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Four-Bend Top-Down Global Routing

J. D. Cho,Senior Member, IEEEand M. Sarrafzadelfellow, IEEE

Abstract—We propose a new global net distribution approach With signals in the gigahertz range, the electrical charac-
for high-performance m x m two-dimensional arrays of very teristics of the packages require the signal lines to be treated
large scale integration and multichip-modules. The objective is ¢ -ansmission lines. On most conventional interconnecting

to route n nets with minimum density of global cells, using a .. . . .
“small” number of bends. There are a number of applications substrates, transmission-line delay is linearly proportional to

where it is necessary to limit the number of bends on each wire. the distance traveled; but with multilayer thin films, delay
For example, it is desirable to limit the number of bends on each becomes proportional to the distance squared. The reason
microstrip (transmission) line, for mismatches of line impedance g the high series resistance of thin conductive lines and

can cause reflections from the junction points such as bends and . . . .
vias. Furthermore, for high-performance routing, intersections of the high capacitance of these lines to ground due to thin

wires cause the use of more vias, which in turn require the use of dielectrics. In practice, transmission lines are not perfectly
more routing resources (because of the larger via pitch). This uniform. That is, in the package level, significant reflections
is the first paper that addresses a graph-theoretic framework can be generated from capacitive and inductive discontinuities
to solve the bend-constrained global routingproblem in two- 5144 the transmission lines. In terms of distortion, branches
dimensional arrays. In this paper, at each level of an underlying b d f itud . han bend

quad-tree, we present a novel four-bend routing algorithm by (Stubs) are an order of magnitude more important than bends.
decomposing the original problem at levet into two subproblems In terms of delay, however, due to the additive inductance

that can be solved exactly based on a two-stage approach ofand capacitance in vias (i.e., bends), removing an excessive
_T_?::'('ﬁ/r;;;ag gne:r:tﬁ??ersg gcf"Lﬁ‘g’?gut;ywrg?:;?itti‘l?]"‘;ﬂr;erg"r’;:';?- number of bends is more important than removing branches.
constraint and variable size for the first stage isO(md,), while 'V'O“?OVG“ in a multilayer ceramic substrate of MQM’ WIres
the overall run time for the second stage isO(n3 log n*). The at different levels do not have exactly the same impedance.
time complexity of such a hierarchical approach is one order Such mismatches of line impedance can cause reflections from
of magnitude less than one of constructing a global routing the junction points such as vias and bends. Furthermore, for
using the min-cost-flow-based flat design approach. Last, We pion herformance routing, intersections of wires cause the use

present an extension that permits a limited degree of control f . hich i . h f .
over the number of bends. The proposed algorithm can also be Of MOré vias, which in turn require the use of more routing

used for estimating the wireability in the early design planning resources (because of the larger via pitch). If we minimize
stage for high-level synthesis. Experimental results showed the the number of segments per net (i.e., number of bends), the
effectiveness of the proposed algorithm. number of vias will be reduced proportionally. Therefore,
Index Terms—Bend minimization, deep submicrometer, global propagation delays associated with discontinuities (e.g., see
routing, linear programming, minimum cost flow, very-large- [11], [15], and [16]) could be minimized through careful
scale-integration (VLSI) layout. design.
Since high-performance circuits are usually designed ag-
|. INTRODUCTION gressively (i.e., most nets are considered as critical nets), we
eed to force them to have a small nhumber of bends. Thus,
e scheme also has an important application in estimating

modules (MCM's) and wafer-scaled integrated circuits [2]) i ecessary wiring space and difficulty of routing in the early

to meet the high performance requirements rather than m gh-level synthess step. ) ) )
imizing the layout area minimization only. There are several FOf the routing problem in two-dimensional arrays, there
new and interesting design automation problems associafly® been various approaches based on hierarchical wiring [4],
with this new packaging environment [9]-[10], [13], [29]. [23], sequentle}l methods [6], [21], [22], [26], S|mu.Iated ann'eal—
ing [20], [33], linear programming [25], [27], multicommodity
flow [5], [31], and flat approaches [17], [30]. Reference [19]
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1 2 3 4 Definition 1 (global density dg) (refer to Fig. 1): Let
T 4 —— cell(t, j) denote a cell at theth row and thejth column
—= L 1 of the routing region. In general, more than one net may
siil7]  6lils| [z H® cross the border of a cell. Lef,(i, j) denote the number
mf T of nets crossing the border of cellg, 7) and (i, j + 1),
ST (8] |3 1 <i<mandl < j < m— 1. Similarly, let d,(i, 5)
’ T Q4 :\ denote the number of nets crossing the border of cells
N ! 2'“3 dp(4,1) =2 (tG,j)and(i+1,j),1 <i<m-1andl £ j < m.
fe— T m — dn max = max; ,; dp(4, j) is the horizontal densityof the

