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$ WKHVLY VXEPLWWHG WR WKHRIDWX®6VW\RDQRE RO 6 EKRIRDUR N WM
SDUWLDO IXOILOOPHQW RI WKHRFMTXUWU WRH PKQYWRVRIKW KH W B DWOKH K

ODWHULDOV (QJLQHHULQJ

*ROGHQ &RORUDGR
'DWH BBBBBBBBBBBBBBBB

6LJQHG BBBBBBBBBBBBBBBBBBBB
.ULVWLQ ( 7LSSH\

6LJQHG BBBBBBBBBBBBBBBBBBBB
.LS 2 )LQGOH\
7KHVLV $GYLVRU

*ROGHQ &RORUDGR
'DWH BBBBBBBBBBBBBBBB

6LJQHG BBBBBBBBBBBBBBBBBB
$QIXV $ 5RFNHWW
3URIHVVRU DQG +HDG
'HSDUWPHQW RI OHWDOOXUJLFDO DQG 0D
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$%675%&7

3 ZDV PRGLILHG ZLWK UHVSHFW QVW KIHO D R\W € P SDAD GV 1S U-RFFHD/Q
WHPSHUDWXUH PLFURVWUXFW X SHO WMWDVE LEQWR \DQL HI HHFK\D @ LFHDD!
7KHUPR&DOFS DQG DQDO\]HG ZLWHKH U R R&DHFBH P\R B HIDLLVDH UDDAVX BRIQ
GHVLJQ WZR ORZ FDUERQ 3 OLNH ORZVADLELRRIL JBGORN\D @ WM K @DXW
IXOO0 FRQYHUVLRQ WR DXVWHQLW W UDXOFMRZWH | R1UR IO M @ Q F @O E MG QM
SKDVH GHFURBDYKDRH OUDFWLRQ DQG PDLQWDLQWE®LR®Y LPFHHDV
FDUERQLWULGH SUHFLSLWDWLROQLODVFREWRFLWHICR @V WHKE K FWK QW L
FRXOG EH VROXWLRQL]HG DUWHWHP ®HUDKDMHHM. REWVEGRNKBUERQ
ORZ FDUERQ JHUR QLRELXP DOOR\ DMHQ@ HUKIL V GHRPWADIUHER @ @G S D E
IURP WKH LQFUHDVHG FUHHS UBREZVADPDERK DHSORRIW HSU HY X/RADYEHAD
0 & SUHFLSLWDWLRQ DQG PDLQWDLQH®HNMHS 0RE LS WDRWL D@ GRE&
FRQWDLQHG DGGLWLRQDO WXQJVWHOQKH EDY® BREDOWR\&H KARPRD
HIITHFW Rl &R DQG : RQ WKH PLFBSR\RBHXPW KXY HD DB GG PHEKOQWFWBR G

+LJKHU VROXWLRQL]LQJ WHPSHUDWXNMW\Y.ROOORL RRFH HD DI &
DXVWHQLWH JUDLQ VL]H KRZHYDHUXADHY U XW HF ILRHOPVO 2 & WIKP DVOH R RHD
WHPSHUDWXUHV WR PD[LPL]H 9 D@G WK HQR QR GHUNRIRVHK B K DY H DLYHRA
ZHUH DQDO\]HG LQ 7TKHUPR&DOF S 7XKHNVIPFRE® O E 5 URVAFRISEVW MBHZKH G K |
RQVHW WHPSH&DIMXBHVDRIOR\V VERLQHWKW\GHVLIJQHG DOOR\V RI
WHPSHUDWXUH ,GHQWLI\LQJ WKH HBODQFHWZRIQU HVIRDUFKE WM H GQ Bl
DYRLGHG LV D NH\ IDFWRU LQ WKHIGH/Q0AQ\RR D Q HFFHWZWIDRED H 9
FODGGLQJ

3URFHVVLQJ ZDV IXUWKHU PRGLILHBFXWYDQJL @D IV KH.P X RDMFLK
ZLWK WKH *OHHEOHS +DUGQHNWKBBBRPNHIGD QX ED WO Q WU R PO\

ZLWK LQFUHDVHG KDUGQHVV VVEURGTE QX HPRBWHWBDOBDW HQ J7 MR RRH/AU H

LLL



GLIIHUHQFH EHWZHHQ ORZ DQG KLEFEROWWHBSREBBWXHG WWSKHALP RN
LQFUHDVH LQ FU\VWDOOLWH VAKH DVQ G\DKFHH & WIX® W MOHARSH U WV XU &
WKH 703 FRQGLWLRQV LV KLIJKHU DBAM OFRFDIWPIEHR (U GHWQ VR Y \Z DW GRW

LPSURYHG LQ 703 FRQGLWLRQV

7KHUPDO VWDELOLW\ RI WKH EDVDH) GR\D @® \R IDWB 8\ H{ S HEAL P BilC
DOOR\V IRU WLPHV UDQJLQJ IURP wa f&K THN XOWV VXJJHVV
KDUGQHVV DQG WKHUPDO VWDKDWLR\ RE /BW. \ORDHD VDKH UQW KDHP St
VKRUWHU WLPHV ZLWK 1E VXUSDVWL.QW/& PfL&E DRMD URAKQ ARV W \WR Q
DJHG DW f& 6PDOO DQG ZLGH ® Q86 H ZDWD F R/GGXAWHGE @IV 6%);J |
IDWLRQDO /DERUDWRU\ $1/ $WRP SUREGQWRPRVUDSKPLSY¥TLRQ Q
PLFURVFRS\ KLJK DQJOH DQQXODU GRQMXQAWGR®B®7ZQWKS()6 ZQIUH
HOXFLGDWH [ UD\ ILQGLQJV 7 KIH\WHV P E F URVUIAHU WKW XU BROU B K DD IMFHNG
SURSHUWLHVY LQFOXGLQJ 9LFNHUG RLHRISRHKDOINGXQUHNY W WEIW MOLHD W HAL
UXSWXUH WHVWLQJ 7KH GHVLJQHGRDWORKEW XJKIE OWB G LQH VW RV W
PHFKDQLFDO SRWHQFLHV DV FRPSDWHGRWRWWMEHWKDWH 1D F VDRODWR
LQFOLQDWLRQ WRZ® S®&WPLSRWHDWDIORQ DUH LPSRUWDWWDLQQGJHQHU
KLJK WHPSHUD W XS&HUKEY SV QUMHK VROLG VROXWLRQ &R 1GQ MWWV RQ F
ORZ FDUERQ YDULDWLRQ RI 7D QHWNHYWRDROYGR\YV 2K@ G HOM\HBD W W H

KRZHYHU SXW ERWK 3 DQG /& FUHHBQVILWIRUDWXIEH\RQG WKRVH

LY
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$&.12:/('*(0(176 [
&+$37(5 ,1752'8&7,21

5HVHDUFK 4XHVWLRQV
'LVVHUWDWLRQ 2XWOLQH

&+$37(5 /,7(5%$785( 5(9,(:

(1"THFW Rl &RROLQJ 5DWH RQ 5 HVXOWDQW OLFURVWUXFWXUH
OLFURVWUXFWXUH RI &U ) 0 6WHHOV
(ITHFWV Rl $JLQJ RQ OLFURVWUXEWXUH DQG OHFKDQLFDO 3Ul
SUHFLSLWDWLRQ LQ &U ) 0 6WHHOV

0 &

0;

0 ;

IDYHV 3KDVH

= SKDVH

AITHUULWH

5HYLHZ RI 5HOHYDQW 3UHFLSLWDWHY DQG 3KDVHV
(I lTHFWV Rl /RZHULQJ &DUERQ &RQWHGEWSRY BWHRG 5HVSRQV}

3RVVLEOH (IIHFWV RI &REDOW RQ 7DQHLNHYTV $O0OR\V
S8WLOL]LQJ 7TKHUPRPHFKDQLFDO RMAHOMHW BQHFRELWBWHBQH L
'LGH DQG 6PDOO $QJOH ; UD\ 6 DMOWHWLQJ IRU 3UHFLSLWDW



&+$37(5 '(6,*1 $1' )$%5,&%$7,21 2) (;3(5,0(17$/ $//2<6
%DVH ODWHULDO
$OOR\ '"HVLJQ $SSURDFK ZLWK 7KHUPR&DOFS
7KHUPR&DOFS %DVHG $OOR\ 'HVLJIQ
(IIHFWV Rl &DUERQ RQ 3KDVH 7UDQVIRUPDWLRQ 7HPSHUD
$XIJPHQWLQJ $XVWHQLWH 6WDELOLW\
(IITHFWV Rl $OOR\LQJ RQ ORGHOHG 3UHFLSLWDWLRQ

7DUJHW $OOR\ &RPSRVLWLRQV
J)DEULFDWLRQ RI ([SHULPHQWDO $0O0OR\V

&+$37(5 (:;3(5,0(17$/ 0(7+2'6
'LODWRPHWU\ IRU ,PSURYHG 2SWLPL]DWLRQ RI +HDW 7UHDW!|
/RV $ODPRV 1DWLRQDO /DERUDWRU\ '"HGLFDWHG 'LODWRP
*OHHEOHS /IDVHU 'LODWRPHWU\
+HDW 7UHDWPHQW 3URFHGXUH
7KHUPRPHFKDQLFDO 3URFHVVLQJ
6LPXODWLQJ 703 YLD *OHHEOHS &RPSUHVVLRQ

$JLQJ 5 HVSRQVH RI WKH '"HVLJQHG $OOR\V YV 3
(OHFWURQ OLFURVFRS\
$WRP 3UREH 7RPRJUDSK\
:LGH DQG 6PDOO $QJOH ; UD\ 6FDWWHULQJ

'"HWHUPLQDWLRQ RI 'LVORFDWLRDIURP/LWE DQG &U\WWDO
+LIJK THPSHUDWXUH 7HQVLOH DQG &UHHS 5XSWXUH 7THVWLQJ
,UUDGLDWLRQ 5HVLVWDQFH

&+$37(5 +HDW 7UHDWPHQW 2SWLPL]DWLRQ

7KHUPR&DOFS ORGHOLQJ IRU 'HVLJQ Rl +HDW 7UHDWPHQWYV

'"HOWD IHUULWH 7UDQVLWLRQ 7THPSHUDWXUH

(IHMTHFWV RI 7THPSHULQJ &RQGLWLRQV

"HWHUPLQDWLRQ RI 3KDVH 7UDQVIRUPDWLRQ 7HPSHUDWXUH\
YL



8WLOL]LQJ &ULWLFDO 7THPSHUDWRHBWVYRU 'HVLJQ RI +HDW 71

&+$37(5 OLFURVWUXFWXUDO (YROXWLRQ

3

I+

(YROXWLRQ RI WKH OLFURVWUXFWXUH
3 SUHFLSLWDWH 3DUWLWLRQLQYVHG® 6MKAMHSUPPHRWHFKDQLFDOC
/& £+ (YROXWLRQ RI WKH OLFURVWUXFWXUH

l1E + ODFURVFDOH 2EVHUYDWLRQV RI 1E +HDW $V S5HFHLYI

I+

+

1E £+ (YROXWLRQ RI WKH OLFURVWUXFWXUH
&RPSDULQJ 3 /& DQG 1E $JLQJ 5HVSRQVHYV
$VVHVVLQJ OLFURVWUXFWXUDO (YROXWLRQ WKURXJK )( 6

+

&RPSDULQJ OLFURVWUXFWXUDO (YROXWLRQ WKURXJK 7(0
$VVHVVLQJ BUHFLSLWDWH (YROXWLRQ WKURXJK 67(0 +$%'
:LGH $QJOH ; 5D\ 6FDWWHULQJ RI $JHG 6DPSOHV
'LVORFDWLRQ "HQVLW\ "HWHUPLQDWLRQ
6PDOO $QJOH ; 5D\ 6FDWWHULQJ RI $JHG 6DPSOHV

&RPELQLQJ 'DWDVHWYV
= SKDVH ,GHQWLILHG LQ /& $JHG K DW f&

6 XPPDU\ RI OLFURVWUXFWXUDO 3URSHUW\ )LQGLQJV

&+$37(5 OHFKDQLFDO 3URSHUWLHYV
7HQVLOH 3URSHUWLHV RI 'HVLJQHG $OOR\V YV 3
&UHHS 5XSWXUH 3URSHUWLHV RI '"HVLJQHG $OOR\V YV 3
OLFURKDUGQHVYV (YROXWLRQ 8SRQ $JLQJ
(IITHFWV Rl 7TKHUPRPHFKDQLFDO 3URFHVVLQJ
6XPPDU\ Rl OHFKDQLFDO 3URSHUW)\ )LQGLQJV

&+$37(5 OLFURVWUXFWXUDO &RQWLEXWLRQV WR 6WUHQJWK

'LVORFDWLRQ "HQVLW\
SUHFLSLWDWH 6WUHQJWKHQLQJ
6ROLG 6ROXWLRQ 6WUHQIJWKHQLQJ

YLL



&RUUHODWLRQ RI 6WUHQIJWKHQLGEHIUMAKD/QLVPV WR OHFKDQ|

&+%$37(5 6800%5< &RQFOXVLRQV

5HVHDUFK 4XHVWLRQ &DQ 0; SKIHFHOBWB MR AQVE W IHRQXKXDQ F
UHGXFHG WKURXJK PRGLILFDWLRRNVIKQFRORRLAKX®J) DOGWFHUHROR

5HVHDUFK 4XHVWLRQ '"RHV&S HRERWMQ K IOIKRWHB OHUD W XUH
PHFKDQLFDO SURSHUWLHYV DQG FKRWRRLWR X FOWKW BBOOWWDELO

5HVHDUFK 4XHVWLRQ +RZ GRHWVWURYWUXIFWXRMHUWERNILW EE
UHVSHFW WR GLVORFDWLRQ GHQVLW\ DQG SUHFLSLWDWLRQ"

5HVHDUFK 4XHVWLRQ E +RZ GRHVFURMWUXOAWDFWHPVBWHQNVE
ZLWK UHVSHFW WR GLVORFDWLRQ GHQVLW\ DQG SUHFLSLWD

&+$37(5 )8785( :25.

5()(5(1&(6 &,7("

$33(1',; $ ,UUDGLDWLRQ 5HVLVWDQFH RI 3 DQG WKH 'HVLIJQHG $0¢
$33(1',; %*OHHEOHS &RPSUHVVLRQ IRU 703 6LPXODWLRQYV
$33(1',; & :LGH $QJOH ; 5D\ 6FDWWHULQJ $QDO\VLV

$33(1',; ' 6PDOO $QJOH ; 5D\ 6FDWWHULQJ $QDO\VLV

$33(1',; ( $GGLWLRQDO 7UDQVPLVVLRQ (OHFWURQ OLFURVFRS\
$33(1',; ) 2SWLFDO OLFURVFRS\ IRU ,GHQYWLIFDWLRQ RI +HDW 7UH|
$33(1',; * TH[WXUH $QDO\VLV WKURXJK :$;6 DQG (%6'

$33(1',; + $GGLWLRQDO ODWHULDO DQG 3UHOLPLQDU\ ORGHOOLQJ

$33(1',; , OHFKDQLFDO 7HVWLQJ 'DWD

YLLL



Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH
Y)LIXUH

Y)LIXUH

Y)LIXUH

/,67 2) ),*85(6

(OHPHQWYV RI LUUDGLDWLRQ GDFPIHWHHI P B UWHQMLDAOLLR H/GNV
JRU LUUDGLDWLRQ UHVLVWD QXH KVDWD & DHORFP Q RA\L R HDIGIE
QDQRVFDOH SUHFLSLWDWHYV W IKODOA Q/H UWYRP DV VWLEGRNQVIWR G
EXEEOHVY DUH GRPRUVDRDHM @') FRS\

&&7 FXUYH IRU 3 VWHHO > @

7(0 HIWUDFWLRQ UHSO&FDDW BKRYX@HGDIWDLQ ERXQGDULH
E O, FDUELGHV LQ D &U &R VWHHOXWHRSEHUHG DW ]

&KDUDFWHUL]DWLRQ RI 3 W\SHDWQWGHW 6 RERWARBEODMA G D
K VKRZV D (%6' RI PDUWHQVLWHE BDPBDHWW @WLAV HOWRFWN K
F RSWLFDO PLRUBVHERESRWDWHY DW KLJK DQJOH ERXQGI

RI ILQH 9& SDUWLFOHV GLWROIREXWINHH B'Q GFRBO\ > @

6FKHPDWLF IRU 3 VWHHO VKRZV SWQIUE@ IRVUSHNVYFUBIJ YEAU
ERXQGDU\ DQG KRPRIJHQHRXV SDUWENOKHW HB KHUMROKGHO L
> @

(IIHFWV RI DJLQJ BWRQ D&Q®L]H E ODWK ZLGWK F GLV(
GHQVLW\ DQG G VWUHQJWK LOOB\ &U@: &R PDUWHQVLW,

6FKHPDWILSF \RWOXFWXUH > @

0 & FDQ EH LGHQWLILHG ZLWK DGYRQULBWE RULIWWFIKEQIOT A Y
E GDUN ILHOG 7(0 F VHOKFWHG QHUID GLNBBBWILLRK) DC
VSHFWURVFRS\ $UURSWBRLYW VR HD L@ WKLV 3 DOOR\ >

D 6FKHPDWLF RI 0; VWUXFWXUHRY) @DWWBUQV 7{0@LIIUD

6FKHPDWLF RI KHPDYAHRQBRDWHH > @

D (‘6 RI /IDYHVY SKDVH SDUWLFOHY PLF® RDQBSK R6 WWKHS$S'
JDXJH OHQJWK RI WKH UXSWXUHGFRDWS WH[B & ¥RXIWH D W
DQG 03D ZLWK EULJKW /DYHYV IS DRIRJLRSANW B W V 0DRALHFQWALHD
. &UOR 9 & U OR & 6L 0Q 3 6 9

$0 1L > @

= SKDVH LV VKRZQ D LQ D VFXHPD®WQBRH LWYLHDWPDWLR(
WUDQVIRUPDWLRQ RI E VPDO® DQWRF= OGRDVH &\ § QHGFLIS]
RI &U LQ D &U91E1 DOOR\ DIWHHW DJLQJ DW f& IRU

LI



Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

Y)LIXUH

D 7LPH WR UXSWXUH DW f& ZOQIDK YOHY D 6\6 GIDHIE VYV U HV
FRQFHQWUDWLRQ IRU H[SHULPHQWDWKKDR JKD&QU H & IVRDHHR
OHYHOV > @ 7KH WLPH WR U XB5W XOWRE H. @ FFDRIERKV OHXYER/QWD
E 7KHUPR&DOFS SORW RI PRODUHSMKDVKRIZ\D PWVKIDRAD GrHHFJU/E
LQ FDUERQ LV FRUUHG@DSWHF MWSRVGBWURDVIHGGOPDLQWDLQH
SUHFLSLWDWLRQ

7\SLFDO SUHFLSLWDWH GL& WRIWERWDR @WR I&0D ®@QR\ 0 E D
ZW & DOOR\ DQG F W R 2\QJ & DOORY FRQW HIFW HD
FRUUHODWHG ZL&V & UHFLSHIADHGLRQ ZKLFK RFFXUV DW JUI
/JLPLWLQJ FDUERQ DOORZV ILQH 0;LSHVHFLSLWDWLRQ DW W

7LPH WR FUHHS UXSWXUH LV SURWWWHG IQYGCGLWSERUBBWSERC
WKHUPRPHFKDQLFDO SURFHVVLQE >S@HFLBLWDVWH ¥L]@& D
SURFHVVLQJ SDUDPHWHHUW PID@DGDSWHG IURP /L

(YROXWLRQ RI ):+0 RI [ $HDNG@HIEQD W& JKW
& WHQVLOH WHVWYV RI 3 > @

&RQWUDVW IDFWRUV IRU $FDFXSIDNDMCH E\ L-GI FIWDHH® V@ DI RIL
VHSDUDWH SKRWRQ HQHUJLHV LWKMHIKRPWRQ BH @CHW BD RY¥ N
WKH $UJRQQH ," EHDPOLQH £ HQHUJ\ c NH9 ZDYHOHC

3KDVH SHUFHQW& BIQ/® YH VY Q03 DV D IXQFWLRQ RI PRGLIL
FDUERQ DV PRGHOHG ZLWK 7KHUPR/&DOFS XVLQJ WKH 7&)

D QWHUFULWLFDO WHPSHULDRDYUR N SXWDH I3 YRWDWE HGLWR &
FRPSRVLWLRQ DW FDUERQ OHYHOV M®MFPRX@MR RI DZW W& Q EV
IRUPHG DV D IXQFWLRQ RI ZW FMRUERQ ZWFUHDOWAWVW REGDVUE
SDUWLDO WUDQVIRUPDWLRQ WR DXVWHQLWH

D QWHUFULWLFDO WHPSHUQWYWUWYR DUHLRQRWRN FSE& MWRH W
IRU 3 FRPSRVLWLRQ PRGLILHG WWR XS WR/ & W QLWURJF
E OD[LPXP DPRXQW RI DXVWHQLWH QR WRHG HXY DQIFUHDWLLF
QLWURJIJHQ WR ZW RU DERYH \QHWGEVWUKH) b IRVWAEW OR
DXVWHQLWH

D QWHUFULWLFDO WHPSHUQWYWUWR DUHLRQRWRN FSE& MWRH W
IRU 3 FRPSRVLWLRQ PRGLILHG WRV XSZWR & DWWDQJDQF
0Q E OD[LPXP DPRXQW RI DXVWRQLZWH PROBBQHWHD IXQF
,QFUHDVLQJ PDQJDQHVH WR ZWW R UR D EFRRYRS OLHHWDIG V' W K
WUDQVIRUPDWLRQ WR DXVWHQLWH



Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

D QWHUFULWLFDO WHPSHUQWYWUWR DU HLRQRWRN FBE& MWRH W
IRU 3 FRPSRVLWLRQ PRGLILHG WR GRZDWVWWR DW ZNX QJV W |
E OD[LPXP DPRXQW RI DXVWHQLWH WKWQRN® BY D HIKWQH DWLLE
WXQJIJVWHQ WR ZW RU EHORZ \@QHWYW &WW B @ \SIRW\PIDBX OR §
DXVWHQLWH

3KDVH WUDQVIRUPDWLRQ WHP®»NWDIWNOBVDQHDSORWKMW BAEM
WR ZW 0Q $OOR\ YDULDWLRQV LQFOXGHEW 1 ZW &
7KHVH DOOR\ YDULDWLRQV ZHUKRVMMVRA G IRU WKH 3 E

ORGLI\LQJ 3 FDUERQ FRQWHQW IURPDJD WVMDR/'W DZWP D& LV
SHUFHW B PDVV SHUFHQW 0; DQG F RRMV SHUFHQW /D
WHPSHUDWXUHV RI WR f& DBYHW SKDVIB SHUFHQWYV
&RPSRVLWLRQV RI & YYHYGSKDWWHH GLYHQ LQ PROH SHUFHQ\
0 & LV JLYHQ DW PXOWLSOH WHPSPURDWXUBY ZDWRRPSRVL
WHPSHUDWXUH ZKLOH WKH FRPSRADIWHR Q@ WRH ADHID/WOL.Q E Q
LQGHSHQGHQW RI WHPSHUDWXUH [IOFWRMIGH GRVKHEC®R&DC
WHPSHULQJ WHPSHUDWXUHYV

ORGLI\LQJ 3 WR ZW & ZLWK QLWURZIWMWQ Y¥DVLHG IURP
SORWWHG DJIJDLQVW&D EPDPADW 8 HBHAUHFHWW O0; 1 PDVV SHU
DQRQG G PDVV SHUFHQW /DYHV SKDVH

(I'THFW RI PRGLILFDWLRQV WR 0RWVZWK RWHPIRWY EPHUHOHQ@QW B

(INTHFWV RI LQFUHDVLQJ 1E RU 9 ZW 1D0RB 3 OHRYFHOV RI
UHVSHFWLYHO\ RQ PRXWDGGHUEHQW RI D O

0;: VROXELOLW\ LV DQDO\]HG DVHPSMQBWKXR® R LW R OXWISRI]
D YDULRXV FDUERQ DQG QLWURR® ® QG YHH®E IDXPFGOHY MO U
0; SUHVHQW DW D WHPSHULQJ WG i Q DIWWOUCH. RY R Q f\& KLIV
Rl WKH SORW 7KHVH FDOFXODWVLRRY DUH IRU D ZW 9

"HLIKW SHUFHQW REWDLQDEOH ILMGILIXPORWLD DXQF&LRQ RI

0Q 1 1E DOOR\ 6ROXWLRQL]JLQEWHPSEBDQYBWXUH LV D
WHPSHULQJ WHPSHUDWXUH B LYGLKRX\AG HE R QIR G Dy
OLNHOLKRRG RI = SKDVH ZDV SUKLHK®MW BRQFHWIUIDPAN QR
9

3KDVHVY SUHVHQW DW WHPSHUDMDWOUHAXOUWWHIXXXNVWQRRQ RI
7KHUPR&DOFS 7&)( IRUWKH D 3 FDGEGRSBOBWEUHLYD/OOT!
ZW 1 VKRZLQJ WKH SKDVH ERXQGDWKEHWZBRGQG OLTXLG D
DOOR\V

3KRWR RI 3 OHIW DQG /& ULJXW LKWRME WRSW KBRYRNR®BY

[L



Y)LIXUH

YLIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

YLIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

7KHUPR&DOFS UHVXOWV IRU D 3G 1E LYY D ORJ MFIDOHG R
SKDVH PDVV SHUFHQW YHUVXV WHBSWHUIHWV XWHHO IHRYUD § K\MD WHR'
WUHDWPHQWYV IURP 7&)( GDWDEDVH

/$1/ GLODWRPHWU\ VSHFLPHQ JHRPHNWQ\V WOPOWD WRI®VY DW K|
HISDQVLRQ DJDLQVW ZKLFK SURWRHOMHWHKHRLKAFHSKDVM VYV
FKDQJHV

*OHHEOHS GLODWRPHWU\ VSHFLPBHEUVHRFPHORQ & PP 1

URFHGXUH IRU XVLQJ KHDW WUDKLWPHAWVEBU VD BB FOMDHF H
WKH VWDLQOHVV VWHHO EDJ \WRJWRRLVVEDXE \DHITGK WE\W CE\ DI L
IROGHG RYHU WZLFH DQG KDPPHUHG FORVHG

7KH VWDQGDUG KHDW WUHDWPHOW3IRUDW&HBEH[58H D DRH QW
LV SUHVHQWHG 3 ZDV SURFHRYHGDINXUKHDRY D XVM&HW RW L
DOORZ IRU IXOOHU VROXWLRQL]LDDOVROQRY BD @ E]FG& VDWW K L
KLIKHU WHPSHUDWXUH DV WKH EBI@QWIM\HBRZABO0 R\V H[KLEL

7TKHUPRPHFKDQLFDO SURFHVVLQJ RV BIXYMAWHG/ W RUDHQG
HQKDQFHG SUHFLSLWDWLRQ ZLWK LQFUHDVHG GLVORFDW

(I'THFW RI FRPSUHVVLRQ RQ VDPSO®HQXHRPHNWOU\ ERWHVKRID
EDUUHOLQJ RFFXUV WR VRPH Hf WXAQWWIKQU B X DK VIEIPVS BB VD Q
WH[WXULQJ +HLJKW LV FRQFHUH} G HIRVUK BWURQ MH)AEL Y P |
SDUDPHWHU WKDW FDQ FRPSOHWWO\ LQYDOLGDWH D FRPE

*OHHEOH FRPSUHVVLRQ D VSHFLFIHNBBRP\HMWODFLE J3WDR
VKHHWYVY RI JUDIRLO EHWZHHQ DH: & & 8 Q VHHF M\QHEG DLQYY LICE HA
WXELQJ DQG SUHVVHG WLIJKWO\WLY LMRQMW KU DWSLRE@ KB EW
FLUFXLW ZKHUH HDFK SLHFH PRWW LIPHW HUH VYV VARG R DX
WKH UHVLVWDQFH RI WKLV FLURF3IUWVHMKL Q JUBI WMV B QV B
FLUFXLW G 7KH IXOO\ DVVHPHGH & W D MHE® V& O NSCOIHWLH/C
VDPSOH LV JUDIRLO WDQWDOXRJDRROODW& HD/(H 3E& E EWV RZ}
DGKHUHG YLD 1LFNHOHH]HS

7TKHUPRPHFKDQLFDO SURFHVVLQJ WFRHE&XDXKV WBREWHYL RDH
WHPSHUDWX&YBWEE V ZKHUH WKH\ ZHUH KHOG IRU P EHIF
FRROH& VWVR 703 WHPSHUDWXUH $ WUKX® VKLUV @ LRN K ‘
DQG LQWHUSDVYV WLPH RI V DLQUJGRRIRFRKS @HM OBHUBHDQ D R/
IRU K D&

*OHHEOH RXWSXW IRU 3 703 RIURJUDRPSHDBWXDB RI 7
WHPSHUDWXUH DQG E IRUFHVIWRR) L CHVIR URW KAKIHH UKH D E R
FRQGLWLRQV DUH UHSRUWHG LQ $SSHQGL[ %
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Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

Y)LIXUH

$ VFKHPDWLF SDWWHUQ RI ORFDWIRQW R P K4 DRMNHW\D IRHRUIR
HDFK VDPSOH $ GLVWDQFH D WDH/W & 8 DH/DAF KV 8 UFHNHH UQ GLHIBN
DV SHU $670 VWDQGDUG ( > @

D &DUERQ GHSRVLWLRQ E H®GKRWURQ\® LF IGIOIPIJUEBP RRY
FRPSOHWH H[WUDFWLRQ UHSOLFRWYHWRRBRW U (\WPRMWHUVYLBO}
HI[SRVLQJ SUHFLSLWDWHYV $ FBKERQVR @K HVSDHSE DS HW DWK
DUH DWWDFKHG WR WKH ILOPHAKHHBRIURPEWORZPDWHUL

'LDJUDP RI WKLQ IRLO SUHSD UDMWLHR@ FPHWKRHEG TERWR |RRP
GLVFV DQG HOHFWURSROLVKHGHMIWWWFKDB LG S/HRUOPKODIRRQ. F2 DB A
UHIHUV WR PDWHULDO UHPRYDO YLD JULQGLQJ SDSHU

-(06E PRGHOV RIDQGOE 0; DQG WKH F G GLIIUDFWLRQ S
DVVRFLDWHG ZLWK WKHLU UHVSHFWLYH > @ ]JRQH D[HV

D $SSDUDWXV IRU :%$;6 6%$;6 WHVWLERUDW BUYJRRLFHVXDW L |
SURYLGHG E\ -RQ $OPHU E 6DPSOHRNRKEH &/ D\OWRG VS HRU
FDOLEUDWLRQ VLJQLILFDQWOPKSHFUHDVLQJ QHFHVVDU\ V

7KH IXOO ZLGWK KDOI PD[LPXP GHMWHWRPLDQHPBFHESHDWWINVQJ \
PDMRU SHDN ZLWK D D *DXVVDR®WWD QEILMRZBDYW]|HOD g F\W\M
VOLIJKWO\ EHWWHU ILWWLQJ RI GDWD

(IDPSOH SORWERIIRU 3 DJHG K DW f& 60ORSH LV FRL
GLVORFDWLRQ GHQVLW)\ DQG \XIO@VHHNFXGS W VWR) FLE\S MDD

*HRPHWU\ IRU VXEVL]HG > @ >H@VFUHHS DQG WHQVLOH )

*HRPHWU\ IRU FUHHS FRXSOHU FRXGOOG UV ZHBRXBSODHLL QW
QHFHVVDU\ WR DOORZ IRU DWWDFK®W QW VVRR WXKHVRJHGE S U
FKDPEHU 7KH VPDOO VLGH GLO?HBMHULRVFK 7@ ,ZL YKL O HWVW
ODUJH VLGH GLDPHWHU LV 6 LALOQMXRQ7WKH @WDWNVH NMUGH
GLDPHWHU IRU UHPRYDO RI VDPXGCBWY UV RIH WH HP F REKISHH® \
I[URP LQ GLDPHWHU EDU RI ,QFRQHO

D +LJK WHPSHUDWXUH FDSD E$0DWRW \I DOH. RMQHD/AV HOLE R M B §
E &UHHS PDFKLQH XVHG DW SAROORUD EMOEHK3RR PRSN OLQHV

2SWLFDO PLFURJUDSKYV RI 3 DOWRPSNMNBDWWURYLJHG AW\
QRUPDOL]J]HG*®RWUDE & IRU PLOXWHY DQGWRIPSHUHG D\
K 3 ZDV QRUPDOL'RHRBRUD W & IRU PLOXWHY DQG WHPSHFH

DW & IRU K 6SHFLPHQV ZHUH HWFKHG ZLWK 9LOOHODTV
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Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

Y)LIXUH

Y)LIXUH

YLIXUH

2SWLFDO PLFURJUDSKV RI WKH GHML DQHGEDROR\V /& ZDV
E & IRU PLOQXWHYV DQGWRIPSHKUHGEDADY QRUPDOL]HG
F & RU G 1%& IRU PLOXWHY DQGEWRIPSHUHGRDWWHG

wiIHUULWH LVODQGY DUH HYLGHAOQW K®@ +QOROO® PR QIGD WH.RW

(IIHFWV Rl QRUPDOL]LQJ WHPSHUDWMXRMURWHEIMMRMNH ULV PLFL
SUHVHQW LQ WKH +L6ROQ FRQGLWLRQV

9LFNHUV PLFURKDUGQHVYV IRU 3 DYCJWKHILBHE L 3G H & RDAD (
UROOHG DV QRUPDOL]HG 1PSBIQGE ® ¥ RXRAIPDICRPNG DQG W

SHUFHQW VWUDLQ YHUVXV WHPSHGDDMXUSHL N RRP3GLODWRP|
'"HYLDWLRQ IURP OLQHDULW)\ LQ BKMHWH PRDHISM QVLRQ UHS

'LODWRPHWU\ UHVXOWYV IURP /$1/ R 3D L QVISHBIOFRINMW H G HR
WHPSHUDWXUH 7KH WKHUPDMG\FOH IRU HDFK VDPSOH LV

'LODWRPHWU\ UHVXOWYV IURP *OHHE KHHDWH&SHFLPHQV R|
DQG E ZKH&RLMKEBLODWRPHWU\ UDQJH LOROXBHG WHPSH
1& DQRXUYH E & ([SDQVLRQ RIABIDDIPHWHU LQ
PHDVXUHG E\ ODVHU LV SORW WHIBWVEUHY KW® QWK R ULRIFW HRQ
WR / IHUULWH WKRXJK HYLGHQAIKGHQ RSWKHL® PERXRY H

LQ GLODWRPHWU\

6LPXODWLRQ RI QRUPDOL]LQJ FR XXGIDMHREGW RRM 3 6DPS
& VDQG KHOG WKHUH IRU DQ KRXUDVWBWPIS WH H[SO RW MRHG C
WLPH

'LODWRPHWU\ UHVXOWYV IRU 3 3 /& DQG 1E

)( 6(0 D LPDJHV RI $V +7 3
VSHFWUD RI VSRWV DQG
PDWUL[ UHVSHFWLYHO\

ZLWIR § SIRM/GL RD W'H GG H WV HFeNV
UHSUHKHRW®LRPF&EHRBHX\PHIGD U E

D 7(0 EULJKW ILHOG DQG E 67(0U#$SOLRDDR] BI[WIWMDFWLR
FH (6 PDSSLQJ RI &U & DQG % $RUPBVSRAGVE WR 67 (0

JRU D WKLQ IRLO RI 3 $V +7 VRRDVEOQDRWKWVIWH® W PWDH HD C
FDUELGHV DQG E D 67(0 +$$') LPDDHQ @KRQW BRVINMKE IFD U
DORQJ SUREDEOH ODWK ERXQGIROAIMWKLIHUFRORWLR®FHW

%ULJKW ILHOG 7(0 LPDJHV RI 3 DKS$WW+7 D& EQ®JIJHG
67(0 +$$') RI 3 F $V +7 DQG G DRHEZLWKK'®W
K\SHUPDSV Rl SUHGRPLQDQW HOHRHGEWWBWRBJIJVLGH LPD.
HOHFWURSROLVKLQJ VROXWLRQ

7(0 D +$%$') LPDJH RI D WKLQ IRLO Rf&D®E@HE HQHUDW
GLVSHUVLYH VSHFWURVFRS\ SORWHGHBREYWVUDWLQJ WK
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Y)LIXUH

Y)LIXUH

Y)LIXUH

YLIXUH
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Y)LIXUH

3 703 VDPSOH ZLWK FKURPLXP FDMEESBHRDW DQER X Q/GHU
RYHUOD\HG E GDUN ILHOG 7(0 BNMRWFIBD BBZGHMW ZW¥ KLJIK
FRQFHQWUDWLRQ SURILOH DFURVYHTHQWD & BOBEMBIHNE R X(
DQG G LVRFRQFHQWUDWLRQ VXYURFHORI FKURPLXP XVHG

3 703 VDPSOH ZLWK YDQDGLXP QLWEBHGRHYHDIMWQ G BRXRG
RYHUOD\HG E SUHFLSLWDWH IMWL/KH, BL YA:UIUERPNLWR FDV |
SUREH LPDJH LQVHW DQG RQSDWRPHIIWWKIMWIE VLMAKGES/; W/ L

l& D GDUN ILHOG HIWUDgF\WDRQVHH QU LIFQPV HOAL | | D KOHFQ
ODUJHU SUHFLSLW DMHMWVKLWKOHLNRDD&HYHU 0; SUHFLSLWDWH!'
ILHOG GXH WR GLIITUDFWLRQZAR QWD ¥WQ G WARIQQ DLCDF EF
SUHFLSLWDWH VL]H GLVWULEXWILR@WSKRO OHIFW N G] HYRPHW
GHWHUPLQHG E\ DYHUDJLQJ WKH ORQJ DQG VKRUW WDQJF

%ULJKW ILHOG 7(0 LPDJHV RI /& DK$IW7 DR& EQ®JIHG
67(0 +$$') RI /& F $V +7 DQG G D&HG'6 K\SKHHDRDSV R
PRVW SUHGRPLQDQW HOHPHQWYV DWHUEXO® DLFRMEINWGEH 6
HOHFWURSROLVKLQJ VROXWLRQ

SKRWRJUDSK VKRZLQJ PDFURSRUHV1ELVKEOMY HQY MIKHS\RRUMH
VLIH ZDV GHWHUPLQHG WR EH PP ZLWK DQ DVSHFW UD

%ULJKW ILHOG 7(0 LPDJHV Rl 1E DK PW+7 JRGDBGDJHG
67(0 +$$') RI 1E F $V +7 DQG G D&HE6 K\SKWDADSV f

Rl PRVW SUHGRPLQDQW HOHPHQWUYHNU B HU ¥ KQRQ R @IFH\E
HOHFWURSROLVKLQJ VROXWLRQ

)( 6(0 VHFRQGDU\ HOHFWURQ LPDJHV IRE DJHBG E K&DWQC
f& DW PDJQLILFDWLRQV RI N[ NWRS[WRNRW@QRP N[
(WFKHG ZLWK 9LOOHODYTV 5HDJHQW

67(0 +$$') LPDJH RI D 3 DQG 7(0 LPDIHWRIHDFK&DD® G
K DW f&

67(0 +$%$') RI WKLQ IRLOV RI D 3 DO DRHBQG FK DW

f& 3 VKRZV VLIQLIKFRRMWOOH CRQHVORI HQKDQFHG 91 DQG
VSKHURLGDO 91 DUH HYLGHQFHG HQF KO B Q GF DEF HWH\FS HF W
HOHFWURSROLVKLQJ VROXWLRQ

67(0 +$$') ZDV XVHG WR REWDLQ D $SXHBPLSIDWIWH FRPSDH
DV D IXQFWLRQ Rl WLPH DJHG DW D $% +&RIDGEWE RDYHIGQF

K F 1E DV +7 DQG DJHG DQDRGHG & $V H DQG
| K (QHUJ\ GLVSHUVLYH VSBFWUWRVERRY LGH G ESHLFP
HDFK +$$') LPDJH ZKHUH DUHDV FRWQ WIDWXHYH KHGO K FR-RIQF ¥
DUH KLIJKOLJKWHG 3HUFKORULR®FHWLF HOHFWURSROLV|

[Y



YLIXUH
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Y)LIXUH
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Y)LIXUH

Y)LIXUH

YLIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

)LIXUH

Y)LIXUH
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+LVWRJUDP RI VLIH GLVWULEXWGRZL WK SSJKE LRI LWHOWVDHM LD
HI[FHSW ZKHUH QRWM®3 IRBJUHG $V +K DW f&

:$;6 SHDNV IRU D 3 E /& DQG F EKEDWMIKBPSHDDRW®W XU}
UDQJLQJ IURP WR f& DV LQODFOWHGDXGSHDNY DQG
IDYHV SHDNV DUH ODEHOHG ZKHUNWBSSURS B85 MG IS[OTD § |
&

'LVORFDWLRQ GHQVLWLHV IRU 3URPR&):DQEGD QK HW IBREGF XO
:$;6 XVLQJ WKH :LOOLDPVRQ +DOO PRIQMKRBE Q FUHU IRQWEDUMD C

5HSUHVHQWDWLYH LPDJH RI 6%$;6 '6&W®DWWRMRD RXBPDW
$V +7 ,QWHQVLW)\ YDOXHV DUH XQ\K B OURPMERIH RFBIWUHW KH
VHH 3') FRS\

6LIH GLVWULEXWLRQV RI SUHFKSLWDSVHMMREBBUHRGHWHUPLC
ZULWWHQ E\ $UJRQQH 1DWHRMDW HRMERUWD'WRRSWWDII

&DUERQLWULGH VL]H GLVWULEXWURPE W VR@HWHBOPLLRDH IGP WV &
FRXQWLQJ SHUIRUPHG ZLWK ,PDIHHQRQDREG E 6%$Dp6/ KHDW
DQDO\VLV ZLWK ,*25 3URS IRU /& $V +7

I1XPEHU DQG YROXPH GLVWULEXWRRQY YW XX\D W W WMMDHAWH

6LIH GLVWULEXWLRQV RI SUHFALSRWBWHUB DDWJIPB® D O\KHBGWZ L

& E DJHG DQG & K DWHG DQG & DIKQOGW
G DJHG DQG & BDPW DJLQJ FRQGLWLRQV IRU H K /&
O 1E 7KH VL]H GLVWULEXWLR@ &LWLKRQ DLW KHIRE QVIUM W

ILIXUH IRU BROPRUH@®PRPEHH 3') FRS\

6$;6 FKDUDFWHUL]DWLRQ RI QDQXRWFIOH V8 URI@ L SE WHDHNGHLD (
R QP SUHFLSLWDWHYV

= SKDVH LV LGHQWLILHG LQ /& DIHGQWHQVKWWYV f&8ORW"
SURYLGHG IRU D /& DJHG DQG /& KDQW 1Ef& DQG |
DJHG K DW f& 67(0 +$%$') LPDIJHYPDSRQURLGHF('6 K\
WKH EHIJLQQLQIVERI GHDKHIXVLIDPJ LQWR 9AEEI1 WR \LHOG &U

6WUHVY VWUDLQ FXUYHV IRU 3
57 DQG E '&®&»W

LE&R Q Q\GH Q¥ELIOH WHKH W\H G 7

JUDFWRJUDSKV RI IDLOHG D 3LOHE/SBFIDRHDQRW $0B WHQN
IDLOXUHV ZHUH FKDUDFWHUL]HGIH\ 6 RFWKIRXH KF X1SE CH) KLER
FKLSSLQJ LQGLFDWHG ZLWK DUURZ/HSRVDOEBD\GK\H WR S

6WUHVYV VWUDLQ FXUYHV IRU 3W /& DOQWH U E WLHTJIV D O H GWDH
& IRU D K E K DQG HFXUYHW DUKIHSOIRRHW H G
LQGLYLGXDOO\ IRU G 3 H 1E DQG | /&
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YLIXUH
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Y)LIXUH
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Y)LIXUH

