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Abstract

Underwater acoustic models provide a fundamental and efficient tool to parametrically
investigate hypothesis and physical phenomena through varied environmental conditions
of sound propagation underwater. In this sense, requirements for model predictions in
a three-dimensional ocean waveguide are expected to become more relevant, and thus
expected to become more accurate as the amount of available environmental information
(water temperature, bottom properties, etc.) grows. However, despite the increasing
performance of modern processors, models that take into account 3D propagation still
have a high computational cost which often hampers the usage of such models. Thus,
the work presented in this thesis investigates a solution to enhance the numerical and
computational performance of the TRACEO3D Gaussian beam model, which is able to
handle full three-dimensional propagation. In this context, the development of a robust
method for 3D eigenrays search is addressed, which is fundamental for the calculation of
a channel impulse response. A remarkable aspect of the search strategy was its ability
to provide accurate values of initial eigenray launching angles, even dealing with non-
linearity induced by the complex regime propagation of ray bouncing on the boundaries.
In the same way, a optimized method for pressure field calculation is presented, that
accounts for a large numbers of sensors. These numerical enhancements and optimization
of the sequential version of TRACEQO3D led to significant improvements in its performance
and accuracy. Furthermore, the present work considered the development of parallel
algorithms to take advantage of the GPU architecture, looking carefully to the inherent
parallelism of ray tracing and the high workload of predictions for 3D propagation. The
combination of numerical enhancements and parallelization aimed to achieve the highest
performance of TRACEO3D. An important aspect of this research is that validation and
performance assessment were carried out not only for idealized waveguides, but also for
the experimental results of a tank scale experiment. The results will demonstrate that
a remarkable performance was achieved without compromising accuracy. It is expected
that the contributions and remarkable reduction in runtime achieved will certainly help to
overcome some of the reserves in employing a 3D model for predictions of acoustic fields.
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Resumo

Modelos de previsao acustica submarina sao ferramentas eficientes e fundamentais para
investigar parametricamente hipdteses e fendomenos fisicos através de variadas condicoes
ambientais da propagacao do som subaquatico. Tais modelos resolvem a equagao da onda,
a qual descreve matematicamente a propagacao do som no oceano, para gerar previsoes de
campos acusticos através do calculo do campo de pressao transmitido por um conjunto de
fontes acusticas, e recebido em um conjunto de hidrofones. Além de resolver a equacao
da onda o modelo deve ser capaz de lidar com fenémenos adicionais como, por exemplo,
perdas devido a reflexdo no fundo, atenuagao volumétrica e/ou espalhamento volumétrico e
espalhamento devido a reflexao nas fronteiras. A necessidade de gerar previsoes que levem em
consideracao um guia de ondas a trés dimensoes tem se tornado mais relevante nos ultimos
anos, em simultaneo com o requisito de ir melhorando as previsoes a medida que aumenta a
quantidade de informagao ambiental (temperatura da dgua, propriedades do fundo oceanico,
etc) disponivel. Uma abordagem simples para gerar previsoes em 3D consiste em “cortar”
o guia 3D de ondas em transectos (planos 2D verticais), e utilizar um modelo 2D para
calcular a previsao no transecto (técnica conhecida como modelagem N x 2D). Entretanto,
uma batimetria 3D pode induzir propagacao nao confinada dentro do plano 2D mesmo em
casos simples, um efeito conhecido por “propagacao fora-do-plano”. Em termos gerais, para
calcular apropriadamente o campo acustico, um modelo de propagacao 3D precisa levar em
consideracao a variabilidade do ambiente em distancia, profundidade e azimute, bem como
possiveis interferéncias dessa variabilidade no cédlculo da propagacao.

A busca de autoraios (eigenrays, em inglés) é igualmente um aspeto importante das pre-
visoes 3D. Os autoraios podem ser definidos como raios especificos, que para uma geometria
dada de um guia de ondas conectam a fonte ao recetor. O calculo preciso de autoraios é
um problema de grande interesse, porque eles sao utilizados para o cédlculo das previsoes
do sinal recebido, o qual é extremamente sensivel ao tempo de propagacao e ao angulo
de lancamento do raio. Num guia de ondas bidimensional o problema pode ser resolvido de
modo eficiente usando um algoritmo de calculo de raizes a uma dimensao, a qual corresponde
ao angulo de elevacao; a extensao deste método de busca para encontrar autoraios em um
guia de ondas tridimensional é uma tarefa complexa, a qual requer que a busca aconteca
em um plano de elevagao e azimute, sendo ela guiada principalmente pela minimizacao da
distancia entre a posicao final do raio e a posicao do hidrofone; além disso, a busca nao pode
acontecer ao longo de uma determinada direcao devido ao regime complexo de propagacao,
o qual frequentemente precisa levar em conta a “propagacao fora-do-plano” ou variacoes
ambientais complexas, tais como ondas internas ou variagoes espaciais das fronteiras. O
problema também é computacionalmente intenso, visto que requer o calculo inicial de uma
grande quantidade de raios. De fato, desde o inicio do seu desenvolvimento, os calculos de
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previsoes de propagacao em 3D sao bem conhecidos por consumirem tempos elevados de
processamento; apesar do aumento de desempenho dos processadores modernos tal situacao
verifica-se ainda hoje, o que dificulta frequentemente o emprego de tais modelos. A modo de
exemplo pode ser referido que nas aplicacoes de processamento por ajustamento do campo
(matched-field processing, em inglés), que requer a geragao de milhares de previsoes do campo
acustico, os modelos 3D sao preteridos em favor dos modelos 2D. As melhorias em termos
de precisao que podem advir da utilizacao de um modelo 3D neste caso representam de fato
uma das principais razoes de desenvolvimento e aprimoramento deste tipo de modelos.

No contexto da discussao previamente referida foi desenvolvido um método robusto para
busca de autoraios 3D, baseado no método Simplex, que foi implementado no modelo de
tracamento de raios 3D TRACEOS3D. A estratégia computacional de otimizacao Simplex
foi projetada para se apoiar em uma selecao eficiente de candidatos na regiao inicial que
inclui um determinado recetor, de modo que a pesquisa possa ser realizada eficientemente
utilizando uma antena vertical ou horizontal. Um aspeto notavel da estratégia de busca foi
sua habilidade de prover valores precisos de angulos iniciais de lancamento dos autoraios,
mesmo lidando com a nao-linearidade induzida pelo regime complexo de reflexao dos raios nas
fronteiras. O método fornece uma estimativa precisa do tempo de propagacao e amplitude de
cada raio, que sao fundamentais para prever a resposta impulsiva do canal. Adicionalmente,
¢é apresentado um método otimizado para calculo do campo de pressao usando um elevado
numero de sensores. A combinacao das melhorias acima referidas permitem que o cédigo
sequencial do TRACEO3D seja computacionalmente eficiente e preciso.

Além das melhorias o desempenho do modelo foi aprimorado por intermédio da com-
putagao paralela. Regra geral (e consoante a arquitetura paralela adotada) um algoritmo
sequencial precisa ser reescrito como um algoritmo paralelo para reduzir o seu tempo de
computacao e melhorar o seu desempenho. Paralelizar implica igualmente adicionar ex-
tensoes ao algoritmo, especificando conjuntos de etapas que podem ser realizadas simul-
taneamente; o cédigo paralelo também pode exigir o tratamento da sincronizagao de pro-
cessadores nos varios estiagios de execucao do programa, ou o gerenciamento de acessos
a posicoes de memoéria compartilhada por vérios nicleos de processamento. Do ponto de
vista do hardware verifica-se que para aumentar o desempenho dos programas a industria
de microprocessadores tem apostado no desenvolvimento de processadores com multiplos
nucleos dadas as limitagoes inerentes ao aumento da frequéncia de calculo do processador.
Embora na atualidade as CPUs possam conter varios ntcleos de célculo (variando entre as
unidades e as dezenas) verifica-se em contraste que as GPUs possuem um elevado nimero
de processadores (normalmente de centenas a milhares), dedicados exclusivamente ao pro-
cessamento paralelo; tal nimero de processadores aumenta a cada nova geragao de GPUs.
Estas diferencas substanciais entre processadores motivaram a transferéncia de partes com-
putacionalmente intensas do modelo 3D para execugao paralela na GPU.

Assim, o trabalho apresentado nesta tese considera o desenvolvimento de algoritmos par-
alelos que possam tirar proveito da arquitetura da GPU, verificando atentamente o inerente
paralelismo do algoritmo de tracamento de raios, assim como o alto volume de processamento
no céalculo em 3D do TRACEO3D. A combinagao de aprimoramento numérico e paraleliza¢ao
visou alcangar o mais alto desempenho do modelo, exibindo aumentos de desempenho combi-
nados de até 692 vezes superior ao da versao original. Um aspeto importante desta pesquisa
é que a validacao e avaliacao de desempenho foram realizadas nao apenas para guias de ondas
idealizados, mas também para resultados experimentais coletados em um tanque de testes
localizado no Laboratoire de Mécanique des Fluides et d’Acoustique — Centre National de
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la Recherche Scientifique (LMA-CNRS) laboratério em Marseille. A experiéncia do tanque
decorreu em 2007 com o objetivo de coletar dados de propagacao acustica 3D usando um
fundo inclinado em um ambiente controlado. A busca de autoraios 3D baseada no método
Simplex (e implementada no TRACEO3D) foi validada através de comparagées com resul-
tados do modelo 2D TRACEOQO e com os resultados da experiéncia no tanque. As previsoes
do método Simplex exibiram uma semelhanca notéria com os resultados da experiéncia, rev-
elando zonas modais de sombra, interferéncia entre modos, e chegadas multiplas de modos;
neste contexto foram observadas conexoes importantes na estrutura de equivaléncia raio/-
modo. Foram detetadas igualmente algumas discrepancias, que podem estar relacionadas
com a falta de conhecimento sobre o sinal emitido e/ou nao ter tido em conta deslocamento
do feixe nas reflexdes no fundo (um efeito que melhora as previsdes do modelo quando
aplicado na fronteira de sua validade). De modo geral os resultados demonstram que foi
alcancado um desempenho notavel sem ter comprometido a precisao do modelo. Espera-se
que as contribui¢oes apresentadas nesta tese (em particular a redugao notavel do tempo de
execugao) tornem atrativa a utilizacdo do TRACEO3D nos problemas de processamento por
ajustamento do campo.
As contribuigoes cientificas deste trabalho sao:

1. Desenvolvimento de uma solucao para o calculo de autoraios 3D baseada na otimizacgao
Simplex. A estratégia de busca baseada no Simplex foi considerada capaz de calcular
autoraios 3D de forma precisa e eficiente para um guia de ondas com um fundo pe-
netravel inclinado, gerando previsoes de padroes de chegada ao longo do plano, a qual
replicou aspetos elaborados de zonas de sombra modais, interferéncia entre modos e
multiplas chegadas de modos.

2. Desenvolvimento de uma estratégia para o cédlculo das influéncias dos raios baseada
em uma grade de recetores, que é atualizada dinamicamente ao longo da trajetoria do
raio. O método foi considerado computacionalmente eficiente utilizando antenas com
um grande nimero de recetores.

3. Desenvolvimento de algoritmos paralelos para execucao em GPU do modelo
TRACEO3D, os quais foram validados para busca de autoraios 3D e para o célculo
de influéncias, exibindo melhorias significativas entre a versao sequencial e a versao
paralela do modelo. Pretende-se partilhar o codigo paralelo para permitir a validacao
adicional e eventual aplicacao do modelo por outros grupos de investigacao, assim
como para servir de referéncia de paralelizacao de um modelo 3D.

Palavras-chave: Actstica submarina, modelagem numérica, feixes Gaussianos, propagacao
3D, computacao paralela, GPU.
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Chapter 1

Introduction

Synopsis: This chapter presents initial considerations regarding underwater acoustic mod-
eling and three-dimensional propagation, reviews the state of the art and describes the moti-
vation for numerical enhancements and parallel GPU development of the TRACEOS3D un-
derwater acoustic model. Section 1.1 briefly outlines 3D propagation, Section 1.2 reviews
the state of the art, Section 1.3 presents the motivation and Section 1.4 presents the thesis

organization.

1.1 Three-dimensional propagation

Underwater acoustic models provide a fundamental and efficient tool to parametrically in-
vestigate hypothesis and physical phenomena through varied environmental conditions of
sound propagation underwater [1]. Such models solve the wave equation, which mathemat-
ically describes sound propagation in the ocean, to generate field predictions through the
calculation of the pressure field transmitted by a set of acoustic sources, and received on
a set of hydrophones [2]. Besides solving the wave equation the model should be capable
to handle additional phenomena like, for instance, bottom loss, volume attenuation and/or

boundary and volume scattering.

Ocean acoustic models can be classified into different types, depending on the particular
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analytical approximation of the wave equation that the model implements numerically. Ray
tracing models, for instance, are based on geometrical optics, and address the solution of
the wave equation using a high frequency approximation, which leads to the calculation
of wavefronts based on ray trajectories. Ray tracing theory has some inherent drawbacks
like, for instance, the prediction of perfect shadow zones and caustic singularities. The
theory is not well suited for problems of geoacoustic inversion (which require predictions
at low frequencies), yet it is ideal if modeling is required for an environment with complex
boundaries and/or a complex sound speed distribution [3] (as long as high frequencies are
being considered). In this sense, ray theory seems to be an ideal choice for such problems as
underwater communications [4] and source tracking [5], for which execution time is a critical

factor.

Requirements for model predictions in a three-dimensional ocean waveguide are expected
to become more relevant, and thus expected to become more accurate as the amount of
available environmental information (water temperature, bottom properties, etc.) grows [1].
A simple approach to provide three-dimensional predictions is to “slice” the waveguide with
different transects (i.e. vertical 2D planes), and to rely on a two-dimensional model to
produce a prediction along the transect (a technique, known as N x 2D modeling). Yet,
a three-dimensional boundary (either by itself or combined with a sound speed field) can
induce propagation not confined to the 2D plane even in the simplest of cases, an effect
known as out-of-plane propagation [3|. Generally speaking, to calculate properly the acoustic
field a three-dimensional propagation model needs to take into account the environmental
variability in range, depth and azimuth, as well as possible interferences of this variability in

the calculation of propagation. Research in three-dimensional acoustic propagation modeling
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is not recent [6-8]. However, the topic was often regarded as being too complex, lacking
accurate environmental data, and requiring computational capabilities available only in
supercomputers [3]. Nowadays interest in three-dimensional modeling is again receiving
attention thanks to the availability of detailed environmental data [9-11], combined with
the steady growth of computational power [2]. Research had been conducted regarding
3D propagation effects considering sea mountains [3], submarine canyons [12-14] and other
bathymetries with elaborated features [15-17], with most of the 3D predictions obtained
using a 3D parabolic equation model. The impact of out-of-plane effect comes mostly from
bottom topography but, as discussed in [18] and [19], ocean fronts and wedges can also
modify significantly the acoustic field affecting the estimation of source distance and creating
shadow coastal zones. Additionally, predictions of sonar performance can take advantage of
full 3D modeling to improve accuracy, with a ray model playing a central role in such task
due to its capability to handle high frequencies [1,20]. Furthermore, monitoring of shipping
noise represents also an important field of research since shipping noise propagates at long
distances, with 3D effects becoming more relevant as distances increase. On the other side,
bottom interactions are significant in shallow waters and littoral environments, making 3D

effects important in the vicinity of harbors, where ship density is high [21,22].

Calculation of eigenrays is also an important aspect of 3D predictions. Eigenrays can be
defined as particular rays, that for a given waveguide geometry connect the source to the
receiver [2]. In two-dimensional waveguides the problem can be solved efficiently using root
finder algorithms in one dimension; in this case the problem can be stated as searching for the
zeros of a cost function, which depends only on the elevation angles. The extension of such

root finder algorithms to find eigenrays in a three-dimensional waveguide is a cumbersome
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task, which requires the search to take place on the two-dimensional plane of elevation and
azimuth, and would be guided mainly by the minimization of the distance between the final
position of the ray and the position of the hydrophone; besides, unlike the one-dimensional
search, the search for a minimal value of the cost function on the elevation/azimuth plane
can not take place along a particular direction due to the complex regime of propagation,
which often needs to account for out-of-plane effects, non-linear internal waves or boundary
features [3,23]. The problem is also computationally demanding, since it often relies on the

shooting of a large amount of initial rays [24].

3D predictions and eigenray calculations within the context of the TRACEO3D model
will be addressed in detail in Chapter 2. Before the model discussion the state of the art is

to be reviewed in the following section.

1.2 State of the art

1.2.1 3D modeling

The 3D Hamiltonian ray-tracing model HARPO was one of the first implementations of 3D
propagation based on ray theory [25]; HARPO was able to provide field predictions, ray
travel times and field phase within the corresponding limitations of ray-theory. The model
was later updated in order to calculate 3D eigenrays using a method which considered the
final distance of the ray to the receiver (hereafter called prozimity) [26]; given two pairs of
shooting angles and corresponding proximities one could use linear interpolation to shoot a
ray with a smaller proximity; the process was repeated iteratively and the iteration stopped
when the proximity was less than 5 m. For the method to be efficient ray trajectories were

required to change smoothly over iterations, thus the method was not able to handle non-
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linearity due to complex boundary interactions. The discussion presented in [26] considered
a speed field typical of the ocean mesoscale, showing only eigenrays (i.e. without results of
amplitudes or travel times) and ignoring boundary reflections. Additional results after [26]
were not found in the literature, possibly because at that time HARPO was no longer

supported by its authors (and so it remains).

A different approach to ray tracing can be found in [27,28], which relies on the Gaussian
beam method to avoid the generation of shadow zones and infinities of intensity at caustics;
the method calculates a pressure field as a sum of beam influences at each receiver. The
Gaussian beam method is discussed in detail in [27,29], and was the basis for the development

of the 3D models BELLHOP3D [30,31] and TRACEO3D |11, 30].

Regarding eigenrays the discussion presented in [32] avoids their direct calculation by
considering a dense fan of rays, which can be discretized from the source to a final range of
interest over a predefined set of spatial mesh cells. In a given cell the field intensity can be
calculated as an average from ray contributions, in proportion to each ray arclength within
the cell. Additional computation is needed sorting rays into families in order to compute the
coherent ray pressure, and travel time within the cell is then associated to each ray family. To
this end a root finding algorithm is needed to determine the position within the cell in which
the normal to the ray intersects the position of the receiver; linear interpolation is further
used to calculate the travel time between a given cell and the receiver. Results regarding only
2D calculations are shown for a parallel implementation in a high-end computer workstation;
the reverberation model MOC3D (renamed later as REV3D) is based on this method [33].

Results presented in [34] suggest that the method is highly time consuming.

An analytic approach to the eigenray problem was proposed in [35], which stated the
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calculation of eigenrays as a variational problem. Thus, an initial set of eigenrays calculated
for a receiver close to the source can be used to calculate eigenrays for an arbitrary receiver
position; caustics could be taken into account by considering a ray amplitude, which was
frequency dependent. The numerical implementation of the method for general sound profiles
required the introduction of parameterized smoothing functions, and the performance of
the method accounting for 3D bathymetries was not considered. A summation method
based on the superposition of complex source beams proposed to rely on beam shooting to
avoid eigenray calculations [36,37]; to this end the beams need to be properly collimated
through the proper selection of beam parameters for the given geometry of propagation. The

discussion was again limited to 2D propagation and did not account for boundary reflections.

A rather different approach for a 3D Gaussian ray model using geodetic coordinates is
discussed in [20], looking to calculate transmission loss for sonar training systems. Eigenrays
are to be found for each sensor position by considering the closest point of approach (CPA)
of the ray to the receiver; then, second order Taylor series can be used to calculate launching
angles and travel time corrections by taking into account the CPA. The approach was found
to be less efficient than an implementation based on Cartesian coordinates, and very time
consuming when considering a large numbers of sensors. The model was used to investigate
horizontal refraction although it exhibited a limited success predicting experimental data
38].

As will be shown in Chapters 3 and 5 this thesis will discuss and validate an efficient and
robust strategy of 3D eigenray calculations, based on the Simplex method. The approach
relies on a small set of parameters (which need to be determined only once) and is able to

handle arbitrary 3D waveguide features, such as sound speed distributions and/or bathyme-
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tries. The computational strategy of Simplex optimization was designed in order to rely on
an efficient selection, within the original region of candidates that encloses a given receiver,
such that the search can be accomplished efficiently with either a vertical or a horizontal
array. In fact, Simplex optimization guides the ray solution accounting for all environmen-
tal influences (even non-linearity induced by the complex regime of ray bouncing on the
boundaries), finding take-off angles that allow a given ray to pass near the receiver within
a user-defined distance. In this context, the method provides an accurate estimate of ray

travel time and amplitude, which is fundamental to predict the channel impulse response.

1.2.2 GPU-based ray tracing

Since its early development, predictions of 3D propagation are well known to be highly time
consuming; initial research in this area relied in fact on special computers to carry on model
execution [3,39]. Even today, despite the increasing performance of modern processors,
models that take into account 3D propagation still have a high computational cost [2]. This
high runtime can easily explain why 3D models are generally put aside to generate replicas
for acoustic inversion [9,34], which is based on matching the acoustic field recorded at an
array of sensors with replicas from a numerical model, which are generated for a broad set
of parameters [1]; matched field methods are in fact one of the main reasons driving the de-
velopment of underwater acoustic models. Model performance can be significantly improved
through parallel computing. To reduce computing time, improve performance and solve
more complex problems, a serial algorithm needs to be rewritten as a parallel algorithm by
taking advantage of the underlying parallel hardware. Generally speaking, a serial algorithm

is a sequence of steps that solve a given problem using a single processor. In the same way,
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a parallel algorithm is a set of steps that solve the same problem, using multiple processors.
However, defining the steps is not sufficient. Parallelization also implies adding extensions
to the algorithm, specifying sets of steps that can be performed simultaneously [40]. Addi-
tionally, the parallel code may require dealing with the synchronization of processors at the
various stages of program execution, or managing accesses to data shared by multiple pro-
cessors. Often, different choices yield the best performance on different parallel architectures

or under different parallel programming paradigms.

