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���,QWURGXFWLRQ
1DQRVWUXFWXULQJ� RI� VROLGV� KDV� UHFHLYHG

PXFK�DWWHQWLRQ�GXH�WR�LWV�SRWHQWLDO�DSSOLFD�
WLRQ� LQ� HOHFWURQLFV� >�@�� $PRQJ� WKHRUHWLFDO
LQYHVWLJDWLRQV��WKHUH�DUH�D�ORW�RI�H[SHULPHQ�
WDO� GDWD� PDQLIHVWLQJ� D� ODUJH� FODVV� RI� SDW�
WHUQV� DSSHDUHG� DV� D� UHVXOW� RI� VHOI�RUJDQL]D�
WLRQ� SURFHVV� RQ� WKH� VXUIDFH� RI� D� VROLG�� ,RQ
EHDP�VSXWWHULQJ�LV�IUHTXHQWO\�UHJDUGHG�DV�D
SURFHVV�IRU�WKH�IDEULFDWLRQ�RI�YDULRXV�QDQR�
VWUXFWXUHG� VXUIDFHV� RU� LQWHUIDFHV�� ,Q� WKH
SDVW�IHZ�\HDUV��WKH�LRQ�VSXWWHU�HURVLRQ�WHFK�
QLTXH�KDV�DURXVHG�QHZ�LQWHUHVW�DV�D�PHWKRG
RI� SURGXFLQJ� QDQRGRW�QDQRKROH� DUUD\V� RQ
VROLG�VXUIDFHV��VHH�H�J��>�Ü�@���:KHQ�D�KLJK
HQHUJ\� LRQ� HQWHUV� D� VXUIDFH�� VHYHUDO� HIIHFWV
RFFXU��LQFOXGLQJ�LPSODQWDWLRQ��GDPDJH��PL[�
LQJ�� HOHFWURQ� HPLVVLRQ�� DQG� FKHPLFDO� UHDF�
WLRQV�� LQ� DGGLWLRQ� WR� VSXWWHULQJ�� ,W� ZDV
VKRZQ�H[SHULPHQWDOO\�WKDW�WKH�PDLQ�SURSHU�

WLHV� RI� SDWWHUQ� IRUPDWLRQ� DQG� VWUXFWXUH� RI
SDWWHUQV� �IRU� H[DPSOH� WKH� VL]H� RI� QDQR�
GRWV�QDQRKROHV�RU�URZV��GHSHQG�RQ�WKH�HQHU�
JHWLF�LRQ�EHDP�SDUDPHWHUV�VXFK�DV�LRQ�IOX[�
HQHUJ\�RI�GHSRVLWLRQ�� LRQ�GRVH��DQJOH�RI� LQ�
FLGHQFH� DQG� WHPSHUDWXUH�� 5RZV� IRUPDWLRQ
ZDV� VWXGLHG� RQ� GLIIHUHQW� VXEVWUDWHV�� L�H�� RQ
PHWDOV��$J�DQG�&X��>������@�RQ�VHPLFRQGXFWRUV
�*H�>��@�DQG�6L�>��Ü��@��RQ�6Q�>��@��,Q3�>��@�
RQ� &G�1E�2�� S\URFKORUH� >��@� DQG� RWKHU�� $VZDV�VKRZQ�WKH�KHLJKW�PRGXODWLRQV�RQ�WKH�VXU�
IDFH�LQGXFHG�E\�LRQ�EHDP�VSXWWHULQJ�UHVXOW�LQ
URZV�IRUPDWLRQ�KDYLQJ�WKH�W\SLFDO�VL]H�RI����
WR���PP�DQG�QDQRVFDOH�SDWWHUQV�ZLWK�WKH�OLQ�
HDU�VL]H�RI�����WR����QP�>��@�

,W�LV�ZHOO�NQRZQ�WKDW�WKH�LQFLGHQFH�DQJOH
KDV�DQ�LQIOXHQFH�RQ�RULHQWDWLRQ�RI�URZV��5H�
DOO\�� WKH�ZDYH�YHFWRU�RI� WKH�PRGXODWLRQV� LV
SDUDOOHO�WR�WKH�FRPSRQHQW�RI�WKH�LRQ�EHDP�LQ
WKH� VXUIDFH� SODQH� DW� WKH� LQFLGHQFH� DQJOHV
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DURXQG�Se���EXW�SHUSHQGLFXODU�WR�WKDW�FRPSR�
QHQW� DW� VPDOO� LQFLGHQFH� DQJOHV� �FORVH� WR
JUD]LQJ��� ,Q� DGGLWLRQ�� WKH� RULHQWDWLRQ� RI
URZV� FDQ� EH� FRQWUROOHG� E\� D� SHQHWUDWLRQ
GHSWK� ZKLFK� LV� SURSRUWLRQDO� WR� WKH� GHSRVL�
WLRQ�HQHUJ\��$�SRVVLELOLW\�RI�SDWWHUQ�IRUPD�
WLRQ�FRQWURO�E\�ERWK�WKH�LQFLGHQFH�DQJOH�DQG
SHQHWUDWLRQ� GHSWK�ZDV� VKRZQ� LQ� >����@��7KH
PDLQ�WKHRUHWLFDO�PRGHOV�GHVFULELQJ�URZV�IRU�
PDWLRQ� DUH� EDVHG� RQ� UHVXOWV� RI� WKH� NQRZQ
ZRUNV� >�����Ü��@�7KH�PDLQ�PHFKDQLVPV� IRU
SDWWHUQ� IRUPDWLRQ� ZHUH� VHW� WR� SUHGLFW� WKH
RULHQWDWLRQ�FKDQJH�RI�WKH�URXJKQHVV��IRUPD�
WLRQ� RI� KROHV� DQG� GRWV�� 7KHVH� PRGHOV� ZHUH
JHQHUDOL]HG�E\� WDNLQJ� LQWR�DFFRXQW�DGGLWLYH
IOXFWXDWLRQV� OHDGLQJ� WR� VWDWLVWLFDO� GHVFULS�
WLRQ�RI�WKH�FRUUHVSRQGLQJ�SURFHVVHV�

,Q� WKLV� DUWLFOH� ZH� DLP� WR� VWXG\� WKH� URZ
�RU� JHQHUDOO\� SDWWHUQ�� IRUPDWLRQ� SURFHVVHV
LQ�DQLVRWURSLF�V\VWHP�JRYHUQHG�E\�WKH�FRUUH�
VSRQGLQJ� .XUDPRWR�6LYDVKLQVN\� HTXDWLRQ
ZKLFK� WDNHV� LQWR� DFFRXQW� DGGLWLYH� QRLVH
FDXVHG�E\�IOXFWXDWLRQV�RI�WKH�EHDP�IOX[��:H
FRQVLGHU� WKH� OLQHDU� DQG� QRQOLQHDU� PRGHOV
VHSDUDWHO\� DQG� GLVFXVV� WKH� FRUUHVSRQGLQJ
SKDVH� GLDJUDPV� LQ� WKH� VSDFH� RI�PDLQ� EHDP
SDUDPHWHUV� UHGXFHG� WR� WKH� SHQHWUDWLRQ
GHSWKV� LQ� HDFK� GLUHFWLRQ� DQG� WKH� LQFLGHQFH
DQJOH�� 0RUHRYHU�� ZH� SUHVHQW� UHVXOWV� RI� WKH
VFDOLQJ� EHKDYLRU� VWXG\� RI� WKH� FRUUHODWLRQ
IXQFWLRQV� DQG� GLVFXVV� WLPH� GHSHQGHQFHV� RI
WKH�URXJKQHVV�DQG�JURZWK�H[SRQHQWV�GXULQJ
WKH�V\VWHP�HYROXWLRQ�DV�ZHOO�DV�IUDFWDO�SURS�
HUWLHV� RI� WKH� VXUIDFH�� ,W�ZLOO� EH� VKRZQ�WKDW
LQ� WKH� V\VWHP� XQGHU� FRQVLGHUDWLRQ�� VHYHQ
W\SHV� RI� VWUXFWXUHV� ZKLFK� FDQ� EH� IRUPHG
ZLWK� YDU\LQJ� LQ� LQFLGHQFH� DQJOH� DQG� SHQH�
WUDWLRQ�GHSWKV�LQ�HDFK�GLUHFWLRQ�KDYH�IUDFWDO
SURSHUWLHV��:H�VKDOO�GLVFXVV�SKDVH�GLDJUDPV
DQG�WKH�VFDOLQJ�H[SRQHQWV�LQ�GHWDLO��

7KH� ZRUN� LV� RUJDQL]HG� LQ� WKH� IROORZLQJ
PDQQHU��,Q�6HFWLRQ����ZH�SUHVHQW�WKH�PRGHO
IRU� VXUIDFH� VWUXFWXUHV� IRUPDWLRQ� SURFHVVHV
ZLWK�DGGLWLYH�QRLVH��,Q�6HFWLRQ����ZH�GLVFXVV
WKH� VWDELOLW\� DQDO\VLV� RI� WKH� OLQHDU� V\VWHP�
7KH�QRQOLQHDU�VWRFKDVWLF�PRGHO�LV�VWXGLHG�LQ
6HFWLRQ� ��� +HUH�� ZH� VKRZ� WKH� SKDVH� GLD�
JUDPV� RI� SDWWHUQLQJ� DQG� FRQVLGHU� WKH� VFDO�
LQJ� SURSHUWLHV� RI� WKH� FRUUHODWLRQ� IXQFWLRQV�
7KH�PDLQ� UHVXOWV� DQG� SURVSHFWV� IRU� WKH� IX�
WXUH�DUH�SUHVHQWHG�LQ�WKH�&RQFOXVLRQV��

���0RGHO
/HW�XV�FRQVLGHU�D�G�GLPHQVLRQDO�VXEVWUDWH

DQG�GHQRWH�ZLWK� U� WKH�G�GLPHQVLRQDO�YHFWRU
ORFDWLQJ� D� SRLQW� RQ� LW�� 7KH� VXUIDFH� LV� GH�
VFULEHG�DW�HDFK�WLPH�W�E\�WKH�KHLJKW�]� �K�U�W��
,I� ZH� DVVXPH� WKH� VXUIDFH� PRUSKRORJ\� LV
FKDQJHG� XQGHU� LRQ� VSXWWHULQJ�� WKHQ�ZH� FDQ

XVH� WKH� PRGHO� IRU� WKH� VXUIDFH� JURZWK� SUR�
SRVHG� LQ� >�@� DQG� IXUWKHU� GHYHORSHG� LQ� >�@�
:H�FRQVLGHU�WKH�V\VWHP�ZKHUH�WKH�GLUHFWLRQ
RI�WKH�LRQ�EHDP�OLHV�LQ�[Ü]�SODQH�DW�DQ�DQJOH
T���>��S��@� WR� WKH� QRUPDO� RI� WKH� XQHURGHG
VXUIDFH�� )ROORZLQJ� WKH� VWDQGDUG� DSSURDFK�
WKH�DYHUDJH�HQHUJ\�GHSRVLWHG�DW�WKH�VXUIDFH
�OHW� VD\�SRLQW�2��GXH�WR� WKH� LRQ�DUULYLQJ�DW
WKH�SRLQW�3�LQ�WKH�VROLG�LV�DVVXPHG�WR�IROORZ
WKH�*DXVVLDQ�GLVWULEXWLRQ�>�@�
(�U�� �H�e�§©��S��

�e��VP�·¹H[S��]��e��V�����[����\���e��P���

H�GHQRWHV�WKH�NLQHWLF�HQHUJ\�RI�WKH�DUULYLQJ
LRQ��V�DQG�P�DUH�WKH�ZLGWKV�RI�WKH�GLVWULEX�
WLRQ�LQ�GLUHFWLRQV�SDUDOOHO�DQG�SHUSHQGLFXODU
WR� WKH� LQFRPLQJ� EHDP�� 7KH� SDUDPHWHUV� V
DQG�P�GHSHQG�RQ�WKH�WDUJHW�PDWHULDO�DQG�FDQ
YDU\�ZLWK� SK\VLFDO� SURSHUWLHV� RI� WKH� WDUJHW
DQG� LQFLGHQW� HQHUJ\�� 7KH� HURVLRQ� VSHHG� DW
WKH�VXUIDFH�SRLQW�2� LV�GHVFULEHG�E\�WKH�IRU�
PXOD�Q� �S³�

5
GU)�U�(�U���ZKHUH� LQWHJUDWLRQ� LV

SURYLGHG� RYHU� WKH� UDQJH� RI� WKH� HQHUJ\� GLV�
WULEXWLRQ� RI� DOO� LRQV��+HUH�)�U�� LV� D� FRUUHF�
WLRQ� IRU� WKH� ORFDO� VORSH� GHSHQGHQFH� RI� WKH
XQLIRUP�IOX[�-�ZKLFK�IRU�VXUIDFHV�ZLWK�QRQ�
]HUR� ORFDO� FXUYDWXUH� LV� GHILQHG� E\� WKH� JHQ�
HUDO�H[SUHVVLRQ�>��@�
�)�[�\�K�� �-FRV�DUFWDQ>�CCCCCCCCCCCCCCC��[K�������\K�� @��

7KH�PDWHULDO� FRQVWDQW�S� LV� GHILQHG� E\� UHOD�
WLRQ� S� ��e��S���18�&������ ZKHUH� 8�� DQG� &�
DUH� WKH� VXUIDFH� ELQGLQJ� HQHUJ\� FRQVWDQWV
SURSRUWLRQDO� WR� WKH� VTXDUH� RI� WKH� HIIHFWLYH
UDGLXV� RI� WKH� DWRPLF� LQWHUDFWLRQ� SRWHQWLDO
>��Ü��@��+HQFH��WKH�G\QDPLFV�RI�WKH�VXUIDFH
KHLJKW� LV� GHILQHG� E\� WKH� UHODWLRQ
wWK�|��Q�T����[K��[�K��\�K�� DQG� LV� JLYHQ� E\
WKH� HTXDWLRQ� wWK�|��Q�T��CCCCCCCCC������K�� � >�Ü������
��@�� 7KH� OLQHDU� WHUP� H[SDQVLRQ� JLYHV
wWK� ��Q����J�[K���Q[�[[� K���Q\�\\� K�� +HUH� Q�
LV� WKH� VXUIDFH� HURVLRQ� VSHHG�� J� �J�T�� LV� D
FRQVWDQW� WKDW� GHVFULEHV� WKH� VORSH�GHSHQGLQJ
HURVLRQ�� Q[�\� �Q[�\�T�� LV� HIIHFWLYH� VXUIDFH
WHQVLRQ�JHQHUDWHG�E\�HURVLRQ�SURFHVV�LQ�HDFK
GLUHFWLRQ�

,I� WKH� VXUIDFH� FXUUHQW� LV� DVVXPHG� WR� EH
GULYHQ�E\�GLIIHUHQFHV�LQ�FKHPLFDO�SRWHQWLDO�P�
WKHQ� WKH� HYROXWLRQ� HTXDWLRQ� IRU� WKH� ILHOG�K
VKRXOG� WDNH� LQWR� DFFRXQW� WKH� WHUP������M� LQ
WKH� ULJKW�KDQG� VLGH�� ZKHUH� MV� �.����K�� LV
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WKH� VXUIDFH� FXUUHQW��.�!��� LV� WKH� WHPSHUD�
WXUH�GHSHQGHQW� VXUIDFH� GLIIXVLRQ� FRQVWDQW�
,I� WKH� VXUIDFH� GLIIXVLRQ� LV� WKHUPDOO\� DFWL�
YDWHG�� WKHQ� ZH� KDYH� .� �'VNU�Q�7�� ZKHUH
'V� �'�H�(De7� LV� WKH� VXUIDFH� VHOI�GLIIXVLYLW\�
(D� LV� WKH�DFWLYDWLRQ�HQHUJ\� IRU� VXUIDFH�GLI�IXVLRQ�� N� WKH� VXUIDFH� IUHH� HQHUJ\�� U� LV� WKH
DUHD� GHQVLW\� RI� GLIIXVLQJ� DWRPV�� Q� LV� WKH
QXPEHU� RI� DWRPV� SHU� XQLW� YROXPH� LQ� WKH
DPRUSKRXV�VROLG��

$VVXPLQJ� WKDW� WKH� VXUIDFH� YDULHV
VPRRWKO\�� ZH� QHJOHFW� VSDWLDO� GHULYDWLYHV� RI
WKH� KHLJKW� K� RI� WKLUG� DQG� KLJKHU� RUGHUV� LQ
WKH� VORSH� H[SDQVLRQ�� 7DNLQJ� LQWR� DFFRXQW
QRQOLQHDU� WHUPV� LQ� WKH� VORSH� H[SDQVLRQ� RI
WKH� VXUIDFH� KHLJKW� G\QDPLFV�� ZH� DUULYH� DW
WKH�DQLVRWURSLF�.XUDPRWR�6LYDVKLQVN\�HTXD�
WLRQ�IRU�WKH�TXDQWLW\�Kc� �K���Q�W�RI�WKH�IRUP
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+HUH� DOO� FRQWURO� SDUDPHWHUV� DUH� GHILQHG� E\
WKH� LRQ� SHQHWUDWLRQ� GHSWKV� DV� DQG� DP�� WKH
LQFLGHQFH�DQJOH�T��WKH�IOX[�-�DQG�WKH�NLQHWLF
HQHUJ\� H�� 1H[W�� ZH� VXSSRVH�)�� ����.� ��� DQG¦� ����

���6WDELOLW\�DQDO\VLV�RI�WKH�OLQHDU
PRGHO

,W�LV�NQRZQ�WKDW�WUDQVLWLRQV�EHWZHHQ�WZR
PDFURVFRSLF�SKDVHV�LQ�D�JLYHQ�V\VWHP�RFFXU
GXH�WR�WKH�ORVV�RI�WKH�VWDWH�VWDELOLW\�DW�FHU�
WDLQ�YDOXHV�RI�WKH�FRQWURO�SDUDPHWHUV��,Q�WKH
FDVH�RI�VWRFKDVWLF�V\VWHPV��WKH�OLQHDU�VWDELO�
LW\�DQDO\VLV�QHHGV� WR�EH�GRQH� IRU�D� VWDWLVWL�
FDO�PRPHQW�RI�WKH�SHUWXUEHG�VWDWH��:H�ZLOO
QRZ� SHUIRUP� WKH� VWDELOLW\� DQDO\VLV� IRU� WKH
V\VWHP� ZLWK� DGGLWLYH� IOXFWXDWLRQV�� 7R� WKDW
HQG�� ZH� DYHUDJH� WKH� /DQJHYLQ� HTXDWLRQ� ���
RYHU�WKH�QRLVH�DQG�JHW�
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ZKHUH�ZH� WDNH� LQWR�DFFRXQW� WKH�QRLVH�SURS�
HUWLHV� ����� 1RZ�� ZH� FDQ� UHZULWH� WKH� OLQHDU�
L]HG�HYROXWLRQ�HTXDWLRQ� IRU� WKH�DYHUDJH�­K®
LQ�WKH�VWDQGDUG�IRUP�
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LQWR� (T������ ZH� DUULYH� DW� UHODWLRQV� IRU� WKH
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)URP� (T������ DQG� (T����� LW� IROORZV� WKDW
DYHUDJH�KHLJKW�­K®��ZLOO�EH�VWDEOH�LI�Q[�!����,Q�)LJ����ZH� VKRZ� VWDELOLW\� GLDJUDP�RI� OLQ�
HDU�PRGHO��+HUH�FXUYHV��� DQG��� FRUUHVSRQG
WR�GHSHQGHQFHV�DV�T��ZLWK�DP� �����DQG�DP� ����� UHVSHFWLYHO\�� &XUYHV� �c� DQG� �c� GHQRWH
UHODWLRQV�DP�T�� DW�DV� �����DQG�DV� ������UH�VSHFWLYHO\��:H�SORW�DQJOH�D[HV�T� LQ�UDGLDQV
�ERWWRP�� DQG� LQ� GHJUHHV� �WRS�� IRU� FRQYHQ�
LHQFH�� 7KH� GRPDLQ� RI� VWDEOH� VROXWLRQV� GH�
QRWHG�DV�Q[�!���LV�RQ�WKH�ULJKW�RI�FXUYHV��,WLV� VHHQ� IURP� )LJ���� WKDW� LQFUHDVLQJ� LQ� DPUHVWULFWV�WKH�VWDELOLW\�GRPDLQ��FXUYHV���DQG
����ZKHUHDV� LQFUHDVLQJ� LQ�DV� �FXUYHV��c� DQG�c�� LQ� FRQWUDVW� H[SDQGV� WKLV�GRPDLQ�� ,Q� WKH
LQVHUWLRQ� ZH� VKRZ� VQDS�VKRWV� LQ� WLPH� ���
����DQG������IURP�WRS�WR�ERWWRP��RI�W\SLFDO
VWUXFWXUHV�LQ�GRPDLQV�RI�VWDEOH�DQG�XQVWDEOH
VROXWLRQV�� ,W� LV� VHHQ� WKDW� LQ� WKH� GRPDLQ� RI
VWDEOH�VROXWLRQV��WKHUH�DUH�ZHOO�GHILQHG�SHUL�
RGLFDO� VWUXFWXUHV� VWDEOH� LQ� WLPH��ZKHUHDV� LI
Q[����� �� WKH�VWUXFWXUHV�KDYH�QRW�SHULRGLFLW\DQG�ZHOO�GHILQHG�RULHQWDWLRQ��,Q�RXU�VLPXOD�
WLRQV��ZH� KDYH� XVHG�*DXVVLDQ� LQLWLDO� FRQGL�
WLRQV� E\� WDNLQJ� ­K�U�W� ���®� ���� ­�GK��®� 
����� LQWHJUDWLRQ� WLPH� VWHS� LV� 'W� �������
VSDFH�VWHS�LV�HOO� ���

���1RQOLQHDU�VWRFKDVWLF�PRGHO
1RZ�OHW�XV�FRQVLGHU�WKH�QRQOLQHDU�V\VWHP

EHKDYLRU� VHWWLQJ� O[�z�� DQG� O\�� z���� ,Q� WKHIROORZLQJ� VWXG\��ZH� DUH� EDVHG�RQ� WKH� VLPX�
ODWLRQ�SURFHGXUH��VROYLQJ�QRQOLQHDU�VWRFKDV�
WLF�GLIIHUHQWLDO�HTXDWLRQ�����

����� 6XUIDFH� PRUSKRORJ\� FKDQJLQJ�� :H
VKDOO� FRQVLGHU� DQ� DQLVRWURSLF� V\VWHP� ZKHUH
HURVLRQ� FRQVWDQW� J� ���� :H� KDYH� FRPSXWHG
SKDVH� GLDJUDPV� IRU� WKH� QRQOLQHDU� V\VWHPV
LOOXVWUDWLQJ� IRUPDWLRQ� RI� GLIIHUHQW� SDWWHUQV
VKRZQ� LQ� )LJ����� /HW� XV� FRQVLGHU� GLDJUDP
DV�T�� DW� DP� ������ VKRZQ� LQ� )LJ���D�� +HUH�WKH� ZKROH� SODQH� �DP�T�� LV� GLYLGHG� LQWR� ��UHJLRQV��GHQRWHG�E\�$��%��&��'��(��)��*�DQG
FKDUDFWHUL]HG� E\� VLJQ� RI� Q[�� O[�� O\�� �Q[����IRU�DOO�UHJLRQV�GXH�WR�(T�������,Q�WKH�)LJXUH�
GDVKHG� OLQHV� FRUUHVSRQG� WR� D� FKDQJH� RI� WKH
VLJQ�RI�O[��GRW�OLQH�GHILQHV�FRQGLWLRQ�Q[� ���O\� HTXDOV� ]HUR� LQ� WKH� GDVK�GRW� OLQH� DQG� LIVROLG�OLQH�LV�FURVVHG�WKHQ�DV�O[�DV�O\�FKDQJHVLWV�VLJQ��,W�LV�LPSRUWDQW�WKDW�DW�DV�d�DP��RQHKDV� NQRZQ� SKDVH� GLDJUDP� ZKHUH� Q[�� O[�FKDQJH� VLJQ� DQG� RQO\� WKUHH� GLIIHUHQW� GR�
PDLQV� �$�� %� DQG� &�� DUH� UHDOL]HG�� $W� WKDW
WLPH�� LI� DV�!�DP�� WKHQ� WKHUH� DUH� VHYHQ� GR�PDLQV� ZKLFK� FRUUHVSRQG� WR� GLIIHUHQW� VWUXF�
WXUHV��,Q�)LJ���E�ZH�VKRZ�GHSHQGHQFHV�DP�T�

DW� DV� ������ +HUH� OLQHV� DUH� GHILQHG� DV� LQ� DSUHYLRXV� JUDSK�� )LJV���F� DQG� �G� LOOXVWUDWH
GHSHQGHQFHV� DP�DV�� DW� VPDOO� �T� ������ DQGODUJH� �T� �Se��Ü������ DQJOHV�� UHVSHFWLYHO\�� ,Q
)LJ���F��WKH�GDVK�GRW�GRW�OLQH�FRUUHVSRQGV�WR
WKH� FRQGLWLRQ� Q[� �O[� ���� &RPSDULQJ� )LJV��F� DQG� �G� RQH� FDQ� VHH� WKDW� DQ� LQFUHDVH� LQ
DQJOH� RI� LQFLGHQFH� UHVXOWV� LQ� UHGXFWLRQ� RI
UHJLRQ�*�DQG�LQYRNHV�ODUJH�YDOXHV�RI�DP�IRUUHJLRQV� $� DQG� %�� 7\SLFDO� VWUXFWXUHV� LQ� DOO
SRVVLEOH�UHJLRQV�DUH�VKRZQ�LQ�)LJ�����

/HW� XV� FRQVLGHU� D� PRUSKRORJ\� FKDQJLQJ
RI� SDWWHUQV� ZLWK� UHVSHFW� WR� VLJQV� RI� Q[�� O[DQG� O\�� $� OLQHDU� VWDELOLW\� DQDO\VLV� VKRZVWKDW� WKH�VLJQ�RI�Q[�GHWHUPLQHV�WKH�VWDELOLW\RI� VROXWLRQV�� ,Q� RWKHU� ZRUGV�� Q[����� LV� DFRQGLWLRQ�RI� LQVWDELOLW\�LQ�[�GLUHFWLRQ�H[LVW�
HQFH� �Q\����� IRU� DOZD\V� GXH� WR� (T������� 6R�WKH�PDLQ� FULWHULRQ� RI� D� QDQRGRWV�QDQRKROHV
IRUPDWLRQ�LV�Q[������VHH�UHJLRQV�$��%��)��*��,QYHVWLJDWLRQ� RI� WKH� QRLVHOHVV� DQLVRWURSLF
.XUDPRWR�6LYDVKLQVN\� HTXDWLRQ� VKRZV� WKDW
ZKHQ� O[�O\����� D� GLUHFWLRQ� RI� URZV� EHLQJURWDWHG� ZLWK� UHVSHFW� WR� WKH� LRQ� GLUHFWLRQ
�VHH�UHJLRQV�%��&��(��)���7KH�DGGLWLRQDO�FUL�
WHULRQ�RI�D�QDQRGRWV�QDQRKROHV�IRUPDWLRQ�LV
O[�O\�!���� 7KXV�� D� IDEULFDWLRQ� RI� QDQR�GRWV�QDQRKROHV� LV� SURYLGHG� E\� FRQGLWLRQV
Q[� ���� DQG� O[�O\�!��� �VHH� UHJLRQV� *� DQG� $DQG� FRUUHVSRQGLQJ� VWUXFWXUHV� LQ� )LJ����� UH�
VSHFWLYHO\���

,Q� FRQWUDVW� WR� WKH� SUHYLRXV� FDVH�� WKH
PDLQ� FRQGLWLRQ� RI� URZV� IRUPDWLRQ� LQ� [� GL�
UHFWLRQ� LV� Q[�!��� DQG� WKH� DGGLWLRQDO� RQH� LVO[�O\����� �VHH� UHJLRQV� &� DQG� (� DQG� FRUUH�VSRQGLQJ� VWUXFWXUHV� LQ� )LJ������ )RU� UHJLRQV
%�� '�� DQG� )� WKH� IROORZLQJ� QDQRGRWV�QDQR�

)LJ�����'LDJUDP�RI�WHPSRUDO�VWDELOLW\�IRU�SH�
ULRGLFDO� VWUXFWXUHV� RI� OLQHDU�PRGHO� �FXUYHV��
DQG� �� FRUUHVSRQG� WR� GHSHQGHQFHV� DV�T�� ZLWK
DP� ����� DQG� DP� ������ �c� DQG� �c� GHQRWH� GH�
SHQGHQFHV�DP�T��ZLWK�DV� �����DQG�DV� �������
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KROHV� IRUPDWLRQ� FULWHULD� DUH� YDOLG�� DV� URZ
DQG� ULSSOHV� IRUPDWLRQ� RQHV� GR� QRW� VDWLVI\�
VWUXFWXUHV� %� DQG� )� DUH� FKDUDFWHUL]HG� E\
QHJDWLYH�YDOXHV�RI�Q[� �H[LVWHQFH�RI� LQVWDELO�LW\� LQ� [�� DQG� \�GLUHFWLRQV�� EXW� GLIIHUHQW
VLJQV�RI�O[�DQG�O\�EHFRPH�WR�URWDWLQJ�RI�WKHURZ� ZLWK� UHVSHFW� WR� WKH� LRQ� GLUHFWLRQ�� LQ
UHJLRQ� '� ZLWK� SRVLWLYH� YDOXHV� RI� Q[� WKHSURGXFW� O[�O\�!��� GRHV� QRW� SURYLGH� WKH� IRU�PDWLRQ� RI� ZHOO� GHILQHG� VWUXFWXUHV� RQ� VXU�
IDFH�

7KH�VKDSH�RI�VWUXFWXUHV�$�DQG�*��%�DQG
)��&�DQG�(� LV�WRSRORJLFDOO\� LGHQWLFDO��VWUXF�
WXUHV�$��%�DQG�&�DUH�FRQFDYH�DQG�VWUXFWXUHV
(�� )�� *� DQG� '� DUH� FRQYH[�� 7KH� W\SH� RI� D
VWUXFWXUH��FRQYH[�RU�FRQFDYH��LV�GHWHUPLQHG
E\� WKH� VLJQ� RI�O\�� 7KH� V\VWHP�XQGHU� FRQVLG�HUDWLRQ� GRHV� QRW� JHQHUDWH� FRQFDYH�OLNH� VWUXF�
WXUHV�� LGHQWLFDOO\� WR� VWUXFWXUHV� IURP� '� UH�
JLRQ�

7R�SURYH�WKDW�VWUXFWXUHV�$�DQG�*�LQ�)LJ�
�� DUH� VWDEOH� LQ� WLPH��ZH� FRPSXWH� WKH� QXP�
EHU� RI� QDQRGRWV�QDQRKROHV� YV� WLPH�� &RUUH�
VSRQGLQJ� GHSHQGHQFHV� DUH� VKRZQ� LQ� )LJ����
,W� LV� VHHQ� WKDW� DV� IRU� SURFHVV� RI� QDQRGRWV
IRUPDWLRQ� �VHH�ILOOHG�FLUFOHV���DV�IRU�SURFHVV
RI� QDQRKROHV� IRUPDWLRQ� �VHH� HPSW\� FLUFOHV�

WKH� QXPEHU� Q� �1�1PD[� RI� �LVODQGV�� LQ�FUHDVHV� DW� VPDOO� WLPH� �W�������� WKDW� FRUUH�
VSRQGV� WR�SURFHVVHV� RI� �LVODQGV�� IRUPDWLRQ�
$W� LQWHUPHGLDWH� WLPH� �������W��������� D
UHODWLYH� QXPEHU� RI� �LVODQGV�� IDOOLQJ� GRZQ
WKDW� UHODWHV� WR� FRDOHVFHQFH�SURFHVVHV� RI� �LV�
ODQGV���$W�ODUJH�WLPH��W�!������RQH�KDV�VWD�
WLRQDU\� EHKDYLRU� RI� D� UHODWLYH� QXPEHU� RI
�LVODQGV��� 6R�� LW� IROORZV� WKDW� SURFHVVHV� RI
QDQRGRWV�QDQRKROHV� IRUPDWLRQ� DUH� VWDWLRQ�
DU\��ZKHQ�WKH�JURZWK�DQG�FRDOHVFHQFH�SURF�
HVVHV� DUH� ILQLVKHG� WKH� DYHUDJH� QXPEHU� RI
�LVODQGV��GRHV�QRW�FKDQJH�LQ�WLPH��

����� 6FDOLQJ� SURSHUWLHV� RI� WKH� VXUIDFH
PRUSKRORJ\��8VLQJ�QXPHULFDO�GDWD��LW�LV�SRV�
VLEOH� WR� VWXG\� WKH� VWDWLVWLFDO� SURSHUWLHV� RI
WKH� V\VWHP� FRQVLGHULQJ� WKH� WLPH�GHSHQGHQW
KHLJKW�KHLJKW� FRUUHODWLRQ� IXQFWLRQ�� GHWHU�
PLQHG� LQ� WKH� IROORZLQJ� PDQQHU�� &K�U�W�� 
­�K�U���Uc�W�ÜK�Uc�W���®�� ,Q� WKH� IUDPHZRUN� RI
WKH�G\QDPLF�VFDOLQJ�K\SRWKHVLV��WKH�FRUUHOD�
WLRQ� IXQFWLRQ� FDQ� EH�ZULWWHQ� LQ� WKH� IROORZ�
LQJ�IRUP�>������@��

&K� ��U�W�� ��:��W�M§̈
©
U
]�W�

·̧
¹
�� ����

)LJ����� 3KDVH� GLDJUDPV� IRU� WKH� QRQOLQHDU� V\VWHPV� LOOXVWUDWLQJ� IRUPDWLRQ� RI� GLIIHUHQW� SDWWHUQV� DW�
DP� �������D����DV� ������E���T� ������F���T� �S���Ü������G���
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ZKHUH�:�� �­�K�U�Ü­K�U�®��®��:�LV�WKH�LQWHU�
IDFH�ZLGWK��DQG�

M�X��|�­®̄X
�D���IRU�X�����
FRQVW��IRU�X�!!����

����

(DUO\�VWDJHV�FDQ�EH�ILWWHG�E\�WKH�IXQFWLRQ
&K�U�W��|��:��W�>��Ü�H[S>Ü�U�]��D@� >��@�� 7KH
G\QDPLF� VFDOLQJ� K\SRWKHVLV� DVVXPHV� WKDW
WKH� IROORZLQJ� GHSHQGHQFHV� DUH� YDOLG�
:��W��W�E�� ]�W����W�e]�� ZKHUH� E� LV� WKH� JURZWK
H[SRQHQW�� ]� LV� WKH� G\QDPLF� H[SRQHQW� IRU
ZKLFK�]� �D�e�E��)URP�DQRWKHU�YLHZSRLQW��ZH
FDQ�DVVXPH�>��@�

&K�U�W�� �U�D\§̈©
W
U�
·̧
¹
� ����

ZKHUH�

\�Q��|�­®̄Q
�E���IRU�Q�����
FRQVW��IRU�Q�!!���

����

� 7KHUHIRUH�� WKHVH� WZR� FDVHV� OHDG� WR� WKH� UH�
VXOWV�&K�W��W�E�DQG�&K�U��U�D��DOORZLQJ�WR�GH�
ILQH� WKH�JURZWK� H[SRQHQW�E� DQG� WKH� URXJK�
QHVV�H[SRQHQW�D��$V�ZDV�VKRZQ�LQ�>������@�
WKH� URXJKQHVV�:�W�/�� FDQ� EH� UHODWHG� WR� WKH
VWUXFWXUH�IXQFWLRQ�6�N��DV�IROORZV�

:��W�/�� �9Ü�¦ 6
N�z��

�N�W���

ZKHUH� 6K�N�W�� �9Ü�­KN�W�KÜN�W�®�� 7KH� VWUXF�WXUH�IXQFWLRQ��N�W��KDV�WKH�IRUP�

6K�N�W�� �N��G��D
a�4�N�W��� ����

ZLWK�VSDWLDO�GLPHQVLRQ�G� ���ZKHUH�

4�N]W��|�­®̄N
�DW�DeE���IRU�N]W�����
FRQVW��IRU�N]W�!!���

����

DQG� VFDOHV� DV� 6K�N�W����N��G��Da�� IRU� ODUJH� WDQG�6K�N�W����W�E�IRU�VPDOO��,Q�SUHYLRXV�VWXGLHV��VHH�IRU�H[DPSOH�>�@��
LW�ZDV�VKRZQ�WKDW�HYHQ�LQ�WKH�LVRWURSLF�V\V�
WHP� ZLWK� DGGLWLYH� QRLVH� WKH� VFDOLQJ� H[SR�
QHQWV�D��E� DQG�]� GHSHQG�RQ� WKH� V\VWHP�SD�
UDPHWHUV�Q��O�DQG��.��0RUHRYHU��WKHVH�H[SR�
QHQWV�DUH�WKH�WLPH�GHSHQGHQW�IXQFWLRQV��L�H�
LWV�PDJQLWXGHV�FDQ�EH�FKDQJHG�LQ�WKH�FRXUVH
RI� WKH� V\VWHP� HYROXWLRQ�� $FFRUGLQJ� WR� WKH
VFDOLQJ� K\SRWKHVLV�� WKH� WHPSRUDO� HYROXWLRQ
RI� WKH� TXDQWLW\� � :� �­�GK��®�� ZKHUH
GK� �K���­K®��FDQ�EH�UHSUHVHQWHG�WKURXJK�WKH
H[SRQHQW�E��

7R� FKDUDFWHUL]H� IUDFWDO� SURSHUWLHV� RI� WKH
VXUIDFH�� ZH� FDQ� VWXG\� D� SDLU� FRUUHODWLRQ
IXQFWLRQ�GHILQHG�DV�IROORZV��

&S�U�W�� �­K�U���Uc�W�K�U�W�®�� ����
,I� WKHUH� LV� QR� FKDUDFWHULVWLF� VSDFH� VFDOH�

WKHQ� WKH� LQWURGXFHG� FRUUHODWLRQ� IXQFWLRQ
VKRXOG� EHKDYH� LWVHOI� DOJHEUDLFDOO\�� L�H��
&S�U�W������U'��ZKHUH�WKH�VFDOLQJ�H[SRQHQW�'UHODWHV� WR� WKH� IUDFWDO� FRUUHODWLRQ� GLPHQVLRQ
'��DV�'� �G���'���7KH�FRUUHVSRQGLQJ�)RXULHUWUDQVIRUPDWLRQ� RI� WKH� FRUUHODWLRQ� IXQFWLRQ
&S�U�W�� VFDOHV� DV� 6S�N�W����N�'��� )URP� WKH
GHILQLWLRQ� RI� WKH� FRUUHODWLRQ� IUDFWDO� GLPHQ�
VLRQ� '�� DQG� WKH� SURSHUWLHV� RI� WKH� )RXULHUFRPSRQHQW� RI� WKH� FRUUHODWRU� ����� LW� IROORZV
WKDW� DW�'�� ��� WKHUH� LV� QR� VFDOLQJ� EHKDYLRURI� WKH� VWUXFWXUH� IXQFWLRQ� DQG
6S�N�W��|�FRQVW�� +HQFH�� WKH� VXUIDFH� DW� WKH

