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Abstract—This paper presents a new method of sizing the widths of than the conjugate gradient method with constantly better optimization
the power and ground routes in integrated circuits so that the chip area results.
required by the routes is minimized subject to electromigration andIR This paper is organized as follows. Section Il reviews some previous
voltage drop constraints. The basic idea is to transform the underlying o Section 11l describes the formulation of the P/G network opti-
constrained nonlinear programming problem into a sequence of linear o . . .
programs. Theoretically, we show that the sequence of linear programs m'zat_'on probl_em. T_he new metho_d Is Present?d In Secnor_‘ IV. Some
always converges to the optimum solution of the relaxed convex opti- Practical considerations are described in Section V. Experimental re-

mization problem. Experimental results demonstrate that the proposed sults from some large P/G networks are summarized in Section VI.
sequence-of-linear-program method is orders of magnitude faster than the gection VIl concludes the paper.

best-known method based on conjugate gradients with constantly better

solution qualities.

Reliability-Constrained Area Optimization of VLSI
Power/Ground Networks Via Sequence
of Linear Programmings
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tion network, simulation and optimization.

It is generally assumed that the average current drawn by each
module is known and is modeled as an independent current source
. INTRODUCTION (we do not consider the temporal correlations of current sources). The
Power/ground (P/G) networks connect the P/G supplies in the circGRhstraints from reliability and design rules include: IR) voltage
modules to the P/G pads on a chip. An important problem in P/G néop constraints; 2) metal-migration constraints; 3) minimum width
work design is to use the minimum amount of chip area for wiring P/@Pnstraints; and 4) equal width constraints. The problem of deter-
networks, while avoiding potential reliability failures due to electromitining the widths of wire segments of a P/G network to minimize the
gration and excessiuR drops. Specifically, we are concerned with thaotal P/G routing area subject to all these constraints is a constrained
problem of P/G-network optimization where the topologies of P/G netonlinear optimization problem [6], [7].
works are assumed to be fixed, and only the widths of wire segmentdn the method of Chowdhury and Breuer [6], resistance values and
are to be determined. Several methods have been developed to sBf@gch currents are selected as independent variables. Both the objec-
this problem [6]-[9]. However, to the best of our knowledge, none dive function and théR voltage drop constraints become nonlinear. The
augmented Lagrangian method combined with the steepest descent al-
gorithm [1] is used to solve the resulting problem.
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Chowdhury [8] proposed a very interesting approach, where both  for each nodg = {1,...,n} andB(j) is the set of indexes of
the nodal voltages and the branch currents are selected as variables. branches connected to noflands; is 1, if the current direction
The optimization problem is solved iteratively in two stages. Inthe first ~ for branchi is toward nodg and—1, otherwise.
stage, all of the branch currents are fixed, and this leads to a convex 0 network optimization is to minimize (1) subject to constraints
gramming problem solved by the conjugate gradient method [1]. In t{®)—(6). It will be referred to as proble® ProblemP is a constrained
second stage, all of the nodal voltages are assumed fixed with brapglinear optimization problem.
currents as variables, and this leads to a linear programming problem.

In comparison with other methods, this method is more general apd Relaxed Two-Step Optimization Procedure

more efficient. Unfortunately, the conjugate gradient method is not ef-

ficient enough to solve large size P/G optimization problems arising in
, ; po

today’s VLSI design. ) )

A method proposed by Mitsuhashi and Kuh [11] further extends P/G * ProblemP1: Assuming that all branch currents are fixed, the ob-
network optimization to include P/G network topology selection. In  Jective function becomes

To reduce the complexity of solving probleR) Chowdhury pro-
sed the following relaxed two-step optimization procedure.

this paper, we assume that the topology is fixed. o
ieB "11 - ‘/12
Ill. PROBLEM FORMULATION AND GENERAL
OPTIMIZATION PROCEDURE wherea,; = pI;1?, subject to constraints (2), (4), and {5and

. Lo the following constraint:
Our work follows the formulation and the general optimization pro- g

cedure of Chowdhury [8]. His results are first reviewed briefly in this Vit — Vio >0 ®8)
section. I, =7

