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Аннотация 
Введение. Пройдя длительный путь развития, пассивные спектральные методики дистанционного зондирования 
стали основным источником информации о состоянии земной поверхности и атмосферы. Многоспектральные и 
гиперспектральные камеры в настоящее время производятся серийно, однако их более широкому применению 
по-прежнему мешает высокая цена. Доступные в продаже дешевые фотоприемные CMOS-матрицы обеспечива-
ют подходящую основу для разработки недорогих многоспектральных камер. 
Цель работы. Создание переносной многоспектральной камеры, предназначенной для экологического мони-
торинга в полевых условиях. 
Материалы и методы. Конструкция камеры основана на одной фотоприемной CMOS-матрице. Участки 
спектра выбираются сменяемыми интерференционными фильтрами, установленными в двух зубчатых коле-
сах. Оптическая система камеры формирует параллельный пучок света перед его прохождением через 
фильтр, а затем фокусирует его в плоскости фотоприемной матрицы. Переключение фильтров обеспечивает-
ся шаговым электродвигателем. Его вращением, а также получением и сохранением изображений управляет 
одноплатный компьютер Raspberry Pi. Обработка многоспектральных изображений выполнялась при помо-
щи программ на языке Python. 
Результаты. Проведены испытания оптической схемы разработанной камеры для оценки размера и спек-
тральной однородности ее поля зрения. Кроме того, с использованием камеры получены изображения расти-
тельности и рассчитаны пространственные распределения двух вегетационных индексов: нормализованного 
разностного вегетационного индекса (NDVI) и зелено-красного вегетационного индекса (GRVI). При помо-
щи этих индексов удалось выделить на снимках области, занятые растительностью, а также отделить хвой-
ные деревья от лиственных. 
Заключение. Результаты испытаний показали применимость использованной оптико-механической схемы 
для удаленной оценки экологического состояния растительности. 
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Abstract 
Introduction. Passive spectral remote sensing techniques have come a long way to become the main source of in-
formation on the Earth’s surface and atmosphere. Multispectral and hyperspectral cameras are now produced on a 
mass scale; however, their wider use is still impeded by high cost. Commercially available affordable complemen-
tary metal–oxide semiconductor (CMOS) image sensors provide a suitable basis for the development of low-cost 
multispectral cameras. 
Aim. To design and test a portable multispectral camera intended for environmental monitoring in the field. 
Materials and methods. The camera design is based on a single CMOS image sensor. Spectral bands are selected by 
interchangeable interference filters installed in two gear wheels. The optical system of the camera forms a parallel 
beam of light before its passing through a filter followed by focusing in the sensor plane. Filter switching is per-
formed by a stepping motor. Its rotation, as well as image acquisition and storage, is controlled by a Raspberry Pi 
single-board computer. Multispectral images were processed using scripts in the Python language. 
Results. The optical design of the newly created camera was tested to assess the size and spectral uniformity of its 
field of view. In addition, the camera was used to obtain several images of vegetation cover. Further, spatial distribu-
tions of two vegetation indices – the normalized difference vegetation index (NDVI) and the green–red vegetation 
index (GRVI) – were calculated. These distributions allowed areas occupied by vegetation to be successfully detect-
ed and coniferous trees to be separated from deciduous ones. 
Conclusion. The results obtained have confirmed the feasibility of the proposed optical and mechanical design for 
remote assessment of the ecological status of vegetation cover. 
Keywords: multispectral imaging, low-cost instrumentation, CMOS image sensors, interference filters, vegetation indices 
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Introduction. Passive imaging multispectral and 
hyperspectral devices have come a long way of devel-
opment to become the main source of data in weather 
prediction and climatology, oceanology, agriculture, 
forestry, land use and land change monitoring, military 
reconnaissance. Initial experiments in airborne spec-
tral remote sensing of natural objects were undertaken 
between 1910s and 1930s [1], with a practical goal of 
enhancing the quality of aerial photography by select-
ing proper spectral filters and film types. 

