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Abstract

Visualization of the topological structure of isosurfaces such as exclusion and inclusion plays an important role in
analyzing three-dimensional (3D) scalar data like medical images, especially in selecting isosurfaces to observe.
Under certain conditions, all isosurfaces in a 3D scalar field are closed surfaces having nest structure. Our
purpose here is to translate closed isosurfaces in 3D space as a nest structure.

Contour Tree (CT) can describe the nest structure among isosurfaces by tree structure, but it is difficult for users to
understand the nest structure by direct observation of the tree shape. In this report, we propose a two-dimensional
(2D) representation procedure named Contour Nest (CN) for intuitive display of the nest structure of isosurfaces.
In the proposed method, nest structure of 3D isosurfaces extracted by Contour Tree is represented as 2D nest of
rectangles. We have evaluated the effectiveness of the proposed method in selecting 3D isosurfaces.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Hierarchy and geometric
transformations 1.3.6 [Computer Graphics]: Interaction techniques

1. Introduction

With the advance of the imaging technology and the im-
provement of computer power, the opportunities of using
three-dimensional (3D) scalar data are rapidly increasing. In
the medical field, various types of 3D scalar data are used
such as 3D X-ray computer tomography images, magnetic
resonance images, and ultrasound images.

Visualization of the topological structure of isosurfaces
such as exclusion and inclusion can play an important role
in analyzing 3D scalar data, especially in selecting isosur-
faces to observe. Under certain conditions, all isosurfaces
in a 3D scalar field are closed surfaces having nest struc-
ture. Our purpose here is to translate closed isosurfaces in
3D space as a nest structure.

Contour Tree (CT) [BR63] [CSAO03] and its variations are
structuring procedures for isosurfaces of scalar fields. If iso-
surfaces of a 3D scalar field have a nest structure, CT can
describe the structure by tree structure.

CTs can be used as interfaces to select isosurfaces for 3D
volume visualization. Bajaj et al. use CTs in their system
to decide field values [BPS97]. Carr et al. have constructed
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a system to select isosurfaces efficiently with interaction to
CT [CSO03]. In these cases, CTs are displayed as 2D trees.
However, it is difficult for users to understand the nest struc-
ture by direct observation of the tree shape. In this report,
we propose a two-dimensional (2D) representation proce-
dure named Contour Nest (CN) for intuitive display of the
nest structure of isosurfaces. In the proposed method, nest
structure of 3D isosurfaces extracted by Contour Tree is rep-
resented as 2D nest of rectangles.

2. Contour Tree

Contour Tree (CT) is a tree-structured graph, representing
the transitions of isosurfaces (appearance, disappearance,
join and split) in continuous scalar fields, with increase or
decrease of the threshold (isovalue) of field value [BR63].
Here, we define CT based on the references [CSA03] as fol-
lows:

e CT is a tree-structured graph having nodes and arcs.

e A node of CT represents a critical point (local maximum,
local minimum or saddle) and the correspondent isosur-
face. Nodes and critical points satisfy one-to-one corre-
spondence.
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e An arc of CT links two nodes. The arc represents a region
bounded by two isosurfaces corresponding to these two
nodes. An arc and a region have a one-to-one relationship.

We call the nodes and arcs supernodes and superarcs, re-
spectively. We also introduce additional nodes on the super-
arcs to represent isosurfaces in the regions corresponding
to the superarcs. The isosurfaces do not include any criti-
cal points. We call these nodes regular nodes. Nodes con-
sist of supernodes and regular nodes. We use the word arcs
as the links between nodes. We call this type of CT Augu-
mented Contour Tree (ACT) [CSAO3]. CT can be extracted
from scalar fields of any dimentions [CSA03].

In digital images, an isosurface for a threshold can be rep-
resented as a boundary between two regions of foreground
and background, those are represented by connected pix-
els (voxels). Considering the characteristics of isosurfaces
in digital images, we have proposed a modified ACT named
Region-based Contour Tree (RBCT) [MMO5]. In RBCT, an
arc represents an isosurface, and a node represents a region
bounded by isosurfaces. The region consists of a set of pixels
or voxels having the same pixel (voxel) value in an image.
Here we denote U;(T') as ith region corresponding to a node,
having pixel (voxel) value 7. A digital image has finite num-
ber of isosurfaces defined above, and RBCT can describe all
the isosurfaces without redundancy.

Figure 1 illustrates an example of RBCT. Figure 1(a) rep-
resents a digital image, and Figure 1(b) is the RBCT corre-
sponding to (a). Similarly as CT for continuous scalar fields,
RBCT can be extracted from digital images of any dimen-
sion. In the rest of this report, CT is assumed to be RBCT.
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(2) 2D digital image

(b) Region-based Contour Tree

Figure 1: Region-based Contour Tree.

