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Automatic Transfer Function Generation Using Contour Tree
Controlled Residue Flow Model and Color Harmonics

Jianlong Zhou, Student Member, IEEE, and Masahiro Takatsuka, Member, IEEE

Abstract—Transfer functions facilitate the volumetric data visualization by assigning optical properties to various data features and
scalar values. Automation of transfer function specifications still remains a challenge in volume rendering. This paper presents an
approach for automating transfer function generations by utilizing topological attributes derived from the contour tree of a volume. The
contour tree acts as a visual index to volume segments, and captures associated topological attributes involved in volumetric data.
A residue flow model based on Darcy’s Law is employed to control distributions of opacity between branches of the contour tree.
Topological attributes are also used to control color selection in a perceptual color space and create harmonic color transfer functions.
The generated transfer functions can depict inclusion relationship between structures and maximize opacity and color differences
between them. The proposed approach allows efficient automation of transfer function generations, and exploration on the data to
be carried out based on controlling of opacity residue flow rate instead of complex low-level transfer function parameter adjustments.
Experiments on various data sets demonstrate the practical use of our approach in transfer function generations.

Index Terms—Volume Rendering, Transfer Function, Contour Tree, Residue Flow, Harmonic Color.
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1 INTRODUCTION

The ultimate goal of volume visualization is to provide useful insights
into volumetric data. Direct volume rendering is one of effective and
flexible visualization methods for three-dimensional volumetric data.
Despite the proliferation of volume rendering and manipulation tech-
niques, the key to comprehensible volume rendering still lies in the de-
sign of effective transfer functions, which map scalar values to specific
colors and opacities. Transfer functions assume that scalar values map
directly to physical properties such as tissue types. Thus, they are cru-
cial in the understanding of the overall volumetric data and individual
features contained within the volume space. Various approaches have
been developed to automate or ease specification of transfer functions.
Conventional approaches often use boundary information to auto-
mate transfer function specifications [11, 12]. Despite various data
features (e.g. derivatives, curvatures, texture, size) being used to define
transfer functions, most of current volume rendering methods highly
depend on manual specification (at least in some degree) of transfer
functions to reveal various structures in a volume. This process is
time-consuming and comes short in repeatable results. In addition,
volumetric data often contains nested inner structures. This commonly
seen inclusion relationship heavily affects understanding of volumetric
data. Conventional transfer functions cannot automatically fully clar-
ify such inner structures. Thus, a systematic and automatic scheme
to specify transfer functions while revealing inclusion relationships is
highly desirable to greatly facilitate the volume rendering process.
The contour tree is a data structure representing nesting relation-
ships of connected components of contours [3]. In addition to provide
topological features of a volume, the contour tree is also used in trans-
fer function generations [8, 24, 29]. Topology controlled transfer func-
tion generations are reviewed in Section 2. The underlying weakness
of these methods is that transfer functions are still specified manually
through user interactions. They do not consider how to use the topol-
ogy to automate transfer function generations. The principal technical
challenges for these problems include how to generate transfer func-
tions that are used to get a wide spread of dissimilar output renderings
and to reveal inclusion relationship between subregions. Users also
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need to decide what measures are used to control transfer function dif-
ferences between subregions based on the contour tree.

Moreover, any of different subregions in volumetric data may bear
interesting intensity variations which need to be visually represented
in a faithful manner. Color transfer functions allow aesthetically at-
tracting rendering in order to improve data analysis efficiency. Con-
ventional color transfer functions are parameterized by values that
segment the data into different subranges, which are arbitrarily as-
signed with different colors based on experiences and personal pref-
erences [13, 14]. Thus color is used to only identify subranges of
the data, and not to convey any quantitative relations among the data.
One popular design aspect of color in graphics and image is color har-
mony [28]. Wang et al. [27] presents a harmonic color design scheme
for illustrative visualization. The scheme uses manually specified pa-
rameters such as importance factors to control color components (hue,
vividness, lightness) selection for segmented data rendering. The prin-
cipal weakness of this scheme is that the manually specified parame-
ters have no direct relations with features derived from the data set
itself. Vividness and lightness are still selected arbitrarily based on
users’ preferences in some degree. Thus, an automatic scheme to spec-
ify color transfer functions by incorporating data features (e.g. topo-
logical features) is highly desirable, and expected to greatly improve
the visual aesthetic attraction of rendering.

This paper presents an approach for automating transfer function
generations by utilizing topological attributes derived from the contour
tree of a volume. The contour tree acts as a visual index to volume seg-
ments, and captures associated global topological attributes involved
in volumetric data in the pipeline. The objective of this work is to
deliver a new transfer function generation paradigm based on the con-
tour tree. The generated transfer functions can depict inclusion rela-
tionship between structures and maximize differences between them.
The advantage of the proposed approach is that it allows more effi-
cient automation of transfer function generations, and exploration on
the data to be carried out based on controlling of opacity residue flow
rate instead of complicated low-level transfer function parameter ad-
justments. The contributions of the paper are follows:

o A residue flow model based on Darcy’s Law is proposed to con-
trol opacity residue flow between branches in the contour tree.

e Based on the residue flow model, we design a comprehensive
framework dedicated to automate transfer function generations
controlled by topological attributes from the contour tree.

e Contour tree controlled harmonic color transfer function is pro-
posed to get visual aesthetic attraction of rendering.