problem andd, ,.x = max; ; d,(4, j) is the vertical density
of the problem;dr = max(d, max, drhmax) 1S the global
Fig. 1. An instance of one-bend global routing. density of the problem. That is, the global density is the
maximum number of wires crossing a border between two
. - : . cells in a routing solution?. A vertical channel denoted by
and results in a minimum number of layers in the detalle‘g,e ) . o .
. (4), consists of cellgé, j), i =1, ---, m, and ahorizontal
layer assignment stade. . ; ol
: _ “ » . channelH () consists of cellgs, 5), 7 =1, ---, m.
In this paper, we focus on finding a “good” bend-constraine N . ; .
; . ) . . . The minimum dg is referred to as aroptimal density,
global routing, taking performance issues into conS|derat|cc){1 . . .
. N noted byd,,.. Fig. 1 illustrates an instance of one-bend
(such as wire length and net criticality, as well as area an

the number of bends). The proposed algorithm employsrOUting With dop, = dp = 2.
' ; . aThe top-down recursive algorithm has a great attraction such
novel four-way top-down recursion, allowing at most fOU{‘

bends per net. Each level of the recursion, a small-sized Iint%-h":lt each level of hierarchy has a manageable-size problem

f . .
programming (LP) followed by min-cost flow netwofks ﬁlat can be solved exactly. In this secn_on, we emplc_)y such
' S i a technique to solve the four-bend routing problem in two-

constructed to find an exact solution in that level. Experimental

results show that the routing quality of our algorithm | Ir?\(/avgstlgnijloe\:\;;ayzrtitionin aradigms have been introduced
comparable to that of the previous algorithms that genereg%e is top artitiorrl)a routin grg ion i?]to four square subre ions.
a large number of bends. P greg q 9

This paper is organized as follows. In Section Il, we deﬁn%uccesswely (ie., structured asqaad-treg [4]. The other

and formulate the main problem. In Section Ill, we introducg. to bipartition subregions on the basis of binary cut trees,

a global routing strategy based on top-down recursion usi |d||ng tht(.et. routltng rgilonﬂ\]/ertlcalg/tor horlzontal!]ly. n a
four-way partitioning. An effective algorithm is presented b gie partiion step [24]. The quad-tree approach 1S more
recise than the approach of binary cut trees. The former

employing the two-stage min-cost filmed networks. Furthet- ) . ) . i
more, to provide more flexibility on the number of bends lelds a truly two-dimensional routing paradigm, while the

: . : . : atter results in a one-dimensional partitioning procedure to
depth-constrained terminal propagatieechnique is proposed . : :
b propag 9 brop solve the two-dimensional routing problem. There are two

in Section V. In Section V, experimental results will comple= f forming th titioni N based partitioni
ment the proposed theories. The conclusion of this paper"‘f%yS 0 ormtmg Ie par |(|jon|n_g ts;)ze. z:\jrea— ti.se . parllzlonltr;‘g
given in Section VI, (Slice or rectangular) and point-based partitioning. For the

application of high-performance packages, the former with
square bucketing is sufficient since their routing substrates
II. PROBLEM FORMULATION are very dense and pins are distributed evenly over the

. . . . plane.
We adopt the multilayer global routing environment involv Therefore, we process the top-down recursion by first parti-

ing n two-terminal nets in two-dimensional arrays (refer tg . . . oo
Fig. 1). We assume that a path goes from cell to cell rath%?nmg the top level representing the whole routing region into

. . : : : ur square subregions. That is, a quadrisection having four
than from grid point to grid point. Each plane consists of a ; :
. ! : . . uadrants is considered at each node ofghad-tree For an
two-dimensionakn x m grid, being a square tessellation o

the plane, withl x 1 being the basic cell-grid size, and each’ X grid (without loss of gene_rahty, we assume thatis
Jpower of two), there arlog, m (i.e.,0, 1, ---, log, m—1)

cell contains at most one pin. Nets are allowed to cross t . : . .
; : %}/els of two-dimensional arrays. That is, level zero is the
borders of the basic cell. The problem of bend—constraln?o most level consisting of a 2 bv 2 arav. while level
global routing in two-dimensional arrays with which we ar p Lis the bottomgmost level c):)ns'st'n y(,)f an
concerned in this paper is: given a netlist and the maximur?ﬁ; e v Isting xm
number of allowable bends, find a global routing with . - _— .

minimum global density while minimizing the wire length Oqe\j—erlli ]:)ofll?r\]l:r]tgppl;jec!tvnr:nf?igr:g;]r;tlon provides a property of

ritical nets. = i - o
¢ ;.fz inLSaI density is defined as follows Definition 2 [QM (¢)] (refer to Fig. 2): The quadrisection

' map QM (i) consists of four quadran®i, k € (1, 2, 3, 4)

(labeled counterclockwise from the upper right cornér}.

1For the layer assignment problem that arises in MCM, see [13]. . . "

2hp Y 9 P L 13 genotes the number of nets with one terminal inside and one

Minimum-cost network flows are solved by a variation of the S|mp|e>t< inal outsideO’ . A b d f di t
algorithm and can be solved more than %O€aster than equivalently sized erminal outsi er common boundary of two adjacen

linear programs. guadrants is said to becait line Hence, there are two vertical

V(2)
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few admissible routes such as four-bend routes, the size of
_ _ , the linear programming at each level of hierarchy can be
Q: G @& significantly reduced.
, _ In this paper, for brevity, we mainly describe an algorithm
T &5 & for the instance with two-terminal nets such that a hetN
_ consists of two terminals. An extension to multiterminal nets
L; = 2lsm—i-1 Q; 4 @ will be described at the end of this section.
{ Definition 4 (upper bound capacities): Let; denote the
- capacity that is upper bound on the number of nets that cross
f—  oem—s — the cut lineC = {Cy, Cs, Cs, C4}. Let Fiy, (1Fixl = i)

denote a set of nets such that one terminal ig)inand the

other terminal is inQ). Let F, (|Fy| = fr) denote the set of
‘ nets crossing a cut lin€%,. Let uy,; (= [fi/L]) denote the
and two horizontakut linesin QM (i), denoted byC}. The capacity assigned to channglcrossingCy, where L is the

length of each cut line is denoted Wy = 2'°& m—i—1, length of cut line.

