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Abstract

Electro-magnetic field analysis applications based on
the Method of Moments can be used to simulate the emis-
sions for electrical devices such as a printed circuit board, a
combination of circuit boards and wire connecting boards,
or even a cabinet.

At the heart of such applications is a solver, which solves
a symmetric indefinite dense linear system of size N assem-
bled from the model of the electrical device.

The main computational challenges lie in the solver
stage, where an O(N?3) computation is required for the di-
rect solution of the linear system about a central frequency
we.  For the direct solution we use a general symmetric
matrix factorization algorithm, requiring N*/3 + O(N?)
FLOPs. This algorithm’s efficiency is demonstrated by its
parallel speedup of 5 for moderate sized matrices on an 8
node AP3000.

Some of this cost can be amortized using the fast fre-
quency stepping method, where the system can be solved
for nearby frequencies w by O(N?) iterative methods, us-
ing the solution at w. as a preconditioner.

Due to the high parallel efficiency of the direct method,
the frequency stepping method reduced parallel solution
time by a factor of 2 for moderate-sized matrices, with

larger improvements expected for large matrices.

1 Introduction

The design of electric devices is severely limited by the
country-specific Electromagnetic Compatibility (EMC) re-
quirements. Hence, minimizing the undesired radiation and
avoiding malfunctions caused by intruding electromagnetic
radiation is required in the design of these devices. Re-
cently, the CPU operating speed has become faster, result-
ing in higher emission frequencies. In addition, the electric
circuits become smaller and more highly integrated. Thus,
the undesired electromagnetic wave radiation from these
devices tends to increase. In such a situation, the estimation
of EMC via simulation becomes more and more important.

ACCUFIELD is a 3D simulator currently being devel-
oped by Fujitsu Ltd. It simulates the electromagnetic wave
radiation and the immunity of many kinds of electrical de-
vices by using the moment method. ACCUFIELD has been
used mainly to simulate relatively simple electric devices,
such as printed circuit boards.

Such analysis can demonstrate mechanisms such as the
shielding effectiveness of enclosures, the influence of finite
ground plates, common-mode and differential mode current
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emissions and the effectiveness of components such a filters
in handling EM emissions.

ACCUFIELD calculates the electromagnetic field in the
frequency domain, and so, a matrix calculation, being a
dense complex symmetric linear system solve, is executed
repeatedly. When a large scale complicated model of an
electric device is being analysed, the computing time be-
comes long, as a direct solution requires O(N?) floating
point operations. As such an EMC analysis is normally re-
quired for several frequencies, a series of linear system so-
lutions is required.

So, the reduction of this execution time is desired to es-
timate the EMC phenomenae of such devices efficiently.

As well as providing an efficiently parallelizable direct
solver for ACCUFIELD, we have also parallelized an im-
provement of the frequency interpolation method called fast
frequency stepping (FFS), which uses iterative methods to
analyse the system at intermediate frequencies more effi-
ciently.

Frequency interpolation methods have been developed
for the EMC analysis, where the Method of Moments gen-
erates non-symmetric systems [8, 4]. The fast frequency
stepping method itself was introduced by Hoyler and Unbe-
hauen [8], giving favorable comparisons of FFS with other
preconditioning techniques (eg. Block-Jacobi and GMRES
preconditioners). The direct solution is used only at lowest
frequency and all further linear systems is solved iteratively
using this single preconditioner. More recently, FFS has
been encapsulated in a more general EM framework called
Model-based Parameter Estimation (MBPE) [12], where
it has been shown how interpolation can reduce computa-
tional work on both the linear system assembly and solu-
tion.

Parallel iterative solutions to methods for EMC have
been reported in [10], where a Conjugate-Gradient Algo-
rithm with Block-Jacobi preconditioner was used. How-
ever, here again non-symmetric solution methods were
used; also this work did not use frequency interpolation.

The main original contributions of this paper is to adapt
the FFS method for general symmetric preconditioners and
systems. It is also to show how to improve FFS convergence
rate while economizing on the number of direct solutions
by using preconditioners based on a central frequency. It is
also to show how FFS can be parallelized for efficient EMC
analysis with multiple frequencies.

