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Abstract

Accurate estimation of signal delay is critical to the de-
sign and verification of VLSI circuits. At very high fre-
quencies, signal delay in circuits with small feature sizes
is dominated by the parasitic inductance and capacitance
of the interconnect. Inductance extraction involves the so-
lution of large, dense, complex linear systems of equations
by preconditioned iterative methods. Fast inductance ex-
traction requires effective, parallelizable preconditioners
for the system matrix which is available only implicitly via
approximate hierarchical matrix-vector products. This pa-
per presents a novel algorithm to solve these linear systems
by restricting current to a discrete solenoidal subspace and
solving the reduced system via an iterative method. A pre-
conditioner based on the Green’s function is suggested for
accelerating the convergence of the iterative method. The
paper outlines a parallelization scheme for matrix-vector
products with the system matrix as well as the precondi-
tioner. Experimental results are presented to show the ad-
vantages of the preconditioning scheme over existing ap-
proaches. The experiments also illustrate the parallel effi-
ciency achieved on the SGI Origin2000 multiprocessor.

1. Introduction

With increasing clock speed and decreasing feature size,
the delays in VLSI circuits are playing a crucial role. For
the next generation micro-processors with more than a bil-
lion transistors and hundreds of millions of segment inter-
connect, signal delays will be dominated by the parasitic
resistance (R), capacitance (C) and inductance (L) of the in-
terconnects. Moreover, as the operation frequency reaches
the tera-hertz range, inductance will play an important role
in timing verification.�
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CCR 9984400, NSF-CCR 9972533, and NSF-CCR 0113668. Computa-
tional resources were provided by NCSA, University of Illinois at Urbana-
Champaign.

While there are a number of algorithms and software
packages available for estimating the parasitic R and C,
there is only one software package calledFASTHENRY[5]
for inductance extraction. Since most of these software
packages are available only for uniprocessor workstations,
the size of problems that can be solved is severely limited.
There is significant interest in developing fast, parallel al-
gorithms for inductance extraction of large VLSI circuits.

The general technique for inductance extraction dis-
cretizes the conductors with a mesh in which edges repre-
sent current carrying filaments. Potential is defined at each
node and the difference between potential at adjacent nodes
represents the potential drop across the corresponding fila-
ment. The potential drop across a filament is due to its own
impedance as well as pairwise mutual inductance from all
other filaments. The linear systems representing this rela-
tion are large, complex and dense.

These systems are solved by iterative methods such as
Generalized Minimum Residual (GMRES) method [10].
At each iteration one needs to compute the product of a
dense matrix with a vector. These matrix-vector products
are often computed by fast approximate hierarchical meth-
ods such as Fast Multipole Method (FMM) and its vari-
ants [2, 8, 9, 11] and the singular value decomposition
method [6]. The success of the approach depends on the
rate of convergence of the iterative method which can be
accelerated by preconditioning the system.

In this paper, we propose a novel approach to solve the
linear systems arising in inductance extraction. Section 2
describes the discretization of the integral equation formula-
tion for magneto-quasi-static analysis of a multi-conductor
system. In section 3, we propose a novel scheme called the
solenoidal basis method, to solve the linear system and de-
scribe an effective preconditioning scheme. Section 4 out-
lines the parallel implementation of the proposed algorithm
and section 5 presents experimental results.
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2. Background and Problem Definition

The interconnect of VLSI circuits is modeled as a mesh
which is subdivided into smaller filaments for more ac-
curate representation. With the complex arrangement of
components in modern chips, this representation essentially
maps to two dimensional structure with several layers of in-
terconnect stacked on top of each other.

The impedance of an� -conductor geometry can be sum-
marized by an����� impedance matrix

��
. The �
	�� column of

the impedance matrix is determined as follows: aunit cur-
rent is sent through conductorl, and zero current is specified
in other conductors. The numerical value of the potential
difference between the two ends of conductork gives values
of the matrix element

�����
. The above procedure is repeated

s times to compute all columns of
��
.

The current densityJ at a point� is related to the poten-
tial � by the following integral equation [5]

���������������! #"$&% �'�(�*)+�, �.-/� ) ,1032 )54 -.6 � �(�*�87 (1)

where " is the magnetic permeability,r is a three-
dimensional position vector,

�
is the frequency,

, �.-/�9) ,
is the Euclidean distance betweenr and

�1)
, and

� 4;: -=<
.

