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Abstract
Ridgeline plots are frequently employed to visualize the evolution or
distributions of multiple series with a pile of overlapping line, area,
or bar charts, highlighting the peak patterns. While traditionally
viewed as small multiple visualizations, their ridge-like patterns
have increasingly attracted graphic designers to create appealing
customized ridgeline plots. However, many tools only support cre-
ating basic ridgeline plots and overlook their diverse layouts and
styles. This paper introduces a comprehensive design space for
ridgeline plots, focusing on their varied layouts and expressive
styles. We present RidgeBuilder, an intuitive tool for creating ex-
pressive ridgeline plots with customizable layouts and styles. In
particular, we summarize three goals for refining the layout of ridge-
line plots and propose an optimization method. We assess Ridge-
Builder’s usability and usefulness through a reproduction study and
evaluate the layout optimization algorithm through anonymized
questionnaires. The effectiveness is demonstrated with a gallery of
ridgeline plots created by RidgeBuilder.

∗Di Weng is the corresponding author.
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1 Introduction
Ridgeline plots are a type of data visualization that comprises a pile
of line, area, or bar charts stacked closely on top of each other to
form a distinctive pattern similar to mountain ridges. Initially cre-
ated in the 1970s to display pulsar radio signals[13], such graphics
have achieved broad cultural resonance as their stacked waveform-
like patterns formed pulses that communicate strong emotions [12].
Despite having emerged for quite a long time, ridgeline plots were
only widely recognized as a data visualization form. They became
popular in the visualization community in 2017 after Henrik Lind-
berg shared his famous artwork [28], and Claus O. Wilke created
an R package called ggridges [67]. The plot was initially named
“joyplot” in April 2017 [8] but later renamed to ridgeline plots due
to inappropriate connotations [66].

Nowadays, ridgeline plots have gained widespread popularity
and serve both scientific and artistic purposes. The ggridges package
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Figure 1: Six ridgeline plots recreated with RidgeBuilder. These six cases demonstrate RidgeBuilder’s expressiveness in adjusting
layout, styles, data mappings, and embellishments to create informative and visually appealing ridgeline plots. (A) displays
Washington, D.C. station bicycle flows during the summer months with a cyclic layout revealing the peaks of rush hours. (B)
visualizes the distribution of the U.S. population with a line-based multi-layer ridgeline plots (adapted from [11]). (C) shows
Google Trend of bird migration in Canada with diverse embellishments (using data from [56]). (D) visualizes a person’s music
listening trend over a year (adapted from [37]). (E) employs RidgeBuilder’s recommended layout and uses color hue mapping
to display a timeline of media fear of infectious diseases (adapted from [32]). (F) visualizes the trendiest female baby names
with an unaligned x-axis (adapted from [69]).

emerges as the most popular visualization library for creating ridge-
line plots, which has been downloaded over 60,000 times in August
2024 and cited in hundreds of scientific publications. The aesthetics
of the ridgeline plots also attract many designers to extend the plots
and create appealing visualization artworks [11, 28, 32, 58, 69] as
shown in Fig. 2. These artworks showcase the expressive power of
ridgeline plots as a scalable visualization form for presenting the
evolution or distributions of multiple variables and are well-liked
by the community.

However, authoring a compelling ridgeline plot remains a chal-
lenging task. The layout of a ridgeline plot, such as the degree
of overlap and the order of ridges, has a strong influence on its
effectiveness. For example, if the scale parameter, which dictates
the extent of overlap, is not finely tuned to the represented data,
key patterns, such as temporally consecutive peaks, may become
obscured, leading to potential misinterpretation of the data. Fur-
thermore, creating diverse artistic effects in the ridgeline plots, such
as interleaved colors and progressively indented axes as shown in
Fig. 2, requires labor-intensive efforts and a solid proficiency with
graphic design software like Adobe Illustrator [2].