7THQVLOH WHVWLQJ UHYHDOV WXH WHR ¥ WO/HRYWUHQJWKRQ [B
VWUHQJWK F SHUFHQW HORQJRWWRRB H)RIBU IGP HOHNGXE WIC

&UHHS UXSWXUH WLPHV RI D 3 G /&03IDQGV 1WIDPM DIi& L
DW f& E 7LPH WR UXSWXWWIMEO®RRWWEHWH DQ ®RLY
FRPSDUHG WR VHYHUDO RI WKH DIO\VOG-HRU M VWX WH G HMOLKHALHU

7KH UHGXFWLRQV LQ DUHD DEHWHHSAGRWSWHGPHWYVDJILQJ WLPL

9LFNHUV PLFURKDUGQHVY DJHG & FK DWf& DQG & E
G f& 6ROLG OLQHV UHSUHVIHBWYBRPSOGEHWYV VUVRUOUXEHNUR
UHSUHVHQW FRQILGHQFH LQWHUYDOV

9LFNHUV PLFURKDUGQHVYV RI VDPSGHVMJIHG RU D K
G K DQG H K 6ROLGVOYREXHVHBUBRRIPQDN HKB U G

VDPSOHV (UURU EDUV UHSUHVHQW FRQILGHQFH LQWHL

OLFURKDUGQHVV YV /DUVRQ 0QD 6RQ SDNVUIDRPGHW RU HB BKWXD
THPSHUDWXUH LV LQ f& DQG WLPH LQ KRXUV

/IDUVRQ OLOOHU 3DUDPHWHU LV SORWWHG YV DJLQJ WLPE

9LFNHUV UHVXOWYV IRU WKHUPRPHFKQ QL BIYORR PSWRIHE/ WHR
WKH HITHFWV Rl WKHUPDO WUHEW®HGWU3DORQHZHWKH FRQ
DXVWHQLWLEHIRWDW PLQXWHVYE FRRR HG3DWHPSHUDWXUH ZK

SFW UHGXFWLRQ ZDV DSSOLHG R LIREFRRKRKXG VD QIGHWH P ¢
3703 P  FRQGLWLRQ ZDV VXEMKRAIWHXWR M[KH SAD RV S
DXVWHQLWL]HG IRU RQO\ PLQXWIHRV 710GV \WRQGLRVLR @ LZOW
DXVWHQLWL]HG IRU PLQXWHYV SIDHV FIRR OHKGE DIQIE W K P R)K
ZHUH QRUPDOL]HG IRU PLQXVGHMUDLKRPRROMGWRIG WHI
WHPSHUDWXUHV VSHFLILHG

5HSUHVHQWDWLYH OLJKW RSWLFDGIPABGURURPEHNY HRG WKH
VDPSOHYV 3URFHVVLQJ FRQGLWLRFQWL DM HLBRUNWG EHORZ

O9LFNHUV PLFURKDUGQHVVHV RI WIKHUPHRP HFEKDPISD HF D MO\HS L
GHVLIJIQDWHG E\ DOOR\ VROXWLRQH]LMW XNHIP S QU P& XU H [
&URVVKDWFKHG DUHDV UHSUHVHQW UG FRWVY HEHR) F\WNW KLH) Y 6
ZLWKRXW WKH 703 VWHS 37HPSHUHRU D®&OR\V ZHUH KHOG

SBUHFLSLWDWH YROXPH IUDFWLW®HW RERBPKDHEGL ZD @ KS B R;6!
WHPSHUDWXUH $SSOLHG SURFHVVLQJ VFKHGXOH LV LQV

OHGLDQ SUHFLSLWDWH VL]H D\P DRHFEKDPHG DLW/ IS BRFEHVV L @
WHPSHUDWXUH IRU 3 /& DQG 1E
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:$;6 DQDO\VLV RI 3 /& DQG 1E DWAORZNDIRRX DB RMLTRX®W Wi
GLVORFDWLRQ GHQVLW\ DQG ELYUQVDWDD OXQYHWLIRE RIHAM
WHPSHUDWXUH

OLFURKDUGQHVV YV VTXDUH URRWRIJGIGVRERAMDRVLRQ &HQ\
'RWWHG OLQHY UHSUHVHQW FRQILGHQFH LQWHUYDOV

BWUHQJIJWK UHVXOWDQW IURP GIPHIRFDW DR® B\WQX/Q &N URW
DJLQJ FRQGLWLRQV QRWHG

&XPXODWLYH VWUHQJIJWKHQLQJ HITBRWR2 U B3Q ERZIDFIGC 1
DURXQG 0; SUHFLSLWDWHYV

BROLG VROXWLRQ VWUHQJWKHQLQJIERRNHQ6GRRQG QWR F
OR

6WUHQJIJWK DFTXLUHG WKURXJK QL VIO/R¥RRAHREG BHH® VLW (
FRPSDUHG YV \LHOG VWUHQIJWKRKWNWUGGROD WRHG DUR3P 9LH
/& DQG F 1E &RQYHUVLRQ IDFWBH®JWK BHEMHUYV WR \L
DQG IRU 3 /& DQG 1E UHVSHPWAYHPHNQWYHRIL PLHHOVEL
VWUHQJIJWK HVWLPDWHG ZLWK PLBERRRWYG QHVNWUBIQH HAK R Z ¢
EHWZHHQ WKH VWUHQJWK GHULY HGUDFRRPOW WHNXGH\ PHE & D Q L
VWUHQJWKY DUH GLVSODWR®EH GEHPDNMH 3WKHR/$\ JUD SKV

IDUVRQ OLOOHU SORW RI 9LFNHUWDRURKRUW KR HD\OW YD/J L/Q
WLPHVY SRLQWHG RXW IRU WKH DJLQJ WHPSHUDWXUH RI

7KHUPR&DOFS 3ULVPD SUHGLFWLR@ W HUP YR ORWY R Q XRPIH(
IUDFWLRQ DQG E SUHFLSLWDWH GLDPHWHU YV WLPH DW

$ D 'LVSODFHPHQW SHU DWRP DVSHUXQRWKRQ RHIBWHRWRQ
SUHGLFWLRQ IRU CEWFRURWRRY DWG E 3 DV UHFHLY
3 3 /& DQG 1E QRUPDOL]HGNWWHEG WHBS KNV H3EH SDAUKH |
LUUD G IFIRW RRIQE POHIHH 3') FR S\

$7(0 LPDJH IURP ),% OLIWRXW VKRDLYXKH IPH FWRFIWUWUDNGL DI
3

%7KHUPDO JUDGLHQW SURJUDP IRR KOBIWEOMISH VD P 3IOH SWR
& DW& V KROGYV IRU PLQ DQG FRRAWHZKLOH UHFRUC
7TKHUPRFRXSOHV ZHUH SODFHG BMWWVWHKH 6HQWHWLEBR QG DUV
FRPSUHVVLRQ VDPSOHYV PP IRUH G IOHDWPRRFFHRXX S8 O M SWM Ik D -
SURJUDP PDWFKHVY WHPSHUDWXUHYVY WR EHLQJ WKH FHQW!

%7KHUPRPHFKDQLFDO SURFHVVLQJ BURJYRP IRU 703 WHPSH

%&RUUHVSRQGHQFH RI SURJUDP W HWV DHUED 3/ROUGIGW R FDUFRMHX D |
UHODWHG WR FRPSUHVVLRQ SUMMHEWHG DV D IXQFWLRQ
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%)RU 3 703 WKLQ IRLO D DWHGIEWHHRLIBAGVVWRRY ODOG
67(0 +$$') LPDJH ZLWK ('6 K\SHUP D S\P AR HQMNNWHDGEGY ERQRF
SHUFKORULF DFHWLF HWFK

&6FUHHQVKRW IURP *6%$6 ,, VKRZLQIHUXPBPFHVVIXO FDOLEUDYV

&5HSUHVHQWDWLYH D ILW RIE 'DAAIG HR X\ XM VILOW HYON LW\ Y
/IRUHQWI]LDQ ILWV RI )H SHDNWV LUR R I LFOQV /POROQ W Bl OVAL |IHQM
GLVORFDWLRQ GHQVLW\

& 7TH[WXUH DQDO\VLV IURP FRPSDULQ3 SHIOKNV FBGRP LQGLYLC

& 7TH[WXUH DQDO\VLV IURP VSKHULFDO®VKPERBRUFMP RYHQJ *6
*+ VHH 3') FRS\

&:LOOLDPVRQ +DOO SORWYV IRU )H LQ DJHG 3
&:LOOLDPVRQ +DOO SORWYV IRU )HMWVHEKBHUPRPHFKDQLFDO (
&:LOOLDPVRQ +DOO SORWYV IRU )H LQ DJHG /&

&:LOOLDPVRQ +DOO SORWYV IRU )H LQ DJHG 1E

&:LOOLDPVRQ +DO& ISOD RWH/GIRU O
& :LOOLDPVRQ +DO&O SO MKHURBEPHFKDQLFDOO\ SURFHVVHG
&:LOOLDPVRQ +DO& ISD RWH/GIR& O
&:LOOLDPVRQ +DO& SO RWH/GIR1E O

" 5HSUHVHQWDWLYH D
FRORU EPMDHH 3') FRS\

" RXWSXW IURRPWHGVLYEHE YHOVR®

"/ILQHRXWV RI LQWHQVLWLHV YHUVIXYLF DROW 3 S WRDARHBVOHAG VDI
D@GDV LQGLFDWHG LQ SORWYV /LQHV UH
DYHUDJHV 3HDNV LQ WKHVH UXQ®UQEXWHR Q JKNV KFHSIUHW

" ,*25 3UR RXWSXW ILWW EQ W WHW HSXO/RMR DYRCGHUKIPM O L Q H
GLVWULEXWLRQ YVEDBD S GRMORCQHYVFHMHUW FRORU EDU L
WKH WRS DQG GHSLFWV WKH U SGDWD ENVOLQV WKRIHW K H H QW
FRORU EPMDHH 3') FRS\

" 9ROXPH GLVWULEXWLRQ FXPXODXWDYWH YH]|WX®UWWH IDEXADL |
YV VFDWWHUHU GLDPHWHU H& 3VLQY KBBEYDWUHDWHG D
SDFNDJH ZLWK PD[LPXXP HQWURS\ PHWKRG

(67(0 +$%') RI HHWUDFWLRQ UHSOLHRPF RFBWISW HWFKHUFKOR
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Y)LIXUH
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Y)LIXUH

67(0 +$%$') RI WKLQ IRLO RI 3 DIHEKORWLPW FHW&F 3 HVUF K

67(0 +$%$') RI WKLQ IRLO RI 3 DIHEKORWLPW FHW&F 3 HVUF K
67(0 +$%$') RI WKLQ IRLO RI /& DIHCGKORWL P W FHWI& BIMFK

67(0 +$%$') RI WKLQ IRLO RI /& DIHCGKORWL P\W FHWI& BIMFK
FRORU EPMDHH 3') FRS\

67(0 +$%$') RI WKLQ IRLO RI /& DIHCKORWL P \W FHWI& BIMFK
FRORU EPMDHH 3') FRS\

2SWLFDO PLFURJUDSKYVY DW D [
VDPSOH RI' 3 QRUPDOL]HG DW

| WKH ORQJ WDRGV GHU |
G fBWMRU f&PIRAD QK WHPS

2SWLFDO PLFURJUDSKY DW D [ | &WKH VERUW WQOQBYHLUY
D VDPSOH RI 3 QRUPDOL]HG DW UHGf&WRU [f&LLRDQE® WHI

2SWLFDO PLFURJUDSKYVY DW D [ | WKH UROOL QD QL UGB FWI[L
D VDPSOH RI 3 QRUPDOL]HG DW UHGf&WRU [f&LLRDQE® WHI

2SWLFDO PLFURJUDSKV UHQGHU HR® @ Q@R CARJ[ HKFWLHRSU HV H (
ORQJ WUDQVYHUVH /7 DQG VKRQW VEUDQWYHUVEP$ O HDRN
3 QRUPDOL]HG DW f& IRU PULRDQ&KWHPSHUHG DW

2SWLFDO PLFURJUDSKYV RI 3 DV UHFHLYHG

2SWLFDO PLFURJUDSKV RI'3 QRUPDOL]JHG DW f& IRU

2SWLFDO PLFURJUDSKYV RI 3
F f& DQG WHPSHUHG IRU

QRUPMOLEG IR& DB DW
K DW f&

2SWLFDO PLFURJUDSKV Rl /& DV UHFHLYHG

2SWLFDO PLFURJUDSKV Rl /& QRUPDOL]HG DW f& IRU
2SWLFDO PLFURJUDSKYV Rl /& QRUPSOLEIG IR PLQ DW
F f& DQG G f& DQG WH&SHUHG IRU K DW
2SWLFDO PLFURJUDSKV RI 1E DV UHFHLYHG

2SWLFDO PLFURJUDSKV RI 1E QRUPDOL]HG DW f& IRU
2SWLFDO PLFURJUDSKV RI 1E QRUFBOLEHG IR& PLQ DW
F f& DQG G f& DQG WHSHUHG IRU K DW

[l



YLIXUH

)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

Y)LIXUH

(%6" UHVXOWYV IRU 3 OHMBWG :$;6 WHIWXUWIHIER@GD O\VLV
WKH VDPH VDPSOH LQ [ UDQGRP (&' EDMPXPZEKHDWXUH G
PD[LPXP PHDVXUHG ZLWK :$;6 FARDO/RU HPUDBKE GRPFR S\

3ROH ILJXUHV IRU D DJHG DQGHE¥VAWKRBUP RBHDEKPHGE. ZD O/®
:$;6 GDWD XVLQJIREHBU PO 3') FRS\

B3ROH ILJXUHV IRU D DJHG /& DO@® GDWME XMQOQ O Ve¥H ZL W k
FRORU EPMDHH 3') FRS\

D 3ROH ILIJXUH DQG FROIRW #&HNH 87) FRS\

JRU /& DV +7 D DYHUDJH JUD LIG AIQVWRULIRIOARDWOL R Q E  F
LPD¥HVHH 3') FRS\

7KHUPR&DOFS UHVXOWYV IRU DQ& GE 1€L 0Q CFORJ VBEDO
Rl SKDVH PDVV SHUFHQW YHUVXHWP®HPEWXDWWX WHH ORY 5 ® W/
KHDW WUHDWPHQWY |BRO R& ) PMBIHAED E B R 8\

7KHUPR&DOFS SKDVH IUDFWLRQV WRIRQV RD@E5 QHOPWLYH
0 & G = SKDVH IURP 7&RORDWDBDEDMRB') FRS\

7KHUPR&DOFS UHVXOWV IRU D 3G 1E L) SKDNVNH/&HDBBQ
YV WHPSHUDWXUH IURRORY (& RRPBIMHDBED VRS \

[[L



7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH

7TDEOH

7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH

7TDEOH

7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH

7TDEOH $

I+

I+

I+

I+

I+

I+

I+

I+

I+

1,67 2) 7$%/(6

2YHUYLHZ RI *HQHUDWLRQ ,9 5SHDFWRU 'HVLJQV > @

, QWURGXFWLRQ RI SBUHFESIGQVDWHYV LQ ZW &U 6WHH
5HYLHZ RI SHOHYDQW 3UHFLSLWDWHY DQG 3KDVHYV
$OORZDEOH &RPSRVLWLRQ@WDRQHRIRWD3V H>3 @0D Q6 &R
*HQHUDO (IITHFWV RI M D\OR\LQJ RQ $XVWHQLWH 6WDELO
%HQHILWY DQG '"UDZEDMWNWRR®VY 6HYHUDO $OOR\ ORGLILFL
7TDUJHW &KHPLFDO &RPSRVLWLRQV RI WKH "HVLIJQHG $C
&KHPLFDO &RPSRVLWLRQ@UWI WKH )RXU ([SHULPHQWDO

SHUFHQWY DQG &RPSRYV LOW LIRQV3RI VGKHD QBWWE[DW, DQ

f& DV ORGHOHG ZLWK 7KHUPR&DOFS

I+

I+

I+

I+

I+

I+

I+

,QLWLDO 7KHUPDO &\FOH IRU /$1/ 'LODWRPHWU\
+HDWLQJ 6FKHGXOHV IRUHHBOMERPHWU\ 3HUIRUPHG E\
7LPHV DQG 7HPSHUDWXUHV IRU WKH $JLQJ 6WXG\
6DPSOH &RQGLWLRQV 5XQ LQ' 84HO PQIGQ;6 RQ $UJRQQ]
'DWD4IRYV 8QRWWL GBUHG K DW fa&

3KDVH 7UDQVIRUPDWER Q H\WHB RUQ WX EN VL IRMWR P HVQU \

3KDVH 7UDQVIRURDWIHRNHUIRPR QHGDEA X UBIVMWR@®PHWU\ DQG

7KHUPR&DOFS

I+

I+

I+

I+

I+

I+

+

B3UHGLFWLRQV DQG ([SHIRW MIMD3O\DBWHEPLQHG 9DO
3§V +7° +HDW 7UHDW PGI @\W H3 DHADLRIQWM BUSO IRRANE D Q
$FFXUDF\ Rl 703 LQ WHHBV6RIUDAVPXDQGY &K 38R BROHI PL F L
9LFNHUV WR <LHOG 6\MWHIQPL R KRR QLYW K \b17 RQH DDVAVD RIUAH \
&RQWULEXWLRQ Rl 6ROL G GRCLOXDRQSOWRNYD IWKHQLQJ
/03 YV OLFURKDUGQHW\QD®Q GJHBGORWD W LRQ 'HQV LW\

,QFUHDVH WR +DUGQHVXSRIQ3,UDRGLBWLR@HG $O0OR\
[[LL



7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

7TDEOH

&

&

&

&

I+

I+

I+

I+

+

+

&DOLEUDWHG 3DUDAWWHWR®RURU *HQHUDO (OHFWULF '
)H 3HDNV &DOFXODWRRRY +PWGJIHBRIWVIRU :LOOL
J)H 3BHDNV &DOFXODWLRDPW RRU+DIBGHB® BWVYRU :LO
YH SBHDNV &DOFXODMAVRRYY HBO G BFDAR W& IRU :LOOL
YH 3BHDNV &DOFXODWMRY HROBBDOKRWIME IRU :LOOLD

)H SHDNV &U\VWDOCHIW.M/6L]H DQG 'LVORFDWLRQ '

& BHDNV &DOFXODWLRQV IRU $JO®WY IRU :LOOLDPVRQ +|

& SKXWDNV &DOFXODWLRQV IRU 70399R®VWY IRU :LOOLDPVRQ

& 8KODNV &DOFXODWLRQV IRU $JBIBW¥ IRU :LOOLDPVRQ +I

& 8ODNV &DOFXODWLRQV IRU $JH®WV1E IRU :LOOLDPVRQ

& 3BODNV 3UHFLSLWDWH 6L]H

+ 8VLQJ ,*25 3UR ):+0Y2ZHIWRU HPIDMRQHGE SHBPUWNZLWK FU\V
VLIH DQG GLVORFDWLRQ GHQVLW\ ZHUH GHWHUPLQHG

I+

I+

J)H SHIOHFWLRQV /LVW

0; SHIOHFWLRQV /LVW

& HSBWIOHFWLRQV /LVW

+ = SKDVH 5HIOHFWLRQV /LVW

c 3 H)BHFWLRQV /LVW

I+

I+

I+

+

I+

I+

I+

&DOLEUDWLRQ RI ,QWHQVLW\ ZLWK *ODVV\ &DUERQ
&DOLEUDWHG 3DUDPHWHRWRIRW *HQHUDO (OHFWULF '

3 +HDW 7UHDWPHQWYV ,GHQWLILHG LQ /LWHUDWXUH
&KHPLFDO &RPSRVLWLR@QWDRO $WKHREWFRQGDU\ ([SHULPI
OLFURKDUGQHVV 9BOXBDWY EBEWHURU>[@UVRQ OLOOHU
'LVORFDWLRQ '"HQVLWAVD @B PRPEIBPNHGY OLFURKDUGQHVV

OHWDGDWD IURP 7THQVLOH 7THVWYV

[[LLL



+

7TDEOH , + &UHHS 7LPH WR 5XSWXUH >K@

7TDEOH , + SHGXFWLRQ LQ 'LDPHWMIRWVDQG WKXV $UHD OHDVXUHP

+
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, FRXOG QRW KDYH FRPSOHWHG WKLV IBAIOHD Q&WKRNQGW K H
KHOSLQJ PH WKURXJK ORZ SRLQWV OGUBQWYUMRLERWE POWR WKH]
DQG EDFNZRRGV DQG IRU JLYLQJ PH WKH XA Q QLIGH QLFGIGWRK N HFHRSX W
VWUHQJWK P\WHOI 7KDQNV WR P\ ELMNLUQIDKIMNIHUIV FWRPELQDEPQHE
SURIHVVRUV WR P\ GRFWRUV :BRERXWZEXRGG1WQRH KHHMLHF VAR & X S
HQMR\LQJ WKH WLWOH RI '"RFWRUHU HG EFMWRRUEH 6 ORWOHW R NLKQW ©]
P\ SDQFUHDV DQG IUDFWXUHG I K/WLCRX O 6 AUQLUQI U EILFAFW HL € UD ¥ K L
P\ ILUVW VHPHVWHU , RZH D G MERW \R WXKDDW ERX G HFWR \D®IOD WXR G F

KDYH NHSW PH DOLYH ORQJ HQRXJK WR UHDFK WKLY SRLQW

6SHFLDOO\ WEDXROM \RKMMRMKNL IRU FDVWLQJ WKH H[SHULPHC
_HVWHU &ODUNH 'DQGRBRJIEDEJ$1/ IRU DVVLVWLQJ ZLWK KLIJK WHF
WHVWLQJ GLODWRPHWU\-RXGOPE-®Q BD § DBEOMN RQRH IRU KHOSL
PH UXQ WZR VHWV RI VDPSOHV WKWRXJLK 6%)6 0%;BL DD B\DW WV R/ILQ J
ZKHHOWYWRLHDEMBURQ 6 WIHE @HQHYV IRU KHOSLQJ PH ZLWK WKH D\
DQG :$:6 6$:6 DQDORANU IDWY® WHRE 0$QVIRW UXQQLQJ LUUDGLDWLRQ

,Q WHUPV RI IXQGLQJ , RZH \HD US/ RIl 'EXSDELVQ B HVQRYV VRK H QU-SU
'2( LQ SDUWQHUVKLS ZLWK /RV\$OH1PRV RDWKRQWD\WHDE RBOLWRUV L
DQG WKH 1IDWLRQDO (QHUJ\ 7HFKQRORDQHFEEBREWWHRO\3UWURFEHVVKG

BURGXFWY 5HVHDUFK &HQWHU $6MRBBRXIKIPARLARXVD\M MK B I&WHW HRH

(LY
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7KLY LQYHVWLIJDWLRQ LGHQWLILMAXYHYODIRNIKQW HKOH G RPUWR RH \L\DLF
KLIK WHPSHUDWXUH PHFKDQLFDQ@VBEWRBEHYWLNMWHHGOWURBRUWQ K FRH.D
DSSOLFDWLRQV *HQHUDWLRQ PSS WHHDWWRKE WD HHM VDR GHUSH OHDWHHIGN W
D K FUHHS UXSWXUH OLIH DW LGHQWDQBG DY&WKH EDVH PDV
LQFUHDVHV WR WHPSHUDW XUHWXH WRIGH VIVH & BO HWIDNH B QRR/GL X
WHPSHUDWXUHV WR VHUYLFH FODOGLW FREROHEGY U IRD FWRINVU RWL W
WHPSHUDWXUHYV IRU FODGGLQQGIVR\RQOWHGQ H DRPMO UHNDWWR RNV UHD Y |

RI UHDFWRUV WR f& IRU D OLIKWRBHDER 3XWHD WHHNUW KD Q

7TDEOH + 2YHUYLHZ RI *HQHUDWLRQ ,9 SHDFWRU 'HV

GA\VWHP GIQJQ’VWUURXQP &RRODQW 2XWOHW 7HPSHUL
9+75 )
9HU\ KLIK wHPsHUDwWx UMY EBPwry  *HOLXP *
6)5 )
6RGLXP FRROHG IDVW URY¥Pwry  BRGLXP *
68:5 | )
6XSHUFULWLFDO zDWHUNFRRERS Wb Fwru PWHU -
*)5
*DV FRROHG IDVW UHDPW¥uU +HOLXP
o MW /IHD G x
/JHDG FRROHG IDVW UHPFWRU *
ORO?NGI-?Q vbow UHOKWREDO IDVW  JOXRULGH VDOWV

BUHFLSLWDWLRQ KDUGHQLQJ LEHFEKDQLIHFBOVSUR S HGWUMAD QW
GXUDWLRQ DQG LUUDGLDWLR® UR¥UHWUVRAFWNMRZEURIKE XEWQ R QQB RY N
UHTXLUHPHQWY IRU DSSOLFDWHRRBWRIU) OL § WAIXI®Y WRD @ R HOGID Q RWY

VWDEOH GLVORFDWLRQ VLONV WR WUHD® LIQYVRRG SDRMAHMKDWDSE



Y)LIXUH VKRZV HOHPHQWV RI LUBDGLIHGLR @ HDP DUEFIOX G L8QU Q'
ERXQGDU\ EXEEOHV WKDW FDQ OHNGWWRY JDQGQLBDRMUGDDQ XU
QHFHVVLWDWLQJ VLQNV VXFK DY¥QGRYSOREWWQRWV KIMNG ESHHHF IL SHQDV
DOWHUDWLRQV LQ FRPSRVLWLRQFBQRPSYR FINWMWLLQVL R | PH[W WW DY L VK
HQKDQFH KLJK WHPSHUDWXUH VWWHQWW R VWHIG B URH W B HVQAW WR®@X
IUDFWLRQV Rl VWDEOH QDQRVFROHLYUWKIHS LY DMMNVL IO WHR @ \LWX W
DQG WKXV XVHIXOQHVV RI& ;SSYUIFEBSMWDIWANY \RYFKUHOS 9 EVDIQGH QU |
KLIJK WHPSHUDWXUH VWUHQJWK B QGVPEEORWW WX FX\OMW HP BW B DL QLN
UHVLVWDQFH DQG WKXV LV KLJKONUGESMWQEBQWQ R QV\SDHE DS MWV D
VWUDWHJILHY VXFK DV ORZHULQJQBDRIERID Q8H VAHR @Q\@ H @ R/QIVHE) WQR U |
VWDELOL]JHUV DUH FRQVLGHUHG LRH HIWHFRKW ARR LKPU L&RUX VD DIBRWUR 3

H[SORUHG IRU WKHVH DOOR\ YDULDWLRQV

GB
Bubbles

Bubble ;
’i;.:u::,\ Dislocations

J)LIXUH (OHPHQWYV RI LUUDGLPWELBQGGWRPESHH U R G &AD QWU RN Q A
LUUDGLDWLRQ UHVLVWDQFH VWILEFOH QDW IRR/EY MK GHOQ BVXR
SUHFLSLWDWHYV WKDW VHUYH DVLVVQRY WR/ GEDXMEEMDAHRZ V@
QHFHVVIDAROR@ £ PDHH 3') FRS\

™S

7KH REMHFWLYH RI WKLV SURMHFWUHWF V8 R WINMRIGRE HK DAUKGHHUOARHX
DOWHUQDWLYH SURFHVVLQJ VWURMWMXUBDYY IRIS QXAFDWDRQ VU H B RW KR

KLJK &U ) 0 VWHHOV SURYLGH DR FRYVAX HQIHFDMLONH RIDIOGAHH G IQD\DSMHLUYWH.



VWHHOV IRU VWUXFWXUDO XVH W@®BKZIHAK V8 OPDRND W)X W MY K/HUU H Q |
SURFHVV RSWLPL]DWLRQ VKRXORBU\IHHO.G LB QA B QLY VX AWN DAK LUH
QHFHVVDU\ PDWHULDO YROXPH WIQP i HDRE WRISW X&) L@F DHD YW L&U
SUHYLRXVO\ EHHQ REWDLQHG YLD D GHRLVMILDRD VRR FREEB®W FR @W
HQYLURQPHQWY KRZHYHU &R.LVVHIV\RL @H LDQYGRHFGHHGS HX YQ &K WSLRR/GIW W
KHDOWK FRQFHUQV > @ ,PSURYH® LFQUHG!I Z UMK/ LW KVHD QIEGIH K Q VWEJHL I
ORZHULQJ FDUERQ DQG FUHHS UMARLEW DHXFKD RB M @ VR KE ABIR >V @R
PRGLILHG KHDW WUHDWPHQWYV >L® WKI@ 8HRBMHFWWIQFQ@X Gl HS DRG
KHDW WUHDWPHQWY DQG WKH DGGLWILRQ RWIDS WEHUWRPHB KNG
HIITHFWLYHQHVYV RI WKH PRGLILFPMW LRQM YIDQFKX GAHH P B H H B WXKUSHIV YLk

GXFWLOLW\ DQG PLFURVWUXEWXHKB G MWHE LRJ LRARDRIIVSIQH RLIS X B/QV E

5HVHDUFK 4XHVWLRQV
7KH XQGHUVWDQGLQJ REWDLQHG |URWUYKYXU H GUHREW UIDWIHR
UHODWLRQVKLSY FDQ EH XVHGFWRWWBOURWRIHYUSH ML E FP DUHDHF ¢
7KHUPRG\QDPLF DQG NLQHWLF DQDM@BVD B WHFDQIB SWUHRPFHH/UAL@Y S
LQYHVWLIDWHG 7KH IROORZLQJORN\VGHMLEK TXHY WLR QR X BHWH ® RIq
&DQ 0; SUHFLSLWDWLRQ EHSHBRDRIPMOWIKR@HVW UHGXFHG WKUT
PRGLILFDWLRQV LQ DOOR\LQJ DQ® YWRFHWVW'LQJ LQ KLJK FKUR]
'RHV SURPRWLQJ&OER@HILLW KLJK WHPSHUDWXUH PHFKDQLFDO
PLFURVWUXFWXUDO VWDELOLW\ LQ KLJK FKURPLXP ) 0 VWHHO"
+RZ GR 703 DQG DJLQJ DIIHFW PUEWHQVEWNQG \PALFN R UMY X FIWW L
GHQVLW\ DQG SUHFLSLWDWLRQ"
$ FRPELQDWLRQ RI VLPXODWLRQF WLRWP RO BWRREVIVQQ JFYDU D FWHH |
H[SHULPHQWDO VWXGLHV KDYH EHHWXX\DHG DVQRS HP[HDFPKIDGIL ACKAH \PW B

3 OLNH DOOR\V DW KLJK WHPSHUDWXUHYV IRU HIWHQGHG WLPHV



'LVVHUWDWLRQ 2XWOLQH

&KDSWHU UHYLHZV WKH FXUUHQ®@VVIWQ@GY M IRH U RDHWRIUWHOD
WKHUHLQ B8WLOL]DWLRQ RI FRPXWHUGCFRKSEOPRF KRHPENDNUN @&I$D3I+
PRGHOLQJ JUHDWO\ DEULGJHVXWKH BBOWRD SR \VBHEH OLIFX DOV WUR LDV
DULVH IURP FKDQJHV WR WKH DO®RVVQ 7 RH BVMKVH B IRR AMMHK/NY IDQ/JIV X B B
EHQHILW RI SURPRWLQJ 0; S8USBHSFLYDWMWDLWRORRYHW HW[SODLQHG 3
WKHUPRPHFKDQLFDO SURFHVVLQKHHBUHBHWWXRKIHDYIJHQVHOQ WWKHHMAHY PL
OLNHZLVH UHYLHZHG $OVR WKG6 RQYLOH]PUWLDRQFRIWABHL @ GC$VE B

SUHFLSLWDWH DQDO\VLV LV GLVFXVVHG

&KDSWHU GLVFXVVHV WKH DOOR\ GH$LUY X85O RHEK DR G HK\RL
ZLWK HQKDQFHG SUHFLSLWDWLR Q HRXIMYD ANSHWIMVDLIEFVG DEHAN X/ IR 1P @
IDEULFDWLRQ &KDSWHU VXP PIDQU R]IHKHD WHVWUAHDDWWPHIIQ M V  DRIUG GOHAL
VWDELOLW\ $Q DJLQJ PDWULMHUVY]BWHRIQQWHIGD \DNIDHY FKD/WNDLFON ¢
SUHSDUDWLRQ PHWKRGRORJ\ DUH OVNMZRSW LAPX\DON. QR R | &HKHDISW HY
WKH YDOLGDWLRQ RI WKHUPRG\QIRRL MOHPG\H B DORXUDHDMWZLGN W LG Q\DI\K
PLFURVFRS\ 7KH EDVLV IRU XVLQJUPRMERKDSERP S UHVR/ARQY LRU V
GHPRQVWUDWHG &KDSWHU GLVFXWIHY WXMGPWRBRE MAULXIFMHGU D O
KHDW WUHDWPHQW DQG HOHYDW HSU RFHPAH QD WXQE DILQJI R(@I HAN
IHDWXUHV DUH GLVEXVVHG LQ GHWFMO/ RKDSKAHVH SDGDBPHWWHY
SURSHUWLHV VXFK DV WHQVL@H H URISHYWH BV DQ QG NMU RES HUR WIC
IHDWXUHV WR PHFKDQLFDO SUR SWMKMALH VU HYKKIDSWWH D Q GV % BRI Ul Q)W
UHVHDUFK REMHFWLYHV SRVHG NBVYVOLRXWHKXL®HY &XWWH WZR UK UIR
DSSHQGLFHYV FRQWDLQ GHWDLGV RIWEBH@OL@IR\V U PGHBRQRE U H\SLLV
VDPSOH WHPSHUDWXUH DQG IRUFMW [3WRYDOKWH \ $ ;B GIEQ & 68 Q6D G DH O

PLFURVFRS\ DQG DGGLWLRQDQOQ BOMEY UQODKH @ R GARRY RVAKHH RA RF KR |
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7KH JHQHUDO PLFURVWUXFWXUH RDO RQ@JY 0GHWHHHOHU D\D GLLPAX!
SHUIRUPDQFH (IITHFWV RI DJLQJ FDAHHG SSIHINVFHLCBW WG WBI @ GD WH HE HY & X
EHKLQG ORZHULQJ FDUERQ FRQWHOQW XML &ILJTKWE RQRR L X7R 3V IV bl H O

([DPSOHV RI HPSOR\LQJ :$;6 DQG 6 & KDIRWFBAXHUN [ DPWHRG IDMBIWSHU HV H

(ITHFW Rl &RROLQJ 5SDWH RQ 5HVXOWDQW OLFURVWUXFWXUH L«
SHxDPWDPO@ SURGXFHG &&7 FXUYHV IRU B GHGLYHBWIHEG ) GLXOWRYV
WKH 3 VDPSOHV ZHUH DXVWHQLWHKHG BRRROHIXDRWUUDWHY® DRGJL
2& & K z2& V OLFURVWUXPWXBRNKY E§BROGKEH A DWHWKAHYH D Q
RSWLFDO PLFURVFRS\ LQ VDPSBHDH\WQWWSEKHFRR LYK WD OHORID TV fABHV
IRUP IHUULWH LQ WKLV DOOR\VMWKIXN \REWDAWX QB DVIXNOUWLY PR D 0O WHX

VLPSO\ E\ DLU FRROLQJ
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J)LIXUH &&7 FXUYH IRU 3 VWHHO > @



OLFURVWUXFWXUH RI  &U ) 0 6WHHOV

BWUHQJWK DQG FUHHS UHVLVWDQRH DQH GHIWY RE IN\R R HDW
VROXWLRQ VWUHQJWKHQLQJ ERXQGINUWWXKWIRHE WEB)PLR@ GLVOF
SUHFLSLWDWLRQ DW ODWK ERX@GIDULHY >D @®G1E QW HIU& @ US U@ WL
3URPLQHQW PHFKDQLVPV RI VWU H{$WRKXWHHI U Q5O WGER §F REIXW\LIQQ LRI
GLVVROXWLRQ RI FDUERQLWULGHRD VQBRYVMNPHYLWDRWWRQJR0;DSY I$
UHFRYHU\ RI WKH PLFURVW U X FW X\WHP S$W W K O H B U VWKIHD W R O RFHDUAY
WKURXJK UHFRYHU\ DQG SUSHFERDWDMW® V& RNSHREQDQOD\RO 0; RFFXU
> @ > @ WKXV WKH UDWH BWM® WHORISWKU D WE X FHW LRI BW BIOG X F
0; SUHFLSLWDWHWRFHILWDWHY ,Q WKH QRU P DMHHGND® G MWHP B H
VWHHOV FRPHV IURP WKH GLVOR RDIWLKRHD IGAIQ V QWY KCHQ 8 DEJRAKHIGEVDLWAX
GLVSHUVLRQ VWUHQJWKHQLQJ E\ (RQSVWRHLBQIWDIWHIOL QD Q B RPR O X®

PRO\EGHQXP OR

7\SLFDO QRUPDOL]JHG ZW & UKDW B AW HRLLA H B VEIWUI OF W M B 8l HIL\
ODWK VWUXFWXUH& 79UHF LBLWKDWHY ORFDWHG RQ WKH SDENHW E
SUHFLSLWDWHVY GLVWULEXWHG KRPR@&HQHRXVPLIWEKKN RX DKRRQWE WK
VKRZ WUDQVPLVVLRQ HOHFWURQHBIOLUFRWF RERP D(0& B[ W WBIRF WWRIG G
DW f& IRU PLQ DQG&WRBSHKRDIG D VW WD OXEE KRYH VKRZQ WKDV
KLJK VWUHVV VKRUW WLPH FU HHSU WHH VWEJ WIRL QX SWN PHG WDHED W L
GHFUHDVHG ZLWKLQ IRUPHU ODWKKYVIRQOR BL QW \SRIPSRWIHDL ROWIKQ 2
00Q &U 1L OR : 9 1E 7KLVYBUVORFDWIURE DHARQ
FRDUVHQLO S BRHPLSLWDWHY DQG SUHFLSLWDWI IXE® RUMNK FKDBHNVS |
DW WKH RQVHW RI WKH WHUWMDHIG PWRH H S WKHIW PIHQ DH EKID QW HQS
ERXQGDU\ SLQQLQJ E\ SUHFLSLWDWHERLDW S UGH\WO A K PHRMN VHR P
DOORZLQJ ODWK DQG JUDLQ JURZWKH VBR QRR.@QW LRXHWX BOPYH GHKGE

PHFKDQLVP LV WKXV IURP JUDLQ ERXQIDUR S UD@RERPW R GLL\QQU QB



RQO\ 5HWHQWLRQ RI 70/6 IRU DWIRXN MHU YMFHHH®@ L\WPXE MWH REW S BUW R
KLIK WHPSHUDWXUHY SDKHW EROHYHBUPHG DW ZKDW ZHVHDQGHVXP

O0; FDUERQLWULGHY DW ODWK ERXQGDULHYV

_(420) vVC

D E
J)LIXUH 7(0 HHTWUDFWLRQ USH DOL BDW WXRREZE QU DD QOERXQGDULH
FDUELGHV LQ D &U : &R VWHHO>WWPSHUHG DW f& IRU

Y)LIXUH D G VKRZV HOHFWURQ EDFWNFQ@LOHUH G HIF WRQL R
6(0 DQG 7(0 LPDJHV RI 3 VWHSBODQBUPBPSHUGRWWH D VKRZV
WKH VL]H Rl SULRU DXVWHQLWH BUDLID WR EHVEKKRIYVRMKH WLHIH
VXEVWUXFWXUH WR EH FRPSRVHGDRI D UMMM WE 10D \WKPWTLISPSH
SDUWLFOHV &QFIORSGSQR[QPDWHO\ QP DW SULRIQ G XFDHOH QAH \A
SDFNHW EORFN ERXQGDULHV DQG 0; RXNV®S RV WDWENXOW HGQIPQK®RP)
VKRZQ LQ )LIJXUH F DQG )LIXUH DGG WHWMHFLVEXWHARQ LKL \D RN HLC
ZLWK OLWHUDWXUH > @ $ XQLIRD? BHW® ULERIQ RQR RY WSDELVODLFI
DQQHDOLQJ DQG FUHHS GHWHUDRRWW ER® HRG RMLRH F & DURNAHQ/WVDD QR I

SUHFLSLWDWHY IXQFWLRQ WR VORHESGWREKER ERXIQ®G NWAUKXIEFIWOWH RQRI

UHGXFLQJ FUHHS UDWHV > @



F G

J)LIXUH &KDUDFWHUL]DWLRQ PW3 WEE&HDQW HHIOPQ@RURABGOLWH G
VKRZV D (%6' RI PDUWHQVLWH SPRIFRBWW HQ/G W B FOANW K VE
F RSWLFDO PLRUBVHRESRWDWHY DW KLJK DQJOH ERXQGI
ILQH 9& SDUWLFOHV GLVWRBRORUVIHRCHHD '¢G FRG\ > @



Y)LIXUH VKRZV SLQQLQJ SUHVVXURUD® LD HUGRWL B Q HA LBSW MHDS
HIILFLHQF\ Rl ERXQGDU\ SLQQLQJ GHEHGOVWLFEOHYH DLO\K GL\QQU
GHFUHDVLQJ ZLWK LQFUHDVLQJ $PUMW ERCERXQED Y\ @ U 13 BRRLLVYD VBH
DQG /DYHV SKDVH LV UHSRUWH®KDR EWK I LS QH VIVROUHN OARRL WHOHLG
SDUWLFOHV > @ +RZHYHU DIWHILFEGRY¥W IZD VORKES RUKLNVG SWRQK
FRQWLQXRXVO\ FRLQFLGLQJ ZLWK &RWDKHK PHRDAW \RH QR QW S ERW DE
OHDGLQJ WR D GUDVWLF LQFU RDWHHU® IOCDUN KF ¥ HHB D QR WE G DRIQ \SH
SLQQLQJ SUHVVXUH WKDQ 0; SDUWLFBRDUXNGI@HQ JF IZHKHHS) HEDXW KORUPHF

GLVWULEXWHG 0; SDUWLFOHV I[WKHYVYWUGILYWWCHU AKIDHHISH AR SILQWQ K
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JLIXUH 6FKHPDWLF IRU 3 VWHNAWIKRAEWHS VOQULILIQSIRHV 8 XQ @
ERXQGDU\ DQG KRPRIJHQHRXV SDUWENOKHW HBKHUMROKGHO®



(IITHFWV RI $JLQJ RQ OLFURVWUXFWIXWWH DQG OHFKDQLFDO 3URSE

7KH WLPH IRU &U ) 0 VWHHOVDWRRBRE Q XHH KIQFGH W H/RASUHHRINDW |
LQFUHDVHVY DW ORZHU & OHYHQY IRZVE : ORMGH VWMHOR SRV HWVE
GHFUHDVHG WKH SK®O\GHFUBPWHRQ ZRKILOH WKH SKDVH IS\DBWLRQ |
UHVXOW LW LV K\SRWKHVL]HG WRADPVDR\R ER X QG B WL HU HF\L SN KMVFDWHH |
WDNHQ XS E\ W& WDHALEHWDWHY > @ /RZHULQJ FDRIERMW B\ HR QQ
EHFDXVH 0; RFFXUV SUHGRPLQDQWOWHDSWRSWWWGHV | RAK MW IKH HHSZ k
LPSURYH EHFDXVH 0; SUHFLSLW DWHYWD BHSRBHEH SFRDW HQ L Q O ® HWK.
ERXQGDULHV PRUH HIIHFWLYHO\ GMXHSQH [ SROWYWDW HE/ W B PERQD MIX
VWDELOL]JHU GHFUHDVLQJ FD U ERLY VIR Bl WY QQIX MW MKIHAWH P\RVE D ELLFMDLY
PDLQWDLQ D IXOO\ PDUWHQVLMWQAH §WHALSLYD \FLRQRKFNVY YOFONRU B H
DSSOLFDWLRQ RI 703 ZKLFK LQF WBHIRM\G WKHD®LVYQREBMNLRQ G X/
QXFOHDWLRQ VLWHYV

BWUHQJWK DQG FUHHS UHVLVWDQRYV DQH GHIWY RE IN\R R HDN
VROXWLRQ VWUHQJWKHQLQJ JUDW E® YXE Y VAU K& WHKIGSHVWBCHDLLRDQ DX
ERXQGDULHV DQG LQWHU RS UM SDWDWRRQDU @; RKLY VWUHQJW
YDULHW\ RI PHFKDQLVPV LQFOXGLRQG BUHFHOLYDWRLRQY HRAELSK DA
SUHFLSLWDWHY QHFHVVDU\ IRKHORDL AR I IF P SIS DINHMLIV WD FI9 D1
FRROHG IDVW UHDFWRUV BXBUBQW@\ BWSWRBFKHMOHYDWHG WHP!
GHQVLW\ GHFUHDVHV WKURXJK UWHHF® Y HW\S HERQ HASR HB IY HIMW B KWIHWH
&RDUVHQLQJ RFFXUV DW VORZHU WIORVHWDWWB B] ¥ W@ HOJV@K WHEXI
WHPSHUDWXUHV PD\ EH UHGXFH G&ES (SHUFRLFSRWIDRVQHR |1 0; RYHU 0

3URPLQHQW PHFKDQLVPV RI VWUHG®J®KY S H BUDGHWKIRQ GELVVIF
FDUERQLWULGHY SUHFLSLWDWLRQNVRH QPH E USRADWAMKX FVB)AGH. B 6B BY KHi!

