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Abstract
To address the challenges of high-precision optical surface defect detection, we
propose a novel design for a wide-field and broadband light field camera in this
work. The proposed system can achieve a 50° field of view and operates at
both visible and near-infrared wavelengths. Using the principles of light field
imaging, the proposed design enables 3D reconstruction of optical surfaces, thus
enabling vertical surface height measurements with enhanced accuracy. Using
Zemax-based simulations, we evaluate the system’s modulation transfer function,
its optical aberrations, and its tolerance to shape variations through Zernike
coefficient adjustments. The results demonstrate that this camera can achieve
the required spatial resolution while also maintaining high imaging quality and
thus offers a promising solution for advanced optical surface defect inspection.
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Abstract: To address the challenges of high-precision optical surface defect
detection, we propose a novel design for a wide-field and broadband light field
camera in this work. The proposed system can achieve a 50° field of view and
operates at both visible and near-infrared wavelengths. Using the principles
of light field imaging, the proposed design enables 3D reconstruction of opti-
cal surfaces, thus enabling vertical surface height measurements with enhanced
accuracy. Using Zemax-based simulations, we evaluate the system’s modula-
tion transfer function, its optical aberrations, and its tolerance to shape vari-
ations through Zernike coefficient adjustments. The results demonstrate that
this camera can achieve the required spatial resolution while also maintaining
high imaging quality and thus offers a promising solution for advanced optical
surface defect inspection.

Keywords: Optical design; Defect detection; Wide-field camera; Broadband
light field camera

1. INTRODUCTION
The emergence of the light field camera has introduced a transformative ap-
proach to the capture of multidimensional optical information, making these
cameras highly suitable for applications including surface defect detection and
optical element characterization. Unlike conventional 2D imaging systems, light-
field cameras use light-field imaging principles to record both the spatial and an-
gular light distributions, representing multidimensional functionality, based on
a microlens array (MLA). The foundation of light-field imaging is multi-ocular
stereo vision, which enables computational refocusing and 3D reconstruction.
This capability is particularly advantageous for optical metrology, in which pre-
cise surface measurements and defect identification are critical requirements.

Recent advancements in light field principles and related technologies have
demonstrated the potential of these cameras for use in atmospheric wavefront
sensing, optical element defect testing, and 3D shape reconstruction. Ng et
al.[1] produced a standard light field camera that is regarded as the first hand-
held light field camera. Over recent years, Lytro and Raytrix have become well
known as manufacturers of these cameras because of their high-performance
devices based on light field technology. There are three classical types of light
field cameras that emphasize their individual functions: standard light field
cameras[2] for depth estimation[3], focused light field cameras[4,5] for improved
spatial resolution, and multi-focused light field cameras[6] for enhanced depth-
of-field control[7].

One major challenge in optical defect detection is realizing a balance between
the high spatial resolution and a wide field of view (FOV). At present, high-
magnification inspection is the predominant method used to detect surface de-
fects, including scratches and dots, but its applicability is limited when inspect-
ing larger optical components. Additionally, the subsurface detection technique
has been developed to measure the sizes and positions of bubbles[8]. The trade-
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off between the wide FOV and high resolution remains a fundamental issue in
optical metrology. Additionally, existing measurement techniques often struggle
with complex optical surfaces, particularly on surfaces with freeform geometries
or unknown parameters such as operational wavelengths. Although interferome-

ters offer superior precision, which can reach sub-nanometer levels, the high
cost, large size, and high thresholds for their use limit applications in low-cost
manufacturing. Furthermore, for high-precision microscopes [9], the possibilities
of a large FOV and 3D measurements are reliant on additional mechanical or
algorithmic support. Measurement of the parameters of certain optical elements
and systems can be challenging, particularly when these elements are encapsu-
lated or have unknown characteristics, e.g., their operating wavelengths. Some
distinctive methods for preliminary determination are being explored. Light
field cameras represent a promising solution for optical defect detection.

