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Abstract: Snapshot microlens array microscopic hyperspectral imaging systems do not require
a scanning process and obtain (x,y,4) three-dimensional data cubes in one shot. Currently, the
three-dimensional spectra image data are interleaved on a charge-coupled device detector, which
increases subsequent data processing difficulty. The optical design software cannot simulate
actual engineering installation and adjustment results accurately and the tracking results cannot
guide precise rapid online calibration of the snapshot microlens array microscopic hyperspectral
imaging system. To solve these problems, we propose an accurate spectral image reconstruction
model based on optical tracing, derive spatial dispersion equations for the prisms and gratings,
establish an algorithm model for the correspondence between the microlens array’s surface
dispersion spectral distribution and its imaging position, and propose a three-dimensional spectral
image reconstruction algorithm. Experimental results show that this algorithm’s actual spectral
calibration error is better than 0.2 nm. This meets the image processing requirements of snapshot
microlens array microscopic hyperspectral systems.

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

1. Introduction

With the continuous development of exogenous biosensor markers such as fluorescent proteins,
quantum dots, and organic fluorophores in the biomedicine field [1-3], the spectral information
introduced through these markers adds further observation dimensions to the time-series
biochemical reactions of living cells. This information plays an indispensable role in research in
immunology and molecular biology [4—7]. To achieve non-single-point observation of living
cells, hyperspectral imaging technology that combines optical imaging with spectral analysis has
been applied in the microscopy field, and a data cube that contains both the image information
and the spectral information for the target under observation is obtained through either spatial
scanning or wavelength scanning [8—12]. However, collection of full-field spectral information
from the target is realized by scanning, which cannot meet the existing demand for time-sensitive
spectral collection of moving cells with high timeliness. In contrast, the snapshot hyperspectral
imager can obtain all the spatial spectrum information about the target from the detector through
a single imaging process [12]. The integral field-of-view hyperspectral imager is one type of
snapshot hyperspectral imager and was constructed by introducing the “integral field-of-view
unit”. After the acquired two-dimensional image information is divided and rearranged, it
is dispersed via the hyperspectral imager, and the two-dimensional image information and
one-dimensional spectral information of the target under observation can then be obtained
simultaneously to realize hyperspectral imaging data acquisition without scanning [12—15]. The
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integral field-of-view snapshot hyperspectral imager offers advantages that include high spectral
reconstruction efficiency, a wide working wavelength range, and high spectral resolution. This
imager has been used widely in the fields of astronomy and remote sensing [16—17] and continues
to expand its applications into other fields. It provides an effective technique to realize time
series acquisition of moving cell spectra.

The microscopic hyperspectral imager, which is constructed in the form of a microlens array,
is a type of snapshot hyperspectral imager that divides and reconstructs a microscopic image
through its microlens array, thus enabling its charge-coupled device (CCD) detector to record
the two-dimensional spatial image and spectral dispersion information simultaneously [18]. As
shown in Fig. 1, the microlens array consists of an array of lenses with transparent apertures
and a micron-scale relief depth. This array offers the basic focusing and imaging functions of
traditional lenses, is contained within a small unit size, is highly integrated, has a relatively
simple structure, and demonstrates high device maturity.

Fig. 1. Microlens array.

