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ABSTRACT 

Camera sensitivity is a significant challenge for many imaging applications, 

especially in low light conditions.  Image recognition and presentation in low light 

conditions is highly dependent on camera sensitivity.  Issues acquiring colour images in 

low light conditions are amplified because of the fact that the colour images are acquired 

in a narrow spectral band.  To address this issue it is possible to collect images in black 

and white (monochrome).  The wide spectral coverage of such monochrome cameras 

can improve the sensitivity of the resulting images with the same sensors, but the colour 

will be sacrificed in this strategy.  Another solution would be to use lower resolution 

colour cameras to increase the signal-to-noise ratio.  This solution will result in less 

spatial detail.  In satellite systems, to improve the sensitivity of the images, a pair of 

high resolution monochrome and low resolution colour cameras is used.  Fusion of the 

images from those cameras will result in a high sensitivity and high resolution colour 

image.  This thesis investigates the potential to implement this technology in a terrestrial 

configuration, using a security camera application as an example.  

UNB Super Camera is a high resolution monochrome camera coupled with a lower 

resolution colour camera which, when processed using UNB PanSharp technique, 

produces high resolution colour video.  In order to implement UNB Super Camera for a 

terrestrial application, a system with four components was designed (data collection, 

processing, display / storage and framework software).  All of the components were 

researched and studied in this thesis with the results of this work being used as inputs 

into the design and development of a terrestrial based UNB Super Camera system.  The 

data collection review included issues associated with the camera, and its associated 
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hardware requirements.  Data processing included frame-to-frame co-registration, 

photogrammetric calibration and orientation that facilitated image fusion, motion 

detection and tracking and 3D positioning.  Data display / storage was facilitated with a 

standard monitor and computer storage facilities.  The key component of the system 

design and implementation is the framework software which is .NET based and has been 

designed and developed to facilitate the real-time operation of the UNB Super Camera 

system.  The system was been successfully implemented and the results obtained were 

assessed as to their quality using the criteria of sensitivity, resolution and colour 

rendering.  It should be noted that while a complete UNB Super Camera system has 

been designed and implemented, ONLY the imagery components are addressed in detail 

in this thesis.  The motion object detection / tracking / 3D positioning components, as 

required by a security camera application are not analyzed in detail.  These subjects are 

the focus of other researchers. 

The results of the assessment proved that the UNB Super Camera had measurably 

higher sensitivity and resolution and colour rendering in comparison with the same 

generation of available high resolution colour cameras, especially in lower lighting 

conditions.   

Despite this improvement, the fused images / videos had colour distortions and stain 

in very low lighting indoor cases and sunshine condition in outdoor cases.  Investigation 

into these issues showed that the different spectral coverage of the high resolution 

monochrome camera and low resolution colour camera was the source of the problems.  

To address the contaminations, four methods -- including Fixed Coefficient, Adaptive 

Component, Monochrome Correction and Differential Filtering -- were proposed and 
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investigated.  Implementation of these strategies showed that the differential filtering 

method provided the best results.  However, all of the methods were successful in 

recovering the distortions and stains in different lighting conditions, to varying degrees.  

In addition, the sensitivity, resolution and colour rendering of the results were further 

improved.   

Beside the spectral coverage effects, a debayering issue has also appeared in this 

project.  Debayering effects of the low resolution colour were inherited by the high 

resolution fused videos.  To address this issue, a combined Gaussian debayering and 

binning strategy was proposed.  Although the resulting debayered and binned video was 

slightly blurred in comparison with the original debayered and binned low resolution 

colour, the resulting fused video frames using this method led to measurably higher-

quality frames.  Moreover, this method was computationally faster in comparison with 

the other methods, which is important in real-time applications. 
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1 INTRODUCTION 

This PhD dissertation presents research on the fusion of video images using UNB-

PanSharp methodology in a terrestrial configuration.  A literature search was conducted 

looking for existing terrestrial systems capable of collecting high sensitivity video, 

processing them in real time, displaying the videos and then being able to track moving 

objects in 3D within the video frames.  The technology to collect live videos, and to 

display the information exists in many proven forms and formats.  Technology to 

improve the sensitivity has been tested by different developers.  Technology to track 

moving objects is also fairly well developed.  However, the technology to process the 

data in real time, into useable information is less established, with numerous options 

rendering various results.  No complete systems were found that addressed all the 

requirements.  To address this void, the UNB Super Camera was designed and built 

based on the functional specifications and performance requirements of a security 

camera application, including Fusion, Motion Object Detection / tracking / 3D 

positioning requirements (It should be noted that while a complete UNB Super Camera 

system has been designed and implemented, ONLY the imagery components are 

addressed in detail in this thesis.  The motion object detection / tracking / 3D positioning 

components, as required by a security camera application are not analyzed.  These 

subjects are the focus of other researchers).  The UNB Super Camera system once built, 

is employed to capture video output which is then fused using UNB-PanSharp method 

and subjected to a quality analysis.  Potential enhancements to the UNB Super Camera 

System software (UNB-Pansharp) are proposed, tested and assessed as to their 
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effectiveness in addressing the quality issues identified in the original video.  Refer to 

Figure 1-1 for a graphical overview of the structure of this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1-1:  Overview of thesis structure 
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The data used in the analysis includes the datasets collected specifically for this 

dissertation, datasets collected as part of an ACOA Project and datasets collected by 

INO.  Details of the datasets used are included as appropriate. 

1.1 EXISTING SATELITTE FUSION TECHNOLOGY 

High resolution panchromatic images (also known as monochrome or black and 

white (B/W) images) acquired by the satellites are essential earth observation data for 

many applications including mapping, motion detection, and feature classification.  

However, spectral information describing the earth's features can have a huge impact on 

the applicability and quality of different satellite products. Multispectral images, if 

collected with the same resolution by the same sensors and optical equipment as 

panchromatic images, will possess a relatively lower signal-to-noise ratio in comparison 

with panchromatic images because they are collected in narrower spectral bands. This 

will reduce the sensitivity of the multispectral images by a factor of three (3) (Zhang, 

2004).  In order to maintain the quality of the multispectral images, more powerful 

sensors and optics must be used.  This imposes exponentially higher costs to the system.  

Larger pixels could also be used in multispectral sensors to maintain the signal-to-noise 

ratio, however, this makes the resolution of multispectral images lower.  Hence, using 

the same optics and sensors results in either sensitivity or resolution being sacrificed to 

achieve the colours. 

For satellite applications, to ensure spatial and spectral objectives are met and to 

impose less additional cost to the system, usually a combination of a high resolution 

panchromatic sensor and a relatively low resolution multispectral sensor have been used.  

An appropriate pansharpening method could also be used to produce a high resolution 
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multispectral image.  Using this strategy, both the sensitivity and resolution parameters 

are maintained (Figure 1-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1-2:  Satellite Image Fusion Using UNB-PanSharp  

(a)  High Resolution panchromatic  
(b)  Low Resolution Multispectral 
(c)  High Resolution Fused Product 

 

Various image fusion methods (pansharpening) have been employed to produce 

high resolution multispectral images using the images from a high resolution 

panchromatic sensor and a low resolution multispectral sensor. One of these methods 

has been developed at UNB and is known as UNB-PanSharp. The main advantage of 

UNB-PanSharp is the maintenance of maximum colour features in the final product, and 

the best possible colour rendering is one of the features of this work (Zhang, 2004). 

(a) (b) (c) 
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Ongoing research at UNB has investigated possible real-life applications that might take 

advantage of this improvement in colour rendering. 

Utilizing colours in surveillance video for the security cameras is useful for 

identification and visualization purposes.  Due to the various lighting conditions in 

surveillance situations and considering the cost of powerful systems, high resolution 

colour image capturing faces significant challenges.  The sensitivity of high resolution 

colour cameras decreases when the light decreases.  Moreover, any noise in the video, 

causes difficulties in detection and tracking tasks.  Acquiring a high resolution 

monochrome video stream would seem to be a reasonable solution to address the 

sensitivity issue.  In addition, using a pansharpening strategy by fusing the high 

resolution monochrome video stream with a low resolution colour video stream to add 

colour to the final product, could be a novel idea to address the security camera 

application requirement for colour rendering in low light conditions.  This potential 

solution is similar in concept to the strategy utilized in satellite systems.  Could it be 

used in a terrestrial configuration? 

1.2 UNB SUPER CAMERA 

In order to implement this concept for security cameras, it would be necessary to 

acquire a high resolution monochrome (HRM) camera with a signal-to-noise ratio as 

close as possible to that of a low resolution colour (LRC) camera.  Employing 

appropriate image fusion techniques could produce high resolution colour video frames 

utilizing each camera’s output.  Using the same optics, both cameras should acquire 

videos with the same signal-to-noise ratio under the same lighting conditions.  For the 

purposes of this thesis, the configuration of a HRM camera coupled to a LRC camera, 
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where the video output is fused using UNB-PanSharp PanSharp is referred to as a "UNB 

Super Camera".  With the data being collected using a system with two (2) centers of 

projection, the output is available for MOD (Moving Object Detection) / tracking and 

3D positioning.  The implementation of UNB-PanSharp PanSharp in a terrestrial 

application has direct parallels to satellite applications and as such holds the promise of 

providing similar improvements in both sensitivity and resolution. 

The similarity of the UNB Super Camera with the aforementioned satellite system, 

are as follows: 

 Using a high resolution monochrome camera and a lower resolution 
colour camera 

 Using the pansharpening strategy to produce high resolution products 
from the HRM and LRC inputs 

The difference between the UNB Super Camera terrestrial application and the 

satellite camera coupled with UNB-Pansharp, are as follows: 

 The various light source and lighting conditions in terrestrial applications 
 Video streams versus still images 
 Terrain fluctuations in comparison with the camera distance to the object 

These differences make the UNB Super Camera a new system with new challenges 

and new opportunities.  In addition to the differences with the satellite system, UNB 

Super Camera is expected to have some advantages when compared to other 

conventional terrestrial based cameras.  Furthermore, the UNB Super Camera will 

impose some new challenges for developers.  These advantages and challenges are 

important to justify the use of UNB Super Camera in applications where other cameras 

are deployed now.  In the following sections, some of the most significant advantages 

and challenges of the UNB Super Camera are noted. 
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1.3 UNB SUPER CAMERA ADVANTAGES 

The most significant advantages of using UNB Super Camera are as follows: 

 quality is improved 
 data rate and data volume are reduced 
 3D measurements are possible 

1.3.1 Quality 

The main advantage of the system is the quality of final products.  As mentioned in 

the previous sections, using the same sensors and the same optics will result in three 

times less sensitive images with the same resolution or the same sensitivity images with 

lower resolution.  The advantages of the fusion strategy in the final products fall into 

three (3) categories:  

 sensitivity 
 resolution 
 colour rendering.  

In the following subsections these quality factors are further defined. 

1.3.1.1 Sensitivity 

Sensitivity is a camera sensor characteristic used to rate camera quality (Imatest, 

2015a).  Sensitivity is the measure of camera’s sensitivity to light.  The sensitivity of the 

camera is defined by the smallest detectable light changes in the output signal by 

changing the input light to the camera.  Due to the presence of noise from different 

sources, small changes in input light are not always detected by a camera.   

Sensitivity can be measured using images within a uniform area. For a uniform 

patch in an image, sensitivity is given as (Imatest, 2015a):  
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	  Eq. 1-1 

A larger standard deviation (Eq. 1-1) value in a uniform area of an image means 

more noise which causes reduced sensitivity and vice-versa.  Hence, it is expected that 

the HRM images reflect more sensitivity.  It is also expected that the fused product 

inherits its spatial characteristics from the HRM component. 

1.3.1.2 Resolution and Sharpness 

In analog photography, resolution is defined as being the minimum distance 

between two objects which can be separated from each other (Imatest, 2015b).  In digital 

images, the same concept is represented in terms of pixel size.  However, the optics and 

quality of the sensors play an important role in the resolution of the image. 

Sharpness represents the amount of detail acquired by a camera system which is 

defined by boundaries between zones of different tones of colours (Imatest, 2015b).  

Well defined boundaries between colour zones, means a sharper image and vice-versa. 

The concepts of sharpness and resolution are very close to each other.  As some 

post processing will be applied to the final images before visualization, it is difficult to 

distinguish between the two.  It is therefore appropriate that resolution and sharpness be 

assessed together.  It is expected, due to the sensed light in the HRM image, the 

resolution and sharpness of the fused products involves more of a quantitative analysis 

when compared with the equivalent HRC image. 
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1.3.1.3 Colour Rendering 

Colour rendering is another parameter which needs to be addressed for image 

quality assessment.  Due to the use of lens and different manufacturing technology, not 

all cameras produce the same colour of an object.  Hence it is necessary to check if the 

camera is producing the "true" colour of an object in the scene (Red, Green and Blue 

bands to be displayed as Red, Green and Blue respectively). 

In lower lighting conditions, the sensors lose their colour rendering quality due to 

the lack of light and a high level of noise.  It is ideal to show that the colour rendering of 

the fused products are at least equal to an original HRC image or closer to the real test 

chart. 

1.3.2 Reduced Data Rate and Data Volume 

Generating, transferring and storing high resolution colour images for multi-frame 

per second videos are costly.  The data volume of an HRM and a LRC matched pair is at 

least 60% less than a high resolution colour image.  For an HRC image with total pixels 

of x and 1 byte data for each pixel in each band, 3x bytes are needed.  However, for an 

HRM image, the required amount will be x bytes.  For LRC images with one-half the 

resolution of HRC images, the total size will be ¾ x.  Hence, the total required space for 

the combination of HRM and LRC images will be less than 60% of the original HRC 

images.  This number is even less for the lower resolution colour images.  Note that 

these numbers are valid for uncompressed cases. 
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1.3.3 Moving object detection, Tracking and 3D measurements 

In contrast to a single high resolution colour camera, the set of a monochrome and 

colour system acquire the information from two separate points (centre of projection of 

each camera).  Due to the different aspect of each camera and the various distances of 

existing objects in the captured scene, the relief distortion results in disparity between 

the images of each object in a scene.  This leads to a ghosting effect around the existing 

objects on the fused image.  To avoid this error, the installation distance between 

monochrome and multispectral cameras should be minimized in order to make the 

corresponding projection centers as close to each other as possible.  This increases the 

quality of resulting fused image. 

Although the very small disparity between the respective projection centres of a 

two-camera system will have a slight distractive effect on the final fused image, it 

provides useful information to extract the depth of moving objects.  This depth 

extraction turns a weakness of the system into an advantage.  In other words, a costly 

conventional camera set could be replaced with a narrow-angle set of a monochrome 

and a colour camera and the capabilities of such cameras will be possible in the UNB 

Super Camera system (Research into moving object detection, tracking and 3D 

measurements is limited in this thesis). 

1.4 UNB SUPER CAMERA CHALLENGES 

Despite the expected advantages of the UNB Super Camera, there are few 

anticipated challenges which need careful investigation.  These include the following: 

 High processing volumes 
 parallax 
 spectral mismatch 
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 image contaminations 

The following sections provide additional details on these challenges. 

1.4.1 Processing volume 

In addition to the required signal processing to form the images in the cameras, 

UNB Super Camera requires pre-processing and image fusion for every frame in the 

video.  In order to keep the real time representation of the video, the processing should 

be as fast as the frame rate. 

1.4.2 Parallax 

As the videos are acquired at two different centers of projections, relief distortions 

will be appeared between the images.  Although the relief distortion facilitates the 3D 

measurements, it has contaminative effects on the fused products.  Relief distortions will 

be more effective for objects closer to the cameras.  Before fusion, the relief distortions 

should be reduced for better quality of the fused images. 

1.4.3 Spectral mismatching 

It is always difficult to find the colour sensors in which the bands are perfectly 

adjacent to each other (without gaps and overlaps).  Furthermore, the additive spectral 

coverage of two sensors is difficult to match.  This mismatching could cause some 

additional distortions and noise on the final products. 

1.4.4 Image Contaminations 

The noise level of the images in lower lighting conditions, especially on LRC 

images could cause stains and contaminations.  These effects will usually be reflected on 
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the fused products.  It is essential that the effects are detected and reduced during the 

fusion process.  

1.5 RESEARCH OBJECTIVES 

Considering the noted advantages and challenges, the objectives of this dissertation 

are as follows: 

Demonstrate that a UNB Super Camera can be successfully built and implemented 

in a terrestrial configuration to collect video / images (Success is defined by visual 

inspection of outputs). 

Demonstrate that the resulting fused videos have  3 times better sensitivity in low 

lighting conditions and have at least as good resolution and colour rendering in 

comparison with the existing technology of generating high resolution colour videos  

Improve the existing UNB-PanSharp method to be suited for terrestrial applications 

and to obtain the best possible results (highest quality images in both high and low 

lighting conditions) for the UNB Super Camera 

To accomplish the noted objectives it was necessary to complete the following: 

 Define the functional requirements for a UNB Super Camera to operate in 
a terrestrial configuration.  In addition to the Pansharpening, the system 
shall be able to detect, track and locate moving objects in three 
dimensions. 

 Implement a UNB Super Camera designed to meet the requirements 
defined in (1) – the security camera application was chosen. 

 Test the functionality of the system 
 Assess the quality of the fused videos / frames from the aspects of 

sensitivity, resolution and colour rendering to prove the concept. 
 Adapt UNB-PanSharp to be suitable for terrestrial application and to 

reduce the existing image issues of the UNB Super Camera. 



 

14 

1.6 RESEARCH CONTRIBUTIONS 

To fulfill the objectives, it was necessary to complete a literature search of existing 

technology and practices in this field (Chapter 2). For this purpose, it is necessary to: 

1- Review the strategies and systems which has attempt to improve the sensitivity, 
resolution and colour rendering of the videos in low lighting conditions. 
Moreover, to check the capability of such systems in 3D tracking of the moving 
objects. 

