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CPUs with a large amount of instruction-level parallelism must
carry out many register accesses each cycle. Eventually this
leads to severe hardware bottlenecks and a loss of cycle time. A
solution that has been proposed and implemented a few times
is “clustering”. Clustered ILP CPUs have several groups of
hardware each consisting of a register bank and one or more
functional units. Functional units may only access registers in
their associated bank.  To access registers in other banks,
explicit or implicit intercluster moves must be made while a
program is running.

CPUs offer ILP in a great variety of ways, and thus there are
many different ways clustering may be carried out. However it
is done, clustering represents a tradeoff between cycle speed
and cycle count: it will take more cycles to execute a program
on a clustered CPU than a single clustered CPU with the same
functional units and total number of registers, but the clustered
CPU will have a faster clock. We measure here the cost of
clustering on multiple cluster VLIW architectures, particularly
using a new algorithm called Partial Component Clustering.

Remarkably, the experiments reported here suggest the same
ballpark results seen in very different environments. Indeed,
the results seem similar across strikingly different
architectures, layout algorithms, benchmarks, and degrees of
ILP. As a rule of thumb, breaking the CPU into two clusters
costs somewhere around 15-20% lost cycles; four clusters costs
around 25-30%. As feature sizes of microprocessors decrease in
relation to communication costs, these numbers are likely to
strongly favor the use of clustering, at least for CPUs which
execute applications with large amounts of ILP.
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1  ,QWURGXFWLRQ
,QVWUXFWLRQ�OHYHO� SDUDOOHO� �,/3�� DUFKLWHFWXUHV� XVLQJ� 9/,:� DQG� VXSHUVFDODU� GHVLJQ
VW\OHV� DFKLHYH� WKHLU� KLJK�SHUIRUPDQFH� E\� LVVXLQJ� PXOWLSOH� RYHUODSSHG� RSHUDWLRQV�
:LWK�WKH�LQFUHDVHG�FDSDELOLW\�RI�RYHUODSSLQJ�RSHUDWLRQV�FRPHV�WKH�LQFUHDVHG�QHHG�WR
VXSSO\� UHJLVWHU� EDQGZLGWK�� VLQFH� D� W\SLFDO� RSHUDWLRQ� UHTXLUHV� �� UHJLVWHU� DFFHVVHV�
7KXV�D���LVVXH�VXSHUVFDODU�&38�PLJKW�UHTXLUH����UHJLVWHU�DFFHVVHV�SHU�F\FOH��D����
LVVXH�9/,:�PHGLD�SURFHVVRU�PLJKW�UHTXLUH����DFFHVVHV�SHU�F\FOH�

(YHQWXDOO\� WKH�DFFHVV� WLPH�WR�DQG� IURP�D�FHQWUDO� UHJLVWHU� ILOH�EHFRPHV� WKH� FULWLFDO
SDWK� LQ� WKH� F\FOH� WLPH� RI� WKH� SURFHVVRU�� 7KH� ERWWOHQHFNV� DUH� GXH� WR� WKH� FRPELQHG
HIIHFWV�RI�

À 5HJLVWHU�DFFHVV�WLPH�

À 6LOLFRQ�DUHD�IRU�DGGUHVV�GHFRGHUV�DQG�GDWD�URXWHUV�

À 7KH�DGGLWLRQDO�LQVWUXFWLRQ�ELWV�IRU�UHJLVWHU�VSHFLILHUV�DQG

À 7KH�GLVWDQFH�RI�D�FHQWUDO�UHJLVWHU�ILOH�WR�WKH�QXPHURXV�FRQVXPHUV�DQG�SURGXFHUV
RI�GDWD�

À %\SDVVLQJ� ORJLF�� ZKLFK� JURZV� ZLWK� WKH� VTXDUH� RI� WKH� QXPEHU� RI� UHDGHUV� DQG
ZULWHUV�

,Q� WRGD\
V� WHFKQRORJ\�� WKHVH� ERWWOHQHFNV� DUH� OLNHO\� WR� EHFRPH� VHULRXV� VRPHZKHUH
EHWZHHQ�WKH�UHJLVWHU�UHTXLUHPHQWV�RI�WKH�WZR�H[DPSOHV�DERYH��D���LVVXH�&38�DQG�D
���LVVXH�&38�

���� §&OXVWHUHG¨�$UFKLWHFWXUHV

$� YHU\� QDWXUDO� VROXWLRQ� WR� WKHVH� SUREOHPV� LV� §FOXVWHULQJ¨�� $� W\SLFDO� FOXVWHUHG
DUFKLWHFWXUH
V� GDWDSDWK� KDV� VHYHUDO� JURXSLQJV�� LGHQWLFDO� LQ� VWUXFWXUH� RU� SRVVLEO\
VRPHZKDW�GLIIHUHQW��HDFK�FRQVLVWLQJ�RI�D�UHJLVWHU�EDQN�DQG�RQH�RU�PRUH� IXQFWLRQDO
XQLWV��)XQFWLRQDO�XQLWV�PRVW�HIILFLHQWO\�DFFHVV�UHJLVWHUV�LQ�WKHLU�DVVRFLDWHG�EDQN��7R
DFFHVV�UHJLVWHUV�LQ�RWKHU�EDQNV��H[SOLFLW�RU�LPSOLFLW�LQWHUFOXVWHU�PRYHV�PXVW�EH�PDGH
ZKLOH�D�SURJUDP�LV�UXQQLQJ��)LJXUH����E��VKRZV�D���LVVXH�,/3�GDWDSDWK�KDYLQJ�D���
UHDG�� ��ZULWH� FHQWUDO� UHJLVWHU�� ZKLOH� )LJXUH� �� �D�� VKRZV� D� VLPLODU� ��LVVXH� ,/3
GDWDSDWK��EXW�QRZ�KDYLQJ���FOXVWHUV�RI���IXQFWLRQ�XQLWV�DQG�RQH�UHJLVWHU�EDQN�HDFK�
7KHUH� LV��DGGLWLRQDOO\��DQ�§LQWHUFOXVWHU�EXV¨�RU�VRPH�RWKHU� IRUP�RI� FRPPXQLFDWLRQ�
XVHG�WR�PRYH�GDWH�EHWZHHQ�FOXVWHUV�

1RWH�WKDW�FOXVWHUV�QHDWO\�VROYH�DOO�RI�WKH�SUREOHPV�OLVWHG�DERYH��%\�KDYLQJ�VPDOOHU
UHJLVWHU� EDQNV� DQG� IHZHU� DGGUHVVHV� WR� GHFRGH�� ZH� JHW� IDVWHU� DFFHVV� WLPHV�� 7KH
VSHFLILFDWLRQ� RI� ZKLFK� FOXVWHU� LV� EHLQJ� DGGUHVVHG� PD\� EH� PDGH� RQFH� LQ� WKH
LQVWUXFWLRQ�� UDWKHU� WKDQ� LQ� HDFK� UHIHUHQFH�� SRWHQWLDOO\� VDYLQJ� LQVWUXFWLRQ� ELWV�� �$V
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GLVFXVVHG�EHORZ��D�VXSHUVFDODU�PD\�RU�PD\�QRW�\LHOG�WKLV�SDUWLFXODU�VDYLQJV��ZKLOH�D
9/,:� LV� OLNHO\� WR� LPSOLFLWO\� VSHFLI\� WKH� FOXVWHU� LQ� WKH� SODFHPHQW� RI� WKH� RSHUDWLRQ
ZLWKLQ� DQ� LQVWUXFWLRQ�� VDYLQJ� HYHQ� PRUH� LQVWUXFWLRQ� ELWV��� 5HJLVWHU� ILOHV� FDQ� EH
ORFDWHG�QHDU�WR�WKHLU�FRQVXPHUV�DQG�SURGXFHUV�RI�GDWD��,Q�VKRUW��ZH�JHW�SRWHQWLDOO\
JUHDWHU�SDUDOOHOLVP�LQ�D�PRUH�VFDODEOH�PDQQHU��&OXVWHUHG�DUFKLWHFWXUHV�DOVR�DGGUHVV
WKH�E\SDVVLQJ�SUREOHP��VLQFH�WKH�QXPEHU�RI� IXOO\�FRQQHFWHG�XQLWV� �L�H�� WKH�SDLUV�RI
ZULWHUV�UHDGHUV�WKDW�KDYH�WR�EH�E\SDVVHG�� LV� UHGXFHG��7KLV�HQRUPRXV�DGYDQWDJH� LV
RIWHQ�RYHUORRNHG�LQ�GLVFXVVLRQ�RI�WKH�GHVLUDELOLW\�RI�FOXVWHULQJ�
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)LJXUH����7ZR�SRVVLEOH�RUJDQL]DWLRQV�RI�D���XQLW�PDFKLQH����XQLW���FOXVWHU��D�
RU���XQLW���FOXVWHU��E���&RQILJXUDWLRQ��D��UHTXLUHV�EXLOGLQJ�WZR�UHJLVWHU�ILOHV�
HDFK�RI�WKHP�ZLWK���UHDG�SRUWV�DQG���ZULWH�SRUWV��&RQILJXUDWLRQ��E��UHTXLUHV
EXLOGLQJ� RQH� UHJLVWHU� ILOH� ZLWK� �� UHDG� SRUWV� DQG� �� ZULWH� SRUWV�� )RU� WKH
FOXVWHUHG� DUFKLWHFWXUHV�� ZH� DVVXPH� WR� VKDUH� RQH� UHDG� SRUW� DQG� RQH� ZULWH
SRUW�SHU�FOXVWHU�IRU�LQWHUFOXVWHU�FRPPXQLFDWLRQ�
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%XW� WKLQJV� UDUHO\� FRPH� IRU� IUHH�� 7KH� QHHG� IRU� LQWHUFOXVWHU� PRYHV� EULQJV� LWV� RZQ
SRWHQWLDO�SUREOHPV��:KHQ� WKH� LQWHUFOXVWHU�PRYHV�DUH�DUFKLWHFWXUDOO\� YLVLEOH�� WKHUH
DUH�V\VWHPV�LVVXHV��ZKLFK�ZH�GLVFXVV�EHORZ��%XW�LQ�DQ\�FDVH�WKHUH�ZLOO�EH�

À /RVW� SHUIRUPDQFH� GXH� WR� F\FOHV� GHYRWHG� WR� LQWHUFOXVWHU� PRYHV�� RU� GXH� WR� WKH
XQEDODQFHG�RU�SRRU�XVH�RI�WKH�FOXVWHUV�

À +DUGZDUH�EXV�DQG�SRUW�FRVWV�LQ�VXSSRUWLQJ�LQWHUFOXVWHU�PRYHV�DQG

À +DUGZDUH� RU� FRPSLOH�WLPH� FRVWV� RI� DOJRULWKPV� WKDW� OD\� RXW� GDWD� LQ� RUGHU� WR
PLQLPL]H�LQWHUFOXVWHU�PRYHV�DQG�RU�XQEDODQFHG�XVH�RI�WKH�FOXVWHUV�

���� 3DVW�8VH�RI�&OXVWHULQJ�DQG�6LPLODU�7HFKQLTXHV

&OXVWHUHG� LQVWUXFWLRQ�OHYHO� SDUDOOHO� LPSOHPHQWDWLRQV� ZHUH� ILUVW� VXJJHVWHG� DQG
QDPHG�DV�VXFK��DV�IDU�DV�ZH�NQRZ��LQ�>�@��7KHUH�KDYH�EHHQ�LPSOHPHQWDWLRQV�LQ�WKH
IRUP�RI�D�9/,:��WKH�0XOWLIORZ�7UDFH�>��@��DQG��WR�D�YHU\�OLPLWHG�H[WHQW��LQ�DW�OHDVW
RQH� VXSHUVFDODU�SURFHVVRU� �WKH�'(&�������� >�@��� 6HYHUDO� SDSHUV� KDYH� LQYHVWLJDWHG
WKH�HIIHFWV�RI�FOXVWHULQJ�LQ�9/,:V�DQG�VLPLODU�DUFKLWHFWXUHV��VHH��IRU�H[DPSOH��>�@�>�@
>�@� >�@��� DQG� LQ� VXSHUVFDODUV� �WKH� PRVW� WKRURXJK� EHLQJ� >�@��� :H� FRYHU� WKH
H[SHULPHQWDO�UHVXOWV�LQ�VRPH�RI�WKHVH�SDSHUV�EHORZ��PRVW�QRWDEO\�>�@��DQG�FRPSDUH
WKHP� ZLWK� RXU� RZQ�� ,QWHUHVWLQJO\�� WKH� UHVXOWV� VHHP� IDU� PRUH� FRQVLVWHQW� DFURVV
H[SHULPHQWV�WKDQ�UHVXOWV�XVXDOO\�DUH�LQ�FRPSXWHU�V\VWHPV�ZRUN��,QGHHG��WKH�UHVXOWV
VHHP� LQYDULDQW� DFURVV� VWULNLQJO\� GLIIHUHQW� DUFKLWHFWXUHV�� OD\RXW� DOJRULWKPV�
EHQFKPDUNV��DQG�GHJUHHV�RI�,/3��7KH�UHVXOWV�DUH�FRQVLVWHQW�HQRXJK�WKDW�ZH�EHOLHYH
VRPH�UXOHV�RI�WKXPE�FDQ�FKDUDFWHUL]H�WKH�QXPEHU�RI�H[WUD�F\FOHV�GXH�WR�FOXVWHULQJ�
DQG�ZH�GR�VR�EHORZ�

7KH� FOXVWHULQJ� WHFKQLTXH� LV� LQ� VRPH�ZD\V� VLPLODU� WR� VHYHUDO� RWKHU� WULHG�DQG�WUXH
&38� WHFKQLTXHV�� $� WULFN� WR� LPSURYH� FDFKH� SHUIRUPDQFH� LV� WR� GLYLGH� LW� LQWR� WZR
FDFKHV�� RQH� IRU� GDWD� DQG� RQH� IRU� LQVWUXFWLRQV�� 7KLV� WHFKQLTXH�� UHIHUUHG� WR� DV� D
§+DUYDUG�$UFKLWHFWXUH¨��DOORZV�QRW� RQO\� WKH�NLQGV� RI� DGYDQWDJHV� OLVWHG�DERYH�� EXW
DOORZV�DOVR�IRU�DV\PPHWULF�FDFKHV��EXLOW�WR�KDQGOH�WKH�WZR�GLIIHUHQW�W\SHV�RI�FDFKHG
REMHFWV�� 6LPLODUO\�� VHYHUDO� DUFKLWHFWXUHV� GLYLGH� WKH� LQWHJHU� DQG� IORDWLQJ� SRLQW
UHJLVWHU�EDQNV��\LHOGLQJ�ZKDW�PD\�EH�WKRXJKW�RI�DV�D�IORDWLQJ�SRLQW�FOXVWHU�DQG�DQ
LQWHJHU�FOXVWHU��)LQDOO\��WKH�FRQFHSW�RI�GHFRXSOHG�DFFHVV�H[HFXWH�>�@�DJDLQ�GLYLGHV�WKH
KDUGZDUH�� WKLV� WLPH� EHWZHHQ� PHPRU\� RULHQWHG� RSHUDWLRQV� DQG� QRQ�PHPRU\
RSHUDWLRQV��7KHVH�WHFKQLTXHV�GR�QRW�VXIIHU�WKH�SRWHQWLDO�SUREOHP�RI�FOXVWHULQJ��7KH\
DOO�GHDO�ZLWK�IXQGDPHQWDOO\�GLIIHUHQW�GDWD�W\SHV��WKXV�WKH\�DUH�WDNLQJ�D�KDUGZDUH
GDWD� VWUXFWXUH� DQG� GLYLGLQJ� LW� LQWR� WZR� VWUXFWXUHV� FRQWDLQLQJ� GLVWLQFW� GDWD�� ,Q
FOXVWHULQJ�ZH�DUH�WDNLQJ�D�VWUXFWXUH�ZLWK�D�VLQJOH�GDWD�W\SH�DQG�QR�PDMRU�GLIIHUHQFH
LQ�IXQFWLRQDOLW\�DQG�GLYLGLQJ�LW�LQWR�VHYHUDO�SLHFHV�
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���� 0LQLPL]LQJ�3HUIRUPDQFH�/RVV�'XH�7R�&OXVWHUV

