
$Q�(IIHFWLYH�*HQHUDO�&RQQHFWLYLW\�&RQFHSW�IRU�&OXVWHULQJ

-LDQMLDQ�6RQJ��=KDR[XDQ�6KHQ�DQG�:HQMXQ�=KXDQJ

1DWLRQDO�6XSHUFRPSXWLQJ�5HVHDUFK�&HQWHU

���6FLHQFH�3DUN�'ULYH��6LQJDSRUH�������

VRQJMM#QVUF�QXV�HGX�VJ

$EVWUDFW

7KLV SDSHU VKRZV KRZ DOJRULWKPLF WHFKQLTXHV DQG

SDUDOOHO SURFHVVLQJ FDQ VSHHG XS JHQHUDO FRQQHFWLYLW\

FRPSXWDWLRQ� $ QHZ DOJRULWKP� FDOOHG &RQFXUUHQW *URXS

6HDUFK $OJRULWKP �&*6$�� LV SURSRVHG WKDW GLYLGHV

�

��� �11
YHUWH[ SDLUV LQWR 1�� JURXSV� :LWKLQ HDFK

JURXS JHQHUDO FRQQHFWLYLWLHV RI DOO SDLUV FDQ EH FDOFXODWHG

FRQFXUUHQWO\� 2XU H[SHULPHQWDO UHVXOWV VKRZ WKDW WKLV

WHFKQLTXH FDQ DFKLHYH VSHHGXS RI �� WLPHV IRU RQH FLUFXLW�

,Q DGGLWLRQ� JURXS FRPSXWDWLRQV DUH SDUDOOHOL]HG RQ D ���

QRGH ,%0 63� ZLWK D VSHHGXS RI �� WLPHV RYHU LWV VHULDO

FRXQWHUSDUW REVHUYHG� &RPELQLQJ WKH WZR DSSURDFKHV

FRXOG UHVXOW LQ D WRWDO VSHHGXS RI XS WR ��� WLPHV�

UHGXFLQJ &38 WLPH IURP RYHU ��� KRXUV WR ��� KRXU IRU

RQH FLUFXLW�

2XU QHZ PRGHO LV EHWWHU WKDQ WKRVH ZLWKRXW FOXVWHULQJ

EHFDXVH LW FKDUDFWHUL]HV WKH FRQQHFWLRQ JUDSK PRUH

DFFXUDWHO\� LV IDVWHU WR FRPSXWH DQG SURGXFHV EHWWHU

UHVXOWV� 7KH EHVW SHUIRUPDQFH LPSURYHPHQWV DUH ��� IRU

RQH FLUFXLW DQG ��� IRU DQRWKHU�

�� ,QWURGXFWLRQ

&OXVWHULQJ LV XVHG H[WHQVLYHO\ LQ 9/6, SK\VLFDO

GHVLJQ� ,Q JHQHUDO� WKH FRQQHFWLYLW\ RI HDFK SDLU RI

PRGXOHV LV GHILQHG DQG FDOFXODWHG DQG WKHQ WKRVH SDLUV

WKDW DUH VWURQJO\ FRQQHFWHG DUH FOXVWHUHG >��@� &OXVWHUV

SURYLGH D KLHUDUFKLFDO VWUXFWXUH RI WKH PRGXOHV UHODWHG WR

WKHLU FRQQHFWLRQV� 7KH FRQFHSW KDV EHHQ DSSOLHG WR

SODFHPHQW� >�@� >��@� >��@� >��@� >��@� >��@� SDUWLWLRQLQJ

>�@� >�@� >��@� >��@� DQG IORRUSODQQLQJ >�@� >�@�

&OXVWHULQJ KDV UHFHLYHG D JUHDW GHDO RI DWWHQWLRQ LQ

SDUWLWLRQLQJ� >�@ VKRZV WKDW SDUWLWLRQLQJ ZLWK FOXVWHUV FDQ

REWDLQ IRU VRPH FLUFXLWV XS WR ����� VPDOOHU FXW VL]HV

WKDQ WKRVH ZLWK WKH ELVHFWLRQ DOJRULWKP DQG XS WR �����

VPDOOHU UDWLR FXW VL]HV WKDQ WKRVH ZLWK WKH UDWLR�FXW

DOJRULWKP� >��@ UHSRUWV ��� EHWWHU UHVXOWV IRU SDUWLWLRQLQJ

WKDQ WKH )	0 PHWKRG� >�@ ILQGV FOXVWHULQJ FDQ UHGXFHG

WKH QXPEHU RI QHWV FXW E\ ��� FRPSDUHG WR WKH VWDQGDUG

PLQ�FXW DSSURDFK >�@� 7KH %,6(&7 SDUWLWLRQLQJ DOJRULWKP

LQ >��@ FRXOG EH �� WLPHV IDVWHU WKDQ WKH )�0� ���

DYHUDJH LPSURYHPHQW LQ ELVHFWLRQ ZLGWK LV REWDLQHG LQ

>��@�

,Q WKH DUHD RI SODFHPHQW� XS WR ����� UHGXFWLRQ LV

DFKLHYHG LQ WKH QXPEHU RI IHHG�WKURXJKV LQ >��@� 8S WR

��� LPSURYHPHQW RI RSHQ QHWV DIWHU FKDQQHO URXWLQJ LV

REWDLQHG LQ >�@� &OXVWHULQJ LV DOVR FRPELQHG ZLWK

VLPXODWHG DQQHDOLQJ LQ >��@ WR REWDLQ ����� LPSURYHPHQW

LQ WKH HVWLPDWHG ZLUH OHQJWK DQG >��@ WR UHGXFH FKLS DUHD

E\ ��� DQG WKH WRWDO ZLUH OHQJWK E\ ������ $QRWKHU

DSSOLFDWLRQ RI FOXVWHULQJ LV WR GHOD\ PLQLPL]DWLRQ DV

VKRZQ LQ >��@�

2QH ZD\ WR ILQG JRRG FOXVWHUV LV WR GHILQH

FRQQHFWLYLW\ DQG FOXVWHULQJ FULWHULD� 7ZR PRGXOHV �RU

FOXVWHUV� WKDW DUH VWURQJO\ FRQQHFWHG FDQ IRUP D ODUJHU

