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Abstract

This paper describes an approach for constucting a Rectilinear Steiner Tree (RST) derivable

from a Minimum Spanning Tree (MST), using Associative Procdssor (AP).

We propose a fast

parallel algorithm using AP’s basic algorithms which can be realized by the processing
capability of rudimentary logic and the selective matching capability of Content-Addressable

Memory (CAM).
between the consecutive edges in MST,

The main idea behind the proposed algorithm is to maximize the overlaps
thus minimizing the cost of a RST. An efficient

parallel linear algorithm with O(n) complexity to construct a RST is proposed using an

algorithm to find a MST. where n is the number of nodes.

A node insertion method is

introduced to allow the Z-type layout. The routing process which only depends on the neighbor
edges and the no-rerouting strategy both help to speed up finding a RST.

I.ME

Fe el v

7} ol|x)(edge) 7} o] 71EHE 2

* IEER, BUNETER (B 45848 F2HeeT
(Hyundai Elec. Ind. Co. Ltd.,
Lab. 2)

BXHT199446A218,

Semiconductor

FA9 7199548 A4H

Wk oA @2 (undirected connected graph)
GE 7A43hs xZ(node) &9 $3Hd% PE A7l
B2 kel HEol33l Poll gt Aady Aelo)
v B8 T+ Y PE dAske £98 39 A58
FAsHe g A3 N& ge Efjely g 4
et Aj P A5 $24 (terminal points) L
2]z N-P9 #HE2 ~eleid A (Steiner points)o]
gty F-gch zelel] Ezje] rhpAe TE TN

(1057 )



14 A A7l e o] &3 AwA

e x5 7] gheleln Aeisich AwAdy ~
elol} =] ZAEAYE NP-complete EAloch'”

A F7HA] wE drh =g, o8] 7] AEH
Ao Sol  AlgkEldel, Hwang'''e A3
Al

Minimum Spanning Tree(MST) #tz} A
3 zelolu] Eg] ko] w]8-2 3/2Mc) H4
Zsiich 18R WS
2] TS 3 A¥A daelEEel MSTERE s
< % Wong' ' & AwAdd ~ele| Ee
2lol4d ek E(stability). &,
WA 7] oo :r"’H ARS AAE 5 e A4
AL Aolfigle} ¥l °'°]—°4 A wAdE 7Hgst
A sk oAz °L1a1 & stdeh. Sakai'”
+ DelaunayUlE AlollA 3] A-E2](minimal tree)&
7¥2 gl Z(interval graph)& o|83le] AuwAdy
zefelyd] Eg] A& ATslgdet 712 W wla
so] & 7= MSTE FAshs ol#l &l disle] d

ddow asln Agsle Aol Awda Aekl

2 N ox

o T

11;,7_/116:] /‘\E}.o]];] ®

Eele] Zolg

Y E2lg FYUh AgAEQ ebaelZe| Hebwst 4
A shEslefolde] Adon sl whE PSR
woiFolch,

zetelu] Ee] #Al= 2A5E dlE9ze) VLS A
Aol Auidal wixA ARE AAshs df AR5
gk = 2 slzad Zelg Hzsksp] 95k
oAzl AwAds arfelr] By dmeElE
(polynomial-time algorithm)& ol-&3}adct =a
A8 sefely] Erlis gt ol & VLSI AA -§-8-Fc)
oAE S 7 ZFEAe] wlF Ao F2AA ZHelE
dahs del® o845t Gilbert'"' &= ~elold
Ee)E BT AdA6 83t

