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This thesis work was performed at the research centre CINECA in Bologna, Italy. An interface with six degrees of
freedom, 6DOF, to be used in a virtual environment for the positioning of medical components was developed in co-
operation with IOR, one of the most important orthopaedic hospitals in Italy. The main reason for doing this was to
find out whether or not a virtual environment and 6DOF interaction could make the pre-operative planning of an ope-
ration more efficient compared to other techniques. Is it easy to position an object using stereovision and a 6DOF
tracker tool? Furthermore, the interface might also be used in other applications and areas in the future.

Described is the development of an interaction class especially constructed for the use of a tracking tool called a
stylus pen. This tool takes advantage of all 6DOF, i.e. it recognises movements in the x, y and z directions and
likewise the orientation of the tool around the three axis. Moreover, an application which uses the interaction class
was created in order to evaluate its usefulness. The application enables the user to load, save and position objects
within a virtual environment. The result of this evaluation is then described and discussed.

In the evaluations it was shown that the stylus pen with 6DOF is an intuitive interaction tool which works well for
positioning. The stereovision also seems to further improve the users’ ability to position objects. However, the created
interaction class needs to be further developed before it can be implemented in a pre-operative planning tool.
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This thesis work was performed at the research centre CINECA in Bologna,
Italy. An interface with six degrees of freedom, 6DOF, to be used in a virtual
environment for the positioning of medical components was developed in co-
operation with IOR, one of the most important orthopaedic hospitals in Italy.
The main reason for doing this was to find out whether or not a virtual en-
vironment and 6DOF interaction could make the pre-operative planning of an
operation more efficient compared to other techniques. Is it easy to position an
object using stereovision and a 6DOF tracker tool? Furthermore, the interface
might also be used in other applications and areas in the future.

Described is the development of an interaction class especially constructed for
the use of a tracking tool called a stylus pen. This tool takes advantage of all
6DOF, i.e. it recognises movements in the x, y and z directions and likewise
the orientation of the tool around the three axis. Moreover, an application
which uses the interaction class was created in order to evaluate its usefulness.
The application enables the user to load, save and position objects within a
virtual environment. The result of this evaluation is then described and discus-
sed.

In the evaluations it was shown that the stylus pen with 6DOF is an intuitive
interaction tool which works well for positioning. The stereovision also seems
to further improve the users’ ability to position objects. However, the created
interaction class needs to be further developed before it can be implemented
in a pre-operative planning tool.
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2D Two dimensional
3D Three dimensional
6DOF Six degrees of freedom
API Application programming interface
B3C BioComputing Competence Centre
CAS Computer-Aided Surgery
CINECA Consorzio Interuniversitario del Nord Est italiano per il

Calcolo Automatico
CNR Consiglio Nazionale delle Ricerche
CT Computed Tomography
DEIS Dipartimento di Elettronica Informatica e Sistemistica
GUI Graphical user interface
IOR Istituti Ortopedici Rizzoli
IRL  Imaging Research Laboratories
LTM Laboratorio di Tecnologia Medica
MRI Magnetic Resonance Imaging
VTK Visualization Toolkit
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Most tasks performed by a person are planned in advance in some way. This
also applies to when a surgery is about to be performed. Surgeons need to
know as much as possible about the environment they are to encounter and
what difficulties there may be. Therefore, prior to surgery a pre-operative
planning is often done. Through this planning the surgeon has an opportunity
to anticipate the equipment needs and difficulties that will be encountered du-
ring surgery. If for example a joint-replacement operation is to be performed,
the surgeon can choose the correct size and type of the prosthetic implants in
advance, as well as finding their possible positions.

The planning is often performed with the aid of an interactive software pack-
age in which the surgeon navigates the surgical tools or the implantable devi-
ces. This is done within a computer representation of the patient’s anatomy,
based on data from Computed Tomography, CT, or Magnetic Resonance Ima-
ging, MRI. It might be difficult to execute the planning precisely and many
surgeons use it only to understand the anatomical compatibility of the implant
shape and to roughly position the components. Sometimes though, it is used to
take some measurements which are used by the surgeon during the operation
to verify the correct position of the prosthesis.

Conventional surgery is mainly dependent on
the surgeons’ ability to use hand tools and posi-
tion components correctly. One example is a
total hip-replacement surgery where the surgeon
must cut the femoral head and then position the
prosthetic implants in the correct position within
the femur. Examples of implants used are the
stem-prosthesis and the cup shown in figure 1.
There are systems that support the surgeon du-
ring the operation and significant effort is also
being spent in the development of new methods
[A1]. Many of these methods use computers as
a guidance in some way and are therefore com-
monly called Computer-Aided Surgery [W1],
CAS, and include the use of surgical navigation,
image-guided surgery and surgical robots. All
these technologies serve to aid the surgeon, for example in surgical navigation
or positioning before or during an operation. With the growing choice of
surgical tools, the need of an accurate and precise pre-operative planning tool
is growing.

The interest in new visualisation technologies such as virtual reality, VR, is
also growing and the areas within which this technology can be used are ex-
tensive. Humans understand connections and relations in data better when
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��5�
�����
������	�
���
���

����	�



2

they are visualised because of their highly developed human visual system.
With VR this ability is even further enhanced compared to ordinary computer
visualisation since an extra dimension is added and it is possible to see the
depth in the scene. The user becomes more immersed in the environment and
is no longer only looking at a screen. Furthermore, the user is no longer
confined to traditional input devices but will interact directly with the
generated environment. This will engage the user’s perceptual skills and
improve the ability to solve problems. The user’s capabilities could be even
further enhanced if it would be possible to interact with the environment by
taking advantage of six degrees of freedom, 6DOF. This involves an interface
that recognises movements in the x, y and z directions and the orientation
around the three axes. This way the interaction becomes more intuitive since
the user obtains a greater freedom in the actions and the movements
correspond with the movements used in real life.

The purpose of this thesis work was to look into combining the techniques
mentioned above. Could VR and 6DOF interaction be used in a pre-operative
planning tool to further enhance and simplify the positioning of objects when
planning for example a hip-operation?

��� ������
	��
Objective of this thesis work was the development of an intuitive user inter-
face to be used with a 6DOF input device, for the positioning of medical com-
ponents within a VR environment. Furthermore, an application which makes
use of this 6DOF interaction was created in order to evaluate its usefulness.
The primary version was developed considering a pre-operative planning prior
a total hip-replacement operation, but the interface has potential to be used in
other applications as well. However, the goal was not a completely func-
tioning system but rather a test application where the use of interaction with
6DOF within a VR environment was examined.

(���	�����3��	���	��������������
����
�������
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A test application was developed and this is shown in a VR environment
displayed on a workbench, see figure 2. The user observes the scene through a
pair of stereo glasses in order to gain a three dimensional, 3D, view of the
scenery, and interaction is performed with a stylus pen with two buttons. The
pen is connected to a tracking system which makes it possible to recognise
both translations and rotations in 3D. Linked to the environment is also a two
dimensional graphical user interface, 2D GUI, shown on a screen next to the
workbench. From this 2DGUI the VR scene is opened and closed, and it also
has a number of choices for handling the settings of the scene shown on the
workbench.

��� ��������������
�
���
���
The work presented in this thesis was performed at the research centre
CINECA, Consorzio Interuniversitario del Nord Est italiano per il Calcolo
Automatico [W2], in Bologna, Italy. The work was divided into three steps.
The first step included taking part in developing new interaction classes for
the Visualisation Toolkit library, VTK, specifically suited for 6DOF input
devices. Thereafter an application for the positioning of 3D datasets was
created, making use of the 6DOF interaction classes. Finally the interaction
paradigms were evaluated and compared to traditional 2DOF interaction.

In the standard version of the graphics library VTK no classes that handles
tracking and interaction with 6DOF are included. New classes for dealing
with this situation therefore needed to be created. At IRL, the Imaging Re-
search Laboratories, in Ontario, Canada, specialised classes for dealing with
different 6DOF tracking systems have already been developed. These classes
have been further developed at CINECA where also a specialised class for the
Intersense tracking system has been created, along with classes for managing
the 6DOF interaction.

The main part of this thesis work was dedicated to creating an interaction
class that handles the interaction events coming from a 6DOF tracker tool like
the stylus pen used at CINECA. In the beginning of the thesis work, extensive
studies of the existing code were undertaken before the further development
could start. Furthermore, an application in which it is possible to load and po-
sition datasets within a VR environment was created within this thesis work.
This application includes the 2D GUI mentioned and uses the created VTK
classes. The interface was developed within the B3C, BioComputing Compe-
tence Centre laboratory at CINECA. The work was also performed in coope-
ration with LTM, Laboratorio di Tecnologia Medica, at IOR, Istituti Ortope-
dici Rizzoli [W3], one of the most important orthopaedic hospitals in Italy.
IOR’s requirements served as a base for the implemented functionalities.

Total hip-replacement surgery is a routine surgery at IOR and for this a pre-
operational planning tool called Hip-Op [W4] is used. When developing this
interface with 6DOF, CINECA and IOR did not look for similarities with the
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already existing software, that can be run on an ordinary PC with a 2D
interaction tool. Instead they wanted to explore the possibilities of a 6DOF
tool and a virtual environment and see if this kind of technology could be
beneficial for biomedical purposes. Because of the medical aspect there might
be functions missing in the classes in order for them to be used in general
purpose applications.

To evaluate these ideas two different testing procedures were applied at the
end of the thesis work, where a number of people used the interface for the
positioning of datasets within a VR environment. This was done to evaluate
the accuracy of positioning with this technique. IOR also supported the deve-
lopment of the testing procedures used for the evaluation of the application
and provided statistical analysis of the results.

��� ������������
CINECA is a major Italian computing centre. It was established in 1969 and is
a cooperation between 15 Italian universities and CNR, Consiglio Nazionale
delle Ricerche, an Italian scientific and technological research centre. The
purpose with this association is to support public and private scientific and
technological research using advanced computing systems and to provide
computer services to all partners involved.

CINECA comprises several research laboratories and this thesis work was
sponsored by the B3C, a joint research effort between CINECA, the bioengi-
neering group of DEIS, Dipartimento di Elettronica Informatica e Sistemis-
tica5 at the University of Bologna and LTM. The objectives of this collabora-
tion are to support and share results from biocomputing research activities
using high performance computing.

��  !�"�����	��	
�#
The report begins with an overview of the development environment for the
thesis work and descriptions of the hardware and the software used during the
work. In chapter 3 the coordinate systems involved in the work process are
presented, followed by a general description of the order of transformation.
Chapter 4 introduces the different VTK classes studied and further developed
during the thesis work. Details about the new functionalities and features
added throughout the work are found in chapter 5.

In chapter 6 and 7 the two evaluation methods used for testing the application
are presented along with an analysis of the results derived from these tests. It
is followed by a discussion in chapter 8 about a number of issues that must be
considered when working with this type of environment. Finally, the conclu-
sions of the work are presented in chapter 9.
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CINECA [W5] uses an Intersense tracking system [W6] called IS-900 VWT,
a device specialised for workbench displays such as Barons, V-Desks and
ImmersaDesks, designed for semi-immersive 3D applications. The tracking
system recognises movements in 6DOF and offers a precise multipoint trac-
king based on a combination of acoustic and inertial tracking methods. The
aim of this combination is to overcome the temporal and spatial shortcomings
of purely acoustic systems. An acoustic tracker transmits ultrasonic sound wa-
ves which reaches a receiver, and by using either time of flight or phase cohe-
rence the position can be calculated. Time of flight determines the time it
takes for the sound wave to travel between the transmitter and the receiver,
while phase coherence makes use of the phase difference between the sound
wave at the source and the sound wave at the destination [A2].

