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$ EVWUD FW� 7 KH G\Q DP LFV RI OLTXLG VWHHO r RZ LQ J LQ D WXQ GLVK LV Q XP HULFDOO\ VWXGLHG IRU

D VHW RI GHVLJQ DQ G RSHUDWLQ J SDUDP HWHUV� 7 KH HP SKD]LV KHUH LV RQ DVVHVVLQ J WKH Hp HFWV

WKDW WKH SUHVHQ FH RI D ODUJH FRQ FHQ WUDWLRQ RI VP DOO SDUWLFOHV P D\ KDYH RQ WKH WXUEXOHQ FH

SURSHUWLHV RI WKH r RZ � 7 KH Z RUN XVHV WKH P RGLq HG WZ R�HTXDWLRQ GLp HUHQ WLDO P RGHO GHYHO�

RSHG E\ 5 RJHUV DQ G ( DWRQ �3 K\V� ) OXLGV $ � �� �������� ����� WR GHVFULEH WKH WXUEXOHQ FH�

7 KH Z RUN DOVR DSSOLHV D / DJUDQ JHDQ P RGHO WR WKH SUREOHP RI q Q GLQ J WKH UHVLQ GHQ FH WLP H

GLVWULEXWLRQ RI SDUWLFOHV LQ D WXQ GLVK� 5 HVXOWV VKRZ Q WKDW GHSHQ GLQ J RQ WKH SDUWLFOH FRQ �

FHQ WUDWLRQ DQ G RQ WKH SDUWLFOH GLDP HWHU D ODUJH GHJUHH RI DWWHQ XDWLRQ FDQ EH IRXQ G IRU WKH

WXUEXOHQ W NLQ HWLF HQ HUJ\ OHYHOV�
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7 K H S DVW �� \HD UV K DY H Z LWK Q HVVHG D Q LP S UHVVLYH LQ FUHD VH LQ WK H VK D UH RI VWHHO P DG H

