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Spectral Analysis on Color Detection Sharpness of Animal
Vision toward Polychromatic Vision System

Suyeon Lee, Hyochul Kim, Goohwan Kim, Hyungbin Son, and Un Jeong Kim*

Spectral discrimination by animal visions such as human, bird, and butterfly
is numerically compared by angular analysis of photo-response (PR) which
will be recorded at photo-receptors. Hyperspectral imaging system is utilized
to simulate various animal vision. Bird vision is acute to discriminate colors
among different vegetables due to its evenly spaced and narrow spectral
responsivity of photo-receptors compared to that of human. Butterfly vision is
excellent in discriminating red tomato ripening due to the exclusive
photo-receptors detecting only over 600 nm. Even real and fake fruits in the
same perceived color for human is discriminated by bird vision. Artificial
vision with finely resolved polychromatic artificial cone cells are demonstrated
surpassing human vision using visible multispectral camera. This provides

insights on designing novel bio-inspired vision system.

1. Introduction

Vision system of living organisms is essential to obtain the in-
formation of their surroundings for their surviving such as find-
ing predators, mates, preys, and etc. Common structure of eyes
consists of lens and retina. Lens focuses incoming light onto
retina which contains photo-receptors composed of cone and rod
cells converting light into electrical signal, which is the initial
step prior to perceiving color in brain through complicated neu-
ral processing. Cone cells among photo-receptors contain opsins
which is photo sensitive proteins in the specific wavelength
range, i.e., spectral response, and detect the corresponding
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wavelength range of the spectrum from
the object. Its number, central wave-
length and spectral width can vary de-
pending on the animal species, and
the structure and function of eyes has
been diversified during their evolutional
history.l!l Furthermore, the obtained im-
age of each animal’s vision is related
not only to the opsins of photorecep-
tors but is also intricately connected to
the structure of the lens, the density of
photoreceptors, and the structure of the
foveal pit.[?) For instance, the deep foveal
pit in raptor eyes aids in magnification,
allowing clearer object recognition.]’]
Cephalopods like cuttlefish use polariza-
tion filters to enhance image contrast.[*!

Cameras have been developed as electronic devices function-
ing like a human eye capturing RGB images, and are currently
prevalent in our daily and scientific life. There have been many ef-
forts to adapt vision systems in nature by scientists who are inter-
ested in inventing novel types of camera.®! Fisheye lens has been
already commercialized for wide field of view (FOV), and com-
pound eye mimicking cameras featuring distortion-free, wide
FOV, and sensitive motion tracking imaging have been reported
in the literatures.>l Among structural components of eye, arti-
ficial retina corresponding to RGB image sensors in digital cam-
era must be the most important component when considering
developing an innovative camera. There have been some efforts
to develop novel artificial retina using optoelectronic memory
devices,[] photodiodes,!”) and phototransistors.[®] Even artificial
cone cells are formed on the curved surface by soft electronics in-
corporating low dimensional materials.!®"! Besides, multispectral
image sensors can be one of the best candidates possessing des-
ignable photo sensitive channels (CHs) as counterpart of RGB in
its number and spectral width, which detects morphological im-
ages and the spectrum of the objects simultaneously. This tech-
nique is well established in the complementary metal oxide semi-
conductor (CMOS) compatible technology, and can be suitable to
realize polychromatic vision system.®!

Introducing various animal vision may be useful for novel
camera development by emulating the behavior of insects and
bird toward their living in selectivity and sensitivity manner. For
example, bees and butterflies can see the way in petal to find
honey with cone cell in UV range. Some birds can distinguish
male and female with their feathers which look identical for hu-
man vision.[') In recent work, the cancer imaging with UV spec-
tral signature was successfully demonstrated using bio-inspired
CMOS image senor including perovskite nanocrystals.”?! In
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the literatures, animal UV and color visions have been simply
compared on the same object along with human color vision.
However, there is no scientific trials to investigate the detec-
tion acuity of color, the reflected light of the object under in-
terest in the visible range, by incorporating the animal vision
into spectroscopy. Using spectroscopy, it has been reported that
color of vegetables, spectrum in the visible range, has been at-
tributed to absorbance of anti-oxidants such as anthocyanin, -
carotene, lycopene, flavonoids, and chlorophyll.'!l Even the de-
gree of ripeness of apples have been investigated based on the
reflectance spectrum of lycopene and chlorophyll.['*fl Further-
more, prior to developing new types of artificial retina for high-
performance novel camera, understanding spectral response at
the cone cells of animal vision needs to be preceded.

