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$ EVWUD FW� 7 KH YHORFLW\ DQ G WHP SHUDWXUH q HOGV DURXQ G VP RRWK DQ G VWHHS WZ R�GLP HVLRQ DO

KLOOV Z HUH H[SHULP HQ WDOO\ VWXGLHG LQ D VLP XODWHG Q HXWUDO DWP RVSKHULF ERXQ GDU\ OD\HU LQ D

Z LQ G WXQ Q HO� 7 Z R GLp HUHQ W r RZ SDWWHUQ V Z HUH VWXGLHG� DWWDFKHG DQ G VHSDUDWHG r RZ V� 0 HDQ

YHORFLW\� P HDQ WHP SHUDWXUH DQ G WXUEXOHQ FH TXDQ WLWLHV Z HUH P HDVXUHG DW YDULRXV SRVLWLRQ V�

7 KH VSHHG XS RI r RZ RQ WRS RI WKH KLOO Z DV FRP SDUHG Z LWK WKH WKHRUHWLFDO SUHGLFWLRQ V RI

RWKHU DXWKRUV� 7 KH Hp HFWV WKDW WKH YHORFLW\ q HOG KDV RQ WKH WHP SHUDWXUH VFDODU q HOGV LV

SDUWLFXODUO\ LQ YHVWLJDWHG�

. H\ Z R UG V� WXUEXOHQ FH� KLOO� WHP SHUDWXUH VXUIDFH r X[� VWDEOH ERXQ GDU\ OD\HU
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,Q P LFUR P HWHR UROR J\� WK H P D WK HP D WLFD O G HVFULS WLRQ R I WK H r RZ q HOG RYHU D Q DUE LWUD U\