E \ FRQ WLQ X R VO\ FD VWLQ J� ,Q ID FW� LW LV HVWLP DWHG WK DW P R UH WK DQ �� � R I WK H Z R UOG VWHHO

S UR G X FWLRQ LV FX UUHQ WO\ G HS HQ G HQ G RQ WK LV WHFK Q R ORJ \� 7 K HUHIRUH� LW LV R Q O\ Q DWX UD O WR

H[ S HFW WK DW JUHD W FR Q FHUQ LV S ODFHG RQ X Q G HVWDQ G LQ J K RZ WK H r X LG r RZ LQ WK H WX Q G LVK D Q G

LQ WK H P ROG Z LOO Dp HFW WK H VODE FD VW T X DOLW\�

7 K H WX Q G LVK LV DQ LQ WHUP HG LD WH YHVVHO S ODFHG E HWZ HHQ WK H ODG G OH D Q G WK H P R OG Z K R VH

S X US R VH LV WR G LVWULE X WH OLT X LG P HWD O WR G Lp HUHQ W P RX OG V R I WK H FR Q WLQ X RX V FDVWLQ J P D FK LQ H�

' X ULQ J WK H WLP H LQ Z K LFK WK H OLT X LG P HWDO UHP D LQ V LQ WK H WX Q G LVK D J R R G R S S RUWX Q LW\ H[ LVWV

IR U WK H S HUIR UP D Q FH R I VRP H P HWDOOX UJLFD O WUHD WP HQ WV VX FK DV WK H UHP RYD O RI Q RQ �P HWDOOLF

LQ FOX VLRQ V� DOOR\ WULP P LQ J RI VWHOO DQ G FD OFLX P LQ G X FHG LQ FOX VLRQ P R G Lq FD WLR Q � 7 K X V� WK H

JHRP HWU\ R I WX Q G LVK HV K DV E HHQ OD UJ HO\ VWX G LHG LQ OLWHUDWX UH WR X Q G HUVWD Q G WK H UROH WK D W

r RZ FRQ WUR O G HY LFHV VX FK D V G DP V� Z HLUV� E D t HV Z LWK K ROHV DQ G S RX U S D G V P D\ K DYH RQ

WK H S UR G X FWLRQ R I FOHD Q VWHHO�

7 R DVVHVV WK H Hp HFWLY HQ HVV RI D JLY HQ WX Q G LVK G HVLJ Q � UHVHD UFK HUV K DYH X VHG E D VLFD OO\

WZ R D S S URD FK HV� P DWK HP DWLFDO P R G HOOLQ J E D VHG R Q WZ R �HT X DWLRQ G Lp HUHQ WLD O WX UE X OHQ FH

P R G HOV� D Q G Z D WHU P R G HOOLQ J LQ IX OO R U UHG X FHG VFD OH P R G HOV� 2 I FRX UVH� D OO D S S UR DFK HV



DUH VX E MHFWHG WR WK HLU RZ Q G Ls FX OWLHV� 7 K HVH Z LOO E H VK RUWO\ UHY LHZ HG LQ WK H Q H[ W VHFWLRQ �

+ RZ HY HU� R Q H G Ls FX OW\ WK DW K DV Q RW \HW E HHQ DG G UHVVHG LQ OLWHUDWX UH LV WK H Hp HFW

WK DW VP DOO S DUWLFOHV UHOHD VHG LQ WK H OLT X LG VWHHO RU Z DWHU r RZ P D\ K DY H R Q WK H q Q DO r RZ

FR Q q J X UD WLR Q � WK X V P LVOHD G LQ J D Q \ J HQ HUDO FRQ FOX VLR Q Z H P D\ Z D Q W WR P D NH DE R X W WK H

DFWX D O OLT X LG VWHHO r RZ � : H N Q RZ WK D W WK H UHP RYDO R I LQ FOX VLRQ V LV S ULP D ULO\ G HWHUP LQ HG

E \ D E D ODQ FH E HWZ HHQ WK H G UD J IRUFHV UHVX OWLQ J IURP WK H WX UE X OHQ W Y HOR FLW\ q HOG D Q G WK H

6 WRN HV IR UFHV UHVX OWLQ J IUR P E X R\D Q F\ D Q G WK D W� WK HUHIR UH� WK H FR UUHFW HYD OX DWLRQ R I WK H

