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Abstract
This thesis focuses on designing and man-
ufacturing a photographic camera device
using a computer vision camera, the SVS-
VISTEK SHR411CXGE, and a single-
board computer. Both are enclosed into a
3D-printed body together with additional
components such as a battery, display, and
other elements typically found in photo-
graphic cameras. This combination brings
state-of-the-art camera technology closer
to the standard user. Based on prelim-
inary analysis and performed tests, this
idea is plausible and the currently best-
�tting single-board computer for this ap-
plication is Raspberry Pi 5 equipped with
5Gbit/s USB 3.0 to Ethernet adapter. For
internal power supply, a�ordable 18 or
20 V power tool batteries can be used
which provide more than 100 minutes of
continuous operation. Usability testing re-
vealed that the solution is functional and
can be used as a photographic camera
even by an inexperienced user.

Keywords: Raspberry Pi 5,
SVS-VISTEK SHR411CXGE, 3D
printing, photographic camera, computer
vision camera

Supervisor: prof. Ing. Vlastimil
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Abstrakt
Tato práce se zam¥°uje na návrh a výrobu
fotogra�ckého p°ístroje s pouºitím ka-
mery pro po£íta£ové vid¥ní SVS-VISTEK
SHR411CXGE a jednodeskového po£íta£e.
Ob¥ za°ízení jsou uzav°ena do t¥la vy-
ti²t¥ného na 3D tiskárn¥ spolu s dal²ími
komponenty, jako jsou baterie, displej a
dal²í, které se b¥ºn¥ nacházejí na fotoa-
parátech. Tato kombinace p°ibliºuje nej-
modern¥j²í technologie kamer pro po£í-
ta£ové vid¥ní b¥ºnému uºivateli. Na zá-
klad¥ p°edb¥ºné analýzy a provedených
test· je tato kombinace moºná a v sou-
£asnosti je nejvhodn¥j²ím jednodeskovým
po£íta£em pro tuto aplikaci Raspberry
Pi 5 vybavený 5Gbit/s USB 3.0 na Ether-
net adaptérem. Pro interní napájení lze
pouºít cenov¥ dostupné 18 nebo 20 V ba-
terie do elektrického ná°adí, které zajistí
více neº 100 minutový nep°etrºitý provoz.
Testování pouºitelnosti ukázalo, ºe °e²ení
je funk£ní a m·ºe ho pouºívat i nezku²ený
uºivatel.

Klí£ová slova: Raspberry Pi 5,
SVS-VISTEK SHR411CXGE, 3D tisk,
fotoaparát, kamera pro po£íta£ové vid¥ní
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Chapter 1
Introduction

Computer vision cameras typically incorporate state-of-the-art camera tech-
nology, but are not intended for photography. These cameras are controlled
from a computer and do not provide common elements found on photographic
cameras, such as a display, battery, or trigger button.

This thesis aims to bridge this gap between computer vision cameras and
photographic cameras by selecting suitable hardware and implementing the
necessary software. Ideally, the �nal solution could be used by someone who
has no prior experience with computer vision cameras. The idea is based on a
combination of a computer vision camera and a small single-board computer
(SBC), both integrated into a single 3D-printed body.

To achieve this goal, we study the fundamentals of photography and analyze
the di�erent SBCs, electrical, and mechanical components that may contribute
to the proposed solution. This is followed by the design and manufacturing
of the �rst prototype, whose functionality is veri�ed through usability testing.
After usability testing, an improved �nal version is manufactured.

In the second chapter, we provide a brief overview of photography, its evo-
lution, fundamentals, and currently used technologies. This will be especially
useful in the upcoming chapters, where we mention di�erent photography
terms.

In the third chapter, we verify our idea of combining SBC with a computer
vision camera, followed by an analysis of di�erent SBCs for our speci�c use
case. For this purpose, a simple testing application is also implemented.

In the fourth chapter, we state our hardware and software requirements
for the camera. This will be helpful in the process of selecting individual
components and designing the solution.

In the �fth chapter, we analyze and specify the hardware components, such
as the display or battery, that will be used in the �rst prototype.

In the sixth chapter, we describe how we manufactured and assembled the
�rst prototype.

In the seventh chapter, we focus on the usability testing of the �rst prototype
and provide responses and suggestions for improvements from individual
participants.

