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Chapter 1

Introduction

1.1 Scope and context

Image segmentation is an image analysis process (Wikipedia: the free encyclopedia
2006¢) that aims at partitioning an image into several regions according to a home-

geneity criterion (a complete mathematical definition can be found in section 2.1).

Image segmentation is a very complex task, which benefits from computer assis-
tance, and yet no general algorithm exists. It has been a research field in computer
science for more than 40 years now, and the early hope to find general algorithms
that would achieve perfect segmentations independently from the type of input data
has been replaced by the active development of a wide range of very specialised
techniques. Most of the existing segmentation algorithms are highly specific to
a certain type of data (Haralick and Shapiro 1985, Spirkovska 1993, Lucchese and
Mitra 2001), and some research is pursued to develop generic frameworks integrating

these techniques (Zouagui et al. 2004).
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Segmentation can be a fully automatic process, but it achieves its best results
with semi-automatic algorithms, i.e. algorithms that are guided by a human opera-
tor (Bhanu and Fonder 2000, Blake et al. 2004, Hinshaw and Brinkley 1997). This
concept of semi-automatic process naturally involves an environment in which the
human operator will interact with the algorithms and the data in order to produce
optimal segmentations. The simplest example of the need of a human intervention
during the task of segmentation results from the specificity of the existing algo-
rithms: depending on the type of input data, the operator will have to carefully
pick the best adapted algorithm, which most of the time cannot be done in an

automatic way. The subjective point of view of the human is required.

Image segmentation has become an essential tool in the medical field (Hinshaw
and Brinkley 1997, Elliott et al. 1992, Warfield et al. 1998). With the generalisation
of diagnosis using Magnetic Resonance Imaging (referred to as MRI), image seg-
mentation is often required to allow doctors and surgeons to analyse the patients’

data, e.g. prior to surgery to determine the exact location of an organ or a tumour.

MRI, also known as Nuclear Magnetic Resonance, is a method used mainly (but
not only) in medical applications to visualise the insides of a patient in a harmless
fashion. It relies on the relaxation properties of excited hydrogen nuclei in water
(Wikipedia: the free encyclopedia 2006b) after the body or part of the body to image
has been placed in a powerful and uniform magnetic field. The obvious benefit of
this technique is its harmless character, compared to other techniques such as CT
scans and X-rays in which the patient is exposed to ionising radiations. 3D and 4D

(3D + time) MRI is increasingly used in diagnosis and therapy (Elliott et al. 1992).

The data acquired from MRI is generally presented as a volumetric image that
can be viewed as a series of slices following one of the 3 axes : sagittal (following the

X axis), coronal (following the Y axis) or axial (following the Z axis). The aim of the
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segmentation process is to locate with the highest accuracy possible the boundaries
of a special part of the image (an organ, a tumour...), thus allowing the use of 3D
information for planning of treatment, navigation or visualisation. Once this task is
achieved, simulation, pre-computations or training can be performed to prepare the

real operation.

Haptic is a word derived from the Greek Haptai and refers in its general meaning
to the sense of touch. From a technological point of view, haptics aim at providing
interfaces between humans and machines via the sense of touch (Wikipedia: the
free encyclopedia 2006a). More specifically, haptics in virtual reality applications
add to the traditionnal visual and audio worlds the possibility to feel objects and to
interact with them by touching, and possibly dragging or deforming them. Today’s
applications mainly use haptic styli (a complete description of the haptic device used

in this research work is given in section 5.1).

This research project is undertaken within the Simulation and Visualization
Research Group of the University of Hull’s Computer Science department. The
research being pursued within the group includes a wide range of innovative tech-
nologies with special expertise in computer graphics, visualization, mathematical
modelling, computer-based simulation, digital cartography, terrain/seabed visual-
ization, virtual environments, position sensing, haptic devices, imaging and their
skills and industrial experience in the engineering of large complex computer-based
systems (University of Hull’s Computer Science Department 2005). This research
project naturally integrates into the wide range of the medical group’s interests,
among which are image guided surgery, surgical training, imaging and diagnosis,

and anatomical simulation.
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1.2 Justification of research

The hypothesis of this MSc research work is whether the suitable use of an immersive
environment can improve (both in terms of accuracy, speed and user experience)
classic 2D slice-based image segmentation techniques. By immersive environment,
it is meant an environment that makes use of virtual reality devices and techniques
to provide the user an improved experience (Vidal et al. 2004). Such an environment,
in the case of this research work, is composed of a 3D visual space in which the user
can interact with entities with a haptic device (here a stylus with six degrees of

freedom).

The emphasis will be put on trying to demonstrate the benefits of the use of a
haptic device rather than on building a revolutionary 3D segmentation environment.
The idea behind is that 2D slice by slice segmentation works quite well and does
not need a lot of training to achieve very good results, but is time consuming. On
the other hand, in general full 3D environments are able to display much more
information but are thus rarely intuitive and easy to familiarise with. By adding
the sense of touch to a 2D slice by slice based segmentation environment, it is hoped
to dramatically improve the user experience and reduce the time needed to perform

a segmentation, while providing the user an instinctive and easy to use tool.

1.3 Aims and objectives

As stated in section 1.2, the aim of this research work is to investigate whether
building a haptically enabled medical image segmentation environment can notably
improve the overall process of image segmentation in general, enhance the user

experience and reduce the processing time in particular. The project is split up into
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a set of objectives, the results of which, together, will help verify, or invalidate, the

hypothesis.

