPEBEWHRQH QRIL U
VROYHQW RU D FKDQJH WR WKH DGKHVLRQ EHWZHHQ \
HOHFWURGH VXEVWUDWH $V SKRWRHIIHFWV FDQLWHMXOW
LPSRUWDQW WR PLWLJDWH SKRWRGG®RP ILIHUED WA D YZH\HW I
ZKHMWK RWKHU SKRWRHIITHFWY DUH XQGXO\ LQIOXHQFLQJ W
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([ VIDADG TIXDVEWK[SHULPHQWY DUH IUHTXHQWO\ SHUIRUPF
RU OLTXLG KHOLXP . WHPSHUDWXDMY \BLEEXRG KK H \S KR W
LQYROYHG UDSLGO\ IUHH]LQJ D VSHFLDOO\ GHVLJQHG VSH
FRQWURO WR *WUDS" D FDWDO\VW LQ LWV RSHUDWLRQD
HIILFLHQW WRRO LQ HOH EQH RBDNWDRA\W DW URQ HRD UFKH PHW
HOHFWURGH FDQ EH DQDO\WHG DW RQH SRWHQWLDO RQC
VWXGLHV PRUH FKDCG®RQYXPQD D Q®R WQGCRMEBMIFFV URFKHPLF
H[SHULPHQWY FU\RJHQLHF PRRWKAYH \P IQRWK SRFMDQEO/ UHT
FRQGXFWLYLW\ WKURXJK DQ HOHFW WRO \WHG L, DWW R RV RRD ¥
VDPSOH DQG LWV ZLGHU HOHFWURFKHPLFDO HQYLURQP
VSHFWURVFRSLF @DWQOW WBHDEDP SUHSWQG SKRWRHIIHFW)
UHDO FKDQJHV WR WKH VDPSOH XQGHU RSHUDWLRQDO FR

:KLOH SKRWRHIIHFWYVY FDQ EH TXDOLWDWHY WEGW RGWHQWKL I L |
VDPSMHYLWME FRQILIXUDWKR@®RSHRYWKXDYLWA WR TXDQWLI\
RI D VDPSOH WR XQGHUJR SKRWRR[LGDWLRQ DQG SKRYV
FRQYHQWLRQDO ;$6 DQDO\WLV SKRWRHIIHFWYVY DUH W\SL
UHSOLFDWH VSHFWUDGRROWIHFEQ/ RQ VMRHHBVRIIPGIBHW HQ EH YL
LGHQWLILHG DV GLVFRORXUDWLRQ LQ WKH ORFDOLVHG

VXVFHSWLELOLW\ RI SKRWRR[LGDWLRQ DQG SKRWRUHGXF
WKH SKRWRAX@W  EH QWM BBXF DQG FRUUHODWLQJ WKHP ZL\
RI WKH PDWHULDO DV GHILQHG E\ WKH HOHFWURGH SRWFE
WKH PDWHULDO FRXOG EH DQDO\WHG LQ D UHVW VWDWH

SKRWRUHGXFWLRQ RU LQ D UHGXFHG IRUP ZKHUH LW LV
RI RXU NQRZOHGJH QR SXEOLVKHG ZRUN KDV GHPRQVW
SKRWRHIITHFW SKHQRPHQD LQWHQWLRQDOO\

$QRWKHU FULWLFDOO\ ILFSIRWSHWEF @MW ROWVEHHMU RF KDHPLFD O
VLIJQLILFDQFH RI ZKLFK LV RIWHQ RYHUORRNHG LV WKH G
WKH FWIWDIHVIHU SURFHVVHYV WKDW DUH FRXSOHG WR UD:
RWKHU VSHFWURXVRSOFRRISMKRBHQWY UHTXLUH D QRWDE
IRU WKH GDWD FR ORYFRNLARRAH UZ MIKAKQ LW\SLFDO HOHFWU
IUHTXHQFLHV 72) 7KH LPSOLFDWLRQV RI WKLV PLVPDW
HOHFWURFDWDIOQWR B YRRGHD *JURXGG DOWDPMILYH DQ@DWH
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HOHFWURFDWDO\VW DQG VHYHKHP K ZKRIAKHHVHLADR D W E R Q41
LQ ZKLFK WKH FDWDO\WLF F\FOH FDQ EH YLHZHG 7KH ILL
SHUVSHFWQL YW RRAODWHG JYRWEBHREZDWRHPWHDUFKHUYV RIWHQ
FDWDO\WLF PHFKD GIFKMHPHBR® LEHOVRQHR QX ZD\ YLHZV D FDW
DV WKH DYHUDJH VWDWH RI WKH HQWIEFKH FPHDW H AAKHXO RY H L
LV WKH zD\ ;$6 3VHHV" D FDWDO\WLF PHFKDQLVP

W LV FOGKHPHRRDW ERWK WKH OLI$HN LV W VKRR QE®G VWL
IUHTXHQF\ ZLWEK LIAKPPIGNWRQWH RQVXPHG RI WKH FDWDO\V
FDQ EH GHWHFWHG E\7;2)&R Q7 KK H IDIYFHW IRIH VWDWH RI WKH
IURP D FRPSBBEKWRED®MIQE DQG WKH HIIHFWV RI OLIHWLP
FRPSDULVBRRHMRH D BPQG 8QOHVV WKH FROQIGQWLIROY R
VSHFWURHOHFWURFKHPLFDO H[SHULPHQW DUH RSWLPLVH
VWBWEFKHPHLIJKW UHPDLQ LQYLVLE QM RRK NS HRWGEGRY FRS
VAVWHP VO K RWWDWHV BHWHEMHDEEH6 H[SHULPHQW

7KH SUHVHQW ZRUN DLPV WR IXUWKHU KLJKOLJKW DQG
SKHQRPHQD GLVFXVVHG DERYH LQFOXGLQJ VDPSOH ORDC
RI ;$6 DQG HOMAWURQPWMYBROH GLIIHUHQFHV DQG WKH L
PRGHOOLQJ WR D VSHFWURHOHFW U RIE® H&(MFD Q G LSHHWHL P BI ¢
SURWRFROV IRU WKH VLRXOKDRODIRXW\F,B6 DFREVHEBFRIURF
LOQOWURGXFE LPSOHPHQWHG IRU WKH DQDO\VLV RI HOHFV
GLR[\JHQ
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6FKHPH $ VFKHPDWLF SUHVHQWDWLRQ RI KRZ HOHFWUR
VSHFWURFKHPLFDO PHDVXUHPHQWY IRU WKW HNERBQLVYIPHG
VXPPDULVHG L Q *VWDKEHCDURIS VOIDM) HORXQG DQG DFWLYH VWDW
UHVSHFWLYHOWUWHDFWMDQW SDRG XFW SRS ILEWS G RIHIDWH
FRPELQDW2PO@\G ROLIHWBPH HIILOWDPWRPHBEUMKH PROHFXODU S
L DV FDWDO\WHR\EVIRBYRF DQ LVRODWHG DURKG BQDAWNRP YV
UHSUHVHQW WKH DYHUDJH RI WKH WIONQKBLH BW KIDHGA. QB W H C

VKRZ WKH SHULRGV ZKHQ W KHQ$DWHD/G\WRWVLY HQ\ WKH VWD!




&+$37(5+t6SHFWURHOHFWURFKHF

7KH PHFKDQL2(B ZRY WVWSHRWKHVLVHG E\ VHYHUDO JURXSV W
LOFKHPH $PRQJ GLIIHUHQW PRGHV RI WKH 2 (%R QXN LIRHD/F
FDWDO\VHG E\ HOHFW URGHSHR VALRED® W HRAP HG L M EREWS H F
DWWH@WIGR@DY LQYHVWLJDWHG E\ D UDKQ HVHRSHF WEKRDL T
SDUDPDJQHWLFD QBY RQMBQFH%DVHG RIBUMKHRXV H[SHULPF
ILQGLQJV WKH R+ DWR RRRRI BRHOHRRWISR®FKHPH

FRXSOHG WR D SURWRQ ZLWKGUBZBO £\ TUANRIOPHHG EDVEH
ZDV VXJJHVWHG WR EH D UDWHVDIOPVWGQJ(¥WHS RI WKH &

7KLV PHFKDQLVP ZDV XVHGDEY B RRZEBR®MIE MRMWUZH OO0 DV 'DX D
FROOHDIXMWKHLU HOHFWURNLQHWLF DQDO\VLYV WR GHUL)
JROORZLQJ WKHVH LOQVLIKWKHOUAHGRLP®IYS/DO DQG WK
HOHFWURNLQHWLF LQ YZHD\W ERINVGXEQ KRG \E K$%P R QI HR W KH D O
ILQGLQJV WKLV ZRUN GHPRQVWUDWHG WKDW WXH UHYHU
SURFHVV IRU VXFK D PHFKDQLVPYWMKHRXHOWGY EEOMHVKS B URWH @}
5+ (

+RZHYHU WKH OLQN EHWZHHQ M MASHHH\D bl R WRRRI\LLFQ Bl /2. 6 \
&RPDFWLYH VWDWH ZDV PLVVLQJ KHRKN/U ROLKNGI REEF D MDDV V |
D WKRURRMNOAWLIDWHG EHQFKPDUN HOH FZLWMRFDHAUIDMD W |
LOQWHUHVWLQJ XQUHVR O Y$V/GVXRKIDWQ UW\W E W OTKO \ABDVRIQQY H
XVLQJ WKH HIWHQGHG S8(BRWRFROV DQG WKH QHZ

7KH IROORZLQJ UHVHDUFK DM R/WH BHQYWH & KIQ MRIWYE RSDUW
6(& DQG RXWOLQHV WKH GHVLJQ VROXWLR[GWHWHRPHIRNDG
SUREOHPV DVVRALBE PQ XQWKY 7KH VHFRQG SDBW EHQFE
SURYLGHVY DQ HIWHQGHG DQDO\VLV RI WKH SKRWRHIIHFWYV
RI KHWHWLRNQIFWREDOW R[LGH FDWDO\VWV GXULQJ WKH
FRQFOXVLRQV RI RXU VWXGLHV DUH VXS SRIHVIHEG \ELWAHKR Q V
VSHFWURHOHFWURFNBPISEOHO ORDPEA\YLWHIITHFWY SKRWRHIII
;96 DQG HOHFWURQ WUDQVIHU WLPHVFDOH GLIIHUHQFH
PRGHOOLQJ
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([SHULPHQWDO

ODWHULDOV
$OPKHPLFDOV ZHUH SXUFKDVHG SXRP V6L SRl B QIOWA [ KZ DAL B
O FP DW “ f& ZDV XVHG LQ DOO H[SHULPHQWDO SURF
ZDV FOHDQHG E\ VRDNLQJ PQ[WDHXRXH DM RHDR/'S\D QRE® KUV Z
ZDWHU VRANWBQR + ZW + YRD[WXRUHDW OHDVW KRXL
ZDVKHG FRSLRXVO\ ZLWK ZDWHU DQG GHUILIKG SXQEGWUY D
2 DQG $U 2 ZHUH XVHG

Y)DEULFDWLRQWURGOSOMWWEF VXEVWUDWH

7R EHJLQ WKH IDEULFDWLR S RQARMHMD H Q I BN UHPSKIRKDND\D
ZHUH FOHDQHG E\ VHTR®JIWHR R W RQU FDAWIRGMWL QRO XWLRQ
DQG LVRSURSDQRO IRU IWHQ GQ\HQF K IPMIGHR S WKYFNG D
SKRWRUHVLVW OR\GIDUBBYWSEQ FRDWHG RQWR WKH FOHD
NHBW f& IRU PHLHVXEVWUDWHY ZHUH WKHQ H[SRDPMES WR 8
ZLWWKKH HOHFW UKRG B9 SPRMVWMIBUVHFWLRQ RI WKH SKRWRUHVL
ZDVKLQJ WKH VXEVWUDWB=LQ ®,)GMHLY[HGCRSHUK WHEREINMUL R Q

WKH QH[W VWHSQP @GX TLDDHXE/TXHQMW LD OO\ H WIXERAWDUNDHGH R
XVLQJ DQ BFHO-FFWYRHRQBRWRWRPH ,DW QAVROMD FWKH ILQDO VW
WKH UHPDLQGHU Rl WKH SRO\PHU PDVN ZDV UHPRYHG E\ J
OIRW SURPBHSRAWVRJUDSK RI D W\BREZROLBOHFWURGH LV V

JLIXUH3KRWRJUDSK RI D JROG RQ 3(7 ZRUNLQJ HOHFWURG
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(OHFWURFKHPLFDO SURFHGXUHYV
(OHFWURFKHPLFDO H[SHULPHQWYV ZHAUHRIH RIR DRHEX MWARLAD
3*67$7 OHWURKPHFW URRKHPLED® L RKO HG WU RVGKH HFHR Q I L J X
$3OHDINHEHJI $J&O_.&O 0 UHIHUHQFH HOHFWURGH P
L QQRYDWLYH ,QVWADXWPHQW\G WIKURXIJKRXW +RZHYHU D
UHFDOFXODWHG WR D UHYHUVLEFGD OHIGHNRQINID H DX TPMLLRRY
(1 Y VQRUPDO K\GUR JH® GOWF \RWKGHE DL \FHP VW D W H
VXUIDFH DUHD QLFNHO ZLUH ZDV XVHG DV DQ DX[LOLDU\ F
1 PHPEUDQH HPEHGGHK QIQWRDIPKRRHRYE B PRIRRRO \P H U
ZDV XVHG WR VHSDUDWH WKH ZRUNLQJ DQG DX[LOLDU\ F
ZRUNLQJ HOHFWURGHV ZHUH H®S DWRPGW KIL FSDQEDSINAMD UF D U
LL D 3(7 SODVWLFKVRNGMVY FRPFMUHG ZLWKVDQVKLLG D)
.72 DQGROGLRQ@VBLRU WRIKDMWV\ FDUERQ HOHFWURGH ZD\

P $Q $OID$HODXYHRXVOXVKWE ZIMEBH®WHMK D FOHDQ S
SDGIOXVKH®\ZHW KD QLD PN D QHG VIRQLEWWDRQ LQ ZDWHU
JROG HOHFWURGHYV ZHUHVWWWRW WREQPMFWHG WR DQ\ SUH

&EXUUHQWY UHSRUWHG LQ WKLY SDSHU DUH QRUPDOLVHG \
XQOHVV VWDWHGWMWKHWXUMMHH/ B HDF RI WKAFDZRBRLQJ HO
PD[LPDO YDOXH IRU WKH HPSOR\HG PRGLILFDWLRQ RI Wt
WA\SLFDOO\ EHWAHRHQ,72 GHILQHG E\ WKH LVRODWLRQ DSS!
DQG VRPHWLPHR/JIHQHRXYVY FRQGXFWLYLW\ RI WKH FRPPHUF
LW ZDV QRW SRWVYIEDHHWRKEBEVMHMXEVWUDWHY ZLWK D SUFE
DUHWDYLPLODUO\ WR WKH $X HOHFWURGH SDWWHRUEDOV W]
UHVSRQVH 7R PLQLPLVH WKH XQIDYRXUDEOHZIEHBHHFWYV RI
SDWYWHWRS ORDIPG HOHFW UIIDAD SURRMQ\BRISBHAIUWW D OH G ZLWK
.DSWWRD®SW FORVH DV SRVVLEOH WRJWKHF AHIOHUFM ZRDHWQR
LQGLFDWLRQV RI FRSSHU OHDFKLQJ HYHQ ZKHQ XVLQJ DF

