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k-Wave toolbox

Open-source acoustics toolbox written in MATLAB / C++
Time domain modelling in heterogeneous media

Two design goals:
— Models are computationally efficient
— Models are very easy to use

Brief history:

2009: First release for photoacoustics

2010: Linear ultrasound simulation
2011: Nonlinear ultrasound simulation
2012: Native C++ code

2013: MPI code optimised for clusters

2014: Elastic simulation
2015: Native GPU code
2016: Multi-GPU code
2017: Thermal code
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Getting started with k-Wave

* Download toolbox from www.k-wave.org/download.php
« Unzip, and move the k-Wave folder somewhere useful
« Add the root k-Wave folder to the MATLAB path

@ (*% Community
Help 3

- - E Learn MATLAB
p— —

Command Window

i

4\ Set Path - O X

All changes take effect immediately.
MATLAB search path:
CA\Program Files\MATLAB\R2017a\toolbox\matlablelmat A
Ch\Program Files\MATLAB\R2017a\toolbox'\matlabfunfun
CA\Program Files\MATLAB\R2017a\toolbox\matlab\general
C\Program Files\MATLAB\R2017a\toolbox\matlabtiofun
C:A\Program Files\MATLAB\R2017a\teolbox\matlabllang
CA\Program Files\MATLAB\R2017a\teolbox\matlabtmatfun
C\Program Files\MATLAB\R2017a\toolbox\matlabrmvm

Add with Su bfolders‘..2

Move to Top C\Program Files\MATLAB\R2017a\toolbox\matlab\ops
CA\Program Files\MATLAB\R2017a\teolbox'\matlabh polyfun
Move Up C:\Program Files\MATLAB\R2017a\toolbox\matlabirandfun
CA\Program Files\MATLAB\R2017a\toolbox\matlabsparfun
Move Down CA\Program Files\MATLAB\R2017a\teolbox\matlab\specfun

CA\Program Files\MATLAB\R2017a\teolbox\matlab\strfun

CA\Program Files\MATLAB\R2017a\toolbox\matlab\timefun

CA\Program Files\MATLAB\R2017a\toolbox\matlabvalidators

CA\Program Files\MATLAB\R2017a\toolbox\matlab\demos

CA\Program Files\MATLAB\R2017a\toolbox\matlab\findfiles

CA\Program Files\MATLAB\R2017a\teolbox'\matlabgraph2d v

£
‘ Save ’ Close Revert Default Help

Move to Bottom

Remove
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Getting started with k-Wave

* Download toolbox from www.k-wave.org/download.php
« Unzip, and move the k-Wave folder somewhere useful
« Add the root k-Wave folder to the MATLAB path

Open the help browser and select k-Wave

ENVIRONMENT

@ Help
@ o @ \;:r' @ | MATLAB Documentation 0 | + |

= CONTENTS Close

My Products MATLAB

MATLAB® is the high-level language and intel
used by millions of engineers and scientists v
based language is a natural way to express ¢
Supplemental Software mathematics.

MATLAB
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MATLAB help

« Many worked examples included as part of the toolbox

@ Help - m] s
+ | EmEal-

Ll N ) ‘ Homogeneous Propagation Medium Example (k-Wave) 0

Documentation

= CONTENTS Close

¢ Documentation Home —

Homogeneous Propagation Medium Example

) This example provides a simple demonstration of using k-Wave for the simulation and detection of the pressure field generated by an initial pressure distribution within
v k-Wave Toalbox (Supplemental Software) a two-dimensional homogeneous propagation medium
Getting Started

Examples = Open the file in the MATLAB Editor < —
» Run the file in MATLAE  <r——

-

Initial Value Problems

> Time Varying Source Problems

> Sensor Directivity Contents

> Photoacoustic Image Reconstruction + Creating the k-space grid

» Diagnostic Ultrasound Simulation = Avoiding the perfectly matched layer

Defining the medium properties
Defining the initial pressure distribution
Defining the sensor mask

Running the simulation

v

Mumerical Analysis
Using the C++ Code

v

v

Elastic Wave Propagation

v

Thermal Diffusion

Functions - By Category Creating the k-space grid

Funcfions - Alphabetical List . . . . . . . . ) ) . . .
The simulation functions in k-Wave require four input structures. These define the properties of the computational grid, the material properties of the medium, the

properties and locations of any acoustic sources, and the properties and locations of the sensor points used to record the evolution of the pressure and velocity fields
License over time. Starting with the computational grid, the simulations are performed on a regular Cartesian mesh (for users with a background in finite-element methods, this
k-Wave Web Site is analogous to a structured mesh containing identical rectangular elements). The medium discretisation is performed using xz- d. Both the total number of grid
points (Nx, Ny) as well as the spacing between the grid points (dx. dy) in each Cartesian direction are used to compute the discretisation, and an ebject of the
kWzveGrid class is retumed. As the numerical technigues used in k-Wave are based heavily on the fast Fourler transform (FFT), the simulations will be fastest when
the number of grid points in each direction is given by a power of two or has small prime factors (see 222 and checkFactozs)

