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Abstract: While data with uncertainties arises in many scientific domains and engineering applications, the visualization

of such data remains challenging as uncertainty information must be included in an accessible and compre-

hensible manner.In this paper we present pulsating uncertainties as a novel way to highlight uncertainties by

animated two-dimensional transfer functions (2DTF) for uncertain scalar data sets. It allows for a flexible

classification by 2DTFs and an effective and pre-attentive highlighting of uncertainty by animating the 2DTFs

while enabling users to simultaneously explore the 3D scene.In addition, we present the isosurface variability

widget to highlight the variability of isosurfaces for data with uncertainty.We demonstrate the characteristics

of the new approach by experiments using climate simulation and medical data.

1 INTRODUCTION

Direct volume rendering (DVR) is a common visu-

alization method to explore and visualize volumetric

data sets emerging in medicine, engineering and nat-

ural sciences. Due to a lack of precise measurements,

a lack of prediction accuracy, a lack of completeness,

to name only a few examples (Kamal et al., 2021),

such data can be affected by uncertainty. Thus, almost

all types of visualization methods, among them DVR,

have been adapted or extended to be able to deal with

uncertainty (e.g. (Athawale et al., 2021; Sakhaee and

Entezari, 2017; Liu et al., 2012)) or to allow visualiz-

ing the uncertainty in the data to some extent (Pang

et al., 1997; Bonneau et al., 2014; Hägele et al.,

2022). The latter is especially important for those

users who want to understand, analyze or at least con-

sider the uncertainty in the data they are working with.

In this paper, we present pulsating uncertainties, a

novel DVR approach combining animation and two-

dimensional transfer functions (2DTFs) in order to

pre-attentively highlight more uncertain areas in the

dataset and to automate the exploration and illustra-

tion of these areas. This deliberately contrasts with
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numerous state-of-the-art methods that employ trans-

parency to illustrate uncertainty and thus rather hide

data points with higher uncertainty instead of high-

lighting them.

Our approach addresses and solves four tasks

(Hi) focus on highlighting the uncertainty and two

tasks (Ii) focus on assisting users in the interactive ex-

ploration in the context of DVR-based visualization

of uncertainty in 3D scalar fields which have not been

addressed in previous work: H1 As uncertainties in

the data often require special attention, regions with

higher uncertainty should be highlighted to enable

their intuitive and pre-attentive identification. H2 Iso-

surfaces are one of the prevalent visualization meth-

ods for 3D scalar data, and prior research has explored

their application in uncertain datasets (Pöthkow and

Hege, 2011; Pöthkow et al., 2011; Pfaffelmoser et al.,

2011). As the position of the surfaces is unsure, their

possible distributions should be illustrated in a way

that allows to be recognized pre-attentively. I1 The

pre-attentive highlighting of the uncertainty should

be retained, while allowing users to manually explore

the three-dimensional scene by manipulating the view

(rotate, pan, scale). I2 Allow for an automated ex-

ploration of the data values (e.g. mean) for specific

uncertainty ranges, while allowing users to manually

explore the three-dimensional scene. Pulsating un-

certainties support these tasks using a combination of

2DTFs, animations and a specific 2DTF widget which
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we call isosurface variability widget (IVW).

We do not aim to replace well-established DVR-

based uncertainty visualization techniques by pul-

sating uncertainties, but rather see our approach as

a complementary technique in cases where existing

techniques are tedious to use or do not sufficiently

guide the attention of the users to the uncertainty in

the data. We note that our method is aimed at uncer-

tainty present in the data itself (data uncertainty (Ka-

mal et al., 2021)) and does not treat uncertainty re-

sulting from the visualization process or being propa-

gated through the pipeline (visualization uncertainty).

2 RELATED WORK

As mentioned above, many methods for the visual-

ization of uncertainty have been proposed in the last

decades. Surveys by Kamal et al. (Kamal et al.,

2021), Pang et al. (Pang et al., 1997) and Bonneau

et al. (Bonneau et al., 2014) summarize this work.

While past work includes techniques for many differ-

ent types of data, we concentrate on methods dealing

with scalar fields. More specifically, our method is

related to work in the three areas:

a) visualization of scalar fields with uncertainty,

b) direct volume rendering and transfer functions (es-

pecially two-dimensional transfer functions), and

c) visualizations employing animations.