Definition 3 (lower bound densitydo): When we recur- | et us state the objective of each stage of the proposed two-
sively partition the square region into 2 by 2 square subregioRgage algorithm. Stage 1, given the capacity constraints on cut
there are square subregions of sides= 2'°¢ ™ "1, where |ines, attempts to find a feasible solution minimizigtpbal
0 < @ < logm — 1 in anm x m two-dimensional array. densityof “four cut lines.” Stage 2, given the capacity of cut
Consider all square subregio@ with sideL;, whered <4 < |ines, attempts to find a feasible solution minimizigtpbal
logm — 1 andl < k < 4. Let us denotenax; maxy [U;| as  densityof “channels on four cut lines.”

|U;|. Consider the worst case where all unconnected nets musthe problem is defined as surjection G : N — C,

leave one side of the square containifig| nets. Then, we whereC denotes the set of cut lines for the first stage (the set
define the loosely estimated densitydas= max;([|U:|/Li]), of channels for the second stage) subject to a homogeneous
where0 < i < logm — 1. density distribution under the capacity constraint.

In our top-down hierarchical routing, the problem is de- For neti, the costw; ; ; is the cost of segments of nét
composed into smaller square subregidps/ () that are passing through channejsand k, defined as
solved exactly at level. Let us consider routing the set
of unconnected nets simultaneously at leveéh four quad-
rants with each sid@*s™——1 There are at mos¥, =
log m—i—1 H H log m—i—1
ZO gby D efﬁit?;rfgqr}igt\i?;rgrealssi ézlngf{;]{e(i qgu ax. 1) 2 Net criticalit_y_ on ngtz‘ i.s denoted byr;. If thg informatior)
k < 4. We refer to the subproblems at each level as tﬁgout net criticality is given, then the net assigned by a higher

. : criticality will be chosen with a shorter net. Heig, ;, 1. is the

quadrisection map routing proble@MRP). length of net with two terminals, denotetlands’. In Stage 1,
IIl. Tor-DowN FOUR-BEND GLOBAL ROUTING £; ; x corresponds to the shortest path distance between two

In this section, we develop a near optimal algorithm calldg/minalst and ¢ in Stage 2.4, = Lij + Lk + b,

' ; : . here?; ; is the shortest distance between a termihahd

4-BR based on a small-sized linear programming followe annel7, ¢, ;. is the shortest distance between channahd

by a min-cost flow on a transformed network that is solve annelk, and/;, i is the shortest distance between a terminal

exactly at levet of the top-down hierarchy. We also present al and channek. The value oft;, 1 is the number of bends

alternative approach that provides a limited degree of contr énerated by net If some nets have equal length, then we
over the number of bends in the later section. We descrﬁ? fer one with smaller bends. Note that the valud;of x is

a two-stage approach in each level of the hierarchy ba ost four at Stage 2, so that the maximum number of bends
on the linear programming followed by a min-cost flow OB each net is at mos’E four (refer to Fig. 3)
a transformed network. We shall call the algorittiour-bend Now. let us establish the followingjnéar .programming

guadrisection routing (4-BQRat contains the following new formulation for Stage 1 of the 4-BQR.
features.

For uniform density distribution, we keep track of the
density contribution on the cut lines at each level of hierarchy.
Thus, the minimization process for leveincorporates the ex-

Fig. 2. QM().

wi gk =7 X i g+ bi ke

Minimize

E (w; 14%i, 14 + Wi 23%; 23,V € Foy)

isting density on the cut lines that has been accumulated by the + Z(wi: 1227 12 4 w; 345 34,Vi € Fi3)
previous levelg0 ~ ¢—1). The process dfnear programming .

yields an exact solution but may require excessive computing + Z(wi,lxi, 1+ Wi, 234%i, 234 1 Vi € Fl2)
t|me_smce |'_[ is an |mpI|C|_t enumerqtlon_a_lgorlthm in that_ all + Z(wi,Q-Tv‘,,Q b w;, 31,341 Vi € Fig)
feasible assignment candidates are implicitly, but exhaustively,

examined. Therefore, to reduce computation time, we split +Z(w7;73x7;,3 + wi a12%i 412 : Vi € Fza)
the number of variables and constraints into two independent n Z( P ag Vi€ Ty
stages. Furthermore, since we want to restrict ourselves to Wi, 4%, 4 T Wi, 12303, 123 : VI € F1g
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Fig. 3. Anillustration of four-bend routing‘.‘;j is the number of nets already routed in lev@ls- (i —1), andf;; is the number of nets being routed in level

subject to capacity constraint For Type 2 nets, we need at mastfis + f24)/2] tracks
when the nets are distributed evenly over two cut lines. In all,