HITHFW RI DJ& QILRHQ ODWK ZLGWK GLVORFDWERQ:GEBERVILOMRDQ GV



WKH UHVXOWYV RI ZKLFK DUH UHFU H®O WWHIED MWD ) LJXRIHHO H U DSV HG J WDRN

SUHFLSLWDWHV ZLGHQLQJ RI PRUWHQORWHWMLRY KZH @QWQLCN G 1B RGH D W
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JLIXUH (IM"HFWV RI DJRQR@WE DG E ODWK ZLGWK F GLV(

GHQVLW\ DQG G VWUHQJWK lCOB\ &U@: &R PDUWHQVLWI

SBUHFLSLWDWLRQ LQ &U ) 0 6WHHOV
6HYHUDO SKDVHV DUH LPSRUWDROW WB WKHGEGORWS ORVWYVYDW
DQRQG & SURYLGH SUHFLSLWDWH VWUHQJWKHQR@XW EZ R DFYW.WHOXS\NSCH
DQG OR +RZHYHU RWKHU SKDVH\EHBRDQYSRD\DY UROB L QKK HHKD

SUHFLSLWDWHY FRPPRQO\ SUHVKE QW LD FOHWWHHOV DUH VXPPDUL]



7TDEOH *+  QWURGXFWLRQ RI 3UODNLSLWDWHYV LQ ZW

3KDVH &RPSRVLWLRQ &KDUDFWHULVWLFV

f S3UHFLSLWDWH VWUHQJIJWKHQLQJ

¥ (IlTHFWV RQ PLFURVWUXFWXUH DQ8 GHSHQGH
GLVSHUVLRQ RI WKHVH SUHFLSLWDWHYV

0 & &U )RR & f 6WDELOL]HV VXEJUDLQ VWUXFWXUH
f )RUPV RQ JUDLQ DQG WZLQ ERXHMGDULHV DQ
f &RDUVHQXf HEWPDRURVWUXFWXUH LQVWDELO
f B3UHFLSLWDWH VWUHQJIJWKHQLQJ

0 9 1E l&itORUHFRDUVHQLQJ@HVLVWDQW/WKDQO

&U 9 1E 1 ¥ 9 ULFK FRUH FRQVXPHYV; $SIDIVWIF@QHY; DQG 0

SKDVH
IRUPV RQ DIURABDGY WR ORVV LQ FUHHS UHVLVWDQFH

¥ S3URPRWHG E\ : DQG OR ZKLFK PRYH IURP VR
SKDVH

tf +LJK FRDUVHQLQJ UDWH
f *"URZV SUHIHUHQWLDOO\ LQ / IHUULWH

f YV WRFLDWHG ZLWK FDYLW\ IRLRDHWLRQ DW /
ERXQGDULHYV ZKHQ / IHUULWH LV UHWDLQHG

f $SSHDUV DW SULRU DXVWHQLWH JUDHWQ ERXC
DIWHU VROXWLRQL]LQJIJwWDANW WIHRFBHBDWWXUHYV .

/DYHV )H: )H OR 1E

,Q WKH IROORZLQJ VHFWLRQV B VXPPDUEBIVIKDNAYW WHWNWSGHY¥DLC
DOOR\ FXUUHQWO\ XVHG LQ PDQLMVUHMBHZHGV LA MWWKH HPSSSKMLMWVAD/MWR. ® (
PLFURVWUXFWXUH DQG FKDUDFWE@DO)NYWY R QHW S IKB&HYXIBYF® R G HWC
0; /DYHV SKDVH = SKDVH DQG /GHRWULMMHWDIBSDRE UHBRXOSWL PV K
DORQJVLGH 7(0 HQHUJ\ GLVSHUV\WL&GHIMEHFFMWLRRY F,BS\ (' DY FR

EHDP HOHFWURQ GLIIUDFWLRQ &WNVDQDO\WVHV IURP SUHYLRXV ZR



0 &

0 & LV WKH SUHGRPLQDQW SUHFLSD®WWWHVH® CPRW¥W@ 0D BGH H!
LQIOXHQFHG E\ DPRXQW VL]H HXYQ GKG DWSW K M LR\OX B DESAURRIERFBWH/MDIVR C
SRVVLEOH FRPSRVLWLRQRRI W K& W OSRKDPMQILWRHIDFH FHQWHUHG F.
e VHH )LIXUH ZLWK ODWWLFH SOPDPHWXW WKUHHQWLPRYV '
DXVWHQLWH LWV RULHQWDWLRQ RXEMD RXNRHOSMEB< Tk WKH P

AsrA |Asthe;c. 7KLV SUHFLSLWDWH VHUYHV WRUWWD E@ O IV} K HW K I \ VIXH

FUHHS WKDW ZRXOG RWKHUZLWWRNH GHWUYUVRHRBR W B U WAR \Q B R@HDIUP L

JLIXUH 6FKHRDWWB XAWXUH > @

+RZHYHW& BRDUVHQV PRUH HDVLO\ WKDQ DPEL@Q\L RWK HIU REE 8 RV
UHVXOWLQJ LQ ODUJHU GLDPHWHBVYHFQGLWPNHO B G XIMHEFKFL QR
VWDELGLWYV RIWHQ IRXQG LQ HDUO\ VWQJIH\W RIUWIHP HUE QUZ LSU BF
> @ ,W VKRXOG EH QRWHG WKDSHEWRURY E% GIHCSDAR D8 W RD U W B Q3.
> @ E\ IRUPLQJ 6LQFH WERHFEKRRSRVLBXRBRIOQORIWIKH FRXUVH RI HC
VHUYLFH 7(0 DQG ('6 DUH HVSHKIHD 8 ®R XXW&RQLWRUEAR R Q DWER W HAY H |
SURPLQHQW SUHRLOSORQW LZRGHROI\OVSDFHG ODWK ERXRQUERRIZIWWLQ :
UHSUHVHQWDWLYH GLIITUDFWLRQ SIDWWHHU QGGIKZQV WHKUH E¥ WD B & DK

SUHFLSLW BRWH/G D)R&& U



energy (keV)

J)LIXUH & PDQ EH LGHQWLILHG ZLWK DGYRULBWE WRLIWWFIKLE@IOTG A}
E GDUN ILHOG 7(0 F VHOKFVGHGIQHUBID GLMBBBWILRK D
VSHFWURVFRS\ $UURSWUBRLYW V'R HD L@ WKLV 3 DOOR\ >

0;
‘'LWK IDFH FHQWHUHG *EX BEL F@ SO FHR FORGHY SUHFLSLWDWHYV O

DQG 7L& ZLWK ODWWLFH SDUDPHWHBY @ UHVSHFWLYOHX3 7KHOQOR

UHODWLRQVKLS ZLWK WKH ITHUURW HFPRIWY LY W M XFPVEXUHXE @ R @ IWHRIKGH
SDWWHUQV DUH JLYHQ LQ )LIXUH D E
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JLIXUH D 6FKHPDWLF ROQG VABNUXGVWXUMHMDFWILRQ SDWWHUQV

0; SUHFLSLWDWHYV RFEXU ZLWK WKHFDGEIGH RRURHWWMURD J
JLUFRQLXP =U DQG WDQWDOXFR LMY RO Y@V 6(R O XWILIRQHWWN HIMWLRA L
DXVWHQLWL]DWLRQ LV DYDLODBOMHL BX URIQ IL @HH S HRAOLWBER (RW G UG
SUHFLSLWDWHY IRUP RQ GLVOREWWLQ QVKBIQRD WQ MWD ¥ NZIHQJOI MX/OR\

SUHIHUHQWLDOO\ LQ WKDW RVWBE >0 L@H W KHJ BBIOR\WDI\W HY VDO VR W
W\LQJ XS FDUERQ DWRPV > @



0 ;
JRXQG DV WJ LIRXEF RU WHWWPIRQDA® VWUXFWXUHV WKH
DQG QLWURJHXMWVUIFKLYW FRPSDUDEOH LQ FRDUVH®UEBBLEGHWDWD Q¥

LQVLGH VXEJUDLQVY DQG PDUWH®NUWHI ODWWWHWPBEGDRXPWWKERQ RZ

IDYHV 3KDVH

7KH WHWUDJRQDO /DYHV SKDVH HBAHWKJKKMH JR Q b3 DFFBRIMHR X B F
D c F c > @ > @ FDQPHEPROQMAEVWWRIYPHLDQWYV WKHUHRI L
VWDELOL]J]HG E\ LQFUHDVHG : 2IVBHQDQXO&XIUDBH BRRRSEKRHWRXYW
VRPH SXUSRVH LQ WKH SUHFLSLWDWLRQ@QLRQWIXW L RIRY RMNH CBIKW VRIQ
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Y)LIXUH 6FKHPDWLF RD XH{YDSRM\DHD > H@

'KLOH FUHHS UHVLVWDQFH LV LPSUHRYHDLY E\ DIR® I0R VR R M WH. RH
DOVR SURPRWH IRUPDWLRQ RI W K AQMDAALHEWD ODILE  HD WY \& KD
VWUHQJWKHQLQJ 6R ZKLOH /DYHWGKDKHQSQRY LWH Y HPRHHLS L WDIX
VROXWLRQ DQG KDV D KLJK FRDUKDIQLRUVUD MY HVWK K ¥ HH FIRIFESAHV R €
FUHHS UHVLVWDQFH XQFOHDU )LJXMP RI DDYKRZSUBBLSLON V& HE
. &UORO VWHHO &U OR & 6L 0Q $06 B 9
OR DQG )H SHDNV DUH HVSHFLDOGWHBN HWD @HQWO\DRBWWHKE 036 D
FRQFHQWUDWLRQ RI )H OR DQG DVW PRQUUSRQWHG WR FWKNUS®
+$$') Rl WKHVH /DYHV SUHFLSLWDWHWE L8 USFHSHW DWW EVLQ UH IJXS

DSSUR[LPDWHO\ QP LQ GLDPHWHU
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D E

J)LIXUH D ('6 RI /IDYHV SKDVEB7SDUWS'FPHY¥ PRI DBRRIBNKH JD X

Rl WKH UXSWXUHG PDWHULDO DIWHDW® DQKRXUW3RI EUWKS
EULJKW /DYHV SUHFLSLWDWHYV SWRHQIWWHG LRXW UMK DUURZYV
OR & 6L 0Q 3 6 9 $0 1L > @

JRUPHG GXULQJ ORQJ WHUP FUHHS H[SRGDWH HEQ RIUHY DQG
SKDVH LV FKDUDFWHUL]HG E\ DLRIQIRIFRD &VH QOL.@G G B WUHH DE\LKY \RR )R
LQ VROLG VROKWLRQ@ IRXQG WKDW RQ DJLQJ DWVH S&HRUSLWDWL
GHSOHWHG : DQG OR LQ WKH PDWULW LDF@G! W K €8 WER @ YSHKUDALIR S ORU VO |
GLVSHUVLRQ VWUHQJWKHQLQJ /DYHWLIX®WHLIRURWULQ @ H WDR/Z \F RS
PDUWHQVLWH DQG LV DVVRFLDMWHG PZHWKLWBIYR B WRIQRD W HRERX® G
UHWDLQHG DW VHUYLFH WHPSHQDWNXBHW DO @LF>/D@ H V7 ISH IEVH. V& \A Pl
VKHOI HQHUJ\ EXW KDV OLWWOH B YIHV VS KDY/ i UHHSSO D KIS W YOURH WHL\P
VWUHQJWKHQLQJ E\ OR DQG : > @ 7RFHDGIEDMWHR @ KRH SlU BRLGS 18\ DF

WHPSHUHG PDUWHQVLWLF VWHHO > @

= SKDVH

&RDUVHQLQJ 0;SURELELWDWHY IRUP WKH IRXQSXDWIHR® I@®U S

SKDVH LV D WHWUDJRQDO VWUWRKWRWH RIFPXUHLQD L QLVYWKHB QVU Z

OHYHOV 7KLV = SKDVH FRQVXPSD/MUWLAMWW JOHDBQQRIJOWR D ORVYV

SKDVH KDV VSDFH JURXS 3 QPP D QGQP FARPSRVODWLRQ @5 HDI L



&WEl1 RU PRUH JHQHUDOO\ &U 9 1E 1UDE®SKDWHR LPWU HKHSKSU RSHU
FRQVXPHV FUHHS UHVLVWDQW PLABRYMWUDXFWWX U D G DLIEADH DLIQ ¥ RE
UDSLGO\ )RUPDWLRQ RI = SKDVH URWHEG L&QUPILEXUBOORD LWKGRBLXTI
H[LVWLQJ QLRELXP DQG YDQDGLXFRQWRWWKBWM BQIBFLSLXWHVHVW Fk
1E 91 SDUWLFOH ILQDOO\ OHDHEKWQ®JLW\5KDYH @V I@ H7 KL G= KL

DERXW PRUH TXLFNO\ LQ KLJK QLWVRUWRJIHQ > @ DQG QLRELXP > @ L

Diffusion of Cr

J)LIXUH = SKDVH LV VKRZQ DPDQYDRQFWPRLWIFBDEWV7ASLFD(
RI' E VPDOO DQG F ODUJH OH fEUHRLSLWRWHWLRIWRJ =L QKI
&U91E1 DOOR\ DIWHU DJLQJ DW f& IRU K

AIHUULWH

%RG\ FHQWHUHG FXELF DQG LVRPRUISWRXEHZILYK WRURRUP (
VROXWLRQL]JLQJ LQ H[FHVV RI f&DWQRQ&BI VWHMHWOVSKDWGH )
WKHUPRG\QDPLFDOO\ IHDVLEOH QGH LKQUVRWNXKEG®HWW RO WK MW \G R H
/ ITHUULWH DQG ODWK PDUWHRVUWWH> P @U WBHYRNW\L VB K IEWVRK QB DUILHV C

FUHHS WHVWLQJ RI / IHUULWH FRQWDLQLQJ VWHHOV



5HYLHZ Rl 5SHOHYDQW 3UHFLSLWDWHY DQG 3KDVHYV
$ UHYLHZ RI FU\WWWDO VWUXFWXWUHWODWRRRE@H{W V P RIS KR

HYROXWLRQ DQG ORFDWLRQV LGGWRH/ BEOWHQVQWERDRDMAQLN BRUS
RWKHU SURVSHFWLYHO\ RSWLPL]DHOGHSSHUIRESSEWDIWMLVR QN RX\ ;RIS
PHDQV RI LQFUHDVLQJ FUHHS DNMUD WUBUDMM.DWURWKBHE HYWD RBDHW K
= SKDVH SUHFLSLWDWLRQ DUH VWUOO XmMFRMRUYGLKDBXNVERIQPQ BRN]

REYLRXV VROXWLRQ EHLQJ WR ORZHMK AV K R QQVHWWLIHOXHRIWIME RL =DSKD ¥

7TDEOH *+ SHYLHZ RI SHOHYDQW 3UHFLSLWDWHY DQ

3UHFLSLWDWHO & 0; IDYHVO)H = SKDVHE&U
&U\WWDO )& & 8P )& & )P +&3 3PPF 7HWUDJRQDO 3 QI
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DW NK FUBHS QP 1E& QP QP QP

DW f& 03D

JREDWLRQ3UHFLSLWDWBYHRQSIWDL\GHYHRIQUHQWLDYLQH GLVSHUVLRQ
> @ DQG WZLQ ERXLQ/@®RFDHVL R|WHEIL\S KWQ WLRIRRQW JUDLQ DQG \
PDWUL[ RQ VWBBNLQYH PDEWKQEDWHHYV ZLWK
IDXOWV DQGER@QGDUQHV PD@&UL[ DVVRFLDW
ERXQGDULHV ZLWK GLVORFDWLR




(IIHFWV RI /RZHULQJ &DUERQ &R QW HBQW FR.G LAWHWBREHVSRQVH |

7DQHALWHD @ VKRZHG WKDW GHFUHDVLQD FID FERG §F DY BUDPD W
DV VKRZQ LQ )LIXUH D ZKHUH JDLRH W AE DUXEBSRVQX B R QLAVH © &R\ W HI
'+ &R+ 9+ 1E+ 1 DOOR\ FDUERQ YDULHG IURKHVH VDR OR\V ZAN
QRUPDOL]HG&DDM)G WHPSH®HGKRW LQFUHDVH LQ WLPH WR UXSWX!I
GHFUHDV& SQHFLSLWDWLRQ > @ E\ WKH DXW KRWAR Q) LDIX WDH | X Q EVWMLK
FDUERQ FRQWHQW $V FDUERQILV&GEABHBDHMBY KD OH W B VB KDY HR

LV PDLQWDLQHG WKLV LV EHFPXBQ@WOSUREMWSULIWIHWVHY DUH SUHGR
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YLIXUH D 7LPH WR UXSWXUNMWWHVYV fRI ZLVWR D YHS/XYLABGU E R
FRQFHQWUDWLRQ IRU H[SHULPHQWIDWKKDR JKD&QU H & IVRDHHEGR\
> @ 7KH WLPH WR UXSWXUH L QFDUHDRH O WKHE®W D @ WL B IDOR
SORW RI PRODU SKDVH IUDFWLRMFYHDVXVL FRQWRQ W W KI
WR GHFURKDYWIMFOSLWDWLRQ DQG PDLQWDLQHG 0; SUHFLS
7DOQHHEWHP O@ VKRZHG ODWHU WKDW ILQH RQ CHRXWDLGIHWL ISV HFL §
FRQWDLQLQJ ZW & RU OHVV QRVORKRRNUY WRXO®DXSHE\ DNKH

SUHFLSLWDWHYV 7KHVH SUHFLSLWDMW. AD®IOAWLWL BEXIXKILRQV DDUR VKW,
PHFKDQLFDO SURSHUWLHYV ORZHWNQDIRMMHWE Q RUGPHFIULHIDYH & XWK 8 LKI

DIIHFW WKH KDUGQHVY DIWHU WHRFHRK@UBOQHHWMNDVXUHG E\ 9LFNHI



D ZW & E ZW & F ZW &
JLIXUH 7\SLFDO SUHFLSLWDW& RWWU LEXWIWR GDROOR\DE> D

ZW & DOOR\ DQG F W R 1\@J & DOORY F RO W HFPW HD
FRUUHODWHG ZL&V R UHFLUSHIAMHGLRQ ZKLFK RFEXUV DW JUI

FDUERQ DOORZV ILQH 0; SUHFLSLWDWLRQ DW WKHVH ERX

$V FDUERQ LV DQ DXVWHQLWH RWHWEVY COL{MW H G HWBIHDW DEL GFIDy
IXUWKHU PRGLILFDWLRQV WR W KEH CBQ@RR\R \V$ K G WH.QL VG GL WD R QL R/
FRSSHU &X FREDOW &R DQG 10D WL QURW RI\D RV WHOHPMD W W DUEL
LQIOXHQFH SUHFLSLWDWH YROXP K LIQD RWR. RSP DDQQAGV WR OXE®G O2ZGW R
FRDUVHQLQJ UDWHV RI SUHFLSLWDWHVFRQVWPXRWQHE PE\RMOIQRA QY
ODUJHVW PRODU IUDFWLRQ LQ VWOKH/ \& U\HEQ X EWDMWH SO0 R Q X¥MG B QGK
WKH PDWUL[ 0Q 1L &X DQG &RGADQ FBIXVIH FRDRY HRQ LSIBHBEQSL W DV
2] WKH DXVWHQLWH VWDELOL]HBRDUWVHREBHOH U® WHYG SYHER R WA
SURGXFWLRQ XQGHU LUGRGERMEAMRDGH® ZbW® QMHEE U R QIVF B FSARLYH-DW
KHDOWK FRQFHUQV 'HFUHDVLQJDIFFARPLS/OH KM B E WKIWRX FIO QV B I VGRH
VWDELOL]JHUV VXFK DV VLOLFRBQD BXPLQXPORBO: $OI1E/ DQUHDG\ DY
SUHYHQW $01 IRUPDWLRQ &KUR P IHUPD WX QH FFHRRVMIRIL IFRQY WKHLJ K VWWHDR
VROLG VROXWLRQ VWUHQJWKHQ HWWH D G83J I8 BIRPLLVDBIY VR DR GIVW K\N X H

SRVLWLYH LPSDFW RQ FUHHS UHVLVWDQFH > @



3RVVLEOH (IIHFWV Rl &REDOW RQ 7DQHLNHYV $OOR\V
$V FREDOW LV WKH RQO\ FRPSRQHEXWLQRWXIGH O KD GBYHLY H
FDUERQ VWHHOV IRU WKLV IDPW QRIWHWRWHDB S G L DD WMROH QIGVGLHADL

LQ &R DUH QRWHG

7KH VIQHUJLVWLF HIIHFW RI &R DQUG P:HR & DVDK I DRO. FSUWAR\SW U YVFL\M )
WR GHFRQYROXWH ,W KDV EHHQ SBVUWRKDDWHWGL AV RDW H&JR GHIQ K D QV
WHPSHUDWXUH DQG WKXV UHWDXKGN \BKHX¥LLIRRQVS B R FHR/NIHVF & H@QWE
GHSHQGHQW RQ WKH &XULH WHPSHURBDXOWH BD @@ L @ RL EW WH WIXGHG 11 U
SUHFLSLWDWHV ZKLFK LV LQFUHDVKE& ED Y QFQWR® \EHG Q \KKRRIZYH VAR
NLQHWLFV RI WKH QXFOHDWLRQ DWIE OWRIRMKVRIFRQGRBU F E D B GG\ C
SURPRWH WKH SUHFLSLWDWLRQ RQ /\DW HW GHDRHIQ I&RI TURS DG HVEDR
XQGHUJR VKRUW UDQJH RUGHULQY W KHEK \ZRKQGQIO ¥R FFWR QMU BRX/W
LOQWHJUDWEYV \LEWEBLQ®J D PRUH FRDUYR®@RQJ & BV @ WOHQKMD UDY W |
FRQWULEXWLRQ RI &R DQG : DUH VGOINUJQ VRV LERDRREQ WS RU\PD Q V& UL
5HFDOO KRZHYHU WKDW IRU WKHG D8 SCSLE® \Q HRQ BRI B &/W/F D\WGIY!

WRR

8WLOL]LQJ 7TKHUPRPHFKDQLFDO 3URFH®WLIUHIRLES | QMUMILRG L Q

$ NH\ VWUHQJIJWKHQLQJ PHFKDQLVF WBFPBEWDMNLGR\ HRG M@ HHQ
J)LQH SUHFLSLWDWLRQ FDQ EH HQKKHUFRRGP H E WIKQWRKBIOD SIS RE A B WILQR
LQFUHDVHV WKH GLVORFDWLRQ GHEQWL W\ QSXUFROYHOBA QR QD @ LMOHAW H. DX
KDYH VKRZQ DQ LQFUHDVH LQ FU HHDS QLVEXGH M KULAPXJI R IWIKQH FOLSG DU
7\SLFDO WLPH WR FUHHS UXSWXUHWLV VEORWWGIKEY RV 3L Q DWJIBUH H
DQG SUHFLSLWDWH VL]H DV LQIOXWG HG A\ S U@ F BW\HL © ® FF\R G IGWI
'HFUHDVHG WHPSHULQJ WHPSHUDWKQIE HDQ/MGO D GGIEW HRQ HR 5 7 A B LIS

LQFUHDVH WLPH WR UXSWXUH WRHEHHIIWHWSHW LRDJOGHPI3E UDRNHAQ



FRQMXQFWLRQ ZLWK 703 2QH OLRPUWQW R/ BBSIOVIDAWWXD HO R Y HUQ WH/R/F
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JLIXUH 7LPH WR FUHHS UXSW)XGWYWHW.R $O KWW H G VDL QLGN DFSREUOULHF!

WKHUPRPHFKDQLFDO SURFHVVLQE >S@ HFLELWDVWH YL@ D
SURFHVVLQJ SDUDPHWHHUW PID@DGDSWHG IURP /L

'LGH DQG 6PDOO $QJOH ; UD\ 6FDWWKULWQJ IRU 3UHFLSLWDWH
'LGH DQG VPDOO DQJOH [ UD\ VFIHW\WHUVQW R: § }6D &M 6 WXW L DH. ¢
DQG WH[WXUH 7KH $UJRQQH ,' EHDHOHQHWKVRV D EHDRFD RIGNK BHL
[ PP+LJK HQHUJ\ NH9 [ UD\V SHQHWNDQWWHYWRHD H\DPISWDH  Z
PP EHLQJ WKH LGHDO WKLFNQHVV IRWRRQS$ I 6W;6H | REDIRRBUUBY Ry
WUDQVPLVVLRQ 7KLV HQHUJ\ LV QHBQBUYJ\[[KLDKH X W KD IQQ WFKRHD OH
GLIIUDFWLRQ NHO9 IRU &X .. )XIDOWIPE OHH B KQW W WDIWLERWP MBI U
ILQLVK VDPSOHV DUH UHDG\ WRXEH DCLQWKO O H@®D B$W H UG IWIKRHN VDHUWH R |

PHDVXUHPHQWY FDQ EH WDNHQ GARRBWOBHVQHLQ \BEX K PD/GH GV D B SVIR-



PXOWLSOH VDPSOHV FDQ EH VWXGL$W HDWK BRW LWHRHD WH GV KB O/1D0
QXPEHU RI PHDVXUHPHQWY WDNHH IRWDMNQNVWMVEY UMTEKDVHG ROQF

PHDVXUHPHQW WDNHVY RQ WKH RUGHWRIVWDWLEWIHQ G LWHTRQULPH

,Q :$;6 GLIIHUHQW DVSHFWV RIFMKMADH 5 FJNR\E HFURW UHIND ORW HH Y
WKHVH 3 OLNH DOOR\V KLIJKHUWRHDR LQWUHRNYWGEHYWRERKE H HNJIDHR(
SUHFLSLWDWHY ZKLOH SHDN EURDGH®KH TDWWLHHV XUW KP I6BUR \
LOWHQVLWLHY DQG VFDWWHU L@QDWHGE OWH SUHFHBNW IFWW K ¥EIH H RBULY
IUDFWLRQ 6%$;6 DQDO\VLV LV FRQGXHWHSL WD WRRKKQOLIDIL QMM FVKHHG
YHUVXV VFDWWHULQJ YHFWRU 4 FHG XG0 BWIX HDWHG ADVF B DXNQA WDKO USHL
DERXW WKH PLFURVWUXFWXUH 7UMQVPEYVAVRRIOHGHFRWWRKQVPY AXRS

DQG 6%$;6 IRU D PRUH FRPSOHWHOBX®RNVDQDO\VLV RI GHVLJQHG

':DQHW BRQGXFWHG LQ VLWX :$:6 DQG 6%;6 RVR3 VWG \URRP YV
WHPSHUDWXERH >D@G )XOO ZLGWK KDOI PD[LPXP&)SHDNV YHUNVQE
HQJLQHHULQJ VWUDLQ DUH JLYHQ LQSHREWUMHO\ DS$HVQ GRMEXW HP S HE
DQG 1E FDUERQLWULGHY GHYHORSH @ KWIKH UZ®&D WKV LIFGIJ VRO PG GV

Rl ORDG WUDQVIWKHYW ZzDV KDUGO\ DQ\ PDWVLHWR SUHFLSLWDWH

6$;6 \LHOGV UDSLG UHVXOWV W&EBWLODQS RMVILLEW®HUIS WNVWHAR HE]
$ WHDP DW $UJRQQH 1DWLRQDO /DHEFRUDRDROW\ ARYMDWKIGY SIDEDNO \M
SDFNDJHV FDQ EH GRZQORDGHG |URP GMIGHDM PRG Q R VZ HE WIRW\N KIHQ G
,*25 3UR VWDWLVWLEMNBBPMPDHHFRIKFHHUWY ' GDWD WBLQYJ LQWH
YHFWRU OLQHRXWY -HPLDQYV DGGRWWK® \WB[MPKHHP HORVURS\ LRH W
GLVWULEXWLRQ DQDO\VLV > @ MVRRQM, REGEHEHDROHN VXY HSDIFN.IHC
PD[LPXP HQWURS\ O0D[(QW PHWKRGP KXW WLR® VRD STRODPMWHIQ\H G KR
VFDWWHULQJ HTXDWLRQ ; URP\WKBWWHHUEQFR QY WPHMVY GIOHFW UR

PDWUL[] DQG WKH SUHFLSLWDWHD¥*Wa& U WHK LWVF W D RDNDHXIOPDIW FHREQ @ X



IUDFWLRQV EXW QRW FDOFXODWIW I UHHL SIWVHYW @ WG\ [FF RIQWRIIDW W |
-HPLDQ > @ IRU YDQDGLXP DQG QERERREXFPDEHEBRBILGHM G QW WRGE OR
HQHUJLHV QHDU WKH &U . DEVRUSWILRRX GIBWH G) ERQMHUDVE 3DHWR

1E& 1E1 DG @WQ LURQ PDWUL]J
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*RDOV IRU PRGLI\LQJ 3 LQFOXGHBKHQFEDWY VUQF\RURPDR QWD IG
WKH PDVV IUBFWILR® RYRLGLQJ = SKDVH &UI1EIA IHEUOW H/ WDV | E
GXULQJ QRUPDOL]DWLRQ DV WKHIPBUDVOH IR \F U F FX DHY LW DR |
PLFURVWUXFWXUH > @ %RWK VREDRGEWHRHXVOURIQY KW BEQERKHYUQ!
IRU FUHHS VWUHQJWK LQ ) 0 \D\BBH®GIV\»H@ Y ZBE HV AKHRDRR&DOFS DQ

XVHG WR VHOHFW LQLWLDO H[SHULPHQWDO DOOR\ FRPSRVLWLRQV

&RPSRVLWLRQV ZHUH PRGHOHG ZLWRKVHGRBIOAG KHDW OWRUWH EW
PRGHOHG EHIRUH EHLQJ ILQH WXQH® WKHY PIREZOR\FS HADN i P\W2R\B

ZHUH SXUVXHG

/RZ FDUERQVHEBNY WR WDNH DGYDQWDJH RI LREVRUNPFIBQBA L
7DQHHWHD@ 7KH SULPDU\ DWWULEXWH RIURPLY WXHYEBRZHULOC
ZW & WR WKDW RI WKLV QHZ /RZHULQW R& FDUWRQVIRWK® U HO
PRGLILFDWLRQ WR PDLQWDLQ DXWWMHRLWWHH \S/K D & HO ILLWA\O B QW RD |
PDUWHQVLWLF PLFURVWUXFWXUH WRRQPSBROHQJF WDV RGN
FRPSDUHG WR D PL[HG / IHUULWH /AD/UHW HSKDLWHH | B WRAK SW K UHHU
/ IHUULWH OHDGLQJ WR SUHPDRMHSIMD EQOBFDNKQW HOR WHF VDAL
HIITHFWV Rl ORZHULQJ FDUERQ LDXNMRWHOLQFWY R Q EZLGLK HLQ RU Ha
VWDELOL]JHUV ZHUH PRGHOHG $ QUILWIDU\GHAYXDWH RIQOR8UZHBI
FKURPLXP FDUELGHVY OHDYLQJLSDWR \ERXK@ ®RD WK PRHH FRDS
0; /RZHULQJ FDUERQ KDV OLWW OMLRIQ HFIWO ;R © UM RHS YW O WR IR

SUHFLSLWDWHYV DUH SUHGRPLQDQWO\ QLWULGHYV



(OLPLQDWLRQ RI (D ®RERXY IRIED ORZHU GULYLQJ SRWHEHVILRRWD =
FRQVXPHV H[LVWLQJ O0; SUHFLSLWDWHAM >GHaF UHDH LISQUL FDUBH S\
1E LV WKH ORZHULQJ RI QLRELXP ITURP1EH WHROW K.MW3 R | DVDICL V&
DOOR\ ZW 1E $XVWHQLWH VWDEUOWW \DIVQIBGC SWRR/R/\M GRIQQ
GHVLJQ RI WKH /& DOOR\ LV LQFORDHQWI)L QLB ; GGHMLRICE DW DAMK

EH LQFUHDVHG WR FRPSHQVDWH IRU WKH ORVYVY LQ 1E FDUERQ

%DVH ODWHULDO

*UDGH 3 VWHHO LQ WKH QRUPDOWKH UIUHQ B UM QIF S HUGIGRE RRQGW
KDV DOUHDG\ SURYHQ WR EH DQ RKFOSWDEWHHD PI/\R H UDLHOO L DKLU
SUHVVXUH YHVVHO VWHHO FXUUHRODIBGL@ X VH RRY QXCDWEYV DHWD
WHVWLQJ 7KH FRPSRVLWLRQ RI WKH IDEFRFPBWHE @D OWRR3IV FRP SIRY/

> @ DUH JLYHQ LQ 7DEOH

7TDEOH + $OORZDEOH &RPSRVLWLRQWIIRIRIRIDEH & @ DD/MHU &

ZW & 0Q 6L 1L &U OR 1E 9 1 6 : 2 (

0D[
3
3
oLQ

$OOR\ '"HVLJQ $SSURDFK ZLWK 7KHUPR&DOFS

/RZHULQJ FDUERQ FRQWHQW LQ KLJKWR G WDVWHAD®OK DL\ EB
UHVLVWDQFH > @ ZKLFK KDV EHHWRFRUG HPWEDS® HER SIKWHD\R R R Q O;
PLQLPDO HIIHFW RQ 0; SUHFLSLW DSULRI) BW @G )JSKEWBH 6 H SRMHEY W @ VR
IDYHV SKDVH LQ 3 ZLWK LQFUHPM@MDOOY & RRBB XFDIMERG E@ QUKH
7&)( GDWDEDVH 7KLV WHPSHUDWXWBHIRD Of & HB MV AH VALRQ G DW/LHR/Q V

UHVXOWDQW ORQJ WHUP SUHFLSLWDWH HYROXWLRQ EHKDYLRU
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JLIXUH 3KDVH SHUFH QMWQGRA; /DQ BV DV D IXQFWLRQ RI PRGLIL
PRGHOHG ZLWK 7KHUPR&DOFS XVLQJ WKH 7&)( GDWDEDVF

7KH ORZ & QHFHVVDU\ WR EULQJ REREWKWKLR UF KIDHOIGIVLD SDH
LQ DXVWHQLWH VWDELOLW\ DXV UNMIRUNWXEWBEXDQW)\ VZKDRK IIRU BB
$XVWHQLWH VWD EL@ILHV\ULW HPIS\R WMR DEQHVDDY\R L G H G LE MVFRD \RHR W VEE LLIWVH
UHVLVWDQFH > @ $XVWHQLWH WWWMMEH COLW \HDLHAY 10 VWHHE SWA H B/S MARD YA
GHFUHDVHG FDUERQ FRQWHQW EXWR PXY ¥ HQEWRP RW B G LYOLLD) HLDF B
VWDELOL]JHUV 7KHUPR&DOFS ZDR/I X\HF® HDR LIQGH § WDLO'R ®lJ MHLIBMYV G H
VWDELOL]JHUV : DQG OR LQFUHDR®QGQJQD XVGHRQ MHHDWDEL @ L FHURD O

DQG 1E 'UDZEDFNV WR PRGLILFDPMHICRQW RU H IQRAMUHDG LOO DIRE DEIJ HO'|

7TDEOH + *HQHUDO (IIHFWV RI $\OR\LQJ RQ $XVWHQL

ZW & 0Q 6L 1L &U OR 1E 9 1 6 ; 2 % )H

EDO
; 9 ; 9 ; ; ; ; 9 ;

98S DUURZ LQGLFDWHYV LQFUHDWH D ¥\OMIPE QWHFR\Y B B QOWLW
''RZQ DUURZ LQGLFDWHV LQFUHDAMHWDEYWBEPWEW \WREEM|

FRQWLQXHG RQ QH[W SDJH



7DEOH FROQWLQXHG

&RORU (ITHFWV RI ORGLI\LQJ

*UHH( 1R REYLRXV GHWULPHQW WR PRGLI\LQJ & 0Q

2UDQJ'_gHGXFWLRQ LQ VROLG VROXWLRHQ@IRIJ: KW SBHFLFEWD W H
U OHDGV WR FRDUVHQLQJ RI SUHFLSLWDWHYV 1L

S5SHG OS5HGXFWLRQ LQ FRUURVLRQ UHVLVWDQFH ZLWK PRGLILFDW

ORUH VSHFLILF SRVVLEOH PRGLILFDMW LRROVHW RL W KD ERTHVH 3 $
PRGLILFDWLRQV WR FRPSRQHQWYV D@0 X G B QLA BUHHFDWIDW MVRWR O®
3RWHQWLDO EHQHILWY WR W K H\LIP LAK DQFH\H DDV WRKUH G B F WHRIVWH W K
DUH FRPSDUHG DORQJVLGH WKHVBSSBVVRZY H PRELN EQ MLRDVHD G
VLJQLI\ GHFUHDVHV DQG IODW/®LOHAWU MDYQRI) WKID B R/Q YO GHVI HRA
VXFK DV OR : 1E RU 9 = LV RI FRQHFHUYL ® WKENYAHD G0 HBP 8 QWR C
SUHFLSLWDWH VWUHQJWKHQLQJ FHXOL]HUY QEUBIQEHO @R ZOVWWI

PRGLILFDWLRQV WR WKHVH HOBPBYWWEVYHRXVYVOR FADRDH G QZIL IV IKWV W K

7TDEOH + %HQHILWY DQG '"UDZEDWNR®Y 6HYHUDO $0OOR

(OHPHQW BWDUW &KDQIHQHVLWYV /LPLWLQJ )DFWR
&DUERQ - 9 &UHHS UXSW XUWWDEWLBQ WV K ;$
ILWURJF + 9 $XVWHQLWH V\ 2 /LQNHG WR = SKDVH
ODQJDQHVH 9 $XVWHQLWH VWDELOLW\ 2 o[
ORO\EGH + 9 $XVWHQLWH v\ ;, BROLG VROXWLRQ

VWUHQJIJWKHQLQJ

9 $+XVWHQLWH VWDERAMWS VROXWLRQ

7TXQIVWHQ . IDYHV SKDVH  VWUHQJWKHQLQJ

I+

; = SKDVH ;05 1E KHOSV ZLWK 703
I1LRELXP

I+

9 0; l1E KHOSV . 9 = SKDVH

2
9DQDGLXP * 9 0; VWUHQB&%%%&%S:RDSIYWVXJTGH




7KHUPR&DOFS %DVHG $OO0OR\ 'HVLJQ

(1" HFWV RI &DUERQ RQ 3KDVH 7UDQVIRUPDWLRQ 7THPSHUDWXUF}

$V QRWHG HDUOLHU GHFUHDVLQJVAFDEPERKBSKODN VEN MWD YKHR Z2QaVN
VKRZV WKH HIIHFW RI FDUERQ FR®@WHEPWHROQ VBEXDNWY MRIDHOHBBURDLY
IRU D 3 EDVH FRPSRVLWLRQ FDUERQZWDM QHGXEWG VWRIBY 7KHCLC
UHJLRQ FROODSVHV ZLWK GHFUHDY LRIJ LEOFRPREQ HMRQ VDEXQ'W HW RW

ZW & 7KH PD[LPXP SHUFHQWRRI DIXXYWH&UWHUBIY DU WHEWDR )LJ

WKDQ DXVWHQLWH WUDQVIRWRDWHR Q LAMRLAUJ P VISIRRMNUW RWX 8 BIU
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JLIXUH D ,OWHUFULWLFDR WKREZSHHIDWROWVHRI KD \GHD R W WY HIGO Y

FRPSRVLWLRQ DW FDUERQ OHYHOV @®RPRX@MR RI DZW W& Q EV
IRUPHG DV D IXQFWLRQ RI ZW FMRUZERQ ZWFUHDOWAWV REDUE
SDUWLDO WUDQVIRUPDWLRQ WR DXVWHQLWH

$XIPHQWLQJ $XVWHQLWH 6WDELOLW\

7KH HITHFWV RI LQFUHDVLQJ D XWWH®H MH B WIDEL OH PRULW H1 V O/Q
DV PRGHOHG E\ 7KHUPR&DOFS D WHDS 8 H\EDYWN H®R EFHROWRLAV IDRIQ LGR 7R U
& )LIXUH D VKRZV WKDW LQFUHDVLAN IWIRIRP 3ZWOHYHOWGWIQHL

FRQYHUVLRQ WR BXVYWH Q. \@HMPYWDRIYUDHV XUH DW KLIJIKHU 1 OHYHC(



E 1RWH WKDW 1 FRQWHQW KmMBD/OOWWMSIHU H\WXB WV RWQH OQW H G F W IR
FRQYHUVLRQ VWKH WUDQVIRUPDWLRQRWKIBHPCROLIHBEDWWRQ7WKDW |
VWDELOLW\ LV LQFUHDVLQJ 0Q )LJIJXWH\LHD &V VIKKROZ/ RNRKIDWM U V L RZQ!
EHWZHHRI $H& DQfm@ WKH WHPSHUDWXUH DW ZKLBK BRVWIHQLNAMW N W

£ )JLIXUH D E VKRZV D VLPLODUHUUHMM IVUW DB EGEJPHHWD V LIQ R RV
ZW W VKRXOG EH QRWHG WKDIWEVYRPW\LRFQ HHV B FW R PCEXOMW K B G Wt

IHUULWH VWDELOL]J]HU OR D GHFUHBPOEVDRBHHUREIR H WR$HOR

YLIXUH D ,QWHUFULWLF DR WKIREZSFHKIDQ XYHVRDUHJEGRW \RH S KD
FRPSRVLWLRQ PRGLILHG WR ZW &WWIQLWURJIHQ OHYH
E OD[LPXP DPRXQW RI DXVWHQLW I Il RWRH & @ V, @F IXHIIFWLIQRI(
W R ZW RU DERYH \LHOGV WW H CSQRWI\RIUEPLDOA MR Q RURFR RS\
ORGLI\LQJ PLFURDOOR\LQJ HOHPHQW FAR®FMWQ R IFW DFEQ CKIDW HE
VWDELOLW\ )RU WKH 3 EDVHOL®H RE IUREW & WRQ LQEWHDVHC
LQFUHDVHJR® $H WS R DQG D GHEMIWRPH LQWR $Q LQFUHDVH IURP
ZW 9 \LHOGV DQ LQRPHDVWER Q@ 3G D GHFREHDRMH LQ W
+RZHYHU WKH PRGLILFDWLRQV W RKIV\WW HXRX © GF B R DQIHRG HEJ VIHR HAPT

DXVWHQLWH VWDELOLW\ ZRXOHKU QG WXVW LEF B DXL ULHEF WHRD VO K M RD IX



DQG QLRELXP FDUERQLWULGHYV O®Q IREMHUWHRGD IQ XHSSJUHAHE S IHMNEDEYWALIR

WKDW RFFXUV XSRQ WHPSHULQJ

F G
JLIXUH D ,OWHUFULWLFDRD WKREZSHUDMWXVHNRDUHJEBRWWHG KT
FRPSRVLWLRQ PRGLILHG WR ZW & W PORJIEQHVHLP XK |

DPRXQW RI DXVWHQLWH IRUPHG BV,QAXBB WILLGRD PR QZW QP E
ZW RU DERYH \LHOGV WKH SRV VRWLG QWY RRIJX¥RP-SEOLWWHH W

D E
JLIXUH D ,OWHUFULWLFDRD WKREZSHUDMNXVHN RO UHJEABRWWH G KD
FRPSRVLWLRQ PRGLILHG WR ZVWR & DXWW X Q EVV0B (L X H

DPRXQW RI DXVWHQLWH IRUPH® D'\HPUIKIMWIVOLIRY XRQ JX W H\@ X\
RU EHORZ \LHOGV WKH SRVVLELGALRVDXRW FARRSMHHWH WUD Q"



7KH HIIHFWV RQ SKDVH WUDQVIRFWRHDWLRQ & MFS HUDRWK U HVZMW
LQFUHDVLQJ 1 DQG 0Q DUH H[SORUHEDIMM )ERRSRVLWLURQ WKGIH
7KHUPR&DOFS )RU ZW & DQGDXVWHQLAIMH $KBN\KHI ILHOG FDQ
LQFUHDVLQJ 0Q ,QFUHDVLQJ & IVRPH HIWHEW RQW XKDWHW®KWH VWD
1 IURP W R ZW $ ZW L QRUBDMH WERN KH WK 8 U L&Q RWHD V L ¢
ERWK & DQG 1 GRXEOHV WKLV LQBUHB \LH L\VQIFV® L QEQ.H DY H LRI® G X M

GHFUHDVHV ZLWK DGGLWLRQDO LQFUHPHQWY WR 0Q

JLIXUH 3KDVH WUDQVIRUPDW IWRH@® WHHH SHKIDYW X UHU QB DH WBRIW
ZW 0Q $OOR\ YDULDWLRQV LQFOXGH zZW 1 ZWH\WHDQ@O R\
YDULDWLRQV ZHUH DVVHVVHG IRU WKH 3 EDVH FRPSRVLW

(INTHFWV Rl $OOR\LQJ RQ ORGHOHG 3UHFLSLWDWLRQ
$v D FDYHDW WR WKLV VHFWLRWKHMWKMWHRSHHUQN FAHD GIHNV D BB\

XQFHUWDLQ DV WKH WHPSHUDWXURUBDRSQJIBD WKRIQ EBIOEHHQ FR

GHFUHDVH LQ SUH&LBEDWPMWAHRNQ >RI1@0 D ILQGLQJ FRUWRRRRKUNWHG

LQYHVWLIJDWLRQ )LJIJXUH D F VKRYZWE RVX H URRIPHFW VWRI PR&W\LQ

RWKHUZLVH 3 FRPSRVLWLRQ RQRYUHMARYFIWDDWWRIE SHDRADW 3 U H ¥ HC

WHPSHULQJ UHJLRQ IRU 3 VWHHO[LWIPEG/ HLFREPB RV GWILR/GIW RV KW KPS

LW VKRXOG EH QRWHG WKDW W KIHQAVH. SQIHE E S IQMWIDW H5 IFIRIPS R § WWD R/Q



FRQFHQWUDWLRQY 8SRQ GHFUHDVW®RI FDURRQWHRPPDVY 3SHOHN®

IDOOV IURP WR PDVV SFW OPDWY DRV BPRBYWDHW BWDVH
DERXW PDVV SFW GHSHQGLQJ RQ WHPSHULQJ WHPSHUDWXUH

D E

F G
JLIXUH ORGLI\LQJ 3 FDUERQ FRQWHWBRWWHG DIWRQVWZWD RI

0 & E PDVV SHUFHQW 0; DQG F PRRVWSHISHUPW XDHNVRS

f& /IDYHV SKDVH SHUFHQWY RYHURID/D DMV K DIVEIG &R P ST
O0; DUH JLYHQ LQ PROH S&HUV¥HQ@QWHOQORDWS PXOWLSOH WHPSHU
FRPSRVLWLRQ YDULHV OLQHDUBGPZRWKWILRBSRIUMDW KV H & |
SUHFLSLWDWHY DUH UHODWLYHRUGRGHZIKRGPRAD BF VARSI
WKH SRVVLEOH WHPSHULQJ WHPSHUDWXUHYV



Y)LIXUH JLIXUH DQG )LJIJXUH HSJ0 R /R GV E 18 HIQIX IR F WD\Q
PLFURDOOR\LQJ HOHPHQWY YDQDGRRPSDGIGLSLRDMKHP | WHFS HR QY
WHPSHUDWXUHVY EHORZ WKH VW DQMU RD \DLXQY/IVE QA WRIJ WQ D@\G RADRDM
SUHYLRXVO\ SUHGLFWHG WR LQFUHD® H RRXW MEIHWHI NAWIVER D LW F U
IURP W R ZW RQ SUHFLSLWQWR@®WUMQVBHRIFHQW DW DREDW K
3 FRPSRVLWLRQ ,QFUHDVLQJ QLWQRUGPUXR WMHRGQOO SWHHRKLE D\ D W
RQ WKH RUGHU RI DQG PDVVZXAW HD WRW F&DQHVGHRWKLHY BOF
SKDVH SUHFLSLWDWLRQ $W QLWWRJFHIUEHG H GPD ¥ HIHAHF bl QWK [5G F |
&W SKDVH SUHFLSLWDWHV ,W LV SKPW HGR L\@ HQL ZWRHIPD/WSIW HHI HAUK-DOA
GHVSLWH WKH 7KHUPR&DOFS SUNGRKWGRBN DY RL GIHEG MRGKM LED W L

LV QRW SUHGLFWHG WR VKRZ DQO®GSUHFLDEOH HIIHFW RQ SUHFLS

/JRZHULQJ WXQJVWHQ DQG PRO\EGHQ/)RPLEOFEQW B QMW ZOWWHIMRV B
VHHQ LQ )LJIJXUH GHFUHDVLQJ OR YHNOSKD D HV @IRIKIW L E B WU R QY HV
LQVLJQLILFDQW FKDQJHV L Q& WKHG FDV VH FWHPWLRQWRIDOVR \LHOG!

