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Abstract

We introduce a new second-kind integral equation method to solve direct rough surface
scattering problems in two dimensions. This approach is based, in part, upon the bounded
obstacle scattering method that was originally presented in [12] and is discussed in an ap-
pendix of this thesis. We restrict our attention to problems in which time-harmonic acoustic
or electromagnetic plane waves scatter from rough surfaces that are perfectly reflecting, pe-
riodic and at least twice continuously differentiable; both sound-soft and sound-hard type
acoustic scattering cases—correspondingly, transverse-electric and transverse-magnetic elec-
tromagnetic scattering cases—are treated. Key elements of our algorithm include the use of
infinitely continuously differentiable windowing functions that comprise partitions of unity,
analytical representations of the integral equation’s solution (taking into account either the
absence or presence of multiple scattering) and spectral quadrature formulas. Together,
they provide an efficient alternative to the use of the periodic Green’s function found in the
kernel of most solvers’ integral operators, and they strongly mitigate the rapidly increas-
ing computational complexity that is typically borne as the frequency of the incident field
increases.

After providing a complete description of our solver and illustrating its usefulness
through some preliminary examples, we rigorously prove its convergence. In particular,
the super-algebraic convergence of the method is established for problems with infinitely
continuously differentiable scattering surfaces. We additionally show that accuracies within
prescribed tolerances are achieved with fixed computational cost as the frequency increases
without bound for cases in which no multiple reflections occur.

We present extensive numerical data demonstrating the convergence, accuracy and ef-
ficiency of our computational approach for a wide range of scattering configurations (si-
nusoidal, multi-scale and simulated ocean surfaces are considered). These results include

favorable comparisons with other leading integral equation methods as well as the non-
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convergent Kirchhoff approximation. They also contain analyses of sets of cases in which the
major physical parameters associated with these problems (i.e., surface height, wavenum-
ber and incidence angle) are systematically varied. As a result of these tests, we conclude
that the proposed algorithm is highly competitive and robust: it significantly outperforms
other leading numerical methods in many cases of scientific and practical relevance, and it

facilitates rapid analyses of a wide variety of scattering configurations.



viii

Contents

Acknowledgements iv
Abstract vi
List of Figures xiii
List of Tables xviii

1 Introduction 1
1.1 Background . . . . ... 2
1.1.1 Approximation-Based Methods . . . . . .. ... ... ... ..... 3

1.1.2 Differential Equation Methods . . . . . . ... ... ... ...... )

1.1.3 Integral Equation Methods . . . . . ... ... ... ... ..... )

1.2 Overview . . . . . . oL 8

2 A New Algorithm for Periodic Rough-Surface Scattering Problems 10
2.1 Preliminaries . . . . . . . .. e 11
2.1.1 Helmholtz and Maxwell Equations . . . . . .. ... ... .. .... 11

2.1.2 Rayleigh Expansion . . . . .. ... ... ... ... 14

2.1.3 Integral Equations for the Scattering Cases . . . . ... .. .. ... 15

2.1.3.1 Periodic Green’s Function . . .. ... ... ... ..... 15

2.1.3.2 Integral Equations . . . . . ... ... ... ... 17

2.1.4 Computation of Scattering Efficiencies . . . . . ... ... .. ... 20

2.2 Periodic Green’s Function vs. Partition of Unity . . . ... ... ... ... 22
2.2.1 Forms of the Periodic Green’s Function . . . . ... .. ... .... 23

2.2.2  Recasting the Integral Equations and Applying a Partition of Unity 25
2.2.3  Preliminary Simplified Case Study . . . . . .. ... ... ... ... 27



X

2.3 Two Representations of the Density . . . . . ... ... ... ... .. ...

2.3.1
2.3.2

2.3.3

First Representation of the Density . . . . .. ... ... ... ...
A Second Pair of Equations and an Alternate Unknown . . .. . ..
2.3.2.1 High-Frequency Asymptotic Series Ansatz and Its Physical
Restrictions . . . . . . .. ..o
2.3.2.2  Second Representation of the Density . . . . .. ... ...
Physical Considerations in the Choice of Representations . . . . . .
2.3.3.1 Types of Scattering . . . . . ... ... ... ... ... ..
2.3.3.2  Test for Multiple Reflections . . . . . .. ... ... .. ..
2.3.3.3  Test for Shadowing . . . . .. ... ... ... ... ...
2.3.3.4 Height-to-Period Ratio vs. Incidence Angle . . . ... ..
2.3.3.5 Examples Illustrating the Behavior of pq(x) and po(x)
2.3.3.6  Choice of Representations . . . . . . .. ... ... .....

2.4 Combining Windowing and the Two Representations . . . ... ... ...

2.5 Numerical Method . . . . . . . . . . . oo

2.5.1
2.5.2

2.5.3

2.5.4

3 Proofs

Spectrally Accurate Quadratures on Analytic Closed Curves

Numerical Handling of the Integral Operators . . . . ... .. ...
2.5.2.1 Partitioning of the Integral Operators . . . . . . .. .. ..
2.5.2.2 Quadrature Rule . . ... ... ... ... ... ...
Linear Systems of Equations . . . . .. ... ... ... .......
2.5.3.1 Computing Quadrature Weights . . . . . .. .. ... ...
2.5.3.2 FFT Interpolation and GMRES . . ... ... .......
2.5.3.3 O(1) Computations for Simple-Reflection Cases . . . . . .

Computation of Scattering Efficiencies . . . . . . . ... ... ...

3.1 Properties of Analytical Approximation . . .. .. ... ... ... .....

3.1.1

3.1.2

Convergence of Integral Operators and Solutions . . . . . ... ...
3.1.1.1  Convergence of Integral Operators . . . . ... ... ...
3.1.1.2  Existence and Convergence of Solutions . ... ... ...

Regularity of Solutions for Smooth Gratings . . ... ... .. ...



X

3.1.3  Super-Algebraic Convergence of the Integral Operators and Solutions
for Smooth Gratings . . . ... ... ... ... .. ..
3.1.3.1 Preliminary Considerations . . . .. ... .. ... ....
3.1.3.2 Foundational Lemmas . . .. ... ... ... .. .....
3.1.3.3 Proof of Theorem 3.1.9 . . . .. .. ... ... .......

3.1.3.4  Super-Algebraic Convergence of Solutions for Smooth Grat-

3.2.1 Convergence in Mesh Size . . . . . ... ... ... ... ...
3.2.1.1 Convergence of Quadratures . . . .. ... .. ... ....
3.2.1.2 Existence and Convergence of Numerical Solutions
3.2.1.3  Super-Algebraic Convergence for Smooth Gratings

3.2.2 O(1) Computational Times for Simple-Reflection Cases . . .. . ..
3.2.2.1  O(1) Approximation Errors . . . . ... ... ... ...
3.2.2.2  O(1) Numbers of Target and Quadrature Points . . . . . .

4 Numerical Results

4.1

4.2

Convergence . . . . ... e
4.1.1 Multiple-Reflection Cases . . . . . . .. .. .. .. ... .. ...,
4.1.1.1 No Shadowing . . . . . ... ... ... ... ...
4.1.1.2 Shadowing . . . . . . . . ...
4.1.2 Simple-Reflection Case . . . . . .. .. ... .. .. ... ... .
Comparisons with Other Numerical Methods . . . . . . .. ... ... ...
4.2.1 Overview of Numerical Methods Used for Comparison . . . . .. ..
4.2.1.1 Methodsof [4] . . . ... ... ... .
4212 Methodof [13] . . . . . . . ...
4.2.1.3 Method Using the Kirchhoff Approximation . ... .. ..
4.2.2 Deterministic Grating Surfaces . . . . . .. .. .. ... ... .. ..
4221 Casesfrom [4] . ... ... ..
4.2.2.2 Multi-Scale Cases . . . . . . . . ...
4.2.2.3 Other Cases . . . . . . . ...
4.2.3 Simulated 1-D Ocean Surfaces . . . .. .. .. .. ... ... ....



xi

4.3 Dependence of Algorithm Parameters upon Physical Parameters . . . . . .

4.3.1

4.3.2
4.3.3
4.3.4

Dependence upon k& . . . . . ...
4.3.1.1 Simple-Reflection Cases . . . ... ... ... .. .....
4.3.1.2 Multiple-Reflection Cases . . . . . .. .. .. ... ... ..
Dependence upon h . . . . . . . . ..o
Dependence upon @ . . . . . . ...
Wood Anomaly Sensitivity . . . . .. ... ...
4.3.4.1 Computations at Wood Anomaly Values . . ... ... ..
4.3.4.2 Computations as k Approaches Wood Anomaly Values

5 Conclusions and Future Work

5.1 Conclusions . . . . . . . . e

5.2 Future Work . . . . . . . e

A A treatment of bounded obstacles

A1 Imtroduction . . . . . . . .

A2

A3

A4

A5
A6
AT
A8

Boundary Integral Formulation . . . . . ... ... ... ... ... ...

A21 Ansatz . . . . . ..

A.2.2 High-Frequency Integral Equation . . ... .. ... ... ......

Localized Integration . . . . . . . . ... L Lo o

A.3.1 Stationary Phase . . . . . . . . .. ...

A.3.2 Convergent High-Frequency Integrator . . . . . ... ... ......
A.3.3 Shadow Boundaries . . ... ... ... ... ... ... ... ....

Spectral Implementation . . . . . . . . ... oo

A.4.1 High-Order Interpolation . . . ... ... ... ... ... ......

A.4.2 Trapezoidal-Rule Integration . . . . ... ... ... ... ... ...

Numerical Results . . . . . . . . . s

Extension to Non-Convex Scatterers . . . . . . . . . . . ... ... .....

Conclusions . . . . . . o .,

Evaluation of Stationary Points . . . . . . . .. .. ... 000,

B Code Verification

C Additional TM/Sound-Hard Results

206
206
207

211
211
212
213
216
216
217
218
222
222
222
224
225
227
229
229

231

236



xii
D Rounding Errors 238

Bibliography 240



xiii

List of Figures

2.1
2.2
2.3

2.4
2.5
2.6
2.7
2.8

2.9
2.10

2.11
2.12
2.13
2.14
2.15
2.16
2.17

Partition of unity Py (z,2',¢, A) + Py(z,2’,c,A)=1 . . ... ... ... ...
Partition of unity function P;(0,2’,0.1,10) for 2’ € [0,10] . . . . . ... ...
Case with only simple reflections (top), case with simple and multiple reflec-
tions (bottom left) and case with simple reflections, multiple reflections and
shadowing (bottom right) . . . . . .. . ... ... ..
x> x (left) and z, = z (right) shadowing cases . . . . ... ... ... ...
Instances of multiple reflections for x. > . . . . . . . .. ... L.
Plot of 2280%2) with § = % h=05and o1 =025 ... ..........
Plot of 22207:22) with § = —T h~ 0179 and 21 =025 . . . ... ... ...
Plot of a ray and the grating profile with § = —%, h ~ 0.179, z; = 0.25 and
o 0.712 . o
Plots of rays and the grating profile with § < 0 (left) and 6 > 0 (right) . . . .
Plots of the multiple reflection threshold h,,.,;:(6) (solid line) and the shadow-
ing threshold hgpeq(f) (dashed line) for the grating profile f(z) = %cos (272)
Case 1: real parts, imaginary parts and Fourier amplitudes of p(x) and po(x)
Case 2: real parts, imaginary parts and Fourier amplitudes of u(z) and ps(z)
Case 3: real parts, imaginary parts and Fourier amplitudes of 1 (z) and ps(z)
Case 4: real parts, imaginary parts and Fourier amplitudes of p(x) and pa(x)
Case 5: real parts, imaginary parts and Fourier amplitudes of p1(x) and pa(x)
Case 6: real parts, imaginary parts and Fourier amplitudes of u(z) and ps(z)
Psp(x, 2, csp, Asp) and Prp(x, 2, csp, Agp, ¢, A), with ¢y = 0.01, Agp = L,
c=05and A=3L . ... . .

42
45
45
48
48

49
49

o4
95
56
o7
o8
99



2.18

4.1
4.2
4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Xiv
Real and imaginary parts of the kernel g(x,x’)%?ﬁ:)))eik@(x,x’) (z = 0.15)

and density po(x) for Case 2 of Section 2.3.3.5. These functions are from the
TE/sound-soft integral equation of (2.100). . . . . . .. .. ... ... ....

Efficiencies of the Regime 1 case with no shadowing . . . . . ... ... ...
Efficiencies of the Regime 1 case with shadowing . . . . . ... ... ... ..
Efficiencies of the Regime 2 case . . . . . . .. .. ... ... ... ......
Errors of the ny = 16, n; = 16 x 2, A = 30 solution (left), the ny = 16, n; =
16 x3, A = 20 solution (middle) and the ny = 16, n; = 16 x3, A = 30 solution
(right) for the Regime 2 case . . . . . .. ... .. ... ... ... ...
Fourier amplitudes for the ny = 16, n; = 16 x 3, A = 30 solution (left) and
the ny =48, n; =48 x 1, A = 30 solution (right) for the Regime 2 case . . .
Efficiencies (top), errors of this work’s “mod. acc.” solutions (ue2(x) on the
middle-left and 1 (x) on the middle-right), errors of the “mod. acc.” solution
produced by the method of [13] (bottom-left) and errors of the KA-based
method’s solution (bottom-right) for Example 1 . . . . ... ... ... ...
Efficiencies (top), errors of this work’s “mod. acc.” solution (middle-left),
errors of the “4 digit” solution produced by the method of [13] (middle-right)
and errors of the KA-based method’s solution (bottom) for Example 2 . . . .
The multi-scale surface y = f(z) = %92 [cos(27z) + 0.04 sin(507z)] with inci-
dence angle vector a = (sin(30°), —cos(30°)) . . . . ...

Plot of %ﬁ’z/) for 6 = 30° with = 0.5 (the function is discontinuous at

N

Efficiencies (top), relative errors of this work’s “mod. acc.” solution (second
level), relative errors of the “mod. acc.” solution produced by the method
of [13] (third level) and relative errors of the KA-based method’s solution
(bottom) for the % =10.5, 0 = 30° multi-scale case . . . .. ... ... ...
Efficiencies (top), relative errors of this work’s “mod. acc.” solution (second
level), relative errors of the “mod. acc.” solution produced by the method
of [13] (third level) and relative errors of the KA-based method’s solution
(bottom) for the £ = 1000.5, § = 30° multi-scale case . . . . . . .. .....

The multi-scale surface’s first derivative . . . . . . . . . . . . ... ... ...

70

146
147
150

151

151

161

164

169

169

170



4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

XV

Efficiencies (top), relative errors of this work’s “mod. acc.” solution (second
level), relative errors of the “mod. acc.” solution produced by the method
of [13] (third level) and relative errors of the KA-based method’s solution
(bottom) for the % =10.5, 0 = 85° multi-scalecase . . . . . ... ... ... 174
Efficiencies (top), relative errors of this work’s “mod. acc.” solution (second
level), relative errors of the “mod. acc.” solution produced by the method
of [13] (third level) and relative errors of the KA-based method’s solution
(bottom) for the 4= = 1000.5, § = 85° multi-scale case . . . . . . .. ..... 175
The magnitudes of the randomly generated Fourier coefficients (top), the sim-
ulated 1-D ocean surface (middle), the first derivative of the surface (bottom
left) and the second derivative of the surface (bottom right) . . . . . ... .. 179
Efficiencies for the § = 5° case (top), plus relative errors of our method’s
ny = 1280 solution (second level), our method’s ny = 2304 solution (third
level) and the KA-based approach’s ng, = 3840 solution (bottom) . . . ... 181
Efficiency-by-efficiency differences between our method’s ny = 1280 solution
and the KA-based ny, = 1280 solution for the 8 =5°case . . . . .. .. ... 182
Efficiencies for the § = 80° case (top), plus relative errors of our method’s
ny = 768 solution (middle) and the KA-based approach’s ny, = 3840 solution
(bottom) . . . . .. 184
Efficiencies for the § = 85° case (top), plus relative errors of our method’s

ny = 768 solution (middle) and the KA-based approach’s ny, = 3840 solution

(bottom) . . . . .. 185
Fourier amplitudes for 4= = 100 (left) and 4= = 1000 (right) for § = 10° and
B=0.2 . 189

Fourier amplitudes for the ps(z), ny = 24 representation (left), ps(x), ny =
2000 representation (middle) and the p;(x) representation (right) for % =
1000, 0 =10°and h=0.2 . . . . . . . . 190
Fourier amplitudes for the pq(x) representation (left) and the ps(z) represen-
tation (right) for 4= = 1000, # =10° and h =025 . . ... ... .. ..... 191
Zoomed plot of the multiple reflection threshold (solid line) and the shadowing
threshold (dashed line) as a function of § for the grating profile f(z) = % cos (232) 196



4.24

4.25

4.26

Al

A2

A3

A4

A5

A6
AT

A8

B.1

B.2

xvi

Set 1: Fourier amplitudes of p1(z) (left) and po(z) (right) for £ = 9.5 (top),

2
£ =10 (middle) and 4= = 10.5 (bottom) . . . . . . ... ... 201
Set 2: Fourier amplitudes of uq(x) (left) and uo(x) (right) for % = 9.5 (top),
£ =10 (middle) and 4= = 10.5 (bottom) . . . . . . . ... ... ... 202
Set 3: Fourier amplitudes of u1(x) (left) and uo(x) (right) for 4= = 99.5 (top),
£ =100 (middle) and £ = 100.5 (bottom) . . . . . . .. .. ... ... ... 203

Scattering by a circular cylinder 7(0) = (acosf,asinf), 0 < § < 27, with
ka = 20; all graphs show real and imaginary parts of complex quantities as
functions of the angular coordinate 6. Top left: ¢(r(#)) (solution of (A.6)).
Top right: @(r(6))/(ke**™®)). Bottom left: u(r(h)) = g‘g((:((g)))) (solution of
(A.3)). Bottom right: pu(r(6))/(ke*er®), L 215

Real part of functions fa(z)e™**” and f.(z)e™ ™" with upper envelopes fa(z)
and fo(z), respectively; p=2. . . . ... L 218
Circular scatterer under plane wave incidence: target point 7' (fy = 0) and
stationary phase points S, Soand S3 . . . .. ... L oL 220
Circular scatterer under plane wave incidence: smooth cutoffs around the
critical points for 6y = 7/8, with k = 1000 (top) and k = 4000 (bottom). The
quantity displayed in both graphs is the real part of the integrand in (A.18),
divided by cos(0). . . . . . . 221
Top left: shadow boundary for the circular cylinder. Top right: cubic root
change of variables. Bottom left and bottom right: variation of the phase of
pEact at the shadowing point before and after application of the change of
variables, respectively, for £k = 100 to £ = 1000000. . . . . . . . . . ... ... 223
A multiple scattering configuration: the kite-shaped scatterer of equation (A.21)227

Real parts of u(r(0)) and u(r(9))/e**™® on the kite-shaped scatterer, for

Real and imaginary parts of the slow densities ud_ (r(0)) and pl (r(9)) on

the kite-shaped scatterer, for k=800 . . .. . ... ... ... ... ..... 228

Case 3 efficiencies and the differences in their computed values between this
work and the solver of [13] . . . . . .. . ... Lo o 232
Case 4 (top), Case 5 (middle) and Case 6 (bottom) efficiencies . . . . . . .. 234



D.1

xvii
Fourier amplitudes for the A = 30 solution (left) and the A = 30000 solution

(right) for the simple-reflection case of Section 4.1.2 . . . . . ... ... ...



xviil

List of Tables

2.1
2.2
2.3

4.1

4.2

4.3

4.4

4.5

4.6

4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15

Approximation errors for various A (k, =2m) . . . . .. ... 32
Approximation errors for various A (kn =3) . . . ... ... ... 33
Physical quantities for the examples of this section . . . . . . . ... ... .. 52

Convergence table for various A (ny = n; = 192) for the Regime 1 case with

no shadowing . . . . . . . . . .. L L L 146
Convergence table for various n¢ (ny = n; and A = 800) for the Regime 1 case

with no shadowing . . . . . . . . . . ... L 146
Convergence table for various ny and n; (A = 800) for the Regime 1 case with

no shadowing . . . . . . . . . .. L 147
Convergence table for various A (ny = 96, n; = 96 x 3) for the Regime 1 case

with shadowing . . . . . . . .. .. 148
Convergence table for various n¢ (n; = ny and A = 750) for the Regime 1 case

with shadowing . . . . . . . . . .. 148
Convergence table for various ny and n; (A = 750) for Regime 1 case with

shadowing . . . . . . . . . L 148
Convergence table for various A (ny = n; = 48) for the Regime 2 case . . .. 150
Convergence table for various A (ny = 16 and n; = 16 x 3) for the Regime 2 case150
Convergence table for various ng (n; = ny and A = 30) for the Regime 2 case 150
Convergence table for various n; (ny = 16 and A = 30) for the Regime 2 case 151
Physical parameters for the cases that are described in both [4] and [21] . . . 157
Results of the four methods of [4] plus the Nystrom method of [44] for Example 1160
Results of this thesis’ method for Example 1 . . . . . .. .. ... ... ... 160
Results of the method of [13] for Example 1 . . . . . ... ... ... .. ... 160
Result of the KA-based method for Example 1 . . . . .. ... ... ..... 161



4.16
4.17
4.18
4.19
4.20
4.21
4.22
4.23
4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

xix

Results of the four methods of [4] plus the Nystrom method of [44] for Example 2163

Results of this thesis’ method for Example 2 . . . . . .. .. ... ... ... 163
Results of the method of [13] for Example 2 . . . . . .. ... ... ...... 163
Result of the KA-based method for Example 2 . . . . . . ... . ... .... 164

Results of the four methods of [4] plus the Nystrom method of [44] for Example 3166

Results of this thesis’ method for Example 3 . . . . . .. .. ... ... ... 166
Results of the method of [13] for Example 3 . . . . . . ... ... ... .... 166
Result of the KA-based method for Example 3 . . . . . ... ... ...... 166

Efficiencies and errors for Example 3. The errors listed for this work as well
as for the method of [13] come from the two solvers’ “mod. acc.” solutions. . 166

Results for the multi-scale cases with 6 = 30° using this work’s method. The

energy balance errors are listed as “e.b. error.” . . . . .. ... ... 172
Results of the method of [13] for the multi-scale cases with 6 =30° . . . . . . 172
Result of the KA-based method for the multi-scale cases with 6 =30° . . . . 172

Results for the multi-scale cases with § = 85° using this work’s method (p1(z)) 173

Results of the method of [13] for the multi-scale cases with 6 =85° . . . . . . 176
Result of the KA-based method for the multi-scale cases with § =85° . . . . 176
Further computational results . . . . . . . . .. .. ... ... ... ...... 177

Table for the solutions for the # = 5° case as computed by the method of this
thesis . . . . . oL 182
Table for the solutions for the 8§ = 5° case as computed by the KA-based
approach . . . . .. 182
Table for the solutions for the § = 80° case as computed by the method of
this thesis. The time without computing the efficiencies was not determined
for the ny = 1024 reference case. . . . . . . . . . . .. ... 183
Table for the solution for the # = 80° case as computed by the KA-based
approach . . . . . .. 183
Table for the solutions for the # = 85° case as computed by the method of
this thesis. The time without computing the efficiencies was not determined
for the ny = 1024 reference case. . . . . . . . . . .. .o 183
Table for the solution for the # = 85° case as computed by the KA-based

approach . . . . ..o 184



4.38
4.39
4.40

4.41
4.42
4.43
4.44
4.45
4.46
4.47
4.48
4.49
4.50
4.51
4.52
4.53
4.54
4.55

4.56

4.57

4.58
4.59

Al

A2

Table for § =10° and h=0.025 . . . . . . . ... ... .
Table for 8 =10°and h =02 . . . . . . . .. ..
Table for % = 1000, # = 10° and A = 0.2. The energy balance errors are listed
as “e.b.error.” ...
Table for 8 =10° and h=0.25 . . . . . . . ... ...
Table for £ =1000, 0 =10° and h=0.25. . . . . . . . .. .. .. ... ...
Results of the method of [13] (§ =10° and h=0.25) . . . . . ... ... ...
Table for various h (4 =10, 0 =10°) . . .. .. .. .. ...
Table for various h using p () for all cases (£ =10, =10°) . ... .. ..

™

Table for various h (% =10,0=060°) . .. .. ... ... ...

N

Table for various h using p1(z) for all cases (= =10, 0 =60°) . . ... ...
Results of the method of [13] for the h = 4.0 cases (&= =10) . .. ... ...
Table for various 6 (% =10and h=0.025) . . . ... ... L
Table for various 6 using p1(z) for all cases (2= = 10 and h = 0.025) . . . . .
Table for various 6 (£ = 1000 and A =0.025) . . . .. .. .. ........
Table for various 6 using p;(x) for all cases (% = 1000 and A = 0.025) . . . .
Results of the method of [13] (h=10.025) . . . ... ... ... ... .....
The physical parameters for each Wood Anomaly case (h =0.025) . . . . ..

Table for the Set 1 cases, computed using pa(z) (h = 0.025, § = 0°, ny, = 48,

Table for the Set 2 cases, computed using ua(z) (h = 0.025, § = 30°, ny = 60,
M= 60 X 1) ot
Table for the Set 3 cases, computed using ps(z) (h = 0.025, 6 = 30°, ny = 432,

Table for various k (h = 0.025, 6 = 30°, ny =60, n; =60 x 1) . .. ... ...
Table for various k (h = 0.025, 6 = 30°, ny =60, n; =60 x 1) . ... ... ..

Localized integrator, sinusoidal slow density (error on I(fp = 0) using N inte-
gration points) . . . . . .. ..

Interpolation of the slow density (number of coefficients in the Fourier expan-

xact

et for a circular scatterer, with and without the change of variables

sion of p$

depicted in Figure A.5) . . . . . ...

189
191
191
191
193
194
194
194
194
196
196
196
197
197
200

200

200

204

204
205

220



A3

B.1

B.2

B.3

B4
B.5
B.6
B.7

C.1

C.2

C.3

D.1

xxi

Scattering of an incident plane wave on a circular cylinder of radius a . . . . 225

Physical quantities, numerical parameters and results for the cases computed
by our method and the method of [13]. The energy balance errors are listed
as “e.b. error.” .. oL Lo 231
Case 1 efficiencies and the differences in their computed values between this
work and the solver of [13] . . . . . .. . ... Lo 232
Case 2 efficiencies and the differences in their computed values between this
work and the solver of [13] . . . . . . . .. ... L 232

Physical quantities, numerical parameters and results for the cases from [17] 233

Efficiencies and relative errors of Case 4 . . . . . . . . . . . ... ... 235
Efficiencies and relative errors of Case 5 . . . . . . . . . ... ... ... 235
Efficiencies and relative errors of Case 6 . . . . . . . . . . .. ... ... ... 235

Physical quantities and choices of representation for the densities of the TM

cases, plus the sections in Chapter 4 discussing the corresponding TE cases . 237
Numerical parameters for the TM cases . . . . . . . . .. . ... ... .... 237
TE and TM energy balance errors . . . . . . . .. ... ... ... ...... 237

Results for various A (ny = n; = 48) for the simple-reflection case of Section 4.1.2238



Chapter 1

Introduction

Scattering theory describes the actions of particles and waves as they encounter objects and
inhomogeneities in media. In classical physics this includes the propagation and scattering
of light and sound waves by obstacles such as vehicles, biological bodies and buried objects,
as well as the area of focus of this thesis: interactions of waves with rough surfaces. The
diffraction of light by gratings in spectrometers, the reflection and absorption of music in
concert halls, the propagation of radio waves over the ocean surface and the generation
of radar clutter by land and water bodies are only just a small sampling of the diverse
phenomena that comprise such interactions. Thus, rough surface scattering has been the
subject of a rich literature, and it has a broad variety of applications in various fields
including the military, medicine, communications, materials science, environmental science
and many others.

Many problems in these fields are of the “direct” type: scattered waves are computed
for given incident waves and scattering surfaces. Their solutions are of significant interest—
forming, for example, a critical part of many engineering design cycles by allowing scattering
effects to be modeled before prototypes are built and tested. In this thesis, we focus upon
the evaluation of direct problems, developing a computational method with a view toward
applicability in real-life contexts. Conversely, an “inverse” problem involves seeking a de-
scription of a scattering surface from a knowledge of scattered wave data generated by one
or more incident waves. The discrimination of land mines from other buried objects is such
a problem. We do not treat inverse problems in this thesis; we merely mention here that
their solutions are usually computed by iterative processes involving direct problems of the
types discussed in the present work.

Accuracy and efficiency are often of the highest priority in the solution of direct problems



2

because of stringent accuracy requirements and/or limitations in the acceptable running
times for a given application. With these goals in mind, we introduce a numerical method
that uses a second-kind integral equation to solve direct rough surface scattering problems
in two dimensions. We specifically consider problems in which incident time-harmonic
acoustic or electromagnetic plane waves impinge from above onto rough surfaces that are
perfectly reflecting, periodic and at least twice continuously differentiable; both sound-soft
and sound-hard type acoustic scattering cases—correspondingly, transverse-electric (TE)
and transverse-magnetic (TM) electromagnetic scattering cases—are treated.

Two major difficulties in the construction of integral equation-based solvers are ad-
dressed by our approach, namely: 1) the evaluation of the periodic Green’s function found
in the kernel of most solvers’ integral operators, and 2) the rapidly increasing computa-
tional complexity typically borne as the frequency (correspondingly, the wavenumber) of
the incident field increases. We address these issues via consideration of certain smooth
(i.e., C*) windowing functions that comprise partitions of unity (POU), certain analytical
representations of the integral equation’s solution and certain quadrature formulas. With
regards to point 1), our method allows us to avoid the use of the periodic Green’s function
by evaluating the integral operator by means of a POU-based spectral quadrature rule we
introduce that facilitates extremely efficient and accurate evaluations (this rule is super-
algebraically convergent for problems with smooth scattering surfaces). As far as point 2)
is concerned, on the other hand, the use of POUs allows us to localize the integration
within small regions of the scattering surface, and in the absence of multiple scattering our
method also incorporates a physically intuitive and particularly helpful representation of
the solution—yielding accuracies within prescribed tolerances with computational cost that
does not increase as the frequency (wavenumber) increases without bound. Thus, we ob-
tain a highly competitive algorithm, convergent and robust, which significantly outperforms
other leading numerical methods in many cases of scientific and practical relevance, as well

as facilitates rapid analyses of a wide variety of scattering configurations.

1.1 Background

In 1907, Lord Rayleigh published his renowned paper [49] on electromagnetic scattering

from diffraction gratings. After almost one hundred years of further investigation, much
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progress has been made on the rough surface scattering problem. There is still, however,
much fruitful research left to be done, e.g., in developing ever more accurate and efficient
algorithms for scattering in two and three dimensions, in determining their domains of
validity and in applying them to larger and more complicated physical situations such as
high-frequency and low-grazing angle scattering.

Various computational approaches for rough surface scattering are surveyed in a re-
cent paper [56]. In that overview, the authors classify all numerical methods as be-
ing “approximation-based methods,” “differential equation methods” or “integral equation

”

methods.” We briefly review these categories here, highlighting just some of the methods
described in that paper—along with other methods and techniques that are of particular

note—so as to place our integral equation method into a broad research context.

1.1.1 Approximation-Based Methods

As noted in [56], all numerical methods involve making approximations. This particular
category of methods contains those which utilize analytical approximations to the solu-
tions of the Helmholtz and Maxwell equations rather than, say, finite differentiation, finite
quadrature, etc.

A number of approximation-based methods are based upon asymptotic expansions in
the frequency (wavenumber) of the incident field (taking into account the frequency relative
to the scattering surface’s roughness). Such expansions include the “small-perturbation
method” (SPM), which is used for low frequencies. Also, there is the high-frequency
“Kirchhoff approximation” (KA), which is based upon locally approximating the scattering
surface by tangent planes. KA may or may not include a correction for shadowing (see
Section 2.3.3.1 for a discussion about the various kinds of scattering, including multiple
scattering and shadowing, that can occur in the problems we are investigating); with the
correction, it is known as “physical optics” (PO), although sometimes the terms are used
interchangeably without such a distinction being made. The infinite-frequency limit of PO
is “geometrical optics” (GO), which treats the incident field as a set of rays which propagate
in accordance with Fermat’s principle (see, e.g., [7]). An important extension of GO is the
“geometrical theory of diffraction” (GTD) by Keller (see, e.g., the classic paper [32]). GTD
more properly handles shadow regions as well as singularities on the rough surface such as

edges and corners (see Section 2.3.3.1 for further discussion regarding shadowing). SPM
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and GO have been combined into “composite” or “two-scale” models to handle surfaces
with multiple roughness scales; other extensions also have been made. The above ana-
lytical approximations have been incorporated into numerical algorithms, e.g., using KA
to approximate a “density” function on the scattering surface (see Section 2.1.3 regarding
density functions) and then integrating this quantity to determine the scattered field (see
Section 2.3.2.1 for a discussion of this application of KA).

We make special mention of a related high-frequency method that is developed in [17]:
an asymptotic series expansion of the density is developed using an ansatz in which the
density is represented by a “rapidly oscillating” precomputed factor multiplying a presum-
ably “slowly oscillating” periodic function that is determined using Taylor-Fourier series
and asymptotic expansions of oscillatory integrals (see Section 2.3.2.1). It is similar to the
GO-based high-frequency asymptotic series described in works such as [58], but, unlike that
series, it does not involve the solution of a phase function via the eikonal equation. The
ansatz from [17] has motivated one of the representations of the density used by our own
algorithm, as we describe in Section 2.3.2.

Another important approximation-based method is based upon the Rayleigh expansion
of the scattered field as a series of outgoing plane waves [49] (see Section 2.1.2 for a brief
discussion of this expansion). While this expansion rigorously holds for all points above the
top of the scattering surface (a fact we make use of in the computations we present in this
thesis; see Section 2.1.4), the Rayleigh hypothesis assumes that the expansion also holds for
all points on and above the surface. Using this assumption, which only holds under very
restrictive conditions, a variety of methods have been devised to compute the coefficients
of the expansion (see, e.g., [48]).

As noted in [56], these and other methods not listed here have proved themselves useful
for a variety of applications. Yet, they are subject to the difficulties of determining the
conditions under which they are theoretically valid and under which they are numerically
useful (note that there is not necessarily a one-to-one correspondence in these properties!).
For example, the KA-based method developed in [6] neglects multiple scattering and shad-
owing effects—which may arise as the incidence angle approaches grazing or as the slopes
of the rough surfaces under consideration increase (see Section 2.3.3.1). Also, the region
of validity of the high-frequency method in [17] does not include shadowing. Yet another

example is the Rayleigh hypothesis: this approximation is sometimes accurate even where
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the hypothesis theoretically fails (see, e.g., [42] for a discussion of the validity of the hypoth-

esis). Furthermore, in addition to such validity concerns, there is the problem of certain
methods becoming computationally intensive when high-order expansion terms are added
to improve their accuracy. Nevertheless, approximation-based methods are still widely used
today, and the physical insights gained from them continue to inspire the development of

new “fully numerical” methods such as the one presented in this thesis.

1.1.2 Differential Equation Methods

Differential equation methods directly solve the differential equations of scattering in a
volumetric mesh above the rough surface (and also below it, in cases for which the incident
field is partially transmitted, e.g., electromagnetic scattering from dielectric materials). A
variety of these algorithms exist, e.g., finite-difference time-domain methods (FDTD) and
finite element methods (FEM). The matrices that arise in differential equation methods are
sparse—thus, allowing for computational efficiencies in their generation and manipulation—
since the differential operators are local, but the number of unknowns can be extremely
large due to the volumetric meshes employed [56]. Algorithms such as FDTD and FEM
also require the use of artificial boundary conditions away from the scattering surface in
order to limit the size of the computational region, and this presents additional challenges.
Thus, while differential equation methods are still being used for certain applications, they

are not as commonly used as the approximation-based and integral equation methods.

1.1.3 Integral Equation Methods

Integral equation methods are the most commonly used numerical approaches to rough sur-
face scattering [56]. For perfectly reflecting surfaces the differential equations of scattering
(including their boundary conditions) are transformed into a single Fredholm-type integral
equation, as is done in this thesis; a pair of coupled integral equations arise when trans-
mission of the incident field occurs. The integral equations are solved for certain density
functions defined on the scattering surface, which can then be used to yield the scattered
field throughout space. Thus, integral equation methods are often preferred over differential
equation methods, because they require surface discretizations instead of volume discretiza-
tions and because they automatically incorporate conditions of radiation at infinity. Also,

integral equation methods are convergent for all scattering configurations (with a caveat



6

on certain wavenumbers associated with “Wood Anomalies” for periodic rough surfaces; we
discuss this issue in various places throughout this thesis, beginning in Section 2.1.2), in-
cluding configurations with multiple scattering and shadowing. Thus, they are significantly
more reliable than approximation-based methods. See [19, 20, 35] for in-depth treatments
of integral equations, their use in scattering theory and their numerical solutions—much of
which is directly applicable to scattering from bounded obstacles but can also be applied
to rough surface scattering.

As we stated earlier, for two-dimensional configurations involving perfectly reflecting
surfaces there are two fundamental scattering cases, namely TE/sound-soft and TM /sound-
hard (see Section 2.1.1), and multiple integral equation formulations exist for each of these
types. These formulations involve one of two kinds of integral equations—commonly known
as the “first-kind” and “second-kind” integral equations. First-kind equations are of the
form

K(x,2")u(z')ds(z') = g(x), =z € 0D, (1.1)
oD

where K(z,2') is the kernel of the integral operator, g(z) is a known function, p(z) is the
unknown density to be computed and 9D is the surface of integration (in this context, the
scattering surface). For scattering problems of the type we are considering, the first-kind
integral equations that arise are ill-posed [35] and are often numerically treated through
the use of preconditioning matrices which multiply the approximating linear system [56].
On the other hand, second-kind equations, such as the ones we use in this thesis, are of the
form

p(zx) — K(x,2")u(z")ds(z') = g(x), =z € dD. (1.2)
oD

Equations of this type do not suffer the type of numerical instabilities exhibited by first-
kind equations, although preconditioners for increasingly rough surfaces have also been
effectively used. First-kind and second-kind integral equations can be derived through the
use of Green’s second identity as well as by other means; see Section 2.1.3 for derivations
of the particular integral equations (one per type of scattering case) that form the basis for
our method.

Integral equation formulations of periodic rough surface scattering of the type we are
examining typically contain what is known as the “periodic Green’s function” in the kernels

of their integral operators (see Section 2.1.3). This function can be represented as a series
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with terms containing the two-dimensional free space Green’s function for the Helmholtz
equation, but many numerical methods, such as the methods of [4, 13, 21], use other forms
of this function which are more computationally efficient. See Section 2.2.1 for a brief
discussion of the forms of the periodic Green’s function used in [4, 13, 21]; see [39] for a
broader survey of methods for its evaluation. As stated previously, in this thesis we take a
different approach in the formulation of the integral operator—one which avoids use of the
periodic Green’s function altogether—by using instead the free space Green’s function and
smooth POUs (see Section 2.2).

In deriving approximating linear systems for integral equations, a number of different
types of discretization schemes have been implemented. One such scheme is the “Nystrém
method” for second-kind integral equations, which approximates the integral operator using
a quadrature rule and computes an approximation to the density on a set of quadrature
points. This approach to the rough surface scattering problem has been taken recently in
the work described in [44], for example. Other schemes called “projection methods,” e.g.,
the “collocation method” and the “Galerkin method,” involve projecting the integral equa-
tion onto finite-dimensional subspaces. The collocation and Galerkin methods have been
used for both first-kind and second-kind integral equations in the computational methods
of [4, 13, 21]. An advantage of the Nystrom approach is the computational ease with which
the associated matrix elements can be evaluated; it is this fact which has lead us to adopt a
Nystrom approach in our work (see, e.g., [35] for further discussion of the Nystrém and pro-
jection methods). Our numerical method is based upon the Nystrom method for bounded
obstacle scattering in two dimensions that is presented in [20], and for C* scattering sur-
faces it yields super-algebraic convergence in the number of discretization points due to the
spectrally accurate quadrature rule employed (see Sections 2.5 and 3.2). Additionally, we
note that the Nystrém methods of [20, 44] and the projection methods of [4, 21] approx-
imate integral equations by linear systems with N x N matrices, thus computing N x N
elements; our method, however, uses N x M elements (N is the number of points used
to represent the density and M is the number of quadrature points) with N sometimes
significantly less than M (the N-point density is Fourier interpolated to M points when
evaluating the integral operator), which can result in significant computational savings.

Even though integral equation methods only discretize the scattering surface (as opposed

to a volume like differential equation methods), the matrices which arise in their approx-
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imating equations are dense (as opposed to the sparse matrices of differential equation
methods), and treatments of these matrices can become computationally costly, particu-
larly in the high-frequency regime. Iterative solvers of various types have been employed in
order to handle this difficulty, including the “iterated Kirchhoff approximation” (i.e., com-
puting the Neumann series solution for second-kind integral equations) and Krylov subspace
methods, as well as “Fast” methods such as those introduced in [14, 52]. The Krylov sub-
space methods include the conjugate gradient method (CG), the quasi-minimum residual
method (QMR) and the generalized minimum residual method (GMRES); GMRES [53]
is often the most robust of the Krylov subspace methods, although it can become costly
in terms of memory for slowly convergent problems unless re-starts are utilized. Many
of the “Fast” methods incorporate the use of the “Fast Fourier Transform” (FFT), which
is valuable for performing rapid interpolations and matrix-vector multiplications. Finally,
for high-frequency scattering, the contributions to the density function at any point are
dominated by nearby interactions on the scattering surface. The “banded matrix iterative
algorithm” (BMIA) is one method which takes advantage of this insight. We conclude by
mentioning the bounded obstacle scattering method described in [12], which uses certain
representations for the density together with a quadrature rule involving smooth POU-based
windowing functions that shrink with increasing wavenumber. This algorithm, which also
uses GMRES and FFT-based interpolations for efficiency, has motivated, in part, the rough
surface solver of this thesis—a solver that can be used for small or large wavenumbers. See
Section 2.5 for a discussion of our quadrature method as well as our use of GMRES and

FFTs; the work presented in [12] is included in this thesis as Appendix A.

1.2 Overview

As we have stated, in this thesis we introduce a new integral equation-based computational
approach to the rough surface scattering problem. We begin by describing the method
and illustrating its usefulness through some preliminary examples (Chapter 2). Chapter 3
contains proofs of theorems associated with various components of our method. Numer-
ical results demonstrating the convergence, accuracy and efficiency of our computational
approach for a variety of cases (sinusoidal, multi-scale and simulated ocean surfaces are con-

sidered) are given in Chapter 4. Finally, we state conclusions and some potential directions
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of future research (Chapter 5), and we include an appendix discussing closely related work

(which originally appeared in [12]) on scattering from bounded obstacles (Appendix A).
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Chapter 2

A New Algorithm for Periodic
Rough-Surface Scattering
Problems

In this chapter we provide a complete description of our numerical algorithm for scattering
by periodic rough surfaces. We begin with a review of the differential equations of scat-
tering, and we establish certain corresponding integral equations and expressions for the
scattered fields that are used throughout this thesis (Section 2.1). The role of the periodic
Green’s function associated with these integral equations is discussed, and in Section 2.2
an alternative approach, based upon the use of a smooth partition of unity (POU) in con-
junction with our reformulated integral equations that does not require the use of periodic
Green’s functions, is developed. In this section, we also present a highly simplified example
showing how the use of the POU-based approach could give rise to rapidly convergent ap-
proximations of the relevant integral operators. Two representations of the surface density
are introduced in Section 2.3, and a discussion motivating their use under various scattering
configurations is given: one of the formulations is shown to be preferable for cases in which
no multiple scattering of the incident field occurs (especially for high-frequency problems),
while the other is more appropriate when multiple scattering is present. In Section 2.4, our
insights about the POU and the two density representations are combined to produce the
particular formulations of the integral equations we solve, and, finally, in Section 2.5 we de-
scribe the Nystrom-type approximation we employ which yields super-algebraic convergence
in the number of discretization points given smooth scattering profiles.

The excellent convergence properties of the computational approximations that we in-

troduce in this chapter are rigorously proved in Chapter 3. The numerical examples pre-
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sented in Chapter 4, finally, demonstrate the qualities of our solver and present extensive

comparisons with previous leading approaches.

2.1 Preliminaries

2.1.1 Helmholtz and Maxwell Equations

We consider the scattering of electromagnetic (EM) and acoustic waves by rough surfaces,
that is, by interfaces between two homogeneous media in the three-dimensional rectangular
coordinate system Oxyz. Our attention is restricted to electromagnetic scattering from per-
fectly conducting rough surfaces along with sound-soft and sound-hard acoustic scattering,
with incident fields that propagate in directions parallel to the Oxy plane. Also, we only
consider surface profiles that are described by equations of the form y = f(z), x € (—o0, 00)
(independent of z), where, defining

Cro (L) ={f €C": fis L-periodic} , (2.1)

per

we consider f € C.. (L), i.e., f(z) is r-times continuously differentiable and L-periodic, for
some positive integer » > 2 or r = co. These conditions give rise to two-dimensional scat-

tering systems; this is often referred to as scattering from one-dimensional rough surfaces.

Remark 2.1.1. Scattering from surfaces with less differentiability, e.g., surfaces containing
corners, can be treated by introducing appropriate changes of variables [20, 30], but such

problems will not be pursued in this thesis.

In particular, we seek to determine the scattered waves that result as time-harmonic

plane waves traveling in the domain y > f(x), which are denoted by

uinc ('I“, t) ei(k:a-r—wt) = ¢inc(r)e—iwt (2'2)

and

Einc(”’,t) = Aei(ka""f"‘)t) (23)

H™(r t) = Bellbar—«t) (2.4)
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in the acoustic and electromagnetic cases, respectively, impinge upon the interface y = f(z).
Here, k£ = 27” > 0 denotes the wavenumber (spatial frequency), A is the wavelength, w is
the time-frequency,

a = (sin(0), — cos(0)) (2.5)

is the direction of propagation (—% < 6 < 7, measured counterclockwise from the negative
Oy-axis), r = (z,y) and the three-dimensional vector constants A = (A;, Ay, A,) and B =
(Bz, By, B;), associated with the incident electric and magnetic fields, are related to each
other and the direction of propagation according to the relations A-(ksin(f), —k cos(6),0) =

0 and B = ksin(@), —k cos(#),0) x A. Given our assumption on the properties of the

1
wna (
material making up the scattering surface, these incident waves are perfectly reflected back
into the domain y > f(x). Thus, in the acoustic case, the scattered wave 15 (r)e~™!  like

the incident wave, obeys the two-dimensional Helmholtz equation [20]

AY* (1) + K (r) =0,y > f(2) (2.6)

(dropping the factor e=*?), satisfying either the Dirichlet boundary condition (for sound-

soft scattering)

W (r) = —p(r), Y= f(z) (2.7)
or the Neumann boundary condition (for sound-hard scattering)

awscat(,r.) awinc (’l")

- N EC] (2.9
here,

_ (@ ’o

Y = 1 @), 29

is the upward normal to the surface at the point r = (z, f(z)) (|(z,y)| = /22 + 3?), and

the normal derivative 62/;:"(‘;()1') is taken as a limit from above the surface:

awscat(,r,) . cent B
o) = m VRt ev(r) ),y =) (2.10)

Analogously, the incident and scattered waves obey the time-harmonic Maxwell equa-
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tions [42]
V X Escat — iwuoHscat V- Escat =0

2.11
V X Hscat — _iweoEscat 7 v Hscat —0 , Y>> f(x)a ( )

in the electromagnetic case (k? = w?eguo, e~ is again dropped and we assume that there

are no free charge or free current densities in y > f(x)), where

() x (B4 B) :(()] oy =flo). (2.12)

I/(’I") . (Hscat 4 Hinc)

It can be shown [42] that each component of E** and H®®' solves the Helmholtz equa-
tion (2.6) and that, in the present two-dimensional case, the full vector equations and
boundary conditions can be reduced to two uncoupled scalar problems. One of these prob-
lems assumes a transverse electric (TE) polarization of the incident wave (A, = 1, A, =
A, = B, = 0) and takes the transverse component E5* of the scattered electric field as
unknown; it is easy to check that E5' satisfies the same problem as the sound-soft scat-
tered field. Under transverse magnetic (TM) polarization, on the other hand, HS is the
solution of the sound-hard problem if B, =1, B, = B, = A, = 0.

To ensure a physically meaningful and unique solution 15 (r) of the TE/sound-soft
and TM/sound-hard equations, a radiation condition is added [48]: the scattered field is
bounded (in magnitude) and outward traveling as y — oo (see Section 2.1.2 for a precise
definition of this condition in the present context). Additionally, in view of the uniqueness
of solutions, it can be shown (see, e.g., [42]) that 5 (r) is a = ksin() quasi-periodic—
defining

(o, =) = ka = (ksin(), —k cos(0)) , (2.13)

we have 5 (x + L,y) = e@Lypsa (g ¢)—just as ¢¢(r) = e~ is o quasi-periodic.
Because of this property, it is sufficient to determine /53 () over a single L-length interval

of x.