Z(% 1+ @i 12+ 214+ 2 341 + @i 412 + T 123) Sy we need at modt
Z(-Tz 2+ @i 12 4+ T 23 + T 234 + i 412 + T 123) Suo [fl?’ +lut J;maxl + fina, —‘ .
D (i3 + @i, 30 + @i, 23 + 3,230 + 0,301 + @i,123) Sz Let us definedensity historyon a cut linek, denotedd,,
Z(xi 4+ T30+ @, 14 Ti 230 + @1 341 + @ a12) <, of levels1 ~ (I —1). We incorporate the density history of
’ ’ ’ ’ ’ . levels 1 ~ (I —1) on each channel into the upper bound
VieN capacity u; at level I as shown in (1) at the bottom of
and assignment constraint the page. Heref|, = max(d;, db) + max(dy, d}), f3, =
max(dy, d}) + max(dy, d3), flaax, = max(dy, dy, d3, dy),
Ti 12+ i34 =1, Vi€ L3 and f/..., is the second maximum ofd;, ds, ds, d;}. An

Tio3+®i1a=1,Vie€ Foy example of Stage 1 is shown as follows (refer to Fig. 4).

i1+ %034 =1, Vi € Fip
Tio+ ®iaa =1, Vi € o

A. Example for Stage 1

. Let w; = £; and the length of each cut lin@,, Cs, Cs, Cy
Ty 3+ i 412 =1, Vi € F3y be one

ZTi 4+ 2103 =1, Vi € Fly.

f13 + f24 + fma}q + fmaX2 —‘

U1:UQIU3IU4I’7

Here, the 0-1 variable:, , is one if and only if netp is 2
assigned to the cheapest channel (or changelBhe capacity _ [1 +2+1+ 0} 9
constraints indicate that we want to have a uniform density B 2 -
distribution on cut lines. The assignment constraints ensure . . .
that each net is assigned to a distinct channel and each net iM'n'm'Ze
(F13 U F»4) uses at most two channels to be connected; each W =dxy 14 + 421,23 + 42, 14 + 422 03
netin(F12.UFo3U P34 U Fy4) uses either one channel or three + w3 4 + 623 123 + 32412 + 374 34
channels to be connected.

The upper bound capacity at each level can be derived agject to capacity constraints
follows. There are two types of nets in our four-bend routing
(refer to Fig. 3): Type 1) one terminal is i@, and the other 21,14+ 22,14 + 23,123 + T4, 12 S
terminal is iNQ(x41)moa4 @nd Type 2) one terminal is i@, 21,23 + T2, 23 + 3,123 + T4, 12 < U2
and the other terminal is i) x42)mod4- LEL US denote by; T1, 23 + Lo 93 + T3 123 + T4 34 <U3

the number of nets whose one terminal isdi and other
terminal in@;. Let us denote byf,.x, the maximumf;, of

{f12, f23, faa, f14} @nd by fi.ax, the second maximuny;; 3Even distribution of unconnected nets in an earlier level of hierarchy
of . based on the presented upper bound may be lower than global (i.e., optimal)
_I{ftj?’ le?)” fa1, f14|} i for T 1 density. The reason is that a density in a lower level of hierarchy may be
O distribute evenly over cut lines, for Type 1 nets, we Ne&floater than one of a higher level of hierarchy. This tight upper bound causes
at most[( fmax, + fmax,)/2] tracks to be routed by crossingType 1 nets to detour crossing three cut lines. We can avoid detouring of
a single cut line. Among the Type 1 nets, we need at md&e T(BL/Ipe 1 ”‘?t(sfby re'faxmg ;he Hpper boumj- %”e effective way is to find
. max(do + «, [(f13 + f2a + fmax +,1nax4)24ywere 0 + a IS an
[(fma)q - f1na><2)/2-| nets to be routed by crossing the thre@stimated upper bound on global &ensity. V\7e can measure the bound by once

cut lines if fiax, — fmax, = 2. running the proposed algorithm, and then use the bound in the next iteration.

T1,14+ T2, 14 + T3 4 + T4 34 Suy

’7](‘13 + f24 + fmaxl + fmaxz + f{3 + fé4 + Ilnaxl + Ilnaxz—‘ (1)

