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1. Abstract
BAE systems Hägglunds has earlier developed an active camouflage system for the infrared 

spectrum. The system was successfully mounted on a CV90 tank and the concept showed great 

potential for further development. It was decided that the next version of the system should be 

developed with support for both thermal- and visual camouflage. This report treats the 

implementation of the software for the next version of the system. The visual camouflage, the 

infrared camouflage and the internal communication of the system are the subjects of this report.
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2. List of used terminology

Camouflage – Camouflage is the use of any combination of materials, coloration or illumination for

concealment, either by making objects hard to see or disguising them as something else.

CPU – Central Processing Unit.

CV90 – Combat tank developed and produced by BAE Systems Hägglunds in Örnsköldsvik. CV90 

is the primary vehicle that Adaptiv has been developed to be mounted on.

Display – A display is an output device for presentation of information in visual form.

Ethernet – Family of computer network technologies used in communication.

LED – Light-emitting diodes.

Panel – A modular part of the Adaptiv system, see figure 4.

PID – Common type of regulator.

PWM – Pulse-width Modulation. The type of signal that is used to control the LEDs.

RGB – The red, green and blue color representation that is used. 

Screen – See display.

Signature – Short for heat signature, heat signature is the geometry of the heat an object emits.

Switch – A network device that connects devices together on a computer network.

TEM – Thermoelectric module, uses the peltier effect to create a heat flux between the junctions of 

two different types of materials. 

Thermal – Refers to the thermal part of the Adaptiv system.

Thermal element – See TEM.

Visual – Refers to the visual part of the Adaptiv system.
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3. Introduction

3.1 Company information

BAE Systems is a worldwide defense, security and aerospace company with British origin. The 

company has over 88.000 employees worldwide and is one of the world's largest defense 

contractors. Its largest operations are in the United Kingdom and in the United States but other 

major markets also include Australia, India and Saudi Arabia. 

BAE Systems Hägglunds is located in Örnsköldsvik and is a part of the BAE Systems section 

“platform and solutions”. Hägglunds is one of Örnsköldsviks largest companies with about 

thousand employees and was established in the beginning of the 1900. Hägglunds has since then 

produced everything between furniture, cranes, buses, aircraft and tanks. Nowadays does 

Hägglunds primary develop and construct two vehicles, CV90 and BvS10. The CV90 is a combat 

tank and the BvS10 is multiple function terrain vehicle.

3.2 Background of Adaptiv camouflage

Camouflage has always been an important aspect in military contexts. Even since the first vehicles 

entered the battlefield different approaches to make them hard to detect have been employed [17]. 

These approaches have historically varied from nature inspired paintings on the vehicle to attaching 

plants and other natural material on the vehicle's sides. The camouflage has however always been 

meant to make it hard for the human eye to distinguish the vehicle from the environment. There has 

been no need to make the camouflage work in other parts of the electromagnetic spectrum than the 

visible spectrum, where the human eye works, because there has not been any equipment available 

to detect such signatures outside the visible spectrum, see figure 8. This has now changed as the 

sensor technology has been greatly improved over the years and is now practically usable. Sensors 

that can detect both electromagnetic signature below and above the visible spectrum are nowadays 

common in many modern weapon systems [16]. Especially important has the heat signature been 

since all vehicles have a distinct heat signature that is easy to detect and the equipment that is 

needed to detect is relatively cheap. To keep up with the sensor technology there is now a need to 

move beyond the visible spectrum to take the whole electromagnetic spectrum into account when 

designing the camouflage systems of tomorrow.
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A drawback of today's visual camouflages is that once the visual painting of the vehicle is done, it is

permanent. The camouflage is constant there until the vehicle is repainted, which is no small 

business. If the vehicle operates in regions where the environment varies a lot, the camouflage may 

even have opposite effect and make the vehicle easier to detect. There is obviously a need for some 

sort of visual adaption of the camouflage to the environment.

BAE Systems Hägglunds has since earlier developed a prototype system called Adaptiv that 

addresses the heat signature camouflage. The system is built by a large amount of heat elements that

are individually controlled so that the environment can be imitated. The adaption must however be 

set manually. The system has successfully been mounted on a light tank of type CV90120 and the 

concept showed great potential for further development. See figure 1 for an operational 

demonstration and figure 2 for a closer view of the system.

Figure 1. Thermal view of the Adaptiv system disabled and enabled. The system is configured to 

mimic the thermal pattern of a car [18].
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Figure 2. Close up of the previous version of the Adaptiv system mounted on a CV90 [19].

3.3 Purpose

This report focuses on the development of the next version of the Adaptiv system. The next version 

will in addition to the thermal camouflage also have visual camouflage. The visual camouflage will 

be able to emit light to match the background and make it hard for the naked eye to distinguish the 

vehicle from its environment. The next version of the Adaptiv will be built from scratch and differ a

lot from the previous system so many things need to be re-designed. This includes the thermal 

regulation and the internal communication within the system. These two parts plus the visual part 

will be the focus of this report.

3.4 Question formulation

• How shall the communication within the system be designed to support various numbers of 

panels and have sufficient transfer rate for video streaming?

• How shall the transformation between the two dimensional pixel representation and the 

hexagonal pixel structure be formulated?

• How does the visual display's gamma and contrast affect the reproduced image?

• Estimate how possible it is to regulate the thermal display in terms of response time and 

overshoot.
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3.5 Methodology

The question regarding the communication link will be answered by covering basic network theory 

and then select and implement the most promising solution. To evaluate if the communication link 

is capable of handling streamed video, a theoretical calculation and a practical test will be done.

The question about the visual display's transformation algorithm will be answered by implementing 

two different solutions to the problem and comparing them with each other with a visual inspection 

of the display.

To answer the question formulated for the visual display's gamma and contrast the phenomena will 

be studied and the appropriate algorithms to solve the problems will be implemented. The visual 

display will be set up and each algorithm will be evaluated with a visual inspection of the display. 

The question regarding the regulation of the thermal display will be answered by studying the most 

common type of regulator and implement it. The heat elements the thermal display is based on will 

also be studied to find their behavior. The regulator will be evaluated with respect to response time 

and overshoot to find out if it is realistic to use the implemented type of regulator for the thermal 

display.

3.6 Structure

The Adaptiv system is divided in three sub-systems and the report does consequently also follow 

this structure. The three parts are the communication, the visual- and the thermal-display. The 

theory, design, evaluation and discussion chapters will have a separate section for each of these 

parts.

3.7 Limitations

Adaptiv's visual display will not be calibrated to correctly reproduce colors acording to any gamut 

color profile. This is a major task and requires a thesis work by its own. The calibration is however 

something that needs to be done before the system can leave the prototype phase. The consequence 

of the lack of a calibrated display gives the result that all colors may not be correctly reproduced.
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3.8 Overview of Adaptiv

The concept and the components of the Adaptiv system is described in this chapter. First is a brief 

overview given and then are each of the three sub-systems of Adaptiv described. These three are the

internal communication, the visual display and the thermal display. 