Remark 2.1.2. Further discussion of the existence and uniqueness of the solutions can be
found in [18]; in particular, this reference contains a proof of uniqueness for the TE/sound-

soft problem.
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2.1.2 Rayleigh Expansion

The scattered field ¢5?(r) can be represented in y > max[f(x)] as a series of outgoing

plane waves that is called the “Rayleigh Expansion.” Following [42, 48], let

2

2
anza—kn% :ksin(9)+nf, n € Z, (2.14)

let U be the finite set of integers n such that k% — a2 > 0 and let

k2—a?2 , nelU
B = (2.15)

ivai—k* , néglU,

where, in equation (2.15) as well as throughout this thesis, given a positive number a,
the symbol /a denotes the positive square root of a. We assume that for all n we have
k # +an, or, equivalently, 6, # 0; k = +a, are wavenumbers corresponding to the
physical phenomena known as “Wood Anomalies” [16, 50, 59]. Under this assumption,
for y > max[f(z)], every a quasi-periodic solution to the Helmholtz equation (2.6) can be

written as

oo oo
1/}scat(,r): Z Aneianxfiﬁny_f_ Z Bnem"“Hﬁ"y- (2.16)

n=—oo n=—oo
In order to disallow incoming or unbounded waves as y — oo, we impose the following

radiation condition:

Definition 2.1.1. A solution in y > max[f(z)] of the form (2.16) is said to satisfy the
radiation condition as y — oo and is called “radiating” if A, =0 for all n. Similarly, such
a solution in y < min[f(z)] satisfies the radiation condition as y — —oo if By, = 0 for all

n.

Thus, a radiating solution 1°@(r) can be expanded in y > max[f ()] as

wscat(,r,) _ Z Bneianﬂﬁ-f—iﬁny‘ (2,17)

n=—oo

Remark 2.1.3. The waves corresponding to n € U are constant in magnitude and are

U

called “propagating,” whereas for n & U the waves exponentially decay as y — oo and are

called “evanescent.” The nth propagating wave travels in the direction (9=, %), the number
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of propagating waves is a locally constant function of k, which changes by either one or two

units at the Wood Anomaly wavenumbers k = tau,.

2.1.3 Integral Equations for the Scattering Cases

As is well known, the Helmholtz and Maxwell problems discussed above can be recast in
terms of integral equations containing what is known as the “periodic Green’s function.”
For each of the TE/sound-soft and TM /sound-hard cases, there are a variety of integral
equations that have been used—see, e.g., [55, Chapter 3] for an illustration of how multiple
integral equation formulations are possible for the same case. The periodic Green’s function,
and the particular equations which will be the basis of all of our work in this thesis, are

reviewed briefly here.

2.1.3.1 Periodic Green’s Function

We begin by considering the radiating fundamental solution to the two-dimensional Helmholtz
equation [20, 55]:

O(r,r') = —Hi(k|r —7'|), (2.18)

|

where 7 = (2/,y/) and H}(2) = Jo(z) + iYp(2) is the order zero Hankel function of the
first kind (Jo(z) and Yp(z) are the order zero Bessel functions of the first and second kind,
respectively). The fundamental solution ®(r,7’), also known as the “free space Green’s

function,” satisfies

AD(r,r") + E*®(r,7") = —5(r — 1) (2.19)

together with a radiation condition which imposes that the wave is bounded and outgoing
as |r| — oo for compact sets of r'. Thus [16, 42], the radiating « quasi-periodic fundamental

solution of

o0

ADpor(r,7) + K2 Pper(r,7) = —5(y — ¢/) Z e~onL(z — 2’ 4 nlL) (2.20)
n=-—00
is
i = —ian
Dper(r,77) = 1 Z e " Hy (k|(z — 2’ +nL,y —¢')]), (2.21)

n=—oo
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or, equivalently for (z — 2’,y — y') # (nL,0) for any n € Z,

. 00 i (x—2')+ifn|y—y'|
(3 e
(I)per(’ryrl) - 2L : : /871 ) (222)

n=—oo

The function ®pe, (7, 7’) is the “periodic Green’s function.”

Remark 2.1.4. Both ®(r,7’) and ®pe (7, ') contain a logarithmic singularity at r = v’
due to the Bessel function of the second kind Yy(z) [3]. The treatment of this singularity is

an important component of the algorithm presented in this thesis.

Denoting
B = B(z,y)
— o0 2 / / L / L
(2.23)
for some small v > 0 and letting
K={keC:3[k] >0, k#0, k # +a, for every n € Z}, (2.24)

each term of the series

T2 e H (k@ — o 4+ nLyy —y))
n#—1,0,1

is well defined and differentiable for (2,4, k) in compact subsets of B x K, and the series
converges uniformly in such subsets [16] (related series which closely pertain to our algorithm

are shown in Chapter 3 to converge uniformly). Thus, for an integral of the form

[ Wl utet) st
P(x)

where
! ! ! L ! L ! !
Plae) =17 = ('y)) o — 5 < <wt 5,y = (&) (2.25)

and p(r’) is some continuous function on y’ = f(z'), ®per(r, 77) is a “weakly singular” kernel

with a log-type singularity [19]; the same is true of the normal derivatives of ®pe (7, 7’).
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We note that the above integral exists as an improper integral if r = (z, f(x)).

Remark 2.1.5. As stated in Section 2.1.1, in this thesis k is real and k > 0. In accordance
with the discussion of Section 2.1.2, we say that k is a “Wood Anomaly value” if k = ay, or
k = —a«,, for some integer n, where ay, is given by (2.14); for completeness, this definition
includes k = 0. The periodic Green’s function ®pe(1,7") is undefined for k which are Wood

Anomaly values, since for each such k there is a value of n such that 3, = 0.

2.1.3.2 Integral Equations

Let H; be a real number and let Hy > max|[f(z)],

L L
Dy =Dy(x,Hy) = {r’: (', y) a2 — 5 < <£L'+§, f@') <y <H+}, (2.26)

w(@,y') = 5 (r'), v(2',y') = Pper(r,7') and 7 € D. To derive an integral representation

for 52 (r) for the TE/sound-soft system, following, e.g., [42, Appendix B] we compute
{u [Av + k:2v] —v [Au + k2u} } dr’
Dy

in two different ways. First, by the differential equations—the Helmholtz equation for
and (2.20) for v—the integral evaluates to —¢°®*(r). Second, by Green’s second identity
we have
/ [u (Av + k‘2v) —v(Au+ k:2u)] dr’ = / (uAv — vAu) dr’
Dy Dy

o Su (2.27)

N /8D+ <_u8u(r’) —H]a,,(r/)) ds(r'),

where ds(r') is the differential arc length and the usual sign conventions have been switched

so that v(r') is the internal normal to the boundary of D, (consistent with the earlier

definition of &gj:n()r) on y = f(x)). Now, the integrals along

L
{r’ = ($/,y,) cx=x— ox f(m') <y < H+}

and
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cancel each other out. The integral along

L L
{r/:(:c’,y')::v2<:c’<x+27 y,:H+}

can be shown [42] to equal 0, since the propagating waves of u are outgoing while those of

v are incoming (since on this contour y’ > y). Therefore, letting H; — oo, we have

scat _ scat ’I"/ ' _ T ’l“/ awscat(,r/) S ’I", T
R M R ) R ]

(2.28)

Similarly, for some H_ < min[f(x)], we let

L L
D_=D_(z,H_) = {r’: (') oz — 5 < r < T+ 3, H_<y < f(ac')}, (2.29)

u(z’,y") = v(r") and v(2',y’) = Pper(r,7'), but we keep r € D as before. Here, both u

and v solve the Helmholtz equation in D_, so

{u[Av+ E*v] — v [Au+k*u]} dr' = 0. (2.30)
D_

Also,

/ [ (Av+ k20) — v (Au + K2)] dr’ = /

< Ov ou
_ oD,

u@l/(r’) - U@V(r’)) ds(r'), (2.31)

where here we have defined v(r’) as the external normal to the boundary of D_ so that on
y = f(x) it is the same normal as before. Similar to the previous calculations, the integrals

along
L
{r' =@y): 2" =x— 5 H-< y' < f(l"/)}

and

L
{r’ =(y) 2 =T+, H <y < f(:v')}

cancel each other out, while the integral along

L L
{r’:(x’,y’):x—2<a:’<x+2, y':H_}
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is 0. Thus,

- incr,M* rr’w s(r’ x
0_/73(96) <¢ () v (r) Pper (7, 7') () )d( ), y> flz).  (2.32)

Adding (2.28) and (2.32)—using the TE/sound-soft boundary condition (2.7)—results

in
sca _ N Ow(r') /
¥ t(r) = —/P(x) Pper(r, T )8l/(r’) ds(r'), y> f(x), (2.33)
which may be re-written as
/ 0 ' / inc
6+ [ Bl S s = 05, > 7o) (2.34)

where (1) = ™¢(r) + 15 (r) is the total field. Taking the normal derivative at the point
r as a limit from above the surface y = f(x), as was done for ** (r) in (2.10), results in

the second-kind integral equation

L Opu(r,r!) )
i)+ [ T = Sy, )
where
_our)
() = o (2.36)

See, e.g., [19] for details concerning this limit process; the singularity of the periodic Green’s

function at » = 7’ requires careful treatment.

Remark 2.1.6. The formula (2.33) for ¢*“®(r) is continuous in v at the interface y =
f(x) [19]. Thus, taking the limit as y — f(x) from above without applying the normal

derivative results in the first-kind integral equation

[ @l 5 () = 6 (r), = S0, (2.37)
P(x)

where we have again employed the boundary condition (2.7). This equation is ill-posed [35],

and we do not make use of it in the method we present in this thesis.

For the TM/sound-hard system, we represent ¢°°*(r) as

P () = / Do (7 )u(r) ds(r),  y > f(x), (2.38)
P(x)
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for some unknown « quasi-periodic continuous function p(7); this is similar to the TE/sound-
soft case (2.33), and it can be verified as being a radiating solution of the two-dimensional
Helmholtz equation. Applying the same normal derivative with respect to r as before and
using the TM /sound-hard boundary condition (2.8), we have

1 a@per(r,r’) ’ n o a¢inc(7') — f(r
- | L e asteh = PRy = pw) (2.39)

We note that the only difference between (2.35) and (2.39) is the sign in front of the integral.

Remark 2.1.7. The function pu(r) in equations (2.35) and (2.39) is known as the “den-
sity” [20]. For these and other integral equations, it is related to—if not identical to—what

is sometimes called the “surface current” [42, 50].

2.1.4 Computation of Scattering Efficiencies

After computing p(r) for either TE/sound-soft and TM/sound-hard scattering, the scat-
tered field ¢°**(7) can be computed point-wise everywhere in y > f(z) using (2.33) (for the
TE/sound-soft case) or (2.38) (for the TM /sound-hard case). As discussed in Section 2.1.2,
however, for y > max[f(z)] and for k # +a, (k which are not Wood Anomaly values),
%@ () can also be represented by the Rayleigh expansion (2.17) consisting of propagating
and evanescent plane waves. In particular, 15?(r) can be approximated in the “far field
region” (i.e., as y — oo) by the sum ) . B, @ty of the finitely many propagating
waves—a useful approximation in many practical cases. Although the numerical method of
this thesis focuses upon accurately and efficiently computing p(r) and can easily be applied
toward computing 15 (r) for all y > f(z) (including f(z) < y < max[f(z)] if desired), we
will use the Rayleigh expansion-based far field approximation throughout the remainder of
this thesis.

To determine the expansion’s coefficients B,, for the TE/sound-soft case, we substi-

tute the periodic Green’s function as given in (2.22) and the Rayleigh expansion (2.17)
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into (2.33), which for y > max|[f(x)] results in

wcnx—i-zﬁny

1Z}scat’,(,,,) —

3 5
—/ e, 7)) ds(r)
/g

3 eianuw')wn[y—f(x’)] , S (2.40)
- 2 2 3 plr 1+ (@) da
1 L R ;
— Z ezanm+zﬁnyw/0 ,u(,r,/)e—zanz —ifBn f(z') 1+ [f’(x’)] Cll‘/,
where we have used the L-periodicity of the integrand and
ds(r’) = \/1+ [f' (")) da’ (2.41)

;21N

along 3/ = f(z'). Orthogonality of the functions e’@n®+ny — "L Teiox+ifny in g for

x € [0, L] implies that for the TE/sound-soft case

o 1 L N, —ionz —ifn f(x') 10 0\12 !
Bn_QiLﬁn/o u(r'e 1+ [f(a)) da'. (2.42)

Similarly, it can be shown that for TM/sound-hard scattering

1 L i ]
Bn = — N p—tiana’ =iy f(z )W ! 2.4
s | e TR (2.43)

These formulas for the coefficients B,, are valid for all n, i.e., valid for the propagating and

evanescent waves.
For the propagating waves (n € U) which comprise the far field approximation of the

solution, we define

Ba
5

to be the “scattering efficiency.” This quantity is the fraction of energy scattered in the nth

XL (2.44)

en =

direction of propagation, and it can be shown (see, e.g., [48]) that
D en=1. (2.45)

The “energy balance criterion” (2.45) can be physically interpreted as a statement of conser-
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vation of energy; the unit energy incident plane wave ¢"¢(r) = e!k7) is perfectly reflected
into the far field region along the finitely many directions (9, %), n € U with energy
fraction e, in the nth direction.

Thus, one measurement of the accuracy of a computational method is the comparison
of its computed scattering efficiencies to those previously published or previously computed
by an alternate method. Furthermore, the energy balance criterion provides a measure of
the error of the sum of computed efficiencies, which is particularly useful when studying
the numerical parameter dependence of a computational method or investigating previously

unstudied scattering systems. We make extensive use of such measurements in the numerical

results we report in Chapter 4.

2.2 Periodic Green’s Function vs. Partition of Unity

As discussed in Section 2.1, one approach to the scattering problem is to solve an integral
equation. Equations (2.35) (for TE/sound-soft scattering) and (2.39) (for TM/sound-hard
scattering) are examples of such an integral equation; other examples also have been derived
and used [21, 42]. In all of these equations, the periodic Green’s function ®pe (7, ') (and/or
a normal derivative, e.g., M)gfji((:)”‘/) on y = f(z)) appears in the integrals.

To solve such an integral equation, many numerical methods, e.g., most of those de-
scribed in [13, 21], use one or more techniques to compute the periodic Green’s function
when generating a finite linear system approximation of the equation (special treatment is
involved in the numerical quadrature at r = r’). These techniques use forms of ®pe,(7,7")
different from the spatial form (2.21) in order to accelerate its computation (see, e.g., [39] for
a discussion of many of these forms) and thus accelerate the generation of the approximating
matrix equation for the scattering problem.

Our method, however, does not evaluate ®per(r, 7). Instead, based upon recasting the
integral in each of the scattering equations (2.35) and (2.39) as an improper integral over
the infinite scattering surface, it computes a related quantity that has been multiplied by a
C* windowing function from a “partition of unity” (a set of such functions which sum to 1
throughout = € (—o00, 00); see, e.g., [14, 15]). The smooth decay of this windowing function
to 0 results in a significantly more accurate approximation of the improper integral than

would be the case if a rectangular window were used: for a rectangular window, the error
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of approximation decreases as the inverse square root of the window width, while the error
decreases super-algebraically in the window width when using the smooth window. Since
a rectangular window corresponds to using a truncated series approximation of the spatial
form of ®pc, (7, 7’), the recasting and smooth windowing are a way of dramatically acceler-
ating the numerical quadrature of the integral. Thus, these steps, like the other methods’
formulas for computing the periodic Green’s function, together form a key component of
our algorithm.

In addition to its facility in the approximation of the integral operator, the smooth
windowing function we use in our algorithm also permits desirable convergence properties
for our numerical quadrature method. Integrands multiplied by this function can be peri-
odically extended (the period being larger than the length of the support of the window),
allowing for the implementation of a spectrally accurate quadrature rule which, under cer-
tain conditions, is super-algebraically convergent. See Section 2.5 for a description of this
method and Section 3.2 for a discussion of its properties.

We briefly review the forms of the periodic Green’s function discussed in [4, 13, 21]
(Section 2.2.1), since we will later compare computational results of our method to some of
those from this literature. Then, for our algorithm, we introduce a partition of unity and a
different expression of the integral in the scattering equations (Section 2.2.2). We motivate
the usefulness of this reformulation by evaluating a simple example that is closely related to

the computations performed by the numerical methods under consideration (Section 2.2.3).

2.2.1 Forms of the Periodic Green’s Function

On y = f(z) and vy = f(a'), the spatial form of the periodic Green’s function—given
by (2.21)—is

Z e ol gl (ku(z, 2’ — nL)), (2.46)

n=—oo

1

¢>per(r,r') =1

where we have defined

(2.47)

and have used the L-periodicity of f(z). This form is mentioned in [4, 13, 21] due to its

connection with the fundamental solution given by (2.18), but it is not used computationally
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in the methods described in these papers due to its slow convergence [39]. We will make
use of it when deriving our algorithm, however.
Another expression for the periodic Green’s function is the spectral form (2.22) for

(2',y") € D, where

D =D(z,y)
(2.48)
= {(x’,y') eR?: (z—2a',y—y') # (nL,0) for any n € Z} )

It has been shown [16] that in compact subsets of Dx K, where K is given by (2.24), the series
converges uniformly but cannot be term-wise differentiated in 3" at ' = y (analogously, it
cannot be term-wise differentiated in y at y = ¢/ in similar compact subsets of (z,y, k)).
Since the convergence is rapid within these subsets, methods discussed in [13, 21] compute
a truncated series approximation of (2.22) (and/or a normal derivative) on y = f(x) and
y' = f(2') wherever the conditions 2’ is away from x and f(z) is away from f(z) both hold.

A second computationally advantageous form of ®pe.(r,7') is [13, 54]

1
<I>per('ra T,) = ZH(%(]{ |($ - :E/ay - y,)})

4 1 otk L{14sin
T

du

O ikta—ary [ e HETEHERT o cos [k‘(y — ¢ )u(u? - 2@')%}
e /0 1 — etkL[1+sin(9)] o —kLu? (u2 - 21)%

n L ikLp—sin()] jik(a' —2)
T

o0 o—k(z—a'+L)u? cos [k‘(y — N u(u? — 21)%}
/ du.
0

1 — etkL[1—sin(9)] o —kLu? (’LL2 . 21)%

(2.49)

The integrals, which exist for k£ which are not Wood Anomaly values, have integrands which
decay exponentially in u, and they (and/or their normal derivatives) can be computed to
a desired degree of accuracy on y = f(x) and 3/ = f(2') for x near 2’ (including at 2’ = x)
by using appropriate numerical quadratures over sufficiently large subintervals. This is
the approach taken in [13, 21]; approaches for the special treatment of the singularity of

LHY(k|(z — 2/, f(z) — f(2'))]) at 2’ = z are discussed in detail in these papers.
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2.2.2 Recasting the Integral Equations and Applying a Partition of Unity

The forms of the periodic Green’s function ®pe (r,r’) given in (2.22) and (2.49), finite
approximations of which are used by methods described in [13, 21] because of their compu-

tational efficiency, can be used to compute the improper integral

L NN
L, T s, = fte)

in (2.35) and (2.39). Our method treats this integral in a very different manner, however.

To start with, it can be re-expressed as an improper integral over an infinite domain:

“+ P S
) / B (a’/a(r) 4 > e Hy (ku(w, ' - ”L))) p(r )1+ [f/ () da’
T—3 ‘ . n:/—oo (250)
- [ e P

‘/ = fa) WW') L[] da’s y = f(a),

where we have used the formulas (2.25), (2.46) and (2.41) for the domain P(x), the periodic
Green’s function ®pe (7, ') (spatial form) and the differential arc length ds(r’), respectively,
along with the L-periodicity of f(z') and the a quasi-periodicity of u(r’). Thus, with this
recasting, (2.35) and (2.39) become

© 4 1 wlx. ' inc r
g+ [ IR I s e = G0y pe, 2s)

and

W1+ (e de = 220 pa). (2s2)

1 > i OHy (ku(z, "))
S T i)

i,u('r) B 4 ov(r)

—00
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Now, the integral in these equations can be split into a sum of integrals by using a partition

of unity. Letting

1 el <o
S(x, w0, 71) = { exp (#) , o xo < |z| <a1, u= ‘;lliig (2.53)
0 o w| > 2,
Pi(z,2',¢,A) = S(2' —z,cA,A), 0<c<]1 (2.54)
and
Py(z,2',c,A) =1 Pi(x,2,c, A), (2.55)
we have

< § OH} (ku(z, '
eI a1 @)

:/Oo Pi(z, ¢, A)ZMM(W) 1+ [f/(2")]? da’

Cw 4 ov(r)
+/°o Py(z,2',c, A);WW’) 1+ [f/(2")]? da’ (2.56)

B z+A , i OH (ku(z,2")) , o ,
_/H Pifaal e, A) gt e S 1+ [ ()2 d

+ /OO Py(z, 2, c, A)iaHogiu((a; L ))u(r’) 1+ [f’(m’)]Qd:c’.

— 0o
Thus, through the application of the windowing function Pj(x,z’, ¢, A), another approxi-
mation of the improper integral of (2.51) and (2.52)—i.e., an approximation other than the
one made by substituting a finite approximation of the periodic Green’s function into the
equivalent integral in (2.50)—is given by the relation

< OH} (ku(z, 2’
[ e O IRV

/ Pi(x,2 ¢ A)Z Wu(r) 1+ [f/(2)]? da’ (2.57)

o+A i u(z,x
= [ A e S LD oy i i
z—A
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P,(x.x'.c,A)

Figure 2.1: Partition of unity Pi(z,2’,¢, A) + Py(z,2',¢, A) = 1

and an alternative definition of this improper integral is

[ ORI gy i P

ool ov(r)
oo - 1 /
= [ PGt )]SI L e e 2a
z+A . 1 /
-~ [ P1<x,x',c,A>;Wu<r'> L (/)P da.

The approximation (2.57) is the one made by our algorithm.
We note that both Pi(z,2',¢,A) and Ps(z,2’,¢, A) belong to C°(—o00,00). Also,

oP ! OP:
5o (2, ¢, A) — 0 and G2

(z,2',¢,A) — 0 for each fixed z as A — oo, and in the im-
plementation of our method we choose ¢ to be well away from 1. Thus, these functions
comprising the partition of unity are both smooth and “gently-sloped”; these properties
contribute (as we will illustrate) to accurately approximating the full integral. An example

of the partition of unity is plotted in Figure 2.1.

2.2.3 Preliminary Simplified Case Study

To illustrate the effect of the partition of unity, we consider a simple example of an improper
integral that contains some of the important features of the integral operator in (2.51)
and (2.52) yet, unlike this operator, can be fully discussed with ease. The simplified integral
is chosen on the basis of asymptotic considerations of the integrand

E’@H&(ku(:ﬂ,x’))

R e ORIk
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in these equations. A related—yet significantly more involved—analysis is given in Sec-
tion 3.1.3 for the full integral operators of our method.

Since the integrand has a singularity at ' = x, we focus upon

< OH} (ku(z, 2’
| s e L a

the integral

T 5 OHY (ku(z, 2
| L @)

is analyzed similarly. Now,
o®(r,v") i 0Hg(klr — 7))
ov(r) ov(r)
V(x,y)Hol(k‘(x, y) - T/D‘(

v(r)

z,y)=r
(z =o' fle) = (=)  (=f'(=),1) (2.59)
Va2 +15@) - P 1@
f@@') = f(a) = (&' — 2) f'(2) 1
(@ =)+ [f(@) = f@)N 14 p@P

NSNS

- —ik:Hll(k:u(:c, ')

_ iku(w,x’)ﬂll(ku(waxl))

Because [3]

lim zHj(z) = = (2.60)

z—0t T

and

o F@) = f@) — @ = ) @)
et (o =) + [f(z) — F@P
o f@) @ ) @)+ 3@ = 02 @) + O — ) — f(@) — (@' = ) (@)
rst (o= + [f(z) = F@)F
W
242 (/@)

(2.61)

the integrand has a finite limit as 2’ — 2. On the other hand, the asymptotic expansion

of H{(z) as z — 0o (2 real and positive) is given by the formula [57]

o) ~ (2} ete) L

+0(z77) |, (2.62)
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(I'(#) is the well-known Gamma function) while

w(z,7) = /(@ — 2 + [f(@) — f@)] ~ o, o — . (2.63)

Also, the function /1 + [f/(2/)]? is L-periodic, so it can be represented by a Fourier series

with basis functions of the form e~ %" , n € Z, while u(r’) being a quasi-periodic implies

. 2mn ’
that it can be expanded in a series with basis functions of the form G , n € Z.
i(k+a+27‘T")z’
Va!
Therefore, for purposes of illustration, we choose to analyze the improper integral

So, as ' — oo, each mode of the integrand behaves like ¢ for some n € Z.

N [eS) eik;lx’ ,
Tex(Kp) E/O T dx’, (2.64)
where
- 2
mgk+a+%?,nez, (2.65)

since its integrand not only has the appropriate behavior as ' — oo but also

A eik_nx’
lim dz’
A—o0 Jo x!

exists if k,, # 0 (as we will show).

We begin by noting that for k, = 0 the integral

/oo eik_ng:’ dx/_/oo 1 dlj (2 66)
o Vo Jo Vo '

does not exist. k, =k + o + QWT" = 0 corresponds to k being a particular Wood Anomaly

value (Remark 2.1.5); if k is not a Wood Anomaly value, then there is no n € Z such that
kn, = 0. This is like the integral of the scattering equations (2.51) and (2.52): if k is a
Wood Anomaly value, then that integral cannot be re-expressed in the form found in (2.35)
and (2.39) (which use the periodic Green’s function), and it also does not exist for most

p(r'). But, for k, # 0 we can compute a closed form expression for Iy (k). Letting

- — 1
w =\ kpa! dw =\ ky,——=dx’' 2.67
Y — Vo= (2.67)

(we may choose a branch of \/k, for negative k, as well as for positive k,), the integral
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becomes

Tex (Ep) \/» / e dup
(2.68)
\/» / cos + isin (wz)] dw.
Using complex analysis, or directly using the formulas [3]
o . 2 & 2 1 T
sin (w?) dw = cos (w?) dw = =/ =, (2.69)
0 0 2V 2

we determine that

- [ T . T

/’” E’@H&(k‘u(ﬂv,x’))
o 4 ov(r)

Remark 2.2.1. For
(/1 + [ ()] o,
i(—k+a+27rTn)z,

an asymptotic analysis of the integrand shows that each of its modes behaves like € T

for some n € Z as ¥’ — —o0, so an appropriate simplified example is
0 —iknx oo iknx'
e~ "n etin
dx’ :/ dx’' 2.71
| == [ (271)

_ 2
knzk—a—%,nez (2.72)

where here

Again, k, # 0 must hold for the integral to exist, and again this condition corresponds to k

not being a particular Wood Anomaly value.

In addition to this formula for I (k,), we generate two different finite integral approx-

imations which are of interest. Since

B A eik_nm’ ) o) zk_nx o
Iy (kp) = dx’ +
e o Val A \F
zknz ) o9 , eik_na:’ ) ( 7)
P(0,2',¢, A)—— dac —|—/ Py(0,2", ¢, A) dx 2.73
/0 0 V!
, 00 eil{na}’ )
Pl():ccA dﬂer/ Py(0,2' ¢, A dx’,
/ g e
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where P;(0,2',¢, A) and P5(0,2', ¢, A) are determined by (2.53), (2.54) and (2.55), we let

A _ikpx
Ioer(kp, A :/ dx’ 2.74
pr(lns A) = |~ (2.74)

and B
iknx’

V!

be two approximations for Ioy (ky,), each of which converges to Iey (k) as A — oo. Ipart(k:n, c, A)

da’ (2.75)

A
Lonet(Jims ¢, A) = / PL(0, 2, ¢, A)
0

can be viewed as the result of multiplying the kernel of the I.x(k,) integral in (2.64) by
a C*[0,00) windowing function equal to P;(0,2/,¢, A) for o' € [0,00), while Iper(kn, A)
uses the rectangular (thus, discontinuous) windowing function which can be expressed as
lim.; P1(0,2,¢,A) for 2’ € [0,00). Also, if A = ML for some positive integer M, then

Iper(k_n, A) and Ipart(En, A) can be re-expressed as

/LM 1 zkn(:r’+mL

per
m=0 “I‘ + 27rm
(2.76)
L M-1 zknw
_/ Z €i(k+a)mL7d$/
0 m=0 \/37, + kim
and
LM 1 ikna’
Loart (kn, A) = / kte)mL py (0, 2" + mL, ¢, A) da’. (2.77)

,/x/+2im
kn

The integrand in the formula for Ipe(kn,A) is similar to a mode of a truncated series
approximation of the periodic Green’s function’s spatial form (2.21); the integrand in the
formula for Ipart(lgn, A) is the same except that it has one or more of its terms multiplied by
a smooth function with value between 0 and 1. Thus, for a fixed choice of ¢ and increasing
values of A we compare how quickly Iper(En,A) and Ipart(k:in,c, A) approach Iec(ky) by

computing the approximation errors

0o iknx'
Tex () — Toex (s A)| /A s (2.78)
and
_ elknac
e () — Tyt (s, A)| = / Pa(0.' e, )= | (2.79)
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Figure 2.2: Partition of unity function P;(0,2’,0.1,10) for 2’ € [0, 10]

A Iex(kn) = Ipex(kn, A)| [Tex(kn) — Tpart (kn, 0.1, A)]

10 5.0 x 1072 85 x 107°
20 3.6 x 1072 9.7 x 1077
25 3.2x 1072 1.9 x 1077
50 2.3 x 1072 4.9 x 10710
75 1.8 x 1072 4.7 x 10711
100 1.6 x 102 7.7 x 10714

Table 2.1: Approximation errors for various A (k, = 2m)

and in doing so we illustrate the impact of the smooth windowing function in our compu-
tations.

In particular, we consider Ioy(27) = %—i—%z Using Mathematica, we numerically evaluate
the definite integrals for Ier(2m, A) and Ipa (27, ¢, A) using ¢ = 0.1 and increasing values
of A. A plot of one of the partition functions, P;(0,2’,0.1,10), is given in Figure 2.2, and
the approximation errors are given in Table 2.1. As A increases, Ipart(27,0.1, A) converges
super-algebraically to Iex(27) while e (27, A) converges very slowly, even though the limits
of integration of their associated integrals is the same and Ipar (27, 0.1, A) has the seemingly
additional penalty of having its integrand multiplied by a function which is between 0 and
1 in part of the interval. Remarkably, I,er(2m, 100) approximates Iex(2m) to about 2 digits
while It (27,0.1,100) approximates Iox(27) to nearly machine precision. We perform a
similar study for lex (%) = 1414; the results are found in Table 2.2, and they follow a similar
pattern to those for Iey(27).

The differences in the errors of the approximations can be understood by computing

asymptotic expansions of the integrals in (2.78) and (2.79) [5] (again, as we noted at the
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A Iex(kn) = Ipex(kn, A [Tex(kn) — Tpart (kn, 0.1, A)]

100 6.4 x 1072 3.9 x 1077
200 4.5 x 1072 9.8 x 10710
300 3.7 x 1072 9.3 x 10711
400 3.2 x 1072 1.5 x 10713

)

Table 2.2: Approximation errors for various A (k, =

wolx

beginning of this section, the following analysis is related to, but much simpler than, the
analysis for the actual integrals our method computes). Making a change of variables and

using integration by parts,

/oo eik_nx/ p ,
€T
A Va

\/7 o) eik_nAx_’ _
=[VA / — dz’
1 Ve

ez‘k}AgE'

ik, AVz'

VA de’

\/Z 1 [ ez’k;LAz"
B ikn A2 /1

- (2.80)
1 X

_o (11) |
Vn VknA
This expansion indicates that as A increases from 10 to 100 there is about a factor of
V10 =~ 3.16 decrease in the size of the error in using the Iper(k_n, A) approximation found
in (2.74), and such a decrease is observed in Table 2.1 (a factor of v/4 ~ 2 decrease is observed
in Table 2.2 as A increases from 100 to 400). Stated another way, A must increase by a
factor of 100, i.e., the number of terms in the series in (2.76) must increase by a factor of 100,
in order to gain an additional digit of accuracy in approximation when using the rectangular
window. Additionally, the expansion shows that the error is inversely proportional to the
value of ky,, i.e., it is inversely proportional to the square root of k,, multiplied by the square
root of k,A; this is borne out by comparing the A = 25 value for k, = 27 (Table 2.1) to
the A = 100 value for k,, = Z (Table 2.2), the A = 50 value for k, = 27 to the A = 200

value for k, = 5, etc. On the other hand,

/

1
Py(0,2', ¢, A) = P, <0, :71’ 1, c) , (2.81)
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so that the error of approximation in using the smooth window as described in (2.75) is

o) ezknx
Py(0,2',c, A dx’
[, P v

P O 1, ==
‘ﬂ/ 2 a! ) pikncAT 4o

0 1, 1) ikn Az |
\/; ik A
P (0,2/,1,1)
e
P, (0,2/,1,1)
Y

-|a

\ﬁ
’Lk‘ ik, A 895

Ve /°°<9

" Ve

]ezknch dz’

]ezknch dz'| .

(2.82)

Integrating by parts p times—differentiating % (the derivatives of P, are non-
T

ikycAz’

zero only for z/ € (1, %)) and integrating e p times each—shows that the integral

is O —1L ) for ever > 1, since all of the boundary terms that arise from the
x/E (kn A~z Yr= '

integration by parts procedure are 0. Thus, the error of approximation decreases super-

algebraically as A increases, and the relative sizes of the data between the Table 2.1 and

Table 2.2 results for this approximation behaves as expected (e.g., the A = 25 value for

ky, = 2 is about half the size of the A = 100 value for k, = %, etc.).

Remark 2.2.2. The error depends upon ¢ through the derivatives of Py (the magnitudes of
these derivatives increase as ¢ approaches 1) as well as the length of the interval x' € (1, %)
over which they are non-zero, so it is useful to choose a value of ¢ that is non-zero but also

well away from 1.

Therefore, using a C'*° windowing function is decidedly superior to using a rectangular
one (equivalent to using an truncation of the series for the periodic Green’s function’s spatial
formula) when approximating the simple example integral (2.64). The same windowing
also yields super-algebraic convergence in our algorithm’s computations of the scattering
problem; see Section 3.1.3 for a proof of this and Section 4.1 for numerical results that

demonstrate this.
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2.3 Two Representations of the Density

The TE/sound-soft integral equation (2.51) and the TM/sound-hard integral equation (2.52)
are solved for the a quasi-periodic density p(r), where a = ksin(f) as stated in (2.13).
These equations can be reformulated so as to be solved for an L-periodic function in the
interval x € [0, L], where this function is equal to p(r) divided by a known « quasi-periodic
function. We derive two such sets of equations and unknowns in Sections 2.3.1 and 2.3.2.
Then, in Section 2.3.3 we show how consideration of the types of waves induced by the
incident wave impacting the grating y = f(z) lead us to using one or the other of these
sets in our computations depending upon the physical properties of the scattering system—
in particular, depending upon whether multiple scattering is present. This use of two
representations of p(r) is another important component of our method, since for many
scattering problems (especially high-frequency problems) significant computational savings

can be achieved through a good choice of representation.

2.3.1 First Representation of the Density

Taking into account (2.59), the relation

7a¢in0(,~) =ika - v(r)e

ov(r)

ikaer

— _ZkSIH(Q)f'(x) + COS(Q) eik[Sin(mm—cos(G)f(;c)] (283)

R L4 (@)

and dividing the TE/sound-soft equation (2.51) by —ik piksin(0)z

m, we obtain

w1 (zx) + / gz, 2 h(ku(z, 2'))e”*smO@=) () da' = qi(z), 0<z<L. (2.84)

—00

Here we have set

o) = i f(a') = flz) = (@' —2)f'(2) 9 85
M) = o+ )~ FP (2:59)
h(t) = tH{(t), (2.86)
q1(x) = [sin(0) f'(z) + cos(6)] e~ o)) (2.87)
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etk sin()x 5
(o) = nlr) g1+ (PP (259

Similarly, the TM/sound-hard equation (2.52) can be re-expressed as

and

w1 (x) — / g(z, " Yh(ku(x, 2'))e FO@=2) (Y da! = qi(z), 0<z<L. (2.89)

—00

In both the TE/sound-soft and TM /sound-hard cases, we have thus formulated the density
wu(r) as the product of elementary functions, a function of the grating y = f(x) and the L-
periodic function pq (z)—the unknown in the new equations. Due to their L-periodic nature,
the equations (2.84) and (2.89) are specified as being solved for = € [0, L] for purposes of
later discussion.
Given the e'* factor in the asymptotic expansion (2.62) of H{(z) as z — oo, it is useful
to re-express (2.84) and (2.89) in the form
w1 () £ /OO g(z, x')Meik¢l(x’xl)u1(x') dr' = q(z), 0<xz<IL, (2.90)

. 7
> etku(z,z’)

where
1 (z,2') = u(z,2’) — sin(0)(z — 2')

= /(@ — )+ [f(o) — (@) — sin(0) (z — o).

(2.91)

This form of the integral, with the smooth windowing of Section 2.2.2 applied to it, will be

analyzed in Section 3.1.3.

2.3.2 A Second Pair of Equations and an Alternate Unknown

Motivated by the work presented in [17], we re-express the scattering equations (2.51)
and (2.52) in yet another form, which yields a new representation of p(r). As we will show
later, it is highly advantageous to use this alternate pair of equations for certain scattering

configurations.
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2.3.2.1 High-Frequency Asymptotic Series Ansatz and Its Physical Restric-

tions

In [17], a high-order high-frequency (i.e., large k) numerical method was developed for
scattering problems under certain conditions. For TE/sound-soft scattering, the integral
equation it solves is based upon a double-layer potential representation of the scattered

field; stated in terms of the notation of this thesis, this equation reads

oD (r,r’)

1 / /N _ _ ,pinc r — T
)+ [ SR = ), y= g e9)

Now, dividing both sides of (2.92) by

%wiHC(T) _ %eiaz—iﬁf(z) — %eik[Siﬂ(G)fﬂ—COS(g)f@)} (293)
results in
iaxtiBf(x 0P r,r' —tox+iBf(x
e ) +2/ 1 )815(1"))6 T () ds(r') = =2,y = f(z), (2.94)
y'=f(z'

and on the basis of this equation the method of [17] uses the asymptotic expression

() ~ eiklsin(@)z—cos(6) /()] i Vnk(f) (2.95)
n=0

as an ansatz: the unknown p(r) is expressed as the product of a known, “rapidly oscillating”
a quasi-periodic function (increasing oscillations as k increases) and an unknown, “slowly
oscillating” L-periodic function (bounded number of oscillations as k increases) which can
be represented asymptotically as k — oo by a power series in % Substituting this ansatz
into (2.94), the L-periodic functions v, (z) are determined up to some chosen order (as
k increases, the number of v,(z) that are needed for a given accuracy decreases) using
Taylor/Fourier series expansions and analytic continuation to reinterpret certain divergent

integrals. A similar ansatz was developed in [17] for TM /sound-hard scattering.
Many practical scattering systems, especially high-frequency systems, can be solved
accurately and rapidly with this method. Also, unlike methods that use the periodic Green’s
function, this solver works for at least some Wood Anomaly values of k, as can be seen in

the computational results given in [17] (some of these results are described in Appendix B).
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However, the method requires that certain conditions are satisfied by the surface profile
y = f(x) and the incidence angle 6. In particular, f(z) is presumed to be analytic (this
allows certain Taylor series expansions to be used in the analysis). Also, given t = 2/ — x,

the condition

2Rt - f@P >0, 120 (2.96)

is assumed to hold, which restricts the amplitude of f(z) (an example given in [17] is that,
for f(x) = acos(x), the condition is satisfied for a < 1). Additionally, a joint restriction on

f(x) and @ is that the relation

_sin(0) f'(z) + cos(0)
1+ [f'(2))?

a-v(r)= =0— f'(x) = —cot(h) (2.97)

is nowhere satisfied, where v(r) is the upward normal to the grating as defined in Sec-
tion 2.1.1 (not to be confused with the functions v, (z)). Physically, (2.97) describes a set
of points r = (x, f(z)) where rays of the incident wave are tangent to the surface. We call
these locations “shadow boundaries” or “shadowing points,” and we call the set of points
where a - v(r) > 0 (where the incident wave does not directly illuminate the grating) the
“shadow region” [20]. So, the second restriction implies that there is no shadowing.

We also note that, as stated in [17], the function vp(z) = —2 in the asymptotic series
corresponds to the Kirchhoff approximation for the density w(r). This high-frequency ap-
proximation, as is well known (see, e.g., [20]), results as the scattering surface at each point
r is locally approximated by a tangent plane. Given the scattering equation (2.92)—in

particular, the incident field

d)inc (,r,) _ ei(ka~7‘)

_ eik’[sin(@)x—cos(G)f(x)]

(2.98)

at each point r = (z, f(z)) on the grating—by the Law of Reflection and the planar ap-
proximation (for a plane wave reflecting from a planar surface, the angle of incidence equals
the angle of reflection, where the angles are measured relative to the normal to the surface)

the Kirchhoff approximation for the density is

() ~ —2¢ikEm(O)a—cos(0)f (@)] (2.99)
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This is equivalent to vp(z) = —2 and v,(x) = 0, n = 1,2,3,..., and it also corresponds
to approximating the integral in the equation as 0. The Kirchhoff approximation may
be sufficient for certain applications, depending upon the size of k and the computational

accuracy required, so we use it as a point of comparison for some of our results in Chapter 4.

Remark 2.3.1. A different treatment for the shadowing that arises in the problem of scat-
tering from a convex obstacle is discussed in [20]: the approzimation u(r) = 0 is used in the
shadow region (i.e., where o -v(r) > 0). The method of [17], however, does not deal with
rough surface scattering cases that have shadowing (as stated earlier). We use the approz-
imation of (2.99) for all points on the scattering surfaces—including those in the shadow
regions that exist for certain cases—when applying the Kirchhoff approzimation numerically

in the computational results of Chapter 4.

2.3.2.2 Second Representation of the Density

Because of the usefulness of the method presented in [17], particularly for large wavenum-
bers k, we establish a similar representation for the density in our scattering equations.

We divide (2.51) and (2.52) by —ik®
etk cos(0) f(x)

ik[sin(0)xz—cos(0) f(x)]

V14 ()]

—equivalent to dividing (2.90) by

—to obtain

o0 /
pa(x) + / g(x,x’)%eik@(%“,)ug(ﬂ) dr' = qo(z), 0<z <L, (2.100)
o etku(z,x

where

etk sin(@)x+ik cos(0) f ()

pa() = p(r i 1+ [f(2))
e—ika-r 5
_ : 1+ [f (2.101)
wr)—g; [f"(2)] o)
_ Iul(x)eik: cos(@)f(m)7
q2(x) = sin(0) f'(x) + cos(6)
(2.102)

=q (ZC)@Zk cos(0) f(x)
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and

po(w,2') = u(w, ") — sin(0)(z — 2') + cos(9) [ f(x) — f(2')]

= [|r — 'r’| —a-(r— T/)]r:(x,f(x))7 r'=(x',f(z'))

= ¢1(x,2") + cos(0) [f(z) — f(a")]

= \/(9: — /)2 + [f(z) = f(2)]* = (sin(0), = cos(0)) - (x — &', f(z) — f(a)).
(2.103)

Thus, we have an alternate pair of equations—with unknown L-periodic function po(x)—
which we may use to compute TE/sound-soft and TM /sound-hard scattering.

Unlike [17], in our method we do not assume that ps(z) is necessarily slowly oscillating
in z with an asymptotic expansion of the form given in (2.95). Also, our method does not
place any restrictions on the scattering configurations that can be examined; the grating
can be very deep, and shadowing can occur.

When po(z) is slowly oscillating, the coefficients of its Fourier series decay rapidly even
for large k. Thus, sometimes significantly fewer Fourier coefficients are necessary to accu-
rately represent po(z) than are needed for u(z), and it is useful to determine the configu-
rations for which this is the case—as is done in the next section (Section 2.3.3). We briefly
note here, though, that the ansatz (2.95) developed in [17] as well as the Kirchhoff approxi-
mation (2.99) each contain the rapidly oscillatory complex phase factor ei*[sin(€)z—cos(®)f(w)]
multiplied by a slowly oscillating function (Section 2.3.2.1). Since this rapidly oscillating
factor is equal to the incident field 1)™¢(r) at r = (z, f(x)) on the scattering surface, we
expect that pa(z) will be slowly oscillating for cases in which no multiple reflections oc-
cur and each point on the grating is illuminated only by the incident field. This physical

intuition is confirmed in the discussion found in the following section.

2.3.3 Physical Considerations in the Choice of Representations

The grating profile’s height h (h = max, . |f(z) — f(2')|), period L and shape (e.g., sinu-
soidal), together with the incidence angle # and wavenumber & of the incident plane wave
(assuming either TE /sound-soft or TM/sound-hard scattering), characterize the scattering
systems under consideration in this thesis, and the interactions of the plane wave with the

grating give rise to a number of types of scattering phenomena in such systems. We discuss
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the types of scattering that can occur and relate these physical phenomena to the integral
equations that we solve. By doing this, and by examining some example cases, we desig-
nate the set of scattering configurations for which we use (2.90) (computing p;(x)) and the
set for which we use (2.100) (computing ua(z)), because making this designation leads to
substantially more efficient computations in many cases; the representation ps(x) (2.101)
is used for cases in which no multiple scattering is present, while 1 (z) (2.88) is used for

cases in which such scattering occurs.

2.3.3.1 Types of Scattering

Many kinds of scattering phenomena may arise when plane waves impinge upon the sort
of gratings we are considering [7]. We call one such kind “simple reflections” or “single
scattering.” For this type of scattering, a ray of the incident wave impacts the grating at a
point and then reflects back up to infinity at an angle determined by the Law of Reflection.
Another kind is “multiple reflections” or “multiple scattering,” in which a ray impacts the
surface at one point and then impacts one or more other points on it before traveling back
up to infinity. Finally, there is shadowing (introduced in Section 2.3.2.1); according to the
Geometrical Theory of Diffraction, a ray impacting the grating tangentially at a shadowing
point generates “creeping waves” that propagate along the scattering surface and re-radiate

rays tangentially to the surface as they propagate [26, 33].

Remark 2.3.2. For surfaces with corners and edges, which are mot treated in this thesis

but may be considered in future work, other types of scattering may occur; see [7] for details.

For a given grating and incident field, one, some or even all of these kinds of scattering
may occur. If the grating is sufficiently shallow (i.e., % is small enough) and 6 is sufficiently
close to 0 (i.e., close enough to normal incidence), only simple reflections occur. If the
grating is relatively deeper or the magnitude of the incidence angle is larger, however, then
the other types of scattering may also occur. It is possible for multiple reflections to exist
without shadowing, e.g., given a sufficiently deep grating and 8 = 0. But, it is not possible
for shadowing to occur without the existence of multiple reflections, since the grating is at
least twice continuously differentiable; the rays which initially impact the grating sufficiently

near a shadowing point impinge upon the grating a second time at points near where the

line tangent to the grating at that shadowing point intersects the grating a second time.
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Multiple Reflection Multiple Reflection

L A /\ T | /\
“‘ \\ — \""'\"""\:\

Figure 2.3: Case with only simple reflections (top), case with simple and multiple reflections
(bottom left) and case with simple reflections, multiple reflections and shadowing (bottom
right)

See Figure 2.3 for illustrations of these cases.

Remark 2.3.3. We denote cases in which only simple reflections occur as “simple-reflection
cases.” Cases in which multiple reflections arise (with or without shadowing) are called

“multiple-reflection cases.”

Using ray tracing, we can determine which scattering phenomena exist for any system
we wish to consider. Instead, however, we develop certain numerical tests which are closely
related to the functions found in the integral equations in (2.90) and (2.100). Such tests can
be applied not only to individual systems, but also to whole classes of systems; in particular,
we apply them to scattering from sinusoidal gratings of the form f(x) = %cos (2%””), and

we make extensive use of the results throughout the remainder of this thesis.
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2.3.3.2 Test for Multiple Reflections

For the equations in (2.100), which have the unknown ps(x), the kernel of the integral
contains the phase function ¢o(x, 2’). Using this function, we prove a theorem that provides
us with one numerical test for determining the types of scattering that exist for a given
incident wave and grating profile. In particular, this test determines if multiple reflections

(and possibly shadowing) are occurring or if there are only simple reflections.
Theorem 2.3.1. For ¢o(x,2’) (2.103), we have

O (x,x")

S =0 (2.104)

for some x and ' if and only if there are multiple reflections in the scattered field.

Proof. We have

a¢2($,$l) o 0
ox’ - ox!

1, f'(2")) (2.105)

V(@ —a)? + [f(2) - f(@))
A G @) e (L),
Since
(1, f/(2")] = /1 + [f'(=)) #0, (2.106)
it follows that 2¢2(%:27) L, =0ifand only if
(x—xc,f(x) _f(-rc)) . (Lf,(xc)) —a- M
(@ — 2o f@) — F@)] 07 @)l T F @)l (2.107)
Defining the unit vectors
d= (x B (L’l, (.Z') B f(.’L'/)) (2108)

and

(2.109)
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we re-express (2.107) as

A7)y =Tl (2.110)

Geometrically, this equation tells us that at 2’ = x. the angle between the vectors d and

T is the same as that between o and 7. Noting that d|, is the unit vector pointing

e
from (x, f(zc)) to (z, f(x)), T|,y_,, is the tangent to the grating at 2’ = z. and o =
(sin(@), — cos(#)) is the direction of propagation of the incident wave (Section 2.1.1), we see

that equation (2.110) admits two types of solutions, namely:

1. The “shadowing” solutions

d| —a (2.111)

r'=x.
depicted in Figure 2.4, and

2. The “multiple reflection” solutions that arise as a ray of the incident wave reflects
from the point (z., f(z.)) onto either (z, f(z)) or a point in between (in accordance

with the Law of Reflection). See Figure 2.5 for the x. > x case.