2
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(92 [ a (o) SUbjeCt to aSS|gnment constraints
1 2 3 1 3
d, ~d ¢ 111,41 + %1, 12,41 + 1,11, 42 + @1, 12,42 =1, for netl
4 4 \ %2 21,31 + X2, 22,31 + T2, 21 32 + T2, 22 32 =1, for net2
Fai ral /al L
F =) =F: 7 N 1 %3 41 + 23 42 =1, for net3
. & 2 & v
Qlogm—i-1 d- glogm—}-1 (T/ T4,11,21 + T4, 12,21 + T4, 11,22 + T4, 12,22 = 1, for netd.
3
V| @s ¥ Qs N1 37 Q4 Let us assume that] = d), = d3 = d, = 0. Then
<—_2logm—i zlogm—i —
@) b) Uyl =uUi2 = |—f1/L—| = D/ﬂ =1
U2l =U22 = (f2/L1 = f2/21 =1
QZ : a : 1 QZ : d : 1 U31 = U3z = |—f3/L-| = |—1/2-| =1
12 Gy L2 s
ST S B wiy =up = [fo/L] = [2/2] = 1
[] | T ]
y ] ] . .
e Gt 4 Y9kt L | and channel capacity constraints
) DA o7y | e taf=T =
Ma v Gan b | Gava p 1,11,41 T 21,11,42 + T4, 11,21 + 24, 11,22 Supp =1
2105m—:— ___{____(})___r___ 2lugm——1.~_1__+ _______ -
(s s T1,12,41 + %1,12,42 + T4 12,21 + Ta 12,22 Sui2 =1
1 E 1 iR L z +u +u +u Sug =1
, p———— , p— 2,21,31 + %2, 21,32 + T4, 11,21 + T4,12,21 < U21 =
© @ T2,22,31 + 2,22 32 + T4 11,22 + T4, 12,22 S U2 =1
T T <wuzp =1
Fig. 4. An instance of 4-BQR. 2,21,31 T 22,22,31 < Ut
T2, 21,32 +T2,22,32 < uz2 =1
and assignment constraints 111,41 112,41+ 03,4 Sug =1
T1,11,42 +T1,12,42 + T3 42 S ugp =1
T1,14+x1,23 =1 _ _
@y 14+ T2, 03 =1 A solution to the sgcond stage 45 11 41 = %2, 22,31 =
a4t _q T3 42 = T4 12,21 = L With dg = 1 andwy, 11,41 +w2, 22 31+
3,4 3,123 w3, 42 + Wy 12,21 = 19.
Ta 12+ 430 =1 Now, the second stage of the 4-BQR can be formulated as

a network flow that can be optimally solved by a min-cost
flow. Refer to Fig. 5. Let us denoteand:’ as two terminals
of neti € N. Let M be the set of two terminals such as

A solution to the first stage i$1 14 = 22,23 = x34 =
zg12=1, fi=fo=fa=2, f3 =1, with (wy, 14 + w2 23 +

W3 4 + Wy 12 = 15) C gy
: ’ LT . 1, |V € N'}. Let us denote by’ the set of channels an@d’
In Stage 2, similar to Stage 1, the upper bound capagijy i{he s|et of po}ssible channel asggnments of nets= (V/(=

(see Definition 4) is computed as follows. We incorporate the

! — {—
density history of leveld ~ (I—1) on each channel into the UM UCTUCUR), A = (= 4; mU Ay, e UAc cUAc, 1)),
upper bound capacity,; at each level as Arc capacity upper bound; ; and weightw, ; for each

edge(s, j) in A are assigned as

I d | , , o

Uy = flz L s VjeCl {Ifl ('L,j)EAcyt,thenCiyquiypyq;
_ _ else c¢; ; = 1
fo+dy .

Yoj =\ T Vi ECy where u, , is an upper bound capacity, , assigned to
- . channelg on cut line P with respect to node Arc weight
f3 + dg .

ugp = | = [, VI€Cs w;,
_f4+d2_ ) if (i, J) GAJ\LCH thenwm = Wp, q5

Uy = | [ V€ else w; ; =0

whered, is the density history on a cut line as defined just Where the costu,, , is the cost of a wire path for terminal
before Stage 1. assigned to channel The costw, , is computed using, for

example, the following linear equations:
B. Example for Stage 2

w11 w4 =wy 11,41 = 4

Minimize wy 12+ Wy 41 =wy 12,41 = 4
F'=4%1 11,41 + 421 12,41 + 621, 11,42 + 621,12, 42 Wi, 11 + Wi, 42 =wW1, 11,42 =6
+ 622 21,31 + 422 22 31 +8%2 21,32 + 622 22 32 w1, 12 + Wi, 42 =W1,12,42 = 6.
+ 43,41 +4x3, 40 + 574 11,21 + 304,12, For each net crossing the cut lines, we need to determine

+ 5%4,11,22 + 324,12, 22 the path of running the net across channels on the cut lines.
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O (capacity,cost)
O

Fig. 5. Min-cost flow network for Stage 2 of 4-BQR and its min-cost flow solution (bold lines) that corresponds to Fig. 4(d).

Then the problem is solved by a min-cost flow [1] 61, for The complexity of the algorithm for Stage 1 is analyzed in
example, as shown in Fig. 5. terms of the number of variables and the number of constraint
Note that the LP formulation in Stage 1 has a differemquations. The number of variables at leves bounded by
structure of one in Stage 2. Similar to Stage 2, the egs}, 4U;, whereU; is the number of unconnected nets at leiel
can be computed using, for example, the following linedrhe overall size of variables fdibgm levels of top-down

equations: hierarchy is given as follows:
1 —1 1 —1
w1 +wy 4 =wy, 14 =4 ogm o8 log m—i41
S > A= ) (2 do)
wy 2 +wy 3 =w 23 =4 i—0 i=0
wy 1+ w3 =Wy 13 = 0 =2-m-dg = O(mdy).

w1,2 + W1, 4 =W1, 24 = O0. . . . .
The number of constraints &/;. Similarly, the overall size