The microprocessor industry has followed the many-core direction to improve perfor-
mance due to the designs limitation, by boosting clock speed. Although central processing
units (hereafter CPU) can be found with a few to dozens of cores, graphic processing units
(hereafter GPU) have a larger number of cores (usually from hundreds to thousands), de-
voted to parallel processing; such number of cores increases at each GPU generation. The
design differences between CPUs and GPUs resulted in a large performance gap between
parallel and sequential program execution, which motivated the transfer of computationally
intensive parts of a code to the parallel execution on a GPU [41]. This capability motivated
several implementations of scientific applications, including underwater acoustic models. For
instance, a split-step Fourier parabolic equation model implemented in a GPU is discussed
in [42]. The work considered only high idealized waveguides and the results showed a signif-
icant improvement, with the parallel version of the code being 20-35 times faster than the
sequential one. As further indicated in the reference GPU computing has a potential to en-
able interesting new approaches to 3D modeling. The discussion presented in [43] describes
a GPU-based version of a Beam-Displacement Ray-Mode code; although it considers only

2D propagation in idealized waveguides the parallel model was found to be 30 times faster
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than the sequential one. A parallel implementation of BELLHOP (not to be confused with
BELLHOP3D) addressed to a GPU architecture was presented in [44]; the parallel model
had the capability to calculate only ray trajectories and amplitudes. The discussion presents
only runtime results, with the performance being increased for a high numbers of rays. How-
ever, pressure computation was kept in the CPU since the runtime of the parallel version
was worse than the one of the sequential version due to memory transfers. A parallel version
of the C-based version of TRACEO (called cTRACEO), based on a GPU architecture, was
discussed in detail in [45]; the discussion showed that parallelization drastically reduces the
computational burden when a large number of rays needs to be traced. Such parallel version
of cTRACEO was able to calculate travel times, amplitudes, eigenrays and pressure. Per-
formance results for such 2D model indicated a promising advantage addressing the GPU

architecture for the 3D case.

The present work considered the development of parallel algorithms with the recent
tools available to take advantage of the GPU architecture, looking carefully to the inherent
parallelism of ray tracing and the high workload of predictions for 3D propagation. The
results, to be presented in Chapter 5, will demonstrate through comparisons based on
simulations and experimental results that a remarkable performance was achieved without

compromising accuracy.

1.3 Motivation of this work

An important component of the work developed in this thesis was the availability of the
TRACEO3D ray tracing model, which is described in detail in Chapter 2. Within this

context the thesis was motivated by the interest in providing accurate predictions, that can
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take into account out-of-plane effects in high frequency based models; one therefore needs to
address the development of a robust method for 3D eigenrays search, which is fundamental
for the calculation of a channel impulse response; additionally, it was addressed also the issue
of long runtime, which often hampers the usage of 3D models. It was explored the possibility
for numerical enhancements and optimization regarding calculations in the sequential version
of TRACEOB3D, leading to improvements in performance and accuracy; conclusion of such
exploration was to be followed by a careful analysis of the GPU hardware multithread, coding
the sequential model structure into a parallel algorithm. The combination of numerical
enhancement and parallelization aimed to achieve the highest performance of TRACEO3D.
Finally, an important aspect of this research is that validation and performance assessment
were carried out not only for idealized waveguides, but also for the experimental results of

the tank scale experiment described in [9].

The objectives of this thesis can then be summarized as follows:

e To investigate and develop a search method to calculate 3D eigenrays for channel
impulse response predictions, and to optimize the method for pressure field calculation
that account for horizontal effects using a large numbers of sensors. In both cases
the enhancement should allow the sequential code to be computationally efficient and

accurate.

e To develop parallel algorithms that take advantage of the GPU architecture, and

restructure the memory access pattern to improve performance.

e To validate the model through comparisons between original and enhanced versions

(prior to parallelization), and between the sequential and parallel versions, not only in
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terms of performance, but also in terms of accuracy.
1.4 Thesis organization

This thesis is organized as follows: Chapter 2 describes the theoretical and numerical for-
malisms in which the TRACEO3D Gaussian beam model is based. Enhancements are pre-
sented in Chapter 3, describing the strategies to calculate 3D eigenrays and optimizing the
calculations of ray influence. The detailed structure of the parallel GPU implementation is
presented in Chapter 4, providing a brief introduction to the GPU architecture and CUDA
programming. Chapter 5 presents the validation results, in which simulations and experi-
mental data are considered. Conclusions and future work are in Chapter 6, presenting the
contributions and indicating future directions of research. The appendix explains how to
compile the model, the structure of the input file, and an example of 3D predictions using

the sequential and the parallel versions of the model.



12

Chapter 1. Introduction




Chapter 2

The TRACEO3D Gaussian beam
model

Synopsis: This chapter describes the TRACEO3D Gaussian beam model and it is organized
as follows: Section 2.1 provides a compact description of the model, Section 2.2 describes
the theory behind TRACEQOSD calculations, and Section 2.8 discusses important numerical

1SSUES.

2.1 General description

The TRACEO3D Gaussian beam model represents the three-dimensional extension of the
TRACEO Gaussian beam model [46]. The first version of TRACEO3D was written by
Orlando Camargo Rodriguez of the Signal Processing Laboratory (SiPLAB), but current
authorship has been extended to the thesis author given the relevance of his contributions
to the model. TRACEO3D was developed in order to provide different types of predictions,

namely:
e ray trajectories;
e ray travel time and amplitude along the trajectory;

e cigenrays (i.e. rays connecting a source to a receiver);

13
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e predictions of acoustic pressure for different array configurations (horizontal, vertical,

linear, planar);

e particle velocity calculations (of relevance for the development of Vertical Sensor Ar-

rays).

Additionally, TRACEO3D can account for a rather large class of waveguide features, such

as

e water sound speed profiles and sound speed fields;
e non-flat boundaries (wavy surfaces, bottom wedges, sea mountains, canyons, etc.);

e spatial variability of boundary properties (density, attenuation, sound speed).

However, TRACEQ'’s capability to consider ray bouncing on underwater objects located
between the surface and the bottom is still not implemented in TRACEO3D due to the
complexity of defining 3D meshes, and the associated problem of ray/mesh intersection and
mesh interpolation. Important theoretical and numerical issues of the model are discussed

in the following sections.
2.2 Theoretical background

By order of importance the theoretical aspects of the model can be organized into the

following items:

e calculation of ray trajectories;

e calculation of amplitude parameters;
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e calculation of beam influence;
e calculation of particle velocity;

e calculation of amplitude corrections due to ray-boundary reflections and volume at-

tenuation.

Each item will be described in detail in the following sections.
2.2.1 The Eikonal equations

The starting point for the calculation of three-dimensional ray trajectories is given by the
solution of the Fikonal equations, which can be written in different ways [2,29,47]; in the

TRACEO3D model they correspond to

dx dy dz

== c(s)o, , —=c(s)o, i c(s)o,

(2.1)
doy 1 Oc do, 1 dc do, 1 dc

ds  20xr ' ds 20y  ds @ 20z

where c(s) represents the sound speed along the ray, o,,, o, and o, stand for the components of
the vector of sound slowness, and s stands for the ray arclength. The derivatives dz/ds, dy/ds
and dz/ds define the unitary vector e,, which is tangent to the ray; the plane perpendicular
to ey defines the plane normal to the ray. On this plane one can introduce a pair of unitary
and orthogonal vectors e; and ey (known as the polarization vectors [47], see Fig.2.1), which

define a ray normal n as:

n = nie; + nqseq , (22)

where n; and ns represent the normal components in the ray-centered system of coordinates.

The integration of Eq.(2.1) requires the knowledge of the source position (z(0), y(0), z(0))
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€2

Ray trajectory

Figure 2.1: Ray tangent e4, and polarization vectors e; and es.

and of the initial direction of propagation, which is given by e,(0) and can be written as

cos 6(0) cos ¢(0)
e;(0) = | cosf(0)sin¢(0) (2.3)
sin 0(0)

where 6(s) stands for the ray elevation (i.e. the ray slope relative to the plane XY') and ¢(s)
stands for the ray azimuth (i.e. the slope of the ray projection on the XY plane relative to
the X axis; see Fig.2.2). The travel time 7(s) is further obtained after integration of ds/c(s)

along the ray trajectory.

2.2.2 The dynamic equations

Besides ray trajectories TRACEO3D relies on the Gaussian beam approximation to compute
the ray amplitude [48]. To this end one needs to calculate a set of 2 x 2 matrices represented

generally as C, M and P; the system is given by the following relationships [47]:

M=PQ!, (2.4)

and

cQ (2.5)
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Figure 2.2: Ray elevation 6 and azimuth ¢.

where

d%c ‘
(97%871]' ’

;= (2.6)

the elements of C correspond to second order derivatives of sound speed along the polar-
ization vectors e; and es. Generally speaking P describes the beam slowness in the plane
perpendicular to ez, while Q describes the beam spreading. The pair of expressions given

by Eq.(2.5) is called the dynamic equations of the Gaussian beam formulation.

Generally speaking the polarization vectors are related to es through the ray torsion and
curvature, which can be cumbersome to determine numerically; a simplified approach, valid
for a sound speed profile, or for a sound speed field with cylindrical symmetry, is to calculate

both vectors using the relationships

—sin 6(s) cos ¢(s) —sin ¢(s)
ei(s) = | —sinf(s)sino(s) and eq(s) = cosp(s) | . (2.7)
cosf(s) 0

The update of matrices P and Q after a boundary reflection is discussed in detail in [29].
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2.2.3 Beam influence

The solution of the Eikonal and dynamic equations allows to calculate the beam influence

along a given normal based on the expression [48]

1 /c(s) cosB(0)

Plsm) = o[ G g e {—m {T@) 45 (M n>] } | (2.8)

where - represents an inner vector product; generally speaking the imaginary part of the
product Mn - n induces a Gaussian decay of beam amplitude along n, while the real part
introduces phase corrections to the travel time. As long as detQ # 0 the solution given
by Eq.(2.8) is free of the singularities of the classic solution (based on ray tubes); phase
corrections due to caustics can be also easily included. The expression given by Eq.(2.8)
behaves near the source as an spherical wave emitted by a point source, through the choice

of initial conditions [47]

PO= | o cont(o) | /0 29

and [48]

0 0
Q(0) = {o 0] . (2.10)
2.2.4 Calculation of particle velocity

Calculation of particle velocity requires the gradient of the pressure field, which can be

written in ray coordinates as

VP:a—Pes+a—Pe1+a—Pe2. (2.11)
Js n

Partial derivatives in the Cartesian coordinates can be obtained through the expressions

or or oPr

—:VP-ex,—:VP-ey,§:VP-eZ, (2.12)

where e,, e, and e, stand for the unitary vectors along the X, Y and Z axes, respectively.
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2.2.5 Boundary reflections and volume attenuation

After each boundary reflection the amplitude needs to be multiplied by a decaying factor

¢, which is given by the expression

¢r = ﬁRi , (2.13)
=1

where n, represents the total number of boundary reflections, and R; is the reflection coef-
ficient at the ith reflection. The case with no reflections (n, = 0) corresponds to ¢, = 1.

Generally speaking, boundaries can be one of four types:

e Absorbent: the wave energy is transmitted completely to the medium above the bound-

ary, so R = 0 and ray propagation ends at the boundary.

e Rigid: the wave energy is reflected completely on the boundary, with no phase change,

so R =1.

e Vacuum: the wave energy is reflected completely on the boundary, with a phase change

of 7 radians, so R = -1.

e Elastic: the wave energy is partially reflected, with R being a complex value and

|R| < 1.

The calculation of the reflection coefficient for an elastic medium requires the knowledge of

the following (often depth-dependent) parameters:

e compressional wave speed ¢,

e shear wave speed c;,
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e compressional wave attenuation ap,

e shear wave attenuation o,

e density p,

(see Fig. 2.3) and it is based on the following expression [49]:

D (0)cosf — 1
D (6)cosf+1"

R(0) = (2.14)

where

1—-A; A

D (0) = Ay (AQ—?A?; + A3—m) ;

P2 Cp2 Cs2
Al = A2 = A3 = 5
P1 Cp1 Cp1

A4:A3sin9 s A5:2AZ s AGZAQSHIG s A7:2A5—A§ s

) 1 — id, ) 1 — G,
Cp2 = Cp2—7 =5 Cs2 = Cs2—0— =5
o 1az, 1+a2 7’
o — Qep e — Qs
cp T cs T
P 40mloge 407 loge

where the units of attenuation should be given in dB/A\.

Water |

P15 Cp1 |

Figure 2.3: Ray reflection on an elastic medium.
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In general the reflection coefficient is real when a,, = s = 0, and the angle of incidence

0 is less than the critical angle 6., with 6., given by the expression

0., = arcsin (@) . (2.15)

Cp2
Moreover, attenuation is negligible when 6 < 6., and for small 8 the energy transferred to
shear waves in the elastic medium is only a small fraction of the total energy transfered.

Ray amplitude needs to be corrected also along a ray trajectory with a factor ¢y to
account for volume attenuation, which in the ocean has a chemical nature, and it is induced
by relaxation processes of salt constituents like MgSO,4, B(OH)3 and MgCOj3. The factor ¢y

is given by the decaying exponential

ov = exp (—ars) , (2.16)

where s is the ray arclength and ar is the Thorpe (frequency dependent) attenuation coef-

ficient in dB/m, given by [2]

_40f? 0.1f2
C 4100+ f2 0 14 f27

ar (217)

with the frequency given in kHz.

2.3 Numerical issues

2.3.1 Solving the Eikonal

In order to solve numerically the Eikonal one can rewrite Eq.(2.1) as a linear differential

vector equation:

dy
—f 2.18
ds ’ (2.18)
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where ~ _ -~ ~
x 0z/0
Yy oy/o
y = UZ and f = 8(:72//gx : (2.19)
oy do /0y
| 0. | | 0o /0z |

this system can be integrated using a Runge-Kutta-Fehlberg method, which provides two
solutions at each step of integration; if the solutions differ in more than a particular threshold
the ray step ds is halved, and the integration is restarted with the new step; this process is
repeated until the difference falls below the threshold. Particular care was taken to avoid

infinite loops by setting a maximal number of repetitions.

2.3.2 Solving the dynamic equations

The set given by Eq.(2.5) can be solved using Euler’s method, providing that the ray

trajectories are calculated accurately.

2.3.3 Calculation of derivatives along the polarization vectors

Elements of the matrix C in Eq.(2.6) need to be calculated as derivatives of sound speed
c(x,y, z) along the polarization vectors e; and e;. Such derivatives can be calculated explic-

itly in Cartesian coordinates using the expressions
0 (N (\D  (0:) D
on,  \Ony /) Ox ony ) Oy on, ) 0z
and
0 (00N o ()0 (0:)0
Ons  \Onsy ) Ox ony ) Oy Oons ) 0z

Second-order derivatives follow directly from the above expressions; for instance:

() () -
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[ Oz or\ 0? N oz Oy 0? N oz 0z 0?
-\ oy ony ) Ox? on, Ons ) 0xdy on, Ony ) 0x0z
N oy Ox 0? N oy oy '\ 0? N oy 0z\ 0?
on, ony ) Oyox on, ony | Oy? ony Ony ) Oydz
N 0z oxr\ 0?2 N 0z oy \ 0? N 0z 0z 0_2
ony Ony ) 020x on, Ony ) 0z0y ony Onsg ) 022

For the choice of polarization vectors discussed in Section 2.2.2 it can be found that

ox , oy _ ) 0z
8—m——51n9cosgb : a—nl——sm€sm¢ ) a—nl—cosé’ ,
and
ox dy 0z
8—n2——S1H¢ s 8_712 COS¢ s a—nQ—O

2.3.4 Beam influence

For a given normal n the calculation of beam influence using Eq.(2.8) requires the calculation
of matrix M; however, during the development of the TRACEO3D model it was found an

alternative (and equally accurate) expression of beam influence, given by

P(s,my,my) = - | €8) 08 6(0)

47\l ¢(0) det Q

D11 P19Po; Pog exp [_iWT(S)] ) (2-20)

where the coefficients ®;; are given by

V 7[nin| Ot )2] : (2.21)

D5 = exp [—( Ad ij

with A6 standing for the elevation step between successive rays, and Q;jl representing
the elements of Q~!; n; and ny are calculated through the projection of n onto e; and
ey. Calculations with Eq.(2.20) are faster than with Eq.(2.8) because the step of matrix

multiplication between P and Q™! is not required.
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2.3.5 Calculation of normals

In the original version of TRACEO3D ray influence at a receiver located at the position ry,

was calculated using the following procedure:

e Divide the ray trajectory into segments between successive transitions (surface/bottom

reflection, or bottom /surface reflection, etc.);

e Proceed along all segments to find all ray normals to the receiver; to this end:

— Consider the ith segment; let r4 and rg be the coordinates of the beginning and
end of the segment, respectively, and let e4 and eg be the vectors corresponding

to e; at A and B.

— Calculate the vectors Ary =r;, —ry4 and Arg =1, — rp.

Calculate the inner products Py = ey4 - Ary and Pg = eg - Arp.

If Py x Pg < 0 a normal exists and it can be found through bisection along the
segment; once the normal is found the corresponding influence at the receiver can

be calculated.

— If P4 x Pg > 0 there is no normal (and no influence at the receiver); therefore,

one can move to segment 7 + 1.

e The ray influence at the receiver is the sum of influences from all segments.

The influence of a Gaussian beam decays rapidly along a normal, but it never reaches zero;

therefore, the procedure is to be repeated for all rays and all receivers.

As shown in [11] field predictions using this method exhibit a good agreement with

experimental data, but the runtime is often high and increases drastically as range, number
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normal

Figure 2.4: Normal search along a ray segment. Left: the hydrophone is at a position for which
P4 x Pp < 0; thus a normal exists, and it can be found by bisection somewhere along the segment.
Right: the hydrophone is at a position for which P4 x Pg > 0; thus, there is no normal and the
ray segment has no influence at the hydrophone position.

of rays and number of sensors increase. The numerical enhancement of normal calculations

is described in detail in Section 3.2.

2.3.6 Interpolation and calculation of derivatives

N dimensional piecewise n-point barycentric polynomials are used for interpolation and
calculation of derivatives [46]. For each space dimension n points of tabulated data are
used to calculate relative distances between the points and build a polynomial of order
n — 1. Interpolation and calculation of derivatives is then performed at a new point using
the polynomial coefficients and polynomial derivatives. This strategy of interpolation can
be used with a uniform or non-uniform grid of data points, is numerically stable, robust,
and easy to implement for any number of dimensions. The following discussion illustrates
the interpolation of curves, surfaces and volumes using a parabolic (n = 3) barycentric

interpolation!.

!Generally speaking parabolic interpolation is not used very often, because it can lead to unbalanced
estimates of function values depending on the position of the new point relative to the tabulated ones. Yet
the expressions of the polynomials are ideal to illustrate the method.
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e Preliminary definitions: in order to provide a compact description of barycentric

parabolic interpolation the following notation will be introduced:

P = T[] @2 (222)

for instance:

Pi(x) = (z — ) (w —23) , PP(z) = (v —a1) (z —x3) , Pi(2) = (x— 1) (v —2) |
Pl(z) = (z —22) (v —23) (z —24) , P(z) = (z —m1) (& — 23) (v —24)
Pia)=(z—21) (x —22) (x —24) , PX2) = (z —21) (z — 22) (z — 23) ...

Additionally, let be
Si(w) =20— > @; (2.23)

for instance

Si(z) = (2 —x9 —x3) , So(z) = (2 — 21 —x3) , S3(v) = (22 — 21 — X2) .

e Line interpolation: Consider a set of three points x1, x5 and x3 and a set of function
values f(z1), f(x2) and f(z3). It is required to interpolate the function and its first

and second derivatives at a point z, located between x; and x3 (see Fig. 2.5).

xT

. o—e ° X

X1 X9 I3

Figure 2.5: One-dimensional grid considered for piecewise barycentric parabolic interpolation.

The barycentric parabolic polynomial can be written as

f(x) = f(a1) + a2 Py (x) + azPy(x) (2.24)
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where

f(x2) — f(x1)

f(x3) — f(z1)
P3(y) '

d _
an as Pg’ (1}3)

a9 =

The condition P?(z;) = 0 when j # i implies automatically that the polynomial
provides the function values at the grid points. The expressions for the derivatives
become:

df d*f

e aS2(x) + a3Ss(xz) and i 2(ay+as) .

e Surface interpolation: consider a two-dimensional grid of points (z1,41), (%2, v1),
.+, (x3,y3), with function values f(z1,vy1), f(z2,91), ..., f(x3,y3). It is required to
interpolate the function and its first and second partial derivatives at a point (z,y)
located inside the grid (see Fig. 2.6). The biparabolic barycentric polynomial can be

written as

flz,y) = [z, y1) +apPy(x)Pi(y) +aisP(x)PP(y) +
+ anPP(2)Ps(y) +anPs(x)P3(y) +asPi(z)P;(y) + (2.25)
_|_

az PP (2)P§(y) +ase P3(2)Pi(y) +assPi(z)Pi(y)

<

where the general expression for the coefficient a;; given by

o = F@y) = fla, )
N P3(x;) P (y:)

with 4,7 = 1,2,3 and ay; = 0; for instance

= f(x2,y1) — f(z1,91) a1 = f(xs, 1) — f(o1,91)
P3(w2) PP (y1) ’ Py (x3) PP (y1) 7

Expressions for partial derivatives can be written as

% =D wP s % =2 2wl @S

i=1 j=1 i=1 j=1

a PX(x)

3 3
—1

82 ’ 5>
a—xé =2) Y ayPy) a—yJ; =2)"

i=1 j=1 i=1 j
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and

e Volume interpolation: consider a three-dimensional grid of points (x1,y1,21),
(x2,11,21), (T3,91,21), ---, (T3,U3,23), with function values f(x1,v1,21), f(z2,v1,21),
fzs,y1,21), .. f(xs,ys,23). It is required to interpolate the function and its first
and second partial derivatives at a point (z,y, z) located inside the grid (see Fig. 2.7).

The triparabolic barycentric polynomial can be written as

ZZ%kPk (@) P (y) P (2) (2.26)

where the coefficients a;;, are given by the expression

f(xkayj>zi) - f(mlayla Zl)
B () P () PP (=)

QAijk =
with ’L',j7 k= 1, 2, 3 and a1l = 0.

Expressions for partial derivatives can be written as
P f 3 3
ax Z Z azyk’Sk (y)PZS(Z> )

i=1 j=1

tﬁwﬂﬁw

8f 3 3
R ITACTIOLICR

=1 j5=1

e
Il

1
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2.3.7 Ray/boundary intersection

In TRACEO3D the numerical integration of the Eikonal is accomplished in parallel testing

the intersection of a ray segment with any of the waveguide boundaries, which in general can
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be expected to exhibit any degree of roughness. When the end of the ray segment is found to
be above the surface or below the bottom the point of intersection (z;,y;, z;) is determined.
Using the interpolation polynomials one can find the normal to the boundary f(x,y) at the

intersection point, which can be written as

n=N/|N|

where
—J0f/0x
N=| -0f/oy | ;
1

the partial derivatives are to be calculated at (x;, y;, ;). The vector n is required to calculate
the reflection coefficient at the point of intersection; besides, n is also needed to determine
the new direction of propagation after reflection. In fact, let be e, the ray tangent before

reflection; the law of specular reflection requires the new tangent to become

(es)/ =€ —2n (Il : es) ; (227>

knowing (es)’ one can restart the integration the Eikonal at the intersection point along the

direction of specular reflection.