This paper is organized as follows. We first introduce the previous
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work on transfer functions in Section 2. We also briefly survey con-
tour trees in Section 3. An overview of the proposed framework is
described in Section 4. A residue flow model is presented in Section 5
to control opacity distribution in the contour tree. The residue flow
model is used to automate the opacity transfer function generation in
Section 6. An automatic color transfer function generation scheme
is covered in Section 7. Section 8 describes experimental results and
discussions. Finally, conclusions are drawn in Section 9.

2 RELATED WORK

Research on transfer functions is focused on making the parameter
space of transfer functions easier to explore. Many methods have been
proposed to that end ranging from 1D and multi-dimensional transfer
function, semantic transfer function, to incorporate other data features
in transfer functions. Typical opacity transfer function and color trans-
fer function approaches are reviewed in this section.

2.1 Early Transfer Function Approaches

Early volume rendering approaches often use 1D transfer functions to
explore volume data [16]. Fang et al. [7] defined a transfer function
as a sequence of 3D image processing procedures, and allows users to
adjust a set of qualitative and descriptive parameters to achieve their
subjective visualization goals. Design galleries [17] generates all pos-
sible transfer functions simultaneously, each representing a different
configuration of the transfer function. The satisfied transfer function
is then selected from these representatives and optimized. Contour
spectrum [2] visually summarizes the space of isosurfaces in terms of
metrics like surface area and mean gradient magnitude, thereby guid-
ing the choice of isovalue for isosurfacing, and also providing informa-
tion useful for transfer function generations. These approaches do not
provide any mechanism to automate transfer function generations and
still apply transfer functions globally instead of locally to structures.

2.2 Multi-Dimensional Transfer Functions

2D transfer functions were firstly introduced by Levoy [16]. Kindl-
mann and Durkin [11] proposed a semi-automatic method both for 1D
and 2D transfer functions. It uses a data structure named histogram
volume to capture the relationship between data values and boundary
representations. Kniss et al. [13, 14] designed an interface to con-
struct multi-dimensional transfer functions interactively. This inter-
face adds derivatives information as parameters to transfer functions,
but continues to apply same transfer functions everywhere in the data.
Kindlmann et al. [12] added the curvature of the function as a parame-
ter into multi-dimensional transfer functions. This approach still lacks
any spatial locality. Huang and Ma [9], and Tzeng et al. [26] generated
2D transfer functions by using results of partial region growing from a
point selected in volume space. Automation of transfer function spec-
ifications are still not solved, but more parameters to be modulated by
users are introduced in multi-dimensional transfer functions.

2.3 Semantic Transfer Functions

In order to ease the specification of transfer functions with complex
parameter space, Rezk-Salama et al. [20] introduced an abstract se-
mantic level for parametric models of transfer functions. The proposed
semantic model is defined based on a set of reference data, a list of the
relevant structures contained in the data, and transfer function tem-
plates for the reference data. Rautek et al. [19] presented a semantic
layer mapping from volumetric attributes to multiple illustrative vi-
sual styles in volume rendering. The basic low level of semantics is
still the various conventional transfer function specification methods
as reviewed above. They still require excessive user interactions to
create ideal renderings.

2.4 Topology Controlled Transfer Functions

Introducing topological attributes into the transfer function specifi-
cation allows volume rendering to capture global characteristics of
the data set while locating regions of particular interest. Fujishiro
et al. [8] introduced topological attributes in transfer function gen-
erations. Takahashi et al. [23, 24] and Takeshima et al. [25] used
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topological attributes derived from the contour tree to define trans-
fer functions. However, they applied transfer functions to a data set
according to fixed topological indices (e.g. depth) and did not explore
transfer function automation deeply. Conventional transfer function
approaches cannot distinguish between distinct features that share the
same scalar value. To overcome this problem, Weber et al. [29] used
the contour tree to index various subregions of a volume and spec-
ify transfer functions locally for individual subregions. However, as
there are often many branches in a contour tree, it is impractical and
time-consuming to define transfer functions for each subregion corre-
sponding to a branch one-by-one manually. The inclusion relationship
is also not considered in [29].

2.5 Color Transfer Functions

Color transfer functions map scalar densities to colors in order to label
different objects and create aesthetic attraction in volume rendering.
Color transfer functions have in most cases been guided by personal
preferences or even just by random assignments [28]. Furthermore,
color harmony is one popular design aspect in terms of aesthetics.
Cohen-Or et al. [5] introduced a framework of automated image color
harmonization. Wang et al. [27, 28] extended this color harmoniza-
tion to be used in volume visualization. They presented how color
harmonization is used to semi-automate color definitions in volume
rendering. Our work extends the color selection algorithm in [27] by
incorporating topological features.

In addition, recent work on transfer functions introduced other fea-
tures of volume data into the transfer function pipeline. For example,
Selver and Giizelis [22] used a volume histogram stack to do semi-
automatic transfer function initialization. Neural networks are used in
this process. Correa and Ma [6] mapped a size of features to color and
opacity. In our work, we consider affects not only of size (volume)
of structures, but also of hypervolume and persistence of structures on
transfer functions. Persistence, volume, and hypervolume are derived
from the contour tree and more meaningful in representing importance
of structures in transfer functions.

3 CONTOUR TREE REVISITED

Topology has been an important tool for analyzing scalar data and flow
fields in visualization. The contour tree is one of data structures used
to explicitly store topological features. This section reviews basics of
the contour tree, and this forms the basis of contour tree controlled
transfer function generation in this paper.

