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Obstacle-avoiding X-architecture Routing Algorithm Under Timing Slack Constraints
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Abstract : The results of routing in very large-scale integration will directly affect the quality of the chip design. As the interconnection
delay gradually becomes the main source of chip delay,the timing analysis in the routing process becomes more and more important,
taking into account the unavoidable obstacles in chip routing and the introduction of X-architecture to make better use of routing space
resources. Therefore, for the first time, an obstacle-avoiding X-architecture routing algorithm under timing slack constraints is pro-
posed, considering the timing slack, obstacles and the more interconnected X-architecture. First,in order to avoid repeatedly judging
whether the connection between pins passes through obstacles, an efficient preprocessing strategy is proposed to record the four routing
modes between any two pins with all obstacles by constructing an edge-barrier table. Second,in order to solve the discrete problem of
constructing the Steiner minimum tree,the genetic algorithm is combined with the particle swarm optimization algorithm, and the mu-
tation operator and the crossover operator are introduced as the discrete update method of the particle swarm. Third, a local timing opti-
mization strategy is proposed to optimize the worst negative slack value by optimizing the routing radius. Fourth, an effective obstacle-
avoiding strategy is proposed to optimize the wirelength as much as possible without passing through the obstacle. Finally ,an effective
path refining strategy is proposed,in which the routing structure with the highest degree of routing resource sharing is selected to re-
place the original routing structure,so as to achieve the goal of optimizing the wirelength. Experimental results show that the proposed
algorithm optimizes the wirelength and radius of the routing,and optimizes the key index of the timing, the worst negative slack value,
by 59% ,51% and 40% ,respectively,which greatly improves the stability of the circuit.

Keywords ; very large-scale integration ;Steiner minimum tree ; obstacle-avoiding ; X-architecture routing ;timing slack
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AR EE j W 2% ( Very Large-Scale Integration, VLSI)
BT IARFILAET A0 3, A X TR
H INTAERE R THAE . 4R R, B I TR B R BT &
J&, VLSI B34 iU A B &2 2o it ) 10 AR e TR
HEARPFIAT 73 A 8L 4 A ( Electronic Design Au-
tomation, EDA) LAk H #5 2 44y VLSI %1t [ &, Yy it
& VISRt W EEN T —, B THER BE R, g
6 AN B ABFER G S LR AR B B R 2R A g R
b s

TE VLST ¥ B i B A R B B, & B IS RUCR B H %
W B 2R LB RE , TR T RN B S EHER A R/
BT IhRELA BT I, AR M BT AR
BRITRETBREE. FEARAEN R AZ R T
AR AR (B T 3 S X A SR Y B T e e
R, T FZE W ERBe P AR W RSN, RN HRE
B, T2 T BRI, SRR | PRI E B SE R
B3R (] b HEER B A BE K, NI TS T I PRS2y 3,
FERT VLS ¥y B i+ F 38, 3 i T F S i BT B AR
I B RIS AT R B DA TR H BB,

Steiner #/M# ( Steiner Minimum Tree, SMT) 52 VLSI )
R AN — X F— 125 LM, o REEHRER
TR, IR T B B N M — 4 SMTY . fe24 5 — 4
SRR e bR 5 , SMT Jl 1 76 B3 42 3 i — 26 Steiner g2
HEEFTA T IR R B R K /. B4, T VLSL
FBCT AR BT TR R S AT LR B AT ) , AE LR E A
¥ —MAE R Y88 Steiner B /M ( Obstacle-Avoidance Stei-
ner Minimum Tree, OASMT) [R5 58 |42 T AfTH5EE".

HAB LR 45, SMT B 534 S Vg %5 49 SMT FidE &
WETRAE A SMT. S5 44 SMT 4 FR N B Steiner /)
4 ( Rectilinear Steiner Minimum Tree, RSMT) . JE & M& 45 44
EEAT X GSHAY S, 8 LM X S
284 0°.45° 90°F01 135°. 5 RSMT #H, X 4544 Steiner f/b
#t ( X-architecture Steiner Minimum Tree, XSMT) 0] DA 55 Il 7%
SR AT 22 23 (R BEUR , POTEZD 4R 4 3 AR 00 1

IR R R = T R R,

SMT {3 6] fLJ& T NP e ful @, iif AR FBEAL AL
(Particle Swarm Optimization, PSO) & 3 AR FEE R s
FEffDR NP M R RE BB B4R R T AG0. 28 PSO
B M R AR R AU R A R, MR R
TRE B RAT I T 1] A BE DL B VP e 8 B AR 4 IR R
5. B ME B T2 R B B3 H O E.
PSO Sk Ze i i 24 1 26 AR R BT A4S S0 Ak IR 2 s Jo i
%, T EL7E VLSI 48R3 7 Ryt

FT IR, T AR A A IR AT A I RS A £
[RE , [R5 REEA LKA = R X 454, B30 il 1T —
FRET P PA ST T 58 X 45 #7748 ( Obstacle-Avoiding X-ar-
chitecture Routing algorithm under Timing Slack Constraints,
OAXR-TSC) Bk, A SCEE TR T

DERGEHRT X MREH 6 PR LRSI

V1) 2 2 BT P S A7 ZR AR BRI, B 11 T — R 2 B i
St 2R T SRRE X 5T R, (AT BRI TE T e BE e 44 3R
A ER AT BEHL AR AL B UK £ 4 T ( Worst Negative Slack,
WNS) 35— - 3R B A 2% [ R ) S BEFE .

