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(Lec 12) 1s & 0s -> Rectangles:   Physical Design(Lec 12) 1s & 0s -> Rectangles:   Physical Design

■ :KDW#\RX#NQRZ111
▼ %RROHDQ/#4V#DQG#3V#VWXII=##V\QWKHVLV/#YHULILFDWLRQ/#UHSUHVHQWDWLRQ

▼ 7KLV#LV#ZKDW#KDSSHQV#LQ#WKH#´IURQW#HQGµ#RI#WKH#$6,&#GHVLJQ#SURFHVV

■ :KDW#\RX#GRQ·W#NQRZ111
▼ 7KH#´EDFN#HQGµ#SUREOHP#00#WXUQLQJ#WKHVH#LQWR#,&#PDVNV

▼ %DVLFDOO\#D#JDWHV#00!#UHFWDQJOHV#SUREOHP

▼ &DOOHG#´OD\RXWµ#RU#´SK\VLFDO#GHVLJQµ

6\QWKHVLV/
YHULILFDWLRQ

$#´QHWOLVWµ#RI#
FRQQHFWHG
JDWHV#.#ZLUHV
LQ#\RXU#WHFKQRORJ\

+LJK0OHYHO
GHVLJQ

GHVFULSWLRQ
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###$OO#ULJKWV#UHVHUYHG1
###<RX#PD\#QRW#PDNH#FRSLHV#RI#WKLV
####PDWHULDO#LQ#DQ\#IRUP#ZLWKRXW#P\
####H[SUHVV#SHUPLVVLRQ1
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Where Are We?Where Are We?

■ 3K\VLFDO#GHVLJQ00KRZ#WR#JHRPHWULFDOO\#OD\RXW#JDWHV#LQ#D#QHWOLVW"
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,QWURGXFWLRQ
$GYDQFHG#%RROHDQ#DOJHEUD
-$9$#5HYLHZ
%''V
)RUPDO#YHULILFDWLRQ
50/HYHO#ORJLF#V\QWKHVLV
0XOWL0OHYHO#ORJLF#V\QWKHVLV
7HFKQRORJ\#PDSSLQJ

3ODFHPHQW
5RXWLQJ
3DUWLWLRQLQJ
6WDWLF#WLPLQJ#DQDO\VLV#
*HRPHWULF#GDWD#VWUXFWXUHV
7HVW#DQG#$73*
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%UHDN
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HandoutsHandouts

■ 3K\VLFDO
▼ /HFWXUH#45#00#$6,&#/D\RXW=##3ODFHPHQW

▼ .LUNSDWULFN·V#VLPXODWHG#DQQHDOLQJ#SDSHU

■ (OHFWURQLF
▼ 1RWKLQJ#QHZ111
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ReadingsReadings

■ 6DUUDI]DGHK#)#:RQJ
▼ &KDSWHU#4#RQ#OD\RXW#EDFNJURXQG=##414/#415/#417/#418

▼ &KDSWHU#5#RQ#SODFHPHQW=#51614051616

■ .LUNSDWULFN#SDSHU
▼ 2ULJLQDO#SDSHU#GHVFULELQJ#VLPXODWHG#DQQHDOLQJ

▼ $#ELW#RI#D#SK\VLFV#IODYRU/#EXW#VWLOO#HPPLQHQWO\#UHDGDEOH
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Physical Design for ASICsPhysical Design for ASICs

■ :H#DUH#IRFXVLQJ#RQ#D#SDUWLFXODU#´QLFKHµ#LQ#OD\RXW
▼ 5RZ0EDVHG#VWDQGDUG#FHOOV#IRU#VHPL0FXVWRP##DSSOLFDWLRQV

▼ ([DPSOH=##8#0LFKLJDQ#*D$V#0,36#&38##>,66&&<6@

7KLV#SDUW
LV#URZV#RI
VR0FDOOHG
´VWDQGDUG
FHOOVµ#XVHG
IRU#WKH#
FRQWURO#ORJLF
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ASIC-related Terminology:  Buzzword LexiconASIC-related Terminology:  Buzzword Lexicon

■ 6RPH#WHUPV
▼ &XVWRP#OD\RXW=##\RX#GR#LW#DOO#E\#KDQG1###7KLQN#RI#WKLV#DV#GHVLJQ#DW#WKH
WUDQVLVWRU#OHYHO1##$OVR#FDOOHG#+GHULVLYHO\,#´SRO\JRQ#SXVKLQJµ1

▼ 6HPL0FXVWRP#OD\RXW=##\RX#SLFN#XS#VRPH#SUH0ODLG0RXW#SLHFHV#IURP#VRPH
OLEUDU\#DQG#WKHQ#DUUDQJH#WKHVH#WR#GR#\RXU#FRPSOHWH#OD\RXW

▼ $6,&/#$SSOLFDWLRQ06SHFLILF#,QWHJUDWHG#&LUFLW=#D#VHPL0FXVWRP#,&#GHVLJQHG#WR
GR#RQH#WKLQJ#+HJ/#DQ#03(*#GHFRGHU,#DV#RSSRVHG#WR#VRPHWKLQJ#DUELWUULO\
SURJUDPPDEOH/#OLNH#D#&38

▼ $663/#$SSOLFDWLRQ06SHFLILF#6WDQGDUG#3URGXFW=#DQ#$6,&#WKDW#ZRUNV#WR#D
ZLGHO\0HVWDEOLVKHG#XVDJH#VSHF/#VR#WKDW#PDQ\#FRPSDQLHV#EXLOG#FPSDWLEOH
SDUWV#WR#WKLV#VSHF1##([DPSOH=##HWKHUQHW#FKLS/#PDQ\#WHOHFRP#SDUWV1

▼ $6,3/#$SSOLFDWLRQ06SHFLILF#,QVWUXFWLRQ#6HW#3URFHVVRU=#DQ#$6,&#WKDW·V
SURJUDPPDEOH#WR#D#UDQJH#RI#WDVNV/#ZLWK#D#FXVWRP#LQVWUXFWLRQ#VHW#+LH/#QRW
OLNH#D#3HQWLXP#RU#6SDUF,1##([DPSOHV=##PDQ\#'63#WDVNV#XVH#$6,3V
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ASIC-related Terminology:  Buzzword LexiconASIC-related Terminology:  Buzzword Lexicon

■ 6RPH#PRUH#WHUPV=#ZKDW#$6,&V#DUH#PDGH#RXW#RI
▼ 6WDQGDUG#FHOO=##WKH#VPDOOHVW/#PRVW#FRPPRQ#WKLQJ#LQ#\RXU#OLEUDU\#RI#SUH0
ODLG0RXW#VWXII1##%DVLFDOO\/#D#JDWH#RU#))1##$OO#WKH#VWXII#LQ#\RXU#WHFKQRORJ\
OLEUDU\#IRU#7HFK#0DSSLQJ#KDV#D#OD\RXW#LQ#WKLV#OLEUDU\1

▼ &RUH0FHOO=##D#KXJH#WKLQJ#LQ#\RXU#OLEUDU\#RI#SUH0ODLG0RXW#VWXII/#OLNH#DQ#HQWLUH
&38#FRUH1###$OVR#VRPHWLPHV#FDOOHG#D#PHJD0FHOO/#EXW#RIWHQ#MXVW#D#FRUH/#RU
+PRGHUQ#EX]]ZRUG,#LQWHOOHFWXDO#SURSHUW\#+,3,

▼ 5RZ0EDVHG#OD\RXW=##WKH#XVXDO#ZD\#\RX#DUUDQJH#VWDQGDUG#FHOOV#WR#OD\#WKHP
RXW#WR#PDNH#D#ILQDO#GHVLJQ

■ 0DQ\#PRGHUQ#GHVLJQV#DUH#6\VWHP0RQ0&KLS#+6R&,#GHVLJQV
▼ 8VH#VWDQGDUG#FHOOV#IRU#UDQGRP#ORJLF/#LPSRUW#FRUHV#IRU#FRPSOH[#IXQFWLRQV
+OLNH#&38V,/#DQG#DGG#PHPRULHV#WR#PDNH#VLQJOH0FKLS#V\VWHPV
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System On Chip StyleSystem On Chip Style

■ $EVWUDFW#H[DPSOH

5$0

#

520

#
'DWD
SDWK

´&RUHµ#EORFNV
WKDW#DSSHDU#DV

ODUJH#UHFWDQJXODU
REMHFWV

&RQWURO#ORJLF
XVXDOO\#DSSHDUV
DV#UHJLRQV#RI#VWG

FHOOV#ODLG#RXW#LQ#URZV
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Real Example: Mixed-Signal ASICReal Example: Mixed-Signal ASIC

■ 0L[HG0VLJQDO#  
DQDORJ#.#GLJLWDO>
WKLV#LV#DQ
DXWRPRWLYH#$6,&
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Real Example: Mixed-Signal ASICReal Example: Mixed-Signal ASIC

0HPRULHV/
5206#)
5$06

$QDORJ
VHQVRUV/
VLJQDO

SURFHVVLQJ

5RZ0EDVHG
GLJLWDO#ORJLF
>OHIW=#FRQWURO@
>ULJKW=#&38@
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Zoom:  Row-Based Control LogicZoom:  Row-Based Control Logic

2QH#URZ#RI
ORJLF#JDWHV

2QH#FKDQQHO#RI
URXWHG#ZLUHV
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Zoom: CPU Is Itself a Hierarchy of CellsZoom: CPU Is Itself a Hierarchy of Cells

