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Effective Multi-Layer Obstacle-Avoiding
Rectilinear Steiner Tree Construction

Student: Shung-Wei Lin Advisor: Dr. Iris Hui-Ru Jiang

Department of Electronics Engineering
Institute of Electronics
National Chiao Tung University

Abstract

Given a set of pins and a set of obstacles on multiple routing layers, a multi-layer
obstacle-avoiding rectilinear Steiner minimal tree (ML-OARSMT) is a tree of minimal
total wirelength that connects these pins, possibly through some extra points (called

Steiner points) and/or vias, and bypasses all obstacles.

In this thesis, we define a typical flow and propose a construction-by-correction
based algorithm. First of all, an initial connection graph is constructed over all pins based
on Delaunay triangulation. Secondly, an obstacle-weighted minimum spanning tree is
grown up over the initial connection graph. Finally the tree edges are rectilinearized and

the total wirelength is further reduced by three-dimensional U-shape refinement.

Our algorithm has two features. One is that we perform Delaunay triangulation
instead of using a complete graph in the first step. In addition, we only consider pins into
Delaunay triangulation thus completing it in only O(nlgn) time; we add some extra edges
into Delaunay triangulation that possibly contribute to a better minimum spanning tree.
The other is that we present optimal three-dimensional U-shape refinement to further
reduce the total wirelength. Experimental results show that as one via costs five-unit
wirelength, our results in ML-OARSMT outperforms previous work by 1.99%. On the

other hand, our results in SL-OARSMT are as good as the best results in literature so far.
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Chapter 1
Introduction
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1.1 Obstacle-Avoiding Rectilinear Steiner Minimal Trees
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1.2 Previous Works
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Typical flow
Step!: Initial connection graph construction
A
Step2: Tree connection
\
Step3: Rectilinearization and refinement

A

OARSMT

Figure 1.1: Typical flow of OARSMT.
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Table 1-1: Comparison between recent researches on OARSMT.
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1.2.1 Maze Routing Based Approach

6154{3145167809

514312134567809 > >

413121112314/56/78

312 1(si1 9 e |

4320020 o T el | T >

514312130 9 \d

6/54314 89]¢

7.6/5(4/56/78 Y »Y ‘ »y
(a) (b) (©)

Figure 1.2: (a) Maze routing. (b) The first variant of line search. (c) The second

variant of line search.

{& Al maze routing 89 A R &L — ML A B [10]/FR & B ey 20 E
o] AE W 4% BL 32 42 (two-pin net) ¥ 0 4 4% Kk 69 & R o maze routing &) F ok 3
B wave propagation &) F R, 2k #£ A2 2k (source) s 3t & #| 4 %5 (destination) ¢
4o Figure 1.2(a) - AR B HEE LA AFHMAREACRENER EHMAE
B A —SERF R eE AR E B R R 44 o ™ X # maze routing
2 8y line search & & 7k 1& B escape points R4k 15 45 4% £ A 24 % > 4o Figure
1.2(b)#e Figure 1.2(c) [11][12] - {8 R aE 4R 2] % 3 B L2 48 L » IR AR A IR AT
AR B AR F A H K two-pinnet 8 & F 44 0 FTABKA
FH R R B P R - 424 S F g8 25 R 3R > maze routing based #9
BEL EARFTERSWEFARALTER -

1.2.2 Non-Deterministic Approach
o
B! .

(a) (b) (©)

Figure 1.3: (a) A track graph. (b) The redundant edges are removed. (c) The
SL-OARSMT.



Hu % AZE[8142 i 7 LA%ERE Ak 7% B 7k (ant colony optimization) 2 st a4 —
#% non-deterministic & 334 7k > 7T AR M M B RO I 8048 4k 64 0% A (convex) 3k &
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1.2.3 Construction-by-Correction Approach

Construction-by-correction approach &4 B k& @ r — AR R H PR A B 86
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3135t - 45 A B 80 H ok R ey SL-OARSMT » 8 RBEH €A FiB
MR o

(a) (b) (c)

Figure 1.4: (a)-(c) Three cases of edges overlapping an obstacle. (d) An example of

case (a). (e) The edge is routed along the obstacle. (f) The wirelength is further

reduced.
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FRHGLER -

S

(a) (b)
(©) (d)

Figure 1.5: (a) Delaunay triangulation. (b) The edges overlapping obstacles are

removed. (¢) An obstacle-avoiding minimum spanning tree. (d) The SL-OARSMT.
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(a) (b)
Figure 1.6: (a) An obstacle-weighted minimum spanning tree. (b) The SL-OARSMT.
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1.2.4 Connection Graph Based Approach
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Figure 1.7: (a) The plane is divided into four regions with respect to a vertex. (b) An
obstacle-avoiding spanning graph: (¢) The minimum spanning tree. (d) A

SL-OARSMT.

F2[3]F > Shen F A M BB B (L2 A7 A B B A st e w8 A 55 3P @ in
PR 9B B 3% > 4w Figure 1.7(a) o S BB 25 £ vo B B3k P &4% B L o934 86 i
B AR — 1k edge - #EdBMEI K AR NEBESRYMOOEAR K% - 2
# Ax, spanning graph > 4w Figure 1.7(b)  H-##4t sk, MST > 4w Figure 1.7(c) - Lin %
AAE[4]4% 8 > 4238 3 spanning graph 8% ° fu\ £ % 49 essential edges * 7T LA4F 3] £
% %44y spanning graph » & M 4% %] # 4F 49 SL-OARSMT - 4» Figure 1.7(d) -

1.2.5 Hybrid Approach



g

(@) (b)

/\/gJ—h

(©) (d)

[ ]

Figure 1.8: (a) An obstacle-weighted minimum spanning tree. (b) The edges
overlapping the obstacles are removed. (c) The sub-trees are merged based on ant

colony optimization. (d) The SL-OARSMT.

Wu £ AESIRE TRARGERR ARG EE L B FHRE/AA OEE
1% g hotE 2 MST > 4o Figure 1.8(a) o f£38 35 /715 A 44 £ 4% £ (edge weight)
BEABFEE > Rl L TRELARERAEREZFALT > 4B A %
g 0 iR RGRETE o SRS RAT A RESRY T80 edge > MR
% ¥R F At (sub-trees) » v Figure 1.8(b) % =5 B F| M 855k i 5 38 B A % F BT 3
AR+ dw Figure 1.8(c) o K M35 3% a9 255k 1k SR BRI [BI R RIZ R AR » [ R £
track graph £ & 3, > 12 L [5]& 4 B 2 &9 spanning graph £ F 3 LUK 88 D AT 89
BER] o SRtk R BT AT Y tree 0 34 SL-OARSMT - 4w Figure 1.8(d) -

1.3 Contribution



AR XIS T LA construction-by-correction 2 4% & 8478 B ik - =T J& A 3> 4%
#& SL-OARSMT #= ML-OARSMT &4 P8 - iR4E KB 3h X Pr & & ey A A2
(typical flow) @ % — 35 BR ¥ 7P A 4 2L 22 31 Delaunay triangulation & 5 % =35 8%
HrrZe) DT B#/THEEM 2 MST EH BE2 F =P BB E AL
MR =4 UBRES EERK -

ESE B &R E

. % — 5 BRARAF % 2 B (complete graph) » B % complete graph &} &5 i 48 4
B On?) » A% % x4 A Delaunay triangulation » % E 4746 642 45 B
Hepr A5 E & O(nlgn) o sbsh > sbFBRY » RAITAH A HIAFE -
3t he NFRSM 8y edge 42 DT F > #EAFE&R B 47 -