WHUUD LQ LV DOZ D\ V D G Ls FX OW H[ HUFLVH� ,Q IDFW� WK H Q RQ X Q LIRUP LW\ UHVX OWLQ J IUR P FK DQ J HV LQ

WK H ODQ G VX UID FH D Q G K LOOV S R VHV P DQ \ S URE OHP V R I G Ls FX OW P R G HOOLQ J DQ G VROX WLRQ �

,Q WK H S DVW� RZ LQ J WR LWV VLP S OLFLW\� P R VW RI WK H V\ VWHP D WLF LQ YHVWLJD WLR Q R Q WK H VX UIDFH

OD\ HU DQ G R Q LWV RYHUO\ LQ J E RX Q G DU\ OD\ HU K DY H E HHQ FRQ q Q HG WR WK H VLP S OHVW WRS RJ UD S K \�

WK H E R X Q G DU\ OD\ HU RYHU D r DW� R S HQ OD Q G � 6 WX G LHV LQ YR OY LQ J P R UH FR P S OH[ VLWX DWLRQ V VX FK

DV r RZ V RYHU r D W E X W K HWHUR JHQ HRX V VX UID FHV DQ G K LOOV D UH VWLOO R Q O\ D IHZ � 7 K H UHDVR Q IR U

WK H VFD UFLW\ LQ G DWD LV FOHD U� WK H G Ls FX OWLHV LQ UHDOL]LQ J q HOG P HDVX UHP HQ WV P D\ WRX FK RQ

ORJ LVWLFDO UHT X LUHP HQ WV RI DQ X Q VX US D VVD E OH Q D WX UH� $ W\ S LFD O H[ DP S OH LV WK H OD UJ H VFDOH

UHFLUFX OD WLQ J r RZ UHJLR Q WK DW IR UP V E HK LQ G VWHHS K LOOV� 7 K LV UHJ LR Q LV Q RUP DOO\ R I WK H

RUG HU R I WK H K LOO K HLJK W�

,Q S UD FWLFH� WK LV K DV P HDQ W WK D W P RVW R I WK H X Q G HUVWDQ G LQ J Z H K DYH RQ r RZ RYHU

FR P S OH[ WHUUD LQ FRP HV IUR P P D WK HP D WLFDO P R G HOOLQ J DQ G Z LQ G WX Q Q HO VLP X ODWLR Q V� 0 R G �

HOOLQ J K LOOV LQ WK H Z LQ G WX Q Q HO DOZ D\ V S UHVHQ WV WK H G Ls FX OW S URE OHP R I R E WD LQ LQ J D UHDOLVWLF



UHG X FWLR Q LQ VFDOH� 7 K H D OWHUQ DWLYH LV WR Z RUN Z LWK DQ D HUR G \ Q DP LFDOO\ VP R RWK P R G HO R U

WR LQ FUHD VH G LVS UR S RUWLRQ DWHO\ WK H VX UID FH URX J K Q HVV�

7 K H S X US R VH RI WK LV Z R UN LV WR FDUU\ R X W DQ H[ S HULP HQ WDO VWX G \ R I WK H Hp HFWV WK D W D K LOO

K DV R Q WK H S URS HUWLHV RI WK H E RX Q G DU\ OD\HU X Q G HU Q HD U Q HX WUD O FR Q G LWLRQ V� 3 D UWLFX ODUO\� Z H

DUH LQ WHUHVWHG LQ X Q G HUVWD Q G LQ J WK H Hp HFWV WK DW ORZ K LOOV Z LWK P R G HUD WH VOR S H H[ HUW X S RQ

WK H WHP S HUD WX UH q HOG � % HFD X VH R I WK H J UHD W G Ls FX OWLHV LQ P HDVX ULQ J WK H S UR S HUWLHV R I UHDO

Q DWX UDO r RZ V� WK H S UHVHQ W Z R UN UHVR UWV WR D Z LQ G WX Q Q HO VLP X ODWLRQ RI WK H S K HQ RP HQ RQ �

$ Q D G HT X D WH UHS UHVHQ WD WLR Q RI WK H DWP RVS K HULF VX UID FH OD\HU Z D V R E WD LQ HG Z LWK WK H K HOS

RI YR UWLFH JHQ HUD WR UV� WK HVH S URY LG HG D YHU\ WK LFN E R X Q G D U\ OD\HU Z K LFK Z D V YDOLG D WHG

WK UR X JK OR FDO DQ G LQ WHJUDO S D UDP HWHUV� LQ FOX G LQ J WK H E R X Q G DU\ OD\HU VS HFWUX P �

7 Z R G Lp HUHQ W K LOOV Z LWK G Lp HUHQ W r RZ FK D UD FWHULVWLFV Z HUH VWX G LHG � 7 K H\ Z HUH E R WK

E DVHG RQ D J HR P HWULFDO IRUP WK DW K D V E HHQ VWX G LHG E \ RWK HU DX WK RUV� 7 K H q UVW K LOO D LP HG

DW DFK LHY LQ J IX OO\ DWWDFK HG WX UE X OHQ W r RZ Z K HUHD V WK H VHFRQ G K LOO DLP HG DW S URY RN LQ J D

ODUJ H G RZ Q VWUHDP VHS DUDWLRQ E X E E OH� ,Q WK LV S D UW R I WK H S D S HU� RQ O\ WK H UHVX OWV RE WD LQ HG

Z LWK WK H q UVW K LOO Z LOO E H S UHVHQ WHG � 7 K H UHVX OWV R E WD LQ HG Z LWK WK H VHFR Q G K LOO D UH S UHVHQ WHG

LQ S DUW WZ R�

,Q WK H Z LQ G WX Q Q HO� DQ D HUR G \ Q DP LFD OO\ VP R R WK P R G HO R I D K LOO Z D V X VHG � 7 K H K LOO

Z DV WZ R�G LP HQ VLRQ D O� Z LWK D : LWFK R I $ J Q HVL S URq OH� LWV VX UIDFH FRX OG E H K HD WHG D W Z LOO

VR DV WR VLP X OD WH J UR X Q G K HD WLQ J FRQ G LWLRQ V� 7 K H Z RUN S UHVHQ WV OR FDO P HD VX UHP HQ WV

RI P HD Q Y HOR FLW\ D Q G WHP S HUDWX UH� $ WZ R�FK D Q Q HO K R W�Z LUH V\ VWHP Z DV X VHG VR WK D W

WZ R FR P S RQ HQ WV R I WK H r RZ P HDQ YHOR FLW\ DQ G R I LWV r X FWX D WLR Q V Z HUH RE WDLQ HG � 7 K H

WHP S HUD WX UH G D WD Z D V R E WD LQ HG Z LWK WK H K HOS RI P LFUR �WHUP R FRX S OHV� $ r RZ Y LVX D OL]DWLRQ

VWX G \ Z DV DOVR P D G H�
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0 D Q \ WK HRUHWLFD O DQ G H[ S HULP HQ WDO VWX G LHV K DYH E HHQ FDUULHG RX W WR D Q D O\ VH WK H Hp HFWV

