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(Lec 13) ASIC Layout:  Routing by Maze Search(Lec 13) ASIC Layout:  Routing by Maze Search

■ :KDW#\RX#NQRZ
▼ (OHPHQWDU\#SODFHPHQW#E\#DQQHDOLQJ

▼ *LYHQ#WKH#JDWHV#)#ZLUHV=##ZKHUH#GR#ZH#SXW#WKHP#WR#PLQLPL]H#HVWLPDWHG
ZLUH#OHQJWK

■ :KDW#\RX#GRQ·W#NQRZ
▼ +RZ#WR#DFWXDOO\#ZLUH#WKH#JDWHV#WRJHWKHU

▼ )ODYRUV#RI#URXWLQJ=##JOREDO#YHUVXV#GHWDLOHG/###DUHD#YHUVXV#UHJLRQ

▼ 2XU#WHFKQLFDO#IRFXV=##DUHD#URXWLQJ#E\#PD]H#URXWLQJ
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Copyright NoticeCopyright Notice

�#5RE#$1#5XWHQEDU##4<<<
###$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#ZLUH#WKH#SODFHG#JDWHV111"
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3ODFHPHQW

5RXWLQJ
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6WDWLF#WLPLQJ#DQDO\VLV#
*HRPHWULF#GDWD#VWUXFWXUHV
7HVW#DQG#$73*
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ReadingsReadings

■ 6DUUDI]DGHK#%RRN
▼ 6HFWLRQ#614#LV#DERXW#PD]H#URXWLQJ#DQG#VRPH#RWKHU#FODVVLFDO#GHWDLOHG#DUHD
URXWLQJ#WHFKQLTXHV1



Page 3

© R. Rutenbar, CMU 18-760, Spring99   5

Routing: The ProblemRouting: The Problem

'R]HQV#RI#FLUFXLWV/
4333V#RI#EORFNV/
433/333V#RI#JDWHV

0DQ\#PHWHUV#RI#ZLUH1
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Routing: GlobalRouting: Global

pin

pin

cel l

cel l

cel l

cel l

w ire area

■ %HJLQ#ZLWK#WKH#IORRUSODQ#RI#WKH#FKLS1
■ 3UREOHP=

▼ #5RXWH#HDFK#QHW/

▼ #111ZLWKLQ#WKH#JLYHQ#ZLUH#DUHD

▼ 111ZLWKRXW#XVLQJ#WRR#PXFK#ZLUH/#RU#FDXVLQJ#XQUHDVRQDEOH#VLJQDO#GHOD\V
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Routing: Global RoutingRouting: Global Routing
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■ 8VXDOO\#VWDUW#ZLWK#JOREDO#RU#FRDUVH#URXWLQJ
▼ &KRS#XS#FKLS#LQWR#ELJ#UHJLRQV

▼ 'HFLGH#WKUX#ZKLFK#UHJLRQV#WKH#ZLUHV#ZLOO#JR/#EXW#QRW#H[DFWO\#ZKHUH#HDFK
VHJPHQW#RI#HDFK#LQGLYLGXDO#ZLUH#ZLOO#JR

▼ ,GHD#LV#WR#SODQ#JOREDO#SDWKV#IRU#WKH#ZLUHV/#VR#ZH#NQRZ#HDUO\#ZH#FDQ#ILW
WKHP#DOO#LQ#HDFK#UHJLRQ#ZKHQ#ZH#ILQDOO\#HPEHG#GHWDLOHG#UHFWDQJOHV
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Routing: Global RoutingRouting: Global Routing
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■ 5HVXOW#RI#JOREDO#URXWLQJ
▼ ,Q#HDFK#UHJLRQ#RI#WKH#FKLS/#ZH#NQRZ#H[DFWO\#ZKLFK#ZLUHV#JR#WKUX#WKDW
UHJLRQ/#DQG#ZH#NQRZ#ZKHUH#WKH#SLQ#,2V#DUH#WR#HQWHU#DQG#H[LW

▼ 7\SLFDO#GHFRPSRVLWLRQ#IRU#$6,&V#LV#LQWR#UHFWDQJXODU#FKDQQHOV/#DV#EHORZ

▼ 6LJQDOV#RQO\#HQWHU#RQ#WKH#5#RSSRVLWH#VLGHV
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For Row-Based PlacementsFor Row-Based Placements

■ $OWHUQDWHV#ORJLF#)#ZLULQJ
▼ 5HJLRQV#IRU#ZLULQJ#FDOOHG
FKDQQHOV/#SLQV#RQ#WRS#)#ERWWRP

▼ 8VHG#ZKHQ#\RX#KDYH#RQO\#5#RU
6#OD\HUV#RI#PHWDO#ZLULQJ

▼ *OREDO#URXWLQJ#GHWHUPLQHV
ZKHUH#URZ0VSDQQLQJ#VLJQDOV
FURVV#WKH#URZV/#DQG#ZKHUH#WKH
KRUL]RQWDO#H[WHQW#RI#VLJQDOV#DUH
SODFHG
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Global Routing for Row-Based ASICsGlobal Routing for Row-Based ASICs

'HWHUPLQHV#ZKHUH#HDFK#URZ
JHWV#FURVVHG#E\#URZ0VSDQQLQJ#VLJQDO

'HWHUPLQHV#ZKLFK#FKDQQHOV
KRUL]RQWDO#SDUWV#RI#VLJQDO
ZLOO#XVH/#ZKHQ#WKHUH#LV#FKRLFH

SXW#LW#KHUH"

RU#KHUH""

WKLV#RQH#KHUH
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Aside:  Placement + Global RoutingAside:  Placement + Global Routing

■ 6PDUW#URZ0EDVHG#SODFHUV#GR#VRPH#JOREDO#URXWLQJ
▼ +HOSV#GHFLGH#LI#SODFHPHQW#LV#JRRG/#E\#ORRNLQJ#DW#ZKHUH#JOREDO#URXWLQJ
ZDQWV#WR#XVH#VSDFH

▼ 5RXWLQJ#FDQ#PDNH#URZV#ZLGHU#LI#\RX#QHHG#WR#DGG#VSDFH#WR#OHW#VLJQDOV
FURVV#WKH#URZV#+GHSHQGV#RQ#PHWDO#OD\HU/#XVH#RI#SLQV#LQ#FHOOV/#HWF,

▼ 5RXWLQJ#FDQ#PDNH#OD\RXW#WDOOHU#LI#\RX#QHHG#ORWV#RI#WUDFNV#IRU#ZLULQJ#LQ
HDFK#FKDQQHO1##,I#\RX#PDNH#VPDUWHU#GHFLVLRQV#DERXW#ZKHUH#WR#SXW
KRUL]RQWDO#SDUWV#RI#WKH#ZLULQJ#LQ#JOREDO#URXWLQJ/#FDQ#JHW#VPDOOHU#OD\RXWV1

■ +RZ"
▼ &DQ#GR#VRPH#GHFHQW#JOREDO#URXWLQJ#LQVLGH#DQ#DQQHDOLQJ0EDVHG#SODFHU

▼ 6WDUW#JOREDO#URXWLQJ#QHDU#WKH#HQG/#ZKHQ#\RX#KDYH#2.#HYROYLQJ
SODFHPHQW

▼ /RRN#DW#URZ#FURVVLQJV/#SUHGLFWHG#FRQJHVWLRQ#LQ#FKDQQHOV/#HWF

▼ 7U\#WR#HYROYH#SODFHPHQW#DQG#JOREDO#URXWLQJ#DW#VDPH#WLPH1
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Routing: Detailed RoutingRouting: Detailed Routing
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■ 'HWDLOHG#URXWLQJ#IROORZV#JOREDO#URXWLQJ
▼ 'HWDLOHG#KHUH#PHDQV#´DFWXDOO\#SXW#GRZQ#WKH#H[DFW#ILQDO#UHFWDQJOHV#WKDW
PDNH#HDFK#LQGLYLGXDO#ZLUHµ

▼ ,Q#WKLV#FDVH/#\RX#ZRXOG#XVH#D#&KDQQHO#URXWHU/#ZKLFK#ZLUHV#XS#D#FKDQQHO0
VKDSHG#UHFWDQJOH#ZLWK#SLQV#RQ#WKH#5#RSSRVLWH#VLGHV
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Routing:  Detailed RoutingRouting:  Detailed Routing
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■ 'LIIHUHQW##GHWDLOHG#URXWHUV#IRU#GLIIHUHQW#UHJLRQV=

6ZLWFKER[#URXWHU
IRU#ZKHQ#UHFWDQJOH#KDV
SLQV#RQ#DOO#7#VLGHV

&KDQQHO#URXWHU
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Routing: Global + DetailedRouting: Global + Detailed
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■ 5HSHDW#IRU#HDFK#UHJLRQ#XQWLO#WKH#ZKROH#FKLS#LV#URXWHG1
■ 'RHV#LW#DOZD\V#ZRUN111"