3.1 Definition of Contour Trees

Consider a continuous scalar field I defined on a domain R4, f :
R? — R. R is assumed to be a simplicial complex. For a point inside
a simplex, its function value is a linear interpolation of the values on
the vertices. The functional range of the field I is the interval between
the minimum and maximum values of the function f , [fuin, fmax]- For
a scalar value & € [fiin, finax), the level ser of the field IF at the value
h is the subset L(h) = {(x)|f (x) = h }. While h scans monotonically
through the entire range of IF' from f;,i, t0 fiuax, the topology of the
level set changes only at the critical points of . As h increases in the
level set of L(h) = {(x)|f (x) = h}, contours appear at local minima
of f, join or split at saddles, and disappear at local maxima of f. If
each contour is represented as a node, the evolution of the level set
forms a tree called contour tree. It represents the nesting relationships
of connected components of contours [4, 29].

Typically, the contour tree is represented as a list of nodes and a
list of arcs, where each arc is defined as a node pair. The nodes of
the contour tree correspond to critical points of a scalar field and are
therefore associated with their critical values. Pascucci et al. [18] used
an alternative branch decomposition, where a branch is defined as a
monotone path in the graph traversing a sequence of nodes with non-
decreasing (or non-increasing) value of the scalar field.

3.2 Contour Tree Simplification

The contour tree is vulnerable to noise and artifacts in the input data.
Many real-world data sets produce unmanageably large contour trees
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because of noise and artifacts from a data acquisition process. This
makes it difficult to recognize edges that correspond to objects of in-
terest, and results in the contour tree be impractical in data analysis
and visualization. The contour tree simplification would remove the
noise and artifacts, while making the size of tree small enough for the
user interaction and maintaining essential structure of the data.
Various approaches are proposed to simplify the contour tree. For
example, Carr et al. [4] simplified the contour tree based on several
metrics that are used for ranking the “importance” of an arc. The ge-
ometric measures used in the contour tree simplification include per-
sistence, volume, and hypervolume. Persistence is equal to the ab-
solute difference in scalar values of two critical points. Topological
persistence is used to look at homological features that persist along
a nested sequence of topological spaces. It refers to how long a topo-
logical feature last until it changes. Volume is the voxel count of the
region enclosed by the isosurface. It refers to the size of objects. Hy-
pervolume is the integral of the scalar field over the enclosed region.
Pascucci et al. [18] used a data structure named branch decomposition
for multi-resolution hierarchical representation of the contour tree.

3.3 Contour Tree Indexed Subregions

Since the concept of flexible isosurface [3, 4] supports independent
manipulation of single contours, the contour tree can be used as a vi-
sual index to segment data set into different zones/subregions. Weber
et al. [29] extended this idea in volume rendering and proposed a vol-
ume rendering framework which classifies volume data based on the
contour tree and assigns unique transfer function to each subvolume
corresponding to a branch of the contour tree. Our work uses the con-
tour tree not only to index various subregions and define unique trans-
fer functions to them, but also to control transfer function generations
based on topological features derived from the contour tree.

4 FRAMEWORK OVERVIEW

Our proposed pipeline for automatic transfer function generations con-
sists of several processes. An overview of the framework is shown in
Fig. 1. Given a volume data set, the contour tree is created and sim-
plified. The contour tree is used as a visual index of various subre-
gions/structures of the data set, and different topological attributes are
derived from the contour tree. These topological attributes are then
used to control transfer function generations. Based on the contour
tree, an opacity residue flow model is set up. The opacity residue flow
model treats opacity transfer function generation as a kind of liquid
(e.g. water) flow process between branches of the contour tree: opac-
ity is treated as water, and topological attributes are used to control
opacity flow between branches. Interfaces are provided to allow users
to control the opacity flow rate and the shape of local transfer func-
tion in a branch, and thus decide the final transfer function. Mean-
while, topological attributes are also used to generate harmonic colors
for color transfer functions. The generated opacity and color transfer
functions are then used to render the data set.

Volume Data Contour Tree

Volume Rendering

c——————) Topology analysis

Contour Tree
Simplification

HSV+Lab Color

Opacity Residue Flow Model

TF Shape Flow Speed
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Fig. 1. Flow chart showing the pipeline for automatic transfer function
generations.
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In this framework, users only need to determine the opacity flow
rate, and thus generate transfer functions automatically. The approach

generates transfer functions more easily and simply than traditional
approaches which require complex interactions on various parameters.
The opacity flow rate and local transfer function shape are used in the
pipeline to keep topological relationships represented in the contour
tree in the rendering. This paper focuses processes of how the contour
tree controls transfer function generations in the pipeline. The details
of each process will be covered in the later sections.

5 RESIDUE FLow MODEL

In this paper, we model the distribution of opacity between branches
in the contour tree as a multi-stream water flow process. When the
water passes through a branch, some of it is re-directed by the branch
and residues are delivered to child branches at the next depth level.
This section presents Darcy’s Law as a basic theory to get residues,
and gives an overview of residue flowing between branches.

5.1 Darcy’s Law

b
Fluid

h
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Fig. 2. Definition and direction for Darcy’s law in one dimensional case.

