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3D Navigation for Real-Time MRI using 6DOF Interaction Devices  
 
 
 

Abstract 

 
Real-time MRI scanning is used to visualize tissue and organs in 
motion. The real-time approach requires new interaction techniques 
to facilitate interaction with the scanning plane. The aim of this thesis 
is to investigate the use of input with six degrees of freedom – 
6DOF. An overview over existing 6DOF input devices is given. 
Three devices are chosen for implementation and evaluation, Flock 
of Birds, SpaceBall and SpaceMouse.  
 
A simulator application is developed to test the different input 
devices. The simulator purpose is to imitate the real-time scanning 
situation. To be able to evaluate speed and accuracy of the different 
interaction techniques, methods for measuring time and error are 
developed. A statistical survey is done on two different tasks to 
gather data of the interaction. The data is analyzed and the result is 
that the test subjects find the SpaceMouse superior to the other 
devices thanks to its kinesthetic feed-back properties and ergonomic 
benefits. However, the statistical data shows that Flock of Birds is 
the fastest device and no great difference is showed in accuracy 
between Flock of Birds and SpaceMouse. SpaceBall was the device 
that generated the least satisfying data. 
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1 Introduction 

1.1 

1.2 

The Problem  
Magnetic Resonance Imaging, MRI, is used in medical imaging to 
visualize morphology and function of many different parts of the 
human body. The development of new techniques for rapid 
acquisition of MRI data the last years has made it possible to obtain 
frame rates of 10-20 frames per second. This means that MRI can be 
used in real time in the same way echocardiography is used today. In 
this new technology the positioning of the scan plane is a difficult 
task.  

Project Aim 
This study focuses on if and how navigation of the scan plane in real 
time MRI can be made easier using an input device with six degrees 
of freedom, 6DOF. A survey over existing input devices is to be 
carried out and implementation of selected devices will be realized. 
The purpose of this thesis is to create, implement and evaluate 
6DOF interaction in an intuitive interaction interface, aiming to 
minimize input error and time. 
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2 Background 

2.1 Cardiac Imaging 
Diagnostic imaging techniques used for monitoring of cardiovascular 
disease today are echocardiography, Spect, MRI, PET and CT. 
Echocardiography is the standard equipment used to measure flow 
and study the motion of the heart. It has a few disadvantages, such as 
the limitation in available imaging angles due to bones hiding the 
heart. However, its high frame rates and its quality to study flow 
information gives it an important role in today’s diagnosing. CT 
angiography uses contrast enhancement and gives high quality images 
of the arteries. The vessels are viewed as a volume rendered 3D-
model generated from the CT data set, which makes it possible to 
detect abnormalities such as aneurisms and stenoses in the vessels. 
The advantages of MRI over CT angiography and echocardiography 
are several. One single MRI examination is capable of studying both 
blood flow and coronary arteries at arbitrary scan planes without 
constraints due to bone or positioning. MRI can also be used to 
study myocardial perfusion, wall motion and valvular flow. Using 
MRI in place of traditional x-ray techniques also reduces the 
exposure of ionized radiation to the patient. 
 
Magnetic Resonance Imaging has been used in medical imaging for 
over 20 years. Traditionally the MRI scan was time consuming but 
the pulse sequences that acquire the data have developed to generate 
frame rates of 10-20 images per second. Using the real-time 
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approach the patient can be examined during scanning. This gives 
new possibilities of studying motion and perfusion of the blood in 
the heart. Another benefit is that the technician can early make 
correct decisions affecting the scanning process, for example the 
positioning of the scan plane. 
 
A lot of older patients suffer from heart arrhythmia. Traditional MRI 
techniques use the periodic property of the heart movement to 
obtain images of the heart, either by gating or by retrospectively 
sorting the image data into multiple time frames, based on the ECG. 
This is needed since the pulse sequences are not fast enough to scan 
the whole heart before it moves. Acquiring an image of the heart on 
a patient suffering from heart arrhythmia is thus not possible with 
traditional techniques. Today these patients can only be examined 
with echocardiography but the real-time approach makes MRI 
scanning possible as well. The main reason to use MRI instead of 
echocardiography is the possibility to examine several features at the 
same time. Together with flow quantification in combination with 
conventional cardiac MRI exam “One-stop-shop” examination can 
be realized. This has benefits for both the patient that only has to be 
examined once but it also saves time and money for the hospital. It is 
important to mention that MRI still cannot replace echocardiography 
since its temporal resolution is much lower and the technique more 
expensive.   
 
In theory it is also possible to study blood flow with real-time MR. 
One application could be to position the scan plane over the aorta to 
measure the flow through the plane. To visualize the speed colour is 
mapped to the velocity. The usefulness of this is of course depending 
on the rate at which the data is accumulated. With faster scanning 
techniques this feature can be more explored. 

