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3HUIRUPDQFH�&KDUDFWHUL]DWLRQ�RI�,QWHO·V�,QWHUQHW�6WUHDPLQJ

6,0'�([WHQVLRQV

E\

9LNUDP�8GD\�*RGEROH��0�6�(�

7KH�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ������

683(59,625��/L]\�.XULDQ�-RKQ

2YHU� WKH�SDVW� IHZ�\HDUV�� WKH�SUROLIHUDWLRQ�RI� FRPSXWH�LQWHQVLYH�PXOWLPHGLD

DSSOLFDWLRQV�KDV�OHG�VHYHUDO�PLFURSURFHVVRU�YHQGRUV�WR�LQFRUSRUDWH�6,0'�H[WHQVLRQV

LQWR�WKH�EDVH�,6$V��7KH�WUHQG�EHJDQ�ZLWK�WKH� LQWURGXFWLRQ�RI�WKH�00;�H[WHQVLRQV

RQ� ,QWHO·V� 3HQWLXP�VHULHV� SURFHVVRUV� LQ� ������ IROORZHG� E\� $0'·V� �'1RZ�

$UFKLWHFWXUH� RQ� WKH� .���� DQG� .�� SURFHVVRUV�� /DWHVW� LQ� WKLV� OLQH� DUH� WKH� ,QWHUQHW

6WUHDPLQJ� 6,0'� ([WHQVLRQV� �WKH� ,66(�� RU� PRUH� VLPSO\�� WKH� 66(�� LQWURGXFHG� RQ

,QWHO·V� 3HQWLXP� ,,,� SURFHVVRU�� ,QWHQGHG� WR� DGGUHVV� WKH� QHHGV� RI� WKH� LQFUHDVLQJO\

LPSRUWDQW��IORDWLQJ�SRLQW�LQWHQVLYH��¶YLVXDO�FRPSXWLQJ·�DSSOLFDWLRQV��WKH�66(�SURYLGH

DFFHOHUDWLRQ�LQ�WKH�IRUP�RI�IORDWLQJ�SRLQW�6,0'�RSHUDWLRQV�

7KLV� SURMHFW� H[DPLQHV� VRPH� 66(�HQKDQFHG� DSSOLFDWLRQV�� DQG� FKDUDFWHUL]HV

WKHLU�SHUIRUPDQFH�RQ�D�3HQWLXP�,,,�V\VWHP��:H�DOVR�H[DPLQH�WKH�VSHHGXS�REWDLQHG

E\�XVLQJ�SUHIHWFK�LQVWUXFWLRQV�RQ�D�VHW�RI�NHUQHOV��)LQDOO\��ZH�FRPSDUH�SHUIRUPDQFH

RI�D�SRSXODU��'�JUDSKLFV�EHQFKPDUN�RQ�D�3HQWLXP�,,�V\VWHP�ZLWK�WKDW�RQ�D�3HQWLXP

,,,�V\VWHP��(YDOXDWLRQ�KDV�EHHQ�GRQH�XVLQJ�D�VHW�RI�FXVWRP�WRROV�GHYHORSHG�IRU�WKDW

SXUSRVH��$QDO\VLV�RI�WKH�UHVXOWV�KDV�VKRZQ�WKDW�SHUIRUPDQFH�RQ�NHUQHOV�LV�PDUNHGO\

LPSURYHG� RYHU� WKDW� RQ� QRQ�HQKDQFHG� YHUVLRQV�� SHUIRUPDQFH� LPSURYHPHQW� RYHU

DSSOLFDWLRQV�LV�PRUH�PRGHVW�
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7DEOH�RI�&RQWHQWV

&KDSWHU�����,QWURGXFWLRQ ������������������������������������������������������������������������������������������������������� �

&KDSWHU�����6WUHDPLQJ�6,0'�([WHQVLRQV�,PSOHPHQWDWLRQ�������������������������������������������� ��

&KDSWHU�����0HWKRGRORJ\��%HQFKPDUNV��DQG�7RROV��������������������������������������������������������� ��

��� %HQFKPDUNV ������������������������������������������������������������������������������������������������������ ��

������.HUQHOV�DQG�3UHIHWFK�,QVWUXFWLRQV ������������������������������������������������������� ��

������&RPPHUFLDO�$SSOLFDWLRQV���������������������������������������������������������������������� ��

������$�%HQFKPDUN�IRU�*UDSKLFV�6XEV\VWHP�3HUIRUPDQFH�²��'
:LQ%HQFK ����������������������������������������������������������������������������������������������� ��

��� 3ODWIRUP������������������������������������������������������������������������������������������������������������� ��

������7KH�:LQGRZV�)DPLO\�RI�2SHUDWLQJ�6\VWHPV�������������������������������������� ��

��� 7RROV ������������������������������������������������������������������������������������������������������������������ ��

������3021��7KH�3HUIRUPDQFH�0RQLWRULQJ�'HYLFH�'ULYHU��������������������� ��

��������'HVLJQ�3KLORVRSK\�������������������������������������������������������������������� ��

��������'ULYHU�6WUXFWXUH ������������������������������������������������������������������������ ��

������7KH�-RXUQDOLQJ�7RRO������������������������������������������������������������������������������� ��

&KDSWHU�����5HVXOWV�DQG�$QDO\VLV ���������������������������������������������������������������������������������������� ��

��� 3UHIHWFK�2SWLPL]DWLRQ ������������������������������������������������������������������������������������ ��

������6LPSOH�/RRS�ZLWK�6LQJOH�$UUD\ ������������������������������������������������������������ ��

������6LPSOH�/RRS�ZLWK�7ZR�$UUD\V ������������������������������������������������������������� ��

������0DWUL[�0XOWLSOLFDWLRQ ����������������������������������������������������������������������������� ��

������3UHIHWFK�YV��,QILQLWH�&DFKH�������������������������������������������������������������������� ��

��������6LPSOH�/RRS�ZLWK�6LQJOH�$UUD\ ����������������������������������������������� ��

��������6LPSOH�/RRS�ZLWK�7ZR�$UUD\V������������������������������������������������ ��
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��������0DWUL[�0XOWLSOLFDWLRQ���������������������������������������������������������������� ��

��� $SSOLFDWLRQV������������������������������������������������������������������������������������������������������ ��

������&KDUDFWHUL]DWLRQ�RI�66(�HQKDQFHG�$SSOLFDWLRQV������������������������������� ��

������'HWDLOHG�&KDUDFWHUL]DWLRQ�RI�%HQFKPDUNV�RQ�WKH�3��FRUH��������������� ��

��������&\FOHV�3HU�,QVWUXFWLRQ �������������������������������������������������������������� ��

��������&DFKH�0LVVHV������������������������������������������������������������������������������ ��

��������7/%�0LVVHV �������������������������������������������������������������������������������� ��

��������%UDQFK�3UHGLFWLRQ ��������������������������������������������������������������������� ��

��������5HVRXUFH�6WDOOV��������������������������������������������������������������������������� ��

��������'UDZLQJ�D�&RUUHODWLRQ�%HWZHHQ�&3,�DQG�6WDOOV ������������������� ��

��� &RPSDULQJ�([HFXWLRQ�&KDUDFWHULVWLFV�RQ�WKH�3HQWLXP�,,�DQG�3HQWLXP
,,,�SURFHVVRUV ��������������������������������������������������������������������������������������������������� ��

������$QDO\VLV�RI�/DWHQF\�&RPSRQHQWV��RQ��'�:LQ%HQFK����������������������� ��
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$SSHQGL[««««««««««««««««««««««««««�««��

5HIHUHQFHV«««««««««««««««««««««««««««�����

9LWD««««««««««««««««««««««««««««�««��



6

&KDSWHU�� ��,QWURGXFWLRQ

7KH� TXHVW� IRU� DXGLR� DQG� YLVXDO� UHDOLVP� LQ� FRQWHPSRUDU\� PXOWLPHGLD

DSSOLFDWLRQV�KDV�SODFHG�D�KHDY\�GHPDQG�RQ�WKH�SL[HO�SURFHVVLQJ�SRZHU�DQG�PHPRU\

EDQGZLGWK�RI�WRGD\·V�FRPSXWHU�V\VWHPV��DQG�PXOWLPHGLD�DSSOLFDWLRQV�KDYH�HPHUJHG

DV� LPSRUWDQW� FRPSXWLQJ� ZRUNORDGV� >�@�� ,Q� UHVSRQVH� WR� WKLV� QHHG� IRU� JUHDWHU

SURFHVVLQJ� SRZHU�� H[WHQVLRQV� WR� WKH� EDVH� LQVWUXFWLRQ� VHW� DUFKLWHFWXUHV� KDYH� EHHQ

LQWURGXFHG�LQ�PDQ\�JHQHUDO�SXUSRVH�SURFHVVRUV��7KH�9LVXDO�,QVWUXFWLRQ�6HW��9,6��RQ

6XQ·V�8OWUD63$5&��WKH�00;�DQG�66(�H[WHQVLRQV�RQ�,QWHO�$UFKLWHFWXUH�3URFHVVRUV�

$0'·V� �'1RZ�� >�@� DQG� 0RWRUROD·V� $OWL9HF� 7HFKQRORJ\� >�@� DUH� H[DPSOHV�� 7KHVH

H[WHQVLRQV� HQKDQFH� SHUIRUPDQFH� RQ� WKH� KLJKO\� YHFWRUL]DEOH� PHGLD�SURFHVVLQJ

DOJRULWKPV�WKURXJK�6LQJOH�,QVWUXFWLRQ�0XOWLSOH�'DWD��6,0'��WHFKQLTXHV�

0HGLD�DSSOLFDWLRQV�OHQG�WKHPVHOYHV�TXLWH�QDWXUDOO\�WR�DFFHOHUDWLRQ�YLD�6,0'

SURFHVVLQJ��VLQFH�WKH\�FRQWDLQ�FRGH�VHTXHQFHV�ZLWK�FHUWDLQ�XQLTXH�FKDUDFWHULVWLFV²

• 6PDOO��QDWLYH�GDWD�W\SHV��H�J�����ELW�SL[HOV�����ELW�DXGLR�VDPSOHV��

• 5HFXUULQJ�RSHUDWLRQV�SHUIRUPHG�RQ�D�ODUJH�DUUD\�RI�GDWD�LWHPV�

• &RPSXWH�LQWHQVLYH�

7R� VSHHG� XS� FRPSXWDWLRQ� RQ� VXFK� VHTXHQFHV�� ,6$� H[WHQVLRQV� SDFN� WRJHWKHU� WKH

VPDOOHU� EDVLF� GDWD� HOHPHQWV�� DQG� RSHUDWH� RQ� WKHP� LQ� SDUDOOHO�� 7R� D� ILUVW
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DSSUR[LPDWLRQ�� WKHUHIRUH�� VXFK� 6,0'� SURFHVVLQJ� ZLWK� Q� GDWD� HOHPHQWV� SDFNHG

WRJHWKHU�ZRXOG�RIIHU�DQ�Q�IROG�VSHHGXS��%HFDXVH�RI�YDULRXV�ERRNNHHSLQJ�RYHUKHDGV

LQYROYHG��IRU�LQVWDQFH�LQ�SDFNLQJ�XQSDFNLQJ���KRZHYHU��WKH�DFWXDO�VSHHGXS�REWDLQHG

LV�QRW�VR�REYLRXV�

,Q�������,QWHO�DQQRXQFHG�WKH�VR�FDOOHG�0XOWL0HGLD�([WHQVLRQV��00;��DV�WKH

ILUVW�PDMRU�HQKDQFHPHQW�WR�WKH�[���LQVWUXFWLRQ�VHW�VLQFH�WKH�LQWURGXFWLRQ�RI�WKH�����D

GHFDGH�HDUOLHU��00;�ZDV�D�VHW�RI� LQWHJHU�6,0'�LQVWUXFWLRQV�� L�H��� LQVWUXFWLRQV�ZKLFK

SURFHVVHG� PXOWLSOH�� LQWHJUDO� GDWD� W\SHV� VLPXOWDQHRXVO\� >�@�� ,W� ZDV� VRRQ� DSSDUHQW�

KRZHYHU�� WKDW� SDUDOOHOL]LQJ� MXVW� LQWHJHU� FRPSXWDWLRQ� ZDV� QRW� JRLQJ� WR� EH� HQRXJK�

)ORDWLQJ�SRLQW� KXQJU\� ¶YLVXDO� FRPSXWLQJ·� DSSOLFDWLRQV� ZHUH� JHWWLQJ� LQFUHDVLQJO\

SRSXODU�� 7KHVH� DSSOLFDWLRQV� UHO\� RQ� FRQVLGHUDEOH� IORDWLQJ�SRLQW� QXPEHU� FUXQFKLQJ

IRU� �'�JHRPHWU\� SURFHVVLQJ�� $V� VXFK�� WKH�00;� H[WHQVLRQV� DUH� RI� OLPLWHG� XVH� LQ

ERRVWLQJ�SHUIRUPDQFH�RQ��'�JUDSKLFV�DSSOLFDWLRQV��7KH\�DUH�UHVWULFWHG�WR�WKH�SL[HO�

SURFHVVLQJ�SDUW�RI�WKH��'�JHRPHWU\�SLSHOLQH��ZKHUH�QR�IORDWLQJ�SRLQW�FRPSXWDWLRQ�LV

LQYROYHG�

,W�ZDV�WR�WDFNOH�WKLV�VKRUWFRPLQJ�WKDW�WKH�6WUHDPLQJ�6,0'�([WHQVLRQV��66(�

DOVR� LQIRUPDOO\� NQRZQ� DV� WKH�.DWPDL�1HZ� ,QVWUXFWLRQV�� RU�.1,��ZHUH� GHYHORSHG�

7KH� VFRSH� IRU� WKH� 66(� H[SDQGHG� EH\RQG� MXVW� �'� JHRPHWU\�� KRZHYHU�� ,QWHO

LQFRUSRUDWHG�IHHGEDFN�IURP�WKH�ZLVK�OLVWV�RI�YDULRXV�,QGHSHQGHQW�6RIWZDUH�9HQGRUV

�,69V��LQ�GHILQLQJ�WKH�QHZ�H[WHQVLRQV��DQG�DGGHG�FDFKHDELOLW\�LQVWUXFWLRQV�WR�LQFUHDVH

FRQFXUUHQF\�EHWZHHQ�H[HFXWLRQ�DQG�PHPRU\�DFFHVV��,Q�DOO�����QHZ�LQVWUXFWLRQV�DQG�D
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FRUUHVSRQGLQJ�QHZ� VWDWH�ZHUH� DGGHG� WR� WKH� ,$���� DUFKLWHFWXUH��$GGLWLRQ� RI� D� QHZ

VWDWH� UHGXFHG� LPSOHPHQWDWLRQ� FRPSOH[LW\�� HDVHG� SURJUDPPLQJ�PRGHO� LVVXHV�� DQG

DOORZHG� WKH�66(�DQG�00;�RU�[���)3� LQVWUXFWLRQV� WR�EH�XVHG� FRQFXUUHQWO\�� �1RWH

WKDW� 00;� VWDWH� LV� RYHUODSSHG� ZLWK� [���)3� VWDWH�� KHQFH�� 00;� DQG� QRUPDO� )3

LQVWUXFWLRQV� FDQQRW� EH� XVHG� FRQFXUUHQWO\��$OVR�� VZLWFKLQJ� EHWZHHQ� VWDWHV� LV� FRVWO\�

DQG�LV�EHVW�DYRLGHG���66(�VWDWH�SUHVHQWV�LWVHOI�DV�D�VHW�RI�������ELW�UHJLVWHUV��;00�

WKURXJK�;00����ZKLFK�DUH�TXLWH�DSDUW�IURP�WKH�QRUPDO�[���[���DUFKLWHFWXUDO�VWDWH

RI�WKH�SURFHVVRU�

7KH�66(�LQVWUXFWLRQV�IDOO�LQWR�WKH�IROORZLQJ�GLIIHUHQW�JURXSV�>�@�²

• 6,0'� )3� LQVWUXFWLRQV� WKDW� RSHUDWH� RQ� IRXU� VLQJOH�SUHFLVLRQ� IORDWLQJ�SRLQW

QXPEHUV�²

7KLV�JURXS�FRQVLVWV�RI�D�QHZ�GDWD�W\SH��IRXU�SDFNHG�)3�YDOXHV���DQG�D�EDWWHU\

RI� LQVWUXFWLRQV� GHVLJQHG� WR� RSHUDWH� RQ� VXFK� SDFNHG� GDWD� LQ� SDUDOOHO�� )RU

H[DPSOH�� WKHUH� DUH� QHZ� LQVWUXFWLRQV� WR� KDQGOH� FRPSDULVRQ� DQG� FRQGLWLRQDO

IORZ��GDWD�PDQLSXODWLRQ��DQG�FRQYHUVLRQ�LQVWUXFWLRQV��$Q�LQWHUHVWLQJ�H[DPSOH

RI� WKH� WDLORULQJ� RI� WKH� QHZ� H[WHQVLRQV� WR� �'� JHRPHWU\� SURFHVVLQJ� LV� WKH

SUHVHQFH� RI� UHFLSURFDO� �5&3�� DQG� UHFLSURFDO� VTXDUH� URRW� �56457�

LQVWUXFWLRQV��ZKLFK�DUH�EDVLF�EXLOGLQJ�EORFN�RSHUDWLRQV�LQ��'�JHRPHWU\�

• 6FDODU�)3�LQVWUXFWLRQV�²
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3URYLGHG�WR�FLUFXPYHQW�D�FXPEHUVRPH�SURJUDPPLQJ�SDUDGLJP�UHVXOWLQJ�RXW

RI� WKH�XVH�RI� D� VWDFN�EDVHG� UHJLVWHU�PRGHO� IRU� [���)3�� DQG� WKH� IODW� UHJLVWHU

PRGHO�IRU�66(��6FDODU�)3�XVHV�RQO\�RQH�IRXUWK�RI�WKH�XVXDO���ZLGH�)3�GDWD�

• &DFKHDELOLW\� LQVWUXFWLRQV� LQFOXGLQJ� SUHIHWFKHV� LQWR� GLIIHUHQW� OHYHOV� RI� WKH

FDFKH�KLHUDUFK\�²

2YHU� WKH� \HDUV�� DV� PHPRU\� VWUXJJOHV� WR� NHHS� XS� ZLWK� SURFHVVRU� VSHHGV�

YDULRXV� WHFKQLTXHV� KDYH� EHHQ� HYROYHG� WR� VRIWHQ� WKH� EORZ� RI� LQFUHDVLQJ

PHPRU\� ODWHQF\� RQ� RYHUDOO� SHUIRUPDQFH�� 7KH� PRVW� FRPPRQ� RI� WKHVH� KDV

EHHQ�VRIWZDUH�SLSHOLQLQJ��ZKLFK�FDQ�EH�XVHG�WR�RSWLPL]H�FDFKH�SHUIRUPDQFH

RI�ORRSV�E\�ORDGLQJ�GDWD�VHYHUDO�LWHUDWLRQV�EHIRUH�LW�LV�QHHGHG��7KLV�WHFKQLTXH

XVXDOO\�UHOLHV�RQ�XVLQJ�D�UHJLVWHU�WR�KROG�WKH�GDWD�ORDGHG�LQ�D�SULRU� LWHUDWLRQ�

DQG� DV� VXFK�� FDQQRW� EH� XVHG� ZLWK� DQ\� HIIHFWLYHQHVV� RQ� D� UHJLVWHU�VWDUYHG

DUFKLWHFWXUH� VXFK� DV� WKH� [���� 7KH� VROXWLRQ� LQ� WKLV� FDVH� UHTXLUHV� KDUGZDUH

VXSSRUW��VXFK�KDUGZDUH�VXSSRUW�KDV�EHHQ�LQFRUSRUDWHG�RQ�WKH�3HQWLXP�,,,�LQ

WKH�IRUP�RI�FDFKH�SUHIHWFK�LQVWUXFWLRQV�

• &RQWURO�LQVWUXFWLRQV�

2EYLRXVO\��JUDSKLFV�LQWHQVLYH�DSSOLFDWLRQV�SUHVHQW�D�FODVVLF�FDVH�IRU�SRWHQWLDO

6,0'�)3�RSWPL]DWLRQ��+HQFH��ZH�FRQVLGHU�D�QXPEHU�RI�SRSXODU��'�JDPHV��ZKLFK

KDYH�EHHQ�HQKDQFHG�ZLWK�WKH�QHZ�LQVWUXFWLRQV��:H�DOVR�H[DPLQH� WKH� LPSDFW�RI� WKH

FDFKHDELOLW\�LQVWUXFWLRQV�RQ�D�VHW�RI�DUUD\��DQG�PDWUL[�SURFHVVLQJ�NHUQHOV��)LQDOO\��ZH
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FRPSDUH�SHUIRUPDQFH�RI�D�EHQFKPDUN���'�:LQ%HQFK�������RQ�D�3HQWLXP�,,�V\VWHP

ZLWK�WKDW�RQ�D�3HQWLXP�,,,�V\VWHP�WR�VWXG\�WKH�VSHHGXS�DIIRUGHG�E\�WKH�3HQWLXP�,,,�

:H�XVH�WKH�KDUGZDUH�SHUIRUPDQFH�FRXQWHUV�RQ�WKH�3��WR�REWDLQ�RXU�UHVXOWV��:H�KDYH

HVFKHZHG�WKH�XVH�RI�97XQH�DV�WKH�SHUIRUPDQFH�PRQLWRULQJ�WRRO��KRZHYHU�� LQ�IDYRU

RI�PRUH�DFFXUDWH�DG�KRF�WRROV�ZH�KDYH�GHYHORSHG�IRU�WKH�SXUSRVH�RI�HYDOXDWLRQ�

2XU� PHWKRGRORJ\� LV� VLPLODU� WR� WKDW� XVHG� LQ� SUHYLRXV� VWXGLHV� DORQJ� VLPLODU

OLQHV�� SDUWLFXODUO\� WKDW�SLRQHHUHG�E\�%KDQGDUNDU� DQG�'LQJ� >�@� LQ� WKHLU� FODVVLF� SDSHU

FKDUDFWHUL]LQJ� WKH� SHUIRUPDQFH� RI� D� 3HQWLXP� 3UR� SURFHVVRU� RQ� 63(&� DQG� RWKHU

EHQFKPDUNV�� 7KHUH� KDYH� EHHQ� VRPH� RWKHU� VWXGLHV� RI�PHGLD� DSSOLFDWLRQV� RQ� D� 3&

SODWIRUP�� %KDUJDYD� HW� DO� >�@� HYDOXDWHG� WKH� 00;� WHFKQRORJ\� RQ� '63� DQG� RWKHU

PXOWLPHGLD�DSSOLFDWLRQV��7DOOD�DQG�-RKQ�>�@�KDYH�SUHVHQWHG�H[HFXWLRQ�FKDUDFWHULVWLFV

RI�PXOWLPHGLD�DSSOLFDWLRQV�RQ�D�3HQWLXP�,,�SURFHVVRU��7R�RXU�NQRZOHGJH��KRZHYHU�

WKHUH� KDYH� EHHQ� QR� SULRU� VWXGLHV� IRFXVLQJ� RQ� WKH� ODWHVW� RIIHULQJ� RI� 6,0'� ,6$

H[WHQVLRQV�IURP�,QWHO��QDPHO\��WKH�66(��$V�VXFK��WKH�ILQGLQJV�LQ�WKLV�UHSRUW�UHSUHVHQW

DQ�DWWHPSW� WR�HYDOXDWH� WKH�HIILFDF\�RI� WKH�6WUHDPLQJ�6,0'�([WHQVLRQV� LQ�VSHHGLQJ

XS��'�JHRPHWU\�SURFHVVLQJ�LQ�FRPPHUFLDO�DSSOLFDWLRQV�

7KH�RYHUDOO�RUJDQL]DWLRQ�RI�WKLV�UHSRUW�LV�DV�IROORZV�

:H�SUHVHQW�D�EULHI�GHVFULSWLRQ�RI�66(�LPSOHPHQWDWLRQ�RQ�WKH�3HQWLXP�,,,�LQ�&KDSWHU

���&KDSWHU���GHVFULEHV�RXU�PHWKRGRORJ\��LQFOXGLQJ�WKH�NHUQHOV�DQG�EHQFKPDUNV�XVHG

LQ� WKLV� ZRUN�� ,W� DOVR� H[SODLQV� WKH� SKLORVRSK\� EHKLQG� WKH� SHUIRUPDQFH� PRQLWRULQJ
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WRROV� GHYHORSHG� IRU� WKLV� SURMHFW�� 5HVXOWV� DQG� DQDO\VHV� DUH� SUHVHQWHG� LQ� &KDSWHU� ��

FRQFOXVLRQV�DUH�VWDWHG�DQG�IXWXUH�ZRUN�SURMHFWHG�LQ�&KDSWHU���
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&KDSWHU�� ��6WUHDPLQJ�6,0'�([WHQVLRQV�,PSOHPHQWDWLRQ

,Q�WKLV�FKDSWHU��ZH�JLYH�D�EULHI�GHVFULSWLRQ�RI�WKH� LPSOHPHQWDWLRQ�GHWDLOV�RI

WKH� 66(� RQ� WKH� 3HQWLXP� ,,,� SURFHVVRU�� 7KH� 3HQWLXP� ,,,�� EDVHG� RQ� WKH� 3�

PLFURDUFKLWHFWXUH��KDV�WKH�ILUVW�LPSOHPHQWDWLRQ�RI�WKH�6WUHDPLQJ�6,0'�([WHQVLRQV�

7KH�66(�DOJRULWKPV�DUH�LQKHUHQWO\�SDUDOOHO�VLQFH�WKH�VDPH�VHTXHQFH�RI�RSHUDWLRQV�FDQ

EH�DSSOLHG�FRQFXUUHQWO\�WR�PXOWLSOH�GDWD�HOHPHQWV��$OWKRXJK�WKH

)LJXUH����7KH�3��0LFURDUFKLWHFWXUH

EDVLF�3��RXW�RI�RUGHU�VXSHUVFDODU�PLFURDUFKLWHFWXUH�LV�FDSDEOH�RI�XWLOL]LQJ�H[SOLFLW�DV

ZHOO�DV�H[WUDFWHG�LPSOLFLW�SDUDOOHOLVP��KDUGZDUH�GHVLJQHG�VSHFLILFDOO\�WR�VXSSRUW�KLJKHU
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FRPSXWDWLRQ� WKURXJKSXW� RI� SDUDOOHO� RSHUDWLRQV� FRXOG� VSHHG� XS� SURFHVVLQJ