2. HEYBHBRETHYUNRESGEN XEREDRER 2 ey U
MGEGEE - FH R RPLHAA TR U HNREFETEY
S3E 0 LR T BAAF B R AR A

F A4 ML-OARSMT &) B8 45 RBER & 558 via L S B k3t o5
P B b[15]10 7 1.99% - B 4c SL-OARSMT $4 PRI L » K54 £ P bfo B
B &R RABLET -

1.4 Thesis Organization

AEWBXAE _FTHHEMAY T ENAH OB FTHAARABE BN E
R FUEARE XN ERBBURSN  PEAERLERURKRRARGH
Iéj o
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Chapter 2 Problem Formulation and
Preliminaries

AERFBRLENBREBXHAAEYPRTE  URK €& 2 6948 AL

Fo3l o

2.1 Problem Formulation

BATELBERAEG L E M AR -

st 4(obstacle) | [Eatn @ R AEHM WA ER > L —BEHEI R e HRAR —
B o MmERM AL A ESR 0 R LB P 0 4o Figure 2.1 -

o

/ Ik

(2) (b)

Figure 2.1: (a) Obstacles cannot overlap ‘each other. (b) Obstacles can be

point-touched at corners or line-touched at boundaries.

HE(pin): —EHBRCHALR L4 E > R BALRESMeIET > 27T
DA ey R 0 4o Figure 2.2 -

N
/N

(a) (b)

Figure 2.2: (a) A pin cannot locate inside any obstacle. (b) It can be at some corner or

on some boundary of any obstacle.
-11 -



via: — 18 via R BARAX Y, 2) BLALER (g z+1 B > B, y, )f
(O, y 2+ D) S RS G NI > RBT AAREEEH 695 0 4o Figure 2.3

layer z+1 . layer z+1

o

layer z layer z

(b)

Figure 2.3: (a) A via cannot locate inside any obstacle. (b) It can be at some corner or

on some boundary of any obstacle.

#(edge) : B — 5 edge AL F ARG GEY) 0 R AL F g o) 18 R 442 4o Figure
2.4 -

[ ——
(a) (b)

Figure 2.4: (a) An edge cannot intersect any obstacle. (b) It can be point-touched at

some corner or line-touched on some boundary of any obstacle.
C,:viatgcost; —BaviaHENSL VEMNGEEK -

Nt RS E H-

PR mABEEEARNES P={p, P2 Pn} °

O: A kBFEsMEZRNES O={01, 0 ..., 01} °

n:EAENER b P OWwWEA K EAZ B

-12-



KB X B AR R P RRA AR

. BRGK TRGMEBZ E A L1874 F 2 (SL-OARSMT) -
e fE @ B2 A A ¥ 38 AR AR A (ML-OARSMT) -

[\
e
@

A3
o3

MAa— : ERGG TRagm e i A ¥ 1874 B #(SL-OARSMT) :

Ca BB BILEELS P B ES O RIAEE -G8 - By A E —
R B[FHEYZ A LIDA XA A AT - M o] SRR R Sh ey BB (Bp s 3e
AREE) > B Z L FARBEEY > EFEREREYD - FETEEM4OE BT
3% SL-OARSMT -

MARa— RS RGEmfEaEwz i A ¥ 1874 #A(ML-OARSMT) :

BB R BB ELSP BamES O A NBLELRE - B ey AR E
— RO Z A A LA B G942 0 M o] LR ZR s eY (B s
EAREL) R via 0 (2 2 FHB[EEY) 0 FIFEGE KA viaBEASILERY -

e sk aa st o Bp AreE ML-OARSMT -

2.2 Preliminaries

ABHXBEeHENGrm e Mo e EE % » SR 48 49 4o3% © Delaunay
triangulation [7] ~ Kruskal /] & s #tE B 7%[9] ~ Dijkstra sx 48 813 /8 B 75([9] ~ JF

¥ ) Fal [ % %5 43 4% (non-uniform routing grid) & escape graph [13] -

2.2.1 Delaunay Triangulation

-13-



Figure 2.5: Delaunay triangulation.

Delaunay triangulation (DT) [7] & #4528 & & P E =B = Aiey B B % -
BBAeFAlE—ZAER MEE=ZAMHFE LM ESL 4o Figure 2.5 -
% DT LHE— B = AR ek ey A AR AR 5= AT =ETRE + R
WA REHARSE o AR X AT 26y DT AR R[TI TR > Hebrls
& % O(nlgn) - AT A5 3t DT /5 Bk ©

(a) (b)

Figure 2.6: (a) A pin is inside a triangle. (b) A pin is onto an edge.

illegal edge

Figure 2.7: An illegal edge example.

- 14 -



(a) (b)
Figure 2.8: (a) An illegal edge. (b) It is transformed into a legal edge.

BAEIL—MEEBERO AL EAANBEIERMNZ ARG NI B F
— R — AR p HAFET > RE p RARIME = AR N (e Figure 2.6(a)) °
KA T — 1% edge 89 b d (o Figure 2.6(b)) » o R p M X AN =AM @ > whikd:
PEIZAMM=ZERS HREMBZAH -RERRA=Z AR ZA:E LT A illegal
edge » 4o R T » 3IF R KR8y edge 4T flip 89 #)1F > 4o Figure 2.8 - illegal edge &9
REAHOLE edge =AW =ZMEBHAR—H wREANEE T LA > B
edge % illegal edge » 4v Figure 2.7 s ko R p it — 14 edge 9 L > s p o i
B AR AL F) — 5 4R 09 TR ZE » 4o Figurel 2.6(b) ¢ FloF & & /N E 6 w9 {8 edge £ F A
illegal edge » &%t flip - E AT A GBI BEN T ET > REHHREE K= AH A
B 5 R = AU e TREL A iR Heky edge > BRSE s T R #444 DT -

2.2.2 Kruskal’s Algorithm

A Kruskal /% B %3 3 MST [9] > & M4 i A ) edge #1R LRI & oy /] 2]
RKBER  d AT A 69 Z57 ik, & forest B4 » B8 ZE 4R X &k — AR T B (sub-tree) o 3 %
B RAFFEEGE H — 4R sub-tree M B4 F 5 ]\ 49 edge v A forest ¥ > & j#74% sub-tree
BBt 0 AR AR T —ARBE 0 BP TR —AR MST -

2.2.3 Dijkstra’s Algorithm

Dijkstra #x 43 348 /& B0k [9] » & A R B B — A2 2 64 5 45 3548 (single source
shortest path) » Sty G F > 7 LA H K A Z(source) s 2B G PAE— &5

(destination) &4 & 43 }&-4& o

- 15 -



AdEdE fE—Bhfidesh s XN RE - ARz s b0y d iR A
0 (Bp d[s]=0)" B &rde H4b 25 v &) d {E 3% % & 55 K (d[v]=00)> B1F FT A 25 A priority
queuec 4 s W SMIRE P s ABA B v BB A B v ey d LA s H1 v 2 Rl 84 edge
H#E wis, v) ([dv]=d[s]+w(s, v)= w(s, v)) o # F 4R 54 priority queue F #F d {E
BOANGEE Vv G EEE VARG I VR RE 0 R AR AT+ w(v, ) 0 R
AV EEHA dV] + wiv', v7) s B dlv’ )89 1E K = priority queue ° E 3|
priority queue % 7 Z b o LB EEE 0 d AP A L e B 2 P RN RBRE -

2.2.4 Non-Uniform Routing Grid and Escape Graph

(a) (b)

Figure 2.9: (a) An example of non-uniform routing grid. (b) The corresponding escape

graph.

