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SROMD�SURL]YROMQLK�VLVWHPD

QDHOHNWULVDQLK�SURYRGQLK�WHOD

1DSLVDQD�MH�VLPXODFLMD�NRMD�MH�NRULVWH`L�PHWRG�UHODNVDFLMH�UH^HQMD�UDaXQD�SURV�

WRUQX�UDVSRGHOX�SRWHQFLMDOD�SUL]YROMQRJ��'�LOL��'�VLVWHPD�QDHOHNWULVDQLK�SURYRG�

QLK�WHOD�SR]QDWRJ�SRWHQFLMDOD��2VLP�̂ WR�UDaXQD�SRWHQFLMDO��VLPXODFLMD�SRVHGXMH�GR�

GDWQH�RSFLMH� ]D�RGUH_LYDQMH� UDVSRGHOH�QDHOHNWULVDQMD�QD�]DGDWLP� WHOLPD��NDR� L

HOHNWLaQRJ�SROMD�FHORJ�VLVWHPD��6LPXODFLMD�MH�IXQNFLRQLVDOD�]D�VLVWHPH�NRML�VH�QD�

OD]H�X�RJUDQLaHQRP�SURVWRUX���'�VLVWHPL�VX�VPH^WDQL�X�]DWYRUHQH�NRQWXUH��D��'

VLVWHPL�X�]DWYRUHQH�NXWLMH��1D�WDM�QDaLQ�EL�VH�QXOWL�SRWHQFLMDO�L]�EHVNRQDaQRVWL�SR�

PHUDR�QD�NRQDaQX�XGDOMHQRVW�RG�WHOD��5D]YLMDQMHP�DOJRULWPD�VX�SURXaHQH�QMHJRYH

SUHGQRVWL�L�QHGRVWDFL�

8YRG

3UREOHP�RGUH_LYDQMD�MHGLQVWYHQRJ�UH^HQMD�IXQNFLMH�UDVSRGHOH�HOHNWUL �

aQRJ�SRWHQFLMDOD�X�SURL]YROMQRP�VLVWHPX�QDHOHNWULVDQLK�WHOD�RGXYHN�MH�]D �

X]LPDR�YDCQR�PHVWR�X�HOHNWURVWDWLFL��)XQNFLMX�UDVSRGHOH�QLMH�ODNR�RGUHGLWL

DQDOLWLaNL�QL�X�MHGQRVWDYQLP�VLVWHPLPD��GRN�MH�X�VORCHQLP�WR�SUDNWLaQR�QH �

PRJX`H��=DWR�VH�aHVWR�SULEHJDYD�QXPHULaNRP�UH^DYDQMX��3RVWRML�QHNROLNR

PHWRGD�NRML�WR�RPRJX`DYDMX��PHWRGD�NRQIRUPQRJ�SUHVOLNDYDQMD��GLV �

SHU]LRQD�PHWRGD�L�UHODNVDFLRQD�PHWRGD��3XUFHOO��������&LOM�RYRJ�UDGD�MH

GD�VH�NUHLUD�RSWLPL]RYDQ�DOJRULWDP�]D�L]UDaXQDYDQMH�SRWHQFLMDOD�RGUH_HQLK

VLVWHPD�QDHOHNWULVDQLK�SURYRGQLK�WHOD�X�YDNXXPX��$OJRULWDP�VH�WHPHOML�QD

SULQFLSX�UHODNVDFLRQRJ�PHWRGD��

=D�VYDNX�WDaNX�HOHNWURVWDWLaNRJ�SROMD�YDCL�3RLVVRQRYD�MHGQDaLQD�
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NRMD�SRYH]XMH�SRWHQFLMDO�HOHNWULaQRJ�SROMD� 8�X�LQILQLWHQ]LPDOQR�PDORP