▼ 1RSH

▼ 2IWHQ#JHW#VRPH#XQURXWHG#QHWV#ZKLFK#UHTXLUH#VRPH#UHZRUN#E\#KDQG1
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Routing:  PhilosophyRouting:  Philosophy

■ &$'#&RQYHQWLRQDO#:LVGRP=
▼ 'LYLGH#)#FRQTXHU#D#JRRG#LGHD#RQ#ELJ/#WLJKWO\#FRXSOHG#SUREOHPV1

■ 8VH#KLHUDUFK\#ZKHUH#\RX#FDQ=
▼ 6ROYH#D#FRDUVH#YHUVLRQ#RI#WKH#SUREOHP1

▼ 5HILQH#WR#VROYH#WKH#GHWDLOHG#YHUVLRQ1

■ *OREDO#URXWHU#.#GHWDLOHG#URXWHU
▼ 'LYLGH#URXWDEOH#DUHDV#LQWR#FRDUVH#UHJLRQV1

▼ )RU#HDFK#ZLUH/#GHWHUPLQH#ZKLFK#UHJLRQV#LW#ZLOO#SDVV#WKURXJK1

▼ /DWHU/#OHW#D#GHWDLOHG#URXWHU#ILQLVK#WKH#ZLULQJ#LQ#HDFK#UHJLRQ1
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Routing: Detailed FlavorsRouting: Detailed Flavors

■ 7ZR#IODYRUV#IRU#GHWDLOHG#URXWHU

■ $UHD#URXWHU=##2QH0QHW0DW0D0WLPH/#RYHU#D#JHQHUDO#DUHD
▼ &RPSOHWHO\#URXWHV#DOO#SLQV#RI#D#QHW/#RYHU#DV#PXFK#RI#WKH#ZLUH#DUHD#RI#WKH
FDUULHU#DV#UHTXLUHG1

▼ 5RXWHV#RQH#ZLUH#DW#D#WLPH>##VHQVLWLYH#WR#ZLUH#RUGHULQJ

▼ :K\"##(DFK#ZLUHG#QHW#EHFRPHV#DQ#REVWDFOH#IRU#IXWXUH#QHWV1

■ 5HJLRQ#URXWHU=##5HJLRQ0DW0D0WLPH
▼ &RPSOHWHO\#URXWHV#DOO#QHWV#FRQVWUDLQHG#WR#SDVV#WKURXJK#VRPH#UHJLRQ#RQ
WKH#FKLS1##5RXWHV#DOO#QHWV#VLPXOWDQHRXVO\1

■ +LVWRULFDOO\/
▼ )LUVW#FDPH#WKH#RQH0QHW0DW0D0WLPH#URXWHUV1##([DPSOH=##PD]H#URXWHUV

▼ 7KHQ#FDPH#UHJLRQ0URXWHUV#IRU#WKH#GLYLGH#)#FRQTXHU1##([=##FKDQQHO#URXWH

▼ 1RZ/#SHRSOH#DUH#PRYLQJ#EDFN#WR#PD]H#URXWHUV#DJDLQ111
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Why Area Routers Again?Why Area Routers Again?

■ 7HFKQRORJ\#PDUFKHV#RQ
▼ 1RZ#KDYH#ORWV#RI#OD\HUV#RI#ZLULQJ1

▼ 'RQ·W#KDYH#WR#RQO\#SXW#ZLUHV#EHWZHHQ#WKH#EORFNV#RI#WKH#FKLS

▼ 1RZ#\RX#FDQ#SXW#ZLUHV#RYHU#EORFNV#RI#WKH#FKLS

▼ 0D]H#URXWHUV#JRRG#DW#GHDOLQJ#ZLWK#REVWDFOHV1

pin

pin

cell

cell

cell

cell

pin

pin

cell

cell

cell

cell

&KRS#XS#FKLS/#FHOOV#DQG#DOO/#LQWR
UHJLRQV#IRU#JOREDO#URXWLQJ
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Area Routers RevisitedArea Routers Revisited

pin

pin

cell

cell

cell

cell

&KXQN#RI#,&#WR#EH#GHWDLO#URXWHG
3LQV#DSSHDU#RQ#ERXQGDU\#RU#DQ\ZKHUH
LQVLGH#WKH#UHJLRQ1##7\SLFDOO\#530433#ZLUHV

WR#EH#HPEHGGHG/#RYHU#REVWDFOHV#RI
FLUFXLWV#LQ#EORFNV#EHORZ1##609#ZLULQJ#OD\HUV1
3UREDEO\#DOVR#KDYH#WLPLQJ#FRQVWUDLQWV1
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Typical ProblemTypical Problem

■ %LJ#SURFHVVRU#FKLS
▼ /RWV#RI#OD\HUV#RI#ZLULQJ

▼ /RWV#RI#ELJ#IXQFWLRQDO#XQLWV

▼ /RWV#RI#VLJQDOV/#ERWK#ORFDOO\#LQVLGH#WKH
IXQFWLRQDO#XQLWV/#DQG#JOREDOO\#XQLW0WR0
XQLW

▼ &RXOG#FKRS#WKLV#XS#LQWR#UHJLRQV#DQG
WKHQ#WU\#JOREDO#.#GHWDLOHG#URXWLQJ

■ 6WLOO#D#ELJ/#YHU\#KDUG#SUREOHP

IBM  Pow er PC601

11.2 x 11.2  m m
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So, What Will We Look At...?So, What Will We Look At...?

■ &ODVVLFDO#PD]H0VW\OH#DUHD0URXWHUV
▼ &DQ#KDQGOH#REVWDFOHV#ZHOO111

▼ 11EXW#WKH\#DUH#VHQVLWLYH#WR#RUGHU#LQ#ZKLFK#ZLUHV#URXWHG1

▼ &DQ#KDQGOH#PXOWLSOH#ZLULQJ#OD\HUV#ZHOO111

▼ 111EXW#JHW#VORZHU#ZLWK#PRUH#ZLULQJ#OD\HUV1

▼ &DQ#KDQGOH#VRPH#WLPLQJ#FRQVWUDLQWV#ZHOO111

▼ 111EXW#ZH#GRQ·W#KDYH#WLPH#WR#GR#WKLV1##+7DNH#4;0:96111,
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Routing: Maze RoutersRouting: Maze Routers

■ 2XU#7RSLFV=
▼ #+LVWRU\

▼ #%DVLF#0HFKDQLFV

▼ #7ZR0SRLQW#QHWV#LQ#RQH#OD\HU#0#XQLW#FRVW

▼ #0XOWLSRLQW#QHWV

▼ #0XOWLSOH#OD\HUV

▼ #:HLJKWHG#FRVW

▼ #'HVLJQ#9DULDQWV

▼ #9DQLOOD#VFKHPH

▼ #'HSWK0ILUVW#VHDUFK#+5XELQ·V#VFKHPH,
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Maze Routing: HistoryMaze Routing: History

■ 4<94
▼ #/HH/#&1#<1/#´$Q#DOJRULWKP#IRU#SDWK#FRQQHFWLRQV#DQG#LWV#DSSOLFDWLRQVµ/
,5(#7UDQV1#RQ#(OHFWURQLF#&RPSXWHUV/#SS1#6790698/#6HSW1#4<941

▼ &KHVWHU#/HH#RI#%HOO#/DEV#LQYHQWV#WKH#DOJRULWKP>##JHWV#IDPRXV#IRU#´/HH
URXWHUVµ

■ 4<:7
▼ 5XELQ/#)1/##´7KH#/HH#SDWK#FRQQHFWLRQ#DOJRULWKPµ/#,(((#7UDQV1#RQ
&RPSXWHUV/#YRO1#F056/#QR1#</#SS1#<3:0<47/#6HSW1#4<:71

▼ )UDQN#5XELQ#FRPHV#XS#ZLWK#D#ZD\#WR#PDNH#LW#JR#PXFK#IDVWHU1

■ 4<;6
▼ +LJKWRZHU/#'1/#´7KH#/HH#URXWHU#UHYLVLWHGµ/#,&&$'/#SS1#469046</#4<<61

▼ 'DYH#+LJKWRZHU/#ZKR#RULJLQDOO\#JRW#IDPRXV#IRU#FRPLQJ#XS#ZLWK#DQ
DOWHUQDWLYH#WR#WKH#/HH0URXWHU#+D#+LJKWRZHU#OLQH0SUREH#URXWHU,#WKDW#ZDV
IDVWHU#DQG#XVHG#D#ORW#OHVV#PHPRU\/#XQGHUJRHV#D#VSLULWXDO#FRQYHUVLRQ#DQG
LPSOHPHQWV#D#NLOOHU#PD]H#URXWHU1##7ULFN#LV=##QRZ#PDFKLQHV#KDYH#HQRXJK
+UHDO#DQG#YLUWXDO,#PHPRU\#WR#GR#ELJ#PD]H#URXWLQJ#WDVNV1
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Maze Routing:  StrategyMaze Routing:  Strategy

■ 6WUDWHJ\
▼ #2QH#QHW#DW#D#WLPH#0#FRPSOHWHO\#ZLUH#RQH#QHW1

▼ #2SWLPL]H#SDWK#0#ILQG#WKH#EHVW#ZLULQJ#SDWK1

■ #3UREOHPV
▼ #(DUO\#QHWV#ZLUHG#PD\#EORFN#SDWK#RI#ODWHU#QHWV1

▼ #2SWLPDO#FKRLFH#IRU#RQH#QHW#PD\#EORFN#ODWHU#QHWV1

■ 6ROXWLRQV
▼ #&DUHIXO#QHW#RUGHULQJ1

▼ #&DUHIXO#RSWLPL]DWLRQ#WR#LQFOXGH#LPSDFW#RQ#ODWHU#ZLULQJ1

▼ #1R#*XDUDQWHHV1

▼ ++RZ#GR#SHRSOH#UHDOO\#GR#LW#WRGD\"##/HW#URXWHU#UHPRYH#EORFNLQJ#QHWV#RU
VKRYH#WKHP#DVLGH>##FDOOHG#ULSXS2UHURXWH#RU#VKRYH0DVLGH#URXWLQJ1,
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Maze Router: Basic IdeaMaze Router: Basic Idea

■ *LYHQ=
▼ #*ULG#0#HDFK#VTXDUH
UHSUHVHQWV#ZKHUH#RQH#ZLUH
FDQ#FURVV1

▼ #$#VRXUFH#DQG#WDUJHW1

■ 3UREOHP=
▼ )LQG#VKRUWHVW#SDWK
FRQQHFWLQJ#VRXUFH#DQG
WDUJHW1

ZLUHV#FDQ=

FURVV###RU###EHQG

6

7
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Maze Routing: ExpansionMaze Routing: Expansion

6WDUW#DW#WKH#VRXUFH1

)LQG#DOO#QHZ#FHOOV#WKDW#DUH#UHDFKDEOH
DW#GLVWDQFH#4/#LH/#DOO#SDWKV#WKDW#DUH#MXVW
4#XQLW#LQ#WRWDO#OHQJWK#0#PDUN#DOO#ZLWK#GLVWDQFH1

8VLQJ#WKH#GLVWDQFH#4#FHOOV/
ILQG#DOO#QHZ#FHOOV#ZKLFK
DUH#UHDFKDEOH#DW#GLVWDQFH#51

5HSHDW#XQWLO#WKH
WDUJHW#LV#IRXQG1

6

4

4

5

5

55
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Maze Router: ExpansionMaze Router: Expansion

■ 6WUDWHJ\
▼ ([SDQG#RQH#FHOO#DW#D#WLPH
XQWLO#DOO#RI#WKH#VKRUWHVW##SDWKV
IURP#6#WR#7#DUH#IRXQG1

▼ ([SDQVLRQ#FUHDWHV#D
ZDYHIURQW#RI#SDWKV#WKDW
VHDUFK#EURDGO\#RXW#IURP
VRXUFH#FHOO#XQWLO#WDUJHW#LV#KLW

6

7
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Maze Router: BacktraceMaze Router: Backtrace

■ 1RZ#ZKDW"##%DFNWUDFH
▼ 6HOHFW#D#VKRUWHVW0SDWK#+DQ\
VKRUWHVW0SDWK,#EDFN#WR#WKH
VRXUFH#DQG#PDUN#LWV#FHOOV#VR
WKH\#FDQ·W#EH#XVHG#DJDLQ1

▼ 6LQFH#WKHUH#DUH#PDQ\#SDWKV
EDFN/#RSWLPL]DWLRQ
LQIRUPDWLRQ#FDQ#EH#XVHG#WR
VHOHFW#WKH#EHVW#RQH1

▼ +HUH/#MXVW#IROORZ#WKH#SDWK
FRVWV#LQ#WKH#FHOOV#LQ#GHVFHQGLQJ
RUGHU111

6

7
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Maze Router: Clean-UpMaze Router: Clean-Up

■ 1RZ#ZKDW"#&OHDQ0XS
▼ &OHDQ#XS#WKH#JULG#IRU#WKH#QH[W
QHW/#OHDYLQJ#WKH#6#WR#7#URXWH#DV
DQ#REVWDFOH1

▼ 1RZ/#UHDG\#WR#URXWH#WKH#QH[W
QHW#ZLWK#WKH#REVWDFOHV#IURP#WKH
SUHYLRXVO\#URXWHG#QHW#LQ#SODFH#LQ
WKH#JULG1

6

7
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Maze Router: BlockageMaze Router: Blockage

#

#

#

;

;

;

;

#

;

7

6

; ;

■ %ORFNDJHV
▼ $OO#IXWXUH#QHWV#PXVW#URXWH
DURXQG#WKLV#EORFDNJH1
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Classical Maze RouterClassical Maze Router

■ 7KUHH#PDLQ#VWHSV=

■ #([SDQVLRQ
▼ #%UHDGWK0ILUVW0VHDUFK#WR#ILQG#DOO#SDWKV#IURP#VRXUFH#WR#WDUJHW1

■ #%DFNWUDFH
▼ #:DON#WKH#VKRUWHVW#SDWK#EDFN#WR#WKH#VRXUFH#DQG#PDUN#SDWK#FHOOV#DV#XVHG1

■ #&OHDQ08S
▼ #(UDVH#DOO#GLVWDQFH#PDUNV#IURP#RWKHU#JULG#FHOOV#EHIRUH#WKH#QH[W#QHW#LV
URXWHG1
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Maze Router:  ConcernsMaze Router:  Concerns

■ 6WRUDJH
▼ 'R#ZH#QHHG#D#UHDOO\#ELJ#JULG#WR#UHSUHVHQW#D#ELJ#URXWLQJ#SUREOHP"

▼ :KDW#LQIR#UHTXLUHG#LQ#HDFK#FHOO#RI#WKLV#JULG"

■ &RPSOH[LW\
▼ 'R#ZH#UHDOO\#KDYH#WR#VHDUFK#WKH#ZKROH#JULG#HDFK#WLPH#ZH#DGG#D#ZLUH"

■ 7HFKQRORJ\
▼ -XVW#4#ZLULQJ#OD\HU"##+RZ#GR#ZH#GR#5#OD\HUV"##6"##7"##9""

▼ &RPSOH[#ZLUH#ZLGWKV#RU#VSDFLQJV"

■ 5#LVVXHV#KHUH
▼ $SSOLFDWLRQV#RI#EDVLF#DOJRULWKP

▼ ,PSOHPHQWDWLRQ#LVVXHV#IRU#WKH#EDVLF#DOJRULWKP
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Applications:  Multipoint NetsApplications:  Multipoint Nets

■ 0XOWLSRLQW#1HWV
▼ #2QH#VRXUFH#0!#0DQ\#WDUJHWV1

▼ <RX#JHW#WKLV#ZLWK#DQ\#QHW#WKDW#UHSUHVHQWV#IDQRXW

■ 6WUDWHJ\
▼ #8VH#PD]H#URXWH#DOJRULWKP#WR#ILQG#SDWK#IURP#VRXUFH#WR#QHDUHVW#WDUJHW1

▼ #5HODEHO#DOO#FHOOV#RQ#WKH#SDWK#DV#VRXUFHV#DQG#UHUXQ#PD]H#URXWHU#XVLQJ#DOO
VRXUFHV#VLPXOWDQHRXVO\1

▼ #5HSHDW#IRU#HDFK#VHJPHQW1
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Multipoint NetsMultipoint Nets

■ *LYHQ=
▼ #$#VRXUFH#DQG#PDQ\#WDUJHWV1

■ 3UREOHP=
▼ )LQG#VKRUWHVW#SDWK#FRQQHFWLQJ
VRXUFH#DQG#WDUJHWV1

6

7

7
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Multipoint NetsMultipoint Nets

■ )LUVW111
▼ 5XQ#PD]H#URXWH#WR#ILQG#WKH
FORVHVW#WDUJHW1

▼ 6WDUW#DW#VRXUFH/#JR#WLOO#\RX#ILQG
$1<#WDUJHW1

6

7

7
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Multipoint NetsMultipoint Nets
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#

#

#

#

7

#

#

#

#

■ 6HFRQG111
▼ %DFNWUDFH#DQG#UHODEHO#WKH
ZKROH#URXWH#DV#VRXUFHV#IRU#WKH
QH[W#SDVV1

▼ :H#ZLOO#H[SDQG#WKLV#HQWLUH#VHW
RI#VRXUFH#FHOOV#WR#ILQG#WKH#QHW
VHJPHQW#RI#WKH#QHW

▼ ,GHD#LV#ZH#ZLOO#ORRN#IRU#SDWKV#RI
OHQJWK#4#DZD\#IURP#WKLV#ZKROH
VHW#RI#VRXUFHV/#WKHQ#OHQJWK#5/#6/
HWF1

▼ *R#WLOO#\RX#KLW#DQRWKHU#WDUJHW
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Multipoint NetsMultipoint Nets

