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“You miss 100 percent of the shots you don’t take.”

Wayne Gretzky
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Abstract

This dissertation investigates two underexplored challenges in visual data analysis:
the effective communication of large value ranges and the visual validation of statistical
(regression) models. Within the visual analytics framework, both challenges target criti-
cal parts in the data analysis process — namely, visual encoding and model building —
in which visualization plays a pivotal role in enabling human insights.

The first topic focuses on the visualization of large value ranges, especially in time-
dependent data. Data with large value ranges are data sets whose values span several
orders of magnitude. Standard visualizations, such as linear or logarithmic scales, of-
ten fail to support readability or accurate comparison across orders of magnitude. To
address this, this dissertation proposes novel visualization techniques that explicitly en-
code both mantissa and exponent components through refined visual mappings, includ-
ing a nested color scheme, a scale that bridges the strengths of linear and logarithmic
axes, and multiple visual designs for single and multiple time-series data. Empirical
user studies across a range of tasks — such as identification, discrimination, and estima-
tion — demonstrate that these techniques significantly improve task accuracy, response
time, and confidence in interpretation across domain-agnostic data sets. The contribu-
tions extend beyond nominal data to support complex time-series structures, for which
large value ranges are common across scientific and public domains, introducing scal-
able designs that enhance perception of magnitude variations. All developed techniques
are domain-agnostic and are practical alternatives for visualization designers facing large
value ranges in time-series data.

The second topic explores visual model validation, a process by which users assess
the fit and plausibility of statistical or machine learning models through visual inspec-
tion. While visual estimation (i.e., visual model building) has received considerable at-
tention, fewer studies address the perception and judgment of already computed model
results. This dissertation investigates the cognitive and perceptual processes involved
in validating visualized linear regression models. Through experimental human-subject
studies, the accuracy of visual validation and estimation is compared, and key factors are
identified that influence users’ ability to reliably validate model results. These factors in-
clude perceptual biases, user strategies, as well as data and design features. The findings
contribute to a better understanding of visual validation processes and provide useful
insights for machine learning applications and the design of visual analytics systems.

Together, this dissertation advances the theoretical and practical foundations of visual
data analysis by introducing novel techniques for encoding large value ranges and em-
pirically evaluating human assessment of model outputs. These contributions enhance
the communication of complex data in high-impact domains, such as pandemic moni-
toring or socioeconomic analysis. Furthermore, a deeper understanding of visual model
validation enables practitioners to better interpret the uncertainty of model predictions,
e.g., in medical diagnostics. The findings presented provide a foundation for future re-
search in visualization design, human-centered AI, and explainable analytics.
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Chapter 1

Introduction

1.1 Background and Motivation

This dissertation investigates two important aspects of visual data analysis: the effec-
tive visual communication of large value ranges and the visual validation of regression
models. Both topics are situated within the broader context of standard data analysis
work�ows, where visualization plays a central role in data understanding and interpre-
tation.

Visual data analysis has emerged as a powerful approach to derive meaningful in-
sights from complex and voluminous data sets. This analytical approach transforms
raw data into visual representations to facilitate human understanding, enabling users
to identify patterns, trends, anomalies, and relationships that may be dif�cult to de-
tect through numerical inspection alone. Visual data analysis supports a wide range
of use cases — from exploratory research to decision-making — and builds the inter-
section between data science, information visualization, and human–computer interac-
tion. It ampli�es human cognitive capabilities through visual representations, allowing
users to process large amounts of data through perception rather than abstract reasoning
alone [35,129,184,193].

The diversity of visual data analysis techniques re�ects its wide applicability. It
spans from static visualization designs to interactive visual systems capable of handling
high-dimensional, multivariate data. These techniques must often accommodate extreme
value differences or computational model results. Consequently, visualization must not
only convey data in an effective way but also support trust and comprehension in the
face of complexity [41,56,66].

FIGURE 1.1: The visual analytics pipeline by Keim et al. [107].
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FIGURE 1.2: The parts of Keim et al.'s visual analytics pipeline relevant for the visual
communication of large value ranges.

To guide this multifaceted process, Keim et al. [107] introduced their visual analytics
(VA) pipeline, a conceptual model that outlines the key stages of visual analysis (Fig-
ure 1.1):

• Data transformation: Raw data is preprocessed, cleaned, and structured in a way
that facilitates the subsequent analyses.

• (Interactive) Visualization and visual mapping: The processed data is encoded into
visual forms based on chosen visual variables. The visual representations may be
presented through user interfaces that support various interaction techniques to
adjust the data views.

• Model building and visualization: Statistical models are calculated on the transformed
data. The model results are visualized along with the data, allowing for their vali-
dation. Model parameter can be re�ned either interactively or computationally.

• Knowledge generation: Through iterative exploration and interpretation, users derive
insights, make decisions, or generate new hypotheses.

This pipeline not only delineates the stages of visual data analysis but also emphasizes
the recursive nature of the process. Rather than a strictly linear sequence, the pipeline
allows feedback loops in which users re�ne earlier steps based on insights gained during
interaction, underscoring the importance of human involvement at each stage. It also
serves as a useful framework for positioning speci�c challenges and design strategies
within the broader scope of visual analytics.

The research conducted in this dissertation covers different parts of the visual analyt-
ics pipeline to explore two key challenges in visual data analysis. Both topics highlight
essential, yet often under-addressed, aspects of designing effective visualizations — how
to accurately and accessibly present data with high numerical variation, and how to sup-
port users in understanding and assessing the validity of computational models through
visualization.

The �rst topic — the visual communication of large value ranges — focuses on novel
visual designs and improved color coding that enhances both the readability of mantissa
values as well as the perception of magnitude variations. This topic relates to the visual
mapping process of the VA pipeline, in which problem speci�c encodings are developed
for an accurate interpretability of the underlying data. The de�ning characteristic of the
investigations is that the visualized data contain large value ranges (see Figure 1.2).
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FIGURE 1.3: The parts of Keim et al.'s visual analytics pipeline relevant for visual model
validation.

In the second topic — the visual model validation —, the interplay between compu-
tationally derived statistical models and human perception is examined. By juxtaposing
model results with raw data, analysts can iteratively re�ne both their models and their
understanding of the underlying processes. Reliable visual validation of the model re-
sults is essential for this process. Hence, this work studies people's ability to visually
assess the quality of a model and the factors that in�uence this, such as perceptual bias
and visual design.

As shown in Figure 1.3, visual model validation is only implicitly incorporated into
standard visual analytics frameworks. Therefore, in this thesis, the role of visual model
validation in visual analytics processes is explicitly described and integrated into a novel
VA pipeline.

Altogether, the two �elds studied in this dissertation advance both the design space
of large value ranges visualization and the transparency of analytic modeling. Thereby,
they strengthen individual parts of the visual analytics process.



Chapter 1. Introduction 4

1.2 Visual Communication of Large Value Ranges

1.2.1 Background, Motivation, and Related Work

Data sets with large value ranges (LVR) are characterized by values that encompass
multiple exponents (i.e., orders of magnitude) as represented using the scienti�c nota-
tion [17, 23, 93, 94]. In this notation, each valueEis divided into its mantissa < 2 R n f0g
and exponent 4 2 Z :

E= < � 104 (1.1)

In this dissertation, the most common base 10 is used, but other bases (e.g., base 2 for
�oating-point numbers) are also possible. The scienti�c normalized notationis employed,
in which 4 is chosen so that j< j 2 »1, 10º [18].

Large value ranges have become an integral part of various scienti�c �elds (e.g., cloud
measurements in meteorology [162] or physical measurements such as the electromag-
netic spectrum [204]) as well as several domains of daily life (e.g., pandemic tracing [121]
or cryptocurrency or stock prices for �nancial investments [133]). Therefore, an effective
static visualization of large value ranges is important for both scientists and the public to
provide an informative overview, both for print and digital media.

Standard visualization techniques, such as linear or logarithmic scaled charts, work
well for small value ranges, but prove inadequately for large value ranges. The example
in Figure 1.4 illustrates that a linear scale makes it extremely dif�cult to read and com-
pare values in lower orders of magnitudes. Values below a certain threshold are even
rendered at sub-pixel sizes, resulting in a loss of information (see Figure 1.4a). The uti-
lization of a logarithmic scale is a viable solution to this issue, as it ensures that all values
are rendered distinctly (see Figure 1.4b). Nevertheless, it introduces signi�cant interpre-
tative challenges. Logarithmic representations are not widely understood by the general
public [47,125,155] and have been shown to cause misinterpretations even among scien-
ti�c audiences [111]. Additionally, logarithmic scales complicate fundamental analytical
tasks, such as accurately estimating ratios between values of similar or adjacent magni-
tudes, thereby reducing their effectiveness for detailed quantitative comparison [93].

Previous research has introduced alternative visualization techniques to overcome
the limitations of linear and logarithmic scales. These approaches commonly decompose
values into their mantissa and exponent, which are then visualized using distinct visual
encodings or novel scales. Hlawatsch et al. [93], Borgo et al. [23], and Höhn et al. [94]
each introduced adaptations of the traditional bar chart to accommodate data with large
value ranges. These approaches employed distinct visual variables to represent univari-
ate data values. Their studies demonstrate that incorporating the unique characteristics
of large value ranges into visualization design enhances performance on tasks such as
value retrieval, sorting, ratio and difference estimation, and trend detection. However,
their investigations have been limited to nominal data and variations of the traditional
bar chart.
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(A ) Linear scaling.

(B) Logarithmic scaling.

FIGURE 1.4: Linear bar chart (A) and logarithmic bar chart (B) visualizing a sample of
the German government's budget allocations (in e ) [60], illustrating order of magni-

tude differences.

1.2.2 Research Questions

Large value ranges are not only found in nominal, one-dimensional data. This disser-
tation proposes novel visualization designs aimed at representing large value ranges in
multivariate data types. Speci�cally, the included works address different variants of
time-dependent data, offering novel perspectives on its visual communication. The dif�-
culty with time-dependent data is to depict the individual data points with clarity while
preserving the continuous nature of temporal relationships. Accordingly, this thesis an-
swers the following research questions:

• RQ1.1: Do visualization designs specially developed for large value ranges in time-
dependent data improve the readability and comparability of such data?

• RQ1.2: How does the visual mapping to color contribute to the readability of mag-
nitude variations in large value range visualizations?

Based on the prior research, it can be assumed that considering the characteristics
of large value ranges in the development of visualizations for time-dependent data re-
sults in enhanced effectiveness compared to respective standard visual designs. Color
is widely recognized as one of the most effective visual variables in data visualization,
as it signi�cantly enhances both the readability and perceptual clarity of visual informa-
tion [19,193]. It has the ability to convey categorical as well as sequential distinctions and
to support pre-attentive processing [129]. That makes it an effective element in commu-
nicating differences both at a high-level — i.e., variations in the orders of magnitude —
and at a low-level — i.e., distinctions of mantissa values within individual magnitudes.
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