In the eighth chapter, we present the �nal prototype.
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Chapter 2
Photography

The desire to capture reality is an ancient desire of a mankind. It all started
with simple paintings that later evolved after understanding the principles of
perspective. The �rst device resembling photography was a camera obscura,
see Figure 2.1. It was a device that projected the �rst images of the world
and can be understood as the predecessor of the camera, as we know it today.
The principle of its projection is often referred to as a pinhole camera.

Figure 2.1: Camera obscura, image taken from [1]

To permanently preserve the projection, the painter had to capture it using
paint. This changed dramatically in the 19th century when the process of pre-
serving the image using light-sensitive material was discovered. This method
is known as analog imaging and uses chemical processes to permanently
preserve the captured image.

In the 20th century, the light-sensitive material was replaced with an image
sensor, an array of electronic photodetectors that, in combination with an
analog-to-digital converter, producing a discretized image. This method is
known as digital imaging and is the method still used today. Summarized
from [2, pp. 147�152] and [3, pp. 1�2].

Although technology has changed, the core principles remained the same
for both methods. In the next section, we brie�y explain the basics of the
imaging chain.
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2. Photography.....................................
2.1 Fundamentals

The inverted image is formed when light enters the camera through the lens,
where it is focused on the image plane. Depending on the imaging method,
the image sensor or light-sensitive material lies in the image plane. See the
simpli�ed image in Figure 2.2. From now on, we will use the image sensor,
but it can be interchanged with the light-sensitive material.

Figure 2.2: Simpli�ed image formation

2.1.1 Camera lenses

Camera lenses are precisely manufactured optical devices that play a very
important role in image acquisition. Modern lenses are much more complex
than single lens and often consist of multiple elements [3, pp. 184�194]. The
combination of elements are designed to reduce di�erent aberrations, some
are mentioned below.

Each lens is suitable for di�erent applications, and there does not exist one
that does it all. Photographers typically own a variety of lenses with di�erent
attributes. The most common categorizing for prime lenses (with �xed focal
length, as opposed to zoom lenses) is done by focal length - �sheye, wide
angle, standard, telephoto. Ranging from smallest to largest focal length.
Di�erent focal lengths allow for di�erent viewing angles. When the viewing
angle is equal to the size of the image sensor, the viewing angle is 90°.

Aperture

To control the amount of light that passes through the lens, an aperture is
used. It is located inside the lens and physically blocks the incoming light
by changing the diameter of the entrance pupil. An example of an iris-type
aperture can be seen in Figure 2.3. However, in photography, aperture usually
refers to the relative ratio with respect to the focal length, and not to the

4



.................................... 2.1. Fundamentals

physical device itself. The f-number N is de�ned by Equation 2.1, where f is
the focal length and d is the diameter of the entrance pupil.

N =
f
d

(2.1)

The bigger the f-number, the smaller the diameter, thus reducing the
amount of light that passes through. More information on apertures can be
found in [2, pp. 160�163] or [3, p. 121].

Figure 2.3: Iris aperature with changing f-number, image taken from [4]

Focal length

It is a distance, typically measured in millimeters, between the optical center
of the lens and the focal point, the point at which the incoming parallel rays
converge when passing through the lens. Together with sensor size, a�ects
the �eld of view. The smaller the focal length, the wider the �eld of view,
see Figure 2.4.

Depth of �eld

There is a point in the object scene that is optimally focused. Around this
point is an area that appears to be acceptably focused. This area is called
the depth of �eld (DOF). DOF is in�uenced by focal length, distance to the
focused object, aperture, and sensor size [3, p. 5].

In Figure 2.5, we can see the starting point of the black lines around the
object plane representing the optimally focused point. The starting points of
green and blue lines around the object plane represent the edges of the area
that is acceptably focused.

5



2. Photography.....................................

Figure 2.4: Di�erent focal length and how it a�ects the image, image taken
from [5]

Figure 2.5: Depth of �eld

6



.................................... 2.1. Fundamentals

Aberrations

Despite the precision of manufacturing, lenses still have limitations that
a�ect the resulting image. The most common aberrations are chromatic and
spherical, see Figure 2.6.

