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Introduction 

The goal of this diploma thesis is to create a mobile application allowing 

designers, architects, researchers and other professionals working with colour to pick 

accurate colours from the real-world environment. It also enables the users to match 

the picked colour easily with colour samples from multiple publicly available colour 

atlases. 

Many professionals use colour atlases on a day-to-day basis. Atlases are 

standardised and serve as a means of communicating and describing colour 

information during work engagements. There are various colour atlases available 

on the market. Each provides a unique set of colour samples, usually suited for 

a concrete scenario. As the atlases target a niche market of users, they are usually quite 

expensive and may also be hard to acquire. The diversity and cost are the main factors 

which cause a struggle in the occasion when designers need to collaborate. Without 

having direct access to the same colour atlas, it is almost impossible to communicate 

colour reliably without physically being present in the same location. 

My bachelor thesis (1) aimed to streamline the process of finding similar 

colours among two different colour atlases. The output of the thesis is a mobile 

application available on all major platforms, which allows the user to enter a colour 

sample from a source atlas and quickly identify the nearest matches from other atlases, 

along with their relative difference based on their Delta E distance (2) using the 

CIEDE2000 (CIE Delta E 2000) standard which accounts for perceptual uniformity. 

The user can also choose from several different light sources, and the search then 

returns results accordingly to the one selected – as colour may be not perceived the 

same way when viewed under different lighting conditions. 

Although this mobile application provides tremendous value on its own, there 

is yet another common scenario which it does not cover – finding the closest colour 

in an atlas based on a real-world colour sample.  

Colour atlases, in general, are comprehensive, contain many colour samples, 

and are built to last. The consequence is that their size and weight make them less 

suitable for mobile usage. It leads to a challenge when the professional needs to work 

at a customer site and needs the atlas for reference – carrying it is not comfortable. 
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This master thesis aims to provide an efficient alternative. It is increasingly 

common to carry a mobile device – a phone or a tablet – around. Such a device 

is lightweight and serves many purposes, as opposed to a single-purpose colour atlas. 

Mobile devices are an ideal target for an application that solves the problem mentioned 

above. 

We intend to create a mobile application, which allows the user to capture a 

photo in the real world and then tap on it to take a sampling of the colour at selected 

location. Based on this sample, the application will then search an integrated colour 

atlas database to find the closest colour samples in each of them. Combination of real-

world colour sampling and colour matching across multiple colour atlases is unique a 

would provide a tremendous value its users. We have not discovered any analogous 

solution available on the market and our goal is to showcase a prototype of such a new 

type of application. 

Sampling a colour from the output of a digital camera is a complicated task. It 

is not possible to utilise a processed photo, as that contains only limited colour 

information and is a result of multiple phases of filtering and processing, which is 

specific for each camera manufacturer and undocumented. Photo processing alters the 

colours significantly intending to the photo look “good” in terms of user perception, 

but not in terms of colour faithfulness, which is critical for our needs. Our application 

needs to use raw unprocessed camera output instead. 

Each mobile device has a different camera sensor, and it is not possible 

to assume the unprocessed result produced by one camera will match another camera, 

even if it is the same device model from a different manufacturing batch. Before any 

operation, we need to calibrate using a set of reference colours. An appropriate device 

for this task is a pocket “passport” colour chart. The application primarily supports the 

X-Rite ColorChecker® Passport (3), although it is possible to implement support for 

additional reference colour charts in the future. Information gathered from the 

calibration photo of the reference chart is used to understand how the camera colour 

space behaves. This way, we can project the user-picked colour to a standardised 

colour space. 

The output of this thesis is a mobile application for modern smartphones 

running the iOS operating system produced by Apple. The thesis text itself focuses on 
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the process and challenges of building such a mobile application. Note that while we 

use iOS and iPhone hardware for the application showcased in this thesis, it is possible 

to port the application to any other platform in a straight-forward manner. As our 

technique needs low-level access to the camera, which differs considerably in each 

platform, we chose to concentrate on one particular OS (operating system) and 

hardware target for our research. However, the core business logic of the application 

is composed of portable C# and C++ code, which can be aa other platforms, e.g. on 

Android without extensive effort and could even be integrated into another solution as 

a set of self-standing utility libraries. 

In the first chapter, we introduce theoretical background including colour 

theory, colour spaces, atlases and ColorChecker® Passport. We cover the technology 

behind digital cameras and their output formats. Finally, we mention the specifics 

of mobile application development in general. 

The second part of the thesis focuses on our proposed solution. After 

describing the process as a whole, we delve into specifics of each of the steps. Firstly 

we demonstrate how we gather the raw camera information from the sensor. Next, we 

describe the algorithm to identify a ColorChecker® passport device within a photo. 

Included is a description of all approaches we attempted and reasons that led to the 

final design. The localised colour chart samples are used for calibration. Afterwards, 

we introduce colour picker and describe how we can use the results of calibration and 

apply them to the user-picked colour sample to acquire a reasonable estimate of the 

actual colour in a standardised colour space. Finally, we use the retrieved colour 

coordinates to search for the nearest matches in each of the colour atlases included 

with the application. 

The third chapter will present the results – our Colour Picker mobile 

application with its user interface, and several examples of the colour picking user 

experience. We note the known issues and include a list of further improvements 

which could make the product even more useful. 
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1. Background 

This chapter introduces topics and concepts which are fundamental to this 

thesis, including colour theory, digital cameras and mobile application development. 

Some parts of the sections in this chapter were included in my bachelor thesis 

(1) but have significant relevance for this text as well. Those parts are either cited 

precisely as in the previous work or edited and expanded as necessary. 

1.1. Colour theory 

Colour theory is a theoretical and practical field which guides working with 

colours. The key components are colour perception and colour mixing, although it 

encompasses a broader range of topics. Earliest mentions of the theory of colour date 

back to the Greek philosopher Aristotle around 350 BCE. (4) 

1.1.1. Colours 

“Colour derives from the spectrum of light (distribution of light power versus 

wavelength) interacting in the eye with the spectral sensitivities of the light receptors.” 

(5) The cone cells in the retina encode light into signals, which transmit to the 

brain and perception of colour is there created by interpreting the signals. Figure 1 

shows the structure of a cone cell.  

The way the human brain interprets colour is the foundation for colour 

measurement, and the representation of colour as a triplet of red, green, and blue 

values. (6) 
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Figure 1: Cone cell structure 

Source: (7) 

We can describe light as a function of power versus wavelength. We call such 

function a spectral distribution function or spectrum. Coloured light contains 

wavelengths in the range of 370–730 nanometers. (6)  

1.1.2. Colour vision 

Colour vision is the ability of an organism or machine to distinguish objects 

based on the wavelengths (or frequencies) of the light they reflect, emit, or transmit. 

The brain responds to the stimuli produced when incoming light reacts with the cone 

cells in the eye. 

Three types of cones respond to different wavelengths of light – short (blue), 

medium (green) and long (red). Brain reduces the information in the spectral 

distribution to three values, one for each type of cone and the mix of these values then 

represents the resulting colour. Figure 2 shows the sensitivity of each cone type 

to a given wavelength. The human eye is most sensitive to “green” colour wavelengths 

around 555 nanometers as it simultaneously stimulates both medium and long cones. 

(8) 
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Figure 2: Cone cell sensitivity to wavelengths (9) 

1.1.3. Colour mixing 

Based on the way the human brain represents colour naturally follows the field 

of colour mixing. There are two models of colour mixing which are opposite to each 

other. 

Additive colour mixing follows the behaviour of the human eye concerning 

light. When we combine light of different colours, these colours mix additively. 

Absence of light produces a black colour. We recognise three base colour channels – 

red, green and blue. These channels can be combined in varying intensities to form 

other colours. Reproduction of digital colours in displays of computer monitors and 

mobile devices uses additive colour mixing as these displays emit light. (10) 

Subtractive mixing of colour corresponds to rendering colours on physical 

substrates and work with reflected light. The base colours, in this case, are cyan, 

magenta and yellow. “When cyan, magenta, and yellow pigments are laid upon a white, 

reflective substrate, each completely absorbs – or subtracts – its opposing counterpart 

from the white light.” (10) Printers include a dedicated black cartridge to produce the 

colour of black more faithfully. 
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Figure 3: Additive and subtractive colour mixing (11) 

1.1.4. Digital colour 

As we mentioned in 1.1.3, to represent colour digitally, we need to encode 

colour into additive channels of red, green and blue. The smallest area of illumination 

on digital displays is a pixel. We can describe the colour of each pixel by three 

numbers corresponding to the three base colour channels. The properties of the digital 

display itself limit the accuracy of colour it is capable of reproducing. 

To achieve higher colour faithfulness of digital colour produced by device 

displays, professionals utilise devices called colourimeters. Such an instrument 

is designed to “determine or specify colours, as by comparison with spectroscopic 

or visual standards.” (12) Figure 4 shows a colourimeter in the process of calibrating 

a laptop screen. 

 

Figure 4: Colour calibrating of a laptop screen using a colourimeter (13) 
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1.2. Colour spaces 

“Colour space, also known as the colour model (or colour system), 

is an abstract mathematical model which simply describes the range of colours 

as tuples of numbers, typically as 3 or 4 values or colour components (e.g. RGB).” (14) 

Each colour we can represent in such colour space is essentially a set of coordinates 

within such a three- or four-dimensional structure. Colour spaces can be used 

to describe the colour faithfulness capabilities of a specific digital display. 

1.2.1. XYZ colour space 

The International Commission on Illumination (CIE from French Commission 

Internationale de l'éclairage) created the XYZ colour space (also referred to as CIE 

XYZ) in 1931. 

CIE XYZ bases its colour representation on the properties of the human eye. 

The CIE XYZ tristimulus values (X, Y and Z) approximate the behaviour of short, 

medium and long wavelength cones.  

XYZ colour space can represent colours which are impossible to reproduce 

in the real world and is device independent. 

1.2.2. L*a*b* colour space 

In 1976 CIE defined a new colour space – L*a*b* (also known as CIE LAB). 

This colour space became “the reference colour model used by the papermaking and 

graphic arts industries” (15). It describes colours in terms of three axes – L*, a*, and 

b*. (16) 

The lightness axis (L*) varies in values from 0 for black to 100 for white. The 

colour axes a* and b* each cover an opposing range of colour hues. The a* axis 

represents green in negative values, and red in positive values and b* represents blue 

in negative and yellow in positive. (16) There are no maximum or minimum values for 

a* and b*, although they are usually ranging from -128 to +127. 

