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$EVWUDFW

:DOODFH WUHH VXPPDWLRQ LQ FRQMXQFWLRQ ZLWK %RRWK

HQFRGLQJ DUH ZHOO NQRZQ WHFKQLTXHV WR GHVLJQ IDVW

PXOWLSOLHU FRUHV ZLGHO\ XVHG DV HPEHGGHG FRUHV LQ WKH

GHVLJQ RI FRPSOH[ V\VWHPV RQ FKLS� 7HVWLQJ RI VXFK

PXOWLSOLHU FRUHV GHHSO\ HPEHGGHG LQ FRPSOH[ ,&V UHTXLUHV

WKH XWLOL]DWLRQ RI D %,67 DUFKLWHFWXUH WKDW FDQ EH HDVLO\

V\QWKHVL]HG DORQJ ZLWK WKH PXOWLSOLHU E\ WKH PRGXOH

JHQHUDWRU�

,Q WKLV SDSHU ZH LQWURGXFH DQ HIIHFWLYH %,67

DUFKLWHFWXUH IRU IDVW PXOWLSOLHUV WKDW FRPSOHWHO\ FRPSOLHV

ZLWK WKLV UHTXLUHPHQW� 7KH DOJRULWKPLF %,67 SDWWHUQV WKDW

WKLV DUFKLWHFWXUH JHQHUDWHV JXDUDQWHH D IDXOW FRYHUDJH

KLJKHU WKDQ ���� 7KH UHTXLUHG 7HVW 3DWWHUQ *HQHUDWRU

FRQVLVWV RI D VLPSOH IL[HG�VL]H ELQDU\ FRXQWHU�

LQGHSHQGHQW RI WKH PXOWLSOLHU VL]H� $FFXPXODWRU�EDVHG

FRPSDFWLRQ LV DGRSWHG VLQFH PXOWLSOLHUV DQG DGGHUV FR�

H[LVW LQ PRVW GDWDSDWK DUFKLWHFWXUHV�

���,QWURGXFWLRQ

)DVW PXOWLSOLHUV DUH ZLGHO\ XVHG DV HPEHGGHG FRUHV LQ

ERWK JHQHUDO SXUSRVH GDWDSDWK VWUXFWXUHV DQG VSHFLDOL]HG

GLJLWDO VLJQDO SURFHVVRUV� ,Q RUGHU WR DFFHOHUDWH

PXOWLSOLFDWLRQ� ILUVW� ZH UHGXFH WKH QXPEHU RI SDUWLDO

SURGXFWV E\ XVLQJ %RRWK HQFRGLQJ >���@� DQG� WKHQ� ZH

VXP XS WKHVH SDUWLDO SURGXFWV DFFRUGLQJO\ E\ XVLQJ

:DOODFH WUHH VXPPDWLRQ >�@ DQG FDUU\ ORRN�DKHDG

DGGLWLRQ�

7KH ORZ FRQWUROODELOLW\ DQG REVHUYDELOLW\ RI IDVW

PXOWLSOLHU FRUHV GHHSO\ HPEHGGHG LQ FRPSOH[ ,&V LPSRVH

VHULRXV WHVWDELOLW\ SUREOHPV� ([WHUQDO WHVWLQJ RI IDVW

PXOWLSOLHU FRUHV XVLQJ VFDQ WHFKQLTXHV LV QRW WULYLDO DW

VSHHG� D GHPDQG LQ WRGD\¶V KLJK VSHHG ,&V� )XUWKHUPRUH�

VFDQ GHVLJQ LV QRW DOZD\V FRVW HIIHFWLYH LQ KLJK FRPSOH[LW\

GHVLJQV ZLWK PDQ\ GHHSO\ HPEHGGHG FRUHV� ,Q VXFK FDVHV�

%XLOW�,Q 6HOI 7HVW �%,67�� D PHWKRG WKDW SXWV WKH WHVWHU RQ

WKH FKLS� SURYLGHV DQ H[FHOOHQW VROXWLRQ�

7KH XVH RI HIIHFWLYH %,67 DUFKLWHFWXUHV IRU HPEHGGHG

IDVW PXOWLSOLHU FRUHV� DV ZHOO DV� IRU RWKHU PXOWLSOLHU FRUHV

>���@ RU 5$0V >�@� 520V >�@� ),)2V >�@ DQG $/8V >�@� LV

WKH EHVW VROXWLRQ� ,W SHUPLWV DW�VSHHG WHVWLQJ� SURYLGHV YHU\

KLJK IDXOW FRYHUDJH DQG GULYHV GRZQ WKH WHVWLQJ FRVWV IRU

WKH RYHUDOO ,&�

$Q HIIHFWLYH %,67 DUFKLWHFWXUH IRU IDVW PXOWLSOLHU FRUHV

PXVW VDWLVI\ WKH IROORZLQJ UHTXLUHPHQWV�

• ,W PXVW QRW DSSO\ 'HVLJQ )RU 7HVWDELOLW\ �')7�

PRGLILFDWLRQV WR WKH PXOWLSOLHU¶V VWUXFWXUH WR DYRLG

SHUIRUPDQFH GHJUDGDWLRQ LQ FDUHIXOO\ RSWLPL]HG

GHVLJQV�

• ,W PXVW JXDUDQWHH YHU\ KLJK IDXOW FRYHUDJH ZLWKRXW

UHTXLULQJ WLPH�FRQVXPLQJ LWHUDWLYH IDXOW VLPXODWLRQV�

• ,W PXVW FRQVLVW RI D VPDOO QXPEHU RI UHJXODU WHVW

YHFWRUV LQGHSHQGHQW RI WKH PXOWLSOLHU VL]H�

• 7KH %,67 KDUGZDUH PXVW EH HDVLO\ V\QWKHVL]DEOH DQG

PXVW LPSRVH OLWWOH KDUGZDUH DQG GHOD\ RYHUKHDG LQ WKH

PXOWLSOLHU GHVLJQ�
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)LJXUH �� $Q �[��ELW IDVW PXOWLSOLHU FRUH

2SHQ OLWHUDWXUH FXUUHQWO\ ODFNV %,67 DUFKLWHFWXUHV IRU

IDVW PXOWLSOLHU FRUHV� ,Q WKLV SDSHU� ZH SUHVHQW D JHQHULF

%,67 DUFKLWHFWXUH IRU IDVW PXOWLSOLHU FRUHV WKDW FRPSOLHV

ZLWK WKH UHTXLUHPHQWV MXVW OLVWHG� 7KH %,67 DOJRULWKP

LQWURGXFHG LQ WKLV SDSHU SURYLGHV IDXOW FRYHUDJH KLJKHU

WKDQ ��� DQG LV JHQHUDWHG E\ D IL[HG VL]H WHVW VHW�

UHJDUGOHVV RI WKH PXOWLSOLHU VL]H� 7KLV PHDQV WKDW ERWK WKH

FRVW RI WKH %,67 WHVW SDWWHUQ JHQHUDWLRQ KDUGZDUH DQG WKH

WHVW DSSOLFDWLRQ WLPH DUH FRQVWDQW� :H XVH DV WHVW SDWWHUQ

JHQHUDWRU D IL[HG ZLGWK FRXQWHU WKDW QHHGV YHU\ OLWWOH

GHVLJQ HIIRUW WR EH V\QWKHVL]HG DORQJ ZLWK DQ H[LVWLQJ

PXOWLSOLHU GHVLJQ� 7KH EHVW NQRZQ RXWSXW GDWD FRPSDFWLRQ

WHFKQLTXHV �DFFXPXODWRU�EDVHG FRPSDFWLRQ >�����@ DQG

VLJQDWXUH DQDO\VLV >��@� SURYLGH H[FHOOHQW HUURU FRYHUDJH�

,Q WKH FDVH WKDW DQ DFFXPXODWRU DOUHDG\ H[LVWV DW WKH

PXOWLSOLHU RXWSXWV� DFFXPXODWRU�EDVHG FRPSDFWLRQ ZLWK

VLQJOH RU PXOWLSOH URWDWH FDUU\ UHTXLUHV QHJOLJLEOH H[WUD

KDUGZDUH DQG KHQFH LW LV PRUH HIILFLHQW ZLWK UHVSHFW WR

KDUGZDUH RYHUKHDG� 0XOWLSOLHUV DUH DFFRPSDQLHG E\ DQ

DFFXPXODWRU LQ WKH PDMRULW\ RI GDWDSDWK DUFKLWHFWXUHV� ,I

WKH PXOWLSOLHU LV QRW DFFRPSDQLHG E\ DQ DFFXPXODWRU WKHUH

DUH WZR H[FHOOHQW DOWHUQDWLYH VROXWLRQV� 2QH VROXWLRQ LV WR

DGG DQ DFFXPXODWRU ZLWK DUHD RSWLPL]HG DGGHU FHOOV DQG

H[DFW SLWFK PDWFKLQJ� 7KLV UHTXLUHV OLWWOH GHVLJQ HIIRUW GXH

WR DFFXPXODWRU¶V PRGXODULW\ DQG LPSRVHV VPDOO KDUGZDUH

RYHUKHDG� 7KH RWKHU VROXWLRQ LV WR DGG D FODVVLFDO PXOWLSOH

LQSXW VLJQDWXUH UHJLVWHU �0,65�� ,Q WKLV SDSHU� ZH FRQVLGHU

ERWK DOWHUQDWLYHV�

���)DVW�PXOWLSOLHU�FRUH�DUFKLWHFWXUH

7KH IDVW PXOWLSOLHU FRUH DUFKLWHFWXUH FRQVLGHUHG LQ WKLV

SDSHU FRQVLVWV RI WKUHH EORFNV �VHH )LJ� �� �

• WKH %RRWK (QFRGHU IRU WKH PXOWLSOLHU UHFRGLQJ DQG WKH

