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WaveRadar Visualisation

The project

Overview

t into interactive

The goal of the project is to take the data measured by the WaveRadars and turn
simulations.
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How we got there

Approaches

* Aline view from the side using:
* HmO and Fp
* Czz10 spectrum (table of waves moving in a single direction)

* A polar plot of the oceanographic spectrum using the Directional Maximum Entropy Method (directional
wave energy spectrum)

* A 3D visualisation using the DMEM spectrum and Unity



WaveRadar Visualisation

2D Line View

Using HmO and Tp



WaveRadar Visualisation

Understanding the Data

HmO and Tp

From the WaveRadar:
HmO Fp
Significant wave height Wave frequency with the highest energy

Derived from MO

Calculated:
Tp
Peak period from Fp
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Creating waves

How do we represent them?



Creating waves

Mathematics

Wave Equation
y(x,t) = A sin(kx — wt+ ¢)

y —height at a point on the wave
A —amplitude of the wave

k —wave number

X —x-coordinate

w — angular frequency

t —time

¢ —the phase

WaveRadar Visualisation

y(X,t) = A sm(kx - ot + ¢)
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Creating waves

Summary

We now know:

* Waves can be represented using an equation

* We can manipulate the wave by changing the parameters in its equation
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2D Visualisation

HmO and Tp
ETEINEE S HmO =1.2m Fp = 0.125Hz
A= HmO

2
To — 1

p= Fp
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W =



2D Visualisation

HmO and Tp




WaveRadar Visualisation

2D Visualisation

Summary

Issues
* Only the significant wave
* Only considers the prominent direction

e Static wave

We now know:
 The HmO and Fp parameters from the WaveRadar can be processed
* We take that processed data and use it to modify our wave equation

* It produces a single wave that represents the most significant wave in the sea state
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2D Line View

Using the Czz10 Spectrum
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Improvements

Compared to HmO and Tp

A real sea state is made of many waves, not just one.
We can use data that contains more information that we can split up to create many wave components.

The Czz10 spectrum is ideal for this.
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Understanding the Data

Czz10 Spectrum

Wave energy distributed across frequency

Energy density

0 100 200 300 400
Frequency (mHz)
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Understanding the Data

Czz10 Spectrum . . .
Each dot 1s one discrete data value in the spectrum.
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Understanding the Data

Czz10 Spectrum

Each frequency bin in the spectrum becomes one sine wave component.

For each bin:
* Energy density determines amplitude

* Frequency determines wavelength

Then add together all of the sine wave components.

n(x,t) = z A; sin(k;x — w;t
i
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Understanding the Data

Czz10 Spectrum

We now have a new term: n(x’ t) — 2 Ai sin(k,;x — wit )
[
Phase

Phase describes how far through the cycle a wave is.
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Understanding Phase

Mathematics
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Understanding Phase

Why use a random phase?

The WaveRadar can’t measure phase.

It has no way of knowing how far through a cycle a wave is, only whether or not an entire cycle has been
completed.

This means we have to manually assign phase and it must be random.
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Understanding Phase

Random Phase



WaveRadar Visualisation

Understanding the Data

Mathematics

The Czz10 spectrum gives us energy at a range of frequencies, but energy can’t be directly used in the
wave equation.

We must convert it into the parameters the wave equation uses.
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Understanding the Data

Czz10 Spectrum

From Czz10 Spectrum to Wave Components

Parameters
_ NYAYLYE
100 Czz10 Spectrum
Wave Component

w; = Zﬂfl

w? - |
ki =— S

g N | | | |

O

Frequency,f
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2D Visualisation

Summing the waves

Czz10 Spectrum Summed Sea Surface

Czz10(f)
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2D Visualisation

Czz10 Spectrum

WaveRadar Spectrum Reconstruction

Czz10 Spectrum

600000
Hmo :5.10 m

Hmax: 8.17 m
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2D Visualisation

Czz10

BYIES

* Only considers one direction

e Aside on view of the sea isn’t very descriptive

We now know:

* The Czz10 spectrum tells use how much energy waves have in different frequency ranges
* Processing each value for energy gives us parameters the wave equation can use

* Adding all of these waves together produces a more accurate representation of the sea
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DMEM

Polar plot of the oceanographic spectrum
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Understanding the Data

DMEM Spectrum

The DMEM describes the sea state in a table.

0° 4° 8° 356° 360°
OmHz VELY NaN NaN VELY NaN
10mHz VELY NaN NaN VELY NaN
20mHz 18.941874 20.03929 20.22796 13.313957 10.561653
490mHz 21.707626 20.20916 17.482151 8.40764 9.098132
500mHz 13.489159 11.957963 10.809789 8.417857 8.594357
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Understanding the Data

DMEM Spectrum

Each bin represents a small range of wave frequencies in a small range of directions and contains the
amount of energy associated with that range.