Similarly to XYZ, L*a*b* colour space is capable of representing all 

perceivable colours and is device independent. It is advantageous to use this colour 

space to measure the perceived colour distance using the Delta E standard (described 

in more detail in 1.2.3) as the distance between colours in CIE LAB very closely 

correspond to the colour distance as perceived by the human eye. 
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1.2.3. sRGB colour space 

sRGB is a standard RGB colour space proposed in 1996 by Hewlett-Packard 

and Microsoft. It was accepted by the World Wide Web Consortium (W3C) 

as a standard default colour space for the Internet. Besides, most consumer 

applications, devices, and printers support and default to sRGB. (17) 

“sRGB utilises a robust and straightforward device independent colour 

definition” (18). The value of each colour channel (R for red, G for green and B for 

blue colours) is a real number in the range from 0 to 1. 

It is important to note that sRGB is not an absolute colour space – it cannot 

express the full gamut of human colour perception as opposed to the theoretical 

models of CIE XYZ and CIE LAB.  

RGB24 is a device-dependent 24-bit digital colour format based on sRGB 

which represents the colour of each pixel by 3 bytes – each channel has a value ranging 

from 0 to 255. Because this colour space is minimal and non-linear, we can only use 

it to approximate a colour, not to represent it faithfully. Even then, thanks to its 

properties, it is the most widely used colour format for compressed and processed 

computer graphic formats and in web design. 

1.3. Colour distance 

The perceived colour difference is an essential topic for design and production. 

CIE defined Delta E as a measure of colour difference in 1976. 

“Delta E is a metric for understanding how the human eye perceives the colour 

difference.” (19) Its values are non-negative numbers where lower value means less 

perceptible difference. 

For Delta E values below 1.0, the colour difference is undetectable by the 

human eye. Around 10.0, our eyes can recognise the difference quickly. For values 

above 50.0, the colours differ significantly. 

CIE proposed the first Delta E 76 standard as simple Euclidean distance 

between the two colours in CIE LAB colour space. This standard had some 

shortcomings (does not correctly address perceptual non-uniformities) and got two 

revisions – first with Delta E 94 in 1994 and later with Delta E 2000 standard, which 

is used today as the most accurate colour difference formula. 
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1.4. Colour atlases 

Colour atlases are physical representations of predefined (and standardised) 

sets of colour samples. These samples offer an intuitive and tangible representation 

of a given colour. Atlases usually take the form of a box or a book. 

The main objective of colour atlases is to enable designers to work with 

a standardised set of colours in a hands-on fashion. 

The most commonly used atlases are Munsell Book of Colours, Natural Colour 

System, RAL Classic/Design and British Standard Colours. Moreover, there are 

specialised colour atlases like OBI and Hornbach. 

1.4.1. Usage 

To make sure that the atlas can be easily navigated and referred to, each colour 

atlas has a coordinate system. In general, this system partitions the colour space 

into subsets based on a documented logic. Each colour patch has a unique set 

of coordinates and a unique name. This way, the colour can be precisely identified and 

communicated among owners of the same colour atlas. 

The producers of colour atlases ensure the colour patches are very accurate and 

consistent, so professionals can use colour atlases to choose colours and share them 

with supply chains, clients or colleagues. 

1.5. ColorChecker® 

ColorChecker Colour Rendition Chart (originally Macbeth ColorChecker) is a 

physical device used by photographers for colour calibration. “It is designed to deliver 

true-to-life colour reproduction so photographers and filmmakers can predict and 

control how colour will look under any illumination.” (20) It was first introduced 

in 1976 in a paper in the Journal of Applied Photographic Engineering 

by C. S. McCamy, H. Marcus and J. G. Davidson (3). Originally it was produced 

by Macbeth but is currently owned and developed by X-Rite, Inc. 

X-Rite currently (as of June 2019) produces six different forms of the 

ColorChecker®.  
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Figure 5: ColorChecker® Classic (21) 

The original ColorChecker® Classic (Figure 5) contains an array of 24 colour 

patches.  “Each of the 24 colours found in ColorChecker® Classic represents the 

actual colour of natural objects, such as human skin, foliage and blue sky, and reflects 

light just like its real-world counterpart. Since they exemplify the colour of their 

counterparts and reflect light the same way in all parts of the visible spectrum, the 

squares will match the colours of representative samples of natural objects under any 

illumination, and with any colour reproduction process.” (22) 
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Figure 6: ColorChecker® Passport (23) 

X-Rite introduced ColorChecker® Passport (Figure 6), and ColorChecker® 

Passport 2. These passport devices superseded the ColorChecker® Classic by bringing 

more features in a more portable size. The Passport has multiple “pages”. In addition 

to the same industry standard 24-patch colour reference target from ColorChecker 

Classic, it also features a “Creative Enhancement Target”, best suited for shadow 

details evaluation and highlight clipping. The passports also feature large balance 

targets for white and grey colours. We have used the ColorChecker® Passport for the 

development of the Colour Picker mobile application. 

We also utilised yet another product from the ColorChecker® range – 

ColorChecker® Digital SG (Figure 7). This variant is a substantially larger device 

which includes not only the 24 original colour patches but also 116 additional ones 

to provide an even fuller colour gamut. (24) 
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Figure 7: ColorChecker® Digital SG (25) 

1.6. Advanced Rendering Toolkit 

Advanced Rendering Toolkit (ART) is a Predictive Rendering research system 

under development at the graphics group of Charles University in Prague. ART is 

open-source and available to the public. 

ART includes many colour- and graphics-related features. It can also serve as 

a  source of spectral measurement data. The data is one of the many resources ART 

contains, and the toolkit itself does not have any other direct points of contact with the 

aim of this thesis. 

The underlying data provided by the Advanced Rendering Toolkit (ART) was 

manually measured using a handheld spectro-radiometer of type Spectrolino (Figure 

8). The reflectance data has a sample spacing of 10nm. 

ART can export the colour atlas data to the JSON format, which is then easy 

to parse in any programming language. 
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Figure 8: Spectrolino (26) 

1.7. Digital camera 

A digital camera is a device which produces photographs (and videos) 

in digital format. Instead of a physical film, digital cameras store images in digital 

memory storage. Users can reuse the storage multiple times, and back up their photos 

on another digital media when necessary. Digital cameras are now widespread, and 

while there are many dedicated devices available on the market, most digital cameras 

are nowadays incorporated into multi-functional devices like smartphones, tablets or 

computers. 

A device called image sensor captures light received by the camera lens and 

converts it to the digital signal. The sensor measures the colour and brightness for each 

pixel and turns it into a set of numeric values. There are two common types of image 

sensors. 

Semiconductor charge coupled device (CCD) is an image sensor type with 

high-fidelity and light sensitivity, which can transport the charge created by light 

across its chip without distortion. Manufacturing this type of sensor is quite expensive, 

and we can usually find it in professional cameras. CCD can produce high-quality 

images without noise. 
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Figure 9: CCD image sensor (27) 

Complementary metal-oxide-semiconductor image sensors (CMOS) uses 

an array of transistors that amplify and move charge via wires. Each pixel can be read 

separately but has lower light sensitivity (photons hit the transistors instead of the 

photodiode) and tends to produce noisier images. On the other hand, CMOS sensors 

are cheaper to manufacture and consume significantly less power. These trade-offs are 

well suited for smartphone and tablet cameras. 

 

Figure 10: CMOS image sensor (28) 
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1.7.1. Exposure 

In digital cameras, exposure determines the amount of light which reaches the 

sensor and in turn the overall brightness of the resulting photo. It is a value consisting 

of three components – shutter speed, ISO and aperture. 

Aperture represents the area over which light can enter the camera. In most 

mobile phones, this setting is not adjustable. 

Shutter speed is the duration the sensor is exposed to light while capturing 

an image. Most commonly we represent this value as a fraction of a second – for 

example 1 100⁄  equals 0.01 seconds. 

ISO value controls the sensitivity of the camera sensor to a given amount 

of light. Higher ISO values allow capturing photos in darker conditions without flash 

but increase the noisiness of the resulting picture. 

By combining the three factors, we can optimise the appearance of the captured 

image. We refer to a photo as underexposed when the exposure is too low, and the 

image is dark. Conversely, we use the term overexposed when we talk about a picture 

which was taken with too high exposure and is therefore too bright. 

1.7.2. Raw image format 

Camera raw image format is an “uncompressed and unprocessed snapshot 

of all the detail available to the camera sensor” (29). 

The image processing algorithms included in most digital cameras and mobile 

devices produce a “cleaned up” version of the captured photo – the raw data are 

processed through several layers of operations before the final processed picture 

is constructed. These include demosaicing (described in 1.7.3), defective pixel 

removal, white balancing and noise reduction among others. Especially in case 

of colours, we cannot depend on the accuracy of the processed photo – the result 

is optimised to be viewed by the user, not for precise colour reproduction. 

Because raw data contain more information than a processed photo, they 

usually require higher storage size than the processed counterparts. The data 

is essentially a stream of bytes in a format the camera supports. Specialised tools and 
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software are needed to display such a raw image. On the other hand, the additional 

data give an experienced user a high amount of control over the resulting image. 

Our application benefits from having access to as high colour accuracy 

as possible within the limits of the camera sensor a mobile device has. Hence, we need 

to be able to access the raw image data of the camera sensor programmatically using 

the operating system’s APIs (application programming interfaces). 

1.7.3. Demosaicing and the Bayer pattern 

Digital camera sensors detect the brightness of light coming into the device. 

Per-pixel colour filters in front of the sensors are used to capture the red, green, or blue 

light per pixel and get a coloured image. These filters form an array which is called 

a colour filter array (CFA), as shown in Figure 11. The arrangement of the filters uses 

the Bayer pattern invented by Bryce Bayer in 1976. (30) 

 

Figure 11: Colour Filter Array (31) 

The pattern consists of recurring 2x2 layout of the red, green and blue filter. 

Because there are four spots in the pattern, it contains the green colour filter twice as 

the human eye is most sensitive to green. Depending on the actual order of the filters, 

there are multiple different forms of the Bayer pattern. RGGB depicted in Figure 12 is 

the most common, but some camera models may output BGGR (as seen in Figure 11) 

or RGBG. 
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Figure 12: RGGB Bayer pattern (30) 

In the process of reconstructing the full-colour image, it is vital to transform 

the brightness values produced by the colour filters into actual pixels of colour with 

three colour channels. This process is called demosaicing or debayering. 

There are many different algorithms for this process. The simplest algorithms 

provide acceptable results but may cause unwanted artefacts and noise. 