3.8.1 Introduction

The Adaptiv system is compound of modules called panels. A panel is a 0.4 m2 aluminum plate with

cooling, power supply and six CPU Boards. See figure 3 for an image of the underneath of a panel 

and figure 4 for a panel in action. The panels are mounted on the sides of a vehicle so various 

numbers of panels will be used depending on the vehicle size. Each panel is equipped with a visual-

and a thermal-display controlled by the CPU boards. The panels are connected together with a 

computer that controls what the displays shall output. An operator of the system does manually 

select the visual and thermal camouflage to output from a predefined set of objects that can be 

mimicked by the system. Both the selected object's visual and thermal properties are stored in the 

system and outputted to the displays when desired. The visual display supports both video and 

image sources but the thermal display does only support images. The elements that the visual 

display is based on are the same as commercial outdoor displays which have an update frequency 

that easily handles the frame rate required by a video source. The elements that the thermal display 

is based on is not as quick in the response as the visual elements. The response time for the thermal 

display is measured in seconds, not in milliseconds, and this is the reason why only image sources 

are supported by the thermal display.
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Figure 3. Image of  the underneath of a panel. Six CPU boards are mounted in a 2 x 3 pattern. 

Each CPU board controls six thermal elements and 192 LEDs.

Figure 4. Image of mounted panel displaying the Swedish flag.
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3.8.2 Communication

The CPU boards are running a real time operating system with Ethernet support. The Ethernet 

support is used to connect all CPU boards together to form a computer network. A computer is also 

connected to this network and the computer acts as the master controlling the CPU boards, figure 5 

shows an overview of the systems communication. The concept is that an operator uploads a visual 

and thermal camouflage pattern to the Adaptiv system from the laptop, which then displays the 

patterns. It is possible for the operator to change patterns dynamically whenever there is a need to 

do so. It is desired that the computer can stream video to the visual display of the system so the 

communication must be fast enough.

The Adaptiv system is developed to be mounted on a wide range of different vehicles, primarily the 

CV90 but also terrain vehicles, boats and aircraft. It must therefore be easy to alter the hardware 

layout of Adaptiv. This is done by adding or removing panels to the system. In theory there should 

be no limit of the number of panels used by Adaptiv. The ability to alter the number of used panels 

gives the consequence that the internal communication must support a varying numbers of panels.

Figure 5. Overview of Adaptiv's system design. The Laptop(PC) forms a computer network with the 

CPU boards that are mounted on the panels. The number of used panels depends on the vehicle-to-

camouflage's size.

3.8.3 Visual

The visual display of Adaptiv is based on the same type of technique as large commercial outdoor 

displays. Each pixel of the display is a light emitting diode, LED. The LEDs are of a type that can 

emit light in the full color range of the human eye. There are 192 LEDs per CPU board which given

1152 LEDs per panel. The LEDs are connected to the CPU via LED drivers that communicates with
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the CPU over a digital interface. The LEDs form a very low resolution display but since the system 

is supposed to operate at long distances, the resolution is less important. The most important 

attribute of the visual display is the brightness. Adaptiv does operate outdoors and this sets high 

demands on the brightness of the display. If the brightness is too low, the display will be 

experienced as dark. Apart from the brightness the color reproduction must be correct. The image 

reproduction is critical to treat or otherwise the display will not correctly reproduce the source 

image and it will never be interpreted, by the human eye, in the same way as the source image was 

meant to be interpreted. To get the color reproduction right the phenomena gamut, gamma, contrast 

and brightness must be investigated.

The LEDs are mounted in a hexagonal pixel pattern, see figure 6. This pattern is a consequence of 

the placements of the thermal display. There is not room for the LEDs to be placed in any other 

configuration than a hexagonal pattern. The hexagonal pixel pattern of the visual display must be 

taken into consideration and requires that a transformation algorithm is applied on the source image 

before it is outputted to the display.

Figure 6. Illustration of one panel. Under each black hexagon is a heat element located. Below the 

white area between the heat elements are the LEDs mounted.

3.8.4 Thermal

The Adaptiv system has six thermal elements connected to each CPU board which gives 36 thermal 

elements per panel. The thermal elements are of a type called TEM elements. A TEM element is a 
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component that, when given a DC current, transports heat from the bottom side to the top side of 

the element see figure 7. When the current is reversed the heat transportation is also reversed. The 

possibility to change direction of the heat transportation gives Adaptiv the ability to both decrease 

and increase its temperature to match the environment. The TEM element is capable of 

increasing/decreasing the surface of the element by around 15 degrees, but with the drawback of a 

huge current drain. The TEM should therefore be set to operate in the interval where the drained 

current versus temperature quota is optimal. The direction of the current the TEMs are provided 

with are controlled by H-bridges in the hardware. Each TEM has its own H-bridge which is 

controlled by two signals, a signal for heating the element and one for cooling it. A complex 

mathematical model may be derived to regulate the TEMs, but experience from earlier prototypes 

of the Adaptiv system indicates that a much simpler PID regulator may be tuned to perform well.

Figure 7. Illustration of a TEM element. The element transports heat from upper side to the bottom 

side when the element is connected to a low voltage DC source [20].
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4. Theoretical background

This chapter treats necessary theory for the internal communication, the visual- and the thermal-

display of the Adaptiv system. 

4.1 Communication

The internal communication of Adaptiv must either run TCP or UDP as the provider of the 

transportation layer in the network stack. The network stack is briefly covered and the advantages 

and disadvantages of both transportation protocols are explained in this chapter.

4.1.1 The network stack

The network stack is the underlying structure of protocols in modern computer networks. The 

network stack consists of four layers of abstraction. These layers are the link layer, the Internet 

layer, the transportation layer and the application layer. The link layer is the lowest layer in the 

stack and is the layer that sends the data over the physical medium (often cable or wireless). The 

link layer is in some models divided into two separate layers called the physical layer and the link 

layer. This is however not of importance here. The second lowest layer is the Internet layer. The 

Internet layer does the routing of the network and is responsible for that the data reaches the desired

host on the network. The third layer of the network stack is the transport layer. The transport layer is

responsible for that the data is delivered from one application to another application running on a 

different machine on the network. The most common transportation layer protocols are TCP and 

UDP. The fourth and highest layer on the stack is the application layer. The application layer 

specifies the data that the application sends [4].

When designing a network application the two highest layers, the transportation layer and the 

application layer, are of interest. The application needs to chose what transportation protocol that 

shall be used and it needs to define the application protocol.

4.1.2 TCP

TCP is one of two alternative for the transportation layer of the network stack. TCP is a connection 

oriented protocol which means that it is reliable. The data that is sent over the connection is 

guaranteed to be delivered to the receiver or the sender is at least notified if the receiver is 
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disconnected from the network. The packages that the data may be divided into is also guaranteed 

to be delivered in the exact order they were sent in. TCP is the most used transportation protocol on 

the Internet as the majority of the applications require that the data that the application sends is 

delivered correctly to the receiver. The drawback of TCP is the overhead it uses to maintain the 

established connection. The overhead consumes available transfer speed and leaves less over for the

application to use. The exact number of bytes used by the TCP header is 20 bytes. When the TCP 

header is combined with the overhead of the underlying network protocols the overhead becomes 

74 bytes per packet [4]. The packet size may vary from a few bytes up to around thousand bytes. 

For small packets the packet's overhead may very likely be larger than the packet's data itself.