The existing approaches that support the authoring of ridgeline
plots can be divided into two categories: code-based and interac-
tive approaches. The code-based approaches include ggridges [67],
Vega-Lite [48], D3.js [6], and Observable Plot [40]. While these ap-
proaches offer considerable flexibility, they come with a significant

Figure 2: This figure displays five visualization artworks
based on ridgeline plots, reproduced from existing art-
works [11, 28, 32, 58, 69], using the datasets [10, 22, 50, 57, 61]
Many visual channels encode diverse information. The color,
position, order, mark type, labels, and backgrounds expres-
sively convey visual patterns like geological distributions,
trends, and pulses.

learning curve and necessitate a certain level of programming ex-
pertise for effective customization. The interactive approaches like
PowerViz [42] and Tableau [46] simplify the creation of traditional
ridgeline plots by offering user-friendly interfaces; however, they
are limited in terms of the complexity of layout and the variety of
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embellishment options they provide. Consequently, designers often
engage in meticulous efforts to customize the layout and style of
ridgeline plots in other sophisticated design software. For example,
a user may need to adjust the order of ridges one by one to achieve
a desired shifting-peak pattern (Fig. 2A).

The limitations of the current approaches motivate us to develop
RidgeBuilder, an interactive authoring tool that facilitates the easy
creation and customization of diverse and expressive ridgeline plots.
Based on a comprehensive survey of the existing ridgeline plots
from diverse sources, we first delineate a design space for ridgeline
plots that comprises five dimensions: element, layout, style, embel-
lishment, and composition. Subsequently, we distilled four design
goals through a series of interviews, which have been instrumental
in shaping RidgeBuilder. The proposed tool offers not only an intu-
itive approach to diverse layout creation but also a suite of style
customization options and templates, empowering users to craft
sophisticated ridgeline plots tailored to their needs effortlessly.

The effectiveness of RidgeBuilder is evaluated through a re-
creation study, where the participants were asked to recreate two
ridgeline plot designs with RidgeBuilder, and an algorithm evalua-
tion study, where the performance of RidgeBuilder’s layout opti-
mization algorithm was benchmarked against that of established
baselines through the use of anonymized questionnaires. A gallery
of the expressive ridgeline plots created by RidgeBuilder is also
curated and featured in Fig. 1 and on the project page1. To our
knowledge, this study is one of the first efforts to thoroughly inves-
tigate the design space and authoring aspects of diverse ridgeline
plots. Our objective is to spark greater interest within the informa-
tion visualization community regarding this visualization form and
to encourage visualization practitioners to delve into its expansive
potential applications.

2 Related Work
This section reviews research on ridgeline plots from the perspec-
tives of design aesthetics and authoring approaches.

2.1 Ridgeline Plot Visualization
We discuss ridgeline plots in the visualization community to out-
line the development of the design aesthetics. To fairly investigate
the development of ridgeline plots in the visualization academic
community, we conduct a systematic survey. We list keywords,
including ridgeline plot/chart, ridge plot/chart, joy plot/chart, stacked
area chart/plot, and stacked line chart/plot. Then, we perform a strict
search in prominent visualization journals and conference proceed-
ings, such as IEEE TVCG, CGF, JoV, PacificVis, and SIGCHI. Existing
studies on ridgeline plots can be divided into two categories: appli-
cation and theory.

In terms of application, some visual analytics systems employ
ridgeline plots and ridgeline-like visualization. CriPAV [20] and
Facetto [23] are the only two application studies in the decade that
explicitly mentioned the ridgeline plot or joy plot. Many other stud-
ies mainly use ridgeline-like plots, including faceted area charts
(e.g. Screenit [15], PlanningVis [51]) and faceted bar charts (e.g.
ECoalVis [29], LiveRetro [68]). These applications avoid the prob-
lem of overlapping neighbor ridges to ensure no visual occlusion,
1https://github.com/RidgeBuilder/RidgeBuilder

but it comes at the expense of scalability and the loss of distinc-
tive “ridgeline” features. Additionally, the horizon chart is a type
of plot that may be mistaken for a ridgeline plot due to its similar
appearance [18]. However, the horizon chart has fixed bands with
no overlap between them, whereas ridgeline plots feature overlaps
between different ridges.

In terms of theory, there is a scarcity of studies that delve into
the design space, weigh the advantages and disadvantages, or con-
sider the design considerations of ridgeline plots. Only Moritz et
al. [36] discussed the limitation of the ridgeline plot when visualiz-
ing hundreds of time series. Besides, Lekschas et al. [25] regarded
the ridgeline plot as small multiples and generally surveyed the
scope and considerations. Furthermore, several general-purpose
tools have explored common layouts and styles for visualization
charts, including Charticulator’s [44] examination of layout and
Data Illustrator’s discussion on partition and repeats [31]. Nonethe-
less, these broad explorations have yet to provide a comprehensive
definition of the design space and the application of diverse styles
within the context of ridgeline plots.