1.8. kd-Trees 

kd-Trees were first invented in 1970 by Jon Bentley. This abstract space 

partitioning data structure allows efficient searching for closest neighbours in a set 

of k-dimensional data (32). Each kd-Tree works with a given number of dimensions – 

for example, for three-dimensional problems we use a “kd-Tree of dimension 3”. kd-

Trees are a case of binary space partitioning trees. 

Data in the tree is stored in the leaves, whereas each non-leaf node is defined 

by a plane through a dimension that partitions the set points into two halves (33). 

kd-Trees offer a fast way to search for the nearest neighbour among the stored 

nodes. This search has an average 𝑂(log 𝑛) time complexity where 𝑛 is the size of the 

tree. 

1.9. OpenCV 

“OpenCV (Open Source Computer Vision Library) is an open source computer 

vision and machine learning software library. OpenCV was built to provide a common 

infrastructure for computer vision applications and to accelerate the use of machine 

perception in commercial products.” (34) 
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OpenCV was initially developed by Intel Corporation in 2000 and is used 

extensively by many companies and research groups. The library is licensed under the 

open-source BSD license and is managed by several community members.  

The library is written in C++ to achieve the highest performance. OpenCV 

provides bindings for other languages including Python, Java and MATLAB. There is 

also limited support for JavaScript, and there are multiple unofficial bindings for other 

languages as well. 

OpenCV supports many platforms including Microsoft Windows, Linux, 

macOS, Android and iOS. 

 

Figure 13: OpenCV logo (34) 

1.10. Mobile application development 

The field of mobile application development encompasses the process 

of producing and delivering software for a wide range of portable devices that users 

carry with them in their daily life. As opposed to traditional desktop applications, these 

applications often take advantage of special capabilities of the mobile device hardware 

like a digital camera and a range of sensors. 

1.10.1. Mobile device 

We define mobile devices as computing devices which can be easily 

transported and carried by a human. This definition spans a wide range of different 

forms, including smartphones, tablets, notebooks and wearables.  

We can further categorise these devices by their screen size (from small 

to large, many different resolutions), supported input methods (touch, pen, 

touchpad/keyboard and mouse, voice, or any combination of these), use cases (home, 
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business, industrial, all-day usage) and hardware features (digital camera, sensors). 

The capabilities of the device are also influenced by the operating system it runs 

on (most commonly Google Android, Apple iOS or Microsoft Windows) and the set 

of mobile applications the user has downloaded and installed. 

1.10.2. Architectural patterns 

Software architectural patterns (also design patterns) provide a set of principles 

on how to build a maintainable and extensible software solution. Each such pattern 

offers a general solution to a common problem and has an assigned name which makes 

communicating an architectural decision easier among developers in a team. It is 

important to note that design patterns offer only guidance and are not imperative – 

a developer can approach the same problem in many different ways. It is the 

responsibility of the developer or team to make an educated decision on which pattern 

(if any) fits the given problem best. 

Developers usually base the presentation layer of mobile applications on the 

model-view-presenter (MVP), model-view-controller (MVC) or model-view-view 

model (MVVM) architectural patterns. By adequately dividing the presentation layer 

into its components, it becomes easier to change the UI layer or presentation logic 

without influencing the remaining parts. 
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2. Proposed method 

2.1. Application workflow 

The application functionality, in general consists of three key steps – 

calibration, colour picking, and finding the best matches.  

 

Figure 14: Application workflow 

Both calibration and colour picking phases require the ability to capture and 

process raw image data from the camera sensor, which is covered in Section 2.3. 

2.1.1. Calibration 

The users must calibrate for the specific camera sensor using the 

ColorChecker® Passport device prior to using the application for the first time. The 

calibration allows us to identify the colour space of the camera and understand how 

it behaves in different areas of the colour spectrum. We calibrate using the 24 standard 

colour patches on the ColorChecker®.  

The calibration needs to be done under daylight as that is the illuminant 

ColorChecker® is designed for, and other lighting conditions would yield different 

results. 

A vital part of the calibration process is locating the ColorChecker® patches 

in the captured photo. This part of the problem is discussed separately in Section 2.4. 

Details about the calibration workflow itself are available in Section 2.5. 

2.1.2. Colour picking 

With completed calibration, users of the application can capture a photo of the 

object from which they want to pick a colour by tapping a location on the photo. 
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To accommodate for noisiness and artefacts in the picture, we pick the colour from 

an area with a configurable radius. Besides, the users are given visual feedback to see 

the exact area used and can correct their selection if necessary.  

Once we know the red, green and blue camera space values for the picked area, 

we can use the calibration information to find corresponding coordinates in sRGB 

colour space. 

Section 2.6 contains full details about this phase of the application workflow. 

2.1.3. Finding the best matches 

Using the pre-calculated sRGB and CIE LAB coordinates of the picked colour, 

we can search the provided colour atlases for the closest matches and display the 

results to the user. We describe this in Section 2.7. 

2.2. Mobile application development 

To design a mobile application, we need to make several vital up-front 

decisions about the tools and architecture we will use. The choice of a programming 

language and platform will, in turn, influence the set of devices we can support. 

Even if we only want to support a single operating system, we can design the 

application with cross-platform support in mind. Such mindset promotes a modular 

architecture and better abstraction of the solution which can hide platform-specific 

features from the core business logic component of the application and will minimise 

the amount of code necessary to potentially provide support for a new platform in the 

future. 

2.2.1. Apple iOS 

Mobile devices produced by Apple Corporation are running the iOS operating 

system (with a variant called iPadOS targeting tablet devices). 

The primary form factors of these devices are a smartphone and a tablet device. 

Since the release of iOS 10, devices newer than iPhone 6s support shooting RAW 

photos with additional APIs (application programming interfaces) included in iOS 11. 

These functionalities are crucial for the Colour Picker application to function correctly. 

iOS is the second most widely used mobile device operating system behind 

Google Android. We have chosen iOS over Android as it provides a practical API for 
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working with RAW photos, which can be utilised on all iOS devices, whereas Android 

APIs are sometimes manufacturer-dependent. 

2.2.2. Choosing the programming language and tools 

The first-party programming language for iOS application development is 

called Swift. It superseded the Objective-C language which is however still utilised 

in some use cases. The integrated development environment (IDE) for Swift and 

Objective-C development is the Apple Xcode, which is available on Apple macOS. 

The IDE provides many features including a designer for iOS .xib files (a file format 

used to declare mobile application user interface) and iOS device deployment tools. 

There are two significant disadvantages of choosing Swift or Objective-C for 

application development. Firstly, both these languages are specifically designed for 

iOS and are therefore not portable to other operating systems. This limitation negates 

the potential for porting the application to other platforms in the future. Secondly, the 

Xcode IDE is available only on macOS and does not include extensibility support, 

which can be limiting from the developer usability standpoint. 

It would also be possible to develop the application using the C++ 

programming language. Even though this is a very flexible programming language, its 

level of abstraction is at a lower level than the other available options, which can prove 

ineffective for higher-level programming tasks like UI interaction. All the fidelity that 

C++ offers can become unwarranted in light of building a task-driven mobile 

application without complex graphical user interface and 3D graphics. However, C++ 

is still required to produce the OpenCV component for ColorChecker 

photo recognition. 

Our choice for the colour matching tool development will be the C# 

programming language, which is strongly-typed, portable and has many features that 

can be advantageous for us. The .NET ecosystem on which C# runs has a vibrant 

marketplace of third-party libraries and there is a large number of community-based 

open-source projects written in this programming language. 

The primary development IDE (integrated development environment) for C# 

is the Microsoft Visual Studio IDE. This environment offers extensive capabilities for 

each phase of the development process. 
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2.2.3. Xamarin.iOS 

C# programming language cannot run natively on iOS as it requires .NET 

runtime support. However, Xamarin.iOS framework (35) includes a port of the .NET 

runtime for iOS using Mono. 

“On iOS, Xamarin uses Mono, fully functional implementation of the .NET 

runtime, to fully compile your app into a native ARM executable ahead of time (AOT).” 

(35) 

The framework itself exposes C# bindings of the complete iOS SDK (Software 

Development Kit) for .NET developers - including advanced features like ARKit and 

CoreML. On top of the native APIs it provides unique language features including 

asynchronous programming with the async/await keywords and Language Integrated 

Query (LINQ) expressions. Xamarin updates the API surface with each new release of 

iOS SDK. 

Developers can create Xamarin applications for free as part of the Visual 

Studio Community offering. A macOS device is required to build, deploy and debug 

the app on iOS emulator or device. 

2.2.4. Xamarin.iOS Binding Libraries 

Xamarin.iOS provides full flexibility in terms of code reuse. Existing native 

libraries built in Objective-C can be integrated with Xamarin environment through the 

Binding Libraries functionality. 

A Xamarin.iOS Binding Library is a particular type of library which contains 

one or more native iOS libraries with the .a extension and a C# interface for their 

APIs. The developer can reference the resulting library like any other project from the 

iOS project head. The native library deploys with the application and Xamarin uses 

the C# interface to communicate with it. Xamarin team uses the same principle is used 

to implement the entire iOS API surface. 

We needed to use Xamarin.iOS Binding Library to integrate OpenCV library 

into our application, as there is no official build of OpenCV with Xamarin.iOS support 

yet. Although there is a cross-platform .NET wrapper of OpenCV called EmguCV (36), 

its stability didn’t meet our requirements at the time of development. 
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2.2.5. .NET Standard 

The .NET Framework had initially been available only on Microsoft Windows 

operating systems. A community-driven effort later brought .NET to Linux in the form 

of the Mono framework. Nowadays Mono framework runs on Windows, Linux, 

macOS, iOS and Android. In 2016, Microsoft released a first-party open-source 

implementation of .NET called .NET Core, which is a portable and modern rewrite 

of .NET Framework which runs on Microsoft Windows, Apple macOS and Linux.  

Each of the listed variants of .NET includes a separate implementation of the 

base class libraries and targets a different set of platforms and devices. Furthermore, 

each specific application platform on which .NET runs can declare the available API 

surface which it supports. The inevitable consequence of this is fragmentation. For 

example, if a developer has written a library for .NET Framework, it cannot directly 

compile or run under Mono and vice versa. 

The first solution to this problem were Portable Class Libraries (PCLs). PCLs 

have a predefined set of profiles which are denoted by a number. Each profile allows 

the library to target a set of platforms. The available API surface is a subset of the 

intersection of APIs available for all platforms the user selected. The choice is limiting 

as including a platform with incomplete API surface can severely restrict the 

capabilities developer can utilise. Besides, the library can reference only libraries 

targeting the same profile. 

