
x 60 faster 

GPUs in High Energy Physics: Reconstruction of particle trajectories 
A. Ariga & M. Schenk, University of Bern, Switzerland 

The history of particle physics is a history of particle detectors, namely developments of new detectors and data analysis tools. For 
recent experiments, the size of data coming from particle detectors is huge and therefore a reconstruction of particle trajectories using 
GPU is worth implementing. LHEP Bern pioneered the use of GPUs in this field. Here, we show some applications of GPUs on the 
reconstruction of particle trajectories. 
This work is partially related to the talk S4372 - Does Antimatter Fall On The Earth? Measurement Of Antimatter Annihilation with GPU. 

High Energy Physics = Big Science 

i7- 3930K  
6 cores 
12 threads 
3.2 GHz 
0.15 TFLOPS 

Geforece GTX 
TITAN x 3 
2688 cores, 6GB 
memory, 4.7 
TFLOPs in each 

Fast memory 
DDR3 2400, 16GB 

Water cooling  

Strong power supply 
1250 W 

Emulsion detectors, the highest position resolution 

20μm 

π-10GeV/c 

Electron ～100keV 

sensitivity 36grains/100micron 
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AgBr Crystals (200nm diameter) 
= 3D particle detector 

Intrinsic resolution 50nm  
Deviation of grains from linear-fit line. (2D) 

RMS 50nm 
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refractive index =1.5 
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1.3M pixel x 400 Hz 
(25M pixel x 80 Hz) 

Move focus and take 
tomographic image of 40 
layers 

Camera Link Full 

1 view data 
= 1.3 M pixel x 40 frames 
= 52 MByte/view 
 

x 5 Hz = 210 MByte/s 
(25 M pixel x 40 frames x 1.6 Hz =  1.6 GByte/s) 
 

(Real-time) 3D 
reconstruction 

using GPUs 

CMOS camera 
1280 1024 pixel 
256 gray levels 
376 frames/sec 
(Mikrotron MC1310) 

XY stage (Micos) 
0.1 μm nominal 
precision 

Emulsion film 

Z stage (Micos) 
0.05 μm nominal 
precision 

objective (Dry 50  NA 0.95)  
 

Automatic Plate 
Changer 

Readout speed of 
20 cm2 /h 

The ATLAS detector  (http://www.atlas.ch/). ATLAS is 
an experiment at the frontier of high energy particle 
collisions. The detector consisting of ~108 sub-
detectors works with a fast repetition cycle of 40 MHz. 

The OPERA detector (http://operaweb.lngs.infn.it/) 
Emulsion detector made of ~1021 minimal detectors 
(10,000,000 emulsion films) was built for the study of 
neutrino oscillation with micrometric precision.  

Typical emulsion detector of 10cm x 10cm x 100mm is 
divided into about 200,000 small data units (views). 

A view = 300mm x 250mm x 100mm, corresponding 
to 1.3 Mpixels x 40 layers = 52 MByte 

In order to reveal the Nature more and more in depth, physicists are carrying out experiments with huge 
detectors. The number of detector components (or channels) are getting enormous. For example, the ATLAS 
detector has 200 Mega channels working at 40 MHz repetition rate, or the OPERA detector has 106 Peta 
channels (1021pixels). The data size from such detectors is very large and thus high speed computing with GPUs 
is beneficial. 

The emulsion detector is one of the oldest particle detector types back to “Discovery of natural radioactivity” by 
Becquerel (1896). After a century, the detector is still a choice with the highest position resolution of the order 
of nano-meters. However, the detector has also been known to be difficult to use, due to the huge amount of 
information it provides. This weak point has been overcome by the GPU technology. 

Emulsion detectors are made of silver-
bromide microcrystals (~200 nm diameter) 
uniformly distributed in a gelatin substrate.  

A typical emulsion detector structure 
consists of two sensitive 50 mm thick 
emulsion layers deposited on both sides of a 
plastic base 200 mm thick and has a surface 
of 10 cm x 10 cm. Such an emulsion detector 
features ~1014 micro-detectors.  

Through a photo-developing process, the 
signals stored in the micro-detectors, 
created by the passage of an ionizing 
particle, are chemically amplified and 
become visible under an optical microscope 
as dots (or grains) with a diameter of 600 
nm.  

The intrinsic resolution is measured to be 50 
nm. 

Tracks in emulsion detector 

Antiproton annihilation detected in the 
emulsion detector (2012). 

Tau neutrino interaction found by the OPERA 
experiment  (Phys.Lett.B691:138-145,2010) 

Readout and reconstruction of emulsion detectors 
A film (10cm x 10cm) has 1014 crystals inside. In order to readout the 3D information, optical microscopes are used. 

High speed readout system >100 TByte/day/system 
Custom-made scanning systems with high speed cameras have been developed for the analysis of 
emulsion detectors. 3D data of at least 210 MByte/s have to be analyzed. 

