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Abstract
Digital imaging array technology and processing power are continuously developing and have reached a state
where 4-dimensional (i.e. time-resolved 3C-3D) digital holographic PIV/PTV (4D-DHPIV/PTV) methods
can be considered for macro fluid mechanics and turbulence investigations. This paper presents an in-line
4D-DHPIV/PTV methodology, which in addition to including the standard digital hologram reconstruction,
incorporates advanced digital filtering to remove the virtual image effect, 3-dimensional volume deconvolution to reduce the depth-of-focus problem and the virtual image, an efficient one-pass 3-dimensional
clustering algorithm coupled with a new predictive inverse reconstruction approach based on previous work
in this area, to increase the particle reconstruction dynamic range and 3-dimensional reconstruction domain.
In addition to the presentation of the details of this 4D-DHPIV/PTV method, additional performance results
pertaining to bias particle position error and uncertainty of the particle position are presented as a function
of particle concentration.
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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 containing 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 threedimensional (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
Barnhart et al. (1994); Hussain et al. (1993); Lozano et al. (1999); Ellenrieder et al. (2001), but due to its
complex implementation it did not develop into a standard laboratory tool. More recently, digital holographic recording and reconstruction Coëtmellec et al. (2001); Murata and Yasuda (2000); Pan and Meng
(2003); von Ellenrieder and Soria (2003); Lobera et al. (2004); Palero et al. (2007) coupled with crosscorrelation 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 Malik et al. (1993b,a); Sato et al. (1994) — primarily due to its complex calibration
requirements. However, in the last decade photogrammetry has been coupled with cross-correlation PIV
analysis in a technique now referred to as Tomographic PIV (TPIV) Ciofalo et al. (2003); Elsinga et al.
(2006); Atkinson and Soria (2009). This technique 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 Atkinson et al. (2011).
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
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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 Belden et al. (2010). 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 cumbersome camera array system, uses light-field
imaging to record the particle light-field image via a single plenoptic camera Adelson and Wang (1992)
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 technique, referred to as light-field PIV
(LFPIV) Fahringer et al. (2015); Shi et al. (2017, 2018). LFPIV eliminates the cumbersome camera spatial
calibration process, which is essential and a major source of error in TPIV. With a compact hardware setup
similar as 2D-PIV, LFPIV is capable of measuring full volumetric 3C-3D velocity fields using a greatly
simplified experimental procedure.
The three experimental methods which are commonly employed in Experimental Fluid Mechanics can
be distinguish by their illumination source and inherent imaging method, classifying them either as Incoherent Imaging or Coherent Imaging methods. All photogrammetry methods such as TPIV and LFPIV 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 Buchmann et al. (2012) sufficing to illuminate the fluid volume of interest that contains the scattering tracer particles. HPIV and more
specifically DHPIV belong to the Coherent Imaging family and requires coherent illumination of a highly
coherent laser to illuminate the fluid volume of interest containing 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 provided 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 location where
the particle is located van Overbrüggen et al. (2016); Bosbach et al. (2008). This very important aspect in
fluid flow velocimetry is not within the scope of this paper. The primary focus will be on the presentation of
a 4-dimensional (i.e. time-resolved 3C-3D) digital holographic PIV/PTV (4D-DHPIV/PTV) methods that
can be considered for macro fluid mechanics and turbulence investigations.

2

Digital Holographic PIV - Direct Reconstruction

DHPIV, using coherent imaging 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 3D fluid flow measurement methods like TPIV. Two sequentially recorded 3D intensity fields of all particles can subsequently be analysed using 3D cross-correlation
analysis as is done in TPIV or a hybrid cross-correlation PIV - PTV approach can also be used Soria et al.
(2014) to enhance the spatial resolution to the particle size level. The basic set-up for in-line digital hologram recording shown in figure 1 is described in Pan and Meng (2003); von Ellenrieder and Soria (2003);
Palero et al. (2007). Note that the purpose of the lenses in the arranagment shown in figure 1 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.
This laser 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/CMOS 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 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 propagated to the virtual (or real) image plane. The complex
amplitude distribution U(x0 , y0 ; z) in any plane, which is a distance z normal 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 Goodman (1996),
1
U(x0 , y0 ; z) =
ıl

Z

S

IH (x, y, 0)

exp (ı k r01 )
cos (~n, r~01 ) dx dy
r01

(1)

where l and k = 2p
wavenumber respectively of the illumination used during the
l is the wavelength and
p
recording of the digital hologram. r01 = (x x0 )2 + (y y0 )2 + z2 is the distance from a point (x, y, 0)
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Figure 4: (a) Typical 3D direct hologram reconstruction of particles, (b) point-spread function, (c) 3Ddeconvolved reconstruction of particles.
holograms of further particles, etc. These processes are illustrated in fig. 5. The iterative process is iterated
until a residual hologram is at the noise level.
Once a sequential pair of 3D holograms has been reconstructed, these can be analysed using 3D crosscorrelation analysis or a hybrid cross-correlation PIV - PTV at the particle spatial resolution level Soria et al.
(2014) to reveal the 3C-3D fluid velocity field. Furthermore, since a time series of digital holograms is available in this 4D-DHPIV/PTV methodology, then once 3-4 3C-3D velocity fields are available, quite accurate
predictive positions of the particle locations can be used to accelerate the inverse hologram reconstruction
step in fig. 5. An example of the result of the iterative hologram reconstruction approach described via fig.
5 is shown in fig. 6 based on a digitally generated hologram using particles that are randomly distributed
within a volume.

4

Analysis of the Effect of Particle Concentration on Iterative Hologram
Reconstruction

The effect of particle concentration on the iterative hologram reconstruction as measured by the bias error
and uncertainty of the particle centroid location has been investigated. For this numerical study the wavelength of the coherent laser illumination was set at l = 532 nm. Particles where randomly distributed in
a volume of 64 µm ⇥ 64 µm ⇥ 109 µm where the largest dimension is the out-of-plane z-direction normal
to the recording sensor surface. The particles had a diameter uniformly distributed between 1.5 2.5 µm
(⇠ 2.82l 4.7l). The number of particles used within this volume was 10, 20, 30, 40, 50 and 80, resulting
in corresponding particle concentrations of 2.2 ⇥ 10 5 , 4.5 ⇥ 10 5 , 6.7 ⇥ 10 5 , 9.0 ⇥ 10 5 , 1.1 ⇥ 10 4 , 1.8 ⇥
10 4 particles/µm3 . Except for the 80 particles per volume case 18,000 numerical samples were produced
and analysed. For the 80 particle per volume case 7,814 numerical samples were produced and analysed.
Figure 7 shows the percentage of correct particles detected using direct hologram reconstruction and
iterative hologram reconstruction as a function of particle concentration. These results show the superior
performance of the iterative hologram reconstruction approach, which significantly outperforms the direct
hologram reconstruction method by correctly identifying more than 70% of all particles even for high particle concentration, whereas the direct method at the lowest concentration detects at best 35% of all particles.
Only for the highest particle concentration does the detection drop to 40% of all particles for the iterative
hologram reconstruction approach. However, for this concentration the direct hologram reconstruction is
only able to detect one order less at around 4% of all particles. It is noteworthy to realise that a concentration
of 1.1 ⇥ 10 4 particles/µm3 corresponds to 110,000 particles in 1 mm3 , whereas the highest concentration
used here of 1.8 ⇥ 10 4 particles/µm3 corresponds to 180,000 particles in 1 mm3 , which is an exceedingly
high particle concentration.
Figure 8 shows (a) the normalized bias error and (b) normalised standard uncertainty of the particle
centroid position in the in-plane (x, y) directions and the out-of-plane z direction using iterative hologram
reconstruction. The normalisation is with respect to the illumination wavelength l = 532 nm. The bias error
of the centroid position is typically less that 0.25l for the in-plane coordinates for all particle concentrations
6

Figure 5: Iterative 3D Hologram reconstruction approach.
used in this study, characterised by an underestimation. The bias error in the out-of-plane position is of the
same order as the in-plane except for the lowest and highest concentration, where the bias error is found to
be at most 1.5l, characterised by underestimation and overestimation.
The standard uncertainty shown in fig. 8 (b) does not exceed 3.5l for the in-plane particle centroid
coordinates with a minimum at the concentration of 4.5 ⇥ 10 5 particles/µm3 of less than 2l. The standard
uncertainty for the out-of-plane particle centroid coordinate is significantly higher of the order of 8l or
less except for the highest concentration where the standard uncertainty peaks at slightly above 12l. The
variation of the standard uncertainty for the out-of-plane particle centroid coordinate shadows the in-plane
standard uncertainties but with more of a minimum plateau between the particle concentrations of 4.5 ⇥
10 5 9.0 ⇥ 10 5 particles/µm3 .

5

Concluding Remarks

This paper describes the details of direct digital hologram reconstruction and discusses some of its shortcomings. An in-line 4-dimensional (i.e. time-resolved 3C-3D) digital holographic PIV/PTV (4D-DHPIV/PTV)
method is presented which overcomes these shortcomings. This 4D-DHPIV/PTV method, in addition to
including the standard digital hologram reconstruction, incorporates advanced digital filtering to remove
the virtual image effect, 3-dimensional volume deconvolution to reduce the depth-of-focus problem and the
virtual image, an efficient one-pass 3-dimensional HK clustering algorithm coupled with a novel predictive
inverse reconstruction approach based on previous work in this area.
A numerical study has been undertaken to investigate bias particle position error and standard uncertainty of the particle position as a function of particle concentration. The particle concentrations used in this
study ranged from 2.2 ⇥ 10 5 1.8 ⇥ 10 4 particles/µm3 , the highest particle concentration corresponding
7

Figure 6: Example illustrating the result of iterative 3D Hologram reconstruction.
to 180,000 particles in 1 mm3 . This study has found that the iterative hologram reconstruction of the 4DDHPIV/PTV can detect 70% of all particles even for high particle concentration, whereas the direct method
at the lowest concentration detects at best 35% of all particles. Only for the highest particle concentration
of 1.8 ⇥ 10 4 particles/µm3 does the detection drop to 40% of all particles for the iterative hologram reconstruction approach. The bias error of the centroid position is typically less that 0.25l for the in-plane
coordinates for all particle concentrations used in this study, while for the out-of-plane position, it is of the
same order as the in-plane except for the lowest and highest concentration, where the bias error is found to
be at most 1.5l. The standard uncertainty does not exceed 3.5l for the in-plane particle centroid coordinates
with a minimum of less than 2l at the concentration of 4.5 ⇥ 10 5 particles/µm3 . However, The standard
uncertainty for the out-of-plane particle centroid coordinate is significantly higher of the order of 8l or less
except for the highest concentration where the standard uncertainty peaks at slightly above 12l.
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(a)

(b)
Figure 8: Precision and uncertainty in the particle centroid position using iterative hologram reconstruction. (a) Normalised bias error, (b) normalised standard uncertainty. Normalisation is with respect to the
wavelength l = 532 nm.
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