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ABSTRACT 
 
The present work is devoted to the modified 3D PTV 
approach which utilizes more than three projections for a 
particle positions reconstruction. This allows reducing the 
number of ghost particles detected during a triangulation 
process. Applying the latest approaches for camera self-
calibration also improves performance of the method. A 
modified relaxation algorithm for particle tracking allows 
reducing the false pairing through considering the distance of 
assessed neighbouring particles to the currently interrogated 
particle pair. Modified 3D PTV, conventional 3D PTV and 
tomographic PIV were assessed on synthetic and experimental 
images in terms of computational costs efficiency and overall 
performance. 
 
1. INTRODUCTION  
 
Three dimensional measurements are of keen interest in the 
fluid mechanics community. Tomo-PIV together with 3D PTV 
are well known techniques for volume velocity field 
measurements. The tomographic reconstruction of 3D scene 
with subsequent cross-correlation of 3D images became the 
state of the art of particle imaging techniques. The work by 
Wieneke [1] introduced camera self-calibration to the 3D 
reconstruction process greatly enhancing the precision of PIV 
measurement. Early 3D PTV algorithms suffered from lack of 
accuracy in particle positions reconstruction. Low 
concentration and rather big sizes of particles were the only 
operational conditions for such algorithms Maas et al. [2]. The 
improved calibration process can be utilized with the tracking 
approach to increase its accuracy and the applicability range. 
The particle tracking is based on several steps including 
particle identification, particles pairing and subsequent 
velocity field post processing. 
One of the remaining problems of correlation and tracking 
approaches is the ghost particles detected both during the 
tomographic reconstruction for PIV and during the 
triangulation process for PTV. Averaging nature of correlation 
analysis is capable of managing the influence. As concerns 
PTV, it is very sensitive to the presence of unpaired particles. 
The present work presents a modified triangulation approach 
utilizing more than three projections of the same volume. We 
propose composing threefold sets from available number of 
projections, each of them producing the positions of particles 
in the volume. After that particle arrays from every set are 
clustered to produce particles which are confirmed by at least 
two sets, thus eliminating the ghost particles. 
Modifications also concerns the process of particles pairing. 
The relaxation algorithm by Baek et al. [3] assesses 
probability of each possible pair by searching a similar 
displacement in close vicinity. Alteration concerns the way in 

which neighboring particles contribute to the calculation of the 
probability of interrogated particle pair. Applying a weighting 
function emphasizing the closest particles decreases the 
number of spurious vectors of tracking algorithm.  
Transition from 2D PIV to tomographic PIV is known to 
increase consumption of computational and memory resources 
enormously. In contrast, conversion to 3D for tracking 
algorithms does not result in significant performance lost. 
Resource efficiency of tracking algorithms depends solely on 
number of particles per measurement plane/volume which 
differs insignificantly in 2D and 3D cases. The particle 
positions detection performed by applying  triangulation is fast 
and reliable thanks to the camera self-calibration technique.  
The present work is devoted to the study of 3D PTV method 
with improved particle recognition and weighted relaxation 
algorithms and its comparison to the Tomo-PIV method in 
terms of computational costs efficiency and overall 
performance. The set of synthetic images was generated to test 
algorithms accuracy. Another test was conducted using 
experimental data on a submerged turbulent jet to assess PIV 
and PTV approaches on “real” conditions. 
 
2. MULTISET TRIANGULATION 
 
The first step of the particles positions detection usually is 
carried out by the triangulation process. It is quite fast and 
rather accurate due to the self-calibration routine. Still for the 
flows with increased particles concentration the number of 
false detections (ghost particles) can be relatively high.  
The conventional triangulation process is based on a 
reconstruction of 3D positions of the objects using their three 
planar projections captured by digital cameras. First of all 2D 
particle positions are detected on each projection. In present 
work the Particle Mask Correlation (PMC) method [4] is used 
as it fits well for dense particles concentrations. The process is 
sensitive to the order of considered projections. Let us call 
projections A, B and C for first, second and third ones 
respectively. As it is generally known a possible position of 
each considered particle in A is the epipolar line in the B for 
geometry of perspective projection (see Figure 1). Along this 
line with certain tolerance one should search for candidate to 
be the same particles’ projection. Verification of each 
candidate should be performed using C. 2D positions on A and 
B allows calculating the 3D coordinates of an expected 
particle. A reverse projection of this particle to the plane of C 
should coincide with existent particle on C with known 
tolerance. Latter means that the candidate particle has been 
verified. But in the case of dense concentration more than one 
particle could be verified as true. In order to eliminate most of 
the ghost particles one can utilize more than three projections. 
In this work a new multiset triangulation (MT) approach is 
proposed. If one have data acquired by four cameras or more 