Chromatic aberration is noticeable at edges, where the edge seems to split
into individual colors. This is caused by air-glass refraction, which slightly
depends on the wavelength of light passing through (Snell's law). The focus
of blue light is closer to the lens than the focus of red light. Some lenses
reduce or eliminate this problem by using two or more di�erent glass elements,
separated or connected together. These elements then cancel each other out.

Lenses are typically spherical. It is easy to manufacture, but it has its own
problems. Spherical aberration is caused by the fact that refraction depends
on the angle of incidence and refractive index of the elements. Therefore,
parallel rays refract di�erently going from the center of the lens to the edge.
Again, this can be overcome by using a special shape or two elements (convex
and concave), which cancel this e�ect out. More details on lens abberations
are given in [3, pp. 175�180].

2.1.2 Shutter

Until now, we have only discussed the reduction of incoming light using
an aperture. There is also a second element, called the shutter, which, in
contrast to the aperture, completely blocks incoming light. This is done either
mechanically or electronically. Analog cameras implement a mechanical
shutter. Smartphones and compact digital cameras usually implement the
electronic approach. Some cameras, such as digital single-lens re�ective
cameras (DSLRs), implement both.

The mechanical shutter works by blocking the path to the image sensor.
There exist multiple mechanisms that achieve this functionality (e.g., leaf
shutter, focal-plane shutter, diaphragm shutter). The vertical focal-plane
shutter will be described in more detail. The focal-plane shutter works by
moving two so-called blinds (curtains) in the same direction with the desired
pause between them. The �rst curtain starts to move down, revealing the
image sensor from top to bottom. After some time, the second curtain starts
to move from top to bottom, blocking the image sensor. In this way, each
part of the image sensor is exposed for the same time.

The electronic shutter functions by enabling one or more rows of the sensor
at the time while reading their values. There is no mechanical blocking, just
switching rows of the sensor on and o�. This approach is much faster than
the mechanical one. Some image sensors also implement a global shutter,
which means that all the values are read at the same time.

Advantages of the electronic shutter over the mechanical:

. faster operation,

. silent,

7



2. Photography.....................................

(a) : Chromatic

(b) : Spherical

Figure 2.6: Lens abberations
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.................................... 2.2. Digital imaging

. stability,. less wear.

Disadvantages of the electronic shutter over the mechanical:. rolling shutter (due to reading line by line, moving objects can be
distorted),. �ickering (again due to reading line by line, light source that works by
switching rapidly on and o� will result in noticable stripes in the acquired
image).

Exposure time

It represents the duration for which the shutter remains open during the
exposure process. Cameras often call it shutter speed and represent it as
a fraction of a second (e.g., exposure time of 500 ms would be 1/2 shutter
speed). The bigger the exposure time, the brighter the image will be, but
also blurrier, if capturing moving objects.

2.2 Digital imaging

In this section we focus more on digital cameras, mainly their image sensor,
how they achieve acquisition of color images, and how we can store the
acquired images.

2.2.1 Image sensors

We brie�y describe the two predominant sensor types: charge-coupled device
(CCD) and complementary metal oxide semiconductor (CMOS). Both exploit
the photoelectric e�ect to capture light via semiconductors.

The CCD sensor is the older of the two. It was invented in 1969 and
also got awarded with the Nobel prize in 2009. It is still used today, but in
consumer electronics, CMOS has slowly replaced it. The sensor is made up
of photosites (metal oxide semiconductor capacitors in this case) arranged in
a grid. When these photosites are exposed to light, an electronic charge is
generated proportional to the incoming light. The charge is then transferred
from one pixel to the next one. In one place (either the whole row or column
at the edge of the sensor), the charge is transferred o� the sensor, ampli�ed,
and converted to a digital value using an analog-to-digital converter.

The CMOS sensor is widely used in smartphones and compact cameras,
but also in DSLRs and more professional equipment. It is cheaper than the
previous chip. The sensor is again made of photosites, but these photosites
are more complicated. They consist of their own circuitry that perform
ampli�cations, readouts, and resets. Alongside the photosites, there is a
readout circuitry that switches between rows and columns. In this way, each
photosite can be addressed. The values are then read out per the whole
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column or row. This amount of circuitry caused noise compared to CCD, but
with development, this disadvantage slowly disappeared. The main advantage
of CMOS over CCD is less heat generation, less power consumption, and
cheaper production.

