
+RZ�D�SURFHVVRU�FDQ�SHUPXWH
Q�ELWV�LQ�2����F\FOHV

5XE\�/HH�
=KLMLH�6KL��;LDR�<DQJ

3ULQFHWRQ�$UFKLWHFWXUH�/DE�IRU�0XOWLPHGLD�DQG�6HFXULW\
�3$/06�

'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ

3ULQFHWRQ�8QLYHUVLW\



&RPSXWLQJ�/DQGVFDSH

watch-phone

Cell-phone

TV
wall-display

notebookPC
desktop PC

palmtop

transaction server

storage
server

compute
server

camera

printer

game-machine



0RWLYDWLRQ

� 6HFXUH�LQIRUPDWLRQ�SURFHVVLQJ�LQFUHDVHV�LQ
LPSRUWDQFH�LQ�LQWHUFRQQHFWHG�ZRUOG

� :RUG�RULHQWHG�PLFURSURFHVVRUV�WRGD\�FDQ�KDQGOH
FU\SWRJUDSK\�DOJRULWKPV�ZHOO��H[FHSW�IRU�

± %LW�OHYHO�SHUPXWDWLRQV

± 0XOWL�ZRUG�DULWKPHWLF

� 7KH�ODUJHU�DUFKLWHFWXUDO�TXHVWLRQ�

± &DQ�D�ZRUG�RULHQWHG�SURFHVVRU�KDQGOH
FRPSOH[�ELW�OHYHO�RSHUDWLRQV�ZLWKLQ�WKH�ZRUG
HIILFLHQWO\"



'RLQJ�DQ�Q�ELW�3HUPXWDWLRQ�ZLWK
5,6&�,6$�WDNHV�2�Q��,QVWUXFWLRQV
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6KLIW�WR�JHQHUDWH�PDVN�IRU�HDFK�ELW

$1'�VRXUFH�ZLWK�PDVN

����������������� ��������������������������������������

6+,)7�WR�GHVLUHG�SRVLWLRQ

25�ZLWK�SUHYLRXV�UHVXOW

5V

5W

*HQHUDWH�QHZ�PDVN�DQG�FRQWLQXH�ZLWK�QH[W�ELW

��������������� ����������������������������

��,QVWUV�
IRU�

HDFK�ELW



'RLQJ�$�)L[HG�3HUPXWDWLRQ�E\�7DEOH
/RRNXS

(;75$&7���ELW�LQGH[

/2$'�3�

(;75$&7�QH[W���ELW
LQGH[
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«��WDEOHV��
HDFK�WDEOH�KDV�
�������ELW�HQWULHV�



7RGD\���PLFURSURFHVVRU�RU�$6,&

� /RJLF�2SHUDWLRQV

± 0$6.�*HQ�$1'�6+,)7�25 →��Q�LQVWUXFWLRQV

± (;75$&7�'(326,7 →��Q�LQVWUXFWLRQV

� 7DEOH�ORRNXS

± VPDOO�VHW�RI�IL[HG�SHUPXWDWLRQV�RQO\

± �[�.%�WDEOHV��DERXW����LQVWUXFWLRQV�IRU����ELWV�SHUPXWDWLRQ

� 6XEZRUG�SHUPXWDWLRQ�LQVWUXFWLRQV�IRU�PXOWLPHGLD

± :RUNV�RQ���ELW�RU�ODUJHU�VXEZRUGV

� $6,&

± SHUPXWDWLRQ�YHU\�IDVW�LQ�KDUGZDUH��%87

± VPDOO�VHW�RI�IL[HG�SHUPXWDWLRQV�RQO\



*RDO��DGG�QHZ�3HUPXWDWLRQ
)XQFWLRQDO�8QLW�WR�3URFHVVRU

6RXUFH�WR�EH�SHUPXWHG

5HJLVWHU

)LOH 3HUPXWDWLRQ
)8&RQILJXUDWLRQ

ELWV

,QWHUPHGLDWH��UHVXOW

Q

$/8 6KLIWHU

Q

Q

$FKLHYH�DQ\�RQH�RI�Q��SHUPXWDWLRQV�LQ�ORJ�Q��LQVWUXFWLRQV



,QLWLDO�3UREOHP�'HILQLWLRQ

� (IILFLHQW�ELW�SHUPXWDWLRQ�LQVWUXFWLRQV�IRU�DUELWUDU\
SHUPXWDWLRQV�RI�Q�ELWV

± )RFXV�RQ�Q� ����RU�����ZRUG�VL]HV�

± 6WDQGDUG�LQVWUXFWLRQ�IRUPDW�DQG�GDWDSDWKV

� ��UHDGV����ZULWH�SHU�LQVWUXFWLRQ

� 1R�H[WUD�VWDWH��WR�VDYH�DQG�UHVWRUH�

� 6LQJOH�F\FOH��VLPSOH�KDUGZDUH

± LQ�ORJ�Q��LQVWUXFWLRQV���RSWLPDO
� 1XPEHU�RI�GLIIHUHQW�Q�ELW�SHUPXWDWLRQ� ��Q�

� QORJ�Q��ELWV�QHHGHG�WR�VSHFLI\�DQ�DUELWUDU\�SHUPXWDWLRQ

)0()log()!log( >≈ nnnn



2XWOLQH

� 3HUPXWH�Q�ELWV��IURP�2�Q��WR�2�ORJ�Q��
LQVWUXFWLRQV

± ,6$�GHILQLWLRQV

± &KLS�&LUFXLW�,PSOHPHQWDWLRQV

± 3HUIRUPDQFH��&\FOHWLPH��9HUVDWLOLW\

� 3HUPXWH�Q�ELWV��IURP�2�ORJ�Q���WR�2����F\FOHV

� &RQFOXVLRQ



$OWHUQDWLYH�SHUPXWDWLRQ�PHWKRGV

� WR�UHGXFH�2�Q��WR�2�ORJ�Q��LQVWUXFWLRQV�IRU
DFKLHYLQJ�DQ\�RQH�RI�Q��SHUPXWDWLRQV

� 3DUWLWLRQLQJ

± *53

� %XLOGLQJ�³YLUWXDO´�LQWHUFRQQHFWLRQ�QHWZRUNV

± &5266��ORJ�Q��W\SHV�RI�VWDJHV�

± 20)/,3����W\SHV�RI�VWDJHV�

� 6HOHFW�VRXUFH�ELW�E\�LWV�QXPHULF�LQGH[

± 33(50

± 6:3(50�DQG�6,(9(



��ELW�*53�RSHUDWLRQ

a b c d e f g h

1 0 0 1 1 0 1 0

b c f h a d e g

'DWD 5V

&RQWURO����5F

5HVXOW� 5G

0 7

GRP Rs, Rc, Rd



*53���,PSOHPHQWDWLRQ

 

output 

64 data bits and 64 control bits 

64 data bits and 64 inverted 
control bits  in reverse order 

1: 

3:2 bit → 4 bits 

2:1 bit → 2 bits 

5:16 bit → 32 bits 

6:32 bit → 64 bits 

64 OR gates 



&KLS�ZLWK�3HUPXWDWLRQ�8QLW��*53�

����XP
����QV
����PP�



��ELW�&5266�LQVWUXFWLRQ
 �EXLOGLQJ�D�YLUWXDO�%HQHV�1HWZRUN

� SHUIRUP�DQ\���EXWWHUIO\
VWDJHV�LQ�RQH�LQVWUXFWLRQ

� 3HUIRUPV�DQ\�Q�ELW
SHUPXWDWLRQ�ZLWK��ORJ�Q�
VWDJHV

� ORJ�Q��GLIIHUHQW�W\SHV�RI
VWDJHV

� 6FDODEOH�IRU�VXEZRUG
SHUPXWDWLRQ

� 6KRUWHVW�ODWHQF\

 

%XWWHUIO\�
QHWZRUN 

,QYHUVH�
EXWWHUIO\�
QHWZRUN 

input 

output 



��ELW�20)/,3
 �EXLOGLQJ�D�YLUWXDO�2PHJD�)OLS�1HWZRUN

� SHUIRUP���RPHJD�RU�IOLS
VWDJHV�LQ�RQH�LQVWUXFWLRQ

� 3HUIRUPV�DQ\�Q�ELW
SHUPXWDWLRQ�ZLWK��ORJ�Q�
VWDJHV

� 2QO\���GLIIHUHQW�W\SHV�RI
VWDJHV

� 6FDODEOH�IRU�VXEZRUG
SHUPXWDWLRQ

� 6PDOOHVW�DUHD��IRU�D
SHUPXWDWLRQ�XQLW

 

2PHJD�
QHWZRUN 

)OLS�
QHWZRUN 

input 

output 



� 7R�LPSOHPHQW�DQ\���FRPELQDWLRQV�RI
2PHJD�RU�)OLS�VWDJHV��LW�LV�HQRXJK
WR�LPSOHPHQW�D�FLUFXLW�ZLWK�RQO\��
VWDJHV����RPHJD�VWDJHV����IOLS
VWDJHV

� 7KLV�DOORZV�����))��2)�DQG�)2
FRPELQDWLRQV

� 2WKHU�FLUFXLW�RUJDQL]DWLRQV�DOVR
SRVVLEOH��H�J���2�)�2�)��)�2�)�2�DQG
)�2�2�)