)R T FEEE B B A K Kok T L AE ( Parti-
cle Swarm Optimization considering Radius and Wirelength,
PSO-RW) 53k Mt 5 ik Sk AL b Bk A g &, FUH
TR R AL e BV E A S S SR S B TR T R 1 S

3) Bt 1 R PR LA LA BA WNS 5B B
L. i P KRB R A BT A AR, e/ MEZR A T 2
IATEREE R, J AV D BN SR RIE 5| BT e A 3
1B, (AR AR IR SR S (E A B R R BE B AL

BT — P B S SR 5 T 5 | D 8] B 4 S T
WEATH). 75 B ) HE LR ZE A T RGeS, DU AR B 2 40 15 W 5 4L A
SEHIHOLRAE PR Steiner 5, 3BT IS Tl Steiner fi Y HEE
AT R 58 L Be0, I HAROR/D T T4k % M B IR TR 9.

1 MXIME

A GA SRR 3 R TAEMBESE IR , 733
& SMT OASMT FiiAf 38 5 4 Steiner % /My ( Timing-Driv-
en Steiner Minimum Tree , TDSMT).

1.1 SMT

SMT 4435 IR B AT ER B B A — > S SR R, D T
TREER M . MR E LRSS, ¥ SMT 4335 RSMT #
XSMT.

PEAEk 4T X M B RSMT BB AR £, SCak (15 [ 38
TRET ARG LE D, 7T AR &R AR & AR
GRS BTN E). SCER[ 16 ] $2 1Y A FLUTE B & —FhE R
B VER R RSMT B3k, il B THE D &3, T LIS 3
ANHRARSELR P (4 5 RSMIT. X T R BRI 2%, 3t 1 —Fh )
LR REBARAR TG STERL 17 158 i 736 T AR AR e 4
KRG MST, #— P 3u# 7 FLUTE 38!, B &0 7L K
BO/NIF TR ). SCHRL 18 #7713 2R DX 3R 4 R R 2R 1Y
JTERALE AL 45, 5 FLUTE BRI L, KRS 18
FTHUE. SCIRL 19 | BB R TBE BE T e 7 ik %) PSO B3k
PEATJR R 2, JF1E RSMT Mg AP SE B T AR S iA=L

EEXT XSMT fHay3eE R 8, SCRR[ 20 J 48 i 17— P2 5 8
B =M E 7 SR i XSMT. SCHR[ 2L 1 5H X 2R
FRER L T —R AR 2 E XSMT S5k, STk [ 22 ]88 17—
FiEE T BORRE L B XSMT M5 o, il LI R0s D &K feg,
O OCHERL23 [ M T —FiiE T2 LB HE I XSMT MiE %
2, G5 B R AR TR B B SMT H38 [F] 8, N TT 75921 T
— R RIS, SCER[ 24 ] B 1B T RERS A RS 11

55 FL R R 2 SR XSMIT 3 3 , JFBUR A
K TAEhBAEMIRER.

EALAU AR B SMT JAREMD Fr sp A AL R (1 [,
W T G IR ] I ZE X0 A AR P Y R
1.2 OASMT

TS PAETERA LN R BT RARY AL,
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OASMT [ E138] T AR EAR, 1] OASMT [W] & /] LA#k s
235 H 7 Steiner B /MA ( Obstacle-avoiding Rectilinear Steiner
Minimum Tree ,OARSMT) #1421 X #5 #y Steiner f/M# ( Ob-
stacle-avoiding X-architecture Steiner Minimum Tree , OAXSMT).

% T OARSMT [AIRR , SCHK[ 25 ] % i 9 FOARS 5574 5 558
K—dHu R AL TR, AEEH % BEE
FLUTE B4 i, OARSMT, i 5 18 it & Jf 13 28 48 R 4
FUER ) OARSMT. SCHR[ 26 | PR iR TR B ik, R A
KRN S SR R 1 §: 2 /2 OARSMT Aytyg: , Wi RELTR
YA AT RS RSB ATHT ], SCHR[ 27 J 8848 T — R T
RO PR DA /RS R M 15 OARSMT, H 2 HAR 21
HAARERK. SCR[28 1R T —FETF XA A REWE 2
OARSMT MyiEF3: , FTBE/ N A BE G BT A A

XF T OAXSMT [5]RH, SCHR[ 8 |4 T —FI i T PSO M £
JZ OAXSMT 551 , 3X A2 fiff Y ax — 0] 23 (1) 58 — > LA, SOk
(291421 T —F)g KA N-OASMT s Fvk. 2 F %t Eig
VI =M WIS T — R EEN , I8 XA
FLir AZ] \-OASMT 1. \-OASMT Fry ey s FI o iy M (i LA A
RO B R SE . SR 30 J 4 iy 1 — i Tobr TR AL BRI
B OAXSMT My B vk, 55 B 70 & Rl B v ) il rh 3R IRUAS T
REFIIRCR , FRE S BRI AT ) N 345 T 1 B (. SOk
[31J4RIN T —F bR 4 2208 RAFEH:, TEA T FERTHE & Ay
HOT, s R R TR RI. XER[32 ] WEE S
B TAERFRME =Y TR MST, fR 1 3 fi st
THEN R, RIGEE 2 FAEBRE R AR =4
MST ¥4k £ )2 OAXSMT.

OASMT ESREJR Tt 1 b Y A1, (E 1 R % 18
B — IR R RN EERE.

1.3 TDSMT

H 57 | A ) T 3 R By i SEE o A 2R S5 4 3 T R B R
TEERIT B BT AR BT T 2 1 &2 LR 7 R A5 H 1Y
ANIF), TDSMT H] DA 43 o 7 35 5l FR) B #f - Steiner it/
( Timing-Driven Rectilinear Steiner Minimum Tree, TDRSMT)
LR IR B B9 X 4544 Steiner £ /M ( Timing-Driven X-ar-
chitecture Steiner Minimum Tree , TDXSMT).

SCHERL33 T8 T — il 7 5 (0 58 e A 1] 1 A 4R B 1%
AT RO R — T MG ATZR I E (¥ OARSMT. SCHR[ 34 ]
W T B PR e A e 29 R 9 ] 7 9K 3l 9 RSMIT A4y 7]
B, E T AN B 958 58 B B 18] 29 S 7 e D W R AR B Y
VR ARRITR.

