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1 Introduction

1.1 Overview

There are these grand, gorgeous and spectacular oceans in many
video-games like Sea of Thieves , or even in famous movies like
Titanic . But how is it possible to create such an ocean and
what mathematics, as well as computer science go into this?
This discussion will explore the technology and mathematics be-
hind real-time ocean simulations, building up its own interpre-
tation in this field. First, this project will discuss the theory,
and afterwards this project will look at more practical and effi-
cient approximation methods more commonly used in the real
world. Using various lighting techniques and building on top of
Tessendorf’s implementation , which includes the use of the
Phillips spectrum and Inverse Fast Fourier Transform algo-
rithms to achieve a realistic and visually compelling result.

e

Figure 1: Image from the video game
Sea of Thieves

1.2 Applications

Some of the most common use cases for an ocean simulation is the testing of hardware, as well as improving
the graphical standpoint of a project, to attract a larger customer base . In addition, it could serve as a
great lesson on computational shaders, lighting and optimisation techniques.

1.3 Aims & Goals

By far, the most important goal of this project is to explore all the details and dive deep into maths
rabbit-holes, where the end goal is producing a fully functional simulation. Secondly, another important goal
for this discussion is to explore the possibilities of creating an efficient simulation using minimal external
ready-to-use tools and engines, such as Unreal Engine @ and Unity , in Rust. This helps to develop the
skills and knowledge about lighting, 3D rendering as well as providing an opportunity contribute to the Rust
community by acting as guidance for fellow ambitious programmers.

1.4 Prerequisites

Before the start of this discussion, the key words, ideas and mathematical knowledge have to be mentioned.

1.4.1 Ocean

What is an ocean? An ocean is a large continuous body of water filled with sea salt. Oceans cover 71% of the
whole earth surface and most of this water has a depth of 3,668 meters . Primarily the ocean waves are
generated by the transfer of energy from the wind onto the water’s surface, forming waves. In this study the
Phillips Spectrum will be used to account for wind direction and any other factors to make the ocean
seem more vivid and realistic.

1.4.2 Efficient Real-Time Simulation

Real-time simulations refer to the type of simulations and computer programs that produces an output at
the same rate as the real world time, allowing for seamless effect and direct interactions with the user. While
in "offline" @] or "non-real-time" simulations the output is usually predetermined and perhaps rendered
and computed beforehand, since the algorithms used there are usually slower. The challenge of this paper
is to find a sweet spot that would still look vivid and realistic, but provides a suitable frame rate of about
~ 60FPS, which also correlates to ~ 16.7ms of frame time.
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1.4.3 Programming Language and External Libraries

First, a programming language has to be chosen determining at what pace the development will go, as well as
the available tools. For this case study, the programming language of choice is Rust [10], having a great typing
system, being memory safe and having an emerging ecosystem of useful libraries like wgpu [11] providing a
graphics APL Tt is important to consider a game engine, like Unity |7] or Unreal Engine [6] which allows for
faster development speed and ease of use, however the challenge of beginning from scratch and having more
control is more beneficial.

1.4.4 Open Source & Git

As stated previously, driving the success of others is an important aim of this discussion. Therefore the whole
repository [12] is available under an MIT [13] license on GitHub, a cloud based platform where you can store,
share, and work together with others to write code [14].

1.4.5 Glossary of Mathematical Terms

Note: Help box

Since this is a highly technical and mathematics based project, the reader may see these "Note" boxes
appear throughout. These act as a guide, providing hints and useful information on the topic currently
being discussed.
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Notation

f(z)

f:A— B

sin x, cos x, tan z, sinh x, cosh x, tanh x
arcsin x, arccos x, arctan x
sinh x, cosh x, tanh x

sinh ™z, cosh™! z,tanh ™' »
R,Z,Q

C,e.¢

{zeA:P(x)}

lim, 9,2 — 0

o)

VxF

d df df(=)
dx’ dzx’ dx
0 of 9f(=)
Oz’ dx’ Oz
b

fa f(z)dx

Jo flz)da

Vf

VF

V2f

Description

Function of a real variable
Function mapping set A to set B
Trigonometric functions

Inverse trigonometric functions
Hyperbolic functions

Inverse hyperbolic functions
Real, integer, rational numbers
Subset, element of, not element of
Set-builder notation

Limit as « approaches 0

Vector (general)

Unit vector

Magnitude (norm)

Divergence of vector field

Curl of vector field

Derivative

Partial derivative

Definite integral

Integral over the domain )
Gradient of scalar field
Gradient of a vector field

Laplacian

Figure 2: Table of standard mathematical notation.

In addition to the mathematical terms, the following inline_code_blocks will be used throughout the
discussion, showcasing a connection to the code and following wgsl terms will also come up, as shown in

Figure 3]

Function
normalise(?)
mix(a, b, t)

smoothstep(a, b, t)

Description
Normalisation of a vector
Linear interpolation

Cubic Hermite interpolation

Figure 3: WGSL and programming function notation.
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2 Literature Review

2.1 Sinusoidal functions

2.1.1 Parameters of a sine wave

Sinusoidal waves are special type of a functions, oscillating up and down with a periodical frequency of 2.
Originating from a simple unit circle (cos?§ + sin?@ = 1), as illustrated in Figure

1 | (@) =sina
)
0.5 1 (9, sin 9) T
sinfrf------------
! x (rad) (cosf, sind)
gm0 o i ™ 1
. T
—0.5 | /2m
-1 37
2
Figure 4: Sine wave at (6,sin0) Figure 5: This unit circle presents a

natural and oscillating output as the angle
increases, producing the waveform seen in

Figure El

In a sine wave its amplitude A refers to the maximum displacement, wavenumber k governs the spatial
frequency. While the angular frequency w, and phase shift ¢ allow to encode the initial random phase, as
well as fake movement. By add time ¢, and using a spatial variable = instead of an angle 6 the general form
of a sine wave including all these parameters is as shown in Equation .

hz,t)=A-sin(k-z4+w-t+¢) (1)
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— sin(x)
--- 1.5sin(x)

— sin(x)
--- sin(2x)

- p=m/4

(¢) Phase Shift Variation (¢)

Figure 6: Visual breakdown of sine wave parameters: (a) demonstrates amplitude affecting vertical peak height, (b)
shows wavenumber controlling spatial frequency, and (c) illustrates the horizontal displacement caused by phase shifting.

2.1.2 Dispersion relation

Wave dispersion tells us that waves with different wavelengths travel at different speeds and the relationship
is represented in Equation .

w? = gk tanh (kh) (2)

The depth of water h is assumed to be very large, then as h — oo, tanh(kh) — 1, implying Equation .

w=1/g- k]| (3)

Deep water usually refers to h > A\/2 [3]

2.2 Gerstner waves

Gerstner waves have a much more real-world approach to modelling the ocean, being first derived by Franz
Josef Von Gerstner in 1809 [15]. Gerstner waves are great at conveying the sharpness of peaks and the flatness
of troughs, because they incorporate horizontal displacement.

However, this method will not be used in this discussion. Firstly, Gerstner waves break at scale since the
parameters for amplitude, direction and phase have to be generated and matched by hand. Secondly, while
the computational power may be cheap for a few waves, the algorithm scales poorly when trying to match
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the detail provided by other FFT methods. Lastly, Gerstner Waves have the ability to fold over themselves,
as shown in Figure [7}

Stable (ka < 1)

X

Over-steep (ka > 1)

Figure 7: Visual representation of Gerstner wave folding over itself

2.3 Phillips spectrum

The ocean surface waves can exist across many different kinds of shapes and scales, therefore a statistically
accurate model is used, like the Phillips spectrum. Phillips Spectrum being a well known spectra of sea waves
in the presence and in the absence of wind [4]. This section will explore how the equation is formed following
Tessendorf’s method [3].

2.3.1 Theoretical Derivation

Phillips (1958) [16] showed that at high wavenumbers the equilibrium range is maintained by wind and
breaking, making wind speed negligible so the spectrum h(k) depends only on g and E, as confirmed by
dimensional analysis.

h(k) o gk (4)

Using [h(k)] = L2, [g) = LT~2 and [k] = L7

[gakb] — (LT72)a(L71)b _ Labe72a (5)
Matching dimensions with h(k) gives a = 2 and b = —4, hence

h(k) = ap%z (6)

where ap a2 0.0081 is the Phillips Constant, which was determined from empirical ocean measurements |16].

2.3.2 Directionality and Scale

Since the k~* term diverges to oo as k — 0, and the wind speed V can only sustain waves up to the scale at
which wave phase speed ¢ = \/% equals to V. The maximum wavelength is as shown in Equation .

L=~ (7)
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Waves larger than L are not possible to be generated by the wind, therefore will be suppressed by the factor
exp (k;—le), which falls to zero for k¥ < 1/L and approaches unity for k > 1/L.

By following Tessendorf’s [3] implementation, a directional weighting, D, is introduced.

N N 2
D(k,w) = |k-w| =cos*@ (8)

where w is the wind unit vector and 6 is the angle between k and 1.

