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1 Introduction 

1.1 Background to the project 

The determination of the local flow velocity and the velocity distribution in 

complex flows is a fundamental task in the field of fluid dynamics.  There are a 

variety of techniques for flow measurement, and among them optical techniques 

are ideal because of their ability to measure the velocity field without disturbing 

the flows.   

Particle image velocimetry (PIV) and particle tracking velocimetry (PTV) are well 

established, full-field optical techniques that visualize the flow of neutrally-

buoyant seeding particles, that are sufficiently small to faithfully follow the flow 

under study. PIV generally uses auto-correlation or cross-correlation to 

determine spatially averaged velocity vectors for uniformly spaced interrogation 

windows in each image [1, 2]. The number of particles in an interrogation 

window must be sufficient for statistical analysis and uniform scattering from 

particles and smooth fluid boundaries are required. The spatial resolution of the 

measurement is limited by the size of the interrogation window, unless super-

resolution techniques are used that can include local particle tracking within a 

correlation window [3].   

In PTV, the position of individual particles is determined, from which their 

velocity and trajectory can be calculated.  The identification and tracking of 

large numbers of particles in a three-dimensional (3D) volume of fluid through 

multiple images has become computationally viable since the mid-1980s.  For 

example, a 4-camera system based on the principles of photogrammetry, 

enabled up to 1500 simultaneous 3D-velocity vectors randomly distributed over 

a 3D observation volume to be obtained automatically [4,5].  Since PTV has the 

ability to present fluid flow in the form of trajectories, it is suited to both the 

Eulerian and Lagrangian study of fluid motion.  

3D PTV requires correspondences between particles recorded in the multiple 

images to be established at two stages. Firstly the corresponding (or 
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homologous) images of a particle in each of the camera views, recorded at the 

same time instant, must be found.  Secondly, successive particle positions 

recorded at distinct time instants must be associated (or tracked), in order that 

the particle velocity and trajectory can be determined.   

Homologous particles are located by projecting the epipolar line that passes 

through a particle in one view into the other available camera views [4].  The 

intersection of the projected lines defines the particle position in 3D space.  

Generally a band which is expanded from the epipolar line is used as the 

search window for the definition of the homologous particle in different views, 

and the particles within the search window are regarded as candidates.  With 

large numbers of particles in the flow, the process of both spatial and temporal 

matching leads to ambiguities which cannot always be resolved, hence the 

spatial and temporal resolution are limited by the relatively low seeding density 

in PTV and combined with the high requirement for optical access for three or 

four cameras, limits the further development of the technique. In addition, the 

number of simultaneous trajectories should be large enough to form a sufficient 

basis for a statistical analysis.  Due to interruptions of particle trajectories 

caused by unsolved ambiguities the number of long trajectories of more than 

50 frames decreases exponentially with the trajectory length [4].  Very long 

trajectories of a hundred or even more time steps have so far only be 

determined if the probability of ambiguities is reduced by a low seeding density, 

thus concurrently reducing the spatial resolution of the system and the basis for 

a statistical analysis.  Therefore, the main effort in the development for high 

resolution 3D PTV must be focused on careful handling of the ambiguities. 

Algorithms and techniques that decrease the number of ambiguities are actively 

sought, in order to increase the spatial resolution of PTV measurements.  

Basically, the expected number of ambiguities grows with the square of the 

number of particles (as well as linearly with the length of the epipolar line and 

linearly with the width of the epipolar line search window) [4, 5].  Currently, the 

most popular approach is to introduce more cameras.  The probable number of 

ambiguous particle correspondences decreases by approximately an order of 

magnitude when three cameras are used rather than two, and by another order 

of magnitude when a fourth camera is added [4,5].  However, extra cameras 
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increase the cost of the system, and also more cameras require more optical 

access to the object flow, which is not always possible.  

Recently, colour was introduced to reduce the ambiguities encountered so that 

it can help to increase the density capacity of conventional PTV, and to improve 

the spatial and temporal resolution [6].  The technique can be used to increase 

the particle seeding density with a given number of views of the flow, thereby 

increasing the measurement spatial and temporal resolution.  Alternatively, the 

technique can be used to achieve a given seeding density but with fewer 

cameras, thereby reducing the optical access requirements for the experimental 

arrangement.  The technique uses optically distinguishable seeding particles 

that are multiplexed to different hue bands in the camera images.  Particles that 

emit light in a narrow bandwidth, and a combination of bandwidths, were used 

as seeding. Quantum dots enable a range of emission wavelengths to be 

produced by the particles with a single illumination source, an advantage 

compared to more traditional fluorescent seeding particles that contain a 

fluorescent dye [7].      

1.2 Objective and organization of the thesis  

The existing literature about the wavelength-multiplexed PTV [6] presented the 

idea that colour is able to bring advantages to PTV.  Specially, the number of 

ambiguities when identifying particle correspondences between views, and 

tracking through an image sequence, are potentially reduced.  However, the 

proposed improvement in performance was not quantified, and no particle 

tracking or measurements in a moving fluid were undertaken.  Therefore, the 

objective of the work presented in this thesis is to investigate the multicolour 

PTV quantitatively, by modeling and experimental validation to make it 

applicable in measurements.  To achieve this, the improvement of the success 

rate of matching corresponding particles was compared between the 

measurements taken with single colour particles and with multicoloured 

particles under the same conditions.  Furthermore, because the success rate 

could be increased by adding extra cameras or by adding extra colours，it is 

useful to get an idea of the equivalent number of colours that must be used to 

obtain the same improvement as adding an additional camera.  Of course, there 

is a balance between the number of colours and the seeding density on the 
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number of particles correctly identified. Therefore, the optimal seeding density 

at which maximum number of particles can be correctly identified becomes a 

useful parameter which can optimize the experiments by using the most 

effective seeding density. 

The ultimate aim of this work is to exceed the density limit of conventional PTV, 

so that it increases the spatial and temporal resolutions.  Furthermore, a 

reduction of the interruptions in the tracked trajectories of particles due to 

unsolved ambiguities increases the yield of long trajectories and thus the 

usefulness of the results of 3D PTV, and further enlarges the application 

potential of the technique. 

In Chapter 2, the existing literature on optical techniques for flow 

measurements is reviewed, with emphasis on the full-field techniques of PIV 

and PTV, which are popular and have become well-established in recent years.  

The idea of wavelength-multiplexed PTV, which forms the background of this 

thesis, is introduced.  Photogrammetric algorithms for epipolar geometry and 

3D position generation, which are very relevant to this work in modelling and 

experiments, are also presented.  The 3D-PTV software developed by ETH 

and available online for 3D particle tracking was studied and implemented.  

The parameter configuration and process procedures have been demonstrated 

and the advantages and disadvantages of the software were analysed in order 

to use the software to validate later work as far as possible.  

Chapter 3 presents the modeling, simulations and experimental validations 

which quantify the improvement provided by the colour-multiplexed PTV.  

Mathematical models and numerical simulations were used to quantify the 

improvement achieved by adding more colours in colour-multiplexed PTV, 

compared to using particles of a single colour.  Besides the stereo system, 

multi-camera systems were also considered to compare the effect of reducing 

ambiguities by adding cameras and by adding colours.  In addition to 

determining homologous particles between views, the ability to distinguish 

individual particles also improves the frame-to-frame tracking.  The model and 

simulations are validated by planar experiments to see how it works in practical 

applications.   
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Chapter 4 shows the experimental setup and experimental validations of the 

multicolour PTV in 3D space.  The whole stereo PTV system used for this thesis 

is described including hardware, software configurations and the properties of 

the multicoloured particles.  Furthermore, the camera calibration for 3D position 

determination is presented.  Particularly, the colour performance within the 

system was calibrated and validated from a variety of aspects, to ensure the 

consistence of the colour/hue during any step of particle identification.  At the 

same time, by analyzing the overlaps and the shifts of hue for the same colour 

particles, the criteria of each hue‟s definition and the tolerance of each hue 

band was determined for the subsequent image processing.  

Chapter 5 presents the first volume flow measurements carried out using 

wavelength-multiplexed 3D PTV.  Using the stereo PTV system and 

multicoloured PMMA particles introduced in Chapter 5, a 3D volume flow was 

measured.  That was a circle flow generated by a stirring bar with a mixture of 

4-colour particles.  The flow was processed by a new processing procedure 

including the search for the spatial correspondences between image pairs with 

different views, and the temporal correspondences between the pair from the 

same view but captured in a time sequence.  After processing the whole set of 

images, the 3D positions of the particles whose correspondences can be found 

were determined, and therefore the 3D trajectories of the flow are able to be 

generated.  

Chapter 6 concludes the thesis with a summary of the findings and gives 

recommendations to improve the current multi-colour PTV. 

In Chapter 7 presents a discussion for the potential applications using the idea 

of multi-colour PTV in future work.   
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2 Literature Review 

2.1 Flow velocity measurement 

In fluid dynamics, the flow velocity is a vector field which is used to describe the 

motion of a fluid mathematically.  There are two ways to describe a flow field: 

Eulerian specification and Lagrangian specification [8].  The Eulerian 

description is a way of looking at fluid motion that focuses on specific locations, 

while the Lagrangian description is a way of looking at the fluid motion of an 

individual fluid particle as time passes.   

In the Eulerian description of motion, the flow quantities are depicted as ),( txu


 

which is a function of position x  and time t .  However, in the Lagrangian 

specification, all fluid particles are labelled by some vector field a
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Fluid elements are identified at some initial time 0t  with position 0x  . Thus  

 00 , ttxxx    (2-3) 

where   00 0, xxx    

The velocity of a fluid element is therefore the time derivative of its position: 
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The flow velocity of a fluid effectively describes everything about the motion of a 

fluid. The determination of flow velocity is the basic task of fluid dynamics.  

http://en.wikipedia.org/wiki/Fluid_dynamics
http://en.wikipedia.org/wiki/Vector_field
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Many physical properties of a fluid can be expressed mathematically in terms of 

the flow velocity.    

2.2 Established optical techniques for fluid flow measurement 

Many techniques have been developed for flow measurement, which can be 

classified in different ways by their applicability, performance and the type of 

outputs they generate.  Early techniques for flow measurement have been 

accumulated by mostly qualitative visualisation techniques [9].  Smoke or dye 

line patterns have attracted attention in the history of flow analysis [10].  Then 

the development turned to anemometers that provide quantitative velocity with 

high accuracy at one or a few selected locations in the object volume.  Even 

thermal probes like hot wire anemometers have become a routine tool in 

velocimetry. However, their spatial resolution is limited by the finite size of the 

sensors, and also in delicate flows, the anemometer may introduce 

disturbances to flows.  In recent years, optical approaches have enabled non-

intrusive single point measurements within a very small volume, such as laser 

Doppler anemometer (LDA).  Multi-point measurement is possible with LDA by 

changing the position of the probe during measurements, but when the flows 

are voluminous or the measurement time is short, it is far too difficult to scan the 

flow with such a single point probe.  Furthermore, if the flows are not stationary, 

there is no time to move a single point probe through the volume.  More 

recently, particle velocimetry has gained more attention because of its advantage 

of non-disturbance and its ability to describe the full-field velocity simultaneously.  

Although tracers used to visualise the flow can be considered as an intrusive 

component of the method, once tiny buoyant particles are utilised as seeding, 

disturbances caused by particles can be regarded as minimal or even 

negligible.  The main optical techniques for flow velocity measurement are 

reviewed in this chapter.   

2.2.1 Laser Doppler Anemometry (LDA) 

 

The laser Doppler anemometer (LDA) is a very common instrument for flow 

dynamics in gases and liquids.  LDA allows measuring velocity at certain 

points in flows by tracing seeding particles in the flow. Typically the size of the 
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particles is between 1 up to 10 µm and the particle material can be solid 

(powder) or liquid (droplets). 

A schematic of a basic LDA system is shown in Figure 2-1.  The light source is a 

continuous wave laser.  The beam splitter and the mirror are used to transmit the 

light and split it into two beams, which are forced to intersect in the 

measurement volume by the sending lens.  The receiving lens and photo 

detector records light scattered from seeding particles which transmits through 

the intersection and is converted into an electrical current.  Then the signal is 

transferred and processed by computers. 

 

Figure 2-1 A single-component dual-beam LDA system 

The scattered light contains a Doppler shift, and the Doppler frequency is 

proportional to the velocity component perpendicular to the bisector of the two 

laser beams. With a known wavelength of the laser light and a known angle 

between the intersecting beams, a conversion factor between the Doppler 

frequency and the velocity can be calculated.   

The basic configuration gives the same output for opposite velocities of the 

same magnitude. In order to distinguish between positive and negative flow 

directions, a frequency modulator such as a Bragg cell introduces a fixed 

frequency difference between the two beams shown in Figure 2-1. The 

resulting output frequency is the Doppler frequency plus the frequency shift.  

Modern LDA optics employs optical fibres to transmit the laser light from the 

laser to probes and the scattered light from the object volume to the photo 

detectors. Besides being a non-intrusive method, its particular advantages are 
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the very high temporal resolution (the sampling rate can exceed 100 kHz), no 

calibration is required and the ability to measure in reversing flows. The 

addition of one or two more beam pairs of different wavelengths to the 

transmitting optics and one or two photo detectors and interference filters 

permits two or three velocity components to be measured at the measurement 

point. It is possible to obtain simultaneous measurements at a few probe 

locations (5 - 10 points) [11].  Each velocity component also requires an extra 

signal processor channel and the spatial resolution is very low.    

2.2.2 Laser-two-Focus Velocimetry (L2F) 

The laser-two-focus velocimetry (L2F) is another technique suitable for the 

measurement of flow velocities in gases and liquids.  The L2F device generates 

two highly focussed parallel laser beams in the object volume and the two 

beams work as a light gate [12], see Figure 2-2.  The seeding particles are 

small enough (usually less than 1 µm) to follow the flow so that the movements 

of particles are able to reflect the flow velocity correctly.  When a particle 

traverses a beam, it emits a pulse.  Therefore, while the particles traverse the 

two beams, they emit two successive light pulses, which are detected by two 

corresponding photo detectors.  The time interval between the pulses provides 

a value for the velocity perpendicular to the beam axis.  Then, from the time 

interval between the pulses the velocity perpendicular to the laser beams can 

be derived.  
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Figure 2-2 L2F probe volume  

However, only when the flow velocity is nearly parallel to the plane through 

which the two laser beams are positioned, can the associated double signals 

be obtained.  Therefore, the beam plane is tested at different angles and a 

considerable number of time-of-flight measurements are made for each 

position.  The magnitude and direction of the mean flow is evaluated in the 

plane perpendicular to the optical axis of the measuring system. 

Later, a three-component system was developed to work with the same 

confocal optical setup as a two component L2F system, which makes it 

possible to measure three components even under difficult conditions such as 

limited optical access [13].  The two velocity components in the plane 

perpendicular to the optical axis are measured by the conventional L2F time of 

flight technique.  For the third component, because the velocity component 

along the optical axis causes a frequency shift of the scattered light due to the 

Doppler effect, it can be measured by analysing the frequency of the scattered 

light.   

By using L2F, a high temporal resolution is reached, but to yield reliable results 

around 5000 measurements are averaged.  In comparison to LDA, the spatial 

resolution is still limited to a few probe locations, and a longer measuring time 

is required.   
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2.2.3 Laser Induced Fluorescence (LIF) 

Laser-induced-fluorescence in a fluid is a non-intrusive optical diagnostic 

method for both temporal and spatial measurements.  Planar laser induced 

fluorescence (PLIF) has been popular in the combustion processes to 

characterize gas and liquid phase fluid flow situations in the 1980‟s [14].  LIF 

utilises fluorescent molecules to mark seeding particles.  When fluorescent 

molecules are illuminated by a light source within the absorption spectrum, the 

molecules are excited and fluorescent light is emitted.  Figure 2-3 describes the 

process of a fluorescent molecule being excited to emit fluorescence.  The right 

part shows the nucleus and its electron which moves around the nucleus.  The 

small circle represents a low energy level and the big one represents a high 

energy level.  The left part shows the vibrational and electronic energy levels.  

Normally, the electron is in the ground energy level 0S .  With an appropriate 

illumination, the electron absorbs a photon, and then the additional energy 

enables it to transfer to 1S , 2S  or even a higher energy level.  Then, the electron 

drops from higher excited energy levels to the lowest energy level by non-

radiative transition.  However, electrons are not stable on a high energy level, 

so a photon is released to make the electron drop back to the ground energy 

level, and this is seen as fluorescent light.  Because the energy absorbed by 

the electron is more than that was emitted, the fluorescent light has longer 

wavelength than the excitation light (called red shift).   

 

Figure 2-3 Schematic of the process of emission of fluorescence 
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Because of the difference between the illumination and fluorescent light in 

wavelength, the illumination can be filtered out.  Therefore, specific areas 

within a flow field which are illuminated by the laser can be visualised.  Most of 

these visualisations are either line observations during a certain time or planar 

observations at a fixed time [15].  The intensity of emitted light is proportional to 

the intensity of incident light and to the concentration of fluorescent molecules.  

Thus, if the excitation energy is locally uniform, the emitted light intensity will be 

linearly related to the concentration of molecules at a point measured.   

In practice, a laser of appropriate wavelength is used as an excitation source.  

The laser beam is expanded to a thin light-sheet by a cylindrical lens or by a 

scanned mirror.  If there are a variety of constituents within the object fluid, a 

specific one may be excited by the laser to emit fluorescence.  Alternatively, 

the object may be seeded with fluorescent tracers.  A sensor, optical axis of 

which is perpendicular to the light sheet receives the fluorescent light.   

Velocity measurements realised by comparing the Doppler-shift in the 

absorption line shape caused by variations in velocity.  By probing the flow in 

two different directions, the velocity vector along each propagation direction 

was determined from the resulting spectrally resolved fluorescence.  [16,17].  

LIF has been applied on applications of 2D flow fields in 1990s [18, 19].  

Three-dimensional information can be obtained by the scanning of an 

observation volume, where the illuminated light-sheet is moved stepwise in 

depth direction [20].  Images are recorded layer by layer by a high-speed 

camera and saved as a database synchronised with the scanning.  Then, 

velocity fields can be retrieved by a matching an algorithm such as three-

dimensional least squares matching.  If the relation between the grey values in 

the digital images and the concentration of fluorescent molecules in the flow is 

known from a radiometric calibration of the system, these datasets represent 

tomography sequences of the mixing process of the flows [21]. 

2.2.4 Particle Image Velocimetry (PIV) 

Although many flow visualisation techniques have been employed to study the 

flow dynamics, none of the techniques mentioned above can provide 

instantaneous velocity fields.  Particle Image Velocimetry (PIV) is a method for 
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quantitative whole-field flow measurement [22, 23].  The most important 

characteristic of this technique is its ability to measure flow in a two-dimensional 

plane, providing two components of velocity vectors.  The technique therefore 

makes it possible to capture instantaneous flow fields and extract their spatial 

structure accurately.    

PIV is based on the processing of double pulsed images of a flow field captured 

by a camera.  As the flow is seeded with tiny particles, the motion of the flow can 

be followed exactly.  In air flows the seeding particles are typically oil drops in the 

range of 1 to 5µm.  For water applications polystyrene, polyamide or hollow 

glass spheres in the range of 5 to 100 µm are often used as seeding.     

In an image capture system, the flow field is illuminated by a light-sheet, and 

the illuminated seeding scatters the light, which is detected by a detector.  A 

pulse laser is generally used for illumination due to the high energy levels 

contained in each laser pulse.  The light-sheet is pulsed twice at each interval.  