TEHEL LM RSMT B0 T, CHR[35 1824 T —
A R TR e iy TOST S5k, 3l b 0 X S5 H9 B B3 it
5 Steiner fAFMICHIBRAREM , M91E T —1> TDXSMT. 3CHK
[36] 42 7 —Fh&F 0 458 AR SR JE B2 7% 4 1y TDXSMT 55
23, T LA BRI AR AR TR BSR4 , ol TR R B A B e/
FER. SCHR[37 142 T — R B F £ H A7 PSO H1 Elmore #EiR
PR PR T — R B BT P R B X 45 H Steiner /M.
SCHR[38 4RI T —Fir i Tt 22 3 £ B in PSO WA BB &
M TDXSMT.

KT TDSMT [ IH5EH, SCHR[35-38 J IR F RS A
B A B AR AR, T SCHK (33,34 | BLARTB I8 T ey o), (B

277 SN WARAH , i ARF R X S5 M A 4% R B A
BRI

£ EBi& , SMT,OASMT F1#R 5} TDSMT Hy#f 5T 1R
4t o2 18 2] R S B A5 ) 0 A 2R 5 SR KRS M. S SCHR (33 ]
FRB| TR LR AR EM R K X 451,
b, AR SCTEAR LR MNBU, 1 IR S35 75 T8 B I PP i ot IR i 4 A
LB H B X G, I H T OAXR-TSC B3k

2 [AEER

2.1 EZ&FAHEX
XSMT fH3E£% 7 [fA 0°.45° 90°F1 135°, 4N 1 fiw #
2 5 Z B REL I LT 4 FhJ5

BT 2 5 4 REZDT

Four interconnection modes with two pins

Fig. 1

EX L #LHX 0. N 151 p, FRAKTRER
J5 LR E IR Steiner 5 s, TR s I 45°8 135° 19 RIER
HHRE 2 A5 p,.

EX 2. FELETR1. WNE 150 p, FFiRH 45°88 135°
MRHER B B Steiner &5 s, FRA S s FI/K PR IEE ) W %
LREEDIE 2 5 p,.

EXN 3 ERTR2. NE 1510 p, HERZES K
TR RS Steiner & s, FEM S s FACE I ) Y R LR T H: R
B2 45| H p,.

EX 4 #&IR 3 B 1 ANGIH p, IR K7 0
HLRIERESD| Steiner 1 5, RS s ARE N WM ERERET
B2 A5H p,.

2.2 4R

EXS 5. RS2, T TR SR LR

AEORREN TR R, 20 2(a) /8 py o, F s

P, o, 0.
) %2
(Q)SRERIfZR (b)%elRj5 fitk
B2 ZepEmnpl

Fig.2 Example of obstacle-avoiding

TEN 6. £ Steiner 5. 5 T F /44 195 | 2 S5 188 14
HB SR Steiner &, WK 2(b) i s, Fl s,.

EX T HEASIE WAIRAPRERE A58, 0
B 2(a) 0 p, LS R E IR 5 0 R 715 5,
E 2(a) 18 p, F p,.

EMS BRK BRKRESITIHZ M ELRERKE

TEN 9. A2 PP IR S BB ML A Z AR IR
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FEN 10. R g BERERCA Y , A& R Z AR
EE,WE 2(2) Y 0,0, fl 05

ENX 11 LA F. — A BRAR LR 2 A5 Z A 2R
Gl RENMEBNES, BERAN A RUEEBANE
NFEIE A, I8 2(a) ey O, 1 0,.

MPELR St FRAR B, 3 S BN £k Steiner S AR SRR,
0 2(b) BN, s, F s, Jyth Steiner 57, & 2(b) HE 3(a) 11
RIS,

2.3 EFE#HRB

AN ST E A B 4347 ( Static Timing Analysis, STA) ,
HOCER R B PRt , A st (B AR A A, Fom FEXT BT 8 Y
B P ARG B ZR. AR SC B AT B P AL LA I S s st A
AT /57 FL B 1) 7T .

75 3CFI A Elmore i S 455 S 8 3% 4k B it 8. 7%
BT v g R AR AR AT M A 11 T 2 v 20 e L P T, L
i PR T R, D R R ERAN
FTEFTA.

S p, 5§ p, ZIAERMNEHREARN

E(PisP) = X0, vanpgy 7 Can(P) (1

o, Path(p; ,p,) Fm 3 M p, 5 p; ZRIKBREE , r FOREL
RIHLBE, Cyoun (p,) Fon 511 p, BT HFHAY, WA (2) BT7R -

Cinn (D) =€ + zpnesucv(pi> Coon{Ps) (2)

Horbe, KR p AR HL 2R, suce (p,) 3Row p, WG 88 S
£45.
F—5 | p, B98P BRI HE R A= (3) i :
SlaCk(Pi) = rat(Pi)'“‘”(Pi) (3
Hir,rar(p,) R p, ESRBIIREIE , aat(p;) 5 p, 14
SEBRFIAES ], 2 AN A (4) AF(S) iR

rat(p;) = max (rar(p,)-E(p;.p;)) (4)
aat(p,) =aat(p,,) +E(p,,p;) (5)

Hom,suc(p,) Ran HIES p, MER p, BESHT ANES,
Pore 7N p; BIRT— 17 AL
WNS s b s b (e, 2 BRI S0, BT TE R M ik
B KB/ ME, WAz (6) BiR
WNS =pi£II1’i,gél(slack(p,.)) (6)

Kb, P oAFA G .
2.4 [EHRE

M 455 5 MO n, B P = {py,py, - 0 | HISBER,
WEAFECEL m, [515 O = 01,05, , 0, } K72 T AT ABARFIA LA
A BR LA BT R E SR BIAR . Ko, 8 py 9 SEBR B3R
[B]2 0. A 3CHY A AR A — R XSMT RIEHHTH 5, 3
BERSE LR, A b AU B K FT WNS.