FOXVWHU� 2QFH WKH FOXVWHUV DUH IRUPHG WKH\ ZLOO QRW EH

GLVEDQGHG� 6XFFHVV RI WKLV DSSURDFK LV KHDYLO\ GHSHQGHQW

RQ FRQQHFWLYLW\ GHILQLWLRQ�

7KH FRQYHQWLRQDO FRQQHFWLYLW\ EHWZHHQ WZR PRGXOHV

FRQVLGHUV WKH ZHLJKWHG QHWV GLUHFWO\ FRQQHFWLQJ WKH WZR

PRGXOHV� $ QXPEHU RI DWWHPSWV DUH PDGH WR GHILQH WKH

VWUHQJWK RI FRQQHFWLRQ EHWZHHQ WZR PRGXOHV VXFK DV WKH

FRQMXQFWLYLW\ DQG GLVMXQFWLYLW\ PRGHOV LQ >��@ DQG >��@�

DQG VLPSOH VXP RI QHW ZHLJKWV LQ >�@� 7KH\ DOO XVH WKH

QXPEHU RI FRPPRQ QHWV DV WKH PHDVXUH RI KRZ VWURQJO\

WZR PRGXOHV DUH FRQQHFWHG� %XW GLIIHUHQW UHSXOVLYH IRUFHV

DUH XVHG VXFK DV WKH WRWDO QXPEHU RI QHWV FRQQHFWHG WR D

PRGXOH >��@ RU WKH WRWDO QXPEHU RI QHWV LQ WKH VPDOOHU

FOXVWHUV DV ZHOO DV WKH QXPEHU RI PRGXOHV LQ WKH VPDOOHU

FOXVWHUV >��@� &RQQHFWLYLW\ LV GHILQHG ZLWK 5HQW©V UXOH LQ

>�@ DQG PXOWLSOH DWWULEXWHV LQ >��@�

$QRWKHU ZD\ WR ILQG JRRG FOXVWHUV LV WR IRUP FOXVWHUV

ILUVW DQG WKHQ HYDOXDWH LI WKH\ VDWLVI\ D TXDOLW\ PHDVXUH VR

WKDW WKH\ FDQ EH SUHVHUYHG� $ FOLTXH LV IRXQG DQG LV FDOOHG

D FOXVWHU LI LW VDWLVILHV WKH PRGXOH VL]H DQG FOXVWHU GHQVLW\



WKUHVKROGV LQ >�@� &\FOHV RI PRGXOHV DUH IRXQG E\ UDQGRP

ZDON DQG WZR PRGXOHV DUH FOXVWHUHG LI WKH\ ERWK DSSHDU LQ

DW OHDVW WZR F\FOHV LQ >��@� 7KH PRUH F\FOHV WKH\ DSSHDU

WRJHWKHU WKH VWURQJHU WKH\ DUH FRQQHFWHG� $QRWKHU

DSSURDFK WULHV WR JHQHUDWH DOO FOXVWHUV DW WKH VDPH WLPH

>��@� >��@�

=KXDQJ� HW DO� SURSRVHG D VWHDG\ FOXVWHU FRQFHSW LQ

>��@� >��@� >��@ DQG ODWHU IRUPXODWHG GHILQLWLRQ RI VWDEOH

DQG QHDU VWDEOH FOXVWHUV LQ >��@� ,W KDV EHHQ VKRZQ WKDW

FOXVWHU TXDOLW\ LV UHODWHG WR FRQQHFWLYLW\ HVWLPDWLRQ LQ

>��@� 7KH FRQFHSW RI JHQHUDO FRQQHFWLYLW\ DQG D

FRQGXFWDQFH QHWZRUN PRGHO IRU LWV FDOFXODWLRQ DUH

GHVFULEHG LQ >��@ DQG >��@ DQG DUH VKRZQ WR EH HIIHFWLYH

WRJHWKHU ZLWK VWDEOH FOXVWHU FRQFHSW LQ UHGXFLQJ WKH

QXPEHU RI IHHGWKURXJKV E\ DV PXFK DV ������ 7KH

FRQFHSW RI JHQHUDO FRQQHFWLYLW\ EHWZHHQ WZR PRGXOHV LV

WKDW ERWK GLUHFW DQG LQGLUHFW FRQQHFWLRQV RI WKH WZR FHOOV

VKRXOG EH FRQVLGHUHG IRU FRQQHFWLYLW\ HVWLPDWLRQ�

=KXDQJ� HW DO� ,Q >��@ KDYH VKRZQ WKDW DSSOLFDWLRQ RI

WKH JHQHUDO FRQQHFWLYLW\ WR D FLUFXLW ZLWK ���� FHOOV FRXOG

UHGXFH WKH QXPEHU RI IHHGWKURXJKV RI WKH UHVXOWLQJ

SODFHPHQW E\ ����� LQ FRPSDULVRQ WR D WUDGLWLRQDO

LQVLGH�RXWVLGH DSSURDFK DOWKRXJK RQO\ WKH VHFRQG�RUGHU

FRQQHFWLYLW\ ZDV XVHG� $ QHZ JHQHUDO FRQQHFWLYLW\ PRGHO

LV SURSRVHG LQ >��@ EDVHG RQ EHWWHU XQGHUVWDQGLQJ DQG

DQDO\VLV RI FRQQHFWLRQ JUDSKV DQG SK\VLFDO FKDUDFWHULVWLFV

RI QHWOLVWV�

7KLV SDSHU GHVFULEHV IXUWKHU UHVHDUFK LQLWLDWHG LQ >��@�

,WV PDLQ FRQWULEXWLRQV DUH EHWWHU XQGHUVWDQGLQJ RI

FOXVWHULQJ SURFHVV DQG D QHZ DOJRULWKP IRU JHQHUDO

FRQQHFWLYLW\ FDOFXODWLRQ DQG LWV SDUDOOHO LPSOHPHQWDWLRQ�

7KH QHZ DOJRULWKP LV �� WLPHV IDVWHU WKDQ RXU ROG

DOJRULWKP IRU RQH FDOFXODWLRQ� 2XU SDUDOOHO SURJUDP