4.1.3 UDP

UDP is the other alternative for the transportation layer of the network stack. UDP is connectionless

which means that there is no connection established before the data is sent over the network. The 

term connectionless means that there is no check whether the receiver is alive or not. The receiver 

might very well be disconnected from the network and the sender will not notice anything. The 

sender does happily send all its data and forgets about it as soon as it has left the network interface. 

Even if the data is received there is no guarantee that the data packages are received in the same 

order as they were sent. The order the data packages are received in depends solely on their 

individual routes on the network. Data packages sent on a wide network can often take different 

routes which scrambles their internal order. The advantage of UDP is that is it much faster than 

TCP. The exact number of bytes used by the UDP header is 8 bytes. When the UDP header is 

combined with the overhead of the underlying network protocols the overhead becomes 62 bytes 

per packet. In applications where it is not crucial that all data packages arrive in their correct order 

the UDP is a possible solution. In small local networks the risk that a UDP losses or scrambles of 

the packets internal order is minimal [4].

4.2 Visual

When constructing a visual display there are many aspects to take into account. The pixel layout of 

the display, color physic, digital image representation, brightness, resolution, contrast, gamma and 

gamut must be considered. Each of these will be investigated further as they affect the 

implementation of the Adaptiv system's display.
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4.2.1 Color physics

When discussing the visual display the first thing to focus on is light. Visible lights are 

electromagnetic radiation within a certain region of the electromagnetic spectrum. The word light 

does often refer to the part of the electromagnetic spectrum where the wavelength is between 

400nm and 700nm, see figure 8. White light, as sunlight, is a combination of all colors and when 

these colors are split up other colors are formed [5].

Figure 8. Illustration over the electromagnetic spectrum. The visible light for the human eye is 

between 400nm and 700nm [21].

When light hits the surface of an object parts of the light is absorbed and parts of it is reflected. The 

reflected light continues its way away from the object and some of it reaches the eye. Which colors 

that are absorbed and which that are reflected is determined by the properties of the object's surface.

When the reflected light hits the eye it generates signals that are interpreted by the brain and the 

object appears to have a color [2]. A black surface absorbs all incoming light and a white surface 

reflects all light. What color the object appears to have is strongly correlated with the radiated light. 

This gives the result that an object may appear to have one color in one light, and a different color 

in another light, see figure 9 for an example of colors in different lights.
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Figure 9. Illustration of how colors appear in different radiated lights. a) the colors in daylight, b) 

the colors radiated with blue light and c) the colors radiated with green light [22].

This effect is of great importance when constructing the Adaptiv's display. The display's colors will 

appear different in different lights. The display must therefore be able to automatically adapts its 

colors depending on the light that is being radiated onto the system. This feature is however out of 

the scope for this thesis work so the adaption will be done manually.

4.2.2 Digital image representation

A digital image is represented by a two dimensional grid of tiny squares called pixels, see figure 10.

The grid's dimensions is called the image's resolution and is a measurement of how many pixels that

make up the width and how many pixels that make up the height. The resolution is always specified

as pixels per width times pixels per height. Each pixel has most commonly three values, one value 

for each of the colors red, green and blue. These three values are often represented by eight bits 

each but twelve and sixteen bits representation does also occur [15]. More bits allow larger 

spectrum of colors to be used. Eight bits representation gives a total of 24 bits per pixel which gives

room to express around 16 million different colors ( 224 ) which is more than enough for this 

application.

The reason why the three colors red, green and blue is selected to represent an image is because of 

how the human eye works. The human eye is only sensitive to these three colors [6]. The mix of 

these three makes up all the colors that the human eye can observe.
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Figure 10. Illustration of the digital image representation with three pixels RGB values indicated. 

Each square with black boarders represents a pixel. The resolution of the image is 10 x 10 pixels.

4.2.3 Gamut

When a screen receives an image to display, it receives all the pixels RGB values the image is 

compounded of. The RGB value is only a discrete number that indicates how many percent of each 

color channel the display shall output for each pixel, it does not say anything about the physical 

nature of the color. It is up to the screen to produce the colors based on the vague RGB information.

For example, fifty percent green on an uncalibrated screen is probably not the same green as fifty 

percent green on another uncalibrated  screen. This is where gamut becomes relevant. Gamut 

specifies a color space that defines how the colors actually should look. In the example above it 

defines how the color fifty percent green should look, independent of how good or bad different 

screens produce green [7]. It is important that both the screen and the image follow the same gamut 

format. If one of them does not follow the selected gamut then the colors may be distorted. The 

most common gamut standard is the sRGB standard, see figure 11. There are several other gamut 

standards such as Abode RGB, Apple RGB, etc, but the sRGB is the most widely used [7]. To make 

the screen follow the sRGB standard the screen must be manually calibrated.  Calibration of a 

screen is no trivial task and will only be described briefly.

The calibration can be divided into two steps. The first step is to characterize the hardware's 

properties, in this case the LEDs. This is done with a spectroradiometer that maps up the entire 

spectrum of colors the LEDs can output. Secondly, a transformation function needs to be calculated 

to transform the RGB value to the LEDs gamut. A more detailed description of the process is 

described by M. Andersson in the book Topics in color measurement [2].
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Figure 11. Two dimensional illustration of the sRGB standard. The colored graph represents the 

colors that the human eye can observe and the triangle represents the colors that can be expressed 

with the sRGB standard. The luminance of the colors is however not visible in this illustration [23].

4.2.4 Brightness

The term brightness describes the amount of light a screen can output. A screen with higher 

brightness can be used in a brighter environment and still be readable. If a screen with low 

brightness capability is used in a bright environment the screen will look dark and it will be hard to 

see what the screen displays. For screens used outdoors there is a higher requirement on the 

brightness capability since the surrounding brightness is much higher outdoors than indoors, see 

figure 12 for an comparison of two screens used outdoors with different brightness.

Figure 12. Image of the previous study done by K. Cavallin at BAE Systems. Two screens with 

different resolution and brightness were compared against each other [1].
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There has previously been done a study for the Adaptiv project where two test displays were built 

and evaluated. A more in depth analysis of the brightness' effect can be found in the study, [1].  

4.2.5 Gamma correction

The colors of the pixels of a digital image is represented by RGB value, red, green and blue. Each 

of these values are linear quantified and stored with discrete values. The human eye's intepretation 

of colors is however non-linear [8]. If the linear stored values were simply displayed without any 

transformation then the image's color would be distorted and the image would not reproduce the 

original image in a good way, see figure 13's left top image for an example of an image that has not 

been gamma corrected. To better match the human eye's color perception a non-linear 

transformation of the linear stored color values is needed. The most common non-linear formula for

gamma correction is to take the percent of each pixel's color channels and raise them by a constant 

factor, CorrectedColor=LinearColorγ . The gamma corrected color is calculated on each pixel's 

red, green and blue channel. LinearColor is the linear representation of the color and  γ is the 

gamma constant, typical 2.2. A higher gamma value results in general in a dark but high contrast 

images while a low gamma value gives an image with more tones.

Figure 13. An image corrected with different gamma values. Starting from the left top and reading 

to the right is the gamma for each picture γ = 2.5  γ = 2.0,  γ = 1.5 and  γ = 1.0 [24].
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4.2.6 Contrast

The previous study [1] revealed that the need for adjustable contrast was very important. The term 

contrast describes the difference between an image's or screen's black regions and its white region. 