In conclusion, despite the active usage of ridgeline plots in the
fields of infographic design and other non-visualization domains,
the visualization academic community has paid little attention to
this type of plot. Thus, this paper comprehensively explores the
design space and supports authoring expressive ridgeline plots.

2.2 Visualization Authoring Approaches
In this section, we explore a range of visualization authoring tools,
encompassing both general-purpose tools and specialized tools
crafted for specific authoring purposes.

For the general-purpose visualization authoring tools, we
extend the categories introduced in prior surveys [21, 33] and di-
vide these tools into five types: code-, configuration-, demonstration-,
example-, andNatural-Language-Instruction (NLI)-based approaches.

Code-based approaches that support the creation of ridgeline
plots mainly include ggridges [67], D3.js [6], and Vega-Lite [48, 59].
Additionally, some studies use ridgeline plots as a basic distribution
visualization chart to explore the syntax of conditional probability
visualization [43]. However, these tools rely on a specific program-
ming language and have a particular syntax, resulting in a higher
learning curve compared to no-code methods. Moreover, creating
expressive ridgeline plots using code-based methods requires a high
level of user expertise.

Configuration-based tools allow users to map data onto differ-
ent visual channels through shelf configurations. In the decade,
many configuration-based methods have emerged, such as Data
Illustrator [31], Charticulator [44], and Lyra [47]. These methods
are widely popular due to their no-code approach. Among these
methods, Tableau [46], PowerViz [42], and EnrichVisBox [64] sup-
port creating ridgeline plots, but users still need to polish their
work using other creative design tools (e.g. Adobe Illustrator [2]) if
they desire a customized layout instead of a basic template one.

To further reduce the mental and interaction burden on users,
many new visualization creation interactions have been proposed in
recent years. Demonstration-based methods (e.g. Lyra2 [72]) allow
users to drag data onto visualization channels, enabling them to see
what they get during the creation process. Example-based methods

https://github.com/RidgeBuilder/RidgeBuilder
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(e.g. Falx [62]) allow users to provide a pair of input data and out-
put visualizations to generate the target visualization automatically.
With the rise of large language models, NLI-based methods (e.g.
ChartGPT [55], Data Formulator [63]) further reduce the burden of
creating visualizations. However, these emerging intuitive visual-
ization creation interaction tools only consider simple and common
visualizations regarding feasibility and generality so visualizations
with complex layouts like ridgeline plots are ignored.

Specific visualization authoring studies can be divided into
three aspects according to the creative intent of visualization: effecti-
veness-, efficiency-, and expressiveness-oriented.

Effectiveness-oriented studies focus on how to create unbiased vi-
sualization. These works discuss how to create the correct visualiza-
tion chart frommultiple aspects such as aesthetics, visualization the-
ory, and cognitive science. For example, for the storyline, Tanashi
et al [52]. proposed three principles for optimizing the layout. Ge-
oLinter [24] helps create correct map charts. Efficiency-oriented
studies focus on how to help users create specific visualizations
more quickly, mainly through improving the optimizing algorithms
(e.g. Storyflow [30]). Expressiveness-oriented studies focus on creat-
ing interesting and expressive visualizations. Many methods (e.g.
Plotthread [53], iStoryline [54]) are designed for a specific visualiza-
tion form - storyline. Some are designed for specific types of data,
like time-varying data [41, 49] and high-dimensional data [70, 71].

Through extensive research, we are inspired by existing works.
We learn the difficulties and opportunities of ridgeline plot author-
ing in terms of expressiveness, effectiveness, and efficiency. As this
visualization technique is relatively unexplored in the academic
community, we have chosen to focus on its expressiveness in this
paper. Our goal is to not only contribute to the understanding of
ridgeline plots but also to generate interest and encourage more
research on this intriguing chart.

3 Ridgeline Plot Design
In this section, we aim to summarize a design space for ridgeline
plots that facilitates expressive creation by conducting a content
survey of existing ridgeline plots collected from diverse sources.

3.1 Survey Process
The survey of ridgeline plots included two stages: the collecting
stage and the labeling stage. Three co-authors, with more than two
years of work experience in visualization design and implementa-
tion, were involved in the survey process.