DFKLHYHV VSHHGXS RI XS WR �� WLPHV RQ D ���QRGH ,%0

63� SDUDOOHO FRPSXWHU� 7KH SURJUDP UHGXFHV &38 WLPH

IRU RQH FDOFXODWLRQ IURP ��� KRXUV WR PHUHO\ ��� KRXUV�

�� 7KH�*HQHUDO�&RQQHFWLYLW\�&RQFHSW�DQG

'HILQLWLRQ

$ QHWOLVW FDQ EH UHSUHVHQWHG E\ D ZHLJKWHG

K\SHUJUDSK ZKHUH HDFK PRGXOH LV D QRGH DQG HDFK QHW LV

RQH K\SHU�HGJH ZLWK DQ DVVRFLDWHG ZHLJKW RI LPSRUWDQFH�

/HW *�9� (� :� EH D ZHLJKWHG JUDSK� ZKHUH 9 ^YL _ L  ��

�� ���� Q` LV D VHW RI YHUWLFHV� ( ^ HLM  �YL� YM� _� d L� M d Q`

LV D VHW RI HGJHV� DQG : ^ZH � 5 _ H� (` LV D VHW RI UHDO

QXPEHUV FDOOHG WKH ZHLJKWV GHILQHG RQ ( RI *� $

ZHLJKWHG K\SHUJUDSK FDQ EH PDSSHG WR D ZHLJKWHG JUDSK

DV IROORZV� (DFK QRGH FRUUHVSRQGV WR RQH YHUWH[ LQ *�9�

(� :� DQG HDFK HGJH LV RQH HGJH RI *�9� (� :�� $ PXOWL�

SLQ QHW ZLWK U QRGHV FDQ EH PDSSHG WR D U�FOLTXH L�H�� D

FRPSOHWH JUDSK ZLWK U YHUWLFHV� *�9� (� :� LV FDOOHG

ZHLJKWHG FRQQHFWLRQ JUDSK�

6RPH KHXULVWLFV FDQ EH GHYHORSHG WR JXLGH XV LQ

GHILQLQJ JHQHUDO FRQQHFWLYLW\ EHWZHHQ WZR YHUWLFHV RQ

*�9� (� :�� ZKLFK VKRXOG WDNH LQWR FRQVLGHUDWLRQ RI WKH

HIIHFW RI YHUWLFHV LQGLUHFWO\ FRQQHFWHG ZLWK WKH WZR

YHUWLFHV� ,Q JHQHUDO ZH EHOLHYH WKDW DOO WKH HGJHV RQ SDWKV

EHWZHHQ WKH WZR YHUWLFHV VKRXOG KDYH VRPH FRQWULEXWLRQ

WR WKHLU JHQHUDO FRQQHFWLYLW\�

)LUVW� WKH FRQQHFWLYLW\ EHWZHHQ DQ\ WZR YHUWLFHV

VKRXOG EH JUHDWHU WKDQ ]HUR LII WKHUH H[LVWV D SDWK EHWZHHQ

WKHP �1RQ]HUR 3ULQFLSOH RI 3DWK�� ,Q RWKHU ZRUG� DQ\ SDWK

EHWZHHQ WZR YHUWLFHV VKRXOG KDYH QRQ]HUR FRQWULEXWLRQ WR

WKH JHQHUDO FRQQHFWLYLW\ RI WKH WZR YHUWLFHV� 6HFRQGO\�

$Q\ HGJH LQ D SDWK EHWZHHQ WZR FHOOV VKRXOG KDYH

QRQ]HUR FRQWULEXWLRQ WR WKH FRQQHFWLYLW\ RI WKH WZR FHOOV

�1RQ]HUR 3ULQFLSOH RI (GJH�� $VVXPLQJ DQ HGJH LQ D SDWK

KDV ]HUR FRQWULEXWLRQ� WKH HGJH FDQ WKHQ EH UHPRYHG IURP

WKH SDWK ZLWKRXW DIIHFWLQJ WKH FRQQHFWLYLW\ RI WKH WZR

FHOOV� %XW WKH SDWK GRHV QRW H[LVW DQ\PRUH� ZKLFK LV

FRQWUDGLFWRU\� 7KLUGO\� 7KH FRQWULEXWLRQ RI D SDWK EHWZHHQ

WZR FHOOV WR WKH FRQQHFWLYLW\ RI WKH WZR FHOOV LV LQYHUVHO\

SURSRUWLRQDO WR WKH OHQJWK RI WKH SDWK �,QYHUVH 'LVWDQFH

6TXDUH 3ULQFLSOH�� 7KH FRQWULEXWLRQ RI DQ HGJH LQ D SDWK

EHWZHHQ WZR FHOOV WR WKH FRQQHFWLYLW\ RI WKH WZR FHOOV LV

LQYHUVHO\ SURSRUWLRQDO WR WKH VTXDUH RI WKH SDWK OHQJWK DQG

SURSRUWLRQDO WR WKH ZHLJKW RI WKH HGJH� )RXUWKO\� ,I DQ

HGJH DSSHDUV LQ PRUH WKDQ RQH SDWK EHWZHHQ WZR FHOOV� LWV

FRQWULEXWLRQ WR WKH FRQQHFWLYLW\ RI WKH WZR FHOOV VKRXOG

RQO\ EH UHODWHG WR WKH VKRUWHVW SDWKV RI DOO WKH SDWKV LQ

ZKLFK LW DSSHDUV �6KRUWHVW 3DWK 3ULQFLSOH��
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Figure 1.  The connection graph for Example 1.
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Example 1 : Given the connection graph in Figure 1,
calculate GC(2,6,2) and GC(2,6,3).
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2QFH JHQHUDO FRQQHFWLYLWLHV DUH IRXQG� FOXVWHULQJ FDQ