This paper is organized as follows. Section 2 explains
the moment method used by ACCUFIELD, and how it gen-
erates symmetric linear systems. The generation of the cor-
responding matrices is described in Section 3. Section 4
describes the direct solution methods required by the solver
stage, with some detail in the components also used by the
fast frequency stepping method. Section 5 outlines the fast
frequency stepping method, which can reduce the number

® gz b
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Figure 1. Expansion functions for (a) thin wire
mode, (b) surface patch mode and (c) attach-
ment mode.

of direct system solutions for analysis with multiple fre-
quencies, and describes its parallel implementation. Per-
formance results are given in Section 6, with conclusions
being given in Section 7.

2 The Moment Method

ACCUFIELD calculates the electromagnetic field of the
wave radiated from the model electric device by using the
moment method [7]. Here, we describe this method briefly.

The material of the analysed model is the metal or di-
electric with or without loss. The analyzed model is seg-
mented to triangular or rectangular patch elements or thin
wire elements [13]. The surface current on the metal J}
and dielectric Jj and the surface magnetic current M/® on
the dielectric are expanded in terms of the basis expansion
functions J. y,, Ja,n and K,, as follows:

N, Ny Ny
‘]g = ZIc,nJc,n; Jg = ZId’an’n, M?®= ZMnKn
n=1 n=1 n=1

ey
Here, I.1.n., I4,1:n, and M. n, are the N = N, + 2Ny
unknown coefficients. The expansion function is specified
in three types i.e., thin wire mode, patch mode and attach-
ment mode applied to wire/surface junctions. These expan-
sion functions are shown in Figure 1.
From the surface equivalence theorem and the reaction
matching moment method, the following equation is ob-
tained:

{ Zg, Zg 4 B, ] { L. ] [V]
728 Z94+Z%4 Bl+Bis | 1a| =10
[Bg,c Bg,d+Bfii,d Yd({d_yf?,d J [MJ L 0 J
(2)
The matrix of the left side of Equation 2 is an immit-
tance matrix and each element of it represents the mutual
impedance Z, the mutual admittance Y and the reaction
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B between two elements. Here, superscripts 0 and d in-
dicate the field material and corresponds to the air and the
dielectric, respectively. Subscripts d and ¢ indicate the ma-
terial of the segmented elements and correspond to dielec-
tric and conductor, respectively. The associated interactions
are symmetric, so that, for example, Bg g = (BgyC)T. Ex-
plicit equations of the immittance are shown in [13, 11].
I.1:N., I4,1:n, and M.y, are the unknown expansion co-
efficients which appear in Equation 1. V; is the driver volt-
age. From Equation 2, the current distribution of the model
surface and the electromagnetic field of the radiated wave
are calculated.

For convenience, we will use Z(w)I = V(w) as an ab-
breviated form of Equation 2, where w is the frequency of
the incident electric field V' (w).

3 Matrix Generation

The matrix generation requires the calculation of the
electromagnetic field generated by the model with the mo-
ment method described before. The transmission line ap-
proximation method is also employed to take into account
the effects of components or subsystems beyond the mo-
ment method [13, 5].

Consider the parallel implementation on a P x ) grid
of processors of an ACCUFIELD analysis over a range of
frequencies Q = {wi,ws, ..., wn, }, where w; < w;yy for
1<i<ny.

Firstly, the (required parts of) model’s information is
broadcasts to all processors. MPI is used as the communi-
cation library, enabling wide portability of the application.

The immittance matrices Z(ws,),...,Z(ws,, ) are
then generated, where {w;,,...,ws, } C Q. Here
{Wsyy .+ ws, ) (typically sy = 1,5,, = ny, and n, is
small) is a set of sampling frequencies chosen for the analy-
sis.

As the elements of these matrices can be generated in-
dependently, this process is done in parallel so that the ma-
trices conform to a r x r block-cyclic matrix distribution
over a logical P x () processor grid [2], where r is the fixed
storage block size.

The remaining matrices Z(w;) are generated by
interpolation on the sampled immittance matrices
Z(wWs,)s---sZ(ws,, ). As they will have the same
distribution, this step requires no communication.

It should be noted that at any one time, there must be
sufficient storage for three matrices, one being the current
Z(w;) being interpolated, and two being the matrices used
for interpolation. For large N, this is a drawback of this
approach.