GHOX�SURVWRUD�VD�]DSUHPLQVNRP�JXVWLQRP�QDHOHNWULVDQMD�ρ��8�VYLP�WDaNDPD
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SURVWRUD�JGH�QHPD�QDHOHNWULVDQMD��ρ�MH�MHGQDNR�QXOL��SD�VH�SUHWKRGQD
MHGQDaLQD�VYRGL�QD�/DSODFHRYX�MHGQDaLQX�
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D�UH^HQMD�VX�MRM�KDUPRQLMVNH�IXQNFLMH�NRMH�LPDMX�QL]�NRULVQLK�VYRMVWDYD�

3UREOHP�SUL�UH^DYDQMX�/DSODFHRYH�MHGQDaLQH�VDVWRML�VH�X�WRPH�GD�VH�QD_H

IXQNFLMD�8�NRMD�]DGRYROMDYD�MHGQDaLQX�����L�XMHGQR�QD�SRYU^LQDPD�WHOD�LV�

SXQMDYD�]DGDWH�JUDQLaQH�XVORYH��5HODNVDFLRQL�PHWRG�NRULVWL�RVRELQH�QDYH�

GHQLK�KDUPRQLMVNLK�IXQNFLMD��-HGQD�RG�WLK�RVRELQD�SRGUD]XPHYD�GD�MH�YUHG�

QRVW�SRWHQFLMDOD�X�SURL]YROMQRM�WDaNL�JGH�MH�QDHOHNWULVDQMH�MHGQDNR�QXOL

MHGQDN�VUHGQMRM�YUHGQRVWL�SRWHQFLMDOD�QMHQH�RNROLQH��X�RYRM�VLPXODFLML�WX

RNROLQX�X��'�VLVWHPLPD�MH�SUHGVWDYOMDOR�^HVW�WDaDND��D�X��'�VLVWHPLPD�aH�

WLUL���(OHNWULaQL�SRWHQFLMDO�VH�SRGH^DYD�GRN�X�VYDNRM�WDaNL�QH�]DGRYROML�QD�

YHGHQX�RVRELQX�VD�XQDSUHG�]DGDWRP�WDaQR^`X��7R�VH�SRVWLCH�WDNR�^WR�VH�QD

SRaHWNX�VYDNRM�WDaNL�GRGHOL�SURL]YROMQD�YUHGQRVW�SRWHQFLMDOD��3RWRP�VH�LWH�

UDWLYQLP�SRVWXSNRP�QMRM�GRGHOMXMH�VUHGQMD�YUHGQRVW�SRWHQFLMDOD�RNROLQH�

3RVWXSDN�VH�SRQDYOMD�VYH�GRN�SURPHQD�SRWHQFLMDOD�X�VYDNRM�WDaNL�UH^HWNH

L]PH_X�GYH�LWHUDFLMH�QH�EXGH�PDQMD�RG�]DGDWH�WDaQRVWL��7DGD�PRCHPR�VPD�

WUDWL�GD�VPR�UH^LOL�/DSODFHRYX�MHGQDaLQX�]D�GDWL�VLVWHP��

3R^WR�VH�RGUHGL�SRWHQFLMDO�X�VYDNRM�WDaNL�SROMD�PRJX`H�MH�RGUHGLWL�L

HOHNWULaQR�SROMH�SUHNR�JUDGLMHQWD�SRWHQFLMDOD�
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JGH�VX�L��M��L�N�RGJRYDUDMX`L�MHGLQLaQL�YHNWRUL�

=D�RGUH_LYDQMH�NROLaLQH�QDHOHNULVDQMD�QD�GHOL`X�SRYU^LQH�SURYRGQRJ

WHOD�NRULVWL�VH�WHRUHPD�SR�NRMRM�MH�YUHGQRVW�HOHNWULaQRJ�SROMD�X]�VYDNL�GHOL`

SRYU^LQH�SURYRGQRJ�WHOD�MHGQDN�NROLaQLNX�SRYU^LQVNH�JXVWLQH�QDHOHNWULVDQMD

σ�QD�WRP�GHOL`X�L�SHUPLWLYQRVWL�YDNXXPD�
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2GUHGLY^L�σ��ODNR�RGUH_XMH�L�NROLaLQD�QDHOHNWULVDQMD�SR�IRUPXOL
∆�T�=�σ�∆�6�JGH�MH�∆�6�SRYU^LQD�SRVPDWUDQRJ�GHOL`D�
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0HWRG

