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Abstract Steiner minimal tree is the best model of routing stage in modern very large-scale integration (VLSI)
chips, and is often used for pre-routing, wirelength optimization, and congestion estimation. Therefore, it is of
great significance to construct a high-performance Steiner minimal tree algorithm. However, with the
emergence of obstacles such as IP blocks and the continuous improvement of circuit density, obstacles have
become a factor that cannot be ignored in the Steiner minimal tree construction problem. Considering that in
modern multi-layer routing, obstacles often only occupy the device layer and the lower metal layer. Therefore,
the routing on the top of the obstacles is possible, and it can make full use of routing resources and further
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optimize the wirelength. Since the Steiner minimal tree construction problem is an NP-hard problem, the
particle swarm optimization algorithm has a good application prospect in solving NP-hard problems. Therefore,
on the basis of the particle swarm optimization algorithm, further considering the model of slew constraints that
can effectively prevent signal distortion, and the X-architecture with better wirelength optimization, this paper
is the first work to propose an X-architecture Steiner minimal tree algorithm with slew constraints based on
hybrid discrete particle swarm optimization. Firstly, in order to avoid frequent slew calculation and judgment
between routing and obstacles, an efficient preprocessing strategy is proposed. In this preprocessing strategy,
the information between all possible routing of any two pins and all obstacles is calculated in advance, and a
suitable lookup table is generated based on this information for subsequent queries. Secondly, in order to
effectively solve the discrete problem of Steiner minimal tree construction, an effective discrete update
operation formula of particle swarm optimization algorithm is redesigned, which is based on the mutation
operator and the crossover operator. For discrete particle swarm optimization, a pin-pair coding method that is
more suitable for this discrete particle swarm optimization and a targeted penalty mechanism that can
effectively consider slew constraints are proposed. In addition, so as to speed up the search efficiency of the
particle swarm optimization algorithm, the Prim method is used to construct a minimum spanning tree under a
given pin set, and initialize the population. Thirdly, in order to further optimize wirelength of the routing tree,
an effective local optimal refining strategy is proposed. In this step, the Steiner tree is divided into multiple
subtrees with roots as pins and a depth of 2. By traversing all possible routing structures in the subtree, the
routing structure with the highest degree of routing resource sharing is selected to replace the original routing
structure. Thereby the goal of optimizing the wirelength is achieved. Finally, in order to make the Steiner
minimal tree fully satisfy the slew constraints, a hybrid correction strategy is proposed. In this part, by
estimating the cost of adjusting the routing, this paper selects the overall adjustment strategy or the adjustment
strategy along the barrier to correct the routing that violates the slew constraints. Experiments show that the
proposed algorithm can achieved the best routing result and fully satisfy the slew constraints.
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(@) 0,1 %3¢
5 X&HTFHISIE L, 2 B
%= 3 ZEFHHTER

(b) 2, 3 ik FE

SIMaS  SIMGS  fikEE SRR
1 2 0 1
1 2 1 1
1 2 2 0
1 2 3 1

* 4 BIRERIERE

5l sl ik BRSO XK R
Gy wT  H®E M 1 2

1 2 0 22 ks ks
1 2 1 22 ky ka
1 2 3 22 ks Ke

(1) KT e R 2y BoFT A IR

M(Pi)L <@
pi else

Si=V(Pi'w )={ (8)
Horh MO S HRAE, ro AR R 0~1 (¥IBE
HIREEL.

(2) FLTFAMRZLEEAN T -

C(si™).r, <c
St else

Hi=F(si"c) ={ )
Hrh C AR XA, 1 A 5T 0~1 [l
Bk,

(3) KL T4 AU EANUI T



8 it 5L R

C(H™,r,<cC
Pl=F(Hi%e) =1 D <C g
H % else

Hh C A SR, ra A SIA R 0~1
1%
4.3.1 B#k PSO EETF

4.3.1.1 ZRBIEET

T R EE N R T, & PSO FAaA
SRR A, ASCHREGINAR F 5 T UARE kLT
LI TR, B R E T B BRIERAE n
AT R Steiner A, BEALA n-1 Sfid ik E
— 2B, ¥ Steiner W ENPIRE TR, I
3 AL R B P g 3 H AN 1 A T I
B, fERTRIER Steiner WIRFRZER: H LA, 25
BRUnF

(1) M Steiner MHBENLER %L, AR5
W H B,

(2) A Steiner MR ML, HATHIFA
SR FTA s R EE 5 &

(3) AT AN I 38 43 £ 1 43 il i L 3 7 A
MNP A1 Q (&M A AT P A1 Q REG/ER
—HE£45).

(4) HH R P 558 Q AL 5 IHT.

W 6 Frs, 75—/ 0N 7 [1) Steiner
HEELIE D PQ MIBR, FHMPIAR LS P,
Q HHATESR:, MK Steiner B, JyibE G IR
HIR, ASCEER] FH B A 0 sk s .

P MiPo P 0
P veep O > _—

K6 A5 5l

4.3.1.2 ZXBEET

T 2] PSO KL i sk e A B R
FERI B EEDT B, DARRY Steiner B e L 1451
PHE, AXEEIAZNET. EXHETH
P ERATE 2 A ER s S AE R ZEAN R Steiner
BT, T, B BTA LRI 5> AN IAEE. 0T
W Ty, To, MFEIARI S S S, HARMIA
RI53 it So. LA So BN HT I R ASERY, B
MU S i #5301, #4 BB B4 B G

Steiner A, FFFEAEICF ANIERENEN. SR
/(I

(1) e P s RN SRS RN
A, BRI T e N . KPAR Steiner B
T 353 SRS S S K /NHERS, W SR A
i T AR, WL 5 gm 5 KR

(2) LLEPA™ Steiner 44, K EL A AH [F] L A4
LIRS, HARLRI A Se.

