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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-



turbulence intensity of 0.3%. The Boundary layer proper-

ties for the Reynolds number under investigation are given
in Table 4. As in the simulations, the friction velocity and

inner length scale correspond to 0.92 and 2.5 pixels,

respectively. An extensive description of the facility can be
found in Carlier and Stanislas (2005).

Tomo-PIV was set up to measure thick and thin volumes

with major dimensions parallel to the wall (see Fig. 17). A
4-cavity 250-mJ Nd:YAG laser was used to illuminate the

measurement volume at a wavelength of 532 nm. A
cylindrical diverging lens shaped the beam into a 10-mm-

thick light sheet, which was then passed through a slit in

order to trim low-intensity regions of the laser sheet profile
and provide a more even illumination through the volume.

Two different slits were used resulting in light sheets of 8

and 3 mm for the thick- and thin-volume measurements,
respectively. Slits were mounted on a micrometer in order

to adjust the height of the laser sheet relative to the wall.

For the present investigation, the thick light sheet was
lowered so that it just touched the wall, while the thin light

sheet was centred in the middle of the thick volume.

Four 12-bit 2,048 9 2,048 pixel Hamamatsu CCD array
cameras were placed beneath the tunnel, with each rotated

about the y-axis such that they were situated at 45 deg
angles in the x–z plane (see Fig. 17). The Scheimpflug

condition was set to maintain focus throughout the mea-

surement region. Rotating the cameras in this way required
only one Scheimpflug angle for each camera and provided

each with the same angle relative to forward and backward

scattering. In order to reduce scattering differences
between the cameras, a mirror was used to reflect the light

sheet back through the measurement volume, parallel to the

incident sheet. By reflecting the laser beam back through
the volume, the light intensity in the measurement domain

was also increased. Cameras were fitted with 105 mm

Micro Nikkor lenses resulting in an average magnification
of M = 0.15. The aperture size was set at f# = 8 in order to

provide an estimated depth of field (Dz ! 9:2 mm) (Adrian

1991) greater than the largest light sheet thickness. The
flow was seeded with particles produced by a poly-ethylene-

glycol smoke generator with a nominal particle size of 1 lm,

corresponding to an estimated diffraction limited particle-
image diameter of dp = 1.6 pixels. Two cavities of the laser

were pulsed at a frequency of 1 Hz, with a separation time

Dt ¼ 400 ls. This corresponded to a maximum displace-
ments on the order of 15 px. The laser and cameras were

synchronised using LaVision’s DaVis v7.0.9 software and

Programmable Timing Unit. Image acquisition was per-
formed using HIRIS v3.0 and Camera Tools v1.0, both from

R&D Vision. A summary of these parameters is given in

Table 5.
Cameras were calibrated using the method of Soloff

et al. (1997). A calibration plate was initially placed on the

wall and then translated in the wall normal direction from

Table 4 Properties of the turbulent boundary layer under
investigation

Freestream velocity U? = 3 m/s

Reynolds number Reh = 7,800

Boundary layer thickness d = 0.33 m

Wall-friction velocity u s = 0.115 m/s

Wall unit (inner length scale) m / u s = 125 lm
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Fig. 17 (above) Schematic of Tomo-PIV setup. (below) Top view
showing camera arrangement. Dashed lines indicate the measurement
volume

Table 5 Tomo-PIV setup parameters

Magnification M = 0.15

Resolution 20 px/mm

Reconstructed field of view [Sx; Sy; Sz]

Thick [1,200; 180; 1,200 px]

Thin [1,200; 70; 1,200 px]

Lens aperture f# = 8

Particle-image diameter dp = 1.6 px

Depth of field Dz ¼ 9:2 mm

Separation time Dt ¼ 400ls
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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

vortex structures in these flows; however, these results are
generally presented after some form of smoothing is

applied. In the case of Elsinga (2008), the velocity gradi-

ents were calculated using a second-order polynomial
regression over a 5 9 5 9 5 vector neighbourhood, while

Schröder et al. (2008) applied 3 9 3 9 3 vector Gaussian

smoothing directly to the velocity fields. Little information
about the true noise limited spatial resolution of Tomo-PIV

in turbulent flows is given in either of these studies.