 

he can triangulate a volume with several sets of projections. 
Let D be the fourth projection So keeping in mind the 
sensibility of the process to the order of projections one have 
24 different threefold sets for total four projections. As we 
looking for faster and simpler solution one should consider 
only four cycled sets, namely ABC, BCD, CDA, DAB. In 
each set all possible candidates should be collected without 
any filtering and with rather wide tolerance. After combining 
results from different sets one will have a 3D scene seeded 
with preliminary particles (“pre-particles”). Each real particle 
should correspond to a cluster of “pre-particles”. Ghost 
particles in contrast should be presented by only one 
preliminary particle. Clusterization of particles is made in the 
following way. Clusters are initially formed by particles in an 
arbitrary chosen set. Particles from each new set will populate 
existed clusters. Attributing of “pre-particle” to one or another 
cluster is made based on following criterion. If a new particle 
is near the cluster within some threshold and has two common 
projections with any particle in cluster than it is the same 
particle. The value of a distance threshold will be referred to 
as clusterization threshold hereafter. Cluster is considered as 
real particle if it contains at least two “pre- particles”. The 
cluster position is updated after each particle addition.  
Each threefold set of projections has its own systematic error. 
Averaging among different sets will decrease this error. The 
difficulty lies in the fact that different clusters will have 
different number of particles after preliminary step. Latter 
means that calculation of the position of the same particle in 
first and in second frames could be performed on different 
number of sets thus complicating the subsequent tracking 
process. For that reason coordinates of each particle after 
clusterization should be taken as of first particle in the 
interrogated cluster. 
 

 
Figure 1. Scheme of triangulation for four camera setup  
 
3. MODIFIED RELAXATION ALGORITHM 
 
The second step in volumetric velocity field reconstruction is 
pairing of detected particles. The modified relaxation PTV 
method is used in our study. The original method utilizes 
probability assessment approach for each possible pair and has 
several parameters (see Figure 2). The first of them is the 
maximum possible displacement, Tm. Pair candidates are 
considered within this radius in the second frame. The second 
parameter, Tn, designates the radius of the current particle 
neighbourhood. All neighbouring particles should perform 
almost the same displacement with a little deviation. The 

maximum permitted value of that deviation is the third 
parameter called Tq. Each possible pair for every particle gets 
its own probability on the initial step and sum of all 
possibilities for the particle including possibility of pair loss is 
equal to one. The process is iterative. Probability of an 
interrogated particle pair calculated during the iteration 
depends on the existence of a neighbouring particles pair with 
the similar displacement. In latter case the neighbouring 
particles’ probabilities calculated on previous step will 
contribute to the current probability of interrogated pair. The 
parameter Tq controls the level of the deviation for considering 
the neighbour particles displacement to be similar. It is 
constant and does not account for the distance between 
interrogated and neighbour particles. We propose to adjust the 
value of Tq dependending on the mentioned distance. The 
more the distance is the bigger Tq should be used. Moreover 
the contribution of the closer neighbours could be emphasized 
by applying Gaussian weighting function during probability 
summation. 
 

 
Figure 2. Scheme of relaxation tracking algorithm. 
 
4. TESTS ON SYNTHETIC IMAGES 
 
Developed algorithms were tested using synthetic images with 
a sinusoidal distribution of a displacement vector value. The 
vertical component ��  of the velocity was defined by the 
following function: 

���, �� � �	 
 �2� ���� 
⁄ �� � ��/�� sin �2��
� ��   

Here ��, �, ��  designates coordinates of the point in 
millimetres in a measurement volume with a point of origin in 
the center of the region and sizes of that region equal to 
2� � 2� � 2� � 20 � 20 � 5 �� . Thus the period was 
equal to the half of the width � and the linear gradient of the 
velocity was modelled through the depth. The amplitude of 
oscillation for � � 0 was �	 � 2.3voxels.  
 
4.1 Accuracy assessment 
 
A set of multi-camera 2D projections of generated volume 
distributions of particles were created with different 
concentration values "### which were in the range from 0.01 
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to 0.3 $$$ . Let us note that conventional particles 
concentration for PIV measurements lays in the range from 
0.05 to 0.1 $$$. The camera configuration was in a shape of a 
cross at top, bottom, right and left positions. 

 
Figure 3. The error level as a factor of a particle 
concentration for conventional and modified 3D 
PTV and Tomo PIV algorithms. 
 
Behavior of a total error of filtered vector fields as a factor of 
concentration shown in Figure 3. Plotted results shows that in 
order to keep the error level to be at or below one pixel the 
particles concentration should not exceed 0.1 $$$. 
 
4.2 Particle detection method performance 
 
The comparison of the results of conventional and multiset 
triangulation methods for the particle detection process is 
plotted in next Figure 4. The result of the Particle Mask 
Correlation method on a single projection is shown for the 
reference. One can observe that number of ghost particles for 
the conventional triangulation calculated by one threefold set 
increases with the increasing of the concentration and reach 
42% compared to the total number of modelled particles and 
132% compared to PMC results on "### � 0.1 whereas the 
multiset triangulation calculated on four threefold sets behaves 
similar to the PMC method. Latter could mean that proposed 
approach allows eliminating most of the ghost particles.  
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Figure 4. The number of detected particles as a function 
of particles concentration. 
 
4.3 Cost efficiency 
 
Performance issues in terms of running time is the key 
characteristic for comparison of Tomo-PIV and 3D PTV 
methods. Next plot (see Figure 5) shows the dependence of the 

run time for the calculation of one velocity field from particles 
concentration. Running time of the conventional Tomo-PIV 
algorithm (SMART 10 it. + 3D3C CWS 2 it.) to obtain the 
same velocity field is presented with constant line as it is 
insensitive to concentration of particles. 3D PTV results are 
presented with the total time and its components: time for the 
particle detection and time for the particles pairing. Processing 
time rises for PTV with an increase of the concentration up to 
1.5 $$$. The further decay associated with the behavior of the 
particles pairing routine and can be attributed to the decreased 
number of detected particles. 
 

 
Figure 5. Time consumption as a factor of 
particles concentration.  
 
5. EXPERIMENTAL TEST 
 
Experimental study was carried out on a slot channel formed 
by two optical glass sheets. The Reynolds number based on 
the slot depth ( �  4 �� was )* �  10000. The size of the 
measurement volume was 40 � 30 � 4 ��. The width of the 
profiled nozzle formed by two embeddings was � � 10 ��. 
Four cameras were placed crosswise with views of the 
measurement area from up, down, right and left sides. Five 
hundred instantaneous recordings were acquired each of them 
containing four double images with image resolution of 
1.3 megapixel. The entire measurement volume was 
illuminated by a dual cavity Nd:YAG laser with 70 �, pulse 
energy. 
Experimental data was processed by modified 3D PTV and 
Tomo-PIV algorithms. Processing parameters for tracking 
algorithms were following. Particle detection was performed 
under mild conditions so that more particles can be obtained. 
The PMC threshold was 0.5. The tolerance levels for 
triangulation and clusterization thresholds were chosen as 4 
and 3 pixel respectively.  
The iterative CWS technique with four iterations was used for 
Tomo-PIV correlation analysis. Figure 6 shows instantaneous 
velocity fields obtained with the proposed 3D PTV technique 
and Tomo-PIV algorithm for the same recording. The irregular 
vector field consists of ~18 
 10/  velocity vectors. Every 
second vector is shown for the regular data field (see Fig. 7, 
bottom). 
Figure 7 presents the normalized relative difference between 
mean velocity fields obtained by tracking and correlation 
approaches. The difference decreases with the increase of the 
velocity vector length. Tomo-PIV results in the area with near 
zero velocities in the sides of the jet considered reliable as 
correlation approach has low noise for zero displacements. 
Comparison of the results in that area shows the difference 
about 100% which can be mostly attributed to an error level of  
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Figure 6. An instantaneous velocity fields obtained by 
the proposed 3D PTV algorithm (top) and Tomo-PIV 
algorithm with final area size: 32×32×16 px, 50%, 
63×55×15 vectors (bottom) for a slot jet, Re = 10000. 
 

 
Figure 8. Contours of the normalized relative error level 
between mean velocity fields calculated by proposed 3D 
PTV and Tomo-PIV algorithms 
 

3D PTV. In the area of greater velocities difference of the 
methods decreases to the 10% for averaged data. Latter 
distinction consists of both the error and difference of the 
spatial resolution. 
 
6. CONCLUSIONS 
 
3D PTV is known to perform well at low particle 
concentration. An increase of the number of particles leads to 
difficulties in both detection of individual particle and 
particles pairing due to severe particles image overlapping. An 
influence of false (ghost) particles also rises with 
concentration. 
In the present work an attempt has been made to increase the 
range of applicability of 3D PTV method in terms of particles 
concentration. The camera self-calibration technique [1] 
together with proposed multiset triangulation procedure were 
applied to filter ghost particles. 
The improved triangulation procedure allows utilizing the 
information from more than three cameras. Available 
instantaneous volume projections are assembled in threefold 
sets. The triangulation results of such sets are combined and 
subsequently clusterized into one filtered spatial distribution 
of particles.  
Particle detection and pairing procedures were assessed on 
synthetic images. The difference in yield of conventional and 
proposed triangulation routines reaches 100% which mostly 
can be attributed to the presence of ghost particles. Another 
test evaluated time consumption of concerned algorithms. 
Computational costs effectiveness of the tracking algorithms 
depends on particles concentration and can outperform run 
time of the standard Tomo-PIV algorithm in 3 – 10 times. 
Examined methods were applied to experimental data. Typical 
particle concentration at registered projections was 0.04 ppp. 
Comparison of the results of 3D PTV and Tomo PIV 
approaches showed good agreement (10%) in the area of 
maximum particles displacements. Tracking results in areas 
with near zero velocities are insufficient. Latter finding may 
indicate that particles 3D position detection accuracy still is 
the weak point of the tracking algorithms. 
Further development of 3D PTV will concern the 
clusterization algorithm allowing more reliable particles 
detection.  
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