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Abstract 
 
 
 
In this project we have developed a prototype application for a Symbian Series 60 
smartphone. The application is aimed for the viewing and analysing of moisture content 
within building elements. The sensor data is retrieved from a ZigBee network and by using 
the mobile phone the data read is displayed as an Augmented Reality visualisation. The 
background information is captured by the integrated camera and the application augments 
the view of the real world with a visualisation of the moisture levels and their distribution.  
 
Our thesis work involves areas like wireless communication, sensors, analysis and 
visualisation of data, mobile computer graphic and interaction techniques. The mobile 
development is built upon on Symbian Series 60 and the communication is accomplished 
using ZigBee and Bluetooth. 
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1 Introduction 
The possibilities of integrating computation into our environment, known as ubiquitous 
computing, are increasing due to the fact that electronic components are becoming cheaper 
to produce, are less energy consuming and smaller in size. The components can also be 
equipped with the possibility of communicating wirelessly and can therefore be built into 
inaccessible places. For example, sensor networks can be built into building elements to 
measure humidity or stress. 
 
The large amounts of information that can be retrieved from a pervasive sensor network put 
high demands on the tools for analysing and exploring the data. There is a need to present 
the data in such a way that the viewer immediately can understand it, not making the world 
more complicated than it already is. Visualisation is an effective method for quick analysis of 
large data sets. Mobile phones, PDA's and laptops are common devices that can be used to 
display the sensor data at the location of the network. They are equipped with technologies 
for wireless communication such as Bluetooth and GPRS and are capable of rendering 3D 
graphics.  
 
Our intention is to take advantage of the fact that it is possible to visualise the information at 
the actual location of the sensor network. One benefit of this is that it permits the viewer to 
immediately further investigate any unexpected information deduced from the visualisation. 
We can also utilise the background information as context when displaying the visualisation 
on the mobile device, giving the viewer a better sense of orientation and position of the 
sensor network. By creating an augmented reality visualisation we enhance the viewers’ 
visual perception of the environment with the sensor data. Augmented reality (AR) is a 
technique combining the view of the real world complemented with computer generated 
objects. See Figures 1 and 2. 
  

 
Figure 1.Combining new technologies we aim to create a tool for exploring the ubiquitous world around us. 

 
 

 
Figure 2.The aim and vision of our application. 
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1.1 Motivation 

Our assigners Brains & Bricks have interests in measurement and analysis of moisture. The 
interest of use is both during the critical stage of construction and also while the building is 
in service. During construction materials and building elements might occasionally be 
exposed to rain or other influences of moisture. Throughout the service stage the building is 
subject to different kinds of long term moisture influences, some of them predictable during 
planning but some of them may also be sudden accidents or unexpected leakage that can not 
be foreseen in detail. The construction industry expresses a desire for incorporating 
wirelessly communicating sensors in building elements and other inaccessible measuring 
points. The sensor network most probably creates a need for simple but powerful tools for 
analysing and exploring the sensor data. This is the background to our project and also why 
our visualisation is designed for representing humidity data. 
 
We believe that a handheld augmented reality application can be utilised to intuitively 
explore a sensor network at its location in a similar manner to how temperature would be 
analysed using a heat camera. In this way the user does not have to shift focus between the 
display and the building element. Employing the mobile phone as a platform is particularly 
interesting since they are widely available, inexpensive, portable and also capable of 
rendering 3D graphics.  
 
AR is a relatively new technology that is not traditionally used within the construction 
industry. An important aspect of our thesis work is to provide knowledge about new 
applications for combinations of existing technologies, as well as illustrating the advantages 
of these technologies for the construction industry.  
 
Even though our work concerns visualisation of moisture for the construction industry we 
believe that the unique combination of the technologies we have deployed in our thesis work 
is of interest to various other industrial applications. 

1.2 Aim 

The aim of this thesis work is to create a prototype application that visualises data from 
sensors within building elements using handheld AR. To do this we have to evaluate and 
adopt the best communication and visualisation methods to be used in our application. Our 
ambition is to tailor the application to the needs and wishes of the construction industry 
through close cooperation with Brains and Bricks. 
 
The advantages of combining traditional visualisation techniques and handheld augmented 
reality technology will be demonstrated by a well functioning and easy to use visualisation 
application for mobile phone. We will also illustrate how the environment can be augmented 
quite simply and without expensive equipment.  
 
A use case study should be conducted to assess the future potential of the developed system 
and also generate feedback from potential real users. 
 
The vision of the application, see Figure 3. 
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Figure 3.Our vision. 

1.3 Research Questions 

How is it possible to create a real time AR-visualisation of data streamed from a sensor 
network on mobile phones? 
 
Is a mobile phone a suitable device for AR visualisation with respect to processing, camera 
display performance or other limitations? 
 
Which visual representations of the sensor data work best in AR on a mobile device? 
 

1.4 Method 

We have separated the development of the prototype application into the following 
categories, augmented reality, Visualisation and Communication. When the prototype 
application is created a use case study will be performed and analysed to use in the 
evaluation of the application. 
 
Visualisation of data  
Research will be carried out concerning the data. We will examine how the data should be 
processed in order to create an efficient visualisation. We will also research which 
visualisation techniques that should be adopted. 
 
Presentation of visualisation 
AR is to be used for representing the visualisation of the sensor data. We will research 
possible tracking and displays techniques and choose solutions suitable solution for our 
application. We will also evaluate what type of interaction possibilities that should be 
implemented?  
 
Wireless transfer of data  
We will evaluate the advantages and disadvantages of different communication technologies 
and design a suitable communication solution for our application. 
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1.5 Outline and Target audience 

The report is intended for Brains & Bricks and everyone interested in handheld mobile 
augmented reality applications and sensor networks. The reader is assumed to have some 
basic knowledge about computer graphics but we have made an effort of explaining our 
research and work in an intelligible and straightforward manner. 
  
In the first three chapters we present the background information our work is related to. 
The chapters are ubiquitous computing and augmented reality, Visualisation and the last is 
Sensor Communication. The technologies we use are presented as well as associated notion. 
The decisions we have made during the development of the application are introduced as 
well. 
 
In the implementation chapter we describe the design of the prototype application, the AR 
design, the visual design and the communication design. We present the implemented 
functions, the composed visualisation modes and the colour scales employed.  
 
The use case study and its composition are presented in the use case chapter. Here we 
present the aim of the use case as well as an overview of test design. In the result chapter the 
final prototype application is presented as well as the result from the use case evaluation and 
the opinions from our participants. 
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2 Ubiquitous Computing and 

Augmented Reality 
In this chapter we present an outline of the concepts of ubiquitous computing (UC) and 
augmented reality (AR). Ubiquitous computing is a technology of computing power available 
throughout the physical environment. The technology is invisible to the users and can 
register or preserve real world data that can be used to augment the physical environment 
with. Augmented reality is the technology that combines the view of the real world with 
computer-generated elements. Sensors can be used to register invisible but significant 
information, the information can be turned into visual images, which can be used to 
augment the view of the real world with. We will in this chapter give an overview of the 
required tools and the technologies enabling the development of our augmented reality 
application.  
 

2.1 Ubiquitous Computing 

Ubiquitous computing is to integrate computation seamlessly into our environment. In 
ubiquitous computing the technology is no longer the focus point, it should instead fade into 
the background of our lives. Mark Weiser was the visionary who first created the term 
ubiquitous computing. He presented it as an opposite of virtual reality (VR) where instead of 
placing the person inside of a computer-generated world, like in VR, ubiquitous computing 
forces the computer to integrate into the real world. “Unlike virtual reality, ubiquitous computing 
endeavours to integrate information displays into the everyday physical world. It considers the nuances of the 
real world to be wonderful, and aims only to augment them.”[WEIS93] 
 
The vision of ubiquitous computing is a world of inexpensive wireless networks and fully 
connected computers everywhere. The computation should be implanted into everyday 
objects enhancing their purpose. The devices could for example be equipped with sensors to 
sense changes in the environment. If changes occur the devise will automatically adapt to its 
new surroundings. The idea is that the computation should be carried out without the focus 
of user attention. [WEIS93] 
 
The computers may not be totally invisible in a real sense, but they could be integrated in 
such a way that one is unaware of their presence. The goal is for people to use computers 
unconsciously to perform everyday tasks. “The blind man tapping the cane feels the street, not the 
cane. Of course, tools are not invisible in themselves, but as part of a context of use.” 
[WEIS94] [WEIS91]  
 
Weiser’s vision of the computer for the twenty-first century is moving closer to becoming a 
reality. As technology improves, the world is becoming ready for Weiser’s ideas and we are 
starting to see some of his visions realised. Examples of Ubiquitous computing which exist 
today are the GPS-systems in cars that provide the user interactive driving directions, or the 
RFID store checkout system. What is making ubiquitous computing a possibility nowadays 
is the potentiality of large wireless networks, cheap, low-power computers and inexpensive 
sensors with a long lifetime.  
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2.1.1 Reality Mining  
The term “reality mining” refers to data mining of data streams from sensors in our 
surrounding. It emphasises the direct mining of insight from sensor data streams. By placing 
sensors in our environment that register different types of data allow us to monitor changes, 
make analysis and prognosis. If the data is combined with a computer model representing its 
information, new possibilities open up for interaction and a better understanding of the data. 
[ACCE04] 
 
For example, sensors have been implanted into the body of diabetes patients at St Mary’s 
Hospital in London. The sensor called Sensium, measures the patient’s blood glucose levels 
and a small transmitter wirelessly transfers its data to the patient’s mobile phone. The mobile 
is forwarding the data to a central computer that by the Internet is available for the doctor. 
The doctors can therefore follow the patients’ status and examine and analyse their values. 
When the patients have learned the system they are themselves supposed to read the 
information and take insulin when needed. The limitation of the technology is that the 
patient needs to keep the mobile phone with her all the time since the wireless data transfer 
has a maximum range of one meter.   
 
The developer of Sensium, Professor Chris Toumazou at Imperial College in London, 
believes that the sensors could be attached to small capsule pumps that can automatically 
release insulin into the bloodstream when needed. [JAKO06] 
  

2.2 Augmented Reality 

Augmented reality is the unification of computer-generated content with the perceived 
reality. AR is a variation of virtual reality, which is a world completely simulated by a 
computer. In VR the user is totally immersed into an artificial world and isolated from the 
real world around her. Instead of using computers to enclose people into virtual worlds we 
can use them to augment the real world around us. With different types of displays or 
projectors, spaces can be created where computer-generated content and reality is blended 
into a seamless whole.  
 
AR has been defined by the following three characteristics: 
  

 Combines real and virtual images 

 Interactive in real time 

 Registered in 3D 

[AZUM97] 
 
Milgram and Kishino proposed a reality – virtuality continuum, see Figure 4, illustrating the 
different classes of objects presented in any particular display situation. Real environments 
are shown at one end of the continuum, and virtual environments, at the opposite end. 
[AZUM02] 
 
The real environment defines spaces consisting only of real objects, while virtual reality 
defines spaces consisting only of virtual objects. The Mixed Reality environment is any 
situation in which real world and the virtual world objects are presented together within a 
single display, that is, anywhere between the extremes of the reality-virtuality continuum. 
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Mixed reality 

 
 
Real                        Augmented                     Augmented                              Virtual 
Environment          Reality                             Virtuality                                 Environment 
 

Figure 4. Milgram and Kishino’s reality – virtuality continuum. 
 
AR is a category of Mixed Reality and is referring to any case in which an otherwise real 
environment is augmented by means of computer-generated content. Augmented Virtuality 
is the opposite of AR, instead of augmenting the real world it is augmenting a virtual 
environment with real objects.  
 
By supplementing the reality AR can act as help, enabling the user to interact with the real 
world. One aspect of AR resembles X-ray vision as it allows the user to view information, 
which may otherwise be hidden by other objects. The possibility of viewing hidden objects is 
a useful tool in a variety of applications, for example medicine. The hidden object must be 
visualised in a way so it does not confuse the user. How this is achieved is not always 
straightforward.  
 
Adding virtual object to the real world is AR, but AR also concerns the removal of real 
objects from the world. You may want the viewer to focus on a certain task in the real world 
and by removing objects you could help her to perform her mission. As an example the 
colours can be removed from the less important objects. Removing information from the 
real world is some times referred to as Mediated Reality. [AZUM97] [AZUM01] 
 
AR can be applied to all senses and is not only limited to sight. A variety of augmented 
reality technologies exist, different types of displays can augment the vision field, processing 
methods can enhance the perception of sound and haptics can be used to amplify the 
sensation of touch. [AZUM02] 
 

2.2.1 Displays 
To view the augmented reality a display of some sort is required. The displays exists in two 
types, either they can be optical see-through or video see-through. The optical see-through 
displays are made up by combiners that are partly transmissive, letting you see through them, 
and partly reflective allowing you to see virtual object overlaid the real world. These virtual 
images are projected onto the combiners from a monitor.  
  
When using the video see-through displays the user needs to have a display with an attached 
video camera. The video capture is then combined with the virtual images by a scene 
generator, blending real and virtual. This is then presented on the display of choice. The 
displays for viewing the merged environments can be classified into three categories:  
  

 Handheld 

 Head worn    

 Projective   

 
The handheld display can be plane panel LCD displays with an attached camera to provide 
the video see-through augmented information. You can picture the handheld device as a 
magnifying glass/x-ray tool/window that lets you see the real world with the added virtual 
objects as an overlay. New tools to be used as handheld displays are the PDA and the mobile 
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phone, since many of them now feature built in cameras. They also have the capability of 
rendering and displaying graphics such as video and 3D animations. This creates new 
opportunities for augmented reality applications, as the tools are completely mobile and no 
longer expensive. A drawback with these devices are that the screens are limited and you do 
not get the same feel of immersion as with HMD, but then the mobile phone is the most 
ubiquitous device and a part of most people's everyday life. 
 
The head worn display is as the name suggests, mounted on the user's head with the display 
just in front of the eyes. These displays can either be optical see-through or video see-
through. The projection display projects the virtual information directly on to the real object 
and no glasses or other handheld tools are required, which allows several people to view the 
augmented world easily. [AZUM01] [AZUM97] 
 

2.2.2  Tracking 
To achieve the illusion, where real and virtual models seem to coexist in the same space, 
registration is crucial. For the AR to work as efficient as possible, knowledge of the user's 
actual position, or the display tool she is using, is necessary. Registration is the determination 
of the relationship between real and virtual models. It refers to the calculation of appropriate 
transformations aligning the models to coincide in the same reference frame. Registration to 
a camera image requires knowledge of the location of the camera relative to the scene. To 
determine the position and orientation of the display tool tracking is performed. [AZUM01] 
 
There exist several tracking systems suitable for different environments and tasks. 
Technologies can be built upon video/optical, electromagnetic, ultrasonic, mechanical, 
earth-relative, satellite or hybrid solutions. The different tracking technologies have different 
strengths and weaknesses. The satellite tracking technique, GPS, for example, has a very long 
usable range, but the limitations are immense. The technique only works outdoors and a 
clear line-of-sight is needed. Other systems require equipment that is expensive, have short 
usable ranges or suffer from tracking errors. By combining different tracking technologies it 
is possible to exploit the strengths and compensate for weaknesses the individual tracking 
technology might have on its own. Rolland, Davis, and Baillot [ROLL01] present an 
extensive overview of different tracking systems. In the following sections of this chapter 
vision based tracking is described. [ROLL01] 
 
Different tracking technologies also have different degrees-of-freedom (DOF). To 
determine the position in a 3D-space three DOF are needed, the X-, Y- and Z-coordinates. 
For the orientation to be determined an additional three DOF are required for the rotation 
around the X-, Y- and the Z-axes. To be able to track any free movement accurately in the 
world requires a 6-DOF tracker.  
 
For the registration to be correct the AR system generally requires extensive calibration. 
Camera parameters, field of view, sensor offsets, object location and distortion need to be 
calibrated.  
 

2.2.2.1 Vision-based tracking 
Vision-based techniques use image processing or computer vision techniques to aid the 
registration. The video-based AR systems have a digital representation of the reality and can 
therefore detect features in the environment to enforce registration. The detection and 
matching must run in real time and must be robust. Visual tracking can be based on 
manipulating the environment with markers or relying on features of the existing 
surroundings, like sharp edges. 
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Marker-based tracking 
Marker based tracking is the most common type of visual tracking and is built upon 
modification of an environment by adding reference markers at known locations. By using a 
marker as reference the system calculates the orientation and translation of the camera in 
relation to the marker. The centre of the marker is the origin of the coordinate system. This 
method limits AR to the visibility of the marker. By varying the size of the marker the 
identification distance is increased accordingly. The complexity of the marker is also crucial, 
simple patterns with large white and black regions are easier to recognise than higher 
frequency patterns, see Figure 5. To be able to recognise the reference marker some systems 
need to learn the pattern before it is able to distinguish it. [ARTO06] 
Other systems use markers that are translated into identification numbers and the system 
therefore does not need to recognise the markers in advance. [SHOT06] 
 

 
Figure 5. Marker. 

