
 

 

Abstract — Parallel program has been 
developed for simulation of Radon progeny 
behavior in the diffusion chamber. The program 
executes on general purpose graphics processing 
unit based on CUDA platform. Algorithm of the 
sequential version based on Brownian motion and 
diffusion has been rewritten for parallel use. 
During development, special attention has been 
paid to instruction execution mechanism, usage of 
different memory types and overall resource 
consumption. For random number generating, 
auxiliary linear congruent mechanism has been 
used. Serial version has been significantly 
outperformed in execution speed without any 
accuracy loss. All that produced significant speed 
improvement in acquisition of statistical data for 
Radon progeny behavior in the diffusion chamber. 

 
Index Terms — CUDA, diffusion chamber, 

general purpose graphics processing unit, GPU, 
parallelism, Radon progeny, simulation 

 

1. INTRODUCTION 

the diffusion chamber(Figure 1) is cylindrically 
shaped device made of permeable material 
with radioactive particles detectors inside. 

Radon decays in the diffusion chamber and new 
short-lived progeny atoms are formed inside. 
Activity equilibrium between radon and its short-
lived progeny is established inside the chamber. 
However, the radon progeny may deposit onto the 
inner wall of the chamber. This process of 
deposition changes the irradiation geometry and 
affects the detector sensitivity. Some progeny 
atoms decay in air (hereafter referred to as the air 
fraction) and others decay after deposition onto 
the walls (hereafter referred to as the deposited 
fraction) [5]. 

Very small particles of gas or liquid are moving 
in random pattern. Changing of the direction of 
motion is caused by collisions with molecules of 
the fluid (in our case the fluid is air). Such random 
movement is known as the Brownian motion. The 
random motion of particles is characterized by the 
direction and magnitude of velocity as well as the 
path length between two subsequent collisions. 
All these variables are random in nature. 

If many particles are generated at the time t = 0 
at the point (x0; y0; z0), after some time t, the 
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particles will be distributed according to the 
Gaussian distribution [7]: 
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Equation 1 – Particle distribution 

 
D is the diffusion coefficient for a given set of 

particles. The diffusion coefficient D=0.054cm
2
s

-1
 

was taken; the same value was also used in [6] 
and [8]. 

 

 
 

Figure 1 - Diffusion chamber 
 

Unfortunately, Equation 1 is strictly valid for the 
gaseous molecule movement in a gas and not for 
particles in a gas. They are even less valid when 
the particles with different size move in a certain 
gas. Consequently, the Equation 1 is only 
approximation. Therefore, we decided to take 
strict but computationally more expensive 
approach than in [2] in order to avoid these 
approximations and simulate Brownian motion of 
the particles without any statistical assumptions. 

The scheme showing the behavior of radon 
progeny inside the diffusion chamber is shown in 
Figure 2. The air fraction is in the left box and the 
deposited fraction in the right box of Figure 2. 

Progeny atoms will decay in the chamber, but 
some of them in a chamber volume and other as 
deposited onto the inner chamber walls. The 
fraction of progeny that decay in air depends on 
life time of atoms. Longer living atoms have larger 
probability for deposition onto internal chamber 
wall and air fraction is consequently smaller. The 
simulation of diffusion process will be described 
in the next paragraph. 
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Step 1. A 
220

Rn atom is generated randomly 
inside the cylindrical diffusion chamber (x0; y0; z0). 

The well known formula 1Rrrand   was used 

to sample random radius. The coordinates x0 and 

y0 were calculated as )cos(0 randrandrx  and 

)sin(0 randrandry  , where .2 2 rand 1  

and 2  are standard random numbers, uniformly 

taken from the interval (0, 1). This point was 
taken as the starting point (x0; y0; z0) in Equation 
1 for the diffusion of the 

218
Po atom. 

 

 
Figure 2 - Radon progeny 

 
Step 2. Step 2 consists of random sampling of 

the life of the 
218

Po atom, T, according to the 
Equation 2. 

)1ln( 3 T  

Equation 2 – random sampling of the 
218

Po life 
 

Here,   is mean life time given as 

2ln/2/1T  and 2/1T  is half life; 3  is another 

uniform random number between 0 and 1. 
Step 3. The particle moves to its next position 

with velocity taken from the Maxwell distribution. 
If this point is inside the diffusion chamber, the 
atom of 

218
Po would decay in air; otherwise, the 

atom would deposit onto the chamber wall. If the 
218Po atom decayed in air, the point (x; y; z) was 
taken as the creation point for 

214
Pb (x0; y0; z0) 

and steps 2 and 3 were repeated using the half 
life of 214Pb. Then the history was continued with 
214

Bi and so on. For the sake of simplicity, and 
GPU speedup benchmarking, we only considered 
the first step of the decay (generating 

218
Po). 

Step 4. Calculations of the point of deposition 
were performed in following way. If the point (x; y; 
z) was outside the diffusion chamber, the progeny 
would be deposited onto the chamber wall. The 
line that connected the points (x0; y0; z0) and (x; y; 
z) intersected the chamber wall at some point (xd; 

yd; zd). This point was taken as the point of 
deposition. 