In the following, we summarize the related work

in sections considering different combinations of the

above listed areas.

Visualization of Uncertainty of Scalar Fields In-

cluding DVR and transfer functions (TFs). [a+b]

One of the earlier works regarding the visualization

of uncertainty in scalar fields using DVR has been

presented by Djurcilov et al. (Djurcilov et al., 2002).

While Djurcilov et al. use predefined colored regions

on a scatter plot to specify a 2DTF for the volume ren-

dering, the approach we propose uses an interactive

2DTF editor with different widgets and color-scales to

classify regions of interest. Other work, e.g. Sakhaee

et al. (Sakhaee and Entezari, 2017) and Athawale et

al. (Athawale et al., 2021), included the uncertainty

into the volume rendering process itself, allowing to

explore volumetric data with uncertainty using prob-

ability density functions (PDFs) and non-parametric

representations. None of these works however con-

siders the effect of animations applied to 2DTF clas-

sification widgets in the context of uncertainty visual-

ization of scalar fields.

Visualization of Uncertainty of Scalar Fields Us-

ing Animations. [a+c] Gershon (Gershon, 1992)

proposed one of the few approaches to visualize un-

certainty, here fuzziness, using animation. Later,

Ehlschlaeger et al. (Ehlschlaeger et al., 1997) look

into the visualization of positional uncertainty in el-

evation models using an animation-based sequence of

possible surface realizations. Brown (Brown, 2004)

introduced a new approach for visualizing uncertainty

using animated visual vibrations through oscillation

functions.

Our approach follows these works in targeting hu-

man motion perception to highlight areas with higher

uncertainty using DVR and pulsating 2DTFs to visu-

alize the volume data directly while integrating uncer-

tainty information into the rendering.

Visualization with DVR and TFs Including Ani-

mations. [b+c] Correa et al. (Correa and Silver, 2005)

present a method for data set traversal by moving a

region in which a TF is applied along a pre-specified

skeleton path in order to provide focus-plus-context

(F+C) views. Another F+C visualization approach

has been introduced by Woodring et al. (Woodring

and Shen, 2007), proposing the concept of animat-

ing TFs to incorporate animations in volume render-

ing. Yet another work presenting F+C visualization

has been presented by Sikachev et al. (Sikachev et al.,

2010) extending towards a dynamic F+C approach

that highlights features during user interaction. Akiba

et al. (Akiba et al., 2010) presented AniViz, an anima-

tion tool which allows a user to turn the results of data

exploration and visualization into an animation.

While the aforementioned works give insights

about the application of animations in a volume ren-

dering context, this article uses animations of 2DTFs

to investigate their effect with regard to the visualiza-

tion of uncertainty in a spatial data set.

Visualization of Uncertainty with DVR and TFs

Including Animations. [a+b+c] The work of Lund-

ström et al. (Lundström et al., 2007) is the only one

found related to the investigation of uncertainty (a)

using animations (c) with DVR and TFs (b). In their

approach, they address the uncertainty in the classi-

fication of a TF by interpreting overlapping classifi-

cations to be uncertain. These fuzzy classifications

are presented as an animated rendering of the mapped

color/opacity. In comparison to Lundström et al. who

investigate the visualization of uncertainty stemming

from the classification, our approach focuses on the

uncertainty in the scalar data using animated 2DTFs

for DVR thus resulting in a different presentations and

implementations.

Others. While not directly related to our approach,

Pöthkow et al. (Pöthkow and Hege, 2011) and Pfaf-

felmoser et al. (Pfaffelmoser et al., 2011) presented

approaches to visualize the positional variability of
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with uncertainty. As the method is not limited to data

from a certain domain, we were able to demonstrate

its expressiveness on data from diverse domains.

Animated 2DTFs open many avenues for fu-

ture work in uncertainty visualization. Instead of

the standard deviation the level-crossing probability

(LCP) (Pöthkow and Hege, 2011) could be used for

the y-axis of the 2DTF. The advantage of the LCP is

its capability to deal with non-parametric models of

uncertainty. The interpretation of the animation and

visualization would be a challenge for this research.

We present only a limited amount of widgets for an-

imation. Further widget designs and animation types

(scale, rotate, translate) could be used to explore the

complex data sets with uncertainty in other meaning-

ful ways. It is obvious that animation works well for

highlighting, nevertheless analyzing which animation

speed is most effective could be interesting.
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