2- Review and assess the existing methods for detailed required functionality of 
such system. 

The research contributions are as follows: 

Chapter 3 includes the research contribution of designing, developing and testing a 

software framework to integrate the data collection, processing and display components 

of a UNB Super Camera system configured to address the requirements of a security 

camera application.  While elements of each of the components (data collection / 

processing / data display) have been developed, the literature research uncovered no 

existing integrated system with the required functionality.  Once the camera is 

configured, data is collected, analyzed and the quality of the fused videos is assessed.   

Chapter 4 includes the research contribution of improving fused products using 

different spectral coverages.   

Chapter 5 includes the research contribution of reducing the debayering effect on 

the UNB Super Camera outputs and improving the speed of debayering and binning 

using a Gaussian strategy.   

Chapter 6 is dedicated to the discussion of the system design and implementation 

and includes the conclusions of this dissertation and recommendations for future 

research. 
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2 UNB SUPER CAMERA SYSTEM FUNCTIONALITY AND 

LITERATURE REVIEW  

In the previous chapter it was noted that UNB Super Camera refers to any camera set 

that acquires high resolution monochrome (HRM) video stream and low resolution colour 

(LRC) video stream for the purpose of producing high resolution colour (HRC) video 

stream.  The generic UNB Super Camera is comprised of 3 components: 

1. Data collection 
2. Processing 
3. Display / storage 

Also necessary for the system to work is software that integrates all of the 

components together.  For this thesis, this software is called “framework software” and is 

deemed to be a fourth required component. 

Component #1 – Data collection includes the set of equipment and functions that 

provides synchronized video pairs and the required auxiliary data.  This technology exists 

in many forms and formats.  Component #2 – Processing includes the functions that 

produce the HRC videos, track the moving objects and estimate their location.  There are 

many technologies available to process this data into useable information, with various 

approaches rendering different results.  Component #3 – Display / storage includes 

hardware and functions that result in the display or storage of final results.  This 

technology also exists in many forms and formats.  Component #4 – Framework software 

includes the software and functionality that integrates and interfaces all of the 

components together.    Conceptually, the UNB Super Camera is depicted in Figure 2-1. 
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Figure  2-1 – UNB Super Camera Conceptual Design 

2.1 COMPLETE SYSTEM AVAILABILITY 

A literature search was conducted to understand the state of technology that could 

perform all or some of the functions required of the UNB Super Camera.  The search 

focused on technology that had the following capabilities: 

 Real time high sensitivity video output in all lighting conditions 
 Object detection and Moving object tracking 
 3D position calculation of moving objects 

The search reviewed technical papers in the area of security cameras, motion capture 

and internet searches keyed on the terms “Sensitivity” / “Motion object detection” / “3D 

tracking”.  The search resulted in the following systems being discovered: 

 Xbox 360 Kinect 
 Kodak Panchromatic ColourColour Pattern 
 True colourcolour night vision sensors 
 3D tracking systems with colour cameras 

Unfortunately none of these systems have all of the capabilities required by the UNB 

Super Camera at the same time. Details of the system capabilities are provided below and 

a table is included summarizing all of the found system’s capabilities. 

2.1.1 Xbox 360 Kinect 

Xbox Kinect is a complementary tool developed by Microsoft to support its gaming 

console “Xbox”. (See Figure 2-2)  

COMPONENT #1 
DATA COLLECTION 

COMPONENT #2 
PROCESSING

COMPONENT #3 
DISPLAY / STORAGE

COMPONENT #4 – SOFTWARE 
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The system allows game players to interact with a TV screen and participate in 

various games.  It also captures the images from the players for demonstration purposes. 

The system is designed to collect and processes data in all lighting conditions in order to 

provide information from moving objects (people) in front of the game console (Seattlepi, 

2009). This system consists of four components: (a) RGB camera, (b) Depth sensor 

(Monochrome camera + IR sensor), (c) Multi-array microphone and (d) Custom 

processor layer (Seattlepi, 2009).  The system tracks body movement and voices in order 

to control the object in the game console. 

 

 

 

 

 

 

 

Figure  2-2: Xbox Kinect schema 

 (Seattlepi, 2009) 

The RGB camera is used for face recognition and taking images from the players.  It 

allows multiple players to play and assists the system in distinguish between players.  The 

resolution of the sensor is 640x480 pixels and the images are collected in 8bpp. 

The depth sensor is an infrared projector combined with a monochrome CMOS 

sensor which allows the console to see the scene of interest in 3-D.  The infrared 

projector has a network pattern which facilitates 3D measurements. The intersection of 

the monochrome feature point and IR pattern can be helpful in measuring 3D position of 
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each target.  The CMOS sensor collects data in 640x480 pixels in 11 bits. Monochrome 

sensor is the primary tool for motion object detection. 

The multi-array microphone is able to locate the voices and sound to receive game 

related commends and also enables chatting when playing with more than 1 player across 

the internet. 

The custom processor is the brain of the system and makes the feature recognition 

and extraction possible after the image collection.  In fact, the other three sensors collect 

the data and the processing component interprets data.  

 

 

 

 

 

 

 

Figure  2-3: Flowchart of the Xbox Kinect 

 

This system has the same 3 components of data collection, processing and 

visualization as is required in the UNB Super Camera System.  The RGB camera, depth 

sensor and microphones are the data collection tools.  The custom processing unit is the 

processing component and the resulting data will be interpreted for the game console as 

an input. The game console is visualizing and displaying the information in the games. 

Although this system has monochrome and colour cameras at the same time (as 

required for the proposed UNB Super Camera), there is no relationship between the 

R,G,B Sensor 

Processing unit 

Microphone 

Game Console 

Monochrome 
sensor 

IR Sensor 

Motion detection and 3D Tracking Demonstration 



 

19 

monochrome sensor and recognition tasks of the system (which has been performed by 

only the R,G,B sensor). However, in the UNB Super Camera, the UNB Pansharp 

algorithm is used to produce high resolution colour images. This images are more 

sensitive and as a result they allow for more  capability in feature recognition. Moreover, 

in the data collection component, the monochrome sensor uses its higher sensitivity in 

recognizing the moving objects for 3D measurements which is an advantage. However, 

the 3D capability is used by an additional IR sensor which adds higher cost in comparison 

with the UNB Super Camera.  

2.1.2 Kodak Panchromatic Colour Pattern 

Compton and Hamilton, (2007) developed a sensor array designed to increase the 

sensitivity of the colour array sensors used in security cameras to address low lighting 

conditions. It accomplishes this by providing a new pattern which includes panchromatic 

pixels to improve the sensitivity of Bayer pattern. This type of colour array is called 

Kodak Panchromatic Colour filter array. 

 

Figure  2-4: Kodak panchromatic/colour filter array  

(Compton and Hamilton, 2007) 

This sensor was introduced to improve the sensitivity of the Bayer filter cameras and 

make improvements on the Bayer effects on the colour images (Compton and Hamilton, 

2007).  Of the functionality required for the UNB Super camera, this sensor addressed 

only the sensitivity issue.  It is not able to measure 3D information of the scene of interest 
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without additional complementary imaging/measuring tools.  It is also noteworthy that 

coating such sensors is more costly than using two separate sensors. 

2.1.3 True colour night vision sensors 

Kriesel and Gat, (2010) introduced a system for use in security applications that uses 

a VNIR (Visible and Near Infrared) camera coupled with a LWIR (Long wave infrared) 

microbolometer camera to provide night vision for the purposes of increasing the 

sensitivity of the cameras in the very low lighting conditions.   

 

Figure  2-5: True colour night vision sensor  

(Kriesel and Gat, 2010) 

 

The system includes an image fusion capability that combines the images of the 

cameras to provide a more sensitive fused image.  Although the thermal sensor adds the 

capability of recognizing more objects in the scene, the colour rendering of the resulting 

images is not as good as a standard, three colour cameras (Kriesel and Gat, 2010).  

Although these systems are capable of motion object detection in low lighting conditions, 

no 3D measurement capability is provided for in such systems. 

2.1.4 3D tracking system with several colour cameras 

Using multiple cameras for 3D photogrammetric measurements is a common method 

for 3D motion detection and tracking. Most of these types of systems are monochrome to 
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address the sensitivity issues. These systems do not use colour information in the 

recognition step. Taguchi, et al., (2009) developed a system that used an array of 64 

colour cameras for real-time motion detection and tracking and 3D positioning.   

 

 

Figure  2-6: 3D tracking colour camera array  

(Taguchi, et al., 2009) 

 

Furthermore, Mohedano and Garcia, (2010) proposed a multi-camera system which 

tracks objects via a scene of interest by using multiple colour cameras. Each camera in 

this system performs the 2D tracking and photogrammetric processing combines the data 

for a 3D interpretation.  However, none of the noted systems has the capability of 

sensitivity improvements in addition to their 3D calculations and are very expensive. 

In summary the capabilities of the reviewed systems is provided in Table 2-1. 
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Table  2-1: Summary of the existing multifunction 3D tracking/sensitivity systems 

                                         Functionality 

 

Technology 

Real time 

video 

output 

Object 

Improved 

sensitivity 

Object 

detection 

Moving object 

tracking 

3D position 

calculation 

of moving 

objects 

UNB Super Camera Yes Yes Yes Yes Yes 

Xbox 360 Kinect No No Yes Yes Yes 

Kodak Panchromatic Colour Pattern Yes Yes No No No 

True colour night vision sensors Yes Yes Yes No No 

3D tracking systems with colour cameras Yes No Yes Yes Yes 

 

The literature search verified that there were no systems available that could perform 

all of the functions required of the UNB Super Camera.  While the Xbox is closet system 

in shape but it has a different functionality. Moreover, it does not address the sensitivity 

issue. 

In order to design the system, it is also necessary to research existing methods for 

different components of the system. Each of the three components of the UNB Super 

Camera has a number of functions that must be executed in real-time in sequence to 

ensure correct operation of the system.  In addition, it is necessary that the interfaces 

between the components are also timed to accommodate the cycling of the data collection 

tools (camera) and the data processing tools (computers).  In the following sections, the 

generic functional requirements of a UNB Super Camera are identified and the results of 

the literature review are provided separately for each component.   
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2.2 DATA COLLECTION COMPONENT 

Data collection includes the set of functions and processes which collect the raw data 

and pass them to the processing unit.  Data collection includes the raw video frames / 

streams and also the environmental and operational parameters. 

In data collection, the five main functions are as follows: 

 Selecting imaging tools 
 Establishing communications with the imaging tools 
 Synchronizing imaging tools 
 Establishing data collection strategy 
 Updating camera parameters 

Data acquisition strategies are highly dependent on the application of the UNB Super 

Camera and also the nature and the selected interface of the cameras/sensors.  This 

technology is widely available. 

2.3 PROCESSING COMPONENT 

For the Processing Component of the UNB Super Camera, two main functions are 

required: 

 Video fusion  
 3D Tracking of the moving objects 

2.3.1 Video Fusion 

As mentioned in previous chapter, it is cost effective to employ a camera set that 

includes a high resolution monochrome camera paired with a low resolution colour 

camera, instead of a high resolution colour camera, to produce high resolution colour 

video.  Moreover, it is expected that the sensitivity of the resulting video frames would be 

better than the original high resolution video by a factor of at least three (3).  In order to 

produce the high resolution colour video, the system should be capable of fusing every 
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synchronized frame pairs of the cameras in real time or near real time.  In this research 

the UNB-PanSharp method is used as it has been demonstrated to successfully fuse 

satellite images (Zhang, 2004).  

In order to produce the high resolution colour frames, it is essential to have 

corresponding pixels in two images.  Although the two cameras are mounted as close as 

possible to each other, due to the disparity of the two centers of projections, the relief 

distortion is obvious in overlaid images.  Figure 2-7 demonstrates overlaid images before 

fusion.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2-7:  Overlaid Images before Fusion 

(a) Original HRM 
(b) Original LRC 
(c) Overlaid image 
(d) / (e) / (f) Crops of overlaid image 
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In Figure 2-7, the superimposed image is derived by overlaying the HRM (Red 

Layer) and the enlarged LRC image (Cyan Layer).  Furthermore, the overlay was 

performed to the objects in a distance equal to the object shown in Crop (d).  As can be 

seen in Crop (d), the object has been shown completely and without any shadows.  

However, the shadows caused by relief distortion appeared in Crop (e) and Crop (f).  The 

magnitude of distortions is more apparent the shorter the distance to the camera.  For the 

3D positioning and tracking requirements, it is essential to enhance these disparities 

(ASPRS, 2004). However, in order to make the best quality fused products, it is 

necessary to co-register the images and minimize disparities.  With the co-registration, 

each pixel in the HRM frame will have a corresponding pixel in the LRC image which 

contains the colour information of the noted pixel. 

2.3.1.1 Image to image co-registration 

As relief distortions are a function of location of the object in the scene, a nonlinear 

strategy should be used to correct the errors.  Two types of models could be used for this 

purpose; (1) rigorous and (2) non-rigorous models.  

Rigorous models use the colinearity conditions to relate the image space to the object 

space (Eq. 2-1). (ASPRS 2004)  As the cameras will be used in different scenes, the 

equations must be solved after each movement of the cameras.  

  

Eq. 2-1 
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Where x, y are the image coordinates, x0,y0 are the principle point coordinates on the 

image. Moreover, X,Y,Z are the object coordinates and X0, Y0, Z0 are the projection 

center coordinates. Rij are the elements of transformation matrix. 

The images should be registered together point by point for each frame by using 

these equations.  This process is relatively time-consuming and complicated. 

Non-rigorous models on the other hand, register the images without attention to the 

geometry of images and with respect to the gathered control points (Eq. 2-2). (Xiong and 

Zhang 2011) 

⋯ 
Eq. 2-2 

⋯ 

Gathered control points in this case are the corresponding points on the image pairs.  

In this case [X,Y] will be assumed as the monochrome coordinates and the [x,y] will be 

assumed as colour coordinates.  By using the corresponding points, the coefficients 

(a0,…an and b0,…,bn) will be derived to relate the images to each other.  By applying the 

coefficients to the LRC image, the registered LRC image is created. 

Although the non-rigorous registration is not as accurate as rigorous models (due to 

the neglecting of imaging geometry), they are much less complicated.  Moreover, by 

storing the coefficients for stable cameras, it is easy and fast to apply the method on a 

frame by frame basis.  Note that more accurate control points spreaded through the whole 

scene will result in a higher quality registration. The registration in this case is highly 

sensitive to the geometry of selected points.  Moreover, the registration is not good at 

area outside the control points’ boundaries (Valadan Zouj and Sadeghian, 2008).  Control 

points could be collected manually or automatically.  In order to select the corresponding 
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points automatically, it is necessary to know the relative orientation parameters of the 

cameras with respect to each other.  These parameters are needed to find the 

corresponding points on the other image. 

2.3.1.2 Image fusion 

After co-registration of the frames, every corresponding frame pair must be fused by 

an appropriate Pansharpening algorithm.  Pansharpening algorithms are widely used for 

the satellite images and could be separated into two types (Alparone et al., 2007 & 

Vivone et al., 2015): (1) Multi Resolution Analysis (MRA) and (2) Component 

Substitution methods (CS). MRA based methods are those which uses the multiresolution 

decomposition tools like Laplacian pyramids and Wavelet transforms (Alparone et al., 

2007) to inject spatial details of the monochrome images into the resampled MS bands 

(Vivone et al., 2015). On the other hand, the CS methods are substituting the high 

resolution components of the monochrome images for the smooth spatial components of 

the low resolution colour images (Alparone et al., 2007). As the speed is a significant 

issue for the real time fusion for video processing, the CS methods are more focused in 

this research. 

The CS Pansharpening methods consist of three main functions: 

 Preparation 
 Mixture model decision 
 Fusion 

In the Preparation step, usually, the histogram-matching technique is used to make 

the images radiometrically leveled (Figure 2.8) (Zhang, 2008b).  This levels the tone of 

the images and equalizes the mean and standard deviation of the bands. 
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Figure  2-8:  Original (left) and leveled (right) histograms of the image bands  

(Zhang, 2008b) 

 

The histogram-matching between the monochrome and colour image helps to gain 

the more realistic colours in the fused images (Alparone et al., 2007). 

In the Mixture Model Decision step, the portions of mixture model will be decided by 

mathematical estimations. The mixture model could be linear (Eq. 2-3) or non-linear.  

 Eq. 2-3 

In this equation, the HRMsyn is the synthesized low resolution monochrome image 

which is simulated by Ci, Cj, Ck which are the blue, green and red bands of the enlarged 

Low Resolution Colour images (Zhang, 2004).  The components could be fixed for all the 

frames (e.g. IHS method) or changing by attention to the illumination or the objects on 

the scene (UNB-Method). Beside the noted methods, as an instance, Gonzalez Audicana 

et al., (2006) suggested a method in which, the equation is weighted by the coefficients 

derived from the spectral response functions of colour and mono images. Furthermore, 
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the coefficients could be derived by the measurements on the colour sensors (Murtaza 

Khan et al., 2009). 

The Fusion step is performed to produce high resolution colour product.  The fusion 

model is a simple mathematical model which combines the HRM and LRC images in 

order to produce HRC video frames (Eq. 2-4). 

, , , ,  
Eq. 2-4 

In this equation, the fused image is a three band high resolution product; HRM is a 

one band High Resolution Monochrome and HRMsyn is the synthesized and reduced 

monochrome image and C is the three bands enlarged low resolution colour image. 

2.3.2 3D Tracking of the moving objects 

For 3D tracking of the moving objects, four processes must be applied on the images: 

(1) moving object detection, (2) moving object separation (3) moving object positioning 

and (4) motion prediction of each moving object and tracking. 