Note that the third and fourth are infeasible solutions arfif constraints isl.5 - m - dy = O(mdy).

thus are assigned by infinite cost. In this case, we do notWhen applying min-cost flow at Stage 2 as in Fig. 5, the

have a solution for; 1, w2, wy, 3 andw,; 4. Therefore, the number of edges and nodes @ at leveli is O(U;L7) and

problem of Stage 1 cannot be solved by a min-cost flow. O(U; + L7), respectively. Thus, the overall time complexity
Note that every net i) M(I) completes routing at level, for the entire level for Stage 2 is

providing a solution to the 4-BQR such that channel density .4,,,—1

on cut lines is minimized. Z O(%L?)Qlogu, + 12
Theorem 1 (4-BQR)The 4-BQR is an exact algorithm izo ’ ’
achieving the minimum density of global cells to the QMRP logm—1 )
so as to produce at most four bends per net. . Z O((2(lognz—i_13d0)

To complete routing for nets in all levels, this routing i—0

process of 4-BQR continues proceeding down the top-down ( ologm—i—1 (log m—i—1)2

: ) -103(2 2 do + 20008 ))
hierarchy until all unconnected nets ¢h\/ (1) of levels have
been laid out. = O0(m® - (do)? - (log mdy)?).
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crossing a different set of cut lines. Let us assume that one
decomposes the multiterminal nets into two-terminal rets
priori, then more than four topologies are required for all split
two-terminal nets. Therefore, we know that the complexity of
our algorithm on the instances of multiterminal nets is not
more than one of two-terminal nets.

IV. DEPTH-CONSTRAINED TERMINAL PROPAGATION

In this section, we finally propose an alternative approach
that provides a limited degree of control over the number of
bendsk.

Based on a binary cut tree, a custom chip routing algo-
rithm using linear assignment together with hierarchical net
decomposition is proposed in [24]. The algorithm is based on
a top-down hierarchical scheme. At each level of hierarchy, the
current routing problem is partitioned into two subproblems by

(© (d) assigning pins to channels on a cut line (or bisector). To find an
Fig. 6. Identifying a set of subnets for a multiterminal net while generatin_BptlmaI pin a_ss_lgnment for a cost funCt_lon’ alinear aSSIQnment
four best net topologies (with different set of cut-line assignments) at eath used to minimize the total summation of the costs subject
level of top-down global routing. to the capacity constraints of the channels (or holes). Then,
to determine the path of nets inside each subregion, interface

In terms ofn with the practical instances described beford0" Pseudo) pins are created on the cut lines, and nets are
the algorithm takesO(n3logn?) computational time. The broken into several parts that_ can be p_rocessed md_ependent!y.
time complexity is one order of magnitude less than one ghe process of cutting and linear assignment continues until
constructing a global routing graph usifig= n2) edges. _aII the nets are connecte_d or all the boundaries are included
Multiterminal nets have many possible routing topologig the cuts. Note that this approach produces many bends.
such as daisy chain, Steiner tree, star, and A-tree [34]. & yvlll rgfer to the process of assigning pseudoterml.nals to
is desirable that the multiterminal nets are routed with theft't lines in each level of hierarchy asrminal propagation
favorite topologies as listed above. For example, one restrid@Minal propagation depttdenoted as;) for a net: denotes
to a specific routing pattern for a multiterminal net with a goafh® number of levels of top-down hierarchy through which a
driven min-cost Steiner trdehaving minimum wire length, N€t'S pseudoterminals are allowed to propagate.
and/or minimum bends, and/or minimum stubs. A stub or L€t us assume that we use the top-down terminal prop-
branch in a tree introduces extra delay and/or ringing in tigation technique based on the four-way partition, and that
received signal waveform [32]. However, it is impractical t§h® number of bends produced by net configuration in depth
consider all configurations of a large fan-out net because théS limited to three. Then, as shown in Fig. 7, the number
number of net topologies as a function of the number of & maximum possible bends produced in successive levels of
large fan-out receivers increases rapidly. terminal propggaﬂdhs 3 x 4° (for the case of binary cut tree,
Thus, our strategy is to generate four best net topologids ). Whered is the depth of terminal propagation. Therefore,
for each multiterminal net, as shown in Fig. 6, each topolod{)€ depth of terminal propagation should be restricted to a
crossing a different set of cut lines. We can generate foeall number. . _ .
such favorite topologies based on the various net topologyere, we introduce a notion afepth-constrained terminal
construction described above. Then we select unconnech¥gPagation (DCTP)? The underlying idea of DCTP is as
terminals of the net at each level of hierarchy, one terminf@llows. Channel assignment is performed using a two-bend
from each quadrant for each subnet in which the subnet Hg4ting [17] (we shall refer to it as 2-BQR) or 4-BQR at each
a terminal, as illustrated in Fig. 7. The illustration is selfl€Vel of the top-down recursion assigning nets to cut lines.
contained; thus, we omit the algorithm details for brevity iff €N €ach net is decomposed into at most four subnets by
this paper. introducing a so—cal]eqbseudotermmalEor each net leaving
A nice feature of the two-stage approach described abodeFhannel on &ut ling a pseudoterminais placed on the
is that the first stage splits multiterminal unconnected nets @tannel through which a net crossing a cut line should pass.
level i into a set of two terminals. Thus, the complexity of thd Ne concept of net decomposition and terminal propagation
second stage is significantly reduced by considering only split
two-terminal nets. However, the LP formulation in Stage 1 for 5Since there are four quadrants at each level, the propagated pseudotermi-
multiterminal nets is different from one of two-terminal netg@s in each quadrant introduce at most three bends, as shown in Fig. 8.

