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To achieve perfect teeth color reproduction, we propose the design of a snapshot hyperspectral imaging spectrometer that can
accurately measure the teeth spectrum. In this paper, the optical system of a snapshot hyperspectral dental imaging spectrometer is
designed. In particular, to encode images in both the spatial and spectral dimensions, a one-dimensional random coding mask
rotated 45 degrees around the optical axis is used. The system has a spectral resolution of approximately 2.2~10 nm in the
450~700 nm spectral range, and the total length of the system is less than 150 mm. The whole design can be used as a miniaturized
handheld instrument. To verify the feasibility of whiteness measuring, a simulation experiment is carried out. The target spectral
information is reconstructed through the reconstruction algorithm. The simulation result shows that spectral imaging has the
potential to improve the accuracy and precision of teeth whiteness measurements.

1. Introduction

Teeth repair and whitening have received much attention in
recent years due to their aesthetics. To measure the whiteness
of teeth or dentures accurately, many efforts have been made
to accurately measure the whiteness of teeth. Traditionally,
shadow guidelines [1] can be used for visual evaluation of
teeth whiteness when arranged from light to deep. However,
the visual evaluation of teeth also has certain limitations,
such as the influence of light or the surrounding environ-
ment [2]. Therefore, digital technology with low subjectivity
and high accuracy is increasingly favored.

Under regular circumstances, chromaticity matching in
digital photography [3] is a workable measurement tech-
nique. The use of an intraoral camera [4] with LED and
cross-polarized lighting [5] can eliminate the effects of
ambient lighting [6] and unfixed object-camera distance.
Additionally, new shade matching techniques have been
used to increase color measurement accuracy [7]. A col-
orimeter [8] simulates an object’s color using the responses

of three glass filters (red, green, and blue). Dental spec-
trophotometry [9], which holds a dominant position in teeth
color assessment methods, complements the aforemen-
tioned two techniques by measuring color through assessing
the spectral reflectance or transmittance of objects. For
example, SpectroShade Micro spectrophotometer [10, 11]
and Olympus’s Crystal Eye spectrophotometer [12] combine
spectrophotometer with LED lighting source and digital
photography technology, allowing for more accurate
matching of teeth chroma. However, the measurement re-
sults from this instrument are still influenced by tooth
position, translucency [13], and probe angle, which requires
further study in the future.

The imaging spectrometer, whose principle is similar to
that of spectrophotometer, can acquire the image with the
entire spectrum information at once, while spectropho-
tometers need to scan to obtain the intensity of a specific
spectral line or a certain segment. In the work of tooth
whiteness measurement, the measurement result by using
spectrophotometers is more precise and accurate, but the
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working speed is slower than that by using imaging spec-
trometer [14, 15]. Therefore, to improve the measurement
speed and improve the user’s experience, imaging spec-
trometer is a better measurement method on the premise of
ensuring accuracy.

With the development of imaging spectrometers, there
are two types: scanning type and snapshot type. Snapshot
imaging spectrometers simultaneously obtain spatial and
spectral information on the image plane through regular or
irregular transformation of the spatial and spectral in-
formation of the target, in contrast to scanning type imaging
spectrometers, whose complex structure prevents the
miniaturization and lightweight design of the system. There
are several ways to compose a snapshot spectrometer. Using
a microlens array is one method. For example, Zexia Zhang
et al. achieved a snapshot image spectrometer with a 5nm
spectral resolution using a microlens array [16]. By using
a geometric phase microlens array, Wang et al. showed
a spectrometer with low-cost mass production [17]. Dwight
et al. used a tunable microlens array to achieve alterable
spectral resolution [18]. Another way is Fourier transform.
Based on a snapshot Fourier transform spectrometer, Zhang
et al. showed a high-quality panchromatic image acquisition
approach [19]. The coding aperture is also a feasible
mechanism to reconstruct three-dimensional (3D) spectral
data from a single image, which leads to the coded aperture
snapshot imaging spectrometer (CASSI) [20]. To reduce the
reconstruction difficulty, Wang et al. combined the coded
CASSI measurement with the noncoding grayscale mea-
surement [21]. To improve the imaging performance of
CASSI system, Zhang et al. proposed an adaptive spatially
coded aperture [22]. Among those spectrometers, the
structure of CASSI is conducive to the development of low-
cost handheld dental spectrometers.
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In this paper, a snapshot hyperspectral dental imaging
spectrometer is proposed based on the principle of CASSI.
Particularly, a one-dimensional random coding mask ro-
tated 45 degrees around the optical axis is used to encode
imaging in both spatial and spectral dimensions. The
spectral data of teeth can be obtained at one time to achieve
the perfect reconstruction of teeth color. The optical system
of a snapshot hyperspectral dental imaging spectrometer is
designed, and a theoretical simulation experiment is carried
out. Finally, the 3D spectral information about simulation
target model is reconstructed through the reconstruction
algorithm.