In this paper, we present Tomo-PIV measurements of a
high Reynolds number turbulent boundary layer using both

a thick- and thin-volume approach, with the aim of

assessing the expected accuracy of this technique in such
applications. Reconstruction based on both the standard

MART and the accelerated MLOS-SMART approach are

performed. Simulations involving synthetic images along
with experimental measurements in a large boundary layer

wind tunnel, are used to assess the expected performance of

these techniques in the buffer region of a turbulent
boundary layer. Measured velocity profiles are compared

with hot-wire measurements performed in the same facility
and the effects of reconstruction method, seeding density

and volume thickness on Tomo-PIV measurement errors

are examined in terms of the measured velocity profiles,
probability density functions of fluctuating components,

velocity power spectra and the fluctuating divergence.

2 The method and sources of error in Tomo-PIV

Tomo-PIV is a multi-stage process (see Fig. 1), which in

practice typically consists of six stages that each provide

their own inherent uncertainty. The first involves the digital
imaging of tracer particles, as is typically done in all forms

of PIV. Sources of error at this stage include but are not

limited to the following: the degree to which tracer parti-
cles flow the flow, loss of particle pairs in subsequent

exposures, nonuniform particle scattering, image distortion

and aberrations, pixelization, uneven illumination, reflec-
tions, background intensity and CCD noise.

To try and circumvent some of the issue associated with

particle-imaging errors, Tomo-PIV commonly requires the

pre-process of recorded images before reconstruction. This

typically involves removing the background intensity and
Gaussian smoothing the images to reduce the influence of

image noise, which can otherwise significantly reduce

reconstruction quality (Elsinga et al. 2006b).
This pre-processing can however lead to the removal of

real particle images and if not applied carefully could

reduce reconstruction quality. Such effects have not been
quantified in the literature and will mostly likely vary

significantly depending on the camera arrangement, seed-

ing density, and the random or biased removal of particles.
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 begins with the calibration of each camera,

which is analogous to that performed in Stereo-PIV. For
the present study, this is performed by imaging a series of

markers in 3 planes through the light sheet thickness then

fitting a third-order polynomial to establish a mapping
between the markers in the measurement volume and their

corresponding locations in the imaging plane of each

camera (Soloff et al. 1997). 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

Table 1 Parameters of recent Tomo-PIV turbulent boundary layer studies

References Reh d? yrange Volume size IW length Dxi Seeding
(ppp)min, max (d) Sx;Sy; Sz ðdÞ (px [d]) (d)

Elsinga et al. (2007) 34,000a 0.15, 0.47 3.5, 0.32, 1.8 40 [0.1] 0.025 0.05

Elsinga (2008) 1,900 816 0.04, 0.5 1.4, 0.46, 1.1 50 [0.07] 0.018 0.05

0.3, 0.8 1.4, 0.5, 1.1 42 [0.06] 0.016 0.05

0, 1.2 1.8, 1.3, 0.42 42 [0.06] 0.020 0.05

Schröder et al. (2008) 2,460 832 0, 0.39 1.7, 0.39, 1.8 32 [0.07] 0.018 0.05

a Flow was supersonic Mach 2.1
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Fig. 1 Schematic of the stages of Tomo-PIV processing
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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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The flow scenario was produced by a recirculating pump 
and a D = 20 mm circular nozzle. Reynolds number tested 
was ReD = 2000 and the measurement volume was approxi-
mately 1.9 D × 1.3 D × 0.5 D along the x-, y-, z-directions 
and located at about 2.25 D above the nozzle exit. Tracer 
particles were uniformly seeded in the water tank (Dantec 
dynamics 20 µm, ρ = 1.03 g/cm3 polyamide seeding parti-
cles), which resulted in a seeding density of 0.062 ppp for 