FRQVLGHUDEO\��7KLV�LV�ZKDW�WKH�3,,,�DGGV�WR�WKH�EDVLF�3��FRUH�

7KH�3��PLFURDUFKLWHFWXUH��VKRZQ�LQ�)LJXUH���WDNHQ�IURP�>�@��VSRUWV�D�UDGLFDO

QHZ�DUFKLWHFWXUH�WKDW� LV�FRPSOHWHO\�GLIIHUHQW�IURP�WKH�3HQWLXP�RU�WKH�����EHIRUH�LW

>������@��7KH�3��EOXUV� WKH�GLVWLQFWLRQ�EHWZHHQ�&,6&�DQG�5,6&��VLQFH� LWV�EUHDNV�WKH

YDULDEOH�OHQJWK� [��� LQVWUXFWLRQV� LQWR� IL[HG�OHQJWK� 5,6&�VW\OH� µ�RSV�� HIIHFWLYHO\

H[HFXWLQJ� WKH�&,6&� LQVWUXFWLRQV� LQ� D�5,6&� FRUH��7KLV�5,6&� FRUH� FDQ� WKHQ� XVH� WKH

WULHG�DQG�WUXVWHG�PHWKRGV� RI� H[WUDFWLQJ� SDUDOOHOLVP� IURP� WKH� FRGH� VXFK� DV� UHJLVWHU

UHQDPLQJ� DQG� RXW�RI�RUGHU� H[HFXWLRQ�� 7KLV� HQKDQFHPHQW�� FRXSOHG� ZLWK� KLJK

SHUIRUPDQFH� FDFKH� DQG� EXV� GHVLJQV�� DOORZ� WKH� 3�� WR� SHUIRUP� ZHOO� RQ� HYHQ� ODUJH

SURJUDPV��$V�VKRZQ�LQ�WKH�ILJXUH��WKH�3��FDQ�EH�GLYLGHG�LQWR�DQ�LQ�RUGHU�IURQW�HQG

DQG�DQ�RXW�RI�RUGHU�H[HFXWLRQ�FRUH��,QVWUXFWLRQV�EHJLQ�H[HFXWLRQ�LQ�RUGHU��H[HFXWH�R�

R�R��DQG�UHWLUH�UHVXOWV�LQ�RUGHU�>��@�

7R� LPSOHPHQW� WKH�66(�RQ� WKH�3��� WKH� LQVWUXFWLRQ�GHFRGHU�ZDV�PRGLILHG� WR

WUDQVODWH���ZLGH������ELW��66(�LQVWUXFWLRQV�LQWR�D�SDLU�RI���ZLGH�����ELW��µ�RSV��6LQFH

WKH� 3�� DOUHDG\� KDV� IORDWLQJ� SRLQW� XQLWV� ZKLFK� SURFHVV� ��� ELWV� DW� D� WLPH� �GRXEOH

SUHFLVLRQ�IORDWLQJ�SRLQW���WKH�H[WHQW�RI�PRGLILFDWLRQV�UHTXLUHG�ZDV�UHGXFHG��6RPH�RI

WKH�)3�XQLWV�ZHUH�GHYHORSHG�E\�H[WHQGLQJ�WKH�IXQFWLRQDOLW\�RI�H[LVWLQJ�3��)3�XQLWV�

,PSOHPHQWLQJ� WKH� ����ELW� LQVWUXFWLRQ� VHW� RQ� WKH� ���ELW� GDWDSDWK� OLPLWV� FKDQJHV

UHTXLUHG�WR�WKH�GHFRGHU�DQG�XWLOL]DWLRQ�RI�H[LVWLQJ�DQG�QHZ�H[HFXWLRQ�XQLWV�

$GGLWLRQDO�IHDWXUHV�ZHUH�DGGHG�WR�LPSURYH�WKH�XWLOL]DWLRQ�RI�)3�KDUGZDUH�

• 7KH�DGGHU�DQG�PXOWLSOLHU�ZHUH�SODFHG�RQ�GLIIHUHQW�SRUWV��ZKLFK�PHDQV�D����

ELW� DGG� DQG�PXOWLSO\� FDQ� EH� GLVSDWFKHG� DW� WKH� VDPH� WLPH��$OO� QHZ� IHDWXUHV
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KDYH�EHHQ�DGGHG�RQ�3RUW����)LJXUHV���DQG����DOVR� WDNHQ�IURP�>�@�� VKRZ�WKH

'LVSDWFK�([HFXWH�XQLWV�RI�WKH�3HQWLXP�,,�DQG�3HQWLXP�,,,�UHVSHFWLYHO\��7KH

QHZ�XQLWV�RQ�WKH�3HQWLXP�,,,�DQG�WKH�PRGLILHG�3��XQLWV�DUH�VKRZQ�VKDGHG�LQ

)LJXUH����$�QHZ�SDFNHG�DGGHU�KDV�EHHQ�SURYLGHG�RQ�3RUW����WKH�PXOWLSOLHU�RQ

3RUW���LV�D�PRGLILFDWLRQ�RI�WKH�H[LVWLQJ�3��PXOWLSOLHU�

)LJXUH����3HQWLXP�,,�'LVSDWFK�([HFXWH�8QLWV

• $� QHZ� VKXIIOH� XQLW� KDV� EHHQ� DGGHG� WR� HDVH� DQG� VSHHG� XS� WKH

UHRUJDQL]DWLRQ�SHUPXWDWLRQ�RI�GDWD�ZLWKLQ�WKH�QHZ�6,0'�UHJLVWHUV�
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)LJXUH����3HQWLXP�,,,�'LVSDWFK�([HFXWH�XQLWV

• ,Q� RUGHU� WR� LPSURYH� H[HFXWLRQ� FRQFXUUHQF\�� WKH� SURJUDPPHU� VKRXOG� EH

SURYLGHG�ZLWK� D� IDFLOLW\� WR�RYHUODS� H[HFXWLRQ�RI�RQH�SLHFH� RI� GDWD�ZLWK� WKH

IHWFK�RI�WKH�QH[W�SLHFH�VR�WKDW�WKH�ODWHQF\�RI�WKH�IHWFK�LV�KLGGHQ�E\�WKH

H[HFXWLRQ�WLPH��)XUWKHUPRUH��PXOWLPHGLD�ZRUNORDGV�DUH�HVVHQWLDOO\�VWUHDPLQJ

DSSOLFDWLRQV�LQ�ZKLFK�GDWD�DUH�UHDG�RQFH��SURFHVVHG��DQG�WKHQ�GLVFDUGHG��$V

VXFK�� LW� LV� GHVLUDEOH� WR� SUHYHQW� WKLV� GDWD� IURP� HYLFWLQJ� RIWHQ�QHHGHG�� ORQJ�
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WHUP� GDWD� IURP� WKH� FDFKHV��:LWK� DOO� WKLV� LQ�PLQG�� FDFKHDELOLW\� LQVWUXFWLRQV

ZHUH�DGGHG�WR�WKH�66(�H[WHQVLRQV��7KH�SUHIHWFK�KLQWV�ZHUH�H[SDQGHG�WR�OHW

WKH�SURJUDPPHU�VSHFLI\�WKH�FDFKH�KLHUDUFK\�OHYHO�ZKHUH�WKH�SUHIHWFKHG�GDWD

DUH�JRLQJ�WR�EH�SODFHG��&RPSOHPHQWDU\� LQVWUXFWLRQV�ZHUH�DGGHG�WR�SHUIRUP

QRQ�DOORFDWLQJ� �VWUHDPLQJ��VWRUHV�VR� WKDW�QHHGHG�GDWD� LQ� WKH�FDFKH�GRHV�QRW

JHW� UHSODFHG�� DQG� WKHVH� VWRUHV�GR�QRW� JHQHUDWH�XQQHFHVVDU\�ZULWH�DOORFDWLRQ�

6LQFH�SUHIHWFKHV�DUH�PHUHO\�H[HFXWLRQ�KLQWV��WKH\�GR�QRW�JHQHUDWH�H[FHSWLRQV

RU�IDXOWV��3UHIHWFK� LPSOHPHQWDWLRQ� LV�VKRZQ�LQ�)LJXUH����,I�D� ORDG�PLVVHV� LQ

WKH�FDFKH�� WKH� LQVWUXFWLRQV�IROORZLQJ�WKH� ORDG�DUH�H[HFXWHG��EXW� WKH\�FDQQRW

UHWLUH�IURP�WKH�PDFKLQH�WLOO�WKH�ORDG�UHWXUQV�WKH�GDWD��7KHVH�LQVWUXFWLRQV�PD\

)LJXUH����3UHIHWFK�,PSOHPHQWDWLRQ
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VDWXUDWH�NH\�UHVRXUFHV�VXFK�DV�WKH�52%�RU�WKH�UHVHUYDWLRQ�VWDWLRQ��7R�SUHYHQW

D� SUHIHWFK� ORDG� IURP� VWDOOLQJ� WKH� SLSHOLQH� LQ� WKLV� ZD\�� WKH� SUHIHWFK� LV

LPSOHPHQWHG� VXFK� WKDW� LQ� FDVH� RI� D� FDFKH�PLVV�� LW� UHWLUHV� LPPHGLDWHO\�� 1R

UHWLUHPHQW�DQG�UHVRXUFH�VDWXUDWLRQ�VWDOOV�DUH�DOORZHG�WR�RFFXU�EHFDXVH�RI�WKH

PHPRU\�DFFHVV�

)RU�PRUH�H[KDXVWLYH�GHWDLOV�UHJDUGLQJ�WKH�LPSOHPHQWDWLRQ�DQG�WUDGHRIIV�LQYROYHG�LQ

WKH�3HQWLXP�,,,��WKH�LQWHUHVWHG�UHDGHU�LV�UHIHUUHG�WR�>����@�
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&KDSWHU�� ��0HWKRGRORJ\��%HQFKPDUNV��DQG�7RROV

7KLV�FKDSWHU�H[SODLQV�EULHIO\�RXU�PHWKRGRORJ\�LQ�WKLV�ZRUN��WKH�EHQFKPDUNV

WKDW�ZH�XVHG��DQG�WKH�WRROV�XVHG�WR�HYDOXDWH�WKH�H[WHQVLRQV��$V�H[SODLQHG�EHIRUH��WKLV

ZRUN�KDG�WKUHH�EURDG�WKUXVWV�

• HYDOXDWLQJ�WKH�FDFKH�SUHIHWFK�LQVWUXFWLRQV�

• FKDUDFWHUL]LQJ�FRPPHUFLDO�DSSOLFDWLRQV�ZKLFK�XVH�WKH�66(�H[WHQVLRQV��DQG

• FRPSDULQJ�SHUIRUPDQFH�RI�WKH�3HQWLXP�,,�DQG�3HQWLXP�,,,�SURFHVVRUV�

)RU�HYDOXDWLQJ�WKH�NHUQHOV��ZH�FRQVLGHUHG�WKH�VSHHGXS�DWWDLQHG�E\�RSWLPL]LQJ

WKH�NHUQHOV�ZLWK�FDFKH�SUHIHWFK��RYHU�WKH�VDPH�URXWLQHV�ZLWKRXW�VXFK�RSWLPL]DWLRQ�

7KH�PHWULF�XVHG�WR�HYDOXDWH�SHUIRUPDQFH�ZDV�EDVLFDOO\�WKH�&3,��:H�IRFXVHG�RQ�VPDOO

NHUQHOV�ZLWK�SUHGLFWDEOH� LQVWUXFWLRQ�EUDQFK�FRXQWV�DQG�PHPRU\�DFFHVV�SDWWHUQV�� VR

WKDW�FRXQWHU�UHDGLQJV�FRXOG�EH�LQWXLWLYHO\�MXVWLILHG�

)RU� WKH� FDVH� RI� WKH� RWKHU� FRPPHUFLDO� PHGLD� DSSOLFDWLRQV�� VXFK� FOHDU�FXW

HYDOXDWLRQ�ZDV�QRW�SRVVLEOH�� VLQFH�QRQ�HQKDQFHG�YHUVLRQV�RI� WKH�JDPHV� �ZKLFK�GLG

QRW�XVH�WKH�H[WHQVLRQV��ZHUH�QRW�DYDLODEOH��+HQFH��ZH�KDYH�DWWHPSWHG�WR�FRPSDUH�WKH

SHUIRUPDQFH�RI�WKH�HQKDQFHG�DSSOLFDWLRQV�ZLWK�VLPLODU�QRQ�66(�WLWOHV��:H�KDYH�DOVR

DWWHPSWHG� WR�FRUUHODWH� WKH�&3,�REWDLQHG�RQ� WKH�DSSOLFDWLRQV�ZLWK� WKH�YDULRXV� VWDOOV

RFFXUULQJ�LQ�WKH�SURFHVVRU��VLPLODUO\�WR�WKH�UHVXOWV�SUHVHQWHG�LQ�>�@��7KDW�SDSHU�EULQJV

RXW� D� YHU\� UHDO� SUREOHP� HQFRXQWHUHG� LQ� WKH� VWXG\� RI� D� VXSHUVFDODU� RXW�RI�RUGHU

DUFKLWHFWXUH��EHFDXVH�RI�DOO�WKH�RYHUODSSHG�H[HFXWLRQ�LQ�WKH�SURFHVVRU��LW�LV�QRW�DOZD\V

SRVVLEOH� WR� GHULYH� SUHFLVH� FDXVH�HIIHFW� UHODWLRQVKLSV�� :H� KDYH� DOVR� QRWHG� VXFK

GLVFUHSDQFLHV�ZKHUH�WKH\�DULVH��SRVVLEOH�FDXVHV�DUH�VXJJHVWHG�LQ�VXFK�FDVHV�
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)LQDOO\�� IRU�FRPSDULQJ�WKH�SHUIRUPDQFH�RI�WKH�3HQWLXP�,,�DQG� WKH�3HQWLXP

,,,� SURFHVVRUV�� ZH� XVH� WKH� �'� :LQ%HQFK� ����� VXLWH�� D� SRSXODU� 3&� JUDSKLFV

EHQFKPDUN�

)RU� DOO� HYDOXDWLRQ��ZH�XVHG� WKH�SHUIRUPDQFH�FRXQWHUV� RQ� WKH�3�� FRUH��7KH

VSHFLILF�WRROV�GHYHORSHG�DUH�GHVFULEHG�LQ�VHFWLRQ������7DEOH����LQ�WKH�$SSHQGL[�JLYHV

D� OLVW�RI�SHUIRUPDQFH�PHWULFV� WKDW�KDYH�EHHQ�PHDVXUHG�XVLQJ� WKH� WZR� HYHQWV� WR�EH

PRQLWRUHG�

��� %(1&+0$5.6

,Q� WKLV� VHFWLRQ��ZH�GHVFULEH� WKH�NHUQHOV�XVHG� LQ� WKH�SUHIHWFK� VWXG\�� DQG� WKH

JDPHV� DQG� RWKHU� DSSOLFDWLRQV� HYDOXDWHG� IRU� VWXG\LQJ� 66(�HQKDQFHPHQW�� :H� DOVR

GHVFULEH� WKH� EHQFKPDUN� VXLWH� XVHG� LQ� FRPSDULQJ� WKH� 3HQWLXP� ,,� DQG� 3HQWLXP� ,,,

SURFHVVRUV�

����� .HUQHOV

$V�H[SODLQHG� LQ�&KDSWHU� ��� VRIWZDUH�SLSHOLQLQJ� LV� QRW� DQ�RSWLRQ� IRU� JHWWLQJ

H[HFXWLRQ�PHPRU\� DFFHVV� FRQFXUUHQF\� RQ� WKH� [��� DUFKLWHFWXUH�� 7R� EULQJ� RXW� WKH

HIILFDF\� RI� WKH� SUHIHWFK� LQVWUXFWLRQV�� ZH� VSHFLILFDOO\� FKRVH� VXFK� NHUQHOV� DV� ZRXOG

WUDGLWLRQDOO\� EH� XQUROOHG� DQG� VRIWZDUH�SLSHOLQHG� LQ�5,6&� DUFKLWHFWXUHV��7KH� NHUQHOV

WKDW�ZH�XVHG�DUH�²

�� $�VLPSOH�ORRS�WKDW�MXVW�LQFUHPHQWV�HDFK�HOHPHQW�RI�D�OLQHDU�DUUD\�²

for (i=0; i<SZ; i++)
for (j=0; j<32; j++)

a[32*i+j] = a[32*i+j] + 1;
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�� $�ORRS�WKDW�DGGV�HOHPHQWV�RI�WZR�DUUD\V�WRJHWKHU�²

for (i=0; i<SZ; i++)
for (j=0; j<32; j++)

a[32*i+j] = a[32*i+j] + b[32*i+j];

�� $�PDWUL[�PXOWLSOLFDWLRQ�NHUQHO�²

for (i=0; i<SZ; i++)    {
for (j=0; j<SZ; j++)    {

c[i][j] = 0;
for (k=0; k<SZ; k++)

c[i][j] += a[i][k] * b[k][j];
}

}

,Q� WKH� ILUVW� WZR� FDVHV�� D� DQG� E� DUH� FKDUDFWHU� DUUD\V�ZKLFK� DUH� DOLJQHG� RQ� D

FDFKHOLQH� LQ� PHPRU\�� 7KH� LQQHU� ORRS� SURFHVVHV� WKH� ��� FKDUDFWHUV� LQ� D� VLQJOH

FDFKHOLQH�� DQG� WKH�RXWHU� ORRS� LWHUDWHV�RYHU� FDFKHOLQHV��7KH� WKLUG� NHUQHO� LV� D� VLPSOH

PDWUL[�PXOWLSOLFDWLRQ�NHUQHO��ZKLFK�JLYHV�D� UHVXOW�PDWUL[� IURP� WZR�VRXUFH�PDWULFHV�

1RWH�WKDW�LQ�WKH�ILUVW�WZR�FDVHV��RQO\�RQH�ORRS�LV�UHDOO\�QHHGHG��WKH�QHVWLQJ�KDV�EHHQ

XVHG�RQO\�WR�VKRZ�WKH�FDFKHOLQH�E\�FDFKHOLQH�SURFHVVLQJ�RI� WKH�GDWD� LQ�H[DJJHUDWHG

UHOLHI�

����� &RPPHUFLDO�$SSOLFDWLRQV

$ORQJ� ZLWK� WKH� FDFKH� SUHIHWFK� VWXGLHV�� ZH� KDYH� DOVR� DQDO\]HG� VRPH

FRPPHUFLDO� PHGLD� DSSOLFDWLRQV�� ZKLFK� KDYH� EHHQ� HQKDQFHG� E\� WKH� 66(�� 1RW
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XQH[SHFWHGO\�� PRVW� RI� WKHVH� DSSOLFDWLRQV� DUH� �'� JDPHV�� LQ� NHHSLQJ� ZLWK� WKH

REVHUYDWLRQ�WKDW�WKH�H[WHQVLRQV�ZHUH�GHVLJQHG�VSHFLILFDOO\�WR�VSHHG�XS��'�JHRPHWU\

SURFHVVLQJ��1RWH�WKDW�D� ORW�RI�JDPHV�UHO\�RQ�WKH�'LUHFW;�VHW�RI�$3,V�IRU�:LQGRZV

�������ZKLFK� LV�D�IDPLO\�RI�$3,V�GHVLJQHG�WR�DOORZ�DSSOLFDWLRQV� WR�SHUIRUP�FHUWDLQ

L�R� RSHUDWLRQV� GLUHFWO\�� E\SDVVLQJ� WKH�26� DQG� DYRLGLQJ� WKH� RYHUKHDG� RI� D� QRUPDO

V\VWHP�FDOO��'LUHFW�'��WKH��'�JHRPHWU\�HQJLQH�IRU�'LUHFW;��LV�WXQHG�IRU�WKH�3HQWLXP

,,,�SURFHVVRU��VSHHGLQJ�XS��'�UHQGHULQJ�WDVNV�VXFK�DV�VFDOLQJ��URWDWLRQ��OLJKWLQJ�DQG

RWKHU� HIIHFWV�� 7KXV�� JDPHV� WKDW� UHO\� RQ� 'LUHFW;� IRU� UHQGHULQJ� DXWRPDWLFDOO\� JHW

RSWLPL]HG�IRU�WKH�3HQWLXP�,,,�SURFHVVRU�

7KH�IROORZLQJ�JDPHV�DSSOLFDWLRQV�ZHUH�FRQVLGHUHG�

• 4XDNH���$UHQD�²�7KH�KXJHO\�SRSXODU�ILUVW�SHUVRQ�VKRRWHU�JDPH��3URFHVVRU

YHQGRUV�DQG�JUDSKLFV�DFFHOHUDWRU�PDQXIDFWXUHUV�RIWHQ�XVH�WKLV�EHQFKPDUN�DV

D�VWDQGDUG�JDPLQJ�EHQFKPDUN�

• )UHH6SDFH�²�$�VSDFHVKLS�FRPEDW�VLPXODWLRQ�

• ([SHQGDEOH� ²� $� �'� DUFDGH� JDPH�� %RWK� )UHH6SDFH� DQG� ([SHQGDEOH� KDYH

EHHQ�VSHFLILFDOO\�RSWLPL]HG�IRU�WKH�66(��7KXV��WKH\�ZLOO�QRW�UXQ�RQ�D�3HQWLXP

,,�RU�ORZHU�SURFHVVRUV�

• 0HWDVWUHDP�SOXJLQ�IRU�WKH�,QWHUQHW�([SORUHU�EURZVHU�²�7KLV�LV�D�SOXJLQ�IRU

WKH�,QWHUQHW�([SORUHU���ZHE�EURZVHU��ZKLFK�DOORZV�WKH�XVHU� WR� LQWHUDFWLYHO\

YLHZ���GLPHQVLRQDO�REMHFWV�RQ�D�ZHEVLWH�>��@��8VLQJ�WKH�SOXJLQ��WKH�XVHU�FDQ

JUDE�DW�DQ�REMHFW�ZLWK�WKH�PRXVH��WXUQ�LW�DURXQG�LQ�DQ\�GLUHFWLRQ��DQG�VHW� LW

VSLQQLQJ�RQ�DQ�DUELWUDU\�D[LV��7KH�SOXJLQ�LV�EDVLFDOO\�LQWHQGHG�WR�EH�XVHG�IRU
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DOORZLQJ� RQOLQH� FRQVXPHUV� WR� LQWHUDFW� ZLWK� D� YLUWXDO� SURGXFW� RQ� DQ� H�

FRPPHUFH� VLWH�� PXFK� DV� WKH\� PLJKW� LQ� D� VWRUH�� 7KH� 0HWDVWUHDP� SOXJLQ

SURYLGHV� UHDOLVWLF� UHQGHULQJ�ZLWK� SK\VLFDOO\� FRUUHFW� OLJKWLQJ�� UHIOHFWLRQV�� DQG

VKDGRZV��WR�SURYLGH�DFFXUDWH�SURGXFW�UHSUHVHQWDWLRQV��:H�HYDOXDWHG�D�W\SLFDO

VHVVLRQ� ZLWK� WKH� SOXJLQ�� ZKHUH� WKH� XVHU� LQWHUDFWV� ZLWK� D� �'� PRGHO� RI� D

VSDFHVKLS�

%HVLGHV� WKH� IRXU� 66(�HQKDQFHG� DSSOLFDWLRQV� PHQWLRQHG� DERYH�� ZH� DOVR� HYDOXDWHG

WKUHH�QRQ�66(�DSSOLFDWLRQV�WR�FRPSDUH� WKHLU�FKDUDFWHULVWLFV�ZLWK� WKRVH�RI� WKH�66(�

HQKDQFHG�DSSV��7KHVH�DSSOLFDWLRQV�ZHUH�

• 'RRP�²�$UJXDEO\�WKH�ILUVW�SRSXODU�ILUVW�SHUVRQ�VKRRWHU�JDPH�

• 4XDNH�²�7KH�VXFFHVVRU�WR�'RRP��WKLV� LV�D�YHU\�VLPLODU�JDPH��EXW� LV�KLJKO\

RSWLPL]HG�IRU�WKH�[���:LQGRZV�SODWIRUP�

• :LQGRZV� 0HGLD� 3OD\HU� ²� 7KLV� LV� WKH� VWDQGDUG� :LQGRZV� PHGLD

�DXGLR�YLGHR�� SOD\HU� WKDW� VWUHDPV� PHGLD� FRQWHQW� RYHU� WKH� ,QWHUQHW�� :H

HYDOXDWHG� WKH� 0HGLD� 3OD\HU� DV� D� QRQ�66(� :HE�EDVHG� FRXQWHUSDUW� WR� WKH

0HWDVWUHDP�SOXJLQ�GHVFULEHG�DERYH�

$OO� RI� WKH� PHGLD� DSSOLFDWLRQV� ZHUH� WHVWHG� RQ� :LQGRZV� ���� ZKLFK� LV� WKH� RQO\

:LQGRZV� SODWIRUP� WKDW� VXSSRUWV� WKH� ODWHVW� YHUVLRQ� ������ RI� 'LUHFW;�� 7KH� RQO\

H[FHSWLRQ�ZDV�WKH�0HWDVWUHDP�SOXJLQ��ZKLFK�ZDV�WHVWHG�RQ�:LQGRZV�17��IRU�UHDVRQV

H[SODLQHG�ODWHU�
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����� $�%HQFKPDUN�IRU�*UDSKLFV�6XEV\VWHP�3HUIRUPDQFH�²��'�:LQ%HQFK

7R� FRPSDUH� WKH� 3HQWLXP� ,,� DQG� 3HQWLXP� ,,,� SURFHVVRUV�� ZH� XVHG� WKH� �'

:LQ%HQFK� ����� EHQFKPDUN� VXLWH� >��@� FUHDWHG� E\� WKH� ='� %HQFKPDUN� 2SHUDWLRQ

�='%2S��� DQ� LQGHSHQGHQW� GHYHORSHU� RI� EHQFKPDUN� VRIWZDUH�� �'� :LQ%HQFK

PHDVXUHV�D�3&·V��'�V\VWHP�SHUIRUPDQFH�XQGHU�:LQGRZV����RU�:LQGRZV������XVLQJ

WKH�'LUHFW��'�LQWHUIDFH�

:H�GLJUHVV�EULHIO\�WR�GLVFXVV�WKH�EDVLFV�RI��'�JUDSKLFV�SURFHVVLQJ�LQ�WRGD\·V

FRPSXWHU�V\VWHPV��)LJXUH���VKRZV�D�W\SLFDO��'�SLSHOLQH�VWUXFWXUH�DQG�LWV�DVVRFLDWHG

DSSOLFDWLRQ�OHYHO�FRPSRQHQWV�

��� )LJXUH����7KH��'�*UDSKLFV�3LSHOLQH

• 7KH� �'�REMHFW� GDWD� LV� VXSSOLHG� E\� WKH� DSSOLFDWLRQ�� DFFRUGLQJ� WR� WKH� REMHFW

WKDW�QHHGV�WR�EH�GUDZQ�RQ�VFUHHQ��7KLV�LV�XVXDOO\�LQ�WKH�IRUP�RI�YHUWH[�GDWD

IRU�WKH�WULDQJOHV�WKDW�WKH�REMHFW�LV�FRPSRVHG�RI�
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• *HRPHWULF� WUDQVIRUPDWLRQV� DUH� FDUULHG� RXW� RQ� WKH� YHUWLFHV� ²� WKHUH� DUH

