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:LGHVSUHDG�XVH�RI� FRPSXWHU� QHWZRUNLQJ� KDV
UHVXOWHG�LQ�FRQVLGHUDEOH�DWWHQWLRQ�EHLQJ�SDLG�WR�D
YDULHW\� RI� QHWZRUN�UHODWHG� SUREOHPV�� WKH� JHQHUD�
WLRQ�RI�HIILFLHQW�PXOWLFDVW� WUHHV�EHLQJ�RQH�� �:KLOH
PDQ\�DOJRULWKPV�IRU�JHQHUDWLRQ�RI�PXOWLFDVW�WUHHV
KDYH�EHHQ�SURSRVHG��WKHLU�UHODWLYH�HIIHFWLYHQHVV�LV
GLIILFXOW� WR� DVVHVV�� � 6RPH� DOJRULWKPV� KDYH� QHYHU
EHHQ� LPSOHPHQWHG�� � � 0DQ\� KDYH� EHHQ� VLPXODWHG�
EXW�RIWHQ�XVLQJ� DG�KRF� QHWZRUNLQJ� PRGHOLQJ� DQG
VLPXODWLRQ� WRROV�� ZLWKRXW� FRQVLVWHQW� SDUDPHWHUV�
PDNLQJ�GLUHFW�FRPSDULVRQV�GLIILFXOW�

,Q�WKLV�SDSHU��ZH�GLVFXVV�D�QHWZRUN�WRSRORJ\
JHQHUDWLRQ� WRRO�QDPHG�%HVVLH��ZULWWHQ� HQWLUHO\� LQ
-DYD�� � %HVVLH� JHQHUDWHV� GHVFULSWLRQV� RI� UDQGRP
SRLQW�WR�SRLQW� DQG� KLHUDUFKLFDO� QHWZRUNV�� EDVHG
RQ� XVHU�VSHFLILHG� VWDWLVWLFDO� SDUDPHWHUV�� � :H� LQ�
WURGXFH�D�PRGLILFDWLRQ� WR�:D[PDQ
V� >�@�SDUDPH�
WHUV��FRPPRQO\�XVHG�LQ�JULG�EDVHG�QHWZRUN�WRSRO�
RJ\� JHQHUDWRUV�� ZKLFK� HOLPLQDWHV� XQGHVLUDEOH
LQFUHDVHV�LQ�QRGH�GHJUHH�DV� WKH�QXPEHU�RI�QRGHV
LQ� D� QHWZRUN� LQFUHDVHV�� � 7KH� PRGLILFDWLRQ� LP�
SURYHV�RQ�SURSRVHG�IL[HG�VFDOH�IDFWRUV�

.H\ZRUGV��PXOWLFDVW�QHWZRUN�SURWRFROV��G\QDPLF

PXOWLFDVW�JURXSV��QHWZRUN�JHQHUDWLRQ�WRROV�

VLPXODWLRQ�

�� ,QWURGXFWLRQ

7KH�ZLGHVSUHDG�XVH�RI� FRPSXWHU�QHWZRUNLQJ

KDV� UHVXOWHG� LQ� D� QXPEHU� RI� IRUPLGDEOH� QHWZRUN�

LQJ�UHODWHG�SUREOHPV�� �&RQVLGHU� MXVW� RQH�RI� WKHVH

SUREOHPV�� HIILFLHQWO\� VXSSRUWLQJ� SRSXODU� PXOWL�

FDVW�EDVHG� DSSOLFDWLRQV� �H�J��� YLGHR�RQ�GHPDQG

DQG� YLGHRFRQIHUHQFLQJ��� � 0XOWLFDVW� WUDQVPLVVLRQ

PD\�XVH�QHWZRUN�EDQGZLGWK�PRUH�HIILFLHQWO\�WKDQ

PXOWLSOH� SRLQW�WR�SRLQW� PHVVDJHV� IRU� VXFK� DSSOL�

�����������������������������������������������������������

�%HVVLH�LV�QDPHG�DIWHU�WKH�EOXHV�VLQJHU�%HVVLH

6PLWK�

FDWLRQV��EXW�RQO\�LI�HIILFLHQW�PXOWLFDVW�WUHHV�FDQ�EH

FRQVWUXFWHG�DQG�PDLQWDLQHG����*HQHUDWLRQ�RI�VWDWLF

RSWLPDO� PXOWLFDVW� WUHHV� FDQ� EH� PRGHOHG� DV� WKH

0LQLPXP� 6WHLQHU� 7UHH� SUREOHP�� JLYHQ� D� VHW� RI

QRGHV� LQ� DQ� XQGLUHFWHG� JUDSK� *�� DQG� D� VXEVHW� RI

QRGHV� 6�� ILQG� WKH� PLQLPXP� FRVW� WUHH� ZKLFK� FRQ�

QHFWV�WKH�VHW�6���1RGHV�XVHG�LQ�WKH�PLQLPXP�FRVW

WUHH� WKDW� DUH� QRW� LQ� 6� DUH� FDOOHG� 6WHLQHU� QRGHV�

7KLV�SUREOHP�KDV�EHHQ�VKRZQ�WR�EH�13�&RPSOHWH�

6LQFH�JHQHUDWLRQ�RI�RSWLPDO�PXOWLFDVW�WUHHV�LV

SURKLELWLYHO\�H[SHQVLYH�� WKHUH�KDV�EHHQ�H[WHQVLYH

UHVHDUFK� LQWR� GHYHORSPHQW� RI� KHXULVWLF� PHWKRGV

IRU�JHQHUDWLQJ�PXOWLFDVW�WUHHV�>H�J��������������������

��� ��@�� � � $OJRULWKPV� IRU� JHQHUDWLQJ� DQG� XSGDWLQJ

WKH� PXOWLFDVW� WUHH� PXVW� W\SLFDOO\� EDODQFH� ³JRRG�

QHVV´� RI� WKH� JHQHUDWHG� WUHH�� H[HFXWLRQ� WLPH�� DQG

VWRUDJH� UHTXLUHPHQWV�� � 5HFHQWO\�� PRUH� DWWHQWLRQ

KDV� EHHQ� IRFXVHG� RQ� GLVWULEXWHG� VROXWLRQV� >��� �@

DQG� VXSSRUW� IRU� G\QDPLF� PXOWLFDVW� JURXSV� >��� ��

�@��ZKHUH�WKH�VHW�RI�QRGHV�SDUWLFLSDWLQJ�LQ�D�PXOWL�

FDVW�VHVVLRQ�PD\�FKDQJH�� �'HSHQGLQJ�RQ� WKH�SDU�

WLFXODU� WHFKQLTXH��FKDQJHV�DUH�DOORZHG�GXULQJ� WKH

LQLWLDO� FRQVWUXFWLRQ� RI� WKH� PXOWLFDVW� WUHH�� GXULQJ

WKH� OLIHWLPH� RI� WKH� PXOWLFDVW� VHVVLRQ�� RU� ERWK�

:KLOH�PDQ\�DOJRULWKPV�KDYH�EHHQ�SURSRVHG��WKHLU

UHODWLYH� HIIHFWLYHQHVV� LV� GLIILFXOW� WR� DVVHVV�� VLQFH

PDQ\�KDYH�QHYHU�EHHQ�GLUHFWO\� LPSOHPHQWHG�� �2I

FRXUVH�� WKLV� LV� XVXDOO\� MXVWLILDEOH� RQ� SUDFWLFDO

JURXQGV²ODUJH� QHWZRUNV� DUH� UDUHO\� DYDLODEOH� DV

WHVWEHGV� DQG� H[SHULPHQWV� FRQGXFWHG� RQ� VPDOO

QHWZRUNV�PD\�QRW�\LHOG�UHOHYDQW�DQVZHUV���,QVWHDG

RI� LPSOHPHQWDWLRQ�� SRWHQWLDO� WHFKQLTXHV� FDQ� EH

H[WHQVLYHO\�VLPXODWHG��XVLQJ�QHWZRUN�GHVFULSWLRQV

ZKLFK�PD\� �RU�PD\�QRW��EH�VLPLODU� WR��UHDO��QHW�

ZRUNV�� �8QIRUWXQDWHO\��PDQ\�RI�WKH�WHFKQLTXHV� WR

GDWH� KDYH� EHHQ� VLPXODWHG� ZLWK� DG�KRF� WRROV� DQG

QHWZRUN�PRGHOV��PDNLQJ�GLUHFW�FRPSDULVRQV�GLIIL�

FXOW�

2QH� W\SLFDO� ZD\� RI� UHSUHVHQWLQJ� D� QHWZRUN

IRU� VLPXODWLRQ� LV� DV� D� JUDSK� >�@�� � 1RGHV� LQ� WKH

JUDSK� FRUUHVSRQG� WR� URXWHUV� �RU� VZLWFKHV�� DQG

HGJHV�FRUUHVSRQG�WR�GLUHFW�FRQQHFWLRQV���&RVWV�DUH

%HVVLH
�
���3RUWDEOH�*HQHUDWLRQ�RI�1HWZRUN�7RSRORJLHV

IRU�6LPXODWLRQ
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�
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�
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�
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�
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IUDQN#GUL�FRUQHOO�HGX