Increasing the contrast makes “the blacks blacker and the whites whiter” [9]. Decreasing the 

contrast makes the difference between the colors less distinct, see figure 14 for an image with 

different contrast levels. The contrast correction algorithm is described by the following formula 

[10].

where C is the desired contrast correction number and R is the current color value. R' is the new 

color value. This formula is applied on each of the red, green and blue color channels.

Figure 14. Example of image with different levels of contrast. The left side has lower contrast and 

the right side has higher contrast [25].

4.2.7 Resolution

The resolution is another important aspect of a screen. The term resolution describes the number of 

pixels the screen is built upon, and are often expressed as number of pixels on the width times 
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number of pixels on the height. A higher resolution is preferable as it makes the individual pixels 

harder to distinguish and the screen brighter as there are more light sources. The figure 8 shows two

different screens where the left display has a higher resolution. As an effect of the higher resolution 

the left screen is brighter and the pixels are not as easily spotted as in the right screen. The subject 

resolution has been investigated deeper in the report written by K. Cavallin [1].

4.2.8 Pixel structure

A commercial available screen has its physical pixels mounted in a two dimensional matrix. All 

pixels have the same distances to all of its direct neighbors. Direct neighbors are the closest pixel 

up, closest down, closest left and closest pixel to the right, see figure 15. This type of physical pixel 

layout is very similar to the digital representation of an image as it is also stored as a two 

dimensional matrix with the same distance to all of its direct neighbors. The dimensions of the 

pixel-matrix is often called resolution. If the screen's resolution is exactly the same as the source 

image's resolution there is a one to one mapping between the digital image's pixels and the screen's 

pixels. With a one to one mapping there is no need for any transformation between the resolution of 

the screen and the image. When the screen's and the source image's resolution match perfectly the 

screen is said to operate in its native resolution. Commercial screens do support a wide range of 

resolutions and this is where transformation between the different resolutions is needed. 

Transformation, or scaling in this case, between different resolutions is a well explored field and 

there are plenty of algorithms that have been developed, all with the goal to reproduce the original 

image with the best visual outcome. The transformation between different resolutions with the same

pixel structure is mainly just about transforming  from one rectangle's width and height to another 

that matches the screen's resolution. 

Figure 15. Close zoom of a commercial LCD display. Each pixel consists of a red, green and blue 

light diode. All pixels have the same distance to its neighbor pixels [26].
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In the case when the physical pixels of a display is not structured in a two dimensional matrix 

layout there is a need for an algorithm that can transform the source image between the two 

different formats. This scaling is more complicated than just ordinary resolution scaling. How such 

a transformation algorithm is formulated depends primary on the shape of the layout of the physical

pixels. 

4.3 Thermal

This chapter contains theory about the two necessary aspects of the thermal display. These two are 

the TEM elements and the regulation of them. Both of these aspects are highly related to the 

efficiency and response time of the thermal display. 

4.3.1 TEM

The TEM elements use a physical effect called the peltier effect to transport heat between the two 

sides of the elements. The peltier effect depends on the current the element is fed with. A larger 

current results in more heat transportation. The amount of heat that is transformed does also depend 

on the temperature difference between the environment and the TEM. The smaller the temperature 

difference between the TEM and the environment is the more effective it is. Figure 16 shows the 

relationship between the input current to the TEM and the efficiency with a range of different 

environment temperatures. 

Figure 16. Graph of the relationship between current and performance for the TEM. ΔT is the 

temperature difference between the surrounding environment and the TEM [27].
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4.3.2 PID regulator

The PID regulator is one of the most common regulators and it require no mathematical model. This

is a big advantage as deriving a mathematical model can require much hard work, if even possible. 

The PID regulator is compound of three blocks, the P, I and D, see figure 17. The P block stands for 

proportional and gives a directly proportional output with respect to the error. The I block stands for

integral and integrates the error in the output to reduce it to zero over time. The main purpose of the

I block is to eliminate offsets in the output. The D block stands for derive and derives the error. The 

derivation block gives an output proportional to the error’s derivative and allows the regulator to 

faster react to rapid changes in the error [11].

A classic PID regulator does only have one feedback signal. The feedback signal is subtracted with 

the input signal to form the input signal to the PID regulator. The difference between the desired 

value and the current value is by this way determined and the PID regulator regulates to eliminate 

the difference between these two signals. If the difference is zero then the desired output is reached 

and the PID does nothing.

Figure 17. Illustration of a PID regulator with input signal, feedback signal and the regulation 

signal as output [3].

The continuous PID implementation is described in formula 18.

u (t)=K p e (t )+K i ∫
t=0

t

e (τ)d τ+Kd

de (t)
dt

Formula 18. Continuous formula of the PID regulator [3].

Since the PID will be implemented on a CPU the integral and derivation blocks will need to be 

translated to discrete time. The continuous PID formula modified for discrete applications is 

described by the formula in figure 19.
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u (k )=K p e (k )+K i∑
i=0

k

(e (i)+e (i−1))+K p(e (k )−e (k−1))

Formula 19. Discrete formula of the PID regulator[3].

A PID regulator does not operate optimal when it is implemented, it must be tuned to its 

environment. The tuning of a PID regulator is a cumbersome business and is performed by 

adjusting the constants for each block in the PID. There is no universal tuning available as the 

tuning depends on the system characteristics, so the tuning needs to be done each time a PID 

regulator is implemented. As the tuning of PIDs is such a frequent task there have been proposed 

several methods for how to fine-tune PIDs for different applications. One of the most common 

method for tuning PID regulators is called the Ziegler-Nichol’s method [3]. The Ziegler-Nichol’s 

method is specified as following:

1. Set the D constant to zero and the I constant to infinity, this disables the I and the D blocks.

2. Increase the P constant until the response oscillates with constant amplitude.

3. The value on the P constant (K0) and the period time of the oscillated response (T0) are used 

to look up the correct values of the P, I and D constant according to either table 20 or table 

21.

There is no guaranty that the Ziegler-Nichol’s tuning method gives an optimal tuning of the PID 

regulator, but in many applications it results in sufficient performance. After the method has been 

applied manual tuning can be performed to increase the performance further.

Constant P I D
Value 0.6K0 T0 / 2 T0 / 8

Table 20. Ziegler-Nichol’s classical tuning table [3].

Constant P I D

Value 0.2K0 T0 / 2 T0 / 3

Table 21. Ziegler-Nichol’s cautious tuning table [3].
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The PID regulators that are implemented by the continuous or discrete formula mentioned above 

suffers from a phenomena called integral windup which can cause long periods of overshoots in the 

response signal. Integral windup happens when the system reaches its limit on the output signal 

(due to physical limits of the system) and the signal’s magnitude is not enough to compensate for 

the error. The error will be accumulated by the integration and when the error changes sign the 

previous accumulated errors must first be reduced before the signal can return to the desired 

magnitude, see figure 22 for an illustration of the integral windup phenomena.

Figure 22. Illustration of integral windup. The section A has an error that the system cannot 

compensate for (due to physical limits in the system). The integral part accumulates the error and 

when the error no longer occurs the accumulated errors cause an overshoot (B) of the response 

signal [28].

