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Executive Summary 

The 2nd Pan-European VERITAS workshop ―Accessibility Engineering with User 

Models, Simulation and VR‖ was organized in the context of the 2011 Joint Virtual 

Reality Conference on 21 September 2011, Nottingham UK. 

The workshop chaired by Manfred Dangelmaier (Fraunhofer IAO, Stuttgart, 

Germany), and which took place on Wednesday afternoon 21 September 2011, 

gathered a wide array of external experts and users in the area of Simulation and 

Virtual Reality, and showcased relevant projects and initiatives in the area of 

accessible design and simulation for automotive, home, working environment, 

infotainment and ehealth design. 

The workshop gathered 30 external experts and users in the area of Simulation and 

Virtual Reality, and showcased relevant projects and initiatives in the area of 

accessible design and simulation for automotive, home, working environment, 

infotainment and ehealth design through 6 paper presentations, kicking off with the 

VERITAS presentation to make participants acquainted with methods, products and 

services developed in the framework of the VERITAS project. 

The deliverable at hand captures this event through discussion minutes, and 

inclusion of the presented papers. 

The next workshop is planned at the VUMS workshop at ICCHP 2012 (July 2012) 

and will then especially focus on presenting the experience gained in the individual 

application domains of VERITAS project (automotive, games, smart living and work 

spaces, ehealth and infotainment).  
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1 Introduction 

The 2nd Pan-European VERITAS workshop ―Accessibility Engineering with User 

Models, Simulation and VR‖ was organized in the context of the 2011 Joint Virtual 

Reality Conference on 21 September 2011, Nottingham UK. 

The workshop gathered 30 external experts and users in the area of Simulation and 

Virtual Reality, and showcased relevant projects and initiatives in the area of 

accessible design and simulation for automotive, home, working environment, 

infotainment and ehealth design. 

Following speakers and papers were presented: 

 Dimitrios Tzovaras et al.: VERITAS – An open simulation platform for 

immersive and non-immersive accessibility engineering 

 Sue Cobb, Belinda Lange: VR in rehabilitation – examples and challenges 

(presentation only) 

 Mauro Da Lio, Mariolino De Cecco, Francesco Biral, Daniele Bortoluzzi: How 

do human beings move? A lesson from driver models. State of the art 

and ideas concerning the planning of human movements. 

 Yehya Mohamad, Pradipta Biswas: Standardisation of user models for 

designing and using inclusive products 

 Manfred Dangelmaier, Matthias Bues et al: A VR application for planning 

processes for nursing homes 

 Christian Schönauer, Thomas Pintaric, Hannes Kaufmann: Full body motion 

capture a flexible marker-based solution 

The deliverable at hand captures this event through discussion minutes, and 

inclusion of the presented papers. 

Chapter 2 presents shortly the agenda with pictures of the main speakers, while 

Chapter 3 sets the ground for the real purpose of the workshop, namely to acquaint 

participants with methods, products and services developed in the framework of the 

VERITAS project. 

Chapter 4 provides a short overview of the core issues raised during the workshop 

(including the outcomes and achievements of the workshop), and Chapter 5 contains 

most of the papers. 

The proceedings are completed with a concise conclusion. 
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2 Agenda 

The Workshop was organised in the afternoon of 21st September 2011 (13:30 - 

15:30) at the University of Nottingham premises, following a range of presentations 

outlined below: 

A general introduction about VERITAS 

by Manfred Dangelmaier. 

On picture right, Dr.-Ing. Manfred 

Dangelmaier. 

 

 

Dimitrios Tzovaras et al.: VERITAS – 

An open simulation platform for 

immersive and non-immersive 

accessibility engineering 

On picture right, Dr. Dimitrios 

Tzovaras. 

 

Sue Cobb, Belinda Lange: VR in 

rehabilitation – examples and 

challenges 

On picture right, Dr. Sue Cobb. 
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Mauro Da Lio, Mariolino De Cecco, 

Francesco Biral, Daniele Bortoluzzi: 

How do human beings move? A 

lesson from driver models. State of the 

art and ideas concerning the planning 

of human movements. 

On picture right, Francesco Setti. 

 

 

Yehya Mohamad, Pradipta Biswas: 

Standardisation of user models for 

designing and using inclusive products 

On picture right, Dr. Yehya Mohamad. 

 

 

Manfred Dangelmaier, Matthias Bues 

et al: A VR application for planning 

processes for nursing homes 

On picture right, Dr.-Ing. Manfred 

Dangelmaier. 

 

 

Christian Schönauer, Thomas Pintaric, 

Hannes Kaufmann: Full body motion 

capture a flexible marker-based 

solution 

On picture right, Dipl. Ing. Christian 

Schönauer. 
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3 The VERITAS Showcase 

The aim of the workshop was to acquaint participants with the methods, products and 

services developed in the framework of the VERITAS project. VERITAS‘s Dr. 

Tzovaras started by outlining ―Design for All‖, and the fact that there will always be a 

minority of people with moderate/severe impairments who will require adaptations or 

specialized products. 

For this reason alone, goods and services can and should be designed to meet the 

needs of a wide range of people, including people with disabilities. Product designs 

can be changed, but people's abilities or age cannot. 

He subsequently outlined that most of the current accessibility assessment tools are 

restricted to: 

 support of only fully-capable user models leaving out the elderly and impaired 

populations (examples: RAMSIS, ANNIE-Ergoman, JACK). 

 taking into account a small list of impairment simulation, i.e. only vision, only 

hearing, leaving out biomechanical simulations (example: ACCESSIBLE 

project). 

 kinematic only based simulators, ignoring the human‘s dynamic properties, 

i.e. forces and torques (example: SAMMIE-CAD). 

It was highlighted that the motivation behind the VERITAS project is to enable the 

automatic accessibility evaluation of any environment for any user category by 

testing its equivalent virtual environment for the corresponding virtual user, providing: 

 very fast immediate accessibility assessment results, 

 low development costs, 

 a product that can appeal to even larger parts of the population. 

 a holistic framework that supports comprehensive virtual user modeling, 

simulation and testing at all development stages. 

 a framework that is capable of simulating virtual users of several capability 

levels (fully capable, impaired, erderly) in several modality fields, such as: 

motor, vision, hearing, speech, cognition / behaviour, and 

 provide valid accessibility assessment to the end user. 

The presented VERITAS work proposes an open framework that performs automatic 

simulated accessibility testing of designs in virtual environments using virtual user 

models. 

The great importance of such a framework lies in the fact that it can simulate various 

impairments of various fields (motor, vision, hearing, speech, cognitive), resulting to 

an increased prestige to the fidelity of the accessibility results. 

Several features of the simulation framework need further investigation and 

improvement, such as the speech and cognitive simulation processes. However, 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 10 MCA 
 

even in its current state, the framework provides a valuable design prototype 

accessibility test tool in a great variety of prototyping domains. 

This set the ground for the different presentations that all addressed specific parts of 

the aim to develop accessible environments in different domains, and that for this 

reason were also selected for the workshop.  
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4 Minutes 

4.1 Presentation minutes 

The workshop was initiated by Dr.-Ing. Manfred Dangelmaier who introduced the 

main speakers and indicated the common goals addressed by all projects to use 

virtual models to improve universal design efforts in various areas. 

4.1.1 VERITAS – An open simulation platform for immersive and non-

immersive accessibility engineering 

Starting from the presentation of VERITAS as core focus, Dr. Dimitrios Tzovaras 

presented the open simulation platform for immersive and non-immersive 

accessibility engineering which is being developed in VERITAS. This novel open 

simulation platform aims to provide a virtual prototyping and accessibility testing 

framework, easily incorporable in the early stages of R&D pipelines of most product 

manufacturers and application developers. The proposed framework is based on 

virtual user models which describe in detail all the physical parameters of the user 

with or without disabilities. The proposed user modelling methodology generates a 

dynamic and highly parameterisable avatar that is used in the simulation framework 

to assess the accessibility of the designs. VERITAS‘ approach covers the simulation 

of all major human functions including motor, vision, hearing, speech and cognition 

through a unified simulation framework. The simulation is carried out in a virtual 3D 

or 2D representation of the design to be assessed either through an immersive or a 

non-immersive accessibility evaluation application, where each component of the 

design is modelled with attributes reflecting the actual object's physical 

characteristics. 

4.1.2 VR in rehabilitation – examples and challenges 

Dr. Sue Cobb subsequently focused on the practical usage of Virtual Reality in 

rehabilitation, and presented a range of examples and challenges. One of them 

focused on how at the University of Nottingham, UK, a project is currently in progress 

which is exploring the application of virtual environments for supporting stroke 

rehabilitation. The project has focussed on a user centred design approach and has 

involved consultation with stroke survivors, therapists and stroke researchers. 

Responding to a preference for naturalistic action and realistic scenarios, a tangible 

user interface to a hot drink making activity was piloted with stroke survivors resident 

in the community. The results of this study have improved the understanding of how 

stroke survivors interact with simulations and highlighted aspects in need of 

improvement. 

However, it was highlighted that no fixed standards exist so far. The question was 

also raised how well gaming can be used as a motivator for the users. The games as 

they are, are fast and stressful, while the stoke survivors need rehabilitation. 

Therefore the games need to be slowed down and stripped of the game element. 

The users don‘t want the extra details with the music, rather they want the games to 

be nice and slow in order to use it. As long as they are designed properly, games 

have a future as motivators in rehabilitation. 
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This work also used the Kinect system, to track physical motion. 

It was pointed out that there are no standards or specific guidelines yet on how to 

use games for rehabilitation. The issue is that one cannot take a game made for the 

general public and use it for rehabilitation. The older people for example are getting 

stressed. There is need to have a new software with correct criteria to encourage the 

activity of the specific patient. Otherwise there will be situations whereby people use 

games, get over reacted and sometimes get injured. 

4.1.3 How do human beings move? A lesson from driver models. State 

of the art and ideas concerning the planning of human 

movements 

The following presentation by Francesco Setti addressed the modelling of human 

movement for making virtual user models suited for simulation of physical interaction. 

He presented the methods for human-like motion planning and introduced the 

framework of layered architectures, which integrate cognition, motion planning and 

musculoskeletal models. This was illustrated using the simpler and more studied 

case of driver models as a guiding example. 

Asked whether this could be extrapolated to cover other activities, Francesco Setti 

clarified that driver models can be extended to other multiple activities, since driving 

is already a complex activity. It can be applied for a model of a person working in a 

small place. However, there are no specific studies on how specific limitations affect 

these loops. Driving models are for typical and not disabled beneficiaries. 

Robotic processes were also applied, such as autonomous vehicles. 

4.1.4 Standardisation of user models for designing and using inclusive 

product 

The following presentation by Dr. Yehya Mohamad presented the concept of a 

generic interoperable user model that describes the relevant characteristics of the 

users, who will interact with products and user interfaces. These include physical 

cognitive, and sensory attributes, habits, preferences and accessibility capabilities. 

With such a model designers can define as many user interaction profiles as needed 

to address the whole range of requirements from a target population. It will also help 

designers and developers to maximize the level of accessibility of products and 

services by providing a comprehensive set of Human Factors design guidelines, 

which could be used in virtual spaces to visualize accessibility and usability issues. 

A question was asked how to manage the situation with the cognitive and the stability 

of a variable. It was clarified that at present they have only their structure of the 

variable without the data. The variables don‘t need to have all the parameters 

included. 

4.1.5 A VR application for planning processes for nursing homes 

Next, Dr. Manfred Dangelmaier presented a VR application for planning processes 

for nursing homes. He clarified that residents and employees are not very well 

represented in the planning processes of nursing homes. VR applications are 
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supposed to be able to support these processes effectively; in particular through 

providing an experience from the user perspective and facilitating communication 

about user needs in inter-disciplinary planning teams. As a demonstrator and 

feasibility study an exemplary VR application for planning purposes of nursing homes 

was developed. The application supports impairment simulation of residents and 

process simulation. For the use case of redesigning a long corridor situation in an 

existing nursing home the benefits of the system were verified. Positive feedback 

from demonstration at an occupational safety and health conference was reported. 

This system was also demonstrated in the exhibition area. 

4.1.6 Full body motion capture a flexible marker-based solution 

Next, Dipl. Ing. Christian Schönauer introduced the full body motion capture (MoCap) 

which plays an increasingly important role in many fields from entertainment to 

medicine. However, accurate motion capture systems have not been used in some 

application areas due to reasons like cost, inflexibility and complexity of operation. At 

the Technical University of Vienna, they developed a complete marker based optical 

MoCap system, which targets these issues. They also developed a flexible 

calibration method, robust skeleton tracking and interfaces to third party software. To 

demonstrate robustness, reliability and accuracy, the system has been successfully 

employed to provide input to a serious game targeting rehabilitation of patients with 

chronic pain of the lower back and neck, a group that has previously been neglected 

by serious games. A brief overview of the application and preliminary results of a 

medical evaluation with chronic pain patients was provided. 

The cost of the entire system was €15000, uses different interfaces and other 

commercial engines. At present, only the eye tracker is being sold, while there are 

plans for commercializing also the emotion capturing system.  

With this the workshop was concluded by Dr.-Ing. Manfred Dangelmaier. 

4.2 Outcomes and achievements 

The workshop succeeded in bringing together representatives from the various 

domains that VERITAS addresses, both from research as well as from industry, and 

offered a good opportunity to present the outcomes from the project and thus collect 

feedback from all participants. The workshop also yielded deeper insight in the 

applicability of the simulation models across the application domain, as well as 

showed how it can be useful to different domains. 