5RZ0EDVHG
FRQWURO#ORJLF

0RUH
´UHJXODUµ
OD\RXW
VWUXFWXUHV=
$/8/
UHJLVWHUV
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ASIC Design MethodologyASIC Design Methodology

■ 0HWKRGRORJ\#  #"
▼ 7KH#VHTXHQFH#RI#&$'#WRROV/#GHVLJQ#UHSUHVHQWDWLRQV/#GHVLJQ#VWHSV#\RX
XVH#WR#JR#IURP#DQ#LGHD#WR#VLOLFRQ

▼ ,QFOXGHV#ERWK#V\QWKHVLV#VWHSV/#WR#PDNH#GHVLJQV#PRUH#GHWDLOHG/#DQG
YHULILFDWLRQ#VWHSV/#WR#FKHFN#FRUUHFWQHVV

■ 0RGHUQ#PHWKRGRORJ\#+VLPSOLILHG,
▼ 6LPXODWLRQ#2YDOLGDWLRQ=#VSHF#GHVLJQ#DV#H[HFXWDEOH#FRGH#+HJ/#9HULORJ,/
VLPXODWH#WR#WU\#WHVW#FDVHV

▼ 6\QWKHVLV=##KLJK0OHYHO#V\QWKHVLV#+HJ/#IURP#9HULORJ,#DQG#ORJLF#V\QWKHVLV/#WR
JR#IURP#KLJK0OHYHO#VSHF#WR#JDWHV

▼ 0DSSLQJ=##WR#JHW#WKH#JDWHV#RQWR#\RXU#LPSOHPHQWDEOH#OLEUDU\

▼ )RUPDO#YHULILFDWLRQ=##XVHG#ZKHUH#SRVVLEOH#WR#SURYH#HTXLYDOHQFH

▼ 3K\VLFDO#'HVLJQ=##IORRUSODQ#WKH#FKLS/#SODFH#WKH#EORFNV2JDWHV/#URXWH#WKHP

▼ 7LPLQJ#YHULILFDWLRQ=#+DFWXDOO\#KDSSHQV#DW#DOO#VWHSV,/#FKHFN#WR#PDNH#VXUH
\RX#PHHW#WLPLQJ#JRDOV#+LH/#0+],
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Aside:  From Methodology to Intellectual PropertyAside:  From Methodology to Intellectual Property

■ ,QWHOOHFWXDO#SURSHUW\#+,3,
▼ 6RPHWKLQJ#\RX#FDQ#EX\#IRU#'''#WKDW#HPERGLHV#VRPH#GHVLJQ#H[SHUWLVH

▼ (DVLHU#WR#EX\#LW#WKDQ#WR#EXLOG#LW

■ +LVWRULFDO#IRUPV#RI#,3
▼ &KLSV=##<RX#EX\#WKH#KDUGZDUH/#SOXJ#LW#LQWR#D#ERDUG/#ZLUH#LW#XS#DQG#JR

▼ 6RIWZDUH=##<RX#EX\#LW/#ORDG#LW/#ERRW#LW/#UXQ#LW1

■ (YROYLQJ#IRUPV#RI#,3
▼ 6RIW#,3=##EX\#WKH#9HULORJ#VRXUFH#FRGH1#6\QWKHVL]H#LW#\RXUVHOI1

▼ )LUP#,3=##EX\#WKH#JDWH2EORFN#OHYHO#QHWOLVW1#'R#\RXU#RZQ#PDSSLQJ/#OD\RXW

▼ +DUG#,3=##EX\#WKH#DFWXDO#OD\RXW1#0D\#KDYH#WR#´DGMXVWµ#WR#\RXU#IDE

▼ $ELOLW\#WR#EX\#WRROV#WKDW#GR#V\QWKHVLV2OD\RXW#LV#RQH#ELJ#IDFWRU#GULYLQJ#,3
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What Are We Doing Now…?What Are We Doing Now…?

■ %LJ#VWHSV#LQ#SK\VLFDO#GHVLJQ#´EDFNHQGµ#RI#$6,&#PHWKRGRORJ\

■ 6\QWKHVLV#VWHSV
▼ 3DUWLWLRQLQJ

▼ 3ODFHPHQW

▼ 5RXWLQJ

■ 9HULILFDWLRQ#VWHSV
▼ 6WDWLF#WLPLQJ#DQDO\VLV

▼ 0DVN0OHYHO#GHVLJQ#UXOH#FKHFNLQJ
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Physical Design for ASICsPhysical Design for ASICs

■ ([DPSOH#RI#VLPSOH#VWDQGDUG#FHOO#OLEUDU\

■ $V#OD\RXWV111
▼ (DFK#D#OLWWOH#UHFWDQJOH#RI#GLIIHUHQW#PDVN#OD\RXWV

▼ 8VXDOO\#D#FRPPRQ#KHLJKW#+<#GLUHFWLRQ,

▼ 9DU\LQJ#ZLGWKV/#GHSHQGLQJ#RQ#QXPEHU#RI#,2V

▼ ,Q#WKLV#VW\OH/#WKH#SLQV#DUH#DYDLODEOH#DW#WKH#WRS#DQG#WKH#ERWWRP#RI#HDFK#FHOO

NOT NAND2, 3 NOR2, 3

+  
D

FULL ADD D FF

4##4·

NOT NAND2, 3 NOR2, 3 FULL ADD D FF
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Physical Design for ASICsPhysical Design for ASICs

■ $#YHU\#VLPSOH#FHOO
▼ )RU#VWDWLF#&026/#LQSXWV#RQ#SRO\VLOLFRQ/#3#GHYLFHV#RQ#WRS/#1#RQ#ERWWRP

a

a

b

b

c

c

d

d

e

e

Vdd

Vss

out

a b c d e

metal1
poly
contact
pdiff
ndiff
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Physical Design for ASICsPhysical Design for ASICs

■ &ORVHU#ORRN#DW#D#ELW#PRUH#FRPSOLFDWHG#FHOO#VW\OH

Logic
in poly +

metal1

Power supply
Voltages
in metal2

Over the cell
wiring is possible

in metal3

Si surface
,2#SLQ

,2#SLQ
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Physical Design for ASICsPhysical Design for ASICs

■ +RZ#GR#WKHVH#WKLQJV#JHW#´ODLG#RXWµ"
▼ ,Q#URZV/#ZLWK#ZLULQJ#LQ#EHWZHHQ#WKH#JDWHV/#DQG#RYHU#WKH#JDWHV

▼ $EXWWLQJ#WKH#FHOOV#OHIW0ULJKW#FRQQHFWV#WKH#SRZHU#DQG#JURXQG#OLQHV

▼ 6SDFLQJ#EHWZHHQ#URZV#FDOOHG#FKDQQHOV>#LQ#ROGHU#GHVLJQV#\RX#SXW#WKH
ZLULQJ#KHUH>#LQ#PRUH#PRGHUQ#GHVLJQV#RI#WKH#ZLULQJ#JRHV#RYHU#FHOO#URZV

Gate-level
Netlist Row-based Layout

Cells
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Aside:  Wiring Channels Between RowsAside:  Wiring Channels Between Rows

■ %DVLFDOO\/#WKH\#DUH#JRLQJ#DZD\
▼ :KHQ#ZH#KDG#RQO\#5#ZLULQJ#OD\HUV#+SRO\#.#04,#DOO#ZLULQJ#ZDV#LQ#FKDQQHO

▼ :KHQ#ZH#JRW#5#PHWDOV0004/#0500VWLOO#KDG#FKDQQHOV/#ZH#MXVW#VWRSSHG#XVLQJ
SRO\#WR#URXWH#RXWVLGH#RI#WKH#JDWHV#WKHP#VHOYHV

▼ 1RWH#WKDW#ZLULQJ#OD\HUV#XVXDOO\#KDYH#D#SUHIHUUHG#GLUHFWLRQ#00#+#RU#9>
URXWHU#FDQ#YLRODWH#WKLV#LI#LW#KHOSV#WR#DYRLG#VRPH#YLDV/#EXW#LW#WULHV#QRW#WR#GR
WKLV#WRR#PXFK

Cells
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Aside: About Channels...Aside: About Channels...