For solutions of the first type, consider the case z, > = (the x. < x case is handled similarly).

By the Mean Value Theorem, there is a point (n, f (7)) for n € (z,z.) at which

- 7| =a, (2.112)

z'=n

ie., (n, f(n)) is a shadowing point. The z. = = case is a degenerate version of the z, > x
case, with (z, f(z)) being a shadowing point. See Figure 2.4 for illustrations of these cases.

Thus, there are multiple reflections, particularly of the rays which initially impact the

02 (z,x’)

grating near the shadowing point (Section 2.3.3.1). Therefore, == = 0 implies

' =x.

that there are multiple reflections.

Conversely, if there are multiple reflections, then there exist values 1 and zy (x1 # x2)
such that a ray of the incident wave initially impinges the grating at (x2, f(z2)) and then
reflects onto the grating at (x1, f(z1)). Since the ray obeys the Law of Reflection, this

implies that %ﬂj’x/) = 0. O

x'=x9

Corollary 2.3.1. If there are no multiple reflections in the scattered field, then

/
W >0, o/>ux (2.113)
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Figure 2.4: x. > x (left) and z. = = (right) shadowing cases
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Figure 2.5: Instances of multiple reflections for xz, > =z
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and
&ﬁg;’,m) <0, o <ua (2.114)
Proof. For 2’ # x, we may write
balera!) = | (& — o/, f(&) — F&))| (1 - v ). (2115)

If there is no shadowing, then a-d < 1 for all z, 2’. Therefore, for cases in which there are
no multiple reflections (and thus no shadowing), ¢o(z,2") = 0 for 2/ = z while ¢o(x,2") > 0

for 2/ # x, and the result follows by Theorem 2.3.1. O

2.3.3.3 Test for Shadowing

As stated in Section 2.3.2.1, shadowing occurs if there are points » = (z, f(z)) such that
a-v(r)=0,ie., f'(z) = —cot(d). The converse also holds: if (z, f(x)) is a shadow point,
then f'(z) = — cot(f). Thus, we have the test

f'(z) = —cot(6) (2.116)

for some z if and only if there is shadowing.

We note that the right-hand sides of the scattering equations in (2.90) and (2.100) are
q(z) = [sin(0) f'(x) + cos(h)] e~ * OIS @) and go(z) = sin(6) f'(z) + cos(h), respectively.
By (2.116), these functions vanish at the shadowing points. Thus, like ¢o(z, ), they are
functions explicit in the integral equations we are solving which can be straightforwardly

analyzed to test for the types of scattering inherent in a given system.

2.3.3.4 Height-to-Period Ratio vs. Incidence Angle

One implication of the analysis of the previous sections is that for any given grating profile
we can determine the values of 6 for which only simple reflections are induced by the
incident wave, values for which multiple reflections also occur but shadowing does not and
values for which both multiple reflections and shadowing arise. For shallow gratings, a
large subinterval of 6 € (—%, g) may satisfy the criterion of Section 2.3.3.2 for no multiple

reflections existing, while there may be no such values for deep gratings. The test described

in Section 2.3.3.3 indicates, however, that for every rough surface of the type considered in
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this thesis there are always values of 6 for which no shadowing occurs.

Another implication of the analysis is that for a set of scattering configurations with 6
fixed and a variety of profiles we can determine which scattering phenomena are present in
each case. In particular, if the set of profiles consists of one form that is scaled to various
periods L or various heights h, we can generate functions of € that define regions of (L, 6)-
space or (h, 6)-space corresponding to cases with shadowing, with no shadowing but with
multiple reflections, etc.

As an example (one that will be very useful later in this thesis), let us consider profiles
of the form

flx) = 2005(277:10), h>0 (2.117)

(height-to-period ratio % = h). For each value of 6, we can determine the minimum value
of h for which a plane wave with incidence angle 8 multiply reflects off of the grating—a
value we denote as hy¢(0). Only simple reflections arise in such a case if h < Ay (0).
So, when examining the scattering from many gratings of this form, as we do in Chapter 4,
we can refer to Ay, (0) to determine if multiple scattering is present. A similar function
with regard to shadowing also can be generated for these profiles.

To determine h,,,¢(6) for 6 € (—g, g), we derive and solve three equations of three

unknowns: h, x1 and zs. The first equation is

8¢2 (.1'1,.712) . (‘rQ — .’El,f<1‘2) - f
)—f

O (w2 — 1, fz2) —

(2.118)

which was shown in Section 2.3.3.2 to hold if and only if multiple reflections occur. For a
given x; and h, there may be many solutions z2 to this equation (Figure 2.6).
Now, given z1, there is a minimum value of h for which equation (2.118) holds for some

xo. This is because

1+ sin(@ , Tg>T
lim 292 (@122) _ ©) 2o (2.119)

h—
0 Oy —1+sin(0) , z2 <z,
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VARYARYs

Figure 2.6: Plot of 2%20:22) with § = T = 0.5 and 1 = 0.25
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Figure 2.7: Plot of 222(71%2) with § = —T h ~0.179 and 1 = 0.25

where 1 + sin(g) > 0 and —1 +sin(d) < 0 for § € (=%,%) (i.e., no solutions zy of the

02 (z1,

equation exist if A is sufficiently small), while S 2) — ) for multiple values of x9 if A is

sufficiently large. For these values of h, x1 and x3, the second equation

0% (x1,29) _ 1+ [f'(@2)]” + [f(w2) — f (@1)] " (22)
b Vi@s =212+ [f(e2) - f @)
Az + [f(a2) = f(@)] f (332)}2
{\/(1'2 —21)® + [f(z2) — f (961)]2}

=0

— f"(22) cos(0) (2.120)

holds since %12’“) both equals 0 and has a local maximum or minimum at this value of

x9. This is illustrated in Figure 2.7.
Finally, for h, x1 and xo which solve the first and second equations, the corresponding

ray reflects from the grating at (x2, f(x2)) and re-impinges onto the grating at (x1, f(z1))
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i
|

Figure 2.8: Plot of a ray and the grating profile with = —%, h ~ 0.179, 1 = 0.25 and
x2 ~ 0.712

Figure 2.9: Plots of rays and the grating profile with # < 0 (left) and 6 > 0 (right)

(Figure 2.8). The third equation,

f(x2) — f(z1)

T2 — 1

= f'(x1), (2.121)

arises from a physical consideration of the direction of this ray. For h = hy,:(0), 21 and x4
are such that the ray impacts the scattering surface at (z1, f(x1)) tangentially (Figure 2.9),
since if the impact were not tangential we could choose a grating with a smaller value of
h such that the ray would still multiply reflect from it. Thus, the slope of the segment

connecting (g, f(z2)) to (z1, f(x1)) must equal the slope of the tangent to the surface at

(w1, f(21)).
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If (2.121) holds, then (2.118) can be re-written somewhat more simply as

L+ f/(@1) [ (22)
sgn(ze — 1)/ 1+ [f/(x1)]

+ sin(0) — f' (x2) cos(d) = 0, (2.122)

and (2.120) becomes

o= LH @) + [ () = [ (20)] 1 (x2)
|y — 1| /1 + [ (1))

L) (2 (2.123)
. {1+f ( l)f ( 2)} - —f,/($2)COS<9).

o = {1+ [0

The three equations (2.121), (2.122) and (2.123) comprise the system that we solve.

This system of equations can be solved numerically for 8 € (—%, g) Good initial guesses
for h, x1 and x9 are required, because there is not necessarily a unique solution; constraints
on the guesses include |z — 22| < 1 (i.e., the two values are less than one period apart) as
well as x1 < x9 for § < 0 and x1 > 9 for 6 > 0 (see Figure 2.9). Taking advantage of the
inherent physical symmetry about § = 0 and assuming small changes in the values of the
solution given small changes in 6, we generate the function Ay, (0) using MATLAB.

The minimum values of h for which shadowing occurs are considerably easier to compute.

We substitute the formula
f'(z) = —mhsin(27x) (2.124)

for the derivative of the surface profile into the shadowing equation (2.116) of Section 2.3.3.3
to obtain the relation

—mhsin(2rz) = — cot(6). (2.125)

Since 0 < |sin(27z)| < 1, it follows that shadowing occurs for a particular value of 6 if and
only if
1
h > —|cot(0)]. (2.126)
T

Therefore, the minimum values of A for which shadowing occurs are given by the function

hshad(0) = — |cot(0)]. (2.127)

N[
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Figure 2.10: Plots of the multiple reflection threshold h,,,;:(0) (solid line) and the shadowing

threshold hgpeq(0) (dashed line) for the grating profile f(z) = %cos (22)

The above results are straightforwardly extended to gratings of the form

f(z) = gcos <27£f’3> (2.128)

(height-to-period ratio %) As can be seen by making the changes of variables 2 = ¥, § =

and h = %, there are only simple reflections of an incoming wave with incidence angle
h

L

N < tie

if % < hmuit(0), and there are multiple reflections but no shadowing if A, (0) <
Pshad(0)-

Plots of hyu(0) and hgpeq(6) are given in Figure 2.10. In addition to the symmetry
of both functions about # = 0, we note that hgpeq(f) — oo as § — 0 and that both
Pt (0) — 0 and hgpeq(0) — 0 as 6 — £5—also physically intuitive results. We will make

extensive use of these plots when presenting our computational results in Chapter 4.

Remark 2.3.4. Of course, more complicated grating forms can be examined in the above
manner as well. For example, we can determine threshold functions amy(0) and asnaq(0)

for multi-scale surfaces such as
f(z) = % [cos(2mrx) + 0.04sin(507z)], a >0 (2.129)

(in this particular case, there is the minor additional problem of numerically computing the
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case h % 0
1 0.025 1.5 %
2 0.025 100.5 %
3 1.0 1.5 0
4 1.0 1005 0
5 1.0 1.5 %
6 1.0 100.5 %

Table 2.3: Physical quantities for the examples of this section

mazimum value of | f'(z)| for the aspaq(f) formula). Certain gratings, e.g.,
f(z) =0.1cos(2mzx) + %sin(507rac), a>0, (2.130)

require more involved analysis, however, since for some incidence angles there are multiple

reflections and perhaps also shadowing for all values of a > 0.

2.3.3.5 Examples Illustrating the Behavior of u(z) and pa(x)

As examples, we compute pi(z) and po(x) for various typical TE/sound-soft scattering
configurations. Using a grating profile of the form f(z) = %cos(2m;), we vary the grating
height h as well as the wavenumber k£ and the incidence angle 6 of the incident plane wave so
as to observe the effects of the three types of scattering. Table 2.3 lists the cases we examine.
Cases 1-2 only have simple reflections, Cases 3—4 have simple and multiple reflections but
no shadowing and Cases 5-6 have all three types (Figure 2.10). The wavenumbers k =
1.5 x 2w, 100.5 x 27 are chosen so as to be well away from all Wood Anomaly values given
the incidence angles that are considered (Remark 2.1.5).

We use the solver of [13] for these computations, which is one of the periodic Green’s
function-based methods mentioned earlier (Section 2.2.1). This method calculates the am-
plitudes a,, of the Floquet series expansion

plr 1+ [f@F = Y and™?

n=—oo

(2.131)

00
Z a ei[k sin(@)—&—nz%]x
n

n=—oo

(in this formula, 6 is measured according to our convention as stated in Section 2.1.1 rather
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than the convention of [13]). Using these amplitudes, we compute the Fourier amplitudes
of pi(x) and po(z) along with the real and imaginary parts of these functions for each case,

and we plot the results.

Remark 2.3.5. By the definition of u1(x) given in (2.88), the Fourier amplitudes of pi(x)
are equal to —g&=. In agreement with this, the plots of the FFTs of ui(z) and pa(z) are

appropriately scaled by the numbers of discretization points used to represent these functions.

We note that the solver was implemented in FORTRAN 77 using “double precision”
and “double complex” data types. Thus, the accuracy of its floating point arithmetic is
approximately 16 digits; we will refer to this level of accuracy as “double precision accu-
racy” or “machine precision accuracy.” As a result, only a subset of the Floquet modes can
contribute to its numerical representation of u(r)\/1 + [f/(x)]*>. We call these the “signif-
icant” modes. Another result is that its calculation of the amplitudes a,, of modes which
are not significant is entirely dominated by round-off error. This error carries over into the
calculations of p1(x) and pe(x), and it can be seen in the plots of their Fourier amplitudes,
where the insignificant modes have calculated amplitudes which are approximately 10716
(with slight variation from case to case) in magnitude.

For each case where k = 1.5 x 2r (Cases 1, 3 and 5), pi(x) and pa(x) have similar
Fourier spectra (Figures 2.11, 2.13 and 2.15). For k = 100.5 x 27, however, uj(z) and ua(x)
differ strongly: in Case 2, in which there are only simple reflections, ps(x) oscillates much
less than pu(x) does (Figure 2.12), while in Case 4 (with multiple reflections) and Case 6
(with multiple reflections and shadowing) 1 (x) has many fewer significant Fourier modes
than po(x) has (Figures 2.14 and 2.16).

We also note that uq(z) has about three times as many significant modes in Case 2
than it has in Case 1, while the number of such modes for ps(x) is the same in both cases
even though k£ is significantly larger in Case 2. This behavior is in agreement with the
high-frequency ansatz described in Section 2.3.2.1 (the ansatz introduced in [17]) which
motivated the formulation of us(z) in Section 2.3.2.2. On the other hand, both u;(z) and

u2(x) become increasingly oscillatory as k increases in the other cases.
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Figure 2.11: Case 1: real parts, imaginary parts and Fourier amplitudes of u(z) and uo(x)
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Figure 2.12: Case 2: real parts, imaginary parts and Fourier amplitudes of p(z) and uo(x)
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Figure 2.13: Case 3: real parts, imaginary parts and Fourier amplitudes of p(z) and ua(x)
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Figure 2.14: Case 4: real parts, imaginary parts and Fourier amplitudes of p(z) and ug(x)
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2.3.3.6 Choice of Representations

As illustrated in the previous section’s examples, it can be computationally advantageous
to determine whether p;(x) or po(z) will oscillate less for a given scattering configuration,
since the lesser oscillating function requires fewer Fourier modes to be computed in order
for accurate results to be achieved. In multiple-reflection cases, u1(z) required the same or
fewer modes for its representation than po(x) did. On the other hand, in simple-reflection
cases, po(x) had the same or fewer oscillations than pq(z) did, and it did not become
increasingly oscillatory as k increased. Thus, motivated by these examples as well as our
physical intuition, we choose to compute po(xz)—i.e., solve (2.100)—if there are only simple
reflections (as determined by the tests described earlier), while we compute pi(z)—i.e.,

solve (2.90)—otherwise.

Remark 2.3.6. Additional representations for the density u(r) beyond the one containing
u1(zx) can be derived for configurations that give rise to multiple reflections. These expres-
sions could be developed using the same kind of physical reasoning underlying the formulation
of pa(z) for simple-reflection cases, so that then the integral equations of scattering could be
solved for one or more slowly oscillating unknown functions even when multiple reflections
(and perhaps also shadowing) occur. Such representations are not pursued in this thesis
for the periodic rough surface problem. Appendiz A, however, discusses how this reasoning
is applied in the creation of an ansatz for the convex bounded obstacle problem (in which
simple reflections and shadowing occur; see Sections A.2.1 and A.3.3 for details) as well as
for the non-convex bounded obstacle problem (in which multiple scattering is also present;

see Section A.6 for details).

We note that requiring the computation of fewer Fourier modes of an L-periodic function
is equivalent to requiring the computation of that function at fewer discretization points
over the interval = € [0, L]. The numerical method of this thesis uses discretizations in z;

see Section 2.5 for further details.

2.4 Combining Windowing and the Two Representations

The algorithm proposed in this thesis results from the use of the smooth windowing functions

and partitions of unity described in Section 2.2 combined with the oscillation-capturing
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representations of the unknown densities p(r) introduced in Section 2.3. In Section 2.3,
the TE/sound-soft scattering equation (2.51) and the TM/sound-hard equation (2.52) (see
also (2.35) and (2.39)) were each reformulated in two different ways, with the result being
two pairs of equations: the pair of equations (2.90) for p;(x) (for problems in which multiple
reflections arise) and the pair of equations (2.100) for ug(x) (for problems in which only
simple reflections occur). Employing the approximation (2.57) of Section 2.2, then, gives

rise to the approximating integral equations

T+A / ) ,
,uf,‘l(:v) :I:/ Py(x,2c, A)g(x,x')MeZk¢m($’z ),uﬁ(x') dr' = gn(z), 0<z<L
xr

T ciku(z,a))

(2.132)
(m =1 or m = 2). Here u?}(x) are approximations of y,,(z) that the method of this thesis
further numerically approximates and computes.

In Section 3.1, we prove rigorously that the approximating integral operators inherent
in (2.132) converge to the corresponding operators in (2.90) and (2.100) as A — oo and that
the solutions y:} () therefore converge to pi,,(2) as A — oo. In particular, the convergence
of the operators and the solutions is super-algebraic in A as A — oo for problems with
scattering surfaces f(z) belonging to C59.(L); this is a key property of our algorithm—one

per

that contributes to its excellent performance.

2.5 Numerical Method

We present a numerical method for the computation of the integral equations (2.132).
A numerical approximation to the solution of a given equation is calculated on an equi-
spaced discretization of the interval = € [0, L] using a modified version of the Nystrém
method [37, 40]; see also [20], whose presentation we will refer to in Section 2.5.1. These
modifications include the following: a splitting of the integral operator into four integrals in
order to properly treat the integration over what is potentially more than one period of the
scattering surface and the use of a potentially finer grid for the quadrature points than the
one for the solution itself (Section 2.5.2). This leads to certain linear systems of equations
that are solved numerically (Section 2.5.3). A special approach for the computation of the
quadrature weights using a Chebyshev expansion is discussed in Section 2.5.3.1, and in Sec-

tion 2.5.3.2 the implementation of our method via Fast Fourier Transforms and GMRES [53]
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is developed. These techniques are especially useful for high-frequency cases; for simple-
reflection cases, in particular, the computational time needed to solve the linear system is
O(1) in k (Section 2.5.3.3). Finally, we briefly describe in Section 2.5.4 how the scattering
efficiencies are computed. Thus, we obtain a spectrally accurate solver, which we will show
in Section 3.2 to be convergent in the number of discretization points (super-algebraically
convergent for configurations with smooth grating profiles) and will demonstrate in Chap-

ter 4 to be highly efficient, accurate and fast for a wide variety of scattering configurations.

2.5.1 Spectrally Accurate Quadratures on Analytic Closed Curves

A Nystrom method for the numerical solution of a boundary integral equation for the
two-dimensional bounded obstacle scattering problem is presented in [20, pp. 67ff]. The
configurations under consideration in that discussion contain obstacles that are impenetra-
ble and have boundaries that are described either by analytic closed curves or by piecewise
analytic closed curves with corners. For a case with a scattering surface of the first type,
the analytic boundary curve of integration is parameterized in ¢ with 0 < ¢ < 27, and the

integral equation to be solved is written in the form

P(t) — 7 K(t,r)Y(r)dr =g(t), 0<t<2m, (2.133)
0

where (following [37, 40]; see also [35]) K (t,7) is split as
t —
K(t,7) = Ki(t,7)log {élsin2 (;)} + Ks(t, 1) (2.134)

with K (t,7), Ka(t,7) and g(t) analytic. Given the 2n discretization points

tj

T i=01,....2n—1, (2.135)
n

two quadrature formulas are used to approximate the integral. One is the trapezoidal rule

o 2n—1

F(r)dr ~ % 3 fy), (2.136)
§=0

0
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where here f € C),(27) is a generic integrand. The second,
2 Ly P 2n—1 (n)
i log |4 sin f(r)dr ~ Z RV () f(t;), 0<t<2m, (2.137)
where
2 e 1 T
R = _1E m(t —t;)] — nZCos[n(t—tj)], j=0,1,....2n—1 (2.138)

are the quadrature weights (as a function of ), handles the logarithmic singularity of the
kernel at 7 = t. These formulas, which are obtained by substituting the trigonometric
interpolation polynomial for f and integrating exactly, are spectrally accurate. Applying
them, the unknown function v (t) of (2.133) is approximated by the solution (™ (t) of

2n—1

()~ 3 RO WK 1)+ TRt 1) 0(1) = o), 0<t<2m (213
=0

and (™ (t) is computed at the discretization points by solving the linear system

2n—1
n 0 n .
W) = D2 { BV @K (b 1) + Kot t) () = (), i=0,1,....20 - L.
§=0
(2.140)
Remark 2.5.1. The quadrature formulas (2.136) and (2.137) converge exponentially for
2r-periodic f(t) that are analytic, and it follows that the approzimate solutions 1™ (t)

converge uniformly and exponentially to (t) [20].

2.5.2 Numerical Handling of the Integral Operators

The approach of the previous section cannot be directly applied to the integral operators
found in the approximating equations (2.132). The support of the integrands (for each value
of x, the support is equal to 24 due to the windowing function P;(z,2’, ¢, A)) may be larger
than 2L (L is the period of both the scattering surface and the solution in each equation),
and when this occurs a splitting of the kernels in a manner similar to the formula (2.134)
would introduce artificial singularities at 2’ =z — L, 2’ = o + L, etc.

Instead, as we describe in Section 2.5.2.1, we partition the smooth windowing function
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Py (z,2, ¢, A) using two smooth functions that are even about 2’ = x—one of which decays
to zero within one period L of 2’ = x. Thus, we isolate the logarithmic singularity of
the kernels at ' = x in a manner that allows us to apply the quadrature formulas of the
previous section to the resulting integral operators.

We develop the resulting spectrally accurate quadrature rule in detail in Section 2.5.2.2.
Unlike the method described in the previous section, we allow for a discretization for the
quadrature that is finer than the one used for the unknown functions p‘ (x) that are nu-

merically approximated and computed—a property that we discuss further in Section 2.5.3.

2.5.2.1 Partitioning of the Integral Operators
The integral operators in the approximating equations (2.132) can be expressed as

L [t N
— K™(t, )i, (T)dr, 0<t<2m
2 Jy- 2z

(m =1 or m = 2) where, using the parameterization
L
x(t) = —t, (2.141)
we let

K™, 7) = Py [2(t), 2(7), ¢, A g [x(t), 2(7)] h(iiﬁif(’i?jﬂ;)” etkomlz(2(M](9.149)

and

fim (1) = i [2(8)] - (2.143)

We note that a formula for K™ (¢,7) of the form (2.134) with analytic K;(¢,7) and
Ks(t, 7) does not hold. One reason for this is that the windowing function Py (z,2’,¢, A)—
while smooth—is not analytic; there are essential singularities at ' = v+ cA, v £ A, as can
be seen by the formulas (2.53) and (2.54). More significantly, however, ' = z+27Ll, [ =
+1,+2, ... may lie within the support of P;(z, 2/, ¢, A) (there are two such values if L < A <
2L, four if 2L < A < 3L, etc.), and the corresponding values 7 = ¢ + 2xwl, [ ==+1,+2,...
are singularities of log [4 sin? (FTT)] but are not singularities of K" (t,7)—a difficulty that

does not arise for the integral operator in (2.133).
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Figure 2.17: Py, (x, 2/, csp, Asp) and Prp(x, 2/, csp, Asp, ¢, A), with ¢y = 0.01, Ay, = %L,
c=0.5and A=3L

In order to address this difficulty, we partition P;(z,2’,¢, A) into two windowing func-
tions

Pl(l‘,:l?,, c, A) = Psp(x’xlycspv Asp) + Prp($a x/’ CspaAsp7Ca A)a (2'144)

the first one of which can be used to isolate and treat the “singular part” of the kernel
at ' = x; the remaining “regular part” of the kernel is multiplied by P,,. In particular,

given (2.53) and (2.54), we let
Pop(z, 7', csp, Asp) = S(2' — , csp Asp, Asp)s (2.145)

and

Pop(z,, csp, Asp, ¢, A) = Pi(z, 2, ¢, A) — Psp(, 2, csp, Agp) (2.146)

for certain values of cgp, Agp, ¢ and A. These smooth windowing functions, centered about
x’ = x, are chosen using the constraints As, < L and Ay, < A so that P (2,2, csp, Asp)
vanishes for 2’/ outside a subinterval of (x — L,z + L) contained within the support of
Pi(z,2', ¢, A). Also, cs, and ¢ are chosen so that the partition functions do not decay very
sharply (see Remark 2.2.2); after some numerical testing, we settled upon cg, = 0.01 and
¢ = 0.5—the values used for all of the numerical results in Chapter 4—since these choices

give satisfactory results. Figure 2.17 illustrates one example of this partition.
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Using this partition, we write

m h(kuw |x(t), 2(T)]) ks we) o(r
KG3(1,7) = Py [2(0), 2(7), sp, Aspl g o0, ()] 220D tontota) - (2.147)

and

m h(kw|z(t), 2(T)]) ko o) a(r
KG3(0,7) = Pap [2(0),2(7) cps A, 4] g (1), 7)) "o D 2 bttt
(2.148)
Since the support of K (t,7) lies within a subinterval of (¢ — 27, + 2m), we may split this

function according to the formula

K™(t,7) = K™ (t,7 )log[4sin2<t;T>} K™(t,7), (2.149)
where
™ (t,7)
= L Py (1), (7). cop Aspl 9 (t), ()] b (1) ()] (Z‘ju[[w((t)) Zr)) vttt
oy )0 g L= SO ) (010

o L kuz(), 2(T)]) ikg,fa(t) o)
etkulz(t),z(T)]

(2.150)

(J1(z) is the first-order Bessel function of the first kind) and

K™o(t,7) = K™(t,7) Kggl(t,T)log[4sin2 (t;)]. (2.151)

While K, (t, 7) and K

apa(t, 7) are not analytic, they are smooth for smooth profiles f. The

same holds for K[ (¢, 7); no splitting of this function is necessary.

Remark 2.5.2. The differentiability properties of the functions Kg,(t,7), Kg(t,7) and

K3 (t,7) follow from the well-known expressions (see, for evample, [3])

0 1+2p
an 1+p ( ) (2.152)
p=
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and
2 12 1 (1) a1+
Yi(z) = p [log (2) + C} Ji(x) — P :Om (§> [b(p+1) +¥(p)],
(2.153)
where here 1 (0) = 0,
p
Yp)=) % p=12,..., (2.154)
m=1

and

which is Euler’s constant. In particular,

1 Ol (2.156)

pelbt) = K 0 = e e

Thus, we express the integral operator of the approximating equations (2.132) as

L [ i L[ t—7\1 4
o s K™ (t, )i, (T)dr = o 2 K, (t,7)log [4 sin < 5 )] fi (T) dT
L t+¥

o e {KSPQ(t T) —|—Km t,T },um )dr
- T

27 Ag
Lo o (t—7\] 4
2w J_2mie K (t,7)log [4S1n2 ( 5 >] i (r) dr

27 Asp

L t+
% i— 27 Asp sp2
L

L t QWCSEASP
_A
+ or o Ko (t, 7) iy, (7) dT
L
L t+27'rA
+ o= K (t,m) i (T) dr, 0 <t<2m

2.5.2.2 Quadrature Rule

Using the formulas of Section 2.5.1, we develop a spectrally accurate quadrature rule for
the integral (2.157).
Let n; be the number of discretization points per period of the scattering surface that

are used for the quadrature (n; is chosen to be even, just as 2n in Section 2.5.1 is even), and



68
call the points within the support of K™ (¢, ) (within the support of the smooth windowing

function P [x(t),z(7), ¢, A] for any given x) the “integration points”; we later will refer to

n; as the “number of integration points per period.” Also,

Mper = m (2.158)

is the number of whole periodic intervals of the grating to the right of x = L which have at
least some discretization points within [L, L + A). Thus, we discretize a total of 2nper + 1
intervals (corresponding to =’ € [~nperL, (nper + 1)L]) at a level of n; points per period in

order to compute the quadrature, i.e., we use

2mj

tj . J = —Mper N, —Nper - i+ 1,..., (Nper + 1)n; — 1. (2.159)

ni

We note that for any given ¢ only a subset of these values (namely, those lying within the
support of the windowing function P [z(t), z(T), ¢, A]) play a role in the discrete quadrature.

Due to the smooth decay to 0 of the kernel functions K, (¢, 7), Ko (¢, 7) and K (¢, 7)
over certain intervals, they each can be periodically extended to a 2wn-periodic function of
T for some positive integer n. These extensions can be represented by certain trigonometric
interpolation polynomials, so the quadrature formulas (2.136) and (2.137)—appropriately
modified for 2mn-periodic continuous functions that are discretized using n; points per 27-

interval—give us

27 Ag
L [t ; )
277'(' ‘ 27 Asp Spl(t’] |:4SlIl ( 9 >:| m(;>d7
L

I u (2.160)
~o Y R 0RmG ),
{5 l—t1< 22}

2w Ag
L [ _ L 27 _
o 2mAq KST;L2(t’T)Mm( T)dr ~ Dy Z Kg&(@ tj)ru’;?l(t]')’ (2.161)

t—=p+ 1 2ndsp
{j [t—tj|<—F%2 }

2mesp Asp
L (Y=t . A L 27 .
% ] % Krp(tﬂ—):u‘m( )dT ~ %E Z K (t t )Mm(t )

. 2T A 27esp Asp
{g. t— == <tj<t——F—F

(2.162)
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and
L t+¥ m —A L 27 m —A
2 J, 2mespasp Krp(th):U’m( T)dr ~ %TTI Z Krp(tvtj)lu’m(t]')' (2.163)

{J t4- 27 )y y 2mA }

Therefore, we obtain the spectrally accurate quadrature rule

27 A
L [t

-~ m ~A
o ) KOG b

~ % > {RJ('T;)(t) sp1 (B 15) + iﬂ pa(t ] )} i (t)

{5 lt-t;1<*p2 )

L 27
+ == > Kot (t), 0<t<2m

2m i . 2mesp Asp 2 A
{JC T<|t_tj|<T}

for the integral operators in (2.132).
Given this quadrature rule, we approximate the integral equations (2.132) by equations

of the form

mrosy ¥ {RPormen s Zrgen fine)

{3t =ty < e |
o >, KD (6 ) A5 () = am [2(8)], 0 <t < 2m,
{j: ImespAsp <1y < 224

(2.165)

where [imy" (t) are the approximations of fiZ (t) that arise from using the quadrature rule
with n; integration points per period. We fully discretize these equations in order to generate
linear systems that are solved numerically; as shown in the following section, it is possible
(and, for efficiency, sometimes convenient) to approximate il (t) on coarser discretizations

than the ones used for the quadrature.

2.5.3 Linear Systems of Equations

As mentioned in Section 2.5.1, an important component of the original Nystrom method [20
37, 40] is the use of a single set of points for both the discretization of the unknown density

and the discrete quadrature. We have found, however, that it is often convenient in our
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Figure 2.18: Real and imaginary parts of the kernel g(z, :L")Meik@(x’x/) (x = 0.15)

iku(z,z’)
and density po(x) for Case 2 of Section 2.3.3.5. These functions are from the TE /sound-soft
integral equation of (2.100).

context to use fewer points for the unknown than for the quadrature. A striking example
of this fact is given by the problem that arises by using the ps(z) solution in Case 2 of
Section 2.3.3.5—a high-frequency simple-reflection case—which involves an integral kernel
that is significantly more oscillatory than the solution; see Figure 2.18. As it happens, the
same is true for many general configurations involving high or low frequencies and single or
multiple scattering. Clearly, in all such cases it is advantageous to use smaller numbers of
unknowns than quadrature points, since using a single set of points for both the quadrature
and the discretization of the solution would be either inefficient or insufficient in each of
these problems.

Thus, in our approach we approximate ﬁf{ni (t) at the ny equispaced “target points”
tem > £ =0,1,2,...,ny — 1 that form a subset of the set of quadrature points (2.159)

which lie in [0, 27), where ny and the number n; of integration points per period are even
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integers and are related by the formula
n; = Ny X Npult (2.166)

for an integer ny > 1. Denoting ji, as the approximate value of ﬁ,’;‘;ni (t) at t = o,
we define fi; to be the values of the Fourier interpolation of fi,, £ =0,1,2,...,ny — 1 onto
the grid of quadrature points t;, j = 0,1,2,...,n; — 1 lying in [0, 27); these values of f[i;
are periodically extended to all 2npe + 1 intervals used for the quadrature, i.e., to all of the
points defined by (2.159). We approximate the finite sum of (2.165) at each target point
t = tpn,,,, by the quantity

n;—1
> e
7=0

_ L (3) 2r X

- % { w Z } {Rw'ilmult _]‘Kggl (tzhnmult ’ t]) + E $2 (te'nmult ? t])} ILL]

j: ‘Mmult _j thwsp
L 27 A
T omm 2 Kt )5
1
{.7 nhwspf+1S |e'nmu1t —j|STLhW}
(2.167)
where

1 .
n n A1 = 1 2] —1)74
Rj(?) ER(Q)(O):_I — COS (m ﬂ-j) — ( ) 7T7 j:0717...,nhwsp (2168)

(following the notation of [20]) and

niA
Nhw = T y Mhwsp

A nicsp A
\‘ lLSpJ » NMhwspf = \‘ISESPJ ; (2169)

we note that a,; = 0 for certain values of /, j if A is sufficiently small. Using this approxi-
mation, we therefore solve linear systems of the form
n;—1
fie £ Y iy = gm (3t £=0,1,2,...,n —1 (2.170)
§=0
for jig, £=0,1,2,...,ny — 1.

Remark 2.5.3. Setting n; = ny (i.e., Ny = 1) results in the original Nystrém approach
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for solving (2.132); for n; = ny, we have
fio = fug = @AM (L), €=0,1,2,...,n;— 1. (2.171)

If Ny > 1, the use of a Fourier interpolation of the values fip ensures spectral accuracy

throughout our computations.

We use Fast Fourier Transforms (FFTs) coupled with the iterative solver GMRES in
order to calculate the unknowns fig, £ =0,1,2,...,ny—1 of (2.170). The values R\(Z%Lr)nulrj\’
K1 (Congues t)s Koo (Eonpe s t5) and K5 (ten,,,,» ) are computed once and are multiplied
and added together according to (2.167) in order to form an array that is re-used at each
GMRES iteration. In Section 2.5.3.1, an efficient method for computing the quadrature
weights R\(ﬁz}u]m\ is developed, and the details regarding the FFTs and the use of GMRES
are described in Section 2.5.3.2. Finally, we discuss in Section 2.5.3.3 how our approach gives
rise to O(1) computational times for scattering problems in which only simple reflections

occur.

2.5.3.1 Computing Quadrature Weights

2

In order to solve the systems (2.170), we compute the quadrature weights R](- 2) (2.168)
once and use them to construct an array for our iterative linear algebra solver. We note
that each of these weights has O(n;) terms, and n; needs to increase as the wavenumber &
increases in order to maintain accuracy in the numerical approximation.

One approach to handling the expense of calculating these weights is to precompute
them for various values of j and n; and store them in a table for future use, since they do
not depend upon the physical parameters of the system. Such a table would have to be
large in order to handle all of the cases of interest, however, especially if we wished to use it
for high-frequency problems. A second approach—the one we take in this thesis—involves
using Chebyshev expansions, and it is O(1) in n; as n; — oo (for fixed j).

Re-expressing (2.168) as

n 4 21 men —1)i4
RJ(Q):_%% 3 e e _u, (2.172)
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we let N

i
1 .
Sq(z) = Z Eelmx (2.173)
m=1

so that we may write the quadrature weights as

pl¥) _ ATy [Sq <2W1>} _%‘ (2.174)

Using term-by-term differentiation and the formula for the sum of a geometric series, we

have

3

Mg

Sy(x) = Z ie™

m=1

1 (2.175)

B e em 1‘ . w#2ml, 1=0,4+1,42,...

, xT=2ml, |=0,+1,42,.
So, we can reformulate S;(x) as an improper integral plus a constant:
X
= [ sy e+ 5,00

(2.176)

e Gi(F-1)E g 77
— ig € d —
/O e et — 1 &t mzz:l m’

Thus, we can use (2.176) to calculate S, <2ni{7) and then (2.174) to compute R(%)
Chebyshev expansions are employed in order to compute the integral in (2.176). A Fast
Cosine Transform is used to efficiently calculate the coefficients of expansion of the function
S(’](ﬁ ) for ¢ € [ 27:] } For numerical stability, Taylor series approximations of the numerator
and denominator of S;(£) are computed for values of £ near 0, with i (% — 1) being used
for S;(0). Then, the Chebyshev coefficients of the integral in (2.176) are evaluated using a
recurrence relationship for the coefficients of S(’](g). Since the range of integration [0, 2%]]
decreases as n; increases (for fixed j), there is an upper bound on the number of zeros
of S{](a:) in this interval. Thus, the number of Chebyshev coefficients required for a given
accuracy of approximation of the integral in (2.176) is O(1) in n; as n; — oo (for fixed j).
The last computational element for S, (%j), the sum 27%2—11 %, diverges as n; — oo, and

its direct evaluation requires O(n;) computational time. However, given (2.155), for any
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€ > 0 there exists an integer N > 0 such that 7%:_11 % — log (% — ) —v| <eifng > N,
where v &~ 0.5772 is Euler’s constant [3]. Therefore, the sum can be approximated to any
desired degree of precision (e.g., up to machine precision) in O(1) steps as n; — o0; in
practice, the cost of computing the sum directly for any n; of interest is extremely small.

We note that for fixed Ag, the number nyysp + 1 of quadrature weights to be computed
increases as n; increases. However, as indicated in Section 2.2.3 and as will be illustrated
computationally in Section 4.3.1, as k (and thus n;) increases for a given scattering profile
f(z) and incidence angle # we may allow A (and thus Ag,) to decrease without sacrificing
computational accuracy. Therefore, in practice npywsp + 1 does not increase linearly with
k. For high-frequency configurations in which only simple reflections arise, in particular,

Nhwsp + 1 has an upper bound as k increases; this will be shown in detail in Section 3.2.2.2.

2.5.3.2 FFT Interpolation and GMRES

Using the Chebyshev expansion-based method to calculate the quadrature weights, we com-
pute the values a,; according to the formula (2.167)—recalling that a,; = 0 for certain

values of ¢, j if A is sufficiently small. The left hand side of (2.170) can be re-formulated as

ni—l ni—l
fut Y aeifiy =Y aify, £=0,1,2,...n—1, (2.177)
§=0 j=0
where
1:1:@4,' , {-n 1t:j
af, = ’ o (2.178)
id&j s £ - Nl ?é J
and (as stated previously) the values fi;, j =0,1,2,...,n; — 1 are the Fourier interpolation
of the values fiy, £ =0,1,2,...,n¢ — 1 (ftgn,,,, = fie). We solve these linear systems for

fe, £=10,1,2,... ,ny—1 using the Krylov subspace solver GMRES [53]; for our calculations,
we compute the elements afj once and re-use them at each GMRES iteration, and we
employ an FFT-based method in order to perform the necessary Fourier interpolations
(when npue > 1).

The approach we take for the interpolations depends upon the distance between two
adjacent target points o, and t(py1y.p, ., relative to the size (in periods) % of the window

of integration. If ¢y 1), 0 — tonmue < %—i.e., if the support of the window of integration
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(for a given target point) includes multiple target points—then all of the values fij, j =
0,1,2,...,n; — 1 need to be computed in order to solve the linear systems. Thus, at each
GMRES iteration, a forward FF'T is applied to the n¢-element vector followed by appropriate
zero padding and a reverse FF'T in order to generate the ni-element interpolation. However,
1) mman — nmae > #—i.e., if the support of the window of integration only includes
one target point—then certain fi; do not contribute to the matrix-vector product in the

linear systems and therefore do not need to be computed; this holds, for example, for

certain high-frequency problems in which A can be allowed to be very small, since if A is

+

;=0 for certain j and all £ = 0,1,2,...,ny — 1. In such cases,

sufficiently small then a
a forward FFT of the n¢-element vector is performed at each GMRES iteration followed
by inverse discrete Fourier transforms that are evaluated only for the relevant integration

points ;.

Remark 2.5.4. The first and second of these conditions are equivalent to the conditions

Nt < Ny AN Mot > Ny, TESPectively, by the formulas (2.159), (2.166) and (2.169).

The linear systems are solved iteratively using unpreconditioned GMRES. At each step,
approximations of the values fiy, £ = 0,1,2,...,ny — 1 are Fourier interpolated at the
required integration points, the residual at the target points is computed, and new approx-
imations of fiy are calculated. The process is stopped when the residual is sufficiently small

in norm; the threshold for this norm that is used for the results of Chapter 4 is 10714

2.5.3.3 O(1) Computations for Simple-Reflection Cases

As discussed in Section 2.5.3.1, for a given scattering profile f(x) and incidence angle 6 we
may allow A to decrease as k increases without sacrificing accuracy. In particular, for high-
frequency simple-reflection cases—for which we compute the unknown po(z) (2.101)—we
may keep kA constant as k increases. In such cases, nywsp (2.169) does not need to increase
even though k (and thus the number n; of integration points per period) increases. In
addition, for those problems we may fix the number n; of target points used to approximate
u2(x) as well as the number nyy (2.169) of quadrature points that lie within half of the
integration window about each target point. Given the computational procedures described
in Section 2.5.3.2, it follows that our algorithm requires O(1) total computational time in

order to solve the approximating linear systems (2.170) at a fixed accuracy level as k — oo
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(for a given scattering profile f(z) and incidence angle 6).
This property of our solver will be proved in detail in Section 3.2.2; computational

results illustrating this fact will be provided in Section 4.3.1.1.

2.5.4 Computation of Scattering Efficiencies

Once the unknowns jip, £ = 0,1,2,...,n¢ — 1 have been computed to a desired accuracy,
they are Fourier interpolated onto the grid of integration points ¢;, j = 0,1,2,...,n; — 1.
The coefficients B,,—given by either (2.42) (for TE/sound-soft problems) or (2.43) (for
TM /sound-hard problems)—are then calculated using the trapezoidal rule (2.136) so that
the scattering efficiencies e, (2.44), in turn, can be generated. The sum of all of these
efficiencies is also evaluated; given the “energy balance criterion” (2.45), the nearness of

this sum to 1 serves as an indicator of the overall accuracy of our computations.
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Chapter 3

Proofs

In Chapter 2, we developed a new algorithm to compute the scattering of plane waves by

periodic, impenetrable rough surfaces. Our algorithm proceeds by

1. Recasting the TE/sound-soft and TM /sound-hard integral equations (2.35) and (2.39),
which contain the periodic Green’s function ®per(r,7’) (2.21), as (2.51) and (2.52),

which contain an infinite integral;

2. Using the finite integral approximation (2.57) that results from use of the smooth
and gently-sloped windowing function Pj(z,2’,¢, A) (2.54) supported in the interval
[z — A, x + A] (Section 2.2.2);

3. Representing the solution p(r) in one of two different ways—for simple and multiple
scattering configurations, respectively—which, as shown in Section 2.3.3.5, results in

significant computational savings; and

4. Employing an efficient, spectrally accurate numerical method in order to discretize

the approximating integral equations (2.132), as shown in Section 2.5.

In this chapter, we prove that the integral operators in these approximating equations are
convergent as A — oo (super-algebraically for smooth grating profiles) and thus that the cor-
responding solutions are convergent to the true solutions in the large A limit (Section 3.1).
The main contributions in Section 3.1 are presented in Sections 3.1.1.1 and 3.1.3; certain
necessary (but essentially well-known) existence and regularity results are discussed in this
section as well. We also demonstrate that our numerical method is convergent (super-
algebraically for smooth grating profiles) as the mesh-size tends to zero (Section 3.2.1).

Note that, as shown in Chapter 4, often moderate and even small values of A and rather
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coarse discretizations suffice to produce results of high quality. Finally, in Section 3.2.2
we show that the method requires O(1) operations (prescribed accuracies in fixed compu-
tational times for arbitrarily large k) for configurations that do not give rise to multiple
reflections.

3.1 Properties of Analytical Approximation

The approximating integral equations (2.132) can be written in the form
(I + KT) (@) = gu(e), 0<z <L (3.1)

Here m is either 1 (for multiple-reflection cases) or 2 (for simple-reflection cases), “4” is

“_»

for TE/sound-soft scattering, is for TM/sound-hard scattering, and

z+A h(ku(z,2")) . /
K (x) = / ) P1<m,x',c,A>g<x,x'>Wezk%@wz(x’) da'; (3.2)

see (2.47), (2.53), (2.54), (2.85), (2.86), (2.87), (2.91), (2.102), (2.103) for the formulas of

the various kernel functions. For L-periodic continuous functions ¢(x), let

Ko@) = [ gloa) BTN dhonte g1 g (33)

etku(z,a’)
for wavenumbers which are not Wood Anomaly values (Remark 2.1.5), i.e., for
. 27
k # £ |ksin(0) + n— (3.4)
for any integer n. Then, we may write the exact scattering equations (2.90) and (2.100) as
(I £ K™) pum(z) =gm(z), 0<zx<L, (3.5)
and we have

o0 ! . ,
(K™~ K)pla) = [ Pya. ', e, A)gla,o) "FUDTD) ikom@an oty a!, (3.6)

etku(z,z’)

where Py(x,2/,¢, A) is given by (2.55).

In Section 3.1.1, we show that K'{' converges in a certain norm to K™ as A — oo
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for k£ which are not Wood Anomaly values, which implies that for such k£ the approximate
solutions i} () exist for sufficiently large A and converge in that norm to p,,(z) as A — co.
Also, we demonstrate that i, (z) and uZ(x) belong to Cper(L) for configurations with
smooth grating surfaces (Section 3.1.2). Finally, we establish in Section 3.1.3 the super-

algebraic convergence of the integral operators K'{' (and thus of the approximate solutions)

in such cases.

3.1.1 Convergence of Integral Operators and Solutions

We consider the Banach space of functions ¢ € C’Ser(L), i.e., p(z) is continuous and L-

periodic (2.1), with norm

= ; 3.7
llos = max: [o(a) (37)

we note that convergence in this norm is equivalent to uniform convergence for = € [0, L].

The approximating integral operator K'{' can be re-expressed as the finite integral
L
Kfo(e) = [ GRaa b opla) ', 052 <L (3.8)
0

here

G (x, 2k, c)

h(ku(z, 2’ +nL)) , /
= Z Pl(ac,x/ +nL,ec, A)g(m,m’ + nL) G T T) ezk¢m(x,x +nL)

n=—o0
= %ﬁ Py(z, 2" +nL,c, A)g(z, 2’ + nL)h(lz;(i;i/,jngm)eik‘ﬁm(x’x/J“"L), 0<ux2 <L,
n=—Nj4
(3.9)
where by (2.158)
Ny = nper = [2{-‘ ) (3.10)

Since the function G'{(x,2', k,c) is “weakly singular,” having a logarithmic singularity at
a2’ = x like the periodic Green’s function on the grating surface (see Section 2.1.3.1 for
details), K7}" is a compact operator on C3. (L) [35, Theorem 2.22].

We demonstrate in Section 3.1.1.1 that |[K™ — K{'|| ., — 0 as A — oo for k which are

not Wood Anomaly values. Thus, for such k it holds that K™ also is a compact operator
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on CY. (L), and this leads to the result (as we prove in Section 3.1.1.2) that the solutions

per
pa € €9 (L) of the approximating equations (3.1) exist for sufficiently large A and converge

per

in norm to the solutions y,, € C% (L) of the exact equations (3.5) as A — oo for such k.

per

3.1.1.1 Convergence of Integral Operators

In order to demonstrate the convergence in norm of K' to K™ as A — oo, we begin by
restating a key lemma from [16] which, for k& which are not Wood Anomaly values, allows

us to rewrite K™ as

L
K™Mp(x) = /0 G™(x, 2 k)p(x')dx', 0<z <L, (3.11)

where

[e.9]

h(k ! L)) . /
G (x, 2 k) = Z g(x, 2’ +nl) (:lfi;i,:j) ))e’k(bm(x’x b)) 0 <2’ < L. (3.12)

n=—oo

Lemma 3.1.1. Let s and p be compler valued functions of bounded variation defined on

the interval [0,1] C R such that

s(t), u(t) = 0 ast — 0. (3.13)

Write

s(t) = a(t) +0(t),

p(t) = c(t) + d(t),

(3.14)

where the real and imaginary parts of a, b, ¢ and d are monotone functions of t and

R(a),S(a) 10, R(b),3(b) L0,
(3.15)
R(c), 3(c) 10, R(d),3(d) | 0.

Let
m=MA—r)+s <1> ; (3.16)

n

with J(A) >0, A#2nl (l € Z), r € C and s defined as above. Then,
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1. there exists a constant C such that

N

§ : ez’rn

n=1

< C forall N > 1; (3.17)

2. if = (%) then the series
o
Z finem (3.18)
n=1
converges;

3. if s and p depend on an additional parameter A\ € RP and the convergence in (3.15)
is uniform for X\ € I C RP, then the convergence of the series (3.18) is uniform for

Ael.

With this lemma in view, let
_ / o / Y . 2
H= (:c,x,k:).—§§m,w §L+§, k#+ ksm(@)—i—nf forneZ (3.19)

for some small v > 0, so that —L — v <2’ —x < L + v and k is by definition not a Wood

Anomaly value for (x,2', k) € H. Then, the following theorem holds.

Theorem 3.1.1. The series

m > h(k:u(a:,x’—knL)) i z,2'+n
= z—;g(x7 v nL) etku(z,x’'+nL) € Fomnind) (320)

converges uniformly for (z,z' k) in compact subsets of H.

Proof. By Taylor series expansions of the formulas (2.47) and (2.85) for u(x, 2’) and g(z, '),
the formula h(t) = tH{(t) of (2.86) and the asymptotic formula (2.62) for H{(z), we have

h(ku(xz,2’ +nL)) i |2k _;sx f'(x) 1
e~ a7 oz TO\3) e
(3.21)

g(,a' +nL)

Since a series containing just the O (%) terms converges absolutely and uniformly for

n2

(x,2', k) in compact subsets of H, we focus on the O (%) terms and let
n2

|2k .3« !
(w2’ k,t) = _%W 76—137&' (3.22)
T
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Also, (2.91) and (2.103) can be rewritten as

é1(z, 2" +nL) = [1+sin(d)]nL + [1 +sin(9)] (2’ — x)
/(@) — f (@) (3:23)

+
\/(x’ —z+nL)?+ [f(z") — f(ac)]2 + (&' —x +nL)

and

¢o(z, 2’ + nL) = [1 +sin(9)] nL + [1 + sin(0)] (' — z) — cos(9) [ f(a') — f(z)]
[f (@) = f (@) (3.24)

+ N
V@ =2+ nL)? +[f(@) - f@)] + (2 -z +nL)

Accordingly, we let

) @)~ f@) |
V@ =2+ L) + @) - f@) + (@ — o+ L)

s(z, 2’ k,t) (3.25)
Now, both p(z,2', k,t) and s(x,2’, k,t) are well defined and continuously differentiable

with respect to t for t € ((), %] (for sufficiently small ), and they vanish as ¢ — 0. In partic-

1
%’Z) dt and [ }%} dt exist (i.e., are finite), so p(z,2’, k,t)

1
ular, the improper integrals [;?
and s(z, 2, k,t) (defining u(x,2’,k,0) = 0 and s(z,2’,k,0) = 0) are functions of bounded
variation for t € [O, %] [25]. Furthermore, both u(x,2’,k,t) — 0 and s(x,2’,k,t) — 0

uniformly for (z,2’, k) in compact subsets of H as t — 0. Finally, for

rn = kém(@, 2 +nL) = (RA—1) + 5 <1> (3.26)

n

we have A = [1 +sin(#)] kL, and for k which are not Wood Anomaly values the relation
A # 27l (I € Z) holds. By Lemma 3.1.1, we conclude that

00 1 A
Zu (1:, 2k, n) e (3.27)
n=2

and therefore the series R™ converges uniformly for (z,2’, k) in compact subsets of H. [
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By a similar analysis, it can be shown that the series
-2

h(ku(z,z" +nL)) ,; .
Z g(x, z + ’I’LL) D) e k¢m (z,2'+nL)

n=—0oo

also converges uniformly for (z,2’, k) in compact subsets of H. Therefore, K™ indeed may
be written as (3.11) for k£ which are not Wood Anomaly values.

Having this result, we next show that |G™(z,2’, k) — G} (z,2’, k, ¢)| — 0 uniformly for
(z,2', k) in compact subsets of H as A — oo. This is done by proving an extension of
Lemma 3.1.1 and then applying this extension to the tails of the series G} (z,2’, k, ¢) and

G™(z, 2, k).

Lemma 3.1.2. Let s(t), p(t), pn and ry be as in Lemma 3.1.1, including that s and p
depend on an additional parameter A € RP with the convergence in (3.15) being uniform
for X € I C RP. Let w(A,t) be a real function that is monotone in t and defined for
(A,t) € [Ap,00) x [0,1] such that

WAt =1, te[f(A).1] (3.28)
and w(A,t) — 0 as t — 0, where f(A) is a real monotone function such that 0 < f(A) <1

for A € [Ag,00) and f(A) | 0 as A — oo. Then,

1. if w;? =w (A, %), then the series

o .
Z W et (3.29)
n=1

converges uniformly for A € [Ag, 0);

2. if w additionally depends on A and w(A,t) — 0 as t — 0 uniformly for X € I, then the
series (3.29) converges uniformly for (A, A) € I x [Ag,00), and it converges uniformly

forxel to
e .
> e (3.30)
n=1

as A — oo.

Proof. We consider each part of the theorem in turn.
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Part 1: Since w(A,t) is a real monotone function of ¢ on [0, 1] with w | 0 as ¢ — 0, by the
conditions on x(t) in Lemma 3.1.1 it follows that w(A, t)u(t) is a complex valued function of
bounded variation on [0, 1] with the property w(A,t)u(t) — 0 as ¢ — 0 and can be written
as

w(A, t)u(t) = w(A, t)c(t) +w(A,t)d(t), (3.31)

where w(A,t)c(t) and w(A,t)d(t) are monotone functions of ¢ such that
Rw(A, t)e(t)],Sw(A, t)c(t)] 10, Rw(A,t)d(t)],Sw(A,t)d(t)] | 0. (3.32)

Thus, the series (3.29) converges. Since for each ¢t € [0, 1] the inequalities 0 < w(A,t) <1
hold for all A € [Ay, 00), it follows from Part 3 of Lemma 3.1.1 that the convergence in (3.32)

is uniform for A € [Ap, o), and thus the series (3.29) converges uniformly for A € [Ap, 00).

Part 2: If w additionally depends on A and w(A,t) — 0 uniformly for A € [ as t — 0,
then it follows from Part 3 of Lemma 3.1.1 that the convergence in (3.32) is uniform for
A € I and thus that the series (3.29) converges uniformly for (A, A) € I x [Ap,00). Given
the formula (3.28) for w(A,t), it holds that for each A € [Ap,o0) we have w; = 1 for
n=1,2,3,..., M4 for

My = {f(lA)J . (3.33)
In particular, M4 increases monotonically as A increases, and M4 — oo as A — oco. Thus,

by the uniform convergence properties of the two series (3.29) and (3.30), for every € > 0

and ¢ > 0 there exists a real A, s such that

<e (3.34)

00 My
E ,uneirn - E Mneirn
n=1 n=1

and

00 Ma

A ir A ir
> w pme™ = w e
n=1 n=1

<9

o0 My
A rn i
Wy, fn€ - Une€

(3.35)
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for A > A.s and X € I. By the triangle inequality,

00 00
2 :Hnezrn o § :wﬁﬂnewn <
n=1 n=1

S My
§ :Mnewn - § :Mnezrn
n=1 n=1

My oo
4 . 3.36
+ Z Mnezrn . Z w;;lﬂnezrn ( )
n=1 n=1
< €49.
Therefore, the series (3.29) converges uniformly for A € I to (3.30) as A — co. O

Theorem 3.1.2. For the series G} (z,2', k,c) and G™(z,2', k) given by (3.9) and (3.12),
respectively, |G (z,2', k) — G} (z, 2, k,c)| — 0 uniformly for (x,2',k) in compact subsets

of H as A — oo.

Proof. We recall that the series

m . h(ku(m,a:’—i—nL)) i z,2'+n
R™ = Z g(.%', '+ TLL) etku(z,a’+nL) € Homnind) (337)
n=2

converges uniformly for (z,2’,k) in compact subsets of H by Theorem 3.1.1. Now, the

windowing function Py (x,:v’ + %,c, A)—equal to 1 for ‘x’ —r+ %! < cA—satisfies the

conditions on w(A,t) in Lemma 3.1.2 for t € (0, %] and A sufficiently large. Thus, the series

o0
h(ku(z,z’" +nL)) , /
Ry = Z Pi(z,2" +nL,c, A)g(z,2" +nlL) ciku(z,a'+nL) ethdm(z.2'+nlL)
n=2

Na

h(ku(z,z’" +nL)) , /
= Z Pi(z,2" +nL,c,A)g(xz, 2’ +nL) hu(ea ) ethdm(@a'+nl)

(3.38)

n=2
converges uniformly for such (z,2’, k) to R™ as A — oo. Similarly, the series

-2

h(ku(z,2’ +nL)) , /
Z P (l‘, z + nL,ec, /1)9(3:7 z + TZL) o tnD) elktﬁm(zw +nL)

n=-—00
uniformly converges to

—2
h(ku(z,2’ +nL)) , /
/ ) k(z)m( '+ L)
g g(z, 2" +nlL) hu(ea L) pikdm (2" +n

n=—oo

as A — oo. Therefore, |G™(z, 2, k) — G'y (x,2', k, ¢)| — 0 uniformly for (z, ', k) in compact
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subsets of H as A — oo. O

This leads to our main result of this section:

Theorem 3.1.3. For k in compact subsets of the set of k which are not Wood Anomaly
values, the operator K'I' given by (3.8) and the operator K™ given by (3.11), we have

I|[K™ — K7}, — 0 as A— oo.

Proof. By Theorem 3.1.2, for every € > 0 there exists a value A, such that

K™ _ Km —
I[( 1) ells Jax,

L
< max ‘Gm x, 2 k) — Gﬂ(m,x’,k,c)‘ ‘90(35/)‘ dx’
0 z€0,L] (3.39)

<€ max’ |/ 1da’

x'€[0,L]

L
/ (G (2, 2/, k) — G, o k, )] () do’
0

= €L |l¢llo

for A > A and ¢ € OO, (L). Therefore,

per

Km _ Km
HKm_K;XnHoo sup H( A)(pH

< -0 (3.40)
pECO.. (L) ]l oo

as A — oo. O

Remark 3.1.1. The convergence in norm of K'{' to K™ as A — oo holds for arbitrarily
large k that are not Wood Anomaly values. We will demonstrate numerically in Section 4.3.1
that we may allow A to decrease as k increases (for a given scattering profile f(x) and in-
cidence angle 0) and maintain a desired level of computational accuracy in our results, as
was illustrated in the simplified example of Section 2.2.3. Additionally, in Section 4.3.4 we
will present a study of the application of our numerical method to problems with wavenum-
bers near and even at Wood Anomaly values, and we will show that our method is, in fact,
effective for many of these cases; excellent results for yet more configurations with Wood
Anomaly values of k—including a demonstration of the agreement between our computations

of the scattering efficiencies and those made by other algorithms—are given in Appendices B

and C.
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3.1.1.2 Existence and Convergence of Solutions

Since K'}' is a compact operator on C’ger

(L) (Section 3.1.1) and [|[K™ — K7'|| . — 0 as
A — oo for k which are not Wood Anomaly values (Theorem 3.1.3), it follows that K™ also
is a compact operator on CJ (L) for such k [35, Theorem 2.17].

Because K™ (and thus —K") is compact, both the existence and the uniqueness of the
solutions pi,, (x) of (3.5) can be established by showing that the corresponding homogeneous

equations

(I+£ K™ p(z)=0 (3.41)

only have the trivial solution ¢(z) = 0 (i.e., that I + K™ are injective), since I £ K™ are
injective if and only if they are surjective and since being injective implies that they have
bounded inverses [35, Theorem 3.4]. This is a fundamental result of the theory developed in
Riesz’ [51] generalization of Fredholm’s [27] work to Banach spaces; see, e.g., [35, Chapter
3] for further discussion of the Riesz theory. The injectivity of these operators, in turn,
follows [43] from uniqueness of solutions of TE/sound-soft and TM/sound-hard problems
for the Helmholtz equation above and below the scattering profile. The uniqueness of
solutions of the latter problems has been established for many, but not all, configurations;
see Remark 2.1.2. In any case, the injectivity of the integral operators above is assumed
throughout this thesis.

We now prove the existence and convergence of our approximate solutions ().

Theorem 3.1.4. For k which are not Wood Anomaly values, let K'}' be given by (3.8) and
K™ be given by (3.11). Then, for such k, the solutions u’: € C9

per

(L) of the approzimating
scattering equations (3.1) exist for sufficiently large A, and these solutions converge uni-
formly on [0, L] to the solutions p, € CgeT(L) of the exact scattering equations (3.5) as

A — 0.

Proof. Since K™ (and thus —K™) are compact operators on Cger

(L), I £ K™ are bounded

operators on Cger(L). As stated previously, we assume that I = K™ are injective and thus

have a bounded inverse. Because K'{' converges in norm to K™ as A — oo (Theorem 3.1.3),

it follows that I & K} have bounded inverses on CY, (L) (i.e., the solutions /s € CRer(L)

per

exist) for sufficiently large A [35, Theorem 10.1]; by [35, Corollary 10.3], it also follows that
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the error estimate
1 = il oo S C NI £ K™) = (I £ KD pmllog = CHE™ = KF) pnlloe (342)
holds for sufficiently large A and some constant C. Since
(K™ = K7) pmllog < 1K™ = K)o 1m0 — 0 (3.43)

as A — 0o, we conclude that the solutions 7} (x) converge in norm (i.e., converge uniformly

for z € [0, L]) to pm(z) as A — oo for k which are not Wood Anomaly values. O

3.1.2 Regularity of Solutions for Smooth Gratings

In this section, we apply the regularity theory presented in [43]—much of which is derived
from the results of [46]. For problems having grating profiles f(z) belonging to Cge,(L) and

for k which are not Wood Anomaly values, we show that the solutions p,, € C%_(L) of the

per

exact integral equations (3.5) can be represented as Fourier series of the form

d, e’ e

n=—o00
which converge absolutely and uniformly, where the magnitudes of the coefficients d,, de-
crease super-algebraically in n as n — Z4o00; equivalently, u,, € ngr(L). This regularity
property will lead us to conclude in the following section that the solutions u2 (2) of the ap-
proximating integral equations (3.1) converge super-algebraically in A to u,,(z) as A — oo
for problems with smooth gratings. Additionally, we show that in such cases u,‘f‘n(aﬁ) belong
to Cpey (L) as well, which will allow us to demonstrate in Section 3.2.1.3 that the correspond-

ing numerical solutions that are computed by our method are super-algebraically convergent

in the number of discretization points.

Remark 3.1.2. The regularity of pum(x) and p(x) for finitely differentiable profiles f(x)
will not be discussed here; see [43] for a theoretical discussion in these regards. Such analysis

can be developed by using minor modifications of the reasoning presented in this section.

We begin by establishing certain notation for this section that is in keeping with [43].
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Let

O ={r:—<z<L+y fl@)<y<Hy}, QO ={r:—<z<L+y H <y< f(x)}
(3.44)

for some real v > 0, H; > max|f(x)] and H_ < min[f(z)], and let
r=00". (3.45)

Also, let G; and G2 be bounded open subsets of R? such that G is a compact subset of
G9; G1 and G4 each intersect I', but each intersection is only on an open subset of r for
which y = f(z). Define

O =GN0, T;=G;NT (3.46)

for 5 = 1,2. For integer £ > 0 and real 0 < o < 1, we say that the scattering surface

y = f(x) is C“*(R) if there exists a constant C' such that
1O@) - O] < Cla— o (3.47)

for every z, 2’ € R, i.e., if the £th derivative of f is uniformly Holder continuous with Holder
exponent «. Finally, for real s, a function u(r) belongs to H*® (]R2)—the Sobolev space of

order s on R2—if J5u € Lo (Rz), where
Four)= [ (1+167)F ale)e e de, (3.49
]R2

a(€) = /R ulr)e T (3.49)

(i.e., u(&) is the Fourier transform of u(r)) and
Ly (R?) = {¢ : /RZ lp(r)* dr < oo} (3.50)

is the space of square-integrable functions on R?. The spaces H* <Q;t> and H?® (I';) are
defined with respect to H*® (RQ); see [43, pp. 77, 98, 99] for details.
We now prove certain intermediate theorems for the TE /sound-soft and TM/sound-hard

scattering problems.
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Theorem 3.1.5. Let the grating profile f(z) belong to C3S.(L). Then, for k which are

per

not Wood Anomaly values, the solution u(r) of the TE/sound-soft integral equation (2.35)

belongs to HH'%(Fl) for every integer r > 0.

Proof. As is well known (see, e.g., [19]), for k& which are not Wood Anomaly values, the

TE/sound-soft scattered field (formulated in Section 2.1.3.1)
P () = — / Ber (r, 7 (') ds () (3.51)
P(x)

is continuous throughout R?, and its normal derivatives on I's—taken as limits from above

and below the profile—satisfy the jump condition

QU (r)  du(r) _

iy owmy M Tel (3.52)
where
scat
=t S £ () ulr), T ey (3.53)

The field ¢°#(r) satisfies the Helmholtz equation (2.6) on QF, and the density pu(r) is not
only a solution of (2.35), but (as discussed in Remark 2.1.6) it also satisfies the first kind

integral equation
/73( )@per(r,r’),u(r’) ds(r') = (1) = k@), —cos@O)r = oy (3.54)
because of the Dirichlet boundary condition
PN () = —p(r), r e Ty (3.55)

Thus, since f € C59.(L), we have Ty € C™th! and 9™ € HT+%(F2) for every integer
r > 0, and there exists some p € Hf%(l“) (in fact, p(r) is continuous) such that (3.54) is
satisfied on I'y. Therefore, we invoke [43, Theorem 7.16(i)] and obtain the following result:

e HH'%(Fl) for every integer r > 0. O

Theorem 3.1.6. Let the grating profile f(z) belong to C35.(L). Then, for k which are

per

not Wood Anomaly values, the solution u(r) of the TM/sound-hard integral equation (2.39)

belongs to HH'%(IH) for every integer r > 0.
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Proof. For k which are not Wood Anomaly values, the TM /sound-hard scattered field

5 () = / Do (7, rp(r') ds(r') (3.56)
P(x)

is continuous throughout R? and satisfies both the Helmholtz equation on Q;t and the jump

condition
OUE(r) 0w (r)
ov(r) ov(r)

= —u(r), reT,. (3.57)

By (3.56), we have that 154 € C>°(Q5) since ®per(r, ') (2.21) is C>(2). Thus, for every
integer 7 > 0, 5% € H"2(Q7) and I'y € C"*H1; it follows that 5t € HH‘%(FQ) [43,
Theorem 3.37]. Because (3.56) is satisfied on 'y, the desired result again follows by [43,
Theorem 7.16(i)]. O

For a function ¢ € L?[0, L], let

-27Tn

dnel T

n=—oo

be the Fourier series of ¢. Then, consistent with our earlier notation and also in keeping
with [35, Chapter 8], we let H*[0, L] be the Sobolev space of order s on the interval [0, L].
For any real s > 0, this is the space of all functions ¢ € L?[0, L] whose Fourier coefficients
dy, satisfy

o0

> (1+0?) |dnf* < 0. (3.58)

n=-—00
We note that for s > % the Fourier series for ¢ converges absolutely and uniformly, and
its limit belongs to CJ. (L) and coincides with ¢ almost everywhere [35, Theorem 8.4];
if ¢ € C’ger(L) N H?[0, L] for some real s > 3, then the Fourier series for ¢(z) converges
absolutely and uniformly to ¢(z) for = € [0, L].

Therefore, the following result holds.

Theorem 3.1.7. Let the grating profile f(x) belong to C50.(L), and let k be such that it

per

is not a Wood Anomaly value. Then, the solutions pu, € CSET(L) (m = 1,2) of the exact

integral equations (3.5) belong to oz [0, L] for every integer r > 0; in particular, they can
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be represented as Fourier series of the form

(o)
-27Tn
1=—F—X
E dpe'' T

n=—0oo

which converge absolutely and uniformly, where the magnitudes of the coefficients d,, de-

crease super-algebraically in n as n — +oo. Equivalently, pm € Cpe.(L).

Proof. As stated in Sections 2.3.1 and 2.3.2.2, the solutions pi,, € CD,(L) of (3.5) are related
to the solution p(r) of either (2.35) (TE/sound-soft scattering) or (2.39) (TM/sound-hard

scattering) by the formulas
7’Lk sin(

i (e) = plr) — O e (3.59)
'/ f/

and
—ik sin(0)x+ik cos(

() = pu(r) — (3.60)

We choose the subsets G; and G35 so that I'y contains {r:0<x < L, y = f(x)}. Since
[ € Cpe (L), it follows from Theorems 3.1.5 and 3.1.6 and the above formulas that p,, €
otz 2[0, L] for every integer r > 0. Thus, the Fourier series expansions of i, (z) converge
absolutely and uniformly to u,, (), and it follows by the property (3.58) that the magnitudes
of the Fourier coefficients d,, decrease super-algebraically in n as n — +oo. Also, p,, €

CY..(L)N NH"™3 2[0, L] for every integer r > 0 implies that p,, € Cpe,.(L). O

per

Finally, we conclude this section with the corresponding theorem for pf (x).

Theorem 3.1.8. Let the grating profile f(x) belong to C2.(L), and let k be such that it is

per

not a Wood Anomaly value. Then, the solutions uit € C9. (L) (m = 1,2) of the approwi-

per

matz’ng integral equations (3.1) belong to HT+%[O,L] for every integer v > 0; equivalently,
m € Cpe(L).

Proof. Using the formulas

—9kietk sin(0)x —Okietk sin(0)z—ik cos(0) f(z)
pih(r) = Nfl(x)—Q = 13 (x) - : (3.61)
L+ [f' ()] L+ [f'(z)]
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we re-write (3.1) as

z+4 i OHJ (ku(x, 2’ ine (4.
s [ Pt ) S e i a2y < ),

A 4 ov(r) ov(r) ’
(3.62)
Given (2.55), this can be re-expressed as
1 A o E@H&(ku(l‘,ﬁ)) A / / / 2 /
st = [ PR A 1 )P o
_ad}inc(,r) > / EﬁHé(ku(x,x’)) Art 10oNI2 g N
el B e N R R ]
(3.63)
For both the TE/sound-soft and TM /sound-hard problems, we define
) = [ Gpalrr ) ds(r), (3.64)
P(z)

Like the function 1 (r) (3.56) in Theorem 3.1.6, ¢4 (r) is continuous throughout R? and

satisfies both the Helmholtz equation on Qét and the jump condition

i(r)  Opi(r)
ov(r) ov(r)

= —u(r), rely. (3.65)

Also, we note that the right-hand side of (3.63) is (C°, since both "¢ and
Py(z, 2 c, A)a%%w are smooth functions of z due to the smoothness of the profile
f(z) and the fact that Py(z,2’,¢, A) =0 in a neighborhood of z’ = x.

Considering first the TE/sound-soft problem, we have

T ) s
P(x

= —u ’
w2 © 82?;;)( . (3.66)
=gt + [ et 1 ) as'

Since the right-hand side of (3.63) is C*°, it follows that 1 (r) € Ht2 (I'2) for every integer
r > 0. Therefore, p?(r) € HH'%(IH) for every integer r > 0 [43, Theorem 7.16(i)], and we
conclude that p2 € C9.(L).

per
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The TM/sound-hard problem is handled similarly:

877[)_’:_1(1‘) 7_1 A?“ 8(I)perT T/) A’r/ s’
=y [ pr') ds(r')

ov(r) (3.67)
oo 1 / ’
=g+ [ TR e @ e
so we have
OP(r) _  opme(r) [ AL CTCR ) Ry
8V+<T) = - (91/(1") +/_OOP2(1’,$707A)4 an<,r) W (’I‘) 1+[f (l’ )] daj‘7 y_f(g;)
(3.68)
Again, it follows that u € Coer(L). O

3.1.3 Super-Algebraic Convergence of the Integral Operators and Solu-

tions for Smooth Gratings

Earlier (Section 2.2.3), we demonstrated that a highly simplified version of the integral
operator in the scattering equations (2.51) and (2.52) can be approximated well by using
the C°° windowing function Pj(z,z’,¢, A). In particular, the error of approximation for

this example decreases super-algebraically in A as A — oo, even though the integrand

(without the factor Pj(z,2’,¢, A)) is O (\/1;> as ' — oo; this is due to the oscillatory
component of the integrand along with the smooth decay of Pj(z,2',¢, A) to 0, as was
shown via integration by parts. In this section, we employ certain series expansions and
once again use integration by parts in order to establish with the full complexities of the
problem—without any simplifications—that the approximations of the integral operators of
our method similarly converge super-algebraically as A — oo for scattering configurations
with smooth grating profiles. In view of the error estimate (3.42), this implies that the
solutions p (z) converge super-algebraically in A, uniformly for z € [0, L], to m,(x) as

A — oo for k which are not Wood Anomaly values.

We recall that the operator K}, given by

z+A / ) ,
Kiow) = [ Pl Ayt o) PEUE L)) ik ) 4

etku(z,z’)

A (3.69)
= / G (z, 2 k,c)p(a)da', 0<z<L,
0
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converges in the C, (L) norm to K™, given by

per

etku(z,x’)

o0 hku(z, ") ko (oo
K7p(w) = [ glaat) HEEEE tbonte ) g
o (3.70)
= / G"(x, 2 k)p(z')da', 0<x<L,
0

as A — oo for k which are not Wood Anomaly values, i.e., that

K™ — K7
HKm_K;XnHoo: sup H( A)(pHoo
peC, (L) ]l oo
—  sup max,e(o,r) |(K™ — K7') ()| (3.71)
peCl. (L) max,eo, ] |o(2)]

— 0

as A — oo for such k (Section 3.1.1.1). Keeping in mind that the solutions p,(x) of the full
integral equations (3.5) belong to C29.(L) if the scattering surface f(x) belongs to C59.(L)

per per

(Section 3.1.2), we here show that

o0

m m hku(z,2") ko (o
= k) ot =| [ Pae e, gt BT D cton e p(a a| (72

decreases super-algebraically in A as A — oo, uniformly for all x € [0, L], for f,p € C.(L)

per

and k which are not Wood Anomaly values. More precisely, let

(K™ = K})p(x) =1"(x,k,c, A)

(3.73)
=1I"(x,k,c,A) + 17 (2, k, c, A),
where
I (x,k,c, A)
= [ Pa e gt LD om0 g (3.74)

oo / . ,
:/ PQ(x’x_|_m/,C,A)g(x,x+$/)h(kyk(1('7xj_f))ez/ﬂﬁm(:c,x-&-:c)so(x_'_ml) d!
0 ethku(z,z+x



and
I (xz,k,c, A)
E/_x Pg(x,m’,c,A)g(x,x’)}w@ik%(%x’)(p@/)dd
[ et D g i
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Then, the following theorem holds.

(3.75)

Theorem 3.1.9. Let the grating profile f(x) belong to C9.(L), and let ¢(x) belong to

COO

per

per

and I™(x,k,c, A) (3.75),

1.

if for everyn € Z
|EL [1 + sin(8)] + 27n| > n > 0,

Iz, k,c,A)| =0 .
xm{gx} ‘ (z,k,c, )‘ <L>

as A — oo for every integer p > 1;

then

if for everyn € Z
|kL[1 —sin(8)] 4+ 2mn| > n > 0,

A\ P
I"(z,k,c, A)| =0 | | =
g el =o((2) )

as A — oo for every integer p > 1;

then

if for everyn € Z
|kL[1 £sin(0)] 4+ 2mn| > n > 0,

that is, if k is some distance away from all Wood Anomaly values, then

K™ — K7 = I"™(x,k,c, A
xgl[gﬁ]l( A) o) Jélﬁ)i]’ (2, k,c, A

(™)

as A — oo for every integer p > 1.

(L) as well. Also, let n be a real number such that n > 0. Given IV (x,k,c, A) (3.74)

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)

(3.81)
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Remark 3.1.3. Some of the intermediate results found in the following sections allow for
estimates of these integrals to be obtained given finitely differentiable functions f(x) and
o(x). In particular, the sizes of the integrals would be algebraically small in % as A — oo

rather than super-algebraically small.

After a discussion of certain changes of variables and series expansions in Section 3.1.3.1
and a verification of several lemmas in Section 3.1.3.2, we prove Theorem 3.1.9 in Sec-
tion 3.1.3.3. Complete details are provided only for Lzr (z,k,c, A), since the proofs relating
to I%(z, k,c, A), I} (z,k,c, A) and I (z,k,c, A) are very similar. This leads to our super-

algebraic convergence result for the solutions i} (x) (Section 3.1.3.4).

3.1.3.1 Preliminary Considerations

We begin by establishing a number of preliminary results that will facilitate our analysis of
Ii(ac, k,c, A). A similar discussion for I2 (z,k,c, A) will be provided later.
Since Py(x,x 4+ 2',¢,A) =0 for 2’ € [0, cA], we have
o0

Ii(a:,k,c,A):/ Py(z,z+ 2 ¢, A)g(z,z + 2')
cA

h(ku('x7 T+ CC/)) eik:qbg(z,x—i—z’)

Shu(eate) oz + ') dx’.

(3.82)

To treat this integral, we non-dimensionalize its variables and functions by employing L
(the period of f(z) and ¢(z)) and h (the height of f(x)). Using the change of variables

t= % and defining

hz(2mx\ i ho o (2mx
37 (5) = @) — £ = o () (3.83)
and
& [277 (% n t)] = oz + L), (3.84)
we obtain

SV AN hkLis (2,8)] srseion [ /@
2 = +\4 kLot (x,t)
I (x,k,c, A) ﬂA b (c, ; ) g+ (z,1) kL (o) e @ [27r (—L + t)} dt.
(3.85)

L

Here, taking into account (2.47), (2.53)—(2.55), (2.85) and (2.103), we have set

- Lt Lt 1
PQ <C,Cj4> :1—S<CA,1,C>, (386)



(3.87)

ootz () [EEAICRN

and

(3.89)

In view of (2.105), 8%* has an upper and lower bound for ¢t € (0,00). Let ¢; > 0 be a
constant such that

gt (64 (z,t) +c1t] > €e>0 (3.90)

for all (z,t) € [0, L] x (0,00). This equation implies that, for each z € [0, L], ¢4 (z,t) + c1t

has a bounded inverse for all ¢t € [%, oo). Using a second change of variables

£ = ¢+ (‘Ta t) ) (391)

where

o4 (x,t) = (64 (2,1) + c1t] (3.92)

1+sin(0) + ¢

(2> 1+sin(f) > ¢ > 0 for —F 469 < @ < § — o, which implies that eoiq > 1+sin%¢9)+cl >
2+161 > 0) and
07! (x,6) =t, (3.93)
we thus have
0 B Lo-1 _ h(kLuy (z, 07!
12($7k707A): P2 ¢, ¢+ §+ .%',Qb_l ( - ( ~_+ >>
+ 1. (. cA cA * ikLay (2,61
o (z.5}) e P+ (3.94)

N -1
X eikL[Hsm(eHcl]ge_ikLcld);rl95 [277' (% + 95;1)] agg dg.

Remark 3.1.4. We may let ¢c1 = 0 for simple-reflection cases, since for such problems we
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8¢(II) > 0 for all ' > x (Corollary 2.5.1). But, if multiple reflections are present,

have

then we must choose ¢c1 > 0 so that (3.90) is satisfied.

Now, since ¢ € Cge, (L), we may write

P [% (% + t)} (x + Lt) Z e e (3.95)

n=—oo

this Fourier series converges absolutely and uniformly to ¢ [27r (% + t)} for (z,t) € [0, L] x

[ﬁ

T ,oo), and the magnitudes of the coefficients d,, decrease super-algebraically in n as

n — £00 (Theorem 3.1.7), i.e
du] < Coln] (3.96)

for all n € Z for every integer s > 1 and certain constants Cs that are independent of n.
Substituting (3.93) together with (3.95) into (3.94), by uniform convergence of the series
we obtain
o0
If_(a:,k,c, A) = Z I (x,k,c, A), (3.97)

n=—oo

where

Oo(m P (c, W) i (w.67) ' [kLu+ (=:57)]

é cA ik Ly (z.07") (3.98)
% eikL[1+sin(9)+c1]§ i(2nn—kLc1) ¢2— de.

As we will show, the series (3.97) is absolutely convergent, so we therefore estimate the size
of |I,(z,k,c, A)| as A — oo in order to prove Theorem 3.1.9.
We establish a number of lemmas in Section 3.1.3.2 through the use of Taylor’s for-

mula [3]

s(x+a) = s(z)+as' (x)+ =

1
/ (1-y)" "5 (a+ya) dy
D! Jo
(3.99)
for s € C7 Yz, 2 +a] UCV(x,z + a), and this will allow us in Section 3.1.3.3 to produce
a useful expansion of the integrand of each I,,(x, k, ¢, A). More precisely, we will write this
integrand as a sum of terms with periodic and/or smoothly decaying factors, and, having

this expansion, we will prove Theorem 3.1.9 via repeated integrations by parts which involve
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integrating the periodic factors and differentiating the smoothly decaying factors.

3.1.3.2 Foundational Lemmas

Recalling the formula (2.1) for C7. (L), it is convenient for us here to introduce the addi-

tional notation

Chaalb,o00) = {f € C"[b,00) : f is bounded for [b,00)} . (3.100)

We now establish a sequence of important lemmas that we will use in the next section.

Lemma 3.1.3. Fort > 0, let the functions f(t) and g(t) be given by

ft) = HZO S’;St) + S’Ce;(t) (3.101)
and -
gt)=>" T’;?St) + L tq(t), (3.102)

where ¢ > p > 1. The function f(t) has the properties S, € Cply (L) and Sy €
C’;;d_p[b, 00) for some integer ry > p and some real b > 0; g(t) has the properties T,, €
Cplr (L) and T;*™ € C4, b, 00) for some integer vy > q. Then, f(t)g(t) admits a similar

representation:

p—1 rem
FBgt)y =>" V[/;fg(t) i v (t), (3.103)

min

where Wy € Cher (rf’rg)fe(L) and Wy € Cl?;?(rffp’rgfq) [b, ).

Proof. The properties of f(t) and g(¢t) imply that S,T;_, € ngrn(” 7"’7“97””)([/) and
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gremrem ¢ CANNTSTPTIT g o0y Thus,

p—1 Srem q—1 rem
fg0) = | 24 ptp(t)] ZT’;@+thq(t>]
n=0 m=0
S5 ] [ Tn®)] | S5™(®) <= Tn®)
_;tn]n;thrtpn;tm

Trem (t) p—1 Sn(t) grem (t) Trem (t)

q p q
T ZO mo T ta
o

tt—p

_ZZM ()Tp—nlt rizzno ()Ts n(t)+§s;efn(t)ﬂn(t)

1[N T (6)S, () S () Tiem(t)
tp ZO tn+q—p + td
pi Wilt) | Wi

tt ’

(3.104)

where Wy (t) = Zfl:(} Sp(t)Ty—y(t) belongs to Cgélrn(” T9)= e( L) and W™ € ngg(” Pro=4) [b, 00)
due to the term containing the factor Sp™ (¢)T;°(¢). O

Lemma 3.1.4. Fort >0, let

1
ft) = > (3.105)
for some real p > 0. Also, let
q—1 rem
Tu(t) | T"()
t)=t ; 3.106
o) = 1+ 32 B0 S (3.106)

here T, € Cy2" (L) and Ty*™ € C, /' [b, 00) for some integer v > q and some real b > 0,
and we assume that g(t) > € > 0 fort € [b,00). Then,

q—1 rem
Flo()] = = + — > Wet) | Wo™(t) : (3.107)

O ta

where Wy € Cy2 (L) and W™ € Cy 1 1[b, 00).

per
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Proof. Since g(t) > € > 0 for t € [b, 00), it follows that 0 < f [g(t)] < & for these ¢. Thus,

q—1 rem P
Fla@®) = [t+ > T’t’ﬁ,(lt) + Qi ” )
m=0 - . (3.108)
1 1= Tn(t) T7™(t)
:tp{1+t mz:o tn(L)Jr qtq ]}

is bounded for ¢ € [b,00) and can be expanded using the Taylor formula (3.99). Setting

s(z)=a27P,x =1 and

-1
_ LI Tult) | T
a=-{) o+ (3.109)
m=0
in that formula (with v = ¢+ 1), we have
L[S 0] -0 [S e o]
Fla)] = 5 A1 —py [ 3 == 4 | R | Y e
m=0 m=0
-1 q
LoD p =g ) L[ T | T
tr q! | = 4
1 g+1
L Lopp=1). . (p—q) 1 qZTm(t)JrTqrem(t)
tP q ta+1 tm t4
m=
1 q—1 rem —p—a-l
Tn(t) T3 (1)
. 1—uv9¢1 _ m q du:
/O( y){+ytztm+tq %
m=0
(3.110)

_ rem J
applying Lemma 3.1.3 j — 1 times for [an:lo T%(Lt) + & i (t)] and collecting terms of equal

powers of %, we obtain

q—1 rem
fla®)] = Ly tp% [Z wet) , Wy (t)] : (3.111)

where Wo(t) = —pTp(t) belongs to Cf.. (L), Wi € Cl (L), etc., and W™ e Cy 1 1[b, 00)

per per

due to the term containing the factor —pT;“™(t). O

Lemma 3.1.5. Fort >0, let f € C;é,n(L), and let

te

q—1
gty =Tt + > T’;}Et) + (3.112)
m=0

+...



103
where r5 > q, either T_y =0 or T_y = 1, Tp, € Cpér (L) and ;" e Cy57 '[b,00) for some

integer vy > q and some real b > 0. Then,

q—1 rem
Fla®=>" ng(t) M i 2] (3.113)
=0

where W, € C’g;n(” ) Z(L) and W™ € Cf;gl(Tf’Tg)_q[b, 00).

Proof. We have

q—1 Trem
flo@)] = f |Tat+ To(t) + Z T’;)St) - m (t)] . (3.114)
m=1
Using © = T_1t + Tp(t) and
q—1 T t Trem( )
a= Z m(

"= 1q72 " (3.115)

1 T, (t) rem (¢

t mZ::O tert o ]

in the Taylor formula (3.99) (with v = ¢), we have

q—2 rem
Flo0)] = Tt + 0]+ + |3 Dm0 thq_f“ £t + o))+ .
m=0
q—2 rem -
" (Q—ll)!tql—l Z Tm:n}b(t) * thq—gt)] f(q V[T 1t + To(t)
- 3.116
11 [ 227,00 T ! ( :
+ (q — 1)!t7‘1 Z tm t ta—1
' 1 ¢(q) 1 = Tt (t) | T3"(1)
./0 (1—y)™ fq T 1t +To(t) +y=— z_:o m + = dy.

rem j
Applying Lemma 3.1.3 j — 1 times for [Zq 2 Tm+1( ) 4 T‘iq Et)} and collecting terms of

equal powers of > we therefore obtain

q—1 W€ t Wrem( )

(=

, (3.117)

o
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where Wy(t) = f[T-1t + Top(t)] belongs to Cg;n(rf Tg)( L), Wi(t) = Tu(t) f' [T-1t + To(t)]
belongs to Cgé}n(rf o) 1(L) etc., since fU) [T 1t + Ty(t)] € Crr)r:rn(rf ”g)(L) and

4

m=1

f(Q){ Lt +To(t) +y

qg—1
Tm t T (t min(rg,rg)—
Z tw(z)+ q ()]}ecbdd( L)) b, 00).

Lemma 3.1.6. Fort >0, let

t Srem( )
1t+z P T (3.118)

where either S_1 =0 or S_1 =1, S, € Cply "(L) and Sy e C;gd_p[b, o0) for some integer

ry > p and some real b > 0. Also, let

=t+ Z : (3.119)

where Ty, € Cpér (L) and T e Cy57 b, 00) for some integer ry > q. Also, we assume

that g(t) > € >0 fort € [b,00). Then,

min(p,q)—1 rem
L0 W) | Wi )

flg@®)] =St + ZZ_; n () (3.120)
where We € Co™"™ (L) and Wpem e Oy TP b, o0)
Proof. We have
_ _ Tm T (¢)
T TEem@)] RS [t+2" ! QT]
flo@) =8 |t+ > ==+ -+ 1 T o
m=0 n=0 |:t+z + qtq ]
1 preme) (3.121)
Srem |:t + Zq m + qt‘l }
rem P
1+ 20y B 4 B0
By Lemma 3.1.4,
1 11 [, W)
R =t | —  — : (3.122)
t+zq 1 Tm(t) + thq(t) t t +1 L_O t t4
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where W, € C’g‘ér_é(L) and Wﬁ‘;m € C/94%b,0); by Lemma 3.1.5,

q—1 rem q—1 j/rem
Tu(t) | T3™(@t) | oS Wi, (t)  Wae™(t)
S lt+ ) | = > e (3.123)
m=0 =0
where W,,, € ng}“(” mrg) =t (L) and Wrem € Cmm(rf ™) = b, 00). Thus, we have
q—1 rcm q—1 1/rem
Tin(t) T W, () Wy (t)
) =5_1t+5- _ .
p—1 q—1 = T/rem q—1 rem
1 Wa, () Wig"(t) W, (t) Wn (1)
3 [z L
(=0 =0
com iU L[ W0, W@
o o B R (o [0
(3.124)
Finally, using Lemma 3.1.3 to compute the products of sums, we conclude that
min(p,q)—1 rem
_ We(t) | Wainip.) (!
flg®)] = S_at + Z Tt TG (3.125)

where Wy € Cmm(rf rg)( L) due to the term W, (t), Wi € ngrn(rf o)~ 1(L) due to the term

containing the factor Wy, (t), etc., and where Win(pa) € Cﬁg(r'f Proa) [b,00) due to the
1 Tm(t) Trem(t)
terms containing the factor Sy [t + 3 o et + | O]
Lemma 3.1.7. Fort € (—o0,00), let
g(t) =t+To(t), (3.126)

where Ty € C,.(L) for some integer r > 1 and where we assume that M > g'(t) > ¢ > 0.

Then, fort € (—o0,00), g(t) has an inverse of the form

F(t) =t + So(t), (3.127)

where Sp € C7,.(L).

per

Proof. Since M > ¢'(t) > € > 0, the function g(t)—which belongs to C"(—o0, c0)—has an
inverse f € C"(—o0,00) with the property 2 > f/(t) > 4 > 0. Defining Sy(t) = f(t) —t,
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we have
f(t) =t+ So(t). (3.128)
Thus,
flg@®)) =t =t+To(t) + So [t + To(t)], (3.129)
that is,
So [t + To(t)] = —To(t). (3.130)

Since Ty € CT.,.(L), this equation implies that

per

~To(t+L)=So[t+ L+ To(t+ L)] = So [t + L+ To(t)] (3.131)

and
—To(t+ L) =—Tp(t) = So [t + To(t)]. (3.132)
Since Sp € C"(—00,00), we conclude that Sy € Cpe,(L). O

Lemma 3.1.8. Fort >0, let

q—1
Tm t Trem(t)
gty =t+> t“s)+ "tq : (3.133)
m=0

where Ty, € Cper " (L) and e Cy47 b, 00) for some integer ry > q and some real b > 0.
Also, we assume that g(t) > €1 >0 and M > ¢'(t) > e2 > 0 for t € [b,00). Then, g(t) has

an inverse of the form

q—1 rem
HOESESY S;Lff) + % tq(t) (3.134)
n=0

Jor t € [g(b), 00), where S, € Cyéy (L) and S;™ € C4, 19(b), 00).

Proof. Since g € C"779[b,00) (due to the term containing the factor 7,°"(¢)) with M >
g'(t) > ez > 0, it follows that g(¢) has an inverse, f € C"9%[g(b), 00), with é > f(t) > 4 >
0. Also, g(t) ~t + To(t) as t — oo, so based upon Lemma 3.1.7 we expect f(t) ~t+ So(t)
as t — oo for some function Sy € Cpi(L). Thus, we seek an expansion for f(t) of the

form (3.134) for ¢t € [g(b), 00). Our method of proof is to construct sequentially the functions
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Sp(t), n=0,1,2,...q — 1 of the expansion and then show that

. . Srem(t
indeed can be written as —% tq( )

for some function S € Cr%q g(b), 00).
For t € (—o0,0), let
w(t) =t+ To(t), (3.135)

and for t € [b,00) let

t) =
7(t) 2y + 0
s . (3.136)
_1 ZTm+1<t> ()
ot tm ta—1
m=0

so that g(t) = w(t) + r(t) for ¢t € [b,00). We note that w'(t) = 1+ T}(t) is L-periodic, and

for any § > 0 there exists a value t5 such that
}g'(t) — w’(t)‘ = ‘r'(t)‘ <d (3.137)

for all ¢ > t5. We therefore may choose a § such that M 4+ § > w/(t) > e —§ > 0 for all
t > ts, which implies that w(t) is invertible. In view of Lemma 3.1.7, we denote the inverse
function as

w(t) =t + Tp(t) (3.138)

for t € (—o0,00) (which includes t € [g(b), c0)), where Ty € Cpé:(L). This will be used later
on in the proof.

Substituting g(¢) into the proposed expansion (3.134), we have (by Lemma 3.1.6)

£ lo®)] = w(t) +r(t) + -+ 7
! 5::0 r(1)] w(®) + ()]

q—1 rem
We(t) | W™ ()
t+ Z # + 14

LS [wt) + ()] S w(t) +r(t)]
[w(t) +

(3.139)

=0

for ¢t € [b,00), where W € ngr“z(L) and Wy € C19q"[b, 00). In particular, since f [g(t)] =
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t, we seek functions S,, € Cp (L) and S e C19q"g(b),00) such that W(t) = 0 for

1=0,1,2,...q— 1 and W;"(t) = 0.
We note that

_1 ~ A
1 1 1 q W (¢ i/ rem (¢
a1 T (1) IO =m + 1 [Z %( ) + nzq 2 (3.140)
t+ Y00 Tl + TR0 =

by Lemma 3.1.4, where an € ngr_é(L) and Wﬁim S Cgﬁlgq[b, o0). Also, as in the proof of

Lemma 3.1.5, we let z = w(t) and a = r(¢) in the Taylor formula (3.99) (with v = ¢ — n)

rem i
and apply Lemma 3.1.3 j — 1 times for [2?71—20 Lna1(®) | T‘,’fq gt)} to obtain

q—2 % rem
Sn [w(t) +r(t)] = S, [w(t)) +1 [Z Wi (1) + W g )] S [wt)] + ...

t = tt tqfl
1 1 =2 I/T/v(q—n—l) (t) W(r;innfl) (t) e
I CEr [Z g | S )]
/=0

N 1 1 g W(‘I*”)e-u (t) N W{;I_nn)q(t)
(g—n—1)tan t¢ ta—1

1
=S )+ o) dy,

(3.141)

where W

Je+1

€ Cptr H(L) and W™ € €14 %[b, 00). Thus,

Spw(t)+r)] 1 1

@ + @ o ON G Balt), (3.142)

where B, (t) contains derivatives of Sy, [w(t)] and S, [w(t) 4+ r(t)] and is bounded for ¢ €
[b,00). Therefore, we construct each S, (¢) as a combination of Sy(t), Si(t),...,Sn—1(f),
their derivatives and other known functions derived from g¢(¢) so as to satisfy W, (t) = 0;
such S, (t) necessarily belong to Cpé " (L).

We apply the above expansions to (3.139) and collect terms of equal powers of % First,

from the t% terms we have

Wo(t) = To(t) + So [w(t)]. (3.143)



So(t) = —Tp [w' ()] = T [t + To(t)] (3.144)

so that
Wo(t) = To(t) + So [w(t)] = 0. (3.145)

Similarly, given the % terms, we set

Si(t) = —Wo, [w'(®)] So(t) — W, [w ()] Sp(t) — Ty [w™(t)] (3.146)
so that

Wi (t) = T (t) + Woy (£)So [w(t)] + W1, (£)Sg [w(t)] + S1 [w(t)] = 0. (3.147)
Continuing this process up through the equation W,_1(t) = 0, we construct functions

Sp(t), n=0,1,2,...q — 1 such that S, EC’EZr "(L ).

Given these choices for S, (t), n=0,1,2,...q — 1, (3.139) can be re-expressed as

Wrem t Srem _"_ r 1 _
=, Ti) e + a0 319
[E i
where B, € C}%4[b,00) is a combination of Sy(t), S1(t), ..., Sg—1(t), their derivatives and

other known functions derived from g(t). We now show that there, in fact, exists a function

S e Cr94g(b), 00) such that

Sy [w(t) + ()] -

Wrem (1) = + B,(t) = 0. (3.149)
q Trem (¢) 79 q
[1 + 30 10 Z:ZH + %q+1( )]

Since .
L S TR0 (315)
is C}%,7[b, 00), the function
q—1 Tm(t) Trem(t) q ~
_ [1+§:O ey qtq-‘rl B,(t)
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also belongs to C}%%[b,0), and since f € C"s[b, 00), it follows that

q

By [£(1)]

m+ ta+1

q—1 rem
s TTZ [f(lt)] b0
m=0

is Cp9q"[b,00). Thus, there exists a function S;™ € Cp%4[g(b), 00), defined implicitly as

rem —
Sq (t) = m—+ ta+1

q—1 rem 1
1y el T “”] B, L7(0), (3.151)
m=0

such that (3.149) holds. We conclude that f(¢) indeed can be expanded according to the
formula (3.134). O

3.1.3.3 Proof of Theorem 3.1.9

Having established the lemmas of the previous section, we now prove Theorem 3.1.9.

Proof. We consider each of the three parts of the theorem individually. After an in-depth
discussion for Part 1, we briefly describe how the proof of Part 2 follows analogously. We

then show how Part 3 proceeds straightforwardly from these results.

Part 1: For this part, we give all of the details of the proof for the integral I2 (z, k, ¢, A) (3.94),
which involves estimating the size of the integral I,,(x,k,c, A) (3.98) for every n € Z. At

the end, we outline how the proof for the integral I} (z,k, ¢, A) follows similarly.