Directional Wave Spectrum: One DMEM Bin DMEM Frequency Resolution



WaveRadar Visualisation

Representing the Data

Polar Plot

Instead of having an energy density graph for each
measured direction, we can use a polar plot to show the
energy associated both direction and frequency.

By plotting frequency along the radius of the circle and
direction around it, we can see which wave frequencies
have the most energy based on their colour and clearly see
from which direction they are coming from.
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Representing the Data

DMEM Spectrum
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Representing the Data

DMEM Spectrum

These plots are useful if you understand what they describe.

The challenge is to understand that this plot doesn’t tell you how large a wave is, it just
tells you which waves have the most energy.

To make it clear when a sea contains lots of energy is rough, one approach was to make
the plot 3D.
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Representing the Data

DMEM Spectrum
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Representing the Data

DMEM Spectrum
3

Vertical Exaggeration
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3D

DMEM
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Understanding the Data

DMEM Spectrum

Now that we understand energy spectrums (Czz10) and directional energy spectrums (DMEM), it is
possible to turn the data they provide into a 3D representation of the sea state.

The Czz10 proved the idea that frequency bins can be converted into waves.

Now with DMEM, we can create those waves and send them in the directions they were travelling past the
WaveRadar.
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Understanding the Data

DMEM Spectrum

Parameters
V2SAf
A=
100
a)l- = 277,'fl
2
(,()'
ki - L
g
2T
/1l' — — g

One DMEM Bin Becomes One Wave Component
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Unity

What is it?

A real-time physics and rendering engine, typically used for games and interactive 3D applications.
What it does
* Takes data describing a 3D scene

e Uses programmed behaviour to update that scene

e Renders the result as an image in real time

What the engine needs

* Geometry: vertices and meshes describing objects
* Data: positions, wave heights, displacement, etc.
* Code: methods describing how the simulation behaves

* Materials and shaders: instructions for how objects are rendered
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Unity

How do we make a simulation?
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Limitations of sine waves

Simulation Accuracy
Water waves don’t just move up and down. A simple sine function does not model horizontal movement

of water particles.

____________ = sine wave

= Gerstner/Troichoidal wave
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Gerstner/Troichoidal Waves

Simulation Accuracy

Real water particles in waves don’t just move up and down but rather follow a circular path.

Gerstner waves make the ocean more realistic by introducing horizontal movement of particles on the
wave surface.
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Linear Sine Wave vs Gerstner Wave

Sine wave
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Gerstner / Troichoidal Waves

Mathematics

Phase where:

A =wave amplitude
Q = steepness/choppiness factor
K = wave direction vector

0=k -x-wt+ ¢

Vertical displacement e 0 =wave phase
n=Asinbf The full surface position becomes:
. . x1 [—QAk, cos(8)]
Horizontal displacement x' = |yl + Asin(8)
zl  [-QAk, cos(0)|

D,y = —QAKcosb
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Recap

Simulation components

v' Mesh made of vertices
V' Vertical displacement

v/ Horizontal displacement using Gerstner
displacement



Basic Version

CPU —Strongest wave components

WaveRadar Visualisation

Turbine:

7m diameter

Platform:

5m above
sea level

Black lines:

Spaced 1m
apart
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Performance

Currently low

This version has poor performance.

This is because for each coordinate, the code calculates the height of each coordinate by sequentially
adding sine components:

* y =sin(6;) + sin(6,) + sin(6;) + ..
y =sin(8;) + sin(6,) + sin(83) + ..
y = sin(6;) + sin(f,) + sin(63) + ..
y = sin(6;) + sin(f,) + sin(63) + ..
y = sin(8;) + sin(8,) + sin(63) + ..
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Performance

Current Issues

The two ways to improve the performance is by:

* Improving the maths to reduce the volume and effort required for each position in the wave field

e We can do this using the Fourier Transform

* Moving the calculations to a more parallel processor to calculate more positions at once

* The GPU is designed specifically for tasks like this
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Improving the maths

Fourier Transform

N—-1 1 N — "
X = Xy € N Xn = N

n=0

Taking spatial domain information and converting it to frequency domain Taking frequency domain information and converting it to spatial domain
information. information.
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Improving the maths

Inverse Fourier Transform



Improved ocean

CPU IFFT

WaveRadar Visualisation

Turbine:

7m diameter

Platform:
5m above
sea level
Red line:

Sea level

Black lines:

Spaced 1m
apart



WaveRadar Visualisation

Performance

Still not enough...

The simulation does the same thing to each point on the mesh.
Tasks like this are known as “embarrassingly parallel” tasks.

This means the GPU is well suited for these operations. Moving these calculations to the GPU massively
improves performance.

The benefit of this is that we can now simulate more waves gathered from the spectrum, across a large
grid, providing more detail.

So why is the GPU the better choice?
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Performance

Still not enough.

Computers use two main types of processors:
 The CPU (Central Processing Unit)

* The GPU (Graphics Processing Unit)
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Performance

Architecture Choices
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Performance

How the GPU is working
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High speed rendering

GPU IFFT

Displacement calculated on the GPU and mesh being updated
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This is working

But it doesn’t look right?

The simulation is missing some final processing to make it look correct.

It still needs:
* Lighting
* Reflections

* Foam
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Lighting using normals

Making the surface show the correct colour

For Unity to know what to show on screen, it needs to know what colour each pixel on the screen needs to
be.

And to work out what colour a pixel should be, it must know what the scene looks like.

We use the light in the scene and ‘normals’ to work out how much light is being bounced towards at the
camera.
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Lighting

Why normals?
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Lighting

How do we render the simulation?

Surface vertices



Lit Version

GPU IFFT and normals

WaveRadar Visualisation

Turbine:

7m diameter

Platform:

5m above

sea level

Red line:

YERIEE

Black lines:

Spaced 1m
apart
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Reflections

Visual fidelity improvements

A real ocean surface isn’t opagque and completely smooth.

Light reflects at angles off the surface.
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Reflections

Reflecting light and Frensel effect
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Visual improvements

GPU IFFT with normals and Frensel lighting

Lower viewing angle shows greater reflections due to the Frensel effect Higher viewing angles show less reflection
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Foam/White caps

Clearer ocean conditions

In choppy conditions, waves break. This causes air to get trapped under the breaking crest of the wave and
foam forms on the surface of the water.

Seeing where foam is forming visually demonstrates the conditions of the sea more than simply showing
displacement.
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Foam

Where does it go?
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Foam

Jacobian

'1 N dD, aD,

] = 0x 0z
aD, 14 oD,
dx 0z -

Describes how the horizontal displacement field changes in space.

e (1290 (1, 9D2) _ (D) (D,
etU)_( T 0x)( T az)_(az)(ax>

Represents the change in local surface area
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Foam

Jacobian _1 N an an

How is this used? J = 0x 0z
oD, 14 oD,
0x 0z -

* det(/) 1 - Nocompression deet) = 14 aD, - oD, oD\ (9D,
No foam et) = 0x 0z dz )\ ox

« det(/) <1 - Compression

The points are being pushed together. This happens at wave crests where water is bunching
up

e det(/) > 0 - Extreme case

The surface is approaching a fold. Physically, this represents a breaking wave.
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Foam

Jacobian
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Convincing ocean

Foam

Displacement calculated on the GPU but mesh not updated Displacement calculated on the GPU and mesh being updated
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Final product

Completed simulation

OEG // HISTORICAL WAVE EXPLORER

HISTORICAL WAVE CONDITIONS

Explore the ocean
behind your turbine sites.

Select a historical wave record, inspect its exact time, and
launch a live 3D view of the resulting ocean conditions.

CSV archive available now + APl workflow prepared

GUIDED SETUP

From record to ocean

01 Choose a data source

02 Select a site and historic date
03 Set the precise time sample
04 Choose visual quality

05 Launch the simulation

OFFSHORE ENERGY / DESKTOP TOOL
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Questions

Links

Definitions

Wave Equation

Superposition

HmO and Tp

Fast FT

IDFT vs IFFT
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Why triangles?

Race Conditions




Wave Equation

< Back
y(x,t) = A sin(kx — wt+ ¢)

y —height at a point on the wave
A —amplitude of the wave

k —wave number

X —x-coordinate

w — angular frequency

t —time

¢ —the phase

WaveRadar Visualisation

y(X,t) = A sm(kx - ot + ¢)
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Superposition

& Back
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Definitions

<& Back

Amplitude Period

Vertical displacement Time between two peaks crossing a point
Wavelength Angular Frequency

Peak to peak distance How quickly a wave completes one cycle
Frequency Wave Number

How many waves arrive per second How rapidly the wave changes with distance
Phase

How a wave



HmO and Tp

& Back

HmO = 4vMO

WaveRadar Visualisation
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Fast FT

& Back

The Inverse Discrete Fourier Transform can reconstruct the spatial surface directly, but it

is computationally expensive because each output point depends on every frequency
component.