A more in-depth explanation of the two image sensors can be found in [3,
pp. 155�171], from which we took inspiration for this text.

2.2.2 Color image

In the previous subsection, we have brie�y explained how the image sensor
works, mainly that it captures light intensity. To capture color, there are
mainly two possible approaches. Both separate light into three components
(red, green, and blue) [3, pp. 171�173].

The �rst approach is to use color �lters. The selected color �lter is placed
somewhere in front of the image sensor. Therefore, the stored light intensity
corresponds to the intensity of the color that was not �ltered. By sequentially
changing the �lters, the color components can be obtained. To obtain the
image, the color components are combined. This approach is not widely used
mainly because sequential acquisition is suitable only for capturing static
objects. However, a di�erent type of color �lter can be used, namely a color
�lter array (CFA), which �lters colors per pixelsite rather than per whole
area of the sensor. The CFA is located just above the image sensor. The most
widely used CFA is the Bayer pattern. Bayer pattern, see Figure 2.7, prefers
the green component over the other two (there are two times more pixelsites
that capture green compared to red and blue), due to the peak sensitivity of
the human eye to the green component. Some processing has to be done to
estimate the pixel colors in between. This process is called demosaicing or
debayering.

Figure 2.7: Bayer pattern, image taken from [6]

The other approach also uses color �lters. However, to avoid sequential
acquisition, instead, three image sensors are used. The incoming light from
the lens is split by a beam-splitter prism. This approach using three CCD
sensors can be seen in Figure 2.8.
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Figure 2.8: Three-sensor camera, image taken from [7, p. 177]

2.2.3 Image formats

Assuming that the camera temporarily stores the three components (color
channels) in memory, the image data has to be stored permanently. Before
exploring di�erent image �le formats, we need to mention bit depth and
compression.

Bit depth

The bit depth represents all possible intensity values that one color channel
can store in one pixel. When the image is 8-bit, that means 256 (28) possible
values can be stored inside that pixel. Sometimes 8-bit is also referred to as
24-bit (because of 3 channels per 8-bit). The more bits per channel, the more
accurate the captured color is. However, this comes at an image �le size cost.

Compression

To overcome a large image �le size, image compression is used. There are more
compression methods available, usually bound to the speci�c �le format. The
image compression methods can be divided into lossless and lossy methods.

Lossless compression methods keep all the original values, usually exploiting
the repeating values of the neighboring pixels. Examples of lossless methods
are Hu�man encoding or dictionary encoding such as LZW.

Lossy compression methods discard data to achieve a smaller �le size. The
discarded data are precisely selected so that the human visual perception
of the image remains almost the same. An example of a lossy compression
method is the discrete cosine transform, used in JPEG.
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A nice explanation of the image compression methods mentioned above

can be found in [8, pp. 61�71].

RAW

The simplest format of all is RAW. Manufacturers typically implement their
own proprietary RAW format variants, but in essence, all of them store
the unprocessed values that the sensor captured with additional metadata
about the current acquisition settings. Some variants may also implement
compression. The existence of this format is primarily for postproduction.
Photographers can use di�erent demosaicing algorithms or color presets to
achieve the desired result. It provides great �exibility; however, this format is
typically only intermediate, and the �nal image is converted to other formats.

PNG

PNG stands for portable network graphics. It is an open speci�cation devel-
oped primarily for the world wide web use and as an intermediate format for
image editing [9]. It utilizes the DEFLATE compression method, which is a
combination of LZ77 (dictionary type) and Hu�man encoding. Furthermore,
it supports di�erent �lters that can be used before compression to optimize
the data so that the compression is most e�ective. It also supports color
depth of up to 16-bit per channel.

The �le itself starts with a header followed by chunks. The chunks can
be divided into two types, critical and ancillary. The critical chunks contain
information needed to decode the image so that it can be shown to the user.
The ancillary contains additional data that not all image viewers support.