■ &RQW1
▼ :KHQ#ZH#JRW#6#PHWDOV0004#05#0600VWDUWHG#WR#VHH#VRPH#ZLUHV#JR#RYHU
WKH#FHOOV#WKHPVHOYHV/#UDWKHU#WKDQ#UHVHUYH#VSDFH#LQVLGH#FHOOV#RU#EHWZHHQ
FHOOV1##6R/#WKH#FKDQQHOV#JRW#D#ORW#VPDOOHU/#HJ

▼ $W#7.#PHWDOV/#WKH#FKDQQHOV#EDVLFDOO\#JR#DZD\/#DQG#\RX#MXVW#URXWH
HYHU\WKLQJ#RYHU#WKH#FHOOV#WKHPVHOYHV1##<RX#SDFN#WKH#FHOOV#DW
PLQLPXPGHVLJQ0UXOH0FRUUHFW#GLVWDQFHV1

6UG#URXWLQJ#OD\HU
FDQ#JR#RYHU#WKH
RWKHU#PHWDO
OD\HUV
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Physical Design for ASICsPhysical Design for ASICs

■ :KDW#H[DFWO\#DUH#ZH#JRLQJ#WR#ORRN#DW"
41#3ODFHPHQW

▼ 2QFH#\RX#NQRZ#WKH#JDWHV#RQ#D#SDUWLFXODU#,&/#ZKHUH#GR#\RX#SXW#WKHP"

51#5RXWLQJ
▼ 2QFH#\RX#NQRZ#ZKHUH#WKH#JDWHV#DUH/#KRZ#GR#\RX#FRQQHFW#WKH#ZLUHV"

61#3DUWLWLRQLQJ
▼ 7DNH#D#ODUJH#JDWH#QHWOLVW/#GLYLGH#LQWR#VPDOOHU#SLHFHV#WR#ILW#RQ#D#VHW#RI#,FV

71#/RJLFDO#WLPLQJ#)#HOHFWULFDO#WLPLQJ#DQDO\VLV
▼ <RX#KDYH#JDWHV/#\RX#+PD\EH,#KDYH#ZLUHV>#KRZ#IDVW#ZLOO#LW#JR"

81#5HSUHVHQWDWLRQ
▼ +RZ#GR#\RX#GHDO#HIILFLHQWO\#ZLWK#433/333/333#UHFWDQJOHV"

91#'5&#2#([WUDFWLRQ
▼ 2./#\RX#JRW#LW#ODLG#RXW1##,V#LW#ULJKW"##'RHV#LW#LPSOHPHQW#ZKDW#\RX#ZDQW"
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18-360 versus 18-76018-360 versus 18-760

■ 7KHUH#LV#VRPH#RYHUODS
#####4;0693 4;0:93

.HUQLJKDQ0/LQ#SDUWLWLRQLQJ .)/#.#)LGXFFLD00DWWKH\VHV#DOJRULWKP

$QQHDOLQJ#IRU#SODFHPHQW 0RUH#DQQHDOLQJ

0D]H#URXWLQJ 0RUH#PD]H#URXWLQJ

&KDQQHO#URXWLQJ 1RSH00#XVHIXO##EXW#QR#WLPH

000 *HRPHWULF#GDWD#VWUXFWXUHV

000 '5&#)#H[WUDFWLRQ

000 6WDWLF#WLPLQJ#DQDO\VLV

000 (OHFWULFDO#WLPLQJ#DQDO\VLV

7HVW/#IDXOW#VLPXODWLRQ :D\#OHVV#WHVW=##MXVW#'#DOJRULWKP
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ASIC Placement by Simulated AnnealingASIC Placement by Simulated Annealing

■ :KDW#\RX#NQRZ#DERXW#OD\RXW
▼ 3UREDEO\#QRW#PXFK/#DW#WKLV#SRLQW111

■ :KDW#\RX#GRQ·W#NQRZ#DERXW#SODFHPHQW111
▼ 3ODFHPHQW=##ZKLFK#JDWHV#JR#ZKHUH#RQ#WKH#FKLS

▼ $QQHDOLQJ=##SRZHUIXO/#JHQHUDO#PHWKRG#RI#LWHUDWLYH#LPSURYHPHQW#IRU
¬¬¬#################FRPELQDWRULDO#RSWLPL]DWLRQ#SUREOHPV#OLNH#WKLV
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ASIC Placement:  ProblemASIC Placement:  Problem

■ :KDW#DUH#ZH#WU\LQJ#WR#GR#ZLWK#SODFHPHQW"
▼ ,QSXW=##D#QHWOLVW#RI#FRQQHFWHG#JDWHV#DQG#QHWV

▼ 2XWSXW=##H[DFW#ORFDWLRQ#RQ#WKH#FKLS#RI#HDFK#JDWH

▼ 2SWLPL]DWLRQ=###PDNH#VXUH#ZH#FDQ#FRQQHFW#DOO#WKH#ZLUHV

■ ,V#WKLV#KDUG"
▼ <HV1##$#EDG#SODFHPHQW#FDQ#UHTXLUH#GUDPDWLFDOO\#PRUH#ZLULQJ1

▼ 0RUH#ZLULQJ#LV#EDG/#VLQFH#LW#FRQVXPHV#VSDFH#ZH#PLJKW#KDYH#XVHG#IRU
PRUH#JDWHV111

▼ 111DQG#ORQJ#ZLUHV#KDYH#PRUH#GHOD\/#VR#DIIHFWV#RYHUDOO#VSHHG#WRR1

▼ ,I#\RXU#SODFHPHQW#LV#YHU\#EDG/#WKH#QH[W#WRRO#LQ#WKH#OD\RXW#IORZ00WKH
URXWHU00PD\#QRW#HYHQ#EH#DEOH#WR#ILQG#SDWKV#IRU#DOO#WKH#ZLUHV1
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ASIC Placement:  IssuesASIC Placement:  Issues

■ /D\RXW#PRGHO
▼ :KDW#GR#ZH#NQRZ#DERXW#JHRPHWULF#VKDSHV#RI#REMHFWV#ZH#DUH#SODFLQJ"

▼ :KDW#FRQVWUDLQWV#GR#ZH#KDYH#RQ#ZKHUH#WKH\#DUH#DOORZHG#WR#JR"

6LPSOHVW#PRGHO=
DOO#REMHFWV#DUH#´SRLQWVµ
SODFHG#LQ#D#VLPSOH#JULG

0RUH#UHDOLVWLF#$6,&#PRGHO=
DOO#REMHFWV#DUH#UHFWDQJOHV#RI
YDU\LQJ#ZLGWK/#VDPH#KHLJKW/

SODFHG#LQ#URZV#ZLWK#YDULDEOH#VHSDUDWLRQ

$Q\#FHOO
FDQ#JR#LQ
DQ\#VORW

(DFK#FHOO
FDQ#JR#
DQZKHUH
LQ#DQ\#URZ

:H#XVH#WKLV#RQH/#MXVW
EHFDXVH#LW#LV#VLPSOHVW#WR#GR111
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Reality Check:  Row-Based LayoutReality Check:  Row-Based Layout

■ 7KH#URZ0EDVHG#REMHFWV#UHDOO\#GR#FRPH#LQ#GLIIHUHQW#ZLGWKV
▼ ´:LGWKµ#\RX#FDQ#WKLQN#RI#DV#´KRZ#PDQ\#,2#SLQV#ZLGHµ

▼ ([DPSOH=#533.#JDWH#,%0#$6,&##>-1#9\JHQ/#'$&<;@

0

5000

10000

15000

20000

25000

30000

1 3 5 7 9 11 13 15 17 19

21
-3

0

51
-1

00

1XPEHU#RI#FHOOV

:LGWK#RI#FHOOV

31
-5

0

10
0-

12
3
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Reality Check:  Row-Based LayoutReality Check:  Row-Based Layout

■ 11DQG/#\RX#GR#VWLOO#KDYH#WR
GHDO#ZLWK#UDQGRP#ORJLF#.
ELJ#EORFNV

▼ %ORFNV#DUH#´PDFURVµ#OLNH
PHPRULHV/#UHJLVWHUV/#HWF

▼ )URP#>9\JHQ#'$7(<;@/
533.#JDWHV#.#EORFNV
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ASIC Placement: IssuesASIC Placement: Issues

■ :LULQJ#RSWLPL]DWLRQ
▼ :KDW#GR#ZH#PHDQ#´PDNH#LW#SRVVLEOH#WR##URXWH#DOO#WKH#ZLUHVµ"

▼ :H#PXVW#WUDQVODWH#WKLV#LQWR#D#FRQFUHWH#JRDO#IRU#WKH#SODFHU1

▼ &ODVVLFDO#JRDO=

■ 1HZ#SUREOHP
▼ +RZ#GR#ZH#HVWLPDWH#WKH
UHTXLUHG#WRWDO#ZLUHOHQJWK
IRU#D#SODFHPHQW"

▼ 7KLV#LV#RXU#HVWLPDWH#RI
RI#WKH#´TXDOLW\µ#RI#DQ\
FDQGLGDWH#SODFHPHQW
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ASIC Placement: Wirelength EstimationASIC Placement: Wirelength Estimation

■ 6RPH#IDFWV
▼ <RX#KDYH#WR#HVWLPDWH#WKH#WRWDO#ZLUHOHQJWK#EHFDXVH##LWV#WRR#H[SHQVLYH#LQ
&38#WLPH#+XVXDOO\,#WR#UHDOO\#FDOO#WKH#URXWLQJ#WRRO#IRU#HDFK#ZLUH

▼ 6R/#WKH#´HVWLPDWRUµ#LV#VXSSRVHG#WR#JLYH#D#UHDVRQDEOH#JXHVV#IRU#WKH
ZLUHOHQJWK/#EXW#EH#UHDOO\#TXLFN#WR#FRPSXWH

■ :LUHOHQJWK#HVWLPDWRUV
▼ 0DQ\#PDQ\#GLIIHUHQW#W\SHV

▼ 'HSHQG#RQ#ZKDW#DVVXPSWLRQV#\RX#FDQ#PDNH#DERXW#KRZ#WKH#ZLUHV#ZLOO
DFWXDOO\#JHW#URXWHG#LQ#WKH#ILQDO#$6,&#OD\RXW

▼ $OVR#GHSHQGV#RQ#KRZ#PXFK#&38#WLPH#\RX#FDQ#DIIRUG

▼ /HW·V#ORRN#DW#D#IHZ#FODVVLFDO#VWUDWHJLHV
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Wirelength EstimationWirelength Estimation

