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Abstract 
 The ability to automatically segment objects of interest in images is a useful 
pre-processing step in many image processing techniques. There are several algorithms 
which segment images based on one or more parameters or with prior knowledge of 
the required class of objects. Even though these algorithms produce visually appealing 
segmentations their complexities are at and above  which makes many of them 
computationally expensive. Out of the available algorithms, Simple Linear Iterative 
Clustering (SLIC) superpixel segmentation is a k-means clustering approach with 
restricted search space which outperforms state-of-the-art algorithms with respect to 
complexity at a comparable or better boundary recall. The SLIC algorithm generates 
superpixels purely based on color information. However, object boundaries do not 
necessarily coincide with color contours, causing segmentation to fail in various 
scenarios. Information beyond color channels is necessary in such cases to still obtain 
meaningful and precise segmentations. 
 A trend in image and video acquisition hardware moves towards capturing not 
only color but also a variety of additional information, like infrared and depth. This 
thesis addresses a fully dynamic approach for segmenting images into a desired 
number of superpixels. This is achieved by a novel idea of incorporating multiple 
channels beyond color channels to utilise the available additional information for 
enhanced segmentation results. To showcase the improvement the available SLIC 
superpixels approach is extended with infrared information as the fourth channel with 
complete dynamic weighted parameters and extension with depth as a fifth channel is 
addressed. The infrared-aided superpixel algorithm outperforms state-of-the-art 
techniques in terms of boundary recall and compactness. An increase of more than 11% 
in boundary recall is achieved at the same oversegmentation factor compared to only 
color based segmentation. 



 

x 
 

  



 

xi 
 

Contents 
 
List of Figures          xiii 

List of Listings          xv 

List of Tables          xv 
 
1. Introduction         1 
 1.1 Research Motivation       2 
 1.2 Overview of the Report       3 
 
2. Basic Foundations         7 
 2.1 Electromagnetic Radiation      7 
 2.2 Camera Imaging        9 
 2.3 Image Segmentation       13 
 
3. Relevant Research         17 
 3.1 Novel Hardware        17 
  3.1.1 Motion Scene Camera      17 
  3.1.2 RealSense 3D Camera      19 
 3.2 NIR imaging and Applications      21 
 3.3 Superpixel Segmentation       25 
  3.3.1 SLIC - Simple Linear Iterative Clustering   26 
  3.3.2 SLIC Algorithm       27 
  3.3.3 Distance Calculation      28 
  3.3.4 SLIC implementation in matlab     29 
  3.3.5 SLIC Evaluation       32 
 3.4 Depth Based Segmentation      35 
 3.5 Camera Modification and IR Scenarios     39 
  



 

xii 
 

4. Multichannel Implementation       49 
 4.1 Multichannel Superpixel Algorithm     49 
 4.2 Infrared-Aided Superpixel Segmentation     50 
  4.2.1 Infrared-Aided Algorithm     51 
  4.2.2 Dynamic Distance Calculation     52 
  4.2.3 Weighting Factors      57 
 4.3 Dataset         59 
 
5. Experiment and Results        63 
 5.1 Circle of Confusion       63 
 5.2 Boundary Recall        67 
 5.3 Oversegmentation Factor       69 
 5.4 Compactness        71 
 5.5 Robustness        73 
 5.6 Depth and Infrared aided Superpixel Segmentation   73 
 5.7 Euclidean Distance versus Geodesic Distance    75 
 
6. Conclusion          79 
 6.1 Summary         79 
 6.2 Future Research        80 
 
References          83 
  



 

xiii 
 

List of Figures 
 
1.1:    Report Overview       4 
 
2.1:    Electromagnetic Spectrum [5]       8 
2.2:    Color Separation  Bayer Filter [7]      10 
2.3:    Infrared Spectrum [8]        11 
2.4:    Aerial Photography of Old Hickory Lake [9]     11 
2.5:    Thermal Infrared  Pseudo Color Image [11]     12 
2.6:    Segmentation with 200 Superpixels      13 
 
3.1:    Motion Scene Camera [16]       18 
3.2:    Images captured by Motion Scene Camera [16]    18 
3.3:    Intel RealSense 3D Camera       19 
3.4:    Images captured by RealSense 3D camera     20 
3.5:    NIR images [18]         22 
3.6:    Portrait Enhancement [20]       23 
3.7:    Sematic Image Segmentation [21]      24 
3.8:    Material Based Object Segmentation [24]     25 
3.9:    SLIC Segmentation with 64, 256, 1024 Superpixels [3]   26 
3.10:  Reduced Superpixel Search Region      27 
3.11:  Image Segmented by matlab SLIC      31 
3.12:  Images Segmented by matlab SLIC with different weightings   32 
3.13:  Boundary Recall vs Number of Segments     33 
3.14:  Undersegmentation Error vs Number of Segments    34 
3.15:  Runtime vs Number of Segments      35 

      

       
 

         
 

         
     

  



 

xiv 
 

       
         

        
        

         
    

  
       

 
 

          
         

     
     

         
 
5.1:    Size of Circle of confusion vs Object Distance     64 
5.2:    RGB image captured by modified Canon D SLR    65 

     
      

        
      

       
        

       
    

      

 

  



 

xv 
 

List of Listings 
 
3.1:  SLIC implementation in Matlab       30 
 

        
       

 
5.1:  Evaluation of Boundary Recall       67 

       
5.3:  Evaluation of Compactness       72 
 

 

List of Tables 
 
5.1:  Boundary Recall without IR and with IR in Green and White backgrounds  
         for 200 superpixels        68 
5.2:  Boundary Recall without IR and with IR in noise affected images  
         for 200 superpixels        73 
5.3:  Boundary Recall for only RGB, with IR and with IR & depth  
         for 200 superpixels        75 
  



 

xvi 
 

 



1 
 

Chapter 1: 

Introduction 
    by Steven Sasson

In recent 
decades digital imaging devices and video acquisition hardware have evolved rapidly. 
The first cameras were just megapixel and captured only black and white images 
at a rate of  seconds per image for the price of . W are 
more than megapixels capturing over  images per second in color and are 
available for not more than $100. Other high-end hardware capable of capturing more 
than  frames per second or  images are also available. These equipments are 
creating a huge impact in our day to day life. Almost every other electronic gadget 
such as mobile phones, cameras, tablets and laptops are constantly updated with 
better imaging hardware which in turn puts more expectation on the captured image 
data. The amount of image data generated is increasing drastically. Broad range of 
fields such as medical, space, media, entertainment, infotainment systems, security 
cameras, surveying, and so on use images for various applications.  
 
 The extensive usage of images has opened up challenges in terms of detecting, 
tracking, recognizing, storing, transmitting and retrieving these captured images. With 
progressive improvements in current media transport, approaches for transmission 
and storage of images are getting better, while extracting objects precisely and 
tracking them is still a challenge. Even though different approaches have been 
presented and great advances have been made, there is still room for improvement. 
This is because human visual sensory organs are extremely powerful and have the 
ability to perceive a scene instantaneously, visually differentiate objects and recognize 
other details such as color, brightness, and texture contained in the image. This in turn 
puts more expectations on the system to precisely detect, recognise and track objects 
in an image as efficient as the human eyes.  
 
 Image processing and computer vision is a discipline in computer science which 
includes techniques to make the system understand visual information and extract 
meaningful parts. Processing of images such as object detection, extraction and 
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recognition mostly include image segmentation as a vital pre-processing step. With 
new techniques and technologies, segmentation results are trying to match human 
requirements. Often methods come with a cost and a trade-off between complexity 
and performance. Therefore, this topic will be in the limelight of research as long as 
the gap between human expectation and system capabilities remains. 
 

1.1 Research Motivation 
 
 Segmentation of visible (RGB) images has been deeply researched using 
different segmentation algorithms generating good results. However, often images 
contain content which cannot be segmented using only color information. This might 
be due to overlapping objects of the same color, mist hiding distant objects, or 
complex patterns obscuring object boundaries. Information exceeding the pure color 
information is necessary in such cases to obtain meaningful and precise segmentations 
[1]. So, there is room for improvement and any additional information is considered 
valuable. Modern developments in digital image acquisition have provided us with 
novel hardware to capture physical information beyond RGB. The Motion Scene 
Camera [2] is one such remarkable development by ARRI which captures depth 
information by including a time-of-flight sensor into the camera system with active 
infrared lighting. The camera captures depth and also captures infrared (IR) reflectivity 
of materials, rendering an infrared image as a by-product. When compared with the 
reflectivity of materials in RGB images, the reflectivity of the materials in an IR image is 
often uncorrelated. The independence of RGB and IR images motivates the extension 
of segmentation techniques to a fourth channel of information incorporating infrared. 
Depth, which is captured, can further enhance segmentation results by adding yet 
another information channel.  
  