At the beginning of the 1970s, when duration of 
space missions had extended to tens of days, spec-
tral instruments began to increasingly find applica-
tion in remote sensing experiments. In response to 
the growing demand for quantitative measurements, 
the technique of space spectrophotometry of the 
natural environment was developed based on the 
theoretical framework of classical photometry, in-
cluding its calculation methods and empirical ap-
proaches to measuring radiative energy [2]. 
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Some of the earliest spaceborne spectral devic-
es, such as RSS portable spectrometers, were non-
imaging [3]. Other types of devices relied on either 
obtaining images simultaneously by several co-
directed cameras, each using a different band-pass 
optical filter [4], or using a single-element or mul-
ti-element photodetector possibly in combination 
with a mechanical system for spectral scanning 
[5]. Apart from manned space stations, scanning 
photoelectric spectrometers were concurrently in-
stalled on automatic remote sensing satellites, such 
as Landsat and Meteor-Priroda. 

In the early 1980s, the term "hyperspectral im-
aging" was proposed by Alexander Goetz et al. 
(NASA Jet Propulsion Laboratory), emphasizing 
originally the ability to obtain a contiguous spec-
trum for each element in the image, rather than 
handling hundreds of narrow spectral bands [6]. 
While multispectral devices generally worked in 
atmospheric windows of low absorption, a contig-
uous spectrum was presumed to contain sufficient 
information to exclude the atmospheric influence 
from the measurement result [7]. 

The first airborne hyperspectral imager, referred 
to as the Airborne Imaging Spectrometer (AIS), em-
ployed a two-dimensional array (32 × 32 elements) 
of HgCdTe photodetectors bonded to a silicon 
CCD array. Together with the specific optical de-
sign of the instrument, this allowed obtaining imag-
es in 128 bands between 1.2 and 2.4 μm, with a 
spectral resolution of 9.6 nm [8]. In the following 
two decades, a number of hyperspectral instruments 
(AVIRIS, DAIS, CASI, HYDICE, PHI, OMIS-I, 
OMIS-II, etc.) were developed by various enterpris-
es and research organizations. However, it was not 
until 2000 that the first hyperspectral imaging spec-
trometer Hyperion was sent into space aboard the 
EO-1 satellite. Covering the contiguous wavelength 
range from 0.4 to 2.5 μm in 242 overlapping bands, 
this instrument had worked until 2017 and provided 
about 90 000 images by user requests and in re-
sponse to unusual or extreme events [9].  

Between 2000 and 2020, 25 hyperspectral im-
agers were deployed in space [10]. In addition to 
well-known diffraction gratings and sensor arrays 
with push broom scanning, these instruments use 
several other spectral separation techniques, such 
as linear variable filters [11], acousto-optic tunable 
filters [12], or tunable Fabry–Pérot filters [13]. At 

least one hyperspectral imager is known to com-
bine interferometry and a Fourier transform algo-
rithm for the restoration of spectra [14]. The above 
designs differ not only in the resultant spectral res-
olution but also in production costs. 

Today, when more than two decades of the new 
century have passed, some general trends concerning 
multispectral and hyperspectral remote sensing can 
be traced. Having turned from unique devices de-
signed for a specific mission into commercially 
available instruments, hyperspectral cameras still 
remain quite expensive. High prices impede a wider 
application of multispectral and hyperspectral data, 
especially in developing countries, where they could 
be particularly useful [15–17]. At the same time, in-
stalling a compact sensor on an unmanned aerial ve-
hicle (UAV) instead of a conventional manned air-
craft can greatly reduce the survey cost [18]. 

The perception of multispectral imaging has 
changed as well, both from technological and 
marketing point of view. A number of consumer-
grade UAVs are marketed as intended for multi-
spectral surveys while either carrying a conven-
tional RGB camera and a near infrared (NIR) one, 
or just a single NIR sensitive camera with an opti-
cal filter to switch between the visible and the NIR 
range [16]. On the other hand, newly proposed 
techniques for environmental monitoring conform 
to these limitations; thus, a number of vegetation 
indices rely on the observed brightness of an ob-
ject in wide spectral bands (red, green, blue, and 
NIR) [19] rather than linking "one spectral band" 
to "one biogeophysical variable" [7]. 

