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Abstract 

The Particle Tracking Velocimetry (PTV) can be splitted into three sub-processes; the 

recording of the experiment, the image processing and determination of the velocity 

components. It is essential that each of the three steps be accurate to determine the actual 

velocity components. Many factors can affect the end result in the particle tracking 

velocimetry. These factors are scattered in many papers. This thesis collects all the factors 

that can affect the velocity components in each three steps. The thesis then deals with the 

modified relaxation based algorithm for tracking the tracer particles between the two image 

frames. The effect of the maximum threshold value used in the relaxation method on the 

matching percent and the time for computation is deducted. 
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1. Introduction 

1.1 Background 

The Particle Tracking Velocimetry (PTV) is a multi-disciplinary research field. The scope 

includes the fluid mechanics, image processing, computer vision, nuclear engineering, 

particle physics, civil engineering, space engineering, bio-medical and much more. The PTV 

quantifies the displacement of individual dynamic particles between two or more image 

frames [1]. In the PTV experiments the particles are first extracted from the recorded images 

and the particles are tracked from one frame to the other frame. The particles can be tracked 

among the three or four or more frames. But the particle tracking velocimetry where the 

particles are tracked between only the two image frame has been recently adopted due to the 

process of simplicity. 

 

The image frames are obtained by recording the PTV experiment. The inaccuracies involved 

with the seeding of the tracer particles, illumination by the pulsed laser, and the resolution of 

the camera plays an important deciding factor for the final accuracy of the PTV result. 

 

The recorded image frames are then analyzed and used to extract the particle size and the 

centroid of the particles in those image frames. The methods used to calculate the size and the 

position of the particle also plays an important role in the final result. Not only that the time-

step involved in considering the two frame images also plays a very important role in 

deciding the right result at the end. 

 

The next step after calculating the position and number of the particles in the two image 

frame is to track the path of the particles between the two image frames.  The tracer particles 

may be overlapping in any one of the image. The tracer particle which is not present in the 

first frame image may appear in the second image frame. Alternatively a tracer particle may 

be present in the first image frame but it may not be present in the considered second image 

frame. That is the tracer particle may be lost between the image frames. This is the case of the 

loss of pair particles. All these types of the considerations have to be considered in the 

tracking algorithm being used and a lot of paper has been published focusing on this tracking 

algorithm. The Figure 1-1 [29] shows the basic schematic of the PIV system. 
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Figure 1-1: PIV system Layout 

 

 

 

 

 

 

 

 

 

Figure 1-2: Captured Image 

 

 

 

 

 

 

 

 

 

Figure 1-3: Velocity Map Schematic 

The flow field  seeded with tracer particles is illuminated by the laser sheet as shown in the 

Figure 1-1. The CCD camera is used to record the two or more no of the image frames for the 

further processing to determine the velocity information of the fluid flow. The computer 

hardware associated with the PIV system is not shown in the Figure 1-1. The recorded image 

is of the nature as shown in Figure 1-2 [1]. This image is processed by the PTV algorithm to 
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obtain the velocity map as shown in the Figure 1-3 [1]. So the goal of the PIV/PTV system is 

to observe the velocity map as depicted in Figure 1-3 from the image obtained from the 

PIV/PTV experimental setup. 

 

1.2 Objective 

The thesis has mainly two objectives as follows. 

 Collect the different factors that can affect the PIV/PTV result.  

 Investigate the approach to the new modified particle tracking algorithm 

based on relaxation method. 

 

1.3 Scope of the work and the applications 

The PTV algorithm for non-uniform and non-spherical particles has been developed in [2]. 

The application involves the calculation of the sediments that are below the fluid surface and 

the tracking algorithm can be used to determine the motion of the fish in the ocean water. 

 

The detection of the C-Reactive Protein(CRP) based on the measurement of Brownian 

motion by  micro- particle tracking velocimetry is developed in [3]. The paper is able to use 

the bio-sensing technique to measure the antigen-antibody interactions. This is the application 

of the particle tracking velocimetry in the bio-medical field. Another application related to 

bio-medicine can be referred in [4]. The paper gives the measurement of the individual red 

blood cell motions under high hematocrit conditions using a confocal micro-PTV system. 

 

The deep water wave acceleration measurement is performed in [5] by the application of the 

particle tracking technique. The paper has used the Monte Carlo simulations in the 

measurement. This is the application of the PTV in the field of the oceanography.  

 

[6] gives us some light on the use of the particle tracking velocimetry in the field of the 

nuclear engineering. The thesis details the three-dimensional transient, experimental study of 

the bubbly dynamics in the restricted medium. 
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The use of particle tracking velocimetry in the optic is being done by the paper [7]. This PhD 

thesis deals on the optical sorting and the manipulating of the microscopic particles with the 

help of the particle tracking velocimetry technique and the software developed by the author. 

 

The first demonstration of the PIV/PTV method for ice movement through a two river 

confluence is demonstrated in [8]. The PIV/PTV method is used in a case study of ice 

discharge in the confluence of the Missouri and Mississippi rivers is done in this paper. The 

paper says this is the ice jam prone area. So this is the very much diverse field where the 

particle tracking velocimetry is being used for the first time in the history of the particle 

tracking velocimetry. 

 

The most interesting application of the particle tracking velocimetry is the one mentioned in 

[9]. The paper finds the trail of the fire ant (Solenopsisgeminata) with the application of the 

PTV after the ants are being activated artificially. This shows the application of the PTV 

algorithms being used in the field of the Zoology. 

 

The particle tracking velocimetry as a convenient and reliable technique for non-invasive 

measurement of granular flows is demonstrated by the authors in [10]. The granular flows are 

generally encountered in the materials, metallurgical, cement, fertilizer, chemical, coal, food, 

and pharmaceuticals companies. And the paper uses the PTV methods in the study of these 

granular flows. This application is entirely different than the one considered everywhere else. 

 

A simple single camera 3C3D velocity measurement is possible [11]with the particle tracking 

velocimetry. Normally more than two cameras are used to find the third component of the 

velocity in the PTV experiment. This paper simplifies this and has a great importance in the 

PIV/PTV field. The three-dimensional fluid transport study in an electrothermal microvortex 

(EMV) using the wavefront deformation particle tracking velocimetry is shown in [12] where 

again a single camera is used to calculate the third component of the velocity vector. 

[13]illustrate the comparative study of the three types of the PIV/PTV: stereoscopic micro-

PIV, wavefront-deformation, or astigmatism, micro-particle tracking velocimetry and the 

standard micro-PIV. These three paper [11][12][13] try to give the advances in the micro 

PIV/PTV and the use of the single camera even to measure the third component of the 

velocity component.  
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1.4 Problem Identification 

The preprocessing algorithm is used for extracting individual particles and identifying their 

respective centers from the densely distributed particle images and the particle-identifying 

algorithm enables to quantify the displacement of moving particles between two or more 

image frame [1]. 

 

The Genetic algorithm is used by [14] for the particle matching of the particles between the 

image frames. The algorithm uses a new fitness function as well as unique genetic operations. 

The algorithm takes a bit longer time to converge than other algorithm but the algorithm 

gives the perfect matching result and it also detects the loss of the pair particles. 

 

[15] makes the use of the Self-Organizing Map(SOM) algorithm to organize the vast 

document collection according to the textual similarities. Labonte in [16] has modified SOM 

based algorithm given in [15] by Kohonen to implement the correspondence problem 

encountered in the particle tracking velocimetry experiment. Ohmi in [17] has modified the 

concept initiated by the Kohonen and implemented by Labonte to accommodate the large 

density of the tracer particles used in the PTV experiments. And Joshi has further modified 

the Ohmi‟s modification in [1] to further level by the use of delta-bar-delta rule. And [18] 

makes the use of the recurrent neural network for the flow field computation with the help of 

the PTV algorithm.  

 

The particle tracking algorithm using the velocity gradient tensor(VGT) is dealt in [19]. The 

algorithm can deal with strong deformations and is applicable to rigidly rotating flow, 

Couette flow, and expansion flow and compression flow. 

 

The new relaxation method is used by [20] for the particle tracking velocimetry. It uses the 

two types of probabilities for the matching or the correspondence problem. The match 

probability and the loss of pair probability. Ohmi and Li has improved the relaxation method 

implemented by Baek & Lee [21] formulated by Barnard and Thompson[22]. Sang-Joon Lee  

et al  [23]has improved the performance of the tracking algorithm by the use of hybrid 

adaptive scheme which makes the combined use of the PIV technique and the relaxation 

based tracking algorithm. Mikheev and Zubstov[23] have made the use of particle-size-based 
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tracking along with the relaxation based algorithm for the PTV. And they have named the 

new algorithm as EPTV. They have shown it better than the NRX used by Ohmi[20]. Jirka et 

al [24] have integrated cross-correlation and relaxation algorithms for particle tracking 

velocimetry. Thesis has been submitted to the department of Electronics and Computer 

Engineering at IOE by Sanjeeb Prasad Panday [27] and Basanta Joshi [28]. Thesis by Sanjeeb 

Prasad Panday is based on Genetic Algorithm and thesis by Basanta Joshi is related to the 

comparison of the SOM based algorithm with the Relaxation based algorithm. One of the 

references detailed in [28] is the paper by K ohmi, Li Hang Yu and Shashidhar Ram Joshi 

[30]. It deals with the modification to some parameters involved in [21].  

 

The current thesis work deals with the algorithm based on Relaxation method. The author has 

found some parameters that can be improved with reference to [30] [28][20][21]. So the main 

focus of the thesis is to implement the modified algorithm with the standard images provided 

by [26]. In addition to it, the thesis collects the factors that have effect on the final result. The 

main paper for this will be [25]. 

 

1.5 Organization of the report 

The thesis is divided into seven chapters. The first chapter is the introduction about the 

PIV/PTV. It deals with the background, objective and the scope of the work. The chapter two 

deals with the basics of the PIV and PTV and the difference between them. The chapter three 

deals with the different factors that can affect the end result of the PIV/PTV. The fourth 

chapter deals with the different approaches that have been used in different paper regarding 

the relaxation based algorithm. Chapter five describes the methodology used in this thesis. It 

includes the implementation phase of the thesis. Chapter six and chapter seven indicate the 

result of the thesis and the conclusion. And at the end of the thesis is provided with the 

references and appendix. 



7 

 

2. Particle Image Velocimetry 

2.1 Introduction 

The experimental set-up of a typical Particle Image Velocimetry (PIV) consists of three 

subsystems: Image recording, Image Processing, Post-Image processing. To record the flow 

of the fluid, the fluid is seeded with the tracer particles. These particles are illuminated by the 

double pulsed laser. The setup is recorded with the CCD camera. The recorded image or the 

video is fed to the computer for the image processing. Here the different types of the tracking 

algorithm can be applied to the captured image sequences and finally the velocity field is 

determined at the end of the post-image processing. The simple diagrammatic schematic of 

PIV setup system is depicted in the Figure 2-1 [31]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Basic Setup Schematic of PIV system 
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2.2 Principle of particle image velocimetry (PIV) 

The fundamental principle underlying the PIV is quite simple. It measures the displacements 

X2-X1 and the displacements Y2-Y1 as shown in the Figure 2-2. The displacement should be 

small if we assume that the tracer particle follows the velocity flow of the fluid and we want 

to calculate the velocity U and V corresponding to the x-axis and the y-axis. 

 

 

 

 

 

 

 

 

 

 

          
     

     
,           

     

     
 

Figure 2-2: The fundamental principle of PIV 

 

2.3 PTV Versus PIV 

Depending on the number of the tracer particles used in the seeding of the flow, PIV is 

categorized into three types: Particle Tracking Velocimetry (PTV), Particle Image 

Velocimetry (PIV) and Laser Speckle Velocimetry (LSV). The number of the tracer particles 

in the PTV is so less (<2000) that it is possible to track each particle in both the frames. In 

PIV the density of the tracer particles is large (>2000 & <4000) so it is difficult to track each 

and every particle but it is not impossible to track each of them. In the LSV there is 

overlapping of the tracer particles (>4000) so it is impossible to track the individual particle. 

The figure 2-3 shows the difference between them. In short it can be said that PTV can be 

used in the experiments with low tracer density, PIV can be used in the experiment with 

medium tracer density whereas the LSV can be used in the case of the high tracer density. 

Historically the PIV and the LSV techniques have been evolved from the conventional PTV 



  9 

 

technique. In PIV and LSV, the velocity information in the interrogation region is obtained 

from the number of the particles. In LSV the number of the particles is so large that the 

scattered light looks like a speckle. And PTV can be considered as the low density PIV in one 

way [31]. 

 
 

 

Tracer particle density refers to the number of the tracer particles used in the PIV experiment 

divided by the area of the image. And from the Figure 2-3, it is very much easy  in 

distinguishing among the low density PTV, medium density PIV and the high density LSV. 

And in the current thesis  makes the use of the low density image and to some extent medium 

density image corresponding to PIV. 

Figure 2-3:Three types of particle tracking velocimetry. (a) low density PTV (b) Medium density 

PIV and (c) High density (LSV) 
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3. Factors affecting the particle tracking velocimetry 

The PTV system can be subdivided into three categories: the recording of the experiment, the 

image processing and the evaluation of velocities. The different factors that affect the each 

step of these sub-categorized systems affect the end result of the PTV system. And in PTV, 

the velocity map of the flow fluid considered is the main end result in any type of the PTV 

experiment. 

 

3.1 The Recording of the experiment 

A typical particle tracking velocimetry (PTV) setup consists of a digital camera with fast 

access memory in it (CCD camera), a high power laser, optical lens, the tracer particles, fluid 

under consideration and the computer hardware. The tracer particles are seeded in the fluid 

under consideration. The laser light is used to illuminate the field under investigation. The 

laser is pulsed at least twice to capture the reflected light from the tracer particles to record at 

least two images of the two dimensional flow fields of the tracer particles in the fluid flow. 

The recorded images are transferred to the computer hardware for  the image processing 

purpose to obtain the velocity field diagram. It is assumed that the tracer particles smoothly 

follow the motion of the fluid flow without disturbing the velocity field. The affect of all 

these factors is described in the sub-section to follow. 

 

3.1.1 Tracer Particles: 

The tracer particles are also called as the seeding particles. The tracer particles are an 

important component of the PIV/PTV system. The tracer particles should be able to match 

the fluid properties reasonably well. If not, the tracer particles will not follow the fluid flow 

correctly. And if this happens, whatever we get as the result of the PIV/PTV, which will not 

be able to show the true or actual behaviour of the fluid flow motion.  The nature of the tracer 

particles used by the investigator depends mostly on the nature of the fluid being 

investigated. Generally for the macro PIV/PTV investigations or experiments, glass beads, 

polystyrene, oil drops has been used. The most important factor of the tracer particles is that 

they should be inherently reflective in nature. And it is ideally assumed that the laser light 
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incident on the fluid flow will reflect off of the tracer particles and that will be scattered 

towards the CCD camera. 

 

The next important thing related to the tracer particles is the number of the tracer particles 

being used to seed the flow field. If the number of the tracer particle is more but still the 

tracer particles can be identified, then we will be dealing with the particle imaging 

velocimetry (PIV). If the number of the tracer particle is so high that individual tracer 

particles cannot be distinguished, then we will be dealing with Laser Speckle Velocimetry 

(LSV). And if the tracer density is low enough that each tracer particles can be identified and 

tracked separately then in that case we will be dealing with the particle tracing velocimetry 

(PTV). 

 

Thus it can be concluded that the number of the tracer particles affect the output velocity 

map. If it is PTV, the velocity map is easy to obtain. If the number of the tracer particles is 

increased beyond 1000, it is difficult to track each and every particle but with improved 

algorithm it is still feasible.  

 

3.1.2 Digital Camera 

Two or more exposures of laser light are required to accomplish the target objective of the 

PIV/PTV system. A decade back, it was not possible to record the multiple frames of the 

images with the analog camera available at that time. All the multiple exposures were 

recorded in the single frame of the image. That single frame was used to track the particle 

between the frames to determine the velocity map of the field flow. Auto-correlation had 

been used for the analysis at that time. And from this result it is not clear about the direction 

of the flow field. With the advent of the 21
st
 century and the introduction of the high speed 

CCD camera, now it is possible to record two images or more images in the different frames 

and that too very fast, it has been easy to work with the multiple frames to observe or derive 

the velocity map. And cross-correlation technique analysis and other important techniques 

have been introduced which is better than the auto-correlation technique. 

 

Thus the modern camera does affect in the eventual evaluation of the PTV velocity map. 
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3.2.3 Laser and Lens 

Lasers are dominant in the PIV/PTV experimental setup. The reason behind it is their 

capability to produce high-power light beams with a very short pulse durations. This gives 

short exposure times for the each frame recorded in the PIV/PTV experiment. Normally 

many of the PIV/PTV experiments make the use of Nd:YAG lasers.  They emit at 1064 nm 

wavelengths and at its harmonics. A bandpass filtered output is used to get the green laser 

light which is visible to human eye at 532nm wavelength. It is better to use the laser source 

which has the ability to take the images at the very high speed. And it depends on the pulse of 

the laser light illumination being used. 

 

The spherical and cylindrical lens combination is used to focus the emitted light in the 

experimental setup. The lens is important for the reason that they are only the device to 

collect and focus the laser light in the first step. So the final PIV/PTV result is dependent on 

this factor. Hence the good quality lens should be used for the cameras so that proper 

focusing and visualization of the tracer particles within the region of interest can be done 

perfectly. 

 

 

3.2 The image-processing 

The two image frame recorded is then processed by the computer. The correspondence 

between the tracer particles between the two frames has to be found out. Application of the 

algorithm to deduce the correspondence requires the initial information about the maximum 

velocity and the time-step between the two frames being considered. High maximum velocity  

increases the number of incorrect identifications and small maximum velocity reduces the 

number of correct identifications [25]. The images obtained are processed to calculate the 

centroid of the tracer particles in each frames. The particle image centroid error is a function 

of parameters linked to the particle image, such as the image particle radius, the pixel size, 

and Gaussian peak location on the CCD array, and to other factors increasing the error, such 

as the CCD read noise and variation in the pixel intensity[25].  

 

The recorded images are binarized before applying the algorithm to match the tracer particles 

in the two image frames. Two types of binarization are there; Single threshold binarization 
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and the dynamic threshold binarization. It has been shown by Ohmi in [20] that the dynamic 

threshold binarization yields the better PTV result. This paper also gives the relationship 

between the correct matching and the time-step. The paper shows that the correct matching is 

89% for the frame 0-1, 95% for the frame 0-2, 92% for the frame 0-3 and 96% for the frame 

1-3. So it can be concluded that the less is the time–step, better is the corresponding result 

and better is the PTV result. 
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3.3 The evaluation of velocities  

The evaluation of the velocity field mostly depends on the type of the particle tracking 

algorithm being used. The particle tracking algorithm enables to quantify the displacement of 

the moving tracer particles between two image frames[1]. Different algorithm has been 

proposed for this purpose like, Genetic Algorithm based PTV[27], Velocity Gradient based 

PTV[19], Neural Network based PTV[15], Self Organizing Map (SOM) based PTV[1], 

Swarm Intelligence based PTV based on ant colony optimization [34]. Match probability 

based PTV is used by Baek and Lee [21], Improved Relaxation method is proposed by Ohmi 

et al in [20]. Recently many hybrid algorithm integrating the cross-correlation based PTV has 

been published in many paper. Among them few of them are by Lee‟s [32], Zubstov [23] and 

Jirka[24]. Zubstov , Jirka have integrated the cross-correlation with the Relaxation based 

algorithm and they have implemented the algorithm in Matlab. And in addition to this, these 

two paper suggest that the best tracking algorithm up to date is the Relaxation based tracking 

algorithm as implemented by [20]. So in short it can be said that the evaluation of the velocity 

map does depends on the algorithm used. The details about each algorithm can be referred 

from the references provided. And in the next section, the thesis deals in depth about the 

relaxation based particle tracking algorithm. 
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4. Relaxation Method 

4.1 Introduction 

The basic concept of the particle tracking based on relaxation method is to search for the 

most probable link of a reference particle while assuming similar movements of its 

neighboring tracer particles [30]. The method for tracking particle paths from only two image 

frames is based on the iterative estimation of the match probability and no-match probability 

as a measure of the matching degree. The particle tracking routine depends on a statistical 

calculation of match probabilities and an updating iteration process to determine the most 

probable particle path [21]. During the iteration process, the correct link probabilities 

gradually tend to unity whereas the other link probabilities tend to zero.  

 

4.2 Baek and Lee’s Algorithm 

There are few heuristics used for matching the tracer particles coordinate of the sequential 

images separated by a small time interval Δt [21]: 

 

4.2.1 Maximum Velocity 

If a particle is known to have maximum velocity Um in the flow field, then it can move at 

most UmΔt between two images within the time interval Δt. So for a given particle in the first 

image it is only necessary to search the corresponding particle in the second image within the 

radius given by this value. 

 

4.2.2 Small Velocity change 

The tracer particles possess the finite mass. So the very small velocity is the consequence of 

this phenomenon. So any abrupt velocity cannot take place in the velocity field. 

 

4.2.3 Common motion 

Small number of the tracer particles shows a similar pattern of motion. 
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4.2.4 Consistent match 

Two points cannot match to a single point in the another frame. The small velocity change 

and common motion heuristics may be combined into a quasi-rigidity condition [21]. Figure 

4-1 [21]explains the maximum velocity , small velocity change and quasi-rigidity condition. 

 

 

 

 

 

 

 

 

 

Figure 4-1:Heuristics used (a) Maximum velocity; (b) small velocity change; (c) 

common motion; (d) consistent match 

 

4.3 Derivation of Formula 

Let xi and yj in Figure 4-2 [21]denote the particles centers on the first frame F
1
 and the 

second frame F
2
.Then according to the first heuristics of the maximum velocity, candidate 

particles yj with respect to xi must be within the maximum displacement threshold Tm.  

 

 

  

 

 

 

 

 

 

Figure 4-2: Maximum threshold Tm and neighborhood threshold Tn 
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                 …………………………………………………………………… (1) 

Tm= UmΔt where  Um is the maximum velocity in the flow field and Δt is the time interval 

between two consecutive image frames. From figure above it can be visualized that only the 

three points( y1, y2, y3) inside the circle of radius of Tm are considered the match point 

possible. 

 

The Baek and Lee‟s algorithm for tracking discrete particles from only two image frames is 

based on the iterative estimation of match probability pij and no-match probability   
  as a 

measure of the matching degree. pij is the probability of match between the points yj and the 

point xi.    
  represents the no match of the point xi to any of the point yj . The following 

condition has to be satisfied. 

     +  
 = 1…………………………………………...………..………………………... (2) 

The initial initialization of these two types of the match and no-match probabilities is done as 

follows in the Baek and Lee‟s algorithm. 

   
   

=  
    

=
 

   
........................................................................................................................ (3) 

where N is the number of the possible match of the individual particle in the first frame to the 

particle in the second frame as defined by the equation (1).  

 

If Tn is the neighborhood threshold, then the particle xk within this radius shows the similar 

motion with respect to the individual particle xi. These neighborhood point satisfy the 

following equation. 

         Tn………………………………………………………………………….. (4) 

From the figure 4-2, {x2, x3, x4, x5} are the eligible candidate to become the neighbor of the 

point x1. 

 

 

 

 

 

 

 

 

Figure 4-3: Quasi-rigidity threshold tq 
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The quasi-rigidity heuristics is then applied. Not all of the particles within the neighborhood 

point show the quasi-rigid moving pattern. This is implemented by the following formula: 

          Tq………………………………………………………………………… (5) 

          and           Tq  from the Figure 4-3 [21]. So the neighboring probability 

p33 and p44 are only used to update the match probability p11.  

 

The iterative updating procedure adjusts match probabilities for the neighboring points. 

Match probabilities    
     

 of the neighboring points xk satisfying the quasi-rigidity criterion  

are used to iteratively update the match probability    
   

 of xi. Match probability is 

proportional to the neighboring match probabilities where the neighboring match is 

consistent. The iterative update followed by Baek and Lee is as follows: 

    
   

      
     

      
     

………………………………………………………….. (6) 

where (A    and (B    are the constants which affect the speed of the convergence. In 

their algorithm A=0.3 and B=4.0. The tilde symbol over Pij represents the non-normalized 

value and the superscript n represents the iteration step number. 

   
     

=     
     

  ……………………………………………………………………. (7) 

The summation ranges to all the values of k and corresponding value l which satisfy the 

quasi-rigidity condition. 

 

 

 

 

 

 

 

 

 

Figure 4-4 [21] shows the general example of particle tracking using the concept of the 

neighboring match probability. This figure also shows the tentative relationship between the 

different types of the threshold used in the algorithm by the authors. 

Figure 4-4: Particle tracking routine 
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………………………………………………………………………... (8) 

  
    

 
  
      

   
  
   

  
  
      

 

……………………………………………………….………………. (9) 

After the successful termination of the particle tracking routine, correct matches have high 

probabilities and incorrect matches have very low probabilities. The most probable match 

point yj for the object point xi is selected as one which has the highest match probability 

value. The velocity vector for the point xi is calculated using the tracked displacement vector 

dij, the time interval Δt.  

 

4.3 Ohmi, Hang and Joshi’s Algorithm 

[30] uses a modified version of the algorithm then used by Baek and Lee [21]. The following 

equations are the modified one used in this case of the algorithm. 

    
   

    
     

           
     

   ………………………………………………(10) 

The no-match probability is defined as follows: 

   
    

  
    

      

    ………………………………………………………………. (11) 

And the normalized values are defined as follows: 

   
   

 
    
   

   
  
   

   
 
   

 

……………………………………………………………………. (12) 

  
    

 
   
   

   
  
   

   
 
   

 

………………………………………………………………….. (13) 

C=0.1 and D=5.0 are the new constants introduced in this modified algorithm. Here m 

denotes the ratio of the particles satisfying the quasi-rigidity condition to the no of the 

particles in the neighborhood threshold. Tq is taken as 10-15% of Tm in this algorithm. The 

paper investigates the performance of the relaxation method of this modified algorithm on the 

basis of the standard PIV images [26]. 

 

4.4 New Relaxation Algorithm  

The New Relaxation Method (NRX) implemented by [20] is the upgrade version of the 

algorithm used by [30] as described in the previous section 4.3. In the new algorithm, the 
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authors have made the quasi-rigidity constant Tq a variable parameter to incorporate the more 

turbulent fluid flow. The following equation gives the modified equation: 

 

                     ……………………………………….…………………… (14) 

 

E and F are the new constants introduced in this algorithm and E=1.0-4.0 and F= 0.05.Apart 

from this modification, the algorithm used the dynamic threshold binarization in the 

binarization process of the recorded images.  
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4.5 Basanta Joshi’s Thesis work Review 

In the master‟s thesis submitted to the Department of Electronics and Communication, 

Institute of Engineering [28], the author brings about the comparison of the Relaxation 

method used in [30] and the Modified Self Organizing Map (SOM) used in [1]. 

 

4.6 Recent Approaches  

Hyoung-Bum Kim and S.J Lee(2002) in [32] have improved the performance of the match 

probability based algorithm by integrating the cross-correlation method with the original 

match probability based technique used in [21]. They have introduced a new variable Ti and 

from the data obtained by the cross-correlation based PIV, the input thresholds in the original 

algorithm are varied to achieve the better performance. 

 

Pereira and et al (2006) in [33] compares the three different types of the algorithm: the 

nearest neighbour, the neural network and the relaxation method implemented Baek and Lee 

[21]. They have demonstrated that the relaxation based algorithm is the robust algorithm 

among them. And they have shown that by combining the PIV result in PTV, the algorithm 

can be the fastest of all.  

  

Enhanced-particle tracking velocimetry (EPTV) introduced by Mikheev and Zubtsov (2008)  

[23] is the particle-size-based tracking along with the relaxation method. EPTV involves 

tracer particle size as a direct matching indicator to search particle pairs in PTV 

measurement. In  EPTV, initial match probabilities are calculated on the basis of the 

diameter/total energy reflected to the CCD camera lens and the match probability based on 

the relaxation method is used to update the initialized probabilities. 

 

Jirka et al (2010) [24] have integrated the cross-correlation and relaxation algorithm for the 

particle tracking velocimetry. Their integration is different from the previous types of 

integration in the sense that their proposed algorithm is the two step process. And they have 

justified their work by saying that their algorithm uses the best of both the techniques. The 

cross-correlation is used in the low density region and their match probability is initialized to 

unity. In the high density region, relaxation method is used. And in using relaxation method, 
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the match probability of the determined tracer particles from the first step is used to update 

the match probability of the particle in the high density region. So the authors justify the 

performance of the relaxation based matching algorithm. 

 

4.7 New Approach to Relaxation Algorithm 

The recent approaches followed in the article published in the reputed journal on relaxation 

method are integrating the cross-correlation based PIV result for the simplification of the 

original relaxation method proposed by Baek and Lee [21]. It has been observed that few 

papers have tried to make Tq a variable so as to decrease the quasi-rigidity threshold and 

decrease the convergence of the relaxation algorithm. And the author has felt that no work 

has been done to check the variability of the neighborhood threshold Tn used in the original 

algorithm.  In Baek and Lee [21], this neighborhood threshold is estimated on the basis of the 

average distance between the particle centroids in the image frame. The current thesis 

estimates this parameter on the basis of the average distance between the particle centroids in 

the image frame within the radius of maximum movement threshold Tm within the first frame 

of the recorded image. It should be noted that Tm is the search radius in the second frame. 

The thesis looks into the effect of Tm on the overall pairing of the particles and the final 

velocity map with respect to the standard output available on the VSJ website link. The main 

objective of the thesis work is still the correspondence problem. 
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5. Research Methodology 

5.1 Image/Data Collection 

The algorithm is tested on the synthetic test images available from the Visualization Society 

of Japan (VSJ) via internet http://www.piv.jp/image3d/image-e.html. In the present work, the 

algorithm is applied to the datasets available from the website mentioned above. The images 

are implemented within the „PIV-STD project‟ to provide a common standardized means of 

evaluating any PIV image-analysis technique [26]. The series #301 derived from a CFD 

simulation of a turbulent jet impinging on a wall was selected for the synthetic test of the 

algorithm described in this thesis. The detail about the image is given in the appendix A. This 

particular series of image has been widely used by [1][20][23][27][28][30]. So this series of 

image was selected to work on this thesis. 

 

5.2 Algorithm Implementation 

1] Datasets for image frame 1 and 2 is taken from a text file obtained from VSJ website. 

2] Number of the particles within the maximum threshold in the second frame is calculated. 

3] Mean of the distance among these particles is assigned as the value for the neighborhood 

threshold value. 

4] The number of the particles within the radius of this sub search region is found out. 

5] These points are used for the update. 

6] The velocity map diagram is derived. 

http://www.piv.jp/image3d/image-e.html
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6. Result and Observations 

6.1 Results 

The standard image #301 is used as a test image in this thesis work. The datasets available 

from the VSJ website is taken as an input to the program. This image has been extensively 

used by many authors whole over the world. So it is used in this thesis work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1 shows the tracer particles in the first image. Figure 6-2 shows the tracer particles 

in the second image frame. And the Figure 6-3 gives the image frame 0 and image frame 1 

Figure 6-3: Image frame 0-1 

Figure 6-1: Image frame 0 

Figure 6-2: Image frame 1 
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being overlapped. These two particle positions were plotted within the program. The datasets 

were obtained from the VSJ  website.  

Figure 6-4: Neighborhood threshold plotted against the tracer particle  

Figure 6-5: Velocity Map 
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Figure 6-4 shows the plot of the neighborhood threshold value obtained as an average of the 

distance among the tracer particles within the maximum threshold value in the second image 

frame.  And it can be observed from the above graph that the value stabilizes to around 6.5. 

The maximum value is about 7.9 about the considered tracer particle. Since the maximum 

threshold velocity value is 10 for the standard image # 301, it is concluded that it is very 

much suitable that neighborhood threshold value be taken approximately 65% of the 

maximum threshold velocity value. And the Figure 6-5 indicates the velocity map obtained 

for the standard image # 301. 
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Table 6-1 Particle tracking result  

Particles Paired Paired% seconds

20 20 100 0.85

30 29 96.66 0.09

40 33 82.5 0.17

50 45 90 0.11

60 52 86.6 0.29

70 64 91.42 0.39

80 69 86.25 0.59

90 78 86.66 0.81

100 83 83 0.78

200 199 99.5 6.57

300 298 99.33 9.97

400 396 99 16.34

500 487 97.4 28.21

600 585 97.5 49.49

700 689 98.42 58.5

800 792 99 70.39

900 884 98.22 95.52

1000 983 98.3 113.08
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6.2 Observations 

  

Figure 6-6: Velocity map with 30 particles being considered 

Figure 6-7: Velocity map with 100 particles being considered  
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The Table 6-1 shows the observed result. It shows the relationship among the number of the 

particles used, maximum threshold value, and the time taken for computation.  

 

The two velocity plot given above in Figure 6-6 and Figure 6-7 show the plot with the 

number of tracer particles being used equal to 30 and 100. The red arrow indicates the loss of 

pair particle obtained with the modified algorithm. The green arrow shows the actual plot 

`obtained from the standard data sets. So wherever there is red arrow, it is assumed that 

particle is being lost by the run algorithm. In the first case with 30 tracer particles, 29 

particles are paired. So the loss of pair particle corresponds to 1 particle.  In the second case 

with 100 particles, 83 particles are matched, so the number of the loss of pair particles is 17 

in this case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-8: Matching Percent Vs Maximum Threshold Value 

Figure 6-9: CPU time Vs Maximum Threshold Value 
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Figure 6-8 shows the effect of the maximum threshold value on the matching percent. It is 

observed that, with the increase of the maximum threshold value, the matching percent 

increases. The Figure 6-9 shows the effect of the maximum threshold value on the cpu time 

computation. And thus it was observed that the time computation increases for the increase of 

the maximum threshold value whereas on the other hand the matching percent increases in 

parallel.



31 

 

7. Conclusions and Future Enhancements 

7.1 Conclusions 

The different factors that affect the end result of the particle tracking velocimetry (PTV) were 

collected in this thesis work. A modified algorithm based on the relaxation method for 

tracking the particles was implemented. It was observed that when the value of the maximum 

threshold was maximum (256), the neighborhood value was equal to the one suggested by 

Lee. The modified algorithm converges to the original algorithm in this case. The effect of 

the maximum threshold value on the matching percent and the time computation was 

deducted in this thesis work. It was observed that the matching percentage increases with the 

increase in the maximum threshold value and on the other hand the time for computation was 

increased. So in this thesis work, factors affecting PTV were collected and the effect of 

maximum threshold value was deducted and its effect was observed. 

 

7.2 Future Enhancements 

The thesis works on the coordinates data sets obtained from the VSJ library available from 

the internet. So the work is of indirect in nature. So the enhancement can be that the image 

may be considered directly for the computation. The code was run under Matlab platform. So 

the computation time was a bit more. Future work can incorporate the faster platform like C 

language.  
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9. Appendix 

A.1 PIV Standard Images 

The PIV Standard Images are provided for the evaluation of PIV techniques. 

 The PIV technique is roughly classified into two steps, i.e., Visualization and Image 

Processing. The Image Processing includes image enhancement, particle detection, particle 

tracking, image cross correlation, velocity averaging and erroneous evaluation. To evaluate 

the Image Processing technique for PIV, The following standard images are generated. 

 

Table 9-1: List of standard images 

 

  

No Title 

01 2D Wall shear flow/Reference 

02 2D Wall shear flow/Large displacement  

03 2D Wall shear flow/Small displacement  

04 2D Wall shear flow/Dense Particle  

05 2D Wall shear flow/Sparse Particle 

06 2D Wall shear flow/Constant particle size  

07 2D Wall shear flow/Large particle size  

08 2D Wall shear flow/Large out-of-plane velocity 

21 3D jet impingement/Reference 

22 3D jet impingement/Large out-of-plane velocity 
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A.2 Standard Images 

Transient 3D flow field with slit light sheet(300 series)  

 #301 (Jet shear flow) 

 Number of particles = 4000 

 Maximum particle displacement = 10 pixel/interval  

 Maximum out-of-plane displacement = 15% of laser thickness/interval  

 Particle diameter = about 5 pixel 

 Number of images = 10(A), 51(B) and 145(C)  

More about the PIV Standard Image can be found at http://www.piv.jp/image3d/image-

e.html. 

 

 

http://www.piv.jp/image3d/image-e.html
http://www.piv.jp/image3d/image-e.html