(3) M So HBENLERELINAN S, EH S1 &
RSEEE Steiner A4, b IR A SEAG A AU S
NREBE ST,

mE 7 Pror, Ti={a, a2, as, as, as, as},
To={ay, a3, as, as, a7, as}, 2L & S1={a, a3, as, as },
5 So={ay, as, a7, ag}, X T T1, T2 AHIAEIL ay,
as, as, as HATOREA, FFREHLIGEL a1, as 4 HUHT
f] Steiner #.

Bl 7 28 SUHRAE
4.3.2 EPMERES &R

fE XSMT-SC [, = ERPA B AR
N, FTUAARSCEIEIENAES Steiner B2k
KEBAR, ASCTRH 51X 7720 Steiner
itd, AL~ AT P, Q 7E X £5H T 1)
R AR, sp KRG P, Q IR AT Bk %77
K.

XDis,, (P.Q)=max(x, ||y ~Yo) + (2D 17y

Xmin(‘xp _XQHyP _yQ‘)
XDiszs(P,Q):|xp - xQ|+|yp - yQ| (12)

XDis,, (P,Q),sp {0,1}
XDis,, (P,Q),sp e{2,3}

Horp 2 s ((00) 2 A il ik 07502 0 A1 1 I
SRR 2 T e R A K, A (12) 2 S A
By 22 2 A 3 B 5| IR R EE
FA

H T SRR 2 8] A7 2o A7 AL 3L L 1 L,
W& 8 fw, SIEXS(A, C)5 51X (A, B)HIAR

XDis,, (P,Q) :{ (13)
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L ZEY AD, FITLL Steiner B KACH T
AR (14)Fi.

WL(T)= >’ XDis,(P,Q)— > XDis_ (A D) (14)

(P.Q)eT (A,D)eT

D Q——eC

B @l

Kl 8 5l H%CH 3 R Lk Bl

£ Steiner B8 1, S 1% i B AGAH AN 2 £

IR AT 22 75 AR S A AR AT 12 &

It LA RS EEXHZ SRR AT AT — € 1541 LA 1%

R =, K& T R A X (15), H

ok AR BRI F, A3(16)45 H A
A

PM= > > k (15)

(P.Q)T ke(P.Q)
dx, +dy; —len, A2k 90 5590 14
z{(ﬁ—l)x len, 3% 945 8135 i1

HA 5] TP, Q)2 Steiner B4 HH AN 2 29 A
A2k, len; FonAn AL RS | IS, dxi A dy;
ormlFoREERE 1K S 5. A X(15), (16)F)
0, AT R AU RN S A e S AR BB
DAL B i BRSNS AE OK.
gr BTk, R RdE BB RN A KA
HRETT R . RS AR T,
Fitness(T) =WL(T) + P(T) @an

4.3.3 ZHHIHE

MR 1 A SRR A e 2 R
HDPSO-XSMT-SC # k1) 4 R i R e S AR
RS, BOKMBYERCE B A B 4R
RS, BUMOBERE B A BT R
il

SCHR[40]4E AR I MERCE w A BT
R ERAES), BUNMOBYERCE w A B 1)
2R ). M HDPSO-XSMT-SC %32 [ &
R ANAE M, BRI E 25 5 kT
AR, X ERE BRI A E B A A
M REET), DG MENEERAR, TH /N

(16)

A5 T A EE U] £ (5 4506 0of e i IX ek i AT 1 R
BEEX PRI

MR 2. S RIIERTF ¢ 25805 fHH
A EME R, i KIEREF ¢ &5
HDPSO-XSMT-SC Sk (148 2 it B iguiesk,
T ¢, ¢ TR FEMMEEARE, FEH
RSN VAR b e A= R bt ST EI DAL RIS
SCHER[A1)F H—Fhoeng, RUHLERRECRM o M
BN ¢y UMRIETE R RS R R, 5
WEFREKI ¢ RN ¢, P Sid .
SC R [16] 4 H — Fh 2 PR R B S RO, 15
PSO B 41 5 F T fiff o 25 i i)

g BRTR, AT 1 HDPSO-XSMT-SC
R — M SISO w & IE
ARIRELIIE N AN 0.95 F1] 0.4 L& 1385, ¢ b 1%
ARURBUIBE AN 0.9 F1] 0.15 LR 38R, ¢ B i%
RRBHE A 0.1 %] 0.85 ity At
(18)~(20)43 A W, €1, Co T X 7 A B 387 24 2K

W, . —W
Woeir W i3 Hs;#&né‘/al (18)
C... C.,
— _ start ent X eVaI 19
clnew Clstan evals ( )
G, “1-C, (20)
o evals yf RIEARIEL, eval v ATiEARIK

4. 4 RN

AR PSO I B EARENT
1531 — A& M AB /N Steiner B, {HARRE S8 4
WEFTTS 2 Steiner WX R FRIA 28 5 5215 B B
. A TSR A LR L SRR A, AT
IR B KAN D (1 B I, AR SCHR H —F 2%
F10) Jo 8 B A1 SRS

JR R ERAR SIS R AE LR PSO ## S BEM
M hE 7 Steiner A R4 I LAtk B, %
Steiner BRI SAENRIAR, SAHAES] AT
51 B R AR A R — AN R E N 2 R
Steiner B EATRAL, JEIEXT Steiner B4 Ji i 45 1)
LB RAR CUAR R 2 R, &R BiE—P
/NI RSB B . AR E = Steiner A m A
R, MNZMAE m-1 530, BF0A 4 Ptk
WP, BAZNE SAE L B R, 7T



10 LA I

AL 3 L Wi 9 (@), SIBIA, B, C
R R Steiner #4, S A, B, C MBI Rk
Steiner # 7 151 9(a)~9(p) 3 16 Fh&hif), nIA H K
9(i) ¥ Steiner 28 K159 2 i KFESE _ERHRAL. 3L
BAPIRUTR

(1) #J77 Steiner A IEEAN, THEREA

HB %) Steiner H.