.NET Standard was introduced to overcome this problem. It is a specification 

for implementing the base class libraries on a .NET supported platform. This standard 

is versioned so a platform can declare compatibility up to .NET Standard of a specific 

version, meaning the developers can use all APIs introduced up to that .NET Standard 

release. A newer version provides access to a broader set of APIs but requires targeting 

newer versions of the target platforms, whereas lower versions of .NET Standard allow 

targeting more comprehensive set of devices as they have lower requirements.  

As of June 2019, the most commonly used version of .NET Standard is 2.0. 

Usually, the .NET Standard library contains the core business logic of the application 

which allows for easy portability. Only the user interface and device and platform-

specific APIs need to be implemented for each platform separately, and the .NET 

Standard code is fully reusable across multiple targets. We can use platform-specific 
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capabilities in the shared code by programming against interfaces and introducing 

Inversion of Control (IoC). This concept is described in detail in Section 2.2.9. 

2.2.6. Overall project structure 

Colour Picker project consists of two Visual Studio solutions. 

The implementation of ColorChecker® location algorithm is written in C++ 

and is included in its own separate solution ColourCheckerFinder.sln in the 

Code/ColourCheckerFinder/ColourCheckerFinder subfolder. This solution consists 

of a single Visual Studio 2019 C++ project which references the OpenCV framework. 

The solution is designed to be runnable as a console application on Windows, which 

allows for shortened development loop and direct debugging of the checker 

recognition algorithm.  

For deployment into the mobile application, it compiles as an Objective-C 

Cocoa Library. The project file ColourCheckerFinder.xcodeproj can be opened and 

used in the Xcode IDE on macOS. The iOS version of OpenCV must be provided as a 

dependency to build this project. Successful compilation of this project produces a 

native Objective-C library with the .a extension. We copy this library manually 

into the Code\ColourCheckerFinder.Binding folder to make it part of the Xamarin.iOS 

project. 

The core solution of the application is ColourPicker.sln in the Code folder. 

The solution consists of a set of C# projects. Follows a summary of each: 

• ColourPicker.Core – .NET Standard library containing business logic. 

• ColourCheckerFinder.Binding – Xamarin.iOS Binding library project, 

provides ColorChecker® C# bindings for the native Objective-C 

library. 

• ColourPicker.iOS – Xamarin.iOS application project head, references 

ColourPicker.Core and ColourCheckerFinder.Binding projects. 

• Tools/ColourPicker.CalibrationToPlyConverter – console tool that 

converts an existing colour checker calibration JSON file to a PLY 

visualisation for use in the MeshLab application (see Section 2.5.5). 
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• Tools/ColourPicker.CheckerConfigurationDisplay – Windows 

Presentation (WPF) tool, displays the approximate sRGB and RGB24 

visualisation of a checker configuration JSON file. 

• Tools/ColourPicker.CheckerDefinitionGenerator – console which 

transforms a provided ART-JSON file into application compatible 

ColorChecker® definition JSON file. 

• Tools/ColourPicker.CppCheckerDefinitionGenerator – console 

application, generates a C++ LAB colour array for use in the 

ColourCheckerFinder project. 

• Tools/ColourPicker.RawTester – WPF application, previews the 

results of the demosaicing algorithm 

• Tests/ColourPicker.Core.Tests – a unit test project for parts of the 

Core project functionality 

2.2.7. Model–view–view model pattern 

We want to build the application to be easily extensible and maintainable. 

To achieve this goal, we must choose a suitable presentation layer architectural pattern. 

In 2005, Microsoft employees Ken Coopers and Ted Peters designed the 

model–view–view model (MVVM) presentation layer design pattern to simplify 

writing event-driven user interfaces. (37) This pattern has three main components – 

model, view, and view model. Figure 15 shows a diagram of the MVVM pattern. 

 

Figure 15: MVVM architecture 

The model represents the data our application uses. The objects int his layer 

are an abstraction of the business logic and data access of the application. It provides 
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services which can be utilised by the view model layer and declares events when the 

data changes. 

The view component embodies the user interface (UI), which is displayed 

to the user. The user can communicate with the UI using the device’s supported input 

methods. The View is tailored to optimise the user experience (UX) and format data 

in a way familiar to the user via internationalisation and accessibility features. 

The View Model layer is the middleware layer between View and Model. 

It should ideally be a thin layer which communicates with the data from the model 

layer, orchestrates and transforms it into a format which is suitable for display. 

Neither the view nor the view model requires direct knowledge of one another, 

which means both components can be developed independently. The communication 

between the two layers happens via bi-directional data binding. Data binding is a layer 

which observes data changes in both UI and View Model and makes sure they are 

synchronised on both sides. In C#, the data binding facility subscribes to the 

PropertyChanged event in the INotifyPropertyChanged interface. Whenever data 

in View or View Model changes, it must raise the PropertyChanged event with the 

property name or member name, which is relevant for that change. 

Besides, user actions can be defined in the view model in terms of Commands, 

which are object-based representations of actions. A command is a class which 

implements the ICommand interface in C#. The instance is then data-bound in the View 

to user controls like a button. Commands can even define when the user is allowed 

to perform a particular action. 

Value converters allow the View to implement a further transformation of the 

View Model properties in case the data types used do not match the format the View 

expects. The converters are also bi-directional so that the developer can provide 

a reverse transformation from the View back to View Model. 

2.2.8. MvvmCross 

The first platform which implemented the MVVM pattern was Microsoft 

Windows Presentation Foundation (WPF). Later, Silverlight, Universal Windows 

Platform (UWP) and Xamarin.Forms (XF) platforms implemented it as well. In all 
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these cases, MVVM depends on a declarative user interface language based on XML 

called XAML. This markup language has built-in support for data-binding. 

On the other hand, Apple iOS does not have built-in support for MVVM 

pattern. Mobile applications on this platform often use a form of the model–view–

controller (MVC) pattern instead. While this pattern is still useful for the structuring 

of the presentation layer, MVVM allows for more natural decoupling of the views, 

which is beneficial for quick design iteration.  

 

Figure 16: MvvmCross library logo 

The MvvmCross library (38) is an open-source project available on GitHub 

and maintained by a community of developers, which provides a framework for 

building MVVM-based Xamarin.iOS and Xamarin.Android applications. MvvmCross 

provides a full-fledged cross-platform implementation of the pattern, including all its 

major components. The library also provides a powerful abstraction of the application 

lifecycle across platforms to simplify integrating all business logic into a shared .NET 

Standard library instead of writing platform-specific code. 

While the framework lacks a declarative user interface language similar 

to XAML, MvvmCross provides a way to describe data-binding to various built-

in user interface components as well as a means to provide custom implementations. 

The data-binding feature is on-par with XAML data-binding and includes full support 

for value converters, commands and more. Code sample 1 shows an example of how 

MvvmCross user can set up data-binding in Xamarin.iOS using a fluent API. It shows 

both a simple property binding and binding a command to respond to a tap event of a 

button. 
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Code sample 1: iOS data-binding 

Finally, as the project has an active community of developers and projects 

using it, there are many useful plugins available, which further simplify access 

to platform-specific functionality from the shared core project. 

2.2.9. Inversion of Control 

The concept of Inversion of Control (IoC) is a programming principle, which 

intends to remove hard dependencies within a codebase to make it more maintainable, 

extensible and testable. It encourages designing code against interfaces instead 

of specific implementations. 

Instead of writing a sequential code where each class is responsible for 

instantiating the services it depends on, these services are provided to it by the caller 

(application, or framework). This way, a component may consume the products 

of other services without having to be aware of their specific implementation and their 

transitive dependencies. 

At the core of IoC lies the concept of Dependency Injection (DI). DI ensures 

the dependencies are automatically injected into the consuming class upon 

instantiation. While there are many different DI frameworks available, in C#, there are 

three most common variants of dependency injection: 

• Constructor injection – dependencies are injected as arguments into the 

constructor during instantiation. 

• Property injection – dependencies are injected as properties of the class 

during instantiation. 

• Method injection – the caller injects the required dependency as an 

argument of a method. 
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In our application, we are using constructor injection extensively. Each service 

implements an appropriate interface. The actual classes which implement those 

interfaces are then set up in the IoC container during application initialisation in the 

ColourPicker.Core.App class for platform-agnostic services and in 

ColourPicker.iOS.Setup class for platform-specific services. MvvmCross has a built-

in IoC container which we are using and which takes care of constructor injection 

during view model and service initialisation. 

 

Code sample 2: Registering platform-specific services 

Code sample 2 shows how we construct and register several platform-specific 

singleton services in our application with the MvvmCross IoC provider. These are 

consumed in the view models via constructor injection, as shown in Code sample 3. 

 

Code sample 3: Consuming services via constructor injection 

2.3. Photo capture and processing 

Photo capture is a common component of both the Calibration and Colour 

picking phases of the application workflow.  
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2.3.1. User experience 

Our original approach aimed to perform calibration and colour picking from 

the real-time camera feed. Through trial and error, we concluded that such an approach 

has several disadvantages. 

When the camera is not still enough, the difference between the intended 

location, which the user tapped for colour picking and the actual point picked could 

significantly alter the results. The chances for this problem are pronounced by the fact 

that when the device screen is physically touched while held in hand, it causes an 

involuntary but perceptible movement. 

Secondly, iOS camera APIs require playing a shutter sound when a photo is 

being captured to avoid privacy issues. Repeating photo capture in a loop makes the 

device replay the shutter sound over and over again, which causes a very unpleasant 

user experience and can be prevented only by muting the phone speaker completely. 

For these reasons, we opted for a two-step approach. In case of calibration, the 

user first taps the capture button to take a photo, and the application then locates the 

ColorChecker® and displays the identified colour patches. For colour picking, the user 

first captures a still picture and then can tap different locations on this photo to view 

the results. Moreover, a single photo can be reused to pick multiple colour samples, 

and the user interface can display an ellipse to show the source area. This visual 

confirmation avoids the inherent imprecision of human fingers on a touch screen with 

visual confirmation. 

2.3.2. Camera capture overview 

As the process of capturing a RAW and a processed photo is a common 

functionality for both the calibration and colour picking phase of the application 

workflow, it is abstracted as a MvvmCross interaction handler 

RawCaptureRequestHandler. When the View Model layer requests camera capture, this 

handler uses platform-specific APIs to handle the interaction request and produces 

an instance of RawPhotoCaptureResult structure as a result. 

This structure contains a Boolean flag to mark if the capture attempt was 

successful, necessary metadata including the capture timestamp, exposure and ISO 

values (discussed in more detail in 2.3.3) and reference to both the raw image data 
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(instance of a custom RawImage class) and the processed photo (which encapsulates the 

native Apple iOS UIImage class). 

