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This paper describes the application of the Predetermined Interaction List Oct-Tree
(PILOT) algorithm in expediting the solution offull-wave electric field integral equation
(EFIE) based scattering problems for 3-D arbitrarily shaped conductors. PILOT
combines features of the Fast Multipole Method (FMM) and QR decomposition-based
matrix compression techniques to optimize setup times, solve times, and memory
requirements. A quantitative study is also included to address the expected but gradual
degradation ofQR-based compression techniquesfor electrically large structures.

1. Introduction
Method of Moments (MoM)-based electric field integral equations [1] is a common

technique employed in the solution of scattering problems. The traditional EFIE-MoM
solver leads to the generation of a dense matrix with large number of unknowns, the
solution of which presents a significant time and memory bottleneck. To alleviate this
problem, fast iterative solution algorithms like the Fast Multipole Method (FMM) [2], the
Adaptive Integral Method (AIM) [3], the SVD-based methods namely IES3 [4] and
MLMDA [5] have been developed. All these algorithms demonstrate linear time and
memory scaling but differ in terms of absolute performance. As for example, the FMM
algorithm has lower setup times while SVD methods tend to require less memory and
produce faster matrix-vector products owing to superior customized compaction in the
setup phase.

In the presented work, QR compression on a pre-determined interaction list reduces
the setup-time without compromising on the memory or solve-time and thereby yields a
high efficiency solver irrespective of the number of RHSs. This paper describes the
PILOT algorithm and its application to scattering problems. The novel features in the
presented algorithm are two-fold: (a) Mixed potential compression and (b) Hierarchical
predetermination of compressible sub-matrices. PILOT, like IES3, is stable for the
analysis of electrically small structures unlike traditional FMM that breaks down when
the size of the lowest level cube is less than one-fifth of the wavelength due to near-
singularities in the translation operator [2]. Also, like other QR based methods, PILOT is
kemel independent and can be applied directly with multilayered dielectric Green's
functions.

2. PILOT-EFIE Algorithm
The pre-determined interaction list oct-tree QR algorithm efficiently compresses the

method of moments' matrix in a multilevel scheme. In this section, three main issues
pertaining to the PILOT algorithm are discussed:
A) Mixed Potential Compression Scheme: If N,s and N°' are the number ofRWG edges
in well-separated source and the observer groups respectively and Np and Np are the
corresponding number of patches, then the EFIE interaction sub-matrix is given by
Z N' which can be further represented into its components as:

ZN°xNE -iit ++ LX+iP +L +PN +P +P +PAl, (2. 1a)
where the component entries are given as in:
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iJau f ee fj. (rs .T(r)ds i= ';j1,2...... N,' (2.lb)4,r T,- Ir-r'
-+- 1 e 1ejkj (r') ds'VfiT (r)ds i=1,2,...,N;j=1,2 Ne(2.1c)
4jcr,T.,- Jr-r'l

where fT"' denotes the half of RWG function fT" which is defined on the positive orJ ~~~~~~~~~~~~~~~~J
negative triangle as indicated in the superscript.

In PILOT compression is performed on the component sub-matrices. Zsb is

represented as:
°XN LN° +B°, TNxN (2.2a)

where N.-N, =EN, +ENC XN, + LN,1 +LNX (2.2b)
I-jkj-r'jP.j = jIe, ds'ds i=1,2,..., NP;j=1,2...... N' (2.2c)

4ja, ajEaTTIr-r'
The pre- and post-multiplier B incident matrices are inherently sparse while the edge-by-
edge L matrix and the patch-by-patch P? matrix are compressed by applying QR
decomposition with a given tolerance.
B) Hierarchical Identification of Compressible Interactions: The PILOT
algorithm is based on an oct-tree hierarchy which is common to the FMM
approach. The interaction shells of siblings share many common cubes. It is
therefore possible to group observer sibling cubes and common interaction region
source cubes in order to compress larger matrices to low epsilon-ranks and
thereby gain in terms of overall compressibility. Any given set of siblings has an
associated list of merged interaction entries, colectively called the Merged
Interaction List (MIL), which completely spans aU same level interactions. For a
3D case, the MEL consists of 40 entries with 5 distinct types as shown in Fig. 1. Each of
the 5 types occurs multiply with different orientations to yield the entire MIL. A brief
description of the distinct types is provided in Table 1.

Table 1: Description ofMIL entries

Type 4

Type 1

Type 3

TYpe
Type 5

Fig. 1: MIL entry types

Type Names Obs. Source Number of (r )Cubes Cubes Orientations
I Outer- 8 12 8 8

wall
2 Outer- 8 10 6 14

comrne
3 Inner4 4 9 6 14
4 Inner-2 2 3 12 8
5 Inner-I I 1 8 4

C) QR compression using sampled rows and columns: For every MWL entry, two
low-epsilon-ranked sub-matrices 11" and Psub, corresponding to (2.2a), are
compressed using only sampled rows and columns [6]. Thereby the construction
of the entire sub-matrix is avoided and compression is achieved in linear time.
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3. Numerical Examples
Test Case 1: A closed
conducting cone of height 20cm
and diameter 20cm is

considered. The structure is ' O
meshed with 6105 edges. The 'H,l-u
bi-static RCS of the structure is 40
computed for a lGHz plane- A.0 0 o TM
wave at 4b = 90° and the results Fig 2a: Conducting cone anu Fig 2b: The bi-staticincident plane wave. E-vlane RCS
arc shown in Fig. 2b. The mesh

density is then gradually increased (Laplace scaling) and the performance scaling of the
algorithm is obtained in Fig. 3. The setup time is the time required for constructing the
selected MoM entries and for
compressing the MIL sub- 10 PLOT
matrices. The total time is the _7°
time required between reading 10

in the mesh and producing the E
solution. It can be seen from a 0i/ f,olthe plots that the PILOT *O' NUonborolUnIls 1,01 /
algorithm scales linearly in all Fie. 3a: i'emorv Fie. 3b: Matrix Setun
the aspects, while the scaling O PLOT

of the regular iterative solver o _iO
is quadratic. The regular LU E
solver scales quadratically in 1
terms of memory and is cubic , 10 E10
in terms of solve-time. i f
Test Case 2: This example - 1: ' 10'U 0' 0' 0e
deals with an airborne drone Fig. 3c: Matrix Vector Product Fig. 3d: Total Time
structure (Fig. 4a). The surface of the structure is discretized with 10185 edges. The bi-
static RCS of the structure at 30MHz as obtained for 0 = 0° using the 3 methods is plotted
in Fig. 4b. The current density on the structure at 30MHz, obtained using the regular LU
solver and PILOT is plotted on a log scale in Figs. 4c and 4d respectively. The time and
memory requirements for the solution process are demonstrated in Table 2.

y-axs 2 a

Fig. 4a: Surface mesh for drone

Fig. 4e: Charge density (LU)
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Fig. 4b: RCS Pattem Fig. 4d: Charge density (PILOT)
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Table 2: The time and memory requirements for the predator drone
Memory Sep Time Time per matvec Total Time

Regular LU I 1659MB 257 sec - 4 81696 sec
Regular Iterative 1659MB 257 sec 29 sec 7132 sec
PILOT Iterative 219MB 206 sec 5.21 sec 1334 sec
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