When compared with interferometers, which excel at shape measurement, and
microscopes, which provide high spatial resolution, light field cameras offer a
balanced approach with unique advantages when capturing 3D optical surface
information [10]. As a result, algorithms for light field acquisition [11] and image
calibration [12,13] are popular areas of research. To the best of our knowledge,
although some researchers have tried to measure simple shapes [14], they have
not applied their methods to high-precision testing of shapes and surface de-
fects, although this trend is becoming obvious. Ammann et al. [15] improved
the surface reconstruction performance of a light field camera by using a pattern
projection approach. Additionally, with the ongoing development of deep learn-
ing technology, traditional algorithms are being strengthened. Tsai et al. [16]
proposed a high-precision method to improve image reconstruction accuracy
by considering information from multiple directions. In contrast to realistic
scenes, fewer data are required for training, and more are available. Further-
more, Huang et al. [17], Chen et al. [18], and Michels et al. [2] have conducted
multiple research works from different perspectives. Overall, improvements in
measurement time and reconstruction accuracy contribute to enabling shape
measurements of optical elements using light field technology. However, high-
precision light field cameras are limited by their FOV and only work in the
visual wavebands, which do not match the size or the working bands of certain
optical elements.

To address these limitations, this work presents the design and analysis of a
50°-wide-FOV, broadband light field camera that has been optimized to per-
form high-precision optical surface defect measurements. The proposed system
operates across the visible and near-infrared wavelengths and has integrated
aberration correction mechanisms to enhance the imaging accuracy. By com-
bining light field imaging with Zernike polynomial-based aberration modeling,
the proposed approach enables robust defect detection and surface height mea-
surements. The study evaluates the important optical performance indicators
through simulations, including the modulation transfer function (MTF), chro-
matic aberrations, and the image reconstruction quality, to provide insights into
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the feasibility of the use of light field technology in optical metrology, particu-
larly for freeform surfaces.

2. BACKGROUND
2.1. Principles of Light Field Imaging

Light field imaging is governed by the light field function, which is a multi-
dimensional representation of light rays in space. Originally formulated in an
article by Adelson and Bergen [19], a light field function can be expressed as a
seven-dimensional function in spherical coordinates that contains the spherical
coordinates (𝜃 and 𝜙), the wavelength 𝜆, the time 𝑡, and multiple viewing posi-
tions (𝑉𝑥, 𝑉𝑦, and 𝑉𝑧). However, by considering the conditions realistically, the
light field function can be simplified as a four-dimensional function. The final
function is shown below, where (𝑥, 𝑦) are the coordinates of the image plane
and (𝑢, 𝑣) are the coordinates of the exit pupil,

𝑃 = 𝑃(𝑥, 𝑦, 𝑢, 𝑣). (1)

One simple example is that when a person blocks one of their eyes and then
blocks the other, they find that the object in their vision changes its position, as
shown in Fig. 1. This is actually the principle of the parallax error, but the rel-
ative position between the observer and the object remains virtually unchanged.
When exploring and extending this theory to lens arrays, more information
about every dot of the objective is presented by several lenses and the pixels
behind them. A piece of a lens and the pixels within the range of the lens’
projected area constitute a subsystem, and each subsystem of this type receives
tiny distinctions about the light-field information from an object point. The
sub-images produced by these subsystems have tiny differences between each
other, which means that the holistic 3D image will be reconstructed using the
sub images and a digital algorithm, e.g., digital refocusing.

To aid in understanding of the principle, a simplified diagram of the measured
shape of the optical element is shown in Fig. 2. Unlike real items, which have
sharp edges, most optical elements, e.g., mirrors, have rotational symmetry.
Each of the object points are constant, which reduces the requirements for the
light field cameras. The distance between two adjacent object points depends
on the spatial resolution and the related algorithm. The axial direction is also
related to the system characteristics and the reconstruction accuracy.

Common shape measurement methods can be segmented into several stages,
including grinding, exact grinding, and polishing. A number of devices are ap-
plied to each of these stages because of the machining precision requirements.
Based on the discussion above, we believe that light-field technology provides
a powerful way to test the vector height of optical elements because of its 3D
reconstruction capability. By virtue of the high resolution of the optical system,
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some small flaws are easy to measure and locate. Although the matched algo-
rithms lie outside the scope of our research, some simulations are presented in
a later section.

Fig. 1. (A) Lines between the image point and the principal point of the
microlens; the red squares show each microlens’s projected area. The red point
indicates the final position of the image within the range of the microlens. (B)
The blue square indicates the area in which the image point can be captured by
the microlens.

Fig. 2. Two adjacent objects in different coordinate systems. (A) In the
𝑥-𝑦 coordinate system. (B) In the 𝑦-𝑧 coordinate system. (C) In the 𝑥-𝑦-𝑧
coordinate system. (D) Objects Obj1 and Obj2 at surface positions of the
optical element.