These objectives are:

e Propose a number of possible uses of haptics that could improve the user

feedback and experience;
e Map these defined uses onto a selected segmentation technique;

e Develop a segmentation environment implementing these haptic techniques

coupled with a segmentation algorithm;

e Assess the benefits by defining an evaluation framework. This framework will
have to allow comparisons at different points of view and a real valuation of
the improvements and/or drawbacks of the tool and compare with existing

segmentation techniques.

All of these objectives are tightly linked. Therefore, they must be seen as a
whole, and the fulfilment of each of them will contribute to the overall aim of the

project.

1.4 Thesis plan

The organisation of this thesis is as follows:

Chapter 2 presents in detail the background knowledge required to undertake
this piece of research: the mathematical definition of image segmentation, a review

of existing segmentation techniques, an overview of existing segmentation environ-
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ments and an introduction to the theory of user interaction in the segmentation of

medical images.

Chapter 3 details the integration of haptics into the process of image segmenta-
tion by analysing the stakes of a successful integration and studying this integration

with a region-growing algorithm.

Chapter 4 deals with specific considerations about the design of a haptically
enabled segmentation environment. The interface between the human operator and
the machine is defined together with the mapping of the data with haptic forces,

and a section is dedicated to user interface considerations.

Chapter 5 reviews the hardware and software bases of the project: the haptic
device used, the API handling haptics and graphics and the toolkit in charge of the

segmentation of images.

Chapter 6 presents the architecture of the project from an engineering point of

view and the developed tools.

Chapter 7 applies the developed tools in a purposefully designed framework
to assess the benefits of the project by comparing it to classic 2D segmentation

environments.

Finally, chapter 8 draws conclusions about the work done and proposes directions

for future work.
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A review of background knowledge

2.1 A mathematical definition of segmentation

The following is a very general definition of image segmentation (Spirkovska 1993).
It uses a homogeneity predicate P() that helps formalising the notion of homogeneity
in an image: a region R is homogeneous if and only if P(R) = True. Therefore, the
homogeneity can be defined in an infinity of different ways: on the grey levels, on

the textures or even on non-obvious properties of the image.

Definition 1 (segmentation) Let I be the set of pizels (the input image) and P()
the homogeneity predicate defined on groups of connected pixels.
A segmentation S of I is a partitioning set of image regions {Ry, Ry, ..., R,} such

that

1=1
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and such that the homogeneity predicate P() satisfies

P(R;) =TrueV¥ i (2.2)
P(R;UR;) = False V R; adjacent to R; (2.3)
(R; C Rj) N (R; # 0) AN(P(R;) = True) = (P(R;) = True) (2.4)

Equation 2.1 is a mathematical definition of a partition: the union of all the

regions form the whole image and all the regions are distinct.

Equation 2.2 signifies that the homogeneity predicate is valid on every region.

Equation 2.3 signifies that the union of two adjacent regions cannot satisfy the
homogeneity predicate, i.e. two adjacent regions must be distinct regarding the

homogeneity predicate.

Finally, Equation 2.4 signifies that the homogeneity predicate is valid on any

sub-region of a region where it is verified.

2.2 A review of existing segmentation techniques

As stated in section 1.1, a wide range of very specialised segmentation techniques
currently exist and since the research is very active in this field, the panel of available
techniques and algorithms constantly evolves. Therefore, a complete study that
would review all the state-of-the-art techniques is not relevant in the context of

this document. Instead, this section tries to present a simple yet homogeneous

8
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and relevant classification of the existing techniques into a number of families. For
each family the general functional philosophy is analysed and a non-extensive list
of algorithms is presented, with a short explanation of the specificities for each of

them.

There are numerous types of classifications proposed in the specialised literature,
each of which is relevant respectively to the point of view required by the study. Since
this research project deals with medical image segmentation, where a large majority
of the acquired data is grey-scaled, all the techniques concerning colour images will

be left aside.

Spirkovska (1993) separates the techniques into three main families:

e Pixel based techniques (also known as histogram thresholding);
e Edge based techniques;

e Region based techniques.

This classification is very commonly encountered in numerous papers.

Dr Singh (2006) defines the following more detailed classification:

Histogram thresholding;

Edge based segmentation;

Tree/graph based approaches;

Region growing;

Clustering;

Probablistic and Bayesian approaches;
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e Neural networks segmentation;

e Other approaches.

In a well-known article, Haralick and Shapiro (1985) review a large number of
existing segmentation techniques, including spatial clustering, thresholding, region

growing and split and merge.

Ibanez et al. (2005) choose to divide the segmentation techniques in four families:

Region growing;

Segmentation based on watersheds;

Level set segmentation;

Hybrid methods.

Most of the classifications listed above have in common certain families of tech-
niques. The classification proposed by Spirkovska (1993) has the advantage of being
simple; yet it allows the review of most of the techniques of interest in the scope of
this research work. Therefore the following sections will focus on the presentation

of the techniques according to this classification.

2.2.1 Histogram thresholding

The pixel-based family of techniques is probably the most simple one, it essentially
consists in finding an acceptable threshold in the grey levels of the input image
in order to separate the object(s) from the background. Tt is often referred to as
histogram thresholding since the grey-levels histogram of an ideal image will clearly

show two distinct peaks assimilable to Gaussians (which can be obtained by applying

10



CHAPTER 2. A REVIEW OF BACKGROUND KNOWLEDGE

a filter to the image) representing the distribution of grey levels for one object and

its background. This kind of histogram is sometimes referred to as bimodal.

gray levels

Figure 2.1: A bimodal histogram

The threshold value for an image can be computed by using several different

methods, like the Gaussian filtering (Jain and M-P. 1992) or Otsu’s (1979) method.