�

'HSW��RI�&RPSXWHU�6FLHQFH

8QLYHUVLW\�RI�1HZ�2UOHDQV
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ORUHQ#HFH�HQJ�ZD\QH�HGX



DVVRFLDWHG�ZLWK�HGJHV� WR�PRGHO�� IRU�H[DPSOH��GH�

OD\��RU�DYDLODEOH�EDQGZLGWK���7KHVH�JUDSKV�FDQ�EH

FUHDWHG� PDQXDOO\�� ZKLFK� LV� H[WUHPHO\� WHGLRXV

ZKHQ� ODUJH� QXPEHUV� RI� QHWZRUN� GHVFULSWLRQV� DUH

FUHDWHG��RU�JHQHUDWHG� DOJRULWKPLFDOO\� ZLWK� DQ� DS�

SURSULDWH�WRRO�����,I�D�WRRO�LV�XVHG��LW�VKRXOG�EH�HDV\

WR�FRQWURO�UHOHYDQW�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWHG

QHWZRUNV��WR�YLVXDOL]H�WKH�UHVXOWLQJ�QHWZRUNV��DQG

WR� JHQHUDWH� QHWZRUNV� TXLFNO\�� VLQFH� RIWHQ� ODUJH

QXPEHUV�RI�QHWZRUN�GHVFULSWLRQV�PXVW�EH�FUHDWHG

IRU�VLPXODWLRQ�SXUSRVHV�

,Q�WKLV�SDSHU��ZH�GLVFXVV�D�QHWZRUN� WRSRORJ\

JHQHUDWLRQ� WRRO� QDPHG� %HVVLH�� � %HVVLH� LV� ZULWWHQ

HQWLUHO\� LQ� -DYD� DQG� JHQHUDWHV� UDQGRP� SRLQW�WR�

SRLQW� DQG� KLHUDUFKLFDO� QHWZRUNV�� EDVHG� RQ� XVHU�

VSHFLILHG� VWDWLVWLFDO� SDUDPHWHUV�� � %HVVLH� RSHUDWHV

LQ�ERWK�*8,�DQG�FRPPDQG�OLQH�PRGHV�DQG� LQWHU�

IDFHV�ZLWK�H[WHUQDO�VRIWZDUH�IRU�JHQHUDWLQJ�PXOWL�

FDVW�WUHHV���7KH�*8,�DOORZV�XVHUV�WR�HDVLO\�VHH�WKH

HIIHFWV� WKDW� GLIIHUHQW� SDUDPHWHUV� KDYH� RQ� WKH

VWUXFWXUH� RI� QHWZRUNV� DQG� UHVXOWLQJ� PXOWLFDVW

WUHHV���&RPPDQG�OLQH�PRGH�LV�DSSURSULDWH�IRU�WKH

JHQHUDWLRQ�RI�D�ODUJH�QXPEHU�RI�QHWZRUN�GHVFULS�

WLRQV���1HWZRUN�GHVFULSWLRQV�DUH�VDYHG�LQ�D�IRUPDW

HDVLO\� LQFRUSRUDWHG� LQWR� RWKHU� VRIWZDUH�� VXFK� DV

QHWZRUN� VLPXODWRUV�� � %HVVLH� IRUPV� SDUW� RI� RXU

PXOWLFDVW�VLPXODWLRQ�WHVWEHG��ZKLFK�ZH�DUH�GHYHO�

RSLQJ� WR� GLUHFWO\� FRPSDUH� PXOWLFDVW� WUHH� JHQHUD�

WLRQ�WHFKQLTXHV��:KLOH�ZH�DUH�XVLQJ�WKH�PXOWLFDVW

WUHH�SUREOHP�DV�DQ�H[DPSOH��ZH�H[SHFW� WKH� VLWXD�

WLRQ� WR� EH� VLPLODU� LQ� RWKHU� DUHDV� RI� QHWZRUNLQJ

UHVHDUFK�DQG�%HVVLH�VKRXOG�EH�DSSOLFDEOH��SHUKDSV

ZLWK�VRPH�HQKDQFHPHQW��LQ�WKHVH�DUHDV�DV�ZHOO�

7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV�

6HFWLRQ���EULHIO\�GHVFULEHV�UHODWHG�ZRUN���%HVVLH�LV

GLVFXVVHG�LQ�6HFWLRQ�����)LQDOO\��6HFWLRQ���SUHVHQWV

FRQFOXVLRQV�DQG�IXWXUH�UHVHDUFK�GLUHFWLRQV�

�� 5HODWHG�ZRUN

2QH� RI� WKH� WHFKQLTXHV� PRVW� ZLGHO\� XVHG� IRU

JHQHUDWLQJ�UDQGRP�QHWZRUNV�XVHV�D�JULG�RI�SRLQWV