Similar workshops in future will build further on the outcomes of the project, 

especially when demonstrations will be available from SP2 and SP3 work. 

Just like with all future workshops, the project covered the entire event through its 

Facebook and Twitter page during the entire session. This social media approach 

has proven to be an efficient vehicle in disseminating the presentations and the 

outcomes of the workshop to stakeholders, especially the research oriented ones. 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 14 MCA 
 

5 Workshop material 

This chapter provides the papers that were at the basis of the presentations. Each 

paper was also accompanied by a presentation. 

5.1 Access to presentations 

The  presentations of every paper can be downloaded via below links: 

 Dimitrios Tzovaras et al.: VERITAS – An open simulation platform for 

immersive and non-immersive accessibility engineering 

 Mauro Da Lio, Mariolino De Cecco, Francesco Biral, Daniele Bortoluzzi: How 

do human beings move? A lesson from driver models. State of the art and 

ideas concerning the planning of human movements. 

 Yehya Mohamad, Pradipta Biswas: Standardisation of user models for 

designing and using inclusive products 

 Manfred Dangelmaier, Matthias Bues et al: A VR application for planning 

processes for nursing homes 

 Christian Schönauer, Thomas Pintaric, Hannes Kaufmann: Full body motion 

capture a flexible marker-based solution 

5.2 Papers 

5.2.1 An Open Simulation Framework For Immersive And Non-

Immersive Accessibility Engineering 

Athanasios Tsakiris, Panagiotis Moschonas, Konstantinos Moustakas and Dimitrios 

Tzovaras 

Centre for Research and Technology Hellas / Institute of Telematics and Informatics,  

6th Km. Charilaou-Thermis, GR57001, Thessaloniki, Greece 

5.2.1.1 Abstract 

In this paper, a novel open simulation platform is described, which is under 

development under the VERITAS ICT project, funded by the EU, and aims to provide 

a virtual prototyping and accessibility testing framework, easily incorporable in the 

early stages of R&D pipelines of most product manufacturers and application 

developers.  The proposed framework is based on virtual user models which 

describe in detail all the physical parameters of the user with or without disabilities. 

The proposed user modelling methodology generates a dynamic and highly 

parametrisable avatar that is used in the simulation framework to assess the 

accessibility of the designs. Our approach covers the simulation of all major human 

functions including motor, vision, hearing, speech and cognition through a unified 

simulation framework. The simulation is carried out in a virtual 3D or 2D 

http://veritas-project.eu/wp-content/uploads/2012/01/An-open-simulation-platform-for-immersive-and-non-immersive-accessibility-engineering.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/An-open-simulation-platform-for-immersive-and-non-immersive-accessibility-engineering.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/How-do-human-beings-move.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/How-do-human-beings-move.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/How-do-human-beings-move.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/Standardisation-of-user-models.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/Standardisation-of-user-models.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/A-VR-application-for-planning-processes-for-nursing-homes.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/A-VR-application-for-planning-processes-for-nursing-homes.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/Full-body-motion-capture-a-flexible-marker-based-solution.pdf
http://veritas-project.eu/wp-content/uploads/2012/01/Full-body-motion-capture-a-flexible-marker-based-solution.pdf
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representation of the design to be assessed either through an immersive or a non-

immersive accessibility evaluation application, where each component of the design 

is modelled with attributes reflecting the actual object's physical characteristics. 

5.2.1.2 Introduction 

As global populations are growing older, together with an increase in people with 

disabilities [WHO 2007][WHO 2007], the moral and financial need for ―designed for 

All‖ [Coleman 2003] products and services becomes obvious. "Design for All" means 

developing mainstream products and services so that as many people as possible 

can use them easily. This does not mean that manufacturers are expected to design 

every product to be usable by every consumer - there will always be a minority of 

disabled people with severe impairments who need adaptations or specialised 

products. But when "Design for All" principles are adopted, fewer people will require 

specialised and expensive alternative equipment. 

The excuse that it is people's specific characteristics that prevent them from using 

mainstream goods and services is not acceptable. We all get older and our needs 

change with age. Hearing, vision, mobility and strength impairments are common to 

the aging process. Goods and services can and should be designed to meet the 

needs of a wide range of people, including those with disabilities. Product designs 

can be changed, but people's abilities or age cannot.  

The lack of non accessible products can cause large productivity losses, with many 

people being unable to fully participate at work, in education, or in a wide range of 

economic and social activities. People's choice of leisure activities may be narrower 

than it otherwise could be. Thus, it is a technological challenge to provide senior 

citizens with systems that could foster the different facets in the perception of quality 

of life. These systems should improve the level of independence, promote the social 

relationships, leverage the immersion in the environments and encourage the 

psychological and physical state of the person. 

The design solutions needed include both redesign of existing products and 

innovation of new products to satisfy user needs in an efficient and effective way. 

Improvement in existing daily-life equipment or invention of new utilities is more than 

a matter of intention and good will. It should be based upon and inspired by 

knowledge of the characteristics of the intended users, i.e. their habits, needs, 

capabilities and limitations relevant to the handling of products and services. 

Even if there have been some limited and isolated attempts [Palmon 2004][Shaikh 

2004] to support accessibility testing of novel products and applications, there is a 

clear lack of a holistic framework that supports comprehensively virtual user 

modeling, simulation and testing at all development stages. The present paper 

presents a framework that performs automatic simulated accessibility evaluation. The 

great importance of such a framework lies to the fact that it enables the automatic 

accessibility evaluation of any environment for any user by testing its equivalent 

virtual environment for the corresponding virtual user. Moreover, the main innovation 

of the proposed framework lies in the fact that the whole framework is capable of 
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simulating virtual users fully capable or with disablities, having specific motor, vision, 

hearing, speech and cognitive characteristics. 

5.2.1.3 Related Work 

Digital human modelling is an emerging area that is getting more and more attention 

from research and development community [Cappelli 2006]. Up to now, most 

research efforts have concentrated on anthropometric aspects of human modelling. 

Allen et al., for example, tried to improve models of body shapes [Allen 2002]. More 

specifically, body deformation during movements were examined on the one hand 

and individual variations in body shapes on the other hand [Allen 2004]. Chaffin 

[Chaffin 2001] presented case studies of the expanding use of digital human models 

for both product and workplace design and assessment. The general usability of 

virtual reality technologies to workplace accessibility is also studied by Gill [Gill 1998]. 

In [Shaikh 2004] the integration of an interactive immersive simulation tool that has 

been developed in-house with a commercial human modelling simulation system is 

considered for the planning phase of workplace layouts.  

A wide variety of methods has been presented for simulating human postures and 

motions, including analytic and numerical inverse kinematics [Jung 1995][Tolani 

2000], optimizationbased inverse kinematics [Wang 1998], differential inverse 

kinematics [Zhang 2000][Chaffin 2001], multiple-regression [Snyder 1972], functional 

regression on stretch-pivot parameters [Faraway 2000], scaling, warping, and 

blending of motion-capture data [Dufour 2005], and many forms of optimization 

[Flash 1985][Marler 2005]. 

Virtual user modelling is also used in application areas such as automotive and 

aviation design. The RAMSIS human modelling tool [Meulen 2007] is currently used 

in the design of automobiles in about seventy percent of auto-manufacturers. 

Besides RAMSIS, other commercial software systems, such as ANNIE-Ergoman 

[Annie 1999] and JACK [Jack 2004],  are currently available for human simulation 

and accessibility evaluation of car interiors,  Hanson presents a survey related to 

these tools [Hanson 2000]. The comparison between these tools showed that all 

three tools have excellent potential in evaluating car interiors ergonomically in the 

early design phase. JACK enables users to position biomechanically accurate digital 

humans of various sizes in virtual environments, assign them tasks and analyze their 

performance, and thus, it is a very valuable ergonomics and human factors product. 

SAMMIE is a computer aided human modelling system that represents a widely used 

tool to accommodate the needs of a broad range of differently sized and shaped 

people into the design of products [Sammie 2007]. HADRIAN [Marshall 2009] is 

another computer-based inclusive design tool that has been developed to support 

designers in their efforts to develop products that meet the needs of a broader range 

of users.  

In the context of cognitive modelling, SOAR [Rosenbloom 1993] offers a general 

cognitive architecture for developing systems that exhibit intelligent behavior. It 

defines a single framework for all tasks, a mechanism for generating goals and a 

learning mechanism. Another popular cognitive architecture is ACT-R [Anderson 

2000], which is based on the distinction between declarative and procedural 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 17 MCA 
 

knowledge, and the view that learning consists of two main phases. In the first phase 

the declarative knowledge is encoded and in the second it is turned into more 

efficient procedural knowledge [Mitrovic 2003].  

5.2.1.4 Simulation Framework 

The proposed framework performs automatic simulated accessibility evaluation in 

virtual environments, thus virtual environments have to be developed according to 

the specifications of the real ones to be tested. The virtual environment is used by 

the Simulation Module, which is the core module of the proposed framework and 

performs the evaluation process. Figure 1 depicts a virtual environment representing 

a common car interior. It is obvious that the credibility and the accuracy of the 

simulation results lie on the detailed representation of the virtual environment, which 

will be given as input to the Simulation Module. 

 

Figure 1: The Simulation framerwork GUI, showing the task of lifting the car's 

handbrake. Various information is displayed: resistance vectors (red arrows), avatar's 

lines of sight (red lines), joints near limit (red spheres) and torque vectors (green 

arrows). 
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Figure 2: The humanoid's visual representation mesh (left part) and the collision rigid 

bodies connected with the bone joints (presented as white wireframes and red 

spheres respectively in the right part).        

5.2.1.4.1 Simulation Module 

The Simulation Module gets as input a Virtual User Model (describing a virtual user 

with disabilities), a Simulation Model that describes the functionality of the 

product/service to be tested, the Task Models that describe in detail the complex 

tasks of the user and a virtual 3D environment representing the product/service to be 

tested. It then simulates the interaction of the virtual user (as it is defined in the 

Simulation Model) with the virtual environment. Then the specific disabled virtual user 

is the main ―actor‖ of the physically-based simulation that aims to assess if the virtual 

user is able to accomplish all necessary actions described in the Simulation Model, 

taking into account the constraints posed by the disabilities. Even if the proposed 

framework is designed to include cognitive, behavioral and physical disabilities, in the 

present work, first results on the modeling and simulation of motor arm disabilities 

are reported. Simulation planning is performed using inverse kinematics, while 
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dynamic properties of the human limbs (e.g. forces) related to the corresponding 

actions (e.g. grasping) are obtained using inverse dynamics. 

 

Figure 3: Overall architecture of the Simulation Module. Three sub-modules (scene, 

humanoid and task manager) are cooperating in order to perform the simulation. 

As shown in Figure 3, the simulation module is parted of three basic elements: a) the 

scene module, b) the humanoid module and c) the task manager module. The scene 

module is responsible for the representation of the scene and the management of all 

the objects in it. The humanoid module represents the human model and controls the 

humanoid‘s movements. The task manager module defines the interactions between 

the humanoid and the scene objects in a specific manner defined by the task models. 

The modules are further explained in the following paragraphs. 

The simulation implementation is based on the Delta3D open source gaming and 

simulation engine [Darken 2005]. Open Dynamics Engine [Smith 2007], as part of 

Delta3d, is used for its collision detection methods and for implementing the dynamic 

part of the simulation (forces and torques). 

5.2.1.4.2 Scene Module 

The scene module is responsible for creating the scene, managing the objects in it 

and defining their special attributes. The scene is modeled by two sets of objects: 

static objects and moveable objects. Both objects have geometry (volume) and visual 

representation (meshes and textures). Static objects do not have mass and cannot 

be moved by the humanoid. On the other hand, moveable objects are modeled as 

rigid bodies, having properties like uniformly distributed mass over their volume 

(constant density), linear and angular velocity. Complex objects, can be modeled by 

using a combination of static and moveable objects, and manually defining the 

degrees of freedom of the moveable parts.  

Special points of interest (PoI) can be declared on the objects to best define the type 

of interaction with the humanoid. These points can be used to help the humanoid to 

interaction with the object, but they do not define the interaction. Their only purpose 

is to decrease the complexity of the task. The moveable objects can be moved freely 

or constrained, by altering their degrees of freedom (DoF). 
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Figure 4: The three states showing the car's storage compartment functionality. The 

arrows represent the rotational degrees of freedom. The red box shows the PoI, used 

for interaction with the object. Three objects are presented in the screenshots: the 

handle (moveable), the storage compartments' door (moveable) and the car's 

dashboard (static). 

As an example of a scene object, it will be mentioned the car's storage compartment 

shown in Figure 4. It's functionality described by two DoF: one that connects the 

handle with the storage compartment and another that connects the storage 

compartment with the dashboard. In this example, a scene rule is used to check at 

every timestep the state of the handle. If the angle to its parent (i.e. compartment's 

door) exceeds the predefined limit, the storage compartment opens by a spring force.  

Collision between the objects and properable contact reaction is fully supported by 

the scene module. A moveable object can collide with either a moveable/static object 

or with the humanoid. Various attributes such as surface object material properties 

need to be defined for a realistic friction model. In order to decrease the dynamical 

complexity of the scene, gravitational forces can be applied only to the moveable 

objects. 

5.2.1.4.3 Humanoid Module 

The humanoid module is responsible for manipulating the simulated virtual user 

capabilities. Motor, vision, hearing, speech and cognitive capabilites can be 

simulated by the humanoid module functions. In the following paragraphs the 

modelling process of these capabilites is presented. 