$Q�20)/,3�,PSOHPHQWDWLRQ

bypassing connections

64 bits

64 permuted bits

flip
stage

omega
stage

flip
stage

omega
stage



&KLS�ZLWK�3HUPXWDWLRQ�8QLW
�20)/,3�

����XP
��QV
����PP�



&RPSDULVRQ

ORJ�Q�N�ORJ�Q�N�Θ�Q�Θ�Q�N�

6XEZRUG
SHUPXWDWLRQ�
Q�N�HOHPHQWV�
HDFK�N�ELW

ORJ�Q�ORJ�Q�Θ�Q�Θ�Q�
%LW�SHUPXWDWLRQ�
Q�HOHPHQWV�
HDFK���ELW

20)/,3
RU

&5266
*53

7DEOH
ORRNXS

&XUUHQW
,6$

0D[LPXP�1XPEHU�RI�,QVWUXFWLRQV�
5HTXLUHG�IRU�$Q\�3HUPXWDWLRQ�



6SHHGXS�RI�'(6

� �
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FDFKH�� FDFKH��

7DEOH�/RRN�8S

*53

20)/,3�RU�&5266

&DFKH����RQH�OHYHO�FDFKH����.%�����F\FOHV�PLVV�SHQDOW\��

&DFKH����WZR�OHYHO�FDFKH���/�����.%�����F\FOHV�PLVV�SHQDOW\��
��������������������������������������/������.%�����F\FOHV�

)RU�NH\�JHQHUDWLRQ�
VSHHGXS�LV���[���;��



6SHHGXS�IRU�VRUWLQJ����HOHPHQWV
XVLQJ�*53�LQVWUXFWLRQ

Subword size 4 bits 8 bits 16 bits

vs. Bubble sort 408.3 128.9 43.7

vs. Selection sort 272.7 86.1 29.2

vs. Quick sort 94.4 29.8 10.1

'HPRQVWUDWHV�YHUVDWLOLW\�RI�*53�LQVWUXFWLRQV�
IRU�VRUWLQJ�DV�ZHOO�DV�SHUPXWDWLRQV�



+RZ�WR�H[HFXWH�ORJ�Q��LQVWUXFWLRQV
LQ�2����F\FOHV"

,QVWUXFWLRQ�VHTXHQFH�WR
SHUPXWH����ELWV�

OMFLIP,oo R1,R2,R10

OMFLIP,oo R10,R3,R10

OMFLIP,oo R10,R4,R10

OMFLIP,ff R10,R5,R10

OMFLIP,ff R10,R6,R10

OMFLIP,ff R10,R7,R10

...

� 5,6&�,6$�FRQVWUDLQW�RI
LQVWUXFWLRQV�ZLWK�RQO\��
RSHUDQGV

� Q�ELW�SHUPXWDWLRQ�QHHGV
��ORJ�Q��RSHUDQGV

� 6XSSO\LQJ�WKHVH�RSHUDQGV
UHVXOWV�LQ�UHJLVWHU�GDWD
GHSHQGHQFLHV

� %XW���RSHUDQGV�FRXOG�EH
VXSSOLHG�LQ���5,6&
LQVWUXFWLRQV�UDWKHU�WKDQ
�"



7-port register file

��ZD\�6XSHUVFDODU�ZLWK�D
������'DWD�ULFK�)XQFWLRQDO�8QLW

from memory

ALU1

(4,2)- FU

ALU2



/HYHUDJH�PLFURDUFKLWHFWXUH�IHDWXUHV
LQ���ZD\�VXSHUVFDODU�SURFHVVRUV

2ULJLQDO�LQVWUXFWLRQ
VHTXHQFH�WR�SHUPXWH���
ELWV�

OMFLIP,oo R1,R2,R10

OMFLIP,oo R10,R3,R10

OMFLIP,oo R10,R4,R10

OMFLIP,ff R10,R5,R10

OMFLIP,ff R10,R6,R10

OMFLIP,ff R10,R7,R10

� (QDEOH�³'DWD�ULFK´
IXQFWLRQDO�XQLWV�XWLOL]LQJ
H[LVWLQJ�SDUDOOHO�UHJLVWHU
SRUWV�DQG�GDWD�EXVHV

� 5HSODFH���LQVWUXFWLRQV�ZLWK
���,6$�RU�PLFURDUFKLWHFWXUH�

OMFLIP,oo R1,R2,R10

OMcont R4,R3,R10

OMFLIP,ff R10,R5,R10

OMcont R7,R6,R10



7ZR�������IXQFWLRQDO�XQLWV��HDFK�ORJ�Q��VWDJHV
�%XWWHUIO\�LV�IDVWHU�WKDQ�2PHJD�IOLS�

64 permuted bits

Butterfly stages

Inverse
butterfly

stages

n=64
bits

64 permuted bits

n=64
bits

6 types of
stages

Butterfly
network (BFLY)

Inverse butterfly
network (IBFLY)