2 =t Content-Addressable Memory
(CAM)Z o]83}e] A3 xelel] Es] FAS
stet waodwe]Es  Agksledctk. CAME @A
CMOS5-2] VLSI7I&=2 7849 4 gl 7t CAM ¢
el 7kt Ael=e|32E vt CAMS o
A7zt "k A 3] S8RoklM CAME
s meAl sliwe] = & ok =3 CAM &
7}—?7'4—2* zZhe dxie} xre] FFgoR PR
O ZE AASle ol HEgslt CAMe| HAE
rrel 24}?'_—— AT TN Zh oA E2 A i3

s

AuE A & 5 vk MST A Al CAMS]
AMefxl x| (selective match) 7155  o]&g

(

g zeoly Ege WE duds

FhE R

bit-serial word-parallel W¥oz i rlExE
b= o2lE A AS 5 ok MSTFA Fell=
MSTe] FH(leafl node)2ZH-E ZAuAls ~eloli
EgE s w7 SA R oRES sl Alsled
Uzkel 2 ejiddels Azl Z-3e] wids &
4317] 91sted o= Akql ubge] Al<b=Edch

B Ay el Ee] A dme|Ee] 54
a3} 7ol Qofg 4 9l

1

Aol A AE ~eleld] Eag A dye|E

i
-

o7 LT} Akl v A A 7 MST IR E9)
Hell 2 2Zslo] idtona AwAE Aelehd E
zle) Aahe St

2) CAM=} gt Aelsde 73l 2307 off
o1zl SIMD Fx2| AgA=7|E o]83ted Audy
zefolu] Er] daue]EFs wHsisielol daeEe
bit-serial word-parallel2 Extglcl Ez] 9]
TEE e 2WEZE CAMel AAsle] Helsh=
Ho] A= ie}

3 xTARE ol8ste] Z-3 e sds FHEFge
24 2wy zetofu] Ex] Ay} skdEgla <A
01]7‘]°HJ =8|y Ao BHgsing ST}

el el S R Siole)
deled Feldn. el AaAY vl =
e ehuelgol slessla, URATE 4geld el

O, AgA™a|7| st=dof #+%

CAM $Ei= Faell 2fafixzt obdet 1ol A
ol ofsfa Al wlnele] zh $jzef gl
Mel=e32g A/ eEN CAMS A3A=r7t
2 4 qlr} dlme|e 7} == o) f3E HAuA
o} aRAES o188 mEleEE VR o] HEA|
an 2o 4= gloh Agkxely] el el =
i von Neumann ¥WEEFE A7l T2
Wzelg HaAgk /hde] =y Fx2E AN
T 4 gl

E dFE= IBM PS2/70 #HFElel 40969 (row)2]
AgH el 0 A1ele sheslleloll ] salEde). 5
Edlel= memory-mapped device®] HFEIZ micro
T AR A=t 1

channel bus® %3l

1038 )



19954 8 HEFIL%&H Lk

& dgtxe]r)e] Frxelr) AAjtxzirle o 7
og AR vrel 29 23 (row logic) & ¥

Foh Ao RE-2 A7) 36-bit #@XAEet 3%

27l s FgEe vllazz=d s
Writable Control Store® FA=lel etk A7l

2] 2~z dlelet AR mE], vhaE dR|2E] s
vl ol %] (never-match) #Rl2efe|c},

AgAe7|= SIMDH ] WHHFE +25 Z+=
o} AgAe7] el w3k GFeldiMel o) sht
o] H3jo] He|rle zx|ut 27w d4ds] £ g o
319 1-B]E ALU7F 7+ CAM $l=rich Zaidic}
EE 7 CAM s F49] Jide] glo 2 g
S H-ollA Foizl k3l wixH Aol ofsle] ™ A
2lEct wa FFE M AN vre] sk o
slod 9o, 2w He|sR|T gt e] el 9l
thee] sl mejr) FAle pafEle wWajolo) sy o

kg whet

s MEMORY ROW LOGIC
—11 . . CAMword#1. - - - 114" Row #1 .|
Ld  CAMword#2 | Row #2 [0
11 CAMword#3 - - - =14 Row#3 -}
- .  CAMword#n-2 - - LL23° Row -]
—— - - CAMwordén- & | [ [’ Row #a-2|0
o . CAMword#o - - P13 Row I
Local Bus | Lot oo VT
CONTROL SECTION
e ]
_...{ .iMas'ERc‘gu'stérjiiIlfiIIfIiifIi
y
>
System Bus
J8 1. dgAr)Y stude 72
Fig. 1. Hardware structure of the AP.

a2E shiel dAgAEr|aake] RS et
7t CAM =+ 32 v]Ee|x, 4 v|EQ] e i(tag)
A& 7R 9lek. 7} e v]Es vjole} w]ES] JF
o Glge] Meldon 2ozl Sx glrl Hlo wlEX
ZAAe] tidoln R o] & s WA EMN CAMe

# 32 % B % 8% 15

AAshs ARE BRIl A & ¢ Qi) 2% 24
2 General Purpose Logic Blok(GPLB), Multi-
ple Response Resolver(MRR) 28lil 1-M]E =
2€lQl R1, R2, R3Z FAHc}. o] =325 o
2 ANE ARsln 2EE HElshs bl 29} 9
d A F skt oo x| A LANE A%
MRRZ 2 "l AAEE ATl o= 7 o
< Fa2 71§ AWl GPLBY: dubde) A W4
2] Boolean¥d-& +38% 4 i} WUnbdel RAM
2] CAM =58 &34 F49 Mds 2A o
= WA 2 e A9 2leld(select line) & Zhett
gkl AdejEele] &AdstElgchd 2 Yue pHEE
Hedolof| o) dgke wher) A8 AHsly] g8l
GPLB &84 AM§tea@x FAlo) o8] = 22
HARE & 4 9l MRRE  HREHE|(response
vector) & AAsla, Haspd o) & f=x ==
< 7P 5 Uek(F, whede & P Aol 94
b= bitell 25" dwe] #ASC).  Shift
Register (SR)+&= dgtxeir]9] o zke] Ealo) AleE|
a1 1 &4 R1, R2, R3 & shi=2 qlg=" & 9r}
AFAZl= - N AHaAE ZE SIMD
(single~instruction, multiple-data stream) #H3%

iz olaE 4 9ok,

[camword G2 )] [1as 4 bin] —E

shte] AAgAe] )4zl =
One Associative Processing ele-
ment structure.

v

a8 2.
Fig. 2.

m XMy AE0|H E2| 74 ¢12|F

7VEAE Zhz wEEd et ol MSTe 2
T x=ES dsta R Eide] HisiEHe d
2Ee] EAggelela Xa‘-"’]@ 4= qlek. MST F+4&
#3% Prim-Dijkstra Z2 nh9] xrt U
o) n2e) vldHshe YA %_&i gt & A7
CAM® 715 1 Azl g} 7]}t =2] +3)
+ ol&dl] BAErl O(n)] MSTE FAlshk= W
de]EFS olfsle] HF AwAY 2elol] Er] F

(1059 )



16 A AUV E o1 8T Audy 2eoly Ede ¥ dunaz

Rell ol saEEst dejEel Wameld Ack
% AL BT

CAM Army Tag
cAMesryforet | w10 T iy [ w22 | [0 ]
CAMenryforez|[ wpso) | wiy | w2 | [o] -
CAM eatry for e3 - g30) al@) aXs) n
CAM emtry for od wgu30) nl(1) .2(4) n
CAM entry fores| wowd® | win | azs | [ 0]
a8 3. oA 2 =Zef 1o CAM AR
Fig. 3. Sample graph and its CAM

entry.
e selected
(or MST

23 4. 239 Aol gk MST 74 <4
Fig. 4. MST procedure for the sample
graph in Fig. 3.

I3 bR 2R 2R o] AHSse CAM
o 71AE Arolc) 7t oix|ol] Widt FEE § A
HE=E CAMH AARG A Yo & T
Ak e =28 AAsla, A e o
el i 7RIS AN B A5
2] % gl

o|Al= bit-serial word-parallel ¥WAlo 2 oA
HEd R ke A8 4 oleR ddsign) WA, =
T A=5% FH(candidate)® HAH] bit(MSB)%
B 7z} vl e i3] “07& A4} 7 AR ")
HE7L “1"& Zhe =5 FrdA ALgc} ukyl
A wlEs 0" f=r) SR ik, o AR
AeA] oz kAR Jgizick Algke d3kAe
71 vz ] Apzt shtd wie} ofy Y wE TR
& olenz 19 715g o4& = ik Az
2 ool hglEfolls s mis ofe sfe] Fn
7t dolslA Hell old dolgle FREL BF e

gk 7 Solel. PEASR Sl el A4y

5 1R

5 WA AAE 2 Ao dis) e AN
slo HAghs et

¥4 3339 Aol gk MST 749 sl
o} 2b ¥bE(iteration) @it} shie] M2 emr)
oA, xre| Af(n) wHFY HEE Feol= MSTV}
A=

