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5HFHLYHG�'HFHPEHU���������
7KH�WHPSHUDWXUH�GHSHQGHQFHV�RI�WKH�FRQGXFWLYLW\�DORQJ�DQG�DFURVV�WKH�EDVLV�SODQH�KDYH

EHHQ�PHDVXUHG�LQ�<%D�&X�2�±[�VLQJOH�FU\VWDOV�ZLWK�GLIIHUHQW�R[\JHQ�QRQ�VWRLFKLRPHWU\��,Q
WKH�R[\JHQ�GHILFLW�VDPSOHV��DQ�LQKRPRJHQHRXV�R[\JHQ�GLVWULEXWLRQ�ZLWKLQ�WKH�FU\VWDO�EXON
LV�IRXQG��WKDW�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�SKDVHV�ZLWK�GLIIHUHQW�FULWLFDO�RI�VXSHUFRQGXFWLQJ
WUDQVLWLRQ� WHPSHUDWXUHV��7KH�DFFRUGDQFH�RI� WKH�H[SHULPHQWDO� UHVXOWV�ZLWK�WKH�SUHGLFWLRQV
RI�GLIIHUHQW�WKHRUHWLFDO�PRGHOV�KDV�EHHQ�FRQVLGHUHG�� ,W�KDV�EHHQ�UHYHDOHG�WKDW�WKH�DQLVRW�
URS\�RI�WKH�QRUPDO�UHVLVWLYLW\�UF�UDE����LV�GHVFULEHG�ZHOO�XVLQJ�WKH�XQLYHUVDO��ODZ�RI������IRU�WKHUPDO�DFWLYDWLRQ�RI�WKH�KRSSLQJ�FRQGXFWLYLW\�
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7KH� OD\HUHG� VWUXFWXUH� LV� D� FKDUDFWHULVWLF
IHDWXUH� RI� KLJK�WHPSHUDWXUH� VXSHUFRQ�
GXFWLQJ� FRPSRXQGV� �+76&�� >�Ü�@� WKDW� GH�
ILQHV�D�VXEVWDQWLDO�DQLVRWURS\�RI�WKHLU�SURS�
HUWLHV�ERWK� LQ�WKH�QRUPDO�DQG� LQ�WKH�VXSHU�
FRQGXFWLQJ� VWDWH�� $Q� LPSRUWDQW� +76&� LV
<%D�&X�2�±[� �<%&2�� IRU� ZKLFK� DQ� LPSRU�WDQW�SHFXOLDULW\�LV�WKH�VWURQJ�GHSHQGHQFH�RI
LWV� SK\VLFDO� SURSHUWLHV�� LQ� SDUWLFXODU�� LWV
HOHFWULFDO� FRQGXFWLYLW\�� RQ� WKH� R[\JHQ� FRQ�
FHQWUDWLRQ� >�Ü�@�� ,Q� VSLWH� RI� QXPHURXV
ZRUNV�GHGLFDWHG�WR�WKH�VWXG\�RI�WKH�ORQJLWX�
GLQDO�DQG�WUDQVYHUVDO�WUDQVSRUW�LQ�WKH������
V\VWHP��PDQ\�DVSHFWV�RI�WKLV�GHSHQGHQFH�DUH
VWLOO� XQFHUWDLQ�� )RU� H[DPSOH�� LQ� WKH� WKHR�

UHWLFDO� ZRUN� >�@�� WKH� UHVRQDQFH� WXQQHOLQJ
PHFKDQLVP�RI�FKDUJH�FDUULHUV�KDV�EHHQ�SUR�
SRVHG� EHWZHHQ� WKH� FRQGXFWLQJ� &X2�� SODQHVWKURXJK�WKH�ORFDOL]HG�VWDWHV�LQ�WKH�&X2�FKDLQV�
$FFRUGLQJ� WR� >�@�� WKH� WHPSHUDWXUH�GHSHQGHQFH
RI� WKH� UHVLVWLYLW\� DQLVRWURS\� UF�UDE���� VKRXOGEH�GHVFULEHG�E\�WKH�IROORZLQJ�UHODWLRQ�

UF�e�UDE�I�7FRVK��7��e�7�� ���
ZKHUH� 7�� LV� WKH� SURFHVV� DFWLYDWLRQ� HQHUJ\�7KH�H[SHULPHQWDO�YHULILFDWLRQ�IRU�WKLV�PRGHO
ZDV� SHUIRUPHG� LQ� >�@� IRU�<%D�&X�2�±[� VLQ�JOH� FU\VWDO� VDPSOHV�� ,W� ZDV� GHPRQVWUDWHG�
KRZHYHU�� WKDW� DOWKRXJK� WKH� WKHRUHWLFDO� SUH�
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GLFWLRQV� >�@� DUH� LQ� TXDOLWDWLYH� DJUHHPHQW
ZLWK� WKH� H[SHULPHQW�� WKH�GDWD� LV� EHWWHU� GH�
VFULEHG�E\�WKH�UHODWLRQ�

UF�e�UDE�I�H[S�'�e�7�� ���
,W�LV�WR�QRWH�WKDW�LQ�>�@��DOO�WKH�PHDVXUH�

PHQWV�ZHUH� FDUULHG� RXW� XVLQJ� VDPSOHV�ZLWK
D� VLJQLILFDQW� R[\JHQ� GHILFLW� �²�!������� ,W� LV
PRUH� LQWHUHVWLQJ� WR� VWXG\� VLQJOH� FU\VWDOV
ZLWK� D� VPDOO� GHYLDWLRQ� IURP� WKH
VWRLFKLRPHWU\�ZKHUH�WKH�SHFXOLDULWLHV�RI�WKH
VR�FDOOHG� �SVHXGR�JDS� VWDWH�� DUH� FOHDUO\
GHPRQVWUDWHG�� 7KLV� KDV� EHHQ� GLVFXVVHG� LQ
GHWDLO�E\�XV� LQ�D�UHFHQW�ZRUN�>�@�� ,W�VKRXOG
EH�QRWHG�WKDW�DQ�DGGLWLRQDO�VRXUFH�RI�DQLVRW�
URS\� LQ�WKH�<%&2�VLQJOH�FU\VWDOV� LV� WKH�H[�
LVWHQFH�RI� WZLQ�ERXQGDULHV� �7%�� >�@�� WKH� LQ�
IOXHQFH�RI�ZKLFK�RQ�WKH�WUDQVSRUW�SURSHUWLHV
LQ�WKH�QRUPDO�VWDWH�LV�LQDGHTXDWHO\�VWXGLHG�
GXH� WR� WKH� H[SHULPHQWDO� GLIILFXOWLHV� LQ� GH�

WHUPLQLQJ�WKH�FRQWULEXWLRQ�RI�WKHVH�GHIHFWV�
7DNLQJ� WKH� DERYH� XQGHU� FRQVLGHUDWLRQ�� ZH
KDYH� VWXGLHG� LQ� WKLV� ZRUN� WKH� ORQJLWXGLQDO
DQG� WKH� WUDQVYHUVDO� FRQGXFWLYLW\� LQ� VLQJOH
FU\VWDOV�RI�<%D�&X�2�±[�����d[d������GLIIHU�LQJ� LQ� WKH� WUDQVSRUW� FXUUHQW�JHRPHWU\��7KH
WUDQVSRUW� FXUUHQW� JHRPHWU\�ZDV� HLWKHU�SDU�
DOOHO� �,__7%��ZKHQ� WKH�7%� HIIHFW� RQ� WKH� FDU�
ULHU�VFDWWHULQJ�SURFHVVHV�LV�PLQLPL]HG��RU�DW
DQ�DQJOH�RI�D� �����EHWZHHQ�,�DQG�7%�
7KH� <%D�&X�2�±[� VLQJOH� FU\VWDOV� ZHUHJURZQ� LQ� D� JROG� FUXFLEOH� E\� WKH� VHOI�IOX[

PHWKRG��WHPSHUDWXUH�UDQJH����Ü����&��XVLQJ
WKH� WHFKQLTXHV� GHVFULEHG� LQ� GHWDLO� LQ� >����@�
)RU� WKH� UHVLVWLYLW\� PHDVXUHPHQWV� LQ� WKH� DE
SODQH�DQG�DORQJ�WKH�F�D[LV��WZR�VLQJOH�FU\VWDOV
�JURZQ� VLPXOWDQHRXVO\�� ZHUH� VHOHFWHG�� 7KHVH
KDYH� GLPHQVLRQV� �u���u�����PP�� �.�� VDP�
SOH��DQG����u���u����PP���.��VDPSOH���ZLWK
WKH� °� D[LV� RULHQWHG� DORQJ� WKH� VPDOOHVW� GL�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�UHVLVWLYLW\���D���LQ�WKH�DE�SODQH��UDE������E���DORQJ�°�D[LV��U°����,Q�WKH�FRUUHVSRQGLQJ�LQVHWV��WKH�FRQFHQWUDWLRQ�GHSHQGHQFHV�DUH�VKRZQ���°��Ü²���OLJKW�V\PEROV��DQG
�U�����Ü²���GDUN�V\PEROV���7KH�VXSHUFRQGXFWLQJ�WUDQVLWLRQV�DUH�UHSUHVHQWHG�LQ�OJ�U�U�����Ü7�FRRUGL�QDWHV� LQ�)LJ���� �F�� IRU�DE� SODQH�DQG� LQ�)LJ���� �G��� DORQJ� WKH� F� D[LV��7KH�FXUYHV��Ü�� DUH�PHDVXUHG
DIWHU�DQQHDOLQJ�DW�������������������������DQG�����z��UHVSHFWLYHO\�
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PHQVLRQ�� 7R� REWDLQ� VDPSOHV� ZLWK� RSWLPDO
R[\JHQ� FRQWHQW�� WKH� FU\VWDOV�ZHUH� DQQHDOHG
LQ� R[\JHQ� IORZ� DW� ����&� IRU� ILYH� GD\V�� 7R
UHGXFH� WKH� R[\JHQ� FRQFHQWUDWLRQ�� WKH� FU\V�
WDOV�ZHUH�DQQHDOHG�LQ�R[\JHQ�IORZ�DW�KLJKHU
WHPSHUDWXUHV�IRU�WKUHH�WR�ILYH�GD\V��VHH�)LJ�
��DQG�7DEOH���7KH�R[\JHQ�FRQFHQWUDWLRQ��²�
ZDV�GHWHUPLQHG�LQ�DFFRUGDQFH�WR�WKH�R[\JHQ
IORZ� DQQHDOLQJ� GXUDWLRQ� DQG� WHPSHUDWXUH�
DV�LQ�FDOLEUDWLRQ�WDEOHV�>�@��7KH�HOHFWULF�FRQ�
WDFWV�ZHUH�IRUPHG�DFFRUGLQJ�WR�WKH�VWDQGDUG
IRXU�FRQWDFW� VFKHPH� E\� DSSO\LQJ� VLOYHU
SDVWH� RQWR� WKH� FU\VWDO� VXUIDFH� DQG� WKH� FRQ�
QHFWLRQ�RI�VLOYHU�FRQGXFWRUV��7KH�UHVLVWDQFH
LQ� WKH� DE�SODQH� DQG� DORQJ� WKH� F� D[LV� ZDV
PHDVXUHG� XVLQJ� WKH� VWDQGDUG� PHWKRG� IRU
WZR�RSSRVLWH�GLUHFWLRQV�RI�GF�FXUUHQW�XS� WR
��� P$� DV� GHVFULEHG� LQ� GHWDLO� LQ� >�@�� 7KH
WHPSHUDWXUH� ZDV� PHDVXUHG� ZLWK� D� FRSSHU�
FRQVWDQWDQ� WKHUPRFRXSOH�� WKH� YROWDJH� ZDV
PHDVXUHG� DFURVV� WKH� VDPSOH� DQG� WKH� UHIHU�
HQFH� UHVLVWRU� ZLWK� 9����� QDQR�YROWPHWHUV�
7KH�YROWPHWHU�VLJQDOV�ZHUH�WUDQVIHUUHG�WR�D
3&� WKURXJK� DQ� LQWHUIDFH�� $V� WKH� FULWLFDO
WHPSHUDWXUH� �7F��� WKH� WHPSHUDWXUH� YDOXHZDV� DFFHSWHG� FRUUHVSRQGLQJ� WR� WKH� PDLQ
PD[LPXP� LQ� WKH� GU�7��G7� GHSHQGHQFHV� LQ
WKH�VXSHUFRQGXFWLYH�WUDQVLWLRQ��DFFRUGLQJ�WR
>�@��7KH�PHDVXUHPHQWV�ZKHUH�FDUULHG�RXW�LQ
WKH� WHPSHUDWXUH� GULIW� PRGH� DW� DERXW
���� .�PLQ� QHDU� �°� DQG� DW� DERXW� �� .�PLQZKHQ���!��°�)LJV���� �D�� DQG� �E�� SUHVHQW� WKH� WHPSHUD�
WXUH�GHSHQGHQFHV�RI�WKH�HOHFWULFDO�UHVLVWDQFH
LQ� WKH�DE�SODQH� DQG� DORQJ� WKH� F� D[LV�� DIWHU
WKH� VDPSOHV� ZHUH� DQQHDOHG� LQ� R[\JHQ� IORZ
DW� GLIIHUHQW� WHPSHUDWXUHV�� 7KH� FRUUHVSRQG�
LQJ� UHVLVWLYLW\� WUDQVLWLRQV� LQWR� VXSHUFRQ�
GXFWLQJ� FRQGLWLRQ� DUH� VKRZQ� LQ� )LJV���� �F�
DQG� �G��� 7KH� UHVLVWLYLW\� SDUDPHWHUV� RI� WKH
VDPSOHV�DUH�SUHVHQWHG�LQ�7DEOH�
,W�LV�VHHQ�LQ�)LJ����D��WKDW�WKH�FRQGXFWLY�

LW\�QDWXUH� LQ�DE�SODQH� LQ�DOO� FDVHV� LV�TXDVL�
PHWDOOLF�� DV� LW� ZLOO� EH� GHVFULEHG� LQ� GHWDLO
EHORZ�� $V� WKH� DQQHDOLQJ� WHPSHUDWXUH� LQ�
FUHDVHV� DQG�� DFFRUGLQJO\�� WKH� R[\JHQ� FRQ�
FHQWUDWLRQ� GURSV�� WKH� DEVROXWH� UHVLVWDQFH

YDOXH�LQFUHDVHV�DQG�WKH�FULWLFDO�WHPSHUDWXUH
�7F�� ORZHUV� �VHH� LQVHW� LQ� )LJ���� �D���� 7KHUDWKHU� VPDOO� VXSHUFRQGXFWLQJ� WUDQVLWLRQ
ZLGWK� RI� WKH� LQLWLDO� VDPSOH� �'�°|����.�ULVHV� VLJQLILFDQWO\� ZLWK� WKH� LQFUHDVLQJ� DQ�
QHDOLQJ� WHPSHUDWXUH�� DQG� WKH� WUDQVLWLRQ
WDNHV� D� VWHS�OLNH� IRUP� �)LJ���� �F���� 7KH
KHLJKW�DQG�ZLGWK�RI�WKH�ORZHU�VWHS�LQFUHDVH
ZLWK� WKH� DQQHDOLQJ� WHPSHUDWXUH�� 7KLV� EH�
KDYLRU� LQGLFDWHV� WKDW� 7F� LV� LQKRPRJHQHRXVRYHU� WKH� VLQJOH� FU\VWDO� YROXPH� DQG� WKDW
WKHUH�H[LVW�WZR�SKDVHV��RQH�ZLWK�D�KLJKHU�7FDQG�DQRWKHU�ZLWK�D�ORZHU�RQH��7KH�SUHVHQFH
RI�WKH�VWHS�HYLGHQFHV�WKH�DEVHQFH�RI�SHUFROD�
WLRQ�SDVVLQJ�SDWKV�IRU�WKH�WUDQVSRUW�FXUUHQW
LQ�WKH�KLJK�WHPSHUDWXUH�SKDVH��7KH�LQFUHDVH
RI� WKH� VWHS� ZLGWK� ZLWK� WKH� LQFUHDVLQJ� DQ�
QHDOLQJ� WHPSHUDWXUH� LQGLFDWHV� WKDW� WKH� GLV�
WLQFWLRQ� LQ� WKH� FULWLFDO� WHPSHUDWXUHV� RI� WKH
ORZ�� DQG� KLJK�WHPSHUDWXUH� VXSHUFRQGXFWLQJ
SKDVHV� LQFUHDVHV� DV� WKH� R[\JHQ� FRQFHQWUD�
WLRQ�GURSV��,Q�SDUWLFXODU��WKH�LQFUHDVH�RI�WKH
ORZ� VWHS� KHLJKW� LQGLFDWHV� WKDW� WKH� ORZ�WHP�
SHUDWXUH� SKDVH� YROXPH� LQFUHDVHV� ZLWK� WKH
GHFUHDVLQJ�R[\JHQ�FRQFHQWUDWLRQ�
,W�LV�VHHQ�IURP�)LJ�����E��WKDW�WKH�TXDVL�

PHWDOOLF�QDWXUH�RI�WKH�FRQGXFWLYLW\�WHPSHUD�
WXUH�GHSHQGHQFH�PHDVXUHG�DORQJ�WKH�F�D[LV�
FKDQJHV� WR� D� VHPL�FRQGXFWLQJ� FKDUDFWHU� DV
WKH� DQQHDOLQJ� WHPSHUDWXUH� LQFUHDVHV�� 6LPL�
ODUO\� WR� WKH� UHVLVWDQFH�PHDVXUHPHQWV� DORQJ
WKH� DE�SODQH�� WKH� DEVROXWH� UHVLVWDQFH� YDOXH
LQFUHDVHV�� WKH� FULWLFDO� WHPSHUDWXUH� GURSV
�VHH� 7DEOH� DQG� LQVHW� WR� )LJ���� �E��� DQG� WKH
ZLGWK�RI�WKH�VXSHUFRQGXFWLQJ�WUDQVLWLRQ� LQ�
FUHDVHV�ZLWK� WKH�GHFUHDVLQJ� R[\JHQ� FRQFHQ�
WUDWLRQ� �)LJ���� �G���� KRZHYHU�� WKH� VWHS�OLNH
QDWXUH� RI� WKH� WUDQVLWLRQ� EHFRPHV� VXEVWDQ�
WLDOO\� VPRRWKHG�� 7KLV� HYLGHQFHV� WKDW� HYHQ
WKRXJK�WKHUH�LV�DQ�LQKRPRJHQHLW\�RI�WKH�R[\�
JHQ�FRQFHQWUDWLRQ� LQ� WKH�FU\VWDO�DQG�� UHVSHF�
WLYHO\��WKH�SKDVHV�ZLWK�GLIIHUHQW�FULWLFDO�WHP�
SHUDWXUHV�DUH�SUHVHQW��SHUFRODWLRQ�SDWKV�VHHP
WR�H[LVW�IRU�WKH�WUDQVSRUW�FXUUHQW�LQ�WKH�KLJK�
WHPSHUDWXUH�SKDVH��DW�WKH�UHVLVWDQFH�PHDVXUH�
PHQWV�FDUULHG�RXW�DORQJ�WKH�°�D[LV��

7DEOH��([SHULPHQWDO�VDPSOH�SDUDPHWHUV�

�È��z �Ü² UDE��P:�FP UF��P:�FP 7FDE��. 7FF��. �7FDE�Ü�7FF���. '��.�
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��� ���� ��� ������ ����� ����� Ü���� ���
��� ���� ��� ������ ����� ����� ���� ���
��� ���� ��� ������ ����� ����� ���� ���
��� ���� ��� ����� ����� ���� ���� ���

5�9�9RYN�HW�DO����6XSHUFRQGXFWLYLW\�VXSSUHVVLRQ����

��� )XQFWLRQDO�PDWHULDOV�������������



2QH� RI� WKH� SRVVLEOH� UHDVRQV� IRU� WKH� GLI�
IHUHQFH� LQ� WKH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ
IRUPV� DW� WKH� ORQJLWXGLQDO� DQG� WUDQVYHUVDO
UHVLVWDQFH� PHDVXUHPHQWV� LV� WKH� JHQHUDWLRQ
RI�D�ORZ�WHPSHUDWXUH�SKDVH�DW�WZLQ�ERXQGD�
ULHV��$V� LW�ZDV� QRWHG� DERYH�� WKH� 7%� SODQHV
DUH�RULHQWHG�DORQJ�F�D[LV�RI�WKH�VLQJOH�FU\V�
WDO� DQG� DW� DQ� DQJOH� RI� D� ����� WR� È� DQG� E
D[HV�� WKDW� LV�� DW� DQ� DQJOH� WR� WKH� WUDQVSRUW
FXUUHQW�YHFWRU��ZKHQ�PHDVXULQJ�WKH�HOHFWULF
UHVLVWDQFH�DORQJ�WKH�DE�SODQH�RI�WKH�.��VLQ�
JOH�FU\VWDO��$VVXPLQJ�WKDW�WKH�ORZ�WHPSHUD�
WXUH� VXSHUFRQGXFWLQJ� SKDVH� LV� JHQHUDWHG� DW
WKH� 7%�� WKHQ�� DW� WKH� UHVLVWDQFH� PHDVXUH�
PHQWV� DORQJ� WKH� DE�SODQH�� WKH� SHUFRODWLRQ
SDWKV�IRU�WKH�WUDQVSRUW�FXUUHQW�LQ�WKH�KLJK�
WHPSHUDWXUH� SKDVH� DUH� DEVHQW�� ,Q� WKH� UHVLV�
WDQFH�PHDVXUHPHQWV�FDUULHG�RXW�DORQJ�WKH�°
D[LV�� SUREDEO\� SHUFRODWLRQ� SDVVLQJ� SDWKV
H[LVW�IRU�WKH�WUDQVSRUW�FXUUHQW�LQ�WKH�KLJK�
WHPSHUDWXUH� SKDVH�� DV� WKH� 7%� SODQHV� DUH
RULHQWHG�DORQJ�WKH�°�D[LV�
7KH�VXSSRVLWLRQ�WKDW�WKH�7%V�DUH�WKH�ORZ�

WHPSHUDWXUH�SKDVH�JHQHUDWLRQ�FHQWHUV�VHHPV
WR� EH� TXLWH� SUREDEOH�� ,Q� IDFW�� WKH� H[SHUL�
PHQWV� RQ� GHFRUDWLQJ� WKH� YRUWH[� VWUXFWXUH
>�����@� KDYH� VKRZQ� WKDW� WKH� YRUWH[� GHQVLW\
LQ� WKH� 7%� LV� UDLVHG� LQ� FRPSDULVRQ� WR� WKHLU
GHQVLW\� LQ� WKH� VXSHUFRQGXFWRU� EXON�� WKDW
PHDQV� VXSSUHVVLRQ� RI� WKH� RUGHU� SDUDPHWHU
DW� 7%�� 7KLV�� LQ� WXUQ�� PD\� EH� GXH� WR� WKH
UHGXFHG� R[\JHQ� FRQFHQWUDWLRQ� LQ� WKH� 7%
SODQHV�WKDW�PD\�DFW�DV�HIIHFWLYH�FKDQQHOLQJ
FHQWHUV� RI� R[\JHQ� YDFDQFLHV� >��@�� 7KH� VXS�
SRVLWLRQ�RQ�WKH�RUGHU�SDUDPHWHU�VXSSUHVVLRQ
DW�WKH�7%�LQ�<%D�&X�2�±[�VLQJOH�FU\VWDOV�LVFRQILUPHG� DOVR� E\� WKH� PLFUR� FRQWDFW� VSHF�
WURVFRS\�UHVXOWV�>��@�
$�VHFRQG�LPSRUWDQW�UHVLVWDQFH�SHFXOLDULW\

UHJDUGLQJ�WKH�VDPSOHV�ZLWK�ORZHUHG��°�FRQ�VLVWV� LQ�D� VLJQLILFDQW� �RI�DERXW���.��GLIIHU�
HQFH� EHWZHHQ� WKH� FULWLFDO� WHPSHUDWXUHV
PHDVXUHG� DORQJ� DQG� DFURVV� WKH� EDVLF� SODQH
�VHH�7DEOH���$�VLPLODU�HIIHFW�ZDV�REVHUYHG�LQ
%L�6U�&D[&X�2��[� >��@� DQG� LQ� <%D�&X�2�±[>��@� VLQJOH� FU\VWDOV� ZLWK� D� ODUJH� GHYLDWLRQ
IURP� VWRLFKLRPHWU\� LQ� R[\JHQ�� ,Q� >��@�� WKH
HIIHFW�LV�H[SODLQHG�E\�D�SRVVLEOH�)ULGHO�WUDQ�
VLWLRQ� >��@�� ZKLFK� FRQVLVWV� LQ� WKH� VXSSUHV�
VLRQ� RI� WKH� WUDQVYHUVDO� VXSHUFRQGXFWLYLW\
ZLWKLQ� D� WHPSHUDWXUH� UDQJH� 7I���7���7FXQGHU�WKH�FULWLFDO�RQH��7I�LV�WKH�)ULGHO�WHP�SHUDWXUH���WKURXJK�D�VSHFLILF�JURZWK�PHFKD�
QLVP�RI�-RVHSKVRQ�YRUWLFHV�LQ�OD\HUHG�VXSHU�
FRQGXFWRUV�� ,Q� WKH� WKHRUHWLFDO� ZRUN� >��@�
VXFK�D�PHFKDQLVP�FRXOG�EH�UHDOL]HG�LQ�D�UHDO
FU\VWDO�LQ�WKH�FDVH�RI�VRPH�GLVUXSWLRQ�RI�WKH
SHULRGLFDO� GLVWULEXWLRQ� RI� FRQGXFWLYLW\� OD\�
HUV�� $FFRUGLQJ� WR� >��@�� VXFK� D� VLWXDWLRQ

DULVHV� ZKHQ� WKH� OD\HUV� ZLWK� GLIIHUHQW� �°VHSDUDWLQJ�HDFK�RWKHU�DUH�SUHVHQW�ZLWKLQ�WKH
VDPSOH�� 7KLV� LV� FRQILUPHG� E\� WKH� UHVXOWV
IURP� >��@�ZKLFK�VKRZ�WKDW�WKH�R[\JHQ�FRQ�
FHQWUDWLRQ� UHGXFWLRQ� LQ�<%D�&X�2�±[� VLQJOHFU\VWDOV� FDXVHV� WKH� FRQGXFWLQJ� VXE�V\VWHP
GLVLQWHJUDWLRQ� LQWR� VHYHUDO� SKDVHV�ZLWK� GLI�
IHUHQW� �°�� $V� LW� ZDV� PHQWLRQHG� LQ� >��@�� DVHFRQG� SRVVLEOH� UHDVRQ� IRU� WKH� REVHUYHG� HI�
IHFW� LV� WKH�SUHVHQFH�RI�SODQH�GHIHFWV�ZLWKLQ
WKH� VDPSOHV� �LQ� RXU� FDVH�� WZLQ�ERXQGDULHV��
7ZLQ� ERXQGDULHV� DFW� DV� ZHDN� FRQQHFWLRQV
EHWZHHQ� OD\HUV� ZKHUH� WKH� VXSHUFRQGXFWLQJ
FXUUHQW� DULVHV� DW� WHPSHUDWXUHV� ORZHU� WKDQ
WKH� OD\HUV�� �°�� $� VLPLODU� VLWXDWLRQ� LV� UHDO�L]HG�� LQ� SDUWLFXODU�� LQ� JUDQXODU� VXSHUFRQ�
GXFWRUV�>��@��WR�EH�H[SODLQHG�LQ�PRUH�GHWDLO
LQ�ZKDW� IROORZV��$V� LV� VKRZQ� LQ�7DEOH�� WKH
PD[LPXP� GLIIHUHQFH� �7FDE�Ü�7FF�� LV� RE�VHUYHG� LQ� WKH� UHJLRQ� RI� R[\JHQ� FRQFHQWUD�
WLRQV� RI� ²�� ����Ü������ ZKLFK� FRXOG� EH
FRQQHFWHG�ZLWK� DQ�2UWKR� ,�2UWKR� ,,� WUDQ�
VLWLRQ� DQG�� DFFRUGLQJO\�� ZLWK� WKH� W\SH
FKDQJH�RI�WKH�R[\JHQ�K\SHU�VWUXFWXUH�
,W�LV�QHFHVVDU\�WR�SRLQW�RXW�WKDW�WKH�ILQDO