EDVLFDOO\�PDWUL[�RSHUDWLRQV�WKDW�RULHQW�WKH��'�REMHFW� LQ�VSDFH� LQ�WKH�GHVLUHG

PDQQHU��WUDQVODWLQJ��VKHDULQJ��DQG�VFDOLQJ�WKH�REMHFW�DV�UHTXLUHG�

• /LJKWLQJ�FDOFXODWLRQV�DUH�WKHQ�GRQH�WR�FDOFXODWH�WKH�OHYHO��LQWHQVLW\��FRORU�HWF��

RI�WKH�LOOXPLQDWLRQ�RQ�WKH�REMHFW��7KLV�LV�GRQH�LQ�DFFRUGDQFH�ZLWK�WKH�OLJKWLQJ

PRGHO� EHLQJ� XVHG�� DQG� WKH� UHIOHFWLYLW\� RI� WKH� REMHFW�� 7KLV� VWHS� LQYROYHV

FRQVLGHUDEOH�IORDWLQJ�SRLQW�SURFHVVLQJ�WR�QRUPDOL]H�YHFWRUV�DQG�FRPSXWH�GRW

SURGXFWV�

• )LQDOO\��WKH��'�REMHFW�WKDW�KDV�EHHQ�WUDQVIRUPHG�DQG�DSSURSULDWHO\�OLW��PXVW

EH� UDVWHUL]HG� �FRQYHUWHG� LQWR� D� �'� SL[HO� UHSUHVHQWDWLRQ�� RQ� WKH� FRPSXWHU

VFUHHQ�

7KH� ILUVW� VWHS� LQ� WKH� SLSHOLQH� LQYROYHV� WKH� DSSOLFDWLRQ�� 7KH� QH[W� WZR� VWHSV

�JHRPHWU\�WUDQVIRUPDWLRQV�DQG�OLJKWLQJ��DUH�GRQH�XVLQJ�WKH�IXQFWLRQV�SURYLGHG�E\�D

SRSXODU� �'� OLEUDU\� �VXFK� DV� 2SHQ*/� RU� 'LUHFW�'��� RU� LQ� VRPH� FDVHV�� E\� WKH

DSSOLFDWLRQ�LWVHOI��7KH�ODVW�VWHS��UDVWHUL]DWLRQ��LV�KDQGOHG�E\�D��'�JUDSKLFV�DFFHOHUDWRU�

$Q� LQFUHDVH� LQ� JUDSKLFV� DFFHOHUDWRU� SHUIRUPDQFH� PHDQV� WKDW� WKH� �'� OLEUDULHV

GHYHORSHG� WR� GHOLYHU� WKH� JHRPHWU\� LQIRUPDWLRQ� WR� WKH� FDUG� PXVW� DOVR� LQFUHDVH� LQ

SHUIRUPDQFH� WR� NHHS� WKH� GLYLVLRQ� RI� ZRUN� LQ� EDODQFH�� 7KH� 6WUHDPLQJ� 6,0'

([WHQVLRQV�ZHUH�GHYHORSHG��LQ�SDUW��WR�LQFUHDVH�WKH�WKURXJKSXW�RI�WKH�JHRPHWU\�DQG

OLJKWLQJ�FDOFXODWLRQV�>��@�

'LUHFW�'� LV� WKH� �'� OLEUDU\� PRVW� XVHG� RQ� :LQGRZV� SODWIRUPV�� 'LUHFW�'

FRQVLVWV�RI� WZR�GLIIHUHQW�$3,V��5HWDLQHG�0RGH� DQG� ,PPHGLDWH�0RGH�� ,Q�5HWDLQHG

0RGH�� WKH� 'LUHFW�'� VRIWZDUH� DFWXDOO\� EXLOGV� IUDPHV� EDVHG� RQ� DSSOLFDWLRQ

LQIRUPDWLRQ�� ,Q� ,PPHGLDWH� 0RGH�� 'LUHFW�'� JHWV� FRPSOHWH� IUDPHV� IURP� WKH

DSSOLFDWLRQ� DQG� VHQGV� WKHP� WR� WKH� JUDSKLFV� DGDSWHU�� $� FKDUDFWHULVWLF� RI� 'LUHFW�'
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DSSOLFDWLRQV� LV� WKDW� WKH\�PXVW� XVH� WULDQJOHV� WR� GLVSOD\� WKHLU� LPDJHV�� WKHUHIRUH� HDFK

IUDPH� FRQVLVWV� RI� D� QXPEHU� RI� WULDQJOHV� RI� YDU\LQJ� VKDSHV�� VL]HV�� DQG� FRORUV�

5HWDLQHG� 0RGH� VLWV� RQ� WRS� RI� ,PPHGLDWH� 0RGH�� 7KHUH� DUH� QR� 5HWDLQHG

0RGH�VSHFLILF� IHDWXUHV� WKDW� D�GLVSOD\� DGDSWHU� FRXOG�DFFHOHUDWH��/LNH�PRVW�'LUHFW�'

JDPHV���'�:LQ%HQFK������XVHV� WKH�,PPHGLDWH�0RGH�$3,�RI�:LQGRZV·�'LUHFW�'

LQWHUIDFH�

7KH� �'�:LQ%HQFK� VXLWH� FRQWDLQV� VHYHUDO� WHVWV� GHVLJQHG� WR� H[HUFLVH� DOO� RI� WKH

FRPSRQHQWV�RI�D�3&·V�JUDSKLFV�VXEV\VWHP�²

• 7KH�'LUHFW�'�$3,��WKH�EHQFKPDUN�UHTXLUHV�'LUHFW;�����

• 0RQLWRU

• �'�$FFHOHUDWRU

• �'�'ULYHU

• 7KH�SURFHVVRU�VXEV\VWHP

• 5$0

• 7KH�EXV�EHWZHHQ�WKH�JUDSKLFV�DGDSWHU�DQG�WKH�SURFHVVRU�VXEV\VWHP

:H� XVHG� WKH� WZR� WHVWV� LQ� WKH� VXLWH�� ZKLFK� SURYLGH� D� TXDQWLWDWLYH� UHVXOW

UHSUHVHQWLQJ�WKH�RYHUDOO�SHUIRUPDQFH�RI�D�V\VWHP�²�WKH��'�:LQ0DUN������DQG��'

:LQ%HQFK������3URFHVVRU�7HVWV�

7KH��'�:LQ0DUN������VXLWH�LQFOXGHV�D�VHULHV�RI�VFHQH�WHVWV�WKDW�YDU\�LQ�ERWK

FRPSOH[LW\�²WKH�QXPEHU�RI�WULDQJOHV�WKH\�XVH�WR�IRUP�WKHLU�LPDJHV�²�DQG�WKH�QXPEHU

RI�TXDOLW\�HQKDQFLQJ�RSWLRQV��VXFK�DV�IRJ�DQG�VSHFXODU�KLJKOLJKWV��WKH\�HPSOR\��(DFK

WHVW�IOLHV�WKURXJK�D�VFHQH�XVLQJ�D�SUHGHILQHG�SDWK�DQG�PHDVXUHV�WKH�UHQGHULQJ�VSHHG
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LQ� IUDPHV� SHU� VHFRQG� �ISV��� 7KLV� VXLWH� UHWXUQV� DQ� RYHUDOO� IUDPHV�SHU�VHFRQG� �'

:LQ0DUN�UHVXOW�VXPPDUL]LQJ�WKH�FRPSXWHU·V�SHUIRUPDQFH��7KLV�LV�MXVW�WKH�DULWKPHWLF

PHDQ�RI�WKH�ISV�VFRUHV�IRU�HDFK�RI�WKH�LQGLYLGXDO�VFHQH�WHVWV�

7KH� �'� :LQ%HQFK� 3URFHVVRU� 7HVWV� SHUIRUP� WKH� VDPH� SURFHVVLQJ� DV� WKH

:LQ0DUN�WHVWV��H[FHSW�WKDW�WKH�UDVWHUL]DWLRQ�SDUW�RI�WKH��'�SLSHOLQH�LV�RPLWWHG��7KH

WHVWV�XVH�D� ¶18//·� JUDSKLFV�GHYLFH�� WKDW� LV�� RQH� WKDW� DFFHSWV� IUDPHV� JHQHUDWHG� DQG

GRHV� QRWKLQJ�� 7KHUHIRUH�� WKHVH� WHVWV� MXVW� HYDOXDWH� WKH� SURFHVVRU� SDUW� RI� WKH� JUDSKLFV

SLSHOLQH�� LVRODWLQJ� LW� IURP� WKH� JUDSKLFV� DFFHOHUDWRU�� 5HVXOWV� DUH� JLYHQ� LQ� WHUPV� RI

WULDQJOHV�UHQGHUHG�SHU�VHFRQG� �¨SV���ZKLFK� LV� WKH�KDUPRQLF�PHDQ�RI� WKH�VFRUHV� IRU

WKH� LQGLYLGXDO� WHVWV�� ,W� LV� WKHVH� WHVWV� WKDW� JLYH� WKH� VSHHGXS� REWDLQHG� MXVW� IURP� WKH

SURFHVVRU�� DQG� LW� LV� WKHVH� WHVWV� WKDW� DUH� H[SHFWHG� WR� UHYHDO� WKH� UDZ� EHQHILW�� LI� DQ\�

REWDLQHG�IURP�WKH�66(�H[WHQVLRQV�

��� 3/$7)250

7KH� SODWIRUP� XVHG� IRU� HYDOXDWLRQ� ZDV� D� 'HOO� 3UHFLVLRQ� ���� V\VWHP� ZLWK� D

3HQWLXP�,,,�SURFHVVRU�DW�����0+]�ZLWK���.%�/�� LQVWUXFWLRQ�DQG�GDWD�FDFKHV�DQG

���N%�/���UXQQLQJ�:LQ���17������7KH�V\VWHP�KDG��*%�RI�PDLQ�PHPRU\��DQG�XVHG

DQ� 19LGLD� 5LYD� 717�� JUDSKLFV� DFFHOHUDWRU� ZLWK� ��0%� PHPRU\�� 7KLV� VHFWLRQ

GHVFULEHV�EULHIO\� WKH�DUFKLWHFWXUH�RI� WKH�:LQGRZV� IDPLO\�RI�RSHUDWLQJ� V\VWHPV�� DQG

WKHQ� H[SODLQV� WKH� SKLORVRSK\� EHKLQG� WKH� SHUIRUPDQFH�PRQLWRULQJ� WRROV� GHYHORSHG

IRU�WKH�SXUSRVH�RI�HYDOXDWLRQ�

����� 7KH�:LQGRZV�)DPLO\�RI�2SHUDWLQJ�6\VWHPV

7KH�:LQGRZV�IDPLO\�RSHUDWLQJ�V\VWHPV�DUH�SUH�HPSWLYH��PXOWLWDVNLQJ��YLUWXDO

PHPRU\�RSHUDWLQJ�V\VWHPV��7KH\�FRPH�LQ�WZR�IODYRUV�²�:LQGRZV����DQG�:LQGRZV
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17��:LQ��� DQG�17� DSSHDU� LGHQWLFDO� IURP� WKH� SHUVSHFWLYH� RI� WKH�:LQ���$3,�� EXW

GLIIHU�UDGLFDOO\�LQ�WKHLU�LQWHUQDO�RUJDQL]DWLRQ�

:LQ���KDV�D�9LUWXDO�0DFKLQH�DUFKLWHFWXUH��ZKHUH�WKH�V\VWHP�LV�RUJDQL]HG�DV�D

VHW� RI� 9LUWXDO� 0DFKLQHV� PDQDJHG� E\� D� 9LUWXDO� 0DFKLQH� 0DQDJHU� �900��� 7KLV

VWUXFWXUH�LV�QHFHVVLWDWHG�E\�WKH�UHTXLUHPHQW�WKDW�:LQ���KDV�WR�EH�DEOH�WR�UXQ�DOO�RI

WKH�OHJDF\�'26�DSSOLFDWLRQV��ZKLFK�DVVXPH�WKDW�WKH\�RZQ�WKH�PDFKLQH�DQG�DUH�SURQH

WR�GLUHFWO\�DFFHVV�L�R�SRUWV�DQG�PHPRU\�

:LQGRZV� 17� KDV� D� PRUH� WUDGLWLRQDO� VWUXFWXUH� WKDW� PHUJHV� DWWULEXWHV� RI� D

OD\HUHG� 26� ZLWK� D� PLFURNHUQHO� 26� >��@�� 3HUIRUPDQFH�VHQVLWLYH� RSHUDWLQJ� V\VWHP

FRPSRQHQWV� UXQ� LQ� WKH� SULYLOHJHG� SURFHVVRU� PRGH� �FDOOHG� NHUQHO�PRGH��� DQG� XVHU

DSSOLFDWLRQV� UXQ� LQ� WKH� OHVV� SULYLOHJHG�� RU� XVHU�PRGH��$� VLPSOLILHG� YLHZ�RI� WKH�17

DUFKLWHFWXUH�LV�VKRZQ�LQ�)LJXUH����7KH�FRPSRQHQWV�DERYH�WKH�EROG�OLQH�LQ�WKH�ILJXUH

)LJXUH����:LQGRZV�17�$UFKLWHFWXUH
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DUH� XVHU� PRGH� SURFHVVHV�� DQG� WKH� FRPSRQHQWV� EHORZ� WKH� OLQH� DUH� 26� VHUYLFHV�

$UFKLWHFWXUH� VSHFLILF� IXQFWLRQV� VXFK� DV� WKUHDG� VFKHGXOLQJ� DQG� GLVSDWFK� DUH

LPSOHPHQWHG�LQ�WKH�17�NHUQHO��0RUH�GHWDLOV�RI�17�LQWHUQDOV�FDQ�EH�IRXQG�HOVHZKHUH

>��@�

'HYLFH�GULYHUV�DUH�ORDGDEOH�NHUQHO�PRGH�PRGXOHV�WKDW�LQWHUIDFH�EHWZHHQ�WKH

,�2� V\VWHP� DQG� WKH� UHOHYDQW� KDUGZDUH�� %HFDXVH� RI� WKH� YDVWO\� GLIIHUHQW� LQWHUQDO

VWUXFWXUHV�RI�WKH�WZR�V\VWHPV��WKH�QDWLYH�GHYLFH�GULYHU�LQWHUIDFHV�IRU�WKH�WZR�V\VWHPV

DUH�DOVR�GLIIHUHQW��:LQ���HPSOR\V�WKH�VR�FDOOHG�9LUWXDO�'HYLFH�'ULYHUV�RU�9['V��ZKLFK

FDOO� XSRQ� WKH� VHUYLFHV� RI� WKH� 9LUWXDO� 0DFKLQH� 0DQDJHU� WR� SHUIRUP� WKHLU� WDVNV�

:LQ17��RQ� WKH�RWKHU�KDQG��XVHV�.HUQHO�0RGH�GULYHUV�� WKDW� FDOO�XSRQ� WKH�NHUQHO� DQG

+$/��+DUGZDUH�$EVWUDFWLRQ�/D\HU��VHUYLFHV�WR�LQWHUIDFH�ZLWK�KDUGZDUH��,Q�RUGHU�WR

XQLI\� WKH�SURJUDPPLQJ�PRGHO� IRU�GULYHUV� LQ� WKH� WZR�V\VWHPV��:LQ���DOVR� VXSSRUWV

WKH�:LQGRZV�'ULYHU�0RGHO� �:'0��DUFKLWHFWXUH��ZKLFK� LV�D�XQLI\LQJ�SURJUDPPLQJ

SDUDGLJP� GHVLJQHG� WR� HDVH� WKH� GULYHU� GHYHORSPHQW� SURFHVV� DQG� SURWDELOLW\� LVVXHV

DFURVV�WKH�WZR�VHWV�RI�RSHUDWLQJ�V\VWHPV��:'0�HVVHQWLDOO\�SUHVHQWV�WR�:LQ���GULYHUV

D� NHUQHO� HQYLURQPHQW� DOPRVW� LGHQWLFDO� WR� WKDW� LQ�17��$V� VXFK�� LW� LV� SRVVLEOH�� ZLWK

VRPH� UHVHUYDWLRQV�� WR�GHYHORS� D�GULYHU� IRU�17� DQG� UHFRPSLOH� LW� WR� IXQFWLRQ� XQGHU

:LQ����7KLV� LV� WKH�DSSURDFK� WKDW�ZH�KDYH� WDNHQ��7KH�IROORZLQJ�SDUDJUDSKV�H[SODLQ

WKH�GULYHU�PRGHO�XQGHU�:LQGRZV�17�ZLWK�WKH�XQGHUVWDQGLQJ�WKDW�HYHU\WKLQJ�DSSOLHV

ZLWKRXW�FKDQJH�WR�:LQ���H[FHSW�ZKHUH�QRWHG�

$V�PHQWLRQHG�HDUOLHU��GHYLFH�GULYHUV� DUH�NHUQHO�PRGH�PRGXOHV� WKDW�SURYLGH

FHUWDLQ�VHUYLFHV� WR�XVHU�OHYHO� DSSOLFDWLRQV��'HYLFH�GULYHUV�EHFRPH�D�SDUW�RI� WKH�17

NHUQHO� DQG� UXQ� LQ� NHUQHO�PRGH�� WKHUHIRUH�� WKH\� FDQ� H[HFXWH� DQ\� RI� WKH� SURFHVVRU·V

SULYLOHJHG�LQVWUXFWLRQV��$�NHUQHO�PRGH�GHYLFH�GULYHU�LV�WKH�RQO\�PHDQV�WR�DGG�WR�WKH

RSHUDWLQJ�V\VWHP��XVHU�ZULWWHQ�FRGH��ZKLFK�QHHGV�WR�H[HFXWH�SULYLOHJHG�LQVWUXFWLRQV�
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$� NHUQHO� PRGH� GULYHU� ZDV� WKHUHIRUH� XVHG� LQ� WKLV� ZRUN� WR� H[HFXWH� WKH

SULYLOHJHG� :5065� DQG� 5'065� LQVWUXFWLRQV� WKDW� ZULWH� WR�� DQG� UHDG� IURP� WKH

SHUIRUPDQFH� PRQLWRULQJ�0RGHO� 6SHFLILF� 5HJLVWHUV� �065V��� UHVSHFWLYHO\�� 7KH� EDVLF

VWUXFWXUH� RI� WKH� GULYHU� LV� GHVFULEHG� LQ� WKH� QH[W� VHFWLRQ�� D� EULHI� GLVFXVVLRQ� RI� 17

WKUHDG�VFKHGXOLQJ�IROORZV�QH[W�

3URFHVVHV��7KUHDGV�DQG�6FKHGXOLQJ

$�SURFHVV�LQ�:LQGRZV�17�FRPSULVHV�DQ�H[HFXWDEOH�SURJUDP�WKDW�FRQWDLQV�WKH

LQLWLDO�FRGH�DQG�GDWD��$�SURFHVV�KDV�LWV�RZQ�YLUWXDO�DGGUHVV�VSDFH��DQG�LV�LGHQWLILHG�E\

D�XQLTXH�QXPEHU�FDOOHG�WKH�3URFHVV�,'��$�WKUHDG�LV�WKH�HQWLW\�ZLWKLQ�D�SURFHVV�WKDW�17

VFKHGXOHV�IRU�H[HFXWLRQ��$�WKUHDG�LQFOXGHV�WKH�FRQWHQWV�RI�D�YRODWLOH�VHW�RI�UHJLVWHUV

WKDW�UHSUHVHQW�WKH�WKUHDG·V�FRQWH[W�RI�H[HFXWLRQ��(YHU\�SURFHVV�KDV�DW�OHDVW�RQH�WKUHDG

RI�H[HFXWLRQ�

:LQGRZV�17� LPSOHPHQWV� D� SUH�HPSWLYH�� SULRULW\� GULYHQ� WKUHDG�VFKHGXOLQJ

V\VWHP²�WKH�KLJKHVW�SULRULW\�UHDG\�WKUHDG�DOZD\V�UXQV��1RWH�WKDW�17�VFKHGXOHV�DW�WKH

WKUHDG�OHYHO�DQG�QRW�DW�WKH�SURFHVV�OHYHO��:KHQ�D�WKUHDG�LV�GLVSDWFKHG�WR�UXQ��LW�UXQV

IRU�D�OHQJWK�RI�WLPH�FDOOHG�D�TXDQWXP��$�TXDQWXP�LV�WKH�OHQJWK�RI�WLPH�WKDW�D�WKUHDG�LV

DOORZHG�WR�UXQ�XQGLVWXUEHG�EHIRUH�17�LQWHUUXSWV��RU�SUHHPSWV��WKH�WKUHDG�WR�FKHFN�LI

DQ\�RWKHU�WKUHDGV�DW�D�KLJKHU�SULRULW\�OHYHO�WKDQ�WKLV�WKUHDG�DUH�UHDG\�WR�UXQ��,I�WKHUH

DUH� DQ\�� WKHQ� 17� LQLWLDWHV� D� FRQWH[W� VZLWFK�� $� WKUHDG� TXDQWXP� RQ�:LQGRZV� 17

:RUN6WDWLRQ�LV�DURXQG����PV�

7KUHDG�GLVSDWFK�FDQ�EH�LQLWLDWHG�E\�DQ\�RI�WKH�IROORZLQJ�HYHQWV�

• $�QHZ�WKUHDG�EHFRPHV�UHDG\�WR�H[HFXWH�

• 7KH�FXUUHQW�WKUHDG�OHDYHV�WKH�UXQQLQJ�VWDWH�EHFDXVH�LWV�WLPH�TXDQWXP�HQGV�



30

• $�WKUHDG·V�SULRULW\�FKDQJHV��HLWKHU�EHFDXVH�RI�D�V\VWHP�VHUYLFH�FDOO�RU�EHFDXVH

17�LWVHOI�FKDQJHV�WKH�SULRULW\�YDOXH�

7KLV� SUHHPSWLYH� WKUHDG� VFKHGXOLQJ� LPSRVHV� VRPH� EHDULQJV� RQ� D� SHUIRUPDQFH�

PRQLWRULQJ�LQVWUXPHQW�EDVHG�RQ�WKH�SHUIRUPDQFH�FRXQWHUV��,I�WKH�FRXQWHUV�DUH�XVHG

LQ�D�´VWDUW�VWRSµ�PRGH��L�H���VWDUWLQJ�WKHP�ZKHQ�WKH�DSSOLFDWLRQ�EHJLQV�H[HFXWLRQ�DQG

VWRSSLQJ� WKHP� ZKHQ� WKH� DSSOLFDWLRQ� VWRSV�� WKHQ� WKHUH� LV� D� JRRG� FKDQFH� WKDW� WKH

FRXQWV�ZLOO�EH�FRUUXSWHG�E\�DQ\�FRQWH[W�VZLWFKHV�RFFXUULQJ�GXULQJ�WKH�WLPH�WKDW�WKH

DSSOLFDWLRQ�UXQV��,W�ZRXOG�WKHUHIRUH�EH�GHVLUDEOH�WR�KDYH�D�PHDVXULQJ�LQVWUXPHQW�WKDW

KDV� D�´VWRS�DQG�JRµ� UDWKHU� WKDQ�D�´VWDUW�VWRSµ�FKDUDFWHULVWLF�²� WKDW� LV�� WKH� FRXQWHUV

VKRXOG�LGHDOO\�FRXQW�RQO\�IRU�WKH�GXUDWLRQ�WKDW�WKH�DSSOLFDWLRQ�XQGHU�WHVW�UXQV��3DVW

VWXGLHV�WKDW�KDYH�UHOLHG�RQ�D�VWDUW�VWRS�PHWKRG�KDYH�EHHQ�SODJXHG�E\�FRUUXSWLRQ�RI

FRXQWV� LQ� WKH� PXOWLWDVNLQJ� HQYLURQPHQW�� 7KLV� GLIILFXOW\� FRPSRXQGV� WKH� SUREOHP

PHQWLRQHG�HDUOLHU�RI�QRW�EHLQJ�DEOH�WR�SLQSRLQW�FDXVHV�RI�&3,�GHJUDGDWLRQ�

$V� H[SODLQHG� LQ� WKH� QH[W� VHFWLRQ�� LW� KDV� EHHQ� SRVVLEOH� WR� GHYHORS� D� IDLUO\

DFFXUDWH� FRXQWHU� WRRO� IRU� :LQGRZV� 17�� :'0� OLPLWDWLRQV� RQ� :LQ��� PDGH� LW

LPSRVVLEOH�WR�SRUW�WKH�WRRO�RYHU�GLUHFWO\� WR�WKDW�RSHUDWLQJ�V\VWHP��KHQFH�ZH�KDG�WR

IDOO� EDFN� RQ� D�PRUH� VLPSOLVWLF� ´VWDUW�VWRSµ� YHUVLRQ��:H� KDYH� WULHG� WR� DOOHYLDWH� WKH

GLVWRUWLRQ�RI�FRXQWV�DV�IDU�DV�SRVVLEOH�LQ�WKLV�FDVH��E\�HQVXULQJ�WKDW�WKH�SURFHVV�XQGHU

WHVW�LV�WKH�RQO\�SURFHVV�WKDW�LV�UXQQLQJ�ZKLOH�PHDVXUHPHQWV�DUH�EHLQJ�PDGH�

��� 722/6

7KLV� VHFWLRQ� GHVFULEHV� WKH� WRROV� GHYHORSHG�� WKDW� LV�� WKH� SHUIRUPDQFH

PRQLWRULQJ�GHYLFH�GULYHUV� IRU�:LQ��� DQG�17��$QRWKHU� LVVXH� WKDW� DURVH�GXULQJ� WKH

EHQFKPDUNLQJ� RI� JDPHV� ZDV� WKDW� RI� HQVXULQJ� UHSHDWDELOLW\� RI� XVHU� DFWLRQV� GXULQJ
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VXFFHVVLYH� UXQV�RI� WKH�JDPH��$�IHZ�RI� WKH�JDPHV�GR�SURYLGH�D� ¶GHPR·� IHDWXUH� WKDW

