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Abstract: We propose a speed-up method for the in-focus plane detection in digital holographic
microscopy that can be applied to a broad class of autofocusing algorithms that involve repetitive
propagation of an object wave to various axial locations to decide the in-focus position. The
classical autofocusing algorithms apply a uniform search strategy, i.e., they probe multiple,
uniformly distributed axial locations, which leads to heavy computational overhead. Our method
substantially reduces the computational load, without sacrificing the accuracy, by skillfully
selecting the next location to investigate, which results in a decreased total number of probed
propagation distances. This is achieved by applying the golden selection search with parabolic
interpolation, which is the gold standard for tackling single-variable optimization problems. The
proposed approach is successfully applied to three diverse autofocusing cases, providing up to
136-fold speed-up.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Digital holographic microscopy (DHM) [1–3] enables registration of an optical field that has been
disturbed, i.e., refracted or reflected, by a microscale sample and thus enables gaining valuable
information about its features such as the geometry, refractive index and absorptive properties.
The true power of DHM comes from numerical refocusing tools [4–7] that enable algorithmic
simulation of propagation of the light wave in space. Most importantly, numerical refocusing
enables enhancing the image sharpness by propagating the captured optical field to the in-focus
location. However, to fulfill this task one needs to know the required propagation distance, which
in the general case is not known a priori or is known with the limited, unsatisfactory accuracy.

The problem can be addressed with powerful, holographic autofocusing [8–27]. It is worth
noticing that the application of autofocusing is not limited to the standard focus enhancement
in the conventional DHM. It can be applied to a wide range of tasks, e.g., particle localization
[28] also in lensless DHM [29–32], time-lapse study of dynamic objects [33], tilted image plane
detection [34], digital holography of macroscale samples [35], rotation errors correction in
holographic tomography [36–40] and accurate shape recovery [41].

The in-focus plane detection can be performed using various autofocusing approaches. The
most popular class of the autofocusing algorithms utilizes repetitive propagation of the object
wave to multiple positions along the optical axis [8–27]. In each location, the defocus of the
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object wave is quantified using one of the available focus metrics. The plane with the minimum
defocus value is assumed to be the in-focus one. Recently, also another class of autofocusing
algorithms has emerged that utilizes deep learning [42–45]. The drawback of these methods is a
requirement for a large learning set. Here we focus on the former, most popular autofocusing
approach that applies repetitive propagation. The major disadvantage of this solution is the
high computational cost. The issue has been addressed with the autofocusing acceleration via
hologram downsampling [46,47], efficient implementation of the autofocusing procedure on
graphics processors [48] and a two-step approach with preliminary and precise autofocusing
stages [8,49].

In this paper we claim that the high computational cost of autofocusing comes mostly from
the uniform search strategy, i.e., the autofocusing algorithms investigate numerous, equidistant
planes, which is insufficient and leads to heavy computational overhead. We address this issue
by proposing a versatile speed-up method for autofocusing in DHM that can work with both
any focus metrics and DHM configuration. First, we formulate the autofocusing task as the
optimization problem. Then, we replace the uniform search strategy with a suitable algorithmic
tool for single-variable optimization problems, that is the golden selection search with parabolic
interpolation (GSS-PI) [50]. GSS-PI, at each iteration, skillfully decides the next axial position
to investigate, which results in a reduced total number of probed axial locations. Importantly, the
acceleration does not affect the autofocusing accuracy.

The proposed speed-up approach is successfully verified in application to three diverse
autofocusing cases: 1) focus enhancement of an alive mesenchymal stem cell in a grating-assisted,
common-path DHM system; 2) detection of the microbead location using lensless in-line DHM
and dark focus metric; 3) in-focus plane detection of USAF resolution test target using an
autofocusing algorithm based on two-directional illumination and DHM in Mach-Zehnder
configuration. In all investigated cases, the proposed approach enabled substantial speed-up of
the autofocusing procedure.

2. Conventional autofocusing algorithms

DHM allows acquiring complete information about the scalar object wave, i.e., its amplitude and
phase. However, in many holographic systems, the hologram acquisition plane does not coincide
with the image plane, which results in a blurry, often useless reconstruction. The defocused
registration conditions may be inherent to the working principle of a given holographic setup,
e.g., [51–53]. Nonetheless, even in the image plane holographic configuration, the defocus may
arise from the sample dynamic character, the setup misalignments or the need to image to its best
in-focus plane a thick sample (thicker than the depth of field of the imaging system). In either
of the cases, the defocusing problem can be addressed with numerical propagation that enables
computational refocusing of the object wave to the in-focus plane. This, however, requires precise
knowledge about the distance between the hologram acquisition plane and the in-focus plane.

The described problem is schematically presented in Fig. 1. In order to find the in-focus
distance zf , the object wave uz=0, registered at plane z= 0, is repetitively propagated on various
distances z, which can be done using, e.g., angular spectrum method [4]:

ũz=0(fx, fy) =
∫∫

uz=0(x, y)exp[−i2π(fxx + fyy)]dxdy, (1)

ũz(fx, fy) = ũz=0(fx, fy)exp

[︄
i2πz

√︃(︂ n
λ

)︂2
− fx2 − fy2

]︄
, (2)

uz(x, y) =
∫∫

ũz(fx, fy)exp[i2π(fxx + fyy)]dfxdfy. (3)
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Fig. 1. Working principle of the conventional autofocusing algorithm; u – optical field,
f – defocus function, z – propagation distance; ∆z – search step, zf – optimal propagation
distance.