 Techniques for image segmentation have been researched for decades 
featuring different requirements such as edge detection, contour mapping, content 
segmentation, object detection and so on. Various approaches for image segmentation 
such as graph based methods, clustering methods, gradient ascent methods and more 
have evolved over time. Out of the different approaches superpixel segmentation is a 
method which groups pixels into clusters based on similar characteristic between 
pixels such as color or brightness. Simple linear iterative clustering (SLIC) algorithm [3] 
adapting to k-means clustering is an effective method for RGB image segmentation 
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outperforming state-of-the-art superpixel methods in terms of boundary recall, 
runtime and memory consumption producing compact superpixels. Extending SLIC by 
deploying infrared and depth information channels along with color information 
channels to yield enhanced superpixel segmentation is the core research interest of 
this thesis. Moreover the SLIC algorithm is not dynamic as the user has to input the 
parameters for the distance calculation to obtain the desired balance between 
boundary recall and compactness. For infrared-aided superpixel segmentation the aim 
is to develop an algorithm which is fully dynamic with respect to parameter decision 
for distance calculation ensuring equal balance between boundary recall and 
compactness. This reduces the user input to only the image to be segmented and the 
desired number of superpixels. 
 
 This thesis work is -Aided Superpixel 

M, 2015 - Video Processing and Quality Metrics for Consumer 
Electronics conference at Chandler, Arizona, USA. [1] 
 

1.2 Overview of the Report 
 
 For complete understanding of the research work, all required preliminary 
concepts and foundations are addressed in chapter 2. Chapter 3 gives an insight of the 
state-of-the-art research work that was helpful for this thesis. Chapter 4 comprises the 
implementation done during the period of this master thesis. It also gives an intuition 
of how the research will proceed further in different dimensions. All experiments, 
results and evaluations are presented in detail in chapter 5. The wrap up of the current 
research findings and possible future research extensions are proposed in chapter 6. 
Fig 1.1 visualises the structure of this thesis as presented here. 
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Chapter 2: 

Basic Foundations 
   
   This chapter is a brief description of the foundations required for the research 
study. All the basic concepts and techniques that have paved a path to this thesis are 
elaborated. First, the different radiations from the electromagnetic spectrum are 
discussed. Then the art of photography and imaging devices are introduced. The 
conventional cameras and its sensor technology are studied in detail. Finally, the 
digital image processing techniques and its applications are addressed.  
 

2.1 Electromagnetic Radiation 
 
  Electromagnetic (EM) spectrum is the range of different electromagnetic 
radiations. It is characterized by its wavelength, extending from 1pm to thousands of 
kilometres. EM radiation is classified by wavelength into gamma rays, X-rays, 
ultraviolet, visible light, infrared, microwaves and radio waves. Wavelength  and 
frequency  are inversely related by speed of light  in a vacuum as . Most of 
the EM radiations are used in different imaging application. Human eyes are a very 
conscious sensory organ but have limited visual perception. Due to the human eye 
being sensitive to the visible spectrum only, conventional photography has been 
restricted to this spectrum as well. The three electromagnetic radiations for which 
sensors have mainly been developed and used for imaging are discussed as follows. [4] 

 

 Ultraviolet (UV) is an electromagnetic radiation which has shorter wavelength 
than the visible spectrum. Ultraviolet radiation has wavelengths  nm 
corresponding to a frequency  Thz to  Phz. The ultraviolet spectrum is 
subdivided into many parts extending from near-ultraviolet to extreme-ultraviolet with 
increasing frequency. The near-ultraviolet ranging from  nm is used for 
imaging in medical, scientific and forensic investigations.  

 
  The part of the electromagnetic spectrum that can be detected by the human 
eye is the visible spectrum or visible light. The visible light has wavelengths



2.   Basic Foundations 
 

8 
 

nm, corresponding to frequency  THz. The visible spectrum is divided 
into seven colors: red, orange, yellow, green, blue, indigo, and violet. This portion of 
the spectrum is usually captured in most of the cameras as visible image. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 2.1: Electromagnetic Spectrum [5] 
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 Infrared (IR) is an electromagnetic radiation extending beyond the visible 
spectrum with respect to wavelength. Infrared has wavelengths nm - mm 
corresponding to a frequency THz down to GHz. The thermal radiation 
emitted by objects is infrared. Infrared spectrum is subdivided into five bands based on 
its applications with respect to wavelength. Near-infrared (NIR): . Short-
wave infrared: . Mid-wave infrared: . Long-wave infrared: 

. Far infrared: . Certain ranges of the IR spectrum are used to 
capture near infrared and thermal images. [6] 

 

2.2 Camera Imaging  
 
 Photography is the art of producing images by capturing light either analog or 

digital. Currently, most of the photographs are captured and stored digitally using light 
sensitive imaging sensors. The light that is emitted by an object is focused via a lens for 
a limited exposure time and is captured by the electronic sensor. The resulting image is 
stored digitally for post-processing and viewing. Digital camera is the equipment used 
to record images digitally and store it for future use. The core hardware of the digital 
camera is the circuit board and an electronic sensor. The image sensor is a 
Complementary Metal Oxide Semiconductor (CMOS) or Charged Coupled Device (CCD). 
These cameras use visible light to capture photographic images.  

 
 In recent digital cameras, the color separation is done at the sensor level. The 

filter used for separation is Bayer filter which is a low cost color filter array. To capture 
color images, the Bayer filter is placed over each cavity that permits only particular 
colors of light. Virtually, all digital cameras can only capture one of three primary 
colors in each cavity and discard roughly 2/3 of the incoming light. As a result, the 
camera has to approximate the other two primary colors to have full color at every 
pixel.  
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Fig 2.2: Color Separation  Bayer Filter [7] 
  
  

The Bayer arrangement of color filters on the 
pixel array of an image sensor 

Cross Section of Sensor 
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Fig 2.3: Infrared Spectrum [8] 

 
 Camera sensors built with silicon, exhibit considerable sensitivity beyond the 

visible spectrum  nm, with the ability to capture up to  nm which is the 
near-infrared portion of the EM spectrum, ranging from  nm In 
conventional photography, the near-infrared radiation is mostly considered as noise or 
grains and is blocked by the IR block filter. The filter used is a hot mirror fitted in front 
of the sensor restricting the capturing range from  nm. 

 

 
 

 
Fig 2.4: Aerial Photography of Old Hickory Lake [9] 

  
 Replacing the hot mirror filter with clear glass gives the ability to the camera 
sensor to become sensitive to near infrared. The technique of producing near infrared 
images is referred to as Infrared photography, where the camera sensor is sensitive to 

Visible/RGB image NIR image 
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the NIR spectrum. This modified sensor is also sensitive to visible light as well, but it is 
blocked using an infrared pass filter. [10] 
 

 

 

 

Fig 2.5: Thermal Infrared - Pseudo Color Image [11] 
  
 Thermal imaging captures wavelength ranging from to  nm using 
thermographic camera. In accordance to the black body radiation law, all objects 
above absolute zero emit infrared radiation. This infrared radiation emitting from the 
objects is captured and stored. It is viable to capture the surroundings in the absence 
or presence of illumination using thermography. With rise in temperature, the 
radiation from the objects increases as well. These changes in intensity are accurately 
captured at perceived wavelengths into thermal images. Thermal images are invisible 
to the human eye. Since thermal imaging decodes the temperature of the environment 
into colors on a temperature metric, they are represented using pseudo colors. Hot 
objects, shine brightly in infrared due to more heat while, cold objects emit less 
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infrared light and thus appear less bright. Thermography is usually helpful in security 
cameras and in military applications. [12] 
        

2.3 Image Segmentation 
 
 With increase in image data the need for image processing also increases. 
Processes include image enhancement, object detection, image compression, 
recognition and so on. Most of these image processing techniques involve image 
segmentation as a primary step. Image segmentation is the process of partitioning an 
image into multiple segments with respect to objects. Segmentation mostly groups 
pixels with similar attributes like intensity, color or texture into clusters. Neighboring 
clusters are evidently different with respect to the same attributes. Common 
segmentation approaches include thresholding, clustering, compression-based 
methods, histogram-based methods, edge detection, region-growing, split-and-merge 
methods, partial differential equation-based method, graph partitioning, watershed 
transformation, superpixel segmentation, model based segmentation, multi-scale 
segmentation, semi-automatic segmentation and trainable segmentation. 
 

     
 

Fig 2.6: Segmentation with 200 Superpixels 
Picture Courtesy [13] 

  
 From the various segmentation approaches, superpixel segmentation is a 
recent development. Superpixels are a category of pixels forming clusters that are 
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similar in brightness or texture. Simple Linear Iterative Clustering (SLIC) is a superpixel 
segmentation method based on k-means clustering. K-means is an iterative technique 
that is used to partition an image into k clusters. SLIC approach clusters pixels in the 
combined five-dimensional color and image plane space to generate nearly consistent 
superpixels. It yields required number of systematic, uniform superpixels with less 
processing time when compared to the other state-of-the-art algorithms. SLIC uses 
CIELAB color space for clustering. [3] 
 
 In 1976, the International Commission on Illumination (CIE) created LAB color 
space. In a three dimensional model, the component L (lightness of the color) 
increases from bottom to top. The A component axis extends from green (-a) to red 
(+a) and B component axis extends from blue (-b) to yellow (+b). All potential colors 
that are visible to human eyes are covered in LAB space.  LAB color space is preferred 
over RGB space in many digital image manipulations, because the colorimetric 
distances between the individual colors correspond to perceived color differences. [14] 
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Chapter 3: 

Relevant Research 
  
 This chapter emphasizes on the state-of-the-art research which was 
instrumental for this thesis work. Topics include newfangled novel hardware that 
captures additional information apart visible channels, near infrared imaging and its 
applications in the field of image processing. Since this thesis is mainly focused on 
superpixel segmentation, the entire approach is discussed elaborately along with the 
matlab code, which was implemented as part of the pre-thesis preparation. Depth 
based segmentation methods that are of interest for future work is also introduced.  
 