)LJ�����'HSHQGHQFHV�RI�WKH�UHODWLYH�QXPEHU�RI
QDQRGRWV�DQG�QDQRKROHV�YV�WLPH�

)LJ����� 7\SLFDO� VWUXFWXUHV� LQ� UHJLRQV�$Ü*� DW
W� ������������������������������� DQG�����
UHVSHFWLYHO\�

9�2�.KDUFKHQNR���6WUXFWXUH�IRUPDWLRQ�SURFHVVHV����

)XQFWLRQDO�PDWHULDOV������������� ���



IL[HG�WLPH�W�FDQ�EH�FRQVLGHUHG�DV�D�*DXVVLDQ
VXUIDFH�ZLWK�QR�FRUUHODWLRQ��L�H��ZKLWH�QRLVH
LQ�VSDFH�ZLWK�HTXDO�FRQWULEXWLRQ�RI�DOO�ZDYH�
QXPEHUV�N��WKH�FRUUHVSRQGLQJ�VSDWLDO�FRUUH�
ODWRU������LV�UHGXFHG�WR�WKH�'LUDF�GHOWD�IXQF�
WLRQ�� &S�U��o�G�U��� ,Q� WKH� FDVH� '�� ���� RQHDUULYHV�DW�W\SLFDO�GHSHQGHQFH�6S�N����NÜ��IRUGLIIXVH� VSUHDGLQJ� RQ� WKH� ZHOO� VWUXFWXUHG
VXUIDFH�� +HUH� WKH� WRSRORJLFDO� GLPHQVLRQ� G
HTXDOV�WKH�IUDFWDO�GLPHQVLRQ�'���:H�KDYH�SHUIRUPHG�FDOFXODWLRQV�RI�WKH�VFDO�
LQJ�H[SRQHQWV�IRU�HDFK�VWUXFWXUH�LQ�)LJ�����:H
KDYH�FRPSXWHG�VHWV�^DL`�DQG�^EL`�DW�WLPH�ZLQ�GRZ�ZKHQ�WKH�LQWHUIDFH�ZLGWK�:�RU�WKH�FRU�
UHODWLRQ� IXQFWLRQ� &K�U�� VWDUW� WR� JURZ� XQWLOWKHLU� VDWXUDWLRQ� �L�H��� ZKHQ� DOJHEUDLF� GH�
SHQGHQFHV� :��W�� ���W�E� DQG� &K�U����U�D� DUHREVHUYHG��� :H� FRPSXWH� WKH� FRUUHVSRQGLQJ
SDLU�FRUUHODWLRQ�IXQFWLRQ�&S�U�W��DQG�WKH�DV�VRFLDWHG� IUDFWDO� GLPHQVLRQ�'�� VSHFLDOO\� IRUHDFK� VWUXFWXUH� LQ� )LJ����� 7KH� FRUUHVSRQGLQJ
VHWV� ^DL`� DQG� ^EL`� IRU� HDFK� VWUXFWXUH� DUHVKRZQ� LQ� )LJ�� ��� )LJ���D� LOOXVWUDWHV� VHW� ^EL`�WKH�WRS�SDQHO�UHSUHVHQWV�GHSHQGHQFHV�^EL`�YV
WLPH� IRU� GHWHUPLQLVWLF� PRGHO� ZLWK� ¦� ���
WKH� ERWWRP� SDQHO� VKRZV� WKH� VDPH� GHSHQG�
HQFHV� IRU� VWRFKDVWLF� PRGHO� DW�¦� ������� LQ
)LJ���E��ZH�SORW�WKH�URXJKQHVV�H[SRQHQWV�^DL`�HUURU�EDUV�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ
RI�WKH�PHDQ�UHVXOWV��

,W�LV�VHHQ�IURP�)LJ���D�WKDW�H[SRQHQWV�EL�ZKLFK�GHILQH�WKH�JURZWK�ODZ�RI�FRUUHVSRQG�
LQJ� VWUXFWXUHV� LQ� WLPH� KDYH� GLIIHUHQW� YDO�
XHV�� 7KH� WLPH� GHSHQGHQFH� PHDQV� WKDW� DW
HDUO\�VWDJHV�ZKHUH�JURZWK�SURFHVVHV�DUH�UH�
DOL]HG� WKHUH� LV� D� VWUDLJKW� OLQH� IRU�:��W�� LQ
ORJ�ORJ� SORW�� $W� ODUJH� WLPH� OLPLW� ZKHUH
FRDUVHQLQJ� SURFHVVHV� VWDUW� WR� SOD\� HVVHQWLDO
UROH�� WKHUH� LV� D� VHW� RI� H[SRQHQWV� ^EL`�� 6XFKVHW�PHDQV�WKDW�WKH�ORFDO�SRZHU�ODZ�DSSUR[L�
PDWLRQ�FDQ�EH�XVHG�IRU�WKH�VPRRWK�IXQFWLRQ
:��W��ZKHUH�HDFK�H[SRQHQW�EL�UHODWHV�WR�WKHIL[HG� WLPH� LQWHUYDO� 'WL�� :��'WL�����'WL��EL�
$FFRUGLQJ�WR�VXFK�DVVXPSWLRQ��WKH�IXQFWLRQ
M���� LQ� (T������ VKRXOG� EHKDYH� LWVHOI� LQ� D
PRUH� FRPSOLFDWHG� IRUP� RQ� D� JLYHQ� WLPH� LQ�
WHUYDO� 'WL� WKDQ� WKH� VLPSOHVW� SRZHU� ODZVKRZQ� DERYH�� 7KH� SURSRVHG� DSSUR[LPDWLRQ
DOORZV� WR� VWXG\� DW� ZKDW� WLPH� LQWHUYDO� QRQ�
OLQHDU�HIIHFWV�DUH�UHVSRQVLEOH�IRU�WKH�V\VWHP
HYROXWLRQ�� ,W� FDQ�EH� VHHQ� WKDW� DV� IRU�GHWHU�
PLQLVWLF�PRGHO� �WRS�SDQHO��DV� IRU� VWRFKDVWLF
RQH� �ERWWRP� SDQHO�� LQLWLDOO\� EL� VWDUW� WR� LQ�FUHDVH�XQWLO�D�PD[LPXP�LV�UHDFKHG��WKHQ�ELGHFUHDVHV�� ,W� WDNHV� PD[LPDO� YDOXH� PRUH
ODWHU� IRU� VWUXFWXUHV� %� DQG� &� �WLPH� W�|����

DQG�W�|������WKDQ�IRU�VWUXFWXUHV�$��(��)��*
DQG�'��W�|�����y�����DQG�W�|������&RPSDULQJ
UHVXOWV�RI�^EL`�IRU�GHWHUPLQLVWLF�DQG�VWRFKDV�WLF�PRGHOV�ZH�FDQ�FRQFOXGH�WKDW�GXULQJ�WKH
V\VWHP�HYROXWLRQ��EL�JURZV�IDVWHU�IRU�GHWHU�PLQLVWLF� V\VWHP� WKDQ� LW� LV� IRU� VWRFKDVWLF
RQH�� ,W�PHDQV�WKDW�WKH�FRDUVHQLQJ�SURFHVVHV
LQ� GHWHUPLQLVWLF� FDVH� RFFXU� IDVWHU� WKDQ� LQ
WKH�VWRFKDVWLF�RQH��)URP�SK\VLFDO�YLHZSRLQW�
LW�PHDQV�WKDW�DGGLWLYH�QRLVH�SURPRWHV�VORZ�
GRZQ�RI�JURZWK�SURFHVVHV��WKH\�DUH�GHOD\HG
LQ�WLPH��LQ�D�VKRUW�WLPH�LQWHUYDO�ZLWK�VPDOO
EL�������0RUHRYHU�� FRDUVHQLQJ� SURFHVVHV� DUHDFFHOHUDWHG� ZLWKRXW� RI� QRLVH�� WKH\� RFFXU
ZLWK� ����EL������ ,Q� VWRFKDVWLF� V\VWHP�� WKH
JURZWK�SURFHVVHV�RFFXU�ODWHU�WKDQ�DW�¦� ���
ZKLOVW� FRDUVHQLQJ�RQHV�DUH�GHFHOHUDWHG�ZLWK
����EL�������� 7KHUHIRUH�� WKH� DGGLWLYH� QRLVH

)LJ����� 6FDOLQJ� H[SRQHQWV� IRU� WKH� VWUXFWXUHV
LQ� )LJ����� D�� WKH� VHW� RI� WKH� JURZWK� H[SRQHQW
EL� �WRS� SDQHO� UHSUHVHQWV� UHVXOWV� IRU� GHWHUPL�
QLVWLF� V\VWHP�ZLWK�¦� ����ERWWRP�RQH� VKRZV
UHVXOWV� IRU� VWRFKDVWLF� V\VWHP�ZLWK�¦� ������� E�
WKH�URXJKQHVV�H[SRQHQW�D�
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LQ� DQLVRWURSLF� V\VWHPV� LV� DEOH� WR� GHOD\
JURZWK� DQG� FRDUVHQLQJ� SURFHVVHV� �LW� KDOYHV
YDOXHV�RI�WKH�JURZWK�H[SRQHQW�DW�ODUJH�WLPH
LQWHUYDO��IURP�RQH�KDQG��)URP�DQRWKHU�RQH�
LW� LV�UHVSRQVLEOH�IRU�GHFUHDVLQJ�WKH�WLPH�LQ�
WHUYDO�ZKHUH�WKHVH�SURFHVVHV�DUH�UHDOL]HG�

)URP� )LJ���E�� LW� FDQ� EH� FRQFOXGHG� WKDW
WKH�URXJKQHVV�H[SRQHQWV� ^DL`�GR�QRW�FKDQJHLWV� YDOXHV� LQ� WLPH� IRU� HDFK� VWUXFWXUH� IURP
)LJ�����6PDOO�GHYLDWLRQV�IURP�D�PHDQ�YDOXH
DUH�ZLWKLQ�WKH�ERXQGV�RI�HUURU��

,W� LV�NQRZQ�WKDW�DW� ODUJH�WLPH� LQWHUYDOV�
WKH�H[SRQHQWV�Da�FDQ�EH�GHWHUPLQHG�IURP�WKH
GHILQLWLRQ�6K�N����N��G��D

a���ZKHUH�G� ����:H
KDYH� FRPSXWHG� WKH� VSKHULFDOO\� DYHUDJHG
VWUXFWXUH�IXQFWLRQ�GHILQHG�RQ�D�FLUFOH�

6K�N�W�� ���1N¦�
NdNdN�'N

6K�N��W� �

ZKHUH� 1N� LV� WKH� QXPEHU� RI� SRLQWV� RQ� WKH
FLUFOH� RI� WKH� ZLGWK� 'N�� &RPSDULVRQ� RI� UH�
VXOWV� IRU� WKH� H[SRQHQWV� DL� DQG� Da� REWDLQHGIURP� UHODWLRQV� &K�U����U�D� DQG
6K�N����N��G��D

a��� UHVSHFWLYHO\�� IRU� DOO� VWUXF�
WXUHV�VKRZV�D�GLIIHUHQFH�LQ�����y�������

:H�KDYH�FRPSXWHG�WKH�IUDFWDO�GLPHQVLRQ
'�� IRU� DOO� VWUXFWXUHV� LQ� )LJ����� :H� KDYH
IRXQG� WKDW� WKH� IUDFWDO� SURSHUWLHV� DUH� ZHOO
SURQRXQFHG� IRU� WKH� VWUXFWXUH� $� FKDUDF�
WHUL]LQJ� E\� WKH� IUDFWDO� GLPHQVLRQ
'��$��|�������� ZKHUHDV� VWUXFWXUHV� %� DQG� *DUH� ZHOO� VWUXFWXUDO� SDWWHUQV� ZLWK
'��%��|�������DQG�'��&��|��������6WUXFWXUHV&�� '�� (� DQG� )� DUH� FKDUDFWHUL]HG� E\� OLJKW
IUDFWDO�SURSHUWLHV�ZLWK�'�� ������y�������

���&RQFOXVLRQV
:H�KDYH� VWXGLHG� WKH� SDWWHUQV� IRUPDWLRQ

SURFHVVHV� LQGXFHG� E\� WKH� LRQ� VSXWWHULQJ
XQGHU� VWRFKDVWLF� FRQGLWLRQV� RI� LOOXPLQDWLRQ
LQ�DQLVRWURSLF�V\VWHP��7KH�PDLQ�DVVXPSWLRQ
ZDV�WKH�VWRFKDVWLF�QDWXUH�RI�WKH�EHDP�IOX[�
:H� KDYH� GLVFXVVHG� SKDVH� GLDJUDPV� RI� GLI�
IHUHQW�SDWWHUQV�LQ�ERWK�OLQHDU�DQG�QRQOLQHDU
PRGHOV��:LWKLQ�WKH�IUDPHZRUN�RI�WKH�OLQHDU
VWDELOLW\� DQDO\VLV�� ZH� KDYH� IRXQG� FULWLFDO
YDOXHV�RI�LQFLGHQFH�DQJOH�DW�IL[HG�YDOXHV�RI
SHQHWUDWLRQ� GHSWKV� ZKLFK� GHILQH� VXUIDFH
VWUXFWXUHV�

6WXG\LQJ� WKH� QRQOLQHDU� PRGHO�� ZH� KDYH
FRPSXWHG� WKH� SKDVH� GLDJUDPV� LOOXVWUDWLQJ
IRUPDWLRQ� RI� GLIIHUHQW� SDWWHUQV� �ULSSOHV�
KROHV�DQG�GRWV��ZKLFK�UHODWHV�WR�WKH�UHVXOWV
IURP�WKH�OLQHDU�VWDELOLW\�DQDO\VLV��7KH�PDLQ
SURSHUWLHV�RI�WKH�SDWWHUQ�IRUPDWLRQ�SURFHVVHV
ZHUH� VWXGLHG� ZLWK� WKH� KHOS� RI� LQWHUIDFH
ZLGWK� DQG� FRUUHODWLRQ� IXQFWLRQV�� :H� KDYH

VKRZQ� WKDW� SDWWHUQV�� FKDUDFWHUL]LQJ� E\
QDQR�KROHV�DQG�QDQR�GRWV�DUH�VWDEOH�LQ�WLPH
�D� QXPEHU� RI� KROHV�GRWV� LV� D� FRQVWDQW� DW
ODUJH� WLPH��� 7R�PDNH� D�GHWDLOHG� DQDO\VLV� RI
WKH� SDWWHUQ� IRUPDWLRQ�� ZH� KDYH� H[DPLQHG
WKH� VFDOLQJ� EHKDYLRU� RI� PDLQ� VWDWLVWLFDO
FKDUDFWHULVWLFV�RI�WKH�V\VWHP�UHGXFHG�WR�WKH
FRUUHODWLRQ� IXQFWLRQV�DQG� LWV�)RXULHU� WUDQV�
IRUPV� �VWUXFWXUH� IXQFWLRQV���:H� KDYH� FRP�
SXWHG� WKH� VFDOLQJ� H[SRQHQW� IRU� DOO� SRVVLEOH
UHDOL]LQJ� VWUXFWXUHV�� ,W�ZDV� VKRZQ� WKDW� WKH
DGGLWLYH�QRLVH�LQ�DQLVRWURSLF�V\VWHPV�LV�DEOH
WR� GHOD\� WKH� JURZWK� DQG� FRDUVHQLQJ� SURF�
HVVHV�DQG�GHFUHDVHV�WKH�WLPH�LQWHUYDO�ZKHUH
WKHVH�SURFHVVHV�DUH�UHDOL]HG��:H�KDYH�FDOFX�
ODWHG� WKH� IUDFWDO� �FRUUHODWLRQ��GLPHQVLRQ�� ,W
ZDV� VKRZQ� WKDW� DOO� SDWWHUQV� KDYH� IUDFWDO
SURSHUWLHV��
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