In the collecting stage, the three co-authors used search engines
(e.g. Google Search, Google Scholar, and Google Image) to collect
diverse existing ridgeline plots. The search constraints include
the time range (2017-2024) and strictly match keywords (ridgeline
plot/chart, ridge plot/chart, or joy plot/chart). This list is different
from the one we list in section 2 because we found the keywords
stacked area chart/plot and stacked line chart/plot ineffective and
removed them. Few studies with the two keywords are relevant
to ridgeline plots. We delegated the task to three co-authors re-
sponsible for collecting ridgeline plots from a specific time range:

2017-2019, 2020-2021, and 2022-2024, respectively. After the col-
lection, three co-authors collaboratively merged and deleted dupli-
cated ridgeline plots, as two duplicated ridgeline plots may be from
different sources but look the same.

In the labeling stage, as the three co-authors gained some in-
sights during the collecting stage, we constructed a basic category
through brainstorming and divided it roughly into three dimen-
sions: elements (axes, ridges), layouts (overlap, order), and styles (color,
opacity). The merged collection of ridgeline plots is divided equally
into three groups. Each co-author was responsible for two groups
to decrease ambiguity and bias via cross-validation. Finally, the
three co-authors discussed the exceptional cases and extended the
space. We also discussed the divergent cases to reach an agreement.

3.2 Design Space
We collected a dataset of 182 ridgeline plots (273 in total, removed
91 duplicated records). We summarized a design space based on the
dataset. The design space consists of five dimensions: element (ridge,
axis, optional elements), layout (transform, layer, order, overlap), style
(color, opacity, border), embellishment (annotation, background, dec-
oration), and composition. The overview of the design space is
shown in Fig. 3. Complete details and the dataset can be found on
our homepage2 and the folder “design scope” in the supplementary
materials. In this section, we detail the design space dimensions, in-
dicating the type of each dimension and the corresponding number
of instances. e.g. “area (170)” signifies that there are 170 ridgeline
plots in the dataset utilizing “area” as the ridge.

3.2.1 Element. Elements refer to the visual components that
make up the ridgeline plot. A ridgeline plot typically includes three
basic visual elements: ridge, axis, and optional elements.

Ridge. This is the main visual elements of ridgeline plots.
The ridge refers to the basic shape that reveals value
changes for each variable. Its basic shapes come in four

types: area (170), bar (3), line (8), and step (1). Line- and step-based
ridges have better scalability than area- or bar-based ones because
they require less space. Still, the area and bar ridges are more ex-
pressive because the filled color can reveal more information.

Axis. A ridgeline plot includes x-, y-, and z-axes. The x-
axis is always laid out horizontally and is shared by all
ridges, typically encoding time (30), ratio (136), longitude

(5), level (1), age (3), and score (7). The y-axis usually encodes
discrete data, whether ordinal (16) or nominal (166). Finally, the
z-axis typically encodes continuous ratio value (166) and discrete
count value (16).

Optional elements. This includes the mode line and the
reference line. The mode line is a vertical line that marks
a special value of each ridge. It usually marks the median

value and the extreme peak value, revealing a summary statistic
to compare the relative positions of different ridges. The reference
line, on the other hand, is a vertical line that usually represents a
threshold for all ridges.

3.2.2 Layout. We discuss Layouts of the ridgeline plot from a
macro level (the entire plot) to a micro level (an individual ridge).

2https://ridgebuilder.github.io/RidgeBuilder/

https://ridgebuilder.github.io/RidgeBuilder/
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Figure 3: This figure displays the design space of ridgeline plots. The design space consists of five dimensions: element, layout,
style, embellishment, and composition. We discuss categories of each dimension and extensively summarize its contents. This
figure also includes several examples.

Transform. The transformation of the ridgeline plot de-
scribes the overall shape of the plot. Most plots follow
the left-to-right regular layout (182), aligning the ridges

so that they are evenly spaced. The regular layout is suitable for
most cases and is used to compare the distribution of data across
different variables. We extensively add the circular layout inspired
by silhouette graphs [3]. The circular layout is used when the data
being plotted exhibits a periodic pattern, such as when the x-axis
represents a periodical timeline.

Layer. A ridgeline plot can consist of multiple layers, each
of which contains a group of ridges. For example, one
layer represents a controlled group, while the other layer

represents an experimental group. Five main layer layouts can be
used in a ridgeline plot. Overlay (17): This layout is used when
different groups record similar semantic values, and the layers
share the same x, y, and z-axis. The overlay layout is typically
used when the goal is to compare the distribution of data across
different groups. Stacked (0): This is used when layers share the
same x and y-axis but are stacked on the z-axis. We add this layout
because it is useful when the goal is to show the total distribution of
data across different groups while also highlighting the differences
between them. Alternated (2): This is used when different groups
record different semantic values, and the layers share the same x
and y-axis. Juxtaposed (9): This is used when layers only share the
same y-axis. It is similar to the alternate layout but is typically used
when there are few similar ridge-like patterns between two layers
to avoid pattern hidden. Separated (8): This is used when layers
record different semantic values and only share the x-axis.

Order. Different orders of ridges convey different visual
patterns. Typical sort methods include three types. The
statistic-based (30) sorts ridges of specific statistical value,

such as the maximum and the mean value. The statistic value can
reveal the distribution of peaks. For example, if a peak appears
early, then the mean value of that ridge will be small. Thus, this
method is usually used to highlight a peak-shifting pattern. The
meta-based (51) method requires that the y-axis must be ordered.
For example, the y-axis maps to twelve months. This method can
convey the pattern varying along with the y-axis. The peak-based
method (9) is usually adopted when the domain ranges of different
ridges vary significantly. If all ridges have the same scale on the
z-axis, the ridge with a larger domain range will require more space.
Thus, the ridge with a larger domain range is laid at the top to avoid
hiding other ridges. The order of ridges can also be optimized to
highlight “ridgeline” pattern. The “ridgeline” pattern, characterized
by several continuous, shifting peaks, effectively reveals the evolu-
tion of each ridge (see Fig. 2A). To pinpoint key factors influencing
the pattern, we analyzed our collected ridgeline plots, particularly
those with salient ridgelines. We define “salient ridgelines” as lines
with discernible trends, identifiable through Gestalt theory [65],
offering users analytical insights such as evolution. In the dataset,
72 ridgeline plots meet the criteria. We summarized their common
characteristics from diverse aspects, including relations, shapes, and
layouts of the ridges, and finally identified three main design goals.
These goals are illustrated in Fig. 3-layer-order with examples.

G1. Neighboring ridges should have similar peak patterns.
Examples with this characteristic constitute 69/72. We find
that placing similar peaks nearby can form a continuous
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ridgeline and reduce visual disruptions, which aids in identi-
fying patterns and trends in the data.

G2. There should be fewer wiggles in ridgelines. Examples
with this characteristic constitute 46/72. We find that a
straight ridgeline more accurately represents how peaks
shift than a ridgeline with many wiggles, which can obscure
important details.

G3. The layout should avoid hiding peaks. Examples with
this characteristic constitute 66/72. In ridgeline plots, peaks
reveal the main distribution of the data, and we find that
hiding peaks can lead to a loss of important information
about the distribution.

Overlap. The overlap degree of a ridgeline plot is deter-
mined by two parameters: the scale of each ridge and the
offset between each pair of neighbor ridges. If the ridge

scale is fixed, decreasing the ridge offset increases overlap and vice
versa. A smaller overlap between ridges indicates that there are
fewer ridges and less hidden data, but the ridgeline is less obvious,
while dense ridges being hidden more have an obvious ridgeline.

3.2.3 Styles. Styles of visual elements are diverse. There are
many stylish channels, including but not limited to color, stroke,
opacity, and shadow. We mainly discuss styles that have specific
usage in ridgeline plots.

Color. Ridges can be assigned different color hues based
on various schemes. Sometimes, the color hues of ridges
encode data (89). The encoding principle follows existing

studies [38]. Additionally, filling ridges with different color hues
can also differentiate them (59). For instance, using alternating color
hues can help distinguish between neighboring ridges.

Opacity. The opacity of ridges is often used to reduce
overlap and to help distinguish neighboring ridges (69). It
can also be an effective visual tool for encoding ordinal

data (5) in certain situations. For example, suppose the y-axis repre-
sents the progress of a project (10%, 20%, . . . , 100%). In cases where a
user wants to emphasize the accumulation pattern along the y-axis,
opacity can be used to encode the percentage of completion.

Border. Stroke (158) is commonly used in area- and bar-
based ridgeline plots but is seldom used in line- and step-
based ones. We add the shadow effect as it also seems like

a “border” and can help differentiate neighboring ridges.

3.2.4 Embellishments. Expressive ridgeline plots always include
diverse Embellishments . Typical embellishments can be cat-
egorized into three types based on different intents: annotation,
background, and decoration.

Annotation. Annotations vary greatly depending on the
context of the visualization. It includes elements for over-
all visualization and local patterns. By using annotations

effectively, designers can enhance the viewer’s understanding of
ridgeline plots.

Background. The background of ridgeline plots can be
designed to match the subject matter in a specific thematic
style, such as the classic black and white style used in Joy

Division album style (see Fig. 2D). Additionally, the background
can also be used to convey a specific semantic meaning, such as

using a map to represent a geographic location (see Fig. 2B). Users
employ pure-colored backgrounds or image backgrounds based on
their design intents.

Decoration. Some cases include decorations that serve
an aesthetic purpose. These decorations convey specific
semantic information, further highlighting the theme.

3.2.5 Composition. During the survey, we found several cases that
compose the ridgeline plot with other types of visualizations, par-
ticularly in scientific publications where the discrete sample values
are marked as dots or stripes and placed on the plots. Since this
study mainly focuses on the ridgeline plot itself, a comprehensive
analysis of this particular aspect of the design space will be left for
future research endeavors.

3.3 Reflections on Design Space
This section discusses our reflections on the design space of ridge-
line plots. Although the design space of ridgeline plots overall
follows the existing visualization framework, we made some exten-
sion attempts focusing on ridgeline plots’ specific characteristics
and also gained insights from the user’s point of view.

In Elements scope, ridgeline plots are used to be treated as
faceted x-y area plots, but we clarify that it would be better to
describe the ridgeline plot using three axes: x, y, and z (ridge). On
the one hand, three axes can better align with users’ cognition. We
found even authoring a basic ridgeline plot using general visualiza-
tion grammars is challenging because users must learn advanced
layout functions and align them with the faceted way of ridgeline
plots, for example, users must know “bounds” in Vega [60] and
know “nested layout” in Charticulator [44]. On the other hand,
three axes can preserve the flexibility layouts of ridgeline plots.
We found that if a grammar only supports two axes, it will fail to
create ridgeline plots with alternate layers, such as Vega-Lite [48].
Although in some grammars (e.g., Observable Plot [39]) facet chan-
nels can also be used as encoding channels, users still must exert
more efforts (e.g., redefine the scalers and domains) because facet
options are typically designed for non-overlapping plots. This is
also not directly mapped with users’ cognition.

In Layouts scope, the proposed design space offers a more
direct approach to describing expressive ridgeline plots. Within
this space, new types of ridgeline plots can be generated, such as
cyclic ridgeline plots and layer-stacked ridgeline plots. Furthermore,
this space enables users to highlight different ridgeline visual pat-
terns. For instance, setting the optimized G2-straight in the order
dimension to 0 yields a “zig-zag ridgeline,” while setting it to 1
produces a “straight ridgeline.” By leveraging the options within
this design space, users can easily specify intricate layouts and
associated visual patterns.

In Styles scope, we highlight several distinctive styles asso-
ciated with ridgeline plots. As ridgeline plots aggregate patterns
of ridge overlap, they have evolved various style combinations to
mitigate the adverse effects of overlap. For instance, techniques
such as alternating colors and cumulative opacity can be employed.
These style combinations also indicate the visual patterns inherent
in ridgeline plots.

Overall, this design space enables users to describe expressive
ridgeline plots more explicitly than existing ones. Users can create
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Figure 4: This usage scenario illustrates how a data analyst named Amy replicates a classical ridgeline plot artwork created by
Lindberg [28] and customizes it for further exploring data patterns. Her workflows include binding data, adjusting layouts,
modifying styles, and finally embellishing.

previously unattainable ridgeline plots and find it easier to describe
a variety of existing ridgeline plots. This design space also helps us
to understandmore about the overlapping features of ridgeline plots.
Furthermore, this design space allows users to highlight desired
visual patterns, such as “zig-zag” ridgelines.

Based on these specific features of the ridgeline plot, we imple-
ment a ridgeline plot data model. Its declaration has three aspects
of advances on the existing grammar: (1) we use three axes, x, y,
and z, instead of facet; (2) we support diverse layout options, includ-
ing the layer ways, the sort methods, and the direct specification
of overlap dimension; (3) we allow users to specify special styles
(e.g. alternative color) directly. Based on this data model, further
declarative grammar can be built in the future to create ridgeline
plots intuitively or even visualization plots that have layout-like
properties like ridgeline plots. We also attached the specification of
the data model as a proof of concept to Appendix 3.