The integrand in (3.98). We start by using the lemmas of Section 3.1.3.2 to show that
the integrand in (3.98) can be expanded as a sum of smoothly decaying terms containing

periodic functions of £ plus an additional smoothly decaying remainder term.
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First, applying the Taylor formula (3.99) to by (z,t), we have

§= 0o+ ('T’ t)
1 h\? 2 h
= 1 - — — . — 1A
T sm@ 1o t\/ + <L> { ; } + (sin(0), — cos(h)) <t, (L) > +cit
1 h 1 /h\*A%  (3)(-3) /h\* At
= O 1o |0 (L> Aty <L) T <L> e
t (3) (=3) - (G-a+2) ﬁ -
1 +sin(f) + 1 (g— 1) t24—2
1
n . (3)(-3)---(G—¢ - (1_y)q—1 1+y(~) = dy
1 +sin(0) + 1 (q 1)! t24 L) t
2q—2 (27|—3; 27Tt) rem (27rx m t)
m 2q 1
=t Z +2q—1
(3.152)
for some arbitrarily large integer ¢ > 1, where
A=A (27;3, 27Tt>
(3.153)

Flom (3 40)] -1 (2)
2

Here each @, (3£, 2t) is Cper(L) in z and Cpg, (1) in ¢, while Q374 (27%,2mt) is Cper(L)
in x and Cpyy [TA, oo) in t, since all of these functions are directly determined in terms of
the Cge, (L) grating profile f(z) using the above equation. In particular, Q2 = Q4 = ... =
Q24—2 = 0. Also, M > 8¢+ > ey > 0 for t € (0,00) with lim_o ¢4 (,t) = 0, which implies

thatM>a¢+>62>0and¢+(xt)>61>0fort€[ ,00).

Remark 3.1.5. For every integer p > 1, we choose q to be sufficiently large relative to p

s0 as to allow us to compute the estimate (3.77) for I (z,k,c, A).

Thus, by Lemma 3.1.8, we may write

S R (3, 206) | i (P 2n0) (3154
gm £2q—1
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for £ € [q3+ (x,%),oo>, where Ry, (%—x om¢) € C%(1) in & RE™, (%2 27¢) €
Coaa [QNLF (1‘, %) ,oo) in £ and i > agg > 37 > 0. We note that because Q, (%—””,Zm‘)
and Q5™ (272 27t) are C5. (L) in z, Ry, (2” 2n§) and Ry (272, 27¢) are CSS.(L) in

per per

x as well. This key formula for QNS;I (x,€), which contains terms that are periodic functions
of ¢ divided by integer powers of £, allows us to expand the integrand of I,(x, k,c, A) in a
similar manner—ultimately leading to an estimation via integration by parts of the size in
% of the integral as A — oo.

By (3.87), we have

- i h 1 oL L
) ! : (3.155)
( + ) 22L ¢ w2 [ Flen(2+d)-F(22)
+ (21) 37
and
_ Tl
h |:k‘LU+ <$,¢+ )i| _ kLﬂ+H11 (kLﬂ-t,-)
kLt (2.65") eikli
1 -1
N L " (B 4m 3.156
~ () (kLas)? Y 'F : (3 'k:L‘) _ (3.156)
. —m (3 —m) (2ikLuy)
+0 ((kLay)F)
as £ — oo by (2.62) and (2.86) (for any integer p > 1); here, in view of (3.88),
- 2
— z 1 r (2
i ) h 2 f[27r<z+¢+)j|_f(f)
-1\ _ -1 I
iy (x,¢+>_¢+ 1+<2L> = : (3.157)
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Thus, it follows that

flem(E+9:0)] ()

iy (z, 67! , + —onf (&=
g+ (x,g5;1> h []Ziz:rgi(z; )] N Z\/?fljl iy — mf (%)

s
h [ kL
—|=—5 x O ((kLuy)™?)
—1
L\ 4,
(3.158)
as £ — o0o. Keeping in mind (3.154), we also have
o 2q—2 Rm (2% 2n¢) REGH, (2% 2nc)
Ji2mn—kLe)dt _ ei(%m—kLcl)sez(Qm kLcl)|:Zm 0 & + 7T ; (3.159)

the second term on the right-hand side can be expanded using Lemma 3.1.5. The last

function in the integrand of (3.98) is

8@3*1 9 29— 2 27ra: 27T§ rem (zﬂc,2ﬂ'f)
e = o [5 Z ) | B o=
29— 271':(3 rem (27X (3160)
Z 27 £)+ R (7, 2m8)

£2q—1 ’

m=0

where each R, (27%,27¢) is Cper(L) in z and Cpg(1) in § and where R?ﬁl (272, 27€) is
Coar(L) in x and CPgy [¢+ (x, TA) ,oo) in £. Therefore, choosing g to be sufficiently large
relative to p (Remark 3.1.5), using Lemmas (3.1.3)—(3.1.5) and noting that the expansion

~ —-m—3
for (d)jrl) ? has & “M=3 as its leading order term, we may write

_ |
. (%(511) h [iiz;gjﬁj) ﬂ (i(2mn—kLe1)dy! 822

”Z‘i Vae (KL, %5 2n€) Vg (kL, 25, 2m)
£e+% §p+%

(3.161)
ei(27rn7kLc1)§

=0

for £ € [(]3+ (a;, %) ,oo), where each V,, , (kL,%Tx,%rg) is C¥.(L) in z and C32.(1) in &

per per
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and each V" (kL, 27%,27&) is Cper(L) in z and CPgy [@r (x, %) ,oo) in £, and we re-

express (3.98) as

o) 7—-1\ p—1 27T
(¢, A) = den e P, (C’ Loy ) Voo (KL, 272, 21€) GHEL[14sin(0)]+2m)¢ e

<23+($7%) cA /=0 §E+%
oo -1 rem 2rx
+ dnein2% PQ c, L¢+ n,p (kL’ 1L ’27T£) ei{kL[1+Sin(9)}+27rn}§ de.
9+ (2,5) cA £t
(3.162)
Fourier expansion. Using the Fourier expansion
Vi (R, 275 ome ) = i kL, 270 gizeme (3.163)
n,l y L y 40 — Un,t,m ) L € ) .
m=—o00
we define
In,f,m (.T}, k'a ¢, A)
_ -1
P2 ¢, Ld);;
_ ; in2m= 2ma\ [ ¢ {kL[14+sin(0)]+2m (ntm)}¢
= dne L Un t,m kL, T - . Te d§
¢+(x7%) 5 2
(3.164)
and
L (x,k,c, A)
00 -1 rem 27z
= d " B e Lo "\ Vil (kL, 2%, 2m¢) eHRLIsin(O)+2mn}¢ e
q~s+(x7%) " cA §p+%
(3.165)

Analogous to the Fourier series (3.95), the series (3.163) is uniformly convergent for (x,§) €

[0, L] x [(ﬁ (z, %) , oo) with coefficients vy, ¢ ,, that (in magnitude) decrease super-algebraically
in m as m — oo (for each n,¢) due to the smoothness of the grating profile. Therefore,
we have

o0

S (3.166)
Inom(x, ke, A) + 17" (x, Ky c, A)} .
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For each ¢, the functions V}, ¢ (kL, %Tx, 27r§) contain the factor n® for some integer s €

{0,1,2,...,2¢ — 1}. This is because the expansion of (3.159) that is generated by using

2mn—kLe1)z yp to order 2q — 1, as

Lemma 3.1.5 includes derivatives with respect to z of el
can be deduced from the formula (3.116) in the proof of Lemma 3.1.5 together with the

. Rrem 27r:c7 2t . .
sum 32072 f ( Qﬂg) + s (O 2m¢) in (3.159). Thus, the coefficients v, ¢, have the

§2q 1

property

2
Un gy (’fL f)‘ < Crgyr(, K) [ fm| ™" (3.167)

for all n,m € Z for every integer » > 1 and certain positive real functions Cyq,(x,k)

that are independent of n,m. Similarly, the functions V" (k:L,Q”TI,%Tf)—WhiCh are

Crda [@r (x, %) ,oo) in &—satisfy

Voo <kL I 2”5)‘ < Cp(z, k)|nf?r ! (3.168)

for all n € Z for some positive real function Cp(x, k) that is independent of n. Since the
coefficients d,, (in magnitude) decrease super-algebraically in n as n — 400 (3.96), how-
ever, the series in (3.166) are absolutely and uniformly convergent (as we will demonstrate
explicitly later). So, estimates for |1, ¢, (x, k, ¢, A)| and |I}°™(z, k, ¢, A)| can be turned into

estimates for |I,,(z, k, ¢, A)| and thus ‘I_%(:):,k,c, A)‘

Change of variables. To analyze I, (2, k,c, A) and I;°™(x, k,c, A), we introduce

a change of variables additional to the formula (3.91), namely £ = &, and we write

2 1
Lngm(@, ke, A) = dpe™’E vngm<k:L ”)

L C. g_l
() ®
00 Py le, L7t (x4 }
y / 2 [c CA(?J“ 1(90 E)} GHBL1+sin(0)]+2m (n+m)} A ¢ dé
a0+ (. 5) ¢z
(3.169)
and
. 2my 1 0 _ L - A
I?S,em(x’ k’,C, A) = dneln2L1/ P2 |:Cv 7¢-T-1 <CL‘7 C§>:|
()72 Tbemet) LA L
L (3.170)

Vi (kL, 32, 20 48)

0L ei{kL[l+sin(0)]+27rn}%f dg.
gt
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These forms are useful for large values of %: the lower limit of integration for these integrals

is

Lg (peh) 2 L[ 3 Qn Cpnoms) | Qfm CF o)
cATT\" L cA| L (%)m (%)2q—1
S, t Lo (3.171)
14 — Qm (375, 275) bt (P75, 27 %)
- cAym+1 cAN2 ’
o (%) (€)™
which is O(1) in % as A — o0, and for
_ L - cA _ L -~ cA - 1
P2 |:Ca CiAgbﬁ-l (.I, L£>:| =1-5 <&4¢+1 <$7 Lg) ) 17 C) (3]‘72)
we have
2q—2 T C rem T C
iﬁgll (x CAg) _Lede qz: B (2T72ZTA‘§) Ry (2T2 2_71%5)
cA L cA| L — (%g) (@g) q
o, v L (3.173)
e B R (209 | R (55,5040

which also is O(1) in % as A — oo.

Bound on [}*™. Considering I} (z, k, ¢, A) first, we note that the integral in (3.170)

is absolutely convergent because Py [c, éqgjrl (:c, @E)] Vagp' (/{:L,Q“Tx,%r%f) is

Coad |:LA¢§+ (:E, %) ,oo) in £ and the function —+ decays sufficiently rapidly for p > 1.

~ - £P+%
Since CLAngr (x, %) and C%gf)ll (:c, %f) are O(1) in % as A — oo, we therefore have the

estimate

||
1
cA\P—3
()7
rem 2mx cA
y Voo (kL, T,Qﬂf@ ei{kL[1+sin(9)}+27m}%§_dg
gp+§
[ La (o eA\] Vas (kL B2 2n ) |
Py [Ca a¢+ <x, Lf)] dg

‘Iéem(‘rv k,c, A)| =

o _ L -, cA -
/L¢3+(w,“g“) Py [07 a¢+ (a:, Lf)]

cA

§p+é

cA L

|dn] /°°
< (%)p—é L3, (z,%4)

A *P+%
< o) (4)

(3.174)
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as A — oo, where M (z, k, c) is some positive real function of z, k, ¢ that is independent

of A; due to the bound (3.168) for V9" (kL, %Tx, 2m¢), the functions M (x, k, c) satisfy
My (@, ky€) < My(x, b, c)|n|**™ (3.175)
for all n € Z for some positive real function M,(x, k,c) that is independent of n.

Bound on I, ¢,,. We now show that I, o ,,,(x, k, ¢, A) also is O ((é)_p+%> as A — oo.
This is done by applying integration by parts p — ¢ times (1 < p — ¢ < p) to the integral
in (3.169); in particular, we will integrate the factors that are periodic in £ and differentiate
the factors which contain the POU function P, and an inverse power of &, and after each
integration by parts iteration we will expand the resulting integrand terms as necessary so
that the process can be repeated. This ensures that at each iteration we gain an additional

(%)71 factor in our estimation of the size of the integral until we reach the desired result.
Pofe. 5y (258)]
1

Frd and

In the first application of integration by parts, we differentiate

kL +sin(@)]+2n(n+m)}FE The integration is straightforward: here we invoke the

integrate e
assumption that |kL [1 + sin(f)] + 27n| > n > 0 for every n € Z so that the antiderivative
is guaranteed to exist for every n,m € Z. The differentiation is somewhat more involved,
however, due to the presence of P, [c, iqgjrl (:c, ﬁg‘)] Differentiating (3.172), we have
OP; e, 57 (@.28)| 52,1

PRt

0 0z _
‘ =557 (2 54)
Now,

0 , 0<2z<1

S (z,1,1 < (2e*1/”)

M dep| T 1 lerel 4=zl (3.177)

0z ou %_1 ’ ¢’ -1

0 , Z > %;

for z = iqz;jrl (ZL‘, %5), this factor is bounded in 1 < z < % (the finite interval in which the

derivative is nonzero) because ¢ > 0 is a fixed constant that is strictly less than 1, and—as
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shown by (3.173)—it is O(1) in £ as A — oco. Since

oL -~ cA\| 0 14
875 {chbJr (% Lf)} = 875 [¢+ (51/‘,5)} LC*“&

3.178
2q*2R (27rz o7 cAg) Rgzml (271':): 27TCA5) ( )

- cA c 2¢—1 )
m=0 (Tg) (TAQ -
where each R, (27”” 27rCA§_) is Cpep(L) in z and CPe, (i) in £ and 75‘;‘31 (2” ZWCAE) is
— D c L"’_
ngr( ) in z and Cpgy [TA¢+ (957 %) 7OO> in &£, we conclude that el ’CAQ;E— (=79 is O(1)

n%aSA—M)o.

We note that the boundary term which is generated by the first integration by parts
iteration is equal to 0, since P, [c, CLAQ?)_T_ ( {)} and its derivative is 0 at £ = A¢+ ( CA)
while {Z% and its derivative decays to 0 as £ — oco. Thus, integrating by parts once, we

2

reformulate I, o (2, k,c, A) as

—dn €™ F vy 0 (KL, 252) 1
i{kL[1+sin(d)] +2m(n+m)} (TA)H%

In,f,m(aj) kv C, A) =

5 eHKL[1+sin(9)]+2m (n+m)} FE dE.

(3.179)

This reformulation contains an additional factor of ( L) relative to (3.169) due to the
integration of the periodic factor oHRL[1+sin(0)]+2m (ntm)} LE
Now, the integral in (3.179) is absolutely convergent: the term with 5[% decays suffi-

ciently rapidly for £ = 0,1,2,...,p — 1, and the term with —+ + has finite support due to

the derivative of P, [c, 5&;1 (:U, %5)] Since these terms are O(1) in % as A — oo, we
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therefore have

1
(] [0 0. (KL, 222)| cA\ 2
< b
[ Tnem (@, K, ¢, A)| < KL [1 + sin(0)] + 2n(n +m)| \ L

s (0= 3) P2 [ 597 (= 4|

Lbi (=) gts
95(2,1,7) [ 2g-2 Bj(22 2ncAe) | Ry (22 2n9AE)
T o |20 cang T A 2T
zzidfl(ac [ ) ( L 5) ( L 5) _
_|_ AT+ 'L dé’
EH%
1
[t (L, 252)] Myyo,0) (4
~ |EL[1+sin(d)] 4+ 2x(n+m)| \ L ’
(3.180)

where M 4(z, c) is some positive real function of z, ¢ that is independent of A,n,m.

For p = 1, we employ the above analysis for I, o.m(x,k,c, A), m € Z to determine
that they all (along with I)°™(x, k, ¢, A)) are of size O <(‘2)_p+é> as A — oo. For p > 1,
however, we need to repeat the process of making Fourier expansions and integrating by
parts if p — ¢ > 1.

Our general procedure if p—¥¢ > 1 is as follows: we write the sum multiplying the factor

L in (3.179) as

_ 1
gtz

1 2R (B o)) Ry (55208
A > cAg\J * cAg)2a-1
(%@ 2 | j=0 (Tg) (Tg)
__ L | ¥ R RGO gy
1 J—pH+1 cA £ 24—+t
(%f P j=p—~£—1 (%g) (Tg)

p—~L—2

1 R; (32, 2n28)
+— ~
(48)"2 Z (£2¢)’

I

recalling that ¢ was chosen sufficiently large relative to p (Remark 3.1.5). For the first

sum on the right-hand side, it immediately holds that the integrals containing these terms
_pyl

are all absolutely convergent and are of size O <(‘£) p+2) as A — oo. For the second

sum on the right-hand side, however, we expand the periodic factors into uniformly con-



120

vergent Fourier series in ¢ as before, and the resulting terms (in addition to the term
1 (a)Balecgdy (= 7))

(CA)H% 5“7

) are distributed so that we have integrals multiplied by the

factors ” j PIeES j=L0+1,0+2/0+3,...,p— 1. Integration by parts is then employed: as

was done?or (3.169), the smoothly decaying terms are differentiated and the periodic factor
et kLI Fsin(@)]+2m(n+m+r)}£1E (r € Z comes from the new Fourier expansions) is integrated,
which generates an additional (%) ~! factor in our estimates of the integrals. This process of
Fourier expansions and integrations by parts is continued until all of the resulting integrals
are of size O <(‘2)_p+é) as A — oo. Finally, we absolutely sum the series of integrals that
are generated by this procedure.

As an example of this procedure, we consider the term +R0 (2” 21 CAE) in (3.181).

1
(79"
The part of the function I, o (2, k, ¢, A) (3.179) containing this term is

d,e™ Lvngm(kL 2”) 1

b0 ) = L 1 sin(0)] + 2r(n-+ )} (2005

98(z,1,% 5 A
25etia) Ry (%%, 20 5}€) (3.182)

i k5
ad+(v7) s
ei{kL[1+sm( )]+27r(n+m)}f‘§d€"

The periodic function Ry (%Tx, 2%%5) has the Fourier expansion

R (B o) = 0w () erite (3.183)
0 L ™ L - Uy L ) .
r=-—00
which is a series that converges uniformly for (z,£) € [0,L] x {i(ﬁr (x, %) ,oo) with
coefficients ¥, that (in magnitude) decrease super-algebraically in r as r — +oo due to the

smoothness of the grating profile. Therefore, we may write

Lngm(z, k¢, A) Z Lngmar (2, K, c, A), (3.184)

rT=—00
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where

dnem%Txvngm(k‘L 2”)6 (%TI) 1
i{kL[1+sin(f)] +27(n+m)} (%)44—%

jn,f,m,r (1’7 ka ¢, A) =

95(2,1,1)

0z
s=L gt (2,92¢) (HELILsin(@)] +2m(ntmtr)} PE g

[e.9]
<[ -
Ldr(n) g3

(3.185)

Thus, integrating by parts and bounding |, ntmr(Z,k,c, A)| by the integral of the absolute

value of the integrand (as we did before) results in the relation

in,f,m,r ($7 k,c, A)‘

|d anfm(kL 27rx H 27rx ‘M

3 (3.186)
~ |kL[1 + sin(0)] —I—27T(n+m)| |kL[1 —i—sm( )]+ (n+m+r)| (L) ’

where M, ¢(x, ¢) is some positive real function of x, ¢ that is independent of A, n, m,r. Finally,
since the coefficients ¥, (in magnitude) decrease super-algebraically in r as r — oo, it

follows that

max
z€[0,L]

jn,@,m(xa k: ¢, A)‘

= Imax
xz€[0,L]

s ~
Z In,é,m,r (.%‘, ka ¢, A)
r=—o00

IN

jn,é,m,r (.73, k, c, A)‘

max
z€[0,L]
=—0c0

A

e ol [P (L 25| () <A>-f-3 > o (%)
~ z€l0,] |kL[1 +sin(8)] + 2w (n + m)| KL [1+sin(0)] + 2m(n+m + 7))

L
= ‘dn‘ |vn,€,m (kL sz)‘Mg x C>Nn m(-%' k) A _Z_%
Tat0n L[+ sin(0)] + 2n(n + m)] I

9

(3.187)

where

o $ b ()
Nom (@, k) = T:Z_:OO L[ sn(@)] - 2n(n 0] (3-188)

is a positive real function of x, k that is independent of A,r; we note that the functions
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Np.m(x, k) have the bound

Npm(z, k) < N(z, k) (3.189)
for all n,m € Z for some positive real function N(z, k) that is independent of n,m, since
(by assumption) |kL [1 4 sin(6)] + 27n| > n > 0 for every n € Z. Thus, if p — ¢ = 2, then

we have shown that

max
z€[0,L]

- A\ P2
In,f,m($7kac> A)‘ =0 <L) (3190)
as A — o0o. Otherwise, we again make Fourier expansions and use integration by parts in

-1 : . . .
order to generate yet another (%) factor in our estimate, and we do this a finite number

of times until all of the resulting integrals (which are then absolutely summed) are of size
_pal
@) ((é) p+2> as A — oo.
This procedure—making Fourier expansions and performing integrations by parts until
pil
all of the resulting integrals are of size O <(‘2) p+2> as A — oo and then absolutely

summing the series of integrals—results in the estimate

n,em (2, ks e, A)| < (3.191)

ol o 6 2 Nomal ) (4 7
L 9

|kL 1 + sin(0)] + 27 (n + m)| L

where Ny, ¢ m q(, k, ¢) is some positive real function of z, k, ¢ that is independent of A; as
with My ,(,c) of (3.180) and My(x, ¢) Ny m(x, k) of (3.187), the functions Ny, g q(, &, )

are bounded from above by functions that are independent of n,m, i.e.,
Nitm,q(@,k,¢) < Nog(z, k, c) (3.192)

for all n, m € 7Z for certain positive real functions N&q(:v, k,c) that are independent of n, m
(we recall that ¢ is a constant that is chosen sufficiently large relative to p). We note that
estimates of this form hold for every integer p > 1, where p is the order of the asymptotic
expansion (3.156).

|U'n,é,'m (kLthz) |Nn,€,m,q(m7kvc)
|k L[1+sin(0)]+27(n+m)]

Summation of individual estimates. Now, the functions
decrease super-algebraically in m as m — =400, as can be seen by the bounds (3.167)

and (3.192) for the Fourier coefficients vy, ¢ ,, and the functions Ny, ¢, 4(2, K, ¢), respectively.
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Thus, we have

max |Ip(z, k,c, A
z€[0,L]

Z Z Inom(z, ke, A) + L (x, k, c, A)

{=0 m=—00

= Imax
x€[0,L]

pfl )
Z max |l ¢m(z, k,c, A)| + Inax] |1 (z, ky e, A)|

—om xEOL] z€[0,L

pP— }’U Vi (kL 27l'x ’ N é (.’E k C) A 7p+%
< |dn n,tm nlimag Jy—— A
< | { :L"E[O L] |kL 1+ S1n(9)] +2m(n + m)| T ;;1[3’;] np (T K, c) i

{=0 m=—o00

(3.193)

as A — oo for every integer p > 1. As stated previously, the factors in this inequality which
multiply (%)_p 3 are all independent of A.

Finally, we see from the bounds (3.96), (3.167), (3.175) and (3.192) that the esti-
mates (3.193) for max,¢( ) [In(z,k, ¢, A)| decrease super-algebraically in n as n — =oo.

Therefore, they can be summed over all n, and we conclude that

xren[aa}z]‘l x, k CA”:;&%}E] Z (x,k,c, A)
< In(x,k,c, A :
< ;é}%% (Ln(z, ke, A)l (3.194)

o((2)™)

as A — oo for every integer p > 1.

Remark 3.1.6. For I_li_(l’, k,c, A), the only necessary change to the proof above is that we
modify (3.89) to be

2 r T _ f(2mx 2
by (1) =ty |1+ (h’) {f[zﬂ(L”)] I )} + tsin(6) (3.195)

2L t

based upon the formula (2.91) for ¢1(x,a’). It still holds that % has an upper and lower

bound for t € (0,00). Thus, we still may choose some constant ¢c; > 0 such that

gt By (2,0) + rf] > € >0 (3.196)
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for allt > 0, so we again may make the change of variables

£= ¢y (z,0) = by (m,t) + c1t] (3.197)

1+ sin(f) + ¢ [

with the corresponding inverse

o7t (2, =t. (3.198)

The various expansions that follow once again lead to integrals I,(z, k, c, A) of the form (3.162),
and integration by parts works in the same way as before due to the assumption

. . . . A
|kL[1 +sin(@)] + 27n| > n > 0 for every n € Z. Thus, the estimation of the size in T
of I}_(az, k,c, A) also holds.

Part 2: To prove this part, we verify that the “preliminary results” for I% (x, k, ¢, A) are
similar to those established in Section 3.1.3.1 for I_%(:U, k,c, A) and indicate how the proof
therefore follows closely to the one given in Part 1.

We use Po(z,x +a',¢,A) =0 for 2’ € [—cA,0] and t = —% to write

cAa
L

o Lt hlkLu— (z,t)] k1. (w0 - x
I? (z,k,c, A) = /A Py (c, cA> g— (z,t) W@ kLo—(z.t) 5 [27r <f — tﬂ dt.

(3.199)
Also, given (3.83), we let
o2t [P0l
1+ ()" { LA

U (z,t) =ty |1+ <h>2 {f[zﬂ(% —0] -7 CF) }2 (3.201)

and

(3.202)
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Noting that B
09— (x,t) I 02 (z,x + )

= 3.203
ot ox’ oLt ( )
we can—as we did with %—Choose a constant ¢; > 0 such that
0 .-
P [0— (z,1) + c1t] > € > 0. (3.204)
Thus, we make the change of variables
£=d-(a,1), (3.205)
where ¢_ (x,t) is given by
bt — G (e) +erf] (3.206)
’ 1 —sin(0) + ¢ ’ ’
and we define the inverse
ot (x,6) =t (3.207)

Remark 3.1.7. Here, as with % (Remark 3.1.4), we may let ¢y = 0 for simple-reflection
cases, since for such problems we have %ﬂfq < 0 for all 2’ < x (Corollary 2.3.1). But,

we must choose c¢1 > 0 for multiple-reflection cases.

Therefore, writing

Iz(x, k,c,A) = /(;O(%CLA)]% (C, Lf)j1> . (x, (5:1> hiifj(ﬂﬁ(j;;_t?) kL1 —sin(0)+c1]é
k=

(3.208)

the proof for I%(x,k,c, A) can be completed in a manner analogous to the proof for
Ii(x, k,c,A) in Part 1. As indicated by the phase terms in the above integrand, the as-
sumption |kL [1 —sin(6)] + 27n| > n > 0 for every n € Z must hold in order to employ
integration by parts in the way described in Part 1.

Just as the proof for I (z, k, ¢, A) follows closely to that for I2 (z, k, ¢, A), with the only

difference being the use of ¢1(z, ") instead of ¢o(z,2’) (see Remark 3.1.6), the proof for
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I' (z,k,c, A) is similar to that for I2 (2, k,c, A).

Part 3: The result follows from Parts 1 and 2 by the inequality

I™(z,k, ¢, A)| < I™ (2, ke, A)| + I™(z,k, ¢, A)] . 3.200
Jnax |17 (x, k., A) z33§1\+(x ¢, A)| Jéﬁ’i}‘ (z,k, ¢, A)] (3.209)

O]

3.1.3.4 Super-Algebraic Convergence of Solutions for Smooth Gratings

We conclude our discussion about the properties of the solutions puZ (z) by stating the

following key characteristic of our algorithm.

Theorem 3.1.10. Let the grating profile f(x) belong to CS.(L). Then, for k which are

per

not Wood Anomaly values and sufficiently large A,
1. the solutions ui(x) of the approzimating integral equations (3.1) exist;

2. the solutions u (x) as well as the solutions pm,(x) of the exact integral equations (3.5)

belong to C9.(L);

per

3. the functions p(x) converge super-algebraically in A, uniformly for x € [0,L], to

tm(x) as A — 0.

Proof. Part 1 is a result of Theorem 3.1.4. Part 2 is the result of Theorems 3.1.7 and 3.1.8.
Part 3 follows from the error estimate (3.42) of Theorem 3.1.4 and the super-algebraic

convergence result of Theorem 3.1.9. O

3.2 Properties of Numerical Method

Using the parameterization z(t) = £t and setting i (t) = pi [x(t)] (i € Cper(2m)), we

re-write the approximating integral equations (2.132) as

L t+¥
A (1) & / K™t 0l (7) dr = g [2(8)], 0 <t<2r (3.210)
t

27T _2mA
L

(m =1 or m = 2), where K™(t,7) is given by (2.142). As described in Section 2.5.2,

splitting K™ (t,7) by using certain smooth windowing functions and series expansions in
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order to isolate its logarithmic singularity at 7 = ¢ and then applying certain spectrally

accurate quadrature formulas leads to the numerical approximation equations

L ol 27
= A =An
ey % R ompen s Trgen b

1
{j: |t—tj|<@}
L 2w m —A,n;
T > Kt )™ (1) = g [2(0)] . 0 <1< 2m,
1

.2 A,
{]5 TFCsE sP<|t7tj|<27£A}

(3.211)

where ¢; are the integration points (2.159) and [y (t) are the approximations of fi’(t)
that arise from using the quadrature rule (2.164) with n; integration points per period.
Discretizing these equations results in the linear systems

?’Li—l

fio £ Y iy = gm (5t £=0,1,2,...,n — 1 (3.212)

§=0
(Section 2.5.3). Here fig, £ =0,1,2,...,ny — 1 are the approximate values of ﬁ,‘?{"i (t) at the
ny “target points” t = ty.,_ . lying in [0, 27), fi; are the values of the Fourier interpolation
of fig, £=0,1,2,...,ng—1ontot;, j =0,1,2,...,n;—1 (these values of fi; are periodically
extended to all of the integration points), E;“:_Ol Qg jfij is given by (2.167) and ny = ng X Nyt

for some positive integer ny,.; we note that
fie = i = GAM(t), €=0,1,2,...,ny—1 (3.213)

if ny = ng.

In Section 3.2.1, we show that the quadratures converge in n; to the integral operators
as nj — oo and thus that the solutions fijy™ (t) also converge in n;, uniformly for ¢ € [0, 27],
to i’k (t) as m; — oco. In particular, this convergence is super-algebraic for cases with
smooth scattering surfaces. Therefore, if we set n; = ny—i.e., set nyuut = 1 so that the
linear systems (3.212) are the ones used in the classical Nystrom approach—the values
fig, £ =0,1,2,...,n; — 1 converge uniformly to g4 (t;), £ =0,1,2,...,n; — 1 as ng — oo

(super-algebraically when the grating profile is C'™).

Remark 3.2.1. As discussed earlier (Section 2.5.3), for certain problems we choose My

to be greater than 1 for the sake of computational efficiency. We do not develop error
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bounds for our approrimations when N > 1. We do, however, note that the values
fie, £ =0,1,2,...,n; — 1 do not converge to A (t;), £ =0,1,2,...,n; — 1 as n; — oo if
the number ny of target points is kept fized, yet increasing values of Ny (and thus n;) can
produce increasingly accurate computations up to a desired level of accuracy (e.g., machine
precision) for sufficiently large fized ny. See Section 4.1 for numerical results illustrating

these points.

After the convergence proofs of Section 3.2.1, we demonstrate in Section 3.2.2 that for
problems in which only simple reflections arise our numerical method requires O(1) total
computational time as k — oo (for a given grating profile f(z) and incidence angle ) in

order to compute the values fiy, £ =0,1,2,...,ny — 1 to arbitrary accuracy.

3.2.1 Convergence in Mesh Size

As stated previously, we reformulate the kernel K™ (¢,7) (2.142) using the smooth window-
ing functions Py [z(t), z(7), csp, Asp) (2.145) and Py [2(t), 2(T), csp, Asp, ¢, A] (2.146):

K™(t,7) = Kt 7) + K2 (t,7), (3.214)

where K (t,7) and K[} (t,7) are given by (2.147) and (2.148), respectively. We recall that
the support of K3(¢, 7) lies within a subinterval of (t—27,42m), because Py, [x(t), (7), csp, Asp]
is centered about 7 = ¢ and Ag, < L. Thus, an application of certain series expansions for
the first and second kind Bessel functions Ji(z) and Y7 (z) (see Remark 2.5.2) results in the

splitting

-7

K™(t,7) = K2 (t,7)log [lein2 <t

spl >} + Ko, 7) + K (¢, 7); (3.215)

here K1, (t,7) and KJ(t, 7) are given by (2.150) and (2.151), respectively, and for smooth
grating profiles f [z(t)] this formula has the property that K[ (t,7), K, (¢, 7) and K5(t, 7)
are all C°° (with finite support) in 7 and Cpg,(27) in t.

For the numerical approximation equations (3.211), we first demonstrate that the quadra-
tures converge in n; as nj — oo (Section 3.2.1.1), and then we show how this leads to the
convergence in n; of the solutions ™ (t) as ny — oo (Section 3.2.1.2). In Section 3.2.1.3, we

prove that the convergence of the quadratures (and thus the convergence of the solutions)
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is super-algebraic for cases with C'*° gratings.

3.2.1.1 Convergence of Quadratures

Following the terminology of [35], we say that a set of linear operators on C’Ser(Zﬂ) is
“collectively compact” if, for each bounded subset of Cger( 7), the image set is relatively
compact. Also, we say that a sequence of linear operators (A4,,) on Cper(27r) is “pointwise

convergent” to the linear operator A on CJ (2) if
(A= An) ¢l — 0 (3.216)

as n — oo for every ¢ € CD,(2).

Given these definitions and the quadrature rule (2.164), we prove the following theorem.
Theorem 3.2.1. The sequences of numerical integration operators

awo=3 ¥ {EPorpen s Zegen )

{5 1t—ty <22}

(3.217)
L 27
T o Z K (t,t5)e(ts)
7
{] 2ﬂCS£ASp<|t—tj|<¥}
which approximate
L t+ 272A
Am(t) = 2 / K™(t,7)o(7) dr (3.218)
2m t—2rA

for p € C’ger(%’) are collectively compact and pointwise convergent.

This result is established by individually considering each of the quadrature formu-

las (2.160)—(2.163).

Theorem 3.2.2. The sequences of numerical integration operators

Arey=a- Y BP0 G)e) (3219)

{] |t t; |<27rA5p}

on CSET(QTF) which approzimate

Amo(t) = 2 /:W K, (t,7) log {45111 (t 5 Tﬂ o(7)dr (3.220)
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for p € CSQT(QW) are collectively compact and pointwise convergent.

Proof. Since Py [z(t), z(T), csp, Asp) decays smoothly to 0 within a subinterval of (¢ —2m,t+

27), it follows that K

ap1(t,7) can be periodically extended in 7 (with period 47) for each

€ [0,2n]. Also, K,(t,7) are 27-periodic in ¢, and K (t,7) = 0 in neighborhoods of
T = t £ 27. Thus, we may apply the quadrature formula (2.137)—with an appropriately
modified interval of integration—to A™¢(t), which results in Aj'¢(t). This quadrature

formula is convergent, and the weights R](é)(t) (2.138) satisfy

n:

lim sup Z ‘R(Q)(T) - R

t ()l =0 (3.221)
16 {] |t t|<27rASp}

uniformly for ¢ € [0, 27] (as can be shown via a modification of the analysis in [35, pp. 208,
209] that takes into account the different interval of integration), so the sequences (.Aﬂl)

are collectively compact and pointwise convergent [35, Theorem 12.12]. O

Theorem 3.2.3. The sequences of numerical integration operators

AT = 22T 3 ™t t5)e(t) (3.222)

27 ny; %Aw
{] [t—t;|<—F2% }

on CY. (27) which approzimate

per
L t+
A%ws/

27T t— 27"2517

27rA5p

spa(t, T)p(T) dT (3.223)

for p € Cpe,,(27r) are collectively compact and pointwise convergent.

Proof. As with K13 (t,7) in Theorem 3.2.2, KT»(t,7) can be periodically extended in 7
(with period 4) for each ¢ € [0,2x]. Thus, applying the trapezoidal rule (2.136)—with
an appropriately modified interval of integration—to A™p(t) results in the quadratures
Anto(t). Because the trapezoidal rule is convergent, the sequences (.AZZ) are collectively

compact and pointwise convergent [35, Theorem 12.8]. O
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Theorem 3.2.4. The sequences of numerical integration operators

Alo(t) = —=— > K72 (t,t)o(t) (3.224)

.2 A
{]: Trcst Sp<‘t_tj‘<27£A

on CY..(2m) which approzimate

_ 2mespAsp

L [t I [t
A p(t) /t K5t m)p(r)dr + 5= K75t m)p(T) dr (3.225)

- % 2mA 27]' 2mespAsp
A [

for p € C’ger(%r) are collectively compact and pointwise convergent.

Proof. Py [x(t),z(T), csp, Asp, ¢, Al is 0 for 7 € [t - ZWCSLPASP -+ 27TCSLPAS"} and decays smoothly
to 0 within a subinterval of (t — 2mnper, t + 2T nper), Where nper = [%] Thus, Kip(t,7) can
be periodically extended in 7 (with period 4mnpe,) for each t € [0, 27], and the application
of the trapezoidal rule (2.136)—with an appropriately modified interval of integration—to
A p(t) results in the quadratures AJ'¢(t). Again, because the trapezoidal rule is conver-
gent, the sequences (AZ?) are collectively compact and pointwise convergent [35, Theorem

12.8]. O

Theorem 3.2.1 immediately follows from the above results.

3.2.1.2 Existence and Convergence of Numerical Solutions

The convergence behavior of the quadratures of (3.211) carries over to the numerical solu-
tions ™ (t). The proof of the existence and convergence of these solutions is similar to the
proof of Theorem 3.1.4 for the existence of the solutions uZ (z) of the approximating scat-
tering equations (3.1) and their convergence to the solutions p,,(x) of the exact scattering

equations (3.5) as A — oc.

Remark 3.2.2. We recall that the solutions i’ (t) = p [x(t)] of (3.210) exist if k is not
a Wood Anomaly value and if A is sufficiently large (Theorem 3.1.4).

Theorem 3.2.5. Assume that the solutions [i5; € C’ger(%r) of the approximating scattering

equations (3.210) exist. Then, the solutions ™ e CO

ver(2) of the numerical approwi-

mation equations (3.211) exist for sufficiently large n;, and these solutions converge in n;,

uniformly on [0,27], to filk(t) as n; — oo.
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Proof. Given the results of Section 3.1.1 and Theorem 3.1.4, the operators

2T A
L [t

Amo(t) = /t K™t 7)o(r) dr (3.226)

T 971 |, _2ra
L

on C..(27) are compact, and I + A™ have bounded inverses on CD,(2). Also, the se-

quences of numerical integration operators

‘Ani(p(ﬂ = % Z Rj( : )(t)Kspl (t’tj) + E sp2(t7tj)} Sp(tj)
ji [t—t;|< 2T0sR
. {27r <) (3.227)
+ o Z K5 (t,t5)e(t))

.2 A
{]: Trcsf Sp<‘t—t]“<27£A}

on CY, (2m) which approximate A™p(t) for p € CO, . (27) are collectively compact and point-

per per
wise convergent (Theorem 3.2.1). Therefore, I & A" have bounded inverses on C.(27)—

per

i.c., the solutions ™ € C°

per(2) exist—for sufficiently large n; [35, Theorem 10.9].

By [35, Corollary 10.11], we have the error estimate

Ang
m

LS C|(A™ = A i, (3.228)

oo

||ad — i

for sufficiently large n; and some constant C'. Since the quadratures Anmiﬂ,‘?l(t) converge in
ni, uniformly on [0,27], to A™fifk(t) as ny — oo (Theorem 3.2.1), we conclude that the

solutions jig™ (t) converge in n;, uniformly on [0, 27], to i/} (t) as n; — oo. O

As discussed earlier, Theorem 3.2.5 immediately leads to the conclusion that the values

fie = i = GAM(t), €=0,1,2,...,ns—1 (3.229)
which solve the linear systems (3.212) for n; = n uniformly converge to i (t;), ¢ =
0,1,2,...,ny — 1 as ny — 0.

3.2.1.3 Super-Algebraic Convergence for Smooth Gratings

We now show that the convergence of the quadratures and the convergence of the numerical
solutions are super-algebraic if the scattering surface is C°°. By way of preparation, we recall

that if the solutions i (t) = uZ [x(t)] of the approximating scattering equations (3.210)



133
exist, then they belong to CSS,.(27) for cases with smooth grating profiles (Theorem 3.1.8).

per

Remark 3.2.3. A straightforward extension of the following discussion can be made for

finitely differentiable scattering surfaces.
We first prove the following theorem regarding the quadratures.

Theorem 3.2.6. Assume that the grating profile f [x(t)] belongs to Cpg.(27) and that the

solutions il € C.(2m) of the approzimating scattering equations (3.210) exist. Then, the

per
quadratures
3 L g 2 B
as=p % AP orgen + Trgen i)
{j: \t—tj\<72wfsp}
I 9r (3.230)
+o— > K (6 45) i ()
T n;
{] 27rcs£7Asp<|t_tj|<¥}
converge super-algebraically in n;, uniformly on [0,2x], to
4 L t+# 4
A = o [ KT dr (3.231)
27 t—214

as n; — o0.

Proof. As described in the proofs of Theorems 3.2.2-3.2.4, each of the kernel functions

K3 (t, 1), Kis(t,7) and K{j(t,7) can be periodically extended in 7 (with periods of cer-

tain integer multiples of 47) for each ¢ € [0, 27]. The profile f [z(t)] being Cpg,(27) implies
that these periodic extensions are C* in 7. Thus, the quadratures A7 [/ (t) converge
super-algebraically in n;, uniformly on [0, 27], to A™ [/ (t) as n; — oo, since Theorem 3.2.1
holds, the trapezoidal rule (2.136)—with appropriately modified intervals of integration—
integrates exactly the trigonometric interpolation polynomials for KggQ(t,tj)ﬂ;;‘L(tj) and
Kr’g(t,tj)ﬁ;‘,‘l(tj) [35, p. 201] and the quadrature formula (2.137)—with an appropriately

modified interval of integration—integrates exactly the trigonometric interpolation polyno-

mials for the values K, (¢, ti) i (t5) [35, p. 208]. O

Having this result, we now establish the super-algebraic convergence of the numerical

solutions fiiy™ (t).
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Theorem 3.2.7. Assume that the grating profile f [x(t)] belongs to Cpe,(2m), that the so-
lutions it € C9.(27) of the approzimating scattering equations (3.210) exist and that the

per

solutions ﬁ;?;"" e CY

ver(27) of the numerical approximation equations (3.211) exist. Then,

the solutions ﬂﬁ{nz(t) are, in fact, Cpe(2m), and they converge super-algebraically in n;,

uniformly on [0,27], to i’k (t) as n; — oo.

ni

Proof. The solutions ﬂf{ni(t) are Cpe,(27), because the functions Rj(?)(t), K3, (t,t),

a2t 1), Kip(t,t5) and gy, [z(1)] in (2.165) are Cpg,(27). Both Theorem 3.2.5 and Theo-
rem 3.2.6 hold. So, given the error estimate (3.228) and the super-algebraic convergence of
the quadratures (3.230), we conclude that the solutions ﬁf{ni (t) converge super-algebraically

in n;, uniformly on [0, 27], to i} (t) as n;y — ooc. O

3.2.2 O(1) Computational Times for Simple-Reflection Cases

In Section 2.2.3, we undertook an examination of the integral (2.64)—a quantity that is
closely related to (but considerably simpler than) the integral operator in the exact scatter-
ing equations (2.51) and (2.52). Using the smooth windowing function P; (0,2’ ¢, A) (2.54)
to formulate the approximation (2.75) to this simple integral, we demonstrated that as
ky = k[1 +sin(0)] + 22 increases we may allow the integration window size A to decrease
and maintain the accuracy of our approximation. Thus, we expect that there is a similar
relationship between k and A in the computational accuracy of our full algorithm.

Additionally, in Section 2.3.2 we motivated the development of the unknown ps(x) (2.101)
and its use for simple-reflection cases. Both our physical intuition as well as the paper [17]—
in which the ansatz (2.95) was successfully used—indicated that us(x) is “slowly oscillating”
(i.e., has a bounded number of oscillations as k increases) in such cases. We then showed
in Section 2.3.3 that it indeed is advantageous to solve the scattering equations (2.100) for
p2(x) rather than the equations (2.90) for uq(x) (2.88) when considering problems contain-
ing only simple reflections; in particular, Cases 1 and 2 of Section 2.3.3.5 together illustrated
the slowly oscillating behavior of ug(z) when no multiple reflections occur.

Having in view the asymptotic series that is the slowly oscillating factor in the ansatz (2.95)
as well as the regularity result from Theorem 3.1.7, we assume that for problems with smooth

grating profiles and scattering configurations giving rise only to simple reflections we may
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write the solutions pa(x) of the exact scattering equations (3.5) as

p2(x) = po(x, k) ~ Z (é;:gl

n=0

(3.232)

as k — oo; here ¢, € Cpe, (L) and does not depend upon k, and we write ua(v) = pa(z, k)
and use inverse powers of the dimensionless quantity kL for the sake of clarity in our later
analysis. A theoretical basis for this assumption can be found in [45]. We show that under
these conditions we may fix the quantity kA as k — oo (for a given scattering profile f(x) and
incidence angle #) and maintain a desired level of computational accuracy (Section 3.2.2.1).
This implies that in such cases there are upper bounds on both the number of target points
and the number of quadrature points that are needed for solving the linear systems (2.170),
and we demonstrate that our algorithm therefore requires O(1) total computational time
as k — oo (for a given scattering profile f(z) and incidence angle #) in order to compute

pa(z, k) to a fixed level of accuracy (Section 3.2.2.2).

3.2.2.1 O(1) Approximation Errors

Earlier, we established the super-algebraic convergence in A of the approximating solutions
pA (z, k) to the exact solutions ju,,(x, k) as A — oo for cases with smooth gratings (Theo-
rems 3.1.9 and 3.1.10). Using that analysis, we here demonstrate that as k increases (for a
given scattering profile f € C5g, (L) and incidence angle 6) we may let A decrease—keeping
kA fixed—and maintain a desired level of accuracy in approximating ua(x, k) by us (z, k)

for problems with scattering configurations that do not give rise to multiple reflections.

Remark 3.2.4. As with Theorem 3.1.9, the analysis here can be modified appropriately for

configurations with finitely differentiable scattering surfaces.

We first prove a lemma that will allow us to easily demonstrate this error property given

the ansatz (3.232) for pa(x, k).

Lemma 3.2.1. Let the grating profile f(x) belong to Cpe, (L), and let p(z) belong to Cpg (L)

as well. Also, let n be a real number such that n > 0. Given the operators Kfl (3.2) and
K? (3.3), if for everyn € Z

kL [1 + sin(6)] + 2mn| > n >0 (3.233)
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(i.e., if k is some distance away from all Wood Anomaly values), and if no multiple reflec-

tions are present, then

o (K? - K3) p(z)| = O <(k:L)_1 (kA)—p+%) (3.234)

for every integer p > 1 and every A € (0,00) as k — oo.
Proof. The proof of this lemma is closely related to the proof of Theorem 3.1.9. As such,
we re-use much of the notation from that discussion. Recalling that

(K? - K3) p(z) = 2 (x,k,c, A) + I (2, k, ¢, A), (3.235)

where I2 (z, k,c, A) and I2(z,k,c, A) are given by (3.74) and (3.75), we only provide com-
plete details for the estimation of the size of I2 (z,k, ¢, A).

We employ the same changes of variables as in Section 3.1.3.1 in order to write

. - _ h(kLuy (z,¢7!
I3 (2, k,c, A) = /qh(x,cg‘)& (c, Lf;{l) g+ (36&511) <€Z;E;;) )) (3.236)

- -1
st s o (2 157)] 252

where g?)jrl = (;311 (z,€) is the inverse of ¢y (z,t) (3.92) and where the lower limit of inte-
- _ -1

gration £ = ¢ (a:, %) is the point at which P (c, Lf}) begins increasing from 0 as &

increases. We may let ¢; = 0 since there are no multiple reflections (Remark 3.1.4), and

this leads to the expression

2 (z,k, c, A) = /‘X’m CA)E (C’ L¢~5+1> oo (07 h (kLﬂ+ (:Mg?))

by (0,2 cA ik Lt (z.07")

(3.237)

x eRLIHsin()l€ o [277 (% + éllﬂ 8?3 dg.
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Thus, setting & = kL&, we have

5 _ 1o s Lol ENT [ o &
I+(SU,I{?,C,A) - MAL$+(x70A)P2 |:C’014¢+ <SU, kL>:| 9+ |:SC,(;5+ <.’E7 kL>:|

Fa

h (kLa+ [:E’ ¢ (x, g]L)D pill+sin(6)]€ (3.238)

_ x o 3 9 -_ 3 -
X @ (27r [L + ot <x kL)D a—gqb; (w kL) kL dE.
The functions P» [c, %(5;1 (x, %)} , eill+sin(9)€ and @ (277 [% + <Z>J_rl <a:, %)D are O(1)
in kL as k — oo. Expanding gﬁl (:B, %) using the Taylor formula (3.99) and noting that
qgjrl (x,0) = 0, we have

N (&) 9 (,2)
oy (xm)=§m<m) o

(3.239)

for every integer v > 1. Additionally, it follows from (3.87) and (3.88) that both g, (x,t)

and @y (x,t) admit similar expansions in ¢, with

(3.240)

and

i 2 (oY [ ()] 3201

Thus, a%&jrl (x, é) kL, g+ [w,qzjrl (x, &)} and kLuy [:):,qgjrl <x, %)] also are O(1) in
kL as k — oo. Finally, we note that

~ A L - A
kL, <x CL> = keA— 0, (x CL> (3.242)
and - )
L -, £\ _ 1 71 €.

here, i(]hr (z, %) (3.171) is O(1) in % as A — oo, and—as can be easily deduced from the



138
Taylor expansion (3.239)—kL¢ " (w, %) is O(1) in kL as k — oco. Since

A —P-&-%
max ‘If_(x,k‘,c, A)| =0 <L> (3.244)

z€[0,L]

for every integer p > 1 as A — oo (Theorem 3.1.9), the factor kiL in front of the inte-

gral (3.238), the factor kA in (3.242) and the factor 7 in (3.243) allow us to infer that

Pz ke A =0 (kL)L (kA) P> 3.245
mac |12, e, A)] = O ((KD)™ (k) 772) (3.245)

for every integer p > 1 and every A € (0,00) as k — oc.