NHHSV� ORRSLQJ� WKURXJK� D� GHPR� DW� VWDUWXS�� +RZHYHU�� RWKHUV� GRQ·W�� DQG� WR� HQVXUH

FRPSDUDEOH� FRXQWV� RQ� VXFFHVVLYH� UXQV�� LW� ZDV� IHOW� WKDW� LW� ZRXOG� EH� QHFHVVDU\� WR

SURYLGH�H[DFWO\�WKH�VDPH�XVHU�LQSXW�HYHU\�WLPH��:LWK�WKLV�LQWHQW��ZH�GHYHORSHG�D�WRRO

WKDW�ZRXOG�UHFRUG�XVHU�LQSXW��PRXVH�PRYHPHQWV�FOLFNV��NH\VWURNHV��RQ�D�VDPSOH�UXQ

RI� DQ� DSSOLFDWLRQ�� DQG� SOD\� LW� EDFN� ODWHU� RQ� GHPDQG�� 7KLV� WRRO� XVHV� WKH� MRXUQDOLQJ

IDFLOLW\�SURYLGHG�E\�WKH�:LQGRZV�$3,��H[SODLQHG�ODWHU�LQ�WKLV�VHFWLRQ��8QIRUWXQDWHO\�

LW� WXUQHG� RXW� WKDW� WKH� WRRO� FRXOG� QRW� EH� XVHG� RQ� WKH� QRQ�GHPR� JDPHV� DW� DOO� ²

SOD\EDFN�ZDV�HUUDWLF�DQG�NHSW�VNLSSLQJ�RYHU�DUELWUDU\�LWHPV�RI�LQSXW��:H�EHOLHYH�WKLV

LV� EHFDXVH� JDPHV� XVH� 'LUHFW;� IRU� LQSXW�� ZKLFK� SUREDEO\� E\SDVVHV� WKH� VWDQGDUG

:LQGRZV�LQSXW�TXHXH�PHFKDQLVP��1HYHUWKHOHVV��ZH�ZHUH�DEOH�WR�XVH�WKH�WRRO�RQ�WKH

0HWDVWUHDP�SOXJLQ�²�VLQFH�WKDW�SOXJV�LQ�GLUHFWO\�LQWR�WKH�EURZVHU��ZKLFK�GRHV�XVH�WKH

QRUPDO�LQSXW�TXHXH�

����� 3021��7KH�3HUIRUPDQFH�0RQLWRULQJ�'HYLFH�'ULYHU

7UDGLWLRQDOO\��97XQH��,QWHO
V�YLVXDO�SHUIRUPDQFH�WXQLQJ�WRRO��KDV�EHHQ�XVHG�WR

HYDOXDWH� DQ\� DSSOLFDWLRQ� RQ� WKH� 3�� PLFURDUFKLWHFWXUH�� 97XQH�� KRZHYHU�� LV

FXPEHUVRPH�DQG�EXON\��DQG�DV�D�SHUIRUPDQFH�PRQLWRULQJ�WRRO��LW�LV�QRW�YHU\�XVHIXO�²

LW� YLRODWHV� WKH� FDUGLQDO� UXOH� WKDW� D� SHUIRUPDQFH�PHDVXULQJ� LQVWUXPHQW� VKRXOG� EH� DV

QRQ�LQYDVLYH� DV� SRVVLEOH� VR� DV� QRW� WR� SHUWXUE� WKH� V\VWHP� EHLQJ� HYDOXDWHG�� ,W� ZDV

QHFHVVDU\�� WKHUHIRUH�� WR� FUHDWH� D� ´OLJKWZHLJKWµ� SHUIRUPDQFH�PRQLWRULQJ� LQVWUXPHQW

WKDW�ZRXOG�QRW�LQWHUIHUH�ZLWK�WKH�DSSOLFDWLRQ�EHLQJ�PRQLWRUHG�

6LQFH�WKH�SHUIRUPDQFH�FRXQWHUV�FDQ�EH�SURJUDPPHG�UHDG�RQO\�YLD�SULYLOHJHG

LQVWUXFWLRQV�� LW�ZDV�QHFHVVDU\�WR�GHYHORS�D�NHUQHO�PRGH�GHYLFH�GULYHU��ZKLFK�ZRXOG

H[HFXWH�WKRVH�LQVWUXFWLRQV��7KLV�VHFWLRQ�GHVFULEHV�WKH�SKLORVRSK\�EHKLQG�WKH�GHVLJQ
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DQG� WKH�EDVLF� VWUXFWXUH�RI� WKH�SHUIRUPDQFH�PRQLWRULQJ�GHYLFH�GULYHU��$V� H[SODLQHG

HDUOLHU��WKLV�VHFWLRQ�IRFXVHV�RQ�:LQGRZV�17��VLQFH�WKH�GULYHU�IRU�:LQ���LV�PHUHO\�D

VWULSSHG�GRZQ�YHUVLRQ�RI�WKH�17�GULYHU�

������� 'HVLJQ�3KLORVRSK\

$�SULPDU\�REMHFWLYH�EHKLQG�WKH�GULYHU�GHVLJQ�ZDV�WR�KDYH�LW�VWRS�WKH�FRXQWHUV

ZKHQ� WKH�SURFHVV�XQGHU� WHVW�ZDV� FRQWH[W�VZLWFKHG�RXW�� DQG� VWDUW� WKHP�DJDLQ�ZKHQ

WKH� SURFHVV� ZDV� VZLWFKHG� EDFN� LQ�� 7KLV� ZDV� DFFRPSOLVKHG� XVLQJ� WKH� WLPHU� REMHFWV

SURYLGHG�E\�WKH�17�NHUQHO��DV�GLVFXVVHG�VKRUWO\�

7KH�V\VWHP�WLPHU�WLFN�LQWHUUXSW�LQ�17�RFFXUV�URXJKO\�HYHU\����PV��,W� LV�WKH

FORFN�KDQGOHU�WKDW�GHFLGHV�LI�WKH�FXUUHQWO\�UXQQLQJ�WKUHDG�KDV�UXQ�ORQJ�HQRXJK��DQG�LI

VR��ZKHWKHU� LW� VKRXOG�EH�SUH�HPSWHG� WR� OHW�DQRWKHU� WKUHDG�UXQ�� ,W� LV� WKHQ� ORJLFDO� WR

LPDJLQH�WKDW�LI�WKH�GULYHU�WRR�FRXOG�EH�DZDNHQHG�RQ�HYHU\�WLPHU�WLFN��LW�FRXOG�FKHFN�LI

WKH� SURFHVV� XQGHU� REVHUYDWLRQ� ZDV� UXQQLQJ� RU� QRW�� DQG� HLWKHU� VWDUW� RU� VWRS� WKH

FRXQWHUV�GHSHQGLQJ�RQ�WKH�FXUUHQW�VFKHGXOLQJ�VWDWXV�IRU�WKH�SURFHVV�

,W�FDQ�EH�VHHQ�IURP�WKH�IROORZLQJ�GHVFULSWLRQ�RI�WKH�GULYHU�VWUXFWXUH�KRZ�WKLV

IXQFWLRQDOLW\�KDV�EHHQ�ZRYHQ�LQWR�WKH�GHYLFH�GULYHU�

������� 'ULYHU�6WUXFWXUH

$� :LQGRZV� 17� .HUQHO� 0RGH�:'0� 'HYLFH� 'ULYHU� KDV� WKH� IROORZLQJ� PDLQ

FRPSRQHQWV�>��@�²
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• $Q�LQLWLDOL]DWLRQ�URXWLQH��ZKLFK�LV�H[HFXWHG�ZKHQ�WKH�GULYHU�LV�ILUVW�ORDGHG�

• $� VHW� RI� GLVSDWFK� URXWLQHV�� ZKLFK� DUH� WKH� PDLQ� IXQFWLRQV� WKDW� D� GULYHU

SURYLGHV�� ,W� LV� YLD� GHYLFH� ,�2� FRQWURO� FDOOV� LQ� D� GLVSDWFK� URXWLQH� WKDW� WKH

GULYHU�FRPPXQLFDWHV�ZLWK�WKH�KRVW�:LQ���DSSOLFDWLRQ�WKDW�LVVXHV�WKRVH�FDOOV�

• $Q�LQWHUUXSW�VHUYLFH�URXWLQH��,65�� IRU�GULYHUV� WKDW�VHUYLFH�H[WHUQDO�GHYLFH

LQWHUUXSWV�

• $Q�LQWHUUXSW�VHUYLFLQJ�'3&�URXWLQH�WKDW�LV�XVHG�LQ�FRQMXQFWLRQ�ZLWK�DQ�,65�

6LQFH�WKLV�GULYHU�ZDV�QRW�FRQQHFWHG�ZLWK�DQ\�KDUGZDUH�GHYLFH��WKH�ODVW�WZR�URXWLQHV

DUH�QRW�UHOHYDQW�

7KH�EDVLF�RSHUDWLRQ�RI�WKH�GULYHU�LV�WKHQ�DV�IROORZV�

• 7KH� KRVW� DSSOLFDWLRQ�� ZKLFK� DFWXDOO\� XVHV� WKH� GULYHU� VHUYLFHV�� VSDZQV� WKH

SURFHVV�WR�EH�PRQLWRUHG�DQG�SDVVHV�WKH�GULYHU� WKH�SURFHVV�,'�RI�WKH�QHZO\

FUHDWHG�SURFHVV��7KH�GULYHU�VDYHV�WKLV�,'�LQ�DQ�LQWHUQDO�GDWD�VWUXFWXUH�

• 7KH� GULYHU� DOVR� UHVHWV� WKH� FRXQWHUV� WR� ]HUR� DQG� FRQILJXUHV� WKHP� WR� FRXQW

GHVLUHG�HYHQWV�

• 7R�DOORZ�LWVHOI�WR�EH�ZDNHQ�XS�HYHU\�WLPHU�WLFN��WKH�GULYHU�FRQILJXUHV�D�NHUQHO

WLPHU�REMHFW�WR�WLPH�RXW�RQ�HYHU\�WLPHU�WLFN��DQG�HVWDEOLVKHV�D�URXWLQH�WR�EH
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FDOOHG� ZKHQ� WKH� WLPHU� ILUHV�� ,W� LV� WKLV� WLPHU� URXWLQH� WKDW� LPSOHPHQWV� WKH

´VHOHFWLYH�FRXQWµ�IXQFWLRQDOLW\�RI�WKH�GULYHU�

• 2Q�HYHU\� WLPHU� WLFN� �L�H��� HYHU\� ���PV�RU� VR�� WKH� WLPHU� URXWLQH� H[WUDFWV� WKH

SURFHVV� ,'� RI� WKH� FXUUHQWO\� UXQQLQJ� WKUHDG� IURP� DQ� LQWHUQDO� V\VWHP� GDWD

VWUXFWXUH�� DQG� FRPSDUHV� LW� ZLWK� WKH� SURFHVV� ,'� RI� WKH� SURFHVV� EHLQJ

PHDVXUHG���7KLV�ZDV�SDVVHG�WR�WKH�GULYHU�E\�WKH�KRVW�DSSOLFDWLRQ�HDUOLHU���7KH

GULYHU�DOVR�PDLQWDLQV�D�PHPRU\�RI� WKH� ODVW�FRPSDULVRQ�� L�H��� WKH�SURFHVV� ,'

PDWFK�VWDWXV�WKH�ODVW�WLPH�WKDW�WKH�WLPHU�ILUHG��%DVHG�RQ�WKHVH�WZR�UHVXOWV��WKH

GULYHU�WDNHV�WKH�IROORZLQJ�VWHSV�

'LG�3URFHVV
,'V�PDWFK
RQ�ODVW�WLPHU
WLFN"

'R�3URFHVV
,'V�PDWFK
RQ�FXUUHQW
WLPHU�WLFN"

8SGDWH�YDOXH
IRU

/DVW3URFHVV,'0DWFK
IODJ

Action

1 1 1 ²
1 < < 5H�HQDEOH�FRXQWHUV
< 1 1 'LVDEOH�FRXQWHUV
< < < ²

%\�GLVDEOLQJ�WKH�FRXQWHUV�ZKHQ�WKH�SURFHVV� LV�QRW�UXQQLQJ�� WKH�GULYHU�FDQ�PDLQWDLQ

DQ�DFFXUDWH��VHOHFWLYH�FRXQW�RI�HYHQWV�IRU�WKH�SURFHVV�XQGHU�REVHUYDWLRQ�

7KLV�IHDWXUH� LV�DEVHQW� LQ�WKH�:LQ���YHUVLRQ�RI� WKH�GULYHU�EHFDXVH�RI�:'0

OLPLWDWLRQV� RQ� WKH� :LQ��� SODWIRUP�� ,Q� SDUWLFXODU�� WKHUH� DSSHDUV� WR� EH� QR� ZD\� RI

JHWWLQJ�DW�WKH�3URFHVV�,'�LQ�NHUQHO�PRGH�XVLQJ�:'0��$V�VXFK��WKLV�VFKHPH�EHFRPHV

XQLPSOHPHQWDEOH��VLQFH�JHWWLQJ�WKH�3URFHVV�,'�LQVLGH�WKH�WLPHU�URXWLQH�LV�FUXFLDO��:H

WKHUHIRUH�KDG�WR�UHVWULFW�RXUVHOYHV�WR�D�OHVV�VRSKLVWLFDWHG�´VWDUW�VWRSµ�YHUVLRQ�RI�WKH

GULYHU�RQ�:LQ���
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����� 7KH�-RXUQDOLQJ�7RRO

,Q� HYDOXDWLQJ� WKH� JDPHV�� D� NH\� LVVXH� WKDW� DURVH� ZDV� WKDW� RI� HQVXULQJ

UHSHDWDELOLW\� RI� PHDVXUHPHQWV�� 6RPH� RI� WKH� JDPHV� GLG� SURYLGH� GHPRV� WKDW� NHSW

ORRSLQJ�DW�VWDUWXS��ZKLFK�ZH�FRXOG�XVH�IRU�WDNLQJ�FRXQWHU�UHDGLQJV��+RZHYHU��VRPH

RI�WKHP�GLG�QRW��DQG�ZH�ZDQWHG�D�ZD\�WR�VHQG�WKH�VDPH�XVHU�LQSXW�RYHU�DQG�RYHU�WR

WKH�JDPH��$Q�DSSURDFK� WKDW�GLG�VHHP�SODXVLEOH�ZDV� WKDW�RI�JHWWLQJ�VRPH�NLQG�RI�D

´NH\ERDUG�VFULSWµ�WR�SOD\�EDFN�D�VHULHV�RI�NH\VWURNHV�UHFRUGHG�RQ�D�VDPSOH�UXQ�RI�WKH

JDPH��7KLV�ZRXOG�KHOS� HQVXUH�QHDUO\� LGHQWLFDO� VHTXHQFHV� RI� H[HFXWLRQ� RQ� UHSHDWHG

UXQV�RI�WKH�JDPH��WKHUHIRUH�\LHOGLQJ�FRPSDUDEOH�FRXQWV���1RWH�WKDW�PXOWLSOH�UXQV�DUH

QHHGHG�WR�UHFRUG�GDWD�LQYROYLQJ�DOO�HYHQWV��VLQFH�RQO\�WZR�HYHQWV�FDQ�EH�UHFRUGHG�E\

WKH�WZR�FRXQWHUV�GXULQJ�HYHU\�UXQ��

7KH�:LQGRZV�:LQ���$3,�RIIHUV� D�PHFKDQLVP� �:LQ���+RRNV�� WR� LQWHUFHSW

HYHQWV� �PRXVH� DFWLRQV�� NH\VWURNHV�� EHIRUH� WKH\� UHDFK� DQ� DSSOLFDWLRQ�� $� IXQFWLRQ

DWWDFKHG�WR�WKH�NH\ERDUG�KRRN��IRU�LQVWDQFH��VHHV�DOO�NH\ERDUG�LQSXW�EHIRUH�LW�SDVVHV

RQ�WR�DQ�DSSOLFDWLRQ��7KLV�IXQFWLRQ�FDQ�DFW�RQ�HYHQWV��DQG�PRGLI\�RU�GLVFDUG�WKHP�

�7KH� IXQFWLRQ� LV� WKHUHIRUH� FDOOHG� D� ´ILOWHUµ� IXQFWLRQ��� )RU�:LQGRZV� WR� FDOO� D� ILOWHU

IXQFWLRQ� WKH� IXQFWLRQ� PXVW� EH� LQVWDOOHG�� WKH� $3,� SURYLGHV� IXQFWLRQV� WR� VHW� DQG

XQKRRN�D�ILOWHU�IXQFWLRQ�

:LQGRZV�SURYLGHV�D�YDULHW\�RI�KRRNV��DPRQJ�WKHP�EHLQJ�KRRNV�WR�SURFHVV�

PRGLI\�RU�UHPRYH�NH\ERDUG�DQG�PRXVH�HYHQWV��7KHUH�LV�DOVR�D�SDLU�RI�KRRNV�WKDW�LV

WDLORU�PDGH�IRU� WKH�SXUSRVH�ZH�KDG� LQ�PLQG�� WKH�´MRXUQDOµ�KRRNV��ZKLFK�DOORZ� IRU

UHFRUGLQJ� DQG�SOD\EDFN� RI� D� VHULHV� RI� NH\ERDUG� DQG�PRXVH� HYHQWV�� �7KH� UHFRUGLQJ

DQG�SOD\EDFN��LQ�:LQGRZV�SDUODQFH��DUH�FROOHFWLYHO\�UHIHUUHG�WR�DV�´MRXUQDOLQJµ��
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-RXUQDOLQJ�KRRNV�EDVLFDOO\�DOORZ�D�OLVW�RI�PHVVDJHV�WR�EH�EXLOW�ZKLOH�UHFRUGLQJ�

(YHU\� WLPH� DQ� LQSXW� HYHQW� RFFXUV�� HLWKHU� RQ� D� PRXVH� PRYH� RU� D� NH\ERDUG� KLW�

:LQGRZV�FDOOV�WKH�ILOWHU�IXQFWLRQ��SDVVLQJ�LW�D�PHVVDJH�VWUXFWXUH�LGHQWLI\LQJ�WKH�HYHQW

WKDW�FDXVHG�:LQGRZV�WR�LQYRNH�WKH�IXQFWLRQ��$�WLPHVWDPS�LV�LQFOXGHG�LQ�HYHU\�VXFK

PHVVDJH� VWUXFWXUH�� 7KH� WLPH� GHOWD� EHWZHHQ� VXFFHVVLYH� PHVVDJHV� FDQ� EH� JLYHQ� WR

:LQGRZV�GXULQJ�SOD\EDFN��VR�WKDW�WKH�UHFRUG�VSHHG�LV�SUHVHUYHG�ZKLOH�SOD\EDFN�

:H� GHYHORSHG� D� VLPSOH� MRXUQDO� UHFRUGLQJ� DQG� SOD\EDFN� DSSOLFDWLRQ� WKDW

ZRXOG�UHFRUG�DOO�HYHQWV�RQ�D�VDPSOH�UXQ�RI�DQ�DSSOLFDWLRQ�DQG�VWRUH�WKHP�LQ�D�ILOH�

WKHVH�HYHQWV�ZRXOG�EH�ORDGHG�DQG�SOD\HG�EDFN�RQ�GHPDQG��:KLOH�VRXQG�LQ�SULQFLSOH�

WKLV�WHFKQLTXH�GLG�QRW�UHDOO\�ZRUN�LQ�SUDFWLFH��7KH�WRRO�JDYH�YHU\�HUUDWLF�EHKDYLRU�RQ

JDPHV��DQG�DFFXUDWH�SOD\EDFN�UHFRUGLQJ�FRXOG�QRW�EH�DFKLHYHG��:H�EHOLHYH�WKDW�WR�EH

GXH� WR� WKH� IDFW� WKDW� JDPHV� XVH� 'LUHFW;� IRU� LQSXW�� 7KLV� SUHVXPDEO\� E\SDVVHV� WKH

QRUPDO�:LQGRZV�LQSXW�PHFKDQLVPV��OHDGLQJ�WR�IDXOW\�EHKDYLRU�RI�WKH�MRXUQDOLQJ�WRRO�

7KH� MRXUQDOLQJ� DSSURDFK�� WKHUHIRUH�� KDG� WR� EH� DEDQGRQHG� LQ� WKH� FDVH� RI

JDPHV��:H� KDG� WR� UHVRUW� WR� PHDVXULQJ� FRXQWV� E\� MXVW� PDQXDOO\� SOD\LQJ� WKH� JDPH

UHSHDWHGO\��LQ�VSLWH�RI�WKH�IDFW�WKDW�WKLV�PXVW�UHGXFH�WKH�FRUUHODWLRQ�EHWZHHQ�FRXQWV

REWDLQHG�RQ�GLIIHUHQW�UXQV�RI�WKH�SURJUDP��,QWHUHVWLQJO\�HQRXJK�� WKHUH� LV�QRW�PXFK

YDULDWLRQ� LQ� GLIIHUHQW� UXQV� LQ� FRXQWV� RI� HYHQWV� VXFK� DV� LQVWUXFWLRQV� UHWLUHG�� 7KDW� LV

EHFDXVH��ZLWK�D�&38�UXQQLQJ�DW�����0+]��WKH�QXPEHU�RI�LQVWUXFWLRQV�H[HFXWHG�LQ���

VHFRQGV�RI�D�UXQ�RI�D�JDPH�LV�ZHOO�LQWR�WKH�ELOOLRQV��6OLJKWO\�GLIIHUHQW�SOD\LQJ�VW\OHV�GR

QRW�FDXVH�D�VXEVWDQWLDO�GLIIHUHQFH�LQ�WKH�QXPEHU�RI� LQVWUXFWLRQV�FRXQWHG��+RZHYHU�

ZH�ZHUH�DEOH�WR�XVH�WKH� MRXUQDOLQJ�WHFKQLTXH�LQ�HYDOXDWLQJ�WKH�0HWDVWUHDP�EURZVHU

SOXJLQ��VLQFH�WKDW� LV�D�QRUPDO�:LQGRZV�DSSOLFDWLRQ��:H�UHFRUGHG�D�VHULHV�RI�PRXVH

PRYHPHQWV� ZKHUH� ZH� JUDEEHG� D� ��GLPHQVLRQDO� REMHFW� ZLWK� WKH� PRXVH�� WXUQHG� LW
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DURXQG��VHW�LW�VSLQQLQJ��DQG�VR�RQ��:H�FRXOG�SOD\�WKLV�VHULHV�RI�HYHQWV�RYHU�DQG�RYHU

WR�JHW�WKH�HYHQW�FRXQWV�ZH�QHHGHG�

,Q� SDVVLQJ��ZH� QRWH� RQH� LPSRUWDQW� SRLQW� UHJDUGLQJ� WKH� XVH� RI� MRXUQDOLQJ� ²

ZKLOH�XVLQJ�MRXUQDOLQJ��LW�LV�HVVHQWLDO�WKDW�WKH�PRUH�DFFXUDWH�VHOHFWLYH�FRXQW�YHUVLRQ�RI

WKH�GULYHU�EH�XVHG��,Q�WKH�MRXUQDOLQJ�SURFHVV��WKH�SDUHQW�DSSOLFDWLRQ�VSDZQV�WKH�DSS

WR� EH� PRQLWRUHG�� ,W� WKHQ� ORDGV� WKH� UHFRUGHG� HYHQWV� LQWR� PHPRU\� DQG� LQVWDOOV� WKH

MRXUQDO�SOD\EDFN�KRRN��ZKLFK�WKHQ�EHJLQV�SOD\EDFN�RI�WKH�UHFRUGHG�HYHQWV��%HFDXVH

RI�WKH�VSHFLILF�PHFKDQLFV�RI�MRXUQDOLQJ��KRZHYHU��WKH�SDUHQW�DSSOLFDWLRQ�FDQQRW�JR�WR

VOHHS� WLOO� WKH� VSDZQHG� DSS� HQGV� DV� LQ� WKH� XVXDO� FDVH�� ,W� KDV� WR� NHHS� D�PHVVDJH� ORRS

UXQQLQJ�WLOO�SOD\EDFN�FRPSOHWHV��7KLV�PHVVDJH�ORRS�KDV�WKH�IRUP

while (!*fPlaybackComplete)  {
if (PeekMessage(&msg, NULL, 0, 0, PM_NOREMOVE))  {

GetMessage(&msg, NULL, 0, 0);
    DispatchMessage(&msg);