% RRENA SR EE AL HARR: WNS, i #i#E Elmore
RIE AR A (1) ~ A(6) 7l LIBAi & ¥42 5
WNS BIEMHR, N A XA A R B A &Rt
VRRIE D AR KA R DL K WNS B AR AL

3 HFHHARTSE X SiHLRE%
ASCHEM T —Fi A R R S 23R SEK X G54 i

LRAATE, FTH 5 MR, 2 B R AN 5 5 | XS 49
& [PSO-RW B3 B P L I0RRE SERasns LA S ok ng.
3.1 [EBTAESS|IEIX &
3.1.1 2Bk eHE

BT 5 2 SR s 0 o AT O 5 | A ) 2 5 B A Y
FEATIE B, BT DAAS SO B i R R SR X e (5 B, UM R
SRR A A B A T R AR S RS I A B AE O , g
BB FTR .

F1 B LSRR ER

Table 1 Figure 1 corresponds to the wire-obstacle table
S py Rl py ZIEINIEL TSN B G M BT i S
BERITAO0 01,0,
LT 01,0,
BELTTX 2 2
HLITA3 02

CLRITA 5| AR brfn B Ag oy A b, L& 2 A5 IIZ R A
4 LT =, WA R T E WS 2 NI Z B AT
BT A REE SRR, LTS Z R M ERE MRS,
1 HRIEE 1 AR
3.1.2 Prim-Dijkstra 4 & # 2 5 % &

HTFAREREMBEGESFZIBERK LR X &Y
Steiner 4% , B L F§ PD S35 S A4 B4 &f A 26 RO, LA B0 3
BRI R B T I S SR S AN EE O T Ak
A5 B B SR SR WA st A T 5 P AR 2R I 45 R

SERL PD WA 15 5 , T Z1 %) PD A #E47 445, 3 i PD
Wi 2 AN EIHZ ML, P EAERT 3 M RA, H
PR3 APMEEF TR 2 DI HESREINEE L,
FAERSE 1 4 B PD WS BAE. Z—1 PD WA »
NI -1 %0, HTFERATFE3 M TFHREERS
I b PD AR RLE, M E 3(n-1) +1 MUFRRATF PD
WIER.

3.2 PSO-RW &%

PSO SEIABEAT A T MR P e vk R i i i i, (A g T
Steiner A4 1 4] 22 [F] BB T8 HC 1R &, T 254 PSO $EH F
B, A SCR Fl— A B Tt B F S B B H =,
e ERNEME, T R R DR T LUE
ML IR EEZ (8115 538 B R SEBURL T A BE R4 A B
1, T RERE A BRI A LT AA S TRF 5% X 4544 Stei-
ner X —BAL R . A7) AR FERH LR

S§=C2(C1(V(S§,w),r1),r2) (7
Her, s B e i DRT,C R ERTEURLE,C R
MBRZE AR, V AR R EAE, r IR XM, Ry
R38R, w AR RAER.
3.2.1 F#amistt

B FFEE AT R AL R @ P B E popsize . KIEIR
¥ count IR F N EWEUE, v H BRI E R
A fr BB T 2 R B A0 8. R, AR SO — A
AR KA wory A n, ™ BRI A 8 B . i
BAX(8) ~ K (10):

W.V - We

W, =w, — Xt 8
' * count (8)
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2 &
ns—n
ry=r,— gounte ¢
Iy =1
Ty =Fy — gounte (10)

HA w0 nRmE R war, Moy sw, o Fr, R wy
r e, WRIIRIE, w, 1 1, 308 wary B r, WERZHH, count
SR IEERIRACBEL, 1 b TR R AR
3.2.2 AT R4

R T RERBA R, A SCR R AMEZE BB E R YR
BRI RICE , AT B2 R E .

A FEAEI A (11) Fi

V(S ¢ <w
Q§=V(S§'1,W)={ (11)
S .o =w

HA, VEREFBAE o Fm[0,1) KE A BEHLEL

P Pe P 2 Pa P2 2

P P
P M
p3 813 sz_. eA3
bs ps

FG

pi

)2
K3 AR SRR

Fig.3 Example of the mutation operator

AR S B I A SRR  FEATLAN BR A= U 1 — 4% 345, R
FAH AR 2 BRFRIB SR B 2 MEE, B 2 A4
BaPHEALE D 2 A5, SRR AR E. AniE 3 B, REALIN
BT5IHp 5p, ZEMWER, RAERHANEEN2 MRS
FRREDLYE T pa 70 ps JORE HEHE.

3.2.3 X%

R TSR R 2 AE P IR PR R I SRR B, A S
W T AR AR FTE RS B A R 2R 58 L
FEAE R 3 n) 2 RS AR RS

ML BRI 5 HA G WP e B8 X,
AR (12) fims

W$=CI<Q;,r1>={C‘(Q")’CZ<'I (12)

Q: ,Cy 21

il C, BRAAAME, ¢, BR0,1) RIFIHIBEILEL
R SR R B T 5 R 0 R T30 L, I

FREUCCEE , IIAR (13) FR -

C, (W) ,e <r
S§=CZ<W:,r2>={2 <" (13)
W§,63>rz
Hh, C, B MELZ XA, c; Ban[0,1) K8 AIBEHLEL.
. pop
pﬁ
Ps D P D ¥ 2 D.
P L B }—’l
¥4 Py D2 MR Ip5 pri= Ds
2,
2
p5
B4 ZXRfE

Fig.4 Example of the crossover operator
SRR R AN 4 FR. 8 508 2 BRA )RR b AR ]
BB A — TR EEN T — UL BT Lk, R 2
BT PR FRELTIA 7 — R 5, MR AR RS