■ 7ULFN
▼ ([SDQG#VLPXOWDQHRXVO\#IURP
DOO#RI#WKHVH#VRXUFHV#WR#ILQG#WKH
VKRUWHVW#SDWK#IURP#WKH
H[LVWLQJ#URXWH#WR#WKH#QH[W
WDUJHW1
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#
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# #
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Multipoint NetsMultipoint Nets

■ )LQDOO\
▼ 'R#XVXDO#FOHDQXS

▼ 0DUN#DOO#RI#WKH#VHJPHQW#FHOOV#DV
XVHG#DQG#FOHDQ0XS#WKH#JULG1

▼ 1RZ/#KDYH#HPEHGGHG#D
PXOWLSRLQW#QHW/#DQG#UHQGHUHG#LW#DV
DQ#REVWDFOH#IRU#IXWXUH#QHWV

© R. Rutenbar, CMU 18-760, Spring99   38

Application: Mutilple Layer RoutingApplication: Mutilple Layer Routing

■ +RZ#00#PHFKDQLFDOO\#GR#ZH#KDQGOH#PXOWLSOH#OD\HUV"
▼ #3DUDOOHO#JULGV/#YHUWLFDOO\#VWDFNHG/#RQH#IRU#HDFK#OD\HU1

▼ #8VH#YLDV#WR#DFFHVV#RWKHU#OD\HUV1

▼ #/DEHO#FHOO#DV#WR#ZKHWKHU#D#YLD#LV#SHUPLWWHG#DW#WKLV#ORFDWLRQ1

■ #1HZ#H[SDQG
▼ 2XW#RQ#HDFK#OD\HU/

▼ 8S2GRZQ#DW#HDFK#YLD1
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Multiple LayersMultiple Layers

■ 5#SDUDOOHO#JULGV/#YHUWLFDOO\#VWDFNHG
▼ ([SDQVLRQ#FDQ#QRZ#JR#832'2:1>##YLDV#FDQ#JR#ZKHUH#´Yµ#PDUN#LV

6

#

#

 

#

#

7

/D\HU#4 /D\HU#5

Y

Y

Y

Y
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Multiple LayersMultiple Layers

■ %DFNWUDFH#)#FOHDQXS#DV#XVXDO

6

#

#

 

#

 

7

/D\HU#4 /D\HU#5

Y

Y

Y

Y
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Aside:  About ViasAside:  About Vias

■ 9LDV#DUH#KRZ#\RX#PRYH#OD\HU#WR#OD\HU
▼ (OHFWULFDO#FRQQHFWV#EHWZHHQ#VHSDUDWH#OD\HUV#RI#SK\VLFDO#ZLULQJ

▼ ´9HUWLFDOµ#HOHFWULFDO#FRQQHFWLRQ

■ *HRPHWULF#LVVXH#&4=##6L]H
▼ 2Q#FKLSV/#YLDV#DUH#QRZ#XVXDOO\#D#ORW#ELJJHU#WKDQ#ZLUH#ZLGWKV#DUH

▼ #6R#\RX#KDYH#WR#EH#FDUHIXO#ZKHUH#\RX#DVVXPH#\RX#FDQ#SXW#WKHP

▼ <RX#FDQ·W#SXW#YLDV#DV#FORVH#WR#HDFK#RWKHU#DV#\RX#FDQ#SXW#ZLUHV

VSDFLQJ
UXOH# #ELJ

VPDOOHU#UXOH
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Aside:  About ViasAside:  About Vias

■ *HRPHWULF#,VVXHV#&5=##9HUWLFDO#VWDFNLQJ
▼ 5HOHYDQW#LQ#PXOWL0OD\HU#PHWDO#SURFHVV/#DQG#LQ#3&#ERDUGV

▼ &DQ#\RX#SXW#PXOWLSOH#YLDV#FRQQHFWLQJ#GLIIHUHQW#VHWV#RI#OD\HUV#GLUHFWO\#RQ
WRS#RI#HDFK#RWKHU/#LQ#D#VR0FDOOHG#VWDFN"

▼ ,Q#VRPH#SURFHVVHV#\HV/#LQ#VRPH#QR1##5RXWHU#KDV#WR#GHDO#ZLWK#WKLV1

80OD\HU#PHWDO#FURVV#VHFWLRQ
IURP#,%0#3RZHU3&

0HWDO4#WR#PHWDO5#YLDV
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Implementation Issues:  Non-unit gridsImplementation Issues:  Non-unit grids

6

7

VKDGHG#FHOOV#FRVW#6

■ 2OG#SUREOHP
▼ (DFK#FHOO#LQ#JULG#FRVW#WKH#VDPH
WR#FURVV#LW#ZLWK#D#ZLUH

▼ &RVW#  4/##XQLW0FRVW

▼ ,V#WKLV#QHFHVVDU\"

■ 1RZ
▼ #*LYHQ#JULG/##6RXUFH#DQG#WDUJHW

▼ #:HLJKWV#IRU#HDFK#FHOO1

■ 3UREOHP=
▼ )LQG#PLQLPXP#FRVW#SDWK
FRQQHFWLQJ#VRXUFH#DQG#WDUJHW1

6#######6#######6#######6

6#######6#######6#######6
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Weighted GridsWeighted Grids

■ 0DQ\#JRRG#DSSOLFDWLRQV
▼ 0DNH#WKH#URXWHU#DYRLG#HOHFWULFDOO\
VHQVLWLYH#DUHDV#RI#,&

▼ $IWHU#JOREDO#URXWLQJ/#ZHLJKW#FHOOV
ZLWK#ORWV#RI#SRWHQWLDO#ZLULQJ
FRQJHVWLRQ#KLJKHU/#VR#URXWHU#WULHV
WR#DYRLG#WKHP

▼ &DQ#PDNH#GLIIHUHQW#OD\HUV#KDYH
GLIIHUHQW#H[SHQVH#WR#XVH

▼ &DQ#PDNH#GLIIHUHQW#YLDV#KDYH
GLIIHUHQW#H[SHQVH#WR#XVH

▼ &DQ#PDNH#GLIIHUHQW#GLUHFWLRQV#RI
H[SDQVLRQ#KDYH#GLIIHUHQW#H[SHQVH/
HJ/#\RX#ZDQW#PHWDO#5#PRVWO\
YHUWLFDO/#VR#OHIW0ULJKW#H[SDQVLRQV
FRVW#PRUH111

■ ([SDQVLRQ111"
▼ $OZD\V#H[SDQG#QH[W#FKHDSHVW
SDUWLDO#SDWK

6

7

6#######6#######6#######6

6#######6#######6#######6
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Subtle Search Issues with NonUnit CostsSubtle Search Issues with NonUnit Costs

6

7

6#######6#######6#######6

6#######6#######6#######6

4

4 4

7

5 5

5

:KDW#FRVW#GRHV#WKLV#JHW/#DQG#ZK\"

&RVW# #7# #FKHDSHVW#SDWK#WR#WKLV
FHOO#IURP#WKH#6RXUFH#FHOO

:H#H[SDQG#WKH#FHOO#WR#QRUWK
WR#UHDFK#WKLV#FHOO/#DQG#ZH
DGG#WKLV#FHOO#WR#WKH#VHDUFK
ZDYHIURQW#DW#FRVW 7/#UHDFKHG
IURP#WKH#QRUWK1

4

6

([SDQG#WKLV#FHOO111

5HDFK#WKLV#FHOO#DW
FRVW# #4#.#6# #7111

""
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Maze Routing: Mid-Point SummaryMaze Routing: Mid-Point Summary

■ :KDW#GR#ZH#NQRZ"
▼ *ULG0EDVHG#H[SDQVLRQ/#RQH#QHW#DW#D#WLPH

▼ &DQ#XVH#FRVWV#LQ#JULG#WR#JHW#GLIIHUHQW#HIIHFWV

▼ &DQ#GHDO#ZLWK#PXOWLSOH#ZLULQJ#OD\HUV/#PXOWL0SRLQW#QHWV

■ :KDW#GRQ·W#\RX#NQRZ"
▼ 5HDO#LPSOHPHQWDWLRQ#LVVXHV

▼ 'DWD#VWUXFWXUHV#IRU#JULG/#IRU#WKH#VHDUFK

▼ 'HSWK0ILUVW#H[SDQVLRQ#WHFKQLTXHV#IRU#VSHHG

▼ 6XEWOH#LQWHUDFWLRQV#EHWZHHQ#FRVW#VWUDWHJ\#DQG#VHDUFK#VWUDWHJ\

▼ ([SDQGLQJ#D#FHOO#YV#UHDFKLQJ#D#FHOO#YV#PXOWLSOH0UHDFKLQJ1111

■ 1H[W#WRSLFV=##VHULRXV#LPSOHPHQWDWLRQ#LVVXHV1
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Implementation ConcernsImplementation Concerns