At this point, the solver stage can begin on each Z(w;).
In the following two sections, we describe in detail issues
in the parallelization of these stages.

The parallel routines used are coded entirely in terms of
the DBLAS Distributed BLAS Library [14, 16], which is a
portable version of parallel BLAS. It has been used to im-
plement very efficient parallel matrix factorization applica-
tions using various techniques [15]. The use of the DBLAS
has enabled high reliability and performance from its highly
tested and optimized components.

4 The Direct Solution of Symmetric Indefi-
nite Systems

The direct solution uses a parallelized version of the
Bunch-Kaufman algorithm [3] to perform the factorization
A = PLDLTPT, where L is an N x N lower triangu-
lar matrix with a unit diagonal, and D is a block diagonal
matrix with either 1 X 1 or 2 x 2 sub-blocks, and P is a
permutation matrix.

The Bunch-Kaufman algorithm was chosen because its
implementation in LAPACK is one of the most competitive
such algorithms [1], and because, compared with tridiago-
nal methods, it results in a reduced number of symmetric
interchanges. For parallel implementation, it has been ar-
gued that such a property is very important for minimizing
the high communication costs associated with these inter-
changes [18]; these can be further reduced by the recent
introduction of a variant of the Bunch-Kaufman algorithm
[17].

The direct solution also requires a back-solve stage; the
corresponding parallel routine is called pzsytrs (). As
this routine is also required by FFS, we shall give some de-
tails here.

While the back-solve stage has only O(N?) floating
point operations, it has high associated overheads which
makes its optimization particularly important in the distrib-
uted memory context.

As the factorization stage also applies P~ fully in L
during the factorization, unlike in the LAPACK implemen-
tation of the Bunch-Kaufman algorithm. For a right-hand
side vector X, the back-solve stage can then be expressed
as:

X+ Pl'X; X« L'X; X D'X;
X+ L TX; X P TX

The DBLAS parallel triangular solve routine, perform-
ing X < L7'X and X < L~TX, does most of the work
of the back-solve. As it is a standard routine, it is already
highly optimized. It communicates only X and so mini-
mizes communication volume costs, while maximizing load
balance. It also blocks communications of X by the storage
block size r, to reduce startup costs.

Furthermore, it has the following computational opti-
mizations: it implements blocking of the computations (in
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the case of multiple RHS, most of the work is done in level
3, rather than level 2, BLAS), and it is matrix-vector mul-
tiply based (faster on most cell architectures, including the
UltraSPARC, than rank-1 updates.

As the factorization stage saves D! in the form of row-
replicated vectors, no further communications are required
for performing X < D71 X,

The reduction in the number of interchanges in the factor
stage similarly reduces communication startup costs in the
application of X <~ P'~'X and X «+ P~ TX.

The routine performing the factorization and the back-
solve is called pzsysv ().

Where possible a square or near-square processor grid
is preferred for the dominant matrix factorization stage,
this minimizes communication volume costs and improves
cache utilization. Also, for such symmetric computations,
it also minimizes startup costs and improves load balance
[18].

5 The Fast Frequency Stepping Method

ACCUFIELD often calculates field emissions over a
range of EM wave frequencies. To avoid the cost of directly
solving Equation 2 at each desired frequency in the range,
the following can be performed:

e instead of obtaining a direct solution of Z(w;)I =
V (w;) for each w;, the fast frequency stepping method
(FFS) chooses a central frequency w;,_, 1 < ¢, < ny.

For w;,, a direct solution is obtained.

e the factorization of Z(w;.) is then used to precon-
dition iterative solutions for w; _j1,w; _2,... and
Wi.+1,Wi.+2, - - - until convergence rates slows down
to the extent that the iterative solution time exceeds
half that of a direct solution.

Here, the Preconditioned Conjugate Gradients method is
used [6, 8]. For a positive definite matrix A, the precondi-
tioning is A — (LT)7'AL,' : Ay = LI'Lo where Lo is
the Cholesky factorization of the preconditioner Ag. This
algorithm converges in rank(I — (L})~"AL;") iterations
[6]; however, in practice this quantity is difficult to estimate.