The process of capturing a photo uses the platform-specific AVCaptureDevice 

and AVCaptureSession APIs. While the details of this code are not relevant to the goal 

of this thesis, they include one of the essential challenges of locking exposure and ISO 

values before the photo capture. 

2.3.3. Managing shutter speed and ISO 

It is critical to make sure not only to keep the lighting conditions stable but also 

to maintain the same camera shutter speed and ISO settings used during calibration 

to achieve consistent results between the camera calibration and colour picking phases. 

Shutter speed can be retrieved right before capturing using the 

AVCaptureDevice.ExposureDuration property while ISO value is available under the 

AVCaptureDevice.ISO property. 

The iOS API allows the camera sensor to lock to a set of pre-defined exposure 

and ISO values. Unfortunately, from our tests, we concluded that the sensor changes 

the value too rapidly, even ahead of the capture, for it to be dependable. To avoid this 

discrepancy, we need to lock the shutter speed and ISO values before capturing 

manually.  

Our code waits for the device to adjust and then locks the exposure duration 

and ISO values (this uses the built-in AVDevice.LockExposureAsync API). Although 

this method can be awaited and is documented to yield its result only after the exposure 

is locked (AVCaptureExposureMode.Custom mode is set), we found out that this 

behaviour is not reliable either, so we added another loop to ensure the exposure 

locking process has properly finalised before we continue capturing the photo. The 

first iteration of the resulting code is shown in Code sample 4. This code has later been 

expanded to introduce overexposure handling. 
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Code sample 4: Locking the exposure and ISO values 

2.3.4. Avoiding overexposure 

The camera on the iPhone model used for testing showed that during daylight, 

the auto-exposure on the device often resulted in overexposed photos (especially 

visible on the white patch of the ColorChecker®). With overexposed capture, the 

values of colour channels get clipped, and colour information is lost. This problem is 

even more significant during the colour picking phase when we need this information 

to properly transform the picked colour from the camera colour space to sRGB. 

To mitigate this problem, an exposure adjust setting was added in the 

application configuration, and by default, it is set to 0.8 – meaning the exposure is set 

to 80% of the value suggested by the camera sensor. The code for exposure and ISO 

locking takes this setting into account and multiplies the system-suggested exposure 

duration, as shown in Code sample 5. 
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Code sample 5: Adjusting exposure and ISO 

2.3.5. Reading camera output 

iOS camera can produce both processed and unprocessed image data at the 

same time. Reading camera output is essential for both calibration and colour picking 

phases of our application’s workflow. 

The developer can configure the RAW photo capture using the 

AVCapturePhotoSettings class. It provides a FromRawPixelFormatType factory method 

which allows the user to specify the RAW pixel format type (value from the 

CVPixelFormatType enumeration). The resulting settings instance is then passed to the 

AVCapturePhotoOutput.CapturePhoto method which starts the photo capture process. 

When photo capture is finished, the AVCapturePhotoCaptureDelegate is 

triggered. This class provides multiple overridable methods, but in our case, the 

DidFinishProcessingPhoto(AvCapturePhotoOutput, AVCapturePhoto, NSError) 

overload is used. It is called twice each time we capture a photo – once for the RAW 

image and once for the processed photo. We can distinguish between these two calls 

using the boolean RawPhoto property of the AVCapturePhoto instance, which is passed 

in as an argument. 

The processed image is used to locate the ColorChecker® and is stored as a 

PNG file.   

Raw image data are stored in the FileDataRepresentation property 

of AVCapturePhoto. The raw image is essentially a buffer of bytes.  
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2.3.6. Demosaicing 

The raw image data produced by the iOS camera are arranged into a RGGB 

Bayer pattern of 14-bit channel values. We can choose one of the more straightforward 

demosaicing approaches as we are not concerned with the display of the image and 

small artefacts will not matter as for calibration and colour picker we are always 

averaging the colour from an area with a larger radius. 

To get the colour channel values for pixel at coordinates x and y, we calculate 

the average brightness values of the red, green and blue filters in a 3 by 3 area around 

the given coordinates in the raw image (starting at x-1, y-1, ending at x+1, y+1). For 

image’s edges, we will ignore the coordinates which are out of bounds and will get the 

average colour from a the limited area only. 

2.4. Locating the ColorChecker® Passport in a photo 

To calibrate, we need to locate the ColorChecker® device in the captured 

photo and find the location of its colour patches. The conditions under which the user 

will capture the passport device are unknown beforehand, hence need to make sure 

that the algorithm we choose can accommodate even for cases where the 

ColorChecker® is not in the exact centre of the captured photo, is slightly rotated 

or even partially skewed. 

2.4.1. ARKit and CoreML 

We first attempted to locate the colour checker using the features provided 

by ARKit and CoreML APIs provided by the iOS SDK. These APIs are especially 

suited for augmented reality scenarios and initially seemed to be a good fit for our use 

case. 

The first type of API we tested was ARKit plane detection, which can locate 

surfaces in the captured photo. The limitation of this is the ColorChecker® was usually 

not discovered when lying flat on the table as it “blended” with its surroundings. This 

limitation is severe as we expect this is the form in which most users will want 

to perform the calibration. Moreover, ARKit plane detection currently supports only 

horizontal or vertical planes, and the user would need to choose beforehand which 

form of detection is suitable. 
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CoreML API offers rectangle detection using the VNDetectRectanglesRequest 

class. This API will return the location of rectangular objects detected in the photo. 

Unfortunately, based on our tests, the results are not always reliable and are further 

hindered by the fact that the ColorChecker® Passport is not a perfect rectangle – 

instead, it has rounded corners. The inner rectangle around the colour patches is sharp, 

but its border is not highlighted so in most cases the rectangle search will not 

successfully locate it. Furthermore, the ColorChecker® can be standing, or partially 

open, in which case the device no longer has a rectangular form at all. 

2.4.2. Machine learning approach 

As iOS devices now support machine learning natively via the CoreML 

framework, we considered training a custom model that would recognise the colour 

checker. As this would, however, require a significant number of photo samples and 

capturing the device under different lighting conditions and we would need to achieve 

enough precision in locating the colour patches within the checker as they cover only 

a small area of the overall captured photo, we decided against this approach. 

2.4.3. ColorChecker Finder approach 

Keigo Hirakawa from the University of Dayton devised a method of finding 

colour sample locations of a ColorChecker® in a photo in Matlab with an algorithm 

called CCFind. (39)  

As Matlab cannot run on iOS, we tried to port the same logic to the OpenCV 

framework. In many cases, it was possible to find equivalent or very similar methods 

as those used in the Matlab solution, but there were points where the APIs diverged 

significantly, and it was necessary to rewrite those code paths from scratch. 

Although the final solution could locate the colour checker and returning 

results, we quickly realised it has a very significant performance cost. Finding the 

results on a performant personal computer took tens of seconds, especially for a larger 

photo. In case of a low-performance smartphone, this would not be acceptable and 

would make the application less usable. 

Another reason for not using the CCFind algorithm in the final solution was 

the fact that it is copyrighted and allowed for research use only. Hence it would not be 
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possible to provide the Colour Picker application to end-users without violating this 

copyright. 

2.4.4. A custom approach using OpenCV rectangle search 

The method we have chosen as the final solution is a custom solution based 

on the OpenCV framework. This multi-step process is described in detail in the 

following sections. 

Because in this phase of the ColorChecker® calibration we are concerned with 

colour patch locations only and do not require perfect colour accuracy, we do not need 

to work with the full raw image and the processed downscaled PNG photo is sufficient. 

The solution will be demonstrated on an example using a ColorChecker® 

photo in Figure 17. 

 

Figure 17: ColorChecker(R) photo detail (40) 

2.4.5. Locating colour patch squares 

The OpenCV documentation (41) contains a suitable example for discovering 

squares in a list of images which we used as a starting point and slightly customised. 

The code first downscales and upscales the image to filter potential noise and artefacts. 

For each colour plane of the image, it then searches for contours. 

The code then loops over multiple threshold levels and searches for shape 

contours in the image with the findContours function. Each contour is tested to check 
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if it is similar to a square. We first approximate the contour according to its perimeter,  

and the resulting shape should have four vertices and be convex (Code sample 6). 

 

Code sample 6: Finding, approximating and filtering contours 

Finally, we need to confirm that the angles between adjacent edges are 

approximately 90 degrees. For our application, we have added an optimisation to filter 

away squares with a too large area, as the photo must feature the whole 

ColorChecker®, so a too large square cannot possibly represent a single colour checker 

colour patch (see Code sample 7). 

 

Code sample 7: Checking inner angle sizes and filtering large squares  
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The contours found by this part of the algorithm are shown in Figure 18. 

 

Figure 18: Visualised ColorChecker® patch contours 

2.4.6. Finding white patch candidates 

We base our search on the white patch of the ColorChecker®. For each contour, 

we have located in the previous step we calculate the average L*a*b colour around its 

centre. As shown in Code sample 8, we calculate the colour difference between the 

white ColorChecker® patch and the resulting colour using CIE Delta E 76 distance 

and filter out those which differ too significantly.  
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Code sample 8: Finding white patch candidates 

2.4.7. Identifying the best candidate 

With a set of candidates for the white patch, we need to identify which one can 

potentially be the ColorChecker® white patch as well as identify the orientation of the 

checker for this patch. 

There are three colour patches above the white patch in ColorChecker® – blue, 

green and red (these patches are highlighted in Figure 19). This is a unique coloured 

layout of patches on the ColorChecker®, which is advantageous, as we can use this 

pattern to quickly rule out invalid matches and orientations. 

 

Figure 19: Patches used to determine ColorChecker® orientation 
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The OpenCV RotatedRect class provides an Angle property which can be used 

to retrieve the orientation of the recognised rectangle. We move in a perpendicular 

direction to each of the four edges of this recognised square. We check for the blue 

sample in this location and then again perpendicularly to the right to find the green and 

red samples. We calculate the CIE Delta E 76 distances for the three centre points 

of potential patches and select the option with the lowest maximum distance. Figure 

20 shows the points explored in this part of the algorithm. The blue, red and violet 

arrows show unsuccessful matches, while the green arrow path matches all three 

patches. 

 

Figure 20: Finding the white patch and orientation 

2.4.8. Finding remaining colour patches 

If the algorithm identified a white patch which satisfied the required criteria 

and recognised the right orientation of the ColorChecker®, we conclude that we have 

found the colour checker’s white patch. Further, we can find all its 24 patches starting 

from this known patch and checker orientation. We do this in a breadth-first fashion. 