VROLG VROXWLRQ VWUHQIJWKHQLQJ

,QFUHDVLQJ PLFURDOOR\LQJ HOHPH@NPHDRW @3 BQEDW DH[IS@
SUHFLSLWDWLRQ DV PLQRU PREHILED WXRWW QLW®G GV O DVE WDLHN G L (¥
FRPSRVLWLRQ LQFOXGLQJ ZW & WVUXRIHLQFDHDVK®ZVIENRH B
SHUFHQW BRG 0; SUHFLSLWDWHY DW W HW B HWBRSHIHWQ W KD ARPEBRY

ZW & ZDV XVHG WR FRQVHUYH D&HADRDWHKD XYW WV HED WWHL ¥ &/ ID\E LIC
QLWULGHY DQG DUH UHODWLYHO)\QFYGIIDYHQGHEW IFRPFDUERQ PRI\
\LHOGYV D ODUJH &HFQGEDYH RQUBVSRQGLQJ LQFUHDVH IGQ 0; RQ

PDVV UHVSHFWLYHO\ ,QFUHDWRJ 9 IZMRP\LHOGV D NWPBHO@OHU
0 & DQG LQFUHDVH LQ 0; RQ WKH RUGHMISHRWLYHDQ®GLE DOGVY PR

KDYH QHJOLJLEOH HIIHFW RQ /DYHV SKDVH SUHFLSLWDWLRQ



F G

JLIXUH ORGLI\LQJ 3 WR ZW & ZLWKWRLWURW Q YLIVUI G RBW W
DJDLQVW D PD&V EHBBNYVOHUFHQW 0; I POFYVGC HIDAHQW
SHUFHQW /DYHV SKDVH



JLIXUH (I'THFW Rl PRGLILFDWLR@W WRIR/DRKRHAMS RV ADRVY EDWHHK L

D E

JLIXUH (ITHFWV RI LQFUHDVLQJ RE RU WRW IDREBE3 OMRHOV
UHVSHFWLYHO\ RQ PRXWDGGHUEHQW RI D O

0;: VROXELOLW\ LV DQ LPSRUWDQW R PR B UIQ ZIKW DREOR/QN Q G HVURL
WUHDWPHQWY ,W LV QHFHVVRUWWR §BBKMSLRILWHH \D GX LRILD P DKW
SUHFLSLWDWH GLVWULEXWLRQ IRURRZEXWK®JPWMWPS B HS@W V)H® XYW H

VROXWLRQ DW WHPSHUDWXU &R WP JILPXO DWRHP VROXRVLRQL]LQJ RI



VWDELOL]JHG E\ YDU\LQJ QLW UR JR\W KMHYG LAVHJ E R F FRYRWHOM R Q R UQE
FRQWHQW OHDGV WR OHVV 0; JRHQDWRWHRVVERNWHRQ GMFOREZMH GN
WKLV VDPH HIIHFW EXW WR D OHVVHU H[WHQW
YLIXUH E VKRZV WKH ZW YV SUEWH@WDMRW ZW 1E WKH
0; SUHVHQW KHUH UHSUHVHQWLQ JJRIKM YIDWDRG VR ¥ U E @ LW/ WLKGHH
WHPSHULQJ WHP S DD/W XUHVRIX0OO SUHFLSLWDWLR@ WSRQOW HPG O\
SUHFLSLWDWHG LQ 7KHUPR&DOF & HOLRP2ED DTWKLIR Q V DUM \WHRDRIBHDUAD W X |
JLYHQ L@ DWKWH[WGRQ WKH IDU OHIW RI WKHW BLHVHRW BRP SIKUHL ¥
VROXWLRQL]LQJ WHPSHUDWXUHV UHDAHG FOUHRHQ PH ORG VX @ARR O QW
WHPSHUDWXURV7EHD WKLIJKHU WHPSHUDW XU IR\EW K Q YR RWWH/Q@ WNHH D W
ORZHU FDUERQ FRQFHQWUDWLRQWOWHYW WRR2RAU W MPRS HUESW RPLHPD W
LQFUHDVHG FDUERQ OHDGYV WR PRURUXWKROXWIWQLEHGRIQGEWWR &
WHPSHUDWXUHYV WKH KLJKHU FD U BARR) (MHDGG LV R ULHIAWUHH® \DHL & BLLQXFAL «
FDUELGHV ZKLFK PD\ EH WKH UHDWRQ E RK L0Q GV WIXW VU HQX VU HD WHRS J
JURP WKHVH JUDSKV WKH PRVWOXRSHRUWDQW JHQHUDO WUHQGV LQ
x /RZHULQJ FDUERQ VOLJKWO\ LQF UHDNHW WRMW R MROXWLWRUH D W
X ,QFUHDVLQJ QLWURJHQ RU QLRELKRVWDILVIFOQMLR\QILQIEQH DAHHP\S
DOO RI WKH 9 DQG 1E LQWR VROXWLRQ

,QFUHDVLQJ 1E WR ZW DOORDW FRU DX RIQFUBQGE Hs WIRURIDYW WR
0 & ZLWK OLPLWHG HIITHFWV RQ DXKIWHRG® HW R QR BEODOLE \V LYRZ HLYFHL
WHPSHUDWXUH DW ZKLFK 0; JRHV LRWR WROSWULRWY XD & RKKOHS VER-D

SKDVH ILHOG ZKLFK ZRXOG \LHDWPAHRPMOLFDWLRQV LQ KHDW WU



D E
JLIXUH 0; VROXELOLW\ LV DX \RKE]DYIDWHKREFWULB® XA H ROW K

YDULRXV FDUERQ DQG QLW URJH QGOGILYRIELX P @& YE O¥D WL RS\
D WHPSHULQJ WHPSHUDWXUH RRQ WK& LD S ORI WGRIGWKH LINC
FDOFXODWLRQV DUH IRU D ZW 9 FRQGLWLRQ
$V = SKDVH LV FORVHO\ OLQNHG WR G D VUB PFRHYOLQV BRE HOWNPH(
SUREOHPDWLF SUHFLSLWDWH 7R 7RCHLOPRED® F0S DR O XRWLVUDB W LFR
GHWHUPLQH DQ RSWLPXP LQFUHIFUH DWR Y\DRQ DG RER XVWPR 7RI HV H WV R O
Y)LIXUH ZLWK REWDLQDEOH ZW WRIGI IDQH DO § XSQUFHWFILIS Q WRD WZRW S A
0Q 1 1E DOOR\ )LQH 0; DJIJDLQ GHPSHUG PR XY SUKHDWH Q\U LDH/D G
WKH VROXWLRQL]LQJ WHPSHUDWXURISWRBLYHAWDWWOORYZEDWY IRKBG
ILQH 0; PRGHOHG LQ WKLV FRQGLWLR®@H \0;FR® SDHH G WRQEBK/H: D OG
0; GHFUHDVHV ZLWK LQFUHDVLQJ YIVQD G P HRYD R H QM LEVH Y@® G L
WR JR LQWR VROXWLRQ 2| LQLWDRRQL®W HE H\.WOIGW ZK NN K®IIUI LHFC

VWUHQJIJWK HYHQ ZLWK WKH FRDWHMNS RVRGRDQLIQVDEF UG MWKHH LA)H Y HF O GRF



Wt Pct Fine MX

JLQH 0; >0; DW 7THPSHU@ >0; DW 6ROXWLRQL]JH@

W 3FW 9DQDGLXP
JLIXUH "HLIKW SHUFHQW REWDIRIQDME O¥YIDIQQEL;PDINRID DXQF® LR
1 1E DOOR\ 6ROXWLRQL]LQJ WHPSHYU® WXUPI HV LMV X P |

WHPSHUDWXUH f& W MKRXOGGE AFHNVQ R W RG MKW DRVUH G O
SKDVH ZDV SUHVHQW DW 9 @& ORQNV DRV WKH KLIKHU

7DUJHW $OOR\ &RPSRVLWLRQV

'HFUHDVLQJ & IURP W R ZW PDXEVIW D DWW RLBIHG KB Y HQY +
OLWWOH HIIHFW RQ 0; DQG VQRXXWOVILYHW KDV P& MGLHFBRH/D V
PDLQWDLQLQJ PDVV IUDFWLRQ RIWHIKDY\ ELHHFQY HIRUHGI GDWHS WH
SURPSWHG WKLV DOOR\ PRGLILFDW{\WR Q Q,RUFHDNDH/G PD R\VCDOORF WL RQ
0; XS WR ZW 1 ZKHUHXSRQ WKHNHJBRWVRYQ ®MF K HDWHU LD CPHDYWH
EH WDNHQ XSL BNKWMHL&UD SUHFXUVRU = SKDWMKXQF$DHDQV W RV
SRVVLEOH ZD\ WR LQFUHDVH WDOWWHGOQWR SWBELSILWD WG PQFWYHIC
RU EH\RQG LV DQ LQH[SHQVLYH ZDWWRXWVDLELGLL1H DAKMO D YOM WHHF QWL
ODQJDQHVH LV KRZHYHU DVVRFLDWHG®ZQWKL DW®IGHIQ GU ILWMANVK O
ZKLFK FRXOG SRVH GLIILFXOWLHV ZLWK KRPRJHQHLW\

'LWK 7KHUPR&DOFS VWXGLHV FRXS/OMOHPRQWWKR GH DO K¥W K QRIW

SUHFLSLWDWH PDVV IUDFWLRQDW XV ZHR NHHIHREVRY YROW LRQWRLOOLW



FDQ GUDVWLFDOO\ LQFUHDVH FUHHIO0URSQDWHQY WILRELWR 5 RX O (
HOLPLQDWLRQ RI = SKDVH > @ROTKRIAH ILW B UQHW \D HIBUWRKW KMZR D
/& & 00Q 1
1E & 0Q 1 1E 9
7KH WDUJHW FRPSRVLWLRQV DUH SUERRGH& DD QREQM®V G HAKLH @
DGYDQWDJH RI WKH LQFUHDVH WRRBU BIHEK&RHNW. ¥ RIDVIFNHL QU RPX U R Z
DOORZLQJ XQFRQWUROOHG SUHFDELWDWL RO \R V % SSSKDHAH QX M & HEQ
0Q DQG 1 FRQWHQWY ZKLOH WKH LEFKHDRHDYRLG REW LNRKSWFRR
LQYROYLQJ = SKDVH ORGLILFDWLR @V3W R QKX &H DADROZRAUDH\G FFFDRISETR
QLWURJHQ DQG LQFUHDVHG PDQJDIQHYR\ BLHALSIRHIMWLRG ZLQNV K K

PDLQWDLQ O0; SUHFLSLWDWLRQ ZKLEHI I RRFEPINW®ILQLREEKPVH LQLWI

7TDEOH + 7TDUJHW &KHPLFDO &RPSRVLWLRQV RI WKH 'F

ZW & 0Q 6L 1L &U OR 1E 9 1 6 : 2 9

/&

1E

J)DEULFDWLRQ RI ([SHULPHQWDO $0O0OR\V

7KH H[SHULPHQWDO DOOR\V ZHUH QBHU\L FIHW KGR DWJ\W KO£ RIWD
&RPSRVLWLRQV ZHUH LGHQWLILHG RV KDEQQ K LKIKIKUQWWD® JAFRX OG
PHWKRGRORJ\ Rl XVLQJ 7KHUPR&DOFRI| WR ODXWFIHRIQ\LDILQJ WK K LOK NT
QLWURJHQ > @ ZDV HPSOR\HG )LJXUN D IXEFWKRZV RIKPMAYVRI U
3 DQG /& DOOR\V 7KH ODEHO 3*$6HGRRWWGE RXWKMWKMREZD/OFS SW
SRURVLW\ DW PHOW WHPSHUDWXQUSHNVVG XK M B LULRXYIP® WD R (E RX @E& /WL
DUH SORWWHG YV ZW 1 LQ )LIXUHLFXEWAKBYBHEKQW 3 RUXRIVHWW

OHYHOV LQ H[FHVV RI ZW RBHYWFBDOOMIKGDMR W ERHQ)GWVRIGIKGFBRQ W/ |



$V 7TKHUPR&DOFS UHVXOWYV ZHUHFRIQBK WIHR/GWH FW KW RS H R3S RY IHE:
ZHUH FDVW WR LQYHVWLJDWH LO QRHONTXKROQBUEN FD KK 1K Y3HGV U RWH
JLIXUH VKRZV D SKRWR RI WKRB KBRW GN/RSDSCRORNVVY R R URIVW\K H ZHDV

KI33W WRS VHFWLRQ RI WKH FDWRPRJ HEIW H® VY QRWBUHVHQW LQ WI
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JLIXUH 3KDVHYVY SUHVHQW DW W P $ HUD ADXQUARODW BGI XYEW 1 R/(

7&)( IRU WKH D 3 DOOR\ DQGDEWX&HWIORYXWF 1 MKRA Q.
SKDVH ERXQGDU\ EHWZHHQ OLTXIC®ORQG JDV IRU WKH 3 I



JLIXUH 3KRWR RI 3 OHIW DRWLW\ 20V KON PK®R\WGOGNVNR BW BRUYH
7KH DFWXDO FKHPLFDO FRPSRVLWURGWLRIHE KK RPH Y (AJ/Q D& HD Q
7TDEOH 1RWH WKDW WKHVH DUGB MKMW KRP SRMWPIRRRO\WO KY HF® OR

FRPSRVLWLRQV DUH VKRZQ IRU 3 WKED)XDWOWVRHUHSDHBMWIHY KEBD W'

7TDEOH + &KHPLFDO &RPSRVLWLRQWRI WKH )RXU ([SHLU

ZW & 0Q 6L 1L &U OR 1E 9 1 6 : 2

/&
1E

3 ZDV IDEULFDWHG IRU DGGRW KRHO@MNO/ EDOMH ZRDWKH Q LT 0 BEVRMEKQ C

+HDW WUHDWPHQWY ZHUH GHVLJQHGDXOWISQ D ®GCFRREHFDYWR Q
Y)LIXUH VKRZV WKH HIITHFWV R WIHPLSHD\D W PWDN \R QU B FYVLRIGEW LK |
/& DQG 1E FDOFXODWHG XVLQJ WKBHHW &)K H GDMFSEDMHN X B MAH ADISD
D IXOO\ DXVWHQLWH PLFURVW UXVFR/ X RO X R W QD GHY RO U KVH HOT; X LROH.\E
GLVVROXWLRQ RI 0; LV HVSHFLIRWO3 HYLG HQ@W ROXWKR QLYDIIGW H 6
ZDV QHFHVVLWDWHG IRU DYRLGP Q¥HYRIUD M B BKXERQM R 3D QBH UH

f& IRU D PRUH GLUHFW FRPSDULVRAIXAWRHWKHD®@ WEGEG S HE DM



RSWLPDO VROXWLRQL]DWLRQ RI 3 ZM& BIKBIQHKNYVXEBODPN@WW DEXE. ¥RF

WKHVH SKDVHV SUHVHQW DW WKHHPRIGLD &I RDE WHHPGEHQWOISL W R PSS

YLUWXDOO\ YDQLVKHYV LQ /& DQG 1E MDQPEOXAH INXRDBWGRQEIUHD WK
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PDVV SHUFHQW YHUVXYV WHPSHUDHWXU HOIRYDIXND WHR KDHDGAV \

IURP 7&)( GDWDEDVH
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(;3(5,0(17$/ 0(7+2'6
'LODWRPHWU\ KHDW WUHDWPHQW GIHFKDXDL PIE SWRFHNGXDH \D
DUH H[SODLQHG $Q DJLQJ PDWURI[ RYDIOBMDW W HF &Q DTXG \D LLWD GLM
VFDQQLQJ DQG VFDQQLQJ WUDQVFLOUL P® G TH B\M LRI PH. FIURIY\F R’ §

DWRP SUREH WRPRJUD SK\

'LODWRPHWU\ IRU ,PSURYHG 2SWLRL]DWLRQ RI +HDW 7UHDWPF

'KLOH 7KHUPR&DOFS SURYLGHG LQVWRID®RIGV WWEMIWRYD VR @/ RV
HOHPHQWYVY RQ SKDVH WUDQVIRWPPRHVRQ\V XIVRI® & biM E DS\LVRIW LIRIR P
GXH WR SKDVH FKDQJHV WR G HRMOH RHPHS MKBIWDFOHX/D OL QLEWYRHRH RALL
WKH H[SDQVLRQ RI D VSHFLPHQ XQ®&H®R @ IW R A UPLDYLH B F ® HS IX&WHLLRQ
SKDVH FKDQJH LQ WKLV FDVH |UBRVM®EQ PR HAMHELA &N SRR )LEEF U H
WHPSHUDWXUH

7KH LQLWLDO FKDQJH IURP %&7RW RW & & VU HW YGOM VWLIRQ W IRKD W Q B
SDFNLQJ IDFWRU ZKLFK FRUUHVSRQGVSWRNDQ FKDIQUFLHQRP 7K HA
VWDWLVWLFDOO\ GHYLDWHYV PCSHICOMLOYZHEBI\SH U. R OW QWM B LE DI QWK W R

DXVWHQLWH 7KH VORSH VXEV HTKRIRHWO O LLQH D bi DD/W VWK & GWBIPSBLH
PLFURVWUXFWXUH KDV E H FIR Pl WHQOW BN VARIPS DMMWALRY) RI WKH WU
%&7 PDUWHQVLWLF WR )&& DXV WR GRW B D UMD D WHRPRIRELD OFBV SX\HHEG
DQG WR WKH H[SHULPHQWDOO\ GHWHKUW®H®@IS & LLDXW YWHQL W HODWIRP\A W
SHUIRUPHG RQ 3 WR DVFHUWDLQ DE®FASHSHEEHFWERQYHB QG7 PH

WHPSHUDW XY MAM B RIKBUWD WE 10 H



IRV $ODPRV 1DWLRQDO /DERUDWRU\ '"HGLFDWHG "'LODWRPHWHL
7KH EDVH 3 PDWHULDO ZDV DQDGOGWHGE® ZTKMHK WSKIHF U/B H/Q GILHOT
JLYHQ LQ )LJIJXUH 7KH WKHUPIOLY HFQFOD® TRE OMK H | )XW KUK WX/Q \

DIWHU WKH LQLWLDO DQDO\VLV LQFOXGLQJ

D $Q LGHQWLFDO UXQ EXW ZLWKED WRPDQROYHHKROBFWLPRIDIR O

HOQKDQFLQJ WKHUPDO HTXLOLEULXRWSBRQ KHDWLQJ WR KLJKHU
E 7KH VDPH PLOXWH RBOGKEY DQ LQFUHDVHW®RQVRHRSWBDWXU I

LQFOXBHHWHWHWH UHJLRQ
F $ UXQ DW!® RIORUHDWH WR DQDO\]H HIIHFWW LRQJDWDRHEZLRQ ®RQJF+

G 7KLV VDPH F\FOH GHVFULEHGS LIQODREWY H IRU WKH GHVLJQH

JLIXUH /$1/ GLODWRPHWU\ VSHFH BHIHVWYREG HON D L Q\OW V8 CHIOME I C
HISDQVLRQ DJDLQVW ZKLFK SURWRHWWHKHRLHAHSKDWUM \FV

7TDEOH + ,QLWLDO 7KHUPDO &\FOH IRU /$1/ 'LODWR

&RQGLWLRQ THPSHUDWXUH RU 5DWH 3URY
,QLWLDO +HDW ‘& V
6WDUW 7THPSHUDWXUHR

,QFUHPHQW ‘& PLQ $ 3
JLQLVK 7THPSHUDWXUH&
+H 4XHQFK WR 57 v 0

‘& PLQ LV WKH $670 VWDQGDUG > @



*OHHEOHS /IDVHU 'LODWRPHWU\

'LODWRPHWU\ ZDV DOVR FRQGXFWHGODW H6 @ ZO ¥ W RNPKINW HWH ME
JHRPHWU\ LV JLYHQ LQ )LJXUH O + VFOIH KWFROR WK R QYFPMOHVELW® HGF
XVHG DV IRU /$1/ GLODWRPHWU\ 7WHU*QNHEIOIHQMEHAP DMHI) OGDWRBF
FRPSDUHG WR PP IRU WKH /$1/ VSWR. PRQQLVQ ZIKKH B K HHGR XcBIG LDOMDLAR C
WR WHPSHUDWXUH HTXDOL]DWLRHQ ERWIZHHY RVWHKHIWKQEPPRPRNKGS OGIL
WKH VDPSOBIQGVWKHPSHUDWXUHY ZHUH QDUURZHGL/N (G (HDW R HW US
UHVXOWYV WKH WKHUPDO F\FOH HDWH Y R WWHIDMHSSH WERWOQFD XGK JH P

WKHUPDO F\FOHV XVHG IRU &60 GEOBIWRPHWU\ DUH SURYLGHG LQ 7

$V WKH *OHHEOHS ZRUNV E\ PRQLVER WDBMHG HXYV. DIWWH.ARRSH U Q

LQFUHDVHG D FRQVLVWHQW F\®OHRIGARHEVYWWEKBYV HJR DXL WHKCH LWQX YK}

PDFKLQHG VSHFLPHQV LV LQ > ULPIK@& RIHHIQIXUWH WKH ' DRIZV
SURJUDPPLQJ IRU VDPSOHV UXQ LQ$WEHQ®IHHEOHS LV JLYHQ LC
YLIXUH *OHHEOHS GLODWRPHWUQ \GS BPHPHIQUIER P VP UO RQ .

7KH FRQGLWLRQ *$ DQG $ ZDV GHVDIREH®WHPEHEBWHKUPNQ I
FRPSDULVRQ WR /$1/ UHVXOWYV 378L@HS WABHWTSHY DNXUG WR GI HWH
PRGLILHG YHUVLRQ RI 327Gl + $  H[SDQRIHGL®RDIUQ APSXCEH DR Q DU HA
EHIRUH WKH SKDVH FKDQJH UHJLRQ DVFHUROGQ ADKHGMVRBHQBE

DXVWHQLWL]DWLRQ



7TDEOH + +HDWLQJ 6FKHGXOHV IRUHHBOMSRPHWU\ 3HUIRU

&RQGLWLRQ 5XQV 7KHUPDO &\FOH
+HDW WR fa& f& PLQ
$ DQG $ +HDW IURP f& WR f& f& PLQ
1IDWXUDO &RRO WR 57
+HDW WR f& f& PLQ
7G1 $ +HDW IURP f& WR f& f& PLQ
1DWXUDO &RRO WR 57
+HDW WR fa& f& PLQ
7Gl % +HDW IURP f& WR f& f& PLQ
1DWXUDO &RRO WR 57
+HDW WR f& DW f& PLQ
+ROG +ROG DW f& IRU K

IDWXUDO &RRO WR 57

‘& PLQ LV WKH $670 VWDQGDUG > @

+HDW 7UHDWPHQW 3URFHGXUH
6DPSOHV RI HDFK DOOR\ ZHUH FXWDWRHQMW EORMPNV FAKHKWB VEC
SODFHG LQ VWDLQOHVYV VWHHVYDRBRDIY ZRWIKOOQ RRDIOQ@ BHWWHH BRI AKIH

ILOOHG ZLWK DUJRQ DQG IROGH®U W XNKMGO WRKEKMD Voo RUKIEK VQP S IDWH \Z

LOOXVWUDWHG LQ )LIJXUH

JLIXUH SURFHGXUH IRU XVLQJ BQOW WU MDWENMEWHDWWUGDP E
VWDLQOHVV VWHHO EDJ DUJRWXLY EXEVBQ&EHQKH E DA RAH K
WZLFH DQG KDPPHUHG FORVHG



+HDW WUHDWPHQWY DUH GHVLJQD WG EHPEGIXW QR QX HRGBH Wi
FDVHV VDPSOHV DUH VROXWLRRUJHGPD@XWKN JDDO® 2MIGPW RUDWIXE
DW WKH JLYHQ WHPSHUDWXUH IRU FRRG®U)BQGH[MI@QHDBOREEE W
QRUPDOL]HG DW f& IRU PLOQXWRVY D ®8XW H PISWILIMG! ® W H D Wf &
LQFOXGH DQG +LB6ROXQW LR QKJH G1 6ARKRS MU D W X
DV ILYH GHIJUHHV EHORZ WKH WHPBEE® WRU PDRNO WX GUDEND @ QEY HKIH
UHJLRQ LQ WKDW DOOR\ 7KH |LRDWHGH® R HDRW HW B H DW PHI)W WH/P &

JLIXUH D F )XUWKHU GLVFXVVD®QWRJIHDIWPLHQW W BQ RRY L8 K IGV LKQH

D E

JLIXUH 7KH VWDQGDUG KHDWVWO HHDOMORH QW DRGB WKOH E[SH U &P
SUHVHQWHG 3 ZDV SURFHVVH®WRDWK RQ D XYW HNOR \UD]QF
IXOOHU VROXWLRQL]JLQJ RI 0; SUHALHIGNDW MM LZ/QIONIX H \Z |
WHPSHUDWXUH DV WKH GHVLIJQHGRRBWHR\V H[KLELWHG VL

TKHUPRPHFKDQLFDO 3URFHVVLQJ

7TKHUPRPHFKDQLFDO SURFHVVLQJ 7O0BRPSG VEH RWLAXID\DWHG
*OHHEOHS ([SHFWHG HIITHFWV ROFOXERD SOLGRIRNMQUXRW R XMW H
LQFUHDVHG GLVORFDWLRQ GHQVLW\WHYGI RMK XIVQHQE U HB VLGN Q WHE ¢
SRVVLELOLW\ RI G\QDPLF SUHFLSRW DWIGRKYQKIRYF HG3S U KE YV SIS INIAD It

LV GHSLFWHG LQ )LJXUH



JLIXUH 7TKHUPRPHFKDQLFDO SWGRFBYFDQLQY RH[ DKM WHI®@ W\RH\ 1
HQKDQFHG SUHFLSLWDWLRQ ZLWK LQFUHDVHG GLVORFDW

6LPXODWLQJ 703 YLD *OHHEOHS &RPSUHVVLRQ
6HYHUDO FRHIILFLHQWY DUH XVHIGFWRRSGHWHWRRL GH SWHKIHP @
HTXDWLRQV IRU WKH FDOFXODWLRQWVHRIJLFRIRPEQORZXVHEHG FTRHI WL.IFR (

J)LIXUH VKRZV VFKHPDWLFDUIHAUAHVIAVM)W KHVH FRHIILFLHQWYV

%DUUHOLQJ &RHIILFLHQW
¢ 1¢

¢ 1€
v

L

2YDOLW\ &RHIILFLHQW

t L gk Tdkg

+HLJKW &RHIILFLHQW
L — 3:¢; ¢

JLIXUH (ITHFW RI FRPSUHVVLRQIRW MPWEDE YBRXHW UND UR VWEH
EDUUHOLQJ RFFXUV WR VRPH Hf WHAOQWWIQU B X DK VIELPVE B B VD (
WH[WXULQJ +HLJKW LV FRQFHUH(}H G ZIIRWK BWUR Q MHXAEL Y ¥
SDUDPHWHU WKDW FDQ FRPSOHWWO\ LQYDOLGDWH D FRP



%DUUHOLQJ RFFXUV ZKHQ D VDPSOH ESOHMVLRXQWDDRW WK i DPL
IULFWLRQ DW WKH VSHFLPHQ XOBWH® GOV D FH\H\D\QLG iV BPRK QN
XQFHUWDLQWLHY LQ IORZ VWUH\&R P H DRXHGMWFHD@W X O B WHH G B U GH.O|
ILQDO KHMIKPRHY WKH |1GQ N OX®IWUHGH B\HW K K LVQLLRHAD @ KKHH ILIBW LD O G |
VIXDUHG DQG LQFUHDVHV ZLW K QIQFU HRWL &L J8KP R\E QLMYV\ORM H O U W
PLFURVWUXFWXUHV QHDU HGJHV DUDHD @ RAL FWHRSYWHNX-FQWKXII\M L Y2H CRO
LQFUHDVHG GLDPHWHU LQ D SDUWRFWEBBUFBPSHAWVYRG SHUISF\WGH
WKURXJK HIITHFWV RI WH[WXUH D Q & HK.IFYULRRUN UrKHW2XUHR W VGEHR R U E
GHWHUPLQHG E\ GLYLGLQJIGMWEN WRH PX B LCLGRR SMIHRK QG W KH GHIRU
VSHFLPHQ 2YDOLW\ GRHV QRW LSYDDPBWWUH WRVUMRAREGW VLD B\
UHJDUGLQJ DQLVRWURS\ 7KHJEWHYKWQ&RBGILFDWQRQ RI SDUDOO
GHIRUPPWYR@OFXODWHG E\ WDNLQJ WK HPHOMNYG D W GWEKH Y B @MW R Q
LQWHUYDOV DURKWQGIWEHYHGHE E\ WKH DYHUDJH KHLEK®W®RI WKH G
Rl JUHDWHU WKDQ RU HTXDO WR LQYDOLGDWHY D WHVW > @

7KH LQLWLDO 703 VWXG\ ZDV RQOVIEBWNRUZPHE REHKKVHG WHF
VWXGLHY RQ WKH GHVLJQHG DOOR\V )ARRBHHV\OL R RZSMH FLIPH QW
*OHHEOHS 7DQWDOXP IRLO ZIDW KoHNVRARIPFSKUHHD/ WLRR © LWABKHHFWL PH.GE 1 LF
DQWL VHL]H OXEULFDQW IROORZMH®G EG GLWIIRE D OR D IWHU RR O DIXE
FRQILIXUDWLRQ GHFUHDVHV WKH FKDQHF MR Q G\ NP LIRIQUEL G B U B8R Q&
VWHHO FRPSUHVVLRQ VDPSOH DQGWIWRYQBBV WKHKUSEDW MR/ SYPLHY
KRZ SODWHQV DUH SDFNHG IRU F R PBIUHVYIRQD \CEHF ISFHDFH GWEZHRWQ B
DQG :& SODWHQ ZKLFK DUH HQFDQGHSDENWE W EHUN OZD WK VKB BLYQHIG
VWHHO WXELQJ 7KHVH SDFNHG :& SODWHKEV FRBSU KRS SHUH IREE
ZHUH SODFHG EHWZHHQ WKH :& DQYPGS URYG GV KH D'WHMEDG VKR G5
PRQLWRUHG DQG PDLQWDLQHG DW OHWGH BODWHQ WR@WKHRRDW

*OHHEOHS KROGHU WR HQVXUHRB MQIPRED3O UHWWMW\LLY @ F KIH MW IGQW K



F G
YLIXUH *OHHEOH FRPSUHVVLRQ DWW HWQSH B UMHED FHRIFBH BAUS O CEF L:
VKHHWYV RI JUDIRLO EHWZHHQ DH: &' & 8 QR WHHJ M\QHSG DLQ)Y LICE HA
WXELQJ DQG SUHVVHG WLJKWO\LYLMRQ VLW K H DWSLLESG! & KBl & W
FLUFXLW ZKHUH HDFK SLHFH PROW LIP\H W HIH Y ¥ VXWRIG WR D)
UHVLVWDQFH RI WKLV FLUF XIS WH WKQ BV UGV DVVWOFEFHIV \RIIX 'O
7KH IXOO\ DVVHPEOHG SODWHQ WEFNDJBWN QGBS GF WIHRGS O%
WDQWDOXP IRLO DQG DQ D GG LWIHRIQD DGKDI\HHWGI ¥ DDRLICF Nk
7\SLFDO VWUDLQ SHU SDVV LV EWWHBMQZLW I @GVWUDRQ &0 WM
VDQG DQ LQWHUSDVV WLPH RI  WR FRAPAR®D S D WD R W WH B QREQ
WKH HITHFWV Rl WKHUPRPHFKD QL/MAD® #U RF MM Y\RUBLQVRIHHO\D \
VZLWK DQ LQWHUSDVV WLPH RWH& WKWURRPHAKPGQLFRA SHRAR
JLYHQ LQ )LJIXUH HQWDLOHG DXFWHQQW LRWDJ WK BRXARE@S LDHV V |
FRROLQJ WKHP WR D 7®3 W HRSIWBDWKW\HZBIWH FRPSUHVVWMIGUWMR D W
KLWV 1RWH WKDW 703 ZDV FRQGX$FMWUHIBWRYHY D \VZ EGH UHQMN HO RW W/
DERXW HIIHFWV RI GLIIHUHQW 70BS/OMRSEHMWDAY XX BV HIX QW DK HD MWD

WHPSHUH& DRWU KRXUV )XUWKHU H[SODQDWISRQ RFRBRRUHDVIPRQ JL



JLYHQ LQ $SSHQGL[ % )LJIXUH D VKRG SUIR@H D Y W HPRSWXIDOV >
WHPSHUDWXUHY EOXH OLQH DQGSURRRIDPHWVLPRIQIRRUFH BOBRILOHJI
VKRZV WKLYV VDPH IRUFH SURILORBURJIWAH FWG VWANHUPLS IHY D $WXKW FB\D \D\

DFKLHYHG WR ZLWKLQ f& DQGOs W HWPKHIHDFRMXLIYHMN D UIHRW H WK DRAU |

JLIXUH 7TKHUPRPHFKDQLFDO SURAHVYXHQWWEKWE® XD DYRMEHOH
WHPSHUDWX&YJBWE&E V ZKHUH WKH\ ZHUH KHOG IRU P EHIF
% V WR 703 WHPSHUDWXUH $ WHWGXHQVWHKIIDLYQ RUIWK X@E D
WLPH RI V DQG VDPSOHV ZHUHHLQQRYZHBSW B H3& URRR RKODH/

1170 °C (40 min) — Cool at 5 °C/s to -16000 e e
1000 - | - T| TMP650
P92 i T
800 — -12000 — —
—_

@) - Actual P N i
< Program ; Temperature o

g 600 | Temperature : % 2000 i
= i : 2
53 ‘ o

8 400 = - .

=
s -4000 .
200 [~
' I Pass1  Pass2 Pass 3 |
= ) | LN [ - 0 1 | 1 | 1 | 1 | 1
2600 2620 2640 2660 0 -0.1 -0.2 -0.3 -0.4 -0.5
Program Time (s) Strain
D E
JLIXUH *OHHEOH RXWSXW IRU #H R108B03 RURDU WM FYHBPWXDJO

WHPSHUDWXUH DQG E |RUFHVIWRR) L CCHVIR URW KAJKIHH UKHL IAD E R
FRQGLWLRQV DUH UHSRUWHG LQ $SSHQGL[ %



2Q0\ RQH VSHFLPHQ ZDV XVHG SHRQNRQUMDMLQMRQ GKH IR H DD |
WHPSHUDWXUHYV VHOHFWHG DOQRHBVRIRHI IBIG@ WO\ VAKLRK D\ERHRBBFLD
WKH ODFN Rl OLWHUDWXUH RQ WHRKLH VR EDMOHOFRY H R P D\R B UFIDDUAE\R @ XKALK]
EH QRWHG & KDW FKRVHQ DV D QRUPDOL]L@D W KB B HUDRN X G H \D W Kt
DPRXQW RI VROXWLRQL]UQHZKLWH BKRWELOEVWRGRVHQ DV D WHP
WHPSHUDWXUH DV LW LV OLNHOMDFWREFLWE WD UIDRRRUHS WRH. G R
PLFURVWUXFWXUDO VWDELOLW)\ ZKUBHVEHGE GU ORD B QREBEK WRRJ SWA
WKH VWDQGDUG WHPSHMLQRUFR®GL/WPRQADRILQFUHDVHG WR  KR:
DQDO\]HG WHPSHULQJ FRQGLWLR QWO R/RH D ONLRYH W Q F Y HDW HVBK WAL FO-F
7KUHH SDVVHV WR WUXH VWUDNA U\ RH O GV FOPQ DLQEGH DLAD DLAD D ® GRIVDK

VDPSOHV ZHUH VHFWLRQHG ORQ ID/MO®NEY DWW &Y WURDD Q CSRDA) FFDWIN R@ IV L

$JLQJ 5HVSRQVH Rl WKH 'HVLJQHG $OOR\V YV 3

(OHYDWHG WHPSHUDWXUH DJLQJVADWXFRQE B PWHYGR O/RW\ R @ GD
SURSHUWLHV Rl WKH H[SHULPH&WD\WXNGIOR\YRY MUHIU FHO-H 3 D WH® R\
DW & ZKLOH WKH /& DQG 1E ZHW®H DPRWRDAU]JHGPD@XWHY ORZHU
ZHUH XVHG IRU WKH /&) DHUGJ LMEHDIRORW DV ORZHU W¥ FoS W X W\X K Gl V
LQ &KDSWHU $00 VDPSOHY IRHUHKRNPSYHWMHEK DWHWDOORJUDSKLF
FUHHS DQG WHQVLOH VSHFLPHQWJEZ@ D HURPHG DMR W H FFRHIRIW X UW R
7DEOH VKRZV WKH DU LGH QRRDMHWYL P HAKHO GERG H Q B MLHV FIRKISHR®) W S H F
DOQGGHQRWHY WHQVLOH VSHFLPHQW ,RUHBBK FR® GLHMLIRMO RN DD A
ZHUH DJHG 7KH PHWDOORJUDSKLF FRXSROMNRIZHUR NMLIIBG VDPYIC

HQFDSVXODWHG LQ TXDUW] WRRRRLWLIJDWH WKH HIITHFWV RI FRUURYV



7TDEOH + 7LPHVY DQG 7THPSHUDWXUHYV IRU WKH $JLQ

THPSHUDWXUHV f&

7LPH K
8QDJHG 0 0 0 & 7 0
0 0 0
0 0 0 0
0 0 &7 0
0 0 0 & 7 0
0 0 0 & 7 0

0O OHWDOORJUDSKLF FRXSRQ &VLQUHHSH¥BEPRHRQPHQ 7 7k
O9LFNHUV PLFURKDUGQHVV PHDVXUHPWRW\DZ88BH ARYGEXFYH®
ORDG RI NJ DW D GZHOO WLPH RSDWWHULQXWH ZKLRAKKBEZNNW W H

WDNHQ )RU DJHG VDPSOHV DQGLGBPS\LHVHEQYR FIPWAH & HUMG W D NWHIQH

L 4 4 L 4
L g g
L 4 g L 4
L 4 L 2 4
L 4 L 2 4
4 4 L 4
L 4 L 4 L 4
L 4 L 4 L 4
4 4 L 2
4 4 L 2
JLIXUH $ VFKHPDWLF SDWWHURKPRIUGRHNW LFRRHDW R U B PHNNUW W1

VDPSOH $ GLVWDQFH RI DW GHBDFWKWY WFKNUHHE LLQG&H@WYY VWIHNS
$670 VWDQGDUG ( > @

(OHFWURQ OLFURVFRS\

6DPSOHV ZHUH PRXQWHG LQ %D MP OLVWDHR @) G6BROQM K HIR UV
PLFURVFRS\ ZHUH WKHQ HWFKHGDQG ZDVN® HE ALHOPHWK BEGIROHGDP S
)( 6(0 DQDO\VLV DQG IRU XVH D\ H(UH H RVQIDFAWHLAR Q QU B SGEFDL\R Q D O

FROORLGDO VLOLFD ZLWK WKH 9LEWRP® VQEOHOBD HVEFHMIHOWFKH



+&0 HWKDQRO DQG ZDVKHG LQ HPFOWKDYRDHUHOPB[GWHU E F W RR
HWFKHG VXUIDFH ZLWK DSSUR[LPDWH®G®G\VXQMRH LQWER Q DQICGFKXIW Y
7KH VDPSOHV ZHUH LPPHUVHG LGWKRO\GRAR DKDRVXEMREHH® WR 9
HOHFWURGH XQWLO WKH VTXDUHMHWGHW R BKHGE IDRP\ WKKH POINXD VB Y
FRSSHU JULGYVY DQG FOHDQHG ZLVSIOLHA\DKDOHRLCH YKNHRUH G [ WQ DPHW ER

GLDJUDP RI WKLV SURFHVV LV SURYLGHG LQ )LIJXUH

F

JLIXUH D &DUERQ GHSRVLWIR/®D O S URFHEREWURO DVIG- IR O®LDA
FRPSOHWH H[WUDFWLRQ UHSOLFRWYHWRRBRW U (\WPRMWHUVYLBO}
HI[SRVLQJ SUHFLSLWDWHYV $ FBKERQVR WK HVSDHSE DS HW DWK
DWWDFKHG WR WKH ILOP ZKHQ PRRM PHOWRIA[ PDWHULDO L

JRU 7(0 WKLQ ILOP SUHSDUDWLRQRFR OLKHWZIHBEHP HFEW RILUQV

WKLFNQHVV RI PP ZLWK D VORZHUSHIPKR XVDNH G KRHY HD O ORIE@IX P



&U\WWDO%RQGS DQG JURXQG WR WP F/ WOKLIFFRNQ HY W EALGMHK 36 $ S DBWH

PP EHLQJ UHPRYHG IURP HLWKHHWLGMHMQEFEKMBUDXON P GG WNKAM Zt
XVLQJ SHUFKORULF DFLG LQ DFHWLF ADLRLOGNVBW 7KHD QGPS OBV I
WKRURXJKO\ ULQVHG LQ HWKDOHRERQS$® 8 WIRWHGE [RY W KIW G WRNFRIG .