2.3.2.1 Moving Object Detection 

 

The Moving object detection process is to separate the temporary objects 

(foreground) and permanently existing objects (background) (Figure 2-9). 
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Figure  2-9:  Moving Object Detection process 

(Adham and Zhang, 2011) 

(a) Reference frame 
(b) Instantaneous frame 
(c) Moving object schema 

Moving object detection functions could be applied to one or both images.  However, 

as the resolution of each of the images is different, it is easier to find moving objects on 

the monochrome image and then find the corresponding objects on the low resolution 

colour images.  

In moving object detection, two types of methods are available: (1) Spatial domain 

based methods and (2) Frequency domain based methods (Adham and Zhang 2012).  

Spatial domain based methods could be separated into two groups: (a) Intensity based 

methods which contain reference based and multi frame background subtraction and (b) 

feature based methods which contain Gaussian modeling, colour space modeling and 

optical flow.  Wavelet based methods are the most common frequency domain methods 

in this area.  

Background subtraction is the most common method of object detection.  In the 

conventional form of this method, a reference image or a set of reference images are 

utilized as a base (Spagnolo et al, 2006).  This reference image is accepted as a model of 

(a) (b) (c) 
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the background and it is assumed that the reference image is a background, empty of any 

moving objects.  By subtracting the frames of the video from the reference image, the 

different areas could be extracted as the container of the moving objects.  In this situation, 

usually, a simple threshold is defined (Elhabian et al. 2008; Liet al. 2010) as a criterion 

for the changes.  In this stage, the values over the threshold are assigned a value of 1 and 

the values below the threshold are assigned a value of 0 in the subtracted image.  This 

threshold has been mainly set to avoid noise and small illumination changes in the final 

product.  The background image(s) could also be updated by the instantaneous frames. 

Stauffer and Grimson (2000) suggest an elaborated statistical background subtraction 

model based on the local statistical features of an image.  They used a mixture of 

Gaussians in the neighborhood of each pixel instead of a single Gaussian density function 

for pixels.  This strategy is more reliable for non-stationary backgrounds such as natural 

elements. 

Wren et al. (1997) and Fang et al (2006) suggested different methods using colour 

features.  Fang et al, (2006) introduced a method using the colour information differences 

to recognize the moving objects.  They utilized the differences of the colour properties of 

the moving objects and background in the YUV colour system and extracted the moving 

objects from the scene.  Although colour properties make the subtraction more reliable, 

the subtraction is also affected by the colour noise of the frames. 

Optical flow is a common feature-based method for motion detection.  Yokoyama 

and Poggio, (2005) suggested a contour-based method in which by using the computed 

lines from gradient-based optical flow the moving objects will be extracted.  Tian et al 

(2005) also utilized optical flow to project the motion on the image plane.  This method 
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handled the complex background successfully.  However, optical flow is more difficult to 

implement in comparison with the other methods (Huang, 2011). 

Motion detection could be performed in frequency domain.  Most of the proposed 

methods in this area have been implemented by using wavelet transforms.  Antic et al 

(2009) suggested a wavelet-based multi resolution frame differencing technique.  Toreyin 

et al (2006) used the wavelet transform to estimate the background from the past video 

frames and computationally extract the moving objects and their location.  As the 

changes appears as outliers in the high-low and low-high sub-images (Bagci et al, 2002), 

fractional low-order statistic could be utilized to find and locate the moving objects. 

Changing the background illumination has less effect on the extraction stage in the 

frequency based methods (Toreyin et al, 2006).  However, the misdetection of the 

shadows is still an issue in this method. 

2.3.2.2 Moving object separation 

As mentioned above, moving pixels / objects are usually detected as binary images 

out of every scene of interest.  To follow the movement of objects via a scene of interest, 

it is essential to separate and define the borders of each moving object.  The object 

separation is not a complicated issue for the objects which have been located in different 

lines of sight.  In this case, a simple threshold could solve the problem.  On the other 

hand, for the objects on the close lines of sight, objects on a same line of sight and the 

objects which have been in the other objects’ shadow are the main challenges in this area 

(Li, et. al, 2010) (Figure 2.10). 
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Figure  2-10:  Moving Object Separation challenges 

(a) Horizontal profile 
(b) Camera image 
(c) Moving object schema 

Hence, depending on the probable situations and required accuracy, an appropriate 

strategy could be used to separate the moving region to the extract objects. Stojkoskaet al 

(2008) suggested a network to find the moving objects.  They used the N-queen network 

algorithm to label the moving objects. Vuet al (2010) have also introduced a grid-based 

method to find the correct interested object among the objects in a scene which has the 

potential for implementation in the high speed accurate moving object detection projects.  

Furthermore, it is possible to process multi-frames and use the tracking strategies to 

separate the objects by attention to their motion properties (like speed or path) (Augouris 

et al, 2008).  Huang (2011) has also proposed a binary object detection mask to 

accurately separate and extract the moving objects. 

2.3.2.3 Moving object positioning 

Quantifying existing parallax between the objects in two images makes the 3D 

positioning possible.  To make the calculation precise, it is necessary to enhance this 

parallax or measure the position of objects under sub-pixel accuracy.  To the contrary of 

what is required for fusion, in which it is essential to mount the cameras as close as 

possible, it is ideal to create a distance between the two cameras.  The accuracy of depth 

(a) (b) (c) 
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estimation (the ability to determine the accurate 3D position of the object) depends on 

camera base (D/B) and pointing accuracy (Eq. 2-5) (ASPRS, 2004). 

cos
 

Eq. 2-5 

In this equation, D is the depth of the object, B is the camera pair base and f is the 

focal length. Moreover,  is the inclination angle of the cameras.  and  are the depth 

and pointing accuracy respectively. 

To maximize the benefits for both fusion and 3D position estimation, it is rational to 

both keep the cameras close and increase the pointing accuracy of our single image and 

stereo measurements. 

In order to perform precise measurements on the images, it is necessary to calibrate 

the cameras.  To do this it is necessary to: (1) refine the single image distortions and 

define the image coordinate systems (interior orientation); and (2) find a relationship 

between the image coordinate systems and object coordinate system (exterior 

orientation). 

Whenever the camera positions and lens settings are fixed, it is possible to use the 

same calibration parameters for every frame of a video stream.  In this case, it is only 

required to measure the position (or parallax) of each moving object in the coordinate 

systems of both images and transfer the measurements to the object space.  To perform 

these measurements, it is necessary to measure one or multiple corresponding features / 

feature points on each detected moving object.   

The possible features on the images are: 
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 each object’s center of gravity 
 shape of the objects 
 matched feature point(s) 

For the center of gravity the appropriate pixels of each moving object must be 

calculated in both images.  The center of gravity position in each image will be used to 

calculate the object’s position.  As the resolution and characteristics of the images are 

different, this method cannot obtain the required sub-pixel accuracy (Xiong and Zhang 

2011).  Moreover, the method is deeply sensitive to the noise.  Figure 2-11 shows the 

theoretical and practical cases of this method. 

 

 

 

 

 

 

 

 

 

 

Figure  2-11: Parallax measurements using Centre of Gravity Method 

(a) Ideal Case of Center of gravity – HRM detected object 
(b) Ideal Case of Center of gravity – LRC detected object  
(c) Ideal Case of Center of gravity – Superimposed central gravities 
(d) Real Case of Center of gravity – HRM detected object 
(e) Real Case of Center of gravity – LRC detected object  
(e) Real Case of Center of gravity – Superimposed central gravities 

Shape of the objects and object matching could be a useful method for measuring 

parallax.  In this method, the corresponding objects will be selected on the images.  Then, 

Parallax 

Parallax 

(d) (e) (f) 

(a) (b) (c) 
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an object matching strategy will help to find the shape of the moving object in both 

images. Correlation of the found shapes on the images could help to estimate the borders 

of the moving object on LRC image under sub-pixel accuracy (Li and Yang 2011). 

Matched feature points could also be used in this situation.  It is possible to find one 

corresponding feature point on the images or find multiple corresponding feature points 

and take the mean of them as a representative of the moving object(s).  In this case, in 

order to do the matching (for precise calculations of 3D location) it is essential to: (1) 

Find the feature point(s) on each detected moving object, (2) find the corresponding 

feature point of every moving object on the other images (Automatic finding the 

corresponding points required the relative orientation parameters of the cameras with 

respect to each other), (3) estimate the current location of every feature point on every 

moving object and (4) calculate the position of each moving object by multiple feature 

points.  Although this method is more complicated in comparison with the other methods 

noted, the results are expected to be more reliable. 

2.3.2.4 Motion prediction 

Even with the best object separation strategies, usually there are two major 

complications in object tracking: (1) hidden objects or intersected paths of the object; and 

(2) fast-moving objects.  These problems will cause a false identification or an 

"inseparable objects" error. To avoid the object intersection confusion or temporary 

hidden object case, it is necessary to predict the respective paths of different moving 

objects on the images in order to subsequently follow those paths.  A multi-frame 

analysis could be helpful to solve this problem.  This method is relatively time-

consuming, but necessary in advance systems. 
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In this thesis, the structure of motion object detection / tracking / 3D measurements 

will be considered for the purpose of real-time functionality of the system through the 

software framework. The functions and the methods are not the focus of this thesis. 

2.4 DISPLAY / STORAGE COMPONENT 

For the purpose of representation results, data rate and formatting are the main 

issues. Other matters (e.g. what to show and how to show the results) will be considered 

in the framework software section. 

For data rate and formatting, it is essential to know (1) what the shape of the data is 

(after or before processing) so that it can be stored or transferred and (2) which types of 

data compressions are needed to maintain the required information and consume the least 

amount of space.  The shape of data is a common issue between display / storage and 

system timing.  However, data compression issues are more commonly associated with 

interfacing requirements.  This technology is widely available. 

2.5 SOFTWARE FRAMEWORK 

The most important issue in a system with interworking system components is to 

accommodate the integration of all of the functions together into a single operating 

software program. 

The Software Framework links and manages the different functions of the system.  In 

other words, the Software Framework is the brain of the body and receives the status and 

manages the inputs and outputs of each function within a component, and between the 

different components, in an appropriate timeslot.   
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The main responsibilities of the Software Framework include but are not limited to, 

the following: 

 Control the timing of the data collection and trigger the cameras 
 Control the quality of the received and processed signals 
 Control the timing of the processing (Fusion and motion object detection) 
 Memory handling 
 Formatting and transferring the data from one module to another 
 Adapting the system to the imaging conditions 

Scheduling is the rhythm of the system’s action to receive, process and display the 

results. It is necessary for each function to step up at the right time and stop whenever it 

is not needed.  By scheduling each and every process to occur at the right time, for the 

correct time duration, the computer system can maximize the performance of the UNB 

Super Camera.  The scheduling could be manually, automatic or semi-automatic.  The 

overriding constraint for the UNB Super Camera is that image acquisition, processing and 

display MUST occur in real-time. 

The development of the Software Framework is one of the contributions of this thesis 

and is detailed in Chapter 3. 

2.6 TEST CRITERIA 

To assess the quality of the video collected it is necessary to review the following 

quality aspects of the video: 

 Sensitivity 
 Resolution and sharpness 
 Colour Rendering 

As part of the quality assessment, it is necessary to compare the fused images with a 

HRC image reference.  A 4-band fused image could also be used for this purpose. Several 

optical methods could be used to evaluate image quality (Imatest 2015 a,b). Moreover, 
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conventional fusion metrics (Petrovic, 2001) could also be used to assess image fusion in 

terrestrial applications. 

For the noted criteria, the following tests could be useful for the quality assessment 

in terrestrial applications: 

 Sensitivity test – SNR  
 Resolution and sharpness test – MTF and DIV 
 Colour rendering test – Colourcheck and SAM 

In the following, a short description of the quality tests is provided. 

2.6.1 Test of Sensitivity 

In imaging, Signal-to-noise ratio (SNR) is used as physical measure of sensitivity 

(Imatest 2015a). SNR is defined as the ratio of the average signal value to its standard 

deviation.  Since different types and colours of objects are present in camera scene, a 

mean and standard deviation are computed from a uniform colour area in an image (Eq. 

2-7).  A MatLab script is used to perform this test (UNB, 2014). 

	  Eq. 2-7 

2.6.2 Test of Resolution and Sharpness 

2.6.2.1 MTF test 

Sharpness is one the most important image quality parameters. (Imatest 2015b)  

Sharpness represents the amount of detail acquired by a camera system which is defined 

by boundaries between zones of different tones of colours.  Well defined boundaries 

between colour zones means a sharper image, and vice-versa. 
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Camera system sharpness (Figure 2-12) is measured as Modular Transfer Function 

(MTF), also known as Spatial Frequency Response (SFR).  MTF is the contrast at a given 

spatial frequency (measured in cycles or line pairs per distance) relative to low 

frequencies.  The 50% MTF frequency (MTF50) correlates well with perceived sharpness 

– much better than the old vanishing resolution measurement (Figure 2-13), which 

indicated where the detail wasn’t (Imatest 2015b).  Imatest Software and Edge Area (with 

two different shades of colour) in scene image has been used to perform this test. 

 
 

 

 

 

 

 

 

Figure  2-12:  Image sharpness comparison  

(Imatest 2015b) 

(a) Original image  
(b) Blurred image 

 

 

 

 

 

Figure  2-13:  MTF (or SFR) graph generated from Imatest 

(a) (b) 
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2.6.2.2 DIV test 

This is a criterion that is used to obtain the amount of change in information content 

of two images. To calculate this metric, the difference in variance values of the fused 

image and the original image should be divided by the variance of the reference image 

(Samadzadegan and Dadras Javan, 2011): 

 

 
Eq. 2-8 

Where  and  are the variance values of each band of Reference and fused 

images, respectively. Negative DIV shows an increase in the information content of the 

fused image while a positive value shows reduction of the information content in the 

fused image. 

2.6.3 Colour Test 

2.6.3.1 Colourcheck test 

Correctness of colours reproduced by a camera is checked using a Colourcheck chart 

and Imatest software.  Imatest Software uses pre-stored Colourcheck values and 

compares these values with Colourcheck image. 

Imatest presents colour differences between pre-stored and Colourcheck image 

values in CIELAB colour space.  Tonal response and noise are also calculated with 

colour error.   Three colour error parameters are calculated in CIELAB colour space and 

these are: mean camera chroma / saturation, ΔC and ΔE.  All three colour error 

parameters have their own significance but only the mean camera chroma is typically 

considered for colour error. 
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Mean camera chroma (MCC) is expressed as a percentage which is the average 

chroma of the camera colours divided by average chroma of an ideal Colourcheck.  

Chroma of the output image is boosted when MCC > 100% (Note: Chroma is affected by 

lens quality and RAW conversion or image editors).  Thus when MCC > 100%, it can be 

concluded that the output image is over saturated when referred to the original 

Colourcheck. 

2.6.3.2 Spectral Angle Mapper (SAM)  

Spectral Angle Mapper (SAM) is one of the quantitative metrics used to compare 

spectral content of an image with respect to reference image.  SAM is defined as a 

spectral angle formed between the vectors of the reference and other images in a spectral 

space.  The spectral angle is calculated for each pixel and is averaged over all of the 

pixels of the image to get an overall spectral distortion index.  The ideal value for SAM is 

zero, which shows that the spectral content of two images is completely the same 

(Thomas and Wald 2006).  Stated mathematically, if 〈 , 〉 denotes the inner product 

between the reference vector (v) and fused vector ( ) at each pixel i and M is the number 

of pixels, SAM is measured in either degrees or radians through (Thomas and Wald 

2006). 

	
1
cos

∑ 〈 , 〉
‖ ‖‖ ‖

 Eq.  2-9 

Chapter 2 has provided an overview of both the requirements of the UNB Super 

Camera System and the technology currently available to address these requirements.  

Chapter 3 includes the details of a system to meet the operational requirements of a 

security camera application. 
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3 IMPLEMENTATION, TEST AND ASSESSMENT OF THE UNB 

SUPER CAMERA CUSTOMIZATION 

To build a UNB Super Camera to operate in a security camera configuration, it was 

necessary to customize the generic UNB Super Camera Design and functional 

specifications provided in Chapter 2.  In Chapter 3, the functional design of the UNB 

Super Camera is customized to the requirements of a security camera application.  

Specific emphasis has been placed on the framework software which was specifically 

written to facilitate the integration of the 3 system components.  In Chapter 3 the results 

obtained from the customized UNB Super Camera are provided, analyzed and discussed. 

3.1 UNB SUPER CAMERA APPLICATION – REQUIREMENTS AND 

CONSTRAINTS 

The performance requirements and constraints to customize the UNB Super Camera 

for the security camera application are provided below: 

 Data collection: A set of cameras (HRM / LRC) must be acquired that 
simulate the outputs from a high-end security camera system.  Moreover, 
an additional HRC camera is needed to compare the results. 

 Data processing: The real-time performance requirement dictates that 
any data processing be fully automatic, that is to say that UNB-PanSharp 
MUST also be performed in real time.  Moreover, multi-moving object 
detection and tracking is required as is 3D positioning. 

 Storage and Display: The system should have the capability of 
demonstrating the final products and raw images (HRM, LRC, fused and 
moving objects) and also have the capability of comparing between the 
original HRC and the fused images.  There should be a toolbar on display 
to impose the user parameters to the final product.  Capability of storing 
the raw videos, process videos and the moving objects’ log files should be 
provided in the software interface. 

 Framework software: The framework software must include automatic 
or semi-automatic digital control systems.  It is preferable that the system 
is capable of automatically adapting to environmental parameters. It is 
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also important that there be the ability to have user variable temporary 
conditions. Furthermore, it is paramount that the system works in real 
time. 

In the following sections, the impact of the above noted performance requirements 

on the functions and framework of the UNB Super Camera are detailed. 

