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Abstract

In this project is presented a real-time system of tracking distinguished markers 
with multiple  infrared cameras that  estimate their  3D coordinates  with the 
point  triangulation  within  the  multiple  view  geometry.  Furthermore,  this 
project has its planned integrations, focusing on the cognitive implications such 
as autism therapies and so on. This approach consists on developing an artificial 
multi-camera  large  space  structure  that  uses  computer  vision  methods  for 
tracking reflective markers that would be able to be placed on a virtual 3D 
world in order to implement virtual reality applications. The reason why this 
system is based on tracking in infrared frequency is the presence of noise in 
coloured images. Avoiding the noise with simplistic methods can speed up the 
real-time processes and jump forward on new applications and integrations.

Resum

En aquest projecte es presenta un sistema de detecció de marcadors actius en 
temps real a través de múltiples càmeres infrarojes estimant les coordenades 3D 
a través de la triangulació de punts mitjançant la geometría de múltiples vistes. 
Ademés, aquest projecte té planejades les seves integracions, concretament en 
implicacions cognitives com teràpies per a l'autisme i altres. Aquest enfocament 
consisteix en desenvolupar una estructura artificial multi-càmera per a espais 
grans  utilitzant  mètodes de visió  per  a  computador per  detectar  marcadors 
reflectants  de  llum  infraroja  que  seràn  situats  en  un  espai  3D  dedicat  a 
aplicacions de realitat virtual. El motiu per el qual aquest sistema detecta en 
freqüència infrarroja és donat per la presència de soroll en les imatges en color. 
Evitar el soroll mitjançant metodologies simples pot accelerar els processos en 
temps real i preparar-se per a noves aplicacions i integracions.
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Prologue

Machines are becoming more intelligent and self-learning so the interactive and 
cognitive technologies will play a big role as a bridge between the human and 
the machine on the mid-large range future. Computer vision started with the 
goal of building machines that act and behave as humans but it has expanded 
to include applications such as computational photography, biological imaging, 
vision for nanotechnology, fully embodied interaction systems and many other. 
The interactive applications have two main challenges.  The first one is that 
these applications must have a very fast response time and the second one is 
that they must work on for different people while dealing against unpredictable 
backgrounds with reliable algorithms. [1]

Following that track, we can distinguish two main topics: speed and efficiency. 
The computer vision tracking methodologies  are based on applying complex 
algorithms extracting the right measures to avoid the noise in every input. This 
fact has a big issue, the more calculations that a program has to make,   the 
slower the execution would be. Technologies that apply  geometry methods for 
getting 3D points imply multi-camera systems involve on having more real-time 
processes.

The usage of infrared images as inputs has its benefits but also its drawbacks. 
On the one hand, the noise found in the human vision frequencies is erased, so 
that  infrared  devices  and  markers  get  easier  to  track.  On  the  other  hand, 
working with infrared cameras implies working with monochromatic/grayscale 
images, so that coloured filters and recognition cannot be applied.
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1. PROJECT CHARTER

 1.1. Background

Nowadays,  there's  a  myriad of  interactive  applications  and also  virtual  and 
augmented reality libraries. If we count the number of integrations that allow a 
whole framework to play with embodied interaction with large spaces, we can 
count a sort of them. 

This project was started with the idea of taking into account the purpose of two 
concrete projects and make an open platform to work on. Those two projects 
are “Lightpools” and “SPARK”. 

 a) Lightpools

Lightpools  was  a  project  initiated  in  1998  by  Perry  Hoberman  &  Galeria 
Virtual. It was a multi-user experience that focused on the exploration of the 
social possibilities given by a virtual reality application of this characteristics.

This project is based on a digital system that generates visual and acoustic 
elements  in  real-time  along  the  way  the  participants  interact  with  the 
movement and behaviour of such elements. The visual generated elements are a 
sort of drawings projected on the ground, which interact with the position of a 
bunch of paper lanterns that every participant is carrying on itself and shift 
along their conducts.

Fig 1. Paper lantern devices Fig 2. Lightpools interaction

The whole structure of Lightpools is built on a circular dance floor with about 
8m of  diameter  and  5.5m of  height,  where  is  located  the  projector  of  the 
interaction environment.  On that structure,  lay 4 GAMS ultrasound sensors 
that intercept the ultrasound signals sent by the emitters located inside each 
lantern. That data is sent and processed to a computer which would generate 
the visual elements on the projector and the sound effects on the amplifiers. [2]
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The metaphor of the project is based on a traditional catalan romantic dance 
called “El ball del fanalet”.

Fig 3. “La Plaça del diamant” film

 b) SPARK

Spark  was  an  alternative  of  Lightpools  that  took  into  account  the  social 
purpose  but  focused  on  the  rehabilitation  of  child  with  autism  spectrum 
disorders. 

The project consists into a game where every user holds a hand net in order to 
interact with the game world, which is a projected circular zone on the ground. 
Inside the game environment, the ground is covered with virtual fog. That fog 
can be dissipated moving the hand net. The goal of the game is to catch a pack 
of insects which are illuminated with different colours. The way to catch the 
insects consists on maintaining the net over every insect, so that the caught 
insects become in the side of the user.

Fig. 4. Projected zone where the users 
stand still

Fig. 5. Projected zone where the users 
dissipate the fog

The technology used for this project is composed of 2 projectors which show the 
game environment, a heap of 3 infrared cameras that catch the infrared markers 
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located  in  the  hand  net  of  each  user  and a  computer  which  processes  the 
camera input data to be transferred to the game pipeline. [3]

Fig. 6. SPARK game environment

 1.2. Objectives & Outputs

The objective of this project is focused on developing a technology that mix the 
computer  vision  and geometric  approaches  with  the  software  engineering  in 
order to create virtual reality environments facing new software forks and/or 
physical built structures in large spaces.

Autism  prevalence  has  been  in  an  exponential  growth,  and  there  are 
approximately  50.000  diagnosed  children  only  in  Spain.  Autism  spectrum 
disorders (ASD) can affect on human basic functions as the communication, 
socialization and imagination. Virtual Reality outcomes can contribute as good 
solutions for entertainment purposes but also for specific rehabilitations and 
training for children with autism. 

The main goal to achieve is to build a library which would be  enforced to 
various  tools  for  education and entertainment applications,  social  and body 
interaction.

The 2 planned outputs of this project are:

 a) IRMA (infrared marker application)

An application that shows every camera input frames, reads XML input files of 
the configuration, does the camera calibration and 3D projection calculations of 
every found marker. Also draws the marker contours, the pattern identification 
and the 3D coordinates of the marker if that marker has been triangulated in 
the 3D space.
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 b) IRMA library in C++

The library would externalize every function of the IRMA, so that, a framework 
coded in C++ or even a program coded from scratch can instantiate the IRMA 
class and use its functions.

 1.3. Scope & WBS

In project management, the scope of a project is the headland that includes the 
processes required to ensure the definition of  the required work in order to 
complete the project successfully.

The document that defines the scope management is  the “Work Breakdown 
Structure” (WBS).

The  WBS  is  a  diagram  that  decomposes  the  project  into  smaller  stages 
following a hierarchical structure.

On the 1st level can be found the main tasks that must be delivered and in the 
lower levels is found the WBS dictionary, that subdivides the tasks into even 
smaller ones. [4]

The following diagram in  Fig. 7. includes the WBS which is composed of 4 
tasks.  Those  tasks  follow  the  software  engineering  main  tasks:  design, 
development, integration and documentation.

According to the project, a subtask called “Interaction Environment” is added in 
the development process so that this project implies a physical structure for the 
preceding multi-camera structure.

Stress  tests  or  trials  are  made  before  starting  to  code.  The  stress  tests 
determine the usage limitations, specify if  the requirements can be met and 
define the modes of failure and stability of certain software.
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Fig. 7. WBS & WBS dictionary



 1.4. Schedule

The schedule of the project is the phase where the project is planned basing 
that fact on tasks and milestones,  counting the duration of  such tasks and 
considering  the  milestones  as  deadlines.  The  whole  plan  basis  becomes  the 
schedule baseline wherein the mandatory project tasks, subtasks and milestones 
are defined temporarily.

 a) Gantt Chart

Inside the Gantt chart in Fig. 8. we can find 3 main stages.

First, we find the planning, where the project is defined and where are collected 
the fonts and documentation which would guide the project following steps.

Secondly, we find the development. It is divided into the design, the mandatory 
software  of  the  project,  the  extra  software  for  UX  improvements  and  the 
interaction environment.

And finally, we find the documentation stage, where the results are gathered 
and the relevant documentation is arranged and formalized.

 b) Calendar

Following the schedule baseline specified in the Gantt Chart, a calendar can be 
sketched using such tasks and milestones month by month. However, here is 
also specified the meetings done between the project leader and the leading 
assistant. The Calendar in Fig. 9. shows the development tasks from January to 
June.
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Fig. 8. Gantt Chart



Fig. 9. Calendar 



 1.5. Costs & Risks

The main costs related to the software development of the project are none. 
From the IDE to the code licenses, the cost expenses are 0 € because both are 
free of charge and open-source. However, in order to test the execution and 
performance of  such code is needed a sort  of  hardware to work with. Such 
hardware has a cost  of  1140 € but  is  completely  reusable  by any software 
engineer.  Although,  if  we  want  a  whole  multi-user  interaction  environment 
structure rather than a testing space, we must add a sort of components which 
would cost additional 2570 €.

Hardware costs:

• 1 Computer (mid-high end features): 800 €
• 2 UEye infrared cameras (UI-1440-M): 300 €
• 2 USB cables (USB male to USB mini B male): 40 €

Additional costs for a multiuser interaction environment structure:

• 2 Projectors: 1900 €
• 2 additional UEye infrared cameras (UI-1440-M): 300 €
• 2 additional USB cables: 40 €
• 4 infrared light emitters (OSRAM SFH 4730): 250 €
• Reflecting material for handmade markers: 80 €

Unlike other virtual reality projects, this one cause about no risk to the users. 
IR light emitters emit certain radiation. However, these infrared light emitters 
will be rooted on a pair of steel girders approximately  5.5  meters above the 
ground, so there's no risk for the users from suffering any harmful radiation 
frequency exposure.

 1.6. Stakeholders

Software of this characteristics can be integrated to develop many solutions, 
such as virtual and mixed reality environments, augmented reality services and 
more. Thus, can be applied to the education, the gaming industry, the music 
industry and overall, the leisure industry.

Moreover, this project precedent is focused on the rehabilitation systems, in 
particular, a solution for the children with autism spectrum disorders.

To summarize, the main stakeholders that would take a look on this project are 
the indie experimental developers, the education researchers and the gaming 
developers,  but the foremost stakeholders to focus on, are the children with 
autism spectrum disorders, that are worthier of that purpose.
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 2. STATE OF THE ART
IRMA is a software library that can be used for many aims. Depending on its 
integrations, it encompasses from large computer science disciplines to recent 
specific ones.

The three main computer science disciplines that IRMA integration is meant to 
embrace are the Human-Computer  Interaction (HCI),  Image Processing and 
Computer Vision. 

Humans  interact  with  themselves  through  speech,  but  also  through  body 
gestures and movements taking emphasis on part of the speech and display of 
emotions.  New  interface  technologies  are  steadily  driving  toward 
accommodating information exchanges via the natural sensory modes of sight, 
sound  and  touch.  Markers  are  good  tools  for  creating  natural,  efficient, 
persuasive and trustworthy interaction between the human, the computer and 
the real world elements. [5]

In  this  chapter,  the  context  of  IRMA  on  the  2.3  paragraph  funnels  the 
computer vision, image processing and projective geometry methods to procure 
a virtual reality environment with markers. 

 2.1. Virtual Reality

Virtual  reality  (VR)  can  be  considered  the  result  of  technologies  that  the 
computer science disciplines  apply to grant  the fully  immersion to the user 
across  a  virtual  environment.  Thus,  the  user  can  interact  against  the 
environment beyond sound and visual stimuli.

The  ancient  VR artifacts  that  were  the  forerunners  of  virtual  reality  were 
“Sensorama”, “The Ultimate Display” and “Videoplace”.

Sensorama,  created  in  1960-1962  by  Morton  Heilig  was  a  multi-sensory 
simulator. It was based on a prerecorded film in colour and stereo imaging. It 
applied binaural sound, scent,  wind and vibration experiences.  This was the 
first approach for the creation of a virtual reality system and it had all the 
features of such an environment, but it was almost no interactive.

The Ultimate Display was a head-mounted display designed in 1965 by Ivan 
Sutherland  which  provided  an  artificial  world  construction  concept  that 
included  interactive  graphics,  force-feedback  and  sound  among  other 
experiences.
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Given the previous VR artifacts, at 1975, Myron Krueger designed a virtual 
reality laboratory called the Videoplace. The approach of Videoplace was to 
provide  a  virtual  environment  surrounding  the  users,  interacting  with  their 
movements and behaviour, without being the need of any body-mounted device 
on themselves. Videoplace is composed of a projector which provides the virtual 
environment to a plane wall, a camera that tracks the user movements and a 
computer that processes each input and output from both of these devices. [6]

Fig. 10. Sensorama Fig. 11. The Ultimate Display Fig. 12. Videoplace

After  this  brief  summary of  the history of  the VR, can be distinguished 3 
branches on the oldest VR interaction technologies basing it on their different 
kind  of  mappings:  arcade  machines,  body-mounted  devices  and  interaction 
rooms. 

The three of the branches in VR have one thing in common, the VR displays 
must be light and compact. That's one of the reasons why the famous Virtual 
Boy fails on the early 90's. Despite the fact it was using stereo imaging, the 
device was heavy, mono-coloured and it needed to be picked up with one hand 
while in-game interaction. For some gaming critics, it was a big mess. [7]

However,  the price from wearing complex devices  can be countervailed only 
with spectacular virtual immersion.

Following  the  track  of  the  3  main  branches  considered  within  the  old  VR 
systems, it is pretty apparent that they have not evolved on their philosophies. 
Let's analyse the latest and well-known technologies of each one.

The arcade machines have moved to the citizen's homes, now called desktop 
computers  and  consoles.  Desktop  computers  and  consoles  VR  have  shifted 
straight  into  the  gaming  industry,  having  its  eyes  on  the  latest  computer 
graphics engines and viral games.

Nowadays, a head-mounted device called Oculus Rift is pushing forward the 
former gaming market with spectacular visual immersion. Oculus is composed 
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of 2 fish-eye lenses that funnel the light from an LCD panel to each user's eye 
giving a stereoscopic  view of  the game environment.  Furthermore, it  is  also 
made up with 3 high frequency sensors that track each rotation axis of the 
user's head. [8]

And finally, the modern full-embodied interaction is empowered with Kinect. 
Kinect is a multi-purpose camera that is able to interact with multiple users 
tracking their body skeleton based on their main edges on the 3D space. Kinect 
is composed of a single RGB camera, an IR illuminant laser & diffuser and a 
CMOS IR sensor that tracks the depth of the environment elements.

Fig. 13. Kinect Fig. 14. Oculus Rift

Besides these last 2 branches, a compound of technologies that combine both 
similar kinds of mapping have raised. Lightpools was one of them, and also the 
current Nintendo Wii console. The Wii combines motion sensed controllers with 
a virtual environment. Its controllers have an accelerometer that controls the 
motion and the rotation of themselves and have the capacity also to point on 
certain positions and angles.

VR interaction systems have been focused on visual  approaches along their 
evolution. Thus, can be applied in many other ways to foster human condition 
rather than sitting on a chair. That's the case of physical environments such as 
the “Interactive Slide” and “XIM”.

The Interactive Slide is an interactive playground platform environment that 
promotes the exertion and socialization of children. It is based on an inflatable 
stairwell  where  is  projected  the  virtual  environment.  The users  are  tracked 
using a camera and IR light. The approach to measure the exertion of the users 
is  the  interaction  tempo  that  increases  or  decreases  along  the  way  they 
complete every game objective. [9]
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Fig. 15. The Interactive Slide

The eXperience Induction Machine (XIM) is another interactive environment 
that  enhances  other  aspects  apart  from  the  visual  interaction.  It  is  an 
immersive room equipped with light,  sound and image sensors and effectors 
that  have  been  built  to  conduct  experiments  in  mixed-reality.  Its  lines  of 
research are focused on the understanding of the human behaviour in a mixed-
reality context and also building and testing mixed-reality applications based on 
neurobiological understanding and methodologies. [10]

Fig. 16. The eXperience Induction Machine

Moreover, is a fact that reality has numberless of inputs and outputs, the ones 
that  the  human  senses  can  track.  Multimodal  interaction  is  one  of  the 
disciplines  that strains to perform the 5 human senses  to interact with the 
virtual and physical environment. 

To  sum  up,  virtual  reality  had  its  eyes  on  areas  related  to  entertainment 
purposes providing outstanding technologies. Even so, many research lines point 
on physical and cognitive rehabilitation aims.
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 2.2. Autism

Autism  is  a  human  brain  disorder  in  which  chains  a  set  of  behavioural, 
communication and social  disabilities.  Leo  Kanner fist  researched  autism in 
1943 as “an identifiable group of youngsters who share common characteristics  
representing a unique and specific condition separate to any other childhood  
conditions”.  Afterwards,  a  pediatrician  called  Hans  Asperger  in  1944  was 
researching autism during the World War II and recognised autism as a group 
of  characteristic  disorders  identified  in  children  draught  into  significant 
difficulties into social interaction and non-verbal communication but having the 
same cognitive abilities. Namely, the autism neurodevelopmental spectrum of 
those  characteristic  features  can  be  generalized  as  the  autism  spectrum 
disorders (ASD). By that time being, autism was not a relevant disease, but 
knowing its implications we must change our mind about it.

Foremost, let's analyse the symptoms, causes and the treatment of autism.

Kanner's experiment focused on 11 children, eight boys and three girls, in where 
he identified a set of features as the inability to relate themselves in an ordinary 
way  to  other  people  and  situations,  the  absence  of  spontaneous  sentence 
formation and the insistence on sameness.

However,  Asperger's  theory  went  further  than  that.  Children  with  the 
“Asperger's syndrome” are conditioned in the way that they have difficulties in 
interpreting  non-verbal  communication  such  as  facial  expressions  and  body 
movements, the peculiar use of language, obsessive interests in narrowly defined 
areas, clumsiness and poor body awareness, behavioural problems and familiar 
or gender patterns. 

Latest research related to autism from Lora Wing has distinguished 3 models of 
autism,  which  are  focused  on  the  social  interaction,  communication  and 
imagination analysis of autism.

With a naked eye, autism spectrum disorders can be found in those children 
who lose interest in other people, who have a slow development on speech, who 
have shy behaviours and who have the lack of socialization, empathy and eye 
contact. What autism spectrum disorders can cause in the real world is a big 
disruption on education,  learning and a social isolation. 

On the other hand, high-functioning autism is not an actual autism diagnosis, 
and also those children with that condition have a higher functioning cognition 
than other children with autism.  [11]
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Autism  has  been  sometimes  been  related  to  the  image  of  a  child  with 
“superhuman intellectual  skills”  in  films  and media in  the way that  a child 
diagnosed with autism focuses on specific areas as mathematics, music and arts 
in expense of communication and social interaction due to the isolation.

The main causes that trigger autism spectrum disorders are yet still in research. 
Later studies have found both biological and psychological causes of autism. 
The dysfunction of particular structures of the brain and the neuro-chemicals 
which transmit information within the brain can cause the ASD. Autism has 
also regressive psychological features related to individual cognition, perception 
and  understanding.  Some  scientific  groups  as  the  Autism  Genome  Project 
(AGP)  has  identified  a  number  of  genetic  locations  associated  with  the 
symptoms of the autism spectrum disorders.

One of the latest technologies for specific autism analysis is the eye tracking. 
An experiment made on 2 to 6 month infants has proven that the ones later 
diagnosed with autism present a lack attention on eye contact and eye fixation.

Fig. 17. 2 Infant eye's fixation
(later diagnosed with autism)

Fig. 18.  2 Infant eye's fixation
(later diagnosed without autism)

The Ami Klin's experiment has shown that the infants with autism try to avoid 
eye contact and attention far away from every target and regions of interest as 
shown in Fig. 17.
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Fig. 19. Eye fixation tendency
(with 2 individuals diagnosed with 

autism)

Fig. 20. Eye fixation tendency
(with 2 individuals diagnosed without 

autism)

The tendency shown in Fig. 19. exposes the evidence of the autism regressive 
symptoms on eye contact along the individual growth. The autism should be 
treated in the nearly years of age because of the regression evolution of these 
symptoms. The attention is one of the basis of the human learning due to the 
meaning and cognition that it involves. Animals main goal of life is survival. On 
the  other  hand,  human  goals  contain  also  the  socialization  inside  the 
reproductive cycle of life. The lack of attention and socialization can create an 
isolated path of learning. [12]

Despite the fact that this kind of syndrome has been diagnosed and researched 
during the last decades, the prevalence of people diagnosed with autism has 
been  in  an  exponential  growth  due  to  the  prospect  diagnosis  of  the  latest 
advances in psychological, medical and technology areas.

Some computer science disciplines as the affective computing are focused on the 
analysis  of  humans  behaviours  and  emotions.  Eye  tracking  and  facial 
expression analysis are two of their techniques. [13]

As other psychological disorders, autism has no cure. However, some treatments 
and  rehabilitation  can  attenuate  or  even  completely  quench  the  autism 
spectrum disorders.
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Fig. 21. Autism prevalence growth on the last 3 decades

Virtual  reality devices  and environments are a good workaround for  autism 
treatments.[14] For instance, Google Glass has been used for helping individuals 
with disabilities that affect mobility, vision, hearing and also for understanding 
other individual emotions. Also, virtual reality environments that create visual 
and sound stimuli can be exploited in order to treat and understand autism. 
[15]

Fig. 22. Google Glass emotion 
recognition

Fig. 23. MEDIATE 
(Strategies for interactive 

communication in a multisensory 
environment for children with autism)
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 2.3. Context

Real-time applications use the capacity to render multiple frames per second 
without the usage of pre-rendering, following the real world time. That's the 
reason of the word “real-time”. Real-time implies multiple calculations per each 
frame  so  that  the  complexity  of  each  calculation  &  algorithm  applied  is 
increased.

The  value  of  computer  vision  and  computer  graphics  application  goals  are 
focused on speed and efficiency. 

On the one hand, computer vision uses vision methods such as image processing 
algorithms for acquiring, processing, analysing and understanding images and 
high-dimensional data from the real world in order to produce a sort of desired 
outputs. On the other hand, computer graphics employs geometry and physics 
for  representing  graphics  with  different  rendering  techniques  and generating 
objects with 3D modelling software. Its objective is based on simulating the 
most realistic graphics as possible using expensive algorithms in terms of GPU 
and CPU speed.

These two disciplines are the key for generating virtual reality environments 
and applications, that's why many libraries and technologies have been enforced 
to code spectacular outcomes.

Images  have  a  sort  of  analysable  features,  which  are  edges,  corners,  blobs, 
interest points and ridges. Such features can be detected with simple or complex 
feature extraction algorithms. Those extracted features can be subsets in the 
form of isolated points, connected areas or continuous lines and curves. [16]

The key factors for comparing these algorithms are based on quality and speed. 
Both factors depend on the noise of the image. The noise is the amount of 
random inaccurate points that create loose variance on brightness  or colour 
information on images. It is one of the causes why tracking & detection errors 
are  incremented  within  the  detection  algorithms  so  that  Gaussian,  Mean, 
Median and other kind of filters are applied to erase the noise and increment 
their detection success but in expense of speed. [17]

Real-time  processes  depend  on  both  speed  and  effectiveness  so  that  an 
alternative of applying calculations is detecting different kinds of images. Using 
infrared cameras can avoid the amount of colour load, decreasing the presence 
of noise and complexity in the real-time processes. 

Virtual  reality  is  focused  on  real-time  processes  interacting  with  the  user. 
Detecting user's movement and behaviour is weighty for VR applications that 
need to input such data and respond on them. One of the ways for tracking 
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users is using predefined and distinguished markers eased to be tracked by the 
system.

The real world as we know is made in 3 dimensions, but cameras can only track 
2D images. Stereo vision methods are applied to satisfy that premise.  Other 
theories apply different methodologies for the 3D reconstruction, but also imply 
different  circumstances.  For  instance,  the  trifocal  tensor  incorporates  the  3 
views  to  employ  geometric  projective  relationships  for  calculating  3D 
correspondence of points. However, the trifocal tensor implies the usage of 3 
cameras. Stereo vision procedure can be done with two cameras. If there are 
more  cameras,  the  transformations  can  be  made  combining  each  pair  of 
cameras.

The following 3 procedures can explain the way to detect markers and locate 
them in the 3D space using the two view geometry.

 a) Camera Calibration

• Camera Model

To begin with, let's analyse the pinhole camera model. That model describes 
that an object in the real world is projected to an image plane (also called 
projective plane) within a ray that crosses from the center of the camera to the 
point  in  the  3D real  world.  That  approximation  is  an ideal  of  the  pinhole 
camera,  although camera lenses  include geometric  distortions,   blurring and 
other camera aberrations. 

Fig. 24. Pinhole Camera Model
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In Fig. 24. is shown a ray that intersects the center of projection (center of the 
camera), a point “q” and a point “Q”. The point “Q” is the point of the object in 
the real world in euclidean coordinates (X,Y,Z) and the point “q” is the point 
projected in the image plane surface. 

The “f”  is  the  focal  length  of  the  camera  and the  “x”  and “y”  are  the  2D 
coordinates projected in the image plane.

We see also a ray that intersects the center of the image plane, which is the 
optical axis, also called principal ray. The points “x” and “y” are calculated by:

x= f ( X
Z

) y= f (Y
Z

) (1)

In the previous formula (1) is shown the maneuver used by an ideal pinhole 
camera. However real world cameras are not perfect:

x '= f x(
X
Z

)+c x y '= f y(
Y
Z

)+cy
(2)

It is shown in  (2) that are found 2 new parameters, which are “cx” and “cy”. 
These parameters are called principal points and must be considered, given that 
the optical axis within real world cameras is not aligned as the ideal. 

Additionally, focal lenses depend on the size of the individual imager elements, 
so that we got fx=f·sx and fy=f·sy.

Given these parameters, we can calculate the intrinsic camera matrix “M”:

M=[ f x 0 c x
0 f y c y
0 0 1 ] (3)
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• Lens Distortion

Ideal  parabolic  lenses  are  more  difficult  to  manufacture  than  the  common 
spherical lenses. The spherical ones are cheaper and the most used. Camera 
lenses contain radial distortions and tangential distortions.

Fig. 25. Radial Distortion Fig. 26. Tangential Distortion

Fig. 25. and Fig. 26. define a visual view of both types of distortion. The drawn 
arrows show where the points on an external rectangular grid are displaced in 
the distorted image.  Lens distortion causes  for  the camera to get  barrel  or 
pincushion distortions so that the image pixels that represent the image plane 
don't correspond to the real ones. 

For that case,  is  defined a vector  of  coefficients for  each type of  distortion 
{k1,k2,k3,k4,k5,k6} and {p1,p2} vectors. Each  Kn corresponds to the radial nth 

distortion  coefficient,  and  Pn components  correspond  to  the  tangential  nth 

distortion coefficients. For both cases, are employed different kinds of models in 
order  to  undistort  such  images  which  will  use  specific  coefficients  of  those 
distortion vectors.

x ' '= x '
1+k1 r

2+k 2 r
4+k3 r

6

1+k4 r
2+k5 r

4+k6 r
6 +2p1 x ' y '+p2(r

2+2x ' 2) (4)

y ' '= y '
1+k 1 r

2+k 2 r
4+k 3 r

6

1+k 4 r
2+k 5 r

4+k 6 r
6 + p1(r

2+2y ' 2)+2p2 x ' y ' (5)

The formulas (4) and (5) show how to calculate the new x'' and y'' undistorted 
points for each pixel per image plane. The parameter “r” is the resolution of the 
camera (width x height).
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Fig. 27. Distorted Image Fig. 28. Undistorted Image

Comparing Fig.  27.  and Fig.  28.  we see  that  the  pixels  of  each image are 
relocated  so  that  we  see  the  image  without  spheric  effects  or  projective 
aberrations after the undistortion.

• Calibration Chessboard

The way to get the extrinsic parameters of the camera is followed on applying 
planar homography as a projective mapping from the image plane to the real 
world. This is called the multi-plane calibration. For that procedure, is needed 
to use an appropriately characterized object called the calibration object. The 
most common calibration object is the chessboard. A regular chessboard with 
black and white squares is used because it ensures that there is no bias toward 
one side or the other in the measurement, resulting on a grid of corners, making 
it easier to deal with than precise 3D calibration objects.

In order to proceed with the calibration, an amount of N captures is done to 
save each contour with their corners to improve a general approximation.

Fig. 29. Calibration Chessboard captures
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After  capturing  the  calibration  chessboard  corners,  is  needed  a  projective 
mapping  from  the  image  plane  to  the  real  world,  that  is  called  planar 
homography. With that concept, are calculated the homogeneous coordinates as 
matrix multiplications to express each calibration point q̃ of the image surface 
from Q̃ in the real world with the camera coordinate system conversion.

Q̃=[X Y Z 1]T  (6)

q̃=[ x y 1]T  (7)

That mapping can be dealt as:

q̃=s · H ·Q̃ , H=M ·W  (8)

In (8), the “H” defines the resultant homography, “M” is the intrinsic parameter 
of the camera matrix defined in the previous formula (3) and “W” defines the 
resultant matrix of the extrinsic parameters of “R” and “t”. “R” corresponds to 
the rotation matrix acquired by the camera projection (where the camera is 
looking at) and “t” is the translation vector that defines the camera position 
translation. [18]

Fig. 30. Camera coordinate system conversion

Besides the previous fact, the coordinate  Q̃ must be agreed as Q̃ ' that is 
located in the plane that the camera is working at, considering Z coordinate as 
0. 

q̃=s · M ·W · Q̃ '=s ·M · [r1 r2 r3 t ][XY01 ]=s ·M ·[r 1 r 2 t ][XY1 ] (9)
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Fig. 31. Mapping from the image plane to the object plane

After  estimating an approximation of  the calibration captures,  the extrinsic 
parameters of the camera can be determined.

 b) Stereo Vision

• Stereo Imaging

The Stereo Vision is the field that attempts to apply 3D reconstruction based 
on  the  stereo  correspondence  within  the  multiple  view  geometry  using  2 
cameras.

Before  starting  to  know  the  point  correspondence  methodologies,  we  must 
understand the epipolar geometry. 

The epipolar geometry in the two view geometry is based on the intersection of 
two image planes. A baseline line between the center of one camera and the 
other can be traced, and also that line intersects the image plane on a point 
called the epipole for each image plane. For every point correspondence for each 
image projective plane, can be traced a line between it and the epipole, those 
lines are called the epipolar lines.
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Fig. 32. Epipolar geometry Fig. 33. Epipolar plane representation

Given coplanarity conditions, the epipolar plane Π is outlined with the epipolar 
lines, the epipolar lines can be computed as:

l=[e] x H Π pr=F pr l '=[e ' ] x H Π pl=F pl (10)

Where HΠ is the homography mapping of the plane from both points p l and pr 

and F is the fundamental matrix. 

The  fundamental  matrix  represents  a  mapping  from  the  2-dimensional 
projective plane from the image of the first camera to the face of epipolar lines 
through each epipole. So, it represents a mapping from a 2-dimensional onto a 
1-dimensional projective space. [19]

F can  be  computed  as  a  generalization  of  the  essential  matrix,  which  is  a 
constraint computed using at least 8 correspondence points of a calibrated case. 
That  essential  matrix  properties  contain  the  translation  and  rotation 
parameters and is related to the epipoles of 2 corresponding points:

E=T x R 0=pr
T E p l 0=E e=E e 'T (11)

So that, given intrinsic parameters, the fundamental matrix can be computed:

F=(M r
−1)T E (M l

−1)  (12)

Where Mx is the corresponding intrinsic camera matrix of each camera defined 
as in (3). Knowing now the correspondence of points, we need to jump up into 
the 3D space.
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The stereo calibration is needed to create a relation within the 2 cameras so 
that we would compute the view of a known point given from both extrinsic 
parameters:

P l=Rl P+T l , P r=Rr P+T r  (13)

R=Rr(Rl)
T  (14)

T=T r−RT l  (15)

Where, given the rotation matrix of the first (left) camera “Rl” and the one from 
the second camera (right) “Rr” and also the translation of the first camera “Tl” 
and the second one “Tr” we can calculate the rotation “R” and translation “T” 
matrices between both cameras.

Fig. 34. Stereo imaging representation, 
with rectified and unrectified planes

With that background we would be able to understand the 3D environment, 
and we would know that the fast way to calculate the X,Y,Z coordinates is to 
have a coplanar space where there is only one axis for the X coordinate of a 
known point for both cameras and also the Y coordinate for the y axis of both 
cameras as shown in Fig. 34. 

To follow that principle, is needed to rectify both image planes to follow the 
same projection of the projective plane.
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• Stereo Rectification

As  shown  in Fig.  34.  the  X  and  Y 
coordinates on the 3D space cannot be 
obtained  with  the  x  and  y  axis  with 
unrectified  projective  planes.  Stereo 
rectification  allows  the  possibility  to 
bring that maneuver having a common 
projection for both planes.

Fig. 35. Stereo-rectified planes

There are 2 ways to rectify the stereo image planes, one is the uncalibrated 
(Hartley's  algorithm)  and  the  other  is  the  calibrated  stereo  rectification 
(Boughet's algorith).

Hartley’s algorithm bases its operation on finding the homographies that map 
the  epipoles  to  infinity,  matching  points  between  two  image  pairs.  The 
disadvantage is that this doesn't consider the sense of scale.

The  Boughet's  algorithm  attempts  to  minimize  the  amount  of  change 
reprojection produced for both images, considering a rectified rotation “Rrect” 
that will take the left camera’s epipole to infinity and align the epipolar lines 
horizontally. In this manner, both camera rotations have their values rectified to 
the same plane.

With the previous procedure we can estimate then projection matrixes in order 
to consider 3D points in homogeneous coordinates. The pixel skew factor α of 
old cameras must be considered. [18]

P l=M l rect[1 0 0 0
0 1 0 0
0 0 1 0]

,
M l rect=[ f l x α l cl x

0 f l y c l y

0 0 1 ]  (16)

P r=M r rect [1 0 0 T x

0 1 0 0
0 0 1 0 ] ,

M r rect=[ f r x αr cr x

0 f r y cr y

0 0 1 ]  
 (17)

P [XYZ1 ]=[ xyw]
 
 (18)
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• Point Triangulation

Once both planes are rectified, we obtain the following scenario:

Fig. 36. Rectified projective planes

With rectified projective planes, we can consider on calculating the point P on 
the 3D space. Easily we can compute the “x” coordinate and the “y” coordinate 
of the point P but not so for Z. 

For that case, is considered the disparity of both correspondence points as the 
subtraction of the value between the found point “xl” on the first camera and 
the found point “xr” of the second camera within the translation “T” as in the 
two principal points “cl” and “cr” as shown in Fig. 36. 

d=x l−xr  (19)

Z= f T
d

 (20)
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Fig. 37. Depth and disparity 

With  a  two-dimensional  homogeneous  point  (x/w,  y/w)  and  its  associated 
disparity  d,  we can reproject  the  point  into  the  three  dimensions with the 
perspective transformation matrix (disparity-to-depth mapping matrix) [18]: 

Q=[1 0 0 −cl x

0 1 0 −c l y

0 0 0 f
0 0 −1 /T x (c l x−cr y )/T x

]
 

 (21)

Q[ xyd1 ]=[ XYZW ]  (22)

The conversion from homogeneous coordinates to euclidean coordinates is made 
by (X/W, Y/W, Z/W).

We got now the euclidean coordinates of a point found in the 2 rectified image 
planes, but these coordinates are considering a projected 3D world relative to 
the  cameras.  An  origin  point  in  the  real  world  must  be  found,  so  every 
correspondence point “q'” can be estimated relative to an origin point “O” and 
its found point “q” in euclidean coordinates.

q '=O−q , q '=[qxq yqz ]−[O x

O y

O z
]  

 (23)
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 c) Marker Detection

Visual  Markers  are  a  tool  to  identify  certain  points  and  shapes  in  certain 
images.  These  markers  use  distinguished  drawings  or  measure  patters  with 
different kinds of tracking methods depending on each system. The position and 
rotation of such markers can be tracked using image processing and computer 
vision methods.

Technologies  that  use  markers  are  mostly  related  to  augmented  reality 
applications. Virtual reality concentrates its basis on the creation of a virtual 
world yielding the user to interact with it. Besides, augmented reality differs 
from that statement, it blends virtual elements on the real world. Both concur 
on the prospect and focus as the user interaction and immersion. 

One of the kind of techniques adopt optimized tags that reach a high accuracy 
in each camera pose, other techniques are based on designs that aim their basis 
on maximizing the detection speed or minimizing the visual occlusion.

Here are some examples of well-known visual markers:

Fig. 38. ARToolkit Fig. 39. ARTag Fig. 40. Intersense

Fig. 41. Line Pencil Fig. 42. Pi-Tag Fig. 43. Fiducial

The  previous  markers  differ  both  for  the  detection  technique  and  for  each 
pattern used for the recognition. Every kind of marker detection is focused on 
their own purposes. Simplistic markers are easier to process but can be mixed 
up with the environment in noisy images and have limited identifiers depending 
on the pattern. [20]
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• Markers usage

The markers can be prompt for numerous kind of employments. For instance, 
ARTag  markers  are  fast  to  recognize  and  retain  good  results  in  noisy 
environments,  so  these  are  mostly  used  for  real-time  structure-from-motion 
applications that estimate 3D model positions and rotations depending on the 
location and pose of such markers. 

On the other hand, Qr codes are mostly used for informative links as found in 
museums and also for cinema/festival tickets due to the amount of  possible 
identifiers available.

Fig. 44. Qr code capture Fig. 45. ARTag structure-from-motion

Marker technologies are still emerging yet, but big industries as the video game 
industry and the music technologies highlight impressive outcomes.

Fig. 46. Invizimals (PSP video game)

Reactable  is  one  of  the  most  popular  interactive  tables  that  uses  fiducial 
markers. With the Reactable, multiple users can interact with a circular table 
where are projected visual elements for each fiducial placed on it. Depending on 
each fiducial  position and rotation,  sound measures  can be modified as the 
pitch, modularity and so on.
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Fig. 47. Bjork live performance with the Reactable

The  fiducial  markers  from  reacTIVision (Fig.  43.) use  topology-based 
recognition. Those fiducials follow a pattern similar to an “amoeba” drawing in 
binary (black & white). The fiducial drawings have a border (cell membrane) to 
delimit the whole fiducial,  a group of containers (vacuoles) and some circles 
inside or outside those containers (nucleus). In that way, the fiducial can be 
represented as a tree graph with a depth sequence in which every node is one of 
the elements represented and what is it containing as nodes. Also, depending on 
the colour (black or white), the graph nodes can be distinguished.

Fig. 48. Graph representation of a fiducial

With the previous procedure, the number of depth can be placed on every node 
and where every parent node contains also their child nodes recursively. Finally, 
the root node gets an identification number as shown in Fig. 48. [22]

Getting  away  from  specific  marker  recognition,  let's  analyse  the  way  for 
processing the images in order to be able to get each marker contour. 
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• Processing the images

Fig. 49. Original image Fig. 50. Binary image Fig. 51. Blurred image

Firstly, the image must be processed to be a binary image showing the edges as 
active  values  (white  pixels)  and  the  background  as  inactive  values  (black 
pixels). If we assume that the image consists of the edge and additive white 
Gaussian noise, we would be able to apply filters in order to detect outgoing 
edges.  If  the  image  is  coloured,  it  should  be  converted  to  grayscale  with 
luminance conversion (depending on RGB pixel values). Then, with a Gaussian 
filter, we can apply a noise reduction to the edges of the image.

Fig. 52. Noisy step edge

Fig. 53. First derivative of Gaussian operator

Fig. 54. First derivative applied to the edge

After that, we compute the gradient magnitude and angle depending on the 
gradient convolution kernel matrices for each dimension. [23]
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G x=[−1 0 1
−2 0 2
−1 0 1] G y=[−1 −2 −1

0 0 0
1 2 1 ]  (24)

∣G∣=√G x
2+G y

2 θ=arctan(G x /G y)  (25)

Given the gradient and the angle, we apply a “non-maximal suppression” on the 
3 × 3 pixels region around each pixel, that means:

– If θ (x, y) = 0º, then the pixels (x + 1, y), (x, y), and (x − 1, y) are  
examined.

– If θ (x, y) = 90º, then the pixels (x, y + 1), (x, y), and (x, y − 1) are 
examined.

– If θ (x, y) = 45º, then the pixels (x + 1, y + 1), (x, y), and (x − 1, y 
− 1) are examined.

– If θ (x, y) = 135º, then the pixels (x + 1, y − 1), (x, y), and (x − 1, y 
+ 1) are examined.

And finally, we apply the hystheresis thresholding on the whole image. That 
means  considering  the  edge  or  not  on  each  pixel  only  if  it  is  within  the 
boundaries  of  the  minimum  threshold  “tlow”  and  maximum  threshold  “thigh” 
constraints. [24]

– If pixel (x, y) has gradient magnitude less than tlow: write out black.
– If  pixel  (x,  y)  has  gradient  magnitude  greater  than thigh:  write  out 

white.
– If pixel (x, y) has gradient magnitude between tlow and thigh and any of its 

neighbours in a 3 × 3 region around it have gradient magnitudes greater 
than thigh: write out white.

– If none of pixel (x, y)’s neighbours have high gradient magnitudes but at 
least one falls between tlow and thigh: search the 5 × 5 region to see if any 
of these pixels have a magnitude greater than thigh. If so, write out white.

– Else: write out black. 

Now we have an image with its edges represented in a binary image, we need to 
proceed on blurring the image to smooth each border.

There  are  several  blurring  methods  (Gaussian  blur,  Median  blur,  Bilateral 
filter...) but the simple, easy to parametrize and fast one is the Normalized Box 
filter. That means to convolute the image with a “w” box filter in which for each 
pixel, is taken the average of all the pixels under a kernel area “K” around it.
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K= 1
w2 [1 1 1

1 1 1
1 1 1]  (26)

p ' ( x , y)=p (x , y )∗k ( x , y)= 1
w2 ∑i=−w/2

w/2
∑ j=−w /2

w /2
f ( x+i , y+ j )  (27)

• Finding shapes

In order to find shapes, is needed to define each border separately. To find each 
contour  in  a  binary image,  is  used the Suzuki&Abe method.  On an active 
(white pixel)  having an inactive (black pixel)  value in  its  neighbourhood is 
called a border point. The fastest way to find each border points and correlate 
them,  is  to  consider  the  “sorroundness”  among  connected  components 
calculating the parent borders in a decision tree to get every set “Sx” of border 
components. [25]

Fig. 55. Surroundness among connected components (b) 
and among borders (c).

Now we have found every border on the image. Detecting polygonal shapes 
would be the fastest maneuver for shape detection.

First of all, is needed to approximate every contour to find concrete polygons. 
That  is  done  with  the  Ramer-Douglas-Peucker  algorithm.  The  algorithm 
approach  means,  that  given  a  curve  composed  of  line  segments,  to  find  a 
simplified curve with fewer points. On every point of the contour, the algorithm 
iterates  through  the  comparison  of  every  point  with  the  next  one  with  a 
distance dimension “ε” > 0 and to divide the line recursively. 
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Fig. 56. First iteration

Fig. 57. Second iteration

Fig. 58. Simplified curve

– Initially it is given between the first and last point. Then iterates on the 
next point.

– If the furthest point from the line is greater than the ε distance then 
that point is marked.

– Finally,  the  simplified  curve  is  generated  only  with  the  previously 
marked points.

Depending on the defined  ε distance value, would be found more or less points 
for the simplified curve. The more distance is set, the less iterations would be 
needed. [26]

Finally,  after all  the previous procedures,  we can discard unwanted polygon 
shapes considering simple geometry statements as regularity (those in which all 
sides are equal) and convexity (those in which their interior vertex angles are < 
180º). 
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 3. DEVELOPMENT
In this chapter, are shown the requirements of the IRMA developed software, 
the design of the software and the final results. IRMA is a library in C++ in 
which  provides the detection of 3D coordinates from geometric shape markers 
using  infrared  cameras,  as  uEye.  To  achieve  that,  it  uses  the  multi-view 
geometry and shape detection explained previously in the paragraph 2.3.

In this project software, is supplied the source code, the C++ library binaries 
and an example program that uses the IRMA instance using its base functions.

 3.1. Requirements

In  the  field  of  software  engineering,  are  defined  the  requirements  that  are 
needed to satisfy the stakeholder needs. These requirements can be related to 
the input, behaviour and outputs (functional requirements) or related software 
core criterias (non-functional requirements). 

 a) Functional Requirements

1. Multi-camera system

IRMA is designed to use the Stereo Vision theory to reconstruct certain 
point coordinates to the 3D space. Stereo Vision implies the usage of 2 
cameras, however IRMA can handle with 1 or more than 2 cameras. 

In the case of 1 camera, IRMA can detect the shapes and the contours 
found in the image plane. 

In the case of  2 or more cameras,  IRMA uses a camera as the base 
camera and uses the multiple view geometry calculations applied to the 
base camera and every other camera as pairs. Using the trifocal tensor 
instead of the stereo vision methodology would imply using at least 3 
cameras, this requirement would not be applied.

2. Any camera model

Specific cameras for research and testing use their own APIs and drivers. 
IRMA gives the chance to use the openCV VideoCapture functionality to 
interact with any camera model and/or the uEye cameras using the uEye 
API.
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3. Multi-marker detection

Real-time  and  full-embodied  interaction  applications  are  frequently 
bound to interact with multiple users. IRMA is able to detect multiple 
markers during the runtime.

4. Large and small spaces

The structure of stereo vision allows to place the cameras on any space, 
both large and small. The only premise to bring 3D coordinates is for the 
marker to appear on 2 cameras at the same time.

5. Real-time

IRMA  functionality  is  based  on  configuring  an  environment  and 
triggering functionality inside a loop. Real-time applications don't have 
stops or sequential computing interaction and IRMA doesn't do so.

6. Light dependency

Some infrared cameras provide configurable light dependency. However, 
image filters can be applied with IRMA.

7. Configurable UI

Some libraries  supply  UI  for  testing  runtime  results.  IRMA provides 
configurable window display, trackbars and keyboard trigger usage.

8. Configurable image filtering in real-time

IRMA threshold and blurring parameters can be changed in real-time. 
Also,  it  is  prepared  for  using  its  own  trackbars  for  adjusting  these 
parameters.

9. Configurable detection in real-time

IRMA marker and blob detection parameters can be changed in real-
time.  It  can  be  configured  using  keyboard  triggers.  Pre-made 
configurations can also be dealt with XML files.

10. Storing system status and parameters 

IRMA has a status in which the cameras are whether or not calibrated 
and rectified. Stereo Vision parameters are saved on XML files in order 
to avoid calibration on every execution.
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 b) Non-Functional Requirements

1. Performance

Virtual Reality applications require fast performance and high speed on 
inputting and outputting data, it is the core of the real-time philosophy. 
IRMA has achieved in an iterative maneuver (iterating the procedures on 
one camera after the other) a great performance with 2 mid-high end 
computers.

2. Scalability

IRMA's  code  has  been  implemented  in  the  way  of  being  able  to 
implement on itself new features and fixes easily. For instance, IRMA has 
a  class  called  “Camera”  in  which  “uEyeCamera”  and 
“VideoCaptureCamera”  inherit  its  functionality  in  the  way  that  any 
camera and/or API can be defined to be used with IRMA. The detection 
procedure  is  fragmented  in  smaller  functions  so  that  the  detection 
functionality  can  be  eased  to  be  changed  in  order  to  detect  other 
markers.  The  license  used  for  IRMA  is  the  New  BSD  License  (see 
“LICENSE.txt” inside the software files).

3. Security

In terms of memory, this library hasn't memory overflows and also cleans 
the memory of every instance and pointer on itself after being deleted. 
Moreover, it frees the cameras from being busy.

4. Reliability

The markers are detected only if the functionality is enabled. In case of 
that one or more markers are found in only one camera but not on the 
other, the 3D coordinates are not drawn. IRMA includes the permission 
for the user to enable or disable preservation of the last 3D coordinates 
found for each marker in case if that marker is found or not. 

5. Robustness

The real-time applications are bound to be threatened with processes 
with  wrong  momentums.  For  that  case,  the  functions  of  real-time 
processes must save the relevant and robust memory only if needed and 
the methods must follow the blackbox philosophy. IRMA does so. For 
example, while doing the calibration with the chessboard, IRMA doesn't 
write any data to the XML until it has successfully calibrated and checks 
on every capture if all the cameras found the chessboard. Also, runtime 
exceptions of the uEye API are used in case of any uEye camera fails.
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6. Compatibility

By the time, IRMA has been compiled with MinGW applied to an Intel 
architecture in Windows 7. However, the source code is in C++ and is 
managed with a code::blocks project file, so that the compiler is able to 
be  changed  in  order  to  build  the  project  in  just  one  click  on  any 
platform.  Although,  the  built-in  library  “.a”  can  be  linked  also  with 
Linux and MAC.

 3.2. Technology

 a) Software

IRMA is written in C++. C++ is a general purpose programming language 
that is the superset of C, adding functionality on it. It is a compiled, object-
oriented and low-level language. Unlike Python and Java, it is not interpreted 
by any specific virtual machine or platform, that's what it makes it faster and 
also  has  the  prospect  to  deal  with  low-level  features  as  specific  memory 
management calls.

The compiler used for building IRMA is MinGW. MinGW can be used either 
on the native MS-Windows platform or cross-hosted on GNU/Linux.

IRMA has been developed under Code::Blocks IDE which provides different 
ways  to  compile  the  project  and  file  handling  as  virtual  folders.  The  first 
software release contains:

➢ IRMA (Source code)

This  includes  both  the  IRMA  source  code  and  also  the  main 
functionality to test the basic IRMA features.

➢ IRMA-devel (library binaries)

This folder contains the built static and dynamic libraries (“.a” and “.dll”) 
and the include folder in which the main functions can be referenced by 
external programs to use IRMA.

➢ IRMAexample (demo project)

IRMAexample is an example C++ wrapper that simulates the real-time 
application platforms (Setup,  Key trigger  loop,  Logic  loop  and Draw 
loop) in which is instantiated the IRMA class and are called its functions 
on every phase.
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The external dependencies used by IRMA are:

– openCV (open computer vision): Is the open source library de-facto used 
for  developing  computer  vision  applications.  It  is  divided  in  modules 
(core,  improc,  features2d,  calib3d,  highgui...)  used  for  specific 
functionality  as  drawing  rectangles  and  circles,  applying  filters,  using 
stereo  vision  methods,  creating  windows  and  interacting  with  the 
keyboard.

– pugi::xml: Is a XML processing library written in C++. It has a DOM-
like interface with rich traversal/modification capabilities, an extremely 
fast  XML  parser  which  constructs  the  DOM  tree  from  an  XML 
file/buffer and has a XPath implementation for complex data-driven tree 
queries.

– uEye  API:  Is  used  for  interacting  with  uEye  structs,  variables  and 
methods that able the uEye cameras handling and their exception codes.

 b) Hardware

Computer

IRMA has been tested in two mid-high end computers.

The first  one is  an Intel  Core i3  M370 2.4GHz with an AMD Radeon HD 
6370M graphic card and with 4 GB RAM DDR3 memory.

The second one is an Intel Core 2 Quad Q9550 2.83GHz, 8 RAM DDR3 with an 
AMD Radeon HD 7770 graphic card.

Considering both as mid-end computers for graphic & software development, 
both  had  remarkable  results,  respectively  using  Windows  7  x64  operative 
systems.

Cameras

The cameras that have been employed to test and develop IRMA are 2  uEye 
cameras. uEye cameras are industrial progressive cameras with IR light filters 
which are connected by USB 2.0. The used ones for testing are “UI-1410-M” and 
have adjustable light sensibility (iris) and focus. The ones that we have been 
rooted for capturing on large spaces are the ones with the model “UI-1440-M”. 
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Here are the features:

Fig. 59. UI-1410 M-Cameras Fig. 60. UI-1440-M Camera

Resolution: 640x480
Pixel class: 0.31
FPS: 35
Sensor size: 1/3 inches
Sensor type: CMOS
A/D: 8 bits (0 - 256)
Camera Size: 34x32x27.4mm
Weight:  62 (camera) + 60 (lens) g

Resolution: 752x480
Pixel class: 0.36 Mpixel
FPS: 87
Sensor size: 1/3 inches
Sensor type: CMOS
A/D: 8 bits (0 – 256)
Camera Size: 44x44x25.4mm
Weight: 62 (camera) + 50 (lens) g

 c) Structure

For the development of IRMA, it has been needed to print a 9x6 (corners) 
chessboard, 4 paper markers and 1 paper origin marker. The shapes detected by 
default are 1 triangle, 1 square, 1 pentagon and 1 hexagon and the origin as a 
circle.

Fig. 61. Calibration Chessboard
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Fig. 62. Polygon markers Fig. 63. Origin marker

The planned hand-made markers will be a bunch of reflective fabric attached to 
a grid with a shape similar to the polygon markers shown in Fig. 62.

IRMA will be integrated with other projects in which would be needed a large 
space. The desired large space for interacting with IRMA markers is made up 
with 4 steel girders that hold 4 uEye cameras and 4 light emitters located near 
each camera and following each camera trajectory. 

In Fig. 65. are shown 2 of the steel girders that hold 2 rooted uEye cameras and 
both light transmitters.

Fig. 64. IRMA large space

43



Fig. 65. Rooted devices: 2 uEye cameras (blue) & 2 light transmitters (red)

 3.3. Software Design

Once  defined  the  requirements  and  the  environment  for  the  software 
development,  the  software  must  be  designed  using  known  patterns  and 
structures to output efficient, scalable and reliable code.

A library implies big amounts of code, those must be fragmented into small 
pieces in order to be easily understood by any developer. Software classes are 
programmed in the way of object-oriented programming because every element 
has different roles and functionality.

IRMA is a class that can be instantiated on any C++ environment and has its 
own classes and functions. The private methods define the core functionality 
unable to be used from any external class and the public methods are the ones 
to be exploited and to give the desired output purposes.

 a) UML diagram

UML is a general-purpose language for creating diagrams. UML diagrams are 
designed for being used for understanding certain software and design software 
architecture.

As can be seen in Fig. 66. are shown the public, private and protected methods 
and attributes of IRMA. The main methods  of IRMA are the constructor and 
Config(), which calls IRMA variables. The iterate() and draw() methods are the 
ones that must be called on any runtime loop for detecting markers.

 b) Flowchart

Flowcharts  are  drawn  to  understand  certain  algorithms  or  procedures.  The 
basic functionality on detecting shapes loop is shown in Fig. 69.
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Fig. 66. UML: IRMA Class diagram



Fig. 67. UML: IRMA Parameters



Fig. 68. Flowchart: IRMA iterate()

Fig. 69. Flowchart: IRMA getMarkers()



 3.4. Results & Usage

• Usage

IRMAexample is an application demo that uses the main functionality of the 
library. The commands and triggers are shown in the IRMA debug console.

Fig. 70. Usage: Console

IRMA GUI is composed of a trackbar list in which the canny filtering variables 
can be modified in real time: “minThreshold”, “maxThreshold”, “apertureSize” 
and also the blur filtering “kerneldims”. IRMA also shows a window for each 
camera where are shown the frames for each camera (1 window per camera).

Fig. 71. Usage: GUI

If any keyboard button is pressed, there is a function in IRMA that calls the 
triggers each specific keyboard button, which are:
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'C' for taking a calibration capture:

If  the  system is  not  calibrated,  IRMA would  take  a  capture.  If  the 
number of captures exceeds the number defined in the config XML, the 
calibration procedure will be made.

'R' for rectifying the cameras:

If  the  system  is  already  calibrated,  will  be  executed  the  stereo 
rectification in order to be applied the 3D calculations thereafter.

'O' for detecting the origin marker:

The system tries to find the origin marker,  the origin marker can be 
found only once and its 3D coordinates are saved in the XML. If the key 
is pressed again, the origin will be detected again and the data would be 
overwritten.

'1' to enable/disable canny drawing:

The canny and blur filter are applied. If this is pressed again, these filters 
would not be drawn.

'2' to enable/disable blobs drawing:

The blob detection is enabled and blobs are drawn as red circles. If this 
is pressed again, its detection is disabled.

'3' to enable/disable markers drawing:

The 2D marker detection is enabled. Marker identifiers are drawn in the 
centroid of the marker, a line in green is drawn on each contour in green. 
If this is pressed again, its detection is disabled.

'4' to enable/disable 3D coords drawing:

The 3D marker triangulation is enabled. If a marker is found on the base 
camera and in any other camera, the point is triangulated and the 3D 
coordinates  are  drawn on each  marker  on  its  last  contour.  If  this  is 
pressed again, the triangulation is disabled.

'ESC' to stop the system:

The IRMAexample has planned to stop after pressing ESC button. The 
destructor  of  IRMA is  called  and  the  memory  of  their  variables  is 
released. Also it calls the cameras to be free from being used.
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• Results

Fig. 72. Captures with Closed lens Iris Fig. 73. Blob detection

Fig. 74. After Canny filtering 
(low threshold)

Fig. 75. After Canny filtering
(average threshold)

Fig. 76. After Canny filtering
(low aperture kernel size)

Fig. 77. After Canny filtering
(high aperture kernel size)

Fig. 78. After Blur filtering
(low kernel dimensions)

Fig. 79. After Blur filtering
(high kernel dimensions)

Fig. 80. 2D Marker detection Fig. 81. 2D Multiple Marker detection
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Fig. 82. Calibration Chessboard Fig. 83. Chessboard corners

Fig. 84. Before Calibration
(distorted frames)

Fig. 85. After Calibration
(undistorted frames)

Fig. 86. Origin Marker detection Fig. 87. 3D Marker detection
(near to the origin)

Fig. 88. 3D Marker detection
(increasing X coords)

Fig. 89. 3D Marker detection
(increasing Y coords)

Fig. 90. 3D Marker detection
(increasing Z coords)
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After viewing the previous results, let's analyse the 3D detection:

Fig. 91. 3D Marker detection
(1st camera view)

Fig. 92. 3D Marker detection
(2nd camera view)

Fig. 91. and Fig. 92. show the view from the two cameras of the predefined 
shape  marker  “3”  which  is  the  hexagon.  The  blobs  are  shown  in  red,  the 
identifier, contours and 3D coordinates of the marker are shown in green and 
the  previously  saved  origin  marker  in  blue.  The  detection  of  every  perfect 
polygon is based on the correspondence of number of vertex, convexity and 
approximation,  following  the  rules  in  paragraph  2.3.  A  new  restriction  is 
applied,  it  is  based  on  checking  if  the  found  shape  holds  the  predefined 
minimum and maximum angles on the shape contour vertices. 
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 4. CONCLUSION
IRMA's purpose is to be one of the few specific libraries for large space virtual 
reality environments.  The goal is to be integrated with real-time interaction 
applications and video games that are bound to use large space environments. 
Such applications can use IRMA in order to detect users that move and interact 
along the environment but also can be used for identifying specific edges and 
building skeletons for full-embodied interaction meanings.

The  results  of  IRMA  show  an  effective  marker  detection  and  a  fast  3D 
coordinate  calculation  so  that  future  projects  can  be  easily  prepared  to  be 
integrated with this library.

 4.1. Future work

• Addon for OpenFrameworks

OpenFrameworks is a cross platform C++ toolkit designed for creative coding 
as audio, video, and graphical components. All in all, “of” provides an easy way 
to  code  real-time  interaction  applications  using  unique  library  object 
instantiations using such library addons.

An addon of IRMA for openFrameworks would be a good maneuver for getting 
the avail of the real-time IRMA usage. [27]

• Detecting Markers 3D Rotation

By the time being, the 3D coordinates are tracked. However, for getting the 2D 
rotation of each marker and its 3D rotation transformation would be needed to 
develop extra code.

• Optimal methods

The Stereo Vision methods which IRMA uses are the common for two view 
camera applications, nevertheless some correcting matches and extra filtering 
can be  applied  to  improve  the  effectiveness.  Extra  tests  using the “optimal 
triangulation method”  applied to the correspondence matches would be needed 
to check the corresponding impact on speed and then clinch or not on those 
procedures.
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• Adding OpenGL & GLUT features

OpenGL is a cross-platform open-source library used for implementing graphic 
pipelines  for  games  and other  applications.  GLUT is  the  utility  toolkit  for 
OpenGL which is able to add multiple windows for the OpenGL rendering, 
callback driven events and other features boosting the system with useful 3D 
GUI elements. The fact of adding a bunch of 3D windows would also support 
IRMA in  terms  of  debugging  being  able  to  view  each  marker  in  their  3D 
coordinates inside a 3D pipeline.

• Adding Qt features

Qt is a cross-platform application framework that is widely used for developing 
software with a graphical user interface (GUI). With Qt, IRMA would be able 
to add buttons, checkboxes, tabs and other elements to the demo for having an 
improved GUI. 

• Detecting complex markers

Marker detection libraries use distinct markers in order to differ from other 
markers detected by other libraries. Also, complex markers are used for being 
brightly distinguished from any real world element. Detecting polygon markers 
can mistake the program in terms of that IRMA can detect real world shapes as 
markers if the camera iris are opened.

 4.2. Precedent

IN-AUTIS-TIC is a future project based on a large virtual reality environment 
for the rehabilitation of children with autism. The main focus of IN-AUTIS-TIC 
is to stablish socialization and cooperative interaction between the users. The 
potential of full-embodied interaction applied to high-functioning children can 
be a good approach for their rehabilitation and for training their social skills. 

The purpose is to develop a full-body space-based video game that will train 
children  with  autism  spectrum  disorders  using  the  IRMA  large  space 
environment. Every child will wear an IR reflecting fabric device in the form of 
a hand net (which will have a geometric shape, as the IRMA's markers) and 
will interact with the ground where the game will be projected. IN-AUTIS-TIC 
will use 4 cameras to track every user's position and will  output the visual 
features using 2 projectors. The philosophy of IN-AUTIS-TIC is based on both 
Lightpools and SPARK but using IRMA's environment structure and library 
for tracking each child's position.
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