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ABSTRACT

Hyperspectral imaging was first used in remote sensing and since then, it has been used in many other applications such
as cancer diagnosis, precision farming and assessment of the level of flaking in ancient murals. In order to make
hyperspectral imaging available for a wide variety of applications, its imagers can be made to operate using different
methods and developed into different configurations. This leads to each variant having a set of specifications suitable for
certain applications. The many variants of hyperspectral imager produce a set of three-dimensional spatial-spatial-
spectral datacube, which is made up of hundreds of spectral images of one scene. A snapshot hyperspectral imaging
probe has recently been developed by integrating a fiber bundle, which is made up of specially-arranged optical fibers,
with a spectrograph-based hyperspectral imager. The snapshot method is able to produce a datacube using the
information from each scan. The fiber bundle has 100 fiberlets which are arranged in a row in the one-dimensional
proximal end, and are rearranged into a 10x10 hexagonal array in the two-dimensional distal end. The image captured by
the two-dimensional end of the fiber bundle is reduced from two to one spatial dimension at the one-dimensional end.
The raw data acquired from each scan has to be remapped into a datacube with the correct representation of the spectral
and spatial features of the captured scene. This paper reports the spatial calibrations of both ends of the fiber bundle and
image processing that have to be performed for such a remapping.
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1. INTRODUCTION

There are many new optical configurations and related instrumentations reported in the recent past exploiting bulk optics
and fiber optics concepts targeting applications in lithography,'* communications™ ¢ and imaging.”"' Hyperspectral
imaging (HSI) combines imaging and spectroscopy to give many images of the same scene at contiguous and narrow
wavelength bands.'? Therefore, detailed spectral fingerprint can be acquired from each spatial position in the imaged
scene. The information acquired can be represented as a three-dimensional (3D) spatial-spatial-spectral dataset, which is
also known as a datacube.” By using algorithms such as spectral unmixing and principal component analysis to perform
classification and quantification, the datacube can be analyzed to reveal important information of the scene.'* HSI has
been used to differentiate between healthy tissue and cancerous tumors,'™ '® precision farming'” and assessment of the
level of flaking in ancient murals.'®

Optical fibers have been used for health monitoring of structures' and endoscopic bio-imaging applications'' for
diseases occurring at sites within the body that are not easily accessible by conventional table-top setup. Hyperspectral
(HS) endoscopes have been developed to satisfy the medical needs to perform HSI of the human body from within. HS
endoscopes have appeared in different configurations, using spatial-scanning, spectral-scanning and snapshot methods.*
*2 These imagers have different characteristics and can be selected based on the imaging specifications and applications.
Unlike spatial-scanning and spectral-scanning HS imagers, a snapshot HS imager is able to form a datacube from each
scan. Motion artifacts and pixel misregistration in a snapshot imager can therefore be eliminated.” Snapshot HS imager
does not need to perform repeated scanning to form a datacube, and thus is preferred in real-time endoscopic applications
such as in vivo disease diagnosis and surgical monitoring. Until recently, snapshot HS imager has only been developed
using the concept of image mapping spectroscopy.” It has an image mapper which plays a key role by spatially
distributing light from neighboring regions of the sample to isolated regions on the sensor array of the detector camera.
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An endoscopic snapshot HS imager using the concept of integral field spectroscopy (IFS) has recently been adopted.”
IFS uses a reformatter that comes in different forms such as fiber bundle, box and rod.>* *> The fiberlets on one end of
the reformatter are arranged in a two-dimensional (2D) array, and the fiberlets on the other end are arranged in a one-
dimensional (1D) row.*® Light from the 2D scene is captured by the fiberlets on the 2D end of the reformatter, and
through the fiberlets, the light is transferred to the 1D end.”” The use of such a reformatter in a HS imager allows the 2D
sensor array to capture 3D spatial-spatial-spectral data of the scene, to become a snapshot configuration. However, the
2D spatial information of the fiberlets on the 2D end is lost and therefore there is a need to perform spatial calibrations of
the fiberlets on both ends of the fiber bundle. Image processing is also required. These allow the spectra from the fibers
on the 1D end to be correctly remapped to the corresponding positions on the 2D end, for the visualization of the data.