Single CPU-thread 1 CPU 
s/view 

1 GPU 
s/view 

Gain 

Image filtering 0.55 0.022 x25 
3D grain recognition 0.20 0.025 x8 
3D tracking 5.90 0.373 x16 

x 60 faster processing by using GPUs Liquid Argon based detectors 

50 mm 

Track finder using the Hough transform (HT) for lines  

Reconstruction algorithm 

zoom of raw image 
 

Filtered & inverted 3D grain recognition 

The pixels of the CMOS camera exhibit gain fluctuations. 
A gain tuning and a threshold are applied on a pixel-by-
pixel base, and then the image is inverted. 
The 3D grain recognition is applied on the filtered 
image. Each pixel with a pulse height higher than a given 
threshold is compared to the 3x3x3 neighboring pixels; 
the pixel with the highest pulse height among these will 
be defining the grain. 

GPU CPU Tracking algorithm. (a) For each grain (for example, the blue dot), 
seeds for a track (blue lines) are defined by looping for grains 
within a given distance. (b) For each seed (blue line formed by 
blue and red dots), the number of grains along the seed is 
counted. If the number of grains is larger than a preset 
threshold, one can define it as a track. 

(a) (b) 

A cosmic-ray track running in 
parallel to the focal plane. 

A proton track recoiling from a 2.5 
MeV neutron and experiencing 
Rutherford scattering. 

Form seeds of tracks Count number of grain 
along the seeds 

Physics events seen in emulsion detectors 

Track detection efficiency as a 
function of angle 

Examples of tracks reconstructed with this algorithm 
are shown in the figures on the right. The 
reconstruction of a cosmic-ray track, a proton track 
recoiling from a 2.5 MeV neutron are shown. 

The performance of algorithm in terms of tracking efficiency 
is checked with cosmic-rays and found to be very high ~99%. 

The goal is to reach 0.2 s/view processing speed. A dedicated 
processing server (Linux Mint 15) equipped with a recent CPU (i7-
3930K, 6 cores, 0.15 TFLOPS*) with 3 state-of-the-art GPUs (NVIDIA 
GEFORCE TITAN, 2688 cores, 4.7 TFLOPS) has been tested. 

* Tera Floating-point Operation Per Second 

Single CPU-thread: Each process is remarkably accelerated by 
about a factor 10. The total processing time, dominated by 
the 3D tracking process, is reduced to 1/16. 

Multi-CPU-thread: Each thread is responsible for 
processing a view, and is linked to one of the 
three GPU devices. 
With three GPUs and 12 threads, a processing 
speed of 0.14 s/view is achieved, out of which 
0.05 s are needed for data I/O time.  

Eventually, the gain in the speed of processing time without data I/O from a single thread program based on the CPU 
with respect to the best multithread programming based on the GPU is about a factor of 60. 
 

1021 pixels 3D camera 100 M pixels x 40 MHz 

1014 detectors in 100cm2 

Current system  (new system in near future) 

GPU GPU 

The code is written with NVIDIA CUDA libraries 
(version 5.5) combined with CERN ROOT libraries. 
The algorithm is shared by CPU and GPU codes as 
shown in the flow chart. 

Implementation and performance in quality 

Total 10 TByte / 100cm2 

x 50 faster transformation 

>99% 

An ionizing particle traversing liquid argon produces a 
track of electrons along its path. By applying an 
electric field, the electron track is drifted to the 
spatially segmented read-out and 3D tracking 
information is obtained (mm precision).  
Future detectors of this type will have kiloton target 
mass resulting in a large amount of data to be 
processed to reconstruct particle tracks. A prototype 
detector, called ARGONTUBE, is operated at LHEP in 
Bern for dedicated studies (see pictures on the right).  
 

Strategy: Do a HT of the event data to reduce 
the track-finding problem to a local maximum 
search. 
(a) 2D projection view of an ARGONTUBE 

event with tracks induced by two cosmic 
muons. 

(b) Do a HT of pixels above threshold in image  
(a) and search for regions of high intensity 
in Hough space. They correspond to the 
track candidates. 

(c) Zoomed view of one of these regions. Do 
a local maximum search within this area. 
Each maximum represents one line in the 
event view and corresponds to a straight 
segment of the track candidate. 

(d) Search along the lines for pixels with 
signal above threshold to find the 
complete track candidate. 
 

The HT is ideally suited for the GPU since the 
pixels of the event view are transformed 
independently of one another.  
For ARGONTUBE, an average event view is 
transformed 50 times faster by the GPU 
compared to CPU serial code. The hardware 
used is a low-budget NVIDIA GTX650 GPU 
(384 cores) and Intel Core i7 860 CPU.  
The picture shows the speedup as a function 
of the number of transformed pixels. 

x 50 accelerated 
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