Ik 35 4 [ I Z e 67 4% (non-uniform routing grid) & o A7 A #) 4 B fo [F 85 4 4
HR AR FREE T @M EAFGATAR > BB B AR E R 0 4o Figure
29(a) o HIREIEH TR LA T Rl T o428 > BP € Ax escape graph > 4w
Figure 2.9(b) - 7k ¥ — BBt ) W@ A BT E S Qe & - 4o
RiB B G R BT LT AR SRR o T LU BLIR A st 4l 4 FALAE Figure 2.9(b)
tb Figure 2.9(a)’) T wi&42 % o {2 %> escape graph 83 tbIEH 4 M fa 2 441
WA DHAAMANERERRE L BABGER  ATARB IR G RIR
2 8% R 7 R, SL-OARSMT % ML-OARSMT &9%e4% - S H[16]3 68 » R f5
fE—AfEs R A FIEAB R E AN REAE— /P escape
graph k> B Steiner point € i 7 escape graph ¥ 4% fx &9 X #: 25 o B b4 A escape
graph 2 3w > £ F @4ass > TRERT A e94F 3| s 12 47 o

- 16 -



Chapter 3 Our Algorithm

AFRNBEMARENET LS R ERAF Ry QG E A L8 F B
(ML-OARSMT) i 5 i& sA R AR 3 B o #7 © Figure 3.1 R &M ey R A2 > #

m

Our flow

o F

Step1: Initial connection graph construction
DT on pins

A

Step2: Tree connection
Obstacle-weighted MST

A

Step3: Rectilinearization and refinement
Iterative; 3D refinement

A

ML-OARSMT

Figure 3.1: Our flow of ML-OARSMT.

(1) % 31 initial connection graph: 4% Ff A 4% 2k &4 4 B 4% % | — 18 pseudo plane >
b\ b o & 3L — 18R S [E 44 49 Delaunay triangulation B -

(2) #4T tree connection : f£ DT & — 44 edge # 89315 > Bl w A&
BHAEFE « o R — 15 edge Y RBEZIER AT BNRER % ROYFFE
Mgty % & 0 M B3 A 2 %518 %5 8 (Manhattan distance) & & 1F edge 49 &€ 5 &
B R e B E At S0 4AIE S EAF edge B E o ol — 1% edge &
MEHFFET B 2% 0 B F AR Kruskal JE F ok > R 384 Ao i
(obstacle-weighted)z MST -

-17 -



(3) Rectilinearization and refinement : & %t » I ARFEH B FoF e @ A
By AR 0 LI G RIR X e 44 o % A A Dijkstra f/ N8R R Bk IEY
Oz it Em TR A Alcsest 0 2 EA A KM ArIResIesids U AgK
R (removal) &g 7 7k - MR KkEsa o R eL > RFIAHAAA TARNILE U L
BBV LR T AT R -

BEZSHERAREAARFSE SRR AFE @ B2 ¢8R
(ML-OARSMT) -

3.1 Initial Connection Graph Construction

HE— TR RFIAFRATA FEI G ERR, y, 2RI initial connection
graph » H o 7z BARZ ARG LR -

S s P A By B 5 3% % 8] — 18 pseudo plane » # 4T Delaunay triangulation #43t
& [7] - Delaunay triangulation J# Bk % — R F#— A2 —B-F @ E P AU
BB = ME N

() ¥ —E=AHWE: el ARS 2R = =AW &
Figure 2.6(a) > Rl & H R R =AM oY = B4 & A F 4 illegal edge -
4o R R &% wERER 3 1A illegal edge » v Figure 2.8 5 4o & R & 8935 %R
EHAE -

Q) Rt E=AReE L AN E s RRI s MR RGREZA
5 ik w18 = A % » Figure 2.6(b) - B 05t E shE 6y w8 edge &£ F 4
illegal edge * & % flip °

G) N FEEE L B BN E B EEFREET Y o 2Rk
P38 7 — 4% edge > 8 T ERBEHL > M ABIERA DT 9424 -

TR GBI BRANTF' P PR T &H DT - gkt - £ Y illegal
edge f£ DT & > £ 451% 4% MST 6928 T ;A £ 47 o

3.2 Tree Connection

- 18 -



#& & initial connection graph #9223 » #1522 T — DT B ° B ¥ 45 &9
HEARA A DT edge s AL 2k - B F A2 — SR > &M EAA £ DT
Loyedge #H F o RIE edge AT B MBI E > RIMTARRMFEF K -

% edge @4 B4 Fl— B8R ¥ » SRR T (1319 6% ik » 4% 5 HE s o i
8 edge HEE o 4 odge MIETA R FISLHUE B A A R A D o0 IEAE A A3
edge B9 £ & R BRIV F AN AEFFIRAFEI R IL - AT #F 948 edge
SES PR TUS S ER

(a) (b)

Figure 3.2: (a) An obstacle horizontally blocks an edge. (b) An obstacle vertically
blocks an edge.

[13]1% &35 —i2# 1,40 1, WREHY edge FAESY O 6435 Al F AU T i
Bz — (1) 4o & Figure 3.2(a) > st XL Aoy y BARLL 1, f0 1,09 y BAZ K
HIEdethdd A ey y BARLL tofo 1, 89 y BAR /I BLFEGRY) R 7035 6 x BARAR L
tafn 1, 89 x BARZF] © (2) 4o Figure 3.2(b) > a4y RILA &) x BRI 1,40 1
8 x EARKR > BIEged B A ey x BARLL tfv 1, 69 x AR > BREgE ddbg R
By FEAZHRAE t Ao 1, 8 y BAZ 2R -

AR BT AR GR IR g — & @ FRIE 2] 1,40 1, Ml 6 fR DN EEBE > LR AR 1
Fo 1, 2 Fd 0 g Jb B L A 4 PR AR 6k b R w5k 4% 7 4% 2| - Figure 3.3 F o4 = 84 F >
RILE R R GRS IEE > JbF edge WM EZ AN 6 F 5 HIER
(Manhattan distance) - Figure 3.3(a)3 R g % L R Btk d5/E 123 F L A&
7T LLi# i Figure 3.3(b)#db 7 L AR AR IEAE - 12 b L AR X 7T LA 38
Figure 3.3(C)3 A bt L MG A IE/E > 2R ATULH PHIES > 3] 1,4

tp Fi] &Y BN BEBE o
-19 -



Figure 3.3: (a) Routing path passes the obstacle through upper L-shape segment, and
(b) Routing path passes the obstacle through lower L-shape segment, and (c) Routing

path passes the obstacles between obstacles.

BHUNEHE R BIVEREHE EWAL DT v 5 — 155 —F@ L a#k
FELFE &) edge > 4o Figure 3.4 - % — 4% edge & k4 & b L AV 43 B s B FE ekt dy o
WE S E R ST E R 0 SRS L TR BB A Do ™
e Iy 4B 6 BB BE A Dioun > PPER IS MBI FEBE F 80N 6918 % 1F edge Loy & o

Figure 3.4: The edge weight computation on single layer.