The snapshot microlens array microscopic hyperspectral imaging system does not require
to perform scanning, and can obtain three-dimensional (x,y,1) data cubes in a single shot. As
shown in Fig. 2, the three-dimensional spectrogram data are all interlaced on the CCD detector
simultaneously, which adds to the subsequent data processing difficulty. Therefore, it is necessary
to study the processing algorithm for the three-dimensional spectrum data collected via the CCD
detector to realize reconstruction of the three-dimensional spectrum. At present, the spectral
image reconstruction method for traditional hyperspectral imaging systems mainly uses optical
design software intended for ray tracing applications [19]. This method requires a full-spectrum
channel simulation for a large number of microlens units, which can take a long time. In addition,
during the use of a hyperspectral imager with a transmission structure, the nonlinear relationship
between the optical elements and the transmission characteristics of the light will change with
changes in the spatial position of the microhole array. In actual engineering applications,
to avoid any overlap between the spectral bands of the microlens array after dispersion, the
microlens array must be rotated around the optical axis [20]. In addition, during the assembly
and adjustment process, the microlens array will deviate from its ideal position; the hyperspectral
imager also has an object plane tilt [20], which will form an oblique angle with the microlens
array when in use; and lens processing errors and instrument installation and adjustment errors
are present throughout the entire system. Because the optical design software cannot simulate
the actual engineering installation and adjustment results accurately, the results traced using the
optical design software cannot guide rapid online calibration of the snapshot microlens array
micro-hyperspectral imaging system accurately.

Therefore, a method to reconstruct the three-dimensional spectral image from the target
surface of the detector is urgently required. To solve this problem, we follow the optical path
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Fig. 2. Three-dimensional spectrum acquired by the CCD detector.

of the transmission structure, study the surface dispersion of the hyperspectral imager, and
then apply the dispersion law to the prism and the transmission grating. A three-dimensional
spectral image restoration method that uses a prism-grating as a dispersive element is established,
and the corresponding online spectral image reconstruction algorithm is given through the
development of a model. Experiments show that this algorithm can be applied successfully to
image reconstruction of spectral data, with calculation accuracy that can reach the sub-pixel level.

2. Establishment of the spectral image reconstruction algorithm

Spectral image reconstruction is the process of converting the digital signals collected via the
CCD detector unit of the hyperspectral imager into wavelength and position information.

The CCD detector outputs a digital matrix in which the horizontal and vertical coordinates
represent the horizontal and vertical pixel numbers of the detector, and the value at each coordinate
represents the light intensity value at the corresponding pixel. Optical tracing can be used to
calculate the position of any microlens unit in the CCD detector after the units are dispersed
by the hyperspectral imager. Depending on the size of the microlens unit and the number of
microlens arrays used, it becomes necessary to construct the corresponding relationship between
the dispersed spectral strip array and the sample information when magnified via the microscope
objective lens. This correspondence represents the three-dimensional spectral image distribution
model, which then forms the basis of spectral image information processing for the snapshot
microscopic hyperspectral system.

The prism and the grating used in the optical system will produce opposite spectral line bending
phenomena during the dispersion process, which is beneficial for spectral line bending correction
of the hyperspectral imager. Therefore, a combined prism-grating optical path structure is used
in the design, as illustrated in Fig. 3.

| ( iy \‘
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Fig. 3. Optical system model of the transmission hyperspectral imager using the prism-
grating dispersion method.
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A pixel located at a specific detector position corresponds to the specific wavelength of the
specific microlens unit at that pixel. The spectral image reconstruction algorithm establishes the
relationship between the detector pixel position and the three-dimensional spectrum and then
calculates the wavelength contained in the microlens array unit based on the spot position.

For convenience of analysis, the front lens group and the rear lens group of the hyperspectral
imager are regarded as ideal optical systems here. At this time, the equivalent spatial angle of
incidence 60 of the principal light ray from any microlens array unit that is incident on the front
lens group of the prism-grating module is equal to the actual spatial angle of incidence 6 on the
front surface of the prism. Using the chief ray from any microlens array unit as an example in the
prism, a spatial coordinate system is established in the y-x-z direction as follows:

6o =061
60 = 6,1 = arctan (;f) (D)
0y0 = wy = B — 6y = arctan (fX)