For each unidentified patch, we first calculate its approximate centre using the 

locations of the known neighbours and their dimensions. We need to accommodate not 

only for the patch size but also for the margin in between patches on the 

ColorChecker®. We use the approximate location of the patch centre and search the 

list of contours to find a square with a centre close to this point. If there is such 

a contour with matching orientation and dimensions, we mark it as the contour 

identifying the patch. If there is no such contour, we generate a faux contour with this 
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approximate centre and same dimensions as the neighbours. We continue this way 

until all 24 patches have been identified successfully. 

 

Figure 21: Sample output 

Finally, the centre locations of all patches are returned to the caller. Figure 21 

shows the output locations drawn onto the input photo. 

2.5. Calibration 

Before the user can use the mobile application, they must calibrate the camera 

sensor appropriately using the ColorChecker® Passport device. 
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Figure 22: Calibration workflow diagram 

2.5.1. Gathering colour values 

After we capture the raw and processed photo, we use the algorithm described 

in Section 2.3 to find the locations of the individual colour patches. We preview the 

locations to the user to confirm the checker was correctly found 

in CalibrationViewModel.CalibrateUsingPhotoAsync. 
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If the user is satisfied with the result, we use the calculated locations to gather 

average colour values in the raw image. For each colour patch, we average the red, 

green and blue values in an area of a given radius (based on application configuration). 

Code sample 9 shows how we retrieve the camera space coordinates for every patch.  

 

Code sample 9: Averaging colour around the patch centres 

2.5.2. Calculating sRGB conversion factors 

Because we know the sRGB coordinates, we can calculate the multiplication 

factor which transforms each of the channel values from the camera space coordinates 

to sRGB colour space coordinates as seen in Code sample 10.  

 

Code sample 10: Calculating colour patch calibrations 

We save the camera space values and factors in the resulting calibration 

JSON file. This calibration file is persisted in the application data folder so that the 

calibration is reusable across multiple launches of the application. 

2.5.3. Calibration enhancers 

We introduced the concept of calibration enhancers when implementing 

experimental support for the ColorChecker® Digital SG. An enhancer is checker 
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configuration-specific and implements the ICalibrationEnhancer interface which 

accepts and produces an existing CheckerCalibration instance. 

One enhancer comes with the application –  SgCornerCalibrationEnhancer. 

This is built for ColorChecker® Digital SG and improves the calibration by averaging 

the camera space coordinates of the white patches in the corners. By extension, the 

differences between the four corners create a gradient, which is not readily perceptible 

by the human eye but could influence calibration. The enhancer mitigates this gradient. 

2.5.4. Multi-calibration 

Because minute changes in lighting could prove problematic for the calibration 

and the camera sensor may not have uniform sensitivity, we added support for multi-

calibration. This way, the user can capture multiple calibrations in the same setting. 

All captured calibrations are then combined using a class that implements the 

ICalibrationCombiner interface. 

The implementation provided with the application performs an averaging of 

colour coordinates and factors for each of the patches on the ColorChecker® device 

(see Code sample 11) and returns a final calibration. 

 

Code sample 11: CalibrationCombiner excerpt 

2.5.5. Visualisation with .ply files 

To understand the way the camera colour space behaves relatively to the sRGB 

colour space, we needed to be able to surface it visually in three-dimensional space. 

We utilised an open-source application called MeshLab, which is primarily suited for 

processing and editing of 3D triangular meshes. This application can read the .ply file 

format (Polygon File Format), which is specifically suited to store three-dimensional 

graphical data. 

The format provides a specification for both an ASCII representation as well 

as a compact binary format. It is designed to be simple enough so that any 
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programming language can generate it without requiring a specialised library but also 

potentially extensible. In its core, a .ply file describes a single three-dimensional 

object and contains a list of vertices, edges and faces that compose it. It can also store 

colour information for each of the components. (42) 

For our purposes, we require a list of vertices to represent the camera colour 

points and sRGB colour points and a list of edges to connect the related vertices 

in space. The header of such a .ply file will look as shown in Figure 23. 

 

Figure 23: .ply file format header 

The file format starts with general metadata about the file itself – its format, 

and author. The element keywords start the definition of types of data stored. The 

example file in Figure 23 stores vertices as a list of 𝑥, 𝑦 and 𝑧 coordinates and colour 

information and a then edges between those vertices, again with colour. The numeric 

values at the end of element declarations provide the number of vertices and edges 

stored in this file. 

The individual elements are then stored in the file line-by-line in groups in the 

same order as in the header – in our example, we first list all vertices (shown in Figure 

24) and then the edges (shown in Figure 25). Note that each line is a list of values 

in the same order as in the header definition. Also, note the edges reference its start 

and end vertices by index in the vertex list. 
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Figure 24: List of vertices in .ply 

 

Figure 25: List of edges in .ply 

The implementation of our ColorChecker® calibration to .ply conversion is 

provided in the ColourPicker.CalibrationToPlyConverter project, with the main 

logic within the ColourPicker.Core.Ply namespace. Our initial attempt to visualise 

with PLY directly showcased the camera colour points against sRGB. The result, 

unfortunately, did not provide enough useful information as the camera data are not 

evenly distributed in the same (0,1)  value interval as sRGB values. An example 

of such initial .ply file visualised in MeshLab is shown in Figure 26. 
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Figure 26: Visualising calibration in MeshLab (no transformation) 

It is clear that while the sRGB colour points are well distributed in the cube, 

the camera space colour points are all concentrated in a small area, which makes it 

particularly difficult to understand their relationship. 

To mitigate this disadvantage, we apply a three-dimensional matrix 

transformation to the camera colour points to align the camera-black point and camera-

white point with each other and therefore scale and align the space properly onto sRGB 

space. The transformation matrix sequence follows: 

1. Compute 3D vector from camera black (CB) to camera white (CW) – 

produces camera neutral axis vector (CNA) 

2. Compute 3D vector from sRGB black (SB) to sRGB white (SW) – 

produces sRGB neutral axis vector (SNA) 
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3. Translate CB to the origin 

4. Apply rotation that aligns CNA with SNA 

5. Scale with a factor that makes the length of the neutral axis equal 

to SNA (i.e. that scales the length of CNA to SNA) 

6. Translate the origin to SB 

Implementation of the transformation matrix calculation is in the 

ColourSpaceHelpers class within the ColourPicker.Core.Helpers namespace. It uses a 

System.Numerics.Matrix4x4 structure and open-source Math.NET Numerics library 

(43) to produce the rotation matrix.  

After applying this transformation to all camera colour points, a significantly 

more accurate visualisation is produced, as shown in Figure 27. 

 

Figure 27: Visualising calibration in MeshLab (matrix transformation) 
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In this case, the camera black is aligned with sRGB black and camera white 

with sRGB white, and all other colour points are scaled and distributed in the unit cube 

appropriately. We will discuss the implications of the camera colour space non-

uniformity in Sections 3.2 and 3.4.1. 

2.6. Picking a colour 

Once the application is calibrated, the user can proceed to pick a colour from 

his surroundings. The first step is the same as in case of calibration – we capture a raw 

photo and display a processed PNG image as a preview to the user. The user then taps 

the photo to select the area from which the colour is picked. 

We can get the red, green and blue camera space coordinates of the selected 

area (with a radius based on configuration) directly from the captured raw image. We 

need to transform these coordinates into the sRGB colour space coordinates. The 

approach we have chosen is to utilise the colour patches of the calibrated 

ColorChecker®, find the closest similar colour patches from the calibrated image and 

averaging their sRGB conversion factors.  

2.6.1. Searching in kd-Trees 

To quickly identify the closest ColorChecker® patches, we build a three-

dimensional kd-Tree from the calibrated patches. We cannot, however, use the colour 

channel values themselves as the kd-Tree coordinates, as the sensitivity of the camera 

sensor differs for each channel. Instead, we must adjust each channel to have 

approximately the same range so that the distance calculation is fair. 

We subtract the maximum and minimum camera space value in the calibration 

for each channel: 

𝑟𝑒𝑑∆ = 𝑚𝑎𝑥𝑟𝑒𝑑 − 𝑚𝑖𝑛𝑟𝑒𝑑 

𝑔𝑟𝑒𝑒𝑛∆ = 𝑚𝑎𝑥𝑔𝑟𝑒𝑒𝑛 − 𝑚𝑖𝑛𝑔𝑟𝑒𝑒𝑛 

𝑏𝑙𝑢𝑒∆ = 𝑚𝑎𝑥𝑏𝑙𝑢𝑒 − 𝑚𝑖𝑛𝑏𝑙𝑢𝑒 

Now we use the 𝑟𝑒𝑑∆ value to calculate a scaling factor for the other channels: 

𝑠𝑐𝑎𝑙𝑒𝑔𝑟𝑒𝑒𝑛 = 𝑟𝑒𝑑∆/𝑔𝑟𝑒𝑒𝑛∆ 

𝑠𝑐𝑎𝑙𝑒𝑏𝑙𝑢𝑒 = 𝑟𝑒𝑑∆/𝑏𝑙𝑢𝑒∆ 
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When adding a colour patch into the tree we keep the red channel value intact 

and multiply the green and blue channels by 𝑠𝑐𝑎𝑙𝑒𝑔𝑟𝑒𝑒𝑛 and 𝑠𝑐𝑎𝑙𝑒𝑏𝑙𝑢𝑒 respectively. 

Searching in this kd-Tree will now assign differences in all channels the same relative 

weight. 

As our algorithm does not require any internal modification of the kd-Tree 

algorithm, we decided to use an open-source MIT licensed library KdTree available 

on GitHub (44). 

2.6.2. Calculating sRGB conversion factors 

Given the user-picked colour sample, we search for a pre-configured number 

of closest colour patches in the ColorChecker® using the pre-built kd-Tree.  

For purposes of further discussion, suppose 𝑃 represents the camera colour 

coordinates of the picked colour and 𝐶𝑖 are the camera colour coordinates of the 𝑖-th 

closest ColorChecker® patch taken in ascending order of Euclidean distances from 𝑃. 

Euclidean distance of 𝐶𝑖 from 𝑃 will be denoted as 𝑑𝑖. We also denote 𝑆[𝑅] as the red 

channel value, 𝑆[𝐺] as the green channel value and 𝑆[𝐵] as the blue channel value of 

camera colour coordinates 𝑆. We define the multiplication factor required to transform 

the red channel of the 𝑖-th closest ColorChecker® patch as 𝑓𝑖[𝑅] and analogously 

𝑓𝑖[𝐺] for green and 𝑓𝑖[𝐵] for blue channel. 