IRUPDWLRQ RI WKH SDUWLDO SURGXFWV�

• WKH :DOODFH 7UHH %ORFN IRU WKH VXPPDWLRQ RI WKH

SDUWLDO SURGXFWV ZKLFK OHDGV WR WZR YHFWRUV� DQG

• WKH &DUU\ /RRN�$KHDG �&/$� $GGHU ZKLFK DGGV WKH

WZR YHFWRUV WR REWDLQ WKH ILQDO PXOWLSOLFDWLRQ SURGXFW�

7KH %RRWK HQFRGHU UHFRGHV WKH 1[�ELW WZR¶V FRPSOH�

PHQW PXOWLSOLHU RSHUDQG DQG JHQHUDWHV 1[�� 1\���ELW

SDUWLDO SURGXFWV 33L¶V �L  ��������� 1[����� >�@� )RU

H[DPSOH� WKH %RRWK HQFRGHU RI DQ �[��ELW IDVW PXOWLSOLHU

FRUH JHQHUDWHV IRXU ��ELW SDUWLDO SURGXFWV �33�� 33�� 33�

DQG 33��� 7KLV UHGXFWLRQ E\ KDOI RI WKH QXPEHU RI WKH

SDUWLDO SURGXFWV LV WKH PDLQ SXUSRVH RI WKH %RRWK HQFRGHU

LQ WKH PXOWLSOLHU DUFKLWHFWXUH OHDGLQJ WR VSHHGLQJ XS WKH

PXOWLSOLFDWLRQ RSHUDWLRQ� (DFK SDUWLDO SURGXFW 33L LV

VKLIWHG E\ � ELW SRVLWLRQV ZLWK UHVSHFW WR LWV QHLJKERXUV�

7KH YDULRXV UHTXLUHG PXOWLSOHV FDQ EH HDVLO\ REWDLQHG E\ D

VLPSOH VKLIW RI WKH PXOWLSOLFDQG� 1HJDWLYH PXOWLSOHV �LQ �¶V

FRPSOHPHQW IRUP� FDQ EH REWDLQHG E\ LQYHUWLQJ HYHU\ ELW

RI WKH PXOWLSOLFDQG DQG DGGLQJ ³�´ DW WKH OHDVW VLJQLILFDQW

ELW SRVLWLRQ RI WKH SDUWLDO SURGXFW� 7KLV LV SHUIRUPHG E\

DGGLQJ WKH VLJQ UHFRGLQJ VLJQDO �VKRZQ DV 6 LQ )LJ� �� DW

WKH OHDVW VLJQLILFDQW ELW SRVLWLRQ RI WKH FRUUHVSRQGLQJ

SDUWLDO SURGXFW� 7KH %RRWK HQFRGHU FRQVLVWV RI DQ DUUD\ RI

WZR GLIIHUHQW FHOOV� 7KH U�FHOOV ZKLFK SHUIRUP WKH

UHFRGLQJ IXQFWLRQ DQG WKH SS�FHOOV ZKLFK SHUIRUP WKH

JHQHUDWLRQ RI WKH SDUWLDO SURGXFWV 33L¶V WR EH DGGHG E\ WKH

:DOODFH WUHH EORFN� 6LQFH WKH %RRWK UHFRGLQJ LV XVHG IRU

WZR¶V FRPSOHPHQW ELQDU\ QXPEHU UHSUHVHQWDWLRQ� DQG WKH

:DOODFH WUHH DUFKLWHFWXUH DGGV WKH SDUWLDO SURGXFWV LQ

SDUDOOHO� VLJQ H[WHQVLRQ VKRXOG WDNH SODFH� )RU SURSHU

DGGLWLRQ� WKH VLJQ ELW RI HDFK 33L PXVW EH H[WHQGHG WR WKH

VLJQ ELW SRVLWLRQ RI WKH 1[���VW SDUWLDO SURGXFW ZKLFK LV

WKH PRVW VLJQLILFDQW RQH� :H DGRSW WKH ³DGG RQH PHWKRG´

IRU VLJQ H[WHQVLRQ >��@� 7KLV PHWKRG GLFWDWHV WKH

IROORZLQJ VLPSOH RSHUDWLRQV�

• WR LQYHUW HYHU\ VLJQ ELW RI HDFK 33L�

• WR DGG ³�´ LQ WKH VLJQ ELW SRVLWLRQ RI WKH 33��

• WR DGG ³�´ LQ WKH ELW SRVLWLRQ DIWHU WKH VLJQ ELW SRVLWLRQ

RI WKH 33L � L  ��������� 1[������

,Q )LJ� � ZH LOOXVWUDWH %RRWK UHFRGLQJ DQG VLJQ

H[WHQVLRQ RI DQ �[��ELW IDVW PXOWLSOLHU FRUH�
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)LJXUH �� 'RW GLDJUDP RI DQ �[��ELW IDVW PXOW� FRUH