ZLWK� LQWHJHU�FRRUGLQDWHV�DQG�D� VLPSOH�SUREDELOLW\

IXQFWLRQ�IRU�GHWHUPLQLQJ�FRQQHFWLYLW\���7KLV�WHFK�

QLTXH� ZDV� GLVFXVVHG� E\� :D[PDQ� >�@�� � 'RDU� DQG

/HVOLH� >�@� HQKDQFHG� WKH�:D[PDQ� PRGHO� WR�XVH� D

VFDOLQJ� IDFWRU� WR� RIIVHW� JURZWK� LQ� DYHUDJH� QRGH

GHJUHH� DV� WKH� QXPEHU� RI� QRGHV� LQ� D� QHWZRUN� LQ�

FUHDVHV�� � 'RDU� DQG� /HVOLH
V� WHFKQLTXH� IRU� QRQ�

KLHUDUFKLFDO�QHWZRUNV� LV�GLVFXVVHG� LQ�6HFWLRQ�����

7KH\�DOVR�SURSRVH�D�WHFKQLTXH�IRU�EXLOGLQJ�KLHUDU�

FKLFDO� QHWZRUNV�� ZKLFK� HVVHQWLDOO\� EXLOGV� VPDOOHU

QHWZRUNV�XVLQJ�WKH�WHFKQLTXH�IRU�QRQ�KLHUDUFKLFDO

QHWZRUNV��DQG� WKHQ�FRQQHFWV� WKHVH�VPDOOHU��VDWHO�

OLWH�� QHWZRUNV�� � %HVVLH
V� HGJH� JHQHUDWLRQ� WHFK�

QLTXH� LV� UHODWHG� WR� WKDW� RI� 'RDU� DQG� /HVOLH�� EXW

DFKLHYHV� WKH� VDPH� IXQFWLRQDOLW\� ZLWK� IHZHU� SD�

UDPHWHUV�DQG�GRHV�QRW� UHTXLUH�H[SHULPHQWDWLRQ� WR

IL[�GHVLUHG�PHDQ�QRGH�GHJUHH�

5HFHQW� ZRUN� KDV� IRFXVHG�RQ�PRGHOLQJ� LQWHU�

QHWZRUNV�� WR� DUULYH� DW� QHWZRUN� PRGHOV� WKDW� PRUH

FORVHO\� PRGHO� ODUJH�VFDOH� �UHDO�� QHWZRUNV�� � &DO�

YHUW�� 'RDU�� DQG� =HJXUD� >�@� EXLOG� DQ� LQWHUQHW�OLNH

WRSRORJ\� SLHFHZLVH� IURP� WUDQVLW� GRPDLQV�� VWXE

GRPDLQV��DQG�/$1
V�FRQQHFWHG�WR�WKH�VWXE�QRGHV�

7KH� XVHU� FDQ� VSHFLI\� DYHUDJH� QXPEHU� RI� WUDQVLW

GRPDLQV�� DYHUDJH� QXPEHU� RI� VWXE� GRPDLQV� SHU

WUDQVLW�GRPDLQ��DYHUDJH�QXPEHU�RI�/$1
V�SHU�VWXE

QRGH�� DQG� DYHUDJH� QXPEHU� RI� KRVWV� SHU� /$1�� LQ

DGGLWLRQ� WR� SDUDPHWHUV� IRU� FRQQHFWLYLW\� EHWZHHQ

WKH� YDULRXV� OHYHOV� DQG� EHWZHHQ� QRGHV� LQ� D� SDU�

WLFXODU�OHYHO���'RDU
V�>�@�PHWKRG�LQWURGXFHV�UHGXQ�

GDQF\� DQG� PRGHOV� :$1
V�� 0$1
V�� DQG� /$1
V�

/$1
V�DUH�PRGHOHG�DV� VWDU� WRSRORJLHV�� �$� JULG� LV

VWLOO�XVHG�IRU�QHWZRUN�JHQHUDWLRQ��EXW� WKH� VFDOH� LV

FKDQJHG�GHSHQGLQJ�RQ�WKH�FRPSRQHQW�EHLQJ�EXLOW

�:$1�� 0$1�� RU� /$1��� � =HJXUD�� &DOYHUW�� DQG

%KDWWDFKDUMHH� >��@� FRPSDUH� YDULRXV� PHWKRGV� IRU

UDQGRP� JUDSK� JHQHUDWLRQ� DQG� SURSRVH� D� K\EULG

PHWKRG�FDOOHG��7UDQVLW�6WXE���VLPLODU�WR�'RDU
V�>�@

PHWKRG�� ZKLFK� DOORZV� FUHDWLRQ� RI� ODUJH� LQWHUQHW�

OLNH� QHWZRUNV� IURP� WKH� FRPSRVLWLRQ� RI� VPDOOHU

UDQGRP�JUDSKV�

�� %HVVLH��$�SRUWDEOH�WRRO�IRU�FUHDWLQJ

QHWZRUN�WRSRORJLHV