([SHULPHQWYV EDWHGHREROJRGHY ZHUH X\QGBMMIWDDMHHE KR/Q R
([FHSW IRU WKRV HWHFEQ RRCGWMISLFN 1L FRDWLQEDVWHOBVXUF
HOHFWURGHV XVHG GHR[\JHQDWHG VROXWLRQV 7KLV ZD
KRXUV WADURKXAORI HOHFWURO\WH WR @KW [HRQWWAHM- GR QR
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FHOO ZLWKQWXEKBQ@ ILOOLQJ WIXW XFIHH B LWRKOWW HRKY FRP
QR KHDGWXKS$IDFHR Z7 RI V@ ODXQMEL RQW RD WEBR&(IBGHG E\ D SHL
SXPS60$7(&WKURXJK 7THIORQ WXEL®P LQWHUQDO GLDPHW!}

7KH VXBROIFFHHQWUDWLRQ RI H OWHF S\RURD H BNEKHBLUF K EDECHAG D \
VSHFLILF FKDURH WKRHFPREDOW R[LGDWLRQ SHDN SULRU W
ZKLFK FDQ EH DVVXPHG WR FRUUHYVSRQREF MARY VERN HREQ R Q
SUHYLRXV UHSREHEV VEWGDWD KHUHRLQX DO ESRUWHG DV
FRQFHQWUDWLRQ 136 HFWWWRDFMW DYH FEROEFX YD WPARBOXFRQJ )|
oDz

'HSRVLWLRQ RIWREDOW R[LGH

$V  SUHFXUMRUKHU PO RWR62P0 >&R 17$ D+

17%$ QLWULORWUMYRONB\G HL Q 0 ERUBDMUHHEXYH3J WR+ SUF
PDWHULDOV IXUWKHWQ G HEFERWHESHFWR2HO\ ,Q DOO FDVH
VROXWLRQWDAHXUWDWEHWBURGHSRY AWVR BRRIGXRWHG DW D |
SRWHQWLDOYRI5+( &®R%ZDV HOHFWURGHSRVLWHG XVLQJ |
ZLWKLQ+ 9Y\V5+( UDQJH DW D VZHHS WDKWHQRIPEHU 9RV F\F
ZDV YDULHG WR{VDIFKHE8 YAR VIKHHQ&/ UDWLRQ Rl HOHRWURDFW
DQG &®ZHUH DOVR SKRWRGHSRVLWHG RQWR ,72 DQG $X
: UD\V $IWHU GHSRVLWLRQ WKH SUHFXUVRU VROXWLRQ z
S+ ZEDNKWKHQ DG GHWMIKRIRXOR\WRRZFHOO IRU PLQ
DQDO\VLY WKH HOHFWUR@HY@ BRUYDVOHFRXQIWDUFW ZLWK

J)DEULRDWLERQNEGG HOHFWURGHYV

/RZ ORDGQFNHRHD HF W U REG\S R VILR/OHSGYH RIFUF W R G BIOY H G
1L62VROXWLRQ 16Q S+0DMD D FRQVWDQW SI¥ W$IQ WM RIO

0 .&0 /) IRWLQKH SRWHQWLDO ZDV WKH@WVWDLQWD
$J_$J&0O_.&0 0 .&0 KLOH WKH SUHFXUVRU VROXWLRQ
$WDWXUDWHB2+ S+ 7KH DQDO\VLV ZDV WKHQ SHUIRUPHG
ZLWK QRKDRNY QLFNHO PHWDO SODWLQJ RI $X \HIDMXUWRI\RIGE
0 ILE¥ROXWLRQ DOL@G EYWEISG®I&O_.&Q&0O /) IRU
PLQ WKH HOHFWURGH ZDV FRSLRXVO\ ZDVKN® VZKWBRVZDGV
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6\QWKHVLV RI ;$6 UHIHUHQFH FRPSRXQGV
JRXU FREDOW R[LGH PDWHULDOW PBWH XVBHGVKIRRWH 1$B DEH
/L&R2D &RUHIHUHQFH KHWHHRIHIQQMWHD BLRIRPHUHQFH DQ
&R2 D RIHUHQFMOO FDVHV WKH FREDOW VLWHMRDUH LQ
DQG &R2 ZHUH SXUFKDVHG IURPKDIBIP &R Q LLLFKHD QAL WK F
GLIIUDFWLRQ ;5

+HWHURJHQLWH ZDV VIQWKHVLVHG XVLQJ D SURRHGEXUH

DGDSWLRQ WKH DGGLWLR®I DW2B UDWPH Rf& BWRNIQUUHG

VROXWEMR @ RREADORVWHX ®HSWDK\GUDWH P/ 0 f& zZD
DGGLWLRQ RI VRELSRFKORMIASOTZ Y S+ DW DSSUR[LPDWH
P/PLQ7KH VXVSHQ VL RIQLGDNRIQMDIVDH® ¥ VIG U WW HWU HIGR XUV T
FRRGR2QRPELWERSHUDWXK& BDWXUOR® GUHFLSLWDWH ZDV L
ZDVKHG ZLWK ZDWHU XVLQJ D FHQW WL@GEIH GZ D YD FRYGFH
DW [OHS$BUR[LPDVRKXDRWH SXULW\ ZDV FRQILUPHG E\ :5'

7KH GHOLWKLDMHGHQ&R2PDWHULDO ZDV VI\QWKHVLVHG X\
%DVFK DQG,KMWKHY SBRPRB8XBHDOO\ DY RDVDW IH DK& G2

FRABWUROYHEBQG WKH UHVXGIWDQDWHRBGEXEFG ZIDWKHG FRSLR
7KH OLWRIEXOD®POW UDWLR ZDV FRQILUPHG E\ LQGXFWLYHO\ F
DQG WKH FU\VWDO VWUXFWXUH H\&R2 JLYLQJ WKH ILQDO

UD\ DEVRUSWLRQ VSHFWURVFRS\ ;$6
&R HGIH6 GDWD ZHUH FROOHFWHG RQ WKH PXOWLSROH
RSHUDWLQJ ZLWK DQ HOHFWURQ EHDP HQHUJ\ RI *H9 DC
LQ WRSPRGH DW WKH $XVWUDOLDQ 6\QFKURWURQ OHO
RSHUDWHG LQZIPRIG D 6L PROQRFKURPDWRU DQG IRFXVI
FROOHFWHG LQ IO0OXRUHYVPRAHQIFWHRRIE H QW LIHU B DVRXIPGG HW
6(&zZDV EROWHG WR WKH EHDPOLQH VDPSOH WDEOH ZL\
IOXRUHVFHORFWKH 26AWRELYVDWLRQ FKDPEHU ZDV XVHG WR
UDGLDWWRD WD 2HUH BREDWEwWSHU D WX H
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7KH VDPSOH HQYLURQPHQW ZDV NHSW XQGHU D KHOLXP T
IOXRUHWFB\QW E\ FRQQHFWLQJ D IOLJKW WXEH EHWZHHQ
SURYLGLQJ DQ RYHUSUHVVXUH RI KHOLXP EHWZHHQ WK
&ROOHFWLRQ RI D VLQJOH :$1(6 DQG (;$9Pp NQG \PIHFWU
UHVSHFWLYHO\ 7KH ;$6 GDWD SUHVHQWHG EHIDRY ZBUH

DYHUDJH RI UHSOLFDWH VSHFWUD H[FHSW ZK\HUGH RIQVDW
PXOWLSOH VSRWYV WR HQVXUH 7KRP RDZQE DWD RARW K i FXDH
EHDPOMQIZWLDOODNXIEH LQMWRFEHG LQ OLFURVRIW ([FHO

QRUMDVMDRYG EDFNIJURXQG VXEWRW BWIKRI@DLQ 3\WSOLQH
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&HOO GHVLIQ DQG RSHUDWLRQ

(OHFWURFKHPLFDO DQG VSHFWURVFRSLF UHTXLUHPHQ
$QLQ VBWMOHFWURFKHPLFDO FHOO PXVW VDWLWDIQGNVKH U
HOHFWURFKHPLVWU\ WR HQDEOH WKH VLPXOWDQHRXV FR
VLPSOH 6(& FDQ EH HPSOR\HG IRU VWXGLHV WKDW VROHO
VSHFWURVFRSLVREKWDE BVRRMIKEY QHFH VYV DAD SDEHQ LI WU WK
UHTXLUHG VXFK DV KLJK TXBFGDWWH F\O\MR QR GRXHFPW B B 6 KG
VWDELOLW\ PDLQWDLQLQJID H[SOKMILRQ WPR\ZSHOHU BV OL
WLIKWRHM¥LJWURGXFHG KHUHDMKHNMH PHHVXY. UDIPO QRVY W
HPSOR\PHQW RI D IXQFWLRQDOLVHG PRGXODU OD\HUHG D!
GHWHFWLRQ RYHU WUDQVPLVVLRQ GHWHFWLRQ LQ :$6 )
EHWWHWE&RUIQBBRWDPSOHIORDGWQIRZRWUDQVLWLRQ PHWI
EXW DOVR DIIRUGYV D EHWWHU HOHFWURFKHPLFDO GHVLJC

7KH 6(& KDV EHHQ GHVLJQHG WR SURGXFH KLJK TXDOLW\
DQG WR PDLQWDLQ D VSHFLILF HOHFW UR FXH® L WBOR H QWL
KRXUV 6SHFWURGRRBB¥ RDJIOADLO/HG E\ PLQLPLVLQJ EHD
FDXVHG E\ WKH SDVVRXMW RR U@IN. & HKQWXDORGVKH FRPSRQHQ
7KLV KDV EHHQ DFKLHYHG WKURXJK \WKH) BRP MRID QM DU
ZRUNLQJ HOHFWURGH :( DNV MWKHQGREUNRISDEM WROCEHW Z
WKH HOHFWURO\W i D/ARFPKONPLERIQ) @ Y& FKKFHRQ | L FROIDW ERQ. R\Y
RI KLJK WSHIGMW\RYVFR S KFH PIF®GHSBRYGM KHDYLO\ RQ WKH F
VXEVWUDWH DV GLVFXVVH®IGQ PRUH GHWDLO LQ

7R SURGXFH KLJK TXDOLW\ HOHFW DRRK MK DXQEWWRQ Ma
FRQY H QW KR/EBHTF WHWDRIGM UR FK HHREWF DG GEMQ@R QDO FRQVLGH
PLQLPLVLQJ XQ FRINGNQOIRHQBLHEHFWURPDIJQHWLF QRLVH
FKDUJIPIDWQGWUDQVSRAKMK 6 IO FMWDIVRIERKGWYLFDO HQYLURQPH
PDLQWDL QMG P BEH WR WKHFWRBRODKLFRQ@UWRYLGHY FKHP
VHSDURMWWRE :( DQG DX[LOLDRR PHOMFQWR D B DV Ol
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JDWLIJKWRHWNY& FDQ EH YXVEIGGW R/ U WIXHBW\ Rl HOHBPWGBRFKHF
LV VXLWDR®@H BRBH UD)WUR'KHU GHWDLOV RI WKH FHOO DU
VHOHFWLRQ FULWHULD DUH GLVEXVVHG EHORZ

6SHFWURHOHFWURFKHPLFDO FHOO DUFKLWHFWXUH

7KH (& LARP SULWHIGERE\WHW UDI O R YR HVDH\® HERIE\ FRPSRQ|
JLIXUHK SDUWY DQ®,, WKDW DUH KHOG WLJKWOVYWHRHI® WK
KRXVD)QIXUHDSDUWWS,,, 7KH VWDLRKOIVWRXVLQJ IXQFWLR
FRPSUHVV WKH 37)( PDLQ ERGP &R D B/RNIHEWNV K B 6 OMR WRL
‘< EHDP ®SQHE RDOWD/AMFUHZKURXJIK WKH ,EQLMKURD SDUW

&RQQHFWLQJ WKH FHOO GLUHFWO\ WR WKH EHDPOLQH UH¢
LQ ;$WDPDMHIQPHQW BIQGDD GMRAHWKHSW XQGHU D KHOLX
WR PLQLPLVH LQFLGHQW EHDP DQG IOXRUHVFHQFH VLJQD

7KH OHDRRI :( FRPSDUWPHQW KDV QR KHDGVSDFH DQG L
DFFXPXODWLRQ RI JDVHV E\ IXQQHMILDQ B {6 HUXPEHWMHAW WR
RXWOHW DWW XWKMH SWRISMKH FDSWXUHG JDV FDQ WKHQ EH UH
FKDPEHU E\ SXPSLQJ WKH VROXWLRQ WKURXJK WKH H[WH
FHOIWW K OHW DRIUGL RWARKGHER WWRP DQG WXH YWRIS SODHWSHFV
9 7KLV SXPSLQJ VI\VWHP DGGLWLRQDOO\ DO OLRER/QWKH :( |
HPSWBLWKRXW GMWHD GWBOMEVHQFH RI LD KHOGVSOOM VHE
OHBNRRI! :( FRPSMUWPHGEWQWO\ IDFLOXWODWHYVFRQSWHWR®G
DWPRVSBHXHFK DQ HYROXIDRMQWWXUDWKIE @ HWXL BN VLG H
W KH XWIOX) VHD O H DB QERISNFEHDWIR/ WK N KR®W FRQWDFWLQ.
H[DPSOH RI YIRFOMDPPWWWY XQGHUWDNHQ 1L RBEKL P B Q®ROG
HOHFWURGHYV LQ GHR[\JHQDWHG XWRIBXFOLLRFQ V ROAVBDBR Y L G |
UHFRUG HGGL E SW & \DH O HFKW U R G HD UGDSWKUHI HE& DJUHRNWPH QW Z1
UHS R QW\HKGH LO LRAUH Q@ DRWNXHJOH PHW D O
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JLIXUH6FKHPDWLFV RI WKH 6 (
,QIRUPDWLRQ LWWSIBINVHQWHG
FRP SR QHQR\Y \BI& X
EFURMAFWLRQDO YLHZ RI WK
HOHFWURFKHPLFDO DQG LRQ
DQGZRUNLQJ HOHFWURGH
FRQILJXUDWLRQV :( $( DQG
ZRUNLQJ DX[LOLDU\ DQG UHI
HOHFWURGHV, WGSY SHFWLYHO
VWDLOQWHNY KRKWIOQXP
LQQHW9,,+37)(ERG\ Rl WKH
FHOX*SRO\XUHWKDOQH JDVNHW
1DILRQ 1 FRHPEBBHGGHG
LQWR D SRO\XUHWKDQH JDVN
SRVLWLRQHG EHWZHHQ WKH !
JDVNHWYV F RP DR\Q WEW V
VPDOOHU HQG KRDSMIGH:FRQH
FKDPEHU 7KNWWHDQFEBDPEHU
, SDQMMXDV WZR .) I10DQJHV
ZKLFK DUH SRVLWLRQHG DW
UHVSHFW WR HDFK RWKHU $
JDVNHWD QGZLFKHYV WKH :( DQ!
2ULQJV EHWZHHI®GESDUWYV
SDQIHAD QG LV KLIJKO\ HITHFW!|
SUHYHQWLQJ OHDNV EHWZHH
JDWVWQG OILTXAKBG FRPSEDUWPHC
WUDQVSDUHQW SHUVSHFWLY]
6(& LYHQ G@ SKRWRJUDSK RI
WKH VWHHQ GLQJ 6(& LV JLYHQ
SDQHOQ® DQQRWDWHG
SKRWRJUDSK RI WKH 6(& PRX
EHDPOLQH ;< SODWIRUP LV JlI
SDQHO
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JLIXUH&\FOLF YROWDPPHWWU\TXMWDELOL]JHG ILIWK F\FOH
QLFNIH®RGLILHG JROG HOHFWURWGHVXQY BRAWDFW ZADWK EX
DUH QRUPDOL]HG WR WKH HOHFWURDFWLYH VXUIDFH DUHI
FRQYHUVLRQ FRA& IFADHXBWWKH FKDUJH FRUUHVSRQGLQJ V
PRQROD\HU RH{ ZKLFK zZzDV GHULYHG IURP WKH LQWHJUDWL
F\FOLF YROWDPPRJUDP LQWRKHYMBQJH IURP