In Eqs. (1)–(3) tilde denotes Fourier transform, i is an imaginary unit, (fx, fy) are spatial
frequencies, λ stands for the light wavelength, n is refractive index of the medium in which the
propagation takes place.

Crucially, in the autofocusing algorithms the investigated locations are uniformly distributed
with a step ∆z. At each plane, a focus metrics of choice is applied to evaluate the focusing
conditions. The plane with the minimum defocus value is assumed to be the in-focus one.

3. Autofocusing utilizing golden selection search with parabolic interpolation

3.1. Formulation of the optimization task

From the computational point of view, we aim at solving the following optimization problem:

min
z∈R

f (z)

s.t. z ∈ [zmin, zmax]
(4)

where f(z) is the defocus metric calculated for each z based on the numerically refocused object
wave uz and [zmin, zmax] is an arbitrarily chosen interval in which the in-focus distance zf is
searched. We assume that f(z) is a continuous function of z. In our convention f(z) is a degree of
defocus therefore if the given focus metric is maximized at the in-focus plane, e.g. [10,29], then
we take negative of this metric.

It should be noted that numerical algorithms for solving the considered optimization problem
can only guarantee to find the global optimum if the function f(z) is unimodal, i.e., it possesses
only one local minimum on the search interval [zmin, zmax] [50]. If the function f(z) is multimodal
the numerical algorithms may converge to the local optimum that is not actually the global
minimum. This is a general problem in numerical optimization. To increase the chance of finding
the global optimum, some heuristics can be applied, e.g., splitting the original interval of search
into several subintervals and searching the minimum in each of them separately.

3.2. Golden selection search with parabolic interpolation

The state-of-the-art algorithm for solving the considered optimization problem [Eq. (4)] comes
from the combination of two algorithms, the golden section search (GSS) and parabolic
interpolation (PI), proposed by Brent [50]. The GSS-PI results in an efficient and robust method
for solving the considered single-variable optimization problem. For the completeness of the
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proposed paper, the advantages and drawbacks of GSS and PI algorithms will be now briefly
discussed together with a short description of each of them.

The idea of GSS is to shrink the search interval at each iteration based on values of f(z) at
four points [50], see Fig. 2. The points zi

min and zi
max denote the left and right end of the search

interval at i-th iteration. At the first iteration we take zi
min= zmin and zi

max= zmax. Next, we take
two points inside the search interval zi

1 and zi
2, which are placed symmetrically with respect to

the interval ends:
zi
1 = zi

min + (1 − ϕ) · (zi
max − zi

min), (5)

zi
2 = zi

min + ϕ · (z
i
max − zi

min), (6)

where ϕ =
(︂√

5 − 1
)︂
/2 ≈ 0, 618033.The inverse of ϕ is called the golden ratio, from which the

algorithm takes its name.

Fig. 2. Illustration of the GSS algorithm: f – defocus function; z – propagation distance;
zimin, zi

1, zi
2, zimax – investigated points at the current iteration (zimin and zimax denote

ends of the current search interval; zi
1 and zi

2 are selected on the basis of the golden ratio).

For the unimodal function, if the following condition holds:

f (zi
min)>f (zi

1)>f (zi
2), (7)

then we know that on the interval [zi
min, zi

1] the function f(z) is decreasing thus we can drop that
interval at the next iteration, see Fig. 2. The new search interval will be defined by zi+1

min = zi
1

and zi+1
max = zi

max.The advantage of taking ϕ =
(︂√

5 − 1
)︂
/2 instead of any other value, is that zi+1

1

is exactly equal to zi
2 so we only need to calculate f(z) at one new point zi+1

2 , which saves the
computational effort. Analogically, if

f (zi
1)<f (zi

2)<f (zi
max) (8)

then we know that on the interval [zi
2, zi

max] the function f(z) is increasing and we can drop that
interval at the next iteration. The new interval will be given by zi+1

min = zi
min and zi+1

max = zi
2.We also

have zi+1
2 = zi

1 thus we only need to calculate f(z) at one new point zi+1
1 .

We repeat the above procedure at subsequent iterations. The length of the search interval
decreases by a factor of ϕ at each iteration and we stop the procedure when zi

max - zi
min is less

than a given declared tolerance tol.
If f(z) is unimodal on the original search interval, then GSS guarantees to find the optimum

value within the declared tolerance [50]. If f(z) is multimodal, we do not have such a warranty.
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Instead, we shrink the search interval from iteration to iteration and at some iteration, the actual
search interval contains only one local minimum. From that iteration, GSS will search for that
local minimum and reach it, but we have no warranty that the local minimum is the global
minimum of the original optimization task. From this feature, it follows that the method, in its
original form, is not suitable for the autofocusing tasks with multiple focal locations [54].

The idea behind PI is to subsequently build the parabolic interpolations of the function f(z)
based on three points zi

1, zi
2 and zi

3, [50], see Fig. 3(a). Next, we find the minimum of the parabolic
interpolation function at the point zi

PI . We then go to the next iteration taking the new values
zi+1
1 = zi

2, zi+1
2 = zi

3 and zi+1
3 = zi

PI . The advantage of PI is its fast convergence provided that we are
close enough to the minimum of the function f(z) [50]. The parabolic interpolations give a better
and better approximation of the f(z) function with each iteration, see Figs. 3(b). The drawback of
the PI algorithm is that if we are far from the optimal point, the parabolic interpolations may
behave poorly [50].

Fig. 3. Illustration of the PI algorithm at (a) i-th and (b) (i+1)-th iteration (away and close
to the minimum of the defocus function f(z), for (a) and (b), respectively); zi

1, zi
2, zi

3 –
the propagation distances used for parabolic interpolation at the current iteration; zi

PI –
minimum of the fitted parabolic function.

The idea behind GSS-PI is to combine the advantages of GSS (guaranteed convergence at least
to some local minimum) and PI (fast convergence). Whenever possible PI is used, but when the
performance of PI is poor, e.g., zi

PI lies outside the current search interval, the algorithm switches
to pure GSS.

The GSS-PI algorithm has been implemented in the function fminbound from the open-source
Python scipy library [55]. That implementation has been utilized in our work.
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In comparison to the uniform search method, GSS-PI finds the minimum of the defocus
function at a much lower computational cost. However, a drawback of GSS-PI is that the search
interval must be chosen with care to avoid omitting the minimum by the algorithm. The reliability
of GSS-PI can be improved with the two-step autofocusing procedure proposed in [8]. In this
method, first, the uniform search strategy with a large step ∆z is used to obtain a rough profile
of the defocus function on the original search interval. This enables defining a new, shrunk
search interval, which is investigated further on using a much smaller step ∆z, to provide high
precision. This two-step strategy offers a trade-off between the computational time and the
reliability. GSS-PI has a potential to decrease the computational effort of the second step of this
strategy, without affecting the reliability.

4. Experimental results

The proposed speed-up approach is tested with three, diverse autofocusing cases: (1) focus
enhancement of a stem cell in recently proposed, grating-assisted DHM [56], (2) particle
localization in lensless, in-line DHM, and (3) focus correction of USAF resolution target in DHM
in Mach-Zehnder configuration and two-directional illumination. It is worth noticing that our
method can be applied to any complex amplitude image provided by any other DHM architecture.

4.1. Autofocusing case 1: hologram of a stem cell captured with a grating-assisted
DHM

First autofocusing case is concerned with the recently proposed, common-path DHM system [56],
where the object wave, after imaging with a microscope optical setup, is incident on a diffraction
grating. The +1st and −1st diffraction orders interfere producing an off-axis hologram. The
system operates in the total-shear regime. The samples for our experiment are alive mesenchymal
stem cells. The hologram was registered using a laser diode with a light wavelength λ= 635 nm
and the image sensor with the pixel pitch of 1.85 µm. The parameters of the optical system are
magnification M =−20 and the numerical aperture NA= 0.75. The hologram was reconstructed
using the Fourier transform method [57]. The reconstructed object wave amplitude is presented
in Fig. 4, where the red line indicates the region of interest containing a single cell, which was
used for the evaluation of the focusing conditions.

Fig. 4. Full field of view of the object wave amplitude with the indicated region of interest
used for evaluation of the focusing conditions; the sample is a mesenchymal stem cell; the
object wave was captured with a grating-assisted DHM system [56].

The considered system, typically, works in the image plane holography regime, which means
that the hologram acquisition plane is optically conjugated with a sample, thus no defocus occurs.
However, in practice, a small defocus may arise from, e.g., instabilities of the setup, or as in this
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case, movement of a living specimen. Therefore, for this test, the axial range of search was set
symmetrically around the hologram acquisition plane, z ε [−100 µm, 100 µm].

Generally, the choice of the axial scanning step is dictated by parameters of the system such
as NA, wavelength, magnification (all influencing the depth of field) as well as the character of
the sample and the required accuracy. In our case, the search step was set to ∆z= 1 µm. This
value was also taken as tolerance for GSS-PI, which ensured equal accuracy of both autofocusing
approaches and thus facilitated their comparison. The chosen value of tol=∆z is slightly smaller
than the depth of field (DoF) of the considered DHM system (here DoF ≈ 1.5 µm [58]), which, in
theory, ensures that the autofocusing will bring the data into focus.

The stem cell is treated here as a pure phase object, which is expected to be invisible when
focused. Therefore, the defocus value can be evaluated with a variance of the amplitude of the
object wave [34,36,38] that was numerically refocused on distance z:

f (z) = var(|uz |). (9)

The numerical refocusing is handled with the angular spectrum method using the whole field
of view; however, the focus measure is evaluated only in the region of interest surrounding the
sample, (Fig. 4), which enhances the autofocusing accuracy. The variance var is given by:

var(u) =
1
P

P∑︂
p=1

(up − ū)2, (10)

where p denotes the pixel index and ū is the average signal value.
The results of the autofocusing, performed with both uniform search strategy and GSS-PI,

are shown in Fig. 5(a). Both autofocusing algorithms pointed to almost the same axial location
(Table 1). The conventional approach investigated 200 axial locations, while GSS-PI looked up
only 10 planes, providing substantial 20-fold speed-up.

Table 1. Results of autofocusing for the mesenchymal stem
cell.

Uniform search GSS-PI

Number of investigated planes 200 10

Found in-focus location [µm] −33.0 −33.1

The zoomed amplitude and phase of the object wave in the hologram registration plane and
in the determined in-focus plane (according to GSS-PI) are presented in Figs. 5(b)–5(c) and
Figs. 5(d)–5(e), respectively. Almost uniform amplitude distribution in Fig. 5(d) indicates the
successful defocus correction. It can be observed that the autofocusing improved visibility of the
cell structure in the phase image, Fig. 5(e).

4.2. Autofocusing case 2: hologram of microbeads captured with lensless in-line DHM

The second analyzed autofocusing case concerns the particle localization using a lensless in-line
DHM in Gabor configuration [29]. In our experiment, the samples are polystyrene beads with a
diameter of 90 µm immersed in water and inserted in a counting chamber of 100 µm thickness
(thus, there is essentially a single plane containing all the beads). The hologram was registered
using an image sensor (2048 ×2048 pixels, pixel pitch of 5.5 µm) that was placed in a distance of
300 mm from the light source, here a fiber-coupled laser diode with λ= 450 nm. The registered
hologram is presented in Fig. 6. The red rectangle indicates the region of interest with a single
selected bead that was used for the autofocusing procedure.

The working principle of lensless DHM imposes defocused registration conditions, i.e., the
sample is placed at some distance from the image sensor, which when combined with diverging
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Fig. 5. Autofocusing results for the mesenchymal stem cell: (a) defocus function evaluated
with a variance of amplitude of the object wave; amplitude (b, d) and phase (c, e) of the
object wave in the hologram acquisition plane (b, c) and in the found in-focus plane (d, e)
(zoomed area).

Fig. 6. Full field of view of the object wave amplitude with the indicated region of interest
(red line) that was used for evaluation of the focusing conditions; the sample is a microbead
with a diameter of 90 µm; the object wave was captured with lensless in-line DHM.

beam illumination, enables achieving optical magnification. Therefore, in this autofocusing
case, the axial range of search was set to a large area in the front of the image sensor: z ε [−300
mm, 0]. We set ∆z= tol= 0.2 mm. The evaluation of the focus condition was performed with
the dark focus metric [29], which is a robust indicator of the overall sharpness for objects with
mixed amplitude-phase properties. Dark focus calculates the gradient variance of the numerically
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generated dark field ud
z :

f (z) = −

√︂
var(∆|ud

z |). (11)

Note that in our convention the in-focus plane is always indicated with a minimum of f(z) thus
Eq. (11) expresses the negative of the dark focus metric.

The results of the autofocusing, performed with the uniform search strategy and GSS-PI, are
presented in Fig. 7(a). In the analyzed case GSS-PI provided tremendous, 136-fold autofocusing
speed-up, without scarifying the accuracy (Table 2). This fact provides evidence that the broader
the search range, the larger the computational speed-up ensured by GSS-PI in comparison with the
uniform search strategy. Thus, results presented in Fig. 7(a) promote GSS-PI for high-throughput
large volume 3D holographic imaging.

Fig. 7. Autofocusing results for the microbead: (a) defocus function evaluated with the
dark focus metric; Amplitude (b, d) and phase (c, e) of the object wave in the hologram
acquisition plane (b, c) and in the detected in-focus plane (d, e) (zoomed area).

Table 2. Results of autofocusing for the microbead.

Uniform search GSS-PI

Number of investigated planes 1500 11

Found in-focus location [mm] −100.80 −100.74

The comparison of the object wave amplitudes and phases before and after autofocusing is
shown in Fig. 7(b)–7(e). The diffraction fringes in the amplitude image, Fig. 7(b), indicate a
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large defocus of the initial data. From Fig. 7(c) it can be noticed that the initial phase has been
assumed to be uniform, which complies with the all-intensity hologram reconstruction method
for lensless DHM [29]. It is worth noting that the applied reconstruction approach does not deal
with the twin image problem. After the application of GSS-PI, the optical field was refocused to
the found in-focus location at −100.74 mm, which resulted in the sharp reconstruction, Figs. 7(d)
and 7(e). It can be observed that the transparent bead is imaged in amplitude as a dark, sharp
circle with a bright central spot, Fig. 7(d). This is related to small NA of the given in-line lensless
DHM system, which filters out the rays that are strongly refracted on the high slope areas of the
investigated microsphere.

4.3. Autofocusing case 3: two holographic views of the USAF resolution test target
captured with DHM in Mach-Zehnder configuration

Two previously discussed autofocusing methods were concerned with the focus metrics that
quantify the defocus basing on a single object wave. In the third, last example we investigate a
different autofocusing approach that looks for the in-focus plane by analyzing the interdependence
of two object waves that correspond to various illumination directions [15]. The off-axis
propagation directions of the waves invoke transverse, mutual displacement of the sample images
in the defocus planes. Thus, the in-focus location can be found by looking for minimum variance
between the waves’ amplitudes:

f (z) = var(|u1
z | − |u2

z |). (12)

The discussed autofocusing method was applied to holographic tomography [40], where it
addressed the key problem of rotation errors and related data defocusing. Here, we demonstrate
the possibility of acceleration of this autofocusing method using GSS-PI. In our experiment, two
holograms of the USAF resolution test target were taken with off-axis DHM in Mach-Zehnder
configuration and two-directional tilted beam illumination (the illumination vectors lie in the
horizontal plane and form +/−13.5° angle with the optical axis) [40]. The system applied a
He-Ne laser with λ= 632.8 nm, a microscope optical system with M =−19.5 and NA= 0.42,
and an image sensor of size 2456 ×2058 and a pixel pitch of 3.45 µm. The holograms were
reconstructed using Fourier transform method [57]. The amplitudes of the reconstructed object
waves are shown in Fig. 8.

Fig. 8. Full field of view of two object wave amplitudes corresponding to illumination
at (a) +13.5° and (b) −13.5°; red rectangles indicate a region of interest that was used for
evaluation of the focusing conditions; the sample is USAF resolution test target; the object
waves were captured with DHM in Mach-Zehnder off-axis configuration.

The considered DHM system operates in the image plane holography regime, where a small
defocus may occur due to the setup instability or inaccurate placing of the sample. Therefore, the
axial search was defined as a small region around the hologram acquisition plane, i.e., z ε [−50
µm, 50 µm]. We set ∆z= tol= 2 µm (here the search step is larger than in Sec. 4.1 due to smaller
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Fig. 9. Autofocusing results for USAF resolution test target: (a) defocus function evaluated
with the autofocusing method proposed in [15]; zoomed areas of amplitudes of two object
waves, corresponding to different illumination directions: (b, d) +13.5°, (c, e) −13.5°, in the
hologram acquisition plane (b, c) and in the found in-focus plane (d, e).

NA and thus larger DoF of the considered DHM system, here DoF ≈ 2.5 µm [58]). The obtained
autofocus results are presented in Fig. 9.

In this case, GSS-PI provided a 7-fold acceleration of the autofocusing without decreasing its
accuracy (Table 3). The smaller gain in computational complexity comes from a relatively sparse
sampling of the autofocus curve due to large DoF of the employed optical system.

Table 3. Results of autofocusing for the USAF resolution test
target.

Uniform search GSS-PI

Number of investigated planes 50 7

Found in-focus location [µm] 22.00 21.70

Figures 9(b)–9(e) compares the amplitudes of the pair of the object waves in the hologram
registration plane, Figs. 9(b) and (c), and in the in-focus plane, Figs. 9(d) and (e). In this case,
we did not include the phase images for the sake of a concise presentation. One can notice the
transverse, mutual shift of the images in the original plane, Figs. 9(b) and (c), which indicates the
defocused registration conditions. The shift is removed after propagation to the in-focus plane at
z= 21.70 µm.
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4.4. Summary of the achieved speed-up

The achieved autofocusing speed-up is summarized in Table 4, in which we express the
computational gain of the proposed algorithm as a ratio of numbers of probed locations in the
uniform search strategy and GSS-PI. Using this criterion, the largest, 136.4-fold computation
gain was obtained for the autofocusing case 2, i.e., particle localization in lensless DHM. This
tremendous computational gain was caused by a very large axial search range, which resulted in
numerous probed axial locations for the uniform search strategy. In the case of the image plane
holographic configurations, the achieved speed-up was 20-fold and 7.1-fold for autofocusing
cases 1 and 3, respectively. The smaller acceleration gain for case 3 comes from the relatively
large axial search step ∆z. Generally, the autofocusing acceleration with GSS-PI is expected to
be larger for more complex autofocusing problems (wider search range and/or higher required
autofocusing accuracy).

Table 4. Summary of the computational gain of GSS-PI

Autofocus case
Number of f(z) evaluations

Gain
Computational time [s]

Gain
uniform search GSS-PI uniform search GSS-PI

1 200 10 20 236.7 12.4 19.1

2 1500 11 136.4 1144.3 8.6 133.1

3 50 7 7.1 156.8 22.5 7.0

Table 4 also includes computational times of the autofocusing procedures for all analyzed
cases. Both autofocusing algorithms were implemented in Python and computed on Intel Core
i7-7700HQ 2.80 GHz equipped with 32 GB of RAM. The obtain accelerations comply with the
theoretical gain related to the reduced number of probed locations.

Lastly, in all analyzed cases, the difference between the found in-focus locations for the uniform
search strategy and GSS-PI was within the declared tolerance tol.

5. Conclusions

In this paper, we proposed a versatile acceleration method for autofocusing in DHM that can
be applied to various focus metrics and DHM configurations. The method is suitable for all
autofocusing approaches that investigate the focus conditions in multiple locations. Our method
replaces the insufficient uniform search strategy of the conventional autofocusing algorithms
with a suitable optimization tool, i.e., GSS-PI, to find the minimum of the defocus function
thus limiting the number of probed locations. The downside of GSS-PI is that to guarantee
convergence to the focal location, the defocus function should be unimodal in the declared search
range. This limitation can be potentially overcome by performing the search independently in
several subintervals or by carefully selecting the region of interest (for the case of nonoverlapping
samples). The computational gain of the proposed algorithm offers a promising perspective of
realizing demanding autofocusing tasks (large search range, high required accuracy, numerous
samples) in a reasonable time.

The proposed GSS-PI approach was applied to three diverse autofocusing cases, providing
the computational gain in a range from 136-fold to 7-fold, depending on the complexity of
the autofocusing task. Crucially, the achieved speed-up did not deteriorate the autofocusing
accuracy. The three examples used for validation of the proposed approach are of special
relevance for coherent imaging and metrology. The first one relates to a small uncontrolled
defocus appearing for unwanted sources (movement of the sample, system vibrations, etc.) when
imaging a biological sample. This example demonstrates the possibility of achieving active
focusing at a low consuming time to always set the best in-focus image of the sample for every
frame. The second case addresses lensless DHM where imaging the sample to its best in-focus
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plane by numerical propagation is crucial to visualize and characterize the sample in a vast
range of applications such as, for instance, tracking flowing particles, sperm cells sorting, and
biological monitoring of living cells. Lastly, the third example deals with fine-tuning to get the
best in-focus image for the same sample with different tilted beam illuminations. This is an
example of application of the autofocusing for the system calibration in holographic tomography
before assembling the final volumetric image.
Funding. Narodowe Centrum Nauki (SONATA 2020/39/D/ST7/03236); Politechnika Warszawska (BIOTECHMED-1,
Research University ID-UB, Scientific Council grant for ACEEE); Fundacja na rzecz Nauki Polskiej (START 2020);
Ministerio de Economía y Competitividad (FIS2017-89748-P); Seventh Framework Programme (12/EuroNanoMed/2016).

Acknowledgments. We thank Barbara Łukomska, Katarzyna Drela and Hanna Trusiak from NeuroRepair
Department, Mossakowski Medical Research Institute, Polish Academy of Sciences, Warsaw, Poland for preparing the
cells studied in Fig. 4.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. M. K. Kim, Digital holographic microscopy (Springer, 2011), p. 149–190.
2. B. Kemper and G. von Bally, “Digital holographic microscopy for live cell applications and technical inspection,”

Appl. Opt. 47(4), A52–A61 (2008).
3. Y. Cotte, F. Toy, P. Jourdain, N. Pavillon, D. Boss, P. Magistretti, P. Marquet, and C. Depeursinge, “Marker-free

phase nanoscopy,” Nat. Photonics 7(2), 113–117 (2013).
4. F. Shen and A. Wang, “Fast-Fourier-transform based numerical integration method for the Rayleigh-Sommerfeld

diffraction formula,” Appl. Opt. 45(6), 1102–1110 (2006).
5. K. Matsushima and T. Shimobaba, “Band-Limited Angular Spectrum Method for Numerical Simulation of Free-Space

Propagation in Far and Near Fields,” Opt. Express 17(22), 19662–19673 (2009).
6. T. Kozacki, K. Falaggis, and M. Kujawinska, “Computation of diffracted fields for the case of high numerical aperture

using the angular spectrum method,” Appl. Opt. 51(29), 7080–7088 (2012).
7. T. Kozacki and K. Falaggis, “Angular spectrum-based wave-propagation method with compact space bandwidth for

large propagation distances,” Opt. Lett. 40(14), 3420–3423 (2015).
8. P. Langehanenberg, G. von Bally, and B. Kemper, “Autofocusing in digital holographic microscopy,” 3D Res 2(1), 4

(2011).
9. S. K. Mohammed, L. Bouamama, D. Bahloul, and P. Picart, “Quality assessment of refocus criteria for particle

imaging in digital off-axis holography,” Appl. Opt. 56(13), F158–F166 (2017).
10. F. Dubois, C. Schockaert, N. Callens, and C. Yourassowsky, “Focus plane detection criteria in digital holography

microscopy by amplitude analysis,” Opt. Express 14(13), 5895–5908 (2006).
11. F. Dubois, A. El Mallahi, J. Dohet-Eraly, and C. Yourassowsky, “Refocus criterion for both phase and amplitude

objects in digital holographic microscopy,” Opt. Lett. 39(15), 4286–4289 (2014).
12. Y. Yang, B. Kang, and Y. Choo, “Application of the correlation coefficient method for determination of the focal

plane to digital particle holography,” Appl. Opt. 47(6), 817–824 (2008).
13. P. Memmolo, M. Paturzo, B. Javidi, P. A. Netti, and P. Ferraro, “Refocusing criterion via sparsity measurements in

digital holography,” Opt. Lett. 39(16), 4719–4722 (2014).
14. P. Langehanenberg, B. Kemper, D. Dirksen, and G. von Bally, “Autofocusing in digital holographic phase contrast

microscopy on pure phase objects for live cell imaging,” Appl. Opt. 47(19), D176–D182 (2008).
15. P. Gao, B. Yao, J. Min, R. Guo, B. Ma, J. Zheng, M. Lei, S. Yan, D. Dan, and T. Ye, “Autofocusing of digital

holographic microscopy based on off-axis illuminations,” Opt. Lett. 37(17), 3630–3632 (2012).
16. P. Gao, B. Yao, R. Rupp, J. Min, R. Guo, B. Ma, J. Zheng, M. Lei, S. Yan, D. Dan, and T. Ye, “Autofocusing

based on wavelength dependence of diffraction in two-wavelength digital holographic microscopy,” Opt. Lett. 37(7),
1172–1174 (2012).

17. L. Xu, M. Mater, and J. Ni, “Focus detection criterion for refocusing in multi-wavelength digital holography,” Opt.
Express 19(16), 14779–14793 (2011).

18. J. Dohet-Eraly, C. Yourassowsky, and F. Dubois, “Refocusing based on amplitude analysis in color digital holographic
microscopy,” Opt. Lett. 39(5), 1109–1112 (2014).

19. Y. Zhang, H. Wang, Y. Wu, M. Tamamitsu, and A. Ozcan, “Edge sparsity criterion for robust holographic autofocusing,”
Opt. Lett. 42(19), 3824–3827 (2017).

20. M. Liebling and M. Unser, “Autofocus for digital Fresnel holograms by use of a Fresnelet-sparsity criterion,” J. Opt.
Soc. Am. A 21(12), 2424–2430 (2004).

21. A. Yin, B. Chen, and Y. Zhang, “Focusing evaluation method based on wavelet transform and adaptive genetic
algorithm,” Opt. Eng. 51(2), 023201 (2012).

https://doi.org/10.1364/AO.47.000A52
https://doi.org/10.1038/nphoton.2012.329
https://doi.org/10.1364/AO.45.001102
https://doi.org/10.1364/OE.17.019662
https://doi.org/10.1364/AO.51.007080
https://doi.org/10.1364/OL.40.003420
https://doi.org/10.1007/3DRes.01(2011)4
https://doi.org/10.1364/AO.56.00F158
https://doi.org/10.1364/OE.14.005895
https://doi.org/10.1364/OL.39.004286
https://doi.org/10.1364/AO.47.000817
https://doi.org/10.1364/OL.39.004719
https://doi.org/10.1364/AO.47.00D176
https://doi.org/10.1364/OL.37.003630
https://doi.org/10.1364/OL.37.001172
https://doi.org/10.1364/OE.19.014779
https://doi.org/10.1364/OE.19.014779
https://doi.org/10.1364/OL.39.001109
https://doi.org/10.1364/OL.42.003824
https://doi.org/10.1364/JOSAA.21.002424
https://doi.org/10.1364/JOSAA.21.002424
https://doi.org/10.1117/1.OE.51.2.023201


Research Article Vol. 29, No. 21 / 11 Oct 2021 / Optics Express 33310

22. M. F. Toy, S. Richard, J. Kühn, A. Franco-Obregón, M. Egli, and C. Depeursinge, “Enhanced robustness digital
holographic microscopy for demanding environment of space biology,” Biomed. Opt. Express 3(2), 313–326 (2012).

23. W. Li, N. C. Loomis, Q. Hu, and C. S. Davis, “Focus detection from digital in-line holograms based on spectral l1
norms,” J. Opt. Soc. Am. A 24(10), 3054–3062 (2007).

24. A. Ghosh, R. Kulkarni, and P. K. Mondal, “Autofocusing in digital holography using eigenvalues,” Appl. Opt. 60(4),
1031–1040 (2021).

25. Y. Tian, “Autofocus using image phase congruency,” Opt. Express 19(1), 261–270 (2011).
26. M. Lyu, C. Yuan, D. Li, and G. Situ, “Fast autofocusing in digital holography using the magnitude differential,” Appl.

Opt. 56(13), F152–F157 (2017).
27. Y. Zhang, Z. Huang, S. Jin, and L. Cao, “Autofocusing of in-line holography based on compressive sensing,” Opt

Lasers Eng 146, 106678 (2021).
28. P. Memmolo, L. Miccio, M. Paturzo, G. Di Caprio, G. Coppola, A. N. Paolo, and P. Ferraro, “Recent advances in

holographic 3D particle tracking,” Adv. Opt. Photon. 7(4), 713–755 (2015).
29. M. Trusiak, J. A. Picazo-Bueno, P. Zdankowski, and V. Micó, “DarkFocus: numerical autofocusing in digital in-line

holographic microscopy using variance of computational dark-field gradient,” Opt Lasers Eng 134, 106195 (2020).
30. J. Liu, Y. Zhao, C. Guo, W. Zhao, Y. Zhang, C. Guo, and H. Li, “Robust autofocusing method for multi-wavelength

lensless imaging,” Opt. Express 27(17), 23814–23829 (2019).
31. C. A. Trujillo and J. Garcia-Sucerquia, “Automatic method for focusing biological specimens in digital lensless

holographic microscopy,” Opt. Lett. 39(9), 2569–2572 (2014).
32. W. Xu, M. H. Jericho, H. J. Kreuzer, and I. A. Meinertzhagen, “Tracking particles in four dimensions with in-line

holographic microscopy,” Opt. Lett. 28(3), 164–166 (2003).
33. P. Ferraro, G. Coppola, S. De Nicola, A. Finizio, and G. Pierattini, “Digital holographic microscope with automatic

focus tracking by detecting sample displacement in real time,” Opt. Lett. 28(14), 1257–1259 (2003).
34. J. Kostencka, T. Kozacki, and K. Liżewski, “Autofocusing method for tilted image plane detection in digital

holographic microscopy,” Opt. Commun. 297, 20–26 (2013).
35. P. Memmolo, C. Distante, M. Paturzo, A. Finizio, P. Ferraro, and B. Javidi, “Automatic focusing in digital holography

and its application to stretched holograms,” Opt. Lett. 36(10), 1945–1947 (2011).
36. J. Kostencka, T. Kozacki, M. Dudek, and M. Kujawińska, “Noise suppressed optical diffraction tomography with

autofocus correction,” Opt. Express 22(5), 5731–5745 (2014).
37. Y. Jeon and C. K. Hong, “Rotation error correction by numerical focus adjustment in tomographic phase microscopy,”

Opt. Eng. 48(10), 105801 (2009).
38. X. Ma, W. Xiao, and F. Pan, “Accuracy improvement in digital holographic microtomography by multiple numerical

reconstructions,” Opt Lasers Eng 86, 338–344 (2016).
39. Y. Lin, H.-C. Chen, H.-Y. Tu, C.-Y. Liu, and C.-J. Cheng, “Optically driven full-angle sample rotation for tomographic

imaging in digital holographic microscopy,” Opt. Lett. 42(7), 1321–1324 (2017).
40. J. Kostencka, T. Kozacki, and M. Józwik, “Holographic tomography with object rotation and two-directional off-axis

illumination,” Opt. Express 25(20), 23920–23934 (2017).
41. K. Liżewski, S. Tomczewski, T. Kozacki, and J. Kostencka, “High-precision topography measurement through

accurate in-focus plane detection with hybrid digital holographic microscope and white light interferometer module,”
Appl. Opt. 53(11), 2446–2454 (2014).

42. Y. Wu, Y. Rivenson, Y. Zhang, Z. Wei, H. Günaydin, X. Lin, and A. Ozcan, “Extended depth-of-field in holographic
imaging using deep-learning-based autofocusing and phase recovery,” Optica 5(6), 704–710 (2018).

43. H. Pinkard, Z. Phillips, A. Babakhani, D. A. Fletcher, and L. Waller, “Deep learning for single-shot autofocus
microscopy,” Optica 6(6), 794–797 (2019).

44. K. Jaferzadeh, S.-H. Hwang, I. Moon, and B. Javidi, “No-search focus prediction at the single cell level in digital
holographic imaging with deep convolutional neural network,” Biomed. Opt. Express 10(8), 4276–4289 (2019).

45. Z. Ren, Z. Xu, and E. Y. Lam, “Learning-based nonparametric autofocusing for digital holography,” Optica 5(4),
337–344 (2018).

46. M. F. Toy, J. Kühn, S. Richard, J. Parent, M. Egli, and C. Depeursinge, “Accelerated autofocusing of off-axis
holograms using critical sampling,” Opt. Lett. 37(24), 5094–5096 (2012).

47. H. A. İlhan, M. Doğar, and M. Özcan, “Fast autofocusing in digital holography using scaled holograms,” Opt.
Commun. 287, 81–84 (2013).

48. M. Doğar, H. A. İlhan, and M. Özcan, “Real-time, auto-focusing digital holographic microscope using graphics
processors,” Rev. Sci. Instrum. 84(8), 083704 (2013).

49. Y. Wu, L. Lu, J. Zhang, Z. Li, and C. Zuo, “Autofocusing Algorithm for Pixel-Super-Resolved Lensfree On-Chip
Microscopy,” Front. Phys. 9, 139 (2021).

50. R. P. Brent, Algorithms for minimization without derivatives (Prentice-Hall, 1973).
51. J. Garcia-Sucerquia, W. Xu, S. K. Jericho, P. Klages, M. H. Jericho, and H. J. Kreuzer, “Digital in-line holographic

microscopy,” Appl. Opt. 45(5), 836–850 (2006).
52. X. Fan, J. J. Healy, K. O’Dwyer, J. Winnik, and B. M. Hennelly, “Adaptation of the Standard Off-Axis Digital

Holographic Microscope to Achieve Variable Magnification,” Photonics 8(7), 264 (2021).
53. Y. Sung, “Snapshot Holographic Optical Tomography,” Phys. Rev. Appl. 11(1), 014039 (2019).

https://doi.org/10.1364/BOE.3.000313
https://doi.org/10.1364/JOSAA.24.003054
https://doi.org/10.1364/AO.414672
https://doi.org/10.1364/OE.19.000261
https://doi.org/10.1364/AO.56.00F152
https://doi.org/10.1364/AO.56.00F152
https://doi.org/10.1016/j.optlaseng.2021.106678
https://doi.org/10.1016/j.optlaseng.2021.106678
https://doi.org/10.1364/AOP.7.000713
https://doi.org/10.1016/j.optlaseng.2020.106195
https://doi.org/10.1364/OE.27.023814
https://doi.org/10.1364/OL.39.002569
https://doi.org/10.1364/OL.28.000164
https://doi.org/10.1364/OL.28.001257
https://doi.org/10.1016/j.optcom.2013.01.078
https://doi.org/10.1364/OL.36.001945
https://doi.org/10.1364/OE.22.005731
https://doi.org/10.1117/1.3242833
https://doi.org/10.1016/j.optlaseng.2016.06.026
https://doi.org/10.1364/OL.42.001321
https://doi.org/10.1364/OE.25.023920
https://doi.org/10.1364/AO.53.002446
https://doi.org/10.1364/OPTICA.5.000704
https://doi.org/10.1364/OPTICA.6.000794
https://doi.org/10.1364/BOE.10.004276
https://doi.org/10.1364/OPTICA.5.000337
https://doi.org/10.1364/OL.37.005094
https://doi.org/10.1016/j.optcom.2012.09.036
https://doi.org/10.1016/j.optcom.2012.09.036
https://doi.org/10.1063/1.4818285
https://doi.org/10.3389/fphy.2021.651316
https://doi.org/10.1364/AO.45.000836
https://doi.org/10.3390/photonics8070264
https://doi.org/10.1103/PhysRevApplied.11.014039


Research Article Vol. 29, No. 21 / 11 Oct 2021 / Optics Express 33311

54. Z. Ren, N. Chen, and E. Y. Lam, “Automatic focusing for multisectional objects in digital holography using the
structure tensor,” Opt. Lett. 42(9), 1720–1723 (2017).

55. P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau, E. Burovski, P. Peterson, W.
Weckesser, J. Bright, S. J. van der Walt, M. Brett, J. Wilson, K. J. Millman, N. Mayorov, A. R. J. Nelson, E. Jones, R.
Kern, E. Larson, C. J. Carey, İ. Polat, Y. Feng, E. W. Moore, J. VanderPlas, D. Laxalde, J. Perktold, R. Cimrman, I.
Henriksen, E. A. Quintero, C. R. Harris, A. M. Archibald, A. H. Ribeiro, F. Pedregosa, P. van Mulbregt, and SciPy
1.0 Contributors, “SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python,” Nat. Methods 17(3),
261–272 (2020).

56. K. Patorski, P. Zdańkowski, and M. Trusiak, “Grating deployed total-shear 3-beam interference microscopy with
reduced temporal coherence,” Opt. Express 28(5), 6893–6908 (2020).

57. M. Takeda, H. Ina, and S. Kobayashi, “Fourier-transform method of fringe-pattern analysis for computer-based
topography and interferometry,” J. Opt. Soc. Am. 72(1), 156–160 (1982).

58. W. Krauze, A. Kuś, D. Śladowski, E. Skrzypek, and M. Kujawińska, “Reconstruction method for extended
depth-of-field optical diffraction tomography,” Methods 136, 40–49 (2018).

https://doi.org/10.1364/OL.42.001720
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1364/OE.383201
https://doi.org/10.1364/JOSA.72.000156
https://doi.org/10.1016/j.ymeth.2017.10.005