EH GRQH E\ FRPELQLQJ PRGXOHV ZLWK KLJKHVW

FRQQHFWLYLWLHV� 2XU VROXWLRQ WR D OLQHDU SODFHPHQW SUREOHP

LV JLYHQ LQ )LJXUH �� ZKHUH WKH WUDGLWLRQDO GLUHFW

FRQQHFWLYLW\ VROXWLRQ UHVXOWV LQ WKH WRWDO ZLUH OHQJWK RI ��

DQG RXUV LV ��� $ SDUWLWLRQ H[DPSOH LV JLYHQ LQ )LJXUH �

ZKHUH UHGXFWLRQ LQ WKH QXPEHU RI FXW OLQHV E\ ��� LV

REVHUYHG�

�� 7KH�&RQFXUUHQW�*URXS�6HDUFK�$OJRULWKP

2QH PHWKRG WR FDOFXODWH WKH JHQHUDO FRQQHFWLYLW\ RI D

FRQQHFWLRQ JUDSK LV WR VHDUFK WKURXJK WKH JUDSK IRU WKH

VXEJUDSK IRU RQH SDLU RI YHUWLFHV DW D WLPH� ,W FDQ EH

VKRZQ WKDW PDQ\ UHGXQGDQW VHDUFKHV ZLOO EH SHUIRUPHG

DQG WKHUHIRUH WLPH ZDVWHG� )RU D FRQQHFWLRQ JUDSK ZLWK 1

YHUWLFHV� D WRWDO RI
�

��� �11
SDLUV RI JHQHUDO

FRQQHFWLYLWLHV QHHG WR EH FDOFXODWHG� $VVXPH WKDW WKH

YHUWLFHV DUH QXPEHUHG ZLWK FRQVHFXWLYH LQWHJHUV VWDUWLQJ

IURP �� 7KH
�

��� �11
SDLUV FDQ EH GLYLGHG LQWR 1��

JURXSV� ^>���@� >���@� ���� >��1@`� ^>���@� >���@� ���� >��1@`

������ ^ >1���1@`� $OO JHQHUDO FRQQHFWLYLW\ FDOFXODWLRQV LQ

HDFK JURXS FDQ EH FDOFXODWHG E\ WUDYHUVLQJ WKH VHDUFK WUHH

RQFH� 7KLV PHWKRG LV IDVWHU DV LW RQO\ VHDUFKHV DOO WKH

VHDUFK WUHHV 1 WLPHV LQVWHDG RI
�

��� �11
WLPHV� ,Q

DGGLWLRQ� HDFK JURXS LV LQGHSHQGHQW RI WKH RWKHU VR WKDW

FRPSXWDWLRQV FDQ EH FDUULHG RXW LQ SDUDOOHO� 7KH PHWKRG LV

QDPHG &RQFXUUHQW *URXS 6HDUFK $OJRULWKP �&*6$��

$OJRULWKP � GHVFULEHV KRZ WKH N
WK
�RUGHU JHQHUDO

FRQQHFWLYLWLHV IRU D OD\RXW ZLWK 1 YHUWLFHV DUH FRPSXWHG�

,W EDVLFDOO\ WUDYHUVHV WKH FRQQHFWLRQ JUDSK RQFH IRU HYHU\

YHUWH[ WR EXLOG D WUHH ZLWK WKH GHSWK RI N DQG RQH YHUWH[

EHLQJ LWV URRW� ,W ZLOO VWRUH DQ HGJH RQFH RQO\ RQ WKH

VKRUWHVW SDWK WKDW WKH HGJH DSSHDUV� 2QFH WKLV WUHH LV EXLOW�

DOO WKH N
WK
�RUGHU FRQQHFWLYLWLHV UHODWHG WR WKH YHUWH[ FDQ EH

FDOFXODWHG VLPXOWDQHRXVO\� 6XEURXWLQH &RPSXWH *&�V� N�

PD\ FUHDWH XS WR �1���
N
SDWKV DQG 1

�
HGJHV PD\ QHHG WR

EH FRPSDUHG WR NQRZ LI WKH HGJHV RQ D SDWK DUH QHZ�

7KHUHIRUH� WKH ZRUVW�FDVH WLPH FRPSOH[LW\ RI WKH

DOJRULWKP LV 2�1
N��

��

$ % & ' ( ) *

% &'$ () *

7RWDO /HQJWK  ��

7RWDO /HQJWK  ��

UHGXFHG E\ ���

%DVHG RQ WKH 7UDGL WLRQDO &RQQHFWLY LW\

%DVHG RQ WKH *HQHUDO &RQQHFWLYL W\

/LQH 3ODFHPHQW ([DP SOH

&HOO�SDLU

7KH&RQQHFWLYLWLHV ZLWK YDULRXV RUGHU .
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Figure 2. Linear placement example using the
      general connectivity concept.



7DNH WKH JUDSK LQ )LJXUH � DV DQ H[DPSOH� 7R FRPSXWH WKH
�QG�RUGHU JHQHUDO FRQQHFWLYLWLHV EHWZHHQ YHUWH[ � DQG
HDFK RI WKH RWKHU YHUWLFHV� WKH VHDUFK WUHH VWDUWLQJ IURP

YHUWH[ � FDQ EH FRQVWUXFWHG DV VKRZQ LQ )LJXUH �� $OO WKH

�QG�RUGHU JHQHUDO FRQQHFWLYLWLHV EHWZHHQ YHUWH[ � DQG

RWKHU YHUWLFHV FDQ EH FDOFXODWHG E\ WUDYHUVLQJ WKH VHDUFK

WUHH RQFH� ,W LV FOHDU WKDW WKH �QG�RUGHU JHQHUDO FRQQHFWLYLW\

EHWZHHQ YHUWLFHV � DQG � FDQ EH FDOFXODWHG DV IROORZV�
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Figure 4. Search tree and concurrent 
computation for vertex 2.
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Figure 3. Partition solutions without and with general connectivity.
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>��1@` ������ ^ >1���1@`� 7KH JURXSV FDQ EH GLVWULEXWHG