% I AR S BRSPS R Y B B 0 e Bl et B B BB &9 Do Fo
Diourn > BBREME » Be F Sl F 0 Bl f RA91E & 1F L edge w94 & - Figure
3.5 % o 1, Fv 1, Wi GjAk = AR R B) R0 B4 P 4% 4E © Figure 3.5(a) ¥ # O, B i
#/N8 Dyor, » Figure 3.5(b) ¥ # O B #2789 Doy, » Figure 3.5(c) ¥ # Oz B i
BN Dyoun® 14 B tLBUIE = ABME 89 RN 43 2] 5 K 89 & Figure 3.5(¢) ¥ 89 Dyorine
FEg R B @ adg DT 49 edge 8% - 5T ABAM 7 A KT edge £ -

=20 -



Dnorth F,,P@‘Z’Eh _______ | }r*"""*"———**}
00 0¥ 0,0 0%, 00 0 b1,
d G o 1
5 e B | Do | |
Do R
(@) (b) ()

Figure 3.5: (a) (b) (c) The weights of L-shape segments dominated by Obstacle O;, O,

O3, respectively.

i E XA A A DT Lk edge 94 &2 1% > &AAI A Kruskal J8 B xR 7Tk —
AR BT A 4 Bh &Y PR 5% 40 o A (obstacle-weighted) 2 MST o

3.3 Rectilinearization and Refinement

BRE SR B A ELEN G MRRGR - KA RIS MR
G Ly B A edge RieJR K4 MST EA4FY edge MM AT - THRARE &
via AR o AHIEAF I  RRERTHE ST RET AT @R LB UR
b EMERRAEE o RILATA o edge BT R H AL RS 4 o BAFE — AR
ML-OARSMT -

3.3.1 Non-Uniform Routing Grid

Figure 3.6: An example of non-uniform routing grid.

-21 -



EREHEZSE  RMABEBALRSY x oy 2 BRELEZAHE aray
5 3 B AT 4 o SAHE - o

ARAE =48 array B9 A/ 0 TR L Z 4Eah IR A MR B 4s o JEIS A TR
Z 4 A& b ey ¥ 25 (grid point) &) x FEARBP AR ARAE x array ¥ ATAFE9ME 0 y EAR
Fo z AR AL 7 A y array Fo z array &9 6914 o Figure 3.6 ¥ A — 464 JE34 4 K 1%
Z BB pTF -

BB T B0 B K 6 HAR TS @i flag e HNP @ R Bk
18 flag » RV G ERGp W EE  I2 T ey B A2 Kb by
24T @ 0 HIART R T 838 » 4o Figure 3.7 P ér &694R3 o HN RGN E b
F AR ET F #fE flag . @12 R A BT Bl o F BB DA BT RAE
J T EE LT TR R AT AL 588 £ LT it FE8EFRT
HE ;K88 0 4ofe Figure 3.7 & @ A oh[Eaedy 0 P RIA KT > B g4Ew
KT i@38e) 7 ) > 4o Figure 3.8 -

® rN

%x

Figure 3.7: The forbidden directions of grid points at one layer.

Figure 3.8: The forbidden directions of grid points at adjacent layers.
-22 -



3.3.2 Dijkstra’s Algorithm

ARERIFH ORI GREZE > BEH TR 7 E A0 MST > Rf7
H AL o 4EE— B2 F1F root B4E > RETECH AR AR 8 edge 4T H Albeysesr o
PhHF—tredge BRB XK AT IS TERRERT AL UL S B
it BASE -

it MST & edge i@ ey M BB L X €4 — LB ATH A A LI FR8 b
% AP AR B # 25 (destination) ; M 5 — 18 BP 4% & o A\ o 38 B1 45 64 25 R AR & A2 B
(source) ° /& A Dijkstra & B 53 2] T % — 144 root 24 K FmmaniExig - 4
MR LRE L RATEBNE T BT AHTEBRE -

B2 ¥ H A8 #0849 edge #¢ A2 25 A Dijkstra 7% Bk 454 » M Dijkstra 78 B k1%
W E AR TR AR BT EBNE T R— TR 2282 8R4 1%
ik o2& Figure 3.9(a) &) > 1, 4v 1, B CEBGRE > & ER2E 1, (source)fu 1,
(destination) &% » AP =T LASE B 1 36K & EARE 4] 1, MR HD] 1,70 1, 89 F F
S Fx 0 MY AR Steiner s S o 4o Figure 3.9(b). o RAF#7 4 3 B5 &1 Fv © 4847 Y 38 AL
o PR B 45 BB B 0 LAE B M54 A8 8L R 0 BBy o ik 44 PP R A MST /% B A s 38 AR A

ta tﬂ
‘ 1} (Destination) g 1y
-

[ )
tc (Source) tc
(a) (b)

Figure 3.9: (a) The routed Steiner tree includes 7, and 7, considered as destination. 7,
is considered as source in Dijkstra’s algorithm. (b) 7. is connected to the routed

Steiner tree through a newly created Steiner point S.

3.3.3 3D U-Shape Refinement

B TR KT AR okgsa - A5 TH— 1k edge 21% > HEREH 4T
BB ATRIAMCEILFNEA LA AELE U A S48 K mAZHL U

A 42 AR5 BT A A 2t s a4 & o
23 -



U SR AR R TR IR P RBs e B - 5 — R &A% A skewed
U A48 > 4o Figure 3.10(a) > ¥ RIZ4 7 U B GBI A% 0 5 B0 B
standard U #! 4 £ o Figure 3.10(c) & i B4 U A 47 Bk 49 F F] » 4o Figure 3.10(a)
P (ta, 1) By TIESLIF R > BHE E R, AR ERILE SRR L8
A MR ORI LA ELET URSHBERE.S 1) &S T4
R EGATEAT o e U A S BB8%h 0 3% k%A m Figure
3.10(b) ; Figure 3.10(c) ¥ (1., 1) 2 CHESLIFO BRI > (1., L) A E L RE > F
BALAGEIERENART U SBREE( 1, 1) RS TUKGEEN G KA
B RATIAPTR 0 M4e Figure 3.10()E~&d U BREBR > TG P4t 4
f{ o

t. 1.
ta ® ta
i SR o] . S’
1 —
S
[ J tb ] tb
(a) (b)
z. 1,
1, 1, ’
O A
T : — l
o |
1y 1y
() (d)

Figure 3.10: (a) A sample skewed U-shape segment. (b) The optimal solution after
refinement. (c) A sample standard U-shape segment. (d) The optimal solution after

refinement.

b =2 U B > RsmsiE— P £ 3D ZREREE R0 U Beg
BEEH R - BHAla% > RIOVAHAATROILE U AGBEFETEG T > 5t
BT AT B AR AR -
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Slt

b
(a) (b)
t le

t Iy
(© (d)

Figure 3.11: (a) A routed segment and a pin to be connect it. (b) A skewed U-shape

segment. (c) Old segment is removed and rerouted. (d) The optimal solution.

(1) skewed U R #574 - RRARHAFEL S RGRUPMA LA ERA
Bl—F@  HErer XRAHE > PrAdtid & T A skewed U B & » Bdo
RR A EER 493% 0 & A standard U B 42 8% o o4 Figure 3.11 2 5] F 2 3 87 %o 477 F)
B : f£ Figure 3.11(2) ¥ (1, 1) B A CEEHFHNGRK > B 1 A A2 &
&9 Dijkstra J& B 7% > 1. 3R R R &) & B2 'S BEFE Ay, Steiner point > 3t B R R o) 2 &
o A AR SRR > 4o Figure 3.11(b) » 3 F 2 E M MR A 8K (1, S)IRIE KT 4%
EAGEA URSHBRE - HEOFT LAy AR EhERENER K
SRR > W RBKEAN D AEIBHNE  RETHEA U A S0 80
A o do(te, S)Fu(ta, S)HI HBER R KA (1o, 1)00 20 4ASERE AT AT AEA UL 5 R4 -
HEHE AT —BAN U AREK > BMeAHEBH PRSI NGEERGF —1FE
/IO S ErHE) o PRI ERENFE B LAREERG T @B T
B, R R REe 0% BPRAR T skewed U R 42 B o AT AL
Figure 3.11(b) ¥ 25 37 2 B (tc, S)Fu B 2 Fx (1., ) E A T skewed U AR B> #F K
PIF PR G ffn S 85 BIe M B 5 — 158 S HHA R > o Figure 3.11(c) -
E M 1, BB (1., 1p)iE4T Dijkstra ;& &% » 408 Figure 3.11(d)A7 7+ » T A48
BSR4 -
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WXR[13] 0 RAZRAERN o RREE QBRI GEA U S Hg&
EA [BIRERMREAREGEREBRANELET UARKEBE - KHX
BREKEERRGELABIEE AR REERLERERRYE H s
HEwA U ARENaSETHEE > A AGERGKAL  XARA F44

B AT LB ATIEE B ok -

la la
ty tp
S
® /. t
(a) (b)
Figure 3.12: (a) Case I of standard U-shape segment. (b) The optimal solution of case
L
la la
® ®
h @ Iy @—— <
/ o L L. t
(a) (b)

Figure 3.13: (a) Case II of standard U-shape segment. (b) The optimal solution of case
II.
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®
Ip ty

S

le t,

(a) (b)

Figure 3.14: (a) Case III of standard U-shape segment. (b) The optimal solution of

case III.