Marker-less tracking 
Marker-less AR relies on tracking real visible features that already exist in the environment. 
This method may be more attractive than the marker-based AR, but it also implies that the 
user does not know where the environment has been augmented when there is no marker to 
accentuate this. Marker based tracking is limited to visibility of the marker, in the same way 
marker-less tracking is limited to the visibility of the natural features, like edges. Both 
methods require good lighting conditions and have limited viewing distances. [AZUM01] 
 

2.2.3 ARToolKit 
ARToolKit is an open source toolkit for optical tracking. It is a software library written in C, 
developed for AR applications and is available for most platforms. ARToolKit uses 
computer vision techniques to calculate the real camera position and orientation relative to a 
reference marker, allowing the user to overlay virtual objects onto the real world. By using 
markers and computer vision techniques the toolkit solves two very significant problems in 
AR, which are tracking and interaction. ARToolKit supports both video and optical see-
through augmented reality applications. [ARTO06] 
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2.2.3.1 Outline 
ARToolKit contains libraries for tracking and marker detection, camera calibration software 
and an application for learning new markers. The outline is to turn a live video stream into a 
binary image and search the image for a marker. If a marker is detected it is identified and 
the orientation and translation of the camera is calculated relative to the marker. This is done 
in a reference coordinate system with the origin at the centre of the marker. The following 
steps are carried out: 
 
1. Initialize the video capture and read in the marker pattern files and camera 

parameters. 
2. Video input frames are individually turned into binary images.  
3. The binary image is searched for black square regions.  
4. For each detected square the pattern inside the square is captured and 

matched against pre-trained templates.  
5. The known square size and pattern orientation is used to calculate the 

orientation and translation of the camera relative the marker.  
6. Once the position of the camera is known a computer graphics model is 

drawn from that same position.  
7. This model is drawn on top of the video of the real world and so appears 

stuck onto the square marker.  
8. The final output is shown back in the display, so when the user looks 

through the display they see graphics overlaid on the real world. 
 
The steps 2-8 are repeated for every frame until the application is closed while the first step 
is just performed once. [ARTO06] 
 

2.2.3.2 Limitations 
The limitation of purely vision based AR systems is the visibility of the marker. If the marker 
is partially occluded by other objects the tracking will fail. This may limit the size or the 
movement of the virtual object.  The visibility range also depends on the size of the marker. 
The larger the physical marker is, the further away it can be detected. The range is also 
affected by the complexity of the marker. Patterns with large black and white regions are 
most effective. The markers orientation to the camera also affects the tracking. Recognition 
becomes more unreliable if the marker is tilted and the view of the centre of the marker is 
poor. The lighting condition is also an important aspect, if it is dark or if shadows are 
covering the marker the recognition process is restricted. The material that the marker is 
made of is also important, a non-glossy material is preferred, like velvet. Shiny paper can 
cause reflections and glare spots, which makes it difficult for the camera to distinguish it. 
The tracking speed decreases with the number of visual markers.  
 
The tracking range for different sized patterns has been measured by making markers of 
different sizes, placing them perpendicular to the camera to determine the largest distances 
from where the virtual object can be viewed. The camera used for the test was a web-camera 
with a resolution of 640 • 480 pixels, the distances have been converted from inches to 
centimetres, see Table 1. [ARTO06] 
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Marker size Usable range

7 cm 40 cm

9 cm 64 cm

11 cm 86 cm

19 cm 127 cm  
 

Table 1. Approximate usable ranges for markers of different sizes.[ARTO06] 
 

2.2.3.3  Initialisation 
To be able to identify markers the system has to be trained in recognising the pattern. 
Different forms of markers are stored in the system as binary files during the pre-process set 
up. Common characteristics of markers are the square shape with a distinctive black frame 
and a white background. The square shape is used because it is easy to trace and because it is 
symmetrical and has four corners. The shape inside of the square is the heart of the marker, 
and is the marker’s unique identification identity. The unique shape is used for determining 
the orientation of the marker. To establish a position in a 3D-space at least three points are 
required. ARToolKit uses and analyses the four corners of the marker and selects the three 
with the least error probability for this geometrical calculation.  
 
Image processing 
Every image from the video stream is treated individually and for every frame a chain of 
tasks is performed, see Figure 6. 

 
Figure 6. The image processing steps. [ARTO06] 
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For every frame: 

 Get an image 

 Construct a binary image 

 Extract connected components and their contours 

 Reject contours that are not forming a square 

 Sub-pixel recovery of corners’ coordinates 

 Calculate transformation matrix from given coordinates 

[ARTO06] 

Construct binary image 
The image captured from the video is turned into a binary version. This is a black and white 
image achieved by thresholding the original image. The image’s histogram gives a 
presentation of the different grey levels of an image from black, 0, to white, 255. By setting a 
threshold value the image can be transformed accordingly. Compressing the values 
underneath the threshold to black performs the transformation, while the opposite effect 
takes place for the values above the threshold.  The threshold value needs to be adjusted 
depending on lighting conditions. [KATO99] 

Find connected regions & Identify boundaries  
The next step is to decide how the black areas are connected, this is done by labelling. The 
image is stepped through and every black pixel is given a label, if the pixel next to it also is 
black it will acquire the same label. Regions of connected pixels are labelled the same, so if 
there are two areas of black regions in an image there will be two different labels for that 
image. After the connected regions have been identified, the boundaries of those areas are 
extracted. To identify these boundary pixels the image is scanned for pixels with at least one 
neighbouring pixel that is not part of the region it self.  
 
When the boundary has been determined a chain code is used for the representation. Chain 
code representation is based on 4- or 8-connectivity of the segments. The boundary is 
traversed and given a directional number depending on the shortest allowable 4- or 8- path 
in the grid. [GONZ02] [KATO99] 
 

Determine boundaries and corner coordinates 
Boundaries not square shaped like the marker has to be excluded. The detected boundaries 
are therefore tested to see if they fulfil the requirements. Selective methods are used to 
determine if the areas fit the criteria, a potential area should have exactly four corners. 
Regions whose outline contour can be fitted by four line segments are classified as possible 
markers. [KATO99] 
 
When a marker has been detected the coordinates of that marker’s corners needs to be 
determined precisely. The coordinates are used for establishing the position of the camera in 
relation to the marker and are therefore extremely important. The markers four corner-
coordinates in the image plane are determined by calculating the sub-pixel coordinates. The 
sub-pixel coordinates are the intersections of the boundary lines. Since the markers real size 
is known, its 3D-position can be estimated and the mathematical relation between the real 
and the virtual world can be calculated. 
[KATO99] 
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Calculate the transformation matrix 
The four points’ coordinates detected in the image and the object frame is used in a 
Homography transformation. This transformation is carried out to remove perspective 
distortion and is performed by mapping the points between the object and the image frame. 
The result represents the projection of the marker relative to the camera. 
 
If H represents the homography matrix, the coordinates in the image (camera) frame (u, v) 
and in the object (marker) frame (XM, YM) can be presented as in Equation 1. Three equations 
are generated for each point correspondence between the frames. 
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The homography results in a set of extrinsic parameters represented as a 3D-rotation matrix 
and 3D-translation vector. The rotation matrix is for the mapping of the axis while the 
translation vector is for aligning of the two origos. When the transformation matrix has been 
calculated, any given coordinate in the object/marker frame can be translated and presented 
in the camera frame, see relationships in Figure 7. 
 

 
Figure 7. The relationship between marker coordinates and the camera coordinates. 

 
The 3D rotation matrix and 3D translation vector: 
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The relation between the coordinates of any point in the object (PM) and camera (PC) frames 
are now calculated by: 
 

TRPP
ii MC +=       Equation 3 

 
This can also be represented as a 3x4 matrix (Mext) and by the following equation any given 
coordinate in the object frame can now be presented in the camera frame. The matrix is 
recalculated for every frame and this is the real output from ARToolKit, see Equation 5. 
[KATO99] 
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Mext = Camera Transformation Matrix 
 
 

2.2.3.4 Merging of real and virtual – Intrinsic & extrinsic parameters 
When the boundaries have been corrected to remove the perspective distortion they are 
identified by template matching with known patterns. To be able to accurately merge the 
augmented information with the real world, some information about the camera settings are 
needed. Knowledge of how the camera projects the 3D-world in to a 2D-image is necessary. 
Depending on focal length and lens distortion cameras project an image of the world 
differently. These camera properties are referred to as intrinsic parameters. To determine 
these parameters the camera needs to be calibrated. ARToolKit is equipped with camera 
calibration software making it easier to calibrate the camera. The intrinsic parameters are 
together with distortion parameters used to link pixel coordinates with the corresponding 
coordinates in the camera reference frame. Both these parameters are calculated once in the 
calibration process and represented in a camera calibration matrix. 
 
To render the virtual content as an overlay of the video capture construction of the camera 
projection matrix is needed, see Equation 6. The camera projection matrix consists of both 
intrinsic and extrinsic parameters, which are represented in the camera calibration matrix 
(Mint) and the camera transformation matrix (Mext). The extrinsic parameters are the 
orientation and the translation of the camera in the world coordinate frame centred at the 
marker. When rendering, the extrinsic parameters correspond to the view transformation in 
the rendering pipeline and the intrinsic parameters correspond to the perspective 
transformation. [ARTO06] [KATO99]     
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2.2.4 ARToolKit for the mobile phone  
Everyone is most often equipped with a mobile phone and it has become an obvious part of 
our everyday life. The mobile phone has become a perfect tool to be used as a handheld 
display for AR applications. All this due to the fact that it has integrated camera, the 
processing power required and most especially since it is such an everyday tool. Henrysson 
[HENR05] ported the ARToolKit 2.65 to Symbian Series60 smartphones, which has 
simplified the development of AR applications intended for mobile phones. The mobile 
phone camera is then used for the tracking, which is a vision-based method using markers.   
 
Since ARToolKit uses floating points in the calculation process of the camera's 
transformation matrix Henrysson's work involved creating a fixed-point arithmetic library 
for the mobile phone since it lack a floating point unit, making floating-point arithmetic 
orders of magnitude slower than integer arithmetic. [HENR05] 

2.3 Ubiquitous Augmented Reality 

The combination of augmented reality and ubiquitous computing is called ubiquitous 
augmented reality. This fusion is defined to, like augmented reality, augment the real physical 
world with virtual elements, be interactive in real time and be spatially registered. It is also 
defined to be available throughout a large physical environment like ubiquitous computing. 
Ubiquitous augmented reality should also allow both an immersive interaction and an 
unobtrusive assistance. In this kind of system the virtual objects should be able to 
communicate with the real world objects they are attached to as well as react to external 
events such as manipulation of any kind. A ubiquitous augmented reality system should also 
support mobile computing. An emerging area of AR applications overlaps the domains of 
mobile and ubiquitous computing. [MWIL05] [KANG02] 
 

2.4 AR in the application 

Our application is to be used for viewing and analysing of moisture content within building 
elements. Networks of humidity detecting sensors are to be built in to these elements and by 
using the mobile phone their moisture information should be read and presented for the 
user. The information is to be displayed as a visualisation of the moisture levels and should 
be presented as an AR representation superimposed on the view of the real world object.  
 
The most desirable solution of tracking for our application would be if the sensor network 
itself could provide our application with information about the sensors’ location in relation 
to each other and to the camera. Furthermore we would need to know the camera’s 
orientation in relation to the sensor network to correctly transform the virtual view to match 
the mobile camera view. This would be the most general and dynamic solution for adjusting 
the distribution and position of the visualisation in the camera view. To calculate the 
distance between the sensors or the mobile phone and the sensors using the signal strength, 
the phase and time offset seems possible at a first glance, but the problem is more complex 
than it first appears. 
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After research, see Section 4.2, we have discovered that there is currently no method available 
for determination of the sensors’ position with an error reasonable small for usage in the 
tracking of an AR application. Since there are a lot of ongoing research within the area, we 
are positive that the accuracy will be improved in a near future and that a more general 
solution of the tracking, based on the location of the sensors is possible to develop.  
 
In the mean time we have decided to use ARToolKit for the tracking and we have restricted 
the application to assume that the sensors are positioned in a predefined pattern. We have 
also decided to constrain the AR visualisation to plane objects, like walls. The idea is to use 
Henrysson’s mobile ARToolKit [HENR05] to transform the visualisation according to the 
camera’s position relative a marker. The marker located temporarily on the building object, 
matching the visualisation to the element viewed in the mobile phone display. 
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3 Visualisation 
Today the world is flooded in data from a variety of sources. New technologies developed 
during the past decades have made it possible to collect and save data in a way that has never 
been done before. Everyday scientific data is gathered from satellites, sensors, CTs and 
MRIs, allowing the humankind to gain insight and evolve. Still, it remains a great challenge 
to process and explore the data in order to obtain the knowledge we are craving for. The 
massive amounts of data accumulated have increased the importance of powerful tools to 
help us from drowning in it.  
 
Visualisation is a discipline with a long tradition, going back to cave paintings and 
hieroglyphs. Diagrams, meteorological maps and technical instructions have been used for a 
long time to illustrate dependencies and help the human to understand. In our era, with 
computers and advanced computer graphics, the visualisation technique has been extended 
with more possibilities. We are now able to animate complex processes and interact with the 
data in real-time, filtering and changing variables, in order to reveal new dependencies. 
 
Data visualisation transforms complex data to images in order to make the data more 
understandable. The images allow the viewer to overview great amounts of information at 
once and aid her to create mental images of it. The intention is to help her extract important 
information hidden within the data and expose relations impossible to distinguish in a 
spreadsheet. Data visualisation takes advantage of the swiftness of the human visual 
perception system. The human has the abilities to recognise patterns, deduce complex 
dependencies and solve problems trough visual thinking, qualities that data visualisations are 
empowered by. [SCHR02]  
 
Scientific visualisation is a fraction of data visualisation that has some distinctions from other 
data visualisation areas. To begin with, the data used in scientific visualisation are sample 
values acquired either from simulations, laboratory experiments or from sensors in the real 
world. This typically results in data with spatial dimensions, unlike for example economical 
data, which is an advantage when we aim to represent it in an image. [SCHR02]  
 

3.1  The visualisation process 

The visualisation process can generally be subdivided into three main phases: 

 

 Data pre-processing  

 Visualisation mapping  

 Rendering 

 
The data pre-processing is where interpolation of irregular data to regular grids, filtering and 
smoothing of raw data occurs. For example a visualisation can be continuous or discrete. 
Sample values from a continuous source are often interpolated making the visualisation 
continuous as well, even though the data used were discrete.  
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The visualisation mapping stage is all about designing a suitable representation that reveals 
the interesting features of the pre-processed data. This is very much about deciding which 
aspects of the data that holds significant information and then extracting these features. The 
render part is where the visualisation is drawn on the display in order to communicate the 
information to the user. [GALL95] 
 

3.2 Preattentive processing 

As already mentioned the human visual perception is a very important factor when designing 
visualisations. Low-level processes of the visual system have over the years increasingly been 
taken into consideration when creating visual images. 
 
Certain visual features, for example, hue, luminance, contrast and motion, are detected very 
quickly by the visual system. This is called preattentive processing and is an ability of the 
human visual system to rapidly and unconsciously identify some basic visual properties. 
Preattentive tasks can be performed in a single glance, which corresponds to about 200 
milliseconds and the time required to complete the task is independent of the number of 
elements being displayed. 
 
These visual features have been tested during experiments in both cognitive psychology and 
scientific visualisation. They have been verified to aid performance in the following tasks: 
 

 Target detection, where users attempt to rapidly and accurately detect the presence 
or absence of a “target” elements with a unique visual feature within a field of 
distracter elements.  

 Boundary detection, where users attempt to rapidly and accurately detect a 
boundary between two groups of elements, where all the elements in each 
group have a common visual feature. 

 Counting and estimation, where users attempt to count or estimate the number or 
percentage of elements in a display that have a unique visual feature. 

 
The idea is that the low-level visual system can be put to use during the visualisation and be 
used to draw attention to regions of interest in a display. The preattentive properties have 
different priority and combining them incorrectly might cause interference effects that ruin 
the visualisation. When used properly, these same features can be used to construct 
visualisations that can be explored and analysed by a viewer rapidly, accurately and 
effortlessly. [HEAL99]  

3.3 Colour models 

Colour is a common feature used in most visualisation designs. The way the colours are 
manipulated depends on which colour model we choose to use. Here we briefly presents the 
two colour models that we have been utilising within our work. Note that there exists several 
other colour models like CIE LUV, CIE Lab, or Munsell that we have decided to not 
explain further. 
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3.3.1 RGB colour model 
The RGB colour model is an additive model that is based on the three primary colours Red, 
Green and Blue. Red, green and blue light are added together to reproduce other colours in 
the spectrum. Since it is an additive model, white is formed when all the three colours are 
added together, see Figure 8. The RGB colour space is constructed making it work in a 
similar way as the human visual system. The range of the three components is between 0 and 
255, where the maximum intensity is 255.  
 

 
Figure 8. The RGB colour model. 

3.3.2 HSV colour model 
The HSV model is a non-linear transformation of the RGB colour space and was created in 
1978 by Alvy Ray Smith. The HSV model defines a colour space in terms of three 
components Hue(H), Saturation (S) and Value (V), see Figure 9. Hue is the type of colour, for 
example red, yellow or green. The saturation represents the greyness in the colour. The 
lower the saturation of a colour is, the more faded the colour will appear. The Value 
corresponds to the brightness of the colour, a high valued colour is equivalent to a very vivid 
colour. The HSV colour model is more intuitive to manipulate than the RGB colour model 
and admits the user more control of the colour blending. The H component ranges between 
0-360, but are sometimes normalised between 0-100%. The S and V components range 
between 0-100%. 

 

 
Figure 9. The HSV colour model represented as a colour cone. 
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3.4 Colour mapping  

Colour mapping is an easy and widely used visualisation technique. It is a one-dimensional 
method as it simply maps a scalar value to a colour. Most scientific data are associated in a 
3D-space though, allowing the colours to be mapped onto 2D- or 3D-objects, increasing the 
information in the visualisation. [SCHR02] 
 
It is central to use the colours carefully in order to create an informative visualisation. The 
colours must accentuate important features without creating artefacts or emphasising 
insignificant details. The colour mapping can be performed either using a colour lookup 
table or a transfer function. [SCHR02] 
 
A colour look up table is an array of colours specified by its creator. The scalar values are 
used as indexes in the array. The colour representing a particular scalar value is found at the 
index in the array equal to this value. The range is limited since the array has a minimum and 
a maximum index, which can not be exceeded. Therefore values beyond these limits are 
compressed to the colours stored at the lowest or highest index. [SCHR02] 
 
A transfer function is an expression that maps a scalar value to a colour. It is a more general 
form of the look up table. For example a colour lookup table can be created by sampling the 
transfer function and store the discrete colour values obtained in an array. Using a transfer 
function one has the option to map the alpha value and the colour intensities separately, see 
Figure 10. [SCHR02] 
 

 
 

Figure 10. Example of a transfer function. 
 
The implementation of the colour mapping can be managed differently depending on the 
colour model used. As an example the HSV colour model admits a direct mapping of the 
value to a linear variation of hue, with fixed saturation and value. The colours in the 
visualisation show the full, continues range of hue. Accomplishing the same colour range 
using the RGB colour model, when mapping, requires a discrete set of variations of red, 
green and blue values. [GALL95] 
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3.5 Glyphs 

A glyph is an object that is affected by its input data. The object can be translated, scaled, 
orientated, coloured or deformed in response to the data. For example a glyph can be scaled 
according to the size of the input data and translated to the position in the visualisation’s 
coordinate system that corresponds to its real position. If the data also has a direction the 
glyph can be orientated according to the direction of the data. Several dimensions of data 
can effectively be encoded as the characteristics of one single glyph, see Figure 11. The 
simplest forms of glyphs are called hedgehogs. Other common glyphs are cones and arrows. 
[SCHR02]  
 

  
Figure 11. Glyphs are an effective visualisation method for displaying several aspects of the data using one single object. 

3.6 Contouring  

Contouring is a method that constructs the boundary between different areas and can be 
used to emphasise different regions of a visualisation, see Figure 12. The method is an 
extension of colour mapping, where the human visual system automatically separates areas 
of similarly looking colours into distinct regions. In two dimensions the boundary is a 
contour line, a curve connecting points where the function has the same particular value. 
Contour lines can easily be extended to colour filled regions. The gradient of the function is 
always perpendicular to the contour lines, so when the lines are close together the gradient is 
large. Different types of contour lines are given different names according to the nature of 
the quantity involved, for example humidity contour lines are called isohumes. 
 
 

 
Figure 12. Contour lines. 
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There are several approaches for performing the contouring of a visualisation. The most 
common simplification is to assume that the contour lines are linear across the elements. 
The assumption is that the variation within an element is less important than the overall 
variation of the scalar value across an element field. This means that the contour value can 
be created using a bilinear interpolation along the edges of the elements and the contour line 
can be created connecting these points. A maximum of two contours can occur within one 
element. [SCHR02] 
 

3.7 Visualisation in the application 

Since the focus of our work is to create an Augmented Reality visualisation, the first 
consideration with the design is to effectively represent the data in combination with the 
background information. It is essential to make sure that the background information 
completes the visualisation without distracting the viewer. The implemented visualisation 
methods are selected taking into consideration the small display, 41x35 mm.  
 
Considering the 1D-data reaching between a finite range from zero to one hundred, 
different colour maps representing the data are to be used. We believe that colour mapping 
is the most effective method for the display type we are using, since the resolution in colour 
is much better than the resolution in spatial dimensions. The colours can be used for 
accentuating areas of importance, as some colours tend to diminish into the background 
while others seize all the attention. We use the two different colour models RGB and HSV 
in order to create our colour schemes.  
 
We decided to use coloured glyphs marking the positions of the sensors and their values. We 
decided not to scale or deform the glyphs according to the data since the mobile phone 
display is very small. It would be problematic to make the differences detectable and at the 
same time not create glyphs that cover too much of the display and the visualisation. For the 
design of the visualisation we implement more classical approaches but we also test our own 
ideas. In the use case study the different visualisation methods as well as colour scales are 
compared. 
 
Even though we are primarily interested in testing the concept of performing an AR 
visualisation on the mobile phone, we have to design the visualisation with respect to the 
characteristics of the sensor data. Otherwise it would be impossible to reveal the most 
interesting parts in a straightforward manner. Consequently we had to do some research 
regarding moisture and how it is measured and why. 
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3.7.1 Measuring moisture 
When measuring moisture in a building element, the regions of interest is where the 
humidity is high. During the construction process the inspector typically needs to be certain 
that the moisture is below a certain threshold before the construction process can proceed. 
In case of unexpected leakage it is of interest to overview the distribution of the moisture in 
order to estimate the seriousness and the possible spreading of the damage. 
 
The characteristics of the data must be considered when designing the visualisation. In this 
section we will briefly describe how moisture in building elements usually is measured when 
using sensors. 
 
The unit of measurement is relative humidity (RH), which is the ratio of the amount of water 
vapour in the air to its saturation point. Relative humidity measures "how much vapour the 
air can hold" at a given temperature. The saturation level with respect to water vapour air 
depends on the air’s temperature. As the air temperature increases so does the airs ability to 
keep water in its vapour state.  
 
Moist in a building material is often measured using Relative Humidity, which means the 
amount of moist having to be dried out to reach the saturation level of the material. This is 
when the equilibrium within the material is reached.  
 
In Figure 13, a material with an initial relative humidity of 100 % (RH) is illustrated. A surplus 
of water has to be dried out before the moisture level is acceptable. 
 
 
 
 
 

 
Figure 13. The moisture in the building element.  
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4 Wireless Communication  
Which methods are suitable for wireless communication between the sensors in the network 
and between the mobile phone and the sensor network? Today there are a number of 
methods available or under development for wireless communication system. 
The requirements on the communication for our visualisation application are:  
 

 At least 10m range 

 Low energy consumption 

 Possibility to place inside building elements 

 Compatible with mobile phone 

 Possibility to decide position of the transmitters 

 
In order to find the suitable solution for the wireless communication we have looked into 
several possible technologies. After over viewing the available solutions we have sorted out 
the technologies most relevant for our application. We present and compare Bluetooth, 
ZigBee, RFID and GPRS in the following sections. There are of course several other 
alternatives for wireless data transfer available, like WLAN (IEEE 802.11), GSM, W-CDMA, 
EDGE and Zed-Wave to name some. We are aware of their potentials and limitations, but 
have decided not to evaluate all of them in the report. Instead we have concentrated on the 
most applicable techniques.   

4.1 Bluetooth 

Bluetooth is an industrial standard for wireless personal area networks (WPAN) and is 
designed for short distance, wireless communication between different kinds of devices. The 
Bluetooth specification, IEEE 802.15.1, was first developed by Ericsson but was later 
formalised by the Bluetooth Special Interest Group (SIG). The 1500 pages specification is 
divided into two sections called the core- and the profile specifications. The core 
specification describes the details of the Bluetooth protocol architecture, while the profile 
specification defines a standard for interoperability between devices from various 
manufacturers. Each profile specification discusses how to use the technology in the core 
specification to implement a particular usage model. Typically the usage models belong to 
one of two categories; cable replacement or wireless audio. [STAL02] 
 
Bluetooth devices can communicate with each other within a range of ten or hundred metres 
depending on their standard. The protocol operates on the 2.45 GHz ISM-band with a 
maximum data rate of 1 Mbps. The Bluetooth standard has two basic modes of 
transmission, an asynchronous and a synchronous. The asynchronous mode supports 
download rates of 721 kpbs, while the upload rates are 57.6 kbps. Using the synchronous 
mode the data rate is 432.6 kbps in both directions. In order to avoid interference from 
other protocols operating on the ISM-band the Bluetooth protocol uses a method called 
frequency hopping. It partitions the frequency band into 79 channels, 1 MHz each, and shift 
channel up to 1600 times every second during the transmission. This makes the transmission 
very secure. The transmission is also resistant to noise and interference and it is therefore 
possible transmit over a frequency band at the same time the band is being used by other 
conventional transmission methods. [STAL02] 
 



 

25  

A small network, called a piconet, with up to eight Bluetooth devices can be formed. The 
device that instantiate the communication is called the master and the other devices are 
called slaves. The master determines the channel and timing offset that are used within the 
piconet, see Figure 14. A slave may only communicate with the master and only when 
permission is granted. It is also possible to create a larger net, called a scatternet. Connecting 
several piconets, where a master in one piconet can be a slave in another, forms the 
scatternet. Typically Bluetooth networks are ad hoc networks. [FORU03] 
 

 
Figure 14. The network topology. 

 

 8 node networks, possibility to connect more nodes in a scatter net. 

 Star topology,  that is all communication pass the master.  

 1 Mbps data rate 

 Days of battery time 

 Stack size of approximately 250 Kb, high complexity 

 10-100 meter range 

 

4.2 ZigBee 

ZigBee is a wireless communication standard aimed at applications that require low power 
consumption and where high data rates are redundant. ZigBee is design for and 
characterised by: 
 

 Low power consumption 

 Large networks 

 Flexible topology 

 Low data rate 

 Low cost 

 Low protocol complexity 

 Short to medium range 

 
The ZigBee standard is defined by the ZigBee alliance, which is a non-profiting association. 
The alliance has been created to coordinate the products, which follow the ZigBee standard. 
Companies like Philips, Honeywell, Motorola and Samsung are all part of the alliance. The 
alliance is working to define an open global standard for developing wireless networks with 
low energy consumption.  
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The ZigBee specification is based on the WPAN standard IEEE 802.15.4, which was 
especially created for inexpensive units of low complexity, low energy consumption and 
wireless transference of a low data rate. While WPAN defines the lower layers of the 
network behaviour, the ZigBee standard defines the higher-layers, see Figure 15.  

 
Figure 15. Specification of the layers of the ZigBee specification. 

 
The lower protocol layers are partially the Physical layer (PHY) and partially the Medium 
Access Control (MAC) layer. The MAC layer handles how a node gets access to the network 
and how the network is set up, including topology and beacons. PHY defines the channels 
available and the physical modulation used to transmit data over the IEEE 802.15.4 air 
interface. PHY allows ZigBee to operate at 868 MHz, 902-928 MHz, and 2.4 GHz on ISM 
radio band. The number of channels, modulation and maximum data rate varies depending 
on the frequency band. [IEEE03] 
 
To minimize the effects of interference, 802.15.4 uses Direct Sequence Spread Spectrum 
(DSSS) unlike Frequency Hopping Spread Spectrum (FHSS), used in for example Bluetooth. 
The carrier frequency does not change with DSSS, instead the signal energy is constantly 
spread over a wider band. [ZIGB04] 
 
The ZigBee standard itself defines the two top layers, which are the Network (NWK) and 
the Application (APL) layers. The most important function in the NWK layer is routing. 
Routing means that ZigBee devices can communicate indirectly, this is one thing that makes 
it possible to create very large networks. NWK also defines the tree device types of a ZigBee 
network, which are the coordinator, the router and the end device. The application layer 
(APL) is the highest layer in ZigBee standard and exists to simplify application development. 
[ZIGB04] 
 
ZigBee and the underlying 802.15.4 standard offer the system designer three classes of 
devices: the reduced-functionality device (RFD), the full-functional device (FFD), and the 
PAN coordinator. All ZigBee networks have at least one RFD or FFD and a network 
coordinator. 
 
The ZigBee protocols support both beaconing and non-beaconing networks. In beaconing 
networks, the network nodes transmit beacons to confirm their presence to other network 
nodes, and to allow nodes to sleep between beacons, thereby lowering their duty cycle and 
extending their battery life. In non-beaconing networks, most devices typically have their 
receivers continuously active, requiring a more robust power supply. In general, the ZigBee 
protocols minimise the time the radio is on in order to reduce the power used by the radio.  
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The basic mode of channel access specified by IEEE 802.15.4 is carrier sense, multiple 
accesses (CSMA). Beacons, however, are sent on a fixed timing schedule, and do not use 
CSMA. Message acknowledgements also do not use CSMA. 
 
ZigBee support the topologies; star and peer-to-peer, see Figure 16. By allowing other set-ups 
than star topology, ZigBee permits the network to spread beyond the range of the 
coordinator. In the star topology all communication is routed through the central FFD node 
called the PAN coordinator. In peer-to-peer topology all FFD nodes within a specific range 
can communicate, this allows for routing and more complex topologies like mesh and cluster 
tree. The behaviour of a mesh topology is not part of the 802.15.4 standard itself, however it 
is part of the ZigBee Network (NWK) layer. [ZIGB04] 

 
 

 
Figure 16.The topologies of the ZigBee standard. 

 
The ZigBee standard is characterised by the long battery time, the short establishing time 
and the possibility of large networks, up to 65 000 nodes. The transmission range of ZigBee 
lies in between 10 to 75m. [ZIGB04] 
 
Cipcon has released a ZigBee device, System-on-Chip (SoC) CC2431, [CHIP06] which is 
equipped with location estimation capability. The device is capable of calculating its position 
depending on the signal strength and delay. The accuracy is quite low with this solution (2m) 
due to the high frequencies tendency of reflection in surrounding object. Our application 
demands accurate positioning of the sensors making this solution unavailable for us to use. 
Korean Pantech & Curitel have developed the first mobile phone with integrated ZigBee. 
[PANT06] It is also possible to develop ZigBee dongles to connect to a mobile phone or a 
PDA but this solution would have demanded to much time and effort from our side making 
it unrealistic as part of our master thesis.  
 

4.3 RFID 

Radio Frequency Identification is an automatic and wireless identification method. The 
RFID system includes tags equipped with transponders and a reading unit with a transceiver. 
The RFID tag consists of a microprocessor, which stores a unique ID number and an 
antenna for communicating with the RFID transceiver. The transceiver generates an 
electromagnetic field with its antenna. A wireless sensor system can be realised with RFID 
by connecting sensors to the RFID network. [JACO99] 
 
The RFID tag exists in both passive and active form. The passive RFID tag does not have 
an internal power supply, it is instead activated by the electromagnetic signal from the RFID 
transceiver. When the transponder has fully charged its capacitor it is ready to exchange 
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information by modulating the electromagnetic field. The method used for the modulation 
can be amplitude modulation (AM) frequency shift keying (FSK) or pulse shift keying (PSK). 
The passive tag can be made very small and inexpensive because of its ability of supplying 
itself with energy. One drawback with the passive transponder is its range of reach, which is 
less then one meter. [JACO99] [BORR03] 
 
The active transponder has a longer range of reach because it is internally supplying itself 
with power from an integrated battery. It has higher energy consumption because of its 
active state, making its lifetime quite short. The active transponder can be equipped with a 
larger memory and with the ability to store additional information sent by the transceiver. 
[BORR03] 
 
Radio frequency identification (RFID) products differ in terms of performance 
specifications such as frequency range, memory, read rate and detection range. Frequency 
range determines the applications for which RFID products are suitable. Memory 
determines the amount of data that tags or transponders can store. Read rate is the 
maximum rate at which data can be read from tags, measured in bits or bytes per second. 
Detection range is the distance at which readers can communicate with tags. With passive 
tags, the frequency, reader output, power, antenna design, and power-up method determine 
the detection range.  
 
Low-frequency tags typical operate at 125 kHz or 134 kHz. The main disadvantages of low-
frequency tags are they have to be read from within a third of a meter and the rate of data 
transfer is slow. They are less subject to interference than Ultra-high frequency RFID tags. 
High-frequency RFID tags typically operate at 13.56 MHz. They have to be read from less 
than one meter away and transmit data faster than low-frequency tags, but they consume 
more power than low-frequency tags. Ultra-high frequency RFID tags operate between 866 
MHz to 960 MHz. They can send information faster and farther than high- and low 
frequency tags. But radio waves don’t pass through items with high water content, such as 
fruit, at these frequencies. Ultra-high frequency RFID tags are read from 3 to 6 meters. 
Where longer ranges are needed, active tags use batteries to boost read ranges to 100 meters 
or more. 
 