In order to provide accurate estimates of (x;, y;, ;) for any degree of boundary roughness

the following strategy is used:

e Divide the ray segment into a sequence of linearly distributed points, starting on one

side of the boundary and ending on the other side;

e Use the interpolation polynomials to calculate the vertical distance from both start
and end of the ray segment to the boundary (this distance will change sign as one

moves along the segment);
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e Use bisection to determine the pair of points (zx, yx, 2x) and (Tgi1, Yks1, 2k+1) Where

the vertical distance changes sign.

e Determine (z;,y;, ;) from (xy, Yk, 2k) and (Tgi1, Ykt1, 2k+1) using linear interpolation.

This strategy can be expected to be accurate, but it is also computationally demanding.

Yet, it has been found to converge very rapidly in most cases because the ray step is always

smaller than the typical roughness of the boundary.
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Chapter 3

Numerical enhancements

Synopsis: A description of the numerical enhancements of the TRACEOS3D ray tracing
model is presented in this chapter, namely, the Simplex-based eigenray search, and the opti-
mization of ray influence calculations. The eigenray Simplex-based search was developed to
efficiently and accurately calculate 3D eigenrays, providing predictions that account for hor-
1zontal effects. Ray influence calculations were also improved with the main goal of reducing
the computational time, which often increases drastically as range, number of rays and num-
ber of sensors increase. The structure of this chapter is as follows: Section 3.1 presents the
eigenray Simplex-based search, while Section 3.2 describes the procedures that compound the

ray influence calculations.

3.1 The Simplex-based eigenray search

In the original version of TRACEQO3D eigenray search was based on the “proximity” method,
i.e. by launching as many rays as possible, and keeping only rays ending inside a sphere
centered on a given receiver, with the sphere radius being defined by the user. This approach
was found to be computationally demanding and inaccurate. The Simplex method was used
to address the problem efficiently, with the 3D search of eigenrays being based on three

different strategies:

1. To start the search determine a reliable candidate region that encloses the receiver.

33
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2. Apply the general rules of Simplex optimization using the candidate region to find an

eigenray.

3. Avoid the storage of duplicated eigenrays.

These strategies are discussed in detail in the following three sections (a compact discussion

and validation is also presented in [50]). The full algorithm is presented in section 3.1.4.

3.1.1 Selection of a reliable candidate region

Let 6 and ¢ be the ray elevation and azimuth, respectively. For a given set of receivers the
initial choice of take-off angles (defined by a set of # and ¢ pairs at the source) depends
on many waveguide features, such as boundary variations over the horizontal plane, source-
receiver alignment, and the existence or absence of environmental variations. In any case
a given choice should aim at sweeping the waveguide in such a way, that a large number
of rays should be propagating among all receivers; in such conditions it can be expected
that “enough” eigenrays will be found at every receiver, allowing to predict accurately the
corresponding impulse response. For a given receiver, a vertical plane is calculated using
the normal vector connecting the source to the receiver, and the crossings of rays through
the plane determine the closest distance from each ray to the receiver. Let 0; and ¢; define
the take-off angle of the (i, j)th ray; a candidate search space is then built with the region

defined by the corners

0i05  0i, 05
0i+17 ¢j 0i+17 ¢j+1

These corners are changed over iterations according to the following rules:

e fix ¢ and increment j until the horizontal deviation of the closest distance vanishes;
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e increment ¢ and repeat the previous step until it covers the vertical deviations.

At each iteration a new search region is created; the corresponding corners are used to divide

the region in triangles using the following combinations:

1. [91',@5]' 9i+1,¢j 9i7¢j+1];

2. 105,05 01,05 Oiyr, djgal;

3. 0,05 05,501 Oit1, dj41);

4. [0iz1, 05 0is0j1 bigr, djgal;

The method calculates the barycentric coordinates A to determine which triangle contains

the receiver, with A given by

1 T X3 Ty
iy Yz | A=y | (3.1)
Z1 k9 Z3 Zr

in Eq(3.1) (x1,y1,21), (%2,y2,29) and (z3,ys, z3) represent the coordinates of the triangle
vertex, and (z,, y,, z,) are the coordinates of the receiver. The search considers all triangles;
it decides that the receiver lies inside a given triangle when the components of the normal-
ized X are all positive. When this happens the take-off angles (0, ¢) of the corresponding
vertex are considered for the next step (i.e. for Simplex optimization). A visualization
of the four corners used for selection is presented in Fig. 3.1, with the candidate region
located at the first combination of launching angles (i.e., at the corners corresponding to
0i, 05 Oiv1,0; 0:i,¢j41]). All triangles are considered until the one containing the receiver
is found. The selection step is fundamental in order to overcome the chaotic distribution of

vertex corners induced by the waveguide. In fact, rays from an initially narrow pyramid will
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end up producing an amorphous cloud of corners near the receiver, with consecutive rays
following completely different trajectories. For instance, one corner can be produced by a
ray coming from the bottom, while another corner can be produced by a ray coming from

the surface.

(xkn Yk, Zk))

Receiver

Vertical Plane

Figure 3.1:  The four corners (represented as asterisks) used to find a reliable candidate region
containing a receiver; all points are located on a vertical plane, associated to the receiver. To each
corner corresponds a set of coordinates (z, Yk, 2 ), which define the point of ray-plane intersection.
The region is divided into triangles (dashed lines), and barycentric coordinates (solid lines) Aj, Ao
and A3 are used to determine which triangle contains the receiver.

3.1.2 Simplex optimization

The Simplex method was developed as a general strategy to optimize a function of N

variables [51]. A simplex can be idealized as a geometric figure in N dimensions, defined
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by a set of N 4 1 points; for instance, a simplex is a triangle in two dimensions, and in
three dimensions it is a tetrahedron. The method is able to achieve convergence in few
iterations, and requires few function evaluations, a feature which is important when dealing

with complicated objective functions [52].

Within the context of eigenray search the objective function to be minimized can be

defined as
[z, — x(0,0)]" +
F0.0)= | [y —y0,0)] + (3:2)
(2 — 2(0,9)]"

where (0, ¢), y(0, ¢) and z(0, ¢) represent the ray coordinates on the vertical plane of the
receiver. Each calculation of the objective function requires solving the system of Eikonal
equations for a given pair of angles (6, ¢). The selection of a candidate region (as discussed
in section 3.1.1) delivers a high quality initial guess for the simplex algorithm to start the
minimization of the objective function; each corner corresponds to a point combination
P, = (0,¢), with £ = 0...N. An initial simplex is computed between each vertex of the
triangle and its centroid. Each calculation of new points produces a simplex with the same
triangular shape inside the initial region. Additionally, overlapping triangles can be used
to restart the optimization in regions in which the convergence is failing. Once the simplex
is started it uses three operations called reflection, contraction and expansion based on the

centroid P, which are defined as follows:

e The reflection is denoted by P* and its coordinates are calculated by the relation

P*=(14+a)P—ab, (3.3)

where « stands for a positive constant reflection coefficient, and h represents the point

that gives the highest function value. Whether f (P*) lies between f (P,) and f (P),
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with [ corresponding to the point that gives the lowest function value, P, is replaced

by P* and the optimization restarts with the new simplex.

e However, if the reflection produces a new minimum, then we expand P* to P**, given
by

P* =~P 4+ (1—4)P (3.4)

where 7 corresponds to the expansion coefficient, with v > 1. If the new point gives a
successful expansion, P, is replaced by P** and the process is restarted; otherwise P,

is replaced by P*.

o If reflecting P to P* gives f (P*) > f(P) for all £k # h then a new P} is defined to
be either the old P, or P*, whichever produces the closest distance, and forms the
contraction, denoted by

P =P, +(1-p)P (3.5)

where 3 stands for the contraction coefficient, with 0 < 5 < 1. A successful contraction

replaces P, by P** while a failed one replaces all points by (P, + P)) /2.

The optimization stops when the value of f(P) at a given vertex is below a predefined
threshold. For the sake of clarity all steps of simplex optimization are illustrated in the

pseudo-code of Algorithm 1.

During initial tests for a single receiver the algorithm achieved a remarkable convergence
with « = 1.5, v = 1.65 and § = 0.5. Those values were found to guarantee also the

convergence of the method for multiple receiver configurations'. Yet, it was also found

L Tt should be noticed that parallel tests using swarm optimization (not shown here) with different
combinations of “proper” optimization parameters often failed to achieve the desired accuracy, besides
requiring significant amounts of computational time.
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Algorithm 1 Pseudo-code of Simplex optimization

1: calculate initial simplex for points P
2: while f (P)) > threshold do

33 form P*=(1+a)P —ab,

4. if f(P*) < f(P) then

5: form P** =yP*+ (1 —~) P
6: if f(P*) < f(F,) then

7: replace P, by P**

8: else

9: replace P, by P*

10: end if

11: else

12: if f(P*) > f(P) then

13: if f(P*) < f(P,) then
14: replace P, by P*

15: end if

16: form P* =3P, + (1 - 8)P
17: if f(P*) > f(P,) then
18: replace all P, by (P, + P) /2
19: else
20: replace P, by P**
21: end if
22: else
23: replace P, by P*
24: end if
25:  end if

26: end while
27: return P,

that a “blind” application of Simplex optimization could lead to the calculation of the
same eigenray using different candidate regions. To avoid this duplication a final step was

implemented, as described in the following section.

3.1.3 Avoiding storage of duplicated eigenrays

To avoid the storage of duplicated eigenrays the following procedure was adopted:

e After the calculation of a given eigenray it was verified that the corresponding pair
(0, ») was found to be inside the candidate region. The eigenray was discarded when

the pair was outside.
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e As each eigenray was being calculated the information regarding (6, ¢) together with
the number of bottom and surface reflections was stored in memory; the information
regarding a new eigenray was compared with the information of old ones, and the

eigenray was discarded if already present.

e At the end of calculations the eigenrays were sorted according to the time of arrival.

3.1.4 The Simplex-based algorithm of 3D eigenray search

The complete pseudo-code of Simplex-based 3D eigenray search implemented in TRACEO3D
is shown in Algorithm 2, with proper line identification; two main processing stages can be
noted. The first one (lines 5 to 14), corresponds to the computation of corners for the reliable
candidate region, which are calculated tracing all rays sequentially. For each new ray segment
an intersection test against a given receiver plane is performed. When the intersection occurs
the crossing coordinates are stored. However, depending on the launching angle, rays can
propagate without crossing any receiver plane, or crossing only some of them. In both
cases “invalid” corners are stored in memory to prevent searches in regions without rays.
For horizontal arrays it is desirable to reduce runtime avoiding shooting rays repeatedly for
different receiver ranges. In such case ray-plane intersections are calculated progressively as

rays propagate through the waveguide (see Fig 3.2).

The second working stage (lines 15 to 29) is related to the search itself, and it is performed
over the number of candidate regions. When a candidate region encloses a receiver the
Simplex-based search strives to find an optimized pair of take-off angles (6,,¢,), which
fulfills both threshold and duplicated conditions. If that is the case the pair (6,,®,) is

used to calculate the ray trajectory, together with the travel time and amplitude, and the
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Algorithm 2 Pseudo-code for the Simplex-based 3D eigenray search

load environmental data
let ¢ = set of azimuth angles
let @ = set of elevation angles
let » = set of receivers
for j :=1 — length (¢) do
for i := 1 — length (0) do
while ray (0;, ¢;) exists do
solve the Eikonal equations for segment k
if segment crosses r; vertical plane then
store ray crossing coordinates
end if
end while
13:  end for;
14: end for;
15: for j:=1 — (length(¢) — 1) do
16:  fori:=1— (length(6) —1) do

— = =
Mo 2

17: for [ :=1 — length (r) do

18: compute barycentric coordinates for (6;,¢;), (0ix1,0;), (0i, ¢j+1), (Gix1,Pj11)
combination

19: if encloses r; then

20: perform Simplex optimization to find (6,, ¢,)

21: if threshold is satisfied then

22: avoid duplicated eigenray

23: solve the Eikonal equations using (6,, ¢,)

24: solve the dynamic equations using (6,, ¢,)

25: end if

26: end if

27: end for

28:  end for

29: end for

30: return the eigenrays

information is stored as an eigenray.
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Figure 3.2: Ray-plane intersections, represented as asterisks, for a horizontal line array; the dashed
line corresponds to the planes normal n/.
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3.2 Calculations of ray influence

3.2.1 The receiver grid strategy

To address the problem described in Section 2.3.5 and reduce drastically the runtime without
compromising accuracy one can follow the approach described in [2], which suggests that for
each ray segment one considers not all receivers, but only those “insonified” (i.e. bracketed)
between the endpoints of a ray segment. For a given subset of receivers one can move
from the ocean surface to the ocean bottom within the subset, and rely on simple algebra to
determine the parameters of ray influence; the procedure is then repeated for all ray segments.
An examination of the BELLHOP3D ray tracing code [31] reveals that the determination of
the subset of receivers is achieved by testing all receiver positions within the array, looking
to find the ones within the endpoints of the ray segment. The approach implemented in
TRACEO3D goes further and looks to determine an even smaller subset of receivers (called

the receiver grid, see Fig. 3.3) based on the following considerations:

e A “finite” beam width W is defined along the ray, given by the expression

W= cosf(s)

e There is no need to consider all receivers from the ocean surface to the ocean bottom,

but only those within the neighborhood defined by W

The main idea on the basis of this strategy is that beyond the distance defined by W the
influence is too small to be of any importance. Therefore, as one moves along each ray
segment the receiver grid is determined by the receivers bracketed by both the ray segment

and W . In this way one can avoid not only the query in the entire set of receivers forming
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the array, but also the query of all receivers bracketed by the ray segment. The method can
take advantage of Cartesian coordinates to determine efficiently the indexes of the receivers
lying inside the receiver grid. The specific details of this enhancement are described in the

next Section.

3P wreod

Figure 3.3: The receiver grid: the black dots represent all the receivers of a rectangular array,
while the solid line represents the ray trajectory; the ray influence is only relevant within the limits
of the beam width, represented by the dashed lines, and the gray rectangle represents the grid of
receivers considered for the calculation of ray influence.

3.2.2 Ray influence calculation algorithm

The specific details of optimization are shown in the pseudo-code of Algorithm 3, which
summarizes the sequential steps regarding field calculations. Let n and h stand for the
number of rays and receivers, respectively. The optimization starts by tracing the ray for
a given pair of launching angles. Then, the algorithm marches through the ray segments,
and solves the dynamic equations to calculate the ray amplitude and the beam spreading.
As shown in lines 13 and 14 a subset of receivers is computed from r for each segment k of

the ray. The ray influence is computed only if a normal to the receiver is found at a given
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segment (see lines 15 and 16). Line 23 presents the final step, in which coherent acoustic
pressure for each receiver was calculated. As will be shown in Chapter 4 the set of nested
loops constitutes a fundamental stage of the algorithm, allowing a substantial improvement
of the model’s performance. Details regarding the computation of the receiver grid are shown
in the pseudo-code of Algorithm 4; where the integers [;,,, and lj;g, control the array indexes
that form the receiver grid according to a relative W at each coordinate axis. The receiver
indexes increase or decrease their values depending on the position of the ray segment inside
the receiving array; the entire procedure is designed to be flexible enough to account for

different ray directions.

Algorithm 3 Pseudo-code for sequential ray influence calculation

1: load environmental data

2: let ¢ = set of azimuth angles

3: let 8 = set of elevation angles

4: let r = set of receivers

5: consider n = length (¢) x length (0)

6: for j:=1 — length (¢) do

7. fori:=1— length(6) do

8: while ray (0;, ¢;) exists do

9: solve the Eikonal equations for segment k
10: end while

11: for k :=1 — raylength do

12: solve the dynamic equations of segment &
13: calculate W at segment k

14: compute the receiver grid g from r according to W
15: for [ :=1— length(g) do

16: if ray, and g; are 1. then

17: compute ray; influence at g

18: end if

19: end for
20: end for
21:  end for
22: end for

23: return the coherent acoustic pressure for each receiver
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Algorithm 4 Pseudo-code to compute the receiver grid

1: let [, = lower array index inside grid
2: let lj;g, = high array index inside grid
3: consider W as beam width at rayy

4: while lp;gp or I}, are inside grid do

5. if W <7 (o —1) then

6: decrement I,

7. elseif W > r(lj,,) then

8: increment [,

9: else
10: exit
11:  end if
12: if W<r (lhigh) then
13: decrement [},
14:  elseif W > 7 (lpign +1) then
15: increment ;g
16: else
17: exit
18:  end if

19: end while




Chapter 4

Parallel GPU Implementation

Synopsis: The goal of this chapter is to describe in detail the structure of the algorithm
leading to the parallel GPU implementation of the TRACEOS3D model, and to explain the
design decisions for memory organization and execution configuration. A glimpse of the GPU
architecture and the CUDA C programming model is also provided, by introducing some of
the concepts used in the implementation. The structure of this chapter is as follows: Section
4.1 presents the Data-Parallel execution Model, while Section 4.2 describes the parallel GPU

implementation € memory organization, and discusses the algorithm design.

4.1 Data-Parallel execution Model

4.1.1 CUDA parallel organization

A GPU is a specialized electronic circuit, which is designed with the main goal of accelerating
the creation of images for the corresponding output on a display. In contrast with the CPU,
a GPU is highly parallel, and has optimized many-core processors for high-definition 3D
graphics with high memory bandwidth. While the CPU consists of few cores optimized for
sequential processing, the GPU has a massively parallel architecture consisting of thousands
of cores with more transistors, dedicated to data processing rather than data caching and flow
control [53]. The GPU computing is intended to address problems with a large amount of

data, which is executed by the same program. Among several programming frameworks that

47
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handle with GPU cores the mostly widely used is the Compute Unified Device Architecture
(CUDA), developed by NVIDIA [54]. CUDA is a scalable parallel programming model
and software platform which provides C, C++ and Fortran extensions to develop parallel
programs. This model implements a data-parallel function, denominated kernel, which is
executed by all threads during a parallel step. Generally speaking, a CUDA program starts
in the host, as a CPU sequential program, and when a kernel function is launched, it is

executed in a grid of parallel threads into the GPU or device, as shown in Fig 4.1.

Grid 0
Block 0 Block 1 Block 2

Grid 1
Block 0 Block 1 Block 2

Figure 4.1: CUDA heterogeneous computing organization, with kernels launching grids of threads
blocks for parallel processing into a device.

Each grid is organized as an array of blocks, where each block is compounded by an
array of threads. The number of threads in a block and the number of blocks in a grid are
denominated as grid size and block size, respectively. The grid size and block size have to

be specified as execution configuration parameters of the kernel function. Each thread in
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a block has a unique identification value, and each block has a unique identification value
in a grid. These identifications are a 3-component vector, which can identify the thread
using one, two or three dimensional indexes. Thus, a given thread can combine each index
identification with the block size to produce a global identification for itself in the entire
grid. Since each thread executes the same code it creates an efficient way to directly access

a particular part of the data.

4.1.2 Device memories

CUDA relies on additional methods to access different types of memory, that help to over-
come long access latencies and finite bandwidth. As described in Table 4.1 each memory has
its own scope, access type and lifetime, whose combination provides distinct strategies to
improve performance. Memory organization of a generic CUDA device is illustrated in Fig.
4.2: the host can transfer data to the device memory through global, constant or texture
memory, and these spaces are visible among kernels calls. They are accessible by all threads

and present an on-chip cache to improve performance.

Table 4.1: CUDA device memory types.

Memory  Device access Scope Lifetime
Global R/W All threads / host Application
Constant R All threads / host Application
Texture R All threads / host Application
Shared R/W Thread block Kernel
Local R/W Thread Kernel
Register R/W Thread Kernel

The global memory can be read and written from both host and device; the constant

and texture memory can be read and written from the host. However, they are read-only



50 Chapter 4. Parallel GPU Implementation

SM SM

Core eee COre core eee COre

Ccore eee COre core eee COre

registers registers
shared memory shared memory
L1/texture cache L1/texture cache

constant cache constant cache

DRAM

local /global constant /texture

Figure 4.2: Generic CUDA device memory organization; it can be manipulated according to
hardware computing capabilities.

from the device. Furthermore, texture memories are accessed through a dedicated read-only
cache, that can be used for linear interpolation as part of the read process through hardware
filtering. While global, constant and texture memories are located in off-chip memory,
register and shared memories are located in on-chip memories, meaning that they have a
very low latency to be accessed, roughly 100 times lower than uncached global memory.
Shared memory can be accessed by all threads in the same block, and provides an efficient
way to combine their partial results. Local variables in the device code are stored in the
register if there is available space, otherwise they are stored in the global memory with local

scope [55].
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4.1.3 Thread execution

In the current GPU generation thread blocks are assigned to hardware resources and orga-
nized into streaming multiprocessors (hereafter SM). When a block is assigned to a given
SM, it is further divided into a group of thread units denominated warp, which is the unit
of thread scheduling. This is illustrated in Fig. 4.3, which presents an hypothetic partition
of blocks into warps for scheduling in a SM. The SM is meant to execute threads in a warp
based on the single instruction multiple thread model (hereafter SIMT). In this way, any
threads in a warp are addressed to an execution unit to perform the same instruction at the
same execution time. The coalescing technique [54] takes advantage of the SIMT model to
improve global memory performance, since optimum access arises when all threads in a warp

access consecutive global memory positions.

Block 0 Block 1
warp 1 | warp 2 | warp 3 | warp 4 |

Warp scheduler Warp scheduler

core core core core core core core core
core core core core core core core core

Figure 4.3: Schematic of blocks partition into warps for scheduling, and multiprocessor streaming
architecture.
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Each SM can execute instructions for a small number of warps at any instant in time.
This strategy allows to fill in latency time operations with work from other threads, belonging
to other warps, ready to be executed, and this is often called latency hiding [41]. These skills
to tolerate long latency operations demonstrate how GPU overcomes the lack of chip area
to cache memories and branch predictions, and dedicate instead more area to float-point
execution resources. However, if threads in the same warp follow different paths due to a
given branch condition, the SIMT hardware will take multiple steps to execute a different
control flow. That is, the divergent path will be executed in sequence for each thread group.
In general, the resource constraints in a given device can have a prominent impact in the
execution speed of CUDA kernels. For instance, registers and shared memory can be useful
in reducing the number of accesses to global memory. However, if the amount available is

exceeded, the number of threads that can reside in a given SM decreases.

The classical approach of CUDA development relies in keeping the SM as busy as possible,
meaning that the execution configuration should be optimized to launch a sufficient amount
of lightweight threads [56]. In this way, it will maximize the hardware occupancy, which
is defined as the ratio of the number of active warps per multiprocessor to the maximum
number of possible active warps [41]. However, some works show that the application may
achieve better performance with low occupancy [57,58], once it is allowed to share more
register memory per thread which is the fastest on-chip memory. Although this increase in
number of registers certainly decreases the number of threads per SM, it is compensated by
increasing the numbers of operations per thread. An analysis regarding the SM occupancy
and the execution configuration parameters will be presented in Sections 5.3.2 and 5.4.2 for

each validation result.
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4.2 Parallel TRACEQO3D implementation

4.2.1 Ray tracing algorithm considerations

Generally speaking, ray tracing has an inherent parallelism, since rays can be computed in-
dependently or in any order. Furthermore, 3D propagation involves launching thousands of
rays to cover the waveguide in elevation and azimuth, a task which represents a computation-
ally demanding workload [59]. Such ray independence, combined with a high workload that
can achieve a massive parallelism, is the main attraction in a GPU hardware multithreading.
Preliminary research into parallelization in a coarse-grained fashion [24] was developed using
OpenMPI [60]. Performance analysis showed that the parallel implementation followed a lin-
ear speedup when each process was addressed to a single physical CPU core. However, such
performance was achieved at the cost of using high-end CPUs, designed for computer servers
without network communication (which probably would decrease the overall performance).
Thus, the best parallel implementation was 12 times faster than the sequential one, meaning

that the execution took place in a CPU with 12 physical cores.