As described above, we performed direct 
simulation of the random motion of particles in 
the air volume inside the diffusion chamber. 
However, this simulation is very time consuming 
because a particle experiences about 109 
collisions per second and moves randomly for 
very short distances. Creation of one particle 
history takes more than several hours on Core-i7 
computers. Furthermore, in order to calculate the 
air deposited fractions or the distribution of 
deposited progeny, thousands of particle histories 
are needed. The approach to overcome this issue 
was to develop parallel algorithm. The 
implementation executes on general purpose 
graphics processing unit based on CUDA 
platform, which turned to be appropriate for this 
kind of MC modeling. 

CUDA platform device consist of large number 
of computing cores grouped into multiple 
streaming multiprocessors (SMP). Those cores 
are neither fast (compared to CPU speed) nor 
x86 paradigm capable. Their strength and 
usability comes from massive processing 
throughput they achieve with this large number of 
independently functioning threads on device 
cores. Each streaming multiprocessor is capable 
of running user developed code called kernel on 
each of his cores. Kernel defines SIMD paradigm 
computation logic written in C-like syntax 
executed within threads running on device cores. 
Several types of memory reside on devices. The 
largest and the slowest is global memory, 
available for all of the threads. Way faster but 
smaller is shared memory available only for 
threads executed on cores of one SMP. The 
smallest and the fastest is register memory 
available within one core. Several generations of 
CUDA devices emerged up to this point. Each of 
them made advanced steps in overcoming 
difficulties concerning development for highly 
parallel problem solving. Those difficulties include 
optimized memory access and manipulation, 
device cores utilization in means of instructions 
used and problem partitioning and sharing data 
between independent threads. Each of these 
difficulties are also addressed in process of 
development this simulation algorithm for 

222
Rn 

progeny in diffusion chamber. 
First, we give the details about sequential 

algorithm, and then we describe parallel approach 
including all specifics that must be taken into 
account regarding CUDA. Finally, we present 
speedup obtained and plans for future 
developments. 

2. SERIAL IMPLEMENTATION 

Serial implementation of the simulation is 
consisted of successive iterations modeling 
motion of each observed particle. In each time 
step, the motion is conducted with the following 
actions: 

1) Mean path length between particles 
collision is calculated using appropriate 
distribution. According to determined path 



 

Algorithm 2: Parallel algorithm implementation - CPU host code 
LoadConfiguration(particlesToDo,wallTime,blocks,threads,chunk); 
InitDataForParticles(halfPath, halfLife, lifeTime, status,[x; y; z]); 
PutDataToGpuGlobalMemory(gpuHalfPath, gpuHalfLife, gpuLifeTime, 

gpuStatus, gpuX, gpuY, gpuZ, gpuSpeed, gpuPRNGData); 
while true do 

RadonKernel<<<blocks,threads>>>(gpuParticleData,chunk); 
RecordTime(elapsedTime); 
GetDataFromGpu(lifeTime, status,[x; y; z]); 
ReportStatus(status,particlesDone); 
if particlesDone == particlesToDo then break; 
if elapsedTime >= wallTime then break; 
numberOfFinished = GetFinishedFromLastRun(status); 
if numberOfFinished >= gpuWarpSize then 

ReconfigureParticleData(lifeTime, status,[x; y; z]); 
ReconfigureGpuRun(gpuBlocks); 

end 
end 

 

length using random numbers, new 
possible position coordinates for particle 
are determined. 
2) Position and parameters of particles are 
being checked: 
a.     If particle is still in the air within 

chamber, Maxwell speed and life time 
of particle are being recalculated. If 
particle life time is longer than life time 
determined for that particle, it decays; 
otherwise it continues motion within 
chamber starting from its new 
position. 

b.    If particle deposition occurred on the 
cylinder inner surface, the position is 
logged (bottom, top or wall). If this 
particle motion time exceeded its life 

time, instead of deposition, we 
consider it decayed in the air. 

Above described steps for each particle are 
being conducted until maximum allowed time for 

simulation is reached or desired number of 
particles with determined final position in 
chamber is reached. The implemented algorithm 
is shown in 1. 