4.4 GPRS 

General Packet Radio Service (GPRS) is an approach for efficient data transfer using the 
GSM network. It enables the use of two different transferring methods, circuit switching and 
packet switching, within the same mobile network. Circuit switching, which is the 
conventional method used for voice calls, reserves a channel for communication between 
two users. This is a suitable approach for voice calls since a conversation can be seen as 
continuous and therefore need the reserved channel during the time connected. GPRS is 
based on the fact that a continuous connection is unnecessary when sending data, since most 
of the transmission is idle. Rather than reserving a channel for one connection when sending 
data, it is possible to let several users share the same channel, using the packet-switching 
approach. In the transmitter the information is divided into small parts called packages, 
which are sent sequentially to the receiver, where they are put together again. The channel is 
utilised only when there exists a new package to send and in this manner the users can 
operate on the channel intermittently, efficiently using the limited bandwidth of the channel.  
GPRS is most suitable for sending small amounts of data, like e-mails and similarly. GPRS 
allows download data rates up to a theoretical limit of 171 kbps. The GPRS data is billed per 
kilobytes of information transmitted or received, which makes it more cost effective than 
transferring data using a circuit-switched data connection, which is billed per second. This 
permits users to have low-cost, permanent connections to the Internet. [KALD00] 
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4.5 Communication for the application 

Today there are a number of methods available or under development for wireless 
communication system. In our application the sensors are meant to be embedded in building 
elements and are therefore in the need of a very long lifetime, which puts high requirements 
on their energy consumption. We have also requirements on the range of reach and the 
capability of large pervasive networks.  
 
The benefit with using GPRS communication is that the user has the option to read the 
sensor data wherever she is and is not limited to a certain area close to the server. This is not 
an issue in our application since its purpose is to augment the reality and is intended to be 
used at the location of the sensor network. 
 
Passive RFID tags would be a perfect communication solution for built in sensors, since 
they are supplying themselves with power from the RFID reader. However, the range of 
reach is too poor and therefore not suitable for our kind of AR application. Active 
transponders have larger memory and a very long range of reach, since they are internally 
supplying themselves with power from a built in battery. The active transponders have a 
limited lifetime caused by their high-energy consumption.  
 
During our research we found the ZigBee technology to be well suited for control 
applications, which do not require high data rates but must have long battery life and 
varying-topology networks. The Bluetooth technology is well suited for applications were a 
high-data-rate is needed but are more energy consuming than ZigBee, making it unrealistic 
placing Bluetooth devices inside of building elements. The maximum data rate for ZigBee 
technology is 250 Kbps compared with 1 Mbps for Bluetooth. A problem with Bluetooth is 
the limited network size, while ZigBee is capable of supporting 65 000 devices per network. 
The range also differs between the two, with ranges for ZigBee products expected to be  
30 m in a typical home, compared with 10 m for Bluetooth products. In fact the key design 
element for the ZigBee standard is the low power consumption, allowing long life, non-
rechargeable, battery-powered devices, instead of the reachable devices supported by 
Bluetooth. For example, the transition from sleep mode to data-transfer mode is faster in 
ZigBee-based systems than in those that use Bluetooth.  
 
As stated the Bluetooth technique suffers from some serious drawbacks when it comes to 
sensor networking and incorporating sensors in building elements. The only advantage of 
using Bluetooth communication in our application is that Bluetooth is integrated in most 
mobile phones today, like in our Nokia 6680.  Bluetooth is therefore a good alternative for 
testing the functionality of our application.  
 
On these grounds ZigBee has been chosen for the communication within the sensor 
network. Our wish was to use ZigBee for the communication between the coordinator of 
the sensor network and the Mobile phone as well, but in this case we are limited by the 
mobile phone. Commercially available mobile phones are not yet equipped with ZigBee 
technology, at present there exists only one mobile phone with ZigBee integrated. [PANT06]  
 
We have however designed a temporary solution for the communication with the sensor 
network. Our solution is to connect the coordinator of the sensor network to a laptop, using 
a USB-cable. The computer then forwards the data to the mobile phone via Bluetooth. This 
is only a temporary solution, the idea is that the coordinator of the network will send the 
data direct to the mobile phone using ZigBee but this is not possible until ZigBee is 
commercially integrated into mobile phones. Our hybrid solution is based on ZigBee 
together with Bluetooth as preliminary step, see Figure 17. The Bluetooth connection 
implies that the computer unit must be within 10 meters range from the mobile phone.  
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Figure 17. The network design is a hybrid solution using a computer to receive message via ZigBee and forward them 

using Bluetooth. 
 
 

4.5.1 Hardware 
The sensor network of ZigBee modules attached with sensors, see Figure 18, was borrowed 
from the developers Johan Lönn and Jonas Olsson at the Department of Science and 
Technology at Linköping University. A laptop and a Bluetooth USB-adapter are utilised to 
forward the data from the network to the mobile phone. For a more detailed specification of 
the sensor network as well as the laptop, see Appendix B. 
 

4.5.1.1 ZRMR2A ZigBee-ready module 
The network consists of ZigBee-ready Modules constructed of a radio frequency-part (RF-
part) and a micro controller unit (MCU). The modules support in-system programming 
using a JTAG interface. Each module is connected to one humidity and one temperature 
sensor. One ZigBee module is programmed to be the coordinator unit and is provided with 
an USB-interface. The free line of sight radio link has a range up to 180m at an output 
power as low as 1mW. [GONG05]  
 

 
Figure 18. The ZigBee sensor modules and the coordinator  

unit together with the mobile phone. 
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5 Mobile Development 

5.1 Hardware 

The application has been implemented for the Symbian OS v8.0 based Nokia 6680 mobile 
phone using the Nokia Series 60 SDK feature pack 2, see Table 2 and Figure 19 for more 
details. 
 

 
Symbian OS 

 
v8.0 

User Interface Platform Series60 
Platform version 2.6 
CPU 220 MHz ARM5 
Flash 9928 Kb 
RAM 1883 Kb 
Camera 1,3 mega pixels, VGA(640 x 480) 
Screen resolution 176 x 208 pixels 
Display size 41x35 mm 
Colour depth 262 k colour display 
Phone size 108.4 x 55.2 x 20.5 mm 
Weight 133g 
Connectivity 
 

Bluetooth and USB 
 

Table 2.Nokia 6680 specification. 
 
 

     
Figure 19. Nokia 6680 

5.2 Symbian OS 

Symbian OS is a 32-bit multitasking operating system, where events often happen 
asynchronously and applications are designed to interact with one another. For example, a 
phone call may interrupt a user composing an e-mail message. From the start, Symbian OS 
was designed for small, resource-constrained devices with wireless communications that may 
be running for months or years. Key design features are performance, multitasking and 
memory management optimised for embedded software environments as well as minimised 
runtime memory requirements. [EDWA04] 
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Conserving memory has been emphasised, using Symbian-specific programming idioms, for 
example descriptors and a cleanup stack. Together with other techniques, these keep 
memory usage low and memory leaks rare. Symbian OS programming is event-based and the 
CPU is switched off when applications are not directly dealing with an event. This is 
achieved through a programming idiom called active objects. Correct use of these techniques 
helps to ensure longer battery life. Symbian OS's C++ programming very specialised, with a 
steep learning curve. [EDWA04] 
 
There are a number of user interface platforms based on Symbian OS. Open platforms like 
UIQ, Nokia's Series 60, Series 80 and Series 90 but also some closed platforms exist. 
 

5.2.1 UID – the Unique Identification Number 
The Symbian OS utilise Unique Identification Numbers (UID) to identify each application 
and relate them to the correct file type. The UID is globally unique and is consisting of a 32-
bit number. The UID is written to each file created by an application in order to associate 
the files with that specific application. The UID is also used by the Application Launcher to 
identify the application. If two applications have the same UID, only one of them will be 
visible in the main menu of the mobile phone. [EDWA04] 
 
The objects are identified by their UID type composed of three UIDS: UID1, UID2 and 
UID3. UID1 decides if the file is a document or an executable, while UID2 determines 
which type of document or executable it is. UID3 is an application identifier and must be 
unique across all other applications. The application UIDs can only be obtained from 
Symbian. A range of experimental UIDs: 0x01000000 to 0x0FFFFFFF are available for use 
during development. For executable code files the UID2 and UID3 are specified in the 
.mmp file. [EDWA04] 
 

5.2.2 Application structure 
Applications for Symbian OS do not have a main() function with the main loop inside, 
unlike applications for Windows or Unix. Instead the applications are loaded by the 
framework as a DLL. 

The .mmp file 
The .mmp file is the project definition file which describes the project components 
independent of platform and compiler.  

The bld.inf file 
The bld.inf is the build information file. It refers to the .mmp files of the project. In a small 
project there usually exists one .mmp file. 

The .pkg file  
The .pkg file, the package file, holds the instructions which are needed for the construction 
of an installer file (a .sis file). It contains the name of the application, its unique application 
UID, the target device product UID, the included files to copy, and the paths to copy them 
to. 

The .sis file 
The .sis file is the ‘installer’ file that has to be created allowing the application to be installed 
on the user’s mobile phone. Its construction is determined by the .pkg file. 
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The .aif files 
The .aif file is the application information file that contains information icons and other 
application properties. 

The .mbm files 
The bitmaps are stored by Symbian OS applications as .mbm files - the Multi BitMap files. 
They are created from .bmp files in the build process of the .mmp file. 

The .rss files 
The .rss file is the resources file and contains the details and characteristics of the 
application, such as the “softkeys” configuration and the menu.  
 
In a Symbian Series 60 project the \inc and \src directories contains the source code of the 
program. The .mmp file is stored under a \group directory and the .pkg file in the \sis 
directory. 
 

5.3 C++ 

C++ is the native programming language of the Series 60 Developer Platform. Symbian uses 
its own implementation of the C++ language, optimised for small devices with memory 
constraints. C++ is suitable when high performance and all-round functionality is required, 
whereas Java is more suitable when portability between different terminals and device 
categories is required. Since the tracking part of an AR application is quite demanding the 
requirement of high performance is of much more importance then the portability. 
Therefore the best option for our application is C++. C++ is also the programming 
language used for Bluetooth applications on Symbian OS. 
 

5.4 The Nokia Series 60 platform SDK  

The Nokia Series 60 platform SDK builds on the Symbian OS and extends it with a 
configurable graphical user interface (GUI). The Series 60 SDK 2nd Edition Feature Pack 
2.0 implements the OpenGL ES engine based on the reference design of Symbian OS. 
[EDWA04] 
 
The Series 60 framework has four main application classes, which every Series60 application 
needs, see Figure 20: 
 
The Application class contains the application properties and functions as a start-up object.  
 
The Document class holds the applications persistent state.  
 
The Appui is responsible for handling events such as the menu commands. Typically it has 
no screen presence, instead the drawing and the screen based interaction is handled by the 
view  it owns. 
 
The View displays data on the screen allowing user interaction. 
 
The Engine holds the program specific code. 
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Figure 20. The core structure of the Series 60s frame work. 

 

5.4.1 Command line building  
To build the applications, Microsoft Visual C++ 6.0 (Service Pack 3) is required. The Series 
60s SDK build system uses Perl scripts, so Perl has to be installed. To build the project from 
the command line the following commands are utilised: 
 
bldmake bldfiles – The bldmake command processes the bld.inf file to create a bat-file 
(abld.bat) that can produce a platform specific makefile.  
 
The abld command uses the makefiles produced by bldmake to carry out the building steps of 
the application. For example: 
 
abld makefile vc7 – constructs a solution-file for visual C7 
abld build armi urel – compiles and links the project for the mobile phone (release mode) 
abld build wins udeb – compiles and links the project for the emulator (debug mode) 
[EDWA04] 
 

5.4.2 Creating install packages 
The final application needs to be packaged in a .sis file, which can be installed on the mobile 
phone. The .sis file construction is determined by the .pkg file. The Creation of the .sis file 
can easily be performed from the command window. The command makesis filename.pkg at 
the directory of the .pkg file [EDWA04] 
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5.5 OpenGL ES and EGL  

For 3D-graphics the Symbian OS v8.0 includes header files for the OpenGL ES 3D graphics 
library. OpenGL ES is an API for enabling 3D graphics capabilities on mobile phones and 
handheld devices. It is based on a well-defined subset of the desktop version OpenGL. 
[EDWA04] 
 
OpenGL ES also includes a common platform interface, called EGL. EGL is platform 
independent and addresses the underlying native platform window system. EGL contains 
mechanisms for creating rendering surfaces (windows, pbuffers, pixmaps) which OpenGL 
ES can draw on. It handles graphics context management, surface/buffer binding and 
rendering synchronization. [ASTL04] 
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6 Implementation 
 
In this chapter the implementation of the demo application is presented and the decisions 
concerning the design of our application are explained. An overview of the data flow from 
the ZigBee network via the laptop to the mobile phone is presented in Figure 21. The 
application is composed of the three components ubiquitous computing, augmented reality 
and visualisation. The visualisation pipeline and the data flow on the mobile phone is 
illustrated in Figure 23. As shown in the figure the captured image and the sensor data are 
both contributing to the finale augmented reality scene. 
 

 
 Figure 21. Flow chart illustrating the data transfer. 

 

 
Figure 22. The parts in the picture are added together in order to create our visualisation. 

 
 

 
Figure 23. On the mobile phone the data is received in parallel with the camera image capturing. Every time the camera 

captures an image the visualisation pipeline is invoked. The image and the sensor data flow are illustrated. 
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6.1 Visualisation and Augmented Reality 

The augmented reality routine is integrated in the visualisation process. The tracking is added 
as an extra step. The augmented reality is partly presented in the Section 6.1.4 and 6.1.6. In 
this chapter the visualisation process is walked through step by step, see Figure 23. 
 

6.1.1 Restrictions 
The sensor network and the AR tracking have restricted the prototype application. The 
visualisation design is therefore based on some assumptions about the sensor network and 
the marker. 
  

 All the sensors are located in a plane 

 The width and height of the wall are known 

 The sensors are positioned in a equally spaced grid, covering the wall 

 The number of sensors in X- and Y-direction are known 

 The size of the marker is predetermined 

 The marker is located at the centre of the wall 

 
    

 
Figure 24. The sensors in the network structure must be known. 

 
In the application the distance between the sensors are calculated, using the information 
about the size of the wall, the size of the marker, the number of sensors in X- and Y- 
direction, see Figure 24. 
 
The convention between centimetres and pixels are calculated. This relation is used to fit the 
visualisation to the real world object, matching the visualisation to the size of the wall.  
 



 

38  

6.1.2 Scene Composition 
The main task is to draw a 2D-visualisation registered in 3D in fusion with the image 
captured by the camera. The scene rendered on the screen is basically composed of two 
textures, one for the background and one for the visualisation. Each texture is mapped to a 
triangle strip (since quadratic polygons are not available in OpenGL ES) forming a square.  
 
Selected information is displayed in text on top of the scene to help the user to understand 
and explore the sensor data represented in the visualisation.  
 

6.1.3 Sensor data pre‐processing  
The sensors measure the temporal humidity value at the location of the sensor. The data is 
discrete values from measure points with a position in three dimensions, X Y Z. Since this is 
not the nature of humidity in a material we wanted the visualisation to represent the 
humidity continuously in space, providing the user a better impression of the humidity 
distribution in the building element. Therefore the values between the measure points are 
computed using a bilinear interpolation, creating the Continuous visualisation. An alternative 
pre-processing of the data was implemented. This visualisation mode we choose to call a 
Quadified visualisation. 
 

6.1.3.1 Bilinear interpolation 
The bilinear interpolation approximates the values between four surrounding points, first 
interpolating linearly the value in X-direction and then interpolating linearly the value in Y-
direction. The humidity value of the unknown function f at the point P = (x, y) is calculated, 
using the humidity values of the four surrounding measure points. 
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Figure 25. The value at the point P is calculated using the four 

sensors S11, S21, S12, S22. 
 



 

39  

valuestemporaryTandT

calculatetovaluepixeltheyxP

humidityrelativeSfsensorS

=

=

==

21

),(

)(,

 

First the linear interpolation in the x-direction is computed:  
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Then in the y-direction: 

),()()()( 2
12

1
1

21

2 yxPwhereTf
yy
yy

Tf
yy
yy

Pf =
−
−

−
−
−

≈  Equation 8 

  
This results in the estimate of f(x, y). 
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Contrary to what the name suggests, the interpolation is not linear, it is a product of two 
linear functions: 
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Alternatively, the interpolation can be written as 
 

dyxcybxa +++        Equation 11 
 
The application determines between which sensors the pixel is located and calculates the a, 
b, c and d constants using the pixel distances between the known values. These distances are 
calculated using the texture resolution together with the number of sensors in X- and Y-
direction. 
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The pixel value is then calculated using Equation 12. The interpolated values are stored in an 
array associated with a texture, which is mapped on to the polygon representing the 
visualisation. The Continuous visualisation can be seen in Figure 26. 
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Figure 26 The Continuous visualisation using  

the Blue to Red colour map. 
 

6.1.3.2 Qudified visualisation 
An alternative method to the Continuous representation has been created, called the 
Quadified visualisation. In the Quadified visualisation the values between the sensors are 
interpolated, quantising the interpolation in the spatial dimensions, creating small quadratic 
units representing the average value of its pixels, see Figure 27. Each unit becomes single 
coloured when the colour map is applied. The quads are separated slightly from each other 
using transparency in between them. Our hypothesis is that by quantifying the visualisation 
the viewer can more easily and quickly estimate the humidity level than in the continuous 
case. At the same time the viewer is allowed to see more of the background since it is visible 
in between the quads. The viewer can deduce what is behind the visualisation by adding up 
pieces of background information. This way the visualisation and the real world is merged in 
a higher degree and the viewer get a better sense of the orientation since less background 
information is covered by the visualisation.  
 