%HVVLH�DOORZV�ERWK�LQWHUDFWLYH�DQG�FRPPDQG�

OLQH�JHQHUDWLRQ�RI�QHWZRUN� WRSRORJLHV��ZLWK� VRPH

QRGHV�EHLQJ�GHVLJQDWHG�DV�PXOWLFDVW� QRGHV�� �%HV�

VLH� JHQHUDWHV� QHWZRUNV� E\� SODFLQJ� SRLQWV� UDQ�

GRPO\�RQ�D� WZR�GLPHQVLRQDO� JULG� DQG� WKHQ�XVLQJ

SUREDELOLW\� IXQFWLRQV� WR� GHWHUPLQH� ZKLFK� QRGHV

DUH�FRQQHFWHG�E\�HGJHV���&RQQHFWLYLW\�FDQ�EH�FRQ�

VWUDLQHG�E\�QRGH�GHJUHH�DQG�QRGH�GLVWDQFH���$IWHU

HDFK� QHWZRUN� LV� JHQHUDWHG�� D� PLQLPXP� VSDQQLQJ

WUHH�RI� WKH� QHWZRUN� LV� FRQVWUXFWHG�� DQG�� LI� QHFHV�

VDU\�� WKH� QHWZRUN� LV� �UHSDLUHG�� E\� DGGLQJ� OHDVW

FRVW�HGJHV�WR�FRQVWUXFW�D�VLQJOH�FRQQHFWHG�FRPSR�

QHQW�� � &XUUHQWO\� %HVVLH� JHQHUDWHV� HGJH� ZHLJKWV

EDVHG�RQ�GLVWDQFH�RU� D�XQLIRUP�FRVW�RI���� � 2WKHU

HGJH�ZHLJKW�PRGHOV�DUH�SRVVLEOH�

:KHQ� XVHG� LQWHUDFWLYHO\�� %HVVLH� DOORZV� WKH

XVHU� WR�YLHZ� WKH�FXUUHQW�QHWZRUN� DQG��RSWLRQDOO\�

VXSHULPSRVHG� PLQLPXP� VSDQQLQJ� DQG� PXOWLFDVW

WUHHV�� %HVVLH� SURYLGHV� DQ� LQWHUIDFH� WR� DOORZ� JHQ�

HUDWLRQ� RI� PXOWLFDVW� WUHHV� E\� H[WHUQDO�� XVHU�

VSHFLILHG� SURJUDPV�� VLQFH� WKHUH� DUH� D� QXPEHU� RI

DSSOLFDEOH� WHFKQLTXHV�� 0XOWLFDVW� QRGHV�� QRQ�

PXOWLFDVW� QRGHV�� QRUPDO� HGJHV� DQG� HGJHV� ZKLFK

DUH� SDUW� RI� WKH� PLQLPXP� VSDQQLQJ� DQG� PXOWLFDVW

WUHHV�DUH�FRORU�FRRUGLQDWHG�IRU�HDV\�LGHQWLILFDWLRQ�



7KH�XVHU�PD\�DOVR�UHDG�DQG�ZULWH�GHVFULSWLRQV�RI

QHWZRUNV�DV�%HVVLH�ILOHV��DQG�VDYH�D�JUDSKLF�LPDJH

RI� WKH� FXUUHQW� QHWZRUN�� � )LJXUH� �� LOOXVWUDWHV� WKH

EDVLF�%HVVLH�*8,�� �7KH�SDUDPHWHUV�DUH�H[SODLQHG

LQ� 6HFWLRQ� ����� :KLOH� %HVVLH� LV� EHLQJ� XVHG� SUL�

PDULO\� LQ� HYDOXDWLRQ� RI� PXOWLFDVW� WUHH� JHQHUDWLRQ

DOJRULWKPV��ZH�H[SHFW� WKH�EDVLF�PRGHO� WR�EH�XVH�

IXO�LQ�RWKHU�DUHDV�RI�QHWZRUN�UHVHDUFK��SDUWLFXODUO\

DV�DGGLWLRQDO�QHWZRUN�PRGHOV�DUH�LQFRUSRUDWHG�

���� 3DUDPHWHUV

$�VHW�RI�SDUDPHWHUV�FRQWUROV�QHWZRUN�JHQHUD�

WLRQ� LQ� %HVVLH�� � $PRQJ� WKH� SDUDPHWHUV� DUH� WKH

IROORZLQJ�

ä� WRWDO�VL]H�RI�WKH�QHWZRUN�

ä� WKH�QXPEHU�RI� VDWHOOLWH�QHWZRUNV�DQG� WKH

DYHUDJH� VL]H� RI� D� VDWHOOLWH� QHWZRUN� �IRU

KLHUDUFKLFDO�QHWZRUNV�RQO\��

ä� WKH�PHDQ�QRGH�GHJUHH�

ä� WKH� SHUFHQWDJH� RI� QRGHV� ZKLFK� ZLOO� EH

PXOWLFDVW�QRGHV��DQG

ä� D� VLQJOH� SDUDPHWHU�α ZKLFK� FRQWUROV� WKH