3.1 Novel Hardware 
  
 Conventional imaging equipments are capable of capturing only visible light, 
due to the restricted filtering design. Modern developments in imaging hardware have 
redefined imaging with novel ideas to capture further information that could be of 
potential use in many image processing techniques. Two of the novel imaging 
hardware used for this thesis is considered.   
 

3.1.1 Motion Scene Camera 
 

 Since 1917, Arnold and Richter Cine Technik (A&R) is one of the world leading 
producer and supplier of professional motion picture film equipment. ARRI has 
expanded itself in various regards of the film industry from initial stages of designing, 
fabrication, rendering visual effects to the final stages of post-production and also 
addresses many other technical solutions. [15] 

 
 With the advancement in technologies, today viewers expect top notch media 

rendering. The expectations from the network side have been fulfilled to some extent 
by live streaming, plug and play devices and customizing content. However, developing 
novel hardware for presenting digital media is always appreciated. The Motion Scene 
Camera is one such unique development by ARRI, exceeding sample based (video) or 
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model-based (CGI) methods. Scene captures D video, impeccably combining with CGI 
and is capable of delivering in D or D. The Motion Scene Camera particularly 
addresses the issues during the capture of D data, processing and rendering it on 
various devices at required standards. 

 

 
 

Fig 3.1: Motion Scene Camera [16] 
  

 The Motion Scene Camera is a cutting-edge device that captures RGB images 
along with additional information. It is an RGB+Z camera, where depth information is 
captured on the Z axis. The camera is a novel hardware built with a time-of-flight 
sensor capable of recording RGB and Z simultaneously, rendering complete spatial and 
temporal data. The difference in the readings from the time-of-flight sensor is utilized 
to calculate the depth of the objects. The hardware also includes active infrared 
lighting, which captures infrared reflectivity of the materials. Therefore, infrared 
images are also generated as a byproduct. [2] 
 

 

Fig 3.2: Images captured by Motion Scene Camera [16] 
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 The Motion Scene Camera produces RGB, depth and infrared images of a scene 
in one click. The captured depth images look like grayscale images where objects are 
displayed with varying intensity depending on their position. (Ref: Fig 3.2) Closer 
objects are represented brighter compared to farther objects. The image is actually 
constructed on relative brightness depending on the object location within the 
captured area. The infrared image also provides additional information about the 
reflectivity of the objects independent of the RGB images. Making use of the additional 
information from this newfangled hardware will be of great assistance in media, 
computer analysis and image processing fields.  
 

3.1.2 RealSense 3D Camera 
 

  D Camera is one of the very recent and the most amusing 
hardware which has aimed to achieve heights in artificial intelligence by introducing us 
to the next dimension of computing. It is a three dimensional camera that recognizes 
human gestures, body features, speech, tracks human motion and interacts almost like 
in a human to human conversation in a D world.  

 

Fig 3.3: Intel RealSense D Camera  
 

 The entire processing unit of the RealSense D camera is a small strip like 
module comprising of five units which ultimately render a perfect human interaction. 
This camera captures the color pixels along with the distance of the objects in the 
scene preserving the D information. The five components of this camera include two 
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cameras - a color camera and a depth camera, two microphones and a laser emitter. 
The color camera in the Real Sense D Camera has the ability to capture RGB or YUV 

 color. It is embedded with an IR cut filter and has a wide field of view. The depth 
camera is a VGA camera embedded with an IR band pass filter. The IR laser projector is 
the emitter of infrared light and is used simultaneously with the depth camera to 
precisely determine the depth and the location of the objects. The microphones in this 
camera are used for voice recognition. The use of microphone arrays is to reduce 
background noise and to ensure accurate speech recognition.   
 

 
 

Fig 3.4: Images captured by RealSense 3D camera -  
The panels correspond to the HD Color Camera image, 

the IR Depth Camera image and the Depth processed image  
 
 The unique feature of this camera is that it can capture in both light and dark 
and provide three images of the same scene, an IR image, a RGB image and a Depth 
image. The other interesting camera features include natural interaction with human 
beings, immersive collaboration during video conference by avoiding the background 
to gain complete attention of the speaker and gaming becomes more fun using motion 
tracking and gestures.  
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3.2 NIR Imaging and Applications 
 
 Near infrared imaging or infrared photography is a technique to capture images 
at wavelengths from  nm in the EM spectrum. Most of the present day 
cameras are built with a silicon sensor, which are sensitive beyond visible spectrum 
capturing near infrared. Generally, this NIR radiation is prevented from capturing, as it 
is perceived as noise. Recent research theories have brought forward the significance 
of retaining the NIR information. Many digital image processing applications have 
started to exploit this additional information along with RGB information to get 
improved results in object detection and image enhancement.  
 
 Near infrared images render intensity information and are viewed as greyscale. 
NIR images are amusing compared to traditional visible light images in both technical 
and aesthetic aspects. The attributes of near infrared spectrum renders sharp and 
contrast images devoid of haze effect. NIR images exhibit different reflectivity of 
materials that have same color in the visible light. They are translucent to many colors 
and hues, unravelling the surface below. IR images appear dreamlike, where plantation 
glows more, water bodies and sky are dark and clouds are white. According to research 
findings, 
Rayleigh scattering the blue color of the sky is caused by particles much smaller than 
the wavelength of the light and it implies dark in infrared because it is least. Scattering 
by particles close to or larger than the wavelength of light is described by Mie theory. 
This theory is the reason for clouds being white, as clouds are made of droplets and 
scatter incoming light. Most of the IR images deal with contrast, brightness and spatial 
information unlike RGB channels. Therefore, NIR images are proposed as a channel 
with luminance and spatial information.  
 

Applications of Near Infrared Images 
 
 Initially NIR was mostly used in security applications and remote sensing 

because of its intrinsic properties. IR security cameras capture images and videos even 
in the dark with good quality. Remote sensing by NIR was generally combined with 
other ranges of infrared to differentiate between multiple object classes such as 
buildings, trees, water bodies, sky and clouds. In course of time, NIR considerably 
gained its importance and was vastly deployed in many areas such as medical imaging, 
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astronomy, and object recognition. Inks used in secure printing of bank notes can be 
captured in near infrared images. It is also used in detecting forgery and material 
research because few colorants are apparently transparent in near infrared spectrum. 
[17]  
 

 
 

 

Fig 3.5: NIR images [18] 
 

Portrait Enhancement  

 
 Portraits are images predominantly capturing the face. A portrait evidently 
displays the complexion of the skin. Mostly the skin is not so uniform and has variation 
in tone, some marks, beauty spots, pimples and so on. Although these issues are 
handled with lighting conditions, it is of great interest that information from near 
infrared images supplement in enhancing the portrait. The NIR renders a smooth image 
as near infrared radiation is deep penetrative and quasi transparent through the skin 
pigments melanin and hemoglobin. The new image is reconstructed using base layer 
from the visible image retaining all the distinctive parts of the face and the detail layer 
from NIR image which gives the smoothness. [19] 
   

Landscapes image 
appear more dramatic 
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black 
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Fig 3.6: Portrait Enhancement [20] 

 

Semantic Image Segmentation  

  
 Semantic segmentation aims at pixel wise classification of images and is used in 
remote sensing, driving assistance systems or precise object localization in general. 
Semantic image segmentation is an approach proposed to find the effectiveness in 
using both visible and near infrared channels for image segmentation. The 
distinguished properties of near infrared were deployed at its best on structured state-
of-the-art segmentation and then evaluated using ground truth segmented dataset of 
RGB and NIR images. This method involves grouping regions in images referring to the 

 predefined semantic classes such as building, sky, grass, road, cloud, rock, soil, tree, 
water, snow. It is based on Continuous Random Field (CRF) model, employing mainly 
the recognition part, concentrating on labelling and the regularization part, assisting in 
combining the neighbouring pixels to the required class. The outcome is a comparative 
study between Visible Baseline (VB) segmentation resulting only from RGB images and 
Best Strategy (BS) segmentation resulting from both RGB and NIR combined images. 
The authors have manifested improved results in  classes out of  by using NIR along 
with conventional RGB images for segmentation. The research was concluded with 

Visible Image NIR Image 

Reconstructed Image 
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positive results mainly due to the response of some classes to NIR being very 
distinguishable. [21] 
 

 
 
 

 
Fig 3.7: Sematic Image Segmentation [21] 

 

Accurate Shadow Detection and Shadow Removal  
 
 Near infrared information is utilised to automatically detect shadows precisely 
and rapidly in conjunction with RGB information. The fact that dark objects exhibit 
more NIR reflectance is used as a basis for detection. A shadow map is constructed 
using the dark pixels from both visible and infrared image. The results are evaluated on 
a diverse dataset of RGB and NIR images and compared with the ground truth. Positive 
outcome with precise and effective shadow detection better than state-of-the-art 
algorithms is observed. [22] 
 
 Object detection and recognition becomes challenging with the presence of 
shadows in the image. A study has proposed a probabilistic shadow mapping method 
using both RGB and NIR information to remove shadows from the image. The 
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approach was to detect the amount of light influencing the region and then increase 
the brightness in the darker shadow regions to the level of the surrounding regions. 
[23] 
 

Material based object segmentation  
 

This work claims a method for accurate boundary detection using NIR information. 
The material dependency properties captured using NIR images are exploited to 
differentiate between shading and shadow. An intrinsic image is formed using RGB and 
NIR channels which is used to segment the entire object from its background with the 
knowledge of the changes in materials. The combined effect of visible image assisting 
in segmentation with color information and NIR images rendering additional 
knowledge about the composition of the materials help in precise boundary 
segmentation. [24] 

.  