The constraint ensures that the current direction will not change

A. Problem Formulation : L
during the optimization process.

LetG = {N, B} be a P/G network with nodesN = {1,....n} « ProblemP2: Assuming that all nodal voltages are fixed, the ob-
andb branchesB = {1,...,b}. Each branch in B connects two jective function becomes
nodesi1 andi2 with nodal voltaged’;; andV;, such that current;
flows fromil to i2. Letl; andw; be the length and width of branch F(n= Z i1 9)
i. Let p be the sheet resistivity. Then resistamn¢®f branchi can be ieB

expressed as; = (Vi1 — Vi2)/I; = p(l;/w;). The total P/G routing
area, which is the objective function to be minimized, can be expressed
as

whered; = (pl?/Vii — Vi2), subject to (3), (5), (6), and the
following fixed-current direction constraint:

I,
) L2 ——>0. 10
f(V,I) = E lLiw; = E Vin (1) Vii—Via = (10)
; ; i1 T V2
s s Chowdhury showed that probleRl1 can be converted to an un-

Instead of using widths;, i € B as variables, we choose to solve forconstrained convex programming problem and solved by the conju-
branch currenf; and nodal voltage®;; andV;>. The constraints to be gate gradient metho®2is a linear programming problem. Therefore,

satisfied are as follows. solving P is to start with an initial feasible solution, then iteratively
1) The IR drop constraints. solveP1, thenP2.
Vi 2 Vymin if node j is connected to a power pad IV. NEW LINEAR-PROGRAMMING-BASED ALGORITHM
V; <V max if node j is connected to a ground pad (2) . )
The new method uses a sequence of linear programmings to solve
whereV win andVj max, j = 1 ... n are given constants. the nonlinear programming problefi. In this section, we present the
2) The minimum width constraints. method and prove that it always converges to the optimum solution of
LI, problemPL
w; = Pm 2 Wi min 3) The basic idea is to linearize nonlinear objective function (7). To see

this, we define the branch voltage drop variableas sign(I;)(V;: —

wherew win, ¢ = 1...b are given constants. V;2) for each branch, where sigi) = 1if > 0 and sigriz) = —1
3) The current density constraints (electromigration) For a if 2 < 0. Note thaty; > 0. Then, in terms of;;, i = 1..... b. the

fixed thicknessr of a layer, this constraint for branghcan be objective function (7) can be expressed as :
expressed as [3];| < w;o. It can be rewritten as the following

nodal voltage constraint: flv) = Z |<l’j_z| (11)
[Vii — Via| < plio. (4) e U1
— I, n T L .
4) Equal width constraints. The constraint can be writtenas =  Wherev —0{“‘ Uz, Uh} - Suppose that we have an initial feasible
w; for segments andj. In terms of nodal voltages and branchsolution V- and corresponding” satisfying all the constraints. We
currents. we have then take the Taylor expansion 6fv) aroundv® and keep only the
. N constant and linear terms. The resulting objective function is called
Vit — Via _ Vit = Vi ) g(v)
LL LI
5) Kirchhoff’s current law (KCL) (v) = f(v0)+0f<vo)(v_v0) — Z M_Z |ovi] v (12)
. e ov - i€R o} i€B v?? N
Z s:; =0 (6) )

i€B(J) 1Constraint (4) was not considered in [8].
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1/x and its first order Taylor's expansion at 0.04

100

H(x) = 1/x0 - 1/(x0"2)*(x~x0)

Fig. 2. lllustration of sequence of linear programmings.
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x In terms of nodal voltages, the linearized objective function and the

restriction constraint can be rewritten as

IVI=Y G~ % s (Vi =Ve) (9)

70 __7/0)\2
ien Vol icB (Vi-V3)

Fig. 1. h(x) — 1/x and its first-order expansion at 0.04.

Instead of minimizingf(v), we minimizeg(v) as long as these two

S -0 -0 . , e
functions satisfy the following property: € sign(L;) (Viy — Viz) < sign(L)(Vir — Vo). 17)
- v Note that constraint (17) does not necessarily require that nodal
X)>g9(V)= f(X)> f(Y
(X > 9(¥) HX) > 1¥) (13) voltageVi.,+ € {1,...,n} be close to their initial values. Because

where=- meansmply. This requirement essentially says that as longonstraint (17) already implies constraint (8), we have the following
as we reducg(X ), we can always reducg X ). optimization problem, denoted &S: minimize (16)