 
Figure 27 The Quadified visualisation mode using  

the Blue to Magenta colour map. 
  
The function created for making the Quadified visualisation takes a quad size as input and 
generate the resulting texture. The alpha channel is employed to create a transparent frame 
surrounding the quad. In the application the quad sizes 4 and 8 pixels are used. One row and 
one column of pixels in each quad are set to be transparent.  
 

6.1.3.3 Pre-processing of the camera input 
Some pre-processing of the camera input has to be performed before it can be used in the 
visualisation. The background information is captured using the mobile camera, which 
provides us with a 16 bits colour bitmap. The bitmap has to be separated into its red, green 
and blue components before it can be used in our application. This is done by masking the 
colour components in the bitmap. 
 



 

41  

In a 16 bit colour bitmap the colour of every pixel is represented in one unsigned short, 
which is 2 bytes or 16 bits. This means that every pixel can represent 2^16 unique colours. 
Every pixel is composed of the three RGB components, red, green and blue and the storage 
of a colour is structured as Figure 28 illustrates: 
 

 
Figure 28. Green is assigned the extra bit in the 16 bits colour bitmap, since the  

human eye is more sensitive in the green spectra. 
 
To mask out the red, the green and the blue colours an AND operator is used. The AND 
operator can be utilised to set a bit to zero, since it sets all combinations containing a zero to 
zero. To mask out the green components a green mask is created. The five bits representing 
green in the mask is set to one and the rest are set to zero. An AND operation is carried out 
on the bitmap using the green mask. This way the ones in the green parts are kept while the 
rest are set to zero. 
 
Example: 
 
The colour of a pixel:  0101011100011001 
The green mask:  0000011111100000 
The green component: 0000011100000000 
 
To obtain the numeric value of the colour component red the obtained result is shifted 11 
bits to the right 
 
After shifting:  0000000000111000 
Numeric value:  56 
 

 
OpenGL ES and ARToolkit use 8 bits or 1 byte to represent a red, green or blue colour 
component, which means that the components has to be converted to an 8 bits 
representation instead one of a 5 or 6 bits representation. This is done by shifting the red 
and blue component 3 steps to the left and the green component 2 steps to the left. Finally, 
the resulting colour components from the bitmap are stored in two arrays of different types, 
one to be used by OpenGL for the creation of the background texture and for the utilisation 
in the ARToolKit. In the application the bits are shifted before we perform the masking, but 
the result is the same. 
 

 
AND operator:   &  redMask:   0x1f  = 0000000000011111 
Left shift:       <<  greenMask: 0x3f  = 0000000000111111 
Right shift:         >>  blueMask: 0x1f  = 0000000000011111 
 
Red =  ((Colour >>11) & redMask)   << 3 
Green  =  ((Colour >>5) & greenMask) << 2 
 Blue  =  (Colour & blueMask)   << 3 
 

0 1 0 1 0 1 1 1 0 0 0 1 1 0 0 1 

Red 
Bits 16 to 11 

(5 bits) 

Green 
Bits 11 to 5 

(6 bits) 

Blue 
Bits 5 to 0 

(5 bits) 

16 15 14 13 12 9 7 4 3 1 25681011
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6.1.4 Tracking 
To create the AR visualisation, the next step after the pre-processing is to find the 
transformation that is needed in order to transform the scene so the view of it matches with 
the image view. For this purpose ARToolKit is used, which is described in Section 2.2.3. 
 
The application must be prepared for ARToolKit before it can be used. All parameters 
necessary for the ARToolKit has to be initialised. An instance of the CarLib Class from 
Anders Henrysson ARToolKit for Symbian Series 60 [HENR05] is created, to enable the use 
of the CarLib functionality. The intrinsic camera parameters are also initialised. Primarily 
these camera parameters are employed to calibrate the ARToolKit in order to achieve as 
accurate tracking as possible. They are later utilised to calibrate the “virtual camera”, 
capturing the visualisation, to have the same focal length and distortion factors as the mobile 
phone camera capturing the real world. We are using the camera parameters Anders 
Henrysson computed for the camera in the Nokia 6600 [HEN05]. Finally a binary file 
containing the pattern data is loaded enabling ARToolKit to recognise the pattern to search 
for in the images. 
 
For the tracking we perform the steps described in the background Section 2.2.3. 

 

 Marker detection 

 Pattern recognition 

 Transformation matrix calculation 
 
The ARToolKit was treated as a black box that takes camera parameters and an image as 
input and returns the camera transformation matrix. All the data retrieved from the 
ARToolKit concerning the marker is saved in a data type for which memory is allocated. If 
the marker is visible the visualisation is rendered transformed in relation to the virtual 
camera according to the transformation matrix retrieved from ARToolKit. To increase the 
performance of the tracking a test determining how much the marker has moved compared 
to the last image is performed. If the difference between the images is small it is neglected 
and no new transformation matrix is calculated.  
 

6.1.5 The visualisation design 
The interpolated humidity values and their distributions are represented by a texture. The 
humidity values from 0 to 100 percent are represented by different colours. The colours are 
mapped to the humidity values by using two different colour mapping methods and three 
different colour scales. The visualisation comes to represent the humidity values and their 
distribution in the AR visualisation. 
 

6.1.5.1 Colour mapping 
For the colour mapping, two different transfer functions are used. By using the transfer 
functions the humidity values are mapped to different colours. The colours in the 
visualisation represent the humidity values from the sensor network. 

Blue to Red 
The first scale is a traditional "hot- to-cold" colour ramp, ranging from dark blue via green 
and yellow to red. Since blue is perceived as a background colour it has been chosen to 
represent the lower humidity values. This scale is created using the RGB colour model and 
one transfer-function for each colour component, fragmenting the humidity range (0 -100%) 
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into four equal intervals. The intervals are divided in to 0 – 25, 25 – 50, 50 – 75 and 75 – 
100%.  
 
Since RGB is an additive colour scale the colours become more vivid when added together. 
This is used this to accentuate the boundaries in between the humidity intervals. The low 
humidity levels are not of any interest and have therefore been given little focus, the blue 
channel starts from zero making this part of the humidity spectra dark and dull. In the 
interval from 25 to 50 percent the blue is kept constant at the same time as the green 
channel is increasing giving this part of the humidity spectra slightly more vividness.   
 
The third interval, between 50 and 75 percent, are once more accentuated here the green is 
kept constant, the red channel is added and is increasing in the same phase as the blue is 
decreasing. This area is emphasised since these humidity levels are critical when measuring 
and analysing moisture in both the construction process and when the building is in service.  
It is of interest to keep track of the distribution of the moisture around this level. If the 
sensor values are increasing past the critical interval severe damages may occur.  
 
The last interval represents the humidity levels between 75 and 100 percent, which are the 
most crucial levels. Since red is recognized to be a warning colour it is known to draw 
attention and therefore the obvious choice for representing the highest humidity values. 
Using the red colour channel and keeping it constant at 255 make areas within this interval 
very noticeable. The higher humidity, the redder is its representation, since the amount of 
green is decreasing with increasing humidity levels. The transfer functions of the Blue to Red 
colour scale are represented in Figure 29.   
 

 

 
Figure 29. The red green and blue transfer function used in the blue to read colour map. 

 

 
Figure 30. Samples from the Blue to Red colour scale. 

 

 
Figure 31 The Blue to Red Colour visualisation. 

13 % 0 % 25 % 38 % 100 % 63 % 75 % 50 % 88 % 



 

44  

The Blue to Magenta Colour scale 
The three HSV components Hue (H), Saturation (S) and Value (V) are altered to create our 
Blue to Magenta colour scale. The purpose with this scale is to segregate areas with high and 
low humidity distributions, by highlighting areas with high humidity values and distress areas 
of lower values. Our intention was to keep the concept of the Blue to Red colour scale but 
with an added dimension. By altering the value and the saturation level the perception of the 
humidity representations can be magnified. By letting the value as well as the saturation level 
increase with increasing humidity more vividness are given the higher humidity values’ 
representation and less are given the lower values. At the same time as the higher values are 
attracting more notice the lower values falls into the background and do not draw any 
attention. The lower humidity values are represented in colour but the low levels of 
saturation and value make them look dull and faded and are unconsciously neglected by user. 
 
In this colour scheme  the colours are changed by varying the hue component in between 0 
and 360. The colours come to vary from blue, to green, to yellow, to red and to magenta. 
The humidity intervals are similar to the Blue to Red colour scale except of the extra 
dimension the saturation and value are giving us. The vividness of the colour is increasing 
constantly. An additional colour, magenta, is representing the highest values. The transfer 
function of the Blue to Magenta colour scale is presented in Figure 32. 
 

 
Figure 32.The HSV transfer function. The hue is normalised. 

 

 
Figure 33. Samples from the HSV colour scale. 

 

 
Figure 34 The Blue to Magenta visualisation. 

 
 
 

13 % 0 % 25 % 38 % 100 % 63 % 75 % 50 % 88 % 
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Greyscale 
Greyscale is the most basic mapping of scalar value to a colour ramp. The representation is 
simply stretching from black to white. The scale is created working with intensities. White 
has the highest intensity and black the lowest. The transfer function for this colour scale is 
represented in Figure 35.  Our scale is created using the colour model HSV’s components, 
the saturation and the value. By letting the value increase and the saturation decrease 
correspondently with increasing humidity a greyscale representation is created.  
 

 
Figure 35. Saturation and value transfer functions. 

 

 
Figure 36. Samples from the Greyscale. 

 

 
Figure 37 The Greyscale visualisation. 

Legend 
A legend is drawn on top of the scene serving as a measurement tool allowing the user to 
relate the colours in the visualisation to their actual humidity values. The legend is used as a 
colour ruler giving a continuous representation of the different colour nuances. Every colour 
scale has its own legend, presenting the colour scheme. The legend textures are initialised in 
the constructor using a bilinear interpolation with the left corner values set to 0 and the right 
corner values set to 100. The legend represents the humidity values from 0 to 100 percent. 
The values are represented in text on either side and the ruler is divided up into four 
intervals.  
 

13 % 0 % 25 % 38 % 100 % 63 % 75 % 50 % 88 % 
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6.1.5.2 Transparency 
A transparency function is added to the visualisation to map the humidity values to a certain 
transparency. Our aspiration was to make the visualisation and the background to become a 
unit, inseparable from each other to convince the viewer that what she sees is truly a part of 
the reality. Some transparency was needed in the visualisation in order not to loose the 
context that the background provides. The transparency is used carefully, taking the 
characteristics of the data in to consideration. The interesting areas are assigned little 
transparency. As the importance of the data decreases, the amount of transparency increases 
allowing the viewer to see more of the background. This way the viewer’s attention is 
focused onto the areas of interest at the same time as the visualisation is allowed to blend in 
with the background information.  
 
The transparency is set using an alpha value in OpenGL ranging between 0 and 255, where 0 
represents total transparency and 255 represents total opacity. The alpha value is adjusted 
with a linear function increasing proportionally with the humidity value, see Figure 38. As we 
do not want any parts to be entirely transparent the lowest alpha value is set to 40. 
 
 
 

 
 

Figure 38. The transparency transfer function. 
 
 

Filtering 
An interaction technique implemented allows the viewer to adjust a threshold and thereby 
filter the visualisation. The filter function enables the user to quickly focus on the most 
critical areas by removing dryer regions. A white triangle is situated on the legend in the 
bottom of the display and the associated threshold value indicates how the visualisation is 
filtered. By pressing the left or right arrow key, the user move the threshold on the legend 
and the visualisation is filtered accordingly, removing portions of the visualisation below the 
filter threshold, see Figure 39. 
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Figure 39. The region that has a moisture level 

below the threshold is removed from the  
visualisation when using the filter function. 

 
When one of the arrow keys is pressed by the user, the event is handled in the 
UARVizAppview class. A function for handling the key events is added in the class, to check 
which key that has been pressed and activate related functions. When filtering the key event 
handler calls a function that increase or decrease the threshold value used, see Figure 40. The 
threshold determines the alpha transfer function and the alpha value of a pixel are set 
accordingly, see Figure 40. 
 

 
Figure 40. The user interacts with the threshold by pressing 

 the arrow key to the left or right. 
 
The function checks the threshold so it is still within the range and then increases or 
decreases it by one unit. Next time the visualisation is rendered and updated the new 
threshold takes effect. 
 

 
Figure 41. The alpha transfer function is changed so the values below the threshold (53 %)  

are set to a constant alpha value of 40. 
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6.1.5.3 Desaturating the background 
The interesting part of the visualisation is that we deal with two components in our 
visualisation. The data from the sensor network, that shall be visualised and the background 
information, captured by the mobile phone camera. Since we have no control of what 
information the captured images contain it is impossible to predict how the background 
information might interfere with the visualisation. Vivid colours in the background could 
easily affect the viewer’s perception of the colour mapping, particularly in the areas where 
the transparency is high. Our basic idea is to de-saturate the background in order to avoid 
colours in the background interfering with the colours in the visualisation, see Figure 42. The 
background is only there to orientate the viewer and help her understand where the sensors 
are localised in the real world, not adding any disturbing colour information. 
 
 

 

 
Figure 42. The background varies and can’t be predicted and affects the viewer perception of the visualisation. 

 
The background information is converted from colour to greyscale by adding the data from 
the red, the green and the blue colour channels together. The average is computed and 
assigned  to each channel, which results in a greyscale intensity. 
 
Red=     (Red +Green +Blue)/3; 
Green= (Red +Green +Blue)/3; 
Blue=    (Red +Green +Blue)/3; 
 
For the purpose of the use case study the background of the visualisation can be altered in 
different ways. As default the background is drawn in greyscale. The other options are to 
view the background in colour or to completely remove the background, only showing the 
visualisation. 
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6.1.5.4 Sensor Markers 
Glyphs are added to mark the location of the sensors in the visualisation. The glyphs are 
cone shaped and mark the positions of the sensors. The cone’s colour depends on the 
humidity level of the sensor and are coloured according to the colour map in use. The cone 
sizes are fixed. The sensor markers are translated depending on the number of sensors in the 
network and the size of the wall and marker. The sensor markers are rendered, when the 
sensor marker command is chosen from the application menu.  
 

Sensor Selection 
To admit the user to view the sensor values displayed in text a selection function is 
implemented. The function enables the user to step through the sensors and view their 
values. When a sensor is chosen it is indicated by a white wire frame surrounding the sensor 
marker. At the top of the display the sensor value is printed. The Selection function keeps 
track of the row and column, according to the key presses. It increases or decreases the row 
or column indexes depending on which of the left, right, up or down arrow keys that has 
been pressed, see Figure 43. The Selection function and the Filter function share the arrow 
keys. This means that the interaction with the filter threshold is disabled when the viewer has 
chosen to view the sensor markers.  
 

              
 

Figure 43. By pressing the arrow keys the user can walk through the sensors.  
 
When the glyphs are drawn in the render function, the row and columns are tested in an if- 
statement, when the statement is true the white wire frame is drawn.  
 

6.1.5.5 Alert 
The Alert function alerts the parts of the texture where the humidity values are above a 
predetermined threshold value. The colours representing the values over the threshold are 
changing to a darker shade when alerted, making the visualisation seem to pulsate. When the 
glyphs are used together with the alert function, they are treated as “lighthouses”, alerting 
sensors of high humidity values. The top of the glyph flashes in white when the humidity 
value is above the critical threshold. The idea with the alert function is to draw the users’ 
attention to areas of interest. The animation is flashing in a predefined interval handled by a 
counter in the rendering function. The alert function is triggered when alert is chosen from 
the menu in the application. There are three types of alerting colours fitted to match each of 
the implemented colour scales.  
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6.1.6 Rendering 
In the render function the background is drawn before the visualisation and the scene is 
transformed according to the transformation matrix retrieved from the tracking. This makes 
the visualisation appear correctly at the sensor network location in the image view of the 
reality. Before any rendering can be done a window to draw on must be initialised. This is 
done by initializing EGL that interface the system native window OpenGL needs to render 
the scene. 
 
OpenGL use a hierarchy of transformations, with GL_PROJECTION at the top and a set 
of GL_MODELVIEW branches. GL_PROJECTION contains the matrix transformations 
that are applied to every point drawn, it can be used to define a camera or set the 
perspective. Displaying an object using an orthographic projection, is the same as using no 
perspective, which is fast and works well for 2D-graphics. The background, which is only a 
photo texture mapped to a polygon is therefore drawn with the orthographic projection 
matrix loaded in the PERSPECTIVE mode. The background is captured with a certain focal 
length and lens distortion that affects the view of the image. The virtual objects must be 
projected in the same way as they would have been if captured with the real camera. Since 
every point in the scene should be affected the intrinsic camera parameters are loaded in the 
GL_PROJECTION mode.  
 