4 Design Context and Goals
This section describes the usage scenario and goals that motivated
RidgeBuilder’s design. On the one hand, we aim to demonstrate
the potential workflows and design choices that can be made by
presenting a specific scenario. On the other hand, we conduct one-
on-one interviews with potential users to identify the key design
goals and objectives that would help ensure the tool meets their
requirements.

4.1 Usage Scenario
This scenario is based on a dataset processed from the American
Time Use Survey [57], which records the time used on sports and
leisure activities of Americans. The processed dataset includes three
columns: activity, percentage, and time. Imagine a data analyst,
Amy, who saw the classical ridgeline plot created by Lindberg [28]
on Twitter. Amy was impressed by how the ridgeline plot conveyed
the temporal distribution of American activity preferences. She was

intrigued by the shifting peaks formed by the plot, which seemed
to create a “ridgeline” pattern. Therefore, Amy wanted to recreate
a similar plot and customize it to explore the data further.

Binding data on the ridgeline plot.After uploading the dataset,
Amy finds a template that guides her on how to bind the data. Since
she wants to present the changes in activity over time, Amy drags
the column “time” to the x-axis placeholder and “activity” to the
y-axis placeholder. Next, she needs to select the basic shape of the
ridges. Amy drags the real number column “percentage” onto the
placeholder corresponding to the area-based ridgeline plots as she
thinks the fill color can make the ridgeline plot more expressive. An
initial grey ridgeline plot with many ridges appears on the screen.

Adjusting the layout to highlight the ridgeline. Amy finds
two separated peaks corresponding to a 24-hour timeline divided
at midnight, so she transforms the layout into a cyclic one to make
the peaks appear head-to-tail. However, she is not satisfied with the
current order of ridges as ridges for playing billiards and dancing
have a distinct distribution. Amy then drags them to the top, but
it still does not meet her requirements. So, she browses through
recommended-ordered ridgeline plot layouts in the side panels
and selects one that best matches her vision. The layout she chose
features a spiral line of peaks (see Fig. 4B3), signifying that the
peak times for different sports activities vary across the day’s time-
line. Amy is satisfied now because she thinks the spiral line looks
interesting.

Modifying styles. Amy finds the style of Lindberg’s work [28]
is in the template list, so she immediately applies it. Then, Amy
adjusted the axes. She centers the Y-axis labels and removes tick
lines to avoid overlap. Since she plans to use a clock image to show
the corresponding time, Amy also removes the X-axis labels.

Embellishing the ridgeline plot. Amy finally embellishes the
work. Now this circular visualization, which includes numerous
ridges, resembles an eddy. It inspires Amy’s creativity so she names
the image ‘ ‘Going with the Flow or March to the ‘Peak’ of your
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own ‘Ridge”’. Amy hopes to emphasize the theme by adding an
image, in which the left part with the sandy desert corresponds to
the nighttime and the right part with the eddy water corresponds
to the daytime. Then, she uses some shapes and texts to further
highlight the shifting-peak pattern. Amy completes the authoring
and exports it as an image.

4.2 Design Goals
We conduct one-on-one informal interviews3 with eight partici-
pants (4 F, 4 M) to further explore specific design goals. Six experts
have more than two years of experience in authoring visualizations,
while two participants are novices. The interviews consist of two
parts and are completed in 60 minutes. First, interviewees should
imagine they are recreating four ridgeline plots and describe the
workflow. Interviewees are allowed to use any familiar tools. They
should also follow the think-aloud protocol [19]. The interviewees
can stop and switch to the next ridgeline plot when they think
they have completely expressed the authoring process of one plot.
Second, interviewees should point out the most difficult part of the
process and tell us the desired functions. We summarize four design
goals from the interview.

DG1. Support direct data binding to create and edit ridge-
line plots. This design goal includes two aspects. First, our in-
terviewees prefer a template-based binding approach for direct
element binding, particularly for the x, y, and z axes. Such binding
simplifies plot creation by avoiding complex facet or element expan-
sion interactions found in general authoring tools. Second, other
interviewees emphasized that the system should provide direct
specification of special data binding channels for ridgeline plots,
such as cumulative opacity and special axis label position.

DG2. Support diverse ridgeline plot layouts. Interviewees
stressed the importance of accommodating a variety of layout meth-
ods to cater to different ridge patterns, an area where existing tools
fall short. For instance, some have tried adjusting ridge layer po-
sitions, e.g. order and offset, to emphasize specific distribution
patterns. Others expressed a desire for cyclic layouts to represent
periodicity. Moreover, interviewees sought guidance on optimized
layouts, noting the challenges in achieving the desired peak-shifting
visual effects with current authoring tools.