     }
}

DQG�LWV�MRE�LV�WR�TXHXH�DQ\�LQSXW�WKDW�WKH�XVHU�PLJKW�PDNH�ZKLOH�WKH�SOD\EDFN�LV�JRLQJ

RQ�

$V�VXFK��WKLV�ZLOO�GUDVWLFDOO\�DIIHFW�WKH�FRXQWV�PHDVXUHG�RQ�WKH�DSSOLFDWLRQ�WR

EH�PRQLWRUHG��:H�KDYH� WKHUHIRUH� UXQ� WKH�0HWD6WUHDP�WHVWV�RQO\�RQ�:LQGRZV�17�

IRU� ZKLFK� WKH� PRUH� VSHFLDOL]HG�� VHOHFWLYH� YHUVLRQ� RI� WKH� SHUIRUPDQFH�PRQLWRULQJ

GULYHU�LV�DYDLODEOH�
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&KDSWHU�� ��5HVXOWV�DQG�$QDO\VLV

7KLV�FKDSWHU�SUHVHQWV�GHWDLOHG�UHVXOWV�DQG�DQDO\VLV�RI�WKH�REVHUYDWLRQV�PDGH

GXULQJ�WKH�FRXUVH�RI�WKLV�VWXG\��7KH�ILUVW�VHFWLRQ�SUHVHQWV�WKH�UHVXOWV�RI�WKH�SUHIHWFK

FKDUDFWHUL]DWLRQ�RQ�NHUQHOV��WKH�VHFRQG�VHFWLRQ�JLYHV�WKH�UHVXOWV�RQ�WKH�DSSOLFDWLRQV�

DQG�WKH�WKLUG�VKRZV�WKH�UHVXOWV�RI�FRPSDULQJ�WKH�3HQWLXP�,,�ZLWK�WKH�3HQWLXP�,,,�

��� 35()(7&+�237,0,=$7,21

:H� H[DPLQHG� WKH� HIIHFW� RI� SUHIHWFK� LQVWUXFWLRQV� RQ� WKH� WKUHH� NHUQHOV

GHVFULEHG�HDUOLHU��,Q�JHQHUDO��WKH�EDVLF�PHWULF�IRU�VSHHGXS�KDV�EHHQ�WKH�&3,��&RQWUDU\

WR�LQLWLDO�H[SHFWDWLRQV��WKH�QXPEHU�RI�FDFKH�PLVVHV�FRXOG�QRW�EH�XVHG�WR�GHPRQVWUDWH

GLIIHUHQFH� LQ� SHUIRUPDQFH�� VLQFH� LW� WXUQV� RXW� WKDW� WKH� SUHIHWFK� LQVWUXFWLRQV

WKHPVHOYHV�PLVV� WKH� FDFKHV�� WKHUHIRUH�� WKH� FDFKH�PLVV� FRXQWV� LQ� WKH� WZR� FDVHV� DUH

DERXW�WKH�VDPH��$V�VXFK��RQO\�WKH�QXPEHU�RI�FORFNV�FRXOG�LQGLFDWH�DQ\�SHUIRUPDQFH

LPSURYHPHQW��LI�DQ\�

:KLOH� FRQGXFWLQJ� WKH�PHDVXUHPHQWV�� WKH� DUUD\V� DUH� LQLWLDOO\� LQLWLDOL]HG� ZLWK

UDQGRP�QXPEHUV��7KLV�DFW�RI�LQLWLDOL]DWLRQ�LWVHOI�FDQ�FDFKH�WKH�HQWLUH�DUUD\V�IRU�VPDOO

DUUD\� VL]HV�� WR� DYRLG� WKLV� IURP� FRUUXSWLQJ� WKH� PHDVXUHPHQWV�� WKH� FDFKHV� ZHUH

LQYDOLGDWHG�XVLQJ�WKH�:%,19'�LQVWUXFWLRQ�EHIRUH�HYHU\�UXQ��1RWH�WKDW�WZR�NLQGV�RI

SUHIHWFK�LQVWUXFWLRQV�DUH�LPSOHPHQWHG�RQ�WKH�3,,,��RQH��ZKLFK�SUHIHWFKHV�WR�WKH�/�

RQO\��DQG�DQRWKHU�WKDW�SUHIHWFKHV�WR�WKH�/��DV�ZHOO�DV�/���,Q�WKLV�VWXG\��WKH�SUHIHWFKW�

LQVWUXFWLRQ�ZDV�XVHG��ZKLFK�SUHIHWFKHV�WR�ERWK�FDFKHV�

0HDVXUHPHQWV� ZHUH� WDNHQ� ZLWK� ERWK� ²� 'HEXJ� �QR� FRPSLOHU� RSWLPL]DWLRQ�

DQG�5HOHDVH��FRGH�RSWLPL]HG�IRU�VSHHG��EXLOGV�ZLWK�WKH�,QWHO�&�&���FRPSLOHU��7KLV
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FRPSLOHU�DOVR�SURYLGHV�DQ�RSWLRQ�WKDW�LV�VXSSRVHG�WR�LQVHUW�SUHIHWFKHV�DXWRPDWLFDOO\

��4SI���KRZHYHU��WKLV�RSWLRQ�ZDV�QRW�IRXQG�WR�SURGXFH�DQ\�HIIHFW�

����� 6LPSOH�/RRS�ZLWK�6LQJOH�$UUD\

,Q�WKLV�FDVH��D�VLQJOH�SUHIHWFK�IRU�WKH�QH[W�FDFKHOLQH� LV� LQVHUWHG� LQ� WKH�RXWHU

ORRS��7KXV��ZKLOH� WKH����E\WHV� LQ� WKH�FXUUHQW� OLQH�DUH�EHLQJ�SURFHVVHG�� WKH�H[WHUQDO

EXV�VHUYLFHV�D�PLVV�RQ�WKH�QH[W�FDFKHOLQH��ZKLFK�ZRXOG�RUGLQDULO\�KDYH�UHVXOWHG�ZKHQ

WKH�ILUVW�ORDG�IURP�D�E\WH�LQ�WKDW�QH[W�OLQH�ZDV�LVVXHG��$V�VXFK��WKH�PLVV�LV�VHUYLFHG�LQ

SDUDOOHO�ZLWK�FRPSXWDWLRQ��UHVXOWLQJ� LQ� WKH�PHPRU\� ODWHQF\�HIIHFWLYHO\�EHLQJ�KLGGHQ

E\�WKH�SUHIHWFK��7KLV�LV�VKRZQ�LQ�WKH�FRGH�VHJPHQW�EHORZ�

for (i=0; i<SZ; i++)  {
_mm_prefetch(&a[32*(i+1)]);  // pref nxt a block
for (j=0; j<32; j++)

a[32*i+j] = a[32*i+j] + 1;
}

7KH�UHVXOWV�DUH�WDEXODWHG�LQ�7DEOH���

'HEXJ�%XLOG
�1R�&RPSLOHU�RSWLPL]DWLRQV�

5HOHDVH�%XLOG
�2SWLPL]HG�IRU�VSHHG�

0HWULF

3UHIHWFK 3UHIHWFKW� 1R�SUHIHWFK 3UHIHWFKW�
��RI�LQVWUXFWLRQV ��������� ��������� ��������� ���������
��RI�FORFNV ��������� ��������� ��������� ���������

&3, ����� ����� ���� �����

7DEOH����3UHIHWFK�3HUIRUPDQFH�²�6LQJOH�$UUD\
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$V�FDQ�EH� VHHQ� IURP� WKH� WDEOH�� LQVHUWLQJ�D�SUHIHWFK� LQ�D� VLPSOH� VLQJOH� DUUD\

ORRS� LPSURYHV� SHUIRUPDQFH� FRQVLGHUDEO\�� 3HUIRUPDQFH� LPSURYHPHQW� LQ� WHUPV� RI

QXPEHU�RI� FORFNV� LPSURYHV�E\�������ZLWKRXW� DQG� DOPRVW� ����ZLWK�RSWLPL]DWLRQV

RQ��,3&�LPSURYHPHQW�LV�IXUWKHU�VKRZQ�LQ�)LJXUH���

����� 6LPSOH�/RRS�ZLWK�7ZR�$UUD\V

7KLV�LV�VLPLODU�WR�WKH�ILUVW�FDVH��EXW�ZLWK�SURFHVVLQJ�LQYROYLQJ�DGGLQJ�HOHPHQWV

RI�RQH� DUUD\� WR� WKH� FRUUHVSRQGLQJ� HOHPHQWV� RI� DQRWKHU� DUUD\�� 6LQFH� WZR� DUUD\V� DUH

LQYROYHG�� WKH� NHUQHO� EHFRPHV� SUHGRPLQDQWO\� PHPRU\�ERXQG� UDWKHU� WKDQ� &38�

ERXQG��$V�VXFK�� LW� LV�WR�EH�H[SHFWHG�WKDW�SUHIHWFK�ZRXOG�EH�HYHQ�PRUH�HIIHFWLYH� LQ

KLGLQJ�PHPRU\�ODWHQF\�DQG�LPSURYLQJ�SHUIRUPDQFH�WKDQ�LQ�WKH�SUHYLRXV�FDVH��7KLV�LV

ERUQH� RXW� IURP� WKH� QXPEHUV� REWDLQHG�� 7KH� FRGH� VHJPHQW� IRU� WKLV� FDVH� LV� VKRZQ

EHORZ�

IPC

0.901

1.05

0.694

0.949

0

0.2

0.4

0.6

0.8

1

1.2

No Prefetch Prefetcht0 No Prefetch Prefetcht0

IPC

Debug Build Release Build

)LJXUH����,3&�,PSURYHPHQW�IRU�6LQJOH�$UUD\
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for (i=0; i<SZ; i++)    {
_mm_prefetch(&a[32*(i+1)]);  // pref nxt a block
_mm_prefetch(&b[32*(i+1)]);  // pref nxt b block
for (j=0; j<32; j++)

a[32*i+j] = a[32*i+j] + b[32*i+j];
}

5HVXOWV�DUH�WDEXODWHG�LQ�7DEOH���

'HEXJ�%XLOG
�1R�&RPSLOHU�RSWLPL]DWLRQV�

5HOHDVH�%XLOG
�2SWLPL]HG�IRU�VSHHG�0HWULF

1R�SUHIHWFK 3UHIHWFKW� 1R�SUHIHWFK 3UHIHWFKW�
��RI�LQVWUXFWLRQV ��������� ��������� ��������� ���������
��RI�FORFNV ��������� ��������� ��������� ���������

&3, ����� ���� ����� ����

7DEOH����3UHIHWFK�3HUIRUPDQFH�²�7ZR�$UUD\V

3HUIRUPDQFH� QRZ� LQFUHDVHV� E\� RYHU� ���� ZLWKRXW� RSWLPL]DWLRQV�� DQG� DOPRVW� ���

ZLWK�RSWLPL]DWLRQV�RQ��7KH�,3&�LPSURYHPHQW�FDQ�EH�VHHQ�JUDSKLFDOO\�LQ�)LJXUH���

,W� FDQ� EH� VHHQ� WKDW� DV� DQ� DSSOLFDWLRQ� EHFRPHV�PRUH�PHPRU\�ERXQG�� SUHIHWFK� FDQ

KHOS�SHUIRUPDQFH�JUHDWO\��3HUIRUPDQFH�ILJXUHV�REWDLQHG�DERYH�DUH�YHU\�JRRG�EHFDXVH

WKHVH� H[DPSOH� ORRSV� KDYH� EHHQ� TXLWH� FRQWULYHG�� HYHQ� VR�� SHUIRUPDQFH� RQ� UHDO

DSSOLFDWLRQV�FDQ�EH�H[SHFWHG�WR�KDYH�D�SRVLWLYH�ERRVW�EHFDXVH�RI�SUHIHWFKLQJ�
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����� 0DWUL[�0XOWLSOLFDWLRQ

0DWUL[�PXOWLSOLFDWLRQ� KDV� EHHQ� D� UDWKHU� WULFN\� NHUQHO� WR� RSWLPL]H� IRU� FDFKH

SUHIHWFK��)RU�RQH�WKLQJ��WKH�GDWD�DFFHVV�SDWWHUQV�DUH�PXFK�PRUH�LUUHJXODU�FRPSDUHG

WR� WKH� UDWKHU� VWUDLJKWIRUZDUG� SDWWHUQV� LQ� WKH� SUHFHGLQJ� WZR� FDVHV�� 6HFRQGO\�� XQOLNH

WKH� ILUVW� WZR�FDVHV��PDWUL[�PXOWLSOLFDWLRQ�H[KLELWV� WHPSRUDO� ORFDOLW\� LQ�DGGLWLRQ� WR� WKH

QRUPDO�VSDWLDO�ORFDOLW\�RI�WKH�SUHFHGLQJ�WZR�ORRSV��7KXV��GDWD��RQFH�FDFKHG��LV�UHXVHG

DV� URZV� DQG� FROXPQV� DUH�PXOWLSOLHG� WRJHWKHU�� $V� D� UHVXOW�� WKH� DGYHUVH� HIIHFW� RI� D

FDFKH�PLVV� GRHV� QRW� LPSDFW� SHUIRUPDQFH� VR�PXFK�� VLQFH� WKH� FRVW� RI� WKDW� PLVV� LV

DPRUWL]HG� RYHU� WKH� QXPEHU� RI� WLPHV� WKDW� WKDW� OLQH� LV� UHXVHG� IRU� FRPSXWDWLRQ�

3UHGLFWDEO\��WKHUHIRUH��WKH�LPSURYHPHQW�LQ�WKLV�FDVH�KDV�QRW�EHHQ�DV�PXFK�DV�LQ�WKH

SUHYLRXV�FDVHV�

IPC

0.968

1.136

0.8427

1.25

0

0.2

0.4

0.6

0.8

1

1.2

1.4

No Prefetch Prefetcht0 No Prefetch Prefetcht0

IPC

Debug Build Release Build

)LJXUH����,3&�,PSURYHPHQW�IRU�7ZR�$UUD\V
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7R� LQWURGXFH� FDFKH� SUHIHWFKHV� HIIHFWLYHO\�� ZH� QHHG� WR� FRQVLGHU� WKH� PLVVHV

FDXVHG� LQ� D� PDWUL[� PXOWLSOLFDWLRQ�� ,Q� RUGHU� WR� GR� VR�� FRQVLGHU� WKH� FDVH� VKRZQ� LQ

)LJXUH���

D�DQG�E�DUH�WZR�LQWHJHU�PDWULFHV�RI�VL]H����×�����,Q�FRPSXWLQJ�WKH�ILUVW�URZ

RI� WKH� UHVXOW�PDWUL[� F��ZH� WUDYHUVH� WKH� ILUVW� URZ�RI�D� DQG� DOO� FROXPQV�RI�E�� GRLQJ� D

SRLQW�E\�SRLQW�GRW�SURGXFW� RI� HOHPHQWV� LQ� URZ��� RI� D� DQG� HDFK� FROXPQ�RI� E�� 7KH

FDFKH�PLVVHV� LQFXUUHG� LQ� GRLQJ� VR� DUH� LQGLFDWHG� E\� WKH� ILOOHG� GRWV� LQ� WKH�PDWULFHV�

6LQFH� HDFK� LQWHJHU� LV� �� E\WHV�� HLJKW� LQWHJHUV� ILW� LQ� D� VLQJOH� FDFKHOLQH�� $V� D� UHVXOW�

WUDYHUVLQJ� WKH� ILUVW� URZ� RI� D� LQFXUV� WKH� WZR� PLVVHV� VKRZQ�� DQG� JRLQJ� GRZQ� WKH

FROXPQV�RI�E�LQFXUV����PLVVHV�IRU�HYHU\��WK�FROXPQ��,Q�DGGLWLRQ�WR�WKH�PLVVHV�VKRZQ

DERYH��ZH�LQFXU�DGGLWLRQDO�PLVVHV� LQ�ZULWLQJ�WKH�UHVXOW�PDWUL[� F�� VLQFH�WKH�3��XVHV�D

ZULWH�EDFN�SROLF\�ZLWK�ZULWH�DOORFDWH�RQ�ZULWHV�

a[16][16] b[16][16]

)LJXUH����&DFKH�%HKDYLRU�LQ�0DWUL[�0XOWLSOLFDWLRQ
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,Q�RSWLPL]LQJ�IRU�SUHIHWFK��WKHUHIRUH��ZH�ZRXOG�KDYH�WR�FRQVLGHU�WKH�HIIHFW�RI

DOO�WKUHH�PLVVHV��,Q�RUGHU�WR�LQVHUW�SUHIHWFKHV�HIILFLHQWO\��ZH�QHHGHG�WR�XQUROO�VRPH�RI

WKH� LQQHU� ORRSV�� :H� QRWLFHG� WKDW� MXVW� WKH� HIIHFW� RI� WKLV� XQUROOLQJ� LPSURYHG

SHUIRUPDQFH�E\�UHGXFLQJ�WKH�WRWDO�QXPEHU�RI�LQVWUXFWLRQV�JHQHUDWHG�E\�WKH�FRPSLOHU

DV� ZHOO� DV� WKH� FORFNV�� ,QVHUWLQJ� WKH� SUHIHWFKHV� DIWHU� WKLV� LPSURYHG� SHUIRUPDQFH

DGGLWLRQDOO\�WR�D�FHUWDLQ�H[WHQW��WKRXJK��DV�QRWHG�HDUOLHU��WKH�VSHHGXS�JDLQHG�ZDV�QRW

DV�SURPLQHQW�DV�WKDW�QRWLFHG�LQ�WKH�HDUOLHU�FDVHV�

:H�WULHG�D�QXPEHU�RI�GLIIHUHQW�SUHIHWFK�VWUDWHJLHV��ILUVW�WU\LQJ�WR�SUHIHWFK�MXVW

IRU�PDWUL[�D�LQ�WKH�ILJXUH��WKHQ�DGGLQJ�D�SUHIHWFK�WKDW�ZRXOG�VDYH�WKH�ZULWH�DOORFDWH�RI

F��,Q�ERWK�RI�WKHVH�FDVHV��KRZHYHU��WKHUH�ZDV�QR�UHDO� LPSURYHPHQW�LQ�SHUIRUPDQFH�

7KLV� IROORZV� IURP� WKH� IDFW� WKDW� WKHUH� DUH� MXVW� WZR� PLVVHV� IRU� HDFK� RI� D� DQG� F� LQ

FRPSXWLQJ�D�VLQJOH�URZ�RI�WKH�UHVXOW�F�LQ�WKH����×����FDVH��$V�VXFK��ZH�FDQQRW�H[SHFW

WKHUH�WR�EH�PXFK�LPSURYHPHQW�E\�SUHIHWFKLQJ�

6RPH�QRWLFHDEOH�LPSURYHPHQW�PDQLIHVWV�RQO\�ZKHQ�ZH�LQVHUW�SUHIHWFKHV�IRU�WKH

PDWUL[�E�� WR�HOLPLQDWH�WKH�VWULQJ�RI�PLVVHV�VKRZQ�LQ�WKH�ILJXUH�DERYH��(YHQ�WKHQ�� LW

FDQ�EH�VHHQ�WKDW�WKHVH�PLVVHV�ZLOO�EH�LQFXUUHG�RQO\�ZKLOH�WKH�FDOFXODWLRQ�RI�WKH�ILUVW

URZ�RI�PDWUL[� F�� VLQFH� WKHUHDIWHU� �DW� OHDVW� IRU�VPDOO�PDWUL[�VL]HV�� WKH�HQWLUH�PDWUL[�E

FRPHV�LQWR�WKH�FDFKH��7ZR�VWUDWHJLHV�ZHUH�WULHG�IRU�SUHIHWFKLQJ�PDWUL[�E²

• 3UHIHWFKLQJ� IRU� URZ�Q���ZKLOH�XVLQJ� WKH�YDOXH� LQ� URZ�Q�ZKHQ�JRLQJ�GRZQ

HYHU\��WK�FROXPQ�DV�VKRZQ�LQ�WKH�ILJXUH��7KLV�LV�WKH�PHWKRG�FDOOHG�3UHI�,�

• $�GLVDGYDQWDJH�RI�WKH�DERYH�PHWKRG�LV�WKDW�LW�FDXVHV�WRR�PDQ\�SUHIHWFKHV�WR

EH�LQVHUWHG�LQ�UDSLG�VXFFHVVLRQ�SRVVLEO\�OHDGLQJ�WR�ORDG�EXIIHU�FORJJLQJ��,W�LV

SRVVLEOH� WR� DYRLG� WKLV� E\� VSUHDGLQJ� RXW� WKH� SUHIHWFKHV� IRU� HYHU\� �WK� FROXPQ

ZKLOH�SURFHVVLQJ�D�IHZ�FROXPQV�SULRU�WR�WKH�HLJKWK��,Q�WKH�SUHVHQW�FDVH��IRU�D
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PDWUL[� RI� VL]H� 6=�� ZH� LQVHUWHG� SUHIHWFKHV� IRU� 6=��� HOHPHQWV� RI� WKH� �WK

FROXPQ�ZKLOH�SURFHVVLQJ�HDFK�RI�WKH���FROXPQV�EHIRUH�WKH��WK�FROXPQ��7KLV

LV�WKH�PHWKRG�QDPHG�3UHI�,,�

7KH� UHVXOWV� LQ� WKHVH� WZR� FDVHV� IRU�'HEXJ�EXLOGV� DUH� VKRZQ� LQ�7DEOHV� �� DQG���� IRU

PDWULFHV�RI�VL]H����DQG�����

0HWULF
�0DWUL[�VL]H����

8QUROOHG�,QQHU�/RRS
�QR�SUHIHWFK�

3UHI�, 3UHI�,,

��RI�LQVWUXFWLRQV ��������� ��������� ���������
��RI�FORFNV ��������� ��������� ���������

&3, ���� ����� �����

7DEOH����0DWUL[�0XOWLSOLFDWLRQ��6L]H����

0HWULF
�0DWUL[�VL]H�����

8QUROOHG�,QQHU�/RRS
�QR�SUHIHWFK�

3UHI�, 3UHI�,,

��RI�LQVWUXFWLRQV ���������� ��������� ����������
��RI�FORFNV ���������� ��������� ����������

&3, ���� ����� �����

7DEOH����0DWUL[�0XOWLSOLFDWLRQ��6L]H�����

,W� LV� VHHQ� WKDW� WKRXJK� ERWK� SUHIHWFK� PHWKRGV� DUH� EHWWHU� WKDQ� WKH� FRGH

ZLWKRXW�DQ\�SUHIHWFKHV��WKH�H[SHFWHG�VXSHULRU�EHKDYLRU�RI�3UHI�,,�RYHU�3UHI�,�KROGV

RQO\� LQ� WKH� FDVH� RI� WKH�PDWUL[� RI� VL]H� ���� )RU� ODUJHU�PDWUL[� VL]HV�� WKH�PDWULFHV� QR

ORQJHU� ILW� LQ� WKH� /��� 7KH� GHWHULRUDWLRQ� RI� SHUIRUPDQFH� IRU� WKH� ODUJHU� PDWUL[� LV

SUREDEO\� EHFDXVH� GDWD� SUHIHWFKHG� PXFK� LQ� DGYDQFH� �VD\� �� FROXPQV� EHIRUH� LW� ZDV

QHHGHG��PLJKW� EH� JHWWLQJ� HYLFWHG� IURP� FRQIOLFW�PLVVHV� ZLWK� VRPH� GDWD� EURXJKW� LQ

EHIRUH� WKH� SUHIHWFKHG� GDWD� LV� DFWXDOO\� XVHG�� 7KLV� FRXOG� UHVXOW� LQ� VRPH� RI� WKH� GDWD

EHLQJ�IHWFKHG�WZLFH�LQWR�WKH�SURFHVVRU·V�FDFKH��RQFH�E\�WKH�SUHIHWFK�DQG�WKH�QH[W�WLPH

ZKHQ�LW�LV�EURXJKW�LQ�E\�WKH�DFWXDO�ORDG�
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����� 3UHIHWFK�YV��,QILQLWH�&DFKH

)LQDOO\��ZH�H[DPLQH�KRZ�SUHIHWFK�FRPSDUHV�ZLWK�WKH�LGHDO�FDVH�RI�DQ�LQILQLWH

FDFKH��ZKHUH�DOO�GDWD�DFFHVVHV� UHVXOW� LQ�FDFKH�KLWV��:H�DSSUR[LPDWH� WKH� LGHDO� FDFKH

FDVH�E\�HQVXULQJ�WKDW�DOO�GDWD�ILWV�LQ�WKH�/���WKHUHE\�PLQLPL]LQJ�GHYLDWLRQV�IURP�WKH

LGHDO��7KH�ZRUVW�FDVH�VFHQDULR�RI�QR�FDFKH�LV�DFKLHYHG�E\�LQYDOLGDWLQJ�DOO�FDFKHV�XVLQJ

WKH�:%,19'�LQVWUXFWLRQ��7KLV�LV�FRPSDUHG�ZLWK�WKH�LQILQLWH�FDFKH�YHUVLRQ�ZKHUHLQ

WKH�HQWLUH�DUUD\� LV�SUHIHWFKHG� LQWR�WKH�FDFKH�ZLWKRXW�FDFKH� LQYDOLGDWLRQ�EHIRUH�HDFK

LWHUDWLRQ��7KH�SUHIHWFK�FDVH�LV�WHVWHG�E\�LQYDOLGDWLQJ�WKH�FDFKHV�DQG�WKHQ�SUHIHWFKLQJ

QRUPDOO\�

������� 6LPSOH�/RRS�ZLWK�6LQJOH�$UUD\

,Q�WKLV�FDVH��WKH�DUUD\�VL]H�LV�NHSW�DW��NE��VR�WKDW�LW�ILWV�LQ�D�VLQJOH�ZD\�RI�WKH

��NE� ��ZD\� VHW�DVVRFLDWLYH� /��� 7KLV� DOORZV� PD[LPXP� OHHZD\� WR� DFFRPPRGDWH

FRQIOLFW�PDSSLQJV��VKRXOG�WKH\�DULVH�EHFDXVH�RI�FRQWH[W�VZLWFKHV�GXULQJ�H[HFXWLRQ�RI

WKH�NHUQHO��7KH�UHDGLQJV�REWDLQHG�DUH�WDEXODWHG�LQ�7DEOH���

'HEXJ�%XLOG
�1R�&RPSLOHU�RSWLPL]DWLRQV�

5HOHDVH�%XLOG
�2SWLPL]HG�IRU�VSHHG�0HWULF

:RUVW
&DVH

,GHDO
&DVH

3UHIHWFK :RUVW
&DVH

,GHDO
&DVH

3UHIHWFK

,QVWUQV ����� ����� ����� ����� ����� �����
&ORFNV ����� ����� ����� ����� ����� �����
&3, ���� ���� ����� ����� ����� �����

7DEOH����0D[�%HQHILW�²�6LQJOH�$UUD\
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,W�FDQ�EH�VHHQ�WKDW�SUHIHWFK�KDV�PXFK�EHWWHU�SHUIRUPDQFH�WKDQ�WKH�ZRUVW�FDVH��DQG

FORVHO\�DSSURDFKHV�WKH�LGHDO�FDVH�SHUIRUPDQFH���'HJUDGDWLRQ�LV�RQO\����LQ�WKH�GHEXJ

EXLOG�DQG����ZLWK�WKH�UHOHDVH�EXLOG��

������� 6LPSOH�/RRS�ZLWK�7ZR�$UUD\V

,Q�NHHSLQJ�ZLWK�WKH�UHDVRQLQJ�VXJJHVWHG� LQ�WKH�DERYH�FDVH�� WKH�VL]H�RI�HDFK

DUUD\� LQ� WKLV� FDVH� LV� NHSW� DW� �NE��7KH� VDPH� VHW�RI� UHDGLQJV� LV� WDNHQ�� WKH� UHVXOWV� DUH

WDEXODWHG� LQ�7DEOH� ���1RWH� WKDW� LQ� WKH� FDVH�RI� WKH� UHOHDVH� EXLOG�� SUHIHWFK� SHUIRUPV

HYHQ�ZRUVH�WKDQ�WKH�´ZRUVWµ�FDVH��7KLV� LV�SUREDEO\�EHFDXVH�WKH�GDWD�VHW�VL]H� LV� WRR

VPDOO� DQG� WKH�RSWLPL]HG� FRGH� VWUXFWXUH� JHQHUDWHG�E\� WKH�FRPSLOHU� LV� VXFK� WKDW� WKH

FRVW� LQ�WHUPV�RI�FORFNV�RI� WKH�DGGLWLRQDO�SUHIHWFK� LQVWUXFWLRQV�FDQQRW�EH�DPRUWL]HG

RYHU�WKH�WLPH� LW� WDNHV� IRU�SURFHVVLQJ� WKH�HQWLUH�DUUD\��7KLV�GLVFUHSDQF\�ZDV�VHHQ� WR

YDQLVK�LI�WKH�GDWD�VHW�VL]H�ZDV�LQFUHDVHG�WR��NE�IRU�HDFK�DUUD\�²�LQ�WKLV�FDVH��SUHIHWFK

GLG�JLYH�WKH�H[SHFWHG�LPSURYHPHQW�

'HEXJ�%XLOG
�1R�&RPSLOHU�RSWLPL]DWLRQV�

5HOHDVH�%XLOG
�2SWLPL]HG�IRU�VSHHG�0HWULF

:RUVW
&DVH

,GHDO
&DVH

3UHIHWFK :RUVW
&DVH

,GHDO
&DVH

3UHIHWFK

,QVWUQV ����� ����� ����� ����� ����� �����
&ORFNV ����� ����� ����� ����� ����� �����
&3, ����� ����� ���� ����� ����� �����

7DEOH����0D[�%HQHILW�²�7ZR�$UUD\V
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������� 0DWUL[�0XOWLSOLFDWLRQ

The results obtained for matrix multiplication on the debug build are shown in     

7DEOH���

3UHIHWFK�7\SH
0HWULF :RUVW

&DVH
,GHDO
&DVH

3UHI�, 3UHI�,,

,QVWUQV ������ ������ ������ ������
&ORFNV ������ ������ ������ ������
&3, ����� ����� ����� �����

����7DEOH����0D[�%HQHILW�²�0DWUL[�0XOWLSOLFDWLRQ

5HVXOWV�IRU�ERWK�SUHIHWFK�VFKHPHV�PHQWLRQHG�HDUOLHU�DUH�VKRZQ��$V�H[SHFWHG�

WKH�VHFRQG�SUHIHWFK�VFKHPH�SHUIRUPV�EHWWHU�WKDQ�WKH�ILUVW�DQG�HYHQ�SHUIRUPV�EHWWHU

WKDQ� WKH� ´LGHDOµ� FDVH�� 7KLV� ODWWHU� REVHUYDWLRQ�PD\� EH� UHDVRQHG� RXW� E\� QRWLQJ� WKDW

PDWUL[�PXOWLSOLFDWLRQ� UHTXLUHV� D� IDLU� DPRXQW� RI� PHPRU\�� ,W� LV� QRW� SRVVLEOH� WR� SLQ

GRZQ�DOO�RI� WKH� WKUHH�PDWULFHV� LQYROYHG� LQ� WKH�FDFKH� IRU� WKH�GXUDWLRQ�RI� WKH�HQWLUH

PDWUL[�PXOWLSOLFDWLRQ� HYHQ� LI� WKH\� DUH�SUHIHWFKHG� LQLWLDOO\��$V� VXFK�� GDWD� SUHIHWFKHG

LQLWLDOO\�PLJKW�JHW�HYLFWHG�IURP�WKH�FDFKH�GXH�WR�FRQIOLFWV�GXULQJ�WKH�H[HFXWLRQ�RI�WKH

SURJUDP��:KHQ� SUHIHWFKLQJ� LV� XVHG�� KRZHYHU�� DW� DQ\� WLPH�� WKH� GDWD� ZKLFK�ZLOO� EH

QHHGHG�QH[W�LV�SUHIHWFKHG�UHJDUGOHVV�RI�ZKDW�KDV�KDSSHQHG�WR�GDWD�WKDW�ZDV�XVHG�LQ

WKH�SDVW�ZLOO�EH�QHHGHG�LQ�IXWXUH�
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��� $33/,&$7,216

7KLV� VHFWLRQ� SUHVHQWV� GHWDLOHG� UHVXOWV� RI� FKDUDFWHUL]LQJ� WKH� 3HQWLXP� ,,,� 3�

FRUH�RQ�D�QXPEHU�RI�DSSOLFDWLRQV��YL]���JDPHV�DQG�VRPH�ZHE�DSSOLFDWLRQV��,Q�DGGLWLRQ

WR�FKDUDFWHUL]LQJ�WKH�66(�HQKDQFHG�DSSOLFDWLRQV��ZH�KDYH�DWWHPSWHG�WR�FRUUHODWH�WKH

&3,V�REWDLQHG�RQ�WKH�YDULRXV�EHQFKPDUNV�ZLWK�WKH�F\FOHV�ORVW�LQ�YDULRXV�VWDOOV�RQ�WKH

3��FRUH�

����� &KDUDFWHUL]DWLRQ�RI�66(�HQKDQFHG�$SSOLFDWLRQV

7KH� IRXU�66(�HQKDQFHG� DSSOLFDWLRQV� FRQVLGHUHG�ZHUH� WKUHH� JDPHV�� QDPHO\�

)UHH6SDFH��([SHQGDEOH��DQG�4XDNH���DQG�WKH�0HWD6WUHDP�,QWHUQHW�([SORUHU�SOXJLQ�

7KH�3HQWLXP�,,,�DOORZV�FRXQWLQJ�RI�WKH�66(�UHODWHG�HYHQWV�LQGLFDWHG�LQ�7DEOH���

(YHQW 'HVFULSWLRQ
(021B66(B,167B5(7,5(' 1XPEHU�RI�66(�LQVWUXFWLRQV�UHWLUHG
(021B66(B&203B,167B5(7 1XPEHU�RI�66(�FRPSXWDWLRQ

LQVWUXFWLRQV�UHWLUHG
(021B66(B35(B',63$7&+(' 1XPEHU�RI�SUHIHWFK�LQVWUXFWLRQV

GLVSDWFKHG
(021B66(B35(B0,66 1XPEHU�RI�SUHIHWFK�LQVWUXFWLRQV�WKDW

PLVV�DOO�FDFKHV

7DEOH����66(�(YHQWV

&RXQWHUV�FDQ�EH�VSHFLILHG�WR�FRXQW�HLWKHU�WKH�SDFNHG�RU�VFDODU�RSHUDWLRQV�LQ

WKH�ILUVW�WZR�FDVHV��DQG�WKH�W\SH�RI�SUHIHWFK�LQVWUXFWLRQ�WR�EH�XVHG�LQ�WKH�RWKHU�WZR

FDVHV��(YHQ�VR�� LW�FDQ�EH�VHHQ�WKDW� WKH�UDQJH�RI�HYHQWV�GHYRWHG� WR�DQDO\]H� WKH�66(

LQVWUXFWLRQV� LV�TXLWH� OLPLWHG��HVSHFLDOO\�DV�FRPSDUHG�WR� WKH�VHW�RI�HYHQWV�GHYRWHG� WR

WKH�00;�WHFKQRORJ\�LQVWUXFWLRQV�
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'DWD�REWDLQHG�IRU�WKHVH�HYHQWV�IRU�HDFK�RI�WKH�EHQFKPDUNV�LV�SUHVHQWHG�KHUH�

$OO� JDPHV� ZHUH� UXQ� RQ�:LQ���� WKH� 0HWDVWUHDP� SOXJLQ� ZDV� WHVWHG� RQ�:LQ17�� DV

H[SODLQHG�HDUOLHU��)LJXUH� ��� VKRZV� WKH�QXPEHU�RI�SUHIHWFK� LQVWUXFWLRQV�GLVSDWFKHG�

ERWK� DV� D� SHUFHQWDJH� RI� WRWDO� LQVWUXFWLRQV� DV�ZHOO� DV�PHPRU\� UHIHUHQFHV�� ,W� FDQ� EH

VHHQ�WKDW�SUHIHWFKHV�FRPSULVH�DOPRVW�D�QHJOLJLEOH�SHUFHQWDJH�RI�WKH�WRWDO�QXPEHU�RI

LQVWUXFWLRQV��WKLV�ILJXUH�LV�RQO\�PDUJLQDOO\�KLJKHU�ZLWK�UHVSHFW�WR�PHPRU\�UHIHUHQFHV�

,Q�SDUWLFXODU��([SORUHU�XVHV�QR�SUHIHWFK�LQVWUXFWLRQV�DW�DOO��7KH�QXPEHU�RI�SUHIHWFKHV

XVHG�E\�)UHH6SDFH�LV�WRR�VPDOO�WR�EH�SHUFHSWLEOH�RQ�WKH�SORW��$OVR��LW�ZDV�VHHQ�WKDW�DOO

DSSOLFDWLRQV� XVH� RQO\� WKH� SUHIHWFKW�� IRUP� RI� WKH� SUHIHWFK� LQVWUXFWLRQ�� ZKLFK

SUHIHWFKHV� GDWD� LQWR� DOO� OHYHOV� RI� WKH� FDFKH�� 1HLWKHU� RI� WKH� RWKHU� WZR� W\SHV� RI

SUHIHWFKHV� LV� XVHG�� QRU� DUH� VWUHDPLQJ� VWRUH� LQVWUXFWLRQV� XVHG� LQ� DQ\� RI� WKH

DSSOLFDWLRQV�

)LJXUH�����1XPEHU�RI�3UHIHWFK�,QVWUXFWLRQV

Percent Prefetches
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)LJXUH����VKRZV�WKH�SHUFHQWDJH�RI�SUHIHWFK�LQVWUXFWLRQV�PLVVLQJ�DOO�FDFKHV��,W

FDQ� EH� VHHQ� WKDW� RQO\� D� VPDOO� SHUFHQWDJH� RI� WKH� SUHIHWFKHV� PLVV� DOO� FDFKHV�� 7KLV

PHDQV� WKDW� D� ORW� RI� WKH� WLPH�� WKH� GDWD� LQWHQGHG� WR� EH� SUHIHWFKHG� LQWR� WKH� FDFKHV

EHIRUH�XVH� LV� DOUHDG\�SUHVHQW� LQ� WKH� FDFKHV��(YLGHQWO\�� WKH�RYHUODS�RI� WKH�PHPRU\�

H[HFXWLRQ�SLSHOLQH�LV�QRW�DV�HIIHFWLYH�DV�LW�PLJKW�EH��,Q�SDUWLFXODU��4XDNH��VKRZV�WKH

PD[LPXP� SHUFHQWDJH� RI� SUHIHWFKHV� DPRQJ� WKH� EHQFKPDUNV�� \HW�� OHVV� WKDQ� ��� RI

WKHVH�PLVV�LQ�WKH�FDFKHV��,Q�WKLV�FDVH��WKHUHIRUH��WKH�SUHIHWFK�LQVWUXFWLRQV�DUH�VLPSO\

FRQVXPLQJ�UHVRXUFHV�ZLWKRXW�SURYLGLQJ�DQ\�VLJQLILFDQW�EHQHILW�

)LJXUH����VKRZV�WKH�SHUFHQWDJH�RI�66(�LQVWUXFWLRQV�RFFXUULQJ�LQ�WKH

DSSOLFDWLRQV��,Q�JHQHUDO��WKH�SHUFHQWDJH�RI�66(�LQVWUXFWLRQV�LV�TXLWH�VPDOO��XQGHU���

LQ�WKH�JDPHV��,W�LV�PD[LPXP�IRU�WKH�,QWHUQHW�([SORUHU�SOXJLQ��ZKHUH�LW�DSSURDFKHV

���RI�WKH�WRWDO�QXPEHU�RI�LQVWUXFWLRQV�

)LJXUH�����3HUFHQW�3UHIHWFKHV�0LVVLQJ�$OO�&DFKHV

Percent Prefetches Missing all Caches
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7KH� 66(� LQVWUXFWLRQV� IDOO� LQWR� WZR� EURDG� JURXSV�� SDFNHG� DQG� VFDODU�� $V

H[SODLQHG� HDUOLHU�� WKH� VFDODU� LQVWUXFWLRQV� DUH� SURYLGHG� PHUHO\� WR� FLUFXPYHQW� WKH

FXPEHUVRPH�SDUDGLJP�LQYROYHG�LQ�XVLQJ�WKH�VWDFN�EDVHG�[���DUFKLWHFWXUH�DORQJ�ZLWK

WKH�IODW�66(�DUFKLWHFWXUH��,W�LV�WR�EH�H[SHFWHG�WKDW�D�PDMRULW\�RI�WKH�66(�LQVWUXFWLRQV

ZRXOG�EH�SDFNHG��VLQFH�6,0'�SURFHVVLQJ�LV�WKH�SULPDU\�UDLVRQ�G·�rWUH�IRU�66(��6FDODU

)3��ZKLFK�KDV�EHHQ�SURYLGHG�PHUHO\� IRU� HDVH�RI�SURJUDPPLQJ��ZRXOG�QRW�EH�XVHG

RIWHQ��)LJXUH����VKRZV�WKDW�VXFK�LV�LQGHHG�WKH�FDVH��,Q�DOO�RI�WKH�JDPHV��PRVW�RI�WKH

66(�LQVWUXFWLRQV�DUH�LQGHHG�WKH�SDFNHG�YHUVLRQV��WKH�0HWDVWUHDP�SOXJLQ�WDNHV�WKLV�WR

WKH�H[WUHPH��ZKHUH�DOO�RI�WKH�LQVWUXFWLRQV�DUH�SDFNHG��,W�FDQ�EH�VHHQ�WKDW�LW�LV�RQO\�LQ

4XDNH� �� WKDW� WKH� QXPEHUV� IRU� VFDODU� DQG� SDFNHG� LQVWUXFWLRQV� DUH� FRPSDUDEOH�

7KRXJK�4XDNH���KDV�WKH�KLJKHVW�SHUFHQWDJH�RI�66(�LQVWUXFWLRQV�DPRQJ�WKH�JDPHV�

WKH� SRRU� SUHIHWFK� SHUIRUPDQFH� DQG� WKH� KLJK� SHUFHQWDJH� RI� VFDODU� )3� LQVWUXFWLRQV

ZRXOG�LPSO\�WKDW�WKH�&3,�IRU�4XDNH���ZLOO�QRW�EH�PDUNHGO\�LPSURYHG�RYHU�WKDW�IRU

WKH�RWKHU�JDPHV��&3,�YDULDWLRQ�DFURVV�WKH�EHQFKPDUN�VHW�LV�GLVFXVVHG�VKRUWO\�

)LJXUH�����3HUFHQW�66(�,QVWUXFWLRQV

Percent KNI Instructions (Scalar + Packed)
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/DVWO\��ZH�FRQVLGHU�WKH�GLVWULEXWLRQ�RI�66(�FRPSXWDWLRQ�LQVWUXFWLRQV��DV�DJDLQVW

WKH�GDWD�PRYHPHQW�SDFNLQJ�XQSDFNLQJ�LQVWUXFWLRQV��RYHU�WKH�VHW�RI�DSSOLFDWLRQV�

7KLV�SORW�LV�VKRZQ�LQ�)LJXUH����

)LJXUH�����%UHDNXS�RI�66(�3DFNHG�DQG�6FDODU
,QVWUXFWLRQV

)LJXUH�����3HUFHQWDJH�RI�66(�&RPSXWDWLRQ�,QVWUXFWLRQV
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$W� PRVW� KDOI� RI� WKH� WRWDO� QXPEHU� RI� 66(� LQVWUXFWLRQV� DUH� FRPSXWDWLRQ

LQVWUXFWLRQV��LQ�4XDNH�����0RUH�W\SLFDOO\��ZH�FDQ�VHH�WKDW�RQO\�DERXW��������RI�WKH

66(�LQVWUXFWLRQV�LQYROYH�FRPSXWDWLRQ��2EYLRXVO\��WKH�RWKHU��������PXVW�FRPSULVH

LQVWUXFWLRQV� IRU� SDFNLQJ�XQSDFNLQJ�� PRYHPHQW� RI� WKH� SDFNHG� 6,0'� GDWD� WR� DQG

IURP�PHPRU\��DQG�FRQYHUVLRQV�IURP�RQH�SDFNHG�IRUPDW�WR�DQRWKHU��LQWHJHU�WR�IURP

)3�VFDODU�SDFNHG�� HWF��� ZKLFK� LV� EDVLFDOO\� WKH� RYHUKHDG� LQYROYHG� LQ� 6,0'

FRPSXWDWLRQ��7KXV��ZH�FDQ�VHH�WKDW�D�VL]HDEOH�IUDFWLRQ�RI�WKH�LQVWUXFWLRQV�DUH�EHLQJ

XVHG�LQ�ORDGLQJ�DQG�IRUPDWWLQJ�WKH�6,0'�GDWD�IRU�IXUWKHU�SURFHVVLQJ�

����� 'HWDLOHG�&KDUDFWHUL]DWLRQ�RI�%HQFKPDUNV�RQ�WKH�3��FRUH

7KLV� VHFWLRQ� SUHVHQWV� GHWDLOHG� UHVXOWV� RI� WKH� FKDUDFWHUL]DWLRQ� RI� WKH� VHW� RI

EHQFKPDUNV�RQ�WKH�3HQWLXP�,,,��$ORQJ�ZLWK�WKH�IRXU�66(�HQKDQFHG�DSSOLFDWLRQV��ZH

DOVR� FRQVLGHU� WKUHH� QRQ�HQKDQFHG� DSSOLFDWLRQV� IRU� FRPSDULQJ�ZLWK� WKHLU� HQKDQFHG

FRXQWHUSDUWV��:H�ORRN�DW�WKH�YDULRXV�FRPSRQHQWV�RI�WKH�VWDOOV�RFFXUULQJ�GXULQJ�WKH

H[HFXWLRQ�RI� WKH�EHQFKPDUNV�� DQG� DWWHPSW� WR� FRUUHODWH� WKH�F\FOHV� ORVW� GXH� WR� VWDOOV

ZLWK�WKH�&3,��DV�GRQH�E\�%KDQGDUNDU�HW�DO�>�@�LQ�WKHLU�VHPLQDO�VWXG\�

������� &\FOHV�3HU�,QVWUXFWLRQ

)LJXUH� ��� VKRZV� WKH� &3,� REWDLQHG� RQ� WKH� EHQFKPDUN� VXLWH� GHVFULEHG� LQ

&KDSWHU����&3,V�IRU�JDPHV�DUH�JHQHUDOO\�LQ�WKH�UDQJH�����WR������'RRP�DQG�,QWHUQHW

([SORUHU� KDYH� DQ� XQXVXDOO\� KLJK� &3,� IRU� UHDVRQV� QRWHG� ODWHU� LQ� WKLV� VHFWLRQ�

:LQGRZV�0HGLD� 3OD\HU� VKRZV� WKH� OHDVW� &3,� LQ� WKLV� EHQFKPDUN� VHW�� 7KLV� FRXOG� EH
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EHFDXVH�LW�EDVLFDOO\�LV�MXVW�D�YLHZHU��ZKLFK�VWUHDPV�D�YLGHR�FOLS�RII�WKH�,QWHUQHW��DQG

GRHV�QRW�LQYROYH�PXFK�FRPSXWDWLRQ�SURFHVVLQJ�E\�WKH�SURFHVVRU

itself. This can be inferred from Figures 16 and 17, which show that the Media

Player incurs among the least L2 cache misses (which are the most expensive),

and also has the fewest number of branches. Figure 19 shows that it also has the

fewest resource stalls, thereby giving it a much-improved CPI.

������� &DFKH�0LVVHV

7KH� RQ�FKLS� FDFKH� VXEV\VWHP� RI� WKH� 3HQWLXP� ,,,� FRQVLVWV� RI� ��NE� QRQ�

EORFNLQJ���ZD\�VHW�DVVRFLDWLYH�/��DQG�/��FDFKHV��ZLWK�D�FDFKHOLQH�VL]H�RI����E\WHV�

7KH�FDFKHV�HPSOR\�D�ZULWH�EDFN�PHFKDQLVP�ZLWK�SVHXGR�/58�UHSODFHPHQW��)LJXUH

)LJXUH�����&\FOHV�3HU�,QVWUXFWLRQ
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���VKRZV�WKH�/��,��DQG�'�FDFKH�PLVVHV��DQG�WKH�/��PLVVHV�SHU�WKRXVDQG�LQVWUXFWLRQV

IRU�WKH�VHW�RI�EHQFKPDUNV��7KH�ODWHQF\�RI�DQ�/��PLVV�LV������F\FOHV��DQG�WKDW�RI�DQ�/�

PLVV� LV� DERXW����F\FOHV��7KXV��/��PLVVHV� DUH� UHDOO\� H[SHQVLYH�� DQG�RIWHQ�GHWHUPLQH

EHQFKPDUN�SHUIRUPDQFH��7KLV� LV�ERUQH�RXW� LQ�WKH�FDVH�RI�,QWHUQHW�([SORUHU��ZKLFK

KDV�WKH�PD[LPXP�QXPEHU�RI�/��PLVVHV��DQG�WKHUHIRUH��DOVR�D�KLJK�&3,��/��,�FDFKH

PLVVHV�DUH�JHQHUDOO\�ORZ�H[FHSW�LQ�WKH�FDVH�RI�)UHH6SDFH�DQG�4XDNH����:H�FDQ�LQIHU

IURP�WKLV�WKDW�WKHVH�WZR�JDPHV�SUREDEO\�KDYH�LUUHJXODU�FRQWURO�VWUXFWXUH�ZLWK�D�ORW�RI

FRQWURO�WUDQVIHUV�

������� 7/%�0LVVHV

7/%�0LVV�HYHQWV�LQ�DOO�FDVHV�ZHUH�QHJOLJLEOH��3UHVXPDEO\��WKHVH�HYHQWV�ZRXOG

QRW� KDYH� D� SHUFHSWLEOH� HIIHFW� RQ� RYHUDOO� &3,�� 7/%� PLVVHV� DUH� WKHUHIRUH� QRW

FRQVLGHUHG�KHUHDIWHU�

Cache Misses Per 1000 Instructions
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������� %UDQFK�3UHGLFWLRQ

%UDQFK�SUHGLFWLRQ�DFFXUDF\�LV�FULWLFDO�RQ�D�GHHSO\�SLSHOLQHG�DUFKLWHFWXUH�VXFK

DV� WKH�3���2XWFRPHV�RI� FRQGLWLRQDO� EUDQFKHV� DUH� QRW� NQRZQ� WLOO� WKH� H[HFXWH� VWDJH

�VWDJH������DQG�WKH�PLQLPXP�EUDQFK�SHQDOW\�LV�WKHUHIRUH����F\FOHV��2Q�DQ�DYHUDJH��D

µ�RS�VSHQGV�DERXW���F\FOHV�LQ�WKH�UHVHUYDWLRQ�VWDWLRQ��VR�D�PLVSUHGLFWHG�EUDQFK�ZLOO

W\SLFDOO\�FDXVH�D����F\FOH�SHQDOW\��,I�WKH�EUDQFK�LQVWUXFWLRQ�ZDLWV�LQ�WKH�56�ORQJHU��WKH

SHQDOW\� ZLOO� EH� HYHQ� PRUH�� 7R� PLQLPL]H� WKLV� SHQDOW\�� WKH� 3�� SUHGLFWV� EUDQFKHV

G\QDPLFDOO\�XVLQJ�<HK·V�WZR�OHYHO�DGDSWLYH�WUDLQLQJ�VFKHPH�>��@��7KH�3��KDV�D�����

HQWU\�%UDQFK�7DUJHW�%XIIHU��%7%��ZKLFK�VWRUHV�EUDQFK�KLVWRU\�DV�ZHOO�DV�WKH�EUDQFK

WDUJHW��%UDQFKHV� WKDW�KLW� LQ� WKH�%7%�DUH�SUHGLFWHG�G\QDPLFDOO\�� WKRVH� WKDW�PLVV� DUH

SUHGLFWHG� VWDWLFDOO\� XVLQJ� D� %DFNZDUG�7DNHQ� )RUZDUG�1RW�7DNHQ� VFKHPH�� %UDQFK

SHQDOWLHV�LQFXUUHG�LQ�YDULRXV�FDVHV�DUH�VXPPDUL]HG�LQ�)LJXUH����

)LJXUH�����%UDQFK�3HQDOWLHV
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Branch Statistics
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Branch Frequency

Branch Mispredict Ratio

Decoded Branches Missing
BTB

)LJXUH����VKRZV�WKH�EUDQFK�IUHTXHQF\�� WKH�%7%�PLVV� UDWLR��DQG� WKH�EUDQFK

PLVSUHGLFW�UDWLR�RYHU�WKH�VHW�RI�EHQFKPDUNV��%UDQFK�IUHTXHQF\�LV�JHQHUDOO\�OHVV�WKDQ

����� %UDQFK� PLVSUHGLFW� UDWLR� LV� OHVV� WKDQ� ����� ZKLFK� PHDQV� WKDW� PRVW� RI� WKH

EUDQFKHV� DUH� FRUUHFWO\� SUHGLFWHG�� HLWKHU� E\� WKH� %7%�� RU� VWDWLFDOO\� E\� WKH� VWDWLF

SUHGLFWLRQ�PHFKDQLVP��'RRP�LV�VOLJKWO\�DEHUUDQW�DPRQJ�DOO�DSSOLFDWLRQV�FRQVLGHUHG�

VLQFH�LW�KDV�WKH�KLJKHVW�EUDQFK�IUHTXHQF\��DQG�\HW��WKH�ORZHVW�EUDQFK�PLVSUHGLFW�UDWLR�

,W� DOVR�KDV� D�YHU\� ORZ�%7%�PLVV� UDWLR��7KLV�PHDQV� WKDW� LW� KDV� D� ORW�RI�EUDQFKHV� LQ

ORRSV�WKDW�DUH�FRUUHFWO\�SUHGLFWHG�E\�WKH�%7%·V�G\QDPLF�SUHGLFWLRQ�PHFKDQLVP��7KH

EUDQFKHV�WKDW�PLVV�WKH�%7%�DUH�HYLGHQWO\�FDXJKW�E\�WKH�VWDWLF�SUHGLFWLRQ�VFKHPH�DQG

DJDLQ�DUH�SUHGLFWHG�FRUUHFWO\��1RWH�WKDW�'RRP�KDV�WKH�ORZHVW�EUDQFK�PLVSUHGLFW�UDWLR

DV� ZHOO� DV� WKH� ORZHVW� FDFKH� PLVV� UDWLR�� <HW�� LW� KDV� WKH� SRRUHVW� &3,� DPRQJ� WKH

EHQFKPDUNV�FRQVLGHUHG��7KLV�LPSOLHV�WKDW�WKHUH�LV�VRPHWKLQJ�HOVH�WKDW�LV�HDWLQJ�DZD\

SHUIRUPDQFH��7KLV�LV�H[SODLQHG�LQ�WKH�QH[W�VHFWLRQ�RQ�5HVRXUFH�6WDOOV��([SORUHU�KDV�D

PRGHVW�EUDQFK�IUHTXHQF\��������DQG�FORVH�WR�KDOI�RI�WKHVH�EUDQFKHV�PLVV�WKH�%7%�

)LJXUH�����%UDQFK�6WDWLVWLFV
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(YLGHQWO\��WKHUH�DUH�D�ORW�RI�XQFRQGLWLRQDO�EUDQFKHV��ZKLFK��DFFRUGLQJ�WR�%KDQGDUNDU

