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Abstract 

• A novel graph-based data-driven technique  

 for cost-effective fire modeling 

 

• Introduce a new type of graph  

 to create various fire phenomena 

 Each graph node consists of a group of compact spatial-temporal 
flow pathlines 

 achieving smooth transitions between discontinuous graph nodes 
for modeling turbulent fires 

 

• The synthesized particle flow results allow direct particle controls 
which is much more flexible  

 than a full volumetric representation of the simulation output.  



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 3 KUCG | 

Introduction 

• Simulating a realistic fluid such as fire remains a challenge mainly 
due to its computational cost.  

 Lower cost methods such as sprite-based compositing are  
available but not good enough. 

 In production-quality animation typically obtained by solving the 
Navier-Stokes equations at a high computational cost. 

 

• In this paper, we present a data-driven method  

 that is relatively easy to implement for synthesizing fire  
animations at a much lower computational cost. 
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Introduction 

• Flow graph 

• a pre-computed a motion data structure from a few short  
simulations 

• Inspired by data-driven animation approaches such as the mo
tion graph 

 
• Volumetric flow data 

 cannot create smooth transitions without introducing a large amo
unt of samples  

• with complex and costly constraints. 
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Introduction 

• Generate long and smooth animation sequences in realtime. 

 only using a few short simulations with different parameter config
urations. 

 The synthesis time is independent of the simulation complexity  

• (i.e. the complexity of model equations and numerical schemes).  

 

• Such a particle-based flow design also gives animators extended 
controls.  

 

• The first attempt to develop a practical data-driven framework th
at can synthesize high-quality 3D fluid flows at interactive rates. 
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Related work 

• Navier-Stokes equation 

 

• Visual effects 

 for fire rendering 

 

• Some techniques for reduce the simulation time 

 Adaptive method 

 GPU acceleration 

 

• Data-driven approache 

 

 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 7 KUCG | 

Overview 

• Our fire synthesis method consists of two main stages:  

 Flow data construction  

 Interactive flow synthesis 

 

• Flow Data construction 

 Take a small number of fire simulations  

• with desired physical parameters, such as turbulence magnitude and 
external forces 

 Then Generate a directed graph based on pathlines.  

• These pathlines are created by tracking particles  
‗ as they flow over time and are grouped in nodes according to their starti

ng time.  

 The graph encodes groups of pathlines  

• that are temporally coherent or exhibit some flow similarity, encoded 
in a cost matrix. 
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Overview 

• Interactive flow synthesis 

 Synthesize new fire animations  

• through a random walk on the flow graph.  

• Each random walk defines a new group of spatially and temporally co
herent pathlines. 

 Generate a new animation using integration. 

• Each pathline node contains physical quantities from the simulation 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 9 KUCG | 

Algorithm 

 



Flow Graph Construction 

Fire Simulation 

Pathline Data Sampling 

Flow Graph Computation 
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Flow Graph Construction 

• Construct the flow graph,  

 which stores the space of possible particle tracks from a set of in
put simulations in a compact manner.  

• As an input, we assume that a set of simulations are given, and th
at we have a mechanism to retrieve particle data and sample phy
sical quantities such as velocity and temperature.  

• For the sake of completeness, we include the discussion on how 
we simulate fire data to provide input to the synthesis pipeline. 
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Flow Graph Construction 

Fire Simulation 

• A GPU-based 3D fluid simulator using NVIDIA CUDA.  

• The solver is based on the Navier-Stokes equations. 

 

 

 

 

 

 where u is the velocity, p is the pressure,  
f is external force including buoyancy and    is zero except the re
action area. 
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• A simple combustion model  

 that converts fuel into heat and soot 

 

 

 

 

 

 

 

 

 F is the fuel, r is the reaction rate 

 S is the soot,  

 T is the temperature, T0 is the ambient temperature,  

    is the thermal conductivity, c is the cooling rate 

Flow Graph Construction 

Fire Simulation 
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• Parameters are configurable.  

 Such as reaction rate, cooling rate, buoyancy, turbulence magnitu
de as well as external force fields  

 These parameters are used to simulate the desired fire states requ
ired to synthesize similar effects.  

 

• For each selected configuration, we simulate minimum time  
length just enough to capture the desired flow features.  

 

• We use fixed time step  

 Where      is the uniform grid spacing and U is the characteristic 
velocity.  

 The simulation usually takes an hour on a 256^3 grid. 

Flow Graph Construction 

Fire Simulation 
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• The next step is the extraction of flow information that can be reu
sed for subsequent synthesis.  