■ (XFOLGHDQ#HVWLPDWLRQ
▼ )RU#D#50SRLQW#QHW/#MXVW#WKH
K\SRWHQXVH#RI#WKH#WULDQJOH1

▼ 3UREOHP=##QRERG\#UHDOO\
DOORZV#ZLUHV#DW#DUELWUDU\
DQJOHV#LQ#PRVW#FKLSV

■ 0DQKDWWDQ#HVWLPDWLRQ
▼ )RU#D#50SRLQW#QHW/#MXVW#WKH
VXP#RI#WKH#OHJV#RI#WULDQJOH

▼ +1DPH#IURP#SW0WR0SW#GLVWDQFH
PHDVXUHG#E\#1<#FDE#GULYHUV,

▼ 3HUIHFWO\#2.#IRU#5#SRLQW#QHWV111

(VWLPDWH#LV=

(VWLPDWH#LV=

[ 3#####4#####5####6####7

\ 8

7

6

5

4

3

[ 3#####4#####5####6####7

\ 8

7

6

5

4

3
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Wirelength EstimationWirelength Estimation

■ :KDW#KDSSHQV#LI#!5
HQGSRLQWV#RQ#WKH#QHWV"

■ 6HYHUDO#RSWLRQV
▼ &DQ#XVH#WKH#VLPSOH#WULFN#RI
SXWWLQJ#D#50SW#FRQQHFWLRQ
EHWZHHQ#DOO#SDLUV#RI#SRLQWV111

▼ 11EXW#WKLV#GUDPDWLFDOO\
RYHUHVWLPDWHV#WKH
QHFHVVDU\#ZLUHOHQJWK

(VWLPDWH#LV=

[ 3#####4#####5####6####7
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Wirelength EstimationWirelength Estimation

■ %HWWHU#LGHD
▼ 7DNH#WKH#VXEVHW#RI#WKRVH
FRQQHFWLRQV#WKDW#KDV
PLQLPXP#RYHUDOO#OHQJWK/#EXW
WRXFKHV#HYHU\#SRLQW

▼ &DOOHG#´PLQLPXP#VSDQQLQJ
WUHHµ#00#2+15,#DOJV#WR#JHW#LW#IRU
1#SRLQWV

■ 3UREOHPV
▼ ,W#VWLOO#RYHUHVWLPDWHV#WKH#ZLUH
QHHGHG/#VLQFH#LW#DVVXPHV#ZLUH
LV#PDGH#RI#RI#GLVFUHWH#SRLQW0WR0
SRLQW#FRQQHFWLRQV

(VWLPDWH#LV=

[ 3#####4#####5####6####7

\ 8

7

6

5

4
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8
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(VWLPDWH#LV=
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Wirelength EstimationWirelength Estimation

■ 2./#KRZ#ZRXOG#D#UHDO
URXWHU#WRRO#GR#LW"

■ $V#D#´6WHLQHU#WUHHµ
▼ 'LIIHUHQFH#LV#WKH#6WHLQHU
WUHH#FDQ#KDYH#FRQQHFWLRQ
SRLQWV#DW#DUELWUDU\#SODFHV/
QRW#MXVW#DW#WKH#VSRWV#ZKHUH
WKHUH#DUH#HQGSRLQWV#RI#QHW

■ 3UREOHP
▼ *HWWLQJ#DQ#RSWLPDO#6WHLQHU
WUHH#LV#13#+DUG/#LH/
H[SRQHQWLDOO\#KDUG#LQ
JHQHUDO#FDVH1

▼ 7KHUH#DUH#JRRG#KHXULVWLFV/
WKRXJK/#EXW#LWV#VWLOO
H[SHQVLYH#WR#GR#ZHOO1

(VWLPDWH#LV=

[ 3#####4#####5####6####7

\ 8

7

6

5

4

3

D#6WHLQHU#SW
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Wirelength EstimationWirelength Estimation

■ 2./#ZKDW#GR#ZH#UHDOO\#XVH"
■ +DOI0SHULPHWHU#PHWULF

▼ 3XW#D#ER[#DURXQG#DOO#WKH#SLQV

▼ 7DNH#425#RI#SHULPHWHU/#ZKLFK
LV#MXVW#OHQJWK#.#ZLGWK#RI#ER[

▼ 7KLV#LV#D#JXDUDQWHHG#ORZHU
ERXQG#RQ#WKH#DPRXQW#RI
ZLUH#\RX#QHHG

▼ +:K\",

▼ 7KLV#LV#UHDOO\#HDV\#WR#FRPSXWH/
ZLGHO\#XVHG1

▼ 1RWH/#IRU#50SRLQW#QHWV#WKLV#,6#WKH
0DQKDWWDQ#HVWLPDWH$

(VWLPDWH#LV=

[ 3#####4#####5####6####7

\ 8

7

6
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4
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Reality Check: Wirelength EstimationReality Check: Wirelength Estimation

■ +DOI0SHULPHWHU#PHWULF
▼ 5HDO#GLVWULEXWLRQ#RI#ERXQGLQJ0ER[#VL]HV#IRU#ELJ#,%0#$6,&#>9\JHQ#'$7(<;@

▼ 4719PP5/#4;4.#QHWV/#WRWDO#ZLUHOHQJWK=#439167#PHWHUV
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Back to ASIC PlacementBack to ASIC Placement

■ :KHUH#DUH#ZH"
▼ ,I#\RX#KDYH#D#SODFHPHQW#+HDFK#JDWH#ORFDWHG#LQ#D#FHOO#RQ#JULG,/#ZH#FDQ#XVH

WKLV#PHWULF#WR#FRPSXWH#ΣΣΣΣQHWV#+HVWLPDWHG#ZLUHOHQJWK,

▼ &DQ#QRZ#WHOO#LI#WKLV#SODFHPHQW#LV#JRRG#+ΣΣΣΣQHWV# #VPDOO,#RU#EDG##+ΣΣΣΣQHWV# #ELJ,

■ 1RZ#ZKDW"
▼ +RZ#GR#ZH#DFWXDOO\#JHQHUDWH#JRRG#SODFHPHQWV"

▼ %DVLF#LGHD=##LWHUDWLYH#LPSURYHPHQW

▼ 6WDUW#ZLWK#D#UDQGRP#SODFHPHQW

▼ 3HUWXUE#LW#+H[DPSOH=#VZDS#5#JDWH·V#FHOO#ORFDWLRQV#LQ#JULG,

▼ (YDOXDWH#LPSURYHPHQW# #∆∆∆∆ZLUHOHQJWK

■ 4XHVWLRQV
▼ +RZ#GR#ZH#NQRZ#ZKDW#WR#SHUWXUE/#KRZ#PXFK/#ZKHQ#WR#TXLW/#HWF"
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Placement StrategiesPlacement Strategies

■ 4<:3V
▼ ´2SWLPDOµ#SHUWXUEDWLRQ
VFKHPHV#WU\#WR#UHORFDWH
JDWHV#WKHLU#´EHVWµ#QHZ#ORFDWLRQV

▼ /RWV#RI#YDULDQWV

■ 4<;3V
▼ &RQWUROOHG#UDQGRP#VHDUFK
WHFKQLTXHV#JLYH#XV#KLOO0FOLPELQJ/
PRUH#UREXVW#VHDUFK

▼ 0RVW#IDPRXV=#VLPXODWHG#DQQHDOLQJ

▼ 9DVWO\#EHWWHU#WKDQ#SULRU#PHWKRGV/
EXW#PRUH#&38#WLPH

([DPSOH=#WUHDW#RWKHU
#ZLUHV#DV#VSULQJV/
GHFLGH#ZKHUH#WKH\
´SXOOµ#FHQWHU#JDWH#WR
´ZDQWµ#WR#VHWWOH

[ 3#####4#####5####6####7

\ 8
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Placement StrategiesPlacement Strategies

■ 4<<3V
▼ 0DWKHPDWLFDO#SURJUDPPLQJ

▼ 3UHWHQG#HDFK#ZLUH#LV#5#SRLQWV
DJDLQ/#EXW#WKDW#LW·V#OLNH#D#VSULQJ

▼ 3ODFH#WR#PLQLPL]H#WKH#OHQJWK#RI
HDFK#VSULQJ/#ZKLFK#LV#a#/HQJWK5

▼ 7XUQV#RXW#FDQ#GR#WKLV#ZLWK#OLQHDU
DOJHEUD/#JHW#D#ELJ#VSDUVH#PDWUL[
$[# E#WR#VROYH

▼ 6HYHUDO#SUREOHPV#GRZQVWUHDP
QRZ00WHFKQLTXH#GRHV#QRW
UHVSHFW#JULG#ORFDWLRQV#RU#FHOO
VL]HV#+WKH\#DOO#JHW#WUHDWHG#OLNH
GLPHQVLRQOHVV#SWV,

▼ %XW=##IDVW/#YHU\#JRRG#ZLUHOHQJWK/
ZRUNV#RQ#HQRUPRXV#VWXII1

1RZ/#LQVWHDG
RI#SHUWXUELQJ
4#JDWH#DW#D#WLPH/
ZH#VROYH#IRU#DOO
JDWH#ORFDWLRQV
LQ#4#ELJ#VROYH

[ 3#####4#####5####6####7

\ 8

7

6
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4

3
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Placement StrategiesPlacement Strategies