WK DW WZ R D Q G WK UHH�G LP HQ VLR Q DO K LOOV FDX VH RQ WK H P HD Q YHOR FLW\ D Q G WX UE X OHQ FH q HOG V

RI WK H DWP RVS K HULF E R X Q G D U\ OD\HU� ,Q WK H IR OORZ LQ J Z H Z LOO S UHVHQ W VR P H UHS UHVHQ WDWLYH

Z RUN RI Z K DW K D V E HHQ G RQ H�

: LWK RX W D Q \ G RX E W� WK H Z RUN V WK D W K DY H K DG D P RVW S UR IRX Q G LQ r X HQ FH R Q WK H Z D\

Z H WK LQ N D E RX W WK H S UR E OHP D UH WK H Z R UN V RI + X Q W D Q G K LV FR�Z RUNHUV� 7 K HVH Z RUN V K DYH

UHVR UWHG WR DV\ P S WRWLF P HWK R G V WR G HVFULE H WK H r RZ RY HU ORZ K LOOV� Z K HUH WK H HT X DWLRQ V RI

P RWLRQ FD Q E H OLQ HDUL]HG � + X Q W K DV VX JJ HVWHG WK H H[ LVWHQ FH R I D r RZ VWUX FWX UH HT X LYD OHQ W

WR WK H FODVVLFDO WZ R�OD\HUHG P R G HO G HY HORS HG IR U WK H DHUR G \ Q D P LF E RX Q G DU\ OD\HU� ,Q

WK H LQ Q HU OD\HU� WK H r RZ LV H[ S HFWHG WR E H LQ HT X LOLE ULX P Z LWK WK H FX UUHQ W E R X Q G D U\

FR Q G LWLRQ V VR WK DW LWV VWUX FWX UH FDQ E H S UHG LFWHG RQ WK H E DVLV R I WK H Z D OO ODZ V� ,Q WK H R X WHU

OD\ HU� WX UE X OHQ FH LV H[ S HFWHG WR E H P R G Lq HG D FFRUG LQ J WR WK H UD S LG G LVWR UWLR Q WK HRU\ RI

7 RZ Q VHQ G �� �� ��� 7 K LV Z LOO E H E HWWHU G HWDLOHG E HORZ �

,Q D VHP LQ D O Z RUN � - D FN VRQ D Q G + X Q W��� �� � VK RZ HG WK DW� IR U D ORZ K LOO� WK H HG G \

Y LVFR VLW\ G LVWULE X WLRQ IR U HT X LOLE ULX P r RZ Q HD U D Z D OO FD Q VWLOO E H X VHG WR G HWHUP LQ H WK H

FK DQ J HV LQ 5 H\ Q ROG V VWUHVV� 7 K H WK HR U\ D OVR VK RZ HG WK DW IR U D ORJ �S URq OH X S Z LQ G WK H

LQ FUHDVH LQ Z LQ G VS HHG Q HDU WK H VX UIDFH RI WK H K LOO LV 2 ��+  / �X
R
�/ �� Z K HUH + LV WK H K HLJ K W

RI WK H K LOO D Q G X
R
�/ � LV WK H Y HOR FLW\ R I LQ FLG HQ FH Z LQ G D W D K HLJ K W / � 7 K H FRQ FOX VLR Q Z D V

WK DW WK H LQ FUHD VH LQ VX UID FH Z LQ G V FR X OG E H JUHDWHU WK D Q WK D W IX UQ LVK HG E \ S RWHQ WLDO r RZ

WK HRU\� $ Q R WK HU FRQ FOX VLR Q Z D V WK D W DW WK H S RLQ W D E RY H WK H WR S RI WK H K LOO Z K HUH YHOR FLW\

UHDFK HV LWV P D [ LP X P YD OX H� WK H YHOR FLW\ LV HT X D O WR WK H Y HOR FLW\ D W WK H VD P H G LVWD Q FH IURP

WK H JUR X Q G X S Z LQ G R I WK H K LOO�



0 D VR Q D Q G 6 \ N HV LQ �� �� H[ WHQ G HG WK H WK HRU\ RI - DFN VR Q D Q G + X Q W��� �� � WR WK UHH�

G LP HQ VLRQ D O WR S RJ UDS K \� 7 K H UHVX OWV Z HUH FRP S DUHG Z LWK Z LQ G P HD VX UHP HQ WV WD NHQ R Q D

Q HDUO\ FLUFX ODU LVR ODWHG K LOO� WK H % UHQ W . Q R OO K LOO OR FD WHG LQ WK H 8 �. �

& DUUX WK HUV DQ G & K R X OD UWR Q �� �� �� G HY HORS HG D WK UHH�OD\ HUHG P R G HO WR G HVFULE H WK H

LQ Y LVFLG r RZ RI D Q LQ Y HUVLRQ FD S S HG E RX Q G DU\ OD\HU RY HU K LOOV RI P R G HUD WH VL]H D Q G VORS H�

7 K H S UHVVX UH q HOG NHS W LQ WK H ORZ HVW Q HX WUDO OD\HU Z DV HP S OR\ HG WR UHFD OFX OD WH WK H LQ Q HU

P HDQ YHOR FLW\ q HOG S URS R VHG E \ - DFN VR Q DQ G + X Q W��� �� ��

7 K H VWUX FWX UH RI VWURQ J O\ VWUDWLq HG r RZ RY HU WK UHH�G LP HQ VLRQ DO K LOOV Z D V G LVFX VVHG E \

6 Q \ G HU HW D O��� �� �� E R WK IURP D WK HRUHWLFDO DQ G H[ S HULP HQ WDO S RLQ W RI Y LHZ � 7 K H S DS HU

G LVFX VVHV H[ WHQ VLY HO\ WK H G LY LG LQ J VWUHDP OLQ H FRQ FHS W� WDN LQ J D V D E DVLV IR U WK H D Q DO\ VLV

6 K HS S DUG 
V HQ HUJ \ DUJ X P HQ WV IRU DQ HVWLP DWLRQ RI WK H K HLJ K W R I WK LV G LY LG LQ J VWUHD P OLQ H�

7 K H DX WK RUV D Q DO\ VH D Q H[ WHQ VLY H UD Q JH R I ODE R UD WRU\ R E VHUYD WLR Q V D Q G P HD VX UHP HQ WV

RI VWUD WLq HG r RZ V RY HU D UDQ JH R I K LOOV Z LWK G Lp HUHQ W JHR P HWULHV VX E MHFWHG WR G Lp HUHQ W

RQ FR P LP J r RZ V�

& RQ FHUQ HG Z LWK WK H Hp HFWV WK DW K LOOV S URYR NH R Q WX UE X OHQ FH� = HP D Q D Q G - HQ VHQ ��� �� �

G HYHOR S HG D Q HZ P R G HO Z K HUH WK H Y R Q 0 LVHV WUD Q VIR UP D WLR Q Z D V D S S OLHG WR WK H P HDQ

P RP HQ WX P HT X D WLR Q V D Q G WK H VHFR Q G �RUG HU FORVX UH W\ S H WX UE X OHQ FH HT X D WLR Q V Z HUH VR OYHG �

$ OO S UHG LFWLRQ V Z HUH FRP S DUHG Z LWK UHVX OWV IUR P WK H $ VNHUY LHQ + LOO S UR MHFW�

,Q VS LWH R I D OO WK H H[ WHQ VLY H Z RUN S UHY LR X VO\ G R Q H RQ WK H VX E MHFW� LQ WK H HLJ K WLHV VRP H

E DVLF T X HVWLR Q V VWLOO Q HHG HG WR E H D Q VZ HUHG � 7 K H IROORZ LQ J WK UHH Z HUH WK H FRQ FHUQ RI WZ R

S DS HUV S X E OLVK HG E \ + X Q W HW D O���� � �D � � �� �E ��

� � + RZ G R HV WK H OR FD WLR Q D Q G LQ WHQ VLW\ RI WK H P D [ LP X P Z LQ G VS HHG YD U\ Z LWK X S Z LQ G

VWD E OH R U X Q VWD E OH VWUDWLq FD WLR Q "