Y)LIXUH

6DPSOH

6DPSOH 6DPSTH

JLIXUH 'LDJUDP RI WKLQ IRLO SVHSDUIDWKRQ BHWRKRIEG 1LIQVDRI
DQG HOHFWURSROLVKHG ZLWKDIFFLG SHUFXWRRQF:BAP® LK |
PDWHULDO UHPRYDO YLD JULQGLQJ SDSHU



ORGHOLQJ RI WKH UHOHYDQW GLIIUDPWLR Q0 68® WWHV VYU ADVR
UHOHYDQW JRQH D[HV FRXOG EH W RVUKHURRRDBALOR @G HRQ WM K HHT 0Z KL

IRU & DQG 0; DUH SUHVHQWHG LQ )LJXUHRQ ®SDEVIWOGIRQIVDEGMRF KB W

UHVSHFWLYH > @ J]RQH D[HV LQ )LJXUH F G
D E
F G
JLIXUH -(06E PRGKODQREI B ®;, DQG WKH F G GLIMWDFWLRQ S

ZLWK WKHLU UHVSHFWLYH > @ ]JRQH D[HV



$ -(2/ -60 ) )( 6(0 ZDV XVHG DW N9 BR®RID ZRPN$ GXK IGQNVIWD )
&0 7(0 DQG VXEVHTXHQWO\ DQ )(, WDDRVFL\)VLRYFDQYEWIRQ
6 7(0 ZHUH XVHG WR H[DPLQH H[WSMFWIERQ UHS@DNFDXVHQGNR 3K

WKLQ ILOPV RI VHOHFWHG FRQGLWLRQV

$WRP 3UREH 7RPRJUDSK\
$ VHFWLRQ RI' 3 WKHUPRPHFKDQLFDDIOQ'®WRF Bl \*\DHG BAORH 8V
DV GHVFULEHG LQ 6HFWLR®@& DQGZDWWSRRROBVRIEG WRSY ZHUH UHPR®
RI WKH VDPSOH $ SODWLQXP KHW XARDWH RI Z\DKH DOSLSHDD. WCR VEERI W H F
IURP WKIHRQY XVHG WR VKDSH WKH WLSW RS$GIRWBRWVHKG DRY EHDP IR
ZHUH PRYHG YLD 2PQL3UREH WR DWHHW\HEMWHHG AFRRGGW H G Z L @&/ KZXKW WD
QP ILQDO GLDPHWHU EHIRUH E HKIQIX FFOHIDUMHRIGVZADRBJE R ZR Y RIOW K
ZHUH WDNHQ E\ 7(0 DW N9 SULRURWRSEBRE®JIJWRFPIRGH G SIKQ WR3 W KF
6DPSOHYVY ZHUH ORDGHG GD\V SUY R QERXWWHG XV UXD DZKLRNK]ZDR
7LSV ZHUH WKHQ UHDQDO\JHG LQG/ (DLWKR 7, RDDIW D9 ZWXDDQTDAN]IHR Q |

6RIWZDUH ,9%6

:LGH DQG 6PDOO $QJOH ; UD\ 6FDWWHULQJ

7KH ," EHDPOLQH DW $UJRQQH 1BWLMRE@EXO WMDHERIURXW RAR OB0DHFR
DQG :%$;6 GDWD WKLV DSSDUDWXV LV-HERZQOL QO HFMWMUHF D AR U)RK
GHWHFWRUV *( ZHUH XVHG IRU X868 G$DWDRIR®HH KHEO D®IORNZV V
ORDGHG DW RQFH ZKHUH WKH WHWWRLRQHR P HDXWH DEESSOH WRN AV W
DV LQWHQVLW\ FRXQWYV V YVKLOMHVMWHUGOW PDHIEFW RQDIO\]HG EZV L
6$;6 DQG :$;6 GDWD ZHUH FROOHFWHG PW. QD HQBYBORRQJIJWK R
EHDP VL]H RI LWKP®R IRFXVLQJ $W HDFK VSHAKIPHQ SRYHVSRRQ
ZHUH DQDO\]JHG HDFK SRLQW WD FROXPH D R HGHDIFKHOR LQWI HIWN @ 11

HDFK IUDPH WDNLQJ EHWZHHQ DQG \%



D E
JLIXUH D $SSDUDWXYV IRU :$;6 4w LVRIOWWOL (DIEBWDSVWR BQ BH F\

SURYLGHG E\ -RQ $OPHU E 6DPSOHRNRKEH &/ D\OWIRG VS HRU
FDOLEUDWLRQ VLJQLILFDQWOPKSHFUHDVLQJ QHFHVVDU\ V

:$,6 GDWD ZHUH DQDO\]HG ZLWK S6 6N H G DR BERQWLRIXXNIFHOI\W KR C
SURMHFW FDSDEOH RI GDWD UWMGQFWLBE&DSHUN WDRFD BUYVW DDQLX I R
7TKH LQLWLDO :$;6 GDWD DUH RXWSXWDPWV' TEWWIQ\GDWN D PDJIHHZRQY
SURILOHV E\ LQWHJUDWLQJ RYHU WXWH QfVDW\PXYWXD/O DIDMHW RH LW K
DERXW WKH ORDGHG SKDVHV FDQGEB IRRHFIWIOHGE EWWK K5 X R HWDRU U F
6$;6 GDWD ZHUH DQPODE@@DNEVIK SDFNDJHV GHVLIJQHG DW $UJ
IDERUDWRU\ DV ,*25 3UR PDFUR\WD)RB X% ;i6 QDMQUDRB Y PH WIKIRIEDE X L O W
PDFUR ZDV XVHG 3UHFLSLWDW HVOZAHUMKDYY XOPH5G MR IEBAVWMIK R IU R DCE
UDQJLQJ IURP WR QP ELQVSANUIMWXWHB\ V@& R DVWPRHWH W KH SDHWE
FRQWUDVWWEH GLIITHUHQFH LQ PHDQVKE& HHDWMUWRL) B @ Q WL MVH. 1B\ HEFHIG-
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+LJK THPSHUDWXUH 7HQVLOH DQG &UHHS 5XSWXUH 7HVWLQJ
OHFKDQLFDO SURSHUW\ HYDOXDWLR® Q@ KQX & MCGH FSHBBWXX S
WHVWLQJ RI QRUPDOL]HG DQG WD IRMBHIW G L\DSH MBIORH § B HEFHLIRRHUQHY DAHG
OHQJWKY SDUDOOHO WR WKH UWG O HQW HQWLHFHY WRKY W) RQYJ K DJ W MA-SH
FKRVHQ IRU FRQVLVWHQF\ ZLWK CF RIS HS DWHMW LW 8 DSHL 2 WK K WV KR J
VWDWLF WUXH VWUDZDY WBWHFRMHG IRVW WHQVLOSRWMYBQID IV ARY E
FRQGLWLRQV DV YHVVHOV DUH REUHVODNBOU DWRH Q8HLHRF MWK/ HHQ G X
PHDVXUHG ZLWK DQ H[WHQVRPHWHU S/QDFHGSEBRWDWXN WKKX Y DF
FRUUHFWLRQV ZHUH DSSOLHG X$\H® KIS R/QV WHWV MY FBQ G HV ARIFDS RQYHIC
EHORZ WKH \LHOG VWUHQJWK R IFIWV®B UK E RIP S\CH.ADSHUHD MRWUHH ¥ W HRIQ
HODVWLF UHJLRQ RI WKH VW WHWHYJWR BB WQ \F XY MAK IR IWHIQH VOWH B QY

VKRZQ LQ )LIXUH VDPSOHV DBROQWAEYD]IK)QWGXH WR PDWHULDO

JLIXUH *HRPHWU\ IRU VXEVL]HGH>V SOHF:X PBOQAMUHHS DQG WHQVL
&RXSOHUV WR WHVW WKH VSHFLPMH®RAKLLOH® KK RPU HEIBR QUHBOP H

KLIJK WHPSHUDWXUH FUHHS UHVLMWDMQFH D/XE MHQ VISGIHF LDISFE® UL\
JLIXUH D DQG WKH FUHHS DSSDUDWXMIHVVVRRZQ 08D)ZDMW KNV I
WHPSHUDWXUH RI f& IRU DORIFWHKHSFWHM® \PDFKH QCHH DS S CCLUHR/
DGYDQWDJH WR WKH ZHLJKW DGGH®GK W RP DAFKH. (ZHH L 4 KWVE HZD WLKQ D \FI
FURVV VHFWLRQDO GLDPHWHU RIR WKHQPHFIOEYLED® G RIDEGHIEQ WOV

DSSO\ WKLYV 03D
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GLDPHWHU LV 6 LQ ZLWK 73, POOMWM YHGH BDBRH@H® RR
RI VDPSOHV IURP WKH FRXSOHUVIURKH FRXSQOGLIDW B WHIK FEL
,QFRQHO
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,UUDGLDWLRQ 5HVLVWDQFH
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VWUHQJWKHQLQJ GXH WR LU U D GLROQGXREQW HIK HD\QHG HI © B 0 LJRHEQ BAV &OHD
DW /RV $ODPRV 1DWLRQDO /DERUDHWRDOYLMDE WReH/, RQ QaH BV H DL
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WUHDWPHQWY UHVSHFWLYHO\ H{BRIWONLEGLWR FIFGIOX OZKMURIQ F DX/HWU
DOOR\ DQG FRQVWLWXHQW SKDVHVRD\PY @HG PRB H DVD FIM DEQAL ZOIV
IDYHV DQG = SKDVH ZHUH PRQLW RWHG XOUWH DD 0X6Q P\® DRRQ RR PW R ¥
WUDQVIRUPDWLRQ WHPSHUDW XU H\P SZHWHW G H W HUPL RO R @O \Y VW\D. E
SKDVH LQ TXHVWLRQHVKRDOLRSEDHDBGW RI DXVW KW BLYHSH$H D U D
RI . IHUULWH %&&BSWKHDIVSSSHDUDQFH RI / |HU U LMAHD QIS0 WRK Hb & &

GLVDSSHDUDQFH,RI DXVWHQLWH DW 7

'HOWD IHUULWH 7UDQVLWLRQ 7HPSHUDWXUH

7KH *+L6ROQ° FRQGLWLRQ ZDV DGOV® YIRIFCHGS M 8 C8R W HR@IZPL Q 1\
WKH WHPSHUDWXUH SUHGLFWHG E\ 7KHRIP REKHLASL WHR WPHILIR QN KV
WHPSHUDWXUMY IRML®J & IRU 3 1& IRU /& D@GIRU 1E +L6ROQ

DOOR\V ZHUH WHPSRHHUHE® DRW FRQVLVWHQF\ DKQHED WQ WOLLHYIHWZPLFAQKWWRA



:KLOH 7KHUPR&DOFS DQG GLODWRPHWIUMNBU HQBVERD M/ KNHR WSHURARSYH
ZKLFK GHOWD IHUULWH VWDUWVYPWQWRAZIPV RNVHGR WWR UXHFWMA U HWDW Vi
VROXWLRQL]LQJ WHPSHUDWXUHV HLRKHRO LDLRQWZQEDIHU IRUPHG B
+L6ROQ WHPSHUDWXUH )LJXUH D R ®PWIGF PO XPULH URYFRSAKRRAU OB
3 DOOR\V UHVSHFWLYHO\ H®V®&HHD@QW¥HYWRW K HH ¥ UaRNOH) DWHP SHU D

3 EXW RQO\ LQ YHU\ VPDOO DPRXOQOMRIDW WRHRUGROQ WHPSHUD
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JLIXUH 2SWLFDO PLFURJUDSKYV RI BU HI)MWO RANP RO O W XRIGIV] HE

QRUPDOL]J]HG 'RVWUDE ‘& IRU PLOXWHY DQGWRIBPSHUHG D\
3 ZDV QRUPDOL]HKGRDWGF& IRU PLOXWHY DQG WHPSHL
‘& IRU K 6SHFLPHQVY ZHUH HWFKHG ZLWK 9LOOHODYV !



JLJXUH D E VKRZ OLJKW RSWLFDODRLFURJEDSKY RI f/l& GRBRI
IRU PLQ DQG WHPSHUHG DW KSR ZROULJIKW )RSYWUHEDO FPGFURJU
QRUPDOL]JHG DW f& YV f& +HPBGIQHGRDW PLQ&DIR® WK
PLFURVWUXFWXUHV DUH SUHG R B RNQULLWAD UWHIRYE W HFY LGLHADKN QLK
7KHVH +L6ROQ FRQGLWLRQV DWH QPWHRDY HQINH G ULR WD VXV O HQEW® .
H[SHULPHQWDO DOOR\V H[KLELWHG®GVD 7&KHMU4 HAR Y VWM R B BUBDKHK B H F

f& LQOFUHPHQWY XQWLO / IHUREWHFDODVPHE URVFRWHGY SURNKIBY G
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wiIHUULWH LVODQGY DUH HYLGHAOQW K®@ +QOROO PR QIBD WH.RU



JLIXUH VKRZV WKH PLFURKDUGQHVXVRG IWIKIH HELWI HURHGIWY
WUHDWPHQWY ZKHUH HDFK RI WK& IROORRQ VIMUNHHWHPSKUB KB DRAHU
DEOH WR SURYLGHINBBPHWHQYDVKWEVHUYHG LQ WKH X{OABWORQNRQ
SUHGLBWHWQUWLWH WR IRUP RQO\ DW KL JKWHRKIMHPGHWD VDXQGH WV L RUR
DVVHVVPHQW ZHUH XVHG WR ILQA WXDWH WKLIH \WR B R /MK B (A RY U MMEP
WR D GHFUHDVH LQ 9LFNHUV PLPV RKWHGEGGW RVL\Q | 61lUF U RKIDWLGMHH VR U |
PHWKRG ZDV XQVXFFHVVIXO LQ WKHDMXD@GD W EZ BIOFXR M H B KHW\WHH B
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LQFLGHWQIFHUBRLWH EDODQFHG RXW WKHMHMKHRWSE ® QG F W HIDARD GQWKLE
SRVVLELOW\ IRU WKH ORZHU KDUG QWKDWLQREZKH FRDDBRQ IEHB 0 BRV

WKH PDUWHQVLWH WKDW IRUPV

(IMTHFWV RI 7THPSHULQJ &RQGLWLRQV

JLIXUH VKRZV 9LFNHUV PLFURKDWXQH V&ROWK WL R RBRE& HUQIQ 4 DV|
DW f& DQG PLQ DQG WHPSHOGQURWHPIS HD M WAXKIHHWH ZBI I $U K K
SDUDPHWHUV XVHG IRU 3 > @ OXNFUBYXDWHRHLW\HG V DS/O RW WHRHOEO
QRUPDOL]JHG DQG WHPIKIHWH &V kKR QCGCHW.LLIR@Y DOOR\V DWIWHRHLYHG
XSRQ WHPSHULQJ WKLV GLITHUHQFH GQRSW DGAHIGP DWK HREPO@\ VWXOIE
WHPSHULQJ WHPSHUDWXUH LV DMY PRLO WG RZ\MV KV RRX HK W R IUNG QW
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"HWHUPLQDWLRQ RI 3KDVH 7UDQVIRUPDWLRQ 7THPSHUDWXUHYV

'DQ &RXJKOLQ DQG .HVWHU &ODUNERWDMNNRIN SOLPRYPHISWVY. R QB
WKH EDVH 3 PDWHULDO LQ WKH /&KXIH GDOMDWRRARHW QD ODQIGV S YRKN
GLODWRPHWU\ ZDV FRQGXFWHG DW X&ORNM\R DGR FERFPKSRDRIA GR IWIR. QVHKWH
SUHGLFWLRQV 7KH ILUVW UXQ RW3& V IXFYWYHR® CQZWGDE KHDWL
& PLQ > @ WMDQG KHOLXP TXHQFKLQ®URPRWEHWHUPHL\QHOWY JLYHQ
WKHDRQGWHPSHUDWXUHYV ZHUH LGH QW HMBHEW LW HODQIGODWRPHWU\
WR ZLWRLQ@UH ZLWKRQWKBIQB& Rl WKHUSIGLFWHG E\ 7TKHUPR&DOFS
7&)( GDWDEDVH 7KH FKRXYQA® WHRQHOPWHG WR WKH VDPBOB\QRW I:
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PLOQXWH KROG DV SHUIRUPHG LQ 6MPHG AHRPEXW KA D M INWRXADH/ FS
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UHFRUGHG XQWLO D ORZHU WHPSHUHDRADXWYH IRQ WXKRIZAX HWQHRE B UWDD

FRPSDUHG WR FRROLQJ UDWH

f PLQ KROG f& PLQ W
— f QR KROG f& PLQ WR

— PLQ KROG f& PLQ WR
f PLQ KROG f& PLQ WR

A
| SRV
— . EHIJLQQLQJ RI / IHUULWH IRUPD

f1 HHU DX FSQIFKHFW RY H L
+H TXHQFK

f +H TXHQFK

f DPELHQW FRRO

Strain (Pct)

THPSHUDWXUH f&

JLIXUH 'LODWRPHWU\ UHVXOWYV | WBRR FFHIGVR ¢ W U D LS HY LRIV
WHPSHUDWXUH 7KH WKHUPD®MG\FOH IRU HDFK VDPSOH LV

*OHHEOHS GLODWRPHWU\ ZDV FRQ®GXKMWKRG W B QFER VD D MV \&

EHWWHU LGWRWWHPSHUDWXUH UHSUHVHQWLWR D ISIKNW\LM IFKEBEQ XKV L



KLIKHU PD[LPXP WHPSHUDWXUH 'LORWR®HWGHGV RV KGH WHWY KIOWHY
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*OHHEOHS ZDVS$LGHQWLILHG DBV f& & QBRWK DERXW f& KLJK
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7KH PDLQ DGYDQWDJH LQ XVLQJ WK "OKBWOHE FDQIRYXQ GQ D
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7KHUPR&DOFS VOLJKW OE X\ ZIDWSDIHGK EQV MES $HULPHQW BOKROGRU R
WLPH RI PLQXWHV DW f& GLG QW WDIIVYHEWP DM HRPHW RS HG DS
KHDWLQJ UDWH DOVR GLG QRW VL% @IQGRBDREG\U BKDXQUIHY WKR WK B

EHWZHHQ 7KHUPR&DOFS UHVXOWYV DQBGWBLIAHVIRP W W\ WHHYDXWWGE W



HTXLOLEULXP GXULQJ WKH GLOPWRPSMWDWXYBEHUZPYQWEQWIHLB G
DPELHQW FRRO LQFUHPWH®$ MUKHWXHDVXY FR RSDUHG WRDGH HXHQF |
LQUEXW EHFDXVH Rl WKH ORZHU GDWXBIGRIOOBMMHLRQ UDWH FRPSDLU

2QH IXUWKHU DVVHVVPHQW ZDV FRQGWFIWH® QA® \RKBBIMI RUR
VROXWLRQL]LQJ WLPHV DQG WHPSHEZDW XX/ WR ®@LOMHW R PW WH \WLE
IXOO WUDQVIRUPDWLRQ WR DXVWHQLRMH MW RRSEUHG WRKWEW W
KHDWLQJ VEFKHGXOH XVHG WR VLPXSDW H DQRRUPIVQ IG]iH QN KIHQ HYKBIQAQ
IRU WKLV SURJUDP WKH VSHFLPHQ@&ZD\Q KKBEWG GVWHRUH IR& DM DQ
FRRO QDWXUDOO\ E\ WXUQLQJ RIl WXPQVQRBEDBE KHDWUOHGHB\H
WHPSHUDWXUH E\ WKHUPRFRXS @HF DFHDI XXO@R VDLXR/QV R Q MW PJHH G3 V K R

1& 7KH VWDQGDUG IRU QRUPDOL]MQDSSHDWYV WKRW IXO0O DXV
FRPSOHWH LQ DURRKWB WRD@QXWKYVV DQDO\VLV GRRVXQRUR GRQYIGH
JHWWLQJ DOOR\LQJ HOHPHQWYV LQRVRKNBWX@LROKLRN WEBEV OWRRY}

WHPSHUDWXUH

THPSHUDWXUH >WKHUPRFRXSOH@

'LODWLRQ >ODVHU @

JLIXUH 6LPXODWLRQ RI QRUPDOPH @A EBRQY KIHDA\RDOK WHRU 3
DQRQG KHOG WKHUH IRU DQ KRXU XDRSOH HO6 B YWH® DHIG/ )



$IWHU GLODWRPHWU\ WHPSHUDWXQH BSWXRIH® PWIK®J SOV HE VN Z4
WZLFH IRU HDFK H[SHULPHQWDKRD® QAR\ ) ZXHMH UHWXOWSKDVH WL
WHPSHUDWXUHV REWDLQHG IURP G GDWEPHWIUR @OWQ B UM FRFSBIURE
7KH PHDVXUHG YDORKYRRI MKH VHSDUDWH GLODWRPMRMLWD\ UK RIITRL
HDFK RWKHU $V SUHGLFWHG HRSHUHUWPREBWOFRU WKKHH SGHVLIQHG D
ORZHU WKDMHRSHUBWXUHYV IRU WKH 3 DOV K\DINY MEE S/HUW KX BIHYPY
FORVH WR f& 7KH LQFUHDVHE WR DQ®RE ZHUHWKHIL& LHQW WF
WKH ORVV Rl DXVWHQLWH VWDEHQKWMU PRRD O\FKSH S&HFBULIFDALIR RV & H
ORZHU WKDQ WKH PHDWRWZH®HYD OXKKN TRHUP R&D O FW FHRISHEBLIFWX B I\
ZHUH PXFK FORVHU WR WKH H[SHUZLMKQWEBEO3 PHDWORH GV KB DLXF

VLIQLILFDQW GHYLDWLRQ IURP WKH 7KHUPR&DOFS SUHGLFWLRQ IR
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7TDEOH + 3KDVH 7UDQVIRURDWLRQ 7HPSHUDWXUHYV
'"HWHUPLQHG E\ 'LODWRPHWU\ DQG 3UHGLFWHG E\ 7KH

$0O0OR\ $ 7&$ B+ B& $ 7& $ + L& Oy

l&
1E

ODUWHQVLWH VWDUW WHPSHRBRDWXA ADRLEIRRX ODWRR QW BI3S© LF |
WKH 3 DQG /& DOOR\V LQ 7DEOH HV WKW RATWXDWLRRBNVERAH® Y IFID S\
DUH KLJKOLJKWHG +RZHYHU WKMAMGHVR BBMIDROQ ¥ LXNHU K LQ R VPP LHFRUIR\D

> @ OHDGLQJ WR DyAWGHGYBWLBWYRE@GUSHEBELDOO\ IRU WKH /& DOOF

7TDEOH + SBUHGLFWLRQV DQG ([SHIRWPMEKMDIOSO\DRWHEPLQHG

3 I & 3 'HYLDWLRQ IURP $FWXD

(TXDWLRQ Ov f& Oy f& >&DOFXODWHG@ >$FW)

OHDVXUHG E\ GLODWRPHWU\
3D\WRQ DQG 6DYDJH
&DUDSHOOD
5RZODQG DQG /\OH
*UDQJH DQG 6WHZDUW
1HKUHQEHUJ
BWHYHQ DQG +I
$QGUHZV OLQ
$QGUHZV SURGXFW
/LX
/LX
=KDR WZLQQHG F
=KDR ODWK PDUWHQVLWH
/JLX =KDR 1RUWKZRRG

JRUPXODH IRU FWAPREBDWWQRUKBY ZHHW PROBRSLOHG E\ /LX
5HFDOO WKDW /& LV WKH RWKHUZLVH 31 BREBESRVLOMLRQ ZLWK



8WLOL]LQJ &ULWLFDO 7THPSHUDWWBHQWRU 'HVLJQ RI +HDW 7UF
1RWH WKDW D VROXWLRQL]LQJ WHPSHERWUHIRU DQP&O\ADLY [E
VWDQGDUG VROXWLRQL]LQJ W H PLSHRUDWIMXRIGIX VR URZ) L | BRVIL WIH R § B UADKN
7KHUPR&DOFS / IHUULWH ZDVSWFWOW R RXHFG HORW @ JZP WAU RKD U G Q
SLQSRLQWLQJ RI / IHUULWH YLR®SWLHFP®H B DRMURIH\R F\H UTHK B/ \MLVg H P
XQWLO / IHUULWH ZDV QR ORQJHLUW SREVHOBLYHG MK 6MKMAIR @ Q D M\
f& ZHUH WKH WHPSHUDWXUHYUPWQEIGL PRW IWRUIRVUEP ZIRW GHWY V

UHVSHFWLYHO\

&RQYHQWLRQDOO\ 3 DOOR\V DUHQNBPRP®HRH @/ KOHW H[S H&L PRHO
KDUGQHVY GHFUHDVHG ZLWK LQF$MW N XERJ WKIHP S\FHASHUW QP SVHHPCEWM
ZDV FKRVHQ WR WDNH DGYDQWDJHDRN WKHHW LIYWHAS HQLLGIL CH KD
HTXLYDOHQW WHPSHULQJ WLPHR DOFF RPFRGDW HGWIKIRR © R ZHRJ G&L WXV

f& 7KH VWDQGDUG 33$V +7° UHIBOUWGXWRUHIJREB WHUW KRHQ SDLU D
7TDEOH 7KHVH DUH WKH KHD®W MU HDKP BQWN © \ WKWDY \8 UIZH \OHDQ B/HH & M

ZLWK WKH H[FHSWLRQ RI WKH 703 UHVXOWYV

7TDEOH + 3V +7° +HDW 7UHDW PG QW H8 DHADLRIKDW BUSO BRRANS D Q

$XVWHQLWL]H 7THPSHU

$OOR\
7THPSHUDMBXAULH B >K@ ERROHU BVEXULHP B >PLQ @ &RRO

3
&

1E
ZDV DOVR XVHG LQ VHYHUDRVLBRMEIDQHHAR QR WD QG RV H) BWW G -

$LU $LU
&RRO &RRO
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(OHFWURQ PLFURVFRS\ DQG ZLGHVHUQ®JIVEEOUOBD RYLOH]HGDRW
PLFURVWUXFWXUDO HYROXWLRQ ((¥ROXWDRG R1BENKFHREBL B RRN WUHKF

HIDPLQHG HVSHFLDOO\ ZLWK UW\DSHG \@ LW R FSRICHF L B QWWIDXWE VRV K KWWY @

3 = (YROXWLRQ RI WKH OLFURVWUXFWXUH

$ -(2/ -60 ) )( 6(0 ZzDV XVHG DW DQ@QHDRFHOHNODWQQRJDY RRWND
GLVWDQFH RI PP )LJXUH D VKRZWY DMK H( ¥\ 0+ Z PERIGIGRWI RQ 6SR

JLIXUH D DUH OLQNHG WR HQHUJ\VGIHFMHLUD/ LYH) VBEHHAW U REVF RB\W(
RI SUHFLSLWDWH VSHFWURVFRSADBN HVKOQGRU W KH) PDAMU IH GS UIH F XS
('6 &KURPLXP FDUELGHYV DSSHDUWRRKD B DWMIW QR QLRPIQ WR U SRY W
VLPSO\ KD¥HYHY SKDVH SUHFLSLWDWHYV S UHWIHQWLQH CRJ EW K,HV W KH
SUHFLSLWDWHV WKH PDWUL[ KWW FD YHO \L @HIS\O A &/ HIBURW K.DW , Q WHK A\
VROXWLRQ VWUHQIWKHQLQJ HOHPHKQWY KMHWH 6 R 0B MILDON HE KBIWL

SUHVHQFH

JLIXUH D E VKRZ 7(0 EULJKW ILHOG mO®MNMI(HEBGGIK+PEIYOWHLB
DORQJVLGH (‘6 PDSSLQJ IURP DQ H[W WXRWIHRQPDBBWY IADURIDF TSNV U E
XVH RI DQ )(, 7TDORVE ) 7 %DVHGORMH® KK BIMHWXOWWH SWHKWNH S
SULPDULO\ FKURPLXP FDUELGHV &OOELGHV WHKRXDKOGQGLRFRE®B \DIM

QP UDQJH 9DQDGLXP DQG QLRELXPHGOXBDE® HY% Z N UMHGGHIGU WHR L3C
WR VHIJUHJDWH WR WKH VXUIDFH & FDW@ELGCHY VOR (VU JdRZVKRZWY VIHIA
RI %9 LQWR WKHVH FDUELGHYV ZEKXW KNU L% G\ ISIUAXOFW SWR GO LY WHW K

WKURXJKRXW
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JLIXUH )( 6(0 D LPDJHV RI $V (+6 GHWHAWKL RQRWEG IRADWHG F

VSHFWUD RI VSRWV DQG UHSUHRKHR®WLRPF&HR B HX\PHIGD RIE
UHVSHFWLYHO\

JLIXUH D VKRZV D EULJKW ILHOG$VPHDIHDRIGD) WKU® IREOVKF
67(0 +$%$') LPDJH RI D WKLQ IRLO RI 3 DBWYW ¥LVGEERPH PODRELIGEN W K

3 SULRU WR DJLQJ )LJIXUH QHBDQAGVYHGENWKGE QOLIQIHWY QR WIKUR X.
KLJK PDJQLILFDWLRQ )LJXUH E QMK WM\EHK HQULRMLWGIDECH VF DU BL G HVQ P |

LPDJHV DUH SULPDULO\ QP UMFBERWE® WHKSE QLR VWMXM® HH[IW D

0; LQ WKLV DOOR\



Y)LIXUH

Y)LIXUH

F G H

D 7(0 EULJKW ILHOG DQQWBE DFWOR@UHRDDRKD RI 3
FH (6 PDSSLQJ RI &U & DQG % $RUPBVSRAGVE WR 67(0

D E

JRU D WKLQ IRLO RLBOGY PHYJHDV KR EV IQIKWKI VWU XFW)
FDUELGHV DQG E D 67(0 +$$') LPDDHQ @KRQW RRIVUMIKG HD L
SUREDEOH ODWK ERXQGDULHYV 3HREKKORILRE DFHWLF HOH|



JLJIXUH D VKRZV D EULJKW ILHGG DRDOIR\ BNV Dr W KALQV KR E D UREIL ¢
ODWK ERXQGDULHV )LIJXUH F VKRZVDEHOFRECLWRBRDH\VZ RW KV MH H
K\SHUPDSV RI &WRBKRAUQD ILQH FOWWR®HVIDQK FDUELGHYV )LJIJXUF
D EULJKW ILHOG LPDJH RI D WKLQ IRLDWRI WfKH &RDNV® RS WDHIFLGS L\
IDYHV R& ®&WH SURPLQHQW DQG SHUYDVLYH )LLRPDHH RG WKRZVDP
FRQGLWLRQ ZLWK WKH DGM®BHRYZLMG KISHFDOMWSVFROUVHQLQJ R

SUHFLSLWDWHY DORQ@PIOORWKQERXR GCRDUNKA QBB UW Y WV RSEIDYH WIRQRL
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YLIXUH %ULJKW ILHOG 7(0 LPDEHWDRH@ D K$DW7 DP& DQG

67(0 +$$') RI 3 F $V +7 DQG G DP&GZLWKK'BWK\SHUPDS\
Rl SUHGRPLQDQW HOHPHQWY DO R QiVH B\WM URPPDRIGIVV KBIHYF K €



JLIXUH D VKRZV D 67(0 +$$') LPDJHDRH®G WKL® DRLO RfF& ZL

VHYHUDO LGHQWLILHG SUHFLSIRENVWHYDWICRGIRVH'G WL SHHFOWULD LIHG )1

SRLQW VSHFWUD ZHUH LQWHUSUHWHGEGLGBWHW XIDHNW LSKD \RH FXQ® P

YDQDGLXP QLWULGHV 5HJLRQV RI GHY DLW LRLQ KIOR P KW/HKIHE B XQOBRR('HE \
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7(0 D +%$%$') LPDJH RI D WKLR DRLO RA&D®IHE HQHUJ
GLVSHUVLYH VSHFWURVFRS\ SORWHGHBREYWVUDWLQJ WK



3 +*+ SBUHFLSLWDWH 3DUWLWLRQLQHVQHXKXKEDPEOHVFKDQLFDOO\

BUHFLSLWDWLRQ ZDV VWXGLHG R WREH WRRROIHNVE KKFIOH R
WKHUPRPHFKDQLFDOO\WWSS URFHYOEB G WKLY LV WKH FRQGLWLRQ OH
PLFURKDUGQHVV )LJIXUH D E VKRZ WOQSLEBHIJRVHRDY&H /MRS G D
ODUJH FRQWUDVW HYLGHQW LQ )LURQH)LJEUKN GXHVWRZNDELGRAQI
SURILOH WR HLWKHBDWWMWEIH- BH WKKHRUYH LVRFRQFHQWUDXWJHRQ BXUID
HYDSRUDWHG GXULQJ WKLV UXQ %WDURLWWRQWEH RAD:UBIRGHOQV H°

DSSHDUV WR EH UHMHFWHG IURPDWHKARAWB® ENGHKBIQS3J HY KDGIFYHH BY U K
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JLIXUH 3 703 VDPSOH ZLWK FKERPLXP FDWEREIGIHR DN DQ ERXI
RYHUOD\HG E GDUN ILHOG 7(0 BNMRWFIBD BBZGHWR ZW¥ KLJIK
FRQFHQWUDWLRQ SURILOH DFURVYHTHQWD & BOBEMBIHNE R X(
G LVRFRQFHQWUDWLRQ VXUIDF®®WIRI FKURPLXP XVHG IRU




JLIXUH D VKRZV 7(0 LPDJHV RI WKH IBMDHPE HH D SRWUBWEHRQU B
JUDLQ ERXQGDU\ ZzDV FDSWXUHG ZLWKLQVKMHKMWD BGKXRPHMH FOUKRQL
GLVWULEXWLRQ IRXQG DORQJ WKLVHERXKIQGKH WIKH \D\WRDP VXWREH ZU M/
LQVHW JRU FRPSDULVRQ VL]AVKLLWAVU LEXSWUWRYQ GNGDIQ® QLPUK® H L
UHVXOWY DUH SURYLGHG LQ 6HFWDRQ ZLQGRZWVRIHVYLEHQ WHD KW

DORQJVLGH WKH WUXQFDWHG YROX KK EALND RO B DH BLCAQ W B W HVHKHDY

E F

JLIXUH 3 703 VDPSOH ZLWK YOQUIDAL\X PDQ /WA EE HRUBIW Q GE E
RYHUOD\HG E SUHFLSLWDWH IMKH, BL YNV UIURPNDLWQ FD 8 U
LPDJH LQVHW DQG F SUHFUIHHEOWOMWIB ZLMAKGES,B/ ULEXWLI



/& £+ (YROXWLRQ RI WKH OLFURVWUXFWXUH

$ GDUN ILHOG LPDJH RI DQ HIWUD¥MRR@ WRHASQIRKDHRI /R $VHF L
EHDP FRQGLWLRQ WDUJHWLQJ 0; SROFLSLWCRZIQVLIR YLWKIHH VD EH 7
SUHFLSLWDWHW% DE@XIHOWRHWK KW ODUJH VL]H 7SKHUAH DLSAEHW HVWIR) |
ILHOG GXH WR GLIIUDFWLRQ PRQWUVYDR/QV W'KHH &OR W MOMXMQfIHF R DV W
t<'t...ZO¥ QRW SRVVLEOH ZKLFK PDGH{LWRQHIIRAXORQWRP DIOG SO K
&KURPLXP ZDV LGHQWLILHG ZKLR® RXSSRHK VOD WKH ISEGHHE WS IL MADW
KLVWRJUDP RI WKH VL]HV RI 0; BREBLSWRDW HW IRARG W I GWLKH YLH] X |
7(0 0; SUHFLSLWDWHYVY DUH VSKHWRLWERBO DRQGJBHRMHUDOQPR IDYPO G LU
GHVFULEHG IXUWKHU LQ 6HFWLRQ DLVKJHH GLV WWKLEX W DRO@R \Z HWKK. B/

SUHFLSLWDWHYV LQ WKH QP UDQODHD ZKMHXD A K DWI\FWAHDUN WHHU K@ 1 Q

JLIXUH D VKRZV D EULJKW ILHOG/ & MDOIBGIRRI$YD WK LWKHWLED LR
HYLGHQFH RI SUHFLSLWDWLRQ LQ WKES'LPPDHHYLRXWKH ¥DWR ER (
ZLWK WKH DGMDFHQW ('6 K\WRIB PBS V¥ RD LOVWHKRIZ SQEHRAL W/IRADB WEI M VD Q |
RI LQWHQVLW\ UHSUHVHQWLQJ DIUEH GHVS QRBEL SDYWDWSE RQV H HIHWKIHk

DQDO\VLV RI WKLV FRQGLWLRQ

JLJIXUH E VKRZV D EULJKW ILHOG&LPDDHR\RDIH@® KLQ KRDW® RI
&RDUVHQHG SUHFLRLWDWBYHWLRHE\ SURPLQHQW DQG SHUYDVLY?
67(0 +$$') LPDJHV Rl WKH VDPH FRQG(L8 KR®H IR MNEKRERK M KIRGMQ F H Q
IRUPDWLRQ DQG FRDUVHQLQJ Rl EEWMARRLIGDAR SUKHL SO MYMHW RV @
SUHFLSLWDWHVY &KURPLXP FDU E GGHR/QIU M IRRQMD \ WXNHE/OH. Q@ /K \
DV YHU\ ILQH FDUELGHVY RU KDYH \HW PRR GEHNLRQI RUPQDG LIXP QK ¥
HYLGHQW RQO\ WR D YHU\ VPD OO KH[YWH 6 RID UY MAQKHS $W R+ TRIEIFPQ WP

ILQH FRPSDUHG WR FKURPLXP EQVHZAXKBWHRAL SUWBOHD POLNUH.GHLA
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J)LIXUH /& D GDUN ILHOGI BDWWDR QY LISSOOVUWHSIQIWFD QV HW

SUHFLSLWDWHRYV ZVWK WHKG\ KRDOOHU 0; SUHF SXAVMDWRIYV YL
GLITUDFWLRQ FRQWUDVW E WKRKQQDOQGP Z HOPWHWIZRL B/HDDINPH |
GLVWULEXWLRQV FROOHFWHG |1URPZWWKH \G-H WRDJRHM HER @V &
DYHUDJLQJ WKH ORQJ DQG VKRUW WDQJHQWYV
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JLIXUH %ULJKW ILHOG 7(0 LPDEHHDIMIG/ & D K$DW7 DP& DQG

67(0 +$$') RI /& F $V +7 DQG G D& G'6 K\EHDWDSV RI
PRVW SUHGRPLQDQW HOHPHQWYVY DWBHUEKP® DLFRMINWGEH 6
HOHFWURSROLVKLQJ VROXWLRQ



l1E + ODFURVFDOH 2EVHUYDWLRQV RI 1E +HDW $V S5HFHLYHC
JLIXUH VKRZV D SKRWRJUDSK RI VEKH KIHF RE@ 6 RWOHF KEHDMG F
HIKLELWHG PDFURSRUHV YLVLEOMLRIQOV RRKW DiBGD VWH. RE U B UYTHIR SIA
PP ZLWK DQ DVSHFW UDWLR RIJK®S RRJHPWKMHI@ RI WKHU RXVY IDR X

7KLY OHYHO RI SRURVLW\ LQ +HDWPHWHYHOWM WKH RBERWRHV/QRAH R

JLIXUH SKRWRJUDSK VKRZLQJ PRE G RSFOUA R IY LIVE EXCKHH LEQY W/UKB
ZDV GHWHUPLQHG WR EH PP ZLWK DQ DVSHFW UDWLR |

1E £+ (YROXWLRQ RI WKH OLFURVWUXFWXUH

JLIXUH D VKRZV D EULJKW ILHOGI1EPDODHO R\ Vv WKL QLUXIWMA R
VKRZV D EULJKW ILHOG LPDJH RI DGWKLQKI®PMW RI \M@KBUHELBO®RW
GLVWLQFWLYH LQ WKH $V +7 VWMVYXEWPOUHE EGWVVLQGLIDKFBPIQW RXDID I
LQ WKH DIJHG PLFURVWUXFWXUMW DAV W IOH /@ B WAFIDSO.NV DAWH VW LYHSRII

DQG QP ZLWK VRPH SUHFLSLWDWHY DV ODUJH DV QP

JLIXUH F VKRZV D 67(0 +$$%$') LPDJH RIZWWHK $AKH 7D ERIQG H@
K\SHUPDS RI 9 VXJJHVWLQJ ILQH SHWHHEKSMWNDW IHRQ/ KRHU9I D O DRID IR/
SUHFLSLWDWHV RU PXOWLSOHWFDKX®DL CDWKLERWQPGMHY\ DR QL

WKH $V +7 VDPSOH LV DSSUR[LPDWHO\ 0 «3B"'))LPOUH RI @/K/HKKRZV R



DIJHG FRQGLWLRQ ZLWK WKH DGMDFBQWFU& KXEBUPIDGWKI Bl \DK ®Z

SUHFLSLWDWHV WKLV OLQH LV OQP DQW \UKMHWKKILQRQHDMWLRRL QWPD

D E
9 9
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JLIXUH %ULJKW ILHOG 7(0 LPDEH\DRHG1E DK ®DW+7 DfERG DQG

67(0 +$$') RI 1E F $V +7 DQG G DG&HG®'6 K\SHDRDSV Rl
PRVW SUHGRPLQDQW HOHPHQWYV DWBHUEKO® DL.FRMINWGEH 6
HOHFWURSROLVKLQJ VROXWLRQ



&RPSDULQJ 3 /& DQG 1E $JLQJ 5HVSRQVHYV

%HQFKPDUNV RI PLFURVWUXFW XU B D(0HDRW Y UHYV FRHUMIX R F WXURIQ
('6 WR H[DPLQH SUHFLSLWDWLRQ HNRIOXWDQ QHV H.SQ BWHRG\W D W L M M
PHFKDQLFDO SURSHUWLHV DU HDSWHMMHQOMWXN\GH & L RAK RV R U MKHHQ $\D
OLOOHU 3DUDPHWHU /03 ZKLEW EWR PRMM\KWHIRI® DQGNWBRSHUDW
IXOO0 DQDO\VLV RI WKH GHSHQGHRJFH R IFRIQFEKMMALRFD\O BKRISHB W.VH K
(TXDWLRQ /03 LV SORWWHG DJRLDVWHYVFWHBN GV FIUR KDWUGQHY
WLPHY DQG WHPSHUDWXUHV

/IDUVRQ OLOOHU 3DUDPHWHU
L Vi WA >7?: Etr;
$Q DJLQJ FRQGLWLRQ RI K PWWHRE&HIRMWXOBDWHY WR DKWEK LV
MXVW EHIRUH D VLJQLILFDQW O RD\G IMX ¥ IVUBSIQHAMY W RH3 G URBGR/& L C
DOOR\ $Q DJLQJ FRQGLWLRQ RI D WKLPMW WHHKFSHERPWXHIOD RIHV WR

FRQGLWLRQ VKRZLQJ WKH PRVW Q KWW KHKBEWDWM UGS WHF L Q WLIRKD /DQ \

$VVHVVLQJ OLFURVWUXFWXUDO (YROXWLRQ WKURXJK )( 6(0

)( 6(0 LPDJHV RI 3 /& DQG 1E DIHEH SUHKB@QWHGf&Q )LIXUH
ORZ PDJQLILFDWLRQ [ WR KLJK PDRIGILIWBDDW.RRQLY HY KREBDQNHG S
WKLV LV HVSHFLDOO\ FOHDU LQRWKHHKH NSRBI URLIGB DWIWRHF LA IQHNW
ILQH DFLFXODU SUHFLSLWDWHYV DOORWLVLEOWHLQLYKW DU HO QGVL
PDJQLILFDWLRQ DV N[ EXW DUHNYLJQHMHDQWBYV FFrWHDUHBRBPDWS SUR

WR DV PDQ\ DV QP LQ ZLGWHKOGKYWV' OLNHON UHSUHVHQW QLW
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Y)LIXUH )( 6(0 VHFRQGDU\ HOHEW UK QDD JHV 1Rl DJHG K D
f& DW PDJQLILFDWLRQV RI N[ NWRSI[WRNRWQRP NW
ZLWK 9LOOHODYTV 5HDJHQW



&RPSDULQJ OLFURVWUXFWXUDO (YROXWLRQ WKURXJK 7(0
7KH ODWK PDUWHQVLWH VWUXFWXUQJG HVIXDEL OL]JMHW KBRWQ DO

+$$') LPDJH RI D WKLQ IRLO RI 3 D J HHG E XKRWV D &0 HUKUKW

LPDJH RI /& DJHG K DW f& DQ@® HUXIKW ILEOWXREDJIMH RI 1
K DW f& 7KH ODWK VWUXEMINE WR NAHERYRHQUGCEWREBDRVHKD!