2.2. Optical Design
In this section, we calculate the relevant parameters of the optical system of a
light field camera. The optical system is intended for testing a packaged optical
element, which means that we must establish an ideal model. In the ideal model
shown in Fig. 3, the unknown system is modeled using an entrance pupil and an
exit pupil. To test an unknown system, particularly a visual system, the light
field camera’s entrance pupil must be located in front of the lens. If the light
field camera’s stop is located at other positions, the holistic testing FOV will
be confined. Therefore, it is essential to set the stop correctly when measuring
an unknown system’s FOV. When testing unknown systems, operators must
match the light field camera’s entrance pupil with the unknown system’s exit
pupil.

Because the design objectives of the light field camera have already been deter-
mined, some of the fundamental optical system parameters are discussed below.
Several indicative parameters are shown in Table 1. As illustrated in Fig. 4,
the optical system contains three parts. In this work, the first objective lens
is located behind the stop, and the relay lens set has the capacity to correct
residual aberrations.

Given that some packaged systems only have one hole through which to re-
ceive light information, we must use an illumination system to supply active
illumination. The number of first objective lenses used is vital to the overall
holistic imaging quality. Excessive numbers of lenses result in stray light and
ghost images. The diameter of the first lens is related to the diameter of the
stop, the FOV, and the distance between the stop and the objective lens. The
relationship between these three parameters is given as follows:

Fig. 3. Principle of using the light field camera to test an unknown system’s
parameters.

Table 1. Fundamental parameters of the light field camera
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Parameters Value
FOV/(°) 50
Working spectrum/nm 400–850
Diameter of entrance pupil/mm 4
Spatial resolution/𝜇m 12
MTF (at cut-off frequency) $�$0.2

𝐷1 = 2𝑙1 tan 𝜔, (2)

where 𝑙1 is the distance between the stop and the objective lens, 𝜔 is half of
the FOV, and 𝐷1 is the diameter of the first objective lens. The first imaging
process is realized by the first objective lenses. The original objective lens type
is the Koenig eyepiece. As the first part of the system, this eyepiece construction
consists of a single lens and one piece composed of a double glued lens. On this
basis, the cone coefficient is added to both sides to form aspherical surfaces to
ensure that fewer lenses need to be used. To some extent, aberrations can be
corrected preliminarily, especially for off-axial image performance. To ensure
that there is sufficient space to include a potential illumination system, it is
essential to control the size of the first image. The first image is described by

𝑦′
1 = 𝑓 ′

1 tan 𝜔 < 𝐷1
2 , (3)

Fig. 4. Schematic diagram of the light field camera’s optics.

where 𝑦′
1 is half the height of the first image and 𝑓 ′

1 is the focal length of the
first objective lens system. This consideration contributes to confinement of the
sizes of the successive lenses. According to the magnification formulation, the
relationship between 𝜔 (i.e., the FOV of an object), 𝑦′

1, and 𝑓 ′
2 (the focal length

of the relay lenses) is

𝛽 = 𝑓 ′
1/𝑦′

1
tan 𝜔 𝑓 ′

2, (4)

where 𝛽 is the total system magnification, which is given by the ratio of the
image and object sizes. 𝛽 determines the size of the sensors required and the
cut-off frequency of the system. In this work, we select the CS126CU (Thorlabs
Inc., USA) as the final image sensor type, where the effective area of the sensors
is 14.131 mm × 10.350 mm and the size of each individual pixel is 3.45 𝜇m ×
3.45 𝜇m. The total number of pixels is 4096 × 3000. According to Nyquist’s
sampling law, the cut-off frequency 𝑓𝑐 is given by

𝑓𝑐 = 1
𝛽𝑃 , (5)
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where 𝑃 is the spatial resolution of the object. The secondary lens group varies
from the Tessar lens[^20] configuration. The Tessar lens changes one of the
positive lenses of Kirk’s objective system to a double glued lens, thus adding a
gluing surface and a type of glass with more variables to provide better image
quality. Finally, we get the relay lens before microlens array, and the layout
simulated by Zemax is Fig. 5.

Fig. 5. Relay lenses layout diagram.

