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Abstract—In most optical imaging systems, a three-
dimensional object lying within the depth-of-field (DOF) will
produce a clear and sharp image, while the parts outside will
become blurry. Therefore, especially in microscopy, increasing the
DOF is highly desirable, which can be achieved computationally
through extended focused imaging (EFI). To construct the EFI
image, we first use a depth-from-focus algorithm to create a
depth map for each pixel by calculating its entropy. Based on
the depth map, we show how to achieve EFI in a holographic
microscopy imaging system called optical scanning holography.
Computational results on objects with multiple axial sections are
presented to validate the proposed approach.

I. INTRODUCTION

Since the invention of holography in 1948 [1], this imaging
technique has been used for recording and reconstructing real-
world three-dimensional (3D) objects due to its full-parallax
property. With charge-coupled devices (CCDs), hologram can
be recorded and stored digitally as an interference pattern in
a computer. This kind of holographic imaging technique is
termed digital holography. There are many forms of digital
holography, but the present work is concerned with a particular
form called optical scanning holography (OSH) [2], which
has the distinctive ability to image fluorescent specimens
[3], making it particularly suitable for biological microscopy
applications [4].

Typically in OSH, the volume information of a 3D object
which contains several sections in space is digitally recorded
with an active 2D lateral scanning procedure on a CCD.
Reconstruction can be done numerically to obtain the object’s
sectional information. However, when one specific section is
reconstructed, other sections will manifest as defocus noise
appearing in the reconstructed image. The crosstalk introduced
by other sections becomes worse when more sections are
contained in the object. One solution to handle this problem
is to suppress the defocus noise so that the slice we are
focusing on is clear and sharp. Wiener filter [5], Wigner
distribution function [6] and inverse imaging approach [7], [8],
[9] have been proposed to recover sectional information within
the depth-of-field (DOF). However, in some applications such
as microscopy, we should not discard information on other
sections. The whole scene of what we have captured should
be clear enough for visualization and further analysis. Besides,
the DOF of a microscope is usually not sufficient to obtain a
single image in which every section of the object is in focus.
Consequently, creating a single image where different sections
locating at different positions along the longitudinal axis are
brought to focus, is a challenging but important task.

To address this problem, which is to obtain the extended
focused imaging (EFI) of a 3D object, and which is also
called extended depth-of-field (EDOF), two major approaches
have been proposed. The first is based on a specially designed
phase plate, which is termed wavefront coding. In the optical
path of a microscope, such a phase plate will facilitate an
extension of the DOF of the images observed and magnified
by the microscope [10], [11], [12]. The alternative solution
constructs a single EFI image from a series of images obtained
by scanning the 3D object on different sections mechanically,
which is also called focus stacking [13], [14]. However,
both approaches have drawbacks. For the former, a specially-
designed phase plate has to be fabricated and put along the
optical path of the imaging system. Apart from the expected
phase shifting, undesired aberration in optics and adjustment
for optical path increase the complexity experimentally. The
second solution synthesizes an EFI image by using montage.
To acquire a stack of images in which each section is focused
one by one for montage, multiple scanning steps and precise
movements and calibrations for each single image acquisition
pose severe limitations on acquiring the collection of partially
in-focus images, consequently confining the application of this
method [15], [16], [17]. Besides, computational photography
techniques such as light field imaging [18], coded aperture [19]
and image fusion [20], [21] have also been used to extend the
DOF.

In this paper, we present a numerical approach for con-
structing the EFI from a collection of digital holographic
reconstructions in OSH. First we create a depth map by
using a depth-from-focus (DFF) algorithm, which recovers
depth information by computing a focus measure based on
entropy for each pixel. We then combine the depth map and
the reconstructions from the hologram to construct the EFI.
Section 2 describes the recording and reconstruction processes
of OSH and our experimental setup. In Section 3, we introduce
focus detection for OSH. The algorithm for computing the
depth map using DFF approach is also discussed. Section 4
presents the simulation results of constructing EFIs for a two-
section object and a three-section object in OSH respectively.
In Section 5 we draw the conclusion about our proposed
approach and discuss the benefits and limitations of the EFI
algorithm.

II. OPTICAL SCANNING HOLOGRAPHY

In OSH imaging system, a 3D object is scanned by an
active scanner with a complex-valued Fresnel-zone-plate (FZP)
impulse response. The diffracted and scattered light through
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the object is collected with a single-pixel CCD detector.
Heterodyne detection is employed to demodulate the real part
and imaginary part of the electronic hologram. In our set-up,
this demodulation is done numerically [7]. Thus a complex
hologram containing 3D position information of the diffracted
propagation through the object is recorded. The optical set-up
of OSH imaging system in our laboratory is shown in Fig. 1(a).
In optics, we generally model a 3D object as multiple sections
discretely distributed in space. In this paper, the experimental
3D object is composed of either two sections “H” and “K”, or
three sections “H”, “K” and “U”. Fig. 1(b) and Fig. 1(c) show
these two cases.
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Fig. 1. (a) Optical set-up of OSH system. ω and Ω are initial carrier frequency
of laser and shifted frequency respectively, z is the distance between the object
and scanner. (b) Object with two sections “H” and “K” at z1 = 10 mm and
z2 = 20 mm respectively. (c) Object with three sections “H”, “K” and “U”
at z1 = 10 mm, z2 = 15 mm and z3 = 20 mm respectively. (d) Real part
(above) and imaginary part (bottom) of hologram of (b). (e) Real part (above)
and imaginary part (bottom) of hologram of (c).

As stated above, with our OSH imaging system, a 3D
object can be recorded as a hologram. Fig. 1(d) and Fig. 1(e)
present two holograms of the two-sectional object and three-
sectional object. Mathematically, assuming the 3D object is
expressed as

∑k
i=1 o(x, y; zi), where k is the total number of

sections, (x, y) is the spatial coordinate, and z is the distance
where each section is located. Then the hologram g(x, y) can
be computed as g(x, y) =

∑k
i=1 |o(x, y; zi)|2 ∗ h(x, y; zi),

where ∗ denotes 2D convolution, and h(x, y; zi) means the
corresponding FZP at zi. In our cases, k = 2 and k = 3 stand
for two-sectional and three-sectional objects respectively.

In conventional reconstruction, to reconstruct individual
section, we need to deconvolve the hologram g(x, y) with
conjugate FZP, which is h∗(x, y; z). For instance, if the section
“H” is to be reconstructed in two-section case, we need to
know the distance parameter z1 to create h∗(x, y; z1). Exper-
imentally the distance between a particular section and the
scanner is unknown. This process is related to focus detection.

Mathematically, the reconstructed image r(x, y; z1) of sec-
tion “H” can be represented as [7]

r(x, y; z1) = g(x, y) ∗ h∗(x, y; z1)

=

[
k=2∑
i=1

∣∣o(x, y; zi)
∣∣2 ∗ h(x, y; zi)

]
∗ h∗(x, y; z1)

=
[∣∣o(x, y; z1)

∣∣2 ∗ h(x, y; z1) +
∣∣o(x, y; z2)

∣∣2
∗ h(x, y; z2)

]
∗ h∗(x, y; z1)

=
∣∣o(x, y; z1)

∣∣2 +
∣∣o(x, y; z2)

∣∣2
∗ h(x, y; z2 − z1), (1)

where h(x, y; z2 − z1) = h(x, y; z2) ∗ h∗(x, y; z1). Since the
hologram g(x, y) and the FZP h(x, y; z) are complex, the
reconstruction r(x, y; z) is also complex. Generally we display
the magnitude of a complex reconstruction.

(a) (b)

Fig. 2. (a) Reconstructed image at z1 = 10 mm. (b) Reconstructed image
at z2 = 20 mm.

In Eq. 1, the second term |o(x, y; z2)|2 ∗ h(x, y; z2 − z1)
acts as defocus noise which makes the reconstruction blurry.
As the reconstructed images in Fig. 2 show, the targeting
section is sharp, whereas the other section results in defocus
noise which severely affects the post-analysis of the structure
of the 3D object. Therefore it is necessary to construct one
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single reconstructed image in which every section is sharp and
defocus noise is suppressed.

III. FOCUS DETECTION AND EXTENDED FOCUSED
IMAGING

For an imaging system, the DOF is usually limited. Within
the DOF, objects show acceptable sharpness in the acquired
image, which decreases gradually on each side of the focused
distance of the lens. DOF is influenced by several factors,
such as focal length of the lens, distance between lens and
object etc. Hence it is essential to detect the focal length
in order to reconstruct a sharp image [22]. In recent years,
different methods are proposed to find the focal distance within
a scene. Focus measures such as variance [23], [24], correlation
[25], and gradient [26] are applied to situations such as
macroscopic 3D object recording. Fresnelet bases [27], spectral
`1 norms [28], and Wigner distribution [29] are proposed in
a more mathematical way. Besides, computational imaging
techniques such as changing camera aperture [30], [31], [32]
and estimating depth from image structure or defocus [33],
[34], [35] have also been proposed. In our proposed approach,
focus detection is based on entropy minimization. We proceed
to illustrate how to estimate the best depth for each pixel in
reconstruction with the help of entropy.

A. Focus Detection

Entropy is normally used to measure how much infor-
mation a transmitted message includes. In image processing,
entropy is a measure of sharpness of an image. The sharper an
image is, the more high frequency it includes, then the smaller
the entropy is [36]. In this paper, for an M ×N pixels image,
Shannon entropy is computed as

e = −
M∑
x=1

N∑
y=1

|R(x, y)|2

P
ln
|R(x, y)|2

P
, (2)

where, R(x, y) = Re{r(x, y)} is the real part of the complex

reconstruction r(x, y), P =
M∑
x=1

N∑
y=1
|R(x, y)|2 is the total

power of an image, e is the entropy of this image.
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Fig. 3. (a) Projection of 3D object with two sections “H” and “K” at z1 =
10 mm and z2 = 20 mm respectively. (b) Focus detection based on entropy.

Fig. 3 presents an example of detecting focus with entropy
minimization. Fig. 3(a) shows the projection of two sections

discretely distributed in space. Focus detection aims to deter-
mine the exact distances of each section. First, the hologram
is reconstructed along z-axis in a range of [1, 25] mm. For
each reconstruction, we compute the entropy for the real part,
and thus we have an entropy curve shown in Fig. 3(b). The
horizontal axis is reconstruction distance with unit mm, and
the vertical axis is normalized entropy with unit bit. Then for
this case, two local minimum points arrive at z1 = 10 mm
and z2 = 20 mm. Therefore we can assert that two separate
sections are located at different depth in 3D space. Based on
this principle, we determine the best in-focus distance of every
pixel in constructing the EFI image later.

B. Depth-From-Focus and Extended Focused Imaging

As discussed above, we want to create an EFI image in
which each section is in focus. While for each individual
section along z-axis, the in-focus position varies. Therefore,
if we gather together all pixel values which come from their
in-focus reconstructions in one single image, this image should
be the EFI image. In other words, if every pixel in one image
is in focus, each section should also be in focus with a sharp
reconstruction. Therefore we need to determine the best in-
focus position for each pixel.

In reconstruction, the hologram g(x, y) is reconstructed
along z-axis from z1, z2, ... , to zk, altogether k reconstructions.
The searching range [z1, zk] should be determined according
to the possible structure of the 3D object recorded in the
experiment. Since when the 3D object is set up in the optical
path, we can estimate a preliminary range of search in which
the object is located. By stacking all the reconstructed images
together, we have a volume of reconstructions r(x, y, z), where
z ∈ [z1, zk]. r(x, y, z) is a 3D matrix with a size of M×N×k,
and the real part of this volume of reconstructions is R(x, y, z).
We search the in-focus position for each pixel based on entropy
minimization.

Since the entropy of an image is computed based on a 2D
image. Therefore, to compute the entropy for a particular pixel,
we need to use a block with a specified size to filter out the
pixel and its adjacent pixels. We assume the block size is t×t,
in which t should be odd to guarantee the targeting pixel is
located at the center of the block. We can define a 3D matrix
E(x, y, z) as the entropy map to store 2D entropy maps at
each reconstruction distance. For any pixel (u, v), where u =
1, 2, ... ,M , v = 1, 2, ... , N , the entropy in each overlapping
block at the i-th reconstruction depth zi is computed with

E(u, v, zi) = −
u+t̂∑

x=u−t̂

v+t̂∑
y=v−t̂

|R(x, y, zi)|2

P
ln
|R(x, y, zi)|2

P
,

(3)

where t̂ = t−1
2 .

For the reconstruction R(x, y, zi) at the i-th reconstruction
depth zi, M × N entropies of M × N pixels are computed
according to Eq. 3. For other reconstruction distances, the com-
puting procedure is the same. After calculating all distances
from z1 to zk, we can acquire the 3D matrix E(x, y, z) storing
k 2D entropy maps.
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Fig. 4. Computational procedure of our proposed EFI approach. j is the
imaginary unit.

The next step is to compute the depth map Ψ(M,N),
which is a 2D matrix. As mentioned above, entropy is used
as focus measure to determine the best in-focus position. For
any pixel (u, v), we can find the minimum entropy value
among E(u, v, z1), E(u, v, z2), ... , E(u, v, zk). Supposing the
minimum entropy occurs at zi, then we store zi in Ψ as an
index at pixel (u, v). This procedure can be presented as

Ψ(u, v) = zi
= arg min

z∈[z1,zk]
E(u, v, z). (4)

The depth map Ψ(M,N) is a 2D matrix storing best in-
focus reconstruction distances in [z1, zk] at each pixel position.
With this depth map Ψ and the volume of reconstructions
R(x, y, z), we are able to find the best in-focus pixel value
at (u, v) with

Ω(u, v) = R(u, v, zi)

= R(u, v,Ψ(u, v)),
(5)

where Ω denotes the EFI image, which is a 2D matrix with
a size of M × N . For other pixels, Eq. 5 is executed in the
same way. The overall computational procedure is illustrated
in Fig. 4.

IV. SIMULATION RESULTS

In our simulation, we test our approach on objects with two
or three dominant sections respectively. The hologram has a
size of 512 × 512, with a block size chosen to be 21 × 21.
In two-section case, two letters are located at 10 mm (“H”)
and 20 mm (“K”), while in three-section case, three letters are
located at 10 mm (“H”), 15 mm (“K”), and 20 mm (“U”).
The reconstruction scanning range is from 8 mm to 22 mm,
divided into 128 steps. Thus the scanning step is about 0.11
mm. The smaller the scanning step is, the more reconstructed
images we will acquire, and the more precise best in-focus
position we can obtain. However, the computation efficiency
will decrease drastically. For the block size, larger size will
be helpful for estimating the general shape of the object with
lower error, but the finer object details are lost.

(a)

(b)

Fig. 5. (a) Above: the projection of 3D object composing of two sections
(left), and local magnification (right); bottom: the EFI image constructed
with our proposed approach (left), and local magnification (right). (b) Above:
the projection of 3D object composing of three sections (left), and local
magnification (right); bottom: the EFI image constructed with our proposed
approach (left), and local magnification (right).
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Fig. 5 presents the simulation results on two-section and
three-section cases. From the comparison of left parts in Fig.
5(a) and 5(b) we can see that all sections of the 3D object
are clear and sharp. All the useful information appears in one
single image. Although some noises partially contaminate the
EFI image, as figures on the right-hand side in Fig. 5 present.
However, the minimal artifacts do not influence the extension
of depth-of-field. The final all-in-focus EFI image enables us
to be more flexible to analyze and visualize the recorded 3D
object.

V. CONCLUSION

In this paper we propose an approach for constructing EFI
based on focus detection with entropy minimization in a holo-
graphic microscopy imaging system. Intrinsically the whole 3D
information of an object is contained in the digital hologram. In
this presented technique we employ this feature to construct
one single image where all parts of the recorded 3D object
are in-focus. This method constructs the EFI image only by
one single hologram, avoiding extra optical components in the
experimental setup, as well as the time-consuming mechanical
scanning at different focal planes in the recording. The final
EFI images in which multiple sections of the two 3D objects
are clear and sharp show the extension of DOF. This approach
will facilitate the visualization and measurement for micro-
scopic objects in holographic microscopy imaging system. As
we can see in Fig. 5, there is still noise contaminating the
reconstructed EFI image. This is due to the size of block we
are using to filter out specific amount of pixels. Different block
size leads to different noise level, as well as the time for
computing. In the future, we will try to find an appropriate
block size to balance the trade-off between noise level and
computation time. Furthermore, how the distances between
each section affects the EFI image is also worth investigating.
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