2. Principle of the Snapshot Hyperspectral
Dental Imaging Spectrometer

Figure 1 shows the optical layout of the snapshot hyper-
spectral dental imaging spectrometer, which consists of six
parts: fore optics, coding mask, collimating lens, dispersion
element, focusing lens, and a detector. The image of the
target object can be passed through the fore optics to form
a primary intermediate image. Then, the primary image is
modulated by a one-dimensional coding element. Through
the collimating lens, spectral element, and focusing lens, the
spectrum modulated image can form a partially overlapping
two-dimensional image. To obtain a three-dimensional
spectral data cube, the spectral data can be decoded by
using the compressed sensing optimization method.

On the basis of the CASSI system mathematical model,
a one-dimensional random coding form is adopted, as
shown in Figure 2. Particularly, the coding mask is rotated
45 degrees around the optical axis to encode spatial and
spectral dimensions, which reduces coding complexity and
makes the alignment simpler. The system imaging process
can be expressed as follows:

Idetector (x, y) = J Iobject (x, y’A) : Mmask (x, y) : p(x’ PORS) A)d/l

(1)

= J Iobject (x, y’A) : Cmask (x’ y/\’A)dA’

where Ieecior (X, ¥) represents the target spectral modula-
tion image received by the detector; I ;. (x, ¥, A) represents
the target 3D spectral image data; C, . (x,y),A) =
M o (%, ) - p(x, ¥ - &, A) represents a 3D data cube of the
encoded dispersion spectrum; M, g (x, ) represents the
coding modulation function; p(x, y, - a,A) represents the
spectral dispersion function; y, = y + 81 represents the
spatial coordinates after dispersion; A represents the dif-
ference between the current wavelength and the initial
wavelength; and o represents the angular dispersion.

The magnification f of a relay imaging system with
a collimating lens and focusing lens affects the value of
the coding unit and the spatial resolution. The fol-
lowing formulas can be used to determine the mag-
nification fS:

fe

s

where f_ is the focal length of the collimating lens and f| is
the focal length of the focusing lens. Generally, 8 = 1.

= (2)
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Ficure 1: Optical layout of the snapshot hyperspectral dental imaging spectrometer.
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FiGgure 2: The imaging process of the snapshot hyperspectral dental imaging spectrometer.

TaBLE 1: Parameters of the snapshot hyperspectral dental imaging spectrometer.

Design parameters

Parameter value

Objective 25mm
Focal length Collimating lens 35mm

Focal lens 35mm
Prism angle 20°
Wavelength range 450~700 nm
Spectral resolution <10 nm
Coding unit size 9.6 ym
Coding area 640 * 458

According to the above process, the size of the coding
unit affects the spectral resolution of the system, and the
relationship between the coding unit and spectral reso-
lution should meet the following requirements

dmask = ﬁ ca-AL- ffocus’ (3)

where d, is the size of the coding unit, f . is the focal
length of the focusing imaging lens group, and AA is the
spectral resolution.

In addition, to ensure clear imaging and calibration
accuracy of the system, the relationship between the reso-
lution of the coding element and the resolution of the de-
tector should be as follows:

M:c(CeZ,CW), (4)

ddetection

where d, . is the size of coding unit and dy.icion 18 the pixel
size of the detector. If d,, g = dgetection> there is a one-to-one
correspondence between the detector pixel and the coding
unit. And this is the best relationship for accurate calibration
and spectral reconstruction regardless of the value of f5.

3. Optical Design of the Snapshot Hyperspectral
Dental Imaging Spectrometer

Considering the miniaturization of the system, the surface
area of teeth, and the depth of the probe into the mouth, the
object-tooth distance range should be 70-120 mm, and the
target size should be greater than 15mm * 15mm (maxi-
mum average crown surface area). To limit the aperture of
the beam entering the optical system, the optical system has
a real entrance pupil whose diameter is set to 5mm. To
obtain a clear teeth image with a certain height fluctuation,
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TaBLE 2: The parameters of the two orthogonal toroid surfaces.

Parameters Surface 1 Surface 2

Radius (mm) 66.354 19.423

Rotating axis X y

Rotating radius (mm) Infinite Infinite

Conic efficient (k) 0.026164 5.000000

a, 0.000126 —-0.000350

as —4.70639¢ — 006 6.65524e — 005

oy 6.80674e - 008 —4.14135e - 006

Modulation

Modulation
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scale t 150 mm
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FiGure 4: Continued.
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FIGURE 4: MTF of the system at three wavelengths: (a) 450 nm, (b) 570 nm, and (c) 700 nm.
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FiGure 5: The spectral sampling

the system needs to have a large depth of field. That is, the
system needs to have a large F number. To accurately
characterize teeth whiteness, the spectral range is set to
450~700 nm. Some parameters of the snapshot dental im-
aging spectrometer are shown in Table 1.

The optical layout of the snapshot hyperspectral dental
imaging spectrometer is shown in Figure 3. The field of the
system is 14° x 9%, the total length of the system is less than
150 mm, and the maximum cross-sectional diameter is
16 mm. For this system, spectral distortion will result in the
aliasing of spectral data from various bands and spaces,
which will negatively impact the accuracy of the spectral
reconstruction. Thus, the spectral distortion should be less
than one pixel.

2
4

1+4/1-(1+k)c2y?

+ 061)/2 +062y4 +0£3y6 + 0(4)/8 +oeeen

z =

(5)

of different dispersion positions.

In order to correct the spectral distortion, a pair of or-
thogonal toroid lenses is placed in front of the image. As shown
in equation (5), toroidal surfaces are formed by defining
a curve in the y-z plane and then rotating this curve about an
axis parallel to the y axis and intersecting the z axis. Because of
the surface profile of toroidal surface, the nonrotationally
symmetric spectral distortion can be corrected effectively. The
smile distortion and keystone distortion of the system are
0.0096 mm and 0.01 mm, respectively. The parameters of the
two orthogonal toroid surfaces are shown in Table 2.

Figure 4 shows the modulation transfer function
(MTF) at three wavelengths: 450 nm, 575 nm, and 700 nm.
When the spatial frequency is 52 cycles/mm, the MTF of
each field of view (FOV) is above 0.2, which indicates
good imaging quality. Through ray tracing, with a spatial
interval of 9.6 ym, Figure 5 depicts the spectrum sampling
of various dispersion positions in the central field of view.
According to ray tracing data, within the band range of
450-700 nm, the majority of FOVs’ spot radius RMS (root
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FIGURE 6: Spectral distribution curve of spot radius RMS value under different sampling FOV.

FIGURe 7: Two-dimensional spatial characteristics of target.

mean square) values fall below 9.6 ym, as shown in Fig-
ure 6. Thus, the spectral signals at the focal plane of the
detector do not overlap. Based on the above data, if the
coding unit size is 9.6 ym, there are 55 spectral channels.
The spectral resolution can be up to 2.2nm, and as the
wavelength increases, the spectral resolution decreases to
10 nm.

4. Simulation of the Snapshot Hyperspectral
Dental Imaging Spectrometer

In this section, to verify the feasibility for whiteness mea-
surement by one-dimensional coded snapshot spectral
imaging, we conducted simulations of the imaging process
and reconstruction process of the system.
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FIGURE 8: Spectral image of target.

A simple model of target with certain spectral char-
acteristics was built as shown in Figures 7 and 8. The target
model has the two-dimensional spatial characteristics as
shown in Figure 7. In this model, we set up four color
regions with different spectral distributions as shown in
Figure 8.

In the simulation, a one-dimensional random coding
mask with a size of 640 * 512 pixels was established. Based on
ray tracing, the position of the coding mask at each channel
on the image plane was determined, and a three-dimensional

calibration cube was established. Figure 9 shows the position
of the coding mask for six channels (700 nm, 639.2nm,
604.9 nm, 551.1 nm, 500.7 nm, and 450 nm).

The spectral reconstruction algorithm is another im-
portant step. In this paper, we simply used the TwIST
(two-step iterative shrinkage/thresholding) algorithm [23]
to reconstruct the target spectral data cube. Through the
reconstruction algorithm to solve the spectral modulated
image shown in Figure 10, the spectral image of target in
each channel is shown in Figure 11. The spectral features of
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FIGURE 9: Coding mask at six channels: (a) 700 nm, (b) 639.2 nm, (c) 604.9nm, (d) 551.1 nm, (e) 500.7 nm, and (f) 450 nm.

FIGURE 10: Spectral modulated image of the target.

the four regions are distinct, illustrating the feasibility of the =~ reconstruction results is lost, but if the algorithm or coding
proposed snapshot hyperspectral dental imaging spec-  method is improved, the reconstruction accuracy will be
trometer. The high frequency spatial information in target  greatly improved.
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FIGURE 11: Spectral image reconstruction result of target in 55 channels.

5. Conclusion

This article presents the design outline of one-dimensional
random coding snapshot hyperspectral dental imaging
spectrometer. For the proposed system, we created a trans-
portable optical design. By capturing a picture to reconstruct
the target spectrum, the color information of each region
may be acquired. With a spectral resolution of 2.2-10 nm,
the simulated system successfully yields 55-channel spectral
sampling of a 250nm spectrum within the 450-700 nm
spectral region. We have presented the design results and
analyzed the imaging performance. A pertinent simulation is
run to confirm the viability of one-dimensional coded
spectral imaging for measuring whiteness. The simulation

results demonstrated that the snapshot hyperspectral dental
imaging spectrometer may solve the problem of teeth and
dentures showing the same color under a certain light but
with different spectral characteristics.

The proposed system has the potential to improve the
accuracy of tooth whiteness measurement. However, there are
still some deficiencies in this system at present. No whiteness
measurement for real human teeth and verification test has
been performed, and no prototype has been successfully
produced. Thus, there is still a lot of work to be done in the
future. From the results of the current simulations, we believe
that if the spectral calibration work is done well and the spectral
reconstruction algorithm is strengthened, the precision and
accuracy of teeth brightness measurement will be improved.
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