(2) XFFHHLEH Steiner A, 3 7 T A 1
LR G5, RGP N B A f /N R A 2R 45 1
HEAT FEHT.

A

B
(a) (b) (©) @
(e) () (g [ (h)
() (] 9] 0]
(m) [ (n) (0) ((P)\

P O 15 A 3 MO ALkt o) S Bt e
4.5 RAMEIERE

Hi T LR RS f3 2 K Steiner B m] fi
FEAEAN AL Slew 2T AT 2k, (B2 1451 pR 2
AL, HoAm 2 AN U5 > T HoAth 3 A 2634

N T TR Z I AT 2630 2 KB RIS,

AR HIRG B RSN, il 5 E ) 4 R
LTI R, MNITELRIERERR Steiner B 578 423l /&
Slew ZJ 3R I FEINT, R H A7,
ASCKe IR 0 PR FR e PR G
%A s aEm. Wk 10()Fr, Wi RE

AR RSB PR T R,

M 10(b) Az, AR AR 2 NI
FI—ANIREN T R FRA 2 R, T A
SEK, BT PR S R TR R, R A R
i R AW, WxT 245 mghhy, WS
PR IR (B 10(c)Fow), FIZ R AT 0
1) FHL S 2 480 T e T i R 2R X T AN B AS
HAELEPIRR B I 0L, 75 AR A AR Id % A
HO LR B AR L.

ARG W ERBS 73 PR G5 RE : PTY R
MZ TS E5H. I 10@F7R, A AE
AN R AN IXER T PR XY R .
M an & 10(0)Frs, A EBI AT 2 ATy s
A= ANBRB T RFR 2 R R T
g, T ARSI AE R TR R, R LA
T RAR, TR T2 g5, 7 2
P NI (N 10(c)HTR), FHZE ROAIBTTY
R FEL o Je it 3 A AR A . X T R AP
FAAE RN SR 00, R 2P SR IL R A
R R B .

Vin Vin Vi

W Vo ¥ Vo
\ 4
- Vourl9
Vourl

\ 2

, Vour? V)
Vout ouid Vour2

(@ BT mgl (b)) 2 HEH
510 NI
IR 1. SR 2 sk 3 HHATIER
(51X (i, p)FIZRKAREL, B opi A1 py BT Ak
FIFE T X 38 AT = A Steiner £5, 5 pi # py
R A ZRIE PR T A 21N K
TEIE 2. 5l kR 0 Bk 1 B TIERN)
SN (i, p)RIZRKAILL, B pi A1 py AT R
(AT DY 32 7 X 38 AT = s /E A Steiner

(c) HEHLH

N IER S

UEBH: IRYE L BCPAT R R, XF 51X (pi, py)
R A 2 X 38, RO Steiner sk AT R
) L AR AT 206 1R 206 B8 P T BT % R i U A 2 1) 28
BLELIR R DAZS ) f5HIEIE e BE 1 AE B 2,

EIR 3. fEZ T g, IR R
(GEITIRBI T p) 1) FE A B e 2RI T [ — (0 7
TV R H R A e

UE: B A B 295 A5, A
B RS ARSI R R R
(W 11@)FTR). AR —BRERRTRT, 1R
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i, s(ko) EAAE, I HASMEICTT ) Dy
HTHSEAE W R s,

5
D, (ko k) =1, x (Q_len, xc +3xc,)

i=0

2 len, xc
+leny xrx (> len, xc4 (8 xC)
i=1

+3x¢,)

len, xc
+len, x rX((1—2)+Cb)

5
D, (k,,k,) =1, x (D_len, xc+3xc,)

i=0

2 len, xc
+lengxrx (> len, L)

i=1

+3x¢,)

N (len, xc)

5
+len, xrx (> len, xc +2x¢,)
i-3

len, xc
+len, xrx ((372)+cb)

5
D, (ko ks) =1, x (D len, xc+3xc,)
i=0

2 len, xc
+leny xrx (D len, xo {8 >C)
i=1

+3x¢,)

5
+Ien2><r><(ZIeni><c+ +2x¢,)

(len, xc)
i=3 2

+len, xrx((len, +0.5xlen,)xc +c,)

Cy)

+leng xrx (M +

T leny A lens R/ARTE, DR AT AR
A H Dp(ko, ki)/NT Dp(ko, k), BP_bifEszfics
SR PR e e A AR (R — A T 9l B2 AT e
FRY BT A i 6.

[ ] ko kq
!enov i
leny o leny I,
1
len 1
ky lens : ks len; leny i
— — '
len k3 1 ks
Y —
lens
() 4 5 s P B AR (b) EE S P

BT LL. 2740 s 4 P A

TEFR 4. BRI R B A
I8 43 AT D BT BRSO R H R R R R

UERA: Wi 11(0)FiaR, TEA K —RPERTE
BUF, ARSCEE AN 2R, MR T T
TEHNT 55 ks 5P Z B IEIE . A
Q)T LA, s(ko) MBI/, 8N 2T AT
i) Dp FIME 40T Fros.

AL LA, W] AW E A H Dp(Ko, ki) A1 Dy(ko,

ko) B AL/, FFHET s(ko) A2/, R A
(1), FTRAMRH s(ka)FH s(ka)iai/lS, BIFTA 2
NN GENES 23 oy <

3
Dp(ko,kl):rb><(ZO:Ieni XC+2xC,)

3 len, xc
+leny xrx (Y len, xc+M
i=1

len, xc
+len, xr x ((1—2)+cb)

3
D, (ko k) =1, x (D len; xc+2xc,)
i=0

3 len, xc
+leny xrx (D len, ><c+M
i=1

+len, xrx((len, +0.5xlen,)xc+c,)

(len, xc) c)

Xf-T- Steiner f4 i S AR B, AR
H— M ARG B IR SRS AT R A XA
FEIE LT, AN SCHE VR B 1 4 SRR 5 S ki 2
SR PR AT R I o 1 B S M T A e
TEAETE R AR B, TG T E I PRS2k 1T S8
PR AL B 7E 1% SR W Hh 5 A O S IR )
T AT AR BRI, AR A ) RS ) A R
AT, HIZRRSIE 2 Bofi &, AAAE i T4
gadErESME, Mokl 2 AnE
SR, M S B KA IR k.