RYHU D QXPEHU RI SURFHVVRUV WR EH FDOFXODWHG LQ SDUDOOHO DV

WKH\ DUH LQGHSHQGHQW RI HDFK RWKHU� 7KLV NLQG RI SUREOHP

LV HPEDUUDVVLQJO\ SDUDOOHOL]DEOH H[FHSW IRU ORDG EDODQFLQJ

FRQVLGHUDWLRQ� 1RWLFH WKDW WKH FRPSXWDWLRQ ORDGV RI

JURXSV DUH QRW LGHQWLFDO� 7KH ILUVW JURXS PD\ QHHG PRUH

&38 WLPH DQG WKH ODVW JURXS PD\ UHTXLUH WKH OHDVW &38

WLPH DV WKH\ KDYH GLIIHUHQW QXPEHU RI SDLUV� $ ORDG

EDODQFLQJ VFKHPH LV SURSRVHG WR WDFNOH WKLV LVVXH�

2XU SDUDOOHO FRGH LV LPSOHPHQWHG ZLWK WKH 0HVVDJH

3DVVLQJ ,QWHUIDFH�03,� VWDQGDUG OLEUDU\ RQ D ���QRGH

,%0 63�� 7KH PDVWHU�VODYH SDUDGLJP LV DGRSWHG ZKHUH

WKH PDVWHU SURFHVV GLVSDWFKHV WDVNV WR VODYH SURFHVVHV DQG

FROOHFWV UHVXOWV IURP WKH VODYHV� 6WDWLF JURXS FOXVWHULQJ

DQG G\QDPLF WDVN VFKHGXOLQJ DUH XVHG LQ RUGHU WR EDODQFH

WKH ORDGV RI VODYH SURFHVVHV DV ZHOO DV PLQLPL]H

FRPPXQLFDWLRQ EHWZHHQ WKH PDVWHU DQG VODYHV� 7KH

PDVWHU SURFHVV ZLOO VHOHFW D QXPEHU RI JURXSV WR IRUP D

WDVN VR WKDW HDFK WDVN PD\ KDYH PRUH RU OHVV WKH VDPH

&38 WLPH UHTXLUHPHQW� DQG G\QDPLFDOO\ GLVSDWFK WKH

WDVNV LQ WKH TXHXH WR WKH VODYHV GXULQJ UXQ WLPH� )RU

H[DPSOH� �� JURXSV FDQ EH FOXVWHUHG LQWR � WDVNV DV

IROORZV� ^���������`� ^�� �������`� ^����� �� ��`� ^�� ���

�� �`�

7KH PDVWHU DQG VODYH SURFHVVHV DUH GHVFULEHG LQ

$OJRULWKP ��

)LJXUH � VKRZV WKH VSHHGXS RI $OJRULWKP � RYHU

$OJRULWKP � ZLWK WKH QXPEHU RI SURFHVVRUV UDQJLQJ IURP

� WR �� IRU WKH WZR ODUJHU FLUFXLWV LQ 7DEOH �� ,W FDQ EH

VHHQ WKDW VSHHGXS LPSURYHV ZLWK WKH LQFUHDVLQJ RUGHU RI

JHQHUDO FRQQHFWLYLW\� :KHQ WKH RUGHU LV ODUJH HQRXJK

VSHHGXS DSSURDFKHV LWV WKHRUHWLFDO PD[LPXP� 2XU JURXS

FOXVWHULQJ DQG G\QDPLF ORDG EDODQFLQJ WHFKQLTXHV KDYH

UHGXFHG FRPPXQLFDWLRQ WLPH DQG EDODQFHG WKH &38 ORDGV

ZLWKLQ ��� RI HDFK RWKHU DV VKRZQ LQ )LJXUH � IRU

FRPSXWLQJ WKH �
WK
�RUGHU JHQHUDO FRQQHFWLYLW\ RI +.����

RQ �� SURFHVVRUV�

���$SSOLFDWLRQ�WR�SODFHPHQW

2QH PHDVXUHPHQW RI WKH SHUIRUPDQFH RI D SODFHPHQW

LV FKLS DUHD DQG WKH RWKHU LV FLUFXLW GHOD\� &KLS DUHD FDQ

RQO\ EH PLQLPL]HG E\ UHGXFLQJ WKH URXWLQJ DUHD� 7KH

URXWLQJ DUHD FDQ EH UHGXFHG E\ UHGXFLQJ WKH QXPEHU RI

IHHGWKURXJKV LQ D SODFHPHQW� )HHGWKURXJKV FRQWULEXWH

PRUH WR FLUFXLW GHOD\ WKDQ RWKHU FRQQHFWLRQV RI WKH VDPH

OHQJWK� 7KH UHGXFWLRQ RI WRWDO ZLUH OHQJWK� HVSHFLDOO\ WKH

QXPEHU RI IHHGWKURXJKV� ZLOO LPSURYH WKH JOREDO

RSWLPL]DWLRQ LQ FLUFXLW GHOD\� 7KHUHIRUH� WKH QXPEHU RI

IHHGWKURXJKV FDQ EH D SHUIRUPDQFH LQGLFDWRU IRU D

SODFHPHQW�

7KUHH FRPPHUFLDO FLUFXLWV ZHUH H[SHULPHQWHG WR

HYDOXDWH $OJRULWKP �� 7KH ODUJHU RQH� +.����� KDV RYHU

������ WUDQVLVWRUV� )RU FRPSOHWHQHVV� WKH FKDUDFWHULVWLFV

RI WKH FLUFXLWV DUH FRSLHG IURP >��@ DV VKRZQ LQ 7DEOH ��

7KH &38 WLPHV IRU JHQHUDO FRQQHFWLYLWLHV RI XS WR �
WK

RUGHU DUH JLYHQ LQ 7DEOH ��

7KH /6,6�,, V\VWHP >��@ ZDV XVHG WR FRQGXFW FLUFXLW

GHVLJQV ZLWK RXU JHQHUDO FRQQHFWLYLW\ PRGHO� 7KH V\VWHP

FDUULHV RXW DXWRPDWLF OD\RXW RI GHVLJQV EDVHG RQ VWDQGDUG

DQG PDFUR FHOOV� ,W KDV WZHOYH VXEV\VWHPV IRU GHVLJQ

DFWLYLWLHV VXFK DV VFKHPDWLF HGLWLQJ� ORJLF GHVFULSWLRQ DQG

FRPSLOLQJ� SK\VLFDO FHOO HGLWLQJ� FHOO OLEUDU\ PDQDJHPHQW�

FRQQHFWLYLW\ YHULILFDWLRQ� FHOO FOXVWHULQJ� DXWRPDWLF

SODFHPHQW DQG JOREDO URXWLQJ� DXWRPDWLF GHWDLOHG URXWLQJ�

SK\VLFDO GHVLJQ DQG RSWLPL]DWLRQ� DQG IRUPDW FRQYHUVLRQ�

$OJRULWKP ��

0DVWHU SURJUDP^

*HW WKH QXPEHU RI VODYHV�

&OXVWHU JURXSV�

)RU HDFK VODYH^

6HQG FRQQHFWLRQ JUDSK�

6HQG RQH WDVN�

`

:KLOH QRW FRPSOHWHG ^

5HFHLYH UHVXOW IURP D VODYH�

6HQG D QHZ WDVN WR WKH VODYH�

`
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 HQG RI 0DVWHU 
�

6ODYH SURJUDP^
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&DUU\ RXW WKH WDVN�
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,WV *8, UXQV RQ WRS RI WKH 681 2SHQ:LQGRZ