Release Notes

Online Help Forum

% create the computational grid

% numbe f id points in the x (row) directicn

% number of grid peints in the y (column) direction
% grid peint spacing in the x direction [m]
%

grid point spacing in the y direction [m]
kgrid = kWaveGrid(Nx, dx, Ny, dy):

id contains numerous properties. including matrices of the computational wavenumbers (korid. ks, korid. kv, and korid.k) and Cartesian coordinates
A Thana foe e e b B TT,
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User manual

« Extensive manual covering formulation and usage
« Available from www.k-wave.org/documentation.php

Contents
[ Tntroduction 1
. [T Overview] . ... ..... 1
k-Wave 1
[[3 What's in this Manual . . . 2
LA Installation . . 2
A MATLAB toolbox for the time domain 5 Lieemd. . .......... 3
. . P 4
simulation of acoustic wave fields
5
User Manual O Rcoie S T . . ... ... RO
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X moothing and the Band-Limited Interpolant] . 23
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.7 Using a Diagnostic Ultrasound Transducer as a Source or Sensor] . . . . 41

'8 Tmproving Performance using the DataCast Option] . . . . . . . . L8

£ optimiso 51

.- ceeeoee B2

3 Reloading the Output Data nio MATLAR] . . . Lol 56

[ Funning the Code using a Bash Seript] . . . . . . - - S BT

Manual Version 1.1 (February 19, 2017), Toolbox Release 1.1 L.T_Format of the HDF5 Tuput and Output fileq . . . . . PN 58
Authored by Bradloy Treoby, Ben Cox, and Jiri Jaros 7_Compiling the CPUJGPU Source Code n Linny . . R Ot

i
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ser forum (www.k-wave.org/forum)

« Active online user forum (> 2400 posts)

AQ k-Wave

A MATLAB toolbox for the time-domain
simulation of acoustic wave fields

me download installation license publications documentation forum

L ] lsearchy

Welcome, Bradley Treeby

K-WAVE USER FORUM

k-Wave Support

Announcements - Details of upcoming releases and known issues 4 10
General Questions - Provide feedback or comments, or ask general questions about k-Wave 102 351
Installation - Trouble getting started with k-Wave? 12 74
Report Bugs - Report any k-Wave issues and bugs 35 113
Feature Requ - Request k-Wave enhancements and new features 12 39
User Functions - Submit or discuss custom k-Wave functionality 10 36

tave - Running k-Wave in Octave 5 18

Graphics Processing Unit (GPU) - Running MATLAB simulations on the GPU 25 104

Photoacoustic and Thermoacoustic Tomography
Photoacoustic Simulations - The simulation of photoacoustic and thermoacoustic data using k-Wave 51 215
Image Reconstruction - Tomographic reconstruction of photoacoustic and thermoacoustic images 34 147

General Acoustics

Ultrasound Simulations - Simulating ultrasound propagation 177 646
Diagnostic Images - Simulating the formation of diagnostic ultrasound images 27 106
Acoustic Simulations - Simulating general acoustic phenomena 64 233
Nonlinear Acou S - Simulation of nonlinear wave propagation 12 59

Elastic Wave Simulations - Simulation of compressional and shear waves in elastic media 26 81
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Code architecture

kgrid medium
c/p

.Nx .sound speed

.dx .density

.t array .BonA

Nt .alpha power

.dt .alpha coeff

.k

N

source

.p0
.p_mask
-b
.u_mask
.ux

.uy

.uz

_/

kspaceFirstOrderlD (kgrid, medium,
kspaceFirstOrder2D (kgrid, medium,
kspaceFirstOrder3D (kgrid, medium,

—~

:
-
==

sensor data

source,
source,
source,

Sensor

sensor)
sensor)
sensor)

Wil BUG
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kgrid medium source  sensor ?

[e)

% create the computational grid
kgrid = kWaveGrid (Nx, dx, Ny, dy):; clp

o

% define the time array
kgrid.setTime (Nt, dt);
% define the compressional sound speed [m/s]
medium.sound speed = 1500*ones (Nx, Ny);
medium.sound speed(Nx/2:end, :) = 2000;

% define the mass density [kg/m"3]

medium.density = 1000;

% define the absorption coefficient [dB/ (MHz"y cm) ]
medium.alpha coeff = 0.75;

medium.alpha power = 1.5;

% define the source

source.u mask = makeCircle (Nx, Ny, x pos, y pos, radius);
source.ux = toneBurst (sampling, freq, cycles);

% define a circular binary sensor mask

sensor.mask = makeCircle (Nx, Ny, Nx/2, Ny/2, sen rad);

% run the simulation

sensor data = kspaceFirstOrder2D(kgrid, medium, source, sensor);
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kgrid medium source  sensori?