The commercial availability of affordable CCD 
and complementary metal–oxide semiconductor 
(CMOS) sensors has boosted the development of 
low-cost multispectral cameras, including by educa-
tors and enthusiasts [17, 20–27]. Some of their de-
signs return to the idea of separating spectral bands 
with optical filters, using either a separate sensor for 
each band or a single sensor with a set of inter-
changeable filters. In the laboratory environment, 
some researchers experiment with illuminating the 
object of study with narrow-band light, mainly from 
light-emitting diodes [25]. Such low-cost devices pro-
vide adequate results at moderate cost, and their data 
are used to solve a variety of problems, from monitor-
ing vegetation [19, 22–23] to identifying fish species 
[24] and assessing the quality of fruit [26, 27]. 
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In this paper, we present a new portable multi-
spectral camera for environmental monitoring in 
the field. Its optical, mechanical, and electronic 
design is described, along with some results of 
vegetation observations and vegetation indices 
distributions calculated from the data obtained. 

Materials and methods. A general scheme of 
the developed multispectral camera is presented in 
Fig. 1. The device comprises a single CMOS sensor 
7, with a set of interchangeable interference filters 
installed in two wheels 3 and 4 for spectral selection. 
A Raspberry Pi 4 single-board computer 8 controls 
both the mechanical part and the processes of image 
acquisition and storage. A detailed description of the 
design is presented in the following sections. 

Sensor. Low-cost CMOS image sensors are fre-
quently used when designing cameras for experi-
mental and educational purposes. Several companies 
have designed and marketed their own brands of sen-
sors, such as IMX219 [17] and IMX036 [20] by 
Sony, VCXU-13M by Baumer [21], OV7670 [23] 
and OV5647 [25] by OmniVision. 

When developing the device, OV5647 by Om-
niVision was used as the basis. This is a 5-megapixel 
CMOS sensor intended for use in a wide range of 
low-cost applications, from toys to cellular phone 
cameras. The sensor is capable of operating with a 
frame rate of up to 15 fps in 2592 × 1944 pixels 
maximum resolution. The image quality, data rate, 
and other sensor parameters can be controlled 
through a proprietary Serial Camera Control Bus 
(SCCB), easily compatible with Raspberry Pi single-
board computers. The automatic image control func-
tions of the sensor include exposure control, white 
balance and black level calibration, as well as band 
filtering and 50/60 Hz luminance detection [28]. 

A conventional red–green–blue (RGB) image 
is obtained by applying a mask of wideband band-
pass filters to the sensor surface. The filters are 
arranged in a Bayer pattern, half of them being 
green, one quarter being blue, and one quarter be-
ing red, to mimic the sensitivity distribution of the 
human eye. Fig. 2 shows the resulting spectral dis-
tribution of the sensor quantum efficiency [25]. 

 

Рис. 1. Общая оптико-механическая схема многоспектральной камеры 
Fig. 1. Optical and mechanical design of the multispectral camera 
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Higher values correspond to a higher output from 
the same number of incoming photons. It can be 
noticed that the curves overlap; therefore, radiation 
with a wavelength of about 500 nm would affect 
both the blue and the green channel, while 600 nm 
affects the green and the red channel. In addition, 
the efficiency of the red channel increases slightly 
at the ultraviolet edge of the working range.  

Since the sensor array is silicon-based, all three 
channels show some sensitivity in the near infrared 
(NIR) spectral region, between 700 and 1000 nm, 
where the color filters are transparent. In order to 
exclude the infrared radiation and obtain images 

exclusively in the visible part of the spectrum, a 
filter coating may be applied by the manufacturer, 
either to the sensor array itself or to the objective 
lens. To cover the widest possible range of sensitivi-
ty, we used a sensor without an infrared filter coat-
ing, labeled as "NoIR" by the manufacturer. 

Spectral selectivity. In order to isolate a nar-
row spectral region of interest, the camera was 
equipped with switchable interference filters. Their 
number is naturally limited by the optical and me-
chanical design of the camera; therefore, those 
spectral bands that describe the nature and condi-
tion of an object with maximum accuracy should 
be selected. 

The intensity of light coming from an object to 
the camera is defined by the product of the object’s 
reflection coefficient and intensity of incident light 
from the source that irradiates the object. Since the 
Sun is known to be a thermal radiation source with 
a continuous spectrum in the visible and near infra-
red regions, selection of spectral channels may fo-
cus on the spectral features of the object of study.  

For plants, these features are formed by pig-
ments contained in the cells, which play an im-
portant role in the plant biochemistry. Tab. 1 lists a 
number of spectral features linked to absorption by 
chlorophylls, carotenes, and xanthophylls. 