 
Fig 3.8: Material Based Object Segmentation [24] 

 

3.3 Superpixel Segmentation  
 

 Superpixels are pixel clusters having similar attributes such as texture, 
brightness or color. The use of superpixel segmentation as a pre-processing step in 
image analysis has escalated through the years. Many superpixel algorithms that have 
been formulated so far are classified either as graph-based or gradient ascent 
methods. Graph-based methods claims reduced cost function between neighbouring 
pixels. The pixels are nodes and edges between pixels have weights and the clustering 
is based on the weights. The graph-based algorithms include Efficient graph-based 
image segmentation [25], Superpixels and supervoxels in an energy optimization 
framework [26], Normalized cuts and image segmentation [27], Graphcut textures: 

Visible Image Segmentation Visible + NIR Segmentation 
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Image and video synthesis using graph cuts [28] and Superpixel Lattices [29]. Gradient-
ascent methods are iterative algorithms, initiating with random grouping of pixels then 
recursively merging clusters until a measure. Gradient-ascent algorithms include Quick 
shift and kernel methods for mode seeking [30], Turbopixels: Fast superpixels using 
geometric flows [31], Mean shift: a robust approach toward feature space analysis 
[32], Watersheds in digital spaces: An efficient algorithm based on immersion 
simulations [33]. All these methods have their own pros and cons depending on the 
application requirement, but there are certain qualitative and quantitative measures 
defining how efficient these algorithms perform. Importantly, superpixels must define 
the object contours, should be rapid and simple and consume less memory. A new 
algorithm SLIC was proposed addressing all these requirements and outperforming 
other state-of-the-art algorithms. [3] 
 

3.3.1 SLIC  Simple Linear Iterative Clustering  
 

 SLIC is a novel approach which surpasses five state-of-the-art segmentation 
algorithms in major factors such as boundary recall, under segmentation error and 
segmentation speed. Compared to existing methods SLIC is highly efficient in speed, 
uniform clusters, compact groups, boundary adherence and memory consumption. 
SLIC adapts k-means clustering with the flexibility to generate the desired number of 
superpixels and adjustable compactness. The conventional k-means approach is 
computationally expensive, as the entire image is considered as a search region. In the 
SLIC algorithm, low complexity is achieved by restricting the search space to a limited 
grid interval around each superpixel. [3] 

 

   

Fig 3.9: SLIC Segmentation with 64, 256, and 1024 superpixels [3] 
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3.3.2 SLIC Algorithm 
 
 SLIC adapts to k-means algorithm and was designed with linear complexity. K-
means is an iterative approach to segment an image. According to k-means, initially k 
cluster centers randomly or pseudo-randomly are picked in the image. Each pixel in the 
image calculates the distance with each cluster center and is then assigned to the 
nearest cluster center. Then the cluster centers are repositioned by averaging all pixels 
in that particular cluster. The process of assigning pixels and repositioning centers 
occur recursively until a threshold. The distance calculation is the squared or the 
absolute difference between a cluster center and a pixel and is typically based on pixel 
location, intensity, color, texture or a weighted combination of these attributes.  The 
fact that each pixel is compared to every other cluster center increases complexity in 
conventional k-means. On the other hand SLIC restricts the search space around each 
pixel depending on the number of pixels in the image and required number of 
superpixels.  

 
  

  
 Fig 3.10: Reduced Superpixel Search Region 

 
 According to the proposed algorithm [3], SLIC uses CIELAB color space for RGB 

images. The grid interval  is calculated using total number of pixels  in the image 
and the desired number of superpixels . Uniform superpixels are created by the grid 

interval , which gives the superpixel size as  and the limited search 

region . Initial steps include positioning cluster centers equally at S pixels 
apart, with respect to the LAB color space and X and Y positions and then assigns pixel 
labels to  and sets the  distance to infinity. Then the outer iteration begins for each 

Standard K-means Search Space SLIC Search Space 
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cluster center. The inner loop runs for each pixel within the  space. The 
distance is computed between each pixel and its respective center. The distance is only 
updated when the new distance is shorter than the previously stored distance. This is 
always the case in the first iteration, since initial distance values are set to infinity. 
With the change in distance, the label values of the pixels are also updated from  to 
the respective superpixel number . Once all cluster centers are iterated, the centers 
are updated by averaging the  for all the pixels within the cluster. The entire 
process starting from the outer loop runs again for the new set of cluster centers. 
According to the authors of SLIC, compact and regular superpixels for most images can 
be generated within  iterations. Therefore the cluster performing part of algorithm 
is iterated  times. 

 
3.3.3 Distance Calculation 
 
 The distance measure is the main optimization feature in the algorithm. The 
calculated parameter is the Euclidean distance in the  color-image plane 
between a pixel and its center. The pixel color is computed using and the 
position is estimated by . The images to be segmented are generally not of the 
same size; therefore the distance calculation must adapt to all image sizes and desired 
number of superpixels. The weightage on spatial proximity is more for bigger 
superpixels, producing compact superpixels but with less boundary recall. On the other 
hand for smaller superpixels the importance is more on color proximity, yielding good 
boundary adherence. Therefore it is necessary to get a balance between spatial and 
color proximity by their maximum distances  and within a superpixel. The 
maximum spatial distance is the same as the grid interval , but the maximum color 
distance is complicated as it is not constant within an image and between images. 

is replaced with a constant factor  that weighs a balance between color proximity 
and spatial proximity.  
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 Color Proximity   

 

 Spatial Proximity            

 

 Overall Distance              

 
For LAB color space, the constant   can be in the range of  to . To get 

compact superpixels, spatial proximity is significant and  is set to a large value. High 
boundary adherence is achieved weighing more on color proximity by small  value. 
The distance measure can also be constricted to grayscale images or extended to D 
images by altering the spatial proximity dimensions.  

 

 

 
Once the clustering is performed, some pixels have label as  or a value which is 

not the same as the neighboring pixels label value. Such pixels do not group with any 
clusters and remain isolated. These pixels are referred to as orphaned pixels. 
Connectivity of these pixels is ensured by labelling them to the nearest cluster center. 

 

3.3.4 SLIC implementation in matlab 
 
 The authors of SLIC have coded the algorithm in C++ language. For more 
understanding and research interest, I have implemented the same algorithm in 
Matlab. The core part of the matlab SLIC algorithm, performing clustering is as follows. 
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% Perform clustering 
itrnum = 10;               % Desired no.of iterations  
m=10;                      % Weighting factor  
for itr = 1:itrnum         % For each iteration   
    for k = 1:newk         % For each cluster 
         
        % Calculate subimage around each cluster 
        left = max(round(centre(k,4)-S), 1); 
        right = min(round(centre(k,4)+S), c); 
        top = max(round(centre(k,5)-S), 1); 
        bottom = min(round(centre(k,5)+S), r); 
        subimage = double(image(top:bottom,left:right,:));  
  
        x = double (subimage(:,:,4)-centre(k,4)); 
        y = double (subimage(:,:,5)-centre(k,5)); 
   % Spatial Distance 
        ds = double (x.^2 + y.^2);  
        for n = 1:3 
            subimage(:, :, n)=(double(subimage(:, :, n))- 
                               double(centre(k,n))).^2; 
        end 
   % Color Distance 
        dc = sum(double(subimage(:,:,1:3)),3); 
        % Overall Distance calculation  
        D = double (sqrt (dc + ds.*(m/S)^2));   
        
       % Update distance and label values 
        distance = dist(top:bottom,left:right); 
        label = lab(top:bottom,left:right); 
        refresh = D < distance; 
        distance(refresh) = D(refresh); 
        label(refresh) = k; 
        dist(top:bottom,left:right) = distance; 
        lab(top:bottom,left:right) = label; 
    end 
     
    % Update cluster centres with mean values 
    label1 = cat(3,lab,lab,lab,lab,lab); 
    for k = 1:newk 
        centre(k,:)=mean(reshape(image(label1==k), 
                        [length(image(label1==k))/5,5])); 
    end 
end   