2.2 

2.2.1 

Magnetic Resonance Imaging 

 Nuclear Magnetic Spins 
This chapter aims at describing the basics of Magnetic Resonance 
Imaging. The principle is based on a nuclear property of all atoms 
with odd number of protons or neutrons. The discovery of nuclear 
magnetic spin was made by Felix Bloch and Edward M. Purcell. In 
1952 they were awarded with the Nobel Prize in Physics. 
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Their discovery was that atoms with odd number of 
protons/neutrons possess a spin and therefore an angular magnetic 
momentum often referred to as spin. The charge of the atom make 
the spins act as small dipoles. In the absence of a magnetic field the 
spins are randomly oriented and the net magnetic moment is zero. 
When the material is exposed to an external magnetic field, the spins 
are aligned to the field, either in parallel or anti-parallel direction. 
These two stages correspond to two energy levels, low energy and 
high energy level. The net magnetic vector M is parallel to the 
magnetic field since most of the spins are in low energy level. This 
process is called polarization or alignment. The net magnetic 
momentum resulting from the alignment, is relative to the strength 
of the applied field, and also affected by the temperature.  
 
The resonance frequency of the spin, i.e. the frequency the dipole 
precesses around the field vector, is defined by the Larmor frequency 
(Eq. 1), 
 

00 Bγω =     [1] 
 
where γ  is constant for each type of nucleus and  is the external 
magnetic field vector.  

0B

 
Transforming energy to the spins by sending a radio-frequency pulse, 
RF pulse, can excite the spins from the low energy state to the higher 
energy state. When a RF pulse is applied the spins align in angular 
phase which results in a flip of the net magnetic vector. By applying a 
one-dimensional linear magnetic field gradient during the RF-pulse 
excitation a specific slice is selected. When the RF-pulse is switched 
off the M vector will return to its original position. The relaxation 
rate is distinct in different kinds of tissue and represents the different 
grey values in the resulting image [2]. 

2.2.2 Real-Time MRI 
A magnetic resonance image is referred to as image space where its 
Fourier transform is referred to as k-space. The image is acquired by 
recording the frequencies in k-space. The traditional imaging 
sequences record one line of k-space for each excitation. This 
sampling procedure is time-consuming since scanning the entire k-
space requires several excitations.  
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Figure 2.1 Traditional MRI sampling of k-space 
Real-Time MRI necessitates fast sampling methods to record the 
entire k-space in a single TR period (the time between two 
repetitions of the RF-pulse). One technique to do this is spiral 
acquisition of k-space. In this method k-space is recorded from the 
centre and outwards in an Archimedean spiral during one TR period. 
It can also be done by interleaved spirals to increase the quality of 
the acquired image data. Another fast technique is echo-planar image 
reconstruction. Echo-planar imaging measures all lines of k-space in 
one or a few TR periods. In this case the k-space is sampled on a 
Cartesian grid, see Figure 2.2. The rate at which k-space is traversed 
in these two methods is so rapid that it is possible, depending on the 
image matrix, to obtain 15 to 30 images per second[3]. 
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Figure 2.2 Spiral and echo-planar sampling of k-space  

2.3 3D Interaction  
3D graphics has become more important in today’s conventional 
applications and computer systems. With this the search for usable 
input for 3D object manipulation has turned substantial. To 
manipulate an object in space, six degrees of freedom, 6DOF, is 
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required. Translation in X, Y and Z direction and rotation around all 
three axes. 
 
There are six important usability aspects of which the first four are 
common for all devices and the last two specific for 
multidimensional devices[1]. They are: 
 
1. Speed  
2. Accuracy 
3. Ease of learning 
4. Fatigue 
5. Coordination  
6. Device persistence and acquisition 
 
A lot of 6DOF input devices have been developed over the years to 
solve the problem of three dimensional manipulations. Controllers 
with six degrees of freedom can be described using the following 
characteristics:  
 
1. Sensing mode (isometric vs. isotonic) 
2. Control order( Position vs. rate control) 
3. Degree of integration (how many degrees of freedom that are 

controlled simultaneously ) 
 
An isometric controller is a desktop device which operates as a 
joystick but with 6DOF. Rate control is often used with isometric 
devices i.e. the input data controls the speed of the virtual objects 
movement and not its position. Isotonic controllers are moved freely 
in space to register displacement and rotation. Position control is 
often used with isotonic devices i.e. the position and rotation is 
directly mapped to the virtual object.  
 
Available devices differ not only in technique but also in shape and 
adequate control order. One important and unique aspect of 
interaction in multiple degrees of freedom is coordination. The 
coordination measures the degree of integration i.e. to which extent 
the user simultaneously can control several dimensions. A study of 
3D rotation interaction techniques done by Ken Hinckley[4] 
presented that 3D input devices are superior to 2D mouse input in 
both time and accuracy.  
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2.3.1 2D Mouse 
When the 2D graphical user interface was developed the winning 
interaction tool was the computer mouse. It became more popular 
than the light pen even though it was less dexterous due to the fact 
that the mouse was easier to acquire. There are several interaction 
metaphors studied in earlier research how 2D  input data information 
is mapped to a third dimension [5]. According to earlier studies there 
are some advantages of using the computer mouse as input over 
6DOF devices. First it is widely spread and low cost equipment. 
Another aspect is that the user does not have to switch between 
different tools when the interfaces are mixed, i.e. when some parts of 
the interface is a traditional 2D Graphical Interface.  