RUNLQJ HOHFMWULRHFPHH QW YV

7KH ZRUNLQJ HOHFWURGH KDV D FUUWLEZDQGRQPWR RVMK H G |
DV WKH VXSSRUW IRU WKH HOHFWURFDWDO\VW VDPSOH 7
( bDQG LWV VXEVWUDWH VXSSRUWQBXYI/\ EWUDIQVEPDAEC
6SHFLILFDRABW QW XWBbRBXPERRQGC ESIDVEFOWMKWR XJK WKH ER(
HOHFWUWREKHP LIQQWB O | HKXVOWHKHPDWHUVRRXWOSBLQPRWLFDQWO
DEVRUE RUGHIOBERW RQV ZLWKUQOQWKHIHQHYDQW WR WKH HC(
LQ WKH YRR SORXVW DOVR DFW DV D SK\\LLKBGS DARRIFPE R (GHDQ\
, DQG,IURP S9DMUWXUHE DQG PXVW WKHUHIRUH EH PHFKD(
LPSHUPHDEOH WRTXRDRENMDWQGI\ WKH HOHFWURFKHPLFDO

QHHGV WR H[KLELW KLJK HOHFWULFDO FRQGXFWLYLW\ D"
HOHFWURFKHPLFDO DFWLYLW\ ZLWKLQ WKH SRWHQWLDO |
VA\VWHP
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*LYHH WKH UHTXLUHPHQWY DERYH WKUHH W\SHBPRIQERUN L
KHUHLQ D PP WKLFN JOPWWRD B E RBQYKKEHBENMHIBK | 7 2
GHQRWHG DWQER 3PP WKLFNOBWWLF VKHHW FRXHBNG ZLV
JROG OD\HU GHQRWDBA G RPEGHIRIDP BN ZHDMV BV LG JIRIY W K H
,72 HOHFWDAR EMNG WR DGGLWLRQDOO\ UHVWULFW WKH HO
DFFHVVLEOH E\ WKH)VIQEKU RRSESE IBMIDFSISILHG WR WKH |,
VKHHWV WR ORZHU WKH RKPLF UHVLVWDQFH EHWZHHQ W
HIWHUQDYL FXURFXLW
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SHVXOWY DQG GLVFXVVLRQ

+HWHURJHOH WHRREDOW R[LGH ZDWHU R[LGDWLRQ FDWDO\
VSHFWURHOHFWURFKHPLFDO ZBNO DO \BRX SFSFOQHIPRHEEMBBOG \ R G D
PDWHWRDGNP RNHAD S D BIHO L \W(SDQBRURKH. GH H[WHQRBHG LQV
WKH SKRWRHIITHFWV SKHQRRH QHZ, @ (& KIW E¥HHFAVRIPREY N H G
t SURYLGH DQ DQDO\VLV RI1SK ROARH | | H VG SXKQHIHRUAWA D
DQ DQDO\VLV RO KNI HURRPHQIFREDOW R[L&IDWHEY RPMWEDN V]
UHDFWLRQ

7KH FREDOW R[LGH PDWHULDOV ZHUH HR®HF\VE WBR G KYRQLUW
HLWKBUXHRXWR GHULYHG IURP &RUG62&R 17$% 28

17$ QLWULORWRPSOHWDMSOHY UHIHUUHGQWRE®Y &R2

UHV S HFMWQ YEHRBXD WHHU 0 SLOH WKH &R22+ VWDXQRNXUHYV
&RP7*DUH LQGLVWLQJIXLVKDE®HAD WIHIKLMDONVF ALY H & RPD VL O\
YHU\ ORZ ORVKGIUHIRIUMVRERLIQGHDO IRU EHQFKPDUNLQJ V
GHWHFWLRQ OLPHSWDRID @ WHRKRED OMEBRWIDEHVWY ZDV XQGHL
WKUHH SRBAHHQGVRROWROWDPPHWULFDOO\DRBY HUNYNG IHDW
54( SULRU WRKBIQG UDGHHAMWE R[LGDWLYH SURFMHVV LQ
LLL 9YV5+( ZKHUH WKH PDWWIULD ORIV ZDWHXUR[LGDWLR
7KH XVH Rl WKH YHU\ SRVLWLYH WKLUG SRWHQWLDO WR
R[LGH Z®WLYDWHG E\ D )RXULHU WUDQVIRUPHBGKDFKYROW
SUHGLFWHG WKH VWDELOLVDWLRQ RI DQ DFWLYH KLJKH!L
DUH SURYILGHG &\GOROWDPFHMWKVHG WR FCPGRROQOM VRH WK H
HOHFWURFRKHPLFD GREDOW LMD MEKHH ¥ REDHDMEL @ QUGG K

I1LFNgeDOYHG PDWHULDOV ZHUH HOHFWURGHSRVLWHG SR\
QHRUXWUDODXHRXV VROXWLRQV 7ZR W\SHVROQWKH WB RSO
ORDGLQJ FRPSDUDEOH (WRPEROBW XOHW K DR VHRI\UWKLFN Q
PHWDO GHSRVLW WKDW FRXOG EIH NBRIGLO L H/G HH@ HER WU Q B k
DQRDO\VHG DW ERWK UHGXFWLYH DQG R[LGDWLYH SRWHQW
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JLIXUH&\FOLF YROWHPRRIDD\GRERPRGLILHG HOHFWURGHYV
ZHUMHQ D O\ VBIIIDWOX UDONHRUDWH EXIIHEB\F® +F YROWDPPHWU
FRUUHVSREBGEV;RGDWD SDHVIHQUWBDEIOQOFVFDWERQ VXSSRU!
Ex,72 3(7 VXSERUMNWHDQG DxKLJKHU GROBHODORDGLQJ ER!
VXSSRUWHG RQ ,FRLIKUHDROESRUWHG RQHYKBGLQJ VKRZV
WKH SHDN DUHD XVHG WR TXDQWLI\ WKH FRQFHQWUDWLR
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'RUNLQJ HOHFWURGH VHOHFWLRQ
7KH FKRLFH RI :JUWXEWONUDWMB XHQFHY WKH TXDOLW\ RI ER
VSHFWURVFRSLF GDWD )RU H[DPSOH WKLV D\VDHYIRGSQWL R
VSHFWUXP REWDLQHG ZLWK HLWKHU D PP WKLFN JODVV!'
WKLFN BHHWIXUH %RWK HOHFWURGHVY KDG VLPLODU VX
HOHFWURDFWLYH FREDOW R[LGH DQG ZHUH PDWB@WDLQHG
ZKLOH LQ FRQWDFW ZLWK DLU VDWXUDWH®&UHB ERUDWH I

‘KLOH ERBAKWUDWH W\SHV VKRZHG H[FHOOHDW HXDOLW\ }
WKH JODVV\ FDUERQ VXEVWUDWH SURGXFHG SRRUHU TX
,72 3(DLIXUH 7KH SRRU TXDOLW\ RI WKH :$6 ZLWK JODVV)
SUR@FHG LQHWEH SHHLRQ ZKHARL\DHVUD®DRA LV YHU\ ORZ
H[WHQGHG DQDO\VLYV ILQH VWUXFWXUH (;$)6 UHJILRQ ZK
GHOLEHUDWHO\ QRW UHPRYHG PDQLIHVW $OWKRXJK JC
DWRBXPEHU PDWHULDO WKH WKLFNQHVVUR\ WHDBPVXEEW
UHVXOWHG LQ D FRPWRBED¥I®WUDRRR VIQFRQWUDVW JRRG -
DQG :$6 GDWD ZHUH RPWDBLOHGE ZJRIK@EARLD QG IR®VR U
$X 3(7 HOHFWURGHY WKDW ZHUH IXQFWLRQDDIJHBE ZLWK C
7KH SURYLGHG H[DPSOHV GHPRQVWUDWH WKH FULWLFDO
ZRUNLQJ HOHFWURGH DQG LWVQVX¥BREW URRLGBENH RTFX
PHDVXUHPHQWYV

JLIXUHBLQJOHHRIHJD\ DEVRUSWLRQ VG HMBABKRE FR\U CR E &/H)\
RQ PP WKLFN JODMVMABFBIUERL F QPRO BRG ¥RRQ
PP WKLFN ,FODRNDFH P& FP QPRO RPHFWURGHV ZH
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DQDODWHG Y95+(L@MDWXUDWHG DTXHRXV 0 ERUDW!
HOHFWURO\WH HEAXWILHRIQ RDKHVSH[IDQGHG LQ WKH LQVHW
JOLWFKHV RXWOLQHG ZLWIOEWDRNFER[HVQUQDWKH PDDQGS
, KDYH QRW EHHQ UHPRYHG WR KLJKOWRRL WHK b DL RHWU HQ
VSHFWUD

JLIXUH (OHFWURFKHPLFDO DQG VSHFWURNFRISGFPGDAMD LF
'DWD LV SUHN&EWHE YOROWDPPHWU\ (G WHH.RGVDQG S M
TXDWWDELWKLUG F\FOHV DEGLQKREZMHGQE ;$6 GDWD IR
HOHFWURGHSRDN.MG GDQLANHDO RQ $X 3(7 LQ;BRGWDFW ZL
LBUHVHQWHG OWDQJIHFMNZHBLIKWHG (;$EHREQGHU WUDQVIR
RI WKH (;€Y6V$% GDWD ZHUH REWDOXEHEE DWY \5+( UHG
PDUNHG ZLWK FURVVHWQUQ FHMPWWORRXD FROOHFWHG IRU W
FRDWLQJ RQ $X 3(7 YROWDRBHWUWKKRR G RQYHQINDAND DS
W UDFH@ DM R ZF R OV KIE VZ HGHIRIW HQ F H
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'DWD UHSURGXFLELOLW\

$ 6(& VKRXOTX DOKBMREDWD EH FRODHAVQHGH PHDVXUHPHQW
UDSLG FROOHFWLRQ RI UHOLDEOH DQG UHSURGXFLEOH G
UHSOLFDWH VSHFWUD IURP WKH VDPH VDPSOH PD\ QRW EHI
RU VXVFHSWLEOH WMR\WKMHURP HFMW RBIHUVSHFWLYH WKH
FROOHFWLRQJBRMB&RILI DIE VR U SWDHEEQ MV U X FWX6H D Q G

(;$)6 VLQJOH VSHFWUD WKDW FDQ EH LQWHUSUHWHG XQD
DQ HOHFWURFKHPLFDO HQYLURQPHQW WKDW LV XQDOWH L
VSHFWUD FDQ EH FROOHFWHG WR DVVKNVM WKB OLMS UWRLE)
VSHFWUXP PHDVXUHPHQWY VKRXOG DOORZ VDPSOH FKDQ.
EHIRUH DVVHVVLQJ WKH VXLWDELOLW)\ IRU UHSOLFDWH VS

$V WKH ,72 3(7 VXEVWUDWH IDFLOLWW®W® R VRS DR Q@ &/HE BV
FKRVHQ DV WKH :( PDWHUDRG EREN BROWKVDPK I RR XK HUHLQ
DVVHVV WKH VSHFWUDO UHSURGXFLELOLW\ REWWDRQDEOH
DEVRUSSHRQUD ZHUH FROOHFWHG VWHSBZBYH BWWK WKH
VHTXHQFH RI SRWHQWLDOV WKHQ UHSHRMHEUHLWKRXW
H[SHULPHQWDO SURWRRKR®GDIGHZE EWHA L&R223(7DQG
&RP27® ,723(7 UHVSHFWLYBRWRFROVDOORZHGLVRWY [EIGWEZHRW
WKH VSHFWUD FROOHFWHG DW GLIIHUHQW SRWHQWLDOV
EHDWPSRW SRVLWLRQ ZDV WKHQ FKDQJHG DQG D VLQJOH V
WR GHPRQVWUDWH WKDW WKH REXWY UWKERY KR BOW JW K HZ R T
FKURQRDPSHSRDWDPHFRUGHG GXULQJ WKHVEROWHRWLWRR
HQVXUWWDEOH HOHFWURFKHPLBDDX UM VEKRIQ DI RRONWU RV L
HOHFWUR FEKHPLLFID GAE D O W )ILQ XW KIHYV VIDLPGFOHDDAUME L Q

(DFKQGLYLS®BXBHFWHKRBEYFHOOHQW GDWD TXDOLW\ ZLWK
LOOXVWUDWLQJ DOPRVW BHUHHFUIGWAKSH RBE XIFHUEH QEM/ EH W Z
HGJH SRVLWLRQV LQ WKH UHSOLFDWH ;$1(6 PHDVXUHPHQ
DQG DV VXFK GRHV QRW LQOGLEMHWR CQPDUH HNYR WNKLHEU B P, S
OHYHO RI UHSURGXFLELOLW\ DOORZV DQ\ G LWKHHN H/GHH VEUL
FROOHFWHG DW YW+ ( DMRGEH DQDO\WHG ZLWK D KLJK G
T 7KH &%V UHFRUGHG GXULQJ WKH FROOHFWLRQ RI HD
IURP WA\SLFDO GLVFUHSDQFLH\EXOBESGRMVRW.BRM/KRQHQWLD (
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J)LIXUH FDSWLRQ RYHU SDJH




&+$37(5+t6SHFWURHOHFWURFKHF

JLIXUH(OHFWURFKHPLWROMIEIE ;$6 GDWD FROGBRRBWHG RQ
DQG £&®¥272 3(7 'DWD LV SUHRQWHES(MV P& FRB

T QPRO FPQB&RP®,72 3(# P& FP QPRO E® FRQWDFW
ZLWKO ERUDWH EXIIHB\F®4LF YROWDPPHOIWNUJILUVW WKUHH F\I
LQVHW VKRZV SHDNV SULRU WRLWXGIORQIVGIIWH R$ ZHEBW W K HR BLL
UHJLRIGODO@GHG LQ WMKHSDQ\GHW PD[LPD RI ;$1(6 RXWOLQHG
ER[HV LQLEDQYNAMLIKWHG (;$W)RXQGHU WUDQVIRUP RI Wt
,Q/LY$% GDWD ZHUH REWDH#YHG OVBEDWN+tUHSOLFDWH
RUD@UHSOLFDWHUHSOLFDWH YBQGEOXUS SOLERWHOH
+UHSOLFDWMUDFHVQVKRENXD FROOHFWHGHIRU MQRHH &R 22 +