As previously mentioned the acoustic system has some drawbacks owing to
an inherent delay in waiting for the signal to travel from the source to the
destination. Also the slow speed of sound further delays the signal. The ad-
vantage of adding an inertial system is that these navigation systems give rela-
tively low errors at high frequencies and velocities, and they are also very
responsive. Inertial tracking systems use accelerometers to measure the object
position and gyroscopes to measure the object orientation. However, at low
velocities and frequencies they exhibit high errors [A2]. Therefore a hybrid
system gives a tracking that works satisfactory for all types of frequencies and
velocities, and neither is sensitive to electromagnetic interference.

The projection table used for displaying the graphics is a Baron workbench
[W7], figure 3 (a). The table is fully tiltable between 0° and 90°, which makes
it possible to position it at the angle best suited for the operator. With a work-
bench the users are only semi-immersed in the virtual world since the VR
environment is only displayed in front of the users and not all around them,
like in a CAVE [W8].

The tracking station is equipped with a stylus pen with two buttons [W6],
figure 3 (b), which is attached to the system with a wire. The pen has an inter-
nal gyro-inertial component, which allows lower latency tracking plus six ul-
trasonic emitters. These emitters communicate with a matrix of sensors moun-
ted on a fixed frame, which allow high precision and drift-free tracking of the
position and orientation of the stylus pen.

For the stereo vision StereoGraphics CrystalEyes 3D shutter glasses [W9], fi-
gure 3 (c), are used. In order to visualise something in stereo, two different
pictures showing the same scene but from slightly different points of view are
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used. The CrystalEyes glasses shut off alternate eyes in synchronization with
the display using an infrared emitter. When the image switching is rapid
enough, the eyes can not perceive the flickering and the brain fuses the images
into a single scene and perceives depth.

��� (
����
)��
�������%
�
In the preceding discussions about which software package to use for the de-
velopment, different frameworks for immersive applications have been consi-
dered by CINECA, for example CAVELib [W10] and vrJuggler [W11]. They
have, however, been discarded for different reasons such as price and platform
dependency. Also, by choosing one of these frameworks a lot of time would
have been required to study and test them, and to find a suitable way to
integrate them with the VTK library. This integration is needed since VTK is
necessary for loading and processing biomedical data. Moreover, since the
considered frameworks not yet have functionalities for selection and manipu-
lation, the final decision was instead to further develop the VTK library. A
brief description of this library is included below. The references used to find
this information are ����4���
��6
������������ [L1] and 4���
��6���������4�78
-�����	�
� [A3] and this is also where further information about VTK can be
found.

The VTK library is a software system used when working with visualisation,
3D graphics and image processing. It has several advantages which have ser-
ved as a base for choosing this as the development environment. First of all it
is an open source system, which means that the source code is freely available
to anyone who wants to use it or further develop it. Moreover, the system is
portable, i.e. the system can be used on different platforms without complica-
tions. Finally, the library is also based on an object-oriented design, which
means that it uses objects to represent the state and behaviour of entities in the
system. This design reduces the complexity of the system by making it more
modular, easier to maintain and easier to describe than traditional procedural
systems.

(���	�����9
:�������	�����5�9�:�����&#'(���$���
����
���9:�
��
�	�������	�����
�����

(a) (b) (c)



7

The VTK library offers the possibility to work with a number of different data
representations. Some of the most important of these include polygonal data,
structured or unstructured points and grids, images and volumes. The library
also provides a number of different readers, writers, importers and exporters.
By making use of these it is possible to exchange data with external applica-
tions. When the data flows through the visualisation pipeline many different
data filters can be used to process the data into forms that can either be further
processed in the pipeline, or displayed by the graphics system.

VTK has been implemented using the C++ language. However, by means of
an automatically interpreted layer, several GUI prototyping tools such as Tcl,
Python and Java can be used to build VTK applications.

�
�
�� �#$�%&'(#)*+�,-.$/
The graphics model defines the way to generate the scene and the objects
within it. It is implemented as an abstract layer above the graphics language to
make sure the system can be run on different platforms.

To create the objects in a scene the user instantiates different classes, for ex-
ample lights, cameras, actors and properties. These objects contain informa-
tion about visibility, orientation, size and position within the scene. Each ob-
ject is connected to a mapper and a property object. These two classes make
sure the objects in the scene are rendered correctly, with the proper rendering
parameters such as colour and material. When the object is a 3D geometric
data it can be represented with a special subclass, an actor.

Some classes need not be instantiated, as the renderer will automatically do
this at the first rendering of the scene if they are not defined. Typical exam-
ples of this are the camera and the lighting in the scene. These default objects
are easy to access from the renderer and the parameters can therefore be mani-
pulated without difficulty. For the camera object there are several methods
that can be used for rotation about the position and the focal point, for exam-
ple azimuth, elevation and roll, see figure 4.
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(���	�� ��)
��	
�����������
	�����������
��������

�
�
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In the standard release of VTK it is only possible to interact with the scene by
making use of a 2D interaction tool, i.e. an interaction where the position and
orientation of the camera and the actors are controlled by mouse events.
Examples of the interaction options are rotation, panning and zooming.

There are different modes for interaction; trackball or joystick mode, and ca-
mera or actor mode. In trackball mode the interaction is motion sensitive, i.e.
the motion occurs only when the button is pressed and the pointer moves. In
joystick mode the motion occurs continuously as long as the button is pressed
and the amount of movement depends on the position of the pointer in the
scene. The farther the pointer is from the centre of the scene, the faster the
actions in the scene occur. The other modes, camera and actor, control which
object in the scene will be affected by the interaction. Either the camera’s
position and focal point are updated, or else the actor that is under the mouse
pointer is modified.

��� ���
�&�"����
&��
Two different environments were used during the development, the test suite
and the final suite. New code was first tried in the test suite and when it was
considered stable it was moved into the final suite for integration with other
elements or for user testing. This strategy of testing the code in a properly tai-
lored test programme allowed the development of more reliable code.

Elevation

Roll

Azimuth

Direction of
projection

Focal point
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The test suite consists of C++ code with a text console suited for testing new
pieces of code. The programme allocates all the necessary VTK objects and
starts a loop for updating the coordinates of the tracker and the rendered
scene. The text console displays all the necessary debugging information.

The final suite has a 2D GUI developed with the wxWindows library [W12],
which is further described in chapter 5.3. From the 2D GUI the initial state of
the VR environment is defined, i.e. an empty scene in which the user must
load the required datasets. This starts the update loop for the tracker and the
scene. The 2D GUI also holds controls for specifying the settings for the VR
environment, such as display options for the scene and the objects within it.

��  ��������
���"����
&��
The 3D interaction metaphor implemented in this work is a selection and ma-
nipulation paradigm, which was chosen after a preliminary analysis made by
CINECA of the immersive interaction techniques literature. Due to the semi-
immersive nature of the workbench, CINECA decided to implement a basic
navigation interaction paradigm to allow the user to change the point of view.
Moreover, they decided not to implement the head tracking at this stage,
which further reduces the immersiveness. The development was focused on
the 6DOF interaction, simplifying the system control as much as possible. For
this reason, in the first implementation of the software the selection and other
system control features were not implemented inside the VR environment.
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During the work process three main coordinate systems were used. This orga-
nisation has been chosen by CINECA specifically to suit their physical system
structure, where the tracker device is mounted over the workbench. The first
coordinate system is associated with the tracked volume, which represents the
volume in which the movements of the tracker tool take place. This coordinate
system should be oriented as the display screen to allow an intuitive associa-
tion between the movements and the displayed scene. If the workbench has
been tilted the tracked volume must follow, since the users are most likely to
adjust their movements according to the angle of the display screen in front of
them. This means that the user’s movements will not follow the original co-
ordinate system alignment with the y axis pointing straight upwards and the z
axis pointing straight forward. Instead the movements will approximately
match the screen perspective, i.e. the movements in the y direction will be
parallel to the screen and the movements in the z direction will be perpendi-
cular to the screen. Hence, the alignment of the tracked volume must always
be updated according to the angle of the workbench.

The second coordinate system is associated with the world volume, which is
the virtual scene in which the tracked coordinates are remapped. At present
this volume is equal to the tracked volume but centred in the origin. It is, how-
ever, impossible for the two volumes to always have the same size, position
and orientation. Thus, to use the virtual tools inside the scene a coordinate
transformation is needed.

The coordinate axes for this system have been defined with the positive x axis
pointing in the right direction, the positive y direction directed upwards and
the positive z axis pointing out from the screen, which is the standard VTK
representation for the axes. This is not, however, the way the axes are defined
for the Intersense tracking system, and therefore a 90 degrees rotation of the
tracked volume around the y axis is needed, in order to make the movements
in the world volume follow the user’s movements in the tracked volume. This
rotation is included in the transform between the tracked volume and the
world volume.

The third and final coordinate system is associated with the working volume,
which in the system is called the working box. Sometimes, only part of the
virtual scene lies within the view frustum and the movements in the tracked
volume should always correspond to a movement within this part. This volu-
me is represented by the working box and is constantly recalculated to ap-
proximately fit the visible part of the scene. This means that an additional
transform between the world volume and the working box is also needed.
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All the coordinate systems mentioned above coexist within the system and a
transform to describe the relationship between them can always be found. The
following graph, see figure 5, represents the different coordinate systems and
the transformations involved. Each node denotes a coordinate system, and
each line linking two nodes represents a transform between those two co-
ordinate systems. A transform between any pair of coordinate systems may be
calculated by finding the path between corresponding nodes in the graph and
composing all the intervening transforms [A4].

The coordinate system corresponding to the world volume is drawn at the top
of the diagram to suggest that the user and all the virtual objects are contained
in the virtual world. However, it is primarily the topology of the graph that is
significant and there are other ways this graph can be drawn [A4].

Consequently, in order to reach the target position in the scene, a sequence of
transformations between the coordinate systems involved is needed: one from
the tracked volume to the world volume, TW_T, followed by another one from
the world volume to the working box, TWB_W. The composition of these trans-
forms is given by: TWB_T = TWB_W * TW_T. This results in a transformation
from the tracked volume to the working box, i.e. the movements performed
with the tracker tool in the tracked volume are converted into corresponding
movements in the visual part of the virtual scene. This transformation is fur-
ther described in chapter 3.1.1.

�
�
�� �&'0+2-&,'1)-0�2&-,�1&'*3$.�4-/5,$�1-�6-&3)0%�7-8
When moving an actor with the stylus pen, it is necessary to make sure that
the origin of the hand movements coincides with the initial position of the ac-
tor. When the button on the tool is pressed, the actor initially keeps its po-
sition and orientation, and then follows the hand as being locked to it. The
transformations needed to achieve this behaviour are explained below.

