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Abstract
We present a vorticity- and mesh-based fire and smoke simulation system which achieves real-time performance,
two to three orders of magnitude faster than previously published mesh-based smoke results. We use a moderate
number of vortex particles to drive a high resolution mesh. Topology changes are handled in real-time by remesh-
ing each time-step using a robust tetrahedral-based isocontouring scheme. Emissive and absorptive qualities of
the smoke and fire are rendered in view-order using shaders and linked-lists on the GPU. The physics and the
mesh generation are computed on the CPU to obtain real-time frame-rates (30 FPS).

1. Introduction

Although there are obvious uses for smoke and fire simu-
lation in interactive applications, current techniques are too
limited to provide the desired rendering speed and simula-
tion ability — both quality and reliability. Simpler particle
systems or video sprites are typically used instead. However,
these suffer both in interactivity (either playing back a pre-
set animation, or lacking the characteristic dynamics of fluid
flow) and rendering (e.g. inability to properly render from a
revolving viewpoint in the case of billboards, or an overly
blobby/fuzzy look from simple particles).

On the other hand, real-time dynamic effects for smoke
using volumetric grids are limited fundamentally by the
O(N3) spatial complexity. Rendering of such volumetric
data sets, at high-enough resolution to provide sharply-
defined smoke effects, is also challenging in real-time.

We follow the recent paradigm of smoke as a surface
[PTG12], [BKB12] to achieve high visual detail with accept-
able real-time physics and rendering; figure 1 gives a sense
of our results. The key characteristics of our system are:

• a CPU-based sparse vortex particle system driving a com-
plex mesh-defined smoke volume,
• an efficient, guaranteeably robust surface tracker,
• and an enhanced surface-based smoke shader with art-

directed emission and age-based dissipation.

Figure 1: Real Time Smoke and Fire

2. Real-Time Smoke and Fire

We define the smoke volume explicitly by a triangular mesh.
We compute the buoyant vortex dynamics using a simple
particle system. This allows us to focus resources on the ren-
dering and complex topology dynamics of the higher resolu-
tion smoke volume.
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2.1. Physics

Given velocity ~u, vorticity ~ω =∇×~u we have the vorticity
equation defining the evolution of vorticity in a fluid:

D~ω
Dt

= (~ω ·∇)~u. (1)

A global fluid velocity~u is approximated by a discrete set of
particles with weighted vorticity strengths ~ωi and positions
~xi. using the Biot-Savart law:

~u(~xi) = ∑
j 6=i
∇×

~ω j

4π|~x−~x j|3

∣∣∣∣
~x=~xi

. (2)

For short range interactions we follow Beale and Majda in
smoothing the singularity to avoid instability [BM85]. Once
the velocity has been evaluated at each particle, the particle
positions and vorticities are updated by Euler’s method, with
time-step dt; The vertices of our smoke mesh are similarly
advected by (2). Simple solid interactions are modelled by
projecting the potential flow around the moving solid onto
the smoke.

2.2. Marching Tetrahedra

The smoke mesh is remeshed each time-step using a robust
CPU implementation of Marching Tetrahedra. The process
is based on Müller’s [M0̈9] fluid tracker with the addition
of robust geometrically exact predicates [She96]. We also
replaced (extended) marching cubes with marching tetrahe-
dra to prevent ambiguities, thus keeping the smoke volume
air-tight which is critical to our rendering process. Since we
explicitly want our smoke to dissipate, we found no need
to implement Müller’s extensions aimed at preserving sub-
grid detail. This choice of mesh tracking also gives a conve-
nient resolution bound which naturally eliminates unneces-
sary mesh generation by turbulent flow at small scales.

2.3. Rendering

We extend the simple Z-buffer opacity rendering technique
of Brochu et. al [BKB12] to include emission of hot glowing
smoke. We use a simple light transport model for the inten-
sity of light Γ passing through the smoke density along a
parametrized ray s.

dΓ

ds
= ε(s)−αΓ. (3)

Here the function ε describes the emission of light by the
hot smoke and the constant α describes the absorption or
scattering of transiting light. We ignore self-shadowing and
scattering at present.

To determine the emission color and intensity ε(s) we
track the age of the mesh, i.e. the time since a part of the
mesh was extruded from the smoke source. We keep the age
attribute on vertices, interpolating as needed during remesh-
ing. This age is mapped to an artistically provided gradient

to determine the emission color and intensity of the smoke
on the surface. We interpolate these emission values linearly
along connected optical path segments traversing the smoke,
generating the emission function ε = as+ b. Inserting this
function into equation (3) leads to a closed solution for the
light intensity propagation and emission

dΓ

ds
= as+b−αΓ, (4)

Γ(s) = 1/α(a(s−1/α)+b)+Γ0e−αs. (5)

The transmitted Γ is computed in order along disconnected
optical path segments, with the previous segment’s final Γ

used as the Γ0 for the next using linked-lists on the GPU
[YHGT10].

As the simulation continues, we allow a graceful dissipa-
tion of the mesh by reducing α according to age as well. We
also smooth old mesh triangles with Laplacian smoothing,
which in concert with the alpha reduction creates the appear-
ance of smoke dissipation and curbs unconstrained growth in
the number of triangles.

3. Results

We were able to achieve an average of 30 FPS with 170 vor-
ticity particles and averaging 10,000 triangles and a frame-
buffer resolution of 1280x720. We ran our simulation on a
2.8Ghz Intel i7 CPU and an AMD Radeon 6750 GPU.
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