The proof for I2(x,k,c, A)—which can be written as (3.208) by employing certain

changes of variables—follows analogously, since in this context we again may let ¢; = 0

(Remark 3.1.7) and since |kL [1 — sin(#)] 4+ 27n| > n > 0 for every n € Z. We conclude that
K? — K3 < I3 (v,k,c, A I (v,k,c, A

xrg[gﬁ]\( 2) p(@)] _;g[gfi]l Hx,kyc, A)] +xren[g§]| 2 (z,k, ¢, A)]

(3.246)
—0 ((kL)—1 (k;A)—P*%)

for every integer p > 1 and every A € (0,00) as k — oo. O

Theorem 3.2.8. Let the grating profile f(x) belong to C5S.(L), and assume that the solu-

per

tions pa(w, k) of the exact scattering equations (3.5) belong to Cop.(L) and can be written
according to the ansatz (3.232). Also, let  be a real number such that n > 0. If for every
nez

|kL 1 £sin(0)] + 27n| >n >0 (3.247)

(i.e., if k is some distance away from all Wood Anomaly values), and if no multiple reflec-
tions are present, then the solutions i (x, k) of the approzimating scattering equations (3.1)

exist for sufficiently large A and satisfy
|2 — || . < C (kL) (kA)P*2 (3.248)

for every integer p > 1 and some constant C' as k — oo.
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Proof. Given the ansatz (3.232), it follows from Lemma 3.2.1 that

. [(K? = K3) pa(a, k)| = O ((kL)’l (kA)’er%) (3.249)

for every integer p > 1 and every A € (0,00) as k — oo. Applying Theorem 3.1.4, we con-
clude that the solutions 4 (, k) exist for sufficiently large A and that the inequality (3.248)

holds for every integer p > 1 and some constant C' as k — oo. O
Remark 3.2.5. The above analysis can be modified straightforwardly to show that the exact
integral operator K2 has the property

1
K? Bl=0(-—=— 3.250
o, [ pa(, K)| (kL> (8.250)

as k — oo if k is some distance away from all Wood Anomaly values and if no multiple
reflections are present, assuming that the ansatz (3.232) for po(x, k) holds. In such cases,

both pz(x, k) and us (z, k) approach
p9(z) = qo(x) = sin(8) f'(x) + cos() (3.251)

as k — oo for a given scattering profile f € Cpg. (L) and incidence angle 0, where qa(x) is the
right-hand side of (2.100) and p3(x) is the A = 0 solution of the approzimating scattering
equations (3.1). Equivalently, the highest order term (o(x) of (3.232) satisfies

Co(@) = q2(x); (3.252)

this term corresponds to the Kirchhoff approximation just as the highest order term in the

series of (2.95) corresponds to the Kirchhoff approximation (Section 2.53.2.1).

3.2.2.2 O(1) Numbers of Target and Quadrature Points

After proving a lemma that will help us establish the rate of necessary growth in the number
n; of integration points per period as k increases, we conclude with our main theorem—
demonstrating the O(1) total computational time required as k — oo (for a given scattering
profile f(z) and incidence angle €) in order to compute pa(x, k) to a fixed level of accuracy

if no multiple reflections are present.
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Lemma 3.2.2. The kernel K2(t,7) (2.142) in the approzvimating equations (3.210) has the

property

max [K3(t,7)| = O (VEa) (3.253)

te(0,2m

as k — oo.

Proof. We have

h(ku [z(t), z(7)]) ;
2 _ ’ ikm [2(t),2(7)]
tg[%)é};r} }K (th)‘ = tg&)%);] Py [x(t), z(7),c, A] g [x(t), z(T)] CRu0a(r]

= D [Prle(t), o), ¢, A g [2(t), 2(7)] hlku [2(2), 2(T)D]

(3.254)

We recall from (2.53) and (2.54) that P [z(t),z(7), ¢, A] = 0 for |z(7) — x(t)| > A and that
Py [z(t),xz(7),c,A] = 1 for |x(7) — x(t)| < cA. The estimate (3.253), therefore, follows from
the application of the asymptotic formula (2.62) to the function

hkula(t),2(7)]) = ku[2(t), 2(r)] Hi (ku (), (7))

= i/lelt) — 2 + {fla0)] — Fla(r)])? (3.255)
« i} (W 2(t) — 2(r)? 1 { fla(t)] — f[m(f)]}2>

as k — oo. O

Theorem 3.2.9. Let the grating profile f(x) belong to CSS.(L), and assume that the solu-

per

tions pa(w, k) of the exact scattering equations (3.5) belong to Cop.(L) and can be written

according to the ansatz (3.232). Also, let n be a real number such that n > 0. If for every

nez

|kL 1 £sin(0)] + 27n| >n >0 (3.256)

(i.e., if k is some distance away from all Wood Anomaly values), and if no multiple reflec-

tions are present, then

1. pa(z, k) can be represented uniformly for x € [0, L] to a prescribed level of accuracy

using an O(1) number of Fourier modes as k — oo;

2. pe(x, k) can be computed numerically to a fized level of accuracy by solving the approz-

imating linear systems (2.170) using an O(1) number of non-zero values G, ; (2.167)
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as k — oo,

3. pa(z, k) can be computed numerically to a fized level of accuracy in O(1) total com-

putational time as k — oo.

the algorithm of this thesis—by solving the approzimating linear systems (2.170) —computes
the solutions ua(z, k) at a prescribed level of numerical accuracy in O(1) computational time

as k — oo (for a given scattering profile f(x) and incidence angle 0).

Proof. We consider each part of the theorem in turn.

Proof of 1: Given the ansatz (3.232), for every e > 0 and integer N > 0 there exists a

real k. n such that

(3.257)

max
z€[0,L]

for k > k. n. Since each of the functions (,(z) is independent of k, it follows that there

exists an integer M (dependent upon k. n,€, N) such that

N M
Cn(l') - 2Tm €
- m(kL)e" 77| < — 3.258
2B |2 a2, T < o

for k > ke v, where ¢, (kL) is the mth Fourier coefficient for the series ZTJLO (C]:L(g)c,)z There-

fore,
M

po(w,k) = D en(kD)e
m=—M

max

3.259
z€[0,L] <€ ( )

for k > ke n, i.e., pa(x, k) can be computed to any desired degree of precision using an O(1)

number of Fourier modes as &k — oo.

Proof of 2: In view of Part 1, our numerical method requires an O(1) number ny of target
points as k — oo in order to compute ua(x, k) to a prescribed level of accuracy by solving
the approximating linear systems (2.170).

In solving these linear systems, we may keep kA fixed as k increases without bound
and ensure a desired degree of numerical precision for our solution (Theorem 3.2.8). Now,
the number n; of integration points per period must increase with k£ in order to main-
tain computational accuracy, since the number of oscillations of the kernel in the exact

scattering equations (2.100)—and thus of the kernel K?(¢,7) (2.142) in the approximating
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equations (3.210)—increases with k. Given Lemma 3.2.2, this increase is linear in k for

fixed kA because of the phase factor

Jiktala(t)a(r)] _ ik [V O] fla(n]}— (sin(0).— cos(9))-(a(t)~a(r).flo()flo(r)])]

(3.260)

in (2.142). Therefore, we may leave npysp = L%LSPJ and nyy = ["iLAJ constant as k — oo

and maintain computational accuracy, which implies that both the number of quadrature
weights R](%) (2.168) and the number of integration points that lie within the integration
window about each target point are O(1) as k — oo.

Thus, our method requires the computation of an O(1) number of values ay ; (2.167) as

k — oo.

Proof of 3: Each of the quadrature weights requires O(1) computational time as n; — 0o
in order to be computed (Section 2.5.3.1), which implies that each ay ; of (2.170) is calculated
in O(1) time. Additionally, as described in Section 2.5.3.2, we have an O(1) approach for
determining the Fourier interpolation values fi; of (2.170) at the relevant integration points
(the points that lie within the integration window about each target point). Therefore, we
conclude that the algorithm of this thesis computes the solutions us(x, k) at a prescribed

level of numerical accuracy in O(1) computational time as k — oo. O



143

Chapter 4

Numerical Results

The numerical method described in this thesis was implemented in FORTRAN 77. “Double
precision” and “double complex” data types were used as appropriate for machine-level-
accurate computations. All of the numerical results we present were obtained from runs of
this code on a 3.0 GHz Intel Xeon processor (2 MB cache).

For purposes of code verification, we computed scattering efficiencies for a variety of cases
and compared these values to those generated by proven codes. The scattering configura-
tions considered included cases from our two main parameter regimes—cases with multiple
reflections (which may also include shadowing) and those with only simple reflections—so
as to test the code’s computations under the p;(x) and pg(x) representations of the den-
sity in their most appropriate settings (Sections 2.3.1 and 2.3.2). We also varied between
TE/sound-soft and TM /sound-hard scattering, different values of k£ and different grating
profiles. For those cases where k£ was not a Wood Anomaly value, the solver from [13]—
previously mentioned in Section 2.2.1—was used as a baseline. Not only did both codes’
computed efficiencies satisfy the energy balance criterion (2.45) to machine precision, but
they also agreed with each other on an efficiency-by-efficiency basis. Additionally, previ-
ously published [17] efficiencies of certain cases which had Wood Anomaly values for k were
reproduced. See Appendix B for examples.

Using this verified code, we undertook a convergence study to demonstrate the rapid
convergence of our method in both number of discretization points and integration window
size given a smooth grating profile (Section 4.1). The computational cost and accuracy of
our method was compared against that of other rigorous methods (we restrict ourselves
to comparing the performance of our solver to recent integral equation-based approaches

that are the most efficient and accurate methods we have found in the literature) as well as
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the non-convergent Kirchhoff approximation, using previously published results and, in the
case of the solver from [13], running the code ourselves (Section 4.2); the code compares
very favorably under a variety of scattering configurations, including those which simulate
the real-life problem of scattering from an ocean surface. Additionally, for a grating of the
form f(x) = % cos(2mx), we varied the height h as well as the incident wave’s wavenumber &
and incidence angle 0 in order to see how the computational cost of our method varies with
these parameters, including examining the sensitivity of our method for k£ at and near Wood
Anomaly values (Section 4.3). The results of Section 4.3 further illuminate the capabilities
of our method and demonstrate that its computational cost varies in accordance with the

proofs given in earlier chapters of this thesis.

Remark 4.0.6. The cases described in all of the sections in this chapter involve TE/sound-
soft scattering. A selection of these cases is re-examined in Appendix C, where for each
example the particular grating profile, wavenumber, incidence angle, representation of the
“density” and set of numerical parameters are left unchanged but the type of scattering con-
sidered is TM/sound-hard instead of TE/sound-soft. In that study, we demonstrate that—all
other things being equal—the type of scattering that is occurring does not significantly impact

the accuracy of our solver.

4.1 Convergence

In this section, we show that our numerical method yields rapidly convergent results for three
typical scattering configurations—two which give rise to multiple reflections (one of which
also contains shadowing) and one with only simple reflections. We do this by evaluating two
types of quantities that are based upon the computed scattering efficiencies. First, since

the scattering efficiencies e,, satisfy

Y en=1, (4.1)

nel
which is the energy balance criterion (2.45) discussed in Section 2.1.4, one measure of the
accuracy of a numerical solution is to calculate the error ‘ZnEU €n — 1‘ for that solution’s
computed efficiencies; we call this error the “energy balance error.” Second, for each con-
figuration we use the method of [13] to compute a reference solution which has a very small

energy balance error (e.g., 10713 to 10716); we evaluate the differences between a solution’s



145

computed efficiencies and those of the reference solution on an efficiency-by-efficiency basis,
and we call the maximum of the absolute values of these differences the “maximum absolute
error” (“max. abs. error”). We note that the energy balance error may continue decreasing
without the maximum absolute error decreasing (see, e.g., Section 4.1.2). But, our method
demonstrates convergence according to both of these measurements, i.e., in the sums of
the scattering efficiencies and in each of the efficiencies as compared to those generated by

another solver.

Remark 4.1.1. See Appendiz D for a brief discussion about rounding errors.

4.1.1 Multiple-Reflection Cases
4.1.1.1 No Shadowing

We begin our convergence study by considering a grating profile of the form f(z) =
%cos(27rm) and the incidence angle § = 10°, so that the scattering from this configura-
tion includes multiple reflections but not shadowing (Figure 2.10). We take % = 10, since
this corresponds to an incident wave with a moderately sized wavenumber that is well away
from the set of Wood Anomaly values. Using the solver described in [13], we generate a
reference solution of this scattering problem with which we compare the solutions of our
method; the reference solution has an energy balance error of 6.9 x 10715 (see Figure 4.1
for a plot of its efficiencies).

Solving for pi(x), we first fix the discretization of the system, setting both the number
ny of target points per period and the number n; of integration points per period to be 192,
and we increase the integration window size A while keeping A, = % (see Section 2.5 for a
further description of these parameters). We check both the energy balance errors and the
maximum absolute errors (relative to the reference solution) associated with the computed
efficiencies. Confirming our analysis in Section 3.1, the efficiencies exhibit super-algebraic
convergence in A up to the very small error level implicit in this discretization (Table 4.1).
Similarly, super-algebraic convergence in n¢ to the error level implicit for A = 800 is also
achieved (as expected for our spectral method; see Section 3.2) when we fix A = 800 and
increase ny while keeping n; = ny (Table 4.2). We also see rapid convergence in n; when
doubling it while leaving A = 800 and ny fixed (Table 4.3), although we note that in this

case further increases in n; relative to each ny (e.g., setting n; = 3 x ny) yield no additional
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Figure 4.1: Efficiencies of the Regime 1 case with no shadowing

A energy balance error max. abs. error

100 8.8 x 1076 3.3x 1076
200 1.5 x 1077 4.1 x 108
400 8.0 x 10711 3.1x 10711
600 1.8 x 10712 4.5 x 10713
800 8.5 x 10713 3.1x 10713

Table 4.1: Convergence table for various A (ny = n; = 192) for the Regime 1 case with no

shadowing

accuracy.

Remark 4.1.2. Computing this case using ny = 128, n; = 128 x 2, A = 800 results in

an energy balance error of 1.0 x 10712 and a mazimum absolute error of 3.0 x 10713, This

solution took 56 seconds to compute.

ny energy balance error max. abs. error

64 1.3 x 10° 2.9 x 10t
96 2.3 x 1074 1.4 x 1074
128 2.0x 1076 5.1x 1077
160 2.1 x 10712 1.2 x 10712
192 8.5 x 10713 3.1x 10713

Table 4.2: Convergence table for various ny (ny = n; and A = 800) for the Regime 1 case

with no shadowing
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nyg ny energy balance error max. abs. error
64 64 x1 1.3 x 109 2.9 x 107!
64 64 x2 3.1x 107! 7.7 x 1072
96 96 x 1 2.3x107* 1.4 x 1074
96 96 x 2 1.4 x 10711 1.5 x 10711
128 128 x 1 2.0 x 1076 5.1 x 1077
128 128 x 2 1.0 x 10712 3.0 x 10713

Table 4.3: Convergence table for various n; and n; (A = 800) for the Regime 1 case with
no shadowing

0 L L L L L L L L L
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
n

Figure 4.2: Efficiencies of the Regime 1 case with shadowing

4.1.1.2 Shadowing

We also examine scattering from the surface f(z) = %22 cos(2mz) by an incident wave
with % = 10 and 0 = 75°, since this configuration includes both multiple reflections and
shadowing (Figure 2.10). The reference solution we use has an energy balance error of
1.7 x 1071, and its efficiencies are plotted in Figure 4.2. Solving for ji(z), our method
yields convergence results similar to those in Section 4.1.1.1 (Tables 4.4-4.6). We note that
for this case, unlike the previous one in Section 4.1.1.1, setting n; = 3 X ny does yield

additional accuracy over the n; = 2 x ny solutions.

Remark 4.1.3. The ny =96, n; =96 x 3, A = 750 solution by our method was computed

in 44 seconds.



148

A energy balance error

max. abs. error

100 5.5 x 1077 8.7 x 1077
200 5.5 x 107 2.0x 1077
400 2.8 x 10712 9.3 x 10713
600 1.4 x 1071 2.6 x 10714
750 1.7 x 10715 2.8 x 10714

Table 4.4: Convergence table for various A (ny = 96, n; = 96 x 3) for the Regime 1 case
with shadowing

ny energy balance error max. abs. error

24 4.5 x 1072 2.4 x 1072
32 8.0 x 1073 5.4 x 1073
64 1.1 x 1079 8.1 x 10710
96 1.4 x 10712 1.2 x 10712
128 9.2 x 10714 9.2 x 10714

Table 4.5: Convergence table for various ny (n; = ny and A = 750) for the Regime 1 case
with shadowing

Table 4.6: Convergence table for various ny and n; (A = 750) for Regime 1 case with

shadowing

T 7y energy balance error max. abs. error
24 24 x1 4.5 x 1072 2.4 x 1072
24 24 %2 7.7 %107 3.3x 1076
24 24 x3 4.1 x 1079 4.8 x 1078
32 32x1 8.0 x 1073 5.4 x 1073
32 32x2 1.0 x 1079 7.7 x 10710
32 32x3 5.3 x 1071 6.5 x 10711
64 64x1 1.1 x 1079 8.1 x 10710
64 64 x 2 1.3 x 10713 1.1 x 10713
64 64 x3 1.3 x 10713 5.1 x 10714
96 96 x 1 1.4 x 10712 1.2 x 10712
96 96 x 2 5.4 x 10714 3.6 x 10714
96 96 x 3 1.7 x 10715 2.8 x 10714
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4.1.2 Simple-Reflection Case

To consider a simple-reflection case, we let f(z) = %22 cos(2mz), % = 10 and 6 = 10°.
The reference solution has an energy balance error of 5.6 x 10~ 16; Figure 4.3 contains a plot
of the scattering efficiencies.

In view of the scattering phenomena which arise in this case, we use pg(x) for the
unknown density, and the convergence results are similar to those of the cases considered
previously. For our study of the convergence in A we consider two different discretizations:
ni = ny = 48 and ny = 16, n; = 16 x 3. Not only is super-algebraic convergence in A
achieved up to the error levels implicit in these fixed discretizations, but also the errors for
each discretization are nearly identical for most of the values of A considered (see Tables 4.7
and 4.8). Fixing A = 30, super-algebraic convergence in ny (and n; for n; = ny) is achieved
up to machine precision (Table 4.9), while similarly rapid convergence in n; (fixing n; = 16)
is also demonstrated (Table 4.10).

We note that for A = 20 and A = 30 the individual efficiencies’ errors for the n; =
16, ni = 16 x 3 solutions do not decrease to machine precision (see Figure 4.4) as they do
for the n; = ny = 48 solutions (see Table 4.7), and there is a similar stalling in convergence
when fixing A = 30 and increasing the discretization from ny = 16, n; = 16 x 2 to ny =
16, ni = 16 x 3 (see Figure 4.4). This is due to the fact that not all of the significant
Fourier modes of the density are being computed for ny = 16, while they are all computed
for ny = 48 (see Figure 4.5). Nevertheless, very good results can be achieved for ny = 16

(often nearly identical to the ny = 48 results) with less computational time than is used for

the ny = 48 solutions.

Remark 4.1.4. The ny = n; = 48, A = 30 solution by our method was computed in 0.24
seconds, while the ny = 16, n; = 16 x 3, A = 30 took 0.09 seconds. Another solution by
our method has parameters ny = n; = 38, A = 30, took 0.13 seconds to compute, has an
energy balance error of 4.4 x 10716 and a mazimum absolute error of 6.1 x 10716, We use

this solution multiple times in Section 4.3.
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Figure 4.3: Efficiencies of the Regime 2 case

A energy balance error max. abs. error

1 6.6 x 107° 7.5 x 107°
2 2.8 x 1076 1.2 x 1076
5 3.0x 1078 1.1 x 1078
10 9.6 x 1071 2.8 x 10711
20 2.8 x 10714 2.3x 10714
30 8.9 x 10716 2.4 x 10716

Table 4.7: Convergence table for various A (ny = n; = 48) for the Regime 2 case

A energy balance error max. abs. error

1 6.6 x 107° 7.5 x 107°
2 2.8 x 1076 1.2 x 1076
5 3.0x 1078 1.1 x 1078
10 9.6 x 1071 2.8 x 10711
20 3.0 x 10714 2.6 x 10713
30 1.1 x 10712 2.6 x 10713

Table 4.8: Convergence table for various A (ny = 16 and n; = 16 x 3) for the Regime 2 case

max. abs. error

ny energy balance error

8 4.1 x 10° 2.5 x 109
16 5.1 x 107° 1.8 x 107°
24 9.9 x 1078 6.9 x 1078
32 9.9 x 10~ 1.4 x 10713
40 6.7 x 10716 9.4 x 10716
48 8.9 x 10716 2.4 x 10716

Table 4.9: Convergence table for various ny (n; = ny and A = 30) for the Regime 2 case
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ny energy balance error max. abs. error
16 x 1 5.1 x 107° 1.8 x 1075
16 x 2 1.0 x 10713 2.5 x 10713
16 x 3 1.1 x 10715 2.6 x 10713

Table 4.10: Convergence table for various n; (ny = 16 and A = 30) for the Regime 2 case

Figure 4.4: Errors of the ny = 16, n; = 16 x 2, A = 30 solution (left), the ny = 16, n; =
16 x 3, A = 20 solution (middle) and the ny = 16, n; = 16 x 3, A = 30 solution (right) for
the Regime 2 case

log,(AbS(FFT(1,)))
log,(AbS(FFT(1,)))
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mode mode

Figure 4.5: Fourier amplitudes for the ny = 16, n; = 16 x 3, A = 30 solution (left) and the
ny = 48, n; = 48 x 1, A = 30 solution (right) for the Regime 2 case
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4.2 Comparisons with Other Numerical Methods

We apply our numerical method to a variety of scattering configurations, including scatter-
ing from deterministic periodic gratings (Section 4.2.2) and from a randomly generated peri-
odic rough surface which simulates ocean surface waves along one dimension (Section 4.2.3).
To demonstrate the character of our algorithm, we compare its performance with those of
some of the most efficient integral equation computational approaches available in the liter-
ature as well as with the approach based on the Kirchhoff approximation (KA). The results
are satisfactory: the performance of our algorithm compares very favorably to those of other

methods (in terms of both accuracy and efficiency) for a broad range of configurations.

4.2.1 Overview of Numerical Methods Used for Comparison

As mentioned above, as a basis of comparison we have used some of the most efficient
algorithms available, including methods based on first-kind integral equations, second-kind
integral equations, least-squares procedures and high-frequency approximations. A brief

discussion of these approaches and our use of them in this thesis is provided in what follows.

4.2.1.1 Methods of [4]

A recently published paper [4] describes a first-kind integral equation formulation of the
scattering problem and discusses three Galerkin methods—the “spectral-coordinate” (SC)
and “spectral-spectral” (SS) methods that were previously presented in [21] as well as a
modification of the SS method, called “SS*,” that is introduced in this paper—along with
a least-squares (LS) method that is not based on integral equations. For the Galerkin
methods, the density is approximated for x € [—%, %} using a set of N basis functions
(i.e., the number N is the number of degrees of freedom for the solution), while the LS
method is derived using an N-term truncation of the Rayleigh expansion for the scattered
field (see Section 2.1.2); each method uses its own set of basis functions, but each set of
functions is closely related to the modes in the spectral expansion (2.22) of the periodic
Green’s function. Approximating linear systems of the form Aa = b are developed for all
four methods, where A denotes an N x N matrix corresponding to the kernel of the integral
operator and b denotes a vector corresponding to the incident plane wave. Owing to the

types of basis functions used in the Galerkin approaches, the vectors b in these cases can
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be computed by means of simple function evaluations; the same is true of the matrix A
in the case of the SC method (the functional expressions for the elements of this A come
from approximating the full integral expressions of the elements by the midpoint rule). In
contrast, the entries of A for the SS, SS* and LS methods (the entries are identical for
the SS* and LS methods) and the elements of b for the LS method are integrals which are
computed by M-point trapezoidal rule quadratures. Finally, we note that the SS* and LS
methods are convergent, whereas the SC and SS methods may not be (as demonstrated by
certain numerical results in [4]). Further details about all of these methods can be found
in [4].

The comparisons we present in Section 4.2.2.1 include results generated by the applica-

tion of these four algorithms. These results are taken from the work presented in [4].

Remark 4.2.1. The paper [21]—in addition to presenting the SC and SS methods—discusses
certain “coordinate-coordinate” (CC) methods denoted by “CC1,” “CC2” and “CG.” For
the various scattering problems examined in that paper these CC methods seem to converge
even when the SC and SS methods do not, but they are generally slower—sometimes orders
of magnitude slower—than the SC and SS methods. Since the CC methods are so much
slower than the SC and SS methods, and since they are not considered in [4] (a more recent

study), we do not consider them here in this thesis.

4.2.1.2 Method of [13]

The method of [13] is a collocation approach that computes ng modes in a truncation of
the Floquet series expansion (2.131) for the unknown density in the second-kind integral
equations (2.35) and (2.39) (TE/sound-soft scattering and TM /sound-hard scattering, re-
spectively). The integral operator is approximated using an ng,-term truncated Chebyshev
series per Floquet mode. This results in ng equations in x, which are then discretized over
the interval x € [—%, %] using ng uniformly spaced values of x so that an ng X ng system
of equations results for the coefficients of the truncated Floquet series. An indication of the
method used by these authors to produce the periodic Green’s function and thus the kernel
of the integral operator is given in Section 2.2.1; a key parameter required for the evaluation
of this kernel, which was varied in our experiments to obtain optimal performance from this
solver, is the number np, of points that are used in the Clenshaw-Curtis type quadrature

for finite parts of the infinite integrals in these functions.
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Remark 4.2.2. The numbers denoted by ng and n.y, in this thesis are equal to the quantities
2N +1 and M + 1 of [13], respectively. The number nyq is not directly described in [13],
but it is a parameter in the code which we varied as needed for the present study. Both n.,
and ny, are set in the code to be numbers of the form 2™ + 1 (for integer n) for the sake of

computational efficiency in computing certain FEFTs.

A number of comparisons between the results provided by our method and those re-
sulting from the algorithm of [13] are given in Sections 4.2.2.1 and 4.2.2.2. The scattering
configurations for the tests in the former section are drawn from [4], while those in the latter

section concern multi-scale cases we designed for added generality in our test sets.

4.2.1.3 Method Using the Kirchhoff Approximation

The KA-based method uses the analytical approximation for the density given in (2.99); see
Section 2.3.2.1 for details about its motivation. We discretize the analytical approximation
using ng, points, and we use a sufficiently large value of ng, to produce the best accuracy
possible for a given scattering case (as discussed earlier, this approximation of the density
does not converge to the true density as ng, — 00).

This approach is applied to all of the deterministic cases of Section 4.2.2 as well as the

simulated ocean cases of Section 4.2.3.

4.2.2 Deterministic Grating Surfaces

The four numerical methods described in [4] are applied in that paper to three scatter-
ing configurations which also have been considered in the earlier paper [21]—configurations
with deterministic periodic grating scattering surfaces and various incident fields. We apply
our method, the method of [13] and the KA-based method to these same scattering prob-
lems, and we compare the results to each other and to those given in [4] (Section 4.2.2.1).
Additionally, in Section 4.2.2.2 we consider scattering from a “multi-scale” surface which
has a sinusoidal structure that is perturbed by a small but significantly more oscillatory
component.

The performance of our algorithm compares favorably with those of these other methods
over a variety of scattering configurations, including a broad range of wavenumbers, some

configurations that only contain simple reflections, some that contain multiple reflections
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(with or without shadowing), some where the scattering surface is a sinusoid and some where
the scatterer is the multi-scale surface mentioned above. For example, for a given accuracy,
our method requires many fewer degrees of freedom (unknowns) than those required by
the methods of [4] for each configuration considered in that paper. Also, for some of the
problems we discuss in Sections 4.2.2.1 and 4.2.2.2 the method of this thesis is significantly
faster than that of [13] in computing solutions to any precision, while for others the method
of [13] is faster or slower than our algorithm, depending upon whether full machine precision
or less accurate solutions are required. Finally, while the very rapid KA-based method
can be somewhat accurate for the particular high-frequency simple-reflection cases that
we consider in this section, our method can compute the solutions for these cases much
more accurately in short times, and it works well even when the KA-based approach breaks

down—as it happens in the presence of multiple reflections.

4.2.2.1 Cases from [4]

The three scattering cases considered in [4] (and earlier in [21]) have grating surfaces of the
form f(z) = —% coS (%Tx) Besides the incidence angle 6, the physical parameters for these
cases are given as the dimensionless quantities % and %, while the same cases are described
in [21] using the dimensionless parameters % and % Table 4.11 lists these parameters
(using L = 1); Example 1 has simple reflections only, while Examples 2 and 3 have multiple
reflections but no shadowing (Figure 2.10).

In [4], not only are the three Galerkin methods and the least-squares method applied
to the scattering cases, but the Nystrom method of [44] is also applied in order to generate
reference solutions for purposes of comparison. The base 10 logarithm of the “energy
balance error” (Section 4.1) and a second error measurement based upon the differences of
the solutions’ Rayleigh coefficients with those of the reference solutions (this measurement
is the logarithm of something we call the “coefficients error” in later tables) are plotted in
that paper. Also, the values of M used for the various trapezoidal rule quadratures of these
methods are not given in [4], but it is stated that they are chosen sufficiently large so that
the integrals are computed to machine accuracy. Additionally, the computational times for
these cases are not given in the paper, but the values of N required, i.e., the numbers of
degrees of freedom for the solutions, are emphasized there.

Taking the parameters as stated in Table 4.11, we compute the scattering efficiencies
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for each of the three cases in [4] using our method, the method of [13] and the KA-based

method. We choose numerical parameters for our solver and that of [13] so that both the
energy balance errors and the maximum absolute errors (again, a reference solution using
the method of [13] is computed for each case) of their solutions are near 10716 (indicative
of machine-level accuracies) as well as choosing other values for the parameters so that
solutions with energy balance errors of approximately 1 x 10~* (we call these “moderately
accurate” or “mod. acc.” solutions) are produced; for both sets of solutions the minimum
values of these parameters necessary to achieve these error levels (as determined by extensive
testing) are reported. We compare the energy balances and discretization levels to those
given in [4] for the methods presented there. Additionally, we compare the computational
times of our method and the method from [13], since the codes were run on the same
computer and are thus directly comparable time-wise. To compare our method to the
KA-based method, we choose a sufficient number of integration points for the KA-based
approach so as to determine the maximum accuracy attainable by this non-convergent

method.

Remark 4.2.3. Computational timings for SS-generated and SC-generated solutions of
these three scattering cases are given in [21]. For the first of these cases—the only one for
which the SS and SC solutions are computed to machine precision in that paper—the SS
method is much slower than the SC method due to the quadratures for the matriz elements
for SS (the time to compute the matriz elements is denoted in [21] as the “fill time”).
Specifically, for N = 128 the SS method had a fill time of 4788 seconds while the SC method
had a fill time of 0.64 seconds; both methods required less than 1 second to compute the
solution after the matrices were generated. But, it is unclear how the timings in [21] could
be compared to those presented here, since that paper’s results were generated using a much
less recent computer (a SPARC 20 workstation). Therefore, we do not attempt to make such
a comparison, but instead we compare the numbers of degrees of freedom of our solutions to

the values of N reported in [4].

One major result of this section is that the numbers of degrees of freedom for the
solutions computed by the method of this thesis are significantly smaller than those for
the solutions computed by the methods discussed in [4], with convergence being achieved

for all three cases by the method of this thesis but not always being achieved by the SS
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Example (in [4]) Example (in [21]) h A 0
1 1A 0.075 0.01563553622559  20°
2 1B 0.075 0.01566499626662 75°
3 2A 0.25 0.95 20°

Table 4.11: Physical parameters for the cases that are described in both [4] and [21]

and SC methods. Our ability in these cases to represent the unknown “density” with a
smaller number ny of target points per period than the number n; of integration points per
period needed for our numerical quadrature gives the algorithm a strong advantage over the
methods of [4] (which solve N x N linear systems, where N is the number of basis functions
used to approximate the density). More precisely, the methods of [4] can achieve very
accurate results by computing solutions with (in one case) as few as 2 (see Remark 4.2.4)
“degrees of freedom per wavelength,” where for a periodic scattering surface with arc length
s over one period this number equals % The authors of [4] emphasize this fact since
integral equation methods for these problems commonly require 5-10 degrees of freedom
per wavelength (as is also stated in the survey paper [56] referred to in Section 1.1). Our
method, however, requires significantly fewer degrees of freedom per wavelength to compute
the solutions of these problems at (or near) machine precision, particularly when there is

no multiple scattering.

Remark 4.2.4. The values s/\ for the scattering cases are incorrectly doubled in [4], so
that the numbers of degrees of freedom per wavelength for its methods are understated in
that paper by a factor of 2. In accordance with the formula (2.41) for the differential arc

length ds(r'), we numerically evaluate

s/\ = i/_ 14 [f (2] da’ (4.2)

for each of the scattering cases later in this section.

Additionally, this thesis’ approach performs well relative to the method introduced
in [13]. It is dramatically faster than that algorithm in the simple-reflection case, and
it takes a similar amount of time in the other cases. These comparisons help demonstrate
the efficiency that arises from our solver’s use of small values of the integration window size

A for certain configurations or if less accuracy (such as that of the “mod. acc.” solutions)
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is required.

Finally, while the KA-based method is somewhat accurate in the simple-reflection case,
it is not at all accurate in the others due to the nature of the approximation it uses. Our
method, however, is accurate with short computational times for all three of the problems

in this section.

Example 1: For this case A = 0.01563553622559 — % ~ 63.95687. Also, s =~ 65A.
We compute po(z) when applying our method, since this case has no multiple reflections
or shadowing. But, we also use our method to compute p(z) in order to show this still
leads to very fast results. The efficiencies of this scattering configuration (according to the

reference solution) are plotted in Figure 4.6.

Remark 4.2.5. The value for %, i.e., for % with L = 1, is incorrectly stated as 63.9587
in [4]; this appears to be simply a typographical error. Additionally, in that paper the value

for s is given as being approximately 130 A\—a doubling of the correct value.

The methods of [4] compute the solutions very accurately (with energy balance errors
of 1071 to 10716) with N = 128 degrees of freedom; see Table 4.12, which lists N as well
as the energy balance errors and coefficients errors (these errors are estimated from plots
in [4]). This corresponds to solutions that are very close to machine precision with slightly
less than 2 (not 1 as stated in [4]) degrees of freedom per wavelength. As noted in [4], the
coefficients errors are somewhat larger than the energy balance errors. This may indicate
that the individual efficiencies computed by the four methods are somewhat less accurate
than suggested by energy balance errors, although only the energy balance of the reference
Nystrom solution is given and it is unclear how accurate this reference solution’s Rayleigh
coefficients (and thus its efficiencies) are.

Our method, however, only requires ny = 28 target points per period to accurately
compute puo(z) (appropriate for this scattering case) to machine precision (Table 4.13),

which is only about (S%) = 0.43 degrees of freedom per wavelength. This is accomplished

because of our method’s ability to have many fewer target points per period than the number
n; of integration points per period (for this solution n; = 28 x 10 = 280) used to compute
the integral operator. This is certainly an improvement over the 2 degrees of freedom per
wavelength required by the methods of [4] as well as the general rule of thumb of 5-10

degrees of freedom per wavelength needed by other integral equation methods. Even if
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we use our method to compute p;(x) for this case, only about 1.2 degrees of freedom per

wavelength (ny; = 80) are required for machine precision.

Remark 4.2.6. We also may infer that for this case our solver performs significantly better
than the Nystrom method of [44], since the authors of [4] note that the reference solution
generated by that method comes from solving a linear system “over 20 times larger” than

each of the systems used to generate the N = 128 solutions.

Further comparisons with the performance offered by the methods described in [4] are
difficult to make, as we stated previously. We do not know the values of M used to compute
the quadratures by the methods of [4]. Also, no computational times are given in that
paper to compare with our method’s total time of 0.2 seconds for this case. As we noted
in Remark 4.2.3, computational times for the SS and SC methods are given in [21] for this
case (and the others) as computed on a SPARC 20 workstation, but precise comparisons
time-wise cannot be made.

This thesis’ approach is also significantly faster than the method of [13] in solving this
scattering problem. In particular, it takes 0.2 seconds compared to that method’s 37 seconds
to achieve machine precision accuracy (see Tables 4.13 and 4.14): nearly 200 times faster.
It is similarly faster (0.04 seconds vs. 8 seconds) in computing a “mod. acc.” solution;
Figure 4.6 includes plots of the efficiency errors of the “mod. acc.” solutions, and on
an efficiency-by-efficiency basis the solution produced by the approach of [13] is actually
somewhat less accurate than that generated by our method, although the energy balance
errors are very similar. For both the machine precision and “mod. acc.” solutions our
approach uses about one-third of the numbers of degrees of freedom that the method of [13]
require.

Even if we solve for p1(x) by our method in order to compute the scattering efficiencies,
the total computing times for both the machine precision and “mod. acc.” data are signif-
icantly less than those for the approach of [13] (a factor of 200 smaller for the “mod. acc.”
data and just under a factor of 100 smaller for the machine precision data). The numbers
of degrees of freedom of the solutions are very similar between the two methods, however.
This should come as no surprise: the coefficients of the Fourier series of uj(z) equal the
Floquet series amplitudes computed by the method of [13] multiplied by a constant factor
(Section 2.3.3.5).
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Method N energy balance error coefficients error

SS* 128 ~1x10716 ~3x10713
SS 128 ~1x10716 ~3x 10718
SC 128 ~1x1071° ~3x10713
LS 128 ~3x10716 ~3x10713
Nystrom N/A ~3x 107 —

Table 4.12: Results of the four methods of [4] plus the Nystrém method of [44] for Example
1

rep. ng n; Agp A energy balance error max. abs. error time (sec)
po(z) 12 12x10 0.21875 0.25 1.4x107* 2.9 x 107° 0.04
po(z) 28 28x10  0.875 6 3.1x1071° 2.6 x 10719 0.2
pi(z) 38 38x3 0.21875 0.25 8.5 x 1075 4.8 x 1074 0.04
pi(z) 80 80x3  0.875 6 1.8 x 10710 2.9 x 10719 0.4

Table 4.13: Results of this thesis’ method for Example 1

The KA-based approach generates a solution with a slightly smaller energy balance
error than that of our method’s “mod. acc.” solution (using uo(x)) and does so in slightly
less time (Tables 4.13 and 4.15), although the two solutions have very similar efficiency-
by-efficiency errors (Figure 4.6). With very little additional computational time, however,
machine-level-accurate data is obtained by our approach, while no additional accuracy is

possible with the KA-based method.

Example 2: Here A = 0.01566499626662 — % ~ 63.83659. Although the value of A
is slightly different than that for Example 1, the relationship s ~ 65\ still holds. For this
case, however, we only compute p(z) since this is a (no shadowing) multiple-reflection
configuration. Figure 4.7 contains a plot of the scattering efficiencies.

Again, the numbers of degrees of freedom required for the solutions generated by the
method of this thesis are much smaller than the numbers for those solutions of similar (or

lesser) accuracy that were computed by the approaches of [4]. Table 4.16 lists the results

ng  Neh Npg energy balance error max. abs. error time (sec)

35 257 65 8.9 x 107° 2.5 x 1073 8
81 513 257 1.3 x 1071° 3.9 x 10716 37
161 1025 513 1.1 x 10716 — 152

Table 4.14: Results of the method of [13] for Example 1
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ng, energy balance error max. abs. error time (sec)
400 2.5x 107° 8.1x10~° 0.02

Table 4.15: Result of the KA-based method for Example 1
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Figure 4.6: Efficiencies (top), errors of this work’s “mod. acc.” solutions (u2(x) on the
middle-left and p;(x) on the middle-right), errors of the “mod. acc.” solution produced by
the method of [13] (bottom-left) and errors of the KA-based method’s solution (bottom-
right) for Example 1
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from [4] for two different values of N—N = 148 and N = 208—which correspond to certain

methods’ efficiencies having energy balance errors of approximately 10~* and the smallest
listed in the paper for this example, respectively. Our method requires only ny = 20 target
points to achieve error levels at least slightly better than those produced by the methods
of [4] with N = 148; see Table 4.17. Also, near-machine-precision accuracy is obtained by
our approach with ny = 48—the error levels only being matched by SS’s IV = 208 solution,
while the other methods from [4] perform significantly worse for N = 208. In terms of
number of degrees of freedom per wavelength, our method’s more accurate solution has
approximately 0.74—extremely good given its accuracy—while SS’s N = 208 solution has
approximately 3.2.

Our method also performs satisfactorily relative to the approach of [13], although in
this case the performance is not as clearly superior as it is for Example 1. Since the thesis’
approach employs p1(z) for the solution of this problem, the numbers of degrees of freedom
for its solutions (given the error levels achieved) are nearly identical to those of the method
of [13] (Tables 4.17 and 4.18; Figure 4.7 indicates that the individual efficiencies’ errors are

similar between the two methods’ “

mod. acc.” solutions). The computational time used
by our solver to compute its “mod. acc.” solution is much smaller than the time needed to
do the same by the method of [13] (0.7 seconds vs. 10 seconds). But, it takes 48 seconds
to compute its more accurate solution, while the approach of [13] only requires 25 seconds
to compute a similarly accurate solution.

The increase in each method’s computational times can be explained in terms of each
solver’s numerical parameters. For both methods, the vast majority of the computational
times for this case are spent in building the linear systems to be solved; the times needed
to build such systems for the methods of [4] are called “fill times” (Remark 4.2.3). For our
algorithm, this time increases linearly with n¢, n; and A, while for the method of [13] it
increases linearly in ng and nq, but very slowly with respect to nps. The more accurate
solution for our algorithm has increases in the values of these key parameters over the
576

« ) : 48 __ _ 800
values for the “mod. acc.” solution by factors of 55 = 2.4, 555 = 2.88 and S5 ~ 11.4.

The product of these factors is approximately 79, which is very close to the ratio of times

48 seconds ~ 69

0.7 seconds (there is some overhead in both of these computational times which has

not been factored in). The two solutions by the solver of [13] differ primarily in an increase

in ng from 21 to 51 (ne, is the same for these solutions), and this increase is matched by
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Method N energy balance error coefficients error

SS* 148 ~1x1074 ~3x1073
SS 148 ~3x107! ~ 1 x10°

SC 148 ~1x1073 ~1x1072
LS 148 ~3x1074 ~3x1074
SS* 208 ~1x10°8 ~1x1077
SS 208 ~1x10713 ~3x10"1
SC 208 ~1x107Y ~1x10°8
LS 208 ~1x1079 ~1x1079

Nystrom N/A ~3x 1071 —

Table 4.16: Results of the four methods of [4] plus the Nystrom method of [44] for Example
2

Ny ;i Agp A energy balance error max. abs. error time (sec)
20 20x 10 0.875 70 7.7 x 107° 6.1 x 107° 0.7
48 48 x 12 0.875 800 9.1 x 10714 9.1 x 10714 48

Table 4.17: Results of this thesis’ method for Example 2

the increase in computational time from 10 seconds to 25 seconds.

The KA-based method generates a solution that is rather inaccurate (Table 4.19), with
errors of the same order as the sizes of some of the largest scattering efficiencies (Figure 4.7).
This is due to the presence of multiple reflections which are not accounted for in the approx-
imation. Our method’s “mod. acc.” solution is much more accurate, and it is computed in
only 0.7 seconds. Of course, our approach is able to generate even more accurate solutions
in short computing times if desired, as shown by the ny = 48 solution, but the KA-based

method cannot do the same.

Example 3: This configuration has A = 0.95 — % ~ 1.05263, and s ~ 1.2 (the grating
here is deeper than in the earlier examples). Again, since there are multiple reflections (but
no shadowing), we compute 1 (x) for our algorithm. Our scattering efficiencies results are

described using tables instead of plots since there are only two efficiencies for this case;

ng  Nech npg  energy balance error max. abs. error time (sec)

21 513 33 1.4 x 1071 3.5 x 1077 10
51 513 513 3.9x 1015 5.0 x 1016 25
101 1025 1025 5.4 x 10715 108

Table 4.18: Results of the method of [13] for Example 2
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nk, energy balance error max. abs. error time (sec)

400 1.6 x 101 6.3 x 1072 0.02

Table 4.19: Result of the KA-based method for Example 2
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Table 4.24 lists the efficiencies.

The SS and SC methods of [4] do not converge as the value of N is increased from 18
to 66 (Table 4.20). The SS* and LS methods do converge, however, with good accuracy for
N = 34 (approximately 28 degrees of freedom per wavelength) and N = 66 (approximately
55 degrees of freedom per wavelength). The N = 66 solutions by these methods are the
most accurate, with energy balance errors of approximately 107 in size.

Our method, though, not only converges for this case, but it also produces a solution of
near-machine-precision accuracy with ny; = 16 target points—approximately 13 degrees of
freedom per wavelength (Table 4.21). Also, accuracy levels similar to those of the approaches
of [4] when using N = 18 are obtained by our solver for ny = 8 (about 7 degrees of freedom
per wavelength).

As in Example 2, the performance of our algorithm in this case is comparable to that
of the method of [13] in that somewhat less time is needed for its “mod. acc.” solution
but somewhat more time is required for its more accurate solution (Tables 4.21 and 4.22;
Tables 4.24 shows the close similarity between our method’s “mod. acc.” solution and that
of the approach of [13]). In this case both solvers compute extremely accurate data in about
1 or 2 seconds, using many fewer degrees of freedom in their solutions than the methods
of [4] use to compute solutions having at least 6 digits less accuracy.

The KA-based method again (like in Example 2) is very rapid but fails to compute
the scattering efficiencies to a useful degree of accuracy (Tables 4.23 and 4.24) due to the
presence of multiple reflections. So, our approach’s “mod. acc.” efficiencies (taking only
0.03 seconds to compute) are significantly more accurate, and even much more accurate

efficiencies are obtainable by our method in short times.

4.2.2.2 Multi-Scale Cases

In addition to the cases from [4], we also examine scattering from the multi-scale surface
f(z) = %922 [cos(2mz) + 0.04sin(50mz)]. The configurations discussed in this section have
incident plane waves with incidence angles # = 30° and 8 = 85°, and for each angle there are
two cases: one with wavenumber k such that % = 10.5 (a wavenumber in the “resonance”
regime) and another with % = 1000.5 (a wavenumber in the “high-frequency” regime). The
wavenumbers are chosen so as to avoid Wood Anomalies. Also, the cases with % = 1000.5

are similar to the simulated ocean surface problems in Section 4.2.3 in terms of the size and
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Method N energy balance error coefficients error

SS* 18 ~3x107° ~1x1074
SS 18 ~3x1073 ~1x1072
SC 18 ~1x1073 ~1x1072
LS 18 ~1x1074 ~1x1074
SS* 34 ~1x1077 ~3x1077
SS 34 ~1x1072 ~6x1072
SC 34 ~1x1072 ~6x 1072
LS 34 ~3x1077 ~3x1077
SS* 66 ~3x107Y ~1x10°8
SS 66 ~1x107! ~1x10°
SC 66 ~3x107! ~1x10°
LS 66 ~1x1079 ~1x10°8
Nystrom N/A ~1x10713 —

Table 4.20: Results of the four methods of [4] plus the Nystrom method of [44] for Example
3

o ni Asp A energy balance error max. abs. error time (sec)
8 8x1 0.875 30 88 x 1077 1.3x 1074 0.03
16 16 x6 0.875 600 4.1 x 10715 1.0 x 1074 2.1

Table 4.21: Results of this thesis’ method for Example 3

ng  Nch MNpg energy balance error max. abs. error time (sec)

717 17 1.4 x 1071 1.6 x 1074 0.07
17 65 129 1.3 x 10715 6.1 x 10716 0.6
33 129 257 4.4 x 10716 — 3

Table 4.22: Results of the method of [13] for Example 3

nk, energy balance error max. abs. error time (sec)
400 2.6 x 10~ 3.8 x 1071 0.004

Table 4.23: Result of the KA-based method for Example 3

n én this work’s error  [13] method’s error KA-based method’s error
-1 39x1071 —4.3x107° —92.6x 1077 1.2 x 107!
0 6.1x107! 1.3x 1074 1.6 x 10~* —3.8x 1071

Table 4.24: Efficiencies and errors for Example 3. The errors listed for this work as well as
for the method of [13] come from the two solvers’ “mod. acc.” solutions.
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shape of the scattering surface relative to the wavenumber of the incident field.