The MLA is the core component used in light field cameras to capture infor-
mation about the directions of rays, and this array is widely used in adaptive
imaging[^21–^25] and wavefront testing in the celestial observation field. In
this system, the MLA is set at the focal plane of the main lenses and divides
the image into several sub-images. If the image point produces 𝑀 sub-images,
then the spatial resolution of each sub-image is 1/𝑀 of the initial image. In
other words, the image information is dispersed and captured by the pixels be-
hind the microlens. Therefore, under low light conditions, the image quality
obtained when using light field cameras is not as good as that of traditional
cameras. Although light field cameras are able to record different angles of the
light field, holistic imaging depends on the precision of the depth extraction al-
gorithms. Additionally, the precision of a light field camera may also be affected
by manufacturing precision and errors in MLA installation and adjustment.

MLAs have different layout types to match realistic

applications, e.g., a single lens for fiber coupling and a hexagonal lens arrange-
ment for laser homogenization. In fact, the arrangement of the microlenses is a
matter of baseline planning and has been researched in a related work[^26]. In
this work, we use the most common arrangement for this system layout. One ba-
sic requirement is matching of the 𝐹 numbers of the MLA with those of the main
lenses so that they form a fixed aperture ratio system. When the 𝐹 numbers,
which represent the ability of an optical system to capture light, are matched,
the MLA can then acquire the light captured by the front optics without ex-
cessive or reduced illumination. The MLA has a diameter of 15.3 mm, where
each microlens is a flat convex lens with a diameter of 50 𝜇m and is intended
to be designed using quartz. Fig. 6 demonstrates the size of microlens array
and partial area of vertical height distribution in Zemax. The main system’s
𝐹 number can be given as follows:

𝐹 # = 𝑓
𝐷, (6)

where 𝐹 # is the 𝐹 number of the main system, 𝑓 is the focal length, and 𝐷 is
the entrance pupil diameter.

Fig. 6. Vector height diagram of the microlens array.
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3. ANALYSIS
In this section, we evaluate the optical performance of the proposed wide-field,
broadband light field camera using Zemax-based (Ansys) simulations. The anal-
ysis includes a MTF assessment, standard evaluation of the spot diagrams, and
presentation of other parameters. These metrics provide insights into the sys-
tem’s imaging quality, aberration compensation capability, and feasibility for
use in high-precision optical surface defect detection.

3.1. MTF Analysis

The MTF is used to describe the ability to transfer the details of the different
optical system frequencies and is an important measurement standard. Because
light field cameras rely on MLAs for sampling, a trade-off exists between the
spatial and angular resolutions. We therefore assess the system’s MTF perfor-
mance across the different spectral bands and field angles. Fig. 7 shows the
MTF characteristics of the designed light field camera imaging system.

As shown in Fig. 7, the half-field FOVs of 0°, 5°, 10°, 15°, 20°, and 25° are
all greater than 0.2 at a spatial frequency of 75 lp mm−1, which indicates good
imaging quality. For the near-infrared light range, we selected several single
wavelengths and observed their MTF curves. Because of the range of sensors
available, we selected the wavelengths of 800 and 850 nm. As Fig. 7B and
Fig. 7C show, the MTF curves at 800 nm and 850 nm, respectively, all have
values of more than 0.2. The system thus achieves sufficient spatial resolution
for defect detection across a 50° FOV, with only minor MTF degradation in
the near-infrared spectrum. The relationship between the depth resolution Δ𝑧
and the lateral resolution Δ𝑥 is given by Δ𝑧 = 0.61𝑁𝐴

2𝑛Δ𝑥 , where 𝑁𝐴 represents
the numerical aperture of the optical system. The depth resolution for the
central FOV is 43 𝜇m and the edge FOV is 882 𝜇m when operating at 633 nm.
Obviously, the depth resolution is inversely related to the FOV.

3.2. Standard Spot Diagrams Evaluation

Standard spot diagrams show the geometric ray distributions that reflect the
aberrations in an optical system and represent an important but simple way to
balance the system quality. From Fig. 8 and concrete values of spots presented
in Table 2, the biggest spot occurs at the 25° FOV and has a root mean square
(RMS) radius of 10.180 𝜇m. The smallest spot occurs at the 0° FOV and has
an RMS radius of 2.577 𝜇m. The black circle indicates the range of the Airy
disk, which represents the diffraction through the light field camera.

As discussed above, the spot diagrams for the near-infrared light are as shown
in Fig. 8B. In an imaging system, a distribution where most of the energy
of the rays is within 10× the Airy disk radius is regarded as signifying good
image quality. The resolution of the center FOV is sufficient for surface defect
testing. Application of the Zernike aberration correction improves the standard
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spot diagrams distribution significantly, reducing blurring and increasing the
sharpness in defect imaging.