As introduced in Chapter 2, TRACEO3D relies on the 3D solution of the Eikonal equa-
tions to calculate ray trajectories, and on the solution of dynamic equations to calculate ray
amplitudes. A preliminary timing analysis in the sequential code of a generic ray calculation
is presented in Fig. 4.4, which shows that the solution of the Eikonal is the most time con-
suming task; given the dependence of the dynamic equations on ray trajectories a substantial
portion of the code to be parallelized needs to be focused on a balanced combination of such
tasks. The implementation thus adopted the inherent ray tracing parallelism, addressing

each pair of launching angles (0, ¢) as a single parallel thread, even though it could lead to
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the concentration of additional work per thread.

. total runtime

other dynamic eq. Eikonal eq.

. parallel portion

5% 10% 85%

Figure 4.4: TRACEO3D timing analysis, showing roughly the percentage of runtime required to
perform a generic calculation.

Another important issue is that once initial conditions are loaded into the GPU memory,
rays are computed until the end without any additional request. Since the GPU is a co-
processor this strategy in fact contributes to the achievement of high performance execution
in a GPU architecture, since it avoids the bottleneck represented by data transfer between
the host and the device. Yet, a drawback of the ray tracing algorithm is that each ray
follows a different path, since some rays can experience only refraction, while others may
be bouncing on different boundaries; this diversity of behaviors leads to the execution of
different instructions. When this happens the warp schedule executes the divergent threads
sequentially. Additionally, the access to different environmental information depending on
the ray path can change drastically the pattern of memory access and hamper the use of the
coalescing technique, which is fundamental to improve global memory access performance.

Strategies to deal with those issues are presented in the following sections.

4.2.2 Memory organization

Acoustic predictions in a three-dimensional scenario demand the tracing of a high number
of rays. In the sequential algorithm the ray trajectory information (such as, for instance,

Cartesian coordinates, travel time, complex decay, polarized vectors, caustics, matrices P
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and Q, etc.) are stored in memory to be used at later steps, such as eigenray searching or
ray influence. Such storage makes sense considering that the sequential algorithm keeps one
ray at a time in memory. However, handling thousands of rays in parallel rapidly exceeds
the available memory in a given device. To circumvent this issue calculations of ray paths
and amplitudes are performed in a single step, for each ray segment at a time, storing in
memory only the values required to execute such computation. A sketch of this strategy is
presented in Fig 4.5, where the horizontal axis represents the direction in which memories
are updated, and t corresponds to the current time in which calculations are taking place;
t—1 and t — 2 represent previous time, that are required to be held in memory. Small arrows
connecting memory positions represent the values accessed by the corresponding function to
perform computations in time ¢. The vertical arrow indicates the order in which functions
are computed in the current time. The same structure is valid for both functions, eigenray
search and ray influence calculation. After calling the functions for a given ray segment
the values stored in memory at time ¢t — 1 are copied to the position ¢ — 2, and the values
regarding t are copied to position ¢t — 1, meaning that the values at ¢ — 2 are discharged. A
new iteration then starts to solve the next ray segment, following the same rules. In this
way, the storage requires only three segments to be held in memory, reducing drastically the
amount of data stored. This organization allows further updates of data into registers to be
kept, reducing the global memory access and overcoming the problems of divergences in the
pattern of memory access. The performance of memory access is also increased by loading

part of the environmental information into the shared memory at the kernel initialization.

An overview of how data from the parallel implementation is organized into device

memories is shown in Table 4.2. The memory type was chosen considering the respective
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memory update

b 2

Eikonal equation | | | III

dynamic equation

function order

|

|

|

|

ray influence or |
i |
eigenray search |
|

|

Figure 4.5: Schematic representing the memory update sequence (horizontal axis), where ¢ stands
for current computation time and ¢t —1 and ¢t — 2 for previous times when values are held in memory.
Small arrows connecting memory positions represent the values accessed for the corresponding
function to perform computations in time ¢. The vertical arrow represents the order in which the
functions are executed for a single ray segment.

data size and the frequency in which the data is accessed. For instance, data regarding
environmental boundaries (surface and bottom) was initially put into the shared memory.
However, when representing 3D waveguides, the number of coordinates became too big to
fit in this type of memory and the data was thus moved to the global memory. On the other
hand, the sound speed data was kept in shared memory since it was frequently accessed

during ray trajectory calculations and the access takes place in an unpredictable order.

4.2.3 Parallel eigenray Simplex-based search

A general view of the parallel version of eigenray Simplex-based search is presented in Algo-
rithm 5. The proposed parallel algorithm is logically organized in a grid of b blocks, where
each block has p threads. Generally speaking, p has great impact in the GPU throughput

and needs to be calculated taking into account the GPU features and local memory utiliza-



4.2. Parallel TRACEO3D implementation 57

Table 4.2: TRACEO3D memory organization into a parallel implementation: ng, is the number
of points in the sound speed profile, 1y, and np, is the number of grid points defining the surface
and bottom, respectively; n stands for the number of rays, h represents the number of receivers
and m is the number of candidate regions.

Data Symbol or name Type Size
source information shared 12
environment parameters shared 14
sound speed profile shared 3+ Ngep
array coordinates global 3+3xh
surface coordinates global T+ Ngur
bottom coordinates global T+ Npot
candidate region corners reg global 3xnxh
eigenray values elg global S5xXmxh
coherent acoustic pressure cpr global h

cpr all rays nepr global n xh
ray coordinates register /local 3x3
travel time T register /local 3
complex amplitude A register /local 3
polarized vectors register /local 3x3
P P register/local 3 x4
Q Q register /local 3 x4
general parameters constant 12

tion. Furthermore, p needs to be chosen as a multiple of the warp size of a given device, since
it helps coalescing and increases computing efficiency. Two kernels were used to implement
the eigenray search method. The first kernel (line 7) computes the candidate region corners,
whose total number of parallel threads corresponds to n. Algorithm 6 depicts the kernel
corners calculation, where parallel threads sequentially compute each corresponding ray and
the global thread identification index, which corresponds to ti, is calculated as shown in line
1. When a ray (6;,¢,) intersects a receiver plane, the respective intersection coordinates,
represented as ¢, are stored into reg. The memory index is calculated taking advantage of
the coalescence access as shown in line 8. After the kernel execution a device synchronization

is performed, to ensure that all intersection coordinates were calculated before starting the
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eigenray search.

Algorithm 5 Parallel eigenray Simplex-based search
let ¢ = set of azimuth angles

let 8 = set of elevation angles

let r = set of receivers

consider n = length (¢) X length (0)

let p = number of threads per block

let b = n/p (number of blocks)

kernel < b, p > corners calculation
synchronize

consider m = (length (¢) — 1) x (length (6) — 1)
let p = number of threads per block

: let b = m/p (number of blocks)

: kernel < b, p > eigenray search

: select eigenrays

: return eigenrays values

T
AW D = O

The second kernel (line 12 from Algorithm 5) performs the eigenray search using the
candidate region corners computed during the first kernel execution. For this configuration
the total amount of threads launched into the device corresponds to m. The details of the
second kernel are shown in Algorithm 7. Each thread is addressed to a search region in
order to perform triangle divisions that may enclose a given receiver. Otherwise, the thread
computation goes to the next receiver (if there is another one), or it is concluded. When
the Simplex algorithm finds an optimized pair of launching angles (6,, ¢,) it uses the pair to
compute ray coordinates, travel time and amplitude decay, and stores the information as an
eigenray. As in the first kernel, the memory index was calculated to perform a coalescence
access to the global memory, as shown in line 12. Because of the unpredictability in which
the receiver/region combination allows to find an eigenray, the size of eig (see Table 4.2) is
calculated with enough space in memory, so each thread can store directly the corresponding
eigenray data; this also allows to prevent a sequential thread memory access that might

produce unnecessary synchronization or race conditions. At the end, a sequential procedure
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is performed by the host to select valid eigenrays among those computed in parallel (line 13

from Algorithm 5).

Algorithm 6 Kernel corners calculation
let 2 = block index x grid index + thread index;
let 0; = ti mod length ()
let ¢; = ti/length (0)
while ray (6;, ¢;) exists do
[ = first receiver index
solve the Eikonal equations for segment k
if segment crossing vertical plane regarding r; then
reglti+n x 1] =q
increment [
end if
: end while

—_ =
— O

Algorithm 7 Kernel eigenray search
1: let ti = block index x grid index + thread index;
2: let 0; = ti mod (length (0) — 1)
3: let ¢; = ti/ (length (0) — 1)
4: for [ :=1 — length (r) do
5. compute barycentric coordinates for (6;, ¢;), (0it1,¢;), (0i, ¢j41), (0ix1, ¢j+1) combi-
nation

6: if encloses r; then

7: perform Simplex optimization to find (6,, ¢,)
8: if threshold is satisfied then

9: avoid duplicated eigenray

10: solve the Eikonal equations using (6,, ¢,)
11: solve the dynamic equations using (6,, ¢,)
12: eiglti + m x 1] = A, 7, (0,5, 00)

13: end if

14:  end if

15: end for

There are two possibilities to speedup the 3D eigenray search. The first one would
calculate ray coordinates in parallel, using only the kernel corners calculation, and would
then perform the search sequentially into the host, meaning that Algorithm 5 executes only
lines 1 to 8, and then jumps to line 15 of Algorithm 2. This approach will produce ray

coordinates, travel time and amplitude along the entire trajectory, and it is suitable for an
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array with a small number of receivers, or when the ray information is of interest. The second
option is to call all functions in parallel, using the two kernels presented in Algorithm 5. This
configuration delivers only eigenray values at the receiver position, and is well suited for large
arrays (which is of interest for matched field processing [61,62]), or when the ray trajectories
are not required. However, pairs of launching angles for each eigenray are provided allowing

the corresponding information to be recovered if needed.

4.2.4 Parallel field calculation

Algorithm 8 shows a summarized version of the parallel calculation of the pressure field.
Two kernels were used to implement the parallel code. The first kernel (line 8) calculates
the ray influence, where the number of threads launched into the device corresponds to

n. An overview of the kernel ray influence calculation is shown in Algorithm 9. Each

Algorithm 8 Parallel field calculation

load environmental data

let ¢ = set of azimuth angles

let @ = set of elevation angles

let r» = set of receivers

consider n = length (¢) x length (0)

let p = number of threads per block

let b = n/p (number of blocks)

kernel < b, p > ray influence calculation
synchronize

let p = number of threads per block

: let b = h/p (number of blocks)

: kernel < b, p > pressure by sensor reduction
: return the coherent acoustic pressure

[ S
WD = O

thread computes the propagation of a single ray and its contributions to the entire field; the
contributions are stored separately by ray. It should be noted that, as shown in Table 4.2,
the size of ncpr corresponds to n x h and the index to access the global memory is calculated

using a relative value of the grid index I’ (see line 10 of Algorithm 9). After the kernel
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execution a device synchronization is performed to ensure that the acoustic field calculation
for all rays was concluded. Then, a second kernel is launched to perform a parallel reduction
over the values in ncpr. Each thread is addressed to a given receiver, and it adds sequentially

the contribution of each ray to the corresponding receiver, as described in Algorithm 10.

Algorithm 9 Kernel ray influence calculation
1: let t2 = block index x grid index + thread index
2: let 0; = ti mod length (0)
3. let ¢; = ti/length (0)
4: while ray (6;, ¢;) exists do

5. solve the Eikonal equations for segment &

6: compute the dynamic equations for segment £

7. compute the receiver grid g from r

8: forl:=1—length(g) do

9: if ray, and g, are L then

10: nepr(ti +m x l'] = acoustic pressure regarding rayy at g,
11: end if

12:  end for
13: end while

Algorithm 10 Kernel pressure by sensor reduction
let ti = block index x grid index + thread index;
consider n number of rays;
consider r as a thread local memory;
for k:=1—ndo
r =r+mncprk+ (n x ti)];
end for;
cpr[ti] =,
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Chapter 5

Validation

Synopsis: This chapter presents the validation results regarding model predictions of 3D
eigenray search and transmission loss. Details regarding the software/hardware platform are
presented in Section 5.1 addressing the enhanced parallel model for performance analysis.
The comparisons were carried out based on simulations and experimental data. The 3D
acoustic propagation data were acquired in 2007 during a laboratory-scale experiment, that
took place at the LMA-CNRS laboratory in Marseille. The experiment is described in Section
5.2, while the validation (together with a performance analysis) is discussed in Sections 5.3
and 5.4.

5.1 Implementation

The original version of TRACEO3D was written using the FORTRAN programming lan-
guage in double precision. Therefore, the first GPU parallel version of the model was devel-
oped using the CUDA FORTRAN 17.1 Community Edition compiler, developed by PGI [63].
Preliminary calculations exhibited in fact unsatisfactory performance, which was later found
to be a result of particular restrictions regarding the device subprograms [64]. To overcome
this problem the CUDA C platform was chosen to encode the parallel portion (as discussed
in Section 4.2.1), meaning that the only interface kept in TRACEO3D was that of FOR-
TRAN, using its functions to read the inputs and write the outputs. The CUDA C and

63
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FORTRAN environments were connected using the ISO C Binding library [65], which is
a standardized way to generate procedures, derived-type declarations and global variables,
which are inter-operable with C. The parallel implementation was compiled in a single pre-
cision version (numerical stability was already addressed in [45]); to properly clarify this
issue comparisons regarding precision will be shown between the parallel and the sequential
version. The single precision version allows the use of low-end devices or mobile equipments
to provide predictions with high performance. Additionally, the FORTRAN sequential im-
plementation was compiled with the optimization flag —O3, which was found to decrease
the total runtime in 50%. The hardware and software features that were addressed when
comparing the sequential and parallel model implementations of TRACEO3D are shown in
Table 5.1. Fifteen runs per test case were performed for every validation case. The maximum
and minimum values were then discarded, and the average run time was computed from the

remaining thirteen runs.

Table 5.1:  Host/Device hardware and software features.

Feature Value Unit
Host - CPU Intel i7-3930k

Clock frequency 3500 MHz
Compiler gfortran 5.4.0 -
Optimization flag -03 -
Device - GPU GeForce GTX 1070

CUDA capability 6.1 -
CUDA driver 9.1 -
Compiler nvce 9.1.85 -
Optimization flag none —
Clock frequency 1683 MHz
Number of SM 15 -
Max threads per SM 2048 -

Warp size 32 -
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5.2 The tank experiment

The laboratory-scale experiment took place at the indoor tank of the Laboratoire de
Mécanique des Fluides et d’Acoustique — Centre National de la Recherche Scientifique
(LMA-CNRS) laboratory in Marseille. The experiment was carried out in 2007 in order to
collect 3D acoustic propagation data using a tilted bottom in a controlled environment. A
brief description of the experiment (which is described in great detail in [9,66]) is presented
here. The inner tank dimensions were 10 m long, 3 m wide and 1 m deep. The bottom was
filled with sand and a rake was used to produce a mild slope angle a &~ 4.5° (see Fig.5.1).
The ASP-H data set (for horizontal measurements of across-slope propagation) is composed
of time signals, recorded at a fixed receiver depth denominated z,., and source/receiver
distances starting from Y = 0.1 m until ¥ = 5 m in increments of 0.005 m, providing a

sufficiently fine representation of the acoustic field in terms of range.

Figure 5.1: Indoor shallow-water tank of the LMA-CNRS laboratory of Marseille (from [9]).
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The transmitted signal was a five-cycle pulse with a Gaussian envelope and with 0.04 ms
duration. The signal presents a frequency spectrum with a main lobe centered at 150 kHz,
with 100 kHz bandwidth, and a secondary lobe above 200 kHz. The source and the receiver
were both aligned along the across-slope direction, as depicted in Fig 5.2. The receiver was
located at 10 mm depth from the surface, bottom depth at the source position was D(0)
= 48 mm. Three different source depths were considered, namely z; = 10 mm, 19 mm
and 26.9 mm, corresponding to data subsets referenced as ASP-H1, ASP-H2 and ASP-H3,
respectively. Bottom parameters corresponded to ¢, = 1700 m/s, p = 1.99 g/cm? and a;, =
0.5 dB/A. Sound speed in the water was considered constant, and corresponded to 1488.2

m/s for ASP-H1 and 1488.7 m/s for ASP-H2 and ASP-H3.

Figure 5.2: Across-slope geometry: « corresponds to the bottom slope, D(0) is the bottom depth
at the source position, zs stands for the source depth (shown as a double circle), the horizontal
array is located along the Y axis.

For simulation purposes a scale factor of 1000 : 1 is required to properly account for the
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frequencies and lengths of the experimental configuration in the model. Thus, experimental
frequencies in kHz become model frequencies in Hz, and experimental lengths in mm become
model lengths in m. For instance, an experimental frequency of 150 kHz becomes a model
frequency of 150 Hz, and an experimental distance of 10 mm becomes a model distance of

10 m. Sound speed remains unchanged, as well as compressional and shear attenuations.

Validation and performance of predictions of three-dimensional eigenray search were
obtained through comparisons against an equivalent (flat) two-dimensional waveguide, and
against results presented in [9] and are discussed in Section 5.3; validation and performance of
predictions of transmission loss (hereafter TL) were obtained through comparisons against
an experimental TL curve from the ASP-H1 subset at frequency of 180.05 kHz, and are

discussed in Section 5.4.

5.3 Eigenray predictions

5.3.1 Validation results

Given the “mild” slope of the experimental setup described in the previous section a prelim-
inary set of comparisons was performed between the TRACEO3D and TRACEO models,
for a source frequency of 150 Hz. The horizontal array was idealized starting at 0.1 km until
5 km, in increments of 0.1 km. Given the lack of knowledge regarding the source spectrum
a synthetic five-cycle pulse with a Gaussian envelope was considered as the emitted signal.
The received signal was computed using the model output of amplitudes and delays for each
receiver range and depth. For Fourier synthesis only frequencies between 100 Hz and 200
Hz were considered, outside the interval the acoustic field was set to zero; the signal in the

time domain was calculated using an inverse Fourier transform.
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Table 5.2: Geometric parameters used in the numerical predictions for the ASP-H data set.

zs [m]  z.[m] D(0)[m] slope|degrees]

ASP-H1 6.7 11.0 43.9 4.5
ASP-H2 15.0 11.0 43.9 4.5
ASP-H3 27.0 11.0 43.9 4.5

Preliminary TRACEO3D predictions (not shown here) failed to produce satisfactory
results using the parameters provided by the refinement discussed in [9]; therefore, alternative
geometries were considered. The configuration shown in Table 5.2 was found to best replicate
the results presented in Fig.3 from the reference. Three-dimensional predictions, together
with equivalent TRACEO calculations for a flat waveguide, are shown in Fig.5.3. Not only
the patterns of propagation between the 2D and 3D predictions are strikingly different, but
additional inspection of Fig.5.3(d-f) reveals that the set of parameters given by Table 5.2
allows TRACEO3D to predict the features visible in the experimental data, such as the
numbers and position of the modes, as well as mode shadow zones, intra-mode interference
and mode arrivals. The only exception was the ASP-H3 data set; it is believed that most
discrepancies are due to the proximity of the source to the bottom for the corresponding

geometry, for which beam displacement corrections can be relevant [1].

As suggested in [7,8,23] the 3D effects can be explained based on ray/mode analogies.
A mode can be considered as a standing wave in the vertical plane, and as a traveling wave
describing a hyperbolic path on the horizontal plane, with the ray initially propagating itself
upslope; at some point in the range the hyperbolic path crosses the across-slope direction; this
analogy is fundamental for the discussion that follows. Predictions of normalized amplitudes

for 2D and 3D calculations, regarding the ASP-H1 configuration, are shown in Fig.5.4. The



5.3. FEigenray predictions 69

3D results in the figure also reveal modes in the (6, ¢) plane, allowing to determine take-off
angles for different modes. The dashed lines approximately represent the edges of the shadow
zones for each mode, with each shadow zone being a complex function of different parameters,
such as frequency, wedge slope and bottom properties. The across-slope direction where the
source is aligned with the synthetic horizontal array is taken as ¢ = 0; this angle increases

towards the wedge apex.

The waveforms presented in Fig.5.3(a) correspond to 2D predictions for the ASP-H1
configuration, with a source depth of 6.7 m. At short ranges the predicted time signals seem
to merge together. Above a certain range they start to separate, increasing the relative time
delay between them as the receiver moves away from the source. As a receiver approaches
the range of 5 km late arrivals progressively lose more energy. Similar patterns can be seen
in the other two configurations (see Fig.5.3(b-c)). The ASP-H1 2D prediction is further
supported by Fig.5.4(a-e), in which the behavior of amplitudes over range exhibit a typical
distribution for a flat waveguide: amplitudes can be seen to decrease steadily over elevations
0, while the number of eigenrays increase with range. Such steady decay can be explained
by taking into account that 2D eigenrays are confined exclusively to the vertical plane,
and thus often bounce off the bottom losing more and more energy as elevation and range
increase. A completely different pattern can be seen in Fig.5.3(d), in which the waveforms
were calculated accounting for full 3D effects. The figure shows an interesting pattern of
mode arrivals: above 2 km the modes M1 and M2 exhibit well resolved first and second
arrivals, and the time delay between them decreases as the receiver moves away from the
source; near 2 km the expected first and second arrivals from mode M3 merge together, and

the mode quickly vanishes due to the transition of M3 into a shadow zone; additionally, as
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Figure 5.3: Numerical simulations calculated with TRACEO (top) and TRACEO3D (bottom) for
the geometry presented in Table 5.2; four modes can be identified regarding 3D predictions for the

ASP-H1 configuration.
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range decreases below 2 km, modal refraction on the horizontal plane is such that the mode

M4 becomes well resolved in time, but exhibiting only a single arrival.