As far as monitoring of animals is concerned, 
the number of available scientific publications is 
limited. Some examples include assessment of 
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Рис. 2. Спектральное распределение квантовой 
эффективности фотоприемной матрицы OV5647 

Fig. 2. Spectral distribution of the quantum efficiency  
of the OV5647 image sensor 
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Табл. 1. Спектральные признаки растительных пигментов 

Tab. 1. Spectral features of plant pigments 

λ, nm Feature description References 

435 Chlorophyll a absorption maximum [29] 

485 β carotene absorption minimum, and an intersection between its spectrum and the 
chlorophyll b spectrum [29] 

500 An intersection between chlorophyll a and b absorption minima, and an 
absorption maximum of β carotene [29] 

510 Carotenoids absorption maximum [30] 
550 An intersection between chlorophyll a and b absorption minima [29] 
620 An intersection between chlorophyll a and b absorption minima [29] 
670 Chlorophyll a absorption maximum [29] 
677 A spectral feature for differential observation of the xanthophyll cycle [30] 
700 The "red edge" of absorption by chlorophyll and carotenoids [31] 
735 Chlorophyll a and b absorption minima [29] 
750 Reference wavelength for chlorophyll content assessment [32] 
803 A spectral feature for differential observation of the xanthophyll cycle [30] 
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populations of wild birds [33, 34], identification of 
beef cattle [35, 36], wild elks, horses [36], and 
mule deer [37]. Large-sized individual animals, 
such as wildebeests, zebras [38], and polar bears 
[39], are detectable in imagery of very high resolu-
tion obtained from commercial satellites. Marine 
mammals, e. g., southern right whales [40] and 
Weddell seals [41] have also been the object for 
multispectral imaging. In their case, the task of 
remotely detecting an underwater animal becomes 
more difficult, necessitating consideration of opti-
cal properties of water to provide the required con-
trast between the animal and the background. 

Given the above considerations and the range of 
available models, six filters were selected, with their 
parameters given in Tab. 2. Maximal transmission 

maxτ  and full width at half maximum (FWHM) were 
measured using a compact fiber spectrometer. 

Optical design. Unlike wideband optical filters, 
interference filters operate by reflecting, rather than 
absorbing, unnecessary light. In a thin dielectric 
layer, light with wavelength λ will be reflected in 
case the optical path difference between its parts 
reflected from the two surfaces of the layer equals 
an integer multiple of the light wavelengths: 

 ( )2 2 ,2 cosn d mθ = λ  (1) 

where 2n  is the refraction index of the layer with 
respect to the medium from where the light is com-
ing, d is its thickness, 2θ  is the angle of incidence 
on the rear surface of the layer, and .m∈  At the 
same time, 2θ  depends on the angle of incidence on 
the  front surface of the layer. Therefore, the wave-
length of maximum transmission depends on the 
filter orientation with respect to the light beam. 

In a conventional converging lens, the field of 
view is limited by the angle between the two chief 
rays that pass through the center of the lens to the 

opposite edges of the sensor. None of the chief 
rays are ever parallel to the lens optical axis, either 
before or after the lens, except for the only ray that 
passes along the axis. Therefore, for any position 
of an interference filter, the wider the field of view, 
the greater the spectral shift between the center of 
the image and its edges. Conversely, a perfectly 
parallel light beam would reach the filter at a con-
stant angle, and the transmission function would 
be the same for any point in the image.  

A parallel beam was formed using two succes-
sive confocal lenses (1 and 2 in Fig. 1): the rear focal 
plane of the first lens coincides with the front focal 
plane of the second lens. After passing through a fil-
ter in one of wheels – 3 or 4, the light beam is con-
verged once again by lens 5. Image sensor 7 is in-
stalled on a moveable mount; since no corrections 
were applied for chromatic aberrations, to adjust the 
image sharpness, the sensor has to be shifted along 
the camera axis by manually rotating a leadscrew. 

A factory-made iris diaphragm 6 is installed 
between the final lens and the sensor. By limiting 
the maximal angle of incidence for light reaching 
the sensor, it reduces aberrations and increase the 
depth of field. 