JPEG

JPEG format is the most used in photography. Despite its use of lossy
compression, it still produces perceptually lossless-looking images of small
data size, if the compression rate is selected appropriately. It relies mainly
on discarding color data rather than light intensity, which is more sensitive
to the human eye. Standard JPEG supports only 8-bit color depth per
channel. Since HDR imaging is on the rise, improved versions of JPEG, such
as JPEG-HDR, are necessary. A nice overview can be found in [10].
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Chapter 3
Preliminary analysis

In this chapter, we analyze whether the idea of using a single-board computer
with a computer vision camera is possible. First, we introduce the camera,
followed by possible SBC options. Next, we develop a simple testing applica-
tion that will test the capabilities of each single-board computer. Based on
the results, we select one SBC that will be further used.

3.1 SVS-VISTEK SHR411CXGE

It is an industrial camera for the computer vision application that will be
used, as stated in the assignment. It utilizes a large-format sensor camera
with an outstanding resolution of 151 Megapixels. Such a resolution comes
at a cost - data transfer limitations and following image processing. The
camera can be seen in Figure 3.1. For reference, the dimensions of the body
are approximately 80 mm for each side.

Figure 3.1: SVS-VISTEK SHR411CXGE, image taken from [11]

The connection between the computer and the camera is established using
10 gigabit Ethernet. Such a high-speed standard is not yet implemented into
many personal computers, nor is it implemented into single-board computers,
which are discussed in Section 3.2. The key features of this camera are
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3. Preliminary analysis..................................
provided in the list below. The whole speci�cation can be seen in Appendix
B.

. Sensor type: CMOS. Shutter: electronic. Sensor size:53:36� 40:01 mm. Resolution: 151 Mpx (14192� 10640px). Pixel size: 3:76� 3:76 � m. Frame rate: 6.1 fps. Interface: 10GigE RJ-45. Pixel format: bayer8, bayer12, bayer16. Lens mount: M 72� 0:75. Power supply: 10�25 V (DC). Power consumption: 19 W

3.1.1 Software

To control the acquisition, the manufacturer provides a software package
called SVCamKit. The package is provided for Windows (x64 and x86), Linux
(AMD64, ARM, and x86), and macOS. Having such wide OS support will
not be limiting when choosing hardware in later steps. The package consists
of a software solution called SVCapture and a C++ API.

SVCapture is a complete application that provides control over the acquisi-
tion and its parameters. It mainly consists of 2 parts. One part is just for a
preview and the other is for controls and parameters in a tree-like structure
following the GenICam 3.0 standard developed by the European Machine
Vision Association [12].

The API opens possibilities for more speci�c use cases, such as ours.
Camera control can be integrated into the application so that we can change
parameters, start acquisition and control the trigger from code. Changing
parameters requires knowing the previously mentioned GenICam standard
and how it was implemented for our speci�c camera model. The API comes
with detailed documentation for SVS-VISTEK cameras. However, to �nd the
exact capabilities of our model, we had to look in SVCapture.

3.2 Single-board computers

To operate the camera, we need to select the platform that will run our
developed software. SBCs �t well into our solution because of their small size
and low power consumption. However, there are many boards, and we need
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to select the ideal �t. For this reason, we provide a brief list of commonly
used SBCs with their speci�cations.

3.2.1 Raspberry Pi 4B

This SBC was released on 24 June 2019. It features a Broadcom BCM2711
1.5 Ghz quad-core Cortex-A72 processor with up to 8 GB of RAM (1, 2,
4, 8 available). It has wide connectivity options with 2x USB 2.0 ports, 2x
USB 3.0 ports, gigabit Ethernet, Bluetooth 5.0, and Wi-Fi. The main storage
provides a MicroSD card slot, which is also used to load the operating system.
It is powered either via a USB-C connector, GPIO header, or PoE (with
a speci�c HAT). It requires a 5 V/3 A DC power supply. The complete
speci�cations can be found at [13].

The o�cial supported operating system is the Raspberry Pi OS (formerly
Raspbian), which is based on Debian, as the former name suggests. It is easily
installed using their tool called the Raspberry Pi Imager. Other popular
Linux distributions are also available, e.g. Ubuntu, Armbian.

There is also a system on board (SOM) version similar to this board called
Compute Module 4 [14]. The main di�erence is that the Compute Module
is integrated into a larger electronic system, whereas the Raspberry Pi 4B
is a standalone computer. SOMs in general are more suited for embedded
applications, allowing their users to specify the needed interface for their
intended function and choose or develop relevant base-boards. This approach
is used mainly in large productions, as it minimizes size, cost, and power
consumption [15]. The di�erence between the two can be seen in Figure 3.2.