At odrweEe] FAMEE ol AR MST
ARE Zhell FHF--E H3 Aoz AHAapyge
2 Ao Auxy x|y EzlE FAskE Zlelc)
HAkel el s oS we] Aaly sejoly
EftAle o3l x=sd 25 d4stn 7159
ol Hart Hi=s AwAdd =g zhe ek MST
ANA e=(j)o T F24 i9} j Alole] AwAldy 2wt
A2 2 d#xe] Ay wid(staircase layout)o]
2b E2jdch MST W] 7} olx|ol] oigh A sjad
2] 95 Ao} oA E Zhel| FEFHo] QJS A 1
T2 B 2 o 2 Ave] Fxe ulE A
& zelely Erlrl & o) Ha slEAe] EelE
271 e FERES HE sk A s
Adelslof g},

MSTE 4% ¥ 7% MSTe z+ % (leaf
node) S BN A|A}sle] SHEE-G FHojs} sk HFgE
22 MST ©AE #Ashd daeigoe] zlaisz,
MST ofl#Ee] 2F sja=e o 2 Aok 2ay
8 ~zeloly  Eeprl EHoh Ak daeg|Ee
break-simple(BS)® break-complex(BC)9 & &
T2 AR, 1359 ZA9olA Ple] AzbY, P2
7b . P37t thgAeletn siAEAl BSRR
shtel A7) F74HE Fale] shily dxE A7
= 45 HEFh oE Bl Plel AIAMY, & £
Heletar 71AERE. CAMS <R %X RS 7 AFho gy
P2¢} P35 AL ¥ edge(P1,P2)2} edge(P2,P3)
Atole] FBHE-S Hojs) sh= 24 ade Aot

(x1,y1) (x2,y2) (x3,y3)
*— - —o
pl p2 p3
start node middle node next node

38 5. x= %3 uhy)
Fig. 5. node representation.
2862 2= ARgle] A$-E Adudsia 9ot A2
2efo]dd  P2'E CAMel AAEe] <9l edge

(1060 )



1995% 8 EFILEFEX

(P2.P3)  edge(P2".P3))E  tixi®ic} A&2E
edge(P2" P3)+&= ol wid}eli4] ujd s
edge(P2,P2") el FHiigle] S3idoz widd 5= gl
7 o= Z-3e} wjde] rpFsle} ol2¥t k= A
PRS0l AbglellA] wjd-g HARC B F
B2 e o glrhd 7 of#]o tidh L-eky] wid
o} 7hsshAl H3 k= ARl BEastA st BSH
A F A" P e xue 7 oA wolek 3}‘%
oluv] ¢)zlE 236ellM By v} o] y-FEE P

3} 2o edge(P2.P3) Al & k=r} ¥ioh

o]u]

a3 6.
Fig. 6. node insertion method.

wE Ay

el ollA] wide] b 1 X v|FAEHE]
o] 7zt X AejHct ghH o7} wid=H
2 ollAlef] thEh A abde o x| ¢dch olA p2vt
P2 (= ARgle)l f-Fdl uleh) & AlAHge] ¥, P3+=
Z70d 8] CAM 2ol o3le] o4& abech
wrel chgAje] shdebd, $lo HEE AL §3
edge(P2.P3)+}t edge(P2.P3)el widt wid& 2
o} mhl oheHo] E oldelw ARPHE BCIHAHE
9 2®(stack)ol HAH} 2E FH ozt
BSTHAL A ZHeRE 749l digk wid S AR
}.