3.2 FUNCTIONALITY OF THE SYSTEM 

The overall functionality of the UNB Super Camera is included in Figure 3-1 below. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3-1:  Flowchart of the system  

Details of each of the 3 components are included in the following sections.   
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3.2.1 Data Collection 

As noted in the generic design of the UNB Super Camera, data collection includes 

five functions.  According to the performance requirements of the security camera the 

UNB Super Camera specification are defined as follows: 

3.2.1.1 Selecting imaging tools 

The initial step in data collection is the selection of the video source.  In UNB Super 

Camera, a high resolution monochrome camera is mounted as near as possible to a low 

resolution colour camera.  By using this strategy, two relatively low weight and 

inexpensive sensors / cameras can be substituted for a large aperture, heavy expensive 

high resolution colour camera.  Auxiliary equipment such as measuring tools, a third 

camera or any complementary device may be used to increase the quality of the data. 

Two main strategies can be employed to configure the data collection tools: 

 Two camera strategy: In this kind of system, two different cameras could be 
used.  As the sensors have different optics, the two sets of video frames 
would be collecting in two different centres of projection.  For the purpose 
of fusion, the disparity between the centres of projection must be 
minimized.  For tracking and 3D positioning, it is better to separate the 
centers of projection.  As a compromise solution, it is possible to minimize 
the distance and use the precise pixel disparity measurements for 3D 
measurements.  In addition, it is possible to add other equipment to increase 
the precision of tracking.  It is also possible but not recommended to 
increase the distance between the cameras and use the precise methods of 
registration for the fusion purpose (Figure 3-2). 

 One multi-sensor (e.g. 2-Chip) camera strategy: In this type of sensor, light 
will go through a single optical system and one splitter will divide the light 
into two or more sensors.  As there is one centre of projection in this case, 
no image registration is needed for the fusion purpose.  However, it is also 
impossible to collect 3D information from this type of camera. (Figure 3-3)  
To generate 3D in this configuration, it is necessary to add a complementary 
camera or other distance measuring device. 
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Figure  3-2:  Video Source – Two camera strategy 

 

 

 

 

 

Figure  3-3:  Video Source – One camera strategy 

 

For the current research, the first prototype has been chosen due to its easier 

technical possibilities to implement as the second system need a precise alignment. 

The second prototype could be implemented in future. Hence, a high resolution B/W 

camera with an ICX-274 CCD sensor was chosen (IC-DMK51BG02).  The colour 

camera with the same sensor (with Bayer filter on it) is also available in the market 

(IC-DFK51BG02).  For the low resolution camera, a camera with ICX-618 CCD 

sensor has been chosen (DFX21BU02).  This sensor (ICX-618) has the same 

sensitivity and same aspect ratio with the ICX-274 sensor.  The specifications of the 

cameras could be seen in Table 3-1 (Imaging source, 2014). 

PROCESSING UNIT 

1- Measuring tool 
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Table  3-1:  Camera specifications 

CAMERA 
 
CHARACTERISTIC 

HIGH RESOLUTION 

MONOCHROME 

CAMERA 

LOW RESOLUTION 

COLOUR  
CAMERA 

HIGH RESOLUTION 

COLOUR CAMERA 
(REFERENCE) 

Camera Model IC-DMK51BG02.H IC-DFK21BU618.H IC-DFK51BG02.H 
Sensor Type ICX 274 ICX 618 ICX 274 
Sensitivity (Lux) 0.05 0.05 0.15 
Frame rate (fps) 15, 7.5, 3.75 30,15,7.5 15, 7.5, 3.75 
Sensor format 1/1.8" 1/4" 1/1.8" 
Pixel Size (μm) 4.4 x 4.4 5.6x5.6 4.4 x 4.4 
Frame Size 1600 x 1200 640x480 1620 x 1200 
SNR >55.9 >55.9 >55.9 

 

As could be seen in Table 3-1, the sensor size of ICX-618 is ¼”.  However, the size 

of ICX-274 is 1/1.8”.  Hence, as shown in Figure 3-4, by using the same optics on these 

sensors, the coverage area will not be the same.  As a result, by attention to the sensors’ 

pixel sizes and the constraint of the same coverage for both sensors, a wider optics on the 

LRC camera could result in the same coverage for both cameras.  Figure 3-5 shows the 

final architecture of the cameras.  

 

Figure  3-4:  Camera Architecture with the same optics 

f1 

B/W 

Colour 
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Figure  3-5:  Camera Architecture with the same coverage 

 

With the same coverage of the cameras and by the similarity of triangles, we can 

write Eq.3-1 for all the cameras with focal length of f, pixel size of d, depth to the 

object of H and ground pixel size of D (ASPRS, 2004).  

 Eq.3-1 

As the coverage is the same, we can conclude that the ground pixel of the LRC is 

2.5 times larger than the ground pixel of HRM camera.  Hence DLRC=2.5xDHRM. 

Neglecting the focal length differences in comparison with the height and by using 

Eq. 3-2 is derived as follows: 

2.5
 Eq.3-2 

For the current cameras, a Kowa vari-focal lens was chosen which covers 4.4-11 

mm of focal length.  With respect to Eq. 3-2, a fixed 11 mm focal length for the HRM 

camera will necessitate a 5.6 mm focal length for the LRC camera to cover the same 
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f2 
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Colour 
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scene.  The same focal length has been chosen for the reference HRC camera.  Figure 

3-6 shows how the cameras were mounted. 

 

 

 

 

 

 

Figure  3-6:  Mount of the cameras (LRC left, HRM Middle, HRC right) 

 

3.2.1.2 Establishing communications with the imaging tools 

The second step of data collection is data translation.  The main challenge in this step 

is to convert the input data to a format which is compatible for use in the processing unit. 

Depending on the nature of the camera output signal (digital / analog) and the processing 

unit (computer system / auxiliary computer board / electronic processing board), the 

system must convert the camera outputs to the processing unit’s input format. 

For the case of digital cameras as utilized in the project, the interface of the cameras 

is the key parameter for data translation.  USB, GigE, DV, etc. are the most common 

interfaces used for cameras.  In some cases, frame grabbers are used to acquire images 

from the camera and relay them to the computer system or processing board.  This is a 

common strategy for very high resolution systems. Ethernet transfer or GigE are the other 

commonly-utilized interfaces for the high resolution videos.  However, a USB interface 
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could be sufficient for medium and lower base resolution cameras usually operating at 

fewer than 600 lines per frame. 

In this configuration of the UNB Super Camera, the HRM and HRC cameras use a 

GigE interface.  As most computer systems handle just one Ethernet cable, it is necessary 

to use a port hub to connect the cameras to the computer.  The LRC camera has a USB 

interface and can be easily connected to the computer. Figure 3-7 shows an instance of 

the GigE interface. 

 

 

 

 

 

 

 

Figure  3-7:  GigE interface  

(Pleora, 2015) 

3.2.1.3 Synchronizing imaging tools 

The third step of data collection is synchronization.  In the one-camera solution, the 

synchronization must be performed between the camera and equipment. However, the 

synchronization in the two-camera case must also be performed between the two 

cameras.  In this case it is necessary to remove the time shift between the two camera 

acquisitions to be able to have outputs that are useful for both fusion and tracking 

purposes.  While theoretically possible, it is very difficult to eliminate this time shift if 

there are two different acquisition boards for each camera.  Hence the random time shift 

between the acquisitions must be minimized. 
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As the very high speed objects are not an issue in the project, the automatic computer 

trigger has been chosen. Few millisecond random time shift is inevitable and also 

neglected in this case. Figure 3-8 shows the flowchart of synchronization process. 

 

 

 

 

 

 

 

 

Figure  3-8:  Computer based Synchronized capturing 

 

3.2.1.4 Establishing data collection strategy 

The fourth step in data collection is the data trigger.  Two main strategies are 

possible for this requirement: 

1- Fixed frame rate and buffering: In this case, data are collecting in a fixed time 
interval (e.g. 33ms to achieve 30fps).  It is necessary that all of the processing be 
performed at the same rate as the time gap between the two synchronized 
acquisitions.  As the system must be compatible with different computers or 
processing units, a buffer must be used to keep the images in a queue in order to 
avoid processing interruptions.  This will cause progressive time delays in the 
processing. 

2- Real time processing: To avoid the time delay, it is possible to define a frame 
grabbing trigger unit to ask for data collection whenever the previous data has 
been processed or the first layer of the processing is idle and ready to accept new 
frames.  This strategy makes the process real time.  However, because of different 
processing times, due to the various complexities of the scenes and computer 
performance function, the frame rate might not be a fixed number for the entire 
stream. 
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For the trigger method, real time processing has been chosen.  To have smooth 

video streaming, it is necessary that the processing time does not exceed the cameras’ 

respective frame rates. Figure 3-9 demonstrates the applied data collection strategy. 

 

 

 

 

 

Figure  3-9:  Data collection trigger 

 

3.2.1.5 Updating camera parameters 

For auxiliary data, the fixed camera initial parameters will be used.  The assessment 

of the lighting will be done by image processing histogram analysis.  Note that in this 

application, the F# is set at 2.0 and the gain control is automatic.  The exposure time 

varies between 1/100 and 1/15 with respect to the incident light.  The exposure setting 

will be set automatically by the system. 

3.2.2 Processing 

Two major functions are required for processing: (1) Frame Fusion and (2) Motion 

object detection and tracking.  As these applications are independent, parallel processing 

will be used to perform those actions in the same time.  This will reduce the processing 

time and increase the rate of processing. 
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3.2.2.1 Image fusion 

As noted in the previous section, the image fusion process for each frame pair 

follows the process outlined in Figure 3-10. 

 

 

 

 

 

 

Figure  3-10:  Flow chart of frame fusion 

 

Whereas real time processing is one of the most significant requirements for the 

security camera application and whereas the process needs to be as automatic as possible, 

the second order mathematical model seems to be a fast and sufficient method for the 

coregistration.  However, for automatic point matching, it is necessary to use 

photogrammetric calibration parameters. 

The mathematical model will be applied to the frames to co-register them.  This 

mathematical model should be derived using the automatically-selected corresponding 

points in a pair of synchronized frames.  Despite higher accuracy and being a better fit, 

higher order mathematical polynomials create distortions around some control points.  

Second or third order polynomials will be sufficient for most cases (Richards, 2013).  

For the fusion, all of the possible solutions will be taken into consideration.  The 

system will chose the best method of fusion after considering environmental parameters 

and the mean lighting in the scene. 
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The environmental parameters of the camera calibration coefficients change slowly 

with time.  As camera calibration is time-consuming, it is cost effective to divide the 

processing into pre-processing and real-time processing.  Pre-processing will be 

performed just once and for the initial frames only.  The coefficients will be stored in the 

system until a significant change occurs to the system or to the environmental conditions.  

The real-time processing will use the stored coefficients for every frame.  Figure 3-11 

demonstrate the final schema of the processes of the system. 

 

 

 

 

 

 

 

Figure  3-11:  Final Architecture of video fusion 

3.2.2.2 Motion object detection and tracking 

For motion object and tracking, the processes are summarized in Figure 3-12. 

 

 

 

 

 

 

 

Figure  3-12:  Flow Chart of Moving Object Detection and Tracking 
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For the security camera application, subtraction and optical flow could be used for 

motion object detection.  In this case the fixed or progressive reference image could be 

used for background subtraction and multi-frame comparison could be used in optical 

flow to detect the motions.  OpenCV library is also used for blob counting and blob 

separation in single frames and blob matching among two successive frames to separate 

the moving objects and find the corresponding object in the frame pairs.  

In the tracking block, the photogrammetric coefficients for the registration could also 

be used for object tracking.  Using the center of gravity or matching feature points are 

two recommended methods for feature matching.  The DLT methods are also a good 

solution to relate the image coordinates and object space.  In this application of the UNB 

Super Camera, no motion prediction is studied. 

The problem in live motion detection and tracking is similar to the issue in the video 

fusion.  Hence, the one-time procedures are separated from real-time actions and moved 

to the pre-calibration stage.  Moreover, the photogrammetric calibration will be a 

common process between the video fusion and motion object detection and tracking. 

Figure 3-13 demonstrates the final architecture of motion object detection and tracking. 

 

 

 

 

 

 

 

 

Figure  3-13:  Final Architecture of motion object detection and tracking 
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3.2.3 Display/Storage 

For the visualization purpose, the following conditions should be taken into account: 

 Both raw and processed data could be demonstrated in real time; 
 All the processing parameters should be assigned to the software 

whenever operator needs; 
  The interface should facilitate the comparison between the live fused 

stream and the reference video; 
 The interface should facilitate the visualization of the moving objects and 

the estimated positioning measurements; 
 The software should facilitate the actual pixel demonstration, full schema 

and also the zoom through the videos. 

To fulfill the requirements it is needed to: 

 Design a MDI based or a multiscreen page to assign different products to 
compare the results; 

 Design a large window demonstration with capability to visualize the 
calculation; 

 Add the facility of zoom and pan; 
 Design a control bar for changing the parameters. 

3.2.4 Framework software and interface 

The framework software is developed in the C#.NET environment.  This 

environment can also automate the memory control and parallel processing. The C# 

software has been designed based on the flow chart included as Figure 3-1.  The software 

has the capability of live processing and display. The software has capability of live 

streaming and post process (for research purpose and quantitative analysis). Figure 3-14 

shows the main entrance of the software: 

 

 

 

 



 

57 

 

 

 

 

 

Figure  3-14:  Main window of the framework software 

 

As can be seen in Figure 3-14 all the functions of the system can be performed and 

analyzed in post processing mode. However, the main functionality of the system is the 

live processing. By choosing the live processing mode, the main interface of the software 

will be loaded. 

For visualization of the data, two separate screens and a control bar were designed.  

The first screen is specifically designed for 3D motion detection and tracking (Figure 3-

15).  In this screen, the moving object and the feature points can be demonstrated as well 

as the tracking data. 
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Figure  3-15:  Specialized tab for motion detection and tracking 

 

The second screen is a user controlled double window screen that allows for the 

comparison of each of the fusion components (LRC and HRM videos) with the fused 

videos and original high resolution colour video.  The live stream of each camera is also 

available for display in the window.  The motion detection results can also been 

illustrated in this screen.  Figure 3-16 shows the design of this screen. 
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Figure  3-16:  Specialized tab for video fusion 

 

In the software, one control bar has been designed to manually impose the user’s 

preferences for the software.  Figure 3-17 demonstrate the noted control bar. 

 

 

Figure  3-17:  Control bar of the software 

 

The control bar allows the user to implement parameters into the software.  In this 

bar, the main functions of the system are noted and under each section of the bar, the 

main controllable parameters of each function are also considered.  By default, the 

software will chose the best architecture of the parameters regarding the measured 

environmental parameters.  However, the user can change these defaults. 

Two major functions of the system (video fusion and motion object detection) could 

be performed and controlled through the software. Moreover, the required preprocessing 
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could be managed from the software interface. Note that all the processing should be 

done in parallel (if there was no prerequisite for the function). This will accelerate the 

performance of the system. 

For the calibration and orientation, precise post processing measurements are needed. 

The software could calculate the calibration parameters while the required inputs 

(accurate corresponding GCPs on the calibration frames) were input to the software. 

Figure 3-18 demonstrate the Calibration/Orientation workstation in the software. 

 

 

 

 

 

 

 

 

Figure  3-18:  Schema of the calibration and orientation workstation 

 

The software has also the capability to automatically select corresponding points for 

the initial frames. The calculated coefficients could be stored and used for every frame 

(unless the attitude of the cameras changes). Figure 3-19 demonstrates the schema of 

automatic point selection in the software. The automatic selection is performed in a few 

seconds and the software could easily calculate the mathematical model to register the 

images through the selected points. The software could also facilitate the edit on the 

selected points. 
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Figure  3-19:  Automatic image matching using UNB software 

 

The main functionality of the software is the image/video fusion. To process, 

demonstrate and test the fusion algorithm, a special version of the UNB-PanSharp 

software has been designed. This version of the software is specialized for the terrestrial 

application of the UNB method. Figure 3-20 demonstrates the research station of the 

UNB software on image fusion. All the noted parameters could be controlled through the 

control-bar in the live mode as well.  
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Figure  3-20:  Fusion workstation in UNB software 

 

For motion object detection and tracking, two methods of background subtraction 

and optical flow have been implemented. The software performs the functions in the live 

mode. The feature point extraction and 3D position estimation is also performed live on 

the extracted moving objects. 

All the raw and processed data could be demonstrated and stored through the 

software. The stored data will be used for the quantitative analysis in the software or any 

related third party software. 
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3.3 UNB SUPER CAMERA RESULTS (SECURITY CAMERA APPLICATION) 

Using the UNB Super Camera configured for a security camera application, data was 

collected for testing.  This dataset is referred to herein as UNB Dataset #1.  The data was 

collected under high (200lx) and low (2lx) lighting conditions.  The imagery scene is the 

ISO standard chart (Figure 3-21). 

 

 

 

 

 

Figure  3-21:  ISO standard chart 12233:2014 

 

In this dataset, a sequence of 100 images was taken by the system.  Frame number 10 

was selected to assess the results in high and low lighting conditions.  Figure 3-22 shows 

the images collected and the fused result in high lighting conditions.  Figure 3-23 shows 

the images for low lighting conditions. 
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Figure  3-22:  Instances of the implemented system in high lighting conditions 

(a) HRM in high light 
(b) Enlarged LRC in high light 
(c) Fused product in high light 
(d) HRC in high light 

 

 

 

 

 

 

 

 

 

 

 

Figure  3-23:  Instances of the implemented system in low lighting conditions 

(a) HRM in low light 
(b) Enlarged LRC in low light 
(c) Fused product in low light 
(d) HRC in low light 

(a) 
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(b) 

(c) 
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As can be seen visually, the improvement in lower lighting conditions is more 

pronounced than the high lighting conditions.  As expected in lower lighting conditions, 

the signal-to-noise ratio drops significantly due to the lack of light, hence, in original high 

resolution colour, the sensitivity decreases. However, in monochrome image, due to the 

more received energy, the sensitivity is higher. In the next section, quantitative analysis 

will be performed on the results to assess the performance of the fusion method. 