Fig. 3 details the optical design of the devel-
oped camera and shows the distances between the 
elements with their respective diameters. L1 to L3 
are the lenses, F denotes the interference filter, A is 
the aperture diaphragm, and S is the front surface 
of the sensor. All the dimensions are given in mil-
limeters. Distances to focal points were measured 
in natural daylight, taken from the corresponding 
glass surfaces rather than from the principal planes 
of the lenses (see the diagram). 

All the mounts that support lenses and other 
optical elements were printed using a fused depo-
sition modeling (FDM) technique. The mounts are 

Табл. 2. Параметры интерференционных фильтров 

Tab. 2. Parameters of interference filters 

Central wavelength, nm τmax FWHM, nm 
430 0.49 12 
500 0.19 17 
530 0.18 19 
580 0.23 12 
620 0.26 13 
761 0.16 13 

 Рис. 3. Оптическая схема многоспектральной камеры 
Fig. 3. Optical design of the multispectral camera 
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installed along an aluminum alloy beam, facilitat-
ing their positioning during the necessary adjust-
ments. To protect the sensor from stray light, the 
optical system is enclosed in two cylindrical plas-
tic casings (before and after the filter block), pro-
duced also using 3D printing; the inner surfaces of 
the casings are painted matte black. 

Mechanical design. Due to the considerable 
dimensions of available filters (46 mm in diameter 
together with the frame), installing more than four 
of them in a single wheel would make that wheel 
inconveniently large. Therefore, two parallel wheels 
(3 and 4, Fig. 1) were designed to carry three filters 
each, with one circular opening left empty. To com-
pensate for the resulting displacement of the 
wheel’s center of mass, gauged weights were glued 
to its surface. Since two consequent filters would 
obviously block out all the incoming light, at least 
one of the empty openings always stays in the opti-
cal path when the wheels are stopped. 

The filter wheels rotate in a manner that resem-
bles a mechanical counter. The rear wheel 4 is ro-
tated directly by a Nema 17 stepper motor 12, 
which is controlled by the Raspberry Pi computer 8 
through an A4988 driver 13. The front wheel 3 is 
driven through an additional geared wheel 15. 
However, since only a quarter of the rear wheel’s 
rim has teeth (see insets A and B in Fig. 1), a full 
revolution of the rear wheel corresponds to the 
front wheel being rotated by 90°, thus switching to 
the neighboring filter. 

All three geared wheels rotate on steel axles that 
have their ends set in ball bearings 10, 11, 14, and 16. 
To ensure the necessary spacing between the filter 
wheels while keeping them parallel, a thrust ball 
bearing 9 is placed between them. The entire me-
chanical setup is held upright by two flat mounts. 

Various techniques were used to create the me-
chanical parts of the camera. Geared wheels were 
printed out of polylactide (PLA) and polyethylene 
terephthalate (PET-G) using the FDM technique. 
The ball bearings 10, 11, 14, and 16 were factory 
made, and the thrust bearing 9 consists of two cups 
printed out of PLA, with steel balls placed be-
tween them. The mounts were cut out of acrylic 
glass using laser cutting. 

Software, data acquisition and processing. Con-
trolling the camera, image acquisition and storage are 
performed by a Raspberry Pi 4 Model B running 

Raspberry Pi OS, which is a fork of Debian Linux, 
intended for use with single-board computers.  

A script in Python was written for image ac-
quisition, working in the following manner. First, 
using the Picamera2 library, sensor settings are 
updated, including setting the exposure time, the 
analogue gain ratio, and disabling the automatic 
white balance. Then, while showing a preview in a 
separate window, a frame is captured and stored as 
an array of raw values. Considering the  output 
resolution of the sensor, this array contains 
3 × 2592 × 1944 integer numbers ranging from 0 
to 255. It is then split into three separate arrays of 
2592 × 1944 elements each, and four quartiles (at 
0, 0.25, 0.75, and 1.0) are calculated and displayed for 
each of these arrays. Provided that the brightness dis-
tribution in the channel of interest is suitable, the entire 
raw array is written to a file with a name representing 
the object of study, the filming date, and the spectral 
band. Otherwise, the exposure time is adjusted, and a 
new frame is captured, starting the loop over. 

Processing and analysis of acquired images is 
carried out by a separate PC, following a routine 
similar to the one described above, splitting the 
raw arrays, generating preview images, and per-
forming element-wise operations on arrays. 
Among the software packages used are NumPy, 
Pillow, and Matplotlib libraries. 