FRQFOXVLRQ� DERXW� WKH� GLVWULEXWLRQ� QDWXUH� RI
WKH� KLJK� DQG� ORZ� WHPSHUDWXUH� SKDVHV�� DV
ZHOO� DV� WKH� LQIOXHQFH� RQ� WKH� 7%� HIIHFW� RQ
WKH� VXSHUFRQGXFWLQJ� SURSHUWLHV� DQLVRWURS\
LQ�<%D�&X�2�±[� VLQJOH� FU\VWDOV��QHHGV� WR�EHVWXGLHG� DGGLWLRQDOO\�� ,W� LV� ORJLFDO� WR� FDUU\
RXW� DGGLWLRQDO� PHDVXUHPHQWV� RI� WKH� VXSHU�
FRQGXFWLQJ� WUDQVLWLRQV� LQ� QRQ�WZLQQHG� DQG
WZLQQHG� VLQJOH� FU\VWDOV� ZLWK� D� VSHFLILF� 7%
SODQH� GLVWULEXWLRQ�� ,Q� RQH� VHJPHQW� RI� WKH
FU\VWDO�� WKH�WUDQVSRUW�FXUUHQW�YHFWRU�KDV�WR
EH� RULHQWHG� LQ� SDUDOOHO�� ZKLOH� LQ� DQRWKHU
RQH�� SHUSHQGLFXODU� WR� WKH� 7%� SODQH�� ,Q� WKH
ODWWHU�FDVH��WKH�WUDQVSRUW�FXUUHQW�LQHYLWDEO\
FURVVHV� WKH� 7%� SODQH� LQ� RQH� RI� WKH� VLQJOH
FU\VWDO�VHJPHQWV��ZKHQ�,%7%��DQG�FDQ�IORZ
ZLWKLQ� WKH� VXSHUFRQGXFWRU� YROXPH� RI� WKH�
RPLWWLQJ� WKH� 7%� SODQH� LQ� DQRWKHU� FU\VWDO
VHJPHQW� �ZKHQ� ,__7%���7KH�PHDVXUHPHQWV� LQ
WKH� QRQ�WZLQQHG� FU\VWDOV� VKRXOG� SURYLGH
GDWD� FRQFHUQLQJ� WKH� H[LVWHQFH� �RU� ODFN�� RI
WKH� VWHS�OLNH� VXSHUFRQGXFWLQJ� WUDQVLWLRQ
IRUP�� DV� ZHOO� WKH� GLIIHUHQFH� >7FDE�Ü�7FF@� LQWKH�DEVHQFH�RI�SODQH�GHIHFWV�LQ�WKH�VDPSOH�
$V� LW�ZDV�PHQWLRQHG� DERYH�� LQ� WKH� EDVLV

SODQH�� LQ� UDE���� GHSHQGHQFHV� LQ� UHODWLYHO\KLJK� WHPSHUDWXUH� UHJLRQ�� WKH� ZLGH� HQRXJK
OLQHDU� VHFWLRQ� LV� NHSW� HYHQ�XQGHU� D� VLJQLIL�
FDQW� R[\JHQ� GHILFLW� �²t������� 7R� H[SODLQ
WKLV�NLQG�RI�GHSHQGHQFH��YDULRXV�WKHRUHWLFDO
PRGHOV� ZHUH� SURSRVHG�� DPRQJ� WKHP�� WKH
ZHOO�NQRZQ�59%�WKHRU\� >��@� DQG� WKH�1$)/
PRGHO� >��@��$FFRUGLQJ� WR� WKH� ILUVW� RQH�� WKH
VFDWWHULQJ� SURFHVV� LQ� +76&� FRPSRXQGV� LV
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UHDOL]HG� E\� PHDQV� RI� WKH� LQWHUDFWLRQ� EH�
WZHHQ�WKH�FDUULHUV�DQG�WKH�WZR�W\SHV�RI�WKH
TXDVL�SDUWLFXODU� H[FLWDWLRQV�Û� VSLQRQV� DQG
KRORQV� >��@�� +HUHZLWK�� WKH� WHPSHUDWXUH� GH�
SHQGHQFH�RI�UHVLVWDQFH�DVVXPHV�� LQ�DGGLWLRQ
WR� WKH� LWHP� OLQHDU�ZLWK� UHVSHFW� WR� WHPSHUD�
WXUH�� DQ� DGGLWLYH� SURSRUWLRQDO� WR� ��7� >��@�
LQ� ERWK� WKH� ORQJLWXGLQDO� DV� ZHOO� DV� WKH
WUDQVYHUVDO�UHVLVWDQFH�

U�7�� �$7�����%7� ���
,QGHHG�� DV� LW� LV� VHHQ� LQ� )LJ����� WKH� UDE���
DQG� U°���� UHVLVWLYLW\� GHSHQGHQFHV� XQGHU� DQR[\JHQ�GRSLQJ�FORVH�WR�WKH�RSWLPDO�OHYHO�EH�
FRPH� VWUDLJKWHQHG� LQ� WKH� U���Ü���� FRRUGL�
QDWHV�� +RZHYHU�� LQ� WKH� PHGLXP�GRSHG� DQG
XQGHUGRSHG� VDPSOHV�� WKH� H[SHULPHQWDO
FXUYHV� FDQQRW� EH� GHVFULEHG� E\� WKH� HTXDWLRQ
�����$FFRUGLQJ�WR�WKH�1$)/�PRGHO�>��@��WKH
FDUULHU� VFDWWHULQJ� LQ� +76&� V\VWHPV� LV� GH�
ILQHG� E\� DQWLIHUURPDJQHWLF� LQWHUDFWLRQ�� )RU
WKLV��WKH�H[LVWHQFH�RI�D�OLQHDU�VHFWLRQ�LQ�WKH
U����GHSHQGHQFHV�HYLGHQFHV�UHOLDEO\�WKH�QRU�
PDO� VWDWH� RI� WKH� V\VWHP�� (YHQ� VR�� QRQH� RI
WKH� WKHRUHWLFDO� PRGHOV�� H[SODLQLQJ� WKLV� EH�
KDYLRU�RI�U����FXUYHV� LQ�WKH�UHODWLYHO\�KLJK
WHPSHUDWXUH�UHJLRQ��FRXOG�GHVFULEH�VDWLVIDF�
WRU\�WKH�GHYLDWLRQ�IURP�WKH�OLQHDULW\�WDNLQJ
SODFH� DW� WHPSHUDWXUHV� ORZHU� WKDQ� D� FKDUDF�
WHULVWLF� YDOXH� �
� FRUUHVSRQGLQJ� WR� WKH
SVHXGR�JDS�RSHQLQJ�>����@�

7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKH
U°�UDE���� DQLVRWURS\�DUH� VKRZQ� LQ�)LJ���� LQU°�UDE�Ü���DQG�OQ>�U°�UDE��7@�Ü����Ü����FRRU�
GLQDWHV�� 7KRVH� DUH� LQ� DJUHHPHQW� ZLWK� WKH
GHVFULSWLRQ�RI� WKH� IXQFWLRQ�U°�UDE���� LQ� WKHVHFRQG�FDVH�E\�PHDQV�RI�WKH�IROORZLQJ�DQD�
O\WLFDO�H[SUHVVLRQ�

UF�e�UDE�I�7H[S�7��e�7���e��� ���
ZKHUH����Û�FRQVWDQW�� ,W� LV�NQRZQ�WKDW� WKH
HTXDWLRQ� ���� LV� W\SLFDO� IRU� WKH�KRSSLQJ�FRQ�
GXFWDQFH� ZLWK� D� YDULDEOH� KRSSLQJ� OHQJWK� Ü
�ODZ�RI������>��@��

5HGXFWLRQ�RI�WKH�R[\JHQ�FRQFHQWUDWLRQ�LV
VHHQ� WR� UHVXOW� LQ� D� VLJQLILFDQW� LQFUHDVH� RI
WKH� DEVROXWH� DQLVRWURS\� YDOXH� U°�UDE�� )URPWKH� H[SHULPHQWDO� GDWD� DQDO\VLV�� LW� FDQ� EH
FRQFOXGHG� WKDW�� DOWKRXJK� HTXDWLRQ� ���� SUR�
YLGHV�D�TXDOLWDWLYH�GHVFULSWLRQ�RI�WKH�H[SHUL�
PHQWDO� GHSHQGHQFH� U°�UDE���� LQ� WKH� UHJLRQRI�UHODWLYHO\�KLJK�WHPSHUDWXUHV��LW�LV�QRW�DV
DQ� HIILFLHQW� GHVFULSWLRQ� DV� HTXDWLRQ� ���� RI
WKH�KRSSLQJ�FRQGXFWLYLW\��,W� LV�NQRZQ�IURP
WKH�WKHRU\�WKDW�WKH��ODZ�RI�������LV�XVXDOO\
WUHDWHG� DV� D� &RXORPE� JDS� LQ� WKH� HQHUJ\
VSHFWUXP� RI� WKH� FDUULHUV�� PRUH� W\SLFDO� RI

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� UHVLVWDQFH� LQ� U���Ü���� FRRUGLQDWHV�� �È��� LQ� WKH� DE�SODQH�� �E��
DORQJ�WKH�°�D[LV��7KH�FXUYHV�DUH�QXPEHUHG�DV�LQ�)LJ�����7KH�GDVKHG�OLQHV�LOOXVWUDWH�WKH�DSSUR[LPD�
WLRQ�RI�WKH�OLQHDU�VHFWLRQV�RI�WKH�H[SHULPHQWDO�FXUYHV�

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�UHVLV�
WLYLW\� DQLVRWURS\� U°�UDE���� LQ� U°�UDE�Ü��� DQG
OQ>�U°�UDE��7@�Ü�������� FRRUGLQDWHV�� 7KH
FXUYHV�DUH�QXPEHUHG�DV�LQ�)LJ�����7KH�GDVKHG
OLQHV� LOOXVWUDWH� WKH� DSSUR[LPDWLRQ� RI� WKH� H[�
SHULPHQWDO�FXUYHV�E\�HTXDWLRQ�����
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VHPLFRQGXFWRUV� >��@��2Q�WKH�FRQWUDU\�� DV� LW
ZDV�VKRZQ�LQ�>��@��WKH�HTXDWLRQ�����LV�PRUH
JHQHUDO� DQG� FDQ� EH� DSSOLHG� IRU� D� EURDGHU
FODVV� RI� FRQGXFWLQJ� FRPSRXQGV� ZLWK� D� VLJ�
QLILFDQW� VWUXFWXUDO� GLVRUGHU�� ,Q� SDUWLFXODU�
LW�FDQ�EH�XVHG�IRU�D�GLVSHUVLRQ�RI�VPDOO�PHWDO
JUDQXOHV�ZLWKLQ�D�GLHOHFWULF�PDWUL[�>��@��,W�LV
NQRZQ� WKDW� GRSLQJ�+76&� FXSUDWHV� HLWKHU� E\
VXEVWLWXWLQJ� ZLWK� LVRYDOHQW� DQDORJXHV�� RU� E\
FKDQJLQJ� WKH� R[\JHQ� FRQFHQWUDWLRQ�� FDXVHV
WKH� V\VWHP� GLVLQWHJUDWLRQ� LQWR� HOHFWURQ�QHX�
WUDO� UHJLRQV�RI� WZR� W\SHV�Û�PHWDOOLF��ZLWK�D
KLJK� FDUULHU� FRQFHQWUDWLRQ�� DQG� GLHOHFWULF
>��@�� 7KH� NLQG� RI� GRPDLQV� FDQ� EH�LPSRVHG�
DOVR� E\� RUGHULQJ� GRSDQWV�� ,W� LV� REYLRXV� WKDW
XQGHU� DGHTXDWHO\� VPDOO� GLPHQVLRQ� LQFOXVLRQV
ZLWK� PHWDOOLF� FRQGXFWDQFH�� WKH� V\VWHP� PD\
WDNH�IHDWXUHV�W\SLFDO�RI�WKH�JUDQXODU�PHWDOV�
,W�LV�HYLGHQW�IURP�)LJ����WKDW�WKH�VORSH�RI

WKH� FXUYHV� LQFUHDVHV� LQ� SDUDOOHO� ZLWK� WKH
R[\JHQ�GHILFLHQF\��7KLV�LPSOLHV�WKDW�WKH�DF�
WLYDWLRQ� HQHUJ\� DOVR� LQFUHDVHV�� ,W� VKRXOG� EH
DOVR� QRWHG� WKDW� IRU� WKH� FXUYH� ��� ZLWK� WKH
ORZHVW� �°�� DW� WHPSHUDWXUHV� DURXQG� ���� .�WKH�VORSH�FKDQJHV�PRUH�WKDQ�WZLFH��7KLV��LQ
WXUQ��HYLGHQFHV�D�UHGXFWLRQ�RI�WKH�DFWLYDWLRQ
HQHUJ\�� DQG� UHIOHFWV� WKH� SUHVHQFH� RI� SKDVH
WUDQVLWLRQV� REVHUYHG� LQ� >�@� IRU� WKH� <%&2
VLQJOH� FU\VWDOV��$FFRUGLQJ� WR� >�@�� WKH�SKDVH
WUDQVLWLRQV�RI�WKLV�W\SH�LQIOXHQFH�WKH�FKDUJH
WUDQVSRUW�NLQHWLFV��$�FHUWDLQ�GHYLDWLRQ�IURP
WKH� OLQHDU� GHSHQGHQFH� IRU� WKH� FXUYHV� �Ü�
RFFXUULQJ� LQ� WKH�UHODWLYHO\� ORZ�WHPSHUDWXUH
UHJLRQ�FRXOG�EH�GXH�WR�WKH�LQFUHDVLQJ�FRQWUL�
EXWLRQ� IURP� WKH� IOXFWXDWLRQ� FRPSRQHQW� WR
WKH� ORQJLWXGLQDO� FRQGXFWLYLW\� WKDW� EHFRPHV
HVVHQWLDO� QHDU� WKH� VXSHUFRQGXFWLQJ� WUDQVL�
WLRQ�WHPSHUDWXUH�>�@�
7KXV��WKH�DQDO\VLV�RI�WKH�REWDLQHG�H[SHUL�

PHQWDO�GDWD�JLYHV�ULVH�WR�VXSSRVLWLRQ�WKDW�WKH
GHFUHDVH�RI�WKH�R[\JHQ�FRQWHQW�LQ�<%D�&X�2�±
[� VLQJOH� FU\VWDOV� UHVXOWV� LQ� ORFDOL]DWLRQ� RIWKH� FDUULHUV� DORQJ� WKH� GLUHFWLRQ� RI� F� D[LV
DQG� LQ� D�PRGLILFDWLRQ� RI� WKH� OD\HU� LQWHUDF�
WLRQ��7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�UH�
VLVWLYLW\� DQLVRWURS\� U°�UDE���� LV� GHVFULEHG

ZHOO�ZLWKLQ�D�ZLGH�WHPSHUDWXUH�UDQJH�E\�WKH
XQLYHUVDO��ODZ�RI������IRU�WKH�WKHUPDO�DFWL�
YDWHG�KRSSLQJ�FRQGXFWLYLW\�
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