A “Porous medium

Darcy’s Law [1, 15] is a generalized relationship for fluid flow in
porous medium. Fig. 2 shows the definition and direction for Darcy’s
law in one dimensional case, where the light red regions represent the
fluid and blue arrows represent the flow direction of the fluid. Darcy’s
Law demonstrates that the volumetric flow rate Q of the fluid, through
the porous medium, is proportional to both the head loss (i.e., fluid
height difference) (hour — hin) between the ends of the cylinder, the
cross-sectional area A of the medium, and inversely proportional to
the packed length L of the cylinder:

Ah

L )
where the minus sign on the right hand reflects that the hydraulic head
always decreases in the direction of flow. We use absolute value in
this paper. The constant K of proportionality, is referred to as the
hydraulic conductivity and is a function of both the porous medium’s
permeability and the particular fluid. This can be seen by writing the
hydraulic conductivity in terms of the permeability k of the medium:

Q0=-KA ey

P8
K=k—, (2)
u

where p and u are the fluid’s density and viscosity, and g is the accel-
eration due to gravity. [10] summarizes average hydraulic conductivity
K for general materials. This paper uses sand as the porous medium,
and the value of K for water flowing through sand is 300 [10]. The
choice of materials does not affect rendering results except for the use
of different flow rates in the rendering pipeline.

5.2 Residue Flow Model

We model the distribution of opacity between various branches of the
contour tree as a water flow process in the tree structure. Opacity band
on each branch is defined as the opacity range size, i.e., the differ-
ence between maximum opacity and minimum opacity applied to that
branch. It is modeled as the flowing water. As shown in Fig. 3, we
imagine that the contour tree is placed upsidedown with the root up-
side and leaves downside. At the same time, the water is poured at the
root. The branch is modeled as a pipe structure with porous medium
inside. Every branch in the tree absorbs some water passing through it
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Root: Pour
water here

Depth level it , Adt,

Branch: Part of water is absorbed
on cach branch and residue is
delivered to the next depth level

—

P

Branch it

Fig. 3. Water is poured at the root of the tree and flows throughout the
tree. Part of water is absorbed by each branch and residue is delivered
to the next depth level. The depth level is encoded with colors.

and delivers residue to its children. The water absorbed by each branch
is modeled as the opacity band allocated to each branch.

The Darcy’s Law is adapted to control the opacity distribution be-
tween branches in the contour tree: For each branch, the packed length
L of the cylinder in the Darcy’s Law is modeled as the persistence p;
of the branch, i.e., L = p;; the cross-sectional area A of the medium in
the Darcy’s Law is modeled as the number #{ of child branches, i.e.,
A = nf; the volumetric flow rate Q of the fluid is modeled as the opac-
ity flow rate in the branch; and Ak is modeled as the opacity residue
factor in the branch. So given the opacity flow rate Q, the opacity
residue factor Ah of each branch can be obtained from Equation 1.
The opacity residue factor is used to modulate opacity band and get
opacity residue for the next depth level.

In the residue flow model, the water begins to flow at the root of
the contour tree as shown in Fig. 3. Some of the flowing water is
absorbed by branches, and there is the residue that is not absorbed
by branches on each depth level. We assume that the water initially
absorbed by branches at each depth level is equal. This means that
the water is initially evenly distributed between depth levels. After
this, the Darcy’s Law is applied to each parent branch sequently from
the root branch in order to get residues and then deliver them to child
branches at the next depth level. The residue flows down to the next
depth level, and combined with the initially evenly distributed water
together. This combined water is then partly absorbed by the branch
and delivered the residue to the next depth level further. This process
is continued until reaching leave branches.

Based on this model, the opacity band on each branch is allocated
using following procedure: Initially, the opacity range used to ren-
der the overall data set is divided into equal-size bands based on the
maximum depth value. This allows the opacity band be evenly dis-
tributed between each depth level. Then from the root of the contour
tree, initial opacity band on each depth level is further processed in
order to distribute it among siblings and deliver the opacity residue to
the next depth level. The residue of opacity band on each depth level
sinks down to the next depth level and contributes for the opacity band
computation of that level. This process is illustrated in Algorithm 1.

Algorithm 1 shows that the residue is generated on the parent depth
level and flows to the next depth level. The residue is also distributed
between siblings on each depth level. The details of each step in Al-
gorithm 1 are presented in later sections.

6 OPACITY TRANSFER FUNCTION GENERATION BASED ON
RESIDUE FLow MODEL

Objectives of opacity transfer function (OTF) in this paper include:
maximize differences between various objects inside volume data, and
represent corresponding inclusion relationship between objects at the
same time. The branch decomposition is used to represent the topol-
ogy of volume data in this paper. This section first presents how the
contour tree is used to represent inclusion relationship of objects in-
side volume data. Then the residue flow model is used to control the
flow of opacity band in the contour tree in order to specify OTF.
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Algorithm 1: Residue flow in the contour tree.

Input: Contour tree

Output: Opacity distribution in the contour tree

® Get initial opacity band ¢; for each depth level;

for each depth level i do

@ Get opacity residue factor Ah;;

® Get basic opacity band ¢; of the current depth level based
on residue Aq;_ from parents;

for each child j do

@ Distribute ; based on scalar value s;; as well as
importance measures;

® Get opacity band ;; of the current branch b; j;

end
® Get residue Aqy; of the current depth level;

end

6.1 Representation of Inclusion Relationship

In 3D space, structures of interest are often included by other struc-
tures because of their spatial positions. The inclusion relationship
refers to the situation of objects included by others in 3D space,
which creates inner objects and outer objects respectively. Takahashi
et al. [24] called this as isosurface embedding. Typical examples are
often seen in medical or mechanical structures. Providing clear insight
into inner structures involved in a volume data set has been a challeng-
ing task in the field of volume rendering.