Listings 3.1: SLIC implementation in Matlab 

% Perform clustering
itrnum = 10;               % Desired no.of iterations
m=10;                      % Weighting factor
for itr = 1:itrnum      % For each iteration

for k = 1:newk    % For each cluster

% Calculate subimage around each cluster
left = max(round(centre(k,4)-S), 1);
right = min(round(centre(k,4)+S), c);
top = max(round(centre(k,5)-S), 1);
bottom = min(round(centre(k,5)+S), r);
subimage = double(image(top:bottom,left:right,:)); 

x = double (subimage(:,:,4)-centre(k,4));
y = double (subimage(:,:,5)-centre(k,5));
% Spatial Distance
ds = double (x.^2 + y.^2);
for n = 1:3

subimage(:, :, n)=(double(subimage(:, :, n))-
double(centre(k,n))).^2;

end
% Color Distance
dc = sum(double(subimage(:,:,1:3)),3);
% Overall Distance calculation
D = double (sqrt (dc + ds.*(m/S)^2));  

% Update distance and label values
distance = dist(top:bottom,left:right);
label = lab(top:bottom,left:right);
refresh = D < distance;
distance(refresh) = D(refresh);
label(refresh) = k;
dist(top:bottom,left:right) = distance;
lab(top:bottom,left:right) = label;

end

% Update cluster centres with mean values
label1 = cat(3,lab,lab,lab,lab,lab);
for k = 1:newk

centre(k,:)=mean(reshape(image(label1==k),
[length(image(label1==k))/5,5]));

end
end  
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A matlab SLIC segmented image with  superpixels and the weighting 
factor . The value of  equally weighs color proximity and spatial 
proximity. We can see in the image (Ref: Fig 3.11) the superpixels are both compact, 
regular in shape and size and exhibit good boundary adherence.  

 

 
 

Fig 3.11: Image Segmented by matlab SLIC 
 Picture Courtesy [34] 

  
 The constant  is an influential value in SLIC segmentation. (Ref: Fig 3.12) The 
images are segmented using  superpixels. The image in top with  has more 
importance to color proximity; thereby strong boundary adherence but less similar size 
and shaped superpixels. The image in bottom with  has more significance to 
spatial proximity, yielding compact and regular superpixels but less boundary 
adherence. 
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Fig 3.12: Images Segmented by matlab SLIC with different weightings  
top: m=5, bottom: m=35.Picture Courtesy [35] 

 

3.3.5 SLIC Evaluation 
 

 Researches from Chemnitz University of Technology have developed a 
Superpixel Benchmark algorithm [36]. This algorithm is built for two major evaluations, 
1) Benchmark Segmentation Quality and 2) Benchmark Segmentation Robustness. The 
Berkeley Software Distribution series (BSDs ) [37] dataset of images is used for 
benchmarking. They include training, validation and test images. The input given is 
only the parameter set to be evaluated by the algorithm. The superpixel benchmark 
uses this parameter set as input values of the user algorithm that has to be evaluated. 
Out of  test images, the evaluation can be performed for desired number of 
images. The matlab SLIC was evaluated using superpixel benchmark. The evaluation 
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was on 10 test images with number of desired superpixels as 
 and  for each image. The benchmark segmentation 

quality evaluates boundary recall, undersegmentation error and runtime.  
 
 Boundary Recall: Measures the amount of contour preserved. It is the overall 

recall rate, fraction of groundtruth edges being matched to the superpixel boundaries. 
Higher the boundary recall indicates more edges are covered and vice versa. From Fig 
3.13, we can notice that the response of the matlab SLIC algorithm to boundary 
adherence on same set of images for different number of segments, the recall rate 
increases as the number of segments increase. This implies that as the desired number 
of superpixels increases, more edges are preserved. 

 

 
 

Fig 3.13: Boundary Recall vs Number of Segments 
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Undersegmentation Error: Boundary adherence is again considered, comparing 
the amount of boundary leakage of the superpixel segments to the groundtruth 
segment borders.  Fig 3.14, displays high error rate for less number of segments. The 
fraction of error decreases gradually as the number of clusters increases. This curve is 
acceptable, because conventionally superpixel algorithms oversegments an image and 
is not adaptive with respect to number of superpixels.  

 

 
 

Fig 3.14: Undersegmentation Error vs Number of Segments 
 

Computational Time: The efficiency of the algorithm is mostly determined by its 
runtime. SLIC in general has complexity  [3] and so far is the fastest superpixel 
method.  Matlab SLIC similarly produces results within considerable runtime. Fig 3.15, 
indicates obvious results that the runtime increases with increase in number of 
segments, but the fact to be noticed is that, with more number of segments the 
amount of time does not increase exponential rather gradually. Thereby it is 
advantageous as the size of the images increases and for more number of segments. 
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Fig 3.15: Runtime vs Number of Segments 

 

3.4 Depth Based Segmentation 
  
 Depth based segmentation has been a prime research focus for many decades. 
Since the idea of segmenting a D image was achievable, the extension was desired in 
three dimensions to include depth. Different from the conventional segmentation 
problem, the aim of depth based segmentation is not only to detect boundaries in the 

detecting boundaries becomes challenging in D  images. For instance, if we capture 
an image of a wall painted in brown color with a brown color pot in front of the wall, 
detecting the pot becomes tough. This is because D  segmentation is mostly based on 
color changes. Instead, using depth in such cases can help in more reliable 
segmentation as it renders the relative distance between the objects. Time-of-Flight 
(ToF) camera is a device used in capturing depth information between objects based 
on speed of light. It works on active illumination, where intensity modulated light in 
near infrared range is emitted. The light hits the objects and is reflected back, which is 
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captured by the camera sensor via lens. The depth information for each pixel is 
determined by correlating the emitted and received signals as a function of relative 
distance.  
 
 Depth information has been utilised for segmentation with different 
approaches. One of the early papers studies on Segmentation with Depth: A Level Set 
Approach [38] proposes a variational method to extract the relative depth information 
of the objects from a two dimensional image by minimising the curvature function. 
Semantic Segmentation of Urban Scenes Using Dense Depth Maps [39] was an 
approach based on Markov Random Field (MRF) building dense depth maps by stereo, 
rendering D data. Scene Segmentation by Color and Depth Information and its 
Applications [40], is a research method to improve scene segmentation by adapting to 
k-means clustering using a unified vector representation for color and depth 
information. The approach also assists in depth data compression producing better 
results in detecting the objects and contours. Indoor Semantic Segmentation using 
depth information [41] is a recent work with RGB and Depth information to segment 
indoor scenes into semantic classes such as bed, sofa, chair, wall and much more. 
Instead of traditional hand segmentation, the color and depth attributes are studied by 
the multiscale convolutional network and is employed for segmentation.  
     

Color and Depth Based Superpixels for Background and Object 
Segmentation  
  
 In this research work, both color and depth information is exploited for 
multimodal semantic segmentation. Color and depth images from the Kinect camera 
are used for structured output prediction to extract the objects from the surroundings. 
A high level semantic map is generated for objects and background categories. The 
image is first segmented into desired number of superpixels. The color image renders 
the color and texture information for each superpixel and the corresponding depth 
image gives the D information. All the descriptors are integrated by the Markov 
Random Field (MRF) labelling each superpixel extracted from the image. The authors 
have also proposed an evaluation scheme of various segmentation algorithms 
combining depth for superpixel segmentation and for semantic labelling. [42] 
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Depth Adaptive Superpixels  
 

 Depth Adaptive superpixel is a novel methodology for over segmentation of 
color plus depth images. The Microsoft Kinect device built with RGB-D sensors is 
employed widely to capture D images. Depth adaptive superpixel method can be 
used for segmentation on any oversegmented image. The recent methods for 
oversegmentation of images are SLIC [3] generating similar and consistent superpixels 
and Turbopixels [31] based on geometric flow yielding compact and connected 
superpixels. Depth adaptive superpixels utilises the knowledge of the scene geometry 
surface, the concept of superpixels can be transferred to D space. Similar sized planar 
patches that are uniformly distributed constituting the D surface, converts 
oversegmentation superpixels into depth-adaptive superpixels, which exhibit 
deformation via perspective projection. Spectral graph theory is employed above 
depth adaptive superpixels to fully segment an image.  

 Original Image 

-    
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 Real time scenarios of image segmentation for different applications are made 

possible by this approach. The evaluation results of adaptive depth superpixels top 
other state-of-the-art algorithms in terms of efficiency and quality. Boundary recall 
and undersegmentation error are the two major factors that determine the quality of 
oversegmentation algorithms. Boundary recall was better by depth adaptive 
superpixels compared to SLIC and Turbopixels, but the undersegmentation error was 
more in depth adaptive superpixel due to depth values at geometric edges being noisy. 
The execution time of depth adaptive superpixel algorithm is considerably less, 
compared to Turbopixels algorithm. [44] 

 

 

 
 

 

  

Color input image Depth input values 

Depth adaptive superpixels Segments from Segmentation 
Depth adaptive superpixels 
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3.5 Camera Modification and IR Scenarios 
 

 Conventional digital cameras are built with silicon sensor such as 
semiconductor charge-coupled devices (CCD) or active pixel sensors in Complementary 
Metal Oxide Semiconductor (CMOS) which are sensitive beyond the visible spectrum 

 nm  up to near infrared spectrum  nm. The near infrared light 
is invisible to human vision and is generally not captured as it is considered as noise in 
visible images. Therefore the cameras are fitted with a hot mirror which filters the 
infrared light and allows only the visible spectrum. Hot mirror filter is a customised 
dielectric mirror or a thin film filter used for reflecting infrared light and allowing only 
visible light to pass. Hot mirror filters are not prism but a coated plate fitted in the 
optical syste standard 
spectral response (Ref: Fig 3.18) of a Canon digital camera with a hot mirror filter, the 
peak response of each spectral band is normalized to unity. 