The first pulse of the laser freezes images of the initial positions of seeding 

particles onto the first frame.  The second frame is exposed to the light 

scattered by the particles from the second pulse of laser light.  There are thus 

two camera images at each time interval, the first showing the initial positions 

of the seeding particles and the second their final positions due to the flow 

movement.  Either a photographic camera or a CCD camera video camera can 

be used as recording medium.  A CCD video camera provides more 

instantaneous feedback of the results.     

Within every small interrogation window, the two frames are processed to find the 

velocity vector map.  After processing all the interrogation windows, the complete 

2D velocity vector map of the whole flow field is built up.  A typical experiment 

principle for PIV is shown in Figure 2-4, where  
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Figure 2-4 The fundamental principle of PIV 

Only when a very small t  is chosen, the displacements x  and y  of the 

particle in the images are small enough to achieve a straight trajectory and 

constant velocity along the trajectory, which leads to a good approximation of 

velocity of u


 and v


.  Therefore, the errors are decreased by reducing the time 

between the two laser pulses.  However, t  should not be made arbitrarily small 

because the displacement must be larger than the uncertainty in its measurement 

in order to make accurate velocity measurements [21].   

PIV usually works with high seeding density, but the PIV techniques do not 

evaluate the motion of individual particles.  For data analysis, two common 

approaches of statistical image processing are used called auto-correlation and 

cross-correlation [24].  If two exposures are recorded into same frame, the 

process is called auto-correlation, and if for each time step, two exposures are 

recorded by two different frames, cross-correlation is used for data analysis 

instead.  In auto-correlation, because it is not able to know the sequence of the 

exposures from the frame, the direction ambiguity appears, and this is solved in 

cross-correlation.  The correlation analysis is applied to the small regions of the 

two images taken shortly in sequence which is called an interrogation window.  

In each interrogation region, the displacement of groups of particles between 

the two frames is measured. The velocity vector of this area in the flow field 

can be calculated when the distance between the camera and the object is 

known.  The spatial resolution of PIV depends on the size of interrogation window.   

Time history is of great interest in flow measurements for ensemble statistics.  To 

measure a time-resolved flow, it is necessary to capture the flow at the frame rate 
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of the video camera.  High resolution video images contain a considerable amount 

of data so that it was previously impossible to capture and store more than a few 

frames at a time.  Nowadays new high speed camera interfaces are available to 

transfer data into a storage media, like the host computer memory.  This allows 

effective real-time data acquisition at the full camera frame rate, even from several 

high resolution cameras simultaneously.  In standard PIV, an automated 

processing scheme is suggested to allow the flow time history to be reconstructed, 

with a temporal resolution limited only by the speed of cameras and laser [25]. 

In conventional PIV systems, most of the PIV studies have been limited to two-

dimensional flow fields: however three-dimensional measurements have been 

required for many applications. Therefore, the extension of the PIV technique for 

the 3D flow has received a considerable amount of research effort from 

researchers worldwide [26].  In general two categories of 3D PIV systems have 

been developed, the planar 3D PIV system and the holographic 3D PIV system, 

which are different in their interrogation or reconstruction rather than in their 

hardware requirements.   

A simple attempt to extend a standard PIV system with a single camera to 

measure the three components of velocity was the technique which combined the 

standard PIV with stereoscopy to provide a 3D velocity field.  A special mirror 

system was constructed, to allow the flow field to be captured onto two 

stereoscopic images on the same negative.  The three velocity components were 

then obtained by combining the in-plane measurements from both images [27].  

Other measurements with single camera configuration were also performed by 

Stolz and Kohler, Halloin and Jottrand and Raffel et al.  The studies by Stolz and 

Halloin were based on particle tracking to estimate the out-of-plane motion and the 

techniques seemed to work well in regard to low seeding density [28-31].  The 

approach by Raffel was to analyse the height of the correlation peak of the out-of-

plane velocity component.  Two parallel light sheets were formed, and the out-of-

plane velocity estimation was achieved by analysing images of particles within the 

parallel light sheets by spatial cross-correlation [30].   

A more popular approach for 3D flow measurements is to use two cameras, which 

is the stereoscopic approach.  With the stereoscopic system the three velocity 

components in the illuminated plane are measured.  Generally the out-of-plane 
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component is not measured directly but is derived from the planar coordinates of 

the two cameras, so it is called planar 3D PIV.  To acquire the 3D velocity of the 

whole volume rather than of the light plane, the camera systems are moved along 

the axis perpendicular to the light sheet during the measurements.  A twin-

photographic camera stereoscopic system was developed by Prasad and Adrian 

for 3D high image density measurements.  However the system seemed to be 

feasible for only low velocity measurements, primarily due to the requirement to 

move the cameras [32]. 

To obtain information throughout a complete object volume, a new system 

solution was designed by Dantec, known as scanning 3D PIV.  The hardware 

consists of two cameras and an illumination system mounted on a traverse. 

The system delivers multiple 3D stereoscopic PIV images in cross-sections of 

a flow within short time intervals, while the integrated software called 

FlowManager controls all PIV system elements and the traverse mechanism. 

With high speed video cameras, Hori carried on a measurement to a volume of 

( cm101010  ) which contain 50 scanning planes in 0.22 s [33].  That means 

the temporal resolution of the 3D flow measurement has to be limited by this 

scanning rate.    

An alternative 3D approach is realised with holographic PIV systems.  The 

position of particles is recorded on a holographic plate with double exposures.  

The object light interferes with a reference laser beam which should have the 

same wavelength and wave front characteristics as the object beam to make 

them coherent.  Then the interference is recorded onto the same holographic 

plate and the displacement is then reconstructed in 3D space.  HPIV was first 

introduced developed by Barnhart [34, 35].  Two separate beams are used in 

the off-axis holography [36], so that the speckle noise is avoided effectively.  

However, the optical setup has to be very complex [37].  By using the forward 

scattered light, the in-line holography is simpler in system setup because it 

doesn‟t need so many optical elements.  Furthermore, digital in-line holography 

uses image process and even simulated reference beam to make the setup 

even simpler [26]. Holographic PIV provides great spatial resolution in a 

volume, but compared to stereoscopic PIV it may seem that HPIV is too 

complicated and error-prone to be used for flow measurements. In the past, the 

time-consuming image reconstruction procedure in holography limits the 

http://www.holo.com/holo/book/book1.html#refbm
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temporal resolution of the measurement, but nowadays with the digital 

holography, the reconstruction time has been reduced so dramatically that more 

applications are possible with HPIV [38].   

More recently, as another method of 3d PIV, by means of optical tomography 

tomographic-PIV was proposed for 3d measurements [39].  In tomographic-PIV 

the illumination is expanded from a light sheet to a 3D region of space, and 

depth of field needs to increase to make the particles in focus within the entire 

volume.  3D cross-correlation is applied to obtain the displacement of particles 

for each two sequent exposures.  The same as stereo PIV, the 2D coordinates 

were transformed to 3D coordinates based on camera calibration.  With 4 

cameras, the seeding density in tomographic-PIV was lower than scanning PIV, 

but it was higher than 3D PTV  

PIV techniques yield dense vector maps with velocities in a range from zero to 

supersonic. The spatial resolution per single light sheet is high, but as only a 

thin slice of the object volume is observed in each time instance, the temporal 

resolution of 3D PIV is low.  Results of PIV measurements are Eulerian flow 

fields, which represent the flow as a function of space and time.  The PIV 

results are restricted to vector maps only, rather than real particle trajectories. 

Therefore it is a not possible to obtain the Lagrangian representation of the flow 

field with this extensively used method [1]. 

2.2.5 Particle Tracking Velocimetry (PTV) 

Particle Tracking Velocimetry (PTV) is another popular particle velocimetry 

technique for flow measurement. What PTV and PIV have in common is that 

they determine the velocity from the displacement of particles which follow the 

flow faithfully.  Their measurement principles are also both based on the 

acquisition of image sequences that record the motion of particles.  In contrast 

to PIV, in which the mean displacement of a small group of particles is sought, 

PTV tries to reconstruct the trajectories of individual particles as a Lagrangian 

description.   

PTV has a long history, however, in the past manual analysis was the method 

to extract velocity information from images, and the seeding density was very 

small.  Digital image processing techniques opened the way to an automated 
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analysis, and then it became possible to increase the seeding density. Using 

one camera, 2-dimensional PTV approaches have been developed since 1974 

[40-43].   

Recent developments have made it possible to measure the positions and 

velocities in 3D space.   Three-dimensional PTV is a development of PTV that 

follows individual particles in a volume and outputs their positions in 3D space.  

Adamcyk and Rimai extended their 2D system for the measurement of 3-

dimensional flow field from orthogonal views [43].  The first 3D PTV application 

was proposed by ETH in 1989 [18], and other systems were investigated at the 

University of Tokyo [44].  The 3D-PTV system is based on the acquisition and 

processing of a sequence of images from different views [45].  3D PTV has 

also been applied to various flows   [46, 47].  In recent decades, ETH Zurich 

has been undertaking many research activities in 3D PTV including algorithms, 

setups and software development particularly with 3 or 4 cameras, and they 

have also tried this technique in hydrodynamics and space applications [48]. 

Generally, 3D PTV involves two main procedures: the establishment of spatial 

correspondences and temporal tracking.  These two procedures can be 

combined to determine 3D positions.        

a) Establishment of spatial correspondences 

To compute 3D coordinates of any object point, it is required to know its 

coordinates in at least two cameras, so the first step is establishment of 

correspondences of the same particle between different views.  Normally, 

particle images do not show any characteristic features (colour, size, shape, 

etc), which could allow a reliable distinction of particles.  However, the 

fundamental mathematical theory of photogrammetry states that, object point, 

camera projective centre, and image point lie on a straight line called the 

epipolar line (see section 2.3).  Then the geometric constraint of the epipolar 

line becomes the widely used criterion for correspondence matching.  In the 

strict mathematical formulation, the epipolar line is a straight line; in the more 

general cases with convergent camera axes, non-negligible lens distortion and 

multi-media geometry, the epipolar line will be slightly curved.  Its length can be 

restricted if approximate knowledge about the depth range in object space is 
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available.  Adding a certain tolerance width to the epipolar line segment, the 

search area for the corresponding particle image becomes a narrow two-

dimensional band.  Due to the large number of imaged particles the ambiguity 

occurs, as often two or more particle images will be found in the search area.  

The number of ambiguities grows approximately with the square of the number 

of particles; linearly with the length of the epipolar line [47, 49]. 

The solution ETH group exploit to avoid these ambiguities is a three or four 

camera system.  The third or fourth camera introduces the intersection of 

epipolar lines in images, which shrinks the search area accordingly.  It is 

reported that using the method of intersection of epipolar lines, can reduce the 

number of remaining ambiguities by at least one order of magnitude and that 

the four-camera arrangement is considered ideal: it has the ability to reduce the 

number of ambiguities to the lowest, and it even allows a reliable determination 

of most of the particles which are completely hidden in one of the four images.  

Figure 2-5 shows a four-camera experiment setup of ETH [49].  The flow 

volume is seeded with particles and illuminated by a halogen lamp.  The 

particle motion is recorded by 4 synchronised CCD cameras.  The cameras 

observe the flow from the bottom of the container.    

 

Figure 2-5 Hardware setup for channel cross section experiments 

Figure 2-6 demonstrates the advantage of resolving ambiguities by use of the 

intersections of epipolar lines.  One particle is selected from image I1, and its 

epipolar line is first plotted on image I2.  Ambiguities appear as there are four 

potential candidates on the epipolar line.  Then epipolar lines of all the four 

candidates are plotted on image I3, and the four epipolar lines intersect with the 
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one from I1 to I3.  Now, only 2 candidates are left within the four intersections.  

The intersections of epipolar lines from I3 to I4 and epipolar lines from I1 to I4 

are able to filter the candidates further.  Finally, there is only one candidate left 

and that is the correct correspondence of the original particle.  

 

Figure 2-6 Schematic of intersections of epipolar lines from four cameras  

Kasagi and Nishino reported another approach of three or four cameras [50] 

based on combinatory.  The projective centres of three cameras lie on a 

straight line.  For a four camera system, the projective centres are arranged in 

a square, collinearly or in a combination of both. The principle has been 

extended to the use of an arbitrary number of camera stations for general 

matching, but it was concluded that more than four cameras are not as 

necessary for 3D PTV [51].  ETH group considered that a four-camera system 

is ideal because it reduced the number of remaining ambiguities to a large 

extent, and it even allows a reliable determination of most of those particles 

which are completely hidden in one of the four images.   

b) Establishment of temporal correspondences 

Establishment of temporal correspondences is the procedure to establish the 

correct correspondence between successive positions of each particle among 

candidates.  Researchers have contributed greatly to finding out the best way to 

make the temporal correspondences correct and reliable.  The basic tracking for 

a particle in frame 0, is to find the correct correspondence in the successive 

frame based on the continuation of a particle.  It is popular to choose the search 
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area in the next frame based on the predicted position of the given particle, 

shown in Figure 2-7.  First, for a given particle in frame 0, its position in frame 1 

is predicted.  The real position at 1 should be inside a search volume centred on 

the expected position, shown as a square in the figure.  Then among all the 

candidates, the most probable one is chosen as the correspondence.  In the 

Figure 2-7, the most probable paths are shown in solid lines and the improbable 

paths are shown in dashed or dotted lines.  The size of the search volume 

depends on the nature of the flow, on the confidence interval adopted and on 

the magnitude of the noise of the particle coordinates [21].   

 

Figure 2-7 Principle of two-dimensional tracking 

For a low seeding density and very short time interval, it is easy to select among 

the candidates, because only one meet the requirement of continuity.  The 

problem of ambiguities arises as the number of particles increases and/or the 

distance travelled increases.  Papantoniou introduced the minimum acceleration 

criterion in a three-frame procedure.  A consistency criteria based on correlation 

of neighbouring links is used to make the selection among candidates to satisfy 

the continuation of a trajectory.  For the four-frame procedure, the use of 

minimum change of acceleration was introduced as another criterion [45].  In 

summary, for a four-frame procedure, there are some criteria: particle paths are 

smooth; acceleration magnitudes of particles are bound; acceleration change 

magnitudes are bound; correlation neighbourhood in the current frame; 

prediction of the location of a particle in the next frame.    

c) Combined process 

 

 

Frame 1 

Frame 2 

Frame 3 

Frame 4 

Frame 5 
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Traditionally, the spatial match and temporal match are strictly separated. 

However, spatial matching and temporal matching must be combined to 

generate 3D positions of particles to realise the tracking in space.  Generally, 

there are two ways to combine the spatial and temporal procedures.  

 The 3D particle positions are determined for each single time step, and 

then tracking is performed afterwards in 3D space.  This technique is 

more popular and many researchers have carried out 3D tracking in this 

way [18, 45, 47, 50].  

 In the other method, the track is carried out in an image domain, and 

then the spatial correspondences are established between the 2D 

trajectories [52- 54]. 

In PTV it is always important but difficult to find the correct match with absolute 

confidence, especially in high seeding density.  ETH has made some 

improvement by unifying the two matching procedures and retrieved more 

trajectories as a result [55].     

In 2005, wavelength-multiplexed PTV was reported [6] as a new method to 

reduce the number of ambiguous particle correspondences in PTV.  Colour was 

introduced to distinguish particles when ambiguities occur.  The technique used 

optically distinguishable seeding particles that were multiplexed to different hue 

bands in the camera images.  Particles that emit light in a narrow bandwidth, 

and a combination of bandwidths, were prepared by encapsulating quantum 

dots.  Quantum dots enabled a range of emission wavelengths to be produced 

by the particles with a single illumination source, this was an advantage 

compared to more traditional fluorescent seeding particles that contain a 

fluorescent dye [7].  Figure 2-8 (a) shows the schematic of the conventional 

particle identification based on epipolar lines, when an ambiguity happened.  P  

is the object particle in space, and 1P  is its image in View 1.  To find the 

correspondence in view two, the epipolar line 22ep  was plotted on view two, on 

which three candidates were located.  In conventional PTV, value (brightness) 

was the only criterion for particle determination, and the value of the epipolar 

line is shown in Figure 2-8 (b).  The three peaks of the three candidates are 

obvious, but the real correspondence 2P cannot be distinguished from the other 
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two images of particles, based just on the analysis of brightness once ambiguity 

happens.   
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Figure 2-8 Single-colour particle identification based on epipolar plane (a), 

Value along epipolar line (b) 

Figure 2-9 shows how colour helps to distinguish particles in wavelength-

multiplexed PTV. The camera arrangement and the positions of the particles 

are the same as in Figure 2-8 (a), only giving the particles different colours.  

Hue also becomes the key criterion for the judgment (see Figure 2-9 (b)) rather 

than the brightness in conventional PTV.  It is seen that although the three 

candidates on the epipolar line cannot be distinguished by brightness, the right 

correspondence 2P  is successfully identified from the information in regard to 

their colours presented in hue. 
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(a) 

 
(b) 

Figure 2-9  Multicolour particle identification based on epipolar plane (a) Hue 

along epipolar line (b) 

In the previous sections of Chapter 2, the popular optical techniques for flow 

measurement were reviewed.  In Table 2-1, some basic characteristics of them 

are summarised to present a clearer comparisons among them all [55].   It is 

shown that PIV and PTV are the most advanced optical flow measurement 

techniques which are non-contact and capable of providing full-field velocity.  

PTV is the only technique which is able to produce trajectories for individual 

particles.  

Furthermore, it is known that wavelength-multiplexed PTV can be used to 

increase the particle seeding density with a given number of views of the flow, 

thereby increasing the measurements spatial resolution.  Alternatively, this 

technique can be used to achieve a given seeding density but with fewer 

cameras, thereby reducing the optical access requirements for the experimental 

arrangement.  However, the improvement the technique provides has not been 

quantified, nor the number of colours that should be used for different 

circumstances.  So far, no research group has conducted work to achieve a 
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better understanding of this.  These questions became the initial interest and 

motivation behind this thesis. 

 

 

 

 



 

 26 

Techniques Measuring field 
Measuring 

dimension 

Spatial 

resolution 

Maximum 

spatial 

length 

Temporal 

resolution 

Velocity 

dynamic 

range 

 

Outputs 

Laser Doppler 

Anemometry (LDA) 

 

Single point 2 Low High Very high High Vectors 

Laser-2-Focus 

Anemometry (L2F) 

 

Single point 2 Low High High High Vectors 

Laser Induced 

Fluorescence (LIF) Light-sheet 2 Very high Low Very low Low Vectors 

Stereo Particle Imaging 

Velocimetry (PIV) 
Light-sheet 2/3 Very high Low Very low Low Vectors 

Holographic Particle Imaging 

Velocimetry (PIV) 
Light-sheet 2/3 Very high Low Very low Low Vectors 

Tomographic Particle Imaging 

Velocimetry (PIV) 
Volume 3 High Low Very low Low Vectors 

Particle Tracking 

Velocimetry (PTV) 
Volume 3 High Low Low Low Trajectories 

 

Table 2-1 Summary of optical flow measurement particle velocimetry techniques 
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2.3 Photogrammetry 

Photogrammetry is a non-contact technique of measuring 2D or 3D shape or 

coordinates of object points from 2D images.  Based on camera location, 

photogrammetry is classified as aerial photogrammetry and close-range 

photogrammetry.  Photogrammetry has been used since the mid-nineteen 

century.  In this thesis, the interest is the close-range photogrammetry with a 

small object and short distance between camera and object.  When an object is 

imaged from two view points, the overlapping area of these views can provide 

its 3D positions, so photogrammetry is the theory for 3D applications.   One 

difficulty of photogrammetry is to find the correct corresponding images of a 

given point in different views.  In this section, the theory of photogrammetry 

relevant to the work presented in the thesis is reviewed.  

2.3.1 Epipolar geometry 

The epipolar geometry is the intrinsic projective geometry between two views 

(also called stereo vision).  In the 1960s photogrammetry had already been 

applied to stereo vision [56].  Figure 2-10 shows the geometry of a stereo 

system.  The perspective centres of the left and the right cameras are O1 and 

O2.  Suppose a point P in 3D space is imaged in two views, P1 is the projection 

image of the object P on view 1 and P2 is the image of P in view 2.  Then P1, P2, 

3D space point P and camera centres O1 and O2 are on a common plane called 

the epipolar plane.  The epipole is the point of intersection of the line joining the 

camera centres with the image plane, shown as e1 and e2 in Figure 2-10.  Also, 

the epipole is the image in one view of the camera centre of the other view.  

The intersection of the epipolar plane with the image plane is called the epipolar 

line.  All epipolar lines pass the epipole.  As seen in the figure, e1P1 and e2P2 

are the epipolar lines of P2 and P1.    
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Figure 2-10  Schematic of stereo system 

P must be projected to P1 in view 1 and to P2 in view 2, and P1 and P2 can 

define a 3D point P uniquely.  In other words, for a given image of a point in 

view 1, in order to determine the 3D position of the point, the coordinates of its 

projection point in view 2 are required.  Once the corresponding point in view 2 

is found, the 3D position of P can be calculated.    Therefore, the search for the 

corresponding point in a whole image can be restricted to a search only along 

the epipolar line.  This stereo-correlation method is called epipolar geometry, 

and it is used to reduce the complexity of correspondence matches from 2D to 

1D [57].     

2.3.2 Pinhole camera model 

To get the 3D positions from 2D images, the key step is to find the 

mathematical relationship between the coordinates of a 3D point and its 

projection onto the image plane. If a camera can be regarded as an ideal 

pinhole camera, it is not necessary to concern geometric distortions, blurring of 

unfocused objects caused by lenses and finite sized apertures.  Figure 2-11 

shows a model of pinhole camera. In this model, the perspective centre is the 

pinhole through which light travels in a straight line.   

O1 O2 

P 

P1 P2 

e1 e2 

Epipolar plane 

View 1 View 2 

http://en.wikipedia.org/wiki/Projection
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Figure 2-11 The central perspective projection model for camera i 

Whether a camera can be regarded as a pinhole camera depends on the quality 

of the real camera.  In reality, the central part of an image matches the 

performance of a pinhole camera better than the edges of an image.  Usually 

the complex camera systems may result in more errors and deformations 

because of misaligned lenses.  Some of the effects that the pinhole camera 

model does not take into account can be compensated for by applying suitable 

coordinate transformations on the image coordinates, and some other effects 

are sufficiently small to be ignored when a high quality camera is used. The 

pinhole camera model is used to describe a 3D scene in photogrammetry, to 

which corrections due to the real lens are applied.   

2.3.3 Intrinsic and extrinsic calibration 

To reconstruct the 3D position of a point in the world space from its image, 

intrinsic and extrinsic camera parameters are required: intrinsic parameters are 

the parameters to link the coordinates of an image point with the corresponding 

coordinates in the camera system; extrinsic parameters define the location and 

orientation of the camera system with respect to a world reference frame. 

The intrinsic parameters characterize the transformation between image plane 

coordinates and pixel coordinates.  An object point in the world coordinates 

(X,Y,Z) is projected at the point (x, y) in the image coordinates.  Because the 

3D coordinate system has the origin at the perspective centre of projection 
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and Z axis is along the optical axis, the relationship between the two 

coordinates can be denoted as: 

Z

Xf
x   and 

Z

Yf
y   (2-5) 

where f  is the focal length of the camera.  Often,  Tvu 1  is used to 

represent a point in pixel coordinates.  Also, this relation can be the expressed 

in matrix notation by: 
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where Z  is the principle distance from the perspective centre to the principle 

point.  

The extrinsic parameters are used to determine the translation vector between 

the relative positions of the origins of the world coordinate system and the 

camera coordinate system T  and the rotation matrix between two types of 

coordinate systems R .    

Therefore, a point in a world coordinates  Twww ZYX  and in a camera 

coordinates  TZYX are related by: 
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Then, In an ideal pinhole camera simple projection matrix is enough to 

associate points in an image with locations in 3D space: 
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The camera projection matrix is derived from the intrinsic parameters A  and 

extrinsic parameters R and T .   
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A  is the intrinsic matrix containing five intrinsic parameters encompassing focal 

length, image format, and principal point. The parameters xx mf  and 

yy mf   represent focal length in pixels, where xm and ym are the scale 

factors relating pixels to distance [58].    represents the skew coefficient 

between the x and the y axis, and is often 0.  u0 and v0 represent the principal 

point, which would be ideally in the centre of the image.  Also, equation 2-4 is 

represented in another format: 

PXx    (2-10) 

In experiment, intrinsic and extrinsic parameters are acquired through camera 

position calibration based on calibration images, and then the accuracy of the 

system can be evaluated based on intrinsic and extrinsic parameters.  A grid 

distortion target was used as the calibration target shown in Figure 2-12.  

Distortion is determined from an array of precisely placed dots in regular arrays. 

Such measurements can be used to correct any distortion that occurs within the 

optical system.   

http://en.wikipedia.org/wiki/Focal_length
http://en.wikipedia.org/wiki/Focal_length
http://en.wikipedia.org/wiki/Image_sensor_size
http://en.wikipedia.org/wiki/Principal_point
http://en.wikipedia.org/wiki/Scale_factor
http://en.wikipedia.org/wiki/Scale_factor
http://en.wikipedia.org/wiki/Scale_factor
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Figure 2-12 Multi-frequency grid distortion target 

The grid target must be placed in the space where the object fluid was 

supposed to be, and images of the target plane tilted in dozens of different 

directions to the image plane are required.  The positions of all the spots on the 

images could be determined automatically by measuring the properties of 

image regions.  Finally, intrinsic and extrinsic parameters are acquired when 

resection finds the transformation from the global coordinate system to the 

camera‟s projective coordinate system.   

2.3.4 The Fundamental Matrix 

In 3D computer vision or in computer graphics, it is a common requirement to 

generate the 3D position of a point from its projection image, and sometime the 

reverse procedure is required to determine the coordinates in the projection 

image from the position in space. To establish the relationship between the 3D 

position in space and the coordinates of its images taken from different views, 

an important matrix, known as the fundamental matrix F  must be known.  It 

describes the relations of the parameters mathematically based on the epipolar 

geometry [58- 60].  .   

Briefly, F  defines an epipolar line on which the corresponding point on the 

other image must lie. F  includes both intrinsic parameters determined by 

camera geometry and extrinsic parameters which relate to relative positions 

between the two cameras.  On the basis of the pinhole model shown in Figure 

2-10, suppose a 3D point P  projects into the two image planes as the points 1P  

and 2P  which are expressed in homogeneous coordinates  111 yx  and 

http://en.wikipedia.org/wiki/Computer_vision
http://en.wikipedia.org/wiki/Computer_graphics


 

 33 

 122 yx  respectively in the stereo images.  The main result of the epipolar 

geometry shows the linear relationship between correspondences [58]. 

See Figure 2-10, the point 1p  in the left image is transferred via the epipolar 

plane   to the corresponding point 2p  in the right image.  The epipolar line 1l  is 

the line passing 1p  and 1e , and the epipolar line 2l  is the line passing 2p  and 2e .  

The fundamental matrix F  is defined by: 

12 Fxl   (2-11) 

2x  belongs 2l  , so 022 lxT .  Thus, 

012
FxxT  (2-12) 

Therefore, F  can be computed from a corresponding image pair of an object 

point, without any requirement to know the internal parameters of cameras or 

their positions.  For example, for a given point 1x  in camera 1, according to 

equation 2-6: 

111 XPx    (2-13) 

and so  

111 xPX


  (2-14) 

where   1

1111

  TT PPPP .   

So   11

1

111111 xxPPPPXP TT 


  (2-15) 

Then its corresponding image in camera 2 is : 

112222 xPPXPx   (2-16) 

Because image of 1O in camera 2 is epipole 122 OPe   (2-17) 

The epipolar line of 1x  in camera 2 is:  
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      112211222 xPPexPPel 



   (2-18) 

Because 12 Fxl  , so   


 1212 PPOPF  (2-19) 

There are some properties of fundamental matrix F : it is a 33  matrix; if F is 

fundamental matrix from camera 1 to camera 2, then the fundamental matrix 

from camera 2 to camera 1 is 
TF ; similarly to the epipolar lines, 12 Fxl  and 

11 xFl T  

Therefore, once the cameras are calibrated and the fundamental matrix F is 

known, for any point in one view, the unique epipolar line in the other view can 

be determined, on which the correspondence must line up, and then the search 

for correspondences is reduced to a 1D problem.  It is also applicable not only 

for stereo views, but it works for even more views.  Then the 3D position of a 

point in the world can be determined by the coordinates of its projections in two 

or more views [58, 59].  In summary, once the calibrated stereo rig is known, it 

is possible to obtain the 3D coordinates from two 2D coordinates in the images 

of different views or to obtain the projective image coordinates from the 3D 

space.  

2.4 Implementation of existing 3D-PTV software 

The 3D-PTV software developed by ETH is comprehensive software for typical 

PTV applications, including particle identification, particle matching and particle 

tracking.  ETH‟s 3D-PTV software was studied and tested with typical sample 

images, to validate its compatibility with general applications.  Both techniques 

provided a practical bench mark for the subsequent development of the 

wavelength-multiplexed PTV. 

2.4.1 Procedures and configuration 

One of the leading groups in PTV studies, ETH has developed 3D-PTV 

software, which includes image processing for typical PTV applications such as 

particle identification, particle matching and particle tracking.  Therefore, ETH‟s 

3D-PTV software was studied in advance to help understand the procedures 

and difficulties of 3D PTV processing.   
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The package of ETH 3D-PTV software was downloaded from the website [61].  

It was installed and worked successfully under the Windows XP system.  The 

source code is written in C in combination with Tcl/Tk, and runs without specific 

requirements.  C is a well-known computer language and Tcl (short for „Tool 

Command Language‟) is another scripting language used in embedded systems 

platforms.  The software involves 3 main steps: Pretracking; 3D-coordinates; 

and Sequence tracking.   

Okmoto provided a source of standard PIV images, which were downloadable 

from the website [62].  There were eight datasets of different flows, but there 

have been errors recently when downloading apparently.  Due to an error on 

the website a set of standard PIV images (#352), which were saved in the past, 

were used as sample images to be tested and investigated by the 3D-PTV 

software.  It was a dataset of a 3D shear jet flow, and it 

included 256256 images recorded by a 3-camera system.  All the parameters 

of the optical arrangement were given. 

Firstly, parameters of the software needed to be configured based on 

experimental conditions, including Gray value threshold, calibration results, and 

maximum and minimum velocity along x, y, and z axes.  All the parameters were 

required to meet the real experimental settings of the test data.  „Gray value‟ is 

for particle detection, in each image pixels brighter than the Gray value were 

regarded as particles, and all the other pixels were set to a black background.  

The „Calibration results‟ consisted of the camera positions and pixel size these 

were then used to generate 3D coordinates.  „Maximum and minimum velocity 

along x, y, z axes‟ was used to track particles, and only the particles with the 

velocity between the maximum and minimum velocity were regarded as valid 

corresponding candidates.  Take camera1 as an example, the procedures are 

demonstrated below with the sample images, shown in Figure 2-13.   

http://en.wikipedia.org/wiki/Scripting_language
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(a)                  (b) 

  
(c)                  (d) 

Figure 2-13 Images of the first time instance from the sample data “#352”(a) 

original image (b) particle detection (c) correspondence (d) tracks 

Initially, the images of all the cameras captured at the first time instance were 

loaded.  Figure 2-13 (a) is the original image taken by camera 1 when 0t .  

Because they were simulated images, all the particles are round and in the 

same size.  During the pretracking, high pass filtering was performed on the 

images to get rid of the non-uniformities in the background, and the filter was 

controlled by the Gray value threshold.  Then the software detected the particle 

positions with sub-pixel accuracy by a centroid operator.  If the intensity of a 

pixel was larger than the Gray value, it was regarded as a particle; otherwise it 

was regarded as black background.  So particles in each image were detected 

by ignoring the noise of background and the blur boundary of some particles.  In 
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Figure 2-13 (b) the blue dots were the 271 particles detected by the software.  

In PTV, particles are recognized based on image, so only the particles which 

are distinguished from an image are effective for further processing.  Therefore, 

comparing to the seeding density in a volume, the seeding density in an image 

is more applicable.  For this sample data set, the seeding density was 0.0038 

2/ pixelsparticles . 

Next step was to find the corresponding particles from one view to another.  The 

only criterion for the establishment of spatial correspondences is the epipolar 

line.  Once a unique particle was found on an epipolar line or the intersection of 

epipolar lines, it was regarded that the correspondence was found.  Shown in 

Figure 2-13 (c) the green dots are the 81 particles whose correspondences 

were found in all three views, and all the other detected particles whose 

correspondences were not found remained blue.  Ambiguities occurred when 

multiple candidates were found in a search area defined by the epipolar line.  

These ambiguities could be solved by the third camera.   

Once the particles in different views were correlated, and the calibration files 

were ready, 3D coordinates could be generated and saved.  The software 

tracked particles according to the tracking parameters of the maximum and 

minimum displacement along each axis.  Ambiguities may also occur in the 

tracking procedure. Criteria like local correlation and smoothness of the velocity 

field were employed to solve these ambiguities.  After the tracking 

correspondences were established, the corresponding particles were linked into 

trajectories, and shown in Figure 2-13 (d) 30 trajectories were linked.     

In the ETH‟s 3D PTV software, the final results of 3D trajectories were saved in 

a file of the format of VRML (.wrl), which can be represented in some specific 

software, for example Alteros 3D.  However, for general users, a VRML file is 

not flexible enough for further processing and analysis.  It is thought Matlab is a 

better way to represent the trajectories, because the trajectories can be easily 

analysed further for different interests, or filtered according to their 

characteristics.  As an example, Figure 2-13 (a) shows the trajectories in three 

dimensions as in Figure 2-13 (d), which include all different lengths, so they are 

too messy to be summarised or to find a law.  Then a selection was undertaken 

to pick out the long trajectories longer than 20 shown in Figure 2-14 (b).  
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Figure 2-14 3D trajectories (a) all; (b) longer than 20 

It is found that among the 271 particles of the sample data set, only 22 

trajectories longer than 20.  Because the movements of the particles of the 

sample data set looked quite random, it is not easy to identify the reason why 

the long trajectories are not many.  Maybe the data was like that, and possibly it 
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was the limitation of the software.  Therefore, a classic flow was simulated to be 

used with ETH‟s software for a further test, as the movements were known.  

2.4.2 Application on simulated vortex 

A vortex was selected as the example of a 3D flow to be investigated both in the 

simulations, because as a basic type of flow vortex had balanced movements 

along the three axes.  A vortex was generated with random initial positions 

000 ,, zyx  of a given number of particles, which related to the seeding density.  

Then the vortex flow was simulated based on the equations below: 

)*)/(*)2/(cos(* 0 tarrxn    

)*)/(*)2/(sin(* 0 tarryn    (2-20) 

tvzzn *0   

Where r  was the radial distance from the centre of the vortex, 0  was the initial 

angle of the particle which was determined by 0x
, 0y

.  The angular momentum 

relative to the vortex axis is constant and defined as 2/ .  a  was the 

acceleration and t  was the measurement time, which was 0 to 2s with 20 steps 

for this simulation.  Then the 3D positions of all the particles at all the time 

instances were generated.   

Once the 3D positions of particles were defined, the stereo images were 

produced by projecting the 3D points onto the image planes as the calibration 

parameters for the stereo setup were chosen.  It was assumed that spherical 

particles, of uniform diameter located at the simulated positions in the 3D 

space.  No significant effect of the imaging lens which may lead to the blur of 

the particles out-of-focus was considered.  Particles of several different colours 

could be distinguished according to their hue values, and the proportions of all 

colours were initially assumed to be equal.  Then, the images generated from 

the simulated data were analysed by ETH‟s software to get the number of 

correspondences for spatial matching and the number of links for temporal 

tracking.  In this system the two image planes were 45 pixels per mm and the 

focal length was 11 mm.  Because the 4-camera system was regarded as the 

ideal system for their PTV applications, the dataset of 4-camera system was 

simulated.  As the capacity of seeding density is the interest of this thesis, 
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different seeding densities were simulated and the results of them were 

compared.  Figure 2-15 shows a sample of the trajectories of the simulated 

vortex.      

 

Figure 2-15 Trajectories shown on an image plane 
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Figure 2-16 Success rate (a) and effective number of particles (b) 
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As software, ETH‟s software is useful 3D-PTV software which can complete the 

basic PTV processing for different setups of two, three or four cameras.  So it 

will be an assisting tool to demonstrate the new technique of this thesis, and on 

the other side, the simulated data and experimental images could be used to 

validate the wide feasibility of ETH‟s software.  However, through the initial test 

with the typical samples, some limitations have been revealed.  The outputs of 

this 3D-PTV software are the standard lists of particle positions without a 

common index and statistical results.  It is not convenient to pick the particles or 

trajectories for further analysis to meet some specific interests.  Therefore, it is 

preferable to represent the results in a more general way using different 

classifications based on the particle positions, the velocity, the accelerations 

and the length of the trajectories. 
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3 Simulation of multicolour PTV 

Wavelength-multiplexed PTV was first reported by Moore in 2005 [6] as a 

method of reducing the number of ambiguous particle correspondences in PTV.  

The technique can be used to increase the particle seeding density with a given 

number of views of the flow, thereby increasing the measurement spatial 

resolution.  Alternatively, the technique can be used to achieve a given seeding 

density but with fewer cameras, thereby reducing the optical access 

requirements for the experimental arrangement.  In addition to determining 

homologous particles between views, the ability to distinguish individual 

particles also makes it possible to improve the frame-to-frame tracking. In this 

chapter, the improvement to the colour-multiplexed PTV was quantified for the 

first time by the theoretical modelling, simulation and experiment, in the spatial 

resolution and the temporal tracking.     

a. Stereo matching.  A mathematical model of the determinations of 

corresponding particles between the two views was used, to calculate the 

improvement of the success rate in distinguishing homologous points when 

multicolour was used.  In addition, a numerical simulation was carried out based 

on the mathematical model.  The theoretical results were then validated by 

experiments.  Finally, conclusions were drawn on the maximum effective 

number of particles and the corresponding seeding density for a given 

experiment.       

b. Temporal matching.  In the colour-multiplexed PTV, the colour was able 

to help in the temporal tracking stage.  A mathematical model and numerical 

simulation were used to quantify the improvement of tracking brought by the 

multicolour particles.  Therefore, it was possible to estimate the improvement of 

the multicolour on the whole 3D PTV tracking.  

c. Multiple cameras.  In order to compare with the ETH‟s PTV technique, 

which applies multi-cameras, the matching cases with two, three and four 

cameras were modelled and simulated.  The comparisons were made between 
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the multi-camera single colour method and two-camera multicolour method, to 

find an equivalent number of colours for a certain number of cameras. 

3.1 Stereo matching 

When determining homologous points in a set of images recorded in a scene 

from two or more directions, the use of epipolar geometry is an approach that is 

familiar in photogrammetry.  The process of determining the corresponding 

image of a particle in the second view requires the particle to be identified on 

the projected epipolar line.  If only one particle is observed on an epipolar line, 

the particle can be identified easily and its position in 3D space determined 

uniquely.  As the seeding density increases, two or more particles might be 

imaged on the epipolar line, leading to ambiguity.  In colour-multiplexed PTV, 

the hue of the particles can be used to distinguish between two or more 

particles that occur on the epipolar line.  In this section, the traditional stereo 

camera system with multicolour particles was investigated quantitatively by the 

mathematical model, numerical simulation, experimental validation and ETH‟s 

3D-PTV software. 

3.1.1 Basic assumptions 

For the purposes of the simulation, it was assumed that spherical particles, of 

uniform diameter, were dispersed randomly within the fluid volume.  It was 

further assumed that the particles were imaged identically, irrespective of their 

position in the fluid flow, i.e. there was no significant effect of the imaging lens 

on the particle images that are formed. Particles of several different colours 

could be distinguished according to their hue values, and the proportions of all 

colours were initially assumed to be equal.  The particle identification was 

based on the epipolar line method mentioned in the previous section.  

Therefore, if two or more particles of the same hue lay on an epipolar line, then 

those particles could not be uniquely identified with two camera views. That 

epipolar line was regarded as a failure for spatial matching. 

A particle was determined to be on an epipolar line if any part of it crosses that 

line.  For the mathematical model and the numerical simulation, the centre 

position of particles of uniform diameter determined if they intersect with the 

epipolar line. Therefore, the search area for particle centres either side of the 
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epipolar line was determined by the diameter of the particles.  For example, as 

shown in Figure 3-1, if row 0 was analysed and the diameter of particles was 

three pixels, then all the particles whose centres were on rows -1 through +1 

could be judged as on the line.  When the diameter of particles was five pixels, 

the region expanded to rows -2 through to +2.  Although sub-pixel particle 

positions could have been modelled, integer pixel particle positions were 

sufficiently accurate to give acceptable agreement with subsequent 

experiments.  The search area around the epipolar line increased linearly with 

the particle diameter, whilst the particle area increased with the diameter 

squared.  Therefore the number of particles detected on the epipolar line 

increased with an enlargement in particle diameter, leading to a decrease in the 

overall success rate.  Similarly, extending the search window to an arbitrary 

width greater than the particle diameter around the epipolar line decreased the 

success rate linearly.  It was assumed that all particles in the search window 

could be identified, i.e. the effect of some of the more extreme cases of 

overlapping particles that occur in practice were ignored in the model, so that 

the predictions were not affected by the particle identification algorithm chosen. 
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Figure 3-1 Effect of particle diameter on the search window around the 

epipolar line 

3.1.2 Mathematical modelling 

The mathematical model determined the probability of successful particle 

identification at a given seeding density.  As stated in 3.1.1, an epipolar line was 

judged to be successful if only one particle of the hue under consideration lay 

on it.  In theory, the right correspondence must be on the epipolar line, so it was 

only necessary to check the number and colour of other particles.  Except for 

the right correspondence, if there were pN  particles in the image, then pn  

particles lay on a line, they were then regarded as the potential ambiguities. 

Each of these ambiguities could be any one of cn  hues, and the total number of 

possible hue combinations is given by p

c

n

nC )( 1 , where )!(!/! rnrnC r

n   

represented the combinations of r  objects taken from a sample of n  in which 

each object could be chosen only once.  Successful combinations occurred 

when all the potential ambiguous particles on the line were a different hue to the 

hue under consideration, i.e. p

c

n

nC )( 1

1 .  Therefore the probability of an epipolar 

line being analysed successfully is given by: 

 
  

  p

c

p

c

n

n

n

n

C

C
Successp

1

1

1
  (3-1) 
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It was used to plot the probability of a successfully identified particle on the 

epipolar line against the planar seeding density on the image, where the planar 

seeding density, S , was defined by: 

Ld

N
S

p 1
  (3-2) 

where d  is the particle diameter in pixel and L  is the length of the epipolar line 
in pixel.   

In practice, the colour-multiplexed PTV system should be operated at a seeding 

density that maximises the number of measurement points, accepting that not 

all of the particles will be correctly identified all the time. Therefore the number 

of particles whose correspondence could be found successfully was defined as 

the effective number of particles, )(effN , which was proportional to the number 

of successful measurement points: 

   SuccesspNeffN p )1(   (3-3) 

For any particular number of colour particles used, the probability of success fell 

when the seeding density increases, Figure 3-2 (a), but the overall number of 

successful particles increased, Figure 3-2 (b).  Eventually a peak in the number 

of effective particles was reached, after which further increases in the seeding 

density caused the number of particles successfully identified to fall.  Figure 3-2 

(b) shows that the effective number of particles increased with the number of 

hues used in the experiment.  For each additional hue introduced, the optimal 

effective seeding density occurred at an increasingly higher seeding density. 
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(b) 

Figure 3-2 (a) Probability of success, p(Success) and (b) effective number of 

particles, N(eff), plotted against seeding density, for 3d
 
and resolution=256*256. 
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3.1.3 Numerical simulation 

A numerical simulation was constructed, based on the same basic assumptions 

given in 3.1.1.  For particles of a given diameter, the particle centres were 

randomly generated within the test window around the epipolar line.  To do this, 

an array of random numbers (uniformly distributed between 0 and 1) was 

generated at each pixel within the search window.  Values below a particular 

threshold, equivalent to the seeding density S , were chosen to represent the 

centres of randomly positioned particles intersecting with the epipolar line.  The 

threshold value was then subdivided into the number of hues present, cn , and 

the centres allocated a hue according to the random value at that pixel.  In this 

way, particles with random position and with random hue were generated.  The 

total number of particles on any given line was a Gaussian distribution about the 

nominal pn  corresponding to the seeding density, with a uniform distribution 

between hues. Non-uniform subdivision of the threshold value enabled non-

equal concentrations of particles of different hues to be modeled, and was used 

in 3.1.5. 

At each seeding density, 10,000 lines of data were generated, and the number 

of times particles of a particular hue could be successfully identified was 

recorded to determine a numerical estimate of the probability of success.  The 

results of the numerical simulation of the probability of success, and the 

effective number of particles are shown in Figure 3-3, and were in good 

agreement with the mathematical model.  Note that the simulation for particles 

of a single colour gave a gradual reduction in the probability of success due to 

the Gaussian distribution of the number of particles on the epipolar line. The 

mathematical model for single coloured particles showed a rapid transition 

between one particle (where it was successful) and two particles (where it 

failed). 
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(b) 

Figure 3-3 (a) Probability of success, p(Success) and (b) effective number of 

particles, N(eff), plotted against seeding density, for 3d and 

256256resolution .. The solid lines represent the mathematical model and 

the points the numerical simulation 
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In summary of the mathematical model and numerical simulations, it is seen 

that each extra colour was able to bring obvious improvement to the spatial 

matching for PTV.  The model and simulation were in good agreement.  By 

using colour particles with 5 different colours, the optimal seeding density 

increased about 4 times (from 31085.1   to 3103.7   particles/pixel), and at the 

optimal seeding density of 5-colour condition ( 3103.7  particles/pixel), the 

probability of success increased more than 40 times (from 0.8% to 34%). 

3.1.4 Experimental validation 

Experiments were carried out in order to verify the mathematical model and 

numerical simulation on the effects of colour multiplexing. Quantum dots with a 

CdSe core that were coated with a ZnS shell, that had been encapsulated into 

PMMA particles were used (supplied by Evident Technology).   Five quantum 

dot emission wavelengths were selected (550, 580, 592, 606 and 632 nm) each 

with an emission bandwidth of ±10 nm. A UV lamp emitting at 366 nm was also 

used.  

The particles were fully mixed in water at the bottom of a cylindrical container 

with a diameter of 8.5 cm.  The particles were imaged with a digital colour 

camera (Sony MVC-CD400). An optical long-pass filter with a 50% cut-off 

wavelength set at 530 nm was placed in front of the camera lens to reject the 

short excitation wavelengths of the UV lamp. Figure 3-4 (a) shows a typical 

image captured by the camera with the long-pass filter in place, with five 

coloured particles evident. The RGB values of the particles were converted to 

HSV values (hue, saturation, and brightness), where the hue value was 

proportional to the colour on a continuous scale from 0 to 1.   
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Figure 3-4 Typical experimental images recorded with UV illumination and 

optical long-pass filter. (a) Particles of five colours in approximately equal 

concentrations by weight. (b) Particles of two colours in approximate 

concentration ratio of 1:4 

Particles were identified in the image by looking for regions in the calculated 

brightness greater than four connected pixels.  The mean diameter of the 

identified particles was found to be 3 pixels.  The brightness of all particles was 

unequal, and was related to their size rather than their relative position in the 

container. Therefore a brightness threshold was used to eliminate some 

particles in order to obtain a range of seeding densities from a single image.  In 

total, nineteen different images were recorded and for each, five brightness 

thresholds were applied to simulate different normalized seeding densities.  At 

each seeding density, all the vertical and horizontal lines in the images were 

processed and analyzed for success in identifying particles in turn at each one 

of the five hue values used in the experiment. Therefore a total of 19 (images) × 

5 (normalized seeding densities) × 5 (hues) estimates of )(Successp  were 

made.  Successful lines were judged to contain only one or zero particles of the 

hue under consideration, or no particles of any hue, as described in 3.1.2.   

Experimental uncertainty in mixing the particles and variation in their brightness 

meant that the ratio between numbers of particles at each normalized seeding 

density was not always equal. Therefore, for each estimate of )(Successp , the 

number of hues present, 5cn  nominally, was recalculated based on the ratio 

between the total number of particles identified in the image and the number of 
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particles of the hue under consideration, rounded to the nearest integer.  The 

experimental results are shown in Figure 3-5, where the points represent the 

experimental data and the lines are the results of the theoretical model from 

Figure 3-2.  
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(b) 

Figure 3-5 (a) Probability of success, p(Success) and (b) effective number of 

particles, N(eff), plotted against seeding density, for five colour experimental 

images. The solid lines represent the mathematical model and the points out the 

experimental data 
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It is shown that a reasonable agreement between the experimental validation 

and the results of the model was achieved, which bought more confidence to 

this technique.  However, it is found that in the area with low seeding density, 

the experimental probability of success is not as high as 100% in the theoretical 

results.  A possible reason for this is that when the seeding density is very low, 

there should not be any ambiguity at all in theory, but in practice if the 

distribution of particles is not absolutely uniform, there may be few cases of 

ambiguities on the epipolar lines. 

The same model can also be used to predict the conditions when two colours 

are used with different proportions. This has not been included here, see 

Appendix A. 

3.1.5 ETH’s software 

As mentioned in section 3.2, ETH‟s software (3DPTV) is PTV software which 

their group used for basic image processing.  Since the mathematic model of 

multicolour PTV was in a good agreement with the numerical simulations in 

probability of success and effective seeding density, it was decided that the 

theoretical models would be used to validate the ETH‟s software.  3DPTV can 

process the spatial and temporal correlations, and output the number of 

particles detected, the number of correspondences and the number of links, 

which are equivalent to the results of the mathematical model mentioned in 

3.1.2.  Therefore, the results of ETH‟s software and the results of theoretical 

models can be compared to see how well the 3DPTV software works.   

Similar to section 3.2.2, a vortex was simulated by computer.  The 3D positions 

of particles were generated and the movements of particles were simulated 

according to vortex equations.  Different from the Chapter 3, a 2-camera system 

was in use and colour particles were simulated rather than single colour.  Then, 

the camera arrangements, seeding density, the velocity of flow and the size of 

particles were all known and the distribution of particles was uniform. 

For multicolour particles, images were filtered by different hues in advance, and 

then a multicolour image was divided into several images regarded as „sub-

images‟ with single colour particles.  Furthermore the single colour images were 

converted into black and white images to be processed by ETH‟s software.  



 

 56 

After processing all the sub-images separately, the results of multicolour 

particles were obtained by adding the results of its sub-images. 

In the software validation, the number of particles corresponded to a given 

seeding density and the number of matched correspondences found by ETH‟s 

software was used to calculate the probability of success.  Figure 3-6 shows the 

results of the software validation of the simulated vortex flow and the relative 

results of the mathematical model.  The lines are the results of mathematical 

models and the dots are the simulated results from ETH‟s software on the 

simulated data accordingly.  Figure 3-6 (a) is the probability of success, which 

was calculated by dividing the number of correspondence with total number of 

particles.  It is shown that as expected, in both mathematical modelling and 

validation,   for a given number of colours the probability of success dropped as 

the seeding density increased and the probability of success increased when 

more colour(s) were added.  Figure 3-6 (b) is the average number of 

correspondence obtained directly from the software, which was equivalent to 

the effective number of particles in the mathematical model.  It is shown that for 

both model and validation, while the seeding density increased the effective 

number of particles increased and after reaching a peak it decreased.  As 

mentioned in the previous section, the highest number of correspondences 

found by the software was regarded as the optimal seeding density for the given 

number of colours.   
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Figure 3-6 (a) Probability of success, p(Success) and (b) effective number of 

particles, N(eff), plotted against seeding density, for five colour simulated  

images. The solid lines represent the mathematical model and the points the 

ETH software validation with simulated data 
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For the probability of success, the software results show the same shapes of 

the curves and a similar extent of improvement brought by a different number of 

colours, although the value obtained by the ETH‟s software was a little bit 

higher than the model.  This little difference was enlarged when the probability 

of success was transformed to effective number of particles by multiplying the 

seeding density accordingly, especially when the seeding density was high.   

The different ways of image processing may explain the difference in results to 

some extent.  In the model and numerical simulation, the correspondence was 

justified only according if any part of a particle located on the epipolar line.  It 

was straight forward and rigid but it is didn‟t tolerate any fluctuations.  However, 

in ETH‟s software, by introducing more complicated criteria, more candidates 

were considered, so the chance to find more correspondences tends to be 

increased, and at the same time, the higher possibility of the occurrence of 

wrong matching may be brought as well.  It is not easy to say which method is 

better, and a balance of the maximum candidates and minimum errors is the 

best.  In this thesis, the aim is to investigate the improvement purely brought by 

the multicolour PTV, so the basic matching method is preferred. 

3.2 Temporal matching 

The multicolour particles not only help to assist the spatial matching between 

different views, they can also reduce ambiguities in temporal tracking.  When a 

particle is tracked in the same view in a temporal sequence, it is difficult to 

identify the correct correspondence if the seeding density is high.  Also, if the 

flow is fast, the search area has to be expanded, so that more particles will be 

involved and the chance of ambiguities increases.  Therefore, looking for good 

approaches to track particles correctly is another interest of the researchers 

working on PTV.  It is desirable to build a model for the flow under investigation, 

estimating the positions of particles in the next time sequence(s) and search in 

a small area based on the estimation [55].  This is effective in many 

applications, but the premise is that the flow must be known and can be 

modelled.   

However, once multicolour particles are used, the distinction of colour is able to 

play an important role in identifying a particle instead of a precise model.   

Therefore, as long as enough colours are available, large search windows will 
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not be a problem and so complex unknown flows can be tracked without the 

models.  Figure 3-7  is a scheme for temporal tracking with single colour and 

multicolour particles. 

 
(a) 

 
(b) 

Figure 3-7 Temporal tracking of single colour particle (a) and multicolour 

particle (b) 
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In this section, to quantify the impact of multicolours on the temporal tracking, a 

mathematical model and numerical simulation were used in a similar way to the 

procedure mentioned in 3.1.2 and 3.1.3.   

3.2.1 Mathematical modelling 

For the 2D tracking, the aim was to find the corresponding particle from one 

image to the image taken at the next time instance.  Generally, if the time 

interval between every two images is short, it can be supposed that the particle 

in the next image will appear within a small area surrounding the original 

position.  Therefore, tracking a particle can be simplified into searching for its 

correspondence in that small area.  If the flow is slow, the search area can be 

very small, otherwise, the search area should be expanded to involve all the 

possible positions the particle may move to.  In this model, the search area was 

defined as a square, and the size of the square was relative to the maximum 

velocity of the flow. 

                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      
                      

Figure 3-8 Effect of particle diameter on the search window around the track 

window 

A particle was regarded in the search window if any part of it was located in that 

window.  Similar to the model of the epipolar line, for the mathematical model 

and the numerical simulation, if particles were exact spheres with uniform 

diameters, the centre position of particles determined whether they were in the 



 

 61 

search square. Therefore, the search area was determined not only by the 

speed of flow, but also by the diameter of the particles.  For example, as shown 

in Figure 3-8, if a grey square (-x~x pixel, -y~y pixel) is being analyzed and the 

diameter of the particles is three pixels, all the particles whose centres are 

within the square (-x-1~x+1 pixel, -y-1~y+1 pixel) can be judged as in the track 

window.  When the diameter of particles is five pixels, the region will expand to 

the square (-x-2~x+2 pixel, -y-2~y+2 pixel).  The search square increases with 

particle diameter, whilst the particle area increases with the diameter squared. 

Therefore the number of particles detected in the search square increases with 

an increase in particle diameter, leading to a decrease in the overall probability 

of success.  Similarly, extending the search window to an arbitrary width greater 

than the particle diameter around the epipolar line will decrease the probability 

of success.  

The same as for the model of the epipolar search, the probability of success 
could be calculated by equation  
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Because this was the step following the spatial matching, only the particles 

whose correspondences were found were considered.  Then  pn
 here was the 

number of spatial correspondences in the track square rather than the original 

number of particles in the square. 

3.2.2 Numerical simulation 

A similar numerical simulation was carried out for the search in a tracking 

square.   Assuming the maximum velocity along x and y axis was 20cm/s and 

the magnification was 0.3 pixel/mm, the track square could be set to 

26060 pixel .  It was supposed that all the particles had a uniform diameter of 

three pixels.  The centres of all the particles with a given number of colours 

were generated randomly within the tracking square based on a series of 

seeding densities, which were the densities of the spatial correspondences.  

Then the number of particles was counted and the colour of particles was 

analysed.  If there was no more than one particle with the specific colour (the 
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colour of the target particle), it was regarded as a successful case, otherwise, it 

was regarded as a failed case.  This was repeated 1000 times, and the average 

probability of success was acquired for each seeding density for different 

numbers of colours.  The results of the mathematical model and the numerical 

simulation of the temporal tracking are shown in Figure 3-9. 
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(b) 

 Figure 3-9 Results of model and simulations: (a) Probability of success, 
p(Success) and (b) effective number of particles, N(eff), plotted against seeding 
density, for temporal tracking in one view with five-colour particles. Dots: 
numerical simulations; solid lines: mathematical model 
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It is seen that each extra colour was able to bring obvious improvement to the 

temporal matching for PTV.  The model and simulation were in very good 

agreement.  By using colour particles with 5 different colours, the optimal 

seeding density increased about 5 times (from 3102.0   to 3102.1   

particles/pixel), and at the optimal seeding density of 5-colour condition 

( 3102.1  particles/pixel), the probability of tracking success increased more 

than 40 times (from 1% to 42%).  

It is required to mention that in this thesis, for each data set, temporal tracking 

was done after the spatial correspondences were found.  Therefore, the 

temporal matching was faced to the matched spatial correspondences rather 

than all the particles in the flow.  Therefore, during the analysis of the temporal 

matching itself, the seeding density was not the original seeding density of the 

fluid as in the spatial matching, and it was the density of matched spatial 

correspondences.   

Also, the tracking square must include the possible positions particles may 

travel within the short time interval, and the size of the tracking square depends 

on the velocity of the flow and the tolerance of the ambiguity, so that the search 

square may vary for different flows.  Therefore, this showed the theory and 

general effect of multicolour in temporal tracking, but the absolute number of the 

probability of success based on a special square size is only able to guide the 

flows with similar velocity, and the model requires modifications according to 

different movement of flow.   

3.3 Combined spatial matching and temporal tracking 

If the matching results of the spatial and temporal steps are known separately, 

the possible number of final correspondences in the whole process can be 

estimated based on any given conditions. 

)()()(*)()( temporalpsuccesspNtemporalpeffNtrajectoryN    (3-5) 

where )(trajectoryN is the number of final links which form trajectories; )(effN  is 

the effective number of particles in the spatial match, in another word, it is the 

number of matched spatial correspondences; )(temporalp  and )(Successp  are 

the probability of success in temporal and spatial matching separately.  It is 
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obvious that the number of links increases with increased probability of success 

in spatial and temporal matching.  Then based on the mathematical models in 

section 3.1 and section 3.2, Figure 3-10 shows the improvement for the whole 

process brought by multicolour particles.   
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Figure 3-10 Results from mathematical model: (a) Probability of success in 

whole process, p(Final) and (b) effective number of final particles, N(Final), 

plotted against seeding density 
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It is seen that by multiplying the two probabilities of success in spatial matching 

and temporal matching, the probability of success in whole process dropped 

much more quickly.  Although the shapes of the curves of spatial matching and 

temporal matching are similar, the shape of their multiplication varies.  

Especially for effective number of final particles, the shape of a curve greatly 

depends on the relative positions of the optimal seeding density in spatial and 

temporal tracking.  Therefore, about the number of the trajectories, it is not able 

to find a typical shape of the curves.  They may form curves with a bigger peak 

if the two optimal seeding densities were close and they may form two peaks if 

they are very different.  As mentioned in section 3.2, these results just show the 

manner in which using multicolour improves the whole process.  Because the 

tracking results depend on individual flow conditions, the shapes of the curves 

and the absolute value of probability of success and effective seeding density 

may varies for different flows.  

As validation, with the simulated vortex data processed by ETH‟s software, the 

probability of success and number of trajectories were counted and presented 

in Figure 3-11.  It is seen that for whole process, the general trends of the 

probability of success and the number of final trajectories meet agreement with 

model results.  However, the values of the ETH‟s results are much higher, 

because it picked more candidates during both spatial and temporal matching. 

Because in the temporal match, only the effective particles in spatial match 

were investigated, so the seeding density must be much less than that in the 

spatial match.  Therefore, to find the optimal seeding density should only 

depends on the spatial match. 
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(a)

 
(b) 

Figure 3-11 Results of simulated data processed by ETH‟s software: (a) 

Probability of success in whole process, p(Final) and (b) effective number of 

final particles, N(final), plotted against seeding density 
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3.4 Spatial matching with three-camera or four- camera system 

As the seeding density increases, the number of particles that cannot be 

identified will increase statistically.  If extra colour is available, ambiguities can 

be reduced when multicolour particles are used.  Otherwise, without any colour 

particles, extra cameras are often added to avoid these ambiguities.  Especially 

in ETH, multi-cameras were commonly used in their PTV applications, and 

finally four cameras were chosen as the optimal number of cameras.  Indeed 

more cameras can be used to reduce the number of ambiguities, but the 

disadvantages are a greater requirement for optical access to the flow and 

increased equipment costs. 

In this section matching within the three-camera and four-camera systems were 

simulated in theory based on epipolar lines similar to the simulation for the 

matching in the stereo camera system mentioned before.  Therefore, it was 

possible to quantify the improvement brought by extra cameras, so that the 

effect of using multi-cameras and multicolours could be compared. 

In order to reduce the influence of ambiguities during the search of 

correspondences on an epipolar line from a stereo system, introducing more 

cameras is a popular approach.  In a multiple camera system, although epipolar 

lines are still the only criteria, an extra epipolar line is able to reduce the 

searching region greatly, so that the occurrence of ambiguities may be avoided 

to some extent.  Figure 3-12 shows the schematic images taken from four 

different views, which were used to explain the matching scheme among two, 

three or four cameras regardless of the colour of particles.   
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Figure 3-12 Matching scheme of three or four cameras 

Supposing that in the image of camera one, the particle circled P  is the aim 

particle, the next step is to find the correspondences of P in the other views.  

For example, if there are only two cameras, the correspondence is required to 

be identified in camera two.  An epipolar line is produced from the image of 

camera one to the image of camera two called 12l , and so any particles crossing 

the epipolar line are the candidate correspondences, which are circled in the 

image called P , 'P  and ''P .  Therefore, there are two ambiguities with two 

cameras.   

When there are three cameras, in the image of camera three, the epipolar line 

of P  from camera one, 13l , and the epipolar lines of P , 'P  and ''P  from camera 

two, 123l , 223l , 323l , are produced and they intersect at three points at most.  The 

particles found at the intersections P and 'P (circled) are the candidate 

correspondences in camera three.  So in this example, there is only one 

ambiguity when the third camera is introduced. 
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Once there are four cameras in the system, the epipolar lines of a selected 

particle and its candidates in the camera two and camera three will be 

generated in the image of camera four, called 14l , 124l , 224l , 324l , 134l , 234l .  Then 

only the intersections of all the three epipolar lines from camera one, camera 

two and camera three are regarded as the area of interest, and the particles 

crossing at those intersections are the candidate correspondences.  So in this 

example no ambiguity is left once the fourth camera is used.   

Generally, the number of ambiguities is reduced by every extra camera.  

Numerical simulations were carried out based on the matching scheme to 

quantify the improvement brought by the third and fourth camera.  It was 

supposed that the diameter of the particles was three pixels, the image size is 

256*256 pixels, the value of the pixel covered by a particle was given a non-

zero number (different particles have different numbers) and the background 

was 0.   At each seeding density, 10,000 particles were generated, so that the 

10,000 epipolar lines were the area of interest to be analysed from the image of 

camera two.  The area of the intersection of epipolar lines to be investigated in 

the image from camera three depended on the output from camera two.  

Similarly, the number of intersections of the epipolar lines in camera four was 

determined by the number of candidates found in the image of camera three.  

By analysing the area of interest, if more than one particle was found, it was 

regarded as a failure.  Finally, the number of times particles could be 

successfully identified was recorded to determine a numerical estimate of the 

probability of success.  To demonstrate the procedure of the numerical 

simulation for matching within two, three and four camera system, a flowchart of 

the simulation is shown in Figure 3-13.   
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Figure 3-13 Flowchart for the simulations of two, three and four camera 

systems with single colour particles 

The probability of success and the effective number of particles against the 

seeding density are shown in Figure 3-14.   
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(b) 

Figure 3-14 (a) Probability of success, p (Success) and (b) effective number of 

particles, N (eff), plotted against seeding density, for two, three and four-camera 

system with single colour particles and stereo-camera multicolour systems, the 

dashed lines represents multicamera and solid line represents multicolour.  
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The blue, green and red lines stand for 2, 3, and 4-camera systems separately.  

A very obvious improvement produced by an extra camera has been shown by 

the figure.  It is seen that each curve of effective number of particles vs seeding 

density have a peak, which is regarded as the optimal seeding density.  It is 

seen that the optimal seeding density of 2, 3, and 4-camera systems are about 

0.0015, 0.01 and 0.065, which means that it increased by about 10 times with 

the third camera, and there is a further 7 times increase when the fourth camera 

is introduced.  This result was consistent with the results that ETH‟s group 

reported when using their software [4].   

Also, it is seen either extra camera or extra colour can be used to avoid the 

ambiguities.  Therefore, it is interesting to compare the effect of the two 

methods with more camera and with more colours, so that the equivalent 

number of colours can be known to acquire the similar effect.  For example, with 

3 cameras the maximum of effective number of particles can reach about 500, 

with 6 colours, the maximum is about 500 as well, also shown in Figure 3-14, 

where the solid lines with circle markers are the model results of 2-camra and 6 

colours.  With 4 cameras, if enough colours are available, the similar effect can 

be reached, e.g. at the seeding density of 0.01, the maximum of effective 

number of particles with 4 cameras (about 3000) can be acquired if 49 colours 

are used in 2-camera system theoretically. 

3.5 Discussion 

3.5.1 Influence of particle and image size 

In real measurements, spatial resolution depends on the effective particles, the 

correspondences of particles that can be successfully identified. The maximum 

number of effective particles relates to the optimal seeding density.  From the 

curves of the effective number of particles, the maximum effective number of 

particles can be found by picking the peak of N (eff). To investigate the effective 

number of particles in general conditions, the cases with different particle sizes 

and different image sizes were analysed.  Figure 3-15 (a) shows the theoretical 

curves for the variation of the effective number of particles, for three different 

particle sizes (solid line: d=3 pixels; dashed line: d=5 pixels; dotted line: d=7 

pixels), for each particle size, the four lines correspond to one, six, eleven, 

sixteen colours of particles. The maximum effective number of particles has 
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been marked for each line. It is found that for a given image length and 

diameter, the maximum effective number of particles increases linearly with the 

number of colours, and the linear fitting lines are shown in Figure 3-15 (a).  

Changing the diameter but keeping the image length unchanged, the maximum 

effective number of particles is linear and they are more or less on the same 

line.   
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(b) 

Figure 3-15 (a) Effective number of particles at two different particle sizes. (b) 

Effective number of particles at two image sizes at different number of colours (1,5,20) 

solid line: d=3,  

dashed line: d=5;  

dotted line: d=7 

solid line: 256L ,  

dashed line: 512L  
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When the image length changes, the angle of the fitting line of the maximum 

effective numbers of particles changes, and the larger the image is, the larger 

the rate of slope, shown in Figure 3-15 (b).  With the same diameter as the 

image length, the maximum effective number of particles of larger images is 

greater but happens at lower seeding densities.  In other words, a higher image 

resolution enables a higher maximum effective number of particles at lower 

seeding density. 

The same ratio between the diameter and image length and different image 

length will not lead to the same maximum effective number of particles, 

because the accuracy is all based on pixels.  The resolution for a larger image 

and larger diameter is equivalent to a relatively higher resolution rather than 

small image.  

It is interesting that when the seeding density are normalised by  











0

*
d

d
ddn  (3-6) 

For different particle diameters, the maximum effective number of particles 

almost overlaps at a certain number of colours, shown in Figure 3-16.  The blue 

points present d=3, red d=5 and green d=7, and the lines are the linear fitted 

lines for all the points plotted.  (a) is max N(eff) vs seeding density and (b) is 

N(eff) vs normalised seeding density.  
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Figure 3-16 (a) Maximum effective number of particles against seeding density, 

(b)  Normalised maximum effective number of particles against normalised 

seeding density, blue=3; red=5; green=7 colour=1:5:20 
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In the figures above the seeding density is used as x variable.  It is found that if 

the number of particles is used as x variable instead of seeding density, it is 

easy to make the results more comparable for different image sizes.  Then, the 

results of the maximum effective number of particles of two different image 

sizes are shown in Figure 3-17.   The dots are the maximum effective number of 

particles when 1, 6, 11, 16 colours are involved, and the lines are the linear 

fitting lines of the two image sizes separately. 

 

Figure 3-17 Maximum effective number of particles against number of particles: 

colour=1:5:20 

It can be seen that both the x and y positions of the red points ( 512512  image) 

are proportional to the blue ones.  So the number of particles and maximum 

effective number of particles are both normalised by  

0

*
L

L
NN n 

 (3-7) 

*)()( maxmax
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L

 (3-8) 
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where L  is the side length of the image square, 0L  is a standard length, nN  is 

the normalised number of particles.  Then by using of the normalised number of 

particles, the plot in Figure 3-17 can be transformed to Figure 3-18.  The dots 

are the maximum of normalized effective number of particles when 1, 6, 11, 16 

colours are involved, and the line is the linear fitting line of these points. 

 

Figure 3-18 Maximum of normalised effective number of particles against the 

normalised number of particles: blue=256; red=512 colour=1:5:20 

In Figure 3-18 for different image sizes, the normalised maximum effective 

number of particles almost overlaps at a certain number of colours.  It shows 

that once the maximum number of effective particles of a standard image size is 

known, the number of effective particles for any sized image can be estimated 

in theory. 

3.5.2 Error analysis 

In multi-colour PTV, because most errors are similar to conventional PTV, so 

accuracy is not the main interest in this thesis, and not many approaches were 

applied particularly to avoid the errors in data processing or in experiments.  

However, it is still required to know where the errors come from in theory.  In 
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PIV, the error depends on the accuracy of correlation [63], whereas the 

dominant error of PTV is given by the accuracy of the detection of particle 

positions. 

Seen in Figure 3-3, there is difference between the results of numerical 

simulation and theoretical model.  To analyze the errors, the mean and 

standard deviation of the difference.   The mean differences for 1-5 colours are  

0.0333,  0.0202, 0.0171, 0.0119,  0.0047 and accordingly the standard 

deviations are 0.1204, 0.0384, 0.0248,  0.0183, 0.0150 and the STD is shown in 

Figure 3-19.  It is found that the mean and std both decrease as the number of 

colours increases.  
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Figure 3-19 STD of the errors from numerical simulation to theoretical model 

3.6 Conclusions 

In this chapter, mathematical models, numerical simulations and experimental 

validations were used to quantify the multicolour PTV, and the improvement to 

seeding density thanks to multicolour PTV has been quantified for the first time.  

For any number of coloured particles, the probability of success in identifying a 

particle on the epipolar line drops as the seeding density rises.  However, for 
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multicolour PTV, the probability of success drops gradually with increased 

seeding density, enabling a higher accommodation of seeding density single-

colour PTV.   

The effective number of particles was introduced as a measure of the number of 

particles that can be successfully identified.  For a known particle diameter and 

number of colours, the maximum effective number of particles was determined.   

In summary of the mathematical model, numerical simulations and experimental 

validations, it is seen that each extra colour was able to bring obvious 

improvement to the spatial matching for PTV.  They were in good agreement.  

For a particle diameter of three pixels, by using colour particles with 5 different 

colours, the optimal seeding density increased about 4 times (from 31085.1   to 

3103.7   particles/pixel), and at the optimal seeding density of 5-colour 

condition ( 3103.7  particles/pixel), the probability of success with a single 

colour is only 0.8%, while it is about 34% with five–coloured particles, which is 

40 times greater.  

Besides the spatial matching, the multicolours can assist in temporal tracking in 

one view to a similar extent to spatial matching.  Similarly, it is seen that each 

extra colour was able to bring obvious improvement to the temporal matching 

for PTV.  The model and simulation were in good agreement.  By using colour 

particles with 5 different colours, the optimal seeding density increased about 5 

times (from 3102.0   to 3102.1   particles/pixel), and at the optimal seeding 

density of 5-colour condition ( 3102.1  particles/pixel), the probability of tracking 

success with a single colour is only 1%, while it is about 42% with five–coloured 

particles, which is more than 40 times greater. 

Also, as a very popular approach in 3D PTV, the matching with three and four 

camera systems was simulated and processed to quantify the improvement 

brought by the extra cameras.  Each extra camera brings approximately a 10 

times increase in the maximum effective number of particles.  In another way, 

the stereo system with multicolour particles has the ability to reach the 

equivalent effect if enough distinguishable coloured particles are available.    
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4 Implementation of multicolour PTV 

In Chapter 4, it has been demonstrated that multi-colour PTV can improve the 

seeding density capacity of PTV.  However, only a planar experiment was used 

to quantify the improvement, the results of which showed the consistency to the 

models and simulations, but detailed experimental procedures were not 

discussed.  Experiments in a volume with more considerations of various 

experimental conditions were carried out to further validate the feasibility of 

multicolour PTV.  The experimental arrangement that would be used in Chapter 

6 for the first 3D PTV dynamic measurements was introduced.  The 

performance of the system in 3D was analyzed and compared to the previous 

chapter where planar experiment was used.  The optimal seeding density model 

was validated in 3D for the subsequent measurements. 

4.1 Description of experimental system 

In this section the whole setup and experimental procedures of 3D PTV are 

discussed, based on the recording of synchronous images in a sequence. The 

hardware system consists of an image acquisition system with stereo cameras, 

two UV lamps which excite the emission of fluorescent particles and the 

seeding particles.  

4.1.1 Cameras 

A stereo camera system was setup for the 3D multicolour PTV experiments.  

Two high-resolution MegaplusII colour CCD cameras (Redlake ES2020) were 

used to capture images from stereo views.  A control box and control software 

was required to synchronise the stereo cameras and grab colour images in 

sequence.  The Multi-head MegaPlus controller provided data interface to the 

host PC.  By housing the heat generating image processing and control 

electronics separate and away from the sensor, the controller helps maintain 

lower sensor temperature to achieve lower noise and higher dynamic range.  

The camera was able to communicate with PC through Firewire or Cameralink 

interfaces.  However, it is not possible to synchronise the colour cameras with 
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firewire connection, although it is easy and convenient for the basic 

applications.  Therefore, the camera link was used to communicate between 

cameras and computer, by connecting camera heads to the controller (Remote 

Head one & two) and connecting the controller (CameraLink one & two) to the 

dual-channel camera link (NI PCLe-1430), because it allowed a sophisticated 

level of control so that the synchronization could be realized.  PCLe-1430 has 

two independent and asynchronous channels and can acquire images for two 

base-configuration camera link cameras.   

A control box connected the cameras and certain functional inputs and outputs.  

The cameras provide high resolution ( 12001600  pixels, 1.9 megapixels) with 

low noise and high dynamic range.  The colour mode was used and the bit 

depth of 12 was chosen for the experiments in this thesis.  The frame rate 

reached up to 30fps.  

A square frame was built up on an optical table shown in Figure 4-1, and this 

setup was used for all the following experiments.  Two cameras viewed the 

object flow from the top.  They were fixed along the top horizontal beam, with 

about 50 degrees between each of them.  The distance between the object 

liquid and the cameras was 50cm [70].   

 

Figure 4-1 Experimental setup 
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4.1.2 Illumination 

As fluorescent particles were used as the seeding, an illumination source of 

short wavelength was required to excite the fluorophores.  Usually, the 

illumination for a PTV system must be intense enough to cover the entire test 

volume and for it to be distributed homogeneously through the object flow.  Laser 

light sources provide monochromatic light with a high intensity.  Therefore, in 

conventional PTV, lasers (e.g. Argon-ion lasers, diode lasers, halogen lamps) 

are used to generate a light sheet, so that the seeding within the light sheet can 

be viewed by cameras.  However, laser light is only able to be expanded to a 

sheet, so it was not able to illuminate the whole volume.   Also, lasers are 

difficult or even dangerous to deal with, and also lasers are expensive in 

comparison to the other light sources.  Therefore, two UV lamps (shown in 

Figure 4-2 emitting at 366 nm were used as the illumination light to excite the 

fluorescent particles to emit multicolours from front and back.  An arch 

reflector was place on the back of each UV tube to collect the backward light 

and reflect back to the object shown in Figure 4-2.  During the experiment, the 

room was kept dark to avoid disturbance from background light and then SNR 

was increased, so that the fluorescence of particles could be viewed clearly.   

 

Figure 4-2 UV lamp 

There are a few advantages of the UV lamp as illumination: 

 The critical advantage of UV light in multicolour PTV is the same UV 

light source can simultaneously excite fluorescent particles to emit 

fluorescence in different wavelengths in a visible band.  

 A UV light is cheap and flexible, so that it makes it easy to introduce 

more lamps to increase the intensity of illumination and also illuminate 

from different directions to excite the fluorescent particles sufficiently to 

maximise the emissions.  In the validation experiments, two 4W UV 
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lamps were used to illuminate the liquid from both front and back. 

 The UV lamps generate illumination in volume rather than in plane, and 

thus enable the measurement in the whole volume.  Also, by adding 

more UV lamps, the illuminated area can be easily expanded to enable 

deep depth of field if required. 

Although UV light has many advantages to perform the light source to 

illuminate the fluorescence, the hazards of UV light must be noticed.  The harm 

from UV mainly to skin and eyes depends on the wavelength and exposure 

time.  It is required to limit the duration of exposure and take the adequate 

shield to minimize the contact to UV.  From the other side, it is even better if 

particles with naturally mulit colours which can be observed under white light 

which is safer. 

4.1.3 Multicolour particles  

In Particle Velocimetry techniques (PIV or PTV), the flow is seeded with discrete 

tiny visible particles, which should follow the motion of the fluid without 

disturbing it.  It is important to choose a proper type of particle to obtain a 

satisfactory performance.  The flow-following properties are mainly influenced 

by the size and the density of particles. The difference between the density of 

fluid and particles should be kept small to avoid vertical drift.  

Usually, regarding the automated image coordinate measurement using a 

grey value-weighted centre of gravity the particles have to cover at least 22  

pixels in the image space for sub pixel accuracy.   However, the seeding 

particles must not appear too large in the image space.  If a high spatial 

resolution is requested the problem of overlapping particles has to be 

considered.  The number of overlapping particles grows linearly with the particle 

image size and approximately the same as the square of the number of 

particles per image [4].  The size of particles used in PTV applications is in the 

order of a few up to several hundred µm depending on the experiment. 
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Some types of particles were used in particle tracking techniques, the properties 

of which are shown below [21]: 

Material 
Rp 

(kg/m3) 

Colour/ 

Brightness 
Shape 

Diameter 

(mm) 

Pilolite/Vestosint 1.02 White 
Nearly 

spherical 
1-500 

Hollow glass spheres 1.00 Silver coating available Spherical 10 

Fluorescent dye coated 

particles 

0.95-

1.1 

Absorption peak: 510nm, 

emission 535nm 
Spherical 

20-40 

50-70 

Lycopodium 1 Yellow Spherical 3 

Table 4-1 Properties of popular particles 

Obviously the conventional seeding particles could not meet the requirement of 

multi colours.  To find particles which can present the effects of colour 

multiplexing is the precondition of the multi-colour PTV experiments.  It was 

very difficult to find tiny reflective particles with more colours (at least five 

distinguishable colours) for use in multicolour PTV.  So the idea was to utilize 

fluorescent particles instead.  Moore et al [6] used two-coloured fluorescent 

particles (566nm and 596nm) with the low power UV light.  The particles were 

distinguished easily by the colour, however, the beads were too big (about 2mm 

in diameter) to accommodate high seeding density due to the high possibility of 

overlapping of such big particles.  Therefore, for the work presented in this 

thesis, smaller multicolour particles were looked for.     

Finally, quantum dots with a CdSe core that were coated with a ZnS shell and 

encapsulated into PMMA particles were used (supplied by Evident Technology) 

as seeding.  The diameters of the particles were specified as >50 µm and these 

particles were found in practice to be in the range 40-300 µm and non-spherical, 

shown in Figure 4-3.  It can be observed that particles look oval rather that 

spherical.  Also, the right one (b) is much larger (about 436µm), and the left one 

(a) is about 100µm. 
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(a)                                      (b) 

Figure 4-3 Microscope images showing typical range of seeding particle 

diameters 

When the fluorescent particles were illuminated by short-wavelength light, e.g. 

UV light, the embedded fluorophores were excited and the fluorescent light 

emitted.  The particles contained the core quantum dots with 0.1% 

concentration by weight.  Five quantum dot emission wavelengths were 

selected (550, 580, 592, 606 and 632 nm) each with an emission bandwidth of 

±10 nm.  The emission spectra of the different particles were tested by a 

spectrometer, and the spectra are shown in Figure 4-4. 
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Figure 4-4 Emission spectra of standard five-colour PMMA particles 

It is shown that there is overlapping between different colours due to the spread 

of the spectrum of each colour, so it may be not easy to distinguish the colour in 

the overlapping area.  Obviously, it will be better if particles with more separate 

wavelengths or narrower bandwidth are used, but these PMMA particles are 
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already the best particles regarding choice of multicolours and no better colour 

particles have been found in the market. 

The density of PMMA particles was about 
319.1 cmg , which was heavier than 

water 
31 cmg , but was a little bit lighter than glycerol 

326.1 cmg .  So PMMA 

particles sank in water quickly, and in glycerol, they rose so slowly that they 

could be regarded as suspending in the glycerol.  Figure 4-5 shows 

fluorescence of the experimental particles under the illumination of the UV 

lamps.   

 

 

Figure 4-5 Experimental particles 

4.2 Configuration and control 

In the experiments in this thesis, cameras were configured in the MegaPlus 

software as well as in Measurement & Automation Explorer (MAX), and the 

captures were controlled in LabVIEW.  Megaplus Central is a control software 

developed by Redlake.  It is used to control a camera through serial commands 

only, and a third party frame grabber is required to capture and display images.  

For the application with two synchronous colour modes, in Megaplus Central, 

cameras must be set to output raw bayer images.  It was configured with gain 

(10), integration time (30ms), brightness (0) and zero offset for all the three 

colour channels. 
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In order to control cameras in LabVIEW, cameras must be configured in MAX 

as well.  After both cameras were configured and set, the raw bayer images 

could be captured and displayed in MAX, which included the colour information 

although the images looked black and white.  Then LabVIEW was used as the 

control panel to reveal the colour of the images, control the capturing, and to 

save images in sequence for further processing etc. 

In Megaplus Central, cameras were configured to output raw data.  A raw image 

was the unmodified data as it was the output from the A to D converters 

(normally 12 bit linear).  Each 12 bit piece of data was a record for either a Red, 

Green, or Blue site, in other words, colour images are recorded in bayer colour 

filter array.  There are four bayer patterns:  GBGB_RGRG, GRGR_BGBG 

BGBG_GRGR RGRG_GBGB.  For a same colour, different patterns result in 

shifted RGB.    Although they look different in colour, the colour information is 

included completely.  In any bayer pattern, half the pixels are green, while a 

quarter of the pixels are blue and a quarter red, which are distributed based on 

a bayer pattern.  To convert an image from this format to an RGB format, the 

interpolation of the two missing colour values in each pixel was required.  There 

are several standard interpolation methods (nearest neighbour, linear, cubic, 

cubic spline, etc.) to solve this problem [63].  In LabVIEW, the average of the 

four nearest pixels determines the other two colours.  An example is shown in 

Figure 4-6.  Once RGB values are extracted, the real colour is revealed.  In the 

LabVIEW program, real colour is resumed from B&W raw images after a bayer 

conversion, as shown in Figure 4-7. 

 

Figure 4-6 Bayer Filter Array 
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Figure 4-7 Bayer conversion 

During the bayer conversion, the gains of each colour channel (R G B) can be 

set and adjusted separately to reveal a colour which is closer to the colour of 

eye observation, but for the images of the fluorescent particles, empirically it 

was found that by setting the gain to 1 the colour was more consistent and 

comparable. 

Two LabVIEW programs were used to synchronize the two cameras and control 

all the captures.  One of them was used to test the system, in which stereo 

images were grabbed continuously and the live images were displayed on the 

screen for observation.  The other one was designed to take images from the 

stereo cameras simultaneously in sequence and save the images to a hard disk 

for further processing.  It was possible to configure the timing of the snap in the 

program.  However, due to the limitation of the software on timing control, the 

accuracy was not high enough.  Therefore, the external trigger mode was used 

to synchronize the cameras, and an output signal controlled by the program 

was used as the external trigger. 

4.3 Camera Calibration 

Hue was calibrated to retain more consistent criteria to identify each particular 

colour and the influence from different conditions and the extent of the influence 

should be found out before practical flow measurements.  Also, to calculate the 

3D position of particles, stereo cameras need to be calibrated to acquire the 

interior and exterior parameters and errors analysis is required for accuracy 

estimation.   

Bayer conversion 
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4.3.1 Colour identification and hue validations 

As seen in Figure 4-4, in practice the distribution of different colours was not 

ideally discrete, and it has been seen that each particle colour has a 

wavelength/hue distribution band, and the widths and shapes of the distribution 

band are different for different colours.  Therefore, it is required to find a 

criterion to identify the colours and separate them.   

Colour is an expression of wavelength, which is normally presented by RGB or 

HSV/HSL.  Any combination of RGB ranging from 0 to 255 corresponds to a 

certain colour.  The conversion is normally based on one of several popular 

colour matching functions, and „1964 full‟ [64] was used as the colour matching 

function.  HSV(hue, saturation, value) and HSL (hue, saturation, lightness) are 

two related representations of points in an RGB colour space, which attempt to 

describe perceptual colour relationships more accurately than RGB.   Therefore 

hue, which is unique for a certain colour, was used as the criteria to identify and 

distinguish the colour of particles in this thesis and also it makes remaining 

computationally simple due to its uniqueness.    

It is required to know the hue consistency of the same particles in the 

experiments.  Because there were overlaps between the neighbouring colour 

bands, it is not easy to define the separation points.  To define the separation of 

the different colours more correctly, images of particles with the five different 

colours were taken and processed separately.   It was found that the hue 

distribution of red particles was not continuous, and it covered a small band 

larger than 0 and another small band less than 1.  Theoretically it is not a 

problem, but in practice, such two parts of one colour made it inconvenient to 

determine the colour.  It was empirically found that no useful colour was found 

in the range from 0.8 to 1 except red.  Therefore, once a hue was larger than 

0.8, it was converted by 1-hue, then the two parts of red were combined into 

one band, which was around 0 shown in Figure 4-8 (e).  The histogram of the 

hue spread of particles with each colour is shown in Figure 4-8.  



 

 93 

  

(a)                          (b) 

  
                                (c)                          (d) 

 
     (e) 

Figure 4-8 Histogram of hue of single colour particles: green particles 

(535nm); green yellow particles (585nm); yellow particles (596nm); orange 

particles (606nm); red particles (623nm) modified 
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It is seen that the peaks of the histograms appeared at different positions, but 

the width of the band made them overlap.  The median hue and STD of each 

colour is shown in Table 4-2.  

 535nm 585nm 596nm 606nm 623nm 

Median hue 0.3223 0.2651 0.0844 0.0413 0.0021 

STD 0.1160 0.1125 0.1383 0.1053 0.0970 

Table 4-2 Median hue and STD of each single colour 

One way to identify the colours is to divide the whole range of possible hue 

value into some bands to represent different colours.  It is not possible to pick 

up a value accurately as the cut-off value between the neighbouring colours in 

the overlap area.  Therefore, the hue separation bands were defined empirically 

as -0.2~0.02; 0.02~0.12; 0.12~0.22; 0.22~0.43; 0.43~0.55.  Furthermore, a 

series of hue calibrations were carried out to validate the consistency of hue in 

different circumstances. 

A calibration was carried out for the influence of focus on the measured hue.  

The object tank was placed on a stage which is able to adjust in three 

dimensions.  A very thin layer (about 2mm) of particles were placed at the focal 

plane first and then moved further and further away from the focal plane.  Nine 

particles with different colours were tracked manually from one view, and the 

area, value and hue of these particles were plotted in Figure 4-9.  It is seen that 

the area of particle image increases when they move far away from the focus 

plane, and just the other way, the value decreases.  However, the hue does not 

obviously change during this procedure, so the focus condition can be ignored 

when the hue is analyzed.  
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(a) 

 
(b) 

 
(c) 

Figure 4-9 Variation of properties of particles from in focus to out-of-focus (a) 

size; (b) brightness; (c) hue 
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623 
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Also the illumination was moved far away to see the influence from the 

excitation source.  Figure 4-10 shows that the illumination distance reduces the 

brightness of particles, but the variation of area and hue does not relate to the 

illumination.  
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(a) 

 
(b) 

 
(c) 

Figure 4-10 Variation of properties of particles against different illumination 

distance (a) size; (b) brightness; (c) hue  
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For the spatial match, it is important to make sure the hue consistency between 

cameras.  Therefore, 20 corresponding particles from both left and right views 

were analyzed.  The area and/or brightness may change greatly from camera to 

camera, because for the same area of interest, different view angles make the 

focus different.  The distance of a certain particle to each camera is not the 

same, so the size on the image and the brightness may change.  However, the 

hue is consistent and stable for different views shown in Figure 4-11.  

  

 

Figure 4-11 Hue variation between different views 

In summary, for a same particle, as the external condition changes, the hue is 

consistent with only a very little variation.  Therefore, it is possible to identify a 

colour particle individually by its hue. 
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4.3.2 Intrinsic and extrinsic parameters 

Intrinsic and extrinsic parameters were acquired through a camera position 

calibration, and then the accuracy of the system was evaluated based on 

intrinsic and extrinsic parameters, and the rotation and translation parameters 

made it possible to calculate 3D coordinates from 2D projective coordinates.  In 

this thesis the camera position calibration was carried out using the toolbox in 

Matlab which was a well-developed software to find the parameters according 

to the theory of photogrammetry.  It was not required to measure the geometry 

of the optical system, and all of the calibration was based on the detection and 

calculation of the point‟s position on the dozen‟s of images of target grid.  It was 

the 3 frequency grid distortion glass target from Edmund Optics, with varying 

spatial frequency for different fields of view.  The largest size of fields of view 

25050 mm  of the grid was used to calibrate the cameras by taking images of 

the grid at different positions within the field of view and the dot centre to centre 

spacing was 2mm for the largest dots.  However, the existing Matlab calibration 

toolbox [65, 66] was designed for the basic experimental condition when there 

was only one medium.  However, in this PTV application the optical path passes 

through at least two different media, and light bent at the intersection surface of 

two media, so that errors occur during the estimation of z position.  Therefore, 

further consideration and modification of the application of the Matlab toolbox 

was required in this work. 

Two sets of images were taken for the calibration, one with the grid in the air 

and the other in the liquid as the real experimental conditions.  For this modified 

application, it was required to keep the intrinsic parameters with the grid in the 

air and then find the extrinsic parameters using the images with the grid in 

liquid.  With the calibrated results, epipolar lines were able to be generated in 

one view for any given point in the other view.  Figure 4-12 shows an example 

of the epipolar lines generated based on the calibration results of the modified 

toolbox.  From the left image, five grid dots (red dots) were selected from top 

left to bottom right.  Based on the calibration parameters acquired by the 

camera position calibration, the epipolar lines of those spots were plotted onto 

the right image.  It is seen clearly that the epipolar lines correctly crossed the 

corresponding dots of the specified dots.   
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    (a)                          (b) 

Figure 4-12 Example of epipolar lines of some typical points (a) left view (b) 

right view 

4.4 Summary 

In this chapter, the multicolour PTV was implemented experimentally as a 

preparation for the further flow measurements.  In the experimental setup, a 

stereo camera system was built up with two colour CCD cameras viewing an 

object tank from the top.  Cameras were calibrated to get the intrinsic and 

extrinsic parameters, and then the 3D position of an object in world space and 

its 2D coordinates the 2D projective images could be transformed between 

each other.  The seeding particles and illumination were selected to meet the 

requirement produce multi colours in PTV.  Fluorescent particles have the 

advantage to emit light in different wavelengths when they were excited by a 

light source with a short wavelength.  However, the width of the emission 

spectrum brought the overlap of the colour bands, so that it was not straight 

forward to identify a colour.  Therefore, a series of hue calibration were 

conducted to validate the consistency of hue of a particle.  The results of hue 

calibrations showed that for most of the seeding particles, some factors made 

the size and brightness vary in an opposite way, but the hue was consistent, so 

that hue was able to be used as the criterion to distinguish colours in multicolour 

PTV.  Therefore, the setup and seeding particles were fully prepared for the 

measurement of 3D flows.   
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5 Volume measurement using multicolour 3D PTV 

After the simulations and basic validations of the multicolour PTV, the real flows 

in volume were measured with multicolour particles for the first time.  The whole 

optical system was the same as described in Chapter 5, and the only difference 

was particles were suspended in the glycerol rather than staying on the bottom 

plane.  Once images were recorded, they were processed based on the theory 

described in the previous chapters.  After colour images were separated into 

single colour images, ETH‟s 3DPTV software was used to process the same 

data for comparison.  The improvement on seeding density was validated using 

a mixture of multicolour particles in volume.       

5.1 Flow measurement  

For the particle matching, either spatial or temporal, identical emissions from 

the same particles were important for particle tracking, so any noisy fluctuation 

should be avoided.  To get a stable illumination, the UV lamps were switched on 

half an hour before the experiment to warm them up.  A round tank, 16cm in 

diameter, was placed in the common field of view of the stereo cameras, in the 

same position as the calibration target.  The tank sat on the base of a magnetic 

stirrer, while the stirring bar was placed in the middle of the bottom of the tank.  

Two UV lamps were placed at the front and the back of the tank to make sure 

the whole liquid in the tank could be illuminated with enough intensity and the 

illumination through the tank was relatively uniform.  Regarding the density of 

PMMA particles (1.19kg/m3), pure glycerol (ReAgent Chemical) was chosen as 

the fluid because its density (1.25kg/m3) was the closest to the particles.  The 

glycerol was poured into the tank till it was approximately 4cm deep and 

particles of all the colours were thoroughly mixed in the glycerol.  It was 

necessary to ensure that the particles were distributed as uniformly as possible 

in the whole volume to maximise the effect of multicolour. 

In order to test the performance of the multicolour PTV in volume, a simple 

circular flow was generated.  The aim is a steady flow, but because the 

cameras view the flow from the top of the tank, any stirring tool on the top 
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should be avoided.  Therefore, a magnetic stirrer was used to generate a flow 

by stirring the liquid from the bottom of the container.  The round base of the 

stirrer created a stationary rotating magnet field with an electric motor, which 

launched a stir bar to spin steadily synchronised with the electromagnets. Then 

a circular flow in the liquid was generated as the stir bar moved.  The stirrer 

used in this experiment was an IKA magnetic stirrer with a round glass top of 

110mm in diameter, and it could speed up from 0-1500 rpm and stir quantities 

of up to 800ml.  The glass top allows magnetic stir bars to work well in glass 

vessels, and it is also transparent to magnetism.  Stir bars are coated in 

teflon, which does not react chemically with glycerol.  Stir bars were chosen 

because the bar shaped stirrers work best for relatively small volumes that are 

not very viscous.  

When the power was switched on, the stirrer bar rotated in the centre causing a 

circular movement of the particles around a common axis parallel to the z-

direction of the object coordinate system. In addition the particles moved along 

this axis. The z-component of the motion vector was a random value out of a 

given interval and changed individually for each particle during the progression 

of the sequence. 

5.2 Image processing by Matlab codes 

5.2.1 Processing procedure 

In this thesis, Matlab codes were written to process the colour images and to 

track the particles in 3D domain.  Basically the whole process of the 3D PTV 

included particle detection, correspondence identification, 3D positions 

production and trajectories generation.  In the particle detection, particles were 

detected based on the brightness.  Once a brightness threshold was set, all the 

connected pixels were regarded as one particle if the brightness was beyond 

the brightness threshold.  Normally, in a practical image, the brightness of the 

particles varied in a range.  Therefore, by modifying the brightness threshold, it 

was possible to filter certain particles, so that different seeding densities could 

be simulated based one experimental image.  The key step of 3D particle 

tracking was to find the correspondences, including spatial matching between 

views and temporal matching from one time instance to the next.  A circle 

http://en.wikipedia.org/wiki/Electric_motor
http://en.wikipedia.org/wiki/Glass
http://en.wikipedia.org/wiki/Teflon
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scheme was used to determine the correspondences, and Figure 5-1 shows a 

sample process circle of a few sequence pairs.  For every sequent image pairs 

(left 1, right 1, left 2, right 2), the processing went in a circle, from left 1 to right 1 

for spatial matching first, then from right 1 to right 2 for temporal matching, then 

from right 2 to left 2 for spatial matching again and then from left2 back to left1 

for temporal matching again.  Only the particles whose correspondences were 

found in all the matching of the circles, were retained for the circle of next time 

instance.  For each sequential pair, for example from time 1 to 2, epipolar lines 

were used for spatial matching from left 1 to right 1 and right 2 to left 2; tracking 

from right 1 to right 2 was to find the temporal correspondences from the views 

on the right and tracking from left 2 to left 1 was essentially the double checking 

of the correspondences from the views of the left.   
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Figure 5-1 Flow chart of search circle (spatial-temporal-spatial-temporal) 

Then the coordinates of all correspondences were saved as text files for further 

calculations.  Once the coordinates of the original particles and their 

correspondences were determined, it was possible to work out their 3D 

positions according to the calibration parameters.  Finally, the 3D trajectories 
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were generated for the whole sequence.  The correspondence determination 

was the most important and most complicated step among the whole 

processing procedure.  The spatial matching and the temporal matching are 

described separately in detail in this section. 

a) Spatial matching 

 

Figure 5-2 Schematic of spatial search based on an epipolar line 

At each time instance, a pair of stereo images was taken by the cameras and it 

was then necessary to find the corresponding particles from one to the other.  

The spatial match is to search for the correspondences between views. 

For each view, particles were identified according to brightness, for example a 

pixel which was brighter than a threshold was regarded as one or part of a 

particle.  The connected pixels were considered as one particle and the 

overlapping particles were not considered.  As mentioned in the particle 

calibration in chapter 4, the brightness of particles in the two views may vary, 

because of the different distances to different cameras.  To tolerate the normal 

variation of the same particle, the threshold for the second view was usually 

lower than that for the first view to involve enough potential candidate particles 

for the search for correspondences.  To simplify the image processing, the 

pixels which were below the brightness threshold were ignored and treated as 

background in the later analysis of hue or value.  For each image, all the 

detected particles were indexed and labelled, and also the size of pixels, mean 
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hue and mean value of all the particles were acquired and saved as a text file 

for further analysis. 

From the colour calibration in 4.3.1, it was found that the spreading of colour 

bands influenced the accuracy of individual particle determination, although 

they were able to be used to separate the whole groups of the five different 

colours.  However, for each individual particle, the hue kept consistent.  

Therefore, to increase the accuracy of colour identification, in the search for a 

corresponding particle, hue was compared individually.  That means only the 

particles with a very close hue (difference less than 0.05) to the original particle 

were regarded as candidates.  

For every particle in view 1, an epipolar line at the centre of the particle was 

plotted on view 2.  It was supposed that its correspondence must locate on the 

epipolar line.  If there was no particle with the same colour was found or only 

one particle with the same colour was found on the epipolar line, it was 

regarded as a success and the two particles were recorded as a pair of 

matched correspondences.  If there were two or more particles with the same 

colour on the epipolar line, it was regarded as a failure.   

particlesofno
encescorrespondmatchedofno

ratesuccess
__.

___.
_   (5-1) 

The hue, coordinates and area of all correspondences were recorded for the 

following tracking.   

b) 2D temporal matching 

For each camera, pairs of stereo images were recorded in sequence with small 

time intervals.  The 2D tracking for correspondences of the same view between 

the two images taken in a nearest time sequence was called temporal match.  It 

was very similar to that in the spatial match.  For example, see Figure 5-1 the 

first 2D track was from right 1 to right 2.  Firstly, particles were detected and 

identified based on brightness in both images.  The tracking was just for the 

particles whose spatial correspondences were found between the image pair 

left 1 and right 1.  Then, a square surrounding the position of the original 

particle was used as the search area and the size of the square varied with the 

speed of the flow.  The faster the flow was, the larger the search area was.  The 
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length of the square side was defined by the maximum velocity.  Within the 

search area, the correspondence search was conducted based on the criterion 

of the closest hue to the original particle.   

A consistent index was given to the 2D temporal correspondence of particles 

referring to the index in spatial match from left 1 to right 1.  If there was only one 

particle with the same colour found in the search area, it was regarded as a 

success and the two particles were recorded as a pair of matched 

correspondences.  If there was no particle with the same colour found or there 

were two or more particles with the same colour on the epipolar line, it was 

regarded as a failure.   

c) Three-dimension velocity acquisition 

The particles whose correspondences could be found in all the procedures (left 

1 to right 1; right 1 to right 2; right 2 to left 2 and left 2 to left 1) were considered 

as the effective particles for further processing and their the 3D positions were 

calculated from the 2D coordinates of particles in different views according to 

the photogrammetric parameters known from the calibration.  The difference of 

x, y, z positions built the 3D velocity presented as velocity vectors.  Figure 5-3 

shows a sample 3D velocity vector map of when the dynamic particles were 

sinking gradually in the water after slow manually stirring.  The results of the 

sample look as expected as it was known that particles were sinking slowly in 

the sample, and the results match visual observations of the fluid motion at the 

time of the measurements.  Therefore, it was validated that the codes were able 

to finish the whole procedure of analysis of 3D multicolour PTV including 

reading in colour images and extracting the colour information etc, conducting 

spatial and temporal match for all the detected particles, and finally obtaining 

the 3D velocity.    
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Figure 5-3 A sample 3D velocity vector map 

d) Parameter settings and optimisation 

For the actual processing of any practical data, several parameters must be 

adjusted to identify as many particles as possible and yield reasonable results.  

The setting of these parameters requires empirical knowledge as well as priori 

information about the flow field.  Therefore, it is important to optimise the 

parameters. 

In theory an epipolar line is a line cross the whole image, but in practice only a 

section of that line is used to reduce the number of potential particles on the 

epipolar line and therefore avoid the obvious incorrect matching.  The length of 

the epipolar line depends on the depth of the fluid.  Theoretically the length 

varies for different particles, but in the actual processing it is not necessary to 

calculate that length one by one, so the longest length is used to involve as 

many potential particles as possible.  In ideal conditions, the epipolar line is a 

straight line, but in practice, the correspondence may sometimes not lie right on 

that line.  Possibly this is caused by the irregular shape or the boundary 

definition of the particles.  In this thesis, a solution was to expand the epipolar 

lines to a band of nine pixels in width rather than a line.     

Usually, for a temporal tracking a preliminary processing is introduced with 

different square sizes, and the one with which the most successful 

correspondences are found is chosen as the optimal square size, because if 
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the square is too small more cases with no particles in the square will occur and 

if it is too large more failed cases caused by ambiguity will result.  If there is 

more than one particle with the same colour in the search square, the particle 

size is used as the second criterion as the size does not change much within 

such small time intervals.  For different flows, the velocity distribution may vary 

greatly, so for a uniform flow, the search square for all the particles can remain 

the same, while for a non-uniform flow, it is better to configure a different search 

square for the particles in different regions.  For example, if the central part of a 

flow is slower than the outer part, the square size can increase along the 

radium and the increased number of steps can be estimated based on the 

preliminary test. 

5.2.2 Results and discussion 

A measurement of a real flow generated by the magnetic stirrer was conducted 

with the multicolour PTV system.  100 image pairs were taken in sequence at 

the frame rate of 30 fps.  All the images were processed by the Matlab codes.  

From image left 1, with a brightness of 0.95, 671 particles were detected.  For 

the other images, the number of detected particles may be not the same, 

however the changes were little, so the first pair of images could be used to 

demonstrate the experiments.  After spatial matches based on epipolar line, 

Figure 5-4 shows the pair of images taken by two cameras from left and right 

views at time 1 and the matched spatial correspondences were circled and 

marked with their index among all the detected particles.  217 corresponding 

particles were found during the spatial match. 
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(a) 

 
(b) 

Figure 5-4 left 1 (a) and right 1 (b) with correspondences found in the spatial 

matching 

Then for these 217 matched particles, the 2D temporal matches were searched 

from right 1 to right 2 images.  The idea to determine the 2D movement of a 

particle was based on the calculation from its x and y displacements.  Therefore 

square was used as temporal search area.  A series of different square sizes 

were tried to seek the most reasonable size, which can cover the displacement 

of the fastest particle and minimize the ambiguities.  Finally 2020  was chosen 
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as the square size which was just accommodate the maximum velocity.  The 

temporal search was carried within the search squares.  At last, 204 

correspondences were successfully found from right 1 to right 2 shown in Figure 

5-5 and the marked particles are the temporally matched correspondences.  2D 

velocities were plotted on right 1 image, shown by the vector map of Figure 5-6.  

It is seen that the movements of particles matched the flow generated by the 

stirrer and the vector map is very neat with only a couple of obvious error. 

 
(a) 

 
(b) 

Figure 5-5 Right 1 (a) and right 2 (b) with correspondences found in temporal 
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matching 

 

Figure 5-6 2D velocity vector map from time1 to time 2 shown on right image 

Then another spatial match from right 2 to left 1 was processed by seeing how 

many particles were on the epipolar lines of the matched particles.  The whole 

process of this step was the same as the first spatial match, but the search was 

only for the 204 particles whose correspondences were both found in the 

previous steps rather than all the detected particles.  The results are shown in 

Figure 5-7, and it is shown that the correspondences of 180 particles among the 

204 found in the previous step were found. 
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(a) 

 
(b) 

Figure 5-7 right 2 (a) and left 2 (b) with correspondences found in spatial 

matching 

The final step of each search circle was the backwards 2D temporal match from 

left 2 to left 1 as a verifying check.  Figure 5-8 shows that from time 1 to time 2, 

the effective particles were these 164 particles, and these are the particles 
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whose correspondences were found from all the images.  Therefore, the spatial 

resolution of the volume measurement reached about 35 /102 mpartilces . 

 
(a) 

 
(b) 

Figure 5-8 Left 2 (a) and left 1 (b) with correspondences found in temporal 

matching 

Finally, all the positions of the matched particles were presented in 3D space 

shown in Figure 5-9.  Figure 5-9 (a) shows the depth of view, but the image is 

too crowded to see the trend of the flow.  Therefore, the 3D flow was viewed 
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from the xy plane as well, and it was seen that particles were moving around 

the centre.  It was found that there are many particles with just very short tracks 

or even without tracks as their correspondences were not found in the 

connecting images.  These particles were not so useful and they disturbed the 

observation of long tracks which included more information of the object flow.  
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      (a)                     (b) 

Figure 5-9 Matched particles shown in 3D space with different view angles (a) 

and (b) 

Long trajectories are always of interest for the investigation of complicated 

flows, so discrete particles and short trajectories were removed and a few 

typical trajectories were extracted and shown in Figure 5-10 from two view 

angles as well.            

 
0

20

40

60

-60
-50

-40
-30

-20
-10

0

375

380

385

390

395

400

405

410

x
y

z

0 10 20 30 40 50 60
-60

-50

-40

-30

-20

-10

0

x

y

 

      (a)                     (b) 

Figure 5-10 Longest trajectories of matched particle with different view angles 

(a) and (b) 
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To avoid obvious incorrectly matched points which may also lead to an incorrect 

particle in all the following searches, manual intervention was introduced to 

check when obvious wrong matching occurs.  Once the incorrect points were 

corrected, the search continued from the break points.  In order to see more 

and clearer details of the trajectories, the sample trajectories were separated 

and plotted individually in Figure 5-11.  
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(c1)                                                        (c2) 

Figure 5-11 Three longest trajectories plotted separately (a) (b) (c) and viewed 

in different angles (1) and (2) 
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From the separate long trajectories, the trend of the generated flow was 

presented very clearly and matched the observation very well.  Although the 

starting position of each trajectory was not the same, the common characteristic 

of the flow was revealed.  It was that the trend of the flow was moving circularly 

with the moving circles shrinking gradually, and once it reached the very central 

part, it rose quickly to the surface.  Therefore, it is believed the trajectories 

represented the flow accurately.  However, it was found that the outer parts of 

all the trajectories look smooth and do not have obvious displacement along 

any axis.  It was the stable movement that made the tracking go smoothly 

without much error or noise.  However, when the particles rose quickly in the 

centre, the noise became much greater and the trajectories were not as smooth 

as the outer parts.  The possible reasons for the greater noise in the central part 

are: 

 This flow was gradually moving in a circular motion to the centre, so 

more and more particles gathered in the centre.  Therefore, the seeding 

density in the centre was higher than in the outer area of the image, 

which increased the chance of ambiguity. 

 The large velocity required a large tracking window, which contained too 

many particles (nearly all the particles were in the centre), so that it was 

hard to find the right correspondences there. 

 With a long displacement along z axis, particles might have moved out of 

focus, so they became bigger and more obscure, thus it was more and 

more difficult to identify and track them and finally they were lost once 

they became too obscure in the central part. 

 The hue in use was an average of all the particles of the detected 

particle, so the hue of overlapping particles might be different from the 

true hue of the particle of interest.   

 The invariant grey value limit does not have enough sensitivity regarding 

defocusing, so when a particle defocus exceeds the limit, it cannot be 

detected by the connected pixels. 
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5.3 Tracking by ETH’s software 

It was planned to use ETH‟s software to process the data sets of the 3D flow 

measurements to see if the software works well with the multicolour PTV 

technique.  The software was designed just for Black and white images 

because particles were recognized just based on their Gray level, and it was not 

able to process any colour image as required.  Therefore, a colour image had to 

be filtered into single colour images before hand and then the single colour 

images were processed by the software separately.  Then, the results of those 

separated images could be combined to form the result of a colour image.        

5.3.1 Colour separation for the colour images 

ETH‟s software was not designed for colour images, so it is not able to 

recognize any colour.  Therefore, the experimental colour images were first 

read and processed by the software without distinguishing the colours to see 

how they performed if they were single colour particles.  Then, images were 

separated by colour for another processing.  The initial step in using ETH‟s 

software was to separate the colours from the experimental images.  A 

empirical criterion was applied to separate the colour bands as -0.2~0.02; 

0.02~0.12; 0.12~0.22; 0.22~0.43; 0.43~0.55 (see 5.3.2) according to the hue 

value.  Then a colour image was divided into 5 images with each single colour 

separately, and an example was shown in Figure 5-12.   
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(a)                                                      (b) 

   
(c)                                                     (d) 

  
(e)                                                     (f) 

Figure 5-12 A colour image (a) was separated into 5 single colour images (b)-

(f) according to the colour bands 

5.3.2 Results of ETH’s software 

Then the single-colour images were processed by ETH‟s software.  

Disappointingly, the experimental images could not be processed by ETH‟s 

software properly.  It could not display the whole images and it stopped working 

once the tracking started.  As a test, a few simulated data was processed as 

planned.  For each time instance, the original image and five single-colour 

images were processed individually.  The original colour image was converted 

to B&W images for processing, and the result stood for the equivalent single-
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colour image with the same seeding density.  The result of the colour images 

was calculated from the results of the five single-colour images, for example, 

the effective number of particles was the sum of correspondences obtained 

from the single-colour image and the success rate was sum of correspondences 

divided by the sum of detected particles in the five individual single-colour 

images.   

It was found that the ETH‟s software worked for simulated data with no problem 

when image size was 256256 , but it stopped working when image became up 

to the experimental size 12001600 .  A possible reason is that there were 

conflicts between the software and the computer system.  The problem was not 

explained or solved even by the contact from ETH.  Although it should not be 

inevitable, there was not enough time to investigate the compatibility of the 

software in this thesis.  However, it is believed that it will be solved when the 

source codes of the software are open and more people use the software.   

5.4 Validation of Impact of colour on seeding density 

The flow measurements were also used to further validate the impact of colour 

on seeding density.  By processing the colour images, the number of 

correspondences and the success rate were acquired.  In addition, the colour 

images were processed without consideration of any colour, so the equivalent 

number of correspondences and success rate were obtained by assuming the 

multicolour PTV as the single colour PTV.  Then it was possible to compare the 

two techniques, and the improvement brought by the multicolour could be 

validated.   

As an example, the same dataset of the flow measurement were processed as 

single colour particles as well.  The results of single colour and multi colour 

were compared in Figure 5-13.  It is shown that the correspondences of many 

more particles were found when colour was introduced, especially in high 

density areas.  For example, in this flow, the central part of the seeding density 

was higher than the outer part, with single colour seeding, many particles were 

missing there, while with multi colour seeding, many more particles have been 

found.  Therefore, with single colour seeding the longest trajectory included only 
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25 points while with multicolour seeding the longest trajectories could include up 

to 100 points. 
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(a)  (b) 

Figure 5-13 Matched particles when they are regarded as single colour (a) and 

multi colour (b) 

In summary, by using multicolour PTV the flow generated by a magnetic stirrer 

was measured in 3D space.  Compared to the conventional single colour, many 

more correspondences were found successfully, and many more long 

trajectories were tracked.  Especially, the advantage of multicolour PTV has 

been revealed on the seeding density.  Because the trend of the flow was 

towards to the centre, the seeding density in the central part was higher that the 

outer part.  Accordingly, it is seen that with the single colour particles, no 

trajectories were found in the central part, but with colour particles trajectories 

went from the outer part to the central part and even continued for more than 

one loop.  When the particles were regarded as single colour, only 34 short 

trajectories were finally found.  Comparing to the results of multicolour (164 

trajectories), the improvements was nearly 4 times. 

From the other side, the measurements have revealed the limitations of the 

current setup.  First, the seeding density could not be controlled exactly.  Based 

on the theoretical investigations, the optimal seeding density for a given number 

of colours is known, and it should guide the measurements to obtain the 

maximum effective particles.  However, the particles were too light to be 

weighed precisely, and they were sometimes clustered and non-uniform in size, 

so it was difficult to apply a desired seeding density exactly.  Besides, in the 

Matlab correspondence matching codes, no assistant criterion was introduced 
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as in other existing codes, so the number and the length of trajectories did not 

reach the satisfactory level.  Therefore, once the better particles are found and 

the developed processing codes are in use, the advantages of multicolour PTV 

will be shown better with more and longer trajectories. 
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6 Conclusions and recommendations 

6.1 Conclusions  

In this thesis, a new technique for multicolour 3D particle tracking velocimetry 

was studied quantitatively through mathematical models, numerical simulations, 

experimental validations, software validations and flow measurements.  In 3D 

PTV, it is vital to establish the correspondence of the same particle on images 

in different views (spatial) at the same time instance and in the same view taken 

at different time instances (temporal).  Therefore, in this thesis the aim is to see 

how well such correspondence is established with the multicolour PTV. 

For the spatial matching, epipolar line was the basic idea used to determine 

spatial correspondences, because the corresponding particle must locate on the 

epipolar line exactly.  Under low seeding density, only the right particles locate 

on the epipolar lines, so it is easy to match the correspondences between 

images.  However, as seeding density increases, more particles may appear on 

the epipolar lines, so ambiguities occur, which interfere identifying the right 

correspondences.  This problem inspired work on reducing the ambiguities.  

Then the idea of using multicolour PTV was proposed because multicolours 

have advantages in distinguishing particles. 

For the temporal matching, small squares were used as the search region to 

find the temporal corresponding particles, because the movements of particles 

must limit in the 2D square within a certain short time interval.  Similarly to the 

spatial matching, an increased seeding density may result in ambiguities, and 

multicolours are able to reduce the ambiguities.   

In this thesis, the improvement of multicolour PTV in finding the 

correspondences was quantified for the first time.  In mathematical models, the 

probability of success and the number of effective particles were calculated 

based on the statistical equations.  In the numerical simulations, positions were 

generated randomly to simulate the distribution of particle in a flow, and the 

success or failure in finding the correspondence with no ambiguity for all 1,000 

data sets were recorded and the statistical results for all of them were used to 
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compare with the model results.   Real images of liquid seeded with colour 

particles were captured and used to validate the theoretical results.   

Compared to the conventional single colour PTV, all the results from theoretical 

simulations and experimental validations have shown the advantages of the 

multicolour PTV.  Also, for the first time, optimal seeding density was introduced 

to optimise the measurement by applying a different numbers of colours.  

Because it was found that as the seeding density increased the effective 

number of particles increased when the seeding density was low and then 

dropped gradually.  Therefore, the seeding density at which the peak of 

effective number of particles appeared can be regarded as the optimal seeding 

density.   

From the theoretical models and simulations, for a resolution of 256256 pixels 

and an average seeding diameter of 3 pixels, it was found that by using 5-colour 

particles the optimal seeding density increased about 4 times (from 31085.1   to 

3103.7   particles/pixel), and at the optimal seeding density of 5-colour 

condition ( 3103.7  particles/pixel), the probability of success with a single 

colour is only 0.8%, while it is about 34% with five–coloured particles, which is 

40 times greater.  Similarly, in temporal match, with the same circumstance and 

the search window of 2020  pixels, by using multicolour PTV with 5 different 

colours, the optimal seeding density increased about 5 times (from 3102.0   to 

3102.1   particles/pixel), and at the optimal seeding density of 5-colour 

condition ( 3102.1  particles/pixel), the probability of tracking success with a 

single colour is only 1%, while it is about 42% with five–coloured particles, 

which is more than 40 times greater.   

By simulations, the improvement on reducing ambiguities of multi-camera 

systems was quantified.  It was shown that by using 3 cameras, the maximum 

effective number of particles could reach up to 400, and by using 4 cameras, it 

increased up to 2800.  Comparing to the results of multi-colour systems, the 

equivalent number of colours could be found, so that similar number of effective 

particles could be used form trajectories in multi-camera and multi-colour 

systems,  3-camera is equivalent to 6-colour and 4-camera is equivalent to 

about 40-colour in theory.     
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It has been shown that the optimal number of colours is also determined by 

experimental conditions, such as the number of cameras, image size, particle 

size, speed of flow etc.  The conclusions derived from the mathematical model 

and computer simulation provide a good reference.  Experimental results 

validated the models and simulations as they met agreement with the 

theoretical results.     

For the first time, with 3D stereo PTV setup and 5-coloured particles a 3D 

dynamic measurement was performed to a volume with a flow generated by 

stirring and mixing.  3D positions of seeding particles were determined and 

trajectories were acquired.  By regarding the particles as single colour, the 

length of trajectories were compared with the conventional PTV.  It was found 

that the multicolour PTV has increased the length of trajectories by about four 

times.  It was planned to use ETH‟s software as further validation of the new 

technique.  However, it didn‟t work for the dynamic experimental data. With the 

simulated data, it presented similar results as the model, although the values 

from the software were higher. 

6.2 Recommendations 

In this thesis, for the first time multi-colour PTV was quantified and a flow was 

measured in volume.   Although the improvements brought by the multi colours 

have been shown clearly, there are still some aspects of the method (e.g. 

codes, procedures) may be further improved to get more accurate matching and 

more and longer trajectories.  Therefore, some relative recommendations are 

made in this section for further investigation on multi-colour PTV. 

6.2.1 To improve the PTV method 

In this thesis, the multi-colour PTV was quantified based on the basic principle 

of the technique, so the high accuracy was not taken as the objective and the 

number and length of trajectories were not maximized during the investigations.  

However, the accuracy and optimization must be considered in the future to 

make this technique promising and competitive. 
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The overlapping of particles may be considered.  Once it is considered, the 

change of hue caused by overlapping must be studied to setup a new criterion 

to relate the hue from the correspondence to that of the original particles.  

In order to apply the technique in real flow measurement, accuracy is an 

important parameter of the system.  Therefore, it will be better to test the 

accuracy of the experimental setup in advance, because the ability of the 

system determine the flow which can be measured. 

There will be lots of work to improve the Matlab codes for image processing.  

Especially for the 2D temporal tracking, there are a variety of approaches which 

are useful to find more correct correspondences with some assistant criterion.  

Besides the displacement, the temporal matching must benefit from the analysis 

of the acceleration and neighbouring etc.  Also, it will be better if it is possible to 

find a good way to relate the matched particles of one search circle to another 

rather than just considering the matched particle from the previous step.  The 

chance to find more particles and generate longer trajectories must be 

increased when more conditions are considered and more assistance is 

introduced.    

6.2.2 To validate experimental results 

In this thesis, the results of flow measurement were validated by observation, 

but it will be much better if they have a definite validation.  There are two ways 

to do that.  One is by theory and the other is by software.  From theory, it is 

possible to simulate a flow based on the experimental conditions to calculate 

the flow velocity.  Then the experimental results can be validated by the 

theoretical calculations.  From the software, ETH‟s software is still regarded as 

a good choice as a validation.  In this thesis, the software didn‟t‟ work with the 

experimental data as expected possibly due to the incompatibility.  However, as 

a PTV research group, ETH is still active in their PTV investigation and they are 

developing the software nowadays, so it is promising to make it adapt more 

system and different images.  Then the results from the software can be used a 

validation.   
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7 Potential Applications  

7.1 Mixing experiment 

Multicolour PTV can not only increase the seeding density capacity, but it also 

provides advantages in investigating mixing flows.  With the conventional PTV, 

to measure a two-phase flow, a velocity map may be acquired, but it is not 

possible to distinguish the vectors from which phase of the flow.  Therefore, the 

interaction of the mixing flow is of great interest to many researchers who have 

been investigating approaches to overcome the limitation of conventional PTV.  

This can be solved easily if the fluids for mixing are seeded with particles of 

different colours.  The idea of using a colour PIV system for two-phase flow was 

investigated by Towers [68], but considerable equipment was required, because 

it required the laser to generate green light and UV LLS together or to generate 

light in green and red colour in different pulses.  Such an approach made it 

possible to undertake the measurements, but the complicated requirements 

were not so practical and also for more than two phases, it would not work.  

However, despite this the multicolour PTV is able to become an alternative to 

solve the limitations.  A proof-of-principle experiment was undertaken to initially 

validate the feasibility of multicolour PTV to measure a mixing flow. 

In the experiment of mixing flows, two flows were converged together.  A nozzle 

was fixed at the middle of the volume of liquid, where the second liquid was 

added to the first liquid in the tank.  Figure 7-1 shows the setup of the mixing 

experiment.  A „Z‟ shaped glass tube was fixed to the tank, with one side 

attached to the wall of the tank and the other side attached to the bottom of the 

tank.  The tank was filled with glycerol to about 5cm in depth, and seeded with 

green particles which were stirred thoroughly to make sure they were distributed 

uniformly throughout the volume of liquid.  A plastic bottle with a nozzle mouth 

was filled with glycerol seeded with red particles.  The mouth of the bottle and 

the glass tube were connected firmly by a plastic tube.     
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Figure 7-1 Setup of mixing experiment is the schematic setup 

To start the mixing, the bottle was slowly squeezed to inject the fluid seeded 

with red particles into the tank.  It took a while for the air bubbles to be purged 

completely.  Then the liquid with red seeding started to mix with the liquid of 

green particles.  During the mixing 200 pairs of stereo images were taken.   

It was seen that the red particles went gradually into the tank, and the green 

particles were pushed to fan out further away.  Figure 7-2 is one of the images 

of mixing.  

 

Figure 7-2 Experimental images taken when the fluid with red particles mixed 

into the fluid seeded with green particles 

As the two liquids were seeded with 2 different colours, the different flows 

caused by the mixing were retrieved by analysing the colours separately.    

Furthermore, after spatial and temporal searches, the 3D velocity of particles 

could be acquired.  There is a degree of flexibility in choosing the investigation 

object: the red particles stand for the injection flow, the green particles 

represent the flow in the tank, and the inner edge of green particles and/or the 

outer edge of red particles show the impact between the two flows.   Figure 7-3 
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shows the 3D movements of green particles with a planar view (the fluid in the 

tank was very thin and there was no significant velocity along the z axis).  

 

Figure 7-3 3D positions of green particles pushed by the injection of the other 

fluid 

This was just a proof-of-principle experiment, so the way to mix the flows was 

so simple that it has not shown the capability of the approach completely.  

Therefore, in the future, more complicated mixing flows may be tested, because 

as long as the individual flow is seeded with different coloured particles, the 

multicolour is able to separate the complicated phases in a mixing flow.   

7.2 PIV with multicolour particles 

Particle image velocimetry (PIV) is another important technique which also 

measures the flow velocity by recording the movements of small visible buoyant 

particles in the fluid.  The difference is it processes particles in an interrogation 

window as a whole rather than processing them individually, so it is not 

applicable to use colour particles to increase the resolution as in wavelength-

multiplexed PTV.  However, it will show its advantage if different colour particles 

carry the information of different flows when they interact with each other and 

they cannot be separated by conventional PIV. 
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7.3 Shape correspondence 

In the experiments of this thesis, PMMA particles were used as multicolour 

seeding which are small in size and emit fluorescence in different wavelengths, 

and this was the only particle found in the market.  The individual PMMA 

particles are not exactly spherical and the sizes are not consistent, so that the 

results of experiments are not ideal for comparing the theoretical simulations.  

However, in the Optical vortex metrology based on the core structures of 

Pseudo phase singularities in Laguerre-Gauss transformation of a speckle 

pattern [69, 70], both colour and shape can be used to identify a particle, so the 

non-spherical properties of the current particles are able to become another 

parameter to serve as the fingerprints of particles to distinguish particles in 

images.  Once this technique is introduced, particles will be distinguished more 

exactly, and ambiguities will be reduced greatly.  Figure 7-4 is a sample of 

Laguerre-Gauss transformation.  It is seen that the size and shape of each 

particle was represented in the form of speckle patterns, which can be used to 

identify particles in either spatial match or temporal match in PTV. 

  
 (a)             (b) 

Figure 7-4 Original image and its speckle pattern of Pseudo phase singularities 

in Laguerre-Gauss transformation 

7.4 Other particle attempts 

During the experiments for this thesis, few particles were found suitable as 

seeding.  Some are designed for chemistry or medicine, so the particles are too 

small and weak to be traced in a flow; some have desirable sizes, but they are 
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not different colours which are required for the multicolour PTV.  Therefore, 

PMMA particles were used although their consistency in size and the overlap of 

spectra is not satisfactory.   

Therefore, to seek a fully realization of multi-colour PTV, it is necessary to look 

for better seeding particles, which are consistent in size and colour.  Seeding 

particles are not required to be fluorescent, and there is no problem if the 

inherent colours of the particles are distinguishable.  There must be at least five 

colours available and the colours must be separated easily.  Particles should be 

small enough to suspend in the object liquid, but they are also required to be 

large enough to be observed clearly.  With the development of technologies, it 

is reasonable to believe better particles for multicolour PTV will become 

available on the market.   
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Appendix A Two-colour with different proportions 

For the investigation of the spatial matching, the results of the mathematical 

model and numerical simulation were found to be in good agreement.  The 

experimental results achieved reasonable agreement with the theoretical results 

although the scatter around the trend is quite large.  Small errors are introduced 

due to non-uniform spatial distribution of particles in the experiment, so that a 

region with fewer particles gave a higher probability of success.  However, the 

most significant error source was due to the variation in size of the experimental 

particles.  The mean diameter of all identified particles was three pixels, but 

particles as large as 18 pixels were also identified in the experimental images.  

Also, the brightness of particles with different colours varies, so when the value 

of a pixel is used as the filter criteria, the filter effect may be inconsistent with 

different colours.  Therefore the normalized seeding density is only an estimate 

for the experimental data. 

In order to reduce the effects of different particle size and brightness, a two–

colour PTV experiment was repeated using 540 nm (green) and 620 nm (red) 

particles.  These particles were found to be of the closest size and brightness of 

those available, whilst enabling a consistent hue separation.  Some obviously 

larger particles or conglomerations of particles were manually removed to assist 

with the uniformity of the experiment.  Among all the images with two-colour 

particles, the ratio between numbers of the two particle types varied from 

approximately 6:1 to 6:6, in six stages.  At each particle ratio, four independent 

images of the particles were processed. Therefore, in total, 24 images were 

analyzed.  As described in 3.1.4, the ratio between the total number of particles 

identified in each image and the number of particles of the hue under 

consideration, rounded to the nearest integer, was used to simulate the number 

of hues present.  Figure 0-1 shows a typical two-coloured particle image 

recorded in this way, and Figure 0-2 shows the probability of success for finding 

the correspondences.  Compared to the results recorded with five-coloured 

particles, Figure 4.5, the distribution of experimental points for the two-coloured 
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experiment also follows the theoretical trend well, and the scatter is much 

smaller. 

 

Figure 0-1 Typical experimental images recorded with UV illumination and 

optical long-pass filter. Particles of two colours in approximate concentration 

ratio of 1:4 
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Figure 0-2 (a) Probability of success, p(Success) and (b) effective number of 

particles, N(eff), plotted against normalised seeding density, for two colour 

experimental images. The solid lines represent the mathematical model and the points 

the experimental data. 
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The results of experiment with two-coloured particles further verified the 

conclusions derived from the previous model and simulation with even less 

scattering.  It also shows that the more consistent properties (width of colour 

band, brightness, size, etc) the particles have, the better they behave for the 

experimental validation. 
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Appendix B Installation of 3DPTV 

Download and install ActiveTCL 8.4 ( not 8.5 or 8.6) e.g. 
http://downloads.activestate.com/ActiveTcl/releases/8.4.19.6/ActiveTcl8.4.19.6.
295590-win32-ix86-threaded.exe 

 Install it to C:\Tcl (the path is important) 

If you use 32bit or 64 bit Windows platform you can use the binary 
distributions: 

download the executable file from: 
https://github.com/3dptv/3dptv/downloads (Tcl/Tk 8.4 has to be 
installed) 

Save the file as C:\3dptv.exe and test it works by running the 
C:\PTV\test\start.bat  

If you need to compile from source, download Visual C++ 2010 Express 
http://www.microsoft.com/visualstudio/en-us/products/2010-editions/visual-
cpp-express 

 Install it anywhere, e.g. C:\Program Files\VC2010  

Important note for the first-time installation - RESTART YOUR WINDOWS after 
installing the ActiveTcl and Visual C++ 

Download the software 

 Expand the compressed file into C:\PTV folder (the path is important it is 
prescribed by the Visual C++ project file) 

Compilation from source on Windows platform 

Download and unpack the newest version of 3DPTV software from our tarball 
on Github: https://github.com/3dptv/3dptv/zipball/master 

Double-click the 3dptv_vc2010.sln to open the 3DPTV package in Visual 
C++ 2010 Express. 

If all the paths are the same as ours, Build the solution and you should see 
the 3DPTV software up and running 

If you use different paths it is important to: 

add \Tcl\Include to the list of included directories 

http://downloads.activestate.com/ActiveTcl/releases/8.4.19.6/ActiveTcl8.4.19.6.295590-win32-ix86-threaded.exe
http://downloads.activestate.com/ActiveTcl/releases/8.4.19.6/ActiveTcl8.4.19.6.295590-win32-ix86-threaded.exe
https://github.com/3dptv/3dptv/downloads
http://www.microsoft.com/visualstudio/en-us/products/2010-editions/visual-cpp-express
http://www.microsoft.com/visualstudio/en-us/products/2010-editions/visual-cpp-express
https://github.com/3dptv/3dptv/zipball/master
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add \Tcl\tcl84.lib and \Tcl\tk84.lib to the additional libraries 

on Windows XP it is important to ignore LIBC.LIB and also to use 
MFC as Static Library  

Compilation from source on _nix platforms 

Read https://github.com/3dptv/3dptv/blob/master/install_nix.md  

 

 

 

 

https://github.com/3dptv/3dptv/blob/master/install_nix.md
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Appendix C PIV Standard Image 

 

Objective 

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

For two-dimensional analysis click here.  

This directory contains the transient three-dimensional images.  

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 

especially for transient 3D, the following standard images are generated.  

The standard images contain the generated images (RAW and BMP format), 

correct vector information (pixel/interval) and correct particle 3D locations.  

 
NEWS 

 When you use the 3D standard images, please refer the following paper.  

Okamoto, K., Nishio, S., Kobayashi, T., Saga, T., Takehara, K., 2000, 

"Evaluation of the 3D-PIV Standard Images (PIV-STD Project)," J. Visualization, 

3-2, 115-124.  

 The evaluation protocol for the 3D-PIV standard images by Dr. Quenot is 

available at his web-site. http://www-clips.imag.fr/mrim/georges.quenot/vsj-

eval/evaluation.html  

 The additional calibration images for the Stereo-PIV images (#331,#337) 

is now available. The calibration plate moves forward/backward to capture the 

several images.  

o ZIP compressed (140KB)  

o TAR+GZIP compressed (135KB)  

o LHA compressed (130KB)  

 

http://www.piv.jp/image-e.html
http://www.ohmsha.co.jp/jov/
http://www-clips.imag.fr/mrim/georges.quenot/vsj-eval/evaluation.html
http://www-clips.imag.fr/mrim/georges.quenot/vsj-eval/evaluation.html
http://www.piv.jp/image3d/calib.zip
http://www.piv.jp/image3d/calib.tgz
http://www.piv.jp/image3d/calib.lzh


 

 139 

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)  

 

#302 (Jet shear flow)  

 Number of particles = 1000  

 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)  

Stereo-PIV images  

#331 (Jet Shear flow)  

 Laser Sheet Illumination  

 Three-cameras are on the holizontal plane  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-0.8:0.8, -0.8:0.8, 0.0) 81 points  

 Additional Calibration images are available.  

#337 (Impinging Jet flow)  

 Laser Sheet Illumination  

 Three-cameras are on the holizontal plane  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-1.0:1.0, -1.0:1.0, 0.0) 121 points  

 Additional Calibration images are available.  

http://www.piv.jp/image3d/image301.html
http://www.piv.jp/image3d/image302.html
http://www.piv.jp/image3d/image331.html
http://www.piv.jp/image3d/image-e.html#calib
http://www.piv.jp/image3d/image337.html
http://www.piv.jp/image3d/image-e.html#calib
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Transient 3D flow field from 3 angles with wall refrection  

#351 (Jet Shear flow)  

 Number of particles = 2000  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-0.8:0.0:0.8, -0.8:0.0:0.8, -0.8:0.0:0.8) 27 points  

 Three-cameras are on the holizontal plane  

#352 (Jet Shear flow)  

 Number of particles = 300  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-0.8:0.0:0.8, -0.8:0.0:0.8, -0.8:0.0:0.8) 27 points  

 Three-cameras are on the holizontal plane  

Transient 3D flow field from 3 angles with unknown wall refrection  

#371 (Jet Shear flow)  

 Number of particles = 500  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-0.4:0.0:0.4, -0.4:0.0:0.4, -0.4:0.0:0.4) 27 points  

 camera parameters are not known  

#377 (Jet Impinging flow)  

 Number of particles = 500  

 Camera calibration Images are imX999.raw 

(x,y,z) = (-0.2:0.0:0.2, -0.2:0.0:0.2, -0.2:0.0:0.2) 125 points  

 cameras are set at the bottom of impinging plates  

The volume of the above standard images are close to 50MB/one series. The 

CD-R for the PIV-STD3D is available. 

Please submit the following information to us, then we will ship the CD-R via 

mail. It will take about two to four weeks to send the CD-R.  

 

http://www.piv.jp/image3d/image351.html
http://www.piv.jp/image3d/image352.html
http://www.piv.jp/image3d/image371.html
http://www.piv.jp/image3d/image377.html
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