Similar modal patterns can be seen in Fig.5.3(e-f). All mentioned features can be ex-
plained in more detail in Fig.5.4(f-j), which shows that higher order modes are more in-
tensively refracted at short ranges due to their large initial elevation 6; such modes rapidly
bounce off the bottom at the critical angle and thus vanish (i.e. enter into a shadow zone) af-
ter being absorbed. Low order modes, on the other hand, are able to produce first and second
arrivals at larger ranges due to an interesting combination of propagation conditions: for a
single “small” elevation # one can find a pair of azimuths ¢; and ¢, (with ¢; < ¢), in which
the ray with take-off angles (6, ¢o) propagates over shallower regions, but bounces more often
off the bottom than the ray propagating with angles (6, ¢1), and therefore leaks energy more
rapidly. Thus, the entire 3D set of eigenray, travel time and amplitude calculations allows
for the establishment of a remarkable connection between eigenray azimuth/elevation (6, ¢),
mode order n and receiver range 7, with the parameters (0, ¢, n) increasing simultaneously
as r decreases. These general conclusions, based mostly on ray theory, coincide with the
discussion presented in [66]. Obviously there are some amplitude discrepancies between the
results shown in Fig.5.3(d-f) and those presented in Fig. 3 from [9]; the discrepancies were
in fact expected. During the calculations of arrival patterns different synthetic pulses were
considered, besides the Gaussian one; it was found that the structure of propagating modes
was highly sensitive to the particular choice of emitted signal. Such sensitivity can perhaps
explain the usage in [9] of the recorded transmitted signal, instead of the synthetic one, to
predict the arrival patterns. A final insight into the problem can be found in the comparison

of eigenrays, calculated with TRACEO for the flat case, and calculated with TRACEO3D
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Figure 5.4: Predictions of normalized amplitudes versus launching angles for the ASP-H1 con-
figuration over range: TRACEO (left); TRACEO3D (right). The corresponding regions where
modes can exist are indicated over the (6, ¢) plane. The dashed lines stand roughly for the critical

launching angle.
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for the wedge waveguide (see Fig.5.5). At a first glance there seems to be a perfect one-to-
one correspondence of eigenrays in terms of elevations 6, and thus one could expect both 2D
and 3D amplitudes to exhibit a similar correspondence. In fact that is not the case; in the
wedge waveguide most eigenrays propagating up then down slope are bouncing on regions
where bottom depth is smaller than the one of the 2D waveguide; as a consequence, instead
of spreading progressively over elevations as shown in Fig.5.4(b), the amplitudes of arrivals

become clustered between the limits of an elevation interval, as shown in Fig.5.4(g).
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Figure 5.5: Eigenray predictions for the ASP-H1 configuration: TRACEO, flat waveguide (top);
TRACEO3D, across-slope propagation on the wedge waveguide (bottom). Source and receiver
depth corresponds to 6.7 m and 11.0 m, respectively.

5.3.2 Performance analysis

To properly address the performance analysis of eigenray search an optimization step is
required, based on the device resources, looking to define the best parameters of kernel
execution configuration, together with the number of registers per thread, which influence
the SM occupancy rate. Thus, model runs using the parallel eigenray search algorithm for

the predictions of Fig.5.3(d) were performed with block sizes from 32 to 1024, and number
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of registers from 32 to 256, increasing each as a factor of the warp size and power of two,
respectively. Runtime results for such combinations are presented in Fig.5.6, and show
that the performance improves for high numbers of registers per thread, which means low
occupancy. In general, better results occurred for an occupancy rate lower than 25% (up to
128 registers per thread), and the best result was achieved with p = 64, using 255 registers

per thread which means 12.5% of occupancy.
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Figure 5.6: Execution configuration results for different block sizes p and number of registers per
thread; vertical lines stands for the occupancy rate (%) in each SM. The best option (red dot)
corresponds to p = 64 with 255 registers per thread; areas with no data represent parameter
combinations that the device can not handle due to lack of resources.

One can therefore conclude that performance can increases as threads individually have
more registers available, even when less threads share the SM simultaneously. It is impor-
tant to remark that runtime interpolated results provided an important guide regarding the
configuration of parameters, despite the specific choice of p multiples of warp size. Addi-
tionally, it was also found that when using the occupancy-based launch configurator of the
application programming interface (API) [54], which heuristically calculates the block size,

runtime results increased around 70%; such unexpected result is believed to be due to the
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fact that the API strives mostly to achieve high occupancy, which not always guarantees the

highest performance in every case.

Table 5.3: Results of runtime and speedup ratio regarding predictions of the LMA CNRS H1 @
150 Hz in the time domain.

Model CPU CPU + GPU (1 kernel) CPU + GPU (2 kernels)
Runtime (s)  2287.8 238.22 64.48
Speedup ratio 1 9.6 35.47

The best results during the execution of the configuration optimization are presented in
Table 5.3 and Fig.5.7, where CPU corresponds to the sequential algorithm, while CPU +
GPU (1 kernel) and CPU + GPU (2 kernels) correspond to the two different parallel imple-
mentations, discussed in Section 4.2.3. The results show that the parallel implementation
was over 35 times faster than the sequential one, reducing the runtime from 2,287.8 s to
64.48 s. The mean square error (MSE) between the sequential and parallel implementa-
tions is presented in Fig.5.8. One can see that the difference between the values is lower
than 1.0 x 1073. The parallel implementation only achieves such accuracy by using IEEE
754 compatible mathematical functions [67], and compiling without the flag —fast-math; it
is believed that this flag enables performance optimization at the cost of introducing some
numerical inaccuracies. Comparisons using the proximity method are not presented because

the method failed to provide 3D predictions.

5.4 Numerical predictions of transmission loss

5.4.1 Comparisons with experimental data

The set of waveguide parameters provided by the tank scale experiment was also used to

calculate predictions in the frequency domain. TL results are presented in Fig.5.9, where
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Figure 5.7: (a) Runtime and (b) speedup of model predictions using the 3D eigenray search
algorithm for the tank scale experiment.
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Figure 5.8: MSE of TRACEO3D predictions against parallel implementations.

Bisection means the original algorithm that the sequential version of TRACEO3D uses to
calculate ray influence, Grid stands for the sequential method presented in Section 3.2, and

GPU Grid corresponds to the parallel implementation. In general, model predictions were
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able to follow accurately the experimental curve over the full across-slope range. Neverthe-
less, a slight shift in phase can be observed at 2 m and 2.4 m in all simulation predictions.

Besides, minor discrepancies can be noted between the predictions at the far field.
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Figure 5.9: Comparisons with the experimental data for LMA CNRS H1 @ 180.05 kHz.

5.4.2 Performance analysis

As previously, the algorithm of parallel field calculation required an optimization step in
order to define the best parameters of the kernel execution configuration and the number
of registers per thread. Thus, model runs generating the predictions presented in Fig.5.9
were performed with block sizes from 32 to 1024, and number of registers from 32 to 256,
increasing as a factor of the warp size and power of two, respectively. Runtime results for
such combinations are presented in Fig.5.10, which shows that the performance improves
for number of registers per thread between 64 and 128, which means the occupancy rate is
between 50% and 25%. The best result was achieved with p = 64 and using 64 registers per

thread, which means 50% of occupancy.

Again, as discussed in Section 5.3.2, runtime interpolated results are valid only for values
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Figure 5.10: Execution configuration results for different block sizes p and number of registers
per thread; vertical lines stands for the occupancy rate (%) in each SM. The best option (red
dot) corresponds to p = 64, with 64 registers per thread; areas with no data represent parameter
combinations that the device can not handle due to lack of resources.

of p multiples of warp size. The occupancy-based API delivered an occupancy of 100% with

p = 256 and 32 registers per thread, which represented an increase of 90% in the runtime.

Table 5.4: Results of runtime and speedup ratio for TL predictions.

Model CPU (Bisection) CPU (Grid) CPU + GPU (Grid)
Runtime (s) 542.3 191.16 3.18
Speedup ratio 1 2.83 60.11

The best result found during the execution configuration optimization is presented on
both Table 5.4 and Fig.5.11. Different from the comparison shown in Section 5.3.2, speedup
rates are presented separately, comparing the improvement regarding the numerical enhance-
ment and the improvement achieved with the parallel GPU implementation. Thus, the
speedup ratio of CPU (Grid) is calculated dividing the Bisection runtime by the Grid run-
time, and for the CPU + GPU (Grid) dividing the Grid runtime by the GPU runtime. It is

important to remark that the CPU (Grid) was able to decrease the runtime in 2.83 times,
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while the parallel GPU implementation achieved 60 times of performance, which indeed rep-
resents a outstanding improvement. Combining both speedups the total improvement was
about 170 times (2.83 x 60.11), reducing the runtime from 542.3 s to 3.18 s. The mean
square error (MSE) between the model implementations and the experimental data is shown
in Fig.5.12. One can see that the difference among the implementations are of the same order
of magnitude. As already indicated in Section 5.3.2 the GPU achieves such accuracy using

IEEE 754 compatible mathematical functions, and compiling without the flag —fast-math.
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Figure 5.11: (a) Runtime and (b) speedup for TL predictions of the tank scale experiment.
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Figure 5.12: MSE of TRACEO3D predictions against experimental data (LMA CNRS H1 @ 180.05
kHz) using three different approaches: Bisection, Grid and GPU Grid.

5.4.3 Comparisons with an analytical solution

The analytical solution for sound propagation in a 3D penetrable wedge discussed in [10]
(original code developed by Pavel S. Petrov) represented also an important reference for
additional model predictions [11]. The solution is inspired by the image method presented
in [68], in which the contribution of each image is represented in terms of a Bessel function
expansion inside a certain improper integral. For small wedge angles acoustic propagation
can be considered adiabatic; in the case of constant sound speed the corresponding expression
for the acoustic field can be written compactly using the wavenumbers of the Pekeris problem,
calculated at the position of the acoustic source. Again a geometry of across-slope wedge
propagation was considered, similar to the one shown in Fig.5.2, but considering a wedge
angle a = 0.5°. Waveguide parameters and corresponding values are summarized in Table
5.5; the parameters for the non-adiabatic case correspond to the well-known 3D ASA wedge
benchmark [69]. A rectangular array (RA) was considered for predictions; the RA was
aligned along the Y axis, with X = 0, and was composed of 44 receivers in depth from
z. = 1m until D (0) — 1, and 501 receivers in range, starting from ¥ = 35m until ¥ =

5000m, providing a mesh of 44 x 501 receivers equally spaced in range and depth; source
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frequency corresponded to 122 Hz. The results are shown in Fig.5.13 and show that the
predictions replicate the elaborate pattern of interference of the analytical solution as range
increases. Some discrepancies can be seen between transition areas, but they were in fact
expected because the low value of frequency is on the edge of validity of ray theory. Even
so, the main goal of the comparisons was to demonstrate the ability of the finite beam
width strategy to calculate TL fields preserving the accuracy, while decreasing significantly
runtime. Additionally, model predictions can be provided for any type of waveguide, while

the analytical solution is valid only in wedges with small slopes.

Table 5.5: Wedge parameters and corresponding notation.

Parameter Symbol RA  Units
Bottom slope Q@ 0.5  degrees
Source frequency f 122 Hz
Depth at source position D(0) 444 m
Source depth Zs 8.3 m
Maximal range R 5000 m
Water sound speed Cw 1500  m/s
Bottom compressional speed Cp 2000 m/s
Bottom compressional density Pb 2 g/cm?
Bottom compressional attenuation Qyp 0.5 dB

5.4.4 Performance analysis

Since the tunning procedure was already achieved for the kernel of parallel field calculation
(as described in Sec. 5.4.2), the same execution configuration parameters were used to
generate the predictions of Fig.5.13. The performance analysis regarding such calculations
is presented in both Table 5.6 and Fig.5.15, which shows that the CPU (Grid) was able to
decrease the runtime in 32.76 times, while the parallel GPU implementation performed 21

times better. Note that the speedup ratio was calculated as explained in Section 5.4.2.
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Combining both speedups the total improvement was about 692 times (32.76 x 21.13),
reducing the runtime from 18,279.1 s to 26.40 s, which indeed represents a remarkable
improvement. The difference between these results and the ones presented in Section 5.4.2
can be explained by keeping in mind that the receiver grid strategy becomes more efficient
as the number of sensors increases, while the opposite happens for the bisection algorithm.
Besides, memory requirements for these computations are too large to fit into the GPU at
once. Thus, the calculation was divided into a serial loop for calling kernels and execute
memory transfers between the host and the device, which decreases the GPU performance.
The MSE between the sequential and parallel model implementations and the experimental
data is shown in Fig.5.14. One can see that the differences between the implementations are
almost of the same order of magnitude, except for the Grid result, in which the divergence
was about 3 dB. As discussed in Section 5.3.2 the GPU achieved such accuracy using IEEE

754 compatible mathematical functions, and compiling again without the flag —fast-math.

Table 5.6: Runtime and speedup ratio regarding the calculations of TRACEO3D predictions of
wedge problem @ 122 Hz using different methods.

Model Analytical Solution CPU (Bisection) CPU (Grid) CPU + GPU (Grid)

Runtime (s) 2.54 18,279.1 557.87 26.40
Speedup ratio — 1 32.76 21.13
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three different approaches: bisection, Grid and GPU Grid.
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Chapter 6

Conclusions

Synopsis: This chapter presents an overview of the research developed within the frame-
work of the thesis, including published results, and suggestions for future work. Concluding
remarks are presented in Section 6.1, while publications are listed in Section 6.2; Section 6.3

discusses future directions of research.

6.1 Concluding remarks

The theoretical background and numerical issues of the TRACEO3D Gaussian beam model
were discussed in detail in Chapter 2 in order to establish a firm basis for additional issues
regarding model enhancements, parallelization and validation. Such discussion allowed to
conclude that the main task of TRACEO3D is to keep the calculation of ray trajectories
as accurate as possible, to which end a high order integrator was used; that task was con-
sidered an immutable clause for further optimization and parallelization. In the original
version of TRACEO3D the eigenray search was based on the method of proximity (see Sec-
tion 3.1), which was found to be computationally demanding and inefficient. Additionally,
calculations of ray influence were found to be accurate, but time consuming, with runtime
increasing drastically as range, number of rays and number of sensors increased (see Section

85
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2.3.5). Both issues were analyzed carefully before the development of the parallel algo-
rithms (in which optimization strives mainly to deal with data bottlenecks) by developing
new methods that parallel computing was not able to overcome. In this context the Sim-
plex method to find 3D eigenrays was implemented in TRACEO3D, and the corresponding
validation was carried out against predictions from the TRACEO 2D model, and against
results from a tank scale experiment. The 3D predictions exhibited a remarkable similarity
with most experimental features, replicating mode shadow zones, intra-mode interference,
and mode arrivals; important connections in the ray /mode equivalence framework were no-
ticed. TRACEO predictions, unsurprisingly, were found to be valid only close to the source.
Simplex-based eigenray search allows an efficient and accurate calculation of 3D eigenrays by
determining values of the corresponding take-off angles, which lead to the shooting of rays
passing as close as desired to the position of a given receiver after multiple (and complex)
boundary reflections. Minor discrepancies found in the comparisons against experimental
results are believed to be related to beam displacement and/or signal processing issues, and
to ray theory being applied on the edge of its validity. Yet such discrepancies are completely
independent of the proposed method of eigenray search, which was found to be extremely

efficient and robust.

The calculation of ray influence was addressed using a receiver grid, i.e. a subset of adja-
cent receivers within the array, with the goal of decreasing runtime while keeping accuracy.
The validation results were performed using experimental data collected from a tank scale
experiment, and against simulated results from an analytical solution for sound propagation
in a 3D penetrable wedge. The method was able to achieve the same precision as the original

(and much slower) version of TRACEO3D using bisection. Besides, the method was found
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to be computationally efficient even when dealing with arrays containing a large number of
sensors, although some optimization was required in order to define the proper borders of

ray influence given by the finite beam width.

After the enhancement of numerical issues parallel algorithms were developed considering
a GPU architecture, that could take advantage of the inherent ray tracing parallelism and
the high workload of 3D propagation, keeping in mind that the memory access pattern was
a serious drawback to consider. The parallelism was based on the natural ray tracing organi-
zation, addressing each pair of launching angles (0, ¢) as a single parallel thread. A detailed
description of the parallel algorithms for 3D eigenrays search and ray influence calculation
was presented in Chapter 4. Besides, a device memory organization was also proposed,
which allowed for the improvement of performance in a non-classical fashion by requiring
low occupancy and high register use per thread. For each validation result a performance
analysis was carried out looking to optimize the execution configuration parameters and
number of registers per thread; this optimization procedure delivered the double of perfor-
mance at the final speedup. Considering the 3D eigenray search, the parallel implementation
was 35 times faster than the sequential version, reducing runtime from 2,287.8 s to 64.48
s. Performance comparisons with the numerical enhancement for eigenray calculations were
not shown because the proximity method failed to provide 3D predictions. Regarding TL
calculations and comparisons with experimental data the enhanced implementation was 2.83
times faster than the bisection method, while the parallel implementation was 60.11 times
faster than the sequential one. Combining both speedups the improvement was around 170
times faster (2.83 x 60.11), reducing the runtime from 542.3 s to 3.18 s. Considering the

comparison with the analytical solution the enhanced implementation was 32.76 times faster
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than the bisection method, while the parallel implementation was 21.13 times faster than
the sequential one. Combining both speedups the improvement was around 692 times faster
(32.76 x 21.13), reducing the runtime from 18,279.1 s to 26.40 s. In general, parallelization
does not degrade the accuracy as long as compatible IEEE 754 mathematical functions are
used, and as long as one avoids using CUDA compilation flags for optimization. Despite
the significant improvements in speedup it can be not guaranteed that the adopted parallel
algorithms exhausted all solutions of parallelization. It is believed that additional combina-
tions of thread granularities and memory organization can have the potential to achieve a
greater performance, but the exploration of such cases was beyond the original goal of this
work. The speedup issue is certainly related to the requirements needed to use a 3D model,
a topic which is currently under intense discussion. This thesis stands on the firm conviction
that the contributions and remarkable reduction in runtime achieved will certainly help to

overcome some of the reserves in employing a 3D model for predictions of acoustic fields.

6.2 Contributions

The contributions of this work can be summarized as follows :

1. Development of a solution for the calculation of three-dimensional (3D) eigenrays based
on Simplex optimization. It was found that the search strategy based on Simplex
optimization was able to calculate 3D eigenrays efficiently and accurately for a wedge
waveguide, thus providing predictions of arrival patterns along cross-slope range, which
replicated elaborate patterns of mode shadow zones, intra-mode interference, and mode

arrivals.

2. Development of an strategy for ray influence calculations, by relying on a grid of
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receivers, that were updated along a ray trajectory. The method was found to be

computationally efficient when dealing with arrays with a large number of receivers.

3. Development of GPU-based parallel algorithms for the TRACEO3D model with val-
idation for 3D eigenray search and ray influence, showing significant improvements
between the sequential and parallelized versions of the model. The parallel code will
be made available to allow other researchers to carry out 3D calculations, or to be used

as a reference for code parallelization.

All contributions were presented progressively in the following publications [22,24, 50,59,

70,71]:

1. R.M. Calazan and O.C. Rodriguez, “TRACEO3D Ray Tracing Model and its Parallel

Implementation”, Poster in Ciéncia 2016, Lisboa, Portugal, July 2016.

2. R.M. Calazan and O.C. Rodriguez, “TRACEO3D ray tracing model for underwater
noise predictions”, in Doctoral Conference on Computing, Electrical and Industrial

Systems, pp. 183-190, Springer, 2017.

3. R.M. Calazan and O.C. Rodriguez, and N. Nedjah, “Parallel ray tracing for underwater
acoustic predictions”, in International Conference on Computational Science and Its

Applications, pp. 43-55, Springer, 2017.

4. R.M. Calazan and O.C. Rodriguez, “Three-dimensional eigenray search for vertical
line array”, in UACE2017 - 4th Underwater Acoustics Conference and Exhibition, pp.

941-946, UACE Proceedings, 2017.

5. R.M. Calazan and O.C. Rodriguez, “Simplex based three-dimensional eigenray search
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for underwater predictions”, The Journal of the Acoustical Society of America, vol.

143, no. 4, pp. 2059-2065, 2018.

6. R.M. Calazan and O.C. Rodriguez, “GPU-Based 3D eigenrays search for underwater

acoustics predictions”, Poster in Ciéncia 2018, Lisboa, Portugal, July 2018.

6.3 Future work

Future directions of research can be described as follows:

e Further validation looking to assess the model’s performance and accuracy, through

the calculation of 3D eigenrays and ray influence in typical ocean environments with
complex bathymetries like sea canyons, or complex sound speed fields like the one
produced by an upwelling regime. It is believed that such complex waveguide features
will require the development of smoothing criteria in order to handle eventual erratic

behaviors of propagating rays.

Incorporation of additional theoretical methods into the TRACEO3D model in order

to improve its accuracy at low frequencies.

Addition of code to allow TRACEO3D to read tabulated reflection coefficients.

Tests with different thread granularities, requiring new memory organization and ex-
ecution configuration parameters; within this context the following issues are to be

considered:

— Take advantage, when possible, of GPU hardware filtering for 2D /3D interpola-

tion using texture memory for boundary intersections and sound speed calcula-
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tions.

— Improve the copy host - device using asynchronous transfers during the kernel
computation; this improvement can be important for calculations when the device
memory is not sufficient to store the data, as discussed for the RA TL results (see

Section 5.4.4).

e Improve the OpenMPI version to calculate 3D eigenrays exploiting multiple CPU cores
in super computers (clusters, for instance) and scaling the parallel model in multiple

GPU nodes.

e Unlike the sequential version of TRACEO3D the parallelized version of the model lacks
the code to support calculations of particle velocity. Thus, a code update to fix this

issue can be expected in the future.
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Appendix A

Installation

A.1 Pre-installation tasks

The parallel version was developed based on the heterogeneous programming CPU + GPU
considering the CUDA platform. Thus, gfortran GNU and nvec CUDA® compilers are
needed. CUDA is a parallel computing platform and programming model developed by
NVIDIA. Users have to follow the NVIDIA CUDA Installation Guide procedures to install
the CUDA toolkit [72]. The validation tests were performed using an Ubuntu 16.04 LTS

operation system.

The input file generates a structure with the environmental information and model
configuration. In the same file, the model is called to perform calculations. The input
file have to be loaded using MATLAB® or Python. More details about the input file are

presented in Appendix B.
A.2 Model installation

Before running the install script on the command line the user should review the corre-
spondent definitions and adapt them to his local machine. After a successful compilation

the user can place the resulting binary (gputraceo3d.exe) in a folder, where the system
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can find it.