:H�KDYH�QRW�\HW�GLVFXVVHG�WKH�GLIIHUHQW�ZD\V�LQ�ZKLFK�GLIIHUHQW�V\VWHPV�FDXVH�GDWD
WR�HQG�XS�LQ�D�SDUWLFXODU�FOXVWHU
V�UHJLVWHU�EDQN��RU�KRZ�D�SDUWLFXODU�IXQFWLRQ�XQLW�LV
DVVLJQHG� WR� FDUU\�RXW�DQ�RSHUDWLRQ�� ,W� LV� LQWXLWLYHO\� FOHDU��KRZHYHU�� WKDW� LI� GDWD� LV
ODLG� RXW� SRRUO\�� LQWHUFOXVWHU� PRYHV� ZLOO� UXLQ� WKH� SHUIRUPDQFH� DGYDQWDJHV� RI
FOXVWHULQJ�� DQG� ZLOO� UHGXFH� LQVWUXFWLRQ�OHYHO� SDUDOOHOLVP�� $OWHUQDWLYHO\�� LI� LW� LV
SRVVLEOH� WR� OD\�GDWD�RXW� FOHYHUO\�HQRXJK� WKDW� IHZ� LQWHUFOXVWHU�PRYHV�DUH� UHTXLUHG�
WKHUH�PLJKW�EH�DQ�LQVLJQLILFDQW�ORVV�RI�F\FOHV��DQG�LW�PLJKW�EH�SRVVLEOH�WR�JHW�E\�ZLWK
D�PLQLPDO�EXV�VWUXFWXUH� WR�VXSSRUW� WKH� IHZ�PRYHV��%XW� OLIH� LVQ
W�DV� VLPSOH�DV�RQH
PLJKW�ZLVK��JRRG�VFKHGXOHV�PLJKW�UHTXLUH�XV�WR�PRYH�GDWD�DURXQG�IDU�PRUH�WKDQ�LV
PLQLPDOO\�UHTXLUHG�IRU�FRUUHFWQHVV��2QH�FDQ�VHH�WKLV�HDVLO\�E\�UHFRJQL]LQJ�WKDW�FRGH
FRXOG� EH� ODLG� RXW� WR� RFFXS\� RQO\� D� VLQJOH� FOXVWHU�� HOLPLQDWLQJ� WKH� QHHG� IRU� DQ\
LQWHUFOXVWHU�PRYHV�ZKDWVRHYHU��,W�LV�LQWXLWLYHO\�REYLRXV��DQG�PHDVXUHG�EHORZ��WKDW
WKLV�LV�D�EDG�LGHD�ZKHQ�WKH�,/3�JHWV�HYHQ�D�OLWWOH�EH\RQG�WKH�UHVRXUFHV�DYDLODEOH�LQ
WKH�VLQJOH�FOXVWHU��7KXV��DV�ZH�H[SODLQ�LQ�PRUH�GHWDLO�EHORZ��OD\LQJ�RXW�WKH�FRGH�IRU
D�FOXVWHUHG�DUFKLWHFWXUH�LV�D�VXEWOH�DQG�SRWHQWLDOO\�GLIILFXOW�SURFHVV�

7KLV� SDSHU�� WKHQ�� LV� DQ� LQYHVWLJDWLRQ� LQWR� KRZ� RQH� PLJKW� JHW� WKH� DGYDQWDJHV� RI
FOXVWHUHG�DUFKLWHFWXUHV¦DQG�WKRVH�DUH�ELJ�DGYDQWDJHV¦ZKLOH�OD\LQJ�RXW�WKH�GDWD�WR
SURGXFH�D�FRPSXWDWLRQ�WKDW�UXQV�DV�IDVW�DV�SRVVLEOH��,Q�WKH�QH[W�VHFWLRQ�ZH�GHVFULEH
EULHIO\�DUFKLWHFWXUDO�LVVXHV�LQ�FOXVWHUHG�DUFKLWHFWXUHV��)ROORZLQJ�WKDW��ZH�UHSRUW�RQ
H[SHULPHQWV�WKDW�TXDQWLI\��DW�OHDVW�LQ�RQH�V\VWHP��WKH�JUHDWHU�QHHG�IRU�UHJLVWHUV�DV
,/3�LQFUHDVHV��)LQDOO\��ZH�SUHVHQW�D�QHZ�FOXVWHULQJ�DOJRULWKP��§3DUWLDO�&RPSRQHQW
&OXVWHULQJ¨��3&&��DQG�FRPSDUH�LWV�SHUIRUPDQFH�ZLWK�DQRWKHU�DOJRULWKP��WKDW�XVHG
LQ�WKH�0XOWLIORZ�FRPPHUFLDO�9/,:�FRPSLOHU��)URP�WKHVH�UHVXOWV��DQG�RWKHUV�LQ�WKH
OLWHUDWXUH��ZH�GHGXFH�ZKDW�ZH�EHOLHYH�WR�EH�JHQHUDOO\�DSSOLFDEOH�SULQFLSOHV�

2  &OXVWHUHG�$UFKLWHFWXUHV�DQG�,QWHUFOXVWHU�0RYHV

���� &OXVWHUHG�9/,:�$UFKLWHFWXUHV

,W�LV�YHU\�VWUDLJKWIRUZDUG�WR�LPSOHPHQW�D�9/,:�VW\OH�DUFKLWHFWXUH�ZLWK�FOXVWHULQJ�
+DUGZDUH� VWUXFWXUHV� DUH� XVXDOO\� H[SRVHG� WR� WKH� FRPSLOHU�� DQG� FRGH� LV� W\SLFDOO\
UHFRPSLOHG�WR�PDWFK�WKH�KDUGZDUH�H[DFWO\��7KXV�LW�LV�HDV\�WR�EXLOG�LQ�VSHFLILF�029(
LQVWUXFWLRQV��DQG�WR�DVN�WKH�FRPSLOHU
V�FRGH�JHQHUDWRU�WR�VSHFLI\�WKH�PRYHV�ZKHQHYHU
LW�JHQHUDWHV�FRGH�IRU�DQ�RSHUDWLRQ�ZKRVH�RSHUDQGV�DQG�IXQFWLRQDO�XQLW�DUH�QRW�DOO�LQ
WKH�VDPH�FOXVWHU�

,Q�D�&38�ZLWK�IRXU�FOXVWHUV��QXPEHUHG������HDFK�FRQWDLQLQJ�D����UHJLVWHU�EDQN�DQG
WZR�$/8V��WKH�FRGH�JHQHUDWRU�PLJKW� ILQG� LW�ZDQWV� WR�DGG�WZR�YDOXHV� IRXQG� LQ�RQH
FOXVWHU��DQG�DGG�WKDW�VXP�WR�D�YDOXH� IRXQG� LQ�DQRWKHU�FOXVWHU��7KH�RSHUDWLRQV� WKH
FRGH�JHQHUDWRU�PLJKW�ZDQW�WR�XVH�WR�FDUU\�WKLV�RXW�PLJKW�EH�
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ADD2.1 R165 <- R160, R161
ADD0.0  R59 <- R12,  R165

ZKHUH�� IRU� H[DPSOH��$''����PHDQV� DGGHU� QXPEHU� �� LQ� FOXVWHU� ���1RWLFH� WKDW� WKH
VHFRQG�DGG�UHTXLUHV�D�VRXUFH�YDOXH�LQ�FOXVWHU���DQG�DQRWKHU�VRXUFH�YDOXH�LQ�FOXVWHU
��� SXWWLQJ� LWV� UHVXOW� LQ� FOXVWHU� ��� 7KXV� WKH� FRPSLOHU� FDQQRW� VLPSO\� LVVXH� WKLV
VHTXHQFH��VLQFH�WKH�DGGHU�LQ�FOXVWHU���FDQQRW�UHIHUHQFH�WKH�YDOXH�LQ�5�����,QVWHDG�
WKH�FRGH�JHQHUDWRU�PLJKW�JHQHUDWH�WKH�LQVWUXFWLRQV�

ADD2.1 R165 <- R160, R161
MOVE    R58 <- R165
ADD0.0  R59 <- R12, R58

,I� WKH� VHFRQG� DGG� LV� QRW� RQ� WKH� FULWLFDO� SDWK� RI� WKH� FRPSXWDWLRQ�� DQG� WKHUH� DUH
VXIILFLHQW� LQVWUXFWLRQ�OHYHO� SDUDOOHO� UHVRXUFHV� WR� FDUU\� RXW� WKH�PRYH� HDUO\� HQRXJK�
WKHQ� WKH�PRYH� FDQ� RIWHQ� EH� GRQH� IRU� §IUHH¨¦L�H�� ZLWKRXW� LQFUHDVLQJ� WKH� VFKHGXOH
OHQJWK�

���� &OXVWHUHG�6XSHUVFDODU�$UFKLWHFWXUHV

8QOLNH�9/,:V��VXSHUVFDODU�LPSOHPHQWDWLRQV�XVXDOO\�KDYH�VLJQLILFDQW�DUWLIDFWV�WKDW
DUH�QRW�YLVLEOH�RQ� WKH�DUFKLWHFWXUDO� OHYHO��&OXVWHULQJ� FDQ�EH�RQH�RI� WKRVH�DUWLIDFWV�
VXSHUVFDODU�KDUGZDUH� W\SLFDOO\�KDV� WKH�DELOLW\� WR�DGMXVW� WKH�VFKHGXOH�DW� UXQ� WLPH�
7KH� ZD\V� LQ� ZKLFK� VFKHGXOHV� DUH� UHDUUDQJHG� YDULHV� VLJQLILFDQWO\� IURP
LPSOHPHQWDWLRQ�WR�LPSOHPHQWDWLRQ��WKXV�WKHUH�DUH�D�JUHDW�PDQ\�YDULDQWV�RQ�KRZ�D
VXSHUVFDODU�VW\OH� SURFHVVRU� FRXOG� GHDO� ZLWK� FOXVWHULQJ�� :H� DUH� QRW� DZDUH� RI� DQ\
FOXVWHUHG� VXSHUVFDODU� SURFHVVRUV� WKDW� KDYH� EHHQ� EXLOW� H[FHSW� IRU� WKH�$OSKD� �����
�ZKLFK�NHHSV�LWV�UHJLVWHU�EDQNV�V\QFKURQL]HG���QRU�GHVLJQHG�LQ�DQ\�GHWDLO��H[FHSW�IRU
WKH�0XOWLFOXVWHU�$UFKLWHFWXUH��:H�EHOLHYH��KRZHYHU��WKDW�LI�DQG�ZKHQ�LW�LV�SUDFWLFDO
WR�VROYH�WKH�RWKHU�SUREOHPV�LQYROYHG�LQ�EXLOGLQJ�D�VXSHUVFDODU�ZLWK�HQRXJK�,/3�WR
ZDUUDQW�FOXVWHUV��WKHQ�FOXVWHUV�DUH�SUREDEO\�WKH�ULJKW�FKRLFH�

7KH�GDWDSDWK�RI�D�FOXVWHUHG�VXSHUVFDODU�FDQ�EH�VLPLODU�WR�WKDW�RI�D�FOXVWHUHG�9/,:�
2QFH�DJDLQ��ZH�KDYH�IXQFWLRQDO�XQLWV�ZKRVH�RSHUDQGV�PXVW�FRPH�IURP�WKH�UHJLVWHU
EDQN� LQ� WKH� VDPH� FOXVWHU�� $QG�� RQFH� DJDLQ�� LQWHUFOXVWHU� PRYHV�PXVW� VXSSRUW� WKH
VLWXDWLRQ�LQ�ZKLFK�GDWD�PXVW�EH�PRYHG�WR�WKH�SURSHU�FOXVWHU��,Q�WKLV�FDVH��KRZHYHU�
WKH�FRGH�JHQHUDWRU�GRHVQ
W�SODFH�DQ�H[SOLFLW�PRYH�RSHUDWLRQ�LQ�WKH�FRGH��,QVWHDG�WKH
UXQWLPH�KDUGZDUH�GHWHFWV�WKH�QHHG�IRU�WKH�PRYH��DQG�PRYHV�WKH�GDWD�DV�DQG�ZKHQ
UHTXLUHG��,W�GRHVQ
W�KDYH�WR�GR�ZKDW�LV�GRQH�LQ�D�9/,:��PRYH�WKH�GDWD�WR�D�UHJLVWHU
LQ� WKH� SURSHU� FOXVWHU��0RUH� OLNHO\�� WKH� GDWD�ZRXOG� EH�PRYHG� WR� D� UHJLVWHU� VWDJLQJ
DUHD��VLPLODU�WR�RU�SHUKDSV�VKDUHG�ZLWK�E\SDVV�TXHXHV�LQ�WKH�SURSHU�FOXVWHU�

7KXV�WKH�KDUGZDUH�FDQ�IROORZ�D�YHU\�VLPSOH�DOJRULWKP�ZKHQ�GHFRGLQJ�DQ�RSHUDWLRQ�
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�� )RU�HDFK�VRXUFH�YDOXH�IRXQG�LQ�D�FOXVWHU�GLIIHUHQW�IURP�WKH�GHVWLQDWLRQ�� LVVXH�D
PRYH�WR�SODFH�WKH�YDOXH�LQWR�WKH�LQSXW�TXHXH�RI�WKH�GHVWLQDWLRQªV�FOXVWHU�

�� 'LVSDWFK�WKH�RSHUDWLRQ�WR�D�IXQFWLRQDO�XQLW�LQ�WKH�GHVWLQDWLRQ�UHJLVWHU
V�FOXVWHU��

7R�H[HFXWH�WKH�VDPH�VHTXHQFH�MXVW�VHHQ��WKH�IROORZLQJ�ZRXOG�KDSSHQ�
ADD R165 <- R160, R161   /* Addition done on an adder in cluster 2 */
NOP                      /* R165 moved to cluster 0 input queue    */
ADD R59  <- R12, ‘R165’      /* Addition done on an adder in cluster 0 */

&RPSDUHG�WR�WKH�H[SOLFLW�UHJLVWHU�WDUJHW�RI�D�9/,:��WKLV�ORZHUV�UHJLVWHU�SUHVVXUH��$V
ZLWK�D�9/,:�� WKH�KDUGZDUH�PLJKW�EH�DEOH� WR� GR� WKH� LQWHUFOXVWHU�PRYH� LQ�SDUDOOHO
ZLWK�RWKHU�RSHUDWLRQV�

)LJXUH� �� VKRZV� WKH� GDWDSDWK� DV� ZH� KDYH� GHVFULEHG� LW�� ,Q� WKH� VLPSOHVW� FDVH�� WKH
VXSHUVFDODU
V�DGGLWLRQDO�KDUGZDUH�FRQWURO� LV�PLQLPDO�� LW�PHUHO\�KDV�WR�DVVXUH�WKDW
WKH�QHHG�IRU�DQ�LQWHUFOXVWHU�PRYH�LV�GHWHFWHG�DQG�WKH�PRYH�LV�LVVXHG�

:H�GLVFXVV�EHORZ�WKH�LPSOLFDWLRQV�RI�VXFK�D�VLPSOH�V\VWHP��LQ�WHUPV�RI�KRZ�PDQ\
LQWHUFOXVWHU� PRYHV� ZRXOG� EH� UHTXLUHG�� EXW� WKHUH� DUH� WZR� ZD\V� LQ� ZKLFK� D
VXSHUVFDODU�V\VWHP�FRXOG�UHGXFH�WKH�QXPEHU�RI� LQWHUFOXVWHU�PRYHV�EHORZ�WKH� OHYHO
WKDW�WKLV�VLPSOHVW�FDVH�LPSOLHV�

�� $V� LV� UHTXLUHG�ZLWK�D�9/,:��EXW�RSWLRQDO�ZLWK�D� VXSHUVFDODU��D� FRPSLOHU� FRXOG
UHDUUDQJH�WKH�FRGH�ZLWK�WKDW�VXSHUVFDODU
V�WRSRORJ\�LQ�PLQG�EHIRUH�LW�LV�KDQGHG
WR� WKH� V\VWHP�� 7KLV� IOLHV� VRPHZKDW� LQ� WKH� IDFH� RI� VXSHUVFDODU� SKLORVRSK\�
KRZHYHU��LQ�WKDW�D�V\VWHP�ZLWK�GLIIHUHQW�FOXVWHULQJ�ZRXOG�UHTXLUH�D�GLIIHUHQW�VHW
RI�UHJLVWHU�DQG�IXQFWLRQDO�XQLW�DVVLJQPHQWV�

�� 0RUH�FRPSDWLEOH�ZLWK�VXSHUVFDODU�SKLORVRSK\��RQH�FRXOG�EXLOG�D�VXSHUVFDODU�WKDW
WULHV�WR�PLQLPL]H�LQWHUFOXVWHU�PRYHV�LQ�LWV�DVVLJQPHQW�RI�DUFKLWHFWXUDO�UHJLVWHUV
WR�SK\VLFDO�UHJLVWHUV��DQG�LQ�LWV�VHOHFWLRQ�RI�IXQFWLRQDO�XQLWV��7KLV�ZRXOG�EH�GRQH
DW�LQVWUXFWLRQ�GLVSDWFK�WLPH��DQG�LV�GHVFULEHG�LQ�PRUH�GHWDLO�LQ�WKH�QH[W�VHFWLRQ�

,Q�WKH�0XOWLFOXVWHU�$UFKLWHFWXUH��ERWK�RI�WKHVH�DUH�SURSRVHG�

���� $�0RUH�&RPSOH[�&OXVWHUHG�6XSHUVFDODU

6XSHUVFDODU� SURFHVVRUV� KDYH� DOUHDG\� EHHQ� EXLOW� ZLWK� H[WUHPHO\� FRPSOH[� FRQWURO
XQLWV� �VHH�� IRU� H[DPSOH�� >�@� DQG� >�@��� *LYHQ� WKDW� FRPSOH[LW\�� WKHUH� DUH� YHU\�PDQ\
YDULDQWV�RQ�KRZ�RQH�PLJKW�EXLOG�D�FRQWURO�XQLW�ZKLFK�WULHV�WR�PLQLPL]H�LQWHUFOXVWHU
PRYHV��$�VDWLVI\LQJ�GLVFXVVLRQ�RI�DGGLQJ�FOXVWHULQJ�WR�D�FRPSOH[�VXSHUVFDODU�ZRXOG
EH�ZHOO� EH\RQG� WKH� VFRSH� RI� WKLV� SDSHU¦VXFK� D� GLVFXVVLRQ�� IRU� RQH� VHW� RI� FKRLFHV�
DSSHDUV� LQ� >�@�� ,QVWHDG��ZH�ZLOO�RXWOLQH�VRPH�RI� WKH�FRQVLGHUDWLRQV� LQYROYHG� LQ�RQH
SDUWLFXODU� DVSHFW� RI� VXSHUVFDODU� GHVLJQ�� QDPHO\� §UHJLVWHU� UHQDPLQJ¨�� ZKLFK� FRXOG
HQDEOH� PRUH� HIIHFWLYH� XVH� RI� FOXVWHULQJ� WKDQ� ZLWKLQ� D� VLPSOH� VXSHUVFDODU�� $
VXSHUVFDODU� XWLOL]HV� UHJLVWHU� UHQDPLQJ� ZKHQ� LW� PDSV� DQ� §DUFKLWHFWXUDO� UHJLVWHU¨�
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WKDW� LV�� RQH� UHIHUHQFHG� LQ� WKH� REMHFW� FRGH�� LQWR� D� SK\VLFDO� UHJLVWHU�� 7KH� SK\VLFDO
UHJLVWHUV� PD\� GLIIHU� LQ� QXPEHU� DQG� VWUXFWXUH� IURP� WKH� PRGHO� JLYHQ� LQ� WKH
DUFKLWHFWXUH��DV�ORQJ�DV�UXQWLPH�KDUGZDUH�FRQVLVWHQWO\�NHHSV�WKLQJV�VWUDLJKW�

5HJLVWHU� UHQDPLQJ� LV� XVHG� LQ� DPELWLRXV� VXSHUVFDODUV� WR� UHGXFH� IDOVH� GHSHQGHQFH
UHODWLRQVKLSV�FDXVHG�ZKHQ�GLIIHUHQW�ORJLFDO�GDWD�LV�PDSSHG�LQWR�WKH�VDPH�UHJLVWHU��,W
LV�SDUWLFXODUO\�HIIHFWLYH�ZKHQ�WKHUH�FDQ�EH�PDQ\�PRUH�SK\VLFDO� WKDQ�DUFKLWHFWXUDO
UHJLVWHUV��6LPLODUO\��D�FOXVWHUHG�VXSHUVFDODU�FRXOG�XVH�UHJLVWHU�UHQDPLQJ�WR�FKDQJH
WKH�FOXVWHUV�LQ�ZKLFK�FRPSXWDWLRQV�DUH�GRQH��,Q�WKDW�FDVH��UXQWLPH�KDUGZDUH�FRXOG
H[DPLQH�WKH�SURJUDP�DV� LWªV�EHLQJ�LVVXHG�DQG�FRXOG�PDS�DUFKLWHFWXUDO�UHJLVWHUV�WR
SK\VLFDO�UHJLVWHUV�LQ�VXFK�D�ZD\�DV�WR�PLQLPL]H�FRPSXWDWLRQ�WLPH�

)RU� H[DPSOH�� VXSSRVH� WKH� OLQHV� RI� FRGH� VKRZQ� DERYH� FRQWLQXHG� ZLWK� D� WKLUG
RSHUDWLRQ�DV�IROORZV�

ADD R165 <- R160, R161
ADD  R59 <- R12,  R165
ADD R166 <- R161, R59

8QOHVV�WKH�YDOXH�SXW�LQ�5���E\�WKH�VHFRQG�RSHUDWLRQ�LV�XVHG�H[WHQVLYHO\�LQ�FOXVWHU��
VRRQ�DIWHU��LW�ZRXOG�PDNH�VHQVH�WR�GR�WKH�VHFRQG�RSHUDWLRQ�RQ�FOXVWHU���UDWKHU�WKDQ
FOXVWHU����ZKLFK�LV�ZKDW�WKH�VLPSOH�DOJRULWKP�DERYH�LPSOLHV��7R�DFFRPSOLVK�WKLV��WKH
VXSHUVFDODU�GLVSDWFK�KDUGZDUH�PLJKW�GHFLGH�WR�PDS�5���LQWR�D�SK\VLFDO�UHJLVWHU�LQ
FOXVWHU����7KLV�PLJKW�UHTXLUH� WKH�FRQWURO�KDUGZDUH� WR� LVVXH�D�PRYH�� LI� WKH�GDWD� LQ
5���ZDV�FUHDWHG�LQ�FOXVWHU����EXW�LW�FRXOG�FUHDWH�D�PRUH�EDODQFHG�FRPSXWDWLRQ�ZLWK
D�VKRUWHU�FULWLFDO�SDWK�DQG�IHZHU�PRYHV�

6XFK� D� VFKHPH� LV� JLYHQ� LQ� GHWDLO� LQ� >�@�� :H� UHSRUW� EHORZ� RQ� H[SHULPHQWV� WKDW
PHDVXUH� WKH� HIIHFWLYHQHVV� RI� PRUH� VRSKLVWLFDWHG� UHJLVWHU� PDSSLQJ� DOJRULWKPV� WR
VKRUWHQ� FRPSXWDWLRQV� RQ� FOXVWHUHG� DUFKLWHFWXUHV��+RZHYHU��ZH� GLG� QRW� DWWHPSW� WR
XVH�RXU�EHQFKPDUNV��ZKLFK�DUH�YHU\�GLIIHUHQW�DQG�FRQWDLQ�IDU�PRUH�,/3�WKDQ�WKRVH
LQ�>�@��WR�FKDUDFWHUL]H�DOJRULWKPV�WKDW�PLJKW�EH�SUDFWLFDO� WR�LPSOHPHQW�LQ�UXQWLPH
KDUGZDUH�

3  7RROV�DQG�%HQFKPDUNV

���� 7KH�%HQFKPDUN�6XLWH

)RU� RXU� H[SHULPHQWV� ZH� VHOHFWHG� D� VHW� RI� VL[� LQWHJHU� EHQFKPDUNV� UHSUHVHQWLQJ
W\SLFDO�PHGLD�LQWHQVLYH� SURFHVVLQJ� WDVN��7KH� UHDVRQ� IRU� WKH� FKRLFH¦DV� RSSRVHG� WR
PRUH�WUDGLWLRQDO�ZRUNORDG� OLNH�63(&¦LV�GXH�WR�WKH� IDFW�WKDW�ZH�DUH� LQWHUHVWHG� LQ
DSSOLFDWLRQV� WKDW� VKRZ� VLJQLILFDQW� DPRXQW� RI� ,/3� DQG� DUH� DW� WKH� VDPH� WLPH
LQWHUHVWLQJ�IURP�DQ�LQGXVWULDO�SHUVSHFWLYH��6R�ZH�GHFLGHG�WR�SLFN�D�VHW�RI�LPSRUWDQW
DSSOLFDWLRQV� WKDW�KDQGOH�DQG� WUDQVIRUP�PXOWL�PHGLD�GDWD�DQG�ZH�KDQG� WXQHG� WKH
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VRXUFHV�WR�PDNH�WKHP�PRUH�VXLWDEOH�IRU�RXU�FRPSLOHU�WHFKQRORJ\��+DQG�WXQLQJ�UHIHUV
VLPSO\� WR� LGHQWLI\LQJ� WKH� PRVW� LPSRUWDQW� FRGH� VHJPHQWV� �W\SLFDOO\� ORRSV��� DQG
DQQRWDWLQJ�WKHP�ZLWK�SURSHU�GLUHFWLYHV�WR�JXLGH�WKH�FRPSLOHU�RSWLPL]DWLRQV�

,Q�DGGLWLRQ�WR�FRPSXWDWLRQ�LQWHQVLYH�EHQFKPDUN��ZH�DOVR�LQFOXGH�'KU\VWRQH������WR
PHDVXUH�FOXVWHULQJ�RQ�DQ�H[DPSOH�RI�FRGH�ZLWK�PRGHVW�DPRXQWV�RI�,/3�

7DEOH���VKRZV�D�FROOHFWLRQ�RI�EDVLF�VWDWLVWLFV�IRU�WKH�LQGLYLGXDO�EHQFKPDUNV�

Benchmark Lines of C
code

Baseline Cycles Description

bmark 6,700 377,680,815

Typical color printer pipeline. Composed
of JPEG decompression, image scaling,
color conversion and correction, under-
color removal, and halftoning with error
diffusion. This is the type of computation
you can expect in a color laser or ink-jet
printer to rasterize a photographic-
quality picture.

copymark 3,500 913,100,557

Typical color copier pipeline.
Composed of color-space
conversion, scan filters, device
correction, interpolation, edge-
enhancement filters, and
halftoning. This is the type of
computation you can expect in a
high-end color copier.

crypto 11,200 118,548,255

Cryptography benchmark. Composed of
a digital file signature and authentication
pair using the ECC (Elliptic Curve
Cryptography) algorithm. This is the type
of computation involved in a secure
document transmission.

mpeg2 8,300 959,947,540

MPEG-2 motion picture decoding. This
is the type of computation involved in
playing digital motion pictures, such as
in a DVD player.

tjpeg 2,900 44,472,146

JPEG-like compression of a full 3-color
8-bit image. This is the type of
computation you can expect, for
example, in a digital camera.

dhry 1,000 3,170,773
The Dhrystone 2.1 benchmark. Included
as a contrasting example of code not
containing interesting levels of ILP.

7DEOH����'HVFULSWLRQ�DQG�FKDUDFWHULVWLFV�RI�WKH�EHQFKPDUNV�XVHG�LQ�WKH
H[SHULPHQWV�
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)RU�DOO�RI�RXU�H[SHULPHQWV��ZH�UDQ�WKH�EHQFKPDUNV�ZLWK�UHSUHVHQWDWLYH�GDWD�LQSXWV�
ODUJH�HQRXJK�WR�JLYH�VLJQLILFDQW�UHVXOWV��EXW�VPDOO�HQRXJK�WR�NHHS�VLPXODWLRQ�WLPH
ZLWKLQ� SUDFWLFDO� OLPLWV�� $� FRPSOHWH� FRPSLODWLRQ� DQG� H[HFXWLRQ� F\FOH� RI� DOO� WKH
EHQFKPDUNV�WDNHV�DERXW����PLQXWHV�RQ�D�+HZOHWW�3DFNDUG������-����ZRUNVWDWLRQ�

���� 7KH�0DFKLQH�0RGHO

,Q�RUGHU�WR�EH�DEOH�WR�SUHVHQW�FRQVLVWHQW�UHVXOWV��DQG�LQ�VRPH�FDVHV�QRW�FRPSURPLVH
FRQILGHQWLDO� EHQFKPDUN� GDWD��� ZH� SUHVHQW� DOO� UHVXOWV� UHODWLYH� WR� D� EDVHOLQH
FRQILJXUDWLRQ��7KH�EDVHOLQH�LV�D�VFDODU�DUFKLWHFWXUH�ZLWK�D�VLQJOH�FOXVWHU�FRQWDLQLQJ
��� UHJLVWHUV� DQG� RQH� XQLW� WKDW� FDQ� LVVXH� RQH� RSHUDWLRQ� SHU� F\FOH�� $OO� LQWHJHU
RSHUDWLRQV�DUH�VLQJOH�F\FOH��H[FHSW�PXOWLSOLHV� WKDW� WDNH��� F\FOHV��DQG�PHPRU\� ORDG
RSHUDWLRQV� WKDW� DOVR� WDNH� �� F\FOHV�� $OO� ODWHQFLHV� DUH� FRPSOHWHO\� H[SRVHG� WR� WKH
FRPSLOHU��7KH�PHPRU\�RSHUDWLRQV�DUH�SLSHOLQHG��VR�WKHUH�LV�VRPH�,/3�DOUHDG\�LQ�WKH
EDVHOLQH�FDVH�

)RU�WKH�RWKHU�PDFKLQH�FRQILJXUDWLRQV��ZH�YDU\�WKH�IROORZLQJ�SDUDPHWHUV�

À 8QLWV��WKH�LVVXH�ZLGWK�RI�WKH�&38��$Q\�RSHUDWLRQ�FRQVXPHV�DQ�LVVXH�VORW��)RU�DOO
FRQILJXUDWLRQV��ZH� DVVXPH� WKDW� KDOI� RI� WKH� FRPSXWDWLRQDO� XQLWV� DUH� FDSDEOH� RI
H[HFXWLQJ� D� PHPRU\� DFFHVV�� :H� QHYHU� DOORZ� PRUH� WKDQ� D� VLQJOH� FRQWURO�IORZ
RSHUDWLRQ�SHU�F\FOH�

À 5HJLVWHUV�� WKH�QXPEHU� RI� JHQHUDO�SXUSRVH� UHJLVWHUV� LQ� WKH�&38��7KH� FRPSLOHU
XVHV�JHQHUDO�SXUSRVH�UHJLVWHUV�IRU�DOO�WHPSRUDU\�GDWD��7KH�FDOOLQJ�FRQYHQWLRQ�LV
FDOOHU�VDYHV�DQG�SDVVHV�DUJXPHQWV�DQG�UHWXUQ�YDOXHV�LQ�UHJLVWHUV�

À &OXVWHUV��WKH�QXPEHU�RI�FOXVWHUV�LQ�WKH�&38��$�FOXVWHU�FRQWDLQV�D�VLQJOH�UHJLVWHU
ILOH� DQG� PXOWLSOH� XQLWV� WKDW� DUH� IXOO\� FRQQHFWHG� ZLWK� WKH� UHJLVWHU� ILOH�
&RPPXQLFDWLRQ� DFURVV� FOXVWHUV� KDSSHQV� YLD� LQWHUFOXVWHU� FRS\� RSHUDWLRQV� WKDW
FRQVXPH�RQH�LVVXH�VORW�LQ�WKH�VRXUFH�FOXVWHU�DQG�RQH�LVVXH�VORW�LQ�WKH�GHVWLQDWLRQ
FOXVWHU�

���� 7KH�&RPSLOHU�DQG�6LPXODWLRQ�)UDPHZRUN

2XU� FRPSLOHU� LV� D� GHVFHQGDQW� RI� WKH� 0XOWLIORZ� FRPSLOHU�� 7KH� 0XOWLIORZ� FRPSLOHU
XVHV� UHJLRQ� VFKHGXOLQJ�� VSHFLILFDOO\� WKH� WUDFH�VFKHGXOLQJ� DOJRULWKP�� WR� H[SORLW
LQVWUXFWLRQ� OHYHO� SDUDOOHOLVP� DFURVV� PXOWLSOH� EDVLF� EORFNV�� 7KH� FRPSLOHU� ZDV
RULJLQDOO\�GHVLJQHG�IRU�WKH�0XOWLIORZ�7UDFH�PDFKLQH��WKH�ILUVW�VXSHUFRPSXWHU�FODVV
LPSOHPHQWDWLRQ�RI�WKH�9/,:�GHVLJQ�VW\OH�

7KH� FRPSLOHU� LQFOXGHV� &� DQG� )2575$1� IURQW�HQGV� DQG� LPSOHPHQWV� D� VHW� RI
§WUDGLWLRQDO¨� KLJK�OHYHO� RSWLPL]DWLRQ� �FRPPRQ�VXEH[SUHVVLRQ� HOLPLQDWLRQ�� LI�
FRQYHUVLRQ�� ORRS� XQUROOLQJ�� UHGXFWLRQV�� HWF���� 7KH� DQDO\VLV� SKDVHV� LQFOXGH� ORRS
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DQDO\VLV�� LGHQWLILFDWLRQ� RI� LQGXFWLRQ� YDULDEOHV�� DQG� §GLVDPELJXDWLRQ
¨� RI� PHPRU\
DOLDVHV�

7KH� WUDFH� VFKHGXOHU� LGHQWLILHV� §WUDFHV¨� �FROOHFWLRQV� RI� EDVLF� EORFNV� ZLWK� PXOWLSOH�
HQWULHV� DQG� PXOWLSOH�H[LWV�� DQG� JHQHUDWHV� FRPSHQVDWLRQ� FRGH� WR� SDWFK� SRVVLEOH
PRWLRQV� RI� LQVWUXFWLRQV� EHORZ� VSOLWV� RU� DERYH� MRLQV� WKDW� PD\� KDSSHQ� LQ� WKH� FRGH
JHQHUDWRU�

7KH� FRGH� JHQHUDWRU� LPSOHPHQWV� DQ� LQWHJUDWHG� VFKHGXOH� DQG� UHJLVWHU�DOORFDWLRQ
SKDVH� EDVHG� RQ� OLVW�VFKHGXOLQJ� KHXULVWLFV�� 7KH� UHJLVWHU�DOORFDWRU� LV� D� UHJLRQ�EDVHG
DOORFDWRU��ZKHUH�WKH�UHJLRQV�DUH�WKH�WUDFHV���VWDUWV�ZLWK�HYHU\WKLQJ�LQ�UHJLVWHUV�DQG
JHQHUDWHV�VSLOOV�ZKHQ�QHFHVVDU\�WKDW�DUH�DGGHG�WR� WKH�'$*�DQG�VFKHGXOHG�GXULQJ
WKH�FRGH�JHQHUDWLRQ�SKDVH�LWVHOI�

7KH�FRPSLOHU�LV�UREXVW��JHQHUDWHV�HIILFLHQW�FRGH��DQG�LV�IOH[LEOH�HQRXJK�WR�EH�D�JRRG
UHVHDUFK� SODWIRUP�� 7KH� UHPDLQGHU� RI� RXU� FRPSLOHU� WRROFKDLQ� LQFOXGHV� DVVHPEOHUV�
OLQNHUV�� VLPXODWRUV�� DQG� DQDO\VLV� WRROV� WKDW� DOORZ� XV� WR� JDWKHU� SUHFLVH� VWDWLF� DQG
G\QDPLF� LQIRUPDWLRQ� RQ� YDULRXV� DVSHFWV� RI� WKH� EHQFKPDUNV� DQG� WKH� DUFKLWHFWXUH
XQGHU�HYDOXDWLRQ�

4  7KH�1HHG�IRU�5HJLVWHUV��([SHULPHQWV

:H� ILUVW� UDQ� D� VHW� RI� H[SHULPHQWV� WR� TXDQWLWDWLYHO\� HYDOXDWH� WKH� SHUIRUPDQFH
LPSOLFDWLRQV�RI�WKH�QXPEHU�RI�UHJLVWHUV�DQG�WKH�QXPEHU�RI�XQLWV�RQ�,/3�

:H�VHW�XS�WKH�H[SHULPHQWV�DV�IROORZV�

À :H� FRPSLOHG� DQG� VLPXODWHG� WKH� EHQFKPDUN� VXLWH� IRU� D� VHW� RI� PDFKLQH
FRQILJXUDWLRQV�ZLWK�YDU\LQJ�QXPEHU�RI�UHJLVWHUV�DQG�XQLWV��:H�FKRVH�D�UDQJH�RI
UHJLVWHUV�EHWZHHQ����DQG�����DQG�D�UDQJH�RI�XQLWV�EHWZHHQ���DQG����

À 7R�NHHS�PXOWLSOH�XQLWV�EXV\�LW�LV�QHFHVVDU\�WR�FRQVLGHU�ODUJH�HQRXJK�FRPSLODWLRQ
UHJLRQV��,Q�RXU�FRPSLOHU� WHFKQRORJ\�WKLV� LV�PDLQO\�DFKLHYHG�E\�XQUROOLQJ� ORRSV�
)RU�WKH�H[SHULPHQWV��ZH�HVWDEOLVKHG�D�WKUHVKROG�VR�WKDW�ZH�XQUROO�LQQHU�ORRSV�WR
KDYH�DSSUR[LPDWHO\�����RSHUDWLRQV�SHU�XQLW��7KLV�LV�XQIRUWXQDWHO\�VXE�RSWLPDO�
VLQFH� WKH� UHJLVWHU� UHTXLUHPHQWV� DUH� QRW� GLUHFWO\� UHODWHG� WR� WKH� QXPEHU� RI
RSHUDWLRQV��EXW�LW�LV�RQH�RI�WKH�FRQVWUDLQWV�RI�XVLQJ�D�UHDO�OLIH�FRPSLOHU�

)LJXUH���UHSUHVHQWV�WKH�DYHUDJH�SHUIRUPDQFH�LQFUHDVH�IRU�DOO�EHQFKPDUNV��EXW�GKU\�
DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�UHJLVWHUV��)URP�WKH�JUDSK�ZH�FDQ�REVHUYH�WKDW

À 0DFKLQHV�ZLWK� D� ODUJHU� QXPEHU� RI� XQLWV� EHQHILW�PRUH� IURP� DQ� LQFUHDVH� LQ� WKH
QXPEHU� RI� UHJLVWHUV�� )RU� H[DPSOH�� ZKLOH� D� ��XQLW� PDFKLQH� LV� DW� ���� RI� LWV
SRWHQWLDO�ZLWK����UHJLVWHUV��D����XQLW�PDFKLQH�LV�EDUHO\�DURXQG�����



��

À 7KHUH�VHHPV�WR�EH�D�FOHDU�WKUHVKROG�DURXQG�����UHJLVWHUV�IRU�WKH�PDFKLQH�ZLGWK
DQG�EHQFKPDUNV�FRQVLGHUHG�LQ�WKH�H[SHULPHQWV��(YHQ�IRU�D����XQLW�PDFKLQH��WKH
DGYDQWDJH� RI� KDYLQJ�PRUH� WKDQ� ���� UHJLVWHUV� UDSLGO\� GHFUHDVHV� EHORZ� WKH� ��
UDQJH��:H�DUH�QRW�VXUH�WKLV�UHVXOW�KROGV�LQ�JHQHUDO��VLQFH�WKLV�GHSHQGV�RQ�PDQ\
IDFWRUV��$V�LW�LV�PRUH�HYLGHQW�IURP�)LJXUH����WKH�DPRXQW�RI�,/3�LQ�WKH�EHQFKPDUN
VXLWH�UDUHO\�JRHV�DERYH�����WLPHV�WKH�VPDOO�DPRXQW�DOUHDG\�LQ�RXU�EDVHOLQH���7KLV
PHDQV� WKDW� WKHUH� LV� SOHQW\� RI� URRP� IRU� D� ���LVVXH� PDFKLQH� WR� KLGH� VSLOO� DQG
UHVWRUH� RSHUDWLRQV� LQ� WKH� RWKHUZLVH� LGOH� XQLWV�� %HDU� LQ� PLQG� WKDW� RXU� ���XQLW
PDFKLQH�LV�FDSDEOH�RI�RSHUDWLQJ���PHPRU\�DFFHVVHV�LQ�WKH�VDPH�F\FOH��VR�WKH�FRVW
RI�D�VSLOO�UHVWRUH�SDLU�LV�GHILQLWHO\�ORZ��)RU�PDFKLQHV�ZLWK�D�PRUH�OLPLWHG�PHPRU\
DFFHVV� UDWH� RU� D� KHDYLHU� VSLOO�UHVWRUH� SHQDOW\�� WKH� UHJLVWHU� SUHVVXUH� LV� JRLQJ� WR
JURZ�DQG�WKH�QHHG�IRU�PRUH�UHJLVWHUV�PD\�DULVH�

)LJXUH���VKRZV�WKH�LQGLYLGXDO�EHQFKPDUN�UHVXOWV�LQ�WHUPV�RI�SHUIRUPDQFH�UHODWLYH
WR�WKH�EDVHOLQH�FRQILJXUDWLRQ��:H�FDQ�VHH�KRZ�WKH�UHJLVWHU�UHTXLUHPHQWV�YDU\�DV�D
IXQFWLRQ�RI�WKH�DYDLODEOH�,/3��,I�ZH�ORRN�DW�WKH�WZR�H[WUHPHV��DW�RQH�H[WUHPH�GKU\
\LHOGV� D� YHU\� IODW� SURILOH�� PHDQLQJ� WKDW� DGGLWLRQDO� UHJLVWHUV� ZRXOG� QRW� LQFUHDVH
SHUIRUPDQFH�DQG�SUREDEO\� HYHQ� OHVV� WKDQ� ���ZRXOG� VXIILFH��$W� WKH� RWKHU� H[WUHPH�
FU\SWR�\LHOGV�OHYHOV�RI�,/3�LQ�H[FHVV�RI�����DQG�GRHV�UHTXLUH�D�FRQVLGHUDEOH�DPRXQW�RI
UHJLVWHUV�WR�EH�DEOH�WR�H[SORLW�WKLV�SRWHQWLDO��)RU�H[DPSOH��GRXEOLQJ�WKH�QXPEHU�WKH
UHJLVWHUV��IURP����WR������LPSURYHV�SHUIRUPDQFH�RI�DERXW������IURP�����WR�������
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5  *HQHUDWLQJ�&RGH�IRU�&OXVWHUHG�0DFKLQHV

$V� ZH� KDYH� VHHQ� LQ� WKH� SUHYLRXV� VHFWLRQV�� PDQ\� FRQVLGHUDWLRQV� VXJJHVW� WKH
RSSRUWXQLW\� RI� EXLOGLQJ� §FOXVWHUHG¨� DUFKLWHFWXUHV�� ZKHUH� WKH� UHJLVWHU� VSDFH� LV
SK\VLFDOO\� VHSDUDWHG� LQ� GLVWLQFW� UHJLVWHU� ILOHV� ZLWK� OLPLWHG� FRQQHFWLYLW\�� 7KLV� KDV
LPSRUWDQW� FRQVHTXHQFHV� RQ� WKH� FKRLFH� RI� WKH� FRPSLOHU� DOJRULWKPV� IRU� WKH� FRGH
JHQHUDWLRQ�SKDVH��

7UDGLWLRQDOO\�� D� FRPSLOHU� GRHV� QRW� QHHG� WR� PDNH� D� GHFLVLRQ� FRQFHUQLQJ�ZKHUH� DQ
RSHUDWLRQ�KDV�WR�EH�H[HFXWHG��HLWKHU�EHFDXVH�WKHUH�DUH�QR�FKRLFHV��H�J���IRU�D�VFDODU
PDFKLQH�� RU� EHFDXVH� WKH� IXQFWLRQDO� XQLW� DVVLJQPHQW� LV� GRQH� WUDQVSDUHQWO\� E\� WKH
KDUGZDUH��H�J���IRU�D�FRPSOHWHO\�FRQQHFWHG�VXSHUVFDODU�PDFKLQH��

:KHQ�WKH�FRQQHFWLYLW\�LV�QRW�FRPSOHWH�DQG�LV�H[SRVHG�DW�WKH�DUFKLWHFWXUDO�OHYHO��WKH
DVVRFLDWLRQ�RI�RSHUDWLRQV�WR�FRPSXWDWLRQDO�XQLWV�EHFRPHV�D�FRPSLOHU�UHVSRQVLELOLW\�
,Q�RWKHU�ZRUGV��WKH�FRPSLOHU�LV�SUHVHQWHG�ZLWK�WKH�QRQ�WULYLDO�WDVN�RI�FKRRVLQJ�RQH
SDUWLFXODU�IXQFWLRQDO�XQLW�IRU�HDFK�RSHUDWLRQ�

7KH� QDWXUH� RI� WKH� SUREOHP� WR� EH� VROYHG� GHSHQGV� RQ� WKH� VRSKLVWLFDWLRQ� RI� WKH
KDUGZDUH�VXSSRUW�IRU�WKH�LQWHUFRQQHFWLRQ�DPRQJ�UHJLVWHU�ILOHV�DQG�IXQFWLRQDO�XQLWV�

À :KHQ�WKH�KDUGZDUH�SURYLGHV�WUDQVSDUHQW�VXSSRUW�WR� IHWFK�WKH�RSHUDQGV� IURP�D
§UHPRWH¨� UHJLVWHU�ILOH� ZKHQ� QHHGHG� �SRVVLEO\� ZLWK� D� G\QDPLF� SHQDOW\��� WKH
FRPSLOHUªV�WDVN�LV�WR�DSSO\�KHXULVWLFV�WR�PLQLPL]H�WKH�QXPEHU�RI�G\QDPLF�VWDOOV�
,Q�WKLV�FDVH�FRPSLOHU�FKRLFHV�KDYH�LPSDFW�RQ�SHUIRUPDQFH�GHJUDGDWLRQ��EXW�VWLOO
\LHOG�FRUUHFW�FRGH�

À :KHQ� IXQFWLRQDO� XQLWV� FDQ� RQO\� UHDG� DQG� ZULWH� FHUWDLQ� ORFDWLRQV� DQG� WKH
FRQQHFWLYLW\�LV�FRPSOHWHO\�H[SRVHG�DW�WKH�DUFKLWHFWXUDO�OHYHO��WKH�FRPSLOHUªV�WDVN
EHFRPHV�VLJQLILFDQWO\�KDUGHU��VLQFH�LW�LV�QRZ�WKH�FRPSLOHUªV�UHVSRQVLELOLW\�WR�LVVXH
WKH� §FRS\¨� RSHUDWLRQV� WR� PRYH� GDWD� WR� DSSURSULDWH� ORFDWLRQV�� ,Q� WKLV� FDVH�
FRPSLOHU� FKRLFHV�DIIHFW� FRUUHFWQHVV� RQ� WRS� RI� SHUIRUPDQFH��:H�EHOLHYH� WKDW� WKLV
IDFW� KDV� LPSRUWDQW� FRQVHTXHQFHV� RQ� WKH� DOJRULWKPV� WR� EH� FKRVHQ� IRU� WKH
VFKHGXOLQJ�DQG�WKH�UHJLVWHU�DOORFDWLRQ�SKDVHV�

���� 3UHYLRXV�$OJRULWKPLF�:RUN

7KH�SUREOHP�ZH�DUH�WU\LQJ�WR�VROYH�LV�WKH�IROORZLQJ�

�������������������������������������������
�7KH�WHUPV��§LQVWUXFWLRQ�VHOHFWLRQ¨�DQG�§FRGH�JHQHUDWLRQ¨�DUH�RIWHQ�XVHG�WR�GHVFULEH�GLIIHUHQW�FRQFHSWV
LQ�OLWHUDWXUH��7R�DYRLG�WHUPLQRORJ\�FRQIXVLRQ��ZH�FDOO�§LQVWUXFWLRQ�VHOHFWLRQ¨�WKH�SKDVH�WKDW�ORZHUV�WKH
LQWHUPHGLDWH� UHSUHVHQWDWLRQ� WR� VHTXHQFHV� RI�PDFKLQH�VSHFLILF� RSHUDWLRQV��&RQYHUVHO\��ZH� FDOO� §FRGH
JHQHUDWLRQ¨�WKH�SKDVH�WKDW�SURGXFHV�WKH�ELQGLQJV�EHWZHHQ�PDFKLQH�HOHPHQWV� �VXFK�DV�UHJLVWHU�DQG
XQLWV��DQG�PDFKLQH�VSHFLILF�RSHUDWLRQV��&RGH�JHQHUDWLRQ� LQFOXGHV�DVVLJQPHQW�RI�XQLWV�DQG�UHJLVWHUV
DQG�VFKHGXOLQJ�RI�RSHUDWLRQV�LQWR�PDFKLQH�OHYHO�F\FOHV�



��

*LYHQ�D�GLUHFW�DF\FOLF�JUDSK��'$*��RI�RSHUDWLRQV��D�VHW�RI�KHWHURJHQHRXV
UHVRXUFHV� �FRPSXWDWLRQ� DQG� VWRUDJH�� ZLWK� GLIIHUHQW� ODWHQFLHV� DQG
FRQVWUDLQW�� DQG� D� OLPLWHG� LQWHUFRQQHFWLRQ� QHWZRUN� EHWZHHQ
FRPSXWDWLRQDO�DQG�VWRUDJH�XQLWV�

)LQG�D�PDSSLQJ�EHWZHHQ�QRGHV�DQG�UHVRXUFHV�DQG�D�WHPSRUDO�RUGHULQJ
RI� WKH� RSHUDWLRQV� WKDW�PLQLPL]HV� WKH� WLPH� WR� FRPSOHWH� WKH� H[HFXWLRQ� RI
WKH� '$*� ZLWKRXW� YLRODWLQJ� ODWHQF\�� UHVRXUFHV� DQG� FRPPXQLFDWLRQ
FRQVWUDLQWV