3UYR�MH�QDSUDYOMHQ�HGLWRU�]D�GHILQLVDQMH�JHRPHWULMH�VLVWHPD��8��'�VOX�

aDMX�HGLWRU�RPRJX`DYD�XQR^HQMH�REMHNDWD�SURL]YROMQRJ�SRORCDMD�L�REOLND�

GRN�X�VOXaDMX��'�REMHNDWD�QLMH�PRJX`H�XQR^HQMH�WHOD�SURL]YROMQR�]DNUL�

YOMHQLK�SRYU^LQD��YH`�VDPR�RQLK�NRML�VX�ELOL�VDVWDYOMHQL�RG�SUDYRXJDRQLK

VHJPHQDWD�SURL]YROMQR�UDVSRUH_HQLK�X�SURVWRUX��3UL�]DGDYDQMX�VLVWHPD�YRGL

VH�UDaXQD�GD�GYD�REMHNWD�NRMD�VX�QD�UD]OLaLWLP�SRWHQFLMDOLPD�QH�GR_X�X

PH_XVREQL�NRQWDNW��MHU�WDNYR�VWDQMH�QLMH�HOHNWURVWDWLaNL�VWDELOQR��%XGX`L�GD

MH�]DGDWL�VLVWHP�PRUDR�ELWL�VPH^WHQ�XQXWDU�NXWLMH��RGQRVQR�NRQWXUH��GLPH�

Q]LMH�VLVWHPD�ELOH�VX�SRWSXQR�RGUH_HQH��3UL�WRPH�MH��L]�WHKQLaNLK�UD]ORJD�

EURM�WDaDND�PRUDR�ELWL�RJUDQLaHQ��=DWR�VX�QD�SRaHWNX�YU^HQD�HNVSHULPHQ�

WLVDQMD�VD�EURMHP�WDaDND�L�YUHPHQRP�UDGD�DOJRULWPD��1DMYH`D�WHVWLUDQD

PUHCD�WDaDND�]D��'�VLVWHP�MH�ELOD������×������VD�JUH^NRP�SRWHQFLMDOD�QD
^HVWRM�GHFLPDOL��D�VLPXODFLML�MH�WUHEDOR����VDWL�GD�QD�UDaXQDUX�VD�3HQWLXP

SURFHVRURP�QD�����0K]�VD����0E�5$0�D�RGUHGL�SRWHQFLMDO�VLVWHPD��1D�

NQDGQLP�WHVWLUDQMLPD�GR^OR�VH�GR�]DNOMXaND�GD�MH�RSWLPDOQD�JXVWLQD�WDaDND

X��'�VLVWHPLPD�����×������D�X��'�VLVWHPLPD�����×�����×������3UL�WRM�JX�
VWLQL�WDaDND�DOJRULWDP�MH�UH^DYDR�VYDNL��'�VLVWHP�]D�PDQMH�RG���PLQXWD�

D��'�VLVWHP�L]PH_X���L����PLQXWD��8�RED�VOXaDMD�]DGDWD�WDaQRVW�L]QRVL����

0H_XWLP��SUL�RYLP�XVORYLPD�VH�]D�HOHNWULaQR�SROMH�QH�GRELMDMX�XYHN

]DGRYROMDYDMX`L�UH]XOWDWL��SR^WR�QHNL�SLNRYL�QD�JUDILNX�QLVX�MDVQR�YLGOMLYL�

7R�VH�GH^DYD�QD�PHVWLPD�YHOLNH�NRQFHQWUDFLMH�QDHOHNWULVDQMD��WM��QD�^LOMDWLP

GHORYLPD�WHOD��1D�WLP�PHVWLPD�HOHNWULaQR�SROMH�VH�VXYL^H�EU]R�PHQMD��WDNR

GD�RSWLPDOQD�JXVWLQD�WDaDND�QH�GDMH�JODGDN�JUDILN��YH`�VDPR�SDU�WDaDND

NRMH�VXJHUL^X�VNRNRYLWX�SURPHQX�SROMD��VOLND��E���7R�MH�SUHGVWDYOMDOR�SURE�

OHP�SUL�RGUH_LYDQMX�UDVSRGHOH�QDHOHNWULVDQMD��MHU�MH�]DGDWD��±RSWLPDOQD±�

JXVWLQD�WDaDND�ELOD�QHGRYROMQD�]D�SUHFL]QR�UDaXQDQMH�SROMD�NRG�XJORYD�L

YUKRYD��=DWR�VH�X�WLP�REODVWLPD�SULEHJOR�ORNDOQRP�XVLWQMDYDQMX�PUHCH�

QDNRQ�UDaXQDQMD�SRWHQFLMDOD��SROMD�L�UDVSRGHOH�QDHOHNWULVDQMD��DOJRULWDP

PDUNLUD�REODVWL�NDR�SUHSRUXNX�JGH�EL�VH�]D�GDWL�VLVWHP�YU^LOR�XVLWQMDYDQMH

PUHCH��3UL�WRP�DOJRULWDP�YRGL�UDaXQD�L�R�SRaHWQRM��SURL]YROMQRM��GRGHOL

YUHGQRVWL�SRWHQFLMDOD�WDaNDPD�VLVWHPD��MHU�ED^�RG�SURL]YROMQRVWL�WH

UDVSRGHOH�X�PQRJRPH�]DYLVL�YUHPH�UHODNVDFLMH�UH^HQMD��7R�MH�SRVWLJQXWR�QD

VOHGH`L�QDaLQ��7HVWLUDQMHP�MH�XWYU_HQR�GD�VH�QDMEROMH�UH^HQMH�GRELMD�DNR�VX

SRaHWQH�YUHGQRVWL�SRWHQFLMDOD��X�SURVWRUX�L]PH_X�SURYRGQLND��QDVXPLaQR

L]DEUDQH�X�LQWHUYDOX�PLQLPDOQH�L�PDNVLPDOQH�YUHGQRVWL�SRWHQFLMDOD�SURYRG�

QLND��$NR�EL��XPHVWR�WRJD��VYLP�WDaNDPD�ELOD�GRGHOMHQD�MHGQD�YUHGQRVW�SR�

WHQFLMDOD��NUDMQMH�UH^HQMH��LDNR�EL�]DGRYROMLOR�XVORY�GD�QD�NUDMX�FLNOXVD�X

VYDNRM�WDaNL�UD]OLND�SRWHQFLMDOD�X�]DGQMRM�L�SUHG]DGQMRM�LWHUDFLML�EXGH�PDQMD

RG�]DGDWH�WDaQRVWL��QH�EL�ELOR�UH^HQMH�/DSODFHRYH�MHGQDaLQH��7R�EL�VH�L
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YLGHOR�QD�JUDILNX��MHU�EL�VH�QDMYH`L�GHR�YUHGQRVWL�QDJRPLODYDR�X�REODVWL