A possible solution to avoid this phenomena is to modify the integration block’s behavior. When the

output signal’s limit is reached the integration block must stop accumulating the error. Instead of 

keep on accumulating the I block is set to the reached limit. This prevents the integration from 

operating outside of the system’s limits and removes the overshoots caused by integral windup [12].
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5. Design

This chapter describes and motivates the implementation of the system. A more detailed description 

is given in each sub-chapter.

5.1 Communication

This chapter explains and motivates the implementation of the communication link. To implement 

an Ethernet communication link there are two things that must be done. The first thing is to chose 

the provider of the transportation layer and the second thing is to design the application layer. The 

application layer must for this system be flexible and allow a various number of panels to be used.

5.1.1 Transportation layer

TCP provides insurance that the data is delivered to the receiver, but it is slower. UDP on the other 

hand does not guarantee anything but it sends the data fast. From that short description it sounds 

like TCP is the better choice but it must be taken into account that the network in the Adaptiv 

system is an isolated and small network so the losses seem unlikely even for a UDP connection. The

data that shall be delivered does also influence what underlying service that is sufficient. In this 

system the data consist of a video stream. A loss of a video frame is not critical since the receiving 

panel would only display the previous frame for a longer period and skip the lost frame. Losses like 

this might slip away undetected from an observers eyes and many video streaming protocols are in 

fact UDP based [13], [14]. With that motivation the selected provider for the transportation layer is 

chosen to be UDP.

5.1.2 Application layer

The application layer is designed to broadcast the video stream to all of the panels from the 

controlling device of the system. All panels receive the whole video stream and clip out the part that

shall be displayed on the current panel. Each panel is assigned a unique identifier that is used to 

locate what part of the video that each panel shall clip out and display. The application protocol that 

is used is defined in figure 23. The first byte is used as a packet identifier. The packet identifier tells

the receiving panel what type of packet that is being received. There exists four types of packets, 

display-, clear-, apply- and display-settings- packet. The display packet contains both the data for 
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the LEDs and the thermal elements. This packet is sent as often as the displays need to updates. In 

the case of streaming video is this typically 30 times per second. The clear packet is broadcasted 

when nothing else is to be displayed and the panels simply clear all LEDs and sets the thermal 

elements off when receiving this packet. The apply packet is used to synchronize the panels and the 

display-settings packet is used to adjust the brightness and contrast of the LEDs. The clear and 

apply packet have no data attached and the display and display-settings packet have attachment. For

the display packet the attached data is the patterns for the LEDs and the thermal elements. For the 

display settings packet the attached data is the red brightness,  green brightness,  blue brightness and

the contrast. All these fields are represented by a byte each. With this design of the application 

protocol the flexibility that is required by the system is accomplished.

Figure 23. Image of the protocol. The “type of packet” field is the most significant byte. The field 

“data” is optional as all packet does not have data attached to them.

5.2 Visual

This chapter describes and motivates the implementation of the algorithms and structures the visual 

display of the Adaptiv system uses. Gamma correction, contrast adjustment and two pixel 

transformation algorithms have been implemented. The two implemented transformation algorithms

are compared against each other in the evaluation chapter. All the image algorithms are 

implemented on the controlling computer in the system.

5.2.1 Gamma

The gamma correction that is implemented by the display is the gamma formula described earlier 

with a constant factor of 2.2. A display must implement a gamma algorithm or otherwise the color 

reproduction will never be good. Pseudo code 2 illustrates the pseudo code for the implemented 

gamma correction.

void setGamma(double gamma, int x, int y){

gammaCorrection = 1 / gamma

color = GetPixelColor(x, y)

newRed = 255 * (Red(color) / 255) ^ gammaCorrection

newGreen = 255 * (Green(color) / 255) ^ gammaCorrection
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newBlue = 255 * (Blue(color) / 255) ^ gammaCorrection

putPixelColor(x, y) = RGB(newRed, newGreen, newBlue)

 }

Pseudo code 2. Pseudo code for the gamma correction algorithm. The function setGamma is 

executed on each pixel in the source image.

5.2.2 Contrast

The previous study regarding the Adaptiv's display [1] revealed that the possibility to adjusting the 

contrast of the display was crucial. The implemented contrast controller works by manually 

adjusting a software regulator, much similar to the brightness controller. Pseudo code 3 illustrates 

the pseudo code for the implemented contrast controller.

void setContrast(double contrast, int x, int y){

factor = (259 * (contrast + 255)) / (255 * (259 – contrast))

color = GetPixelColor(x, y)

newRed = truncate(factor * (Red(color) - 128) + 128)

newGreen = truncate(factor * (Green(color) - 128) + 128)

newBlue = truncate(factor * (Blue(color) - 128) + 128)

putPixelColor(x, y) = RGB(newRed, newGreen, newBlue)

}

Pseudo code 3. Illustration of the pseudo code for the contrast controller. The function named 

truncate is the same as used in the brightness controller, see pseudo code 1.

5.2.3 Hexagonal pixel pattern

Adaptiv's display's pixels are not structured in a two dimensional matrix layout, but the two 

dimensional pixel structure of the source image does still apply. The pixel structure of the source 

images and the pixel structure of the display does consequently differ. This makes need for a 

transformation algorithm that transforms the source image's matrix representation to the visual 

display's hexagonal pixel structure, see figure 24. How the transformation algorithm is best 

constructed is not a trivial task as the pixels in the hexagonal pattern must somehow compensate for

the lack of pixels in the middle of the hexagonal. The only way to evaluate the transformation 

algorithm is to implement a couple of different approaches and to compare them by visual 

inspection. This comparison can be found in the evaluation chapter of the report. A short note about 

the transformation algorithms is that apart from rendering the image in a sufficient way they must 
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be fast enough to handle transformation of video in real time.

Figure 24. Illustration of the problem with the hexagonal pixel pattern. To the left is the pixel 

representation of an image and to the right is a small part of the Adaptiv display's pixel layout. The 

arrow represents the algorithm that transforms the image to be displayed. Each black square 

represents a pixel.

Before the transformation algorithm can be applied the placements of the LEDs relative positions to

each other must be determined. These positions are found in the hardware sketch of the system. The

relative positions of the LEDs, from now on called vehicle layout, is then transformed to the source 

image's coordinate system, which results in that each LED in the vehicle layout corresponds to a 

position within the source image. This is all the information the transformation algorithm needs to 

operate and the output from the transformation algorithm is sent to the Adaptiv's display. The 

question is how the transformation algorithm should be defined to reproduce the source image in an

adequate way.

The most naive way to implement the transformation algorithm is to grab the image's pixels that are

located at the exact position of the vehicle layout. This is quickly implemented and the algorithm is 

fast but it does leave room for improvements. The only pixels of the image that are rendered on the 

display, with this algorithm, are the pixels that are located exactly on the vehicle layout's pixels. 

This is a disadvantage as all the pixels of the image inside the hexagonal are ignored, which may 

give raise to a significant deviation in how the image is reproduced. The advantage of this approach 

is that the contrast of the image is kept intact since no averaging is applied. The implementation is 

described by pseudo code 4.
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for pixel in vehicle layout

toImageCoordinates(pixel)

RGBValue = image[pixel.x][pixel.y]

outputToLED(RGBValue)

end

Pseudo code 4. Description of the pixel transformation algorithm.