Takahashi et al. [24] and Takeshima et al. [25] introduced inclusion
level to analyze inclusion relationship based on the original contour
tree. The inclusion level can be considered as the depth level in the
branch decomposition. In this paper, we use the branch decomposition
to analyze the inclusion relationship. The branch decomposition pro-
vides a direct way to track inclusion relationship based on branches.
Because a branch is usually a concatenation of a sequence of arcs in
the contour tree, the subregion corresponding to a branch is a com-
bination of subregions corresponding to arcs. We assume that there
exists an outermost surface which includes objects of interest in a data
set. So we track the inclusion relationship in the branch decomposi-
tion from the branch corresponding to the outer surface. Usually, the
outermost surface corresponds to the global minimum of the data set
which is one of the critical nodes of the root of the contour tree (see
Fig. 3). If the global minimum does not corresponds to the outermost
surface, a virtual minimum needs to be applied to set up the contour
tree [24]. The inclusion relationship analysis begins from the root and
tracks down to higher depth branches as shown in Fig. 3. The fur-
ther tracking of inclusion relationship is performed along every child
branch. The parent branch includes its child branch. In order to em-
phasize inner structures and deemphasize outer structures, branches
with lower depth value are applied with lower opacity and branches
with higher depth value are applied with larger opacity. This forms the
basis of the opacity residue flow presented in later subsections.

Compared with approaches in [24, 25], our method analyzes inclu-
sion relationships based on the branch decomposition. The branch de-
composition overcomes the disadvantage of “over-segmentation” by
the general contour tree, and thus avoids the unnecessary inclusion
analysis. Furthermore, our method applies transfer functions of differ-
ent subregions corresponding to branches locally but not globally.

6.2 Residue Flow from Parent to Children

In order to distribute opacity between branches and thus generate OTF
of volumetric data, we first divide the opacity range applied to volume
data into equal segments based on the maximum depth of the contour
tree. The initial value of each opacity band is computed as follows:

o,
oy =

; 3

dmax

where @ is the initial opacity band used to render a subregion cor-
responding to a branch on each depth level, ¢, is the opacity range
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used to render the overall volume data set, dyax is the maximum depth
value of the contour tree.

As mentioned in the residue flow model in the previous section,
the opacity band applied to each branch is modeled as water and the
branch is modeled as a pipe with porous medium inside. According to
the Darcy’s Law, the absolute head loss value Ah; between the ends of
the current branch in the contour tree is computed by Equation 4:

1 - Di
M= 2P )

1

where Ah; € [0.0,1.0], p; is the persistence of the current branch, nf is
the number of children of the current branch.

In this paper, Ah; is used as a factor to evaluate opacity band ab-
sorbed by the branch and residue delivered to the next depth level.
The opacity band and residue on the ith depth level are computed by
Equation 5 and Equation 6 respectively:

(X,'Z(Oﬂd+AOC,‘_|)-(lfAh,'), (5)

Ag; = (0 +Ac_1) - Ah, (6)

where i > 1, o = oz - (1 — Ahg), and Aay = oy — 0. 0 is the opacity
band applied to branches on the ith depth level, and A¢; is the residue
generated on the ith depth level (see Fig. 3).

The opacity residue Ace; flows from lower depth level to higher
depth level in the contour tree. As mentioned, branches on the lower
and higher depth level correspond to outer and inner structures respec-
tively. The flow of the opacity residue in the contour tree allows users
to apply larger opacity band to inner structures, and thus emphasize
inner structures in volume rendering. The higher the residue is, the
bigger the difference between inner and outer structures is. So we
can control the difference between inner and outer structures through
modulating flow rate according to Equation 4.

6.3 Residue Flow Among Siblings

The opacity band and residue flowing to branches on each depth level
need to be distributed further between sibling branches on that depth
level. One of objectives of the further distribution of opacity band and
residue is to maximize differences between sibling branches. Various
sibling branches have different extreme and saddle values. The saddle
value of each branch decides its exact location on the depth level it
resides. Importance values of persistence, volume, and hypervolume
of each branch are also contributed to enhance differences between
sibling branches. Considering these factors, the final opacity band ap-
plied to each branch is computed by Equation 7:

(jzl,...,nf.), @)

where @;; is the opacity band applied to the jth sibling branch on the
ith depth level (see Fig. 3). ¢ is the basic opacity band on the ith depth
level and computed by Equation 5. p;j, v;;, and hv;; are persistence,
volume, and hypervolume respectively of the jth sibling branch on
the ith depth level. gy, is the function used to control distribution of
opacity band between siblings based on importance values p;;, v;;, and
hvjj. n} is number of siblings on the ith depth level. g is the function
used to control distribution of opacity band between siblings based on
saddle value s;; of each branch.

In order to evaluate influences of various importance values of a
branch on the opacity band and residue flow, we use a concept of im-
portance triangle [30] to combine various importance values together
in order to modulate opacity band. The size (area) of the importance
triangle is used as the solution to the function g, in Equation 7 and
computed by Equation 8:

i = 05 gsp (Pijivij> hvij) - &sa (if)

1
g (Pijsvij i) = lij = 5 V (v i)+ (v pig)+ (i vig) .