To motivate our method, we first consider each individual term in 20 a; i i
the objective function (11), which has the following fotrt) = ¢/, gV)=3 Ve vy~ > (Ve —v0)? (Vit = Vie)
x > 0, wherec is a constant and > 0. Fig. 1 draws functiok(z) = i€s ' es T
c/z,withe = 1, andits linearized first-order Taylor expansion functiorsubject to
H(x) at expansion pointo = 0.04. We note that both ) andH () (2): V; > Vj.mim if node j is connected to a power pall; <
are monotonically decreasing functionsairin the range (Opc) with V;.max, if nodej is connected to a ground pad;
the property thab(z) > H(x). (3): (Vi1 = Vio) /(L) < (pli) [ (W; mmin);

Consideringf(v) andg(v), we have the following two optimization (4): Vi1 — Via| < plio;
scenarios. (6): (Vir = Vio)/(1LT0) = (Vju = Vi) [(1,1,);

1) If all of the branch voltage drops increase after optimization, A7):¢ - sign( L) (Vi — Vi3) < sign(1;)(Viy — Via).

we havef(v®) > f(v) andg(v") > g¢(v). Because all the  ProblemP3is a linear programming problem. For convenience, we
terms in bothf(v®) andg(v°®) monotonically decrease as eactusel to denote the feasible region of problé?B defined by (2)—(5)
v; increases, property (13) is always satisfied. and (17). We usé? to denote the feasible region of probldPi as
2) If only some of the branch voltage drops increase and others defined by constraints (2)—(5) and (8). CleallyC 2.

crease or stay unchanged, then property (13) may not be satisfiedhe procedure for solving probleil can be transformed to the
due to the fact that far < x, h(x) will increase very quickly, problem of repeatedly choosirggand solvingP3 until the optimum
while H(z) only increases linearly. As a result, we may end upolution is found. This sequence of the linear programming process
with f(v) > f(v°), while g(v) < g(~v°). is illustrated in Fig. 2 in terms of solution space of probl&hand

In this case, we can limit the solution space to the neighbogelution spaces of probleRB(I'0 to I'n). Xmin is the global minimum
hood of+° such that property (13) holds by imposing the fol-of convex problenP1. It shows how the new method approaches the
lowing constraint for each branch global minimum by several linear programming processes iteratively.

0 0 The entire optimization procedure is summarized as follows:
gl <u< g (14)

where¢ is called therestriction factor0 < ¢ < 1. As will be New P/G Network Optimization Algorithm
shown in Theorem 1, we can always satisfy property (13) b}) Analyze network G to obtain initial
choosingv to be sufficiently close tos® (¢ is close enough to VE TIF for k=0.
1) asg(v) is essentially the first-order approximationpfv).  2) Construct the minimum width constraints
On the other hand, an increase in any branch voltage drpp € (3), current density constraints (4),
{1,...,b} always decreasev) andg(v), according to scenario 1. equal width constraints (5), additional
This implies that the upper bound in (14) is redundant, and we can com- constraints (17) using I*.
bine the solution space, where relation (13) holds in both scenarios, idjo Minimize ~ g(V*) subject to constraints
a single space 2, (4), 3), (5), and (17) by a se-
guence of linear programmings, record
vl < wi. (15) the result as VE, 1 begins from 1. If
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TABLE |
COMPARISON OF THENEW ALGORITHM AGAINST THE CONJUGATE GRADIENT METHOD
P/G network | #node | #bch new algorithm conjugate gradient speedup
#iter [ CPU time | area reduced(%) | #iter [ CPU time | area reduced(%)
pedx4 17 23 2 0.4 95.1 12 117.3 95.0 239.3
pg20x20 402 439 3 4.33 90.6 24 17554.1 85.3 4082.3
pg3x500 1502 | 1505 2 64.6 52.1 22 9035.5 29.2 139.9
pg300x10 3002 | 3599 2 237.6 93.7 25 10811.7 85.9 45.5
pgl00x100 | 10002 | 10199 2 1801.8 80.7 24 52597.1 49.6 29.2
fovVEy > f(VE)), perform line search branch voltages could become very small without using scaling.

This would cause some numerical problems for linear program
solvers. In our implementation, scaling is used.