Kl 12(a)2 X 450 T AEERESIIH p, q
B R TS, T 12(b) IS 7E HER 4
T EAEG /N AR R SRS AT B IR, WTEL
EH 9 pg B = Boar gel, 5l 2
AN EGERE, XX PO, A SCHR AR
NS, MIE AR ML, Xz
223 I T A 1 g s IR B IE B A e B
Steiner ;BT GEREALTE. HOPIRANT.

(1) B et A e ek B BT A B, 4 R
B bt 5 1240 Zerh 25 (AL B 5 70 16 51 A AR 2R
KANFATHER .

(2) MIBRJESATLE, MizAn 8 h 2 A A E
SRR BB EAR RS, Bl KB NE
TR IRBERERS, R AR A T 1 RS A T
RO, PR B 5 R RN ) R 2
RIS, LA X gifg iy AT b8, Jf

+2x¢,)

+len, xr x (

+2xc,)
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12 it 5L R

R 12 0 v BB 0 R, IR RS,
HE 5% GHE.

(CYRL R SRS IE  (d) i 203K T v P 2 S s
K 12, IREEIER NS

W 12(c)Fras, T4 pg, EeR&d

[IREHS by, bs, bs AFAG|JE p (EEESHEY, 4%

JF IR PG by, M by F T H I B R B 26 B pg

77 &Rz pp1, AL B pag 1 T ANRERS H
W, AWrE R IZERE, AWt
FANEERG . (HAEERERL ppy B AR, f71E
BARATReE, Frimk e enikad
[IRERS. HAE R HOE R RE LT, W
12(d) 7, R i 2 S A s A i 34,

R BRI, ARG UL LA, $EH
T FRA B IESENS. X Steiner A 14 5 A1 42
HEAT W, 636 2 12 T 1 A 2R A A T
BERBEHEATAZ IR, XM A A R S s R fe
[ Steiner A P 32EAT 1 PR 1A L SR I A 3, L
SEAH AL Slew 213K, FESRIGH, W T A
FhAERR AL 5 34 judge, 4iZSHOKT 1%
Bk E RS, A4S B RERIHEA

v
. len
judge = %nz (21)

Forr lens 5 leng 73 50l g i B 8 8 SR s AL A4
g A B . 2 3(22) M1(23) 73 il 45
FARL TS TT V.

Ienl = Z (|Xi1 - Xi2|+|yil - yi2| _Ii) (22)

ieset(o;)
len, =|max(set(x;)) —min(set(x;,))| )
+|max(set(y;,)) - min(set(y,,))|
Ho i ABRISEIT S, x5y NBEET i X 2
IR ARER, i AR BHERRRS | WAIKIE,
set(O) A& AT e T A RS ISR &

4.6 BEFERTEERE ST

SIE 1. AR N p, AR ECN
iters, SIBINECN n, FEBA408 m, HDPSO-
XSMT-SC ByEPII ] 2 4458 O(m x n? +n x
m?2 + n?logn + p x iters x nlogn).

UERR. ZEWIERARY By, ASCRIH Prim Sk
SR /N R, I 12 i /N AR R 1 (n-1) 2%
AWIEEACANEE, HI TR 2% 0N O(n? + np), 1E
TRALFRRT B, HIE TR L AR R AN 5] A,
Bl n x (n- 1)%34 5 m MERF A 1E R, )
TRALFR B B I ) 52 2% 2 O(m x n?). 7E PSO
P B, 7£ PSO KN EEHA T, T B3
SRR, X ERAE, ENAE TR R Horb, 12
A AR, A 5 A BT A2 AT A HSR ] Py
TERL, FESE SCARAER, B I 3t g ) W AT 7 4G
PRI R] A SR, H H T EAR 43 558 XA
ISR, BT CARS (A 2 4424 O(nlogn),
T AE 38 AR 26K ) TSGR TP T R 2
ZRJE, FTLA PSO H A FRIEIAI [A] 5 2% 2 O(n
logn), T &M EBAEIAEL R TR e RS S AR,
1 PSO 14 B BE I [a] S 2% B2 04 O(p x iters x
nlogn). 7E/R#E AL AL, S 7 BAn A
TR AR SR, TR T 3 ST R
R, W7 R R 1) Dy B, AR AR
i fErh, R ESATIE NMAE R TR, BT RLR
B SRS I [A] 2% FE D O(n2logn). fEVRA1EIE
Flg b, SRS IR L N RN (N - 1)
KIS A G ER R ST, FRIRECHTL S
PERT AHZZAE R, T4y O(n x m?).
MAE L TR S v, 75 2L R m ARG N
i, R ZH n SRUR R R A A, BT DLV
L RE S RIS AN 28 B2 D9 O(n x m), W&
B IE SRS I A 4205 O(m x n + n x m?) =
O(n x m?). &£ L frid, HDPSO-XSMT-SC 1%
(IR BZ 4% 52 O(m x n? + n x m?+ n?logn + p
x iters x nlog n).