We compute the scattering efficiencies for these configurations using our approach, the
method from [13] and the KA-based algorithm. Using the method of this thesis and that
of [13], we generate solutions at two levels of precision as we did in Section 4.2.2.1; reference
solutions by the solver of [13] were also computed so as to compare the accuracy of individual
scattering efficiencies. While our method is somewhat slower than the approach of [13] in
computing the more accurate solution for the % = 10.5, 8§ = 85° case, it is faster—
sometimes dramatically so—in generating a solution of lesser accuracy for this case as well
as all of the solutions of the other cases. Also, the KA-based solver is useful in obtaining
moderately accurate results for the # = 30° cases (which have no multiple reflections), while
for the § = 85° cases it breaks down due to presence of multiple reflections. The approach of
this thesis, on the other hand, suffers no such breakdowns; furthermore, it yields solutions

with similar or better accuracy in short computational times.

0 = 30° cases: We first consider scattering from the multi-scale surface by an plane
wave with incidence angle 8 = 30°; plots containing this surface along with the direction
of propagation vector for the incident field are given in Figure 4.8. Recalling the phase

function

$2(z, ) = \/(33 — ')’ + [f(x) = f(2)]" = (sin(6), — cos(6)) - (z — ', f(2) — f(a')), (4.3)

it can be shown by the test described in Section 2.3.3.2 that these scattering configurations
only have simple reflections, since %jj’x/) # 0 for any z, 2’ (see Figure 4.9 for an example
of this). Thus, for our method we compute us(z); we also include results using g (x)
(the representation of the density more appropriate for problems with multiple scattering)
by way of comparison. The scattering efficiencies for the % = 10.5 case are plotted in
Figure 4.10, and those of the % = 1000.5 problem are depicted in Figure 4.11.

Our solver computes the efficiencies for these cases either to a moderate level of accuracy
or to machine precision in very short times (Table 4.25). For example, the code only takes
21 seconds to compute machine-level-accurate efficiencies for the % = 10.5 problem, and
it takes even less time—11 seconds—for the % = 1000.5 problem. Even if we compute
the solutions using pi(z), the computational times are still quite short. Note that for
k

5= = 10.5 there is no significant difference in using p1(x) instead of yz(z) since for this case
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ng = n; = 220.

We solve these same problems using the approach of [13]; Table 4.26 lists the results of
applying this method to these cases, with many sets of data for the % = 1000.5 problem
being given in order to demonstrate the length of time required to compute the solution of
that case to near-machine-level accuracy. Comparing Tables 4.25 and 4.26, we find that the
method of this thesis is noticeably faster than the method of [13] in solving these cases. In
particular, when calculating us(z) for the % = 1000.5 case it is nearly 4100 times faster in
computing the machine-level-accurate efficiencies. Furthermore, even though our method
requires the same number of degrees of freedom for its solutions which are based upon p1 ()
as the approach of [13] does for its solutions, it still takes less computational time for each
problem—especially for the configuration with % = 1000.5.

The KA-based method computes the efficiencies to a fair degree of accuracy in a very
short amount of time for these cases. The energy balance errors and maximum absolute
errors are given in Table 4.27. To further describe the accuracy of the computations, rela-
tive error plots (plots of the solutions’ computed efficiencies minus the reference efficiencies
divided by the reference efficiencies) are given in Figures 4.10 and 4.11; these figures include
plots of all of the relative errors, but they also include relative error plots—denoted as “rel-
ative error (filtered)”—for only those reference efficiencies of more significant size (greater
than 1 x 10™%), since the relative errors for much smaller efficiencies (many efficiencies are
as small as 1 x 1073%) can be very large (e.g., 1000 or even much larger) yet, depending upon
the particular application, may or may not pertain to the overall accuracy of the method.
These plots indicate that in both cases the KA-based method computes at least the most
significant efficiencies to within a few percent of their correct values.

For these cases, the method of this thesis is able to generate solutions of similar accuracy
in similar short amounts of time (Table 4.25, Figures 4.10 and 4.11) compared to the KA-
based approach, and for certain applications such solutions may be sufficiently accurate. If
desired, it also is able to calculate rather quickly much more accurate solutions, e.g., the

previously discussed machine-level-accurate results.

Remark 4.2.7. The relative errors for our method’s p1(x)-based solution of the % =10.5
case are nearly identical to those of its pa(x)-based solution, and the relative errors for its
w1 (z)-based solution of the % = 1000.5 case are very similar to those of the ny = 401
solution by the solver of [13].



169

0.5 T T T T T T T T T 0.015

0.4 \((x 1
| 0.01F

0.3

0.2
0.005

0.1+

-0.005

-0.01 1

05 L L L L L L L L L _0.015
0 0

Figure 4.8: The multi-scale surface y = f(z) = %222 [cos(2mx) + 0.04 sin(507z)] with inci-
dence angle vector a = (sin(30°), — cos(30°))
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Figure 4.9: Plot of %ﬁ’x/) for 6 = 30° with x = 0.5 (the function is discontinuous at
¥ =1x)

0 = 85° cases: Scattering from the multi-scale grating by incident fields with § = 85° is
also examined. Given the first derivative f'(z) = %222 [—27sin(27z) 4 0.04 x 507 cos(50mx)]
of the scattering profile (plotted in Figure 4.12), and since cot(85°) ~ 0.0875, shadowing is
present according to the test of Section 2.3.3.3. Therefore, for our algorithm’s computations
the unknown gy (z) is used for the two cases under consideration. Figures 4.13 and 4.14
contain plots of the scattering efficiencies for the % = 10.5 problem and the % = 1000.5
problem, respectively. For these cases, the numerical parameters used for the various meth-
ods under consideration as well as the computational results achieved by these approaches
are listed in Tables 4.28-4.30.

This thesis’ approach still performs well even for these near-grazing configurations. Our

method’s total computational times are substantially higher for these problems than they
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rep. % nt 74 Agp A e.b. error  max. abs. error time (sec)
po(x) 105 64  64x1 0875 2 11x1074 5.7 x107° 0.07
po(z) 105 220 220x1  0.875 200 0.0 x 10716 1.3x 1071 21
po(x) 1000.5 200 200 x 10 0.04375 0.05 1.3 x 1076 8.5 x 1076 1.5
po(z) 1000.5 600 600 x8 0.4375 0.5 22x10716 1.4 x 1071° 11
pi(x) 105 64  64x1 0875 2 11x1074 5.7 x107° 0.07
pi(z) 105 220 220x1  0.875 200 2.2x 10716 1.3x1071° 21
pa(z) 1000.5 400 400 x5 0.04375 0.05 4.3x107° 7.5 x 1070 1.6
pi(z) 1000.5 1200 1200 x4 04375 0.5 6.7x 10716 1.9 x 10715 19

Table 4.25: Results for the multi-scale cases with # = 30° using this work’s method. The
energy balance errors are listed as “e.b. error.”

% ng Nch npg  energy balance error max. abs. error time (sec)
10.5 65 65 33 7.9 x 107° 14 x 1074 2.9
10.5 221 257 129 8.2 x 10~ 4.0 x 1014 48
10.5 441 513 257 2.2 x 10716 — 249
1000.5 401 4097 65 2.6 x 1076 6.7 x 107° 7401
1000.5 1201 4097 1025 8.0 x 1078 2.2 x 107 22453
1000.5 1201 8193 33 1.5 x 107° 1.7 x 1076 44393
1000.5 1201 8193 1025 6.7 x 10714 — 44882

Table 4.26: Results of the method of [13] for the multi-scale cases with 6 = 30°

% nk, energy balance error max. abs. error time (sec)
10.5 2000 1.6 x 1077 4.0x1073 0.02
1000.5 2000 1.2 x10°° 1.5 x 107° 1.3

Table 4.27: Result of the KA-based method for the multi-scale cases with 6 = 30°
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Figure 4.12: The multi-scale surface’s first derivative

% i o Agp A energy balance error max. abs. error time (sec)

10.5 64 64x1 0.875 200 1.2 x107% 7.7%x107° 1.8

105 220 220x1 0.875 6000 6.2 x 10715 2.4 x 10714 612
1000.5 200 200 x 12 0.875 30 1.0 x 1074 2.2 x 1074 34
1000.5 1200 1200 x5 0.875 750 6.2 x 10714 1.6 x 10713 11992

Table 4.28: Results for the multi-scale cases with § = 85° using this work’s method (i (x))

are for the § = 30° problems, while the times for the solver of [13] are only moderately higher

for % = 10.5 and are basically the same for % = 1000.5. In particular, for % = 10.5 our

solver is about 5 times slower than the method of [13] in computing machine-level-accurate
efficiencies. Nevertheless, it is still faster than the solver of [13] in calculating such efficiencies
for the % = 1000.5 problem, and it is more efficient in computing “mod. acc.” solutions
for both cases. Additionally, the KA-based method computes the largest efficiency of the

% = 10.5 case to within about 1%, but for most of the efficiencies of both cases its results
are rather inaccurate (Figures 4.13 and 4.14). Our method suffers no such breakdown,
however, and its “mod. acc.” solutions in particular—which have computational errors

within about 1% for their significantly-sized efficiencies—are quickly computed.

4.2.2.3 Other Cases

Later in this thesis we will describe the results of applying our algorithm to a large number
of additional cases that are systematically chosen in order to demonstrate the dependence

of the numerical parameters of our solver upon key physical parameters (Section 4.3). All
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% ng Neh  Npg  energy balance error max. abs. error time (sec)
10.5 65 129 33 1.2x 1074 1.1x 1074 5.6
10.5 221 513 257 1.1 x 10714 6.7 x 10716 126
10.5 441 2049 513 1.1 x1074 — 1467
1000.5 401 4097 129 1.6 x 1074 2.3 x107° 7381
1000.5 1201 8193 1025 6.4 x 1071 — 44741

Table 4.29: Results of the method of [13] for the multi-scale cases with 6 = 85°

% ng, energy balance error max. abs. error time (sec)
10.5 2000 7.8 x 1077 6.0 x 1072 0.02
1000.5 4000 6.3 x 1072 1.9 x 102 2.5

Table 4.30: Result of the KA-based method for the multi-scale cases with 6 = 85°

of those scattering problems involve surfaces of the form f(x) = %COS(27T$), and in that
study we vary the height h, the wavenumber k and the incidence angle 6.

For completeness, we further compare the method of this thesis and the method of [13]
by computing the efficiencies of some of those cases using both approaches. The results
of all of the previous sections’ examples which only contain simple reflections favor the
method of this thesis in terms of total computational times. Thus, all of the systems chosen
for this additional set of tests include the presence of multiple reflections; accordingly, the
representation pj(x) is employed for all of these calculations by our algorithm. The KA-
based approach was not applied to these problems, since (as shown in the previous sections)
it does not perform well when multiple reflections are present.

The full details of the results for these cases are given in Section 4.3, but we here note the
physical parameters of the cases of comparison as well as the computational times taken to
compute the efficiencies of these problems at or near machine-level accuracy (Table 4.31).

A clear pattern emerges: the approach of [13] is faster for the lower wavenumber (i.e.,

% = 10) cases, while the method of this thesis is faster for the higher wavenumber (i.e.,
% = 100, 1000) cases. Just as in the previous sections, our ability to reduce the integra-

tion window size A when applying this thesis’ approach to increasingly large wavenumber

problems is a key factor in keeping computational times relatively short.
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h % 6  this work’s time (sec) [13] method’s time (sec)
0.25 100 10° 178 190
0.25 1000 10° 8030 62068
4.0 10 10° 467 37
4.0 10 60° 545 37
0.025 10  87° 82 3.9
0.025 1000 89° 456 2078

Table 4.31: Further computational results

4.2.3 Simulated 1-D Ocean Surfaces

In addition to considering deterministic surfaces, we also investigate scattering from a ran-
domly generated periodic surface—a surface which corresponds to the surface waves of the
deep ocean along one dimension. We compare the results of our approach to those result-
ing from the Kirchhoff approximation-based method, since the Kirchhoff approximation is
useful for certain ocean scattering problems (see, e.g., [36] for a comparison of the method
presented there with a KA-based method as they are applied to simulated ocean surfaces).
We find that our method not only performs well for scattering at # = 5° (where the KA-
based approach also does well), but it also yields rather accurate results even at § = 80°
and 6 = 85° (where the KA-based method breaks down).

To generate this random surface, we use a code provided by the Jet Propulsion Labora-
tory that is based upon the discussion found in [23]. In this paper, a directional wave spec-
trum model is developed for wind-driven surface waves of the ocean. The model equation—
see [23, equation 67]—is dependent upon a few environmental parameters in addition to
the two-dimensional wave vectors of the ocean waves. For the example considered here,
we set the wind and dominant wave directions to be aligned (# = 0), the sea to be “fully-
developed” (. = 0.84) and the wind speed at 10 m above the surface to be a moderate
value (Ujg = 7 m/s); the “friction velocity” u* is computed as a function of Uy in the
code. We choose the direction for our one-dimensional surface realization to be along-wind
(¢ = 0). Given these values plus other parameters built into the model of [23], a one-
dimensional power spectrum is computed for a 512 m-long periodic surface discretized at
2 m increments (i.e., a 256 point discretization), and Fourier coefficients for the surface are
then randomly generated from this spectrum. See Figure 4.15 for the surface and its Fourier

coefficients (the FFTs are scaled by the number of discretization points); we note that the
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surface, while seemingly flat when plotted using a 1 : 1 aspect ratio, contains small scale
features which strongly affect the scattering of high-frequency waves (as we demonstrate
below).

This surface is then prepared for use in our scattering code. First, it is interpolated using
FFTs so as to be discretized at a much higher resolution. Then, the first and second deriva-
tives of the scattering surface—required for our numerical quadratures (see Section 2.5)—are
computed in Fourier space; see Figure 4.15 for these derivatives. When running our code,
we read these data from files and periodically extend the surface for a sufficient number of
periods (2nper + 1) given the integration window size A.

For the incident field, we choose a wavelength A\ that is similar to the wavelengths of
GPS signals. GPS satellites transmit signals for civilian use at frequencies 1575.42 MHz

(L1), 1227.60 MHz (L2) and, beginning in the year 2007, 1176.45 MHz (L5) [24]. Given the

3x108 m/s 1

speed of light ¢ = 3 x 10® m/s, the L2 frequency corresponds to A = T2076x10% 175 = 1 M

SO we use A = i for our wavelength (thus, the scattering surface has a 2048\-length period
and a somewhat larger arc length per period). Also, three incidence angles are considered:
6 = 5° (i.e., nearly normal incidence) along with # = 80° and 85° (i.e., grazing angles of 10°
and 5°).

We use our p;(x)-based method since scattering problems of this type can involve mul-
tiple scattering and shadowing, and in doing so a variety of numbers of target points per
period n and integration window sizes A (modifying Ag, as needed) are taken. The num-
ber of integration points per period n; is set to be the number of points per period in the
discretization of the surface; for most cases, n; = 11520, but for certain reference solutions
of the # = 80° and 85° cases we use the larger value n; = 15360. The KA-based approach
is employed for various ng,-point discretizations of its analytical approximation for ().

The results of these computations are presented in Tables 4.32-4.37 and Figures 4.16—
4.19. The tables indicate the energy balance errors achieved with the solutions. They
also indicate the times (in seconds) required to compute the solutions; times taken with-
out computing the efficiencies are listed as well, since often the computation of the 4096
efficiencies dominates much of the total time. To further describe the accuracy of the compu-
tations, the individual efficiencies are plotted using the reference solutions computed by our
method, and, using these reference efficiencies, relative error and “relative error (filtered)”

(Section 4.2.2.2) plots are given.
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For 8 = 5°, both our method and the KA-based method perform well, yielding accurate

solutions in short computing times. Our method demonstrates convergence to machine
precision in the energy balance error; the KA-based approach also has good values for the
energy balance error, but, due to the non-convergent nature of the approximation, the
values do not continue to decrease as the discretization increases (Tables 4.32 and 4.33).
The KA-based computations are extremely quick, as expected, and the times for our ap-
proach are also quite small, especially given the levels of accuracy achieved. Additionally,
using our method’s ny = 3840 computation as a reference solution, individual efficiencies
are plotted in Figure 4.16, and differences and relative errors are also plotted for the other
two computations of our method as well as for the most accurate KA-based computation.
The plot of the efficiencies indicates that the small scale features of the surface generate
significant scattering in many directions besides the specular (n = 0) direction. The dif-
ference plots show that the accuracies indicated by the energy balance errors indeed hold
on an efficiency-by-efficiency basis. Some of the relative errors of our method’s ny = 1280
solution are somewhat large, but those for the more significantly sized efficiencies of the
ny = 2304 solution are very small—corresponding to less than about 0.01% error for the
more significantly sized efficiencies. For the KA-based approach, the relative errors are not
quite as small, but they are still good (less than about 1% error for the larger efficiencies).
For many applications, these errors of the KA-based solver may be sufficiently small. But,
if necessary, our method is able to yield more accurate results than the KA-based method

can, and it does so in short computational times.

Remark 4.2.8. The efficiency-by-efficiency differences between our method’s ny = 1280
solution and the KA-based solver’s ny, = 1280 solution are much smaller than their errors
relative to the reference solution; see Figure 4.17. Thus, the KA-based ny, = 1280 solution’s
error and relative error plots are very similar to the plots for our method’s ny = 1280 solution

and are not given here.

For 6 = 80° and 6 = 85°, however, the method of this thesis still performs well while
the KA-based method is no longer accurate. Our approach yields energy balance errors
of size 107* in 90 seconds and size 1078 in a little over 90 minutes, but the best that the

KA-based solver can do is compute solutions with energy balance errors of sizes 10~2 (for

6 = 80°) and 10! (for § = 85°); see Tables 4.34-4.37. Furthermore, taking our method’s
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ng n; Agp A energy balance error time (sec) time w/o eff (sec)
1280 11520 0.000875 0.001 4.6 x 1072 17 2.2
2304 11520 0.0875 0.1 6.1 x 10711 32 17

3840 11520  0.0875 0.1 4.2 x 1071 43 29

Table 4.32: Table for the solutions for the 8 = 5° case as computed by the method of this
thesis

Nk, energy balance error time (sec) time w/o eff (sec)

1280 5.0x 1074 15 0.06
2304 1.6 x 1076 15 0.06
3840 1.6 x 1076 16 0.07

Table 4.33: Table for the solutions for the § = 5° case as computed by the KA-based
approach

x10”

e, difference
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Figure 4.17: Efficiency-by-efficiency differences between our method’s ny = 1280 solution
and the KA-based ny, = 1280 solution for the 6 = 5° case
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ng n; Ay, A energy balance error  time (sec) time w/o eff (sec)
768 11520 0.875 2 1.3x107* 90 75
1024 15360 0.875 150 4.4 %1078 5955 —

Table 4.34: Table for the solutions for the # = 80° case as computed by the method of this
thesis. The time without computing the efficiencies was not determined for the ny = 1024
reference case.

ng, energy balance error time (sec) time w/o eff (sec)
3840 4.3 x 1072 16 0.06

Table 4.35: Table for the solution for the # = 80° case as computed by the KA-based
approach

ny = 1024 solutions (the 90 minute computations) as references, we see in Figures 4.18
and 4.19 that its ny = 768 solutions (the 90 second computations) have most of their
significant efficiencies correct to within 5% (a few efficiencies are about 10% off); the KA-
based efficiencies, on the other hand, are wildly off. We note that for these low grazing angle
cases the shadowing criterion of f’(z) = — cot (#) (see Section 2.3.3.3) is satisfied for certain
x for 6 = 80° (—cot (80°) =~ —0.18) and 6 = 85° (—cot (85°) ~ —0.09), as can be seen in
the first derivative plot in Figure 4.15, so there are both multiple reflections and shadowing
occurring (see Section 2.3.3.1). Thus, the Kirchhoff approximation—which ignores such
phenomena in its approximation—fails in these cases. The computational approach of this
thesis, however, not only suffers no such difficulties, but it actually computes reasonably

accurate results in only 90 seconds.

ng n; Ay, A energy balance error  time (sec) time w/o eff (sec)
768 11520 0.875 2 6.6 x 1074 90 75
1024 15360 0.875 150 6.5 x 1078 5556 —

Table 4.36: Table for the solutions for the 8 = 85° case as computed by the method of this
thesis. The time without computing the efficiencies was not determined for the ny = 1024
reference case.
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ng, energy balance error time (sec) time w/o eff (sec)
3840 1.6x 10" 16 0.07

Table 4.37: Table for the solution for the # = 85° case as computed by the KA-based
approach
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4.3 Dependence of Algorithm Parameters upon Physical Pa-

rameters

Using a grating profile of the form f(z) = % cos(2mx), we vary the height h and the incident

field’s wavenumber k£ and angle 6 in order to investigate the dependence of the method
of this thesis upon these physical quantities. By systematically examining a broad range
of cases in this manner, data are generated which help serve to guide parameter choices
even for scattering cases we do not consider in this thesis. Additionally, these data could
be used in future work for purposes of case-by-case comparison with modified versions of
our computational algorithm as well as with other numerical methods. Finally, certain key

properties of our solver are illustrated and confirmed by the examples of this section.

4.3.1 Dependence upon k

We first vary the wavenumber k for certain values of h, fixing 8 = 10°. The wavenumbers are
chosen so that % = 10" for various integers n. As discussed in Section 2.3.3.4, for gratings
of the form considered in this section we have explicitly determined regions in (h,0) space
corresponding to configurations for which only simple reflections occur, for which there are
also multiple reflections but not shadowing, and for which there are multiple reflections and
shadowing; the boundaries of these regions are displayed in Figure 2.10. Here, two values
of h are chosen for which only simple reflections occur given # = 10°: one value far below
the threshold and another value near (but below) it. Also, one value of h just above the
threshold—for which there are also multiple reflections—is considered. By selecting h in
this way, we show that there is a clear difference between the multiple-reflection cases and

the simple-reflection cases in terms of the dependence of the numerical parameters upon k.

Remark 4.3.1. Most of the values of k chosen for these problems are well away from Wood
Anomaly values (Remark 2.1.5). A discussion of cases where k is at or near certain Wood

Anomaly values is given in Section 4.3.4.

For each of the scattering cases, we determine the minimum number n; of target points
per period, the minimum number n; of integration points per period and the minimum
integration window size A that are necessary to represent numerically all of the significant

Fourier modes of the solution (either pi(x) or po(z)) as well as to achieve energy balance
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errors at or near machine precision levels. Two different patterns in the values of these
parameters emerge in this study. For the two sets of simple-reflection cases, there are
values of k in the “resonance” regime for which the values of ny (computing ps(x), as is
appropriate for this regime) are at their maximum; the values of n; are smaller for smaller
and larger k. Additionally, as k continues to increase for these two sets of cases, n; becomes
directly proportional to k£ while A becomes inversely proportional to k. Thus, ny and n; x A
remain fixed for these increasing k and the times to compute the solutions ug(x) are virtually
constant. For the multiple-reflection cases, however, both ny and n; (computing u(z), as
is appropriate for this regime) increase without bound as do the times to compute p1(x)
(even though A decreases as k increases). In addition to these results, the advantages of
using the appropriate representations (either uj(z) or ug(z)) for the solutions of the two

sets of cases for which A is near the multiple reflections threshold are demonstrated.

4.3.1.1 Simple-Reflection Cases

h = 0.025 cases: The first scattering profile we consider has height h = 0.025. Setting the
incidence angle to be # = 10°, we examine configurations containing only simple reflections;
this choice of (h,0) is well below the multiple reflection threshold in the plot found in
Figure 2.10. The wavenumber k is varied so that % = 10" for n = —2,...,4, and for each
case the computational parameters ng, n; and A are determined as previously described
(Agp is reduced for those cases where A < 1). Here ps(x) is computed for each problem
since there are no multiple reflections.

The data for these cases are given in Table 4.38, including the numerical parameters
employed, the energy balance errors and the times needed to compute the solutions ps(x)
without subsequently computing the scattering efficiencies. The values of nt are 16 for low
and high wavenumbers, but n; increases to 38 for % = 10 (in the “resonance” wavenumber
regime). The integration window size A decreases as k increases, which is consistent with
both our physical intuition (nearby scattering interactions dominate in the “high-frequency”
wavenumber regime) as well as the case study of Section 2.2.3. In particular, for the “high-

)

frequency” cases n; is directly proportional to k while ny and n; x A are fixed (as discussed

in Section 3.2.2), so that the times to compute the solutions us(z) are essentially constant.

Remark 4.3.2. The total computational times—including computing all of the scattering

efficiencies using the usual trapezoidal quadrature rule—grow quadratically in k for the
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% ng nj Agp A energy balance error time w/o eff (sec)
@ 16 16 x3 0.875 8000 1.1 x 10716 14
5 16 16x4 0875 1400 6.7 x 1071° 3.2
1 24 24 x4 0.875 900 4.4 x 10716 4.8
10 38 38x1 0.875 30 4.4 x 10716 0.13
100 16 16x20  0.875 2 4.4 x 10716 0.14
1000 16 16x200 0.175 0.2 1.8 x 10715 0.24
10000 16 16 x 2000 0.0175 0.02 7.8 x 10716 0.38

Table 4.38: Table for § = 10° and h = 0.025

larger wavenumber problems, since n; grows linearly and since the number of scattering
efficiencies to be computed grows linearly. For example, our solver takes 200 seconds in
total computational time for the case with % = 10000. In practice, not all of the scattering
efficiencies for such a case would necessarily be computed; instead, depending upon the
physical phenomena being modeled, perhaps only values of the field 1*%(r) at certain points

near the scattering surface or only certain efficiencies would be required.

We note that for % = 1—(1)0, % there is only the scattering efficiency eqg = 1 for each case,
making it unnecessary to solve for us(z) first for these problems if accurate computations of
the scattering efficiencies are the ultimately desired result. However, accurately computing

)

w2 (z) in this “low-frequency” regime may be desired for certain applications, and doing this

requires increasing computational costs for our method as k decreases.

h =0.2 cases: We next let h = 0.2 while keeping # = 10°, and we vary k as before. These
scattering configurations still only give rise to simple reflections, but now (h,0) is near the
multiple reflection threshold in Figure 2.10.

Qualitatively, the computational parameters for the solutions of these cases follow a
similar pattern as those for the solutions of the h = 0.025 cases. See Table 4.39 for the
results. Here the maximum value for ny is 400 (for % = 100); this is larger than ny = 38
(for % = 10), the maximum value for the h = 0.025 cases, which is to be expected since
the grating is deeper here. Again, O(1) computational time to evaluate the solutions o (x)
for the “high-frequency” cases is demonstrated.

The Fourier amplitudes of the solutions pa(x) of the % = 100 and % = 1000 configura-
tions are plotted in Figure 4.20. These plots demonstrate the “resonance” at % = 100: it

is necessary to use ny = 400 target points per period for the % = 100 case while ny = 24 is
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% ng nj Agp A energy balance error time w/o eff (sec)
@ 30 30 x 4 0.875 21000 4.4 x 10716 163
5 30  30x4 0875 2100 2.2 x 10710 16
1 32 32 x4 0.875 1500 0.0 x 10716 14
10 82 82 x 2 0.875 500 7.5 x 10715 14
100 400 400x3  0.875 200 7.3 x 10715 203
1000 24 24 x250 0.875 1 4.8 x 10715 2.2
10000 24 24 x 2500 0.0875 0.1 22x 10714 2.5
Table 4.39: Table for 8 = 10° and h = 0.2
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Figure 4.20: Fourier amplitudes for 5= = 100 (left) and 4 = 1000 (right) for § = 10° and
h=0.2

sufficient for the % = 1000 case. Also, the substantial savings in using us(z) (appropriate
for these problems since they only contain simple reflections) instead of 3 (x) in the compu-
tation of the % = 1000 problem is shown in Table 4.40 and Figure 4.21; many fewer target
points per period are needed for the solution pg(z) than are needed for pi(x), resulting in

a much shorter total evaluation time for this case.

rep. ng ni Ay, A eb. error  max. abs. difference time w/o eff (sec)
po(xr) 24 24x250 0.875 1 4.8x1071° 48 x 10" 2.2
pa(x) 2000 2000 x 3 0.875 1 1.7x1071° 4.1 x 1071 66
pi(z) 2000 20003 0.875 1 8.9x1071° — 65

Table 4.40: Table for % = 1000, 8 = 10° and h = 0.2. The energy balance errors are listed
as “e.b. error.”
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Figure 4.21: Fourier amplitudes for the us(z), ny = 24 representation (left), pa(x), ny =
2000 representation (middle) and the p;(x) representation (right) for % = 1000, 6 = 10°
and h = 0.2

4.3.1.2 Multiple-Reflection Cases

In order to examine multiple-reflection cases, we set h = 0.25 and 6 = 10°. Again, (h,0) is
near the multiple reflection threshold in Figure 2.10, although it now is just above it. For
these problems we compute 1 (z) in accordance with the presence of multiple reflections.
The results of these cases are significantly different from those of the simple-reflection
cases. Even though A decreases and n; increases as k increases, which also occurs for the
simple-reflection cases, n;, increases without bound as k increases (Table 4.41), unlike for the

)

previous cases where ng remains constant in the “high-frequency” regime. Additionally, the
computational time to evaluate the solution 1 (x) continues to noticeably increase for “high-
frequency” wavenumbers instead of leveling off. The total computational times (including
computing the scattering efficiencies) for the % = 100 and % = 1000 cases are about the

same as the times for computing only the solutions pi(z): 178 seconds and 8030 seconds,

respectively.

Remark 4.3.3. The total computational times required by the method of [13] to compute
essentially machine-level accurate efficiencies are 190 seconds for the % = 100 case and

62068 seconds for the 5= = 1000 case (Table 4.43).

As stated earlier, uj(z) is the appropriate solution for these cases given the presence
of multiple reflections. Table 4.42 and Figure 4.22 demonstrate the approximately factor
of 2 computational savings obtained by using puq(x) rather than ug(z) for the % = 1000

problem.
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% ng n; Agp A energy balance error time w/o eff (sec)
19% 32 32x3 0.875 20000 3.3x 10716 132

5 32 32x3 0875 2000 4.4 x 10716 13

1 32 32x3  0.875 1400 1.8 x 1071 10

0 72 72x2 0.875 550 3.8 x 1071 12

100 340 340x2 0.875 350 2.1 x 1071 178
1000 3000 3000 x 2 0.875 200 1.8 x 10713 8030

Table 4.41: Table for 8 = 10° and h = 0.25

rep. N ni Ay, A energy balance error time w/o eff (sec)
p1(z) 3000 3000 x 2 0.875 200 1.8x 10713 8030

po(x) 5800 5800 x 1 0.875 200 1.3x 10713 15318

Table 4.42: Table for £ = 1000, § = 10° and h = 0.25
0 T 0

log,(AbS(FFT(s,)))
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Figure 4.22: Fourier amplitudes for the p;(x) representation (left) and the pa(x) represen-

tation (right) for 4 = 1000, 6§ = 10° and h = 0.25

% ng Nech  Mpg  energy balance error time (sec)
100 341 1025 257 5.1 x 10717 190
1000 3001 4097 1025 7.5x107° 30827
1000 3001 &193 1025 2.6 x 10714 62068

Table 4.43: Results of the method of [13] (# = 10° and h = 0.25)
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4.3.2 Dependence upon h

Now, we vary the height h for 8 = 10° and 8 = 60°, and we leave k fixed so that % =10
(k is in the “resonance” regime, and it is well away from being a Wood Anomaly value
given the choices of #). Re-using some of the # = 10° data from the wavenumber study
of Section 4.3.1, we choose values of h from 0.025 to 4.0 and compute the efficiencies for
the resulting scattering cases. The transition to the multiple reflections regime for 6 = 10°
occurs at around h = 0.225, while for § = 60° it occurs at around h = 0.075 (Figure 2.10).
Accordingly, we use 1 (x) for the multiple-reflection cases and pa(x) for the simple-reflection
cases. We also compute the simple-reflection cases using p1(z); additional physical insight is
gained by generating data for all of the cases using just this representation for the unknown
densities.

The number ny of target points per period, the number n; of integration points per period
and the integration window size A tend to increase as h increases in order to maintain a
high level of accuracy for both the 6§ = 10° cases and 8 = 60° cases. This is true when
using pq(z) and po(x) in their typical regimes (Tables 4.44 and 4.46) as well as when using
w1 (z) for all of the cases (Tables 4.45 and 4.47). Accordingly, the computational times for
these problems increase as h increases; our solver requires 467 seconds (about 8 minutes)
to compute the efficiencies of the h = 4.0, 8 = 10° case to nearly machine precision level

accuracy, and the h = 4.0, = 60° case takes 545 seconds (about 9 minutes).

Remark 4.3.4. As indicated in Table 4.48, the total computational time of the method
of [13] for each of the h = 4.0 cases is only 37 seconds.

Occasionally, however, n; decreases as h increases. Omne reason for this is that n; is
an integer multiple of n¢, so there are some cases in which it is somewhat larger than the
minimum required for machine precision accuracy. For example, n; = 30 x 2 = 60 for the
solution of the h = 0.025, # = 10° case using pi(x), while n; = 40 x 1 = 40 for that of the
h = 0.05, @ = 10° case (Table 4.45). However, if we let ny = 38, n; = 38 x 1 and A = 30,
then the pj(x) solution of the h = 0.025, § = 10° case is machine-level accurate (with
an energy balance error of 1.1 x 107¢)—as expected given the j2(x) solution described in
Table 4.44.

Furthermore, for the sets of data which are based upon using either p;(x) or ua(z) in

accordance the types of scattering that are occurring, ny (and n;) decreases for the § = 10°
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rep. h ng ny A energy balance error (S"t)\)
po(z) 0.025 38 38x1 30 4.4 x 10716 3.8
po(z) 005 44 44x1 80 3.3 x 10716 4.4
po(z) 0.1 60 60x1 250 1.2 x 1071 5.9
po(z) 0.2 82 82x2 500 7.5x 1071 7.5
pi(z) 025 72 72x2 550 3.8 x 1071 6.3
pi(z) 0.5 96 96 x2 600 2.9 x 10713 6.6
pi(z) 1.0 128 128x2 700 3.6 x 10713 5.6
pi(z) 2.0 220 220x2 750 1.7 x 10712 5.3
pi(z) 4.0 360 360x2 800 4.6 x 10713 4.4

Table 4.44: Table for various h (5= = 10, § = 10°)

cases as h increases from 0.2 to 0.25 (Table 4.44), and it (along with n;) remains fixed as h
increases from 0.05 to 0.1 for the § = 60° problems (Table 4.46). In each of these instances
the representation of the unknown density changes from ps(x) to gy (x). On the other hand,
nt, always increases as h increases within the p;(z)-only data (Tables 4.45 and 4.47), which

indicates that the anomalies in the other data are due to the changes of representation.

Remark 4.3.5. Some scattering configurations with only simple reflections have slightly
lower ny values for their solutions pi(x) than for the corresponding pe(x)—the opposite of
the usual pattern (see, e.g., Sections 2.53.3.5). These cases have a somewhat small wavenum-
ber (k = 10x2m); in Section 4.3.1 we showed that cases which have the same gratings (either
with h = 0.2 or 0.25) and incidence angle § = 10° but with k = 1000 x 27 follow the general
rule of pa(x) requiring fewer degrees of freedom when there are no multiple reflections (for
h = 0.2) and pi(z) requiring fewer degrees of freedom when multiple reflections do arise

(for h =0.25).

Since for these cases the incident field is fixed (k and 6 are fixed) while the scattering
surface is varied, we also consider the number (S"/’—t/\) of degrees of freedom per wavelength
(Section 4.2.2.1; see in particular Remark 4.2.4) for each solution. This quantity is max-
imized within the range of heights h considered in this section, both for 8 = 10° and for
6 = 60°. There is more than one local maximum in each of the data sets of Tables 4.44
and 4.46 (based upon either 1 (x) or pa(x)), but for the data in Tables 4.45 and 4.47 (based

upon g1 (z) only) the maximum value of (s%) is attained for h = 0.5 for both incidence

angles.
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h ny ni A energy balance error (S”t)\)
0.025 30 30x2 30 6.7 x 10716 3.0
0.05 40 40x1 80 6.7 x 10716 4.0

0.1 50 50x2 250 1.9 x 10715 4.9
02 66 66x2 500 2.2 x 1071 6.0
025 72 72x2 550 3.8 x 1071 6.3

05 96 96x2 600 2.9 x 10713 6.6

1.0 128 128 x2 700 3.6 x 10713 5.6

2.0 220 220x2 750 1.7 x 10712 5.3

4.0 360 360 x2 800 4.6 x 10713 4.4

Table 4.45: Table for various h using p1(z) for all cases (£ = 10, 6 = 10°)

rep. h o o A energy balance error (S"—t/\)
po(z) 0.025 24 24x4 500 4.4 x 1016 2.4
pa(z) 005 36 36x4 550 1.3 x 10715 3.6
pi(z) 01 36 36x4 600 9.8 x 1071° 3.5
pi(z) 02 72 T2x2 650 1.8 x 10715 6.6
pi(r) 025 80 80x2 650 4.8 x 1071 7.0
pi(z) 05 110 110x2 750 1.7 x 10714 7.5
pi(z) 1.0 140 140x2 850 8.4 x 10713 6.1
pi(z) 2.0 220 220x2 900 3.4 x 10713 5.3
pi(z) 4.0 360 360x2 1000 8.1x 10713 4.4

Table 4.46: Table for various h (4 = 10, § = 60°)

h ng n; A energy balance error (S"t)\)
0.025 24 24x4 500 47 x 10~ 2.4
005 30 30x4 550 1.4 x 10714 3.0

0.1 36 36x4 600 9.8 x 1071 3.5
02 72 T2x2 650 1.8 x 10715 6.6
025 80 80x2 650 4.8 x 101 7.0
0.5 110 110x2 750 1.7 x 10714 7.5
1.0 140 140 x2 850 8.4 x 10713 6.1
2.0 220 220x2 900 3.4 x 10713 5.3
4.0 360 360x2 1000 8.1x 10713 4.4

Table 4.47: Table for various h using p1(z) for all cases (£ = 10, 6 = 60°)

0 ng  ne npg energy balance error time (sec)
10° 361 1025 129 4.1 x 10714 37
60° 361 1025 129 1.1x10°" 37

Table 4.48: Results of the method of [13] for the h = 4.0 cases (£ = 10)



195
4.3.3 Dependence upon ¢

Fixing h = 0.025, we next vary the incidence angle #. This is done for two different
wavenumbers: k = 10 x 27 (“resonance” regime) and k = 1000 x 27 (“high-frequency”
regime); the incidence angles are chosen so that the wavenumbers are not a Wood Anomaly
values. For § = 83° there are multiple reflections but no shadowing, while for § = 87° there
are multiple reflections and shadowing (Figure 4.23). As in Section 4.3.2, the representations
p1(z) and po(x) are employed in their appropriate settings, and for purposes of further
comparison we also evaluate the scattering efficiencies of the simple-reflection cases by
using pg ().

Certain trends in the values of the numerical parameters emerge as 6 increases. For

&
2w

= 10, the number n; of integration points per period and the integration window size
A increase as 6 increases, but the number n; of target points per period slightly decreases
whether pq(z) or pe(x) is used for the simple-reflection cases (Tables 4.49 and 4.50). For
% = 1000, ny is significantly smaller for the us(z)-type solutions of the simple-reflection
cases than it is for the p; (x)-type solutions of the same problems and for the solutions of the
other cases (Tables 4.51 and 4.52). Also, n; for the po(x)-type solutions slightly increases
as 6 increases. However, the general trend of n; and A increasing as 6 increases still holds,
and ny, for the p;(x)-type solutions decreases as 6 increases.

Due to the increasing values of n; and A, the computational times required for these cases
increase with 6. The % = 10, # = 10° case only requires 0.17 seconds in order for its s (z)-
type solution and scattering efficiencies to be computed, and the % = 1000, 6 = 10° case
takes 2.3 seconds. The % = 10, # = 87° problem and the % = 1000, 6 = 89° problem—the

cases with the largest values of §—are evaluated in 82 seconds and 456 seconds, respectively.

Remark 4.3.6. Using the solver of [13], we accurately computed the % =10, 6 = 87° case
in 3.9 seconds and the % = 1000, 0 = 89° case in 2078 seconds (Table 4.53).

4.3.4 Wood Anomaly Sensitivity

The parameter studies in the previous sections involve scattering configurations such that
the wavenumbers k are well away from Wood Anomaly values—for which the periodic

Green’s function is undefined (Section 2.1.3.1)—except for certain cases in which k is very
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Figure 4.23: Zoomed plot of the multiple reflection threshold (solid line) and the shadowing

threshold (dashed line) as a function of 6 for the grating profile f(z) = % cos (%5%)

rep. 0 ng Asp A energy balance error
po(z) 10° 38 38x1 0.875 30 4.4 x 10716
po(z) 60° 24 24x4 0.875 500 4.4 x 10716
pi(xz) 83° 24 24x5 0.875 3200 8.9 x 10716
pi(x) 87° 24 24x6 0.875 11000 3.3 x 10716

Table 4.49: Table for various 6 (% =10 and h = 0.025)

0 ng ng Asp A energy balance error
10° 30 30x2 0.875 30 6.7 x 10716
60° 24 24x4 0.875 500 4.7 x 1071
83° 24 24x5 0.875 3200 8.9 x 10~16
87° 24 24x6 0.875 11000 3.3x 10716

Table 4.50: Table for various @ using pq(z) for all cases (% =10 and h = 0.025)

rep. 0 ng n; Asp A energy balance error
po(r) 10° 16 16 x 200 0.175 0.2 1.8 x 10717
po(x) 60° 24 24 x170 0.875 1.75 1.3 x 1071
pi(x) 83° 72 72x65 0.875 350 2.0 x 10713
pi(z) 87° 52 52 x80 0.875 450 2.6 x 10713
pi(x) 89° 52 52x90 0.875 850 2.1 x 10713

Table 4.51: Table for various 6 (% = 1000 and h = 0.025)
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0 Tt n; Asp A energy balance error
10° 260 260 x 10 0.175 0.2 2.3 x 1071
60° 160 160 x 25 0.875 1.75 1.3 x 10715
83° 72  72x65 0.875 350 2.0x 10713
87° 52 52x80 0.875 450 2.6 x 10713
89° 52  52x90 0.875 850 2.1x 10713

Table 4.52: Table for various # using pq(z) for all cases (% = 1000 and h = 0.025)

% & mng necn npg energy balance error time (sec)
10 87° 25 129 257 1.6 x 10714 3.9
1000 89° 53 8193 1025 2.0 x 10714 2078

Table 4.53: Results of the method of [13] (h = 0.025)

small or the incidence angle 6 is near grazing. In this section we examine cases with

wavenumbers at or very near certain Wood Anomaly values.

Remark 4.3.7. If k is a Wood Anomaly value, then either

k= ksin(0) + n%” = % 1 — sin(0)] (4.4)
or
. 27 kL .
k = —ksin(9) — N o= o [1+ sin(6)] (4.5)

for some integer n (Remark 2.1.5). In this section (given L = 1), our study of Wood
Anomaly cases includes those for which 2= [1 — sin(0)] and — 4= [1 + sin(6)] are both integers

and for which 0° < 6 < 90°. Given these values of 8, the relation

b0 - sn0)] < |- 5E 1+ snfo) (1.6)

holds in this section.

As demonstrated in Appendix B, for certain problems having Wood Anomaly values
for k we can use the method of this thesis to compute sets of scattering efficiencies which
are accurate to machine precision and which agree with previously computed efficiencies
reported in the literature. We here show that the ability to use this thesis’ solver to
accurately evaluate the efficiencies of other scattering configurations with Wood Anomaly

wavenumbers correlates with the size of the integer % [1 —sin(@)] for each of the cases
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considered; more precisely, this ability depends upon the size of the n = % [1 —sin(0)]
Fourier mode of a given Wood Anomaly case’s solution (Remark 4.3.7). Machine level
accuracy for the scattering efficiencies is achieved for two Wood Anomaly cases which have
somewhat large values for this integer (large enough that the size of the n = % [1 —sin(0)]
mode is very small), but only lesser accuracy is achieved for a case which has a smaller
value (Section 4.3.4.1). Also, we vary k over a range of values near the wavenumber of
the Wood Anomaly case which has the largest amplitude for the n = % [1 —sin(f)] mode
of its solution, and we show that in order to maintain accuracy for that set of cases the
size A of the integration window must grow as k approaches the Wood Anomaly value

(Section 4.3.4.2).

4.3.4.1 Computations at Wood Anomaly Values

Setting the height of the grating to be h = 0.025, we examine three sets of scattering prob-
lems. Each set contains a case with values of k and 8 such that k is a Wood Anomaly value.
Each set also contains a case with a somewhat smaller value of k& and a case with a some-
what larger value of k—these k being away from all Wood Anomaly values—that together
establish a performance baseline against which the computation of the Wood Anomaly case
can be compared. The physical parameters for the three scattering problems with Wood
Anomalies are listed in Table 4.54.

In solving these problems, the number ny of target points per period is chosen to be
large enough so that all of the significant Fourier modes of the densities are computed. This
number is fixed for each set of cases. We also set the number n; of integration points per
period to be equal to ny, since for these cases and choices of ny this is sufficient for obtaining
the most accurate solutions possible given the values of the integration window size A used.

Both p1(z) or pa(x) are computed for each of the cases. The efficiencies calculated using
the po(x) solutions are tabulated (the p;(x)-based efficiencies are essentially identical), and
the Fourier amplitudes of both the i (z) and pa(z) solutions are plotted.

We are able to use the method of this thesis to compute the efficiencies of all of the cases
in Set 1—for which % is at or around 10 and # = 0°—to machine precision (Table 4.55).
No difference between the cases in the convergence of their efficiencies in A is observed.
Additionally, as shown in Figure 4.24, the Fourier amplitudes of the solution (either y1(x)

or ps(x)) of the % = 9.5 case are similar to those of the % = 10.5 case’s solution, and most
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of the amplitudes of the % = 10 case’s solution (i.e., the solution of the Wood Anomaly case)
are also similar. But, the n = —10 and n = 10 modes’ amplitudes of this case’s solution,
which are approximately 10! in magnitude, differ from those of the other cases’ solutions;
these values of n correspond to the values —% [1 4+ sin(d)] = —10 and % [1 —sin(6)] = 10
listed in Table 4.55 for the % = 10 case in this set.

The cases of Set 2 have the same values for the wavenumbers k but an increased incidence
angle 0 (6 = 30°) relative to the Set 1 cases, and—unlike for Set 1—the efficiencies for the
Wood Anomaly case in this set cannot be computed to machine precision (Table 4.56).
They can be computed to a similar accuracy as the efficiencies of the other cases in the set
when using A = 5 (the energy balance error levels are about 10~7~1076 for all three cases).
But, their accuracy is significantly worse than the accuracies of the efficiencies of the other
cases when using A = 200 (the energy balance error level is about 10~ rather than about
10~1%), and this accuracy does not dramatically improve even when increasing A to 50000.
The amplitude of the n = % [1 —sin(f)] = 5 mode of the solution of the Wood Anomaly
case substantially differs from the n = 5 modes of the other cases’ solutions (Figure 4.25);
this amplitude is approximately 10~° in magnitude, which is much larger than the n = —10
and n = 10 modes’ amplitudes of the Set 1 Wood Anomaly case’s solution. The n = —15
modes of all three cases (—= [1 + sin(f)] = —15 for the Wood Anomaly case) are too small
in magnitude to be numerically significant, however.

The incidence angle # = 30° is maintained for the Set 3 cases, but % is increased to
be at or around 100. We find that machine-level accuracies can once again be achieved
for all three cases (Table 4.57), just as they were obtained for the Set 1 cases. For the
Wood Anomaly case in this set, —% [1+sin(d)] = —150 and % [1 —sin(f)] = 50; the
n = —150 and n = 50 modes of all three cases are numerically insignificant (Figure 4.26),
and thus none of the Fourier amplitudes of the Wood Anomaly case noticeably differ from
the corresponding ones of the other cases in this set.

We conclude, therefore, that our ability to accurately evaluate the scattering efficiencies
of these Wood Anomaly cases by using the method of this thesis depends upon the size of
the quantity % [1 —sin(#)], particularly as it bears upon the sizes of the n = % [1 —sin(0)]
modes of their solutions. The solutions of the Wood Anomaly cases for which the n =
£ 1 —sin(#)] modes are very small (107" or less in magnitude) can be computed suffi-

ciently accurately so that the efficiencies have an energy balance error indicative of machine-
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Set of cases o= 0 —o= [L+sin(d)] o= [1 —sin(0)]
1 10 0° —10 10
2 10 30° —15 )
3 100 30° —150 50

Table 4.54: The physical parameters for each Wood Anomaly case (h = 0.025)

% A energy balance error
95 5 1.4x 1078
10 5 9.8 x 107
105 5 5.7 x 1079
9.5 30 8.9 x 10716
10 30 3.3x 10716
10.5 30 8.9 x 10716

Table 4.55: Table for the Set 1 cases, computed using ps(x) (h = 0.025, § = 0°, ny = 48,
ni = 48 x 1)

level accuracy, but for the Set 2 Wood Anomaly case (for which the n = % [1 — sin(#)] mode

is about 10~° in magnitude) only about single precision accuracy is achieved.