 A straight forward way is to produce a series of volumetric fields 
and blend them selectively to create new volumetric fields.  

 

• Instead, we sample and store the physical data along pathlines of 
fluid particles.  

 This approach is more effective than reusing volumetric fields 

Flow Graph Construction 

Pathline Data Sampling 
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• Finding smooth transitions between two non-consecutive time steps  
in volumetric fields is hard and computationally expensive.  
 Since flames are usually turbulent. 
 However, pathlines often exhibit similarity with other pathlines in  

different time steps. 

 
• The storage of pathline data is more compact  

 Because pathlines track only the visible flow features automatically  
due to their Lagrangian nature.  

 It produces the optimal result  
• with less cost than time-varying tree-based structures. 

 
• Using particles generated from pathlines provides better physically- 

meaningful manipulation  
 than using volumes directly, where the structure of flow is no longer 

explicit. 

Flow Graph Construction 

Pathline Data Sampling 
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• During simulation, we seed a group of particles at the flame sour
ce at each time step for pathline tracing.  

 The particles are uniformly distributed and the interval is half the 
grid resolution 

 

• Given any start point x0 and start time t0, its corresponding  
pathline is defined as 

 

 

 where t is the time, and u(x, t) is the velocity at a given location 
and time.  

 The pathlines are integrated through the fourth-order Runge-Kutt
a (RK4) method. 

Flow Graph Construction 

Pathline Data Sampling 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 18 KUCG | 

• Flow graph 

 A new type of graph for synthesizing combustion phenomena in t
he time domain 

 a directed graph G = (V, E) which has N = |V| nodes. 

 nodes define single motion states,  

 each node represents the entire flow pathlines which started at th
e same time step. 

 

Flow Graph Construction 

Flow Graph Computation 
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•   

 where Pk(t) represents the pathline group started at the k-th time 
step,  

 Uk(t), Rk(t) and Tk(t) are the corresponding velocity, density and  
temperature, respectively. 

 

• Therefore, we can define Pk  as the set of pathlines with starting  
time at the k-th time step, 

 

 

 

 

Flow Graph Construction 

Flow Graph Computation 
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Flow Graph Construction 

Flow Graph Computation 
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• To enable synthesis, we must first connect the nodes in the graph 
with edges.  

 Ideally, edges should connect pathlines that result in a plausible  
transition, so that a random walk on the graph results in a  
plausible animation.  

• Note that we only allow transitions to happen at the beginning of 
a pathline set (i.e. particle emitting time)  

 otherwise the physically-correct flow structure can be simply destr
oyed due to the Lagrangian nature of flow particles.  

 

• To do that, we define two types of edges: 

 Temporal edges 

 Transition edges 

Flow Graph Construction 

Flow Graph Computation 
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• Temporal edges 

 Connect two consecutive nodes in time  
and are useful to reconstruct parts of the original fire animations 

Flow Graph Construction 

Flow Graph Computation 
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• Transition edges 

 connect non-consecutive nodes that exhibit some degree of simil
arity and allow us to synthesize new path flows from several input 
animations.  

 To measure the similarity between two nodes i and j, we define a 
cost function cij, as: 

 

Flow Graph Construction 

Flow Graph Computation 
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• is the sum of differences between the two path velocities, 
and is similarly defined for 
 
is the number of particles seeded in                are weighting 
parameters controlled by the user to give more importance to the 
density and temperature differences, respectively. 

 

• We add a transition edge when the cost function is smaller than 
a given threshold 

Flow Graph Construction 

Flow Graph Computation 
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• One of the issues with this method is that it may lead to a large 
number of cluttered transitions, which results in a dense flow gr
aph. 

 Moreover, these transitions may not be distributed evenly throug
hout the simulation time,  

• which is undesirable for creating plausible fluid animations. 

 

• To obtain an even distribution of transitions, we order the nodes 
chronologically and subdivide the cost matrix C = (cij) into blocks 
of size B×B. 

Flow Graph Construction 

Flow Graph Computation 
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• Those node pairs corresponding to the local minima of the cost f
unction  

 within each block are then selected as candidate transition edges. 

 Then we filter these edges by an appropriate tolerance value  
a < e < b through eqn. 11. 

• In this case,  

 the number of transitions is limited by M2 where M = N/B 

 the length of dead ends are usually less than cB  

• where c is a small integer if e is not close to a. 