The volume of conductors is denoted by2 and incremental
volume with respect to

� )
is denoted by> 2 ) .

A numerical solution of (1) can be obtained by discretiz-
ing the conductors into? filaments 2�@ 7 25A 7CBDBEBE7 25F . Assum-
ing current flows along the length of the filament and current
density is constant within each filament, a linear system of
the following form is obtained:G H �I���KJMLCN 4PO 7

whereR is an ?Q�R? diagonal matrix of self resistances
with

HTSUS 4WVYX S�Z*[1S
in which

V
is the resistivity,

X S
is the

length of the\ th filament,
[]S

is the cross-sectional area of
the \ th filament,I is the vector of branch currents, andV
is the vector of branch potentials. Let^  denote the unit
vector along the\ th filament 2 S . The elements of the in-
ductance matrixM are given by

J S`_ 4 "$&% <[1S*[3_ �1acbUde Cb'�YagfEde hf ^ S B ^ _, � S -/� _g,!0Y2 S 032 _ B (2)

The current satisfies Kirchoff’s current law at each node
according to the constraintsikj N 4 NCl�7
where

i j
is themn�o? branch index matrix of filaments and

nodes and
N*l

is the known branch current vector of length

m with non-zero values corresponding to the source cur-
rents. Assuming

O l
is the unknown node potential vector

of length m , the following linear system must be solvedp H �����KJ - ii j q r p NO l r 4 ptsN l r B
A straightforward approach to solve this system involves
removal of

N
by a block-step of Gaussian elimination. The

resulting system is defined in terms of the unknowns
O l

only, and can be expressed asikj G H �I���KJuLwv @ i O l 4 N8l&B
When solving this system by an iterative method, each step
involves the solution of

G H �Q���KJuLyx 4{z
via an inner it-

erative scheme, resulting in expensive outer iterations. Fur-
thermore, with this kind of a complicated system matrix,
it is difficult to find efficient preconditioners for the outer
solver.

3. An Iterative Algorithm for Computing In-
ductance

3.1. The Solenoidal Basis Approach

The solenoidal basis method is used to solve the problemp � - ii j q r p NO l r 4 p}| s r 7
where

� 4 H �t���KJ
is the impedance matrix,

J
is an?t�I? dense, symmetric and positive definite matrix,

i
is

an ?t�Im sparse matrix, and
H

is a diagonal matrix. The
filament current vector

N
has size? , the node potential vec-

tor
O l

has sizem , and the right hand side vector
|

has size? . The overall system is complex and symmetric, with the
complex part restricted toZ. The vectorF is the residual of
the particular solution

G N j~ 7 q L j that satisfies the constraints
i j N ~ 4 N l

, and is given by| 4 -���N ~ B
Such a particular solution,

N ~ , can easily be found by num-
ber of techniques. The simplest way is to assign�9?��e� cur-
rent to filaments on a path from node with input source cur-
rent to the node with output source current (see, e.g., Fig.
1). This approach gives a sparse vector

N&�
.

Since a unit current flowing in a closed loop in the mesh
satisfies Kirchoff’s law, it also satisfies the constraints im-
posed by

i j
. The solenoid basis method uses these mesh

currents to represent the unknown currentI . This scheme
is similar to the mesh current approach proposed in [3, 4]
with the exception of the treatment of source current. In ad-
dition, the preconditioning proposed in section 3.2 is more
powerful than those suggested in [4].
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Figure 1. Discretization of a ground plane with
a mesh of filaments. Current flowing through
the filaments must satisfy Kirchoff’s law at
each node in the mesh. The bold line indi-
cates a path for current that satisfies bound-
ary conditions.

The null space of

i j
represents a basis for current that

obeys Kirchoff’s law. Any full-rank matrixP �T� F5�]�DF v9��� ,
that satisfy

i j�� 4 q
can be used to computeI via the

matrix-vector product:
N 4 ���

for arbitrary

� ��� �DF v9��� .
A purely algebraic approach such as QR factorization ofB
cannot be used to computeP due to the prohibitive cost of
computation and storage. We define aunit current flow in a
closed loop as alocal solenoidal function. Each such mesh
current is represented as a vector and the set of these vec-
tors forms the columns ofP. The resulting system is sparse
due to localized structure of the solenoidal functions. Fur-
thermore, operations such as computation and storage ofP
and matrix-vector products withP, can be implemented ef-
ficiently in parallel.