As we have seen in Section 2.5.5, the sRGB transformation factors vary 

significantly. Therefore it is beneficial to filter away those colour samples which are 

more than twice as far as the closest match – meaning we take into account only colour 

patches in the set 𝐶 = {𝐶1, 𝐶2, … , 𝐶𝑚} where 𝑚 is equal to the lowest value of 𝑖 for 

which 𝑑𝑖 > 2𝑑1. 

Our goal is to calculate the appropriate multiplication factor for each of the 

three colour channels to transform the picked colour from camera colour space 

to sRGB colour space.  

We assign each of the nearest ColorChecker® patches a weight which is 

inversely proportionate to the distance of the patch and calculate a weighted-average 

factor for each channel. We assign each 𝐶𝑖  from 𝐶  a weight 𝑤𝑖  which is inversely 

proportional to their distance from 𝑃. Besides, the sum of these weights should be 

equal to one. In summary, the following must hold: 
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∀𝑖, 𝑗 ∈ [1, 𝑚] 
𝑤𝑖

𝑤𝑗
=

𝑑𝑗

𝑑𝑖
  

∑ 𝑤𝑖 = 1

𝑚

𝑖=1

 

Based on practical testing, we devised an improved solution which uses 

quadratic inverse interpolation of the weights. In this option, weights are inversely 

proportional to the square of their distance from 𝑃. This way, the weight of colour 

patches decreases quadratically with increasing distance. The following two formulas 

must hold: 

∀𝑖, 𝑗 ∈ [1, 𝑚] 
𝑤𝑖

′

𝑤𝑗
′ =

𝑑𝑗
2

𝑑𝑖
2  

∑ 𝑤𝑖
′ = 1

𝑚

𝑖=1

 

InverseDistanceInterpolation helper class implements both approaches. 

From our tests, the quadratic interpolation yielded more accurate results as the close 

matches have a stronger influence on the resulting factors. 

With calculated weights 𝑤1, 𝑤2, … , 𝑤𝑚 we can calculate the sRGB coordinates 

of 𝑃 as by multiplying by the weighted sum of the sRGB transformation factors of the 

selected closest ColorChecker® patches: 

𝑃𝑠𝑅𝐺𝐵[𝑅] = 𝑃[𝑅] ∙ ∑ 𝑓𝑖[𝑅]𝑤𝑖

𝑚

𝑖=1

 

𝑃𝑠𝑅𝐺𝐵[𝐺] = 𝑃[𝐺] ∙ ∑ 𝑓𝑖[𝐺]𝑤𝑖

𝑚

𝑖=1

 

𝑃𝑠𝑅𝐺𝐵[𝐵] = 𝑃[𝐵] ∙ ∑ 𝑓𝑖[𝐵]𝑤𝑖

𝑚

𝑖=1

 

2.7. Searching for nearest matches 

The final step of our application workflow is to identify the nearest matches 

in the integrated colour atlases and display the results to the user. 
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Finding matching colours in colour atlases is handled by implementations 

of the IColorMatcher interface. It surfaces a single method, with two parameters – the 

colour atlas identifier and information about the picked colour. 

Our first attempted approach was to construct a three-dimensional kd-Tree 

from sRGB coordinates of the atlas colours and then perform a search for the nearest 

matches against the calculated sRGB values of the picked colour. After thorough 

testing we discovered the search does not yield reliable results, as sRGB space is not 

perceptually uniform, meaning the Euclidean distance between two colours does not 

match their perceived distance as viewed by the human eye. The original 

implementation can be seen in the deprecated RgbColorMatcher class. 

A more appropriate solution requires first converting the picked colour into the 

CIE LAB colour space and then use the CIE Delta E 2000 distance algorithm to find 

the closest colours in each of the atlases. Switching to this approach proved to yield 

more reliable results at the cost of slightly worse performance, which is however 

imperceptible to the end-user. The implementation is available in LabColorMatcher. 

Results are calculated per colour atlas, to avoid calculating results which are 

not requested by the user. For each atlas, we return a pre-configured number of closest 

colours (the number is adjustable in the app configuration). 
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3. Results 

In this chapter, we present the product of this diploma thesis – a mobile Colour 

Picker application. We demonstrate the user experience of working with the 

application and explore several examples of colour picking and matching process. 

We mention the known issues and their potential fixes or workarounds. Included is  a 

discussion of further enhancements, which could improve the usability of the mobile 

application. 

The complete source code of the project on a compact disk is attached to this 

thesis (see Attachments). We also mention how the final product can be distributed 

to users via the iOS App Store. 

3.1. Mobile application 

This section will demonstrate the user interface of the application. We focus 

on what functionality each view of the application offers. 

3.1.1. Picker screen 

The colour picker screen is the view, which the user sees immediately after 

launching the application from the app drawer. On the first launch, its controls are 

disabled as there is no ColorChecker® calibration provided yet. A pop-up alert 

instructs the user to perform a calibration before using the application – see Figure 28. 

When the user closes the alert, the application automatically navigates to the 

Calibration settings screen (described in Section 3.1.2). 
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Figure 28: Picker screen (first launch) 

Once calibrated, the controls on the Picker screen are enabled. The user can see 

a real-time preview of the camera in the middle portion of the screen. There are two 

interactable elements on the screen. The Settings button in the upper right corner 

navigates to the Calibration settings screen (Section 3.1.2). The Camera capture 

button in the bottom part of the view allows the user to capture a photo. 
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Figure 29: Picker screen ready to capture a photo 

The application displays a preview of the captured photo. In case the result is 

blurry or distorted, the user can tap the Retry button in the lower-left corner of the 

screen – see Figure 30. 

 

Figure 30: Photo captured 
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To pick a colour, the user can tap anywhere within the inner area of the image. 

The application configuration influences the size of the area used for the picking (see 

Section 3.1.4). In Figure 31, the user tapped within the green sample in the previewed 

photo. 

 

Figure 31: Picking a colour source location in the photo 

The application then searches the closest matches in all colour atlases and 

displays the result in a compact popup list. 
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Figure 32: Colour matching results 

The pop-up window displays information about the picked colour in the header 

area. It includes an RGB24 approximation of the colour and the calculated sRGB and 

LAB coordinates. 

To see results from another colour atlas, the user can open the drop-down 

selector below the header. The application includes complete daylight colour data for 

the following atlases: 

• Hornbach Standard Colours 

• Munsell Book of Colours 

• OBI Standard Colours 

• Natural Colour System 

• RAL Classic 

• RAL Design 

• PANTONE 

• British Standard Colours 

• Federal Standard 595 Glossy Colours 

• Federal Standard 595 Semigloss Colours 

• Federal Standard 595 Matte Colours 
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The matched atlas colours are listed below the atlas drop-down. In addition 

to the RGB24 approximation of the colour, its standardised name and the sRGB and 

LAB coordinates, each match has a coloured bar on the left side which corresponds 

to the accuracy of the match. The Delta E values correspond to the following colour 

scale: 

• 1.0 and lower – Green 

• 2.0 – Lime 

• 4.0 – Yellow 

• 8.0 – Orange 

• 16.0 and higher – Red 

3.1.2. Calibration settings screen 

The user can configure the calibration of ColorChecker® on the Calibration 

settings screen. As shown in Figure 33, when no calibration has been captured, the 

user can tap the large area reserved for calibration preview to navigate to the 

Calibration screen (detailed in Section 3.1.3).  

 

Figure 33: Calibration settings without calibration 

When calibration has been set, the Calibration settings screen displays the 

calibration image, which is currently being used – as shown in Figure 34. The colour 
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patch locations are also visualised in this preview. At the right side above the image 

appears an eraser button which allows the user to discard of the calibration image. 

 

Figure 34: Calibration preview 

In all cases, the user can navigate back to the Picker screen by tapping the 

button in the top left corner of the view. Situated at the bottom is a Additional 

configuration button that allows the user to access to the Configuration screen (Section 

3.1.4). 

3.1.3. Calibration screen 

The calibration screen has a similar layout to the picker screen, as shown in 

Figure 35. We can see the camera preview in the middle and below we can find the 

camera button. Additionally, above the button is displayed the name of the currently 

selected ColorChecker® type used for calibration (adjustable in the Configuration area 

of the application). 
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Figure 35: Calibration screen 

Tapping the button captures an image and starts the algorithm which locates 

the ColorChecker® in the photo. If the search is not successful, a temporary toast 

message is presented to inform the user about this fact (see Figure 36). When the 

message disappears, the user can retry capturing again. 

 

Figure 36: Unsuccessful calibration 
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Otherwise, the user is presented with a preview of the positions where the 

individual patches were located in the photo and the respective areas which will be 

used for the ColorChecker® calibration (see Figure 37). The radius of these areas can 

be adjusted in the application configuration (see Section 3.1.4). 

 

Figure 37: Preview of localised colour patches 

User can retry by tapping the Retry button in the lower-left area of the screen 

in case the patches were located improperly. Tapping the green Confirm button in the 

lower right area will proceed with the calibration. 

Once finished, the user is presented with a dialog window shown in Figure 38. 

To improve the calibration accuracy, the user can tap the Add more button to add one 

or more additional calibration photos. The same dialog will display every time after a 

successful calibration. 

The Save button will store and apply the performed calibration (or calibrations) 

and returns the user to the Calibration settings screen. 

To discard of the in-progress calibration and return to Calibration settings 

screen without making any changes, the user can tap the Discard button. 
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Finally, to close the dialog and return to the Retry and Confirm button view, 

the user can press the Cancel button.  

 

Figure 38: Multi-calibration dialog 

3.1.4. Configuration screen 

On the Configuration screen, the user can modify several advanced options 

of the application. 
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Figure 39: Configuration screen 

Calibration radius and Picker radius options determine the radius (in pixels) 

of the circular area from which the colour of ColorChecker® patches and the picked 

colour will be averaged respectively. The default value for both these options is 50. 

Number of matches allows the user to set the maximum number of closest 

matches for which the application will search in each colour atlas. By default, this 

number is 20. 

Max neighbours setting allows the user to adjust the maximum number 

of ColorChecker® samples, which are used to calculate the transformation factors 

when converting the picked colour to sRGB. By default, this number is 24, which 

equals the number of all colour patches on the classic ColorChecker®. It is essential 

to note that this number only represents the upper bound. As described in Section 2.6.2, 

the algorithm ignores colour patches which are too distant from the picked colour. 

Exposure adjust is a decimal value between 0.5 and 1.0, which is used to limit 

the default camera exposure during calibration to avoid overexposure (the reasoning 

behind this is described in Section 2.3.4). 

Finally, the user can use the Colour checker type setting to change the colour 

chart used for calibration. This is an experimental feature, as the application was 
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developed and tested with the ColorChecker® Passport. The ColorChecker® 

Digital SG was added for testing purposes only, and its calibration is very unstable. 