Flow Graph Construction 

Flow Graph Computation 
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• The graph is computed in parallel during simulation with multiple 
CPU threads  

 because the CPU is relatively free during GPU-based simulations. 

Flow Graph Construction 

Flow Graph Computation 



Interactive Fire Synthesis 

Traversing Flow Graphs under Constraints 

Flow Integration and Deformation 
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Interactive Fire Synthesis 

• The synthesis process is as follows:  

 Generate novel pathlines using random walks on the flow graph 

 Integrate these pathlines over time to produce a new fire  
animation,  

• which is finally rendered with production-quality rendering or  
interactive rendering using the GPU. 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 30 KUCG | 

Interactive Fire Synthesis 

Traversing Flow Graphs under Constraints 

• During this stage, we produce a random flow,  

 which is a path of the flow graph starting at node k =0 of a  
prescribed length L.  

• Let us define a partial path  

• d(Vi) is the out degree of vertex i. 

 If d(Vi) = 1, then we follow the only edge (i, j) ∈ E out of Vi,  

• which means the edge is either a temporal edge or a transition e
dge close to a dead end. 

 If d(Vi) > 1, the next vertex in the path Vj is chosen randomly. 

 

• Random walks result is plausible 

• But propose two methods to constrain this traversal and offer a b
etter control to the animator. 
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Interactive Fire Synthesis 

Traversal with temporal bias. 

• The user controls the likelihood of following a temporal edge  

 instead of being purely random 

• Set a free parameter 0 <    < 1,  

 which represents the probability of following a temporal edge. 
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• A lower value of    leads to frequent transitions  

 while a higher value of    produces fires with more stable states. 
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Interactive Fire Synthesis 

Traversal with target stats 

• The user to steer the synthesis towards a target physical state,  
defined as a subset W⊂V.  

 The edge probabilities are computed depending on how far the  
current visited node is from the target state.  

• Let us assume that the current visited node is Vi.  

 If out of reach of the target state,  

• perform random traversal as defined above. 

 If at the boundary or the interior of the target state 

• i.e., there is at least one edge(i, j) 

• the probability of an edge is defined uniformly as 

‗ Where k is the number of neighbors of Vi in set W 

• Note that once a target state is reached, the traversal will remain 
there until a new target state is defined. 
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Flow Integration and Deformation 

• For each visited node in the synthesized flow,  

 we generate a group of particles following the node’s pathline,  

 each with physical attributes such as velocity and temperature.  

 

• The velocity information is used to integrate the displacement of 
the particles at each time step 

 

 

 

 where xk is the position of certain particle,  
u is the velocity sampled from the pathline data and  
uext is the velocity introduced by (optional) external forces, useful 
for fire deformation. 
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Rendering 

• We adopt a simple slice-based renderer for interactive preview  
purpose using the G3D graphics engine. 

 The synthesized fluid particles and their attributes are first  
projected onto a set of slicing planes which are orthogonal to the 
camera direction.  

 These slicing planes are then blended to the screen in  
back-to-front order. 

 

• In our examples, we use 128 slicing planes of size 640×480  

 which can achieve interactive frame rates 
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Results and Disscussion 

• All the tests are performed on a PC  

 Intel Core2 3.0GHz CPU (4 cores)  

 NVIDIA Quadro 6000 GPU. 

http://www.videocardbenchmark.net/gpu.php?gpu=Quadro+6000 

http://www.videocardbenchmark.net/gpu.php?gpu=Quadro+6000
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Results and Disscussion 

 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 38 KUCG | 

 



Korea University 
Computer Graphics Lab. 

Tae-hyeong Kim | 2011. 11. 24 | # 39 KUCG | 

Future work 

• It is possible to apply the technique towards fire effects in animati
ons and games.  

 

• Due to the nature of data-driven methods, one of the limitations 
of our method  

 cannot do physically accurate fluid-fluid/fluid-solid interaction wit
hout additional simulations during the synthesis process. 

• We do not allow motion blending in our system to prevent breaki
ng important flow structures 

 although it can be achieved by interpolating between different pa
thlines for laminar flows. 
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Commentary 

• 참신한 아이디어, 그러나 한계가 명확 

 불의 특성에 의존 

 Computational cost를 위해 많은 희생 

• 정확한 control도 고품질도 제대로 잡지 못함 

• 그러나 게임 등의 분야에서는 분명히 활용 가능 

 Pre-compute에서 많은 리소스 요구 

 

• 결국 Rendering time은 별도로 소비됨 

 Quality 문제는 따로 고민해야 함 