HQYLURQPHQW�

$ SURJUDP ZDV ZULWWHQ WR FRPSXWH JHQHUDO

FRQQHFWLYLW\ DQG WR JHQHUDWH FOXVWHUV� ,W FRQVLVWV RI D QHZ

URXWLQH WR FRPSXWH JHQHUDO FRQQHFWLYLW\ EDVHG RQ

$OJRULWKP � DQG D QXPEHU RI URXWLQHV IURP >��@ IRU

FOXVWHULQJ DQG FOXVWHU VWDELOLW\ YHULILFDWLRQ� 2QFH WKH

FOXVWHUV ZHUH REWDLQHG� WKH\ ZHUH LQVHUWHG LQWR WKH /6,6�,,

SDFNDJH VR WKDW GHVLJQV EDVHG RQ WKH QHZ FOXVWHUV FRXOG

EH FDUULHG�

7KH SURJUDP WDNHV LWV LQSXW GDWD IURP WKH RXWSXW RI

FLUFXLW YHULILFDWLRQ RI WKH /6,6�,, V\VWHP DQG SURGXFHV DQ

RXWSXW ILOH WKDW LV XVHG E\ WKH EORFN LQLWLDO FRQVWUXFWLRQ

SURFHVV RI WKH /6,6�,,�

/HW / EH WKH QXPEHU RI LWHUDWLRQV RI WKH FOXVWHULQJ

SURFHVV� ZKLFK LV FDOOHG WKH KHLJKW RI WKH FOXVWHULQJ WUHH LQ

>��@� 7KH DYHUDJH WLPH FRPSOH[LW\ RI WKH FOXVWHULQJ

SURFHVV LV 2�/10
N��

�� ZKHUH 1 LV WKH QXPEHU RI FHOOV� 0

LV WKH DYHUDJH GHJUHH RI WKH FHOOV� DQG N LV WKH RUGHU RI WKH

JHQHUDO FRQQHFWLYLW\�

7KH WKUHH FLUFXLWV LQ 7DEOH � ZHUH H[SHULPHQWHG DQG

WKH UHVXOWV RI WZR RI WKHP DUH OLVWHG LQ 7DEOH � DQG ��

�� 3HUIRUPDQFH�$QDO\VLV

7KH SODFHPHQW UHVXOWV DV VKRZQ LQ 7DEOHV � DQG � DUH

PHDVXUHG E\ WZR LQGLFDWRUV� PD[LPXP EORFN OHQJWK DQG

WKH WRWDO QXPEHU RI IHHGWKURXJKV� :H GHILQH SHUIRUPDQFH

LPSURYHPHQW SHUFHQWDJH RI D SODFHPHQW L� KL� LQ
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Figure 6. CPU time of each processor in
seconds for HK5851.
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Figure 5. Speedup results for the two circuits.
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Figure 7. Performance results for HK5601.

7KH PD[LPXP EORFN OHQJWK UHGXFWLRQ PD\ LPSO\ WKH

UHGXFWLRQ RI DOO WKH KRUL]RQWDO ZLUH OHQJWKV� 7KHUHIRUH� WKH

SHUIRUPDQFH LPSURYHPHQW GXH WR LWV UHGXFWLRQ LV

SURSRUWLRQDO WR WKH QXPEHU RI EORFNV LQ D GHVLJQ� 2XU

H[SHULHQFHV LQGLFDWH WKDW S ���% LV D JRRG ILJXUH WR XVH�

ZKHUH % LV WKH QXPEHU RI EORFNV LQ D FLUFXLW� +HQFH WKH

IROORZLQJ IRUPXOD LV XVHG WR REWDLQ SHUIRUPDQFH YDOXHV�
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WKH QXPEHU RI IHHGWKURXJKV RI SODFHPHQW L� DQG PUHI DQG