Defined is ∆H, which represents the delta movements in the initial hand coor-
dinate system, with its origin being the initial position and orientation of the
hand, when the button on the tool is pressed. This movement is obtained in the
following way:

PT2 = ∆H PT1 => ∆H = PT1
-1 PT2

(���	��%��)��	���
����$������	
���

Object 1…

World volume

Working boxTracked volume

(Head) Hand
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where PT1 is the initial tracker position and orientation, and PT2 is the new
tracker position and orientation.

However, what is needed is a ∆ that makes the actor move from its start posi-
tion and orientation, but with a movement oriented so the actor, as it is dis-
played on the screen, follows the hand. Therefore, ∆H is mapped as the wor-
king box coordinate system i.e. the user point of view. This is done by means
of R0, which represents the rotation transform between the initial hand co-
ordinate system and the working box coordinate system. ∆H is also scaled with
a factor S to follow the right scaling. The resulting transform will look like
this and represents the delta rotation and translation in working box coordi-
nates:

∆ = R0
-1 ∆H S R0 = R∆T∆

The final position of the actor, P2, is then obtained by applying this transform
to the initial object position and orientation, represented by R1 and T1, accor-
ding to the following:

P2 = R1 ∆ T1 = R1 R∆ T∆ T1

��� ����������
��������
The most important aspect when applying transformation matrices is to under-
stand the order of which the transformations are applied, otherwise one may
end up with an object that is deformed or not situated in the right position. For
example a rotation about the x, y and z axes will give different results depen-
ding on the order about which axis the rotation occurs. It is also necessary to
perform the scaling around the origin in order to maintain the object’s posi-
tion.

The following transform shows the order of which the transforms are per-
formed and they are applied from right to left since the resulting transforma-
tion matrix is pre-multiplied with the position vector of the actor [L1].

T = T(px, py, pz)T(ox, oy, oz)RZRXRYSOSNT(-ox, -oy, -oz)

These transformations first produce a translation of the actor back to its own
origin. This will be the point that is the centre of rotation and scaling. After
this translation the geometry is scaled with the cumulative scale factor, cre-
ated from the new scale factor, SN, added to the old one, SO. Thereafter the ro-
tations, R, are applied. First about the y, then the x, and then the z axis. The fi-
nal translations give a reverse translation of the first one and then a translation
to the final location of the actor. This transformation order is illustrated in
figure 6 [L1].

(���	��&���	
����	�
������	��	�
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The standard VTK library only includes classes that can handle interaction
with a 2D tracker tool, like a mouse, where the events come from the render
window. These classes do not work when a 6DOF device is used and the in-
teraction events instead come from the tracking system. Specialised classes
for dealing with the 6DOF tracking have been developed at IRL. These have
been provided to CINECA under certain conditions and contributed signifi-
cantly toward the progress of the work. The development has then continued
by CINECA before this thesis work started and a specialised class for the
Intersense tracking system has been created, together with classes for mana-
ging interaction with 6DOF.

The classes studied and used within this thesis work include vtkTracker, vtk-
TrackerBuffer, vtkTrackerTool, vtkISTracker, vtk3DInteractor, vtk3DInter-
actorStyle, and vtk3DInteractorStyleTrackball. The three classes first men-
tioned, vtkTracker, vtkTrackerBuffer and vtkTrackerTool, have all originally
been developed at IRL and have been improved by CINECA prior this thesis
work, to support new features like differential 6DOF tracking, i.e. when mo-
ving the tracker tool it is not necessary to do the entire movement in one step.
The subsequent classes, vtkISTracker, vtk3DInteractor, vtk3DInteractorStyle,
and vtk3DInteractorStyleTrackball, are new classes created at CINECA.

Next follows a brief description of these classes. Some of the methods inside
the classes and their interconnections are described. The collaboration graph,
which shows these connections can be found in appendix A. The class vtk3D-
InteractorStyleTrackball is the class which handles the interaction from a
tracker tool like a stylus pen, and the methods in this class will be described in
more detail in chapter 5, since this is the class primarily modified and develo-
ped during this thesis work.

 �� ���%
�&��������
The tracking classes take care of the information related to the tracker tool and
work as an interface between VTK and the tracking system.

�
�
�� 413�&'*3$&
The vtkTracker class is a base class and works as the interface between VTK
and real-time tracking systems like POLARIS [W13] and Flock of Birds
[W14]. At CINECA the class vtkISTracker has been developed, which is a
tracker class for the Intersense system.

The vtkTracker class enables the correct subclass, i.e. the class for the specific
tracking system, to relay the information to vtkTrackerTool. There are me-
thods in the class for setting or getting the transformation matrix between
tracking system coordinates and the desired world coordinate system. These
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methods are used for example in vtk3DInteractor and in vtkTrackerTool to
handle the transformations between the two coordinate systems.

�
�
�� 413�&'*3$&"522$&
When the system enters tracking mode the transform matrices associated with
the tracker tool are continuously saved in a buffer, i.e. new transforms are ad-
ded to the buffer as long as the tracking is in progress. The vtkTrackerBuffer
class maintains a list of the matrices, which are used to evaluate the position
and orientation of the tracker. The class contains methods that can be used for
modifying the matrices in the buffer or for collecting information about them.

�
�
�� 413�&'*3$&�--/
vtkTrackerTool provides an interface between a handheld 3D positioning tool
for tracking in the real world and a corresponding virtual object. In this class
an evaluation of the 6DOF changes of the tracker tool position and orientation
is made. This information is used in the vtk3DInteractor class to update the
scene.

�
�
�� 413���&'*3$&
vtkISTracker is a VTK interface to Intersense’s 3D tracking systems. This
class is a subclass to vtkTracker and it checks to see what type of Intersense
system that is used before the tracking is started.

 �� �$�
�������
����������
The 3D interaction classes handle the interaction events coming from a 6DOF
tracker tool.

�
�
�� 413���01$&'*1-&
vtk3DInteractor provides a platform-independent interaction mechanism for
6DOF interaction. It serves as a base class that handles routing of messages to
vtk3DInteractorStyle and its subclasses.

The difference from the 2D interaction class, vtkRenderWindowInteractor, is
that the events come from the tracker instead of the window. The class em-
beds an event loop which collects data from an input device through the vtk-
Tracker class. This data is used to update the current status of the tracker and
to dispatch events to the proper interactor style class. This is also the class
where the coordinate systems for the tracked volume and for the world volu-
me are defined.

�
�
�� 413���01$&'*1-&�19/$
vtk3DInteractorStyle is an abstract class in which a number of methods hand-
ling 3D interaction are defined. It serves as a template for the content of the
subclasses and should therefore only include variables and bodies of the
functions that can be shared by the subclasses.
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vtk3DInteractorStyleTrackball is a subclass to the vtk3DInteractorStyle class
and handles 3D interaction in trackball mode. This class has a “grab and
move” approach like the corresponding vtkInteractorStyleTrackball class in
the standard VTK library. That is, pressing down a button on the interaction
tool and then moving it will cause a movement proportional to the amount of
motion in the real world. The class was developed for the use of an interaction
tool like a stylus pen with two buttons.
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During this thesis work the main effort was dedicated to the development of
the class vtk3DInteractorStyleTrackball. Even though the standard VTK lib-
rary only contains classes for 2D interaction some of the main ideas from
these could be used also for the 3D interaction functionalities. Therefore VTK
classes and functions from the standard library [W15] were studied and some-
times reused in a somewhat modified way.

When designing the interface two things were considered. First of all typical
functionalities for interacting with a scene were implemented in order to rotate
and move the objects and the scene. Secondly, the needs and requests from the
hospital IOR had a main influence on the development. Therefore there are
functions created only for the purpose of the medical test application, espe-
cially in the 2D GUI, but there also exist modes that are not implemented in
this application since these are not necessary for this type of interaction. The
ambition was to create an interface that is intuitive and user friendly. If sur-
geons are going to learn a new programme, it must not be too complicated or
take too long time to learn, otherwise they will stick to the old and dependable
ways of planning they are already used to.

,�� �����
The interaction modalities were developed for the use of a single tracker tool,
a stylus pen with two buttons. The selection of the interaction modalities in
the system is made by pressing one of the buttons on the tracker tool. Chan-
ging an interaction mode changes the behaviour of the system in response to
the user actions. The interaction is in progress as long as the other button on
the tool is being pressed and the tracker tool moved.

Next follows a more detailed explanation of� the functionalities in the inter-
face, which all were developed within this thesis work apart from the select
actor and the 6DOF move actor modes.

�
�
�� �$/$*1�'*1-&
In the present version, the select actor mode
will select an actor, but it is not possible to use
the cursor to pick the desired object. These are
instead stored and picked from a list. This is
not the most natural way of selecting, but it
was the simplest way of implementing it. It
was considered sufficient at the moment since
the main goal was to evaluate the positioning.

This mode had already been developed when
the thesis work started, but a function was (���	�����-������������

��;���
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added that highlights the selected object, so the user easily can see which
object in the scene is picked. It is done with a VTK object called vtkOutline-
CornerSource, which finds the bounding box of the object and then draws the
corners of this box, see figure 7. The highlight function is defined in the
vtk3DInteractorStyle class since this is a function that future subclasses also
can make use of.

�
�
�� �����,-4$�'*1-&
When using the 6DOF move actor mode, the actor can be moved and rotated
in all directions. A rotation of the pen will result in a rotation of the selected
object in the scene, while a movement in x, y or z direction will produce a
corresponding movement of the object. This mode gives the user an intuitive
interaction as the objects can be moved the same way as in real life. This
mode was also developed before the thesis work started.

�
�
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When trying to position an object in the scene the 6DOF move actor can be
used. However, it can be difficult for the user to obtain a precise position and
orientation when using all the 6DOF at the same time. The result might be ea-
sier to fine-tune if the movements are separated into two different actions, one
for the translation of the object and one for the rotation.

For that reason two new modes were added to the interface, the translate actor
mode and the rotate actor mode. These modes affect the picked object in ex-
actly the same way as the 6DOF move mode, described in the last section.
The difference is that the movements are separated, i.e. the user can only
interact with the object in 3DOF at a time. In the translate actor mode the mo-
vements of the tracker result in a change of the position of the actor in the
scene, while the rotations of the tracker are ignored. The other mode works in
the opposite way, i.e. only the rotations of the tracker are considered, while
the translations are ignored.

�
�
�� �*'/$�'*1-&
The scale actor mode scales an object according to movements of the tracker
tool in the z direction. The implemented scale factor is: 1.110*(z - OldZ), and de-
termines how fast the object will scale. z is the position of the cursor along the
z axis and OldZ the previous z position of the cursor. Since the positive z axis
is pointing out from the screen, the object increases as long as OldZ is smaller
than our present position of the cursor, i.e. as long as the stylus pen is moved
out from the screen. In the same way, moving the cursor towards the screen
decreases the size of the object, since this produces an OldZ that is greater
than z. The reason for multiplying with ten is to give a more rapid scaling, it
would be too slow just using the z values.

Scaling functions are found in many applications, but in a pre-operative plan-
ning tool it would be of no use as a surgeon planning an operation will load
the datasets into the application in their correct size and does not need to scale
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them. Therefore, this mode was not implemented in the test application used
for the evaluation in this thesis work.