FEAH 5] 1R[] AR R, SCHR [35] AN 7] 52
%R O(n? x viogy). HH v NilEid GeoSteiner
BRI AT AR I TR, LRSS KT 5]
BIANE N, dE R HEB7 T, O(n? x vlogy) » O(n®
logn), TMAEAR—BIERET, O(p x iters) ~
O(n?). LRI ., W50 35 W] AE A [R] & 4% 1)
Z TG0 =1 B 18] Y 52 B NP YR Steiner #4743 1]
F.
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5 SLIRHER

AICHEIEM CICH+HE T B, AT A 55
HJ7E 2.8GHz CPU L) J% 4G W AE1f) PC |- Hikb#E
ar PR SE . ASCI T AEZ M OASMT ]
AU H IR 16 AR HEDI AL, £E3R 5 hag
XoF L P00 X, L B 11 5| D % PG

AR SCIREAE TS [A] R/ R e ik 0
LI N AT MAAGAIE. BARZ RN T
(1) 0;

(2) 20% slew = slewmin +20%(SleWmax-SI€Wnmin) s
(3) 50% slew = slewmin +50%(SleWmax-SI€Wnmin);
(4) 80% slew = sleWmin +80%(SleWmax-SIeWmin);
(5) oos
Hh 20 AF(2) 21(4) 55 3CHR[32] 2K, (1)21(5)
5 3CHR[35]— %K.
=5 M AR
i el [GaEE

IND1 10 32
IND2 10 43
IND3 10 50
IND4 25 79
IND5 33 71
RCO1 10 10
RC02 30 10
RCO03 50 10
RC04 70 10
RCO05 100 10
RCO06 100 500
RCO07 200 500
RCO08 200 800
RC09 200 1000
RC10 500 100
RC11 1000 100

5.1 FRALIE SR B R IE

N T Y5 UETAL B SR (A R, AR SORER
SR FH FIAL B SR 55 2R P T4 B SRS PO 1 5 8
BEAT LA, HrhoRe it SRR — S A 2 5
e PRS2 G B — Rt L R 6 45
HH A SR I FH SR FH T3 28 SR 1) o B K, e
BALIFFAM P —FIFRR b, LA
ZAS M/

. _ AR - R A

° KR UL

M 6 HRT LU R A SRR (1 FiiAd 2
SHEME FE AR FH FRUAL B W& T 5 BN 2 Rk AT
RS> 95.7%LL F KR FETHE R, M
AW AP/ AR SRR I (] A, X 3
F& BT AR SCHR I T A PR SRS e v P AR A R
R LFI W2 15 2 1 P i AN 2 5 B 1 45 8

x100%  (24)

I TR IC 3% R 51 5 B s 2 (R 19 A 2645 2.
X PSO 48 3 F2 LA K 2 5 5 IR FI PR AT Ik K
B EE A A A G B )

5.2 EIIHLHIRRE A AL UE

N T BRAEAS SR A AE T ML S AT 2L
P, ARSOR AR SR I AE ST AL S ms i 3 1 2k K
5 SR A ST B 1) S0 ek T 15 280 Fr) 8 A HEAT 0T L,
ARV IMPy B RALFRSE, HAA AR A
1(25).

RIETK - T2 K
M = ek
M 7 aTLLEH, IR R 2 R4 1F
T, R A ST AL SR A0S SRR FH A& T ML
W& BEEAS -1 4.8%. 3.2%. 1.7%. 0.3%LL K
04% A FIFEREE EM& Kb, X2 HT1E
Steiner e, X128 ik BEASAE AN A2 20 R KA
LT EAL TN A AN BT, BT DA
BN R 24T — e 1550 DR D % R A A
LR, AE Slew 2T A% E LT, FETTHL
i) S S P SR PRI A R R A s, BV K HL TR
o A A S A T T IR 5L T (43 0
A1 20% slew), F& T HLIXT A G AR 43 ) R
4.8%A1 3.2% I AL BCR.

5.3 A& A RIEEIBIIELIE

N T B8 AIE R g A SR AR S, AR SO
f81 H % SR WS T 5 2o Kb AT X b, FEH AR AR
IMP, i EARAFRRE, BAk XA (26).

ALK RIFLK

M s 0% (29)

M 8 ] DL AR FURIAS R I 20 R 2 A
T, JE A R REELAS S 5.5%. 4.5%.
4.4%.4.2%F1 4.5% 5 [FFEE FR KA RL
RELRKM N 0 BOLT, KRR HE
WS AE DI L % RCO3 AT ERAS 12.29% ) Fe k2%
KAffl; 7E 20%slew s T, KH RS H
i 76 I HL % RC10 | m B4 9.3% 1 e K2k
ks 7E 50% slew 251FF, SR H AR fh 5w
TEM % RCLL | ] LA 8.7% M e K2R KA
ths 7E 80%slew Z&A4 T, K JR il st S e 7
MK B RC1L L a[HUAS 8.6%I1 i RZkK AR
s FEZY T, R FH Jo) 30 B A0 SR WS 70 I . %
RC10 #il RC11 F R HU1S 8.4% (1) e K& KAk

x100%  (25)
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it 5L R

WA b 3 S (R DA R0 R 2 B R O AR SR
17 B R L s R 3k — 2D $R A 2k ) (L =
#* 6 FALIRRBE BRI

RERE, AT I B LR KA B 1) H ).