7KH�SUREOHP�RI�VFKHGXOLQJ�WDVNV�RQ�D�VHW�RI�UHVRXUFHV�ZLWK�OLPLWHG�FRQQHFWLYLW\�DQG
FRPPXQLFDWLRQ� FRVWV� LV� ZHOO� VWXGLHG� LQ� PDQ\� VFLHQWLILF� DUHDV�� VXFK� DV� WDVN
VFKHGXOLQJ� RQ� PXOWLSURFHVVRU� V\VWHPV�� DQG� VR� RQ� >��@�� %HLQJ� DQ� 13�FRPSOHWH
SUREOHP�� PDQ\� FRPELQHG� VFKHGXOLQJ�DVVLJQPHQW� DOJRULWKPV� KDYH� EHHQ� SURSRVHG
WKDW�WU\�WR�VXE�RSWLPDOO\�VROYH� WKH�SUREOHP��6HYHUDO�RI� WKH�H[LVWLQJ�VWXGLHV�RQ� WKH
VXEMHFW�DSSURDFKHG�WKH�SUREOHP�RI�VFKHGXOLQJ�D�FRPSXWDWLRQDO�'$*��'LUHFW�$F\FOLF
*UDSK��RI�WDVNV�RQ�D�PXOWLSURFHVVRU�V\VWHP�>��@>��@>��@>��@>��@>��@>��@�

+RZHYHU�� LW� LV� KDUG� WR� GLUHFWO\� DGRSW� WKHVH� DOJRULWKPV� WR� VROYH� WKH� SUREOHP� RI
JHQHUDWLQJ� FRGH� IRU� FOXVWHUHG� DUFKLWHFWXUHV�� 7KH�PDMRU� OLPLWDWLRQV� FRPH� IURP� WKH
DVVXPSWLRQV� RQ� WKH� VWUXFWXUH� RI� WKH� '$*� >��@�� WKH� DVVXPSWLRQV� RQ� ]HUR�GHOD\
FRPPXQLFDWLRQ� FRVWV� >��@�� RU� IURP� WKH� UHTXLUHPHQWV� RQ� WKH� QXPEHU� DQG� W\SH� RI
SURFHVVRUV�>��@>��@��6RPH�WHFKQLTXHV�UHTXLUH�WKH�QRGHV�RI�WKH�'$*�WR�KDYH�FHUWDLQ
SURSHUWLHV��VXFK�DV�DQ�H[HFXWLRQ�WLPH�WKDW�GHFUHDVHV�ZLWK�WKH�QXPEHU�RI�SURFHVVRUV
DSSOLHG�WR�WKHP�>��@���,QWHUHVWLQJ�ZRUN�KDV�EHHQ�GRQH�LQ�>��@�IRU�WKH�VFKHGXOLQJ�RI
'$*V� IRU� DV\QFKURQRXV� H[HFXWLRQ� RQ� D� PXOWLSURFHVVRU� V\VWHP�� +RZHYHU�� WKHLU
UHVXOWV� FDQQRW� EH� GLUHFWO\� DSSOLHG� ZKHQ� FRPPXQLFDWLRQ� DQG� H[HFXWLRQ� KDSSHQ� LQ
ORFN�VWHS��IRU�9/,:�DUFKLWHFWXUHV�

$Q�DOWHUQDWLYH�DSSURDFK� WR� VROYH� WKH� SUREOHP� FRXOG� EH� WR� YLHZ� LW� DV� D�PXOWL�ZD\�
SDWLWLRQLQJ� SUREOHP��0XFK� KDV� EHHQ� GRQH� RQ� WKH� PXOWL�ZD\�SDUWLWLRQLQJ� SUREOHP
ZKHUH� D� JUDSK� KDV� WR� EH� VXEGLYLGHG� LQWR� N� VXEVHWV� E\� PLQLPL]LQJ� D� JLYHQ� FRVW
IXQFWLRQ��)UHTXHQWO\�XVHG�FRVW�IXQFWLRQV�DWWHPSW�WR�EDODQFH�WKH�QXPEHU�RI�QRGHV�LQ
D� FOXVWHU� YHUVXV� WKH� QXPEHU� RI� HGJHV� �FXWV�� EHWZHHQ� FOXVWHUV�� /LQHDU� WLPH
DOJRULWKPV�KDYH�EHHQ�SURSRVHG�IRU�D�JLYHQ�FRVW�IXQFWLRQ�>��@��DQG�PDQ\�VXE�RSWLPDO
RQHV�IRU�RWKHU�W\SHV�RI�FRVW�IXQFWLRQV�

8QIRUWXQDWHO\�� WKHUH� LV� RQO\� D� OLPLWHG� DSSOLFDELOLW\� RI� WKHVH� DSSURDFKHV�ZKHQ� WKH
FRVW�WR�EH�PLQLPL]HG�LV�WKH�VFKHGXOLQJ�OHQJWK�RI�D�'$*�JLYHQ�OLPLWHG�UHVRXUFHV�DQG
PDQ\� RWKHU� FRPSOH[� LQWHUDFWLRQV� ZLWK� LVVXHV� OLNH� UHJLVWHU� DOORFDWLRQ�� UHJLVWHU
VSLOO�UHVWRUH� DQG� VR� RQ�� ,Q� DGGLWLRQ�� WUDGLWLRQDOO\� XVHG� FRVW� IXQFWLRQV� KDYH� D� YHU\
VPDOO� FRUUHODWLRQ� �LI�DQ\�DW�DOO��ZLWK� WKH�RYHUDOO� VFKHGXOH� OHQJWK�� H[FHSW�ZKHQ� WKH
'$*�KDV� SDUWLFXODU� V\PPHWULHV�� 7KLV� FDQ� EH� WUXH�ZKHQ� WKH�'$*� LV� FRPSRVHG� RI
VHSDUDWHG� FRPSRQHQWV� ZKRVH� QXPEHU� LV� DQ� LQWHJHU� PXOWLSOH� RI� WKH� QXPEHU� RI
FOXVWHUV�� EXW� LV� QRW� LQ� JHQHUDO�� )RU� WKHVH� UHDVRQV� ZH� GLVFDUGHG� WKH� N�ZD\
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SDUWLWLRQLQJ�DSSURDFK�IRU�DOO�FDVHV�EXW�WKH�KLJKO\�V\PPHWULF�RQHV��ZKHUH�ZH�DSSO\�D
VLPLODU�VWUDWHJ\�LQ�WKH�VHOHFWLRQ�RI�WKH�VWDUWLQJ�FRQILJXUDWLRQ�

���� 7KH�%RWWRP�8S�*UHHG\�$OJRULWKP��%8*�

3UREDEO\�WKH�PRVW�H[KDXVWLYHO\�GHVFULEHG�DOJRULWKP�IRU�WKH�FOXVWHU�FRGH�JHQHUDWLRQ
SUREOHP�� %8*� �IRU� WKH� %RWWRP�8S�*UHHG\��� ZDV� RULJLQDOO\� GHVLJQHG� ZLWKLQ� WKH
%XOOGRJ�FRPSLOHU�DW�<DOH�E\�-RKQ�(OOLV�LQ�WKH�PLG���ªV�>��@��,W�WKHQ�EHFDPH�SDUW�RI
WKH� 0XOWLIORZ� FRPSLOHU� >��@�� ZKLFK� LV� FXUUHQWO\� XVHG� DV� D� UHVHDUFK� SODWIRUP� LQ
YDULRXV�LQGXVWULDO�DQG�DFDGHPLF�LQVWLWXWLRQV�DURXQG�WKH�ZRUOG�

%8*�ZRUNV�LQ�WZR�SKDVHV�

�� ,Q� WKH� ILUVW� SKDVH�%8*� WUDYHUVHV� WKH�'$*� IURP� WKH� H[LW� QRGHV� �OHDYHV�� WR� WKH
HQWU\�QRGHV��URRWV���HVWLPDWLQJ�WKH�OLNHO\�VHW�RI�IXQFWLRQDO�XQLWV�WR�EH�DVVLJQHG�WR
D�QRGH�EDVHG�RQ�WKH� ORFDWLRQ�RI�SUHYLRXVO\�DVVLJQHG�RSHUDQGV�DQG�GHVWLQDWLRQV�
:KHQ� LW� UHDFKHV� WKH�URRWV�� LW�ZRUNV� LWV�ZD\�EDFN� WR� WKH� OHDYHV��DQG�VHOHFWV� WKH
ILQDO�DVVLJQPHQW�IRU�WKH�QRGHV�DORQJ�WKH�ZD\��7R�UHDFK�D�ILQDO�DVVLJQPHQW��%8*
HVWLPDWHV�WKH�F\FOH�LQ�ZKLFK�D�IXQFWLRQDO�XQLW�FDQ�FRPSXWH�WKH�RSHUDWLRQ�EDVHG
RQ� UHVRXUFH� FRQVWUDLQWV�� WKH� ORFDWLRQ� RI� WKH� RSHUDQGV� DQG� WKH� PDFKLQH
FRQQHFWLYLW\��7KH�DYDLODEOH�F\FOH�RI�D�QRGH�LV�FRPSXWHG�GLIIHUHQWO\��GHSHQGLQJ�RQ
ZKHWKHU�WKH�RSHUDQG�QRGHV�DUH�DOUHDG\�DVVLJQHG�RU�QRW�

À ,I�DQ\�RSHUDQG�QRGH�LV�DOUHDG\�DVVLJQHG��WKHQ�WKH�DYDLODEOH�F\FOH�LV�FRPSXWHG
DV�WKH�VXP�RI�RSHUDQG�F\FOH�DQG�GLVWDQFH�EHWZHHQ�WKH�RSHUDQG�XQLW�DQG�WKH
FXUUHQW�XQLW

À ,I� QR� RSHUDQG� QRGH� LV� DVVLJQHG�� WKHQ� WKH� DYDLODEOH� F\FOH� LV� JXHVVHG� RQ� WKH
EDVLV�RI� WKH�RSHUDQG�GHSWK� �WKH�GLVWDQFH�RI� WKH� ORQJHVW�SDWK� IURP�WKH�URRWV�
DQG�SRVVLEO\�WKH�IHDVLEOH�ORFDWLRQV�RI�WKH�RSHUDQG�GHVWLQDWLRQV�

2QFH�WKH�F\FOH�HVWLPDWHV�IRU�DOO�WKH�IHDVLEOH�XQLWV�IRU�D�QRGH�DUH�DYDLODEOH��%8*
VHOHFWV�WKH�XQLW�SURGXFLQJ�WKH�VPDOOHVW�RXWSXW�GHOD\�IRU�HDFK�QRGH�

�� ,Q�WKH�VHFRQG�SKDVH��%8*�DVVLJQV�LQLWLDO�DQG�ILQDO�ORFDWLRQV�WR�WKH�YDULDEOHV�WKDW
DUH�OLYH�LQ�DQG�RXW�RI�WKH�'$*��7KLV�SKDVH�LV�TXLWH�GHOLFDWH��VLQFH�LW�DIIHFWV�WKH
DGMRLQLQJ�UHJLRQV�RI�FRGH��DQG�SDUWLFXODU�FDUH�KDV�WR�EH�WDNHQ�WR�DYRLG�UHGXQGDQW
GXSOLFDWLRQ�RI� ORFDWLRQV�IRU�FULWLFDO�YDOXHV��VXFK�DV�LQGXFWLRQ�YDULDEOHV� LQ�ORRSV�
ZLWKRXW�VDFULILFLQJ�WKH�SDUDOOHOLVP�RSSRUWXQLWLHV��9DULRXV�KHXULVWLFV�WKDW�FDQ�EH
DSSOLHG�DUH�ZHOO�GRFXPHQWHG�LQ�>��@�

,Q�LWV�RSHUDWLQJ�PRGH��%8*�PDNHV�D�IHZ�VLPSOLI\LQJ�DVVXPSWLRQV�

�� )XQFWLRQDO� XQLWV� DUH� WKH� RQO\� OLPLWLQJ� UHVRXUFHV� LQ� WKH�PDFKLQH�� DQG� FRQIOLFWV
GXH�WR�VFDUFH�UHJLVWHU�EDQN�SRUWV�RU�EXVHV�DUH�LJQRUHG��7KH�UDWLRQDOH�EHKLQG�WKLV
DVVXPSWLRQ� LV� WKH� IROORZLQJ�� LI� WKH� EDQGZLGWK� RI� WKH� UHJLVWHU� EDQNV� LV� QRW
DGHTXDWH� IRU� WKH� QXPEHU� RI� FRPSXWDWLRQDO� XQLWV� WKDW� FDQ� DFFHVV� WKRVH� EDQNV�
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WKHQ�WKH�PDFKLQH�LV�SUREDEO\�QRW�EDODQFHG�DQG�LPSURSHUO\�GHVLJQHG��:H�FDQ�VD\
WKDW�VXFK�DQ�DVVXPSWLRQ�LQ�JHQHUDO�KROGV�WUXH�IRU�ZHOO�GHVLJQHG�DUFKLWHFWXUHV�

�� 7KH� DGGLWLRQDO� UHVRXUFH� FRVWV� DQG� GHOD\V� LQYROYHG� LQ� H[SOLFLWO\� VFKHGXOLQJ� WKH
FRSLHV� LQ� PDFKLQHV� WKDW� UHTXLUH� WKHP� DUH� LJQRUHG�� 7KLV� PD\� GHJUDGH� WKH
SUHFLVLRQ�RI�%8*�F\FOH�HVWLPDWHV�ZKHQ�FRS\�UHVRXUFHV�DUH�FULWLFDO��+RZHYHU��WKLV
LV�QRW�D� IXQGDPHQWDO� OLPLWDWLRQ�RI� WKH�DOJRULWKP�DQG�WKH�FDSDELOLW\�RI� WUDFNLQJ
FRS\�UHVRXUFHV�FRXOG�EH�HDVLO\�DGGHG�WR�%8*�

�� 5HJLVWHU�SUHVVXUH� LV� LJQRUHG��8QGHU� UHJLVWHU�SUHVVXUH� WKH� WRSRORJ\� RI� WKH�'$*
FDQ�FKDQJH�VLJQLILFDQWO\�GXH�WR�WKH�SUHVHQFH�RI�VSLOO�UHVWRUH�RSHUDWLRQV��7KLV�LV�RQ
H�RI�WKH�PDMRU�OLPLWDWLRQ�RI�WKH�DOJRULWKP��DQG�LV�PDLQO\�GXH�WR�WKH�IDFW�WKDW�WKH
VFKHGXOLQJ� PRGHO� RI� %8*� LV� YHU\� VLPSOH� DQG� QRW� DFFXUDWH� LQ� WKH� SUHVHQFH� RI
VHULRXV�UHJLVWHU�SUHVVXUH�

�� ,I�ZH�YLHZ�%8*�DV�DQ�RSWLPL]DWLRQ�DOJRULWKP��ZH�FDQ�VD\�WKDW�WKH�FRVW� WKDW� LW
WULHV� WR�PLQLPL]H� LV� RQO\� GULYHQ� E\� WKH� GHOD\� RI� VFKHGXOLQJ� D� QRGH� RQ� D� JLYHQ
FRPSXWDWLRQDO� XQLW�� ,Q� RWKHU� ZRUGV�� WKH� LPSDFW� RI� WKH� FKRLFH� RI� D� XQLW� RQ� WKH
JOREDO�VFKHGXOH�LV�RQO\�WDNHQ�LQWR�DFFRXQW�E\�JLYLQJ�SUHFHGHQFH�WR�QRGHV�RQ�WKH
FULWLFDO�SDWKV��7KLV�LV�D�IXQGDPHQWDO�OLPLWDWLRQ�RI�WKH�DOJRULWKP��VLQFH�LW�PHDQV
WKDW� FKRLFHV�DUH�EDVHG�RQ� ORFDO� FULWHULD�RQO\�DQG�RYHUORRN� §JOREDO¨� RSWLPL]DWLRQ
SRVVLELOLWLHV�EDVHG�RQ�WKH�RYHUDOO�'$*�VWUXFWXUH�

,Q� VRPH� VHQVH��ZH� FDQ� VD\� WKDW� WKH�PDMRU�ZHDNQHVV� RI�%8*� LV� WKH� IDFW� WKDW� LW� LV
§VKRUW�VLJKWHG¨�� %8*� DVVLJQV� QRGHV� LQ� D� JUHHG\� ZD\� ZLWKRXW� NQRZLQJ� ZKDW� WKH
LPSDFW�RI�D�QRGH�DVVLJQPHQW�LV�RQ�WKH�JOREDO�VFKHGXOH�OHQJWK��2Q�WRS�RI�WKDW��QRGH
DVVLJQPHQWV� DUH� QHYHU� FKDQJHG� DQG� WKH� HIIHFWLYHQHVV� RI� SUHYLRXV� FKRLFHV� LV� QHYHU
HYDOXDWHG�

*LYHQ� DOO� WKHVH� OLPLWDWLRQV�� %8*� VWLOO� SURGXFHV� UHDVRQDEOH� UHVXOWV� �VRPHWLPHV
H[FHOOHQW�RQHV��ZLWK�D�TXLWH�ORZ�FRPSXWDWLRQDO�FRPSOH[LW\�

6  &OXVWHULQJ�WKURXJK�,WHUDWLYH�,PSURYHPHQW

,I�ZH�VWHS�EDFN�DQG�ORRN�DW�WKH�SUREOHP�IURP�D�V\VWHP�SRLQW�RI�YLHZ��ZH�FDQ�WKLQN�RI
FOXVWHULQJ�DV�D�FRPELQDWRULDO�RSWLPL]DWLRQ�SUREOHP�ZKRVH�JRDO�LV�WR�SURGXFH�D�VHW�RI
SDUDPHWHUV� WKDW�PLQLPL]H� WKH�RXWSXW�RI�D�VWURQJO\�QRQ�OLQHDU�V\VWHP�� ,Q�RXU� FDVH
WKH� SDUDPHWHUV� DUH� WKH� DVVLJQPHQW� RI� XQLWV� WR� QRGHV�� WKH� RXWSXW� LV� WKH� JOREDO
VFKHGXOH� OHQJWK�DQG�WKH�QRQ�OLQHDU�V\VWHP�LV� WKH�EORFN� FRPSRVHG�RI� WKH� VFKHGXOHU
DQG�WKH�UHJLVWHU�DOORFDWRU�

)URP�DQ�RSWLPL]DWLRQ�SHUVSHFWLYH��WKH�WDUJHW�V\VWHP��L�H���WKH�VFKHGXOHU�DQG�UHJLVWHU
DOORFDWRU��SUHVHQWV�D�FRQWUDVWLQJ�VHW�RI�IHDWXUHV�

À 7KH�V\VWHP�LV�VWURQJO\�QRQ�OLQHDU�DQG�LPSRVVLEOH�WR�FKDUDFWHUL]H�LQ�DQ�DQDO\WLF
IRUP��6PDOO�FKDQJHV�LQ�WKH�SDUDPHWHUV��VXFK�DV�DQ�RSHUDWLRQ�DVVLJQHG�WR�DQRWKHU
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XQLW��PD\� FDXVH�GUDPDWLF� FKDQJHV� LQ� WKH� ILQDO� VFKHGXOH� OHQJWK��7KLV� LV�PDLQO\
GXH� WR� WKH� UHJLVWHU� DOORFDWLRQ� WDVN�� ZKRVH� EHKDYLRU� LV� GRPLQDWHG� E\� KDUG
WKUHVKROGV��WKH�QXPEHU�RI�SK\VLFDO�UHJLVWHUV��DQG�FDXVHV�WKH�VFKHGXOH�OHQJWK�WR
GHJUDGH�XQJUDFHIXOO\��PRVWO\�GHSHQGLQJ�RQ�WKH�EXUGHQ�RI�VSLOO�UHVWRUH�FRGH�

À 7KH�FRPSXWDWLRQDO�UHTXLUHPHQWV�RI�REWDLQLQJ�D�VLQJOH�YDOXH�RI�WKH�FRVW�IXQFWLRQ
IRU�D�JLYHQ�DVVLJQPHQW�LV�TXLWH�KLJK��VLQFH�LW�UHTXLUHV�WR�FRPSOHWH�VFKHGXOLQJ�DQG
UHJLVWHU�DOORFDWLRQ�RQ�DOO� WKH�QRGHV� RI� WKH�'$*��2Q� WRS� RI� WKDW��ZH� VKRXOG�QRW
XQGHUHVWLPDWH� WKH� HQJLQHHULQJ� FKDOOHQJHV� RI� ZULWLQJ� D� UHDO�OLIH� VFKHGXOHU� DQG
UHJLVWHU�DOORFDWRU�WKDW�FRXOG�EH�LQYRNHG�LWHUDWLYHO\�RQ�WKH�VDPH�UHJLRQ�

À 7KH�GLPHQVLRQDOLW\� RI� WKH�SUREOHP�JHWV� HDVLO\� RXW� RI� FRQWURO� IRU� UHDO�OLIH� FDVHV�
)RU�H[DPSOH�� WR�EH�DEOH�WR�H[SORLW�,/3�LQ�WKH�UDQJH�RI� WHQ��ZH�QHHG�WR�FRQVLGHU
FRPSLODWLRQ� UHJLRQV� ZLWK� DW� OHDVW� WKRXVDQGV� RI� QRGHV� �W\SLFDOO\� DFKLHYHG� E\
LQOLQLQJ� SURFHGXUHV�� SUHGLFDWLQJ� FRQWURO� IORZ� DQG� XQUROOLQJ� ORRSV��� )RU� D� �����
QRGH�'$*�DQG�D�IRXU�FOXVWHU�PDFKLQH��WKHUH�DUH�������OHJDO�FOXVWHU�DVVLJQPHQWV�
(YHQ�LI�ZH�FRQVLGHU�DOO�WKH�SRVVLEOH�SUREOHP�V\PPHWULHV��LW�LV�HDV\�WR�VHH�WKDW�DQ
H[KDXVWLYH�VHDUFK�LV�SUREDEO\�QRW�SUDFWLFDO�

7KHVH�FRQVLGHUDWLRQ�OHDG�WR�WKH�IROORZLQJ�GLOHPPD�

À 7KH� IDFW� WKDW� LW� LV� YHU\� KDUG� WR� FKDUDFWHUL]H� WKH� FRVW� IXQFWLRQ� UXOHV� RXW� DQ\
WUDGLWLRQDO� JUDGLHQW�GHVFHQW�OLNH� WHFKQLTXH�� ,GHDOO\�� WKLV� VHHPV� WR� SXVK� LQ� WKH
GLUHFWLRQ�RI�H[SOLFLW�HQXPHUDWLRQ�DOJRULWKP��VXFK�DV�EUDQFK�DQG�ERXQG��RU�HYHQ
D� QRQ�GHWHUPLQLVWLF� V\VWHP� OLNH� VLPXODWHG� DQQHDOLQJ�� 7$%8�RU� JHQHWLF� VHDUFK�
7KHVH�DOJRULWKPV�KDYH�EHHQ�SURYHG�WR�EH�YHU\�HIIHFWLYH�IRU�§EODFN�ER[¨�V\VWHPV�LQ
PDQ\�RWKHU�DUHDV�

À +RZHYHU��WKH�FRVW�RI�FRPSXWLQJ�D�GDWD�SRLQW�IRU�WKH�FRVW�IXQFWLRQ�LV�TXLWH�KLJK�
DQG�WKLV�DGYHUVHO\�DIIHFWV�WKH�VDPH�LWHUDWLYH�DOJRULWKPV��WKDW�XVXDOO\�GHPDQG�D
YHU\�ODUJH�QXPEHU�RI�WULDOV�WR�FRQYHUJH�WR�JRRG�PLQLPD�

7R�UHDFK�D�UHDVRQDEOH�FRPSURPLVH��ZH�QHHG�WR�RSHUDWH�RQ�WZR�IURQWV�

�� :H�QHHG� WR� DSSUR[LPDWH� WKH� EHKDYLRU� RI� WKH� V\VWHP�� 7R� GR� WKLV�ZH� FDQ� XVH� D
VLPSOLILHG�IRUP�RI�WKH�VFKHGXOHU�WR�JHW�DQ�HVWLPDWH�RI�WKH�TXDOLW\�RI�D�WHQWDWLYH
FOXVWHU�DVVLJQPHQW��7KH�VLPSOLILHG�VFKHGXOHU�QHHGV�WR�WDNH�LQWR�DFFRXQW�UHVRXUFH
PRGHOV�DQG�UHJLVWHU�SUHVVXUH��EXW�FDQ�RQO\�GR�D�KDOI�KHDUWHG� MRE�DV� ORQJ�DV� LWV
EHKDYLRU� LV� PRUH� RU� OHVV� FRQVLVWHQW� �PRQRWRQLF�� ZLWK� UHVSHFW� WR� WKH� UHDO
VFKHGXOHU�

�� :H� QHHG� WR� UHGXFH� WKH� GLPHQVLRQDOLW\� RI� WKH� SUREOHP�� (YHQ�ZLWK� D� VLPSOLILHG
VFKHGXOHU��ZH�FDQQRW�HYHQ�WKLQN�RI�H[SORULQJ�������FRPELQDWLRQV�ZLWKLQ�WKH�WLPH
IUDPH� RI� D� FRPSLOH� MRE�� $� SRVVLEOH� ZD\� RI� UHGXFLQJ� WKH� GLPHQVLRQDOLW\� LV� WR
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FRQVWUXFW�§PDFUR�QRGHV¨�IRU�SDUWLDOO\�FRQQHFWHG�FRPSRQHQWV�RI�WKH�RULJLQDO�'$*
WKDW�DUH�WUHDWHG�DV�LQGLYLVLEOH�XQLWV�DVVLJQHG�WR�D�VLQJOH�FOXVWHU�

7KH� SURSRVHG� DOJRULWKP� �FDOOHG� 3&&� ¥� 3DUWLDO� &RPSRQHQW� &OXVWHULQJ�� ZRUNV� LQ
WKUHH�SKDVHV�

�� 3DUWLDO�&RPSRQHQW�*URZWK�

�� ,QLWLDO�$VVLJQPHQW�

�� ,WHUDWLYH�,PSURYHPHQW�

���� 3DUWLDO�&RPSRQHQW�*URZWK

,Q�WKH� ILUVW�SKDVH�RI� WKH�DOJRULWKP��ZH�JURZ�SDUWLDO� FRPSRQHQWV�VWDUWLQJ� IURP�WKH
'$*ªV� OHDYHV� DQG� IROORZLQJ� WKH� ORQJHVW� SDWK� EDFNZDUG� WRZDUGV� WKH� '$*ªV� URRWV
XQWLO� ZH� KLW� D� WKUHVKROG� �φWK�� RI� WKH� PD[LPXP� QXPEHU� RI� QRGHV� LQ� D� SDUWLDO
FRPSRQHQW��:KHQ� WKH� FRPSRQHQW� JURZWK� UHDFKHV� DQ� HQWU\� SRLQW� RI� WKH�'$*� RU� D
QRGH�DOUHDG\�YLVLWHG��UHFXUVLRQ�UHVWDUWV�DORQJ�RQH�RI�WKH�SHQGLQJ�SDWKV�RULJLQDWLQJ
IURP�RQH�RI�SUHGHFHVVRU�QRGHV�LQ�WKH�VWDFN�RI�UHFXUVLYH�FDOOV��/DUJHU�YDOXHV�RI�φWK�JHW
D�VPDOOHU�QXPEHU�RI�FRPSRQHQWV�DQG�YLFH�YHUVD�

,Q�WKLV�ZD\��ZH�DGG�SDWKV�WR�WKH�SDUWLDO�FRPSRQHQWV�LQ�D�§FULWLFDO�SDWK�ILUVW¨�IDVKLRQ�
6LQFH�RQH�FRPSRQHQW�LV�DVVLJQHG�WR�D�VLQJOH�FOXVWHU��WKH�UDWLRQDOH�EHKLQG�WKLV�LV�WR
DYRLG� LQVHUWLQJ� FRSLHV� DORQJ� WKH� FULWLFDO� SDWKV� LQ� WKH� '$*��)LJXUH� �� VKRZV� WKLV
FRQFHSW� IRU� D� VLPSOH� '$*� RI� D� FRGH� IUDJPHQW� UHSUHVHQWLQJ� D� IRXU�WDS� ),5� ILOWHU
XQUROOHG� WZLFH�� %\� VHWWLQJ� φWK � ∞� ZH� JHW� IRXU� SDUWLDO� FRPSRQHQWV�� WZR� RI� ZKLFK
UHSUHVHQW�WKH�XQUROOHG�LWHUDWLRQV�RI�WKH�ORRS�

,Q�JHQHUDO��IRU�φWK�� �∞��WZR�GLIIHUHQW�VLWXDWLRQV�PD\�DULVH�

�� :KHQ� WKH� '$*� LV� IXOO\� FRQQHFWHG�� WKH� JURZWK� SURFHVV� ZLOO� SURGXFH� RQH� VLQJOH
FRPSRQHQW�FRQWDLQLQJ�WKH�HQWLUH�'$*�

�� :KHQ�WKH�'$*�LV�PDGH�RI�VHYHUDO�VHSDUDWHG�VXE�JUDSKV��WKH�SURFHVV�SURGXFHV�D
ODUJHU�QXPEHU�RI�FRPSRQHQWV��HDFK�RQH�FRQWDLQLQJ�DQ�XQFRQQHFWHG�SRUWLRQ�RI�WKH
'$*��1RWH� WKDW�KHUH�ZH�XVH� WKH� FRQFHSW� RI� VHSDUDWLRQ� LQ�D� ORRVH� VHQVH�� DV�ZH
RQO\�WUDYHUVH�WKH�'$*�IROORZLQJ�EDFNZDUG�HGJHV��$�W\SLFDO�FDVH�RI�D�VHSDUDWHG
'$*� DULVHV� IURP� ORRS� XQUROOLQJ�� HVSHFLDOO\� LQ� WKH� DEVHQFH� RI� ORRS� FDUULHG
GHSHQGHQFLHV�DFURVV�LWHUDWLRQV�
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���� ,QLWLDO�$VVLJQPHQW

,Q�WKLV�SKDVH��WKH�VHW�Φ�RI�SDUWLDO�FRPSRQHQWV�LV�XVHG�WR�SHUIRUP�D�VLPSOH�PDSSLQJ
WR� SURGXFH� D� N�ZD\� FOXVWHU� DVVLJQPHQW�� :H� DSSO\� GLIIHUHQW� KHXULVWLFV� IRU� WKH
GLIIHUHQW�FODVVHV�RI�'$*V�

À )RU�IXOO\�FRQQHFWHG�'$*V��WKH�PDSSLQJ�VLPSO\�VFDQV�Φ��UHRUGHUHG�E\�GHFUHDVLQJ
VL]H� RI� LWV� HOHPHQWV�� IRU� DOO� SDUWLDO� FRPSRQHQWV� DQG� DVVLJQV� WKHP� WR� WKH� OHDVW
XWLOL]HG� FOXVWHU� EDVHG�� 7KLV� VLPSOH� PDSSLQJ� HIIHFWLYHO\� DFKLHYHV� D� JRRG� ORDG
EDODQFLQJ�EHWZHHQ�FOXVWHUV��EXW�LW�GRHV�QRW�JXDUDQWHH� WR�SURGXFH�D�JRRG� LQLWLDO
DVVLJQPHQW�IRU�'$*V�PDGH�E\�VHSDUDWHG�VXE�JUDSKV��VLQFH�LW�GRHV�QRW�WDNH�LQWR
DFFRXQW�LQWHU�FOXVWHU�FRSLHV�LQ�WKH�PDSSLQJ�SURFHVV�

À )RU�VHSDUDWHG�'$*V��ZH�HPSLULFDOO\�IRXQG�WKDW�PLQLPL]LQJ�WKH�QXPEHU�RI�LQWHU�
FOXVWHU� FRSLHV� JHQHUDOO\� OHDGV� WR� JRRG� VROXWLRQV�� ,Q� DGGLWLRQ�� WKLV� JUHDWO\
LPSURYHV�WKH�FRQYHUJHQFH�SURFHVV�RI�WKH�LWHUDWLYH�SKDVH��,Q�WKLV�FDVH��ZH�DVVLJQ
HDFK�FRPSRQHQW�WR�D�FOXVWHU�E\�PLQLPL]LQJ�D�FRVW�IXQFWLRQ�WKDW�WDNHV�FRSLHV�LQWR
DFFRXQW�� 7KLV� SUREOHP� FDQ� EH� IRUPXODWHG� LQ� FORVHG� IRUP� DQG� VROYHG� DV� D