Figure 3.2: Raspberry Pi 4B (left) and Compute Module 4 (right), images taken
from [13] and [16] respectively

3.2.2 Raspberry Pi 5

This SBC was released while working on this project, exactly on 23 Octo-
ber 2023, making it the newest board of all listed. It is the successor to the
popular model 4B, described in Section 3.2.1. It comes with an upgraded
Broadcom BCM2712 2.4 GHz quad-core 64-bit Cortex-A76 CPU with 4 or
8 GB of RAM. Connectivity remained very similar, 2x USB 2.0 ports, 2x
USB 3.0 ports, gigabit Ethernet, Bluetooth 5.0, and Wi-Fi. However, unlike
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its predecessor, it provides a PCI-E interface that, in combination with a
speci�c additional board, allows for more fast-speed components, such as an
NVMe drive. Its default storage remained the MicroSD card, but the NVMe
drive can be used to load the operating system as well [17]. The upgrade in
performance led to increased power usage. Therefore, this model requires
5 V/5 A and is again powered through either a USB-C connector, GPIO
header, or PoE (with a speci�c HAT). The complete speci�cation can be
found at [18].

Similarly to model 4B, its o�cial supported operating system is the Rasp-
berry Pi OS. Despite its recent release, other Linux distributions are also
available, e.g. Ubuntu, Armbian, Kali.

At the time of writing, the SOM version of this model has not yet been
announced. The standard model can be seen in Figure 3.3.

Figure 3.3: Raspberry Pi 5, image taken from [18]

3.2.3 Banana Pi BPI-M5

This SBC was announced in 2020 but became widely available in 2022. It
comes with an Amlogic S905X3 2.0 GHz quad-core 64-bit Cortex-A55 CPU
with 4 GB of RAM. Connectivity is provided by 4x USB 3.0 ports and
a gigabit Ethernet. Additional options, such as Bluetooth or Wi-Fi, are
available only using additional boards. It features an onboard eMMC with
16 GB of storage and a MicroSD slot. It requires a 5 V/3 A DC power supply
with a USB-C connector. The SBC can be seen in Figure 3.4.

Complete speci�cations, tutorials, and operating systems are available
on the Banana Pi wiki [19]. The o�cial supported operating systems are
Android and Linux (Ubuntu and Debian), whose ISO images are available
for download.

3.2.4 NanoPi M4V2

This SBC was released in September 2019. It comes with Rockchip RK3399
which combines two CPUs, 2.0 GHz dual-core Cortex-A72 and 1.5 GHz
quad-core Cortex-A53, and 4 GB of RAM. Connectivity is provided by 4x
USB 3.0 ports, gigabit Ethernet, Bluetooth 4.1, and Wi-Fi. For storage, it is
equipped with a MicroSD card slot and an eMMC socket. Optionally, the
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Figure 3.4: Banana Pi BPI-M5, image taken from [19]

o�cial NVMe HAT can be connected to the PCI-E interface, so the SSD can
be used for storage and booting. It requires a 5 V/3 A DC power supply with
a USB-C connector. The SBC can be seen in Figure 3.5.

The o�cial supported operating systems are Linux (Ubuntu, Debian, and
a few more) and Android. They are available on the Friendly ELEC wiki [20]
as ISO images, together with complete speci�cations and tutorials.

Figure 3.5: NanoPi M4V2, image taken from [21]

3.2.5 Khadas VIM4

This SBC was released on 10 May 2022, making it the second newest on the
list. It comes with two CPUs, 2.2 GHz quad-core Cortex-A73 and 2.0 GHz
quad-core Cortex-A53 CPU with 8 GB of RAM. Connectivity is provided by
only 1x USB 3.0 and 1x USB 2.0, Bluetooth 5.1 and Wi-Fi. For storage, it is
equipped with a MicroSD card slot and on-board 32 GB eMMC. Optionally,
the o�cial NVMe HAT can be connected to the PCI-E interface on the back
side of the board. However, the SSD can only be used for storage at the
moment. This SBC has two revisions, the only di�erence being in the neural
processing unit (NPU), which is irrelevant to us. It requires a 12 V/2 A DC
power supply with a USB-C connector or a 9-20 V DC power supply using
the VIN port. The complete speci�cation can be found at [22]. The SBC can
be seen in Figure 3.6.