Another approach to transform the pixels is to take an average region around the vehicle layout's 

pixels. This takes a bigger amount of pixels into account and could possibly compensate for the 

missing pixels in the middle of the hexagon. The advantage with this approach is that the pixels 

within the hexagon are also taken into account and do contribute to how the image is rendered on 

the display. Possible essential image information that lays within the hexagonal is not lost, as was 

the case for the proposed transformation algorithm above. The disadvantage is that when taking 

average over a large amount of pixels the contrast becomes less distinct and the image is perceived 

as smoother. The speed performance of the algorithm may also be an issue as averaging over a large

set of pixels requires CPU power. The pseudo code for the average transformation algorithm is a bit 

longer than the pixel transformation algorithm but follows the same principle. This algorithm takes 

an average over the region defined by averageRect and outputs it to the LEDs. See pseudo code 5 

for the description of the average transformation algorithm.

for pixel in vehicle layout

toImageCoordinates(pixel)

for dx in pixel.x – averageRect.x to pixel.x + averageRect.x

for dy in pixel.y – averageRect.y to pixel.y + averageRect.y

averageRGB = image[dx][dy]

end

end

RGBValue = averageRGB / (averageRect.x * averageRect.y) 

outputToLED(RGBValue)

end

Pseudo code 5. Pseudo code for the average algorithm.

The shape of the region around the pixels to take the average in has great impact on the 

transformation algorithm. The simplest solution is to make the shape a static square and the more 

complex solution is to divide the hexagon's area with the number of pixels per hexagon and 

calculate the shape each pixel should have to get an unique part of the area of the hexagonal. The 

35



Erik Tideman Control System for Active Camouflage 2015-01-19

latter would theoretical achieve the best result, as it takes all the pixels inside the hexagon into 

account. See figure 25 for an example of both proposed shapes. The downside of the latter shape is 

that it is very computationally heavy and may not be able to transform video streams. The averaging

algorithms above uses a static square region. 

Figure 25. Illustration over two different average shapes. The shapes are iteratievly centered over 

each pixel. To the left is the most desired shape since all the pixels within the hexagon would be 

covered. To the right is a much simpler and computationally faster propositional that are used in 

the implementations. 

5.3 Thermal

This chapter describes the implementation of the PID regulator for the thermal display. It also 

describes how the TEMs are set to not operate outside their effective region described in the theory.

5.3.1 PID

Each CPU board runs six independent PID regulators, one for each TEM connected to the CPU. 

The input signal to each PID is the desired temperature and the feedback is read from a temperature 

sensor located on top of each TEM. The temperature sensors are updated ten times a second with an

accuracy of ±0.20°C from -10°C to +85°C. The sensors report the temperatures over a SPI channel. 

The implemented discrete PID regulator is described by pseudo code 7.

dt = 0.4
epsilon  = 0.0001
MAX_PWM  = 500
MIN_PWM = 0

for each TEM connected to the CPU{
regulate()

}
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void regulate(){
error = desired_temperature – actual_temperature
derivative = (error – previous_error) / dt

//stop integrate if the error is too small (noisy)
if(abs(error) > epsilon)

integral = integral + error * dt

output = constantP * error + constantI * integral + constantD * derivative

/* Apply physical limit of the signal and prevent integral windup */
if(output > MAX_PWM)

output = MAX_PWM
integral = output

else if( output < MIN_PWM)
output = MIN_PWM
integral = output

previous_error = error

return output
}

Pseudo code 7. Description of the implementation of the PID regulator.

Where dt is how often the regulation function is executed. The variable desired_temperature is the 

temperature that the PID regulates towards and the actual_temperature is the temperature received  

by the temperature sensor that is attached at the surface of the TEM. MAX_PWM and MIN_PWM 

defines the bounds of the output signal. The output is a current within the limits MIN_PWM-

MAX_PWM interval and is selected to optimize the efficiency of the TEM. As figure 16 in the 

theory chapter shows, the efficiency when the TEM drains more than 2.5 amperes is poor so the 

MAX_PWM constant is therefore set to not allow more than 2.4 ampere per TEM. MIN_PWM is 

set to be zero. The TEMs are only configured to heat the thermal display in this implementation but 

the PIDs can be modified to also support cooling. With this restriction the maximum effect of each 

TEM is set to 12 watt.

The PID regulator is tuned according to the Ziegler-Nichol’s tuning method described in the theory 

chapter.  The I- and D- part of the regulator is disabled and the proportional part is increased until a 

constant oscillating output is obtained. The Oscillation period and the value of the proportional 

constant is inputted to Ziegler-Nichol’s tuning table. The obtained values for the k0 and T0 tuning 

variables are k0 = 600 and T0 = 50, see figure 26. This gives P=360, I =25, D=6.25 for the 

classic tuning and P=120, I =25, D=16.7 for the cautious tuning.
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Figure 26. Constant oscillating output from the PID regulator. The I- and D- parts of the regulator 

are disabled and the proportional constant is set to 600. 
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6. Evaluation

6.1 Communication

The communication link's capability to stream video is both theoretically calculated and practically 

tested in this chapter. This is done to ensure that enough panels can simultaneously be used with 

video streaming. The flexibility of the communication link is not measured as the system does 

either support various number of panels to be used or not. The implementation described in the 

design chapter does support it.

6.1.1 Theoretical speed

The network traffic the communication link should be able to handle is solely the data generated by 

the thermal- and the visual patterns. The thermal pattern is of static type which requires low 

bandwidth but the visual pattern, especially when video is streamed, requires much more. The 

Ethernet link used in Adaptiv is specified at the speed 100Mbit per second. This is the maximum 

limit of the system and it cannot be altered. To evaluate how many panels that maximum can stream

video and display thermal patterns it is assumed that each color red, green and blue is represented 

by eight bits each which gives 24 bits per pixel/LED.  Each panel has 1152 pixels/LEDs, 36 TEMs 

and it is assumed that the video is streamed with 30 frames per second. The data that is required for 

the thermal pattern are two bytes per TEM and the overhead for the underlying network stack with 

UDP  are 8 + 18 + 20 + 8 = 54 bytes. (1152 pixels * 24 bits + 36 * 2 * 8 bits + 54 * 8) * 30 frames 

per second equals 859680 bits per second. 100Mbits / 859680 equals 116 panels. The calculation 

shows that it should theoretically be possible to stream video to 116 panels simultaneously.

6.1.2 Practical speed

116 panels is enough to cover a whole tank multiple times and will therefore never be used 

simultaneously, at least not by this prototype. A more realistic number of panels that this prototype 

will use is less than 15 panels. The communication link is therefore tested with 7 panels and stress 

tested with 15 panels. The test was performed on a windows 7 machine and the network traffic was 

recorded with the program Windows Task Manager. To minimize the influence of available CPU 

power the least demanding transformation algorithm was used, which is the pixel transformation 
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algorithm. The output was selected to be sent 30 times per second to simulate a video stream. The 

left image in figure 27 illustrates the network traffic when 15 panels are used and the right 

illustrates the network traffic when 7 panels are used. The average usage of the network was 14.6% 

with 15 panels and 7.5% when 7 panels were used. The fact that doubling the number of panels 

almost doubled the network traffic indicates that the CPU did not act as a bottle neck and the 30 

frames per second was held in both tests. An observation from this test is that the only 

transformation algorithm that actually managed to keep the 30 frames per second was the pixel 

transformation algorithm. The other two algorithms suffered from decreased frame rate. 