(2) standard U A 42 X #8514 - 4o = & B 7 skewed U A 4% £ 849 3% » Bp & standard
URGE > B mRE_FREE -

B4 K P ME R MR E — 8 L RRBRERG TR o fo P R
BERKENE B L ARELRWS & wR—HRERESE
4o [ Figure 3.12(a) » i Figure 3.12(b) % & £ 15 4% % 38 AR -

R PR BB R (B REDM A L AR AL RN G o Fo
TR EREFT BN A B L AR RERG T > R — ey
¥4 % =48 0 4B Figure3.13(a)»f Figure 3.13(b) A k5 E/4 49 $38
AL o

B PSR RBE A L AREERMG G Fo P
BIEGEAME A L ARBLERNT G wR—HFeERAHE =4
4o Figure 3.14(a) >  Figure 3.14(b) % A 82 & 4545 649 £ 38 AR 4 -
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Figure 3.15: (a) (#,, tp) is routed, and ¢, is to. be connected. (b) (7, #5, t.) forms a
standard U-shape segment. (c) The Steiner point S corresponds to t,, tp, t.. (d) The
segment from the middle point 7, to S is found. (e) The new segment is blocked by an
obstacle, and old segments are removed. (f) After rerouting them, the optimal solution

is found.

3.4 Complexity Analysis
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Chapter 4 Experimental Results

W CH+ R T RE 24 > /& A Pentium® 4 3.4GHz CPU » 1GB %
ey &R -

4.1 The SL-OARSMT Problem

7B R 44 SL-OARSMT &9 B R2 > AR 3 X 48 £ 34T 14 BRRRIE £ » I
BB EHRERAE=F B AT T a0 & F b 8 [5][41[13] - [5149:8]3XF 45 % Sun
Blade 2000 1.2GHz CPU» 8GB 2. 1& §4 ; [4]44 #]3XF & & 2GHz AMD-64 machine
8GB 221582 1k ¥ % % % Ubuntu 6.06° [13]45:8]3XF & % Sun Blade 2000 1.2GHz
CPU - 4GB zt1&%8 > /5 ¥ % # & Solaris 2.9 }& -

Table 4-1 #v Table 4-2 F 5] A3 X AT4F 3] 69 8 B 4d XA [5][4][13]8 tb & -
Table 4-1 & 72 A /m\ illegal edge &4 4 % .; Table 4-2 & fu o\ illegal edge &9 4 % -
— AR K 0 RRAE R 00 L 4B 5 AR 3R = M 5] AR e B o PR s Ay 09 18 8
B2 AHLEAEOEE Rl RIOER  BBREGA LSBT - & — @Ak
WEORER K kAR GLREAAEAISIAII31 & RAEEGT ML
R EFHBCTD) > b x KRB0 EME - T Best 4 R0 44 K Aa
HABIAINB] P B—ERBEEARELRAAENE HLL

Table 4-3 #v Table 4-4 R| & # & F — % B fv F = 5 BR ey total wirelength Fo
CPU time ° 3% AAH A =35 B s MST 2 1% > HATH AT A edge VEE Eahm4d »
BEANMAZRE —F S RAPATER - E L RANMBE = SRR HPTA edge
FE AL ER-BZHNE T AR =TT A edge F E AL RIFURKRRIEIE -

—MREGABAE U BREREERT > FFRIGHEA S - B0
F AR &AM ey Total cost F3 & T 2.69%Fv 2.63% - % — F & » Hu illegal edge
By Ak 4o R FARA ML E £ T Total wirelength tb#/v44 MST » it B & % P24 & 4
tb #4749 SL-OARSMT -
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Figure 4.1 % B3X4% % RcO ArE R4 sy et e 2 B AL 3aAi et - 2
P &,4 7 100 B H: 25 Fw 500 B FEatdy 0 MR EEMREEGRY 2 e N FHRAR L
BeEL o

Table 4-1: The comparison on total wirelength without illegal edges, where “-’means

that the result is not available.

Test | Total Wirelength Improvement (%)

cases| 8|00 ST 4] [ (131 | Ours | 151 | [4] | [13] | Best
Rcl | 10 | 32 | 626 632 614 609 2772 | 3.64 | 0.81 0.81
Rc2 | 74 1625 | 1,640 - 1,632 | 1,621 | 1.16 - 0.67 | 0.67

Rec3 | 115 11204] 2,872 2,820 | 2,832 | 1.39 -0.43 | -0.43

Rc4 | 10 | 10 | 27,250 26,900 | 26,120 | 25,980 | 4.66 | 342 | 0.54 | 0.54

Rc5 | 30 | 10 |43,220 | 42,210 | 42,320 | 43,040 | 042 | -1.97 | -1.70 | -1.97

Rc6 | 50 | 10 | 56,500 | 55,750 | 55,170 | 54,690 | 3.20 | 1.90 | 0.54 | 0.54

Rc7 | 70 | 10 | 61,090 | 60,350 | 59,670 | 61,210 | -0.20 | -1.43 | -2.58 | -2.58

Rc8 [ 100 | 10 | 76,870 | 76,330 | 75,410 | 75,680 | 1.55 | 0.85 | -0.36 | -0.36

Rc9 | 100 | 500 | 84,327 | 83,365 | 81,904 | 81,126 | 3.80 | 2.69 | 095 | 0.95

Rc10] 200 | 500 |115,461|113,260{112,391 | 112,318 | 2.72 | 0.83 | 0.06 | 0.06

Rcll]200 | 800 |122,574|118,747|117,602 (116,578 | 4.89 | 1.83 | 0.87 | 0.87

Rc12] 200 [1000{120,017|116,168 115,448 | 115,066| 4.13 | 0.95 | 0.33 | 0.33

Rc13] 500 | 100 |172,490(170,690/169,160 169,040 2.00 | 0.97 | 0.07 | 0.07

Rc14[1000| 100 |238,377|236,615237,475 236,570 0.76 | 0.02 | 0.38 | 0.02

Avg. 237 | 1.14 | 0.04 | -0.03

Table 4-2: The comparison on total wirelength with illegal edges, where “-’means

that the result is not available.