JLIXUH &KURQRDPSHURPFRRIBGRR , 72 3(7 DQE'%R2 3(7
GXULQJ VSHFWURVFRKIUR G R WPSHRIRG-R DWW RYL 0\Q A & IXW K
'$6 VSHFWUD LFQR QVKHHF MAF O L QJ V H T XX QHE HD WIORIZ\D SWOHVH QW H
D&RR2,72 3(7+ P& FFE 1 QPH® DQG &RP27%,72 3(7
+ P& FP8 QPRO &RURQRDPSHURPHWULF GDWD IRU WKH
ORZ FXUUHQW GHQVLW\ LV H[SP®WG¥E & DWDKEHWLIH KRE VKDILX
UHBUH S O L FRDDAUHN +WHHG OLFDWHR UD GUHSOLF DWH
UHSOLFDWH YWQ@GEOXUHSOLEBWHOHSOLFRDRWH WKDW VR
RI WKH UHSOLFDWH GDWD DUH KDUG WR GLVWLQJXLVK DW
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7KH REVHUY DWLR@ GBKRVERHIIHFWY DV D IXQFWLRQ RI
,Q JHQDPIOO’DPSOHV DUH VXVFEEWLEOHRURB \BKRY BQDPD\ |
D FHUWDLQ GHJUHH VOHW® IS0 R EWG RGN WIKIHOPDJQLW X G H
SKRWRHIITHFWYV ZLODI | BRAWHEGG EW MRIQECPEOW HRN.QIOVY DQG F
SRWHOQRHD®LQJ WKDW WKHVH YDULDEOHV QHHG WR EH
H[SHULPHQWYV DQG KG&DWDOBQ DMFRQHWER DIEQ BB WUKR®H VX
ILOPDVUH SUHIHUUG® GV LFR® WDKM HULVDWHRR®Y RO HFWBRIRD W (
6FKHPH D ORZHU VD FRS QHQ® RBMBIAEMFHSWLELOLW\ WR SKR\
WHUPWR) FVRFWLRQV WKH GDPDJH FDXVHG WR WKLFN DQ
VLQFH HDWGZLO®GIOQNWBBWKOO GHSWK RI ERWK VDPSOH
VHFRQGDU\ UHDFWLRE VS HQWRWRLXPKQW KH VDPSOH DQG LQV
VROXPDLREBH GLVWLQJIXB¥KBPB\EGWKHUPI QMHUPY RGSKRWR
LQ VUWUXMQHUDWLRQYRGMWKBIVYDPSOH

6FKHPHS$ YKDO JXLGH
GHVFUWEKQVUHRISOD\
KRMWRHB QS

UHVLVWDQFH WURWNMSRUW H
W KDW UWDKW B QUVHIHY

ZRUNLQJ HIDWHPWMHRGHY WKH
ZLQGRZ RI WKBLA{BFWKRQ
RI WKH HITHFW FRXOG EH UF
GHSHQGLQJORRQW.K N IFBMDL R Q
ARWH WIDVWDPDJH FDQ EH
FDXVHG GLUHFWORWR WKH
WKURXJK LOWHWMDGEWLRQ ZL'
VROY,RQWVHG VROYHQW ZLO
VLWHV LQ FRQWDFW ZLWK W
GLUHFWO\ LQ WKH V\VWHP C
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7KH HITHFW RI ILOP WKLENQHVV RRQSER VR GBREPS MOV ED S
RIVXFFHVY QLYW VSHEFWUD FRGHDHPWHR GBRPZLWK GLIITHL
ORDGLTKIW H[HPXHUHHG ZLWK VS HRWZERR ZWDRBIGL ® LU WEKR 2
FDWDQQ/MV3 ( 7Z L WK P& FB QPRO ARXUH DEG

+ P&FP § QPFE® )LIJXUH1RWH WKDW WKH WZR VXFFHVVL)
ZHUH FROOHFWHG RYRWKW R/ BREN MWD BEQOH FKDQJH LQ WKH
IXQFWLR@®WRGDPDJH DQG QRW VDPSOH LQKRPRJHQHLW\ 7K
QRW IORZHG GXULQJDWEROVVEXRMWRWHKHFWRIOXWLRQ ZDV Q
PHEFKDQLVWKE WKWG\GHWDL OV , RURMLSHHGW DR @ 6R 1 W K H
GDWD WKH ZDWHU B{1G IWKHRI® IRWMH WKH SKRWRHIITHFWYV
IXQFWLRQ RI RQWDPBSOHDERBGLQJ DQG QRWDPSOM IORDHG YD
DQG PL[LQJ :KLOH QR HYLGHQFH Rl SKRWRGDWDJH Z
+ P&FP QRU IRWERSOHUOW IDRIZMIN VDPSOH (PRDBR QJ RI
DSSHIWRQGHUJR SKRBAMRR[LBBWLRQXUMD DQERWRUHGXFWLF
DW YW +( )LIXUH 7EXV WKH SKRWRGDPDJH SURFHVVH)\
&R2PDWHULDOV DUH LQIOXHQFHG E\ VDPSOH ORDGLQJ

$OWKRXIHK H[DFWVXDIXRHW REBDPH QRW DOZD\V FOHDU WKH
DQG SKRWRUHGXFWLRQ SURFHVVHV VKRZ SRWHQWLDO
SKRWRFKHPLFDO UHDFWLRQV DFW WR PDNH D PRUH WKH
UHGXFHG PHWDO FHQWUH LVGRRUIG OZWIHIH WR EH GIKWRHCR |
PRUH OLNHO\ WR EH SKRWRUHGXFHG ISHGHRIF RROVHBMJSOHU L F
PDQLIRWRMWHKLQRREVWLOPVIXUH ORUHRYHU DSSOLFDWLRQ R
FDQQRW UHMMRWH GV KM DWH R M&XHFMAWRERDF&KW PRIEBO® SURFF
FRSHQVIRWH WKH EHDP )RDPMIBPSOH DW YHU\ SRVLWL
OYWB+( WIKHRZ2'*VDPYAMWK ORZHVW ORBGLQ@IRHIPPLQHG
DSSHOGWR EHFRPAKRWLHIXO\ PRMUKD Q&BXAWW D QGIDNIKG HDFK
VXEVHTXHQW ;$1(6 VSHREWXXE bROHOWVFWHBQRXQFHG WKRX
SKRWRR[LGDWLRQ HIIHFW ZDV REVHB¥HGA JRUHWKIDV VDPSC
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JLIXUH,Q VEWXHGJH ;$1(6 GDWR F POOHEWOBIRZ ORBGLQJ RI
&RP27S + P&FP 8§ QPHF® ZDV HOHFWWRREGASBYLWRGFRQWDF
ZLWKO ERUDWH EXITHDW B#ZHUH REWD LQEES D WOY \5 + (
$ F\FOLBPYPRAQWD PV KH P DWKHWZIQD DQOWAMAKK DUURZV LQGLFD\
SRWHQWLDO DSSOLHG GXULQJ ;$1(6 FROOHFWLRQ

O9HU\ VLJQLILFDQW UHDVHEFMDW ZIHWKHDOVR REVHUYHG GXULC(
UHGXFWLYHO\ HOHFWURGHB R\OHWFMA RYEAN AKH RRDVRH B K D30
ZHUH REWDLQHG V& COXTBXBMARXWIY V1 + ( YW+( DW S+
ZKLFK LV VLIQLILFDQWO\ PRUBY Q@H{DRUW YWHKWHKDRY SURFHVYV
DQG WKH FRUUHYE&PWIDIRPRFUPDPIMFLQ WKH K\GURJHQ HYR:!
ZHUH LQ D JRRG DJUHHPRHIMWMDAXWHK WRRMWY® L, 5WN06
VSHFWUD UHFRUGHG IRU VXBXVWWHEZWHRBIKHB RAHWD/ODM KL
SURQRXQFHG FDWDO\WLF DFWLYLW\ IRU WKH K\GURJHQ
GRPLQDWLQJ VW)RWHUHVELL 2+
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$ SODXVLEOH UDWLRQDOLVDWLRQ RI WKH GLVFUHSDQF\ E
GDWD LMVDX\DLQ\W SKRWRWRLGERWL K@ PRSIDUIDWLYHO\ VPDOO
SUREHG E\ ;$6 $WLPHHFVP®IHF YROWDPPHWU\ SUREHV WKF
PRVW RI ZKLFK UHPDLQHG LQ D GRPLQDWLQJ PHWDOOLF
. UD\ EHDP :KHQ D YHU\ WKLFN QLFNHO PHWDO SODWLQJ
WKEB1(6 GDWD ZHUH LQ D SHUIHFW DJUMHPHEWDRIGNK W
FRUUHVSRQGLQJ)LYXQWDRPREWYWNU WKH H[WUHPHO\ KLJK
WWPSOH SUHYHQWKRGE WHDFW.QRHOHFWURFKHPLFDO DQDO\VL
DOZD\V GHPRQWUHNWHBWILY HDRSIS\WWKHES R WBIEOLEOH WR WK
RI ILOP WKLFNQHVBFXNMNPRDULVHG LQ

'KHQ DQDO\VLQJ SKRWRWHOOWVLW ALWQRPSRUWDQW WR FR
FKHPLFDO FKDQJHV WR QRW RQO\ WKH DQDO\VHG HOHFV
HOHFWURO\WHDVROGWHR® SHUWXUEDWLRQFW @ QWX H Q/RLOM
FKDQJHV WR WKH VDPSOH PDWHULDO DBXMQL MCKD WRIDAVD B ¥
GLUHFW UHOHYDQFH WR WKH H[SHULPHQWYQ GUNVWMXLE}
VSHFWURHOHFWURFKHPLFDO VWXGLHV LNMNQW KJH & QDWHIURDG \/
2QH RI WKSURIMRWKAD REHKIRWRO\VLY DUH KGREBMPBGDGLFEL
PHFKDQLVWLFDOOSURRASOLADKDWG FDQ BHDBWVRQNEHG
DQG

+2 KY + 2 H T
+ 2 +2 . +2 2+

8QGHU DPELHQW GARR]EQ W DREQLY BLRWD PMBHYAM.KDPW FDQ LQWH
ZLWK WKH VDPSQHG¥BIQPOWKN DQG FKDQJH WKH R[LGDW
RI LQWHUHVW)RU H[DPSOH K\ELR[WUBD®LRQ PLIJKW FRQ
LQGLUHFW SKRWRRFLEDWLR®Q RPZEKREK ZDV REVHWYHG DW
Y\6+( )LIXUHW ER[LGQZIRDW RREDOW RJLB&ER &RLBUHVHQW
SULRWKWRILUVW R [ID&DWXPYRD AVHGNV DROLPLODU HITHFWV R
FRXOG DOVR FRQWULEXWWRWR WKH R[LGDWLRQ RI 1L

&R2[+\ 2+ 7 &R2[ +
&R 2+ 2+7 &R 2+ ; E
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7KH R[LGDWLRQKRGWBAR\O UDGLFDOV LV DOVR FRQFRUGDQ
DQRWKHU VHULHV Rl H[SHULPHQWY ZKHUH EODQN ,72 3(7
&R RU >&R 17$@3YHFXUVRU VROXWLRQ LQ ERUDWH EXIIH
VXFFHVVLSH MKH VDPSOH ZDV WDWD ZILDIWKIRE VE\D;Q DSSOLF
J)LIXUH DQBED UHVSHFWKIHY KEW IDURMHBDRBMHOW R[LGH IRUPDW
IURP D SURJUHVVLYH VKLIW LQ WKH HGJH SRVLWLRQ WR K|
VSHFWUD 7KH VKLIW WRZDUGV D KLJKHU DYHUDJH &R R
LQFUHDVH LQ UDZ I0OXRUKNVAHQAHH LKRMRGMSRVLWHG PD
HOHFWURFKHXUADD OQG VSHFWURYXRBS EFDQO®L VW D OXL
IURP VDPSOHV V\QWKHVLVHG E\ HOHFWURGHSRVLWLRQ
FRQILUPHG WKDW WKH PDWHULDOV ZHUH LPPRELOLVHG R
EHDP IRRMSYUBW 7KLV ORFDOLVDWLRQ LVDSILEDIDEOD WEH R
XQVWDEOH ®YGIGVKWRRIWPLJUDWH IURP WKHKH HRPNISR®O
SKRWRGHSRVLWLRQ SURUH\WDWFWEBERQEH GHVFULEHG E\

7TKH SKRWRR[LGDWLRQ SKRWRUHGXFWLRQ DQG SKRWRG
KLIKOLJKPA S RWMKHDQFH RI SKRWRHIIHFWYV LQ VSHFWURHOH
SKHQRPHQD FDQ UHVXOW LQ GLUHFW SKDVH WUDQVIRUPD
SXUHO\ HOHFWURFKHPLFDO WUDQVIRUPDWLRQV
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JLIXUH 1RUPDQ$6HIED WD FROWIHFINRMBRHDWY HR XV S KRWKRIGH SR
FREDOW R[LG® VYO®RVHGBUIBQY1(6 VSHFWUD FROOHFWHG FRQ)\
, 72 3(7 HOHFWURGH DY KRR ERPSRV AW IWVKQ VROXWLRQO PO .
ERUDWH EXIIHDERRZ'*GHSRVLWLRQ VROXWIGRQ BERWRDINIS
EXIITHU S+ ERWK ZLWK' RW BESBDH @ W EDDHDS S QRIBINGD L Q H (
IURP &R2 DQG &R22+ UHIHUHGBKRW RIWNDSHKAWR Y MCKH S KRV
&RRPDWHULDIO¥2R3QWRIQEX 3(7 HOHFWURGHYV
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JLIXUH 5DZ%$6 GDWD FE&OOHFINRNEBEHDWY HR XV S K RWKRIGHRSERD/Q W
R[LGH PDWHULDOV 'DWBRRAD GE&R\REZOPWHKGE BMKUHH VXFFHV
&R HGJIJH VSHHFESWEIBMFWUXP (2VSHFW U X FE O X8+ W WWHU H

FROOHFWHG XVLQJ D EODQN ,72 DEREOHEHS RR GW LLRYQ F\RRYON
>&R 17% 2260Q ERUDWH EXIITH&RBGHSWMREY VROXWLRQ PO
LQ 0O ERUDWH EXIIHU S+ ZLWK QR SRWHQWLDO DSS
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JLIXUH &P SDULVRQ RI H O HA/SRREMEHSK RIMORRGRKE SR VILWBI G