To install the model open a command line and execute the install script

$ ./install.sh

This script creates the objects, the execution file and clean the objects code; specific

details can be found inside the script file.
A.3 Compiling options

The following list shows the definitions used in the installation file:

CcC = GPU compiler

FC = FORTRAN compiler

CFLAGS = CUDA capability

SDFLAGS = library flags location
EXECUTABLE = executable file name
CMODULES = cuda model source files
COBJECTS = cuda objects

SOURCES = FORTRAN model source files

PSOURCES = FORTRAN model source files for bridge pourposes

A.4 Compilation file example

A particular makefile is shown below:

# MAKEFILE CPU/GPU TRACEO3D
# by Rogerio Calazan and Orlando Rodriguez
# Faro—PT, Sat Jul 7 18:21:27 WEST 2018

# sxxxx  COMPILER #xxxx
CC = nvce
FC = gfortran

# x#xx%  COMPILER FLAGS *%x#*x
CFLAGS = —gpu—architecture=sm_50
SDFLAGS = —L /usr/local/cuda/lib64 —I /usr/local/cuda/include/thrust —lcud:

# xxxxk  EXEC NAME %% x
EXECUTABLE = gputraceo3d .exe
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# xxxx4x GPU TRACEOSD Files x#x%xx
CMODULES = cudabridge.cu \
kernels.cu \
fdevices.cu \

COBJECTS = cudabridge.o \
kernels.o \
fdevices.o \

SOURCES = baryco2d . for
baryco3d . for
brcket . for
bdryr . for
bliild . for
bcuild . for
blii2d . for
bcui2d . for
blii3d . for
bcuidd . for
bpai2d. for
calrco . for
caleis . for
cnvnts. for
cramer . for
cross . for
csvals . for
cvalsl . for
cvals2 . for
cvals3 . for
dtelcm . for

P P L L A A A A

rkf45 . for
sbdyi. for
si2p2d. for
sidp2d . for
sidp2d . for
sorti.for
r2x2 . for
raybi. for
reflct . for
seikeq . for
sdyneq . for
thorpe . for
calcpf. for
gpressf.for

P L A A A
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bracketReceiver. for
invmat . for
sdyneqPress. for
calcpf_ii.for
gpressf_ii.for

PSOURCES = caleisgpu . for
calesgpu . for

calecprgpu. for

calgpu. for

simplex . for
seikeqSegPlanInt . for
intsegplane . for

= = =

allp: modc execp install clean

modc : $ (CMODULES)
$(CC) $(CFLAGS) —device—c $(CMODULES) —resource —usage
$(CC) $(CFLAGS) —device—link $(COBJECTS) —output—file link.o

—resource —usage

execp: $(OBJECTS)
$(FC) —fbounds—check —o $(EXECUTABLE.GPU) traceo3d.for
$(SOURCES) § (PSOURCES) $(COBJECTS) link .o $(SDFLAGS) —O3

execs: $(OBJECTS)
$(FC) —o $(EXECUTABLE) traceo3ds.for $(SOURCES) —O3

install:

mv *.exe ~/bin
clean:

rm *.0
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Input file structure

B.1 Running options

The general structure of the input file (hereafter called INFIL) can be better understood
if one thinks of it as composed of blocks; each block describes a particular element of the
waveguide, from top to bottom. In order to provide a friendly view of the INFIL the blocks
are separated with a long line, which is ignored by the model. The structure of the INFIL

is as follows:

Title

Source Block
Altimetry Block
Sound Speed Block
Objects Block
Bathymetry Block
Array Block
Output Block

The Title is a character string, which is written in the LOGFIL (the file with the *.log

extension). The structure of each block is as follows:

Source Block:

source_data .ds ray step
source_data.position source coordinates
source_data . f source frequency
source_data.thetas elevation angles
source_data.phi azimuth angles

109
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source_data
source_data
source_data
source_data.

.nthetas
.nphi
.xbox

ybox

number of
number of
range box
range box

elevation angles
azimuth angles
in x axis

in y axis

Altimetry Block:

surface_data
surface_data

surface_data.

surface_data

surface_data.

surface_data
surface_data

surface_data.

.type
.ptype
itype

. X

y

.z

.units
properties

surface type

surface properties
surface interpolation
surface coordinates
surface coordinates
surface coordinates
attenuation units
surface properties

surface type can be one of the following characters:

"A’  absorbent surface

'E’ elastic surface

'R’ rigid surface

"V’ vacuum over surface

surface properties can be one of the following characters:

7H7

homogeneous surface

7N7

non-homogeneous surface

interpolation type can be one of the following characters:

7FL7

flat surface

72P7

piecewise linear interpolation

units can be one of the following characters:
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T dB/kHz
‘M’ db/meter
‘N’ dB/neper
'Q7  Q factor
"W db/A

Sound Speed Block:

ssp_data.ctype type of sound speed distribution
ssp_data .x point coordinates

ssp_data.y point coordinates
ssp_data .z point coordinates
ssp_data.c sound speed data

For a sound speed field both range and depth derivatives are calculated using a bi-
dimensional barycentric parabolic interpolator, on the grid of points. For a sound speed
profile all range derivatives are zero; depth derivatives are calculated depending on the value

of type, which can be one of the following strings:

'ISOV’  isovelocity profile
"TABL’ tabulated profile

When specifying the sound speed profile or field it is highly recommended to use an
evenly spaced grid, avoiding vertical segments where a smooth variation is followed by an
isovelocity layer. Including such segments introduce unrealistic artifacts, which result from

the calculation of inaccurate sound speed gradients.
Object Block:

The 3D object capability is under development, but the following line is mandatory:

object_data.nobjects = 0;
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Bathymetry Block:
The structure of this block is identical to the structure of the altimetry block.

Array Block:

output_data.x sensors im x coordinate
output_data.y sensors in y coordinate
output_data.z sensors in z coordinate
output_data.nxa number of sensors along x
output_data.nya number of sensors along y
output_data.nza number of sensors along =z

Array geometry definition:

e single receiver: z,y,z with one element;

e vertical line array: z and y with one element; 2z with depth coordinates;

e horizontal line array in x: y and z with one element; z with range coordinates;

e horizontal line array in y: z and z with one element; y with range coordinates;

e vertical plane array in x: y with one element; x with range coordinates; z with

depth coordinates;

e vertical plane array in y: x with one element; y with range coordinates; z with

depth coordinates.

Output Block:

output_data.ctype output type
output_data.miss eigenray parameter

The option outype defines the type of output and can correspond to one of the following

strings:
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'CPR’ output Coherent acoustic PRessure
'EIR’ output Eigenrays, parallel regions
'EIS”  output Eigenrays, parallel regions and Simplex

The miss parameter is used as a threshold to find the 3D eigenrays.

B.2 Model output

After creating the input file (for instance, munk.in) the user can run the model with the

command

$ gputraceo3d.exe munk

according to the desired output the model will create one of the following Matlab mat files:

1. cpr.mat: coherent acoustic pressure; and

2. eig.mat: eigenray information

B.3 Example

A example using the environmental and geometry information from the tank scaled experi-
ment (see Section 5.2) and considering a source-hydrophone range of 2 km is provided here
to illustrate the model utilization. The plots shown in Figs B.1 and B.2 are produced by
running the model with the output option ’EIR’ and using the follow command under the
Matlab prompt

$tank_gputraceo3dd

All the files mentioned in these appendix are distributed together with the model code.
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Figure B.1: Eigenray predictions for TRACEO3D, across-slope propagation on the wedge waveg-
uide; (a) horizontal plane and (b) perspective view. Source-receiver ranger corresponds to 2 km.
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TRACEQ3D Ray Tracing Model for Underwater
Noise Predictions
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Abstract. Shipping noise is the main source of underwater noise raising concern
among environmental protection organizations and the scientific community.
Monitoring of noise generated by shipping traffic is a difficult challenge within
the context of smart systems and solutions based on acoustic modeling are being
progressively adopted to overcome it. A module of sound propagation stands as
a key point for the development of a smart monitoring system since it can be used
for the calculation of acoustic pressure, which can be combined with estimates
of the source pressure level to produce noise predictions. This paper addresses
the usage of the TRACEO3D model for application in such systems; the model
validity is addressed through comparisons with results from an analytical solution
and from a scale tank experiment. The comparisons show that the model is able
to predict accurately the reference data, while a full-field model (normal mode-
based, but adiabatic) is only accurate till a certain degree. The results show that
TRACEO3D is robust enough to be used efficiently for predictions of sound
propagation, to be included as a part of a smart system for underwater noise
predictions.

Keywords: Shipping noise - Monitoring - Underwater acoustic - Ray tracing -
Smart systems

1 Introduction

Shipping noise is the main source of underwater noise raising concern among environ-
mental protection organizations and the scientific community. Shipping noise can prop-
agate at long distances (like tens or hundreds of kilometers), thus having the potential
to mask and/or disturb biological relevant sounds, such as those vocalized by marine
animals for mating, orientation or detection of prays and predators. Monitoring of ship-
ping noise is a difficult challenge due to many factors like, for instance, lack of equipment
standardization and the large extensions to be covered (as a reference, the Portuguese
EEZ itself has an area of about 1,7 million km2). Recently, the Marine Strategy Frame-
work Directive [1] proposed the adoption of shipping noise modeling to overcome such
difficulties. Generally speaking, realistic estimates of noise require transmissions loss
(TL) predictions in coastal zones with a complex bathymetry and/or a complex sound
speed distribution. To ease the computation load of the predictions they can be based
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on the adiabatic coupling of modes and/or the so-called N X 2D modeling, in which the
three-dimensional field is constructed using N slices of predictions on a vertical plane,
produced with a two-dimensional model. A shipping noise prediction tool based on this
approximation, combined with data from an Automatic Identification System (AIS), is
discussed in [2] and shows that the system is able to produce relevant estimates of ship-
ping coastal traffic. However, it is well known that even in the simplest case a three-
dimensional bathymetry, either by itself or combined with a sound speed field, can
induce propagation not confined to a given slice, an effect known as out-of-plane prop-
agation. Modeling of acoustic fields in three-dimensional waveguides, accounting for
out-of-plane propagation, had been an active field of research for many years [3-5]. In
this context the wedge problem has been an important reference given the availability
of an analytical solution [6-8]. Despite the apparent simplicity of the wedge problem
the corresponding analytical solution has revealed many interesting features of three-
dimensional propagation, such as horizontal refraction, mode coupling and rays prop-
agating up-slope before connecting a source to a receiver. Recent evidence from tank
scale experiments fully supports the analytical predictions [9].

Of interest for the topics discussed here is the TRACEO3D ray tracing model, which
is able to predict fields of acoustic pressure and particle velocity in environments with
elaborate boundaries; the model is under current development at the Signal Processing
Laboratory (SiPLAB) of the University of Algarve. This paper looks forward for a robust
module of sound propagation for noise predictions, through the comparisons of
TRACEO3D predictions with results from an analytical solution of the wedge problem,
and with results from a scale tank experiment [5]; both cases are considered to provide
a robust reference to test the model’s accuracy. The comparisons show that the model
is able to predict accurately the reference data, while adiabatic coupling is only valid
for a small wedge.

The remainder of this paper is organized as follows: Sect. 2 identifies the relationship
of this work to the issue of Technological Innovation for Smart Systems; Sect. 3
compactly describes the TRACEO3D model; Sect. 4 provides a brief description of the
analytical solution for the wedge problem, and of the scale tank experiment; Sect. 5
discusses the comparisons; Sect. 6 presents the conclusions and future work.

2 Relationship to Smart Systems

Generally speaking, Smart Systems are technologies able to combine data processing
with sensing, data exploration and communication, and capable to analyze complex
situations in order to take autonomous decisions. Although the availability of sensors is
increasing in terms of accuracy and specificity (thus providing a better adaptation to the
system objectives) the capability to develop predictions simultaneously with the acquis-
ition of data improves the ability of a given Smart System to deal with real word (mostly
unpredictable) situations. Of particular importance for the system is to rely on environ-
mental knowledge to compensate for a given lack of information, or to proceed to a
given task given a certain type of previous information. For the specific conditions of
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underwater acoustics a fundamental component of the Smart System should be a module
for predictions of sound propagation, which can be further processed in order for the
Smart System to proceed accordingly. Particular examples of such modules can be found
in the literature for the case of underwater noise monitoring [2], underwater communi-
cations [10] and source tracking [11].

3 The TRACEO3D Ray Tracing Model

The TRACEO3D model is a recent three-dimensional extension of the TRACEO ray
model [12, 13]. Generally speaking, TRACEO3D produces a prediction of the acoustic
field in two steps: first, the Eikonal equation is solved in order to provide ray trajectories;
second, ray trajectories are considered as the central axes of Gaussian beams, and the
acoustic field is calculated as the coherent superposition of beam influences. The model
can take into account the environmental variability in range, depth and azimuth.

4 The Wedge Problem

The general geometry of the wedge problem is shown in Fig. 1, with the wedge apex
aligned along the Y axis; in the given geometry a stands for the wedge angle, and the
source is located at the position (0, 0, zS). Propagation along the positive/negative X
axis is known as downslope/upslope propagation, respectively, while propagation along
the Y axis is known as cross-slope propagation. Two-dimensional acoustic models can

Fig. 1. Geometry of the wedge problem; the star indicates the source position; the dots indicate
an array in the cross-slope direction.



4 R.M. Calazan and O.C. Rodriguez

be used to predict accurately upslope and downslope propagation and the models accu-
racy had been properly confirmed through comparisons with experimental data. Cross-
slope propagation on the other side leads to out-of-plane effects and requires a three-
dimensional model.

4.1 The Analytical Solution

A detailed description of the analytical solution can be found in [6-8]. Overall, the
solution is based on the method of images, where the contribution of each image can be
represented in terms of a Bessel function expansion inside an improper integral; numer-
ical implementation of the solution is generally intensive because the convergence of
the series is slow, and worsens when small o are considered; in this case the image
solution can be replaced with the much faster adiabatic-mode solution. The limits of
validity of the adiabatic solution still remain a topic of intense discussion.

4.2 The Scale Tank Experiment

The experimental data was obtained from an indoor shallow-water tank of the LMA-
CNRS laboratory in Marseille. The tank experiment is described in detail in [5, 14],
therefore a compact description is presented in this section. The inner tank dimensions
were 10 m long, 3 m wide and 1 m depth. The source and the receiver were both aligned
along the across-slope direction, as shown in Fig. 2. The bottom was filled with sand

Fig. 2. Indoor shallow-water tank of the LMA-CNRS laboratory of Marseille (from [5]).
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and a rake was used to produce a slope angle a ~ 4.5°; sound speed in the water was
considered constant and corresponded to 1488.2 m/s. The bottom parameters corre-
sponded to cp = 1655 m/s, p = 1.99 g/cm® and a, = 0.5 dB/A. The source was located
at 8.3 mm depth and bottom depth at the source position corresponded to 44.4 mm. The
ASP-H (for horizontal measurements of across-slope propagation) data set was
composed of time signals recorded at a fixed receiver depth and at several source/
receiver distances starting from r = 0.1 m until r = 5 m in increments of 0.005 m,
providing a sufficiently fine representation of the acoustic field in range. Three different
receiver depths were considered, namely 10 mm, 19 mm and 26.9 mm, corresponding
to data subsets referenced as ASP-H1, ASP-H2 and ASP-H3, respectively. Acoustic
transmissions were performed for a wide range of frequencies; however, comparisons
are presented only for data from the ASP-HI1 subset with the highest frequency
(180.05 kHz); this is due to the fact that the higher the frequency the better the ray
prediction. It is important to remark that a scale factor of 1000:1 is required to properly
modify the frequencies and lengths of the experimental configuration; that implies that
the following conversion of units is adopted: experimental frequencies in kHz become
model frequencies in Hz, and experimental lengths in mm become model lengths in m;
for instance, an experimental frequency of 180.05 kHz becomes a model frequency of
180.05 Hz, and an experimental distance of 10 mm becomes a model distance of 10 m.
Sound speed remains unchanged, as well as compressional and shear attenuations.

5 Comparisons

The TRACEO3D and KRAKEN models were used to perform TL predictions, which
were compared with results from the analytical wedge solution and with measurements
from the scale tank experiment. The KRAKEN model is based on normal mode theory
[15]; as in the case of TRACEO3D, KRAKEN 3D calculations can be done in two steps:
first, modes can be calculated on a two-dimensional grid; second, modes can be coupled
along different directions over the grid to produce a 3D prediction. For smooth bathy-
metries one-to-one exchange of modal energy (i.e. adiabatic coupling) can provide
accurate and computationally efficient 3D predictions.

Table 1. Parameters for the wedge problem.

Parameters Units Analytical solution Scale tank experiment
o ° 0.5 4.5

Frequency Hz 50 180.05

Sound speed m/s 1500 1488.7

Source depth m 10 8.3

Depth at source position m 90 44.4

Bottom compressional speed m/s 2000 1700

Bottom compressional density | kg/m® 2 1.99

Bottom compressional dB/A 0.5 0.5

attenuation
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Fig. 3. Comparisons for the (a) analytical solution and (b) experimental results.

Waveguide parameters for the analytical solution and for the experimental data are
shown in Table 1; itis important to remark the difference in frequencies: for the analytical
case the frequency is much lower than for the experimental data; such low value of
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frequency is important to test whether the ray approximation can be still valid for the
parameters of the analytical solution. Comparisons for the analytical solution and for
the experimental data are shown in Fig. 3. In Fig. 3(a) one case see clearly that the two
models produce accurate predictions, although KRAKEN’s prediction is smoother, a
fact that can be attributed to the low value of frequency. On the other hand, in Fig. 3(b)
KRAKEN’s prediction is only accurate at the initial ranges, and quickly starts to diverge
due to the failure of the adiabatic prediction to account for the exchange of energy
between modes of different orders. TRACEO3D on the other side is able to produce an
accurate prediction in both amplitude and phase along the entire cross-slope range, thus
showing the capability of the model to deal with an arbitrary wedge slope.

6 Conclusions

The discussion presented in the previous sections demonstrated the feasibility of using
TRACEO3D as a module of sound propagation for noise predictions, through the
comparisons with results from an analytical solution of the wedge problem and meas-
urements from a scale tank experiment. The comparisons show that the model is able to
predict the reference data, while adiabatic coupling is only valid for a small wedge.
Despite the low frequency limitation, typical of ray theory, TRACEO3D was able to
provide an accurate prediction for the analytical (low-frequency) case. The results also
indicate that TRACEO3D can be able to deal with arbitrary bathymetries, a feature of
fundamental importance for the development of a Smart System for the monitoring of
shipping noise. Future work will be dedicated to optimize the current version through
parallel computing, allowing decreasing the computational time, and enabling the model
to provide fast predictions in an environment with a fine grid. Further improvements
will also look for efficient solutions of 3D eigenrays search and fast 3D calculations of
particle velocity.

Acknowledgments. This work received support from the Foreign Courses Program of CNPq
and the Brazilian Navy. Thanks are due to the SiPLAB research team, FCT, University of Algarve
and MarSensing. The authors are also deeply thankful to LMA-CNRS for allowing the use of the
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Abstract. Different applications of underwater acoustics frequently rely
on the calculation of transmissions loss (TL), which is obtained from
predictions of acoustic pressure provided by an underwater acoustic
model. Such predictions are computationally intensive when dealing with
three-dimensional environments. Parallel processing can be used to mit-
igate the computational burden and improve the performance of cal-
culations, by splitting the computational workload into several tasks,
which can be allocated on multiple processors to run concurrently. This
paper addresses an Open MPI based parallel implementation of a three-
dimensional ray tracing model for predictions of acoustic pressure. Data
from a tank scale experiment, providing waveguide parameters and TL
measurements, are used to test the accuracy of the ray model and the
performance of the proposed parallel implementation. The corresponding
speedup and efficiency are also discussed. In order to provide a complete
reference runtimes and TL predictions from two additional underwater
acoustic models are also considered.

Keywords: Parallel computing + Open MPI - Underwater acoustics -
Ray tracing

1 Introduction

Ocean acoustic models are numerical tools, which provide a detailed descrip-
tion of sound propagation in the ocean waveguide. This is achieved through
the computation of the pressure field transmitted by a set of acoustic sources
and received on a set of hydrophones. Ocean acoustic models can be classified
into different types, depending on the particular analytical approximation of
the wave equation that the model implements numerically. Ray tracing models,
for instance, are based on geometrical optics and address the solution of the
wave equation using a high frequency approximation, which leads to the com-
putation of wavefronts based on ray trajectories. In three-dimensional scenarios
the underwater models are expected to deal with out-of-plane propagation, i.e.
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the models should be able to take into account the environmental variability in
range, depth and azimuth, which is induced by a three-dimensional bathymetry
or/and by a sound speed field [1-3].

The fundamental metric provided by an underwater model is the acoustic
pressure, which is used to estimate the transmission loss (TL). TL by itself
properly allows to measure the variation of a signal strength with distance [2],
and represents a fundamental term in the sonar equations [4]; TL estimation is
also fundamental for predictions of underwater noise [5] and source tracking [6],
just to mention a few of many possible applications. However, the calculation
of TL in a three-dimensional environment is computationally intensive and very
time consuming.

Parallel processing is a strategy used to provide faster solutions to com-
putationally complex problems by splitting the workload into sub-tasks, that
would be allocated on multiple processors to run concurrently. In this sense,
the distributed memory architecture is widely employed to achieve high per-
formance computing. This architecture takes advantage of a Message Passing
libraries to perform communication and synchronization such as, for instance,
Open MPT [7].

This paper proposes a parallelization strategy of a ray tracing model, as well
as its implementation using Open MPI to compute the acoustic pressure. In order
to evaluate the proposed strategy and its implementation, data from a tank scale
experiment are used to provide waveguide parameters and TL measurements to
compare against predictions. The speedup and efficiency achieved are reported
and discussed. Furthermore, two additional underwater acoustic models are used
to compare the performance in terms of execution time and accuracy of TL
predictions, against those obtained by the proposed implementation. The results
show that the parallel implementation is able to improve the model performance
significantly without compromising the accuracy of the predictions.

The remainder of this paper is organized as follows: Sect. 2 describes previous
work in the field of parallel implementations of underwater acoustic models;
Sect. 3 briefly describes the ray model; Sect. 4 describes the proposed strategy
and its parallel implementation; Sect. 5 provides a description of the tank scale
experiment; Sect. 6 discusses in detail the obtained results and compares them
to those provided by the additional models; Sect. 7 presents the conclusions and
points out directions for future work.

2 Previous Work

The discussion presented in [8] describes a parallel implementation of a par-
abolic equation based algorithm using MPI libraries, aimed at the analysis of
3D acoustic effects. The results indicate that for both idealized and realistic
cases of underwater propagation the parallel implementation of the parabolic
model reduced drastically the execution time. Alternatively, a GPU-based par-
allel implementation of a split-step Fourier parabolic equation is presented in [9],
which shows that the GPU version could be ten times faster than a multi-core
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version using OpenMP. However, several idealized test cases considered to eval-
uate the implementations allowed to conclude that measurements of execution
time of the multi-core were unreliable. The task of eigenray 3D search in the
case of an irregular seabed using a parallel implementation based on OpenMP
is discussed in [10]. The results are obtained for an idealized test case, and
the implementation is reported to 3.76x faster than the sequential implemen-
tation, while preserving accuracy. However, the performance is evaluated using
a reduced number of cores, and the solution scalability is limited to only one
processor. Unlike the above discussed implementations the problem presented
here will address the development of an efficient multi-core implementation, to
be evaluated in terms of performance and accuracy against experimental data.

3 The Ray Tracing Model

The ray tracing model considered here is called TRACEQOS3D, and corresponds to
a three-dimensional extension of the TRACEO ray model [11,12]. TRACEO3D
is under current development at the Signal Processing Laboratory (SiPLAB)
of the University of Algarve, and is able to predict acoustic pressure fields and
particle velocity in environments of elaborate boundaries. The model produces
ray, eigenray, amplitude, travel time information and can be able to take in
account for out-of-plane propagation.