For multiterminal nets with three or more terminals spread’The depth of terminal propagation for a net is determined by the net's
Criticality. For the most critical nets, only the shortest routes with minimum

over four quadrants, there are four possible net topologigsds are chosen and they are excluded from the route selection process in
the later level of top-down hierarchy. The deeper terminal propagation in the
4For nets with large terminals, a min-cost Steiner heuristic is used. successive level is exclusively allowed for less critical nets.
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Fig. 7. An instance of 4-BQR.

at each level of hierarchy enables us to solve the smaller TABLE |
problems exactly. A COMPARISON BETWEEN K LRT87 AND OURS
To complete routing for nets at all levels, this routing KLRY 87 [one-bend routing)
process continues proceeding down the top-down hierarchy #Vt‘*“h‘f*““zls bound
until all unconnected nets iWM(I) of levels (1 ~ logm) O(’"){fgg ()Secmn OwRTTY roifnf) [m/2] +1
have been laid out. We shall refer to the proposed algorithnt Fvars/#cons : gbmmd
ask — BR 0(md})/O(mdy) + O(ndo log(ndo) | dr < [2dopt] log(m/|[2ds]])

vars: variables, cons: constraints, t : dg < m/2

Algorithm k-BR

Input: A set of netsN. 6; for such net upper bound on the number of bends can be constrained to an
Output: A k-bend wire routing almost arbitrary number of bends.
Fori =0 to logm — 1.
begin
Computely,; /= a set of unconnected V. EXPERIMENTAL RESULTS
nets in QM(K) at levekx/ It will be insightful to compare our approach with previous
Fori=1to Uy. LP-based global routing approaches in terms of the problem
begin formulation, number of variables, and number of constraints
For each net s.t. 6; = k, (refer to Table I). One existing linear programming approach
apply inter- and intraquadrant channel is proposed in [17], in which Karpt al. used one-bend routing
assignment using 2- or 4-BQR by rounding to obtain integral approximations to solutions
For each net s.t. &; > k, of linear equations. In this paper, a four-bend routing based
apply interquadrant channel assignment on a two-stage approach of LP followed by min-cost flow
and terminal propogation formulation at each level of a top-down quad-tree is used to
end improve the global density. Thus, we know that the bound
end. on dg, after applying the two-stage approach, is certainly less

than the bound achieved by the approximation algorithm.

Here,interquadrant channel assignmeistto assign nets to  Mathematical programming methods are computationally
channelsC;; on cut linesC;, whereasntraquadrant channel inefficient for problems with a large number of variables.
assignments to assign nets to channels inside each quadraHbwever, the time complexity of our hierarchical routing

Since the depth of terminal propagation controls the numb&rheme compares favorably with the usual greedy approaches
of bends, we readily have the following. based on shortest paths, which routesran m array in time

Theorem 2: There is a polynomial time algorithm to solveO(m*). Note that usually, clustering followed by placement
the k-BR problem, producing x j° + &k bends. Heres is the prior to global routing produces short spans of nets. Thus, the
depth of terminal propagation. The valie(e (1, 2, 3,4)) number of unconnected nets at higher levels of the top-down
is the number of quadrants that we allow a net to propagdterarchy is usually not greater than that of the lower level
its terminals inside the corresponding quadrants. The valuef the hierarchy. Based on this observation, the number of
(e (2, 3, 4)) is the number of bends allowed for each net atariables are distributed over all levels of recursion hierarchy.
each level of the top-down hierarchy, and the value j —¢ Thus, in practice, the linear programming method is feasible
when j > 4; otherwiseO. for realistic problem sizes.

Using 2-BQR onQM (1), the number of bends generated We include some experimental results to complement the
is at most fourx 2° whené > 0 (at most two whery = 0). theoretical results. We compared our approach with the two-
Using 4-BR while restricting the number of bends at each levieénd Eulerian-tour-based global router (referred to as 2-BR)
of top-down hierarchy to three or four, it is at most44®. [17] and two other existing global routers: a flat net-by-net
Therefore, given the user-specified depttthe upper bound approach based on min-max Steiner trees, proposed by Chiang
on the number of bends can be restricted to some degreedbal. [6], and a multicommodity flow algorithm proposed by
example, two (withé = 0) or eight (withé = 1) or 16 (with Carden and Cheng [5]. We tested our algorithm (4-BR) using
6 = 2) using 2-BQR, and four (withb = 0) or 12 (with the examples provided in [5] and [6] (Diff-4, Diff-8, and Diff-

6 = 1) or 48 (with § = 2) using 4-BR. In this manner, the 16). Since the proposed method uses the hierarchical method,
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TABLE I
A ComPARISON AMONG CSW90, CC91, 2-BRanDp 4-R
i cswoofr] | CC91]/3] I 2-BR[18] I 4-BR?
Ex (nets/x/#) Jmbl[dp|[wl [[mb|]dg|wl [Jmb|]dp[wl || mb]dp [ wl
Ex1(4/8/1) 2 2 11 1 1 16 1 1 16 1 1 16
Diff-4(8/32/2) 2 2 | 35 2 2 | 32 1 2 | 32 2 2 | 32
Difi-8(32/256/4) ° 4 | 296 ° 4 | 256 2 5 | 260 2 4 | 256
Diﬁ'—16(128/2048/8) ° ] 2214 ° 9 2050 2 9 2068 3 8 2050

}: 4-BR in Section 3.