In this work, various animal’s visions have been successfully
simulated using hyperspectral imaging system which offers high
spectral resolution information based on conventional grating.
Photo-response at cone cells for animal vision was successfully
constructed for the visible spectrum of the same vegetables. From
spectral response of cone cells, spectral discrimination capability
of animal’s vision system was numerically analyzed for bird as
one of other branch of vertebrates, butterfly as a representative of
invertebrates and human as a reference. Bird and butterfly vision
are chosen to understand the color detection sharpness for vari-
ous colored fruits and ripening of tomatoes as an example. Even
though characteristics of images are intricately connected to the
structure of vision system mentioned above, photo-response of
cone cells by opsin is only considered in this work to investigate
effect of spectral response of the vision system. Cone cells of two
species are advantageous in distinguishing color even in the vis-
ible range compared to those of human. Even more butterfly’s
cone cells are found to be excellent in differentiating the degree
of tomato ripening. In conjunction with Raman spectroscopy,
relative concentration of lycopene might be obtained by photo-
response of cone cells. Interestingly, bird vision is more powerful
to distinguish real and fake vegetables with the same perceived
color to human. Artificial eye vision with finely resolved polychro-
matic artificial cone cells was demonstrated surpassing human
vision using snapshot type multispectral camera working in the
visible range.

2. Result

2.1. Animal Vision and Attificial Eye Vision

Vision is the most dominant pathway to obtain information for
human, known that humans depend on more than 70% of in-
formation on vision among five senses. However, vision system
of human may not be the optimal structure among that of di-
verse animals. During the evolution, bird’s ancestor had left four
kinds of cone cells to their descendants (tetra-chromatic), includ-
ing one cone cell sensitive even in ultraviolet range.['*] On the
other side, ancient mammals lost two kinds of cone cells out of
four due to nocturnal behavior, and later some kind of mam-
mals including primates and human became diurnal which had
driven to gain third cone cell by genetic mutation and duplica-
tion (trichromatic). As a result, human’s cone cells are not evenly
spaced in wavelength which is attributed to genetic mutation and
duplication unlike those of bird. Invertebrate including bees, but-
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terflies, reptiles, shrimp and etc. have developed their own vision
system with abundant kinds of sensitivity to wavelength of light
from UV to IR.I14-£%]

Figure 1 exhibits the normalized photo-sensitivity of cone cells
of human, bird, and butterfly.'">4! For bird’s cone cells, responsiv-
ity is relatively evenly spaced in wavelength and narrow in spec-
tral width compared to those of human. For human and bird,
three cone cells working in the visible range respond best to the
light of short (S), medium (M), and long (L) wavelength. For hu-
man, responsivity is centered at 440 nm (S), 540 nm (M), and
570 nm (L) with 56 nm, 85 nm, and 110 nm of FWHM. As for
bird, in particular budgerigar, its responsivity of cone cells is cen-
tered at 360 nm, 460 nm (S), 510 nm (M), and 570 nm (L) with
56 nm with 49 nm, 62 nm, and 60 nm of FWHM, respectively.
About butterfly, there exists more diversity in responsivity of cone
cells among species than bird, and furthermore, responsivity of
one specific cone cell is differed by male or female as indicated
in Figure 1. Responsivity of pieris rapae’s is shown as a represen-
tative of butterfly’s cone cells, centered at 360, 420 (for female),
440, 460 (for male), 580a, 580b, 620, and 640 nm with 56, 83,
89, 49, 104, 104, 51, and 40 nm of FWHM, respectively. Color of
the object is strongly related to its spectrum in the visible range,
i.e., reflected light from its surface. The perceived color for hu-
man is the final step in brain after complicated neural process
of the photo-response values detected at each cone cell. The per-
ceived color for non-human animals is difficult to know, but the
photo-response for the given color, spectrum in the visible range,
detected by its cone cells can be estimated. Depending on the an-
imal vision, photo-response values can be differed for the same-
colored object as represented in Figure 1. Simulation of particu-
lar animal vision was accomplished using grating-based line-scan
type hyperspectral imaging system with high spectral and spatial
resolution. Multispectral camera of which 16 CHs mimic cone
cells working in the visible range can be developed to conduct
artificial polychromatic vision to gather useful information out-
performing human vision. The experimental details and set-up
can be found in Experimental Section and Figure S1 (Supporting
Information). Quantitative information from each type of photo-
receptor depending on the animal vision will be discussed in this
paper. Perception on color of object related to elaborate neural
processing of the photo-response values is beyond the scope of
this work.

2.2. Spectral Analysis on Bird Vision: Higher Acuity on
Discerning Color

Figure 2 exhibits reflectance of various colored cherry tomatoes
and blueberry obtained by line-scan type hyperspectral imaging
system (details are in Methods) under halogen illumination as
light source, and numerical analysis of photo-response observed
by human and bird vision. Figure 2a,b is RGB images of samples
taken by digital camera under white LED illumination and repre-
sentative reflectance spectrum of each fruit under incident light
of halogen lamp, respectively. Photo-response (PR) of each cone
cell is determined as / R(4)I(4) dA where R(4) is responsivity of
cone cell, and I(4) is input spectrum, product of the incidentlight
and reflectance of the object. For example, photo-response for L
cone cell of human can be obtained by h; = [ R!'(4)I(4) dA where

© 2024 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

85U8017 SUOWIWIOD SISO 8|qedt|dde auy Aq pausenob ae ssppie YO ‘85N J0 Sa|nJ oy ArIq1T 8UIUO AB[IAA UO (SUORIPUOD-PUR-SWBH WD A8 1M Ate1q 1 BUI|UO//:SANY) SUONIPUOD Pue SWIB | 8U} 89S *[9202/S0/ET] uo Ariqiauliuo A jim ‘Aiseaun Buy-bunyd Aq 129001202 1WPe/Z00T OT/10p/L0d A8 Afeiq Ul U0 peoUeApe//SAny Wo. papeo|umoqd ‘€ ‘GZ0Z X60.59E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

440 540 570

= AN
wavelength (nm)

photo responsivity

Human

Budgerigar
7

0

\

wavelength (nm)

W
2
=
7]
c
<]
o
@
e
o
o)
©
L
S

www.advmattechnol.de

2,
> f\{ I |
[7] | I Il
< | I
m m "m m S 1 [
21T [|
" m om om o ‘[ H“
" m m ‘g ““‘J“\ \M
< |JUUUUUL J~«
] ] | ] Q.
wavelength (nm)
Multispectral camera
Pieris rapae
| | |
n =
u " 2
=
(2}
. 5
-m %
am Q
)
S \
o

wavelength (nm)

Figure 1. Photo-response of cone cells of human, budgerigar, and Pieris rapae is displayed, and the detected photo-response image at the cone cell for
the same object. Snapshot type multispectral camera with 16 channels as artificial cone cells for the polychromatic artificial vision.

R!'(4) is response function of L cone cell of human. In nature,
sensitivity of cone cell is depending on the wavelength, for ex-
ample maximum sensitivity around 550 nm for human. Instead
of using absolute responsivity, the normalized responsivity has
been utilized not to give weight to specific wavelength for un-
derstanding its photo-response of animal vision effectively. Here,
we denote detected photo-response value at human’s and bird’s
cone cells as h = (h;, hy,, hg) and b = (b, b, bs) where L, M, S
represents cone cells for long, medium and short wavelength, re-
spectively. Bird’s UV sensitive cone cell is excluded because light
source does not cover UV range. h and b for input spectrums in
Figure 2b are shown in Figure 2¢,d of which magnitude is nor-
malized to 1, and b for various colored vegetables is well sepa-
rated compared to h. This infers that bird vision can discriminate
color of vegetables, in other word the reflected visible spectrum
from them, with the amplified scale compared to human vision.
The 3D vector, h and b, can be expressed in spherical coordinates
as shown in Figure 2e,f, h=(h,, h;, h,) andb=(b,, b,,b,) forhu-
man and bird vision, respectively. r is radial distance (total inten-

sity at cone cells), \/hLz + hy” + hg® and \/bL2 +by” +bg, 0is
polar angle, arccos(hg/h,), and arccos(b,/b,), and ¢ is azimuthal

angle, arccos (h,/\/h;” + h,,’) and arccos (b, //b,” + b,,’) for
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human and bird, respectively. Allowed range for h,(b,) and h,,(b,,)
is from 0 to /27 because h;, h,, and hy(b;, by, and b) cannot be
negative value. h, exhibits 1.28 times larger value compared to
b, under halogen illumination in average due to wider FWHM of
photo-responsivity of cone cells as shown in Figure 1. However, 6
and @ component of bird’s cone cells exhibits a larger angle vari-
ation among different colored vegetables compared to human'’s
cone cells. Thus, bird vision has advantage in differentiating color
among vegetables with higher acuity due to evenly spaced and
sharper responsivity than human vision as shown in Figure 1 if
intensity of illuminant is sufficient. Figure 2g,i,h,j is 2D map of
angular component, h,(b,) and h,, (b, ), reconstructed from photo-
response of cone cells. Itis worth to mention that the distribution
of 6 component is crowded closer to z /2 due to relatively low re-
flectance under 500 nm in vegetables. When the reflectance is
corrected by spectrum of halogen lamp, the color discrimination
becomes prominently enhanced shown in Figure S2 (Support-
ing Information). It is worth to mention that photo-response is
dependent on the illuminant condition, enhanced identifiability
with illuminant correction, i.e., CIE illuminant E. The extracted
photo-response values of each vegetable for Figure 2c—f and
Figure S2b—e (Supporting Information) are the averaged value of
10 x 10 pixels after Gaussian denoising process spectrally and
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Figure 2. Color differentiation ability using angular analysis for human and bird vision. a) RGB image of cherry tomatoes with various colors and
blueberries placed on the black tray. b) The reflectance spectrum of white reference bar and each vegetable under illumination of halogen lamp. Cross-
polarization configuration for reflectance measurement was used to reduce speckles at the surface. Vector representation of the intensity at three
photoreceptors c) (h;, hy, hs) and d) (b, by, bs) for human vision and bird vision in Cartesian coordinate system, respectively. Photo-response for
various colored vegetable of human and bird into spherical coordinate system. e) Radial component at the photo-receptors of human (h,) and bird (b,)
before normalization process against halogen lamp. f) The polar and azimuthal angle for human (hy, h,,) and bird vision (b, b,). 2D map of angular
component (0, @) in spherical coordinate system for g, h) human and i, j) bird vision, respectively. Comparison matrix of angle (a) between various
vegetables. The angle, a, between calculated photo-response at the trichromatic photoreceptor among other vegetable including the reference (white
bar) for k) human and |) bird vision under halogen lamp.

spatially in hyperspectral images, indicated by the small open
square in Figure 2g—j and Figure S2f=i (Supporting Information).
The perceived color of vegetable can be more discernible by cone
cells of bird than human because it can be defined by the differ-
ence or ratio among photo-response of cone cells depending on

Adv. Mater. Technol. 2025, 10, 2400671 2400671 (4 of 11)

various kinds of color appearance model, not just by the intensity
at each cone cell.'?]

This can be more intuitively understood in Figure 2k,1 of which
shows the comparison matrix representing the angle of h and
b among other vegetables including the reference white plate,
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where angle, a = ((h(i) - h(j))/(|h@)||h()])), i.j = O©,...®. Compar-
ison matrix clearly shows that photo-responsivity by bird vi-
sion enables to discriminate color by the reflected light from
different vegetables with amplified acuity. Compared to hu-
man’s cone cells, angle (a) by bird exhibits 1.4 greater value
under halogen light. This result is originated from less over-
lapped photo-responsivity, evaluated numerically as cosine sim-
ilarity, / a(A)b(A)dA/(\/[ a2(A)dA \/[ b*(A)d4i) where a(4) and
b(4) are spectrum under interest.''f] Spectrums with cosine
similarity value 1 are identical, and 0 means two spectra are
orthogonal without overlap. L and M cone cells represent co-
sine similarity value 0.91 and 0.22 for human and bird, re-
spectively. With incident light correction, angle (a) by bird
was 1.9 times greater than human’s cone cell as shown in
Figure S2jk (Supporting Information). As illuminant spec-
trum is corrected, photo-responsivities of cone cells get rel-
atively equivalent rather than under halogen lamp both in
human and bird vision, which result in higher value of
angle («). Even though a can show higher value for hu-
man than bird in specific cases, for example input spec-
trum has signal only over 500 nm resulting b, dominant b,
the object ® and @, overall, bird vision shows higher value
than human vision considering input spectrum in visible
range.

In the literatures, color of plants has been known that it is
mainly determined by content of antioxidants such as chloro-
phyll, anthocyanin, carotenoids (including p-carotene and ly-
copene), flavonoids and etc.[}! The kinds of antioxidant and its
concentration for the selected samples were quantitatively mea-
sured by colorimetric analysis,['*! summarized in Table S1 (Sup-
porting Information). As reported in the literature that relative
concentration, and variety of flavonoids and carotenoids in veg-
etables have been discriminated by Raman spectroscopy,!''4] the
kind of antioxidant in vegetables used for this study was fur-
ther investigated by Raman spectroscopy with 532 nm excitation
as shown in Figure S3 (Supporting Information). Three Raman
bands at around 1010, 1160, and 1520 cm~! have been assigned
to C—CH, stretching mode (v(C—CH,;)), C—C stretching mode
(v(C—C)) and C=C stretching mode (v(C=C)) of carotenoids
including lycopene, respectively.''!/ 1160 cm~" and high fre-
quency modes above 1550 cm™! are associated with flavonoids
as indicated in Figure S4 (Supporting Information).[''d] Yellow
and white cherry tomatoes exhibit very low concentration of
total carotenoid compared to the rest of cherry tomatoes as
shown in Table S1 (Supporting Information). This is consis-
tent with the results by Raman spectrum analysis as shown in
Figure S3 (Supporting Information) where no noticeable signals
from carotenoids were observed along with green tomato. Blue-
berry exhibits relatively high concentration of total anthocyanin
(65.5 mgk~'g) which was observed by Raman spectroscopy at 657
cm~!and 725 ecm™.

2.3. Detection of Post Maturity of Tomato by Butterfly Vision

Tomatoes turn its color during ripening from greenish to red-
dish, which is originated from degradation of chlorophyll fol-
lowed by accumulation of carotenoid and flavonoid. Even more,
there exist subtler color changes in postharvest ripening. There

Adv. Mater. Technol. 2025, 10, 2400671 2400671 (5 of 11)

www.advmattechnol.de

have been many efforts to determine the ripeness of tomatoes
by Raman spectroscopy.!''d] In Figure S4a (Supporting Informa-
tion), Raman spectrum of tomatoes was monitored as a function
of storage time with 785 nm excitation. There are three distinctive
Raman peaks around 1007, 1160, and 1520 cm™! of carotenoids
including lycopene, respectively. The intensity of three Raman
peaks was linearly increased with adjusted R-square value of 0.4,
0.93, and 0.98 as shown in Figure S4b (Supporting Information).
Even though Raman spectroscopy shows increase of lycopene
concentration with post-maturity, this technique is limited for
wide-field imaging to monitor the spatial distribution of its tem-
poral changes.

The RGB images taken by digital camera and hyperspectral
images from reflectance of tomatoes were monitored as a func-
tion of storage time at room temperature as shown in Figure 3.
RGB images exhibit very barely distinguishable changes in col-
ors with close observation as shown in Figure 3a. To quantify the
color discrimination ability by RGB images, they are converted
to CIELAB color space shown in Figure 3b. L, a* and b* are re-
lated to lightness (0 for black and 100 for white), green—red (neg-
ative value toward green, positive value toward red), blue-yellow
(negative value toward blue, positive value toward yellow), respec-
tively. The value a* (b*) was increased (decreased) and saturated
after 5th day of storage, which means that the color of tomatoes
become more reddish (less bluish) until 5th day due to ripening.
Color difference in CIELAB color space can be represented by the
Equation (1).

AE, = \/AL2 +(Aa%)” + (Ab*) (1)

In Figure 3c, AE?, between adjacent storage day are shown,
and the case with AL exclusion is also shown as red dot with red
line because it is related not to color but to brightness. The value
for just-noticeable perceived color difference, AE, .. is found to
be about 2.3 which means that the color change of tomato
is not further noticeable for human after two days as shown as
shaded area in Figure 3c.

The reflectance spectrum of tomato as a function of storage
time up to 9th day is shown in Figure S5 (Supporting Informa-
tion). The dip around 670 nm is originated from the absorption
by chlorophyll b as shown in Figure S4c (Supporting Informa-
tion), and gradually disappears with longer storage. Absorbance
spectrum of monomer lycopene, i.e., the origin of tomatoes’ red
color, is shown in Figure S4c (Supporting Information).l'!¢l The
broad peak around 550 nm is lowered and shifted to longer wave-
length associated with ] aggregation of lycopene with increasing
its concentration with longer storage time. This seems to be |
aggregation of monomer lycopene shown in Figure S4c (Sup-
porting Information). ] aggregation explains the reflectance edge
around 600 nm.11¢l This corroborates that the experimental ob-
servation is related to decomposition of chlorophyll and increase
of lycopene.'"d] The Raman intensity of lycopene increases lin-
early, but absorption by lycopene seems to saturate with the
longer storage time, respectively.

We investigate how cone cells of human and bird response to
spectral change of tomato during post-maturity. Intensity value
at each cone cell for human, (h;, by, hg) and bird, (b;, b, by)
are calculated as shown in Figure 3d,f where the spectrum is
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normalized by the illuminant. The value of (h;, h,,, hs) and
(b, by bg) is gradually decreased after 1st day of storage time
while hg and by remained negligible or zero because of nearly
zero reflectance below 500 nm as shown Figure S5 (Supporting
Information). To quantify response change with tomato ripen-
ing both for human and bird, angular analysis against reference
photo-response indicated by small square at Oth day allows to
monitor photo-response distribution within the samples and its
changes with longer storage time. Figure 3e,g exhibits angular
change of photo-response against Oth day by human and bird
vision as a function of storage time. a;, and «a, changes up to
10.4 and 12.5 degree until 9th day for human and bird vision in
Figure 3j. Threshold angular shift for just-noticeable perceived
color difference, @, can be defined by about 2 degree deduced
from AE;MW ~ 2.3. We investigate butterfly vision which pos-
sesses more various photo-receptors than vertebrates as shown in
Figure 1. For ripening of tomatoes, among eight photo-receptors,
four photo-receptors with shorter wavelength response will not
participate in perceiving tomato ripening according to its re-
flectance spectrum. Response of the remaining four (580a, 580b,
620, 640 nm) cone cells of butterfly, which are related to re-
flectance spectrum of tomatoes, are denoted as bu = (bus, bu,
bu,, bug) , respectively. The photo-response value of each cone
cell component (bus, bug, bu,, bug) is calculated as displayed in
Figure 3h after correction of halogen illuminant. For butterfly, the
response of two cone cells corresponding to 580 nm, bus and bu,
exhibit similar behavior to that for human, h; and h,,. But the in-
tensity of other two cone cells with longer wavelength response,
bu, and bug, increase until 3rd or 5th day of storage time and sat-
urate or slightly decrease as shown in Figure 3h. Due to distinct
change of response, q,, of photo-response for butterfly against
reference indicated by open square on tomatoes exhibits larger
changes than a, and a;, in Figure 3i. As seen in Figure 3j, a;,, was
increased up to 23.6 degree up to 9th day of storage which is two
times larger than that for human. Angle between adjacent days
of human, bird and butterfly vision decreases from 3.3, 4.8 and
8.1 degree between Oth and 1st day, respectively. Angle between
2nd and 3rd day for human and bird vision is at the boundary,
@, with the value 2.0 and 2.1, which means barely noticeable
with human and bird vision. However, angle for butterfly vision
is 4.7, still higher than a;,,. This indicates that butterfly vision
is more sensitive for detecting red tomato ripening. When we
consider noticeable difference, a,,, = 2, corresponding value for

7 Pjust
AE, ., ~23, human and bird Jhardly distinguish between 2nd
and 3rd day, i.e., @ & 2, but butterfly can distinguish due to a=
4.7. Even after 4th day, a between adjacent days starts to satu-
rate due to post-maturity, but butterfly vision maintained higher
« than human and bird vision.

As conventional RGB camera is developed to function and
record as human’s eye, snapshot type multispectral camera can
be considered as artificial eye with polychromatic artificial retina.
Multispectral image sensor is advantageous to engineer the spec-
tral range, responsivity (spectral width) and the number of CHs to
realize the polychromatic artificial vision depending on the pur-
poses. Periodic array of 16 CHs for polychromatic artificial vision
is fabricated on the image sensor replacing RGB color filter on
the image sensor. (See Methods) 16 distributed Bragg reflectors
(DBRs) based filters are formed by plasma enhanced chemical va-
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por deposition (PECVD) and photolithography, and its resonant
wavelength is adjusted by the thickness of the SiO, cavity layer.
The detailed material and structure of DBR used in this work
can be found in Figure S6 (Supporting Information) and fabri-
cation process can be found in the previous work.!%! Figure 4
exhibits snapshot type multispectral camera which has 16 CHs
in the range of 490-628 nm with 5-10 nm FWHM. The spectral
characteristics of each CH (transmission of filter X quantum effi-
ciency (QE) of pixels in the image sensor) are shown in Figure 4a
with photo-response curves of four photo receptors for butterfly
vision. Compared to animal vision including butterfly, in snap-
shot type multispectral camera, much narrower FWHM of filters
is advantageous to monitor subtle spectral change, but range of
spectral response is limited instead. We monitored ripening of
tomatoes with multispectral camera as a function of storage time
and the normalized intensity by its total intensity is shown in
Figure 4b. Angular shift for multispectral camera, a,,5- between
Oth and 9th day is 14.8 degree as shown in Figure 4c. 2D an-
gular shift images as a function of storage time are shown in
Figure 4d. Black open squares denotes 10 X 10 pixels to calcu-
late angular shift in Figure 4c. By designing the spectral charac-
teristics of multispectral camera, color distinction ability can be
largely enhanced.

As a circumstance in real life, three kinds of ripe tomatoes, pur-
chased from different distribution channel and brand name at
unknown ripeness stage, were investigated in terms of lycopene
concentration from its color. Concentration of lycopene has been
compared by Raman spectrum of three kinds of tomatoes as
shown in Figure S7 (Supporting Information). Tomato, exhibits
much lower Raman intensity by about two times at Oth day com-
pared to Tomato, and Tomato,. The intensity level of Raman spec-
trum of three kinds of tomatoes tends to be merged after 14 days.
By continuous observation of those tomatoes, changes in color
might be noticed from RGB images in Figure 5. For 14 days,
tomato, and tomato; changed its color lower than AE, .~ 23
but 11.9 for tomato, ignoring AL term. However, with 14 days
storage, all tomatoes were fully ripened and AE}, between three
tomato groups are still largely scattered in the range of 1.2-5.1.
AE!, can be deduced from Figure 5b. Even though the value of
AE?, among tomato groups are slightly reduced from 4.3 to 8.3
of 0th day of purchase, it is hard to distinguish ripeness based
on AE?, among tomatoes. Scattered AE, among tomatoes would
be affected by speckles and shadows on the samples. To under-
stand the ripeness state of the purchased tomatoes, we choose
the same reference point at Oth day in Figure 3d,h for human
and butterfly vision, respectively. 2D image of o, and a;,, was con-
structed against the reference points shown in Figure 5c,e. The
average o, and a;, of 10 X 10 pixels for the reflected light indi-
cated by black solid rectangle is shown in Figure 5d,f. Base on
the analysis of Figure 3, tomato,, tomato, and tomato, at Oth day
exhibits the ripeness stage of 9th, 2nd and 7th day in human vi-
sion, and 9th, 2nd and 5th day in butterfly vision, respectively. All
tomatoes at 14th day exhibits 9th day ripeness stage both in hu-
man and butterfly vision, as expressed in right side of graphs. Dif-
ference in a;, and ay, of tomato, from 0th to 14th day was found
to be 4.9 and 10.9 degree, respectively. Its angle for tomato, was
found to be merged to the same value with tomato, and tomato,
in Figure 3d,f. As shown in the figures, butterfly vision exhibits
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intensity accumulated at each CH from 16 CH as a function of storage time. c) « at each storage time against the angle at Oth storage day. d) 2D map
of a with longer storage time against the reference point indicated by open square at Oth storage day.
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Figure 6. Discrimination of real and fake yellow cherry tomato by animal vision. a) The reflection spectrum of three yellow objects, fabric, fake, and real
cherry tomatoes. Photo-response of three yellow objects in b) human and c) bird vision in the Cartesian coordinates and 6 and ¢ components, and the
averaged (h, hy, hs) and (b;, by, bs) values of 10 x 10 pixels indicated by open square in the image.

much enhanced «,, among tomatoes at Oth and detects further
ripening of tomatoes at 14th day. From this observation, concen-
tration of lycopene could be qualitatively analyzed by a,.

2.4. Distinction of the Real from Imitations based on its Visible
Spectrum

As another proof concept, objects with the same color to human
can be differentiated by introducing non-human vision. There
may exist countless number of input spectrum, I, (4) which pro-
duces the same photo response, PR, determined by /' R(4)I(4) dA.
Any intelligence algorithm cannot be applied to distinguish the
items having the same value of PRs for a certain vision system.
For example, various kinds of illuminants, LED, fluorescent light,
sunlight, and etc. producing the different spectral characteristics
cannot be distinguishable by human vision. As a demonstration,
discriminating real and fake cherry tomatoes were tested using
human and bird vision in Figure 6. The spectrum of yellow felt,
fake and real cherry tomatoes are compared in Figure 6a which
exhibits slight difference in the visible range. These are not dis-
tinguishable by RGB cameras and human vision. By human vi-
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sion, the photo-response of the long wavelength photo-receptor
exhibits slightly different value for three objects in Figure 6b.
However, by bird vision, photo-response of medium and long
photo-receptor varied significantly in Figure 6¢. The images of
0 and ¢ components converted from Cartesian coordinates are
displayed in Figure 6b,c. The average values of § and ¢ in
10 x 10 pixels are indicated in each image. Angle («) between
real yellow cherry tomato and yellow fabric was found to be 1.6,
by human but 6.5 in bird vision, respectively. Angle between real
and fake yellow cherry tomatoes is found to be 2.8 and 7.3 by
human and bird vision, respectively. Enhancement effect can be
dependent on the situation, for example, objects and illuminant
condition. As a yellow green case, the same analysis has been
done using yellow green cherry tomato and fake green grape, as
shown in Figure S8 (Supporting Information). In that case, angle
is enhanced from 3.3 to 4.7, relatively lower than yellow objects.
This substantiates bird vision is proper to distinguish even real
and fake items in yellow than yellow green color. From this anal-
ysis, by choosing proper animal vision, counterfeit items in the
market can be sorted out from genuine items.

As observed in the experimental data, illumination is also im-
portant for the perception of color.'””] Under various illuminant
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condition, response at the photo-receptors must be another sub-
ject to investigate for color detection sharpness. Also, perception
could be differed if the reflected surface is textured (e.g., bifrin-
gence material), and its reflection property would be changed
at different angles.l°'l Furthermore, depending on the eye struc-
ture such as single or compound eye, the effective incident an-
gle to the eye may be differed so that its eye response to angular
reflection.[fl The effect of polarization of illuminant and effect
of eye structure needs to be investigated in the future in terms of
vision system of animal.

3. Conclusion

Here, color detection sharpness by various animal vision has
been investigated on colored vegetables and red tomato’s post-
maturity as a test bed by numerical analysis of photo-response
at the cone cells. This can be simulated using hyperspectral im-
ages of reflectance in the visible range from the objects, its color.
By introducing animal vision, real and fake objects can be easily
distinguishable which look identical to human due to its same
photo-response. This work substantiates that animal’s color vi-
sion can be sharper than human. 16 CH snapshot type multi-
spectral camera with narrow responsivity has been demonstrated
as artificial eye having polychromatic artificial cone cells outper-
forming human eye. By the hint on the animal vision, developing
novel “bio-inspired” artificial eye can stimulate for the enhanced
performance and new functions in camera. In the future, consid-
ering “perception”, i.e., imaging processing in various neural ac-
tivity and brain, proper image signal processing (ISP) algorithm
will maximize the performance and diversity of artificial eye func-
tion. Also, trade-off between spatial resolution and number of
channels due to the limitation of the number of pixels in the im-
age sensor could be overcome by developing new types of image
sensors, such as vertically stacked photodiodes.”>!¥] By design-
ing dynamic range, spectral width, and its number of CH sets as
polychromatic cone cells and proper algorithm, intriguing artifi-
cial eye vision can be devised prosperously for smartphone busi-
ness and various sensor applications including smart farming,
forgery prevention technology and etc.

4. Experimental Section

Sample Preparation:  Fruits and vegetables were purchased from local
markets in Suwon, South Korea.

Methods: Hyperspectral images of reflectance of samples were ob-
tained in line-scan mode by FX10 from Specim, Inc. working in the 410
1000 nm region with 2.6-2.8 nm spectral resolution. Cross-polarization
configuration was used to remove speckles which are directly reflected
light from the sample surface. One polarizer (ultra-broadband wire grid
polarizers, Thorlabs Inc.) at the halogen lamps and the other polarizer at
the detector are aligned perpendicular to each other. Tray is mechanically
moved to carry the objects for line scanning of reflectance data. 878 frames
recorded with 10 Hz frame rate, 512 pixels, and 20 ms (for Figures 2, 5,
and 6)/12 ms (for Figure 3) integration time.

RGB images of samples were obtain by Galaxy S21 from Samsung un-
der illumination of white LED and halogen.

SM-N960U 1/100 s (Figure 2) 1/60 s (Figure 3)

Raman spectrum of samples was acquired using a Nanobase (XperRam
200) instrument equipped with 785 nm and 532 nm laser excitation with
a special probe for excitation and collection. Raman signal was collected
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by contact mode on the surface of fruits so that ripening of tomatoes was
monitored without cutting it.

Concentration of antioxidants (total anthocyanin, total flavonoid, total
chlorophyll, total polyphenol, total carotenoids) in fruits and vegetables
were quantified by colorimetric analysis.['*] Samples for colorimetric anal-
ysis were prepared only using flesh of fruits.

Fabrication of Snapshot type Multispectral Camera: A 16 band-pass fil-
ter arrays working in the range of 490-630 nm was fabricated on the Sam-
sung’s CMOS image sensor. Instead of conventional RGB filters, band-
pass filters are fabricated, composed of a SiO, resonator sandwiched be-
tween top distributed Bragg reflector (DBR) and bottom DBR. Top DBR is
5 pairs of SiO,/TiO,, and bottom DBR is mirror imaged structure of the
top DBR, fabricated with 10 steps of PECVD process. Thickness of SiO,
and TiO, in DBR is determined by A, /4n, where 4,4 and n are peak
wavelength of the filter and refractive index of the material at the wave-
length, respectively. Thickness of SiO, resonator was varied by 16 cases
using 4 times binary photo/etching fabrication process. The size of pixel
inimage sensor is 1.4 um and we use 2 X 2 pixels for each CH. The number
of pixels in the image sensor is 2608 x 1960, thus each channel periodically
arranged in mosaic pattern corresponds to 652 X 490 pixels. Images were
taken with 100 ms integration time, 1 analogue gain and 1 digital gain by
the multispectral camera.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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