Tomo-PIV and 0.06 ppm for LF-PIV. Note that such density 
is optimal for Tomo-PIV and slightly sparse for LF-PIV. 
Illumination was provided by a 10-mm-thick laser sheet 
(Beamtech double pulse Nd: YAG laser, 200 mJ/pulse, 
532 nm). Readers are referred to Shi et al. (2017) for more 
details on the experiment setup. Light-field particle images 
were captured by an in-house light-field camera (equipped 
with a Micro-NIKKOR 200 mm lens), which was developed 

Fig. 9  Schematics of the low-speed jet flow experimental setup
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 IH(x,y,0) is numerically propa-
gated to the virtual (or real) image plane. The complex am-
plitude distribution U(x0,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 IH(x,y,0) using the
Rayleigh–Sommerfeld diffraction formula [33],

U(x0,y0;z) =
1
ıλ

∫
Σ

IH(x,y,0)
exp(ı k r01)

r01
cos(~n, ~r01) dxdy

(1)

where λ and k = 2π

λ
is the wavelength and wavenumber re-

spectively of the illumination used during the recording of the
digital hologram. r01 =

√
(x− x0)2 +(y− y0)2 + z2 is the dis-

tance from a point (x,y,0) on the electronic sensor to any point
(x0,y0,z) in the reconstructed image plane identified by the
distance z from the electronic sensor with ~n the outward unit
normal of the diffraction surface [33]. The obliquity factor
cos(~n, ~r01) for most practical applications can be readily ap-
proximated by

As mentioned, the velocity fields resulting from Tomo-

PIV experiments usually involve some form of smoothing
(Elsinga 2008; Schröder et al. 2008). In order to compare

the current results with these previous experiments, a single

pass 3 9 3 9 3 vector Gaussian smoothing was applied to
the velocity fields. An example of the instantaneous

velocity fields and contours before and after smoothing are
presented in Fig. 22. Yellow contours represent low-speed

regions or low-speed streaks populating the buffer region

of the boundary layer, while blue contours indicate the
presence of vortices as identified by regions of positive

discriminant (Chong et al. 1990). The noise in the raw

measurements can be seen in the vector field. After filtering
results show large smooth structures, similar to those

present in other Tomo-PIV experiments.

The mean divergence in these smoothed volumes are
listed in Table 10. Naturally smoothing these fields reduces

the velocity gradient and consequently the divergence.

Values follow the same pattern as those for the unfiltered
data, with the estimated random velocity error now on the

order of 0.4 pixels for the thick volume and 0.3 pixels for

the thin volume. This is only marginally higher than the

error of 0.2 pixels observed by Wieneke and Taylor (2006)
in a laminar flow for a much thinner volume with no

velocity gradient, and similar to the in and out-of-plane

errors of 0.2, 0.3 pixels predicted by simulated images of
homogeneous isotropic turbulence after Gaussian smooth-

ing (Worth et al. 2010).
The variation of the error through the light sheet can

be examined by calculating the fluctuating divergence at

different heights through the boundary layer (see Fig. 23).
This behaviour is similar to that observed in the simu-

lations, especially considering this represents the total

random error divided evenly across all three velocity
components. The increased error at the top of the

measurement volume corresponds to the effect of ghost

particles at the boundary as observed in the bias errors on
the mean profile. Smoothing the velocity fields decreases

these fluctuations and provides a more even distribution

of error through the volume. A greater benefit is seen for
the thicker volume, however the thinner still provides a

smaller overall error.

Table 9 Tomo-PIV RMS
divergence and uncertainty for
unfiltered velocity fields

Volume Algorithm ppp IW (px3) D
(px)

ou 0i
oxi

(px/px)

d(u )
(px)Sx; Sy; Sz

1,200;180;1,200 MLOS-SMART 10 it 0.02 32 8 0.082 0.54

MLOS-SMART 10 it 0.02 64 16 0.050 0.65

MLOS-SMART 10 it 0.04 64 16 0.048 0.63

MART 5 it 0.04 64 16 0.048 0.63

MLOS-SMART 10 it 0.07 64 16 0.049 0.65

1,200;70;1,200 MLOS-SMART 10 it 0.03 32 8 0.071 0.46

MLOS-SMART 10 it 0.07 32 8 0.073 0.47

yy++ ~  ~ 5050

zz++ ~  ~ 440440

xx++ ~  ~ 440440

yy++ ~  ~ 5050

zz++ ~  ~ 440440

xx++ ~  ~ 440440

Fig. 22 Instantaneous
fluctuating velocity fields
produced by Tomo-PIV at
Reh ¼ 7; 800; 1,200 9180 9
1,200 point volume. (Left) Raw
unfiltered velocity field and
contours. (Right) 3 9 3 9 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, blu e iso-contours
represent vortices as identified
by the discriminant
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Figure 4: Instantaneous fluctuating velocity fields produced by
TPIV at Reθ = 7,800. (Left) raw unfiltered velocity field and
contours. (Right) 3×3×3 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(~n, ~r01)≈ 1 (2)

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

U(x0,y0;z) =
∫

Σ

IH(x,y,0) h(x0,y0,z;x,y) dxdy (3)

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

h(x0,y0,z;x,y) =
exp(ı k r01)

ıλr01
(4)

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

IH( fx, fy) = F [IH(x,y,0)]

H( fx, fy;z) = F [h(x0,y0,z;x,y)]
(5)

respectively, allows the complex amplitude distribution in the
image plane to be numerically calculated in an efficient way
using

U(x0,y0;z) = F −1[IH( fx, fy)H( fx, fy;z)] (6)

where F −1 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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and quantitative measurements are further complicated by 
the small clearances between the blade tips and casings 
(e.g. typically 1–2% of blade span). Accurate characterisa-
tion of such flows has long been a challenge for experimen-
tal research in gas turbines and only very limited 2C-2D 
or 3C-2D flow measurements have been successfully per-
formed (Wernet et al. 2005; Palafox et al. 2008). As such, 
single-camera-based volumetric flow diagnostic techniques 
with large measurable volume and high spatial resolution are 
highly desirable for these space-constrained applications.

One such technique is the single-camera-based light-
field particle image velocimetry (abbreviated as LF-PIV 
hereafter) (Ding et al. 2015; Fahringer et al. 2015; Shi et al. 
2016, 2017; Xu et al. 2017; Li et al. 2017). As the name 
implies, LF-PIV relies on light-field photography to cap-
ture 3D information of tracer particles. Unlike SAPIV which 
employs a camera array to record the light-field of particle 
images, LF-PIV achieves similar functionality using a light-
field camera, which combines a high-resolution microlens 
array (MLA) with a CCD/CMOS sensor. Although LF-PIV 
has been successfully applied to cylinder wake and jet flow 
measurements, a comprehensive comparison between the 
performance of LF-PIV and the more widely used Tomo-
PIV has not been reported. In particular, it will be instructive 
to observe how measurement uncertainty will differ between 
LF-PIV and Tomo-PIV when the number of cameras used 
by Tomo-PIV varies. Furthermore, with the ever-increasing 
pixel resolution of digital image sensor technology, it will 
be worthwhile to predict the LTPR at which LF-PIV is able 
to achieve equivalent accuracy in the x-, y- and z-direction 
than Tomo-PIV.

To address these questions, the present study uses a series 
of synthetic light-field and tomographic particle images to 
investigate the effects of Tomo-PIV camera number and 
the pixel resolution ratio between light-field and Tomo-
PIV cameras on the accuracy of the reconstructed particle 
distributions and associated velocity. In addition, a direct 
experimental comparison between LF-PIV and Tomo-PIV 
was conducted on a jet facility to better quantify the practical 
challenges and differences between these two techniques. In 
the following sections, information on the synthetic image 
generation and detailed simulation studies will be provided, 
followed by detailed descriptions on the experimental setup 
and the flow reconstruction results.

2  Numerical analysis with synthetic particle 
images

Before delving into a detailed comparison of LF-PIV and 
Tomo-PIV, it is important to identify the key factors that 
affect the measurement accuracy of these two techniques. In 
the case of Tomo-PIV, it is known that the performance is 

strongly affected by the number of cameras and the seeding 
density (Elsinga et al. 2006; Atkinson and Soria 2009). For 
LF-PIV, the identification of key performance parameters is 
not as straightforward. In light-field camera (Ng et al. 2005), 
the MLA is positioned one focal length away from the CCD/
CMOS sensor, which ensures the highest available angular 
resolution (Fig. 1a). In focused light-field camera (Fig. 1b), 
the distance between the MLA and CCD/CMOS sensor is 
variable and different levels of spatial resolution (resolu-
tion in each refocused slice) can be achieved by sacrificing 
angular resolution (Georgiev et al. 2006; Lumsdaine and 
Georgiev 2009).

For volumetric velocity measurements, higher angular 
resolution is preferred over the in-plane spatial resolution as 
it leads to a greater information about particle displacement 
in the direction normal to the imaging plane. Hence, current 
LF-PIV techniques all made use of light-field cameras (Ding 
et al. 2015; Fahringer et al. 2015; Shi et al. 2017). Previous 
studies indicate that the performance of LF-PIV is mostly 
affected by the pixel–microlens ratio (PMR) as angular reso-
lution is determined by number of pixels beneath each lens-
let. In addition, higher MLA resolution can tolerate higher 
seeding density (Shi et al. 2016). As such, it is preferable for 
LF-PIV to achieve as high a pixel resolution as possible, so 
as to produce high angular resolution (large PMR) as well 
as high spatial resolution (high MLA resolution). Therefore, 
PMR is the key factor that affects the performance of LF-
PIV. When comparing LF-PIV and Tomo-PIV, it is impor-
tant to consider the number of pixels required in LF-PIV 

(a )

(b)
a b

Main Lens MLA Sensor

lf

Fig. 1  Schematics of light-field imaging techniques based on a light-
field camera and b focused light-field camera (colour only in elec-
tronic version)

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 z0 from the sensor. Figure 8 (c)
shows the diameter variation as a function of z0, clearly indi-
cating that the reconstructed diameter varies by less than 3%
from a value of 140µm over a domain of z0 equal to 2.4 mm,
which is clearly not physical. Figure 8 (c) also shows the stan-
dard deviation of the reconstructed image intensity, σi plotted
as a function of the distance z0 from the CCD sensor (∆z0= 0.1
mm). The minimum of σi occurs at –88.8 mm and the droplet
size at this position is 140.1 µm, 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 µm 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 ζ = sinθ

λ
. The maximum wavenum-

ber that can be resolved by the CCD/CMOS array sensor is
the inverse of twice the pixel size: ζmax ≈ 1

2∆
. For typical

CCD/CMOS array sensor, which have a pixel size of 6-7 µm
and Nd:YAG laser illumination with a wavelength λ = 532nm,
this yields a maximum angle of about θmax ≈ 2.10. However, in
order to separate the real and virtual images a minimum angle
of θmin = sin−1 (Bλ) is required (where B is the maximum spa-
tial frequency of the image). For PIV applications, given sparse
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from a 29M pixel Imperx B6640 PIV camera (Shi et al. 
2016). Tomographic particle images were captured by four 
4M pixel Imperx B2014 PIV cameras (each equipped with 
a Micro-NIKKOR 85 mm Scheimpflug lens). The five cam-
eras were synchronised via a pulse generator and connected 
to the host computer (Dell Precision T7910) via four EPIX 
PIXCI E4 frame grabbers. To measure the phase-averaged 
flow field, a 1 Hz perturbation was introduced into the flow 
delivery pipe before the settling chamber, where it was syn-
chronised with the five cameras and the laser pulse.

To facilitate the comparison of these two techniques, 20 
instantaneous light-field and tomographic particle image 

pairs were captured. The effective resolution of light-field 
camera and tomographic cameras used in this experiment are 
6600 × 4400  pixel2 and 480 × 320  pixel2, respectively, which 
results in a LTPR of 47.27. The light-field particle images 
were reconstructed with the DRT-MART method (400 itera-
tions), and the tomographic particle images were sequen-
tially processed with the self-volume calibration (Wieneke 
2008) and 40-iteration MLOS-SMART method (Atkinson 
and Soria 2009). For light-field particle image reconstruc-
tion, the pixel voxel ratio was set as 2:2:10 in x-, y- and 
z-direction, which results in a reconstruction domain of 
3300 × 2200 × 182 voxels. For Tomo-PIV reconstruction, the 

Fig. 10  Phase-averaged jet flow 
field measured by a LF-PIV and 
b Tomo-PIV
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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 ReD = 2,000 [22].Meas. Sci. Technol. 19 (2008) 074002 J Soria and C Atkinson

PIV analysis has shown promise as a 3C-3D velocity field
measurement tool [5, 19, 20], but it too has its shortcoming
due to the currently available size of the CCD sensor cells.
This technical limitation predominantly permits only in-
line hologram recording and reconstruction with depth-of-
field limitations, which result in ellipsoid reconstruction of
spherical particles in the in-line scattering direction [4, 5].
The ellipsoid holographic reconstruction of spherical particles
in the flow results in cross-talk across normal planes to the
major axis of the ellipsoids during the cross-correlation PIV
analysis—a highly undesirable effect [20, 21].

In the last few years photogrammetry has been coupled
with cross-correlation PIV analysis in a technique now referred
to as Tomographic PIV (Tomo-PIV) [3, 6]. This technique uses
multiple cameras, typically four digital cameras and requires
calibration analogous to the stereo-PIV technique. The results
are promising and have demonstrated that Tomo-PIV can
provide 3C-3D velocity fields of unsteady and/or turbulent
flows.

This paper shows an alternative use of multiple digital
cameras. It is based on digital in-line holography; it
uses the basic equipment as Tomo-PIV minus the camera
lenses; it overcomes the depth-of-field problem of digital
in-line holography and does not require the complex optical
calibration of Tomo-PIV [29]. In contrast to Tomo-PIV, this
new method has the additional advantage of providing the
3D intensity field directly. This technique can be employed
in holographic PIV by recording digital in-line holograms of
the overlapping region of interest of the flow using multiple
cameras from different orientations. The digital cameras can
be oriented in an optimal manner to overcome the depth-
of-field limitation of in-line holograms recorded with digital
CCD or CMOS sensors, resulting in a 3D reconstruction of
the seeding particles within the overlapping domain of the
multiple cameras, which can subsequently be analysed using
3D cross-correlation analysis. So this paper proposes a multi-
camera digital holographic imaging PIV method, which can
also be referred to as tomographic digital holographic PIV or
Tomo-HPIV, which is now described in more detail.

2. Multi-camera (Tomographic) digital in-line
holographic PIV (Tomo-HPIV)

2.1. Hologram recording

The basic set-up for in-line digital hologram recording is
described in [4, 5, 19, 21]. A schematic of a typical
experimental set-up is shown in figure 1. In this case a Nd:YAG
pulsed laser (λ = 532 nm, 100 mJ per pulse) is used as the
coherent light source. A set of neutral density filters (ND)
ensures that the CCD sensor is not damage by excess energy.
A system of two spherical lenses (e.g., L1: f1 = −30 mm,
L2: f2 = 100 mm) is employed to produce a collimated
beam. This beam is used to illuminate sample objects, e.g.
micron or sub-micron particles, as shown in figure 1. The laser
light scatters from these particles, while the unobstructed laser
light propagates to the CCD sensor and acts as the reference
laser illumination. The scattered laser light and that of the
collimated reference beam interfere on the CCD sensor to

Nd:YAG
Laser

ND L L 21
Sample

CCD
Sensor

Figure 1. Typical experimental arrangement for in-line hologram
recording (plan view), ND = neutral density filter, L1 = diverging
spherical lens, L2 = converging lens.

form an interference pattern, which is referred to as the digital
hologram. The CCD sensor, made up of N × N pixels of
nominal size ", is located a distance z from a plane in the
sample region.

2.2. Hologram reconstruction

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 IH (x, y, 0) is numerically
propagated to the virtual (or real) image plane.

The complex amplitude distribution U(x0, y0; z) in any
plane, which is a distance z from the hologram position
(i.e., from the electronic sensor plane), can be calculated
from IH (x, y, 0) using the Rayleigh–Sommerfeld diffraction
formula [7],

U(x0, y0; z) = 1
ıλ

∫

#

IH (x, y, 0)
exp(ıkr01)

r01

× cos (n⃗, ⃗r01) dx dy, (1)

where λ and k = 2π
λ

is the wavelength and wavenumber
respectively of the illumination used during the recording of
the digital hologram. r01 =

√
(x − x0)2 + (y − y0)2 + z2 is the

distance from a point (x, y, 0) on the electronic sensor to any
point (x0, y0, z) in the reconstructed image plane identified by
the distance z from the electronic sensor and n⃗ is the outward
unit normal of the diffraction surface [7]. The obliquity factor
cos (n⃗, ⃗r01) is readily approximated by

cos(n⃗, ⃗r01) ≈ 1 (2)

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

U(x0, y0; z) =
∫

#

IH (x, y, 0)h(x0, y0, z; x, y) dx dy, (3)

which is interpreted as the convolution between IH (x, y, 0)

and the diffraction kernel given by

h(x0, y0, z; x, y) = exp(ıkr01)

ıλr01
. (4)

Defining the Fourier transforms of IH (x, y, 0) and the
diffraction kernel by

IH (fx, fy) = F[IH (x, y, 0)]

H(fx, fy; z) = F[h(x0, y0, z; x, y)]
(5)

2

Laser

Figure 7: Typical experimental arrangement for in-line digital
hologram recording (plan view), ND = neutral density filter, L1
= diverging spherical lens, L2 = 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 µm. When cou-



in Pan and Meng (2003) can be only applied for opaque

particles, while the one proposed here can also be used for
transparent particles.

Therefore automatic hologram reconstruction included

the following steps:

• For each hologram, a series of reconstructed images are
obtained by varying the axial distance z.

• Each reconstructed image is binarized with a high

threshold and filtered in order to remove the high
frequency noise.

• 2-D structures with connected pixels are identified as

potential droplets in the hologram. The area covered by
these structures and its eccentricities are used like

criteria for deciding whether they are droplets or not.

• Once a structure is identified as a droplet, the original
reconstructed image is used for calculating the standard

deviation of the intensity.

When all the planes have been reconstructed for a single

hologram, the standard deviation of the intensity is mini-
mized in order to find the position where the droplet is

focused. The image is binarized again, using a threshold of

0.5 for the normalized intensity. The size is calculated from
the binarized image area.

Figure 4 illustrates the procedure described above.

Figure 4a shows an example of the typical holograms of
the droplets recorded with this set-up. In particular, this

hologram corresponds to the droplets generated by the

micro-dispenser working at 10 psi. Figure 4b shows five
reconstructions, corresponding to the highlighted diffrac-

tion pattern, at five z positions from –85 to –93 mm. In

Fig. 4c, the diameter and the standard deviation of the
reconstructed image intensity (ri) are plotted as a function

of the distance zo from the CCD sensor (Dzo = 0.1 mm).

The minimum of ri occurs at –88.8 mm and the droplet
size at this position is 140.1 lm.

2.3 Analysis

In order to investigate the relation between the droplet
diameter and the pressure in the reservoir, four pressures

were tested: 10, 15, 20 and 25 psi. It was expected to find

some significant difference in the droplet sizes as the
pressure increased, but as it can be seen in Fig. 5 that the

size distribution is quite similar for the four pressures.

Although the mean droplet diameter increases slightly with
the pressure and the dispersion also increases (calculated as

the standard deviation) in the measured values. For P = 10

and 15 psi the droplet sizes are quite similar (mean diam-
eter = 140.1 ± 16.3 and 143.5 ± 20.9 lm, respectively),

and increases to 154.0 ± 53.5 lm for 20 psi. However, the
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Figure 8: (a) Digital in-line hologram, (b) reconstructed parti-
cle for z0 ranging from –85 to –93 mm, (c) particle diameter
and standard deviation of the reconstructed image intensity as a
function of zo.

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. λ = 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.

Meas. Sci. Technol. 19 (2008) 074002 J Soria and C Atkinson

Figure 2. Digital hologram reconstruction of a 90 µm 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, from
[5].

respectively, allows the complex amplitude distribution in the
image plane to be numerically calculated in an efficient way
using

U(x0, y0; z) = F−1[IH (fx, fy)H(fx, fy; z)], (6)

where F−1 represents the inverse Fourier transform. In
practice the Fast Fourier transform is used to compute
equations (5) and (6).

In the digital reconstruction using equation (6) the method
developed by [18] is recursively implemented to determine
the reconstructed images, of in our case particles, in several
closely spaced planes normal to the z-coordinate direction.
The technique utilizes an iterative filter that limits the twin-
image effect, common to all in-line holograms, by averaging.
This method, as reported in [18], produces the best results
when the iteration parameter M is 3, 4 or 5; [5] found that the
most well reconstructed particle images were obtained when
M = 3. The numerical algorithm uses a non-dimensional

parameter α =
√

N"2

λz
to determine the z-coordinate position

of the reconstructed image—the technique was found to work
optimally when α ≈ 1 by [5].

The digital reconstruction described above is found to
reconstruct particles of 90 µm diameter with an estimated
linear in-line dimension of approximately 15.2 mm (i.e.,
ellipsoidal major axis of the reconstructed particle is in z-
coordinate direction) as shown in figure 2—this result is known
as the depth-of-field problem of in-line holography and has
been analysed by [5, 9, 16] where a more detailed discussion
of the depth-of-field problem of in-line holography can be
found.

Two possible means of overcoming the depth-of-field
problem suggested by [5] include particle side scattering
and off-axis holography. The use of side scatter requires
optical elements that add complexity and can possibly distort
the particle images [2, 22]; in addition, this approach
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Figure 3. Tomographic in-line hologram recording geometry—here
shown for a three CCD array camera setup.

requires more powerful light sources than required for in-
line holography. Off-axis holography, on the other hand, also
has its limitations: the angle-dependent wave number of the
interference pattern that is formed by the reference and object
beams during off-axis hologram recording is ζ = sin θ

λ
; the

maximum wave number that can be resolved by the CCD
sensor is the inverse of twice the pixel size: ζmax ≈ 1

2"
; for

the CCD sensor and Nd:YAG laser used in this study, this
gives a maximum angle of about θmax ≈ 2.10. However, in
order to separate the real and virtual images a minimum angle
of θmin = sin−1 (Bλ) is required (where B is the maximum
spatial frequency of the image). For the application of particle
image velocimetry, given sparse seeding and large particles
these competing effects can be satisfied, but it requires a small
object field, which is located relatively far away from the CCD
sensor [24].

2.3. Multi-camera (tomographic) digital hologram
recording and reconstruction

In this paper a new technique is described that allows the
faithful reconstruction of 3D particles in a 3D volume using a
multi-camera digital in-line hologram recording approach or
tomographic hologram particle recording as shown in figure 3
for an in-plane tomographic hologram recording geometry that
uses three cameras.

The principle behind this technique is the realization that
the actual geometric description and correct volume of an in-
line holographically recorded particle can be obtained from the
particle intersection volume of the reconstructed volumes of a
particle, which has been recorded using in-line holograms from
different orientations by multiplication of the reconstructed
intensity fields (following some suitable threshholding of
the intensity to reduce the influence of noise) as shown in
figure 4.

The graph in figure 5 shows that the smallest intersection
volume is obtained if the orientation between the two recording

3

Figure 9: Digital hologram reconstruction of a 90 µm 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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