This method can be applied to frequency interpolation
as follows. With sufficiently close frequencies w; and wo,
then the immittance matrices Z; = Z (w1 ) and Zo = Z(w»)
may also be similar. Hence, if LlTLl = Z; is the Cholesky
factorization of Z, L7 " Z» L7 " may be close to the identity
matrix. So we may solve the equation ZyJ = F' by the
preconditioned CG method (with preconditioner Lq) with
very few iterations.

We have adopted this method for complex symmetric in-
definite matrices by using the LDLT factorization for the

’f'():b—A.T()

po=Ay'ro, k=0

while ||rg|| > €

ar = (A5 re, 1)/ (pr, Ap)

Tp+1 = Tk + APk

Th+1 = Tk — QpApy

Be = (Ag ' rht1, 1)/ (Ag 7, )
Pre1 = Ay ' Trgr + Bipr
k=k+1

Figure 2. Preconditioned Congugate Gradi-
ents for Complex Symmetric Equation Az = b.

preconditioner ie. Ay = Z(w;.) = PyLoDoL{ Py Figure
2 describes the algorithm.

Thus, the FFS method reduces the number of O(N?)
direct solutions potentially required, replacing them by
O(N?) iterative methods, resulting in potentially large
gains in efficiency.

The iterative method for FFS is implemented using the
DBLAS parallel BLAS (see Section 4) routines for sym-
metric matrix-vector multiply pzsymv (), vector inner
product and norm routines, as well as the complex indef-
inite solve routine pzsytrs () described in Section 4.
The above routines have a compatible interface to ScalLA-
PACK’s PBLAS [2].

The exploitation of symmetry here necessarily means an
increase in communication costs, as the computation of Apy,
must be done by two triangular matrix vector multiplies.

To economize on storage space, the factored precondi-
tioner Lg and Dy are stored in the lower half of the matrix,
and the current matrix A = Z(w;) is stored in the upper half
(with one column shift).

When executed on a P x () processor grid, each iteration
involves a vector transpose-broadcast, one vector reduction
and two scalar reduction/broadcasts, as well as the commu-
nications required in the call to pzsytrs () . For large ma-
trices, eg. % > 1000, the AP3000 execution time is dom-
inated by the level-2 computational performance (matrix-
vector multiply); for smaller matrices, execution time is
dominated by communication startup costs.

6 Performance

This section investigates the performance of the analysis
stage of ACCUFIELD, where computation time is domi-
nated by the solver stage.
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The results here are for a Fujitsu AP3000 [9] comprised
of 300 MHz UltraSPARC processors with 2 GB memory.
This machine has communication networks with character-
istics shared by most other state-of-the-art distributed mem-
ory computers, that is, high communication costs relative to
floating point speed, and row or column broadcasts having
to be simulated by point-to-point messages. For the AP-
Net, the AP3000’s communication network, communica-
tion latencies (from software) has been measures at &~ 20us,
with a transfer rate of up to 80 MB/s sustained for large
messages.

The electromagnetic wave radiated from the Note PC
model is simulated as an example of the analysis of the elec-
tric devices at the design stage. The model is shown in Fig-
ure 3. In this analysis, a matrix equation with N = 4608 is
calculated. The dependence of the computing time on the
node number of AP3000 is shown in Figure 1; at 8 nodes,
the speedup is approximately 5.0.

Figure 3. Note PC model. The model consists
of 2706 patch elements and 33 wire elements.
Analyzed frequency is 66.66MHz.

node: 1 24 8
times (s): | 293 | 103 | 59

Table 1. The dependence of the current cal-
culation time on the node number of AP3000
for the Note PC model.

200 T T T T T T T

150

100

time (s), r

50 1

0 L’y 1 i Yo Vo \ | Yo Yo
100 200 300 400 500 600 700 800
w (MHz)

Figure 4. FFS solution time ¢ and number of
iterations r for each frequency for a POS ter-
minal on an 8 node 360MHz AP3000.

In the result shown in Table 1, the current is calculated
for the single frequency (66.66 MHz). In the actual de-
sign stage, the current is often calculated repeatedly for
wide-range of frequencies as was described in the introduc-
tion. In case of the Note PC model shown in Figure 3, the
calculation of the current requires few or more hours. If
pzsysv () is utilized, the current computing time is found
to be reduced to few or few ten minutes and the electronic
device such as the Note PC can be designed more efficiently.

