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In this Letter, we propose a new method for auto-focusing
and reconstruction without defocus noise in optical scan-
ning holography. By using a connected domain (CD) to cal-
culate the area of different domains, which are labeled by a
connected component, the focus distance can be found via
the smallest area of each CD. Meanwhile, the sectional im-
ages without defocus noise can also be reconstructed based
on the labeled domains. The effectiveness of this method has
been verified with a simulation and experiments. © 2018
Optical Society of America
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Optical scanning holography (OSH) is a unique digital holog-
raphy technique where the data are acquired by scanning an
object. This can record three-dimensional information, which
can then be decomposed into two-dimensional (2D) slices
[1,2]. OSH has been developed for microscopy [3], remote
sensing [4], and other applications.

In an OSH system, it is necessary to reconstruct the
individual sectional images from the hologram. There are two
important issues in this process: the first is to retrieve the
reconstruction distance, and the second one is to eliminate the
defocus noise generated from other sections. Many autofocus
algorithms have been proposed in recent years, such as entropy
minimization [5], structure tensor [6], extended focused imag-
ing (EFI) [7], time reversal [8], and hologram decomposition
autofocusing [9]. Meanwhile, to eliminate defocus noise and
improve the depth resolution, methods based on two measure-
ments of hologram-like dual-wavelength [10] and reconfigur-
able pupils [11] have been proposed. There are also other
solutions such as inverse imaging [12,13], Wiener filter [14],
and Wigner distribution [15].

In this Letter, we propose a new method to autofocus and
reconstruct the sectional images without defocus noise. The au-
tofocusing is achieved by using a connected domain (CD), in
which the areas of different domains are labeled by a connected

component (CC), and the sectional images without defocus
noise can be reconstructed based on the labeled domains.

The layout of an OSH system is exhibited in Fig. 1. One can
see that there are two beams centered at frequencies ω0 and
ω0 � Ω. One of the beams becomes a plane wavefront after
passing through the pupil p2�x, y� � δ�x, y� and lens L2, while
the other beam becomes a spherical wavefront after passing
through the pupil p1�x, y� � 1 and lens L1. The two beams’
interference at the beam splitter (BS) and are used to scan
the object via the 2D X − Y scanner. The generated electrical
signals from the photodetector (PD) are then send to the com-
puter. The hologram would be recorded after further electrical
processing.

In the OSH system, with the choice of p1�x, y� � 1, and
p2�x, y� � δ�x, y�, the point spread function (PSF) is defined as

h�x, y; zi� �
−jk0
2πzi

exp

�
jk0�x2 � y2�

2zi

�
, (1)

where k0 � 2π∕λ is a wavenumber, λ is the wavelength,
j � ffiffiffiffiffi

−1
p

, x and y are the horizontal and vertical coordinates,
and zi is the axial coordinate of the i-th section. Here we
assume that the object can be discretized into N sections along
the z-axis.

Therefore, the recorded hologram can be expressed as [1]

g�x, y� �
XN
i�1

O�x, y; zi� ⊗ h�x, y; zi�, (2)

Fig. 1. OSH system. p1�x, y� and p2�x, y� are pupils; L1, L2, and L3
are lenses; BS, beam splitter; PD, photodetector.
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where O�x, y; zi� is the amplitude of the object located at zi ,
and ⊗ represents the convolution operation.

Suppose we would reconstruct the sectional image at zr ;
the traditional method is to convolve the hologram with the
conjugate of the PSF:

Iout�x, y; zr� � O�x, y; zr� �
XN
i≠r

O�x, y; zi� ⊗ h�x, y; zi − zr�:

(3)
Equation (3) contains two items; the first one is the desired

sectional image at zr , while the second one denotes the defocus
noise from other sections.

Other than the traditional method, we would show in this
Letter a new method of autofocus based on a CD. A connected
domain is a frequently used method in image processing
[16,17]. By labeling the domain with a CC, the image can be
segmented as many CDs. This method has previously been
used to eliminate the defocus noise in a random phase pupil
system [18]. In this Letter, we utilize the characteristic that the
area of the domain in focus is smaller than the area of the do-
main out of focus, in which the area can be calculated by a CD.

The method has first been verified via simulation. In the
simulation, we assume the wavelength of the laser is λ �
632.8 nm, the focus distance of L1 and L2 is f � 50 mm.
The object contains two sections, with z1 � 14 mm and z2 �
15 mm, which are shown in Fig. 2(a). Each section is of size
1 mm × 1 mm and is sampled into 512 × 512 pixels. The gen-
erated hologram is shown in Fig. 2(b). The traditional method
denoted in Eq. (3) is then applied to retrieve the sectional im-
ages. The reconstruction distances are set at zr � 9 mm and
zr � 13.5 mm, and the corresponding sectional images are
shown in Figs. 3(a) and 3(c), respectively. One can observe
from these two figures that the areas of character “A” and
“B” vary with different reconstruction distances. We first trans-
form the image I out�x, y; zr� as a binary image, and the thresh-
old is set as fmax�I out�x, y; zr�� −min�I out�x, y; zr��g∕5. We
then use the CC to label the domains and calculate their cor-
responding areas. The labeled images are shown in Figs. 3(b)
and 3(d), where “A” and “B” are labeled with number “1” and
“2.” As can be seen from this figure, the areas of the CDs in
focus are smaller than the areas of the CDs out of focus.

The areas of the CDs are then calculated with sectional im-
ages reconstructed at different axial locations. In the simulation,
the reconstruction distance zr is set to zr ∈ �9,18� mm, and the
step size is 0.18 mm. The area of labeled domains will change
with different reconstruction distances, as shown in Figs. 4(a)
and 4(b). When the character is in focus, the CD would be

clear, and the corresponding area would be smaller. Thus, the
smallest area of each CD would show where the corresponding
section is located. By using the generated distance, the sectional
images can thus be reconstructed with high accuracy, as are
shown in Fig. 5(a) and 5(b). It is worth noting that as the char-
acters have been labeled by a CD, the segmentation has already
applied on the reconstructed images. Thus, the defocus noise
from other sections can be eliminated automatically during the
labeling process.

The proposed method has also been verified via an experi-
ment. In the experiment, a He-Ne laser with a wavelength cen-
tered at λ � 632.8 nm is used. A two-section object is used
with z1 � 87 cm and z2 � 107 cm. The generated hologram
is of the size 1.5 cm × 1.5 cm and is sampled to 500 ×
500 pixels [19,20]. The captured hologram is shown in Fig. 6.

Figure 7 shows the calculated area of the CD along the
z-axis. The local minimum of the blue line and the red one

Fig. 2. (a) Object with two sections and (b) the generated hologram.

Fig. 3. (a), (b) Reconstructed and labeled images at zr � 9 mm
and (c), (d) the reconstructed and labeled images at zr � 13.5 mm.
The location for section 1 with letter “A” is z1 � 14 mm, and the
location for section 2 with letter “B” is z2 � 15 mm.

Fig. 4. (a) Area distribution along zr of section “A,” and (b) the area
distribution along zr of section “B.”
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shows clearly where the object are. We therefore reconstruct the
object based on the retrieved distance. The output is shown in
Figs. 8(a) and 8(b), respectively. It can be seen from the figure
that the defocus noise has been eliminated successfully due to
the segment based on the CD.

In conclusion, an auto-focus and reconstruction method in
OSH by using a CD is proposed and verified both via simu-
lation and experiment. By labeling the CD and calculating the
corresponding area, the reconstructed distance can be retrieved.
The defocus noise can also be eliminated based on the segmen-
tation. It is worth noting that the method is restricted to the
situation that the graphics are too close to be distinguished, or
the objects at different sections are overlapped with each other.
This method features simplicity and accuracy, it can also be
adapted to other digital holography applications.
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Fig. 6. Captured hologram with (a) the real part and (b) and the
imaginary part [19,20].

Fig. 7. Calculated area of the CD along the z-axis; the red and blue
lines represent the different CDs.

Fig. 8. Reconstructed sectional images at (a) z1 and (b) and z2.Fig. 5. (a) Reconstructed object at z1 and (b) the reconstructed
object at z2.
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