■ :KDW·V#ZURQJ#ZLWK#WKH#:3V#´RSWLPDOµ#VWUDWHJLHV"
▼ 7KH\#SLFN#´JRRGµ#SHUWXUEDWLRQV#WKDW#PRVW#LPSURYH#ZLUHOHQJWK111

▼ 111DQG#FRQWLQXH#XQWLO#WKH\#FDQ·W#PDNH#DQ\#PRUH#SURJUHVV

▼ 3UREOHP=##ORFDO#PLQLPD#LQ#WKH#FRVW#VXUIDFH#IRU#WKH#SODFHPHQW#WDVN

ΣΣΣΣnets wirelen

quality metric
for each
possible

layout

Local
Minimum

Global
Minimum

/D\RXW#FRQILJXUDWLRQV
+LQGHSHQGHQW#YDULDEOHV
#WKDW#GHILQH#HDFK#OD\RXW>
ZH#MXVW#VKRZ#5#KHUH,
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Solution Technique:  Simulated AnnealingSolution Technique:  Simulated Annealing

■ /HW·V#JR#ZDDD\#RII#WR#WKH#VLGH#KHUH#DQG#GHYHORS#DQ#LGHD
▼ +RZ#IDU#RII#WR#WKH#VLGH"##/HW·V#JR#ORRN#DW#VRPH#VWDWLVWLFDO#PHFKDQLFV
IURP#RXU#IULHQGV#LQ#FRPSXWDWLRQDO#SK\VLFV

▼ ,GHD#RULJLQDOO\#GHYHORSHG#E\#6FRWW#.LUNSDWULFN#HW#DO/#SK\VLFLVW#IURP#,%0

■ 6XSSRVH#\RX#ZDQW#WR#PDNH#D#SHUIHFW#FU\VWDO
▼ 7R#GR#LW=##FRHUFH#WKH#DWRPV#WR#RFFXS\#WKHLU#ORZHVW#HQHUJ\#FRQILJXUDWLRQ

o o o o o o o o
o o    o o o o o
o o    o o o o o
o o o   o o o o
o o o o o    o o
o o o o o    o o
o o o o o    o o

o o o o o o o o
o o o o o o o o
o o o o o o o o
o o o o o o o o
o o o o o o o o
o o o o o o o o
o o o o o o o o

o

o
o

o

Imperfect order, 
has HIGHER energy

Perfect order, 
has MINIMUM energy
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Simulated AnnealingSimulated Annealing

■ +RZ#GR#\RX#GR#WKLV#SK\VLFDOO\"
▼ <RX#´DQQHDOµ#WKH#PDWHULDO

▼ *HW#LW#YHU\#KRW=##JLYHV#DWRPV#HQHUJ\#WR#PRYH#DURXQG

▼ &RRO#LW#YHU\#VORZO\=##JHQWO\#UHVWULFW#UDQJH#RI#PRWLRQ#WLOO#HYHU\WKLQJ
IUHH]HV#LQWR#+\RX#KRSH,#D#ORZ#HQHUJ\#FRQILJXUDWLRQ

Temp = HOT

Low

High

Hot Temp = COLD

Low
Cold

:KHQ#LW·V#KRW111 :KHQ#LW·V#FROG111
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Simulated AnnealingSimulated Annealing

■ 1RZ#ZKDW"
▼ 7KDW#ZDV#D#UHDO#SK\VLFDO#V\VWHP=#UHDO#DWRPV/#HQHUJ\/#KHDW/#HWF1

▼ 7KLQN#DERXW#DWWDFNLQJ#WKLV#SUREOHP#FRPSXWDWLRQDOO\

▼ +RZ#GR#\RX#FRPSXWH#WKLV#ORZ#HQHUJ\#VWDWH/#IURP#ILUVW#SULQFLSOHV1

■ %DFN#XS#D#ELW111
▼ 6XSSRVH#WKH#WHPSHUDWXUH#LV#FRQVWDQW

▼ +RZ#GR#\RX#VLPXODWH#ZKDW#WKHVH#DWRPV#DUH#GRLQJ#DV#WKH\#KRS#DURXQG"
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Annealing: BasicsAnnealing: Basics

■ 3KUDVH#WKLV#TXHVWLRQ#PRUH#H[DFWO\
▼ +RZ#GR#\RX#FRPSXWH#WKH#ORZ0HQHUJ\#FRQILJXUDWLRQV#RI#D#SK\VLFDO#V\VWHP
LQ#WKHUPDO#HTXLOLEULXP#+LH/#DW#D#FRQVWDQW#WHPSHUDWXUH,"

■ $QVZHU
▼ 0HWURSROLV#DOJRULWKP

Start with the system in a known configuration, at known energy E

Perturb system slightly (eg, move an atom to new location)

Compute ∆∆∆∆E    , , , , change in energy due to this perturbation

if ( ∆∆∆∆E < 0 )

then

else   {

go back to start
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Aside:  Metropolis CriterionAside:  Metropolis Criterion

■ 7KDW#LI0WKHQ#LQ#DOJRULWKP#LV#´WKH#0HWURSROLV#FULWHULRQµ
▼ $IWHU#\RX#SHUWXUE#DQ#DWRP#DQG#FRPSXWH#∆∆∆∆HQHUJ\/#LW#WHOOV#\RX#LI#\RX#NHHS
WKLV#QHZ#SHUWXUEDWLRQ#DV#QHZ#FRQILJXUDWLRQ#RU#WKURZ#LW#DZD\

▼ ,I#WKH#HQHUJ\#JRHV#GRZQ/#∆∆∆∆(?3/#WKLV#LV#D#´EHWWHUµ#VWDWH=#NHHS#LW
▼ ,I#HQHUJ\#JRHV#XS/#∆∆∆∆(#!3/#WKLV#LV#D#´ZRUVH#VWDWHµ=##PD\EH#NHHS#LW/#GHSHQGV
RQ#WHPSHUDWXUH

Temp = T, ∆∆∆∆E > 0

T

&RPSXWH#H#
0∆∆∆∆(2.7

 #D#QXPEHU#LQ#>3/4@

 #3UREDELOLW\#WKDW
###\RX#ZLOO#DFFHSW#
###WKLV#SHUWXUEDWLRQ

*HQHUDWH#U#
D#UDQGRP#QXPEHU
LQ#>3/#4@

&RPSDUH#U#DQG#H#
0∆∆∆∆(2.7

LI#+U#LV#VPDOOHU,
NHHS#WKLV#SHUWXUE
HOVH#UHMHFW#LW
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Aside:  Metropolis CriterionAside:  Metropolis Criterion

■ ([DPSOH
▼ 6XSSRVH#∆∆∆∆( > 0 > 0 > 0 > 0
▼ Suppose S# #H#0#∆∆∆∆(    2#.7## #31;

▼ 6XSSRVH#\RX#JHQHUDWHG#U# #XQLIRUP#UDQGRP#QXPEHU#LQ#>3/4@# #316

■ :KDW#LV#UHDOO\#JRLQJ#RQ"

■ :KDW#LV#WKH#SUREDELOLW\#WKDW##3#?#U#?#31;"

0 1
p=0.8

r=0.3
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Simulated AnnealingSimulated Annealing

■ 4XHVWLRQ
▼ 0HWURSROLV#DOJRULWKP#LWHUDWLYHO\#YLVLWV#FRQILJXUDWLRQV#ZLWK#´UHDVRQDEO\
SUREDEOHµ#HQHUJLHV#DW#WKH#JLYHQ#IL[HG#WHPSHUDWXUH

▼ :KDW#LI#,#ZDQW#WR#ILQG#D#PLQLPXP#HQHUJ\#VWDWH/#QRZ#ZKDW#GR#,#GR"

■ $QVZHU
▼ 6LPXODWHG#DQQHDOLQJ

▼ $GG#RXWHU#ORRS#WKDW#VWDUWV#ZLWK#D#KLJK#WHPSHUDWXUH/#DQG#VORZO\#FRROV#LW

▼ 'R#HQRXJK#SHUWXUEDWLRQV#DW#HDFK#WHPSHUDWXUH#LQ#WKH#VHTXHQFH#RI#FRROLQJ
VWHSV#WR#JHW#WR#WKHUPDO#HTXLOLEULXP#+LH/#GR#WKH#0HWURSROLV#SURFHGXUH,

▼ 'R#HQRXJK#WHPSHUDWXUHV#VR#WKDW#WKH#SUREOHP#DFWXDOO\#IUHH]HV#LQWR#D#ORZ
HQHUJ\#VWDWH/#DQG#IXUWKHU##FRROLQJ#GRHV#QRW#IXUWKHU#ORZHU#HQHUJ\
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Simulated AnnealingSimulated Annealing
Start with the system in a known configuration, at known energy E

T = temperature = hot;    frozen = false;

while ( ! frozen ) {

         repeat {

               Perturb system slightly (eg, move a particle)

               Compute ∆∆∆∆E ,  ,  ,  , change in energy due to perturbation

               if ( ∆∆∆∆E < 0 )

               then   accept this perturbation,  this is the new system config

               else   accept maybe, with probability = e -∆∆∆∆E/T

          } until (the system is in thermal equilibrium at this T)

        If (E still decreasing over the last few temperatures)

        then T = 0.9 T   /* cool the temperature; do more perturbations*/

        else  frozen = true

}

return (final configuration as low-energy solution)
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Toy ExampleToy Example