■ 5HSUHVHQWDWLRQ
▼ #+RZ#GR#ZH#VWRUH#WKH#URXWLQJ#JULG"

▼ :KDW#GR#ZH#QHHG#LQ#HDFK#FHOO"

▼ +RZ#GR#ZH#UHSUHVHQW#WKH#VWDWH#RI#WKH#DGYDQFLQJ#SDWK#VHDUFK#SURFHVV"

■ $OJRULWKPV
▼ :H#KDYH#D#VHULDO#FRPSXWHU=#ZH#FDQ#SURFHVV#RQH#FHOO#DW#D#WLPH111

▼ 111VR/#ZKLFK#FHOO#LV#QH[W#WR#´ODEHOµ#LQ#WKH#VHDUFK#SURFHVV

▼ 'RHV#WKH#RUGHU#PDWWHU"

▼ +RZ#FDQ#ZH#GR#WKLV#DV#IDVW#DV#SRVVLEOH"
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Big Idea:  Search WavefrontBig Idea:  Search Wavefront

■ 2QH#ELJ#JRDO
▼ (IILFLHQW#VWRUDJH=##ELJ#OD\RXW#QHHGV#D#ELJ#JULG

▼ :DQW#WR#SXW#DV#OLWWOH#LQ#HDFK#FHOO#DV#SRVVLEOH

■ ,GHD=##'RQ·W#DFWXDOO\#VWRUH#SDWK#FRVWV#LQ#JULG#FHOOV
▼ %LJ#FRVWV#0!#PDQ\#ELWV#SHU#FHOO1

▼ 2QO\#WKH#FHOOV#PRVW#UHFHQWO\#ODEHOHG#GXULQJ#VHDUFK#ZLOO#EH#XVHG#WR
H[SDQG#WKH#VHDUFK#IRU#QHZ#SDWKV

▼ 7KHVH#FHOOV#FRQVWLWXWH#WKH#VHDUFK#ZDYHIURQW

■ :DYHIURQW#LV#LPSRUWDQW=
▼ #6WRUH#ZDYHIURQW#OLVW#ZLWK#DOO#QHHGHG#LQIR#DERXW#HDFK#ZDYHIURQW#FHOO1

▼ #0DUN#D#IHZ#ELWV#LQ#WKH#DFWXDO#JULG#FHOOV#MXVW#WR#LQGLFDWH#KRZ#\RX#IRXQG
WKH#SDWK#WR#WKLV#FHOO#0#L1H1/#UHPHPEHU#WKH#SUHGHFHVVRU#FHOO1
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Example Wavefront for Simple SearchExample Wavefront for Simple Search

■ :DYHIURQW#LV111
▼ 7KH#IURQWLHU#RI#WKH#DFWLYH
VHDUFK#IRU#QHZ#SDWKV

▼ 7KH#QHLJKERUV#RI#WKH#QHZ#FHOOV
ZRUWK#ORRNLQJ#DW#WR#WU\#WR
H[WHQG#WKH#HYROYLQJ#SDWK
VHDUFK

▼ 7KH#RQO\#FHOOV#ZH#QHHG#WR#ORRN
DW#WR#GHFLGH#KRZ#WR#FRQWLQXH
WKH#VHDUFK#SURFHVV

■ ,PSOLFDWLRQ
▼ 'RQ·W#VWRUH#WKH#SDWK#FRVW
QXPEHUV#LQ#WKH#JULG

▼ -XVW#VWRUH#WKH#ZDYHIURQW#FHOOV
WKHPVHOYHV#LQ#D#VSHFLDO#GDWD
VWUXFWXUH
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More Complex WavefrontMore Complex Wavefront
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#

#

#
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$IWHU#H[SDQGLQJ#4VW#6#FHOO $IWHU#H[SDQGLQJ#6#QHLJKERUV#RI#6
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More Complex WavefrontMore Complex Wavefront

■ :KDW#ZDYHIURQW#LV111
▼ 6HW#RI#FHOOV#DOUHDG\#UHDFKHG#LQ
WKH#H[SDQVLRQ#SURFHVV111

▼ 111ZKLFK#KDYH#QHLJKERUV#ZH
KDYH#QRW#DOUHDG\#UHDFKHG

▼ ,QGH[HG#E\#FRVW#RI#FHOOV#UHDFKHG
+  #FRVWV#RI#SDWKV#WKDW#VWDUW#DW
VRXUFH#DQG#HQG#DW#WKLV#FHOO,

▼ ([SDQGHG#LQ#FRVW#RUGHU/
FKHDSHVW#FHOOV#EHIRUH#PRUH
H[SHQVLYH#FHOOV

# #6
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#
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Outline of Expansion AlgorithmOutline of Expansion Algorithm

■ &KHDSHVW0FHOO0ILUVW#VHDUFK
▼ 9DULDQW#RI#'LMNVWUD·V#DOJRULWKP

▼ #$VVXPH#ZDYHIURQW#LV#D#FRVW0LQGH[HG#OLVW#RI#FHOOV#\RX#KDYH#DOUHDG\#YLVLWHG
GXULQJ#VHDUFK#SURFHVV/#DQG#´ODEHOHGµ#ZLWK#SDWK#FRVW

■ +RZ#GRHV#WKH#ZDYHIURQW#JURZ"
▼ #3XOO#RXW#D#FKHDSHVW#FHOO#&#IURP#WKH#ZDYHIURQW

▼ /RRN#DW#WKH#QHLJKERUV#14/#15/#111#RI#FHOO###&#\RX#KDYH#QRW#YLVLWHG#\HW

▼ &RPSXWH#WKH#FRVW#RI#H[SDQGLQJ#WKLV#SDWK#WR#UHDFK#WKHVH#QHZ#FHOOV#14111

▼ $GG#WKHVH#QHZ#FHOOV#14/#15/#111#WR#WKH#ZDYHIURQW#GDWD#VWUXFWXUH#+LQGH[HG
E\#WKHLU#FRVW,

▼ 5HPRYH#FHOO#&#IURP#WKH#ZDYHIURQW

▼ #5HSHDW#ZLWK#WKH#QH[W#FKHDSHVW#FHOO#RQ#ZDYHIURQW111
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Maze Router: TerminologyMaze Router: Terminology

■ :H#QHHG#VRPH#WHUPLQRORJ\#RU#ZH·OO#JHW#FRQIXVHG
■ :DYHIURQW

■ 5HDFKHG
$#FHOO#LV#UHDFKHG#ZKHQ#LW#LV#SXW#RQ#WKH#ZDYHIURQW#OLVW#0#ZKHQ#LW#EHFRPHV#D
IURQWLHU#FHOO1

■ ([SDQGHG
$#FHOO#LV#H[SDQGHG#ZKHQ#LW#LV#D#ZDYHIURQW#FHOO#DQG#LW#KDV#MXVW#EHHQ#XVHG#WR
UHDFK#LWV#QHLJKERUV1##7KLV#LV#MXVW#EHIRUH#LW#LV#UHPRYHG#IURP#WKH#ZDYHIURQW
OLVW1

■ 'LMNVWUD·V#$SSURDFK
([SDQG#FHOOV#LQ#RUGHU#RI#ORZHVW#FRVW1##(DFK#FHOO#JHWV#H[SDQGHG#H[DFWO\
RQH#WLPH1
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Illustrating the TerminologyIllustrating the Terminology

7

&XUUHQW#ZDYHIURQW1

$OUHDG\#H[SDQGHG/#ZRQ·W#UHYLVLW1

&HOOV#QRW#UHDFKHG#\HW1

:# #RQ#FXUUHQW#ZDYHIURQW
;# #UHPRYHG#IURP#ZDYHIURQW
"# #QHZ#UHDFKDEOH#FHOOV

6
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Reaching a New Cell During SearchReaching a New Cell During Search

$1#:DYHIURQW
¬¬¬##FHOO

.QRZ=
#SDWKFRVW
#SUHGHFHVVRU

%1#8QUHDFKHG
¬¬¬¬¬FHOO

.QRZ=
FHOO#FRVW

7R#UHDFK#WKLV#FHOO=
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Reaching A New CellReaching A New Cell

■ 7R#UHDFK#FHOO#%
▼ *UDE#FHOO#$/#SDWKFRVW 45/#IURP
ZDYHIURQW

▼ 6HH#XQUHDFKHG#QHLJKERU#%

▼ &RPSXWH#FRVW#WR#UHDFK#%#LV
45#.#6# #48

▼ $GG#WKLV#FHOO#WR#ZDYHIURQW

▼ 0DUN#JULG#FHOO#%#DV#´UHDFKHGµ
+RQO\#WDNHV#D#IHZ#ELWV,#VR#ZH
GRQ·W#WU\#WR#SXW#LW#RQ#ZDYHIURQW
DJDLQ#+LH/#UHDFK#LW#DJDLQ,