Figure 27. The left graph illustrates the network traffic when 15 panels are used and the right 

illustrates when 7 panels are used. The left graph is stable around 14.6% and the right graph is 

stable around 7.5% of used network resources.

6.2 Visual

The visual display's CPU usage and the visual experience of the display are both evaluated in this 

chapter.

6.2.1 CPU usage

The CPU usage of the visual sub-system was measured on the laptop for each of the two 

transformation algorithms when altering the number of panels in use. The number of panels were 

altered between one and twelve panels, as the CPU hit hundred percent load at twelve panels. The 

result of the two transformation algorithm is illustrated by figure 28 and 29. The pixel 

transformation algorithm had the best performance as expected. The selected source to output to the

display was a 30 fps video stream.
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The test was performed on a Windows 7 machine with a Xeon processor running at 3.2 GHz and 4 

GB of ram. The application does not benefit from multiple cores so the processor used in this test is 

a bit waste of power as it has eight of them. With that said there is plenty of room to optimize the 

application for multiple cores.

Figure 28. Graph of the CPU usage when the pixel transformation algorithm is applied and the 

number of panels varies.

Figure 29. Graph of the CPU usage when the square average transformation algorithm is applied 

and the number of panels varies.

6.2.2 Gamma

The implemented gamma correction algorithm is applied on an image and compared against the 
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same image with the gamma correction disabled (gamma = 1.0). The implemented gamma 

algorithm has an exponential value of 2.2. Figure 30 displays the difference between the 1.0 and the

2.2 gamma curve. The 2.2 gamma curve will suppress low color values compared to the 1.0 gamma 

curve. Figure 31 and figure 32 show the results of the gamma comparison. The images where the 

gamma algorithm is applied are experienced as darker and with higher contrast, as the theory for the

gamma algorithm stated. Larger copies of the images are found in the appendix.

Figure 30. Illustration of the difference between the gamma 1.0 curve and the gamma 2.2 curve. 

Each color channel is manipulated with the gamma curve according to the described 

implementation.

Figure 31. Image of the first gamma comparison. The source image is to the left and the results  

from the display are to the right. The 1.0 gamma image is when the gamma algorithm is turned off 

and the gamma 2.2 image is when the implemented gamma is applied.
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Figure 32. Image of the second gamma comparison. The source image is to the left and the results  

from the display are to the right. The 1.0 gamma image is when the gamma algorithm is turned off 

and the gamma 2.2 image is when the implemented gamma is applied.

6.2.3 Contrast

The contrast correction of the LED display was tested with three different source images, one high 

contrast image, one medium contrast  image and one smooth fading image covering all color values.

The contrast correction allows the contrast to be corrected within -100 to 100 where -100 is no 

contrast and 100 is maximum contrast. -100 in contrast results in a gray image and 100 results in a 

very colorful image. Each source image was tested with -20, 0 and 70 in contrast as these values 

shows the effect of the contrast correction in a good way. The results of the contrast correction are 

found in figure 33, 34 and 35. Larger copies of the images are found in the appendix.

Figure 33. Image of the contrast correction's effect on a high contrast image.
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Figure 34. Image of the contrast correction's effect on a smooth image fading over all color values 

(0 – 255 for all channels).

Figure 35. Image of the contrast correction's effect on a medium contrast image.

6.2.4 Transformation algorithms

The two implemented transformation algorithms affect the reproduced image in different ways. The

pixel transformation algorithm takes the pixels located exactly at the vehicle layout while the square

average transformation performs an average around the vehicle layout. Averaging an image results 

in a smoother image with less contrast than the original. The effect of the averaging can be viewed 

in figure 36. The red color is placed exactly on the vehicle's layout. As the pixel transformation 

algorithm only takes the pixels located exactly at the vehicle's layout the only color that is displayed

is red. The average transformation algorithm on the other hand takes more pixels into consideration 

and gets some part of the blue color inside the hexagons. The displayed color for the square average

transformation is red plus blue which is pink. To minimize the effects of the other display settings 

the brightness correction is disabled, the gamma is set to 2.2 and the contrast correction is disabled. 
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Figure 36. Evaluation of the two transformation algorithms. The source image is to the left and is 

the image before any transformation has been performed. The two images to the right are the final 

displayed images after transformation. See the appendix for larger copies of the images.

Figure 37 shows another comparison between the two different transformation algorithms. The 

source image is to the left and is a high contrast stripe pattern. To the right are the reproduced 

images with the two different transformation algorithms applied. The square average transformation

has some pink color in the transition between the colors which is a consequence of the averaging.

Figure 37. Test of the system's LED display with a high contrast source image. The source image is 

to the left and is the image before any transformation has been performed. The two images to the 

right are the final displayed images after transformation. See the appendix for larger copies of the 

images.

Figure 38 shows a test when using a source image with lower contrast than the previous tests. This 

image represents the type of images that the system will typical display. The pixel transformation 

keeps the contrast as shown in previous test and the square average transformation smooths the 

image.
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Figure 38. Test of the system's LED display with a low contrast source image. The source image is 

to the left and is the image before any transformation has been performed. The two images to the 

right are the final displayed images after transformation. See the appendix for larger copies of the 

images.

6.3 Thermal

The implemented PID regulator suffers with a dysfunctional D part. The temperature signal is too 

noisy so when the signal is derived the result is often infinity. This distorts the regulators output and

the D part of the regulator is therefore not used. This reduces the implemented PID regulator to a PI 

regulator.

The PI regulator is evaluated with two different tuning approaches and each tuning is tested with 

two cases. One where the set point is changed from 32 to 35 degrees and one where the set point is 

changed from 32 to 40 degrees. These two cases capture the normal usage of the system. The 

response time and the overshoot of the two tuning approaches are compared to find out which is the

most suitable. The response time is measured from the moment the set point is changed until 63% 

of the output's steady state is reached. The overshoot is measured by taking the highest value of the 

output signal and subtracting the set point. 

Zieger-Nichole's classical tuning gives a response time of 12.0s  when changing the set point from 

32 to 35 degrees and 38.6s when changing it from 32 to 40 degrees. The overshoot is measured to 

2.6 respective 2.2 degrees, see figure 39 and 40.  Zieger-Nichole's cautious tuning gives a response 

time of 12.6s and 25.6s. The overshoot is measured to 1.07 and 1.42 degrees for the two test cases, 

see figure 41 and 42.

The tuning method that gives the best performance is the Ziegler-Nichole's cautious tuning table. 
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The response time for the 3 degrees change in set point is slightly more for the cautious tuning but 

in return the overshoot is much better. For the second test where the set point is changed 8 degrees, 

the cautious tuning has surprisingly better response time. This is unexpected as the cautious tuning 

always should be slower and the result should be investigated further. The overshoot in the second 

test is lowest for the cautious tuning method, as expected.

Figure 39. Graph of the PID regulator's response when the set point is changed from 32 to 35 

degrees. The regulator is tuned according to Zieger-Nichole's classical tuning.
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Figure 40. Graph of the PID regulator's response when the set point is changed from 32 to 40 

degrees. The regulator is tuned according to Zieger-Nichole's classical tuning.