SRaHWQH�GRGHOMHQH�YUHGQRVWL�

5H]XOWDWL

1D�VOLFL��D��WDEOD�X�SULORJX�RYRJ�UDGD��YLGL�VH�JUDILN�HOHNWULaQRJ�SR�

WHQFLMDOD�X��'�VLVWHPX�VDVWDYOMHQRP�RG�GYD�NRQFHQWULaQD�NYDGUDWD�V�WLP

VWR�MH�SRWHQFLMDO�VSROMD^QMHJ��9��D�XQXWUD^QMHJ�����9��1D�VOLFL��E�MH�JUDILN

LQWHQ]LWHWD�HOHNWULaQRJ�SROMD�LVWRJ�VLVWHPD��1D�JUDILNX�HOHNWULaQRJ�SROMD�MH

XRaOMLYR�GD�VH�QDHOHNWULVDQMD�QDMYL^H�QDJRPLODYDMX�X�XJORYLPD�NYDGUDWD�L

GD�X�WLP�REODVWLPD�JUDILN�QHPD�GRVWD�WDaDND��7R�MH�REODVW�JGH�WUHED�L]YU^LWL

ORNDOQR�XVLWQMDYDQMH�PUHCH��1D�VOLFL��F�MH�SUHJOHGQLMH�SUHGVWDYOMHQR�HOHN�

WULaQR�SROMH�RYRJ�VLVWHPD�X�YHNWRUVNRP�REOLNX��.DR�SRWYUGD�SUHWSRVWDYNH

GD�VH�X�XJORYLPD�NYDGUDWD�VNXSOMD�QDMYL^H�QDHOHNWULVDQMD��QD�VOLFL��G�MH�SUH�

GVWDYOMHQ�JUDILN�UDVSRGHOH�QDHOHNWULVDQMD�X�VLVWHPX��=D�GXCLQX��SRWHQFLMDO�

MDaLQX�HOHNWULaQRJ�SROMD�L�OLQHDUQX�JXVWLQX�QDHOHNWULVDQMD�NRUL^`HQH�VX�UHOD�

WLYQH�MHGLQLFH�

1D�VOLNDPD��D�L��E�VX�SULND]DQL�SRWHQFLMDO�L�HOHNWULaQR�SROMH�GYH�LJOH

NRMH�VH�VHNX�L�NRMH�VX�QDHOHNWULVDQH�GR�����9��

1D�VOLFL��D�L��E�]DGDWL�VLVWHP�XQXWDU�NYDGUDWD�QD���9�aLQH�GYH�]D�

WYRUHQH�]DNULYOMHQH�NRQWXUH�QD�SRWHQFLMDOLPD�RG�����9��9LGOMLYR�MH�GD�MH

SRWHQFLMDO�XQXWDU�VYDNH�NRQWXUH�NRQVWDQWDQ��D�GD�MH�HOHNWULaQR�SROMH�XQXWDU

QMLK�QXOD�

=DNOMXaDN

8]LPDMX`L�X�RE]LU�VYH�UH]XOWDWH�WHVWLUDQMD�DOJRULWPD�L�XVORYH�SULPHQ�

OMLYRVWL�PHWRGD�PRCH�VH�]DNOMXaLWL�GD�MH�VLPXODFLMD�SRND]DOD�GREUH�UH]XOWDWH

]D�VYDNL��'�L��'�VLVWHP�NRML�MH�]DGDW��-HGLQR�RJUDQLaHQMH�PHWRGD�MH�ELOR

QHPRJX`QRVW�SRVWDYOMDQMD�QXOWRJ�SRWHQFLMDOD�X�EHVNRQDaQRVWL��6LPXODFLMD�MH

WHVWLUDQD�QD�UDaXQDUX�VD�3HQWLXP�SURFHVRURP�QD�����0+]�VD����0%

5$0�D��7DNR_H�MH�RVWYDUHQD�GRVWD�GREUD�YH]D�L]PH_X�WDaQRVWL�L�YUHPHQD

UDaXQDQMD��7RPH�MH�XPQRJRPH�SRPRJOR�L�ORNDOQR�XVLWQMDYDQMH�PUHCH�WD�

aDND��7DaQRVW�UH^HQMD�MH�SURYHUDYDQD�XYU^WDYDQMHP�YUHGQRVWL�X�/DSODFHRYX

MHGQDaLQX��*UH^ND�RGUH_LYDQMD�SRWHQFLMDOD�MH�ELOD�LVSRG�����D�X�HNVWUHP�

QLP�VOXaDMHYLPD�NDGD�MH�ELOR�PQRJR�REMHNDWD�VD�^LOMDWLP�GHORYLPD�MH�PDN�

VLPDOQR�GRVH]DOD�GR����

/LWHUDWXUD

3XUFHOO�0��(�������(OHNWULFLWHW�L�PDJQHWL]DP��=DJUHE��7HKQLaND�NQMLJD�

6XUXWND�-��������(OHNWURPDJQHWLND��%HRJUDG��(OHNWURWHKQLaNL�IDNXOWHW
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,JRU�6WDPHQRY