Results. Fig. 4 presents the general appearance of 
the developed multispectral camera. External connec-
tions, such as 5 volts USB power, the keyboard, the 
mouse, and the monitor, are not shown in the photo. 

After completing the assembly and the corre-
sponding adjustments, several tests were performed to 
assess the resulting size of the field of view and its 
spectral homogeneity, as well as to check the feasibil-
ity of obtaining distributions of vegetation indices. 

 Рис. 4. Внешний вид многоспектральной камеры 
Fig. 4. General appearance of the multispectral camera 
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 Field of view assessment. The field of view 
and focal length of the camera were measured re-
lying on the geometrical optics approximation. In 
Fig. 5, AB is an object placed at a distance L from 
the optical system of the camera (presented as a 
single converging lens for simplicity), and A'B' is 
its image in the focal plane. CC' is the optical axis 
of the lens, and 2 'L f>>  is large enough not to 
affect the transverse magnification of the system. 

Light rays passing through the lens center O 
do not change their direction. Therefore, three 
pairs of similar triangles are formed, in which 

' ' ' ,BOC B O C∠ =∠ = α  ' ' ' ,AOC A O C∠ =∠ =β  
' ' 'DOC D O C∠ =∠ = ω  (which equals half the an-

gular size of the field of view of the camera). Then, 

 

' ' ;
'

' 'tan ;
'

' 'tan tan ,
'

tan BC B C
L f

AC A C
L f

AB A B
L f

a = =

β = =

β − a = =

 (2) 

where 'f  is the lens rear focal length. From (2), 
we can calculate this distance by taking a picture 
of an object with known dimensions, measuring 
the distance to this object, and then using the pixel 
size from the sensor datasheet xP  to convert the 
object image size X from pixels to meters: 

 ' .xXPf L
AB

=  (3) 

Then, considering the triangle ' ',C OD  we 
calculate the angular size of the field of view: 

 ,2 2atan
2 '

xbP
f

 
ω =  

 
 (4) 

where b = 2592 is the corresponding sensor size in 
pixels. 

Measurements and calculations using (3) and 
(4) were performed for the designed optical sys-
tem, as well as for three other camera lenses: a 
wide-angle lens and a normal one, both shipped 
with CMOS cameras, and a telephoto lens from 
the RSS portable spectrometer [3]. The resulting 
values are presented in Tab. 3. 

Spectral homogeneity assessment. This test 
was aimed at assessing the angular uniformity of the 
camera spectral transmission and sensitivity, i. e., at 
assessing the difference in the sensor response to 
spectrally identical radiation over the image plane. 

Assuming the daylight from the overcast sky to 
be sufficiently parallel and uniform over the field of 
view of the camera, we took a number of pictures 
directing the camera toward the same point in the 
sky and using the same 580 nm interference filter 
for each of the lenses. It can be seen from Fig. 2 
that, at this wavelength, both the red and the green 
channel show considerable sensitivity. In an ideal 
case, with light passing through the filter in a com-
pletely parallel beam and the CMOS sensitivity be-
ing the same for each of its elements, the pictures 
would be uniformly filled with a single color, corre-
sponding to a constant ratio of red and green chan-
nels values. Actual ratio distributions obtained in 
the experiment are presented in Fig. 6. 

For clarity, horizontal cross-sections are pre-
sented in Fig. 7, going through the centers of the 
two-dimensional distributions shown in Fig. 6.  

Vegetation index test. A wide multitude of 
spectral indices has been proposed to discern be-
tween different plant species and remotely assess 
their health and ecological condition [19]. In this 

 
Рис. 5. Геометрические соотношения между фокусным 

расстоянием и размером поля зрения 
Fig. 5. Geometrical interrelations between the focal length and 

the field of view size 

ω 
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D 

β 
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f' 
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Табл. 3. Сравнение параметров четырех оптических систем 

Tab. 3. Comparison of parameters of four optical designs 

Optical 
system AB, mm L, m f ', mm 2ω, …° 

Multispectral 
camera 297 32.5 58.2 3.6 

Wide-angle 479 4.1 2.0 83.6 
Normal 479 4.1 3.3 57.1 

RSS 9 4.0 148.8 1.4 
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experiment, we attempted to obtain spatial distri-
butions of two vegetation indices, GRVI and 
NDVI, using narrow spectral bands corresponding 
to the features in a typical vegetation spectrum. 