[e)

% create the computational grid

kgrid = kWaveGrid (Nx, dx, Ny, dy):; clp :o

% define the time array

kgrid.setTime (Nt, dt); P Nx*dx -
<>
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kgrid medium source sensor’!

clp °

% define the compressional sound speed [m/s]
medium.sound speed = 1500*ones (Nx, Ny);

medium.sound speed(Nx/2:end, :) = 2000;

% define the mass density [kg/m"3]
medium.density = 1000;

% define the absorption coefficient [dB/ (MHz"y cm) ]
medium.alpha coeff = 0.75;

medium. alpha_power = 1. 5; 7_7‘.“} ere VENUS T ASEER B
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kgrid medium source  sensori?

clp

o O O o O o O o
OO O o= P OO
o O O C O o o
o o oo O o o -
oo oo O o o -
O O O O o oo
o O O o O o O o

[©)

% define the source
source.u mask = makeCircle (Nx, Ny, x pos, y pos, radius);

source.ux = toneBurst (sampling, freq, cycles);
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kgrid medium source  sensor’d

clp

o O O o O o O o
OO O O o o O
o O O C O o oo
o O OO0 O o o O
o, O o O o o o
oo O oo o C
o o O OO O o

[©)

% define a circular binary sensor mask

sensor.mask = makeCircle (Nx, Ny, Nx/2, Ny/2, sen rad);
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kgrid medium source  sensor’’

clp

% run the simulation

sensor data = kspaceFirstOrder2D(kgrid, medium, source, sensor);
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Spatial and temporal frequencies

« The spatial and temporal grids typically define different
Nyquist frequencies

Amplitude
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Spatial and temporal frequencies

« The maximum temporal frequency that can be
represented on the grid (called the maximum supported
frequency) is given by

~ min(co)

fmax,w — I\

 Frequencies higher than #,.. ., won't be propagated

« This is typically smaller than the maximum temporal
frequency that can be represented in the source

1
fmax,t — 2—At
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Defining the grid

« All simulations performed on a regular Cartesian grid
« Grid is specified by the number of grid points in each
dimension, and the grid spacing

 Rule of thumb:

— Start with at least 3 points per wavelength (PPW) at the
highest frequency of interest, and then calculate dx

— Calculate Nx based on the physical domain size

5 compute dx and Nx based on X size and f max

ppw = 3;
dx = cO0 min / (ppw * f max);
Nx = round(x size / dx);
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Defining the grid

« Grid is specified by creating an object of the kwaveGrid
class

« Can be given any name, typically we use kgrid

o

% create k-Wave grid object
kgrid = kWaveGrid (Nx, dx, Ny, dy);

« The grid object contains:

— the wavenumber grids expressed as vectors or plaid
matrices, e.g., kx vec and kx

— the spatial grid coordinates expressed as vectors or plaid
matrices, e.g., x vec and x
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Defining the grid

« Simulations based heavily on FFT, so will be fastest
when grid sizes (including PML) have small prime factors

140 1

-
N
o

100 -

Maximum Prime Factor
B () (o]
o o o
I

N
o

o

64 72 80 88 96 104 112 128

Grid Size factor of two

7 performance penalty

72 80 88 96 104 112 120 128
Grid Size

w
a

o
I

- - N N w
[¢,] o [¢)]
I I

o
I

Simulation Time Relative to 64°

o o
I

(o)
N
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Defining the grid

« Simulations based heavily on FFT, so will be fastest
when grid sizes (including PML) have small prime factors

« Can use the function checkFactors

>> checkFactors (200, 300)

Numbers with a maximum prime factor of 2
256

Numbers with a maximum prime factor of 3
216 243 288

Numbers with a maximum prime factor of 5
200 225 240 250 270 300

Numbers with a maximum prime factor of 7
210 224 245 252 280 294

Numbers to avoid (prime numbers)

211 223 227 229 233 239 241 251 257 263 269
271 277 281 283 293
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Defining the time step

« The size and number of time steps are controlled by Nt
and dt, which are setto 'auto' by default

 This sets

dt = CFL * dx min / c0 max

Nt = d / (cO min * dt) a

 where the default CFL is 0.3

Co At

FL =
C Ax

 Note, this definition of the CFL is used in all dimensions
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Defining the time step

« There are two methods to specify Nt and dt, setTime
and makeTime (the latteris used if setto 'auto')

o

% specify Nt and dt explicity
kgrid.setTime (Nt, dt);

% calculate Nt and dt (this i1s the same as 'auto')
kgrid.makeTime (medium.sound speed) ;

% calculate Nt and dt specifying the CFL
kgrid.makeTime (medium.sound speed, CFL);