Converting power networks to ground networks Power net-
works should be transferred into ground networks to further im-
prove the numerical stability. This is due to the fact that voltage
drops close to zero can be represented more precisely than the
voltage drops close to any other values. For example, the voltage
drop of 2.5 x 107" has to be represented by 4.999 975 if the
source voltage is 5 V. If we apply data scaling by multiplyirtg

to all the voltage drop.5 x 10~° become 2.5 which are more
linear-solver friendly than 4 999 975, as 499 975 can easily lead to
ill-conditions or round errors in solving linear equations. It can be
shown that a power network can be transferred into a ground net-
work by using the following transformation rules: 1) short-circuit
all the VDD pads to the ground and 2) inverse the directions of
all the independent current sources.

Zero branch voltages The branch voltage; in objective func-

tion (11) can be zero or takes a very small numerical value. In

along the direction d = (VFE, — f(VH)
untl  f(VF) < f(VF_,). Record the result
from the last iteration [ as Vk+L

4) Construct the minimum width and its
companion constraint (3), (5), and (10)
using V**! for each branch.

5) Minimize objective function (9) subject
to the constraints (3), (5), (6), and
(10) by linear programming and record
the result as IF+1,

6) If  [F(VFHL T — f(VETH| < ¢
termination criterion, then stop, oth-
erwise, set k=k+1 and goto step 2.

€ is the

For the new P/G optimization algorithm, we have the following the-
oretical result.
Theorem 1: There exists & so that step 3 always converges to the

global minimum in€2. The proof of this theorem can be found in the
Appendix.

Although we show theoretically that given V) < ¢(VF ), we
can always find g in step 3 such that(V}) < f(V5_,). However, in
practice, itis not very efficient to find such¢ay repeatedly decreasing
¢ and solvingP3in case off (V}) > f(V}_,). In ourimplementation,

this case, we just simply ignore the branch (and its incident nodal
voltages and branch currents) in the objective function and all
the constraints. The corresponding branch will take the minimum
width after the optimization.

VI. EXPERIMENTAL RESULTS

we perform a one-dimensional line search to find the solution point.
Specifically, giveriVF andV¥_,, we define the search direction as A CAD tool for P/G network optimization has been developed based
d} =V — V}_,. Line search finds an € [0, 1] such that on the proposed sequence-of-linear-programming method. For com-
parison, Chowdhury’s conjugate gradient method [8] has also been
! (a’df + Vzk_1) <f (Vf—1) (18)  carefully implemented. A set of P/G networks with ten to more than
ten thousand segments has been tested. All experiments are performed
ad; + Vi_, becomes neW; for the next iteration. This can be ac-on a Sun workstation with 296-MHz clock rate.
complished by any line-search algorithm. In our implementation, the Tgpje | compares the result of the new algorithm with that of the
golden section method [10] is used. o conjugate gradient method. No equal width constraints are considered
We note that a similar technique, calldccessive linear program- pere since Chowdhury’s conjugate gradient method cannot handle
ming[1], was first proposed by Griffith and Stewart to solve problemg,ese constraints well. In Table I, columns 1 to 3 list, respectively, the
in oil and chemical industries [10]. A similar idea was also used ;G network name, the number of nodes in the P/G netwimkdg,
M. Sarrafzadelet al, to compute the best delay budget constraints fQ§,q the number of branchehch. Notice that the namgg100 x 100
timing-driven placement [13]. means that the circuit consists of 100 rows and 100 columns P/G
strips. So, the sizes of the circuits in terms of nodes are approximately
V. PRACTICAL CONSIDERATIONS ANDIMPLEMENTATION ISSUES equal to# of rows X # of columns as shown in column 2. The

In this section, we describe some practical considerations on how{ynber of iterations#ter) (solving P1-P2, CPU time in seconds
apply the proposed method to optimize P/G networks in practice. (CPU), and the reduced chip area of the original area in percentage

. . . . [area reduced%)] are reported in columns 4—6 for the new algorithm
« Algorithm scalability . In practice, the number of linear program- > A .

) ded t hth i lution i v a few. Th and columns 7-9 for the conjugate gradient method. For example, for
mlngs neede o.reac eop |mqm solu |0.n IS only a ew.. /G networkpg20 x 20, the new method reduces the chip area used
the time co_mplex_lty of our methqd is proportional to that of ImeaB 90.6%, while the conjugate gradient method reduces the chip area
programming. It is known that linear programs can be solved | .