)LJXUH����'$*� IRU� D� WKUHH�WDS�),5� ILOWHU�XQUROOHG� WZLFH��:H� FDQ� VHH� IRXU
SDUWLDO�FRPSRQHQWV��LQ�GLIIHUHQW�FRORUV���WZR�RI�ZKLFK�FRUUHVSRQG�WR�WKH�WZR
XQUROOHG�ORRS�LWHUDWLRQV��$FFRUGLQJ�WR�RXU�GHILQLWLRQ��VHH�WH[W���WKLV�'$*�LV
VHSDUDWHG�
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FRQVWUDLQHG�LQWHJHU�OLQHDU�SURJUDPPLQJ�SUREOHP��7R�VLPSOLI\�RXU�DSSURDFK��ZH
FKRRVH� WR� SURGXFH� D� PDSSLQJ� E\� UHGXFLQJ� WKH� FRQQHFWLRQ� PDWUL[� DQG� E\
LWHUDWLYHO\�PLQLPL]LQJ�D�FRPSRXQG�FRVW�WKDW�FRQVLGHUV�ERWK� ORDG�EDODQFLQJ�DQG
LQWHUFOXVWHU�FRSLHV�

$OWKRXJK� VXE�RSWLPDO�� ZH� IRXQG� WKDW� WKLV� VWUDWHJ\� SURGXFHV� D� JRRG� LQLWLDO
DVVLJQPHQW� SURYLGHG� DQ� DSSURSULDWH� VHOHFWLRQ� RI� WKH� WKUHVKROG� φ

WK
�� $� VPDOOHU� φ

WK

SURGXFHV� D� ODUJHU� QXPEHU� RI� SDUWLDO� FRPSRQHQWV�� EXW� LW� DOVR� LQFUHDVHV� WKH
FRPSXWDWLRQDO�UHTXLUHPHQWV�RI�WKH�LWHUDWLYH�SKDVH��7R�VHOHFW�D�UHDVRQDEOH�YDOXH�RI
φ

WK
�� ZH� UHSHDW� WKH� LQLWLDOL]DWLRQ� SKDVH� IRU� D� IHZ� GHFUHDVLQJ� YDOXHV� RI� φ

WK
� DQG� ZH

FKRRVH� WKH� RQH� WKDW� SURGXFHV� WKH� VKRUWHVW� OHQJWK� DFFRUGLQJ� WR� RXU� VLPSOLILHG
VFKHGXOHU�

���� ,WHUDWLYH�,PSURYHPHQW

,Q�WKH�ILQDO�VWDJH��WKH�DVVLJQPHQW�SURGXFHG�E\�WKH�LQLWLDOL]DWLRQ�SKDVH�LV�LPSURYHG
E\�DQ�LWHUDWLYH�GHVFHQW�DOJRULWKP�WKDW�UHILQHV� LW�E\�PRGLI\LQJ� WKH�FKRLFH�PDGH� IRU
HYHU\�HOHPHQW�LQ�WKH�VHW�Φ�RI�SDUWLDO�FRPSRQHQWV�

:H�LQYHVWLJDWHG�WZR�GLIIHUHQW�VWUDWHJLHV�

À 7KH�ILUVW�VWUDWHJ\�RUGHUV�Φ�E\�GHFUHDVLQJ�VL]H�RI�LWV�FRPSRQHQW�DQG�WKHQ�WULHV�WR
NHHS�WKH�FOXVWHUªV� ORDGV�EDODQFHG��DVVXPLQJ�KRPRJHQRXV�FOXVWHUV��E\�VZDSSLQJ
WZR� HOHPHQW� φ

L
� DQG� φ

M
�� ZKHQ� WKH� VFKHGXOH� OHQJWK� /� SURGXFHG� E\� WKH� VZDS� LV

VPDOOHU�

À 7KH�VHFRQG�VWUDWHJ\�VLPSO\�HYDOXDWHV�/�IRU�DQ\�SRVVLEOH�DVVLJQPHQW�RI�φ
L�
∈�Φ�WR�D

FOXVWHU�DQG�UHWDLQV�WKH�RQH�WKDW�OHDGV�WR�WKH�VKRUWHVW�VFKHGXOH�/�

%RWK�DOJRULWKPV�DUH�GHWHUPLQLVWLF�DQG�DOZD\V�IROORZ�WKH�GLUHFWLRQ�RI�PD[LPXP�ORFDO
GHVFHQW��7KXV�WKH\�WHQG�WR�JHW�WUDSSHG�LQWR�ORFDO�PLQLPD�

$V�PHQWLRQHG�HDUOLHU��WKH�GHVFHQW�LV�GULYHQ�E\�WKH�HVWLPDWH�RQ�WKH�VFKHGXOH�OHQJWK
REWDLQHG� WKURXJK�D� VLPSOLILHG�PRGHO� RI�D� UHDO� VFKHGXOHU��7KH�PRGHO� LV� EDVHG� RQ�D
VLPSOH�OLVW�LQVWUXFWLRQ�VFKHGXOHU��ZKLFK�XVHV�D�TXHXH�RI�GDWD�UHDG\�QRGHV�RUGHUHG�E\
WKHLU�UHVSHFWLYH�SULRULW\��7KH�PRGHO�TXDQWLWDWLYHO\�NHHSV�WUDFN�RI� WDUJHW�UHVRXUFHV�
DOORFDWHG� DQG� GH�DOORFDWHG� UHJLVWHUV�� FRSLHV�� DQG� UHJLVWHU� VSLOO�UHVWRUH� SDLUV�� 7KH
DFFXUDF\�RI�WKH�HVWLPDWH�LV�RQ�DYHUDJH�ZLWKLQ�����RI�WKH�§UHDO¨�VFKHGXOHU��ZKLOH�WKH
H[HFXWLRQ�WLPH�LV�PRUH�WKDQ����WLPHV�IDVWHU�

7KH� VFKHGXOH� OHQJWK�/�DV�D� IXQFWLRQ� RI� WKH� FOXVWHULQJ�&�SUHVHQWV�PDQ\� IODW� DUHDV
�DOVR� NQRZQ� DV� §SODWHDX[¨��� 6LQFH� ZH� DUH� XVLQJ� D� ORFDO� FRVW� IXQFWLRQ�� ZKHQ� WKH
IXQFWLRQ� JHWV� VWXFN� LQ� D� SODWHDX� ZH� QHHG� DQ� DOWHUQDWLYH� FULWHULRQ� WR� GULYH� WKH
GHVFHQW�� $IWHU� VRPH� H[SHULPHQWV�� ZH� GHFLGHG� WR� XVH� WKH� QXPEHU� RI� FRSLHV� DV
VHFRQGDU\�KHXULVWLFV�WR�FKRRVH�WKH�GHVFHQW�GLUHFWLRQ�LQ�D�SODWHDX��,W�WXUQV�RXW�WKDW
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VXFK�D�QXPEHU�LV�PRUH�VHQVLWLYH�WR�VPDOO�FKDQJHV�RI�WKH�FOXVWHU�DVVLJQPHQW�&�DQG�LW
LV�UHODWLYHO\�HDV\�WR�FRPSXWH�

���� (IIHFWLYHQHVV�RI�WKH�3&&�&OXVWHULQJ�$OJRULWKP

7R� PHDVXUH� KRZ� 3&&� FRPSDUHV� YHUVXV� %8*� �DQG� LQ� JHQHUDO� PRUH� WUDGLWLRQDO
§JUHHG\¨�VW\OH�WHFKQLTXHV���ZH�FDQ�ORRN�DW�VWDWLF�SHUIRUPDQFH�PHDVXUHPHQWV��7DEOH
��VKRZV�D�VHW�RI�VWDWLF�PHDVXUHPHQWV�WKDW�GHPRQVWUDWH�KRZ�3&&�HIIHFWLYHO\�UHGXFHV
WKH� FRPSOH[LW\� RI� WKH� SUREOHP�� 6HFWLRQ� �� � UHSRUWV� G\QDPLF�PHDVXUHPHQWV� RQ� WKH
HIIHFW�RI�3&&�RQ�WKH�RYHUDOO�SHUIRUPDQFH�

%HQFKPDUN
1XPEHU
RI�ORRSV

'$*
1RGHV�LQ

ODUJHVW�ORRS

3&&
&RPSRQHQWV
LQ�ODUJHVW

ORRS

$YHUDJH
QXPEHU�RI

'$*
QRGHV�SHU

ORRS

$YHUDJH
QXPEHU�RI

3&&
FRPSRQHQWV
SHU�ORRS

EPDUN �� ���� �� ����� ����

FRS\PDUN �� ���� �� ����� ����

FU\SWR ��� ���� �� ���� ���

GKU\ � �� �� ���� ����

PSHJ� �� ���� �� ����� ����

WMSHJ �� ���� �� ����� ����

$YHUDJH ����� ������� ����� ������ ����

7DEOH� ��� &KDUDFWHULVWLFV� RI� WKH� EHQFKPDUN� ORRSV� IRU� D� ���XQLW
FRQILJXUDWLRQ�ZKHUH�WKH�XQUROOLQJ�OLPLW�ZDV�VHW�WR�������QRGHV�SHU�ORRS�
)URP�WKH� WDEOH�ZH� FDQ� VHH� WKH� HIIHFWLYHQHVV� RI� WKH�3&&�DOJRULWKP� LQ
UHGXFLQJ� WKH� FRPSOH[LW\� RI� WKH� SUREOHP� WKURXJK� WKH� LGHQWLILFDWLRQ� RI
WKH�SDUWLDO�FRPSRQHQWV��,Q�DYHUDJH�ZH�JHW�D�UHGXFWLRQ�RI�DERXW�D�IDFWRU
RI� ��� LQ� FRPSOH[LW\�� WKDW� JRHV� XS� WR� D� IDFWRU� RI� ������ IRU� WKH� ODUJHVW
ORRSV�

)URP�DQ�DQDO\VLV�RI�7DEOH����SUHYLRXV�VHFWLRQ���ZH�FDQ�VD\�WKDW�LQ�DYHUDJH��WKH�3&&
DOJRULWKP�RXWSHUIRUPV�%8*�E\�DERXW����LQ�WKH���FOXVWHU�FDVH�DQG�DERXW����LQ�WKH
��FOXVWHU� FDVH�� $W� WKH� VDPH� WLPH�� WKH� FRPSLOH�WLPH� SHQDOW\� GXH� WR� FRPSXWDWLRQDO
LQFUHDVH�JURZV�EXW�UHPDLQV�ZLWKLQ�DQ�DFFHSWDEOH�UDQJH�� FRQVLGHULQJ� WKDW�ZH� OLPLW
3&&�WR�UXQ�RQO\�RQ�WKH�LQQHU�ORRS�RI�WKH�FRGH��)LQDOO\��ZH�KDYH�WR�VD\�WKDW�3&&�LV
VWLOO� LQ� LWV� LQIDQF\�DQG�ZH�EHOLHYH� WKDW� WKHUH� LV� VWLOO� VRPH� VLJQLILFDQW�KHDGURRP� WR
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LPSURYH� WKH� DOJRULWKP� DQG� IXUWKHU� UHGXFH� WKH� SHUIRUPDQFH� GHJUDGDWLRQ� GXH� WR
FOXVWHULQJ�

7  ([SHULPHQWV�DQG�5HVXOWV

7R� JDWKHU� LQWHUHVWLQJ� VWDWLVWLFV�� ZH� GHFLGHG� WR� SLFN� WZR� RI� WKH� PRVW� VLJQLILFDQW
FRQILJXUDWLRQV����XQLWV�DQG����XQLWV��ZLWK�HQRXJK�UHJLVWHU�WR�EH�DEOH�WR�DFKLHYH�WKH
EHVW�SHUIRUPDQFH������UHJLVWHUV�IRU���XQLWV�DQG�����UHJLVWHUV�IRU����XQLWV���DQG�UXQ
WKHP�IRU�VHYHUDO�FRPELQDWLRQV�RI�FOXVWHULQJ��7KH�FRPSLOHU�KHXULVWLFV�ZHUH�WXQHG�VR
WKDW�ZH� OLPLWHG�XQUROOLQJ� WR� DERXW�����QRGHV� SHU� ORRS� IRU� DQ� ��XQLW�PDFKLQH� DQG
DERXW�������QRGHV�SHU�ORRS�IRU�D����XQLW�PDFKLQH��7DEOH���VKRZV�D�VXPPDU\�RI�WKH
FKDUDFWHULVWLFV�RI�WKH�WHVWHG�PDFKLQH�FRQILJXUDWLRQV�

8QLWV &OXVWHULQJ
5HJLVWHUV�SHU

FOXVWHU

5HJLVWHU�ILOH
SRUWV�SHU
FOXVWHU

VLQJOH�FOXVWHU ����UHJLVWHUV ���UHDG����
ZULWH

��FOXVWHUV���
XQLWV�FOXVWHU

���UHJLVWHUV��
FOXVWHU

��UHDG����
ZULWH

�
XQLWV

��FOXVWHUV���
XQLWV�FOXVWHU

���UHJLVWHUV��
FOXVWHU

��UHDG����
ZULWH

VLQJOH�FOXVWHU ����UHJLVWHUV ���UHDG�����
ZULWH

��FOXVWHUV���
XQLWV�FOXVWHU

����UHJLVWHUV��
FOXVWHU

���UHDG����
ZULWH

��
XQLWV

��FOXVWHUV���
XQLWV�FOXVWHU

���UHJLVWHUV��
FOXVWHU

��UHDG����
ZULWH

7DEOH� ��� &KDUDFWHULVWLFV� RI� WKH� FOXVWHUHG� FRQILJXUDWLRQV� XVHG� IRU� WKH
H[SHULPHQWV�

7KH�JRDOV�RI�RXU�H[SHULPHQWV�DUH�GXDO�

�� 'HPRQVWUDWH�WKDW�FOXVWHUHG�DUFKLWHFWXUHV�DUH�DQ�HIIHFWLYH�VROXWLRQ�WR�EXLOG�ZLGH
9/,:�PDFKLQHV� ZLWKRXW� SXWWLQJ� WRR� PDQ\� EXUGHQV� RQ� UHJLVWHU� ILOH� SRUWV� DQG
E\SDVV�ORJLF�
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�� 6KRZ�WKDW�EHWWHU�FOXVWHULQJ�DOJRULWKPV�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�SHUIRUPDQFH
DQG� WKDW� WKHUH� LV� VWLOO� TXLWH� D� ELW� RI� KHDGURRP� WR� H[SORLW� LQ� VRIWZDUH� WR�PDNH
FOXVWHULQJ�HYHQ�PRUH�HIIHFWLYH�

���� (IIHFWLYHQHVV�RI�&OXVWHUHG�$UFKLWHFWXUHV

)LJXUH���DQG�)LJXUH���VKRZ�WKH�UHVXOWV�IRU�WKH�H[SHULPHQWV��7DEOH���VXPPDUL]HV�WKH
VWDWLVWLFV� DYHUDJLQJ� DOO� WKH� EHQFKPDUNV�� ,Q� )LJXUH� �� ZH� SUHVHQW� WKH� GHWDLOHG
SHUIRUPDQFH�PHDVXUHPHQWV� IRU� WKH� ILYH� LQGLYLGXDO� EHQFKPDUNV� �H[FHSW�GKU\�� WKDW
ZDV� QRW� LQWHUHVWLQJ� IRU� RXU� SXUSRVHV� GXH� WR� ODFN� RI� ,/3��� 7KH� EDUV� LQ� WKH� ILJXUH
UHSUHVHQW�SHUIRUPDQFH�UHODWLYH� WR� WKH�EDVHOLQH��ZKHUH� WKH�VLQJOH�EDUV�DUH� IRU�QRQ�
FOXVWHUHG� FRQILJXUDWLRQV� DQG� WKH� RYHUODSSHG� EDUV� DUH� IRU� FOXVWHUHG�PDFKLQHV�ZLWK
WKH� WZR� GLIIHUHQW� VFKHGXOLQJ� DOJRULWKPV� �%8*� DQG� 3&&��� )LJXUH� �� UHSRUWV� DQ
DYHUDJH� RI� WKH� VDPH� YDOXHV�� WRJHWKHU� ZLWK� WKH� SHUIRUPDQFH� RI� VLQJOH� FOXVWHU
PDFKLQHV�DW�YDULRXV�ZLGWKV�

)URP�WKH�JUDSKV�ZH�FDQ�VHH�WKDW�LQ�DYHUDJH�FOXVWHULQJ�LV�FRQYHQLHQW�EXW�WKHUH�DUH
FDVHV�ZKHUH� LW� FDQ� KXUW� SHUIRUPDQFH�� )RU� H[DPSOH� IRU� WMSHJ�� D� ���XQLW� �� ��FOXVWHU
PDFKLQH� SHUIRUPV� GHILQLWHO\� ZRUVH� WKDQ� DQ� ��XQLW� �� ��FOXVWHU� DQG� VOLJKWO\� ZRUVH
WKDQ� DQ� ��XQLW� �� ��FOXVWHU� FRQILJXUDWLRQ�� :KLOH� FRVW� FRQVLGHUDWLRQV� PD\� DGYLVH
DJDLQVW� WKH� VLQJOH� FOXVWHU� VROXWLRQ�� LQ� WKLV� SDUWLFXODU� FDVH� WKH� QDUURZ� ��FOXVWHU
PDFKLQH�LV�D�FOHDU�ZLQ�YHUVXV�WKH�ZLGHU���FOXVWHU�RQH�

7KH�ILUVW�REVHUYDWLRQ�LV�WKDW��UHODWLYH�WR�WKH�QRQ�FOXVWHUHG�PDFKLQH��ZH�ORVH�������
SHUIRUPDQFH�ZKHQ�ZH�JR�WR�D���FOXVWHU�PDFKLQH�DQG��������SHUIRUPDQFH�ZKHQ�ZH
JR�WR�D���FOXVWHU�PDFKLQH��,W�LV�EH\RQG�WKH�SXUSRVH�RI�WKLV�SDSHU�WR�GHFLGH�ZKDW� LV
WKH�EHVW�FRQILJXUDWLRQ��VLQFH�WKLV�GHSHQGV�RQ�WKH�SDUWLFXODU�SRLQW�LQ�WKH�WHFKQRORJ\
VSDFH��DQG�RQ�WKH�LPSDFW�RI�WKH�QXPEHU�RI�UHJLVWHU�ILOH�SRUWV�DQG�E\SDVVLQJ�ORJLF�RQ
WKH�RYHUDOO�F\FOH�WLPH�

7KH�JUDSKV�VKRZ�VRPH�FOHDU�ZLQQHU�DQG�ORVHU��$FFRUGLQJ�WR�WKH�OHYHO�RI�,/3�DQG�WKH
W\SH� RI� FRPSXWDWLRQ�� LQGLVFULPLQDWH� FOXVWHULQJ� LV� QRW� DOZD\V� EHQHILFLDO�� )RU
H[DPSOH��IRU�EHQFKPDUNV�OLNH�EPDUN�DQG�FU\SWR�LW�LV�D�FOHDU�ZLQ�WR�EXLOG�D���FOXVWHU�
RU�HYHQ�D���FOXVWHU��PDFKLQH��2Q�WKH�RWKHU�VLGH��IRU�FRS\PDUN��PSHJ��DQG�WMSHJ�D���
FOXVWHU����XQLW�PDFKLQH�SHUIRUPV�ZRUVW� WKDQ�D� VLQJOH�FOXVWHU���XQLW�PDFKLQH��DQG
HYHQ� ZRUVH� WKDQ� D� ��FOXVWHU� ��XQLW� FRQILJXUDWLRQ� IRU� WMSHJ�� 2EYLRXVO\�� D� VLQJOH�
FOXVWHU� ��XQLW� PDFKLQH� ZLOO� KDYH� D� VLJQLILFDQW� LPSDFW� RQ� WKH� F\FOH� WLPH�� VR� LW� LV
XQFOHDU�ZKLFK�LV�WKH�EHVW�FKRLFH�LQ�WKLV�FDVH�

,Q�VXPPDU\��ZH�FDQ�FRQFOXGH�WKDW�D�PRGHUDWH�DPRXQW�RI�FOXVWHULQJ�LV�¥�LQ�JHQHUDO�¥
D�JRRG�FRPSURPLVH�

À 3HUIRUPDQFH�GHJUDGHV�JUDFHIXOO\��DERXW�����IRU�WZR�FOXVWHUV�

À :H�JHW�EHQHILW�IURP�WKH�LQFUHDVHG�,/3
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À 7KH� F\FOH� SHQDOW\� WR� EXLOG� D� VLQJOH� UHJLVWHU� ILOH� ZRXOG� YHU\� OLNHO\� RIIVHW� WKH
FOXVWHULQJ�RYHUKHDG�

+RZHYHU��ZKHQ�ZH�LQFUHDVH�WKH�QXPEHU�RI�FOXVWHUV��WKH�DGYDQWDJH�VWDUWV�WR�EH�OHVV
FOHDU� DQG� VWURQJO\� GHSHQGV� RQ� WKH� DPRXQW� RI� ,/3� DYDLODEOH� DQG� RQ� WKH� QDWXUH� RI
FRPSXWDWLRQ��2XU�QXPEHUV�VKRZ�WKDW�WKH�SHUIRUPDQFH�GHJUDGDWLRQ�RI�IRXU�FOXVWHUV
LV�LQ�WKH��������UDQJH�
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)LJXUH� ��� $YHUDJH� UHVXOWV� IRU� WKH� ILYH� VLJQLILFDQW
EHQFKPDUNV�� )URP� WKH� JUDSK� ZH� FDQ� VHH� WKDW� FOXVWHULQJ
FRVWV�\RX�DERXW�RQH�IRXUWK�RI�WKH�PDFKLQH�IXQFWLRQDO�XQLWV
LQ�WHUPV�RI�SHUIRUPDQFH��)RU�H[DPSOH�D����XQLW� ����FOXVWHU
PDFKLQH�SHUIRUPV�URXJKO\�OLNH�D����XQLW�����FOXVWHU�DQG�DQ
��XQLW�����FOXVWHU�OLNH�D���XQLW�����FOXVWHU�
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2 clusters

16 units

2 clusters

8 units

2 clusters

average

PCC 86.6% 85.2% 85.9%

BUG 82.2% 81.3% 81.8%

4 clusters

16 units

4 clusters

8 units

4 clusters

average

PCC 75.2% 67.5% 71.4%

BUG 69.9% 63.6% 66.7%

7DEOH� ��� 3HUIRUPDQFH� VXPPDU\� RI� WKH� ��FOXVWHU� DQG� ��FOXVWHU
FRQILJXUDWLRQV�� 7KH� QXPEHUV� DUH� H[SUHVVHG� DV� D� SHUFHQWDJH� RI� WKH
PD[LPXP�SHUIRUPDQFH�DFKLHYDEOH�ZLWK�D���FOXVWHU�DUFKLWHFWXUH��:LWK
WKH� 3&&� DOJRULWKP�� D� ��FOXVWHU� PDFKLQH� ORVHV� DERXW� ���� DQG� D� ��
FOXVWHU� PDFKLQH� DERXW� ���� DJDLQVW� D� ��FOXVWHU� YHUVLRQ� RI� WKH� VDPH
UHVRXUFHV��2XU�H[SHULPHQWV�VKRZ�WKDW�WKLV�UHODWLRQ�LV�YDOLG�UHJDUGOHVV
RI�WKH�DEVROXWH�QXPEHU�RI�XQLWV��LQ�WKH�FRQVLGHUHG�UDQJH�

8  &RQFOXVLRQV
7DEOH���VXJJHVWV�WKDW�DV�D�UXOH�RI�WKXPE��EUHDNLQJ�WKH�&38�LQWR�WZR�FOXVWHUV�FRVWV
VRPHZKHUH�DURXQG��������ORVW�F\FOHV�� IRXU�FOXVWHUV�FRVWV�DURXQG��������� �6LPLODU
UHVXOWV�KDYH�EHHQ�VHHQ�EHIRUH�� >�@� IRXQG�VORZ��GRZQV� LQ�YLUWXDOO\� WKH� VDPH�UDQJH�
HYHQ� WKRXJK� WKH\�KDG�D� VXSHUVFDODU�GHVLJQ�� DQG�ZHUH�XVLQJ�D� FRPSLOHU�� SURFHVVRU
DQG�DSSOLFDWLRQ�VXLWH�ZLWK� IDU� OHVV�,/3�� �7KH�RWKHU�ZRUNV�ZH�FLWHG� IRU�9/,:V�DOVR
KDG�UHVXOWV�LQ�D�VLPLODU�VWDWH��WKRXJK�WKH\�RIIHUHG�D�IDU�OHVV�VRSKLVWLFDWHG�FRPSLOLQJ
V\VWHP�WKHQ�RXU��DQG�GLGQ
W�SUHVHQW� LQGXVWULDO�VWUHQJWK�FRGHV�� � � ,Q�DOO� FDVHV� WKHVH
QXPEHUV�PXVW�EH�LQFUHDVHG�GXH�WR�WKH�ORQJHU�ODWHQFLHV�RI�D�PHPRU\�V\VWHP�EXLOW�IRU
WKH�RQH�FOXVWHU�&38��EXW�ZH�IHHO�WKLV�LV�D�VPDOO�HIIHFW���$Q�LQWHUHVWLQJ�RSHQ�TXHVWLRQ
LV�ZKHWKHU�WKHVH�QXPEHUV�FDQ�EH�LPSURYHG�XSRQ��RU�DUH�JHQHUDOO\�DW�WKH�WKHRUHWLFDO
OLPLW� IRU� WKH� FRGH� DQG� FOXVWHULQJ� LQYROYHG�� � 2EYLRXVO\�� ZH� FDQQRW� FRPSXWH� WKH
RSWLPDO�VROXWLRQ�WR�DQVZHU�WKLV�
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:H� IRXQG� WKDW� WKH�3&&�DOJRULWKP�SHUIRUPHG� TXLWH�ZHOO�� JHWWLQJ�QRWLFHDEO\�EHWWHU
UHVXOWV�WKDQ�%8*��DOPRVW�DOZD\V�

)LQDOO\� ZH� QRWH� WKDW� DV� IHDWXUH� VL]HV� RI� PLFURSURFHVVRUV� GHFUHDVH� LQ� UHODWLRQ� WR
FRPPXQLFDWLRQ� FRVWV�� FOXVWHULQJ� EHFRPHV� PRUH� DWWUDFWLYH�� >�@� SRLQWV� RXW� WKDW� DW
KDUGZDUH� IHDWXUH� VL]HV�RI� ���µ�� WKH� F\FOH� WLPH� ORVV�GXH� WR� WRR�PDQ\� UHJLVWHU�SRUWV
PLJKW� QRW� EH� VR� EDG�� EXW� DW� ���µ� DQG� EH\RQG��WKH� SRLQW� 9/6,� WHFKQRORJ\� LV� QRZ
UHDFKLQJ��WKH�ORVV�ZLOO�EH�VHYHUH��7KH�QXPEHUV�SUHVHQWHG�KHUH�DUH�OLNHO\�WR�VWURQJO\
IDYRU�WKH�XVH�RI�FOXVWHULQJ��DW�OHDVW�IRU�&38V�ZKLFK�H[HFXWH�DSSOLFDWLRQV�ZLWK�ODUJH
DPRXQWV�RI�,/3�

5HIHUHQFHV

>�@ -�� $�� )LVKHU�� �9HU\� /RQJ� ,QVWUXFWLRQ� :RUG� $UFKLWHFWXUHV� DQG� WKH� (/,�����
3URFHHGLQJV� RI� WKH� ��WK� $QQXDO� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� &RPSXWHU
$UFKLWHFWXUH��������SS����������

>�@ 'HWDLOV� IURP� D� SUHVHQWDWLRQ� JLYHQ� E\� -LP� .HOOHU� RI� 'LJLWDO� (TXLSPHQW
&RUSRUDWLRQ�DW�WKH�0LFURSURFHVVRU�)RUXP�RQ�2FWREHU��������������HQWLWOHG�§7KH
�������$�VXSHUVFDODU�$OSKD�SURFHVVRU�ZLWK�RXW�RI�RUGHU�H[HFXWLRQ¨��$�VXPPDU\
ZDV� ZULWWHQ� DV�� /LQOH\� *ZHQQDS�� §'LJLWDO� ������ 6HWV� 1HZ� 6WDQGDUG¨�
0LFURSURFHVVRU� 5HSRUW�� ��� ����� ������� 2ULJLQDO� DYDLODEOH� LQ� 0DUFK�� ��� DW�
KWWS���ZZZ�DVLD�SDFLILF�GLJLWDO�FRP�LQIR�VHPLFRQGXFWRU�D���XS��LQGH[�KWPO��

>�@ $��1LFRODX��1��'XWW��DQG�$��&DSLWDQLR��§3DUWLWLRQHG�5HJLVWHU�)LOHV�IRU�9/,:V��$
3UHOLPLQDU\�$QDO\VLV�RI�7UDGHRIIV�¨�3URFHHGLQJV�RI� WKH���WK�$QQXDO�:RUNVKRS
RQ�0LFURSURJUDPPLQJ��0,&52������SS�����������1RYHPEHU������

>�@ 6DQMHHY�%DQHUMLD�� �,QVWUXFWLRQ� VFKHGXOLQJ�DQG� IHWFK�PHFKDQLVPV� IRU� FOXVWHUHG
9/,:� SURFHVVRUV��3K'�7KHVLV� LQ� WKH� 'HSDUWPHQW� RI� (OHFWULFDO� DQG� &RPSXWHU
(QJLQHHULQJ��1RUWK�&DUROLQD�6WDWH�8QLYHUVLW\��WR�EH�SXEOLVKHG�������

>�@ 6DXUDEK� -DQJ�� §*HQHUDWLQJ� (IILFLHQW� &RGH� RI� 9/,:� $UFKLWHFWXUHV� ZLWK
3DUWLWLRQHG� 5HJLVWHU� )LOHV�¨� 06� WKHVLV�� � 0LFKLJDQ� 7HFKQRORJLFDO� 8QLYHUVLW\�
�����

>�@ -RKDQ� -DQVVHQ� DQG� +HQN� &RUSRUDDO�� §3DUWLWLRQHG� 5HJLVWHU� )LOHV� IRU� 77$V�¨
3URFHHGLQJV�RI�WKH���WK�$QQXDO�:RUNVKRS�RQ�0LFURSURJUDPPLQJ��0,&52�����
SS�����������-DQXDU\������

>�@ .HLWK� ,�� )DUNDV�� 3DXO� &KRZ�� 1RUPDQ� 3�� -RXSSL�� DQG� =YRQNR� 9UDQHVLF�� §7KH
0XOWLFOXVWHU�$UFKLWHFWXUH��5HGXFLQJ�&\FOH�7LPH�7KURXJK�3DUWLWLRQLQJ�¨� ,Q� WKH
SURFHHGLQJV�RI�7KH���WK�$QQXDO� ,(((�$&0�6\PSRVLXP�RQ�0LFURDUFKLWHFWXUH�
'HFHPEHU������
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>�@ -DPHV�(��6PLWK��§'HFRXSOHG�DFFHVV�H[HFXWH�FRPSXWHU�DUFKLWHFWXUH�¨�3URFHHGLQJV
RI� WKH� �WK�$QQXDO� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ�&RPSXWHU�$UFKLWHFWXUH�� �����
SS����������

>�@ 'RXJ� +XQW�� §$GYDQFHG� 3HUIRUPDQFH� )HDWXUHV� RI� WKH� ���ELW� 3$������¨
&203&21������'LJHVW�RI�3DSHUV��0DUFK������

>��@ 5�� /HXSHUV�� 3�� 0DUZHGHO�� §,QVWUXFWLRQ� VHOHFWLRQ� IRU� HPEHGGHG� '63V� ZLWK
FRPSOH[� LQVWUXFWLRQV¨�� 3URFHHGLQJV� (852�'$&� ª���� (XURSHDQ� 'HVLJQ
$XWRPDWLRQ�&RQIHUHQFH�ZLWK�(852�9+'/�ª���*HQHYD��6ZLW]HUODQG�������6HSW�
������SS���������

>��@ $KPDG��,��<X�.ZRQJ�.ZRN�0LQ�<RX�:X�§$QDO\VLV��HYDOXDWLRQ��DQG�FRPSDULVRQ
RI� DOJRULWKPV� IRU� VFKHGXOLQJ� WDVN� JUDSKV� RQ� SDUDOOHO� SURFHVVRUV¨�� 3URFHHGLQJV�
6HFRQG� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� 3DUDOOHO� $UFKLWHFWXUHV�� $OJRULWKPV�� DQG
1HWZRUNV��,�63$1�
�����,(((�&RPSXW��6RF��3UHVV��������-XQH������SS���������

>��@ 0�� .DJDQ�� §7KH� 3��&� 0LFURDUFKLWHFWXUH�� 7KH� )LUVW� ,PSOHPHQWDWLRQ� RI� 00;
7HFKQRORJ\¨��+RW�&KLSV����6WDQIRUG��&$��$XJ��������SS�����

>��@ 3�*��/RZQH\��6�0��)UHXGHQEHUJHU��7��-��.DU]HV��:��(��/LFKWHQVWHLQ��5��3��1L[�
-�� 6�� 2ª'RQQHOO�� -�� &�� 5XWWHQEHUJ�� 7KH�0XOWLIORZ� 7UDFH� 6FKHGXOLQJ� &RPSLOHU�
7KH�-RXUQDO�RI�6XSHUFRPSXWLQJ�����	����0D\��������������

>��@ %�5�� 5DX�� -�$�� )LVKHU�� ,QVWUXFWLRQ�/HYHO� 3DUDOOHOLVP�� 7KH� -RXUQDO� RI
6XSHUFRPSXWLQJ�����	����0D\������������
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