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Abstract

Advances in the last 10 years in image acquisition sensors,
high quality illumination sources and cluster parallel process-
ing have allowed us to develop and advance a number of digital
techniques that enable the measurement of instantaneous three
component fluid velocity vector fields in a three-dimensional
volume. This paper gives a brief overview of two methods
based on Incoherent Imaging, namely Tomographic PIV (TPIV)
and Light-field PIV (LFPIV) and one method based on Coher-
ent Imaging, namely Digital Holographic PIV (DHPIV). TPIV
has wide acceptance in Experimental Fluid Mechanics labora-
tories despite its demonstrated limitations in high-fidelity turbu-
lence measurements, whereas LFPIV and DHPIV are in many
ways conceptually simpler and their limitation are current sen-
sor technology, which with time should become less of an ob-
stacle to their usage.

Introduction

Most flows of relevance, both industrial and environmental, are
three-dimensional (3D) in nature, highly unsteady, most likely
high Reynolds number and therefore, turbulent in nature con-
taining a large range of length scales and a large dynamic range.
These characteristics necessitates a measurement technique to
quantify and investigate these flows that is able to measure
the instantaneous three-component three-dimensional (3C-3D)
velocity vector with high spatial resolution in a time-accurate
manner. Today this is still an exceedingly difficult task.

In the early days film-based holographic PIV (HPIV) was one
of the methods that showed promise [1, 2, 3, 4], but due to its
complex implementation it did not develop into a standard lab-
oratory tool. More recently, digital holographic recording and
reconstruction [5, 6, 7, 8, 9, 10] coupled with cross-correlation
PIV analysis (DHPIV) has shown promise as a 3C-3D velocity
field measurement tool, but it too has its shortcoming, mainly
due to the available size of sensor cells on current CCD/CMOS
sensor arrays, which only permit in-line digital holographic
recording. However, this limitations is becoming less severe
as new CCD/CMOS sensor arrays are becoming available with
micron and sub-micron sensor cells.

3D photogrammetry coupled with particle tracking has also
only had limited success as a standard tool in the laboratory
[11, 12, 13] — primarily due to its complex calibration require-
ments. However, in the last decade photogrammetry has been
coupled with cross-correlation PIV analysis in a technique now
referred to as Tomographic PIV (TPIV) [14, 15, 16]. This tech-
nique uses multiple cameras, typically four digital cameras and
requires a calibration similar to the stereo-PIV technique. TPIV
can provide 3C-3D velocity fields of unsteady and/or turbulent

flows although in its standard operational form, it suffers from
severe limitations in spatial resolution [17].

Apart from recording the three-dimensional position of tracer
particles through the multiple view geometry of TPIV, there are
other techniques that record the light-field information instead.
One such technique is synthetic aperture PIV (SAPIV), which
uses a large camera array, typically 8-15 cameras, to capture
the light-field images of seeding particles and reconstructs 3D
particle images through a synthetic aperture refocusing method
[18]. SAPIV can tolerate much higher particle densities than
TPIV and its dynamic velocity measurement range along the
optical axis can be of the same order as the lateral directions.

A recently developed alternative, instead of using a cumber-
some camera array system, uses light-field imaging to record
the particle light-field image via a single plenoptic camera
[19] which consists of a closely encapsulated micro-lens array
(MLA) and a CCD/CMOS sensor. When coupled with cross-
correlation PIV analysis we have a 3C-3D velocimetry tech-
nique, referred to as light-field PIV (LFPIV) [20, 21, 22]. LF-
PIV eliminates the cumbersome camera spatial calibration pro-
cess, which is essential and a major source of error in TPIV.
With a compact hardware setup similar as 2D-PIV, LFPIV is ca-
pable of measuring full volumetric 3C-3D velocity fields with a
greatly simplified experimental procedure.

In the brief description that follows of the three experimen-
tal methods which are commonly employed in Experimental
Fluid Mechanics we will distinguish them by their illumina-
tion source requirement and inherent imaging method, classify-
ing them as either Incoherent Imaging or Coherent Imaging
methods. All photogrammetry methods such as TPIV and LF-
PIV belong to the Incoherent Imaging family because from a
fundamental point of view they do not require a coherent light
source such as a laser, with other illumination such as diode
illumination sufficing to illuminate the fluid volume of inter-
est that contains the scattering tracer particles. HPIV and more
specifically DHPIV belong to the Coherent Imaging family and
require coherent illumination of a highly coherent laser to illu-
minate the fluid volume of interest that contains the scattering
tracer particles.

Common to all these methods is the fundamental source of the
3C velocity signal at a point in 3D space. This signal is pro-
vided by the tracer particle or in fact many of them which are
used to seed the fluid and which must provide a high-fidelity
signal of the instantaneous 3C of the velocity vector at the loca-
tion where the particle is located [23, 24]. This very important
aspect in fluid flow velocimetry is not within the scope of this
paper nor are many other 3C-3D velocimetry methods that are
use in a number of laboratories around the world (e.g. [25]).



The primary focus will be on the two Incoherent Imaging Meth-
ods: TPIV and LFPIV and the one Coherent Imaging Method:
DHPIV.

Incoherent Imaging Methods

Incoherent imaging methods typically use multiple cameras ob-
serving the 3D domain of interest from multiple positions as
shown in figure 1 or one camera as shown in figure 3 which is
able to record the 3D domain of interest from multiple orien-
tations. Although lasers are usually used in many of these ap-
plications, coherency of the light, as already mentioned, is not
required and since volume illumination is used, pulsed high en-
ergy LED illumination is starting to become widely employed
in these methods due to their much lower cost. A recent study
has demonstrated that LED illumination outperforms laser illu-
mination in TPIV [26].

Tomographic PIV

TPIV is a multi-stage process as shown in figure 2, consisting
primarily of six stages. The first involves the digital imaging
of tracer particles on multiple cameras, as is typically done
in all forms of digital PIV. TPIV commonly requires the pre-
process of recorded images before reconstruction. This typ-
ically involves removing the background intensity and Gaus-
sian smoothing the images to reduce the influence of image
noise, which can otherwise significantly reduce the reconstruc-
tion quality.

In order to accurately reconstruct each particle it is essential
that a proper relationship is established between every point in
the volume and each pixel of each camera. This process be-
gins with the calibration of each camera, which is analogous
to that performed in Stereo-PIV [27, 28]. The quality of this
calibration will largely depend on the amount of distortion and
warping that is created due to the facility and optics being used
and can be minimised by satisfying the Scheimpflug condition
and using prisms at interfaces where there is a large change in
refractive index between viewing media. Calibration accuracy
can be assessed by triangulating the location of each particle
and mapping this location back to each camera. The disparity
between the mapped location and the imaged particle location
indicates the error that is present for each camera. This forms
the basis of the self-calibration method [29], which uses these
particle disparities to iteratively correct the calibration. After
self-calibration, this disparity error can generally be reduced to
< 0.1 pixel, albeit at a loss of spatial location accuracy.

Tomographic reconstruction is performed using algebraic re-
construction methods that involve the discretization of the mea-
surement volume in a uniform volumetric grid of points, often
referred to as voxels. A weighting matrix is then used to repre-
sent the contribution of the intensity in each voxel to the inten-
sity seen by each pixel of each camera. The exact formulation
of this matrix varies for different methods. Nevertheless, geo-
metrically this should represent the intersection of the cone of
vision of each pixel, with the cubic voxel. Typically, this in-
tersection is represented by the intersection of a cylinder and a
sphere with cross-sectional area and volume corresponding to
that of a pixel and a voxel, respectively [16]. The accuracy of
this weighting matrix will depend on the accuracy of the cali-
bration process with the discretization and weighting represen-
tation also affecting the reconstruction. The standard practice is
to use voxel dimensions roughly equal to the pixel size in the
measurement domain.

Reconstruction involves estimating 3D distributions of particle
intensities from a limited number of 2D images and as such is a
highly ill-posed problem with multiple possible solutions. So-

lutions therefore not only depend on the number of iterations
performed, but may not converge to the true particle distribu-
tions. In practice, this is almost always the case, where the am-
biguity in the reconstruction leads to the formation of both real
particles and ghost particles. Reconstructed particles also tend
to be slightly elongated through the light sheet thickness since
cameras generally share a similar depth of field direction, the
effect of which is illustrated in [16]. Ghost particles are defined
as intensity peaks that do not correspond to actual measured
particle locations, but rather are created by the presence of mul-
tiple particle locations that can satisfy the recorded 2D images.
Fortunately, algebraic reconstruction algorithms spread inten-
sity across these locations so that ghost particles tend to have a
lower intensity than true particles [15, 16]. As the number of
ghost particles increases, however, this difference in intensity
is reduced. Ghost particles can act as noise in the correlation
plane but as discussed in [16], these ghost particles inherit ve-
locity from neighbouring true particles and as such can spread
velocity across the volume, resulting in loss of spatial resolu-
tion.

The determination of three-component (3C) particle displace-
ments throughout the volume requires the division of recon-
structed particle intensity volume pairs into a series of 3D
sub-volumes, which are then 3D cross-correlated. This pro-
cess is completely identical in all respects to 2C-2D cross-
correlation PIV analysis except that it has been extended from
2D to 3D. The effects of cross-correlation and peak-fitting al-
gorithms have been extensively studied with respect to 2C-2D
cross-correlation PIV, e.g. [30] and many others. The conclu-
sions from this work show the existence of a systematic bias
error or underestimation of velocity, a bias towards integer dis-
placements, often referred to as peak locking, and an increasing
uncertainty in regions of large velocity gradients. Each of these
will also contribute a similar error to the TPIV process.

The in-depth study of the accuracy of TPIV in measurements
of a high Reynolds number turbulent boundary layer (TBL) by
[17] demonstrated that the uncertainty of the velocity measure-
ments is around 0.4 px after appropriate filtering. However, the
largest limitation of TPIV was found to be a spatial dynamic
range (SDR) estimated at SDR =~ 7.0 with the smallest resolv-
able structures being 3 times larger than the smallest expected
coherent structures at the Reynolds number of the TBL under
investigation. Gaussian smoothing improves the visualisation
of the larger scale structures in the flow, as shown in figure
4. However, it cannot recover the true turbulent signal at large
wave numbers. Limitations on image seeding density, the dis-
tribution of this seeding across the volume and reconstruction
noise suggest that TPIV has a lower effective spatial resolution
than either planar or Stereo-PIV. As in all optically based exper-
iments, a compromise must be made between the desired mea-
surement accuracy, the magnification required to achieve this,
the desired measurement domain and the ultimate aim of the
experimental measurements.

Light-field PIV

A significant limitation of TPIV is that it requires the use of
multiple views and cameras, the arrangement of which neces-
sitates the use of a large experimental workspace and multiple
paths of optical accesses to the measurement area. This may be
problematic for many space-constrained applications and inter-
nal industrial flows where it may not be possible to have mul-
tiple optical windows or to perform in situ camera calibration.
Hence, a single-camera-based volumetric flow diagnostic tech-
niques with large measurable volume and high spatial resolu-
tion are highly desirable for these space-constrained applica-
tions and in general. One such technique is the single-camera-
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Figure 1: Typical multi-camera setup for TPIV to measure the
3C-3D velocity field of a turbulent boundary layer [17].

based light-field particle image velocimetry (LFPIV).

LFPIV relies on light-field photography to capture 3D infor-
mation of tracer particles. Unlike SAPIV which employs a
camera array to record the light-field of particle images, LF-
PIV achieves a similar functionality using a light-field camera,
which combines a high-resolution microlens array (MLA) with
a CCD/CMOS sensor as shown schematically in figure 5. The
identification of key performance parameters in LFPIV is not
straightforward. In a light-field camera the MLA is positioned
one focal length away from the CCD/ CMOS sensor, which en-
sures the highest available angular resolution as shown in 5 (a).
In a focused light-field camera as shown in 5 (b), the distance
between the MLA and CCD/CMOS sensor is variable and dif-
ferent levels of spatial resolution, i.e. resolution in each refo-
cused slice, can be achieved by sacrificing angular resolution.

For volumetric fluid velocity measurements, higher angular
resolution is preferred over the in-plane spatial resolution as
it leads to improved information of the particle displacement
in the direction normal to the imaging plane. Hence, cur-
rent LFPIV techniques all make use of light-field cameras
[20, 21, 22]. The performance of LFPIV is primarily affected
by the pixel-to-microlens ratio (PMR) as angular resolution is
determined by the number of pixels beneath each lenslet. In ad-
dition, higher MLA resolution can tolerate higher seeding den-
sity [31]. Therefore, it is preferable for LFPIV to achieve as
high a pixel resolution as possible, so as to produce high an-
gular resolution (large PMR) as well as high spatial resolution
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Figure 2: The different stages of TPIV processing.

(high MLA resolution). Therefore, PMR is the key factor that
affects the performance of LFPIV.

A recent study by [22] has investigated this key factor and com-
pared LFPIV to TPIV, both using synthetic computer generated
data and using the experimental data from the turbulent jet ex-
periment shown in figure 3. With respect to the latter, figure 6
shows for comparison the phase-averaged jet flow fields mea-
sured by LFPIV and TPIV. Specifically, the vorticity together
with velocity vectors (colours represent the velocity component
in the jet direction) are shown. Both LFPIV and TPIV capture
the vortex roll-up along the jet shear layer, with the overall flow
structure looking similar between the two techniques. A cross-
correlation between these two measured flow fields indicates
that the correlation coefficient is 0.94, suggesting a high level
of agreement between the LFPIV and TPIV results.

This study [22] also demonstrated that the single-camera LF-
PIV can achieve an accuracy equivalent to or better than the
multi-camera TPIV for the same field of view, but doing so re-
quires a relatively high PMR and light-field camera tomo-to-
camera pixel ratio (LTPR). For the same total number of pix-
els, the single-camera LFPIV cannot match the seeding density
or spatial resolution of TPIV due to its smaller angular resolu-
tion. Nevertheless, this study points out the significant potential
of this single-camera-based volumetric velocity measurement
technique, owing to its greater simplicity and its ability to pro-
vide accurate 3C-3D flow measurements, particularly in appli-
cations where optical access is limited.

Coherent Imaging Method - Digital Holographic PIV

In contrast to TPIV and LFPIV, DHPIV, using coherent imag-
ing via digital holographic recording and digital holographic
reconstruction, provides the 3D intensity field of all particles
in a 3D volume directly from a single sensor and without the
complex optical calibration which is essential in TPIV. Two se-
quentially recorded 3D intensity field of all particles can sub-
sequently be analysed using 3D cross-correlation analysis. as
is done in TPIV. The basic set-up for in-line digital hologram
recording shown in figure 7 is described in [7, 8, 10]. Note that
the purpose of the lenses in the arranagment shown in figure 7
is to produce a collimated laser beam of sufficient diameter to
illuminate the sample volume of interest and as a minimum the
entire CCD/CMOS sensor.
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Figure 3: Typical multi-camera setup for TPIV compared to the
much simpler 1 plenoptic camera LFPIV setup to measure the
3C-3D velocity field of a turbulent jet [22].

This laser beam is used to illuminate sample objects, e.g. mi-
cron or sub-micron particles, as shown in figure 7. The laser
light scatters from these particles, while the unobstructed laser
light propagates to the CCD/CMOS sensor and acts as the ref-
erence laser illumination. The scattered laser light and that of
the collimated reference beam interfere on the CCD sensor to
form an interference pattern, which is referred to as the digital
hologram.

The process of digital hologram reconstruction is, in principle,
similar to the process of reconstructing an optical hologram.
The hologram intensity distribution recorded on the electronic
sensor, which is identified by the Cartesian coordinate system
(X, y, z = 0), is multiplied by the reference (or its conjugate)
wave and the resulting wave Iy (x,y,0) is numerically propa-
gated to the virtual (or real) image plane. The complex am-
plitude distribution U (xp,y0;z) in any plane, which is a dis-
tance z normal from the hologram position, i.e. from the elec-
tronic sensor plane, can be calculated from Iz (x,y,0) using the
Rayleigh—Sommerfeld diffraction formula [33],

) exp (tkror) .

os (i1,rg1) dxdy
01

M
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where A and k = =F is the wavelength and wavenumber re-
spectively of the illumination used during the recording of the
digital hologram. ro; = \/(x —x0)2 + (y — y0)2 + 22 is the dis-
tance from a point (x,y,0) on the electronic sensor to any point
(x0,¥0,2) in the reconstructed image plane identified by the
distance z from the electronic sensor with 7 the outward unit
normal of the diffraction surface [33]. The obliquity factor
cos (7,rg1) for most practical applications can be readily ap-
proximated by
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Figure 4: Instantaneous fluctuating velocity fields produced by
TPIV at Reg = 7,800. (Left) raw unfiltered velocity field and
contours. (Right) 3 x 3 x 3 Gaussian filtered velocity fields and
contours. Mean velocity has been removed. Vectors are shown
for a single plane at y© = 27. Yellow iso-contours represent
regions of low-speed velocity, blue iso-contours represent vor-
tices as identified by the discriminant [32].

cos (7, 791) =~ 1 2)

for typical dimensions involved in digital hologram recording.
This permits equation (1) to be written as the convolution inte-
gral

U(an)’O;Z):/ZIH(X:Y7O)h(x07yO7Z§x7y) dxdy  (3)

which is interpreted as the convolution between /i (x,y,0) and
the diffraction kernel given by:

exp (tkror)

1Aro1 @

h(x0,y0,2;X,y) =

Defining the Fourier transforms, F[ |, of Iy(x,y,0) and the
diffraction kernel by

It (fo fy) F n (x,,0)]

(%)
H(fx7f3r;z) - .‘7:[h(x07y07Z§X7)’)}
respectively, allows the complex amplitude distribution in the
image plane to be numerically calculated in an efficient way
using

U(x0,50:2) = F [T (fx. fy) H(f, f332)] (6)

where F ! represents the inverse Fourier transform. In practice
the Fast Fourier transform is used to compute equations (5) and

(6).

In digital hologram reconstruction approach using equation (6)
the method developed by [34] is recursively implemented to de-
termine the reconstructed planar image intensities of the parti-
cles in several closely spaced planes normal to the z-coordinate
direction, where the spacing of these planes should correspond
to the in-plane spatial resolution. The [34] technique utilizes an
iterative filter that limits the twin-image effect ( i.e. the real and
virtual images), common to all in-line holograms, by averaging.
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Figure 5: Schematics of light-field imaging techniques based
on: (a) light- field camera and (b) focused light-field camera.

Figure 8 illustrates the results of the different stages: (a) is an
example of a digitally recorded hologram while (b) shows the
intensity cross-sections of a particle (indicated in (a)) as a func-
tion of reconstruction distance zg from the sensor. Figure 8 (c)
shows the diameter variation as a function of zg, clearly indi-
cating that the reconstructed diameter varies by less than 3%
from a value of 140um over a domain of zg equal to 2.4 mm,
which is clearly not physical. Figure 8 (c) also shows the stan-
dard deviation of the reconstructed image intensity, ¢; plotted
as a function of the distance zy from the CCD sensor (Azp= 0.1
mm). The minimum of G; occurs at —88.8 mm and the droplet
size at this position is 140.1 um, which identifies the particle
diameter.

The particle elongation demonstrated in Figure 8 had been pre-
viously observed by [8] among others, who found that the dig-
ital reconstruction of digital in-line holograms described above
reconstructs particles of 90 um diameter with an estimated lin-
ear in-line dimension of approximately 15.2 mm, (i.e. the el-
lipsoidal major axis of the reconstructed particle is in the z-
coordinate direction) as shown in figure 9. This effect is known
as the depth-of-field problem of in-line holography [8]. Possi-
ble means of overcoming the depth-of-field problem suggested
by [8] include particle side scattering, off-axis holography and
the tomographic approach to DHPIV proposed by [35].

The use of side scatter requires optical elements that add com-
plexity and can possibly distort the particle images. Further-
more, this approach requires more powerful lasers than required
for in-line holography, typically going from milli-Watts to 100
Watts. Off-axis holography, on the other hand, also has its lim-
itations: the angle-dependent wavenumber of the interference
pattern formed by the reference and object beams during off-
axis hologram recording is { = $in6 The maximum wavenum-
ber that can be resolved by the CCD/CMOS array sensor is
the inverse of twice the pixel size: Cpar ~ i. For typical
CCD/CMOS array sensor, which have a pixel size of 6-7 um
and Nd:YAG laser illumination with a wavelength A = 532nm,
this yields a maximum angle of about 6,4, ~ 2. 19, However, in
order to separate the real and virtual images a minimum angle
of 0, = sin™! (BM) is required (where B is the maximum spa-
tial frequency of the image). For PIV applications, given sparse
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Figure 6: Phase-averaged jet flow field measured by: (a) LF-
PIV and (b) Tomo-PIV of a round jet with diamter D = 20 mm
and Rep = 2,000 [22].
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Figure 7: Typical experimental arrangement for in-line digital
hologram recording (plan view), ND = neutral density filter, L;
= diverging spherical lens, L, = converging lens.

seeding and large particles these competing effects can be satis-
fied, but only for a small object field that is located relatively far
away from the CCD/CMOS array sensor. This severely limits
the application of off-axis holographic recording in macro Fluid
Mechanics experiments and for these flows in-line DHPIV is
hologram recording method of choice. A number of recent ad-
ditional approaches that overcome the depth-of-field problem
of in-line holography use a magnification [36] or microscopy
[37] approach to record a magnified hologram. However, this
approach comes at the expense of the proportionally reduced
spatial domain that can be measured.

From a fundamental point of view DHPIV is the most appeal-
ing of the three 3C-3D PIV (or particle tracking (PTV)) tech-
niques described in this paper with the main advantage that this
approach does not require any optical calibration. It simply re-
quires a low-energy coherent laser, two lenses to enlarge the
laser beam into a collimated beam that encompasses the flow
domain of interest and a digital sensor with small pixels. With
respect to the latter, large sensor arrays of the order of 50 MPx
are becoming available with a pixels size of 5.5 um. When cou-
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Figure 8: (a) Digital in-line hologram, (b) reconstructed parti-
cle for zg ranging from —85 to —93 mm, (c) particle diameter
and standard deviation of the reconstructed image intensity as a
function of z,.

pled with a 10X microscope, in a micro-DHPIV arrangement
[36], the effective pixel size is of the order of the typical laser
illuminating wavelength, e.g. A = 532 nm, enabling the instan-
taneous 3C-3D fluid velocity vector field measurement in a fluid
volume with a typical projected area of 5 mm x 3 mm at the spa-
tial resolution of the wavelength of the laser. Therefore, even
from the point of view of spatial resolution, DHPIV is unsur-
passed by TPIV or LFPIV.

Improvements of 3C-3D Techniques via High-repetition Ac-
quisition

Having available sensors and illumination sources that can ac-
quire “signals” at high repetition rates, yielding time series of
these signals where the tracer particles (i.e. the signals) move
less than a small multiple of their size between acquisitions,
enables all three techniques described in this paper to enhance
their precision, reduce their uncertainty and noise and signifi-
cantly increase their spatial resolution.

This has recently been demonstrated with respect to TPIV [38],
but it is obvious that all 3C-3D PIV techniques would bene-
fit from the availability of the additional time information, if
available. In most liquid flows this is typically not a problem,
however in gas flows the required temporal acquisition is sig-
nificantly higher and the necessary CCD/CMOS array sensors
and illumination sources are currently not in general available.

50
z (mm)

Figure 9: Digital hologram reconstruction of a 90 um diameter
particle recorded using in-line digital holography. The central
plane at z =49.7 mm is shown as a grey sheet and the green lines
correspond to the locations of the other reconstruction planes

(8].

But it must also be said that it is only a matter of time until the
necessary CCD/CMOS array sensors and illumination sources
become more generally available.

Concluding Remarks

This paper provides a brief introduction and description to two
3C-3D Incoherent Imaging based particle velocimetry tech-
niques, namely TPIV, which is reasonably well established and
LFPIV, which is promising and is expected to become more
prominent as larger CCD/CMOS array sensors become avail-
able, and one Coherent Imaging based particle velocimetry
technique, namely DHPIV, which is seeing a renaissance due
to new CCD/CMOS array sensors.

These three techniques are currently used in Experimental Fluid
Mechanics and Turbulence research as well as applied research
industrial measurements. They are also topics of measurement
physics research in their own right. The advantages and disad-
vantages of each technique, some of which are inherently fun-
damental to their operational principle and some which are only
technological in nature have been briefly highlighted. The most
appropriate technique for a particular task, as always, depends
on the aims of the experiment, the measurements required to
achieve those aims, their precision, uncertainty, noise level and
spatial resolution sought for the environment or experimental
facility, and certainly should not be guided by fashions.
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