Mouse Mapping 

The 2D mouse keeps control over two dimensions so when 
interacting in 6DOF the data has to be mapped into an extra 
dimension. One early technique to do this was to use graphical 
sliders, one for each dimension, that was dragged by the mouse to 
translate and rotate the object. This method has a few drawbacks, the 
most significant one is that only one dimension can be changed at a 
time. This means longer completion time and tiresome interaction. 
The researchers soon moved on to more complex mapping 
techniques. One technique was to enclose the 3D object into a 
virtual sphere [6]. In the user interface a thin circle is drawn to 
symbolize the sphere. By touching the surface of the virtual sphere 
with the mouse pointer and moving it around the object embedded 
inside the sphere is moved.  
 

a b

A B  
Figure 2.3 The Virtual Sphere interaction technique 
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The configuration is described in the Figure 2.3. When the mouse 
moves from point A to point B on the screen the points are 
projected onto the sphere, creating two vectors a and b starting from 
the origin of the sphere with unit length. The rotation is then 
performed around the perpendicular axis given by Eq. 2, 
 
 ),0[)arccos( πα bawithbav ⋅=×=  [7] 
 
Bigger rotations can be made by accumulated small mouse 
movements. The movements are not transitive so a movement from 
point A to B and from there to a third point C does not give the 
same rotation as a direct move from A to C.  This technique is widely 
used in VRML browsers and CAD packages. 

2.3.2 

2.3.3 

Modified Mouse for 3D Operations 
A lot of efforts have been made to add a physical dimension to the 
standard computer mouse. For example a model was developed with 
a roller to move the cursor in depth. Another example is the Rocking 
Mouse that used tilting to control two extra dimensions[8]. Their 
study revealed that the Rocking Mouse was 30% faster than the 2D 
mouse in a 3D position task. Since the depth dimension is controlled 
separately from the x,y dimension its however difficult to obtain a 
coordinated motion in all dimensions simultaneously.  

Flying Mice 
Considering the success of the computer mouse in 2D graphical user 
interfaces, a natural attempt was to extend this idea to a flying mouse 
when dealing with 3D objects. A flying mouse can be moved in 
space and register position and rotation in three dimensions. This 
free moving device is isotonic. The typical and best way to use a 
flying mouse is to map the actual displacement to the cursor 
displacement. This transfer function is referred to as Position Control.  
 
The main advantages of this device is  

1. Easy to learn due to direct mapping (Position Control). 
2. Relatively fast speed, especially for novice users when 

compared to other devices. 
 
Disadvantages 

1. Limited movement range, when using direct mapping. 
2. Lack of coordination due to anatomical restrictions. 
3. Fatigue, no support for the arm when kept in the air. 
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4. Difficulty of device acquisition, lack of persistence when 
released.  

 
The form factor of the device is an important aspect for the users 
impression of the device. The results presented in Hinckley’s study 
showed that the statistical data from two trackers who differed only 
in shape was equal. But when interviewing the test users they had a 
completely different perception of the two devices. Another study 
showed that significant performance improvements could be gained 
by allowance of participation of the fingers.[9] 

2.3.4  6DOF Tracking 
There is a wide range of different tracking techniques currently used 
to receive input information of six degrees of freedom. The main 
techniques are mechanical, optical, ultrasonic and electromagnetic 
tracking. The most appropriate technique depends on environment 
and budget as well as need for accuracy. Some tracking equipment 
may be perfect for a certain application and at the same time 
unsuitable for another. However there are two important parameters 
associated with trackers, update rate and latency. The most crucial of 
the two is the update rate which determines the time from the 
position detection to its availability to the VR software. If the update 
rate becomes too slow, the interaction and navigation feels tiresome 
[10]. 

Mechanical 

The simplest tracking technique is the mechanical. It can be a 
mechanical arm jointed at the shoulder or on top of the head. The 
position is then calculated from joint angles using suitable 
transducers. This method has the benefits of high accuracy and low 
latency but important is also the physical restriction of the input area. 
One area where this technique is very useful is when it is integrated 
with a handheld computer.  
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Figure 2.4 A mechanical tracker 

Optical 

The principle for optical tracking is based on the analysis of two-
dimensional projections of images[11]. The computation of position 
and orientation is made on the bases of retro-reflective markers 
mounted on the object. The restriction of this method is the line of 
sight, thus the orientation of the cameras are very important to the 
result. This method can be used in real-time applications such as in 
image guided surgery. It can also be used for tracking in VR 
environments as well as body tracking for animation and 
ergonomics[12].  
 
 
 

 
 

Figure 2.5 Instrument holder 
with optical tracking system for 
image guided surgery. 

 
Figure 2.6 Augmented Reality 
Aided Surgery. The light spots in 
the image are the retro-reflective 
markers. 

