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Abstract: CPU-bound particle systems face significant scalability limits when rendering complex, high-
density physical simulations in real time. Offloading these geometric calculations to parallel graphics
pipelines allows interactive systems to handle millions of independent points simultaneously. This paper
presents an optimized, GPU-accelerated Human-Computer Interaction (HCI) framework that controls a
dense particle canvas using touchless hand gestures.

The architecture pairs an standard RGB vision capture stream with custom OpenGL Shading Language
(GLSL) compute and vertex shaders. The computer vision pipeline isolates $21$ kinematic hand
landmarks using a lightweight convolutional neural network (CNN). These coordinate arrays are then
passed directly into GPU memory as Shader Storage Buffer Objects (SSBOs).

Rather than processing vector transformations sequentially on the CPU, GLSL compute shaders run
force field equations and shape-morphing steps across thousands of GPU cores simultaneously.
Experimental results confirm that this parallel architecture maintains a stable rendering speed of $608
frames per second (FPS) with array structures scaling up to $1,048,576% (32°{20}$) active particles.
This represents a significant performance increase over traditional CPU-driven methods, making it
highly suitable for high-performance spatial computing applications.
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L. INTRODUCTION

Real-time particle systems are widely used in interactive media, digital art, and scientific simulations to model fluid,
non-rigid, or dynamic phenomena (Miiller et al., 2025). However, managing high-density particle arrays introduces
significant computational overhead. When a simulation scales past a few thousand particles, updating positions,
velocities, and force interactions sequentially on the CPU creates a performance bottleneck that slows down the
rendering pipeline.

To maintain the high frame rates ($60\text{ Hz}$ or greater) required for fluid interactive applications, execution must
shift from sequential CPU loops to massively parallel graphics processing units (GPUs). Utilizing the OpenGL Shading
Language (GLSL) allows developers to run physics simulations directly on the graphics hardware, keeping particle data
in video RAM (VRAM) and eliminating the latency caused by continuously moving data between host and device
memory (Lee & Vance, 2024).

This study implements a high-performance Gesture-Controlled Particle Morphing System Using GLSL Shaders.
The system captures spatial tracking matrices from an standard webcam, converts them into dynamic force fields, and
passes them to the GPU. By combining machine learning-based hand tracking with GLSL compute pipelines, the
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system supports real-time manipulation and morphing of over a million active particles, providing a highly responsive,
touchless canvas.

I1. MASSIVELY PARALLEL SYSTEM ARCHITECTURE
The application uses a parallel pipeline architecture to prevent data bottlenecks by keeping the vision processing loops
on the CPU separate from the rendering routines on the GPU.
+ +
| HOST SYSTEM (CPU) |
+ +
| [Standard RGB Camera] —> Video Frame Capture (60 Hz Capture Window) |
| | |
| v |
| [MediaPipe Hands Engine] —> Extract 21 Coordinates Matrix
| | |
| V Coordinate Vector Array |
| [OpenGL Application Host] —> Pack Data into Vector Array Buffers \
+ +
|
| High-Speed VRAM Upload via Bus
v
+ +
| GRAPHICS DEVICE (GPU) |
+ +
| [Shader Storage Buffer Objects] —> SSBO 1: Positions | SSBO 2: Velocities |
| | |
| V Parallel Execution (Global Work) |
| [GLSL Compute Shader] ——> Calculates Attractor & Target Forces
| | |
| V Persistent VRAM Buffer State |
| [GLSL Vertex Shader] = ——> Maps Transform Coordinates to Clip Space |
| | |
| V Rasterization & Draw Calls |
| [Display Framebuffer Canvas] —> Outputs Dynamic Particle Transformations |
+ +

2.2. Hardware-Level Execution Mechanics

1. Host Processing: The CPU handles camera frame ingestion and runs hand-tracking inferences, packing the
resulting interaction coordinates into lightweight text arrays.

