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This article provides a comprehensive overview of contemporary techniques for
creating convincing fire effects in computer graphics, analyzing their realism,
computational cost, and practical applicability. It covers analytical mathematical
models, noise-based procedural methods that capture natural turbulence, and particle
systems widely used in real-time engines. Special attention is given to volumetric
rendering approaches and physically based simulations that model gas dynamics, heat
transfer, and light interaction to achieve high visual fidelity. The article also reviews
hybrid systems that combine multiple techniques, as well as emerging machine-
learning methods capable of generating fire dynamics from training data. Stylized
approaches for animation and games are discussed separately. Overall, the work
highlights the trade-offs between accuracy, performance, and artistic control, noting
that modern workflows most often rely on hybrid solutions to balance visual quality
and efficiency.

Creating a convincing fire effect in computer graphics is one of the most
demanding tasks in visual simulation because real flames constantly vary in shape,
density, brightness, and transparency. Their behavior is influenced by combustion
dynamics, airflow, and optical interactions. For this reason, digital fire is produced
using a wide spectrum of techniques—from simple mathematical models to complex
physically driven simulations, depending on the required level of realism and
computational constraints [1].

One of the simplest categories includes analytical approaches, where the flame is
described through mathematical expressions that determine brightness and color as
functions of space and time. Flame intensity is frequently approximated as I(x, y, t) =
exp(—k - y) - sin(m - t + @), with k representing vertical attenuation and ®, ¢ defining
oscillation patterns. Color gradients transition from white or yellow near the
combustion zone to red hues in the upper region. Although extremely fast, these models
cannot reproduce real physical properties of fire.

More intricate structures can be generated using noise-based methods, which
simulate turbulence and chaotic airflow through Perlin Noise, Simplex Noise, or fractal
Brownian motion (fBm). Flame intensity is often described by F(x, y, t) = noise(x - fi,
y - f2,t - v) - exp(—k - y), where fi and f> adjust spatial frequency and v controls temporal
evolution. Multiple octaves of noise add natural small-scale detail. These methods are
ideal for real-time shaders because they do not require precomputed textures and
maintain high performance [2].
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Another widely adopted technique is the particle system approach. Fire is
represented as a continuous stream of short-lived particles, each possessing position,
velocity, lifetime, and color evolution properties. As particles rise, they gradually fade,
expand, and drift due to turbulence or randomized motion fields. This method is
extensively used in real-time engines such as Unity and Unreal Engine because it
provides a stable balance between realism and speed [3].

A more physically accurate strategy involves volumetric rendering, where fire is
treated as a 3D medium with spatially varying density, temperature, and emissive
energy. Light passing through the medium is computed using: L = [ E(x) - exp(—t(x))
dx, where E(x) is emission intensity while t(x) equals cumulative absorption.
Blackbody radiation models are commonly used to determine flame color. Volumetric
methods allow highly realistic depth and transparency effects but require considerably
more computational resources [4].

Physically based simulations rely on solving fluid dynamics and heat-transfer
equations to model gas behavior, turbulence, pressure changes, and thermal energy
release. They typically include equations such as: du / ot+(u -V)u=—-Vp / p + vW2u +
F,0T / ot = V2T + Q, which enable reconstruction of velocity fields and temperature
gradients that directly define the flame's visual characteristics. Although highly
realistic, this approach is computationally intensive and used mainly in advanced tools
such as Houdini, Maya Biftrost, or Blender Mantaflow.

Hybrid methods combine multiple techniques: particle systems define general
shape and motion, noise functions add turbulent detail, and volumetric shading
provides optical depth. Post-processing effects such as glow or bloom further enhance
artistic appearance. This makes hybrid systems the most common practical solution for
balancing visual quality and performance.

Recent developments in machine learning introduced neural models capable of
generating fire based on training videos. GANs and diffusion models can replicate
flame dynamics without explicitly solving physical equations, significantly simplifying
animation workflows.

Stylized fire used in animation or games often intentionally avoids physical
accuracy. Instead, artists rely on flipbook textures, glow shaders, outline effects, and
various forms of stylized post-processing to emphasize motion rhythm and expressive
shapes.

Overall, fire visualization in computer graphics is an intersection of mathematics,
physics, and artistic design. Depending on project objectives, developers may choose
fast procedural methods, sophisticated physical solvers, or hybrid approaches that
merge the strengths of different techniques. Modern workflows most frequently rely
on mixed models, achieving both realistic visual behavior and flexible artistic control
[1, 4].
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