 

3. PARALLEL IMPLEMENTATION 

Parallel implementation is based on scheduling 
engaged CUDA threads in such manner that 
each thread is responsible for a single particle. 
Serial implementation for each particle uses CPU 
as shared computing resource. Thus for each 
serial implementation iteration, each particle waits 
for its turn to calculate new position and velocity 
from the Maxwell distribution. In parallel 
implementation, the motion calculation is 
independent within the context of CUDA threads. 

That enables absolute parallelism, although 
CUDA device cores used for threads execution 
do not have instruction execution speed 
comparable to CPU cores. Strength that these 

Algorithm 1: Serial implementation algorithm 
LoadConfiguration(particlesToBeDone, wallTime); 
InitDataForParticles(halfPath, halfLife, lifeTime, [x; y; z], status); 
while true do 
RecordTime(elapsedTime); 
foreach particle in particles do 

if particlesDone == particlesToBeDone then break; 
if elapsedTime > wallTime then break; 
if status[particle] != INIT then continue; 
impactDistance = Distribution(halfPath); 
[ϕ;θ] = RandomPolarCoordinates(); 
[xt; yt; zt] = NewCoordinates([x; y; z],impactDistance, ϕ,θ); 
position = GetPositionInChamber(); 
if position == AIR then 

particleSpeed = CalculateMaxvellSpeed(); 
lifeTime[particle] + = impactDistance / particleSpeed; 
if lifeTime[particle] >= halfLife[particle] then 

status[particle] = AIR; 
particlesDone + = 1; 
continue; 

else 
[x; y; z] = [xt; yt; zt]; 
continue; 

end 
else 

lifeTime[particle] + = impactDistance / particleSpeed; 
if lifeTime[particle] >= halfLife[particle] then 

status[particle] = AIR; 
else 

status[particle] = position; 
end 
particlesDone + = 1; 

end 
 end 
 ReportStatus(status); 



 

devices bring to the table is gained by using 
massive work-force made of a large number of 
independent concurrent threads. 

In order to use CUDA resources in the most 
efficient manner some general guidelines are 
defined and they can be found in [3] and [10]. 
Some of these rules were applied for construction 
of both host and device code for CUDA parallel 
implementation described with algorithms 2 and 
3, respectively. They resulted in implementation 
details described below. 

Each particle is associated to a single CUDA 
thread. As number of particles exceeds number 
of available device cores, more than one thread 
will be executed on each of the device cores. 
Execution plan like this requires efficient use of 
CUDA warp mechanisms and thread blocks 
organization according to the warp size. During 

simulation, the number of particles that are 
further active is decreasing because they decay 
within chamber or deposit on the chamber inner 
surface. Therefore, we have to adapt the number 
of required blocks shaped with warp to the 
number of particles which are still active. In such 
manner, CUDA cores are more utilized during 
execution since lesser threads actually run on 
them. Such approach resulted in shortening 
overall execution time significantly. 

Expensive memory transactions executed in 
model run are strictly necessary ones. Aware of 
penalties for global device memory access, 
content of this memory is mainly defined at the 

process initialization. During execution, for each 
of the threads running, the number of iterations is 
defined for each particle associated with a thread. 
After these iterations (their number defined as 
chunk) are done, only status information is 
transferred to the host in order to discover how 
much work has been done. If possible, we adapt 
thread number to decreased number of particles 
and therefore demand for lesser resources. 
Inside kernel code, before planned chunk of 
iterations is done, all necessary data for a particle 
is copied to the local CUDA core registers. After 
that, all data operations conducted during chunk 
iterations are performed on local fast registers, 
avoiding slow global memory operations. 
Therefore, choice of chunk size is of great 
influence to overall performance, and is product 
of compromise between more iteration work to be 
done, and early discovery of particles that should 
not be observed any more. 

Brownian motion modeling is supported with 
linear congruent random number generator. It 
was both appropriate and necessary solution 
since it is convenient enough in manner of 
parallel implementation and does not affect 
implementation accuracy. 

4. RESULTS AND DISCUSSION 

Accuracy and performance for both serial and 
parallel CUDA implementation were tested on 
appropriate platforms. Serial version was 
executed on Intel Core2Quad Q6600 based 
server, while parallel versions are executed on 
same machine powered with GTX560 CUDA 
device and also on NVIDIA Tesla 2090 devices 
available from TGCC CURIE supercomputer. 
Execution included repetitive runs of simulation 
series. Each series consisted of several 
simulation runs, each for specific number of 
particles. In each run, and the execution in whole, 
we observe the same diffusion chamber with 
same parameters defining Radon progeny (mean 
life time, mean path length between collisions). 