3.3. Aberration Correction and Lateral Chromatic Analysis of Main
Lenses

Aberrations such as lateral chromatic aberration (LCA), field curvature, and
distortion will have serious effects on the image quality. We evaluated the
system’s aberration performance after optimization. The process of aberration
correction not only improves the holistic performance of the light field cameras
but also extends the

A
Visual band
Modulus of the OTF
Spatial frequency in cycles per mm

B
800 nm
Modulus of the OTF
Spatial frequency in cycles per mm

C
850 nm
Modulus of the OTF
Spatial frequency in cycles per mm

D
0.00° Tangential  0.00° Sagittal
7.00° Tangential  7.00° Sagittal
15.00° Tangential  15.00° Sagittal
20.00° Tangential  20.00° Sagittal
25.00° Tangential  25.00° Sagittal

Fig. 7. Imaging system MTF curves. (A) Visible band (unit: nm). (B)
800 nm. (B) 850 nm. (D) Legends.

A
OBJ: 0.00° 486.133; 587.562; 656.273
IMA: 0.000, 0.000 mm
Airy
RMS

OBJ: −7.00°
IMA: 0.000, 2.031 mm

OBJ: −15.00°
IMA: 0.000, 4.426 mm
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OBJ: −20.00°
IMA: 0.000, 6.014 mm

OBJ: −25.00°
IMA: 0.000, 7.739 mm

B
OBJ: 0.00° 800
IMA: 0.000, 0.000 mm

OBJ: −7.00°
IMA: 0.000, 2.040 mm

OBJ: −15.00°
IMA: 0.000, 4.447 mm

OBJ: −20.00°
IMA: 0.000, 6.040 mm

OBJ: −25.00°
IMA: 0.000, 7.769 mm

C
OBJ: 0.00° 850
IMA: 0.000, 0.000 mm

OBJ: −7.00°
IMA: 0.000, 2.043 mm

OBJ: −15.00°
IMA: 0.000, 4.453 mm

OBJ: −20.00°
IMA: 0.000, 6.049 mm

OBJ: −25.00°
IMA: 0.000, 7.781 mm

Fig. 8. Standard spot diagrams for five FOVs. The solid line repre-
sents the Airy disk and the dotted line represents the RMS value in
each case. (A) Visible band (unit: nm). (B) 800 nm. (C) 850 nm.

range of test objective types and the system robustness. Because astigmatism
is an off-axis aberration, when the angle of view increases, then the value of
the astigmatism also increases gradually. The deviation of the meridian and
the arc-vector focus contribute to the presence of diffuse light spots between
two focuses that will eventually lead to image plane bending. When the image
plane does not match that of the sensors, off-axis image spots will become
blurred. When the image distortion is considered, the overall image quality is
not irrelevant. However, the final image appears to be peculiar because of the
vertical magnification. Although the image distortion can be corrected using an
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image processing algorithm, the design of the early system must still be taken
into consideration.

As shown in Fig. 9, the visible band and two infrared wavelengths are consid-
ered here. Overall, the astigmatisms in the visible band and those at 800 nm
and 850 nm are all within $±$0.2 mm. This proves that the image bending
phenomenon is under control and that the off-axis image quality is guaranteed.
Regarding distortion, under normal circumstances, the image distortion should
be controlled to within 2%, and the human eye cannot sense the

Table 2. Radius of Airy disk and RMS value of each degree in the
visible band and at 800 nm and 850 nm

Working
band

Radius
of

RMS/𝜇m
(0°)

Radius
of

RMS/𝜇m
(7°)

Radius
of

RMS/𝜇m
(15°)

Radius
of

RMS/𝜇m
(20°)

Radius
of

RMS/𝜇m
(25°)

Radius
of Airy

disk/𝜇m
Visual
band

2.577 2.656 6.536 6.580 10.180 2.145

800
nm

1.120 3.115 5.168 4.767 9.998 2.943

850
nm

1.018 3.321 5.271 4.915 9.895 3.132

image distortion. Otherwise, the image is out of its original vertical magnifi-
cation, in which case a digital distortion correction algorithm must be applied.
Fortunately, the maximum distortion at the 25° FOV is 0.3%. Both the astig-
matism and distortion performances meet the imaging requirements.

This section discusses the lateral chromatic aberration within the visible band
because of the limitations of the lens materials and the different band ranges.
Over a wide working wavelength range, the chromatic aberration accounts for a
certain proportion of the total aberration. For the visual system in particular,
the lateral chromatic contribution leads to magnification differences at different
wavelengths. In pictures captured by the optical system, the lateral chromatic
aberration results in purple and green edges being observed in the images. In
our light field system, we use several materials to correct the lateral chromatic
aberration, as shown in Fig. 10, where almost all of the lateral chromatic
aberration of the FOV is within the Airy spot.

Fig. 9. Field curvature and distortion characteristics. (𝐴1) Field cur-
vature of visible band. (𝐴2) Distortion of visible band. (𝐵1) Field curvature
at 800 nm. (𝐵2) Distortion at 800 nm. (𝐶1) Field curvature at 850 nm. (𝐶2)
Distortion at 850 nm. (𝐷) Labels for (A), (B), and (C).

Fig. 10. Vertical chromatic aberration characteristics within the
visible light band.
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The main cause of the production of chromatic aberration is the dispersion
of the optical materials. Optical materials have different refractive indices for
different light wavelengths. Optimizing the lens materials and applying multi-
material dispersion correction reduces chromatic aberration significantly and
thus enhances defect imaging precision. In this optical system, we used at least
two glued lens pieces to reduce the chromatic aberration along with several
different grades of glass, which combined high and low refractive index materials.
The final chromatic aberration of the visual band is roughly contained within
the Airy disk at the 25° FOV.

3.4. Analysis of an Image

Finally, we present a picture for comparison to demonstrate the image quality
produced by the proposed light field camera, as shown in Fig. 11. Following
comparison with the results of several aberration analyses above, the image sim-
ulation is the final result of particular note. In this way, the various aberrations
of an object passing through this system can be materialized, which provides a
standard to enable realization of a realistic image.

Fig. 11. Comparison of the original image with the simulated image.
(A) Original image. (B) Image simulated by the light field camera proposed in
this work.

From Fig. 11, a comprehensive range of qualities can be observed directly by
viewers. The resolution at the center is higher than that at the edge FOV
and is sufficient for defect detection, where the defect size is commonly 5 𝜇m.
Although the simulated image has visible vignetting, the image details can be
distinguished. In fact, the vignetting is related to the radial distortion in light
field cameras[27]. Furthermore, basically zero chromatic aberration is observed
here. In general, the proposed light field camera meets the fundamental require-
ments for imaging.

3.5. Tolerance of Shape Measurements of Optical Element

The overall light field camera design and the analysis of the imaging results have
already been discussed. However, for regular shape measurement devices, sur-
face shape detection of very steep surfaces presents a difficult problem. When
the higher order terms are taken into consideration, the shapes of entire ele-
ments become more free and are more effective for aberration correction. Com-
mon methods provide high precision in testing in processes such as interference
measurement, trilinear coordinates measurement, phase deflection measurement,
and optical coherence tomography[28]. When compared with these methods,
light field cameras currently demonstrate lower accuracy because of technologi-
cal and algorithmic limitations. However, the 3D information captured by light
field cameras theoretically makes determination of the shapes of optical elements
possible. Therefore, this section addresses this camera’s tolerance for curva-
ture detection in optical elements. An expression for the shape of an aspherical
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element is shown below,

𝑧 = 𝑐𝑟2

1 + √1 − (1 + 𝑘)𝑐2𝑟2 + 𝑎2𝑟2 + 𝑎4𝑟4 + 𝑎6𝑟6 + ⋯ + 𝑎𝑛𝑟𝑛, (7)

where 𝑐 = 1/𝑟0, 𝑘 = −𝑒2 is conic, 𝑟0 is the radius of curvature at the vertex, 𝑟
is the vertical height, 𝑒 is the deformation coefficient of a quadratic aspherical
surface, and 𝑎2, 𝑎4, 𝑎6, ⋯, 𝑎𝑛 are coefficients. By setting the appropriate coeffi-
cients, different types of aberration can be added to simulate the shape of the
surface. For a spherical surface shape, we set several radii; and for a cylindrical
mirror, an astigmatism is set.

Some primary aberrations are easy to add to the light field system using the
Zernike phase. Zernike coefficients can be comprehended clearly by dividing
the primary aberrations into different coefficients. Because simulation of the
primary aberrations will affect this optical system, previous standard Zernike
terms are listed below, as shown in Table 3.

Table 3. First eight standard Zernike terms and their meanings

Number Zernike terms Aberration
1 1 Piston
2 2𝜌 cos 𝜃 𝑋 tilt
3 2𝜌 sin 𝜃 𝑌 tilt
4

√
3(2𝜌2 − 1) Defocus

5
√

6𝜌2 sin 2𝜃 45° astigmatism
6

√
6𝜌2 cos 2𝜃 90° astigmatism

7
√

8(3𝜌3 − 2𝜌) sin 𝜃 𝑌 coma
8

√
8(3𝜌3 − 2𝜌) cos 𝜃 𝑋 coma

Using the paraxial imaging model, a simulated object with ideal aberration is
added to an ideal system to compare the results obtained with those from the
light field camera. First, we analyzed the aberration that a curved object brings
to an ideal system based on standards for the effects of the surface shape on
system imaging and the detection tolerance. Then, after adding the same aber-
ration using the Zernike standard phase, the impact on the system is observed
and compared. Fig. 12 presents sample results for such a simulation.

From a comparison of the data, shown in Table 4, the curvature of the object has
almost no effect on this system. A flat object brings zero aberration through its
ideal paraxial surface. By adding a radius to this flat object, a spherical mirror
is created, which mainly brings defocus,

Fig. 12. Spherical object simulation using a paraxial imaging model.
(A) Layout. (B) Aberrations of FOVs.
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Table 4. Simulation results of paraxial ideal system and impact on
light field camera in terms of defocusing

Radius Original/Flat 500 mm 300 mm 200 mm 50 mm
Paraxial
imaging
model

0 −0.2 −0.35 −0.49 −0.95

Light
field
camera
in this
work

−0.013 836
10

−0.013 836
10

−0.013 836
10

−0.013 836
10

−0.013 836
10

along with some primary astigmatism. The simulation of the aberration above
is related to the stop size for the paraxial imaging model, regardless of the focal
length.

In conclusion for this section, it is easy to prove that the vertical height tolerance
is related to the depth of view of light field cameras. Additionally, this radius
range has no effect on defect imaging within the detection range of this light
field camera.

3.6. 3D Position Measurement of Defects Based on Digital Refocusing

MLAs are suitable for multi-angle imaging, where the digital refocusing algo-
rithm can capture clear images even when the real image is outside the plane of
the sensors. For this algorithm, the reference and tested distances offer a factor
𝛼. By adjusting 𝛼, we can realize axial position measurements. In this case, we
substituted letter pictures for the virtual defects to illustrate the probability of
the experiments. Images of“A”and“B”are placed at the same distance but at
different plane coordinates, and the results in Fig. 13 show that we can obtain
the initial image before refocusing, and a clear image is acquired using digital
refocusing.

Before          After

Fig. 13. Images of letters before and after refocusing.

To prove that two defects at different positions can be refocused individually,
we set two distance values of 250 mm and 400 mm. We also adjusted other
factors to refocus on other positions to enable several comparisons of images to
be made, as shown in Fig. 14.

4. CONCLUSION
This study proposes a design and an evaluation of a 50°-wide-FOV broadband
light field camera for optical surface defect measurement. First, the measure-
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ment method depends on 3D reconstruction of the light field via imag-

Fig. 14. Results of adjusting the value of the factor 𝛼. (A) “A”and
“B”are both blurred. (B) “A”is clear and “B”is blurred. (C) “A”is blurred
and “B”is clear.

ing principles and advanced aberration correction to realize high-resolution 3D
surface reconstruction. Then, an analysis of the proposed light field camera
clearly demonstrates the possibility of its use in testing the vertical heights
and shapes of optical elements. Finally, the shape measurement tolerance is
simulated by comparing the ideal aberration with that of the light field cam-
era designed in this work. Simulation results confirm that the camera design
meets essential imaging performance criteria, including MTF consistency, aber-
ration minimization, and chromatic aberration correction. Given the potential
prospects of the proposed camera, further advantages will be uncovered in future
work. The proposed methodology offers a promising alternative to conventional
optical inspection techniques, with the camera having potential applications
in industrial quality control, biomedical imaging, and aerospace optics testing.
Future work will focus on experimental validation of the design, real-world de-
fect detection trials, and deep learning-based reconstruction enhancements to
improve the system’s accuracy and robustness further.
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