3.4 QUANTITATIVE ANALYSIS 

As noted in Chapter 2, tests on the sensitivity, resolution and will be performed as 

follows: 

 Signal-to-noise ratio (SNR) for single frames and for the frame sequences in 
order to assess sensitivity 

 MTF (Modulation Transfer Function) test for the resolution and sharpness 
assessments 

 SAM (Spectral Angle Mapper) test for evaluating colour rendering of the 
results 

Selected region shown in Figure 3-24 was used for SNR and MTF test. The selected 

region for SNR test has a homogeneous illumination in all the images. Moreover, the 

edge with flat lighting has been chosen for MTF test. The colour boxes of the centers are 

also used for the SAM test. 
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Figure  3-24:  Selected region for SNR test 

 

3.4.1 Sensitivity Test 

The signal-to-noise ratio test is performed with the Imatest software and it has been 

performed on the whole images and each bands as well.  Table 3-2 demonstrates the 

results of the SNR test for single frames in both high and low lighting conditions. 

Table  3-2:  Comparison of the SNR test results - Fused and Reference colour images  

IMAGES 
 
 

CONDITIONS 

HRM 
ORIGINAL COLOUR FUSED 

R G B OVERALL R G B OVERALL 

High 44.04 30.90 22.38 20.28 34.15 36.14 34.14 29.65 43.89 

Low 5.75 2.34 1.21 1.01 2.13 4.67 2.76 2.37 5.69 

 

As can be easily seen in the Table 3-2, fused images in both cases inherit their spatial 

characteristics from the HRM image component of themselves.  Hence, as expected, the 

SNRs of de-saturated fused images are overall higher in comparison with the de-saturated 

original high resolution colour reference.  Moreover, each band of the fused images has a 

Selected Region 
for MTF Test Selected Region 

for SNR Test 
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better SNR in both high and low light conditions.  This proves that the fused images 

exhibit better sensitivity in comparison with the original HRC image. 

3.4.2 Resolution Test 

For the resolution test, MTF of the images around the selected edge (shown in Figure 

3-15) has been calculated.  MTF50 of the selected edge has been taken into account to 

assess the performance of the fusion algorithm on the images in different lighting 

conditions. Table 3-3 demonstrates the results of these calculations. 

Table  3-3:  Comparison of the MTF test results - Fused and Reference colour images  

 

As can be seen in Table 3-3, the MTF50 of fused image is 9% higher in high lighting 

and more than 130% in low lighting conditions in comparison with the original colour’s.  

The amount of MTF is much closer to the HRM value.  This proves that the resolution in 

fused images is relatively higher in comparison with the original colour image. 

3.4.3 Colour rendering Test 

For this case, the SAM test has been chosen to test the improvement of colour 

rendering. The SAM test was introduced in Chapter 2.  For this test, a reference colour 

for the comparison is required as the filters on the HRC sensor and LRC sensor are the 

same.  The calculated mean value of 100 frames on the colour parts of the chart in high 

IMAGE 
LIGHTING 

HRM ORIGINAL COLOUR FUSED 

High 0.19 0.171 0.186 

Low 0.128 0.0421 0.0979 
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lighting conditions has been chosen for this test.  Table 3-4 shows the results of SAM 

measurements in different lighting conditions. 

Table  3-4:  Comparison of the SAM test results - Fused and Reference colour images  

IMAGE

LIGHTING 
ORIGINAL COLOUR FUSED 

High 0.46 2.76 

Low 24.34 17.2 

As can be seen in Table 3-4, in higher lighting conditions, the results are very close 

to those of the reference images (As the numbers are closer to 0).  However, due to the 

noise and lack of light, the colour rendering quality is significantly decreased in both of 

the images.  But, as can be seen, the fused image shows better colours. 

3.5 DISCUSSION 

The UNB Super Camera System, customized for a security camera application, 

successfully captured images and fused them together to demonstrate a significant 

improvement in sensitivity, when compared with the HRC image collected at the same 

time.  The fused images have a better SNR, and the MTF test proves that the fused 

images has better resolution and sharpness in both high and low lighting conditions.  

Furthermore, the colour rendering of the fused images in low lighting conditions was 

closer to the mean representation of the colours in high lighting conditions.  The first two 

objectives of the research have been met: 

It has been demonstrated that a UNB Super Camera can be successfully built and 

implemented in a terrestrial configuration to collect video / images. 

It has been demonstrated that the resulting fused videos have better quality in 

comparison with the existing technology of generating high resolution colour videos 
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To further assess the UNB Super Camera System customized for a security camera 

application, the following additional tests were completed: 

 UNB Dataset #2 was collected using the HRM camera and a filter wheel 
consisting of blue, green, red and near infrared filters.  The purpose of 
collecting this data was to assess the collected images with full resolution 
3-band colour 

 INO Dataset #11 was accessed which was collected using a CMOS 
camera.  The purpose of processing this data was to investigate whether or 
not fusion worked using a CMOS camera in a terrestrial based camera-set 
configuration. 

When the results of all four (4) of the datasets were reviewed (UNB Dataset #1/2 and 

INO Dataset#1 indoor / outdoor), there were two (2) issues that were of note in all of the 

datasets:  

 Contaminations on the images resulting in the uneven spectral range in 
HRM and LRC sensors 

 Debayering and binning issues on the CMOS test cameras (time issue and 
debayering effects) 

Addressing these two issues would address the third and final objective of this 

research: 

Improving the existing UNB-PanSharp strategies to obtain the best possible results 

for the UNB Super Camera 

In the next chapters, the focus will be switched from the big picture to two detailed 

issues in the video fusion module. Chapter 4 addresses the issue of image contaminations 

and Chapter 5 addresses the issues of Debayering and binning. 

                                                 

1  INO Dataset #1 was data collected under a research contract to UNB.  The dataset was collected using a camera-set 
configuration very similar to the camera configuration used to collect UNB Dataset #1.  The INO dataset had both 
an indoor and an outdoor component. 
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4 IMPROVING UNB PANSHARP ALGORITHM FOR DIFFERENT 

SPECTRAL COVERAGE 

In the previous chapter, functional design of a generic UNB Super Camera was 

completed and a prototype of that system was implemented and assessed. The numeric 

analysis of the outputs of the developed systems shows that the UNB Super Camera can 

improve the sensitivity of the existing HRC cameras up to 2.7 times in low lighting 

conditions. However, the assessment on the results especially in sunny weather and very 

low lighting conditions show unexpected contaminations and stain on the resulting 

outputs. These contaminations were also reflected in the numerical quality analysis. In 

this chapter, the issue of spectral mismatching is investigated.  The problem is further 

defined in Section 4.1, a methodology to address the issue is included in Section 4.2, an 

experiment to implement the methodology is provided in Section 4.3 and a discussion of 

the results is included in Section 4.4. 

4.1 THE PROBLEM 

The mixture model, which highly affects both the colour rendering and the general 

representation of noise, is the most sensitive part in the UNB fusion algorithm (UNB, 

2013). There have been many strategies introduced for mixing monochrome and lower 

resolution colour images together.  The regression based method has been used in UNB-

PanSharp method which shows the best colour rendering among all methods (Zhang, 

2008a). This method has demonstrated its ability to generate the closest colours to the 

original LRC image for satellite imagery. 
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Unexpectedly, the results of implementing the UNB-PanSharp method for the 

security camera application exhibit colour distortions and unusual noise stains on some of 

the video frames.  This effect was more severe in lower lighting conditions.  Furthermore, 

in the outdoor cases, there were some contaminations in bright areas, attention signs, city 

lights and clouds (UNB, 2013).  The indoor instances and their corresponding reference 

HRC frames are shown in Figure 4-1, while Figure 4-2 demonstrates the effects on the 

video frames in outdoor situations.  It was expected that the fused colour frame would 

show less noise in comparison with the original high resolution colour frame.  Despite a 

small improvement on the signal-to-noise ratio in homogeneous area, it is obvious that 

the noise stains are more sensitive on the fused images which are not desirable. 

 

 

 

 

 

 

 

 

 

Figure  4-1:  Indoor frames / fused colour image versus reference HRC 

(a) Original UNB-PanSharp Fused frame  
(b) Zoomed-in view 
(c) Original Colour frame 
(d) Zoomed-in view 

  

(c) (a) 

(b) (d) 
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Figure  4-2:  Outdoor frames / fused versus reference HRC 

(a) Original UNB-PanSharp Fused frame  
(b) Zoomed-in view  
(c) Original Colour frame 
(d) Zoomed-in view 

 
In order to determine the reason of such image contaminations, the UNB-PanSharp 

algorithm was inspected.  Figure 4-3 shows the diagram of image fusion algorithm after 

co-registration. 

  

(a) 

(d) (b) 

(c) 
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Figure  4-3:  UNB-PanSharp Flow chart 

 

It has been realized that the problem occurred in the forming of the mixture model. 

Eq. 4-1 is showing the mixture model used in UNB-PanSharp algorithm. 

, , , ,   Eq. 4-1 

In this equation, RLRC is the enlarged low resolution colour frame using a bilinear 

resampling and (α, β, γ) are the mixture coefficients (α + β + γ =1).  In Eq. 4-1, the term 

( ) is known as the synthesized HRM. In fact, the 

synthesized HRM is a model to form an intensity layer out of Red, Green and Blue bands 

of the colour frame. Eq. 4-1 can also be written as Eq. 4-2: 
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, , , ,  

, ,  
Eq. 4-2 

Eq. 4-2 is a better physical representation of the general problem.  It indicates that 

the fused frame is a Enlarged LRC image with an additive term of a normalized intensity 

factor, multiplied by the difference of intensity between the original HRM and 

Synthesized HRM.  In the theoretical case, this difference image should only contain the 

high-frequency components of the HRM frame.  Moreover, it is expected that the (α, β, γ) 

should be a true representation of the light source spectrum and the sensitivity of the 

sensors to the different colours.  Hence the parameters are expected to be positive and the 

summation of these parameters should be equal to the one.  However, in the actual cases, 

none of the above expectations are achieved.  

In both cases shown in Figures 4-1 and 4-2, a few coefficients were negative after the 

least squares solution and the  image contains colour information 

on the smooth areas (mostly on the contaminated zones).  This shows that the HRM and 

LRC frames are not spectrally equivalent.  A close look at the spectral response of the 

camera sensors verifies the claim (Figure 4-4). 
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Figure  4-4:  Spectral responses of the utilized camera sensors  

 

It appears that the problem occurs from this mismatching of the spectral recording of 

the sensors; the HRM uses NIR and the LRC does not have one. 

In commercial security camera manufacturing, the Near Infrared (NIR) reflectance is 

cut to achieve better colour rendering.  To the contrary, in HRM cameras, especially in 

the CMOS sensors, the cameras attempt to enhance the NIR signal to have a better vision 

in low lighting conditions.  Adding a NIR band on the LRC images is relatively 

expensive. However, the lack of this information will result in the image contamination 

especially in highly IR-Reflective area.  Figure 4-5 shows the original Colour frame 

versus the fused frame by IR included monochrome frame and fused frame by IR cut 

monochrome frame.  

  



 

76 

 

 

 

 

 

 

 

 

  

Figure  4-5:  INO#1 – indoor / original colour vs fused colour 

(a) High resolution colour image 
(b) High resolution colour image fused using IR included HRM 
(c) High resolution colour image fused using IR cut HRM 

 

As can be seen in Figure 4-5, the colour distortions and the noise stains are 

significantly decreased in the fused frame using IR cut version (4-5(c)).  However, the 

measurements show that the signal-to-noise ratio of the monochrome image and the fused 

image will be decreased after IR cut.  Hence it is ideal to keep the IR sensitivity of the 

monochrome video and attempt to minimize the negative effects.  A methodology was 

developed to introduce few strategies to minimize the effect of extra IR reflectance in 

HRM frames. 

4.2 METHODOLOGY 

It has been assumed that there is no source or extra information available for the NIR 

spectral band. As noted above, the IR reflection makes the mixture equation biased.  This 

influence results in deriving unrealistic coefficients for the mixture model.  The mixture 

(a) 

(b) (c) 
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coefficients depend on the light source and camera responses.  In UNB-PanSharp 

method, a regression-based strategy is used to calculate these coefficients.  However, the 

non-equivalent spectral sensitivity of the sensors contaminates the calculations.   

Four independent strategies have been identified and will be implemented to test 

their effectiveness to correct the mixture model issue.  These strategies are as follows: 

 Fixed coefficients (FC) 
 Adaption of component methods (AC) 
 Monochrome image correction (MC) 
 Differential filtering (DF) 

The following sub-sections provide details. 

4.2.1 Fixed Coefficients (FC) 

To address the image contamination problem, it is necessary to find the portion of 

sensed light as determined by each of the colour sensors.  In the other words, it is 

important to find the intensity of each colour in the source spectrum.  White balance and 

gain of each band have direct influences on the colour representation of the colour 

images.  However, these influences could be mitigated with the camera setting and linear 

treatments.  After gain and white balance corrections, the spectral signature of the sensors 

still plays a key role in colour representation. 

Using the fixed coefficients with respect to the sensor responses is one the possible 

solution to the issue.  The only anticipated issue is the changes of the light sources.  This 

prevents the use of one set of fixed coefficients for each sensor.  However, it is possible 

to use different settings for different lighting conditions.  For example, for the standard 

black body reflection (natural light), it would be useful to utilize the natural colour 

coefficients (R=0.37, G=0.52, B=0.11).  As the sensors are designed to fit the best 
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representation for the human eye, it could be a good estimation especially in natural 

lighting conditions.  Figure 4-6 provides an overview of the proposed method. 

 

 

 

 

 

 

 

 

 

 

Figure  4-6:  Flow chart of UNB-PanSharp method using fixed coefficients 

 

4.2.2 Adaptation of Component Methods (AC) 

Three main image processing procedures are performed in the UNB-PanSharp 

algorithm: 

 Standardizing the  histograms by shifting in radiometric leveling; 
 Resizing the LRC image to the size of HRM image with bicubic 

interpolation in radiometric leveling; and 
 Performing a least squares solution to find the regression in the mixture 

modeling. 
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To address the issue of image contamination, the following modified procedures are 

proposed for the UNB-PanSharp method: 

 Standardizing and normalizing the histograms to the center of the 
radiometric range 

 Resizing the LRC by using bilinear interpolation 
 Applying a non-Negativity Least square solution to find the regression in 

the mixture modeling 
 Filtering (HRMOrig – HRMSyn) to reduce the colour content of the image 

Moreover, the coefficient calculations for the least square solution are performed on 

the normalized images.  Figure 4-7 provides an overview of the proposed method. 

 

 

 

 

 

 

 

 

 

 

Figure  4-7:  Flowchart of UNB-PanSharp method using Adaptive component 

 

4.2.3 Monochrome image correction (MC) 

It is anticipated that the image produced by the subtraction of the HRM image from 

the Enlarged Synthesized Low Resolution Monochrome (SLRM) image will only include 

the high frequency signals.  Hence, the reduced resolution HRM image (RRM) and the 
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original SLRM must contain the same amount of high frequency signals.  As a result, it is 

ideal that the difference between the SLRM and RRM frames contains the random noise.  

As expected, in this case, this difference additionally contains the NIR reflectance.  This 

effect could be eliminated from the HRM before the fusion.  For this purpose, a low pass 

filtered difference of RRM and SLRM will be enlarged and subtracted from the original 

HRM image. This corrected HRM will be used for the fusion process.  Figure 4-8 

provides an overview of the proposed method. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4-8: Flow chart of Mono correct UNB-Pansharp 

 

Note that in Figure 4-8, the full UNB-PanSharp refers to the original pansharpening 

method noted in Figure 4-3. 
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4.2.4 Differential filtering (DF) 

In the previous method the filtered difference of RRM image and SLRM image was 

subtracted from the HRM frame in order to reduce the NIR reflectance.  However, this 

method adds noise on the HRM frame.  Despite of the correction on the colour distortions 

of the fused products, as the HRM frame is the base of signal-to-noise ratio on the fused 

frame, this strategy reflects some contaminations on the final product.  To avoid this 

phenomenon, the filtered differential image is accepted as the NIR band of the LRC 

image.  Then the frame fusion and all the calculations will be done among HRM image 

and a four band multispectral image.  Non-negativity least square is also used to derive 

the coefficient for the mixture models.  Figure 4-9 provides an overview of the proposed 

method; 

 

 

 

 

 

 

 

 

 

 

Figure  4-9:  Flow chart of Differential filtering method 
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4.3 EXPERIMENT 

To assess the influence of each of the identified methods, two datasets were used: 

 UNB Dataset #2 collected using CCD cameras in the UNB lab.  
 INO Dataset #1 – collected using CMOS cameras by INO.  This dataset 

had an indoor and an outdoor component.  The indoor component was 
collected in INO’s lab.  The outdoor component was collected outside of 
INO’s lab under natural lighting conditions.  

Both datasets were collected under lighting conditions that varied from high to very 

low lighting (200lx – 1.0lx).  The choice between the lighting conditions depended on the 

data collection restrictions and the meaningful trend in the resulting images. 