■ 3UHWW\#HDV\#WR#FRGH#D#OLWWOH#H[DPSOH
▼ 3UREOHP=##5'#ODWWLFH#RI#DWRPV/#HDFK#LQ#RQH#RI#5#VWDWHV=#.#4#0

▼ (QHUJ\#RI#WKH#V\VWHP=

▼ 2QO\#LQ#WKH#ERQGV#EHWZHHQ#QHLJKERU#DWRPV

▼ &RQWULEXWLRQ#LV#.4#LI#DWRP#VWDWHV#GLIIHUHQW/#HOVH#3

▼ 7R#DQQHDO=

▼ 0RYHV#DUH#MXVW=##SLFN#DQ#DWRP/#IOLS#WKH#VWDWH/#FRPSXWH#∆∆∆∆(

. 0 0 . 0

. 0 0 0 0

0 0 . . 0

. . 0 . 0

. . 0 0 0

0 0 0

. . 0

0 . 0

6XSSRVH#ZH#IOLS#FHQWHU#DWRP

2OG#FRQWULEXWLRQ#WR#HQHUJ\=

1HZ#FRQWULEXWLRQ#WR#HQHUJ\=

∆∆∆∆(#LV=

0 0 0

. 0 0

0 . 0
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Annealing Pseudo-CodeAnnealing Pseudo-Code

3VHXGR0FRGH

7# #433

/RRS=#IRU#+#L# #4#WR#43#-#QXPEHU#RI#DWRPV#,#^

SLFN#D#UDQGRP#DWRP/#IOLS#LW/#FRPSXWH#∆∆∆∆(
DFFHSW# #PHWURSROLV+∆∆∆∆(/#7,

`

LI##+WRWDO#FRVW#LV#VWLOO#LPSURYLQJ/#LH/#FKDQJHG#!#4(#RYHU#ODVW#6#WHPSV,

7# #31<#-#7

#######JRWR#/RRS>

HOVH#TXLW
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Toy Annealer:  ResultsToy Annealer:  Results

■ 43[43#ODWWLFH/#4333#PRYHV#SHU#WHPSHUDWXUH
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)LQDO#FRVW#+HQG#RI#PRYHV###HDFK#7,

7HPSHUDWXUH#
RQ#ORJ#VFDOH
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7HPSHUDWXUH#
RQ#ORJ#VFDOH

DQQHDOLQJ

$FFHSW#UDWH#+IUDFWLRQ#DFFHSWHG###HDFK#7,
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Toy Annealer: ResultsToy Annealer: Results

■ 433[433#ODWWLFH/#583/333#PRYHV#SHU#WHPSHUDWXUH
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)LQDO#FRVW
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DOO#.
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What Has This To Do With VLSI CAD?What Has This To Do With VLSI CAD?

■ &RPELQDWRULDO#RSWLPL]DWLRQ#SUREOHPV#DUH#OLNH#WKHVH#SK\VLFDO
V\VWHPV#EHLQJ#FRHUFHG#LQWR#ORZ0(#VWDWHV

Physical System Mathematical System

System with atoms Optimization problem with many
in various states variables  (x1, x2, x3, ..., xn)

Energy Cost metric

∆∆∆∆E perturbation Iterative improvement step, ∆∆∆∆cost perturb

Lowest energy “groundstate” Optimum solution

Temperature Hill climbing control parameter

Quenching Greedy, down-hill only optimization

Annealing Simulated Annealing



Page 28

© R. Rutenbar, CMU 18-760, Spring 1999   55

Annealing Algorithm:  Essential PiecesAnnealing Algorithm:  Essential Pieces

■ :KDW#DUH#WKH#FRPSRQHQWV#RI#DQ\#DQQHDOLQJ#VROXWLRQV#WR#D
FRPELQDWRULDO#SUREOHP"

■ 6WDWH#UHSUHVHQWDWLRQ
▼ ([DFWO\#ZKDW#DUH#WKH#FRQILJXUDWLRQV#RI#VROXWLRQV#WR#\RXU#SUREOHP#WKDW
\RX#ZLOO#YLVLW#DV#\RX#LWHUDWLYHO\#SHUWXUE#WKLQJV"

■ &RVW#IXQFWLRQ
▼ +RZ#ZLOO#\RX#PHDVXUH#KRZ#JRRG#HDFK#YLVLWHG#FRQILJXUDWLRQ#LV#GXULQJ
LWHUDWLYH#SHUWXUEDWLRQV"

▼ 7KLV#SOD\V#WKH#UROH#RI#´HQHUJ\µ#LQ#VLPXODWHG#DQQHDOLQJ
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Annealing Algorithm:  Essential PiecesAnnealing Algorithm:  Essential Pieces

■ 0RYH#VHW
▼ ,Q#DQQHDOLQJ0VSHDN/#SHUWXUEDWLRQV#DUH#DOZD\V#FDOOHG#´PRYHVµ

▼ 7KH#PRYH#VHW#LV#WKH#VHW#RI#´W\SHVµ#RI#SHUWXUEDWLRQV#WKDW#\RX#ZLWK#GR#WR
HYROYH#IURP#RQH#VROXWLRQ#FRQILJXUDWLRQ#WR#WKH#QH[W

▼ ([DPSOHV=

▼ 0RYH#WKDW#DWRP#IURP#+[/\/],#WR#+[·/\·/]·,

▼ 5RWDWH#WKDW#EORFN#LQ#WKH#IORRUSODQ#IRU#WKH#FKLS

▼ 6ZDS#WKH#SRVLWLRQ#RI#WKRVH#5#JDWHV#LQ#WKH#SODFHPHQW

old
configuration

new
configuration

1 move
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Annealing: Essential PiecesAnnealing: Essential Pieces
■ &RROLQJ#6FKHGXOH

▼ 6WDUWLQJ#WHPSHUDWXUH

▼ +RZ#KRW#LV#QRW#HQRXJK#DW#WKH#VWDUW#RI#DQQHDOLQJ"

▼ 8VXDOO\#ZDQW#LW#KRW#HQRXJK#WKDW#DQ\#PRYH#\RX#WU\#LV#DFFHSWHG

▼ :KHQ#LW·V#KRW/#\RX#EDVLFDOO\#UDQGRPL]H#WKH#VROXWLRQ

▼ (TXLOLEULXP#FULWHULRQ

▼ +RZ#GR#\RX#NQRZ#\RX#KDYH#GRQH#HQRXJK#PRYHV#DW#WKH#FXUUHQW
WHPSHUDWXUH#WR#VWRS/#DQG#H[LW#WR#VHH#LI#\RX#VKRXOG#FRRO#7"

▼ 8VXDOO\#MXVW#GR#D#ORW#RI#PRYHV#DW#HDFK#WHPSHUDWXUH#+a433-REMHFWV,

▼ &RROLQJ#UDWH

▼ +RZ#IDVW#WR#FRRO"###7QHZ# #31<�7ROG##"##7QHZ# #31;#�#7ROG#"

▼ 6ORZHU#FRROLQJ#+31<,#JLYHV#EHWWHU#DQVZHUV/#EXW#WDNHV#ORQJHU

▼ )UR]HQ#FULWHULRQ

▼ :KHQ#LV#RYHUDOO#VROXWLRQ#DV#JRRG#DV#LW#ZLOO#JHW/#VR#LW·V#WLPH#WR#TXLW"

▼ 8VXDOO\#ZDLW#D#IHZ#WHPSV#DQG#VHH#LI#FRVW#VWRSV#FKDQJLQJ#PXFK
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Simple Combinatorial Optimization ExampleSimple Combinatorial Optimization Example

■ 7UDYHOOLQJ#6DOHVPDQ#3UREOHP
▼ 9LVLW#D#VHW#RI#FLWLHV#LQ#RUGHU/#RQH#YLVLW#SHU#FLW\/#ILUVW#FLW\# #ODVW#FLW\

▼ 0LQLPL]H#WRWDO#OHQJWK#RI#WUDYHO

■ 7R#DQQHDO
▼ 6WDWH# #OLVW#RI#FLWLHV#LQ
RUGHU/#FDOOHG#D#WRXU

▼ ([=##+'HWURLW/#3DULV/
/LVERQ/#/RQGRQ/#'HWURLW,

▼ 0RYH# #VZDS#5#FLWLHV#LQ#WRXU

▼ ([=##+'HWURLW/#/RQGRQ/
/LVERQ/#3DULV/#'HWURLW,

▼ &RVW# #VXP#RI#OHQJWKV#RI#WUDYHO/
FLW\#WR#FLW\/#RQ#WRXU

▼ &RROLQJ#VWXII#00#\RX#NQRZ

>.LUNSDWULFN/#6FLHQFH#4<;6@
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OK, How to Do ASIC Placement?OK, How to Do ASIC Placement?