 

  
Fig 3.18: Spectral Response  Canon Digital camera  

with the hot mirror filter [45] 
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 In order to capture the NIR information, the camera has to be modified by 
removing the hot mirror and replacing it with a plain glass piece. As a result, the 
camera can be used to capture both near infrared and visible light by changing the 
filters in the front of the lens. In the standard spectral response (Ref: Fig 3.19) of a 
Canon digital camera without a hot mirror filter. The peak response of each spectral 
band is normalized to unity but the increase of the sensibility in the red part is very 
significant beyond nm capturing near infrared. 

  

 
Fig 3.19: Spectral Response  Canon Digital camera  

without the hot mirror filter [45] 
 

 In our telecommunications lab, we have modified a canon D SLR exclusively 
for this study. Many tutorials and YouTube videos help with step by step conversion. 
Initial steps before replacing the clear glass are removing the rubber eye cap and the 
screws on the back and bottom side of the camera. The Input / Output (I/O) covers are 
dismantled. Rear Liquid Crystal Display (LCD) panel is lifted and the display ribbon 
cable is disconnected. Screws holding the rear LCD assembly are removed and a joint is 
unsoldered, to set it free from the underlying PCB board. The rear LCD assembly is 
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flipped over and some cables are disconnected to detach it completely from the 
camera. From the middle of the circuit board the protection noise shield is unsoldered 
and separated. 

 

 

 
Fig 3.20: Canon 300D SLR  Dismantling Sensor Assembly 

 

 Next the screws holding the Printed Circuit Board (PCB) board are unscrewed 
and all functionality cables are disconnected to flip the PCB. Once the PCB is detached, 
the sensor assembly is seen. The screws holding the sensor assembly are carefully 
unscrewed to isolate it from the camera. The focus spacers are saved for reassembling. 
The sensor assembly is where the hot mirror is fitted. Replacing the hot mirror with the 
clear glass to capture infrared images is the most critical part as it is has to be of 
perfect cut and dust free to get precise pictures.  

 
 Once the sensor assembly is detached from the camera, the following steps are 
performed. The black plastic mask on the rim to the hot mirror holder is peeled off. 
Two holding screws are loosened to separate the hot mirror from the camera sensor. 
Then the hot mirror assembly is pried up to set free from the double stick black tape. 
Now the hot mirror and camera sensor are disjoint. Since the entire replacement work 
is with the hot mirror, the camera sensor is kept safely is a dust free place. The black 
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double stick tape is peeled off and the adhesive around the hot mirror filter is cut 
neatly to take away the hot mirror filter. A clear glass of dimension 

  is glued to the hot mirror holder. After the adhesive is 
dried, the clear glass is cleaned and blown off with canned air. Finally all the steps are 
followed in reverse to reassemble the camera back to usable. The camera is perfectly 
modified to capture both infrared and visible images.    
 
 

 
 

Fig 3.21: Canon 300D SLR  Replacing hot mirror by clear glass  
and Reassembling 

 
 The characteristic of lenses in NIR area is different from visible region. The 
camera parameters used to capture a visible image cannot be applicable to capture 
the same scene sharp in NIR (Ref: Fig 3.22). Still, sharp NIR images can be captured 
with change in the camera parameters.  
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Fig 3.22: Characteristic of Standard Lens  

 

 Image on the left shows a sharp visible image and in the image on right the 
same scene is captured sharp in NIR (Ref: Fig 3.23). From the images it is explicit that 
sharp NIR image do not introduce distortions that become significant problem during 
image segmentation by algorithms with high boundary recall. 

 

 
 

Fig 3.23: Test Images [46]  

  
 The modified canon D SLR was employed to capture NIR images and in 
parallel the same scene was captured using an RGB camera, to vividly exhibit the 

Visible Image Infrared Image 
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difference between RGB and NIR information channels. Different scenarios where the 
near infrared additional information can be useful for segmentation are proposed.  
 

 
 

Fig 3.24: Prints on mug are invisible  

 

 
 

Fig 3.25: Blue and Red can be the same 

 

 
 

Fig 3.26: Reduced shadow  
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Fig 3.27: Accurate boundary detection without color difference 
 

 
 

Fig 3.28: Black is not always black  Recognition of same color overlapped objects 
 

 
 

Fig 3.29: Dark sky, White clouds, Bright trees 
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Scenario 1 - Identical Colored Costumes 
 
Challenge: Segmenting people wearing same color clothes. 
 
Situation: Consider two persons wearing identical colored clothes and greet each other 
with a warm hug. Segmenting the two persons with merged clothes becomes difficult 
in RGB image since it is based on color values. 
 
Solution: The clothes of the two persons can have different reflectivity in NIR image 
and the boundaries can be detected precisely for segmentation. (Ref: Fig 3.27 & Fig 
3.28) 
 
 

Scenario 2  Clear Boundary Separation 
 
Challenge: Object segmentation without print, pattern and/or shadow interference. 
 
Situation: Objects which include prints and patterns in them are difficult to be 
segmented distinctly from its background using an RGB image. Segmenting such 
objects in an RGB image leads to glitches in the boundary and the patterns are 
segmented as well.  
 
Solution: The prints and patterns in the objects are mostly invisible in NIR images and 
an accurate boundary distinction from its background is rendered. (Ref: Fig 3.24, Fig 
3.26) 
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Chapter 4: 

Multichannel Implementation 
  
 In this chapter the research and implementation performed during the period 
of master thesis is explained in detail. The motivation for this research work to develop 
an algorithm for n-channel inputs is discussed. Extensions to the available algorithm to 
include the near infrared channel are described. The dynamic distance allocation 
technique is introduced for the near infrared channel which can be inherently 
extended for any number of channels. The dataset which is captured by the novel 
Motion Scene Camera for color and infrared imaging is presented.  
  

 4.1 Multichannel Superpixel Algorithm  
  
 As a significant pre-processing step for image processing, segmentation 
approaches are being researched for decades. There are different approaches for 
segmentation such as graph based methods [25, 26, 27, 28, and 29] and gradient 
ascent based methods [30, 31, 32 and 33] and so on. Achanta et al. have presented a 
Simple Linear Iterative Clustering (SLIC) algorithm for superpixel clustering which 
outperforms state-of-the-art techniques in terms of computational efficiency and 
boundary recall. However, SLIC is a purely color based segmentation algorithm. Often 
images contain content which cannot be segmented using only color channels. The 
limitations can be due to environmental reasons such as mist or fog blanketing objects, 
identically colored objects overlapping in the captured scene or patterns and textures 
obscuring object boundaries. In such cases, information beyond color channels is of 
interest to obtain accurate segmentation results. Novel hardware discussed in section 
3.1 captures additional information along with RGB channels. The captured 
information can be included as additional channels complementing the RGB channels 
for image segmentation to produce enhanced segmentation results. The 
electromagnetic radiations other than visible light described in section 2.1 are of great 
interest if captured in the near future and can possibly be used for better 
segmentation results. Since the SLIC superpixels approach has low complexity of  
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compared to the other state-of-the-art approaches, the novel idea of including more 
channels for segmentation is implemented as an enhancement to the SLIC approach.  
 
 In this thesis work, the SLIC algorithm approach is extended to incorporate 
multiple channels of interest. Although the multichannel technique follows SLIC 
approach, there are a few major aspects in which this algorithm is distinct from state-
of-the-art approaches.  
 The algorithm can be inherently extended to any number of channel inputs 

without any parametric or coding modification.  
 Human input in minimised to only the image to be segmented and the desired 

number of superpixels. 
 Dynamic distance calculation is introduced which reduces the complexity of 

deciding the weighting parameters for different channel inputs. 
  