� � ' R HV WK H VK D S H RI WK H K LOO K DY H D VLP LODU Hp HFW R Q WK H Z LQ G VS HHG LQ VWUDWLq HG D Q G

Q HX WUDO FR Q G LWLR Q V"

� � : K HUH G R VWUHDP OLQ HV FRP H FORVHVW WR WK H K LOO VX UIDFH� D Q G Z K HUH LV WK H JUHDWHVW

OD WHUD O G Hr HFWLRQ R I WK H r RZ "

,Q WK H S DS HU RI �� �� D� + X Q W HW D O� VK RZ HG WK HRUHWLFDOO\ WK DW ?D Z HD N WHP S HUD WX UH

JUD G LHQ W FD Q LQ FUHDVH WK H X S Z LQ G Y HOR FLW\ JUDG LHQ W VX s FLHQ WO\ WR P DJ Q LI\ VLJQ Lq FDQ WO\ WK H

P HDQ Y HOR FLW\ RY HU WK H K LOO� Z K LOH E HLQ J WR R Z HDN WR D p HFW WK H G \ Q DP LFV RI WK H r RZ � � 7 K LV

S DS HU FRQ VLG HUHG WK H Hp HFWV R I E X R\ D Q F\ IR UFHV Z K HQ WK H X S Z LQ G r RZ LV VWD E O\ VWUD WLq HG �

,Q D VHT X HQ FH WR WK LV Z R UN � + X Q W HW DO���� �� E � D FFR X Q WHG IR U WK H r RZ Q HD U D VX UIDFH�

7 K H Q X P E HU RI Z R UN V WK D W G HD O Z LWK VFDOD U q HOG V RYHU K LOOV FD Q VWLOO E H FRQ VLG HUHG Y HU\

VP D OO� 0 R UH UHFHQ WO\� 5 D X S D FK HW D O� �� �� �� G HYHOR S HG D P R G HO IR U WK H G HVFULS WLR Q R I WK H

Hp HFWV WK DW ORZ K LOOV K DYH R Q VFD ODU q HOG V� LQ VS HFLDO� WK H WHP S HUDWX UH DQ G K X P LG LW\ q HOG V�

LQ E R X Q G DU\ OD\ HUV X Q G HU Q HDU Q HX WUDO FR Q G LWLRQ V� 7 K H DQ D O\ VLV Z D V FRQ q Q HG WR WK H LQ Q HU

r RZ UHJLR Q V DQ G WK H IR OORZ LQ J S UR FHVVHV Z HUH FR Q VLG HUHG � FRQ YHUJ HQ FH D Q G G LY HUJHQ FH

RI WK H P HD Q r RZ � FK DQ JHV LQ WK H HG G \ G Lp X VLY LW\ FD X VHG E \ FK D Q JHV LQ WX UE X OHQ FH D Q G

FK DQ J HV LQ VFDOD U r X [ HV D W WK H VX UIDFH�
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7 Z R LP S R UWD Q W LVVX HV WR E H RE VHUY HG LQ R X U VWX G \ D UH WK H VS HHG X S D Q G VHS D UD WLR Q S K H�

Q RP HQ D � % HFDX VH RX U G D WD Z LOO E H FRP S DUHG Z LWK WK H WK HRU\ R I + X Q W HW DO���� �� D�� D

VK R UW UHY LHZ R I LW LV S UHVHQ WHG E HORZ �



7 K H VS HHG X S RQ K LOOWRS V LV R I ODUJ H LQ WHUHVW IRU WK H VLWLQ J RI Z LQ G WX UE LQ HV� 7 K H

IUDFWLR Q D O VS HHG X S � d V� LV G Hq Q HG DV
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Z K HUH ] R G HQ R WHV WK H VX UIDFH URX JK Q HVV OHQ J WK � 7 K LV G Hq Q LWLRQ UHVX OWV LQ D VX E G LY LVLRQ RI
WK H RX WHU OD\ HU E \ VS HFLI\ LQ J D P LG G OH OD\ HU Z K HUH WK H r RZ LV VWLOO LQ Y LVFLG E X W UR WD WLRQ DO�
/ + LV WK H G LVWDQ FH IUR P WK H FUHVW WR WK H K DOI�Z D\ S RLQ W�

7 K H LQ Q HU OD\ HU LV WK H r RZ UHJLR Q Z K HUH WX UE X OHQ W VWUHVVHV D p HFW WK H FK DQ J HV LQ WK H
P HDQ Y HOR FLW\� 7 K HQ � FRQ VLG HULQ J WK D W WK H K LOO S URYR NHV RQ O\ D VP DOO S HUWX UE DWLRQ WR DQ
H[ LVWLQ J OR JD ULWK P LF Y HOR FLW\ S UR q OH� WK H LQ Q HU OD\ HU WK LFN Q HVV LV J LYHQ E \
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Z K HUH u LV D IX Q FWLRQ WK D W G HS HQ G V R Q WK H VK D S H R I WK H K LOO D Q G WK H VX UIDFH UR X JK Q HVV�
) RU D : LWFK R I $ J Q HVL S URq OH� IX Q FWLR Q u FDQ E H FR P S X WHG WR JLY H

d V P D [  
+

/ +

u
X

�
R
�K P �

X R �O�X R �O ��

v
�� � ��� s�� �� �

Z K HUH s  >OQ �O ] R �@
b� �

0 HD VX UHP HQ WV WDN HQ RQ $ VN HUYHLQ + LOO DQ G & R R S HU
V 5 LG J H P DWFK FOR VHO\ WK H UHVX OWV
JLY HQ E \ WK H DE RYH HT X D WLR Q � O � VHHP V WR E H D JR R G HVWLP DWH RI WK H K HLJ K W RI d V P D [ �

) ORZ VHS D UD WLR Q LV D FR P S OH[ D Q G LOO X Q G HUVWR R G S URE OHP � + RZ HY HU� LW LV D JHQ HU�
DOO\ D FFHS WHG IDFW WK D W WK H H[ WHQ W RI WK H VHS DUDWLRQ E X E E OH G HS HQ G V VLJ Q Lq FD Q WO\ RQ WK H
DQ J OH WK H VHS DUDWLQ J E R X Q G D U\ P DN HV Z LWK WK H P HD Q r RZ G LUHFWLRQ � ) R U WK H VP R RWK K LOO
FR Q VWUX FWHG K HUH VS HFLDO FDUH Z D V WDN HQ WR DVVX UH WK D W Q R VHS DUD WLR Q R FFX UHG �
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$ OO WK H H[ S HULP HQ WV Z HUH FD UULHG R X W LQ WK H K LJK WX UE X OHQ FH� ORZ VS HHG � RS HQ UHWX UQ Z LQ G
WX Q Q HO OR FDWHG LQ WK H / DE R UD WRU\ R I 7 X UE X OHQ FH 0 HFK D Q LFV RI WK H 0 HFK DQ LFD O ( Q JLQ HHULQ J



3 UR JUD P �3 ( 0 � & 2 3 3 ( �8 ) 5 - �� 7 K LV WX Q Q HO K DV D Z RUN LQ J VHFWLRQ ���� P Z LG H� ��� � P
K LJK D Q G � P ORQ J � $ Q DUWLq FLDOO\ WK LFN HQ HG E RX Q G DU\ OD\HU Z D V J HQ HUD WHG WR VLP X OD WH D
Q HX WUD OO\ VWD E OH E R X Q G D U\ OD\HU X VLQ J WK H YR UWLFH J HQ HUDWRUV G HYHOR S HG E \ * X LP D UD HV HW
DO� �� � �� � DQ G E \ % D UE RVD HW DO���� �� �� 7 K H WK LFNHQ LQ J G HY LFH FR Q VLVWHG R I HT X D OO\ VS DFHG
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