SUREDELOLW\� RI� HGJHV� EHWZHHQ� GLVWDQW

QRGHV�

$OO�RI�WKH�SDUDPHWHUV�PD\�EH�VSHFLILHG�HLWKHU

LQWHUDFWLYHO\�RU�RQ�WKH�FRPPDQG�OLQH���:KHQ�%HV�

VLH�LV�XVHG�LQWHUDFWLYHO\��WKH�XVHU�FDQ�LPPHGLDWHO\

VHH�WKH�HIIHFWV�WKDW�FKDQJHV�LQ�SDUDPHWHUV�KDYH�RQ

QHWZRUN�WRSRORJ\�DQG�WKH�FRUUHVSRQGLQJ�PXOWLFDVW

WUHH�

7KH� SUREDELOLW\� IXQFWLRQ� XVHG� WR� GHWHUPLQH

ZKHWKHU�D�SDLU�RI�QRGHV��X��Y��VKRXOG�EH�FRQQHFWHG

LV�FRPSXWHG�DV�IROORZV��/HW�WKH�³UDZ�SUREDELOLW\´

WKDW�QRGHV�X� DQG�Y� VKRXOG�EH�FRQQHFWHG�EH�JLYHQ

E\

3 � �X��Y�� �H�
� ��� ���	��
 � α


�(TXDWLRQ���

ZKHUH� /� LV� WKH� PD[LPXP� SRVVLEOH� GLVWDQFH� EH�

WZHHQ�WZR�QRGHV��G�X��Y��LV�WKH�GLVWDQFH�EHWZHHQ�X

DQG�Y��DQG�α�LV�D�SDUDPHWHU�LQ�WKH�UDQJH�0 < α ≤ 1�
7KLV� IROORZV� :D[PDQ� >�@� DQG� 'RDU� DQG� /HVOLH

>�@�� � 7KH� ODUJHU� WKH� YDOXH� RI� α�� WKH� KLJKHU� WKH
SUREDELOLW\�WKDW�GLVWDQW�QRGHV�ZLOO�EH�FRQQHFWHG�

7R�VLPSOLI\�WKH�VXEVHTXHQW�FRPSXWDWLRQ��G�X�

Y�� LV� WDNHQ� WR� EH� PD[�� _[ � �[ � _�� _\ � �\ � _� ��� ZKHUH
�[ � ��\ � ��DQG��[ � ��\ � ��DUH�WKH�&DUWHVLDQ�FRRUGLQDWHV�RI
QRGHV�X� DQG�Y� UHVSHFWLYHO\��7KXV�/� LV� HIIHFWLYHO\

WKH� GLDPHWHU� RI� WKH� JULG� IURP� ZKLFK� QRGHV� DUH

VHOHFWHG�

)LJXUH�����8VHU�LQWHUIDFH�IRU�WKH�FXUUHQW�YHUVLRQ�RI�%HVVLH�



1RZ�OHW�3�EH�WKH�PHDQ�UDZ�SUREDELOLW\�IRU�DOO

SDLUV� RI� JULG� SRLQWV�� ,I� QXP�[�� LV� WKH� QXPEHU� RI

SDLUV� RI� JULG� SRLQWV� [� XQLWV� DSDUW� DQG�1� WKH� WRWDO
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�(TXDWLRQ���

)LQDOO\��JLYHQ�3�� WKH�SUREDELOLW\� IXQFWLRQ�XVHG� WR

GHWHUPLQH�LI�QRGHV��X��Y��DUH�FRQQHFWHG�LV

3 � �X��Y�� ��H �Q3��3 � �X��Y�

�(TXDWLRQ���

ZKHUH�Q�LV�WKH�QXPEHU�RI�QRGHV�LQ�WKH�JUDSK��DQG

H � LV�WKH�GHVLUHG�PHDQ�GHJUHH�� �7KH�DGYDQWDJH�RI
WKLV�DSSURDFK�RYHU�'RDU�DQG�/HVOLH�>�@�LV�VLPSOLF�

LW\��7KHLU�HGJH�SUREDELOLW\�IXQFWLRQ�LV

3 � �X��Y�� ���NH �Q�β��3 � �X��Y�

�(TXDWLRQ���

ZKHUH�N�DQG�β�DUH�DGGLWLRQDO�SDUDPHWHUV��7KXV�RQH

PXVW�VSHFLI\�IRXU�YDOXHV�D�SULRUL��α��β��N��DQG� H
�WKH�SDUDPHWHU�β LV� IURP�:D[PDQ
V� IRUPXODWLRQ��

:KHQ�EXLOGLQJ�JUDSKV�� IRU�D�JLYHQ�α� DQG� H ��RQH
PXVW�H[SHULPHQWDOO\�GHWHUPLQH�DQ�DSSURSULDWH�Nβ
VR� WKDW� WKH� JUDSKV� JHQHUDWHG� ZLOO� LQ� IDFW� H[KLELW