%RRWK HQFRGLQJ UHGXFHV WKH QXPEHU RI SDUWLDO SURGXFWV

E\ KDOI DQG :DOODFH WUHH LQFUHDVHV WKH VSHHG RI VXPPLQJ

WKH SDUWLDO SURGXFWV E\ PHDQV RI LQFUHDVHG SDUDOOHOLVP >�@�

7KH :DOODFH WUHH SHUIRUPV WKH DGGLWLRQ RI WKH SDUWLDO

SURGXFWV LQ HDFK ELW SRVLWLRQ �FROXPQ� LQ SDUDOOHO DQG

LQGHSHQGHQW RI RWKHU FROXPQV� 7KLV WUHH VWUXFWXUH ZKLFK

FRQVLVWV RI IXOO DGGHU FHOOV DQG KDOI DGGHU FHOOV� UHGXFHV

WKH SDUWLDO SURGXFW VXPPDQGV RI HDFK FROXPQ WR WZR

YHFWRUV� D VXP YHFWRU DQG D FDUU\ YHFWRU� 7KHVH YHFWRUV

UHSUHVHQW WKH PXOWLSOLFDWLRQ UHVXOW LQ D UHGXQGDQW IRUP�

7KH\ PXVW EH DGGHG WRJHWKHU E\ WKH VXFFHHGLQJ &/$

DGGHU WR REWDLQ WKH ILQDO PXOWLSOLFDWLRQ UHVXOW LQ D QRQ�

UHGXQGDQW IRUP�

7KH &/$ DGGHU LV RUJDQL]HG LQ D KLHUDUFKLFDO DSSURDFK

LQ RUGHU WR VSHHG XS FDUU\ SURSDJDWLRQ OHDGLQJ WR IDVW

DGGLWLRQ� ,Q WKH ILUVW OHYHO� ��ELW DGGHU EORFNV DUH IRUPHG�

)LUVW�OHYHO JURXS FDUU\ JHQHUDWH DQG FDUU\ SURSDJDWH

VLJQDOV DUH FRPSXWHG LQVLGH HDFK ��ELW DGGHU EORFN�

)ROORZLQJ WKH KLHUDUFKLFDO DSSURDFK� ���ELW DGGHU EORFNV

DUH IRUPHG XVLQJ IRXU ��ELW DGGHU EORFNV� DORQJ ZLWK

VHFRQG OHYHO FDUU\ JHQHUDWH DQG FDUU\ SURSDJDWH VLJQDOV�

DQG VR RQ� 6LQFH VRPH RI WKH DGGHU LQSXWV DUH DOZD\V

VWDEOH WR ³�´� VLPSOLILFDWLRQ KDV WDNHQ SODFH WR DFKLHYH

LUUHGXQGDQW LPSOHPHQWDWLRQV�

���7HVW�6WUDWHJ\�DQG�)DXOW�0RGHO

2XU WHVWLQJ VWUDWHJ\ LV EDVHG RQ SVHXGR�H[KDXVWLYH

WHVWLQJ IRU WKH FHOO�EDVHG SDUWV RI WKH IDVW PXOWLSOLHU FRUH

�L�H�� WKH %RRWK HQFRGHU DQG WKH :DOODFH WUHH EORFN�� 7KLV

PHDQV WKDW HYHU\ FHOO �U�FHOO� SS�FHOO� IXOO DGGHU FHOO DQG

KDOI DGGHU FHOO� UHFHLYHV� GXULQJ %,67 PRGH� DOO LQSXW

FRPELQDWLRQV WKDW FDQ DSSHDU GXULQJ QRUPDO PRGH�

:H DVVXPH WKDW RQO\ RQH FHOO FDQ EH IDXOW\ DW D WLPH

DQG WKDW RQO\ FRPELQDWLRQDO IDXOWV FDQ KDSSHQ� $GRSWLQJ

WKLV IDXOW PRGHO ZH FRYHU DOO GHWHFWDEOH FRPELQDWLRQDO

IDXOWV� 7KH VHW RI IDXOWV LQFOXGHG LQ WKH DGRSWHG IDXOW

PRGHO LV D VXSHUVHW RI DOO VLQJOH VWXFN�DW IDXOWV� ,W DOVR

LQFOXGHV DQ\ RWKHU W\SH RI VLQJOH RU PXOWLSOH IDXOW� WKDW

PD\ KDSSHQ LQ WKH VLQJOH IDXOW\ FHOO DQG FKDQJH LWV

IXQFWLRQ WR D GLIIHUHQW FRPELQDWLRQDO RQH�

7KH VHW RI LQSXW FRPELQDWLRQV WKDW HDFK W\SH RI FHOOV

UHFHLYHV GXULQJ BIST LV JLYHQ LQ WKH IROORZLQJ �

U�FHOOV� 7KH\ UHFHLYH DOO SRVVLEOH � LQSXW FRPELQDWLRQV RI

WKHLU � LQSXWV� 7KH ILUVW U�FHOO KDV RQH LQSXW VWDEOH WR ³�´�

7KLV U�FHOO LV UHGXFHG WR D VLPSOHU LUUHGXQGDQW ��LQSXW FHOO

DQG UHFHLYHV DOO SRVVLEOH � LQSXW FRPELQDWLRQV�

SS�FHOOV� 7KH\ UHFHLYH DOO �� GLIIHUHQW LQSXW FRPELQDWLRQV