LV SUHVHQ WG LIFVYROWIXPPRJIJUDRVLUVW \WR&HWH/ KRZQ IR

HOHFWURGHERYILIXKWG ERXDQG SKRWRGHSRVIYMHGE &R 2
DQEBN ZHLIJKWHG (;$)6 |RU BKO-DFMORFWIULRGHSRVLWHG

EOXSKRWRGHSRYEWHG BR@EH RULJDMARIBRIEOWRI RGHSRVL

&RP7S $00 Rl WKHVH VDPSOHV DUH FRQVLGHUHG

H[SHULPHQWDO LQFRQVLVWHQFLHV
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AXDQWLILFDWLRQ RI WKH SKRWRHIDNFWURFKHPLFDO H
'KLOH :$1(6 DQDO\VLV FDQ TEHDIXRD P\D DAVRYHO\W K H WX UV H
VSHFWUD WKH 6(& FRQILIXUDWLRQ FDQ EH XVHG WR PHD\
7KH RFFXUUHQFH Rl SKRWRR[LGDWLRQ DQG SIKRW RQH G X
ZKHWKHU D VDPSOH LV LQ D@ LRIHGUKGNHR K DH 6O&F HIBQV RWDD:
WKH VXVFHSWLELOLW\ RI D VDPSOH WR SKRWRHIIHFWV E
R[LGLVHG RU UHGXFHG VWDWH DB BXIBQSKRW R B XWKIHH @ W\

,Q SUDFWLFH WKLV LV DFKWHHHEBHD\P OH R K MMIBEDVDNEISS D V
7KH UHVXOWLQJ &$ ZLOO FRQWDLQ WKH VXSHUSRVLWLRQ
ZKLFK LV UHFRUGHG ZKHQ WKH FKXWKMHW DV VFROFR\DMGH O DL
EHWZMKIQ BDHIEKH VDPSOH ROXWWR@GHKLFK LV UHFRUGHG
RSHQKH VXVFHSWLELOLSKRRRR [{ G/DVHR @V FED 5 KIRAWHRU H B
TXDQWLILHG E\ H[DPHQRQG \8 R BARPLMKINWIXGKH FXUUHQW L\
UHGXFWLYH RI WKH SKRWRFXUUHQW FRQWULEXWLRQ DV |
IURP WKH VDPSOH

7KH VXVFHSVWRBIOR@\$RIMDPSOH WR SKRWRHIIHFWV ZD\

FRQGIXFWHI® DIRUHPHQWLR QCHIB K &$ SHR[\S H Q MALID@WR RLIGDW L Y F

SRWHQWLDO DQ LOWKBUPHBERWDE SREKBWLYDH SRWH

&$V UHFRUGHG XQGHU VXFW KRW GNKMH. @D FRXIQNEHIW G K H

GHSHQGHQW RQ WKH )BRWHQWLQGHHESS OWKBX B UDGW L Y H
9 Y\5+(EHFDHPHPRUH SRGMWLYYBY L WIIREIRBUHD DQG

W KEHD W KFRGULIBIAQ W 9 Y \5 + (E H F DLRHF U H DQHL DDIVBLLIYXHU HE )R U

DQ LOQOWHUPHGLDWH 3$®BWHQWKIHDI®IIRIFW ZDV OHVV SURQRXQ

HQKDQFHPHQW Rl WKH UHGGHWDLDRUIHFXUEDHQW ZDV REVHUY
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JLIXUH 7KH LQWHUDFWLRQ Rl WKH V\QFR B R®\¥ BRYHBSHDIPO V

(IITHFWV RI VZLWFKLQJ WKH RISBP QD DRGGFORYVLQI WKH \
FXUUHQW ZHUH UHFRUGHG GXULQJDSRWHBWLRVDIBWLF F
F OYV5+( &RRZDBHSRVLWHG RQWR $X 3(7 HOHFWURGH
ERUDWH EXIIHU S+ H RQ\RHU VKDWY HF & WURI QWKW EBWDP D UH

%\ FRUUHODWLQJ WKH FRQKOXWRRWKHEWHDURVIXIRWY LW L\
SRVLSKRAMRUHQW LV VSHFWURVFRSLFDOO\ DVVRRIDWHG Z
WKH HOHFWURBBWDEQWGN WKDMWMSKWMRUHQW LV VSHFWUR)
DVVRFLDWHG ZLWK D WHQG&H G HI RHWD I3 R\R WHRRTD MWAIBON V. W/ Q
FKHPLFDO SURFHVVHYV IRF K% EL@DOGKIUL QIWWWRIHGDWLYH SK
VLPSOLMNWXIPFFIDQJQA VHG DV IROORZV

3KRWRUHGXFWLR@R KY &R!
(OHFWURR[LGDWLR&! Z&R [H

7KH FKHPLFDO SURFHVVH\W REBXRQDQIVE X WD) U WEKFWLYH
EH VXPPDULVHG DV IROORZV

3KRWRR[LGDWLRQ&R KV &R !
(OHFWURUHGXFWLERD! [HZ &R
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$V SKRWRR[LGDWLRQ DQG SKRWRUHGXFWLRQ DWHWWHVVHQ'
EHDRVKHH I HPW YKEMW K HR U HAVRIUVPADHFOMHG IRU E\ DSSO\LQJ I
FRPSHQRDWWHIHQWUDWHG WKURXUKDVFKRH BQRRHYMHY LQ
GRLQJ WKLV TXDQWLWDWLYHO\ FDQ EH FKDOOHQJLQJ D\
LQYROYHG LQ SKRWRR[LGDWLRQ SKRWRUHGXFWRR® )RU }
JLJXUH DQE RU WIR"DILIXUH FRXOG EH ORI XHHHRWWHR Q WU
SURFHWWML: 1L H RU LW FRXOG LQYROYH UDGLRORJLFD
K\GUR[\O UDGLFDO SFUREWERQGVH UIRXJR+ : 1L 2+

.1 D VDPSOH LV EHLQJ SKRWRR[L G LL\DH GLRSUW \$IKARNAQRNY H\E KX A H
WZR VWUDWHJILHVY WR UHGXFH WKHVH HIIHFWV )LUVWO\
SKRWRHIIHFWV DUH QR ORQJHUKNDPBOHQW/R DG BQKRMS & HG
LQFUHDVHG WR WKH H[WHQW WKDW WKH VI\VWHP EHFRPHV
RI LQWHMHKMEIWMIK ORDFH@DUARHPH 6HFRREWWHVHDUFK VXJ.
WKWKH HOHFW U FERKKEDREL X D DG F W &OH \BVR MPHDQWWHL VO FRUUHFW L
RIIVHW WKH SKRWRUHGXFWO\R®M 5 KRR B [ RGS B RBLHRUN LPRHIBHRON
JLIXUH +RZHYIKWWKHU UHVHDUFK LV QHHGHG WR EHWWI
WKHUPRG\QDPLF PHFKDQLVPV RI WKLY SURWHFWLRQ PHW|

,QWHUSUHW Déitl. R$6 RSIDWWIOH WKH ZDWHU R[LGDWLRQ FD\
)XUWKHU GLVFXVVLRQV IRBXMHRBRWEE W RWHIUHR FHDQWDVCH V!
VXEMHFW WR VDJQIKRFDRGGMDPDJH DQG GLIIHUHG VLJQLILI
HOHFWURDF&RZIEZPWAKDO P& FBE QPRODRPG &RRWK
+ P&FP §8 7 QPRO HPJXUH 7KWADHPSOHV SURGXFH WKH V
R[LGDWLRQ FXUUHQW GHQVLW\ SHU JHRPHWULF VXUIDFH
DFW ISYHU®HFW FREPDWMW FHQWUH )EVXOUHD FWW®W6E ROQGLFDWHYV
WKHVH PDWHULDOV D UMKFKFHPWBDDOW L E CAHXENORATHES DH. B D!
LQ WKH KLJKDP SSRD GIRRDFWRXQGLIIHUHQFHV LQ VSHFLILF
SRVVLEOH IRU HOHFWURQ WUW®VERKG/X W B\PEHDIOK PILKHIGF K
WUDQVIHU UHVLVWDQFH PDVV WDDYRSRUMHR! W RHE HDW®
FDWDO\WLF WMRKBRNHU UDWH
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$V PHQWLRQHG DERYH WKH; PBWRDQMNE R(5WKKH &ERHQ S
DQMBIEQGHU WKH DVVXPSWLRQ WH DWK N HY F/BAEHEBINRID M H. @ H V|
,Q WKH WHUPV RID/OQIGDW KN PAKKRHRZHU DQG KLJKHU R[LGD)\
ZKLBPBHQBDUH WKH GHSURWRQDWHG DQG SURVORQBW R QVEL
HPSOR\HG KHUEBLBBORRQWRKNLY RI FREDOW R[LGH ZDWHU R
VHOHFWHG WR VXSSUHVV WKH PDVYLWHKBQVSRUWPRRQWNS
XQGHUWDNHQ ZLWK QR FRQYHFWLRQ DRYG DAAHBIWIR D\RZ F
ERUDWH EXIIHU S+ 7KLV ZDV GRQH WR VXSSUHVV W
FDWDO\WLF VX$IBFH WBHBFWHRB ZKLFK ZDV H[SHFWHG WF
WKH OLIHWLPH RI WKH KLJKOWRNGFIKHPG DWW PRWHG RQ & R2R \
SUHYLRXV HOHFWURNLQHWLF PRGHOOLQJ

$QRWKHU NH\ UHTXLUHPHQW IRU WKN WWBESRQDDWLRW LF
HOHFWURGH DW SRWHQWLDO EH\RQ & “WKEISUHIFY HUFWDIOEGDH LS |
PHFKDQLAFKHPHZRXOG DSSO) DRV DO&RRG ZDWHU HOHFWU
FRUUHVSRQGLQJ HIITHFWLYB G EHYHDYSER H SRMAH@WLDO ZR
+HQEHGHILQLWQRQSMRWURHOHFWURFKHPLFDO DQDO\VLV X
DUH PRUH QHJDWLYH ZRXOG QRW EH DEOH WR GHWHFW WK
WKRMW K FDWDOM®ME IPX RIWHQ DFKLHYDEOH DW SRWHQW
HOHFWURR[LGDWLRQ RU OHVV QHJDWLYH HOHFWURUHG
DQ HOHFWURDSWEPKNWPHEZKHQ WKH ODWWHU LV HIRKS DRIG V
5: 3LBFKHPHLQ D FDWDO\WLF PHNKDQILNF DERZ WDMIH RI W
UHDFWLRQ GRHV QRW JXDUDQWHH WKDW WISH FDWDO\VW |

%RQMNW XOWMLOLVHG )RXULHU WUDQVIRWDPHEH \BW R H (GG QWILLO
WZR FOHDU URPSGRUWDHXQWWR WKH IXQFWLRQ RI FREDOW ZI
%\ XQGHUWDNLQWR LHPPDSGIDWRRQWW-RP SDAHRFRQVWIKDWHG W
WKH HOHFWURFKHPLFBD SORWBHYVL\GNWHBFWEIRBZDNWQG LV QF
WR FDWDO\WLF ZORHHNRLGBWLRKOFRQG VLIJQLILFDQWO\ IIL
SURFHVV PDQLIHVWY DW SRWHQWLDOV ZKHBHRAHHR[\JHQ
.H\ )7DFY GDAWHGERFO®O AWKHVH V\VWHPV DUH UHSURGXFHG
WQE'DF KDUPRQLFV DORQJVLGH ;$6 GDWD IRFXVHG RQ
EHIRURFHVY ,DIBHBFHWXW, EBHHURBHVDQG YW9( DIWHU
SURFHWYJXUH
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JLIXUH 2[LGDWLRD YRODRDBRRHDQG gRPWD LV SUHVHQWE
D)LUVW DQG IRXUWK KDUPRQLF FRPSRQHQWYV RI )RXULHU
FREDOW R[LGH HOHFWURFDWDDA\WW RG HSROZEXWH & LRQ YOPLV
WR WKDW? RUBRRUGNOBWXQUDMH G 0 ERUDDMWH IEOQIGHDW H®W
IUHTXHQF\ RI +] DPSDQWXGEBD RIUDWN RHH UHIHUHQFH
IRU GHWDLOV RQ WKH WHHSHRU 2PIHEMNWDLR QS WURFBIVEM FDOF:
E&RR2,72 3(O0QG&RE2"® ,723(MURP WKH DYHUDJ$I1RAV FWDHS/OLFD
DYHUDJH VSHFWRID @BUBW KRAHQHUHQFH SRVLWLRQV RI

UHG JUHHD@ G YW+( EOXBHHIHUHQFH GDWD LQFOXGH
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UHIHUHNQPAKRUW GRRKD &RIHIHUHQFMR GDVKHWHURJIHQLWH
&R UHIHUHEQ@DFRQJ GDVEK &RPQI5 & RUH | H U HEQMMKNRAIDV K
3DQHRLW QGLIWKRYQ LQWHEBREOPRBDWRRQR[LGDWLRQ VWDWH
QRUPDHDEVRUBWLRQDFRWRKRZ WKH UHIHUH®RIFHOR®W DL VZRLC
OLMWHILW WR WKHVH GDWD FR O RKXQ NEYDOQ VEV/REIRZGU H V X C
F&RZ7* 1IRWH WKDW P DED\HWWW DVQK/H VHIGRIGIVV WUHKFGWMKIHY D Q G
FDOFXODWLRQ R Q\OK HD QFRMWXDICP DWGE RR VW D W H

7KH ;$1(6DGBROOHFWHG IURP*WRB G RE BIKH & RRMORGEIMAW &R
R[LGH VDPSOHV DW YW+ ()DQGUH FO9ZEIUH XVHG WR FDO
WKH R[LGDWLRQ VWDWHYV RI WKH PDWHULDOV DW WKHVH S
BURFHD@BURFH¥RXOG EH H[DPLQHG 7KH R[LGDWLRQ VW]
FRPSDULQJ WKH HGJH SRVLWURQWRL @/ K\RRKHH ;B IL (B ORVHHOW
VWUXFWXUDOO\ VLPLODWHRRAWH®FIE B B R SFEREDERWY RE HOHK R G
QRW SURYLGH DQ DEVROXWH PHDVXUHPHQW RI R[LGDWL
SRVLWLRQ DQG VKDSH @R IV KH i GWAHR AD/WGRHW OV WR EH F
HDFK RWKHUIHWQG DQ@BEOH