1485

where p;j, vij, and hv;; are firstly normalized by corresponding local
maximum within sibling branches respectively on the ith depth level.

On the ith depth level, sibling branches have different saddle values.
Branches with lower saddle values are close to the start of the root of
the contour tree, and branches with larger saddle values are far away
from the start of the root of the contour tree. Because a branch is a
concatenation of a sequence of arcs in the general contour tree, we
apply smaller opacity band to branches with lower saddle values and
larger opacity band to branches with larger saddle values, in order to
emphasize branches with larger saddle values and represent inclusion
relationship. Based on this observation, the solution to the function
gs4 1n Equation 7 is computed by Equation 9:

min
S,’jfsi
8sd (Sij) = ——— )
o) = 2
where As; = S S = max(so,5, ). S =

min(si()vsil ’ "’VSi,nf)-
Finally, the actual opacity range applied to the jth branch on the ith
depth level is:

i—1
O = Olmin + Y O, (10)

m=0
i i1
0 = Omin + Y, O + 0tij, 1n
m=0

where Ocilj is the lower opacity value applied to the current branch. aihj
is the upper opacity value applied to the current branch. o, is the
minimum opacity value applied to the overall data set.

After getting the opacity range of each branch, one of transfer func-
tion shapes is selected to generate actual opacity values. In this paper,
we provide five typical transfer function shapes as shown in Fig. 4.
Each transfer function shape has its own features: the hat-like shape
aims to reveal isosurface-like shapes in the data set; the linear shape
can show other structures except isosurfaces. Other transfer function
shapes have similar features with the linear shape and hat-like shape.
The choice of the transfer function shape depends on the complexity
of volumetric data. If a data set contains complex structures inside, the
hat-like shape is more effective to reveal isosurfaces of structures and
see-through isosurfaces to show inner structures. Otherwise, the linear
shape and other shapes can also reveal inner structures effectively.

(b) Triangle (¢) Trapezoid (d) Half-Trapezoid (9 Hat

\a

() Linear

Fig. 4. Various transfer function shapes used in a branch.

7 COLOR TRANSFER FUNCTION GENERATION

In volume rendering, a color transfer function (CTF) is used to map
data features and scalar values to colors in order to label various struc-
tures and create aesthetic attraction. It is often defined arbitrarily by
trial and error based on personal preferences. Even if some transfer
function approaches provide widgets to assign colors to structures,
there are no theoretical relations between the selected color and the
object [14]. The CTF in this paper aims to incorporate topological
features derived from the contour tree into the CTF specification, and
focus attention on inner structures. It also aims to label different struc-
tures with various colors, and automate CTF generation to create har-
monic renderings. Thus the CTF specification becomes a meaningful
but not arbitrary process.

When viewing a color object, human visual system characterizes it
by its brightness and chromaticity. The latter is defined by hue and
saturation. Brightness is a subjective measure of luminous intensity. It
embodies the achromatic notion of intensity. Hue is a color attribute
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and represents a dominant color. Saturation is an expression of the rel-
ative purity. A perceptual color space (e.g. CIELAB space) includes
all these three perceptual components: hue, saturation, and brightness.
In our approach, we use CIELAB to computer colors. HSV color space
is used as an interface between color computation and the CTF spec-
ification. Thus we select a color triple of hue, lightness, and vivid-
ness for each branch of the contour tree. The hue is selected in HSV
space, and lightness as well as vividness are selected in the CIELAB
space. Specifically, the absolute chroma of a color refers to colorful-
ness and can be computed in CIELAB space from Equation 12, and
vividness is defined as color’s relative purity (chroma) and got from
Equation 13 [27]:

chrom (h,s,v) = \/a? + b2, (12)
vivid (h,s,v) = chrom (h,s,v) /chrom (h,1,1), (13)

where a and b are color components in CIELAB color space.

Our work extends Wang et al.’s approach [27] in following ways:
various hues are selected for each branch, and topological attributes
derived from the contour tree instead of specified manually as in [27]
are used in lightness and vividness selection. The contour tree is used
to automate the overall color selection process. The color selection
process for the CTF of each branch is presented as follows:

Step 1 Hue selection. There are N branches in the contour tree, which
correspond to various subregions/structures in the data set. This
step creates various hues for each branch in order to increase con-
trast between structures. Different N hues may be evenly located
on the hue wheel in HSV space. We may also use a harmonic
color template [5] to select a hue type and limit hue positions in-
side the harmonic hue range on a harmonic hue wheel. We start
to specify colors to each branch from the root of the contour tree.
The choice of the color hue type depends on complexity of vol-
umetric data. If a volume data contains large number of objects
inside, users may use a hue type with large hue range or even the
full hue range in order to increase differences between objects.

Step 2 Lightness selection. Good global lightness contrast helps to
discriminate different features. It also helps in the depth or-
dering task to discriminate inner structures. The lightness of
each branch is computed based on its depth and subtree size.
Depth of the branch helps to highlight contrast of inner struc-
tures. Branches with lower depth are applied with higher light-
ness values, and branches with higher depth are applied with
lower lightness values. The subtree size allows to consider af-
fects of number of objects on the overall lightness. Branches
with larger subtree size are applied with higher lightness in or-
der to get higher contrast between structures and highlight inner
structures. The lightness is obtained by Equation 14:

d:; n‘?.
Lij = Lmax — dni:x . (1 - nsU ) : (Lmax _Lmin)7 (14)
‘max

where L;; is the lightness applied to the current branch, n} ) is the

size of subtree beginning from the current branch, n},,, is the
whole contour tree size.