RI WKHLU � LQSXWV WKDW FDQ DSSHDU GXULQJ QRUPDO RSHUDWLRQ�

,Q GHWDLOV� WKH � LQSXWV IURP WKH FRUUHVSRQGLQJ U�FHOO

UHFHLYH � LQSXW FRPELQDWLRQV� ZKLFK UHSUHVHQW D UHFRGHG

GLJLW ���� ��� ��� ��� ��� ���� DQG WKH � LQSXWV IURP WKH SDLU

RI ELWV RI WKH QRQ�UHFRGHG RSHUDQG UHFHLYH DOO SRVVLEOH �

LQSXW FRPELQDWLRQV� 7KHUH DUH VRPH SS�FHOOV ZKLFK

UHFHLYH OHVV LQSXW FRPELQDWLRQV GXULQJ QRUPDO RSHUDWLRQ�

7KHVH SS�FHOOV DUH UHGXFHG WR VLPSOHU LUUHGXQGDQW SS�FHOOV

DQG UHFHLYH GXULQJ %,67 PRGH DOO LQSXW FRPELQDWLRQV

DSSHDULQJ GXULQJ QRUPDO RSHUDWLRQ�

DGGHUV� 7KH IXOO DGGHU FHOOV UHFHLYH DOO SRVVLEOH � LQSXW

FRPELQDWLRQV RI WKHLU � LQSXWV� 7KH KDOI DGGHU FHOOV

UHFHLYH DOO SRVVLEOH � LQSXW FRPELQDWLRQV RI WKHLU � LQSXWV�

7KHUH DUH VRPH IXOO DGGHUV ZLWK RQH LQSXW VWDEOH WR ³�´�

7KHVH IXOO DGGHU FHOOV DUH UHGXFHG WR VLPSOHU LUUHGXQGDQW

��LQSXW FHOOV DQG UHFHLYHV DOO SRVVLEOH � LQSXW

FRPELQDWLRQV�

$SDUW IURP WKLV� IRU WKH QRQ FHOO�EDVHG SDUW RI WKH IDVW

PXOWLSOLHU FRUH �L�H�� WKH &/$ DGGHU� ZH DGRSW WKH

FODVVLFDO VLQJOH VWXFN�DW IDXOW PRGHO�

���3URSRVHG�%,67�$UFKLWHFWXUH

8VXDOO\ IDVW PXOWLSOLHU FRUH GHVLJQV KDYH RSWLPL]HG

OD\RXWV VLQFH WKH\ DUH FULWLFDO PRGXOHV RI D FLUFXLW LQ WHUPV

RI ERWK FLUFXLW DUHD DQG VSHHG� 6LQFH 'HVLJQ�IRU�

7HVWDELOLW\ �')7� PRGLILFDWLRQV LQVLGH D PXOWLSOLHU

VWUXFWXUH PD\ DGG H[WUD KDUGZDUH RYHUKHDG DQG OHDG WR

SHUIRUPDQFH GHJUDGDWLRQ� LW LV SUHIHUDEOH WR DYRLG VXFK

PRGLILFDWLRQV ZKHQHYHU SRVVLEOH� 7KH SURSRVHG %,67

DUFKLWHFWXUH GRHV QRW UHTXLUH PRGLILFDWLRQ RI WKH IDVW

PXOWLSOLHU VWUXFWXUH VLQFH LW XVHV D WHVW SDWWHUQ JHQHUDWRU

DQG DQ RXWSXW GDWD FRPSDFWRU WR EH DXJPHQWHG RQ WKH

SHULSKHU\ RI WKH PXOWLSOLHU� DV VKRZQ LQ )LJ� �� 7KH

SURSRVHG %,67 VWUXFWXUH PDNHV D FRPSOH[ %,67

FRQWUROOHU XQQHFHVVDU\�

)LJ� � DOVR VKRZV WKH LQSXW GDWD UHJLVWHUV IRU WKH WZR

RSHUDQGV ; DQG <� 7KH DUFKLWHFWXUH XVHV WZR VHWV RI

PXOWLSOH[HUV DW WKH WRS DQG OHIW VLGHV RI WKH IDVW PXOWLSOLHU

FRUH WR VHOHFW EHWZHHQ QRUPDO DQG %,67 PXOWLSOLHU LQSXWV�

7KH SURSDJDWLRQ GHOD\ RI WKH IDVW PXOWLSOLHU FRUH DIIHFWV

WKH SHUIRUPDQFH RI WKH V\VWHP� 7R DYRLG SHUIRUPDQFH

GHJUDGDWLRQ ZH FDQ SODFH WKH PXOWLSOH[HUV EHIRUH WKH LQSXW

UHJLVWHUV� SURYLGHG WKDW WKH PXOWLSOLHU LQSXWV FRPH IURP

IDVWHU PRGXOHV� $V D UHVXOW� WKH %,67 DUFKLWHFWXUH LPSRVHV

YLUWXDOO\ QR GHOD\ RYHUKHDG�



)LJXUH �� %,67 DUFKLWHFWXUH

7(67 3$77(51*(1(5$7,21

7KH SURSRVHG 7HVW 3DWWHUQ *HQHUDWRU IRU DQ 1[ [ 1\ ELW

IDVW PXOWLSOLHU FRUH LV DQ ��ELW FRXQWHU ZKLFK JRHV WKURXJK

DOO LWV ��� F\FOHV� 'XULQJ %,67� WKURXJK WKH ILUVW VHW RI

PXOWLSOH[HUV� WKH PXOWLSOLHU UHSHDWHGO\ UHFHLYHV ILYH

FRXQWHU RXWSXWV DV ; LQSXWV �ZKLFK DUH WKH LQSXWV RI WKH

%RRWK HQFRGHU� ZKLOH� WKURXJK WKH VHFRQG VHW RI

PXOWLSOH[HUV� LW UHSHDWHGO\ UHFHLYHV WKH UHPDLQLQJ WKUHH

FRXQWHU RXWSXWV DV < LQSXWV� DV VKRZQ LQ )LJ� ��

'XULQJ WKH DSSOLFDWLRQ RI WKH ��� WHVW YHFWRUV SURGXFHG

E\ WKH FRXQWHU� DOO WKH FHOOV RI WKH %RRWK HQFRGHU DQG WKH

:DOODFH WUHH EORFN �L�H�� U�FHOOV� SS�FHOOV� IXOO DGGHU FHOOV

DQG KDOI DGGHU FHOOV� UHFHLYH DOO WKHLU LQSXW FRPELQDWLRQV

WKDW FDQ DSSHDU GXULQJ QRUPDO RSHUDWLRQ� %HVLGHV� GXULQJ

WKH DSSOLFDWLRQ RI WKHVH WHVW YHFWRUV WKH &/$ DGGHU KDV

YHU\ KLJK IDXOW FRYHUDJH ZLWK UHVSHFW WR VLQJOH VWXFN�DW

IDXOW PRGHO�

$SDUW IURP WKLV� DQ\ IDXOW\ FHOO RXWSXW RI WKH %RRWK

HQFRGHU DQG WKH :DOODFH WUHH EORFN LV SURSDJDWHG WRZDUGV

SULPDU\ RXWSXWV�

287387'$7$ &203$&7,21

$FFXPXODWRU�EDVHG RXWSXW GDWD FRPSDFWLRQ �$%&�

ZLWK VLQJOH URWDWH FDUU\ >��@ DQG PXOWLSOH URWDWH FDUU\ >�@

KDV EHHQ DGRSWHG LQ RXU %,67 DUFKLWHFWXUH FRQVLGHULQJ

WKDW IDVW PXOWLSOLHU DUH XVXDOO\ DFFRPSDQLHG E\

DFFXPXODWRUV LQ WKH PDMRULW\ RI GDWDSDWK DUFKLWHFWXUHV�

,I WKH PXOWLSOLHU LV QRW DFFRPSDQLHG E\ DQ DFFXPXODWRU

ZH DGG HLWKHU DQ DFFXPXODWRU ZLWK DUHD RSWLPL]HG DGGHU

FHOOV DQG H[DFW SLWFK PDWFKLQJ� RU D FODVVLFDO PXOWLSOH

LQSXW VLJQDWXUH UHJLVWHU �0,65��

7KH HIIHFWLYHQHVV RI RXU %,67 DUFKLWHFWXUH KDV EHHQ

PHDVXUHG E\ IDXOW VLPXODWLRQ� :H H[WHQVLYHO\ VLPXODWHG

WKH SURSRVHG %,67 DUFKLWHFWXUH IRU D ��[�� ELW IDVW

PXOWLSOLHU FRUH XVLQJ WKH Verifault VWXFN�DW IDXOW

VLPXODWRU RI WKH Cadence Design Framework � :H

H[SORUHG DOO GLIIHUHQW FRPSDFWLRQ VFKHPHV PHQWLRQHG

EHORZ� 7DEOH � VXPPDUL]HV WKH IDXOW VLPXODWLRQ UHVXOWV�

7DEOH �� )DXOW 6LPXODWLRQ 5HVXOWV

FRPSDFWLRQ VFKHPH IDXOW FRYHUDJH

EHIRUH FRPSDFWLRQ �����

$%& ZLWK VLQJOH URWDWH FDUU\ �����

$%& ZLWK PXOWLSOH URWDWH FDUU\ �����

0,65 �����

:H DQDO\]H WKH UHVXOWV RI 7DEOH � DV IROORZV�

• 7KH IDXOW FRYHUDJH RI WKH SURSRVHG %,67 DUFKLWHFWXUH

LV ����� EHIRUH FRPSDFWLRQ� 8QGHWHFWHG IDXOWV DSSHDU

RQO\ LQ WKH &/$ DGGHU�

• $%& ZLWK VLQJOH URWDWH FDUU\ >��@ VDWLVILHV WKH IDXOW

FRYHUDJH WDUJHW RI ��� ZLWK DOLDVLQJ RI �����

• $%& ZLWK PXOWLSOH URWDWH FDUU\ >�@ RYHU�VDWLVILHV WKH

IDXOW FRYHUDJH WDUJHW RI ��� ZLWK QHJOLJLEOH DOLDVLQJ

RI �����

• 0,65 DOVR RYHU�VDWLVILHV WKH IDXOW FRYHUDJH WDUJHW RI

��� ZLWK ]HUR DOLDVLQJ�

7KHUHIRUH� DOO FRPSDFWLRQ VFKHPHV VDWLVI\ WKH WDUJHW RI

��� DQG WKH\ FDQ EH XVHG LQ RXU %,67 DUFKLWHFWXUH IRU

IDVW PXOWLSOLHU FRUHV�

+$5':$5( $1''(/$<29(5+($'

$ URXJK HVWLPDWLRQ RI WKH KDUGZDUH RYHUKHDG LPSRVHG

E\ RXU %,67 DUFKLWHFWXUH LV JLYHQ EHORZ LQ JDWH

HTXLYDOHQWV IRU WKH FDVH RI WKH ��[�� ELW IDVW PXOWLSOLHU

FRUH�

7DEOH �� +DUGZDUH DQG 'HOD\ 2YHUKHDG

$FF�

([LVWV "

$%& VLQJOH

URW� FDUU\

$%& PXOW�

URW� FDUU\

0,65

\HV ���� ���� �

QR ����� ����� ����



)URP 7DEOH � ZH FRQFOXGH WKDW�

• ZKHQ WKH DFFXPXODWRU H[LVWV� WKH KDUGZDUH RYHUKHDG LV

YHU\ OLWWOH �OHVV WKDQ ��� IRU ERWK FDVHV RI $%& ZLWK

VLQJOH DQG PXOWLSOH URWDWH FDUU\�

• ZKHQ WKH DFFXPXODWRU GRHV QRW H[LVW� WKH KDUGZDUH

RYHUKHDG LPSRVHG IRU WKH FDVHV RI $%& ZLWK VLQJOH

DQG PXOWLSOH URWDWH FDUU\ LV ����� DQG ������

UHVSHFWLYHO\� 7KLV KDUGZDUH RYHUKHDG FDQ EH UHGXFHG

XVLQJ DQ DFFXPXODWRU ZLWK DUHD RSWLPL]HG DGGHU FHOOV

DQG H[DFW SLWFK PDWFKLQJ� $OWHUQDWLYHO\� D FODVVLFDO

0,65 VKRXOG EH XVHG WKDW LPSRVHV OLWWOH KDUGZDUH

RYHUKHDG ���� �� DQG DFKLHYHV ]HUR DOLDVLQJ�

,Q DOO FDVHV WKH KDUGZDUH RYHUKHDG EHFRPHV QHJOLJLEOH

IRU IDVW PXOWLSOLHU FRUHV RI ODUJHU VL]H�

7KH GHOD\ KDUGZDUH RYHUKHDG LPSRVHG E\ RXU %,67

DUFKLWHFWXUH LV QR PRUH WKDQ WKH VPDOOHVW SRVVLEOH GHOD\

RYHUKHDG RI DQ\ RII�OLQH %,67 DUFKLWHFWXUH WKDW KDV D

VLQJOH PXOWLSOH[LQJ VWDJH� 0RUHRYHU� ZKHQ WKH PXOWLSOLHU

LQSXWV FRPH IURP IDVWHU PRGXOHV� ZH FDQ SODFH WKH

PXOWLSOH[HUV �)LJ� �� EHIRUH WKH LQSXW UHJLVWHUV WKDW

LPSRVHV YLUWXDOO\ QR GHOD\ RYHUKHDG�

7KH VPDOO GHOD\ RYHUKHDG LQWURGXFHG LQ WKH

DFFXPXODWRU >�@ ZKHQ WKH PXOWLSOH URWDWH FDUU\

FRPSDFWLRQ VFKHPH LV XWLOL]HG GRHV QRW DIIHFW WKH V\VWHP

SHUIRUPDQFH� 7KLV LV EHFDXVH WKH PXOWLSOLHU¶V VSHHG�

ZKLFK LQ DQ\ FDVH LV OHVV WKDQ WKH DGGHU¶V VSHHG�

GHWHUPLQHV WKH FORFN SHULRG RI WKH GDWD SDWK LQ ZKLFK ERWK

WKH PXOWLSOLHU DQG DGGHU SDUWLFLSDWH� 6LQFH ZH LQWURGXFH

QR ')7 PRGLILFDWLRQ WR WKH PXOWLSOLHU VWUXFWXUH� WKH

SURSRVHG DUFKLWHFWXUH GRHV QRW VLJQLILFDQWO\ DIIHFW WKH GDWD

SDWK¶V SHUIRUPDQFH�

���&RQFOXVLRQV

:H KDYH LQWURGXFHG DQ HIIHFWLYH %,67 DUFKLWHFWXUH IRU

IDVW PXOWLSOLHU FRUHV� $Q ��ELW FRXQWHU WHVW SDWWHUQ

JHQHUDWRU LV XVHG DORQJ ZLWK HLWKHU DFFXPXODWRU�EDVHG

RXWSXW GDWD FRPSDFWLRQ RU VLJQDWXUH DQDO\VLV� 1R 'HVLJQ�

IRU�7HVWDELOLW\ PRGLILFDWLRQV WR WKH PXOWLSOLHU DUH UHTXLUHG

DQG WKH DUFKLWHFWXUH LV WRWDOO\ DSSOLHG RQ WKH SHULSKHU\ RI

WKH PXOWLSOLHU VWUXFWXUH WKHUHIRUH FDXVLQJ QR LQWHUQDO

SHUIRUPDQFH GHJUDGDWLRQ� 7KH %,67 DUFKLWHFWXUH LV