*: lower bound wirelength = bounding-box wirelength for all nets (a net’s bounding-box length: half perimeter of the smallest
bounding box enclosing two terminals of the net)

*: lower-bound density = maximum number of nets that must cross the border of a cell on cutlines

m-b : maximum bends; w-1 : total wire length.

Ex1 : Instance shown in Figure 2.
Diff-4 : Instance shown in Figure 1.
Diff-8,Diff-16 :Instances shown in [6].

o: N/A, but can be increased upto O(m).

TABLE 1l

AN EXPERIMENTAL RESULT ON LARGE-SIZED EXAMPLES

Ex (nets/x/*/t/1) [ m —b(#4 —bendnets) { dp [ dg? | w—1 | time (sec.)
R1 ((2+1+1)/15/2/14/14) 3(0) 2 2 15 0.02

R2 ((20+30+100)/570/75/400/254) 4(25) 75 63 620 0.08

R3 ((100+50+350)/1950/250/1300/804) 4(100) 250 | 213 | 2150 | 0.63

R4 ({(300+2004500)/3800/500/3000/2004) 3(0) 500 [ 375 | 3800 | 3.56

R5 ((500+400+300)/4400/600/4200/3004) 3(0) 600 | 525 | 4400 | 6.86

R6 ((800+200+800)/7000/900/5600,/3804) 3(0) 900 | 700 | 7000 | 13.11

R7 ((750+500+1250)/9500/1250/7500/5004) 3(0) 1250 | 938 | 9500 | 25.1

R8 ((700+800+2000)/13200/1750/10000/6504) | 4(250) 1750 | 1375 | 13700 | 34.1

# nets = (fas + f13 + fmaz1 ); T2 number of variables in LP; {: number of constraints in LP; daR"g: average density over four cutlines.
time is measured by tms_utime which is the CPU time used while executing instructions in the user space of the calling process.
The remaining are defined as in Table 2.

it will be insightful to compare with the algorithms presentetbol). In terms of distortion, branches are an order of magni-
in [21] and [23]. tude more important than bends, even though our timing model
From Table I, we observe that by using smaller bends, with EPC may not successfully simulate the transmission
BR usually leads to a routing with less wire length whegffects. However, in terms of delay, due to the additive
compared with [6] (with comparable global densities) aniductance and capacitance in vias (i.e., bends), removing
comparable wire length when compared with [5]. In the ca§xcessive numbers of bends is more important than removing
of Diff-16, 4-BR produced a routing with the optimum densityPranches.
and the wire length was two units greater than the lower bound
wire length.
To test the linear program for Stage 1 of 4-BR with the
large-sized instances, we implemented an LP generator in
C language running on a SUN SPARC classic and teste

VI.

¢ GI}n this paper, we presented effective approaches to the
[é\}(ﬂ)bal routing problem arising in high-performance layouts.

CONCLUSION

set of random examples using Simplex-based Ip-solver e subject to minimize the total length and number of layers
. . S ) i-e., global density), constraint to minimum number of bends.
(which has a time complexity similar to that of the SlrnpleX’Simultaneous treatment of nets by our method generated a
based min-cost flow algorithm). The computing time for thegood” solution using only four bends per net. We developed
largest size problem with 3500 nets was 34.2 s, as ShOWNJR ennanced four-bend routing strategy with performance-
Table lll. We do not perform extensive experiments on thgiyen constraints (i.e., congestion, net criticality, length, and
min-cost flow formulation of Stage 2, but the correctedne%nd), allowing at most four bends per net. The complex-
of the formulation was verified by running the min-cost rothy of the problem is significantly alleviated by employing
algorithm (NETFLO) [18]. a two-step strategy of smaller sized LP followed by min-
The experimental results showed that 4-BR yields a neggst flow networks in each level of the top-down hierarchy.
optimal solution in terms of global density and wire length. To provide flexibility to control the number of bends, the
We also simulated the situation of how much the bendiepth-constrained terminal propagatioapproach has also
affect signal distortion compared with the branches usitgen introduced. The proposed approaches can be directly
HSPICE after extracting circuits from layout by EPC (Avantapplicable to the high-performance systems where limiting



802

the

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 17, NO. 9, SEPTEMBER 1998

number of bends is critical. A reviewer commented th#4] Y. Nishizaki, M. Igusa, and A. Sangiovanni-Vincentelli, “Mercury: A

branchings (stubs) are an order of magnitude more important NeW approach to macro-cell global routing,” Rroc. VLS| Germany,
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