WKH�GHVLUHG�PHDQ�QRGH�GHJUHH��:LWK�RXU�DSSURDFK�

α�DQG� H �DUH� WKH�RQO\� WZR�YDOXHV� WKDW� QHHG� WR�EH
VSHFLILHG��DQG�FDQ�EH�VSHFLILHG�LQGHSHQGHQWO\��7KH

JUDSKV� SURGXFHG� H[KLELW� WKH� GHVLUHG� PHDQ� QRGH

GHJUHH�ZLWKRXW� WKH�QHHG� IRU�SURYLGLQJ�DGGLWLRQDO�

H[SHULPHQWDOO\�GHWHUPLQHG��SDUDPHWHUV�

%HVVLH� LPSOHPHQWV� ERWK� WKH�'RDU� DQG�/HVOLH

>�@�HGJH�PRGHO�DQG�WKH�LPSURYHG�PRGHO�GHVFULEHG

DERYH�� � 7R� LOOXVWUDWH� WKH� GLIIHUHQFH�� FRQVLGHU� WKH

VHW�RI�SDUDPHWHU�YDOXHV�GLVFXVVHG�LQ�6HFWLRQ�����RI

'RDU�DQG�/HVOLH��QDPHO\������QRGH�QHWZRUNV��ZLWK

α� �������β� ������D�GHVLUHG�PHDQ�QRGH�GHJUHH�RI

��� DQG� N� H[SHULPHQWDOO\� GHWHUPLQHG� WR� EH� ���

7KHVH�VHWWLQJV�FRQVLVWHQWO\�JLYH�DFWXDO�PHDQ�QRGH

GHJUHHV�RI�����XQGHU�RXU�LPSOHPHQWDWLRQ�RI�'RDU

DQG� /HVOLH
V� WHFKQLTXH�� � ,QFUHDVLQJ�α WR� ����� UH�
VXOWV� LQ�DFWXDO�PHDQ�QRGH�GHJUHHV�RI������DQG� LQ�

FUHDVLQJ� α � WR� ����� UHVXOWV� LQ� DFWXDO� PHDQ� QRGH
GHJUHHV�RI��������7R�WHVW�RXU�HGJH�PRGHO��ZH�YDU�

LHG� α E\� ���� LQ� WKH� UDQJH� ���� WR� ����� UDQGRPO\
JHQHUDWLQJ� ���� QHWZRUNV� IRU� HDFK� YDOXH� RI� α�
7KH�DFWXDO�QRGH�GHJUHH� IRU�HYHU\�QHWZRUN�JHQHU�

DWHG�ZDV�LQ�WKH�UDQJH���������� �6LPLODUO\��KROGLQJ

α FRQVWDQW� ZKLOH� YDU\LQJ� GHVLUHG� PHDQ� QRGH� GH�
JUHH� UHTXLUHV� H[SHULPHQWDOO\� GHWHUPLQLQJ� D� QHZ

YDOXH� IRU� Nβ XQGHU�'RDU� DQG� /HVOLH¶V� PRGHO�� � ,Q
FRQWUDVW�� RXU�PRGHO� FRQVLVWHQWO\� DFKLHYHV� GHVLUHG

QRGH�GHJUHHV�ZLWKLQ�±���ZKLOH�YDU\LQJ�HLWKHU�GH�
VLUHG� PHDQ� QRGH� GHJUHH� RU� α�� IRU� DOO� QHWZRUN
VL]HV�� � � 7KHVH� UHVXOWV� DUH� QRW� UHSRUWHG� LQ� WDEXODU