JHQHULF DQG FDQ EH DSSOLHG WR DQ\ WUHH�OLNH �:DOODFH�

PXOWLSOLHU� ZLWK RU ZLWKRXW %RRWK HQFRGHU WR IRUP WKH

SDUWLDO SURGXFWV DQG ZLWK RWKHU DGGHU VWUXFWXUH LQVWHDG RI

&/$ DGGHU WR REWDLQ WKH ILQDO SURGXFW�

5HIHUHQFHV

�� $� '� %RRWK� �$ 6LJQHG %LQDU\ 0XOWLSOLFDWLRQ

7HFKQLTXH�� $� -� 0HFK� $SSO� 0DWK� �� SS� ��������

$SULO �����

�� /� 3� 5XELQILHOG� �$ 3URRI RI WKH 0RGLILHG %RRWK

$OJRULWKP IRU 0XOWLSOLFDWLRQ�� ,((( 7UDQV� RQ

&RPSXWHUV� YRO� &���� SS� ���������� 2FWREHU �����

�� &� 6� :DOODFH� �$ 6XJJHVWLRQ IRU D )DVW 0XOWLSOLHU��

,((( 7UDQVDFWLRQV RQ &RPSXWHUV� YRO� (&���� SS� ���

��� )HEUXDU\ �����

�� '� *L]RSRXORV� $� 3DVFKDOLV DQG <� =RULDQ� ³$Q

(IIHFWLYH %,67 6FKHPH IRU &DUU\�6DYH DQG &DUU\�

3URSDJDWH $UUD\ 0XOWLSOLHUV �́ LQ 3URF� �WK ,(((

$VLDQ 7HVW 6\PSRVLXP� SS �������� �����

�� '� *L]RSRXORV� $� 3DVFKDOLV DQG <� =RULDQ� ³(IIHFWLYH

%XLOG�,Q 6HOI�7HVW IRU %RRWK 0XOWLSOLHUV �́ ,(((

'HVLJQ 	 7HVW RI &RPSXWHUV� YRO� ��� QR� �� SS ����

���� -XO\ �����

�� %� 1DGHDX�'RVWLH� $� 6LOEXUW DQG 9�.� $JDUZDO�

�6HULDO ,QWHUIDFLQJ IRU (PEHGGHG 0HPRU\ 7HVWLQJ��

,((( 'HVLJQ 	 7HVW RI &RPSXWHUV� YRO� �� QR� �� SS�

������ $SULO �����

�� <� =RULDQ DQG $� ,YDQRY� �$Q (IIHFWLYH %,67 6FKHPH

IRU 520V�� ,((( 7UDQV� RQ &RPSXWHUV� YRO� ��� QR� ��

SS� �������� 0D\ �����

�� <� =RULDQ� $�-� 9DQ GH *RRU DQG ,� 6FKDQVWUD� �$Q

(IIHFWLYH %,67 6FKHPH IRU 5LQJ�$GGUHVV 7\SH ),)2V��

LQ 3URF� ,((( ,QWHUQDWLRQDO 7HVW &RQIHUHQFH� �����

�� '� *L]RSRXORV� $� 3DVFKDOLV� <� =RULDQ DQG 0�

3VDUDNLV� ³$Q (IIHFWLYH %,67 6FKHPH IRU $ULWKPHWLF

/RJLF 8QLWV´� LQ 3URF� ,((( ,QWHUQDWLRQDO 7HVW

&RQIHUHQFH� SS �������� �����

���$� ,YDQRY DQG <� =RULDQ� �&RXQW�%DVHG %,67

&RPSDFWLRQ 6FKHPHV DQG $OLDVLQJ 3UREDELOLW\

&RPSXWDWLRQ�� ,((( 7UDQV� RQ &RPSXWHU�$LGHG

'HVLJQ� YRO� ��� QR� �� SS��������� -XQH �����

��� -� 5DMVNL DQG -� 7\V]HU� �7HVW 5HVSRQVHV &RPSDFWLRQ

LQ $FFXPXODWRUV ZLWK 5RWDWH &DUU\ $GGHUV�� ,(((

7UDQV� RQ &RPSXWHU�$LGHG 'HVLJQ� YRO� ��� QR� �� SS�

�������� $SULO �����

��� 5� $� )URKZHUN� �6LJQDWXUH $QDO\VLV� $ 1HZ 'LJLWDO

)LHOG 6HUYLFH 0HWKRG�� +HZOHWW�3DFNDUG -�� SS� ����

0D\ �����

��� +� <DPDXFKL HW DO� ³��QV �[� 0XOWLSOLHU /6, 8VLQJ

6XSHU 6HOI�$OLJQHG 3URFHVV 7HFKQRORJ\´� ,(((

-RXUQDO RI 6ROLG�6WDWH &LUFXLWV� � YRO� 6&���� SS� ����

���� $SULO �����
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