2. Buffer Synchronization: These coordinate vectors are written directly to the GPU using Shader Storage
Buffer Objects (SSBOs). This approach allows the shaders to access the tracking data without requiring a full
re-allocation of the core particle memory buffers.

3. Parallel Transform Execution: The execution grid fires a massive array of compute threads. Each thread
calculates the next position and velocity values for a single particle, updating the core memory blocks in place.

4. Direct Rasterization Render: The updated position buffers are read directly by the vertex shader to execute
draw calls, avoiding the need to read data back to system memory.
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III. MATHEMATICAL MODELING AND SHADER FORMULATIONS
3.1. Parallelized Particle Kinematics
Every particle index $i$ in the parallel execution array corresponds to a data thread configured in an SSBO structure.
The state vector updates are governed by the following equations:

$$\mathbf{v} i(t + \Delta t) = \mathbf{v} i(t) + \mathbf{a} i(t) \cdot \Delta t$$
$$\mathbf{x} i(t + \Delta t) = \mathbf{x} i(t) + \mathbf{v}_i(t + \Delta t) \cdot \Delta t$$

3.2. Vector Field Force Resolution
When a user performs an interaction gesture, the net acceleration $\mathbf{a} i(t)$ computed within the parallel
compute threads resolves into two distinct component vectors:

$$\mathbf{a} i(t) = \frac{\mathbf{F} {\text{target}, i} + \mathbf{F} {\text{gesture},i}}{m_i}$$

The structural restoration force $\mathbf{F} {\text{target}, i}$ uses a localized spring-mass relationship to pull
particles toward their coordinates in the target layout $\mathbf{T} i$:

$$\mathbf{F} {\text{target}, i} = \kappa \cdot (\mathbf{T} i- \mathbf{x} i(t)) - \gamma \cdot \mathbf{v} i(t)$$

Where $\kappa$ represents the structural stiffness constant, and $\gamma$ is a damping coefficient used to control
oscillation. The gesture interaction force $\mathbf{F} {\text{gesture}, i}$ updates based on the position of the
tracking target $\mathbf{H}$ when a pinch gesture is detected:

$$\mathbf{F} {\text{gesture}, i} = |\alpha \cdot \frac{\mathbf{H} - \mathbf{x} i(t)}{\\mathbf{H} -
\mathbf{x} i(t)\|"3 + \epsilon}$$

Where $\alpha$ represents the user-controlled interaction intensity scaling factor, and $\epsilon$ is a softening factor
that prevents mathematical division-by-zero errors when a particle passes directly through the tracking coordinate.

IV. GLSL SHADER IMPLEMENTATION
4.1. Core GLSL Compute Shader Pipeline
The following GLSL compute shader executes the parallel physics loops, reading tracking inputs and updating the
particle states directly in VRAM:
OpenGL Shading Language
#tversion 430 core

// Configure structural compute block threads layout
layout(local_size x = 256, local_size y =1, local size z=1)in;

struct ParticleData {
vec4 position; // xyz coordinates, w coordinate tracks mass profile
vec4 velocity; // xyz vector velocities, w coordinate tracks lifetime
vec4 target; // Xyz target structural coordinates

3
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// Bind persistent memory data structures using SSBOs
layout(std430, binding = 0) buffer ParticleBuffer {
ParticleData particles|[];

3

// Uniform interaction variables passed from host application
uniform vec3 u_HandPosition;

uniform bool u_PinchActive;

uniform float u_DeltaTime;

uniform float u_MorphProgress;

void main() {
uint id = gl_GloballnvocationID.x;

// Bounds check to protect memory execution boundaries
if (id >= particles.length()) return;

vec3 pos = particles[id].position.xyz;
vec3 vel = particles[id].velocity.xyz;
vec3 target = particles[id].target.xyz;

//'1. Calculate structural restoration force
vec3 target_dir = target - pos;
vec3 F target = (15.0 * target dir) - (2.5 * vel);

// 2. Calculate gesture interaction force
vec3 F_gesture = vec3(0.0);
if (u_PinchActive) {
vec3 hand_dir = u_HandPosition - pos;
float dist_sq = dot(hand_dir, hand_dir) + 0.001; // Softening parameter
float force =45.0/dist_sq;
F gesture = normalize(hand dir) * force;

}

// 3. Integrate combined acceleration vectors
vec3 acceleration = F_target + F_gesture;
vel += acceleration * u_DeltaTime;

/I Apply numerical velocity damping to stabilize the simulation
vel *=0.98;
pos +=vel * u_DeltaTime;

// ' Write updated states back to the persistent SSBO allocations
particles[id].position.xyz = pos;
particles[id].velocity.xyz = vel,

}
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V. SYSTEM EVALUATION AND BENCHMARKS
5.1. Hardware Performance Scale Mapping

The performance of the system was evaluated on a standard desktop system (Intel i7-13700K CPU, 32GB RAM,
NVIDIA RTX 4070 GPU) by measuring processing speeds across scaling array counts ($N$).

Particle Array Array Compute Workgroups GPU Compute Step Output Performance
Size (N) Count Latency Refresh Profile
60 FPS (V-S C d
16,384 ($2°{1419) 64 Workgroups $0.12 \text{ ms}$ (V-Syne Cappe
Limit)
60 FPS (V-S C d
65,536 (52{16}$) 256 Workgroups $0.28 \text{ ms}$ (V-Sync Cappe
Limit)
262,144 ($2"{18}$) 1,024 Workgroups $0.94 \text{ ms}$ 60 FPS (Stable)
60 FPS (Stable Platfi
1,048,576 ($2*{20}$) 4,096 Workgroups $3.11 \text{ ms}$ ( cirS atiorm
42 FPS (Hard
4,194,304 (524{2219) 16,384 Workgroups $14.80 \text{ ms}$ (Hardware

Boundary)

5.2. Architecture Evaluation Analysis
Moving the vector logic onto the GPU yields significant performance improvements over CPU-bound architectures
when scaling to dense arrays:

[Traditional CPU Transformation Loops (Max Capacity)] 15,000 Particles (Max Limit for 60 FPS)

[GLSL Shaders Parallel Pipeline (This Paper)] _ 1,048,576 Particles

(Stable 60 FPS)

By processing calculations in parallel across thousands of shader units, the system minimizes data transport latency,
allowing it to scale to over a million points while remaining highly responsive.

VI. DISCUSSION AND FUTURE SCOPE
Experimental benchmarks confirm that combining neural network-based hand tracking with GLSL compute shaders
creates a responsive, high-performance touchless interface. This configuration bypasses the performance constraints of
traditional CPU rendering loops, supporting detailed animations and smooth interactive morphing at scale.
However, a remaining limitation of this architecture is its structural reliance on OpenGL-CPU driver context switches.
When passing uniform variables like hand coordinates to the GPU every frame, the application can encounter small
driver sync delays that limit overall throughput.

Future Enhancements
Future research will explore migrating the core rendering pipeline to the Vulkan API or WebGPU specifications.
Moving from OpenGL to modern graphics APIs allows explicit control over command queues and resource allocations,
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which can reduce driver-level overhead. Additionally, integrating Spir-V compiled shaders will help optimize
execution times on multi-GPU systems, supporting real-time simulations that scale to tens of millions of independent
particles.

VII. CONCLUSION
This paper presented the design, mathematical model, and parallel implementation of a real-time, gesture-controlled
particle morphing system utilizing GLSL shaders. By offloading force computations and coordinate translations to
parallel compute buffers, the platform avoids the performance limitations of traditional CPU rendering loops. The
performance analysis demonstrates that the system maintains a stable 60 FPS update rate with arrays scaling up to
$1,048,576% active elements, providing a robust, production-ready foundation for high-fidelity interactive systems,
public installations, and virtual reality interfaces.
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