For each of the datasets noted above, details as to the following processes are 

included in the following sections: 

 Data collection 
 Image fusion 
 Quality assessment 

The data collection conditions and strategies will be noted in each section.  All four 

strategies to address the image contamination as noted in Section 4.2 are reviewed in the 

image fusion process.  For the test purposes, an original 4-band fused image has also been 

generated by using original HRM image and the captured and binned 4 colour bands.  In 

addition, for the quality assessment purposes, the methods noted in Section 2.4 will be 

used.  The original HRC images and the 4-band fused images (HRM + R,G,B,NIR LRC) 

are used as references. Note that in the test of Colour rendering, Colourcheck test is used 

wherever the standard colour chart is available and SAM test is used wherever the chart 

was not available. 
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4.3.1 UNB Dataset #2 - CCD Camera Test 

4.3.1.1 Data Collection 

For this test the camera used for the data collection is an Imaging Source DMK-

50BG02 CCD camera which collects original monochrome images / videos.  The camera 

spectral range is 400-1000 µm (Figure 4-10) and the CCD used in the camera is a Sony 

ICX-274. The sensor is 1/1.8” and the frame sizes of the acquired images are 1600x1200 

pixels (Sony 2009). 

 

 

 

 

 

 

 

Figure  4-10:  Spectral response of the CCD camera (Sony ICX-274) 

 

For the colour pairs, to avoid the registration and debayering issues and also to 

neglect the sensor and optics issues, colour filters were used on the same camera to 

generate the colour bands.  In order to simulate the LRC images, bilinear mean binning 

techniques were used. By implementing 4 times binning, the SNR of the LRC images 

will be 2 times greater than the original HRC (St-Laurent and Prévost, 2014).  The 

original HRC images could also be used for test purposes.  Table 4-1 shows the utilized 
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filter to generate the colour bands.  Note that an original NIR band is also collected for 

the assessment purposes.  

As the measurements were made indoors, movement is limited and its influences are 

eliminated in the test. 

Table  4-1:  Characteristics of the filters used to generate colour bands 

FILTERS 
TRANSMISSION RANGE 

(µM) 
PEAK 

TRANSMISSION 

Blue 390-485 85 

Green 490-585 85 

Red 580-700 85 

NIR 695-1200 95 

Original Camera 395-925 N/A 

For data collection, the following environmental influences were considered; 

 Imaging scene 
 Lab setting 
 Camera  equipment settings 
 Lighting 

For imaging scene, a collection of standard charts and colour images were chosen to 

be included on the image scene. The selected images were: 

 ISO standard chart 12233:2014 (For measuring SNR, MTF and edge 
sharpness and do some colour analysis) – see Figure 4-11 

 Noise chart 15739) – see Figure 4-12 
 MacBeth Colour checker standard board (For colour accuracy 

measurements) – see Figure 4-13 
 Colour images with sharp colours and specific theme – see Figure 4-14 
 Patterned materials (Corduroy, metal plate, sponge, …) – see Figure 4-14 
 A part of newspaper with the different font sizes – see Figure 4-14 
 A collection of artificial leaves, fresh leaves and dried leaves (To test the 

NIR reflections on the scene) – see Figure 4-14. 
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Figure  4-11:  ISO standard chart 12233:2014 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure  4-12:  Contrast chart 15739 

 

 

 

 

 

 

 

Figure  4-13:  MacBeth Colour checker 
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All the images were laminated on a flat board and attached to the wall perpendicular 

to the line of sight.  The schema of the full scene can be seen in Figure 4-14. 

The lab setting consisted of a camera on tripod, a filter stand, light source and the 

image scene.  The camera was placed 1.8m from the image scene to facilitate complete 

coverage.  The filter stand helped to collect the different images.  Figure 4-15 illustrates 

the lab setting for the test.  The light source is selected in such a way that it produces a 

full spectrum of natural light.  

 

 

 

 

 

 

Figure  4-14:  UNB Lab imaging scene 

 

 
 
 

 

 

 

Figure  4-15:  UNB Lab environment 

 

For the camera setting in order to generate the raw images, a filter wheel and 4 

different filters have been used (Figure 4-16). The raw images consist of the 4 responses 

Wall Imaging 
scene 

Camera 

Filter 
stand 

1.8 m 
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of the camera with each filter plus and extra image without filter.  After the data 

collection, R,G and B filtered images were used to form the original colour image.  The 

NIR filtered (Visible cut) were also assumed as the forth band of the original colour 

images.  Finally, no filter case was accepted as the original monochrome image.  

 

 

 

 

 

 

Figure  4-16:  CCD camera setting and the filter wheel configuration 

 

The lighting for the data collection had four (4) different levels as follows: 

 High lighting conditions (~250 lx) 
 Medium lighting conditions (~50 lx) 
 Low lighting condition (~10 lx) 
 Very Low lighting condition (2 lx) 

Attempts were made to ensure that for each lighting condition the lighting was 

homogeneous on the entire scene.  It is noteworthy that the light sources illuminated the 

scene with the natural-spectrum light. 
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4.3.1.2 Data fusion 

As the source of all the images are the same, all the images are co-registered.  In each 

of the lighting conditions, two reference images have been produced: 

 Full resolution original colour image by composing individual colour 
bands (CO) 

 Full resolution fused image derived by fusing original HRM image and 
the binned 4-band colour image (RGB +NIR) (FF) 

The fused products are also produced by fusing HRM and 4x binned three colour 

LRC image as follows for each lighting conditions: 

 Fixed coefficient fused product (FC) 
 Adapted components product (AC) 
 Monochrome corrected product (MC) 
 Differential filtered product (DF) 

Figures 4-17 to 4-20 demonstrate the results of each lighting condition: 
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Figure  4-17:  Comparison of fused images using different IR reduction strategies in "High" lighting 
condition on indoor CCD camera samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure  4-18: Comparison of fused images using different IR reduction strategies in "Medium" 
lighting condition on indoor CCD samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure  4-19:  Comparison of fused images using different IR reduction strategies in "Low" lighting 
condition on indoor CCD samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

  

(a) (b) 

(c) (d) 

(e) (f) 
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Figure  4-20: Comparison of fused images using different IR reduction strategies in "Very Low" 
lighting condition on indoor CCD samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

(a) (b) 

(c) (d) 

(e) (f) 
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4.3.2 Quality Assessment 

According to the discussion in Chapter 2, the quality assessments have been done on 

the products on three criteria of sensitivity, resolution and colour rendering.  In this 

section, SNR test has been done to test the sensitivity, MTF test has been accomplished to 

assess the resolution and Colourcheck test has been performed to evaluate the colour 

rendering of the results.  Table 4-2 to 4-4 shows the results of SNR, MTF and CC on the 

images of all lighting conditions respectively. 

Table  4-2:  Comparative Sensitivity (SNR test) of the indoor CCD samples 

 

As can be seen in Table 4-2, in all the lighting conditions, the SNR values of the 

fused images are almost the same as those of the HRM and significantly higher than those 

of the original colour images.  It proves the theory that fused images inherit their spatial 

characteristics from their monochrome parent.  As can be seen, the monochrome 

corrected fused image has less SNR due to the correction on the monochrome image.  

Besides keeping SNR, all of the strategies were successful in correcting the 
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contamination and noise stains on the images.  This verifies the proposed methods to 

solve the IR problem from the aspect of sensitivity. 

Table  4-3:  Comparative Resolution (MTF test) of the indoor CCD samples (Cycle/pixels) 

 

As can be seen in Table 4-3,  MTF is dropped in very low lighting conditions in both 

HRM and HRC images. However, this drop is more significant in HRC images. 

Furthermore, as shown, fused images (except for the monochrome corrected images) 

could keep the resolution of the images up to the same amount as HRM image. 
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Table  4-4:  Comparative Colour Rendering (CC test) of the Indoor CCD samples 

As shown in Table 4-4, in all the methods, the colours have been represented under 

10 percent difference to the original colour images. 

4.3.3 INO Dataset #1 Indoor Component – CMOS Camera Test  

The test on the CMOS camera has been done in two different environments.  The 

first dataset has been collected in lab an under the simulated lighting conditions.  The 

second dataset has been collected outdoor under the natural lighting conditions. 
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4.3.3.1 Data Collection  

The Camera specifications will be used for both in-lab and outdoor experiments.  

The diagram of the New Camera Set is presented in Figure 4-21. 

 

 

 

 

 

 

 

Figure  4-21:  Diagram and photo of new camera set configuration  

(St-Laurent and Prevost 2014) 

 

As can be seen in Figure 4-21 three same sensors have been used for the three 

cameras. These sensors are Aptina MT9P031. Table 4-5 is demonstrating the general 

specifications of this sensor type. 

Table  4-5:  CMOS sensor specifications 

 

 

 

 

SENSOR PARAMETER AMOUNT 

Sensor Model Aptina MT9P031 
Sensor Type CMOS 

Pixel size 2.2 µm 
Frame Size 5 MPixels (2560x2156) 
Sensor Size 1/2.5” 
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The HRM camera used the pure sensor without any filters on it.  The HRC camera 

used the same sensor type with a Bayer filter on it.  The images of this camera are used as 

the reference colour image.  Furthermore, the binned and debayered HRC colour image 

will be used as LRC images.  Previous research (St-Laurent and Prévost, 2014) has 

shown that the LRC camera of 4 times binning has 2 times stronger SNR in comparison 

with HRC images (Martin and St-Laurent 2012).  The Bayer filter pattern, despite its ease 

and low cost provided solution, add some complications to the system.  The next chapter 

will be dedicated to assess these issues and providing few solutions. 

In addition to the two main cameras, in this research, another sensor with a visible 

cut filter has also been used in order to provide NIR band data.  These data will be used 

as a reference for the test purposes. 

Before the processing stage, a polynomial based registration has been used to co-

register the images of three cameras.  The binning process over the HRC images is done 

on the sensor afterwards. 

For data collection, the following environmental influences were considered; 

 Imaging scene 
 Lab setting 
 Camera  equipment settings 
 Lighting 

The imaging scene included a characterization target, additional green components 

and highlighted regions of interest as detailed below. 

Characterization target: For all in-lab experiments, a colourful characterization 

target will be used as static scene.  As illustrated on Figure 4-22, the characterization 

target is constituted of the black and white ISO 12233 chart printed and glued on a 
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cardboard, on which some colourful elements have been added, including a Gretag-

Macbeth colour chart.  

 

 

 

 

 

 

 

 

 

Figure  4-22:  Colourful characterization target used for indoor experiments 

 

Additional green components: To get a better understanding of the behavior of a 

NIR sensor, three additional green components were added: some real green foliage 

and/or leaves, and a section of green camouflage uniforms. 

Regions of interest:  Rectangles overlay are displayed on in Figure 4-22 to show the 

recommended regions of interest for quantitative measurements. For the sensitivity 

analysis, the temporal noise should be measured on a uniform grey patch illustrated by 

either of the yellow rectangle. For the resolution analysis, the edge sharpness might be 

measured on the slanted black to white edge enclosed by the green rectangle. For colour 

measurements, the area corresponding to the 24 coloured and gray squares of the Gretag-

Macbeth must be used. 
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The lab setting consists of the image scene, the camera system and the lighting 

sources. As the N.D. filters where used to change the incident light to the cameras, it is 

not necessary to change the light sources.  It is only necessary to deploy the light sources 

to illuminate the scene homogeneously. 

For the camera equipment settings the camera parameters for both the indoor and 

outdoor tests are also the same.  They were set as follows: 

Lens aperture: It was noted from the previous R&D phase (Martin and St-St-

Laurent 2012) that image sharpness was significantly poorer at maximum lens aperture 

(F/1.4). Consequently, the F-number (and indirectly lens aperture) of all cameras was be 

fixed at: F/4.   

Focus: The focus must be optimized for the characterization target distance. 

Zooming on some textured features (with the Pylon viewer utility) allow accurate 

adjustment of the focus for all cameras independently.  

Exposure duration:  The exposure duration of all cameras was identical.  This 

mimics acquisition conditions where the motion blur is identical in all images to be fused.  

The exposure duration of the colour and NIR cameras was set to the same exposure than 

the monochrome camera, which was adjusted for every illumination intensity.  Exposure 

duration will be limited to 100ms to simulate a typical video surveillance system limited 

to a minimum acquisition frame rate of 10 Hz at night.  

Gain: For every level of illumination, colour and NIR images with two different gain 

settings are grabbed: one with gain adjusted to the same value than the monochrome 

sensor, and one with auto-gain settings. This provided insights on the impact of 
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increasing the contrast and noise content of the images as the illumination level gets 

dimmer (i.e. gain > 1).    

Binning: It was demonstrated in the previous R&D phase that analog binning and 

digital binning have quasi identical impact on quantitative measurements. To simplify the 

experiment and to focus on important aspects, we limited the experiments to the use of 

digital binning to generate the LRC-NIR images. Digital binning is also the only possible 

method to have corresponding HRC-NIR and LRC-NIR for outdoor experiments 

(because of motion and varying illumination conditions).  

NIR-pass filter: To simulate the NIR channel of our 4-colour (B, G, R, NIR) sensor, 

we use a monochrome camera with a NIR-pass filter.  The NIR-pass filter selected is the 

LP715 from Midwest Optical System Inc. Its transmission curve is provided in (Martin 

and St-Laurent 2012).  The quantum efficiency  curves  of  the  colour  and  panchromatic  

sensors  are  also provided in (St-Laurent and Prevost 2014).  

Outputs:  500 frames image sequences will be grabbed.  For every illumination 

condition and settings, three “raw data” sequences will be grabbed: one for the 

monochrome camera, one for the colour camera, and one for the NIR camera.  Raw 

images were grabbed with 2x analog binning.  

The setup of the indoor experiment is as follows: 

For the lighting a MK-II Fiber optic direct current (DC) light source will be used to 

light up the scene (Figure 4-23). It uses an EJA tungsten halogen bulb 2. Its colour 

temperature is 3400K, the power spectrum is thus more flat than standard halogen lamp. 



 

101 

 
 
 
 
 
 
 
 
 
 

Figure  4-23:  Fiber optic direct current (DC) light source  

 

Since the colour temperature (power spectrum) of this halogen light source moves 

towards yellow and NIR when the intensity is decreased, we used some neutral optical 

density filters to decrease the illumination level without affecting the power spectrum.  

The 2 N.D. filters used are described in Table 4-6. Their transmission curves and 

measured power spectrum are provided in (Martin and St-Laurent, 2012).  

Table  4-6:  List of neutral density filters used and their measured illumination levels 

N.D. FILTER 
MEASURED ILLUMINATION 

(LUX) 

None 977 
2 23 
4 0.7 

 

In this experiment, data without filters was accepted as high lighting condition 

instances. The N.D. filters of 2 and 4 are also used as medium and low lighting conditions 

respectively.   
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4.3.3.2 Data fusion 

As the source of all the images are the same, all the images are co-registered.  In each 

lighting conditions two reference images have been produced as follows: 

 Full resolution original colour image by composing individual colour 
bands (CO) 

 Full resolution fused image derived by fusing original HRM image and 
the binned 4-band colour image (FF) 

The fused products are also produced by fusing HRM and 4x binned three colour 

LRC image as follows for each lighting conditions: 

 Fixed coefficient fused product (FC) 
 Adapted components product (AC) 
 Monochrome corrected product (MC) 
 Differential filtered product (DF) 

Figures 4-24 to 4-26 demonstrates the results of each lighting conditions: 
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Figure  4-24:  Comparison of fused images using different IR reduction strategies in High lighting 
condition on indoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Middle: Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused  
(f) Differential Filtered Fused 

 

 

 

 

 

 

 

 

 

(a) 

(f) (e) 

(c) (d) 

(b) 
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Figure  4-25:  Comparison of fused images using different IR reduction strategies in Medium lighting 
condition on indoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Middle: Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused  
(f) Differential Filtered Fused 

  

(a) 

(f) (e) 

(c) (d) 

(b) 
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Figure  4-26:  Comparison of fused images using different IR reduction strategies in Low lighting 
condition on indoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Middle: Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused  
(f) Differential Filtered Fused 

 

4.3.3.3 Quality Assessment 

According to the discussion in Chapter 2, the quality assessments have been done on 

the products on three criteria of sensitivity, resolution and colour rendering. In this 

(a) 

(f) (e) 

(c) (d) 

(b) 
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section, SNR test has been done to test the sensitivity, MTF test has been accomplished to 

assess the resolution and Colourcheck test has been performed to evaluate the colour 

rendering of the results. Table 4-7 to 4-9 shows the results of SNR, MTF and CC on the 

images of all lighting conditions respectively. 

 

Table  4-7:  Comparative Sensitivity (SNR test) of the indoor CMOS samples 

As can be seen in Table 4-7, in all the lighting conditions, the SNR values of the 

fused images show significant improvements in comparison with the original HRC 

images. Among the methods, fixed coefficient fused and differential filtered fused have 

even better SNR than 4-Band Fused images. 
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Table  4-8:  Comparative resolution (MTF test) on the indoor CMOS samples 

In Table 4-8, it shows that in high lighting conditions, there is not so much difference 

between the resolutions of the images. However, in lower lighting conditions, the 

difference turns higher. In low lighting conditions, the fused images are showing positive 

performance on the resulting images. In the contrary, the resolution parameters dropped 

significantly in original HRC images. Among the three band methods, differential 

filtering method shows more improvement in comparison to the other methods.  

Table  4-9:  Comparative Colour Rendering (Colourcheck test) on the indoor CMOS samples 
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For this dataset, as the Colourcheck has been used, the accuracy of the colour 

representation could be calculated, Table 4-9 show that the colour rendering of the fused 

images are much better than original high resolution colour, especially in the lower 

lighting conditions. Unexpectedly, adapted component method and monochrome 

corrected fused images had a negative performance in low lighting conditions. However, 

the differential filtering method has the best improvement. The results of this method is 

the closest to the best case (4-band fusion). 