7TKBUHFLVLRQ RI WKH RI[LGDWLRQ VWDWH YDOXHV ZDV FD
WKH UHSOLFDWH VSHFWUD ZHU HHDRIWV KHG DHHU 5§ QW KMDR Q © H.
RYHUDOO SUHFLVLRQ RI WKH R[LGDWLRQ RWI:W M LYRED® X/KMM
XQLMWKWLW WKH HVWLPMHWHERWHOH REU®DML RRQ WKNHD WWHDYPEB O XN
TXRWHG EHORZ $ SURIRIGOWORRI VWDWH XHIOMF DLW E LV SN
FROOHFWHK& & VWIHIEXLIKO\ UHSURGXFLEOH
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JLIXUH ([SDQGRGHGJ$1(6 GDMW\DHG LQ R[LGDWLRQ VWDWH F
SUHVHQWERBRDA2 3(7 DERERZ’®,72 3(7KHVH VDPSOHV DUH DV
ZLWIKIXUHDQG 7KLV ILIXUH LV DNMVRFHD QMDE CHWBEQ G
EDUH UHSURQKFHEHDUBM GELLIDQG VKRZ WKH UHSOLFD
VSHFWUD DQG IX0O0 XMWGRWR HBOFRXQFBWIDWRH R[LGDWLR
DW WKH SRWHQ@WGDOVRIHDQG YW ( EOXHKH ILUVW UHSO
DW HDFK YRABMKHQWLWE&H GPRORXYE SUAKEA@GIEI HG DV IROOR
+UHSOLEDWHM UHGEUHSOLEDWH +UHSOLEDWH JUHHQ
+UHSOLEDWHO +*UHSOLEDWHM ED®E *UHSOLEDWH
5HIHUHQFH GDWD LQFOXGH @REZRDW SRV &R&RHUHQFH
JUDRQJ GDVK  KHR PHDR & RIGIL WHHE QBEFRQ J GINK & R 2
D &RUHIHUHE@DFWRUW GDVK 'XH WR WKH DOPRVW SHUII
UHSOLFDWH GDWD LW LV GLIILFXOW WR GLVWEQIXLWK HD
KRULJRQWDO OLQHV KLJKOLJKW WKH DEVRUSWLRQ LQWHQ
VWDWH FDOFXODWLRQ LV EDVHG XSRQ
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7DEOH(QHUJ\ GDWD XVHG LQ WKH RKH BI\g HRQ\ WD H \F DHO
&R2,72 3(7 DQG'%,R2 3(OW WKH DEVRUSWLRQ LQWHQVLWLH
WDEOH LV DVMRKWHVBIGGZLWKUJ\ YDOXHV ZHUH DFFXUDW|
WR GHFLPDO SODFHV DV SUHMBQWHG 3RWHQWLDOV DU

DE DE) DEV

&R2
+HWHURJHQ
/L&R 2
"HOLWKLDWH

SHIHUHQ@MHH U |

UHS
UHS
UHS
UHS
UHS

D &RZ2Z12 3(7

UHS
UHS
UHS
UHS
UHS
UHS

E &R2 ,72 3(

9
9
9
9
9
9 UHS
9
9
9
9
9
9
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JLIXUH &DOLEUDWKXKFG GAQYWKH R[LGDWLRQ VWDWH FDO
FXUYHV ZHUH JHQHUDWHG DW WKHED EVIRQES WKRQ ILQWWHBIK V
LV DVVRFLRWHEGH DIQEBREOH 7KRFDOLEUDWLRIB FYXH YYFMRWPRRQ
WR ERWHKQ&&R2® 5HIHUHQFH GDWD LQAOXKGHQ&ERD RRRAR2
UHIHUHQFH & IRZ2HHDR &ROHWH HDQFEH &R2 D &RUHIHUHQFH

% O D-RNIMVYG LWBWHUHIHUB QW K HG G DADK @ G L G\DHHH © L Y IR DW KILLW
UHUHQFH GDWD
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7KH DYHUDJH FREDOW R[LGDWLRQ VWWB¥H IRW WKH ORZHI
ORDGL@I*®¢RPSOH ZDV DQG DQG IRDDWKH KL.
DQG UHVSHFWLYKDG WHKHIR[\W® B W DRXS QD W H V
XQIRWWDFKIRWKBQG  YW+( EXW KDG D VLIJQLILFDQW R
GLIIHUHQFH RI Y QMW DAWXFLDOO\ WK IR EG/IH URYUHHEQ E H |
UHSURGXFLEOH HYHQ DIWHU F\FOLQJXWKH QD R 8 HUDHOF WK
R[LGDWLRQ VWDWHV IRXQG KHUHLQ DUH ZLWKLQ WKH U
KHWHURJHQLWH PP WEHW X D QNEVWALX\GL H G

7KXV WKBQEREBEDWDO\VWY DUH FKHPLFDOO\ LGHQWLFD
EHHQ QRWHG SKHQY WRVORWHQWLDO ZDWM XJFNBWHG IURF
WKH KLIJKHU OWRDREI®MH BRP2HULHQFHG OHVV RI DQ R[LGDW|

DV RSSRYHRWR SURQRXQFHWRFKDOQRIW WKH ORZHU OR
&RZ*PDWHUUDWGLIIHUHQFH LQ WKH RYMSHIWIDR & N VEDXW HWRI
WKH LQFDMDWHIQFKHU UHVLVWDQIED R | VDR MUKW G DRI W B
ZRXOG KDYH OLNHO\ FDXVHG WKH UDWH Rl WKH FREDOW
ILORMHDFWLRWR EH LQVXIILFLHQWO\ IDVW WR IX0OO\ FRF
SRWRUHGXFMWVRIR,@ FRPSDULVRQ PRS/MFE IRM KK KALREDHOUWVI L
ZHUH HOHFWURFKHPLFDOO\ DFWLYH DQG UGGBEDGE X
WUDQVIRBFRWRIRQAKLFK DO OR ZUiiGDW WHARRKDENH FRIZS MMM L W L Y
WKDWHRFWIDRQ®IG UHVXOWHG LQ D KLIJKHU R[LGDWLRQ VWDV

$W Yo5+( L EH\RQG WKH FDWD®WYWE R BIXUWHDOWKE QW
R[LGDWLRQ VWDWHV RI WXBIQGRE HIK DR DGGINEE @RI FZ2H U H
HVVHQWLDOO\ LGHQWIDRD BH 7LKLW HRUESWHINGBIBWL R QWIZHRD X/ R\WD |
WR VXJIJHMWKWHKDRYLGDWLRQ VWDWHV RI FREDOW DUH Q
HOHFWURFKHPLFDOLGWWHRRIK ZVSHRERR/HG SUHYLRXVO\ |
UHVHDUFKMWRWKHU ZARLDEFW LRIQN VRIRE @UHE AW H R Q &
K\SRWKHVLVHG UDWDWRBRDPRW PDNH DQ\ VLIQLILFDQW F
HOHFWURFDWING\WILEPWMHAKDRILGDWLRQ

>&R@ + Z>&R®@ + H
>&R@ +  %Z >&RP+ +%
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7KH VHFRQG SRVVLEDN HGSPOOWRE@LREFDYW GLITHUHQFH L
RI WKH HOHFWURFKHPLFDOIOD FIWOQBIQ® W$\G ;¥ 6 HFIHHW L @/ K
DYHUDJH RI DQ HQWLUH PDWHULDO DQG QRW WKH PHFKD
RXWOLKFHKG R LW LV LWBRRONMQWHU WKH SUHVHQFH YLVLE
$ GXULQJ DQ ;$6 H[SHULPIQVWHIHKWDYIOALEHSHWGRQW RQ \
WLPHVFDOH DVSHFWW QW KRB LY HW KPIR HREHPRQVWUDWHYV
HIWUHPH H[DPSGHDIFQWZXHFKSBFLHY KDV ERWK D VXIILFLF
VXIILFLHQWO\ ORZ 72) WKDW LW FRXOG QHYHU EH PHDVXL
HITHFM2)RNV H[HPSOLILHG LQ S\ FMP QEFRKNRE RKHUH LW
LV LOOXVO/RDHIH®@ WK ERW 72) UHG X BRMR WKKH F B @ \G D MEDX W KR
RI OLIHWLPH LV LOOXVW UDRKHE HE QQ@K-H F P 3 R U W RIQN RL V
VKRZQ WKDW GHVSLWH D UHDLWRIGDEENFLAZY Z YO \QRKR B W
WKH ;$6 GDWD

| WKH PHFKIHDIPWPLRQE LV YDOLG WKHQ LW LV PRVW OLNFH
WKH DFWLYH VSHFLH®LINH WRE DXHW RURIHQ LWHNVRR VKRUV
8QGHU WKL\Q IDQVXFEDVHRE RQ WKH ) PXPYD W [RHU ERIKGIVU LV F
KHWHURJHQHRXV UDWH FRQVWDQW RI WKH HOHFWURQ WL
UHDFWHRBWLRUORFHVQLIJXUH VKRXOG QRW EH RMWIGHKLRK
PDJQLWXGH EXW WKH UDWH FRQVWDBQWWIRQRXIOHG VEXE V
UHDVRQDEG\ MRWGHU RI PDJQLWXGH

6LPXODWLRQV WFRQAMWPWEBDQH RVKRI WKH DFWLYH VWDWH
WKDW IWKHVBWDWH KDV D PLQLPDO FRGEWRPSE XUWI RRQWEK MK
SURWIRQKGUDZLQJ EDVH LV FRQWLQLRXVOL WFHIDLH®R WR
6FKHPHDSSOLHY ,Q WHUPV FSIF WHPRHPW K KD @IHDRQ Y@V W H D G\
REWR WKH HOHFW URG H B X UGD FSHIDAFYRGW DIV LW LV SURG »
PDNHV VSHFWURVFRSLF GHWHFWLRQ RI WKL VWMWY SRVUWE
RI5 WRZDUGY WKH HOHFWURGH LV WKRWOGF WHI GT X VG W LI\
FRQYHUWHG$ DYWARR R @ IDVWWEG SWWMHQLFLHQWO\ SRVLWLY
HOHFWURR[LGDWLRQ RU QHJDWLYH IRU WKH FDWDO\WLF

+RZHYGMWWDLOHG HDGIEDDEM PRIGWDPLQJ RQ B HURWMDKENG D O
HIITHFWLYH UHGR[ SRWHQWQDIGN R IFR X SIONHHE. W& HF MH R D W\DL
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RIWHQ XQRGRWRH GLIIHUHQFHYV LQ WKH WLPHVFDOHV RI W
DQDO\VLVY DUH RIWHRLVRYMWERRNBIBYXOW LIQQ VX@GH U\
VSHFWURHOHFWURFKHPLFR®D VK8 UHVWKHG HRW MKW L RRQ I
VWDWH Rl WKH HOHFWURFDWDO\VW R I7KQ @& ENUANMVRARHI KW E
KLIKOLJKW WKH LPSRUWDQFH RI XVLQJ P)XRGEWISEHMXDQDO\
LQ VBBHKOHFW U RHF[ISHIRILLAPIHG) W V
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&RQFOXVLROQ

7KH SUHVHQW ZRUN RXWOLQHV WKH JHQHUID® VLMWDX LUHPH
DEVRUSWLRQ VSHFWURHOHFWURFKHPLFDO DQDO\VLV RI

GHVLJQ RD@GJOWLSKBIRU WKH VLPXOWDQHRXV FROOHFWLF
DQG HOHFWURFKHKPLK DX BEOWD H&HF W U RRFEKLHFPIE ® WWEDZIHEG  V
IRDTXDQWLWDWLYHDD EHOW LY BKEHG SKRWRHIIHFWV DQG
VWURQJ GHSHQGHQFHWRRQDW KR XSFRON WG DSMORSRERDIBNG R [L G H
SKRWRHHGXQHJIJDWLYH DQG SRVLWLYHKHSR QR QRVDHYW LLDHD
DSSOLHG SKRWRGHSRVLWLRQ RI FREDOW R[LGHV ZDV GH
WKH VDPH PDWHULDOV DV WKRVH IRUPHG E\ FRQYHQW!|
SKRWRR[LGDWLRQ RI QLFNHO HOHFWUR\GHISBFN LADW W YOO
7KHVH DQG RWKHU HIIHFWV RI WKH EHDP FDQ VQJQILWX D Q
'$6 GDWD DQG VKRXOG DOZD\V EH FRQVLGHUHG DQG
VSHFWURHOHFWURFKHPLFEDO H[SHULPHQW

$QRWKHU FULWREQWOLOGMBHBWLQ WRHVGWYRLQQORVIDQRI KLJ
SHUIRUPDQFH H®ISHWD WE DM KWOLIHWLPH RI WKH DFWI
WKHP SOR\HG FRQGLWLRQV &RPSDUDWLYHO\ KLJK DQG V\
JXDUD QW MKW IGIRPLQDWLQJ VWD W3UH® LLPAWYDO @RS K 8 (LK
DYDLODEOH HOHFWURFKHPLFDO GDWD XVLQJ SODXVLEOH
FRQGLWLRQV UHTXLUHG IRU WKH VWDELOLVDWGR® HR3E WK
K\SRWKHVLV )RU @ KNMHKFHRAEHD@RNFFRQLFBAINV D G UG KHUH W
K\SRWKHVLV ZDV EDVHG RQ WKH NH\ UROH RI YHU\ KLJK R
DQDO\WLY XQGHUWDNHQ KHUH L QV\DX JLUGIWRWO/NY W & DLVD W IK R VAD |
W LV DOVR SRVVLEOH WKDW WKHVH FKDQJHV FRXOG EH F
0DQ\ RWKHUV KDYH LQYHVWLJDWHG DOWHUQDWLYH ZD\V \
5DPDQ VSHFWURWFWOPHIVHAIIHFWYV BRAKRPWROL\QFRPSOLFDWH
WKH VWXG\ Rl WKHVH PDWHULDOV

7KLV FRQFOXVLRQ ZRXOG QRW EH LSRRV ¥&/ERMD ONW.KHZ ARG X
JXLGHG E\ SUHOLPLQDU\ HOHFWURNLQHWLF RREROOLQJ
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VSHFIHQQRW EH H[FOXBK G FPABBEMMMHPDLQ VRLAWRRQWWL Y |
EH GHWHFWHG ,Q D PRUH JHQHUDO FDVH H[SHULPHQWI
VLIQLILFDQW GLIITHUHQFHV LQ WK QWLIRHYVAYEBW\RIDQY&H
FROOHFWLRQ DQG DLP WR FRUU HQDWBH&HGH R BAUHRU- KB L |
DQDO\VLV ZLWK WKH NLQHWLFWVAHRIGHGIOWIN LRR W XSSRUW V
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&KDSWHUHUHQFHYV

=LQROD & ) ODUWLQV 0 ( 7HMHUD ( 3 1HYHV 1
)XQGDPHQWDOV DQ@GVDSSCLHFMWULREKHP 6FL
6HK = : .LEVJDDUG - 'LFNHQV & ) &KRUNHQGRU

-DUDPLOOR 7 ) &RPBLELSHUNRHEW\LQ HOHFWURFDWDO\
PDWHULD ®VLGIDFIHI Q

6DSRXQW]L ) 0O *UDFLD - 0 :HVWVWUDWH & - )U
ILHPDQWVYHUGULHW - : (OHFWURFDWDO\VWV IRU WKH
VIQWKHBURJIDWHUJ\ &RPEXVW 6FL

&RZDQ $ - ,QWHUPHGIDWHLKGRQWLILFDWLRQ

1RFHUD ' * &KHPLVWU\ RI SHOQRRIQQDQKHPG VRODU HC

3LWWNRZV®L 35 5RMWIPHLVO - 5DWLRQDOLW)\ LQ WKF
FDWDO\VW G&XWHO RBSPIHQWOHFWURFKHP

BXHQ71 +XQJ) 64XDQ 4 =KDQJ 1&KHQ <+ 0
(OHFWURFDWDO\VLV IRU WKHR{QWQ@GHYROR®RRQW BRBWIX
SHUVSH&EKHF HBRF 5HY

&KDWWL 0 *OXVKHQNRY $ 0 *HQJHQEDFK 7 .QRZ
(OOLV $ 9 6SLFFLD / +RFNLQJ 5 . 6LPRQRY $ 1 +1
QINHIOURQ OD\HUHG K\GUR[LGHV D QDBFWXOS K\ GHDMW IR BRY VG
FDWDOXVWDLQ)XQOWVJ