At high wave numbers k > 1/I, the theory starts to break down, as surface tension starts to dominate. These
tiny changes can easily cause aliasing issues, therefore a Gaussian low-pass filter is implemented.

G(k,1) = exp (—k* 1) (9)

This filter eliminates this energy above the cut-off scale [ [3].

Hence, by combining the equations for the range (6]), wind-scale cut-off (7)), the directional factor (8) and the
small scale damping @, the Phillips spectrum will be as described in Equation 13].

. a2 -1 Cnrn2i2 e -4
P(R) = A (k- 1)? exp (WL)) exp (~IIFI22) |1F] (10)

where the dominant scale L = |[V[|2/g.

2.3.3 Statistics and Time Evolution

However, this is a power spectrum density, it specifies the variance, but not the phase of each Fourier Mode.
To generate a surface, the ocean has to be treated as Gaussian Random Field [17]. Therefore, for each vector
E, two independent samples are required using the Box-Muller Transform is used, which results in two samples
of the Gaussian Random Field, &;,&,. This forms the complex Fourier amplitude as described in Equation

(D).

ho(F) = 25 [p(R) (11)

V2

The 1/v/2 term ensures that the complex magnitude has the correct variance P(k), instead of 2P(k). In
addition to ho(k), this guarantees that the ocean surface will be composed of only the real values after the
IFFT. This requirement is known as the Hermitian Symmetry condition. Time Evolution is then controlled

by the deep-water dispersion relation, covered in Section [2.1.2] This shifts the phase of each mode over time,
as governed in Equation

~ o

R(R, 1) = ho(E) exp (m(k’) t) 4 RE(—K) exp (fm(z;’) t) (12)

An Inverse Fast Fourier Transform (IFFT) over the full N x N grid produces a spatial surface 7(x,t) at each
timestep.

2.4 Discrete Fourier Transform (DFT)

The Discrete Fourier Transform is a technique used to convert data from time or space domain to frequency
domain, splitting up data into smaller chunks that it’s made up of as shown in Figure [8| This transform
maps the complex vector Z with N elements (xq, z1, Z2,...,2ny—1) = 2y onto a different vector X also with
N elements (Xo, X1, Xo,...,Xn-1) = Xi. Where X}, is to be defined as in Equation . (18]

10
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a[n] AV AVAVAVAVAVANSEE

Figure 8: The DEFT decomposes a composite discrete signal x[n] into its sinusoidal components at distinct frequencies
f1, f2, fa, each with its own amplitude and phase.

N-1
Xy = Z Tpe Nokn (13)

n=0

Substituting exp (=32) = v, results in Equation (18]

N-—1
_ kn
X, = E Tpl (14)
n=0

v can be expressed in terms of trigonometric functions as shown in Equation (|15)).

o —2m1
Vv =ex
PN
_ —2m tisi -2
v = Cos N 7sin N
2 . 2
v=cos | o | —isin | (15)
v = cos 21 — ¢sin 2—77 .
N N N
2 2
vE? = cos <kn ]\7;) — ¢sin (kn ]\7;>

Calculating a single frequency Xy, requires N x N operations, therefore a Fast Fourier Transform (FFT) is
used.

2.4.1 Fast Fourier Transform (FFT)

Most common example of a FFT is the Cooley-Tukey Radix-2 Decimation-In-Time. Radix-2 works by
computing separate DFT’s of even inputs (zg, z2, 24, ...) and odd inputs (z1,x3,x5,...) [18] as shown in
Equation . This is the core principle, as it is able to recursively split up a DFT of size N into 2 separate
DFT’s of size N/2, referred to as butterfly passes.

11
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N/2—-1 N/2—1
X = Z L2m 6%(2?71)]6 + Z Toam+1€ =% 2mA1k
m=0 m=0 (16)
N/2—1 N/2—1
Xi = Z Tame N GMk | o =R Z Tomi1e N Gk
m=0 m=0

Equation consists of the even indexed part DFT Ej and odd indexed part DFT Oy, rewritten as .

—27i
N

Xk :Ek%-eikOk (17)

Functions of k, Ej and Oy repeat every N/2, Equation can be rewritten as shown in Equation .

Exyny2 = Ek
Outaipa = O (18)
X, — Ek—ﬁ—e%kOk, for 0 <k < N/2
B Ek,N/Q—Fe%kOk,N/Q, for N/2§k<N
Using the following property of the twiddle factor 18],
e N REN/2) _ (TR om _ omi TR TR (19)
X}, can be rewritten as shown in Equation [18].
X = Er + 6721:;“c Oy
o (20)

Xignj2 =Er—e 8 Oy

2.4.2 Bit Reversal

For a transform to be a Decimation in Time (DIT), where the array is split into even and odd indexed values,
once the algorithm reaches the end, data becomes completely scrambled, as shown in Figure [0

Initial 0 1 2 3 4 5 6 7

Split 1 0 2 4 6 W ( 1 3 5 7

Split 2| 0 | 4 2 | 6 1 3 3 7
Scrambled 0| 4| 2 6 1 5 3|7 Bit-Reversed!

Figure 9: Recursive DIT of an N = 8 array with bitwise representations.

This allows for the clever use of bitwise manipulation to flip the bits around for the original array, and let the
algorithm sort everything into its correct place.

12
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2.4.3 Inverse Fast Fourier Transform (IFFT)

The Inverse Discrete Fourier Transform does the opposite by converting the frequency domain back to spatial
domain. The definition of the IDFT is as shown in Equation

N-1

1
37 XpeFkn (21)

Tp = N
k=0

The sign on the twiddle factor is now positive and a 1/N scaling factor is added. The same radix-2 logic can
be applied for both the forward and inverse transforms as shown in the following steps.

1. Conjugate the complex input

2. Perform standard radix-2 FFT.

3. Conjugate the complex input again
4. Add a scaling factor of 1/N

2.5 Lighting Models

For user to see an image, a lighting model has to be in place. Any pipeline works in a similar fashion, where
the CPU does all the setup and logic, and after sending draw calls to the GPU. Due to the parallelism power
of the GPU, it can use shaders to efficiently display an image to the screen. Shaders are programs which
run on the GPU [19], such as the Vertex Shader, being responsible for the movement of vertices, and the
Fragment Shader, used for colouring in individual pixels. The general architecture of this rendering pipeline
is as shown in Figure

GPU PIPELINE

CPU e Rasterizer Fragment
Logic & Shader Framebuffer
S N Set Generates Shader
cene wetup Transforms . Screen output
Buffer Updates fragments Colours pixels

vertices

Figure 10: CPU prepares the scene and issues draw calls to the GPU, which processes geometry through the shader
stages before writing pixel colours to the framebuffer.

2.5.1 Surface Normals

The shader must first determine the surface normal 7 for every point on the wave. From vector calculus, the
normal to such a surface is given by the gradient of the implicit function f(Z,z,t) = z — n(&,t) =0, [3] as
shown in Equation .

_on -
ii=Vf=V(z—n@t) = f% = {‘m (22)
1

The unit normal n used in the shader is computed by normalizing the vector:

=

(23)

ﬁ/:

=

Inside of shaders, an approximation method is used for the gradient 6777 like the central difference method.
For a point on the grid with spacing As the partial derivative is estimated as shown in Equation .

13
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@ ~ n(x+A87yat) 777(‘% — Asay7t)

Ox 2As (24)
on @,y +As,t) —n(z,y — As,t)
oy 2As

2.5.2 Cook-Torrance PBR model

Physically Based Rendered (PBR) model is a realistic and efficient approach towards lighting. The ground
truth for PBR is the rendering equation as shown in Equation which states that the total radiance L
reflected from a point p in direction w, is the integral of the incoming light L; from all directions w; over the
hemisphere €.

Lolpseo) = [ Fo(prssn) L) (- :) do (25)

Where f; is the Bidirectional Reflectance Distribution Function (BRDF). Because calculating this integral in
real-time is computationally impossible, the Cook-Torrance microfacet model is used as an approximation,
being composed of primarily three parts: the Normal Distribution Function D, the Geometry Function G
and the Fresnel term F [20], which are then combined into a single BRDF as shown in equation (26)).

Final = (Diffuse + Specular) - (LightColor - LightDiffuseIntensity) - ( - dz) (26)

The diffuse term follows a Lambertian model, where fiampert is simply the surface albedo colour [21]. While the
specular term uses a Cook-Torrance BRDF, fcookTorreace, €nsuring energy conservation using K, = (1 — Ky),
meaning the sum of the diffuse and specular contributions never exceed incoming energy.

Diffuse = K- flambert
) (27)

Specular = (]- - Kd) ' fCookTorrance

The Cook-Torrance BRDF will be defined as shown in Equation , the denominator ensuring that energy
remains conserved.

D-G-F
ookTorrance — =3 28
JGoak 4-(h-dp)-(7-0) (28)

The Normal Distribution Function D, models the microscopic structure of the surface since real surfaces
are made up of tiny microfacets each with their own normal. This function determines what fraction of the
microfacets are orientated towards the halfway vector h = normalize(dz + ¥), and therefore contribute to the
specular highlight as shown in Figure The GGX distribution [22] is also used here, as shown in Equation
, where « is the surface roughness coefficient.