0 20% slew 50% slew 80% slew 0
bl
TiAb ¥ (108) TiAL 3 (109) Tiib ¥ (106) TiALFH(109) Tiikb ¥ (106)
FoL PR IMPo IMPo IMPo IMPy = |MIP
ARRH KM KK KH AREH KA KA KM RRH KM
IND1 487 015 96.8% 495 016 96.8% 491 015 96.8% 490 015 96.8% 049 016 96.8%
IND2 423 016 96.3% 417 016 96.3% 421 016 96.3% 415 015 96.3% 417 016 96.3%
IND3 541 016 97.1% 542 016 97.1% 537 015 97.1% 534 015 97.1% 548 016 97.1%
IND4 3448 045 98.7% 3372 044 98.7% 3415 044 98.7% 3322 043 987% 3340 043 98.7%
IND5 4403 062 986% 4187 058 986% 4187 058 986% 4146 058 986% 4174 0.58 98.6%
RCO1 155 0.16 90.0% 154 015 90.0% 139 015 88.9% 139 015 88.9% 138 0.15 88.9%
RC02 511 051 900% 515 052 90.0% 513 051 90.0% 515 052 90.0% 516 052 90.0%
RCO03 891 0.89 90.0% 8.88 0.89 90.0% 890 0.89 90.0% 886 0.89 90.0% 899 0.90 90.0%
RC04 1172 131 889% 1161 129 889% 1164 130 889% 1156 1287 889% 11.65 1297 88.9%
RCO05 1913 192 90.0% 19.02 191 90.0% 1922 193 90.0% 1932 194 090.0% 19.20 1.92 90.0%
RC06 1156.52 2.67 99.8% 988.02 223 99.8% 989.73 222 99.8% 991.11 223 99.8% 990.30 2.22 99.8%
RCO7 2559.75 571 99.8% 2252.94 498 99.8% 2247.02 496 99.8% 2277.21 5.02 99.8% 2257.60 4.98 99.8%
RC08 481226 7.14 99.9% 372469 539 99.9% 3759.79 544 99.9% 3714.03 537 99.9% 3726.36 538 99.9%
RC09 6093.42 7.61 99.9% 4498.64 544 99.9% 4513.78 547 99.9% 4163.13 533 98.7% 445430 537 99.9%
RC10 1489.70 1510 99.0% 1464.47 14.84 99.0% 1468.15 14.88 99.0% 1464.46 14.85 99.0% 1467.30 14.87 99.0%
RC11 434550 4430 99.0% 4304.12 43.87 99.0% 4279.51 43.62 99.0% 427493 4358 99.0% 4284.98 43.68 99.0%
Ave 95.9% 95.9% 95.8% 95.7% 95.8%
=7 ESIHLEISRER Y BRI EIE
N 0 20%slew 50%slew 80%slew 0
M RIETT T IMP RETT BT IMP, RET BT IMP, RETT BT IMPy REETT BT IMP,
IND1 570 562 1.4% 564 562 0.4% 562 562 0.0% 562 562 0.0% 562 562 0.0%
IND2 9189 9007 2.0% 9148 9007 1.5% 9072 9007 0.7% 8931 8789 16% 8872 8789 0.9%
IND3 571 567 0.7% 585 558 4.6% 564 558 1.1% 554 546 1.4% 546 546 0.0%
IND4 1057 979  7.4% 984 968 1.6% 977 955 2.3% 969 952 1.8% 960 952 0.8%
IND5 1312 1283 2.2% 1296 1252 34% 1211 1172 32% 1188 1172 13% 1170 1155 1.3%
RCO1 25194 25165 0.1% 25078 24547 2.1% 23969 23957 0.1% 23975 23957 0.1% 23846 23846 0.0%
RC02 41059 39482 3.8% 40441 36858 8.9% 38109 36534 4.1% 36291 36192 0.3% 36139 36124 0.0%
RCO3 58874 53287 9.5% 53501 52396 2.1% 50923 48276 5.2% 48399 48346 0.1% 48510 48418 0.2%
RCO04 65893 59318 10.0% 58280 52567 9.8% 58261 52157 10.5% 52099 51886 0.4% 51911 51886 0.0%
RCO5 71765 70259 2.1% 73408 68029 7.3% 68137 68131 0.0% 68136 68113 0.0% 68126 68113 0.0%
RCO6 82472 78302 5.1% 80528 75205 6.6% 74898 74124 1.0% 74520 74292 0.3% 74346 73136 1.6%
RCO7 113088 106189 6.1% 103997 101080 2.8% 101692 101024 0.7% 100831 100638 0.2% 100682 99374 1.3%
RCO08 123410 115978 6.0% 109996 107825 2.0% 106992 105878 1.0% 104716 104494 0.2% 105953 102915 2.9%
RCO09 120639 113150 6.2% 105955 103706 2.1% 102387 101718 0.7% 101292 100984 0.3% 100800 99417 1.4%
RC10 170814 156049 8.6% 155129 152274 1.8% 151985 151887 0.1% 151853 151728 0.1% 151908 151466 0.3%
RC11 237723 212287 10.7% 218566 217575 0.5% 217194 217160 0.0% 216913 216859 0.0% 217025 216769 0.1%
Ave 4.8% 3.2% 1.7% 0.3% 0.4%
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* 8 EEbm M RER BRI IE

0 20%slew 50%slew 80%slew 0
D R

et Petbis  IMPy JUtkRT fife)m  IMPy fRALHET PLfb)E  IMP. Uikl fRfL)m  IMP, fRALHET fLfL/SE  IMP,
IND1 562 562 0.0% 562 562 0.0% 562 562 0.0% 562 562 0.0% 562 562 0.0%
IND2 9067 9007 0.7% 9007 9007 0.0% 9007 9007 0.0% 9007 8789 25% 9007 8789 2.5%
IND3 584 567 3.0% 571 558 2.3% 565 558 1.3% 546 546 0.0% 546 546  0.0%
IND4 1015 979  3.7% 980 968 1.2% 968 955  1.4% 957 952 0.5% 959 952 0.7%
IND5 1292 1283 0.7% 1257 1252 04% 1206 1172 29% 1207 1172 3.0% 1181 1155 2.3%
RCO1 25203 25165 0.2% 25159 24547 2.5% 24753 23957 3.3% 24707 23957 3.1% 24659 23846 3.4%
RC02 43088 39482 9.1% 37701 36858 2.3% 37446 36534 25% 37457 36192 3.5% 36866 36124 2.1%
RCO03 59782 53287 12.2% 55298 52396 5.5% 51177 48276 6.0% 50141 48346 3.7% 50917 48418 5.2%
RCO04 62514 59318 5.4% 55654 52567 5.9% 55331 52157 6.1% 54920 51886 5.8% 54374 51886 4.8%
RC05 77320 70259 100% 73408 68029 7.9% 72723 68131 6.7% 72761 68113 6.8% 72322 68113 6.2%
RCO06 82256 78302 5.0% 79692 75205 6.0% 78899 74124 6.4% 77760 74292 4.7% 77830 73136 6.4%
RCO7 112258 106189 5.7% 108795 101080 7.6% 106598 101024 5.5% 106291 100638 5.6% 106185 99374 6.9%
RCO8 123278 115978 6.3% 114971 107825 6.6% 111845 105878 5.6% 110658 104494 5.9% 111135 102915 8.0%
RC0O9 119572 113150 5.7% 110684 103706 6.7% 107606 101718 5.8% 105836 100984 4.8% 105977 99417 6.6%
RC10 170056 156049 9.0% 166505 152274 9.3% 164387 151887 8.2% 163866 151728 8.0% 164225 151466 8.4%
RC11 236677 212287 11.5% 235725 217575 8.3% 236044 217160 8.7% 235543 216859 8.6% 234948 216769 8.4%
Ave 5.5% 4.5% 4.4% 4.2% 4.5%