2.2.2 Edge-based segmentation

The edge-based family of techniques tries to detect edges in an image so that the
boundaries of the objects can be inferred. The most simple method of this type
is known as detect and link: the algorithm first tries to detect local discontinuities
and then tries to build longer ones by connecting them, hopefully leading to closed
boundaries which circumscribe the objects in the image. The main disadvantage of
this technique lies in the fact that, depending on the quality of the input image, the
algorithm is not guaranteed to produce closed edges. As a consequence, the image
will not sharply split into regions. Some improvements for this method have been

proposed in order to overcome this type of issue (Yanowitz and Bruckstein 1989,

11
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Parker 1991).

2.2.3 Region-based segmentation

The region-based family of techniques fundamentally aims at iteratively building

regions in the image until a certain level of stability is reached.

The region growing algorithms start from well chosen seeds (usually defined
by the user). They then expand the seed regions by annexing their homogeneous
neighbours. The process is iterated until all the pixels in the image have been

classified.

The region splitting algorithms use the entire image as a seed and splits it into

regions until no more heterogeneity can be found.

An algorithm that associates the advantages of both methods, called the Split,
Merge and Group (SMG) algorithm, has been developed by Horowitz and Pavlidis
(1976).

2.3 Segmentation environments

An image segmentation environment is a set of combined tools that provide the
human operator (a technician, a phycisist, a doctor, a computer scientist, etc.)
everything needed to perform an actual segmentation on an input data set and

produce a usable result. The type of tools included can vary, but one will usually

find:

12
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Figure 2.2: Execution of a region growing algorithm with different initial seeds.
Top-left: the original image. Top-right: the white matter. Bottom-left: a ventricle.
Bottom-right: the grey matter.

A data reader, able to read and load in memory the input data;

e A data visualiser, in order to help the operator view the data, possibly from

different viewpoints and/or different modalities (2D or 3D);

Some filters, useful in case the input data is noisy (i.e. it has artifacts due to

the quality of the acquisition);

One or more segmentation algorithms to select from;

13
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An interaction procedure by which the operator guides the algorithm in case

of an interactive segmentation process;

A segmentation visualiser;

Some refining tools, to allow the user to manually edit the results in case of

local segmentation errors;

An output writer, to export the result in a format that can be later processed

by other tools.

Until fairly recently, this type of environment was exclusively in two dimensions,
i.e. making use of classic devices such as a screen, a keyboard and a mouse. With the
recent breakthrough of haptics (allowed by the increasing capacities of hardware),
researchers have developed 3D segmentation environments (Vidholm and Agmund

2004, Vidholm et al. 2004, Harders and Székely 2002, Senger 2005).

2.3.1 2D segmentation environments

Two-dimensional segmentation environments were until recently the only existing
solution. The limitations of a 2D space normally restrict working to a slice-by-slice
basis. A 3D volumetric image is then divided in slices along an axis (see section 1.1)
and each slice, being a 2D pixel map, has to be segmented individually. Then the
overall result can be assembled to compute 3D surfaces marking the boundaries of

the objects of interest.

An example of this type of environment is amira (amira 3.1 User’s Guide and
Reference Manual n.d.). amira is in fact rather a visualisation environment for 3D
data sets that includes basic segmentation tools. An interesting feature provided by

amira is the possibility to interpolate the segmentation on a range of slices. It uses

14
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the fact that very often two consecutive slices in a data set slightly differ from each
other. By carefully selecting correctly segmented key slices, the segmentation can

be propagated to the whole set, saving a lot of time.
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Figure 2.3: amira’s segmentation tool

The main advantage of such a type of segmentation environment is its rela-
tive intuitiveness. The human mind is used to seeing images in 2D. Viewing and
understanding an image as a volume requires some experience which can only be
acquired by training. Therefore most of the time this type of tool is relatively easy

to familiarise with.

The major obvious drawback is the time-consuming character of the process. It

is a negligible factor when segmenting a single image, but when dealing with large

volumetric data sets with hundreds of slices, it becomes tedious and even sometimes

15
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unacceptable in terms of time.

2.3.2 3D segmentation environments

In the past five years, with the fast gains in computational power allowed by the
increasing capacities of hardware, haptic devices have found new applications which
were unimaginable a few years ago. Among those applications is the segmentation

of volumetric data sets using the haptic feedback.

A distinction has to be made between real immersive environments and 3D envi-
ronments used on classical devices. Indeed, a 3D scene projected and displayed on a
flat screen that can be browsed through with classical input devices such as a mouse
can already be considered as a 3D environment. In the context of this research
however, a 3D environment will always refer to an immersive environment (Vidal
et al. 2004) that provides an enhanced experience through the use of stereoscopic

vision and a haptic device for interaction.

The haptic device being very often coupled to a 3D capable display, the user,
equipped with special glasses that provide stereoscopic vision, can really view
through the data and interact with it using the haptic device (often a stylus). The
haptic capabilities can be used in numerous different ways; the following shortly

describes some research works dealing with the subject.

Vidholm and Agmund (2004) developed a haptically enabled application that
allows the visualisation of the data in 3D, its segmentation and possibly the manual
editing of the result. In this context, the haptic device is used to initialise a fast
marching (region growing) segmentation algorithm by placing a seed, and then to

manually edit the result by using the stylus as a tool that can draw, erase, erode or

16
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dilate regions directly in the resulting volume.