Restricting the current vector to the subspace ofP auto-
matically satisfies the constraintik� ��� 4 ik� N 4 q B
Thus, we only need to solve� ��� - i O���4 | B
After eliminating the branch potential unknowns

O l
by

multiplying this equation with

��j
, we get� � � ��� 4 � � | B

(3)

Equating the real and imaginary components of (3), we get
the following real-valued systemp �=� H � -�� �=� J �
� �=� J � �=� H � r p��� r 4 p - �=� H NU�-�� �=� J�N�� r 7

(4)

where

� 4 � ��� �
.

This reduced system can be solved via a suitable iterative
scheme such as the GMRES method. Once

�
is obtained,

current is computed as
N 4 ���

, and branch potential vector
is recovered by solving the least squares problemi O l�����N�- | B
The potential difference between two nodes is computed by
adding the potential drops across filaments on any path con-
necting the nodes. The right hand side vector

��N�- |
gives

the potential drop across the filaments. Thus, it is not nec-
essary to solve the above least squares problem to compute
potential difference between any two nodes.

3.2. Preconditioning the Linear System

To accelerate the convergence of the iterative method,
one must devise robust and effective preconditioning
schemes for the linear system (4). Matrix-vector products
with the system matrix

� � � �
are computed as a sequence

of three products:^ 4 ��� 7 � 4 G H ���8�KJuL ^ 7 � 4 � � ��B
Of these, the most time consuming one is the product

with the dense matrix
J

which is computed efficiently via
approximate hierarchical methods such as those outlined in
section 3.3. The task of designing effective preconditioners
is made especially challenging due to the unavailability ofJ

. Popular techniques based on incomplete factorizations
of the system matrix compute parts of the system matrix
selectively, followed by incomplete factorizations. These
schemes tend to be expensive and limited in their effective-
ness [4].

Accurate preconditioning is critical to the success of the
solenoidal basis method. A preconditioner is said to be op-
timal when the condition number of the preconditioned sys-
tem, i.e., the ratio of the largest and the smallest singular
values, is bounded by a constant. In such a case, the num-
ber of iterations of GMRES are fixed regardless of the fre-
quency

�
and mesh width� . The system matrix

��� � �
can be analyzed using the observation that the matrices

�
and

���
are equivalent to discrete curl operators. Since the

system matrix is dominated by the inductance matrix
J

at
high frequency operation, we use the following precondi-
tioner for (4):   4 p s - �J�J s r 7

(5)

where
�J

is an
� ? - m � � � ? - m � matrix defined as follows:�J�¡ ¢ 4 � "$�% �  <, � ¡ -/� ¢ , 0Y2 ) 7 (6)
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where
� ¡

and
� ¢

are the centers of loops� and
�

in the mesh.
The preconditioning step consists of the matrix-vector prod-
uct

x 4   �
which can be computed using approximate hi-

erarchical techniques identical to those used for
J

.
There are several advantages of our preconditioning ap-

proach. The preconditioning step requires a matrix-vector
product which is relatively inexpensive compared to incom-
plete factorization based preconditioners. The latter involve
incomplete factorizations of partially computed

�£� � �
and

triangular solves which are expensive, especially on paral-
lel platforms. In addition, experimental evidence suggests
that the preconditioner is robust and very effective for the
high frequency regime. Experiments in section 5 demon-
strate the numerical and computational superiority of the
preconditioner over existing techniques. This precondition-
ing scheme is being extended to low frequency regime as
well. Details of the preconditioning approach are presented
in a forthcoming paper [7].

3.3. Approximate Hierarchical Methods forMatrix-
Vector Products

Accurate matrix-vector products with the dense matricesJ
and

�J
require ¤ � ? A � operations where? is the size of

these matrices. There are a number of techniques that can
be used to exploit the rapid decay of the kernel with distance
in (2) and (6) to compute approximate matrix-vector prod-
ucts in ¤ � ?�¥D¦&§�? � or ¤ � ? � operations. These include hier-
archical techniques such as Barnes-Hut [1] and Fast Mul-
tipole Method (FMM) [2] which use a truncated series ap-
proximation of filament currents within a localized region
to estimate impact on well-separated sets of filaments. The
method of Barnes and Hut relies only on filament-cluster
interactions to achieve an¤ � ?�¥D¦&§K? � computational bound
for uniform filament distributions. The Fast Multipole
Method uses both filament-cluster and filament-filament in-
teractions to achieve an¤ � ? � bound for uniform distribu-
tions. In each case, reduction in computational complexity
is associated with decrease in accuracy of the matrix-vector
product.