4.3.4.2 Computations as £k Approaches Wood Anomaly Values

As evidenced by the Set 1 and Set 3 cases in the previous section, our numerical computa-
tions of the efficiencies of certain Wood Anomaly cases converge to machine-level accuracy
just as rapidly in the integration window size A as they do for cases with similar, but not
Wood Anomaly-valued, wavenumbers (Tables 4.55 and 4.57). Since this is not true for the
cases of Set 2, however, we fix h = 0.025 and # = 30° (just as they are fixed for the Set

2 cases) and compute the efficiencies of scattering cases with wavenumbers k approaching

% A energy balance error
9.5 5 1.2 x 107°
10 5 2.0x 1077
10.5 5 4.2 x 1077
9.5 200 1.2 x 10715
10 200 2.7 x 107
10 50000 1.3 x 10710
10.5 200 1.9 x 10715

Table 4.56: Table for the Set 2 cases, computed using uo(x) (h = 0.025, § = 30°, ny = 60,
niy = 60 x 1)
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Figure 4.24: Set 1: Fourier amplitudes of uq(x) (left) and po(x) (right) for % = 9.5 (top),
£ —10 (middle) and % = 10.5 (bottom)
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Figure 4.25: Set 2: Fourier amplitudes of uq(x) (left) and po(x) (right) for % = 9.5 (top),
% = 10 (middle) and % = 10.5 (bottom)
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% A energy balance error
99.5 1 5.5 x 1079

100 1 1.2 x 1078
100.5 1 5.9 x 1079

99.5 4 2.4 x 10715

100 4 2.9 x 10715
100.5 4 2.0x 10715

Table 4.57: Table for the Set 3 cases, computed using ps2(x) (h = 0.025, 8 = 30°, ny = 432,
ny = 432 % 1)

% A energy balance error ’5 - % [1— sin(@)]‘ ‘5 — % 11— sin(&)” A
9.5 100 5.0 x 10714 0.25 25
9.75 200 7.4 x 10714 0.125 25
9.9 500 8.1x 10714 0.05 25
9.99 5000 8.5 x 10714 0.005 25
9.999 50000 9.2 x 10714 0.0005 25
10.001 50000 8.9 x 10713 0.0005 25
10.01 5000 1.6 x 10713 0.005 25
10.1 500 6.9 x 10714 0.05 25
10.25 200 6.9 x 10714 0.125 25
10.5 100 7.3x 10714 0.25 25

Table 4.58: Table for various k (h = 0.025, 8 = 30°, ny = 60, n; = 60 x 1)

that of the Wood Anomaly case in Set 2 (for which % =10 and % [1 —sin(f)] = 5).

Given the terms 1 s € Z and 1 s € 7Z that arise

{kL[1+sin(0)]+2ms} <2’ {kL[1—sin(0)]+2ms} <’
from integration by parts in the error estimates of Theorem 3.1.9—see Section 3.1.3.3, in

particular (3.179)—we anticipate that A must increase as % [1 —sin(f)] approaches 5 in
order to maintain computational accuracy. Table 4.58 confirms this property: the energy
balance errors achieved over the intervals k € [9.5,9.999] and k£ € [10.001,10.5] are nearly
constant if ‘5 - % [1— sin(@)” A is kept constant. Table 4.59 provides further confirmation
by showing how leaving A fixed at 100 as % increases from 9.5 to 9.75 results in a significant
drop in overall accuracy, while increasing A to 400 rather than to 200 leads to a noticeable

improvement in overall accuracy.
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k A energy balance error 5 — % [1—sin(d)] {5-— % [1 —sin(9)]} A

o

9.5 100 5.0 x 10714 0.25 25
9.75 100 1.5 x 10712 0.125 12.5
9.75 200 7.4 x 10714 0.125 25
9.75 400 1.8 x 10715 0.125 50

Table 4.59: Table for various k (h = 0.025, § = 30°, ny = 60, n; = 60 x 1)
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

We have presented a new integral equation method for the solution of direct rough surface
scattering problems in two dimensions. This approach—motivated, in part, by the bounded
obstacle solver introduced in [12]—was described in detail in Chapter 2. Through the use
of smooth windowing functions, we created an efficient alternative to the calculation of the
periodic Green’s function that is typically employed in other integral equation methods for
these problems. We derived two different analytical representations for the solutions; after
an examination of the types of scattering that can occur and the conditions which give rise
to these phenomena, we showed how the use of one or the other of these representations
is advantageous depending upon whether multiple scattering is present. Combining the
windowing and the two representations, we generated certain approximating scattering
equations that are solved numerically using a spectral quadrature rule, FFTs and GMRES—
allowing for a smaller number n; of target points for the solutions than the number n;
of quadrature points in order to further significantly enhance performance in many high-
frequency cases.

Chapter 3 included many proofs regarding this solver. We demonstrated the conver-
gence of the integral operators of the approximating integral equations to those of the full
integral equations as the window size A becomes infinite, and we showed how this implies
the existence and convergence of the approximating solutions to the full solutions. In par-
ticular, we established that these convergences are super-algebraic in A as A — oo for
scattering configurations with C'° surface profiles. Similarly, we proved the convergence of

the quadrature rule as n; — oo; this convergence was shown to be super-algebraic in n; as
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n; — oo for problems with smooth gratings, and corresponding existence and convergence
proofs for the numerical solutions were also given. Finally, we argued that the method re-
quires O(1) computational times as the wavenumber k increases without bound (for a given
scattering profile and incidence angle) in order to compute the solutions of simple-reflection
cases to a fixed level of accuracy.

In Chapter 4, we provided a large number of numerical results which demonstrated
the accuracy and efficiency of the solver under a variety of scattering configurations. We
confirmed computationally the convergence results of the previous chapter. Also, we showed
that the performance of our method compares very favorably to that of other leading integral
equation approaches as well as the Kirchhoff approximation for many wavenumbers and
scattering surfaces (including sinusoidal, multi-scale and simulated ocean surfaces). Finally,
we studied how the computational parameters of the solver need to be adjusted as certain
physical quantities are systematically varied; in particular, O(1) in k computational times
indeed were achieved as k became large (for certain scattering profiles and incidence angles)
for simple-reflection cases, a maximum in the numbers of degrees of freedom per wavelength
for the solutions was observed as h was increased (all other physical parameters being
kept constant), certain cases with Wood Anomaly values for k were computed to machine
precision and computational accuracy was maintained for another set of cases (with a fixed
scattering profile and incidence angle) by increasing A in an anticipated manner (given the

proofs of the previous chapter) as k approached a Wood Anomaly value.

5.2 Future Work

There is much potentially fruitful work that could be undertaken in the future given the
research presented in this thesis. We list some of the possibilities here. They include the
application of our solver to additional scattering configurations of interest. Also, various im-
provements and extensions of the algorithm—such as the acceleration of certain calculations
and a three-dimensional version of the method—are noted.

Solutions of rough surface scattering problems with high-frequency configurations, deep
grating profile configurations, low grazing angle configurations, etc., are rapidly computed
by the approach of this thesis—thus potentially facilitating further examination of cases

that are of scientific and engineering interest. Better simulations of phenomena such as the
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scattering of acoustic and electromagnetic waves from random surfaces, for example, could
be pursued using this solver. Also, the smooth windowing functions that we employ may
allow our approach to be applied profitably to cases containing finite (rather than periodic)
rough surfaces, just as numerical tapering was successfully used for such problems in [60].
In addition, due to its excellent accuracy and efficiency, our algorithm could form a key
building block in the construction of a powerful method for solving inverse problems.

There also are a number of improvements and extensions that could be made to our
solver. For example, a straightforward quadrature is currently employed for calculating
each scattering efficiency, which implies that in a high-frequency case the determination
of the efficiencies dominates the computational time. It may be possible to construct an
asymptotic approximation to the efficiencies’ formula so that accurate values could be com-
puted significantly more rapidly when k is large. Also, other quantities related to the
scattered field (e.g., its magnitude at various points near the scattering surface) could prove
to be useful alternatives to the efficiencies, depending upon the application.

Additionally, the use of FFT acceleration techniques may allow for further reduction in
computational times. A particular accelerator for three-dimensional problems is described
in [14, 15]; it could be suitably modified to treat the configurations we have considered in
this thesis.

One of the most important extensions of the method of this thesis would include,
of course, an approach to solving three-dimensional scattering problems containing two-
dimensional periodic rough surfaces that vary in z. The techniques underlying the solver dis-
cussed in [14, 15]—including the use of partitions of unity, analytical resolution of singulari-
ties and the aforementioned FFT acceleration—should prove useful towards this end. Some
of these techniques already have been successfully incorporated in the three-dimensional
method introduced in [11], which is an extension of the two-dimensional bounded obstacle
solver that was originally presented in [12] and is closely related to our work here.

The two-dimensional solver of [12]—described in Appendix A of this thesis—includes
unique methods for treating the multiple reflection phenomena that arise in cases with
non-convex scatterers as well as the shadowing phenomena that always occur. For the
configuration in [12] which gives rise to multiple reflections, a modified ansatz for the density
that accounts for all of the directions of propagation of the reflected geometrical optics

rays is employed. This approach also could be made to work for rough surface problems
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containing multiple reflections. Likewise, the change of variables used by the bounded
obstacle algorithm near shadow boundaries could be suitably adapted; alternatively, it may
be possible to construct an ansatz for the solution that accounts for both the multiple
reflections and the creeping waves that arise in cases with shadowing.

The scattering profiles that were considered in this thesis are at least twice continu-
ously differentiable. Less differentiable surfaces, such as those containing corners, give rise
to additional scattering phenomena beyond what we have discussed (see [7] for details).
Changes of variables (such as those used in [20, 30]) would allow for high-order numerical
convergence (in the number of discretization points) to be preserved for configurations with
such surfaces; a modified ansatz for the density that accounts for the additional types of
scattering that occur may be required in order to maintain rapid computational times for
high-frequency cases.

Another possible modification of our method is to use integral equations based upon
half space Green’s functions rather than the ones we developed via the free space Green’s
function. The Nystrom method of [44], for example, uses the half space Green’s function for
the Helmholtz equation with a Dirichlet boundary condition; the “quasi-periodic Dirichlet
Green’s function” that is employed in the approaches of [4] is related to this half space
Green’s function in the same way that the periodic Green’s function is related to the free
space Green’s function. For points 7,7’ on the scattering surface, the half space Green’s
function in [44] decays more rapidly than the free space Green’s function does as |r —r'| —
oo, and, unlike the periodic Green’s function, the quasi-periodic Dirichlet Green’s function
in [4] can be defined even for Wood Anomaly wavenumbers. Thus, it is of interest to
determine if the substitution of half space Green’s functions into our approach results in
significant performance improvements in general (e.g., smaller integration window sizes
being required to achieve certain accuracy levels) and any noticeably different results for
Wood Anomaly cases in particular.

Additionally, the benefits of our approach need not be limited to problems with perfectly
reflecting scattering surfaces. Transmission of incident electromagnetic waves occurs in cases
with periodic interfaces between two dielectric materials (e.g., air and ocean water), and this
gives rise to coupled systems of integral equations (as described, for example, in [16]). The
integral operators within such systems are closely related to the ones that were described

in this thesis, and we therefore anticipate that our algorithm could be adapted to solve
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dielectric rough surface problems.
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Appendix A

A treatment of bounded obstacles

This work originally was presented in [12]. Included are some minor changes of formatting

and content relative to that paper.

A.1 Introduction

However efficient, direct numerical methods for the solution of scattering problems require
a fixed number of discretization points per wavelength A, and thus exhibit a computational
complexity of at least O(k™) for an n-dimensional discretization (where k = 27/ is the wave
number). It is therefore desirable to produce numerical methods which remain efficient as
the frequency (and, thus, the size of the problem) grows. If accurate high-frequency solvers
are made available with a bounded computational complexity as the frequency tends to
infinity (that is, methods with an asymptotic O(1) computational complexity), then one can
envision the development of a computational capability allowing the solution of essentially
arbitrary scattering problems.

This appendix presents such an O(1) solver for surface-scattering problems by convex
obstacles in two or three dimensions, using a combined-field integral equation [41]. Our
rigorous (convergent) approach relies on two main elements [9, 10].

The first of these elements is a transformation of a boundary integral equation which
allows it to explicitly capture, with coarse discretizations, the rapidly oscillatory progression
of the surface currents. For this purpose, an ansatz derived from asymptotic theory [34] is
used: the original unknown in the boundary integral formulation is replaced by the prod-
uct of a slowly varying amplitude and a highly-oscillatory exponential; see Section A.2.1.

The slowly varying amplitude can then be represented by a number of degrees of freedom
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independent of the frequency. This idea is similar to those presented by [38] and [29] for

partial differential equations, and by [31], [2], [1] and [47] for integral equations. Unlike the
previous approaches, however, the present treatment accounts rigorously for the fact that
the ansatz is only valid in certain regions of the scattering surface.

The second main element in the present algorithm is a localized integration method
related to the method of stationary phase. This localized integration scheme, which reduces
the support of integration to a small subset of the scattering surface, can be seen as a
natural link between high-frequency approximate, mon-convergent methods such as the
Kirchhoff approximation, and a direct integral equation method. As discussed below, the
size of the reduced integration support is related to the wavelength, leading to a number of
integration points independent of frequency, and thus, to a frequency-independent overall
computational complexity.

In addition to these main elements, our solver uses high-order discretization schemes
for accuracy: the Nystrom method described in [20] in two dimensions, and the method
described in [14, 15] in three dimensions. In all cases, the high-order nature of the high-
frequency solver is achieved through use of Fourier interpolation and the trapezoidal rule
for integration of periodic functions: see Section A.4.

The numerical method is then completed through use of a matrix-free Krylov subspace
linear algebra solver. The result is a high-order convergent algorithm that can solve ac-
curately scattering problems throughout the electromagnetic spectrum, and can deliver
error-controllable solutions in computational times that are independent of frequency. We
illustrate the efficiency of this algorithm through a series of computational results in Sec-
tion A.5; in particular, we demonstrate the high-order convergence of the solver as well
as its asymptotically bounded computational complexity as the frequency increases: see
Table A.3. The extension of the method to non-convex scatterers is finally discussed briefly

in Section A.6.

A.2 Boundary Integral Formulation

We consider the problem of evaluating the scattering of an incident plane wave 1)"¢(r) =

e*eT |a| = 1, from a convex impenetrable obstacle D. We thus look for the solution
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P(r) = (7)) + 95 (r) of the Helmholtz equation under Dirichlet boundary conditions

AY(r) +k*)(r) =0 in R™\D, n=2or3, (A1)

=0 on 9D, (A.2)

where the scattered field 1% (r) satisfies the Sommerfeld radiation condition [20]. For the
sake of simplicity we treat a scalar scattering problem—acoustic or TE-electromagnetic; the

full electromagnetic problem can be handled in a similar way.

A.2.1 Ansatz

To introduce some of the issues arising in our high-frequency integral method, let us consider
the following boundary integral formulation of the problem (A.1)—(A.2), which takes as the

unknown function the boundary values of the normal derivative:

LOU(r) _ (00) e N[ OB 00
20v(r) _( ov(r) i )) /6D ov(r) 8v(r’)d ()
—in /8 D@(r,r’)gi}g,; ds(r'), (A3

where v(r) is the external normal to the surface at point r and where ®(r,r’) equals
i/4 Hél)(k\r —7']) in two dimensions and e**I"="'l /(47|r — 7'|) in three dimensions. In this
equation, v is an arbitrary positive constant. Following [14, 15] we use v = max{3, D/\}
(where D is the diameter of the scatterer), which gives rise to rapid convergence of the
linear algebra iterative solver.

As mentioned above, our high-frequency approach is based on a high-frequency ansatz

for the unknown

w(r) = (A.4)

of the problem. For a convex scatterer, our ansatz reads

p(r) = pisiow (1) €F*, (A.5)

where the new unknown gy i assumed to be a slowly oscillatory function of r» € 0D;
see Section A.2.2 and Section A.3.3 for details. The validity of (A.5) in a portion of the

scattering surface indicates that, on that portion, the unknown p oscillates along with
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the incident field. For non-convex scatterers (or, more generally, in presence of multiple
reflections), a more elaborate ansatz can be constructed using ray-tracing (GO) techniques;
see Section A.6.

As it happens, only the solution of certain types of integral equations can be represented
through an ansatz of this type. As a rule, an integral equation whose unknown is a physical
quantity can be represented by an ansatz of this form—the unknown in (A.3) is the normal
derivative of the solution, and it therefore admits such a representation. In contrast, the

density ¢ in the integral equation [20]

potr) =y - [ AT

n v p(r')ds(r') + iy / O(r, ") (r') ds(r') (A.6)

oD

for our Dirichlet problem (A.1)—(A.2) does not admit such a representation (see Figure A.1).
The question does naturally arise: What is the difference in character between the integral
formulations (A.3) and (A.6)?

This can be understood through the consideration of a simple scattering surface: a
pair of parallel planes. It is easy to check that the the combination of integrals in (A.3)
integrated over the illuminated plane only produces field values on the non-illuminated
surface which equal, precisely, the value of the inhomogeneous term in (A.3) on the non-
illuminated boundary. It follows that the unknown function vanishes on the non-illuminated
boundary, and therefore the integral over that boundary does not give rise to additional
fields on the illuminated boundary. Thus, a solution of the equation can be obtained, in
this case, by consideration of scattering by the illuminated surface alone. This is not true
for equation (A.6). Indeed, in this case further corrections on the illuminated surface must
be introduced, as the non-illuminated surface ‘scatters’ a field into the illuminated surface,
which then gives rise to additional fields on the non-illuminated surface, and so on—so that
use of the expression (A.5) in conjunction with equation (A.6) results in a highly oscillatory
Hslow- Considerations related to these can be used to determine whether, for general, non-
planar surfaces, the solutions of a given integral equation satisfy an ansatz of the form
(A.5). Indeed, while such a discussion would generally not be exact for finite wave numbers
and curved surfaces, these arguments can be used asymptotically as k — oo—which suffices
to determine the validity (or lack of validity) of our integral ansatz for a given integral

equation.
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Figure A.1: Scattering by a circular cylinder r(f) = (acosf,asinf), 0 < 6 < 27, with
ka = 20; all graphs show real and imaginary parts of complex quantities as functions of the
angular coordinate . Top left: ¢(r(#)) (solution of (A.6)). Top right: ¢(r(8))/(keer®).
Bottom left: p(r(0)) = gg((:((g)))) (solution of (A.3)). Bottom right: pu(r(8))/(ke*er©),
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A.2.2 High-Frequency Integral Equation

Using (A.4), the boundary integral formulation (A.3) can be rewritten as

0v (r)

5507} (), T e dD, (A7)

%u(r) + (K'p)(7) + iy(Sp)(r) =

with

(Sp)(r) = /@ () ds(r), (A8)

) = [ 2,

Introducing the ansatz (A.5) in (A.7) and dividing by e?*®*", we obtain

(r') ds(r"). (A.9)

1 - -
iluslow(r) + (K,,Uslow)(lr) + Z.’V(S:uslow)(r) =w - ak+ Z"Y, T 8D7 (A.lO)

where S and K’ denote the integral operators

(Spistow) (r) = /BD O(r, )k =) o (') ds(r'), (A.11)
(K’ tigiow) (1) = /8 i ‘%eika'“’—") Lisiow (7) ds (7). (A.12)

As we shall show, except for certain oscillatory behavior of pgow at the shadow bound-
aries (see Section A.3.3), the kernels in equations (A.11) and (A.12) are the only highly-
oscillatory functions in the boundary integral formulation (A.10). Since pglow is a slowly
varying function away from the shadow boundaries, this density can be represented, to
within any prescribed tolerance, by a fized set of discretization points, independent of fre-

quency.

A.3 Localized Integration

Despite the fact that the unknown in the modified boundary integral formulation (A.10)
is a slowly oscillating function, a direct numerical evaluation of the integrals (A.11) and
(A.12) would still require a number of quadrature points proportional to the wave number

k. In this section we show that an extension of the method of stationary phase [5] can be
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used to produce a convergent method which requires a fixed number of quadrature points

for prescribed accuracies and arbitrary wave numbers.

A.3.1 Stationary Phase

To incorporate ideas implicit in the method of stationary phase we first obtain the critical
points of the integrals in (A.11) and (A.12). The details of such an evaluation depend on
the particular kernels under consideration, but in the present case, for r # r’, both kernels

in (A.11) and (A.12) behave asymptotically as

eik[\r—r’|+a4(r’—7')] _ ei’ﬂf” (A.13)

i.e., as the kernel of a generalized Fourier integral with phase ¢. The critical points are thus
1. the target (observation) point r itself, where the kernel is singular;

2. the stationary points, i.e., the points where the phase ¢ in the integrals has a vanishing
gradient. (Note that these stationary points vary as a function of the target point,
and that both the first and second derivatives of the phase vanish at the shadow

boundaries.)

In Section A.8 below we present, as an example, the details of the evaluation of the corre-
sponding stationary points for a TE integral equation.

In view of the method of stationary phase we know that, asymptotically, the only signifi-
cant contributions to the integrals (A.11) and (A.12) arise from values of the slow integrands
and their derivatives at the critical points. In order to construct a convergent method for
arbitrary frequencies, we introduce an integration procedure based on localization around
these critical points.

Physically, for an observation point located away from the scatterer’s surface, the critical
points correspond to the points of specular reflection: there is only one such critical point
on the surface of a convex scatterer. The critical points mentioned above constitute a gen-
eralization of this concept to the case in which the observation point lies on the scatterer’s

surface.



Figure A.2: Real part of functions fa(z)e’®" and f.(z)e**®" with upper envelopes fa(x)
and f.(z), respectively; p = 2.

A.3.2 Convergent High-Frequency Integrator

To introduce our concept of localized integration let us consider the problem of integration
of the one-dimensional smooth function f4(z)e**" depicted in Figure A.2. This discussion
applies to the integrals (A.11) and (A.12) rather directly, since, via expansion of the phase
¢ in Taylor series, the oscillatory behavior of the integration kernels around their critical
points is well captured by an exponential of the form e?**" with p = 1 (around the kernel
singularity), p = 2 (around the stationary points other than the shadow boundaries), or
p = 3 (around the shadow boundary stationary points, provided the curvature does not
vanish).

To state our main result concerning smooth-cutoff high-frequency integration we intro-
duce, for real numbers A > 0, 0 < ¢ < A and 0 < ¢ < 1, explicit expressions for the

functions f4(z) and f-(z) displayed as the upper enveloping curves in Figure A.2:

fa(z) = S(z,cA, A) - (1 — Sz, —A, —cA)) (A.14)
and
Ax
folw) = Fa020), (A.15)
where
1 for z < =z,
S(x,z0,71) =  exp (2Zfl/u> forxg <z <21, U= éiyg)o,

0 for x > x1.
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Our result now reads as follows.

Lemma A.3.1. Let real numbersp>1, A >0,0<e < A and 0 < ¢ <1 be given, and let
fa(x) and f-(x) be defined as in equations (A.14) and (A.15) above. Then we have

A €
/ falx)e*= dz = fe(x)e®™ do + O((kep) _n) Vn > 1. (A.16)
—A —€

That s, under certain conditions on the product keP, the integral between —e and € of

f-(x)e " is a good approzimation of the integral of fa(x)e™*™” between —A and A.

Proof. Defining ga.(x) = fa(xz) — fe(x), we obtain, for z > 0,

A . € . A .
E= / falx)e*= da — / fo(x)e*®” do = / gac(x)e do
0 0 c

€

1 A Lol
= / gac(te)tr™ et dt. (A.17)
p (CE)P

Integrating by parts n times and using the fact that the smooth cutoff g4 .(x) vanishes

together with all of its derivatives for z = ce and x = A, equation (A.17) becomes

€

AP
b= / [Nnﬂgi") (t%)t(%l_(nﬂ)) - Nnggngl)(t%)t(%—(nﬂ))
( ’ 9

ce)P
ikt
o Nagly ()50 e Ny ()i S,
' i
where the constants N,11,..., N1 depend on p, but are otherwise independent of k, € and
A. Estimating tp (D < Dl((cs)p)%_(nﬂ) and ]gg)a\ < Doe™7 on (ce)? <t < AP, we
finally obtain
AP
‘E| < D&_—np—p-‘rlk.—n / elk‘t dt ,
(ce)P
and hence (A.16). O

Error estimates for the integrals (A.11) and (A.12), similar to that of Lemma A.3.1,
which can be obtained by Taylor-expanding the phase ¢ in (A.13) around the critical points,
provide our criteria for the localized integration. For each target point the corresponding
set of distinguished points is covered by a number of small regions, as indicated in what

follows:
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Figure A.3: Circular scatterer under plane wave incidence: target point 7' (fp = 0) and
stationary phase points S1, S and S3

Table A.1: Localized integrator, sinusoidal slow density (error on I(6y = 0) using N inte-
gration points)

k N € Error
1000 2100 1.0 1.5e—6
2000 2100 0.5 4.8e—8
4000 2100 0.25 1.2e—7
8000 2100 0.125 9.8e—7
16000 2100 0.0625 1.5e—6

1. the target point is covered by a region U; of radius proportional to the wavelength A

(p=1);

2. the f-th stationary point is covered by a region Uf of radius proportional to v/A (p=2)
or VA (p = 3, at the shadow boundaries).

A partition of unity [14, 15] is used to smoothly split the integral over 0D into a number
of integrals over subsets of dD. This partition of unity is taken to be subordinated to the
covering by open sets U; and U, f and the complement V of a closed set which is contained
in and closely approximates the union of the set U; U UY. (In other words, the set where
each of the functions making up the partition of unity is not zero is contained in one of the
sets U or V.) The integral over all of 9D is then split as a sum of integrals over V' and each
one of the U sets, with integrands which include the corresponding partitions of unity. The
integral in the outside region V' is neglected. Note that, for sufficiently small wave numbers,
the U intervals cover the scatterer completely, and our high-frequency integral formulation
reduces seamlessly to the original integral equation.

Let us exemplify this localized integration scheme by computing the following integral
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Figure A.4: Circular scatterer under plane wave incidence: smooth cutoffs around the
critical points for 6y = 7/8, with k& = 1000 (top) and k = 4000 (bottom). The quantity
displayed in both graphs is the real part of the integrand in (A.18), divided by cos(0).

on a circle of unit radius, centered at the origin (see Figure A.3):
27 )
160) = [ [HWr(60) — r(@))e= O] cos(o) do, (A.15)
0

with 7(0) = (cosf,sinf). Equation (A.18) corresponds to the two-dimensional single layer
potential in the integral equation (A.7), with the unknown density substituted by cos(6).
Table A.1 demonstrates the fixed accuracy of the integrator for 6y = 0 and a = (1,0)
throughout the frequency spectrum, using a fixed number of integration points for all values
of k. Figure A.4 illustrates the covering of the critical points by the intervals U; and U*
(¢ = 1,2,3) for the target point 8y = 7/8, and highlights the variation of the size of the

local integration intervals as the frequency increases.
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Table A.2: Interpolation of the slow density (number of coefficients in the Fourier expansion

of pu&act for a circular scatterer, with and without the change of variables depicted in
Figure A.5)
ko i @) e (9)
100 110 110
1000 220 230
10000 280 310
100000 280 350
1000000 280 > 500

A.3.3 Shadow Boundaries

Shadow boundaries (where ac- v = 0, see Figure A.5) require special consideration. Indeed,
in order to represent figow Within a fixed error tolerance by means of a frequency-independent
discretization density, a cubic root singularity inherent in the slow density around such
boundaries needs to be accounted for appropriately. Figure A.5 (lower left) illustrates the
k1/3 increase of the slopes of the slow density phases ¢ = ¢y, (0) around the shadow boundary
as k increases. Figure A.5 (lower right), in turn, displays the effect of the change of variables
N = Nk (0), displayed in Figure A.5 (upper right), that we use to compensate for this effect.

Table A.2 compares the number of Fourier modes required to represent the closed form,

exact

gt for a circular scatterer, within a certain error tolerance, with and

exact slow density u

without the introduction of this change of variables around the shadow boundary. We see

exact

geact can be represented, with a fixed

that, after the change of variables has been applied, y
accuracy, by Fourier series with a fixed number of terms for arbitrarily large wave numbers

k.

A.4 Spectral Implementation

A.4.1 High-Order Interpolation

In view of the discussion of Section A.2.1 and Section A.3.3, pgow in (A.10) can be obtained,
within a prescribed error tolerance, through interpolation from a fixed (independent of
frequency) number of discretization points.

In our implementation, these points are associated with the nodes of Cartesian grids

discretizing one or more (overlapping) patches covering the scatterer surface, as proposed
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Figure A.5: Top left: shadow boundary for the circular cylinder. Top right: cubic root
change of variables. Bottom left and bottom right: variation of the phase of p&2ct at the
shadowing point before and after application of the change of variables, respectively, for

k =100 to k = 1000000.
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by [14, 15]. Fast interpolations of very high order can then be obtained using refined FFTs

and polynomial off-grid interpolation [8]:

1. Using one- or two-dimensional FFTs (in two and three dimensions, respectively),
construct a Fourier series for each interpolation patch. Thanks to the partition of
unity subordinated to these patches, the densities are smooth and vanish on the patch

boundaries and the convergence of these Fourier series is high-order;

2. Use FFTs to evaluate the Fourier series (and possibly their derivatives) on much
refined, but still equispaced, grids. The actual choice of the refinement factor is based

on a trade-off between computational times and accuracy;

3. Use the density values on the refined grids to construct one or more local interpolation

polynomials per original grid interval.

In our numerical examples we used a 32-fold refinement of the original grids and cubic
splines for the local polynomial interpolation. Clearly the convergence of this algorithm
is only fourth order in the sub-grid spacing, but the error it introduces (compared to an
explicit evaluation of the Fourier series) is several orders of magnitude smaller than the
overall error on the solution of the problems we considered (see Section A.5). If true
super-algebraic convergence is required one could replace the cubic splines by Chebyshev
interpolation, or even, at the expense of significantly slower numerics, by an unequally
spaced FFT algorithm [22].

Note that, for practical problems (where the geometrical description of the scatterer is
not known analytically), a high-order surface representation (such as that described in [9])

is also required to preserve the high-order convergence of the method.

A.4.2 Trapezoidal-Rule Integration

The integral in the region U; (see Section A.3.1), which contains the kernel singularity, is
evaluated by means of a discretization with a mesh-size proportional to A. Our choice of
singular integrator is that described by [20] in the two-dimensional case and by [14, 15] in
the three-dimensional case. These methods provide high-order quadrature for the singular
integrands arising in the integral equations under consideration.

The integral in the region U f ,in turn, is evaluated by means of the trapezoidal rule with

a discretization mesh-size proportional to v/X or V/\.
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Table A.3: Scattering of an incident plane wave on a circular cylinder of radius a

25 unknowns, € = €yef
ka GMRES iterations Error CPU time

1 9 1.0e—12 < ls
10 11 1.6e—4 <1s
100 13 9.3e—4 3s

1000 13 8.3e—3 58
10000 15 1.0e—2 6s
100000 14 1.1e—2 6s

100 unknowns, € = Heyef
ka GMRES iterations Error CPU time

1 9 1.0e—12 <1s
10 17 3.0e—11 5s
100 22 1.5e—5 11s

1000 25 3.1e—5 2m30s
10000 27 8.4e—b5 3ml2s
100000 30 8.8e—5 3m4d3s

In all cases, the values of the slow densities at the integration points are obtained through
interpolation from the fixed discretization mesh mentioned above. Note that, because of the
smooth cutoffs used, all integrands are smooth periodic functions—for which the trapezoidal
rule gives rise to high-order convergence. Also note that a special procedure is necessary to
guarantee that the non-empty intersections occurring between the various U sets defined
above do not cause difficulties: if the sets have identical discretizations, they are simply
merged and the corresponding elements of the partition of unity are summed; otherwise,
in a recursive manner, the integral on the set having the finer discretization is computed

completely, and its partition of unity subtracted from the other sets.

A.5 Numerical Results

A matrix-free iterative solver has been implemented by utilizing the two-dimensional version
of the high-frequency integrator described in the preceding sections in conjunction with the
GMRES algorithm [53]. Table A.3 shows results produced by means of this two-dimensional

solver on a 1.5 GHz PC, applied to a circular cylinder of radius a. Errors were computed
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by comparison with an exact solution for the integral equation, and defined as

[ugiow () = psion ()| ds(r) - / g (r)[? ds(r) 1/2- (A.19)
oD oD

This example illustrates the asymptotically bounded complexity of our approach: the error
for k£ = 1000 is almost identical to that for & = 100000, using the same number of unknowns
and the same number of integration points. The high-frequency solver is well conditioned
and requires a small number of GMRES iterations for arbitrarily large wave numbers,
leading to nearly identical computation times for all values of & > 1000.

The results given in the upper half of Table A.3 were obtained using 25 discretization
points for the slow density 0w and a local integration interval size et = 600(ka)~!, with
800 integration points per interval. As can be seen in the table, these parameters led to
a maximum error of about 1% throughout the frequency spectrum, in total computational
times of 6 seconds.

In order to obtain two more digits of accuracy, the number of discretization points was
increased by a factor of 4 and the size of the integration intervals multiplied by 5 (see
bottom half of Table A.3). In this case, using 4200 integration points per interval led to an
error smaller that 1.e—4, in less than 4 minutes CPU time.

Thanks to the very accurate interpolation scheme presented in Section A.4.1, the overall
error of the algorithm is dominated by two independent sources: on the one hand, the dis-
cretization error of pgow and, on the other hand, the error introduced by the local integrator.
To obtain a given error tolerance with the smallest computational cost, a compromise has to
be found between the number of unknowns and the size of the local integration intervals.
For example, with € = €.t numerical tests showed that increasing the number of unknowns
beyond 25 does not improve the accuracy of the solution beyond the values shown in Ta-
ble A.3, whereas, with & = beye, using only 25 instead of 100 unknowns would result in a
global error of 7e—3 (instead of 8.8e—5).

As a comparison, the computational time required by the direct algorithm described
in [20, p. 66] to yield an error of 4.8¢—3 for ka = 1000 is 36 minutes—using the same linear
algebra solver as our high-frequency solver and the same computer; our solver produces a
comparable accuracy in a 5 second calculation. Since the computational time for the direct

solver grows quadratically with the wavenumber, that method would require 250 days to



Figure A.6: A multiple scattering configuration: the kite-shaped scatterer of equation (A.21)
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Figure A.7: Real parts of u(r(6)) and pu(r(6))/e**7® on the kite-shaped scatterer, for
k=800
produce a solution for ka = 100000 with the same error. The corresponding solution

presented in the upper portion of Table A.3 was obtained in a mere 6 second calculation.

A.6 Extension to Non-Convex Scatterers

For a non-convex obstacle the ansatz (A.5) may not be valid; indeed, this ansatz is not
valid if the incident field is such that its ray theory approximation gives rise to multiple
reflections, as shown in Figure A.6. This fact can be understood easily: in the case of
Figure A.6, for example, the reflections in the lower part of the concave region act as sources
of an “incident” field for the upper portion of the concavity which should be accounted for

in the ansatz for the density u.
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Figure A.8: Real and imaginary parts of the slow densities ud_ (r(6)) and pl_ (r(6)) on
the kite-shaped scatterer, for & = 800

A correct version of the ansatz for the scatterer of Figure A.6 is

ikoer ikad (v)-(r—ri(r ikart(r
PUT) = 1o (T)EFXT 4 1oy, (r) e (M (rmr (1) gikeerir) 4 (A.20)

1 () () (r=r2(r) ikour(r)
where ph (r) and p2_ (r) are compactly supported in the upper part of the concavity
and where a!(r) and o?(r) are unit vectors of direction given by the geometrical optics
rays. Note that, indeed, two slow densities arise as a result of the reflections from the lower
portions of the concavity, since points in the upper part of the concavity are illuminated
by two reflections from the lower part. The algorithm for the non-convex case can be
completed by iteratively applying the algorithm for convex scatterers to this modified type
of ansatz—the details of such an implementation will be presented elsewhere.

Figure A.7 displays the solution, for k& = 800, of the multiple scattering by the kite-

shaped scatterer of Figure A.6, described by the parametric representation
r(0) = (cos + 0.65 cos 20 — 0.65,1.5sin6), 0<6 < 27. (A.21)

The actual solution x(7) is shown on the left, while u(r)/e**7 (i.e., the solution that would
be obtained using the simple ansatz (A.5)) is shown on the right and clearly demonstrates
the inapplicability of (A.5) in the multiple scattering case. Figure A.8, in turn, demonstrates

that slow densities p9  (r) and pl  (r) can indeed be obtained in such a way that the
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ansatz (A.20) holds in the multiple scattering case.

A.7 Conclusions

We have presented a high-frequency integrator which can evaluate all the relevant integrals
within a given error tolerance through a fixed number of operations—independently of
frequency. When used in conjunction with a Krylov subspace method such as GMRES,
numerical experiments have shown a good conditioning of the discrete operator, requiring
a virtually constant number of GMRES iterations to attain a fixed error prescription as the
frequency increases. The overall solver has subsequently been shown to be able to solve
scattering problems within a prescribed error tolerance for arbitrarily small wavelengths,

within a fixed computing time.

A.8 Evaluation of Stationary Points

Note: this section originally appeared as an appendiz in [12].

We consider two-dimensional obstacles whose boundaries admit polar parameterizations
r=r(0), 0<6<27.
Let the phase of the incident wave be given by
ika = ik(cos(p),sin(p))
and consider the total phase
ik¢ =ik|ly — x|+ oy

where x and y are arbitrary points on the boundary of the obstacle, the target and source
points respectively. (The total phase is obtained as the phase in the k — oo asymptotic
expression of G(z,y)e**¥). Without loss of generality we may assume ¢ = 0. Using polar
coordinates

T = r(@o)ewo and y= r(@)ew,
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we have

b = ¢(0) = p +7(0) cos(0) = \/r(09)% + 7(0)2 — 2r(0p)r(0) cos(0 — by) + r(6) cos(h).

The stationary points then correspond to the solutions of

r(6) 55(6) — r(60) 5 (6) cos(6 — ) + r(B0)r(6) sin(6 — 6y)

\/7“(00)2 +7(6)% — 2r(69)r(0) cos(6 — 6y)
+ %(9) cos(0) — r(0) sin(0)

0=4¢'(9)

in the interval [0,27). The solution of this nonlinear equation can be obtained in O(N)
operations by means of Newton’s method. For the particular case of the circle (i.e., r(f) =

R) the condition for stationarity is

B R?sin(6 — 6p)
~ V2R2(1 — cos(6 — 6y))

0=¢'(0) — Rsin(0)

and a closed form can be given:

0<0—6y=m—20y+4nmT <27 or 0§0—00:7+§7m§27r.
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Appendix B

Code Verification

To verify our code, we apply it and the solver from [13] to three scattering cases. Table B.1
lists the physical variables for the three configurations, all of which have gratings of the
form f(x) = 2 cos(2rz). Cases 1 and 2 both have only simple reflections (see Figure 2.10),
but Case 1 has TE/sound-soft scattering while Case 2 has TM /sound-hard scattering; Case
3 has both multiple reflections and shadowing with TE/sound-soft scattering. Thus, for
Cases 1 and 2 we compute ps(z) from the appropriate scattering equations, while for Case
3 we compute p1(x). In all three problems we use Ay, = % = 0.875, while the numerical
parameters n¢, n; and A are varied and are listed in Table B.1.

For these cases our code demonstrates itself accurate to machine precision. Not only
are the energy balance errors indicative of this accuracy (see Table B.1), but the computed
values for each of the scattering efficiencies e,, agree between the two codes (see Tables B.2
and B.3 for Cases 1 and 2 and Figure B.1 for Case 3).

We also compute the scattering efficiencies of three of the systems in [17], the work which
describes a high-frequency method that we briefly reviewed in Section 2.3.2.1. We denote
these systems as Cases 4, 5 and 6; Cases 4 and 5 have a grating of the form f(z) = 2 cos(27z)

and have TE/sound-soft and TM/sound-hard scattering, respectively, while Case 6 has a

case h % 0  ny n A eb. error (this work) e.b. error ([13] code)
1 0025 1.5 0° 12 12x8 350 4.4 %1016 1.1 x 10715
2 0.025 1.5 30° 12 12x8 700 1.1 x 10716 4.4 x 10716
3 025 100 75° 96 96x3 750 1.7 x 10715 8.9 x 10716

Table B.1: Physical quantities, numerical parameters and results for the cases computed by
our method and the method of [13]. The energy balance errors are listed as “e.b. error.”
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n en differences
—1 1.026215905707786 x 10~2 1.3 x 10716
0  9.794756818858454 x 101 —1.8 x 10715
1 1.026215905707786 x 1072 1.1 x 10716

Table B.2: Case 1 efficiencies and the differences in their computed values between this
work and the solver of [13]

n en differences
—2  8.930278583943842 x 107° —2.3 x 10716
—1 1.882452296791681 x 1072 3.3 x 1016
0  9.810861742462433 x 10~ 2.2 x 10716

Table B.3: Case 2 efficiencies and the differences in their computed values between this
work and the solver of [13]

016

0.14

012

0.08 -

e, difference

0.06 -

0.04

0.02 -

0 L L L L L L L L
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
n n

Figure B.1: Case 3 efficiencies and the differences in their computed values between this
work and the solver of [13]
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case h A 0 nyg ni A energy balance error
4 0.025 0.025 30° 24 24x8 20 8.9 x 10716
5 0.025 0.025 30° 24 24x8 20 1.1 x1071°
6 002 004 0° 56 56x4 10 2.2 x 10716

Table B.4: Physical quantities, numerical parameters and results for the cases from [17]

grating of the form

f(z) = g [— cos(2mx) + 0.35 cos(4mx) — 0.035 cos(67x)]

and TE/sound-soft scattering. Table B.4 indicates the physical parameters for these cases
as well as the numerical parameters (in all cases Ay, = 0.875) and the energy balance
errors of our code (computing uo(x) in each case); Figure B.2 has plots of the scattering
efficiencies for these cases. Tables B.5—-B.7 list additional information about particular
scattering efficiencies. They include reference values and relative errors of the highest-
order computed efficiencies as listed in [17] along with the relative errors of the computed
efficiencies of our code. Again, our code demonstrates itself accurate to machine precision.

We note that for these three cases from [17] the values of k£ are Wood Anomaly wavenum-
bers (Remark 2.1.5). For Cases 4 and 5, k = 40 x 27 and 6 = 30°, so

2
o, = ksin(6) + n% =20.0 X 21 +n x 27 (B.1)

implies that

Boo =1\/k*— a3, =0 (B.2)
ﬁfﬁo = \/kQ - a2_60 =0. (B.3)

For Case 6, k = 25 x 2w and 6 = 0°, so B_95 = P25 = 0. Thus, our method can be applied to

and

these configurations even though the periodic Green’s function is not well defined for these

wavenumbers (Section 2.1.3.1).

Remark B.0.1. The computational times of our code were under 2 seconds for Cases 1

and 2, about 44 seconds for Case 3 and under 0.5 seconds for Cases 4-6.
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Figure B.2: Case 4 (top), Case 5 (middle) and Case 6 (bottom) efficiencies
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n en, (reference) relative error (method of [17]) relative error (this work)
0 7.538669511479800 x 104 2.4 x 10713 7.2 x 10714
1 1.194293110668300 x 107! 2.2 x 10714 4.2 x 10710
2 4.713900020760300 x 103 3.3x 107 ™ 2.6 x 1071
3 9.472951023686101 x 102 4.0 x 10710 2.2x 101
4 1.606247510782500 x 101 8.6 x 1071 1.2 x 10714
5 8.121747375826800 x 102 7.9 x 1071 3.5x 1071
6 2.068175899532900 x 102 4.4 %1071 2.1x 10"
7 3.171379802403400 x 1073 5.3 x 10715 5.3 x 1071
Table B.5: Efficiencies and relative errors of Case 4
n en (reference) relative error (method of [17]) relative error (this work)
0 6.978718873398379 x 10~* 1.6 x 10715 1.0x 10713
1 1.193803726254851 x 107! 9.3 x 10716 8.5x 10~1°
2 4.854671479355886 x 103 5.4 x 10716 1.2 x 10714
3 9.427330239288337 x 102 2.9 x 10716 4.7 x 10710
4 1.606619051666006 x 10~! 5.2 x 10716 6.9 x 10716
5 8.146471443830940 x 102 0.0 x 10716 6.8 x 10~16
6 2.079411505463193 x 102 1.0 x 10712 1.0 x 10715
7 3.195973191313253 x 1073 1.9 x 10715 5.4 x 1071
Table B.6: Efficiencies and relative errors of Case 5
n en (reference) relative error (method of [17]) relative error (this work)
0 2.762105662320035 x 10~ " 2.4x 1071 4.0 x 10716
1 5.735818584364873 x 1072 6.0 x 10716 3.9x 1071
2 9.154897389472935 x 102 6.7 x 10717 6.4 x 10715
3 1.051875097051952 x 10~* 9.2 x 10716 9.2 x 10~16
4 6.713521833646909 x 1072 2.1 x 10716 8.7x 1071
5 2.830374622545111 x 102 6.7 x 10710 2.5x 1071
6 9.270117932865375 x 1073 3.0 x 1071° 4.7 x 10714
7 2.435385416440963 x 1073 1.8 x 10716 7.1 x 10716

Table B.7: Efficiencies and relative errors of Case 6
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Appendix C

Additional TM /Sound-Hard
Results

We re-examine six of the examples discussed in Chapter 4—keeping the scattering surfaces
as well as the incident fields’ wavenumbers and incidence angles of these cases the same
but changing the type of scattering from TE/sound-soft to TM /sound-hard. The purpose
of this study is to demonstrate that the computational accuracy of our solver for these
TM /sound-hard problems is virtually the same as it is for the corresponding TE /sound-soft
problems.

The configurations selected all contain grating profiles of the form f(x) = %cos(wa),
except for the one (here denoted as Case 2) which has the “multi-scale” surface f(x) =
B [cos(2mx) + 0.04sin(507z)]. A wide variety of heights h, wavenumbers k and incidence
angles # are included in this study; Table C.1 lists these physical quantities as well as
the sections from Chapter 4 in which the original TE/sound-soft cases are discussed. In
applying our solver to these TM/sound-soft cases, we use representations of the “densities”
(either p1(x) or pa(x)) and sets of numerical parameters (ng, ni, Asp and A) that were used
to generate the TE/sound-soft results. The representations are given in Table C.1, and the
sets of numerical parameters employed are detailed in Table C.2. Note that we use two sets
(denoted as “(a)” and “(b)”) of numerical parameters for both Case 1 and Case 2 in order
to make comparisons at distinct levels of accuracy.

Table C.3 describes the energy balance errors achieved by our solver (the TE/sound-soft
data are taken from the relevant sections of Chapter 4). Indeed, given a particular grating
profile, wavenumber, incidence angle, representation of the “density” and set of numerical

parameters, the method of this thesis computes the resulting scattering efficiencies at around



case section  rep. h % 0
1 4112 m(z) 025 10 75°
2 4222 pup(x) 0.025 105  30°
3 431 pe(z) 0.025 10000 10°
4 432 p(x) 4.0 10 10°
5 433 u(z) 0025 10  87°
6 4341 pp(xr) 0.025 100  30°

Table C.1: Physical quantities and choices of representation for the densities of the TM
cases, plus the sections in Chapter 4 discussing the corresponding TE cases

case Mg T4 Agp A

1(a) 32 32 x 2 0.875 750

1(b) 96 96 x 3 0.875 750

2(a) 64 64 x 1 0.875 2

2(b) 220 220x1 0.875 200
3 16 16 x 2000 0.0175 0.02
4 360 360 x 2 0.875 800
5 24 24 x 6 0.875 11000
6 432 432 x 1 0.875 4

Table C.2: Numerical parameters for the TM cases

the same level of accuracy whether TE /sound-soft scattering or TM /sound-hard scattering

is occurring.

Remark C.0.2. Cases 4 and 5 of Appendix B together form another example of our solver

producing similar energy balance errors for the two types of scattering if all else is equal.

case energy balance error (TE) energy balance error (TM)
1(a) 1.0 x 107 6.7 x 1077
1(b) 1.7 x 10715 1.9 x 10714
2(a) 1.1 x 1071 1.6 x 107*
2(b) 0.0 x 10716 3.3x 10716
3 7.8 x 10716 7.5 x 1071°
4 4.6 x 10713 4.7 x 10712
5 3.3 x 10716 2.4 x 10713
6 2.9 x 10715 3.6 x 10719

Table C.3: TE and TM energy balance errors
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Appendix D

Rounding Errors

Due to the finite precision of the computational data (16 digits for double precision data),
rounding errors are inherent to any numerical solver. For our method, they accumulate to
some extent as we continue to increase the integration window size A. Taking the simple-
reflection case from Section 4.1.2 (using the same reference solution), we demonstrate in
Table D.1 that, with fixed discretization values ny = n; = 48, the energy balance error and
the maximum absolute error increase as A is increased far above 30. As shown in Figure D.1,
the cancellation errors for the A = 30000 solution generate “noise” which artificially boosts
the size of the insignificant Fourier coefficients of the A = 30 solution, and this affects the

accuracy of the computed efficiencies. These errors are of minor importance, however.

A energy balance error max. abs. error
1 6.6 x 107° 7.5%x107°
2 2.8 x 1076 1.2 x 1076
5 3.0 x 1078 1.1x 1078
10 9.6 x 10711 2.8 x 10711
20 2.8 x 10714 2.3x 10714
30 8.9 x 10716 2.4 x 10716
300 6.4 x 10710 5.2 x 10715
3000 2.9 x 10714 7.7 x 10714
30000 1.3 x 10713 8.5 x 10713

Table D.1: Results for various A (ny = n; = 48) for the simple-reflection case of Section 4.1.2



239

. . . . . . . . . . . . . . . . .
-25 -20 -15 -10 -5 0 5 10 15 20 25 -25 -20 -15 -10 -5 0 5 10 15 20 25

Figure D.1: Fourier amplitudes for the A = 30 solution (left) and the A = 30000 solution
(right) for the simple-reflection case of Section 4.1.2
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