Ultrasonic 

Ultrasonic trackers use ultrasound to track the sensor position. It is 
usually used with VR workbenches where the ultrasonic tracker is 
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placed over the screen to send information to the display of the head 
position. The display then updates the scene in correct perspective 
and viewpoint. The benefits of this system is its simplicity, 
effectiveness and accuracy. On the other hand is it spatially 
restricted, sensitive of temperature and depends upon line of sight 
[10]. 
 

 
Figure 2.7 A VR workbench 
that uses ultrasound tracking. 

 
Figure 2.8 The same work-
bench in use 

Figure 2.7 and 2.8 shows a VR workbench, Vortex situated in the 
VR-lab at NVIS, Norrköping. The users head and hand is tracked by 
ultrasonic tracking. Rotation is registered by gyroscopes mounted on 
helmet and wand. 

Electromagnetic 

Electromagnetic tracking is very popular and is often used to track 
position and orientation. The system consists of a source that emits a 
varied electromagnetic field and a sensor that receives the radiated 
field. The source can be placed on a table or fixed to a ceiling and it 
is rather small. The sensor is even smaller and can easily be attached 
to a pen or some other tool. When 
the sensor is moved in space the 
position and orientation is encoded 
from the different magnetic fields. 
The latency is often very low, and 
there are no line of sight 
restrictions. The drawbacks are that 
the active tracking area is limited to 
a few cubic meters and large 
metallic objects can disturb the 
signal affecting for example the 
accuracy of the position.  

Figure 2.9 Flock of Birds 
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2.3.5 Desktop Devices 
An alternative to the flying mice is the devices that are mounted on a 
stationary surface. These devices act as 6DOF joysticks an differ in 
technique and appearance. Desktop devices can be either isometric 
or elastic. Figur 2.10 shows the Spaceball that is a isometric device, 
i.e. that does not move particularly and Figure 2.11 the SpaceMouse 
which is an elastic device mounted on a spring.  
 

 
Figure 2.10 SpaceBall 

 
Figure 2.11 SpaceMouse Plus 
XT 

The table below shows the pros and cons of isometric and elastic 
devices. 
 

Desktop Devices – Isometric / Elastic 

+ – 

Reduce fatigue, the users 
arm can be rested on 
desktop. 

Rate control is an 
acquired skill, it may 
take hours to obtain 
isotonic speed. 

Increased coordination, due 
to integral transformation.  

Faster acquisition, no need 
for magnetic fields or other 
sensor techniques. 

 

Smoother, more steady 
cursor movement – 
integration is a low pass 
filter eliminating high noise 
frequencies. 

 
 

Table 2.1 The pros and cons of Isometric and Elastic devices. 
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The most important difference between elastic and isometric 
controls is the kinaesthetic feedback. The poor feedback from the 
isometric device tends to be critical for the user performance. On the 
other hand sensitivity tradeoffs must be made for the spring loaded 
control. The more sensitive the spring is, the greater the 
displacement for the applied force will be. Increased sensitivity leads 
to better feedback but also weaker self-centring mechanism. 

2.3.6 Position versus Rate Control 
An interaction task is a low level primitive input such as a text 
command. The interaction technique is the way of using a physical 
device to perform an interaction task. One interaction task can have 
many possible interaction techniques, in form of different input 
devices or in which way the input information is transferred to 
interaction events. Two different interaction techniques are position 
control and rate control.   
 
Rate control means that the input force or movement is mapped to the 
velocity of the cursor instead of displacement as in position control. To 
obtain the position of the cursor the input variable is integrated over 
time. This is also called first order control. Elastic and isometric desktop 
devices are best implemented with rate control. If the cursor position 
is derived from an isotonic device it is scaled from the input variable, 
i.e. zero-order control. Of course it would be possible to use rate control 
with an isotonic device and position control with isometric or elastic 
devices. However this will result in poor user performance. The 
reason is that isometric and elastic devices are self-centring while 
isotonic devices have to be deliberately moved to the zero position.  
 
A survey done by Shumin Zhai [13] comparing elastic and isometric 
controllers, found that the rate controller convey lower tracking error 
than the isotonic. The square distance between the actual position of 
the cursor and the desired position measured the error. The study 
also found that isotonic controls in higher grade fatigued the arm 
more then the desktop controls. The desktop controls had however 
longer learning phases. Stereoscopic imaging gives great 
enhancement of the tracking results in this type of experiment [14]. 
 
Depending on the primary purposes of the interaction task the 
choice of input device should be made. If speed and short learning 
time is primary an isotonic input device should be used. If fatigue, 
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control trajectory quality or coordination is more important, an 
isometric or elastic desktop device would be the appropriate choice. 
 