2log(n)=12 stages



3HUIRUPLQJ�DQ\�SHUPXWDWLRQ�RI�Q�ELWV
ZLWK���F\FOHV�ODWHQF\����F\FOH�WKUXSXW

� &RQVLGHU�Q ���ELWV

� ,PSOHPHQW���SHUPXWDWLRQ�IXQFWLRQDO�XQLWV��HDFK�ZLWK
ORJ�Q��VWDJHV

± H�J�����VWDJH�%XWWHUIO\�QHWZRUN�
���������VWDJH�,QYHUVH%XWWHUIO\�QHWZRUN

� 8VH�'DWD�ULFK�������IXQFWLRQDO�XQLW�OHYHUDJLQJ�GDWDSDWKV
RI���ZD\�VXSHUVFDODU�PLFURDUFKLWHFWXUH

± 5HSODFH�IRUPHU�ORJ�Q� ��LQVWUXFWLRQV�E\���LQVWUXFWLRQV
YLD�,6$�RU�PLFURDUFKLWHFWXUH

� ([HFXWH�WKHVH���LQVWUXFWLRQV��WZR�DW�D�WLPH

± ��F\FOHV�ODWHQF\�EXW���F\FOH�WKUXSXW

� &DQ�DFKLHYH�DQ\�RQH�RI�Q��SHUPXWDWLRQV�DW�WKH�UDWH�RI
RQH�SHU�F\FOH

± GLIIHUHQW�SHUPXWDWLRQ�SRVVLEOH�HYHU\�F\FOH



&RQFOXVLRQV

� 9HU\�IDVW��HDVLO\�LPSOHPHQWDEOH��JHQHUDO�SXUSRVH
SHUPXWDWLRQ�LQVWUXFWLRQV�IRU�DQ\�SURFHVVRU
± 5DGLFDO�VSHHGXS��IURP�2�Q��WR�2�ORJ�Q��LQVWUXFWLRQV

± /DWHVW�UHVXOW���GRZQ�WR�2����F\FOHV���

± &DQ�DFKLHYH�DQ\�RQH�RI�Q��SHUPXWDWLRQV�DW�WKH�UDWH�RI
RQH�SHU�F\FOH

� ,PSRUWDQW�DSSOLFDWLRQV��DFFHOHUDWHV�ERWK�VHFXUH
DQG�PXOWLPHGLD�LQIRUPDWLRQ�SURFHVVLQJ
± VLQJOH�ELW�DQG�PXOWL�ELW�VXEZRUG�SHUPXWDWLRQV

± ELJ�VSHHGXS�LQ�FXUUHQW�DOJRULWKPV��H�J���'(6

± RSHQV�ILHOG�IRU�IDVWHU��³PRUH�VHFXUH´�QHZ�DOJRULWKPV

± YHUVDWLOH��PXOWL�SXUSRVH�SULPLWLYHV��H�J���IRU�VRUWLQJ

� 9DOLGDWHV�EDVLF�ZRUG�RULHQWDWLRQ�RI�SURFHVVRUV
HYHQ�IRU�FRPSOH[�ELW�RSHUDWLRQV�ZLWKLQ�D�ZRUG



%DFNXS�6OLGHV



3HUIRUPDQFH�RQ�D���ZD\
VXSHUVFDODU�SURFHVVRU

0HWKRG�WR�SHUIRUP����ELW�
SHUPXWDWLRQ�

0D[���RI�
LQVWUXFWLRQV�

�

��RI�F\FOHV�� &\FOHWLPH�
LQ�)���

([LVWLQJ�,6$¶V� ���*�RU����� ��*� ������
EDVLF�$/8�

7DEOH�/RRNXSV��
�VPDOO�VHW�RI�SHUPXWDWLRQV��

��� ��� ��

��VWDJH�RPIOLS�

�

�� �� �����

�

��VWDJH�%)/<�DQG���VWDJH�%,)/<�

�

��RU��� ��

�WKUXSXW����

����

�

�:LWK�(;75$&7�DQG�'(326,7�LQVWUXFWLRQV�



&RQIXVLRQ�DQG�'LIIXVLRQ�7HFKQLTXHV�LQ
6\PPHWULF�.H\�&U\SWRJUDSK\

� &RQIXVLRQ���REVFXUH�WKH�UHODWLRQVKLS�EHWZHHQ�WKH
SODLQ�WH[W�NH\�DQG�WKH�FLSKHU�WH[W

± 6�ER[��QRQ�OLQHDU�VXEVWLWXWLRQ�

± $GGLWLRQ�DQG�PXOWLSOLFDWLRQ

� 'LIIXVLRQ���GLVVLSDWH�WKH�UHGXQGDQF\�RI�SODLQ�WH[W
E\�VSUHDGLQJ�LW�RXW�RYHU�WKH�FLSKHU�WH[W

± 3HUPXWDWLRQ

± 5RWDWLRQ