5.4 R A 1EIE R BBIELEIE

N T BRAFTR A IE SRS A 8, AL
B ARAZIE AT Steiner H1i% /2 Slew 151 A
BUHCR RS IE RIS S IS ) Slew 25
R B BB ISR IEAE i R Slew
ZYRI BEGREIAT T Seit

M 9T FH i, 7E Slew LI B N ™#s 1
DUR, PR SR Y RIS R B AR A
B, HRARABIESRE G, SR A
BUA 0. 1E Slew LB EOL T, 5>
B4 A B, oK SR H U R R R
Steiner B [t 200 v BegESy 0, RIATHE
NRBERERS AT AL, T IRE. B
AR R AP BCR 1 R R 32 B AR S
IR A B IE SRS, 43 nldnt i R IE g 5
SAREIE SRS AT B SR Slew £
(AT 26 77 %8, AT ORAIE R IR & A2 IR SR 0S J5
21 Steiner #5245 2 Slew 295, MM
Ut B A SR $2 VR G5 1E SR 1A 2501

55 AXHERNARMIIE

N AR SCRIERA R, A M
258 Slew 23 1 A1 K TAFHEAT HLAZ, A3
IR PR IMPs i EARALRRRE, A3X(27)
2y AN A 3

HAME KA SR K
ALK

7E2% 10 A1 11 1, BOB 41| 7~ SCHR[32]
AR K, RRH 5175 CHR[35] 549
1FEIMZ K, OUR FI RN A SCHEAS B 46
K. ME10FTLLEH, 5 BOBHiLML, 7E
20%slew Z&1F T, AN SCEVEEUS 3.0%~14.5%
FIZEKARAL, P4k 6.6%; 7E 50%slew 2%
PEF, B 3.5%~16.9% I KMk, PR
 7.9% ; fE 80%slew 2%k ff &, HL 1%
3.9%~13.9% M Zk KAk, “F3fAk 7.5%. M
F 11 W UEH, 5 RRH HiEEMLEL, AR
AN 0 FEOLT, BUf3-0.5%~19.9% 1 2k K
Ak, PR 7.7%; 7E 20%slew 14T,
B3 1.6%~21.5% 1) £k KAt tb, “F3 ik
8.9%; f£ 50%slew &4 T, H43 3.5%~16.6%
FIZE KA, P14k 8.6%; {E 80%slew 2%
4R, BUE 3.5%~14.7% KAk, 1t

IMP, = x100% (27)
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H7.9%; FEoZIRT, HUTG 3.5%~14.7%(11£k PACLPESNS . JR B iR LS . RGBS
Kt it 8.0%. S5 2 A R SR 75 AN (5] A1 FE B A 42 B

g b, ARSCENEMR T B [F 2K AR, BEATOLAL, AR B A AT, R
AU T B PSO RN . TRTTHLAI NS | AGUEA SR AT AL

&9 IFERRABEIIE

N 0 20%slew 50%slew 80%slew 0

LA U1 <7 S 11 S V7 S GRS < U7 S SN2 S SV S SO <Y
IND1 1 0 1 0 0 0 o 0 0 o 0 0 O 0 0
IND2 2 1 11 1 0o 1 1 0 0 0 0 0 0 0
IND3 3 3 0o 2 2 0o 2 2 0 o0 0 0 0 0 0
IND4 10 702 0 2 0 0 0 0 0 0 0 0 0
IND5 25 10 15 10 5 5 1 1 0 0 0 0 0 0 0
RCO1 3 0 3 3 2 1 3 2 1 1 1 0 0 0 0
RC02 7 7 0 1 0 1 0 0 0 0 0 0 0 0 0
RCO03 9 8 1 3 1 2 3 3 0 1 1 0 0 0 0
RCO04 6 5 1 4 2 2 0 0 0 0 0 0 0 0 0
RCO5 10 9 1 0 0 0 o0 0 0 o0 0 0 0 0 0
RC06 101 35 66 23 1 2 5 2 3 0 0 0 0 0 0
RCO7 106 38 68 22 8 14 3 1 2 0 0 0 0 0 0
RCO8 214 101 113 32 17 15 6 3 3 0 0 0 0 0 0
RCO9 229 111 118 43 26 17 7 3 4 0 0 0 0 0 0
RC10 59 40 19 13 9 4 0 0 0 0 0 0 0 0 0
RC11 40 18 2 14 6 8 4 2 2 3 2 1 0 0 0