2AEG BREELVEN T R TR AREL, BRI
—BRST I A AN
3.2.4 ERENE
R T HEGE G BRI B X 451 Steiner B, 43T
HOTE B FE TR LA R A2 2 B R, i A (14) B
fitness = (1 -d) x WL +d x PL (14)
Hof WL FREK, PL RR¥E,d B— LR AER
H A
TR WAL, ERE AN BR -4 FHERNK,
I A SO B TELRAC I T3 o i A R A2 R 43 S 4, AT
WG RN R, KRR MAZR(15) Fin:
WL, =max( |x, -x, |, |y, -y, [) + (42 - 1) x
min( |x, -x, |, |y, -y, 1) +CL,, (15)
Horp WL, il e JHERIC, (x,, ) B (x,,v,) 33 03 e, 1Y

2ATURART, CL,, it e, 5 L WOBERHAL A G J1 24t

(16) P :
pmax ~ Yomin + Xbmax ~ Xbmin
A (16)
A, (Kymin s Yomin ) T Xpmas > Vimas ) ST BN RN EER e, L27E i
RHARZET M AR R A AR,
WL ZARLI SR, R AKX (17) s
WL=( Y et WEe,) — WL, (17)

Ho WL, gL FERUERK.
PL R AL AAE, ot I A A (18) BiR

P leaf( S’l?) ese<lp, se
Hof leaf(S)) FomE A S B35 5, an%%Mﬁl'ﬁiugl

4 p, WIBEEE.
3.3 EEFMEILKRRE

2 B 0 MR IR —WNS 5T &miEaa ke,
AR O BE R AL T2 42 BB A WNS 80 [[EE, i T
AL T e B R A BRI R, Il T — 48
AT 1) WNS , 4 3CHE PSO-RW B35 2 Jl ity e L 7 1
SBl b, B T E RS E , DU SR KA R
WNS iR KR T

B, R E R AR R BRI E LR UK EH S
HIZR I WNS, ¥ PSO-RW B kA B B kL 7 R H R K
1 WNS AR EH AP G E BB EE
B ARSSAE R 5 B, FF 58 %5 | T T2 i A RS BN S
B B, R TEIZ A MR L, NS BT s 2 [ 51
FEA R pyops e o BPTESBERE LRE S U RBE ST
— SIS A S M p, (B i#1,2) Mk p, 5 p,_ Wi
&%, 5 p.p, 0 B HE BEREREHERK
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Fig.5 Example of timing optimization strategy
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3.4.2 4% Steiner & #i4
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Fig. 6 Selection of pseudo-Steiner points
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Table 2 Test samples
LR TR BERRSC | WRUE S REERRYC

RCO1 10 10 RCO7 200 500
RCO2 30 10 RCO8 200 800
RCO3 50 10 RC0O9 200 1000
RCO4 70 9 RC10 500 100
RCO5 100 10 RC11 1000 100
RCO06 100 500

R A A P PR A B 4, EL ok B TR 8 R G A9 Ttk
WA 32 F1 T 4 R B B 5 RO R R
R DR B T L T AR M R F T 10 ~
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Table 3 Parameter information

SR d; ro (w/um) co (fF/pm) W, W,
0. 0075 0.118 0.95 0.40 0.05

BEA d, s fe popsize count

= ) 0.95 0.90 0.15 100 100

SCTEFEASPATIAR A T BEATSC T8, B 45 A 1 B2 SR 1 3 o ] (8 i
A5 R B AR R B
4.1 REENERIEIIE
4,1.1 PSO-RW F k&K s B

'Y Bl PSO-RW S AU , 48 SCHE M A8 P it S5 14
L BT BT NIRRT B AR IR PR L
K WNS. £ 4 FS5on] hAYEE R, IR 4 s, SOl s i
REETBUEE T Hid N H R TR AR % RS T AE, T
WUk IR R A SO R . SR S5 SRR PSO-RW B33k
FRAET BCHERT T LU RS 2P A2 Fe WNS S35 PHaAe T 2% |

R4 RIS PSO ERIE
AT BRI R 5 X L
Table 4 Fitness of PSO is compared before and after

considering obstacles under strict slack conditions

3, BCERT plends

il fK PR OWNS BRK  ERE OWNS
RCOl 24326 20852 28459 24326 20852 28459

RC0O2 36856 13416 77018 36765 13416 76991

RCO3 49618 22407 -184529 49463 22407 -179353
RC04 53473 24773 381385 53291 24220 378627
RCO5S 70336 20996 206181 69762 20324 205333
RCO6 75709 26688  -138101 74435 24840  -136485
RCO7 101866 22659 372308 100664 14182  -187682
RCO8 105256 27965 740100 101927 17540  -244384
RC09 101916 28295 534118 91642 18812 306656
RCIO 155879 30055 -1312700 155457 30055 -1278691
RCl11 224136 51588 7744300 222799 51588 7737242
SEE 90852 26336 -1065382 89139 23476 978173

Hh 1.00 1.00 1.00 0.98 0.89 0.92
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Table 5 Comparison before and after timing optimization

algorithm under strict slack conditions

P R Bk

el &I ¥4 WNS &K ¥ WNS
RCO1 24326 20852 28459 25285 15437  -12799
RCO2 36856 13416  -77018 38062 13031  -66935
RCO3 49618 22407  -184529 49031 22407  -149123
RCO4 53473 24773 381385 53687 20401 281112
RCOS 70336 20996 206181 71778 14420  -186234
RCO6 75709 26688  -138101 74823 24840  -136550
RCO07 101866 22659 372308 103665 20611 297684
RCO08 105256 27965 740100 105864 23415  -718384
RC09 101916 28295 534118 102642 18792 407412
RC10 155879 30055  -1312700 165457 21957 978113
RCI1 224136 51588  -7744300 226816 40498  -6477242
SEH{E 90852 26336 -1065382 92465 21439 -882872