Correction of this problem would require additional changes to the checker recognition 

algorithm. For more information, see Section 3.4.3. 

3.2. Usage tests 

We tested the application functionality using the British Standard Colours and 

Federal Standard 565C Colour atlases. Also, we verified the quality of recognition 

of the ColorChecker® colour patches themselves. 

We found out the application works very accurately when used against the 

ColorChecker® colour samples and colours which have close counterparts in the 

calibration chart. Unfortunately, matching arbitrary colours in general tends to yield 

less accurate results than expected. This problem is described in Section 3.4.1. 

3.2.1. British Colours 0001 Canary 

The first example is the recognition of the BS0001 Canary colour. 

  

Figure 40: BS0001 
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The popup window shows the correct match as the closest in the set of British 

Standard Colours. There are multiple very close matches in the list – first four of them 

with Delta E distance lower than 4.0. 

After switching to the Federal Standard 595C Matte Colours, we can see there 

is no close matching colour sample. However, in Federal Standard 595C Glossy 

Colours, we can find a close match (below 4.0 Delta E distance). 

  

Figure 41: Federal Standard 595C matches 

3.2.2. ColorChecker® Yellow Green patch 

In this test, we match the ColorChecker® Yellow Green patch. This attempt 

yields the following set of results in British Standard Colours. 
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Figure 42: ColorChecker® Yellow Green matches 

This is in agreement with both visual confirmation and officially generated 

values. See figure Figure 43. 

 

Figure 43: Visual confirmation of the BS 12-E-53 match 

3.2.3. Federal Standard 595C Matte 35240 

In this case, our algorithm fails to match the 35240 colour sample. 
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Figure 44: 35231 matched ahead of 35240 

Instead of 35240, the 35231 colour is listed as the best match in the result list 

with 35240 being the second. 

The reason for this failure is the fact that both colours are very similar, and the 

accuracy of our camera space to sRGB colour space transformation is not accurate 

enough to disambiguate between them. 

3.2.4. Smartphone cover colour test 

In this example, we demonstrate how picking an arbitrary colour works by 

matching the colour of a red smartphone cover. 
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Figure 45: Matching a smartphone cover colour 

As seen in the photo, the FS595C Matte Colours contains three very close 

matches to the picked colour. However, the situation changes remarkably when we tap 

a different location.  

  

Figure 46: Picking colour from a different area yields different results 
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Here the picked colour was matched with a different set of colour samples. The 

reason for this is that the actual unprocessed camera photo captured a slight reflection 

at this location, which means the colour picking phase of the algorithm evaluated the 

orange colour patches on ColorChecker® as closer than in the first example, hence 

their influence on the transformation was also higher. The set of results is unfortunately 

inaccurate. 

3.3. Application distribution 

The application can be distributed to users either via the Apple iOS App Store 

or as a side-loaded application. 

To publish the application on the App Store, it must pass a certification process, 

which includes additional requirements like providing a technical support contact, 

terms of use, privacy policy and additional image assets including multiple icon sizes 

and promotional images. List of all requirements and guidelines is available in the App 

Store Review Guidelines document (45). The application itself needs to be archived 

for publishing and signed using a certificate. The whole process can be performed 

on an Apple macOS device via a step-by-step wizard which is integrated into Visual 

Studio for Mac. 

3.4. Known issues 

3.4.1. Colour transformation for arbitrary colours 

The ColorChecker® device includes a limited set of colour samples, which 

means the calibration has limited source information it can rely upon. This proved 

to be a challenge, especially when the user picks an arbitrary colour from the 

environment and such a colour is too distant from any of the colour samples on the 

passport device. In such a case, the camera colour space to sRGB colour space 

transformation factors are calculated with a strong influence of multiple colour 

samples, which may have profoundly different transformation factors. Even with 

weighted averaging the resulting values may not correctly reflect the accurate 

transformation factors. 

The .ply visualisation of the camera colour space showed its non-linearity and 

uneven distribution. This is even more profoundly visible when visualising the 

relationship between camera colour space and sRGB colour space samples in 
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ColorChecker® Digital SG (see Figure 47). As illustrated in Section 3.2.4, even in a 

uniformly coloured area, the nearest neighbour search among the ColorChecker® 

samples in the camera colour space may match the wrong colour patch as the closest 

one, which influences the factors in an incorrect way compared to its actual expected 

sRGB colour coordinates. 

 

Figure 47: .ply visualisation of ColorChecker® Digital SG calibration 

An accurate transformation from camera colour space to sRGB would require 

in-depth knowledge of the camera sensor hardware and proprietary algorithms the 

manufacturer uses for photo processing. Unfortunately, that would also mean tying the 

application to a specific camera sensor and would severely limit its universal potential. 

During the investigation of this problem, we have found a paper “Strengths and 

limitations of a uniform 3D-LUT approach for digital camera characterisation” 
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by research group in Technische Universität Darmstadt (46), which discusses 

an analogous problem. Even with a more exhaustive set of calibration colour samples, 

this colour correction problem cannot be resolved easily. 

This problem is unexpectedly complex and is the reason this thesis did not 

manage to achieve its goals in full extent – including the ability to calibrate and use 

the application under multiple different illuminants. Further research will required to 

find a more accurate algorithm for camera colour space to sRGB transformation and 

to make this part of the application reliable and dependable in professional use. 

The reason we got caught cold by this is that we assumed normal camera 

calibration routines to be accurate enough to achieve what we need. Which they are 

apparently not: what is sufficient to get a reasonable looking photograph turns out to 

be still considerably below our demands in terms of required colorimetric accuracy. 

We also under-estimated how non-linear the colour distortions are that have to be 

compensated during such a calibration. It should definitely be possible to find a high 

precision calibration technique that accurately deals with these non-linear distortions: 

but finding such a transform turned out to be beyond the scope of this master's thesis, 

which instead concentrated on proposing and showcasing an entire novel workflow for 

mobile applications, and getting the prototype very close to what would be needed for 

a commercial application in terms of performance. We deem the calibration issues to 

be the only thing that stands between our prototype and actual commercial usability. 

3.4.2. Lighting conditions consistency 

We have recognised that the lighting conditions significantly impact the 

accuracy of the colour matching algorithm. Even slight differences between the 

calibration and picking phase illuminance may cause significant degradation of the 

result accuracy. 

This is an inherent problem of the fact that the application is meant to be used 

in an uncontrolled environment. A solution would be to allow providing 

ColorChecker® calibration and colour picking functionality in the same captured 

photo. We decided to use separate calibration and colour picking phase to provide 

more flexibility in use, but a joint solution would be beneficial as an alternative mode 

of the application. 
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3.4.3. ColorChecker® Digital SG recognition 

The ColorChecker® recognition algorithm was initially built specifically for 

ColorChecker® Passport. To be able to visualise the camera colour space better, 

we decided to introduce experimental support for ColorChecker® Digital SG, which 

has not been extensively tested and tends to misalign the colour patches during 

calibration if not positioned directly in parallel with the camera sensor and the captured 

photo is not sharp enough. Due to this limitation, calibration with this kind of checker 

is not very user-friendly and may result in multiple failed attempts before calibration 

is successful. Implementing support for multiple colour charts was not in the scope 

of the thesis, so this issue is included for completeness. 

3.5. Potential improvements 

3.5.1. Support for multiple illuminants 

The application could be improved to allow picking a colour under different 

illuminants in addition to daylight. Two possible approaches for this problem are 

available. 

An easier solution would require choosing the illuminant type before 

calibration and including the sRGB coordinates for the ColorChecker® patches and 

colour atlas samples under this illuminant as the source data for the application. All 

these data are available in ART. 

A more sophisticated solution would be to provide a second calibration for the 

“scene” in which the user currently is. Then judging by the difference between the 

daylight and scene calibration, the current illuminant type could be approximated and 

used to identify and pick colours. 

3.5.2. Capturing with flashlight 

A way to improve colour matching precision would involve capturing one 

photo with and one photo without the flashlight integrated into the mobile device. 

These two photos would allow to judge the reflectiveness of the captured surface and 

adjust calculations appropriately. 

3.5.3. Overexposure guarding 

The application could guard against photo overexposure automatically 

by checking the colour values of the calibrated photo of the ColorChecker®, especially 
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using the white patch. In case it detects overexposure (a high concentration of raw 

values near the maximum value of a channel in a single location), the application could 

discard the calibration, inform the user and adjust exposure automatically for the next 

calibration attempt. 

3.5.4. Raw photo preview 

In some cases (as illustrated in Section 3.2.4), the processed photo preview 

does not adequately show subtle light reflections to the user. These reflections 

influence the accuracy of the picked colour. It would be beneficial to allow the users 

to switch between a preview of the processed photo and preview of the raw photo. This 

way, similar discrepancies could be easier to discover. 

3.5.5. Improved ColorChecker® recognition 

The ColorChecker® recognition algorithm works well in case the device is 

well-positioned and visible to the camera, but in case it is too far away or is skewed 

in space, the colour patches may be mispositioned because of the imprecision. Such 

a limitation could be overcome by taking the exact shape of the colour patches 

into account and not depending on it being near-square.  
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Conclusion 

In the course of development of the Colour Picker mobile application, 

we encountered several interesting problems. 

We needed to find a reliable way to locate the ColorChecker® colour patches 

in a photo to properly calibrate for the camera colour space. Utilising the built-

in platform APIs for this was not possible as they did not offer required precision. 

Using OpenCV based solution was successful, but required creating a layer 

of indirection in the form of a native Objective-C library which communicates with 

the C#-based Xamarin.iOS application. The algorithm works reliably for the 

ColorChecker® Passport device and can be further customised to support more colour 

charts as required. 

Picking a colour from a real-world photo requires a transformation from the 

camera space to sRGB colour space. Such conversion factors must be based on the 

information gathered from the calibrated colour patches of ColorChecker® device. 

The main challenge was the fact that the iPhone camera colour space is non-linear and 

unevenly distributed. Hence, the factors may vary significantly. For each picked colour, 

we needed to find a corresponding set of ColorChecker® samples to use when 

calculating the transformation factors. 

We perform the final step of searching for matches in the colour atlases in the 

CIE LAB colour space, where the distances between colours can be calculated using 

CIE Delta E measure, which is in line with the perceived colour distance of the human 

eye. 

The algorithm used for camera colour space to sRGB transformation is 

unfortunately not sufficiently accurate yet for arbitrary colour samples to make the 

application fully dependable. Further development will be required to make the Colour 

Picker application a reliable tool for professionals who work with colour atlases and 

want to enhance the mobility aspect of their daily work. 
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