�
�
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The change view mode is used to pan and rotate the camera simultaneously.
The present position of the tracker is fetched and used to set the new position
and focal point of the camera. This way it looks like the scene follows the
user’s movements, in the same way as in 6DOF move actor. To calculate the
rotations of the camera, the present orientation of the tracker tool is found.
The rotation is then set on the camera using the azimuth, elevation and roll,
where azimuth is the rotation about the y axis, elevation gives a rotation about
the x axis and roll is a rotation about the z axis, see figure 4 in chapter 2.2.1.

Unfortunately, the change view mode is not functioning properly and was
therefore excluded from the application. This is due to a typical gimbal lock
discontinuity problem [W16]. In the same way as a position is represented as
a translation starting from some known position origin, the orientation is re-
presented using a rotation from some known orientation. However, the diffe-
rence is that the orientation space is wrapped around itself in a way that linear
position space is not. For example, a rotation about the x axis of 45 degrees
will produce the same orientation as a rotation of 405 degrees about the x axis
and it is also possible to find combinations of rotations about the three axes
that can produce the same final orientation [A2]. This is a typical problem
when representing orientation with Euler angles, which are not linear and for
which the order of the angles is significant, i.e. no permutation is allowed.

The tracking classes provide the position and orientation by means of a 4x4
matrix, also known as a homogeneous linear transform in 3D space. The prob-
lem arises from the current implementation of vtkCamera in the standard re-
lease of VTK. This is the class used to manipulate the camera. However, it
does not contain any method that uses the matrix for positioning the camera.
Instead this must be done using the three methods to set the azimuth, elevation
and roll. When the position and orientation matrix is evaluated the right
multiplication order is disregarded and therefore the camera can not be
positioned by means of the values obtained from this matrix. In future VTK
releases it will, however, be possible to use the matrix to set the position of
the camera, thus eliminating this problem.

�
�
�� �'0�+*$0$�'0.�&-1'1$�+*$0$
The pan scene mode and the rotate scene mode will pan and rotate the scene
separately and they were implemented in order to interact with and move the
scene unrestrictedly. These two modes are needed since the change view
mode does not work correctly. Moreover, they could be useful even if the
change view mode would work since it might be difficult to pan and rotate the
scene simultaneously. This is, however, impossible to evaluate at present.

In the rotate scene mode the user rotates an object by translating the tracker in
the direction of which the user would like to rotate the scene, i.e. it does not
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rotate the scene in the same way as the actor is rotated. This is due to the
gimbal lock problem mentioned in 5.1.5. In the pan scene mode a translation
of the tracker tool results in a movement of the scene in that direction.     

�
�
�� :--,
The zooming mode is an important function especially when considering posi-
tioning of objects in a scene. In order to receive a precise and correct position
and orientation it can be useful to work with the scene at a close view in order
to perform detailed adjustments. The zooming is, like the scaling based on the
z values, and the zoom factor is found in exactly the same way as the scale
factor, see 5.1.4. The zooming factor is in this case used to calculate the new
view angle, which is the factor that determines the viewing region of the
camera. The new view angle is set by dividing the old view angle with the
zooming factor. Moving the tracker towards the screen gives a zooming in
since the view angle gets smaller and moving it outwards leads to a bigger
view angle and a zooming out.

,�� -��%
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The working box represents approximately the area in which the user can
move the tracker. This area has to be recalculated in order to give the user an
intuitive interaction with the scene.

�
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Whenever the camera is moved in some way, for example in the rotate scene
mode, an auto-orientation function is called. This function recalculates the
working box so that it is always facing the camera, which is done by using a
vtkFollower. This is a function in VTK which makes an actor follow a camera
so that it is always orientated in the same way in relation to the camera. A
movement of the tracker to the right should always correspond to a movement
in the right direction in the scene, in order to make the user understand how to
interact.

�
�
�� �51-;2)11)0%
The auto-fitting function is called whenever the view angle changes, which
typically means that the user zooms or the camera resets. This function recal-
culates the working box in order to make it roughly fill out the workspace.
The purpose of this is to achieve a proportional movement of the tracker since
it makes the tracker movements consistent, irrespective of the amount of
zooming. The system should not be more or less sensitive to the tracker move-
ments, but rather behave in the same way even if zooming is performed.

As previously mentioned, the view angle changes when zooming. Therefore
the dimensions of the working box are based on the changes of the view
angle, see figure 8. The dimensions are set according to the following:

DimensionsY = 1.5 * FrontClippingPlane * tan (View angle/2)
DimensionsX = (WindowSizeX / WindowSizeY) * DimensionsY
DimensionsZ = DimensionsX
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The values for the front and the back clipping planes are obtained from the
camera. These are the z values within which the camera ranges, i.e. the ca-
mera’s view frustum.

The y dimension is set by calculating the tangent of half the view angle and
multiplying it with the value of the front clipping plane. This way the working
box gets a size in the y direction which approximately corresponds to a move-
ment of the cursor from the top of the screen to the bottom when the user per-
forms a maximum movement in the real world with the arm. The x dimension
uses the window size to calculate a ratio between the size of the window in the
x and y directions. Thereafter it is multiplied with the already calculated y di-
mension. Initially the z dimension was depending on the camera’s clipping ra-
nge, i.e. the front and the back clipping plane. However, these values turned
out to change a lot, resulting in a constantly shifting z dimension value, and
the effect was an unstable working box. Due to this problem, the way to
calculate this dimension was modified. Instead it is set to be equal to the x di-
mension, since this works sufficiently for the application.

,�� �$�/0�
The application also consists of a 2D GUI. Marco Petrone, the supervisor for
this thesis work, developed the primary version of this interface. As the thesis
work proceeded modifications were made and several new features were
added. The GUI in its present state is shown in figure 9 below.

Through this 2D GUI, which is applied on an ordinary computer screen next
to, in this case, the workbench, the user can perform different actions. Via this
interface the user starts and stops the VR environment shown and specifies
where to display the application, if another display than the one showing the
2D GUI is used. It is also possible to set the display angle of the workbench.

This interface enables loading and removing of objects. There is also a button
for saving in the 2D GUI, which saves all objects in the scene, their position
and orientation. To reuse a saved position there is a button named open posi-
tion, which sets the saved position on any selected object. Moreover, there are
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functions for setting the opacity and colour of an object. There are also a num-
ber of controls for setting the visibility of the loaded objects in the scene, the
cursor, the working box, the highlighting corner box and the coordinate text.

Since the work was focused on the positioning and navigation aspects of
6DOF interaction, no methods for selecting an object using the cursor of the
tracker tool, nor 3D widgets in the virtual scene were implemented. It might
be annoying for the user, being forced to move between displays to perform
actions like loading datasets, but for now it seemed to be the best solution.
The user can choose what datasets to use before starting to work with the app-
lication and when finishing the user can again return to the 2D GUI in order to
save the position of the dataset. This approach led to the development of an
interface that does not contain many hidden menus, but rather buttons and
controls with names that clearly states their functions, so the user may look at
the 2D GUI, keep the stereo-glasses on and still easily find the required con-
trol.
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The development of the GUI was done using a programme called wxDesigner
[W17]. This is based on wxWindows [W12], an application programming
interface, API, for writing GUI applications on multiple platforms. By using
the wxWindows library the wxDesigner tool creates dialogs. With a point and
click interface the user visually creates dialogues and the source code is
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automatically generated in the desired programming language. Currently it
supports C++, Python, Perl and XML text. The user just has to specify what
functions and actions to perform when pressing different buttons.

When creating dialogs with wxDesigner so called sizers are used. These con-
trol the items in the dialog by organizing them into groups arranged in certain
patterns. These patterns can contain simple frameworks of rows and columns
or more complex grids. The sizers check the size and layout of the controls at
runtime and update the differences dynamically.
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The first evaluation was aimed at assessing the preliminary accuracy of the
6DOF environment, as well as determine its intuitiveness and to find new
ways to improve it. The test procedure was developed in cooperation with
Riccardo Lattanzi, a bioengineer involved in the evaluation of pre-operative
planning programmes at the hospital IOR.

1�� ������
For this evaluation the essential aspect was to evaluate the VR environment
and the user interface developed for the 6DOF interaction tool, and therefore
the 2D GUI was not considered in the testing procedure.

Each subject performed a series of five tests according to the procedure de-
scribed under 6.1.2. Before the testing started the subjects were introduced to
the VR environment and the different interaction modalities on the tracker
tool. The subjects were allowed to use the interface before the first session in
order to get acquainted with the environment and to ensure that the functiona-
lities had been understood.

During each session the subjects were observed in order to collect information
about which modes were used and how often. The time from when the inter-
action started to when the subjects felt satisfied with the position was recorded
to see if any improvement occurred after getting more used to the environ-
ment. Being able to achieve the desired position and orientation was conside-
red the most important feature of the application, since this is what a surgeon
planning an operation would be interested in.

After the testing procedure the subjects were interviewed and asked a number
of questions about the interface. These questions can be found under appendix
B. The evaluation was made with a qualitative research method rather than a
quantitative, i.e. few subjects were used in the test but they were interviewed
thoroughly and carefully. Achieving a deep understanding of the subjects’
opinions and suggestions was deemed to be of higher importance than per-
forming shallow interviews for the sole purpose of a high number of subjects.
The results from these questions are then discussed and analysed.
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Five persons were chosen to test the application. The selection of the test
subjects was based on availability and on the seriousness of their interest in
obtaining an accurate result. Since CINECA is an environment where most
people have a technical background, the majority of the subjects belonged to
this category. None of the subjects had ever tried interaction with a stylus pen
before and all of them had different experiences from being in an interactive
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environment. Some had never been in a VR environment before and some
had.

At the time of the testing the application was still in a relatively early phase of
the development. It was therefore considered sufficient if it was tested by
people who were not among the final users in order to determine the intrinsic
accuracy of the system.
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Two datasets were loaded into the scene, each one containing an assembly of
three cones with three different colours. In one of the datasets the bases of the
three cones are placed in the centre with the apices pointing outwards along
three orthogonal directions, figure 10 (a). This will be referred to as the inter-
nal dataset. In the other dataset, the external, the cones are placed somewhat
out from the centre with the apices pointing towards the centre along the three
orthogonal axes, figure 10 (b). When these two datasets are loaded in the same
position the apex of each cone in one dataset exactly meets the apex of the
cone with the same colour in the other dataset, as shown in figure 10 (c).

For the testing procedure the external cones were loaded in a known position,
while the internal cones were translated and rotated in the scene. The subjects
were then asked to position the internal dataset making the cones in the data-
sets exactly fit together, i.e. give the internal dataset the same position as the
external. The final result should look as much as possible like the composition
in the rightmost picture in figure 10 (c).

The start position of the internal cones was chosen in a way that forced the
subjects to make use of all the 6DOF in order to place them in the correct
position. When the subjects decided that it was not possible to further improve
the position, the achieved position of the internal dataset was recorded and
compared to the known position of the external dataset. In each of the five
tests a different start position was used on the internal dataset in order to avoid
the test subjects memorising the course of action. This method provided an
adequate testing for determining an initial accuracy of the application.
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Since most of the test subjects had a technical background, a number of inte-
resting technical suggestions came up which might not have shown in a test
with people of a non-technical background. Nevertheless it might also have
excluded problems that would have shown during a test with people of a non-
technical background, since this category might have greater difficulties in
adapting to a VR environment. Next follows an analysis of the results where
some statistics provided by IOR are included. This is continued with a dis-
cussion about different comments that came up during the tests and aspects
that may have affected the results. A number of suggestions as to how the
application could be improved are made. These are, however, mere specula-
tions and might prove to be neither good solutions nor technically feasible.
Moreover, these solutions might already have been tried out somewhere else
and verified as not useful.

�
�
�� �1'1)+1)*'/�'0'/9+)+
Figure 11 shows the five user curves over the five sessions. The values of the
positions are normalised in order to have the results independent of the dimen-
sion of the visualised object. Therefore the value on the y axis has no unit.
Multiplying the values by 100 gives the percentage positioning error relative
to the size of the objects. The maximum error is approximately 2,5%.

The test showed that it is difficult to perform detailed rotation, with a peak
error of approximately 3,3 degrees, see figure 12. However, 60% of the
subjects obtained a rotation error lower than one degree, which IOR considers
as a minimum requirement.
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Out of these results it can be said that the interaction class is too sensitive in
the recognition of the tracker tool movements, which makes it difficult to
make fine-tuned positioning. This problem is further discussed under 6.2.8.
The statistical analysis also shows that the results are independent of the user,
which means that none of the subjects were significantly better than the
others. This independence concerns the test session as well, since there were
no major gradually improvements. This indicates that the subjects learned fast
how to behave in the environment and did not need much practice to under-
stand how the interaction worked. The statistics from which these results were
obtained can be found in appendix C.
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In order to see how long it took for the subjects to become accustomed to the
environment, the time spent to position the object was measured. However,
some of the subjects seemed stressed about the timing, even though it was ex-
plained to them that the positioning was the most important part and that they
should take their time and not worry about how long it took. Maybe some of
the results would have been improved if there had been no timing and the test
persons had not felt the need of hurrying to get a short time and decrease it
compared to the previous.

In the scatter plots below, figure 13 and figure 14, the mean errors of the
achieved position and orientation for each test session are shown together with
the time it took to obtain the position. In both plots most of the points are
located in the lower part, under 400 seconds, which indicates that the posi-
tioning was relatively fast.
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From these plots it is clear that the achieved position was not significantly im-
proved even in the sessions where the subjects worked longer. This shows that
the interaction is intuitive since the subjects were able to obtain positions they
felt satisfied with quite fast. Also, by working too long, the position might be
difficult to improve, since the users tire and hence have problems in keeping
the interaction tool steady. The negative aspect of this result is that in some
cases the subjects might have stopped before the desired position was reached,
because they were afraid of exaggerating the error due to the sensitivity prob-
lem.
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Even though the results from this first evaluation are not comparable to results
obtained with existing software using other techniques, it is important to note
how quick the subjects accepted the new environment. This is further notable
given that most of the subjects had not previously been in a virtual
environment and it was their first time using a stylus pen.
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In some cases the time it took to position the object was reduced after one and
two tests and then increased again at the end. This was probably due to the
test subjects tiring and feeling fatigue in their arm, as it is not possible to work
with the arm in a 90 degrees angle for a long time. It was allowed though, to
take as many pauses as wanted between the tests. Some test subjects were also
complaining about their eyes getting strained after a while. The reasons
behind these effects are discussed in chapter 8.6.
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None of the subjects had previously used a stylus pen. The general opinion
about it was that it is easy to use. Some subjects had problems understanding
the proper way to hold it, but were shown how to use it correctly. Other sub-
jects wanted to hold the pen with both hands in order to stabilise it, a tendency
that increased as fatigue started to show. This problem was probably due to
the application being too sensitive to rotations and might disappear if this is
corrected, see the further discussion about this in 6.2.8. Another subject found
that the wire affected the stylus pen so much that it had to be supported with
the other hand. Furthermore, some subjects were using very small movements
with the pen as if they are used to work with a mouse on a limited area. This
might be something that decreases as the users familiarise themselves with the
tool and discover that bigger translations are possible.

The subjects found it easy to learn how to use the two buttons. Some found
the switching between the modes annoying though. The subjects often swit-
ched between two modes and this led to a lot of clicking around the modes. A
suggestion from one of the subjects was to use certain gestures to reach the
different modes, e.g. making quick movements in altering directions. This is,
however, not possible with an interaction tool like a stylus pen since this can
set the gyroscope in the pen spinning and confuse the system. This would in-
stead demand a glove [W18] or a similar tool. Another suggestion was to have
some kind of graphical interface within the VR application where the user can
switch between the modes, this is further discussed under chapter 8.3. This
would demand that the cursor could be used for selecting, which is not pos-
sible at present. Moreover, it is hard to say whether or not this would actually
speed up the application.

The present input strategy, in which it is only possible to change modality by
pressing the second button on the tool, is not efficient since it does not give an
overview of the different modalities available. Neither is it good to lock one
of the buttons on the tracker tool to perform the switching between the moda-
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lities and not be able to use it to something else. Moreover, since the subjects
often switched between two modes, a lot of clicking around the modes in the
list had to be done before returning to the wanted mode. Therefore, adding a
function that allows the user to return to the previous mode used might be
interesting.
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During the test procedure statistics were kept on how many times the subjects
worked in the different modes. This was done to see whether or not modes
existed that were not useful. In the present release there are seven different
modes. In the way the test procedure was created it did not demand the sub-
jects to use the select actor mode, but this mode must be considered signifi-
cant for the application anyway. Moreover, the pan mode was not used much
either, but can also be considered as important. The users need to be able to
pan the scene around in order to decide what part of the scene they want to
have in the centre.

The subjects did not use the rotate actor and translate actor in order to make
fine movements to a great extent, which was expected prior the tests. This
shows that the 6DOF move actor was preferred by the subjects, who used it
even to perform detailed positioning, and that the two separate modes can be
removed. The 6DOF move actor mode is more intuitive since it produces
movements corresponding well to real world movements where an object can
be moved in 6DOF simultaneously. However, another subject worked in these
two modes a lot and did not feel comfortable at all using the 6DOF move
actor mode. This test subject used the 6DOF move actor mode only for coarse
positioning and rotate actor mode and translate actor mode to perform the fine
movements whereas the other test subjects seemed to do it the other way
around. This subject was of the opinion that repeated use of the environment
would make him used to it and give him further confidence and this might
make him more comfortable using all the 6DOF at the same time.

The zooming mode was not used to a great extent and not always in the way it
was expected when this mode was developed. It was anticipated that the
subjects would perform a coarse positioning and then zoom in to perform the
more detailed work. Instead, some of the subjects seemed to zoom out after
performing the coarse positioning. Maybe this was due to problems with the
sensitivity, see 6.2.8. The subjects could not be as precise as wished and there-
fore preferred to work with the scene zoomed out since a distant object might
seem to move less than an object situated close to the viewer. This is, how-
ever, just an illusion and the subjects might have improved their results if
zooming in further.
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The highlighting function is deployed by drawing the corners of the bounds of
the actor, see figure 15 (a). When finding the bounds, the function constantly
searches for the maximum and minimum values of the object in all directions.
This makes the outline source change size constantly when the selected object
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is rotated, since these values change all the time, see figure 15 (b). For the
viewer, this can be somewhat confusing since this makes it difficult to see
which object is selected if two objects of approximately the same size are
situated close to each other in the scene. One test subject found this annoying
and suggested having a bounding box that does not change its shape, which
would be easier to understand.
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The modes in which the actor can be rotated, the 6DOF move actor mode and
the rotate actor mode, and the mode for rotating the scene work in two diffe-
rent ways. The orientation of the actor follows the rotation of the stylus pen,
while the orientation of the scene is changed by translating the stylus pen in
the x or y direction. This is an implementation that seemed hard to understand
for the test subjects. It was difficult to remember to alter the course of action
when jumping between these modalities. Also, since the 6DOF move actor
mode and the rotate scene mode seemed to be the two modes most frequently
used, this switch was done repeatedly.

The natural solution to this problem would be to implement the two function-
alities in the same way. Either with the orientation of the actors and the scene
following the orientation of the tracker tool, or by making the orientation fol-
low the translations of the tracker tool. However, if the last procedure is used
it would be impossible to both translate and rotate simultaneously and the
whole idea with the 6DOF will be lost. Thus the most logical operation is to
always make the rotation of the tracker tool produce a rotation in the virtual
world. However, the rotate scene mode can not be implemented in this way at
the moment due to the gimbal lock problem mentioned in 5.1.5.

In the beginning of the testing it seemed like the subjects had trouble with
comprehending the interaction where a rotation of the stylus pen gives a
rotation in the virtual world. This was probably due to an ingrained habit of
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using 2D interaction tools, where the possibility of making use of the extra
3DOF for the rotation does not exist. As the users work more with the system
and familiarise themselves with it, this new interaction feature will most likely
not be a problem.
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One problem detected during the tests was the difficulty to make refined ad-
justments of the modified object. The system works well for rough positio-
ning, but for fine-tuning it is too responsive. This is most certainly due to the
system being too sensitive in its recognition of the movements of the tracker
tool. The slightest movement of the tool creates a change in the position of the
object. This makes it difficult to achieve an exact movement since it is impos-
sible to keep the hand completely fixed. Another aspect that further influences
this instability is that the user might feel fatigue after a while and hence get
more shaky.

To overcome this problem the sensitivity of the tool must be possible to alter
according to the user’s needs, i.e. when the user wants to make more precise
movements it must be possible to decrease the sensitivity of the tracker tool.
This means that a motion in the real world will create a motion in the virtual
world that is not corresponding in size, and therefore easier for the user to
control. In the current version of the system, the sensitivity of the translations
is changed according to the view angle, i.e. whenever the user is zooming out,
the movements in the scene get bigger in relation to the virtual world, and de-
crease when the view angle is decreased. This gives the effect that the user’s
translations in the real world always have the same relation to the visible part
of the virtual world. However, this change in sensitivity must also be applied
to the orientation in order to give the user the possibility to be more precise in
the positioning.

Zooming is not the only method for the user to change the viewpoint of the
scene in the z direction. The scene can also be panned in order to move it
closer or farther away. Whenever this action is performed the sensitivity
should be adjusted according to the new view, in exactly the same way as is
done for the zooming.

To give the user the possibility to control this
sensitivity a suggestion from one of the test
subjects was to insert a non-linear grid in the
scene, with a structure that gets increasingly
fine-meshed the closer it is to the centre of the
scene, like in figure 16. By applying this grid
the motions in the virtual scene would no
longer be uniform. The movements in the vir-
tual world, corresponding to the movements of
the tracker tool in the real world, would be de-
pendent on where in the scene the modified object is located. The closer to the
centre of the scene, and therefore the more detailed the grid is, the more
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precise the movements will be. Thus for making fine adjustments of the posi-
tioning the user needs to work in the centre of the scene.

The advantage of adding this grid is that the movements change over the sce-
ne in a way that corresponds well to the user’s actions. For fine-tuning the
centre is probably the most natural part of the scene to work in, while faster
movements are used in the peripheries for coarser positioning. An example
can be taken from the test procedure used in this work. In the initial state the
internal dataset was placed distant from the external dataset, which was
positioned in the centre. The subjects had to move the internal dataset towards
the external one, i.e. from the periphery towards the centre of the scene. This
process did not have to be an exact positioning in any way, but rather a rough
movement to get a better starting point for the more detailed adjustment,
which was performed in the centre.

Another way to give the user the ability to control the sensitivity is to add an-
other mode to the interface in which the user can modify the size of the work-
ing box, and hence change the sensitivity of the recognition of the tracker tool
movements. By moving the stylus pen in the z direction the user changes the
size of the working box. Moving the pen towards the scene makes the box
smaller and consequently, moving the pen out from the scene makes the box
bigger. A smaller working box gives a system that is less sensitive in the reco-
gnition of the translations of the stylus pen, i.e. the corresponding translations
in the virtual world are smaller than the user’s movements in the tracked box.
The drawback is that when the size of the working box changes it only affects
the sensitivity of the translation movements. In order to make precise modifi-
cations of the scene and the objects within it, the sensitivity of the rotation of
the tracker tool must also be adjusted whenever the size of the working box
changes.

When positioning it might also be useful being able to move the objects
around one axis at a time. On the other hand, the tests have shown that the
subjects preferred to work in the 6DOF move actor mode instead of using the
translate actor and rotate actor separately, even when performing detailed
work. This might have shown that locking parts of the 6DOF only makes the
application less intuitive. If implementing this function it has to be tested in
order to evaluate its usefulness. Moreover, being able to change the pivot
point when rotating an object would further improve the users’ ability to
perform an accurate positioning. An undo function is also necessary, so that
the user can regret the last actions. During the test, the subjects sometimes
avoided moving the object further since this might only have given a worse
position.
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Another problem regarding movements in a virtual
world is the linearity. Persons working in front of a
workbench do not usually move their legs much, i.e.
they scarcely change their position. Thus, trying to
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move an object from one side to another in the x direction will not produce a
movement parallel to the screen, but the arm rather moves in a bow-like
motion, see figure 17. This will not produce a linear movement in the x direc-
tion in the virtual world, but also a change in z, the depth, and in the orien-
tation of the hand. To get a linear movement the users have three options.
Either to make small, straight movements over and over again, or keep the
wrist fixed and concentrate on performing movements parallel to the screen,
or make movements with the legs sideways. Neither of these suggestions is
intuitive. Finding a solution to this problem can be difficult. Maybe the
coordinate system for the tracked box could be bent in some way. This would,
however, demand the user to be situated in an exact position in front of the
workbench all the time, as in figure 18 (a), since the tracked volume does not
follow the user’s movements but is fixed. If the user moves and is no longer
positioned exactly in front of the workbench, as in figure 18 (b), the
interpretation of the movements would be incorrect due to the bent coordinate
system. Thus, it is hard to get rid of this problem.

Sometimes the test subjects had a tendency to twist and bend their arms and
even their bodies in strange ways. The subjects wanted to get to the correct
position in one movement. Instead of releasing the button of the stylus pen
and repeat the same movement again, they had a tendency to follow the pen.
This made them twist their bodies around sideways or back away from the
screen when trying to move an object in the z direction. This behaviour might
change when the users get more familiar with the system.   

�
�
��� )$6(-)01
The application seemed to require a lot of rotating of the scene in order to get
a grip of the actual position of the actors. However, when the head tracking is
included the stereovision will probably be enhanced and the user’s need of
rotating will decrease.

One of the suggestions received regarding the viewpoint was having the win-
dow parted into different point of views in order to see the scene from diffe-
rent angles, like in modelling and animation software packages such as 3D
Studio Max [W19]. However, another test subject did not like this idea at all
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but prefers the scene simple and says that the stereovision is sufficient. Split-
ting the scene up might just add confusion.

One interesting idea that satisfies both opinions mentioned above, is to give
the user the possibility to quickly change the camera’s position, i.e. the point
from which the user views the scene. Through this method the user can jump
between a number of pre-defined viewpoints, for example view from top,
view from bottom, view from left, etc., without having to split the window.
This can be solved in several ways. One alternative is to add a new modality
in which the user can observe the scene from different directions through a
number of preset viewpoints. Another solution is to use a system for voice re-
cognition. With some defined voice commands the user can switch to the
desired viewpoint immediately by simply saying the correct phrase. This
method is of course not limited to be used only in combination with the
viewpoint, but can be expanded with commands for other functionalities as
well.

�
�
��� �#$�*5&+-&
In the current state of the application the cursor can not be used for any inter-
action, such as picking an object. Instead the users select the actors from a list
in the select actor mode. The only function the cursor has right now is to show
how the movements in the virtual world correspond to the user’s movements
in the real world. This appeared to be confusing for the subjects in some
cases, since the most natural approach is to use the cursor for selection in a
program. This is not an efficient way of selecting and a mechanism for
detecting the intersection of the cursor tip with an object would be better.
After a while, though, the subjects seemed to get used to this implementation
of the cursor. The main opinion among the test subjects was that the cursor
was not annoying in any way, but that it could be smaller. If the user still
thinks the cursor is disturbing, it is possible to hide it with a button in the 2D
GUI.
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After analysing the results of the test a new mode was added to the appli-
cation, the change sensitivity mode. In this mode the user can change the
sensitivity of the recognition of the tracker tool movements. This was done
according to the suggestion mentioned in 6.2.8 with a decreasing working
box. It is important to note that changing the size of the working box only
affects the sensitivity of the translations. The rotational movements were not
modified, since there was no time to find a solution of how to do this before
the second evaluation started. Moreover, a few minor errors that were disco-
vered during the test were also corrected. These changes were added before
the second evaluation started.
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After the initial evaluation another test was performed in which a method was
applied that previously has been used when testing other pre-operative plan-
ning tools. This was done in order to compare the results from the different
programmes and evaluate if the VR environment with the stereo effect and the
6DOF interaction tool make it easier to perform the planning. In this test the
application was evaluated in a specific context, which is described under
7.1.2. The goal was to verify how accurately the system allows positioning of
objects and to compare these results with those achieved with other displaying
and positioning techniques.
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As in the previous test, the subjects performed five tests each, according to the
procedure described below. Again the time was recorded in order to see how
it changed with practising. However, since the subjects decided when to stop
rather than stopping when the optimal position was achieved the time recor-
dings are not comparable, as the time may have decreased but the positioning
may have been worse. It is therefore difficult to make a comparison and de-
cide which factor is most important, time or position. Nevertheless, there are
time recordings available from analogous tests done with Hip-Op, which are
used to make a comparison. Moreover, the 2D GUI was not considered impor-
tant in this test either.

After this test, no interviews were performed, but the interest lay solely in
comparing the results of the positioning with other applications. However, if
the subjects made general comments on the application these were noted.
Compared are four different pre-operative planning methods where three of
them have previously been tested with the same procedure in order to
investigate how the display modality affected the spatial accuracy. The only
one tested within this thesis work was the VR environment with 6DOF. In
order to compare this test to the other tests performed, IOR provided statistics
on the test results.
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In the second testing the five subjects that performed the tests had all worked
with the workbench and the stylus pen before, and therefore had some experi-
ence of the environment. This selection was done on purpose in order to avoid
that a learning period for the subjects affected the results. An inexperienced
user would need some test sessions to learn how the application and the new
interaction technique work, thus, only users with some experience participated
in this evaluation.
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The task for the second testing was similar to the first one since the goal was
to position a dataset as precisely as possible compared to a reference position.
The difference was that the second testing procedure was performed in a
medical environment, similar to that of a surgeon performing a pre-operative
planning. The procedure, developed by IOR, was created by letting an expert
surgeon use Hip-Op to plan a total hip replacement of a patient. This involved
positioning of a NURB surface representing a prosthetic implant in the correct
position within a femur. This anatomy was visualised as a polygonal surface
obtained using a marching cube algorithm from a patient’s CT data. When the
surgeon was satisfied the final position of the prosthetic component was
recorded. This prosthesis was then subtracted from the CT data volume to
create a cavity, a region with a density equivalent to air, with the same shape
as the prosthesis. This cavity was extracted with a marching cube algorithm to
create a surface representing the reference position.

For each test session the femur visualised as a polygonal surface was loaded
into the scene and given a sufficient opacity. The surface representing the
reference position was placed in its correct location inside the femur and gi-
ven a colour different from the femur so that it was clearly visible to the
subjects. Thereafter the NURB surface of a prosthesis was added to the scene,
given another colour, see figure 19. The task was to position this prosthesis in
its correct position inside the femur, i.e. in the reference position mentioned
above. The subjects should transform the prosthesis until it coincided with the
reference surface. When the subjects thought the best possible position was
obtained it was saved and compared to the predetermined position.
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The orientation around the z axis turned out to cause the biggest faults with all
the subjects. This is due to the prosthesis having a diameter considerably
smaller than its height. Therefore the angle about the axis along which the
prosthesis is positioned, in this case the z axis, can not be as precise as the
other two. This is visualised in figure 20 with two equally sized cylinders. The
diameter of the cylinders is much smaller than the height and they are both
positioned along the z axis, in the same way as the prosthesis and the surface
representing the reference position in the testing procedure. The three images
show an equally big rotation of one of the cylinders about, from left to right,
the x axis, the y axis and the z axis. The other cylinder, the black one in the
figure, remains unchanged.

When the cylinder has been rotated about the x axis, figure 20 (a), or the y
axis, figure 20 (b), it is easy to see the difference in the orientation of the two
objects. For the rotation about the z axis, figure 20 (c), it is difficult to see
when the two objects have exactly the same orientation. This is similar to the
situation in the testing procedure used in this evaluation. The shape of the
objects influences the precision of the positioning and resulted in this case in a
main error related to the orientation about the z axis.

Moreover, the prosthesis does not fit exactly into
the surface of the reference position since they
were acquired with different techniques and there-
fore do not have exactly the same size. This re-
sults in a surface with varying colours, since parts
of the reference position surface as well as parts
of the prosthesis surface are displayed simulta-
neously. When the prosthesis is positioned in the
reference position it looks like in figure 21. This is
confusing and makes it difficult to see when the
correct position is achieved. A way to solve this
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problem is to create a surface for the reference position that completely en-
closes the prosthesis when it is correctly positioned.
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In order to find the accuracy of the created VR application, it is compared
with three other methods for positioning of medical components. In a majority
of orthopaedic surgery planning programmes the graphical representation of
the patient’s anatomy is quite similar. To visualise the position of the implan-
table devices a three-pane window showing selectable orthogonal 2D cross
sections of the CT data set is often
used, see figure 22. This method is in
this evaluation called orthogonal sli-
ces. Sometimes this method is exten-
ded or replaced by an interactive 3D
visualisation, see figure 23 (a), in this
case it is referred to as 3D rendering.
Finally there is also the multimodal
display used in Hip-Op, see figure 23
(b), in which a combination of multiple
views of different simulated medical
imaging is used, such as the orthogonal
cross sections and 3D visualisation.

In the test, each repetition produced an error vector composed of three transla-
tions and three rotations, but to simplify the statistical treatment a single error
indicator is needed. Therefore a method is used in which the Euclidean distan-
ce from each vertex in the prosthesis to the corresponding vertex of the pros-
thesis located in the reference position is calculated. Out of these distance er-
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rors a root mean square average is computed and used as a synthetic error in-
dicator. The standard deviation, SD, is also calculated in order to find out
whether the errors are scattered and last, the largest absolute error among the
subjects, the peak error, is found. In table 1 below, the results calculated by
IOR are shown [A5].

The VR environment gave a mean error of 1.4 which is higher than the mean
error obtained with both Orthogonal slices and Hip-Op. However, the stand-
ard deviation with the VR application is low, only 0.3. This indicates that the
subjects were consistent and their positioning repetitive, which is positive.
The subjects were able to position the prosthesis with approximately the same
errors repeatedly, which implies that the positioning works well and that the
source of error lies somewhere else. As mentioned earlier, the z axis was caus-
ing big errors and this is a contributing factor to the high mean error.

The method with the 3D rendering interface is the method most similar to the
VR environment with 6DOF. The difference in mean value between these two
is not big but since the standard deviation and also the peak error are much
lower with the VR environment, the VR environment seems to have the best
accuracy. In the 3D rendering interface the object is moved with the mouse
and the shift key and there is no stereovision included. Since the standard de-
viation with this technique is significantly higher, 1.7 mm, it shows that the
subjects were not able to interact with the 3D rendering in a consistent way.
This indicates that the 6DOF tool and the stereovision used in the VR
application improve the positioning and makes the interaction more intuitive
when using 3D representation.
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Orthogonal slices 1.0 0.6 2.1

3D rendering 1.5 1.7 6.6

Hip-Op with multimodal
display

0.2 0.1 0.5

VR environment with 6DOF
tool

1.4 0.3 2.3
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In this test with the VR environment, it is not possible to say that the subjects
improved their positioning when getting more familiar to the environment, see
figure 24. What can be stated is that the time it took to perform the positioning
was significantly lower using the VR environment with the 6DOF tool com-
pared to Hip-Op, see figure 25. This figure shows the average time of posi-
tioning in each of the test sessions for both the VR environment with 6DOF
interaction and Hip-Op. During the first two sessions the difference is large
but even after these, the positioning in the VR environment is faster compared
to Hip-Op. However, what has not been taken into consideration in this con-
clusion is the accuracy of the positioning and therefore a fair comparison can
not be done. When the problems related to the sensitivity with the tracker tool
are solved, and the user can perform more detailed positioning, it is possible
that the time increases also in the VR environment.
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One of the test subjects performed five extra test sessions, i.e. ten sessions in
total, in order to see how many sessions a user needs to become accustomed to
the VR environment and the 6DOF interaction. The resulting learning curve is
shown in figure 26 and the RMS error for the obtained positions are shown in
figure 27. These five additional tests were not performed in the same day as
the first five sessions. This is probably the reason for the peak on the curve
found at test session number five in figure 26. At this point the subject had al-
ready performed four tests and may have felt fatigue or eyestrain.

When the second round of testing began the time was already approximately
the same as in the three last sessions of the first round. This shows that a user
quickly adapts to the environment even when being away from it for a while.
The positive conclusions from these statistics are that although the positioning
does not improve while working, see figure 27, the time to reach the desired
position decreases, and even if a user has not worked in the environment for a
while the way of interaction is easy to recall.
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One of the difficulties is to develop adequate test methods. It is necessary to
make sure that all subjects get the same information and preparation before-
hand in order to achieve fair and comparable results. This was not the case in
the second evaluation where the testing of the other three test interfaces used
for a comparison was performed by someone else. This made it difficult to
make sure that the subjects had exactly the same conditions and this may have
affected the results.

Another important aspect is that the test procedure must be unambiguous. The
second testing procedure was not completely clear because of the difference in
shape and size of the prosthesis and the reference surface, which made it
difficult for the subjects to know when the correct position was achieved.
Therefore this evaluation can not be considered as a conclusive test in order to
state the accuracy of the VR environment with the 6DOF interaction. Further
testing has to be performed with a modified testing procedure. However, the
same method was applied when comparing all four techniques in the second
evaluation, i.e. the problems related to the shape of the objects were present
when testing them as well. This means that the results are still comparable.

One expectation before the testing started was that the stereovision would
simplify the positioning, but since the rotate scene mode was used frequently
this might not have been the case. The first test should also have been per-
formed without the stereovision in order to get a feeling of how it contributes
toward functionality. To get further insight into the value of stereovision,
other tests should be performed both with and without stereovision, in which
the subjects are not allowed to change viewpoint. Furthermore, it is important
to notice that the head tracking is not yet implemented in the application.
When it will be, the hope is that this will add more perspective and give the
stereovision further enhancement. Most of the test subjects did, however, feel
that the stereo added a lot and helped them to position the object.

5�� 2������%
When performing a pre-operative planning, feedback of the accuracy of the
positioning is necessary. In the Hip-Op programme there exists one filter
which calculates the distance from the prosthesis to the CT dataset and an-
other filter which shows the density of the bone where the prosthesis is situa-
ted. These are valuable tools for a surgeon to use in order to see if the posi-
tioning is accurate and that the prosthesis does not affect the bone badly in
some way. Therefore these functions should also be added to this application.
To have these calculated and shown in real time would be of great use, but
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might be too computationally demanding. It is important to notice that, at the
time of the testing of Hip-Op, these filters were not yet added, and therefore
the comparison made in the second evaluation is still viable.

At CINECA they are considering further work on the project and the develop-
ment of a new application in which they would include haptic feedback. If the
user could feel resistance in the interaction tool when being inside a CT
dataset, this could further improve the application and make the pre-operative
planning even easier.

5�� �$�/0��������������
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The implemented 2D GUI is not an adequate solution for these type of appli-
cations. This is only a temporary approach and no substantial efforts have
therefore been put into its development. At this state of the development it is a
sufficient solution and it was the easiest and fastest way to add these essential
features to the application. Alternative ways of giving the user more control
over the environment without having to use a 2D interface include menus di-
rectly in the virtual environment, voice recognition and the use of other types
of interaction tools.

By adding menus to the virtual environment the user would get the type of
control used in conventional desktop programmes. A virtual menu could for
example be a menu bar, located at the top of the screen or wherever the user
wants it to be, with roll down lists containing different options for managing
the scene. From this menu the user could load objects into the scene, remove
unnecessary ones, save and load positions, set colours, opacity and visibility,
etc., i.e. almost anything that might be necessary in the application.

The main problem with these menus is its position in the virtual environment.
By letting the menu float in space like any other virtual object the user can
easily grab it and move it around in the scene. The advantage of this approach
is that it is easy to move the menu out of the way. On the other hand it is easy
to loose track of the menu’s location in space. Having to search around the
environment to find the menu can be frustrating. As an alternative, the menu
can be constrained to always float in front of the user’s viewpoint, no matter
how the scene is oriented. This eliminates the problem of loosing the menu in
the scene, but instead adds the risk that the menu blocks the view of the user.
To overcome the drawbacks of the methods mentioned above, a hybrid solu-
tion could be used. This way the menu can be implemented as a regular 3D
object with some additional feature for quickly snapping the menu into view,
for example by pressing a button on the input device [A6].

With voice recognition some functionalities can be performed by making the
system recognise certain voice commands from the user, e.g. the ones men-
tioned in 6.2.10 concerning a fast way to change the viewpoint of the scene.
The main issues to be dealt with in a voice recognition system include the dif-
ficulty to remember the correct name for each command, and the problem of
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finding a system that can distinguish the voice of the user in a reliable way,
disregarding pronunciations and accents [A6]. However, it is an approach that
is easy for the user to understand and easy to expand when further functionali-
ties are needed.
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Another issue is the choice of interaction tool. A stylus pen might not be an
optimal choice for an application like this. It only has two buttons which re-
sults in an increasing amount of clicking when more functionalities are added.
However, according to the test subjects, it is easy to learn how the buttons
work and the tool is more intuitive than a mouse. In the present form of the
application, this type of tool seems to be sufficient. When more functions are
added to the application in the future, another type of interaction might be
needed. If the stylus pen is kept, the option with menus inside the VR applica-
tion could be a useful idea.

By making use of other types of interaction tools the control possibilities can
be increased by e.g. an increased number of buttons which can be used for
different features, or a small joystick that can be used to generate movements
in the scene. The difficulty in using a tool with more input controls is that the
user must remember the functionality of each control, and also, a tool with a
greater number of input controls might be heavier and increase the risk of fati-
gue. Another aspect is that even though the number of input controls increase
the interaction tool can only be used for a limited number of functionalities. It
has not in any way the same possibilities to be expanded as the virtual menu
or the voice recognition system.

5�, ��
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It takes some training to get used to the environment and the 6DOF interaction
tool. Most users are probably used to working with a mouse and at first it
might not be intuitive how all 6DOF can be taken advantage of. The general
impression from the test results and the interviews was that it does not take
long to adapt to the environment. However, it must be kept in mind that the
test subjects were not the production users and that surgeons might have grea-
ter difficulties adopting to a VR environment than the subjects chosen in these
tests, since they do not have the same technical background.
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Working in front of a workbench with the arm in a 90 degrees angle will
eventually make the user tired. Fatigue probably shows sooner in this environ-
ment compared to a 2D planning programme where the user works with a
mouse and is able to rest the arm against a table. This is indeed a problem, but
the hope is that the application can reduce the time it takes to perform a
planning session so that this does not have to occur.
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Sometimes the test subjects had a tendency to give up and feel satisfied if they
had been working too long in one session. If an adequate position was not
found within a relatively short timeframe, the general impression was that it is
difficult to achieve it. Being in such a situation in real life, it would be possi-
ble to take a break before continuing, but in the middle of a test the subjects
do not want to take that break.

Furthermore, cybersickness is another problem that often occurs in a VR
environment. Cybersickness includes a lot of problems such as nausea, dizzi-
ness, eyestrain and headache. During the first evaluation some of the subjects
felt eyestrain. This impression was even further increased in the second
evaluation where the depth is more obvious since the objects are much larger.
One aspect that can cause this eyestrain is the refresh rate of the display. App-
roximately 72 Hz is needed in order to avoid flicker. Moreover, the resolution
of the workbench and the brightness of the projector in it influence the percep-
tion.

Since the femur is transparent it seems difficult for the eyes to find a focal
point when the object is close up and the depth information differs a lot in
adjacent points. The eyes tend to cross and the brain is having difficulties in
interpreting the depth information. This problem is due to a disconnection
between focus and convergence of the eyes. When looking at an object the
eyes focus and converge on the depth of that object. These two processes
occur simultaneously in the real world, while this is not the case when stereo-
vision is used. The difference is that in a stereo environment the focal point is
the same for all objects since they are all displayed on the monitor located at a
specific depth. When different objects are displayed the eyes have to converge
on different depths because of the 3D view, whereas the focus always remains
the same [W20]. This disconnection is difficult for the eyes and brain to adapt
to initially, but the discomfort decreases when the users have worked in the
environment for a while and the eyes and brain get used to the situation. How-
ever, this might also cause after-effects when the user returns to the real world
again and adjusts the eyes back to normal. These are effects that have to be
further looked into and studied.

Fatigue and cybersickness are some of the big problems with VR technology
and it is difficult to find a satisfactory solution with available technology.
Some of these problems might disappear when a person gets used to working
in the environment. However, the final users are always able to take as many
pauses as they wish, even though this is probably a disturbing factor.

5�3 ��	�������
CINECA and IOR are now situated only a few kilometres apart, but a surgeon
might consider this as too far a journey merely to perform a pre-operative
planning. Thus, eventually IOR must consider investment in their own work-
bench and tracking system. If such decision is taken the cost of the equipment
must be taken into account. It would be a major investment and the returns
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must be substantial to cover the acquisition. However, as medical equipment
in general is quite expensive, a hospital might not consider this as a huge in-
vestment.

Thanks to recent advances in the development of computer graphics hardware,
an ordinary PC will be sufficient to run an application on a workbench with
stereovision and a 6DOF tracking system. However, when working with bio-
medical datasets, the performance of the geometric engine in the graphics
hardware must be efficient since these datasets are usually big. Therefore, it is
of great importance to have a graphical hardware that can process the data fast
enough.
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The application in its present form is not a complete pre-operational planning
tool, but was created in order to evaluate the interaction with 6DOF. A good
idea might be to integrate positioning with a 6DOF tool and stereovision
within the Hip-Op software package. In the 3D view implemented in Hip-Op
it is not possible to move the objects. There could be a function allowing the
user to switch into 6DOF interaction with stereovision. This does, however,
demand that the user has the tracking equipment needed. This might further
improve the efficiency of Hip-Op.
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The question asked in the beginning of this thesis work was whether a VR
environment and a 6DOF interaction tool could simplify the positioning in
pre-operative planning. To answer this question an interface in which the user
is able to use 6DOF to position objects within a VR environment was created
and evaluated. During two testing procedures it was found that this equipment
seems to speed up the planning, but the accuracy of the positioning is lower
than that obtained with some other techniques.

The tests have also shown that the 6DOF stylus pen is an intuitive and user
friendly interaction tool. In these early tests the tool seems to be advantageous
for positioning, but more feedback to the user is necessary in order to give the
users guidance during the planning procedure. Refinement of the orientation is
also needed since it turned out to be hard to perform detailed movements. If
this is not solved, the users will not adopt this type of interaction since it is too
sensitive and therefore difficult to use for precise positioning, a feature that is
essential when performing pre-operative planning. Moreover, the tool is well
suited for an application of this size, but if more features are added, new ways
of interaction have to be considered.

The stereovision seems to give the users additional information about the
shape and position of objects. When head tracking is included in the system
the imersiveness will increase even more and further enhance the users’ per-
ception of the displayed scene. However, further tests have to be performed to
investigate the usefulness of stereovision in medical environments.

What has to be remembered is that the interface is still at an early state of the
development and the evaluations performed within this thesis work can not be
considered as the definitive tests. When improvements have been made, new
evaluations need to be done and this time on the final users. By using test
subjects who have been working with the Hip-Op pre-operative planning soft-
ware with 2D interaction, further comparisons can be made which will give
more insight into whether these techniques are useful or not. However, these
tools seem to have potential to become powerful aids within medical applica-
tions.
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A collaboration graph is used to show the relationships between different
classes and on the next page is the graph showing the dependencies between
the classes used and developed within this thesis work. A filled black box
represents the class for which the graph is generated, in this case it is the vtk-
3DInteractorStyleTrackball. A box with a black border denotes a documented
class and a box with a grey border an undocumented. The class vtkBounding-
Box is an example of an undocumented class. This is a small class which defi-
nes the properties related to a bounding box object.

A solid arrow is used to visualise a public inheritance relation between two
classes whereas the dashed arrow is used if a class is contained or used by an-
other class. The arrows are also labelled with the variables through which the
pointed class is accessible. For example, the class vtk3DInteractorStyle is the
parent class to vtk3DInteractorStyleTrackball, and the variable Interactor must
be used to access the class vtk3DInteractor from vtk3DInteractorStyle.
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What was the general impression about the application? Was it easy to use?
Intuitive?

�����������	����

Are there any functions that you think are missing or not useful? Which?

What is your opinion about the stylus pen? Was it easy to use? Intuitive? Did
you get tired holding it?

Was it easy to learn how to use the two buttons?

Did your movements in the real world correspond to a good movement in the
virtual world?

Was it annoying to change between the modes?

Compared to 2D, is it easier/faster to position an object?

��<���?��������

The cursor, was it helpful or do you think it can be removed?

The highlighting, was it good?

The stereo vision adds a third dimension to the scene, depth. Did this
information help in positioning the objects?

Other comments:

Observers comments:
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� Factor = User

The factor “User” does not influenced the results (ANOVA, p>0.05).  Also
the interactions of the factors “User” and “Repetition” are not statistically
significant.  The following table summarise the results:

4 .001 2.477E-4 1.601 .2485 6.405 .326

10 .002 1.547E-4

4 .001 1.558E-4 1.850 .1383 7.399 .505

16 .001 9.259E-5 1.099 .3878 17.583 .587

40 .003 8.425E-5

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er

USER

Subject(Group)

Category for REPETITION

Category for REPETITION * USER

Category for REPETITION * Subject(Group)

����������	�
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3 .004 .003 .001

3 .004 .003 .002

3 .006 .005 .003

3 .007 .006 .003

3 .006 .003 .002

3 .018 .016 .009

3 .010 .014 .008

3 .013 .003 .002

3 .009 .007 .004

3 .014 .008 .005

3 .010 .009 .005

3 .005 .003 .002

3 .024 .020 .012

3 .017 .015 .009

3 .004 .005 .003

3 .008 .006 .003

3 .009 .014 .008

3 .013 .009 .005

3 .025 .005 .003

3 .020 .015 .009

3 .004 .005 .003

3 .016 .012 .007

3 .021 .007 .004

3 .019 .011 .006

3 .015 .013 .007

Count Mean Std. Dev. Std. Err.

User 1, SES 1

User 1, SES 2

User 1, SES 3

User 1, SES 4

User 1, SES 5

User 2, SES 1

User 2, SES 2

User 2, SES 3

User 2, SES 4

User 2, SES 5

User 3, SES 1

User 3, SES 2

User 3, SES 3

User 3, SES 4

User 3, SES 5

User 4, SES 1

User 4, SES 2

User 4, SES 3

User 4, SES 4

User 4, SES 5

User 5, SES 1

User 5, SES 2

User 5, SES 3

User 5, SES 4

User 5, SES 5
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� Factor = Variable

The factor “Variable” does not influenced the results (ANOVA, p>0.05).
Also the interactions of the factors “Variable” and “Repetition” are not
statistically significant.  The following table summarise the results:

2 1.248E-4 6.240E-5 .310 .7390 .621 .088

12 .002 2.011E-4

4 .001 1.558E-4 1.646 .1782 6.583 .460

8 3.065E-4 3.832E-5 .405 .9124 3.238 .169

48 .005 9.468E-5

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er

VARIABLE

Subject(Group)

Category for REPETITION

Category for REPETITION * VARIABLE

Category for REPETITION * Subject(Group)
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5 .010 .015 .007

5 .012 .011 .005

5 .011 .008 .003

5 .017 .011 .005

5 .014 .014 .006

5 .008 .004 .002

5 .006 .009 .004

5 .017 .004 .002

5 .012 .011 .005

5 .008 .010 .004

5 .009 .007 .003

5 .009 .010 .004

5 .018 .018 .008

5 .017 .011 .005

5 .013 .009 .004

Count Mean Std. Dev. Std. Err.

Tx, SES 1

Tx, SES 2

Tx, SES 3

Tx, SES 4

Tx, SES 5

Ty, SES 1

Ty, SES 2

Ty, SES 3

Ty, SES 4

Ty, SES 5

Tz, SES 1

Tz, SES 2

Tz, SES 3

Tz, SES 4

Tz, SES 5
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� Factor = User

The factor “User” does not influenced the results (ANOVA, p>0.05).  Also
the interactions of the factors “User” and “Repetition” are not statistically
significant.  The following table summarise the results:

� Factor = Variable

4 11.760 2.940 2.811 .0843 11.243 .548

10 10.460 1.046

4 7.038 1.759 1.971 .1175 7.886 .535

16 23.546 1.472 1.649 .0999 26.385 .812

40 35.697 .892

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er

USER

Subject(Group)

Category for REPETITION

Category for REPETITION * USER

Category for REPETITION * Subject(Group)
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3 .122 .166 .096

3 .632 .126 .073

3 .107 .140 .081

3 .351 .131 .076

3 .205 .191 .110

3 1.114 .115 .067

3 2.079 1.694 .978

3 1.814 1.621 .936

3 .225 .137 .079

3 .729 .462 .267

3 .921 .857 .495

3 .471 .401 .232

3 3.349 2.730 1.576

3 1.823 1.642 .948

3 .360 .279 .161

3 .902 .312 .180

3 1.726 .130 .075

3 .690 .489 .282

3 .501 .510 .294

3 .583 .289 .167

3 1.406 1.190 .687

3 1.008 .457 .264

3 1.578 1.513 .873

3 .759 .583 .337

3 1.585 1.071 .618

Count Mean Std. Dev. Std. Err.

User 1, SES 1

User 1, SES 2

User 1, SES 3

User 1, SES 4

User 1, SES 5

User 2, SES 1

User 2, SES 2

User 2, SES 3

User 2, SES 4

User 2, SES 5

User 3, SES 1

User 3, SES 2

User 3, SES 3

User 3, SES 4

User 3, SES 5

User 4, SES 1

User 4, SES 2

User 4, SES 3

User 4, SES 4

User 4, SES 5

User 5, SES 1

User 5, SES 2

User 5, SES 3

User 5, SES 4

User 5, SES 5
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The factor “Variable” does not influenced the results (ANOVA, p>0.05).
Also the interactions of the factors “Variable” and “Repetition” are not
statistically significant.  The following table summarise the results:

2 .222 .111 .061 .9414 .121 .057

12 21.998 1.833

4 7.038 1.759 1.688 .1681 6.753 .472

8 9.224 1.153 1.106 .3758 8.851 .448

48 50.020 1.042

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er

VARIABLE

Subject(Group)

Category for REPETITION

Category for REPETITION * VARIABLE

Category for REPETITION * Subject(Group)
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5 .383 .464 .208

5 1.112 1.142 .511

5 1.821 1.817 .812

5 1.087 1.250 .559

5 .858 .590 .264

5 1.335 .788 .352

5 1.483 1.088 .486

5 .720 .972 .434

5 .679 .877 .392

5 .414 .174 .078

5 .961 .644 .288

5 .954 .647 .289

5 1.982 2.341 1.047

5 .430 .544 .243

5 .806 1.059 .474

Count Mean Std. Dev. Std. Err.

Rx, SES 1

Rx, SES 2

Rx, SES 3

Rx, SES 4

Rx, SES 5

Ry, SES 1

Ry, SES 2

Ry, SES 3

Ry, SES 4

Ry, SES 5

Rz, SES 1

Rz, SES 2

Rz, SES 3

Rz, SES 4

Rz, SES 5
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