4.3.4 INO Dataset #1 Outdoor Component – CMOS Camera Test  

4.3.4.1 Data Collection 

The setup for this experiment is as follows: 

Scene: This scene features distant objects and lights and it lacks strong artificial 

lighting in the close field. Thus, this is the location where the gradual analysis of the 

impact of diminishing natural illumination will be the least impacted by artificial lighting 

(Figure 4-27).   
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Figure  4-27:  Selected outdoor scene (left) with the telescopic tripod used (right)  

 

Height of Camera Set: Objects located very close to the Camera Set were appearing 

strongly misaligned in fused images. To minimize the presence of such visual 

misalignment, the Camera Set will be placed on top of a telescopic tripod (Figure 4-27) at 

about 4 m height.  This way, the closest objects in the field of view will be almost 20 m 

from the Camera Set.  Caution was taken to make certain  no cars were parked too close 

in the field of view.  This top view also mimicked a typical location of a surveillance 

camera.  

Frame rate: All cameras will grab at the same frame rate. The acquisition frame rate 

will be limited by the system capability. Before the outdoor experiment, the maximum 

frame rate at which the PC will be able to grab images from the 3 cameras without losing 

frame will be determined. This frame rate will be used for outdoor experiment. It will be 

somewhere between 10 and 30 Hz.  This frame rate will also determine the maximum 

exposure time that will be used on every sensor. 
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Illumination:  The same identical scenario will be grabbed repetitively under 

various levels of illuminations, from day light to night time. Special attention will be paid 

to sun location relatively to the camera orientation. Sun orientation relatively to the 

Camera Set is shown on Figure 4-28 accordingly reports sunset, dusk  (i.e. nautical 

twilight), and the beginning of night-time for the most probable weeks in October  in 

which the outdoor acquisitions will be performed. 

 

 

 

 

 

 

 

Figure  4-28:  Sunset direction at INO on October 14th 2014 

The legend details sunset time and different kind of twilight condition 

 

Table  4-10:  Quebec City sunset timetable, October, 2014 

DATE SUNSET DUSK NIGHT 

Oct 7 18h12 – 18h15 18h45 19h56 

Oct 14 17h58 – 18h02 18h32 19h42 

Oct 21 17h46 – 17h49 18h20 19h30 

Oct 28 17h34 – 17h37 18h09 19h19 
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According to these times, there is a two-hour period (between 17h58 and 19h42 for 

example) in which the illumination level will pass from daylight to night-time.  This was 

the targeted period to perform the outdoor testing.  

4.3.4.2 Data fusion 

As the source of all the images are the same, all the images are co-registered. In each 

lighting conditions two reference images have been produced as follows: 

 Full resolution original colour image by composing individual colour 
bands (CO) 

 Full resolution fused image derived by fusing original HRM image and 
the binned 4-band colour image (FF) 

The fused products are also produced by fusing HRM and 4x binned three colour 

LRC image as follows for each lighting conditions: 

 Fixed coefficient fused product (FC) 
 Adapted components product (AC) 
 Monochrome corrected product (MC) 
 Differential filtered product (DF) 

Figures 4-29 to 4-31 demonstrates the results of each lighting conditions: 
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Figure  4-29:  Comparison of fused images using different IR reduction strategies in High lighting 
condition on outdoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

  

(a) (b) 

(d) (c) 

(e) (f) 
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Figure  4-30:  Comparison of fused images using different IR reduction strategies in Medium lighting 
condition on outdoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

 

 

 
 
 
 
 
 
 
 

(a) (b) 

(d) (c) 

(e) (f) 



 

114 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  4-31:  Comparison of fused images using different IR reduction strategies in Low lighting 
condition on outdoor CMOS samples 

(a) Original High Resolution Colour 
(b) Four-band Fused image 
(c) Fixed Coefficient Fused 
(d) Adapted coefficient Fused 
(e) Monochrome corrected Fused 
(f) Differential Filtered Fused 

 

4.3.4.3 Quality Assessment 

According to the discussion in Chapter 2, the quality assessments have been done on 

the products on three criteria of Sensitivity, Resolution and Colour rendering. In this 

section, the SNR test has been done to test the sensitivity and the MTF test has been 

performed to assess the resolution. As no colour target has been used in the outdoor case, 

(a) (b) 

(d) (c) 

(e) (f) 
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visual perception of the natural objects has been considered. Tables 4-11 and 4-12 show 

the respective results of SNR and MTF testing on the images of all lighting conditions. 

Table  4-11:  Comparative Sensitivity (SNR test) of the indoor CMOS samples 

As can be seen in Table 4-11, in all the lighting conditions, SNR of the fused images 

has significant improvements in comparison with the original HRC images. In high 

lighting conditions, almost all of the methods shows that improvement in the results, 

however, in low lighting conditions, the differential filtering and fixed coefficient 

methods performed better than other methods. 

Table  4-12:  Comparative resolution (MTF test) on the indoor CMOS samples 
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High (977 lx) 0.211 0.216 0.240 0.198 0.192 0.201 0.210 

Medium (23 lx) 0.214 0.214 0.209 0.201 0.191 0.207 0.211 

Low (0.7 lx) 0.123 0.164 0.184 0.179 0.112 0.167 0.171 



 

116 

As shown in Table 4-12, there are not huge improvements in the high lighting 

conditions; however, in low lighting conditions, the fused images have the performance 

closer to the HRM images. The difference between all the fused images (except for the 

adapted component method) and HRC images are dramatic. 

From the colour rendering aspect, as expected the fixed coefficient method causes 

some colour distortions in the final results. However, other methods have acceptable 

performance in comparison with the HRC image reference. 

4.4 DISCUSSION 

In summary, according to the results shown in quality assessment of recent sections 

and as shown in the figures which contains the various lighting instances, the fused 

images improved the sensitivity of the high resolution colour video frame acquisition. 

This improvement is more significant in low lighting conditions. Moreover, the addressed 

contaminations and stains are removed in almost all the cases. 

From the aspect of the resolution and colour rendering, the difference between the 

HRC reference and the fused images are more significant in lower lighting conditions. 

The following paragraphs contain a general assessment by the author of each 

method: 

Fixed coefficient: The images in this case are smooth and the spatial characteristics 

of the images are close to the HRM image. In lower lighting conditions, this spatial 

advantage shows more when the LRC image turned noisier due to the lack of light. The 

noise stains are totally disappeared in all the cases. However, the colour distortion shows 
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itself in the fused images under this method. Distortions are more severe in CMOS 

instances. This is due to the higher amount of NIR reflections in the HRM pair which has 

been adjusted to the colour bands. Furthermore, different gains were used in the colour 

images causing a magenta theme in the lower lighting conditions. 

Adaptive components: This method has a very good performance in the CCD 

camera instances. In both low and high lighting conditions the quality factors shows 

positive improvements in the results. In CMOS cases, the positive performance of this 

method has been continued in high lighting conditions. However, in low lighting 

conditions, the colour rendering of this images turns poor in comparison with the other 

methods. Moreover, these images had also questionable outputs in low lighting 

conditions from the aspect of resolution. With respect to the 3-band fusion issues, this 

method could not completely remove the stains in low lighting conditions.  The existing 

contaminations and stains are more severe in the case of CMOS sensor images. 

Monochrome corrected: In this case, in both CCD and CMOS instances, the overall 

performance was acceptable in all the criteria in high lighting conditions. However, in 

both cases, the method failed to improve the results in low lighting conditions. Although 

the SNR of these images are usually better than the HRC images, the overall SNR was 

relatively lower than other fusion methods. In this case, as a product of low resolution 

colour images with different pixel size has been applied on the HRM image, the corrected 

monochrome component seems to be noisier than the original HRM image. This has been 

also a cause for the remained stains on the images. This method has also had a poor 

colour rendering in comparison with the other fusion methods. 



 

118 

Differential filtering: In this method, in almost all the cases, the performance of the 

method was similar to the 4-band fusion reference. In the CCD case, the performance of 

this method was better than all the images in all lighting conditions and under all three 

criteria of sensitivity, resolution and colour rendering. In CMOS case in a couple of 

cases, the performance of this method was slightly lower than the 4-band fused images. 

This method has a very good performance in simulating the NIR band and removes the 

contaminations and stains on the images. There is just one exception in low lighting 

conditions of CMOS indoor cases. In this case, the images show few stains in the images 

which make it a potential topic for future research. 

Table 4-13 shows the improvements (in percent) of all the methods in comparison 

with the HRC reference image. The improvements are calculated by Eq. 4-3 

 

 x 100 Eq. 4-3 
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Table  4-13: Quantitative Improvement of different methods of IR reduction strategies 

 Improvements  
From HRC(%) 

Criteria             

4-Band 
Fused 

Fixed 
Coefficient 

Adapted 
components 

Monochrome 
corrected 

Differential 
filtering  

Sensitivity 

H 

23.77 26.18 26.63 10.87 24.55 Dataset 1 

13.87 17.35 4.36 -10.15 11.26 Dataset 2 

32.33 29.50 37.15 -3.18 29.78 Dataset 3 

M 

42.42 42.38 40.90 22.30 41.90 Dataset 1 

136.53 153.01 83.17 70.01 147.52 Dataset 2 

62.74 52.18 45.91 24.56 63.20 Dataset 3 

L 

94.87 99.15 94.87 40.17 108.55 Dataset 1 

268.07 345.38 232.35 117.65 339.50 Dataset 2 

96.45 91.84 61.70 80.50 98.23 Dataset 3 

Resolution 

H 

-4.00 0.00 -4.00 0.00 4.00 Dataset 1 

-0.36 1.08 -17.69 -10.11 2.53 Dataset 2 

2.37 -6.16 -9.00 -4.74 -0.47 Dataset 3 

M 

-8.33 0.00 -8.33 8.33 8.33 Dataset 1 

1.50 2.62 -9.74 -10.86 4.49 Dataset 2 

0.00 -6.07 -10.75 -3.27 -1.40 Dataset 3 

L 

140.00 160.00 140.00 0.00 260.00 Dataset 1 

445.65 139.13 328.26 315.22 391.30 Dataset 2 

33.33 45.53 -8.94 35.77 39.02 Dataset 3 

Color rendering 

H 

-10.99 -8.60 -15.58 -4.40 -5.93 Dataset 1 

25.16 -10.23 10.02 21.75 15.35 Dataset 2 

- - - - - Dataset 3 

M 

-11.11 -16.67 -12.24 -2.47 -5.76 Dataset 1 

28.17 -7.98 -37.09 -30.52 22.30 Dataset 2 

- - - - - Dataset 3 

L 

18.12 7.38 17.79 13.76 37.92 Dataset 1 

45.95 27.03 -50.00 -80.41 41.22 Dataset 2 

- - - - - Dataset 3 

 

Table 4-14 shows the qualitative comparison on the overall performance of the 

methods in different cases for CCD and CMOS (indoor and outdoor) experiments. In 

Table 4-14, the 4-Band fusion reflects highest quality according to the numerical 

measurements. The performance of other methods and also the quality of HRC image has 
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been taken into account according to the results show in Table 4-2 – Table 4-4, Table 4-

7– Table 4-9 and Table 4-11 – Table 4-13. 

Table  4-14:  Qualitative Comparison of different methods of IR reduction strategies 

 HRC 
4-

Band 
Fused 

Fixed 
Coefficient 

Adapted 
components 

Monochrome 
corrected 

Differential 
filtering 

Sensitivity 
H       
M       
L       

Resolution 
H       
M       
L       

Colour 
rendering 

H       
M       
L       

Stains 
H       
M       
L       

Contaminations 
H       
M       
L       

Green: Ideal                        Yellow: Acceptable             Red: Poor 
 

Although the images are corrected from the aspect of different spectral range, Bayer 

effect is still seen in the fused images and HRC images. In the next chapter, the 

forecasted strategies will be noted to improve the terrestrial images from debayering 

aspect. 
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5 IMPROVING UNB PANSHARP ALGORITHM USING 

DEBAYERING AND BINNING 

As noted in Chapter 3, debayering effect around the edges is one of the major issues 

of the fused results. In this chapter, the issues of debayering and binning are investigated.  

The problem is further defined in Section 5.1, a review of existing technology is included 

in section 5.2, a methodology to address the issue is included in Section 5.3, an 

experiment to implement the methodology is provided in Section 5.4 and a discussion of 

the results is included in Section 5.5.  It should be noted that the combination of UNB 

Dataset#2 and INO Dataset#1 indoor was chosen to be tested in the experiment to be able 

to assess images under all conditions. 

5.1 THE PROBLEM 

In the previous chapters, it was indicated that the UNB Super Camera needs two 

sensors to operate: a High Resolution Monochrome sensor and a Low Resolution Colour 

sensor. The noted sensors should have the same sensitivity and must belong to a same 

generation of the sensors. The sensor size is also needs to be the same. The only 

difference of the sensors should be the pixel size which is inevitable to keep the signal-to-

noise ratio. By these constraints, it will be available to produce the fused results with two 

identical optical systems. However, as noted in Chapter 3, the sensors with the considered 

specifications were not available on the market at the time of this research. Hence, two 

solutions could be suggested to address the issue: 

 Use two sensors with the same (or approximately the same) signal-to-
noise ratio (SNR) and compensate for the size difference and coverage 
differences with the optics; or 
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 Use two identical sensors and create a low resolution colour pair by 
binning the high resolution colour image. 

Using different optics is a possible commercial solution. However, different optics 

creates a number of complications such as different aberration and colour responses or 

even different lighting patterns.  Hence, the use of the binning strategy is more 

straightforward for research purposes and the assessment of the results. 

St-Laurent and Prévost (2014) have shown that the binning on the high resolution 

colour image will improve the signal-to-noise ratio with a square root of binning size. 

Hence the binning could simulate the LRC image as required for fusion. 

In addition to the sensors, Bayer-patterned colour sensors are another issue for the 

systems. Nowadays, Bayer-patterned sensors are widely used in the colour cameras. 

Using a single sensor instead of three colour sensors, simpler optics and lighter weight 

are three major advantages of the single-chip colour sensors such as Bayer-patterned 

ones. On the other side, these sensors impose extra complications to the system, such as: 

 Relatively lower resolution due to the missing pixels  
 Relatively lower sensitivity due to the use of colour filters and debayering 

process 
 Debayering effects on the edges (in addition to the aliasing effect around 

the edges in most of the solutions (St-Laurent and Prévost, 2014) 

Figure 5-1 shows the simulated Bayer-patterned high resolution colour image of the 

CCD camera (as noted in Section 3.1.1) versus the full resolution 3-band high resolution 

colour image in low lighting conditions. (See Figure 5-1.) 
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Figure  5-1:  Original 3-band image vs debayered image in low lighting conditions 

(a) Original full resolution High Resolution Colour 
(b) Zoomed in of original full resolution High Resolution Colour 
(c) Debayered High Resolution Colour Image in Low lighting conditions 
(d) Zoomed in of debayered High Resolution Colour Image in Low lighting conditions 

In this case, it is necessary to find a debayering method which has the least negative 

effects on the quality of the fused image.  Moreover, it is necessary to provide a proper 

binning method in order to get the best results on the fused images.  It is also necessary to 

keep the speed of debayering and binning processing as high as possible to maintain the 

frame rate of the videos.  To address these requirements, a fast method to perform the 

debayering and binning in order to simulate the best LRC image pair for the purpose of 

fusion will be sought.   

(a) 

(d) (b) 

(c) 
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5.2 LITERATURE REVIEW 

To understand the existing methods, the literature review was completed for 

existing debayering techniques. Menon et al, (2007) divided the debayering 

methods into three categories: 

 Interpolation methods 
 Inter-channel interpolation methods 
 Directional Inter-channel methods 

Interpolation methods are those debayering techniques which use the captured values 

and interpolate the missing values to make the images full resolution (Menon et al, 2007). 

The major problem of these methods is colour aliasing (Baronti, et al, 2011). This is 

happening due to the number of samples and the frequency of the image signal. This 

phenomenon appears mostly around the repetitive patterns and edges (Figure 5-2). 

 

Figure  5-2: Original Full Resolution image VS Debayered image using interpolation method  

(Menon et al, 2007) 

Inter-channel interpolation methods are those methods which use the other channel 

values to reconstruct the images (Menon et al, 2007). Zipper effects and problem in 

reconstructing circular edges are the remained issues after debayering with these methods 

(Figure 5-3). 

 

Original Reconstructed 
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Figure  5-3: Original Full Resolution image VS Debayered image using interchannel interpolation 
method 

Directional inter-channel methods are those which use the shape and direction of the 

edges in the debayering process. Several methods have been proposed for directional 

inter-channel debayering (e.g, Henrique et al, 2004; Menon et al, 2007; Chen et al, 2014). 

Among all of these methods, MHLI (Microsoft High quality Linear Interpolation) 

(Henrique et al, 2004) has been chosen as a reference due to its speed of operation and 

the quality of the output images. 

5.3 METHODOLOGY 

5.3.1 Existing strategies 

As noted in Section 5-2 the simple interpolation of each missing value towards one 

direction (Horizontal or Vertical) could be a simple solution for reconstruction of the 

image. Eq. 5-1 shows the general formula of the reconstructing bands (G as an instance) 

in frequency domain (Menon et al., 2007) 

     Eq. 5-1 

Original Reconstructed 
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In Eq. 5-1, 	and  denote the Fourier transform of the original Green signal 

and the down-sampled signal respectively. However, in the reconstruction, aliasing is 

always a destructive issue (Baronti et al, 2011). 

In this method, the effects of other colour filters on the neighbor pixels have been 

taken into account to decrease the aliasing effect. Aliasing occurs when a signal is 

sampled at a less than twice the highest frequency present in the signal (UT 2015). 

In most debayering methods in which the aliasing effect has been considered, the 

reconstruction consists of an interpolation term and aliasing term. Eq. 5-2 introduces the 

filter-based strategy to generalize the solution to include the aliasing effect. This equation 

is written for horizontal reconstruction of the Green band in the line of Red sampling of 

the Bayer filter (Menon et al., 2007). 

