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5HFHQWO\��KLJKO\�EUDQFKHG�GHQGULWLF�PDF�
URPROHFXOHV� KDYH� DWWUDFWHG� PXFK� LQWHUHVW
GXH�WR�WKHLU�VWUXFWXUDO�FKDUDFWHULVWLFV��'HQ�
GULWLF�PDFURPROHFXOHV�FDQ�EH�FODVVLILHG� LQWR
WZR� W\SHV�� RQH� LV� D� PRQRGLVSHUVH� PDFUR�
PROHFXOH� ZLWK� ZHOO� GHILQHG� DQG� GHIHFW�IUHH
VWUXFWXUH�� D� VR�FDOOHG� GHQGULPHU�� DQG� WKH
RWKHU� RQH� LV� D� SRO\GLVSHUVH� PDFURPROHFXOH
ZLWK�LPSHUIHFW�VWUXFWXUH��D�VR�FDOOHG�K\SHU�
EUDQFKHG� SRO\PHU�� 6LQFH� GHQGULPHUV� DUH
FRVWO\� DQG� GXH� WR�PDQ\� V\QWKHWLF� VWHSV� WKH
UDSLG�SUHSDUDWLRQ�RI�D�ODUJH�DPRXQW�RI�SRO\�
PHUV� LV� QRW� SRVVLEOH�� +\SHUEUDQFKHG� SRO\�
PHUV�VKRZ�VWUXFWXUDO�FKDUDFWHULVWLFV�RI�GHQ�
GULPHUV� VXFK� DV� ORZ� YLVFRVLW\� DQG� KLJK
IXQFWLRQDOLW\�DQG�FDQ�EH�SUHSDUHG�LQ�D�PXFK
VLPSOHU� ZD\� �RQH�SRW� SRO\PHUL]DWLRQ�� FRP�
SDUHG� WR� WKH� V\QWKHVLV� RI� GHQGULPHUV� �VHH�
H�J��>�Ü�@���

6XFK� VWUXFWXUHV� FRPELQH� SURSHUWLHV� RI
OLQHDU� SRO\PHUV� DQG� VROLG� SDUWLFOHV�� ZKLFK
PDNHV� WKHP� XQXVXDO� QDQRREMHFWV�� 1XPEHU

RI� EUDQFKHV� LQ� VXFK�PROHFXOHV� JURZV� H[SR�
QHQWLDOO\� ZLWK� JHQHUDWLRQ� QXPEHU�� WKDW
PDNHV� WKHP� FRPSDFW� SDUWLFOHV�ZLWK� ORZ� LQ�
WHUSHQHWUDELOLW\��$W� WKH� VDPH� WLPH�� �K\SHU�
EUDQFKHG� SRO\PHUV� SRVVHVV� W\SLFDO� WUDLWV� RI
SRO\PHUV�� VXFK� DV� DELOLW\� � WR� FKDQJH� WKHLU
VKDSH�LQ�GHSHQGHQFH�RI�HQYLURQPHQW�SURSHU�
WLHV�� $OO� WKLV� PDNHV� UHVHDUFKLQJ� K\SHU�
EUDQFKHG�SRO\PHUV�DQ�LPSRUWDQW�SDUW�RI�PR�
OHFXODU� QDQRVFLHQFH� ZLWK� KLJKO\� SURPLVLQJ
DSSOLFDWLRQV� LQ� QDQRPHGLFLQH�� FUHDWLRQ� RI
KLJK�TXDOLW\�VXUIDFHV��OLTXLG�FU\VWDO�VFUHHQV
HWF��VHH�H�J�>�Ü�@��

3UHVHQW� ZRUN� LV� GHGLFDWHG� WR� WKH� FRP�
SXWHU� PRGHOLQJ� RI� UDQGRP� K\SHUEUDQFKHG
SRO\PHUV�� 5DQGRP� K\SHUEUDQFKHG� SRO\PHU
LV�D�SRO\PHU��HDFK�UHSHDW�XQLW�RI�ZKLFK�FDQ
EHFRPH� EUDQFKLQJ� SRLQW� ZLWK� HTXDO� SURE�
DELOLW\��6FKHPDWLF�UHSUHVHQWDWLRQ�RI�UDQGRP
K\SHUEUDQFKHG� SRO\PHU� ZLWK� GHJUHH� RI
EUDQFKLQJ�HTXDO�WR���LV�JLYHQ�LQ�)LJ�����7KH
SURSHUWLHV� RI� UDQGRP� K\SHUEUDQFKHG� SRO\�
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PHUV� KDYH� EHHQ� VWXGLHG� WKHRUHWLFDOO\� DQG
YLD�FRPSXWHU�VLPXODWLRQ�VLQFH�ILUVW�ZRUNV�RI
)ORU\� >����@�� )ORU\� HVWDEOLVKHG� XQLYHUVDO
VFDOLQJ�ORZ�IRU�WKH�PROHFXODU�ZHLJKW�GLVWUL�
EXWLRQ� RI� K\SHUEUDQFKHG� SRO\PHUV� >����@�
+RZHYHU�� WKH� GUDZEDFN� RI� WKLV� WKHRU\� FRQ�
VLVWV� LQ� WKH� DVVXPSWLRQ� WKDW� WKHUH� DUH� QR
H[FOXGHG� YROXPH� LQWHUDFWLRQV�� ,Q� UHDOLW\�
KRZHYHU��H[FOXGHG�YROXPH�LQWHUDFWLRQV�WKDW
OHDG� WR� IOXFWXDWLRQ� HIIHFWV� FDQ� QRW� EH� QH�
JOHFWHG� LQ� �'� FDVH�� 7KLV� KDV� EHHQ� GHPRQ�
VWUDWHG�YLD�FRPSXWHU�VLPXODWLRQ�E\�&DPHURQ
>�Ü�@�DQG�VKRZQ�WKHRUHWLFDOO\�DV�ZHOO�DV�YLD
FRPSXWHU� VLPXODWLRQV� E\� %X]]D� >�����@�
%RWK� WKHRUHWLFDO� VWXGLHV� >�@� DQG� VLPXODWLRQ
UHVXOWV� >��@� SUHGLFWHG�� LQ� SDUWLFXODU�� WKDW
WKH� IUDFWDO� GLPHQVLRQ� RI� K\SHUEUDQFKHG
SRO\PHU� FKDLQV� LQ� WKH� UHDFWLRQ�PHOW� HTXDOV
WR���WKDW�LV�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH
PHDQ�ILHOG� UHVXOW� GIU� ��� DQG� WKH� SHUFROD�WLRQ� UHVXOW� GIU� ������ >�����@�� ,W� ZDV� DOVRIRXQG�WKDW�PROHFXODU�ZHLJKW�GLVWULEXWLRQ�RI
UDQGRP�K\SHUEUDQFKHG� SRO\PHUV� KDV� D�XQL�
YHUVDO�IRUP�WKDW�GRHV�QRW�GHSHQG�RQ�GHJUHH
RI� EUDQFKLQJ� DQG� LV� GLIIHUHQW� IURP� WKDW
IRXQG�YLD�PHDQ�ILHOG�DSSUR[LPDWLRQ�>����@���

6LQFH� )ORU\�V� ZRUNV� >����@�� PRVW� RI� WKH
VWXGLHV� HPSOR\HG� WKH� PHDQ�ILHOG� PHWKRG
>��Ü��@�� ZKHUH� H[FOXGHG� YROXPH� LQWHUDF�
WLRQV�DUH�WDNHQ�LQWR�DFFRXQW�LQ�VSDWLDOO\�DY�
HUDJHG�ZD\� YLD� LQWURGXFLQJ�PHDQ� ILHOG� DQG
IOXFWXDWLRQV� DUH� QHJOHFWHG�� ,Q� WKHVH� ZRUNV
VWDWLVWLFDO�SURSHUWLHV�RI�K\SHUEUDQFKHG�SRO\�
PHUV� LQ�PHOW� VXFK� DV� WKH�PROHFXODU�ZHLJKW
GLVWULEXWLRQ� DQG� � IUDFWDO� VWUXFWXUH� ZHUH
VWXGLHG��+RZHYHU��WKH�DSSOLFDELOLW\�RI�WKHVH
UHVXOWV� LV� OLPLWHG�GXH� WR� WKH� IDFW� WKDW� WKH\
QHJOHFW� H[FOXGHG� YROXPH� LQWHUDFWLRQV�� DV� LW
ZDV�VKRZQ�LQ�>�Ü��@��

%HVLGHV� PHQWLRQHG� ZRUNV� >�Ü��@�� WKHUH
KDYH� EHHQ� D� IHZ� WKHRUHWLFDO� DQG� VLPXODWLRQ
VWXGLHV� RI� UDQGRP� EUDQFKLQJ� LQ� K\SHU�
EUDQFKHG� V\VWHPV� ZKHUH� H[FOXGHG� YROXPH
LQWHUDFWLRQV�HIIHFWV�KDYH�DOVR�EHHQ�LQFOXGHG�
*DOLQD� HW� DO�� >��@� KDYH� SHUIRUPHG� D�0RQWH
&DUOR� VLPXODWLRQ� RI� D� �'� SHUFRODWLRQ� W\SH
PRGHO� ZLWK� D� YDULDEOH� FDSWXUH� UDGLXV� WR
PLPLF� WKH� HIIHFWV� RI� GLIIXVLRQ�� +RZHYHU�
%X]]D� >�@�KDV� VKRZQ�WKDW� LQ� WKH�QRQ�PHDQ�
ILHOG� UHJLPH� WKH� ODUJH�VFDOH� SURSHUWLHV� RI
K\SHUEUDQFKHG� SRO\PHUV� GHSHQG� FULWLFDOO\
RQ�VSDWLDO�GLPHQVLRQ��7KXV�� WKHRUHWLFDO�DQG
VLPXODWLRQ� VWXGLHV� SHUIRUPHG� LQ� >�Ü��@� DUH
PRUH�H[SHULPHQWDOO\�UHOHYDQW�

7KH� SULQFLSDO� GLIIHUHQFH� RI� WKH� SUHVHQW
ZRUN� IURP� WKH� SUHYLRXV� FRPSXWHU� VLPXOD�
WLRQ�VWXGLHV�RI�UDQGRP�K\SHUEUDQFKHG�SRO\�
PHUV� LV� WKDW� WKH� DYHUDJH� � QXPEHU� VSDFHUV
SHU�EUDQFK��0!�LV�WDNHQ�TXLWH�ODUJH��XS�WR

���� DQG�� VLPXOWDQHRXVO\�� H[FOXGHG� YROXPH
LQWHUDFWLRQV� DUH� WDNHQ� LQWR� DFFRXQW��7R� WKH
EHVW� DXWKRU�V� NQRZOHGJH�� LQ� DOO� SUHYLRXV
ZRUNV� RQ� FRPSXWHU� VLPXODWLRQV� RI� UDQGRP
K\SHUEUDQFKHG� SRO\PHUV� WKH� EUDQFK� OHQJWK
ZDV�UHVWULFWHG�WR�VHYHUDO��XS�WR�VHYHQ��VSDF�
HUV�� ,Q� WKHRUHWLFDO� ZRUNV� >������������@� K\�
SHUEUDQFKHG� SRO\PHUV� ZLWK� ORQJ� EUDQFKHV
ZHUH� FRQVLGHUHG�� KRZHYHU� H[FOXGHG� YROXPH
LQWHUDFWLRQV� ZHUH� QRW� WDNLQJ� LQWR� DFFRXQW
>����@� RU� DFFRXQWHG� IRU� YLD� PHDQ�ILHOG� DS�
SUR[LPDWLRQ� WKDW� UHQGHUHG� WKH� UHVXOWV� QRQ�
UHDOLVWLF��DV�LW�ZDV�VKRZQ�LQ�>�Ü��@��

+RZHYHU�� RQO\� FRQVLGHULQJ� K\SHU�
EUDQFKHG� SRO\PHUV� ZLWK� ORQJ� IOH[LEOH
EUDQFKHV� WKDW� LQFOXGH� PDQ\� VSDFHUV� DOORZV
WR� REWDLQ� XQLYHUVDO� VFDOLQJ� SURSHUWLHV�� WKDW
FKDUDFWHUL]H�LQGLYLGXDO�SRO\PHU��QRW�D�SRO\�
PHU� PHOW� DV� D� ZKROH�� LQ� D� ZD\� VLPLODU� WR
OLQHDU�SRO\PHUV��VHH�H�J��>��@���7KXV��FRQVLG�
HULQJ�UDQGRP�K\SHUEUDQFKHG�SRO\PHUV�ZLWK
ORQJ�IOH[LEOH�EUDQFKHV��DQG��VLPXOWDQHRXVO\�
WDNLQJ� LQWR� DFFRXQW� H[FOXGHG� YROXPH� LQWHU�
DFWLRQV�DOORZHG�WR�ILQG�SRO\PHU�GHQVLW\�SUR�
ILOHV�DQG�GHSHQGHQFH�RI�SRO\PHU�VL]H�RQ�JHQ�
HUDWLRQ�QXPEHU�DV�ZHOO�DV�IUDFWDO�GLPHQVLRQ
RI� LQGLYLGXDO� SRO\PHU� LQ� VROYHQW�� QRW� RI
SRO\PHU� PHOW�� $OO� WKHVH� FKDUDFWHULVWLFV� DW
ODUJH�HQRXJK�DYHUDJH�QXPEHU�RI�VSDFHUV�SHU
EUDQFK��0!� DFFHSW� XQLYHUVDO� IRUP�QRW� GH�
SHQGLQJ�RQ�WKH�GHWDLOV�RI�SRO\PHU�EXLOGLQJ�
7KHVH� UHVXOWV�� GHVFULEHG� LQ� GHWDLOV� EHORZ�
DUH�QHZ�DV�FRPSDUHG�WR�WKH�SUHYLRXV�ZRUNV�

7KH�SXUSRVH�RI�WKH�SUHVHQW�ZRUN�LV�ILQG�
LQJ�YLD� FRPSXWHU�VLPXODWLRQ�XQLYHUVDO�VFDO�
LQJ� ODZV��GHVFULELQJ�FRQIRUPDWLRQDO�SURSHU�
WLHV�RI�UDQGRP�K\SHUEUDQFKHG�SRO\PHUV��)RU
WKLV� SXUSRVH�� K\SHUEUDQFKHG� SRO\PHUV�ZLWK
ORQJ� IOH[LEOH� EUDQFKHV� DUH� PRGHOHG� E\
0RQWH�&DUOR� PHWKRG� YLD� UDQGRP� ZDONV� RQ

)LJ�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKLUG�JHQ�
HUDWLRQ� K\SHUEUDQFKHG� SRO\PHU� ZLWK� UDQGRP
EUDQFKLQJ�

0�5DWQHU���0RQWH�&DUOR�VLPXODWLRQ�RI�UDQGRP����
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��GLPHQVLRQDO� FXELF� ODWWLFH�� 6LPXODWLRQ� UH�
ODWHV�WR�K\SHUEUDQFKHG�SRO\PHUV�LQ�VROYHQW�
ZKHUH�UHSXOVLYH�SDUW�RI�LQWHUDFWLRQ�SRWHQWLDO
EHWZHHQ� QRQ�FRQQHFWHG� VSDFHUV� PXFK� H[�
FHHGV�WKH�DWWUDFWLYH�SDUW��7KH�GHWDLOV�RI�WKH
PHWKRG�� DSSOLHG� IRU� PRGHOLQJ� GHQGULPHUV
DUH� GHVFULEHG� LQ� WKH� ZRUN� RI� WKH� DXWKRU
>��@�� 7KH� DYHUDJH� QXPEHU� RI� VSDFHUV� SHU
EUDQFK��0!�ZDV�YDULHG�IURP����WR�����DQG
JHQHUDWLRQ�QXPEHU�*�WDNHQ�IURP���WR���

,Q� WKH� SUHVHQW� PRGHO�� HDFK� VSDFHU� RI
PRGHO� K\SHUEUDQFKHG� SRO\PHU� UHSUHVHQWV
SDUW� RI� PROHFXODU� FKDLQ� RI� UHDO� � K\SHU�
EUDQFKHG�SRO\PHU�ORQJHU�WKHQ�VR�FDOOHG�SHU�
VLVWHQW�OHQJWK��DW�ZKLFK�FRUUHODWLRQ�EHWZHHQ
RULHQWDWLRQV� RI� SHULRGLF� PROHFXODU� XQLWV�
FRQVWLWXLQJ� HDFK� EUDQFK�� YDQLVKHV�� 7KH� HQG
RI� HDFK� VSDFHU� FDQ� EHFDPH� D� ELIXUFDWLRQ
SRLQW�ZLWK�HTXDO�SUREDELOLW\�S��7KH�DYHUDJH
QXPEHU� RI� VSDFHUV� SHU� EUXQFK� �0!� ���S�
,Q� WKH�SUHVHQW�ZRUN�RQO\�S�����DUH�FRQVLG�
HUHG� WKDW� FRUUHVSRQGV� WR� ORQJ�IOH[LEOH�SRO\�
PHU� EUDQFKHV� ZLWK� �0!�!���� 7KH� WRWDO
QXPEHU�RI�FRQVHFXWLYH�EUDQFKLQJV�RI�D�SRO\�
PHU� LV� FDOOHG� � K\SHUEUDQFKHG� SRO\PHU� JHQ�
HUDWLRQ��$OO�EUDQFKHV��WKDW�DUH�VHSDUDWHG�E\
WKH� VDPH� 4� QXPEHU� RI� EUDQFKLQJ� SRLQWV
IURP� WKH� FHQWUDO� VSDFHU� IRUP� 4WK� VKHOO� RI
SRO\PHU�

7KH� QXPEHU� RI� K\SUEUDQFKHG� SRO\PHU
VSDFHUV�JURZV�H[SRQHQWLDOO\�ZLWK�JHQHUDWLRQ
QXPEHU�� ZKLOH� K\SHUEUDQFKHG� SRO\PHU� VL]H
LQFUHDVHV� PXFK� VORZHU�� DQG�� DV� D� FRQVH�
TXHQFH� VRPH�RI� EUDQFKHV� FDQ�JHW� VWDFN� DQG
VWRS�JURZLQJ��+RZHYHU��LQ�WKH�SUHVHQW�ZRUN
RQO\�VXFK�K\SHUEUDQFKHG�PROHFXOHV�DUH�FRQ�
VLGHUHG��ZKHUH�QXPEHU�RI�ELIXUFDWLRQV�VHSD�
UDWLQJ� HDFK� HQG� SRLQW�� ZKHUH� SRO\PHU
JURZWK�LV�WHUPLQDWHG��IURP�WKH�FHQWUDO�QRGH
LV� WKH� VDPH�� ,Q� RWKHU� ZRUGV� DOO� HQGSRLQWV
EHORQJ� WR� WKH� VDPH� VKHOO��7KLV� W\SH� RI� UDQ�
GRP�K\SHUEUDQFKHG�SRO\PHUV�LV�WKH�PRVW�LQ�
WHUHVWLQJ�IURP�WKH�DSSOLFDWLRQ�SRLQW�RI�YLHZ
GXH�WR�FRPSDFW�VWUXFWXUH�DQG� ODUJH�QXPEHU
RI�HQG�VHJPHQWV��ZKLFK�FDQ�EH�PRGLILHG�DF�
FRUGLQJ�WR�YDULRXV�SUDFWLFDO�QHHGV�>�Ü�@��

&RPSXWDWLRQDO� GLIILFXOWLHV� FRQQHFWHG
ZLWK�SHFXOLDULWLHV�RI�K\SHUEUDQFKHG�SRO\PHU
WRSRORJ\��ZHUH�RYHUFRPH�YLD�EXLOGLQJ�VWUXF�
WXUHV� ZLWK� KLJKO\� H[WHQGHG� LQQHU� EUDQFKHV
WKDW� DOORZHG�PRUH� VSDFH� IRU� WKH� JURZWK� RI
H[SRQHQWLDOO\� ODUJHU� QXPEHU� RI� RXWHU� RQHV�
)URP� DOO� SRVVLEOH� UDQGRPO\� EXLOW� EUDQFKHV�
FRQVLVWLQJ� RI�0� VSDFHUV�� DQG� EHORQJLQJ� WR
WKH� VKHOO� 4�� DUH� VHOHFWHG� WKRVH� ZLWK� WKH
OHQJWK�ODUJHU�RU�HTXDO�WR�/�0�4����/�0�4��LV
WKH� SDUDPHWHU� RI� WKH� SUREOHP� RYHU� ZKLFK
V\VWHP� HQWURS\� VKRXOG� EH� RSWLPL]HG��� )RU
WKLV�SXUSRVH��D�QXPEHU�QWULHV�RI�UDQGRP�DW�

WHPSWV� VKRXOG� EH� PDGH� �VRPH� RI� WKHVH� DW�
WHPSWV� DUH� XQVXFFHVVIXO� EHFDXVH� WKH� RE�
WDLQHG� EUDQFK� LV� QRW� RI� WKH� ULJKW� OHQJWK�RU
LWV�JURZWK�LV�SURKLELWHG�E\�RWKHU�EUDQFKHV��

$IWHU� M�WK� VWUXFWXUH� LV� EXLOW�� WKH� SURE�
DELOLW\�SM�*��WR�REWDLQ�WKH�VDPH�VWUXFWXUH�DVD� UHVXOW� RI� XQELDVHG� UDQGRP� JURZWK
�/�0�4�{����FDQ�EH�HVWLPDWHG�DV
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ZKHUH�SM�DUH�FDOFXODWHG�DFFRUGLQJ�WR�(TV���������� 6\VWHP� HQWURS\� 6�*�� ZDV� PD[LPL]HG
RYHU� SDUDPHWHU� /��0!�4�� ��0!� ����
����������4� �������*���VR�WKDW�PRVW�SUREDEOH
FRQIRUPDWLRQV� RI� WKH� V\VWHP� ZHUH� IRXQG�
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