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a  b  s  t  r  a  c  t

Transfer function design is a key issue in direct volume rendering. Many sophisticated trans-

fer  functions have been proposed to visualize boundaries in volumetric data sets such as

computed tomography and magnetic resonance imaging. However, it is still conventionally

challenging to reliably detect boundaries. Meanwhile, the interactive strategy is complicated

for  new users or even experts. In this paper, we first propose the human-centric boundary

extraction criteria and our boundary model. Based on the model we  present a boundary

visualization method through a what material you pick is what boundary you see approach.

Users can pick out the material of interest to directly convey semantics. In addition, the 3-D

canny edge detection is utilized to ensure the good localization of boundaries. Furthermore,

we  establish a point-to-material distance measure to guarantee the accuracy and integrity of

boundaries. The proposed boundary visualization is intuitive and flexible for the exploration

of  volumetric data.
© 2015 Elsevier Ireland Ltd. All rights reserved.

1.  Introduction

Direct volume rendering (DVR) is a widely used visualization
technique to demonstrate the internal structures of volumet-
ric data [1,2]. The applications of DVR range from medical
visualizations to atmospheric simulations. However, design-
ing an appropriate transfer function (TF) is still particularly
challenging which limits the application of DVR. TFs [3] are
designed to map  data properties (e.g. scalar value, gradient)
to optical properties (e.g. color, opacity). Color is used to
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generate a visual distinction between different data proper-
ties [4]. Opacity determines the visual degree of each voxel in
volumetric data sets.

The visualization of the boundaries of three-dimensional
(3-D) computed tomography (CT) and magnetic resource imag-
ing (MRI) volumetric data has a wide range of applications
and great significance for disease diagnosis and screening
[5]. In order to highlight boundaries, gradient magnitude (∇f)
has often been employed as a data property [3,6]. The most
common TFs designed to visualize boundaries are multi-
dimensional, such as intensity-gradient (f − |∇f|) histogram [7]
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and LH histogram [8]. The user interfaces of these sophis-
ticated TF designs provide various widgets to help users to
extract regions from the histograms. However, there exist two
major obstacles in designing TFs for boundaries. First, the
precise localization and detection of the boundaries is diffi-
cult. TFs are designed by assigning color and opacity to the
extracted regions with the help of the widgets. Sometimes,
the regions representing different boundaries are connected
due to noise. Therefore, misclassification among different
boundaries may occur while extracting regions. When the
interference reaches a certain level, it is impossible for users to
pick out the boundaries with high quality. Second, semantics
is difficult to be integrated into boundary TF design. Multi-
dimensional TFs concentrate on data properties which are
difficult to be understood by non-experts, such as physicians
and radiologists. They have to first translate their domain
knowledge into the form of computer graphics. Sometimes
a slight change of the translation may lead to a dramatic dif-
ference in the final rendering result. It is a tedious task to fine
tune the widgets to generate high-quality TFs by non-experts
via trial-and-error process.

In this paper, we  first propose three boundary visualiza-
tion criteria and our boundary model. Compared with the
classic two-material boundary model which is employed by
LH histogram, our model only focuses on one material to
achieve the human-centric interaction and introduce edge
points for the precise localization of boundaries. Based on this
boundary model we propose a what material you pick is what
boundary you see boundary visualization that accepts direct
manipulations on the original volumetric data, which enables
the integration of semantics. Users can directly pick out the
material of interest in the 2-D sequential images to transmit
semantics. In addition, we utilize 3-D canny edge detection
to ensure the good detection and localization of boundaries.
Furthermore, we  establish a point-to-material distance mea-
sure to guarantee the accuracy and integrity of boundaries.
Without the tedious region extraction in a newly defined
multi-dimensional TF domain and concerning about the qual-
ity of the TF design, users can focus on the exploration of the
volumetric data intuitively.

This paper is organized as follows: In Section 2, we
discuss relevant methods in literature. In Section 3, we
describe the general notion of boundary extraction crite-
ria and our boundary model. In Section 4, we  present our
boundary extraction method based on our boundary model.
In Section 5, we  establish the TF to visualize boundaries.
In Section 6, we  use several concrete examples to demon-
strate the advantage of our proposed method. In Section 7,
we provide the limitations, followed by the conclusion in
Section 8.

2.  Background

Transfer function design is of essential importance to direct
volume rendering. According to whether focusing on the
original volumetric data or direct volume rendering images
(DVRIs), TFs can be roughly divided into data-centric and
image-centric [7].

2.1.  Data-centric  TF  design

Data-centric TFs mainly employ inherent data features, such
as intensity and derivative magnitude, as the input data prop-
erties. In order to aid the design, these features are often
organized in the form of histograms.

2.1.1.  Traditional  1-D  and  2-D  TFs
1-D histogram with the intensity value as x-axis is the most
widely used. To highlight boundaries, gradient is introduced
to the TF design. Levoy et al. [3] and Drebin et al. [6] put for-
ward a 1-D TF to display different boundaries using gradient
magnitude. To reduce the overlapping, Kindlmann et al. [7]
proposed a 2-D histogram (f − |∇f|) with the horizontal axis
representing intensity value and the vertical axis represent-
ing gradient magnitude. Arches in the histogram represent
boundaries between different materials. Second derivative [9]
and curvature information [10] were integrated into the f − |∇f|
histogram to get further improved rendering results.

2.1.2.  LH  histogram
Unlike the aforementioned histograms using inherent fea-
tures directly, LH histogram is based on the boundary model
proposed by Nickoloff and Riley [11] and treats the boundary
as the transition of two idealized homogeneous regions. Lum
et al. [12] proposed the early concept of LH. LH means the
high intensity and low intensity of the homogeneous regions
connected by the boundary. Arches in f − |∇f|  histogram are
transferred to straight lines in LH histogram for an easy recog-
nition. Sereda [8] compacted the arches to points and lines in
LH histogram for a convenient extraction of the boundaries.
Serlie [13] derived the relationship between f − |∇f|  and LH
histogram in a strict mathematic form based on the bound-
ary model. Praßni et al. [14] proposed a new way to efficiently
construct LH histogram. Region selecting is the key issue for
LH histogram. Sereda et al.[15] used hierarchical clustering to
automatically divide LH histogram into independent regions.
Nguyen et al. [16] applied mean shift clustering to LH his-
togram and then used hierarchical clustering to group similar
voxels.

2.2.  Image-centric  TF  design

Unlike data-centric TFs, image-centric TFs focus on direct vol-
ume render images. He et al. [17] and Marks et al. [18] explored
the TF space by searching DVRI galleries. As users are the
direct receivers, Wu et al. [19] proposed a system to maxi-
mize the similarity between the DVRIs and the images given
by users. Wu  et al. [20] extended the system by introducing
four quantitative measures of DVRIs based on the intuitive-
ness and efficiency of users. To search the appropriate TFs,
image-centric TF designs often construct a feedback process of
users’ inputs in the form of minimizing information entropy,
which can be come down to optimization problems [17,18,20].

2.3.  Interactive  TF  design

Almost each TF design tends to provide a user-friendly inter-
face for a convenient interaction. The data-driven TF designs
provide various widgets to users [21,22,9]. These widgets
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