Harders and Székely (2002) define a framework for the segmentation of tubular
structures (such as bowels). The haptic device is used to extract the centerline of
a tubular structure, and from this centerline the tool generates a cylinder with a

varying diameter that can be used as the initial guess for a deformable surface.

Senger (2005) proposes a complete haptically enabled segmentation and visual-
isation environment. This environment allows the use of two distinct segmentation
algorithms, where the haptic feedback is used to provide a sense of touch over the
segmented objects and to dynamically guide the segmentation process, by select-
ing the direction in which a region should expand in the case of the seeded region

growing algorithm.

The development of 3D segmentation environments using haptic feedback is a
major aspect of the research on medical image segmentation. Some promising im-
provements have been made in the past few years, but these techniques are still
highly experimental and under development. The benefits brought by the use of
such environments are numerous, they allow a true immersion into the data, thus
giving a better perception of it, and they introduce the sense of touch which, if cor-
rectly used, can greatly enhance the perception as well as the segmentation process

itself.

On the other hand, the majority of specialists are used to segmenting data slices
in 2D, therefore the adaptation necessary to learn to use a totally new segmentation
environment is not negligible. As stated by Harders and Székely (2002): “Edit-
ing, controlling and interacting in three dimensions often overwhelms the perceptual

powers of a human operator”.

17
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2.4 Theory of user interaction

Image segmentation techniques can be classified from an interaction point of view

into three families:

e Manual segmentation where all the work is manually done by the operator;

e Fully automatic segmentation where a data set and some parameters are given
as input and the segmentation is computed as output, requiring no intervention

from the operator;

e Semi-automatic segmentation where the operator can interact with the algo-
rithm in charge of the segmentation during its execution, allowing to benefit

from the operator’s knowledge of the data.

The aim of this study is to combine haptic interaction with semi-automatic
segmentation. When speaking of user interaction, one often has a general idea
of the concepts involved. Too rarely are the exact mechanisms precisely defined,
whereas such a definition is fundamental to achieve a good understanding of the

interaction.

Olabarriaga (1999) provides an extensive study on the interaction in image seg-
mentation, particularly when dealing with medical applications. This study includes
a review of the types of interaction inputs and a discussion on the purpose of inter-

action.

Interactive image segmentation can be viewed as a pipeline. At its front end,
the input data and some input parameters, and at its other end, the output result.

Along it, the segmentation algorithm and the user interacting.

Basically, the operator can interact in five differents ways. He can:

18
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e Set the parameters at the initialisation (requires a knowledge of how the pa-

rameters are used by the algorithm);
e Judge the result by accepting or rejecting it (binary choice);
e Correct the result by manually editing it;
e Tune some parameters to locally improve the result in a selected area;
e Compose the result, i.e. the initial algorithm provides a set of primitives and

lets the user combine these primitives.

To the above five possibilities it is possible to add the one described by Senger
(2005) in which the operator dynamically guides the growing of a region. To some
extent though, it can be seen as a multiple-choice question answered by the operator

in a more instinctive way.

All these types of interactions will be studied and possibly integrated into the
technical developments of this project in chapters 3 and 4. As Olabarriaga (1999)
suggests, it is already possible to define some guidelines regarding the emerging
trends that should ensure the quality of the developed tool:

e Use pictorial input for instinctive interaction;

e Use high-level interaction tools for intuitive operation;

e Keep the user in control of the segmentation process to guarantee faithful

results;

e Involve the user in the initialisation of the segmentation process to provide
information that can bootstrap or lead the method to the desired segmentation

result more quickly;

e Learn from user interventions for long-term efficiency.

19
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2.5 Summary

Image segmentation is often considered as a low-level operation (Lucchese and
Mitra 2001), sometimes as a bridge between low-level vision and high-level vision
(Spirkovska 1993). It is a preliminary process to higher level operations: image

segmentation is a tool that has applications in many varied fields.

Different classifications have been proposed in the technical literature. A simple
one has been presented in this chapter, which allows the review of most of the key

concepts and techniques that will be used in the following chapters of this thesis.

To perform image segmentation, a technique or an algorithm is generally not
enough: one needs a segmentation environment that provides a set of useful tools to
efficiently process the data. A review of some of the existing types of segmentation
environments has been presented in this chapter in order to list the advantages and
drawbacks of each of them and help in the conception of an improved immersive

image segmentation environment.

User interaction is at the heart of this project, as the quality of the proposed
interface will directly influence the quality of the whole environment and thus the
success of the project. A general theory of user interaction has been presented and
the next chapters will apply this theory to the concrete conception and implemen-

tation of an immersive image segmentation environment.

20



Chapter 3

Integrating haptics into image

segmentation

This chapter discusses the objectives of integrating the haptic feedback into an
image segmentation process and the means that will be employed to successfully
reach these objectives, first from a theoretical point of view, then with more details,
the segmentation technique being a seeded region growing algorithm (this choice

being justified in the concerned section).

3.1 The stakes of a successful integration

The first question that naturally arises concerns the definition of integration. The
task of integrating haptics should not be seen as a completely separate work that
comes after the development of the whole environment. Due to haptic interaction
being a key feature of this project, it will be built around the core haptic function-

alities. To this extent, the word integration is inappropriate. However, the project

21



CHAPTER 3. INTEGRATING HAPTICS INTO IMAGE SEGMENTATION

is also based on a segmentation process, and to this extent the haptics will indeed

be integrated into this existing basis.