'HWHUPLQDWLRQ�RI�(OHFWULF�)LHOG�3DUDPHWHUV�LQ�6\VWHPV�RI

&KDUJHG�&RQGXFWRUV�

6LPXODWLRQ�ZKLFK�GHWHUPLQHV�SRWHQWLDO�GLVWULEXWLRQ�LQ��'�RU��'�V\V �

WHPV�RI�FKDUJHG�FRQGXFWLQJ�REMHFWV�ZDV�GRQH��6LPXODWLRQ�LV�EDVHG�RQ�UH �

OD[DWLRQ�PHWKRG��%HVLGH�WKDW��VLPXODWLRQ�KDYH�RSWLRQV�ZKLFK�PDNH�SRVVLEOH

WR�FDOFXODWH�LQWHQVLW\�RI�HOHFWULFDO�ILHOG�DQG�FKDUJH�GLVWULEXWLRQ��6LPXODWLRQ

ZRUNV�ZLWK�FORVHG�V\VWHPV���'�V\VWHPV�ZHUH�SXW�LQ�FORVHG�FRQWRXU��EXW

�'�V\VWHPV�ZHUH�SXW�LQ�FORVHG�ER[��7KHUHIRUH��]HUR�SRWHQWLDO�ZDV�PRYHG

IURP�LQILQLW\�WR�ILQDO�GLVWDQFH��$FFRUGLQJ�WR�WHVW�UHVXOWV�DQG�DSOLFDELOLW\

FRQGLWLRQV��WKLV�DOJRULWKP�JDYH�JRRG�UHVXOWV�IRU�HYHU\�WHVWHG�V\VWHP��6LPX �

ODWLRQ�ZDV�WHVWHG�RQ�FRPSXWHU�ZLWK�3HQWLXP�SURFHVVRU�RQ�����0+]�ZLWK

���0%�5$0��$OVR�ZDV�REWDLQHG�YHU\�JRRG�UHODWLRQ�EHWZHHQ�SUHFLVLRQ�DQG

WLPH�IRU�FDOFXODWLQJ��

/RFDO�UHVROXWLRQ�LQFUHDVLQJ�ZDV�ZHU\�LPSRUWDQW�IRU�WKH�SUHFLVLRQ�

7KDW�LV�REYLRXV�RQ�ILJXUH��E�ZKLFK�UHSUHVHQWV�LQWHQVLW\�RI�HOHFWULF�ILHOG�LQ

V\VWHP�RI�WZR�FRQFHQWULF�VTXDUHV��)LJXUH��G�UHSUHVHQWV�FKDUJH�GLVWULEXWLRQ

LQ�WKDW�V\VWHP��2Q�ILJXUH���LV�VKRZHG�SRWHQWLDO�DQG�HOHFWULF�ILHOG�LQ�V\VWHP

FRQVLVWHG�RI�WZR�LQWHUVHFWLQJ�QHHGOHV��2EYLRXVO\�JUHDWHVW�SDUW�RI�FKDUJH�LV

ORFDWHG�LQ�QHHGOHV±�WRSV��)LJXUH���UHSUHVHQWV�SRWHQWLDO�DQG�HOHFWULF�ILHOG�RI

WZR�FRQWRXUV�FKDUJHG�WR�����YROWV��,W�LV�REYLRXV�WKDW�HOHFWULF�ILHOG�LV�]HUR

LQ�FRQWRXUV��

5HVXOWV�UHOLDELOLW\�ZDV�FKHFNHG�E\�SXWWLQJ�WKHP�LQ�/DSODFH±V�HTXDWLRQ�

(UURU�IRU�SRWHQWLDO�ZDV�ORZHU�WKDQ�����EXW�LQ�H[WUHPH�FDVHV�ZLWK�PDQ\

REMHFWV�ZLWK�SHDN�OLNH�SDUWV�HUURU�ZDV�PD[LPDO\����
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