Images of trees and shrubs were taken from a 
distance of 40…60 m, in clear sunny weather, 
mostly in the afternoon hours. Before calculating  
 

the distributions, all the values in the correspond-
ing arrays were normalized, i. e., transformed from 
the 0…255 range to the 0–1 range: 

min
norm

max min
,X XX

X X
−

=
−

 

where max ,X  minX  are the maximal and mini-
mal values in the array X (either red, green, or 
blue). 

The red–green vegetation index, as its name 
suggests, relies on the difference in brightness be-
tween the green spectral region (reflection maxi-
mum of green plants) and the red spectral region 
(corresponding reflection minimum) [42]. Its val-
ues lie between –1 and +1: high positive values 
correspond to vegetation, soils and rocks are char-
acterized by values close to zero, and negative 
values correspond to various non-plant objects. 

Considering the wavelengths in Tab. 1, we 
used the response values of the green channel from 
a frame taken in the 530 nm spectral band (G530) 
and those of the red channel obtained in the  
 

    
 

    
Рис. 6. Двумерные распределения отношения выходных сигналов в красном и зеленом каналах :R G  

 а – многоспектральная камера; б – телеобъектив РСС; в – широкоугольный объектив; г – нормальный объектив 

Fig. 6. Two-dimensional distributions of the ratio of responses in the red and the green channels :R G  а – multispectral camera; 
б – RSS telephoto lens; в – wide-angle lens; г – normal lens 
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Рис. 7. Распределения отношений значений R G  вдоль 
горизонтальной линии через центр кадра 

Fig. 7. R G ratio distributions along a horizontal line through 
the center of the frame 
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620 nm band (R620): 

530 620

530 620
GRVI .G R

G R
−

=
+

 

The normalized difference vegetation index 
(NDVI) was proposed as early as 1970s for remote 
assessment of crop health [19]. It is based on com-
parison between values in the red reflection mini-
mum and in the near infrared region, in which re-
flection of green leaves begins to rise steeply. Sim-
ilar to the previous index, its values lie within the 
region between –1 and +1, with similar patterns. 

This index was calculated using red channel 
values from the 620 and 761 nm bands (R620 and 
R761 correspondingly): 

761 620

761 620
NDVI .R R

R R
−

=
+

 

As an example of the results obtained, Fig. 8 
demonstrates a gravel alley in a park, with green 

trees surrounding and branches overhanging. Fig. 9 
depicts a coniferous tree (hybrid larch, Larix 
czekanowskii Szafer) and two deciduous trees in 
the background (a silver poplar, Populus alba L., 
and a common alder, Alnus glutinosa (L.) Gaertn.). 
In both figures, a conventional RGB photo of the 
site is given first, which may not accurately reflect 
the multispectral images due to the differences 
between the optical designs of the cameras used. 

Discussion. In this study, we have designed 
and successfully tested a portable multispectral 
camera for ecological monitoring of vegetation 
cover. From the standpoint of the camera focal 
length and its field of view (Tab. 3), the selected 
optical design is a telephoto lens similar to that of 
the RSS spectrometer. At the same time, the two 
designs provide comparable spectral homogeneity 
of the frame, even though the field of view of the 
camera is twice as large. Considering the curves in 
Fig. 7, the mean ratio of channel values for the 
RSS lens is 1.16,R G =  and the standard devia-

               
 

 
 
 
 
 
 
 
 
 
 
 

Рис. 8. Результаты многоспектральной съемки участка аллеи, окруженного деревьями: а – фото участка камерой 
мобильного телефона; б – снимок многоспектральной камерой в отсутствие фильтров; в – распределение индекса GRVI; 

г – распределение индекса NDVI 
Fig. 8. Results of a multispectral survey of an alley part surrounded by trees: а – photo of the area taken with a smartphone 
camera; б – an image taken by the multispectral camera with no filter used; в – GRVI distribution; г – NDVI distribution 
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tion is 0.011,σ = while for our lens design, 

1.16R G =  and 0.027.σ =  
No preliminary numeric simulation of the op-

tical design was performed. In future research, a 
thorough selection of elements will refine the de-
sign and reduce chromatic aberrations, decreasing 
the necessary sensor movement and improving the 
quality of the images produced. 