IUHI DUH WKRVH RI WKH UHIHUHQFH SODFHPHQW�

8VLQJ )RUPXOD ���� ZH REWDLQHG WKH FXUYHV IRU WKH

WZR FLUFXLWV DV VKRZQ LQ )LJXUHV � DQG �� 7KH UHIHUHQFH

SRLQW LV WKH UHVXOWV IURP WKH SODFHPHQW ZLWKRXW FOXVWHULQJ�

�� 'LVFXVVLRQV

7KH HDUOLHU UHVXOWV LQ >��@ DQG RXU RZQ H[SHULPHQWV

KDYH DOO VKRZQ WKDW SODFHPHQW ZLWK FOXVWHULQJ FDQ UHVXOW

LQ EHWWHU SHUIRUPDQFH WKDQ WKDW ZLWKRXW FOXVWHULQJ

UHJDUGOHVV RI WKH RUGHU RI JHQHUDO FRQQHFWLYLW\�

&RPSXWDWLRQ WLPH IRU JHQHUDO FRQQHFWLYLW\ LQFUHDVHV

ZLWK LWV RUGHU EHFDXVH WKH GHSWK RI WKH VHDUFK WUHH LV HTXDO

WR WKH RUGHU� 7KH WLPH FRPSOH[LW\ RI RXU DOJRULWKP LV

UHODWHG WR WKH RUGHU RI FRQQHFWLYLW\ DQG WKH RUGHU LQ

SUDFWLFH VKRXOG QRW EH ODUJHU WKDQ �� 7KH SDUDOOHO YHUVLRQ

GLVSOD\V LWV DGYDQWDJH ZKHQ WKH RUGHU LV KLJK�

2XU &RQFXUUHQW *URXS 6HDUFK $OJRULWKP LV PRUH

HIIHFWLYH IRU ODUJHU FLUFXLWV� 7KH FRPELQDWLRQ RI WKH

DOJRULWKPLF WHFKQLTXHV DQG SDUDOOHO FRPSXWLQJ UHVXOWV LQ

VSHHGXS RI ��� WLPHV DJDLQVW DQ HDUO\ LPSOHPHQWDWLRQ IRU

WKH ODUJHVW FLUFXLW ZH KDYH WHVWHG ZLWK WKH RUGHU RI JHQHUDO

FRQQHFWLYLW\ HTXDO WR �� 7KLV ZRUN PDNHV LW SUDFWLFDO WR

DSSO\ WKH FRQFHSW RI JHQHUDO FRQQHFWLYLW\ WR ODUJH

LQGXVWULDO FLUFXLWV�

7KH SHUIRUPDQFH LPSURYHPHQW ZLWK WKH ORZ RUGHU

JHQHUDO FRQQHFWLYLW\ GRHV QRW VHHP WR EH VWDEOH� 7KH

KLJKHU RUGHU UHVXOWV DUH PRUH VWDEOH DQG EHWWHU WKDQ WKH

UHIHUHQFH RQHV� ,W PD\ WKHUHIRUH FRQFOXGH WKDW WKH KLJKHU

RUGHU �!�� JHQHUDO FRQQHFWLYLW\ VKRXOG DOZD\V EH XVHG WR

HQVXUH VWDEOH UHVXOWV� HVSHFLDOO\ IRU ODUJHU FLUFXLWV�

2QH RI WKH UHDVRQV IRU WKH XQVWDEOH UHVXOWV ZLWK WKH

ORZ RUGHUV LV WKDW ¦ERWWRP�XS§ FOXVWHU JURZWK PD\ QRW

SURGXFH DQ RSWLPDO VROXWLRQ� 7KH UHDVRQ LV WKDW D VWDEOH

FOXVWHU ZLWK Q FHOOV PD\ QRW EH D VXEVHW RI DQ\ VWDEOH

FOXVWHU ZLWK �Q��� FHOOV DV VKRZQ LQ )LJXUH ���

$ VWDEOH FOXVWHU ZLWK � FHOOV LV ^�������`� $ VWDEOH

FOXVWHU ZLWK � FHOOV LV ^���������`� $V FDQ EH VHHQ�

^�������` � ^���������`� 7KH VWDEOH FOXVWHU ZLWK � FHOOV LV

^�����������`� %XW� ^���������`� ^�����������`�

:H FDOO WKLV IDFW ¦GLVFRQWLQXLW\ RI FOXVWHULQJ

SURFHVV§� 2EWDLQLQJ ODUJH FOXVWHUV IURP VPDOOHU RQHV PD\