Test | Total Wirelength Improvement (%)

cases| LS| O ST T T 03] | Ours | 151 | 141 | [13] | Best
Rcl | 10 | 32 626 632 614 609 272 | 3.64 0.81 0.81
Rc2 | 74 | 625 | 1,640 - 1,632 1,622 1.10 - 0.61 0.61

Rc3 | 115 ]1204] 2,872 2,820 | 2,814 | 2.02 0.21 | 0.21

Rc4 | 10 | 10 | 27,250 | 26,900 | 26,120 | 25,980 | 4.66 | 342 | 0.54 | 0.54

Rc5 | 30 | 10 |43,220 | 42,210 | 42,320 | 43,040 | 042 | -1.97 | -1.70 | -1.97

Rc6 | 50 | 10 | 56,500 | 55,750 | 55,170 | 54,690 | 3.20 | 1.90 | 0.54 | 0.54

Rc7 | 70 | 10 | 61,090 | 60,350 | 59,670 | 61,210 | -0.20 | -1.43 | -2.58 | -2.58

Rc8 | 100 | 10 | 76,870 | 76,330 | 75,410 | 75,560 | 1.70 | 1.01 | -0.20 | -0.20

Rc9 [ 100 | 500 | 84,327 | 83,365 | 81,904 | 81,126 | 3.80 | 2.69 | 0.95 | 0.95

Rc10] 200 | 500 |115,461|113,260{112,391 | 112,318 | 2.72 | 0.83 | 0.06 | 0.06

Rcll| 200 | 800 |122,574|118,747|117,602 | 116,456 | 4.99 | 1.93 | 097 | 0.97

Rc12] 200 [1000{120,017|116,168| 115,448 | 115,066| 4.13 | 0.95 | 0.33 | 0.33

Rc13| 500 | 100 |172,490(170,690/169,160|168,770| 2.16 | 1.12 | 0.23 | 0.23

Rc14[1000| 100 |238,377|236,615|237,475]236,570| 0.76 | 0.02 | 0.38 | 0.02

Avg. 244 | 1.02 | 0.11 | 0.04
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Table 4-3: The impact of refinement in SL-OARSMT without illegal edges.

Rectilinearization

Tree connection | Rectilinearization .

Test and 3D refinement
cases Pins | Obs. Total C.PU Total C.PU Total CTPU Imp.
cost time cost time cost tme (%)

©) ©) (s)
Rcl | 10 | 32 659 <0.01 622 0.015 609 0.016 | 2.09
Rc2 | 74 | 625 1,712 0.015 1,640 |0.171 1,621 0.187 | 1.16
Rc3 | 115 {1204 3,309 0.031 2,873 10.344| 2,832 0.406 | 1.43
Red4 | 10 | 10 | 29,775 |<0.01 | 28,080 |0.031| 25,980 | 0.016 | 7.48
Rc5| 30 | 10 | 45,450 |<0.01| 44,820 [0.047| 43,040 | 0.047 | 3.97
Re6 | 50 | 10 | 59,540 | 0.015| 57,370 |0.062| 54,690 | 0.093 | 4.67
Rc7 | 70 | 10 | 65,300 | 0.015| 63,280 |[0.110| 61,210 | 0.156 | 3.27
Rc8 [ 100 | 10 | 84,080 |0.016 | 77,580 |[0.156| 75,680 | 0.297 | 2.45
Rc9 (100 |500| 89,415 |0.031 | 83,285 |8.157| 81,126 |29.391| 2.59
Rc10{ 200|500 | 121,545 | 0.063 | 113,992 [9.516| 112,318 [40.515| 1.47
Rcl11{200 800 | 128,210 | 0.062 | 118,312 |20.343| 116,578 |95.437 | 1.47
Rc12|200 [1000{ 124,293 | 0.078 | 116,990 [28.969| 115,066 [293.688| 1.64
Rc13|500 | 100 | 185,950 | 0.266 | 173,080 |2.734| 169,040 | 19.75 | 2.33
Rc14{1000] 100 | 260,846 | 0.875 | 243,518 (11.234| 236,570 [158.328| 2.85
Avg. 2.78
Table 4-4: The impact of refinement in SL-OARSMT with illegal edges.

Tree connection . |-Rectilinearization Rectlllneapzatlon

Test and 3D refinement
cases Pins | Obs. Total C.PU Total C.PU Total C.PU Imp.
cost time cost time cost ume (%)

©) ©) (s)

Rcl | 10 | 32 659 <0.01 622 0.031 609 0.016 | 2.09
Rc2 | 74 | 625 1,709 0.016 1,645 |0.219 1,622 0.219 | 1.40
Re3 | 115 (1204 3,039 0.046 2,855 |0.437| 2814 0.500 | 1.44
Rc4 | 10 | 10 | 29,770 |<0.01 | 28,080 |[0.031| 25980 | 0.031 | 7.48
Rc5| 30 | 10 | 45,450 |<0.01| 44,820 [0.031| 43,040 | 0.047 | 3.97
Rc6 | 50 | 10 | 59,540 |0.015| 57,370 [0.063| 54,690 | 0.109 | 4.67
Rc7 | 70 | 10 | 65,300 | 0.016 | 63,280 [0.093| 61,210 | 0.712 | 3.27
Rc8 | 100 | 10 | 83,990 | 0.015| 77,570 |0.156| 75,560 | 0.297 | 2.59
Rc9 | 100 {500 | 89,415 | 0.031 | 83,285 |[8.062| 81,126 |28.671| 2.59
Rc10(200 {500 | 121,545 |0.062 | 113,992 |10.375| 112,318 [41.250| 1.47
Rc11{200 [ 800 | 128,094 | 0.063 | 118,130 |22.688| 116,456 |98.032| 1.42
Rc12|200 {1000{ 124,293 | 0.062 | 116,990 |26.031| 115,066 |274.609| 1.64
Rc13|500| 100 | 185,910 | 0.265 | 172,920 |2.813| 168,770 |20.547| 2.40
Rc14{1000({ 100 | 260,846 | 0.782 | 243,518 |[11.360| 236,570 [158.984| 2.85
Avg. 2.81
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Figure 4.1: The final routing result of Re9:.,

|
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Table 4-5: The comparison on total cost when C,=5 without illegal edges. “WL” is the

wirelength on all layers; “#via” is the number of vias between layers; “Total Cost” is

5]—Ours

. . . . 1
“WL+ C, *#via”; “Imp.” is the improvement on WL, #via, and total cost ([ 5] ),
respectively.
WL #via Total cost CPU time (s)
Test Pins |Obs.|N, Imp Imp Imp
Case [15] Ours (%) [15]|Ours (%) [15] Ours (%) [15] | Ours

Indl| 50 | 6 [4] 55,390 55,180 [0.38|49 | 50 |-2.04| 55,635 55,430 [0.37(0.07| 0.08
Ind2|200| 85 |6| 11,859 11,604 |2.15]208|214|-2.88| 12,899 12,674 |1.74|3.01 | 3.27
9
4

Ind3| 250 | 13 9,983 9,805 |1.78|343|343]0.00| 11,698 11,520 |1.52)3.35]20.89
Ind4| 500 | 100 77,033 78,335 |-1.69] 0 | 0 [0.00| 77,033 78,335 |-1.69]8.21 | 8.45
Ind5|1000] 20 |4 |14,515,511]|14,496,361|10.13| 0 | 0 ]0.00 |14,515,511|14,496,361]|0.13 |45.71|389.28
Rtl | 25 | 10 [10] 4,106 3,846 63376 | 67 [11.84] 4,486 4,181 16.80]0.06| 0.33
Rt2 | 100 | 20 |10] 8,812 8,661 |1.71|200{191]4.50| 09,812 9,616 [2.00/0.90| 4.80
Rt3 1250 | 50 [10] 14,239 13,888 12.47|4291412|3.96| 16,384 15,948 |2.66|6.84 | 38.48
Rt4 | 500 | 50 [10] 19,488 18,785 |3.61|879[862|1.93| 23,883 23,095 [3.30]17.56(179.77
Rt5 [1000{100 |4 | 25,528 24,884 [2.52]814]762(6.39| 29,598 28,694 [3.05]56.45]276.94
Avg. 1.94 2.37 1.99

Table 4-6: The comparison on total cost when C,=5 with illegal edges. “WL” is the

wirelength on all layers; “#via” is,the number of vias between layers; “Total Cost” is

5]-Ours

) . - ) 1
“WL+ Cv *#via”; “Imp.” is the:improvement.on WL; #via, and total cost ([ 5] ),
respectively.