BSHA o] b, AAFE ~elo)] xAE xeof of
g oz wide 2] 9% BCHALS el 2y
of fAlE Hpellrje} zho] 2zt 7lERt whdel W x
o} y&o| FERES ulirsle] Ao wjdg AAech
wjedo] b P39l x=E BSHAE ¢8] gl A
Azl BB #HEdA LBl digt wjde]
%7] MSTE 7A8he 2E olA7} 3] widd of
742 BSet BC#A-S wiERc FASX T 271
MSTE 2z 2Yezie sjide] Pz ud
3 ~elo|] E2|E FASH o #HAe] wid g A

#
1.8
=

:l:

\l’

Ly

$£ 32 % B#® % 8% 17

£ #He o) oot B, Auido] gd8s}
| wgoll FAAIRte] vi-g- wh2ch =gk Z-Ye wid
s83lnz 2] MSTs} Ay ey =3
7re) 7heA] g9 wigel =i FA deideh o2
AaAY seel e dweEFs 0] ERARE
ghirid

N

2.
=

W

e

lerrhinal

......

(a) MST
—
o—
Steiner point +

ztype layout =

(b) RST
a8 7. AEd egle wid
Fig. 7. Complex case example.
(Theorem) Alekd AwAY 2elold Eg] 34
gGye]Ze] BAlws pol k=2 Aed o O(n)ol

Ao M/

VA AV

inserted nodes

a7 8. 7 elAlekeh X Aol S A
Fig. 8. The worst node insertion case.

(1061 )



18 A A7l g ol &% Audd 2eold Ee BHE dadF R

(Proof) #|9s) o) atmelzem el WA AgAH 4k Al Aol asgich
F4% n-1 e} MST o= 5ol eisled 2t o1 of
ghgoich sjAlslel AaAlay seleld EelE T4
o Hetel A5 7} elxlvict LED AT A% 4
o 4 gm0 o vl Al o) FolAn] Sper
Agdor 3E BAEE On)eldh 138 7 o
Albe} =2 ARlalel sk A Seolc

Repeat 25 o x|7} vjd= of 712]
2. Br'eak‘sunple( ) A3 vk

/ * 2E simple ol#]of| thsle] * /
3. Break-complex( ) 43} ¥b&

/" BE complex x|l thato] * /

End a2 9. Aaidy seel By A A
(node 715 90)
Break-simple( ) Fig. 9. Rectilinear Steiner Tree result.
1. o|z12] se= A7) (The number of nodes : 90}
2. Fagel Auishe g olxiel wids 27 E 1 A4 Aeld me) weige) A
gl Table 1. Performance of the proposed
3. destd sl g ARISHL CAMO] o algorithm.
2= wiAgc} # of nodes } time(sec.) RST/MST ]
4. v} == F e 10 0.005 0.8412
5. e xt7} simple A-$52A complex A% 20 0.013 0.8923
= At 30 0.025 0.8634
Wb simple oX|2b, ohg- oAl tH3led 40 0.036 0.8763
break-simple( ) 4383k} 50 0.046 0.8622
ek complex ol#|2b, break-complex( ) 60 0.061 0.8527
A8e- 9)5le] smle]] #Abgk} 70 0.078 0.8679
80 0.096 0.8597
Break-complex( ) 90 0117 0.8749
Lo 32k el sl w8 oS Aerh 100 0.141 0.8862
2. FEYHol AUIEEE oxFef widS A
=} 12 A= dae|Ee] Zﬁ%‘j‘ viepdc}, oAl

3. Basky selelu] HE Akgldla 2 oA
E CAMel Aakghct,

4. NZE 2etohd :=E break-simple( ) A
35 18 2ol AAkgic}

deol& whEeiFaL, k=0 AE 1044 1007k ¥
Az Al sEfod EE]Q} MST Zte] ®]&

2 0.84~0.87 AR AREFA, FAd A~a® A
Zholl W3t A= vl Fhoh =3 4208 A7k F
dlo] =717} Azlell wet d#des Fopsidct o
712] kg FRel oAHE Fold Ad AwAdy e
o] 5‘119} MSTe v]&82 I 0.88 A== el
E =M AgkR dwe)E-e IBM PS2/70 #HF o} AR A wAdd ~elelv] Ezfel MSTZH] HlE

by

!
H

V. &3

(1062 )