FRQGLWLRQ 'LVORFDWLRQ FHODOWRDBBEDUW QW KH /BQDWRIR\S BRP D
VWUXFWXUH DUH VWLOO YLVKEWHN UK BHLDRQ & L &Q IZIL\W B QMWK VW BRY
7KLV ILQGLQJ FRUUHVSRQGYV ZHOEGNE®DGWHAD R BDHHRQL BB Q VLW \Z IGH
GHQVLW\ LV KLJKHVW LQ 3 IROORZHDFE\ RE WKASHOBZWURFD QL
GHFUHDVLQJ VLJQLILFDQWO\ XSRQ DOGGLWFRQDO®\ $WKH P LK DRK D

RI WKHVH FRQGLWLRQV GHFUHDVHV VLIJQLILFDQWO\ 6HFWLRQ

D E F

Y)LIXUH 67(0 +$$') LPDJH Rl D 3 [EQG&/DQGPEJHVERIHDFK DJH
K DW f&

$VVHVVLQJ BUHFLSLWDWH (YROXWLRQ WKURXJK 67(0 +$%$")

JLIXUH D F VKRZV UHSUHVHQWDWLQHRLQY Ri$3) LFRIMDWQRI
DJHG K DW f& ZLWK ('6 K\SHURBSEQWY SURNLGHGWERRQY W)F
IRU K UHVXOWY LQ GHQVHORYHFWEKIHVOMIR Q/ \ WURFWXUH DQG Y

SUHFLSLWDWLRQ DORQJ PDMRU BRXQSADHALFV. WIDW HY GLLE DNMKHHG OFR Z\M

/& DQG 1E ILQH SUHFLSLWDWRRIQV RAFDIUEYN HIKXERWKHWKBl /& DQG



DJLQJ FRQGLWLRQ EXW WKH KLJK : GDYRGWSEBINHLBOWRWHB VK EZM B CF

E\ WKH ODUJH EULJKW VSRWV VKERWWR®WN OHIYWYHBRYQEHYV RHQPWNKU

WKH FHQWHU RI J)LIXUH  F
&U 9 9
D E F
)LIXUH 67(0 +$$') RI WKLQ IRL@GRF D1B DOD® DIHD K DW

3 VKRZV VLIQLILFOQ@QWIQH RUHYV RI HQKDQFHG 91 DQG Il
DUH HYLGHQFHG LQ /& DQG 1E WHN SHOMRWWWHRBROHVKKQR!

JLIXUH VKRZV 67(0 +$$') LPDJHVY DORQJGLGHV (+@ KISHIMW BBV
DIWHU DJLQJ IRU K DW f& 1E PW+7 GRNVNHE SVIHFI /& DV +7
DJLQJ K DW f& DQG /& DIWHU DKIIRQJIWKH DIKOORAV VKKRZYDGL

SUHFLSLWDWLRQ LQ WKH $V +7 FR QFELLSA IWFDQV HAK BDWHID N YILLGHHQ @/H Z Q9
DJHG IRU K DW f& /LQHV RI HIQWDVGIG O LNHONHQHF OO V8 UIHLA
ERXQGDULHV LQ ERWK /& DQG 1E QFHGRI ILQHDMW SUKELSYWBWLRQ
)LIXUH D LV VKRZQ DORQJVLGH &V ILIDIWIKAFD QW OK FIRIHEGV HRIYG

JLIXUH E DV HYLGHQFHG E\ WHKRIQIEF@ RWHDD/W LIR@ KIRW FISWWN &U



JLIXUH | VKRZV 67(0 +$%$') RI WKL@JIRGOV RI RNVRMW /& FAORK'!

('6 K\SHUPDSV EHORZ KLJKOLJKW KLJK SROQFHQWWRM URQINORIR\V 4§
K FRDUVHQV VLIJQLILFDQWOQFDNDEFHPRQ@ WKRWD WHREWEV WKW R
LQVWDQFHY DUH DVVRFLDWHMVRLWEKWKHB WUDRVRWERG RY 0; WR V
&U1E 9 $V WKH VROXELOLW\ RI &U IQFOHDVHOHY W WIODNQ 9 1WKLS UL
GXH WR WKH WUDQVLWLRQ RIQFHQGWR HUSKBVIK FROQV¥FHYWHYLWHRQV
DUHDV RI KLJK 9 FRQFHQWUDWZRWK ZKULHFEBVLRIDKALVIR D ¥R RF IHEMWHUD W
FRQFHQWUDWLRQV LQ WKHVHIDUHIVXAW ROROGPLE\ EXYWH V¥ RXCDO/ H |

FOHDU WKDW SUHFLSLWDWHY LQ DOO DOOR\V FRDUVHQ

+LVWRJUDPV RI WKH SUHFLSLWDW® MUPHUBLVWURBXS/ LRBQYV+D
PHDVXUHG LQ D WKLQ IRLO WIQ®6G @G DQHEHWUDKWLWRQ UH&AQURP D
LQGLFDWHG LQ WKH ILIJXUH WKHIKNLPHD®IGVWUNEBERMARREY UHBRD MFKO-
WKHVH SUHFLSLWDWHYV 0; QLWUVYGBY® UG WO ULGHYDW JAK RO N LH Bt
LV JHQHUDOO\ ODUJHU WKDQ HLWHKE U CADRRELGHO DRIHQ WWMRJ ERB Y V §.
1RWH WKDW RQO\ SUHFLSLWDWKXWGKNE®GOQOWKLWKHRXQW QB VZMKH W QE
GDWD IRU ODWHU FDOLEUDWLRBHRHB $P® Q\HS X & WLVS L TWKIHW HYV DRIVHS K F
FRQGLWLRQV WKDW IDOO ZHOO BMANR QIBUW KEWWWHIFQUIHIGC WR HSH SDK

UHTXLUH FDOLEUDWLRQ ZLWK 7(0OR¥GGH® LROPOSH@GURDOIHYV DUH S|
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D 3 SV +7 E 3 K F 1E K
&U 1 9 &U : 9 : & U 9
G /& $V +7 H /& K I /& K
JLIXUH 67(0 +$%$') zDV XVHG WR FEBHWDVQ @ RIXDWH MLEBW WDV H R
D IXQFWLRQ RI WLPH DJHG DW B &ROPRIGN IR QU HQ@FO X
K F 1E DV +7 DQG DJHG DOQAODGH/& KB $V KW DQG

I K (QHUJ\ GLVSHUVLYH VSBNWUWRYVBERRBY L(GH &K ESHURP
+$$') LPDJH ZKHUH DUHDV FRQWD LWVOK IOV HK HIDKH PR Q WH/QDVUUHE
KLIKOLIJKWHG 3HUFKORULF DFHWLF HOHFWURSROLVKLQJ



JLIXUH +LVWRJUDP RI VL]H GDVWUWHDBEXWIHRGQ ZR WEKUGHMHIOSR W\ WLH
HI[FHSW ZKHUH QRWM®3 IRBJHG $V +K DW fé&

:LGH $QJOH ; 5D\ 6FDWWHULQJ RI $JHG 6DPSOHYV

Y)LIXUH D F VKRZV :$:6 SHDNV DV L/GW BQWGLW\EYNJHG IRU D8Q

K DW WHPSHUDWXUHV UDQJLQWH®RRQ WWR L J&ESHDYMY QIRGH D
FOHDUO\ GLVVE&LOHBRNWKEGH URXJKO\ [ VWURQJHQV L@\ WHU BV RIKE
LQ /& DQG 1E /DYHV SKDVH LV RIQ®\ 1ELWPHUBN® ZQWRDYJH TXDQ
/IDYHV SKDVH LQ VHYHUDO FRQGLWWLIR QD YRIVWSKHD V HE ZID® ORO V RK & U H
TXDQWLWLHV LQ 7(0 LQ HDFK RIHWKHQMO DR\ EE ZWLWR DV JDKAD\Y M H'
LGHQWLILDEOH LQ WKH :$:6 Rl ORQUQ@IXL® KDE O, IS D/NMW HDWHOGER @
Rl WKH DOOR\V $00 SRVVLEOKVSHDNYDORAG QKLY WUIHODMKHG KD

$SSHQGL[ &



‘ ;
Feyp Feyy
3000 — —
B Feyy
; ;’ (M23c6)622 (1\423(:6)820
- JtJ \
2000 = — o
- il
b J@ k&A_JLssooc
-~ L _
IOOOJ &700°C
] &GSOOC
(M23c6)420 600 OC
‘ \ \ ‘ \ \ ‘ \ ‘
4 5 6 7 8 9 10
20
D
\)H )H\ \)H \‘
= | M Al
2 ,_JLJ 0 & b
| S .
. ; L\JJ\JJW
z N o fe
% == i
£ YA
fé&
T0& | f&
‘ ‘ ‘ ! ‘ ! ‘ : f&
E
T T T T
"
|5 0 &
wm \ ’!\/wi
(@]
]
: =
g7 f&
5 1 fe
k=
f&
f&
I . I . T ; f&
=
JLIXUH :$:6 SHDNV IRU D 3 JEG/& DQG F XKEDW WHPSHUD
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SHDNV DUH ODEHOHG ZKHUH MHSSSUR SSSISHWIGLHTO BSHDWN & D



'LVORFDWLRQ 'HQVLW\ '"HWHUPLQDWLRQ

3HDN EURDGHQLQJ LV EHVW PHDVRUHGOE\ 2K DK ZIL\G W K HK D)XOD @
Rl WKH SHDN DW KDOI RI LWV SISBIDNADOWKH )RKWD W KEHJ BIZGH QU RQ
LQFUHDVHG PLFURVWUDLQ ZKQRIKDVDLRXWHQVLWHOPMKGHWR GUK
GHQVLWLHV IRU 3 /& DQG 1E DIH®EWRWHV WRRP WRDW WEPDNL
LQ WKH ILJXUH ,QFUHDVLQJ DJG¥JWRL B FUM® WHGP S Y D WK\N LA B
H[KLELWLQJ ORZHU GLVORFDWLRQ B HIHMW \RW B D®U RS DNKD @ /&E X\

WHPSHUDWXUH DJLQJ FRQGLWLRQV
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Aging Time [h]
JLIXUH 'LVORFDWLRQ GHQVLWORXABWRG IURPDRQE0 ¥ OXHNDI L

:$;6 XVLQJ WKH :LOOLDPVRQ +DOO PRIQMKREBE Q FUHUIRQWEDUMD C

6PDOO $QJOH ; 5D\ 6FDWWHULQJ RI $JHG 6DPSOHV

6PDOO DQJOH [ UD\ VFDWWHULQZLWK; 6*2GD3WRLDNIB AHWIKO \]H G
SDFNDJHV GHVLJQHG IRU 6%;6 DQDERVDWBW\ $UJIRQQHIJXDWLRQNM® R
UHSUHVHQWDWLYH RI D VXPPDWARG@VR+7' RWHEDBDWDWDRXHW KRIW I
LQWHJUDWHG DFURVV WKH HQWLBBO®H RI D LPKGHDLAD U DION HR |1 $\QL HA |

JLYHQ LQ )LJXUH 7KH UHG ERPHVWHK M K DD HGDQV B USSR W B US/X O



LPDJH LQ LOQWHQVLW\ YV VFDWWHHGL QLUWHK PWWKRIUW KL FDIQERXBEHHOLQH
PRGHO ILW ERWWRP DQG OHIW GDMWD DBEAGLEBEXKGOO BEHW ZSHHRON W KK
KLVWRJUDP UHSUHVHQWY WKH RX@SKM RUVWKILNE PW GRIQ YNVNQ S\DHIUNPI
DQG ULJKW D[HYV )XUWKHU H[SOP@DMILMVR@R R IRW KHL IAFKWQ WK H' 18

ILQDOO\ WR VL]H GLVWULEXWLRQV LV JLYHQ LQ $SSHQGL][ "

JLIXUH 5HSUHVHQWDWLYH LPDXPPRWILIRE RIGEIWD GDMRP RV RI
+7 ,QWHQVLW\ YDOXHV DUH LQWVWKHJJ bW Q BHR & PUH R K H f
3') FRS\
OHWKRG XVHG OD[(QW
3DUWLFOH GLDPHWHU >$@ 1XPEHU RI LWHUDWLRQV
| | | | |
7KH VDPSOH HYDOXDMFLG ll'V 3 $V +7
_ 9ROXPH RI VFDWWHUHUV H
OHDQ GLDPHWHU
; OHGLDQ GLDPHWHU )
;‘ 5DQJH RI GLDPHWHUYV IUR P% Wl@j >$@
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JLIXUH 6L]H GLVWULEXWLRQWQHG FUWKL Y IKWDHIWPRBVIZRRUH GHWH

ZULWWHQ E\ $UJRQQH 1D WHRMDW HRMEHRUD'WRRSWWDII



BUHFLSLWDWH VL]H GLVWULEXWLRQNG RALW K DOBRP ZSHIRHE HH YADF
JLJXUH D DQG RI /& DV KHDW W UDH DDAQHSG FRPSID U HIG W RXH[D PS O H
JLIXUH E )LJXUH E &RPSDULQR W DORRLSH H RPHW B WHWRDDQ B B
D EHWWHU PRGHO ZLWK OHVV EBHUDIRLR QR F RWK\HL 6 $1;:6 DGVIL\R Q V &DALLIQ O \
SUHFLSLWDWH VSKHURLGDO DV S®HBWGUBW URE X WILRIQ \ONH IW RVUKHILB R
ZDV XVHG LQ WKHVH DQDO\VHV

$WRP SUREH DSSHDUV WR EHWWH W G5 M W]HF@/X S UM R LIS H WIDOXHA/L R
ZKHUHDV 6$;6 UHVXOWYV EHJLQ WRF GBQGWLLDP BW HBL SSWRPVSIWRE WH |
RQO\ GHWHFW H[FHSWLRQDOO\ VPDRID FOWHERIGSH W DR\GHOA BU S RLQWW
SUHFLSLWDWH ([WUDFWLRQ U HSMHWW HU A RIQSIUW Bl QY FIHD\WW R ONVKIHV WF!
6$;6 1DQRVFDOH SUHFLSLWDWHV REVKRZ HDGYHY V& LPLOD W GG ZYW U |
VHHQ ZLWK WKH 6%;6 PRGHOV IRU L& $VY0+D QBKGS /8 VIORBE PHGLDQ S|
VL]HV RI QP DQG QP UHVSHFWVRIQYHOISOFEDNQKVKID\W KLWKBE W V
PHDVXULQJ UDQJH DSSUR[LPDWHOWHVR®W VWKKR B[ ULLBWWRON H B SG
FRPSDUHG WR 6$;6 UHVXOWYV ZKLUFXQKBIYRI D WRWDUWLQJ PHDVXULQ.

Y)LIXUH D VKRZV YROXPH YHUVXVHQKRPEHIUQGWKW ULE XQR R®
3 LQ WKH DV KHDW WUHDWHG FR@EOGDWLERQUWLR® HVWKDH QAR OFHO
YROXPH IUDFWLRQ WKH\ DUH PXRKH PQRURE HO HOL/OW UG EXWH\R B G 6L
LQIRUPDWLRQ GRZQ WR D UHVROX®HRQY RF LSS SWUIRWLHP DWMBON U QUPD F)
FRPSDULVRQ EHWZHHQ 6%$;6 DQG RWEHWMKHRYLQW LRRIGPIOW K R 8 ® X PRIU

PXFK PRUH XVHIXO SDUDPHWHU
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9ROXPHWULF VL]H GLVWULEXWLRQBOGR\Y B EMDDLIRHG\WKKIU R pSH
JLYHQ LQ )LIXUH 9ROXPH GLWWHULEX VGLLAD® HW HSJO RAL W K GD YWH I ¥
GLVWULEXWLRQ VKDGHG UHSUHVHKOWLRS WRKDWVIRXQG® KB 8HFRQ
DQG WKH WKLUG URZ LV 1E VROZIGLOHQGIVVHHSUGINGIQW U H SK DV HC
6LJQLILFDQWO\ OHVV ILQH SUHFKBQWW MH REH DM REVHOGRG/ LRG|
HVSHFLDOO\ IRU ORZHU WHPSHDDW XUH\G HEPD A.@QH W KSHJ HIEFS B UW PG
1& DFFRUGLQJ WR 6$;6 DQDO\VVVH RIRDHQW UESD MRS IFRDWE L RQ R
ZKLOH SUHFLSLWDWLRQ LQ WKH VH®PRUDWEH L¥ PRQGEHGDR G HR
RWKHU DJLQJ FRQGLWLRQV 7KH 9LHM RKD PWHWR KD UBQHVV L ®F UHE
1& FRQGLWLRQV LV WKXV OLNHGH&XHQWRK & R&VFRIQ ALIQWL B Q HF KS
FRQVLVWHQW ZLWK WKH VLPLODLU ®LO/M ROIVRLR Q Z& HBK/ LY\ FRHFNUX(
ILQH SUHFLSLWDWHYV OHG WRLFURKHG QGHNVNUHQ WHK HQ/ & LIFINGIRIV B\
XSRQ DJLQJ 7KH ELPRGDOLW\ RRILGL VW PHEFOWVHR/Q W I FR.GIBIOL W\

RI GLITHUHQW JURXISWRIYYUHELSEVYSDRWHNVSLWDWHYV

'LWK 6%$;6 WKH W\SHV RI SUHF LUSH @D MOL\R B GF RE0ONG \QLR MV EB-H @/ (ZIt
ZHUH UHDGLO\ GLVWLQJXLVKDEOW MWUR ZOQWRKRVD 6$;:6F ROM KNG BHLG
ZLWK 7(0 WR GHWHUPLQH WKH SUHF REMWDW B E O KIDQV 615R B P 0D W LW K
IHOO SUHGRPLQDQWO\ EHWZHHQ DQGE O PWR KL\O WV PADQE LIBHV L
SUHGRPLQDQWO\ EHWZHHP®LQDQAXW\WARBH WKH UDQJH RI 6$;6 7KL
HQKDQFHG FRQWUD& WVRDDPHVRMWHW KRIVW WKH PDMRULYE\VRIRWRIG SD L

EH LGHQWLILHG DV 0;
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Y)LIXUH D VKRZV YROXPH IUDFWLRWQHRY BG @ZRWHD 6% 65 USH.B QI I
PRUH 0; LV SUHVHQW LQ /& DQG 1E DV ® JL QU&WKSEP B/HRU D W XKIRINUR | F
DW WHPSHUDWXUHV RI DQG 08NV IRR DH YLHU 3 WK/ SBEQ8H 1EHBRE
YLIXUH E VKRZV WKH PHGLDQ VLPB$;BI $UHFHIS MWHDPVS HW DEW MUHH WA
PDUNHG GHFUHDVH LQ ILQH SUH MHLBYA®D WLRD S WHELS G\M B WH IRDH L M
FRDUVHQLQJ Rl SUHFLSLWDWHYV E H\BQ &KWX H RIDOV HQR B\ HJSYSHEIDHV
RQ FRQFXUUHQWO\ ZLWK WKH SUHBIQSL \QDRERQP R)LYHZ GHYHDYD IQQD

SUHVHQFH RI ILQH SUHFLSLWDWHYORBVHWLY WK H Y 7](H G Q\GWWKLEEXQV HI

BUHFLSLWDWHY LQ 3 DSSHDU WRVWD QWK HZ PR K WV K R\YD UWVHAQLL
HVSHFLDOO\ QRWDEOH DW WHPS HWHWFXSIHWDRYHV D®HQ W L fI8H G LMV
1E FRDUVHQ WR D PD[LPXP REVHUHN DESSURYHRIDWH CB\U H RLFS LEWD D H |

K DW WHPSHUDWXUHV RI VKRV PPELP2KL OM \RRID\ UHDKKDW D
RI f& 0; DQG SRVVLEO\ VPOOIRQHDDQWHW RHMVFRURGLWRFOUELGF
DSSHDU WR FRDUVHQ VOLJKWO\ IW¥XWHWH®OGMD Q SGIG LS LW WAK V@ HH
QHDUO\ RYHUODS DW DQG f& 7KDBIBYJI+FRIEBE VOLRRZQW HFRSHIUHX
KLIKHVW GLVORFDWLRQ GHQVLWLHVLOB G $WR YKLIKEHVHV SYURHIPLB H WD |
WKLV VXJIJHVWY WKDW WKH PLFQRWRWUWKDXW B R QWL E XL W B QW& K
HIITHFWLYH DW ORZHU WHPSHUDW®BREVW KHQFPH UHQWGV H U Y &FBIUW HEF
WKLY VWDELOLW\ DW WKHVH ORZKYH WHPSHD DMWGX VMAD EY OLOWXRIS Q D
LQ /& DQG 1E DJHG DW DQG f & DAY R VSWUWR RVROWD MR §/ KRUVO P IS UK

ZDV XQVXFFHVVIXO DV D PHDQV RIWDDLBRMWDMALQW MHICAHUYRDAMVHUGK INHPLE



f&

m 3

/&

1H

[
.I
-

.

t
XN

it —

.'

00001
0008
000C
0001
00¢

00001
0008
000C
0001
00¢

00001
0008
000C
0001
00¢

00001
0008
0001

IHSsY

$JLQJ 7LPH >K@

D

+ AS$

)11 3 1zHII0

I T I T I T I T I T
— - ]
Fo ¢ |
o
F o k J ]
=)
|7 -
— . -
N
— [} |
- =
e [ N |
o
F o L] =)
wy
L © - ™
— . -
— ® |
|mu [ |
F o [ ] |
=)
L \© ™
— [ |
L o - m
o [ ] ]
wy
|5 - .
— ® |
] 1 ] 1 ] 1 ] 1 ] 1
= = = < =)
) =3 5! IS

Aging Time [h]

6$;6 FKDUDFWHUL]DWHWRQ R YOR@AH- DWHHF W IRKL S EW B k

QP SUHFLSLWDWHYV

Y)LIXUH



JXUWKHUPRUH FRQVLGHU WKH WBH BQBGL QW UHFHLES L'W\DOVR.RODW\LI
JLIXUH GHFUHDVHG VLIJQLILFDQWR XSR® DDNIWHUDXIKLFK W BRLOL
GHQVLW\ UHPDLQHG UHODWLYHO\ GRQVMWHQWI XS WR WKHVXGMWHU
GLVORFDWLRQ GHQVLW\ ZKHQ 1E LV VSR AVRWR DQ WR®PRVW &
SUHFLSLWDWH VL]H IRU WKH VDPRIFRQGRWERQN S1UKHAL S EW D WHHA
TXDOLWDWLYHO\ FRUUHODWHGLWR GHVOREL®LFEWVYRED RW WKHAWVXU

GLVORFDWLRQ GHQVLW\ WKURXJKHQBFRYSHUL HRM RYW VKD WRA\RWYQ \S DAK

&RPELQLQJ 'DWDVHWYV

'"HFUHDVHG SUHFLSLWDWLRQ RI FRGEUEHY OZDRAVMR BYLRR R SIDQ) M
5HFDOO WKDW LQ 7DQHISNBUWHPLEBELWWOWWERQBEQYRSG PDLQWDLQHG 0; S
LQFUHDVHG FUHHS UHVLVWD@HKH VUMWV E&RLNGON\DWYKDMNWHIVQVWMDBEG U
RI GLVORFDWLRQ UHFRYHU\ LQ W KKH FHR/Z/ POOJERBD OBDW M G DR/X W KW
VWDELOLW\ ORVW ZL& KLWKHHR XMW PRKYD GRZ@VLGH RI FRDIUWEBQVRJ VI
SRVVLEOH WKDW &R LQFRUSRUSRVOKRE LQWR) @& KMKEKVUEHG MWVR DR/R WHU |

UHVLVWDQW SUHFLSLWDWHYV

= SKDVH ,GHQWLILHG LQ /& $JHG K DW f&
7KH /& FRQGLWLRQ DJHG K DAD UV RfR OFLROUDHHO B BVUHDYP W\R HI
URXJKO\ WKLV FRQGLWLRQ VXRZIVODWG UDYGV IGRU R © FIUH D IVHHO IGG
GHWDLOHG LQ &KDSWHU  )LIJXUHV D NRKRZ& DIHGLQWHBEVRW\FRP
/& DJIHG K ERWK DJHG DW  Rf@O\7XKHVLBED\LKW SSHON LV K SOR
VKRZV LQWHQVLW\ YV IRU /& DJHGDQG KEDNJABPSDUHG I/JFDBQ
f& 7KH = SKDVH SHDN LV RQ@UBGHVHQW D@ WKH& &)DIDAR F
67(0 +$$') LPDJH RI D WKLQ IRLO Rl WRMW /& FRORARIHAGH ('& K\S
RI )H &U 1E DQG 9 7KH LQFUHIKVBIG 188 EIRM Q\GKOHJ K VXK PHB YGW K H |

SKDVH1IR® YWl WKDW IRUPV ZKHQ &U GLIIXVHVY WR DQG LV DEVRUEHG



= SKDVH ZDV LGHQWLILHG LQ RQO\ WKLRQR/QHYRIOWBW HIR EJK &
SHDN ZDV QRW REVHUYHG LQ /& DRAWXHU DKOER\VDHHB KHU R WHKK-
Rl = SKDVH PLJKW EH UHODWHG QVRVKWHKH&ELRQE ORD VAK L Q HQWW H RUH BI
1E DOOR\ PD\ KDYH VXSSUHVVHG GR¥K 3WHH FHCGR YWIKWW KDEW LW Z KVL
UDWLRQDOH DULVHV IURP WKHURIHRL ¥R QWD Z IPRK H @ F U N DIV YHISL C

HVSHFLDOO\ /& IRU FRQYHUVLRQ WR = SKDVH

10000 . . Ay . . 10000 . , N————

Intensity + offset
Intensity + offset
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LC 10k hours LC 10k hours
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JLIXUH = SKDVH LV LGHQWLILHG&LQ$/& DQWGE QVLWK DWW SOR\
SURYLGHG IRU D /& DJHG DQ& /& KDOQVE 1E & IHBG |
K DW f& 67(0 +$%$') LPDJHV DO IMWKRZH F'6 WKKEHU P!

EHILQQLQJV RIBUSKHDD/AKLQJ LQWR 9EE11 WR \LHOG &U



6XPPDU\ Rl OLFURVWUXFWXUDO 3URSHUW)\ )LQGLQJV

$OOR\ GHVLJQ ZDV FDUULHG RUMFWRLWDGYLRIQHZKLOH PDL
SUHFLSLWDWLRQ DQG VXIILFLHGW HRO\BWWQ MWLR Q/ XD ¥ LHOQKD Q EB G RV
/& DQG 1E DOOR\V ZLWK PDR SHDIN) 1 QWMBEVHW\ERIDO IDFWRU RI UF
VXSSRUWY WKH ILQGLQJ RI D GHQNE& G RQIRHXWRRDUMHY RS LM G H LE XV
FDUELGHV LQ /& DQG 1E VXJJHVWLQXFRAHKINWKQVKIE $08RXBLHIL D
HQKDQFHG ILQH QLWULGH SUHFLSLW D WS RIQF LI5Q & DOVLLARQN HEBL FRUKRU
FKDUDFWHULVWLFV RI (& RRWOSDWHIK IESRONMDOMIUQAHY PDWFKHG WKH PLI
7DQHHWBHD @RU ZW &U DOOR\V ZLWK UHGXRAHG FBUBRKH @H LIQONO @
DOOR\V FRDUVHQV RXW RI WKH UDQRJHQREWHRI DREIOH L Q K& 6 VD V$
WHPSHUDWXUHV RI DQG f& RAKHVKRZY WRH BHVRY B PIBQIVO DC
UHVLVWDQFH DV FRPSDUHG WR WKDW IRXQG LQ 3

'LVORFDWLRQ GHQVLWLHVYL2BWU B PRIREA¥PORP@ HBQGLBKREHG 3 D
KDYH VRPHZKDW PRUH VWDEOH VXEEWWXPWXHHVWMRB & WDKDXW H RX.
7KH HYROXWLRQ Rl GLVORFDWLRQUGHQ@WLWK LV D IRHDWHK® HE\RB W
ODLQWHQDQFH RI YROXPH IUDFW LLR)Q B ORIRNVQ B J6;G S\W F L S If & DARK W
GLVORFDWLRQ GHQVLWLHV 7KH VKD UBL\E K FLQHFWMD Y B GG D Y IORF MWHL

FRPSHOOLQJO\ DVVRFLDWHG ZLWKDWHKM ERDUK/H Q& @I NLE) ARG



&+$37(5
0(&+$1,&%/ 3523(57,(6
3 /& DQG 1E ERWK $V +7 DQG DJHG UXB PHREKD QL RDIDW\ W ¥ \A
DQG DW WKH JRDO VHUYLFH WHPSHQDWXENHRIV PLRURKDYEQHVW H

WHVWLQJ UHVXOWYV IRU WKH HQESHD 1R B (ODAMHOFR O O R OD BWRMEKWHR/ PI7FD

7THQVLOH 3URSHUWLHV RI '"HVLIJQHG $OOR\V YV 3
7THQVLOH HQJLQHHULQJ VWUHVYV YHUYXYV IEWDRND IKH FWUW H A DIW L
WHPSHUDWXUH 57 DUH JLYHQ LWIRUXWH+7 DWZKL @& DMKHH JAXUHYQH L (
$W 57 3 HIKLELWV D KLJKHU \LHXK&BEIMWWVHDR JRALK KHKD\Q H & GZWKWRIK @
f& 3 DQG /& EHKDYH QHDUO\ IO®HRQWIKRYQ QU IZLWKL JKKHO Y& QF
HORQJDWLRQ 7KH 1E DOOR\ VKRZVSGHHGHMRHG \LHOG /&WBX\QJ
HORQJDWLRQ FRPSDUDEOH WR WKDW VKR&Z Q3 HU F& QB\R W & RDQAN bW LR

3 DOOR\ ERWK DW 57 DQG DW f&

1200 . , . , . , . 600 . , . , . ,
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JLIXUH VKRZV IUDFWRJUDSKV RIHRQPHRIVHDF KW RH 8 Y H- 7 DRLRO
JUDFWXUHYVY DUH GXFWLOH H[FHSWLQZKWKK FDDRKBDLY®J UHV X\CKWH QG

FRQFHQWUDWLRQ GXH WR PLFURSRWRNG W\W WKIHQ PH KK DWGHARPQ BD K

UHFHLYHG DQG VKRZHG PDFURVFDOH ! PP GLDPHWHU SRURVLW\
D E F
JLIXUH JUDFWRJUDSKV RI IDLOHBE WH@VLOH VV&HBIFRGQV $00

IDLOXUHV ZHUH FKDUDFWHUL]HGIH\ G RIWKIRXH KF X1E CHY KLER
FKLSSLQJ LQGLFDWHG ZLWK DUURZAZHYRVYDOEBD \GKWH WR S

7HQVLOH HQJLQHHULQJ VWUHVV YBQGXUE WIDEQJRAXUYHV IRU

K DW f& DUH JLYHQ LQ )LIJXUH F JHXSHFWEY QG 7HDUL (

f& WHQVLOH WHVWLQJ RI 3 DRIBE/RHD KHIDA O\ UHDGA. N &/ DA |

K 7KLV LV GHVSLWH VLJQLMHFPSHW BW XN HH HQFNW U\ RIFERMR KD U

+9 DV KHDW WUHDWHIGHQQIBIHG+9 K DW f& 7KH $E\+MDBRQGLYV

WKH KLJKHVW \LHOG VWUHQJWK @\ RIIY HWKHD OBRRW BLWEG VW UK @IW

WKLY VWUHQJIJWK LV HLWKHU PDLRGMLQXIEY AR I@HF3 HDOHG D YEL QR U

VXEVWDQWLDO LQFUHDVH LQ GWRXNOGWRF RQF XIUHMH® W WU MK \S K |
K DW f&

. DQG \ YDOXHV UHODWLQJ WWRHQUMXG N QG HHWKH QWH 80 Ra

LOQWHUSRODWHG XMUQWIMBWXUBSKHWSG VWUHQJIWK I¥HW VURRH V'

WKH OLQHDU HODVWLF UHJLRQ G3BVFWE&W GO RHU D QMR @ H\W ¥ HRMHHD W

ILQDO VWUDLQ DW IDLOXUH
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JLIXUH VKRZV XOWLPDWH W HKQ\WHUMH VW HHOIRMXKXI DW HR G \DW)

DUHD DW f& IRU 3 /& DQG 1B IDAHIDWKQFVERR @ RR\ DDOJIHXJRQJID
VOLJKWO\ DV \LHOG VWUHQJWK ®HRQHDVHWGXSIEVRDLQWK LDKENXF

K DFFRPSDQLHG E\ OLWWOH FFK@ DN K LSW \L H O GK RIWJ MQHIQ V & OVK R
GRXEOH WKH HORQJDWLRQ VHHQ DWQJWKK 7IX®IG HKR® | L\§ K HJ QLLH DK

5 EHWZHHQ 3 K/&&DHJGLEIEWNJIEQ KQFWREL

UHGXFWLRQ LQ DUHD

DORQJVLGH D GHFUHDVH LQ <6 DW K DJLQJ
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&UHHS 5XSWXUH 3URSHUWLHVY RI '"HVLIJQHG $OOR\V YV 3

7LPH WR FUHHS UXSWXUH DW D VIWWHKNVM RI P3IDLD (A& BDVWE Y
/& DQG 1E ERWK $V +7 DQG DV D IXfRFWQRQRIJRUBJIJLM®I WRMMK MWW K
DJLQJ WKH 3 RXWSHUIRUPHG ERWK GCHRZHGHD DIOWRYV P EODB U SVUI
LQ WKH /DUVRQ OLOOHU 3DUDMWHGHUQY&KBE WNHIUV ZIORVWHS U H\ZHDY V
WKDQ 3 EXW ORVW VWUHQJIJWK PREHKDIRBOVY DPIROE@ DAL QUR BKLDEX!
GURSSHG RIlI SUHFLSLWRXVO\ ZKRQQOQWIHIHRG/ LR RUAHHS/ RIE LV BHVV L
WKDQ HLWKHU 3 RU /& H[FHSW ZKHQDWV& PAOMVDRBIKBHS U HWL\BW DA W

DOOR\V

7KH UHVXOWYV IURP WKLV VWXGUX3IWX8E8RGDWDE ROJB L QNWO R/
OLWHUDWXUH LQ )LIJXUH E 7KH KIHDW KWWY HADWXFRGHNQOWH & WA R LD QGL Q
UXSWXUH DV FRPSDUHG WR OLWHUBRZXYH Y DIOX FAK RXKOLGE KE HVU EB B €
WHPSHULQJ WHPSHUDWXUH ZKLOKFEHQR DF UBIFUWRY HU WHH  GEK
WUDQVIRUPDWLRQ WHPSHUDWXU& WWV@O B ROWBEUIRURHIGBGNOLWHUD\
DJHG K ILQDOO\ IDOOLQJ ZLWYXL@QLWHKUDWXHE@GD @& RXWSH WRHK
VXIJIJHVWLQJ WKLV DOOR\ PLIJKW VXEK\HVPDORYMLL DMG! KX D W KW U HIDQAY I §
UHVSRQVLEOH WKDQ DQ\ EHQHILW GKHLMHCHBUBRSMOXARN WRBHIRF D¢
WKH ORZHU HQG RI WKH JHQHUDOXWURMNOHU OISV W IKDW IRQIJW MK LYVEY

DJHG K VKRzZV E\ IDU WKH ORZHVW FUHHS UHVLVWDQFH

7KH LQFUHDVH LQ WLPH WR UXSOXHM IPRPRNWH G LW R OO0 LEGWHU I
WHPSHULQJ WHPSHUDWXUH DV OL&HVYGWXOUH R RXRUS HUQRBU P HS
DQG -LDQJ DOVR IHOO ZLWHGQDWKWKUWHDPRWWR VB DQGRUBIGVV
SRLOQW VXJIHVWY WKH WHPSHULQJ WHPRBYHUD WX HHSL U XBHNISURKY S IHEC
3 DQG /& ZKLOH WKH VHFRQG SRLQOQMSHNXDMWMHY KWW KHOY ®W®)OML R

SHUIRUPDQFH +RZHYHU /LYTV 703QF U HBGOHV\DRYDOXIN HR @/ LMK HWLH |



KDYH VRPH HIIHFW WRZDUGV LQRIFHD V/ILQY RUWRHHBO Y XSW XU K DIWHI Y
VLIQLILFDQWO\ OHVV FUHHS U HWH F S/HDUDW WIKIBD QV WKS$H U0 B RDQGA- W RRZ

WKH SRWHQF\ RI ORZ WHPSHUDWXUHWHRHDIQWRROFB3 LQ LPSURYL

,Q )LIXUH WKH UHGXFWLRQ LQ@VDB8RBRW W MK K \FUBHS Y S\HL
ORQJHU DJLQJ WLPH GRHV QRW VRUQWIKHDQQWDAH G | FHRFG 5 L RIQF R 5
GXFWLOLW\ FRXOG EH GXH WR SROURVEWRWURPE KL JKH@LDALORJS R URR/
WKH VHFRQG KHDW RI DV UHFHLYHG XDDJH® \ERX®KFEMHQRWBG
OHQJWKZLVH FUDFNLQJ DV RSSRWHI® W R QVE B G5 RPWVK HUHF IR@E MKLLR |
VRPH VRUW RI SUHH[LVWLQJ FRO/GIWHR® HVLQW HXDQJW KMV A UHMHE:

RU /& XSRQ DJLQJ
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VHYHUDO RI WKH DOOR\V /EMMH® \MR U B LSHHYY ILIDZ& KD SWH U
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7LPH $JHG DW
JLIXUH 7KH UHGXFWLRQV L@ DRMHDRDUAHJSEBBRW\EHBELPWUQVJILQJ

OLFURKDUGQHVV (YROXWLRQ 8SRQ $JLQJ
7KH DJLQJ VWXGLHVY SURYLGH HYLGH GHUHH QW WKCHIURP\ OD WW\B B E
VXUURXQGLQJ WKH JRDO VHUYLFH WKRSMUDWNHHVRPLFURKDLGRL
GLIIHUHQW DOOR\V DJHG IRU WR WR K DMV& WHKRS/HHU BIWEXIRHK\D UIGR
JURXSHG E\ DJLQJ WLPH LQ )LIXUH V IRBU BD® WKW KH JXH\QN RRQC
ZLWK WKH 1E DOOR\ VKRZLQJ WKH PREBVWLRWYY HXBIWR IRQY FPRVQN
f& 3 LV URXJK&KDUGKHU WKDQ /& ZKLFK LV DRQRWKHU WRXQK QE
7KH WUHQGV LQ KDUGQHVV Y DS®KUDWXUID HFRW HEK B QHO MOV H G HWI
HDUOLHU
7KH UHPRYDO RI 1E DSSHDUV WRDQHJPHNWLY M QG B U HOFO\D W RIQ G IL\R
DXJPHQWDWLRQ RI 9 7KH /& DOOR\ IDMWHW JLQMA MW R | WRU IVE® X
f& IRU K UHDFKHV QHDUO\ W K H LWDK KV R HFWRKD G ROV W D MD \
LQ WKH DV KHDW WUHDWHG FRQGLIMAB®Q 8%RQWKHQIPWRKD DQ@TH?