WL #via Total cost CPU time (s)
Test Pins [Obs.|N, Imp Imp Imp
Case [15] Ours (%) [15]|Ours (%) [15] Ours (%) [15] | Ours
Indl| 50 | 6 [4]| 55,390 55,180 [0.38|49 | 50 |-2.04| 55,635 55,430 [0.37]|0.07 | 0.08
Ind2|200| 85 |6 11,859 11,589 |2.28(208|214 |-2.88| 12,899 12,659 |1.86|3.01| 3.28
Ind3|250| 13 |9 9,983 9,816 1.67 (343341058 | 11,698 11,521 |1.51(3.35|20.92
Ind4| 500|100 (4| 77,033 78,335 |-1.69] 0 | O 0 77,033 78,335 |-1.69| 8.21 | 8.55

Ind5[1000] 20 |4 |14,515,511[14,496,361]0.13| 0 | 0 | 0 [14,515,511|14,496,361/0.13 |45.71/394.28
Rtl | 25 [ 10 [10] 4,106 3,846 |6.33] 76| 67 [11.84] 4,486 4181 [6.80/0.06] 0.33
R2 [ 100 20 [10] 8,812 8,661 |1.71]200/192[4.00| 9,812 9,621 |1.95/0.90]| 4.84
R3[250( 50 [10] 14,239 | 13,933 [2.15(429|415]3.26| 16,384 | 16,008 |2.29]6.84 |39.48
Rt4 [ 500 50 [10] 19,488 | 18,729 |3.89(879|861|2.05| 23,883 | 23,034 |3.55|17.56|182.77
Rt5 [1000[ 1004 | 25,528 | 24,908 |2.43[814|763]6.27| 29,598 | 28,723 |2.96|56.45[279.94
Avg. 1.93 2.31 1.97

-34 -




Table 4-7: The comparison on total cost when C,=3 without illegal edges. “WL” is the

wirelength on all layers; “#via” is the number of vias between layers; “Total Cost” is

5]—Ours

. . . . 1

“WL+ C, *#via”; “Imp.” is the improvement on WL, #via, and total cost ([ 5] ),
respectively.

WL #via Total cost CPU time (s)
Test Pins |Obs.|N, Imp Imp Imp
Case [15] Ours (%) [15]|Ours (%) [15] Ours (%) [15] | Ours
Indl| 50 | 6 |4]| 55,390 55,180 ]0.38 | 49 | 50 |-2.04| 55,537 55,330 |0.37]0.07 | 0.09
Ind2|{200| 85 | 6| 11,840 11,613 |1.91 |224|216|3.57| 12,512 12,261 |2.01]3.05| 2.64
Ind3|{250| 13 |9| 9,896 9,758 |1.39 |359| 371 |-3.34| 10,973 10,871 [0.93|3.32|18.70
Ind4| 500 | 100| 4| 77,033 78,335 |-1.69| 0 | O 0 77,033 78,335 |-1.69|8.12 | 8.58

Ind5 [1000] 20 |4 |14,515,511]14,496,361|0.13 ] 0 | O 0 ]14,515,511]14,496,361|0.13 |45.63|348.20

Rtl | 25 | 10 [10] 4,106 3912 47276 | 67 |11.84] 4,334 4,113 ]5.1010.06 | 0.31
Rt2 | 100 | 20 |[10] 8,789 8,745 10.50 |215|197|8.37| 9,434 9,336 |1.04]0.88 | 4.67
Rt3 |250| 50 [10] 14,099 13,807 |2.07 |4901460|6.12 | 15,569 15,187 12.45|6.86 | 34.25

Rt4 |500| 50 [10] 19,280 18,543 |3.82 |918]|903 | 1.63 | 22,034 21,252 |3.55|17.52|192.78

Rt5 [1000]100|4| 25,283 24,665 |2.44 |869|800|7.94| 27,890 27,065 2.9655.61|267.45

Avg. 1.57 3.41 1.68

Table 4-8: The comparison on total cost when C,=3 with illegal edges. “WL” is the

wirelength on all layers; “#via” is the number of vias between layers; “Total Cost” is

5]-Ours

. . F . 1

“WL+ C, *#via”; “Imp.” is the improvement on WL, #via, and total cost ([ 5] ),
respectively.

WL #via Total cost CPU time (s)
Test Pins |Obs.|N, Imp Imp Imp
Case [15] Ours (%) [15]|Ours (%) [15] Ours (%) [15] | Ours
Indl| 50 | 6 |4]| 55,390 55,180 [0.38 | 49 | 50 |-2.04| 55,537 55,330 ]0.37]0.07| 0.09
Ind2|{200| 85 |6| 11,840 11,617 |1.88 |224|217|3.13| 12,512 12,268 |1.95]3.05| 2.66
Ind3|{250| 13 |9| 9,896 9,744 |1.54 |359| 364 |-1.39| 10,973 10,836 |1.25]3.32|18.72
Ind4| 500 | 100| 4| 77,033 78,335 |-1.69] 0 | O 0 77,033 78,335 |-1.69|8.12 | 8.66

Ind5 [1000] 20 |4 |14,515,511]14,496,361|0.13 ] 0 | O 0 ]14,515,511{14,496,361|0.13 |45.63|350.20

Rtl | 25 | 10 [10] 4,106 3912 47276 | 67 |11.84] 4,334 4,113 5.1010.06 | 0.32
Rt2 | 100 | 20 [10] 8,789 8,745 10.50 |215|197|8.37| 9,434 9,336 |1.04|0.88 | 4.69
Rt3 [ 250| 50 [10] 14,099 13,794 ]2.16 |490| 464 |5.31 | 15,569 15,186 |2.46|6.86 | 34.75

Rt4 |500| 50 [10] 19,280 18,464 14.23 |918]902|1.74| 22,034 21,170 [3.92]17.52|199.78

Rt5 [1000]100|4| 25,283 24,635 |2.56 |869|802|7.71| 27,890 27,041 |3.0455.61|269.45

Avg. 1.64 3.47 1.76

% 4h » Table 4-9 #v Table 4-10 & C,=5 LR T F — 5 Bifvn 5 = 5 BR &Y total
wirelength o CPU time ; Table 4-11 fv Table 4-12 2 C,=3 BfLb 8 T % —F Hifo
=5 B d total wirelength v CPU time 3 B AL 5 —F B i, MST 244 » &4
AR edge FH Edy i > EEABMATRE —F —FHRAPATHR - F L5

N F =SB AHm A edge AAILWHER - FAETHRAE=FBFMA
235




edge fF & ALt URBRBRIEE - AS —MREOAMANF UAKEEER
FoFRI MR EB L EREREREMN C=5 WA M T > #4989 Total cost
P E T 2.69%%0 2.63%; C,=3 615 R % > $ 444 Total cost F-3 2L & T 2.33%
F0233% > B —F @ > s illegal edge & #E 4o $H A FAEA ML A & T Total cost Lb#R
e MST » 12 % 4 B AL 0% - & B ARGt Af (e B L8R % 09 R B T A

AR BRI > TR 2 case T R AR LLBIFER -

Table 4-9: The impact of 3D refinement in ML-OARSMT as C,=5 without
illegal edges.