3 1.00 1.00 1.00 1.02 0.81 0.83

KRR AR LS R HEE A LIRS B4R K B WNS
BB KIRTT.
4.1.3  ZERE Rk 6 AU BE

A SO SRR RS I LE AR LR SE 2 58 1%, I’ 2 T IE Ml 42
RERIS A RORD T ARG, AN SRR T, R T
BUHRTG R GERESR I AT R 2R 1K AR DA & WNS. SEIG 45 1
W3R 6 Frn , B LRI SRR T S R AAEBR TR 0 T

KO TEHENIA T A TLELY Steiner
P8 S SREM i X B
Table 6 Comparison the obstacle-avoiding strategy with or

without pseudo-Steiner points under strict slack conditions

iz ek il e

FEB &k B WNS &K P WNS
RCO1 24326 20852 28459 24326 20852  -28459
RCO2 36856 13416  -77018 36065 13031  -70532
RCO03 49618 22407  -184529 49519 22407  -179352
RC04 53473 24773 381385 53387 24773 -380663
RCO5 70336 20996 206181 68285 20115  -195510
RCO6 75709 26688  -138101 72128 26008  -126564
RCO7 101866 22659 372308 101803 22659  -369682
RCO8 105256 27965 740100 105252 27965  -737212
RC09 101916 28295 534118 89880 25230  -391254
RC10 155879 30055  -1312700 148783 26918  -964959
RCI11 224136 51588 7744300 223799 51431  -7201100
SEXME 90852 26336 -1065382 88476 25581 967753

[h 1.00 1.00 1.00 0.97 0.97 0.91

J7 1.4l Steiner s fryE B (L 458 R 7 TR 55 | A [A] £k B e AT 1Y
—A™BEhS s A D Steiner f. SCH S RAE B Bl 5 Y SE
SREME AT LAGEZR IS A2 2 WNS 2 BIEAE T 3% 3% F19% . 1X
Je AR SCER IR M S TER SERE IR K B/ MR S T =X 0 5]
gt i R 2 el v s I i U e LR e R S e N A
ML IT I, FImE, 430 O Steiner (5 B9 B U7 00T LA AR
JRAELERELR B /N A Steiner 17, I iE— 2 H] FREARLE Y
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Table 7 Comparison of the proposed algorithm with the
literature [ 31] under strict slack conditions

Wik SCHR[31] I

! %K R WNS %K PR WNS

RCO1 24931 23278  -105927 25775 15437  -13925
RCO2 41422 15208  -146759 36733 13343 68825
RCO3 54103 24129 502782 49461 22407  -170334
RC04 60228 26910  -515282 53100 20265  -336868
RCO5 73815 39416  -1379740 68997 15823  -189333
RC06 80049 30963 673490 75012 24840  -135673
RCO7 108530 25073  -804080 101473 14040  -179452
RCO8 118721 30730  -1406950 104804 11812 294322
RC09 114964 32691  -1575410 101966 17182  -301171
RCI10 158140 33614 2179700 155121 15957  -795069
RCI11 222539 55511 0128020 223005 28498  -5037130
FHME 96131 30684  -1674376 90496 18146 683827

Hhg 1.00 1.00 1.00 0.94 0.59 0.41

K8 TEFREAR AR T A SCHEE SO 35 ] X LE
Table 8 Comparison of the proposed algorithm with the

literature [ 35 ] under strict slack conditions

3% SCHR[35] & CE B

F Al KK EH WNS KK PEH WNS
RCO1 25193 21298 40929 25775 15437 -13925
RC02 38508 13832 67704 36733 13343 68825
RCO3 49987 24733 282917 49461 22407 -170334
RC04 54951 26116 2390061 53100 20265 -336868
RCO5 74706 36435 220526 68997 15823 -189333
RC06 76217 28008 319961 75012 24840 -135673
RCO7 103679 23657 496892 101473 14040 -179452
RCO8 105908 27965 -1108350 104804 11812 294322
RC0O9 102339 28295 614755 101966 17182 301171
RC10 157281 30459 -1324290 155121 15957 795069
RCI11 226065 51645 7895750 223005 28498 -5037130
FRME 92258 28404 -1160194 90496 18146 683827

3 1.00 1.00 1.00 0.98 0.64 0.60

RO TR T A UL 5ICIR[ 38 T BYRT L
Table 9 Comparison of the proposed algorithm with the

literature [ 38 | under strict slack conditions

il SCHR[38 ] A

H4l %K BB WNS i B WNS

RCO1 25231 16735 71482 25775 15437  -13925
RCO2 36129 12582 -192810 36733 13343 68825
RCO3 49859 18373 713206 49461 22407  -170334
RC04 52837 24773 627843 53100 20265  -336868
RCO5 69720 17267 361326 68997 15823  -189333
RC06 73506 25774  -878059 75012 24840  -135673
RCO7 100215 17625 865628 101473 14040  -179452
RCO8 105166 21627  -1256290 104804 11812  -294322
RC09 100920 23252 2138900 101966 17182 301171
RC10 156346 20923 2438500 155121 15957  -795069
RCI11 221823 26758 5775470 223005 28498  -5037130
FEME 90159 20517 -1392683 90496 18146 683827

HR 1.00 1.00 1.00 1.00 0.88 0.49

DA B 3 PREEIEATXT L. SCHRE 31 ] 9 oR %5 [RIN TP HA st 49 2R

9 OAXSMT Hik, LA RAE 7 P, & 3CH) OAXR-TSC
FOEARELT SCHR[ 31 ] EARRE K LML T 6% 154
oA T 41% LLRAE WNS V395034 T 59% . 3C
k(35 /% TDRSMT &k, KA RINK 8 iR, A H k48
BT CHRI35 ] AR R K LA T 2% #8442 BAE3Y
MAT 36% DL JAE WNS P50 HILA T 40% . SCHR[ 3812
TDXSMT 5, SERAERINZR 9 FR, REA SR L 53038 ]
LRAAHY  (HAEAEA WNS B0 5 T 12% F151% .