OF&URU\ & & / -XQJ 6 3HWHUV - & -DUDPLOOR
KHWHURJHQHRXV HOH RWMU R G DHAYIRO\X/WYINRAQR & KINDIRE WA ARFQ

'DX + /LPEHUJ & B5HLHU 7 G5LVFK 0 5RJJDQ 6 ¢
PHFKDQLVP RI ZDWHU R[L G IYWDARRER J)H@R P RKE HW R/ EER @ ORI F [
&KHP&DWE&KHP

=DKDULHYD , &KHUQHY 3 5DKR{I 00 .PIMFKHY .$ .R
+ (OHFWURV\QWKHVLV IXQFWLRQDO D@RELGWWRQRWXUDO
PDQJDQHVHQRILGHQYLURQ 6FL

.DQDQ 0 : <DQR - B6XUHQGUDQDWK < HUIFD 0 <
' * BWUXFWXUH DQG YIORWHSKXDVRH ZIAFRED RYLGDWLRQ FDW
LQ VLMWK VSHFWURNFREBHP 6RF

&KDWWL 0 *DUGLQHU - / )RXUQLHU 0 -RKDQQHV
*HQJHRXED7 5 3DL 1 1JX\HQ & ODF)DUODQH ' 5 +RFU
,QWULQVLAMOOHYHWDEWHG HOHF WWURFAD WDG\IVWL RRQJ RO ROQFIL ¢
DW XS WIRDWf&DWDO

&KDWWL 0 *HQJHGEDFXLFFLDLQJ 6LPRQRY $ 1 9HU
DOLJQHG LQWHUODOQHW RYKHGIGHGRIR® FDUERQ VXSSRUW |
HOHF W U REIDMPD @\IVW W U

IDXUVHQ $ % 3DWUDMX . 5 :KLWBDNWBU7 0 <DR5HW X
5SDPDQXMDFKDU\ . 9 *UHHQEODWW 0 'L¥PXNHV * & 1
K\GURJHQ HYROXWLRQ HOHFWURFDWDO\VW RI H[FHSWLRQ
PHGLQHUJ\ (QYLURQ 6FL

=RX ; QKX 1REQOUHMHHWDBORIHQ HYROXWLRQ FDWDO
VSOLWMHR IJ6RF 5HY

IDXUVHQ $ % .HJQ V 6 'DKO 6 &KRUNHQGRUII |,
(IILFLHQW DQG YLD E O HDRIBWHKRBAEDMORGWIDH KWAWRR JHQ HY
(QHUJ\ (QYLURQ 6FL
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/L < :DQJ + ;LH / /LDQJ < +RPNRSDDWLFOHWRGE!
RQ JUDSKHQH $Q DGYDQFHG FDWDO\VW- IBB V&KHK\GRRJH

<DQJ < =KDQJ . /LQ + /L ; &KDQ +#186 <DQJ /
KHWHURQDQRURGY DV HIILFLHQW DQG VWDEOH ELIXQFWLI
VSOLWSSLQD WD O

&KXQJ '-XQ 6 : <RRQ * .LP + <RR.LP 07 /HH .
BKLQ + 6LQKD $ . .ZRQVEDOH HWQIX HABLEFBRDI WFHDGE E R Q
)H3 QDQRSDUWLFOHV IRU UREXVW K\GURJH® H&KRHOPXWLRQ
6RF

/L ) =KDR &HQ / .KDQ $ ODF)DUODQH ' 5 =KDC
3RO\HWK\OHQLPLQH SURPRWHG HOWF &P RBDWIDXMRM\F RIHHGE!
E\ JUDSWHIBRUWHG DPRUSKRXV PRMUEG HIYXRI RROSRKLGH

/L ) :XH 0O /L - 0D ; &KHQ / =KDQJ ; ODF)DUC
S8QORFNLQJ WKH HOHFWURFDW D OUW G K FOWW WRGY. EEW QVRALFRDQDACL |
HQJLQHHULQJ RI WIH E X & KHPD WRIW L D®

.RUWOHYHU 5 6KHQ - 6BRRXOWMM® ) -.BSH&DOOR O
&DWDO\WWVY DQG UHDFWLRQ SDWKZD\V IRU WKH HOHFWUR
3K\V &KHP /HWW

9HODYF®RH} --RQHV 7 *DR ' &DUERQLR ( $UULJR
+XDQJ&< 'RQJ/ &&KHQ -/HH) - HW DO 7KH UROH RI WKH FR
VWDWH LQ WKH HOHFW URRDV\RD VD XD EJMEEKET &/Y RYDRIDK 2)
&KHP (Q1J

'DQJ / 1LWRSL 6 :RQJ $ % 6QLGHU *XLR 1LHODG
& * 2UD]JRY 0 +LJJLQV ' & +DKQ & -DUDPLOOR 7 )
FRQYHUWLQJ FDUERQ PRQR[LGH WR OLTXLG IXHOV E\ GLU
DWODLDW &DWDO

'DQJ / LD O :DQJ + +XDQJ . 4LDQ & ODUDYHC
*UHHQLQJ DPPRQLD WRZDUG WHRX@RODU DPPRQLD UHILQH

JRVWHU 6 / %DNRYLF 6 HVKZDXGD65 OLOWDKQ 5
OLQWHHU 6 ' -DQLN O - 5HQQHU - 1 *UHHQOHH / )
WR DPPRIM/D&DWDO

=KRX ) $]JRIUD / 0 $OL 0O .DU 0 G6LPRWRY&S$ 1
6XQ& =KDQJ : ODF)DUODQEWKHHBVLVORFWRMRRQLD IURP QL
DPELHQW WHPSHUDWXUH DQGHWHVQXUHR® BRQLF OLTXL!

=KDQJ 0 GH 5HVSLQLVUGBVROMHG+REMHUWHYDWLRQV RI
R[LGDWLRQ LQWHUPHGLDWHY RQ D1IMPREDHODKHR[LGH QDQRS

&LSULDQL * 'L 'LR 9 *HQGXVR ) /D &DVFLD ' /L.
*DOOX]]JR * 3HUVSHFWLYH RQ K\GURJH QSHQ IF D 30 MRIQUU L H |
- +\GURJ (QHUJ\

6XU\DQWR % + 5D + &KHQ - 6LPRQRY $ 1 0D
' 5 &KDOOHQJHV DQG SURVSHFWV LQ WKH FDWDO\VLV RI
DPPRQIDDN &DWDO

"HFNKX\VHQ % 0 'HWHUPLQLQJ WKH DRSWMUDH) GRWH L
VSHFWURVFRS\ LV PRBK\WK®IQHP E&K HFR U3 \ V
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'HQJ < <HR % 6 &KDUDFWHUL]DWIARIQNRVLIQO HFQ\GU B
UHGXFWLRQ UHQPRMRQUQBR QI S HBWE 8 R\DAVRBO

3DVWRU ( /H )RUPDO ) OD\HU 0 7 7LOOH\ 6 ' )
*UIWJHO 0 'XUUDQW - 5 6GB6WUR HO HFWH RFHEKBPIQAD/® |
SKRWR HOHFWURFKHPLFDO K\GURJHDDNW REROPXRQ DW D F

%DUG $ - )DXOOMNHFHWURFEHPLFDO PHWKRGV )XQGDP
DSSOLFDWKRQVOH\ 6RQV6WQRHYQRWHGI ULFD S

%LQQLQJHU 7 )DEEUL ( 3DWUX $ *DUJDQRXUDNL
BHUHGD 2 .|[W] 5 OHQ]JHO $ 1DFKWHJDBEOO VHW DD

IRUQ VLWOX LQYHVWLIDWLR®WG, ;$6H0W NRQ BISURWURQ IDFL
(OHFWURFKHP 6RF + +

%HVW 6 3 /HYLQD $ *ORYHU & -RKDQQHVVHQ %
VSHFWURHOHFWURFKHPLVW U U D5\HIDE \DFE OFWRHRIDV X 8 H PW Q BV |
PDQLSXODWHG VROXW L R-Q \6 \IW KWRRR\PU W & FBSOHELLIDWYX U H

6KDUSH / 5 +HLQHPDQ : 5 (OGHU 5 & (:$)6 VSH|
&KHP 5HY

JUDQFNH 5 6FKLOOH % 5RHPHONMNV DO \HRP RDHFMRU F
RI FDUERQ® GHRI[KBGBY PHFKDQLV&KHMQZH¥EFDWDO\VWYV

+RFNLQJ 5 . &KDQJ 6 / < ODF)DUODQH ' 5 BSLF
FKDUDFWHUL]DWLRQ RI FB VFBE D OONQIRNY FIOHD & CHMPRUIR Q V
- &KHP

IDVVDDIOMHU % *XO 6 .HUQ - <DRXUR®HWODDQGR <|
VWXGLHV RI HOHFW UREDWWDSHFW VY ROMMRWURIMUES HFWURYV 5
3KHQRPHQD

)DUPDQG 0 /DQGHUV $ 7 J/LQ - & )HDVWHU - 7
&ODUN ( / +LJJLQV ' <DQR - 'DYLV 5 & HW DO (OF
RSHUBSQRELQJ RI HOHFW U R RDDW B IO WW RAXFR B F BB ®AG,L I TUDF
&KHP &KHP 3K\V

)DEEUL ( S$EERWW ' ) 1DFKW2SIDDDQWEIR 6 FKPLGW
DEVRUSWLRQ VSHFWURVFRS\ $ SRZHUIXO WRRO WRZDUG
&XUU ZOHGWURFKHP

5LVFK 0 5LQJOHE ) .KDUH 9 &KHUQHY 3 =DKDU
&KDUDFWHULVDRJLRQVRIQD ZBW Y& K\V

/IDVVDDRIOWHU % OHUNL ' O9UXEHO 9% . *XX 6 <DFKD
<DQR - (YLGH®DFHWMRFPEVRUSWLRQ VSHFWURVFRS\ IRU W
WHUPLQDO GLVXOILGH LQ WKH UHGXFWLRQ RI SURWRQV E
HOHFWURFBWDEKM® 6RF

'DWDQDEWRUDLY - $OYHV 0 & 0 'HVLJQ RRDQ HO}
VLV$E VWXGLIOHFWURQ 6SHFWURYV 5HODW 3KHQRPHQD

(ULFNVRQ ( 0O 7KRUXP 0 6 9DVLi 5 ODULQNRYLU
*HZLUWK $]R 51X VHOKFWURFUKBWPDENBUSWLRQ VSHFWUR
R[\JHQ UHGXFWLRQ HOHFWURFDWBP\\&KHELWRFKLIJK R[\JH

6DDGL ) + &DULP $ , 'ULVGHOO : 6 *XO 6 %Dl
6RULDJD 0 3 /BEHUDISEFWURVFRSLF DQDO\VLV RI &R3 Il
HOHFWURFDWDO\HYROXKH KOQCGHMD&AMH R Q6 R F
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%DNO6 6KDGLNH = /LQ 5 4<XQ VR®EXQD Q;GR
V\QFKURDWHGD) WHFKQLTX H R QRED O MWKB XUSHALHDD WIF\W H U

%URZQH 0 3 'RPtQJXH] & &RODYLWD RILGH(PHUJL
HOHFWURFDWDO\VLYV %LIXQFWLRQDO R[\JHQ. GDWLVX\VLYV
VWXGXHNW 2SLQ (OHFWURFKHP

*RUOLQ < .DDWHWNO®H %HQFN - ' *XO 6 :HEE 6 0

<DQR - RDUDPLWOOWVX\ DEVRUSWLRQ VSHFWURVFRS\ LQ
ELIXQFWLRQDO PDQJDQHVH R[LGH FDWDO\VW ZLWK KLJK C
R[ILGDWLRQ DQG R{\JPQ &KIBXF&RR Q

JULHEHO ' /RXbGBMGLFK 0 6DQzZDOG . ( &DL <
&KHQJ- 0 6RNDUDV '& :HEOJRP@RWR 5 HW DO ,GHQWLILFDW
DFWLYH )H VLWHV LQ 1L )H 22+ IRU HGIPFWKRFPD @O \WLF

/JHZHUHQ] ALFKWHUPDQ 0 ) 5LFKWHU 0 + &UXPOL
$[QDQGD 6 )DYDUR 0 'ULVGHOO : +XVVDLQ = %UXQ
2SHUDM@RO\VHV Rl VRODU IXHOV OLIKRPWIRFKUEHYFWIR G |

JUIAGHQGDO 5 6HLW] / & &RNBUDBWXQGHQJ&RRUNH
., BWHSKHQV , ( / 2SHUDRD®® RWLJPOQZRK RO $XOPV ZLW
LPSURYHG DFWLYLW)\ IRU WKHOR{FIHORAXRBRP® X$\FVRI) UHDFW L

+RIIPDQ $ 6 'HEHIYH /6GMHUDPGMHBLRXXOGFKLNK
5 %DVWHWDWHY % & 7UDQVPLVVURD MEVRUSHRRKDVFHQ
VSHFWURVFRS\ FHOO IORZ UHDFWRU IRU SRZGHU VDPSOH"
DWRR/SKIBHMV 6FL ,QVWUXP

%HGLDNR ' . .D/IDWH/WDO%H 6XUHQGUDQDWK < <DQR -
1RFHUD ' * #HWWXFWWURRUUHERWDRGHVR[QIBQHYRBA W LR
- $P &KHP 6RF

*XQWHU 7 ( (OHFWURQ SDUDPDJQHWLF UHVRQDQFH
WKH VROLGKRMPDVBK\V

*DUUHWW % & 'L[RQ ' $ &DPDLRQL ' 0 &KLSPDQ
-RQDK' & . LPPHO * $ OLOOHU - + B5HVFLJQR 7 1 5RV)
ZDWHU LQLBOWEWWRG SURFHVVHYVM®BWDG G FDRL IF Q WR.IL VRV
&KHP 5HY

(O 2PDU $ . 6FKPLGKDWWHY 8DGBEHXEB®VO O0XUR\D
< .DWVXPXUD < 3HUQRW BHIRY®WBDOMN UDGLROPWLF \LH
UDGLFDO VWXGLHG E\ SLFR\BHKERQ&KSIROSH UDGLRO\VLYV

<DQR - .HUQ -' ,UDWDPHU. 0O - %HUJPDQQ 8 *OD!
3XVKNDU < %LHVLDGND - /BDOGMPDEBHXMER MROSGEDO ;
LQ VLQJOH FU\WWDOV RI SKRWRV\VWHP ,, $ FDYWR¥VWXG\ |
1DWO $FDG 6FL 8 6 $

. XELQ 0 .HUQ - *XR 0 .IOOPDQ ( OLW]QHU 5 <
IXQGEHUJ 0 <DQR -UDMGXHFWG3VDPSOH GDFPRUH BW WKH
FDVH VWXG\URUVSRIFMW URVFRS\ RI WUDQVLW I3KQVPHWDO FF
&KHP &KHRV

SHQ@PHKQ - ( &KDUDFWHUL]DWLRQ RI 3VSHFWURVEFR
&RRUG &KHP ©5HY
*HRUJH * 1 3LFNHULQJ , - 3XVKLH O - 1LHQDEH

., +HGPDQ % +RGJVRQ . 2 $HWD®OLQ G%F HG YSIKRON RS
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FKHPLVWUAND @EVRUSWLRQ VSHFWURV-FRESQ RK ERWORQLEDG
3W