The GL_MODELVIEW allow us to set up different measuring systems for vertices of 
different objects. It transforms the world the camera is viewing. The extrinsic parameters 
retrieved from tracking are loaded in this mode transforming the world to match the 
captured image. The visualisation is rendered and affected by the transformation, see Figure 
44. 
 
When drawing the visualisation the blend mode is set to be alpha and 1-alpha, meaning that 
the visualisation and the background is blended according to the source alpha value. The 
lights are enabled to only affect the glyphs in order to enhance the 3D and accomplish a 
smoother impression. Depending on the users choice in the menu the visualisation is 
displayed differently. How the rendering is affected by the user input is described in Section 
6.4. The legend is drawn on top of the scene using an orthographic projection and last of all 
the scene is rendered to a bitmap using the native system, allowing text to be added. 
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Figure 44. The most important task in the rendering function is illustrated in the flow chart.  

Note the altering between the MODELVIEW and PERSPECTIVE. 
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6.2 Communication 

This chapter describes how the solution for reading data from the sensor network has been 
implemented. The communication between the ZigBee network and the computer is first 
described and subsequently the Bluetooth communication between the computer and the 
mobile phone is explained. Like all Bluetooth networks ours has a master and a slave. In our 
design the mobile phone listens for a connection from the computer. Since it is the 
computer that establishes the connection it becomes the master of the Bluetooth network, 
which means the mobile phone functions as the slave. 
 
As mentioned previously the Bluetooth connection and the laptop are only a temporary 
solution, therefore the design and implementation of these parts have been carried out to 
help us illustrate the concept of the AR visualisation of sensor data using a mobile phone. 
 

6.2.1 Data package structure 
The network sends the information structured as small packages. The packages are 
represented in hexadecimal code which is very convenient since two hexadecimal digits 
occupies exactly one byte. Each node in the network sends a humidity package every 1000 
millisecond, therefore the symbol rate is: 
 
Symbol rate = (Number of Nodes)*11 symbols/s;  
 
The structure of the packages was decided in collaboration with Johan Olsson and Jonas 
Lönn, the creators of the ZigBee modules. The packages retrieved from the coordinator unit 
in the sensor network consists of 11 bytes each and are structured as follows:  
 
1st         package type 
2nd        length of the data  
3rd -7th   data 
8th -9th   null values 
10th       sensor address 
11th       LCI value, a value between 0-255 that represents the strength of the signal 
 
Example: 
a) 81 09 31 35 2E 32 37 00 00 32 E8  
b) 82 09 32 33 2E 30 36 00 00 35 B0  
 
a) A humidity package of length nine sent from sensor address 0x3432. The relative humidity 
is 15.27% and the LCI is 14*(16^1)+8*(16^0) =232 
 
b) A temperature package of length nine sent from sensor address 0x3435. The temperature 
is 23.06% and the LCI is 11*(16^1)+0*(16^0)= 176 
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0 1 2 3 4 5 6 7 8 9 A B C D E F
0 NUL SOH STX ETX EOT ENQ ACK BEL BS HT LF VT FF CR SO SI
1 DLE DC1 DC2 DC3 DC4 NAK SYN ETB CAN EM SUB ESC FS GS RS US
2 SP ! " # $ % & ( ) * + , - . /
3 0 1 2 3 4 5 6 7 8 9 : ; < = > ?
4 @ A B C DC4 ENQ F G H I J K L M N O
5 P Q R S T U V W X Y Z [ \ ] ^ _
6 ` a b c DC4 ENQ f g h i j k l m n o
7 p q r s y u v w x y z { | } ~ DEL

Table 3. Example of conversion of the first 128 characters between hexadecimal code and ASCII.  
 
On the computer the data packages are stored in a struct containing seven small arrays of 
chars. An end character ‘\0’ is added at the end of each array informing the application 
where the strings end. 
 

typedef struct { 
 char type[2];  //humidity or temperature 
 char length[2]; //is always nine 
 char value[7];  //the data 
 char zero[3];  //null values 
 char id[2];  //identifies the sensor 
 char signal[2]; //the signal strength 
} sensorData; 

 

6.2.2 The coordinator unit 
In order to communicate with the coordinator unit we have designed a small program for 
the Windows platform. The Bluetooth connection on the computer has been implemented 
using Winsock, since there is good documentation available from the msdn website. 
[MSDN06] The application’s task is to set up a Bluetooth connection, read the sensor 
network coordinator and then forward the packages via the Bluetooth connection.  
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Figure 45. A flow chart of the application that forwards the information from the sensor network via Bluetooth to the 

mobile phone. 
 

6.2.2.1 Accessing the sensor network via a virtual COM port 
The ZigBee network’s coordinator unit is connected to the computer using an usb-cable and 
the coordinator unit is accessed using a virtual COM port driver (VCP). The VCP drivers 
cause the USB device to appear as an additional COM port available to the PC. The 
application can then access the USB device in the same way that it would access a standard 
COM port using serial communication. 
 
A port handle is created in order to read from the virtual COM port. This is done by calling 
the CreateFile function, which returns this handle when the application opens the port. The 
COM port is set to be read only. The ZigBee network virtual COM port appears as COM24 
on the computer used, this port name is hard coded in the application. On Windows all 
COM ports with numbers higher than COM9 have to be described with extra slashes, for 
example: name="\\\\.\\COM24"; 
 
According to the specification of the sensor network the COM port is adjusted, changing the 
settings of the bit rate to 38400, the data bits to eight, no parity bit and one stop bit. A 
pointer to receive the data and the number of characters to read are specified before the 
network is read using the virtual COM port read-function. 
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6.2.2.2 Setting up the Bluetooth connection 
The Bluetooth RFCOMM protocol is utilised for the communication. The RFCOMM 
protocol emulates a RS-232 port and the data is streamed over the connection. 
 
Since Winsock is used for the Bluetooth connection, the application is prepared by providing 
details about the Winsock API, such as the version and implementation details. The 
Bluetooth communication is set up in three principal steps: create a Bluetooth client socket, 
set up the communication channel and establish the connection. 
 
A Bluetooth client socket is created, as it is the computer that establishes the Bluetooth 
connection in our network. This means that the computer connects to a channel or service 
that is advertised by the mobile phone. The master communicates via the client side 
Bluetooth socket using the RFCOMM protocol. In order to indicate the Winsock API to 
create a Bluetooth socket the adressFamily must be specified to Bluetooth. 
 
The information concerning the remote Bluetooth device is stored. Before a client socket 
can request a connection the address of the remote device must be known. A Service GUID 
or the channel number of the RFCOMM protocol to communicate through is also necessary 
in order to set up the connection. Using a Service GUID is the general solution. There is 
only one slave in the network to connect to and since the server side connection on the 
mobile phone is known, the RFCOMM channel can be hard coded. Finally, the Bluetooth 
socket is connected. 

6.2.2.3 Forwarding packages 
When the communication has been set up, the program arrives to a while-loop where the 
reading of the sensor network occurs for as long as the Bluetooth communication with the 
mobile phone is up.  
 
A simple event handler has been created for the reading and forwarding of the humidity 
packages. The handler listens to the ZigBee network COM port byte by byte and whenever 
the first byte of a humidity package is recognised, the rest of the package data is read and 
sent over the Bluetooth connection. The data is sent as a string without the use of any 
protocol. Strings of sizes less than 128 bytes can be sent over the connection without the 
risk of the information being damaged. 
 

 

 
Figure 46. The event handler calls the send function every time a humidity package has been found and read from the 

sensor network. 
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1.  Wait for the first byte of a humidity package. 
 
     while(package type !=humidity){ 

       package type = read one byte;  
             } 

 
2. Read the rest of the data package. 
3. Send the message. 
4. Is BT connected? Is the ZigBee COM port connected? Restart at 1. 

 
When the Bluetooth connection is shut down the application closes and releases the 
Bluetooth socket, the port handle to the ZigBee network and terminates the use of Winsock. 

6.2.3 Bluetooth on the Mobile phone 
The Bluetooth connection on the mobile phone has been set up in a similar way to the one 
on the computer, with the difference that the connection has been configured to be the one 
of a slave. The Symbian OS RSocket class has been used instead of the Winsock API. The 
steps required in order to set up the communication are as follows:  
 

 A Bluetooth server socket is created using a RSocket. The parameter values for 
the socket function are configured for Bluetooth services.  

 The information about the remote Bluetooth device is stored. The information 
stored is utilised for binding a Bluetooth socket to the local address of the 
server device.  

 The created socket is bound using the bind function that associates the local 
address and port combination with the socket that has been created. Binding 
the socket is useful when the slave has a well-known port that the master is 
aware of in advance, as in our application. 

 The created socket listens for incoming connections from remote Bluetooth 
devices. When the incoming connection from the computer is detected, it has to 
be accepted by the server socket. When the connection is accepted, the address 
of the client is returned in a SOCKADDR_BTH variable to be used as a remote 
address in the server socket.  

 
When the application has accepted the incoming connection from the computer, the 
computer starts to send the sensor data through the connection. The mobile application 
receives the data in a text buffer which is  then converted from characters to doubles. The 
sensor ID is retrieved from the data and then utilised as index in the array where the sensor 
data is stored. The position is updated with the new humidity value. 
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6.2.4 Application overview of data flow 
The application is primarily constructed of four classes. All the processes concerning the 
visualisation are managed in the visualisation engine. The user inputs via the menus are 
handled by the application UI class, UARVizAppui. The input via the key pad is managed by 
the application view class, UARVizAppview according to the Series60 framework. The 
visualisation engine call-back class, UARvizEngine and the Bluetooth server class, 
UARvizMessageServer inherit the Symbian OS Active Object functionality, the Symbian 
approach for handling parallel processes. Both of these objects are added to a scheduler that 
handles the threading. Since the Bluetooth server handles incoming data that we always want 
to receive, it is assigned higher priority than the visualisation engine. Figure 47 illustrates the 
interaction between the classes. The blue arrows represent the input from the camera, while 
the yellow arrows symbolise the sensor data and the red indicate the user input. 
 
 

 
Figure 47. The user inputs are handled by the UARVizAppui and the UARVizAppview and affect the activities in 

the UARVizEngine. 
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7 Use Case Study 
In this chapter the use case study is presented, giving an overview of the design and the 
intentions with the study. The result can be seen in Appendix A and is evaluated in Section 8.1.  
 

7.1 Ambition 

To evaluate the usability of the developed application a small use case study has been 
performed. The use case is completed to obtain opinions from the users concerning the 
implemented functions and to test the application itself. Our belief is that their opinions and 
ideas will act like guidance in the development of a possible future application. 
 
The test is performed to examine the functionality of the application. The focus of the test is 
to determine which of the visual representations of the sensor data that is best suited to 
augment the world with. To answer the question the visualisation options in combination 
with the colour scales implemented are analysed. The use case is a mixture of both a 
quantitative and qualitative study. 
 

7.2 Use Case participants  

The ten participants of the case study are a mixture of people with miscellaneous 
background knowledge. They are of various ages in-between 20 – 60, and are both men and 
women, some are acquainted with visual representations and some are not. The majority of 
the people are familiar with handling a mobile phone, but this was no requirement. Three of 
the participants in the test had knowledge of moisture measuring procedures and these three 
persons were asked some additional moisture related questions concerning the application 
and its functions. These three persons contribute with more specialised opinions and we 
have chosen to call them our “specialists”. All of the participants in the use case have 
performed the same test and answered the same basic questions. The specific humidity 
related questions have only been answered by the humidity “specialists”. 
 

7.3 Design 

The use case is designed into three parts, an introduction part, a performance part and a 
perception part. In the first part the user is standing by a table on which the “test wall” is 
placed, see Figure 48. The test wall is a 50x70 cm white paper card, with a matrix pattern 
(4x4) of the characters A to P on top. In the middle of the test wall the marker is situated 
which is an 18x18 cm square with a simple pattern. The characters on the test wall are 
representing sensor positions and are there to help the user relate the visualisations to 
something, helping them answering the questions. During this scenario there are coloured 
paper strips spread around the test wall, allowing us to test the different types of background 
settings, the colour setting or the greyscale setting.  
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During the performance part the scenario is slightly different, the user is then seated 
approximately two meters from the test wall, see Figure 49. The test wall is situated on a real 
wall on eye level from where the user is seated. 
 
The user is equipped with a mobile phone, Nokia 6680, on which the demo application is 
running. Together with the participant there is either two or one interviewers, asking and 
answering questions and taking notes. The user is allowed to ask questions at any stages of 
the test and is encouraged to comment on the application. 
 

7.3.1 Test ‐ Introduction 
In the first part the participant gets to acquaint herself with the application. The user is 
allowed to try the different functions, use the application in different colour modes, 
visualisation modes and viewing modes.  
 
While learning the application the user is given a task, in order to help her to focus on the 
functionalities of the application and relate them to what they are to be used for. The user is 
asked to identify the area on the demo-wall where the moisture content is the highest, 
referring it to the character closest to it. The same question is asked for each of four 
simulated scenarios. For every scenario the user is permitted to change some settings or to 
use some of the implemented functions to help her locate the area with the highest value. 
The user is also asked about her experience and opinions concerning the different tools and 
the different viewing modes.  
 
The background setting is also altered at this stage to get the users’ opinions concerning the 
AR representation. We are interested in whether or not the user experiences any difference 
between having augmented visualisation viewed with the real world as background or by 
only viewing the visualisation with a black background. Is it easier to relate the visualisation 
to the wall with the embedded sensors when the visualisation is displayed together with the 
captured image? Is it just as easy to relate the visualisation without having the wall in the 
display? Does the user experiences any differences when viewing the visualisation together 
with the image of the real world either in colour or in greyscale?  
 
When the user has tried all the functions and become more familiar with the application we 
move on to step two of the test.  
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Figure 48. The scenario of the first part of the use case. 

 

7.3.2 Test – Performance 
In this second part of the use case the participant is asked to perform a task. The test is 
designed to provide us a measurable result, to enable us to compare the different visual 
representation with each other. The task is to approximate how many percent of the test-
wall that has values over a specific threshold of 70% relative humidity. They were told to 
answer with a ten-percent margin, 0-10, 10-20, 20-30, and so on. If the area were covering 
15% of the total wall the correct answer would be between 10 and 20. If the user answered 
10-20 they are graded a 0, which represent a correct answer. If they answered 20 –30 they get 
a +1 which stands for an error of one interval, if they instead would have answered 0-10 
they would have got –1 which is one interval under the correct interval. 
 
The value 70% is a critical value when measuring moisture content within building elements. 
By asking the participants to approximate the size of the area with higher moisture content 
than 70% we can test both how well the colour scales are working as well as how the 
visualisation is functioning. When the users approximate the size of an area over a specific 
threshold they have to take both the colour scale as well as the spreading of the moisture 
within the visualisation into account. The application is in itself, calculating the percentage of 
the area over the specific threshold but to determine where on the wall the moisture is 
located the colour scale has to be used and this is what we are testing. The question is 
whether the colour scales together with the visualisation modes are sufficient to be able to 
determine the size of a possible moisture damage as well as determining where the damage is 
done.  
 
The same task is in total performed 24 times, four times per constellation with six different 
constellations. The constellations are tested in random order to lower the influences of 
learning effects. As an example one user start with test A, continues with B and then C, 
while another participant get to start with test C, followed by A and finally test B. The orders 
of the tests are randomised for every participant, avoiding learning effects.  
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First the colour scales and the visualisation modes are tested. The test is carried out four 
times per constellation with four different constellations, all together 16 tests. The different 
constellations are: 

 

 The Continuous visualisation together with the Blue to Red colour scale 

 The Continuous visualisation together with the Blue to Magenta colour scale 

 The Quad visualisation together with the Blue to Red colour scale 

 The Quad visualisation together with the Blue to Magenta colour scale 

 

With these different set-ups we are able to test the visualisation as well as the colour scales. 
On top of these tests we also take the opportunity to test one of the implemented functions, 
the filter function. To test the filter function the question is the same as in previous tests but 
the user gets to filter away the areas with humidity levels below the specific threshold of 
70%. The remaining areas in the visualisation are those exceeding the critical value. The task 
is still to estimate how many percentages of the test-wall this area covers. The filter function 
is tested together with both the colour scales, Blue to Red and Blue to Magenta. The test is 
carried out four times with each colour scale, all together eight times. 
 

 Filter function + Continuous visualisation + Blue to Red colour scale 

 Filter function + Continuous visualisation + Blue to Magenta colour scale 

 
Since the tests are only performed by 10 users we will not be able to achieve any statistical 
proof concerning the application but trends can be spotted. The test results from the two 
colour scales are compared to each other to distinguish if there are any prominent disparities 
between them. This is the same with the two different visualisation options tested. The 
results when using the filter function are compared to the results achieved without using it. 
Apart from these comparisons combination effects are evaluated as well. 
 

 Blue to Magenta     Blue to Red 

 Continuous        Quads 

 Filtering       Non-filtering 

 Combination effects 
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Figure 49. The scenario during the second part of the test. 

 

7.3.3 Questions ‐ perception 
Apart from the tests the user gets to answer a number of questions concerning the visual 
representations. We register both the test results as well as the users’ opinions concerning 
which representations they preferred or thought were better. Analysing the users’ perception 
of the visualisations and colour scales is very important. The questions we are trying to find 
answers for are: 
 

 Which colour scales do the users prefer? 