Figure 4 shows the chief ray of the micro-aperture formed by any microlens unit in the prism
module at M from point My as MoM;, where OM O’ is the optical axis of the prism-grating
dispersion hyperspectral imaging system. The angle between the optical axis OM;O’ and the
normal HM | H’ is the prism apex angle 8. Suppose here that the spatial angle of incidence of the
MO light on the prism is 0; its projection on the arc vector is then MM and its projection on
the meridian surface is Mo,M; because AMy,HM; is located on the meridian surface. Here, n,
represents the refractive index of each medium, d,, is the thickness of each medium, and M,, is
the intersection of the chief ray from the micro-hole formed by the microlens and each refractive
surface. wy is the angle between the projection of the chief ray from the micro-aperture formed
by the microlens and the optical axis after it passes through the prism-grating transmission
spectrometer’s front mirror group on the meridian surface. The spatial dispersion equation of the
prism can then be written here as:

no sin @y = \/n% + (n% - n%)[cos(,B - Hyl)tan(é’xl)]2 sin @y’

COS(B_O)‘I ) tan(gxl )

(2)
2+ (2 = md)cos(B — Oy) tan(6,1) = ng s

dy dy

Fig. 4. Schematic diagram of the principal ray of the micro-aperture as formed by any
microlens unit in the prism module.

As shown in Fig. 5, with the grating surface acting as a diaphragm, the prism-grating light
dividing module’s output is then projected into the meridian surface:

Let the coordinates of the chief ray of any micro-aperture in the microlens array be (x, y).
After it passes through the front mirror group of the prism-grating (P-G) hyperspectral imager,
this ray first intersects with the prism surface at M1, and then intersects with the grating surface
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Fig. 5. Schematic diagram of the optical path of any chief ray of the micro-aperture in the
meridian surface in the prism-grating spectroscopic module.

acting as a diaphragm. Mg is located at the intersection of the optical axis with the grating and
its meridian surface coordinates and sagittal surface coordinates represent the origins with the
coordinates (0, 0); the coordinate system used under meridian surface projection conditions is as
shown in Fig. 5, where

tan Oy = tan [arctan [% sin(B - Gyl')H 3)
3

The coordinate system under the sagittal surface projection conditions is as shown in Fig. 6. It
can be seen from the figure that:

tan 6, = tan [arcsin (ﬂ sin 6y ’)] ()
n3

Prism Filter Grating
dy D d, ds d, ds dg

Fig. 6. Schematic diagram of the optical path of any chief ray of the micro-aperture in the
sagittal surface in the P-G spectroscopic module.

Figure 7 shows a schematic diagram of the optical path of any chief ray from the micro-aperture
at the grating, where the grating equation for the transmission grating is as shown here:

n3 sinpcosa + m’al = np sin ¢’ cos @’ 5)

n3 sin ¢ sina@ = ng sin ¢’ sin @’
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Fig. 7. Schematic diagram of the optical path of any chief ray of the micro-aperture at the
grating.

Therefore,

SV . 2)\2 . . 2 tan?ys’ +tan 6y’
sing’ = ;- \/(I’l3 singcos @ + m%)” + (n3 sin psina)” = \ Tran20, +anZ6,g’
ino = tan?0,6-+tan?6y6 (6)
Sing = 1+tan”Oys+tan’Oye
y _  msingsina _ tan6’
T tan By’

n3 sin ¢ cos n+m§

Here, 6y is the angle between the projection of the chief ray from the micro-aperture onto the
main section of the transmission grating and the grating normal; in addition, 6y’ is the angle
between the projection of the chief ray from the micro-aperture when emitted from the principal
section of the transmission grating and the grating normal. « is the angle between the projection
of the chief ray from the microlens unit when incident on the transmission grating’s x-o-y-plane
and the main grating cross-section and «’ is the corresponding angle between the projection of
the chief ray of the microlens unit on exiting the transmission grating on the x-o-y plane and the
main transmission grating cross-section. In addition, m is the diffraction spectrum order of the
transmission grating, and d is the transmission grating constant.

From the geometric relationship, we find that:

@)

(tan 0.6 )
@ = arctan | ——

tan 6,6

If the angle of inclination between the rear mirror group of the prism-grating transmission
spectrometer and the original optical axis is €, then the rotation angle of the CCD detector relative
to this rear mirror group is 1. After image formation through the rear mirror, the image point
coordinates on the CCD detector are then given by:

x' = f tan(e + 0,¢")
, _ fy tan(e+6,6") (8)
—  cos(e+n)
Therefore, a three-dimensional spectral image reconstruction algorithm can be established for
the segmented field of view of the microlens unit. This algorithm can calculate the corresponding
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pixel position for each spectral line on the detector after the dispersion of the micro-hole matrix
(X, Y) based on the position of the micro-hole matrix, which then provides theoretical support
for the assembly and adjustment of the prototype unit.

3. Results and discussion

The three-dimensional spectral image reconstruction algorithm described above was established
during the process of establishing the appropriate front and rear mirror groups for the hyperspectral
imager to form the ideal lens. It will therefore be necessary to modify the spectral image
reconstruction algorithm parameters for the front and rear mirrors when the prototype is installed
and adjusted.

Consider the microlens array snapshot hyperspectral microscopy system that we designed
earlier as an example here. A microlens array was obtained from SUSS Co. The array material is
Si0,, size 10mm*10 mm and the center distance of the microlens unit is 250 pm. The grating
constant d=300 1/mm, the diffraction order is —1, and the prism vertex angle S=10.4°. The filter
range is 500 nm—600 nm, the prism material is K9 glass from CDGM Glass, with a thickness of
5 mm, and the transmission grating and filter are composed of B270 glass from Schott, with a
thickness of 3 mm. The optical layout of the snapshot microlens array hyperspectral microscope
system is shown in Fig. 8.
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Fig. 8. Optical layout of the snapshot microlens array hyperspectral microscope system.

The three-dimensional spectrum of the mercury lamp within the 500 nm—600 nm spectral range
is shown in Fig. 9. Using a centroid algorithm, and by performing three-dimensional spectral
image calibration of the three wavelengths of the mercury lamp at 546.074 nm, 576.961 nm, and
579.067 nm, the precise positions for the three spot matrices of 546.074 nm, 576.961 nm and
579.067 nm are found.

As a result of the installation errors that occurred during the system installation process and
the aberrations of the optical system, the three-dimensional spectral bands are different for the
different microholes, and the three-dimensional spectral position traced using the optical design
software thus cannot reflect the true state of the system. The precise positions of the three
spot matrices of the mercury lamp at 546.074 nm, 576.961 nm, and 579.067 nm are therefore
brought into the three-dimensional spectrum reconstruction algorithm model. By traversing the
parameters of the three-dimensional spectral distribution model, the prism vertex angle error
and the grating line number error introduced by the processing of the system are corrected.
In addition, the rotation angle error between the prism and the grating introduced during the
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Fig. 9. Spectrum of a mercury lamp in the 500 nm—600 nm range.

installation and adjustment process, the installation inclination error of the prism-grating module,
and the optical axis deviation error of the microlens array are also corrected. The model can
then find the 3D spectrum reconstruction algorithm model that is most suitable for the precise
positions of the three spot matrices of 546.074 nm, 576.961 nm, and 579.067 nm automatically,
and the system structure parameters in the model state are recorded.

The precise positions for the mercury lamp at 546.074 nm, 576.961 nm, and 579.067 nm are
then compared with the predicted positions of the three spot matrices at 546.074 nm, 576.961 nm,
and 579.067 nm that were calculated via the optimal three-dimensional spectrum reconstruction
algorithm model. The optimal displacement A[X, Y] of the x-pixel direction and the y-direction
on the target surface of the CCD detector can then be found for the most suitable three-dimensional
spectrogram reconstruction algorithm model.

This optimal displacement is brought into the three-dimensional spectral image reconstruction
algorithm model, the positions for all wavelengths in the 500 nm—600 nm spectral range on
the target surface of the CCD detector are calculated, and full-spectrum calibration in the
500 nm—600 nm spectral range is achieved. The intensity profile of the 500 nm—600 nm spectral
band of the single-lens mercury lamp that was extracted after calibration is shown in Fig. 10.
The mercury lamp has a half-maximum width of 1 pixel, and the spectral resolution is 0.56 nm.

Light intensity
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Fig. 10. Single microlens mercury lamp 500 nm—600 nm spectral intensity profile.

After correction, we then verify the actual application of the online spectral image reconstruction
algorithm above. The snapshot microlens array microscopic hyperspectral imaging system
described in this work was used to capture the 520.0 nm spectrum of a cerium lamp and the
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589.0 nm spectrum of a sodium lamp after the light passed through a monochromator. Through
extraction of the two relevant spots, the 520.0 nm spectrum of the cerium lamp and the 589.0 nm
spectrum of the sodium lamp were obtained. The deviations between the predicted spectra and
the 520.0 nm and 589.0 nm spectra after calibration of the three-dimensional spectral image
reconstruction algorithm model were determined by comparison; these deviations are as shown
in Fig. 11.
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(a) Cerium lamp at 520.0 nm. (b) Sodium lamp at 589.0 nm.

Fig. 11. Spectral deviation scatter diagrams for deviations between the spectral images
predicted by the online spectral image reconstruction algorithm and the spectral images of
actual element lamps extracted via the centroid extraction algorithm.

The verification process demonstrates that the measurement error between the theoretical
spectral coordinate position of Cerium lamp at 520.0 nm and Sodium lamp at 589.0 nm and the
real spectral coordinate position of A predicted by our online spectrum reconstruction algorithm
is less than 0.2 nm. This error level is within the acceptable range. These errors are caused by a
combination of the cumulative error of the assignment calculation process and the deviations in
the incident and exit angles caused by the actual f,, f;, f’and f,” values when the principal ray
from the microlens array passes through the front and rear lens groups because these parameter
values are not equal to the theoretical values for the on-axis point.

Fig. 12. Images and spectra acquired from a gastric cancer sample.
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As shown in Fig. 12, we conducted imaging experiments on gastric cancer samples and
passed the resulting images through our online spectral image reconstruction algorithm. The
single-wavelength spectral image of the gastric cancer sample acquired after the field of view
was cut by using the microlens array was extracted from a real-time three-dimensional spectrum
image of the gastric cancer sample. The images in the figure show that the proposed online
spectrogram reconstruction algorithm can extract the full spectrum of the surface field of view at
the detector’s frame rate (which, depending on the detector, ranges up to 20.6 Hz in this work)
and provides high spatial positioning accuracy and high spectral extraction accuracy.

4. Conclusions

In a snapshot microlens array hyperspectral microscopy system, the existing optical design software
cannot track the dispersion spectra of nearly 1000 microlens units in an array simultaneously, and
there is also a problem with the deviations between the actual implementation and the theoretical
design of a microlens array-based optical system in practical engineering applications. To solve
this problem, we propose an online spectral image reconstruction algorithm for use with a snapshot
microlens array hyperspectral microscopy system. The algorithm constructs a mathematical
model of the correspondence relationship between the wavelengths of the spectral band and
the microhole array through ray tracing. Based on the spectral calibration correction model
parameters of the mercury lamp, the best correspondence relationship model is selected, which
can then be selected directly when performing spectral image restoration, thus shortening the
information processing time for array restoration and spectral image restoration. The wavelength
calibration error of the proposed spectral image reconstruction algorithm is less than 0.2 nm and
the algorithm offers high spectral calibration accuracy, high spatial positioning accuracy, and
high spectral extraction accuracy. This approach solves the problem that the spectral strip array
is interlaced on the detector surface, which makes data extraction difficult, and can also meet the
spectral image reconstruction requirements of snapshot hyperspectral microscope systems based
on microlens arrays.
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