D= - (29)

14
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Figure 11: Microfacet surface model, facets whose normal m aligns with the halfway vector h contribute to specular
reflection (Simplified diagram)

However, the light path may still be partially blocked due to neighbouring microfacets casting shadows on
it (shadowing), or block the reflected ray from reaching the viewer (masking) as shown in Figure The
Geometry Function G, accounts for this using the Smith method [23| as shown in Equation where S is
the Schlick-GGX approximation as shown in Equation .

G=5(-7)-S(h-dg) (30)

d L (a+1y

S(d”):dp-(l—k)+k’ 8

(31)

This being the core term preventing PBR materials from appearing unrealistically bright at grazing angles,
commonly seen in Blinn-Phong.

U
1

A &

% B’
Shadowing Masking
light blocked reflected ray blocked
before facet before viewer

Figure 12: Shadowing and masking. The geometry function G attenuates the contribution of affected facets.

The Fresnel term describes how the viewing angle changes the reflectivity term as shown in the Equation
, since at grazing angles all surfaces become highly reflective regardless of the material. The Fj term
represents the base reflectivity at normal incidence.

F=F+(1-F)-(1-(7-h)’ (32)

After combining these terms, the final PBR is defined by the Equation .

PBR = Kq - Color + (1= Kd); D-G-I). (LightColor - LightDiffuselntensity) - (7 - [) (33)
@ 4-(n-1)-(n-0)

15
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3 Discussion

The knowledge about Fourier Transforms, Phillips spectrum and buffers will now be applicable in practice.

3.1 Initial Setup

First, the window has to be created, therefore the winit library will be used. The main function will be
responsible for the creation of the event loop, as well as creating the App struct and initialising default states.
The App struct implements methods needed for a window to work. The resumed method will be called once
the application is ready, it will create the window and call the startup sequence of the State struct as shown

in Figure

fn resumed (&mut self, event_loop: &ActiveEventLoop) { e

let window_attributes = Window::default_attributes ()
.with_title(format!("Ocean_ Simulation,_ build_ {VERSION}"))
.with_inner_size(LogicalSize::new (2560, 1440));

let window = Arc::new(event_loop.create_window(window_attributes) .unwrap());

window.set_cursor_visible(false);
if window.set_cursor_grab(CursorGrabMode::Locked) .is_err () {
log::warn! ("Could not,lock ,cursor")

}

self.state = Some(pollster::block_on(State::new(window)) .unwrap());

Figure 13: The resumed method which defines the meeded window attributes, creates a window and calls
State: :new()

Afterwards, the State struct will initialise the graphics pipeline and setup initial variables. The hardware
API library is wgpu , allowing to create shaders, send buffers and create graphical pipelines. Figure
displays the startup sequence, defined in the State::new() .

16
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// Get the size of window passed in s

let size = window.inmner_size();
// creates an instance specifying the backend (Vulkan, OpenGL, etc..)
let instance = wgpu::Instance::new(&wgpu::InstanceDescriptor {

backends: (wgpu::Backends::PRIMARY),
..Default::default ()
1

(a) Creating the instance and retrieving window size

// Creates a surface for wgpu to display onto, which maps onto the window screen. rs

let surface = instance.create_surface(window.clone()) .unwrap();

// An adapter for hardware & software to communicate
let adapter = instance
.request_adapter (&wgpu::RequestAdapterOptionsBase {
power_preference: wgpu::PowerPreference::default(),
force_fallback_adapter: false,
compatible_surface: Some (&surface),
b

.await?;

// Get the device and queue variables, which act as the main driving force
let (device, queue) = adapter
.request_device (&wgpu::wgt::DeviceDescriptor {
label: None,
required_features: wgpu::Features::empty (),
required_limits: wgpu::Limits::defaults(),
experimental _features: wgpu::ExperimentalFeatures::disabled(),
memory_hints: Default::default(),
trace: wgpu::Trace::0ff,
b

.await?;

// Setup the surface rules & capabilities

let surface_caps = surface.get_capabilities (&adapter);
let surface_format = surface_caps

.formats

.iter ()

.find (| format| format.is_srgb())

.copied ()

.unwrap_or (surface_caps.formats [0]) ;

let surface_config = wgpu::SurfaceConfiguration {
usage: wgpu::TextureUsages::RENDER_ATTACHMENT,
format: surface_format,
width: size.width,
height: size.height,
present_mode: wgpu::PresentMode::Mailbox, // uncapped FPS
alpha_mode: surface_caps.alpha_modes [0],
view_formats: vec![],
desired_maximum_frame_latency: 2,

(b) Surface creation, device setup, and configuration

Figure 14: Fragment of the new method responsible for the initialisation of wgpu

3.2 Mesh Formation

3.2.1 Vertex Structure and Data Flow

An ocean simulation works by creating a mesh, whose vertices are being vertically displaced inside the vertex
shader. Figure [15| shows the Vertex lifecycle
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Vertex Data (CPU) Vertex Shader (GPU) Displaced Vertex
VBO Transfer . .
position: [x, 0, z] > Displacement Logic —>e
index: u32 y =n(z,z,t) Ix, y, 2]

GPU executes this for every vertex in parallel

Figure 15: The flow of a single vertex packet, where each vertex is treated as a discrete data packet containing its
coordinates and a unique identifier

3.2.2 Grid Generation and Indexing

The mesh, being a flat plane, is to be created, centred at (0,0) with physical size L and resolution defined by
the number of subdivisions N. To ensure the mesh tiles and scales correctly, the simulation generates N + 1
vertices for N subdivisions, following the logic shown in Equation .

L L
x = (col x step) — 3 z = (row x step) — 5 (34)
The VBO stores the raw data of the vertices, while the Index Buffer (Object) defines how the vertices are

connected to form fragments stored in winding order. Figure [16| shows how each square is made up of two
triangles. Back-face culling is ensured by maintaining counter clockwise.

+z (col)
0 1 2 3
° ® ° ® Index Buffer Logic (pseudocode)

+z (I‘OW) indices.push(top_left);
indices.push(bottom_left);
indices.push(top_right);

4 5 6 7 // Triangle 2
] [ 3 [ indices.push(top_right);
indices.push(bottom_left);
indices.push(bottom_right) ;
8 10 11
[ ] o—>e [ J
12 13 14 15
(] [ J [ ] [ J

Figure 16: Vertices are stored in a 1D array using row-magjor indexing (row X N + col)

3.3 Vertex Displacement
3.3.1 Temporal Updates and Uniform Buffers

The vertex shader can now do displace the y coordinate of each vertex based on the height function. To
create a moving sine wave, the GPU will need to access the time, therefore a Uniform Buffer is created,
capable of storing and passing values from CPU with the help of bind group layouts and bind bind group
bindings. Figure [17|shows the update method, called every frame.
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//

pub fn update (&mut self) {

.creation and initialisation of Time Uniform Buffer is not shown rs

// Use the standard library instant definition

let now = Instant::now();

// Acquire the difference

let dt = (now - self.last_frame_time_instant).as_secs_£f32();
// Update latest frame instant

self.last_frame_time_instant = now;

// Internal method which increments time
self.time_uniform.increment_time (dt);
// Updated uniform has be cast onto the buffer to be sent to the GPU
self.queue.write_buffer(

&self.time_buffer,

// 0 Is the byte offset

0,

bytemuck::cast_slice(&[self.time_uniform]),

) 8

Figure 17: A modified snippet from the code, where dt is calculated and the time inside the uniform buffer is
incremented.

After this, the render pipeline has to be configured, acting as a "global state" for the draw call. Now the
vertex shader can be configured to accept a TimeUniform bind group, and apply the displacement onto the
vertices as shown in Figure [I8]

n(x,z,t) =A-sin(x-f+t)+A-cos(z- f+1) (35)

i

}

// In this example, the uniform is not accounted to be aligned with 16 bytes. wgsl
struct TimeUniform {

// The vertex buffer input
struct VertexInput {

// Matches the Bind Group created in Rust
Q@group (0) @binding(0) var<uniform> time_uniform: TimeUniform;

Qvertex
fn vs_main(input: VertexInput) -> VertexOutput {

time: £32,

position: vec3<£f32>,

var out: VertexOutput;

// Simple displacement function for testing

let amplitude = 2.0;

let frequency = 0.5;

let displacement = amplitude * sin(input.position.x * frequency + time_uniform.time)
+ amplitude * cos(input.position.z * frequency + time_uniform.time);

// Output the displaced vertex

out.clip_position = vec4<f32>(input.position.x, displacement, input.position.z, 1.0);

return out;

Figure 18: To verify the functionality of the code, a simple sine wave across x azis and a cosine wave along z axis is
applied following the Equation , producing an output as seen in F' igure (with a texture stretched over the mesh)
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Figure 19: Simple sine & cosine wave displacement of the vertex with an arbitriary texture stretched over it. Build
v0.1.1

3.4 The Skybox

3.4.1 Cubemapping and Depth Manipulation

The skybox, being a 1 x 1 x 1 cube, but rendered at the furthest possible depth, is important to implement
as it acts as the primarily light source used in reflections. The skybox is kept static as the camera moves,
achieved by stripping the translation data from the view matrix before rendering the skybox as shown in

Equation .

ri1 T2 T13 0
To1 T22 T2z O
= 36
rgr r3z 733 0 (36)
0 0 0 1

3.4.2 Procedural Atmospheric Simulation

A procedural shader can be written to dynamically generate the sky, allowing for more freedom and
customisability. The render pipeline is as shown in Figure 20]
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Time Cycle
(daynight_cycle)

1. Orbit Calculation
Compute Sun &
Moon vectors

Y
2. Sky Gradient 4. Celestial Bodies
Zenith /Horizon blend L > Sun (Disk/Halo)
(Day vs. Night mix) Moon (Craters/Shadow)
Y Y
3. Atmospheric FX 5. Night Details
sunset glow & Stars & Aurora
Rayleigh scattering (Fade-in logic)
Y VY

6. Cloud Layer
Procedural noise
& fake shadowing

Final
Fragment
Color (vec4)

Figure 20: Procedural Skybox Shader Pipeline. The shader calculates celestial positions before layering atmospheric
gradients, light scattering, physical bodies, and clouds.

The daynight_cycle value is read from the settings struct, covered in Section 77, used to calculate the angle
and sun’s position as shown in Equation 7 ¢ being the sun offset in the z direction.

d;, = (sin (0), cos (6), ¢) (37)

Afterwards, atmospheric sky gradient is to be generated. The vertical gradient is done by blending the
Zenith Sky colour and the Horizon sky colour based on the pixel height ( dir.y ), which are determined using

Equation (38)).

I = smoothstep(—0.3, 0.3, cos (9))
Z = mix(nightzenith’ daYZenith’ I) (38)

H= mix(nighthorizon? da‘Yhorizonv I)

Figure [21] shows the different sky effects implemented.
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(a)Sunset sky near the horizon showing Rayleigh scattering, (b) Procedural moon surface generated via spherical UV map-
producing orange-pink tint and horizontal glow ping and fractional Brownian motion

(c) Aurora borealis formed using oscillating sine waves of (d) Planar-mapped clouds projected onto a 2D plane, with
varying frequencies with added noise density from noise functions and fake volumetric shadows
computed using offset sampling towards the sun

Figure 21: Sky rendering features produced by the shader, including atmospheric scattering, celestial bodies, aurora
effects, and volumetric cloud approximation

3.5 Surface Normal Reconstruction

First, the method of central differences, covered in section [2.5.1] has to be implemented. As shown in Figure
the height map has to be sampled at four neighbouring points: h; j+1, hij—1 and hiy1 5, hi—1 .
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hi,j N
4,J+1 n
on
9y
on
hi1,; | <€ hi.; > hit1,; o
hij—1
Texture Space View Space Normal

Figure 22: Neighbour heights are sampled from the heightmap (shown on left) to compute the spatial gradient, which
is then transformed into the surface normal @i (right).

From the slopes acquired in Equation , two tangential vectors can be constructed.

te = (1, —, 1) (39)

oz
To account for horizontal displacement the x and z components of the vectors are also influenced by the
derivatives of the displacement maps (D, D), arriving at Equation .

Oh - Oh

t;: 1 Dma 77Dzv t, = Dzaial -Dz 40
(14+D,, 5. D), £2=(D,, 14 D.) (10)
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// ..amp, chop, subdivisions definition wgsl
let texel_uv 1.0 / subdivisions;

// This defines the step size that we will take

let sample_offset_uv

let run_meters

// now since packed

let data_right
sample_offset_uv,
data_left
sample_offset_uv,
data_up
sample_offset_uv),
data_down

sample_offset_uv),

let

let

let

// Master scale is set to 1024,
(sample_offset_uv * 2.0) * master_scale;

-> single texture has
// this samples the neighbouring texels for data

textureSampleLevel (texture_packed,
textureSampleLlevel (texture_packed,

textureSamplelevel (texture_packed,

textureSampleLevel (texture_packed,

texel_uv *x 1.5;

meaning tilling happens every 512 units from the origin.

.r as height, .g as dx and .b as dz

sampler_ocean, uv + vec2(

0.0), 0.0);

sampler_ocean, uv vec?2(

0.0), 0.0);

sampler_ocean, uv + vec2(0.0,

0.0);

sampler_ocean, uv vec2(0.0,

0.0);

// partial derivatives using central difference

let dDx_h (data_right.r - data_left.r) * amp / run_meters;

let dDz_h = (data_up.r - data_down.r) * amp / run_meters;

let dDx_du = (data_right.g - data_left.g) * chop / run_meters;
let dDx_dv = (data_up.g - data_down.g) * chop / run_meters;

let dDz_du (data_right.b - data_left.b) * chop / run_meters;
let dDz_dv = (data_up.b - data_down.b) * chop / run_meters;

// Acquire the tangent vectors with the horizontal displacements

vec3<f32>(1.0 + dDx_du,
vec3<f32>(dDx_dv, dDz_h,

dDx_h, dDz_du);
1.0 + dDz_dv);

let tangent_u
let tangent_v

// The normal will be the cross product
let normal_geometry normalize (cross (tangent_v,

tangent_u)) ;

Figure 23: Modified segment of the fragment shader, responsible for calculating the surface normals

Mathematically the normal is equivalent to taking the cross product between two tangent vectors as shown

in Equation .

fi=t, x tp=det|0 2 1
1By
ox
By expanding the determinant Equation is acquired.
L oh - - oh
n—z[O—a] —][0—1]+k[0—&]
= (ot O
Y o2’ 0z

3.6 Tessendorf’s Model Implementation

The simulation following the Tessendorf’s model can be broken down into multiple stages as shown in Figure
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1. System Initialization
WGPU - Mesh - Settings

2. Initial Wave Data
(CPU Generation)

UPLOAD TO VRAM
Per-Frame Loop (GPU)

4. Inverse FFT 5. Render Pipeline
3. Spectrum Update ) P
- . Radix-2 Butterfly Passes, render.wgsl us-
Compute h(k,t) via textures . X
writing to packed texture ing packed texture

Increment Time t

Figure 24: The Tessendorf Ocean Simulation Pipeline, detailing the CPU initialization and GPU Fourier computations.

3.6.1 Initial Data Generation

First, initial data is generated once at startup. The code will call InitialData::generate_data() which will
loop through each vertex in the mesh, create a new instance of InitialData and push it to a vector. Where
the data is acquired by first constructing the vector k = ( kg, k, ), as shown in Figure

rs

let k_x = (2.0 * PI * (£f32(n) - f32(subdivisions) / 2.0)) / fft_size;
let k_y = (2.0 * PI * (£32(m) - f32(subdivisions) / 2.0)) / fft_size;
let k_vec = [k_x, k_yl;

if k_vec == [0.0, 0.0] {
}
Figure 25: Modified section of the code responsible for gemerating the vector k from position in the grid. The

- f32(subdivisons) / 2.0 statement ensures that the grid is centered around the origin, where the vector with
components (0,0) sits in the middle

The Phillips spectrum uses this k value to generate a value, where the full equation for acquiring the Phillips
Spectrum Value is as shown in Equation .

W)? - exp exp (—|IFI%2) - 1R~ (43)

-1
||k|2L2
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// ...k_vec is converted into a cgmath vector, k_len calculated rs

// The code checks if the length is higher than the allowed amount specified in the
settings. This limits unrealistic waves breaking through.

if k_len > max_w || k_len < 0.001 {
return 0.0;

let k2 = k_len * k_len;
let k4 = k2 *x k2;
let k_hat = k.normalize();

// Wind vectors setup, provided by the ocean settings

let w: Vector2<f32> = wind_vector.into () ;
let w_len = w.magnitude();
let w_hat = w.normalize();

// The directional weighting

let align = cgmath::dot(k_hat, w_hat);

// Squaring the value, but also allowing negative values to break through, allowing for
realism.

let align2 = if align > 0.0 {
align.powi (2)

} else {
align.powi(2) * 0.07

}s

// 1 dampening value
let 1 = w_len * w_len / 9.81;
let 12 = 1 * 1;

let exp_term = £32::exp(-1.0 / (k2 * 12));
let damp = £32::exp(-k2 * 1_small * 1l_small);

// The 0.001 is added to avoid a devision by zero error
(align2 * amplitude * exp_term * damp) / (k4 + 0.001)

Figure 26: Modified section of the ::generate_phillips_spectrum_value() method inside of InitialData struct.
The directional weighting is calculated using the dot product from the cgmath package

Two random values, &, &;, are drawn from the Gaussian field, using an ocean_seed to keep the ocean waves
consistent upon rebuilding data as shown in Figure

// ... seed provided from the settings struct rs

let mut rng = StdRng::seed_from_u64 (seed as u64);

// Generate two values
let xi_r = Self::box_muller(rng.random::<£f32>() .max(le-6), rng.random::<£f32>());
let xi_i = Self::box_muller(rng.random::<f32>() .max(le-6), rng.random::<£32>());

Figure 27: Sample of the code showing the generation of the two random wvalues for the initial data. Where
box_muller is a new method depicting the Box Muller transformation required to transform a uniform field to a
Gaussian Distribution, as seen in Figure[2§

26



3 DISCUSSION Building an Efficient Real-Time Ocean Simulation in Rust

pub fn box_muller(ul: £32, u2: £32) -> £32 { s
(-2.0 * ul.1n()).sqrt() * (2.0 * std::f32::consts::PI * u2).cos()
}

Figure 28: Boz-Muller transformation to form a Gaussian distribution

Next, frequency domain is constructed by first computing let sqrt_phk = (phk / 2.0).sqrt() , where further
multiplying by the two random numbers will result in a real component and an imaginary component.

Note: Bit Shift

Bit shifting is a low level operation performed in computing, involving moving the bits in a binary
number a specified number of times in a particular direction, effectively performing multiplication and
division by a factor of 2, as shown in Figure

Input (510): 0O 1 0 1

S

Shift < 1 (1010): 1 0 1 0 =o

Figure 29: A logical left bit shift (<€ 1). Each position move left doubles the value.

The future FFT butterfly passes will require twiddle factors. The exp (ﬂ) definition of a twiddle factor

: N
can be expressed in terms of sin and cos, since € = cos + isinf, which will harm the efficiency of the

program, by being constantly recomputed on the GPU. Therefore, it is standard practice to pre-compute the
twiddle factors and pass it into the GPU as shown in Figure

rs

let max_stages = fft_subdivisions.ilog2();
let mut twiddles = Vec::<[£f32; 2]>::with_capacity((fft_subdivisions - 1) as usize);
for stage in 0..max_stages {

let s = 1u32 << stage;
for offset in 0..s {

let angle = 2.0 * std::f32::consts::PI * (offset as £32) / (2.0 * s as £32);

twiddles.push([angle.cos (), angle.sin()])

return twiddles;

Figure 30: Twiddle code generation computed prematurely on the CPU

The angle calculation can be rearranged as shown in Figure where Nigcal = 25 is the size of the sub-problem
at that stage.

_ 27 -offset 27 - offset

0 -
2s Nlocal

(44)
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In the end, values for k_vec, h_0 and w along with twiddle factors are obtained.

3.6.2 Time Evolution

Storage textures are used to send the initial data to the compute shaders and since it’s read-only, the data

will not change between frames, only evolved on the GPU. Compute shaders work differently to normal

shaders by not producing an output to the screen, and are launched in a grid of workgroups, each con-

taining threads, working in parallel, allowing for fast and efficient calculations. The compute shader entry point

@compute @workgroup_size(16,16) defines 256 threads per workgroup, and with pass.dispatch_workgroups(N/16, N/16, 1)
the GPU covers the entire NV x N texture so each pixel is processed in parallel. Since each FFT butterfly

stage operates on independent input pairs, the GPU computes all N? elements simultaneously, unlike the

CPU which would process them largely serially.

GPU Compute Grid (N/16 x N/16)

Inside the Workgroup
HEEEE @
-F T T T
CPU (Rust) pian EOEEE
pass.dispatch_workgroups - . EEEE S
(N/16, N/16, 1); P
o - | mEEE®
Defines the Grid Size . -7 EEEE B
(how many workgroups to launch) 2
Z 256 Threads
Workgroup e Q@uworkgroup_size(16, 16, 1)
global_invocation_id local_invocation_id

Figure 31: The Compute Dispatch hierarchy. The CPU defines the total number of workgroups to be processed (the
Grid), while the Shader code defines the internal density of threads per workgroup. This 2D mapping allows the GPU
to process an N X N texture by assigning exactly one thread to every pizel.

The spectrum has to be evolved in time, run once per frame, where the code takes a static h_0 passed in at
initialisation and uses the the Equation to evolve it. The shader code will be as shown in Figure

let w_i = initial_datal[index].angular_frequency; wgsl
let wt = w_i * camera.time * ocean_settings.time_scale;

let cos_wt = cos(wt);

let sin_wt = sin(wt);

let exponent = vec2<f32>(cos_wt, sin_wt);

let exponent_neg = vec2<f32>(cos_wt, -sin_wt);

let h_tilda: vec2<f32> = (complex_multiplication(h_0O, exponent)

+ complex_multiplication(h_O_mirrored_conjugate, exponent_neg));

Figure 32: Modified section of the wgsl code responsible for evolving the time spectrum

Now the horizontal displacements dx and dz have to be calculated. The calculation involved multiplication
by i, but it can be modelled as a rotation of the vector by 7/2. Code responsible is shown in Figure
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wgsl

let h_dx
let h_dz

vec2(-h_tilda.y * k_norm.x, h_tilda.x * k_norm.x);
vec2(-h_tilda.y * k_norm.y, h_tilda.x * k_norm.y);

Figure 33: Modified section of the code detailing the h_dx and h_dz calculation.

After the spectrum has been updated, the three complex signals: h_tilda, h_dx and h_dz are generated;
they have to be packed into textures. Each texture however, is only able to store 4 values (7, g, b, a). Which

correlates to storing only 2 complex numbers per texture, implying the need of 2 separate textures, as shown
in Figure

wgsl
textureStore (dst_h_dx, vec2<i32>(id.xy), vec4<f32>(h_tilda, h_dx));

textureStore (dst_dz, vec2<i32>(id.xy), vec4<f32>(h_dz, 0.0, 0.0));

Figure 34: Modified section of the code, representing how the values are laid out between the two textures.

3.6.3 IFFT Implementation

To recap Section but to recap, for an N-size IFFT, the number of passes required would be log, (V).
First the horizontal ones, then the vertical. Rather than implementing a separate IFFT, same radix-2
algorithm can be used with only two changes required: a positive twiddle sign change and the normalisation
1/N. In practice, this means the four steps discussed earlier can be reduced as shown in Figure
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Complex Spec-
trum h(k)
(Hermitian
Symmetry)

1. Spectrum Packing
Conjugation handled
implicitly via Hermitian

Symmetry guarantee.

Y

2. Butterfly Passes
log,(N) X 2 passes using

Uses same Radix-2 logic as

Forward FFT
positive twiddle factors.

Y
3. Real Extraction

Discard imaginary

parts and pack real

values to single texture.

Y

4. Normalization

Optimized GPU

write operation Apply final 1/N scaling

during vertical pass.

Real Heightmap

(=, 2, t)
(Physical Domain)

Figure 35: The optimized IFFT pipeline for ocean surface generation, illustrating the reduction from a standard
inverse transform to a symmetry-aware butterfly sequence.

However, a texture cannot be read from and written to within the same call, as this would bring up race
conditions and lots of bugs. This calls for a simple solution, the ping-pong architecture. This involves the use
of two textures, one for read and one for write, where with each successive pass the textures alternate their
roles. Figure [36] represents this process.
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Pass 0 (H) Pass 1 (H) Pass 2 (V) Final (V)

ping [ write ]—>[ read ] [ write H read ]
pong [ read ] [ write H read ]

Y
dst_packed

final output

read = source texture write = destination texture

Figure 36: Ping-pong texture swapping across butterfly passes.

All the bind groups are prebuilt with the textures already wired in opposing roles, meaning there is zero
allocation overhead at runtime, as shown in Figure [37]

let mut current_reads_from_ping = true; rs

for i in 0..passes {
let mut pass = encoder.begin_compute_pass (&Default::default ());
pass.set_pipeline (&self.fft_compute_pipeline);

let bind_group = if current_reads_from_ping {
&cascade.bind_groups_ping[i]
} else {

&cascade.bind_groups_pong[i]
};

pass.set_bind_group (1, bind_group, &[1);

pass.dispatch_workgroups(N / 16, N / 16, 1);

current_reads_from_ping = !current_reads_from_ping;

cascade.output_is_ping = !passes.is_multiple_of (2);

Figure 37: Modified section of compute_fft , showing the ping-pong dispatch loop and the output_is_ping flag
switching.

Every pass dispatches the compute shader, handling both horizontal and vertical directions, swapping the
required axis as shown in Figure [38]
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let t = select(x, y, config.is_vertical == 1u); wgsl
let other = select(y, x, config.is_vertical ==

Figure 38: A single shader handles both horizontal and vertical passes via the is_vertical flag.

Left logical bit shift sued to find threads own position inside butterfly structure using s = 25%%8¢ as shown in
Y]

wgsl
let s = 1lu << config.stage;

let group_idx =t / (2u * s);

let butterfly_idx = t % (2u * s);
let pair = butterfly_idx / s;

let offset = butterfly_idx % s;

let base_idx = group_idx * (2u * s) + offset;
let idx0O_t = base_idx;
let idxl_t = base_idx + s;

Figure 39: Modified section of the code, responsible for decomposing the global ID into its butterfly position.

Figure 40| illustrates the process in which the two outputs can be generated depending on the pair and how
the twiddle factor comes into play.

Figure 40: A single radiz-2 DIT butterfly, where the twiddle factor W rotates the lower element in the complex plane
before the addition and subtraction that produces the two outputs that can be seen

This diagram can be compared with the wgsl code as shown in Figure
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let rotated_h_dx_xy = complex_multiplication(twiddle, srcl_h_dx.xy); wgsl
let rotated_h_dx_zw = complex_multiplication(twiddle, srcl_h_dx.zw);

let rotated_dz_xy = complex_multiplication(twiddle, srcil_dz.xy);

if (pair == Ou) {

vec4 (srcO_h_dx.xy + rotated_h_dx_xy, srcO_h_dx.zw + rotated_h_dx_zw);

res_h_dx
} else {

res_h_dx = vec4(srcO_h_dx.xy - rotated_h_dx_xy, srcO_h_dx.zw - rotated_h_dx_zw);

Figure 41: Modified section of the code, showing the butterfly addition and subtraction for h_tilda and h_dx . The
same pattern repeats identically for h_dz .

Each stage s contributes 2° entries in the buffer, so the starting index for s in the array would correspond to
2% — 1 inside the twiddle array as seen in [{2]

wgsl

let base = (lu << config.stage) - 1lu;
let twiddle = twiddle_array[base + offset];

Figure 42: Twiddle factor lookup inside the code. Where the positive angle makes the transform an inverse.

On the last vertical pass, the shader will apply the 1/N normalisation and discard the imaginary components,
allowing to write the real components directly into a single packed_texture , saving extra VRAM, as shown

in Figure [3]

if (config.stage == ocean_settings.pass_num - 1lu && config.is_vertical == 1u) { wgsl

if (pair == Ou) {
res_h = (srcO_h_dx.xy + rotated_h_dx_xy) / £32(n);
res_dx = (srcO_h_dx.zw + rotated_h_dx_zw) / £32(n);
res_dz = (srcO_dz.xy + rotated_dz_xy) / £32(n);

} else {
res_h = (srcO_h_dx.xy - rotated_h_dx_xy) / £32(n);
res_dx = (srcO_h_dx.zw - rotated_h_dx_zw) / £32(n);
res_dz = (srcO_dz.xy - rotated_dz_xy) / £32(n);

¥

textureStore (dst_packed_final, vec2<i32>(id.xy),
vec4d<f32>(res_h.x, res_dx.x, res_dz.x, 1.0));

Figure 43: Modified section of the final butterfly pass, where the normalisation is done and the real displacement is
packed into a single rgbal6float texture.

The channel layout of the packed output texture is as shown in Figure [44]

33



3 DISCUSSION Building an Efficient Real-Time Ocean Simulation in Rust

R G B A
n(z, z,1) Dq(z,2,t) D.(z,z,t) 1.0
height z-displacement z-displacement unused
rgbal6float

Figure 44: layout of packed_texture . Three independent IFFTs (height, dz, dz) share the same butterfly passes
and are packed into a single texture, to be read by the verter shader to render.

The IFFT is now complete, however the vertex shader now has to use this data, meaning the packed_texture
has to be passed to the main render pipeline. Figure [45] shows the vertex shader responsible for applying the
displacements.

wgsl
let world_pos = model.position.xyz;
let sample_uv = world_pos.xz / 1000.0;

let displacement = textureSamplelLevel (texture_packed, sampler_ocean, sample_uv, 0.0);
let amp = ocean_settings.amplitude_scale;
let chop = ocean_settings.chop_scale;

let h = displacement.r * amp;
let dx = displacement.g * chop;
let dz = displacement.b * chop;

let displaced_pos = vec3(
model .position.x + dx,
h,
model .position.z + dz

out.tex_coords = sample_uv;
out .world_pos = displaced_pos;

Figure 45: The vertex shader code responsible for sampling the texture and applying the displacement values onto the
verter

3.7 PBR Implementation

As discussed earlier in Section this model is based on the statistical approach that the surface of any
object is made up of many microfacets.

3.7.1 Mapping Equations to Shader Code

The Fresnel function, geometry function and normal distribution function, F,G, D respectively are now
modelled directly to wgsl code as seen in Figure
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wgsl

fn normal_func(n_dot_half: £32, alpha: £32) -> £32 {
let alpha2 = alpha * alpha;
let denom = (n_dot_half * n_dot_half * (alpha2 - 1.0) + 1.0);
return alpha2 / (pi * denom * denom) ;

fn geometry_func(n_dot_view: £32, n_dot_light: £32, alpha: £32) -> £32 {
return smiths(n_dot_view, alpha) * smiths(n_dot_light, alpha);
fn smiths (dot_product: £32, alpha: £32) -> £32 {
let k = ((alpha + 1.0) * (alpha + 1.0)) / 8.0;
let denom = dot_product * (1.0 - k) + k;
return dot_product / (denom + 1le-6);
fn fresnel_func(view_dot_half: £32, f_0: £f32) -> £f32 {

let scale = pow(1.0 - view_dot_half, 5.0);
return f_0 + (1.0 - £f_0) * scale;

Figure 46: A modified section of the code, showing the mathematical functions for fresnel, geometry and normal
distribution.

The alpha value is calculated dynamically as shown in Figure using the base value of roughness, and is
scaled by multiple parameters, such as the distance and foam coverage.

roughness_eff < max(roughness, 0.1)

dist_roughness —
smoothstep (100, zfar, dist) * 0.25

roughness_dyn —
mix(roughness_eff , foam_roughness, foam_factor)
=+ dist_roughness

[ « = roughness_dyn g ]

Figure 47: Dynamic calculation of alpha .

As previously shown in Equation [26] these functions combined make up the Cook-Torrence BRDF, and can
be represented in code as shown in Figure
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fn cook_torrance(n_dot_light: £32, n_dot_view: £32, n_dot_half: £32, alpha: £32, fresngik
£32) -> £32 {
let normal_function = normal_func(n_dot_half, alpha);
let geometry_function = geometry_func(n_dot_view, n_dot_light, alpha);

return (normal_function * geometry_function * fresnel) / (4.0 * n_dot_light *
n_dot_view + le-4);

Figure 48: A modified section of the code, displaying the Cook-Torrence BRDF implementation in wgsl .

This function is used to acquire the specular intensity value which is used in combination with the light
colour and other various dampeners. These dampeners include specular_scale, reflection_dampener and
1.0 - foam_factor . The reflection_dampener terms are required to limit the amount of reflections occurring
when a wave is near the point of collapse or creases, calculated by interpolating the Jacobian between the
minimum and maximum reflection value. The Jacobian will be discussed more in Section 3.8.11

3.7.2 Sky Reflections and Tone Mapping

The Fresnel term quantifies the physical value of reflectance, and is used in two distinct cases. One of them
is being passed into the BRDF model using the view_dot_half parameter, governing specular highlights.
While the second value is calculated using the n_dot_view and is used to find how much of the procedural
sky will get blended over the water colour. This is what controls the mirror-like reflections seen in the water.

Afterwards, ambient light is applied which is sampled from the sky’s current sky colour. After all of the
factors are combined, the brightness may often exceed 1.0. Clamping the brightness would cause lose all the
detailed highlights. Therefore, Academy Colour Encoding System (ACES) filmic tone mapping curve will
be used as seen in Figure Afterwards, a gamma correction is applied by raising colour to power of 1/2.2.

fn aces_tone_map(color: vec3<£f32>) -> vec3<£f32> { wgsl
let a = 2.51;
let b = 0.03;
let ¢ = 2.43;
let d = 0.59;
let e = 0.14;

return clamp((color * (a * color + b)) / (color * (c * color + d) + e),
vec3<£f32>(0.0), vec3<f32>(1.0));

Figure 49: The wgsl implementation of the Narkowicz 2015 ACES approximation.

The complete flow of the new PBR system is summarised in Figure
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Lighting Paths

Specular Reflection Ambient
Cook-Torrance Fresnel sky blend Sky zenith/horizon
D-G-F + distance cap by normal.y

Jacobian
dampener
Y Y

Colour Accumulation

water_base + sss + sky_reflection + ambient + specular

i Post-processing
Brightness - ACES - Gamma
scale - tone map - 1/2.2

]

Fragment
output

Figure 50: Three light paths add up onto the water base colour and then get post-processed.

3.8 Jacobian Foam

Waves constantly battle against one another, often clashing and creasing in various ways. When this happens,
often foam is generated. This can be modelled into our simulation by first identifying these positions where
the foam should generate, then advecting it through time.

3.8.1 The Jacobian

To identify where the foam should be generated, the Jacobian value is used. The Jacobian, more specifically
the Jacobian matrix, consists of first order partial derivatives of a vector function, This represents the best
linear approximation at a given point in space time, acting as a multivariable equivalent of a derivative.
Definition being shown in Equation .

ofr ... Oh
Oz Oxy,
I=| (45)
Ofm Ofm
oz e Ox .y,

By taking the determinant of the Jacobian matrix we can identify the disturbed areas of the surface by
compression or stretching. Recall that earlier the position of a vertex was defined as shown in Equation .

v = (u+ Dy(u,v), n(u,v), v+ D,(u,v)) (46)
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This means that the Jacobian can be applied onto the position of the vertex and its determinant can be

calculated as shown in Equation .

o [Belut D)) [+ Do)
_6% [v+ D,(u,v)] 0% [v+ D, (u,v)]
'1 n 8D%$J,,U) BD%(UU,U)
o 9D (u,v) 0D (u,v)
L ou L+ ov
0D, oD, oD, 0D,
J=detJ =1+ — 1 —
¢ < * Ou > ( + Ov ) v Ou

Where when J = 1 the surface is undisturbed, when J > 1 the surface is being stretched, while when J — 0
the vertices are converging to a single point. J is calculated using the central differences method as shown in

Figure

let data_right = textureSamplelLevel (texture_packed,

sample_offset_uv, 0.0), 0.0);
let data_left =
sample_offset_uv, 0.0), 0.0);

let data_up = textureSamplelevel (texture_packed,
sample_offset_uv), 0.0);

let data_down =

sample_offset_uv), 0.0);

textureSamplelLevel (texture_packed,

textureSampleLlevel (texture_packed,

sampler_ocean,

* chop / run_meters;
* chop / run_meters;

let dDx_du = (data_right.g - data_left.g)

let dDx_dv = (data_up.g - data_down.g)

let dDz_du = (data_right.b - data_left.b) * chop / run_meters;
let dDz_dv = (data_up.b - data_down.b)

let jacobian = (1.0 + dDx_du) * (1.0 + dDz_dv) -

Figure 51:
differences method.

* chop / run_meters;

sampler_ocean,

sampler_ocean,

sampler_ocean,

uv + vec2(
uv - vec2(
uv + vec2(0.0,

uv - vec2(0.0,

(dDx_dv * dDz_du);

Modified section of the code from the main fragment shader calculating the Jacobian using central

The result is shown in Figure [52] where the ocean surface has the full spectrum of colours.
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Figure 52: To double check the values, the Jacobian can be mapped to the colour spectrum, where green represents
J = 1, red represents when J — 0 and blue is shown when J > 1 and outputted as the primary fragment colour.

3.8.2 Foam Generation and Advection

Foam generation and advection will work by utilising texture to store the foam strength, and will be handled
by a separate compute shader using a similar ping-pong model to the IFFT implementation. Now the
calculation shown in Figure [f1] can be translated to the compute shader code as shown in Figure 53]

// Breaking value calculated using a threshold and jacobian wgsl
let breaking = clamp(ocean_settings.foam_threshold - jacobian, 0.0, 1.0);

// Generation power is calculated

let generated = pow(breaking, ocean_settings.foam_power) ;

// Previous value from the texture is read

let prev = texturelLoad(foam_texture_read, global_id.xy).r;
// We decay the old data
let decayed = prev * ocean_settings.decay_factor;

// Write new data

let result = max(decayed, generated);
textureStore (foam_texture_write, global_id.xy, vec4<f32>(clamp(result, 0.0, 1.0), 0.0,
0.0, 1.0));

Figure 53: Modified section of the compute_foam function inside the compute shader

This shader is called every frame, storing the foam strength inside the texture. Afterwards, another shader
moves the foam across the ocean surface over time, making it flow with the water instead of sitting still. This
is referred to as advection, the process of transporting quantity along a velocity field. To achieve this result,
the velocity of each texel is read directly from the D, and D, stored in the green and blue channel of the
packed_texture respectively. The displacement of the foam in pixels can be then calculated as shown in

Equation (48).

N
Spx = v - foam_speed - At — (48)
size

Afterwards, the previous position of foam is calculated instead of the next position, as it ensures that every
single pixel gets covered equally and no holes are left behind. An analogy to this would be that instead of
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blowing snow away, which would create areas of high snow density, the snow should be vacuumed in. Before
the data is stored inside the texture, dissipation_factor is used to ensure that foam doesn’t accumulate
infinitely over time. The final foam texture is now fully calculated and updated every frame based off the
Jacobian value and the velocity of water at that specific time is as shown in Figure

Figure 54: Fragment shader output when vec3<f32>(foam_strength) s the output, acknowledging the fact the
output is not perfect and could be improved, however this satisfies the simulation requirements.

3.8.3 Foam Rendering

Inside the fragment shader, the texture is first sampled at the appropriate uv coordinates and data is
extracted from the red channel. As previously seen in Figure [54] the output is still blocky and missing sharper
detail. Therefore the fragment shader is also responsible for amplifying the detail on the texture by calculating
the foam_drift value using the wind speed and time. This foam_drift value is then used to acquire two
uv coordinates, used to generate the random noise. This noise is then smoothed out and applied onto the
foam texture, as seen in Figure

wgsl
let foam_drift = wind_norm * camera.delta_time * wind_mag * 0.00035;
let foam_uv_a = in.world_pos.xz * 2.0 + foam_drift;
let foam_uv_b = in.world_pos.xz * 4.5 + foam_drift * 1.4 + vec2(17.3, 4.8);

let detail_noise = noise(foam_uv_a) * 0.6 + noise(foam_uv_b) * 0.4;

let foam_shaped = advected_foam * smoothstep (0.2, 0.8, detail_noise);

Figure 55: Modified section of the code responsible for introducing detail. Note that the noise function is not a
standard wgsl function, but rather a custom implemented smooth noise.

The output from this more detailed foam is shown in Figure by mapping foam_shaped onto the output
colour.
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Figure 56: Image of foam_shaped mapped to the output colour, where bright spots represent foam present in that
area.

The rendering of the foam is to be computed, using the half-Lambert model. The foam is given an off-white
albedo color. The diffuse term will remap the surface normal dot product from [—1,1] to [0, 1] using an
n_dot_light x0.5 + 0.5 warp. Then a small ambient occlusion factor is added to darken the areas with foam
of high density as shown in Figure

let foam_albedo = vec3(1.0, 0.98, 0.96); wgsl
let foam_ao = 1.0 - foam_factor * 0.2;
let foam_1lit = foam_albedo * (n_dot_light * 0.5 + 0.5) * foam_ao;

Figure 57: Modified section of the fragment shader computing the foam diffuse term using a half-Lambert model

A sky_fill term is calculated using the current horizon and zenith sky colour, which will make foam not
as dark under certain angles. The direct and sky terms are summed up to give the complete foam diffuse, and
on top of this a small specular glint is added using a simple Blinn-Phong with an exponent of 150. Finally,
the accumulated foam light is blended into the water colour using total_foam and a specular term added on
top as shown in Figure

let foam_sky = mix(horizon, zenith, 0.5) * 0.3; wgsl

let foam_diffuse = foam_lit * light_color + foam_sky;

let foam_spec = pow(max(dot(normal, half_dir), 0.0), 150.0) * foam_factor * 0.08 *
intensity;

color = mix(color, foam_diffuse, smoothstep(0.0, 0.18, total_foam) * total_foam);
color += foam_spec * foam_albedo;

Figure 58: Modified section of the fragment shader combining the sky fill, specular glint and final blend of foam

3.9 Subsurface Scattering

The simulation does not account yet for the most important factor - that Water is transparent, not opaque.
Therefore whenever the ocean waves go over and cover the light source, the absorbed light has to scatter
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inside the surface at various angles and exit the surface at a different point in space, while changing the
colour hue. This is referred to as Subsurface Scattering (SSS), and it is what gives those turquoise, vibrant
glowy look to the thin crests of a wave. Figure [59| shows how the light undergoes SSS.

: /Wave Crest (thin)

Without SSS: scatter Hue shifts toward
opaque, dark Csss (turquoise)

Figure 59: Subsurface scattering on a wave crest. The thinner the crest, the shorter the internal path and the more
visible the turquoise tint

A translucency approximation has to be used since true SSS would require expensive volumetric lighting calcu-
lations. The technique used in the simulation will be the Wrapped Back Lighting approximation . It works
by checking if the light is behind a wave relative to camera, then by adding normal + sss_distortion_scale,
the shader simulates the refraction of light as it enters the water, bending towards the viewer. Figure
represents the wgsl code implementing this technique.

let trans_light_dir = normalize(light_dir + normal * ocean_settings.sss_distortion_scaBgD
* sss_crest_mask;

let trans_dot = max(dot(view_dir, -trans_light_dir), 0.0);

let p_back = pow(trans_dot, ocean_settings.sss_power) ;

Figure 60: Code responsible for generating the light effect generated based off the sss_crest_mask

The crest mask is made by utilising the height of the wave, as well as the Jacobian value to identify areas of
compression (J > 1) and smoothening between the two values as shown in Figure

let sss_thickness_mask = 1.0 - smoothstep(ocean_settings.sss_min_height, ocean_settingigsl
sss_max_height, in.height);
let sss_crest_mask = smoothstep (0.7, 0.1, jacobian);

Figure 61: The SSS crest mask calculation involving height of wave and the jacobian

Afterwards, all the variables can be combined to form a strength factor. Using this strength factor, the final

SSS color can be formed by mixing the sss_color from the settings and account for these strength factors
as shown in Figure
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let sss_strength = p_back * sss_thickness_mask * sss_crest_mask * ocean_settings. wgsl
sss_intensity * sss_dist_fade;

let wave_peak_sss = smoothstep(0.8, 0.1, jacobian) * ocean_settings.sss_intensity;

let sss = mix(ocean_settings.sss_color.rgb, light_color, p_back) * (sss_strength +
wave_peak_sss) ;

Figure 62: The final SSS calculations

3.10 Cascading multiple FFT’s

Even with the Tessendorf’s model set in place, the ocean may still look repetitive and bland. This is a
common issue, which involves a genius fix where instead of increasing the complexity of the spectra itself to
generate a more precise and random ocean, by overlaying multiple FFT cascades running in real-time with
different settings, a realistic model of the ocean can be created, where big swells and small ripples can exist
co-united.

N

Cascade 1 — Swells
S, =1000m, A.= A;

( )
. /\'J\/V\/
Cascade 2 — Waves Z Final Displacement Field
S.=250m, A.= A,
ntotal(xa Z, t)
_ J

AYAYAVAVAV

Cascade 3 — Ripples Ntotal = ZJf1 [ﬁc(E7 t)}
S.=50m, A.= A3 e=0

Figure 63: Multiple independent IFF'T simulations run in parallel, each with its own tile size S, and amplitude A..
Their displacement fields are summed via superposition to produce a single combined displacement field.

To allow the user to freely adjust the cascades, ocean settings now carry the cascade data where at index 0
the cascade size is stored and at index 1 the amplitude is stored as shown in Figure [64]

ocean_settings_uniform.cascade_datal[cascade_index] [0] rs

ocean_settings_uniform.cascade_data[cascade_index][1]

Figure 64: An example section of the code, showcasing the two dimensional array for a single cascade

The State struct is adjusted to instead of holding a single ping-pong framebuffer and a single heigh_field,
to holding a vector of CascadeResources . This CascadeResources struct will now be responsible for holding
the necessary textures and bind groups.

Now, instead of passing out one of the ping or pong textures to the main render.wgsl shader, all the cascades
have to be added up. Therefore, a new compute pipeline cascade.wgsl has to be created. Every frame, each
cascade is handled individually first, updating the spectrum and performing butterfly passes, and generating
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texture_packed . Afterwards, the newly created pipeline will loop through each cascade and write its final
outputs onto a combined texture. This is also done using a ping-pong architecture to allow the GPU to work
in parallel without overwriting data and avoiding timing issues. This is done as shown in Figure [65]

@compute @workgroup_size (16, 16) wgsl
fn combine_cascades (@builtin(global_invocation_id) gid: vec3<u32>) {

let n = ocean_settings.fft_subdivisions;

let coords = vec2<i32>(gid.xy);

let master_scale = 1000.0;

let uv = (vec2<f32>(gid.xy) + 0.5) / £32(n);

let this_fft_size = ocean_settings.cascade_datal[combine_config.cascade_index].x;
let scaled_uv = uv * (master_scale / this_fft_size);

let cascade_data = textureSamplelevel (in_packed, in_sampler, scaled_uv, 0.0);
let combined_data = texturelLoad(combined_read, coords, 0);

// now everything is packed again.
textureStore (combined_write, coords, combined_data + cascade_data);

Figure 65: Modified code from cascade.wgsl showing the combination of the multiple cascades

This new cascade system now allows for endless possible combinations of the ocean, where some examples
can be seen in Figure [66}

High Frequency Broad swells

FFT SIZE AMPLITUDE FFT SIZE  AMPLITUDE
1024.0 1.000 12000.0 0.700
256.0 0.500 1500.0 1.200
64.0 0.180 250.0 0.800
16.0 0.060 10.0 0.040
4.0 0.015
1.0 0.003

Figure 66: Comparison of Cascade presets. High-frequency detail on left and Broad-scale swells on right.

3.11 Limitations and issues

Any project will have its own set of issues. Since this discussion values the open-source model and honesty,
all the issues are to be publicly shared.
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3.11.1 The Blob Object

First the code is not structured to its best potential. To be more specific, the State struct mentioned
throughout is doing too much work. The struct handles all the fields, contains most of the methods related to
FFTs, Cascades, Foam and so on. This creates a so-called "god object", which violates the single responsibility
principle necessary for clean and organised code. This is however, a relatively straightforward fix of refactoring
code, but a fix that requires time which project is not able to afford. The struct has to be split up into
sub-modules, as shown in Figure [67]

‘ State (Orchestrator)

- WGPU Device - Cascades - Presets - Skybox
- Queue - FFT Textures - Uniforms - Foam
- Surface - Pipelines - UI State - Camera

Figure 67: The modular hierarchy

3.11.2 Unnecessary re-calculations

The whole simulation is packed with unnecessary code which is possible to reduce by implementing methods
and functions that will suit multiple modules at once, instead of repeating some preset code. For example,
the Jacobian value is calculated twice in two different places, once in the foam shader and second time in the
fragment shader. However, this can be simplified to actually be computed inside of the combine shader and
stored in the free alpha channel. By introducing more of these tweaks, the frame time may be reduced and
code complexity decreasing, allowing for more collaboration between peers since less codebase learning would
be required.

3.11.3 Visual Fidelity

Second, the simulation ultimately falls slightly behind the set expectations, with the foam not working out as
well as expected and having noticeable tiling which appears due to the fact that all the cascades have to be
compressed into a single packed texture in the combine_cascades compute shader. The proposed solution was
to discard the combined texture, and just have an array of textures which will hold each cascades individual
data, and then in the rendering shaders a simple for loop would accumulate the displacements. However,
this turned out to be a complex task, introduced new issues. This should not be treated as a failure, but
rather as an exciting learning opportunity, which was taken full advantage of. This discussion has brought
up many topics that otherwise would’ve gone unnoticed and no skills would be gained. In addition, the
development process will not be fully terminated after this discussion is finished, therefore the visual artefacts,
bugs, and any new additions can still be implemented and adjusted. After all, this is an impressive piece of
work no matter what the result is, which is to be proud of.

4 Conclusion

In conclusion, it is entirely possible to build an efficient Real-Time Ocean Simulation in Rust with minimal
external libraries. This is possible by using wgpu and winit libraries to set up the window, Afterwards, the
mesh is generated with N subdivisions and size L and passed into the vertex and index buffer. Then, by
using the fft_size and amplitude from each cascade, the initial frequency spectrum is generated using the
Phillips Spectrum which follows Hermitian Symmetry.

This data along with pre-calculated twiddle values are passed into the GPU compute shader, which uses a
ping-pong texture model to compute an Inverse Fast Fourier Transform. This IFFT uses a DIT Tukey-Cooley
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Radix-2 butterfly passes to transform the spectrum from frequency domain into a time domain, and store the
resultant vertical displacement 7, horizontal displacements dz, dz into a single rgbal6float texture due to
the Hermitian Symmetry discussed earlier. These textures from each cascade are then summed up using
a compute shader to increase the detail on the ocean surface and are stored in a combined texture. This
combined texture is then used inside of the foam compute shader, which calculates the Jacobian value to find
places to generate the foam. The Jacobian value is a measure of compression in the ocean surface. This foam
is advected every frame using the velocity of the ocean by implementing the central differences method. This
method samples the neighbouring points around a texel and approximates the derivative.

Afterwards, the vertex shader uses the combined textures to extract the vertical and horizontal displacements
at each texel and apply those displacements to the mesh surface. Then, a skybox shader is used to generate
a procedurally generated sky which can be fine tuned to fit various conditions, such as time of day, sky
visibility, aurora strength and much more. The skybox shader is also responsible for providing a light source
for reflections to appear in the water. Next, the fragment shader uses a Cook-Torrance BRDF model to
implement Physical Based Rendering by utilising the idea of microfacets, as well as apply additional effects
on the water surface, like Subsurface Scattering (SSS). SSS is implemented using the Wrapped Back Lighting
approximation and the Jacobian to find thin areas of a water crest and display a more turquoise colour
by approximating the random scattering inside the water surface. In addition to that, slight caustics were
implemented but not mentioned in the discussion, as the effect was not pronounced and are not fit due to the
depth of the water. Then, inside the fragment shader tone mapping and gamma correction is applied onto
the water surface before finally displaying it on the screen. Final results can be seen in Figure [68] which does
intact resemble an ocean surface.

In the end, the ocean scales nicely performance wise as size and subdivisions grow. The simulation runs
at approximately T0FPS, correlating to an average 14.5ms frame time, while using an NVIDIA RTX 3060
12GB |26] graphics card running at 256021440 and 32GB of DDR/ 3200MHz RAM. This aligns nicely with
the aims and goals of this project, actually surpassing the expected performance mark. The goal of using
minimal external libraries is also met, since no read-to-use game engines were used, only pure Rust, WGSL,
winit , wgpu, egui and other small non-essential crates were used. And lastly, there was a lot of experience
gained by constantly debugging the ocean surface and introducing new mechanics and features never seen
before, forcing to explore topics of mathematics and computer science which were not familiar before.

With that, the discussion comes to an end.
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(a) Big swells (b) Calm night

(c) Medium swells (d) Calm day

(e) Medium swells (f) Big swells up-top

Figure 68: The resultant images with all effects combined, some containing debug information
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