Step 3 Vividness selection. Vividness can be a strong depth cue
because decreasing vividness gives the effect of seeing in a
fog [21]. It guides the observer to the most important features
of the data. The vividness of each branch is obtained based on
its depth and importance value. For the former, we apply lower
vividness values to branches with lower depth in order to focus
users’ attention to inner structures. The importance value of each
branch is also considered and more important branches are col-
ored with a higher vividness. So this specification can be repre-
sented with Equation 15:
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d..
—L 'Iij . (Vmax - Vmin)7

dmax

Vi j— Vinin + (15)
where V;; is the vividness applied to the current branch, d;; and
dmax are the depth of the current branch and maximum depth of
the current tree, I;; is the importance value of the current branch
computed by Equation 8, Vj,in and Viyax are the minimum and
maximum vividness specified by the user which determine the
overall vividness of the visualization.

After the hue, lightness, and vividness have been selected, we con-
vert these (h,L,V) triples to their (h,s,v) equivalents and finally to
RGB for the transfer function. To obtain (A, s, v) from a given (h,L,V),
we use the binary search in a given hue slice in HSV space [27].

8 EXPERIMENTAL RESULTS AND DISCUSSIONS

We conducted experiments on various data sets to demonstrate the
effectiveness and utility of the proposed approach in volume render-
ing. Our system was run on Ubuntu platform on a Dell machine (Intel
Core2Duo CPU E4400, 3G RAM) equipped with an NVIDIA GeForce
8300GS graphics card.

O

C

(c) Rendering

(a) Contour tree (b) Color range and TF shape

Fig. 5. Volume rendered nucleon data set using harmonic hue T-Type
and linear transfer function shape.

=

—
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Fig. 6. Transfer function set generated in Fig. 5.

We first used the proposed approach to automate the transfer func-
tion generation for the “nucleon” data set, a 41 x 41 x 41 voxel data
set resulting from a simulation of the probability distribution of a nu-
cleon in the atomic nucleus 160, see http: //www.volvis.org/.
Fig. 5 shows the result of the experiment. In this figure, the harmonic
color hue T-Type and linear transfer function shape are used as shown
in Fig. 5(b). Fig. 6 shows the transfer function set generated in this
experiment. By observing the result, the nested inner structures and
outer layers are clearly revealed. This figure clearly shows various
layers from outside to inner side with increased opacity, and increased
vividness and decreased lightness. Harmonic colors give users aes-
thetic attraction and enhance understanding of structures.

Fig. 7 shows the rendering result of the “fuel” data set, a 64 X 64 x
64 voxel data set resulting from a simulation of fuel injected into a
combustion chamber, see http://www.volvis.org/. Using the
contour tree controlled residue flow model, it is possible to automati-
cally reveal inner structures while rendering surrounding layers using
a low opacity. Colors of various structures are differentiated, and inner



CORREA AND MA: THE OCCLUSION SPECTRUM FOR VOLUME CLASSIFICATION AND VISUALIZATION

@

LS

 ' [

(a) Contour tree

(b) Color range and TF shape (c) Rendering
Fig. 7. Volume rendered fuel data set using full hue range and linear
transfer function shape.

structures are emphasized and applied with colors with high vividness
and low lightness. Thus colors of structures controlled by topological
attributes enhance understanding of structures.

LA

(b) Color range and TF shape

(a) Contour tree

(¢) Rendering

Fig. 8. Volume rendered knee data set using full hue range and hat-like
transfer function shape.

LA

(b) Color range and TF shape

(a) Contour tree (c) Rendering
Fig. 9. Volume rended foot data set using harmonic hue T-Type and
hat-like transfer function shape.

To demonstrate how our proposed method performs on real-world
medical data sets, we conducted an experiment on a moderately
sized 379 x 229 x 305 voxel CT knee data set (see http://www9.
informatik.uni-erlangen.de/External/vollib/) as
shown in Fig. 8, and a 256 x 256 x 256 voxel CT foot data set (see
http://www.volvis.org/) as shown in Fig. 9. The full hue
range and hat-like transfer function shape are used in Fig. 8, and the
harmonic color hue T-Type and hat-like transfer function shape are
used in Fig. 9. The inner bone structures and outer surface layers
are clearly revealed with different colors at the same time. Inner
structures are rendered using high opacity, high vividness, and low
lightness, while outer surfaces are rendered using low opacity, low
vividness, and high lightness. The transfer function for each structure
is automatically and locally defined, in order to highlight internal
structures while revealing outer layers.

The proposed approach is also applied to a more complicated data
set, an MR head data set with brain tumors inside (data courtesy of
B Terwey, Bremen). In the MR head data set, brain tumors are of-
ten difficult to be visualized because of inclusions of tumors inside the
brain and complicated brain structures. The full hue range and hat-like
transfer function shape are used in this experiment. In this figure, be-
cause opacity residues flow from outer structures to internal structures,
the brain tumor is highlighted using high opacity, high vividness, and
low lightness. Meanwhile, inner brain shape and outer head surfaces
are clearly depicted using low opacity to show context. The rendering
result enhances users’ understanding of the tumor in the brain data.