The endoscopic snapshot HS imager which is recently reported adopts the concept of IFS and uses a reformatter in a
form of a fiber bundle.”® The custom-fabricated 2D to 1D fiber bundle is flexible along its length and its distal end has a
small profile so that it serves another function of being an endoscope to be inserted into the orifice of body cavities.” It
has 100 fiberlets that are arranged in a 10x10 hexagonal array on the 2D end, which are then arranged in a row of
fiberlets on the 1D end. Fiberlet 4 is inactive and thus it cannot be used for imaging. This paper focuses on the strategy
adopted for the spatial calibrations of both ends of the fiber bundle and image processing that have to be performed so
that the raw data in each scan can be correctly remapped to form a datacube.

2. EXPERIMENTAL SETUP

The experimental setup is the same as earlier reported.”” The system captures 756 wavelength bands within the spectral
range from 400 nm to 1000 nm.” Imaging was done in reflectance mode using a broadband light source (MI-150,
Edmund Optics). The sample is a phantom tissue with a black tape on it (Figure 1). It was moved towards the right using
a mechanical stage during imaging. All imaged objects were placed at ~0.5 mm away from the 2D end-face of the fiber
bundle. Images were acquired at a rate of ~6.16 Hz. All data and image processing was done offline using MATLAB®.

(a) : b)
Figure 1: (a) Phantom tissue sample and (b) imaged region with photograph of 2D end of fiber bundle superimposed.

3. SPATIAL CALIBRATIONS
3.1 Spatial calibration on 1D end of fiber bundle

The spatial calibration on the 1D end of the fiber bundle was conducted while the 2D end was imaging a 99% reflectance
standard (SRS-99-010, Labsphere). The 2D spatial-spectral image of the 1D end of the fiber bundle is captured by the
detector camera (Figure 2) and investigated. The 1004 pixel columns of the sensor array are used to image the 100
fiberlets. Each colored vertical line in Figure 2 came from the light exiting the core of each fiberlet, and spectrally
dispersed in the vertical direction (along y-axis).
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Figure 2: 2D spatial-spectral image of 1D end of fiber bundle taken by detector camera.

The x-pixel used to image the center of each fiberlet is determined using Figure 2. From the 2D spatial-spectral image, an
intensity plot [Intensity (A.U.) vs x-pixel)] is acquired from the region indicated by the black rectangle in Figure 2 after
performing vertical averaging of the data in this region. The resulting intensity plot is a signal of peaks and valleys, with
the x-pixel of each peak correspond to the center of each fiberlet. The x-pixel of each peak in the intensity plot is
determined using the “findpeaks” function in MATLAB®.

3.2 Spatial calibration on 2D end of fiber bundle

The spatial calibration on the 2D end of the fiber bundle was conducted by first taking a photograph of the 2D end-face
when the 100 fiberlets on thelD end are illuminated [Figure 3(a)]. The bright circular regions in Figure 3(a) are the cores
of the fiberlets, which are used for imaging. Next, a binary mask of the 2D end-face was created where bright pixels are
denoted as “1” while dark pixels are denoted as “0”. Using the binary mask, the authors defined a rectangular region
surrounding the core of each fiberlet. Within each rectangular region where the pixels are denoted as “1”, these pixels are
relabeled according to the order of the fiberlets on the 1D end. This forms the digital mask of the 2D end-face of the fiber

bundle [Figure 3(b)]. Since Fiberlet 4 is inactive and cannot be used for imaging, the position of its core is not included
in the digital mask.
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Figure 3: (a) Photograph and (b) digital mask of 2D end-face of fiber bundle.

When light from the scene enters the fiber bundle from the 2D end and then exits from the 1D end, the 2D spatial
information of the scene is lost. These spatial calibrations are conducted so that the spectrum acquired from each fiberlet
on the 1D end can be remapped according to its position on the 2D end.
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4. IMAGE PROCESSING
4.1 2D spatial-spectral reflectance image

Sample data were acquired from the phantom tissue sample and were corrected using white reference (White) and dark
reference (Dark) using Eq. (1) to get the Reflectance data. A total of 80 images (Frame) of the sample were acquired.
White data were acquired by imaging the 99% reflectance standard (SRS-99-010, Labsphere), where the reflectance was
99%. Dark data were acquired when the forelens was covered. It represents the image with dark current noise where the
reflectance was 0%. A set of ten images were taken and averaged to give the White and Dark data. x and A refer to the
column and the calibrated spectral band allocated to the row of the sensor array, respectively. This results in a 1004x756
spatial-spectral reflectance image for each frame (Figure 4).

Sample(x,A,Frame)—Dark(x,A
Reflectance(x, A, Frame) = ple( ) E20)

x 0.99. (1)
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Figure 4: 2D spatial-spectral reflectance images of (a) Frame 21 and (b) Frame 44.
4.2 2D fiberlet-spectral reflectance image

1004 x-pixels were used to image the 100 fiberlets on the 1D end of the fiber bundle. Therefore ~10 x-pixels were used
to image each fiberlet. Using the known x-pixel position used to image the core center of each fiberlet (Sec. 3.1), the
reflectance data from seven x-pixel positions were used for each fiberlet. These seven x-pixel positions are from the x-
pixel position used to image the core center as well as the six nearest beside it (three on the left and right). The spectra
from each group of seven x-pixel positions are then averaged to give a reflectance spectrum. This is followed by a 9-
point moving average of the spectrum for smoothing. The spectrum for Fiberlet 4 is set to zero since it is inactive and
cannot be used for imaging. This results in a 100x756 fiberlet-spectral reflectance image for each frame (Figure 5).
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Figure 5: 2D fiberlet-spectral reflectance images of (a) Frame 21 and (b) Frame 44.

4.3 Remapping of 2D fiberlet-spectral reflectance image into 3D datacube

The photograph used to create the digital mask, as shown in Figure 3, was taken when the 2D end-face of the fiber
bundle was facing the camera. During imaging of the sample, the 2D end is orientated such that the left side of the fiber
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bundle (as shown in Figure 3) is used to image the right side of the sample. Therefore prior to creating the 3D datacube,
the digital mask has to be flipped horizontally. The spectral data in Sec. 4.2 are then remapped according to the location
of the core of the respective fiberlet in the flipped digital mask to form a 3D 510x430x756 spatial-spatial-spectral
datacube for each frame. Cut-datacubes are shown in Figure 6 so that the internal features of the datacubes are revealed.
Reflectance mappings can then be acquired by taking horizontal slices of the datacubes (Figure 7). The features shown in
the reflectance mappings are the correct representation of the features in the captured scene, as shown in Figure 1. It is
also observed that the sample was moving towards the right from Frame 21 to Frame 44. This correctly reveals the actual
sample movement during imaging.
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Figure 7: 700-nm reflectance mappings of (a) Frame 21 and (b) Frame 44.

5. CONCLUSION

An endoscopic snapshot HS imager using the concept of IFS has recently been reported.”> A custom-fabricated 2D to 1D
fiber bundle with 100 fiberlets is used as a reformatter to perform spatial transformation of the scene. The number of
spatial dimension of the scene is reduced from two to one when the light exits the 1D end of the fiber bundle. This makes
it a snapshot configuration as the full data of the scene is acquired by the detector camera in one scan. By making the
fiber bundle flexible along its length with a distal end of a small profile, it serves another function of being an
endoscope. The paper gave a detailed account on the spatial calibrations and image processing that are conducted for
such a reformatter, so that the raw data in each scan is remapped into a 3D datacube. The results show that these
procedures have been successfully implemented to show the features and movement of the sample.
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