    Eq. 5-2 

In this equation,  is the reconstructed signal,  and  are the down-

sampled Green and Red bands and H0 and H1 are the filter responses for reconstructing 

the signals. 

Defining the appropriate filters is the most important task in reconstruction stage. 

Research on the various debayering procedures carried out by Martin and St-Laurent 

(2012), shows that the MHLI (Microsoft high quality linear interpolation) method, 

mentioned in (Henrique et al, 2004) provides the solid performance on the fused results. 

Moreover, the rate of software was the best among all implemented methods. Figure 5-4 

demonstrates the debayering schema of the noted method. The filters are demonstrated in 

spatial domain. 
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Figure  5-4:  Debayering with MHLI method  

(Henrique et al 2004) 

 

In addition to the debayering, the binning is performed on the Bayer filtered image 

by using averaging method. Figure 5-5 illustrates the schema of the binning method. 

 

 

 

 

 

 

 

 

 

Figure  5-5:  Binning by averaging on the bayered pattern  

(Martin and St-Laurant, 2012) 
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The method of debayering introduced above and other studied methods of 

debayering attempt to reconstruct the high resolution colour image.  Due to their 

characteristics, these methods maintain the resolution and sharpness of the images 

resulting in a better high resolution reconstructed image.  This causes the following: 

 Amplifying the noise 
 Relatively thicker and sharp colour edges 

Both of these noted issues have a destructive influence on the fused images.  Hence, 

it is essential to provide a method for debayering and binning which is fast and has a 

positive influence on the fused images.  In this method, the LRC image will not 

necessarily be the best among the results of the other methods.  On the other hand, the 

resulting fused images should be better from the aspects of sensitivity, resolution and 

colour rendering. 

 

5.3.2 Suggested method 

The requirements for the suggested methods are: 

 The images should not contain more noise or larger noise drops in 
comparison with the ideal LRC image; 

 The images should be purified from the sampling errors like aliasing; and 
 The images should maintain the original colours as much as possible. 

To fulfill the requirements it is proposing to use a low pass filter on the Bayered 

image to reconstruct the LRC image. The low pass filter could reconstruct a low 

resolution colour image by acquired pixels in Bayer filter pattern (Eq. 5-3).  

 

, 	
1

2
0

Eq. 5-3 
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In this equation the σ is experimental value for the Gaussian filter and X, Y are the 

horizontal and vertical distance between the center of pixel of interest and the center of 

filter window. 

Gaussian filter has been chosen for this purpose mainly because of the distance 

invariance of the filter.  To apply the idea: 

 A moving Gaussian filter with the size of 6x6 should be designed. The 
value of the filter cells could be calculated by relative distance of each 
center pixel to the center of filter window. 

 For each selected window, the filter should be applied for the adjacent 
colours. In the other words, the weighted mean of each colour should be 
done separately. Hence, each pixel will use in the weighted mean of only 
the adjacent band. 

 The values for each colour band should be assigned to the center 4 pixels 
of the large window. Hence we have three numbers (for each band) for 
each four center pixels. 

 Combine the four equivalent pixels in the center to reconstruct the binned 
image. 

 

 

 

 

 

 

 

Figure  5-6:  Gaussian pattern of Debayering and binning reconstruction 
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5.4 EXPERIMENT 

To assess the influence of each of the identified methods, two datasets were used: 

 UNB Dataset #2 collected using CCD cameras in the UNB lab.  
 INO Dataset #1 – indoor component was collected by INO using CMOS 

cameras in INO’s lab.   

Both datasets were collected under lighting conditions that varied from high to very 

low lighting (200lx – 1.0lx).   

For each of the datasets noted above, details as to the following processes are 

included in the following sections: 

 Data collection 
 Image fusion 
 Quality assessment 

The data collection conditions and strategies will be noted in each section.  All four 

strategies to address the image contamination as noted in Section 4.2 are reviewed in the 

image fusion process.  For the test purposes, an original 4-band fused image has also been 

generated by using original HRM image and the captured and binned 4 colour bands.  In 

addition, for the quality assessment purposes, the noted methods in Section 4.2 will be 

used.  The original HRC images and the 4-band fused images are used as references. 

5.4.1 UNB Dataset #2 

5.4.1.1 Data collection 

Data collection for this experiment is exactly the same as data collection mentioned 

in Section 4-3-1. After collecting the data, there is just an additional processing required 

to produce simulated high resolution Bayered image. For this purpose, it is required to 

put the Bayer filter pattern (Figure 5-7) on the full resolution colour image and simply 
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store the gray value of the adjacent band. The Bayer pattern is repeatedly used for each 

adjacent 2x2 blocks. 

 

 

 

 

Figure  5-7:  Bayer filter pattern 

 

5.4.1.2 Data fusion 

For this case the reference images are: 

 Full resolution HRC image of the scene 
 Full resolution fused image by using Original HRM and the HRC-binned 

image 
 Debayered HRC image 

The fused images which must be generated are: 

 Fused image by using Debayered and binned method (X) 
 Fused image by using the Gaussian Debayered and binning method 

The experiment will be done in two high (200 lx) and low (10 lx) lighting conditions. 

Figure 5-8 and Figure 5-9 show the required fused images and the references 

together in high and low lighting conditions respectively. 
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Figure  5-8:  Comparison of fusion results using different debayering methods on UNB Dataset #2 – 
High Light 

(a) Colour original top left 
(b) Fused full resolution top right 
(c) Debayered middle left 
(d) Fused X middle right 
(e) Fused Gaussian bottom 

  

(a) 

(e) 

(d) (c) 

(b) 
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Figure  5-9:  Comparison of fusion results using different debayering methods on UNB Dataset #2 – 
Low Light 

(a) Colour original top left 
(b) Fused full resolution top right 
(c) Debayered middle left 
(d) Fused X middle right 
(e) Fused Gaussian bottom 

 

 

(a) 

(e) 

(d) (c) 

(b) 
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5.4.1.3 Quality assessment 

According to the discussion in Chapter 2, the quality assessments of the respective 

products will be done based on the three criteria of Sensitivity, Resolution and Colour 

Rendering. In this section, the SNR test has been done to test the sensitivity, the MTF test 

has been accomplished to assess the resolution and the Colourcheck test has been 

performed to evaluate the colour rendering of the results. Tables 5-1 to 5-3 demonstrate 

the results of these tests. 

Table  5-1:  Comparative Sensitivity (SNR test) of the debayered images 

IMAGE 
 

LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High 41.95 51.56 34.49 44.15 46.29 
Low 3.96 9.10 3.31 5.87 6.49 

As can be seen in Table 5-1, the debayered images have a significant drop in SNR in 

comparison with the full resolution cases. However, in both high and low lighting 

conditions, the SNR values of the fused images are higher than the corresponding HRC 

images. Moreover, the fused debayered images are better from the aspect of sensitivity in 

comparison with the original full resolution colour images. Among the fused debayered 

instances, the Gaussian debayered images exhibited better performance in both high and 

low lighting conditions. 

Table  5-2:  Comparative resolution (MTF test) of the debayered images 

IMAGE 
 

LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High 0.26 0.26 0.19 0.21 0.21 

Low 0.19 0.25 0.13 0.14 0.16 

From the aspect of resolution (Table 5-2), as can be seen, there are no significant 

differences between the fused debayered cases in high lighting conditions. However, the 
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Gaussian debayered method has significant advantage with the other method in low 

lighting conditions. Although the fused debayered images are not as sharp as original 

colour images in both cases, they had better resolution and sharpness in comparison with 

the original debayered images. 

Table  5-3:  Comparative Colour Rendering (Colourcheck test) on the debayered images 

IMAGE 
 
LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High 104.6 93.1 88.51 89.41 90.9 

Low 80.3 75.4 76.32 71.9 74.41 

From Table 5-3, as expected, in this case the Colourcheck test shows that  the colours 

of fused images and original colour instances reflects close amounts after applying the 

Colourcheck test. This shows that the fusion algorithm maintains the colour rendering 

quality of the original images after fusion. 

5.4.1.4 Rate Assessment 

To assess the advantages of rate in the software, the same platform and method were 

chosen. The software was developed in C#.NET and both codes used GDI+ functions to 

be implemented. The new method of Gaussian debayering and binning spent 91ms to be 

performed. However, the combination of MHLI method and the averaging binning spent 

127ms in total to be done. This shows that the proposed method increase the speed of 

algorithm 30% with the same computer and same software.  
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5.4.2 INO dataset #1 Indoor 

5.4.2.1 Data collection 

As the INO cameras are using Bayer filter patterns, these data are useful for this test. 

Data collection of this part is the same as Section 4.3.2.1. 

5.4.2.2 Data Fusion 

For this case, the reference image is the debayered HRC.  Unfortunately, there is no 

full resolution data available to compare with the fused images. 

The fused images which need to be generated are: 

 Fused image by using Debayered and binned method (X); and 
 Fused image by using the Gaussian debayering and binning method 

 

The experiment will be done in two high (977 lx) and low (0.7 lx) lighting 

conditions. Figure 5-10 and Figure 5-11 show the fused images and the reference images 

together in high and low lighting conditions respectively. 
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Figure  5-10:  Comparison of fusion results using different debayering methods on INO Dataset / 
indoor high lighting conditions 

(a) High Resolution Colour reference image 
(b) Debayered MHLI image 
(c) Debayered Gaussian image 

  

(a) (b) 

(c) 
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Figure  5-11:  Comparison of fusion results using different debayering methods on INO Dataset / 
indoor low lighting conditions 

(a) High Resolution Colour reference image 
(b) Debayered MHLI image 
(c) Debayered Gaussian image 

 

5.4.2.3 Quality assessment 

According to the discussion in Chapter 2, the quality assessments will be performed 

on the products based on the three criteria of Sensitivity, Resolution and Colour 

Rendering.  In this section, the SNR test has been done to test the sensitivity, the MTF 

test has been done to assess the resolution and Colourcheck test has been performed to 

evaluate the colour rendering of the results.  Tables 5-4 to 5-6 summarize the results of 

these tests. 

Table  5-4: Comparative Sensitivity (SNR test) on the debayered images 

IMAGE 
 

LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High N/A N/A 40.58 46.14 47.21 
Low N/A N/A 2.38 9.21 10.17 

(a) (b) 

(c) 
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As can be seen in Table 5-4, the fused images have a slightly better SNR in high 

lighting conditions.  However, the difference between the SNRs of the fused images and 

debayered reference images is more significant in low lighting conditions.  In both cases, 

the improvement in the Gaussian debayered images is shown in the table. 

Table  5-5:  Comparative Resolution (MTF test) on the debayered images 

IMAGE 
 

LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High N/A N/A 0.277 0.276 0.276 

Low N/A N/A 0.046 0.164 0.192 

From the aspect of resolution (Table 5-5), there are no significant differences 

between the fused debayered cases in high lighting conditions.  However, the Gaussian 

debayered method has significant improvement compared with the other method, in low 

lighting conditions. Both of the fused images show better performance in demonstrating 

the details in comparison with the original Debayered images in low lighting conditions. 

Table  5-6:  Comparative Colour Rendering (Colourcheck test) of the debayered images 

IMAGE 
 
LIGHTING 

ORIGINAL 

COLOUR 
FULL FUSED DEBAYERED 

FUSED BY 

MLHI 

DEBAYERED 

FUSED BY 

DEBAYERED 

GAUSSIAN 

High N/A N/A 46.9 51.6 51.9 

Low N/A N/A 14.8 18.3 20.6 

As expected, in this case the Colourcheck test (Table 5-6) shows that there are no 

significant differences between the colours of fused images and original colour instances 

in high lighting conditions.  In low lighting conditions, the numbers show a slight 

improvement in the colour rendering of the fused images.  The Gaussian debayered fused 

images are 10 Percent better in comparison with the MLHI fused images. 
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5.4.2.4 Rate Assessment 

To assess the advantages of rate in the software, the same platform and method were 

chosen.  The software was developed in C#.NET and both codes used GDI+ functions to 

be implemented.  The new method of Gaussian debayering and binning spent 149ms to 

be performed.  However, the combination of the MHLI method and the averaging binning 

took 241ms in total to be done. This shows that the proposed method increase the speed 

of algorithm 38% with the same computer and same software. 

5.5 DISCUSSION 

In this chapter, the debayering issue was addressed.  Currently used debayering and 

binning methods (MHLI debayering + averaging binning) are relatively time consuming.  

Moreover, the sharp, thick colourful edges (debayering effect) in LRC images caused 

blurry fused images.  To address this issue, a combined debayering and binning method 

was suggested based on Gaussian filter theory.  The tests on sensitivity, resolution and 

colour rendering of the results in low and high lighting conditions prove that the method 

can perform better for all datasets in all lighting conditions.  It also shows that the fused 

images have better quality in comparison with original debayered images.  Moreover, the 

SNR of the resulting images are also better than the SNR is for the full resolution colour 

images.  This approach has not been used before. 
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6 CONCLUSION AND FUTURE WORK 

6.1 CONCLUSIONS 

As noted in the introduction (Chapter 1), the objectives of this dissertation were: 

Demonstrate that a UNB Super Camera could be successfully built and implemented 

in a terrestrial configuration to collect video / images. 

Demonstrate that the resulting fused videos have better quality in comparison with 

the existing technology of generating high resolution colour videos 

Improve the existing UNB-PanSharp strategies to obtain the best possible results for 

the UNB Super Camera 

In Chapter 2, the requirements for a UNB Super Camera to operate in a terrestrial 

configuration were defined and the functional specifications of a generic UNB Super 

Camera were developed.  Also included in Chapter 2, methodologies were identified to 

assess image sensitivity, resolution and colour rendering, which are the major theoretical 

advantages to create fused images. 

In Chapter 3 the functional requirements of a security camera application were 

defined and then the generic UNB Super Camera was customized to address the security 

camera application.  The customized UNB Super Camera was build complete with the 

associated software required to collect, process and analyze fused images.  To provide a 

quality reference for the collected and fused images, a commercially available high 

resolution colour camera was used simultaneously to collect images.  The system also has 

the capability for live streaming the fused product and detects and tracks moving objects 
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throughout the scene in 3D.  By successfully implementing the customized UNB Super 

Camera, the 1st objective is fulfilled. 

To address the 2nd objective, the fused results obtained from the customized UNB 

Super Camera were assessed in Chapter 3.  The fused high resolution video outputs of the 

customized UNB Super Camera were assessed and tests were completed with respect to 

image sensitivity, resolution and colour rendering.  Comparison of the fused video frames 

with the corresponding video frames of the HRC camera shows that the signal-to-noise 

ratio of the fused frames are similar to the HRM video frames.  Therefore it can be 

concluded that the SNR of the fused images is higher in comparison to the HRC reference 

in every lighting condition. In the thesis, it is shown that the SNR is up to 2.7 times better 

in the fused images in comparison with the HRC images in low lighting conditions. 

Furthermore, the MTF test on the results shows that the resolution and sharpness of fused 

images are averagely 2 times higher in low lighting conditions.  The resolution factor was 

almost the same between the fused images and the reference images in high lighting 

conditions.  From the aspect of colour rendering, the scenario is similar to the resolution 

factor.  The colour rendering capability of the fused images are averagely 20 percent 

better in high lighting condition.  However, the tests on colour rendering show that colour 

rendering is 1.4 times better in fused frames under low lighting conditions in comparison 

with HRC reference.  By successfully proving that images collected using the 

customized UNB Super Camera are of higher quality in comparison with existing 

technology of generating high resolution colour videos, the 2nd objective is fulfilled. 

Although the resulting fused video frames provided data with higher sensitivity, 

resolution and colour rendering in all lighting conditions, there were a few challenges in 
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applying UNB-PanSharp method in terrestrial applications.  The different spectral range 

of HRM and LRC video pairs and the bayer effect were two issues identified for the 

adaptation of the UNB-PanSharp fusion method for terrestrial applications.  To address 

these issues, in Chapter 4, four methods were identified to modify the UNB-PanSharp 

method to reduce the effects of inconsistencies in spectral range of the cameras. These 

four methods: (1) Fixed coefficients; (2) Adapted components; (3) Monochrome image 

correction; and (4) Differential filtering were implemented and assessed on the UNB-

PanSharp method.  All of the methods improved the fusion results from a visual 

perspective.  The assessments of the three criteria of sensitivity, resolution and colour 

rendering show these improvements in all of the methods and under all of lighting 

conditions.  However, the differential filtering method had the best performance in high, 

medium and low lighting conditions.  The assessment was completed on different 

datasets and on different cameras.   

In Chapter 5, to address the debayering issues, the Gaussian debayering and binning 

strategy was substituted for the MHLI method which is used in the current configuration 

of UNB-PanSharp method.  The implementation and tests of this method on various 

datasets show that the results performed faster using the Gaussian debayering and binning 

method and had better performance from the aspects of sensitivity, resolution and colour 

rendering.  By successfully implementing modifications to the UNB-PanSharp 

Method, that address known issues and that result in higher quality images, the 3rd 

objective is fulfilled. 
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6.2 FUTURE WORK 

The experiences in the research and development of the UNB Super Camera, 

completed for this thesis have identified the following areas for future investigations: 

 In this dissertation, UNB Super Camera was designed for security camera 
applications. As the state and characteristics of other terrestrial 
applications are different from security cameras, it is necessary to review 
the requirements and constraints of those systems prior using this 
technology for any different applications. It is recommended that future 
research, consider different aspects and applications of UNB Super 
Camera.  

 The focus of this research was on video fusion. It is recommended that the 
motion detection and 3D tracking capabilities of such cameras be 
investigated. 

  Speed and frame rate were two major constraints in this project. It is 
recommended that hardware systems be investigated to develop a 
hardware solution for UNB Super Camera. 

Different strategies have different responses in various lighting conditions. It 
is recommended to design an intelligent system to use different fusion 
strategies to perform the best in all of situations and lighting conditions  
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