Installation of the operating system is easily done using the OOWOW
embedded service, which requires connecting the board to the Internet. After
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that, the user selects the desired OS and it is automatically downloaded and
installed. Android and Linux (Ubuntu, Debian, Armbian, and some others)
are available.

Figure 3.6: Khadas VIM4, image taken from [23]

3.2.6 ODROID-XU4

This SBC was released in 2015, making it the oldest on the list. It comes with
Samsung Exynos5422 which combines two CPUs, 2 GHz quad-core Cortex-
A15 and 1.3 GHz quad-core Cortex-A7, and 2 GB of RAM. Connectivity
is provided by 2x USB 3.0 ports, 1x USB 2.0 port and gigabit Ethernet.
Bluetooth is available by using an additional module. For storage, it is
equipped with a microSD card slot and an eMMC socket. It requires a
5 V/4 A DC power supply with a barrel jack connector. The SBC can be
seen in Figure 3.6.

The complete speci�cation, tutorials, and OS images are available on the
ODROID Wiki [24]. The o�cial supported operating systems are Linux
(Ubuntu) and Android. However, many other 3rd party options are available.

Figure 3.7: ODROID-XU4, image taken from [25]

3.2.7 Overview

All SBCs listed above were selected for additional testing. Namely Raspberry
Pi 4B and 5, Banana Pi BPI-M5, NanoPi M4V2, KHADAS VIM4, and
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ODROID-XU4. For easier comparison, we provide a table of hardware
speci�cations, see Table 3.1.

Speci�cation RPi 4B RPi 5 BPI-M5 M4V2 VIM4 XU4

Architecture Arm64 Arm64 Arm64 Arm64 Arm64 Arm32
# cores 4 4 4 6 (2+4) 8 (4+4) 8 (4+4)
# threads 4 4 4 6 8 8
Freq. [GHz] 1.5 2.4 2.0 2.0, 1.5 2.2, 2.0 2.0, 1.3
RAM [GB] 8 8 4 4 8 2
# USB 3.0 2 2 4 4 1 2
PCI-E slot N/A 2.0 x1 N/A 2.0 x1 2.0 x1 N/A
eMMC [GB] N/A N/A 16 socket 32 socket
PS voltage [V] 5 5 5 5 12 5
PS current [A] 3 5 3 3 2 4

Table 3.1: Single-board computers hardware overview

3.2.8 USB 3.0 to Ethernet Network Adapter

The camera used in our solution comes with 10 Gbit/s Ethernet and since all
listed SBCs have only 1 Gbit/s Ethernet, we had to consider using a USB 3.0
adapter to increase the data transfer rate from the camera to the SBC. The
USB 3.0 has transmission speeds of up to 5 Gbit/s, so our choice is either
2.5 Gbit/s or 5 Gbit/s. An adapter is also needed to change the maximum
transmission unit (MTU) size. The camera manufacturer recommends jumbo
frames of size 9000 bytes, and not all the onboard Ethernet controllers are
capable of such an MTU size.

At �rst, we wanted to use the 5 Gbit/s adapter, however, many of the
existing products are discontinued without any new releases. A nice overview
of such adapters can be seen in [26]. All of these adapters are based on
the Aquantia AQC111U chipset and should be compatible with both Linux
and Windows. The only adapter available that we might get later is QNAP
QNA-UC5G1T [27].

In the end, we used a 2.5 Gbit/s adapter Axagon ADE-25R USB-A [28],
which is based on the Realtek RTL8156B chipset. There are more manufac-
turers making adapters that use this chipset. We ended up using this adapter
temporarily, ideally upgrading to the 5 Gbit/s adapter in the �nal design.

3.2.9 Other

There are also other SBC options worth mentioning that were not included
in our candidate list due to unavailability, excessive performance, or large
format.

The �rst being Nvidia with its Jetson series [29]. For example, Nvidia
Jetson Orin Nano or Jetson Nano modules with relevant board are powerful
machines of small sizes but focus primarily on AI computing and might
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