 Which visualisations do the users prefer? 

 Which representations give the best test result? 

 Are the answers on these questions corresponding?  

 

When the user has tried out most functions and gotten used to handling the application they 
can evaluate if they found the functions valuable and which setting they found the best for 
performing the task. It also stimulates the user to relate the functions to what they are to be 
used for.  
 

7.4 ANOVA 

To evaluate the result from our use case study the ANOVA technique is used. ANOVA 
stands for Analysis of Variance. This technique was created by Ronald Fisher and is 
sometimes called Fisher’s ANOVA. The purpose of analysis of variance is to test differences 
in means for groups or variables for statistical significance. The variance illustrates the 
spreading of the participant’s answers. If the answers are spread the variance is high, while a 
low variance means a more concentrated answer pattern. 
 
The analysing technique works by comparing means, which is done by splitting the overall 
observed variance into the components due to random error and the components due to 
differences between means. This is achieved by calculating the within-group variance and the 
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between-groups variance. The within-group variance can be referred to as the error variance, 
since it can not be explained by the test design. The between-group variance, however, is 
explained by the differences between the groups and is therefore called the effect variance.  
 
The second part of the ANOVA analysis is to prove whether the result is statistically 
significant or not. This is important, since it tells us if the test conditions examined have an 
effect (the alternative hypothesis) or if the test results are just hazardous (the null 
hypothesis). The null hypothesis is a presumed hypothesis set up to be proven false or 
incorrect in order to support the alternative hypothesis. The null hypothesis is presumed true 
until statistical evidence indicates otherwise.  
 
The significance is tested by calculating the F-ratio for a certain significance level. If the 
actual calculated statistic value, the F-ratio, is lower than the critical value the differences are 
best explained by chance and there is no statistical significance. The significance level of a 
result is called the p-value, the smaller this value is the more significant is the result, 
common p-values are 1%, 5% and 10%.  
 
F=(found variation of the group averages)/(expected variation of the group averages) 
 
By setting the significant level, for example to 1% and calculating a critical value of a statistic 
(F-critical), like the mean, the alternative hypothesis is said to bee true if the calculated 
statistic value (F-ratio) exceeds the critical value. If this is the case the calculated statistic 
value is said to be significant at a 1% level.  
 
The p-value needs to be selected carefully. By setting the p-value high the alternative 
hypothesis risks to be falsely accepted, which implies a result of less statistical power. By 
setting the level low the alternative hypothesis risk to be falsely rejected. A result that is 
significant at a 1% level has more statistical power than a result being significant at a 5% 
level. It is essential to have a balance between significance and power. 
 
A 2-factor analysis of variance is used when you have two independent variables and want to 
examine the effect of each of those variables independently and in interaction with each 
other on a dependent variable. A general way to express interactions is to say that an effect is 
modified by another effect. When interaction effects between variables can be detected more 
complex hypotheses about reality can be tested. [EXCE03] 
 

7.5 Comments from the participants  

The participants were encouraged to comment during all phases of the test. We made a 
record of their opinions and thoughts concerning the application. The three “specialists” 
gave their opinions concerning the application. All of the participants have not commented 
on all functionalities of the application but the thoughts and opinions they have shared with 
us are summarised in this section. 
 

Visualisation for measuring and representing humidity data 
The specialist users were commenting on the concept of visualising sensor data and 
presenting it as an AR representation. One specialist’s comment was that the visualisation 
gave a fast overview and it would be useful to save the picture in the “construction diary” 
and use it for quality assurance during the construction process. Another of the more 
specialised users compared the visual representation to a heat camera since the visualisation 
can give an intuitive representation of the moisture content within a whole building element. 
One user pointed out that if sensors were routinely built in to building elements it would 
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simplify the work of measuring and analysing the data. Although the participants were very 
positive about the visualisation as well as the AR presentation they were questioning how 
this would be used in reality. The main question was how the sensors were going to be 
placed inside of a building element and how the application was going to localise them. If 
the sensors are to be routinely built-in to building elements are the sensors to be placed 
inside of the plaster panels or concrete panels during manufacturing? When using the panels, 
like fitting them to the wall, how are you able to keep track of where the sensors are 
localised? Another question was concerning the marker, if it had to be at the location 
constantly and how big it had to be? 
  

Colour Scales 
The majority of the users experienced the Blue to Red colour scale to be better and more 
legible than the Blue to Magenta scale. A reoccurring comment was that it would be useful 
to adjust the colour scale a bit so the colour changes more distinctively when the values are 
crossing the 70% border instead of 75% as they do now. Some user commented that the 
lower values were harder to determine, especially when not using the background 
information. 
 

Legend 
All of the users appreciated the colour scale legend, for using as a colour reference. One 
commented that it would be useful to have a scale of ten, like 10, 20, 30, 40 and so on 
instead of a scale of four, like 25, 50, 75, 100 as currently. Another reoccurring comment was 
that the legend was an intuitive tool for the Filter function. One user pointed out that the 
legend is especially useful in the learning stages of using the application. When you have 
become more familiar with handling the application the legend is not as important as before. 

Visualisation Modes 
Most of the users did not experience any significant differences between the visualisation 
modes. Some users commented that the Quadified visualisation was slightly better in 
determining the size of an area since you could count the squares. Another comment was 
that a more dynamic Quadified visualisation would be useful, in which the size of the 
squares change depending on how far from the wall you are standing. If you are far away, 
the wall will be divided up in fairly large squares coloured in an average colour for that part 
of the wall. When you move closer the squares become divided into smaller regions with a 
more precise colour representation. The closer you get the more details you will see.  
 
Another participant believed the Continuous representation to give a better overview of the 
distribution and found the Quadified representation to distract.  

Background Information & Augmented Reality 
The background information was believed to give the user a better sense of location and 
position of the visualisation in the world. Many of the participants commented that this was 
the case especially when using a visualisation covering a larger space. They did not find it 
difficult to relate the visualisation to the space it was covering in the real world. They 
believed the background information as to be helpful and that it made them more sure about 
positioning the visualisation when using it. 
 
Some users experienced it as disturbing having to keep the marker in view since it was 
limiting their freedom of movement. More freedom would have been preferred. 
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Filter function 
All of the participants found the filter function to be very useful as well as important. The 
participants found it easier to focus on the most critical areas when the sensor data had been 
filtered and areas of less moisture content had been removed from the visualisation. They 
also found themselves more sure when determining the moisture value when they could use 
the threshold as guidance. The function was thought to be a bit slow and acceleration would 
be appreciated. Many commented that it would be useful to be able to specify a specific 
threshold value instantly by using the number keys on the mobile phone. One of the users 
suggested that you should be able to use the filter function the opposite way, to go directly 
from 0 to 100%.  

Alert function 
The participants believing in the alert function thought that it would be useful since it helps 
the user to quickly focus on those areas. The participants who did not believe in the alert 
function thought that it confused the user and that the alerting colours could be 
misunderstood. Some participants also found the function a bit over the top since it was 
possible to detect the critical areas without the blinking. 
 
One user pointed out that the function might be useful for colour-blind people, since the 
blinking would make the user aware of the critical area without having to rely on the colour.  

Sensor Markers and Selection function 
Most users experienced it useful to be able to see the exact sensor positions, to know where 
in the visualisation the values were exact and had not been interpolated. They also found it 
useful to be able to determine the exact value of these sensors, using the Selection function. 
Although one user believed it to be useful mainly when learning the application and the 
colour schemes. The participant felt surer of the colour representations and did not find the 
Selection function necessary after having used the application for a longer time.  

The Freeze function  
The users felt constrained having to keep the marker in view. The participants appreciated 
the Freeze function, since they found it easier to interact with the visualisation when a more 
comfortable working position could be taken. When freezing the visualisation the 
background information was important to have since you no longer needed to hold the 
mobile phone up facing the wall and therefore lost the sense of location.  
 
Several participants commented that the Freeze function would be good to use when 
looking into something more thoroughly. One user pointed out that when a quick estimation 
is done the freeze function is not needed but when a more advanced analysis is to be carried 
out the freeze function is a must.  

A visualisation over time 
The specialists who were asked whether or not they liked the idea of a visualisation over time 
believed the idea to be util. One participant found it interesting to be able to observe the 
changes in moisture content between different seasons or for longer periods like  months or 
weeks. Another user thought it mainly useful for observations of specific areas, which might 
be more sensitive for changes in moisture content, like suspended foundations. 
 
All the three specialists believed it to be interesting with diagrams over the changes in 
moisture content for special areas during specific periods. 
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The mobile phone – Interaction and Display 
The users believed that the stability, the resolution as well as the screen size was adequate for 
performing the tasks given. When the participants were asked if they would prefer a larger 
display they all agreed that a bigger display would be useful, like a PDA, but since telephones 
are cheap and widely used they are a successful compromise. Some participants suggested 
that the PDA might also be easier to interact with and bring the possibility of more 
functions. One possibility is the ability of making notations in the picture marking important 
areas by using the pen tool. The PDA might also be convenient since it is such a 
multifunctional tool, with email, diary and user-friendly interface.  
 

Other possible functionalities 
The more specialised participants were asked which other function they would appreciate in 
a possible future application. They all found it useful to be able to save the sensor data for 
future analysis or for registration purposes. To be able to email the data or message, both 
pictures and sensor data, to the office computer or a co-worker would be of practical use. 
One user also thought it interesting if the data could be interacted with from another 
workstation.  
 
One participant believed it very useful to register all sensor data as well as pictures in a 
“construction diary” and to use it for quality assurance during the construction process. To 
be able to use the sensor data to make prognosis was another comment. The participants 
believed it to be a very interesting idea to use the material characteristics to calculate the 
areas in between the sensors in the visualisation, which would make the representation more 
accurate. To view the moisture history for a wall was also found interesting, if values are 
saved the changes could be represented in a graph or in a simulation.  
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8   Result 
The project resulted in a prototype application for a smartphone, which visualise moisture 
measured by sensors using augmented reality. We view the result as a first iteration in the 
development process and together with the input from the use case study it is a fine 
foundation for further development. The results from the use case study are presented in 
Appendix A while the evaluation of the result is presented in the next section. The 
implemented functionality: 
 

 Two visualisation modes 

 Three colour schemes and legends 

 A filter function 

 Selection of sensors 

 Option to freeze the visualisation, with maintained interaction possibilities 

 Option to alter the background information 

 
The application has been tested using a test wall and a handful of sensors. The aim of the 
experiment was to explore the concept, rather than to perform a formal evaluation of the 
system. The experiment was carried out using a Nokia 6680, a network of four ZigBee 
enabled humidity sensors and a ZigBee coordinator unit provided with an USB-interface. 
Each node in the network sends the data in small packages, also containing information 
concerning the node address and the signal strength. The humidity packages are sent every 
1000 ms to the coordinator unit connected to a laptop, with integrated Bluetooth. A 
Bluetooth connection is set up, through which the humidity packages are forwarded to the 
mobile phone. On the mobile phone the application is running and the AR visualisation is 
updated with a new humidity value four times per second.  
 
The sensors are attached to the back of a test wall, forming a two by two grid positioned at 
the centre of the wall, see Figure 7. The size of the test wall is 0.8 m by 1.3 m and the 
distance between the sensors are 0.27 m in x-direction and 0.43 m in y-direction. A square 
marker of size 0.16 m by 0.16 m is located at the wall centre as reference for ARToolKit. 
The sensors and the marker are located in the same coordinate system. 
 

 

Figure 50 During the preparation of the experiment the four sensors are attached to the back of the test wall. A marker 
is positioned at the centre of the wall. The hair dryer is used during the experiment. 

The application on the mobile phone is set-up to visualise a four by four sensor matrix. Since 
we in this experiment only have access to four sensors the surrounding twelve sensor 
position are set to contain null values. When the communication has been established the 
sensor network starts to send the humidity packages. The sensors are manipulated using a 
steaming kettle and a hair dryer.  
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The observer is viewing the AR visualisation on the mobile phone while the sensors are 
being affected, see Figure 50. When the sensors are influenced by the steam from the kettle 
the response is instant and the observer is given an immediate overview of the humidity 
distribution. As the humidity is increasing from the initial level its representing colour is 
changing from blue to yellow, at the same time the transparency is decreasing, highlighting 
the humid areas. As each of the sensors is affected, the resultant spreading of the humidity is 
clearly illustrated in the visualisation.  
 
After the sensors have been affected the humidity values are maintained constant for a while, 
only decreasing slowly. To accelerate this process a hair dryer is used, decreasing the 
humidity, which again can be perceived by the user of the application. 
 
During the experiment the user further explores the data, using the glyphs. When selecting 
individual sensors their exact RH value is displayed in text on top of the visualisation 
enabling the viewer to observe their changes. The observer performs a quick analysis of the 
humidity condition, utilizing the filter function. When the user is changing the threshold the 
visualisation exposes only the regions of her interest. As the visualisation is updated with 
humidity values from the sensors, the viewer observe the distinct critical regions as they are 
expanding or contracting. 
 
 

 
Figure 51. The visualisation adapts to the sensors’ humidity levels, which are affected  

by the steam from the kettle. 
 

 
Figure 52. Ann-Sofie demonstrating the intention of the application. 
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Figure 53. Malinda & the visualisation.  

8.1 Evaluation of use case test result 

We are using the ANOVA analysis to determine if the achieved result from the use case can 
be traced to an independent setting, like the colour scales or the visualisation methods and if 
theses individual variables have any statistical significance for the resulting distributions.  
 
In our case the ANOVA alone does not determine which of the visualisation methods or 
colour scales that resulted in the most accurate estimations, instead it verifies if individual 
variables tend to determine the overall result. If for example the probability of a result 
depends on which individual colour scale that is used, the resulting distribution of that 
colour scales is similar, independent of visualisation mode used. The ANOVA can determine 
both if the result depends on the variables independently, in interaction with each other or if 
the result is completely haphazard.  
 
By using the ANOVA together with the graphs showing the distributions of the answers in 
Appendix A we can conclude both which variables that influence the results and whether the 
results are accurate or not. 
 
The variance does not determine if the participants have done accurate estimations it only 
demonstrates the distribution of their answers. A low variance means that the participants 
have answered very similar using a specific setting, but whether they answered correct or not 
is not revealed. 
  
An ANOVA test on the total performances with the significant level set to 1% resulted in 
no statistical significance concerning the different colour scales but showed on statistical 
significance concerning the different visualisation modes, ANOVA F (234,2) = 7,78, p<0,01. 
When setting the significant level to 5% both the colour scales and the visualisation modes 
were resulting in statistical significance. The interaction in this case was exceeding the critical 
value implying that the result from one independent variable is affecting another 
independent variable’s result. The visualisation modes were resulting in ANOVA F (234, 2) 
= 7, 78, p<0, 05 and the colour scales were resulting in ANOVA F (234, 2) = 6, 04, p<0, 05.  
 
When removing the result of constellations using the Filter function from the analysis, 
ANOVA gave a statistical significance for the colour scales with the significant level set to 
either 1% or 5% but not for the visualisation modes. When the significant level is set to 1% 
the result for the colour scales were ANOVA F (156, 1) = 8, 59 p<0, 01.  
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This means that the Filter function is what gave the statistical significance to the visualisation 
modes before and that the real significance lies in between the colour scales as well as in the 
filter function, but that there is no significant difference between the Quads and the 
Continuous representations. When analysing the total performances of both the colour 
scales and the visualisation modes the Filter function must be the main contributor to the 
interaction making the result from the colours scales depend upon the visualisation modes. 
 
The Blue to Red colour scale had overall a substantial lower variance than the Blue to 
Magenta colour scale. The total variance of the colour scales for all visualisation modes was 
76,46 for the Blue to Red colour scale and 151,23 for the Blue to Magenta colour scale. 
When only taking the visualisation mode Continuous and Quads into consideration and 
excluding the filtered result the Blue to Red colour scale resulted in a variance of 98,48 and 
the Blue to Magenta had a variance of 176,44. 
 
The variances for the visualisations were substantially lower for the Filter function than for 
the Quads or the Continuous visualisation modes, but the difference in variance is low in-
between the Continuous and Quantified visualisation. The Continuous visualisation mode 
had a variance of 158,92, the Quads had 126,44 and when using the Filter function together 
with the Continuous Visualisation gave a variance of 45,00. See the ANOVA in Appendix A. 
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8.2 Discussion 

Since our main task was to accomplish a demo application that illustrates the possibility of 
visualisations of sensor data on mobile devices we have concentrated on the general 
impression of the application. We believed it important to create a fully functional 
application not neglecting any part in the development phase. Our belief was that if all the 
parts of the application were functioning together the impression of the application would 
be greater than a visualisation based on only simulated sensor data. We decided early to 
prioritise the application as a whole rather than focusing and improving the AR visualisation, 
therefore the implementation of the AR, the communication, the visualisation and some 
interaction techniques have all been given the same degree of attention.  
 
The experiment demonstrates that it is possible to create a real time augmented reality 
visualisation of sensor data and have it registered with the element in which the sensors are 
embedded. Further it illustrates that sensor state changes can be perceived almost 
immediately by the system user, regarding both amplitude and location. The AR visualisation 
is providing the user with an instant insight concerning the status of the element being 
augmented. The threshold function exemplifies how image-processing algorithms can be 
used in this context to focus on regions of interest. 
 