$1#:DYHIURQW
¬¬¬##FHOO

.QRZ=
#SDWKFRVW# #45
#SUHG# #1257+

%1#8QUHDFKHG
¬¬¬¬¬FHOO

.QRZ=
FHOO#FRVW# #6
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Basic Maze Routing AlgorithmBasic Maze Routing Algorithm

ZDYHIURQWBVWUXFWXUH# #^##VRXUFH#FHOO#`
ZKLOH#+ZH#KDYH#QRW#KLW#WDUJHW,#^
###LI#+#ZDYHIURQW#  #HPSW\#,
#######TXLW#00#QR#SDWK#WR#EH#IRXQG

###&# #JHW#ORZHVW#FRVW#FHOO#RQ#ZDYHIURQWBVWUXFWXUH
###LI#+#&#  #WDUJHW#,##`
#######EDFNWUDFH#SDWK#LQ#JULG
#######FOHDQXS
#######UHWXUQ#00#ZH#IRXQG#D#SDWK
###`
###IRUHDFK#+#XQUHDFKHG#QHLJKERU#1#RI#FHOO#&#,#^
######PDUN#1#FHOO#LQ#JULG#DV#UHDFKHG
######FRPSXWH#FRVW#WR#UHDFK#LW# #SDWKFRVW#RI#&#.#FHOOFRVW#RI#1
######PDUN#1#FHOO#LQ#JULG#ZLWK#SUHGHFHVVRU#GLUHFWLRQ#EDFN#WR#FHOO#&#IURP#1
######DGG#WKLV#FHOO#1#WR#ZDYHIURQW
###`
###GHOHWH#FHOO#&#IURP#ZDYHIURQW
`

© R. Rutenbar, CMU 18-760, Spring99   58

Data Structure IssuesData Structure Issues

■ 5#NH\#VWUXFWXUHV
■ 5RXWLQJ#JULG

▼ +ROG#FHOOV#RI#DUHD#WR#URXWH/
FRVWV#RI#HDFK#FHOO/#EORFNDJHV

▼ 0DUN#WKHVH#FHOOV#WR#NQRZ#ZKDW
FHOOV#\RX#KDYH#DOUHDG\#UHDFKHG

▼ 0DUN#SUHGHFHVVRU#LQ#KHUH#WRR

■ :DYHIURQW
▼ +ROG#DFWLYH#FHOOV#WR#H[SDQG

▼ &HOO#LQIR#KDV#SDWKFRVW/
SUHGHFHVVRU#LQIRUPDWLRQ

▼ ,QGH[HG#RQ#SDWKFRVW

▼ $OZD\V#H[SDQG#FKHDSHVW#FHOO
+LH/#FKHDSHVW#SDUWLDO#SDWK,#QH[W

7

6
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Data Stucture ImplementationData Stucture Implementation

JULG#-ZKLFK&HOO
LQW#SDWK&RVW

(DFK#ZDYHIURQW
FHOO#VWRUHV=

:DYHIURQW#OLVW=

LQW#FHOO&RVW

FKDU#SUHGHFHVVRU

(DFK#JULG
FHOO#VWRUHV=

*ULG#RI#FHOOV=

$#50'#DUUD\#LV#MXVW#ILQH#KHUH

1HHG#VRPHWKLQJ#FOHYHU#KHUH00
ZDQW#IDVW#LQVHUW2GHOHWH#LQ#FRVW
KHUH1##'XPE#OLQNHG#OLVW#LVQ·W
JRLQJ#WR#EH#IDVW#HQRXJK111

ERROHDQ#UHDFKHG
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Wavbefront Option:  HeapWavbefront Option:  Heap

■ 6WRUH#FHOOV#RI#ZDYHIURQW#LQ#D#KHDS
▼ #+RU#D#SULRULW\#TXHXH#00#FRQVXOW#\RXU#IDYRULWH#GDWD#VWUXFWXUHV#ERRN,

▼ #&ODVVLFDO#GDWD#VWUXFWXUH#GHVLJQHG#IRU#IDVW#LQVHUWLRQ#DQG#UHWULHYDO#RI
ORZHVW#FRVW#GDWD#LWHP1

▼ $OO#RSHUDWLRQV#+DGG/#GHOHWH/#HWF1,#KDYH#2+OJ1,#WLPH#FRPSOH[LW\#IRU#1
REMHFWV1

▼ 0RVW#URXWHUV#GR#LW#OLNH#WKLV1

PLQ1
LWHP

2WKHU/#KLJKHU
FRVW#FHOOV#LQ#KHUH

PLQ#FRVW#LWHP#LV
DOZD\V#DW#WKH#WRS1

,QVHUW#´EXEEOHVµ#WKH#LWHPV#LQ
KHDS#DURXQG#WR#HQVXUH#WKH
FKHDSHVW#LWHP#DOZD\V#RQ#WRS1

'LWWR#IRU#GHOHWH1
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Wavefront Option:  Cost-Indexed ArrayWavefront Option:  Cost-Indexed Array

■ %DVLFDOO\#D#ELJ#KDVK#WDEOH
▼ ,QGH[#LV#SDWK#FRVW

▼ ,Q#HDFK#ELQ#RI#WDEOH#ZH#LQVHUW#WKH#FHOOV#LQ#ZDYHIURQW#DW#WKDW#FRVW

▼ *HW#DOPRVW#FRQVWDQW0WLPH#LQVHUW2GHOHWH

■ 3UREOHP
▼ ,W·V#D#%,*#WDEOH#00#4#EXFNHW#IRU#HDFK#SRVVLEOH#SDWK#FRVW1

3PLQ 3PD[

$OO#FHOOV#LQ#D#ELQ
KDYH#VDPH#FRVW1

1#1#1

&RVW#ELQV#000!
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Rememember How Expand Algorithm Works...Rememember How Expand Algorithm Works...

■ $OZD\V#H[SDQG#QH[W#FKHDSHVW
FHOO

▼ ,PSOLFDWLRQ#LV#\RX#FDQQRW#KDYH#DQ
DUELWUDULO\#ZLGH#´VSUHDGµ#LQ#WKH
YDOXHV#RI#´OLYHµ#FHOOV#RQ#ZDYHIURQW

▼ ,I##&0$;#LV#WKH#PD[LPXP#FHOO
FRVW#YDOXH#\RX#FDQ#VHH#LQ#WKH#JULG

▼ 111WKHQ#WKH#ELJJHVW#VSUHDG#RI#FRVW
YDOXHV#\RX#FDQ#VHH#LQ#WKH
ZDYHIURQW#LV#&0$;#.#4

■ ,Q#WKLV#H[DPSOH
▼ %LJJHVW#VSHDG#LQ#FRVWV#\RX#FDQ#VHH
LV#7/#VLQFH#ELJJHVW#FHOO#KDV#FRVW 6/

6#.#4## #7#GLIIHUHQW#FRVW#YDOXHV
SRVVLEOH#LQ#ZDYHIURQW#DW#DQ\#WLPH

# #6

#6

7

#7 7# ##

7#

#

#

5

#6

#6

7#

#

6

5

5

6

7#

7

6#

8

7#

#

##

7#

##

7

#

#

#

#

#

#

66

66

6
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Remember How Expand Algorithm WorksRemember How Expand Algorithm Works

■ 6DLG#DQRWKHU#ZD\111

V V.&0$;

7KH#ZRUVW#WKLQJ#WKDW
FDQ#HYHU#KDSSHQ#LV#\RX
H[SDQG#D#´FKHDSHVWµ#FHOO
GRZQ#KHUH#WR#UHDFK#D#FHOO#RI
FRVW# #&0$;111
([=##H[SDQG#6#FRVW# #4

1#1#1

&RVW#ELQV#000!

