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0DQ\�ZRUNV� FDQ�EH� IRXQG� LQ� WKH� OLWHUDWXUH� UHODWLQJ� WR
PRGHOLQJ� WKH� ZRUOG� ZKHUH� PRELOH� URERWV� H[SORUH�
QDYLJDWH�� DQG� SODQ� FRPSOH[� WDVNV� �.XLSHUV�� �����
)HQQHPD�HW�DO���������'DULR�DQG�5L]]L��������)HUQiQGH]
DQG� *RQ]iOH]�� ������� 6LQFH� PRELOH� URERWV� QHHG� WR
H[SORUH� ODUJH�VFDOH� VSDFHV� WKDW� DUH� QRW� YLVLEOH� IURP� D
VLQJOH�YDQWDJH�SRLQW�� WHFKQLTXHV�DUH� UHTXLUHG� WR� FUHDWH
´JOREDO�PDSVµ�E\�LQWHJUDWLQJ�D�QXPEHU�RI�´ORFDO�PDSVµ
DFTXLUHG� GXULQJ� H[SORUDWLRQ�� 8VXDOO\�� IUHH� VSDFH�
REVWDFOHV�� DQG� ODQGPDUNV� H[LVWLQJ� LQ� WKH� HQYLURQPHQW
DUH�PRGHOHG�DV��'�PDSV�LQ�D�YDULHW\�RI�IRUPDWV��7KHVH
PRGHOV� UDQJH� IURP� SXUH� JHRPHWULFDO� �*RQ]iOH]� HW� DO��
������(OIHV�� ������ WR� TXDOLWDWLYH� RU� K\EULG� �TXDOLWDWLYH
SOXV� TXDQWLWDWLYH�� UHSUHVHQWDWLRQV� �/HYLWW� HW� DO��� �����
.XLSHUV���������7KH�PDLQ�SUREOHP�RI�SXUH�JHRPHWULFDO
PRGHOV� LV� WKH� HUURU� DFFXPXODWLRQ� LQ� JHRPHWULFDO
PHDVXUHPHQWV� �(QJHOVRQ� DQG� 0F'HUPRWW�� ������
4XDOLWDWLYH� PRGHOV� DYRLG� WKLV� SUREOHP�� EXW� RIWHQ� GR

QRW� SURYLGH� PHWKRGV� IRU� RSWLPL]LQJ� WKH� DPRXQW� RI
LQIRUPDWLRQ� UHWULHYHG� IRU� HDFK� RSHUDWLRQ�� WKDW� LV�� IRU
GLVFDUGLQJ�GHWDLOV�WKDW�DUH�QRW�UHTXLUHG��

7KLV� SUREOHP� FDQ� EH� VROYHG� E\� XVLQJ� KLHUDUFKLFDO
PRGHOV� �5HPROLQD� HW� DO��� ������ )HUQiQGH]� DQG
*RQ]iOH]������D��)HQQHPD�HW�DO���������'DULR�DQG�5L]]L�
������� ZKLFK� FDQ� EH� VHHQ� DV� SDUWLFXODU� W\SHV� RI
TXDOLWDWLYH� RU� K\EULG� PRGHOV�� $� FODVVLF� KLHUDUFKLFDO
PRGHO�DUUDQJHV�LQIRUPDWLRQ�DW�GLIIHUHQW�OHYHOV�RI�GHWDLO�
FDOOHG� KLHUDUFKLFDO� OHYHOV�� LQ� D� VLQJOH� KLHUDUFK\� RI
DEVWUDFWLRQ�� SRVVLEO\� LQFOXGLQJ� RWKHU� W\SHV� RI
LQIRUPDWLRQ� �JHRPHWULFDO�� SURFHGXUDO�� HWF��� DVVRFLDWHG
ZLWK�LWV�HOHPHQWV��7KLV�NLQG�RI�UHSUHVHQWDWLRQV�SURYLGHV
LQWHUHVWLQJ�DGYDQWDJHV�� LW�DOORZV�WKH�URERW� WR�VHOHFW� WKH
DPRXQW� RI� GHWDLO� WKDW� LV� PRUH� DSSURSULDWH� IRU� HDFK
RSHUDWLRQ�� ZKHQ� LQIRUPDWLRQ� LV� DEVWUDFWHG�� FRQFHSWV
WKDW�DUH�EDUHO\�VHQVLWLYH�WR�FKDQJHV�LQ�WKH�G\QDPLF�UHDO
ZRUOG� DUH� FUHDWHG�� WKH� RSHUDWLRQV� RQ� WKH� PRGHO� FDQ
\LHOG�SDUWLDO�UHVXOWV�EHIRUH�FRPSOHWLRQ��HWF���

,Q�WKLV�SDSHU��ZH�FRQWULEXWH�ZLWK�WZR�H[WHQVLRQV�RI
FODVVLF� VLQJOH�KLHUDUFK\� JUDSK�OLNH� PRGHOV� IRU� PRELOH
URERWV�� D�� PXOWLSOH� KLHUDUFKLHV� RI� DEVWUDFWLRQ�� � DQG� E�
WDVN�GULYHQ� DXWRPDWLF� FRQVWUXFWLRQ� RI� PXOWLSOH� KLHUDUFKLHV� RI
DEVWUDFWLRQ�� %RWK� LGHDV� DUH� LQVSLUHG� E\� WKH� ZD\� KXPDQ
EHLQJV� DUUDQJH� LQIRUPDWLRQ� IRU� RSHUDWLQJ� LQ� WKH�ZRUOG
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-XDQ�$��)HUQiQGH]��-DYLHU�*RQ]iOH]

'SWR��,QJHQLHUtD�GH�6LVWHPDV�\�$XWRPiWLFD��8QLYHUVLGDG�GH�0iODJD
&DPSXV�7HDWLQRV���(�7�6�,��,QIRUPiWLFD

������0iODJD��6SDLQ�
H�PDLO��^MDIPD�MJRQ]DOH]`#FWLPD�XPD�HV

$EVWUDFW��$�PRELOH� URERW� QHHGV� D� PRGHO� RI� LWV� HQYLURQPHQW� WR� SHUIRUP� SODQQHG� WDVNV�
$EVWUDFWLRQ�EDVHG��KLHUDUFKLFDO��DUUDQJHPHQWV�RI� LQIRUPDWLRQ� DOORZ�WKH�URERW� WR�SODQ� LWV
WDVNV�HIILFLHQWO\��,Q�WKLV�SDSHU��D�PRGHO�ZLWK�PXOWLSOH�KLHUDUFKLHV�RI�DEVWUDFWLRQ�LV�DSSOLHG
WR�PRELOH�URERWV��,W�SURYLGHV�EHWWHU�DGDSWDELOLW\�WR�D�ZLGHU�UDQJH�RI�HQYLURQPHQWV��WDVNV�
DQG�DJHQWV�WKDQ�VLQJOH�DEVWUDFWLRQ�PRGHOV��$�V\VWHP�LV�DOVR�SUHVHQWHG�ZKLFK�DXWRPDWLFDOO\
FRQVWUXFWV�VXFK�D�PRGHO��,W�LV�LQVSLUHG�RQ�WKH�LGHD�WKDW�WKH�EHVW�PRGHO�IRU�DQ�DJHQW�LV�WKH
RQH�WKDW�DOORZV�LW�WR�RSHUDWH�PRVW�HIILFLHQWO\��6RPH�H[DPSOH�DSSOLFDWLRQV�WR�PRELOH�URERWV
LOOXVWUDWH�WKHVH�LGHDV��&RS\ULJKW��F�������,)$&�

.H\ZRUGV�� 0RELOH� 5RERWV�� +LHUDUFKLFDO� 6WUXFWXUHV�� *UDSK� 7KHRUHWLF� 0RGHOV�� /HDUQLQJ
6\VWHPV��5RERW�1DYLJDWLRQ�

_____________________

�7KLV�ZRUN�KDV�EHHQ�VXSSRUWHG�E\�WKH�6SDQLVK�*RYHUQPHQW�
XQGHU�WKH�UHVHDUFK�SURMHFW�&,&<7�7$3��������
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HIILFLHQWO\�� 7KH� XWLOLW\� RI� PXOWLSOH� KLHUDUFKLHV� RI
DEVWUDFWLRQ� KDV� EHHQ� GHPRQVWUDWHG� UHFHQWO\� LQ
�)HUQiQGH]� DQG� *RQ]iOH]�� ������ UHJDUGLQJ� WKH
RSHUDWLRQ�RI�KLHUDUFKLFDO�SDWK�VHDUFK��XVLQJ�KLHUDUFKLFDO
LQIRUPDWLRQ� IRU� HIILFLHQWO\� VHDUFKLQJ� URXWHV� WKDW
FRQQHFW�HOHPHQWV�LQ�WKH�PRGHO���

,Q� WKH� UHVW� RI� WKH� SDSHU�� PXOWLSOH� DEVWUDFWLRQ� DQG
WDVN�GULYHQ� FRQVWUXFWLRQ�RI�DEVWUDFWLRQV� DUH�SUHVHQWHG�
6HFWLRQ� �� RYHUYLHZV� D� PRGHO� RI� PXOWLSOH� DEVWUDFWLRQ
FDOOHG� 0XOWL�$+�JUDSK�� 6HFWLRQ� �� GHVFULEHV� DQ
LPSOHPHQWDWLRQ� RI� WKH� WDVN�GULYHQ� SDUDGLJP� FDOOHG
&/$8',$��6HFWLRQ���SUHVHQWV�H[SHULPHQWV�GHYHORSHG
ZLWK� ERWK�&/$8',$� DQG� WKH�0XOWL�$+�JUDSK�PRGHO
IRU�PRELOH�URERWV��)LQDOO\��VRPH�FRQFOXVLRQV�DQG�IXWXUH
ZRUN�DUH�RXWOLQHG�
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7KLV� VHFWLRQ� GHVFULEHV� D� JUDSK�OLNH� PRGHO� RI�PXOWLSOH
DEVWUDFWLRQ�� FDOOHG�0XOWL�$+�JUDSK��ZKLFK� LV�EDVHG�RQ
VLPSOHU� UHSUHVHQWDWLRQV� VXFK� DV� SODLQ� JUDSKV� RU
VLQJOH�KLHUDUFK\�JUDSKV��&RPSOHWH�IRUPDOL]DWLRQV�RI�DOO
WKHVH� PRGHOV� FDQ� EH� IRXQG� LQ� �)HUQiQGH]�� �����
)HUQiQGH]�DQG�*RQ]iOH]��������

����6LQJOH�+LHUDUFK\�*UDSK�0RGHO��$+�JUDSK�

,QIRUPDOO\��DQ�$+�JUDSK�LV�D�VHTXHQFH�RI�KLHUDUFKLFDO
OHYHOV��)LJ����VKRZV�WZR�H[DPSOHV�RI�$+�JUDSKV��(DFK
KLHUDUFKLFDO� OHYHO� FRQWDLQV� D� SODLQ� GLUHFWHG� PXOWLJUDSK�
WKDW�LV��D�SODLQ�GLUHFWHG�JUDSK�ZKLFK�FDQ�KROG�PRUH�WKDQ
RQH�DUF�EHWZHHQ�D�JLYHQ�SDLU�RI�QRGHV��7KH�ZHLJKWV�RI
WKHVH�DUFV�EHORQJ�WR�D�VHW�RI�FRVW�LQWHUYDOV��DV�LV�VKRZQ
ODWHU�RQ��,Q�DGGLWLRQ��HDFK�KLHUDUFKLFDO�OHYHO��H[FHSW�WKH
KLJKHU� RQH�� GHILQHV� WZR� DEVWUDFWLRQ� IXQFWLRQV� WKDW
SHUPLW� WR� DEVWUDFW� WKH� QRGHV� DQG� DUFV� RI� WKH� OHYHO�
UHVSHFWLYHO\��WR�QRGHV�DQG�DUFV�RI�WKH�QH[W�KLJKHU�OHYHO
�FDOOHG� VXSHUQRGHV� DQG� VXSHUDUFV� RI� WKH� ORZHU� OHYHO
QRGHV� DQG� DUFV���8VLQJ� WKH� LQYHUVH�RI� WKHVH�IXQFWLRQV�
ZH�FDQ�REWDLQ�WKH�VHW�RI�QRGHV�WKDW�DUH�DEVWUDFWHG�WR�D
JLYHQ�VXSHUQRGH��7KDW�VHW�LV�FDOOHG�D�FOXVWHU��$V�ZH�ZLOO
VHH� IXUWKHU� RQ�� FOXVWHULQJ� D� SODLQ� JUDSK� LV� WKH� EDVLF
RSHUDWLRQ�IRU�DXWRPDWLFDOO\�FRQVWUXFWLQJ�D�KLHUDUFK\�RU
D�PXOWL�KLHUDUFK\�

7KH� ORZHVW� OHYHO� RI� WKH� KLHUDUFK\� LV� DOVR� FDOOHG
JURXQG� KLHUDUFKLFDO� OHYHO� RI� WKH� $+�JUDSK�� ,W
UHSUHVHQWV�WKH�GDWD�ZLWK�WKH�PD[LPXP�DPRXQW�RI�GHWDLO
WKDW� LV� DYDLODEOH�� 7KH� KLJKHVW� OHYHO� LV� DOVR� FDOOHG
XQLYHUVDO� KLHUDUFKLFDO� OHYHO�RI� WKH�$+�JUDSK�� DQG� LW
UHSUHVHQWV�WKH�VDPH�GDWD�ZLWK�WKH�PLQLPXP�DPRXQW�RI
GHWDLO��XVXDOO\�DV�D�VLQJOH�QRGH���7KH�ZD\�WKLV�UHGXFWLRQ
RI�GDWD�LV�VHW�XS�LV�GHILQHG�E\�WKH�DEVWUDFWLRQ�IXQFWLRQV
IRU� QRGHV� DQG� DUFV�� 7KH� RQO\� H[LVWLQJ� FRQQHFWLRQV
EHWZHHQ� QRGHV� RI� GLIIHUHQW� KLHUDUFKLFDO� OHYHOV� LQ� DQ
$+�JUDSK�DUH�JLYHQ�E\�WKHVH�IXQFWLRQV��

7KH�ZHLJKWV�RI�WKH�DUFV�RI�DQ�$+�JUDSK�DUH�GHILQHG
DV�FRVW�LQWHUYDOV��QXPHULFDO�LQWHUYDOV���LQ�RUGHU�WR�GHDO
ZLWK� XQFHUWDLQW\� LQ� WKH� TXDQWLWLHV� WKH\� UHSUHVHQW� �D
XVHIXO�IHDWXUH�IRU�URERWLF�DSSOLFDWLRQV���

1RQ�VWUXFWXUDO� LQIRUPDWLRQ� LV� UHSUHVHQWHG� LQ� DQ
$+�JUDSK�E\�DQQRWDWLRQV�ERWK�LQ�QRGHV�DQG�DUFV��7KH
QXPEHU�RI� DQQRWDWLRQV� D�QRGH�RU� DUF� FDQ� VWRUH� LV� QRW
UHVWULFWHG�� $Q� DQQRWDWLRQ� LV� GHILQHG� DV� D� SDLU� �(f, d)
ZKHUH� WKH� ILUVW� YDOXH� LV� DQ� XQLTXH� LGHQWLILHU� IRU� WKH
DQQRWDWLRQ�DQG�WKH�VHFRQG�YDOXH�LV�D�VHW��EORFN��RI�GDWD
ZKLFK�GHSHQGV�RQ�WKH�W\SH�RI�LQIRUPDWLRQ�VWRUHG�

L0

L1

L2

L3

)LJ�����7ZR�H[DPSOHV�RI�$+�JUDSKV�RI�IRXU�DQG�WKUHH
KLHUDUFKLFDO�OHYHOV��UHVSHFWLYHO\��7KH�$+�JUDSK�RQ
WKH� OHIW� VLGH� LOOXVWUDWHV� WKH� EHKDYLRU� RI� WKH
DEVWUDFWLRQ�IXQFWLRQ�IRU�QRGHV�IURP�WKH�ORZHU�WR
WKH� KLJKHU� KLHUDUFKLFDO� OHYHOV�� 7KH�$+�JUDSK� RQ
WKH�ULJKW�LOOXVWUDWHV�WKH�EHKDYLRU�RI�WKH�DEVWUDFWLRQ
IXQFWLRQ�IRU�DUFV��

����0XOWL�+LHUDUFK\�*UDSK�0RGHO��0XOWL�$+�JUDSK�

7KH� SURSRVHG� PXOWL�KLHUDUFKLFDO� PRGHO� LV� FDOOHG
0XOWL�$+�JUDSK�� ,W� LV� EDVHG� RQ� WKH�$+�JUDSK�PRGHO�
WKDW�KDV�EHHQ� HQKDQFHG� LQ�RUGHU� WR�GHDO�ZLWK�PXOWLSOH
KLHUDUFKLHV�RI�DEVWUDFWLRQ��

$

% &

' (

)

*

)LJ�����$Q�H[DPSOH�RI�PXOWL�KLHUDUFK\��,Q� WKLV�GLUHFWHG
DF\FOLF�JUDSK��KLHUDUFKLFDO�OHYHOV�DUH�UHSUHVHQWHG�E\
UHFWDQJXODU� ER[HV�� 7KLFN� DUURZV� UHSUHVHQW
DEVWUDFWLRQ� OLQNV�� /HYHO� $� LV� WKH� RQO\� JURXQG
KLHUDUFKLFDO� OHYHO�RI� WKLV�PXOWL�KLHUDUFK\��DQG� OHYH
*�WKH�RQO\�XQLYHUVDO�OHYHO��

,QIRUPDOO\�� D� 0XOWL�$+�JUDSK� LV� D� VHW� RI
KLHUDUFKLHV�� (DFK� KLHUDUFK\� LV� DQ� $+�JUDSK�� ,Q� D
0XOWL�$+�JUDSK��DQ\�KLHUDUFKLFDO�OHYHO�FDQ�EH�VKDUHG�E\
DQ\� QXPEHU� RI� KLHUDUFKLHV�� 7KH� QXPEHU� RI� VKDUHG
KLHUDUFKLFDO�OHYHOV�GHSHQGV�XSRQ�WKH�SRZHU�RI�GHWHFWLQJ
HTXLYDOHQFH� EHWZHHQ� KLHUDUFKLFDO� OHYHOV� RI� WKH
PXOWL�KLHUDUFK\��$�SROLQRPLDO�WLPH� DOJRULWKP� WR�GHWHFW
KLHUDUFKLFDO� OHYHO� HTXLYDOHQFH� �FDOOHG� K�LVRPRUSKLVP�
KDV�EHHQ�SUHVHQWHG�HOVHZKHUH��)HUQiQGH]��������

,Q� JHQHUDO�� WKH� KLHUDUFKLFDO� OHYHOV� RI� D
0XOWL�$+�JUDSK� FDQ� EH� FRQVLGHUHG� QRGHV�� DQG� WKH



DEVWUDFWLRQ� OLQNV�� DUFV�RI� D�'$*��� 7KH�'$*� LQGXFHG
E\�D�JLYHQ�0XOWL�$+�JUDSK� �LV�GHQRWHG� ��VHH�ILJ�0 w(0)
���

7KH� DUFV� RI� � DUH� DEVWUDFWLRQ� OLQNV�� $Qw(0)
DEVWUDFWLRQ� OLQN� EHWZHHQ� WZR� KLHUDUFKLFDO� OHYHOV
UHSUHVHQWV�DOO�WKH�YDOXHV�RI�WKH�DEVWUDFWLRQ�IXQFWLRQV�IRU
QRGHV� DQG� DUFV� FRQQHFWLQJ� ERWK� OHYHOV�� 7KHUH� LV� D
GLIIHUHQW� DEVWUDFWLRQ� OLQN� IRU� HDFK� KLHUDUFK\� RI� � WR0
ZKLFK�ERWK�KLHUDUFKLFDO�OHYHOV�EHORQJ��

����7$6.�'5,9(1�$8720$7,&
&216758&7,21�2)�08/7,3/(

$%675$&7,216

)RU� FRQVWUXFWLQJ� DXWRPDWLFDOO\� D� ´JRRGµ
PXOWL�KLHUDUFK\�RI�DEVWUDFWLRQ�� ILUVW�D�GHILQLWLRQ�RI� WKLV
´JRRGQHVVµ� PXVW� EH� JLYHQ�� 7KLV� SDSHU� GHDOV� ZLWK� D
GHILQLWLRQ� RI� ´JRRGQHVVµ� LQVSLUHG� E\� VRPH
SV\FKRORJLFDO� WKHRULHV� �6KHSDUG�� ������ +DUQDG�� ������
ZKLFK�FODLP�WKDW�DEVWUDFWLRQ�SURYLGHV�DQ�HIIHFWLYH�ZD\
RI�UHGXFLQJ�WKH�GDWD�JDWKHUHG�E\�WKH�VHQVRU\�DSSDUDWXV
RI� DQ� DJHQW�� 7KLV� FODLP� LV� WKH� FRUH�RI�RXU� WDVN�GULYHQ
DSSURDFK��D�KLHUDUFK\�RI�FRQFHSWV�LV�´JRRGµ�DV�ORQJ�DV�LW
LV� JRRG� IRU�SHUIRUPLQJ� HIILFLHQWO\� WKH� RSHUDWLRQV�RI�DQ� DJHQW� LQ�D
JLYHQ� HQYLURQPHQW�� 7KXV�� WKH� VR� FRQVWUXFWHG
PXOWL�KLHUDUFKLHV� DUH� XVHG� IRU� VROYLQJ� WDVNV� DQG� DUH
RSWLPL]HG� GHSHQGLQJ� RQ� WKH� HIILFLHQF\� DFKLHYHG� DW
WKRVH� WDVNV�� 7KLV� DSSURDFK� VDWLVILHV� WZR� LPSRUWDQW
REMHFWLYHV�� ILUVW�� LW� SURYLGHV� D� IOH[LEOH� HQRXJK� VFKHPH
WKDW�JDWKHUV�KLHUDUFKLFDO�LQIRUPDWLRQ�IURP�D�ZLGH�UDQJH
RI� VRXUFHV�� DQG� VHFRQG�� LW� LV� D� VLPSOH� V\VWHP� WKDW� FDQ
DGDSW� WR� YHU\� GLIIHUHQW� W\SHV� RI� DJHQWV�� WDVNV�� DQG
HQYLURQPHQWV�� ZLWK� D� UHODWLYHO\� VPDOO� VHW� RI
FRPSRQHQWV��

7DVN�GULYHQ� FRQVWUXFWLRQ� RI� PXOWL�KLHUDUFKLHV� KDV
EHHQ� LPSOHPHQWHG� LQ� D� V\VWHP�FDOOHG�&/$8',$�� WKDW
LPSURYHV� D� PXOWL�KLHUDUFK\� RI� DEVWUDFWLRQ� IRU� D� JLYHQ
DJHQW�� WDVNV� WR�SHUIRUP��DQG�HQYLURQPHQW��7KH�V\VWHP
LV�GLYLGHG�LQWR�WZR�PDLQ�SDUWV��WKH�JURXQG�LQIRUPDWLRQ
LQWHUIDFH� �*,���� DQG� WKH� RSWLPL]HU� �$&2�� �VHH� ILJ�� ���
7KH�*,��SURYLGHV�JURXQG�FRQFHSWV�DQG�UHODWLRQV�WR�WKH
$&2��:KHQ�&/$8',$� LV�XVHG� LQ�PRELOH� URERWV�� WKH
*,�� LV� WKH� LQWHUIDFH�EHWZHHQ� WKH� LQIRUPDWLRQ� DFTXLUHG
E\�WKH�VHQVRU\�V\VWHP�DQG�WKH�PXOWL�KLHUDUFKLFDO�PRGHO�
LW�\LHOGV�D�SODLQ�JUDSK�ZKRVH�QRGHV�UHSUHVHQWV�HOHPHQWV
GHWHFWHG� E\� WKH� VHQVRUV� �IRU� H[DPSOH�� UDQJH� GDWD�
UHJLRQV� LQ� DQ� LPDJH�� RU� OLQH� VHJPHQWV� IURP� ODVHU� �'
PDSV��� DQG� ZKRVH� DUFV� UHSUHVHQW� UHODWLRQV� H[LVWLQJ
EHWZHHQ� QRGHV� �IRU� H[DPSOH�� VLPLODU� UHJLRQV�� OLQH
SDUDOHOOLVP�� HWF����� 7KH� $&2� VXEV\VWHP� FRQVWUXFWV
PXOWL�KLHUDUFKLHV�XSRQ�WKH�JURXQG�SODLQ�JUDSK�SURYLGHG
E\� WKH� *,�� E\� XVLQJ� VHYHUDO� FOXVWHULQJ� PHWKRGV�� DQG
RSWLPL]HV�WKH�UHVXOW�WKURXJK�WDVN�GULYHQ�WHFKQLTXHV��

7KH�LQWHUQDO�FRPSRVLWLRQ�RI�WKH�$&2��VKRZQ�LQ�ILJ�
��� SHUPLWV� XV� WR� SOXJ� LQ� GLIIHUHQW� SURFHGXUHV� IRU
DFTXLULQJ� KLHUDUFKLFDO� LQIRUPDWLRQ�� 7KLV� LV� GRQH
WKURXJK� WKH� FOXVWHULQJ� DQG� VLQJOH�KLHUDUFK\� FRQVWUXFWRU
PRGXOHV��7KH�IRUPHU�LV�LQ�FKDUJH�RI�GHILQLQJ�JURXSV�RI
FRQFHSWV� �QRGHV�� LQ� D� JLYHQ� SODLQ� JUDSK�� ZKHUHDV� WKH

ODWWHU� FRQVWUXFWV� WKH� KLHUDUFKLFDO� OHYHOV� RI� D� JLYHQ
KLHUDUFK\� E\� XVLQJ� WKH� FOXVWHULQJ� PRGXOH� UHFXUVLYHO\�
DQG� GHWHFWV� K�LVRPRUSKLVP� IRU� UHGXFLQJ� VWRUDJH
UHTXLUHPHQWV�� 7KH� FOXVWHULQJ� PRGXOH� SOD\V� WKH� PDLQ
UROH�LQ�WKH�FRQVWUXFWLRQ�RI�PXOWL�KLHUDUFKLHV��
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&/$8',$

)LJ�� ��� 7RS�� &/$8',$� DV� D� SDUW� RI� DQ� DJHQW� WKDW
RSHUDWHV� LQ� D� JLYHQ� HQYLURQPHQW�� D�� ([WHUQDO
ZRUOG� GDWD� LV� DFTXLUHG� E\� WKH� *,�� WKURXJK
DJHQW·V�SK\VLFDO�SHUFHSWRUV��DQG�SURYLGHG�WR�WKH
RSWLPL]HU� DV� D� SODLQ� JUDSK�� E�� 7KH� $&2
FRQVWUXFWV� DQ� LQLWLDO� 0XOWL�$+�JUDSK� DQG
RSWLPL]HV� LW� XVLQJ� IHHGEDFN� LQIRUPDWLRQ� IURP
WKH�UHVXOWV�RI�RSHUDWLQJ�LQ�WKH�UHDO�ZRUOG��F��7KH
0XOWL�$+�JUDSK� PD\� EH� SDUW� RI� D� PRUH
VRSKLVWLFDWHG�LQWHUQDO�PRGHO�RI�WKH�DJHQW�DQG�LWV
HQYLURQPHQW�� G�� 7KH�SK\VLFDO� DJHQW�RSHUDWHV� LQ
WKH�UHDO�ZRUOG�E\�FRQVXOWLQJ�LWV�LQWHUQDO�PRGHO��H�
7KLV� SURGXFH� FRQVHTXHQFHV� �I�� DQG� �J�� WKDW� DUH
DOVR�D�VRXUFH�RI�LQIRUPDWLRQ�IRU�WKH�*,���DQG�WKH
$&2�� %RWWRP�� &RPSRQHQWV� RI� WKH� WDVN�GULYHQ
DXWRPDWLF� DEVWUDFWLRQ� VXEV\VWHP� RI� &/$8',$
�$&2���

7KH�PXOWL�KLHUDUFK\�RSWLPL]HU�PRGXOH�RI�WKH�$&2
VXEV\VWHP�LV�LQ�FKDUJH�RI�LPSURYLQJ�WKH�JRRGQHVV�RI�D
PXOWL�KLHUDUFK\�� ,W� VHDUFKHV� DXWRPDWLFDOO\� IRU� EHWWHU
PXOWL�KLHUDUFKLHV� RI� DEVWUDFWLRQ� XVLQJ� D� FODVVLF
KLOO�FOLPELQJ� DOJRULWKP� �RWKHU�RSWLPL]DWLRQ�SURFHGXUHV
DUH� SRVVLEOH� EXW� DSSUHFLDEO\� PRUH� FRPSOH[� �+ROODQG�
������ +RSILHOG� DQG� 7DQN�� �������� %URDGO\�� WKH
LPSOHPHQWHG� SURFHGXUH� FRQVLVWV� RI� PDNLQJ� ORFDO
YDULDWLRQV�LQ�WKH�VKDSH�RI�WKH�FXUUHQW�PXOWL�KLHUDUFK\�WR
SURGXFH� QHZ�PXOWL�KLHUDUFKLHV� �LWV� QHLJKERUV��� DQG� WKHQ
VHOHFWLQJ� WKH� EHVW� QHLJKERU� IRU� FRQWLQXLQJ� WKH� VHDUFK�
7KH� YDULDWLRQV� RI� WKH� FXUUHQW� PXOWL�KLHUDUFK\� DUH

��%RWK�QRGHV�DQG�DUFV�FDQ�VWRUH�RWKHU�W\SHV�RI�LQIRUPDWLRQ�DV�DQQRWDWLRQV��UDQJH�PHDVXUHPHQWV��GLVWDQFH�WUDYHOHG��HWF���

��&�/�$8�'�,�$���&RQFHSW�/HDUQLQJ��$8WRQRPRXV�'HYLFH�WKDW�,PSURYHV�$EVWUDFWLRQ�

��'LUHFWHG�$F\FOLF�PXOWL*UDSK�



JHQHUDWHG�E\�FUHDWLQJ�UDQGRPO\�QHZ�KLHUDUFKLFDO� OHYHOV
�WKURXJK�QHZ�FOXVWHULQJV����

����(;3(5,0(176

&/$8',$�DQG�WKH�0XOWL�$+�JUDSK�PRGHO�KDYH�EHHQ
LPSOHPHQWHG� IRU� ODUJH�VFDOH� VSDFH�PRGHOLQJ� LQ�PRELOH
URERWV��,Q�WKH�ILUVW�VHW�RI�H[SHULPHQWV��VHFWLRQ�������WKH
$&2� VXEV\VWHP� RI� &/$8',$� LV� HYDOXDWHG� E\
SURYLGLQJ�LW�ZLWK�VRPH�SDUWLFXODU�W\SHV�RI�SODLQ�JUDSKV�
7KH�GHILQLWLRQ�RI�JRRGQHVV�KDV�EHHQ�EDVHG�RQ�WKH�WDVN
RI� KLHUDUFKLFDO� SDWK� VHDUFK� �)HUQiQGH]� DQG�*RQ]iOH]�
������� ,Q� WKH� VHFRQG� VHW� RI� H[SHULPHQWV� �VHFWLRQ������
&/$8',$� LV� LQFOXGHG� DV� SDUW� RI� WKH� VRIWZDUH
DUFKLWHFWXUH� RI� WKH� 5$0��� PRELOH� URERW� LQ� RUGHU� WR
SODQ�SDWKV�IRU�QDYLJDWLRQ��

%DVHG�RQ�WKLV�SDUWLFXODU�NLQG�RI� WDVN�� WKH�JRRGQHVV
RI� D� PXOWL�KLHUDUFK\� LV� GHILQHG� WR� DFFRXQW� IRU� WKH
IROORZLQJ� LVVXHV�� WKH� SHUFHQWDJH� RI� SDWK� SODQQLQJ
WDVNV�WKDW�FDQQRW�EH�VROYHG�ZLWK�WKH�PXOWL�KLHUDUFK\��
��� WKH� DYHUDJH� FRPSXWDWLRQDO� FRVW� RI� VROYLQJ� SDWKI1

SODQQLQJ� WDVNV� LQ� WKH�PXOWL�KLHUDUFK\�� ��� WKH�DYHUDJHI2
RSWLPDOLW\�RI� WKH�VROXWLRQ�SDWKV� � ���DQG�WKH�VWRUDJHI3
QHHGV� IRU� WKH� PXOWL�KLHUDUFK\� � ��� 7KHVH� IDFWRUV� DUHI4
H[SUHVVHG�DV�D�ZHLJKWHG�OLQHDU�FRPELQDWLRQ�

>�@*RRGQHVV(0) = Z1.I1 + Z2.I2 + Z3.I3 + Z4.I4

����(YDOXDWLRQ�RI�WKH�$&2�6XEV\VWHP

&/$8',$� KDV� SURYLGHG� JRRG� UHVXOWV� WDNLQJ� LQWR
DFFRXQW� WKH� H[SRQHQWLDO� FRPSOH[LW\� RI� WKH
0XOWL�$+�JUDSK� PRGHO�� 7KUHH� GLIIHUHQW� SODLQ� JUDSKV
KDYH�EHHQ�XVHG�DV�JURXQG�OHYHOV��D�JULG�JUDSK�FRQVLVWLQJ
RI�D�UHFWDQJXODU�JULG�RI�����QRGHV�ZLWK�UHODWLRQV�DPRQJ
QHLJKERU� QRGHV�� D� UDQGRP� JUDSK� RI� ���� QRGHV� ZLWK� D
���� GHQVLW\� RI� UHODWLRQV�� DQG� D� ���� QRGHV� VWUXFWXUHG
JUDSK�IRUPHG�E\����JURXSV�RI���QRGHV�WKDW�KDYH�D�KLJK
GHQVLW\�RI�LQWHUQDO�UHODWLRQV��������DQG�D�ORZHU�GHQVLW\
RI� UHODWLRQV� DPRQJ� QRGHV� RI� GLIIHUHQW� JURXSV� ��� RU� �
DUFV���$�JUDSK�SDUWLWLRQLQJ�DOJRULWKP�EDVHG�RQ�D�JURZWK
SURFHGXUH� VLPLODU� WR� WKH� 67$5� DOJRULWKP� �0NDGPL�
������KDV�EHHQ�XVHG�IRU�FOXVWHULQJ�

'LIIHUHQW� HYDOXDWLRQ� WHVWV�KDYH�EHHQ�SHUIRUPHG�E\
GHILQLQJ� GLIIHUHQW� ZHLJKWV� IRU� HDFK� RI� WKH� IDFWRUV� RI
H[SUHVVLRQ� >�@�� 7DEOH� �� VKRZV� WKH� DYHUDJH� SHUFHQWDJH
RI� LPSURYHPHQW�REWDLQHG� LQ� WKH� JRRGQHVV�RI� WKH� ILQDO
PXOWL�KLHUDUFKLHV�ZLWK� UHVSHFW� WR� WKH� LQLWLDO� RQHV�� IRU� D
VHW�RI�ILYH�GLIIHUHQW�WHVWV�DQG�IRU�HDFK�RI�WKH�WKUHH�SODLQ
JUDSKV��$OO� WKH�WHVWV�KDYH�EHHQ�GRQH�RQ�D�3HQWLXP�,,,
FRPSXWHU� UXQQLQJ� DW� ���0K]�� $OWKRXJK� WKH
RSWLPL]DWLRQ�WLPH�KDV�EHHQ�OLPLWHG�WR���KRXUV��DQG�WKHQ
WKH�DOJRULWKP�VWRSSHG��WKDW�WLPH�VHHPV�WR�EH�DFFHSWDEOH
VLQFH� WKH� LPSURYHPHQW� LQ� JRRGQHVV� GHFUHDVHV
H[SRQHQWLDOO\�DW�WKH�HQG��

,W�FDQ�EH�QRWLFHG�IURP�WDEOH���WKDW�LQ�WKH�ILUVW�WKUHH
WHVWV��*HQHUDO�WHVW��*����&RPSXWDWLRQDO�&RVW�WHVW��&�&���
DQG� 3DWK� 2SWLPDOLW\� WHVW� �3�2����� WKH� UDQGRP� JUDSK
\LHOGV� EHWWHU� UHVXOWV� WKDQ� WKH� RWKHU� JUDSKV�� 7KLV� LV
H[SODLQHG�E\�WKH�LPSOLFLW�VWUXFWXUHV�H[LVWLQJ� LQ�WKH�JULG

DQG� VWUXFWXUHG� JUDSKV��ZKLFK� LPSO\� D� VPDOOHU� QXPEHU
RI� DOWHUQDWLYHV�ZKHQ� FOXVWHULQJ� WKH� JURXQG� JUDSK�� DQG
WKHUHIRUH�� D� VPDOOHU� LPSURYHPHQW� LQ� JRRGQHVV� WKDQ� LQ
WKH�UDQGRP�JUDSK��

6RPH� RWKHU� FRQFOXVLRQV� FDQ� EH� GUDZQ� IURP� WKHVH
UHVXOWV�� ILUVW�� WKH� LPSURYHPHQW� LQ� WKH� JRRGQHVV�RI� WKH
LQLWLDO�PXOWL�KLHUDUFK\��FRQVWUXFWHG�DW�UDQGRP��DUH�TXLWH
JRRG��DERXW�����LQ�WKH�JULG�DQG�VWUXFWXUHG�JUDSKV��DQG
DERXW�����LQ�WKH�UDQGRP�JUDSK��LQ�WKH�RSWLPL]DWLRQ�RI
6ROYLQJ� &DSDELOLW\� �6�&��� DQG� 6WRUDJH� 5HTXLUHPHQWV
�6�5��� WHVWV�� WKH� UHVXOWV� DUH�PRUH� VLPLODU� WR� HDFK�RWKHU
VLQFH� WKRVH� JRRGQHVV�GHILQLWLRQV�DUH�QRW�VR�GHSHQGHQW
RQ� WKH� FOXVWHULQJ� RI� QRGHV��� VHFRQG�� LQ� JHQHUDO�� WKH
ODUJHU� WKH� QXPEHU� RI� KLHUDUFKLHV� RI� WKH� LQLWLDO
PXOWL�KLHUDUFK\�� WKH� EHWWHU� WKH� DEVROXWH� YDOXH� RI
JRRGQHVV�� EHFDXVH� D� PXOWL�KLHUDUFK\� ZLWK� PRUH� WKDQ
RQH� KLHUDUFK\� DGDSWV� EHWWHU� WR� D� VHW� RI� GLIIHUHQW
SUREOHPV� �WKLV� HIIHFW� KDV� EHHQ� VWXGLHG� LQ� �)HUQiQGH]�
�������

50 %50 %45.84 %I46�5�

0 %0 %0.17 %I16�&�

41.37 %35.58 %52.08 %I33�2�

35.72 %20.51 %59.05 %I2&�&�

32.21 %26.93 %57.89 %0.5.I2 + 0.5.I3*�

6WUXFWXUHG*ULG5DQGRP*�0�

Table 1. Results of the evaluation tests performed
by CLAUDIA during 4 hours of computation.
Each row shows the average percentages of
improvement in the goodness of the initia
multi-hierarchy. Notice that in the solving
capability test (S.C.) no improvement is
achieved, since the initial multi-hierarchies ar
optimal yet.

���� ,PSOHPHQWDWLRQ� RI� &/$8',$� LQ� WKH� 5$0��� 0RELOH
5RERW�

&/$8',$� KDV� EHHQ� SOXJJHG� LQWR� WKH� VRIWZDUH
DUFKLWHFWXUH� RI� WKH� 5$0��� PRELOH� URERW� �ILJ�� ���
5$0��� KDV� EHHQ� GHVLJQHG� DQG� FRQVWUXFWHG� LQ� WKH
6\VWHP�(QJLQHHULQJ�DQG�$XWRPDWLRQ�GHSDUWPHQW�RI�WKH
8QLYHUVLW\�RI�0DODJD��,W�KDV�D�YDULHW\�RI�VHQVRUV�VXFK�DV
WZR� ODVHU� VFDQQHUV�� D� VRQDU� ULQJ�� DQG� D� FDPHUD�� DQG� D
PDQLSXODWRU�DUP�SODFHG�LQ�IURQW�RI�WKH�SODWIRUP��,Q�WKH
5$0��� DUFKLWHFWXUH� D� �'� JHRPHWULFDO� PDS� EXLOGHU
PRGXOH�REWDLQV� OLQH�VHJPHQW�PDSV�RI� WKH�DUHDV�ZKHUH
WKH� URERW� QDYLJDWHV� XVLQJ� WKH� ODVHU� UDQJHILQGHU
�*RQ]iOH]� HW� DO��� ������� D� SRVLWLRQ� HVWLPDWRU� PRGXOH
FDOFXODWHV� WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI� WKH�URERW�E\
PDWFKLQJ� WKH� GDWD� DFTXLUHG� E\� WKH� UDGLDO� ODVHU
UDQJHILQGHU� DJDLQVW� WKH� PDSV� SUHYLRXVO\� EXLOW� E\� WKH
PDS� EXLOGHU� �*RQ]iOH]� HW� DO��� ������� D� ORFDO� QDYLJDWRU
PRGXOH�PRYHV� WKH�URERW� WR� D�GHVLUHG� UHODWLYH� ORFDWLRQ
DYRLGLQJ�FROOLVLRQV�ZLWK�XQH[SHFWHG�REVWDFOHV��0XxR]�HW
DO��� ������� DQG� D� FRPPDQG� H[HFXWRU� PRGXOH� WDNHV
QDYLJDWLRQ� FRPPDQGV� �IRU� H[DPSOH�� �JR� WR� WKH� QRGH
ODEHOHG� %� LQ� WKH� 0XOWL�$+�JUDSK��� DQG� PRYHV� WKH
URERW�DORQJ�D�JHRPHWULFDO�WUDMHFWRU\�GHULYHG�IURP�SDWK
VHDUFKLQJ� LQ� WKH�0XOWL�$+�JUDSK� SUHYLRXVO\� JHQHUDWHG
E\�&/$8',$��7KLV�FRPPDQG�PRGXOH�DOVR�LPSOHPHQWV
WKH�*,��DV�D�KXPDQ�PDFKLQH�LQWHUDFWLYH�SURFHVV��



)LJ�� ��� 7KH� 5$0��� PRELOH� URERW�� RQ� ZKLFK� DQ
DSSOLFDWLRQ� WKDW� XVHV� &/$8',$� KDV� EHHQ
LPSOHPHQWHG�����5DGLDO�ODVHU�VFDQQHU�����&DPHUD
��� 5RERW� DUP�� ��� )URQWDO� ODVHU� VFDQQHU�� ��
6RQDUV�����2Q�ERDUG�GLVSOD\�

$W� D� ILUVW� VWDJH� RI� WKH� H[SHULPHQW�� WKH� JURXQG
KLHUDUFKLFDO� OHYHO� RI� WKH� 0XOWL�$+�JUDSK� LV� EXLOW
WKURXJK� WKH� LQWHUDFWLYH�*,��� WKH�RSHUDWRU�SURYLGHV� WKH
VWUXFWXUDO�LQIRUPDWLRQ��GLVWLQFWLYH�SODFHV��WKDW�VXSSRUWV
WKH� SHUFHSWXDO� LQIRUPDWLRQ� JDWKHUHG� E\� WKH� URERW
VHQVRUV� �PDSV� DQG� UHIHUHQFH� V\VWHPV� IURP� WKH� PDS
EXLOGHU� DQG� WKH� SRVLWLRQ� HVWLPDWRU� PRGXOHV�
UHVSHFWLYHO\��� 7KH� UHVXOWLQJ� DQQRWDWHG� SODLQ� JUDSK� LV
SURYLGHG�WR�WKH�$&2�VXEV\VWHP�RI�&/$8',$��ZKLFK
RSWLPL]HV� DQ� LQLWLDO� PXOWL�KLHUDUFK\� JHQHUDWHG� DW
UDQGRP�WKURXJK�SHUIRUPLQJ�SDWK�SODQQLQJ�WDVNV��

$W�D�VHFRQG�VWDJH��ZKHQ�WKH�ILQDO�0XOWL�$+�JUDSK�LV
FRPSOHWHO\� EXLOW�� WKH� FRPPDQG� H[HFXWRU� PRGXOH� FDQ
UHFHLYH�D�QDYLJDWLRQ�FRPPDQG�IRU�PRYLQJ�WKH�URERW�WR
DQRWKHU�SODFH� UHSUHVHQWHG� LQ� WKH�0XOWL�$+�JUDSK��)RU
WKLV� SXUSRVH�� WKH� H[HFXWRU� ILUVWO\� LVVXHV� D� SDWK�ILQGLQJ
UHTXHVW� WR� WKH� 0XOWL�$+�JUDSK� IRU� VHDUFKLQJ� D� SDWK
EHWZHHQ�ERWK�QRGHV��7KHQ��LW�IROORZV�WKH�VROXWLRQ�SDWK
PRYLQJ� WKH� URERW� IURP� WKH� ORFDWLRQ� UHSUHVHQWHG� E\
HDFK� QRGH� WR� WKH� QH[W� �)HUQiQGH]� DQG� *RQ]iOH]�
����E��

7KH� IORRU� SODQ� RI� WKH� UHDO� HQYLURQPHQW�ZKHUH� WKH
URERW� QDYLJDWHV� LV� VKRZQ� LQ� ILJ�� ��� $� VLPSOLILHG� IORRU
SODQ� RI� WKH� HQYLURQPHQW� DQG� WKH� GLVWLQFWLYH� SODFHV
PDUNHG�E\�WKH�KXPDQ�RSHUDWRU�E\�PDQXDO�JXLGDQFH�RI
WKH�URERW�DUH�DOVR�VKRZQ���

)RU� WKLV� H[SHULPHQW�� WKH� IDFWRUV� WKDW� GHILQH� WKH
JRRGQHVV� RI� WKH� PXOWL�KLHUDUFKLHV� DUH� GHILQHG� DV
IROORZV�

>�@*RRGQHVV(0) = 0.25I1 + 0.25I2 + 0.25I3 + 0.25I4

&/$8',$� EHJLQV� E\� JHQHUDWLQJ� DQ� LQLWLDO
PXOWL�KLHUDUFK\�ZLWK�RQO\�RQH�KLHUDUFK\��VLQFH�ZH�ZDQW
WR� UHGXFH� WKH� FRPSXWDWLRQDO� FRVW� RI� FDOFXODWLQJ
JRRGQHVV��ZLWK�WKUHH�KLHUDUFKLFDO�OHYHOV��7KH�ORZHVW�RQH
FRUUHVSRQGV�WR�WKH�JURXQG�JUDSK�GHSLFWHG�LQ�ILJ�����DQG
WKH� KLJKHVW� RQH� FRQVLVWV� RI� RQO\� RQH� QRGH�� 7KH
FOXVWHULQJ�RI�QRGHV�RI�WKH�JURXQG�OHYHO�RI�WKLV�KLHUDUFK\
LV� QRW� YHU\� JRRG�� VLQFH� LW� GHILQHV� FOXVWHUV� RI� YHU\

GLIIHUHQW�VL]HV���7KH�JRRGQHVV�RI�WKDW�PXOWL�KLHUDUFK\�LV
���������

)LJ�� ��� )ORRU� SODQ� RI� WKH� UHDO� HQYLURQPHQW� ZKHUH
5$0���QDYLJDWHV�DQG�WRSRORJ\�H[WUDFWHG�E\� WKH
*,������+DOO�����2OG�EXLOGLQJ�����5RERWLFV�/DE����
1RUWKHUQ�FRUULGRU�����<DUG�����2XWVLGH��

7KH� ILQDO� PXOWL�KLHUDUFK\� �DIWHU� �� KRXUV� RI
RSWLPL]DWLRQ�� KDV� DJDLQ� RQH� KLHUDUFK\� �GXH� WR� WKH
VWRUDJH�UHTXLUHPHQW�IDFWRU�RI�H[SUHVVLRQ�>�@��ZLWK�ILYH
KLHUDUFKLFDO�OHYHOV��7KH�ILUVW�OHYHO�LV�VKRZQ�RQ�WKH�IORRU
SODQ�LQ�ILJ�����7KH�FOXVWHULQJV�RI�WKLV�PXOWL�KLHUDUFK\�DUH
PRUH� XQLIRUP� LQ� VL]H�� ZKLFK� LPSURYHV� LWV� YDOXH� RI
JRRGQHVV������������7KH�ILQDO�PXOWL�KLHUDUFK\�LV������
EHWWHU� WKDQ� WKH� LQLWLDO� PXOWL�KLHUDUFK\� IRU� SHUIRUPLQJ
SDWK�SODQQLQJ�RSHUDWLRQV��LI�WKH�JRRGQHVV�LV�GHILQHG�DV
VKRZQ�LQ�H[SUHVVLRQ�>�@�

��$V�H[SODLQHG�LQ� �)HUQiQGH]�DQG�*RQ]iOH]���������WKH�FRPSXWDWLRQDO�FRVW�RI�VROYLQJ�VHDUFK�SUREOHPV� LV�ORZ�ZKHQ�FOXVWHUV�DUH
VPDOO��ZKLOH�WKH�RSWLPDOLW\�RI�WKH�VROXWLRQV�LV�EHWWHU�ZKHQ�FOXVWHUV�DUH�ODUJH��,I�D�FOXVWHULQJ�GHILQHV�FOXVWHUV�RI�YHU\�GLIIHUHQW�VL]H�
WKH�ZRUVW�FDVHV� IRU�FRPSXWDWLRQDO�FRVW� DQG�VROXWLRQ�RSWLPDOLW\�DUH� IRXQG��DQG� WKHUHIRUH�WKH�JRRGQHVV�RI� WKH�PXOWL�KLHUDUFK\�DV
GHILQHG� LQ� H[SUHVVLRQ� >�@� WHQGV� WR� GHFUHDVH�� 0XOWL�KLHUDUFKLHV� ZLWK� XQLIRUP� VL]H� RI� FOXVWHUV� WHQGV� WR� DYRLG� EDG� UHVXOWV� LQ
FRPSXWDWLRQDO�FRVWV�DQG�SDWK�RSWLPDOLW\�



)LJ�����)LUVW�OHYHO�RI�WKH�UHVXOWLQJ�FOXVWHUL]DWLRQ�RI�WKH
VSDFH� LQ� WKH� ILQDO� PXOWL�KLHUDUFK\�� 1RWLFH� WKDW
DUFV�ZLWK� JUHDWHU� FRVWV� �ODUJH� GLVWDQFHV�� WHQG� WR
EH�H[WHUQDO��FRQQHFWLQJ�GLIIHUHQW�DUHDV���

����&21&/86,216�$1'�)8785(�:25.

7KLV� SDSHU� FRQWULEXWHV�ZLWK� WZR� LPSRUWDQW� H[WHQVLRQV
RI� KLHUDUFKLFDO� PRGHOV� RI� ODUJH�VFDOH� VSDFH�� ZH� KDYH
LQWURGXFHG� D� PXOWLSOH� DEVWUDFWLRQ� PRGHO� RI� WKH
HQYLURQPHQW� DQG� SUHVHQWHG� DQ� DXWRPDWLF� V\VWHP� IRU
FRQVWUXFWLQJ� VXFK� D� PRGHO� IURP� HQYLURQPHQWDO
LQIRUPDWLRQ�� 7KH� PRGHO� DQG� WKH� DXWRPDWLF
FRQVWUXFWLRQ� V\VWHP� KDYH� EHHQ� VXFFHVVIXOO\
LPSOHPHQWHG� LQ� WKH� 5$0��� PRELOH� URERW�� 6HYHUDO
H[SHULPHQWV� GHPRQVWUDWHG� WKH� VXLWDELOLW\� RI� ERWK
DSSURDFKHV� WR� LQFUHDVH� ERWK� WKH� DGDSWDELOLW\� RI� WKH
URERW� WR� LWV� HQYLURQPHQW� DQG� LWV� HIILFLHQF\� LQ
SHUIRUPLQJ�RSHUDWLRQV��

7KH�ZRUN�SUHVHQWHG�LQ�WKLV�SDSHU�RSHQV�D�ZLGH�DUHD
RI�UHVHDUFK��VLQFH�DQ�DXWRPDWLF�DEVWUDFWLRQ�V\VWHP�VXFK
DV� WKH� RQH� GHVFULEHG� KHUH� FDQ� EH� DGDSWHG� WR� PDQ\
DSSOLFDWLRQV� �VWHUHR� FRPSXWHU� YLVLRQ�� JHRJUDSKLFDO
LQIRUPDWLRQ� V\VWHPV�� QHWZRUN� URXWLQJ�� FRJQLWLYH
VFLHQFH��HWF����DQG�WKH�V\VWHP�LWVHOI�FDQ�EH�H[WHQGHG�DQG
LPSURYHG�� 6RPH� OLQHV� RI� IXWXUH� UHVHDUFK� DUH�� PRUH
JHQHUDO�DQG�SRZHUIXO�GHILQLWLRQV�IRU�WKH�JRRGQHVV�RI�D
PXOWL�KLHUDUFK\�� PHFKDQLVPV� FDSDEOH� RI� FRSLQJ� ZLWK
G\QDPLF�YDULDWLRQV�LQ�WKH�ORZHU�KLHUDUFKLFDO�OHYHOV��DQG
WKH� LPSURYHPHQW� RI� WKH� 0XOWL�$+�JUDSK� PRGHO� IRU
GHDOLQJ� ZLWK� XQFHUWDLQW\� LQ� WKH� H[LVWHQFH� RI� UHODWLRQV
DQG�FRQFHSWV�

&XUUHQWO\�� ZH� DUH� DOVR� ZRUNLQJ� RQ� FRQQHFWLQJ� WKH
6SDWLDO� 6HPDQWLF� +LHUDUFK\� �.XLSHUV�� ������ DV� WKH
JURXQG� LQIRUPDWLRQ� LQWHUIDFH� �*,��� RI� &/$8',$
�5HPROLQD�HW�DO���������

5()(5(1&(6

'DULR� 0�� DQG� 5L]]L� 6�� ������� '\QDPLF� &OXVWHULQJ� RI� 0DSV� LQ
$XWRQRPRXV� $JHQWV�� ,Q� ,(((� 7UDQVDFWLRQV� RQ� 3DWWHUQ
$QDO\VLV� DQG� 0DFKLQH� ,QWHOOLJHQFH�� 9RO�� ���� 1R�� ���� SS�
����������

6KHSDUG�5�1����������7RZDUG�D�8QLYHUVDO�/DZ�RI�*HQHUDOL]DWLRQ�IRU
3V\FKRORJLFDO�6FLHQFH��,Q�6FLHQFH��9RO�������SS������������

5HPROLQD�(���)HUQiQGH]� -�$���.XLSHUV�%�-���DQG�*RQ]iOH]�-�� �������
)RUPDOL]LQJ� 5HJLRQV� LQ� WKH� 6SDWLDO� 6HPDQWLF� +LHUDUFK\�
DQ� $+�JUDSKV� ,PSOHPHQWDWLRQ� $SSURDFK�� ,Q� /HFWXUH
1RWHV�LQ�&RPSXWHU�6FLHQFH�������SS�����������)UHNVD�&��DQG
0DUN� '�0�� �HGV���� %HUOLQJ�� 6SULQJHU�� ,6%1
��������������

0XxR]�9�)���&UX]�$���*DUFtD�&HUH]R�$����������6SHHG�3ODQQLQJ�DQG
*HQHUDWLRQ�$SSURDFK�%DVHG�RQ�WKH�3DWK�7LPH�6SDFH�IRU
0RELOH� 5RERWV�� ,Q� 3URFHHGLQJV� RI� WKH� ,(((� ,QWHUQDWLRQDO
&RQIHUHQFH�RQ�5RERWLFV�DQG�$XWRPDWLRQ��,&5$·����

0NDGPL� 7�� �������� 6SHHGLQJ� 8S� 6WDWH�6SDFH� 6HDUFK� E\� $XWRPDWLF
$EVWUDFWLRQ��0DVWHU·V�WKHVLV��8QLYHUVLW\�RI�2WWDZD�

/HYLWW� 7�6���/DZWRQ�'�7��� &KHOEHUJ�'�0��� DQG�1HOVRQ� 3�&�� �������
4XDOLWDWLYH�1DYLJDWLRQ��,Q�3URFHHGLQJV�RI�WKH�'$53$�,PDJH
8QGHUVWDQGLQJ�:RUNVKRS��SS����������

.XLSHUV� %�-�� �������� 7KH� 6SDWLDO� 6HPDQWLF� +LHUDUFK\�� ,Q� $UWLILFLDO
,QWHOOLJHQFH��������SS���������

+RSILHOG� -�-�� DQG� 7DQN� '�:�� �������� 1HXUDO� &RPSXWDWLRQ� RI
'HFLVLRQV� LQ� 2SWLPL]DWLRQ� 3UREOHPV�� ,Q� %LRORJLFDO
&\EHUQHWLFV��9RO������SS����������

+ROODQG� -�+����������*HQHWLF�$OJRULWKPV�� ,Q�6FLHQWLILF�$PHULFDQ��9RO�
�����1R�����SS�����

+DUQDG� 6�� �������� &DWHJRU\� ,QGXFWLRQ� DQG� 5HSUHVHQWDWLRQ�� ,Q
&DWHJRULFDO� 3HUFHSWLRQ�� WKH� *URXQGZRUN� RI� &RJQLWLRQ��+DUQDUG
6���HG����1HZ�<RUN��&DPEULGJH�8QLYHUVLW\�3UHVV��&KDSWHU
��

*RQ]iOH]�-���6WHQW]�$���DQG�2OOHUR�$����������$�0RELOH�5RERW�,FRQLF
3RVLWLRQ� (VWLPDWRU� XVLQJ� D� 5DGLDO� /DVHU� 6FDQQHU�� ,Q
-RXUQDO�RI�,QWHOOLJHQW	5RERWLF�6\VWHPV��9RO������SS����������

*RQ]iOH]� -��� 2OOHUR� $��� DQG� 5HLQD� $�� �������� 0DS� %XLOGLQJ� IRU� D
0RELOH�5RERW�(TXLSSHG�ZLWK�D�/DVHU�5DQJH�6FDQQHU��,Q
3URFHHGLQJV� RI� WKH� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 5RERWLFV
DQG�$XWRPDWLRQ��,&5$·����

)HUQiQGH]� -�$�� DQG� *RQ]iOH]� -�� �������� 0XOWL�+LHUDUFKLFDO� 3DWK
6HDUFK�� ,Q� ,(((� 7UDQVDFWLRQV� RQ� 3DWWHUQ� $QDO\VLV� DQG
0DFKLQH�,QWHOOLJHQFH��YRO������QR�����

)HUQiQGH]� -�$�� DQG� *RQ]iOH]� -�� �����E��� 0RELOH� 5RERW� 3DWK
3ODQQLQJ� DQG�1DYLJDWLRQ�8VLQJ�+LHUDUFKLFDO�*UDSKV�� ,Q
3URFHHGLQJV�RI�WKH�,QWHUQDWLRQDO�,&6&�6\PSRVLXP�RQ�(QJLQHHULQJ
RI�,QWHOOLJHQW�6\VWHPV��(,6·����

)HUQiQGH]�-�$��DQG�*RQ]iOH]�-�������D���+LHUDUFKLFDO�3DWK�6HDUFK�IRU
0RELOH� 5RERW� 3DWK� 3ODQQLQJ�� ,Q�3URFHHGLQJV� RI� WKH� ,(((
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 5RERWLFV� DQG� $XWRPDWLRQ
�,&5$·����

)HUQiQGH]� -�$�� DQG� *RQ]iOH]� -�� �������� *HQHUDO� :RUOG
5HSUHVHQWDWLRQ� IRU� 0RELOH� 5RERW� 2SHUDWLRQV�� ,Q
3URFHHGLQJV� RI� WKH� �WK�&RQIHUHQFH� RI� WKH� 6SDQLVK�$VVRFLDWLRQ� IRU
WKH�$UWLILFLDO�,QWHOOLJHQFH��&$(3,$·�����SS��������

)HUQiQGH]� -�$�� �������� 0RGHOLQJ� DQG� *HQHUDWLRQ� RI� 0XOWLSOH
$EVWUDFWLRQV� IRU� 5HSUHVHQWLQJ� /DUJH�6FDOH� 6SDFH�� $Q
$SSOLFDWLRQ� WR� 0RELOH� 5RERWLFV�� 3K'� WKHVLV�� 6\VWHP
(QJLQHHULQJ� DQG�$XWRPDWLRQ�'HSDUWPHQW��8QLYHUVLW\�RI
0iODJD��6SDLQ���,6%1���������������

)HQQHPD�&���+DQVRQ�$���5LVHPDQ�(���%HYHULGJH�-�5���DQG�.XPDU�5�
�������� 0RGHO�'LUHFWHG� 0RELOH� 5RERW� 1DYLJDWLRQ�� ,Q
,(((�7UDQVDFWLRQV�RQ�6\VWHPV��0DQ��DQG�&\EHUQHWLFV��9RO�����
1R�����SS������������

(QJHOVRQ� 6�3�� DQG� 0F'HUPRWW� '�9�� �������� (UURU� &RUUHFWLRQ� LQ
0RELOH� 5RERW�0DS� /HDUQLQJ�� ,Q�3URFHHGLQJV� RI� WKH� ,(((
,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 5RERWLFV� DQG� $XWRPDWLRQ
�,&5$·����

(OIHV� $�� �������� 8VLQJ� 2FFXSDQF\� *ULGV� IRU� 0RELOH� 5RERW
3HUFHSWLRQ�DQG�1DYLJDWLRQ��,Q�,(((�&RPSXWHU�


