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estimating surface roughness. It was found that an optimal surface roughness of about 46.1 nm 

is obtained for pothos leaves, which is almost twice compared to strawberry leaves. The 

maximum rms of surface roughness is 71.67 nm for pothos leaves, 92.41 nm for strawberry 

leaves. The smoothest surfaces of leaves are pothos, and the roughest are strawberry leaves in 

the plants we measured. Although the surface roughness of strawberry is considerably higher 

than for pothos, the light penetration into the leaves is equal for all plants at same wavelengths. 

In previous studies, the leaf BRF prediction is usually based on the Cook-Torrance 

(Cook and Torrance, 1981) prevalent model in computer graphics assuming that the surface 

micro-geometry acts as a set of specular mirrors. Another type of models are widely used in the 

optics community, computing diffraction effects caused by differences in height in the surface 

micro-geometry and predicts visual appearance from the frequency content of the height 

distribution. The Cook-Torrance model may not be suitable for the leaf reflectance in our 

observation because the actual measurement cannot determine the surface roughness. The 

Generalized Harvey-Shack (GHS) scattering theory is well studied from rebound models 

determined by height distribution (Krywonos, 2006) and the GHS theory is not limited to any 

special wavelength range and RMS roughness value. Spectro-polarimetric measurement results 

and physical scattering theory have led us to create a new reflectance model. We successfully 

created a new leaf bidirectional reflectance model which considers that the diffuse component 

is Lambertian inside of the leaves and an internal scattering coefficient is calculated to an output 

value of PROSPECT model; the specular component is explained by GHS scattering theory. 

The polarization property of reflected light on a single leaf is also identified and rebuild 

bidirectional reflectance factors including polarized, unpolarized, and the total reflectance 

factors according to our model in this dissertation. Finally, a new spectro-polarimetric 

bidirectional method is more controllable for the BRF pattern of a single leaf. 

 

 

 

 

 

 

 



3 
 

ACKNOWLEDG MENT  

I would like to express my heartfelt gratitude to those who have contributed to this 

dissertation and helped me in one way or the other during this fantastic journey for, without any 

of them, this thesis would not have been possible. 

Firstly, I wish to place on records my heartfelt and sincere gratitude to my supervisor 

Prof. Yukihiro Takahashi for the continuous support of this Ph.D. study and related research, 

for his patience, for providing me an opportunity to complete this dissertation, motivation, and 

immense knowledge. In my memories, he visited at my previous university in Mongolia, July 

2015 when he gave me the opportunity to study at Hokkaido University and bring me to Japan. 

In that time, he had a linear polarizing filter in his blue shirt's pocket and showed that reflected 

intensity of light on the tree is changed by rotation of linear polarizer filter. The color change 

of that moment is the clearest in my memory. His guidance helped me in all the time of research 

and writing of this dissertation. I am also indebted towards his for his generosity, selfless 

support and especially for the excellent example and patience that he has provided to me for 

the last three years. Big thanks once again go to him for without his this work would have never 

seen the light as it is today. 

Besides my advisor, I would like to give special thanks to my dissertation committee: 

Prof. Ryouichi Tanaka for his time and careful reading to details, Prof. Kiyoshi Kuramoto, and 

Prof. Junichi Kurihara for their insightful comments and guidances throughout my journey, but 

also for challenging my thinking by helping me assumptions and view issues from multiple 

perspectives. 

I have to thank all of the physics education and Hokkaido University professors whom 

I have worked with over the last three years for showing me what it means to be a dedicated, 

each in their own unique way. My sincere thank goes to Dr. Tetsuro Ishida, again Prof. Junichi 

Kurihara, Prof. Mitsuteru Sato, and Dr. Nobuyasu Naruse, who provided me information and 

fundamental pieces of knowledge of this study, and who have access to the laboratory and 

research facilities. I am incredibly grateful to our project coordinator, Ms. Eriko Momota for 

purchasing equipment and items needed for my laboratory experiment and supporting the daily 

laboratory operations. Without their precious support it would not be possible to conduct this 

research. 

My sincere gratitude is reserved for Dr. Ito-sensei for his invaluable insights and helping 

me on transmission electron microscope measurements. I appreciate his willingness to help and 



4 
 

meet me whenever I need some clarification. The useful discussion and comments that he 

suggests me widen my knowledge on chemical methods of the subject throughout the course of 

my study. I would like to thank Prof. Hiroshi Tani for borrowing SPAD-502 chlorophyll meter, 

which tool is handy for our experiment.  

To my friends and labmates, thank you for spending time with me, offering me advice, 

the stimulating discussions on studies, for the nights we were working together in the laboratory, 

and supporting me through this entire Ph.D. process. Special thanks to my laboratory group 

friends: Junji Miyazawa (supporter), Ade Purwanto (We was working together same subject), 

Ono Tatsuharu, Matsuoka Ryo, Masataka Imai, Kittanapat Bandholnopparat, Kaye Kristine 

Vergel, Benjamin Magallon, Ellison Castro, Quach Trung Dong, Nguyen Thi Thu Han, 

Doreena Karmina Pulutan, LJ Estrebillo, and Ahmad Shaqeer. The debates, dinners, parties, 

and general help and friendship were all greatly appreciated. I would like to also thanks to my 

friends: Enkhbat Erdenebat, Erdenebaatar Dashdondog, Uuganjargal Ariunbold, Solongo 

Enkhbayar, Tulga Tulga, Zaya Nergui, Javzandolgor Bud, Galtchandmani Purevdelger, 

Dolgormaa, Dagva ah, Badmaa egch, Javkhlantamir, Erdemsurakh Ochbayar, Enkhmaa 

Enkhbat, Munkh-Erdene, Baasandorj. If you had not been there at that time, Hokkaido winter 

snowy days would have been long dull. I am looking forward to continuing our relations and 

thank you for sharing your life stories with me and for your friendship. 

I would like to say thank you to my family: my parents and to my brothers and sister for 

supporting my study of science spiritually throughout writing this thesis and my life in general. 

Thank you very much for being my biggest supporters. Thank you for continually putting my 

happiness before your own. Thank you so much for all the opportunities you have given me in 

order to reach the unqualified success.  

Last but not least, I am thankful to the Higher Engineering Education Development 

Project (M-JEED program) which has enabled me to do this research and given me an 

opportunity to study in Japan. 

 

T.Begzsuren  





6 
 

2.2.4 Controlling algorithms and software ............................................................................. 62 

2.3 Measurement configuration ................................................................................... 66 

2.4 Transmission electron microscope measurement preparation ............................... 67 

2.5 Sample leaves of plant species ............................................................................... 69 

CHAPTER 3: SPECTRO-POLARIMETRIC BRF MEASUREMENT RESULTS ............................. 70 

3.1 The total BRF patterns of leaves ............................................................................ 70 

3.2 Polarized and unpolarized reflectance factors ....................................................... 73 

3.3 Optical estimation of surface RMS roughness ...................................................... 78 

3.4 Estimations of the thickness of waxy cuticle ......................................................... 86 

3.4.1 Optical estimation .......................................................................................................... 86 

3.4.2 Electron microscope measurement ................................................................................ 90 

CHAPTER 4: LEAF SPECTRO-POLARIMETRIC BRF PREDICTION ........................................... 93 

4  ................................................................................................................................... 93 

4.1 Spectro-polarimetric model expectation ................................................................ 93 

4.2 Model performance ................................................................................................ 96 

CHAPTER 5: DISCUSSIONS ............................................................................................................ 100 

5.1 About spectro-polarimetric measurement results ................................................ 100 

5.2 About optical estimations for leaf surface ........................................................... 103 

5.3 About experimental setup .................................................................................... 105 

5.4 About new Spectro-Polarimetric BRF model of leaves ....................................... 106 

CHAPTER 6: SUMMARY AND CONCLUSIONS .......................................................................... 108 

6.1 Thesis conclusions ............................................................................................... 108 

6.2 Future work .......................................................................................................... 111 

REFERENCES .................................................................................................................................... 112 

 



7 
 

  



8 
 

TABLE OF A CRONYMS/ABBREVIATIONS  

ACV   Autocovariance (function) 

ADCS  Attitude Determination Control System  

ASF   Angle Spread Function 

BRF   Bidirectional Reflectance Factor 

BRDF   Bidirectional Reflectance Distribution Function 

BSDF   Bidirectional Scattering Distribution Function 

BTDF   Bidirectional Transmittance Distribution Function 

DHRF  Directional Hemispherical Reflectance Factor  

DoLP  Degree of Linear Polarization  

EWT  Equavalent Water Thickness  

FFT   Fast Fourier Transform 

GHS   Generalized Harvey-Shack 

LAI   Leaf Area Index  

LMA   Leaf Mass per Area  

LCTF   Liquid Crystal Tunable Filter  

NDVI  Normalized Difference Vegetation Index 

NIR  Near infra-red  

OPD   Optical Path Difference 

PSD   Power Spectral Density 

PSF   Point Spread Function 

RGB  Red, Green, Blue (Color image) 

RMS   Root Mean Square 

RR   Rayleigh-Rice 

SAC   Specific Absorption Coefficient  
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SPM   Small Perturbation Method 

TIS   Total Integrated Scatter 

VI   Vegetation index  

VIS  Visible light  
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ground from different perspectives. Please see Fig. 2 and 3 for comparison between RBG image 

and remote sensing vegetation index. The advantage of spectral imaging is indicated more 

details information about growth and yield. 

Fig. 2. Example NDVI measurement was taken by multispectral camera at the 
Furano flower garden in Hokkaido Prefecture. Vertical and horizontal axises are 

both pixel numbers of image.  

Fig. 3. Reconstruction of normal RGB image was also taken by a 
multispectral camera at the same place at the same time. Red, Green, 
Blue (RGB) were chosen for 670 nm, 550 nm, 460 nm respectively.  
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1.1.1 Background and why we need this study  

Willstatter and Stoll (1913) considered the phenomena of light entering plant cells, and 

they were first researchers inspired by the spectral properties of vegetation. After this studies, 

concerning interactions between the light of a different wavelength with vegetation, permitted 

to decide bands used in VIs. Almost all usually utilized VIs are depended on near-infrared (NIR) 

and red (R) bands. In general, the reflectance in Red band depends on chlorophyll content and 

reflectance in Near Infrared on an internal structure of the plant cell. Reflectances in these 

spectra are uncorrelated with each other, and they indicate high spectral contrast for vegetation. 

The light spectral reflectance of a leaf will  cover in the next subsections. The light reflection of 

the leaf is mostly dependent on the biochemical composition, but in the case of an extreme 

height such as from a satellite, hundreds of leaves are one pixel, so it is necessary to consider 

other parameters. The fundamental cause of such sort of this parameter is the Leaf Area Index 

(LAI) is characterized as one half the total green leaf area per unit of horizontal ground surface 

area and is called true LAI. The true LAI duplicated by the clumping index is called effective 

LAI. LAI measures the number of leaf components in a biological system, which imposes 

important controls on processes such as photosynthesis, respiration, and rain interception that 

link vegetation to climate (Liang et al., 2014). Subsequently, LAI shows up as a key parameter 

in numerous models that describe vegetation-atmosphere interactions, especially concerning 

the carbon and water cycles. 

From a technical side point of view, there is no correlation between optical 

observations of vegetation and distance if no change of view angle and illumination 

angle. If these two angles do not change, perhaps the numerical value of vegetation 

indices will be stable on observation distance. However, as observation distance from the 

target to sensor device are approaching, the angle of view and the angle of illumination are 

always different for each measurement (or observations) in reality. For instance, the man who 

measures manually on the vegetation field will always keep changing the observation angle; 

because of the slow measurements, time passes then the angle of the solar illumination will 

change and clouds between the sun and the measurement area. Although there are too many 

factors depending on the situation, critical parameters are observation view and illumination 

angle. Spectral reflectance of the leaf strongly depends on a combination of the angle of 

incidence of the light source and the angle of observation view both. Fig. 4 shows a comparison 

between different views with different observing angles (light illumination was fixed).  The 
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The reflectance of the leaf consists not only of its intensity but also of polarization, and 

the polarization techniques are generally used for separating specular reflectance from diffuse 

reflectance. The leaves look shiny at the shallow angle, where most of this reflection is 

polarized from the surface of leaves. Although the leaf spectral reflectance which is a point of 

convergence for many types of research, the study of spectral measurement with polarization 

in a single leaf is largely unexplored. 

1.1.2 Reason to start this study 

Hokkaido University gives total support to space missions, from the arranging of 

missions and developing a mission payloads to an operation of satellites in a framework of the 

Asian Microsatellites Constellation program. A program goes for formation of space missions 

utilizing the network of specialists all over the world; proposal was put forward during the 

development process of microsatellites; and has been discussed by all interested Asian countries, 

including Japan, Philippines, Vietnam, Myanmar, Thailand, Mongolia, Malaysia, Indonesia, 

and Bangladesh to define it as a primary activity. Hokkaido University also proposes at 

organizing practical hands-on training for students who came to this university from Asian 

countries for remote sensing applications and space technology through lecture training until 

students are becoming a leader of the subproject, and thus to contribute significantly for 

developing space education system in participating countries of the program. While before the 

program implementation, the feasibility study and investigation of critical elements were also 

required by the next step. The main reason for writing this dissertation is that it is continuously 

associated with this program. 

The objectives of this program are precisely in line with the Hokkaido University 

initiative that is to promote the awareness related to space science and technology among the 

faculty members and students from participating countries and universities. One of the member 

country Mongolia is planning to launch their first microsatellite in the near future according to 

National Space long term program which is approved by the Mongolian Government in 2012. 

National University of Mongolia (NUM) is preparing a human source of space engineering and 

collaborating with Japanese Universities. On the other hand, the Japan International 

Cooperation Agency (JICA) signed a Japanese ODA loan agreement with the Government of 

Mongolia in Ulaanbaatar on March 11, 2014, for the Higher Engineering Education 

Development Project which has enabled us to do this research and given me an opportunity to 

study in Japan. 
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1.2 EFFECTS OF BIOCHEMICAL CONTENTS 

Every year each autumn over the northern hemisphere, the extending evenings (nights) 

and decreasing temperatures induce prompt to prepare for winter, and they shed billions of vast 

amounts of leaves in these preparations. In specific areas such as our own, the shedding of 

leaves is gone before by a spectacular color show. Formerly green leaves, contingent upon the 

species, may swing to beautiful shades of yellow, orange, and red, and in addition, brown 

colored. This shading changes the consequence of transformations in leaf pigments. 

Leaves contain an astounding assortment of pigment molecules, definitely more than other 

species. Vegetation leaves are creatures of light color in nature. Leaves utilize light to control 

their growth and quick reactions to the environment, and they convert light as their source of 

energy. Vegetation creates pigments to advertise for creatures which fertilize flowers and 

scatter seeds. In this manner, pigments may have physiological or potentially organic capacities. 

There are four types of pigments present in the leaves of vegetation, and their maintenance or 

creation decides the colors of leaves before they tumble from, molecules, past the 

straightforward chemical formulas that depict the quantities of atoms of various components 

making up the molecule. Glucose can be obtained as a lump of sugar, and most generally are 

one portion of the usual table sugar which is a disaccharide. Increasingly confused outlines will 

be shown to represent the structures of the four types of pigments,  these are present during the 

aging of leaves. Names of pigments are chlorophylls, carotenoids, lutein, and anthocyanins; 

perhaps lutein is similar to carotenoids chemically.  

Fig. 6. Golden leaf street North 13 Gate Avenue (Gingko Avenue) at Hokkaido 
University on  Oct, 27 2018.  
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leaves when they have some abiotic stresses such as intense light or low temperatures. 

Anthocyanin functions as an antioxidant, and it also has some light shielding effects when the 

environmental light is too strong compared with the metabolism. When the temperature is low, 

plants feel usual light intensity too high because they cannot metabolize the products of 

photosynthesis. In fruits and flowers, anthocyanins may be a color signal for insects and animals. 

In this manner, light reflected by leaves containing anthocyanins seems red. 

In contrast to the chlorophylls, and the carotenoids, anthocyanins not appended to cell 

membranes. They are produced in the cell by an energy-consuming procedure that is initiated 

by light. As they are made, anthocyanins are released into the cell sap. Anthocyanin pigments 

are in charge of the red skin of ripe apples and the purple of ripe grapes. Since exposure to light 

is required to create the red pigment, apples regularly seem red on the single side and green 

color on the other, the red color side was in the sun, and the green color side was in the shade. 

Similarly, leaves on trees are reddest on the bright side. 

This thesis is mainly about the optical properties of the leaf and light polarization on leaves, 

due to these pigments how to influence the color of the leaves is essential. These pigments need 

to be considered into account when they are in the leaves optically. The Specific Absorption 

Coefficient (SAC) is used in utilized estimations for modeling the optical property of leaves. 

One of its applications in science is for evaluating the concentration, such as of the chlorophyll 

pigments when absorbances of the pigment sample are resolved through a spectrophotometer. 

To get the specific absorption coefficient, the pigment is first filtered from contaminants and 

Fig. 7. Specific absorption coefficient (SAC) of cholorophylls a,b and carotenoids 
(Jacquemoud et al., 1996).  
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dramatically at a sharp illumination angle. In this case, we must consider the polarization of 

reflected light on the leaves. Polarized reflectance from a leaf is a surface phenomenon 

emanating from light scattered at the air-cuticle interface, the first refractive discontinuity 

encountered by incident radiation. So the polarized light component is reflected by the leaf 

surface (wax cuticle), not by its internal scattering (Grant et al., 1993, 1987; Vanderbilt and 

Grant, 1985). Most previous investigations of leaf reflectance have measured total 

reflectance, which includes both the reflectance from the surface and the reflectance from 

the inner structure of the leaf. Estimating the polarized leaf reflectance permits separation of 

the surface component of reflectance from light reflected from the heft of the leaf tissue. 

Two light scattering mechanisms can contribute to this polarized reflectance. These are 

specular reflectance and molecule scattering. The cuticle helps leaves retain water inside the 

leaf cells.  

The amount of reflected light on the flat and smooth surface can be calculated by 

Fresnel's equations, which describe reflections and transmissions of electromagnetic waves 

at an interface and also describe polarized reflectance along to parallel and perpendicular 

directions. The primary parameter of these equations is a refractive index. (Kuusk, 1994; 

Vanderbilt and Grant, 1985) calculated refractive index (real part) of the waxy cuticle layer.   

Refractive index of wet mesophyll cell wall computed utilizing the Dale and Gladstone law 

(Baranoski, 2006), and considering refractive indicies of water provided by (Palmer and 

Williams, 1974) as well as the refractive index of a dry mesophyll cell wall, which was 

Fig. 9. Real part of refractive indices of the epicuticular wax, wet mesophyl 
cell wall, and the wet antidermal cell wall(Kuusk, 1994; Vanderbilt and 

Grant, 1985; Palmer and Williams, 1974; Woolley, 1975).  
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photosynthesis, and demoralizing herbivores. The epidermis has a tiny waxy cuticle of cutin, 

which confines vanishing of water from the leaf tissue. This layer might be thicker in the upper 

epidermis contrasted with the lower, and in dry air compared to wet ones. As noted in the section 

on adaptation, epidermal hairs can debilitate herbivores, limit the effects of wind, limit the 

impacts of wind, and trap a layer of moisture to reduce water loss. 

Mesophyll forms the center layer of the leaf and is separated into two layers depending 

on the sort of cells found. These are palisade and spongy mesophyll layers. The palisade 

contains the chloroplast, which are cell organelles that contain chlorophylls which are 

required for photosynthesis. The vascular tissues of the leaves are contained in the sporadically 

orchestrated springy mesophyll cells. Vascular Tissue is indeed found in the veins of the leaf. 

The vascular tissues are made out of xylem and phloem which are in charge of transport of 

water and nourishment. 
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Brakke, 1994; Comar et al., 2014; Combes et al., 2007; Walter-Shea et al., 1989). The contrast 

of this work is that the camera is being used for the first time in a single leaf BRF measurement, 

as well as the spectrum signature and polarization both are considered in this chapter. This 

section will show only the results of the actual measurement and their analyzed results. 

Additionally, methods to find surface roughness of leaves and estimation of thickness of 

epidermal cuticle layer will be explained first time.   

In chapter four, the Generalized Harvey-Shack surface scatter theory is used first time 

for BRF prediction of leaves. This leads to a new parameter range selection of surface 

characteristics, which allows to use physical based surface roughness values of height 

distribution behavior that agrees well with the roughness measurement of scanning electron 

microscope for surface of leaves.  
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CHAPTER 2: EXPERIMENTAL SETUP  

  This chapter explains the configuration of data acquisition instrument, automatic 

goniometer system, and how to collect data for spectro-polarimetric BRF measurement of 

leaves. Research facility measurements of the BRDF have incredibly enhanced our 

understanding of the bidirectional reflectance qualities of natural and artificial surfaces. 

Exploration research and model approval studies in remote sensing, material science, 

astronomy, and computer graphics have in like manner expanded the information of BRDF and 

its relationship to surface characteristics (Sandmeier and Itten, 1999). In this chapter, a 

measuring technique of leaf BRDF research works relevant to remote sensing is given along 

with advantages of hyperspectral LCTF camera and preparation of laboratory BRDF 

experiments and how to build a laboratory goniometric experimental setup. The studies 

displayed in this dissertation were done under laboratory experiments and field measurements. 

Most parts of the laboratory experiments was made at Graduate School of Science building 8, 

208 in Hokkaido University Campus, Sapporo. 

Bidirectional spectral signature reflectance measurements gained under controlled 

laboratory conditions have played an essential role in investigating impacts identified with the 

BRDF. Planetary observation scientists performed various BRDF laboratory calculations for 

examining the bidirectional impacts explored in lunar (Cole et al., 2016) and other planet light. 

Material scientists and most as of late computer graphics and machine vision authorities have 

been considered BRDF impacts of human-made and common surfaces in controlled laboratory 

experiments for adjustment and object visualization increasingly. In optical observation of 

vegetation, although most BRDF measurements have been required in the field, and not enough 

information is accessible to date from goniometric laboratory experiments. Results from the 

BRDF studies in a laboratory with connections for remote sensing applications in the VIS and 

NIR wavelength range are most important, so due to experimental setup of the leaf BRDF is 

prepared with LCTF camera in Hokkaido University.  
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2.1 DATA ACQUISITION 

Nowadays spectrophotometric experimental equipment becomes smarter, smaller, and 

more cost-effective. Consequently, it is utilized in increasingly more new application fields 

close to the traditional one in an examination. Spectrophotometric reflectance measurement 

methods are more strongly applied in science, for instance especially creation for color material, 

chemical analysis, and factory quality control, pharmaceutical testing, medical tests (blood), 

plant growth and health observation, testing of light emitting devices, food health control, and 

pollution measurement. Two different survey instruments for spectrum measurement are widely 

used such as hyperspectral camera and single point spectrophotometer. 

The traditional spectrophotometer contains an input slit hole, a rotating dispersive 

element such as prism or grating, an output slot, and an optical sensor, so this course of action 

permits the detachment of multichromatic radiation into its spectral components. The principal 

points of interest are the high sensitivity and low stray light. Several downsides, for example, 

the non-parallel measurement, the moveable components, and the space-consuming dimensions 

were overcome by the development of array spectrometers. This kind of spectrophotometer 

uses a sensor array instead of a single detector, and therefore only needs fixed components. 

Meanwhile, they are widely used in a computer coupled, independent as well as handheld 

devices and begin to find their applications even in the online process measurement. 

Recently, the widely used spectral measurement device is a hyperspectral camera and, 

in other words, can be called a two-dimensional spectrophotometer. 

2.1.1 Liquid Crystal Tunable Filter camera 

We used the spaceborne hyperspectral camera with Liquid Crystal Tunable Filter 

(LCTF) to measure the bidirectional reflectance factors of a single leaf in a laboratory. 

Hyperspectral LCTF camera is installed on the first Earth-observation microsatellite of the 

Philippines (DIWATA-1, and 2) and the Rising-2 microsatellite (Skamoto et al., 2015), and 

manufactured by Genesia Corporation. This camera works on wavelength bands from 460 nm 

to 780 nm with a sampling interval of 1nm.  The pixel size of the CCD element is the spatial 

resolution of 656 x 494 pixels. The horizontal and vertical viewing angles are 68.78o, and 50.34o 

degrees, respectively. LCTF camera has two output file: 8 bit of bitmap image and 10 bit of 

tabular data with comma-separated values (CSV). (Ishida et al., 2018) produced a high-
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resolution classification map based on the spectral reflectance factors with an accuracy of 

94.5% using the same type of camera and machine learning algorithm.   

The LCTF imager consists of several lenses, Liquid Crystal Tunable Filter, and CCD 

array sensor with USB connection. A tunable filter does not have a direct connection to control 

computer, so thinking of portable to usage in the field, a field-programmable gate array (FPGA) 

controls unit ( for controlling via computer USB port) with a battery pack. Fig. 14 presents a 

LCTF camera with a control system and an example of application usage.  

Tunable-channel spectral imaging frameworks continually excite and gather emission 

from the whole tissue surface and utilize an electronically tunable bandpass filter, such as a 

liquid-crystal tunable filter, and an acousto-optic tunable filter (AOTF), to transmit or diffract, 

respectively, one band of the emission range to the CCD camera at once. Along these lines, 

tunable filter spectral imaging frameworks utilize the channel to parse the wavelength 

dimension of the spectral image directly. A requirement of CCD sensor sensitivity is obtained 

for each band of the emission spectrum, using the entire CCD sensor array for spatial resolution. 

The spectral dimension of the image is built by procuring progressive CCD frames as the filter 

tuning wavelength is cleared over the spectral scope of interest. The latest generations of these 

filters possess a broad spectral range over the VIS or infrared regions of the spectrum with a 

great spectral resolution about ±1 nm and can be tuned on the request of microseconds to 

milliseconds for LCTF.  

The advantage of using LCTF implementation in a spectral imaging system is the 

simplicity in the optical structure. Without disturbance of the pass band beam or moving parts 

(a) (b) 

Fig. 14. (a) Liquid Crystal Tunable Filter camera system, an image is representation of (Ishida et al., 2018), 
and exactly same camera is used in this work. (b) An example application usage of the hyperspectral LCTF 

camera at Central Agricultural Experimental field of Hokkaido Research Organization in Iwamizawa, 
Hokkaido Summer Institute.  
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to make ancient vibration rarities in the images, the system requires just a camera lens to focus 

the transmitted light onto the CCD focal plane. Be that as it may, the peak transmission of 

liquid-crystal devices for co-polarized light ranges very low across the visible spectrum, and a 

significant disadvantage to any filter-based imaging system is the characteristic trade-off 

between the optical system throughput 3-10% defined as the fraction of light gathered by the 

imaging system which is at last distinguished by the camera and its spectral resolution. 

 

Fig. 15. Sample images of hyperspectral LCTF camera at Furano flower garden in Hokkaido, five 
different wavelength of images are chosen to present, and a color image is representation of Fig. 3.     



48 
 

2.1.2 Handy spectrophotometer  

Gray box handy spectrometer is a scientific instrument for reflectance and scattering of 

light experiment. It was made for the Japanese High School students and developed by 

Hokkaido University. The Real-time Camera Spectrometer software (RCS) has been written by 

us in June 2016 in Planetary and Space Group, Hokkaido University. The handy spectrometer 

with this gray box consists of a long pass filter from 600 nm, slit hole, collector lenses, 

transmission diffraction grating, and MCM 4304 monochromatic CCD camera. 

A camera-based spectrophotometer can be made with either reflection or transmission 

diffraction gratings. For some random spectrometer arrangement with mirrors/lenses, grating, 

and detector, it likely changes the wavelength range and resolution by changing the diffraction 

grating to one with a different groove density. For spectrometers dependent on reflection 

gratings, it is moreover conceivable to the wavelength range by rotating the grating. 

Transmission gratings are intended to disperse incident light at specific angles. Angular 

scattering is a function of an angle of illumination and groove spacing. Dispersion increments 

as the angle of incidence increases or as groove spacing diminish. Coarse groove spacing keeps 

up high effectiveness while narrow groove spacing reduces transmission at long wavelengths 

bringing about low proficiency. 

 

Fig. 16. The gray box handy spectrophotometer with a long pass filter (600 nm). 
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and measured in a laboratory. Darkroom measurements supply much better control of the light 

source incidence angle than outside field measurements, and also it can be more precisely 

defined the diffuse compounds (Dangel et al., 2003).  

2.2.1 Light source and stabilization  

 Two different intensity of cold type halogen bulb lamp (50W and 120W) is selected for 

illuminating targets, and depending on the color of a target; we choose a power of light source 

if bright materials are selected to measure, low power of the light source is chosen. The 

illumination spot size is relatively more extensive than the sensor sampling size to reduce light 

intensity edge effects.  The light intensity was selected sufficiently concerning the sensor 

sensitivity to obtain an adequate signal-to-noise ratio over the whole spectral range. The power 

supply of the light source is stabilized to wait 20 minutes, then we usually start a measurement 

and remaining irradiance fluctuations and drifts was monitoring during data acquisition. The 

Fig. 24. Halogen lamp and spectral signature of reflected radiance on white 
reference material (BaSO4).    
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spectral characteristics of the light source were known from a calibration protocol or assessed 

in conjunction with a well-calibrated reflectance-reference panel. Light source irradiance was 

homogeneous and parallel using only one light source with the collimator. 

Lots of the directional reflection measurements of a surface are called a bidirectional 

reflectance distribution function (BRDF), more convenient description of most of them is BRF. 

Depending on the field of view (FOV) of the data acquisition device and illumination, those 

measurements should be carefully classified. Such kind of physically based separation proposed 

by (Nicodemus et al., 1977) and their leaves standard reflectance terms are defined. 

(Martonchik et al., 2000) atmospherical1y corrected terms of reflectance to the remote sensing 

case. (Schaepman-Strub et al., 2006) redefined reflectance terminology based on (Nicodemus 

et al., 1977) and according to his work, the configuration of this setup is the biconical-biconical 

reflectance factor (CCRF), but our solid angles are small. Fig. 11 shows definitions of 

illumination and observation geometry. The FOV of one pixel of LCTF camera is horizontally 

and vertically both around 0.1o and middle of camera view is always pointing to the center of 

the target leaf, the corresponding ground FOV of one pixel is square about 1.6 by 1.6 mm for 

nadir view. Parallel wavefronts reflector of halogen lamp was selected by 5.7 cm diameter of 

the mirror for the light source. Although this measurement is similar with CCRF, it can be 

called BRF that based on a calculation made by (Schaepman-Strub et al., 2006) who calculated 

a relative difference between HDRF and BRF in single view angle products. A relative 

difference is lower than 14%.  

2.2.2 Materials and apparatus  

The goniometer system is a mechanical instrument for changing the position of the light 

source and observation view, and operation of the system is synchronized with software of 

LCTF imager on the computer. This system consists of four rotating axes. The view zenith has 

92 cm radius of half arch, 115 cm long and 88 cm height of parallelepiped arch with a camera 

stand mount. It can fix the position of the camera from 0o to 90o; the relative azimuth is the 

camera referenced from the light source on a horizontal plane, in a clockwise direction. 

Specifications of the relative azimuth, observation zenith and linear polarizer are shown in 

Table 2. Light source axis has an aluminum 75cm long arm which is also the distance between 

measurement target and illumination.  

Table 2 
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Specifications of motorized axes of the goniometer   

Axis Minimum Maximum Accuracy 

Azimuth 0o 359.99o 0.01o 

Zenith -90o 90o 0.01o 

Polarizer 0o 180o 2.4o 

The light source, relative azimuth, and rotating polarizer axes have motorized rotating stage 

which is the choice for many precision motion control applications and made in by JY 

Instrument Co., Ltd. Light zenith angle's stepper motor one step precision is 2 degrees. A 

stepper motor connected to worm gear with a ratio of 1:200 inside the rotating stages with the 

2 degrees accuracy of stepper motors. It means the goniometers minimum movement step is 

0.01 degree for illumination zenith and relative azimuth axes. For polarizer axis, we used 1:3 

ratio of two circle gears with a 7.2-degree accuracy of the stepper motor.  

Fig. 25. The automatic goniometer system with a plant storage box, 
a leaf holder and the control system of goniometer.   

 

 

 

 

LCTF camera with 
rotating polarizer 
filter  

Halogen light 
source 

The control system 
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Table 4 

A list of used items for mechanics of the goniometer system.    

 Name  Quantity  Specification or website  Picture  

1 

Motorized 
Rotation 
Stage: 

J02DX100 
 

1 

Mini Motorized 
Rotation Stage 

(diameter 100mm with 
30mm through hole) 

 

2 

Motorized 
Rotation 
Stage: 

J03DX200 
. 

1 

/Heavy Loading 
Motorized Rotation 

Stage (diameter 200mm 
with 90mm through 

hole) 

 

3 

Motorized 
Goniometer 

Stages, 
Angle 

Range +/-
45° 

J03DJ45 
 

1 

Worm gear structure 
ensure the stage with 

high loading and 
accuracy 

 
(not using now)  

These mechanical parts are bought from http://jyinstrument.com/. 
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2.2.3 Electronics control system  

Electronics hardware of the goniometer is RAMPS 1.4 control board of open hardware 

3D printer, which can be re-programmed in C ++ programming language using the Arduino 

development environment. Author of this dissertation developed software of the system at the 

winter of 2016. This electronics board consist of power regulators, graphic LCD connection, 

four stepper motor driver, AVR Atmega 256 series microcontroller, USB controller, and many 

other things. 

  

Fig. 25. Wiring diagram of electronics control system of the 
goniometer. 
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Software Requirement is that you must have Windows XP, Windows 2000, or a later version 

of the operating system (Windows) installed on your computer. The latest service pack and any 

other critical updates for the operating system must be included. You need to install the 

Microsoft .NET Framework 2.0, or a later version.  If you have a Windows 7, 8, and 10 

operation system you do not worry about .NET frameworks, which already installed in installed 

default on your computer. Real-time camera spectrometer software can work on 32 bit and 64-

bit operating system both.   

Real-time camera spectrometer software has been written on the Visual Studio 2015 

using a C# programming language, and the setup file also built on the visual studio.  
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(a) (b) 

(c) 

Fig. 29. Trasmission Electron Microscope sample preparation. a. Laser microscope, b. fully 
automated Leica RM2255 rotary microtome, c.Transmission Electron microscope.  
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Fig. 43. Previous image is zoomed. It shows the most top section layer of waxy layer (coffee), which 
is about 400 nm thick. 

Fig. 44.Cross section of coffee leaf is zoomed on step by step. 






















