% calculate Nt and dt specifying the CFL and end time
kgrid.makeTime (medium.sound speed, CFL, t end);

% calculate Nt and dt specifying the end time
kgrid.makeTime (medium.sound speed, [], t _end);
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Defining the medium properties

 There are 5 medium properties that can be specified

Fieldname Description

medium.sound_speed sound speed distribution within the medium [m/s]
medium.density ambient density distribution within the medium [kg/m?]
medium.BonA nonlinearity parameter

medium.alpha_coeff power law absorption prefactor [dB/(MHzYcm)]
medium.alpha_power power law absorption exponent

« These can be specified as scalar values or matrices the
same size as the computational grid (except
alpha power, which must be scalar)

« If BonA iIs not specified, linear equations are solved

* If alpha coefforalpha power are not specified,
lossless equations are solved
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Defining a source
There are three types of source available in k-Wave

1. Initial pressure source — source.p0

— Initial value problem assuming the particle velocity is zero
(l.e., photoacoustics)

2. Time varying pressure source — source.p

— Time rate of the input of mass per unit volume
— Generates a monopole field

3. Time varying velocity source — source.ux

— Input of body forces per unit mass
— Generates a dipole field
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Defining a source mask

* Need to define a source mask, and then either a single
time series for all points in the source, or a separate time
series for each point in the source mask

« Source mask is ordered column-wise (opposite to C++
which is row-wise), e.g.,

0 1 0 0 3 0
1 0 1 1 0 5
1 0 1 2 0 6
0 1 0 0 4 0
mask index order

 In this case, the source would have 6 rows containing
the time series for each source point
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Defining a sensor mask

 The sensor structure defines what is recorded from the
simulation (e.g., pressure, velocity), and where it is
recorded

« The sensor mask can be defined in three ways:

1. As a binary matrix which specifies the grid points that record
the data, where the 1's represent the grid points that form
part of the sensor

2. As the grid coordinates of two opposing corners of a line (in
1D), rectangle (in 2D), or cuboid (in 3D) of grid points that
record the data

3. As a set of Cartesian coordinates defined asan N x M
matrix, where N is the number of dimensions, and M the
number of sensor points
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Defining the sensor record parameters

« By default, the acoustic pressure field is recorded and
passed directly to the output sensor data

« Other parameters can be recorded by specifying
sensor.record = {'p', 'u', 'p max', ...}

‘p’ (acoustic pressure)
‘p_max’ (maximum pressure)

‘p_min’ (minimum pressure)

‘p_rms’ (RMS pressure)

‘p_final’ (final pressure field)

‘p_max_all’ (maximum pressure at all grid points)
‘p_min_all’ (minimum pressure at all grid points)
‘u’ (particle velocity)

‘u_max’ (maximum particle velocity)

‘u_min’ (minimum particle velocity)

‘u_rms’ (RMS particle velocity)

‘u_final’ (final particle velocity field)
‘u_max_all’ (maximum velocity at all grid points)
‘u_min_all’ (minimum velocity at all grid points)
‘u_non_staggered’

(particle velocity on non-staggered grid points)

‘I’ (time varying acoustic intensity)

‘I_avg’ (average acoustic intensity)
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Output data

The output is indexed differently depending on the type
of sensor mask used (Cartesian, binary, cuboid-corners)

For a binary sensor mask, the output data is returned in
column-wise order, e.g.,

0 1 0 0 3 0
1 0 1 1 0 5
1 0 1 2 0 6
0 1 0 0 4 0
mask index order

The data is indexed as:
sensor data(sensor index, time index)

Note, the sensor points do not modify the wave field in
any way (they act as transparent observers), and the
response is omnidirectional
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Optional input parameters

« There are many additional optional input parameters to
control the behavior of k-Wave

 These are specified as 'Param', wvalue pairs after the
main inputs

o

% save the output as a movie in mp4 format
kspaceFirstOrder2D (kgrid, medium, source, sSensor,
'RecordMovie', true, 'MovieProfile', 'MPEG-4"');

o

% turn off the display, and run in single precision
kspaceFirstOrder2D (kgrid, medium, source, sensor,
'"PlotSim', false, 'DataCast', 'single');
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Other k-Wave functions

« There are many additional functions included in the k-
Wave toolbox, including...

— Time Domain Wave Propagation in Fluid Media (1D, 2D, 3D, AS)
— Time Domain Wave Propagation in Elastic Media (2D, 3D)
— Time Domain Heat Diffusion (1D, 2D, 3D)

— Reference Solutions

— Geometry and Shape Creation

— Acoustic Absorption Coefficient Calculation and Conversion
— Grid and Matrix Utilities

— Filtering and Spectral Utilities

— Display and Visualisation

— Signal Creation and Processing

— HDF5 Utilities

— System Parameters and Utilities

— Photoacoustic Image Reconstruction
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