The haptic feedback is sensed by the operator through a physical probe, in this
case a stylus with six degrees of freedom (see section 5.1). The stylus forms the
interface between the machine and the human operator (see section 4.1). There are
numerous ways of using it, most of which are not so intuitive due to the fact that
human operators are used to interacting with simple interfaces such as a mouse (2D
positioning + binary states of the buttons) or a keyboard (binary states of the keys,

possibly several keys handled at the same time).

The big difference lies in the usability of the haptic stylus both for input and
output. This is due to the active character of the device (as opposed to the passive
characters of a mouse or a keyboard). The input and output are therefore tightly
linked and their processing should be thought as a whole where an input can always

target some appropriate output and vice versa.

The input part of the user interaction is, despite its 3D character, quite easy to
conceive: the end of the stylus can be seen as a cursor (such as the one of a mouse)
moving in a 3D space, typically used to select entities (the haptic stylus is equipped

with a lateral button) and interact with them or define positions in space.

The output part needs more reflection. The possibilities are almost infinite, only
limited by the imagination and the capacity of the operator to interpret the haptic
output. The haptic feedback can be used in a passive way to help the operator feel
some properties of the input data such as the grey level intensity of the pixels in
an image by applying an appropriate force, or the gradient of this image at a given
position. It can also be used to tune some parameters specific to an algorithm by

defining a parameters space (in 3D) where the position of the probe would define

22
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a unique combination of initial parameters. Here again, by defining and applying
appropriate forces, the tuning of these parameters would hopefully become more
instinctive than just selecting a value on a slider bar for a meaningless parameter.
As described by Senger (2005), the haptic feedback can be used interactively as
input and output when guiding the direction in which the algorithm should next
grow (in the case of a region growing algorithm, but this concept could be extended
to more general families of interactive algorithms). Here the algorithm has its own
decision patterns that can be countered by the operator by applying a force in the
desired direction. Finally, the output can be used to browse through the result as

it was first used to browse through the input data.

3.2 Application to the region growing model

3.2.1 The seeded region growing algorithm

The seeded region growing algorithm is an algorithm first proposed by Adams and
Bischof (1994). It belongs to the family of region based algorithms. A certain
number of initial regions is manually defined, and these regions are grown until all
the pixels in the image have been processed. The definition of the initial regions
is achieved by a mechanism of seeds: a seed is a pixel or a small group of pixels
contained in a region and whose properties are representative of the characteristics
of the region. The seeds are selected by a human operator who should place as many

seeds as the desired final number of regions in the segmented image.

The algorithm starts with a set of n seed regions {5, S, ..., S,}. Each iteration

of the main loop of the algorithm will add an unallocated pixel to one of the regions.
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Let U be the set of unallocated pixels which border at least one of the regions:

U= {xeiLnJlSi ] ZQSiﬂN(x) 7&(2)}

where N (x) is the set of neighbours of the pixel z. The criterion for neighbourhood
can vary (4-connectivity, 8-connectivity...). If, for z € U, N(x) meets only one of
the S; then i(z) € {1,2,...,n} is defined as the index such that N(z) N Sj) # 0
and J(x) is defined as the measure of the difference (in terms of grey levels) between

x and Sj;). A simple definition for 6(z) is:

d(x) = [g(x) — meanyes, ., [9(y)]|

where g(x) is the grey level value of the pixel z. If N(z) meets two or more, i(x) is
defined as the value of i that minimises §(x). Another possibility introduced by the
authors is to classify x as a boundary pixel, which can be useful for display purposes.
Then z € U is chosen such that:

d(z) = min (z)

zelU

and appended to .S;. This process is repeated until all pixels in the image have been

classified.

This algorithm is quite stable, simple and efficient, and the only input parameter
is the placement of the seeds at the initialisation. This choice of seeds should be
carefully carried out. Adams and Bischof (1994) state: “it is recommended that small
seed areas be used (instead of single pizels) when segmenting noisy images. Fach
seed area should be sufficiently large to ensure that a stable estimate of its region’s

mean 18 obtained.”.

The major drawback of the algorithm is its dependency on the order of pixel
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processing: raster order and anti-raster order processing of the pixels in the image
will lead to different resulting regions. This problem has been solved in an improved
version of the algorithm proposed by Mehnert and Jackway (1997), in which the

dependencies are identified and appropriately eliminated.

3.2.2 Browsing through the data

Among all the previously identified possible uses of the haptic medium, the first one
that can be applied to the seeded region growing algorithm (and in fact to any type
of algorithm) is a passive effect to render the data. This type of haptic interaction
is called passive in the way that it is only an output, no input from the user being
expected. It more precisely consists in giving a haptic rendering of the image data
by transcripting the image characteristics (in the simplest way the grey levels of its

pixels) into forces that will make the operator literally feel the image.

The most obvious and instinctive way to visualise data has long been (and still
is) the graphical way. The human vision is, in terms of computer interaction, the
most accessible sense. Moreover, the human vision is sensitive and sharp enough to
allow the visualisation of very detailled structures. However, the sense of touch is
also well developed and can be used as a good supplement (and even as a complete
alternative for the visually impaired when it comes to reading and understanding
the surrounding environment). The haptic rendering, combined with the graphic

rendering, should enhance the perception of the data by adding a sensory dimension.

The computation of the appropriate forces is discussed in details in section 4.2.

It makes use of the concept of haptic texture.
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3.2.3 Placing the seeds

The second type of haptic interaction is active: it involves input from the operator.
It is, as opposed to the first one, specific to the seeded region growing algorithm.
The haptic stylus is seen as a pencil: the operator literally draws on the image.
In the case of the seeded region growing algorithm, the expected input is a set of
seed regions, which are defined as a pixel or a small group of pixels contained in a
region and whose properties are representative of the characteristics of the region

(see section 3.2.1).

To concretely implement this interaction, the lateral button featured on the
haptic stylus will be used: during the initialisation phase in which the operator has
to place the seeds, a continuous pressure on the button will mark the pointed area
in the image. Once the button released, the stylus goes back to its passive role
described in section 3.2.2. The marked areas should be graphically (and possibly
haptically) distincted from the rest of the image. This distinction can be achieved

by colouring the area and by applying a specific uniform haptic force in it.

3.2.4 Growing the regions

This section deals with what could be called the real interactive part of the algorithm.
The aim is to give the operator a decision role during the segmentation process.
While the original seeded region growing algorithm can run all by itself after the
seeds have been placed, and despite the improvements described by Mehnert and
Jackway (1997) that remove the order dependencies from the algorithm, the idea is

to introduce a user interaction, to allow this user to control the flow of the algorithm.

At first this idea can seem unjustified: indeed, it slows the process down. But
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this drawback is largely compensated by the benefit gained from the operator’s high
level of reasonning and understanding of the image: if this artificially introduced
interaction can help us take advantage of the a priori knowledge of the operator on
the image, the result can be greatly enhanced. Indeed, in the original algorithm,
the only human knowledge that is injected into the process is the position of the
seeds, and even today’s state-of-the-art techniques cannot replace a good human

experience in the process of image segmentation.

The implementation of this interaction involves the introduction in the process
of some kind of decisional pattern governed by the operator. The idea is to let the
user control the growth of the regions. At a given point of the process, the selection
of the next region to grow, instead of being left to the algorithm, should be given to
the user. For the selected region, the operator should also be able to select the area

of growth, by pointing out a specific boundary of the region and giving a direction.

This integration has to be done in a continuous fashion, otherwise the risk of
ending up with a counter-intuitive and unusable environment is high. When no
input is given by the user, the algorithm will carry on its process by itself: it is

meant to be a semi-automatic algorithm.

3.2.5 Browsing through the result

This phase of the segmentation process is meant to allow the operator to visualise
the resulting computed regions. Visualise implies graphic and haptic visualisation,

as previously described in section 3.2.2.

The graphic rendering for the visualisation of the segmentation results has to

display two layers:
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e The first layer displays the original grey levels image;

e The second layer, on top of the first one, has to be semi-transparent in order
to allow the visualisation of the original image data. It displays the resulting
regions (and possibly the boundary pixels) by assigning each region a unique

colour.

The haptic rendering should also highlight the partition of the image into regions.
Inside a given region, the haptic force applied has to be uniform, and the boundaries
between two regions should be tough to cross with the stylus, this toughness obtained

by applying appropriate tangential forces opposite to the direction of the stylus.

3.2.6 Editing the regions

After the normal process of the algorithm has terminated correctly, the result is
displayed in a convenient way for the operator. A possibility is to allow the operator
to manually edit the result in order to correct the contingent errors generated by the
noise in the image or the bad quality of the data. This possibility is another step
towards a better integration of the human operator’s knowledge: the expert eye of
the operator will be able to detect the segmentation aberrations and correct them

if the appropriate tools are provided.

This type of manual editing is studied by Vidholm and Agmund (2004) who
propose a 3D segmentation environment as well as a set of tools to manually edit the
resulting segmented objects. Although a 2D segmentation environment is studied
here (and therefore a 2D editing tool), some similarities in the conception can be

found.

Assuming that the number of generated regions is correct (and this assumption
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should always be true since the operator himself defines the seed regions), the edit-
ing of the result is only a matter of deforming regions, making some of them expand
and others retract. The dual of the problem of deforming regions can be naturally
expressed as the displacement of the boundaries: the dual way of describing a parti-
tion in an image by its regions is the description by the boundaries. Therefore, two

possible editing tools can be imagined:

e A tool based on the regions: the operator can deform the regions by pushing

the boundaries from inside a region to expand it;

e The dual tool based on boundaries: the operator can pick an edge and move

it to locally adjust the form of the two involved regions.

In both cases, the edition is done at an interactive rate, so that the operator
can immediatly see the result of his modifications, and the editing is of course
haptically enabled, meaning that damper forces are applied to make the editing
process as accurate as possible. Similarly to what is explained in section 3.2.5,
a boundary should not be too easy to deform. This effect can be obtained by
applying appropriate tangential forces opposite to the direction of the deformation.
The values of the applied forces can depend on several parameters and will have to

undergo some fine tuning in order to find their optimal values.

3.3 Summary

A successful integration of haptics into the image segmentation process raises a lot

of issues, most of which have been covered in this chapter.

These issues and the proposed solutions are specific to a seeded region growing

algorithm. This algorithm was selected for this project for its simplicity, robustness,
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efficiency and the multiple interesting ways in which the haptic interaction can be

integrated into it.

The next chapter deals with the design considerations related to this integration.
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Chapter 4

Design considerations

This chapter discusses some design considerations for the development of an effective
haptically enabled image segmentation environment. The segmentation environment
to be developed will make use of different techniques described in section 2.3. Section
4.1 discusses the interface between the human operator and the system from a the-
oretical point of view. Section 4.2 describes in a detailled way how the haptic forces
are computed and mapped with the data to give the operator a realistic immersing
experience. Section 4.3 deals with some graphic and haptic issues to determine the

most effective layout of the different entities and tools in the environment.

4.1 The human/system interface

From a physical point of view, the interface between the human operator and the
system is the haptic device and its associated graphic system (namely the Reachin

Device, described in section 5.1).
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From a more theoretical point of view, the interface is a set of predefined possi-
ble interactions between the user and the system; each of these interactions triggers
one or more actions (and possibly other interactions). For example, when browsing
through the input data (see section 3.2.2), the displacement of the pointer on the
surface displaying the data is an snput. This input updates the position and com-
putes the new appropriate force to apply to the stylus. This force is sent to the
haptic device and the user receives it as an output. The interface can therefore be
seen as a continuous flow of inputs and outputs, the inputs using mainly a single
medium (the haptic stylus), and possibly a keyboard as a supplement, and the out-
puts being of two different natures: haptic and graphic. The next section details

the haptic outputs.

4.2 Mapping the data with forces

The computation of the forces applied to the haptic device as an output feedback
for the operator is crucial: they condition the realism of the sensory experience and
thus the accuracy of the performed operations. The general method for computing
and applying a force is first explained, and then the different forces identified in

section 3.2 are studied.

4.2.1 Computation of a force

The whole context of this project deals with the interaction of a stylus pointing
objects and data on a 2D plane surface (this surface displaying one slice of the

image data).
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The first force to take into account is the resistance of the plane, supposed to
be solid and thus impossible to cross. This force, which is called ﬁ, is normal
to the plane and proportional to the force applied by the operator. The stylus
theoretically cannot go through the plane. However, due to mechanical limitations
of the haptic device, if the force applied by the operator is too strong, the stylus will
cross the plane because the device cannot oppose a force strong enough to counter

the operator. In normal conditions of use, this must be avoided.

The other forces applied can be disjointed into two components. Let ?Z be one
of these forces. It can be written as ﬁl = ﬁz + ﬁ where ﬁl is the normal component
and ﬁ is the tangential component of ﬁz Several forces resulting from different
causes can be applied at the same time. These forces will be called ?i, i € [1;n]

where n > 1 is an integer. The resulting total force can be expressed as:

FoYFR-Y(®+1) (1.1

=1 =1

As ﬁ is always applied, the resulting total force sent to the haptic device as an

output for the operator is expressed as:

ﬁ:ﬁJrzn:ﬁﬁ anff (4.2)

——
normal tangential

4.2.2 Rendering the data: haptic texture

The haptic rendering of the input data aims at providing the user a realistic and
meaningful feedback on the data. In order to achieve this, forces based on the image

data have to be applied to the haptic device depending on the position of the pointer
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Figure 4.1: The different components of the resulting force

in the image. Several solutions have been proposed over the past few years by very
productive research teams with the rapid development of haptic simulators in order

to solve the non trivial problem of rendering an image with a haptic device.

Shi and Pai (1997) present a solution based on volume rendering: they use
stereo reconstruction to build volume out of stereo images pairs. This volume is
then haptically rendered using classical techniques in which the forces are computed
with the surfaces normals. This solution is unusable in the case of this research since

a plane surface is effectively needed, not a volume.

The other solution many other research works have come up with introduces the
concept of haptic texture. In (Wikipedia: the free encyclopedia 2006d), a texture
is defined as “the properties held and sensations caused by the external surface of
objects received through the sense of touch”. A texture is in other fields often defined
as a set of properties that stimulate one of our senses. In computer science, a texture
often refers to a graphic texture. In a strict way, the expression haptic texture is

circumlocutory since haptics involves the sense of touch, but it will be used to avoid
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any confusion with graphic textures. Moreover in this work graphic textures are also
used: each slice of the input data set is an image texture. The aim of this section is

to describe how this image texture can be mapped with a haptic texture.

Pai and Siira (1996) state that “the haptic texture is defined to be all the ef-
fects which are not explicitely accounted for by traditional rigid body contact normal

(constraint) and lateral (friction) forces”.

A method that seems perfectly adapted to the needs of this research project
is reviewed by Theoktisto et al. (2005): it renders the haptic force using a bump-
mapping algorithm (also called force mapping). The algorithm calculates the force
to apply to the haptic device when a collision between the pointer and the surface is
detected: the direction and the magnitude of the force are determined by a vector
which components are the Red, Green and Blue values of the pointed pixel’s inten-
sity. This haptic rendering technique is often used in concert with a bump-mapping
graphic rendering that visually simulates the volume, and it is stated by Theoktisto
et al. (2005) to achieve a correct perception of surface roughness when the distortion
is not very high. In this case however, there is no need to use such a technique for
the graphic rendering because, again, flat slices extracted from a 3D volume are

used.

As a conclusion about haptic texture rendering, Choi and Tan (2004) assert
that the development of a realistic haptic texture-rendering system requires the
appropriate design of a texture renderer, the stable control of a haptic interface and
a better understanding of the somatosensory system. All these requirements make
this development a highly technical problem in itself, and in this case supplemental
haptic feedback will be considered as sufficient: it does not necessarily have to be
highly realistic, it just needs to provide a haptic experience that enhances the overall

perception of the data.
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4.2.3 The growing process

The haptic interface will also be integrated into the segmentation process in itself
as described in section 3.2.4. The idea is to guide the hand of the human operator
by applying an appropriate force to the haptic device in the direction the algorithm
decides is best. Of course the operator keeps full control over the growing process:
the applied forces only have a guidance role. By moving the haptic device in another
direction, the operator will modify the local decision pattern of the algorithm at a

given step of its execution, interfering on the final result.

The suggested growing direction can be easily modelled as a vector tangent to
the surface: the forces involved here have a nil normal component. The hint force
is taken into account if and only if the haptic cursor is in contact with the surface.
That way, the operator is given a useful means to let the algorithm know he does

not want to intervene in the decision process.

4.2.4 Rendering the result

The rendering of the result, again, is obtained in two supplementary ways: graphic

and haptic.

The graphic rendering does not really innovate in comparison with the existing
segmentation environments: the resulting regions are coloured in different colours
to allow a rapid and easy distinction. The boundaries of each region should be
clearly visible (by using a darker variation of the region’s colour for example). An
important issue is to give the operator a double-depth visibility: he needs to be able
to see the regions as well as the original image in the same rendering context. To

achieve that, the coloured regions have to be semi-transparent.

36



CHAPTER 4. DESIGN CONSIDERATIONS

Figure 4.2: The hint force applied to suggest the growing direction

The haptic rendering presented here is based on the boundaries of the resulting
regions. The idea is that feeling a region can be faithfully achieved by simply
feeling its borders; more generally at a topological theoretical level, a closed region
can be defined by its sole boundaries. Here again as in the previous section, the
forces to apply are only tangential. If the pointer is in contact with the surface
and if it tries to cross a region boundary, an opposing force is applied. The force
direction is computed with the vector normal to the curve formed by the boundary,
and its magnitude is proportional to the strength applied by the operator to the

stylus. Of course if no precautions are taken this could lead to blocking situations,
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possibly damaging the fragile mechanics of the haptic device. This is why a limit
magnitude should be defined where the pointer finally crosses the boundary to avoid

any material problem.

User force

Figure 4.3: The force applied to haptically delineate the boundary of a region

4.2.5 The edition process

The last identified useful integration of haptics is in the edition process, when the
user freely brings modifications to the regions. This phase is traditionally tricky
when performed with only a visual feedback: an untrained hand can easily slip and
make mistakes due to the imprecisions in the pointing device (a meaningful example

of this is the task of drawing with a traditional mouse: it requires a lot of training
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before giving acceptable results).

It is therefore postulated that a haptic feedback combined with the traditional
visual one would greatly enhance the accuracy of the manipulations. The edition
process consists mainly, as stated in section 3.2.6, in deforming the regions’ common
boundaries. Therefore, the notion of opposing force presented in the previous section
can be extended to complete the goal of this research project: the deformation of
a boundary is subject to an opposing force that emulates a viscosity effect. By
resisting enough (but not too much) to the operator’s pressions, it is hoped to give

him a better control over the adequation of the deformations to his expectations.

In this case the applied force is a non-blocking one: the operator can expand a
region as much as he thinks is necessary. Therefore the issue of crossing a border

does not exist any more.

4.3 User Interface considerations

Two types of user interfaces among those listed in (Wikipedia: the free encyclopedia

2006¢) are used in this project:

e A Graphical User Interface (GUI) that can take input from a mouse and/or a
keyboard and provides a graphical output on a screen. In this project however,
the graphical user interface will be mainly used for its output facilities, the

input being managed by the second type of interface;

e A Tactile Interface (sometimes also referred to as Haptic User Interface, HUI)

that both takes inputs and provides outputs.
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This section, to be completed, will deal with practical considerations to determine

the most effective layout of the different entities and tools in the environment.
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Chapter 5

Hardware and software bases

The development of an effective segmentation environment integrating haptics re-
quires a hardware device for the graphical and haptic interaction, and APIs and
toolkits to respectively deal with the haptic capabilities and the image segmenta-

tion in itself.

5.1 The Reachin device

This section will present the Reachin Display device (Reachin Technologies 2005)
composed of a Phantom Premium 1.5 force feedback device, a stereo monitor and a

mirror to co-locate haptics and graphics.
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5.2 Haptics with H3D API

This section will present the H3D Application Programming Interface that combines
high-level haptic and graphic rendering of a 3D scene-graph (SenseGraphics AB
20040, SenseGraphics AB 2004a).

5.3 Segmentation with ITK

This section will present the Insight ToolKit (ITK) that provides a high-level and

abstracted framework for image manipulation and segmentation (Ibanez et al. 2005).
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Software architecture

This chapter will detail the architecture of the developed segmentation environment,

the technical choices and the algorithms used.

6.1 Preliminary: a calibration tool

This section will present the calibration tool developed for the H3D API, the reasons

why such a tool is needed, the theory behind its conception and the results produced.
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Assessing the benefits of the tool

This chapter will present a framework designed to assess the benefits of the developed
tool by comparing it to classic 2D segmentation environments. This framework will
include a certain number of identified key-points, each of which will help quantify
the gain obtained with the new tool. User tests will be performed with a sample of

testers from a wide range of professional backgrounds.
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Chapter 8

Conclusions and future work

As a conclusion regarding the current research on this project, all the key objectives
have been clearly identified together with the technical background and techniques

needed to achieve these objectives.

The development of the application has started and will now occupy most of the
research planning. The biggest challenge so far has been the clean integration of
H3D and ITK due to the complexity of the two APIs, though promising results were

eventually obtained.

Appendix A gives a time plan for the remaining time allocated to the project.
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Appendix A

Future plans

Here is a list of the remaining tasks and a Gantt chart showing the progress of the

work through the course of the rest of the year:

1. First version of the environment: data browser
2. Second version: region growing algorithm

3. Third version: result browser

4. Fourth version: editing tool

5. Validation framework

6. Poster writing

7. Poster presentation

8. Draft thesis writing

9. Rehearsal of presentation
10. Presentation and demonstration

11. Thesis writing
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APPENDIX A. FUTURE PLANS
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Figure A.1: Gantt chart of the time plan
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