DOOR\ GURSV RIl SUHFLSLWRXVO\YHGBGOLO) QUEEIHD R A YHKIHD U VW R IYGILW/K



F G
JLIXUH 9LFNHUV PLFURKDUGQHVYV BJHG f& F KDY IDQG &
G f& 6ROLG OLQHV UHSUHVIHHBWYBRPSOGEHWYV VUVYRUXEHNUR

UHSUHVHQW FRQILGHQFH LQWHUYDOV

$W WHPSHUDWXUHV RI DQG f & \WIDKVHWAV L W DBD OH 8 URGIX EEE
KDUGQHVV XS WR DJLQJ GXUDWLRQWRVXOWAR VKRZK G 1HQFDOID \6$G
VDPSOHV DJHG K DW DQG +7fEBRQGLMRFRSDW HBKW\R BN\ EH
IRU WKH LQFUHDVH LQ PLFURKD D@/QWWY DW PREZSW HHAS&HWM R QW KWHP\S
VLPLODU LQFUHDVH LQ KDUGQHWHXSBQVY XBRQE L0 3D JIWHQZDYHIMS |

DJHG IRU K DW f& ZLWK ORHIIG WD @G LY WLHPDVDKY MHIQVQ O H



RIl XS WR WKH ORQJHVW DJLQJLWLRBURSIQHYV VKR FARXE LREREJBNOHR@LIY L G
DQG QXFOHDWLRQ RI /I DYHV SKDWHRQ@KRHUIH QWHKH ¥  VWSLKCDOV IS UWFER L
LQLWLDO LQFUHDVH LQ KDUGQWYRD EZK\L 6K W WHUW B HVBID SE G RFSR/D B
SUHFLSLWHDW BROU UYHRODWHG WKH GHFUHDVH LWV KRIUG QK WR DFR MUV R
Rl SUHFLSLWDWHY DW SULRU DXX®WHOMYH ERXOQL®D BERXWY GDHIUWHKYVU
PDUWHQVLWH ODWK VWUXFWXUH KIDO\GRY HFNRVQ W WL E X W LK) JD W.R) JW K &
GLVORFDWLRQ GHQVLW\ LV WKH VWUBQWHKWRXIJIARRWILAW NOYBRQFWRR 5|
FRQWULEXWHV VRPHZKDW WR VWUHKRIWYXHU'L WORRADAKIDRAQ GEHBH\Q

PLFURVWUXFWXUDO VWDELOLFRWURQ@ DWRLR Q@ UNFVYRPWDKDHY WMRXW RI

360 T T T |AgedS00hg [ ‘  $JHG |, K 360 ‘ — Aged 2000 h |
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(UURU EDUV UHSUHVHQW FRQILGHQFH LQWHUYDOV



JLIXUH VKRZV D /DUVRQ OLOOHU+9SORWYV RI/DRIMVMRIRREDOGE
3DUDPHWHU /03 IRU DOO RI WKRIDWK®J DFRORRBNVW IFRRPE LRIHB D FK R
LGHQWLILHG 6WDJH , FRQVLRWNMURIQEVN\DL KON UFHRDW W Q QW PLIF U ,
GHFUHDVHV UDSLGO\ DW UDWHV RI0O3 IRU 3 D&GDQRG HAE UHVSHI
3 DQG /& H[KLELW VLPLODU WWKHRGURYW. WKJIAWDILKYJ, DWUDE/MUVRQ
DSSUR[LPDWHO\ 7KH 1E DOORUEBI3ILR)IVDWRURRLRBYW HDON D ORZ
LW VRIWHQV VLIQLILFDQWO\ VIPWHAHUOWR DMK HLWWOKHHKVE KRRS/&QIWK
GRZQZDUG VORSH UHJLRQ * WKHVHGRLODHOW/ RWH®REZVWMORH MRZ QM|

K RU OHVV DW f& DQG H K DROJO OMK/ YWD WKLV fRDV5DOUHDG\ C

LQ ILQH SUHFLSLWDWLRQ DORQJINEGHLYOMOHDWLRQ RI /I DYHV SKDV

7\LQJ WKLV EHKDYLRU WR SUHFLSLW DW® HKDRMX WILRRAH U W FHAPFS
DQG VKRUWHU DJLQJ WLPHV OHDG WIRHH@&KDQPRE VKAHAVSVHFQISILLY
LQFRQVLVWHQF\ Rl YROXPH |UDF& MRCDWQ ZHMWKKB UL QD WKRHRWYWHU [
GHQVLW)\ IDOOV RIlI DQG LV D VHIRFH DMPHGWZLNQKI WD KP IRW L& HD BHHGE U
ZLWKRXW D FOHDU FDXVH 7KLKH LW UHQ BRIQYALGH\QW HHE/ &K FALIOKD O EWIRC
IUDFWLRQ LQFUHDVHV ZLWK DJLQ WLPHUDBKLFKf®KKS WROXPH IL
SUHFLSLWDWHVY VORZO\ |IDO ORQRFIR DOL\HHDL QG XRIX W RR 8 WHFA. S LWQ BV [E
7KH 1E DOOR\V DSSHDUV WR EH RFUMXVUWDB®HVEHVEKORMW K HD WIHIP
OLQHDU GRZQZDUG WUHQG IRU 1E EXW DQEREFDYMWERAMIPDQG EX\
3 WKLV ZRXOG EH&HFROHYHARMLRIOOHDGLQJ WR PLFURAMMUNEFW X UI
DOOR\ LV LQFOXGHG LQ WKH WUMRIGY DWW VWHHE@ W WR b N K H U\ DVKR

WHPSHUDWXUH GHSHQGHQW [BQ&GBRLVAORFOIWLREVSUHFLSLWDWL
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JLIXUH OLFURKDUGQHVYV YV UDWXRQ@QOILQOHBRQPOGUWPRIQMRIIR D

THPSHUDWXUH LV LQ f& DQG WLPH LQ KRXUV

JRU FODULW\ )LJIJXUH VKRZV SDBUWKRPHWHWKN /DUVRD VWLPIDF
DIITHFWV /03 VLIJQLILFDQWO\ PRUHOYWNVRQJOQ WWDLHDILKAGWVLP HY HL

ZKHUHDV HDFK f& MXPS LQ WKPH QUDW XOUH LV LMVWURL\DHW HG & K\W

JLIXUH /I DUVRQ OLOOHU 3DUMNLHPWHU LV SORWWHG YV DJLQJ



(IM"HFWV RI 7TKHUPRPHFKDQLFDO 3URFHVVLQJ

$IWHU WKH VLPXODWHG 703 VKDURP HRMDWHIRHQQWY F£DOFXEDY
DVVHVV WKH YDOLGLW\ RI FRPSUHWVRKH RED OWVAXNODW HGD EGH |1 L F IVHKQR
GHYLDWLRQV IURP SURMKMHPBHIGHWUWQB HOVHWZHHQ DFB/XBRIUVWUDL!
ZDV FRPPDQGHG WR DSSO\ IRU VS8BFNRARQNUDINREWHN V HAHIKGH DWK HOHF K= F
ZLWKLQ QRURDK ERXXH®W XQGHU IRU D VXFHHWYXIXWH FROIP\E IV IR P

GLIILFXOW\ DVFHUWDLQLQJ 1KQ@GD DU O HLIW KN UHY VWWIXE W DAORK BV KRHL & (DG

7TDEOH + $FFXUDF\ RI 703 LQ WHHBV6 VIUDAWXDQGY ¥K 38R BROH P

F ' HYLDWLR@INWRWPHOLQ2YDOLW\ +HLIJKW
703 7HPSHUDWX§‘U_QIJI( PPHG &WUHDLOLH@WHPALFLH@WHRILFLHQW +

9LFNHUV PLFURKDUGQHVY ZDV OXGHYY HG FIRQWIUMR@D WHBERHFQR W Q
ZDV QRW WKHUPRPHFKDQLFDOO\ SURIRHDWHG DQG 3 V X E M HIF Q/GH
f& ZLWK WZR VDPSOHV EHLQJ ISJHRGWYFBGODW URJUD KRG FR Q
WKLUG ZKHUH WKH VDPSOH ZDV QRQ/OH DX \RW MXIHVL]RGQIRY D XKFMWH Q

RWKHU VDPSOHV UHFHLYHG 6RRSOHWV/ KDW ZHP& ARG MDHAJHGHG

RU f& ZHUH LQFOXGHG IRU FRPGRUBRURQ|HIVDAMM OO DV VIOPGE
DQG WHPSHUHG DW f& $ 7XNHD HR[ SQURW LBEIHE KIHQ YLEXHBIY GD \&

DW WKH HQG UHSUHVHQW WKH PD[LPX®W IDRH3/ PALIQH PXPVHLIO X BV W IL(
XSSHU DQG ORZHU TXDUWLOHV WKHHBERT XD UGHIQE M GVWEK HV®& HQBIRLZ®I
ER[ LV WKH PHGLDQ DQG WKH GRWWKMUKDRXWE NVNUYD QR HVFRPLE DA

FRQGLWLRQ RQ WKH OHIW KDQG VLOWMHRI WIRIXWH) GQHVVYH BEHOW B



PRGLILHG KHDW WUHDWPHQW FRPSDVWKHG UDNBKWKWL ERQKSIL WIKRIQ 8 O\R

KDUGQHVYV IURP WKH 31R 703" FRQMGHSLRQ DUH GXH WR WKH 703 V

( IHUULWH
HYLGHQW

\

YLIXUH 9LFNHUV UHVXOWYV IRU WK HWFRFH P KDY L FOD/O PR PSILRFHH
HIITHFWV RI WKHUPDO WUHDWPBB®WDORQH ZKHHRQGLWL
DXVWHQLWLEHIRWDW PLQXWHVYE FRRR HG3DWHPSHUDWXUH ZK
UHGXFWLRQ ZDV DSSOLHG DL ARRO HGRXUYG MKHPSHBH G

P  FRQGLWLRQ ZDV VXEMHFWHGI WRSMKHW ZBM B X RWHI\D
IRU RQO\ PLQXWHV LQVWHDG RIRQ®LWXR® \ZDVKBXLW HQ|
PLQXWHV DLU FRROHG DQG WKPSBUHGS H6 RR B 8 HYRR ® D/
IRU PLQXWHV DLU FRROHG KHD @ MPHBRHSIHDUMIGU FHRW V SKHAEX UL

7KHUH LV OLWWOH GHYLDWLR& ) UMOQKBUGIHVVLUQ LWIKHD QW GU
ZLWK DQ LQFUHDVH LQ 703 VE&HPRXOW® W KUGFHXBHWRQGHFRYHU\ UHFU\\
SUHFLSLWDWLRQ RU WUDQVIR&YRMWLKRQ LLIEWRGHRWHDIMH & B RKHU G (
WHPSHUDWXUH 7KH VDPSOH WKDWFGRG&GDYRM) HWF NLPHOMDOB WIRRWEK
SURFHVVH& MG DERYH +LJKHU WHPSHUDW XAJHWV \F RE\O G\ @QIHPLG-
SUHFLSLWDWLRQ OHDGLQJ WR RYHEDRNVWUXF@& XRJH BEQ HDHFRYIHW\R R I+

WR VHUYH DV QXFOHDWLRQ VLWHW WS RWYKWKPIS HOUH\QWU O QIRIWD K HEK K



KDUGHQDEOH QDWXUH RI WKLV BWWRQLDIOQBWGFVYO XY¥JMWKD W UDIQH |
HQRXJK WHPSHUDWXUH WR H[KLERW WR WUDWLIQNIHQGXFHG WUDQVIRL

$ VFKHPDWLF RI WKH PHWDOORJUD SKLISFU M\SHHE WRHQL YRHU LPHG W I
VDPSOHV WKHUPRPHFKDQLFDOO\ SURRKWVEBGOGHXQGRIYLEKE GQI)HIUH
JLIXUH EL UHVSHFWLYHO\ S5HLOOQWRHQW3RYVDRPQRY LAKMUWLIEN K

DSSDUHQW UHFU\VWDOOL]DWLRDEHWRHMWMORXD PEKIOHYI I3 ULRF YD HG X
703 WHPSHUDWXUHV

D 2ULHQWDWLRQ E 703 F 703

G 703 H 703 I 703

J 703 K 703 PLQ L &RQWURO
JLIXUH SHSUHVHQWDWLYH OL XKW REPRAHIFRCDO PEB ORJ IBDUREH RV |

URFHVVLQJ FRQGLWLRQVY DUH PDHMWHG EHORZ WKHLU UH)



JLIXUH VKRZV WKH HIITHFWV RI WRHY¥ P R PIHEF KID@Q& FB.OD © ORKF
WHUPV RI 9LFNHUV PLFURKDUGQH/YV ZIFWRIHGHRKBHEDQW HIUHYIUHWV H
UHJLRQ UHSUHVHQWY WKH PLFURKDRDEOQAHNG HDWRI G ISHRHQWPDDQGE

f& IRU K ZLWKRXW D 703 VWHS VA0 Q QFQ® CRY HW KHHL BUWRKRD Y G |

GLITHUHQW FRQGLWLRQV

JLIXUH 9LFNHUV PLFURKDUGQHWFHYW\RH WKXEBPPABRHMFRDRBREBOBY(
GHVLIJIQDWHG E\ DOOR\ VROXWLRQH]LMW XNHIP S QU P& XU H [
&URVVKDWFKHG DUHDV UHSUHVHQW UG FRWY HEHR) F\W KLH Y/ 6l
ZLWKRXW WKH 703 VWHS 37HPSHUHRU D®&OR\V ZHUH KHOG

5HFDOO WKDW KDUGQHVV ZDV REOAHUMHIG MWD WGHHAFRUGHIWD V@1 J VIR J IQQ

HVSHFLDOO\ DERYH f& IRU 3 DRXAWRRUUBYERRIGYW\DRO D G & R U\

ZKHQ SURFHVVHG RU DJHG DERYH WKXVWRFSHDUQQ JIWRHIPSUBIKHBL/GX WH

PRVW OLNHO\ H[SODQDWLRQ IRUSGRFUINDVQE WEDBSKDUHINYW XW VK LT K

WHPSHUDWXUH VKRXOG EH VHOHFWHKGE DWHRSHILIEQH QWHPAS BREZ WX L



QXFOHDWLRQ RI ILQH SUHFLSLWDWHW KBHQ €1 IKHHFIW QRIl WEH WHPSRUYW
SURQRXQFHG LQ WKH /& DQG 1E OD®ROR\YU H ONHVO\ EHRED XRBIVKE K HARD
ZKLFK LV DSSDUHQWO\ PRUH DI ILFSHWHGV ER @ OBL WW WV RO U MK HV H
ILQHO\ GLVSHUVH WKURXJKRXW AU R HVPIIPFEUHRNOWXURIWR Q HS U [IF HE 1AW DF
DQRQG PHGLDQ SUHFLSLWDWH VL]HH DNYBQDIOQ]HGIXUM K 6$D8Q GD YL J
UHVSHFWLYHO\ /LWWOH GLIIFWH®RHSUWH HL 8 L WIDWHHG YRIOKK ) HV B RW
QRQ 703 VDPSOHV +LJKHU 703 WHPSHUIDIWWON DOLSGHD BV HFR SILQMDH
703 7KLY ODFN RI UHILQHPHQW WK UHFEHB LMD WWRQ MLANRHD JALLB +
WHPSHUDWXUHV VXJIJHVWYV WKRKDVUKH HQV UHDW B EO] DLW NGIRIZ/ 7F0L3]
PRUH OLNHO\ GXH WR GHOD\ RI UHFB Y HAH \RW KIDQH LU HIDEVLMGED B/UHI S F
RI WKLV LV XQFOHDU DV ORZHRI FRBHNVEPSHOD WRUFURKRXEGHE MHIHU

SRVVLEOH WKLV S\ WUHQG” LV UDWKHU DQ DUWLIDFW

JLIXUH SUHFLSLWDWH YROXPBI$; 6UD¥VWWR | UPR PIBIKOD HGE ZQ WK
WHPSHUDWXUH $SSOLHG SURFHVVLQJ VFKHGXOH LV LQV
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Y)LIXUH D E SUHVHQWY GLVORFDMWHRQ GHMDN WU RILGIN GD W & UFRUX 3
FRPSDUHG WR SDUDPHWHUV GHWHOPLYHKEURBPHEKDBYLFD GRQSUWE
VKRZHG DQ LQFUHDVH LQ KDUGQHMVWRZELFIORNDWAKRRQ QG B \FIRVIUH
FRUUHODWHG WR GHFUHDVHG 7 @3/ MLPHS\H DI\M XKILH K HWY Q.RF D B\3L R Q P
703 VSHFLPHQV &U\WWDOOLWH WKH UBKLRR VFRU U HV 8 RQBWL MEW D \
PDUWHQVLWH VXEJUDLQ ERXQGDUALH ¥R DG IUWLR@WVGEXQ /@ RO G Q 13

HIFHSW LQ WKH 703 FRQGLWLRQ
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JLIXUH :$;6 DQDO\WVLV RI 3 /& P DTG QW LIMCDORIZWHI RD O HX O D W

GLVORFDWLRQ GHQVLW\ DQG ELYUQVDWDD OXQYHWLIREG RIHAM
WHPSHUDWXUH



6XPPDU\ Rl OHFKDQLFDO 3URSHUW)\ )LQGLQJV

8SRQ DJLQJ 3 DQG /& VKRZ D VLIQL/LEWQM /BURBQL QLPIOHIR K
/03 RI DOWKRXJK WKH VWUH®JWRRIUH V8K H FI&S DWR RV GB\U R XY
EHJLQV WR VRIWHQ DW D ORZHU /KR RJIKDBWURRLWBWWOALIQLILBD
HLWKHU 3 RU /& 7HQVLOH WHVVDIHEG FRQEBXEWHGVDWQG f& BHUYHR
3 DW ORZ DJLQJ WLPHV EXW ZKHQ DOEGR\ VKRZDW G UfRP DMKLHF /&
VWUHQJWK DORQJVLGH DOPRVW GRXEGWH GV KHR GRUFNHD LDV L Y K FRQ
WUHQG LV DOVR HYLGHQW LQ FUHHSDWHYV W E& U XZHHXIWHH B DI PRV W
XSRQ ORDGLQJ WKH RQO\ FRQGLWLRQ RXWBHUWKHP BGDRRIRXV d
GHFUHDVH LQ \LHOG VWUHQJW K QD (86 FRRIUHHSY IIKG BNK WHR WK/ H VIR D O

REVHUYHG LQ WKLY FRQGLWLRQ

3 KDV WKH KLJKHVW PLFURKDUGQHYW X\WH OWH WIW WHDQUIRNK  F
HISHULPHQWDO DOOR\V 7KLV DWHQ@HFQWHS VI SNWNRX WH HJHWLLVQ¥FD @ |
DOLQ D VLPLODU V\VWHP GLIITHULQJDIQ RK) fAUKHWH DQORD/Q BDW® G\

ZW &R > @ 7KHVH UHVXOWYV VXGHIMMWRFWYDRQ RW R HH FIDFIWRIUVLRIQ
WKHUPDO VWDELOLW\ DQG KIMNKUWKB 88 MRIONLBSUWHROW WH R QWHKIITHFW V
UHFRYHU\

7TKHUPRPHFKDQLFDO SURFHVVLQJ VLPXGRYWHEB® QNKEZVYW B QWLH &C
LQ PLFURKDUGQHVYV ZLWK 703 QMWK ERBFUHOVWGE (KD WE QAU U R (
7KH IXQGDPHQWDO UHDVRQ IRU KLIKHWRQWUWY QKWK HILD GNK I R/FOC3W

SUHFLSLWDWH YROXPH IUDFWLRRQZD0O3 FRWY G/ ISHERQWDOO\ LPSURYF
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6WUHQIJWK LQ VWHHOV LV GHULYHGLROQRPLOFORBEQH[ GLNWF
SUHFLSLWDWHV VROLG VROXWIRRQVWRWH @JAWKUHK HFBYS O QW HO B R/RELC
VWUHQJIJWK WR PHFKDQLVWLF FROQWUYLDBXWR W\HUH FRHWWH CL WUHRSK IV E
57 WHQVLOH \LHOG VWUHQJWKYHEYF®RHWHUPRRBRDWLIRHD W DKMVPS

6WUHQIJWK FRQYHUVLRQ IDFWRUV DUH JLYHQ LQ 7DEOH

7TDEOH + 9LFNHUV WR <LHOG 6W WHQPAL R KR&R QYW K \bI7 RTH DVAAVO R U

3 I & 1E
O9LFNHUV OLFURKD@ GQHVV >+9
<LHOG 6WUHQJWK >03D@
&RQYHUVLRQ )DFWRU

'LVORFDWLRQ '"HQVLW\
BWUHQJWKHQLQJ IURP ORQJ UDQJHGGEV QKFHD WML U K\U H G Bl W
LV SUHVHQWHG LQ (TXDWLRQ RIEUMMRK W HB\D L Q FDXGEHRDV VX HDW
P DQ DYHUDJHO7BRIORU IDPWRWULDO FRQVWDQWHQ@MLY\ DQG |

GLVORFDWLRQV SHU VTXDUH PHWHU
& L, L ¥é

OLFURKDUGQHVYV YHUVXV WKH VTXRUHDORPRW ROJABGVRRPADRVLR
SORWWHG LQ )LIJXUH ZLWK VOKIHDPO MRHDW WRIHW & HD L Q VWK H-G\
FRQILGHQFH LQWHUYDOV IRVOHRIFDWRRQRAH QW UW Q L W K ISIHKIH \GW | F
WKH KLIJKHVW VORSH ( WKH QHVWHK LUK HDVOMD /\ORSH LV DRXGQIG
3 DOOR\ ( VKRZV WKH ORZHVWG IGVHGRIFDAMIRF &RH QAN UWH Q JKMKO

OLQHDU PRGHO ILWV GDWD WRVZKEWEBXGVURVLGXDQG/ XP RVHNYHXDD(

DSSDUHQW 6DPSOHY DJHG DW EQHD ZKRLOHORZQW KD RS QMW MO HY



f& IDOO DERYH WKH WUHQGOLQKK: )HZHRKNSHEFHBHYR WKHRE H W J|
f& H[KLELWHG KDUGQHVVHV SWUWEIHPOREKDWLER WKV LWRRQKDC
IRZHU KDUGQHVVHV SHU GLVORFBWOHR@D HEH® WWV\ HKLERWAG EH W

SUHFLSLWDWH FRDUVHQLQJ ORVV RIRPRPEL® VWRORXR®Y IRRERWK HQJIW K
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Y)LIXUH OLFURKDUGQHVV YV VIXDRY DEBER\RIDGHEORF WRLR Q

'RWWHG OLQHY UHSUHVHQW FRQILGHQFH LQWHUYDOV

YLIXUH VKRZV WKH VWUHQJWKHQ LMW LREWGH QM GWD V R HDW
DOOR\V XQGHU HDFK RI WKH DJLQJ NR®GDWILRQVG BYWHOIBKHAQHQ
ZLWK DQ LQFUHDVH LQ DJLQJ W GPISHQIEW ROWH RO & LFHOANM BHD G R
LV PDLQWDLQHG E\ ILQH SUHF LQ WDKHOH D) G/ RIROW & WHRED XWK URRQ J\

XSRQ HQRXJK WLPH DW WHPSHUDW&UMWDEOORJHGRVWUXFWXUHV E
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$ILQJ 7L
YLIXUH 6WUHQJIWK UHVXOWD QWK HUR[S 6L VPRG VWY ORIO G ROW X\

FRQGLWLRQV QRWHG

SUHFLSLWDWH 6WUHQJWKHQLQJ
7KH FRQWULEXWLRQV WR \LHOG VW UHD@IAXIODWRIRE 2/R20QWHKH
2URZDQ (TXDWLRQ 9RO XPH IGWIDIFRAHWVR QU L V'V GUAHRSBUAHNABH @ 1Y GVE K E\

LQFUHDVH LQ \LHOG VWUHQJWK IURP WKLV PHFKDQLVP LQ 03D

YLIXUH VKRZV WKH FDOFXODWH® KF RR\PU 2 B RWD R QF/R WIRD JLE
QDQRVFDOH 0; SUHFLSLWDWHYV IRGLWLR@EY DQGLAEWRG WKHOFRQ+0
VKRZHG 3 DQG /& KDYH VLJQLILFD QM.RQVGHQYWW H QA% 6 BURFF IGILV
IUDFWLRQ DQG VL]H GLVWULEXWLR®OWX®E YURPOD US VW ELHLIMIK

DOOR\V )RU WKHVH FDOFXODWWRRQ VWKIH VX UH\G DQ/E& YR 6B HZ HUMH
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JLIXUH &EXPXODWLYH VWUHQIJWKHEQL_QORAMHBWRRE MRZDQ/EBERDIC
DURXQG O0; SUHFLSLWDWHYV

)XUWKHU VWUHQJIJWKHQLQJ LV KRZHYIHWDS\WR\RQ GO LYRSB QUDRPR
VKHDUDEOH SDUWLFOHV VXFK DR [HPDWHPGO\ QPQ HQ LA BV XP WKD®
FDUERQLWULGHY > @ DQG IURP D G®IHWLE QW D V2R ZXDEHEHRID BOK DU
WKH UDQJH RI :$:6 +RZHYHU W KMRSW KEV SUWN@MHD UWM K D V@ R D @/ LI\C

PDMRULW\ RI SUHFLSLWDWHV LQ MIXW PBQVXQOEEH BCOMVIBDE HVW

ERZLQJ

6ROLG 6ROXWLRQ 6WUHQJIJWKHQLQJ
&RQWULEXWLRQV WR VWUHQJWK »PURP VR LGH VY ROLEMICR Q QV W'

SURYLGHG LQ 7DEOH DQG DUH GHSLFWHG JUDSKLFDOO\ LQ )LJX

¢€x LwrztEtt " Etr Ezu Ess ‘"Eu w «lI
7KH PDLQ GLIITHUHQFH EHWZHHQ 3 UPW R IWKO GE WIRIQXMEL R Q OR
VWHPV IURP WKH DGGLWLRQ RI 0O RWWY BV DWW VWMHO IF\R B W/WWLEKMOLLR £
VROXWLRQ VWUHQJIJWKHQLQJ LV URAPOWGHQLIQY GLOVVDRFOWHRED BHOF
WIRHD[LPXROLG VROXWLRQ VWUHQJIJWKHQLQO RNY D /QFR & & 6 UBHH ISIUW M

HOHPHQWY HVSHFLDOO\ &U DQ®BGHY EHLQJ WLHG XS LQ SUHFLSLWD



7TDEOH + SRQWULEXWLRQ RI 6ROL Q GRYCLGXKDROQSOWRMY JW K

$56 403D ZW 3 /& 1E
0Q
1
&U
6L
OR
& ,QFOXGHG LQ GLVORFDWLRQ VWUHQJIJWKHQL
1vv03D

200

- o N EMof |

— i si ff

O 80+ W | o

= | 1 I3k

ST N |

P92-2 LC  ONb
YLIXUH BROLG VROXWLRQ VWUHQYWEWRQ LU EURNHOQ 6RZDQLX

&RUUHODWLRQ RI 6WUHQJWKHQLQJ OHWKBIQLVPV WR OHFKDQLF

BWURQJ FRQWULEXWRUV WR VWUHQKWXLQ D FIDXE HG ISWUAHFEE 5 W\
VWUHQJWKHQLQJ &RQWULEXWLRQVURDMWKH \DH HP FSFRK-DVQHLQMR M GWIRQ \
'LVORFDWLRQ GHQVLW\ DQG S UG FUSKPWDK\HH 2L\ B'WD QW L\FRDDHU B QGO
UHVXOWV SUHVHQWHG LQ &KDSWMHRP WEHVHXBHF KD QIWEN QI KE RW
VWUHQJWK H[WUDSRODWHG IURP @OH\NHXWL © Il FRIRFIRK®WH\VQH VR/SW €

FRQYHUVLRQ IDFWRUV RI DQBHVSHRWLIHOX& TKE HLIERHIII



GHWHUPLQHG WKURXJK FRPSDULVR@ RIRRM WGEH FSWHUDQV WK WHDRV KX

$V +7 VDPSOHV WR PLFURKDUGQHNVNRQWDOXHV Rl WKHVH VDPH FRQG

< (81 o R
IR Syl VR

L .U ¥EEA YL

3 VWUHQJWK LV UHIOHFWHG D FFIXSLDWDHOH EW G H\DO RKHD LRQ
f& DQG WR D OHVVHU H[WHQWSHUP&/ OUHQJIJW KW KLBRBEWLEBD
VWUHQJWKHQLQJ DQG SUHFLSLWDWLRQ WKH HGIDAWKKHIGIGY JP LG IUYRHKL
VXJIJHVWLQJ RWKHU VWUHQJIJWKHQLQRQPWWKBQUWIHQLQFK DY HV R
VWUHQJWK DFKLHYHG DW KLJKHWY WHRFPS RWKWM X UR NSWHKE L/'8 @ WNDHOL\R
VWUHQJWKHQLQJ QRW REVHUYDEOH6ZD Y& L\QVW K 8 JWKMIGIVOR |U: 18 VX R
SUHFLSLWDWHV VXFK DV /DYHV S/KO MH WWHIQDM TZHDUQHY DR IWH 8 WHR HTQX\S
$QRWKHU FRQWULEXWRU FRXOG HHF 1D IGQL WA RKF DWW RIQQ G\M R M Q\
UHFRYHU\ Rl WKH PDUWHQVLWH PLFURVWUXFWXUH RFFXUV
$ VLPLODU WUHQG LV HYLGHQW LQKM IO U8 HUQGLI1HUMQ@®G R\ \E H
VXPPDWLRQ RI GLVORFDWLRQ GHQWLWYV DPXEKS BREHS MMIWWHHV VRU |
GHFUHDVHG YROXPH ISIDHFFLISR/ (RWHV $ SRVVLEOH UHDMRQ IRU °
FRPSDUHG WR /& PLIJKW EH WKH L QfU HDWHAG SSKDHSR Q/GHID @R/ RHID!
:$;6 WDNLQJ XS VROLG VROXWLRQ VWEXM)LRGWH QRH UBW HBL SILEW OY\K H
GHQVLW)\ IDOO VLJQLILFDQW O\VVIK®R UWKHU IF8 PBDRXUHG KDUGQHVVH
3RVVLEOH UHDVRQV IRU GHYLDWL RQ\G BHWZHDHIQ PW K b R\KLDRUSGDQ. HL
VWUHQJWKHQLQJ IURP SKDVHV HQRWKDFFHRRQ W HSX DRWB VX FKWD W Q
SUHFLSLWDWHYV LQWHUPHGLDWH I6@G;&L]H EQRVZHWQ:REVHUY DPOH
LOQWHUDFWLRQV EHWZHHQ WK HWHZYWQ RADKMAKH Q RGJ DRGHF KD QR @ B |

VWUHQJIJWKHQLQJ PHFKDQLVPV VXFRQ@G/ LMRDH GQDRID KU ERQ RV U HQ .
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/ILQHDU $GGLWLRQ RI LBVW\ORFQIMLRDPGEIVILORBUHFLSEWDWLRQ

O9LFNHUV PLFURKDUGQHVYV IRUE D&RBQYHE VAR @D (DFWRUV IRUZBUFNHUV WR BLGH® G V
/& DQG 1E UHVSHFWILWXWHPHGWVLRHQWDG FMW UH QAW HDWML P R RVAHD X\ V
"LITHUHQF HWHEHW RIPHWQ KW K H ¥ W RKIDQ WWKP G HDUWIGH W BW KRV VD W BISR IOV

IRU 3
KROORZ SRLQWYV

EHQHDWK WKRRORUUPRSOKNME 3') FRS\

JWK
WLRQ
"HQVLW\



7DEOH SUHVHQWY KRZ WKHVH DJZKQFK RYGLWXQBPW LRKO R WI
DJLQJ WLPH DOVR SURYLGHG DQGDW HRSH WIKWMX BIHF R Q GALAW L RY VZ B
PLFURKDUGQHVV DQG GLVORFDWLRQY ®HQMLQV LLRD @MW HG LER B A QRG L Y
DQG SUHFLSLWDWLRQ FRQWULEXKH. R VD O/GRRVWUHQRWKWLRQ G &

VLIQLILFDQW ORVYV EH\RQG K DILEKI WBOOLQJ RURIR (

7TDEOH + /03 YV OLFURKDUGQHMWD&QGIJHGORWD WLRQ 'HQV!

7LPH $JHG DDMWVRQ OLOOHOLFURKDUGQHVWVORFDWLRQ "HQVLW\
f& >K@DUDPHWHU >/03® @4., >P @4

JRU FODULW\ WKH /DUVRQ OLO®NUW\S GRW VIRQUWRIGO L QV KIH X & HD
FRUUHVSRQGLQJ WR WKH DJLQJ WHRFPDODWXSRH FRNVHG R&EWEHLIBI W
/& K DQG /& K IRU /& FRUUMKIS RSD® WIRDW KUHH HICR3) RR1 6
YDOXHV RI /& K DQG KK UDSKGVEGEB@RMHUMRUDWLRQ RI
VXEVWUXFWXUHY DV HYLGHQFHG EWR KH ®RURBS/ LQ GLK MREQW LIRK

f& WKH PLFURKDUGQHVV RI WKKDOSI RO KRKHKDWL GIHFL G PLIHG RK D L

JLIXUH /I DUVRQ OLOOHU SORW ROILARNHBEY (PLARURKDNKGRE®VDY
SRLOQWHG RXW IRU WKH DJLQJ WHPSHUDWXUH RI f&
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$ ORZ FDUERQ DSSURDFK WR LPSURYD®J RFIUMHKS BHV DOWRQYF
DGGUHVVHG 7KH LQFUHDVHG 0; SBHFGHPYB® VRGH BLCSGE WPIDW QRUD L
SURSRVHG HW DB@AMNHEH UHVSRQVLEOH |IRWULRWIDQRH L@ MUY DR/LHO D(
YDULHG 3 OLNH VWHHO V\VWHPB IDKFIWRDRUBRHVKEBAY WEPW RDWKHR
0 & SUHFLSLWDWLRQ DUH LPSRUWDWWDIQ® JKHLQK WD MASIHH WWHU PD X
SHUKDSV WKH V\QHUJLVWLF VROLG OMRORMLW  QWILWHWW HR R %HRU D ¢
DORQJVLGH GHFUHDVHG FDUERQ FRXWMQEU RBYHDW KILY JU MNKHID UK K

FRQFOXVLRQV KDYH EHHQ UHDFKHGYEDWHNGH R @/ MK H b BRKIBSWHKU 4 X H

S5HVHDUFK 4XEVQYIOR@GUHFLSLWDWLRQ ER FOKFPFQSHGDAWKLRDG DV
UHGXFHG WKURXJK PRGLILFDWLRQW KQ IXOPRYRPL OR) §5 0S V R/HHH\

7KHUPR&DOFS ZDV XVHIXO IRU ER\W W LFRR®G BQIGQ JWURH D DW\RLPYHZ i€
HIWHQW LGHQWLILFDWLRQ RI VRIOXWRR®QIXQBW WRHP g HW B X (¢
VKRZ HQKDQFHG 0; SUHFLSLWDWLRQ QG FGISEWHDIWLHRGE AKU R L
FRPSDUHG WR 3 $OOR\ GHVLJQ ZDV & DSUUHMHG LROOW LRR £
PDLQWDLQLQJ 0; SUHFLSLWDWLR® D QD VK3 LFEQ HQKH DUXHANKHDQW M

LW LV QRW FOHDU &/ NBRXPOLED ERMLFIRQWOGHUHG DQ DWWUDFWLY |

KLOH 7KHUPR&DOFS ZDV XVHIXO |IRUWHRVSK UFRGXWH D J | X B W XW U RV
LGHQWLIMWKURXJK RSWLFDO PLFURVFRS\ RWYYQ 'IDODMR PRIW K H DWK
7KHUPR&DOFS PRGHOLQJ ZDV U HODHMDW IH O QFFORRSHH BAR XFURAYWVU HRRW O\
DQRG XQGHUHWWLPDWRVIBU WKHDH) ® BBIRSHUIDWXUHV IRU WKH 3

DSSUR[LPDWHO\ DQG f& UHVSHEWHOYMD\O Z&LDEQGIRUE WDKOHO R
WHPSHUDWXUHYV ZHUH DQG v WHP SBHHHDWDEWHW HBU H R WR IRXQG

KLJKHU IRU WKH GHVLJQHG DOORIRUDWE DY&FRABEDYIPBD@ER [f&DQC



WKH 3 DOOR\V %DVHG RQ FRPSXWNWWL RQ XM DW GVHd HCHURRQ QYW D@

WUHDWPHQWYV $V +7 ZHUH VHOHFWHG

3 1RUPDOL]DWLRQ DW f& IRU DHGXEA\DWHRQHRILQJPLW IRQP&I

/& 1EERUPDOL]DWLRQ DW f& IRU BGGEUWWERRAURIQJ PWQ IRG&GO

5HVHDUFK 4 XHRWHVLEOPRPRWLQJ &; BRHYHUIULOW KLIK WHPSHUDWXUH
PHFKDQLFDO SURSHUWLHYV DQG RLKURKWRPALKW X)UD U WHNHDEL'O LV

(OHYDWHG WHPSHUDWXUH TXDMLY W R ®B/W K WHH QYW LVOWH. QVIHV MVR.ZDHIC
WKHUPDO VWDELOLWLHYV LQ WKHEBWY/ LIQHGE OG® ORAVH® JGUKD B D!
UHVLVWDQFH LQ /& DJHG K DWRU P OFW LRRU B HVSKRKIOOAH VRE WX
WKLY FRQGLWLRQ 1E DJHG RWVE/L B 1 QRMOIG[ KMEWMQ B WW KRHLU
Rl = SKDVH EXW VWLOO VKRZHGSHUDRWMXXEB QMWAAHDH WWNKH W KKDLQ
DOOR\ 7KH zZW &R RU WKH ZW DQORDQHERRAR$D WORZ WBRUEF
ZW UHVSHFWLYHO\ LQ 3 O L NIHFOD\Q MRAQAVWWIR ERALW H 8 VRARUWXH W XL

ZDV SUHYLRXVO\ FRQVLGHUHG

,Q WHUPV RI PHFKDQLFDO SURSHUMLHW JWHKHWMKHWRDQ WWD®WLAL
f& ZLWK WKH ORVV RI VWUHQJWEDXSRE® WKMW RI 3LE FEW LORIZWILP
JUHDWHU DW f& WKRXJK KD WG QFREGLMAIR@® V/ & ISHHBRURY WLKRH.
ORZ DJLQJ WLPHV EXW ZKHQ DJHGHG LD W HOX S\SRUH G RIDAEPLRMIW W R
ZLWK WKH GURS LQ \LHOG VWU H QKM K1 R EDVAHOQR\H GV L\DL WKLV FIDRQQAGQ. W
RWKHU H[SHULPHQWDO DOOR\V DWUORZHQJ WHIPFSHII DEAXXW HAX LDEDC
PLFURKDUGQHVV ZKHQ WKH WZR DUHDIVJHG fBMRU PRURUWKDQ K R
WKH KLIKHVW PLFURKDUGQHVV \UH® GVWDWDH®I RIKW B B G FSUHHH.P Q2
7KLV LV LQ FRQWUDVW WR WKH U HV L ®DHIFWH VIHM/ DE) HYSD Q X B!
VLPLODU V\WWHP GLIIHULQJ IURP \WEKHIV® ORRZUFHDWYERIQQ D:0M® GV WPHOH

ZW &R > @ 2WKHU IDFWRUV EHVLGUN LRERVWDRQW $QHWKSIWPDW L\



WHPSHUDWXBWHEWWKBOIYWKROLG VROXWLRQ HIIHFWNFRY BB\ RURE GG
SURYLGHY VROXWLRQ VWUHQJWKH Q LUIR DVXR DWF R PO W R 5 K WPLDQA |
DOVR FRQWULEXWH WR VW UHQQWRE® LIQHO & RQB DV KB OR/ARU HQ MR-DIW\DH
&U&R OR & LW LV KRZHYHU XQFOHDU ZK\QFREQDMN RTAO O R B M WKk

FRQGLWLRQ

8SRQ DJLQJ 3 DQG /& VKRZ D VLIQLVLBWQI /BURB QL QLPICHIR K
/03 RI DOWKRXJK WKH VW UHRIIWRUB SAKHF L& IDVORMRN A3 U RQ V/ 0
FRUUHVSRQGY WR D WHPSHUDWXUH RI+ & IDQTKBQLIEJDQDRMLEPHJ
VRIWHQ DW D ORZHU /03 Rl DSSUR/[RPDMQNOVLJIQ LI IDRIVQKRX\I K CLR\Z H U
/& 7HQVLOH WHVWLQJ FRQGXFWHG WWHQG f && UHYVHRORE DLPLPIDY
DJLQJ WLPHVY EXW ZKHQ DJHG KZDVW GUPPDWKH GURS® AR\ \WK
DORQJVLGH DOPRVW GRXEOH WKH &R FRMLIOHW D YV KREZ € REQ G & \WLXREQM F
HYLGHQW LQ FUHHS WHVWLQJ ZKHWHX U&H ® JHBP RV W K PIPM G L DfA&H DX
WKH RQO\ FRQGLWLRQ ZKHUH WKH DQD&® RIRXW GUD FB®Y G E VELHFQ RX
VWUHQJWK DQG FUHHS UXSWXUHMR UHKHVI\RD BB W LLIRQ /R | FRSK BV B RRXE

FRQGLWLRQ

5HVHDUFK 4XHVWLROQ +RZ GRHV FOR\DVIULHAMVRDBWWRNEM LF OF
UHVSHFW WR GLVORFDWLRQ GHQVLW\ DQG SUHFLSLWDWLRQ"

/IRZHU WHPSHUDWXUH 703 ZDV OLQNHNGRWWRHUBYHK®G® QFIH/GK SILKE
PLFURKDUGQHVVHY DQG VRPH REVHWDWILR@ RIWKQ B B;HDVIKE D
ILQH SUHFLSLWDWLRQ REVHUYHEGEVIHUSH G AWV Q/RE L/AMB UF VGRGW?
GLVORFDWLRQ GHQVLW\ ZzDV KLJKHU IRU 703 FRQGLWLRQV
,Q WKHUPRPHFKDQLFDO SURFHVVLQJ WK X*@DHMERG\S FDUUEKBQR
PLFURKDUGQHVY ZHUH DQDO\|HG PY%HUDXMXRWLRQCGCRIUBORWHI\GY MWOR

QRUPDOL]J]HG DQG QRUPDOL]HG D QGU RR-PHIHKWHG FPROMG L LRV V$i



VKRZHG DQ LQFUHDVH LQ KDUGQHVWRZ&LNI© RNVDWWR Q QG IBQ \FIRVIUHAV
VWURQJO\ FRUUHODWHG WR GHFUWHIAVQHG V OLBQWKHDRBGIQHDWWX D H H 7HKRAV §

GLIITHUHQFHY LQ GLVORFDWLRQ GHQVLW\

5HVHDUFK 4XHVWLRQ E +RZ GRHVLEFURMWIU XHFMWX WPHD UWIHF\LIL M
UHVSHFW WR GLVORFDWLRQ GHQVLW\ DQG SUHFLSLWDWLRQ"

7KHUPDO VWDELOLW)\ RI 3 DQG DMKH Y HH B L PHQ QD & O O R\WR
UDQJLQJ IURP W R K DW WHPSH,QDWMNUPY RURFFURNR/U
HYROXWLRQ QDQRVFDOH SUHFLSLWRWLIRB /DD QH&® K DE) FHO® R\
FRDUVH SUHFLSLWDWLRQ EHLQM UFGXFGIQEH IFRDFW®&W URD WULF
QLWULGHV DQG VLJQLILFDQWO\ |HZWYHBKU® A EXP QFD UIFEL GH\D @
7KH DOOR\ GHVLJQ ZDV VXFFHVVIXO B PR HRQ RI DOQ® RD\F LZQ |

ILQH QLWULGH SUHFLSLWDWLRQ D@OGVELRRXWHG FKURPLXP FDU

'LVORFDWLRQ GHQVLWLHVLOHOLD FDP@EWEBRE HVGRYED WHMPDUNDEO\ V
3 /& DQG 1E RI WKH VDPH DJLQJ RRQGLIQ® Q& DOLH PPRWW UXE BVEXQ
XSRQ DJLQJ DW ORZHU WHPSHUDYSXORVH V$WLK URVHNWUWFW X H D D WX\
WKH RWKHU DOOR\V WKLV DSSHBH\RWR FKRIL\DH LL®QH/ & LDVK GV KH D KS|
3 KDV WKH KLJKHVW PLFURKDUGQXYW X ULH O B8 W.W WIDQFW KR IDWQ IGHF M|
7KLV LV LQ FRQWUDVW WR WKH LY WQ BE HDWHHH 0 ERDYVED HySH RINESIUX U HY \
GLIIHULQJ IURP WKHVH DOOR\V PIWIDYL E@F ®XQVLRBURIDVEW Q&R DQ@
VXJIJHVW WKDW RWKHU IDFWRUV EMHYVH GH®RREMOWQWQLQ; V8K HE P S OW\

WHPSHUDWXHHBWUWKB®IVWIROLG VROXWLRQ HHARRWHW \RI &R GHOD\ PD
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)XWXUH ZRUN PLJKW LQFOXGH W KR\ DZALWDRKDANMARLR @ IRERFR ED O E
QRQQXFOHDU DSSOLFDVWLGREW LIRM® OFR/@YFUMMDLQ WKH WUXH St
LQFUHDVH LQ FUHHS UXSWXUHLQHVLY WD QFHNMEDW RD \F DARE B Q RPQ
KHDW WUHDWPHQW?2EQ XXGVQBBYRGEGQIXMWR WHPSHULQJ QGBRUG LV L
QRUPDOL]LQJ DLU FRROLQDEWBDWRRPA WHPBGIG/IEMXSIHUIRUPHG WR
DIJDLQVW *OHHEOHS VLPXODW L RIHWU WRLLH VX QIS bl A \DOD@X DAV HRHE DIQSE
&RPSDULQJ WKHUPRPHFKDQLFDOO\ SUR63IWVG 6/ FHRHHPH QN8 HFROPHI®
LPSURYHG ORQJ WHUP PLFURVW IPRGHOLDYK H WBEEL DO WS FRKG/ELS L W
HQDEOH EHWWHU DOOR\ GHVLJQ L QN VDKW LFW XARP DR/ QIHVQ W Q § R ULS[!
REWDLQDEOH ZLWK 3ULVPD LV SUHHVKYWE G QPONGKUH&)( T7IKXMDEE
02%)( .LQHWLF 7KLV VLPSOH PRE H®WHS WDV WEW V/ &F RD\RN QLY H