IRUP� IRU� REYLRXV� UHDVRQV²GHVLUHG� QRGH� GHJUHH

XQGHU�RXU�HGJH�PRGHO� LV�YLUWXDOO\� LGHQWLFDO� WR�DF�

WXDO�QRGH�GHJUHH�LQ�DOO�FDVHV�

����%HVVLH�ILOH�IRUPDW

%HVVLH� UHDGV� DQG�ZULWHV� SRUWDEOH� ILOHV� ZKLFK

FRQWDLQ� QHWZRUN� GHVFULSWLRQV�� 6LQFH� D� SULPDU\

GHVLJQ� JRDO� RI� %HVVLH� LV� SRUWDELOLW\�� %HVVLH� ILOHV

DUH�VWRUHG�LQ�$6&,,�IRUPDW�� �:H�GLG�QRW� WDNH�DG�

YDQWDJH� RI� -DYD
V� DELOLW\� WR� ZULWH� SRUWDEOH� ELQDU\

ILOHV�� ZKLFK� ZRXOG� VXEVWDQWLDOO\� UHGXFH� VWRUDJH

VSDFH�� EHFDXVH�ZH�ZDQW�%HVVLH� ILOHV� WR� EH� HDVLO\

UHDGDEOH� E\� QHWZRUN� VLPXODWLRQ� VRIWZDUH� ZULWWHQ

LQ�RWKHU�ODQJXDJHV���,Q�WKH�FXUUHQW�YHUVLRQ��D�%HV�

VLH� ILOH� FRQWDLQV� YHUVLRQ� LQIRUPDWLRQ�� QHWZRUN

WRSRORJ\�� HGJH� ZHLJKWV�� D� FRPSOHWH� VHW� RI� SD�

UDPHWHUV� XVHG� WR� JHQHUDWH� WKH� QHWZRUN� �VR� QHW�

ZRUNV� ZLWK� VLPLODU� FKDUDFWHULVWLFV� FDQ� HDVLO\� EH

JHQHUDWHG��� D� VQDSVKRW� RI� WKH�PLQLPXP� VSDQQLQJ

WUHH� IRU� WKH� QHWZRUN�� DQG� RSWLRQDOO\�� D� PXOWLFDVW

WUHH� VSHFLILFDWLRQ� FUHDWHG� E\� DQ� H[WHUQDO� DSSOLFD�

WLRQ�

,QIRUPDWLRQ� DIWHU� WKH� RSWLRQDO� PXOWLFDVW� WUHH

VSHFLILFDWLRQ� LV� LJQRUHG�� � 7KLV� LV� FRQYHQLHQW� EH�

FDXVH� LW� DOORZV� QHWZRUN� VLPXODWRUV� DQG� RWKHU

VRIWZDUH� WR� ZULWH� LQWHUHVWLQJ� VWDWLVWLFV� GLUHFWO\� WR

WKH�VDPH� ILOH� WKDW�FRQWDLQV� WKH�QHWZRUN� WRSRORJ\�

ZLWKRXW�SUHYHQWLQJ� WKH�XVH�RI�%HVVLH� WR�YLVXDOL]H

WKH�QHWZRUN�

�� &RQFOXVLRQV�DQG�IXWXUH�ZRUN

:LGHVSUHDG�XVH�RI� FRPSXWHU�QHWZRUNLQJ� KDV

UHVXOWHG� LQ� D� ZHDOWK� RI� QHWZRUNLQJ�UHODWHG� SURE�

OHPV� DQG� JHQHUDOO\�� SRWHQWLDO� VROXWLRQV� DUH� VLPX�

ODWHG� UDWKHU� WKDQ� GLUHFWO\� LPSOHPHQWHG��:H� KDYH

GHVFULEHG� %HVVLH�� D� WRRO� IRU� JHQHUDWLQJ� UDQGRP



QHWZRUN�WRSRORJLHV�IRU�VLPXODWLRQ�SXUSRVHV���%HV�

VLH� DOORZV� WKH� XVHU� HLWKHU� WR� ZRUN� ZLWK� QHWZRUN

PRGHOV� YLVXDOO\� DQG� LPPHGLDWHO\� VHH� WKH� HIIHFWV

RI� PRGLI\LQJ� QHWZRUN� SDUDPHWHUV�� RU� WR� JHQHUDWH

PDQ\� QHWZRUN� GHVFULSWLRQV� LQ� FRPPDQG�OLQH

PRGH�� �%HVVLH
V� LPSURYHG�HGJH�JHQHUDWLRQ�PRGHO

LV� LQWXLWLYH� DQG� HOLPLQDWHV� WKH� QHHG� IRU� H[SHUL�

PHQWDWLRQ� ZLWK� DGGLWLRQDO� SDUDPHWHUV� WR� DFKLHYH

GHVLUHG� PHDQ� QRGH� GHJUHHV�� � %HVVLH� SURYLGHV� DQ

LQWHUIDFH� WR� H[WHUQDO� PXOWLFDVW� WUHH� JHQHUDWLRQ

FRGH�� VR� QHWZRUNV� FDQ� EH� JHQHUDWHG�� PXOWLFDVW

WUHHV� DXWRPDWLFDOO\� JHQHUDWHG� XVLQJ� D� SDUWLFXODU

WHFKQLTXH�� DQG� WKH� PXOWLFDVW� WUHH� YLVXDOL]HG�� DOO

ZLWKRXW�OHDYLQJ�WKH�DSSOLFDWLRQ���)LQDOO\��%HVVLH�LV

ZULWWHQ�LQ�-DYD�DQG�JHQHUDWHV�FRPSOHWHO\�SRUWDEOH

QHWZRUN�GHVFULSWLRQV�VR�LW�LV�XVDEOH�RQ�D�YDULHW\�RI

DUFKLWHFWXUHV�

:H�DUH�FXUUHQWO\�GHYHORSLQJ�%HVVLH�SULPDULO\

WR�JHQHUDWH�QHWZRUN�PRGHOV�DV�SDUW�RI�RXU�WHVWEHG

IRU�KHDG�WR�KHDG�HYDOXDWLRQ�RI�PXOWLFDVW�WUHH�JHQ�

HUDWLRQ� DOJRULWKPV�� � )XWXUH� ZRUN� ZLOO� LQFOXGH� LQ�

FRUSRUDWLRQ�RI�QHZ�QHWZRUN�PRGHOV�>H�J�����������@

LQWR� %HVVLH� WR� EURDGHQ� LWV� DSSOLFDELOLW\� LQ� RWKHU

DUHDV� RI� QHWZRUNLQJ� UHVHDUFK�� � � 7KH� FXUUHQW� YHU�

VLRQ� RI� %HVVLH� ZLOO� EH� DYDLODEOH� YLD� D� OLQN� RQ

KWWS���ZZZ�FV�XQR�HGX�aJROGHQ�UHVHDUFK�KWPO�
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