We use a variant of the Barnes-Hut algorithm developed
specifically for the inductance extraction problem. A hi-
erarchical quadtree is used to partition the filaments in the
mesh. Internal nodes of the tree represent hypothetical fila-
ments carrying current equal to the sum of currents in that
subtree. The coordinates of these hypothetical filaments are
computed as a weighted sum of coordinates of the subtree
filaments in which the weights correspond to the magnitude
of current flowing in those filaments. This strategy exploits
the fact that the combined inductance effect of a cluster of
filaments can be approximated by the inductance effect of
a single filament placed at the “center of current” of that
group. This approximation is used to compute inductance

on a filament which is well-separated from the cluster. This
is analogous to the center of mass concept in Barnes-Hut
algorithm.

The leaf nodes of the quadtree are filaments of the mesh.
Inductance on a leaf node is computed by traversing the tree
in a top down manner. A subtree is traversed only if the
corresponding box is not well-separated from the leaf node.
Well-separatedness is established by using a distance met-
ric to determines if the leaf node is sufficiently “far off”
such that the error in the associated truncated expansion
is below a threshold. The inductance due to filaments in
a well-separated subtree is computed by direct interaction
with the corresponding hypothetical filament. Remaining
interactions consist of leaf-leaf interactions which consist of
mutual inductance computation between pairs of filaments.
Care should be taken to ensure that the algorithm doesn’t
check the well-separatedness criteria for the box containing
the leaf node itself.

4. Parallel Formulation

The main components of the algorithm are matrix-vector
products with

�
and

�¨�
, vector additions, inner-products

and hierarchical approximate matrix-vector products with
the dense matrices

J
and

�J
. Parallelization of these op-

erations require that the underlying mesh to be distributed
across processors. Since the computation in each compo-
nent is a function of the submesh size on each processor, a
load balancing scheme should create almost equal sized par-
titions. On a© processor machine, the mesh is divided into© partitions and the

�
th partition is given to processor

�
. The

unknowns for filament currents, loop currents, and potential
defined on the edges, cells, and nodes, respectively, within
a partition

�
reside on processor

�
that owns the partition.

Parallel matrix-vector products with

�
and

���
re-

quire inter-processor communication among processors
with neighboring submeshes. The choice of local solenoidal
functions leads to a sparseª with non-zero pattern simi-
lar to the adjacency matrix of the mesh. The matrix-vector
productsª�« and ª j¬ can be computed concurrently in a
manner similar to that of a product with the discrete Laplace
matrix.

One can partition a mesh across processors in sev-
eral ways. The amount of inter-processor communica-
tion needed in computing the matrix-vector products varies
largely on the mesh partitioning scheme. For uniform grids,
partitioning across any one dimension is the simplest ap-
proach. One can achieve this by a simple loop paralleliza-
tion scheme by distributing the loop control index which
corresponds to the dimension along which the grid is par-
titioned. The resulting communication is¤ � ? @ v @c® l � for a
d-dimensional uniform grid with? @g® l nodes along each di-
mension. For a 2D uniform grid with? @g®¯A nodes along each
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dimension, the inter-processor communication is¤ � ? @c®¯A � .
An optimal partitioning for such a grid is obtained by parti-
tioning the grid across all the dimensions equally.

Parallelization of the hierarchical algorithm for matrix-
vector products with

J
and

�J
is the most challenging step.

Several approaches have been proposed for these hierarchi-
cal algorithms and their performance analyzed extensively.
One can partition the quadtree across the processors by al-
locating the subtrees at an appropriate level of the quadtree
to individual processors. The level can be chosen to real-
ize tasks of specific granularity. Each processor initializes
its subtree, followed by a cooperative distribution of tasks to
initialize the remaining nodes. Once the quadtree data struc-
ture has been initialized, processor� is responsible for com-
puting inductance for all the filaments in its subtree. In this
manner, the parallel formulation exploits the concurrency
available in independent tree traversals for each filament.
The filaments can be sorted in a proximity-preserving order
(a Peano-Hilbert ordering) and mutual inductance computa-
tion for appropriate filament clusters aggregated into a sin-
gle task. The implementation can be optimized to improve
data-locality across processors and eliminate false sharing.