However, for analysis with multiple frequencies, further
speedups are desirable, which can be afforded by the fast
frequency stepping method.

As mentioned in Section 5, we heuristically stop the iter-
ative solving with a LDLT preconditioner if its computing
time exceeds the half of the time of a direct solve. In the ex-
amples below executed in parallel, this resulted in the num-
ber of iterative solves per central frequency being at most
two, which are for w;,_; and w;_41, where a direct solution
is used at a central frequency w;,.

Figure 4 shows the execution times and the number of
iterations r of parallel FFS for a POS terminal, generating a
linear system of size N = 7017. The frequencies are in the
range 30 to 800 MHz. Note that the convergence is slow at
lower frequencies, which is a common phenomenon of FFS.
A value of 7 = 0 indicates a direct solution was obtained for
this frequency. The averaged iterative solution time is 66.5s,
and the average direct time is 160.3s; thus the application of
FFS (over using a direct solution at each frequency) results
in a speedup of 1.65.

Figure 5 shows the execution times of parallel FFS for
a PenNote PC. Here the matrix size N = 4608. The set
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Figure 5. FFS solution time for each fre-
quency for a PenNote PC on an 8 node
360MHz AP3000.

of frequencies is a union of two sequences {100n/3} and
{24n},n = 1,2,3,.... So some adjacent frequencies are
close to each other and FFS is particularly efficient for such
pairs, as more rapid convergence occurs (r = 10 for such
pairs, half of the average value for this model). Here, the
averaged iterative solution time is 16.2s, whereas that of
the direct solution is 57.7s. Hence, due to a faster average
convergence rate, a higher speedup of FFS of 2.03 results.

When applying FFS to a sequential computation, we ob-
served that a single preconditioner covers wider range of
frequencies. For example, the PenNote PC analysis of Fig-
ure 5 required only four direct solvings when sequential
FFS was applied. Compared with the sequential case the
speedup by the parallel FFS is not as large.

The reason for this is that the parallel speedup of level
2 functions such as pzsymv () and pzsytrs () is not as
high as for level 3 computations. Over 95% of the execution
time was spent in pzsymv () and pzsytrs (). Of this,
between 60% and 70% was spent in pzsytrs (), which
(even in the absence of interchanges) requires at least 12N
communication startups on an 8§ node machine.

However, for larger NV, this speedup of pzsytrs () will
improve; this, together with the O(NN) reduction of float-
ing point operations enabled by FFS, means that better im-
provements for FFS are expected for larger models.

7 Conclusions

EMC applications such as ACCUFIELD can accurately
analyse electromagnetic fields emitted by electronic de-
vices, using a combination of the moment method and

the transmission line approximation method. However, for
complex electronic devices, the resulting models can be
very large (up to tens of thousands of elements), requiring
huge computational and memory resources for the results
to be generated in an acceptable time. Distributed memory
parallel computing offers a cost-effective and scalable way
of providing these resources.

In this paper, we have shown how ACCUFIELD can be
efficiently parallelized on a distribed memory multicom-
puter. The parallelization occurs mainly over the compute-
intensive solve stage, which involves the solution of com-
plex dense symmetric indefinite linear systems.

The direct solution must be efficiently parallelized; we
have chosen the Bunch-Kaufman LDLT factorization algo-
rithm for this purpose. It was particularly important to im-
prove performance in the back-solve part of this computa-
tion, as this is also used by the iterative solver.

To obtain further speedup, we have introduced an alter-
nate approach for the case of EMC analysis over multiple
frequencies. The FFS method employed the iterative conju-
gate gradient method using the direct solution over a central
frequency as a preconditioner. While it achieved a time re-
duction by a factor of only ~ 2 for parallel solution on mod-
erate sized systems, much greater reductions are expected
for larger systems.

The exploitation of symmetry can be used to partially
offset the extra memory requirements of the fast frequency
stepping method, with both the preconditioner and the cur-
rent linear system both being contained in an N x (N + 1)
area of memory. On the other hand, it also adds extra com-
munication overheads and slightly reduced computational
speed, compared with using a general matrix decomposi-
tion (eg. LU).

Future work includes investigating further methods of
improving the parallel performance for the iterative solver.
Applying FFS simultaneously over several (say 4) vectors
could amortize the communication costs, as well as result
in increased computational speed.
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