The effectiveness of the proposed approach can also be observed

(a) Contour tree

(¢) Rendering

(b) Color range and TF shape

Fig. 10. Volume rendered tumor head data set using full hue range and
hat-like transfer function shape.

in movies accompanying this paper, which show how rendering re-
sults are changed when the opacity flow rate Q is increased for the
“fuel” and “nucleon” data sets. From the movies, we see that outer
surfaces become more transparent and then peeled off, while inner
structures become more clear with the increasing of the opacity flow
rate Q. This is because that more opacity residues flow to inner struc-
tures when the opacity flow rate is increased. The movies give users
better understanding of the effectiveness of the residue flow model in
transfer function generations.

The volume rendering pipeline in this paper is implemented based
on graphics processing unit (GPU) fragment programs. The perfor-
mance of the system allows real-time exploration of the volumetric
data. The processing time of automatically generating transfer func-
tions for a data set depends on branch number of the contour tree and
size of the data set. For small data sets, such as the “fuel” data set, the
branch number is usually within a manageable size (e.g. less than 90
before simplification and around or less than 20 after simplification).
The transfer function can be interactively generated for such data sets.
We created movies for “fuel” and “nucleon” data sets to show how
transfer functions are interactively generated when changing the opac-
ity flow rate in this paper. The frame rate (the size of the view port is
400 x 374 in this paper) for the “fuel” data set is 36.5fps (20 branches,
and original branch number is 86), and the frame rate for the “nu-
cleon” data set is 55.8fps (8 branches, and original branch number is
40). However, frame rates for larger data sets are still sufficiently high
for automatically transfer function generations. For example, the pro-
cessing time of generating transfer functions for the CT knee data set
is 1.27s (10 branches, and original branch number is 954968). After
generating transfer functions, users can interactively explore data sets.

From the experiments, we can see that the proposed approach can
effectively automatically generate transfer functions. Compared with
conventional transfer function methods, our approach has following
advantages: 1) It only requires users to simply control the opacity
residue flow rate, instead of time-consuming interactions for tweak-
ing complex transfer function parameters to explore volume data. 2)
The generated transfer function automatically reveals topological re-
lations (such as inclusion relationships), instead of manually control-
ling parameters to depict topological relations. Furthermore, it is even
impossible for conventional transfer function methods to carry out a
such task if scalar ranges of various structures are overlapped in a data
set. 3) It only requires users to understand the concepts of flow rate
and transfer function shape, instead of complex visualization expert
knowledge as required by conventional methods. Although some tried
to overcome this problem by introducing semantic layers to ease trans-
fer function specifications [20, 19], they still need complex decisions
and interactions. 4) The automatically generated transfer functions
also provide initial estimates even if users are to manually fine tune
them. 5) Because the proposed approach does not require much in-
volvement from users, it is even effective for an unknown volume data
set. 6) The advantage of the residue flow model is that it allows the
opacity residue sinks down to leaves inside an upsidedown contour
tree, and results in larger opacities of branches on the higher depth
level. This means that inner structures get larger opacity than outer
structures, and thus emphasize inner structures. In summary, our new
approach greatly improved the transfer function generation process,
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and it would be significantly beneficial to users who are not visualiza-
tion expert.

Various opacity transfer function shapes are provided in the frame-
work. Opacity transfer functions with hat-like shape try to capture
isosurfaces in the data set. This results in the possibility that users
may see through outer surfaces to perceive inner structures in volume
rendering. However, other transfer function shapes are also power-
ful in revealing structures in volumetric data. For example, the linear
shape used in Fig. 5 and Fig. 7 is effective in depicting inner struc-
tures of data sets. Compared with Wang et al.’s method [27] which
uses parameters such as importance levels specified manually by users
to control color generations, our approach controls color generations
based on topological attributes directly derived from the contour tree.
This is more meaningful and effective. We used both full hue range
color and harmonic color in the experiments. Full hue range color
provides high color contrast of structures, while harmonic color cre-
ates aesthetic attraction in the rendering.

The effectiveness of our method depends on the quality of the con-
tour tree, which indicated by signal-to-noise ratio (SNR) and contrast
of volumetric data. Data sets with higher SNR and higher contrast cre-
ate higher quality contour trees which can more accurately represent
topology of data sets, and thus generate transfer functions more ef-
fectively. Fortunately, with the improvement of scanning techniques,
scientists may get volumetric data with higher quality, and thus our
method becomes more effective in transfer function generations. Cur-
rently, we may improve the quality of the contour tree through prepro-
cessing of volumetric data (e.g. filtering).

9 CONCLUSIONS AND FUTURE WORK

This paper presented a new paradigm for automating transfer func-
tion generations in volume rendering. In the proposed approach, a
residue flow model based on Darcy’s Law was set up to differentiate
the distribution of opacity between branches of the contour tree. Topo-
logical attributes were also used to control color selection in a percep-
tual color space and create harmonic color transfer functions. The
generated transfer functions depicted inclusion relationship between
structures and maximized differences between them. Experiments on
various data sets showed effectiveness of our approach in automation
of transfer function generations. In summary, the proposed approach
allows more efficient automation of transfer function generation, and
data exploration through the control of opacity residue flow rate rather
than complicated low-level transfer function parameters.

In the future, more choices of local transfer function shapes for each
branch will be developed. For example, multi-dimensional transfer
functions and other approaches reviewed in Section 2 can be adapted
for each branch to automate and improve the overall effectiveness of
transfer function generations. We also plan to automate the selection
of local transfer function shapes based on topological attributes and
other data features.
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