5. Experimental Results

In this section, we show the effectiveness of our precon-
ditioned solenoidal basis method for the ground-plane prob-
lem. This benchmark problem allows straightforward dis-
cretization by uniform two-dimensional meshes with vary-
ing mesh width� . This problem exhibits the dependence
of the condition number of the system matrices on� via
the growth in iterations of the unpreconditioned GMRES
algorithm. Such convergence behavior provides an ideal
problem to test the effectiveness of the preconditioning ap-
proach for varying levels of refinement as well as operating
frequencies. The experiments reported here involve succes-
sive refining of the mesh from°&±���°&± filaments to

< ±�²�� < ±�²
filaments in the frequency range of 1GHz–1THz.

A two dimensional ground plane of size 1cm� 1cm is
discretized by a mesh of\/�Q\ filaments, where\ 4 32,
64 and 128. Each filament has length³ 4 < Z \ , breadth´ 4 ³ Z ° , and thicknessµ 4 ± v @c¶ (all lengths are mea-
sured in cm). Table 1 shows the number of iterations needed
by the preconditioned GMRES to solve the linear system
(4). A tolerance of

< q v9·
was specified on the relative resid-

ual norm. The table shows that the rate of convergence is
independent of the frequency

�
and the mesh width� indi-

cating that the preconditioner is optimal for the benchmark
problem .

Mesh Filament Frequency (in GHz)
Size Length 1 10 100 1000°�°¨�T°&° ± v]¸ 18 14 13 13¹&º � ¹3º ± v]» 27 16 16 16< ±�¼¨� < ±�¼ ± v]½ 46 19 18 17

Table 1. Iterations for convergence of precon-
ditioned GMRES.

5.1. Comparison withFASTHENRY

The benchmark problem was used to compare the per-
formance of solenoidal basis method with that ofFAS-
THENRY, the only public domain software for inductance
extraction. FASTHENRYuses mesh currents to generate a
reduced system which is then solved by the preconditioned
GMRES method. Fast Multipole Method is used to com-
pute matrix-vector products with dense matrices. Precon-
ditioners are derived from incomplete factorizations of ap-
proximations to the reduced system. These approximations
are computed by various techniques to sparsify the induc-
tance matrix

J
. The software allows preconditioners such

as CUBE and SHELL, in which the off-diagonal non-zeros
in each column of

J
are restricted to those resulting from

mutual inductance between filaments in the same box at a
specific level in the quad tree and mutual inductance be-
tween filaments within a specific radius, respectively. The
DIAG preconditioner corresponds to the case when all mu-
tual inductances are ignored.

For the solenoidal basis method, the Barnes-Hut variant
described in section 3.3 was used to compute products with
the system matrix

J
and preconditioner

�J
directly with-

out explicitly computing these matrices. The resulting im-
plementation is a matrix-free code in which neither the sys-
tem matrix nor the preconditioner matrix is ever computed.
This reduces the storage requirement considerably, thereby
allowing larger problems to be solved.

FASTHENRY Solenoidal
Mesh DIAG CUBE Method°�°¾�£°�° 20 17 12¹&º � ¹&º 25 22 14< ±�¼¨� < ±�¼ 31 28 17

Table 2. Comparison of the number of itera-
tions needed for convergence of the precon-
ditioned GMRES.

Table 2 shows the number of iterations needed by pre-
conditioned GMRES to solve the linear system. The fre-
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FASTHENRY-DIAG FASTHENRY-CUBE Solenoidal Method
Mesh Prec GMRES Total Prec GMRES Total GMRES Total°�°¨�£°�° 1.87 4.3 6.17 3.65 3.91 7.56 6.41 6.62¹&º � ¹&º 54.85 26.55 81.4 95.04 26.72 121.76 33.05 34.01< ±�¼¨� < ±�¼ 1337.38 146.31 1483.69 3953.85 141.55 4094.40 165.92 170.17

Table 3. Comparison of the execution time (in seconds).