0 -
polynomial time using the interior point method [1]. This makeused by 85.3%. Note that the area improvement strongly depends on

L oo the original layouts.
our method very promising for optimizing very large P/G net- We have the following observations.

works.

Input data scaling. For practical P/G networks, the module cur- 2 fact, our research was motivated by our initial attempt in applying the
rents are usually in the range bk 10~? A. Branch currents and conjugate gradient method for P/G network optimization in an industry setting.
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scaled cost vs #iterations for new algorithm # of linear programmigs vs xi
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Fig. 3. Cost reduction with the number of iterations.
Fig. 4. Number of linear programs vers§(s::).

* Forlarge P/G networksg3 x 500, pg300 x 10, andpg100 x 100, cost v xi
the conjugate gradient method finds solutions that use chip ar¢ 442 : : ; , ,
much more than that of the new method.

» The new algorithm is orders of magnitude faster than the conj 440t .
gate gradient method.

» We have observed that for all of the P/G networks tested, witho 438 ]
iteration, the new algorithm is able to reduce most of the chip ar
that can be reduced, i.e., finds a solution that is very close to t
optimum. Fig. 3 shows how the objective function decreases wi
the number of iterations for an example network.

Analysis:

» Theoretically, both the conjugate gradient and the sequence-
linear-programming methods should converge to an optimal s 430t g
lution. However, in practice, due to the numerical problem ir

436 1

4341 _

cost

432t * B

herent in the conjugate gradient method, the conjugate directic 428 * 1
may deteriorate during the process of optimization such that t

algorithm gets stuck at a solution far away from the optimum. | 4261 * x ]
our implementation, we reinitialize the direction vector if no im- *
provement can be made along the present direction. This proc 282 05 06 07 08 09 1
is repeated until the reinitialized direction cannot further reduce X

the cost function. L Fig. 5. Final cost versu§(«1).
The way the penalty function is constructed also affects the so-

lution quality of the conjugate gradient method. After solving

problem P2 for branch currents by linear programming, some This observation has been confirmed by the experiment on the
widths of the P/G segment may be reduced to a minimum value. €xample networlpg4 x 4 without using line search in step 3 as
Those segments will lead to the infinite penalty cost and the infi- ~ shown in Figs. 4 and 5.

nite conjugate direction vector. The whole process will stall after In addition toI’, the number of linear programs 3 also

only oneP1-P2iteration. Therefore, it is hard for the conjugate ~ depends on the initial solutions as shown in Fig. 1. But for the
gradient method to find the optimal solution. As a remedy, in  given P/G networks, we find that it takes a few (less than 10)
our implementation, we slightly increase the required minimum  linear programs to reach a solution for all the cases. Therefore,
width value when solving2. the new algorithm converges very quickly.

Inthe experiments above, the restriction fagtersetto 0.85. Re-  Table Il describes the results of applying the new algorithm to the
call that the feasible regiah for linear progranP3is controlled same set of P/G networks but with practical equal-width constraints.
by £. The closek to 1, the smaller the regiohi, and the better Here, we require widths of all the wire segments along the same chain
g(V) approximates' (V). This implies that the total number of to be equal. The number of such constraints, #eq-consts, is listed in the
linear programming iterations (solviRfl—P3 will increase, but second column for each network. Not surprisingly, we can see from
the chance to find the minimum solution of the original problerthe table that the area reduced may not be as much as we can achieve
increases. On the other hand, if we redgadoser to 0, the fea- without equal-width constraints. In comparison to the instances without
sible regionl” of problemP3 enlarges. Then, the linearized func-equal-width constraints, the CPU time used can be ygre00 x 100)

tion g('V)) may not be able to approximate the original functioror less(pg300 x 10). The reason for using less CPU time (as in the case
F(V) well. As aresult, the sequence of linear programmings mayf pg300 x 10) is due to the reduction of number of iterations in solving
converge to a solution with the cost higher than the optimum on3, since a reduced search space is considered. The reason for more
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TABLE I Vf(x0)(x—x0) =VF(x0)d < 0. (21)
EXPERIMENTAL RESULTS OFRUNNING THE NEW ALGORITHM
WITH EQUAL WIDTH CONSTRAINTS Rewriting (19), we have
P/G network | #eq-consts | #iter | CPU | percentage of area reduced o{a)
X+ ad) = f(xo) +a | Vf(x)d+ —|. 22
pedxa 2 2 | 03 50.0 F(xo ) = f(x0) Fx) a (22)
p220x20 56 2 52 90.3 .
pe3x500 303 3 3660 11 Itis easy to see that we can always select a small enowsicth that
pg300x10 200 2 | 1984 93.7 i o(a)
pgl00x100 397 2 | 51542 80.6 VFx)d + . <0 (23)
Hence,
CPU time (as in the case pf100 x 100) is due to more constraints in F(x0 + ad) < F(x0) (24)
) 0/

each linear program and more CPU time for each iteration.