5 B %

T8 R 3 LA B A 4 S N S Bt e R R O
T X S5H T RARE— PR KX — BB AR, P A SCiR
T OAXR-TSC 3. 1 55, ARAR 45 5 10 5| PRI R i) 15 6
T E L R A s AT . IR, i T PSO-RW B3,
FERL PR AT R G2 I8 TR KA, ARl 1
AL AL RO HE. FE LRl b, O 1 it — A AT R AR B
WNS, A0t 1 —FR R PG, Xt B A WNS 5|
T E R KBS AR BEATIAL , FF 435 % IR Z I Al WNS S B
HATREE R ARG AT BT R P s 40R. R )5,
AT EATLW R SR LR 0 T — P S SRR, BE A
FESH MR AT R 2 (R R, RAT R I A R K A4, SE s
KRB, A S BRI B A KL R R R BRI T2
e, T B 27 e I Y i EE B 3 AR WNS (B AL

AR TARALIE 1) HE— 275 BT 5E vk LU B2 IR
T YRERIFE 5 (K X A7 LR A5 W5 2 ) e 4l R A 2% B 2 1) )
I, $ R R IR A TR

References ;

[ 1] Andrew B,Jens L,Igor L,et al. VLSI physical design:from graph
partitioning to timing closure[ M ]. Dordrecht; Springer,2011.

[ 2 ] Lavanyashree B, Jamuna S. Design of fault injection technique for
VLSI digital circuits [ C]//IEEE International Conference on Re-
cent Trends in Electronics, Information & Communication Technol-
ogy,2017 ;1601-1605.

[3] WANGJ Y,ZHU Y H,ZHOU R P, et al. X-architecture steiner
minimum tree algorithm based on dynamic particle swarm optimiza-
tion[ J]. Computer Engineering,2024,50(9) :226-234.

[ 4] Jia Y,Mei Y,Zhang M. A bilevel ant colony optimization algorithm
for capacitated electric vehicle routing problem[ I]. IEEE Transac-
tions on Cybernetics,2021,52(10) :10855-10868.

[ 5] Wang J,Weng T,Zhang Q. A two-stage multiobjective evolutionary
algorithm for multiobjective multidepot vehicle routing problem
with time windows[ J]. [EEE Transactions on Cybernetics,2018,49
(7) :2467-2478.

[ 6] Xiao J,Zhang T,Du J,et al. An evolutionary multiobjective route

[—

grouping-based heuristic algorithm for large-scale capacitated vehi-
cle routing problems[ J]. IEEE Transactions on Cybemetics,2019,
51(8):4173-4186.

[ 7] Tang H,Liu G,Chen X et al. A survey on Steiner tree construction
and global routing for VLSI design[ J]. IEEE Access, 2020,8
68593-68622.

[ 8] Liu G,Huang X,Guo W,et al. Multilayer obstacle-avoiding X-ar-
chitecture Steiner minimal tree construction based on particle swarm
optimization[ J]. IEEE Transactions on Cybernetics,2015,45(5) :
1003-1016.

[ 9 ] Burman S. Improved global routing using \-geometry[ C]//Annual
Allerton Conference on Communication, Control and Computing,



23 &

1T %I PRI £ 5T Sk X S5 A 4008k 503

1991:1083-1092.

[10] LiJ,Bai Z,Yu R, et al. Mobile location privacy protection algo-
rithm based on PSO optimization[ J]. Chinese Journal of Comput-
ers,2018,41(5) :1037-1051.

[11] LUO Q,JI W D,XU H T,et al. Particle swarm optimization with
global best particle dimension-by-dimension mutation [ J]. Journal
of Chinese Computer Systems,2020,41(2) ;259-263.

[12] HU K,LIJL,LIN X L, et al. Hybrid particle swarm optimization
algorithm combining gravity measure and centroid mutation strategy
[J].Journal of Chinese Computer Systems 2022 ,43(2) ;285-292.

[13] Liu G,Chen Z,Zhuang Z et al. A unified algorithm based on HTS
and self-adapting PSO for the construction of octagonal and recti-
linear SMT[ J]. Soft Computing,2020,24(6) :3943-3961.

[14] Nath P,Dey S,Nath S, et al. VLSI routing optimization using hy-
brid PSO based on reinforcement learning|[ C]//IEEE VLSI De-
vice Circuit and System,2022 ,238-243.

[15] Goh Y, Jung D, Hwang G, et al. Consumer electronics product
manufacturing time reduction and optimization using Al-based PCB
and VLSI circuit designing[ J]. IEEE Transactions on Consumer E-
lectronics,2023,69(3) :240-249.

[16] Chu C,Wong Y. FLUTE; fast lookup table based rectilinear Steiner
minimal tree algorithm for VLSI design[ J]. IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems,2007,
27(1).70-83.

[17] Latha N, Prasad G. Memory and I/O optimized rectilinear Steiner
minimum tree routing for VLSI[ J]. International Journal of Elec-
tronics, Communications, and Measurement Engineering, 2020, 9
(1) :46-59.

[18] Kundu S,Roy S,Mukherjee S. Rectilinear Steiner tree construction
techniques using PB-SAT-based methodology [ J]. Journal of Cir-
cuits, Systems and Computers,2020,29 (4) :2050057.

[19] Nath S,Gupta S,Biswas S,et al. GPSO hybrid algorithm for recti-
linear Steiner tree optimization [ C]//IEEE VLSI Device Circuit
and System,2020:365-369.

[20] Zhu Q,Zhou H,Jing T,et al. Spanning graph-based nonrectilinear
Steiner tree algorithms[ J]. IEEE Transactions on Computer-Aided
Design of Integrated Circuits and Systems,2005,24(7) :1066-1075.

[21] Ho T,Chang C,Chang Y et al. Multilevel full-chip routing for the
X-based architecture [ C ]//Annual Design Automation Confer-
ence,2005 ;597-602.