GMRES Matvec Preconditioning Total
Processors Time Speedup Time Speedup Time Speed up Time Speedup°3± 0.1147 30.18 3.085 12.23 1.016 7.31 4.749 9.73< ¹

0.2885 12.00 4.331 8.72 1.150 6.46 6.192 7.46² 0.3941 8.79 6.422 5.88 1.682 4.41 8.666 5.33$
0.8746 3.96 10.980 3.44 2.467 3.01 14.136 3.27± 1.6940 2.04 19.583 1.93 3.838 1.93 24.229 1.91

Table 4. Execution time and speed improvement for a problem with mesh size 64 � 64 obtained on
the SGI Origin2000.

GMRES Matvec Preconditioning Total
Processors Time Speedup Time Speedup Time Speedup Time Speedup°3± 1.00 22.69 14.577 16.40 5.056 8.74 21.80 13.41< ¹

1.91 11.88 25.686 9.31 6.504 6.79 36.97 7.91² 2.63 8.63 40.218 5.95 10.051 4.39 53.74 5.44$
5.35 4.24 70.636 3.38 15.34 2.88 90.04 3.25± 10.02 2.26 123.84 1.93 22.56 1.95 151.39 1.93

Table 5. Execution time and speed improvement for a problem with mesh size 128 � 128 obtained on
the SGI Origin2000.

quency of operation was 10GHz. A tolerance of
< q v9·

was
specified on the relative residual norm of both the methods.
FASTHENRYwas allowed to use default values for all other
parameters. A growth in the number of iterations with mesh
size indicates a sub-optimal preconditioning scheme which
contributes an additional factor towards the increase in cost
of solving these systems as the mesh size is increased. In
contrast, the solenoidal basis method is able to solve the
systems in almost fixed number of iterations.

Table 3 shows the time taken to solve the same linear
systems. The table shows a breakup of time into the main
steps: construction of the preconditioner (Prec), solution of
the linear system via preconditioned GMRES (GMRES),
and the total time. In the case of solenoidal method, no
additional computation is required to construct the precon-
ditioner. All parameters are identical to the experiments in
Table 2. Although the solenoidal method is slightly more
expensive per GMRES iteration, the fixed number of iter-
ations allows it to be competitive withFASTHENRY. The

modest performance of the preconditioners inFASTHENRY
come with a significant cost of computing the precondi-
tioners themselves. As a result, the overall time spent re-
quired by the solenoidal method is considerably less than
FASTHENRY. This comparative advantage will grow sig-
nificantly with larger mesh sizes.

5.2. Parallel Performance

The results on parallel performance of the solenoidal
method are presented in Table 4 and 5. These experi-
ments were conducted on a 32 processor SGI Origin2000
at NCSA, University of Illinois. The code was parallelized
with OpenMP directives. Execution time and speedup in
the main steps of the solenoidal method are reported. The
speedup is computed as the ratio of the runtime of the
threaded version with multiple kernel threads to that of the
single thread version. The column for GMRES reports time
and speedup for all operations in GMRES routine other than
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the matrix-vector product and preconditioning.
Considering the diverse set of computations involved in

the GMRES algorithm including vector operations and hier-
archical matrix-vector products, the parallel performance of
the code is very good on up to 8 processors. On more pro-
cessors, the performance degrades due the collective effect
of increased communication in the hierarchical matvec rou-
tine, multiple inner products, and the preconditioning rou-
tine. As expected, the parallel performance is marginally
better for the larger problem in Table 5 due to higher com-
putation to communication ratio per processor. Higher effi-
ciency is expected on larger number of processors for real-
istic problems with billions of filaments.

Performance can be further improved by using the Fast
Multipole Method instead of the Barnes-Hut variant in
which cache-friendly computation can be increased by se-
lecting a higher multipole degree parameter. This is ac-
companied by relatively smaller increase in communication
which leads to much better parallel performance. In addi-
tion, this has the desirable effect of improving accuracy as
well.

6. Conclusions

This paper presents a solenoidal basis method for induc-
tance extraction of VLSI circuits. The proposed approach
solves a linear system of equations to compute the mutual
inductance effect on a filament mesh using eddy currents
defined on the mesh loops. The resulting reduced system
is solved iteratively by the preconditioned GMRES method.
The preconditioner suggested for the system matrix exhibits
convergence in a fixed number of iterations irrespective of
the mesh refinement and operational frequency. Experimen-
tal results indicate that the serial performance of the algo-
rithm is superior to existing methods. Furthermore, the par-
allel implementation demonstrates good parallel efficiency
on modest number of processors. Significantly higher per-
formance is expected on larger, realistic problems.
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