3. 2D display of Contour Trees using Contour Nests

Under certain conditions, all isosurfaces in a 3D scalar field
are closed, having a nest structure. We propose a new method
named Contour Nest (CN) to represent the nest structure, as
the nest of 2D rectangles. CN is extracted from CT.

3.1. Introducing the isosurfaces surrounding whole
images

If necessary, we can represent the isosurface that surrounds
whole image, by setting the outside region of the image hav-
ing pixel value y [MMOS]. If y is smaller than the min-
imum pixel value of the image on outside boundary (e.g.
Y = —o00) or larger than the maximum value (e.g. Y = +00),
the boundary can be treated as a closed isosurface that sur-
rounds whole image.

In this condition, all other isosurfaces are closed, and the
resulting CT become an equivalent tree structure as Inclu-
sion Tree [MGOO] . The resulting isosurfaces change in re-
sponse to the value of Wy . Figure 2 is the CT extracted
from Figure 1(a) with introduction of isosurface surround-
ing whole image, by setting Yy = —oo. In this figure, Vir-
tual Node represents the outside region of image. Outside
Arc represents the isosurface surrounding the whole image.
Outside Node represents a node corresponding to the pix-
els (voxels) on the outside boundary, having the minimum
value.

A Field Value
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Figure 2: Contour Tree for Figure 1(a) with an isosurface
that surrounds whole image (Y = —o0).

3.2. Construction of Contour Nests

Let y(e) be the region surrounded by an isosurface corre-
sponding to the arc e on CT, and S(e) be the size (area for
2D space and volume for 3D) of y(e). After introduction of
the isosurface that surrounds whole image, CT can be con-
sidered as a rooted tree where Virtual Node is the root. Here,
we can introduce the following theorems for all nodes ex-
cluding Virtual Node and the leaf nodes.

Theorem 1. For the parent arc p and a child arc ¢ of a node
n¥(p) > 1(0).

Theorem 2. For the parent arc p and all child arcs c;(i =
1,...,N,N>1) of p, S(p) > ¥, S(c;).

In the theorems above, we denote parent arc p of a node
n as the arc connecting 7 and the parent node. Similarly, we
denote child arc ¢ of a node n as the arc connecting n and a
child node. From these characteristics, CT can easily handle
the nest structure of isosurfaces.

(© The Eurographics Association 2006.



S. Mizuta, T. Ono & T. Matsuda / Contour Nest: A 2D Representation for 3D Isosurfaces 69

i) Uz) Ui U(0)  Ual3) UxA2)

Usl3) 1Uy(2)

U1 (1) Ua(0)+Us(0)

Figure 3: Outline of Contour Nest for Figure 1(a) extracted
from Contour Tree of Figure 2.

If we illustrate a 2D rectangle 3(p) for the parent arc
p of a node n where the area of the rectangle is propor-
tional to S(p), it is guaranteed that 8(c;) for all child arcs
ci(i=1,...,N,N > 1) of n can be illustrated in 3(n) without
overlapping, from the theorems described above. Using this
characteristic, we represent the nest structure of input data
by transforming CT. Figure 3 illustrates the outline of CN
viewing the nest structure of Figure 1(a), extracted from CT
of Figure 2. In RBCT for digital images, y(e) of an arc e
can be decided as the set of pixels (voxels) corresponding to
the descendant nodes of ¢ [MMO5]. Therefore, S(e) is easily
calculated by counting the pixels (voxels) of y(e).

Various procedures have been proposed to represent tree
structures in 2D [dOLO03]. The proposed method is close to
Treemaps [Shn92] and it can be considered as an application
of Treemaps to CT.

3.3. Advantages of the proposed method

CN for 3D scalar data represents the nest structure of isosur-
faces, as the nest structure of 2D rectangles. This procedure
can be considered as the reduction of dimension from 3D to
2D, preserving the nest structure of isosurfaces. From this
feature, CN is expected to be more intuitive in comparison
with the direct representation of tree structure like CT.

4. Evaluation of the proposed method
4.1. Overview

In order to evaluate the effectiveness of Contour Nest, we
have carried out experiments to measure the efficiency in se-
lecting isosurfaces from 3D scalar data utilizing graphical
user interface (GUI). The 3D data for experiments are sim-
ple 3D images, and the task is to select isosurfaces having
topological characteristics.

4.2. Representation of the nest structure of isosurfaces

We have experimentally evaluated CT and CN as the rep-
resentations of the nest structure of 3D isosurfaces. In the
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system for experiments, all nodes of CT are visible to users
except for Virtual Node. The nodes can be considered to rep-
resent isosurfaces of the correspondent parent arcs.