111DQG#UHVLQVHUW#LW#XS
KHUH#DW#FRVW#V.&0$;
([=##UHDFK#ZHVW#QHLJKERU#DW#SDWKFRVW 7
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Wavefront ImplementationWavefront Implementation

■ 6R/#\RX#FDQ#GR#WKLV#ZLWK#RQO\#&0$;.4#ELQV#LQ#DUUD\
▼ ,W·V#D#FLUFXODU#DUUD\=#ZKHQ#\RX#HPSW\#WKH#ORZHVW#FRVW#ELQ/#LW#PHDQV#\RX
FDQ#UHXVH#LW#IRU#WKH#QH[W#0$;#SDWKFRVW#YDOXH#\RX#QHHG1

&PLQ &PD[1#1#1

2OG#&PLQ#JRHV
WR#WKH#HQG#RI

WKH#DUUD\1

1HZ#&PLQ#LV#SUHYLRXV#&PLQ#.#4#OLVW1
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Wavefront Data StructuresWavefront Data Structures

■ +LVWRULFDOO\/#VDZ#ERWK#NLQGV#RI#VWUXFWXUHV#LQ#UHDO#URXWHUV
▼ +DVKHG#FRVW#DUUD\

▼ +HDS0EDVHG

▼ 7RGD\/#KHDSV#VHHP#WR#EH#GRPLQDWLQJ>##MXVW#D#ORW#PRUH#IOH[LEOH#RQ#ZKDW
WKH\#DOORZ#\RX#WR#GR#ZLWK#FRVWV

■ %XW/#WKHUH#DUH#VWLOO#VRPH#VXEWOH#LQWHUDFWLRQV#ZLWK#WKH#VHDUFK
DOJRULWKP#WR#GLVFXVV

■ 4XHVWLRQ
▼ :KDW#FRQVWUDLQWV#KDYH#WR#PHW#IRU#WKLV#VLPSOH#H[SDQG0FKHDSHVW0FHOO0QH[W
VWUDWHJ\#WR#JHW#WKH#EHVW#SDWK"
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Plain Maze Routing RevisitedPlain Maze Routing Revisited

■ .H\#DVVXPSWLRQV
▼ $OZD\V#H[SDQG#FKHDSHVW#FHOO#QH[W

▼ ([SDQG#HDFK#FHOO#MXVW#RQFH

▼ 5HDFK#HDFK#FHOO#MXVW#RQFH

▼ *XDUDQWHHG#WR#ILQG#WKH#PLQ#FRVW#SDWK#+ZH#KRSH111,

■ 4XHVWLRQ
▼ :KDW#DUH#WKH#FRQVWUDLQWV#RQ#WKH#FRVW#IXQFWLRQ#XVHG#IRU#SDWKV#+LH/
SDWKFRVW#RI#D#FHOO#DV#LW#LV#UHDFKHG,#VR#WKDW#DERYH#VWXII#KROGV111"
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Pathcost ConstraintsPathcost Constraints

■ %DVLF#FRQVWUDLQW=##&RQVLVWHQF\
▼ 7KH#FRVW#RI#DGGLQJ#D#FHOO#WR#D#SDWK#+UHDFKLQJ#D#FHOO,#LV#LQGHSHQGHQW#RI#WKH
SDWK#LWVHOI

▼ ,W#GRHV#127#PDWWHU#KRZ#\RX#UHDFKHG#WKLV#QHZ#FHOO/#LW#VWLOO#DGGV#WKH
VDPH#FRVW#WR#WKH#SDWK

▼ *XDUDQWHHV#ZH#UHDFK#LW#RQFH#+IURP#D#FKHDSHVW#SDWK,#DQG#WKXV#H[SDQG#LW
MXVW#RQFH

■ ,W·V#DFWXDOO\#HDV\#WR#FUHDWH#D#FRVW#IXQFWLRQ#WKDW#LV#LQFRQVLVWHQW/
DQG#YLRODWHV#DOO#WKHVH#QLFH#SURSHUWLHV
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Inconsistent Cost FunctionInconsistent Cost Function

■ 3HQDOL]H#SDWKV#ZLWK#EHQGV
▼ 6WLOO#VWRUH#4#FRVW#LQVLGH#HDFK#FHOO

▼ %XW/#QRZ#DGG#DQRWKHU#FRVW#ZKHQ
\RX#UHDFK#D#FHOO#WKDW#UHTXLUHV#D#WXUQ
+D#EHQG,#IURP#WKH#GLUHFWLRQ#WKDW
UHDFKHG#WKH#H[SDQGLQJ#FHOO

$1#:DYHIURQW
¬¬¬##FHOO

.QRZ=
#SDWKFRVW# #43
#SUHG# #1257+

%1#8QUHDFKHG
¬¬¬¬¬FHOO

.QRZ=
FHOO#FRVW# #4

&1#8QUHDFKHG
¬¬¬¬¬FHOO

.QRZ=
FHOO#FRVW# #4

6XSSRVH#EHQG#SHQDOW\# #5



Page 35

© R. Rutenbar, CMU 18-760, Spring99   69

Inconsistent Cost FunctionInconsistent Cost Function

■ 7U\#WKLV#H[DPSOH#ZLWK#EHQG#SHQDOW\# #5
▼ 'RQ·W#PDUN#WKH#´UHDFKHGµ#ELW#LQ#HDFK#JULG#FHOO#ZKHQ#\RX#UHDFK#WKH#FHOO

▼ $OORZ#VHDUFK#WR#UHYLVLW#SUHYLRXVO\#UHDFKHG#FHOOV111

6285&(

################FRVW 4 FRVW 4

FRVW 5

FRVW 6

FRVW 4 FRVW 4

7$5*(7
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Inconsistent Cost ExampleInconsistent Cost Example
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;

9-- :

4 5

6 7

8 9

5HYLVLW#WKLV
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DJDLQ#DW#
PRUH#FRVW

5HYLVLW#
WDUJHW/
EXW#LW·V

FKHDSHU#QRZ
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Inconsistent Cost Function:  ImplicationsInconsistent Cost Function:  Implications

■ 1RWLFH#ZKDW#KDSSHQHG
▼ 5HDFKHG#VDPH#FHOO/#ODWHU/#DW#D#KLJKHU#FRVW/#EXW#LW#ZDV#XOWLPDWHO\#RQ#WKH
FKHDSHU#RYHUDOO#VRXUFH0WR0WDUJHW#SDWK

■ ,PSOLFDWLRQV
▼ <RX#ZLOO#UHDFK#FHOOV#PXOWLSOH#WLPHV#DW#GLIIHUHQW#FRVWV1

▼ <RX#ZLOO#KDYH#VDPH#FHOO#LQ#ZDYHIURQW#PXOWLSOH#WLPHV#DW#GLIIHUHQW#FRVWV1

▼ &DQQRW#JXDUDQWHH#\RX#QHHG#RQO\#&0$;.4#KDVK#ELQV#LQ#DUUD\

▼ &DQ#VWLOO#H[SDQG#FKHDSHVW#ILUVW/#EXW#FDQQRW#TXLW#ZKHQ#\RX#UHDFK#WDUJHW

■ 7HUPLQDWLRQ#RI#VHDUFK"
▼ &DQQRW#TXLW#XQWLO#HDFK#FHOO#LQ#ZDYHIURQW#KDV#D#FRVW#VR#ELJ#WKDW#LW#LV#127
3266,%/(#WR#UHDFK#WDUJHW#DQ\#FKHDSHU#WKDQ#FXUUHQW#FKHDSHVW#SDWK

▼ 0D\#UHDFK/#H[SDQG##ORW#PRUH#FHOOV#ZLWK#DQ#LQFRQVLVWHQ#FRVW#IXQFWLRQ111

▼ 11EXW#\RX#FDQ#GR#D#ORW#RI#FRRO#WKLQJV#ZLWK#VXFK#IXQFWLRQV
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Termination of SearchTermination of Search

■ &DQQRW#TXLW
XQWLO#QR#FHOO
LQ#WKH
ZDYHIURQW
KDV#D#FRVW
WKDW#FRXOG
OHDG#WR#D
FKHDSHU
SDWK#WR
WDUJHW
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6 9--
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;

9-- :
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8
<RX#KLW#WDUJHW#DW#FRVW#;/
EXW#WKHUH#LV#D#FHOO#DW
FRVW#9#LQ#ZDYHIURQW/
DQG#WKHUH#DUH#FHOO&RVW 4
FHOOV#LQ#JULG/#VR#SRWHQWLDOO\
SRVVLEOH#WR#KLW#WDUJHW#DW#FRVW :
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Expansion Process, RevisitedExpansion Process, Revisited

■ 3UREOHP=
▼ #([SDQG#ORWV#RI#FHOOV#WR#ILQG#RQH#SDWK#WR#WKH#WDUJHW1

▼ &38#WLPH#LV#SURSRUWLRQDO#WR#&#RI#FHOOV#\RX#VHDUFK1

▼ #1R#DWWHPSW#WR#VHDUFK#LQ#GLUHFWLRQ#RI#WDUJHW#ILUVW1

■ 4XHVWLRQV=
▼ #+RZ#GR#\RX#VHDUFK#WRZDUG#WKH#WDUJHW"

▼ #&DQ#ZH#GR#WKLV#DQG#VWLOO#NHHS#JXDUDQWHHV#RI#UHDFKLQJ#WKH#WDUJHW#ZLWK#WKH
PLQLPXP#FRVW#SDWK"
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Motivation for Smart SearchMotivation for Smart Search
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6HDUFKLQJ#WRZDUG#WKH
WDUJHW#LQ#WKH#VKDGHG
UHJLRQ1#

([SDQGLQJ#DZD\#IURP#
WKH#WDUJHW#VHHPV#WR#EH#
D#ZDVWH#RI#WLPH1
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Smarter Search:  Rubin’s SchemeSmarter Search:  Rubin’s Scheme

■ 7ZR#SDUWV=
▼ #$GG#SUHGLFWRU#IXQFWLRQ#WR#WKH#FRVW1

▼ #'LUHFW#WKH#VHDUFK#WRZDUG#WKH#WDUJHW

■ 3ODLQ#PD]H#URXWHU
▼ <RX#DGG#D#FHOO#WR#WKH#ZDYHIURQW#ZLWK#D#FRVW#WKDW#PHDVXUHV#SDUWLDO#FRVW#RI
WKH#SDWK/#VRXUFH0WR0WDUJHW