■ 6XUSULVLQJO\#HDV\#WR#GR#D#´VLPSOHµ#SODFHU
■ 6WDWH

▼ -XVW#WKH#+[/\,#ORFDWLRQ#RI#HDFK#SODFHDEOH#REMHFW#LQ#RXU#JULG

■ &RVW
▼ -XVW#WRWDO#HVWLPDWHG#KDOI0SHULPHWHU#ZLUHOHQJWK

■ 0RYHV
▼ (DVLHVW#LV#SLFN#WR#5#UDQGRP#JDWHV#DQG#VZDS#WKHLU#ORFDWLRQV#RQ#WKH#JULG

■ &RROLQJ
▼ 7#LQLW# #KRW>##7QHZ# #31<-7ROG>##GR#D#ORW#RI#PRYHV#DW#HDFK#WHPSHUDWXUH
WR#HQVXUH#\RX#DUH#LQ#HTXLOLEULXP#+HJ/#433-QXPEHU#RI#JDWHV#PRYHV2WHPS,

▼ 4XLW#ZKHQ#WKH#FRVW#FXUYH#YHUVXV#WHPSHUDWXUH#LV#IODW#HQRXJK
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Example:  [Kirkpatrick, Science 1983]Example:  [Kirkpatrick, Science 1983]

■ $FWXDOO\#SODFLQJ#FKLSV#RQ#D#SDFNDJH/#EXW#VDPH#LGHD



Page 31

© R. Rutenbar, CMU 18-760, Spring 1999   61

OptimizationsOptimizations

■ ,QFUHPHQWDO#FRVW#FDOFXODWLRQ
▼ <RX#FDQQRW#DIIRUG#WR#JR#UHFRPSXWH#WKH#FRVW#RI#HDFK#QHW#LQ#WKH#HQWLUH
SODFHPHQW#DIWHU#\RX#GR#RQH#PHDVO\#OLWWOH#VZDS

▼ )RU#RQH#WKLQJ/#LW·V#VWXSLG=#PRVW#OHQJWKV#GLGQ·W#FKDQJH$

▼ <RX#KDYH#GR#WKLV#LQFUHPHQWDOO\00MXVW#ORRN#DW#WKH#ZLUHV#WKDW#FRXOG#FKDQJH

[ 3#####4#####5####6####7

\ 8

7

6

5

4

3

∆∆∆∆ZLUHOHQ# #

[ 3#####4#####5####6####7

\ 8

7

6

5

4

3
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OptimizationsOptimizations

■ 5DQJH#OLPLWLQJ
▼ <RX#GRQ·W#JHW#DQ\#UHZDUGV#IRU#SURSRVLQJ#PRYHV#WKDW#KDYH#D#YHU\#KLJK
SUREDELOLW\#RI#EHLQJ#UHMHFWHG#00#UHMHFWHG#PRYHV#GRQ·W#DGYDQFH#VROXWLRQ

▼ 6RPHWLPHV#\RX#FDQ#WHOO#LQ#DGYDQFH#ZKLFK#DUH#PRUH#OLNHO\#WR#VXFFHHG

▼ 5DQJH# #DPRXQW#E\#ZKLFK#WKH#FRVW#LV#OLNHO\#WR#FKDQJH#LI#\RX#GR#WKLV#PRYH

▼ 7# #+27/##PRYHV#ZLWK#ODUJH#UDQJH#DUH#2.>##7 &2/'/#QRW

+27 :$50 &2/'
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Why Does Annealing Work?Why Does Annealing Work?

■ +HOSIXO#PHQWDO#PRGHO#&4=###%DOOV#)#+LOOV
▼ /RRN#DW#D#VLPSOH#UHSUHVHQWDWLRQ#RI#D#FRPELQDWRULDO#RSWLPL]DWLRQ#WDVN

▼ &DQ#PRGHO#DV#D#FRVW#VXUIDFH###+DOVR#FDOOHG#D#´ODQGVFDSHµ#RU#´VSDFHµ,

▼ 7KH#FRQILJXUDWLRQ#ZH#DUH#YLVLWLQJ#QRZ#LV#WKH#´EDOOµ#RQ#WKH#´KLOOµ

Cost

All possible configurations of system
that is being optimized.   

Note we only draw for 1 variable

you
are here...
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Balls & HillsBalls & Hills

■ &RQVLGHU#FODVVLFDO#´JUHHG\µ#LWHUDWLYH#LPSURYHPHQW
▼ 2QO\#WDNH#PRYHV#WKDW#LPSURYH#WKH#FRVW

▼ 3K\VLFDO#DQDORJ\=###OLNH#D#TXHQFK/#FRROLQJ#WRR#IDVW/#\RX#JHW#ORXV\#FU\VWDO

▼ &DQ#JHW#HDVLO\#WUDSSHG#LQ#ORFDO#PLQLPD

Cost

All possible configurations of system
that is being optimized.   

Note we only draw for 1 variable

yes
NO,

never!



Page 33

© R. Rutenbar, CMU 18-760, Spring 1999   65

Balls & HillsBalls & Hills

■ 6LPXODWHG#DQQHDOLQJ#DOORZV#SUREDELOLVWLF#KLOO#FOLPELQJ
▼ 6XSSRVH#WHPSHUDWXUH#7# #+27/#UHPHPEHU#3U>DFFHSW@# #H#0∆ ∆ ∆ ∆ &27

Cost

All possible configurations of system
that is being optimized.   

Note we only draw for 1 variable

Maybe
Probably Definitely

Yes,
always

© R. Rutenbar, CMU 18-760, Spring 1999   66

Balls & HillsBalls & Hills

■ 6LPXODWHG#DQQHDOLQJ#DOORZV#SUREDELOLVWLF#KLOO#FOLPELQJ
▼ 6XSSRVH#WHPSHUDWXUH#7# #&2/'/#UHPHPEHU#3U>DFFHSW@# #H#0∆ ∆ ∆ ∆ &27

▼ $V#WHPSHUDWXUH#FRROV/#IHZHU#XSKLOO#PRYHV#DFFHSWDEOH

Cost

All possible configurations of system
that is being optimized.   

Note we only draw for 1 variable

No way
Probably NOT Maybe

Yes,
always
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Balls & Hills:  Some NumbersBalls & Hills:  Some Numbers

Cost

All possible configurations of system

Maybe
Probably Definitely

1000

100

1

Uphill Probability we will accept this move
∆∆∆∆C Hot T=1000 Warm T=100 Cold T=1

1 0.999 0.99 0.37

100 0.900 0.37 ~0

1000 0.37 0.00004 ~0
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Why Does Annealing Work?Why Does Annealing Work?

■ +HOSIXO#PHQWDO#PRGHO#&5=##/DQGVFDSH#IODWWHQLQJ
▼ 7KH#DQQHDOLQJ#WHPSHUDWXUH#LGHD#VPRRWKV#RXW#WKH#EXPSV#RQ#WKH#FRVW
VXUIDFH/#PDNLQJ#PRUH#RI#WKH#VXUIDFH#UHDFKDEOH

▼ $V#WKH#WHPSHUDWXUH#FRROV/#WKH#EXPSV#´UHDSSHDUµ#DQG#IRUFH#VHDUFK
SURFHVV#WR#D#JRRG#ORFDO#PLQLPXP

▼ ,Q#FRQWUDVW/#GRZQKLOO0RQO\#VW\OH#DOJRULWKPV#JHW#VWXFN#DW#WKH#YHU\#ILUVW
ORFDO#PLQLPXP/#LH/#WKH\#FDQQRW#JHW#RYHU#HYHQ#WKH#ILUVW#XSKLOO#EXPS#WKH\
HQFRXQWHU

▼ ,GHD#LV#VRPHWLPHV#UHIHUUHG#WR#DV#´DGDSWLYH#VPRRWKLQJµ#RI#WKH#FRVW
VXUIDFH
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Landscape FlatteningLandscape Flattening

■ &RQVLGHU#WKLV#EXPS\#FRVW#VXUIDFH#+EDOO#)#KLOOV,

■ 4XHVWLRQ
▼ $V#D#IXQFWLRQ#RI#WHPSHUDWXUH/#KRZ#PXFK#RI#WKLV#FRVW#VXUIDFH#LV#UHDFKDEOH
LI#ZH#VWDUW#IURP#ZKHUH#WKH#EDOO#LV#LQ#WKLV#ILJXUH"

▼ 5HPHPEHU=##7 #KRW##### !#ELJ#XSKLOO#MXPSV
######################7# #FROG## !#VPDOO#RU#QR#XSKLOO#PRYHV

Cost

Configurations
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Landscape FlatteningLandscape Flattening

■ 4XHVWLRQ

■ 7# #+27

Cost

Configurations

?????

Cost

Configurations

Entire cost surface reachable here,
no hill is an obstacle
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Landscape FlatteningLandscape Flattening

■ 7# #:$50

■ 7# #&2/'

Cost

Unreachable here,
this  hill is too high at
this lower temperature

Unreachable here,
this  hill is too high at

this yet lower temperature
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Landscape FlatteningLandscape Flattening

■ 7# #)52=(1

■ ,GHD
▼ 7HPSHUDWXUH#7#´KLGHVµ#WKH#REVWDFOHV#ZKHQ#KRW

▼ &RROLQJ#UHVWULFWV#XV#WR#VPDOOHU#DQG#VPDOOHU#´UHDVRQDEOHµ#DUHDV

Unreachable here,
this  tiny hill is too high at
this very cold temperature
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Annealing DynamicsAnnealing Dynamics

■ 4XHVWLRQ
▼ :KHQ#P\#DQQHDOHU#LV#UXQQLQJ/#ZKDW#GR#,#DFWXDOO\#VHH#KDSSHQLQJ#DW#HDFK
WHPSHUDWXUH/#DQG#DFURVV#VHTXHQFHV#RI#GHFUHDVLQJ#WHPSHUDWXUHV"