As we can make as close to one as possible, thigH, as small as
VII. CONCLUSION AND FUTURE WORK possible, we can always obtaii 80 thaty can be 1, i.e.f(xo+d) <

A sequence-of-linear-programming-based method has been pféo)- If & = 1, there still exists a nonzexb such thay(xo + d) <
posed and implemented for determining the widths of wire segmeiso). Therefore, it must follow thaf(xo + d) < f(xo) as both
in a P/G network so that the chip area required by the P/G netwofkx) @ndg(x) are monotonically decreasing functionsdnLemma 1
is minimized, while ensurindR voltage drops and electromigrationis Proved.
constraints. We have shown theoretically that the new method isNOW, we are ready to prove Theorem 1.
capable of finding the solution as good as that by the best knownTheorem 1: There exists g so that step 3 always converges to the
method based on conjugate gradient scheme. Experimental res@i@pal minimum in¢. ,
have demonstrated that the proposed method is orders of magnitude Proof: For functionf(x) = >~ (1/a:), the truncated linear
faster than the best known method with constaritbtter quality ~Taylor expansion arounst, is g(x) = 371, ((1/70:) — (v —
solutions. xoi)/(22;). According to Lemma 1, given an initial poisy = V7,

In this work, we model P/G networks as resistor-only network@n€ can always find a nonempty vicinity 6, by increasing close
We notice that capacitive and inductive induced transient volta§80ugh to 1, such that minimizing the linear expangi@ vy, also
fluctuations are major concerns for P/G networks in current and futUfgcreases the original functigh , -
technologies. However, we view our P/G optimization technique asHence, adecreasing sequeiig€ V'), f(V3),.... f(V{)} is gen-
one essential step toward designing robust power delivery networksfigted and guarantees to converge to a local minimum. inkeis a
was shown in [2] that transient voltage noise on some P/G segmefREVex function, the local minimum is also the global minimum, there-
can be efficiently suppressed by adding decoupling capacitors (decefﬁ?;r step 3 in the new algorithm will converge to the global minimum
around those P/G wires. Such a decap allocation scheme will maRe*-
the resulting P/G grids more like resistive networks as decaps serve as
low-pass filters. ThéR drops due to the dc components of the voltages ACKNOWLEDGMENT

on the P/G networks and electromigration related current densityr . 4thors wish to thank Dr. L.-P. Yuan and Dr. D Lungeanu

problems have to be addressed by wire sizing or topology Changg%opsys Corporation, and Prof. E. Kuh, University of California,
Further work will be extended toward P/G network optimization Wml’f}erkeley for several helpful discussions on P/G network design
capacitive and inductive parasitics driven by time-varying current ' '

sources.
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Comments on “Handling Soft Modules in General
Nonslicing Floorplan Using Lagrangian Relaxation” Fig. 1. Given partition.

Teng-Sheng Moh and Tsu-Shuan Chang of each square which lies on the top end of the geometric figure to

bnd®. Similarly, (s, bnd"), (ond”, s2), and pnd’*, s*) are added

The most important contribution in the above paper by Yoeirg. © 7V for €ach square lying on the right, bottom, and left end Ozf the
[1] is that they devised an efficient method to compute the shapesgﬁomet”‘:f'gur?' Clearly, straight Ilnesl'm are either in forms ofy(’ ,
soft modules to give the optimal packing, as described by the authd}s)’ called vertical straight line, os(", +*), called horizontal straight

We would like to clarify a misunderstanding that occurred when the alif€: fOr somes and in eitherss' or bnd.