K D GLVORFDWLRQ GAHDQVDWVXRRHG (IR® WKH PRGHO ORGHOOLQ

GHWHUPLQDWLRQ RI FRDUVHQLQDWIDRQHR|I DQGRNIKXY EHWWHU RSW
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) $EH 7 +RULXFKL 0 7DQIHLOH]DWICRQ RD P& HGWDWLF PL
DGYDQFHG &U VWHHO GXULQJDBWHKS DOW IIFLKH Q/FHP SIRED YOX U g
QR + SS + -X0

8QLWHG 6WDWHYV '"HSDUWPHQW RBIITRUHUHRQ HHSDWIEKQ RD R XF ORI
6\VWHPXFOHDU (QHUJ\ $GYLVRU\ &RPPLWWHH

I1XFOHDU (QHUJ\ (QDEOLQJ 7THFKQRORIXIOHV 1((7 SRENYIK®RGSHS
ODU\ODQG DFFHVVHG -XQH DWwW
KWWS 72ZZ QH GRH JRY SGI)LOHV 1HHWB:RUNVKRSB SGI

- * BSHHU ) & 5 $VVXQFDR (GPRODGWORFKH RA@BHQFKLQJ D
3DUWLWLRQLQJY 3URFHVV %D FRDWRMNQG ®\QBRBHFHGR 3URBSUH\
+

* 5 2GHWWH 0 - $OLQJH@W P& MO RS PLHUQWKY ISHFUUDGLDW L
6WHHBQWXDO 5HYLHZ RI ODWROLDOWBHVHIUFK + $XJ

0 7DQHLNH ) $EH DQG . 6D¥IDRBID6W&HOHB Ve WUHQ IWRSIQWD V
1DQR VLIHG &DUERQLWDWGEHURIOVSHUYERQ W’

7 -RKQVRQ PHIBOW KYBIKUNLFY DQG 5DWKRGRJILSE SIOQFRIVGW K O C
'LONLQV

5 / .OXHK 1 +DVKLPRWRZ DQGR33DUWLEOM]6WIHHQIJWKHQHG
JHUULWLF ODUWHQVLWLF 6 WHH®&D GELFOROQ ¥ BIRPRWURIAM W | 7 KOHUTPHRD (
ODWHU¥XBOV + QR SS * $XJ

5 / .OXHK 37RZDUG 1HZ +L DK U WMHSHNW W B b NYRIHIDWKWR 5

6 /L = (OLQL\D] ) 6XQG<$ 6&KKDX /3 (:KIFQW RDFKHUPR OHFKD!
7JUHDWPHQW RQ OLFURVWUXFWXIUH D«HD WHFK\DIQILIAD § VA BRISAHHION
6FLHQFH DQG (QMRXIHHULGEB $ + -DQ

3 ) ORUULV 8 $ 6DFKDGINQIJQP ®E 8HDWODHWDNWPHQWYV IRU
2SWLPLVH &UHHS 5HVLVWDQFH 1R@D3REHUDIOD RN $SYDIQFHGL R
(QJLQHHULQSS +

) 3HQDOED ; * OLW[HOHQD DQG 2-LP HEXD QR &DUMW RI 7HP
OHFKDQLFDO 3URSHUWLHV,®F , QWHHQDMWIRRBWHHO -

8 $ 6DFKDGHO 3 ) ORUHVYIJQ@®E 3 &WODWWHQVLWLF 6WHF
,PSURYHG &UHHS 5HVLVWDQFH LGD 3RAHW G ¥ BbE WHRFIFOREBWALHRR]
QR SS +

+ &KLOXNXUX . 'XUVW 6 :9G6NRD]0 &6PKZUHQKHHUY O0D\HL
%OXP 3&RDUVHQLQJ RI 3UHFLSUWIDSVENVDY® DIQFHD GO WH R § HRIHS
BWHHOWHULDOV 6FLHQFH DXR® (QJEQHIBBLQI} $ -XQ
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- -LDQJ / =KX DQG < :DQUQ 3 DUERWVIVHYDYWDWMROWHHO E
OLFURVWUXFWXUDO (Y ROWHMLCR §HE XDIUF KYERIMHIS @RW L RRD O +
oDU

1 'XGRYD $ 30RWQLNRYD ' BRM®RERWKHY 9% H @ \DXNRYX DI & |
7HPSHUHG ODUWHQVLWLF &U+ :+ &R& WHBWE WO\ 6 FRLHHHFS 00
(QJLQHHUY@D $ SS . YHE

9 'XGNR $ %HO\DNRY ' ORCRGRYR\DWGEXF W BUEB\YKRIOIXWLRQ

RI %RXQGDULHV E\ 3UHFLSLW DWQMV6EMOHB O SOWVEILCRAIKRNE 5 IDDL 1\
ODWHULDOV 7TUDY@ODFWIGRRQW $ SS + 6HS

< = 6KHQ 6 + .LP + ' &K& Z\X+3i®OHOWIQGFDWLRQ RI 3UHI
LQRD &U )HUULWLF ODUWHQV UWRLG L6 WIDRFOUXRDW R(AXNFOHNREY OL
ODWHU¥XBOV QR SS * 0D\

0 7DQHLNH . 6DZDGD DQ® )&RBEFHOQWIHBW LRIQERQ BRI HFLSLW
0 & &DUELGHV DQG 0; &DUERQLW WG B X WIQQ 0 DAUHD MQ ¥/UL MILW P & Q
OHWDOOXUJLFDO DQG ODWHRWLDOVSBUDQY¥DFWLRQV $

-, 6DFNHWW 32SHUDWILWKH S HWHMWHQVWBO LUWQPHHGRU 5HDF
,GDKR 1DWLRQDO /DERUDWRU\

3 <DQ = /LX + %DR < :AQJRDOQIGFURNWUXFMWXUDO (YROXW
7HPSHUDWXUH 6WUHQJWK RI &U V:W&R W DSUWWHHDV B WG A U HIDIVWH B H
&RQGLWDRMHULDOV 6FLHQFH PRG (QJLRHHULQJ $

) $EH 3*3UHFLSLWDWH GHWMLJQ&URW HRIFHHHEH \GWRIDHIQN WEWHION OB N
VXSHUFULWLFDOFERDHFH POQBOQMHFKQRORI\ RIREGYDQRHG GDWHU
oDU

7 6RXUPDLO 3/LWHUDW XUJH IS YAHHI\ZL \BW B © IS B W\DWH B QWLLE & W
ODWHULDOV 6FLHQFHR®@G 7HFKQP@RDU\ SS +

$ 98URVWNRYi 9 +RPRORYi -3KBDNKD(YIRO@XWLBQRERGD DQG
OHWDOV GXUL@WSIHLIMAYV 6FLHQFH DXR® (QJLQRHULQES$ +
0D\

$ %D]D]JL 3(YROXWLRQ RI OLEPRYWHHS WIXDH BEXYHQH G RO YW
JHUULWLF 6WHHO ~ 3K ' GLVYHRUFWBWLRQ 5XKU 8QLYHUVLWIW

( - 3D\ WRQ $ $JKDMDQL9) $2WHRBRGCOH\ FRQHVMKBD QOWXUH RI
, QWHUIDFHV LQ D 7THPSHUH ® Q B UWHLWL YWHR PEKWWLIRQL B X6 WLHXHIO/ R (
6FULSWD ODWRKOU L D OQ.® SS * -XQ

7 6RXUPDLO 36LPXOWDQHRX&UHHSEFEBVWIODWRRY 5N WW DR QN
6WHHOV ~

) $EH 0 7DEXFKL 0 .RQGRSBQG BV LR/QXNRDFRSMR,FGUDFW XU
,PSURYHPHQW RI &UHHS 6WUHQJWKRUR QU 6 B@\WBR@ DW HRBQRQ Q
"-RXUQDO RI 3UHVVXUH $ROVHOWVMPQG 3ISSLQJ+ -DQ



$FHYHGR D QSKDF ¥MUHY F WX M VRD YORDUIL X P FC
SS + -DQ

> @ 7 (SLFLHU
SUHFLSLWDWHV LQ D 3XRGRY R B K& DDYOREH® | IQRH
SBHTXHQFH RI 'L\VAERUUG AUDXQNG MU RQG RFFRPS D Q\ L (
SS + $SU

*XVHY
JRUPDWLRQ RI 0 ; 6XSHBVWWWYWROXUHWR
&KR R\X+ 3FDKPFLISQ®/ DWHV LQ 1RUPL

> @ $ |

> @ < = 6KHQ 6 + .LP + '
THPSHUHG &U J)HUULWLFROPUGDHD RL VY XF GMBHBI OV W IQRLDOV SS
REXH DOGFW Rl SHOWD )HUULWH LQ

* 1RY
%DHN 6 : 1DP % 2
WKH )RUPDWLRQ RI /DYHV 3KDVHRQ Q@G &ZY RWLOHY )IIRW LWXH B g G X
+

> @ -
J)DWLIXHHLIHQILQHHULQJIYRDWHWL.DOWS
6KDQ MWWGUXRKWROAUDOOBEMDELOLW)\ RI

JHUULWH ODUWHQVLWH )UHRW 5HV VY VRA DDQ WY HR WLHHIOQ/FS F L HSS- H

+
+

'DQJ < <
.DLE\WKHY 9 1 6NRURERJDW)RK PD®G&RQS$RI6WKKHOSRDDH

<DQ
0D\
SBURVSHFWV RI ODUWHQVLWLF 6R® HDER ZHWHKYBO & LR Q P25 BQIBW

> @

> @ 5
TUHDWRRQW QR = SS + 6HS
> @ $ $IKDMDQL & 6RPVHQ DBW RIUVJRQHWHZREB SVKHHE IRQ WKH
OLFURVWUXFWXUH RI D & KU R P LXUPL YWH_FES6- W BH 16 QOVid M BMD-DCOVLLDV H )
2FW
S3ULQFLSOBV RE@HDW GTERDNY GRIEG RMEG WE H

QR SS +
> @ 7 (ULFVVRQ
$60 ,QWHUQDWLRQDO
> @ . ODUX\DPD . 6DZDGD DQG GHFRKIDNH. VFBWRHQUWK 8 GIHYL VWD
7HPSHUHG 0DUW HQV L@WI A LbQMRBIOR Q DR Ss +
+RIIIDQHWL DOV IRU 1/ RRMGHRIU 885DIQAWWU /RQGRQ
20VRQ W2V\RPEB R G H@BGIE @R\ 28 VOX0 O X U

> @
> @ * % 8PDQWVHY $
HW ODWHYR®OLDSS +
> @ 5 /| .OXHK 3(OHYDWHG 7HPSWHQ WLWIHF)6W H HW V FDED@GGWOK H L U
1XFOHDU 5HDFWRUV ~ 5HVHDUFK BHSRDWR 2D N 51/GIH 1D W L R DD
.OXHK 0 D B6RNRORY KDQX FAD G BWKRIPHRWARL WY HRA 8QLUUD
YHE

,UUDGLDWHG 5HGXFHG $FWLYDWQR Z DWW K RXWQ VILWNH G V&RIFCS B ZH
+

> @ 5 |/
Rl &RPPHUFLDRXGANDBDKOR| 1 XFONBO ODWIQRLD®HV SS
= (UODQJXQJ DQG 2 3 %RUMXMN]LRQQRIYWU BRDWHRBQVWURQVIRU
&UHHS 5SHVLVWDQW 6WHHOV DQG *UGIGMVHE EWPMQW B G S&XIXWE& G IHY

> @ =
%WRFKXP
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© <DQ : :DQJ < 6KDQ . <D&U +HPGV: 56-K/0. ¥ MDA W UBDHHEO V
6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ

: 9 <RXGHOLV DQG 2 .ZRQ :&DNHEVYESHIKBOWHRA X QURRHED BIWQK
HQWURS\ LQ UHILQHPHQW &DUEL®NxSKRWOHVRIQKXRDBOW LEFRDQV HQ
UHILQHPHQW ~ YRO QR 'HFHPEHU

$ 6KLU]JDGL DQG5W U-DFFWXBDQO ($30/OR\V IRU 3RZHU 30DQWV 28
+LJK 7THPSHUDWXQHRWDEGHULDPDOWHYLHU /WG

0 <RVKL]DZD 0 ,JDUDVKL + ORMUPXRKLD®GVHGDUX\DPD 3(|
3UHFLSLWDWHY RQ /RQJ 7THUP &UHHS DBIR B P D WISRHQ$ BYRSHFH\E L +
JHUULWLF 6WHHOV IR UD8G K WBRYMW GRLHQWN DXR® (QJ+ QHHISBLQJ

+ -XQ

) $EH 0 7DQHLNH DQG . BRBRIMNGE SHYDRWDHMIQWRE6WHHO X
'LVSHUVLRQ RI 1DQR VL QMH&MWDBERIRMWOLL GRIXUQDO RI 3UHVVXUFL
YRO QR + SS + -DQ

/ :DQJ 0 /L DQG - $OPHURE,RDWIVRQ IDQMGLROQFERVWUXFW XU
*UDGH )HUULWLF ODUWHQVLWILF; GNVDKNFQ E\0 PQNGARNDD G L IKS (Q H L

+

- ,ODYVN\ $ - $OOHQDDQRRD 6XLMRLDRU HRGIPOLQJI DQG $Q
$QJOH 6FDVRWHQD@JRI $SSOLHGYRD\VWD®DDRJIWDSK\

3 5 -HPLDQ - 5 :HHUWPDQ@SDO ?RRDUDBWHUL]DWLRQ RI &
BWHHO E\ $QRPDORXV 6PDOO $FWD D WIBE BEFEOMIYRIULQS S +

& S5RFKHWWH 36WUXFWXUD®RBROO\YQYOR ;1D QRS6DDWWHUHQ.

J)DFK &KHPLH GHU )DNXOWIW I+U % L\RFEKRDJIMHH @& KHPILHHX Y G W HAR Z4.1

3 5 -HPLDQ 3&KDUDFWHWWBWY RR@DRO G W HON EUBDQRPDWWH
GLVVHUWDWLRQ 'HSDUWPHQW RIUCDW HURDWNKZEALWREBE R BQIGY HY

4 /X : ;X DQG 6 YDQ GHUDZBRP$ RVIKMLRYDO@ RSREXVW 0D
&UHHS 5HVLVWDQW 6WHHO ZLWKDIQFZSWWPWHRQXRPEGARQRWQR ®
6ROXWLRQ 6WUHQJIJWKHQLQJ $RW B LOKWNHBPGHWLIDB/SXUH 8VH 6HS

/| &LSROOD + . 'DQLHOYHQGBWWLL 1X«OJDRK 'DQG 0 D - 6RF
5ROH RI 1E LQ = SKDVH )RUPDMWILR@WOQ DDWRKBUL BOQXHRHO 'S S +

$XJ

S6WDQGDUG 6SHFLILFDWQRQG6WHHMBBEOHVRY HLUKWHP $SBUD W

$ $ 0 $QOQOXDO %RRN RI $670 6WDQGRQUKRKRRIOHQ 3$:HB8W0&
,QWHUQDWLRQDO
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*  UDMXNNOVR 3URFHVVLQJ 6W UDRWMHULHD OD/QID BIMU IRU B Q F H
,QWHUQDWLRQDO

3 -DEORQVNL DQG - +DZN HQWV R JHDWERIQ@QW WR G QRO 60 FOS R \
IJLTXLG OHWDO 3URFHVVLGS$ &BVWLQJ

36WDQGDUG 7THVW OHWKRG IRU6RQH® OD'WHUPDOV([SDQVERQX
$670 6WDQGDUGV 9RO "HVW &RQNBRRRAERIQPO3$ $670 ,0Q
% S5RHEXFN - ' /RUG DQG@MRZVWRNVYV:DE DARW SQLUV\PPHWU

&RPSUHVVLRQ 7HVWYV ~ 7THGGLQJWRQ OLGGOHVH[ 8QLWHG .LQ.

3 +RGJVRQ - -RQDV DQG@HODRYQUHRI *RWDBEHUDUPRRUNLQJ
L@DQGERRN RI 7KHUPDO 3UR&HYV*0R ®HL Q JI3OWHKOW &5& 3UH)

36WDQGDUG 7HVW OHWKRG IRRI.QBRR/SI DD YLF N H U B Q-DXIIEA o\
$670 6WDQGDUGV 9RO "HVW &RQNBRRREROPO3$ $670 ,Q
- ,ODYVN\ 31LNDx 6RIWZDWD IRNGKIRVIUPHQ \RL RBSBOLHG

&U\WVWDOORRODSK\QR SS *

. ODWVXL $ 2JDZD - .LNXPMKLONDZADX TDQXIBPMDWVXQR 36WL
%URDGHQLQJ &DXVHG H\QYWORFODIMLRRYI HUKWQFH RQ $SSOLFDW
$QDO\VLV YRO QR Ss =

) +DM\$NEDU\ - 6LHWVPD6BHQWRIRMWIHYQDRPSBURY-HG ; 5D\
$QDO\WVLV OHWKRG WR &KDUDFW B WL H DIVWWOHRE D MA\DIRFQBUN. © YOEMW X U
6FLHQFH DQG (QYRQHHULSS $ +

5 % 9RQ 'UHHOH DQG % + VRRFXPEEEW,DWLYRQORSHU

36WDQGDUG 7THVW OHWKRGV MSW&ER® G BRWELEW BHWHHSX SW KU B
OHWDOOLF ODWHULDOV ( $QQXPBRO»RRN RH¥®7 & BOMKRKRFG
3$ $670 ,QWHUQDWLRQDO

36WDQGDUG 7HVW O0HWK R GIVOI®IUF 70-DQWV i B QDTOHN W(L QJOR I$ QI@W D C
$670 6WDQGDUGV 9RO "HVW &RQNBRRRAERPPO3$ $670 ,Q

& /LX = =KDR ' 2 1RUWKHRRRESLQEDO HRUPBOID IRU WKH &
06 THPSHUDWXUHV LQ 3XUH ,URQ D/QIHEXNSHYD/R R I& D\E R Q LR
3URFHVVLQJ 7TMROQRORQ@R + SS + -XQ

6 &KDQGUDYDWKL . /DKIDWKHXLYIDHBEDOG Bl ERURQ DQG F
FUHHS UXSWXUH SURSHUWLHV RI| PG IMBHRGAGL DO RQ\MARMIHHOU D Q (
SS +

. *XR - *RQJ < -LDQJ DBGFHFRQRQIVRHUPI®MN QJ RQ OLFUF
DQG 6WDWLF OHFKDQLFDO 3U RBHRHUDMRVUIEU L ©\U M HF LDH/D 5 IR FORQ
(QJLQHHUY@D $ SS . oDU
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$ 'XEUDYLQD 0 - =HKHWEDXGOIMH[DQGBRNICEBUDRBGDWLRQ Et
VLIH REWDLQHG E\ ; UD\ %UDJJVFREILIO HORQDWVYHW W QQ YEHFUHRB
GHIRUPHG FRSSHU ~ YRO SS *

0 $ $OWXQD $ ,]D OHQGHBLIDIQGDW R IRIULEH]L Q@*3HUULWH D
&RQGLWLRQLQJ 3DUW ,, 6WUHQJVOKWELIRZ S&SFOTVRUY L E&W L R'Y H.HX
OHWDOOXUJLFDO DQG ODWHULDOV 7UDQUIVFHWLRQW 8PBKQHAH DO
QR SS +

"7 /IOHZHOO\Q BHBWBHO W OHXWGHBOOXUI[IRBESS GL.FDWHREQV
(GXFDWLRQDO DQG 3URIHVVLRQD O3XEOLVKLQJ /WG

6 .HQQHWW 3*6WUHQJIJWKHQLQJ/RZ& 70RFIKRDHILLRH G HAK B DD V
,QIOXHQFHG E\ $XVWHQLWH &RQGLWLRQLQJ ~

9 $ 'XGNR $ ( )HGRVHHYD .PLE\VKHHO\DAN@NOXHXGH RI WKH
&RQWHQW RQ WKH 3KDVH &RPSRVVUVRLRRBQ I B3 DHKINFHIB@QWIEFF\VO R3IU R
OHWDOV DQG OHWERMORJUWIRSK\ SS *

6 : -LQ / 3 *XR = <DRJ5' 7DQX R 4 /LLX < ; 4LDR DQG +
SOLFURVWUXFWXUDO (YROXWLRWQHMO3XQEHULWURQDBYHQVDWL
ODWHULDOV &KDYRBWHURPWLBS + -DQ

+ 0 -LQJ % :DQJ ' 6 LRIJPJI <3 *=:XDQJ-* + /LX DQG < =|
$(IITHFW Rl &RPSRVLWLRQ DQG 7HPSHOWDY XHHURQ WK WVRKHHP DM D
BWHS®YDQFHG ODWHUYROV 5HVHDEEK + YHE

1 =DYDOHWD *XWLpUUH] O0/RGDX&BBDEDOOR ERXEDSGHYLOD
GH $QGUpV 3+HWHURJHQHRXV $XVWWOQEW&U*WH@ OU RRWEKOHEG 0
RI ,QLWLDO OHWDOOXUJLFDOVEWWDMH YV @6 L-HIAWLRQ G DWIHK QRO

SS + 2FW

$ $ 6DDG 7 + +\GH : 6XQ -&7PQQBH DEXB®UDFWHUL]DWLR
9LVFRSODVWLFLW\ %HKDYLRXU RHGQ WKEQD WERDDO 3R KR QYDEOW
9HVVHOV DQSS 3LSL@XJ

6 -LQ / *XR 7 /L - &KHDDGJ <DQILDR/PORG) /LX 320LFURV)
(YROXWLRQ RI 3 )HUULWLF ODUWHRELWWE R BMWO(RESBW HE 7|
ODWHULDOV &KDYRBWHUBEWIRQ -XQ
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55%',$7,21 5(6,67$1&( 2) 3 $1' 7+( '(6,*1(' $//2<6

5HVXOWY IURP LUUDGLDWLRQ H[SHRWRHQ MWW R2iBU B WRIERDD | RXH CGo
IDERUDWRU\ ,%0/ SHOOHWURQ WDIQHM IFMPHUYKRDWRBH QCHW UPIW L
OH9 SURWR@VWRW GLVSODFHPHQWYV SHU DWRPQJGISDL Q) KDAUG &
WKURXJK WKLY GHSWK +DUGQHVW H®DLQUHYY EXCBHR @ L UTUKDH3ULHD WV RAL \

EHWZHHQ DQ\ RI WKH DOOR\V I AMWXQFHVSHFW WR UDGLDWLRQ UHV

C
I
(o}
I
LL
C
C
v
>
'"HSWK —P
D E

JLIXUH $ D 'LVSODFHPHQW SHURDWRHPS W\K D VXHFW LIR@FRL @ BRI L

IRU OH9 SURWRWYR DWGSD DQG E 3 DV UHFHLYHG D

/& DQG 1E QRUPDOL]J]HG DQG WHHPSWK HRG LLEBRASRAIRWLVRIQG
LPD¥HVHH 3') FRS\



7TDEOH $ + ,QFUHDVH WR +DUGQHVXSRIQ3,UDDRGLBIWLR@HG $

+DUGQHVYV

LITHUHOFH +%¥D & 0Q 1E 9 1 6L &U 1L OR :
3
3
3 1RW PRGLILHG
/&
1E
$V 5HFHLYHG KRW UROOHG DW f& QR WHPSHU

'LITHUHQFHYV LQ PLFURVWUXFW XRHQ DEVH DR BYINM ¥ ®© WG RL QL Y IUIDX®LH
JURZWK IURP FRDOHVFHQFH RI@QWRROEGUNVISWY DB Q8 HQRLG \WRRIWDK

REYLRXV IHDWXUHV HQKDQFHG E\ WKLV LUUDGLDWLRQ

JLIXUH $ 7(0 LPDJH IURP ),% OLUWBRXCWDWKIRZQ GRXQ HWIKIHF W LRFIUIR V W



$33(1',; %
*[((%/(S &2035(66,21 )25 703 6,08/$7,216

7TKHUPDO JUDGLHQWY ZHUH DFTHRQVHDBQIRURGL 6 RWRPHWWUIUR Y8
SULRU WR WKH WHVWY EHLQJ UXRHQWRIZOABRKIN RU WKW WK HUWP B OW
VDPSOH OHQJWK 7KLV WHVW ZDV IFRPGEO HDWIEG I RRIUF & BS D W\RWPLHRAQL
7TKHUPRFRXSOHV ZHUH SODFHG DW MRKPH FFHWWALIRD RIS WKL H QR/P DAR5

GLODWRPHWU\ VSHFLPHQV DQG WHWHSHBWLYBIOQFRHQWIRUWRP WKHLU

JLIXUH % 7KHUPDO JUDGLHQW $ KR JUWRIURDWP HOHHED MBSKH VDP S (
DW:& V KROGV IRU PLQ DQG FRRDW H K 7G&H WRAHRFARRPGIL@MHV

ZHUH SODFHG DW WKH FHQWH®R ® QRSUDAR P PWPHNVY HR-QV K BB G

PP IRU GLODWRPHWU\ VSHFLPHRSURNKBPVRBIWFRHARXS O
WHPSHUDWXUHV WR EHLQJ WKH FHQWHU WKHUPRFRXSOH

7KH SURJUDP IRU FRPSUHVVLRQ VLPXEBVWLRD DRV W KH WU Y RIAHF
JLIXUH % 6DPSOHV DUH KHDWHGI WR @ *RRB\WE BWR W.CB] WHHRPSSHHUIUIDW
ZKHUH WKH\ DUH FRPSUHVVHG LQJMWKH HR-HWVRDVYWAHY XBIW O UMDWRHRV W L

LQWHUSDVYVY WLPH RI V



JLIXUH % 7TKHUPRPHFKDQLFDO SURHHMMQAU KB RRIUDRR IRU 703 W
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O

&RUUHVSRQGHQFH RI SHRSHDP WXHABHD DR® XSRX Q/RV DIF
WR FRPSUHVVLRQ SUHVHQWHG DV D IXQFWLRQ RI SURJUL



%ULJKW ILHOG 7(0 LV SURYLGHG QH{MUWRP 6IF(HD}$FD OR0U 3 U RY

f& ZLWK VXEVHTXHQW WHPSHU )LJXUH %

L E

JLIXUH % JRU 3 703 WKLQ VKIRZYV @LBLBAHG KW HFHGGWDWLR Q
67(0 +$$') LPDJH ZLWK ('6 K\SHUP D S\P RARKFHQMNNWHE ERQRF
SHUFKORULF DFHWLF HWFK



$33(1',; &
L,($1*/(; 5%< 6&$77(5,1* $1$/<6,6

:LGH DQJOH [ UD\ VFDWWHULQJ :$;BR DMV RWIRIDYH FRIMEXEGWH
EHDP [ BPPWK JXDUG VOLWN DQ[HQRRJIJ\ RI NH9 DQG D ZD
¢ 3DUDPHWHUV IURP HDFK RS HWHE RUD DXWN PLGIL S U B WHHEWWM

VFUHHQVKRW IURP *6%$6 ,, Rl WIKHLQWWNHNGOGHKEULD SHDNV LV JLYH

7DEOH & + &DOLEUDWHG 3DUDAWWRWRURU *HQHUDO (C
*( *( " (

, PP

< PP

= PP GLVWDQFH
7LOW 5RWDWLRQ
7LOW $QJOH

JLIXUH & 6FUHHQVKRW IURP *6$6EUNKWRRIQRIVKHFEHNY VIXO FDO



$ UHSUHVHQWDWLYH VFUHHQVKRW IRQW 61$& WL VRIS ' 1O EF QFH R X
wd A feT fTEe TR O fIRIXU AT Hfecmecfe fot He—cfe Teme T

L fPET)LIXUH &eDLIXUH. & ™c—S St —Sc..ef” Z—% Zcof—,Hfco% —S:

f—eoe<fe "= "% f ... —"f—1Z> "t Zf...—« % 'ffeea
D E F
JLIXUH & SHSUHVHQWDWLYH IDWANYWDRIG' ©LOMRWKWL RQ lYQYWHQVF

ILWV RI )H SHDNV IRU :LOO LN MDRID £ GOV DD DOV \G IRV CFRIF |

7KHUH H[LVW VHYHUDO ZD\V WR DQD&RPS IVHI[ WK HR I LGFOPW:$ ;B RE
*( YV *( DQG *( GHWHFWRUV LV VIRRZEDIQHDIVIXWDH)& VRRNOOG EH |
IRU SDQHO PD\ EH GLIITHUHQW LQ WV KMUWHD IDQNH VXLAKH BW L\R B [ & B 8 Hi
DQDO\]H WH[WXUH LV WR |LWELQ®ISKIG XDRP ', QRDHEVLEMQQHG E\ G
SKDVHV WR ELQQHG SHDNV DQG VUXED B TKMHOMRMLE M IUQ D@L @ 1 WKH [VE
RUGHUV IURP WR FDQ EH XVHGQWHUSYHREXEH ISR R H HIV JDRWH M DIFC

VKRZQ LQ )LIXUH &



JLIXUH & THIWXUH DQDO\VLV IURPXPROPSDQHQY SBDNVKIURP&L QG

JLIXUH & 7THIWXUH DQDO\VLV IUR®$ESKHY L BYPRIOIRWP RBDL.FN XVL
VHH 3') FRS\
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JLIXUH & :LOOLDPVRQ +DOO SORWYV IRU )H LQ DJHG 3



7TDEOH & + )H 3HDNV &DOFXODWIOR@WVVRQ #D3G G BRWRU
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JLIXUH & :LOOLDPVRQ +DOO SORWYV IRU )H LQ DJHG 1E



7TDEOH & + )H 3HDNV &U\VWDOHIQIW.M/6L]H DQG 'LVORFI

$OOR\ &RQGLWLRQ '>QP@ ! >RD!
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7TDEOH & & BHODNV &DOFXODWLRQV IRU $JORWV
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WoHT r 1111 Z OXiiTAX1iiaiXi1isi XiiitixXigaiXia 810 IX1I(iXAod IXHET IXHIT IXET X ixiis ixiigi
WoT r 1111 Z OifKiTieiXiToniXitoiXitonXiioiXii oni IXiic6XAn PXHIET IXAIT IXIIT IXiiT i Xiii iXiiifs
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6PDOO DQJOH [ UD\ VFDWWHULQJ BERADIWR U IRY QFR QBWEWR®
EHDP [ PPWK JXDUG VOLWN DQ[HQMRIJ\ RI NH9 DQG D zD
¢ 7KH 3L[LUDG GHWHFWRU H\U ¥ PWIHGQ | RR Q6FX 6 GHQWDOG ZLW K \

:$;6 GHWHFWRUV *ODVV\ FDUER® @D X \DH)GS \DR) BXOQEQ B WW DQW
FDOLEUDWH SRVLWLRQ FDOLEDP@WHRQDSDA DPEWH UV DBV SHFWQ YLH
DQ HQHUJ\ RI NH9 DQG D ZDYHOHQJIW®LRIHR XW VcZZDM X\QH\GH Ja
1 DJLPXWK FRYHULQJ RQO\ WKRVH RUWHGWODMLROMV ZKLR® WH!
%DFNJURXQG ZDV VXEWUDFWHG VI/ARRX QWIQUHIRU WSO B HVXDOWA

E ' UHVXOWV RI 6%;6 )LIJXUH ' \VHKRARXWQWHQVYIYWHGYY 4

7TDEOH ' + &DOLEUDWLRQ RI , QWHQVLW\ ZLWK *ODVYV
2UGHU WKHRUE @ wkérP C@ pHD#> C@

7TDEOH ' + &DOLEUDWHG 3DUDPHWHHRIWRIRW *HQHUDO (O

S3DUDPHWHU 9DOXH
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= PP GLVWDQFH

/ILQH 6WDQGDUG $X RQ 6L H J c OGLBM
,FBFI
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JLIXUH ' 5HSUHVHQWDWLYH D ' RXMBEXRKXKWIMRIGISQANDIQG LW LHYV
FRORU EPMDHH 3') FRS\
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JLIXUH ' ILQHRXWY RI LOWHQVLWKHWUFPRBMEKNKDAQILFFWD G O \ VIUPFSFOHH\

DQ& DV LQGLFDWHG LQ SORWYV /LQHV UHSU
SHDNV LQ WKHVH UXQQLQJ DYHUDXHBRUGWVHVHQW VL]H G|



6$;6 UHVXOWY ZHUH FRQYHUWHG IURPLN®O®UVRND X LRQ G KHU,K5L

VLIH GLVWULEXWH@DNVNDLUIW K DWKWUKRZQ LQ )LIXUH '

OHWKRG XVHG 11/6
3DUWLFOH GLDPHWHU >$@ 1XPEHU RI LWHUDWLRQV

9ROXPH RI VFDWWHUHUV
OHDQ GLDPHWHU

ORGH GLDPHWHU
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5DQJH RI GLDPHWHUV IURP

LQWHQVLW\
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.1 OY4IMXITINMATO OHA HO4TIMNAE

5HVLGXDOV

JLIXUH ' ,¥*25 3UR RXWSXW MADWMRH UL Q &/RNMRDYIRAD XIMAW GILQ MW U L E X
YV SDUWLFEBUWBOIRMRREBOQHVY RI ILW FRORU RGBU LV SUHYV
GHSLFWV WKH UHSHDWDELOMVAN@WWHK H UERMQRWHEY B QIR U W |
VHH 3') FRS\

6$;6 UHVXOWV IRU 3 DV KHDW WUHDWWHRBOXPH GHKRIMYU LBXM IR

VLIH GLVWULEXWLRQ DQG FXPXFDWMYHHUWXUGLDBEIR HDWHD FXUYHV YV

.
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&XPXODWLYH VXUIBP@® DUHD >FP |

6FDWWHUHUV GLDPHWHUV >$@

JLIXUH ' 9ROXPH GLVWULEXWLRQ DRXGP RXOBPXNOLDM LWIH H/ XSW MDONFBILE D
VFDWWHUHU GLDPHWHU IRU 3BVLRQV K2 BU/EHEANHNDDN H GZ LOWKD O
PD[LPXXP HQWURS\ PHWKRG
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)JXUWKHU UHVXOWYV IURP 7(0 DUH RHRYIL®QHG-RGHWURQWHYHU
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JLIXUH ( 67(0 +$%$') RI HHWUDFWLR @B HBSIOQRD LRI BFHSWM. FHW F K



JLIXUH ( 67(0 +$%') RI WKLQ IRLO RIf& IDHUEBKORWLBWFHWLF HV



D E
JLIXUH ( 67(0 +$%') RI WKLQ IRLO RIf& IDHUEBKORWLPBPWFHWLF HV



D E
JLIXUH ( 67(0 +$%') RI WKLQ IRLO RIf&& DPHHEKORWKLBWFHWLF HW



E F

JLIXUH ( 67(0 +$%') RI WKLQ IRLO RIf&& DPHHEK O R KLEERIDRHUW LF HW
LPD¥HVHH 3') FRS\
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JLIXUH ( 67(0 +$%') RI WKLQ IRLO RIf&& DPHHEK O R KLEERIDRHUW LF HW
LPD¥HVHH 3') FRS\
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7KLY DSSHQGL[ SUHVHQWYV HYLGHQOFSURIVHHYDWWRQWRH PR &HW DI

DQG IXUWKHU UHDVRQLQJ RXW RI KHDW WUHDWPHQWYV

( ([SHULPHQWDO $OOR\ 3

7KH LQLWLDO KHDW WUHDWPHQW RDWEEBDBWREQI® RR DOIFRA
7DEOH ) ZKLOH UHPDLQLQJ ZLWKLQVWHSHEPHEWWLBRY SRIMHVH QWK
$ $ 0> KWIQRUPDOL]HG DW f& PLQLPXP DLPE PVBIWY DH LLK)® O W H

WUHDWPHQW

7TDEOH ) +*3 +HDW 7UHDWPHQWYVY ,GHQWLILHG LQ /L

6ROXWLRQLJH &RRO 7HPSHU
T f& 7LPH 7 f& 7LPH SHIHUHQFH
DLU K 'XGNR HW DO >
DLU K 'XGRYD HW DO
PLQ K LQ HW DO >
PLQ PLQ _LQJ HW DO
PLQ PLQ  *XWLpUUH] HW DO
PLQ PLQ 6DDG HW DO
PLQ K LQ HW DO >
K ZDWHU TXHQFK K %DHN HW DC
K K _LDQJ HW DO >

7KH LQLWLDO VHOHFWHG KHDW LWLW DRWP HDQW ZDY &D IR OBRIRY HXG
WHPSHU DW f& OLFURVWUXFWMUNYXRRIWVWH BQVIRQ Y HV DL/ YL

SUHVHQWHG LQ )LIXUH ) )HLIXPWLYH®Q®QGIRBAELQHGVYYH)LIXUH
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JLIXUH ) 2SWLFDO PLFURJUDSKWYW®W:G D [ RI & KHH ORQJ WDDQVY
VDPSOH RI' 3 QRUPDOL]HG DW G f[BWMRU f&PIRQAD QK WHPS

D E
F G
JLIXUH ) 2SWLFDO PLFURJUDSKWYW®W:G D [ RI & KH VWRUW WUDQ\

VDPSOH RI 3 QRUPDOL]HG DW G f[BWMRU f&PIRQAD QK WHPS
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JLIXUH ) 2SWLFDO PLFURJUDSKWVY®WSG D [ RI & KHH UROOLQD GLU]I
VDPSOH RI 3 QRUPDOL]HG DW G fBWMRU f&PIRQAD QK WHPS

D E

JLIXUH ) 2SWLFDO PLFURJUD S KVWDPHMLG'HHU RIIGUIRD/OR ER HW HHW U
WUDQVYHUVH /7 DQG VKRUW &/UBD Q VIYRIUD H/ D6F’'S MWV R ID 3
QRUPDOL]JHG DW f& IRU PLQWQ& WHPSHUHG DW fé&



2SWLFDO PLFURJUDSKV RI 3 DV UHFRKLYHIGC RDRUPDWOADBDG] B
WHPSHUDWXUHY IROORZHG E\ DHQWWE&PISHYLDXWH ) f& )RUKUFHUHYV D

UHVSHFWLYHO\
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JLIXUH ) 2SWLFDO PLFURJUDSKYV RI 3 DV UHFHLYHG
D E

JLIXUH ) 2SWLFDO PLFURJUDSKWRRGB @RWPDOL]HG DW f
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JLIXUH ) 2SWLFDO PLFURJUDSKY®RD® DRUPDEL]HG IRU& PQG
F f& DQG WHPSHUHG IRU K DW f&



( (ISHULPHQWDO $OOR\ /&
2SWLFDO PLFURJUDSKV RI /& DV UHFfRLYBGG MR QR®PID| 6 G] DGV
WHPSHUDWXUHYV IROORZHG E\ D QWHGHPG HUJRWH ) f& XM YHVEQ

UHVSHFWLYHO\

D E
JLIXUH ) 2SWLFDO PLFURJUDSKYV RI /& DV UHFHLYHG
D E

JLIXUH ) 2SWLFDO PLFURJUDSKY. RRU& QRWPDOL]HG DW f
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JLIXUH ) 2SWLFDO PLFURJUDSKNVQRDWE QRUPDf®L]IHEG IRUY & P
F f& DQG G f& DQG WH&SHUHG IRU K DW
( ([SHULPHQWDO $OOR\ 1E

2SWLFDO PLFURJUDSKV RI 1E DV UHFHLFRAG @ORURROPIHGL DHVE
WHPSHUDWXUHY IROORZHG E\ DVHKQWH® SHU)DIWUH f& DYHXSWH )

) UHVSHFWLYHO\
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JLIXUH ) 2SWLFDO PLFURJUDSKY RI 1E DV UHFHLYHG

D E
JLIXUH ) 2SWLFDO PLFURJUDSKV RRU1E RRQQPDOL]HG DW f&



F G

JLIXUH ) 2SWLFDO PLFURJUDSKYV BRW1Pb QRUPROLBEHG IR& PLQ
F f& DQG G f& DQG WIHSHUHG IRU K DW
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7H[WXUH DQDO\VLV WHFKQLTXHWL QR#S:S$HE GDWD BR®GIHS D & & HLQOA
ILJXUHV FDQ EH FRQVWUXFWHG [URKJKXD QISKHELBODG &K 3B PRIQ LW
DOJRULWKP )LIXUH * VKRZV WK HDWQHVOA DWW FRQ  B/HKUHI RSN ILEQD \WADK HV X
KDUPRQLF RUGHU LQ XQLWYV RIRWAPHOH YD QGWRHP * DVEFRBEUHO®
ILJXUHV IRU DJHG 3 DQG WKHUPRPHEHBBQH FD OK RSAVR § R OWHIG JX U H

/& DQG DJHG 1E 9HU\ OLPLWHGWKH[WRBEOMMDW VHHQ LQ DOO RI

JLIXUH * (%6' UHVXOWYV IRU DHIDWQGFQ03$;6 WH[W XWIH REY VKN LV
VDPH VDPSOH LQ [ UDQGRP 7KHWBD [APKP PHIXVLOWHG ZLW
PD[LPXP PHDVXUHG ZLWK :$;6 FAROO/RU HPUDEDKE GRPFR S\



E

JLIXUH * S3ROH ILJXUHV IRU D bBDH® DRGRAEHWKIBUP RPBIERD Q[LH
:$;6 GDWD XVLQJIREBBU, PO 3') FRS\



E

JLIXUH * 3ROH ILIJXUHV IRU D \[HHGUW KD (3G6 EDWPB XQAMA *63$6
FRORU EPMDHH 3') FRS\



6RPHWKLQJ DERXW /& PLFURVWUXFW XOWHHWKDX ARIRBMDXIWKR D R QP
FDQ KDYH YHU\ ILQH IHDWXUHV HWV3XKBHDO ®\ VIRRXY DD K& JKR QG R/Q
SROH ILJXUH RI D VDPSOH RI /& $VUUDLQLERXRGD E\ VKRREDWLRQ D

ERXQGDU\ W\SHV VHSDUDWHG LQ f f DQGf DQIGHVFHFWLDWO\

E
JLIXUH * D 3ROH ILJXUH FROGRE # ROHHE3$)V FHRS\



JLIXUH * D VKRZV D FRORU FRGHGPILND LRQQMY HUXWHH PL\ERVKRE
FRQILGHQFH LQWHUYDOV DFKLHYHG RUWKKYVGDXWD KRN BDMRRBL

FRQILGHQFH DQ DGGLWLRQDO KD\P DLQL KD RYBHS U H\ZH QW LVQK HV F

E

JLIXUH * JRU /& DV +7 D DYHEHRJIJHEIUAR @ IFKANRUH HQWMW Y D O
FRORU EPMDHH 3') FRS\
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6XSSOHPHQWDU\ PDWHULDO ZDV |IRE WK WHGE W | WAHE W RH W [KSH
DOOR\ 7KH FRPSRVLWLRQV RI WKHGHWRGW® KW LIR@QDNOL Y O DFRP DRIHL W

EHORZ 7KHUPR&DOFS PRGHOV ZHURP ERQVWIURKGW B G H RS MAKHHY'\M HIXH

7TDEOH + + &KHPLFDO &RPSRVLWLRRWDRO $WKHRGWFRQGD U\

ZW & 0Q 6L 1L &U OR 1E 9 1 6 : 2

/&

1E

+L 0Q
/&

1E

S3RVVLEOH XWLOL]DWLRQV Rl WKE R UDGGCRW L\REIDAH PKORWMWH U RID® 1L
ZLWK WHQVLOH DQG FUHHS WHVWIO\ BIURKHVYVERZPIWHWRRPHB R
WH[WXUH WR WKDW DFKLHYHG ZLWKWIORGNERHST 03 FIRPSRRYVINQRSY |

IRU WKHVH DGGLWLRQDO DOOR\V LV SUHVHQWHG LQ )LIXUH +



D 3 78)( E +L 0Q

F /& G 1E

JLIXUH + 7KHUPR&DOFS UHVXOWV&E&RUDRG3 G HE+LLERD ORJ VF
SKDVH PDVV SHUFHQW YHUV XV WHHPI\M X D MK WH ORIY CoE D WK
WUHDWPHQWYV [URPFROR UGIEDADEHEBV)HF R S\



ODVV IUDFWLRQV RI SKDVHV SURYHOMWVXKQHNVNKIHURBP DOWR\ DW
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