■ $QVZHU
▼ $W#HDFK#WHPSHUDWXUH/#\RX#YLVLW#VROXWLRQ#FRQILJXUDWLRQV#LQ#\RXU
´QHLJKERUKRRGµ#RI#WKH#FRVW#VXUIDFH

▼ 7KRVH#VROXWLRQ#FRQILJXUDWLRQV#ZLOO#DOO#KDYH#GLIIHUHQW#FRVWV

▼ <RX#ZLOO#VHH#D#´GLVWULEXWLRQµ#RI#FRVWV#DW#DQ\#IL[HG#7

▼ :KDW#GRHV#WKDW#GLVWULEXWLRQ#ORRN#OLNH"
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Annealing DynamicsAnnealing Dynamics

■ 'LVWULEXWLRQ#RI#FRQILJXUDWLRQV#DW#WHPSHUDWXUH
▼ &DQ#PDNH#D#KLVWRJUDP/#ZLWK#UDQJHV#IRU#FRVW#RI#VROXWLRQV#VHHQ

▼ 9HUWLFDO#D[LV#FRXQWV#KRZ#PDQ\#FRQILJXUDWLRQV#YLVLWHG#WKDW#IDOO#LQWR#HDFK
FRVW#´EXFNHWµ

▼ *HW#D#EHOO0VKDSHG#GLVWULEXWLRQ

Count =
# observed

configs
within

cost range

Cost ranges for
visited configurations
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Annealing DynamicsAnnealing Dynamics

■ 7\SLFDOO\111
▼ <RX#YLVLW#VRPH#UHDOO\#JRRG#+ORZ#FRVW#VROXWLRQV,/#EXW#WHPSHUDWXUH#LV#KLJK
HQRXJK#\RX#NHHS#MXPSLQJ#RXW

▼ <RX#YLVLW#VRPH#UHDOO\#ORXV\#FRQILJXUDWLRQV#+XSKLOO,#EXW#NHHS#IDOOLQJ#EDFN
WR#WKH#´PLGGOHµ

Count =
# observed

configs
within

cost range

Cost ranges for
visited configurations

mean cost

+1σσσσ-1σσσσ
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Annealing DynamicsAnnealing Dynamics

■ :KDW#KDSSHQV#WR#GLVWULEXWLRQ#DV#FRROLQJ#SURFHHGV"
▼ +LVWRJUDPV#JHW#QDUURZHU=##XQZLOOLQJ#WR#YLVLW#VR#PDQ\#EDG#FRQILJV#LQ#WKH
QHLJKERUKRRG/#DQG#WKHUH#DUH#IHZHU#´EHWWHUµ#FRQILJV#DURXQG

▼ +LVWRJUDPV#JHW#WDOOHU=##PRUH#RI#WKH#VROXWLRQV#\RX#ILQG#DUH#QHDU#WKH
PHDQ/#WHPS#LV#WRR#ORZ#WR#MXPS#XSKLOO#WR#UHDOO\#ZRUVH#RQHV/#DQG#DJDLQ
WKHUH#DUH#IHZHU#EHWWHU#RQHV#DURXQG#WR#IDOO#GRZQ#LQWR

Count =
# observed

configs
within

cost range
T = hotter,

mean is higher
spread is wider

T = colder,
mean is lower

spread is narrower

Cost ranges of visited configs

cooling
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Toy Example:  How Cost Distribution EvolvesToy Example:  How Cost Distribution Evolves

■ 43[43#ODWWLFH#H[DPSOH
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Some Annealing FactsSome Annealing Facts

■ 'RHV#DQQHDOLQJ#DOZD\V#JHW#JOREDO#PLQLPXP"
▼ 1R1##,W·V#MXVW#JRRG#DW#DYRLGLQJ#PDQ\#ORFDO#PLQLPD

■ ,V#DQQHDOLQJ#DOZD\V#VORZ"
▼ :HOO/#\RX#GR#KDYH#WR#YLVLW#D#ORW#RI#FDQGLGDWH#VROXWLRQV111

▼ 111EXW#LW·V#FRPSHWLWLYH#LQ#D#ORW#RI#VLWXDWLRQV

▼ *RRG#IRU#$6,&#FHOO#SODFHPHQW#+XSWR#DERXW#433N#JDWHV#RU#VR,1

*UHDW#DQVZHUV/#2.#WLPHV1

■ 'RHV#LW#ZRUN#IRU#DQ\#FRPELQDWRULDO#SUREOHP"
▼ 1R/#RU#DW#OHDVW/#QRW#LGHDOO\

▼ *RRG#IRU#WKLQJV#ZLWK#PHVV\/#PXWXDOO\#LQWHUDFWLQJ#FRQVWUDLQWV/#QDVW\#FRVW

IXQFWLRQV/#HWF1###,Q#RWKHU#ZRUGV/#HQJLQHHULQJ#SUREOHPV
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Some More Annealing FactsSome More Annealing Facts

■ 5HSHDWDELOLW\#RI#UHVXOWV
▼ ,I#,#UXQ#DQ#DQQHDOHU#RQ#WKH#VDPH#SUREOHP#43#WLPHV/#XVLQJ#43#GLIIHUHQW
UDQGRP#QXPEHU#VHTXHQFHV#IRU#WKH#PRYHV/#ZKDW#ZLOO#,#JHW"

▼ 43#GLIIHUHQW#VROXWLRQV1#####++H\/#LW·V#UDQGRP#VHDUFK/#DIWHU#DOO$,

▼ &RVW#IRU#HDFK#ZLOO#EH#FORVH/#EXW#HYHQ#WKHQ#WKHVH#ZLOO#SUREDEO\#EH
GLVWULEXWHG#MXVW#OLNH#WKH#VWDQGDUG#GLVWULEXWLRQV#DW#DQ\#7#GXULQJ#DQQHDOLQJ1

■ :KDW#LI#,#VWRUH#WKH#YHU\#EHVW#FRQILJ#,#VHH#RYHU#DOO#7·V"
▼ 6WLOO#SUREDEO\#ZRQ·W#PDWWHU/#VWLOO#SUREDEO\#JHW#43#VROXWLRQV/#DW#OHDVW#IRU#D
ELJ#LQWHUHVWLQJ#SUREOHP1

■ +RZ#GR#SHRSOH#DFWXDOO\#GHDO#ZLWK#WKLV"
▼ 5XQ#LW#D#FRXSOH#RI#WLPHV/#WDNH#WKH#DQVZHU#\RX#OLNH#EHVW1

▼ 'RQ·W#XVH#LW#RQ#WKLQJV#ZKHUH#\RX#KDYH#WR#KDYH#WKH#RSWLPXP#DQVZHU/
LQVWHDG#RI#MXVW#D#YHU\#JRRG#DQVZHU
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Yet More Annealing FactsYet More Annealing Facts

■ &RQWUROODELOLW\
▼ 'R#SHRSOH#UHDOO\#SOD\#ZLWK#DOO#WKH#PDJLF#QXPEHUV#IRU#HDFK#QHZ#SUREOHP"

▼ 70KRW/#FRROLQJ#UDWH/#HTXLOLE1#FULWHULRQ/#ZHLJKWV#LQ#FRVW#IXQFWLRQ/#HWF

■ 1R1
▼ 7KHUH#DUH#DXWRPDWLF#WHFKQLTXHV#WKDW#VHW#WKHVH#WKLQJV#DGDSWLYHO\/#EDVHG
RQ#KRZ#WKH#SUREOHP#´ZDQWVµ#WR#FRRO>##LH/#DOJRULWKP#GHVLJQHU#SOD\V#ZLWK
WKHVH/#127#WKH#WRRO#XVHU

▼ $XWRPDWLF#WHFKQLTXHV#IRU=

▼ ,QLWLDO#WHPSHUDWXUH

▼ &RROLQJ#VFKHGXOH

▼ (TXLOLEULXP

▼ :HLJKWV#LQ#FRVW#IXQFWLRQ

▼ :KLFK#PRYHV#WR#SLFN#WR#PLQLPL]H#WKH#SUREDELOLW\#WKH\#ZLOO#EH
UHMHFWHG##+LH/#GRQ·W#WU\#PRYHV#VR#VWXSLG#WKDW#WKH\#KDYH#KLJK
OLNHOLKRRG#RI#JHWWLQJ#ERXQFHG/#WKHVH#MXVW#ZDVWH#&38#WLPH,
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SummarySummary

■ $QQHDOLQJ#LV
▼ $#ZD\#RI#FRQVWUXFWLQJ#DOJRULWKPV#IRU#FRPELQDWRULDO#RSWLPL]1#SUREOHPV

▼ ,WHUDWLYH#LPSURYHPHQW#ZLWK#KLOO#FOLPELQJ

▼ &RPSRVHG#RI#D#IHZ#HVVHQWLDO#SLHFHV

▼ 6WDWH#UHSUHVHQWDWLRQ/#FRVW#IXQFWLRQ/#PRYH#VHW/#FRROLQJ#VFKHGXOH

▼ *RRG#DW#QRW#JHWWLQJ#VWXFN#LQ#VRPH#ORFDO#PLQLPD

■ $6,&#SODFHPHQW
▼ $JDLQ/#DQ#LWHUDWLYH#LPSURYHPHQW#SURFHVV

▼ 4XDOLW\#PHWULF#LV#WRWDO#HVWLPDWHG#ZLUHOHQJWK>#KDOI0SHULPHWHU#LV#FRPPRQ

▼ $QQHDOLQJ#LV#H[WUHPHO\#VXFFHVVIXO#IRU#SODFHPHQW#SUREOHPV

▼ $YRLGV#ORFDO#PLQLPD#LQ#FRVW#VXUIDFH/#GRHV#D#JUHDW#MRE#PLQLPL]LQJ#ZLUHOHQ