Generally speaking, TRACEO3D produces a prediction of the acoustic field
in two steps: first, the set of Eikonal equations is solved in order to provide
ray trajectories; second, ray trajectories are considered as the central axes of
Gaussian beams, and the acoustic field at the position of a given hydrophone
is computed as a coherent superposition of beam influences. The main steps of
acoustic pressure calculations are summarized in Algorithm 1. It is important to
remark that the total number of rays that are required to produce the prediction
depends not only of the set of elevation angles, but also of the set of the azimuth
angles. The computational time is therefore proportional to the total number
of rays n, and to the hydrophone array size h. Furthermore, the choice of the
parameter n is problem dependent because it is related to the amount of rays
needed to sweep the 3D waveguide.

4 TRACEO3D on Distributed Memory Multi-core
Processors

The Distributed Memory architecture is an efficient way to achieve high per-
formance computing with multiprocessors, in which each processor has his own
private physical address space [13]. The processors are interconnected via a high-
speed network used for message exchange as illustrated in Fig. 1.
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Algorithm 1. Sequential TRACEO3D version
: load initial values
let ¢ = set of azimuth angles
let 6 = set of elevation angles
let h = number of hydrophones
consider n = ¢ x § number of rays
for j:=1—ndo
launch ray; with ¢; and 6;
solve the Eikonal equations
compute the dynamic equations
for/:=1— hdo
compute the acoustic pressure for hydrophone;
end for;
: end for;
: return the acoustic pressure computed for all rays

= = e
N

Core 1 ) Core 2

Interconnection
network

Application sends Application receives
data = data

fte
System buffer System buffer

- ——— data

Fig. 1. Communication by message in a distributed memory multi-core architecture

4.1 MPI Basic Concepts

The Message Passing Interface (MPI) is a specification for a standard message
library, which was defined in the MPI Forum [14]. The Open MPI [7] is a open
source MPI implementation of the MPI specification, designed to be portable
and efficient for high-performance architectures. A parallel process using MPI
has his own private address space. When a process, say A needs to communicate
with another process, say B, process A sends some data stored in its address
space to the system buffer of process B, which can reside in distinct processor,
as show in Fig. 1. The system buffer is a memory space reserved by the system
to store incoming messages. This operation is cooperative and occurs only when
process A performs a send operation and process B performs a receive operation.

There are blocking and no-blocking primitives for sending/receiving mes-
sages. In the case of blocking primitives, the processes involved in the operation
would stop the program execution until the send/receive operation is completed.
Otherwise, the program execution continues immediately after scheduling the
communication. The MPI lists the communicating processes in groups, wherein
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the processes are identified by their classification within that group. This classi-
fication within the group is called ranking. Thus, a process in MPI is identified
by a group number followed by its rank within this group. As a process may be
part of more than one group, it may have different ranks. A group uses a specific
communicator that describes the universe of communication between processes.
The MPI_.COMM_WORLD is the default communicator. It includes all processes
defined by the user in a MPI application.

Algorithm 2 displays some of the main MPI primitives using FORTRAN. The
command at line 5 defines and starts the environment required to run the MPI.
The statement at line 6 identifies the process within a group of parallel processes.
The function at line 7 returns the number of processes within a group. From that
point on, each process runs in parallel as specified in the parallel region. Running
processes may cooperate with each other via message passing. The routine at
line 9 ends all MPI processes.

Algorithm 2. Example of MPI primitives implemented in Open MPI using
FORTRAN

1: program example

2: include mpif.h

3: integer rank, size
/* Sequential region */
call MPIINITY()
call MPIT.COMM_RANK(MPI_.COMM_WORLD,rank)
call MPI_.COMM_SIZE(MPI_COMM _WORLD,size)

/* parallel region */

9: call MPI_FINALIZE()
10: /* Sequential region */
11: return

4.2 Parallel Implementation

The approach for the parallel Open MPI extension of TRACEO3D (hereafter
called TRACEO3Dompi) is described in Algorithm 3. First, in line 2, a paral-
lel environment is initialized for p distinct processes. After that each process
loads the initial conditions, and therefore the algorithm proceeds with the divi-
sion of the workload at ray level to balance the load of existing processes, as
shown in line 8. The workload can be affected not only by the total number of
rays but also by the ray path that it follows. When a given ray is launched,
it follows his own trajectory and can be characterized by a given propagation
time; computationally this means that each ray has his own execution time. The
differences between such times can potentially lead to an unbalance within the
process’s workload, since one process may require more computational effort to
trace one ray than another, thus increasing the overall execution time. On the
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other hand, rays with adjacent launching angles usually have similar trajecto-
ries, and consequently exhibit similar execution times. Thus, to avoid that the
same process gets all the rays that might be more time consuming, adjacent
rays are executed in different processes, selected according to the rank value,
to balance the workload, as described in line 11. In line 12, each process starts
to compute his respective set of rays. For each ray, the set of Eikonal equations
is solved. After that, the computation of the dynamic equations is performed
in line 15. Then, the contribution of the ray for the acoustic pressure in each
hydrophone is calculated in line 17. When this is done for k rays each process
sends a message to MASTER to compute all contributions, and return the final
result. It is important to remark that there are only two moments when inter-
process communication occurs: at the beginning (as shown in line 2), and at the
end (as shown in lines 20-24).

Algorithm 3. Parallel TRACEO3D Open MPI Extension
: let p = number of processes
MPI_Init()
generate rank for each process
load initial values
let ¢ = set of azimuth angles
let 6 = set of elevation angles
let h = number of hydrophones
consider n = (¢ x 0) /p number of rays per process
do i =n X rank
cdok=1i+n
: select the launch angles ¢; i and 6;. ; according to rank
: for j:=i— k do
launch ray; with ¢; and 6;
solve the Eikonal Equations
compute the Dynamic Equations
for [:=1— h do
compute the acoustic pressure for hydrophone;
end for;
: end for;
: if rank = Master then
receive the computed acoustic pressure for rank
. else
send the computed acoustic pressure to Master
: end if;
: MPI_Finalize()
: return the acoustic pressure computed for all set of processes

RN DNNNDN = s b
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5 The Tank Scale Experiment

Experimental data acquired at an indoor shallow-water tank of the LMA-
CNRS laboratory in Marseille was used to test the accuracy of predictions.
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The experiment is described in detail in [3,15], thus a brief description is pre-
sented here. The inner tank dimensions were 10 m long, 3 m wide and 1 m deep.
The source and the receiver were both aligned along the across-slope direction,
as shown in Fig.2. The bottom was filled with sand and a rake was used to
produce a slope angle o = 4.5°; sound speed in the water was considered con-
stant and corresponded to 1488.2 m/s. The bottom parameters corresponded to
cp = 1655 m/s, p = 1.99 g/cm?® and o, = 0.5 dB/A. The source was located
at 8.3m depth and bottom depth at the source position corresponded to 44.4
m. For modeling purposes the waveguide geometry is shown in Fig. 3, where
the cross-slope range corresponds to 5km. The ASP-H' data set is composed
of time signals recorded at a fixed receiver depth, and source/receiver distances
starting from » = 0.1 m until 7 = 5 m in increments of 0.005 m, providing
a sufficiently fine representation of the acoustic field in terms of range. Three
different receiver depths were considered, namely 10 mm, 19 mm and 26.9 mm,
corresponding to data subsets referenced as ASP-H1, ASP-H2 and ASP-H3,
respectively. Acoustic transmissions were performed for a wide range of frequen-
cies. However, comparisons are presented only for data from the ASP-H1 subset
with a highest frequency of 180.05 Hz; this is due to the fact that the higher the
frequency the better the ray prediction. It is important to notice that a scale
factor of 1000:1 is required to properly modify the frequencies and lengths of the
experimental configuration. This implies that the following conversion of units
is adopted: experimental frequencies in kHz become model frequencies in Hz,
and experimental lengths in mm become model lengths in m. For instance, an
experimental frequency of 180.05 kHz becomes a model frequency of 180.05 Hz,
and an experimental distance of 10 mm becomes a model distance of 10 m. Sound
speed remains unchanged, as well as compressional and shear attenuations.

Fig. 2. Indoor shallow-water tank of the LMA-CNRS laboratory of Marseille [3]

! For horizontal measurements of cross-slope propagation.
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Fig. 3. Upslope environment parameterization for modeling

6 Results and Analysis

The set of waveguide parameters provided by the tank scale experiment were
used as input for the models to compute predictions of TL. The models execution
is performed by a computer server with two CPUs Xeon(R) E5-2420 of 1.90 GHz,
where each CPU has 6 physical cores. In order to analyze the performance and
scalability of the parallel implementation, the execution time of the sequential
TRACEOS3D version is compared to that of the TRACEO3Dompi using different
number of processors. Table 1 presents the number of processors, followed by the
achieved execution time and speedup, which are also shown in Fig. 4(a) and (b),
respectively. Each MPI processes is mapped to one physical core. Figure 4(c)
shows the efficiency of the parallel implementation, which is described as the
speedup divided by the number of processes [16].

Table 1. Execution times and speedups for the sequential vs. parallel versions of
TRACEO3D

#Processors | 1 2 3 4 5 6 7 8 9 10 |11 |12
Runtime (s) | 621.1/297.9]197.8|149.8|119.5|100.0|86.4|75.6 | 68.3 |61.6 |56.3|51.4
Speedup 1 2.1 31| 41| 51| 6.2 72| 82| 9.1/10.1/11.0/12.1

The results show that the parallel implementation is able to achieve a linear
speedup; in particular, when the number of processors exploited is between 2
and 8, the efficiency is found to be above 100%. This is believed to be due to the
superlinearity effect of caches [16], as the parallel implementation scatters the
items of several vectors, which introduces a lower memory use at each parallel
process. Fig. 4(d) presents the root mean square error (RMSE) for TL predictions
results between the sequential and parallel implementations. One can see that



Parallel Ray Tracing for Underwater Acoustic Predictions 9

12
— Linear Speedup
10 -+ TRACEO3Dompi
z o 8 P
g g
g 26 %
E @
4
2
2 4 6 8 10 12 2 4 6 8 10 12
Number of processors Number of processors
(a) Execution time (b) Speedup

-3-B-8-8-0-p-g.g oo JI .
10 -] 8- 8- 4O - 107

g 80
>
o
5] w
5 60 I - CAU- Gt Sy M S0 SR Gk
Eﬁ o —14|
3 40 107
[
S
a
20
—— Theoretical Efficiency
-+ TRACEO3Dompi ;
0 2 4 6 8 10 12 2 4 6 8 10 12
Number of processors Number of processors
(c) Efficiency (d) RMSE

Fig. 4. Results of sequential vs. parallel implementations

14
[ TRACEO3D I BELLHOP3D
[ BELLHOP3D 12
[T KRAKEN n
I TRACEO3Dompi 0 I TRACEO3Dompi
S
(9]
2
g 6
4
2
Model 0 Model
(a) Execution time (b) Speedup
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the difference between the values is lower than 1072 for any set of processes.
Another issue is that the parallel efficiency is constrained to address each process
to one physical core, and thus the parallel processes do not take advantage of
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Table 2. Execution times and speedups for the three-dimensional models

Model TRACEO3D | KRAKEN3D | BELLHOP3D | TRACEO3Dompi
Runtime (s) | 621.1 271.10 263.05 51.41
Speedup 1 2.3 2.4 12.1
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virtual cores. It is believed that the intensive computation makes use of the
resources available at the physical core, disabling the advantage of simultaneous
multithreading technology [13].

Additional analysis regarding the performance and accuracy of
TRACEO3Dompi was performed using two other acoustic models: BELLHOP3D
[17] (which is also based in ray theory and is a three-dimensional extension of
Bellhop ray model [18]), and KRAKEN (which is a model based on normal
mode theory [19,20]). Both models are able to provide TL predictions in three-
dimensional environments?. Table2 shows the execution times and speedups
relative to TRACEO3D.

Figure 5(a) and (b) shows the results of execution time and speedup, respec-
tively. It can be seen that the parallel implementation is up to 12x faster than
the sequential version, and up to 5x faster that BELLHOP3D and KRAKEN.
Comparisons against experimental data are shown in Fig. 6(a) for KRAKEN,
while Fig.6(b) shows the corresponding results for both BELLHOP3D and
TRACEO3D. It can be seen that KRAKEN’s prediction is only valid at the
initial ranges®, while TRACEO3D and BELLHOP3D predictions are able to
follow accurately the experimental data.

7 Conclusions

This paper discussed the performance of a parallel implementation of the ray
model TRACEQO3D, using Open MPI, aiming at fast computations of acoustic
pressure. The accuracy of the model and its parallel implementation were eval-
uated through comparisons with data from a tank scale experiment, which pro-
vides an ideal reference of complex three-dimensional propagation. Additional
acoustic models were also used to benchmark the parallel version of TRACEO3D.
The results show that the parallel implementation offers a linear speedup with
respect to the number of processors used, as long as the workload becomes well
distributed. Each parallel process addressed only one physical core because the
simultaneous multithreading was not able to improve the overall performance.
The implementation was found to be up to 12x faster than the sequential version
without any loss of accuracy; additionally, when compared with other models the
TRACEO3Dompi was found to be 5x faster as well, predicting the experimental
curve with high accuracy.

Future work is expected to include an analysis of eigenray search, and of
particle velocity calculations as part of the parallel extension. Moreover, it is
intended to develop a parallel version of the ray model implemented in a graphic
processing unit.

2 KRAKEN and BELLHOP3D are part of the Acoustic Toolbox, which is available
at the Ocean Acoustic Library [21].

3 This is believed to happen because the wedge is too step for the adiabatic approxi-
mation used by KRAKEN to be valid.
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Abstract: Eigenray search in a two-dimensional waveguide is a feasible task, that can be
solved efficiently through optimization of an ad hoc defined function (like, for instance, final
ray depth deviation from hydrophone depth) over original ray elevations; in the worst case
even when rays can be reflected backwards to the source an exhaustive search over the ray
trajectory can be able to identify eigenrays by testing the proximity of each ray to the
hydrophone. In three-dimensional waveguides the situation is far more complicated: the
proximity method can be found to be very inefficient due to out-of-plane propagation and
optimization needs to be developed over the plane of ray elevations and azimuths. The work
presented here addresses the three-dimensional search of eigenrays based on the simplex
method, implemented in a recent ray model; the performance of the method is discussed
through comparisons with experimental data for a vertical line array.

Keywords: Three-dimensional eigenray search, Smplex optimization, Vertical line array
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1. INTRODUCTION

Eigenray search in two dimensions is a feasible task, which has been widely solved in ray
tracing models in order to predict a channel impulse response. However, in real conditions,
non linear internal waves and bathymetric features can lead to horizontal propagation effects
which requires a three-dimensional model to produce a reliable prediction. Eigenray search in
this context is a complicated problem due to the need to deal with ray trajectories in three-
dimensions and the associated computational burden [1,2], even when considering a single
hydrophone [3,4]. The problem becomes more demanding if one takes into account that real
applications generally rely on the deployment of vertical line arrays to sample the
propagating wave. This work proposes a three-dimensional search of eigenrays based on
simplex optimization. It is shown that the proposed method predicts the channel impulse
response in a feasible time; the performance of the method is also discussed through
comparisons with experimental data for a vertical line array (VLA).

2. SIMPLEX BASED EIGENRAY SEARCH

Generally speaking, the simplex method allows to optimize a function with N variables
using a geometric figure consisting of N + 1 points or vertices [6]; in two dimensions the
simplex is just a triangle. After the initial simplex has been computed an interactive
procedure is started using operations named reflection, contraction and expansion, which are
driven by the optimization itself. For the case of three-dimensional eigenray search the
optimization is started by launching an initial set of rays, needed to sweep the waveguide.
Such rays are used to perform a candidate selection, which is critical to reduce the
computational time. The search starts sequentially selecting four rays with launching angles
(01,99), (01,9j+1), (Bi+1,0j) and (Bi+1,pj+1), where 6 and ¢ represent angles of ray elevation
and ray azimuth, respectively. Next, the elevation angles are kept fixed, and the azimuth
index starts to be incremented until a hydrophone is located between the rays or when the last
index is reached, followed by an increment of the elevation index and restart of the azimuth
search. When a hydrophone is located between the rays the launching angles are selected as
input for simplex based optimization. With such candidate space selected, an initial simplex
is defined using three points; for each point the Eikonal equations are solved and the
Euclidian distance between the ray and the hydrophone position are used as the function to be
optimized. To find the smallest distance from the ray to the hydrophone a vertical plane is
calculated, using the normal vector between the source and the hydrophone to intercept the
corresponding ray coordinate. If the distance is less than a given threshold the procedure is
finished and the launching angles are used to calculate the eigenray. A problem that arises in
this context is how to bracket an optimal point when the search space isolation is not
guaranteed. In fact, eigenray repetition can potentially lead to a false prediction and need to
be avoided. To this end the algorithm stores information about previously found eigenrays
(launching angles, number of surface and bottom reflections, etc.), that is used to compare
with eigenrays found in the vicinity of the search space. If a previous eigenray with the same
characteristics as the new one is found the new eigenray is discarded, and the next search is
started. The above procedure of simplex based three-dimensional eigenray search was
implemented in TRACEO3D, which is a three-dimensional extension of the TRACEO ray
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model [5]; TRACEO3D is under current development at the Signal Processing Laboratory
(SiPLAB) of the University of Algarve.

3. CALCOM’10 EXPERIMENTAL DATA

The CALCOM’10 sea trial took place in the period of 22th to 24th June 2010 at the south
coast of Portugal, about 12nm south-east of Vilamoura [7]. Fig. 1(b) shows a bathymetry map
whit the geometric setup of the experiment performed during day 3. The squares represent the
point of deployment (A2d) and recovery (A2r) of the VLA, which drifted along the black
curve. The dotted line represents the ship/source GPS track. Six events labelled as P1, P2, P3,
P4, P5, P6 were conducted with several acoustic transmissions. For this work the model
predictions were tested using experimental data from the event P3, with transmissions of a
linear frequency modulated (LFM) signal in the band of 500-1000 Hz. The VLA considered
in this analysis is an Acoustic Oceanographic Buoy (AOB), consisting of 16 hydrophones
equally spaced at 4 m, with the first hydrophone approximately at 6.3 m from the sea surface,
and the deepest about 66.3 m depth. The water temperature was acquired by the temperature
sensors array of the VLA along time and, according to the transmission time, the temperature
data was selected to compute a mean sound speed profile, which is shown in Fig. 1(a).
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Fig. 1. (a) CALCOM’10 mean sound speed profile; (b) experimental site, with GPS
estimated locations of AOB deployment and recovery (A2d,A2r), ship/source track during
transmission events (green lines) and idealized track of transmissions (dashed blue line).
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4. RESULTS AND ANALYSIS

Predictions with TRACEO along two-dimensional transects, and TRACEO3D using the
full bathymetry and simplex based three-dimensional eigenray search were carried out in
order to model the acoustic channel impulse response for the conditions of event P3,
corresponding to the direction S1 shown in Fig. 1(b). The results are compared with the
experimental data in order to investigate out-of-plane effects. Range corresponds to 3462 m,
bottom depth at source position is 213 m and 111 m for the VLA position. The source range
was derived from GPS information and the source depth from the pressure sensor at the
source. Bottom depths for the source and VLA were calculated from bathymetry data. The
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bottom parameters are provided in [7], indicating that sediment sound speed corresponds to
1650 m/s, bottom density is 1.7 g/cm?® and attenuation is 1.0 dB/A. The predicted two-
dimensional and three-dimensional channel impulse responses for the VLA are shown in Fig.
2(a) and (b), respectively.
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Fig. 2: Predicted channel impulse responses for the VLA (black lines) with: (a) TRACEO;
(b) TRACEOSD (using simplex based eigenray search). Both predictions are plotted on top of
experimental data (blueline).

The two predictions are plotted on top of the same experimental data. Generally speaking,
both TRACEO and TRACEO3D seem able to produce a reliable prediction of the channel
impulse response. There are, however, important differences. While the travel times are
similar in both cases the first and second arrivals are better predicted in amplitude with
TRACEO3D. Additionally, for later arrivals (mainly after the Sth) the travel times start to
differ, and some channels predicted with TRACEO3D show a better agreement than those
predicted with TRACEO; TRACEO predictions also appear slightly delayed compared to the
experimental data. This can be explained by taking into account that 3D eigenrays can
expend less time arriving at the hydrophones by following an upslope/downslope path and
partially propagating over a bottom with a depth, smaller than the one travelled along a two-
dimensional transect. This explanation is well supported by Fig. 3, which shows the arrival
patterns for hydrophone 2, located at 10.3 m depth; the figure clearly indicates differences in
travel times predicted with TRACEO and TRACEO3D; the corresponding eigenrays for the
hydrophone 2 are shown in Fig. 4, and exhibit pronounced out-of-plane trajectories. Three-
dimensional model predictions indicate that the maximum azimuth deviation is about 2°,
relative to the source-hydrophone line of sight, which is achieved with 6 = 15°. The fact that
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the differences in travel times are so subtle is believed to be the result of upslope propagation
in the P3 event, which despite the small range takes place along a significant gradient of
bottom depth, masking the out-of-plane effects. This explanation is supported with additional
modelling for the idealized track S2 of transmissions, shown in Fig.1(b), with the source and
the VLA well aligned in a cross-slope direction. Source-hydrophone range corresponds to
5500 m, bottom depth at the source and VLA positions are 175 m and 181m, respectively,
indicating that the gradient of bottom depth is negligible for such track. The maximum
azimuth deviation obtained from the calculations corresponds to about 5°, for an elevation
angle 6 ~ 19°. TRACEO and TRACEO3D amplitude and delay predictions are shown in Fig.
5, and clearly indicate that after the second arrival eigenrays calculated with TRACEO3D
take less time to propagate than those predicted with TRACEQO, and the difference between
the predictions increases for later arrivals.
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Fig. 3: Arrival patterns regarding hydrophone at 10.3 m depth for:
(a) TRACEOQO; (b) TRACEO3D.
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Another important issue is related to the efficiency of the simplex method: in the original
version of TRACEO3D eigenrays were calculated by proximity; in other words, by launching
a large number of rays one could expect to discover some of them, being close enough to the
hydrophone. Application of the proximity method to produce predictions of the VLA
experimental data failed completely, even when computing as much as one million rays. Such
calculations took approximately 2776.9 s, while the (successful) simplex based method took
only 85.3 s; TRACEO predictions took only 6.1 s, certainly less than TRACEO3D, but yet
not necessarily the most accurate.