■ 5XELQ·V#6FKHPH
▼ <RX#DGG#D#FHOO#WR#WKH#ZDYHIURQW#ZLWK#D#FRVW#WKH#HVWLPDWHV#WKH#HQWLUH
VRXUFH0WR0WDUJHW#FRVW#RI#WKH#SDWK

▼ 7ULFN=#HVWLPDWH#WKLV#DV#SDWKFRVW+VRXUFH#WR#FHOO,#.#SUHGLFWRU+FHOO#WR#WDUJHW,

▼ +:H#ZLOO#VHH#WKLV#H[DFW#VDPH#LGHD#DJDLQ/#ZKHQ#ZH#GR#6WDWLF#7LPLQJ
DQDO\VLV>#WKLV#SUHGLFWRU#ZLOO#EH#FDOOHG#WKH#(63(5$1&(#RI#D#SDWK«,
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Plain Maze RoutingPlain Maze Routing

6RXUFH

([SDQG

5HDFK

7DUJHW

5HDFKHG#FHOO#JRHV#RQ#ZDYHIURQW#ZLWK#WKLV#FRVW

###SDWKFRVW+VRXUFH#WR#FHOO#EHLQJ#H[SDQGHG,

.#FRVW#RI#QHZO\#UHDFKHG#FHOO
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Add A Depth-First PredictorAdd A Depth-First Predictor

6RXUFH

([SDQG

5HDFK

7DUJHW

5HDFKHG#FHOO#JRHV#RQ#ZDYHIURQW#ZLWK#WKLV#FRVW

###SDWKFRVW+VRXUFH#WR#FHOO#EHLQJ#H[SDQGHG,

.#FRVW#RI#QHZO\#UHDFKHG#FHOO

.#HVWLPDWH#RI#SDWKFRVW+UHDFKHG#FHOO#WR#WDUJHW,

$#W\SLFDO#HVWLPDWRU#LV=

PLQ#FHOO#FRVW#-#GLVWDQFH#WR#WDUJHW
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Technical ResultsTechnical Results

■ 'HSWK#ILUVW#SUHGLFWRU
▼ ,I#WKH#SUHGLFWRU#LV#DOZD\V#D#ORZHU#ERXQG#RQ#KRZ#PXFK#SDWKFRVW#\RX#ZLOO
UHDOO\#DGG#WR#JHW#WR#WKH#WDUJHW111

▼ 111\RX#ZLOO#VWLOO#JHW#WKH#PLQ#FRVW#SDWK/#JXDUDQWHHG

■ :KDW#GRHV#LW#GR"
▼ ,W#DOWHUV#WKH#RUGHU#LQ#ZKLFK#ZH#H[SDQG#FHOOV

▼ ,W#SUHIHUV#WR#H[SDQG#FHOOV#WKDW#DUH#FORVHU#WR#WKH#WDUJHW#ILUVW

▼ ,W#GRHV#WKLV#LQ#D#YHU\#JHRPHWULFDOO\#VW\OL]HG#ZD\

■ /RRN#DW#DQ#H[DPSOH111
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Rubin Expansion ExampleRubin Expansion Example

■ 2EVHUYH
▼ ,W#SUHIHUV#WR#VWD\#LQVLGH
WKH#ERXQGLQJ#ER[#RI#WKH
VRXUFH0WDUJHW#UHFWDQJOH
EHIRUH#LW#H[SDQGV#RWKHU
FHOOV1

▼ +RZ#GR#ZH#NQRZ#ZKLFK
FHOO#WR#H[SDQG#LQ#RUGHU
LQVLGH#WKH#ER["

▼ 6HYHUDO#KHXULVWLFV#ZKLFK
DOO#EDVLFDOO\#VD\=#GRQ·W
WXUQ#XQOHVV#\RX#KDYH#WR/
DQG#SUHIHU#WR#H[SDQG#WKH
FHOOV#WKDW#DUH#DFWXDOO\
FORVHVW#WR#WDUJHW/#ILUVW

# 6

6

7

7 7 ##

7

#

#

5.8
 :

6

6

7

#

6

5.8
 :

4

5.6
 8

6

 

#

7

7

#

7

#

#

#

#

5.6
 8

© R. Rutenbar, CMU 18-760, Spring99   80

Some SubtletiesSome Subtleties

■ :LOO#DJDLQ#UHDFK#D#FHOO
PXOWLSOH#WLPHV#ZLWK#GLIIHUHQW
FRVWV

▼ 6XSSRVH#\RX#UHDOO\#H[SDQG
FKHDSHVW#ILUVW/#DQG#DPRQJ#WKRVH
RI#VDPH#FRVW/#FORVHVW#WR#WDUJHW

▼ &DQ#VKRRW#GLUHFWO\#WRZDUG
WDUJHW111

▼ 111EXW#\RX#UHDFK#FHOOV#HDUO\#ZLWK
VXERSWLPDO#FRVWV

▼ &DQ#UHDFK#WLPH#DJDLQ#ODWHU

# ##

# #

6

7 #

#

7

#

#

#

#

#

H[SDQG
WKHVH
FHOOV

VWUDLJKW
WRZDUG
#WDUJHW

<RX#ZLOO#ILUVW#UHDFK#WKLV#FHOO
DV#1257+#QHLJKERU#RI#FHOO
[/#EXW#FRVW#ZLOO#EH#ELJ#EHFDXVH
\RXU#SDWK#JRHV#WKUX#FHOO#[/
ZKLFK#LV#EDG#SDWK#KHUH

[
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Rubin Expansion ExampleRubin Expansion Example

■ :RUNV#JUHDW111
▼ 8QWLO#\RX#JHW#D#FDVH#OLNH#WKLV
ZLWK#WKH#WDUJHW#EORFNHG#LQVLGH
WKH#VRXUFH#WR#WDUJHW#UHFWDQJOH1

▼ 3UREOHP#QRZ#LV#WKDW#LW
H[SORUHV#WKH#ZKROH#UHFWDQJOH
EHIRUH#LW#WULHV#DQ\SODFH#HOVH1

▼ 0LJKW#LW#QRW#EH#IDVWHU#WR#VHDUFK
RXWVLGH#WKH#UHFWDQJOH#LI#WKH
UHFWDQJOH#LV#9(5<#ELJ111"

# ##

#

# #

6

7 #
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7
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7
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Another TweakAnother Tweak

■ &DQ#LQVLVW#WKDW#FHOOV#FORVHU#WR
WDUJHW#DOZD\V#EH#FKHDSHU

▼ $GG#FHOO#WR#ZDYHIURQW#DV

SDWKFRVW+VUF#0!#FHOO,

.FRVW#RI#FHOO

.#.#�#HVWLPDWHG#FRVW+FHOO#0!#WDUJHW,

■ .#LV#MXVW#D#IXGJH#IDFWRU
▼ )RUFHV#FHOOV#FORVHU#WR#WDUJHW#WR#EH
FKHDSHU1

▼ 7\SLFDOO\#VPDOO#+OLNH#414,

▼ 7U\#. 5#LQ#WKLV#H[DPSOH#IRU#HIIHFW

■ (IIHFWV
▼ )DVWHU#VHDUFK/#VPDOOHU#VHDUFK/#EXW
ORVH#JXDUDQWHHV#RI#PLQLPXP#VROQ
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Area Routing By Maze Routing:  SummaryArea Routing By Maze Routing:  Summary

■ %HHQ#DURXQG#D#/21*#WLPH
▼ 9HU\#IOH[LEOH#FRVW0EDVHG#VHDUFK

▼ ([WUHPHO\#IOH[LEOH/#FDQ#EH#UHFDVW#WR#DWWDFN#PDQ\#SUREOHPV

▼ =LOOLRQV#RI#WZHDNV#IRU#VSHHG/#VSDFH/#HWF1

▼ 6WLOO#ZLGHO\#XVHG/#EXW#QRZ#RIWHQ#ZLWK#UDWKHU#PRUH#VRSKLVWLFDWHG
UHSUHVHQWDWLRQV#RI#´VSDFHµ#WKDQ#D#5'#JULG1

■ 5HPDLQLQJ#SUREOHPV
▼ 6WLOO#URXWHV#RQH#QHW#DW#D#WLPH1##(DUO\#QHWV#EORFN#ODWHU#QHWV1

▼ /RWV#RI#LWHUDWLYH#LPSURYHPHQW#VWUDWHJLHV#KHUH#+,#GLGQ·W#WDON#DERXW,

▼ *UHDW#LI#WKHUH#,6#D#SDWK>#LI#QRW/#ZLOO#VSHQG#D#ORQJ#WLPH#WR#SURYH#WR#\RX
WKDW#WKHUH#LV#12#SDWK