2.3.7 Available Application Programming Interfaces – API 
There are a few different APIs available for handling data from 
6DOF input devices. One of them is VR Juggler that is an open 
source virtual reality application development framework. VR Juggler 
is an extensive system that can handle both complex multi-screen 
systems running on high-end work stations and super computers as 
well as simple desktop systems. VR Juggler is a rather general system 
which may be a benefit but also makes the system more complex and 
difficult to use. Through the device manager Gadgeteer, several 
devices are supported, among others Flock of Birds. It does not have 
any embedded network communication [15].  
 
Another API is TrackD that is manufactured by VRCO, and often 
used together with CaveLib from the same manufacturer. TrackD 
consists of two separate parts, the TrackD-server and the client 
TrackD. One TrackD client can receive data from several TrackD-
servers. The data that is handled is controlled by a configuration file 
that specifies the device and IP-address where to send the data. 
Several VR input devices are supported and other devices can be 
added by using there Software Development Kit. The source code 
for TrackD is not available [16]. 
 
There are also several less extensive APIs especially of the kind that 
is created for a specific tracker or device but none of these were 
neither extensive nor compatible with all the devices used in this 
study. 
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3 Method 

3.1 Chosen Input Devices 
The main reason for this evaluation was to test different input 
devices with 6 DOF to be able to assess the advantage of using such 
a device in real time MRI scanning. Before deciding which devices to 
include in the evaluation a thorough survey of existing tools was 
made. The conclusion in this study was that it would be interesting to 
study a flying mouse with 6DOF versus a desktop control. The 
department of Medicine and Care (IMV) at Linköping University 
already had an electromagnetic tracker from Ascension Technology, 
Flock of Birds so it was natural to include this one in the survey see 
Figure 3.1.  
 

    
Figure 3.1 SpaceBall, SpaceMouse Plus XT, Flock of Birds 
 
Two desktop devices were supplied from 3Dconnexion [17]. The 
first one was an isometric control, SpaceBall, and the second one was 
an elastic control, SpaceMouse Plus XT. Since there were some 
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studies made [13] that showed a difference between elastic and 
isometric desktop controls both of these were taken into account.  

3.2 Chosen APIs 
Different APIs were considered both due to pricing and platform 
availability as well as client server techniques. The prior demand for 
the API was that it should be compatible with all the devices chosen 
for the survey. Another aspect was if it was easy to understand and 
use. TrackD was chosen as API thanks to its properties that easily 
handles tracking information on different platforms and also sends it 
over the network. The device data is then fetched with a client 
TrackD application on the computer running the client application. 
This made it possible to connect the devices to a laptop and 
therefore easily use them on different sites.  
 

FOB

(x,y,z) (α,β,γ)

Transmitter

Trackd Server Client Trackd

Test Simulator

LAN  
Figure 3.2 The client server technique used by TrackD. 
 
The devices supported by TrackD are divided into controllers and 
trackers. By specifying in the configuration file which tracker or 
controller that is connected, the application does not have to be tied 
to a specific device. Instead the same application can get data from 
different devices without any changes in the code. TrackD also had 
support for both SpaceBall and Flock of Birds, which only left 
SpaceMouse without support. But, concerning the fact that it was 
possible to add support for a new device only by defining a new 
“driver” file this seemed not to be a problem. These are the reasons 
why TrackD was chosen. 
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However, when the TrackD software was purchased installed and all 
configurations were made only the Flock of Birds worked properly 
with the software. Data from the Spaceball unit could not be 
acquired. A lot of effort was done in searching for the solution to 
this problem but it seemed unsolvable. The problem causing 
SpaceBall not to function with TrackD could be, according to 
VRCO, that it was a more recent version of the device compared to 
the one supported in their software. The solution to this problem 
was either to get another SpaceBall or to solve the communication in 
another way. Since there was a possibility to add support to TrackD 
for any device by writing a driver file, this alternative was examined. 
However, this task showed to be more complicated and time 
consuming then expected so other ways of solving this problem were 
considered. 
 
The conclusion was that the most convenient way to acquire the data 
from SpaceBall was to use the SDK provided by 3Dconnexion, the 
manufacturer of both SpaceBall and SpaceMouse. One great 
advantage of implementing the support in this way was that it would 
implicitly also give support for SpaceMouse. The final solution was 
to develop an application that took the data from the two devices 
using their windows driver on the laptop to provide the same co-
ordinate information as TrackD to the client computer. A network 
socket routine was developed to handle the communication. In this 
way all interaction devices could be connected to the laptop and the 
application using the interaction would remain independent to 
connections with the devices. The only restriction for the 
workstation, running the client application, is that it is connected to 
the network. 

3.3 Implementation of the Test Simulator 
The real-time MRI test simulator was developed on a Sun 
workstation using VTK 4.0.2 – the Visualization ToolKit.[18] It was 
divided into three different view ports, the left one show a static 
image extracted from a plane intersecting with a three dimensional 
ultrasonic data volume. The middle view port is the image of the 
plane controlled by the input devices, which is extracted in the same 
way as the left image. To the right a bounding box of the data 
volume is showed, to help the user see the orientation and position 
of the plane. The volume that is used in the demo is a 3D ultrasound 
dataset of the human heart. 
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The test routine was to measure the performance of a task, which 
was to find a specified plane extracted from a medical image volume. 
The wanted plane is represented as an image that the user can look at 
when navigating in the volume data. This task is similar to the 
scanning process in real-time MRI since the purpose of the 
navigation of the scanning plane is to find a certain position where 
one can see desired organs or tissues. 