5. CONCLUSIONS

This paper presented a three-dimensional eigenray search based on simplex optimization
for a VLA. When compared with the proximity method, the proposed search is much more
efficient in terms of accuracy and runtime. Although significant out-of-plane effects can not
be unquestionable verified in the analysis of experimental data there is important evidence of
three-dimensional effects being relevant. Moreover, the experimental data provided an
important basis to assess the performance and efficiency of the simplex based eigenray search
method. Furthermore, simulation results using an idealized track of transmissions suggests
that out-of-plane effects can be expected to be more intense in cross-slope direction with
small bottom depth gradients, with upslope propagation being able to mask such effects.
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A solution for the calculation of three-dimensional (3D) eigenrays based on Simplex optimization,
implemented in a 3D Gaussian beam model, is investigated in this paper. The validation and perfor-
mance of the solution were analyzed through comparisons against an equivalent (flat) two-
dimensional waveguide, and against results of a tank scale experiment presented in Sturm and
Korakas [(2013). J. Acoust. Soc. Am. 133(1), 108-118], in which cross-slope propagation in a
wedge waveguide with a mild slope was considered. It was found that the search strategy based on
Simplex optimization was able to calculate efficiently and accurately 3D eigenrays, thus providing
predictions of arrival patterns along cross-slope range, which replicated elaborate patterns of mode
shadow zones, intra-mode interference, and mode arrivals. A remarkable aspect of the search strat-
egy was its ability to provide accurate values of initial eigenray elevation and azimuth, within the

accuracy defined for the eigenray to arrive at the location of a given hydrophone.
© 2018 Acoustical Society of America. https://doi.org/10.1121/1.5030922

[BTH]

I. INTRODUCTION

Eigenrays can be defined as particular rays that for a
given waveguide geometry connect the source to the receiver
(Jensen et al., 2011). The accurate calculation of eigenrays is
a problem of great interest in underwater acoustics because
they can be used for faithful predictions of the received signal,
which is extremely sensitive to the ray travel time and ray
take-off angles. In two-dimensional (2D) waveguides, the
problem can be solved efficiently using root finder algorithms
in one dimension; in such cases, the problem can be stated as
searching for the zeros of a function, which depends only on
the elevation angles. The extension of such root finder algo-
rithms to find eigenrays in a three-dimensional (3D) wave-
guide is a cumbersome task that requires the search to take
place on the 2D plane of elevation and azimuth, and would be
guided mainly by the minimization of the distance between
the final position of the ray and the position of the hydro-
phone; besides, looking for the minima on the elevation/azi-
muth plane, unlike the one-dimensional search, cannot take
place along a particular direction due to the complex regime
of propagation, which often needs to account for out-of-plane
effects, non-linear internal waves or boundary features
(Buckingham, 1987; Tolstoy, 1996). The problem is also
computationally demanding, since it often relies on the shoot-
ing of a large amount of initial rays (Calazan et al., 2017).
Some of the approaches described in the literature relied on
interpolation (Xing et al., 2013), or ray computations using
spherical coordinates (Reilly et al., 2016); the latter was
noticed to be of low accuracy and less efficient than the equiv-
alent search using Cartesian coordinates; a drawback of the
previous discussions is that both considered basic idealized
waveguides and a single hydrophone. An analytic approach to

®Electronic mail: a53956@ualg.pt
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the problem was proposed in Maltsev (2001), which stated the
calculation of eigenrays as a variational problem. Thus, find-
ing an initial set of eigenrays for a receiver close to the source
allowed eigenrays to be found for an arbitrary receiver posi-
tion; caustics could be taken into account by considering a ray
amplitude, which was frequency dependent. However, the
numerical implementation of the method for general sound
profiles required the introduction of parameterized smoothing
functions, and the performance of the method accounting for
3D bathymetries was not considered. A summation approach,
based on the superposition of complex source beams, dis-
cussed in detail in Heilpern et al. (2007) and Gluk and
Heyman (2011), proposes to rely on beam shooting to avoid
eigenray calculations; to this end, the beams need to be prop-
erly collimated through the proper selection of beam parame-
ters for the given geometry of propagation. The discussion,
however, was limited to 2D propagation and did not account
for boundary reflections. In contrast, the approach considered
in this paper relies on a small set of parameters (which needs
to be determined only once) and is able to handle arbitrary 3D
effects, induced by either sound speed distributions or
bathymetries (or both). The computational strategy of
Simplex optimization was designed in order to rely on an effi-
cient selection, within the original region of candidates that
encloses a given receiver, such that the search can be accom-
plished efficiently with either a vertical or a horizontal array.
In fact, Simplex optimization guides the ray solution account-
ing for all environmental influences, finding take-off angles
that allow a given ray to pass nearby the receiver within a
user-defined distance. In this context, the method provides an
accurate estimate of travel time, which is fundamental to pre-
dict the channel impulse response.

The Simplex optimization was implemented in the
TRACEO3D Gaussian beam model (Rodriguez et al., 2017);
preliminary results were compared against predictions from

© 2018 Acoustical Society of America 2059
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the 2D TRACEO model (Rodriguez et al., 2012) for an
equivalent (flat) waveguide. Results from a tank scale exper-
iment reported in Sturm and Korakas (2013) were considered
for validation and performance assessment. The organization
of this paper is as follows: Simplex-based eigenray search is
presented in Sec. II, the TRACEO3D model is compactly
described in Sec. III, while Sec. IV presents the experimental
model validation. Conclusions and future work are presented
in Sec. V.

Il. THE EIGENRAY SIMPLEX-BASED SEARCH

The 3D search of eigenrays is composed of three differ-
ent strategies: first, to start the search determine a reliable
candidate region that encloses the receiver; second, apply
the general rules of Simplex optimization using the candi-
date region to find an eigenray; third, avoid the storage of
duplicated eigenrays. These strategies are discussed in the
following sections.

A. Selection of a reliable candidate region

Let 0 and ¢ be the ray elevation and azimuth, respec-
tively. For a given set of receivers, the initial choice of take-
off angles (defined by a set of 6 and ¢ at the source) depends
on many waveguide features, such as boundary variations
over the horizontal plane, source-receiver alignment, and the
existence or absence of environmental variations. In any
case, a given choice should aim at sweeping the waveguide
in such a way that a large number of rays should propagate
among all receivers, and thus enough eigenrays can be found
at every receiver to predict accurately the corresponding
impulse response. For a given receiver, a vertical plane is
calculated using the normal vector connecting the source to
the receiver, and the crossings of rays through the plane
determine the closest distance from each ray to the receiver.
Let 0; and ¢; define the take-off angle of the (i, j)th ray; a
candidate search space is then build with the region defined
by the corners

6[7 ¢] 01'7 ¢j+l
0i+1a ¢j 0i+17 ¢j+1

These corners are changed over iterations according to the
following rules:

* Fix i and increment j until the horizontal deviation of the
closest distance vanishes;

* Increment i and repeat the previous step until it covers the
vertical deviations.

At each iteration, a new search region is created; the
corresponding corners are used to divide the region in trian-
gles using four combinations

(D [9i7¢j Oiv1, b; 9ia¢j+1];

2) [0:,¢0; Oir1, ¢ Oiv1, dipals
3) [0id; 0i,¢j1 Oir1, iyl
@) [0i41,¢; 0y Oivr, dipa]-
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To determine which triangle contains the receiver, the
method calculates the barycentric coordinates A, which are
given by

X1 X2 X3 X
yuoy2 w3 lA=| |, ey
Z1 Zy I3 Zr

where (xy, y1, z1), (X2, Y2, 22), and (x3, y3, z3) represent the
coordinates of the triangle vertex, and (x,, y,, z,) are the coor-
dinates of the receiver. The search considers all triangles divi-
sions; it decides that the receiver lies inside a given triangle
when the components of the normalized A are all positive.
When this happens, the take-off angles (6, ¢) of the corre-
sponding vertex are considered for further Simplex optimiza-
tion. Figure 1 depicts the candidate region where a
hypothetical receiver is located at the first combination of
launching angles. Although the triangles overlap, the search
must consider all of them, until the one containing the
receiver is found. This selection step is fundamental in order
to overcome the chaotic distribution of vertex corners induced
by the waveguide. In the general case, rays from an initial nar-
row pyramid will end up producing an amorphous cloud of
corners near the receiver, with consecutive rays following
completely different paths. For instance, one corner can be
produced by a ray coming from the bottom, while another cor-
ner can be produced by a ray coming from the surface.

B. Simplex optimization

The Simplex method was developed as a general strategy
to optimize a function of N variables (Nelder and Mead,
1965). A simplex can be idealized as a geometric figure in N
dimensions, defined by a set of N+ 1 points; for instance, a
simplex is a triangle in two dimensions, and in three dimen-
sions a simplex is a tetrahedron. The method can be able to

(Ths Yrs 21) —ﬁ

(6;, <Pj+1)

Receiver

0i+1> ¢])

Vertical Plane

FIG. 1. Candidate region with four corners, represented as asterisks, and
coordinates (x, yx, zx) Where a given ray intersects the vertical plane associ-
ated to the receiver. The region is divided into triangles (dashed lines), and
barycentric coordinates (solid lines) 4y, 4, and A3 are used to determine
which triangle contains the receiver.
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achieve convergence in few iterations, and requires few func-
tion evaluations, a feature which is important when dealing
with complicated objective functions (Lagarias et al., 1998).

Within the context of eigenray search the objective
function to be minimized can be defined as

b, — x(0, )+
F0,0)=|ly, —y(0, )]+, (2)
[z — 2(0, )]

where x(0, ¢), y(0, ¢), and z(0, ¢) represent the ray coordi-
nates on the vertical plane of the receiver. The selection of a
candidate region delivers a high quality initial guess suited
for the simplex algorithm, which will compute a point
between each vertex of the triangle and its centroid. The new
point will produce a simplex with the same triangular shape
inside the initial region. Additionally, overlapping triangles
can be used to restart the optimization in regions in which
the convergence is failing. Once the simplex is started, it
uses three operations called reflection, contraction, and
expansion, based on the simplex centroid, to determine a
new vertex with smaller values of f(, ¢). The optimization
stops when the value of the function at a latest vertex is
below a predefined threshold, and the corresponding pair
(0, ¢) is used to calculate the eigenray. Associated with
those operations, there is a set of reflection, expansion, and
contraction coefficients: «, y, and f3, respectively. During ini-
tial tests for a single receiver, the algorithm achieved a
remarkable convergence with o =1.5, y=1.65, and f=0.5.
Those values were found to guarantee the convergence of
the method for all eigenray calculations of the different
experimental configurations considered. It should be noticed
that parallel tests using swarm optimization, with different
combinations of its own specific parameters, failed often to
achieve the desired accuracy, besides requiring significant
amounts of computational time.

C. Avoiding storage of duplicated eigenrays

A blind application of Simplex optimization can lead to
the calculation of the same eigenray using different candi-
date regions. To avoid this, the following additional tests
were introduced:

* Once an eigenray is found, it is verified that the corre-
sponding pair (0, ¢) lies inside the candidate region. If the
condition is not fulfilled the eigenray is discarded.

e As eigenrays are being calculated, the corresponding
information regarding (0, ¢) together with surface and
bottom reflections are stored in memory; each new eigen-
ray is compared against those in memory and discarded if
already present.

A final procedure for sorting the computed eigenrays by
time is required to represent the channel impulse response.

lll. THE TRACEO3D GAUSSIAN BEAM MODEL

The Simplex based eigenray search was implemented in the
TRACEO3D Gaussian beam model (Rodriguez et al., 2017),
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which is a 3D extension of the TRACEO model (Rodriguez
et al., 2012). TRACEQO3D relies on the 3D solution of the
Eikonal equations to calculate ray trajectories, and on the
solution of the dynamic equations to calculate ray ampli-
tudes (Cerveny and Psencik, 1979; Collins and Kuperman,
1991; Jensen et al., 2011; Popov, 2002). For a given eigen-
ray, such amplitude can be written as

1 Jc(s) cos 0(0) .
e mmexp[—zwr(s)], 3)

A(s) =
where s corresponds to the ray arc length, and c(s) and t(s)
stand for the sound speed and travel time along the ray,
respectively; the complex matrix Q(s) describes the beam
spreading.

IV. VALIDATION

The accuracy and efficiency of the Simplex based eigen-
ray search in three-dimensions was intensively tested with
comparisons against an equivalent 2D waveguide, and
against results from a tank scale experiment. The experiment
and comparisons are discussed in the following sections.

A. The tank scale experiment

Environmental measurements and geometric parameters
from the tank scale experiment discussed in Korakas et al.
(2009) and Sturm and Korakas (2013) were considered for the
validation of model predictions. The inner tank dimensions
were 10m long, 3m wide, and 1 m deep. The source and the
receiver were both aligned along the across-slope direction, as
shown in Fig. 2. The transmitted signal was a five-cycle pulse
with a Gaussian envelope, with a frequency spectrum showing
a main lobe centered at 150 kHz and 100kHz bandwidth. The
bottom was filled with sand and a rake was used to produce a
mild slope angle « ~ 4.5°. Bottom parameters corresponded
to ¢,=1700m/s, p=1.99 g/cm3, and o,=0.5 dB//.. The
receiver was located at 10 mm depth from the surface, bottom

FIG. 2. Cross-slope geometry: o correspond to the bottom slope, D(0) is the
bottom depth at the source position, z, stands for the acoustical source depth
where the double circle indicates its position, and the synthetic horizontal
array is located along the Y-axis.
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depth at source position stands for D(0) =48 mm. The ASP-H
data set of cross-slope propagation is composed of time sig-
nals, recorded at a fixed receiver depth denominated z,, and
source/receiver distances starting from Y=0.1m until
Y =5m in increments of 0.005 m, providing a sufficiently fine
representation of the acoustic field in terms of range. Three
different source depths were considered, namely z;,= 10 mm,
19mm, and 26.9 mm, corresponding to data subsets refer-
enced as ASP-H1, ASP-H2, and ASP-H3, respectively. Sound
speed in the water was considered constant and corresponded
to 1488.2m/s for ASP-H1 and 1488.7m/s for ASP-H2 and
ASP-H3. For simulations purposes, a scale factor of 1000:1 is
required to properly account in the model for the frequencies
and lengths of the experimental configuration. Thus, experi-
mental frequencies in kHz become model frequencies in Hz,
and experimental lengths in mm become model lengths in m.
For instance, an experimental frequency of 150 kHz becomes
a model frequency of 150 Hz, and an experimental distance of
10mm becomes a model distance of 10m. Sound speed
remains unchanged, as well as compressional and shear
attenuations.

B. Numerical predictions and comparisons

A preliminary set of comparisons was performed
between TRACEO3D and TRACEO considering the experi-
mental setup described in the previous section. Models pre-
dictions were obtained for a source frequency of 150 Hz.
The horizontal array was idealized starting at 0.1 km until
Skm in increments of 0.1 km. A synthetic five-cycle pulse
with a Gaussian envelope was considered as the emitted sig-
nal. The received signal was computed using the model out-
put of amplitudes and delays for each receiver range and
depth. Only frequencies between 100 Hz and 200 Hz were
considered; outside this interval, the acoustic field was set to
zero. The signal in the time domain was calculated using the
inverse Fourier transform.

Preliminary TRACEO3D predictions failed to produce
satisfactory results using the parameters provided by the
refinement discussed in Sturm and Korakas (2013); there-
fore, alternative geometries were considered. The configura-
tion shown in Table I was found to replicate best the results
presented in Fig. 3 from the above reference. 3D predictions,
together with equivalent TRACEO calculations for a flat
waveguide, are shown in Fig. 3. Simple visual inspection
shows that the given set of parameters allows TRACEO3D
[see Figs. 3(d)-3(f)] to predict the features visible in the
experimental data, such as the numbers and position of the
modes, as well as mode shadow zones, intra-mode interfer-
ence, and mode arrivals. The only exception was the
attempted replication of the ASP-H3 data set; it is believed

TABLE I. Geometric parameters used in numerical predictions of the wave-
guide used in ASP-H data sets.

zg (m) z, (m) D(0) (m) Slope (%)
ASP-H1 6.7 11.0 439 4.5
ASP-H2 15.0 11.0 439 4.5
ASP-H3 27.0 11.0 439 4.5
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that most of the discrepancies are due to the proximity of the
source to the bottom in the corresponding geometry.

As suggested in Weinberg and Burridge (1974),
Harrison (1979), and Buckingham (1987), such 3D effects
can be explained based on ray/mode analogies. A mode can
be considered as a standing wave in the vertical plane, and
as a traveling wave describing a hyperbolic path on the hori-
zontal plane, with the ray propagating itself initially upslope;
at some point in range, the hyperbolic path crosses the
across-slope direction. This analogy is fundamental for the
discussion that follows. Predictions of normalized ampli-
tudes for 2D and 3D calculations, regarding the ASP-HI1
configuration, are shown in Fig. 4. The 3D results in the fig-
ure also indicate the modes in the (0, ¢) plane, allowing to
determine take-off angles for different modes. The dashed
lines represent approximately the edges of the shadow zones
for each mode, with each shadow zone being a complex
function of different parameters, such as frequency, wedge
slope, and bottom properties. The across-slope direction
where the source is aligned with the synthetic horizontal
array is taken as ¢ =0; this angle increases towards the
wedge apex.

The waveforms presented in Fig. 3(a) correspond to 2D
predictions for the ASP-HI configuration, with a source
depth of 6.7m. At short ranges, the predicted time signals
seem to merge altogether. Above a certain range, they start
to be separated, increasing the relative time delay between
them as the receiver moves away from the source. As a
receiver approaches the range of 5 km, late arrivals progres-
sively lose more energy. Similar patterns can be seen in the
other two configurations [see Figs. 3(b) and 3(c)]. The ASP-
H1 2D prediction is further supported by Figs. 4(a)—4(e), in
which the behavior of amplitudes over range exhibits a typi-
cal distribution for a flat waveguide: amplitudes can be seen
to decrease steadily over elevations 0, while the number of
eigenrays increases with range. Such steady decay can be
explained by taking into account that 2D eigenrays are con-
fined exclusively to the vertical plane, and thus bounce often
off the bottom, losing more and more energy as elevation
and range increase. A completely different pattern can be
seen in Fig. 3(d), in which the waveforms were calculated
accounting for full 3D effects. The figure shows an interest-
ing pattern of mode arrivals: above 2 km, the modes M1 and
M?2 exhibit well resolved first and second arrivals, and the
time delay between them decreases as the receiver moves
away from the source; near 2 km, the expected first and sec-
ond arrivals from mode M3 merge together, and the mode
quickly vanishes due to the transition of M3 into a shadow
zone; additionally, as range decreases below 2km, modal
refraction on the horizontal plane is such that the mode M4
becomes well resolved in time, but exhibiting only a single
arrival. Similar modal patterns can be seen in Figs. 3(e) and
3(f). All mentioned features can be explained in more detail
in Figs. 4(f)—4(j), which show that higher order modes are
more intensively refracted at short ranges due to their large
initial elevation 0; such modes rapidly bounce the bottom at
the critical angle and thus vanish (i.e., enter a shadow zone)
after being absorbed. Low order modes, on the other hand,
are able to produce first and second arrivals at larger ranges
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FIG. 3. Arrival pattern predictions calculated with TRACEO (top) and TRACEO3D (bottom) for the geometry presented in Table I; four modes can be identi-

fied regarding 3D predictions for the ASP-HI1 configuration.

due to an interesting combination of propagation conditions:
for a single “small” elevation 0, one can find a pair of azi-
muths ¢, and ¢, (with ¢; < ¢p,), in which the ray with take-
off angles (0, ¢,) propagates over shallower regions, but
bounces more often off the bottom than the ray propagating
with angles (0, ¢ ), and therefore leaks energy more rapidly.
Thus, the entire 3D set of eigenray, travel time, and ampli-
tude calculations allows the establishment of a remarkable
connection between eigenray azimuth/elevation (0, ¢), mode
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order n, and receiver range r, with the parameters (0, ¢, n)

increasing simultaneously as r decreases. These general con-

clusions, based mostly on ray theory, coincide with the dis-
cussion presented in Korakas ez al. (2009). Obviously, there
are some amplitude discrepancies between the results shown
in Figs. 3(d) and 3(f) and those presented in Fig. 3 from
Sturm and Korakas (2013); the discrepancies were in fact
expected. During the calculations of arrival patterns, differ-
ent synthetic pulses were considered besides the Gaussian
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FIG. 4. Predictions of normalized amplitudes versus launching angles for the ASP-H1 configuration over range: TRACEO (left); TRACEO3D (right). The cor-
responding regions where modes can exist are indicated over the (0, ¢) plane. The dashed lines stand roughly for the critical launching angle.

one; it was found that the structure of propagating modes
was highly sensitive to the particular choice of emitted sig-
nal. Such sensitivity can perhaps explain the usage of the
recorded transmitted signal, instead of the synthetic one, to
predict the arrival patterns shown in Sturm and Korakas
(2013). A final insight into the problem can be found in the
comparison of eigenrays, calculated with TRACEO for the
flat case, and calculated with TRACEO3D for the wedge
waveguide (see Fig. 5). At a first glance, there seems to be a
perfect one-to-one correspondence of eigenrays in terms of
elevations 0, and thus one could expect both 2D and 3D
amplitudes to exhibit a similar correspondence. In fact, that
is not the case; in the wedge waveguide, most eigenrays
propagating up then down slope are bouncing on regions
where bottom depth is smaller than the one of the 2D wave-
guide; as a consequence, instead of spreading progressively
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over elevations as shown in Fig. 4(b), the amplitudes of
arrivals become clustered between the limits of an elevation
interval, as shown in Fig. 4(g).

V. CONCLUSIONS AND FUTURE WORK

The discussion presented in this paper demonstrated the
feasibility of using the Simplex method to find 3D eigenrays.
The method was implemented in the TRACEO3D Gaussian
beam model, and the corresponding validation was carried
out against predictions from the 2D TRACEO model, and
against results from a tank scale experiment. The 3D predic-
tions exhibited a remarkable similarity with most experimen-
tal features, replicating mode shadow zones, intra-mode
interference, and mode arrivals; important connections in the
ray/mode equivalence framework were noticed. TRACEO
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FIG. 5. Eigenray predictions for the ASP-HI1 configuration: TRACEO, flat
waveguide (top); TRACEO3D, cross-slope propagation on the wedge wave-
guide (bottom). Source and receiver depth corresponds to 6.7 m and 11.0m,
respectively.

predictions, unsurprisingly, were found to be valid only close
to the source. The proposed method allows an efficient and
accurate calculation of 3D eigenrays by determining values
of the corresponding take-off angles, which lead to the
shooting of rays passing as close as desired to the position of
a given receiver after multiple boundary reflections. Minor
discrepancies found in the comparisons against experimental
results are believed to be related to signal processing issues,
and to ray theory being applied on the edge of its validity.
Yet such discrepancies are completely independent of the
proposed method of eigenray search, which was found to be
extremely efficient and robust.

Future work will be oriented to the calculation of eigen-
rays in typical ocean environments, with complex bathyme-
tries like sea canyons, or complex sound speed fields like the
one produced by an upwelling regime. There are also theoreti-
cal methods that can be incorporated into the TRACEO3D
model in order to improve its accuracy at those frequencies,
which are considered too low for classical ray theory to be
applied. Finally, to reduce significantly the time of computa-
tions, a parallel version of TRACEO3D based on the architec-
ture of graphic processing units is currently underway.
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