10 AXEES BOB HiExttt
Wk 20%slew 50%slew 80%slew

L BOB OUR IMP3 BOB OUR IMP3 BOB OUR IMP3

RCO1 25290 24547 30% 25290 23957 56% 25200 23846  6.1%
RC02 42218 36858 145% 42710 36534 169% 41210 36192 13.9%
RC03 54480 52396 40% 54480 48276 129% 52910 48346  9.4%
RCO4 55450 52567 55% 55450 52157 6.3% 55447 51886  6.9%
RC05 73400 68029 79% 73400 68131 77% 73730 68113 8.2%
RC06 78650 75205 4.6% 76503 74124 33% 77481 74292  4.3%
RCO7 110250 101080 91% 108947 101024 7-8% 107809 100638  7-1%
RCO8 111810 107825 3.7% 109564 105878 35% 108569 104494  3.9%
RCO9 100661 103706 5.7% 109661 101718 7-8% 108218 100984  7.2%
RCI0 164720 152074 82% 164770 151887 85% 164770 151728  8.6%
RCI1  3p535 217575  6.9% 231730 217160 6.7% 231780 216859  6.9%
Ave 6.6% 7.9% 7.5%
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=11 AXE %S5 RRH B TxEE

Tk HLE 0 20%slew 50%slew 80%slew 0

RRH OUR IMP; RRH OUR IMP; RRH OUR IMP; RRH OUR IMP; RRH OUR IMP;
IND1 614 562 9.3% 614 562 9.3% 614 562 9.3% 604 562 7.5% 604 562 7.5%
IND2 10800 9007 19.9% 10800 9007 19.9% 10500 9007 16.6% 9100 8789 3.5% 9100 8789 3.5%
IND3 678 567 19.6% 678 558 21.5% 600 558 7.5% 600 546  9.9% 587 546 7.5%
IND4 1155 979 18.0% 1097 968 13.3% 1092 955 14.3% 1092 952 14.7% 1092 952 14.7%
INDS INF. 1283 INF 1357 1252 84% 1333 1172 13.7% 1320 1172 12.6% 1315 1155 13.9%
RCO1 25980 25165 3.2% 25980 24547 5.8% 25290 23957 5.6% 25290 23957 5.6% 25290 23846 6.1%
RC02 42570 39482 7.8% 40670 36858 10.3% 40670 36534 11.3% 40670 36192 12.4% 40040 36124 10.8%
RCO03 54660 53287 2.6% 53240 52396 1.6% 53010 48276 9.8% 53100 48346 9.8% 52110 48418 7.6%
RC04 59980 59318 1.1% 57360 52567 9.1% 55720 52157 6.8% 55720 51886 7.4% 55570 51886 7.1%
RCO05 75110 70259 6.9% 72930 68029 7.2% 72520 68131 6.4% 72460 68113 6.4% 71950 68113 5.6%
RC06 81306 78302 3.8% 78888 75205 4.9% 77773 74124 49% 77607 74292 45% 77483 73136 5.9%
RCO7 111084 106189 4.6% 108353 101080 7.2% 106799 101024 5.7% 106525 100638 5.8% 106525 99374 7.2%
RC08 115414 115978 -0.5% 111008 107825 3.0% 109622 105878 3.5% 109249 104494 4.6% 109027 102915 5.9%
RC09 115017 113150 1.7% 109403 103706 5.5% 107548 101718 5.7% 107023 100984 6.0% 107023 99417 7.7%
RC10 167330 156049 7.2% 165030 152274 8.4% 165010 151887 8.6% 164890 151728 8.7% 164910 151466 8.9%
RC11 234603 212287 10.5% 233957 217575 7.5% 233321 217160 7.4% 233204 216859 7.5% 233282 216769 7.6%
Ave 7.7% 8.9% 8.6% 7.9% 8.0%

#i‘i physical design theory and method. Beijing: Tsinghua
£ARIn

B X Slew £ HX — BT S bRl i it
AT 2% In) L, R T AR R KX — B EEL 2L H AR,
A SCE IR R TR G S BOR AL
Slew 23 X 4544 Steiner F/MIIERE. 5
%, N TR BORARZ B BN B, FRg S
THINERHEFS5ZXETH PSO BSHCE ¥
A, [RI B H — P I Gt S 1 5 XS
i 7 . Hox, A TAL B R, JE it il R
5 R DL S Rehg N M5 S, KR4 R
PoE 5. Bk, Bt —Fh A B E T AL
il B8 G RUCE FE B R i R 4 ). ARG,
IS 2 YOE IR R R =R A R AR,
FriEE R LR, (115 Steiner fz/ M IR =)
gtk B AR, MimidE—2 4% 1 Steiner K
MK, &G, Wit 7T —FE A RE B IEE
W&, {615 Steiner f/MAREMS 5E 275 /£ Slew £
W ZENE SRRV, SRR
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Background

As the basic model for very large scale integration (VLSI)

routing, the Steiner minimal tree (SMT) can be used in various
practical problems, such as wirelength optimization, congestion, and
time delay estimation. With the development of IC technology, more
and more obstacles appear in the physical design process, such as
some pre-routed nets and macro cells which makes the
obstacle-avoiding Steiner tree construction become a hot spot for
researchers to study. It is indeed possible to avoid obstacles by
increasing the wirelength, but it can lead to timing violations.
Therefore, it is necessary to relax the routing resources in the routing
process, and then the Steiner minimal tree construction with slew
constraints which can effectively prevent signal distortion is
proposed.

At present, most of the researches on Steiner trees considering
routing resource relaxation focus on the Manhattan architecture.
Further considering the X-architecture with better wirelength
optimization and the model of slew constraints that can effectively
prevent signal distortion, this paper is the first work to propose an
X-architecture Steiner minimal tree algorithm with slew constraints

which has following contributions: (1) an effective discrete update
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operation formula of particle swarm optimization algorithm is
proposed based on the genetic operators, (2) a pin-pair coding
method is proposed to be more suitable for genetic operators, (3) an
effective preprocessing strategy is proposed to avoid the frequent
calculation of slew, (4) a targeted penalty mechanism is proposed to
effectively consider the slew constraint, (5) an effective local optimal
refining strategy is presented to further optimize wirelength of the
Steiner tree, (6) a hybrid correction strategy is proposed to fully
satisfy the slew constraint. Experiments show that the proposed
algorithm can be achieved the best results and fully satisfy the slew
constraints.
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