) - . Rectilinearization
Tree connection | Rectilinearization )
Test and 3D refinement
cases Pins | Obs.| Vi Total C.PU Total C.PU Total CTPU Imp.
cost time cost tme cost tme (%)
©) (s) ()
Indl1| 50 | 6 56,130 [<0.01| 56,945 0.05| 55,430 0.08 | 2.66
Ind2 [ 200 | 85 13,414 ]0.047 12,950 059 | 12,674 327 | 2.13

Ind4 | 500 | 100 92,330 10.250}, 11 78:841 1.70 | 78,335 | 845 | 0.64

4
6

Ind3 {250 | 13 | 9| 12,006 [0.078| 11,856 |3.19| 11,520 |[20.89| 2.83
4
4

Ind5 [1000| 20 15,975,855|0.734| 14,981,554 (20.41|14,496,361|389.28| 3.24

Rtl | 25 | 10 |10] 4,652 |<0.01 4,392 0.16 | 4,181 0.33 | 4.80

Rt2 [100| 20 |10] 10,183 +0.016{ 9,861 1.31| 9,616 4.80 | 2.48

Rt3 250 50 |10] 17,414 “10.078] 16,397 |6.16| 15,948 |38.48| 2.74

Rt4 [500] 50 [10] 25,942 10.250] ==23;741 |{15.22| 23,095 |179.77| 2.72

Rt5 [1000] 100 | 4 | 32,467 |0.797] 29,470 [15.61] 28,694 |276.94| 2.63

Avg. 2.69

Table 4-10: The impact of 3D refinement in ML-OARSMT as C,=5 with
illegal edges.

) . . .. | Rectilinearization
Tree connection |Rectilinearization )
Test and 3D refinement
cases Pins| Obs.| Vi Total C.PU Total C.PU Total CTPU Imp.
cost tme cost tme cost tme (%)
(s) (s) (s)
Indl1| 50 | 6 56,130 | <0.01| 56,945 |0.06| 55,430 0.08 | 2.66
Ind2 | 200 | 85 13,414 | 0.056 12,952 |10.67| 12,659 3.28 | 2.26
Ind3 [250| 13 11,962 | 0.089 11,814 |3.45| 11,521 |2092| 2.48

Ind4 | 500 | 100 87,068 |0.269 | 78,956 |1.88| 78,355 | 8.55 | 0.76

Al [O|N N~

Ind5 [1000| 20 15,974,754| 0.864 |14,981,554|22.57|14,496,361|394.28| 3.24

Rtl | 25 | 10 |10] 4,652 |<0.01 4,392 |0.16| 4,181 0.33 | 4.80

Rt2 |100| 20 |10} 10,177 [0.017 | 9,855 1.53| 9,621 4.84 | 2.37

Rt3 [250| 50 |10] 17,385 | 0.085 | 16,385 |6.97| 16,008 |39.48| 2.30

Rt4 [500] 50 |10] 25,858 | 0.287 | 23,722 [16.87| 23,034 [182.77| 2.90

Rt5 [1000] 100 | 4 | 32,429 | 0.813 | 29,484 |18.64| 28,723 |279.94| 2.58

Avg. 2.63
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Table 4-11: The impact of 3D refinement in ML-OARSMT as C,=3 without
illegal edges.

) . . .. |Rectilinearization
Tree connection |Rectilinearization .
Test and 3D refinement
cases Pins| Obs.| Vi Total C.PU Total C.PU Total CTPU Imp.
cost tme cost tme cost tme (%)
(s) (s) (s)
Indl1| 50 | 6 56,002 | <0.01| 56,839 |0.05| 55,330 0.09 | 2.65
Ind2 | 200 | 85 12,815 | 0.062 | 12,488 [0.61| 12,261 2.64 | 1.82
Ind3 | 250 | 13 11,079 | 0.078 11,086 |3.24| 10,871 |18.70| 1.94

Ind4 | 500 | 100 92,330 10.250 | 78,841 |[1.59] 78,335 | 8.58 | 0.64

Al [O|IO~

Ind5 [1000| 20 15,975,855| 0.766 |14,981,554|18.94|14,496,361|348.20| 3.24

Rtl | 25 | 10 |10] 4,462 | <0.01 4,248 |0.16 | 4,113 0.31 | 3.18

Rt2 [100] 20 [10] 9,632 |0.016 | 9,552 [1.41] 9,336 4.67 | 2.26

Rt3 [250] 50 [10] 16,090 | 0.078 | 15,542 |6.47| 15,187 |34.25| 2.28

Rt4 [500] 50 |10] 23,548 |0.250 | 21,849 [14.83] 21,252 |192.78| 2.73

Rt5 [1000] 100 | 4 | 30,325 | 0.797 | 27,770 [14.88| 27,065 |267.45| 2.54

Avg. 2.33

Table 4-12: The impact of 3D refinement in ML-OARSMT as C,=3 with
illegal edges.

’ - .. .. | Rectilinearization
Tree connéction |Rectilinearization .
Test and 3D refinement
cases Pins | Obs. | N Total C.PU Total C.:PU Total C.PU Imp.
cost HIRe cost pme cost ume (%)
() (s) (s)
Indl1| 50 | 6 56,002 |<0.01 | 56,839 | 0.06| 55,330 0.09 | 2.65

Ind3 250 | 13 11,061 ]0.083 | 11,046 [3.33] 10,836 |18.72] 1.90

4

Ind2 {200| 85 | 6 12,815 | 0.063 12,498 |0.65| 12,268 2.66 | 1.84
9
4

Ind4 | 500 | 100 87,068 |0.276 | 78,956 |1.71| 78,335 | 8.66 | 0.79
Ind5 [1000] 20 | 4 |15,974,754| 0.834 |14,981,554|21.54|14,496,361|350.20| 3.24

Rtl | 25 | 10 |10| 4,462 | <0.01 4,248 |0.16 | 4,113 0.32 | 3.18
Rt2 [100] 20 [10] 9,632 |0.017 | 9,552 [1.44] 9,336 4.69 | 2.26

Rt3 [250| 50 |10] 16,080 | 0.088 | 15,530 |6.86 | 15,186 |34.75| 2.22
Rt4 [500] 50 |10] 23,525 |0.270 | 21,772 [15.69| 21,170 |199.78| 2.77

Rt5 [1000] 100 | 4 | 30,317 | 0.819 | 27,733 |15.82| 27,041 [269.45| 2.50

Avg. 2.33
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Chapter 5 Conclusion
5.1 Concluding Remarks

ERB WX T RIS T ARG EERRBRALE % R G S @
BPIRE > BT & T — B A R AR (typical flow) R LB AT A ) ik BARBLEL B - &
ey F ikt TP 6 — SR A B 2& 3 DT B & 1E 4145 49 connection graph >
s > HAIR G illegal edge £ DT F > 154345 48 MST sy BT A B 4F 5 =
BR ¥} P2 3164 connection graph AT Mg ot o) MST w9 3&4s B 5 % = S B0
BAARLBEARA =% U AN LHBaBIE LK - HHHL 0 KL HAAE T
B URGREBAE T a8 R T UF2 KR -

Ty & RERB/IITRE QR EAL S R 46269 ML-OARSMT P42 L >
RAFWIRIT > FHEE 1.99% 6948 kfo 3.47%8) via $ - HnER LRy
SL-OARSMT [ A2 - 488 & -F34&fu B AT R 4F 4 45 R A48 LT o gkt illegal edge
&Y ho N B9 FE E A& EL B AT 89 MSTee

5.2 Future Work

RAEE=FFHAERNIELONRIEREAE S RER EAiEe R
1R 0 AB ¥R 348 B Dijkstra JE Bk A7 #6922 B R K 0 AEAF AR X8 BUAT IR
BRI o AR AT USRI G SR L6 AR BREPATIFR
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