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ABSTRACT
Digital in-line holography has been applied extensively to

particle field measurement, where the particles can be the tracer
particles for flow measurement, droplets in spray diagnostics, or
aquatic microorganisms. The particle detection algorithm plays
a key role in accurate detection of particle 3D locations and
sizes. A hybrid method has recently been proposed for parti-
cle field measurement in digital in-line holography. It features
automatic determination of the threshold for segmentation of the
particle field and the capability to measure particles of arbitrary
shapes. Using the hybrid method, the particle 3D location, size
and shape information can be extracted. The uncertainty of the
hybrid method is characterized using both synthetic and experi-
mental holograms at different particle field conditions. The depth
measurement uncertainty is within 2 times the particle diameter
for a wide range of particle field conditions.

NOMENCLATURE
Er reconstructed complex amplitude
h hologram
R complex amplitude of reference wave
g Rayleigh-Sommerfeld diffraction kernel
zr reconstruction distance
zd detected particle depth
k wave number
λ wavelength
M number of pixels in horizontal direction

∗Corresponding author; junchen@purdue.edu

N number of pixels in vertical direction
∆ξ dimension of pixel in horizontal direction
∆η dimension of pixel in vertical direction
A reconstructed amplitude
I reconstructed intensity
T Tenengrad map
DT depth map
Sx horizontal Sobel kernel
Sy vertical Sobel kernel
S quantified sharpness
D particle diameter
w particle width
h particle height
F Fresnel number
L distance between hologram plane and particle field
σ relative mean deviation
∆zd average displacement

INTRODUCTION
Digital in-line holography has been applied to measure parti-

cle fields where the particles can be tracer particles, drops, micro-
organisms, etc. In particular, it has been applied to flow visual-
ization and measurement [1–3], spray diagnostics [4–6], mobil-
ity and behavior study of micro-organism [7, 8], study of atmo-
spheric particles [9], and other subjects. The performance of dig-
ital holography for particle field measurement replies heavily on
the accurate determination of 3D location of particles, especially
the depthwise location. When the particle size and geometry are
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of primary interest, it is particularly important to determine the
focus depth of a particle to accurately extract the size and shape
of a specific particle. In addition to the hardware factors (e.g.,
pixel resolution of digital cameras) that affect the accuracy in
locating a particle, the algorithms (methods) used to extract the
depth can also have a remarkable influence on the uncertainty of
measurement.

The methods to determine the depth of a particle in digi-
tal holography can be categorized into two categories. The first
one includes methods that utilize the intensity (amplitude) pat-
tern of the reconstructed particle image. It is assumed that when
the in-line hologram of a particle is reconstructed at the parti-
cle’s true depth, i.e., focal plane of the particle, the criterion for
focus, which is based on the analysis of reconstructed intensity
(amplitude) information, reaches its extreme [10–19]. The sec-
ond category includes approaches that use the complex ampli-
tude information of the reconstructed wave [20–22]. Though
various methods are developed, they often suffer from several
problems which prevent them from being applied to situations
where measurement uncertainties are of primary concern. First
of all, the measurement uncertainties are often characterized in-
sufficiently, using both synthetically generated and experimen-
tally acquired holograms. The results from synthetic holograms
are considered an estimation of the achievable optimal accuracy
of a method, due to the lack of, e.g., noises and imperfections of
recording media that always present in experimental conditions.
As a result, experimental holograms can be used to further in-
vestigate the influences of these factors on the accuracy of the
method. Therefore, both numerical and experimental results are
indispensable to systematically characterize the uncertainty of a
algorithm. Secondly, the parameters of the particle field used for
accuracy characterization are often far different from those of the
particle field in real measurements. For example, the uncertainty
obtained from detecting of a single particle is likely to be un-
derestimated comparing to the uncertainty when the method is
applied to a dense particle field. Thirdly, certain existing meth-
ods are only capable of measuring spherical particles, whereas
in many practical applications the particles often have arbitrary
shapes. Finally, manual input of threshold according to empiri-
cal values or knowledge about the particle field is often required
to segment an image of multiple particles to detect particles in-
dividually.

Recently, a hybrid method [23], which features automatic
determination of threshold for segmentation and capability to de-
tect particles of arbitrary shapes, is proposed to overcome the
aforementioned limitations of existing particle detection meth-
ods. In this paper, we characterize the uncertainty of this new
method both numerically and experimentally. The paper is or-
ganized as follows. Digital in-line holography is first briefly in-
troduced, followed by an elaboration on the implementation of
the hybrid method. The measurement uncertainty of the hybrid
method is quantified using both synthetic holograms and exper-
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FIGURE 1. SCHEMATIC OF DIGITAL IN-LINE HOLOGRAPHY
FOR PARTICLE FIELD DETECTION: (A) RECORDING AND (B)
RECONSTRUCTION.

imental holograms. Finally, conclusions are drawn on the depth
determination accuracy of the hybrid method.

DIGITAL IN-LINE HOLOGRAPHY
Shown in Fig. 1(A) is a typical setup of digital in-line holog-

raphy for measurement of a particle field. The laser beam is spa-
tially filtered, expended and collimated before illuminating the
particle field. The light diffracted and scattered by the particles
is the object wave, and the undisturbed part of the same beam
serves as the reference wave. The interference pattern (holo-
gram) is recorded by the CCD sensor and stored in a computer
as a digital image h(m,n). In the reconstruction step, by vary-
ing the reconstruction distance zr, particles at different planes
of the reconstruction volume can be brought into focus in the
reconstructed images, as shown in Fig. 1(B). The angular spec-
trum method is adopted to perform the numerical reconstruction,
which can be expressed as [24]

Er(x,y,zr) = [h(ξ ,η)R∗(ξ ,η)]⊗g(ξ ,η ,zr), (1)

where

g(ξ ,η ,zr) =
1
jλ

exp
(

jk
√

ξ 2 +η2 + z2
r

)
√

ξ 2 +η2 + z2
r

(2)
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is the Rayleigh-Sommerfeld diffraction kernel. Er(x,y,zr) is the
complex amplitude reconstructed at zr. (ξ ,η) and (x,y) are coor-
dinates in the hologram plane and reconstruction plane, respec-
tively. R(ξ ,η) is the complex amplitude of the reference wave,
∗ denotes complex conjugate, and ⊗ denotes convolution opera-
tion. λ and k are the wavelength and wave number, respectively.
The discretized evaluation of Eqn. (1) in the Fourier domain can
be expressed as

Er(k, l,zr) = F−1

{
F{h(m,n)R∗(m,n)}exp

(
jkzr

√
1−
(

λm
M∆ξ

)2
−
(

λn
N∆η

)2
)}

,

(3)
where R(m,n)= 1, because the reference wave is a uniform plane
wave. M and N are the number of pixels of the CCD sensor in
the ξ and η directions, respectively, while ∆ξ and ∆η are di-
mensions of an individual pixel. F and F−1 denote fast Fourier
transform and inverse fast Fourier transform, respectively. The
reconstructed amplitude and intensity are

A(k, l,zr) = |Er(k, l,zr)|, (4)

and

I(k, l,zr) = |Er(k, l,zr)|2. (5)

The reconstruction distance at which a particle is in focus is de-
cided as the depth (z position) of the particle. The transverse
position, particle size and shape can be determined from the fo-
cused image of the particle.

IMPLEMENTATION OF THE HYBRID METHOD
The hybrid method falls into the first category of particle

detection method that uses the intensity or amplitude of the re-
constructed particle image [23]. It relies on maximizing the edge
sharpness of a particle image. Here, algorithms for particle de-
tection, particle refinement and synthetic hologram generation
are all coded using LabVIEW.

Detection of A Single Particle
The sharpness is quantified by calculation of the Tenengrad

value across a particle image [25]. The Tenengrad map T (k, l,zr)
at a reconstruction distance zr can be obtained by

T (k, l,zr) = [A(k, l,zr)⊗Sx]
2 +[A(k, l,zr)⊗Sy]

2 , (6)

where Sx and Sy are the horizontal and vertical Sobel kernels, re-
spectively. The hologram is reconstructed at sequential planes

in a reconstruction volume (zmin ≤ zr ≤ zmax) with a depth inter-
val, where zmin and zmax are determined such that the particles
of interest are all enclosed in the reconstruction volume. Dur-
ing volume reconstruction, the maximum-Tenengrad map Tmax,
its depth map DT and minimum-intensity map Imin are obtained:

Tmax(k, l) = max
zr

(T (k, l,zr)) (7)

DT (k, l) = argmax
zr

(T (k, l,zr)) (8)

Imin(k, l) = min
zr

(I(k, l,zr)) . (9)

This process is illustrated by Figs. 2(A)-(D).
A binary image of the particle is extracted by thresholding

Imin. In the hybrid method, an optimal threshold is decided au-
tomatically. A thresholding operator Tt{} is defined, which out-
puts a binary image at threshold t. An edge detection operator
E {} is applied on the binary image, and yields the edges of the
segments in the binary image. Example results of these two oper-
ations are shown in Figs. 2(E) and (F). The sharpness of the edge
pixels at threshold t can be quantified by applying a sharpness
operator S(t):

S(t) =
∑
k,l
(E {Tt{Imin}} ·Tmax)

∑
k,l

E {Tt{Imin}}
, (10)

where · denotes pointwise multiplication. An optimal threshold
for Imin occurs when S(t) reaches its maximum, which is also
when the obtained binary image best describes the particle, as
shown in Figs. 2(G) and (H). Therefore, the optimal threshold
can be written as

topt = argmax
t

(S(t)) . (11)

Since the edge sharpness of a reconstructed particle image
reaches its maximum near the focus depth, the average depth of
the determined edge pixels is taken as the detected depth zd of
the particle

zd =

∑
k,l

(
E {Ttopt{Imin}} ·DT

)
∑
k,l

E {Ttopt{Imin}}
. (12)

Afterwards, the particle size, shape and transverse position can
be determined from the binary image Ttopt{Imin}. The particle
depth is determined as zd .
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(A) h(m,n) (B) Tmax (C) DT (D) Imin

(E) THt{Imin} (F) EDGE{THt{Imin}} (G) THtopt{Imin} (H) ES(t)

FIGURE 2. ILLUSTRATION OF DETECTION OF A SINGLE
PARTICLE BY THE HYBRID METHOD

Detection of A Particle Field
In practical applications, the object of interest is a field of

multiple particles. Individual particles in the particle field need
to be identified during the application of a particle detection
method. Consequently, the discrimination of particles from the
background also influences the detection. Different approaches
have been developed to segment a particle field to obtain the lo-
cal windows that encloses individual particles. However, most
of them require manual input of the thresholds for segmenta-
tion, which are decided based on empirical results. The empiri-
cal results are only applicable to certain experimental conditions,
and thus their effectiveness degrades significantly as experimen-
tal conditions change.

First, the auto-selection of thresholds described in the pre-
vious section is applied globally to find an optimal threshold
topt,seg for segmenting the particles. The automated selection of
the threshold eliminates the need of manual input. Subsequently,
local windows are determined according to the (x,y) position and
size of individual segments. Shown in Figs. 3(A)-(C) are a sam-
ple (synthetic) hologram of a particle field and the corresponding
Tmax and Imin obtained from volume reconstruction. The profile
of the global sharpness, according to which the optimal threshold
is found for segmentation, is shown in Fig. 3(D). The segments
after thresholding using topt,seg is shown in Fig. 3(E). Next, the
automated routine is performed in the local window to determine
the 3D position, size and shape information of the particle en-
closed. The size of the local window is typically 2-3 times that
of the corresponding segment. Finally, after each detected seg-
ment is processed, the information of the whole particle field is
extracted.

Refinement of Detected Particles
Due to the limited size of the imaging sensor, the parti-

cles near the boarders of the detection volume lose part of their
fringes in the hologram, leading to distorted reconstructed par-

(A) h(m,n) (B) Tmax (C) Imin

(E) THtopt,seg{Imin}(D) ESglobal(t)

A
B

(F) 3D plot

(G) Projection of
particles 

(H) Labeled projection 
of 3D segments

FIGURE 3. ILLUSTRATION OF SEGMENTATION OF A PARTI-
CLE FIELD BY THE HYBRID METHOD AND REFINEMENT OF
DETECTED PARTICLES

ticle images with less sharp edges, as shown by the circled par-
ticle in Figs. 3(A) and (B). Accordingly, the particles near the
boarder tend to have bigger measurement errors. To refine the
detected particles, such particles can be removed from the group
of detected particles. A minimum distance to the boarders of
a hologram can be set based on different recording conditions
(recording distance, particle size and etc.).

The measurement of transversely adjoining particles also
tends to yield bigger errors. Figure. 3(F) shows a 3D plot of
the particle field, of which the hologram in Fig. 3(A) is taken.
Though particle A and particle B (indicated in the figure) are
separated far from each other in the z (depth) direction, they are
close in the (x,y) direction (transverse distance smaller than one
particle diameter), as can be seen in Fig. 3(G), which is a projec-
tion image of the particle field along the depthwise direction. It is
difficult to separate such particles in two-dimensional (2D) seg-
mentation by the hybrid method, as shown in Fig. 3(E), where
false segments that consists of more than one particle are de-
tected. One can see that the circled false segments occur where
the particles are close to one another in the transverse direction.
The false segments not only leads to inaccurate depth measure-
ment but also erroneous size measurement. In order to recognize
the false segments, the hologram is volumetrically reconstructed,
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during which 3D segmentation is conducted. The reconstructed
intensity image is thresholded at each reconstruction distance zr,
and the 3D segments is formed by attaching the 2D segments
obtained at each zr according to their 3D connectivity. Since
the particle field information is initially extracted by the hybrid
method, the intensity threshold used in 3D segmentation can be
determined as the median intensity of all of the particle images
reconstructed at detected depths. Further, a limit on the cross-
section area of the 3D segments can be chosen according to de-
tected particle size information. Upon completion of the 3D seg-
mentation, detected 3D segments are cast to the transverse plane
with different labels, as shown in Fig. 3(H). Comparison between
Figs. 3(E) and (H) shows that each false segment circled cov-
ers more than one label. In contrast, each correct segment that
encloses only one particle corresponds to only one label. Ac-
cordingly, the false segments can be differentiated from correct
segments by counting the number of corresponding labels. In
the present study, the particles detected from false segments are
eliminated directly from the group of detected particles. Further
development of the algorithm is expected to separate the particles
in false segments.

UNCERTAINTY QUANTIFICATION BY SYNTHETIC
HOLOGRAMS

In digital in-line holography, the particle hologram records
the interference pattern between the light scattered by the parti-
cle and the reference light. The interference pattern can be ap-
proximated by the diffraction pattern from an opaque mask cor-
responding to the cross-section of the particle. For particles of
arbitrary shapes, Eqn. (3) can be used to simulate the holograms
by substituting the mask function for h(m,n). Particularly, to
reduce the noise from space domain aliasing, a hologram of in-
tended size are cropped from a hologram of bigger size, e.g.,
1024×1024 cropped from 4096×4096. Holograms of spherical
and rectangular particles can be simulated based on the analytical
expression for Fresnel diffraction from circular and rectangular
masks [23]. The intensity of the simulated hologram is scaled to
60% of the full scale of 14 bit, and is then added random noise
of peak value 0.6% of the full scale. To characterize the uncer-
tainties, the particle information extracted by the hybrid method
is compared with the exact particle information, which is prede-
termined in the creation of synthetic holograms.

Detection Error for A Single Particle
Holograms of single particles of different shapes are simu-

lated. The shapes include circle, rectangle, equilateral triangle,
equilateral trapezoid, ellipse and “double-egg”. The size of a
particle is characterized by its diameter. For non-spherical par-
ticles, the diameter is the diameter of a disk with the same area
as the particle. The particles are of diameter D0 = 35, 50, 100,

(A) (B) (C) (D) (E)

(F) (G) (H) (I) (J)

FIGURE 4. SAMPLE HOLOGRAMS OF NON-SPHERICAL PAR-
TICLES (A)-(E) AND BINARY IMAGES EXTRACTED BY THE HY-
BRID METHOD (F)-(J).

150, 200, 250, 300, 400, 450 and 500 µm. Each of them is lo-
cated at z0 = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40 m
from the hologram plane. A hologram is generated for each par-
ticle at each distance. Accordingly, for each type of particle,
a total of 88 holograms are generated. The size of the holo-
gram is 1024×1024 with 7.4×7.4 µm2 pixels. The wavelength
is 532 nm. The particle information determined by the hybrid
method includes 3D coordinate (xd ,yd ,zd), diameter Dd , width
wd and height hd , which are then compared with the actual pa-
rameters to determine the relative errors.

The hybrid method is able to detect particles of arbitrary
shapes, as shown in Fig. 4. The holograms and binary images
shown are of size 512× 512, cropped from the original size.
The relative errors of particle parameters are plotted against the
Fresnel number F = D2

0(4λ z0)
−1, as shown in Fig. 5. The Fres-

nel number is a non-dimensional parameter, which combines the
particle size and distance information. Subscript “d” and “0 ”
denote determined value and actual value, respectively. The ac-
curacy in transverse position measurement is on the order of 0.1
pixel size, except for certain shapes at very small Fresnel num-
bers, as shown in Figs. 5(A) and (B). The relative depth (z) error
is with respective to the particle diameter, as shown in Fig. 5(C).
The overall depth error is smaller than twice the particle diam-
eter. When F > 0.4, the depth error is within the particle di-
ameter. The shape parameters (diameter, width and height) can
be measured with an overall relative error of 10%, as shown in
Figs. 5(D)-(F). The tendency that the error grows as the Fresnel
number decreases is observed. This may result from the loss of
numerical aperture at smaller Fresnel numbers, and thus less or-
ders of diffraction fringes can be recorded resulting in inaccurate
determination of the edges of the particles by the hybrid method.

Detection Error for A Particle Field
Holograms of particle fields are simulated using Eqn. (3).

The synthetic particle field has a dimension of 7.6 mm ×
7.6 mm× 5 cm, where 5 cm is the dimension in the depthwise
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FIGURE 5. DETECTION ERRORS OF 3D LOCATION (A)-(C) AND SHAPE PARAMETERS (D)-(F).

direction. The particles are randomly distributed in the volume,
and are separated transversely far from each other. Therefore, the
effects of adjoining particles on accuracy are eliminated. Spher-
ical particles of two kinds of diameter distribution are used in
the simulation. The diameter of the bigger particle is normally
distributed with mean diameter Davg = 100 µm, standard devia-
tion 10 µm, and that of the smaller particle is also normally dis-
tributed with mean diameter 50 µm, standard deviation 10 µm.
For each kind of particles, holograms are simulated at different
particle number densities and distances from the hologram plane.
ρN is the particle number density (number of particles over a unit
area of the cross-section of the particle volume). L is the distance
from the center of the particle volume to the hologram plane. The
particle field is located at L = 0.085 m and L = 0.145 m. The av-
erage Fresnel number F̄ is evaluated by D2

avg(4λL)−1. The holo-
grams are processed by the hybrid method, and the depth of each
detected particle is compared with the actual particle depth. The
depth measurement accuracy is characterized by the cumulative
distribution function (CDF) of the relative error. The resultant
CDFs are shown in Fig. 6. The depth error increases at smaller

Fresnel number, which coincide with the results in the detection
of a single particle. The influence of particle number density
on the accuracy is also seen that the measurement of a denser
particle field tend to give higher errors. In general, 90% of the
detected particles have a relative depth error less than 2, which
also agrees with the previous results.

The size distribution of the particle field is also measured
by the hybrid method, as shown in Fig. 7. Particles detected at
different conditions are combined to generate the number prob-
ability density function (PDF) of the particle diameter. The de-
tected profiles coincide qualitatively with the actual distribution
profile. The sizes of particles can be determined more accurately
at larger Fresnel number.

UNCERTAINTY QUANTIFICATION BY EXPERIMENTAL
HOLOGRAMS

The uncertainty of the hybrid method is further character-
ized using experimental holograms. Holograms are taken of pla-
nar particle fields and 3D particle fields.
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FIGURE 6. CDF OF RELATIVE DEPTH ERROR IN DETECTION
OF PARTICLE FIELDS

(A) (B) 100 m  0.032,0.055
avg

FD µ= =50 m  0.008,0.014
avg

FD µ= =

FIGURE 7. NUMBER PDF OF THE DIAMETER OF DETECTED
PARTICLES

Detection of A Planar Particle Field
The planar particle field is created by putting SiO2 (silicon

dioxide) particles on a piece of plane glass. The surface of the
glass, where the particles are placed, is normal to the depth-
wise direction. The glass is fixed on a translation stage, so that
the particle field can be translated to different depth positions.
The expanded and collimated beam from a He-Ne laser (wave-
length 632.8 nm) is used to illuminate the particle field, and
the hologram is recorded by a CCD camera with 2048× 2048
7.4×7.4 µm2 pixels (PCO2000). Only a 1500×700 part of the
original hologram is processed. Shown in Fig. 8 are a part of the
hologram (A), reconstructed intensity image at the average depth
of all particles (B), corresponding 2D segments of particles de-
termined by the hybrid method (C) and measured depth distribu-
tion of the particles (D). The arbitrary shapes of the particles are
extracted accurately and represented by the 2D segments. The
particles are distributed on a plane surface with several measure-
ment outliers. The mean deviation from the average depth can be

(A) (B)

(C) (D)

FIGURE 8. SAMPLE HOLOGRAM OF A PLANAR PARTICLE
FIELD (A), EXAMPLE RECONSTRUCTION (B), CORRESPOND-
ING BINARY IMAGE EXTRACTED (C) AND DEPTH DISTRIBU-
TION OF DETECTED PARTICLES (D).

expressed by

δ =
1
K

K

∑
i
|zd,i− zavg|. (13)

K is the number of detected particles. zd,i is the measured depth
of an individual particle, and zavg = ∑zd,i/K is the detected av-
erage depth. δ is found to be 115 µm, which is 1.4 times the
detected average particle diameter Davg.

The glass is translated to a sequence of depthwise posi-
tions, and the corresponding holograms are recorded and then
processed by the hybrid method. From each hologram, the parti-
cle field information can be extracted, and an individual particle
can be paired with its counterpart at neighbor depthwise position.
Therefore, a displacement can be determined from each pair of
particles, and the average displacement of all pairs of particles is
taken as the measured displacement ∆zd of the glass, which can
be determined by

∆zd =
1
K

K

∑
i

∆zd,i. (14)
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FIGURE 9. EXPERIMENTAL SETUP USED TO CAPTURE
HOLOGRAMS OF A 3D PARTICLE FIELD. NDF: NEUTRAL DEN-
SITY FILTER, SF: SPATIAL FILTER.

The relative mean deviation from the average displacement is
used to quantify the uncertainty of depth measurement, which
can be expressed as

σ =
∑

K
i |∆zd,i−∆zd |/K

Davg
. (15)

Holograms of particle fields of different conditions are pro-
cessed, and the results are shown in Tab. 1. The uncertainty is
about one particle diameter, which is consistent with results ob-
tained from synthetic holograms. The performance of the hybrid
method is stable at different particle field conditions.

Detection of A 3D Particle Field
Holograms are also taken from 3D particle fields. The ex-

perimental setup used to capture the hologram is shown in Fig. 9.
The particles are dispersed in a cubic cuvette with good optical
transparency filled with silicone oil. Due to the high viscosity
(10000 cSt) of the oil, the particles are assumed to be still in the
volume. The inner dimension of the cuvette is the dimension
of the particle field, which is 5 cm× 5 cm× 5 cm. Two kinds
of polystyrene particles are mixed in the oil. One has mean di-
ameter 115 µm, and the other has 550 µm mean diameter. The
number density of the smaller particle is 4.9 mm−2, and that of
the bigger particle is 0.1 mm−2. Therefore, the smaller particle
dominates in the particle mixture. The size of the hologram is
1024× 1024 with 7.4× 7.4 µm2 pixels. Similar to the planar
particle field, the 3D particle field is translated to a sequence of
depthwise positions. The hybrid method is applied to the holo-
grams taken at different positions, and the detected particles are
paired with their counterparts in consecutive frames. Due to the
high number density of the 3D particle field, transversely close
particles are a major contribution to the uncertainty. Therefore,
the particle refinement procedure using 3D segmentation is used
to eliminate the transverse-adjoining particles to improve the ac-
curacy. The processing results before and after the refinement
are shown in Tab. 2. The refinement results in significant reduc-
tion of uncertainty and more accurate determination of ∆zd . The
uncertainty increases to about 3 times particle diameter, and at
smaller Fresnel number, the relative uncertainty increases to 5.

The degradation of the hybrid method is mainly due to the high
number density of the 3D particle field. In reconstruction, the
focused image of a particle is affected severely by the out-of-
focus images of other particles in a dense particle field, leading
to inaccurate sharpness quantification of the edge of the particle.

CONCLUSIONS
The hybrid method, which is based on maximizing the edge

sharpness of the reconstructed particle image, has been proposed
as a particle detection routine for digital in-line holography. The
size, shape and 3D location information can be extracted for each
particle in the volume. The method has the capability to segment
a particle field automatically without the need to manually in-
put the threshold for segmentation. In addition, the developed
particle refinement approach is an effective way to improve the
accuracy when the hybrid method is applied to a dense 3D parti-
cle field.

To characterize and quantify the uncertainty of measure-
ments, the hybrid method is tested using both synthetic holo-
grams and experimental holograms. The performance of the hy-
brid method is stable for particles of different particle shapes,
sizes and distances. It is less sensitive to the noise due to diffrac-
tion from multiple particles, and thus it is robust when applied
to particle field detection at moderate particle number density.
For a wide range of experimental conditions, the uncertainty in
depth measurement is estimated to be less than twice the particle
diameter with a high certainty.
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