The results obtained leave the choice of 
OV5647 as the image sensor open to question. The 
Bayer filters allow for some additional capabili-
ties, such as the aforementioned experiment on 
spectral homogeneity, while also possibly rejecting 
wavelengths that correspond to m > 1 in (1) (high-
er orders of interference). In our case, however, the 
interference filters are based on colored glass for 
rejection of higher orders. Moreover, when taking 
an image through an interference filter, only one of 
the RGB channels would work, with the other two 
producing no more than dark rectangles. This 
means that only a third of the raw file would con-

tain meaningful data. Overall, a monochrome sen-
sor in the same design but without Bayer filters 
would likely perform better. 

In addition, we performed no demosaicing dur-
ing data processing to determine the exact corre-
spondence between values in the raw data and ex-
posure for each of the physical pixels. We will ad-
dress will this task in future research. 

The camera design was created bearing the 
idea of a low-cost approach. The interference fil-
ters form the costliest part of the device; market 
prices of similar parts range from 15 to 200 US 
dollars, depending on the maximum value and 
width of the transmission band. Another major 
spending was the Raspberry Pi single-board com-
puter (about 150 US dollars). The costs of 3D 
printing are harder to assess; however, the printed 
parts make the basis of the mechanical design. La-
ser cutting of acrylic glass, on the other hand, can 
be replaced by manual treatment. 

In scientific publications, the costs associated  
 

                               
 
 
 
 
 
 
 
 
 
 
 
 

Рис. 9. Результаты многоспектральной съемки участка парка с хвойным и лиственными деревьями: а – фото участка 
камерой мобильного телефона; б – снимок многоспектральной камерой в отсутствие фильтров; в – распределение 

индекса GRVI; г – распределение индекса NDVI 
Fig. 9. Results of a multispectral survey of a park area with a coniferous tree and deciduous trees: а – photo of the area taken 

with a smartphone camera; б – an image taken by the multispectral camera with no filter used; в – GRVI distribution;  
г – NDVI distribution 
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with the design of devices are frequently omitted, 
even when declaring the aim of developing low-
cost constructions. In cases when the expenditures 
are mentioned, the cost may range from about 100 
euros (comprising two cameras and a multiplexer 
chip) [17] to below 2000 euros for a more sophis-
ticated system [23]. The design that we propose 
falls into the lower part of this range. 

Concerning commercially available multispec-
tral cameras, their prices are generally incompara-
bly higher. For example, the DJI P4 Multispectral 
UAV [16] is marketed at about 10 thousand US 
dollars. When comparing this price to similar 
UAVs by DJI but capable of RGB imaging only, 
one can presume that the P4 Multispectral six-
channel camera accounts for nearly half of the 
sum. Morales et al. state a price of about 5000 eu-
ros for a RedEdge-MX multispectral camera, "one 
of the golden references" on the market [23]. 

The conducted vegetation survey has con-
firmed the suitability of the developed camera for 
obtaining distributions of GRVI and NDVI indi-
ces. Both indices performed well in the task of 
separating vegetation from non-plant objects 

(Fig. 8, в, г). However, GRVI turned out to be 
more susceptible to errors emerging from differ-
ences in solar irradiation and the depth-of-field 
effect. In Fig. 8, в, the farthest, shadowed part of 
the alley shows high positive values falsely, while, 
in Fig 9, в, low negative values appear along the 
lower border of the frame where the plants were 
nearest to the camera. On the other hand, NDVI 
was negative for the coniferous tree (Fig. 9, г), 
which had a much lower reflectivity in the NIR 
than the background foliage, and therefore ap-
peared darker in Fig. 9, б. 

The current camera design includes a set of fil-
ters that features wavelengths through the entire 
visible range into near infrared. This can be redun-
dant for determination of a certain vegetation in-
dex. However, with this comprehensiveness and 
the relative ease of replacing filters in their wheel 
sockets, the portable multispectral camera can be 
useful for determining the best-suited spectral 
bands when addressing a new problem in remote 
monitoring of vegetation. Based on the data ob-
tained through its use, simpler and easier to manu-
facture designs can be proposed for specific tasks. 
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