[22] Arora T,Moses M. Ant colony optimization for power efficient rou-
ting in manhattan and non-manhattan VLSI architectures [ C]//
IEEE Swarm Intelligence Symposium,2009 ;137-144.

[23] Wu H,Xu S, Zhuang Z,et al. X-architecture Steiner minimal tree
construction based on discrete differential evolution[ C]//Interna-
tional Conference on Natural Computation, Fuzzy Systems and
Knowledge Discovery,2020 :433-442.

[24] LIU G G,HUANG Y F,WANG X, et al. Hybrid discrete particle
swarm optimization algorithm for X-architecture Steiner minimal
tree construction with Slew constraints [ J]. Chinese Journal of
Computers,2021,44 (12 ) :2542-2559.

[25] Ajwani G,Chu C,Mak W. FOARS;FLUTE based obstacle-avoi-
ding rectilinear Steiner tree construction [ C]//International Sym-
posium on Physical Design,2011.27-34.

[26] Lin K,Lin Y,Li Y,et al. A maze routing-based algorithm for ML-
OARST with pre-selecting and re-building Steiner points[ C]//The
on Great Lakes Symposium on VLSI,2017 :399-402.

[27] Kundu S,Roy S,Mukherjee S. An efficient obstacle-avoiding recti-
linear Steiner tree construction method using PB-SAT[J]. IETE
Journal of Research,2023,69(6) :3346-3356,.

[28] Wang R,Pai C,Wang J, et al. Efficient multi-layer obstacle-avoi-
ding region-to-region rectilinear Steiner tree construction| C]//An-
nual Design Automation Conference,2018:1-6.

[29] Jing T,Feng Z,Hu Y,et al. A\-OAT : \-Geometry obstacle-avoiding

tree construction with O (nlogn) complexity [ J]. IEEE Transac-
tions on Computer-Aided Design of Integrated Circuits and Sys-
tems, 2007 ,26(11) :2073-2079.

[30] Huang X,Liu G,Guo W, et al. Obstacle-avoiding algorithm in X-
architecture based on discrete particle swarm optimization for VLSI
design[ J]. ACM Transactions on Design Automation of Electronic
Systems,2015,20(2) .1-28.

[31] Huang X,Guo W,Liu G,et al. FH-OAOS ; a fast four-step heuristic
for obstacle-avoiding octilinear Steiner tree construction[ J]. ACM
Transactions on Design Automation of Electronic Systems,2016,21
(3):131.

[32] Huang X,Guo W,Liu G, et al. MLXR ; multi-layer obstacle-avoi-
ding X-architecture Steiner tree construction for VLSI routing[J].
Science China Information Sciences,2017,60(1) :1-3.

[33] Lin Y,Chang S,Li Y. Critical-trunk-based obstacle-avoiding recti-
linear Steiner tree routings and buffer insertion for delay and slack
optimization[ J]. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems,2011,30(9) :1335-1348.

[34] Zhang Y,Pan D. Timing-driven, over-the-block rectilinear Steiner
tree construction with pre-buffering and slew constraints[ C]//In-
ternational Symposium on Physical Design,2014:29-36.

[35] Liu G,Zhou R,Xu S, et al. Two-stage competitive particle swarm
optimization based timing-driven X-Routing for IC design under
smart manufacturing[ J]. ACM Transactions on Management Infor-
mation Systems,2022,13(4) :1-26.

[36] Huang H,Chang S,Liu Y,et al. Timing-driven non-rectangular ob-
stacles-avoiding routing algorithm for the X-architecture [ C]//
World Scientific and Engineering Academy and Society Interna-
tional Conference, Stevens Point,2009 ;:31-34.

[37] Liu G,Guo W,Niu Y,et al. A PSO-based timing-driven octilinear
Steiner tree algorithm for VLSI routing considering bend reduction
[J]. Soft Computing,2015,19(5) :1153-1169.

[38] Chen X,Zhou R,Liu G,et al. Timing-driven X-architecture Steiner
minimum tree construction based on social learning multi-objective
particle swarm optimization [ C]//Companion Proceedings of the
Web Conference 2021 :77-84.

[39] Elmore W. The transient response of damped linear networks with
particular regard to wideband amplifiers [ J ]. Journal of Applied
Physics,1948 ,19(1) ;55-63.

[40] Ho T, Chang Y, Chen S. Full-chip nanometer routing techniques
[ M]. Dordrecht; Springer ,2007.

[41] Tripathi J,Junjariya D, Achar R. Optimization of decoupling capac-
itors in VLSI systems using granularity learning and logistic regres-
sion based PSO[ C|//IEEE/MTT-S International Microwave Sym-
posium-IMS,2023 ;159-162.

[42] Liu G,Chen G,Guo W et al. DPSO-based rectilinear Steiner mini-
mal tree construction considering bend reduction[ C]//7th Interna-
tional Conference on Natural Computation,2011:1161-1165.

[43] Lin Y,Chang S,Li Y. Critical-trunk-based obstacleavoiding recti-
linear Steiner tree routings and buffer insertion for delay and slack
optimization[ J]. IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems,2011,30(9) :1335-1348.

Mt FR 308 SOk

[3] E2M, RTM, BT, 5 LTS HILN X 851 Stei-
ner F/MEEE[I]. 1N T HE,2024,50(9) :226-234.

[11] B 8,565,500 K, % —fug il T2 478 5 80k TREL
B[ T]. DRI RN RS, 2020 ,41(2) :259-263.

[12] 85 L, 228900, BRFBTE , 28. &5A5 1 100 8 R O A8 5 SRS (VR
TR TR ] /NN SRR S, 2022 ,43(2 ) :285-292.

[24] XIBKEK, #6386, T &, % TR G SR TR LN Slew
AW F X &4 Steiner B/ FE8k [T]. 3501 %4, 2021, 44
(12) :2542-2559.



