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)XWXUH� ZLUHOHVV� PXOWLPHGLD� WHUPLQDOV� PXVW� PHHW�

VHYHUDO��RIWHQ�FRQIOLFWLQJ��UHTXLUHPHQWV��KLJK�SHUIRUPDQFH��
H[FHOOHQW� HQHUJ\� HIILFLHQF\�� KLJK� IOH[LELOLW\�� VXSSRUW� IRU�
4XDOLW\� RI� 6HUYLFH� �4R6��� VPDOO� VL]H�� DQG� ORZ� FRVW�� ,Q�
DGGLWLRQ� WR� WKDW�� WKH� WLPH� WR�PDUNHW� LV� D� FUXFLDO� IDFWRU�� ,Q�
WKH� &���������� >�@� SURMHFW� ZH� GHILQHG� DQ� DUFKLWHFWXUH�
WKDW�WULHV�WR�IXOILOO�PRVW�RI�WKHVH�UHTXLUHPHQWV��:H�SURSRVH�
D�G\QDPLFDOO\� UHFRQILJXUDEOH�WLOHG�KHWHURJHQHRXV�6\VWHP�
RQ�&KLS� �6R&��SODWIRUP� IRU� WKH� IXWXUH�PXOWLPHGLD�PRELOH�
GHYLFHV�� 7KUHH� W\SHV� RI� WLOHV� FDQ� EH� GLVWLQJXLVKHG� RQ� WKLV�
DUFKLWHFWXUH�� GHSHQGLQJ� RQ� WKHLU� OHYHO� RI� FRQILJXUDELOLW\��
ELW�OHYHO� UHFRQILJXUDEOH� WLOHV� �H�J�� )3*$V��� ZRUG�OHYHO�
UHFRQILJXUDEOH� WLOHV� �H�J��0���	
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WR� EH� WDUJHWHG� DW� PXOWLSOH� DSSOLFDWLRQV�� $FKLHYLQJ� D� KLJK�
FORFN� VSHHG� LV� QRW� D� SULPDU\� JRDO� IRU� HQHUJ\�HIILFLHQW�
DUFKLWHFWXUHV�� ,QVWHDG�� PDVVLYH� SDUDOOHOLVP� LV� XVHG� WR�
DFKLHYH�D�KLJK�SHUIRUPDQFH��5HFRQILJXUDEOH�V\VWHPV�RIIHU�
WKH� IOH[LELOLW\� DQG� DGDSWLYHQHVV� QHHGHG� IRU� IXWXUH� 4R6�
EDVHG�V\VWHPV��
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����� 5HFRQILJXUDEOH� DUFKLWHFWXUHV� IRU� ZLUHOHVV�
WHUPLQDOV�

�
8QWLO� UHFHQWO\� RQO\� D� IHZ� UHFRQILJXUDEOH� DUFKLWHFWXUHV�

KDYH�EHHQ�SURSRVHG�IRU�ZLUHOHVV�GHYLFHV��7KHUH�DUH�D� IHZ�
H[FHSWLRQV��IRU�H[DPSOH��WKH�0DLD�FKLS�IURP�%HUNHOH\�>�@��
0RVW� UHFRQILJXUDEOH� DUFKLWHFWXUHV�ZHUH� WDUJHWHG� DW� VLPSOH�
JOXH� ORJLF� RU� DW� GHGLFDWHG� KLJK�SHUIRUPDQFH� FRPSXWLQJ��
0RUHRYHU�� FRQYHQWLRQDO� UHFRQILJXUDEOH�SURFHVVRUV�DUH�ELW�
OHYHO�UHFRQILJXUDEOH�DQG�DUH�IDU�IURP�HQHUJ\�HIILFLHQW���

+RZHYHU�� WKHUH�DUH�TXLWH�D�QXPEHU�RI�JRRG�UHDVRQV�IRU�
XVLQJ� UHFRQILJXUDEOH� DUFKLWHFWXUHV� LQ� IXWXUH� ZLUHOHVV�
PXOWLPHGLD�WHUPLQDOV��

• � 1HZ� HPHUJLQJ� PXOWLPHGLD� VWDQGDUGV� VXFK� DV�
-3(*����� DQG� 03(*��� KDYH� PDQ\� DGDSWLYLW\�
IHDWXUHV��7KLV�LPSOLHV�WKDW�WKH�SURFHVVLQJ�HQWLWLHV�RI�
IXWXUH� ZLUHOHVV� WHUPLQDOV� KDYH� WR� VXSSRUW� WKH�
DGDSWLYLW\�QHHGHG�IRU�WKHVH�QHZ�VWDQGDUGV��

• � $OWKRXJK� UHFRQILJXUDEOH� V\VWHPV� DUH� NQRZQ� WR� EH�
OHVV� HIILFLHQW� FRPSDUHG� WR� $6,&� LPSOHPHQWDWLRQV�
WKH\� FDQ� KDYH� FRQVLGHUDEOH� HQHUJ\� EHQHILWV�� )RU�
H[DPSOH��GHSHQGLQJ�RQ�WKH�GLVWDQFH�RI�WKH�UHFHLYHU�
DQG� WUDQVPLWWHU� RU� FHOO� RFFXSDWLRQ� PRUH� RU� OHVV�
SURFHVVLQJ�SRZHU� LV�QHHGHG��:KHQ� WKH�V\VWHP�FDQ�
DGDSW���DW�UXQ�WLPH���WR�WKH�HQYLURQPHQW�VLJQLILFDQW�
SRZHU�VDYLQJ�FDQ�EH�REWDLQHG��

• � 6WDQGDUGV� HYROYH� TXLFNO\�� WKLV� PHDQV� WKDW� IXWXUH�
V\VWHPV� KDYH� WR� KDYH� WKH� IOH[LELOLW\� WR� DGDSW� WR�
VOLJKW� FKDQJHV� LQ� WKH� VWDQGDUGV�� %\� XVLQJ�
UHFRQILJXUDEOH� DUFKLWHFWXUHV� LQVWHDG� RI� $6,&V�
FRVWO\�UH�GHVLJQV�FDQ�EH�DYRLGHG��

• � 7KH� FRVW� IRU� PDQXIDFWXULQJ� FKLSV� LV� JURZLQJ�
UDSLGO\� DQG� LQ� SDUWLFXODU� WKH� PDVN� FRVW� LQFUHDVHV�
ZLWK� HDFK� WHFKQRORJ\� JHQHUDWLRQ�� ,W� LV� H[SHFWHG�
UHFRQILJXUDEOH� GHVLJQV� WR� KDYH� ORQJHU� OLYH�
FRPSDUHG� ZLWK� $6,&� DQG� WKXV� WKH� PDQXIDFWXUHUV�
FDQ�VDYH�RQ�PDVN�FRVWV��

• � 5HFRQILJXUDELOLW\� UHGXFHV� ULVNV�� WKHVH� V\VWHPV� FDQ�
DGDSW�WR�VWDQGDUGV�WKDW�PD\�FKDQJH�GXULQJ�DQG�DIWHU�
SURGXFW�GHYHORSPHQW��DQG�WKH�WLPH�WR�PDUNHW�FDQ�EH�



VKRUWHQHG�� ,W� ZLOO� HQDEOH� V\VWHPV� ZLWK� WUXH� PXOWL�
VWDQGDUG� FDSDELOLW\�� ZKLFK� H[WHQGV� WKH� SURGXFW¶V�
OLIH�F\FOH�DQG�ZKHQ�D�JRRG�DUFKLWHFWXUH�LV�FKRVHQ�DW�
GHVLJQ� WLPH� LW� LV� SRVVLEOH� WR� HQKDQFH� WKH� V\VWHP�
ODWHU�IRU�DSSOLFDWLRQV�LW�ZDV�QRW�RULJLQDOO\�GHVLJQHG�
IRU��

5HFRQILJXUDELOLW\� DOVR� KDV� DQRWKHU� PRUH� HFRQRPLF�
PRWLYDWLRQ�� LW�ZLOO� EH� LPSRUWDQW� WR�KDYH� D� IDVW� WUDFN� IURP�
VSDUNOLQJ� LGHDV� WR� WKH� ILQDO� GHVLJQ�� 7LPH� WR� PDUNHW� LV�
FUXFLDO��,I�WKH�GHVLJQ�SURFHVV�WDNHV�WRR�ORQJ��WKH�UHWXUQ�RQ�
LQYHVWPHQW�ZLOO�EH�OHVV��

:H� H[SHFW� WKDW� WKH� FRPELQDWLRQ� RI� KLJK�OHYHO� GHVLJQ�
WRROV� DQG� UHFRQILJXUDEOH� KDUGZDUH� DUFKLWHFWXUHV� ZLOO�
HQDEOH� GHVLJQHUV� WR� GHYHORS� KLJKO\� IOH[LEOH�� HIILFLHQW� DQG�
DGDSWLYH� V\VWHPV� DQG� DSSOLFDWLRQV� IRU� IXWXUH� PXOWLPHGLD�
WHUPLQDOV��

�
7KLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���LQWURGXFHV�

WKH� DUFKLWHFWXUH�ZH� IRUHVHH� IRU� IXWXUH�PRELOH�GHYLFHV� DQG�
GLVFXVVHV� WKH� EHQHILWV� RI� VXFK� DUFKLWHFWXUH�� 6HFWLRQ� ��
GLVFXVVHV� WKH�RUJDQLVDWLRQ�RI� WKH� LQWHU�WLOH� FRPPXQLFDWLRQ�
LQ� WKH�SURSRVHG� DUFKLWHFWXUH�DQG�JLYHV�GHWDLOV�RQ�D�GHVLJQ�
RI� D� QHWZRUN� URXWHU�� 6HFWLRQ� �� UHIHUV� WR� UHODWHG� SURMHFWV�
GHDOLQJ� ZLWK� UHFRQILJXUDEOH� DUFKLWHFWXUHV� DQG� RQ�FKLS�
QHWZRUNLQJ�� 6HFWLRQ� �� JLYHV� LQLWLDO� UHVXOWV� IRU� WKH�
LPSOHPHQWDWLRQ� RI� WKH� RQ�FKLS� QHWZRUN� URXWHU� DQG� ILQDOO\�
6HFWLRQ���JLYHV�VRPH�FRQFOXVLRQV��

�
��� &KDPHOHRQ�WLOHG�RUJDQL]DWLRQ�

�
7RGD\¶V� VHPLFRQGXFWRU� PDQXIDFWXULQJ� WHFKQLTXHV�

SURYLGH� D� KXJH� WUDQVLVWRU� EXGJHW� DQG� DOORZ� SXWWLQJ�
GLIIHUHQW�W\SHV�RI�IXQFWLRQV�RQ�WKH�VDPH�FKLS��$V�D�UHVXOW�LW�
LV� SRVVLEOH� WR� EXLOG� D� FRPSOHWH� V\VWHP�� LQFOXGLQJ�
SURFHVVRUV��PHPRU\� DQG� DQDORJXH� SDUWV� RQ� D� VLQJOH� FKLS��
7KH� ODWWHU�LV�FDOOHG�D�V\VWHP�RQ�FKLS��6R&��DQG�XVXDOO\� LV�
RUJDQLVHG�DV�DQ�DUUD\�RI�HTXDOO\�VL]HG�DUHDV�FDOOHG�WLOHV��
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Figure 1�.  Heterogeneous tiled organization 

(DSRC – domain-specific reconfigurable) 
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(DFK�RI� WKH� WLOHV� LQ� WKH� V\VWHP�FRQWDLQV� D� FRPSXWDWLRQ�

XQLW�DQG�KHQFH�ZH�KDYH�D�SDUDOOHO�V\VWHP��ZKLFK�FRUUHODWHV�
ZLWK�WKH�GHPDQG�IRU�KLJK�SURFHVVLQJ�SRZHU��,I�XVLQJ�RQO\�
JHQHUDO�SXUSRVH�FRPSXWDWLRQ�XQLWV�ZH�PD\�IDLO�LQ�IXOILOOLQJ�

WKH� HQHUJ\�HIILFLHQF\� UHTXLUHPHQW�� $OWKRXJK� FDSDEOH� WR�
KDQGOH� YLUWXDOO\� HYHU\� WDVN� WKH� JHQHUDO� SXUSRVH� SURFHVVRU�
�*33�� LV� IDU� IURP� HQHUJ\�HIILFLHQW�� 7R� SHUIRUP� HIILFLHQW�
FRPSXWDWLRQV� ZH� QHHG� XQLWV� VSHFLDOLVHG� LQ� FHUWDLQ�
DSSOLFDWLRQ�GRPDLQV�RU�IRU�FHUWDLQ�WDVNV��6XFK�D�XQLW�FRXOG�
VKRZ�PXFK�KLJKHU�SHUIRUPDQFH�IRU�WKH�WDVNV�LW�LV�RSWLPLVHG�
IRU� ZKLOH� FRQVXPLQJ� PXFK� OHVV� HQHUJ\� WKDQ� D� JHQHUDO�
SXUSRVH� SURFHVVRU�� %XW� WKH� VSHFLDOLVDWLRQ� RI� WKH�
FRPSXWDWLRQDO� XQLWV� FRXOG� PDNH� WKH� V\VWHP� TXLWH�
LQIOH[LEOH��7KH�VROXWLRQ�FRXOG�EH�WR�PDNH�VRPH�RI�WKH�WLOHV�
UHFRQILJXUDEOH�� 7KLV� DSSURDFK� LV� WKRXJKW� WR� EH� D� JRRG�
FRPSURPLVH�EHWZHHQ�HIILFLHQF\�DQG�IOH[LELOLW\��

)OH[LEOH� DQG� DGDSWLYH� 6R&V� FDQ� EH� UHDOL]HG� E\�
LQWHJUDWLQJ� UHFRQILJXUDEOH� KDUGZDUH� SDUWV� RI� GLIIHUHQW�
JUDQXODULWLHV� LQWR� KHWHURJHQHRXV� UHFRQILJXUDEOH� 6R&V�
�+56R&V���5HXVDEOH�+56R&V� DUH�HYHU�PRUH�DSSHDOLQJ� WR�
LQGXVWU\�GXH�WR�WKH�H[SRQHQWLDOO\�LQFUHDVLQJ�PDVN�FRVWV�IRU�
DQ� $6,&�� 6XFK� D� +56R&� ZLWK� UHFRQILJXUDEOH� KDUGZDUH�
SDUWV� RI� GLIIHUHQW� JUDQXODULWLHV� LV� LQ� OLQH� ZLWK� WKH� LGHD� WR�
PDWFK� DQ� DOJRULWKP� ZLWK� KDUGZDUH� WKDW� FDQ� H[HFXWH� LW�
HIILFLHQWO\�� ,Q�RXU�YLHZ��VXFK�D�KHWHURJHQHRXV�+56R&�IRU�
PRELOH� GHYLFHV� VKRXOG� FRQWDLQ� GRPDLQ� VSHFLILF� SURFHVVRU�
WLOHV�FRQQHFWHG�E\�DQ�RQ�FKLS�LQWHUFRQQHFWLRQ�QHWZRUN���

:KHQ� D� SURFHVVLQJ� HQWLW\� LV� UHSOLFDWHG� D� QXPEHU� RI�
WLPHV�RQ�D�FKLS��D�WLOHG�DUFKLWHFWXUH�LV�REWDLQHG��$�IHDVLEOH�
WHPSODWH�IRU�D�IXWXUH�SURRI�DUFKLWHFWXUH�LV�FRQVWUXFWHG�IURP�
SURFHVVLQJ� WLOHV� WKDW� GR� QRW� JURZ� LQ� FRPSOH[LW\� ZLWK�
WHFKQRORJ\�� ,QVWHDG�� DV� WHFKQRORJ\� VFDOHV� WKH� QXPEHU� RI�
WLOHV� RQ� WKH� FKLS� JURZV�� $Q� RQ�FKLS� FRPPXQLFDWLRQ�
QHWZRUN�WKHQ�FRPELQHV�WKH�WLOHV�LQWR�D�+56R&��$Q�RQ�FKLS�
QHWZRUN�WKDW�URXWHV�SDFNHWV�KDV�D�KLJKHU�EDQGZLGWK�WKDQ�DQ�
RQ�FKLS� EXV�� DV� LW� VXSSRUWV� PXOWLSOH� FRQFXUUHQW�
FRPPXQLFDWLRQV��7KH�ZHOO�FRQWUROOHG�HOHFWULFDO�SDUDPHWHUV�
RI� DQ� RQ�FKLS� LQWHUFRQQHFWLRQ� QHWZRUN� HQDEOH� WKH� XVH� RI�
KLJK�SHUIRUPDQFH�FLUFXLWV�WKDW�UHVXOW�LQ�VLJQLILFDQWO\�ORZHU�
SRZHU�GLVVLSDWLRQ��KLJKHU�SURSDJDWLRQ�YHORFLW\� DQG�KLJKHU�
EDQGZLGWK�WKDQ�LV�SRVVLEOH�ZLWK�FRQYHQWLRQDO�FLUFXLWV��

$Q� DUFKLWHFWXUH� LQ�ZKLFK�SURFHVVRU� WLOHV� DUH� FRQQHFWHG�
E\� DQ� RQ�FKLS� QHWZRUN� KDV� D� YHU\� PRGXODU� GHVLJQ�� 7KH�
PRGXODULW\� UHGXFHV� GHVLJQ� FRPSOH[LW\� DQG� PDNHV� LW�
SRVVLEOH�WR�HPSOR\�WKH�HQRUPRXV�WUDQVLVWRU�EXGJHW�WKDW�ZLOO�
EH� DYDLODEOH� LQ� IXWXUH� LQWHJUDWHG� FLUFXLWV�� 7KH� GHVLJQ� RI� D�
VLQJOH� WLOH�LV�UHODWLYHO\�VLPSOH�DQG�WKHUHIRUH�D�ORW�RI�HIIRUW�
FDQ�EH�SXW�LQ�SRZHU�RSWLPLVDWLRQV�RQ�WKH�SK\VLFDO�OHYHO�RI�
LQWHJUDWHG� FLUFXLW� GHVLJQ�� $� WLOHG� DSSURDFK� DOVR� HDVHV�
YHULILFDWLRQ�RI�DQ�LQWHJUDWHG�FLUFXLW�GHVLJQ��VLQFH�WKH�GHVLJQ�
RI� LGHQWLFDO� WLOHV� RQO\� KDV� WR� EH� YHULILHG� RQFH�� 7KH�
FRPSXWDWLRQDO�SRZHU�LQ�D� WLOHG�DUFKLWHFWXUH�VFDOHV� OLQHDUO\�
ZLWK�WKH�QXPEHU�RI�WLOHV��7KH�PRUH�WLOHV�WKHUH�DUH�RQ�D�FKLS��
WKH�PRUH�FRPSXWDWLRQV�FDQ�EH�GRQH� LQ�SDUDOOHO� �SURYLGLQJ�
WKDW�WKH�QHWZRUN�FDSDFLW\�VFDOHV�ZLWK�WKH�QXPEHU�RI�WLOHV���

5HIHUHQFHV�WR�PHPRU\�GLVSOD\�D�KLJK�GHJUHH�RI�ORFDOLW\��
7HPSRUDO� ORFDOLW\� RI� UHIHUHQFH� UHODWHV� WR� WKH� REVHUYDWLRQ�
WKDW� UHIHUHQFHG� GDWD� LV� RIWHQ� UHIHUHQFHG� DJDLQ� LQ� WKH� QHDU�
IXWXUH�� 6SDWLDO� ORFDOLW\� RI� UHIHUHQFH� UHODWHV� WR� WKH�



REVHUYDWLRQ�WKDW�RQFH�D�SDUWLFXODU�ORFDWLRQ�LV�UHIHUHQFHG��D�
QHDUE\� ORFDWLRQ� LV� RIWHQ� UHIHUHQFHG� LQ� WKH� QHDU� IXWXUH��
$FFHVVLQJ�D�VPDOO�DQG�ORFDO�PHPRU\�LV�PXFK�PRUH�HQHUJ\�
HIILFLHQW� WKDQ� DFFHVVLQJ� D� ELJ� DQG� IDU� GLVWDQW� PHPRU\��
7UDQVSRUWLQJ� D� VLJQDO� RYHU� D� �PP� ZLUH� LQ� D� ����PP�
WHFKQRORJ\�ZLOO�UHTXLUH�PRUH�WKDQ����WLPHV�WKH�HQHUJ\�RI�D�
���ELW� RSHUDWLRQ� LQ� WKH� VDPH� WHFKQRORJ\�� �7KH� RII�FKLS�
LQWHUFRQQHFW� ZLOO� FRQVXPH� PRUH� WKDQ� D� ����� WLPHV� WKH�
HQHUJ\� RI� D� ���ELW� RSHUDWLRQ��� $� WLOHG� DUFKLWHFWXUH�
LQWULQVLFDOO\�HQFRXUDJHV�WKH�XVDJH�RI�VPDOO�DQG�ORFDO�LQ�WLOH�
PHPRULHV�� ([SORLWLQJ� WKH� ORFDOLW\� RI� UHIHUHQFH� SULQFLSOH�
H[WHQVLYHO\� ZLOO� LPSURYH� WKH� HQHUJ\�HIILFLHQF\�
VXEVWDQWLDOO\��7KH�SURFHVVRU�WLOHV�LQ�D�WLOHG�DUFKLWHFWXUH�FDQ�
EH�YLHZHG�DV�D�SRRO�RI�UHVRXUFHV��

6RPH� DOJRULWKPV� PLJKW� ILW� LQ� D� VLQJOH� SURFHVVRU� WLOH��
ZKLOH� RWKHUV� PLJKW� UHTXLUH� PXOWLSOH� WLOHV� WR� DFKLHYH� WKH�
UHTXLUHG�SHUIRUPDQFH��$OWKRXJK�WLOHV�RSHUDWH�WRJHWKHU�LQ�D�
FRPSOH[� V\VWHP�� DQ� LQGLYLGXDO� WLOH� RSHUDWHV� TXLWH�
DXWRQRPRXVO\��,Q�D�WLOHG�DUFKLWHFWXUH�HYHU\�SURFHVVRU�WLOH�LV�
FRQILJXUHG�LQGHSHQGHQWO\��,Q�IDFW��D�WLOH�LV�D�QDWXUDO�XQLW�IRU�
SDUWLDO�UHFRQILJXUDWLRQ��8QXVHG�WLOHV�FDQ�EH�FRQILJXUHG�IRU�
D� QHZ� WDVN�� ZKLOH� DW� WKH� VDPH� WLPH� RWKHU� WLOHV� DUH�
SHUIRUPLQJ�RWKHU� WDVNV��7KDW� LV� WR�VD\�� D� WLOHG�DUFKLWHFWXUH�
FDQ�EH�UHFRQILJXUHG�G\QDPLFDOO\��

$� WLOH� SURFHVVRU� PLJKW� QRW� QHHG� WR� UXQ� DW� IXOO� FORFN�
VSHHG�WR�DFKLHYH� WKH�UHTXLUHG�4R6�DW�D�SDUWLFXODU�PRPHQW�
LQ� WLPH�� $OVR�� ZKHQ� D� WDVN� LV� SLSHOLQHG� RQ� PXOWLSOH�
SURFHVVRU�WLOHV�LW� LV�SODXVLEOH�WKDW�QRW�DOO�SURFHVVRU�WLOHV�LQ�
WKH� SLSHOLQH� UHTXLUH� UXQQLQJ� DW� WKH� VDPH� FORFN� VSHHG��$Q�
HQHUJ\� DGYDQWDJH� FDQ� EH� JDLQHG�ZKHQ� WKH� SURFHVVRU� WLOHV�
HDFK� KDYH� D� FRQILJXUDEOH� FORFN� IUHTXHQF\�� 7KH� HQHUJ\�
FRQVXPSWLRQ� RI� D� FLUFXLW� YDULHV� OLQHDUO\� ZLWK� LWV� FORFN�
IUHTXHQF\�� VLQFH� HQHUJ\� FRQVXPSWLRQ� LV� WKH� WLPH� UDWH� RI�
SRZHU� FRQVXPSWLRQ�� $� ILUVW� RUGHU� DSSUR[LPDWLRQ� RI� WKH�
G\QDPLF�HQHUJ\�FRQVXPSWLRQ�3�LQ�D�FLUFXLW�LV�JLYHQ�E\�WKH�
IRUPXOD��3 �ò�&9�I�ZKHUH�I�LV�WKH�RSHUDWLQJ�IUHTXHQF\�RI�
WKH�FLUFXLW��&�WKH�WRWDO�FDSDFLWDQFH�DQG�9�WKH�SRZHU�VXSSO\�
YROWDJH�� (QHUJ\� FRQVXPSWLRQ� YDULHV� OLQHDUO\� ZLWK� FORFN�
VSHHG� DQG� E\� WKH� VTXDUH� RI� YROWDJH�� 5HGXFLQJ� WKH� VXSSO\�
YROWDJH� LV� IDU� PRUH� OXFUDWLYH� WKDQ� UHGXFLQJ� WKH� FORFN�
IUHTXHQF\�� 7KH� VXSSO\� YROWDJH� RI� D� FLUFXLW� FDQQRW� EH�
UHGXFHG� DUELWUDULO\�� 7KH� GHOD\� RI� D� FLUFXLW� LQFUHDVHV�
VLJQLILFDQWO\�ZKHQ�WKH�VXSSO\�YROWDJH�LV�UHGXFHG��:KHQ�WKH�
FORFN� IUHTXHQF\� LV� ORZHUHG�� WKH� VXSSO\� YROWDJH� FDQ� EH�
ORZHUHG�DV�ZHOO��$�FRQILJXUDEOH�FORFN�LQ�FRPELQDWLRQ�ZLWK�
G\QDPLF� YROWDJH� VFDOLQJ� SURGXFHV� FXELF� UHGXFWLRQV� LQ�
G\QDPLF�HQHUJ\�FRQVXPSWLRQ��

$� WKRURXJK� XQGHUVWDQGLQJ� RI� WKH� DOJRULWKP� GRPDLQ� LV�
FUXFLDO� IRU� WKH� GHVLJQ� RI� DQ� �HQHUJ\�� HIILFLHQW�
UHFRQILJXUDEOH� DUFKLWHFWXUH�� 7KH� DUFKLWHFWXUH� VKRXOG�
LPSRVH�OLWWOH�RYHUKHDG�WR�UXQ�WKH�DOJRULWKPV�LQ�LWV�GRPDLQ��
,QWHU�SURFHVVRU�FRPPXQLFDWLRQ�LV�LQ�HVVHQFH�DOVR�RYHUKHDG��
DV� LW� GRHV� QRW� FRQWULEXWH� WR� WKH� FRPSXWDWLRQ� RI� DQ�
DOJRULWKP�� 7KHUHIRUH�� WKHUH� QHHGV� WR� EH� D� VRXQG� EDODQFH�
EHWZHHQ�FRPSXWDWLRQ�DQG�LQWHU�SURFHVVRU�FRPPXQLFDWLRQ��

7R�VXPPDULVH��WKH�V\VWHP�ZH�SURSRVH�IRU�D�SODWIRUP�IRU�
IXWXUH� SHUVRQDO� PRELOH� GHYLFHV� LV� D� WLOH�EDVHG�
+HWHURJHQHRXV� 5HFRQILJXUDEOH� 6\VWHP�RQ�&KLS� �+56R&��
±� LW� FRQVLVWV� RI� PXOWLSOH� KHWHURJHQHRXV� FRPSXWDWLRQDO�
XQLWV�� VRPH� RI� WKHP� UHFRQILJXUDEOH� DQG� VRPH� RI� WKHP�
RSWLPLVHG�IRU�D�FHUWDLQ�DSSOLFDWLRQ�GRPDLQ��DQG�DOO�RI�WKHP�
LQWHUFRQQHFWHG� WKURXJK� D� JHQHUDO� RQ�FKLS� FRPPXQLFDWLRQ�
QHWZRUN��

�
��� &RPPXQLFDWLRQ�DUFKLWHFWXUH�

�
$Q� LQVWDQFH� RI� WKH� WLOHG� DUFKLWHFWXUH� GLVFXVVHG� LQ� WKH�

SUHYLRXV�VHFWLRQ�LV�VKRZQ�LQ�)LJXUH����
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Figure 2�.  Tile-based Heterogeneous 

Reconfigurable System-on-Chip (HRSoC) 
(DSRC – domain-specific reconfigurable) 

�
$�WLOHG�RUJDQL]DWLRQ�QHHGV�D�PHFKDQLVP�WKDW�DOORZV�WKH�

WLOHV�WR�FRPPXQLFDWH�ZLWK�HDFK�RWKHU��6XFK�D�PHFKDQLVP�LV�
LPSOHPHQWHG�E\�DQ�RQ�FKLS�QHWZRUN��,W�FRQVLVWV�RI�URXWHUV�
�GHQRWHG� DV�5� ER[HV� RQ�)LJXUH� ��� LQWHUFRQQHFWHG� WKURXJK�
FRPPXQLFDWLRQ� FKDQQHOV�� (DFK� WLOH� LQ� WKH� V\VWHP� KDV� LWV�
RZQ� URXWHU� WR�ZKLFK� LW� VHQGV� DOO� GDWD� LW�ZDQWV� WR� WUDQVPLW�
DQG�IURP�ZKLFK�LW�UHFHLYHV�DOO�GDWD�LW�QHHGV��7KH�QHWZRUN�LV�
LQ�FKDUJH�WR�WUDQVSRUW�WKLV�GDWD�IURP�WKH�VHQGLQJ�WLOHV�WR�WKH�
UHFHLYLQJ�WLOHV��

:H� PDNH� WKH� IROORZLQJ� DVVXPSWLRQV� IRU� WKH� RQ�FKLS�
FRPPXQLFDWLRQV��

• � &RPPXQLFDWLRQ� LV� VWUHDP�EDVHG�� WKHUH� DUH�
µVWUHDPV¶� RI� GDWD�LWHPV� WUDQVPLWWHG� EHWZHHQ�
SURFHVVHV��$�VWUHDP�LWHP�FDQ�EH�DV�VPDOO�DV�D�E\WH��
EXW�DOVR�ODUJHU�EORFNV��H�J��2)'0�V\PEROV����

• � 3URFHVVHV�DV�ZHOO�DV�FRPPXQLFDWLRQ�VWUHDPV� µOLYH¶�
IRU� D� FRQVLGHUDEOH� WLPH� �VHFRQGV� WR� KRXUV��� 7KH�



VWUHDPV� RQO\� FKDQJH� ZKHQ� D� XVHU� VHOHFWV� DQRWKHU�
VHWWLQJ�RI�KLV�V\VWHP��

• � :H� IRFXV� RQ� UDWKHU� GHWHUPLQLVWLF� VHPL�VWDWLF�
ZLUHOHVV�PXOWLPHGLD� SURFHVVLQJ� WDVNV�� �$OWKRXJK�
WKHUH� FDQ� EH� VRPH� QRQ�GHWHUPLQLVP� H�J�� GDWD�
GHSHQGHQW� UXQWLPHV� HWF��� 7KH� FRPPXQLFDWLRQ� RI�
VXFK� V\VWHPV� FDQ� EH� FKDUDFWHUL]HG� DV� EORFN�EDVHG�
VWUHDPLQJ�GDWD��

• � &RPPXQLFDWLRQV�PLJKW�KDYH�4R6�SURSHUWLHV� �UHDO�
WLPH�FRQVWUDLQWV��PLQLPXP�WKURXJKSXW��HWF����

)RU� LQWHU�WLOH� FRPPXQLFDWLRQV� LQ� WKH� +56R&�
DUFKLWHFWXUH� ZH� SURSRVH� DQ� RQ�FKLS� SDFNHW�VZLWFKLQJ�
QHWZRUN�� &RPSDUHG� ZLWK� RQ�FKLS� EXV� LW� KDV� KLJKHU�
EDQGZLGWK� DV� LW� VXSSRUWV� PXOWLSOH� FRQFXUUHQW�
FRPPXQLFDWLRQV���

%DVHG�RQ�D�VXUYH\�RI�WKH�H[LVWLQJ�QHWZRUN�VROXWLRQV�>�@�
ZH� FKRVH� IRU� D� PHVK�OLNH� WRSRORJ\� IRU� RXU� QHWZRUN�RQ�
FKLS�� ,W� NHHSV� WKH� JOREDO� RQ�FKLS� ZLUHV� VKRUW� DQG� ZHOO�
VWUXFWXUHG� DQG� JLYHV� ZLUHV� ZLWK� ZHOO�FRQWUROOHG� HOHFWULFDO�
SDUDPHWHUV� ZKLFK� VLPSOLILHV� WKHLU� RSWLPL]DWLRQ� IRU� ORZ�
SRZHU�DQG�KLJKHU�VSHHG�RQ�FLUFXLW�OHYHO�>�@�

&XUUHQWO\� ZH� KDYH� LPSOHPHQWHG� D� QHWZRUN� URXWHU� LQ�
9+'/��7KLV�JLYHV�XV�WKH�RSSRUWXQLW\�WR�SHUIRUP�FKLS�DUHD��
SHUIRUPDQFH� DQG� HQHUJ\� HVWLPDWLRQV��7KH� VWUXFWXUH� RI� WKH�
URXWHU�LV�JLYHQ�RQ�)LJXUH����,W�LV�D�ZRUPKROH�URXWHU�ZLWK�D�
YLUWXDO�FKDQQHO� IORZ� FRQWURO� >�@� ZKLFK� RIIHUV� KLJK�
IOH[LELOLW\� DQG� SRVVLELOLW\� WR� KDYH� QHWZRUN� WUDIILF� RI�
GLIIHUHQW� JUDQXODULWLHV�� :RUPKROH� LV� WKH� RQO\� VZLWFKLQJ�
WHFKQLTXH�WKDW�DOORZV�PLQLPL]LQJ�WKH�URXWHU¶V�EXIIHUV�VL]H��
EHFDXVH�LW�PDNHV�WKH�EXIIHUV�VL]H�LQGHSHQGHQW�RI�WKH�SDFNHW�
OHQJWK�� 7KH� URXWHU� KDV� �� LQSXW� DQG��� RXWSXW� SRUWV� ±� �� IRU�
FRQQHFWLRQ� ZLWK� WKH� QHLJKERU� URXWHUV� DQG� RQH� IRU�
FRQQHFWLRQ�ZLWK�WKH�ORFDO�WLOH��7KHUH�DUH���YLUWXDO�FKDQQHOV�
SHU�SK\VLFDO�FKDQQHO�ZKLFK�DUH�EXIIHUHG�DW� WKH� LQSXWV�DQG�
DIWHU�PXOWLSOH[LQJ�JR�WR�D�FURVVEDU���
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Figure 3�.  Organization of the 5x5 wormhole router 

7KH�ZRUPKROH� URXWHU� FRQWUROV� GDWDIORZ�RQ� D� IOLW� OHYHO��
ZKHUH�IOLW��IORZ�FRQWURO�GLJLW��LV�DQ�DWRPLF�GDWD�LWHP�RI�VL]H�
RQH� RU� PRUH� GDWD� ZRUGV�� 'DWD� LQ� WKH� QHWZRUN� DUH�
WUDQVSRUWHG� WKURXJK� SDFNHWV�� D� SDFNHW� FRQVLVWV� RI� WZR� RU�
PRUH�IOLWV��7KH�ILUVW�IOLW�RI�WKH�SDFNHW�LV�DOZD\V�D�KHDGHU�IOLW�
DQG� FDUULHV� WKH� GHVWLQDWLRQ� DGGUHVV� DQG� WKH� ODVW� IOLW� LV�
DOZD\V�D�WDLO�IOLW��7KH�IOLWV�EHWZHHQ�WKH�KHDGHU�DQG�WKH�WDLO�
IOLWV� DUH� GDWD� IOLWV� DQG� WUDQVSRUW� WKH� GDWD�� 7KH� DPRXQW� RI�
IOLWV�LQ�D�SDFNHW�FDQ�EH�RI�DQ\�QXPEHU��

:KHQ�D�KHDGHU�IOLW�RI�D�SDFNHW�DUULYHV�RQ�D�FHUWDLQ�LQSXW�
YLUWXDO� FKDQQHO� �9&�� WKH� URXWHU� H[DPLQHV� LWV� GHVWLQDWLRQ�
DGGUHVV�LQ�RUGHU�WR�ILQG�WR�ZKLFK�RXWSXW�FKDQQHO�WKH�SDFNHW�
KDV�WR�JR��7KH�IOLW�LV�VWRUHG�LQ�WKH�UHVSHFWLYH�EXIIHU�IRU�WKH�
LQSXW�9&�DQG�D�UHTXHVW�LV�VHQG�WR�WKH�DUELWUDWLRQ�XQLW��7KH�
DUELWUDWLRQ�XQLW�LV�UHTXHVWHG�WR�DOORFDWH�D�9&�RQ�WKH�RXWSXW�
FKDQQHO�WR�ZKLFK�WKH�SDFNHW�LV�GHVWLQHG��$IWHU�DOORFDWLRQ�LV�
GRQH� DOO� WKH� IOLWV� WKDW� DUULYH� RQ� WKH� LQSXW� 9&� ZLOO�
DXWRPDWLFDOO\�EH�VHQW�WR�WKDW�RXWSXW�9&��$W�WKH�HQG�RI�WKH�
SDFNHW� WKH� WDLO� IOLW�ZLOO� FOHDQ�XS� WKLV�FRQQHFWLRQ�DQG� IUHHV�
WKH�9&V��

8VLQJ�WKDW�PHFKDQLVP�WKH�KHDGHU�IOLW�UHVHUYHV�9&V�LQ�DOO�
URXWHUV�LW�SDVVHV�IURP�WKH�VRXUFH�WR�WKH�GHVWLQDWLRQ�DQG�WKXV�
FUHDWHV�D�YLUWXDO�SDWK�EHWZHHQ�WKHP��

7KH� GHVWLQDWLRQ� DGGUHVV� FDUULHG� E\� WKH� KHDGHU� IOLW�
GHWHUPLQHV� WKH� URXWH� WKH� SDFNHW�ZLOO� WDNH� LQ� WKH� QHWZRUN��
7KLV� DGGUHVV� LV� JLYHQ� WR� WKH� VHQGLQJ� SURFHVV� E\� D� FHQWUDO�
FRRUGLQDWLQJ�QRGH��VHH�VHFWLRQ�������:H�XVH�VRXUFH�URXWLQJ�
ZKHUH� WKH� GHVWLQDWLRQ� DGGUHVV� FRPSOHWHO\� GHWHUPLQHV� WKH�
URXWH� WKH� SDFNHW� WDNHV� LQ� WKH� QHWZRUN�� ,Q� D� FHQWUDOL]HG�
V\VWHP� WKLV� ZLOO� DOORZ� WKH� FHQWUDO� FRRUGLQDWLQJ� QRGH� WR�
DYRLG�FRPPXQLFDWLRQ�GHDGORFNV��WR�RSWLPL]H�WKH�WUDIILF�LQ�
WKH�V\VWHP�DQG�WR�JLYH�VRPH�WUDIILF�JXDUDQWHHV��

)RU� DUELWUDWLRQ� LQ� RXU� URXWHU� ZH� XVH� WKH� L6/,3� DUELWHU�
>�@��,W� LV�D� VLPSOH�G\QDPLF�DUELWHU�EDVHG�RQ�D�URXQG�URELQ�
DOJRULWKP�� ZKLFK� FDQ� EH� LPSOHPHQWHG� HIILFLHQWO\� LQ�
KDUGZDUH� DQG� SURYLGHV� IDLU� DUELWUDWLRQ� IRU� DOO� 9&V�� 7KH�
PDLQ� WDVN� RI� WKH� DUELWHU� LV� WR� GHFLGH� RQ� D� F\FOH� E\� F\FOH�
EDVLV� ZKLFK� RI� WKH� UHFHLYHG� IOLWV� DGYDQFH� WR� WKHLU�
GHVWLQDWLRQ�RXWSXWV�ZKLOH�DYRLGLQJ�FROOLVLRQV�DQG�SURYLGLQJ�
IDLUQHVV��

�
����� &HQWUDO�&RRUGLQDWLRQ�1RGH�

�
,Q� YLHZ� RI� WKH� WLOHG� DSSURDFK� GHVFULEHG� DERYH� ZH�

DVVXPH�WKDW�RQH�QRGH��ZKLFK�ZH�FDOO�&HQWUDO�&RRUGLQDWLQJ�
1RGH� �&&1��� SHUIRUPV� V\VWHP� FRRUGLQDWLRQ� IXQFWLRQV��
7KLV� QRGH� FDQ� EH� D� *HQHUDO� 3XUSRVH� 3URFHVVRU� �H�J�� DQ�
$50��� ZLWK� DQ� 5726� �UHDO�WLPH� RSHUDWLQJ� V\VWHP��
UXQQLQJ�RQ�LW��7KH�PDLQ�WDVN�RI�WKH�&&1�LV�WR�PDQDJH�WKH�
UHVRXUFHV� RI� WKH� V\VWHP� DQG� WR� DOORFDWH� WKHP� WR� WKH�
DSSOLFDWLRQV�WKDW�KDYH�WR�EH�UXQ��

:H�EHOLHYH� WKDW�WKHUH�DUH�D�QXPEHU�RI�JRRG�UHDVRQV� WR�
JR�IRU�D�FHQWUDOL]HG��&&1��DSSURDFK��



• � WLOHV�PLJKW�EH�VLPSOH��H�J��)3*$��$6,&��0RQWLXP���
L�H�� QRW� HTXLSSHG� WR� UXQ� D� SDUW� RI� D� GHFHQWUDOL]HG�
WDVN�VFKHGXOHU��

• � ZH� DGYRFDWH� D� KHWHURJHQHRXV� V\VWHP�� VR� WKHUH�
VKRXOG� EH� DQ� HQWLW\� WKDW� KDV� DQ� RYHUYLHZ� RI� WKH�
FDSDELOLWLHV�DQG�XWLOL]DWLRQ�RI�DOO�WKH�WLOHV��

• � WKH�&&1�KDV�DQ�RYHUYLHZ�RI� WKH�HQWLUH�V\VWHP�L�H��
DOO�WLOHV�XWLOL]DWLRQ�DQG�DOO� LQWHU�WLOH�FRPPXQLFDWLRQ�
VWUHDPV��7KLV�VLPSOLILHV�D�QXPEHU�RI�LVVXHV��H�J����

−� LW� FDQ� JLYH� 4R6� JXDUDQWHHV� WR� WKH�
FRPPXQLFDWLRQ�VWUHDPV��7KLV�ZRXOG�EH�PXFK�
KDUGHU�LQ�D�GHFHQWUDOL]HG�VROXWLRQ�

−� WKH�ODWHQF\�RYHUKHDG�FDQ�EH�PLQLPL]HG��
−� WKH�&&1�FDQ�ILQG�WKH�PRVW��HQHUJ\���HIILFLHQW�

PDSSLQJ� RI� SURFHVVLQJ� DQG� FRPPXQLFDWLRQ�
ZKLOH�XWLOL]LQJ�ORFDOLW\�RI�UHIHUHQFH�

• � WKH� &&1� FDQ� DYRLG� PLVEHKDYLQJ�LQYHUVDWLOH�
WLOHV�FRPPXQLFDWLRQ� OLQNV�� 7KLV� SRVVLELOLW\�
LPSURYHV�WKH�UHOLDELOLW\��

• � WKH�&&1�FDQ�UXQ�RQ�D�*33��H�J��$50���WKLV�PHDQV�
WKDW� WKLV� SURFHVVRU� FDQ� EH� UHXVHG� IRU� RWKHU� WDVNV�
ZKLOH� QRW� SHUIRUPLQJ� FRRUGLQDWLRQ� WDVNV�� ,Q� D�
GHFHQWUDOL]HG� DSSURDFK� HDFK� WLOH� QHHGV� VRPH�
LQWHOOLJHQFH�� DQG� WKLV� DGGV� WR� WKH� FKLS�DUHD� RI� WKH�
RYHUDOO�V\VWHP��

)URP� D� WKHRUHWLFDO�VFLHQWLILF� SRLQW� RI� YLHZ� D� FHQWUDO�
QRGH�KDV�D�QXPEHU�RI�GUDZEDFNV��PRVW�QRWDEO\�VFDODELOLW\�
DQG� UHOLDELOLW\� LVVXHV�� 7KH� VFDODELOLW\� GUDZEDFN� FDQ� EH�
VROYHG� E\� LQWURGXFLQJ� KLHUDUFK\� LQ� WKH� V\VWHP�� $� &&1�
PLJKW� EH� UHVSRQVLEOH� IRU� QXPEHU� RI� WLOHV� �H�J�� ����� WKLV� LV�
UHDOLVWLF� EHFDXVH� ZH� DVVXPH� WKDW� WKH� &&1� RQO\� KDV�
FRRUGLQDWLQJ��FRQWURO��IXQFWLRQDOLW\�� WKH�PDLQ�GDWD�VWUHDPV�
GR�QRW�SDVV�WKURXJK�WKH�&&1��EXW�DUH�GHDOW�E\�WKH�URXWHUV�
DQG�FRPPXQLFDWLRQ�FKDQQHOV�EHWZHHQ�WKH�LQGLYLGXDO�WLOHV��

7KH�UHOLDELOLW\�LVVXH��&&1�VLQJOH�SRLQW�RI�IDLOXUH��PLJKW�
EH�DGGUHVVHG�E\�KDYLQJ�PRUH�WKDQ�RQH�*33�LQ�D�+56R&��

�
����� 2SHUDWLRQ�

�
2XU� QHWZRUN� VXSSRUWV� ERWK� VWUHDPLQJ� DQG� QRQ�

VWUHDPLQJ� DSSOLFDWLRQV�� )RU� VWUHDPLQJ� DSSOLFDWLRQV� WKH�
&&1�FDQ�UHVHUYH�D�YLUWXDO�SDWK�EHWZHHQ�WKH�GLIIHUHQW�WLOHV�
WKDW� FRQVWLWXWH� WKLV� DSSOLFDWLRQ�� $� YLUWXDO� SDWK� LV� D�
FRQFDWHQDWLRQ� RI� YLUWXDO� FKDQQHOV�� DV� H[SODLQHG� LQ� WKH�
SUHYLRXV� VHFWLRQ�� 7KH� VHQGHU� UHFHLYHV� IURP� WKH� &&1� WR�
ZKLFK� 9&V� WKH� YLUWXDO� SDWK� VKRXOG� EH� DOORFDWHG�� (DFK�
VHQGLQJ�WLOH�VHWV�XS�D�YLUWXDO�SDWK�WR�WKH�UHFHLYHU��DQG�NHHSV�
WKLV�SDWK�DV�ORQJ�DV�WKH�DSSOLFDWLRQ�LV�UXQQLQJ��7KLV�YLUWXDO�
SDWK� FDQ� EH� FRQVLGHUHG� DV� D� ³YLUWXDO� FLUFXLW� VZLWFKHG´�
FRPPXQLFDWLRQ�SDWK���

)RU�QRQ�VWUHDPLQJ�DSSOLFDWLRQV�ZH�DOVR�VXSSRUW�SDFNHW�
VZLWFKHG� FRPPXQLFDWLRQV�� $� VHQGLQJ� WLOH� VHQGV� D� SDFNHW�
FRQWDLQLQJ�D�KHDGHU� IOLW��GDWD� IOLWV�DQG�D� WDLO� IOLW��DORQJ� WKH�
SDWK� GHILQHG� E\� WKH� &&1�� 7KLV� YLUWXDO� SDWK� LV� RQO\�
DOORFDWHG�GXULQJ�WKH�DFWXDO�WUDQVIHU�RI�WKH�SDFNHW��:KHQ�WKH�

HQWLUH�SDFNHW�KDV�EHHQ�WUDQVSRUWHG��DOO�WKH�YLUWXDO�FKDQQHOV�
WKDW� ZHUH� XVHG� IRU� WKH� YLUWXDO� SDWK� DUH� IUHHG� DQG� FDQ� EH�
XVHG� IRU� RWKHU� FRPPXQLFDWLRQV�� 7KH� &&1� FDQ� GHFLGH��
ZKHQ� 4R6� SHUPLWV�� WR� VKDUH� YLUWXDO� FKDQQHOV� E\� PRUH�
FRPPXQLFDWLRQV��7KLV��KRZHYHU��PLJKW�OHDG�WR�D�WHPSRUDU\�
EORFNLQJ� RI� D� PHVVDJH� DQG� WKXV� OHDGV� WR� EHVW�HIIRUW�
FKDUDFWHULVWLFV��

%HORZ�ZH�JLYH�WZR�H[DPSOHV�RI�KRZ�RXU�V\VWHP�FDQ�EH�
XVHG��
([DPSOH���

6XSSRVH� LQ� RXU� V\VWHP�� VKRZQ� DJDLQ� RQ� )LJXUH� ��� ZH�
FKRRVH�IRU�D�&&1�RQ�WKH�*33�WLOH��OHW�VD\��LQ�WKH�XSSHU�OHIW�
FRUQHU��

$IWHU� V\VWHP� VWDUW� ZH� ORDG� D� PXOWLWDVNLQJ� RSHUDWLQJ�
V\VWHP��5726��RQ�WKH�**3�DQG�LW�VWDUWV�RQH�RU�PRUH�WDVNV�
�UHSUHVHQWHG� E\� WKH� WRS�OHIW� FLUFOH� LQ� )LJXUH� ���� 6XSSRVH�
RQH�RI�WKHVH�WDVNV�ZDQWV�WR�SHUIRUP�VRPH�FRPSXWDWLRQDOO\�
FRPSOH[� IXQFWLRQ�� IRU� H[DPSOH� D� ))7�� ,W� FDOOV� D� V\VWHP�
IXQFWLRQ�� ZKLFK� LV� KDQGOHG� E\� WKH� 26�� 7KH� 26� FKHFNV�
ZKLFK�DYDLODEOH�UHVRXUFHV��WLOHV��FDQ�SHUIRUP�WKH�UHTXHVWHG�
IXQFWLRQ��VHOHFWV�RQH�DQG�FRQILJXUHV�LW��LI�WKLV�LV�QHFHVVDU\��
E\�VHQGLQJ�D�PHVVDJH�WR�LW�WKURXJK�WKH�QHWZRUN��)LQDOO\�LW�
VHQGV�WKH�GDWD�WR�EH�SURFHVVHG��DJDLQ�E\�XVLQJ�WKH�QHWZRUN��
7KH� WDVN� WKDW� KDV� UHTXHVWHG� D� ))7� IXQFWLRQ� ZLOO� VWD\�
EORFNHG� RQ� DQ� LQSXW� FRPPXQLFDWLRQ� FKDQQHO� ZDLWLQJ� IRU�
WKH�UHVXOW�DQG�GXULQJ�WKDW�WLPH�WKH�*33�LV�IUHH�WR�UXQ�RWKHU�
WDVNV�� 7KH� SURFHVVLQJ� XQLW� FRPPLWWHG� WR� WKH� ))7�
FRPSXWDWLRQ��UHSUHVHQWHG�LQ�)LJXUH���E\�WKH�FLUFOH�ODEHOOHG�
))7��ZLOO�GR�LWV�MRE�DQG�ZLOO�UHWXUQ�WKH�UHVXOW�E\�VHQGLQJ�D�
PHVVDJH� EDFN�� ZKLFK� ZLOO� XQEORFN� WKH� ZDLWLQJ� WDVN� DQG�
PDNH�LW�UHDG\��

�
Figure 4�.  Two examples of processes mapping on 

HRSoC 
�
7KH�SURFHGXUH�DERYH� LV�� LQ� IDFW�� DQ�DSSOLFDWLRQ�RI�ZHOO�

NQRZQ�SULQFLSOHV�IURP�RSHUDWLQJ�V\VWHPV��$�GLIIHUHQFH�LV��
PD\�EH��WKDW�KHUH�WKH�WHUPV�IXQFWLRQ�DQG�UHVRXUFH�DUH��LQ�D�
FHUWDLQ�H[WHQG��PHUJHG�DQG�WKDW�WKH�DFFHVV�WR�WKH�UHVRXUFHV�
LV�DOZD\V�PDGH�WKURXJK�QHWZRUN�FRPPXQLFDWLRQ�FKDQQHOV��



:KHQ�DQRWKHU�))7�LV� UHTXHVWHG��WKH�26�ZLOO�NQRZ�WKDW�
WKHUH� LV� DOUHDG\� VXFK� D� IXQFWLRQ�PDSSHG� DQG�ZLOO�GLUHFWO\�
VHQG� GDWD� WR� LW�� ,Q� FDVH� D� KLJKHU� SHUIRUPDQFH� LV� UHTXLUHG��
WKH�26� FDQ�PDS� WKH� ))7� IXQFWLRQ� RQ� VHYHUDO� WLOHV�ZKLFK�
ZRUN�LQ�SDUDOOHO���

:H� FDQ� JHQHUDOLVH� WKLV� H[DPSOH� IRU� HYHU\� IXQFWLRQ� IRU�
ZKLFK� WKHUH� LV� D� VXLWDEOH� UHVRXUFH� LQ� WKH� DUFKLWHFWXUH��:H�
FDQ�JHQHUDOLVH�LW�QRW�RQO\�IRU�D�VLQJOH�IXQFWLRQ�EXW�DOVR�IRU�
FRPSRVLWH�IXQFWLRQV�FRQVLVWLQJ�RI�PXOWLSOH�EDVLF�IXQFWLRQV�
LQWHUFRQQHFWHG� IROORZLQJ�D�FHUWDLQ�SURFHVV�JUDSK��7R�PDS�
VXFK� D� FRPSRVLWH� IXQFWLRQ� WKH� &&1� KDV� WR� PDS� DOO� WKH�
EDVLF� IXQFWLRQV� RQWR� WLOHV� DQG� WR� DOORFDWH� WKH�
FRPPXQLFDWLRQV� EHWZHHQ� WKH� WLOHV�� 'DWD� ZH� ZDQW� WR�
SURFHVV�DUH�VHQW�WR�WKH�RQH�RI�WKH�EDVLF�IXQFWLRQV�ZKLFK�LV�
DQ�LQSXW�IRU�WKH�FRPSRVLWH�IXQFWLRQ��'XULQJ�WKH�SURFHVVLQJ�
WKH�EDVLF�IXQFWLRQV�H[FKDQJH�GDWD�EHWZHHQ�WKHP�XVLQJ�WKH�
QHWZRUN�DQG�DW�WKH�HQG�ZKHQ�WKH�SURFHVVLQJ�LV�ILQLVKHG�WKH�
EDVLF� IXQFWLRQ� ZKLFK� LV� DQ� RXWSXW� IRU� WKH� FRPSRVLWH�
IXQFWLRQ� UHWXUQV� WKH� ILQDO� UHVXOW�� :H� ZLOO� LOOXVWUDWH� WKLV�
WKURXJK� DQ� H[DPSOH� VKRZLQJ� KRZ� WKH� V\VWHP� FDQ� KDQGOH�
WKH� SURFHVVLQJ� QHHGHG� IRU� VXSSRUWLQJ� D� ZLUHOHVV�
FRPPXQLFDWLRQ�FKDQQHO��
([DPSOH���

:H� GHVLJQHG� VXFK� D� FRPSRVLWH� IXQFWLRQ� IRU� D�
+LSHU/$1�� ZLUHOHVV� FKDQQHO� >�@� XVLQJ� WKUHH� 0�������
WLOHV�>�@�ZKHUH�WKH�IXQFWLRQV�WKDW�WKH�WKUHH�WLOHV�SHUIRUP�DUH�
DV�IROORZV��

3��� 3UHIL[�UHPRYDO�DQG�)UHTXHQF\�RIIVHW�FRUUHFWLRQ�
3��� ,QYHUVH�2)'0�
3��� (TXDOLVDWLRQ�� 3KDVH� RIIVHW� FRUUHFWLRQ� DQG� 'H�

PDSSLQJ��
7KH� IRXUWK� SURFHVV� 3��� UXQQLQJ� RQ� D� *33�� FDQ� GR� WKH�

SURFHVVLQJ� QHHGHG� LQ� WKH� KLJKHU� OD\HUV� RI� WKH� QHWZRUN�
SURWRFRO� VWDFN� DQG� SURYLGHV� WKH� SXUH� GDWD� SDFNHW� WR� WKH�
FRQVXPHU� WDVN�� ,Q� )LJXUH� ��ZH� VHH� IRXU� SURFHVVHV� �3�� WR�
3����UHSUHVHQWHG�ZLWK�FLUFOHV�ODEHOOHG�3��WR�3���PDSSHG�RQ�
VHSDUDWH� WLOHV� DQG� LQWHUFRQQHFWHG� WKURXJK� FRPPXQLFDWLRQ�
FKDQQHOV� LQ�D� FKDLQ� IDVKLRQ��7KLV�JURXS�RI� LQWHUFRQQHFWHG�
SURFHVVHV�FDQ�EH�VHHQ�DV�RQH�FRPSRVLWH�IXQFWLRQ�ZLWK�LQSXW�
SRLQW�3��DQG�RXWSXW�SRLQW�3��� ,W�DFFHSWV� WKH�GDWD� UHFHLYHG�
E\� WKH�DQWHQQD�RI�WKH�ZLUHOHVV�FKDQQHO��GRHV�DOO�QHFHVVDU\�
SURFHVVLQJ� WR� H[WUDFW� WKH� XVHU� GDWD� WUDQVSRUWHG� RQ� WKH�
ZLUHOHVV�FKDQQHO�DQG�VHQGV�WKLV�GDWD�WR�D�FRQVXPHU�SURFHVV�
WKDW�UXQV�RQ�WKH�FRRUGLQDWLQJ�QRGH�&&1��UHSUHVHQWHG�E\�D�
GDUN�FLUFOH����

7KH� DQDORJXH� IURQW�HQG� RI� WKH� DQWHQQD� LV� FRQQHFWHG� WR�
DQ� LQWHUIDFH�WLOH�� LQ�RXU�H[DPSOH�LQ�WKH�ERWWRP�OHIW�FRUQHU��
ZKLFK�GRHV�WKH�$�'�FRQYHUVLRQ��SURYLGHV�EXIIHU�VSDFH�IRU�
WKH� FRQYHUWHG� GDWD� DQG� LPSOHPHQWV� VRPH� VLPSOH� FRQWURO�
ORJLF�� :KHQ� D� FRPSOHWH� UDGLR� SDFNHW� LV� UHFHLYHG� WKH�
LQWHUIDFH�WLOH�VHQGV�LW�WR�3���3��SURFHVVHV�LW�DQG�VHQGV�LW�WR�
3��DQG�VR�RQ��3��WR�3��LPSOHPHQW�WKH�SK\VLFDO�OD\HU�RI�WKH�
ZLUHOHVV�FKDQQHO���

�

��� 5HODWHG�ZRUN�
�
7KH�������	
�SURMHFW�>�@�SURSRVHV�D�QHWZRUN�RQ�FKLS�

DUFKLWHFWXUH��7KH� URXWHU�GHVLJQHG� WKHUH�DOVR�XVHV�G\QDPLF�
6/,3� DUELWUDWLRQ� EXW� FRPELQHG� ZLWK� WLPH�GLYLVLRQ�
DUELWUDWLRQ�� 7KH� ODWHU� DOORZV� WKHLU� URXWHU� WR� JLYH� FHUWDLQ�
EDQGZLGWK�JXDUDQWHHV�EXW�DOVR�LQFUHDVH�WKH�FRPSOH[LW\�DQG�
UHTXLUH�FRPPRQ�QRWLRQ�RI�WLPH��

,Q� >��@� D� QHWZRUN� RQ� FKLS� IRU� D� WLOHG� DUFKLWHFWXUH� LV�
SURSRVHG�� 7KH� WLOHV� WKHUH� DUH� LQWHUFRQQHFWHG� LQ� D� IROGHG�
WRUXV� WRSRORJ\�� )RU� IORZ� FRQWURO� PHFKDQLVP� DOVR� YLUWXDO�
FKDQQHOV� DUH� XVHG�� 7KH� URXWHU� KDV� GLIIHUHQW� WRSRORJLFDO�
SODFHPHQW�RQ�WKH�WLOH�WKDQ�RXUV�DV�LW�LV�DLPHG�DW�H[SORLWLQJ�
WKH� ODUJH� DPRXQW� RI�ZLULQJ� UHVRXUFHV� DQG� XVHV� YHU\�ZLGH�
FRPPXQLFDWLRQ�FKDQQHOV��

7KH�5$:�DUFKLWHFWXUH�>��@�LV�D�WLOHG�DUFKLWHFWXUH�EXW�LW�
LV� KRPRJHQHRXV� DQG� DLPV� LQ� H[SORLWLQJ� LQVWUXFWLRQ� OHYHO�
SDUDOOHOLVPV�� )RU� LQWHU� WLOH� FRPPXQLFDWLRQV� �� RQ�FKLS�
QHWZRUNV� DUH� XVHG� WKHUH�� �� VWDWLF� QHWZRUNV� XVLQJ� WLPH�
GLYLVLRQ�DQG���G\QDPLF�QHWZRUNV�

7KH� 3OHLDGHV� SURMHFW� >��@� SURSRVHV� D� KHWHURJHQHRXV�
DUFKLWHFWXUH� FRPELQLQJ� FRPSRQHQWV� RI� GLIIHUHQW�
SURJUDPPLQJ� JUDQXODULW\�� 7KH� LQWHUFRQQHFWLRQ� WRSRORJ\�
XVHG�WKHUH�LV�D�WZR�OHYHO�KLHUDUFKLFDO�PHVK�DQG�WKH�QHWZRUN�
LV� LPSOHPHQWHG� XVLQJ� VHOI�WLPHG� FLUFXLWV�� 2XU� FXUUHQW�
LPSOHPHQWDWLRQ�LV�IXOO\�V\QFKURQRXV���

�
��� 5HVXOWV�

�
7KH� URXWHU� SUHVHQWHG� LQ� 6HFWLRQ� �� ZDV� PRGHOOHG� LQ�

9+'/� DQG� V\QWKHVL]HG� IRU� D�;LOLQ[�9LUWH[�,,� )3*$� DQG�
VWDQGDUG� ���� P� $6,&� WHFKQRORJLHV�� 7DEOH� �� JLYHV� WKH�
V\QWKHVLVH�UHVXOWV��)RU�VL]H� LQGLFDWLRQ�ZH�WRRN�WKH�QXPEHU�
RI� XWLOL]HG� &/%� VOLFHV� LQ� WKH� )3*$� DQG� WKH� QXPEHU� RI�
XWLOL]HG� JDWHV� LQ� WKH� $6,&�� 7KH� WDEOH� SUHVHQWV� WKH� WRWDO�
DPRXQW�RI�XWLOL]HG�UHVRXUFHV�DV�ZHOO�DV� WKH�GLVWULEXWLRQ�RI�
WKHVH�UHVRXUFHV�DPRQJ�WKH�PDLQ�URXWHU¶V�FRPSRQHQWV��7KH�
VDPH� UHVXOWV� DUH� UHSUHVHQWHG� JUDSKLFDOO\� LQ� )LJXUH� �� DQG�
)LJXUH����

�
Table 1�. Implementation results �������� ���� �����

��� ������  !���
��""�� #$% &�%$#
�'��� #(( &)#)*
�+��'! ((� �#,&
-+�!� ),(& �&*$, ��

7R�JHW�D�URXJK�LQGLFDWLRQ�DERXW�WKH�VL]H�RI�WKH�URXWHU�ZH�
PDNH� D� UHODWLYH� FRPSDULVRQ� ZLWK� WKH� LPSOHPHQWDWLRQ�
UHVXOWV�RI� WKH�0������� WLOH��6\QWKHVL]HG� IRU�9LUWH[�,,� WKH�
WLOH�XWLOL]HV�������&/%�VOLFHV��ZKLFK�LV���WLPHV�PRUH�WKDQ�
WKH�&/%� VOLFHV� XWLOL]HG� E\� WKH� URXWHU��2Q� WKH� RWKHU� KDQG��
ZKHQ�V\QWKHVL]HG�IRU�������P�SURFHVV�WKH�WLOH�WDNHV�DQ�DUHD�



RI� ���� PP��� 6R� ZH� FRXOG� H[SHFW� RXU� URXWHU�� ZKHQ�
V\QWKHVL]HG� IRU� ����� XP� SURFHVV�� WR� WDNH� URXJKO\� RQH�
VHYHQWK�RI�WKLV�DUHD��ZKLFK�LV����PP� ���� �����PP���7KDW�
VL]H� LV� FRPSDUDEOH� ZLWK� WKH� VL]H� RI� WKH� RQ�FKLS� URXWHU�
SUHVHQWHG� LQ� >�@�� ZKLFK� LV� DOVR� ����� PP��� DJDLQ� IRU� WKH�
VDPH�������P�WHFKQRORJ\��

7KH�PD[LPDO�FORFN�IUHTXHQFLHV�DW�ZKLFK�WKH�URXWHU�FDQ�
RSHUDWH�ZKHQ� V\QWKHVL]HG� IRU�9LUWH[�,,� DQG�$6,&����� XP�
DUH����0+]�DQG����0+]�UHVSHFWLYHO\��

2XU�QH[W�VWHS�LV� WR�V\QWKHVL]H� WKH� URXWHU� IRU�D�������P�
SURFHVV� WHFKQRORJ\� DQG� WR� PDNH� DUHD�� SHUIRUPDQFH� DQG�
HQHUJ\�HVWLPDWLRQV��6LQFH�WKH�GHVLJQ�ZDV�PDGH�JHQHULF�ZH�
FDQ� FKDQJH� WKH� EDVLF� SDUDPHWHUV� RI� WKH� URXWHU�� SK\VLFDO�
FKDQQHOV� ZLGWK�� QXPEHU� RI� YLUWXDO� FKDQQHO� SHU� LQSXW� DQG�
VL]H� RI� WKH� EXIIHUV�� 7KLV� ZLOO� DOORZ� H[SHULPHQWLQJ� ZLWK�
PXOWLSOH� YHUVLRQV� RI� WKH� URXWHU� DQG� REVHUYH�ZKDW� UROH� WKH�
URXWHU¶V� FRPSRQHQWV� SOD\� LQ� WKH� DUHD� DQG� HQHUJ\�
FRQVXPSWLRQ��

,Q�WKH�QH[W�SKDVH�ZH�DOVR�SODQ�WR�GR�HQHUJ\�HVWLPDWLRQV�
DQG� D� GHWDLOHG� SHUIRUPDQFH� DQDO\VLV� RI� QRQ�VWUHDPLQJ�
FRPPXQLFDWLRQV�� )XUWKHUPRUH�� ZH� VHH� DPSOH� SRVVLELOLWLHV�
WR�RSWLPL]H�RXU�GHVLJQ��

���������
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Figure 5�. Resources distribution for Virtex-II 
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Figure 6�. Resources distribution for ASIC 

�
��� &RQFOXVLRQ�

�
7KLV�SDSHU�SUHVHQWHG�WKH�V\VWHP�RQ�FKLS�DUFKLWHFWXUH�ZH�

IRUHVHH�IRU� IXWXUH�ZLUHOHVV�PXOWLPHGLD�WHUPLQDOV�� IRFXVLQJ�
RQ�WKH�RQ�FKLS�FRPPXQLFDWLRQ�DUFKLWHFWXUH��:H�SURSRVHG�D�
QHWZRUN�RQ�FKLS� VROXWLRQ� EDVHG� RQ� SDFNHW� VZLWFKLQJ�
ZRUPKROH�QHWZRUN�ZLWK�YLUWXDO�FKDQQHO� IORZ�FRQWURO��7KH�
LQLWLDO�LPSOHPHQWDWLRQ�UHVXOWV�IRU�DQ�RQ�FKLS�QHWZRUN�URXWHU�
VKRZHG�WKDW�LW�LV�IHDVLEOH�DQG�FRPSDUDEOH�LQ�VL]H�ZLWK�RWKHU�
SURSRVHG� VROXWLRQ�� ,Q� WKH� VDPH� WLPH� LW� SURYLGHV� WKH�
SHUIRUPDQFH� DQG� IOH[LELOLW\� UHTXLUHG� E\� WKH� WDUJHWHG�
DSSOLFDWLRQ�GRPDLQ��

��� 5HIHUHQFHV�
�

GHI JKLM NOPOQOR STULVWT XOPOQOR YM TZO[ \]^VTKL_
`Y_aVbLWcdTMLaV LV QaeLZY J^fMYKfgR hijkllmnopq jr snltmu
hijpivwwvxtl yjpnk vom z{{ tnkv|njoqR }TWYf H~H�H�HRQaVM}YZZLYdR �dTV_YR JY}MYKeYd ����O

G�I SY^fMYdf XOQOR JKLM NOPOQO � QaZYV�TK} �O[ \� �ZY�LeZY
TV� �VYdW^��bbL_LYVM �aTdfY�NdTLVY� `Y_aVbLWcdTeZY�d_�LMY_McdY bad QaeLZY J^fMYKfgR ��Y PacdVTZ ab
Jc}Yd_aK}cMLVWR UaZcKY ��R VcKeYd �R �Zc�Yd �_T�YKL_
XceZLf�YdfR �afMaVR �OJO�OR �aUYKeYd ����R �JJ� ���������O

G�I �eVacf �O[ \�a��Xa�Yd ]aKTLV�J}Y_LbL_ Xda_Yffadf bad
]LWLMTZ JLWVTZ Xda_YffLVWgR h��� �nqqli|v|njoR �VLUYdfLM^ ab
�TZLbadVLTR �Yd�YZY^R �J�R ���HO

G�I �L�aZT^ �TUTZ�� LYUR NYdTd� POQO JKLMR �� fcdUY^ ab
YbbL_LYVM aV�_�L} _aKKcVL_TMLaVf bad Ja��R h�� �¡¢¢
£¤¤¥ ¡wxlmmlm ¢¦ q|lwq ¢¦ w{ jqn§wR ¨_MaeYd ��R ����R
��� �LYc�YWYLVR �YM�YdZTV�fR �J�� ���~���H��~��O

G�I SO ©�TVW TV� ªO NYadWY TV� POQO `TeTY^R \�a��f�LVW aV�
_�L} fLWVTZZLVW MY_�VL«cYf[ YbbY_MLUYVYff TV� daecfMVYffgR ¬o
ivoqvk|njoq jr ®li¦ yvipl ¢kvtl ¬o|lpiv|njo¯®y¢¬°¢¦ q|lwqR }} ������~�R ªaZO�R �aO�R PcVYR ����O

G�I ±O PO ]TZZ^R \ªLdMcTZ�_�TVVYZ bZa� _aVMdaZgR ¬¡¡¡
�dTVfT_MLaVf jo hvivttlt vom �nq|inx§|lm q¦ q|lwqR UaZO �RVaO �R }}O H������R QTd_�R H���O

G~I � O Q_�Ya�VR �LJ��X[ � f_�Y�cZLVW TZWadLM�K bad LV}cM�
«cYcY� f�LM_�YfR� ¬¡¡¡²z ³´ ivoqvk|njoq jo µl|¶ji·nopRUaZO ~R VaO �R }}O H������HR �}dLZ H���O

G�I XTcZ QO SY^fMYdfR NYdTd� �O `Tc�Yd�TR NYdTd� POQO JKLMR\�K}ZYKYVMTMLaV ab T SL}Yd���¸� `Y_YLUYd aV M�Y`Y_aVbLWcdTeZY QaVMLcK �d_�LMY_McdYgR ¹¹|��lkjor np§ivxtl zik�n|lk|§il ºji·q�j{ ¯�z º £¤¤»° R JTVMT
�¼R �Y� QY�L_aR �J�R �}dLZ ����~R ����O

G�I �O `L� }�YKTR �O NO ±O NaaffYVfR �O `T�cZYf_cR PO
]LYZLffYVR PO UTV QYYdeYdWYVR XO ±LYZTWYR TV� �O
±TMYdZTV�YdR ��dT�Y abbf LV M�Y �YfLWV ab T dacMYd �LM� eaM�
WcTdTVMYY� TV� eYfM�YbbadM fYdUL_Yf bad VYM�ad�f aV _�L}�R
hijkllmnopq jr �lqnpo z §|jwv|njo vom lq| ³jor lilokl no
¡§ij{ lR QTd_� ����O

GH�I ±O PO ]TZZ^ TV� �O �a�ZYfR \`acMY XT_�YMfR �aM ±LdYf[ ¨V���L} �VMYd_aVVY_MLaV �YM�ad�fgR �z ³R PcVY ���HR }}O ����
���O

GHHI QL_�TYZ �Y�bad� �T^ZadR PTfaV �LKR PTfaV QLZZYdR ]TUL�
±YVM½ZTbbR �TY N�a�dTMR �YV NdYYV�TZ�R SYVd^ SabbKTVRPTY�±aa� �YYR XTcZ Pa�VfaVR ±TZMYd �YYR �ZeYdM QTR�dULV� JTdTbR QTd� JYVYf�LR �TM�TV J�VL�KTVR ªaZ�Yd
JMdcK}YVR QTMM �dTV�R JTKTV �KTdTfLVW�Y TV� �VTVM
�WTd�TZR ¾��Y `T� QL_da}da_Yffad [ � �aK}cMTMLaVTZ
�TedL_ bad JabM�TdY �Ld_cLMf TV� NYVYdTZ Xcd}afY
XdaWdTKfgR ¬¡¡¡ ´ nkijR QTd_�¸�}dLZ ����O

GH�I ScL ©�TVWR ªTV�TVT XdTe�cR ªTdW�YfY NYadWYR QTdZYVY±TVR QTdMLV �YVYfR �dM�cd �eVacfR �� Hª SYMYdaWYVYacf
`Y_aVbLWcdTeZY Xda_Yffad �� bad �TfYeTV� ±LdYZYff
�}}ZL_TMLaVf�R hijkllmnopq jr ¬¢¢³³£¤¤¤�


