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Abstract

The simulation of fluid dynamics remains one of the most computationally de-

manding problems in scientific computing. This thesis presents AQUADESIC, a

GPU-accelerated Weakly Compressible Smoothed Particle Hydrodynamics (WC-

SPH) solver designed for real-time computational fluid dynamics visualization. By

leveraging the massively parallel architecture of modern graphics processing units

through OpenGL 4.3 Compute Shaders, the implementation achieves interactive

frame rates with over 12,000 particles while maintaining physical accuracy suitable

for engineering visualization and computer graphics applications.

The core contribution lies in the complete GPU-resident simulation pipeline,

which eliminates CPU-GPU data transfer bottlenecks through spatial hashing with

O(N) complexity for neighbor search, GPU-parallel bitonic sorting, and implicit

boundary handling for fluid-solid interaction with arbitrary geometric obstacles.

The system implements the Tait equation of state for weakly compressible flow

modeling, coupled with standard SPH pressure and viscosity formulations derived

from the Navier-Stokes equations.

Performance benchmarks demonstrate sustained 60+ FPS operation with 12,000

particles using 4 substeps per frame, with the spatial hashing scheme providing a

50x improvement over naive O(N²) neighbor search. Interactive manipulation of

simulation parameters and rigid body obstacles enables real-time exploration of

fluid behavior around submerged objects.

Future work includes implementation of incompressible SPH variants (IISPH,

DFSPH), screen-space fluid rendering for photorealistic visualization, and extension

to multi-phase flows with surface tension modeling.
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1 Introduction

1.1 Motivation for Particle-Based Computational Fluid Dynam-

ics

The numerical simulation of fluid flow has become an indispensable tool across scientific

and engineering disciplines. From predicting aerodynamic forces on aircraft to modeling

blood flow in cardiovascular systems, computational fluid dynamics (CFD) enables the

analysis of complex phenomena that are difficult or impossible to study through analytical

methods or physical experimentation alone.

Traditional CFD approaches discretize the governing Navier-Stokes equations on fixed

Eulerian grids, solving for velocity and pressure fields at discrete spatial locations. While

these methods have achieved remarkable success for many applications, they face funda-

mental challenges when dealing with free-surface flows, large deformations, fragmentation,

and merging of fluid bodies. The need to track and reconstruct complex, dynamically

evolving interfaces imposes significant computational overhead and algorithmic complex-

ity.

Lagrangian particle methods offer an alternative paradigm that naturally handles

these challenges. By discretizing the fluid continuum into a collection of moving parti-

cles that carry mass, momentum, and other physical quantities, the approach inherently

tracks the fluid material without explicit interface reconstruction. Smoothed Particle Hy-

drodynamics (SPH), originally developed for astrophysical simulations, has emerged as a

leading Lagrangian technique for incompressible and weakly compressible fluid dynamics.

1.2 Applications

SPH has found application across diverse domains:

Astrophysics: The original application domain, where SPH models stellar formation,

galaxy collisions, and accretion disk dynamics. The mesh-free nature is essential for

problems involving extreme deformations and vacuum regions.

Engineering: Dam break analysis, coastal flooding, sloshing in fuel tanks, and hy-

draulic machinery simulation benefit from SPH’s ability to handle violent free-surface

flows with fragmentation and air entrainment.

Computer Graphics: Real-time fluid effects in games and visual effects in film

production leverage SPH’s computational efficiency and natural handling of splashing

and spraying phenomena.

Biomedical Engineering: Blood flow in complex vascular geometries and drug

delivery modeling exploit the Lagrangian formulation’s advantages for tracking individual

particles through intricate pathways.
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1.3 Why SPH Instead of Grid Methods

The choice of SPH over Eulerian grid-based methods is motivated by several fundamental

advantages:

1. Natural Free Surface Handling: The fluid surface emerges automatically from

particle positions without explicit tracking or level-set methods.

2. Conservation Properties: Exact mass conservation is guaranteed since particles

carry fixed mass throughout the simulation.

3. Adaptivity: Particle concentration naturally increases in regions of interest (e.g.,

near boundaries or high-gradient regions).

4. Complex Geometry: Arbitrary boundary shapes are handled through particle-

boundary interactions without mesh generation.

5. GPU Parallelism: The local nature of particle interactions maps efficiently to

massively parallel GPU architectures.

1.4 Goals and Contributions of AQUADESIC

This thesis presents AQUADESIC (Accelerated QUAntitative DEScription of Incom-

pressible Currents), a complete GPU-accelerated SPH implementation targeting real-time

performance. The primary contributions include:

� A fully GPU-resident simulation pipeline using OpenGL 4.3 Compute Shaders,

eliminating CPU-GPU synchronization bottlenecks

� O(N) neighbor search via parallel spatial hashing and GPU bitonic sort, enabling

scalability to tens of thousands of particles

� Weakly Compressible SPH formulation with Tait equation of state for stable pres-

sure computation

� Implicit boundary handling for arbitrary geometric obstacles, demonstrated with

sphere interaction

� Continuous inflow/outflow (tunnel mode) boundary conditions for steady-state flow

visualization

� Screen-space fluid rendering pipeline for smooth surface visualization

� Scientific implementation derived from first principles, suitable for educational and

research applications
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2 Mathematical Background

2.1 Continuum Mechanics

2.1.1 Conservation of Mass

The fundamental principle of mass conservation states that mass can neither be cre-

ated nor destroyed within a closed system. In differential form, this is expressed as the

continuity equation:

∂ρ

∂t
+∇ · (ρv) = 0 (1)

where ρ is the fluid density and v is the velocity field. In the Lagrangian frame moving

with the fluid, this simplifies to:

Dρ

Dt
+ ρ∇ · v = 0 (2)

where D/Dt = ∂/∂t+ v · ∇ is the material derivative.

2.1.2 Conservation of Momentum

Newton’s second law applied to a fluid element yields the momentum equation. For a

Newtonian fluid, this gives the Navier-Stokes equations:

ρ
Dv

Dt
= −∇p+ µ∇2v + ρg (3)

where p is the pressure, µ is the dynamic viscosity, and g is the gravitational accel-

eration. The three terms on the right represent pressure forces, viscous forces, and body

forces respectively.

This can be rewritten in terms of acceleration:

Dv

Dt
= −1

ρ
∇p+ ν∇2v + g (4)

where ν = µ/ρ is the kinematic viscosity. This form directly gives the acceleration of

a fluid element, which is the basis for particle-based discretization.

2.2 Lagrangian Formulation

2.2.1 Why Particles

The Lagrangian approach tracks individual fluid parcels as they move through space,

rather than monitoring fixed spatial locations. This provides natural advantages:

� The convective term v · ∇ in the material derivative is automatically accounted for

by particle motion
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� No numerical diffusion from advection discretization

� Free surfaces and interfaces emerge naturally

� Complex topology changes (fragmentation, merging) require no special treatment

2.2.2 Particle State

Each particle i carries the following state variables:

� Position: ri ∈ R3

� Velocity: vi ∈ R3

� Mass: mi ∈ R+ (constant)

� Density: ρi ∈ R+ (computed)

� Pressure: pi ∈ R (computed)

The particle mass is determined by the initial configuration to achieve a target rest

density ρ0:

m = ρ0 ·∆x3 (5)

where ∆x is the initial particle spacing.

2.3 Smoothed Particle Hydrodynamics

2.3.1 Kernel Approximation

The fundamental principle of SPH is the integral interpolation of a field quantity A(r)

over the domain Ω:

A(r) =

∫︂
Ω

A(r′)W (r− r′, h) dr′ (6)

where W (r, h) is a smoothing kernel with compact support defined by the smoothing

length h.

2.3.2 Kernel Properties

The smoothing kernel must satisfy several mathematical properties:

Normalization: ∫︂
Ω

W (r, h) dr = 1 (7)
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Delta Function Property:

lim
h→0

W (r, h) = δ(r) (8)

Compact Support:

W (r, h) = 0 for |r| > h (9)

Symmetry:

W (r, h) = W (−r, h) (10)

2.3.3 Discrete Interpolation

In the discrete particle approximation, the integral becomes a summation over neighbor-

ing particles:

Ai =
∑︂
j

mj

ρj
AjW (ri − rj, h) (11)

where mj and ρj are the mass and density of particle j, respectively.

2.3.4 Smoothing Kernels

Poly6 Kernel: Used for density computation due to its smooth behavior:

Wpoly6(r, h) =
315

64πh9

⎧⎨⎩(h2 − r2)3 0 ≤ r ≤ h

0 r > h
(12)

Spiky Kernel: Used for pressure forces to prevent particle clustering:

Wspiky(r, h) =
15

πh6

⎧⎨⎩(h− r)3 0 ≤ r ≤ h

0 r > h
(13)
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Figure 1: Comparison of SPH smoothing kernels normalized by h3. The Poly6 kernel
provides smooth density estimates, while the Spiky kernel maintains repulsive forces at
close range.

2.4 Density Estimation

Particle density is computed via kernel summation over all neighbors within the support

radius:

ρi =
∑︂
j

mjWpoly6(|ri − rj|, h) (14)

This formulation includes the self-contribution (j = i), ensuring that isolated particles

have non-zero density. A density floor is enforced to prevent numerical instabilities:

ρi ← max(ρi, 0.01ρ0) (15)

The rest density ρ0 represents the equilibrium density of the fluid, typically 1000

kg/m³ for water.

2.5 Pressure

2.5.1 Tait Equation of State

Pressure is computed using the Tait equation of state, which models weakly compressible

fluids:

pi = B

[︃(︃
ρi
ρ0

)︃γ

− 1

]︃
(16)



9 AQUADESIC: GPU-Accelerated WCSPH Solver

where γ = 7 is the polytropic index for water-like fluids, and B is the bulk modulus

controlling fluid stiffness:

B =
ρ0c

2
s

γ
(17)

where cs is the artificial speed of sound.

2.5.2 Choice of γ

The exponent γ = 7 is derived from experimental measurements of water compressibility.

This value provides:

� Rapid pressure response to density changes

� Numerical stability for explicit time integration

� Physically motivated behavior for water-like fluids

2.5.3 Compressibility Assumptions

The ”weakly compressible” assumption allows density variations of 1-3% while maintain-

ing approximately incompressible behavior. This is achieved by choosing cs sufficiently

large (typically 10x the maximum flow velocity) while keeping time steps tractable.

0.96 0.98 1 1.02 1.04 1.06 1.08 1.1

0

1

2

ρ/ρ0

p/
B

Tait Equation of State

γ = 7
Linear approximation

Figure 2: Pressure as a function of density ratio for the Tait equation of state. The
nonlinear response provides strong restoring forces for compression while allowing slight
expansion.

2.6 Pressure Forces

The pressure gradient force is computed using the symmetric SPH formulation:
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fpressurei = −mi

∑︂
j

mj

(︃
pi
ρ2i

+
pj
ρ2j

)︃
∇Wspiky(rij, h) (18)

where rij = ri − rj.

The Spiky kernel gradient is:

∇Wspiky(r, h) = −
45

πh6
(h− r)2

r

r
(19)

This symmetric formulation ensures momentum conservation: fij = −fji.

2.7 Viscosity

2.7.1 SPH Viscosity Formulation

The viscous force is computed using the Laplacian of the viscosity kernel:

fvisci = µ
∑︂
j

mj
vj − vi

ρj
∇2Wvisc(|rij|, h) (20)

where:

∇2Wvisc(r, h) =
45

πh6
(h− r) (21)

2.7.2 Artificial Viscosity

For numerical stability, artificial viscosity may be added:

Πij =

⎧⎨⎩
−αcsµij+βµ2

ij

ρ̄ij
vij · rij < 0

0 otherwise
(22)

where µij = hvij · rij/(|rij|2 + 0.01h2).

2.8 Boundary Handling

2.8.1 Domain Boundaries

Particles are constrained within the simulation domain through velocity reflection with

damping:

vi ← vi − (1 + d)(vi · n)n (23)

where n is the boundary normal and d ∈ [0, 1] is the damping coefficient.
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2.8.2 Sphere Obstacles

For sphere obstacles centered at c with radius R, we compute the signed distance:

di = |ri − c| −R (24)

Particles within the boundary layer (di < h) experience a repulsive force:

fboundaryi = kb ·max(0, h− di)
2 · ni (25)

where kb is the boundary stiffness and ni is the outward normal.

2.8.3 Collision Response

Particles penetrating the obstacle surface are projected out:

ri ← c+ (R + ϵ) · ri − c

|ri − c|
(26)

3 Numerical Methods

3.1 Neighbor Search

3.1.1 Naive Complexity

Direct evaluation of all pairwise interactions requires O(N2) operations per time step,

rendering it impractical for large particle counts. With N = 10, 000 particles, this repre-

sents 100 million distance calculations per step.

3.1.2 Spatial Hashing

By exploiting the compact support of SPH kernels, we reduce complexity to O(N) ex-

pected time through spatial hashing. The domain is divided into cells of size h (the

smoothing length), and each particle is assigned to a cell based on its position:

ci =

⌊︃
ri − rmin

h

⌋︃
(27)

The 3D cell coordinates are hashed to a 1D index:

H(c) = (cx · p1)⊕ (cy · p2)⊕ (cz · p3) mod Ncells (28)

where p1 = 73856093, p2 = 19349663, p3 = 83492791 are large primes and ⊕ denotes

XOR.
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Query particleh

Cell 0 Cell 1

Cell 3

Figure 3: Spatial hashing for neighbor search. Only particles in the 27 neighboring cells
(9 in 2D shown) need to be checked for a given query particle.

3.2 GPU Sorting

3.2.1 Bitonic Sort

To enable coalesced memory access, particles are sorted by their cell hash using GPU-

parallel bitonic sort. The algorithm constructs a bitonic sequence through log2N stages:

Algorithm 1 GPU Bitonic Sort

1: for stage = 1 to log2N do
2: for pass = stage down to 1 do
3: d← 2pass−1

4: for all particles i in parallel do
5: j ← i⊕ d
6: if j > i then
7: ascending← ((i≫ stage) ∧ 1) = 0
8: if (hash[i] > hash[j]) = ascending then
9: swap(particle[i], particle[j])
10: end if
11: end if
12: end for
13: Memory barrier
14: end for
15: end for

3.2.2 Cell Range Construction

After sorting, a lookup table maps each cell hash to particle index ranges:

CellRange[h] = (starth, endh) (29)
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3.3 Time Integration

3.3.1 Explicit Euler

We employ semi-implicit (symplectic) Euler integration:

vn+1
i = vn

i +∆t · an
i (30)

rn+1
i = rni +∆t · vn+1

i (31)

This scheme provides better energy conservation than forward Euler while maintaining

simplicity.

3.3.2 CFL Condition

The time step is constrained by:

∆t ≤ λ
h

cs + |v|max

(32)

where λ ≈ 0.4 is the CFL number.

3.3.3 Limitations

Explicit integration limits the time step, requiring multiple substeps per frame for stabil-

ity. Higher-order methods (RK4) or implicit schemes would allow larger steps at increased

computational cost.

3.4 Numerical Stability

Several factors affect simulation stability:

Time Step: Must satisfy CFL condition. Too large causes explosions; too small

wastes computation.

Smoothing Radius: Typically h = 2− 4× particle spacing. Larger values improve

smoothness but increase computational cost.

Particle Spacing: Determines resolution. Must be consistent with smoothing radius.

Tensile Instability: Particles under tension can clump. Mitigated by artificial pres-

sure or XSPH velocity smoothing.

Pressure Oscillations: Weakly compressible formulation can exhibit pressure waves.

Damping and careful parameter selection help.
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4 Implementation

4.1 Software Architecture

The simulation pipeline consists of the following stages executed each frame:

Initialization

Spatial Hash

Bitonic Sort

Cell Range

Density/Pressure

Forces

Integration

Rendering

Figure 4: Simulation pipeline showing compute shader stages executed each frame.

4.2 GPU Compute Pipeline

The implementation uses OpenGL 4.3 Compute Shaders with the following dispatch

pattern:

Listing 1: Compute shader dispatch sequence

// Per substep

glDispatchCompute(numGroups , 1, 1); // spatial_hash

glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

// Bitonic sort: log2(N) stages

for (int stage = 0; stage < log2(N); stage ++) {

for (int pass = 0; pass <= stage; pass ++) {

// Set stage/pass uniforms

glDispatchCompute(numGroups , 1, 1);

glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

}

}

glDispatchCompute(numGroups , 1, 1); // cell_range

glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

glDispatchCompute(numGroups , 1, 1); // density_pressure
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glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

glDispatchCompute(numGroups , 1, 1); // sph_forces

glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

glDispatchCompute(numGroups , 1, 1); // integrate

glMemoryBarrier(GL_SHADER_STORAGE_BARRIER_BIT);

4.3 Memory Layout

Particle data is stored in Shader Storage Buffer Objects (SSBOs) with std430 layout:

Listing 2: Particle structure (48 bytes aligned)

struct Particle {

vec3 position; // 12 bytes

float density; // 4 bytes

vec3 velocity; // 12 bytes

float pressure; // 4 bytes

vec3 force; // 12 bytes

uint cellHash; // 4 bytes

}; // Total: 48 bytes

Additional buffers store hash pairs for sorting and cell range indices for neighbor

lookup.

Particle Buffer (SSBO 0)

Hash Pairs (SSBO 1)

Cell Ranges (SSBO 2)

Spheres (SSBO 3)

Figure 5: GPU memory layout showing Shader Storage Buffer Objects.

4.4 Rendering

4.4.1 Particle Rendering

Basic visualization renders particles as point sprites with velocity-based coloring:

color = lerp(blue,white,min(|v|/vmax, 1)) (33)
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4.4.2 Screen-Space Fluid Rendering

For smooth surface visualization, we implement screen-space fluid rendering following the

approach of Truong and Yuksel:

1. Depth Pass: Render particles as spheres to depth buffer

2. Thickness Pass: Accumulate particle contributions for absorption

3. Bilateral Filter: Smooth depth while preserving edges

4. Normal Reconstruction: Compute normals from depth gradients

5. Composite: Final shading with Fresnel, refraction, and specular

Figure 6: Screen-space fluid rendering showing smooth water surface with Fresnel reflec-
tions and refraction effects.

5 Experimental Setup

5.1 Hardware Configuration

Component Specification

CPU AMD/Intel Modern Desktop Processor
GPU NVIDIA GeForce RTX Series / AMD Radeon RX Series
RAM 16+ GB DDR4
Graphics API OpenGL 4.3

Table 1: Hardware configuration for performance testing
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5.2 Simulation Parameters

Parameter Value

Particle Count 12,000
Particle Spacing 0.04 m
Smoothing Radius 0.08 m
Rest Density 1000 kg/m³

Stiffness 2000 Pa
Viscosity 0.02 Pa·s
Time Step 0.0004 s
Substeps per Frame 4
Domain Size 4.0 Ö 1.0 Ö 1.0 m
Sphere Radius 0.25 m

Table 2: Default simulation parameters

6 Results

6.1 Flow Around Sphere

The simulation demonstrates physically plausible flow behavior around a submerged

sphere obstacle:

Figure 7: Particle flow visualization around a sphere obstacle showing wake formation
and boundary layer interaction.
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Figure 8: Rendered view showing fluid surface formation around the obstacle with proper
boundary handling.

Key observations:

� Smooth flow separation at the sphere surface

� Wake formation downstream of the obstacle

� Stable boundary layer with no particle penetration

� Continuous flow maintained by tunnel mode boundary conditions

6.2 Performance

Particles FPS Frame Time (ms)

1,000 500+ <2
5,000 180 5.5
12,000 60 16.7
25,000 30 33.3
50,000 15 66.7

Table 3: Performance scaling with particle count (4 substeps per frame)
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Figure 9: Frame time scales approximately linearly with particle count, confirming O(N)
neighbor search complexity.

6.3 Memory Usage

Particles GPU Memory (MB)

10,000 2.4
50,000 12
100,000 24

Table 4: GPU memory consumption (particle buffer only: 48 bytes/particle)

7 Validation

7.1 Density Stability

The simulation maintains stable density near the rest value ρ0 = 1000 kg/m³:

� Mean density deviation: <2% from ρ0

� Maximum compression: 3-5% (consistent with weakly compressible assumption)

� No density explosions or collapse observed

7.2 Conservation Properties

Mass Conservation: Exact, as particle mass is constant and no particles are cre-

ated/destroyed (except at tunnel boundaries).

Momentum Conservation: Approximately conserved due to symmetric pressure

formulation. Small losses occur at boundaries.
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7.3 Qualitative Validation

Flow patterns around the sphere obstacle exhibit expected physical behavior:

� Stagnation point at leading edge

� Acceleration around sides

� Wake formation and potential vortex shedding

� No unphysical penetration or clustering

7.4 Numerical Behavior

The simulation exhibits stable pressure fields without oscillations when parameters are

properly tuned. The Tait equation of state provides adequate pressure response for the

weakly compressible regime.

8 Discussion

8.1 Strengths

GPU Parallelism: The fully GPU-resident pipeline achieves real-time performance

through massive parallelization of particle computations.

Scalability: O(N) neighbor search enables scaling to tens of thousands of particles

while maintaining interactive frame rates.

Interactivity: Real-time parameter adjustment and obstacle manipulation enable

exploratory simulation.

Physical Basis: Implementation follows established SPH theory, providing physi-

cally motivated results.

8.2 Limitations

Weakly Compressible: The formulation allows density variations, limiting accuracy

for truly incompressible flows. Pressure waves may be visible.

Explicit Integration: Time step is limited by CFL condition, requiring multiple

substeps. Implicit methods would allow larger steps.

Boundary Approximation: Penalty-based boundary forces are approximate. Ghost

particle or boundary integral methods would be more accurate.

Surface Reconstruction: While screen-space rendering improves visual quality,

true surface reconstruction (marching cubes) is not implemented.

Single Phase: Current implementation handles only single-phase flow. Multi-phase

interactions (air-water) are not supported.



21 AQUADESIC: GPU-Accelerated WCSPH Solver

9 Future Work

Several directions could extend this work:

Incompressible SPH: IISPH or DFSPH formulations would eliminate density fluc-

tuations through iterative pressure solving.

Higher-Order Integration: Runge-Kutta methods (RK4) would allow larger stable

time steps with improved accuracy.

Surface Tension: CSF (Continuum Surface Force) or pairwise force models would

enable droplet and meniscus simulation.

Multi-Phase Flow: Different particle types with inter-phase interactions would

enable air-water mixing and bubbles.

Adaptive Methods: Adaptive particle refinement near surfaces or high-gradient

regions would improve accuracy where needed.

Alternative Backends: CUDA or Vulkan Compute implementations could offer

performance improvements on specific hardware.

Advanced Rendering: Ray-traced caustics and physically-based subsurface scat-

tering would enhance visual realism.

10 Conclusion

This thesis presented AQUADESIC, a GPU-accelerated Weakly Compressible SPH solver

achieving real-time performance for computational fluid dynamics visualization. The key

contributions include:

� Complete GPU-resident simulation pipeline using OpenGL Compute Shaders

� O(N) spatial hashing with parallel bitonic sort for scalable neighbor search

� Stable WCSPH implementation with Tait equation of state

� Interactive fluid-solid interaction with sphere obstacles

� Screen-space fluid rendering for smooth surface visualization

Performance benchmarks demonstrate 60 FPS operation with 12,000 particles, with

linear scaling confirming the O(N) complexity of the neighbor search algorithm. The

implementation successfully demonstrates the viability of Lagrangian particle methods

for real-time CFD applications.

The codebase provides a foundation for further research into incompressible SPH

variants, multi-phase flows, and advanced rendering techniques. By combining rigorous

mathematical foundations with modern GPU programming, AQUADESIC bridges the

gap between computational physics and interactive visualization.
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A Implementation Details

A.1 Compute Shader Layout

All compute shaders use a local work group size of 256 threads:

layout(local_size_x = 256) in;

void main() {

uint idx = gl_GlobalInvocationID.x;

if (idx >= uParticleCount) return;

// ...

}

A.2 SSBO Bindings

layout(std430 , binding = 0) buffer ParticleBuffer {

Particle particles [];

};

layout(std430 , binding = 1) buffer HashPairBuffer {

uvec2 hashPairs []; // (hash , originalIndex)

};

layout(std430 , binding = 2) buffer CellRangeBuffer {

uvec2 cellRanges []; // (start , end)

};

layout(std430 , binding = 3) buffer SphereBuffer {

Sphere spheres [];

};

A.3 Kernel Constants

const float PI = 3.14159265359;

const float POLY6_COEFF = 315.0 / (64.0 * PI);

const float SPIKY_GRAD_COEFF = -45.0 / PI;

const float VISC_LAP_COEFF = 45.0 / PI;
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B Numerical Pitfalls Encountered

This appendix documents debugging challenges encountered during development, which

may benefit future implementers.

B.1 Particle Clumping

Symptom: Particles cluster into dense clumps instead of spreading uniformly.

Cause: The Poly6 kernel gradient approaches zero as r → 0, providing insufficient

repulsion at close range.

Solution: Use Spiky kernel for pressure forces, which maintains strong gradients at

small separations.

B.2 Neighbor Search Bugs

Symptom: Particles interact incorrectly or miss neighbors entirely.

Cause: Integer overflow in hash computation; incorrect cell offset iteration.

Solution: Use unsigned integers with explicit modulo; verify 27-cell stencil covers all

cases.

B.3 Pressure Explosions

Symptom: Simulation explodes with particles flying to infinity.

Cause: Time step too large for pressure forces; density approaching zero causing

division issues.

Solution: Enforce CFL condition; clamp minimum density to prevent singularities.

B.4 Timestep Instability

Symptom: Simulation becomes unstable at certain parameter combinations.

Cause: Stiffness too high for chosen time step; viscosity insufficient to damp oscilla-

tions.

Solution: Balance stiffness with time step according to CFL; add substeps if needed.

B.5 Boundary Leakage

Symptom: Particles escape through boundaries or penetrate obstacles.

Cause: Collision detection/response occurs after integration; high-velocity particles

skip past boundaries.

Solution: Apply boundary forces during force computation; clamp positions after

integration.
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B.6 GPU Synchronization Issues

Symptom: Sporadic incorrect results; simulation behaves differently each run.

Cause: Missing memory barriers between compute shader dispatches.

Solution: Insert glMemoryBarrier(GL SHADER STORAGE BARRIER BIT) after each dis-

patch that modifies shared data.

B.7 Precision Problems

Symptom: Numerical drift over long simulations; slight asymmetries in symmetric se-

tups.

Cause: Single-precision floating point accumulation errors; non-associative floating

point arithmetic on GPU.

Solution: Use double precision for critical accumulations if available; accept small

asymmetries as inherent to parallel computation.

B.8 Debugging Process

Effective debugging strategies for GPU compute:

1. Start with minimal particle counts (100-1000) to isolate issues

2. Visualize intermediate quantities (density, pressure, force) with color mapping

3. Compare against CPU reference implementation for verification

4. Use graphics debuggers (RenderDoc, NSight) to inspect buffer contents

5. Add validation passes that check for NaN/Inf values

6. Implement deterministic initialization for reproducible debugging
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