Algorithm 3: Parallel algorithm implementation - GPU RadonKernel() kernel code 
id = CalculateParticleIdForThread(blockIndex,threadIndex); 
GetFromGpuGlobalMemory(id,status,speed,halfPath,lifeTime,halfLife,[x; y; z]); 
particleDone = status; 
for i = 1 to chunk do 

impactDistance = PRNGDistribution(halfPath,PRNGData); 
[ϕ;θ] = PRNGRandomPolarCoordinates(PRNGData); 
[xt; yt; zt] = NewCoordinates([x; y; z],impactDistance, ϕ,θ); 
position = GetPositionInChamber([xt; yt; zt]); 
particleSpeed = PRNGCalculateMaxvellSpeed(PRNGData); 
if particleDone == INIT then 

if position == AIR then 
                          speed = particleSpeed; 

lifeTime += impactDistance / speed; 
[x; y; z] = [xt; yt; zt]; 
if lifeTime >= halfLife then 

status = position; 
                           particleDone = status; 

else 
                         status = position; 
                         particleDone = status; 

     PutToGpuGlobalMemory(id,status,speed,lifeTime,[x; y; z]); 



 

From all these simulation runs, we obtained 
data needed for Radon particles behavior 
analysis, and that data is consisted of: 

 
1) Positions of particles - position in chamber 

particle achieve at the end of its life time. 
2) Time when number of particles in 

characteristic positions of chamber is 
modified. 

3)  Overall execution time. 
 

 The runs are executed until earlier defined 
number of particles (≥95%) achieves any of the 
characteristic positions inside the diffusion 
chamber. This approach is used because for a 
very small number of particles, we need to wait 
for a significantly longer period of time before they 
deposit or decay. With this approach we have not 
compromised accuracy because number of 
neglected particles is very small, but performance 
gained is significant, since the execution time is 
shortened, in certain cases even for an order of 
magnitude. 

In Figure 3, the execution times are compared 
between serial and two parallel versions (GTX560 
and Tesla M2090 devices) for a sample of 1024 
particles. 

Simulations are executed for chamber with 
dimensions R=0.04m and H=0.08m. Mean path 
length between collisions used in simulations is 
set to 6∙10-6m. 

Simulation runs are executed until 1000 of 
particles (for a sample of 1024 that is 
approximately 97.6%) are being deposited on the 
chamber surface or decayed in the air. In this 
scenario, the speedup observed is more than 6 
times. Obviously, according to Amdahl's effect 
[4], the speedup increases when the number of 
the 

222
Rn particles increase. That holds not only 

compared to serial version, but also in comparing 
results for parallel devices with different 
computing capabilities as it is shown in Figure 4.  

In order to validate accuracy of the 
implementation, it is necessary to analyze 
position in chamber where particles end up. Table 
1 contains values representing relative amount of 
particles ending up in specific chamber wall 
positions. Comparing these results with those 
obtained in [1] and [2] showed that CUDA 
implementation is valid. 

Beside obvious speedup of parallel compared 
to serial version, it is interesting to compare 

speedup results obtained from parallel variants 
with and without reconfiguration of engaged 
CUDA thread blocks during simulation run. If 
thread number executed in grid is not decreased 
for particles that already deposited or decayed, 
significant performance degradation is noted. 
This is due to unnecessary occupation and 
sharing of CUDA device cores for threads related 
to particles which do not move any more. Time 
spent on analysis and reconfiguration of 
execution thread blocks between two successive 
device runs seems justified, because it leads to 
the better device cores utilization. Figure 5 shows 
comparison of two parallel versions on the same 
CUDA device for 2048 particles, one with and the 
other without execution blocks reconfiguration. 
We observe time needed for specific number of 
particles to achieve their final status and position 
in the chamber. Speedup obtained in version with 
reconfiguration is far from not being significant.  

5. CONCLUSION 

CUDA based simulation implementation 
improves serial implementation by running each 
222

Rn particle behavior simulation in parallel 
manner. That makes execution time significantly 
shorter and simulation highly scalable regarding 
to the number of particles within the model. The 
number of modeled particles can be increased 
with both execution configuration change and 
addition of GPGPU devices. Increased number of 
particles in faster simulation execution enables 
more efficient analysis and check of particles  
behavior in the diffusion chamber. Further 
research should provide more advanced 
simulation model and execution implementation. 

Simulation model needs further adjustments in 
order to fully adapt to GPGPU development 
paradigm. That could be accomplished by 
splitting diffusion chamber space into uniform 
segments of smaller volume. Using particle 
behavior data obtained from such small segment, 
it would be possible to approximate behavior of 
the particles in the entire chamber. Simulation 
implementation on CUDA could be made more 
efficient by introducing new NVIDIA KEPLER 
architecture devices and/or engaging hybrid 
parallel techniques such as combining inter-node 
MPI communication with CUDA.  
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