Motor Capabilities Simulation 

The humanoid is modeled by a skeletal model that is represented by a set of bones 

and a set of joints. The skeletal model is following a hierarchical approach, meaning 

that each joint connects a child bone with its parent [Kaklanis 2010]. Basically, the 

bones are modeled by rigid bodies, having properties like mass, volume, position, 

velocity etc. The mass is distributed uniformly in the bone‘s volume. As shown in 

Figure 2, a primitive geometry shape (box, sphere or capsule) is attached to each 

bone, which is representing the human part flesh and is used for collision testing 

purposes. 
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The joints induce or restrict the movement of their attached bones and have 

properties such as: a) rotational degrees of freedom: define the rotational axis in 

which the attached child bone is able to rotate relatively to its parent. Every joint can 

have one to three degrees of freedom, b) minimum and maximum angle per degree 

of freedom: these two angles constrain the range of motion of the attached bones 

(and their body parts), c) minimum and maximum joint torque: an abstract 

representation of the muscles attached to the joint. 

Currently, the model supports two basic modes: kinematic and dynamic. In kinematic 

mode, the humanoid moves by directly changing the position and orientation of each 

bone part per time step. Forward and inverse kinematic (IK) techniques are 

supported, thus the humanoid can be moved either by manually changing a set of 

specific joint angles or by using inverse kinematic chains. The latter has as input the 

final position and/or orientation of its end effector, e.g. hand, and computes the 

angles of every joint in the IK chain, e.g. elbow and shoulder joint. In the dynamic 

mode, the humanoid changes its state, by generating torques at each joint. Forward 

and inverse dynamic techniques [Jalon 1994] are supported. In the forward dynamics 

case, the joint torques are manually set. Inverse dynamic techniques automatically 

compute the torques that need to be applied at the joints in order to achieve a 

specific motion. 

Various high level motion planning and collision avoidance techniques are supported 

by the humanoid module. Configuration space [Lozano 1983] and structures that 

define and explore it, such as rapidly exploring random trees [Lavalle 2000] and 

multi-query planners [Siciliano 2007] are extensively used, in order to compute a non 

colliding path for the humanoid. 

Audio-Visual Capabilities Simulation 

Several vision impairments are supported by the simulation framework. Spatial and 

temporal filtering methods are used for simulating the impaired vision. The image 

filters depend on the vision parameters of the virtual user model and are generated 

dynamically. A small collection of the simulated vision impairments is shown in Figure 

5. Filtering is applied on the images as they captured by two virtual cameras located 

at the eyes' centers. Each eye is modeled as a moveable entity having two degrees 

of freedom (up-down, left-right). The filters are produced by utilizing the OpenCV 

library [Bradski 2000]. 
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Figure 5: Examples of normal and impaired vision. Each vision impairment results in 

different eye projected image. 

Concerning the hearing impairments simulation, the framework supports real time 

filtering of multi-channel sound. The produced filters are based on the virtual user 

audiogram. Multiple sound sources can be simulated and the process is supported 

by functions provided by the OpenAL library [Kreimer 2001]. Beside this, speech 

synthesis and speech recognition tools have been also created but currently are 

used only for immersive accessibility assessment. 

Cognitive Capabilities Simulation 

For the time being, the virtual user's cognitive capabilities are simulated as a context 

awareness interpretation. This means that depending on the current avatar's context 

state, several parameters from the domains of motor, vision, auditory are affected. 

For example, if the simulated user model is feeling tired, then its strength capabilities 

are reduced (by filtering and lowering the maximum torque that can be generated at 

each of the bone-joints).  

5.2.1.4.4 Task Manager Module 

The task manager module is responsible for managing the actions of the humanoid in 

order to provide a solution to a given task. After splitting the complex task to a series 

of primitive tasks, the task manager instructs the humanoid model to perform a series 

of specific movements in order to accomplish them.  

Primitive tasks, like reach, grasp, pull, push, are translated via the task manager 

module to series of specific motions and are inserted to the humanoid module for 

application. There are several ways of mapping primitive tasks to humanoid 

movements. For simple tasks such as reach, the usage of inverse kinematic chains 

produces satisfactory results. For more advanced primitive tasks such as grasp-

object, pull-object, specific solvers must be implemented. Currently, solvers for 

grasping and push-pull tasks have been constructed. Their input are some 

predefined PoI. 
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At every step, the task manager, as supervisor, checks for task completion and 

reports to the system if something went wrong. The motor simulation cycle pattern 

that is followed at each simulation step is shown in Figure 6. More precicely, at the 

start of the cycle, the task manager module generates a series of movements (i.e. 

movement path) for the humanoid to follow. Every state of the generated path must 

contain information about the target configuration of the bones and joints. This target 

configuration will be declared as Ctask. Collision avoidance techniques are applied at 

this step so that the humanoid geometry does not penetrate its own elements or any 

scene object. If a path cannot be found after a number of iterations in search space 

then the task manager reports task failure to the system. 

 

Figure 6: Block diagram of the motor simulation cycle. The simulation cycle is 

repeated until every primitive task is completed. At each step the task manager 

module tests and reports to the user if a constraint (i.e. angle/torque limit, collision, 

etc.) was violated. 

After that, the task manager, provides the humanoid model with the generated target 

configuration Ctask. The humanoid gets the provided configuration and applies to it a 

set of restrictions, such as joint-angle restrictions. Angle-constrained inverse 

kinematics methods are used in order to find a new configuration Cconstrain that is close 

to the targeted one (Ctask). Cconstrain contains a target angle for each of one of the 

joints. If the difference between Ctask and Cconstrain is above a limit then the Task 

Manager reports failure. The difference metrics that have been used are: a) average 

distance of the joints‘ positions, b) average distance only end effectors‘ positions, c) 

average angle absolute difference of each joint angle. 

Having a target angle for each joint, the system computes via inverse dynamics the 

torques that need to be applied at each joint and set the attached bones in motion. If 

the computed torques‘ values exceed the predefined limits, the task will fail. This step 

is valid only when simulation is running in dynamic mode. In kinematic mode, this 

step is omitted and the targeted angles are set directly. 
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In order to decrease the complexity of each primitive task and its success/failure 

condition, the task manager uses a system of task rules. Each primitive task can 

have a set of rules that are checked at each timestep. Following the same rule model 

as in the scene module, each rule has two main parts: condition part and result part. 

When a condition is met, the rule's result part is applied. Conditions can check 

various simulation's elements and states, such as current distance of a specific bone 

from a PoI, measure time since task started, count how many times a specific 

humanoid action was performed etc. 

5.2.1.5 Experiments and Applications 

In order to show how the proposed framework could be used in practice, two 

example applications are presented in this section: one coming from the automotive 

domain and another from the infotainment.  

The first describes a scenario where a car designer performs accessibility evaluation 

of a car's handbrake prototype for an elderly user. The designer initially develops the 

virtual workspace prototype presented in Figure 1. Then, by following the process 

described in [Kaklanis 2010], the designer generates the elderly virtual user model. 

The designed prototype is evaluated via the framework by following step by step the 

a scenario containing four subtasks: a) locate the handbrake, b) reach it, c) grab it 

and d) pull it. The scenario definition process is described in [Kaklanis 2011]. Two 

different handbrake models were tested: the first had a resistance torque of 17Nm, 

which loosely speaking it can be translated into lifting a weight of about 4.8kgr, while 

in the second the resistance was 6Nm (~1.7kgr). The results of the simulation 

process, shown in Figures 7 & 8, clearly revealed accessibility issues of the first 

prototype: the elderly virtual user failed to pull the handbrake when resistance was 

17Nm. 

  

Figure 7: Elderly virtual user trying to pull 

the handbrake (resistance 17Nm). 

Because of the model's reduced strength 

capabilities the task fails. 

Figure 8: Elderly virtual user success in 

completing the task of pulling the 

handbrake. The resistance of which was 

decreased at 6Nm. 
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In the second case, the framework is used for evaluation of a 3D metaverse 

environment for a user having the vision impairment named cataract. For this 

purpose the proposed framework was integrated in the Second Life Viewer 

application [SecondLife 2011]. The results indicate that some of the world textures, 

such as the maps shown in Figures 9 & 10, are not readable by the virtual user and 

thus are not accessible to this kind of user groups. 

  

Figure 9: Second life viewer without any 

interface alterations – normal vision. The 

avatar is in front of a map, which is easily 

readable. 

Figure 10: Second life viewer with real 

time filtered environments, based on 

simulation of the vision impairment 

cataract. The shown map is not 

readable. 

 

5.2.1.6 Conclusion and Future Work 

The present paper proposes a open framework that performs automatic simulated 

accessibility testing of designs in virtual environments using fully capable and 

impaired user modelling techniques. The great importance of such a framework lies 

to the fact that it enables the automatic accessibility evaluation of any environment in 

a variety of applications. Several features of the simulation framework need further 

investigation and improvement, such as the speech and cognitive simulation 

processes. However, even in its current state, the framework provides a valuable 

design prototype accessibility test tool in a great variety of  prototyping domains. 
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– 247765). 
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5.2.2.1 Abstract 

 
A key element for making virtual user models suited for simulation of physical 

interaction is the modelling of human movement. This paper deals with methods for 

human-like motion planning. The framework of layered architectures, which integrate 

cognition, motion planning and musculoskeletal models, is first introduced. Then the 

problem of generating trajectories from goals and constraints is stated, and the 

emergence of flexible sensorimotor strategies from multi objective optimal principles 

is focused. We review the state of the art and present some ideas using the simpler 

and more studied case of driver models as a guiding example. 

Keywords: Human motion modelling. 

5.2.2.2 Introduction 

Human beings move in smooth gracious fashion. Conversely, some science-fiction 

robots, marionettes, and even soldiers to some extent, move according to jerky 

awkward patterns. 

The movement of humans is predictable and understandable to other human beings. 

For example the arm movement to grasp objects can be easily predicted, in the 

sense that, in absence of obstacles, the hand will trace a nearly straight trajectory 

and that the elbow will follow exactly one among the many possible alternative 

postures. In presence of obstacles, the movement to circumvent them is also quite 

easily understandable. Predictability and understandability holds for other kinds of 

human movements too, like the trajectories of people crossing rooms with obstacles, 

or the trajectories of people driving (fortunately). 

The very fact that people understand and predict other people movements means 

that there must be basic rules that generate movement and that people are naturally 

aware of these motion schemes.  

Many human motor diseases cause jerky awkward movements, which is a sign that 

somewhere motion planning or execution is disrupted. 

How do human beings move and which rules generate movement? This is indeed not 

clear enough, nor we have yet a complete model from cognition to musculoskeletal 

mechanics that can help identify the several concurrent processes and layers that 

underlay human motion. 
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For many aspects, the domain of driver models can be regarded as an effort to 

model human movement. This paper will revisit the history of driver model to derive 

ideas and lessons. We will also link these ideas to other studies that have been 

carried out in more general human motion domains. 

5.2.2.3 Human Motion In Driver Models 

 
The history of driver modelling dates back to the half of the last century and is very 

rich, although not everything is relevant for human motion modelling.  

A literature review of driver models by Plöchl and Edelmann in 2007 counts 215 

papers [1]. MacAdam [2] lists another 159 papers, and many others could be found. 

From the earliest studies, focused on trajectory tracking and disturbance rejection, 

diver models evolved to the modelling of decision-making tasks and goal-oriented 

trajectory planning. 

5.2.2.3.1 Hierarchical models 

Perhaps the most important feature of driver models was the realization that there 

are several concurrent control, planning, sensing and cognition tasks that occur 

simultaneously. These can be organized in a hierarchy, where slow cognitive tasks 

occur atop and faster control loops at the bottom.  

Before proceeding, it is worth noting that, since driving is only one of many human 

motor activities, we can postulate that concurrent loops in hierarchical fashion occur 

for any other cognition-motion task, thus making the driving task an example for the 

understanding of general human movement. 

The Michon model [3], which dates back to mid ‗80, identifies three layers, referred 

as strategic, tactical (or manoeuvring) and operational (or control) levels. The 

strategic level is where goals, related to where to go, are set consciously. The tactical 

level is where decisions, related to how to move to achieve the set goal are taken, 

i.e. trajectories are planned. The operational level refers to the micromanagement of 

the vehicle and its control, which can be ether conscious or automatic. The strategic 

loop runs slowly, on time frames of tenths of seconds or slower. The tactical level 

occurs faster, on the time frame of one or few seconds. The control loop occurs on a 

fraction of second. The Michon model is basically a descriptive model of concurrent 

hierarchical processes that are supposed to occur in the human mind when involved 

in driving tasks. However, it does not tell anything about what these loops actually 

are and how to reproduce or simulate them. 

Following Michon, other psychological studies were proposed. For example, Hatakka 

et. al. [4] introduced a fourth level on top, which deals with psychological states and 

was referred as ―goals for life and skills for living‖. 

One very recent hierarchical model is the Extended Control Model (ECOM) [5][6]. 

According to this model, four levels are identified referred as tracking, regulating, 

monitoring and targeting (Fig.1). These levels form a model of the internal mental 

functions. The exact number and nature of them, however, is more a matter of our 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 31 MCA 
 

classification and schematization than being an objective datum. In fact, there is no 

element from which the number of layers can be derived except the fact that they 

occur in very different time frames: layers are related to fast and slow simultaneous 

processes that in control theory can be modelled with cascade loops. 

 
 

Figure 1: The Extended Control Model. 