thors referred to our paper [2] and stated, “However, all these method®Y following the procedure, we can obtain the corresponding geo-
are limited to placement topology of rectangular dissection only, i.@,emC fl'gure shc?vyn In F'g_' _2 fr_om _the partition of Fig. 1. Companng
slicing.” The problem formulation in [2] uses the geometric figuré:'g' ZYVIth thg original partltlop inFig. 1, we can see that the geometric
and, thus, can deal with both sliced and nonsliced floorplans. To di#ure is applicable to both sliced and nonsliced floorplans. Although
best knowledge, using geometric programming to find a global optim%ltlr previous paper [2] stated n the first sentence of t_he Concl_u5|o_n
size for modules in very large scale integration (VLSI) floorplanning: 96N€ral nonsliced floorplanning problem has been discussed in this
was first proposed in [3]. Since the primal problem of their paper fall2PeT: the numerical examples used are all sliced floorplans. We_prob-
into the same mathematical format as that in [3], Yoetgl. should ably should at least present_ one nonsllcgd floorplan such as this one
have used [3] as a reference in their paper. We would like to take tAig0"g Our examples to avoid any confusion. ,

opportunity to explain how the geometric figure can be used for non-©Once the geometric figure of the partition is obtained, we can as-

sliced floorplans, and the relationship among several relevant papefign A and}” variables according to the procedure described in [2].

Regarding the use of geometric figures for nonsliced floorplans, ti{gl{itivel)ﬁ all of the horizontal straight lines are assigned as th(aT same
layout in Fig. 1 is used as an example, which is listed as Fig. 1b Ygriable if they are linked together, suchas OnceX andY” vari-

the paper by Youngt al. [1]. For sake of consistency, the proceduré_""bles are given, we can g¥t andY-gra_phs, which are used to derive
quoted in [2] will be briefly presented. A geometric figueeF [, W] inequality constraints to preserve partition. The correspondingnd

is an abstract representation of a partition in the ¥")-plane, where Y'-graphs are given in Fig. 3. Th¥ -graph is obtained from left to

S is a set of squares representing the cells, @hds a set of straight right. Intuitively, an arrow is at least added framto «;, if there is a
lines representing the adjacency between cells. In the geometric figlﬁ%l,' bet""eef’”i and.r,.]». ThUS., the arrow from; to x; means thgt we
the enclosure boundaly:d is represented by four small circles rep-2ve the adjacency inequality constraits ;, such as from Fig. 3
resenting the four sides .dmd. These four sides_. are labelédd”, s <we and y1 < yo. (1)
bnd™, bnd®, andbnd™ which are placed counterintuitively at the top,
bottom, left, and right sides of the geometric figure. For eagh 5, Note that there are redundant inequalities from theandY -graphs.
let s”, 5™, 57, ands” represent the left, right, top, and bottom sided hus, the number of such constraints can be reduced.
of s. For everys andt € S, (s, ) € W is a straight line from the ~ Let us now clarify the contribution of some relevant papers. The
top side of square to the bottom side of squate Similarly, (s**, %)  problem dealtin [2] is derived from that in [4]. When there is no aspect
is a straight line from the right side of squareo the left side of square ratio, the approach in [4] can produce an optimal solution with zero
t. Furthermore, a straight line(, bnd”) is added td¥ from the top Wasted areas, although sometimes the solution does not exactly match
the given partition that is mentioned in [2]. The approach in [4] cannot

) ] o deal with a problem with aspect ratio. In [2], a global optimal solution

ety e S g™ e foun by usig geometic rogramming, which preserves the par-

T-S. Moh is with the Quicktran Corporation, Cupertino, CA 95014 usAition and s_atiSfies th_e aspect rat?o for each C?”- _
(e-mail: tsmoh@acm.org). As mentioned, using geometric programming to find a global op-

T.-S. Chang is with the Department of Electrical and Computer Engitmal size for modules in VLSI floorplanning was first published in [3].
neernd. %”';’ers'ty of California, Davis, CA 95616 USA (e-mail: chang@ec¢owever, that original problem formulation was not designed to pre-
ueaavis.edu). . " . .

Digital Object Identifier 10.1109/TCAD.2003.819428 serve a given partition, and the aspect ratio was not taken into account

explicitly. To deal with such a problem in [2], the original problem was
1The floorplan in [2] is called either a sliced or nonsliced floorplan. successfully reformulated in a higher dimension and solved to obtain
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