4.2 Infrared-Aided Superpixel Segmentation 
  
 The main focus of this thesis is to consider infrared information for superpixel 
segmentation to produce better segmentation results. The sensors of conventional 
cameras are built to capture only the RGB information since human vision is sensitive 
only to the visible spectrum. While most of these sensors are capable of capturing NIR 
information, it is blocked using a hot mirror filter. In section 3.4, a detailed study on 
modifying a conventional camera to capture both RGB and NIR information by 
replacing the hot mirror filter using a clear glass is discussed. Several scenarios in 
which the additional infrared information can lead to enhanced segmentation results 
are also addressed in Section 3.4. A novel development from the SCENE project funded 
by the European Commission is the Motion Scene Camera presented in section 3.1, a 
hardware which is able to capture available additional information for computational 
videography. The camera captures RGB+Z information using a time-of-flight sensor 
with active infrared lighting. This sensor also captures infrared information as a by-
product. Since the Motion Scene Camera uses the same optical system to capture 
color, infrared and depth information, there is no spatial or temporal offset. 
Reflectivity of many materials is different in infrared compared to visible light, so the 
natively generated NIR image by the Motion Scene Camera is used for segmentation in 
this thesis. The captured NIR image renders intensity information with respect to the 
reflected NIR light by the objects and is viewed in greyscale. Light radiates spherically 
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from the active lightings at the camera and hit the objects. Objects closer to the 
camera are hit by more light and appear brighter in the grayscale image compared to 
farther objects. The resolution of the captured NIR image is  x  pixels, while the 
RGB image has a resolution of  x  pixels. To overcome the inconsistency 
between images of the same scene during processing, bicubic upscaling is used. It is 
important to note that a NIR image of such a low resolution as an additional channel is 
sufficed to achieve enhanced segmentation results. 
 

4.2.1 Infrared-Aided Algorithm 
 
 The core approach of infrared-aided segmentation is an extension of SLIC 
approach. However, the major aspects discussed in section 4.1 are the highlights of 
this enhanced algorithm. SLIC is a k-means clustering approach working on the CIELAB 
color space for RGB images. In the LAB color space distances between colors closely 
correspond to subjectively perceived differences. The reduced complexity in SLIC is 
achieved by limiting the search space to a grid interval depending on the required 
number of superpixels .  
 
 The infrared-aided superpixel algorithm performs k-means clustering within a 
limited search space exactly like SLIC. In SLIC the grid interval  is calculated using the 
total number of pixels  in the image and the desired number of superpixels . 
Initially, the cluster centers in SLIC are positioned equally by S pixels apart. The center 

 is defined with respect to the LAB color space and X and Y positions as 
. In infrared-aided superpixels the initial cluster centers are also positioned 

equally by S pixels apart. The center   is defined with respect to the LAB color space, 
X and Y positions and the additional infrared channel as . The most 
significant change is the distance calculation in the enhanced algorithm. Clustering is 
performed in iterations; the outer iteration for each cluster center and the inner 
iteration for each pixel within the  grid spaced subimages. The distance 
computed between each pixel and its respective center is updated when the new 
distance in consecutive iterations is shorter than the previously stored distance. Then 
the corresponding labels are updated. Once all cluster centers are iterated, the centers 
are updated by averaging  for all the pixels within the cluster. The entire 
process from the outer check condition repeats again for the new set of cluster centers 
for 10 iterations. It is also observed that in 10 iterations same as in SLIC approach, 
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infrared-aided algorithm yields uniform and compact superpixels out-performing the 
SLIC algorithm.  
 
 Once the pixels are clustered with their respective centres, there are still few 
pixels which are not part of any superpixel. These pixels are referred to as orphaned 
pixels. Pixels are orphaned because automatic connectivity in  plane is not 
explicitly enforced by the algorithm. This motivates the need for post-processing. The 
orphaned pixels have to be combined to one of their nearest neighbouring superpixel 
to have a complete segmentation of the image. The connected components algorithm 
is used in SLIC to assign the label of the nearest cluster centre to the respective 
orphaned pixels. In infrared-aided superpixel algorithm first, the orphaned pixels are 
identified with respect to their positions and then the number of neighbours around 
each orphaned pixel is counted. Secondly, the cleaning up of orphaned pixels is done 
using median filtering of the highest non-zero label valued neighbouring pixels within a 

 x  mask. Then the label values of the orphaned pixels are updated accordingly.  
 
 Achanta et al. have proposed variations in SLIC algorithm by introducing 
different distance measures such as adaptive normalized distance measure (ASLIC) and 
geodesic distance measure (GSLIC). The authors of SLIC claim that the simple Euclidean 
distance measure out-performs the above mentioned complex distance measures. 
However, in this thesis the ASLIC and the GSLIC approach were incorporated in the 
infrared-aided algorithm and surprisingly, the adaptive normalized approach in ASLIC 
in combination with Euclidean distance in SLIC produced outstanding results compared 
to the conventional SLIC approach. Although GSLIC is computational expensive in 
terms of runtime, the main advantage is no requirement for post-processing of 
orphaned pixels as the geodesic distance measure implicitly ensures that all pixels are 
visited at least once per iteration. 

4.2.2 Dynamic Distance Calculation 
 
 The optimizing feature in a superpixel algorithm is the distance measure. In 
SLIC the calculated parameter is the Euclidean distance of the combined  
color proximity and spatial proximity between each pixel and its center. With 
additional channel information in infrared-aided superpixels the overall distance 
measure combines  color proximity, spatial proximity and infrared 
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proximity between each pixel and its center.  is the difference between each pixel to 
the superpixel center. 

 

Color Proximity   
         

           Spatial Proximity          
     

               Overall Distance (SLIC)             

 
 In SLIC [3], compact superpixels with good boundary recall are achieved by 
maintaining a balance between spatial and color proximity with a constant factor 

which can have values . However, the authors of SLIC suggest  is 
an optimized constant to maintain the desired trade-off between compactness and 
boundary recall.  
 
 The additional channel information in infrared-aided superpixels includes 
infrared proximity to the distance measure. The overall distance measure in infrared-
aided superpixels employs the color proximity and spatial proximity calculation same 
as in SLIC, with added infrared proximity.  

 

            Infrared Proximity             
 

            Overall Distance                         
               (Infrared-aided Superpixels) 
  
 The code for distance calculation is presented in listings 4.1. The image 
contains six channels. The first three channels correspond to the LAB color channels, 
the IR information is stored as the fourth channel and the x and y values are stored as 
the fifth and sixth channel. The spatial distance is calculated as the difference between 
the subimages and their respective centers of the x and y channels. Then the color 
distance is calculated as the difference between the subimages and their respective 
centers of the first three channels and is added to form a single value. Similarly, the 
infrared distance is calculated using the fourth channel.  Finally, the overall distance is 
the square root of the sum of spatial, color and infrared distances weighted 
respectively with  and   parameters and is implemented in matlab as follows. 
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Listings 4.1: Overall Distance Calculation 

 
 The weighting factors and  in the in infrared-aided distance calculation 
can be used to balance between color, spatial and infrared proximities to achieve 
better compact superpixels and higher boundary recall compared to SLIC superpixels. 
The values of  and  are not constants like the weighting factor  in SLIC, 
because the balance is not satisfactory with fixed values for three variables. For 
instance, with values  and   generate the same compactness and 
boundary recall as SLIC only if either color proximity or infrared proximity is . On the 
other hand, with large values of color and infrared distance the superpixels become 
indistinct and fuzzy which is not appreciated. Considering the need for utilizing 
additional information channels without much complication in weighting factors, a 
novel approach of dynamic allocation of weights is considered in this thesis.  
 
 The dynamic allocation of weights in infrared-aided superpixel algorithm is a 
straight forward approach. The fidelity of the search space   is measured for 
each superpixel and the weights are assigned to  and  according to the channels. 
Edges are the most significant feature in an image which define boundaries between 
objects. One of the common edge detectors is the Laplacian of an image as it highlights 
regions of rapid intensity change, which corresponds to edges. The Laplacian is a two 
dimensional isotropic measure of the second order derivative of an image. In this 
algorithm the Laplacian is calculated on each of the multiple channels.  

% Spatial Distance  
x = double (subimage(:,:,5)-centre(5)); 
y = double (subimage(:,:,6)-centre(6)); 
ds = double (x.^2 + y.^2); 
 
% Color distance 
for n = 1:3 
    subimage(:, :, n) = (double(subimage(:, :, n)) 
       double(centre(n))).^2; 
end 
dc = sum(double(subimage(:,:,1:3)),3);  
 
% IR distance 
di = (double(subimage(:,:,4)) - double(centre(4))).^2;  
 
% Overall distance measure 
D = double (sqrt (ds.*(m) + dc.*(n) + di.*(o)));   



4.   Multichannel Implementation 
 

55 
 

 

The derivative operator Laplacian       

For x-direction                            

For y-direction                           

Laplacian Equation for a pixel at position  in an image 
 

  

 

  
 The input image is digital and is represented as a set of discrete pixels, 
therefore a discrete convolution kernel that can approximate the second derivatives in 
the definition of the Laplacian is used. The Laplacian Equation for a pixel at position 

 is represented in terms of a kernel. In the infrared-aided algorithm the mask 
without diagonals is considered as it outperforms the mask with diagonals. 
 

0 -1 0 

-1 4 -1 

0 -1 0 
 

Fig 4.1: Discrete Approximations to the Laplacian Filter  
without Considering Diagonals 

 
 To count the edge pixels from the color information, the results of L, A and B 
channels are combined using the logical OR operator. The OR operation generates a 
single channel with values representing edges in either of the L, A or B channel. The 
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number of edge pixels  in a subimage of size  is bounded within the 
range .  
 