The Inverse Fast Fourier Transform produces the same result but reorganises the
calculation to avoid repeating work.

Inverse DFT: O(N2) — 0(20482) = 4,194,304

[FFT: O(N log, N) — 0(2048log, 2048) = (2048 x 11) = 22,528

194,304 _ 186.18... ti ] lexit
22528 .10 ... times less complexity
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IDFT vs IFFT

& Back
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Why triangles?
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Race conditions

GPU considerations
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Credits and References

Resources

Animation software

Manim Community Edition Python library
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TEMPLATES
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TEMPLATE

Subtitle
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-D Visualisation

DATA

Issues
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TITLE
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  y ( x , t ) = A     sin ⁡   ( k x   −   ω t + ϕ )
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  A =   Hm0 2


  Tp =  1  Fp


  𝜔 =   2 𝜋  Tp


  𝜂  ( x , t ) =   ∑ i   A i  sin ⁡   (  k i x −  𝜔 i t +  𝜙 i )


  𝜂  ( x , t ) =   ∑ i   A i  sin ⁡   (  k i x −  𝜔 i t +  𝜙 i )


   𝜙 i


  A =        S i Δ f 100 


   𝜔 i = 2 𝜋  f i


   k i =    𝜔 i 2 g


   𝜆 i =   2 𝜋   k i =  g  2 𝜋  f i 2


  A =        S i Δ f Δ θ 100 


   𝜔 i = 2 𝜋  f i


   k i =    𝜔 i 2 g


   𝜆 i =   2 𝜋   k i =  g  2 𝜋  f i 2


  θ =   k   ⋅ x   –   ω t   +   ϕ


  𝜂 = A  sin ⁡ 𝜃


   D  x y = − Q Ak ̂ cos θ
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  θ


   𝐱 ′ =  [    x   y   z ] +  [    − Q A  k x  cos ⁡   ( 𝜃 )   A  sin ⁡   ( 𝜃 )   − Q A  k z  cos ⁡   ( 𝜃 ) ]


  y =  sin ⁡   (  𝜃 1 )   +    sin ⁡   (  𝜃 2 )   +    sin ⁡   (  𝜃 3 )   +


  y =  sin ⁡   (  𝜃 1 )   +    sin ⁡   (  𝜃 2 )   +    sin ⁡   (  𝜃 3 )   +


  y =  sin ⁡   (  𝜃 1 )   +    sin ⁡   (  𝜃 2 )   +    sin ⁡   (  𝜃 3 )   +


  y =  sin ⁡   (  𝜃 1 )   +    sin ⁡   (  𝜃 2 )   +    sin ⁡   (  𝜃 3 )   +


  y =  sin ⁡   (  𝜃 1 )   +    sin ⁡   (  𝜃 2 )   +    sin ⁡   (  𝜃 3 )   +


  Type equation here.


   X k =   ∑  n = 0  N − 1   x n ⋅  e  − i 2 𝜋  k N n


   x n =  1 N   ∑  k = 0  N − 1   X k ⋅  e  i 2 𝜋  k N n


  Type equation here.


   det ⁡   ( J ) =  ( 1 +   𝜕  D x  𝜕 x )  ( 1 +   𝜕  D z  𝜕 z ) −  (   𝜕  D x  𝜕 z )  (   𝜕  D z  𝜕 x )


  J =  [    1 +   𝜕  D x  𝜕 x    𝜕  D x  𝜕 z     𝜕  D z  𝜕 x  1 +   𝜕  D z  𝜕 z ]


  Type equation here.


   det ⁡   ( J ) ≈ 1


   det ⁡   ( J ) < 1


   det ⁡   ( J ) → 0


  J =  [    1 +   𝜕  D x  𝜕 x    𝜕  D x  𝜕 z     𝜕  D z  𝜕 x  1 +   𝜕  D z  𝜕 z ]


   det ⁡   ( J ) =  ( 1 +   𝜕  D x  𝜕 x )  ( 1 +   𝜕  D z  𝜕 z ) −  (   𝜕  D x  𝜕 z )  (   𝜕  D z  𝜕 x )


  y ( x , t ) = A     sin ⁡   ( k x   −   ω t + ϕ )
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  Hm0 = 4  M0


  Tp =  1  Fp


  Inverse DFT:  O  (  N 2 )   → O  (  2048 2 )   = 4 , 194 , 304


  IFFT:  O  ( N    log 2 ⁡ N )   → O  ( 2048    log 2 ⁡ 2048 )   =   ( 2048   ×   11 )   = 22 , 528


    4 , 194 , 304  22 , 528 = 186 . 18 …   times less complexity