&RUEHWW 0 & /DWLPHU YWLRXNRYDRY, 7 /+REHVRQ
+HGPDQ % 3KRWRUHGXFWLRQ RI WKH DFWLYH VLWH RI V
VIQFKURWURSFWDGLD\WWD@ORJU

&OD\ 0 ' -HQQH\ ) ( +DJHGRRUQ 30 /: *HRUJH *
-RKQVRQ 0 . 6SHFWURVFRSLF VWXGLHV RI SXURFRFFXV
,PSOLFDWLR QW WRIUVIVWKIFYWHX UHYV DQG-WHKMH BRBEWP OSWEF PHI

OHVX - * %HDOH $ 0 GHKNKRRWHQ ® 0 3URELQJ
LQIOXHQBB\RIRQ DTXHRXV FRSSHUHAVRRIDQVHEERPE L QWY J W LF
YLGH®D)\ DEVRUSMEURIQXQWMDW Y LR O HW i-Y LW\EO & KHSRH F98/ U R V F

+DFNHWW 06- ( 6BDWKIUVRQ 3 * 1LFKRO + 3LFNHL
1 UD\ DEVRUSWLRQ VSHFWURMFRSQ BN WKROVWAIKQY.HVW
ELRFKHPLFDO PHFKDQLVPV&6 QKNBRGHXHRWEIDWLRQ

1DQ - WORIG EHDP GDPDJH LOHZ LBWIRJI $3WHW LHZ

6\PRQV 0 & 5 &RQOYHUVLRQIRRQW RQ GRFMWIQWR 2
UDG LBIWL RQ VWKEHOREKHP&RPP

30RQND $ 6G6BRMBHNN¥NGQDUHN - +DOOEUXFNHU $
8QH[SHFWHG UDGLF DO UMOQHDUWDMILUIRDHRI@ VWDEOH IRUPV RI
IHFWXEKW &KHP &KHP 3K\V

%LVVDUGRQ & 3URX[ 2 %XUHDX (6 &RQDDQ (5 :6QN
JUDQFLV / : .KDQ , 0 &KDUOHW /SSPDDHPIHDQKLIK HIQV
UHVROXWLRQ 10 XR UMMFHEMWRIUSWWROWISEGEFWURVFRS\ RI VI
FDUWS&QDOKNVW i

5LVPK 5LQJOHE ) .RKOKRII 0 %RJGDQRII 3 &KHU
'DX + :DWHU R[LGDWLRQEDVHEREQGRWRFREQOWI| UHGR]
WUDQVLWLRQV DQGQRRGN (RIYED\R D O BFILV

*RQJIQBRUHV ' 6iQFKH] , =DKDULHYD , .0LQJDQ
&KHUQHY 3 OHQH]HV 3 : 'ULHVV 0 'DX + ORQWHUR
R[LGDWLRQ 6XVHLBHRDEFESKL|DW\LRQ DFWLYDWLRQ LQ FRED
$QHZ &KHP ,QW

%HUJPDQQ $ ORDH@RQH] 7HVFKQHU ' &KHUQHY 3
$UD~MR - ) BHLHU 7 'DX + 6WUDVVHU 3 5HYHUVLE!
FDWDO\WLFDOO\ DFWLYHGXYD W H JRH QF H WRDDXGIRREHK @ R

%RQNH 6 $ %RQG $ 0 6SLFFLD / 6LPRQRY $ 1
HOHFWURR[LGDWLRQ FDWDO\]HG E\ PHWDO R[LGHV XVLQJ
YROWDPPISWU&RKHP 6RF

7HVFK 0 ) %RQNH 6 $ -RQHV 7 ( 6KDNHU 0 1
ORP 5 OHOGHU - ®HWLPBNH.QQRSHW DO (;fRIOVWDOMLRQ RI R]
HOHFWURQ WUDQVIHU DQG PHW DQHHRI[H WM UFRDQN. B O WHEBWZHDA
R[LGDWLRQ UHQY HQRWNED Y M8 K FWQORWER SKHP ,QW

%RQNH 6 $ LHFKHQ 0 +RKNLOXNSWRQ )DQJ ;
ODF)DUODQH ' 5 B6SLFFLD /JK(@ HFWNERWSQWKE WL F RREIDIOM
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R[LGDWLRQ FDWDO\VW ILOPV IURP FREBBWPBRVQRBRO\FD

/ILX < 1RFHUD ' * B6SHFWURVFRSLF VWXGLHV RI QD
FREEDWHG R[\JHQF B WRDMBWMMRQEKHP &

BXUHQGUDQDWK < /XWWHUPDQ ' $ /LX < 1RFHUL
DQG UHSDLUERVBGREDE®QY HYRO$PQ & KIDRV DEARN W

%XUNH O 6 *DYWRWRFKDXG / 6PLWK $ 0 +t%RHWW
LURQ R[\ K\GUR[LGH R[\JHQ HYROXWLRQ HOHFWURFDWDO!
FRPSRVLWLRQ RQ DFWLYLW\- WDEKBPWBERFQG PHFKDQLVF

&KDQJ -:X & 6XQ , : DUPRRWHFWXHGIIGF®YWRIRGHV
FRQVWUXFWHG X/Q RS XD WBGLOOHFWURFEH P LRFFDROD B RW R
HQHUJ\ VWRUDJH DB W0®IIUF &K HRQ V

0\HUV - & 3HQQ BQJ KRROGWRROMLWH SDUWLFOH PR
PLFURVWUXFWXUH E\ YDU\CRQWNUQWHKWYWhHR FRQGLWLRQV
%DVFK $ GH &DPSR / $OEHULQJ - + :KLWH -

H[IROLDW&R®D- R6ROLG 6WDWH &KHP

.DSSHQ 3 S5S&ENMQ$EVWUDOLDQ 6\QFKURWURQ

7HQGHUKROW $ +HGPDQQW®W\VSRGQWR®G PRGHUQ FUR
SODWIRUP SURJUDP IRU WKH SURFHVVLQJ RI UDZ DYHUDJI
'$)6 6WDQIRUG &DOLIRUQLD

5DYHO % 1H®WKEBQB BUWHPLV +HSKDHWWXV 'DWD I
DEVRUSWLRQ VSHFWURYVFRS)PKWRON U RQ)5DGLDW

2VKFKHSNRY $ * G6LPRQRY 3 $ &KMUYWARXN 2 09
*OXNKRY ' 9 =DLNRYVNLL 9 , .DUGDVK 7 < .YRQ 5
$ 1 HW DO 2Q WKH HIIHFW RI &X RQ WKH DFWLYLW\ RI F
K\GURJHQ HOHFWURGH UHDFRS RQVWIIODONDOLQH PHGLXP

2VKFKHSNRY $ %RQQHIRQW $ 6DYHOHYD 9 3DSD]
3URQNLQ 6 1 3DUPRQ 9 5 B6DYLQRYD ( ([SORULQJ W
VSHFLHY RQ WKH NLQHWLFV RI K\®OURH FHELIBAIWNIRG H UH |

+

(VWVZHLQ $ - B6XUHQGUDQDWK < 5HHFH 6 < 1RFH
SKRVSKDWH DQG ERUDWH EDVHG R[\JHQ HYROYLQJ FDWDC
ZDWH@NUJ\ (QYLURQ 6FL

&RVWHQWLQ & 3RUWHU&GRQBXPRWIYRQ@MG UHDFWLYL
KHWHUR PROMEXWODU FDWDO\VLYV 1HZ LQVLJKWYV LQ ZDWHL
FREDOW R[LGHP II&KMHP 6RF

LQ . &KX $ 3DUN - -HRQJ ' -HWQJ/HH (& 6LP 8
© 3DUNs <<DQJ . ' HW DO 3DUWLM 002 R[LGRFUGVWKEO V
KLJK DFWLYLW\ IRU ZDWsHU RHSDWLRQ FDWDO\VLV

.LQ¥ - %RQNH 6 $ &KDQJ 6 / < BSLFFLD / -RK
5 . (QJLQHHULQJ GLVRUGHH LFKRER &KW VWRHURH W ELVSHK RV S K

,PSOLFDWLRQV IRU RKH BWY RIRX Kbl RZAIDAWEEK YA P

.DQDQ 0 -XQNR < B6XUHQGUDQDWK < 'LQFD 0 <I
BWUXFWXUH DQG YSIORNMEHKDRN HD AREBPOW[LGDWLRQ/EWWD O\
. UD\ VSHFWURRFREHP 6RF
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OF$0OSLQ XUHQGUDQDWK < 'LQFD 0 B6WLFK 7 $ 6

+ 1RFHUD ' * %ULWW 5 ' (35 HYLGHQFH IRU &R ,9 V¢
R[LGDWLRQ DW ®fH X&KHPO BRF
(RP & - B6XQWQYVUEBMW PXODWHG 5DPDQ VSHFWURVI

SKRVSKDWH QHWZRUN LQ WKH DPRUSKRXV FREDOW RJ[LG
IRUPDWLRQ - 3K\V &KHP &




/KHVLV &RQFOXVLRQV

&REDOW R[LGHYV DQG PDQJDQHYVR’KR[RIGH & R/XG W KHHIWK/RIG VW
DPRUSKRXV GLVRUGHWHIE RORWE@KH LP S URIF MHKIL\RRQU G H U
WR FDVPBIGKWIEDM H[DPLQHG KHUHL®URK RKRIECHIWR JRIQIGWM
ELUQHMWHMVPADQJDQHVH R[LGHV

7KH FREDOW R[LGH VWXG\ LQ &KDSWHU HVWDEOLVKHG W
DQG DWRFHPO GLVRUGHU LQWR WKH KHRRHQURIGY L R/GIDSHKD
WKDW DPRUSKRXV PDWHULDOV DUH PRUH FDWDO\WLFDO
GLVRUGHUHG PDW H UL D\CHWULL BWWH IV BIRROHV ZLWK WKH KLJK
SKRVSKDWH ZHUH WKH OHIOJDW HD VRDIOCRY W EHRQQAAP D OW LKA
SKRVSKDWH GRSHG PDWHULDOV ZHUH QRW WKH PRVW FED)
WKH (&R2 VHULHV ZDV H[DPLQHG ,W ZDV IRXQG WKDW WKH
WKH PRVW WKHUPRG\@U5P Z G OR RUH WBWOWHDDY FKHPLED
VXUIDFH FDWDO\WWV 7KLV FRQFOXVLRQ VXJJHVWHG WKD'
WKH RWHIIDOLQJ PHFKDQLVP RI FREDOW R[LGH FDWDO\VWV
KHWHURJHQLWH WXDWIGE FMRXADA EHR[LGDWLYH RU FDWDO\V
VWDELOLW\ RU UHGR[ SRWHQWLDO Rl WKH SKDVH 7KH VLI
GRSHG PDWHULDOV IXUWKHU VXJIJHVWHG WKDW SKRVSKD\
DFW IRY LWWKH KHWHNRJISIMKQDWHEXW UDWKHU DEWHG WR GHVW
FDWDO\WLFDOO\ DEFWLYH XQGRSHG FREDOW R[LGH PDWF
R[LGDWLRQ FDWBGWHK \FKDKUD EQ H Y [[ VD WLHRX JRVH W\ H G& R\2K D
SKRVSKDWH ZDV ORFDWHG LQ WKH LQWHUOD\HU

,Q WKH PDQJDQHVH R[LGH VWXG\ LQ &®B DN RDWHWKBIOG/L¥F
PRVW FDWDO\WLFDOO\ DFWLYH WKH VWURQJHVW R[LGDQ
PDWHULD/QVQIZKMHDQW LQFUHDVH LQ R[LGDWLYH VWUHQJV
GXULQJ FDWDO\VLV IRU WKH GLVRUGHUHG PDWHULDOV VX
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R[LGLVH ZDWHU 7KLV VWURQJO\ VXJJHVWV WKDW V\Q\
GLVURQXWHIRUPDWLRQ SURFHVV DV SDUW RI WKHLU pED
PLQHUDO ELUQHVVLWH SKDVHV LQ QDWXUH

7KH FRQFOXVLRQV IURRDED SWBSKLFDQOGL@PKAPFOHULVH G

UH S UR G XKHIGJ U b B K HIPG U H SLORIBXAMBIKMH Y WK W R SW
OHYH®LRRUGHU DQG WKHUPRG\QDPLF VWDELOLW\ WR FRC
R[LGDWLRQ DFWLYLW\ DQG WKDW WKH SSIRRSSRUM LR QRO QR\[
GLVRUGIHYY BQGHOK HE\WWRR P LF VW D E L OW WAD W B & UMLURRIUDHE W L Y
KHWHURILINMEWBIG KOANHW PDWEH LIDQOAWU ADYH G EP\HWAY Q VWK Bl  DJHL
PDWHULDOV WIKIHQRKIKHUB GR[ SRW HRYWGE Z]DWW R HE X WH BW
WKHUPRG\QBHLWDEQRXHGC WR QU MIBMB® U WKH FRQGLWLRQ\
R[LGDWHRQJIJDJH LQKWRELYHORHFKDQLVP ,Q RXU UHVHDU
KHWHURJH QR D\O\GE WWWIHRLLKDIWH ® EX F L Q JRW\GWKIF RVXXIKD O
SKRVSKDWH GREODQRDFEWXULQJ PHWKIRGYDDLRVV ZEM WHDU
RUGHUHG DQG YHU\ GLVRUGHUHG ERUPNV R L VK WHIUHR QHRO\L
FDWDO\WLFDOO\ DFAKL YRH WIDW WD IEEDAY P D\YW UD © © D QRARIDI H UL
UHGW{SH FDWDO\VWYV

6FKHPHUHSURGXRBHG S KHBSL® VHQ WDHNDIIRQL R Q VIFONS CEAH\W/ Z I/ H
DFWLYLW\ R[LGDWLYH DFWLYLW\ WKHUPRG\QDPLF VWDEL
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7KH SULPDU\ ILQGQ QX OUMRPHEWIH RFKHPLEDO VWXG\ LQ &KD
KLJK RILGDWLRQ VWDWHVY Rl FREDOW ! D U HWO@OWMN A O\
F\FOH RI KHWHNRJHREMNHW R[LGHBGHSWXKHDPRODOWKM RQ 72
OLIHWLPHY GHWHUPLQHG 'WKBMWFWHK\H ARQPRWLRI) HR[IFD XWRH
D VSHFLHV PLJKW UHPDLQ VR VKRUW OLYHTK NV RKDWKG\W |
DGGLWLRQDOO\ KUDK EHIKPVHGGWRHG, SKRWRHIIHFWV KDYH
WKH DSSOLHG SRWHQWLDO DQG WKDW EHDP HIIHFWV FR
6SHFLILFDOO\ LW ZDV IRXQG WKDW FREDPAW K [QEH B WSLKRH
SRVLWLYH SRWHQWLDOV UHVSHFWLYHO\ DQG WKDW SK
DSSOLHG SRWHQWLDO 7KH VWXG\ GHPRQVWUDWHVY WKH
PRGHOOLQUQSYLW M OWRF WURFKHPLFDO H[SHULPHQWDWLRQ
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