 The edge pixels are counted by thresholding. In thresholding, pixels are 
partitioned depending on their intensity value. Global thresholding uses an 
appropriate value as threshold  for the entire image. The value of  is chosen such 
that the edges and other parts of the image are separated. Global Thresholding 
function is defined as follows 
 

 

 

 
Fig 4.2: Global Thresholding 

 
 The value of  is chosen between . Images with different values of T 
were generated. After subjective tests by several researchers, the optimized value for 
thresholding was decided as . The infrared-aided superpixels algorithm yields 
good results for pixel intensity values  with thresholding   
 
 The part of the algorithm that performs the Laplacian filtering and the 
detection of the edge pixels by thresholding are presented in listings 4.2. The initial 
lines of the code filter the first four channels (L, A, B and IR) of the image. The 
Laplacian filter without considering the diagonals is used. Then the Laplacian filtered 
channels are reduced within pixel intensities . Thresholding is performed with 
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value  such that the edges and other parts of the image are separated. Finally, 
to count the edge pixels from the color information, the results of L, A and B channels 
are combined using the logical OR operator.  

 

 
 
 
 
 
 
 

 
Listings 4.2: Laplacian Filtering and Edge Detection 

 

4.2.3 Weighting Factors 
 
 The dynamic distance approach for deciding the weighting factors  and  
was put to subjective tests. Since many identical and distinct structures are contained 
in both color and infrared images, it is important that no information is missed. The 
values of the weighting factors were chosen as  and . Then  test 
images for  between were generated. Several researchers were asked to 
pick the most appealing segmentation when comparing compactness to boundary 
recall. The mean opinion about the most appealing segmentation was achieved for 

 Further considering the optimized value for  from the SLIC superpixels, 
the value of  and  in infrared-aided superpixels are scaled to and

 depending on the number of edge pixels counted within a subimage for each 
of its corresponding superpixel center. To find a suitable function a set of curves were 
derived assigning output values between  to input edge values ranging 

 as shown in fig 4.3. 
 

% Filter Mask - Laplacian (without considering diagonals) 
F1 = [0 1 0 ; 1 -4 1 ; 0 1 0]; 
ISub = imfilter(image(:,:,1:4),F1,'same','replicate'); 
 
% Reduce pixel intensities within [0,1] 
ISub = abs(ISub)./255;     
ISub_ = zeros(size(ISub));  
 
% Thresholding with T = 0.05 
ISub_(ISub > 0.05) = 1;    
ISub = ISub_; 
clear ISub_; 
 
% Overlay L, A & B channel binary images using OR Operator 
LAB = ISub(:,:,1) | ISub(:,:,2) | ISub(:,:,3); 
IR = ISub(:,:,4); 
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Fig 4.3: Curves used for deciding the Weighting Factors  
  
 A set of Images were segmented with the different curves. These segmented 
images were presented to several researchers and their subjective decision for the 
best segmentation result was evaluated. The resulting function is 

 

   
 The above function just requires two input values, the number of edge pixels  
for each subimage and the grid interval  which defines the subimage size depending 
on the image size and the desired number of superpixels by the user. The resulting 
value from the function  is the weighting factor  for color image and  for 
infrared image. The function  used in finding the weighting factors is a redefined 
version of the -law [47], with  and .  In fig 4.4, the segmentation 
results using different curves are shown. Choosing the most linear curve, the 
significance is on spatial proximity generating extremely compact superpixels with 
poor boundary recall. While the most non-linear curve generates fuzzy and irregular 
superpixels by assigning high weighting values for smaller number of edge pixels. 
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Fig 4.4: Segmentation with different Compression Curves 
left - most linear, right - most curved   

     

4.3 Dataset 
 
 The Motion Scene Camera, a novel hardware discussed in section 3.1.1, was 
used to capture a video sequence. Frames of this sequence in color, IR and depth were 
used for segmentation and evaluation in this thesis work. Since the video sequence 
was shot using the Motion Scene Camera via a single optical system, the alignment of 
the color, IR and depth information are in sync both spatially and temporally. The 
sequence was directed and captured to reproduce a scenario proposed in section 3.5, 
to exhibit the interest of using the IR information as an additional channel for 
superpixel segmentation. According to the proposed scenario, color images contain 
objects of same color overlapping. In such cases infrared information helps in better 
segmentation compared to only color based segmentation. In this video a talent 
wearing a white shirt keeps walking slowly from a green background to a white 
background. Two frames of the talent standing in front of different backgrounds are 
shown in fig 4.5, green background and white background in color, IR and depth in 
rows 1, 2 and 3 respectively. The fourth row of images in fig 4.5 is ground truth 
segmentation manually created for the dataset.  The ground truth contains 
segmentation of ten different semantic objects which are of potential interest: the 

wooden line connecting the two walls.  
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Talent in front of green background            Talent in front of white background 
 

Fig 4.5: Dataset Sample frames 
row 1 - RGB, row 2 - IR, row 3 - Depth, row4 - Ground truth 
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Chapter 6: 

Conclusion 
  
 Recognising and detecting semantically meaningful objects automatically from 
images is one of the most fundamental computer vision problems. This has been a 
challenge and as well a motivation to researchers because of its widespread 
applications. Segmenting an image into groups of pixel clusters with similar attributes 
such as brightness or texture is referred to as superpixel segmentation. Conventional 
superpixel algorithms use the RGB channel information along with X and Y positions 
for segmenting D color images. Out of the state-of-the-art superpixel algorithms, SLIC 
[3] is a promising superpixel algorithm in terms of boundary recall and complexity. 
However, SLIC is a purely color based segmentation and not automatic with respect to 
its parameters. Often images contain content which needs information beyond color 
for precise object detection and segmentation. In such cases optimized and better 
results are appreciated, but none of the available algorithms utilize additional 
information for segmentation. Therefore, the focus of this thesis was to develop an 
enhanced superpixel segmentation algorithm using novel additional information for 
automatic object segmentation. 
 

6.1 Summary 
  
 The Motion Scene Camera is a new-flanged hardware which captures RGB and 
depth information by the use of time-of-flight sensor with active infrared lighting. Near 
infrared images are produced as a byproduct. Since the visible, depth and near infrared 
images are captured via the same optical system, there is no temporal or spatial offset. 
This gives the scope for incorporating infrared and depth information as additional 
channels for enhanced superpixel segmentation. Since SLIC superpixels approach has 
the least complexity of  compared to other state-of-the-art approaches, the 
novel idea of including additional channels for segmentation is implemented as an 
enhancement to SLIC approach. Though the multichannel segmentation technique 
follows SLIC approach, there are few major benefits by which the enhanced algorithm 
becomes distinct from state-of-the-art approaches. The use of additional information 
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which is not visible to the human eye is useful for the segmentation of semantically 
meaningful objects. Many objects possess different reflectivity in infrared compared to 
visible light which can be helpful for better boundary detection. The multichannel 
algorithm is built to inherently extend to any number of channel inputs without any 
parametric or coding modification. Incorporating additional information channels 
enforces the use of dynamic distance calculation which helps in reducing the 
complexity of deciding the weighting parameters for different channel inputs. Thereby, 
human input in minimized to only the image to be segmented and the desired number 
of superpixels. Thus automatically segmenting objects of interest in images is achieved. 
  
 The experiments on infrared-aided enhanced algorithm exhibits improved 
results with respect to boundary recall by 11% at an oversegmentation factor of 4 
through the use of additional near infrared information over only color based 
segmentation. A 10% increase in compactness was achieved by using infrared as an 
additional channel. Evaluation in terms of robustness for noisy images and images 
affected by lighting changes were tested. With no parametric changes, superior results 
were obtained by including infrared information for both brightness and noise affected 
images. Further experiments on including depth along with infrared as additional 
channels produced even better boundary recall values than only color or infrared-
aided segmentations. This proves the fact that with the use of novel additional 
information, segmentation results can be improved profoundly for different scenarios 
where only color based segmentation is insufficient.  
 

6.2 Future Research 
  
 The multichannel segmentation algorithm has proved to be efficient in terms of 
dynamic distance calculation and automatic extension to any number of additional 
information channels. A manifestation of future work will be the capture and use of 
different electromagnetic radiations that are invisible to human vision. This will yield 
new insights into the use of additional information.  
 
 Another interesting research question arising from the work presented in this 
thesis is to consider different clustering techniques. Since superpixel segmentations 
have gained immense popularity in many applications, it is definitely desirable to have 
control over the number of clusters. Deciding the required number of superpixels 
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dynamically while clustering is very advantageous in many aspects. First, the 
oversegmentation of an image can be considerably reduced. Second, the runtime for 
segmenting an image becomes less. Third, it provides better scope for scalability when 
more dimensions are incorporated using the multichannel approach.  
 
 With advancements in imaging devices, the resolution of images is increasing 
drastically. This in turn demands higher computational efficiency from the image 
processing algorithms. Superpixels are already efficient in terms of complexity 
compared to the other state-of-the-art algorithms and can be used in most image 
segmentation applications. Employing superpixels in other applications such as image 
compression, video coding and transmission is also very suitable. The challenge is to 
wisely code and transmit multichannel superpixels. This will be a new lead to 
efficiently transmit and store multichannel images and videos in the future. 
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