The interesting point with the AR visualisation is that it seems to be very intuitive and 
almost self instructing. The strength of the technique appears to be its simplicity, this makes 
it very easy to embrace even for a person not familiar with 3D graphics or visualisations. 
Maybe the reason is that we do not find the virtual objects as frightening and abstract when 
they appear in the context of the world we are familiar with.  
 
We see a potential in the use of a mobile phone as a platform for sensor network 
visualisations. The mobile phone can certainly become the future “Swiss Army Knife”, a 
multi tool, always available and with exceptional possibilities for communication via voice 
calls, email or video. With the mobile phone we can connect to other devices and send data 
to the administrational systems of a corporation, not needing a stationary work station, a 
beneficial solution for a construction worker. The mobile phone displays today are limited in 
size, but the development leads us towards larger displays and higher resolutions. For a 
simple task as to determine the humidity level in a building element, a big display might not 
be a necessity, even if desirable.  
 
The possibilities of the technologies are extensive but one aspect to discuss is whether we 
destroy the original idea of ubiquitous computing by visualising it. Was not Weiser’s vision 
that the computing should fade in to the background of our lives regulating it self, without 
the need of control? In our application we use the computing to augment the world in order 
to control it. Isn’t the ideal situation a self controlling system? Why even bother to look at 
the data when there are possibilities to program the integrated sensors to alarm us only when 
there is something that is out of order? We believe that such an alarm and a visualisation 
could complement each other. The alarm indicates when something is abnormal and the 
visualisation is the instrument allowing us to analyse the possible damage. We find the 
visualisation very powerful in the way it represents the humidity distribution. At present we 
can not think of a better and more efficient solution for gaining broader insight from a 
sensor network.  
 
Perhaps the concept of our application is a necessary compromise before the realisation of 
the ideal ubiquitous world is possible. A world where the systems are advanced enough to 
take care of themselves. We see a future, partly already here, where sensors are combined 
with devices regulating their environment. 
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We want to make our application even more ubiquitous in the sense of the interaction with 
the network, not only allowing one way communication. Our application mines the reality 
retrieving humidity data from the real world allowing the sensor network to affect the 
visualisation. Bringing the concept one step further would be to affect the data in the reality 
using the AR visualisation, fulfilling the requirement of a Ubiquitous Augmented Reality 
application. An interesting aspect would be if one was able to reprogram the sensors using 
the mobile phone and the intuitive interface the AR visualisation contributes.  
The prototype application developed can be seen as a first iteration of a possible future tool 
for humidity measuring and analysis. The opinions from the use case participants have also 
rendered ideas for future work with their inspirational inputs. 
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9 Conclusion 
 
We have presented a fully functional application, which can act as a starting point for further 
development. The application developed satisfies the vision we had when starting the 
project, with the only exception of the hybrid solution we had to undertake. The application 
is a prototype in need of further refinement, but is still illustrating the possibilities of creating 
an AR visualisation of sensor data on a mobile phone.  
 
In the application we do not only add information we also remove information from the 
view of the real world. By subtracting the colours from the background information we 
enable the user to focus on the visualisation and we eliminate distracting elements. By 
utilising this concept of mediated reality we can control the view and display information 
helpful for the user and direct her attention towards the essence of the scene. 
 
The mobile phone form factor is a weakness, but the indications from the use case study 
make us believe that it is a good compromise concerning the display size and computing 
capacity relative the price and availability. Using ARToolKit for the vision based tracking 
might not be the optimal solution for creating an AR visualisation to use for ubiquitous 
purposes, but it is interesting as a tool for testing ideas and proving concepts. 
 
The use case study was time consuming but the outcome came to be very valuable. The 
users’ opinions made us aware of necessary improvements in a future application. 

9.1 Future work 

Faster cameras and better processing units will enable a more stable tracking and faster 
update rates. A future aspiration is to improve the application in order to make it more 
dynamic and adaptive to sensor networks. Imagine the application being able to establish a 
communication with any sensor network, connecting with the mobile device when 
encountered. The application adjusts the visualisation to represent the retrieved information 
independently of the data or the constellation of the sensor network. This implies a need of 
marker less tracking and sensor localisation, but through our work we have come to believe 
that the vision is not far away.  
 
Suggestions for future improvements: 
 

 Create a ZigBee-dongle for the mobile phone 

 Examine further visualisation methods suited for use in Augmented Reality. 

 Make the application more dynamic, concerning the localisation of sensors. 

 Use edge detection for tracking or non vision based tracking method. 

 Improve the application, according to comments from the use case study 
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Appendix A 

Result from Use Case Study - Performance 

The participants of the use case were asked to approximate the size of the visualised area 
that had a humidity level over 70%. They answered by stating how many percent of the wall 
that was exceeding this threshold. Their answers were graded according to Chapter 7 and are 
summarised in table 1. 
 
The participants of the use case approximated the areas for four different visualisations per 
constellation. So for the Continuous visualisation they approximated four areas using the 
Blue to Red colour scale and four areas using the Blue to Magenta colour scale, the same is 
done for the Quadified visualisation and when using the Filter function as well. The 
performances for every constellation are added together and we have summarised them in 
Table 4 and they are separately represented in the Graphs 1, 2, 3, 4, 5, 6 and 7. 
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Color Scales
Visualisation modes Blue To Red Blue to Magenta Both scales

Error
Continuous Interval Freqency Freqency Freqency

-3 1 1 2
-2 3 1 4
-1 9 5 14
0 23 10 33
1 0 14 14
2 2 5 7
3 1 3 4

Continuous + Filter -3 0 0 0
-2 0 1 1
-1 9 13 22
0 27 21 48
1 3 3 6
2 0 1 1
3 0 0 0

Quads -3 0 1 1
-2 0 1 1
-1 4 6 10
0 22 12 34
1 9 9 18
2 4 7 11
3 0 3 3

All modes -3 1 2
-2 3 3
-1 22 24
0 72 43
1 12 26
2 6 13
3 1 6  

Table 4.The result from the performance test. Both colour scales’ as well as both visualisation modes’ error frequencies 
are stated. The summarised error frequencies are shown as well. 

 
By examining the graphs, which are showing the distribution of the participants’ answers, 
you can establish which settings that have resulted in the highest distribution of correct 
answers. The constellations where the concentrations of correct answers are high could be 
interpreted to be successful constellation. 
 

The colour scales 
The performances using the Continuous visualisation mode for both the Blue to Red and for 
the Blue to Magenta colour scales are shown in Graph 1. In the graph you can see that the 
Blue to Red colour scale has a slightly higher concentration around 0 than the distribution 
for the Blue to Magenta colour scale. The estimations made when using the Blue to Magenta 
colour scale seems to be approximated slightly higher than when using the Blue to Red 
colour scale. 
 
The users’ performance using the Continuous visualisation mode together with the Filter 
function for both the Red to Blue and for the Blue to Magenta colour scales are shown in 
Graph 2. When using the filter function the colour scales have a similar distribution of error 
frequencies. 
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When the Quadified visualisation is used in combination with the Blue to Red or the Blue to 
Magenta colour scales the error distribution is similar to the Continuous visualisation’s error 
distribution, this is shown in Graph 3. 
 
The colour scales’ total performances, which are the summarised result from using the 
Continuous, the Quantified and the Filtered visualisation modes, are presented in Graph 4. 
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Graph 1.Performance of the Blue to Red and the Blue to Magenta colour scales in the Continuous visualisation mode. 

 

Continuous visualisation together with filter function 
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Graph 2.Performance of the Blue to Red and the Blue to Magenta colour scales in the Continuous visualisation mode 

together with the filter function. 
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Quantified visualisation 
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Graph 3. Performance of the Blue to Red and the Blue to Magenta colour scales in the Quadified visualisation mode. 

 

The performance from all the visualisation modes added together 
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Graph 4. The overall performance of the Blue to Red and the Blue to Magenta colour scales from all the different 

visualisation modes. 
 

The visualisation modes 
The error intervals for the different visualisation modes have also been calculated and we 
present their performances in Graph 5, 6 and 7, as well as in Table 1. When using the Blue to 
Red colour scale the error distribution for the Continuous, the Quadified and the Filtered 
visualisations are presented in Graph 5. The approximations made when using the 
Continuous visualisation are all estimated a bit too low while the Quadified visualisation has 
been approximated a bit too high. The estimations that have been made using the Filter 
function together with the Continuous visualisation are the closest to correct.  
 
The error distribution using the Blue to Magenta colour scale is shown in Graph 6 where you 
can see higher variance of the result and a generally higher error frequency in performance 
for all visualisation modes. The overall performances of the visualisation modes during both 
colour scales are summarised in Graph 7.  
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Blue to red colour scale 
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Graph 5.Performance of the visualisation modes using the Blue to Red colour scale 

Blue to Magenta 
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Graph 6. Performance of the visualisation modes using the Blue to Magenta colour scale. 

 

The performance from both the colour scales added together 

0

10

20

30

40

50

60

70

80

-3 -2 -1 0 1 2 3

Error

N
um

be
r o

f A
ns

w
er

s

Continuous
Quads
Continuous + Filter

 
Graph 7.The overall performance of the visualisation modes using the different colour scales. 
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Perception - Questions 

Ten people have taken part in the use case study, three of those ten have more knowledge of 
measuring moisture and they have commented on some humidity related areas. The 
participants were asked the following questions: 
 

1. Did you find the background information necessary to relate the visualisation to its 
real position in the room? Grade your experience from 1 – 7, where 1 is not 
important and 7 is very important. Distribution of grading sees in Graph 8. 
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Graph 8. The ten participants have graded how important they found the background information to be for localisation 

of the visualised area in the real world. 
 

 
2. Which background information did you prefer to use? 
 

Answers: Greyscale  8 
Colour  0 
Non  2  

 
3. Did you find any of the visualisation modes better than the others when performing 

the task?  
 

Answers: Yes  8 
No  2 

 



 

82  

4. If yes, which visualisation mode did you prefer and how much better did you find it? 
Grade it from 1 – 7, where 1 is marginally better and 7 is much better. Distribution 
of grading sees in Graph 9. 
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Graph 9. The ten participants have graded the visualisation modes  from 1 – 7 depending on how much better it was 

thought to be. 
 

5. Did you find any of the two colour scales as better than the other when it comes to 
performing the task?  

 
Answers: Yes  9 

   No  1 
 
 

6. If yes, which one did you prefer and how much better did you find it? Grade it from 
1 – 7, where 1 is marginally better and 7 is much better. Distribution of grading sees 
in Graph 10. 

 
Answers: Blue to Red  8 

  Blue to Magenta  1 
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Graph 10.The ten participants have graded the colour scale from 1 – 7 depending on how much better they taught it 

was. 
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7. How difficult was it to interact with the mobile phone? Grade your experience from  
1 – 7, where 1 is difficult and 7 is easy. Distribution of grading sees in Graph 11. 
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Graph 11.The ten participants have graded how it was to interact with the application from difficult (1) to easy (7). 

 
 

8. Was it straining to keep the marker in view while using the application? Grade your 
experience from 1 – 7, where 1 is no, not at all, and 7 is yes, very straining. 
Distribution of grading sees in Graph 12. 
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Graph 12.. The ten participants have graded how staining they found the application to be. 

 
 
9. Did you find that the visualisation gave you a good overview or not of the moisture 

distribution? Grade your experience from 1 – 7, where 1 is no, not at all, and 7 is 
yes, very good. Distribution of grading sees in Graph 13. 
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Graph 13. The ten participants have graded the application in respect to overview of the distribution. 
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10. Did you find it easier or more difficult to interact with the visualisation while it was 
frozen? Grade your experience from 1-7, where 1 is more difficult and 7 is easier. 
Distribution of grading sees in Graph 14. 
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Graph 14. The ten participants have graded the application in respect to interaction while frozen. 

 
11. Did you find it easier or more difficult to distinguishing differences in colour shades 

while the visualisation was frozen? Grade your experience from 1-7, where 1 is more 
difficult and 7 is easiest. Distribution of grading sees in Graph 15. 
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Graph 15. The ten participants have graded the application in respect to distinguishing differences in colour shades while 

the visualisation was frozen. 
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12. Do you believe the freeze function to be important or not? Grade your experience 
from 1-7, where 1 is unimportant and 7 is important. Distribution of grading sees in 
Graph 16.  

 

0

1

2

3

4

5

6

1 2 3 4 5 6 7

Grade

N
um

be
r o

f A
ns

w
er

 
Graph 16. The ten participants have graded the importance of the freeze function. 
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  ANOVA –excel sheets 

Anova: Two-Factor With Replication 0,05     

       

 Blue to Red Blue to Magenta Total    

Continuous           

Count 40 40 80    

Sum -100 240 140    

Average -2,5 6 1,75    

Variance 116,6666667 168,2051282 158,9241    

       

Continuous + Filter function          

Count 40 40 80    

Sum -50 -90 -140    

Average -1,25 -2,25 -1,75    

Variance 31,73076923 58,91025641 45    

       

Quads          

Count 40 40 80    

Sum 140 230 370    

Average 3,5 5,75 4,625    

Variance 64,35897436 189,1666667 126,4399    

       

Total           

Count 120 120     

Sum -10 380     

Average -0,08333333 3,166666667     

Variance 76,46358543 151,232493     

       

       

ANOVA       

Source of Variation SS df MS F p-value Fcrit 

Sample 1630,833333 2 815,4167 7,77774 0,00054 3,0344 

Colour Maps 633,75 1 633,75 6,04494 0,01467 3,8815 

Interaction 932,5 2 466,25 4,44726 0,01272 3,0344 

Within 24532,5 234 104,8397    

       

Total 27729,58333 239         
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Anova: Two-Factor With Replication 0,01     
       
 Blue to Red Blue to Magenta Totalt    

Continuous           

Count 40 40 80    
Sum -100 240 140    
Average -2,5 6 1,75    
Variance 116,6666667 168,2051282 158,9241    
       

Continuous + Filter function          

Count 40 40 80    
Sum -50 -90 -140    
Average -1,25 -2,25 -1,75    
Variance 31,73076923 58,91025641 45    
       

Quads          

Count 40 40 80    
Sum 140 230 370    
Average 3,5 5,75 4,625    
Variance 64,35897436 189,1666667 126,4399    
       

Totalt           

Count 120 120     
Sum -10 380     
Average -0,083333333 3,166666667     
Variance 76,46358543 151,232493     
       
       

ANOVA       

Source of Variation SS df MS F p-value Fcrit 

Sample 1630,833333 2 815,4167 7,777744 0,000537 4,6970018 
Colour Maps 633,75 1 633,75 6,04494 0,014672 6,7444218 
Interaction 932,5 2 466,25 4,447264 0,012717 4,6970018 
Within 24532,5 234 104,8397    
       

Total 27729,58333 239         
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Anova: Two-Factor With Replication 0 0,01     
       
 Blue to Red Blue to Magenta Total    

Continuous           

Count 40 40 80    
Sum -100 240 140    
Average -2,5 6 1,75    
Variance 116,6666667 168,2051282 158,924    
       

Quads          

Count 40 40 80    
Sum 140 230 370    
Average 3,5 5,75 4,625    
Variance 64,35897436 189,1666667 126,44    
       

Total          

Count 80 80     
Sum 40 470     
Average 0,5 5,875     
Variance 98,48101266 176,4398734     
       
       

ANOVA       

Source of Variation SS df MS F p-value Fcrit 

Sample 330,625 1 330,625 2,456364 0,1190757 6,80016 
Colour Maps 1155,625 1 1155,63 8,585665 0,0038972 6,80016 
Interaction 390,625 1 390,625 2,902131 0,0904538 6,80016 
Within 20997,5 156 134,599    
       

Total 22874,375 159         
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Appendix B 
 
 

ZigBee module specifications: 
 RF - CC24020 chip from Chipcon 

 MCU - ATmega128L chip from Amtel 

 IEEE 802.15.4 compliant 

 128 kB Flash memory, 4 kB SRAM and 4 kB EEPROM 

 Full Function Device (FFD) capability 

 Reduced Function Device (RFD) capability 

 Standard 30-pin connector  

 Several programmable IO-pins 

 2 UART, SPI, TWI and JTAG interface 

 8 10-bit ADC ports 

 On-board 32.76 kHz Real Time Clock (RTC) 

 Direct Sequence Spread Spectrum (DSSS) 

 Integrated antenna 

 Additional external antenna connector 

 16 channels in the 2.4 GHz ISM-band 

 Approximately 0 dBm output power 

 Receiving sensitivity of about -94 dBm 

 2.7 v - 10 v power supply 

 Interrupt driven I/O’s 
 

Computer 
 HP Pavilion dv1000  (512 MB RAM, Intel Celeron mobile processor) 

 VCP driver for USB to virtual COM port 

 Windows XP, Service Pack 2.0 

 Belkin Bluetooth USB Adapter – 10 meters range 

 The Bluetooth radio driver is included in Windows XP SP2  

 Bluetooth standard v2.0 +EDR and USB 2.0 
 