 
Figure 3.3 A view of the test simulator. The left image represent the 
desired clipping plane and the middle image, which is the interacted 
plane is connected to the outlined plane, in the 3D-view. 
 
VTK has a great amount of visualization methods to extract an 
image slice from a volume. Dealing with 6DOF interaction the 
update rate was very important so the vtkImageReslice method was 
used since it represented the most rapid algorithm to extract an 
image from a 3D data set. The parameters needed to specify the 
cutting plane is the transformation matrix of the plane or the co-
ordinate axes. A problem when interacting with the plane through 
vtkImageReslice, was that the orientation and position was controlled 
from one of the vertices of the image plane. When the plane was 
turned the resolution of the plane changed so the centre of the image 
plane could not be explicitly controlled. When interacting with a 
plane, the natural way is that movements are performed around a fix 
point in the centre of the plane. To solve this problem the interaction 
actually controlled the polygon plane in the bounding box. When the 
rotation was performed on the image slice and polygon plane a 
vertex of this polygon was used to define the parallel displacement 
for the image slice. This generated the correct co-ordinates and 
rotation matrix for vtkImageReslice.  
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Figure 3.4 The global co-ordinate system versus the local (x1, y1, z1) 
that represents the extracted slice from the volume.  

3.3.1 Interaction Techniques 

First-order Control with SpaceBall and SpaceMouse 

The data acquired from SpaceBall and SpaceMouse are six integer 
numbers representing translation in x, y and z, and rotation around 
the x, y and z axis. These integers correspond to the force that is 
applied to the desktop control. All sensors are integrated, meaning 
that all values can be non zero at the same time. The interaction 
technique implemented with the desktop devices is rate control, i.e. 
the in data controls the speed of the movement and rotation around 
the axes.  
 
Rotation around three different axes can be described with three 
angles, called Euler angles, which can be transformed into a general 
matrix. This rotation is defined as follows:  
 
Input values Euler angles 
Rotation around the X  axis α  
Rotation around the Y axis β  
Rotation around the Z axis  γ  
 

Rotation Matrix R = 
















−−−

−+−

ββαβα
γβγαβγαγβααγ
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To perform the rotation of the cutting-plane the rotation matrix is 
applied to the normal vector of the slice, n (Eq. 3).   
 
 Rnni ⋅=+1   [3] 
 
The translation is also applied to the position of the cutting-plane 
(Eq. 4).  
 
Input values Translation  
Translation X x∆  
Translation Y  y∆  
Translation Z z∆  
 
 zzzyyyxxx iiiiii ∆+=∆+=∆+= +++ 111 ,,  [4] 
 
When the transformation of the cutting-plane is done, the new 
coordinate system has to be calculated. The achieved normal 
represents the z-axis of the coordinate system and the x- and y-axis 
are found in the plane along the sides of the image. These three axes 
are needed for the definition of the slice and their location is also 
important. 

Zero-order control with Flock of Birds 

The Flock of Birds is implemented, in contrast to the desktop 
devices, in zero-order control. This means that the actual position 
and orientation of the sensor are transferred to the normal and 
centre of the plane in the simulator. The transmitter of the 
electromagnetic field that registers the position of the sensor is 
divided into different hemispheres. Each hemisphere is defined from 
the six faces of the transmitter. For this reason it is important to set 
the region of interest, i.e. the volume in which the user will move the 
sensor, strictly in one hemisphere. Otherwise the coordinate system 
used when presenting the data will alter.  
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Figure 3.5 Flock of Birds 
 
Another important aspect is the restriction of the region of interest. 
In this test the working volume was constrained to a box with 2 dm 
faces in each direction. Since interacting without support from the 
desk is tiresome for the user the working volume should not be too 
large, though not too small either due to precision problems. 

3.4 Evaluation Technique 
The purpose of the survey was to simulate the situation of real-time 
MRI scanning. But to be able to evaluate different interaction devices 
and techniques a test routine with measurable results was necessary. 
Interesting test data would be completion time for a task, and error 
or accuracy.  
 
The test routine is repeated twice for each device with two different 
slices, representing a short-axis view and a four-chamber view of the 
human heart. All subjects start from the same position so the results 
can be compared. When obtaining a satisfying image the test subject 
stops the time and the relative error is calculated. When all the tests 
were carried out the subjects gave their perceptual opinion by an oral 
evaluation. By discussing the tests, more information was obtained 
on the perception of the devices and proposals of improvements on 
the simulator that would facilitate the navigation. 
 
The chosen test subjects were all persons with knowledge of medical 
imaging and the anatomy of the human heart. They had different 
amount of experience of echocardiography and MRI. All subjects 
had the same time of practice before the tests were performed. 
Although a more extensive study would not be as sensitive to 
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Although a more extensive study would not be as sensitive to 
learning time, since a longer time of practice reduces error and time 
needed.  

3.4.1 Error Estimation 
The calculation of the error, i.e. the difference between the two 
planes, is calculated as the mean square distance between four points 
in each plane (Eq. 5). These points are calculated from the centre of 
the two slices, in direction of the coordinate base axes. The distance 
from the centre point to the measure points defines the angular 
sensitivity. If the points are chosen near to the centre the error is not 
very dependent to angular displacement. In this case the distance was 
chosen to give positional and angular displacement approximately the 
same weight. 
 

P1

P2

P3 

P4

d4

d3

d1

d2

 
Figure 3.6 The error is calculated from the distances d1, d2, d3 and 
d4 shown in the figure. P1, P2, P3 and P4 are points on the plane 
that is compare to the original plane. 

  
4

4321 2222 dddderror +++
=  [5] 

 
This is only one possible way to calculate the difference or error. 
Another way could be to measure the angle between the two normal 
vectors but this method would not take into account the 
displacement. This would cause two parallel planes, representing two 
different slices of the volume, generating an error equal zero. 
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4 Results 

4.1 Simulator 
The result from the tests did not show a great difference between the 
input devices. The mean values from the different tests are listed 
below in Table 4.1. In one case the subject could not complete the 
task, therefore the mean value for both tests with FOB, and Test 2 
with SpaceMouse is not totally correct.  
 

 Test 1 Test 2 
  Time (s) Error Time (s) Error 

FOB 47,29 7,72 43,00 22,95 
SpaceBall 64,25 6,92 188,38 28,05 

SpaceMouse 54,75 28,25 85,00 20,65 

Table 4.1 

Flock of Birds registered the fastest mean value, followed by 
SpaceMouse on the second place. In general, Test 2 seemed to be 
more difficult to perform, this shows both by the time and error 
data. The reason is probably that there are numerous slices which 
give images similar to the original. The perception of the devices was 
very varying. All devices were the favourite for at least one person. 
The main opinion was that the difference between SpaceMouse and 
SpaceBall was not so great.  
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4.1.1 Flock of Birds 
The test subjects’ reaction to Flock of Birds, FOB, was both positive 
and negative. Some test subjects found it easy to use while others did 
not understand its function and thus did not like it at all. One 
comment was that it was similar to an ultrasound probe and 
therefore easy to use. The benefits regarding the questionnaire were 
the fast and direct graphic feedback when the sensor was moved. A 
disadvantage according to all subjects was the ergonomics. It felt 
strenuous to keep the probe in the air, which gives the FOB a serious 
shortcoming. 
 
One suggestion of improvement was to shift the plane in relation to 
the probe to extract the image from the volume more similar to an 
ultrasound probe. 
 

 Test 1 Test 2 
 Time (s) Error Time (s) Error 
1 33 1,1 40 12,9 
2 187 16,56 58 26,4 
3 - - - - 
4 36 12,5 70 33,29 
5 6 2,74 92 54,26 
6 16 8,96 16 14,4 
7 3 7,73 15 2,24 
8 50 4,45 10 17,14 

Mean 
Value 47,29 7,72 43,00 22,95 

Table 4.2 The test data shows that Flock of Birds is fast to use and 
rather precise. 
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Figure 4.1 Test 1 with Flock of Birds 
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Figure 4.2 Test 2 with Flock of Birds.  
 

4.1.2 SpaceBall 
Most users found the SpaceBall comfortable to hold but they 
were not satisfied with its performance since it did not respond 
directly, due to play in the mechanics. Some persons thought that 
SpaceBall was better than SpaceMouse but that they were rather 
similar. One comment was that SpaceBall was better than 
SpaceMouse since it felt more logical with a ball. Another 
opinion was that it was difficult to make finer adjustments and 
one was not able to move back to a former position. 
  

 Test 1 Test 2 
 Time (s) Error Time (s) Error 
1 25 3,08 252 24,2 
2 51 17,82 90 30,4 
3 40 3,43 298 40,1 
4 36 6,75 97 71,01 
5 45 3,92 210 13,22 
6 98 5,56 140 23,22 
7 13 1,59 83 14,6 
8 206 13,21 337 7,68 

Mean value 64,25 6,92 188,38 28,05 

Table 4.3 Table over statistics for SpaceBall 
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Figure 4.3 Test 1 with SpaceBall 
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Figure 4.4 Test 2 with SpaceBall 

4.1.3 SpaceMouse PLUS XT 
The perception of SpaceMouse was the most positive even though 
most test subject did not recognize a great difference between 
SpaceBall and SpaceMouse. One explanation why they found it 
better then the others was the natural association to the plane since it 
has a flat surface. Another aspect was that it was quicker and more 
sensitive than SpaceBall. It was easier to go back with SpaceMouse to 
a former position since it answered directly and the action was 
supplied with better kinesthetic feedback. 
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 Test 1 Test 2 
 Time (s) Error Time (s) Error 
1 117 3.79 59 41,8 
2 58 15.34 59 6,12 
3 73 28.43 - - 
4 16 5,97 62 11,69 
5 52 12,74 92 50,23 
6 88 54,77 90 15,72 
7 7 3,41 46 6,96 
8 27 64,37 187 12,06 

Mean Value 54,75 28,25 85,00 20,65 

Table 4.4 Table over statistics for SpaceMouse 
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Figure 4.5 Test 1 with SpaceMouse 
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Figure 4.6 Test 2 with SpaceMouse 
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4.2 Real Time MRI 
Since the Flock of Birds tracking system uses a magnetic field to 
track position and orientation, problems due to strong external 
magnetic fields may arouse near the magnetic camera. The result 
from testing the performance in the control room for the MRI 
scanner was positive, with the restriction that the tracker must be in 
the area where the field only measure 1 gauss or less. When the 
sensor comes to close to the magnet the tracking does not register 
any kind of movement and the indata becomes static. 
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5 Discussion 

5.1 

5.2 

The Results 
Comparing the error constant does not give any consistent result 
since it varies from Test 1 to Test 2. The dataset used was also rather 
complex and the error may depend more on the test subjects 
knowledge of the anatomy of the heart as well as their experience of 
ultrasound images of the heart. Also a more extensive study is 
required to gather reliable statistical data.  
 
However, the tests gave a good overview of the user’s perception of 
the devices. This aspect had more influence on the final conclusion 
than the data. 

Problems and Solutions 
Using VTK to develop the simulator gave a lot of possibilities but it 
also conveyed numerous restrictions. The visualization pipeline used 
by VTK is executed implicitly, i.e. event-driven. This implicit 
updating process is implemented in a class called vtkInterActorStyle. 
In order to be able to update the rendered view when the input data 
from the devices was changed a subclass, vtkInterActorStyleUser, 
was used. By initiating and starting this function a specified method 
was called repeatedly that updated the rendered view according to 
the interaction data. The use of this class is generally not 

31 



3D Navigation for real-time MRI using 6DOF interaction devices – Discussion 
 
 
 
recommended by VTK, and it showed to be unstable and difficult to 
get it working. 
 
Some other problems were that the methods first chosen for 
extracting the image slice was extremely slow when used in 
interaction. Therefore the implementation had to be replaced by 
another method which was not very suitable for interaction, namely 
vtkImageReslice. Using this method caused the resolution and co-
ordinate system to not remain static so a new problem was to 
overcome, especially when dealing with integrated interaction. 
 
In the first version of the simulator the image that was searched in 
the tests, was shown in the bounding box as a plane as well as in the 
left image view, to help the user locating the slice. This showed to be 
a drawback since the test subjects tended to focus only on the 3D 
view. The result was that the coherence between the device and the 
screen did not appear natural. The phenomena related to the gradual 
change of the co-ordinate system. Since the real-time MRI scanning 
situation does not involve this aid in the 3D view, this plane was 
removed before the final tests were made. 
 
Another problem was that some sort of bug made it impossible to 
show a volume rendering of the heart in the 3D view. This was later 
commented as a suggestion on how to make the navigation easier 
since no other reference was available to know the orientation and 
placement of the heart. 

5.3 Future Work 
The future work on this project would be to implement interaction 
with 6DOF in the real-time MRI software. The result showed that 
SpaceMouse was the most appreciated tool so it would be adequate 
to implement support for interaction with SpaceMouse on the real- 
time MRI station. A problem with this on the present real-time 
system is the update rate. Today the scanner is able to generate 15-20 
images per second when the scanning plane is static. Interacting with 
the scanning plane involves a lot of physical and mechanical changes. 
This leads to a slower update rate when the plane is in motion, 
around 4-5 images per second. Interacting with 6DOF devices needs 
a fast update rate to give sufficient feed-back. Otherwise, especially 
when interacting with rate control, the user will probably not be able 
to control the scanning plane efficiently. This feature is however not 
explored and before implementing 6DOF interaction in the real-time 
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MRI system it would be necessary to evaluate the influence on the 
interaction of a lower update rate. 
 
The sensor of the Flock of birds used in this study was originally 
mounted on a ultrasound probe. Therefore the shape of the sensor 
was not intuitive at all. If the sensor of Flock of Birds would be 
redesigned the impression of this device would probably improve. 
However the ergonomic problems would still remain. 
 
Another aspect that was commented by some of the test users was 
the wish for the ability to save positions as bookmarks. This way it 
would be possible to go back if the position was lost. Implementing 
this feature would probably improve the interaction, especially with 
the desktop devices, significantly. 
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6 Conclusion 

The conclusion of this study is that SpaceMouse was the most 
adequate 6DOF controller for this purpose. The Flock of Birds gave 
the fastest completion times but according to the background studies 
rate control needs more practice to master and the completion time 
would probably decrease further if more time for practice was given 
for SpaceMouse.    
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