In the ECOM, the targeting level is related to the setting of strategic goals, like 

destination and route, but may include effects of psychological states, like time 

pressure due to being late or conversely care for carried fragile good or people (e.g., 

children), which ultimately cause different goals to be set. 

The monitoring level is related to the mapping of goals onto short term plans for 

actions, like manoeuvring, trajectories, and includes keeping track of traffic signs, 

directions and traffic status.  

The regulating level is the translation of plans into primitive motion tasks, such as 

distance keeping or curve entrance. In the regulating level, feed-forward control is 

used to anticipate the behaviour of the controlled vehicle based on an internal model 

and knowledge of its dynamics. 

The tracking level consists of a number of compensatory loops, to correct deviations, 

such as rejection of lateral disturbances for lane keeping. In experienced driver these 

loops are mostly automated. However humans can, if necessary, take over 

conscious control of them. 

A thing that is not represented in Fig.1 is the fact that every level can activate, 

suspend, and deactivate many different sub-loops. For example a regulating level 

loop, which consists of keeping constant desired speed, can be suspended when 

closing a leading vehicle and replaced by a distance-keeping loop. 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 32 MCA 
 

Architectures in which higher levels of the hierarchy switch sub-tasks on and off are 

called subsumptive, and have been proposed for robotics [7]. 

The ECOM architecture has been embodied in projects DIPLECS [8]. The ECOM 

loops have been modelled as Perception-Action loops [9][11], which can be learnt by 

an artificial cognitive system so that, ultimately a model reproducing the full spectrum 

of human activities while driving was successfully obtained.  

5.2.2.3.2 Optimized trajectories and receding horizon. 

The two mid layers of Fig.1 –which correspond to translation of goals into plans and 

then into primitive motor patterns– are perhaps the most important for modelling how 

humans move. 

Once a goal is set at the targeting level, a great interest lies in finding the tactical part 

of the movement, i.e., how a human being plans trajectories and which primitive 

motor patterns are used. While Perception-Action loops are capable of learning and 

reproducing each level of the hierarchy, they do not tell us much about why certain 

types of trajectories are selected and others are not. This holds for any types of 

human movements (not only driving).  

Optimal control has been successfully used to explain the trajectories that humans 

produce, not only in driving [12][14] but in other contexts too [15][16]. The idea 

behind Optimal Control approaches is that, given the initial state and a final target 

state, the trajectory, which optimizes some cost or merit function, is selected among 

the many possible alternative trajectories. This does not mean hat human beings 

actually solve optimal control problem like a computer does, but that they have learnt 

how to efficiently move to achieve a target.  

If we assume that the tactical part of movement (i.e., the second layer in Fig.1) is 

governed by optimality criteria, then the question arises of which these criteria might 

be. A number of studies have been indeed carried out on this topic [16][23]. As an 

example, Viviani [15] shows that writing-like tasks are carried out according to 

minimum jerk criteria. Minimum Jerk, indeed, comes often out as one of the most 

important movement rules. We can regard minimum jerk as a principle of ―laziness‖ 

or maximum ―smoothness‖. For example, in driving, minimum jerk trajectories are 

those that minimize the root, mean square (rms) value of driver control (i.e., 

maximum laziness). Minimum jerk is probably also related to minimization of brain-

muscles communications, which is also one explanation of the Fitts‘s law [25]. 

However, minimum jerk is not the unique criterion for selection of the optimized 

trajectory, as other can hold simultaneously. In fact, the merit function should be 

regarded more as a composite multi-objective function which trades-off different 

criteria [16],[14]. For example, in case of energy intensive movements, smoothness 

could be traded off with energy efficiency: indeed one might guess that the four horse 

paces (gait, trot, canter and gallop) correspond to minimum energy solutions. In case 

of driving combination of minimum jerk and minimum time criteria for example as in 

[24] turns out to produce a large variety of trajectories ranging from fast and risky to 
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smooth and safe according to the relative importance given to minimum jerk with 

respect to minimum time. Trade-off between criteria is discussed in [16]. 

The planning loop, as described in Fig.1 is repeatedly updated during the execution 

of the movement. For example, a driver approaching a curve updates his plans 

continuously as the curve gets closer and closer and possibly new or improved 

information is collected or deviations from plans are detected [24]. The same 

happens for reach movements [16]. In other words, a trajectory is not planned forever 

at the being and then followed, but it is continuously re-planned during its execution. 

This re-planning activity is referred as receding horizon approach. The use of 

receding horizon has a profund implication in the way deviations from plans are 

corrected. With receding horizon, if a deviation is detected, a new plan is developed 

to achieve the original target from the new state. Therefore there is no return to the 

previously computed trajectory but a new trajectory developing from the deviated 

position is selected. This has been stated as minimal intervention principle, which 

states that task-irrelevant deviations are left uncorrected [16].  

5.2.2.3.3 Human tracking skills 

Corrections that are not carried out within the receding horizon loop (because for 

example faster than the loop) are corrected by tracking loops. The earliest studies in 

driver models, like the Kondo Model, indeed focused on modelling the human being a 

tracking control system. The most important aspect in these studies is perhaps the 

fact that humans are adaptive control systems. 

 

Figure 2: Low-level tracking loop. 

Let us consider a low-level tracking loop as schematized in Fig.2, in which a human 

being tries to make then output of a plant (y) to coincide with a desired value (yd). 

This is for example the case where a driver is involved in zeroing the lateral 

displacement in trajectory following tasks (e.g., to reject wind disturbances). Another 

case could be following a moving target perhaps with hand or other pointing devices. 

It has been shown in the literature [1] that the transfer function of the human being 

adapts to the plant. A transfer function that has been proposed in driver modelling as 

for example the following: 

 H s( ) =
K e-t s

TNs+1
×
TLs+1

TI s+1
 (1) 
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where τ and TN are human properties (respectively the reaction time and the 

neuromuscular time constant) whereas TL and TI adapts to the system to be 

controlled. In particular TL is a derivative (anticipatory) gain, which demands 

considerable mental workload and withstands to limitations for this reason. Typical 

values for the time delay τ are 0.2 s and 0.7 Hz for the frequency related to TN. 

Because of the intrinsic adaptation of the human being to the plant, the combined 

transfer function of the human and the controlled plant exhibits a constant 

characteristics known ad the crossover model. In the vicinity of the crossover 

frequency the combined transfer function looks like; 

 H s( )G s( ) =
wc

s
×e-t s  (2) 

where ωc is the crossover frequency. 

5.2.2.4 Conclusions 

This paper provides a broad description of the many concurrent loops that take place 

in human motion planning and execution. The overall picture is that of many 

concurrent processes that occur at different rates and which can be described by 

means of a hierarchy of layers. Each layer may turn on and off sub-loops 

(subsumptive architecture). 

Such a layered architecture has been successfully modelled and reproduced by 

means of Perception-Action loops in the case of driving.  

The tactical part of human motion, i.e., the computation of trajectories to achieve 

targets, can be explained by means of optimality criteria, which can be combined in a 

multi-objective merit function. Continuous updating of plans, in a receding horizon 

fashion, gives rise to the minimal intervention principle. 

Low-level tracking loops are characterized by adaptation to the plant, which causes a 

nearly constant behaviour in the vicinity of the crossover frequency. 
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5.2.3.1 Abstract  

This paper presents concept of a generic interoperable user model that describe the 

relevant characteristics of the users, who will interact with products and user 

interfaces. These include physical cognitive, and sensory attributes, habits, 

preferences and accessibility capabilities. With such a model designers can define as 

many user interaction profiles as needed to address the whole range of requirements 

from a target population. It will also help designers and developers to maximize the 

level of accessibility of products and services by providing a comprehensive set of 

Human Factors design guidelines, which could be used in virtual spaces to visualize 

accessibility and usability issues.  

Keywords User Model, User Profile, Virtual user, Environmental Model, Device 

Mode, User Agent, User Agent Capabilities Model, Application Model, User 

Interaction Model, Context Model, Simulation, User Model/Profile Validation, 

Adaptive User Interfaces, User Interface Design Pattern 

5.2.3.2 Introduction  

User models can be considered as explicit representations of the properties of an 

individual user and can be used to reason about the needs, preferences or future 

behaviour of that user. One of the main problems is to integrate user profiles 

supporting different user models in one service/application, or migrating profiles 

stemming from one application to another. This can be attributed to incompatibilities 

in user profiles due to differences in scope of modelling, source of modelling 

information, time sensitivity of the model or update methods (static vs. dynamic 

model) and so on. In some cases physical (mechanics and control) as well as 

cognitive processes that underlie the users‘ actions are relevant in user modelling. 

Additionally, the differences between the user's skills and expert skills, or the user's 

behavioural patterns or preferences can be reflected in a user model specification, 

too. Finally, user modelling approaches also differ regarding whether they model 

individual users or whole communities or groups of users. In general one can 

conclude that user modelling covers many different aspects, including the interaction 

of the user with interfaces and devices, the analysis of user tasks and the analysis of 

user characteristics (sensory, physical and cognitive abilities, psychological and 

behavioural characteristics). So it is necessary to put efforts into finding similarities 
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among modelling approaches and making user profiles portable. A common standard 

for user model interoperability could be an approach to achieve this. 

Application and nature of user models are of course very heterogeneous among 

different contexts, and this has to be reflected in the standardisation activities. The 

goal is therefore not to create a new common user model standard, but to make user 

models interoperable through standardisation of common aspects and creation of 

interfaces between them. This will then support the exchange and sharing of user 

profiles among different services and contexts. 

It is commonly accepted that usable and accessible interfaces of software 

applications, AAL services (Ambient Assisted Living) and consumer products depend 

upon the adaptation and customization of content and presentation of these 

interfaces to user needs expressed usually in user models and implemented through 

user profiles.   

There was a plethora of systems developed in human computer interaction during 

the last three decades that are claimed to be user models [8]. Many of them 

modelled users for certain applications - most notably for online recommendation and 

e-learning systems. There is a bunch of application-independent models which 

merges psychology and artificial intelligence to model human behaviour in detail. In 

theory they are capable of modelling any behaviour of users while interacting with 

environment or a system. This type of models is termed as cognitive architecture and 

has also been used to simulate human machine interaction to both explain and 

predict interaction behaviour. A simplified view of these cognitive architectures is 

known as the GOMS model [9] and still now is most widely used in human computer 

interaction though it does not consider people with disabilities or non-expert users in 

detail.  

The emergence of mobile devices showed the need for a description of device 

characteristics so content providers could customize their offers to capabilities of 

devices. The World Wide Web Consortium developed the Composite Capabilities/ 

Preference Profiles framework [5]. CC/PP offers the possibility to define user and 

device profiles for an adequate adaptation of content and presentation for Internet 

services. CC/PP is based upon [4] a general-purpose metadata description 

language. RDF provides the framework with the basic tools for both vocabulary 

extensibility, via XML namespaces, and interoperability. RDF can be used to 

represent entities, concepts and relationships in the Web. So far, the only practical 

implementation of CC/PP is the User Agent Profile (UAProf)1, developed by the 

Open Mobility Alliance (formerly the WAP-Forum) and targeted to mobile devices. 

This approach was extended by further developments by W3C groups in the W3C 

Delivery Context Ontology; it provides a formal model of the characteristics of the 

environment in which devices interact with the Web or other services. The Delivery 

Context includes the characteristics of the Device, the software used to access the 

service and the Network providing the connection among others. The Universal 

Remote Console - URC Standard (ISO/IEC 24752) the goal of URC technology is to 

allow any device or service to be accessed and manipulated by any controller. Users 

                                                
1
 http://www.openmobilealliance.org/tech/affiliates/wap/wap-248-uaprof-20011020-a.pdf 
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can then select a user interface that fits their needs and preferences, using input and 

output modalities, and interaction mechanisms that they are familiar with and work 

well with them. 

With the explosion of the Web, and e-commerce in particular, several commercial 

user modelling tools appeared in the market with the objective of adapting content to 

users‘ preferences. Standards and recommendations in this area had to cope with 

the spread of service-oriented architectures in ubiquitous environments and to cover 

workflow and user interface aspects e.g. UsiXML2, EMMA3 (Extensible MultiModal 

Annotation markup language)  and MARIA XML4 in all these frameworks contains a 

user model component but does not cover all user modelling aspects.  

Another major source for the development of user models was the E-Learning sector, 

here we mention IMS AccLIP (Access For All Personal Needs and Preferences 

Description for Digital Delivery Information Model) and AccMD, which have been 

internationalised in the ISO/IEC JTC1 Individualised Adaptability and Accessibility for 

Learning, Education and specification for the User Modelling software Training 

(ISO/IEC 24751-1:2008). 

There is additional need in user models for awareness of context, location and 

emotional state, as well as seamless roaming and portability [6], the key issue here is 

as well the need to cope with demands of different granularity requirements as in 

applications at design time (simulation), where detailed information are required and 

runtime adaptations, where less detailed information are sufficient. 

All these developments show the need for developing standard user models  that can 

respond not only to everyday scenarios nowadays, but also can be flexible enough to 

cope with future scenarios coming from ubiquitous, wearable computing and Ambient 

Assisted Living. 

5.2.3.3 Concept of a generic user model 

The discussions within the VUMS5 (Virtual User Modelling and Simulation Cluster) 

revealed that a wide variety of user models are in use and will be in use in future. 

They all depend heavily on their specific use cases. There are a number of reasons 

for this: 

 A complete model of the user, meaning a model that includes facets 

according to the state of the art would be rather complex and inefficient in use 

for both simulation purposes and even more for implementation in a product's 

user interface. 

 Existing devices might not be able to handle complicated user models 

 Not all facets are needed for the specific use case. E.g. modelling some 

severe visual impairment is not relevant when designing a car. 

 Specific requirements might require modifications in existing user models. 

                                                
2
 http://www.usixml.org 

3
 http://www.w3.org/TR/emma/ 

4
 http://giove.isti.cnr.it/tools/Maria/ 

5
 http://veritas-project.eu/2010/06/vums-cluster-website-online/ 
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 Ways of measuring variables might differ among use cases. 

 New findings may result in changes and updates of models. 

Hence it is reasonable not to standardise specific user models but rather to focus on 

a more generic level.  

5.2.3.3.1 Providing an interface for interoperability  

One main objective of standardisation is interoperability in the sense to enable 

systems or subsystems to work together. This means in particular the definition of 

appropriate interfaces. It shall be possible to transfer user models from one 

 process step to another,   

 system or a subsystem to another, 

 user to another, 

 application to another. 

A standard on user models should fulfil as much of these requirements as possible. 

5.2.3.3.2 The declarative approach 

A user model can be seen from a functional/procedural point of view or from a more 

declarative point of view. In the first case the focus is laid on processes and actions. 

In the second case the focus is set on definitions and descriptions. The first view is 

dynamic the latter is static. A procedural approach would start from asking about user 

tasks and activities. This again is highly depending on the use case. A declarative 

approach would start from the question, what a user is. Thus for communication 

about interoperability a more declarative approach seems to be more suited. 

Therefore, it is proposed to focus in standardisation of user models on a declarative 

approach and to separate the user model strictly from the task model. 

In the VUMS cluster, we have taken a declarative approach. It means we have 

categorized a set of criteria to describe users and kept the procedural section of 

modelling psychological processes open to individual projects. It does not undermine 

the procedural aspect as we aim to standardize the model calibration and validation 

process so that some procedural aspects can also be made interoperable. 

5.2.3.3.3 A set of variables describing the user  

When defining users and user profiles all VUMS cluster projects started from certain 

characteristics of the user. What characteristics describe the user in a certain use 

context? In order to work with these characteristics by measuring them or calculating 

with them, a formal description as mathematical variables is a natural and rather 

compelling approach. 

This means that the generic user model can be described as a set of variables 

describing the user adequately for a certain use case or application. 

In order to work appropriately with variables a precise definition is needed, a way to 

express them in numbers and the unit of measure to relate them to physical reality. 
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Those items are needed for each of the variables in the set. A standard for user 

models should include this definition and approach. 

5.2.3.3.4 A machine and human readable presentation 

To cover all areas of interoperability human models need to be read as well by 

humans as by machines. Interoperability between systems and subsystems results in 

the requirement of machine-readable user models. The exchange of user models 

between projects or between process steps can also mean that humans have two 

read and understand the user models. Therefore a standard should require that user 

models are both machine and human readable. 

This has some implications on the syntax and the format of the formulation of user 

models. Instead of using different formats and syntaxes for humans and machines it 

seems the simplest to have one common formats and syntax for both. The use of 

extended markup languages (XML) is one of the potential appropriate ways to 

achieve this. 

As user modelling has an ontological trait the use of an ontology description 

languages is an option, too. The OWL Web Ontology Language seems a reasonable 

candidate. 

It is however important to avoid big overheads in the formal description so that 

human readability is not impaired. 

5.2.3.3.5 A flexible structure that adapts to user needs and 

applications  

Because the one and only user model does not exist and their application depends 

strongly on the specific application, the possibility to apply flexibility in formulating 

user models is required to achieve good acceptance of a standard on user models.  

A standard should give the required degrees of freedom to its user. Rigid regulations 

will reduce acceptance. The standard should not be closed but open for 

amendments.  

As stated above, the standard shall not try to define models of specific users. It shall 

deal more with structural aspects of the user model. Defining the structure of user 

models in the standards will be helpful. This structure shall be able to convey both 

syntax and semantics. 

5.2.3.4  Structure of the VUMS user model  

5.2.3.4.1 A taxonomy of variables 

The categories of the user variables‘ taxonomy are the following: 

 Anthropometrics: Physical dimensions, proportions, and composition of the 

human body (e.g. weight, stature, etc.) 

 Motor parameters: Parameters concerning the motor function of the human 

body 
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o Gait parameters: Parameters concerning human gait (e.g. step 

length, step width, etc.) 

o Upper body parameters: Parameters concerning human upper limbs 

(e.g. wrist flexion, etc.) 

o Lower body parameters: Parameters concerning human lower limbs 

(e.g. hip extension, etc.) 

o Head and neck parameters: Parameters concerning human head 

and neck (e.g. lateral bending, etc.) 

o Spinal column parameters: Parameters concerning the spinal 

column (e.g. spinal column flexion, etc.) 

 Strength parameters: Parameters concerning human strength (e.g. 

maximum gripping force of one hand, etc.) 

 Dexterity/control parameters: Parameters concerning motor skills of hands 

and fingers 

 Affective parameters: Parameters concerning human emotions (e.g. anger, 

disgust, etc.) 

 Interaction related states: Parameters concerning human body response to 

situations of physical or emotional pressure (e.g. stress, fatigue, etc.) 

 Hearing parameters: Parameters concerning hearing (e.g. hearing 

thresholds in specific frequencies, etc.) 

 Visual parameters: Parameters concerning vision (e.g. visual acuity, colour 

perception, etc.) 

 Cognitive parameters: Parameters related to information-processing abilities 

of humans, including perception, learning, remembering, judging and 

problem-solving (e.g. working memory capacity, etc.) 

 Equilibrium: Parameters concerning the sense of balance. 

 Others: Parameters that cannot be included in the before mentioned 

categories. 

5.2.3.4.2 Descriptors for variables 

In order to describe a virtual human in detail, for each user model variable the 

following properties are defined: 

 Name: The name of the variable 

 ID/tag: The tag to be used for defining the specific variable in a user profile 

 Description/definition: A description/definition of the variable 

 Unit: The measurement unit of the variable 

 Value Space: The value space of the variable (nominal, ordinal, interval, 

ratio, absolute) 

 Taxonomy/super categories: Refers to the categories described in section 

9.1 

 Data type: The data type of the variable (character/string, enumeration, 

list/vector, integer, float, set) 

 How to measure/detect: Refers to techniques/devices used to measure the 

value of the variable (e.g. goniometer, tape measure method, etc.) 

 Reference/source: Literature references where information regarding the 

variable can be found 
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 Relations: Statistical correlation to other variables, function of others, 

dependency of others 

 Source Project: The name of the project of VUMS cluster that introduced the 

variable 

 Supported/used by Project: The name(s) of the project(s) of VUMS cluster 

that use the variable in their user profiles. 

 Comment: Comments concerning the variable (status, cross-references and 

others) 

5.2.3.5 Conclusions 

In this paper we have present a user model resulted from the joint efforts of the 

VUMS cluster, which includes the EU-funded projects GUIDE, MyUI, VERITAS and 

VICON projects. The concept has potential to serve as an application independent 

user model that can be used to simulate and personalize interaction across a wide 

variety of digital and non digital devices and systems. This user model is at an 

intermediate level of maturity; we will develop it further in the next loops of the 

projects and will disseminate it to international standardization bodies. 
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5.2.4.1 Abstract 

Residents and employees are not very well represented in planning processes of 

nursing homes. VR applications are supposed to be able to support these processes 

effectively, in particular through providing an experience from the user perspective 

and facilitating communication about user needs in inter-disciplinary planning teams. 

As a demonstrator and feasibility study an exemplary VR application for planning 

purposes of nursing homes was developed. The application supports impairment 

simulation of residents and process simulation. For the use case of redesigning a 

long corridor situation in an existing nursing home the benefits of the system were 

verified. Positive feedback from demonstration at an occupational safety and health 

conference is reported. 

Keywords: Virtual Reality, inclusive design, nursing home, care, construction 

planning 

5.2.4.2 Introduction 

Planning of nursing homes for elderly residents and the processes inside these 

buildings is a complex task. A considerable number of actors is or should be involved 

in this process. To list some important ones: 

 The operating organisation/company with their management and operational 

needs. Their decisions are driven by process management and cost 

considerations.  

 The owner of the building, who differs from the operator in case of a rented 

building. 

 The architects and construction planners, who work for a limited time on a 

construction project.  

 The municipality, which is responsible for infrastructure, authorisation for 

construction, and other administrative decisions. 

 Benefactors, who contribute to the construction or operational costs of the 

nursing home. In Germany for example, the nursing insurance performs 

systematic quality control of nursing homes of their insurants. 

 Supervising bodies in occupational health and safety. In Germany the 

association for statutory accident insurance and prevention in the health and 

welfare services (BGW) has such a role. They inspect their member 

organisations concerning occupational safety and heath, and provide in this 

respect accident insurance and consultancy.  

 The employees or temporary workers working in the nursing home. 

 Residents of the nursing home. 
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While the last two are the most affected by the building and the design, decisions 

related to facilities and processes management are mostly driven by the actors 

mentioned in the beginning of the list. 

In order to guarantee for a »design for the end users« suitable methods are required. 

In particular better understanding of »user needs« and media for their communication 

within the planning process are needed.  

One principle way is the participatory design approach, involving employees or 

representatives of the residents personally in the planning process. A second way is 

to involve consultants, who know the needs of the end users from experience. A third 

way is to qualify the other groups in understanding the end users needs and 

considering them in the planning processes. A composite of those approaches might 

be a reasonable and practicable.  

The BGW in Germany as an occupational safety and health insurance as well as a 

consultant of nursing homes was seeking for an innovative approach to support such 

planning processes and initiated and funded a project to provide a demonstrator for a 

VR-supported planning process. 

5.2.4.3 Method 

As known from other productive VR applications a main benefit of immersive systems 

is their power in supporting communication. This is relevant for all three approaches 

mentioned above. Involved end users in a participatory approach are able to 

demonstrate their needs towards other actors in an immersive environment. 

Consultants in the second approach can communicate user needs to other actors by 

using immersive environments. In the qualification approach immersive systems can 

support explorative and experience driven learning and learning on the job by 

providing a training and simulation environment for decision makers. 

VR in our context means a computer application providing:  

 Realtime computer graphics; 

 Stereoscopic view; 

 Scale 1:1 on a large immersive display; 

 Intuitive 3D interaction. 

To fulfil the needs of the three approaches the technological framework shall be used 

to provide both: an experience from the 3rd person‘s or observer perspective as well 

as an 1st person experience form the residents‘ perspective. 

 

The demonstrator application shall be able to demonstrate both impairment 

simulation and process simulation related to a use case. 

Because VR is best developed in and deals primarily with visualisation the 

demonstration shall focus on the following aspects: 
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 Realistic navigable visualisation from the residents‘ perspective; 

 Adapted eye positioning and navigation such as restricted navigation speed, 

and view at standing and wheel chair height; 

 Impaired vision simulation through filters. 

Haptic 1st person simulation like aging suits were not considered in the project in the 

first step: They are comparably uncomfortable, require long time to equip the user 

and are expected not to be easily accepted by decision makers. 

 

Figure 1 – System setup 

Figure 1 shows the setup definition for the demonstrator. It runs on a PC or PC 

cluster with high-end graphic boards, both under Linux and Windows. The hardware 

consists of a Powerwall with an infrared camera tracking system. For the 

demonstration commodity LCD or DLP projectors with linear polarisation filters shall 

be used. Both a non-tiled and a horizontally tiled projection setting shall be 

demonstrated. The development and runtime platform is Lightning [1]. The nursing 

home application itself is based on the VRfx software [2], which is used in productive 

settings [3] for high-end realtime architecture visualisation.  

In order to achieve a tracked view, polar glasses with infrared tracking targets are 

employed. For navigation and menu operation a camera tracked pointing device with 

control buttons is used. 

For the purpose of the feasibility demonstrator the VR application was specified by 

an interdisciplinary team of architects, BGW consultants, service process engineers, 

architecture visualisation practitioners, and software developers based on a reduced 

use case taken from a real project. Basically a building with long and narrow 

corridors should be modified to match the needs of a nursing home. The focus was 

set on the corridor situation.  
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The problems were analysed and appropriate tools and processes specified to 

demonstrate both problems and solutions supported by the VR application. The 

current state as well as the modifications were modelled, textured and optimised for 

realtime graphics. The specified functionality for the demonstrator was then 

implemented. The demonstrator was presented at the annual BGW conference and 

discussed with the attending experts and practitioners.  

5.2.4.4 Results 

Figure 2 shows an overview of the nursing home application using screenshots and 

the floating spatial menu of the application for illustration. It includes four classes of 

functionalities. The variants management (1) allows for loading design variants, i. e. 

different architectural models to compare alternatives in decision making processes. 

The implemented rudimentary session management (2) facilitates following a session 

agenda: predefined points of interest can be selected in sequence to avoid time 

consuming manual navigation in the scene. Impairment simulation (3) changes the 

representation of the scene to simulate impairments: the user may choose the 

wheelchair perspective and a cataract filter, e. g. for contrast examination. Process 

simulation (4) stands for animated presentations of working processes: for the use 

case a moving nursing bed was implemented.  

Figure 3 shows the unmodified corridor. The appearance is cold and uncomfortable. 

The screenshot also illustrates the messy situation on the corridor. Care and service 

trolleys and residents‘ rollators can be typically corridors. Chairs for residents are 

needed due to considerable walking distances but also for visitors. This results in a 

lack of space and collision and falling risks for both residents and personnel. In 

particular the critical logistic process of navigating nursing beds through the corridor 

is hindered through that spatial situation and strongly requests for corrective 

measures. This can be well analysed and understood by using a furnished 

architectural model instead of conventional architectural drawings and reflects the 

situation in many nursing homes. 

Dazzling lights and unfavourable contrasts result in orientation problems for residents 

with cataracts and similar visual impairments. This can be illustrated and examined 

using the implemented cataract filter, when inspecting the design. 

Finally the blue and specular floor reminds of water, which is observed to lead to 

phobic reactions within the group of residents with dementia. Monotonous long and 

unstructured corridors discourage residents and hinder their mobility. Motivating 

intermediate destinations along the corridors are missing. 
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Figure 2: Functionality of the nursing home application 

 

Figure 4 demonstrates an architectural proposal based on the analysis of variant 1. 

The corridors are expanded partially. This results in smaller and rooms for the 

residents, which was acceptable in this specific case. But the corridor as crucial 

central logistic area with important mobility functions for both residents and 

employees is improved. The uniformity problem of the long corridors is reduced. The 

expansion areas provide space for manoeuvring and storage. The »water floor« is 

replaced by a neutral »solid ground« appearance. Lighting and signage are improved 

and corrected in terms of contrast, glare and dazzling effects.  

In Figure 5 the further elaborated variant 3 is illustrated. The infinite corridor situation 

is improved by furnishing the centre of the expansion areas, thus visually shortening 

the corridor sections. These island structures can fulfil a number of functions for 

tidiness and optimised care processes and resident comfort like  

 Storage for care products, thus reducing the walking distances for the 

personnel; 

 Defined space to park rollators and trolleys; 

 Workstation for electronic care documentation; 

 Kiosk for resident information; 

 Meeting and rest area. 
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Figure 3: Situation before redesign (variant 1) 

 

Figure 4: Architectural redesign (variant 2) 
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Figure 5: Enhancement by equipment (variant 3) 

5.2.4.5 Conclusions 

In summary positive results could be obtained for the specific use case. VR can help 

as a medium to identify, communicate and understand relevant process and work 

safety issues in nursing homes in a structured and intelligible way. The results are 

not due to the medium as such but to the expertise of its users. However, expertise 

can be partly made accessible inherently by providing process and impairment 

simulation functions into an immersive VR application. 

Presentations to experts and practitioners lead to primarily positive feedback at the 

BGW conference and method and technology were rated to have high potential for 

future application.  

However, the nursing home demonstrator application was tailored to fit the needs of 

the use case primarily. A generalisation of the application and an extended toolset 

are needed as well as their evaluation in a broader range of use cases.  

As ongoing work VERITAS [4] and other projects in the 7th Europen research 

framework will employ the technologies of VR-based impairment simulation from the 

1st and 3rd person perspective in other fields of application in a variety of use cases, 

which is expected to have high impact on the progress and innovation. 
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5.2.5.1 Abstract 

Full body motion capture (MoCap) plays an increasingly im-portant role in many 

fields from entertainment to medicine. How-ever, accurate motion capture systems 

have not been used in some application areas due to reasons like cost, inflexibility 

and complexity of operation. We developed a complete marker based optical MoCap 

system, which targets these issues. In this paper we describe how a flexible 

calibration method, robust skeleton tracking and interfaces to third party software 

have been developed. To demonstrate robustness, reliability and accuracy, our 

system has been successfully employed to provide input to a serious game targeting 

rehabilitation of patients with chronic pain of the lower back and neck, a group that 

has previously been neglected by serious games. A brief overview of the application 

and preliminary results of a medical evaluation with chronic pain patients is provided. 

CR Categories: H.5.2 [Information Interfaces and Presentation]: User Interfaces—

Input devices and strategies; J.3 [Computer Applications]: Life and Medical 

Sciences—Health, Medical information systems; H.5.1 [Information Interfaces and 

Presentation]: Multimedia Information Systems—Animations, Artificial, augmented, 

and virtual realities 

Keywords: Motion Capture, Full Body Interaction, Serious Game 

5.2.5.2 Introduction 

Marker based optical full body Motion Capture (MoCap) has become a de facto 

standard capture technology in professional applications in the last decade. Thereby, 

one or more actors wearing motion suits with retro-reflective markers attached to 

them, are tracked by a number of cameras in real time and millimeter accuracy 

[MotionAnalysis 2011; Robertson 2006]. In medical applications and evaluations 

these systems have been applied to determine movement parameters. Usually this is 

done for a specific body part with a subset of the markers required for full body 

MoCap e.g. in gait analysis. While unmatched in accuracy and update rate, marker 

based full body MoCap systems have not seen use in many other fields due to 

numerous reasons like cost, inflexibility and complexity of operation. We have 

developed our own marker based optical tracking system, which is targeting these 

issues. 

In general a MoCap system has to solve two main problems in order to determine the 

posture of a user. First a model, matching the current user's physical properties, has 

to be created. Then, this model must be matched to the marker positions in each 
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frame in order to determine the user's posture. Our system solves both problems with 

a minimum of user interaction, while providing posture information in real time. 

Not much information is available on the intrinsic functioning of commercially 

available systems and how they create or adapt a skeleton model for a specific user 

and match it with marker positions during the tracking process. In this paper we aim 

to fill this gap. We describe the applied algorithms and methods that were used to 

achieve these goals in order to develop a highly accurate, commercial grade, robust 

optical motion capture system. 

Serious games and especially their use in healthcare applications are an active and 

rapidly growing area of research [Holden 2005; Rego et al. 2010]. A key aspect of 

games in rehabilitation is 3D input, which can be used to control a game and provide 

feedback to the patient. We have developed a serious game specifically designed for 

rehabilitation of patients with chronic pain of the lower back and neck. This game 

contains a number of exercise programs integrated in a motivational environment. In 

this context an accurate MoCap system is required, because the capabilities and 

progress of the patients over weeks have to be determined for medical evaluation. 

Finally, a study has been conducted to get insights in patients' expectations and 

experiences with the system. 

Our contributions are: 

• Development of a new flexible, full body motion capture (MoCap) system and 

description of all required algorithms. 

• Demonstration of its use within a serious game targeting rehabilitation of patients 

with chronic pain of the lower back and neck. 

• Evaluation of a serious game targeting rehabilitation of patients with chronic pain. 

5.2.5.3 Related Work 

5.2.5.3.1 Full Body MoCap Systems 

In this context, full body MoCap, is defined as capturing the user's body in a way that 

allows for the reconstruction of six degrees of freedom (DOF) for every bone in a 

simplified skeleton model, which is available in a complete kinematic chain. 

Professional systems are usually marker based infrared optical solutions, such as 

those from Motion Analysis [MotionAnalysis 2011] or Vicon [Vicon 2011]. These 

setups can be scaled to cover huge areas with multiple users by using large numbers 

of cameras. All motions are computed in real time (with millimeter accuracy) and are 

available for further processing e.g. recording, analyzing, motion transfer to a virtual 

character and more. 

Xsense [Xsense 2011] and other companies, offer solutions for MoCap using inertial, 

mechanical or magnetic tracking. When using inertial sensors or mechanical tracking, 

larger volumes are possible, while the tracking quality is bound by the used 

technology e.g. subject to drift of inertial sensors. 
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Furthermore, systems using other tracking technologies like markerless optical 

tracking or magnetic tracking exist. However, they either do not deliver tracking data 

in real time, are restricted to specifically prepared environments or do not achieve the 

same accuracy as marker based solutions and are therefore neglected in this 

discussion. 

5.2.5.3.2 Skeleton Calibration 

Current commercially available full body MoCap systems (e.g. Vicon) usually rely on 

a predefined skeleton model with a small number of markers, which have fixed 

positions on the tracked subjects. This reduces the flexibility of adaptation to different 

patients and use for more specific applications only needing input from a part of the 

body. 

Several methods have been proposed for the automatic calculation of a skeleton 

model from motion capture data. Often, they rely on the calculation of the center of 

rotation between bones defined in their position and rotation by three or more optical 

markers [Cameron et al. 2005; Ringer et al. 2002; Silaghi et al. 1998], or magnetic 

tracking [O'Brien et al. 2000]. In these approaches using two adjacent bones with six 

DOF the joint positions are calculated using a least squares fit. However, these 

methods require many markers or (inaccurate) magnetic tracking (with one sensor 

attached to each bone). The method, described in [Kirk et al. 2005], suggests using a 

computationally more expensive algorithm, which requires less markers. Details on 

how we have improved the latter to be more robust and reliable can be found in 

section 4. 

5.2.5.3.3 Skeleton Tracking 

Skeleton tracking or fitting [Silaghi et al. 1998] describes the process of adapting the 

position and the joint rotations of the skeleton model in a way, that it fits the recorded 

data. Little information is published on the intrinsic functionality of skeleton tracking in 

commercially available full body MoCap systems. Some algorithms, like the global 

skeleton fitting described in [Silaghi et al. 1998], rely on the identity of the markers to 

be known. However, this is a constraint, which for reasons of stability and 

robustness, we do not want to depend on. 

In an alternative approach, as used in [Ringer et al. 2002], a rigid clique (or body) is 

placed on each bone-segment. These cliques, consisting of three or more markers 

with fixed distances, can be used to derive position and orientation of the bone. As 

described in [Hornung et al. 2005] these can also be trained dynamically. However, 

this approach depends on the markers to be fixated on rigid structures and four 

markers per bone, limiting applicability. 

Furthermore, kinematic models for different joints and body parts have been 

developed and analyzed (e.g. for the knee [Andersen et al. 2010]), but little is 

published on generic models for the tracking of a human body. 
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5.2.5.4 System Overview 

Our setup comprises of an infrared optical tracking system that we developed 

ourselves, and a number of software components performing different tasks in the 

MoCap and data processing pipeline. 

 

Figure 1: Explosion chart and picture of the camera used in our system. 

5.2.5.4.1 Hardware Setup 

The tracker used for our motion capture system is an iotracker [Pintaric et al. 2007], 

which is a passive marker based infrared optical motion tracking system. It was 

primarily built for collaborative virtual reality and augmented reality applications, but 

is also well suited for motion capture. Commodity hardware is used to minimize the 

cost. All calculations are performed on PC workstations, while no additional 

electronics is required. Iotracker cameras are shutter synchronized and stream digital 

video to the tracking workstation at an update rate of 60 Hz. They have a very 

compact form factor of about 7x7x4 centimeters. To make (only) the passive markers 

visible in the camera images the cameras are equipped with infrared strobe lights 

and optical band pass filters. Figure 1 shows the camera with all components. The 

application ―iotracker server‖ calculates the 3D positions from camera images. 

Measurements indicate low latency (20-40ms), minimal jitter (RMS less than 

0.05mm), submillimeter location resolution and an absolute accuracy of ±0.5cm. For 

a more detailed description of the marker tracking performance please refer to 

[Pintaric et al. 2007]. 

5.2.5.4.2 Software Workflow 

In the first step a skeleton model has to be generated and adapted for each new 

user. Using a separate tool, the ―skeleton calibration assistant‖ (Figure 2), from the 

marker positions alone, a skeleton model is calibrated fully automatically. To execute 

the algorithm the user has to perform some initial calibration movements often 

referred to as the ―Gym motion‖ [Herda et al. 2000; Silaghi et al. 1998]. For a 

successful calibration the user moves the joints of interest to their full extent for about 

15-20 seconds. For practical use with patients, the skeleton calibration assistant 
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shows movement sequences, which have proven to work well. However, no 

restrictions are imposed on the Gym motion except that it has to start in the T-Pose 

[Geroch 2004]. Out of all the skeleton models generated from the sequences, the 

assistant automatically selects the best for further processing; however, the therapist 

is able to override this selection manually. In practice a maximum of 2-3 repetitions is 

sufficient to acquire a high quality skeleton model. The evaluation of the skeleton is 

based on the joint optimization cost of a skeleton. Finally, the choice of a skeleton is 

acknowledged and is automatically labeled with bone names by comparison with a 

predefined template. This is important in order to map the joint angles to the avatar in 

the game. 

 

 

Figure 2: Skeleton calibration assistant (upper row), iotracker server (lower row) 

The labeled skeleton is then handed to the tracking software and the calibration 

assistant is being closed. The MoCap module integrated within the iotracker server 

(Figure 2) is responsible for fitting the skeleton to the tracked 3D positions of the 

markers in each frame. First it loads the skeleton and optimizes the internal 

representation. Then it starts the MoCap process producing angles for all joints of the 

skeleton model plus the position and orientation of the skeleton in 3D space. The 

iotracker server implements a number of interfaces to external applications, which 

can retrieve the postural information from the MoCap module as detailed in section 

5.5. 
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5.2.5.5 Skeleton Calibration 

In order for the system to easily and quickly adapt to different users, we have 

implemented the skeleton calibration assistant (Figure 2), which automatically 

generates an approximate skeleton model. There is no need to take measurements 

by hand or place markers on precisely predefined positions, which are both time 

consuming matters. Furthermore, the skeleton calibration algorithm is flexible enough 

to cope with arbitrary articulated structures. This is especially interesting with a view 

towards universal accessibility. A skeleton can easily be calibrated for people with a 

significantly different body model. For wheel chair users, for example, the skeleton 

can be calibrated for upper-body only. For amputees the suit can be adjusted with 

Velcro strips and the skeleton calibrated for the required limbs. Furthermore, skeleton 

models for generic motion capture input can easily be generated. The applied 

algorithms follow the general approach described in [Kirk et al. 2005]. A detailled 

description of the basic implementation can be found in [Schönauer 2007]. However, 

several improvements were made, especially to make skeleton calibration more 

robust when using imperfect tracking data. Furthermore, mechanisms allow for more 

flexible marker placement and increased speed of the calibration calculations. First, 

data is recorded by the tracker during calibration sequences and processed in the 

following main steps: 

Step 1: Marker labeling (assigning the markers ids). 

Passive markers in an infrared optical tracking system cannot be uniquely identified 

per se. The skeleton calibration, however, is depending on the markers being 

unambiguously labeled during the whole sequence. Therefore, in a first step double 

exponential smoothing [LaViola 2003] is used to predict the label of a marker in the 

next frame(s) instead of the linear prediction used by [Kirk et al. 2005]. During longer 

occlusions this method is not always sufficient. In a second step we are therefore 

using a method similar to [Kirk et al. 2005] to match labeled sequences of markers 

with the support of spectral clustering. 

Step 2: Marker clustering (group markers on a bone). 

The assumption for the clustering is, that the distance between markers situated on 

one bone does change only very little. Instead of spectral clustering as suggested by 

[Kirk et al. 2005] , we are using Kmeans++ clustering [Arthur et al. 2007], which for 

many of our data sets performed better. Kmeans++ takes into account the different 

spatial distribution of points in clusters of different sizes (e.g. in our application 

markers on the chest are further apart than markers on a forearm). 

Step 3: Joint position calculation. 

Assuming that the joints are approximately rotational joints, the markers of two bones 

connected to a joint should ideally stay in the same distance to the joint during all 

movements. As suggested in [Silaghi et al. 1998] and [Kirk et al. 2005] this is 

formulated as a least squares fit problem and optimized. 

Step 4: Computation of skeleton parameters. 
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Once the joint positions are calculated for every frame, the offsets between markers 

and joints can be calculated and averaged after removing outliers using a variation of 

RANSAC. These offsets can then be used in skeleton tracking to identify markers 

and correctly position bones and joints in the marker point cloud. Skeleton calibration 

is an offline procedure during which skeleton models are calculated sequentially from 

one or multiple calibration sequences. Due to the offline nature of this processing 

step, sophisticated algorithms such as non-linear optimization or spectral clustering 

can be used. However, the MoCap process itself is performed in real time. 

To improve robustness of the labeling, in addition to the basic algorithm described in 

[Kirk et al. 2005], we are using the results of the second step (clustering). We have 

defined and minimized an intra-cluster distance variation value in order to reduce 

negative influence of tracking errors (e.g. "ghost markers"). Also marker identification 

after occlusions is improved. In the third step, before joint positions are calculated for 

all frames the skeleton structure has to be determined. This is done by pseudo 

randomly selecting a limited amount of about 20 frames and computing the joint 

positions/cost between all possible combinations of bones. The combinations with 

the lowest cost are then interpreted as the actual joints. Since nonlinear optimization, 

such as nonlinear conjugate gradient method depend very much on good 

initialization values, we are using the results of these samples in a local optimization 

to speed up the calculation on all frames as a further improvement to [Kirk et al. 

2005]. We have also tried to discard frames with similar limb transformations and 

maximize diversity among the sample set. However, this has brought no significant 

enhancement in our tests. Other smaller improvements have been made to improve 

performance of the calibration algorithm, which are beyond the scope of this 

publication. 

5.2.5.6 Skeleton Tracking 

5.2.5.6.1 Overview 

 

Figure 3: Overview of the skeleton tracking pipeline 
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Using the skeleton calibration assistant described in the previous section, we are 

able to reconstruct a full body kinematic constraint model of the user's skeleton. This 

kinematic model is stored as a hierarchical chain of rigid bones, connected by 

rotational joints. Every bone is associated with one or more optical markers, the 

position of which relative to the bone remains static, building a rigid clique. The 

skeleton model is then fitted to the marker positions as generated by iotracker to 

obtain a skeleton pose for every frame. 

Our skeleton model fitting algorithm is composed of the following steps (see Figure 

3). Algorithmic and implementation details are given in the next subsections. 

Step 1: Prediction of the expected body posture. 

Upon first run or re-initialization no previous body posture estimates exist. Therefore, 

in these cases we are using a generic one (a standing pose or the so-called T-pose) 

as initialization. Otherwise, we use predictive forward kinematics to compute the 

expected body posture from the last-known one as described in section 5.2. 

Step 2: Rigid marker clique search, generation of a classification graph. 

We try to identify every limb, with a rigid clique of two or more optical markers, in the 

point cloud, by using inter marker distances. Usually, this will result in multiple 

hypotheses how a clique could be fitted to marker positions in the current frame. 

From the differences between the actual relative distances and the ones stored in the 

skeleton model, a model alignment error is calculated. Every hypothesis, whose 

model alignment error lies below a certain threshold, is stored in the vertex of a 

classification graph, instead of immediately deciding on a unique solution. Edges 

represent geometric transformations between different cliques and are computed 

upon insertion of new vertices. Details on this step are described in sections 5.3 and 

5.4. 

Step 3: Classification graph pruning. 

From the hypotheses in the classification graph, we first compute the absolute pose 

of the associated limb in as many degrees of freedom as possible. We then test this 

pose against the expected posture (determined in Step 1). If the difference between 

both poses exceeds a certain (experimentally determined) threshold, the vertex and 

all of its edges are removed from the graph. 

We then test the remaining edges of the classification graph against the kinematic 

constraints of the skeletal model by pair wise examination of adjacent limbs. When 

we find an edge that does not satisfy the kinematic constraints (within a certain 

threshold), we remove both connected vertices from the classification graph. 

Step 4: Filling in missing information. 

In the event that occlusions prevent parts of the inner kinematic chain (e.g. upper or 

lower arm) from being unambiguously reconstructed, but the end-effector pose 
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(hands, feet) is known, we attempt to solve for the middle joint pose by an iterative 

inverse kinematics approach [Buss et al. 2005]. 

From here, we repeat Step 3 and 4 until all ambiguities are resolved. 

Step 5: Posture estimation. 

In most cases, all ambiguities are resolved in Step 3 and only one vertex remains for 

each clique (containing the hypotheses, how it best matches the data). In the rare 

event that there are multiple hypotheses remaining, we assign scores to the 

hypotheses based on the model alignment error. 

We then select the highest-scoring hypothesis from the classification graph and 

remove the remaining hypotheses. We label all markers according to the clique and 

associated bone they are matched with. If necessary, occluded optical markers are 

substituted with ―virtual markers‖. 

Based on the uniquely labeled optical marker set, we iteratively compute the full 

skeleton parameterization (using forward kinematics) with the goal of minimizing the 

model-alignment error. 

5.2.5.6.2 Prediction of the expected body posture 

The full parameterization of the skeletal model is given by the set of all joint angles 

plus the 6-DOF transformation (position and orientation) of the root limb. The torso, 

as the center of the body, is usually chosen as the root of the kinematic tree. During 

the calibration procedure, the Skeleton Calibration Assistant will automatically identify 

the torso (or any other bone of choice) and label it as the root bone, which will be 

named bone 0 in the following. 

For a kinematic chain of n bones, let θi be the joint-angle between bone i and bone i-

1. Given θ1 ... θn, the frame of bone n relative to bone 0 is: 

 

Where i − 1Ti (θi) is the transformation matrix from the frame of bone i to bone i–1. In 

absence of a valid measurement for θk (k = 1..n), it is not possible to compute i − 1Ti 

(θi) for any i≥k. 

We solve this problem by employing a double-exponential smoothing-based 

prediction filter (DESP) [LaViola 2003] for every joint angle θi, which provides us with 

estimates of the joint angle in absence of actual measurements. 

5.2.5.6.3 Rigid Clique Fitting Algorithm 

Our system attempts to uniquely identify markers of each rigid clique within a larger, 

unstructured set of observed markers by comparing the Euclidean distances between 

all pairs of observed markers with the known distances between markers of each 
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clique. To account for the presence of noise and different types of process errors, 

two distances di and dj are considered equal if 

| di - dj | < ε. 

We formulate this combinatorial optimization problem in a way that it represents an 

instance of the maximum clique problem. Maximum clique is a well-studied problem 

for which fast algorithms exist [Östergard 2002]. Nevertheless, it is NP-hard, which is 

why we apply a polynomial-time complexity-reduction heuristic that is based on a 

form of geometric hashing. At startup, we compute the Euclidean marker distance 

matrix for each clique and store its entries in a one-dimensional look-up table (Figure 

4). These tables are used at runtime to rule out unlikely clique-to-marker matches 

before the maximum clique problem is solved. 

Measurement uncertainties are assumed to follow a Gaussian distribution whose 

standard deviation is chosen to coincide with the tracker's absolute accuracy. We 

refer to the entries stored in this look-up table as correlation scores, because they 

represent the probability with which any given marker-pair (or more precisely, their 

separating distance) is part of the same target. 

At runtime, we calculate the Euclidean distance between every pair of observed 3D 

markers for a given frame. For every entry in the Euclidean distance matrix (EDM), 

we look up its corresponding correlation scores and store it in a separate Correlation 

score matrix (CSM). From the CSM, we compute a vector containing the 

accumulated correlation scores for every observed marker through row- or column-

wise summation. 

Depending on the number n of model-markers, we also expect every member of the 

solution-set to have an accumulated correlation score of at least Tn = t * (n-1), where 

t Є [0.5,1]. The easiest way to enforce this constraint is to apply threshold Tn to the 

accumulation-vector. Afterwards, every marker whose thresholded entry is zero can 

be eliminated as a candidate. 

Our heuristic can be calculated very efficiently on multiple processor cores. 

According to our observations, this elimination procedure will reliably reduce the 

number of candidate markers by up to 90% in a real-life scenario. 

Once the maximum clique problem is solved the clique can be aligned with the data 

by minimizing the least squares distance between observed markers and the clique's 

idealized markers as stored in the skeleton model. This distance value is also used 

as error function (model alignment error) in the other steps. 
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Figure 4. Quadratic-time complexity reduction (top). Formulation of the model-fitting 

problem as maximum-clique search (bottom). 

5.2.5.6.4 Algorithmic Extensions for Kinematic Chains of Rigid 

Cliques 

In an unstructured point-cloud, unique marker identities can only be established by 

inspecting known pair-wise distances between markers. Often, multiple similar 

distances between markers can be observed in the entire point-cloud, which leads to 

labeling ambiguities. Due to the relatively large number of markers in a motion-

capture configuration, it is not enough to just use the known pair-wise distances 

between markers on the same bone in order to establish unique marker labels. 

Therefore, we extended the complexity reduction algorithm described in the previous 

section from a single rigid clique of markers to kinematic constraint models by pre-

computing additional multi-dimensional marker-to-marker distance lookup tables from 

the calibrated skeleton. This computation is performed as a separate offline step. 

Figure 5 shows a simple two-bone skeleton fragment connected by a spherical joint, 

where each bone has exactly one rigidly attached marker (―marker1‖ and ―marker2‖). 

In an un structured point-cloud, only markers that are found to lie at a distance 

between dmin and dmax from Marker1 should be considered likely to be labeled 

Marker2. The value-pair [ dmin, dmax ] is computed a-priori for every pair-wise 

combination of markers on adjacent bones. 
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Figure 5. Distance limits for markers on adjacent bones. 

 

Figure 6. Pair-wise distances of multiple markers on adjacent bones. 

Distance lookup-tables can be extended to span multiple markers on adjacent bones: 

Example: For any given distance dm1,m2 (where dmin <= dm1,m2 <= dmax) between 

marker m1 (on bone1) and marker m2 (on bone2), distance dm1,m3 between marker 

m1 and marker m3 (on bone2) can be stored in a lookup table. Figure 6 illustrates 

this example. For reasons of efficiency and memory usage, distance values are 

discretized with step sizes of multiple millimeters. Using the distance lookup tables 

described above, we iteratively inspect the distance relationships between markers 

on adjacent bones. This allows for significant improvements in marker labeling 

accuracy, with minimal computational overhead. 

Table 1. Mini games, their medical rationale and the MoCap data used 

Game name  Mini games overview  

 Game description Clinical goal Input data 

Temple of Magupta  The player runs 
through an ancient 
temple, collects 
artifacts and avoids 
obstacles.  

Physical 
reconditioning, 
increase walking 
speed and walking 
time  

Movement rate  

Face of Chronos  The patient climbs a 
mountain by 
extending the arms 
upwards until the 
next hold is reached 
and collects artifacts 
placed on holds.  

Increase reaching 
ability, velocity and 
smoothness of the 
motion, relaxation of 
the trapezius muscle 
after reaching  

Position of the hand, 
movement 
characteristics of the 
arm (path, velocity), 
muscle activity of the 
left and the right 
trapezius muscles  
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Game name  Mini games overview  

 Game description Clinical goal Input data 

Three Wind Gods  The player imitates a 
series of head 
movements executed 
by fictive characters.  

Increase cervical 
ROM, velocity and 
smoothness of 
cervical motion  

Measures of cervical 
ROM and current 
rotation 
(Flexion/extension, 
Right/left bending, 
Left/right rotation), 
movement velocities, 
movement 
acceleration  

5.2.5.6.5 External Interfaces 

 

Figure 7: Visualization of the skeleton model's local coordinate systems (upper left), 

joint angle curve after the data was streamed into Visual3d (upper right), Motion 

Builder (bottom) showing animated avatar with marker positions. 

In order to make use of the generated body posture, interfaces have been 

implemented to external tools. This way, data from our system can be used for 
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character animation (Autodesk MotionBuilder), medical evaluation (C-Motion 

Visual3d) and a game engine (Unity3d). For all three tools we have implemented 

plugins that can be used to utilize the data. In Unity3d and Visual3d the plugins are 

communicating with the tracker over a network interface utilizing a customized XML 

protocol, while MotionBuilder is connected to the iotracker using VRPN [RUSSELL et 

al. 2001]. To transform and extract data (e.g. information about velocities, specific 

positions etc.) from the skeleton pose data produced by the iotracker server, we are 

using an additional software layer. For this layer OpenTracker [Reitmayr et al. 2001] 

is used, which is a multi-modal data flow framework. It can serve as a center piece 

between the plugins and the iotracker, by implementing the required communication 

protocols. Figure 7 shows screenshots of the first two applications receiving the 

tracking data from our system in real time. 

5.2.5.7 A Serious game for chronic pain rehabilitation 

5.2.5.7.1 The Game 

Finally, we want to introduce the prototype of a serious game that has been 

implemented within the project PLAYMANCER to assist rehabilitation of patients with 

chronic pain of the lower back and the neck. An overview of the work done within the 

project can be seen in [Euronews 2011]. Also a video showing our system and game 

in action is provided there. Chronic pain patients are in a vicious circle of maladaptive 

pain-related cognitions (i.e. fear of movement), coping strategies (i.e. avoiding 

physical activities) and physical disuse. Therefore, therapeutic activities performed in 

pain rehabilitation practice, focus on changing these cognitions and increasing 

physical functioning. An important way to do this is by letting patients experience and 

execute physical exercises. Two important aspects that exercises commonly used in 

chronic pain rehabilitation focus on: 

• Mobility and coordination by activities that focus on increased range of 

motion, increased velocity and smoothness of the motion. 

• Improving a patient‘s physical conditioning by endurance exercises like 

walking. 

Our full body MoCap system is employed to track these exercises and works as main 

source of input data for the serious game. To incorporate these exercises into the 

game three separate mini games have been developed. An overview of the mini 

games, their clinical goals and input data used is listed in Table 1. They are 

embedded within an adventure setting, linking the games with a common story line. 

In that story the player arrives with his ship at a deserted island and discovers the 

remains of an ancient civilization. Pictures of test users playing the mini games can 

be seen in Figure 8. 

The ship is the base of the patient. While on the ship, the game can be configured 

individually to each patient's needs and abilities by calibrating goals and baselines for 

the mini games. During the mini games the player can collect items, which can be 

seen in an inventory. When the player has collected enough items, he is rewarded by 

unlocking the next part of the story, which should provide additional motivation. 
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During game play the three mini games provide game feedback (scores, collected 

items) as well as visual, auditory and textual feedback on the patient's performance 

and results. Furthermore, after every session, therapist and patient view the patient‘s 

progress, by having a look at the patient's profile. In this profile objective data, 

recorded during gaming, is presented (e.g. reaching ability, cervical range of 

movement. 

 

Figure 8: Our MoCap system and two of the mini games during the preliminary 

testing. "Three Wind Gods" (left), "Temple of Magupta" (center), "Face of Chronos" 

(right). 

5.2.5.7.2 Results 

The "iotracker server" application runs on a quad-core CPU (Intel Core2Quad Q9300 

with 2,5 GHz with around 75% CPU load). The skeleton tracking is implemented in a 

highly parallelized way using OpenMP and utilizes all cores. Especially step 2, which 

is the most computationally intensive, is well suited for parallelization. During our 

evaluations we were running the iotracker server and the game (developed in 

Unity3D) along with other input modalities (automatic speech recognition and 

electromyography) on the same PC. Therefore, we used a Workstation with two Intel 

Xeon DP X5355 processors (a total of 8 cores). CPU load was at around 85% during 

active gameplay. 

The latency of the MoCap system consists of Firewire data transfer latency of 18ms 

(in case of 60 Hz tracking), since all camera images are transferred to the PC for 

processing. Additionally, overall latency is determined by the time needed for 

skeleton tracking, which is typically between 5 and 10ms for one skeleton on the 

above CPUs. 

An evaluation of the serious game with eight patients has been conducted. Each 

patient was participating in the game interventions in a period of four weeks with one 

or two game sessions per week. During the evaluation the usability of the skeleton 

calibration procedure was rated good. All patients were capable to perform the 

requested skeleton calibration exercise and the calibration assistant produced and 

selected a functional skeleton model for each individual in almost all cases. 

Furthermore, the MoCap system was working stable and produced robust tracking 

data throughout the evaluation. Due to the lack of ground truth no absolute 

measurements of the system's accuracy have been made. Measuring human motion 
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data with non-intrusive means (e.g. a goniometer) is usually highly inaccurate and 

depends on the tester and articulation used. Acquiring kinematic data of a human 

body by intrusive means on the other hand requires an enormous effort (e.g. 

radiostereometry [Tranberg et al. 2011] or bone pins [Andersen et al. 2010]) for 

which we lack the means. However, in the future we plan to compare our system's 

accuracy with that of another commercially available MoCap system. Nevertheless, 

visual inspection and subjective evaluation of the motion data showed smooth 

movements with little jitter. 

 

Figure 9: Rotation angle and velocity of the head relative to the torso around the up-

axis during fast movement, i.e. head shaking (top), rotation of the head in the sub 

millimeter domain (middle), reaching height and velocity of a hand (bottom) 
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Evaluation of the joint angles showed also little jitter and high relative accuracy 

(smooth curves of angles and graduation in the sub-degree domain). Plots of 

unfiltered tracking data produced by our system can be seen in Figure 9. We have 

measured the rotation of the head relative to the torso on the up-axis. Even during 

fast motions like shaking of the head our system produced a smooth curve of 

measurements and even the inferred rotation-velocity introduced little jitter. When 

looking at slower motions our system produces values with sub-angular accuracy, 

which exhibit high plausibility. In addition, movement parameters calculated from 

positional information show little jitter in position and velocity. Finally, measurements 

regarding range of motion of assessed exercises show good repeatability. 

The clinical changes induced by the gaming interventions are promising. The pain 

intensity measured on a visual analogue score decreased after gaming by an 

average of 11 millimeters. Also, physical fitness increased for many patients, 

especially for subjects with low exercise capacity. Furthermore, an increase of 

cervical range of motion of 7-10% for all three degrees of freedom has been 

determined. In addition a small increase in the patients reaching height has been 

observed. Also, usability was rated good. Finally, the patients were positive about the 

Playmancer game and enjoyed playing. 

5.2.5.8 Conclusion And Future Work 

We have implemented a system for full body motion capture. Its high flexibility, 

accuracy and a moderate price makes it suitable for a large number of applications. 

We have introduced the applied algorithms and software components of the system. 

In addition, a serious game for the rehabilitation of patients suffering from chronic 

pain has been developed and evaluated in a clinical setting. Tests have shown 

promising results for our system and the game. 

Patients suffering from chronic pain are a group that has previously been neglected 

by serious games. Therefore, the study had an experimental character, but the 

results could be very well used to define a test protocol for a controlled clinical trial, 

which might be conducted in the future. The evaluation has shown that patients 

suffering from chronic pain are a very heterogeneous group. Therefore, in future 

studies more mini-games and more specific inclusion criteria have to be employed. 

Furthermore, it is assumed that an increase in intensity, frequency and duration 

would have a positive effect on the outcome. 

Acknowledgements: This work was funded by the European Union DG information 

Society Networked Media Systems unit within the PLAYMANCER project (FP7-ICT-

215839). We want to thank Stephanie Kosterink, Michiel Minten, Miriam Vollenbroek, 

and Leendert Schaake from RRD for their cooperation and contribution to the results. 

Furthermore, we want to extend our thanks to Cris Voldum, Jens Juul Jacobsen and 

Jeppe H. Nielsen from Serious Games Interactive for the implementation of the 

game. 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 70 MCA 
 

5.2.5.9 References 

ANDERSEN, M.S. et al. 2010. Do kinematic models reduce the effects of soft tissue 

artefacts in skin marker-based motion analysis? An in vivo study of knee kinematics. 

Journal of Biomechanics 43, 268-273. 

ARTHUR, D. AND VASSILVITSKII, S. 2007. k-means++: the advantages of careful 

seeding. In SODA '07: Proceedings of the eighteenth annual ACM-SIAM symposium 

on Discrete algorithms, Philadelphia, PA, USA, 1027-1035. 

BUSS, S.R. AND KIM, J.S. 2005. Selectively damped least squares for inverse 

kinematics. Journal of Graphics, GPU, & Game Tools 10, 37-49. 

CAMERON, J. AND LASENBY, J. 2005. A real-time sequential algorithm for human 

joint localization. In Proceedings of the ACM SIGGRAPH 2005 Posters, 2005, 107. 

EURONEWS 2011. Playing for health http://www.euronews.net/2011/01/12/playing-

for-health/ 

GEROCH, M.S. 2004. Motion capture for the rest of us. Journal of Comp. Sciences in 

Colleges 19, 157-164. 

HERDA, L., FUA, P., PLÄNKERS, R., BOULIC, R. AND THALMANN, D. 2000. 

Skeleton-based motion capture for robust reconstruction of human motion. Computer 

Animation 2000 (CA'00), 77. 

HOLDEN, M.K. 2005. Virtual environments for motor rehabilitation: review. 

Cyberpsychology & behavior 8, 187-211. 

HORNUNG, A., SAR-DESSAI, S. AND KOBBELT, L. 2005. Self-calibrating optical 

motion tracking for articulated bodies. In Virtual Reality, 2005. Proceedings. IEEE VR 

2005., 75-82. 

KIRK, A.G., O'BRIEN, J.F. AND FORSYTH, D.A. 2005. Skeletal Parameter 

Estimation from Optical Motion Capture Data. In Proceedings of IEEE Computer 

Society Conference on Computer Vision and Pattern Recognition, Volume 2, 2005. 

LAVIOLA, J.J. 2003. Double exponential smoothing: an alternative to Kalman filter-

based predictive tracking. In EGVE '03: Proceedings of the workshop on Virtual 

environments 2003, New York, USA, 199-206. 

MOTIONANALYSIS 2011. Motion Analysis: Passive Optical Motion Capture 

http://www.motionanalysis.com/. 

O'BRIEN, J.F., BODENHEIMER JR, R.E., BROSTOW, G.J. AND HODGINS, J.K. 

2000. Automatic joint parameter estimation from magnetic motion capture data. In 

Proceedings of Graphics Interface, 53-60. 

ÖSTERGARD, P.R.J. 2002. A fast algorithm for the maximum clique problem. 

Journal of Discrete Applied Mathematics 120, 197–207. 



VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 71 MCA 
 

PINTARIC, T. AND KAUFMANN, H. 2007. Affordable Infrared-Optical Pose-Tracking 

for Virtual and Augmented Reality. In Proceedings of Trends and Issues in Tracking 

for Virtual Environments Workshop. 

REGO, P., MOREIRA, P.M. AND REIS, L.P. 2010. Serious games for rehabilitation: 

A survey and a classification towards a taxonomy. Information Systems and 

Technologies (CISTI), 2010 5th Iberian Conference on, 1-6. 

REITMAYR, G. AND SCHMALSTIEG, D. 2001. An open software architecture for 

virtual reality interaction. In Proceedings of the ACM symposium on Virtual reality 

software and technology, 47-54. 

RINGER, M. AND LASENBY, J. 2002. A Procedure for Automatically Estimating 

Model Parameters in Optical Motion Capture. Image and Vis. Comp. 22. 

ROBERTSON, B. 2006. Big moves. Computer Graphics World 29. 

RUSSELL, M., HUDSON, T.C., SEEGER, A., WEBER, H., JULIANO, J. AND 

HELSER, A.T. 2001. VRPN: a device-independent, network-transparent VR 

peripheral system. In Proceedings of the ACM symposium on Virtual reality software 

and technology, Baniff, Alberta, Canada2001 ACM, 55-61. 

SCHÖNAUER, C. 2007. Skeletal Structure Generation for Optical Motion Capture. 

Vienna University of Technology, Vienna. 

SILAGHI, M.-C., PLÄNKERS, R., BOULIC, R., FUA, P. AND THALMANN, D. 1998. 

Local and Global Skeleton Fitting Techniques for Optical Motion Capture. IFIP 

CapTech 98, Geneva 1537, 26-40. 

TRANBERG, R., SAARI, T., ZÜGNER, R. AND KÄRRHOLM, J. 2011. Simultaneous 

measurements of knee motion using an optical tracking system and 

radiostereometric analysis (RSA). Acta Orthopaedica 82, 171-176. 

VICON 2011. Vicon motion capture system http://www.vicon.com. 

XSENSE 2011. Wireless Inertial Motion Capture http://www.xsens.com/.  

  

http://www.xsens.com/


VERITAS_D4.3.2a PU Grant Agreement # 247765 
 

December 2011 72 MCA 
 

6 Conclusion 

While the aim of the workshop described in the Deliverable at hand was to acquaint 

participants with the methods, products and services developed in the framework of 

the VERITAS project, the next one planned at the VUMS workshop at ICCHP 2012 

will especially focus on presenting the experience gained in individual areas 

(automotive, games, smart living spaces, etc.). 

The workshop has proven to be a good vehicle to collect the needed feedback from 

experts in the field, and will be used also in future to collect input from stakeholders. 

This will also be organised where possible in coincidence with other events, and 

especially those events that address the different application areas in which 

VERITAS has been active. 
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