Since the vertical positions of nodes in common represen-
tation of CT are decided from the correspondent field (voxel)
values, crossing of arcs cannot always be avoided if cavities
exist in the data [CS03]. However, if the positions follow the
hierarchy of the CT, we can avoid the crossing.

In order to hierarchically re-layout the nodes of CT, we
have introduced sizes (volumes) of regions surrounded by
isosurfaces to decide the vertical positions of nodes. Besides
the common CT and CN, we have evaluated this representa-
tion named Volume Contour Tree (VCT).

4.3. 3D Data for evaluation

The dataset for the experiment consists of ten 3D digital
images, which possibly include cavities. The isosurfaces of
each image form nest structure having maximally 4 layers.
All regions surrounded by the isosurfaces are rectangular
parallelepiped. Table 1 is the condition of these data. Here,
the layers are counted from outside to inside. In the 9 regions
of Layer 2 of one image, the nest characteristics (numbers of
regions) of Layer 3 and 4 are different from each other. The
sizes of regions of Layer 3 and 4 are randomly decided un-
der the condition of nest structure. The voxel values of these
regions are also decided randomly. Figure 4 shows an image
by 3D volume rendering and the nest structure of it repre-
sented by CT, VCT and CN.

Table 1: Condition of data for evaluation.

Number of regions | Layer 1 (1)
in one region | Layer 2 9
of outside layer |Layer 3 lor2
Layer 4 Oorlor2

Layer 1|7525 (=25 x43 x7)
Size of aregion |Layer2| 455 (=13 x7x5)

(voxels) Layer 3 15 or 45 or 75
Layer 4 lor2or3
Layer 1 0
Voxel value Layer 2 3
Layer 3 2or4
Layer 4 Oorlor5or6

4.4. Experimental condition

The experiments have been carried out for 5 subjects. The
task is to select isosurfaces of Layer 2, satisfying the indi-
cated conditions of the nest characteristics of surrounding
isosurfaces. The conditions indicated to the subjects are the
numbers of regions of Layer 3 and 4. The subjects have been
asked to carry out the task, and the efficiency of the task has
been evaluated from the time to select isosurfaces with the
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Figure 4: Example of 3D image and correspondent CT, VCT
and CN.

GUI systems utilizing CT, VCT and CN. In these represen-
tations, the horizontal positions of nodes or rectangles indi-
cating the 9 regions of Layer 2 have been randomized.

All 10 images have been randomly shown once to user
as a set of trial. Each subject has been asked to carry out
the experiment for 11 sets, using the three systems. For each
trial set, the three systems have been used in randomized
order. The first and last set of 11 trials has not been used
for the evaluations. Therefore, the total number of the trial
evaluated is 10 X 9 =90 . The subjects have been asked to
click button on the systems, at the start and the end of each
trial. The time to select isosurfaces has been measured by
sensing the two actions of clicking the button.

4.5. Experimental results

Table 2 shows the difference of the time to select isosurfaces
in CT, VCT and CN. For all 5 subjects, the time using CN
is shorter than VCT and CT. About the comparison between
CN and CT, the P values are P < 5.6 x 10~ 7% for all sub-
jects. About the comparison between CN and VCT, the P
values are P < 5.7% excepting for subject E. These results
indicate that selection of isosurfaces using CN is more effi-
cient than those using other representations, especially CT.

5. Conclusion

The purpose of our research here is to translate closed iso-
surfaces in 3D space as the 2D nest structure, to select the
isosurfaces. We have proposed a procedure named Contour
Nest, which represents the nest structure of 3D isosurfces
as the nest structure of 2D rectangles. From experimental
comparison with the direct display of Contour Tree, we have
confirmed the effectiveness of the proposed method.

Table 2: Difference of the time to select isosurfaces in CT,
VCT and CN.

Subject | Procedure | Average process time(sec) | Difference to CN
(():standard deviation) (P value)
CT 6.17(5.91) 9.80 x 10?2
A VCT 3.57(1.11) 1.54 x 1016
CN 2.31(0.69) -
CT 8.55(5.44) 1.98 x 10~ 13
B VCT 3.62(1.76) 5.10 x 10~10
CN 2.27(0.82) -
CT 6.73(3.59) 459x 10~ T8
C VCT 3.93(1.79) 1.04x 108
CN 2.65(1.00) -
CT 6.95(3.56) 9.71 x 10~
D VCT 3.07(1.46) 5.70 x 1072
CN 2.77(1.12) -
CT 9.53(7.30) 5.54 %1077
E VCT 4.76(2.31) 2.15x 107!
CN 4.46(2.76) -
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