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We have developed a phase retrieval holography system using a single-board 
computer (SBC) with a graphics processing unit (GPU) for particle size measurement. 
The system comprises two cameras connected to the SBC with a GPU (Jetson 
NanoTM, NVIDIA®), a diode-pumped solid-state green laser, and a beam splitter. 
The GPU enables us to reconstruct holograms in real-time and measure particle 
size. The system can record the shapes and positions of particles falling in a static 
flow in a three-dimensional volume as two holograms generating an interference 
pattern. Two holograms solve the twin image problem that arises because of the lack 
of phase information using phase retrieval holography. We also present the requirement of this system for experimentally recording and 
numerically reconstructing holograms of particles. Finally, we compare the particle size distribution obtained by the system to that of 
conventional two-dimensional image measurement.
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1. Introduction
Digital transformation (Stolterman and Fors, 2004) has 

changed society as a whole, as evidenced by the spread of 
telework and other online activities due to the COVID-19 
pandemic. The use of Internet of Things (IoT) (Mattern and 
Floerkemeier, 2010) has also been advancing. In particular, 
Malik et al. (2021) reported that the use of Industrial IoT 
in industry has brought significant improvements and prof-
itability in process visualization using the Raspberry Pi, 
an inexpensive single-board computers (SBC). In powder 
production, big data aggregated from each process are used 
for trouble detection, quality control, and determination of 
production conditions through artificial intelligence tech-
nology (Fujita et al., 2020).

As the processing speed of computers has improved, the 
amount of information obtained by optical measurement, 
which is used in powder production, has increased from 
point measurement with phase Doppler anemometry (Durst 
et al., 1981) to image measurement (Lichti and Bart, 2018). 
In addition, holography, invented by Gabor (1948), has 
been used for measuring particles in three-dimensional 
space. Gabor holography can be realized easily with a light 
source and a complementary metal oxide semiconductor 
(CMOS) camera and is insensitive to vibration because the 
reference and object waves are on the same optical axis.

Gabor holography is a three-dimensional microparticle 
measurement with a deep focal depth, involving size 
(Nayak et al., 2021), position (Memmolo et al., 2015), and 
velocity (Katz and Sheng, 2010). However, only the light 
intensity of the complex amplitude is recorded by the cam-
era, which causes the twin image problem that degrades 
the contrast of reconstructed particles (Latychevskaia and 
Fink, 2007). To solve this problem, phase retrieval holog-
raphy using two or more cameras has been proposed (Liu 
and Scott, 1987; Zhang et al., 2003). The present authors 
have used this method to measure microparticles (Tanaka 
et al., 2016), microbubbles (Kubonishi et al., 2018), and 
microdroplets (Nakatani et al., 2019; Tanaka et al., 2019b). 
However, practical usage of Gabor holography and phase 
retrieval holography is limited by the huge execution time 
for volumetric reconstruction.

Parallel processing by a graphics processing unit (GPU) 
accelerates holography processing (Tian et al., 2010) to be 
much faster than that by a central processing unit (CPU). 
In particle measurements, the CPU to GPU execution time 
ratio has been shown to be higher than 100 times (Tanaka 
et al., 2019a). Since 2014, NVIDIA® has released GPU-
equipped SBCs for AI and IoT applications, and in 2019 it 
released the Jetson NanoTM as an inexpensive SBC.

This paper proposes particle size measurement using a 
phase retrieval holography system with a GPU-equipped 
SBC with theoretical and fabrication considerations. We 
also confirm the effectiveness of the system by comparing 
particle size distributions measured by it and conventional 
two-dimensional image measurement.
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2. Recording and reconstruction of
holograms in particle measurement

First, we focus on the principles of recording and recon-
structing particles in three-dimensional space using Gabor 
holography. In particular, we discuss hologram recording 
conditions, the twin image problem, and particle elongation 
in the optical direction. Moreover, we explain the principle 
of phase retrieval holography used in the proposed system 
to suppress the twin image problem.

2.1 Recording holograms using Gabor holography
We consider the case in which particles illuminated by a 

plane wave of wavelength λ as shown in Fig. 1. The com-
plex amplitude Ψz at a distance z is formulated as
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where j2 = –1 is the imaginary unit. The diffracting aperture 
bi for the ith particle is defined as the transmittance func-
tion, namely,
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where dp is the diameter of the particle, xpi and ypi are its 
center position.

Because this aperture has circular symmetry, the inten-
sity distribution is derived by performing the integration
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where J1 represents the first-order Bessel function. The 
particle information is contained mostly in the first lobe 
(Vikram, 1992) as shown in Fig. 2. The recording distance 
of a particle is limited to the range in which the lobe can be 
resolved, that is,
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where W/2 is the half width of the CMOS elements. Addi-
tionally, the pixel pitch ∆x of the elements is also limited 
by the relation,
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2.2 Reconstruction of holograms using Gabor 
holography

We reconstruct holograms explained in sec. 2.1 by 
introducing the convolution kernel defined as (Onural and 
Scott, 1987)
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Eqn. (1) can be expressed compactly using the two- 
dimensional convolution ** as
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Fig. 2 Hologram intensity of a particle from Eqn. (3) for zp = 50 mm, 
dp = 62 μm, and λ = 532 nm.

Fig. 1 Recording hologram in particle measurement.
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The hologram intensity is recorded on a hologram as
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where a superscript * denotes complex conjugate, and the 
complex amplitude of particles are reconstructed as
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The second and third terms on the right-hand side of 
Eqn. (9) lead to the virtual and real particle images. The 
virtual particle image causes the out-of-focus particle, as 
shown in the intensity line profile of Fig. 3. This is known 
as the twin image problem (Latychevskaia and Fink, 2007) 
due to the loss of phase information when the complex am-
plitude of the hologram is recorded by the CMOS camera.

2.3 Suppression of twin image problem using 
phase retrieval holography

We use phase retrieval holography, which requires two 
holograms separated by a distance Δz to obtain the phase 
information as shown in Fig. 4 (Liu and Scott, 1987; Zhang 
et al., 2003). This iterative phase retrieval algorithm is 
based on the Gerchberg–Saxton algorithm (Gerchberg and 
Saxton, 1972) using two holograms as intensity constraint 

conditions. The distance Δz between the two holograms 
with good convergence of the iterative process is given by 
Tanaka et al. (2016)
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This method has an iterative process with four steps as 
shown in Fig. 5(a).

Step 1. Reconstruct the complex amplitude of the first 
hologram to the second hologram with the distance:
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Step 3. Back-reconstruct the amplitude of step 2 to the 
first hologram:
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Fig. 3 Reconstruction of a hologram in particle measurement.

Fig. 4 Phase retrieval holography using two holograms.
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where ϕ1 and ϕ2 are the retrieved phases at the first and sec-
ond hologram, respectively. The iterative loop exits when 
the mode of the reconstructed image at zp3 becomes the 
maximum value (Tanaka et al., 2016). The virtual particle 
image has been removed by phase retrieval holography, as 
shown in the intensity line profile of Fig. 5(b) compared 
with Fig. 3.

2.4 Particle elongation in the optical axis direction
In addition to the twin image problem, another problem 

is that the reconstructed particle is elongated in the optical 
axis direction. To understand this problem, the complex 
amplitude reconstructed from the hologram formed by one 
particle at (xp, yp) = (0,0) on the z axis can be considered as 
a circular aperture on a screen (Yang et al., 2006), that is,
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where ϕ is πrp
2/(λz). On the other hand, the amplitude ψzo 

of an opaque disk is derived by using Babinet’s principle 
(ψza + ψzo = 0) (Born et al., 1970) as
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whereupon we obtain the intensity as
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Fig. 6 shows that the intensity oscillates, with the fre-
quency increasing toward the position of the particle. In 
practice, the oscillations are limited owing to the finite 
sensor size, as shown in the numerical plots in Fig. 6.

Particle elongation is defined by a zero-valued position 

that oscillates symmetrically about z = 0 in the following 
equation (Nakatani et al., 2019):
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Particle elongation can be expressed as dp
2/(6λ) by substi-

tuting n = 2 into Eqn. (18) under the conditions of Fig. 2. 
Furthermore, taking this elongation into account, the re-
cording range of Eqn. (4) can be extended as
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3. Holographic particle size measurement 
system using a GPU-equipped single-
board computer

In this section, we illustrate the details of the holographic 
particle size measurement system using a GPU-equipped 
SBC (Jetson Nano, NVIDIA). Fig. 7 shows the optical 
setup for the phase retrieval holography system with two 
holograms. The laser beam (532 nm, 5 mW, Edmund®) is 
magnified using an objective lens (40/0.65) and converted 
to a collimated beam using a beam expander (TS Scorpii®, 
8×, Edmund). After passing through the measurement 
volume (6.9 mm × 6.9 mm × 40 mm) where the particles 
(SP20SS, Mitsubishi Chemical Corporation) fall at their 
terminal velocity, the collimated light is split by a beam 
splitter and recorded by two CMOS cameras (BFS-U3-
31S4C-BD2, FLIR, processing rates: 0.4 fps (Gabor ho-
lography) and 0.5 fps (phase retrieval holography), shutter 
speed: 200 μs, image size: 512 pixels × 512 pixels, cell 
pitch: 3.45 μm) fitted with telecentric lenses (VS-TCT05-
65/S, 0.5×, WD: 65.7 mm, VS Technology®). Two cameras 

Fig. 5 Phase retrieval holography: (a) iterative process and (b) reconstruction of a hologram with retrieved phase information.
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are installed at positions z1 = 10 mm and z2 = 20 mm under 
the condition of m = 1. The misalignment of a rotation and 
a shift in the xy plane between the two cameras was cali-
brated numerically within one pixel by bundle adjustment 
of the image distortion correction (Russ and Neal, 2016) 
using a calibration plate printed with random dots.

The holograms recorded by the two cameras are pro-
cessed by the NVIDIA Jetson Nano with JetPack® SDK 
4.6.1. Camera control and image acquisition are conducted 
with the Spinnaker® SDK C++ v2.5.0.80 library. The 
CUDA C/C++ 10.2 library and Thrust API are used for 
image processing and hologram reconstruction calculation 
using the GPU. The textbook by Shimobaba and Ito (2019) 
is informative, detailing GPU programming of hologram 
recording and reconstruction. OpenCV 4.5.4 is used to 
display images in GUI windows during processing. The 
application for bundle adjustment of the two cameras is 
implemented in Julia® 1.7.2.

Table 1 gives the CPU and GPU execution times for 
reconstruction processes using Gabor and phase retrieval 
holography. The CPU to GPU execution time ratio indi-
cates that a GPU-equipped SBC is essential for early-time 
processing.

For comparison with holographic measurement, we 

used image measurement to determine the sizes of parti-
cles stuck to a glass plate, as shown in Fig. 8(a). We used 
image analysis software (Fiji 2.3.0: Schindelin et al., 2012) 
to apply dynamic thresholding (Prewitt et al., 1966) to 
the recorded image to obtain a binarized image, and we 
measured the particle size as the Feret diameter, as shown 
in Fig. 8(b).

4. Results
In this section, we report use of the fabricated system 

to measure particle size distributions in three-dimensional 
space using Gabor holography and phase retrieval holog-
raphy. The effectiveness of the system is confirmed by 
comparing its measured distributions with that measured 
conventionally by two-dimensional image measurement.

Reconstructed volumes (6.9 mm × 6.9 mm × 40 mm) 
of Gabor and phase retrieval holography are shown in 
Figs. 9(a) and 10(a), respectively. Particles are elongated 
along the optical axis, as shown in Eqn. (18) and Fig. 6. 
Although particle size can be measured from the elongation 
(Nakatani et al., 2019), to reduce the computational load 
for real-time processing, we measure the size by using the 
binarized image with the minimum value in the optical axis 
direction in the volume.

The obtained minimum-intensity image, binarized im-
age, and intensity histogram are shown in Figs. 9(b) and 
9(c) and Figs. 10(b) and 10(c), respectively. As compared 
in Figs. 3 and 5, phase retrieval holography, which sup-
presses the twin image problem, has a histogram peak 
at the value of zero light intensity as focused particles. 
In contrast, Gabor holography, which is affected by the 
twin image problem, has no peak in the histogram at the 
zero value. Consequently, Gabor holography has a larger 
threshold value than that of phase retrieval holography, 
and its binarized particle size is smaller than that of phase 
retrieval holography.

The Feret diameter is measured from the binarized 
images as in the image measurement of Fig. 8(b), and the 
particle size distributions of Gabor and phase retrieval ho-
lography are shown in Figs. 11(a) and 11(b), respectively. 
Gabor and phase retrieval holography have peaks of similar 
size. However, as mentioned above, Gabor holography has 
more particles below 40 μm than does phase retrieval ho-
lography because of the smaller size due to the twin image 
problem.

Fig. 6 Theoretical and numerical distribution of light intensity of 
Fig. 2 through the center of the particle.

Fig. 7 Optical setup for particle size measurement using phase 
retrieval holography system with a GPU-equipped SBC: (a) laser; (b) 
objective lens; (c) collimator lens; (d) ND filter; (e) observation box; (f) 
beam splitter; (e) telecentric lens; (h1) CMOS camera 1; (h2) CMOS 
camera 2; (i) NVIDIA Jetson Nano as GPU-equipped SBC.

Table 1 Comparison of execution time comparison between CPU and 
GPU for Gabor and phase retrieval holography.

[s] [Ratio]

CPU GPU CPU/GPU

Gabor  82.5 2.0 41.2

Phase retrieval 101.7 2.6 39.1
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The cumulative frequency distribution functions are 
generated from the particle size distribution of image 
measurement, phase retrieval, and Gabor holography. The 
distributions determine the sizes corresponding to the 10th, 
50th, 90th percentiles, and the span, labeled d10, d50, d90, 
and dspan respectively. From the values in Table 2, unlike 
Gabor holography, phase retrieval holography enables 
the measurement of almost the same distribution levels as 
those of image measurement.

5. Conclusion
We have illustrated a phase retrieval holography system 

with a GPU-equipped SBC with theoretical and fabrication 

considerations. This system enables real-time measure-
ments of particle size distributions in a three-dimensional 
space with almost the same accuracy as that of conven-
tional two-dimensional image measurement. The results 
show that the fabricated system has reached the stage of 
practical particle-size measurements in three-dimensional 
space.

Data Availability Statement
The data on particle distributions by image measure-

ment, Gabor holography, and phase retrieval hologra-
phy is available publicly in J-STAGE Data (https://doi.
org/10.50931/data.kona.22002518).

Fig. 8 Particle size distribution by image measurement: (a) observation of particles with telecentric lens; (b) histogram of particle size distribution 
(number of particles Np = 1147).

Fig. 9 Gabor holography: (a) reconstructed particles in measurement volume; (b) imposed volume and binarized image (threshold number: 23); (c) 
intensity histogram.
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