Figure 41. Graph of the PID regulator's response when the set point is changed from 32 to 35 

degrees. The regulator is tuned according to Zieger-Nichole's cautious tuning.
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Figure 42. Graph of the PID regulator's response when the set point is changed from 32 to 40 

degrees. The regulator is tuned according to Zieger-Nichole's cautious tuning.
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7. Discussion

7.1 Communication 

The theoretical analysis that indicated that 116 panels is the maximum limit of panels is a 

simplification of the problem. It is assumed that the video stream to be sent every 30 seconds fits 

inside one IP/UDP frame. This might not be the case as the packet might be divided into smaller 

packets which further decrease the transfer speed. The calculation does however give an usable 

estimation of the communication link's transfer speed. The practical limit of the communication link

should be expected to be lower than 116 panels. One must also keep in mind that the number 116 is 

the best possible theoretical limit of the system, this value will never be practically possible to 

achieve as 100% load of a Ethernet network is never realizable. 14.6% for 15 panels equals 107 

panels for 100% load of the communication. 107 is lower than 116 but still more than enough for 

the system. This indicates that the communication link fulfills the requirement of video streaming to

the panels.

7.2 Visual

The CPU usage for the visual sub-system is high but it is the only component that requires a 

measurable amount of CPU power. The reason behind the high CPU usage is because the CPU 

performs image manipulations at 30 times per second on the video stream. For this prototype the 

CPU power was enough but for a more mature product it must be improved. The tests in figure 28 

and 29 shows that the system manages to display video at 30 frames per second for up to ten panels.

If more than ten panels are to be used the only algorithm that can handle video streams is the pixel 

transformation algorithm. The pixel transformation algorithm does on the other hand not deliver as 

good visual experience as the other algorithm. To solve the high CPU usage of the transformation 

algorithms a possible solution would be to pre-render the video format. In this way the controlling 

computer does not need to perform any operations on the video stream but can simply just read in 

from disk and send it to the display. This is a more desirable solution and should be considered in 

the future version of the software.

The gamma correction algorithm that has been implemented performs as expected. The image with 

gamma correction enabled is reproduced much more like the source image, compared to when the 
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gamma correction is turned off. This is in fact no surprise as all digital images assumes that the 

screen that the image is displayed on follows a gamma curve. The gamma curve should therefore 

always be kept enabled.

For the contrast correction algorithm it is not as easy to tell what level the contrast should be set to. 

Some images are reproduced better with higher contrast and some are reproduced better with lower 

contrast. For the system to be able to blend into the environment it is however highly necessary for 

the system to be able to change the contrast of the display. A low contrast environment of the 

display would typically require a lower contrast output to the display and vice versa. In this 

implementation the contrast is set manually but it would be necessary for the system to 

automatically adapt the level of contrast according to the environment.

The transformation algorithm that generally performs better is the square average algorithm. The 

pixel transformation algorithm was better at high contrast images, see figure 37, but for the more 

typical usage, as in figure 38, the square average transformation's effect was preferable. The pixel 

transformation's higher contrast gives the effect that the image is experienced noisy. With that said 

there are applications where the pixel transformation algorithm is preferable. In source material 

where high contrast is of high important, displaying text for example, the pixel transformation 

algorithm should be chosen. Whether to use the pixel transformation or the square average 

transformation depends accordingly on the source material. 

A future improvement of the visual outcome of the display is to create the source material with the 

hexagonal LED layout in mind. If the source material is created in this way there would be no need 

for a transformation algorithm to be applied, as there would be a one to one mapping between the 

pixels and the LEDs placement. Developing material exclusive for the Adaptiv system is however a 

time consuming task but it would as said give the best result and reduce the CPU load on the 

system.

7.3 Thermal

The PI regulator that has been implemented performs well enough for the application but could be 

dramatically improved. Firstly, the D part of the regulator should be implemented differently to 

eliminate the derivation problem. The feedback temperature signal must be filtered before the 

derivation is performed. A simple moving average filter is a possible solution. The noise in the 

signal would be removed by such a filter which gives a derivation friendly signal. Secondly, the 
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tuning can be improved. Other more advanced tuning methods and more manual adjustments could 

result in better performance. 
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8. Conclusion

The Ethernet UDP based internal communication of the system is sufficient and performed well 

above what is necessary. The upper limit of the communication was tested and it supported up to 

107 panels. A typical vehicle with the system installed would have around 5 – 30 panels installed so

the communication link will never be a problem. If more than 107 panels would be required some 

sort of video compression may be implemented to boost the number of panels further.

The transformation algorithms that were implemented affects the source image in different ways. 

The pixel transformation algorithm keeps the source image's contrast but the reproduces image may

be experienced as noisy. The square average transformation algorithm does on the other hand 

eliminate the noisiness but it removes some of the source image's contrast. In general the square 

average performs better but the choice of transformation algorithm depends on the source material.

The implemented gamma curve gives a reproduction of the source image that is more closer to the 

source image, compared to when the gamma curve is disabled. The difference with the gamma 

curve disabled/enabled is large, see figure 31 and 32. A conclusion from the visual inspection with 

the gamma enabled/disabled is that the gamma curve is necessary for a better reproduction of the 

source image and it should always be enabled.

The contrast correction that has been implemented affected the reproduced images differently. Some

of the material was visually better with higher contrast and some of the images with lower contrast. 

What level of contrast that should be used does also depend on the environment. A low contrast 

environment requires lower contrast and vice versa.

The implemented PID regulators for the TEM elements works but could be improved dramatically. 

The current implementation is in fact only a PI regulator. The D part of the regulator is disabled as 

the feedback signal is too noisy to be derivation friendly. The tuning of the regulator could also be 

improved and other tuning methods aside from Ziegler-Nichole's methods may result in less 

overshoot and faster response time. The maximum effect that each TEM is allowed is currently 12 

Watt. 12 Watt is where the TEM has its highest efficiency but more work must be done regarding 

what power limit the TEMs should have. The response time of the TEMs may in the future be 

needed to be faster and one possible solution to make them faster is to allow more power to each 

TEM, with the lower efficiency drawback.
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9. Further development

The system that has been developed and evaluated in this thesis work is only a prototype that still 

requires much work. Features like automatic adjustment of the brightness/contrast and calibration of

the visual display are three of many things that must be treated before the Adaptiv system can be 

used in practice. These automatic adjustments does however require expensive sensor equipment 

and should be investigated further before any implementations are done. The transformation 

algorithms could also be optimized and other ways of transforming the pixels could give better 

visual performance. Instead of taking average over a square region around the vehicle layout a 

weighted average might give better visual outcome. More advanced approaches may also give 

better results but the there is always a limit of available CPU power.

The energy consumption of the Adaptiv system is another issue. The most energy consuming 

components are the TEMs who drain huge amount of energy if they are pushed to operate outside 

their optimal region. This prototype of Adaptiv uses an older version of TEMs so the energy 

consumption could be reduced by only buying newer more efficient elements and tune the PID 

better or consider another more efficient type of regulator. They does however still consume much 

energy which must be solved by next generations of Adaptiv. Another issue with the TEMs is that 

they need to be cooled, either by active water cooling or using the armour of the vehicle as heat 

sink.
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