YHOR FLW\ q HOG LV FUX FLD O IRU WK H FDOFX ODWLR Q RI S D UWLFOH WUD MHFWR ULHV�

7 K H VWDQ G D UG S UR FHG X UH LQ D OO Z R UN V LV WR FR P S OHWHO\ G HVFR Q VLG HU WK H Hp HFWV WK D W

VX VS HQ G HG S DUWLFOHV P D\ K DY H R Q WK H r RZ FRQ q JX UDWLRQ � 7 K H UHDVRQ V K HUH DUH VHYHUD O� ,Q

ID FW� LI WK H S DUWLFOHV D UH q Q H HQ RX J K VR WK D W WK HLU 5 H\ Q ROG V Q X P E HU LV R I RUG HU X Q LW\� WK HQ �

LW FD Q E H VK RZ Q WK D W WK H LQ r X HQ FH H[ HUWHG E \ WK HP RYHU WK H r RZ S DWWHUQ LV Q HJOLJLE OH� ,I�

RQ WK H R WK HU K D Q G � WK H\ DUH S UHVHQ W LQ ODUJ H HQ R X JK FRQ FHQ WUD WLR Q WR K DY H WK HLU S UHVHQ FH

IHOW E \ WK H r RZ � WK H\ P D\ S URYR NH D P R G Lq FDWLRQ LQ WX UE X OHQ FH S URS HUWLHV�

,Q WK H IR UP HU FDVH� WK H S URE OHP R I WX UE X OHQ W G LVS HUVLR Q RI S D UWLFOHV LV S UR S HUO\ D Q DOLVHG

E \ / D JUD Q J HDQ P HWK R G V� ,Q WK H OD WWHU FDVH� Z K HQ S DUWLFOH FR Q FHQ WUD WLR Q LV OD UJ H HQ RX JK �

WK H P R P HQ WX P OR VV R U J DLQ WR WK H WX UE X OHQ FH \ LHOG HG E \ WK H S D UWLFOHV FD Q Q R ORQ J HU E H

Q HJOHFWHG � 7 UDG LWLRQ D O VWD WLVWLFD O ( X OHULD Q D S S UR DFK HV P X VW WK HQ E H DOWHUHG WR LQ FRUS RUDWH

DQ DG G LWLR Q DO DWWHQ X D WLR Q RU D P S OLq FD WLR Q R I WX UE X OHQ FH�

7 K H RE MHFWLY H R I WK LV Z R UN LV WR DVVHVV WK H Hp HFWV WK D W WK H S UHVHQ FH RI D ODUJ H FRQ FHQ �

WUD WLR Q RI VP DOO S DUWLFOHV P D\ K DYH R Q WK H WX UE X OHQ FH S UR S HUWLHV R I D WX Q G LVK OLT X LG VWHHO

r RZ � 7 K LV Z LOO E H P DG H WK UR X JK WK H WK HR U\ G HYHOR S HG E \ 5 RJ HUV DQ G ( D WRQ ��� �� � D Q G

( DWRQ ��� �� �� 7 K HVH D X WK R UV P R G LI\ WK H P R P HQ WX P HT X DWLRQ DQ G WK H WX UE X OHQ W N LQ HWLF

HQ HUJ\ HT X D WLR Q WR DFFRX Q W IRU WK H S UHVHQ FH RI WK H S DUWLFOHV� 7 K H YHOR FLW\ q HOG LV WK HQ

UHVR OYHG LQ D IR UP X ODWLRQ K DY LQ J DV E DVLV D � �t WX UE X OHQ FH P R G HO� 7 K H S UHVHQ W Z RUN D OVR

DS S OLHV D / DJ UD Q JHD Q P R G HO WR WK H S URE OHP q Q G LQ J WK H UHVLQ G HQ FH WLP H G LVWULE X WLR Q RI

S DUWLFOHV LQ D WX Q G LVK �
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: H VWD UW WK LV VHFWLR Q Z LWK D E ULHI OLWHUDWX UH VX UY H\ R Q DUWLFOHV UHOD WHG H[ FOX VLY HO\ WR WK H