1995F 8F EFLLEHTE

of 4psh @AAE olEHoR 0675 A &
ol E2l/MST =1%ol Hjxiglet' ' a9e Xk
zo) A5t 904wl Ay xefol] Er FAAE
o},

oAgtz|z])712l IBM PS2/70 #FE] 7ke] £41& v}
olzZ A (Micro Channel)& £3] o]Fix|7]| o
ol 3 5go] Wol ol el sl AlYA
= vl9 Fohrl dgtAdelv|e} FRSE e BAl
Wo| fAdsichd Bl e AnE e 4 9le 7o)
=3

V.4 8

[y

# Rl CAME 4% Ay selely

me] Pyl B Ll Ze] Ak} Z-ge)
Wede slg5b] Slsted e Ale) WS olgslela,

Anpdog 7] MSTe} AwAly ~efely] =ejel 7}
T3] wlEE ek Ak dmelEe
CAM®} @Azl gHa Aufde] 284 el )
+ aHer Eels pAsich e o) SR
of met B2 PAAREE 79 Ad¥Hem Frhwel
T darelE BAtEel AckRk e BoiFgich A
WY zeleld Ee] FAle o] gelM St
71249l Aol CAD2 VLSI $-8-2etellA A
Hahe EAlolnZ, & =il Ag" CAME o1&

b dwe|ES 8w 8ol sttt

r°‘ 4 rlr

anes

Minimal

SIAM
Journal of Applied Mathematics. vol.30,
no.l, pp.104-114. 1976.

[21M. R. Garay. D. 8. Jchnson, “The
Rectilinear Steiner Tree Problem is

SIAM Journal of Applied

vol.32, no.4, pp.37-58.

(1] F. “On  Steiner

Trees with Rectilinear Distance”,

K. Hwang,

NP-complete”,
Mathematics,

X Xb & W

# 32 % B # 8 19

1977.

[3] M. A. Breuer.
Design Automation and Fault-Tolerant
Computing, vol.1, pp.343-362, 1977,

[41 A. E. Dunlop. B. W. Kernighan. "A
Procedure for Placement of Standard
Cell VLSI Design’. IEEE Transactions
on Computer-Aided Design, vol.CAD-4,
pp.92-98, 1985.

[5] K-W. Lee. C. Schen.”A New Global
Router for Row-Based

IEEE

Conference on Computer-Aided Design,

188, pp.180-183.

"Min-cut Placement”,

Layout”,

Proceedings  of International

[6] F. K. Hwang, “An Ofnlogn) Algorithm
for  Suboptimal Rectilinear  Steiner
Tree”, IEEE Transactions on Circuits

and Systems, CAS-26, pp.75-77, 1979.

(7] J. M. Ho. G. Vijayan, C. K. Wong,
“New Algorithm for the
Steiner Tree”. IEEE Transactions on
Computer-Aided Design of Integrated
Circuits, CADIC-9, pp.185-193. 1990.

[8] K. Sakai, K. Tsuji. T. Matsumoto. “An
Efficient Approximation Algorithm for
the Steiner Tree Problem in Rectilinear
Graphs”, International Symposium on
Circuits and Systems, pp.339-342, 1989,

[9] E. N. Gilbert, "Minimum Cost Com-
munication Networks”, Bell Sys. Tech.
Journal, vol.9, pp.2209-2227, 1967.

[101 Coherent Processor Development System
Version 2.2, User's QGuide,.
Research Inc.. 1990.

[11]1T. G. Park, J. V. Oldfield, "Minimum

Rectilinear

Coherent

Spanning Tree Generation with
Content-Addressable  Memory”, IEE
Electronics  Letters, vol.29, no.11,

pp.1037-1039, 1993.

& ROEGR) A 32¢ AY 43 3=
A FedAmd (57)
HEe A A2dTA 25F

(1063 )