QRW UHVXOW LQ DQ RSWLPDO VROXWLRQ� 7KHUHIRUH� KLJK RUGHU
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Figure 8. Performance results for HK5852.
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Figure 9. Performance results for HK5851.



JHQHUDO FRQQHFWLYLW\ LV QHFHVVDU\ LQ RUGHU WR REWDLQ

RSWLPDO VROXWLRQV�

5HIHUHQFHV

>�@ 0� %UHYHU� ¦0LQ�FXW SODFHPHQW�§ -RXUQDO RI 'HVLJQ

$XWRPDWLRQ DQG )DXOW 7ROHUDQW &RPSXWLQJ� 9RO� �� 1R� ��

2FWREHU ����� SS���������

>�@ 3�.� &KDQ� 0�'�)� 6FKODJ� DQG -�<� =LHQ� ¦6SHFWUDO N�ZD\

UDWLR�FXW SDUWLWLRQLQJ DQG FOXVWHULQJ�§ ��
WK

'$&� �����

SS���������

>�@ .�;� &KHQJ DQG :�-� =KXDQJ� ¦7KH SODFHPHQW VXEV\VWHP

RI /6,6�,, DXWRPDWLF OD\RXW V\VWHP�§ 9RO� �� 1R� �� �����

SS���������

>�@ -� &RQJ DQG 0� 6PLWK� ¦$ SDUDOOHO ERWWRP�XS FOXVWHULQJ

DOJRULWKP ZLWK DSSOLFDWLRQ WR FLUFXLW SDUWLWLRQLQJ LQ 9/6,

GHVLJQ�§ ��
WK
'$&� ����� SS���������

>�@ :�0� 'DL DQG (�6� .XK� ¦6LPXOWDQHRXV IORRU SODFHPHQW

DQG JOREDO URXWLQJ IRU KLHUDUFKLFDO EXLOGLQJ EORFN OD\RXW�§

,((( 7UDQV� RQ &$'� 9RO� &$'��� 1R� �� ����� SS�����

����

>�@ :�0� 'DL� %� (VFKHUPDQQ� (�6� .XK� DQG 0� 3HGUDP�

¦+LHUDUFKLFDO SODFHPHQW DQG IORRUSODQQLQJ LQ %($5�§

,((( 7UDQV� RQ &$'� 9RO� &$'��� 1R� ��� ����� SS������

�����

>�@ &�/� 'LQJ� &�<� +R� 0�-� ,UZLQ� ¦$ QHZ RSWLPL]DWLRQ

GULYHQ FOXVWHULQJ DOJRULWKP IRU ODUJH FLUFXLWV�§ ����

(XURSHDQ '$&� SS�������

>�@ :�(� 'RQDWK� ¦&RPSOH[LW\ WKHRU\ DQG GHVLJQ DXWRPDWLRQ�§

3URF� RI WKH ��WK '$&� ����� SS���������

>�@ -� *DUEHUV� +�-� 3URPHO DQG $� 6WHJHU� ¦)LQGLQJ FOXVWHUV LQ

9/6, FLUFXLWV�§ ���� ,((( ,&&$'� SS���������

>��@ /� +DJHQ DQG $�%� .DKQJ� ¦$ QHZ DSSURDFK WR HIIHFWLYH

FLUFXLW FOXVWHULQJ�§ ���� ,((( ,&&$'� SS���������

>��@ (�4� .DQJ� 5�%� /LQ DQG (� 6KUDJRZLW]� ¦)X]]\ ORJLF

DSSURDFK WR 9/6, SODFHPHQW�§ ,((( 7UDQV� RQ 9/6, 6\V��

9RO ��� 1R� �� 'HF� ����� SS� ��������

>��@ 6� 0DOOHOD� HW DO�� ¦&OXVWHULQJ EDVHG VLPXODWHG DQQHDOLQJ IRU
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Figure 10. A stable n cell cluster may not be a
subset of any stable (n+1) cell
cluster.
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