P DWK HP DWLFDO DQ G S K \ VLFDO P R G HOOLQ J R I WK H r RZ LQ D WX Q G LVK � 7 K HQ � LQ WK H IR OORZ LQ J Z H

Z LOO G LVFX VV WK H S UR E OHP R I S D UWLFOHV�WX UE X OHQ FH LQ WHUD FWLR Q � ' X H WR VS D FH OLP LWD WLR Q R Q O\

D VK RUW UHY LHZ R I WK H S DS HUV LV S UHVHQ WHG K HUH�

� �� � 0 D WK H P D WLF D O D Q G 3 K \ VLF D O 0 R G H OOLQ J R I WK H ) OR Z LQ D 7 X Q G LVK

7 K H HD UOLHVW S D S HUV UHVR UWHG WR Y HU\ VLP S OH P R G HOOLQ J D S S UR DFK HV� 7 K H S D S HU R I ' HE UR\

DQ G 6 \ FK WHU]��� �� � X VHG D Q DOJ HE UD LF WX UE X OHQ FH P R G HO R I WK H P L[ LQ J OHQ J WK W\ S H Z LWK R X W

D G D P S LQ J IX Q FWLRQ � 2 I WK H YDULR X V WX Q G LVK FRQ q JX UDWLRQ V VWX G LHG � WK H D X WK R UV FR Q FOX G HG

WK DW WK H G DP DQ G Z HLU FR P E LQ DWLRQ S URY LG HG WK H E HVW FRP S X WHG FOHD Q OLQ HVV ID FWRU�

7 K H Hp HFWV WK DW r RZ FR Q WURO G HY LFHV VX FK D V G D P V� Z HLUV� VOR WWHG G DP V DQ G VX E �

P HUJHG J DV LQ MHFWLR Q K DYH R Q WK H r RZ S UR S HUWLHV Z HUH VX E VHT X HQ WO\ VWX G LHG E \ 6 DK D L D Q G

$ K X MD�� �� � � LQ D Z D WHU P R G HO� 7 K H Z RUN VK RZ HG WK DW J DV LQ MHFWLRQ DW D VX s FLHQ W UD WH�

Z K HQ FRX S OHG Z LWK FRQ WUR O G HY LFHV� P D\ UHG X FH WK H G HDG Y ROX P HV E \ D FWLYD WLQ J VWDJ Q D Q W

]R Q HV� WK LV OHD G V WR D K RP RJ HQ L]DWLRQ LQ WK H YHUWLFDO FUR VV VHFWLRQ DFURVV WK H WX Q G LVK �

5 RE HUWVR Q D Q G 3 HUN LQ V��� �� � X VHG D P D WK HP D WLFDO P R G HO IRU WK H K HD W OR VV P HFK D �

Q LVP V DQ G WK H WHP S HUDWX UH VWUD WLq FD WLR Q WR G HY HORS WX Q G LVK G HVLJ Q V Z K LFK JDYH RS WLP X P

WHP S HUD WX UH G LVWULE X WLR Q RY HU WK H R X WOHW VWUHD P V R I P X OWLVWUDQ G WX Q G LVK HV�



+ H D Q G 6 D K DL��� �� � X VHG WK H � �t P R G HO WR VR OYH WK H WK UHH�G LP HQ VLRQ D O DY HUD JHG

1 DY LHU�6 WRN HV IR U D WX Q G LVK Z LWK Q R G DP V R U Z HLUV E X W Z LWK LQ FOLQ HG Z D OOV� 3 UHG LFWLR Q RI

UHVLG HQ FH WLP H G LVWULE X WLR Q DUH J LYHQ Z K LFK D UH FR P S D UHG Z LWK P HD VX UHP HQ WV RE WDLQ HG LQ

Z DWHU P R G HOV�

7 K H VDP H � �t P R G HO Z D V X VHG E \ ,OHJE X VL DQ G 6 ]HN HO\ �� �� �� WR G HVFULE H WK H WK UHH

G LP HQ VLRQ D O Y HOR FLW\ q HOG � WUD FHU G LVS HUVLR Q � DQ G r R WDWLRQ RI LQ FOX VLRQ S DUWLFOHV� E RWK LQ

WK H S UHVHQ FH D Q G LQ WK H D E VHQ FH R I D Q H[ WHUQ D OO\ D S S OLHG P DJ Q HWLF q HOG �

7 K H Hp HFW RI YD ULDWLRQ RI JULG VS DFLQ J RQ WK H r RZ S UHG LFWLR Q V Z D V VWX G LHG E \ & K DN UD E RUW\

DQ G 6 DK DL�� �� � �� 7 K H P DLQ FRQ FOX VLR Q Z DV WK DW WK H S UR S HU G LVWD Q FH R I WK H q UVW FRP S X WD �

WLRQ DO S RLQ W IUR P WK H E RWWRP Z D OO LV R I S ULP D U\ LP S R UWD Q FH LQ S UHG LFWLQ J WK H 5 7 ' FX UY HV

DFFX UD WHO\�

6 LQ J K D Q G . RULD�� �� �� VWX G LHG WK H r RZ G \ Q D P LFV LQ WX Q G LVK HV WK UR X JK D Z DWHU P R G HO

IR U D Z LG H UD Q JH RI G HVLJQ DQ G R S HUDWLQ J S D UD P HWHUV� ,W Z D V IR X Q G WK D W WK H WX Q G LVK Z LG WK

FR Q WUROV WK H r RZ S DWWHUQ � Z LG HU WX Q G LVK HV S UR G X FHG VK RUW FLUFX LWHG r RZ LQ D G G LWLRQ WR

S OX J D Q G P L[ HG r RZ Z K HUHDV LQ Q D UURZ HU WX Q G LVK HV Q R VK R UW FLUFX LWLQ J LV R E VHUYHG �

- R R DQ G * X WK ULH�� �� �D � � �� �E � � �� �F� LQ D VHULHV R I WK UHH S DS HUV S UR FHHG HG WR D

FR P S UHK HQ VLY H VWX G \ R I WK H r RZ LQ D WX Q G LVK � ,Q S DUW RQ H� D VHQ VR U HT X LS P HQ W Z DV X VHG

WR WK H FR Q WLQ X R X V G HWHFWLR Q R I S D UWLFOHV VX VS HQ G HG LQ D Q WX Q G LVK Z D WHU r RZ � ,Q S D UW

WZ R � FR P S X WD WLR Q V Z HUH S UHVHQ WHG WR VK RZ WK H LP S R UWD Q FH R I WK HUP DO Q D WX UD O FR Q YHFWLRQ

FX UUHQ WV LQ P L[ LQ J WK H X S S HU DQ G ORZ HU OD\HUV RI VWHHO� ,Q S DUW WK UHH� WK H DWWULE X WHV

RI YDULRX V WX Q G LVK G HVLJ Q V D Q G r RZ P R G Lq HUV Z HUH VWX G LHG � 7 K H UHVX OWV VK RZ HG WK DW D

FR Q Y HQ WLR Q D O E Lr RZ � WZ LQ �VWUDQ G � WUR X J K �W\ S H WX Q G LVK q WWHG Z LWK r RZ P R G Lq HUV D OORZ V IR U

WK H JUHD WHVW UHP RYD O RI LQ FOX VLRQ V�

7 D Q DND HW D O��� �� �� VWX G LHG WK H FRQ WD P LQ DWLRQ FDX VHV RI P R OWHQ VWHHO LQ WK H WX Q G LVK

E \ D FR Q WLQ X RV P HWD O VDP S OLQ J G X ULQ J R S HUDWLRQ � 7 K H P DLQ UHVX OWV Z HUH� DLU R[ LG D WLR Q RI

P ROWHQ VWHHO LV WK H E LJ J HVW IDFWRU R I FR Q WD P LQ D WLR Q � WK H LQ r X HQ FH R I D LU R[ LG D WLR Q G HFUHDVHV

DQ G WK H S ROOX WLR Q R I VOD JV LQ FUHDVHV G X ULQ J FR Q WLQ X RX V RS HUD WLR Q �

6 K HQ HW DO���� �� � S HUIRUP HG YHOR FLW\ D Q G WX UE X OHQ FH P HDVX UHP HQ WV LQ D WX Q G LVK

WK UR X JK WK H OD VHU ' R S S OHU YHOR FLP HWU\ WHFK Q LT X H� / D VHU VK HHW D Q G S RZ G HU Y LVX D OL]DWLRQ

Z HUH DOVR X VHG WR S URY LG H T X DOLWDWLY H X Q G HUVWD Q G LQ J RI WK H FR P S OH[ WUHH�G LP HQ VLR Q DO r RZ �

,OHJ E X VK L�� �� �� G HY HORS HG D WZ R�r X LG P R G HO RI WX UE X OHQ FH WR WK H r RZ LQ D WX Q G LVK �

7 UD Q VS RUW HT X DWLRQ V Z HUH VR OYHG IRU WK H YD ULDE OHV RI HDFK r X LG � DQ G HP S LULFDO UHOD WLRQ V

Z HUH X VHG WR H[ S UHVV WK H LQ WHUFK D Q JH RI P D VV DQ G P R P HQ WX P D W WK H LQ WHUIDFH�

7 K H FR P S R VLWLRQ G LVWULE X WLR Q WK D W G HY HORS V LQ D FR Q WLQ X RX VO\ FD VW VWHHO G X ULQ J D JUDG H

FK DQ J H FK DQ J H Z DV VWX G LHG E \ + X D Q J D Q G 7 K RP D V��� �� �� 7 K H G HY HORS HG P R G HO Z D V IX OO\

WUD Q VLHQ W D Q G FRQ VLVWHG R I WK UHH VX E P R G HOV IRU WK H WX Q G LVK � WK H OLT X LG FR UH R I WK H VWUD Q G

DQ G WK H VR OLG Lq FD WLRQ UHJLR Q � 7 K H P L[ LQ J LQ WK H WX Q G LVK Z D V P R G HOOHG E \ WZ R S OX J r RZ

]R Q HV� WZ R E D FN �P L[ LQ J E R[ HV D Q G WZ R G HD G YR OX P HV�

% DUUHWR �6 D Q G RYDO HW DO���� �� � VWX G LHG WK H K HD W WUD Q VIHU LQ WX Q G LVK HV K HD WHG E \ S OD VP D�

7 K H WK HUP D O UHVS RQ VH RI WK H FR ROLQ J�K HDWLQ J F\ FOHV Z D V P R G HOOHG E \ D G R X E OH G LVS HUVLRQ

FR Hs FLHQ W�

& K HQ DQ G 3 HK ON H��� �� � S HUIR UP HG D P D WK HP D WLFD O P R G HOOLQ J R I WX Q G LVK R S HUDWLRQ

DQ G r RZ FR Q WURO WR UHG X FH WUD Q VLWLRQ VOD E V� 7 K H J HQ HUDO G LP HQ VLRQ D O FULWHULD IR U Z D WHU

P R G HOOLQ J RI P HOW r RZ D Q G LQ FOX VLRQ UHP RYD O LQ WX Q G LVK HV Z HUH LQ Y HVWLJ D WHG E \ 6 D K D L D Q G

( P L�� �� ��� 7 K H FRQ FOX VLR Q Z DV WK DW E R WK ) URX G H D Q G 5 H\ Q R OG V Q X P E HU VLP LODULW\ DUH

X Q LP S R UWD Q W� RQ O\ WX UE X OHQ W 5 H\ Q R OG V Q X P E HU VLP LODULW\ LV LP S R UWD Q W� ) RU Q R Q LVR WK HU�

P DO r RZ V� ' DP OH DQ G 6 DK DL�� �� �� VK RZ HG WK D W WK H WX Q G LVK 5 LFK D UG VRQ Q X P E HU LV WK H

G LP HQ VLRQ OHVV J UR X S WK DW K DV WR E H VD WLVq HG �



� �� � 3 D UWLF OH V�WX UE X OH Q F H LQ WH UD F WLR Q

7 K H LQ WHUD FWLRQ E HWZ HHQ VROLG S D UWLFOHV DQ G WK H WX UE X OHQ FH R I WK H FD UULHU r X LG Z D V FRQ �

VLG HUHG E \ VHYHUDO DX WK RUV� + HWVURQ L��� �� � LQ D Q Y HU\ LP S R UWD Q W S D S HU FR Q FOX G HG WK D W� LQ

JHQ HUD O� WK H S D UWLFOHV Z LWK D ORZ 5 H\ Q ROG V Q X P E HU WHQ G WR VX S S UHVV WK H WX UE X OHQ FH R I WK H

FD UULHU r X LG � 3 DUWLFOHV Z LWK 5 H\ Q ROG V Q X P E HU ODUJHU WK D Q DE R X W � �� � RQ WK H R WK HU K D Q G �

WHQ G R WR HQ K DQ FH WX UE X OHQ FH�

5 RJ HUV DQ G ( D WRQ ��� �� � VWX G LHG WK H UHVS RQ VH R I D WX UE X OHQ W E RX Q G DU\ OD\HU LQ D LU

WR WK H S UHVHQ FH RI S DUWLFOHV� 7 K H P HD VX UHP HQ WV Z HUH P DG H X VLQ J D VLQ JOH FR P S R Q HQ W�

IR UZ D UG VFD WWHU ODVHU ' RS S OHU D Q HP RP HWHU� 7 K H G DWD FOHD UO\ G HP RQ VWUDWHG WK D W WK H S DU�

WLFOHV G D P S HG WX UE X OHQ FH� D S S D UHQ WO\ Dp HFWLQ J DOO VFDOHV HT X DOO\� 2 Q H RI WK HVH DX WK RUV�

( DWRQ ��� �� � VK RZ HG LQ D VX E VHT X HQ W Z R UN WK UR X JK H[ S HULP HQ WV DQ G G LUHFW VLP X OD WLR Q WK H

LP S RUWDQ FH R I S UHIHUHQ FLD O FR Q FHQ WUD WLR Q LQ Z K LFK S D UWLFOHV DUH FROOHFWHG LQ K LJ K O\ VWUD LQ HG

UHJLR Q V R I WK H r RZ �

2 WK HU LP S R UWD Q W UHIHUHQ FHV RQ WK H VX E MHFW Z HUH Q RWHG E \ WK H S UHVHQ W DX WURUV� K RZ HY HU�

WK H S UHVHQ W OLP LWD WLR Q LV VS DFH K DV S UHY HQ WHG X V IUR P T X R WLQ J WK HP K HUH�

� � 7 K H R U\

7 K H P RWLR Q HT X D WLR Q V R I FR Q WLQ X LW\ DQ G P R P HQ WX P E D ODQ FH IRU D 1 HZ WRQ LD Q r X LG FDQ E H
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