HW�DO�>�@��DUH�QRW�VWRUHG�LQ�WKH�%7%�

������� 5HVRXUFH�6WDOOV

)LJXUH� ��� VKRZV� WKH� QXPEHU� RI� F\FOHV� ORVW� SHU� LQVWUXFWLRQ� EHFDXVH� RI

UHVRXUFH�VWDOOV�DQG�,�IHWFK�VWDJH�VWDOOV��7KH�,�IHWFK�VWDJH�VWDOOV�ZKHQ�WKHUH�DUH�FDFKH

PLVVHV�� ,7/%� PLVVHV�� ,7/%� IDXOWV�� RU� RWKHU� VWDOOV�� 5HVRXUFH� VWDOOV� RFFXU� ZKHQ

UHVRXUFHV�VXFK�DV�WKH�UHRUGHU�EXIIHU�� WKH�UHVHUYDWLRQ�VWDWLRQ�RU�PHPRU\�EXIIHUV�DUH

IXOO� RU� WKH� IXQFWLRQDO� XQLWV� DUH� EXV\�� 7KLV� FRXQW� DOVR� LQFOXGHV� VWDOOV� DULVLQJ� IURP

EUDQFK�PLVSUHGLFWLRQ�UHFRYHU\�

)LJXUH�����5HVRXUFH�6WDOOV

Resource Stalls
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7KH� ILJXUH� VKRZV� WKH� SULPDU\� FDXVH� IRU� SRRU� SHUIRUPDQFH� LQ� 'RRP� DQG

([SORUHU��UHVRXUFH�VWDOOV��&RPSDULQJ�)LJXUHV����DQG�����LW�FDQ�EH�VHHQ�WKDW�WKH�&3,

YDULDWLRQ�LV�SUHWW\�PXFK�GHILQHG�E\�WKH�YDULDWLRQ�LQ�WKH�UHVRXUFH�VWDOOV��$OVR�QRWH�WKDW

WKH�,�VWUHDP�VWDOOV�WUDFN�ZHOO�ZLWK�WKH�,�FDFKH�PLVVHV�LQGLFDWHG�LQ�)LJXUH����

������� 'UDZLQJ�D�&RUUHODWLRQ�%HWZHHQ�&3,�DQG�6WDOOV

$V� WKH� SUHFHGLQJ� SDUDJUDSKV� KDYH� VKRZQ�� QXPHURXV� VWDOOV� DUH� LQFXUUHG

GXULQJ�H[HFXWLRQ�LQ�DQ�RXW�RI�RUGHU�SURFHVVRU�VXFK�DV�WKH�3���,QWXLWLYHO\�� LW�PD\�EH

LQIHUUHG�WKDW�WKH�PRUH�WKH�F\FOHV�ORVW�LQ�YDULRXV�VWDOOV��WKH�PRUH�ZLOO�EH�WKH�&3,�IRU�D

SDUWLFXODU�SURJUDP��)LJXUH����VKRZV�D�JUDSK�ZLWK�WKH�VWDOO�F\FOHV�MX[WDSRVHG�DJDLQVW�D

JUDSK�RI� WKH�&3,�DFURVV� WKH� VHW�RI�EHQFKPDUNV�FRQVLGHUHG��2QH�SRLQW� WR� FRQVLGHU

KHUH�LV�WKDW�WKH�FRXQWHUV�JLYH�WKH�FRXQWV�RQO\�IRU�WKH�QXPEHU�RI�HYHQWV��DQG�QRW�IRU

F\FOHV�ORVW�GXH�WR�WKHVH�HYHQWV��)RU�LQVWDQFH��WKH�FRXQWHUV�WHOO�XV�RQO\�WKH�QXPEHU�RI

FDFKH�PLVVHV�RU�EUDQFK�PLVSUHGLFWV��WKH\�GR�QRW�JLYH�DQ\�LQGLFDWLRQ�RI�WKH�F\FOHV�ORVW

LQ�WKH�HYHQWV��:H�KDYH�WULHG�WR�DFFRXQW�IRU�WKH�DFWXDO�VWDOO�F\FOHV�DULVLQJ�IURP�HYHQWV

XVLQJ�WKH�IROORZLQJ�FRQVLGHUDWLRQV�

• /��FDFKH�PLVVHV�LQFXU�D�SHQDOW\�RI���F\FOHV

• /��FDFKH�PLVVHV�LQFXU�D�SHQDOW\�RI����F\FOHV

• 'HGXFLQJ�WKH�SHQDOW\�IURP�EUDQFK�VWDWLVWLFV�LV�PXFK�PRUH�LQYROYHG�EHFDXVH

RI�WKH�HODERUDWH�EUDQFK�SUHGLFWLRQ�VFKHPH�RQ�WKH�3���$V�VKRZQ�LQ�)LJ�����

SHQDOWLHV�GXH�WR�EUDQFKHV�FDQ�EH�GHWHUPLQHG�IURP�WKH�IROORZLQJ��

7KH�3��SURYLGHV�FRXQWV�IRU�WKH�IROORZLQJ�HYHQWV��DVVLJQHG�OHWWHUV�IRU�VLPSOLFLW\�



61

.� �EUDQFKHV�UHWLUHG

/�� �PLVSUHGLFWHG�EUDQFKHV�UHWLUHG

0� �WDNHQ�EUDQFKHV�UHWLUHG

1� �WDNHQ�PLVSUHGLFWHG�EUDQFKHV�UHWLUHG

2� �EUDQFK�LQVWUXFWLRQV�GHFRGHG

3� �QXPEHU�RI�%7%�PLVVHV

4� �FDVHV�LQ�ZKLFK�D�VWDWLF�SUHGLFWLRQ�LV�PDGH�IRU�WKH�EUDQFKHV

:H�FDQ�GHGXFH�WKH�FRXQWV�IRU�WKH�IROORZLQJ�HYHQWV�IURP�WKH�DERYH�GDWD�

1XPEHU�RI�%7%�KLWV��� ��EUDQFK�LQVWUXFWLRQV�GHFRGHG��²��QXPEHU�RI�%7%�PLVVHV�

���  �2�²�3

7DNHQ�FRUUHFWO\�SUHGLFWHG� ��WDNHQ�EUDQFKHV�UHWLUHG��²��WDNHQ�PLVSUHG�EU�UHWG�
EUDQFKHV�UHWLUHG

����� �0�²�1

>1RWH�WKDW�WDNHQ�FRUUHFWO\�SUHGLFWHG�EUDQFKHV�QHHG�WR�EH�FRQVLGHUHG�VLQFH�WKHVH�DOVR

LQFXU�D�SHQDOW\��ZKLFK�LV���F\FOH�LI�WKH�EUDQFK�KLWV�LQ�WKH�%7%��DQG�DURXQG���F\FOHV�LI

LW�PLVVHV�DQG�KDV�WR�EH�VWDWLFDOO\�SUHGLFWHG�@

8QFRQGLWLRQDO�EUDQFKHV� ��QXPEHU�RI�%7%�PLVVHV��²��QXPEHU�RI�VWDWLF�SUHGV�

��� �3�²�4

>,Q�GHGXFLQJ�WKLV��ZH�QRWH�WKDW�XQFRQGLWLRQDO�EUDQFKHV�DUH�QRW�VWRUHG�LQ�WKH�%7%�>�@�

$OVR�� DOO� FRQGLWLRQDO� EUDQFKHV� WKDW� PLVV� LQ� WKH� %7%� DUH� VWDWLFDOO\� SUHGLFWHG�

7KHUHIRUH�� WKH� QXPEHU� RI�%7%�PLVVHV� OHVV� WKH� QXPEHU� RI� VWDWLF� SUHGLFWLRQV�PDGH

PXVW� DSSUR[LPDWHO\� HTXDO� WKH�QXPEHU�RI�XQFRQGLWLRQDO�EUDQFKHV�HQFRXQWHUHG�GXULQJ
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H[HFXWLRQ��(DFK�XQFRQGLWLRQDO�EUDQFK�LQFXUV�D�SHQDOW\�RI�DURXQG���F\FOHV��ZKLFK� LV

WKH�OHQJWK�RI�WKH�SLSHOLQH�VWDJH�WLOO�GHFRGH�@

7KXV��WKH�QHW�EUDQFK�SHQDOW\�LV�JLYHQ�E\�²

����������������� ������������������������������ ������� �

����� �/��������0²1��2²3���2����0²1�3��2����3²4��

8VLQJ� WKH�DERYH�SHQDOWLHV� IRU�FDFKH�PLVVHV�DQG�EUDQFKHV��ZH�JHW� WKH�JUDSK

VKRZQ�LQ�)LJXUH�����,W�FDQ�EH�VHHQ�WKDW�WKH�&3,��SORWWHG�LQ�)LJXUH����DQG�UHSHDWHG�LQ

)LJXUH� ��� IRU� FRQYHQLHQFH�� GRHV� WUDFN� WKH� YDULRXV� VWDOOV� LQ� WKH� SURFHVVRU�� $V� VWDOO

F\FOHV� LQFUHDVH�� VR� GRHV� WKH�&3,��1RWH� WKDW� VRPH� GLVFUHSDQFLHV� UHPDLQ� LQ� VXFK� DQ

H[SRVLWLRQ��VLQFH�WKHUH�LV�D�ORW�RI�RYHUODSSHG�H[HFXWLRQ�WKDW�JRHV�RQ�LQ�WKH�PDFKLQH�

)RU�LQVWDQFH��H[HFXWLRQ�FDQ�SURFHHG�LQ�D�UHVRXUFH�VWDOO�F\FOH�LQ�VRPH�RWKHU�SDUW�RI�WKH

PDFKLQH��+HQFH��RQO\�DQ�DSSUR[LPDWH�FRUUHODWLRQ�FDQ�EH�GUDZQ�EHWZHHQ� WKDW� VWDOOV

DQG�WKH�&3,�

Branch
Penalty
(cycles)

Penalty for
Mispredicted
Branches

3HQDOW\�IRU

FRUUHFWO\

SUHGLFWHG�WDNHQ

EUDQFKHV�WKDW�PLVV

LQ�WKH�%7%

Penalty for
correctly
predicted taken
branches that hit
in the BTB

Penalty for
unconditional
branches
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CPI vs. Latency Components
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��� &203$5,1*�(;(&87,21�&+$5$&7(5,67,&6�21�7+(�3(17,80�,,�$1'
3(17,80�,,,�352&(66256

7KLV�VHFWLRQ�FRPSDUHV�WKH�SHUIRUPDQFH�RI�WKH��'�:LQ%HQFK�EHQFKPDUN�RQ

WKH� 3HQWLXP� ,,� DQG� 3HQWLXP� ,,,� SURFHVVRUV�� ,Q� GRLQJ� VXFK� D� FRPSDULVRQ�� LW� LV

HVVHQWLDO� WR� HQVXUH� WKDW� RWKHU� WKDQ� WKH� SURFHVVRU�� WKH� UHVW� RI� WKH� V\VWHP� VWD\V� WKH

VDPH��:KLOH�WKLV�ZDV�QRW�H[DFWO\�DFKLHYDEOH��ZH�KDYH�WULHG�WR�DSSURDFK�WKLV�LGHDO�WKH

EHVW�ZH�FRXOG��:H�XVHG�WKH�WZR�V\VWHPV�ZLWK�FRQILJXUDWLRQV�LQGLFDWHG�LQ�7DEOH���

3HQWLXP�,,�6\VWHP
3HQWLXP�,,�;HRQ�DW�����0+]
��N%���N%�/��,��DQG�'�FDFKHV
���N%�/�
���0%�0DLQ�0HPRU\
19LGLD�5LYD�717��JUDSKLFV�DFFHOHUDWRU

3HQWLXP�,,,�6\VWHP
3HQWLXP�,,,�DW�����0+]
��N%���N%�/��,��DQG�'�FDFKHV
���N%�/�
����0%�0DLQ�0HPRU\
19LGLD�5LYD�717��JUDSKLFV�DFFHOHUDWRU

���;HRQ�SURFHVVRU�KDV�IXOO�VSHHG�/�
²��6ORZHU�SURFHVVRU��VPDOOHU�PDLQ�PHP�

²��/��LV�RQO\�KDOI�VSHHG
���)DVWHU�WKDQ�WKH�3,,��ODUJH�PDLQ�PHP

7DEOH����3HQWLXP�,,�DQG�3HQWLXP�,,,�6\VWHP�&RQILJXUDWLRQV

7KH�¶�·�DQG�¶²¶�VLJQV�LQGLFDWH�WKH�SRVLWLYH�DQG�QHJDWLYH�SRLQWV�UHJDUGLQJ�HDFK

V\VWHP� DV� IDU� DV� VSHHG� LV� FRQFHUQHG�� 7KH� GLIIHUHQFHV� EHWZHHQ� WKH� V\VWHPV� ZHUH

UHVWULFWHG�WR�WKRVH�EHWZHHQ�WKH�VSHHGV�RI�WKH�SURFHVVRUV�DQG�WKHLU�/��FDFKHV��DQG�WKH

VL]H�RI�WKH�PDLQ�PHPRU\�

$V�ZDV�VDLG�HDUOLHU��WKH�FRPSDULVRQ�ZDV�GRQH�E\�UXQQLQJ�WKH��'�:LQ%HQFK

����� VXLWH� RQ� WKH� PDFKLQHV�� 6SHFLILFDOO\�� ZH� UDQ� WKH� �'�:LQ0DUN� ����� DQG� �'

:LQ%HQFK������3URFHVVRU�7HVWV�RQ� WKH�PDFKLQHV��7KHVH�WHVWV�JLYH�UHVXOWV� LQ�WHUPV

RI�IUDPHV�UHQGHUHG�SHU�VHFRQG�DQG�WULDQJOHV�UHQGHUHG�SHU�VHFRQG��UHVSHFWLYHO\��7KH

UHVXOWV�DUH�WDEXODWHG�LQ�7DEOHV����DQG����
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7HVW )UDPHV 3HQWLXP
,,

�ISV��

3HQWLXP
,,,
�ISV�

6SHHGXS

6SHHGZD\ ��� ���� ���� �����
+DQJDU ��� ���� ���� �����
5XVW9DOOH\ ��� ���� ���� �����
&DQ\RQ ��� ���� ���� �����
&KDPEHU ��� ���� �� �����
6WDWLRQV ��� ���� ���� �����
,VODQGV ��� ���� ���� �����
5DFH7UDFN ² ² ² ²
&KDSHO ��� ���� ���� �����
1HW�6FRUH ² ���� ���� �����

������������5DFH7UDFN�FRXOG�QRW�EH�UXQ�EHFDXVH�RI�OLPLWDWLRQV�RI�WKH�JUDSKLFV�DFFHOHUDWRU�FDUG�

7DEOH������'�:LQ0DUN������UHVXOWV

7HVW 3HQWLXP�,,
�¨SV��

3HQWLXP�,,,
�¨SV�

6SHHGXS

6SHHGZD\ ����� ����� �����
+DQJDU ����� ����� �����
5XVW9DOOH\ ����� ���� �����
&DQ\RQ ���� ���� �����
&KDPEHU ����� ��� �����
6WDWLRQV ����� ���� �����
,VODQGV ���� ����� �����
5DFH7UDFN ����� ���� �����
&KDSHO ����� ���� �����
1HW�6FRUH ����� ���� �����

���������7DEOH������'�:LQ0DUN������3URFHVVRU�7HVWV�5HVXOWV

,W�FDQ�EH�VHHQ�WKDW�WKH�3HQWLXP�,,,�SHUIRUPV�PXFK�EHWWHU�WKDQ�WKH�3HQWLXP

,,��HVSHFLDOO\�RQ� WKH�SURFHVVRU� WHVWV��ZKHUH� LW�RIIHUV�PRUH� WKDQ�����VSHHGXS��9HU\

                                                
1 Fps = Frames per second
2 ¨ps = Triangles rendered per second



66

LQWHUHVWLQJO\�� ZKHQ� ,3&� PHDVXUHPHQWV� ZHUH� WDNHQ� RQ� WKH� WZR� V\VWHPV�� WKH� 3,,

FRQVLVWHQWO\�KDG�KLJKHU�,3&�YDOXHV�DV�FRPSDUHG�WR�WKH�3,,,��7KLV�ZDV�PRVW�VXUSULVLQJ�

VLQFH�WKH�GLIIHUHQFH�LQ�UHQGHULQJ�VSHHG�IRU�WKH�WZR�V\VWHPV�ZDV�ODUJH�HQRXJK�WR�EH

HYHQ�YLVXDOO\�SHUFHSWLEOH�²�WKH�3,,,�V\VWHP�KDG�PXFK�VPRRWKHU��PRUH�IOXLG�UHQGHULQJ

DV� RSSRVHG� WR� WKH� MHUN\� QDWXUH� RI� UHQGHULQJ� RQ� WKH� 3,,��:H� KDG� H[SHFWHG� WKLV� WR

LPSO\�KLJKHU�,3&�IRU�WKH�3,,,�PDFKLQH�

)XUWKHU�DQDO\VLV�RI�HYHQW�FRXQWV�OHG�XV�WR�WKH�IROORZLQJ�FRQFOXVLRQ�

7KH�3HQWLXP�,,,�XVHV� WKH���ZLGH�)3�6,0'� LQVWUXFWLRQV� WR�SURFHVV�YHUWH[�GDWD� IRU

WKH� VFHQHV��7R�D� ILUVW� DSSUR[LPDWLRQ�� WKHUHIRUH�� WR�SHUIRUP� WKH� VDPH� FRPSXWDWLRQ�

WKH�3,,�ZLOO�QHHG���WLPHV�DV�PDQ\� ORQJ�ODWHQF\�)3� LQVWUXFWLRQV��$GGLWLRQDOO\�� LW�ZLOO

LQFXU���WLPHV�DV�PDQ\�ORDGV�IURP�PHPRU\��0RUHRYHU��VRPH�RI�WKH�PRVW�FRPPRQO\

XVHG�RSHUDWLRQV� LQ� �'�JHRPHWU\�� UHFLSURFDO� DQG� UHFLSURFDO� VTXDUH� URRW�� DUH� KHDYLO\

RSWLPL]HG�LQ�WKH�3HQWLXP�,,,�WR�VLQJOH�LQVWUXFWLRQV��5&3�DQG�56457��WKDW�H[HFXWH

ZLWK� ��F\FOH� ODWHQFLHV�� 7KH� 3,,� ZRXOG� KDYH� WR� UHVRUW� WR� WKH� ',9� DQG� 6457

LQVWUXFWLRQV�WKDW�DUH�YHU\�FRVWO\�LQ�WHUPV�RI�F\FOHV��7KH�UHVXOW�LV�WKDW�WKH�FRGH�RQ�WKH

3HQWLXP�,,�KDV�PDQ\�PRUH�LQVWUXFWLRQV��ZKLFK�WDNH�D�PXFK�KLJKHU�QXPEHU�RI�FORFNV

WR� H[HFXWH�� (YLGHQWO\�� WKH� LQFUHDVH� LQ� QXPEHU� RI� LQVWUXFWLRQV� LV� PRUH� WKDQ� WKH

LQFUHDVH�LQ�QXPEHU�RI�FORFNV��VR�WKDW�WKH�QHW�HIIHFW�LV�WR�LQFUHDVH�WKH�,3&�HYHQ�ZLWK�D

GHFUHDVH�LQ�SHUIRUPDQFH�

$V� DQ� H[DPSOH�� IRU� WKH� 6SHHGZD\� VFHQH� 3URFHVVRU� 7HVW�� WKH� QXPEHUV

REWDLQHG�ZHUH�DV�VKRZQ�LQ�7DEOH����
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3HQWLXP�,,, 3HQWLXP�,,
,QVWUXFWLRQV ������������� �������������

&ORFNV ������������� �������������
,3& ���� ����

7DEOH�����,3&�IRU�6SHHGZD\

%RWK�SURFHVVRUV�GLG� WKH� VDPH� DPRXQW�RI�ZRUN�� L�H��� UHQGHU� WKH� ���� IUDPHV

FRPSULVLQJ�WKH�WHVW��7KH�3,,�UHTXLUHG�DSSUR[LPDWHO\� WZLFH�WKH�QXPEHU�RI�FORFNV�DV

WKH�3,,,��DQG�VRPHZKDW�PRUH�WKDQ�WZLFH�WKH�QXPEHU�RI�LQVWUXFWLRQV��$V�D�UHVXOW��WKH

,3&� RQ� WKH� 3,,� LV� PRUH� WKDQ� WKDW� RQ� WKH� 3,,,�� HYHQ� WKRXJK� WKH� SHUIRUPDQFH� LV

PDUNHGO\�SRRUHU�

7KLV� OHDGV� XV� WR� WKH� FRQFOXVLRQ� WKDW� ,3&� LV�PHDQLQJOHVV� DV� DQ� LQGLFDWRU� RI

SHUIRUPDQFH�ZKHQ�FRPSDULQJ�66(�EDVHG�DSSOLFDWLRQV�DFURVV�GLIIHUHQW�DUFKLWHFWXUHV�

7KH�WUXH�PHDVXUH�RI�SHUIRUPDQFH�LV�WKH�IUDPHV�RU�WULDQJOHV�UHQGHUHG�SHU�VHFRQG�

����� $QDO\VLV�RI�/DWHQF\�&RPSRQHQWV��RQ��'�:LQ%HQFK

:H�QRZ� FRQVLGHU� WKH� HIIHFW� RI� FDFKH�PLVVHV�� EUDQFK�PLVSUHGLFWV�� UHVRXUFH

VWDOOV�HWF��RQ�WKH�RYHUDOO�&3,��LQ�WKH�VDPH�VHTXHQFH�RI�REVHUYDWLRQV�DV�WKDW�SUHVHQWHG

LQ�)LJXUHV����WKURXJK�����7KH�QH[W�FRXSOH�RI�SDJHV�VKRZV�WKH�FKDUDFWHULVWLFV�RI�WKH

:LQ%HQFK�VFHQHV�RQ�WKH�3HQWLXP�,,�DQG�3HQWLXP�,,,�V\VWHPV�
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CPI : Pentium II
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Cache Misses per 1000 Instructions : Pentium II
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Branch Statistics : Pentium II
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Branch Statistics : Pentium III
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Resource Stalls : Pentium II
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Resource Stalls : Pentium III
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CPI vs. Latency Components : Pentium II
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CPI vs. Latency Components : Pentium III
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7KH�UHDGLQJV�ZHUH�WDNHQ�RQ�WKH�3URFHVVRU�7HVW�IRU�HDFK�EHQFKPDUN��)LJXUHV

���DQG����VKRZ�WKH�&3,V�REWDLQHG�RQ�WKH�WZR�V\VWHPV��7KH�&3,V�RQ�WKH�3HQWLXP�,,,

DUH� FRQVLVWHQWO\� KLJKHU� WKDQ� WKRVH� RQ� WKH� 3HQWLXP� ,,�� GHVSLWH� WKH� IDFW� WKDW� WKH

EHQFKPDUNV� UXQ� PXFK� IDVWHU� RQ� WKH� IRUPHU� SURFHVVRU�� 7KH� GLVFXVVLRQ� DW� WKH

EHJLQQLQJ�RI� WKLV� VHFWLRQ� VKRZV��KRZHYHU�� WKDW� WKLV�REVHUYDWLRQ� LV� LUUHOHYDQW�� 6LQFH

WKH�VDPH�DPRXQW�RI�FRPSXWDWLRQ�KDV�EHHQ�SHUIRUPHG�RQ�ERWK�V\VWHPV�DW�WKH�HQG�RI�HDFK

EHQFKPDUN��D�PRUH�DFFXUDWH�PHDVXUH�RI�SHUIRUPDQFH�LV�VLPSO\�WKH�QXPEHU�RI�FORFN

F\FOHV�FRXQWHG�RQ�HDFK�V\VWHP��RU�HTXLYDOHQWO\��WKH�QXPEHU�RI�WULDQJOHV�UHQGHUHG�SHU

VHFRQG�DV�H[SODLQHG�HDUOLHU�

)LJXUHV� ��� DQG���� FRPSDUH� WKH� FDFKH� SHUIRUPDQFH� RI� WKH� EHQFKPDUNV�� /�

FDFKH�PLVVHV�DUH�JHQHUDOO\�ORZ��ZKDW�LV�UHPDUNDEOH�LQ�WKLV�VHW�RI�EHQFKPDUNV�LV�WKDW

WKH� SHUFHQWDJH� RI�/�� FDFKH�PLVVHV� LV� YHU\� KLJK�� ,Q� SDUWLFXODU�� WKH� /�� ,�FDFKH�PLVV

SHUFHQWDJH�LV�YHU\�KLJK��LQ�PRVW�FDVHV�H[FHHGLQJ�WKH�SHUFHQWDJH�RI�/��'�FDFKH�PLVVHV�

7KLV�LV�LQ�VWDUN�FRQWUDVW�WR�WKH�FDFKH�EHKDYLRU�VHHQ�DFURVV�WKH�HDUOLHU�EHQFKPDUN�VHW

�)LJXUH� ����� ZKHUH� ,�FDFKH� PLVVHV� DUH� PLQLPDO�� 7KLV� PLJKW� VXJJHVW� D� KDSKD]DUG

FRQWURO�VWUXFWXUH�ZLWK�D�ORW�RI�EUDQFKHV��7KLV�LV�LQGHHG�ERUQH�RXW�E\�WKH�REVHUYDWLRQ

WKDW� WKH� RYHUDOO� EUDQFK� IUHTXHQF\� DFURVV� WKLV� EHQFKPDUN� VHW� �DERXW� ����� LV�PXFK

KLJKHU�WKDQ�WKDW�LQ�WKH�FRPPHUFLDO�DSSOLFDWLRQV��DERXW������VHHQ�HDUOLHU��)LJXUH�����

$QRWKHU�REVHUYDWLRQ�ZRUWK�QRWLQJ�LV�WKDW�FDFKH�PLVVHV�RQ�WKH�3HQWLXP�,,,�DUH�KLJKHU

WKDQ�WKRVH�RQ�WKH�3HQWLXP�,,�LQ�PDQ\�FDVHV��7KLV�FRXOG�EH�EHFDXVH�RI�WKH�IDFW�WKDW�D

ORW� RI� SUHIHWFKHV� DUH� LVVXHG�� ZKLFK� PLVV� LQ� WKH� FDFKHV� DQG� WKHUHIRUH� LQFUHDVH� WKH

RYHUDOO�PLVV�FRXQW�

7KH�EUDQFK�VWDWLVWLFV�RYHU�WKH�EHQFKPDUN�VHW�DUH�VKRZQ�LQ�)LJXUHV����DQG����

$V�PHQWLRQHG�DERYH��WKH�EUDQFK�IUHTXHQF\�LV�UHODWLYHO\�KLJK��DURXQG�����IRU�PRVW

RI�WKH�EHQFKPDUNV��+RZHYHU��WKH�EUDQFK�PLVSUHGLFW�UDWLR�LV�ORZ�²�OHVV�WKDQ����LQ�DOO

FDVHV��7KLV�LV�LQ�VSLWH�RI�D�UHODWLYHO\�KLJK�%7%�PLVV�UDWLR��a������ZKLFK�PHDQV�WKDW
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WKH�EUDQFKHV�PLVVLQJ�WKH�%7%�DUH�SULPDULO\�ORRS�FORVLQJ�EDFNZDUG�EUDQFKHV��RU�IDOO�

WKURXJK�IRUZDUG�EUDQFKHV��ZKLFK�DUH�ERWK�FRUUHFWO\�SUHGLFWHG�E\�WKH�VWDWLF�SUHGLFWLRQ

PHFKDQLVP�

5HVRXUFH� VWDOOV� IRU� WKH� EHQFKPDUNV� DUH� FRPSDUHG� LQ� )LJXUHV� ��� DQG� ���

)LJXUH� ��� VKRZV� WKDW� 5HVRXUFH� 6WDOOV� LQ� WKH� 3HQWLXP� ,,,� DUH� ORZHU� WKDQ� 5HVRXUFH

6WDOOV�LQ�WKH�3HQWLXP�,,��WKLV�LV�SUREDEO\�EHFDXVH�RI�WKH�DGGLWLRQDO�6,0'�KDUGZDUH�LQ

WKH� 3HQWLXP� ,,,� WKDW� UHOLHYHV� VRPH� RI� WKH� SUHVVXUH� RQ� WKH� H[LVWLQJ� FRPSXWDWLRQ

UHVRXUFHV�� ,�VWUHDP�VWDOOV� LQ� WKH�3HQWLXP�,,,�DUH�FRPSDUDEOH� WR� WKH�5HVRXUFH�6WDOOV�

DQG� DUH� KLJKHU� WKDQ� ,�VWUHDP� 6WDOOV� LQ� WKH� 3HQWLXP� ,,�� 7KLV� LV� FRQVRQDQW� ZLWK� WKH

HDUOLHU�REVHUYDWLRQ�WKDW�WKH�3HQWLXP�,,,�KDV�D�KLJKHU�SURSRUWLRQ�RI�/��FDFKH�PLVVHV

WKDQ�WKH�3HQWLXP�,,�

)LQDOO\��)LJXUHV����DQG����DGG�XS� WKH�F\FOHV� ORVW�GXH� WR� WKH�YDULRXV� ODWHQF\

FRPSRQHQWV��&RPSDULQJ�WKHVH�ZLWK�)LJXUHV����DQG����VKRZV�WKDW� WKHUH� LV�D� VWURQJ

FRUUHODWLRQ�EHWZHHQ�WKH�&3,�DQG�WKH�F\FOHV�ORVW�GXH�WR�WKH�ODWHQF\�FRPSRQHQWV�
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&KDSWHU�� ��&RQFOXVLRQ

,Q� WKLV� VWXG\��ZH� HYDOXDWHG� WKH�6WUHDPLQJ�6,0'�([WHQVLRQV� LQWURGXFHG�RQ

WKH� 3HQWLXP� ,,,� SURFHVVRU�� :H� H[DPLQHG� WKH� VSHHGXS� REWDLQHG� E\� XVLQJ� WKH

FDFKHDELOLW\� LQVWUXFWLRQV� RQ� D� VHW� RI� NHUQHOV�� :H� DOVR� FKDUDFWHUL]HG� WKH� H[HFXWLRQ

FKDUDFWHULVWLFV�RI�VRPH�UHSUHVHQWDWLYH�66(�HQKDQFHG�DSSOLFDWLRQV��6WDOO�F\FOHV�GXH�WR

YDULRXV� IDFWRUV�� VXFK� DV� FDFKH�PLVVHV�� EUDQFK�PLVSUHGLFWV�� UHVRXUFH� VWDUYDWLRQ� HWF�

ZHUH�UHFRUGHG�DQG�LW�ZDV�VHHQ�WKDW�WKHUH�ZDV�UHDVRQDEOH�DJUHHPHQW�EHWZHHQ�WKH�&3,

DQG� WKH�VWDOOV�REVHUYHG��)LQDOO\��ZH�FRPSDUHG�SHUIRUPDQFH�RI� WKH�3HQWLXP�,,,� DQG

3HQWLXP�,,�SURFHVVRUV�UXQQLQJ�WKH�VDPH�DSSOLFDWLRQ�ZLWK�DQG�ZLWKRXW�HQKDQFHPHQWV�

7KH�PDMRU�REVHUYDWLRQV�LQ�RXU�VWXG\�DUH�VXPPDUL]HG�EHORZ�

• 3UHIHWFK� LQVWUXFWLRQV� ERRVW� SHUIRUPDQFH� PRUH� LQ� FDVH� RI� PHPRU\�ERXQG

DSSOLFDWLRQV�DV�FRPSDUHG�WR�&38�ERXQG�RQHV�

• ,Q� NHUQHOV� VXFK� DV� PDWUL[� PXOWLSOLFDWLRQ�� ZLWK� DQ� LUUHJXODU� PHPRU\� DFFHVV

SDWWHUQ�� SUHIHWFKHV� KDYH� WR� EH� LQVHUWHG� YHU\� FDUHIXOO\�� ,I� SUHIHWFKHV� DUH

LQVHUWHG�YHU\�FORVH� WR� WKH�XVH�RI� WKH�SUHIHWFKHG�GDWD�� WKH�SUHIHWFK�PD\�QRW

KDYH�UHWXUQHG�WKH�GDWD�LQ�PHPRU\�E\�WKH�WLPH�LW�LV�QHHGHG��,I�WKH�SUHIHWFKHV

DUH�KRLVWHG�PXFK�EHIRUH� WKH�GDWD� LV�QHHGHG��RWKHU�GDWD� ORDGHG�EHWZHHQ� WKH

SUHIHWFK� DQG� WKH� XVH� PD\� DFWXDOO\� HYLFW� WKH� SUHIHWFKHG� GDWD� EHFDXVH� RI

FRQIOLFW� PLVVHV�� $V� VXFK�� LQGLVFULPLQDWH� SUHIHWFK� PD\� DFWXDOO\� KXUW

SHUIRUPDQFH�UDWKHU�WKDQ�LPSURYH�LW�

• 7KH�SUHIHWFK�VWUDWHJ\�PD\�KDYH�WR�EH�WDLORUHG�WR�WKH�GDWD�VHW�VL]H��$�VWUDWHJ\

WKDW�SHUIRUPV�ZHOO�RQ�RQH�GDWD�VHW�PD\�QRW�GR�VR�LI�WKH�GDWD�VHW�LV�FKDQJHG�
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• &RPPHUFLDO� DSSOLFDWLRQV� KDYH� D� YHU\� ORZ� SHUFHQWDJH� RI� 66(� LQVWUXFWLRQV�

XQGHU����LQ�PRVW�FDVHV�FRQVLGHUHG�

• 3UHIHWFKLQJ�LV�DSSDUHQWO\�QRW�XVHG�YHU\�HIIHFWLYHO\�LQ�VXFK�DSSOLFDWLRQV��2XU

VWXG\�LQGLFDWHV�WKDW�PRVW�SUHIHWFKHV�KLW�LQ�WKH�FDFKHV��ZKLFK�PHDQV�WKDW�WKH

SUHIHWFK� LQVWUXFWLRQV� MXVW� FRQVXPH� H[HFXWLRQ� UHVRXUFHV� ZLWKRXW� JLYLQJ� DQ\

UHDO�EHQHILW�

• 2XU� VWXG\� FRQILUPV� WKH� FRQFOXVLRQV� GUDZQ� LQ� >�@� WKDW� LW� LV� QRW� SRVVLEOH� WR

GHULYH�SUHFLVH� FDXVH�HIIHFW� UHODWLRQVKLSV� LQ� D�PRGHUQ� VXSHUVFDODU� SURFHVVRU�

2QO\�DSSUR[LPDWH�GHSHQGHQFLHV�FDQ�EH�HVWDEOLVKHG�

• ,Q� FRPSDULQJ� SHUIRUPDQFH� RI� �'� DSSOLFDWLRQV� VXFK� DV� JDPHV� DFURVV

DUFKLWHFWXUHV�OLNH�WKH�3HQWLXP�,,�DQG�WKH�3HQWLXP�,,,��,3&�LV�PHDQLQJOHVV�DV

DQ�LQGLFDWRU�RI�SHUIRUPDQFH��7KH�RQO\�UHDO�PHDQV�RI�GLIIHUHQWLDWLQJ�EHWZHHQ

WKH�WZR�LV�E\�PHDQV�RI�RWKHU�PHDVXUHV�VXFK�DV�IUDPHV�UHQGHUHG�SHU�VHFRQG

�IRU�WKH�HQWLUH�JUDSKLFV�VXEV\VWHP��RU�WULDQJOHV�UHQGHUHG�SHU�VHFRQG��IRU�MXVW

WKH�SURFHVVRU��

• 7KH��'�:LQ%HQFK�WHVWV�VKRZ�D�KLJKHU�SHUFHQWDJH�RI�/��FDFKH�PLVVHV�RQ�WKH

3HQWLXP�,,,�FRPSDUHG�WR�WKH�3HQWLXP�,,�

• 5HVRXUFH� VWDOOV� RQ� WKH� 3HQWLXP� ,,,�� KRZHYHU�� DUH� VHHQ� WR� EH� ORZHU�� 7KLV

LQGLFDWHV�WKDW�WKH�DGGHG�6,0'�)3�SURFHVVLQJ�KDUGZDUH�UHOLHYHV�VRPH�RI�WKH

SUHVVXUH�RQ�WKH�H[LVWLQJ�FRPSXWDWLRQ�UHVRXUFHV�

:H�KRSH�WKDW�WKLV�ZRUN�VKHGV�VRPH�OLJKW�RQ�WKH�H[HFXWLRQ�FKDUDFWHULVWLFV�RI

DSSOLFDWLRQV� HQKDQFHG� E\� WKH� 6WUHDPLQJ� 6,0'� ([WHQVLRQV�� $Q� XQGHUVWDQGLQJ� RI

KRZ�DSSOLFDWLRQV�DFWXDOO\�XVH�WKH�EHQHILWV�RIIHUHG�E\�VXFK�H[WHQVLRQV�PD\�EH�XVHIXO

IRU� GHVLJQHUV� RI�PHGLD� H[WHQVLRQV� DV� ZHOO� DV� DSSOLFDWLRQV� SURJUDPPHUV�� 7KHUH� DUH

PRUH� PHGLD� H[WHQVLRQV� RQ� WKH� ZD\�� ZLWK� WKH� 66(��� HQKDQFHG� 6WUHDPLQJ� 6,0'

([WHQVLRQV�WKDW�ZLOO�EH�LQWURGXFHG�RQ�WKH�:LOODPHWWH�SURFHVVRU�IURP�,QWHO�ODWHU�WKLV
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\HDU��7KLV�ZRUN� FRXOG�EH� H[WHQGHG� WR� VWXG\� WKH� QH[W�JHQHUDWLRQ� DSSOLFDWLRQV� XVLQJ

WKH�HYHQ�PRUH�VRSKLVWLFDWHG�,6$�PHGLD�H[WHQVLRQV�WKDW�ZLOO�QR�GRXEW�EH�LQWURGXFHG

RQ�IXWXUH�SURFHVVRUV�
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$SSHQGL[

7KH�3��FRUH�KDV�WZR�SHUIRUPDQFH�FRXQWHUV��(DFK�FRXQWHU�KDV�DQ�DVVRFLDWHG�HYHQW�

VHOHFW�UHJLVWHU�WKDW�FRQWUROV�ZKDW�LV�FRXQWHG��7DEOH����VKRZV�WKH�SHUIRUPDQFH�PHWULFV

XVHG�LQ�WKLV�UHSRUW�DORQJ�ZLWK�WKH�QXPHUDWRU�DQG�GHQRPLQDWRU�HYHQWV�IRU�HDFK

PHWULF�

3HUIRUPDQFH�0HWULF 1XPHUDWRU�(YHQW 'HQRPLQDWRU�(YHQW
&\FOHV�SHU�,QVWUXFWLRQ &38B&/.B81+$/7(' ,167B5(7,5('
/��,�FDFKH�PLVVHV�SHU
LQVWUXFWLRQ

/�B,)(7&+ ,167B5(7,5('

/��'�FDFKH�PLVVHV�SHU
LQVWUXFWLRQ

'&8B/,1(6B,1 ,167B5(7,5('

/��FDFKH�PLVVHV�SHU
LQVWUXFWLRQ

/�B/,1(6B,1 ,167B5(7,5('

%UDQFK�IUHTXHQF\ %5B,167B5(7,5(' ,167B5(7,5('
%UDQFK�PLVSUHGLFW�UDWLR %5B0,66B35('B5(7,5(' %5B,167B5(7,5('
%UDQFK�WDNHQ�UDWLR %5B7$.(1B5(7,5(' %5B,167B5(7,5('
%7%�PLVV�UDWLR %7%B0,66(6 %5B,167B'(&2'('
5HVRXUFH�VWDOOV�SHU
LQVWUXFWLRQ

5(6285&(B67$//6 ,167B5(7,5('

,VWDOOV�SHU�LQVWUXFWLRQ ,)8B0(0B67$// ,167B5(7,5('
µ�RSV�SHU�LQVWUXFWLRQ 8236B5(7,5(' ,167B5(7,5('

7DEOH�����3��&RXQWHU�EDVHG�3HUIRUPDQFH�0HWULFV

7DEOH����JLYHV�D�GHVFULSWLRQ�RI�WKH�HYHQWV�DVVRFLDWHG�ZLWK�WKH�SHUIRUPDQFH

PRQLWRULQJ�FRXQWHUV�XVHG�LQ�WKLV�SURMHFW��0RUH�LQIRUPDWLRQ�FDQ�EH�IRXQG�LQ�>��@�
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(YHQW�1DPH 'HVFULSWLRQ

&38B&/.B81+$/7(' 1XPEHU�RI�F\FOHV�GXULQJ�ZKLFK�WKH�SURFHVVRU�LV�QRW�KDOWHG�

,167B5(7,5(' 1XPEHU�RI�LQVWUXFWLRQV�UHWLUHG�

/�B,)(7&+ 1XPEHU�RI�/��,QVWUXFWLRQ�)HWFKHV��7KLV�HYHQW�LQGLFDWHV�WKDW�D
QRUPDO�LQVWUXFWLRQ�IHWFK�ZDV�UHFHLYHG�E\�WKH�/���7KH�FRXQW
RQO\�LQFOXGHV�FDFKHDEOH�LQVWUXFWLRQ�IHWFKHV��LW�GRHV�QRW�LQFOXGH
XQFDFKHDEOH�LQVWUXFWLRQ�IHWFKHV��,W�DOVR�GRHV�QRW�LQFOXGH�,7/%
PLVV�DFFHVVHV�

'&8B/,1(6B,1 7RWDO�OLQHV�DOORFDWHG�LQ�WKH�'&8�

/�B/,1(6B,1 1XPEHU�RI�OLQHV�DOORFDWHG�LQ�WKH�/��

%5B,167B5(7,5(' 1XPEHU�RI�EUDQFK�LQVWUXFWLRQV�UHWLUHG�

%5B0,66B35('B5(7,5(' 1XPEHU�RI�PLVSUHGLFWHG�EUDQFKHV�UHWLUHG�

%5B7$.(1B5(7,5(' 1XPEHU�RI�WDNHQ�EUDQFKHV�UHWLUHG�

%5B0,66B35('B7$.(1B5(7 1XPEHU�RI�WDNHQ�PLVSUHGLFWHG�EUDQFKHV�UHWLUHG�

%5B,167B'(&2'(' 1XPEHU�RI�EUDQFK�LQVWUXFWLRQV�GHFRGHG�

%7%B0,66(6 1XPEHU�RI�WLPHV�WKDW�WKH�%7%�GLG�QRW�SURGXFH�D�SUHGLFWLRQ�

%$&/($56 1XPEHU�RI�WLPHV�WKDW�D�VWDWLF�EUDQFK�SUHGLFWLRQ�ZDV�PDGH��LQ
ZKLFK�WKH�EUDQFK�GHFRGHU�GHFLGHG�WR�PDNH�D�EUDQFK�SUHGLFWLRQ
EHFDXVH�WKH�%7%�GLG�QRW�

5(6285&(B67$//6 ,QFUHPHQWHG�E\���GXULQJ�HYHU\�F\FOH�IRU�ZKLFK�WKHUH�LV�D
UHVRXUFH�UHODWHG�VWDOO��,QFOXGHV�UHJLVWHU�UHQDPLQJ�EXIIHU�HQWULHV�
PHPRU\�EXIIHU�HQWULHV�HWF��'RHV�QRW�LQFOXGH�VWDOOV�GXH�WR�EXV
TXHXH�IXOO��WRR�PDQ\�FDFKH�PLVVHV��HWF��,QFOXGHV�VWDOOV�DULVLQJ
GXH�WR�EUDQFK�PLVSUHGLFWLRQ�UHFRYHU\��VXFK�DV�LI�UHWLUHPHQW�RI
WKH�PLVSUHGLFWHG�EUDQFK�LV�GHOD\HG�DQG�VWDOOV�DULVLQJ�ZKLOH�VWRUH
EXIIHU�LV�GUDLQLQJ�IURP�V\QFKURQL]LQJ�RSHUDWLRQV�

,)8B0(0B67$// 1XPEHU�RI�F\FOHV�LQVWUXFWLRQ�IHWFK�LV�VWDOOHG��IRU�DQ\�UHDVRQ�
,QFOXGHV�,)8�FDFKH�PLVVHV��,7/%�PLVVHV��,7/%�IDXOWV��DQG
RWKHU�PLQRU�VWDOOV�

8236B5(7,5(' 1XPEHU�RI�µ�RSV�UHWLUHG

7DEOH�����(YHQW�'HVFULSWLRQV
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(YHQW�1DPH 'HVFULSWLRQ

(021B.1,B,167B5(7,5(' 1XPEHU�RI�66(�LQVWUXFWLRQV�UHWLUHG��%DVHG�RQ�XQLW�PDVN��FDQ
FRXQW�HLWKHU�SDFNHG�VFDODU�LQVWUXFWLRQV��RU�VFDODU�LQVWUXFWLRQV
RQO\�

(021B.1,B&203B,167B5(7 1XPEHU�RI�66(�FRPSXWDWLRQ�LQVWUXFWLRQV�UHWLUHG��%DVHG�RQ
XQLW�PDVN��FDQ�FRXQW�HLWKHU�SDFNHG�VFDODU��RU�VFDODU�RQO\�

(021B.1,B35()B

',63$7&+('

1XPEHU�RI�66(�SUHIHWFK�ZHDNO\�RUGHUHG�LQVWUXFWLRQV
GLVSDWFKHG��%DVHG�RQ�XQLW�PDVN��FDQ�FRXQW�SUHIHWFK�17$�
SUHIHWFK�7���SUHIHWFK�7��RU�ZHDNO\�RUGHUHG�VWRUHV�

(021B.1,B35()B0,66 1XPEHU�RI�SUHIHWFKHV�WKDW�PLVV�DOO�FDFKHV��&DQ�VSHFLI\�W\SH�RI
LQVWUXFWLRQ�DV�DERYH�

7DEOH�����(YHQW�'HVFULSWLRQV��FRQWG��
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5HIHUHQFHV

>�@� '��%KDQGDUNDU� DQG� -��'LQJ��´3HUIRUPDQFH�&KDUDFWHUL]DWLRQ�RI� WKH�3HQWLXP
3UR� 3URFHVVRUµ�� 3URFHHGLQJV� RI�+LJK� SHUIRUPDQFH� &RPSXWHU� $UFKLWHFWXUH
����SS�����������)HE������

>�@� .��'LHIHQGRUII�DQG�3��.��'XEH\��´+RZ�0XOWLPHGLD�:RUNORDGV�:LOO�&KDQJH
3URFHVVRU�'HVLJQµ��,(((�&RPSXWHU�0DJD]LQH��SS���������6HS������

>�@ 5�� %KDUJDYD�� /�� -RKQ�� %�� (YDQV� DQG�5�� 5DGKDNULVKQDQ�� ´(YDOXDWLQJ�00;
7HFKQRORJ\�8VLQJ�'63�DQG�0XOWLPHGLD�$SSOLFDWLRQVµ��3URFHHGLQJV�RI�,(((
0LFUR�����SS���������'HF������

>�@ '��7DOOD�DQG�/��-RKQ��´([HFXWLRQ�&KDUDFWHULVWLFV�RI�0XOWLPHGLD�$SSOLFDWLRQV
RQ� D� 3HQWLXP� ,,� 3URFHVVRUµ�� 3URFHHGLQJV� RI� ��WK� ,(((� ,QWHUQDWLRQDO
3HUIRUPDQFH�� &RPSXWLQJ�� DQG� &RPPXQLFDWLRQV� &RQIHUHQFH�� )HE� ������
������3KRHQL[��$UL]RQD��SS����������

>�@ /�� *ZHQQDS�� ´,QWHO·V� 00;� 6SHHGV� 0XOWLPHGLDµ�� 0LFURSURFHVVRU� 5HSRUW�
9RO�����,VVXH����0DU������

>�@ .�� 'LHIHQGRUII�� 3�� .�� 'XEH\�� 5�� +RFKVSUXQJ� DQG� +�� 6FDOHV�� ´$OWL9HF
([WHQVLRQ� WR� 3RZHU3&� $FFHOHUDWHV� 0HGLD� 3URFHVVLQJµ�� ,(((� 0LFUR�
0DU�$SULO������

>�@ $0'��'1RZ��:HEVLWH�
KWWS���ZZZ�DPG�FRP�SURGXFWV�FSJ��GQRZ�LQGH[�KWPO
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>�@ 6��7KDNNDU�DQG�7��+XII��´7KH�,QWHUQHW�6WUHDPLQJ�6,0'�([WHQVLRQVµ�� ,QWHO
7HFKQRORJ\�-RXUQDO�4��������

>�@ -�� .HVKDYD� DQG� 9�� 3HQWNRYVNL�� ´3HQWLXP�� ,,,� 3URFHVVRU� ,PSOHPHQWDWLRQ
7UDGHRIIVµ��,QWHO�7HFKQRORJ\�-RXUQDO�4��������

>��@ 3��=DJDFNL��'��%XFK��(��+VLHK��'��0HODNX��9�� 3HQWNRYVNL� DQG�+VLHQ�+VLQ
/HH��´$UFKLWHFWXUH�RI�D��'�6RIWZDUH�6WDFN�IRU�3HDN�3HQWLXP��,,,�3URFHVVRU
3HUIRUPDQFHµ��,QWHO�7HFKQRORJ\�-RXUQDO�4��������

>��@ '�� 3DSZRUWK�� ´7XQLQJ� WKH� 3HQWLXP� 3UR� 0LFURDUFKLWHFWXUHµ�� ,(((�0LFUR�
$SULO�������SS�������

>��@ /��*ZHQQDS��´,QWHO·V�3��8VHV�'HFRXSOHG�6XSHUVFDODU�'HVLJQµ�
0LFURSURFHVVRU�5HSRUW��9RO����1R����)HE�������SS������

>��@ '��6RORPRQ��´,QVLGH�:LQGRZV�17µ��6HFRQG�(GLWLRQ��0LFURVRIW�3UHVV�������

>��@ 3�� 9LVFDUROD� DQG� 7�� 0DVRQ�� ´:LQGRZV� 17�'HYLFH� 'ULYHU� 'HYHORSPHQWµ�
)LUVW�(GLWLRQ��0DFPLOODQ�7HFKQLFDO�3XEOLVKLQJ�������

>��@ 7VH�<X�<HK�DQG�<��3DWW��´$GDSWLYH�7ZR�/HYHO�%UDQFK�3UHGLFWLRQµ�
3URFHHGLQJV�RI�WKH���WK�,QWHUQDWLRQDO�6\PSRVLXP�DQG�:RUNVKRS�RQ
0LFURDUFKLWHFWXUH��$OEXTXHUTXH��1RY������
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>��@ =LII�'DYLV�%HQFKPDUN�2SHUDWLRQ��='%2S���'�:LQ%HQFK�:HEVLWH�
KWWS���ZZZ�]GERS�FRP
KWWS���ZZZ��GZLQEHQFK�FRP

>��@ 0HWD6WUHDP�9LHZHU�:HEVLWH
KWWS���ZZZ�PHWDVWUHDP�FRP�PWV��KWPO

>��@ ,QWHO�$UFKLWHFWXUH�6RIWZDUH�'HYHORSHU·V�0DQXDO��9RO����6\VWHP�3URJUDPPLQJ
*XLGH�
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9LWD

9LNUDP�8GD\�*RGEROH�ZDV�ERUQ� LQ�3XQH�� ,QGLD�RQ�1RYHPEHU���������� WKH

VRQ�RI�$UXQD�8GD\�*RGEROH�DQG�8GD\�6KULGKDU�*RGEROH��+H�UHFHLYHG�WKH�GHJUHH�RI

%DFKHORU�RI�(QJLQHHULQJ�LQ�(OHFWURQLFV�DQG�7HOHFRPPXQLFDWLRQV�IURP�WKH�8QLYHUVLW\

RI�3XQH� LQ�$XJXVW� ������ ,Q� 6HSWHPEHU� ������ KH� HQWHUHG�7KH�*UDGXDWH� 6FKRRO� RI

(QJLQHHULQJ�DW�WKH�8QLYHUVLW\�RI�7H[DV�DW�$XVWLQ�

3HUPDQHQW�DGGUHVV� ����(��WK�����
$XVWLQ��7;�������

7KLV�UHSRUW�ZDV�W\SHG�E\�WKH�DXWKRU�


