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a b s t r a c t
Most conventional microscopes can only acquire two-dimensional (2D) images. However, there is increasing
demand for microscopes capable of acquiring three-dimensional (3D) images for use in biological research. To
improve observations of in vivo specimens, we develop a novel one snap-shot 3D light field microscope with
high spatial resolution. By adding a lenslet array and focusing optics into the optical train of a conventional
microscope, we are able to simultaneously capture seven sub-aperture images from different perspectives in
a single shot, and finish 3D surface reconstruction of the specimen. In this paper, we present a functioning
prototype of a novel 3D light field microscope using different objectives, and describe its design and image
quality. During 3D image reconstruction, we use an optical flow method and back-projection interpolation
to improve the resolution of the subimages. The performance of the novel light field microscope is analyzed
theoretically and experimentally. Multiple perspective images are obtained using an objective with 20 × /NA 0.4.
These images are 1050 × 1050 pixels with a depth of view of 200 μm. For our microscope, the highest resolvable
group of USAF 1951 target is about group 7.5. 3D reconstructions of various specimens are successfully created
using these images. This novel microscopy system is suitable for various applications in 3D imaging and optical
metrology.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Since their introduction over 400 years ago, microscopes have been
used to inspect histological specimens and study cellular morphology [1–3]. However, conventional microscopes can only acquire twodimensional (2D) images with no parallax. Lack of three-dimensional
(3D) imaging capability limits our exploration and understanding of the
microscopic world [4].
Previously, several groups developed microscopes to acquire 3D
information from specimens using a variety of different techniques. The
most common 3D-imaging microscope is high-resolution laser scanning
confocal microscopy [5,6]. However, as this technique causes significant
bleaching, it is difficult to apply to live or light-sensitive specimens.
Selective plane illumination microscopy was developed by the EMBL in
2004 [7]. In this technique, specimens are rapidly scanned by moving
a cylindrical condenser lens and the objective. In 2008, Keller et al. [8]
used this technique to observe live zebrafish embryos. Recently, lattice
light-sheet microscopy [9] based on ultrathin light sheets was proposed
to image 3D dynamics. All of these techniques rely on a scanning
mechanism to obtain high-resolution images.
The acquisition of a 3D image of an entire specimen in a ‘‘oneshot’’ fashion using these techniques is challenging. However, kinds of
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plenoptic cameras designs enabling one-shot 3D light field imaging are
proposed. Capturing light field information using lens arrays was first
proposed by Lippmann [10] in 1908. In 1996, Levoy [11] simplified the
plenoptic function expression as a four-dimensional light field parameterization: L (𝑢, 𝑣, 𝑠, 𝑡). In this description, images are 2D slices of the 4D
light field function. Based on this principle, plenoptic cameras generally
employ microlens array or camera array to capture the 4D light field
information of object. Lytro and RayTrix [12] placed microlens array in
front of image sensor to capture light field. Every sub-image of the raw
data includes different direction information of the ray from one point of
the object. After refocusing process, we can focus the image at different
distance. Georgeiv et al. [13] proposed a light field camera with an array
of lens-prism pairs in front of the main lens, which had equal function
with an array of lenses. Sub-images captured on the sensor provide
different perspectives. Stanford group [14] applied camera array to
complete 4D light field acquisition.
The light field acquisition technique can be applied to capture 3D
information not only for macro-world but also for micro-world. In 2006,
Levoy et al. [15,16] developed the light field microscope (LFM) by
mounting a microlens array at the location of the intermediate image.
This design is capable of rapidly capturing 4D light field information

M. Zhang et al.

Optics Communications 403 (2017) 133–142

2. Principle of the lenslet array-based microscope design

of specimens. This technique has been successfully applied to image
zebrafish brain activity [17,18]. A disadvantage of LFM is the tradeoff between spatial resolution and angular resolution [15]. In an LFM,
spatial resolution is determined by the number of microlenses.
Recently, 3D imaging methods based on refocusing methods have
been proposed to obtain high-resolution images, such as in aperture
scanning [19] and 3D differential phase-contrast microscopy with an
LED array [20]. However, these techniques are not always suitable
for microscopic samples. Some vivo specimens require the microscope
with high spatio-temporal resolution. To improve lateral resolution, 3D
deconvolution [21] has been used to reconstruct 3D volumetric images
by modeling the spatially varying point spread function. Prevedel
et al. [17] provided a simultaneous volumetric functional imaging
of neuronal population activity at single neuron resolution by use of
light-field microscope in combination with 3D deconvolution. However,
the lateral resolution across the depth of field is not uniform [21].
Phase masks for wavefront coding [22] have been applied to overcome
this non-uniform resolution limitation. However, the resolution of the
resulting images remains limited by the small pitch of the microlens
array. The 3D deconvolution algorithm requires the computationally
intensive manipulation of light rays to obtain a stack of cross-sectional
light field images.
In 2015, Lin [23] proposed a light field microscope using a camera
array. A two-stage relay system were applied to expand the aperture
plane of the microscope into the size of an imaging lens array. Then
5 × 5 cameras were used to simultaneously acquire different perspective
images of the specimens. The spatial resolution was depend on the
sensor resolution. Therefore, high resolution and high space-bandwidth
product can be achieved. Various specimens with a spatial resolution of
0.79 megapixels were captured and recovered. However, the alignment
of the camera array is complex and error-prone. This microscope system
captures images using an objective with 10 × ∕NA 0.4. Capturing images
using an objective with higher magnification, such as 40×, requires a
significant increase in the power of the relay system to expand the
aperture plane to cover the size of the camera array (radius more than
400 mm). The stop aperture of the conventional microscope is enlarged
by nearly 100 times. This results in increased chromatic and off-axis
aberrations, which significantly affect the quality of images captured by
cameras on the edge of the field. Meanwhile the relative illumination
on the edge of field becomes much lower, which requires the cameras
to have more exposure time to compensate the angularly non-uniform
illumination. For some specimens with very fast motion, the quality of
images will be impacted.
In the optical schematic of Levoy’s light field microscope, the (𝑢, 𝑣)
plane coincides with the objective lens and the (𝑠, 𝑡) plane coincides with
the microlens array [11]. The image captured from the sensor plane is
the sub-sampled (𝑠, 𝑡) plane, which is an st array of uv images of the 4D
light field.
If the lens array is placed at the (𝑢, 𝑣) plane, the light field can be
visualized as a uv array of st images. In 2008, Georgiev [24] proposed
a light field microscope incorporating a lenslet array at or near the rear
aperture of the objective lens. The lenslet array is directly inserted into
the optical chain of the conventional microscope to obtain multi-view
of real images on the sensor. But the diameter of the lenslet array is
limited in this patent, which is generally 10 mm. If more viewpoints
are created, less diameter of each lenslet is needed. This would greatly
increase the manufacture difficulty and cost for the lenslet with much
smaller size. Additionally, in some cases, higher power of the lenslet is
needed to avoid too much overlap between each sub-image.
In this paper, we developed a novel 3D light field microscope using
a lenslet array to manage the sensor spatial resolution and angular
resolution of the LFM. A seven-unit lens array was placed at the conjugated aperture plane out of the conventional microscope, rather than
the image plane. High-resolution subimages from seven viewpoints were
directly captured without any additional other further computationally
processing.

2.1. Design method
Our goal is to design a single-shot 3D light field microscope with high
spatial resolution. The light-field imaging effect could be realized by
adding two optical elements into a conventional microscope. Objectives
in traditional microscopes have complicated optical and mechanical
designs. Generally, aberrations in the innermost 19–23 mm of the
intermediate image are well corrected. It is often impractical to change
the inner elements of traditional objectives, such as replacing the stop
aperture with several sub-apertures to obtain plenoptic functionality.
Therefore, we placed a focusing lens at the intermediate image plane to
obtain a conjugate aperture of the main stop of the traditional objective.
At the conjugate position, a lenslet array containing 𝑁 × 𝑁 lenslets
is used to split the light field and relay the intermediate image to
the sensor. This was equivalent to splitting the stop aperture into subaperture images. The lens array generates different viewpoints which
are imaged from stable regions of the stop aperture of the objective. The
imaging sensor produces 𝑁 × 𝑁 identical copies of the original image
that carried the physical information of the plenoptic function. The size
and power of the lens array are determined by the power of the focusing
lens. It is necessary to match the entrance pupil of the entire lens array
to the exit pupil of the objective. The power is adjusted to obtain subimages that are as large as possible without overlapping. Due to the large
aperture angle and the short distance between the objective and sample
in microscopy systems, parallax can be observed in this design and the
resultant prototype. Thus, an image of the specimen from a particular
viewing angle is formed on the portion of the imaging sensor under the
lenslet. The more pixels occupied by subimages, the higher the spatial
resolution.
The design optimization procedure is followed.
(1) A traditional object optical system was simulated using Zemax
software.
(2) A focusing lens was introduced at the intermediate plane. A
power was chosen to obtain a suitable conjugate image of the
stop aperture.
(3) Several configurations were set for different viewpoints at the
conjugate aperture. The lenslet array was several millimeters in
diameter. Hence, the same optical power can be applied to every
channel.
(4) The optical power of the lenslet array was optimized to increase
the size and quality of the subimages.
We optimized our design with specific parameters of objective, the
sectioned lenslet array and CCD. Both 20 × ∕NA 0.4 and 40 /NA 0.65
objectives could be used in our novel system. For simplicity, the design
and imaging performance of our prototype with the 20 × ∕NA 0.4
objective are described as follows, unless otherwise stated.
A schematic of our lenslet array-based 3D microscope is shown in
Fig. 1. A Prosilica GigE Color Camera is used as the image sensor. Its
progressive CCD can acquire mono/color image (4008 × 2672 pixels) at a
5 fps rate with 8/12 bit depth. The CCD chip size is 37.25 × 25.7 mm, and
the pixel size is 9 μm. The optical power of the focusing lens is 175 mm,
which results in a conjugate aperture of about 18 mm at a distance of
440 mm. Although increasing the optical power can produce a larger
conjugate aperture, it also increases the image distance. A sectioned
lenslet array with 3 × 3 units can be used. However, to maximize the
use of the circular conjugated aperture, and for ease of fabrication, we
produced a lenslet array with seven units. Each lenslet has a diameter
of around 4 mm and is fabricated easily using traditional optical
manufacturing techniques. The optical power of the sectioned lenslet
array is about 79 mm. If the illumination is polychromic, chromatic
aberrations are the main process reducing image quality. Achromatic
doublet lenses can be used as focusing lenses and in the sectioned lenslet
array. Each subimage received on the CCD has a diameter of about
134
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captured by the image sensor are not images of the specimen from a
single view. To construct a perspective image, it is necessary to extract
pixels in the equivalent location under different microlenses. The pixel
resolution of perspective images from an LFM system is determined
by the pitch of the microlenses. Therefore, the addressable spatial
resolution of an LFM system depends on the number of microlenses.
Compared with microlens-based LFM, our novel system exhibits the
following improvements:
(1) Our design achieves higher addressable pixel resolution for
every view image. The resolution is determined by the pixels
covered by subimages from individual optical channels, rather
than the number of microlenses. The optical resolving power
of the optical channels is higher than the imaging sensor resolution. Thus, higher image quality can be obtained by using a
higher-resolution sensor. In contrast, increasing the pitch of the
microlenses in an LFM is very difficult as a result of diffraction
limitations.
(2) In current LFM designs, fabrication errors and misalignments
deteriorate image quality. These effects are exacerbated by reducing the sizes of microlenses and imaging sensor pixels. In our
novel microscope, these problems are alleviated by the larger
unit size of the lenslet array. Hence, our design could tolerate
mm-scale misalignments.
(3) Our novel design is applicable to a variety of applications. To
increase the angular resolution always results in the decrease of
spatial resolution. However, in most applications, people usually
care more about the spatial resolution than angular resolution.
High spatial resolution can be readily achieved using a highresolution sensor, and angular resolution can be increased by
adding more lenslets. The calculations we used to determine
the maximum number of lenslets in an array are detailed in
Section 2.3.

Fig. 1. Optical path of our novel light field microscope. Different colored rays represent
different views of the specimen. Three rays for each field of view are shown here. Each of
these rays propagates through the center of each lenslet in the three-unit array. If more
rays are sampled from each field-of-view, all of the rays of the same color passing through
the same lenslet will focus at a single point on the sensor. The distance among optical
elements and optical length of the focusing lens and lenslet array for the microscope using
objective with 20 × ∕NA 0.4 are noted.

In summary, it is difficult to increase both angular and spatial
resolution in conventional LFM systems. Our novel microscope design
is flexible, in that each element in the optical path could be customized
for different studies.
2.2. Image quality after optical design
After finalizing the design of the lenslet array-based 3D microscope,
we analyze the image quality of the seven optical channels using spot
diagrams and modulation transfer function (MTF) curves generated in
Zemax software.
The image quality of each of the outer six image channels is almost
identical (Fig. 3). The root-mean-square (RMS) radius of the center
channel is not greater than 5.81 μm, and those of the outer channels are
not greater than 6.1 μm. The radii of the image spots are smaller than
the pixel size of the CCD, which indicates good imaging performance.
MTF curves of the center channel and one of the six outer channels
are shown in Fig. 4. The cutoff frequency of the optical system at image
space is at 84 lp/mm. Given the magnification of the optical system
(𝑀𝑤 = 4.3), the optical resolving power at the object space is about
2.77 μm. This represented the lateral resolution of the optical system
imposed by the diffraction limit.
Considering errors resulting from fabrication and misalignment,
the optical system is generally designed to ensure that the spatial
frequencies of the fields of view are higher than that of the sensor. The
spatial frequency of the sensor is expressed as follows:

Fig. 2. Comparison of our novel microscope design and a conventional LFM system.

4.73 mm, relative to a sample diameter of 1.1 mm, as determined using
the Zemax software. Thus, the magnification of this microscope is about
𝑀𝑤 = 4.3; this corresponds well with the value measured using a stage
micrometer.
In order to clearly understand our design method, we can make some
comparisons between our novel system and a conventional LFM [19,20].
Simplified optical schematics of the two systems are shown in Fig. 2. In
our novel system, the lens array is placed at the location of the aperture
plane that is conjugate with the main stop of the objective. Therefore,
the aperture could be divided into several portions. Hence, this system
is a multi-view imaging system in which every optical channel can be
designed and analyzed as a separate imaging system using geometrical
optics theory. Different perspective images of a specimen are directly
captured on the sensor. The optical resolving power of each subimage
is governed by the NA of the corresponding optical channel. The pixel
resolution of each subimage is roughly equal to the pixel resolution of
the sensor divided by the number of subimages.
In contrast, in LFM systems, microlenses are located at the intermediate image plane, which is conjugate with the objective plane. Subimages

𝑓 = 1000∕2𝑝

(1)

where p is the pixel size. Using 𝑝 = 9 μm, Eq. (1) shows that the spatial
frequency of the sensor used in the present study is 56 lp/mm. From
Fig. 4, the MTF curves are all above 0.1 at 56 lp/mm, are very close to
the diffraction limit. Therefore, all of the aberrations are well corrected,
135
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Fig. 3. Spot diagrams of our novel microscope generated using Zemax software. (a) Spot diagram for the center optical channel. (b) Spot diagram for one of the six outer optical channels.
The nine spots represent different fields of view from the center to the edge of the specimen. Blue, green, and red points represent wavelengths of 0.486, 0.587, and 0.656 μm, respectively.

Fig. 4. MTF curves of our novel microscope generated using Zemax software. (a) MTF curve of the center optical channel. (b) MTF of one of the six outer optical channels. Different
colored lines represent different fields of view from the center to the edge of the specimen. The black line represents the diffraction limit of the optical system.

Fig. 5. MTF curves for one of the six outer optical channels. (a) MTF curves generated when the object plane was moved 80 μm nearer to the objective. (b) MTF curves generated when
the object plane was moved 150 μm farther from the objective.
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and the final lateral resolution of the microscope system is governed by
the pixel size of the sensor.
To evaluate the depth of field of the new microscope, we moved the
object plane 80 μm nearer to and 150 μm farther from the objective
relative to its initial position. The MTF curves for an outer optical
channel at these two positions are shown in Fig. 5. All of the curves are
above 0.05 at 56 lp/mm, which means that a depth of field is greater
than 230 μm.
2.3. Performance evaluation
The lateral and axial resolutions are the two most important parameters to be concerned by microscopists. The performance of the novel
microscope is quantified theoretically as follows.
Based on the Rayleigh criterion, the diffraction limited resolving
power of a microscope is described as follows:
𝑅𝐿𝑖𝑚𝑖𝑡 = 0.61𝜆∕𝑁𝐴𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒

(2)
Fig. 6. The prototype of our novel light field microscope. The light microscope is
configured with a 20 × ∕NA 0.4 objective. Seven subimages can be obtained from the
lenslet array shown.

where 𝜆 is the wavelength and 𝑁𝐴𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 is the numerical aperture (NA)
of the objective.
For our prototype, the aperture is divided into three parts in a single
direction. In general, the NA of an objective is expressed as follows:
𝑁𝐴 = 𝑛 × sin 𝜃

microscope proposed by Levoy [15]. An illumination wavelength of 555
nm, an objective with 20 × ∕NA 0.4, and a CCD with a pixel size of 9 μm
are used for all three microscopes. The pitch of the microlens array used
in Levoy’s light field microscope is 90 μm, 10 times the pixel size. The
outsize of microlens is 24 mm × 24 mm. The axial resolution can be
calculated using the equations in Ref. [15]. The lateral resolution could
be calculated as follows:

(3)

where n is the refractive index and 𝜃 is half of the field angle of the
object related to the aperture of the objective. For example, the NA of
the objective used in the present study is 0.4, and therefore 𝜃 is about
23.58◦ . Optical raytracing in Zemax software indicates that 𝜃 for our
novel microscope is about 6.5◦ , close to one third of the NA of the
objective. Thus, the angular resolution is 6.5◦ × 2 = 13◦ . Therefore,
from Eq. (2), the lateral resolution imposed by the diffraction limit is
about 3.07 μm, which is similar to that calculated from Fig. 4. Given the
magnification 𝑀𝑤 = 4.3, the resolvable feature size in the object plane
corresponded to each pixel of the sensor is 𝑅ℎ𝑎𝑙𝑓 = 𝑝∕𝑀𝑤 = 2.09 μm.
Thus, the lateral resolution of our system for each field of view is
𝑅𝐹 = 2 × 𝑅ℎ𝑎𝑙𝑓 = 4.18 μm.
With increasing angular resolution, the lateral resolution imposed by
the diffraction limit will be decreased. Therefore, the maximum number
of lenslets in an array is calculated from the following relationship
between 𝑅𝐹 and 𝑅𝐿𝑖𝑚𝑖𝑡
𝑅𝐿𝑖𝑚𝑖𝑡 ≤ 𝑅𝐹
2 × 𝑝 𝑁𝐴𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒
×
𝑁𝑀 ≤
𝑀𝑤
0.61 × 𝜆

𝑅𝑜𝑏𝑗 = 𝑝𝑖𝑡𝑐ℎ∕𝑀.

Table 1 shows that the traditional microscope exhibited the smallest
lateral resolution. Increasing the depth of field inevitably resulted in
a reduction in lateral resolution. Both the lateral and axial resolutions
of our novel microscope were smaller than those of Levoy’s light field
microscope. Although smaller lateral resolutions could be obtained in
light field microscopes using microlens arrays with a smaller pitch,
fabrication errors and misalignment would affect the resulting images
more significantly.

(4)

3. Experiments

where 𝑝 is the pixel size of the sensor and 𝑁𝑀 is the maximum number
of lenslets in an array. With fixed spatial resolution, 𝑁𝑀 is about 5 for
our novel system. Changes in the image resolution of the sensor or the
magnification of the system resulted in changes to 𝑁𝑀 .
The axial resolution of our novel microscope is represented by the
minimum refocusing step size along the axial dimension, expressed as
follows [23]:
𝛿𝑧 = 𝛿𝑥 cot (arcsin (𝑁𝐴)) ∕𝑀

(6)

3.1. Resolution validation
The resulting prototype microscope using a 20 × ∕NA 0.4 objective is
shown in Fig. 6. The lenslet array with seven units is specially fabricated.
Therefore, seven sub-images are obtained on the sensor.
To experimentally determine the lateral resolution and depth of field,
we imaged a standard-resolution USAF 1951 target and calculated the
normalized average contrast from group 5.1 to group 6.6 [21]. Once the
prototype was focused on the target (𝑍 = 0 μm), the target was moved
down the stage in 10 μm increments, and light fields were captured
at each point. Fig. 7 demonstrates that our system had a focal range
significantly larger than that of a comparable conventional microscope
(20×∕NA 0.4). The highest resolvable group of our microscope was about
group 6.6 (line width: 4.38 μm). Comparing with the value 𝑅𝐹 calculated
in Section 2, some disparities exist between the theoretical calculation
and experimental validation. Generally, there are two reasons we can
find. Firstly, due to the manufacture error of the lenslet array, some
unwanted aberrations are introduced into the system. Secondly, the
focusing lens and the conventional microscope system are not aligned
very well, which also impact the image quality.

(5)

where 𝛿𝑥 represents the shearing the size of a single pixel (9 μm in the
present system). Therefore, 𝛿𝑧 is about 4.8 μm.
A quantitative comparison between the system proposed by Lin [23]
and our microscope can be seen. The axial resolution and lateral resolution of the microscope system using 10×∕NA 0.4 objective in Lin’s system
is about 8.8 μm and 7.68 μm individually, while the axial resolution and
lateral resolution for our microscope system using 20×∕NA 0.4 is 4.8 μm
and 4.18 μm. Additionally, applying Eq. (1), we can calculate that the
maximum angular resolution for Lin’s system is 6. In comparison, 5 × 5
cameras are applied in reference [23].
To demonstrate the performance of our microscope, we also quantitatively compare it with a conventional microscope and the light field
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Table 1
Resolution comparison between a conventional microscope, an LFM microscope and our novel microscope.
Parameter

Conventional microscope

Levoy’s LFM

Our novel microscope

Lateral resolution
Axial resolution
Angular resolution

0.84 μm
3.47 μm
81◦

4.50 μm
20.81 μm
4.72◦

4.18 μm
4.8 μm
13◦

Fig. 8. Back projection-interpolation-based high-resolution image reconstruction.

Fig. 7. Lateral resolution and depth of field of our prototype microscope with a USAF
1951 target. The first row shows images captured by our prototype with a large depth
of field. The images in the second row were captured using a conventional microscope.
The resolvable group of our system and the conventional microscope are 6.6 and 7.6,
respectively.
Fig. 9. Comparison of lateral resolutions of raw and HR images using a USAF 1951 target.
The first row shows images captured by our prototype before and after HR reconstruction.

3.2. High-resolution image reconstruction
method (Fig. 7). For example, each cell in the HR grid shown in Fig. 8
(four pixels) contains one pixel from the reference image, located at the
(0, 0) point of the cell, and the remaining three pixels are chosen from
the pixels of the other six LR images. To determine which are the most
appropriate pixels, for each cell, we calculated the cost error between
the back-projection pixel from 𝐿𝑅(𝑛)(𝑛 = 1 … 6) to the reference point.
We can define (𝑖, 𝑗) point of cell as:

Computer vision algorithms could be used to improve the resolution
of raw images captured by our microscope system. High-resolution
(HR) images can be reconstructed from underdamped low-resolution
(LR) images. As recorded images usually suffer from blur, noise, and
aliasing, pre-image processing of LR images is essential. Typically,
LR images represent different views of the same scene. Therefore,
disparities exist between pairs of images. If these disparities are known
or can be estimated within pixel accuracy, HR image reconstruction is
possible. We used an L2-dense optical flow method to compute these
disparities [25]. The resulting energy functional contains non-convex
photometric error data and a smoothing item:
min 𝐸 (𝑢, 𝑣) =
𝑢,𝑣

[
(𝑇 (𝑥, 𝑦) − 𝐼 (𝑥 + 𝑢, 𝑦 + 𝑣))2
(
)]
+ 𝛼 ⋅ 𝑢2𝑥 + 𝑢2𝑦 + 𝑣2𝑥 + 𝑣2𝑦 𝑑𝑥𝑑𝑦

𝑏𝑝 (𝑛, 𝑖, 𝑗) ((𝑖 = 0, 1) , (𝑖, 𝑗) ≠ (0, 0)) .

(8)

And cell (𝑖, 𝑗) can be described as:
𝑐𝑒𝑙𝑙 (𝑖, 𝑗) = min𝑛 (𝑎𝑏𝑠 (𝑐𝑒𝑙𝑙 (0, 0) − 𝑏𝑝 (𝑛, 𝑖, 𝑗))) .

∬

(9)

In summary, we followed four stages of HR image reconstruction:
(7)
(1)
(2)
(3)
(4)

where 𝑇 (𝑥, 𝑦) is the reference image, 𝐼(𝑥, 𝑦) denotes the image for
registration, (𝑢, 𝑣) represents the offset of each point in the image T,
and 𝛼 is the weight factor. We chose the LR (0) image as the reference
image and computed (𝑢, 𝑣) for the other six LR images.
Based on the disparity (𝑢, 𝑣) of each LR image, an improved HR image
was produced by non-uniform interpolation through a back-projection

Apply pre-image processing to the seven LR images;
Apply registration to each LR (n) image (𝑛 = 0 … 6);
Interpolate the pixels from the LR images to an HR grid;
Finish restoration and apply blur and noise removal.

After the procedure was complete, additional fields of view could be
constructed, in addition to the HR image.
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Fig. 10. Butterfly wing image with our prototype using an objective with 20 × ∕NA 0.4. Subimages of different fields of view were used to enable the refocusing (top right) and 3D
reconstruction (bottom).

Fig. 11. Active aphid observed with our prototype using an objective with 20 × ∕NA 0.4. Parallaxes of different views (top left) were used for 3D reconstruction (bottom). The resolution
of the subimages was improved by applying optical flow and back-projection-interpolation methods.
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Fig. 12. Observation of a chip capacitor with our prototype using an objective with 20 × ∕NA 0.4.

Fig. 13. Observation of a butterfly antenna with our prototype using an objective with 40 × ∕NA 0.65.
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specimen imaged on a single sensor via the lenslet array. Increasing the
number of lenslets in the array enabled more views to be obtained. The
image quality of all seven channels was sufficient to produce acceptable
3D reconstructions. The image qualities of the seven channels are nearly
same, and the MTF curves at 56 lp/mm for the seven channels are all
above 0.1. We theoretically evaluated the performance of our system
after calculating the lateral axial and angular resolutions. The depth
of field increased rapidly, although reductions in lateral resolution
were unavoidable. Raw images with higher spatial resolutions could be
obtained using sensors with smaller pixel sizes. Optical flow and backprojection-interpolation methods were applied to obtain HR subimages
and additional views. For the prototype using an objective with 20×∕NA
0.4, the highest resolvable group of USAF 1951 target was improved
from 4.18 to 2.46 μm after HR processing. The spatial resolution of
the resulting subimages was about 1050 × 1050, much larger than those
obtained in [15]. Lastly, we experimentally evaluated the resolution of
our system and the 3D reconstructions of several specimens observed
with epi-illumination. The 3D size of a chip capacitor measured from a
reconstructed model corresponded well with the dimensions provided
by the manufacturer. We also obtained images using a 40 × ∕NA 0.65
objective. Satisfactory images were obtained after simple adjustments,
which demonstrated the flexibility of our novel microscope.
There are several limitations to our prototype. First, the angular
resolution is limited. Hence, for specimens with very thin and complex
structures, serious aliasing may occur. This may be overcome by using
a lenslet array with more elements and an objective with a larger
field number. Second, if the optical power of the lenslet array is too
strong to obtain a suitably large image for each view, the images may
overlap. The focusing lens can be changed to increase the size of the
conjugate aperture. The unit size of each element of the lenslet array
can be increased, thereby increasing the space between each view on
the sensor.
In the future, we intend to apply various multi-view computer
visions to images obtained from our prototype. We hope to realize
volume reconstruction of translucent specimens, and to achieve 3D
video observation of biological specimens in real time. Furthermore,
our novel system can be extended to fluorescence microscopy.

Fig. 9 shows the lateral resolution of an HR image of a standard USAF
1951 resolution target. We calculated the average contrast for every
group from 6.6 to 7.5. Comparing with Fig. 7, the highest resolvable
group in the HR image is improved to group 7.5 (line width: 2.46 μm),
with an average contrast of about 0.23. Additionally, the addressable
spatial resolution of the subimages captured by our microscope was
about 525×525, which increased to 1050×1050 after HR reconstruction.
3.3. Various specimens images capture and 3D reconstruction
To evaluate the imaging performance of our new microscope system,
we captured the light fields of specimens including a butterfly wing, an
active aphid, and a chip capacitor. An epi-illumination configuration
was used for the image capture. To perform 3D surface reconstructions
of the samples, we used the multi-view reconstruction method with
auto-calibration in computer vision. Seven subimages (with the same
dimensions) were cut from the raw image and pre-processed. Dense
reconstruction was performed using Agisoft Photoscan software [26,27].
In order to give a clear refocusing result, we choose to capture a
butterfly wing which can fully cover rang of view. The spatial resolution
for raw image of each view is 525 × 525, while it is 1050 × 1050 for
the image after high-resolution reconstruction. The image at the top
of Fig. 10 shows a single view of a butterfly wing. Refocusing and
3D reconstruction are realized as a result of parallax between each
view. The light field microscope we proposed also can capture image
for various living specimens. Since the sensor only has a frame rate
of 5 fps, we choose one frame to finish 3D reconstruction. If a sensor
with more frame rate is employed in our system, the video of specimen
with dynamic 3D image reconstruction can be provided fluidly. Even
though the feature texture of the aphid is not rich, the 3D surface of
the specimen is still can be accurately reconstructed. The image at the
top of Fig. 11 shows seven views of an active aphid specimen captured
in a single shot. Due to mismatched manufacture tolerance, the images
we captured are not arranged very well. Some overlap occurs at the
edge; however, it does not greatly affect the 3D reconstruction (Fig. 11,
bottom). A comparison between a raw subimage and the HR image
is shown in the right-hand column. The HR image is more detailed;
for instance, the edge of the back tail of the aphids is clearer. To
quantitatively evaluate the accuracy of our prototype, we capture the
image of a chip capacitor whose size is provided by the manufacturer.
For the chip capacitor shown in Fig. 12, the length, width, and height
were determined to be about 199, 415 μm, and 205 μm, respectively,
based on the 3D reconstruction. These values corresponded well with the
dimensions provided by the manufacturer (200 (Wide) × 400 (Length)
× 200 (Height) μm).
Additionally, we obtained images with our prototype using an
objective with 40 × ∕NA 0.65 and a focusing lens with a focal length
of 200 mm. The magnification of this system is about 6.45. The spatial
and lateral resolutions of raw subimage are about 520 × 520 and 2.8 𝜇m,
respectively. The depth of the system is about 60 μm. Fig. 13 shows the
central region of a butterfly antenna captured using this system. The
overall lateral resolution is improved at higher magnification. However,
the depth of field of the microscope decreased as a result of the increased
NA.
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