DG3. Support reducing the visual clutter caused by overlap
using styles. Ridgeline plots capitalize on overlapping ridges to
represent multiple variable distributions within a confined space,
highlighting aggregated visual patterns. This overlap, while ben-
eficial for density, can lead to visual occlusion. To mitigate this,
ridgeline plots employ specialized styles, such as alternative colors,
borders, and shadows, which are typically adjusted individually in
general tools. Interviewees indicated a need for streamlined interac-
tion within the system. Furthermore, ridgeline plots feature various
popular style templates, such as the Joy Division album style and
geoline style. The system should offer template recommendations
to help new users learn about ridgeline plots.

DG4. Support customizable embellishments. To boost ridge-
line plot expressiveness, users should be able to add embellishments
like text labels to emphasize data points or enhance visual appeal.

3This interview has been approved by State Key Lab of CAD&CG, Zhejiang University.

The system must support intuitive interactions, such as drag-and-
drop, for both adding and editing embellishments.

5 RidgeBuilder
This section presents RidgeBuilder, an interactive web-based system
designed to facilitate the authoring of ridgeline plots. RidgeBuilder
offers four main functions: binding data, adjusting layouts, modify-
ing styles, and adding embellishments, each corresponding to one
design goal (DG1-4).

5.1 Implementation
RidgeBuilder consists of four key modules: the interface, an encoder,
a layouter, and a parser. Each ridgeline plot is represented as a data
model object, which is modified and updated as users interact with
the system. The workflow of RidgeBuilder after a user interacts
on the system is: (1) the encoder module updates the current data
model object based on the user’s actions; (2) the layouter generates
alternative layouts and expands the data model object modified
in the first step; (3) the parser module then interprets these data
model objects generated in the first and second steps; (4) the in-
terface displays the updated ridgeline plot in the main view with
recommended alternative plots in the side panel. RidgeBuilder was
implemented using React-Redux-TypeScript [1].

5.2 Data Binding
RidgeBuilder provides a data panel and two types of interactions
to support data binding (DG1). The table-based data panel allows
users to import and preview data before binding. For flexible data
binding on general visual channels, such as color, users can map
data onto the visual element by drag-and-drop interactions. For the
necessary visual elements, such as the axes and ridges, RidgeBuilder
provides data-binding templates to simplify the process and embeds
simple principles to guide users in appropriate mapping.

Data panel. Before binding data to the visualization, users need
to import a processed tidy data file in the .csv format into the data
panel. The data panel displays the imported data as a table, with
each row representing a data point and each column representing a
variable. The column headers display the variable names. Users can
drag the column headers to map them to different visual channels
in the ridgeline plot.

Drag-and-drop data binding (Fig. 5A) This is designed to
fulfill general data-binding requirements. RidgeBuilder follows ex-
isting studies (e.g. Lyra2 [72]) to support direct drag-and-drop data
mapping. We summarize the available visual encoding channels
into six categories: position, fill, stroke, size, text, and shape. A tool-
bar lists these channels with different icons. Users can select an
icon from the toolbar (channel), a binding direction (x, y, z), and
then drag a column onto a specific element to map a data column
onto a visual channel.

Template-based data binding (Fig. 4A). This is designed for
initial data binding on Elements . RidgeBuilder displays a tem-
plate with three placeholders corresponding to the x, y, and z chan-
nels to guide users in generating initial ridgeline plots. When a
user drags a column header from the data panel, placeholders that
can accommodate the column are highlighted. Once a placeholder
is mapped to a column, the placeholder and the column turn the
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Figure 5: This shows the user interface of RidgeBuilder. (A) The toolbar lists icons for general data mapping. (B) displays
predefined layout options and recommended layouts. (C) displays adjustable style options and available style templates. (D) is
the layer tree of current added visual elements.

same color to remind users of the mapping. RidgeBuilder prede-
fines rules to determine whether a data column can be mapped to
a placeholder’s corresponding visual channel, which follows the
design space of Elements .

5.3 Adjusting Layout
RidgeBuilder allows users to use predefined layouts and incorpo-
rates an optimization algorithm to help users find optimal layouts
to address their layout needs (DG2).

Predefined layouts (Fig. 5B).Users can switch the side panel to
obtain an overview of optional predefined layouts. We summarize
different templates for diverse Layouts . In addition to the normal
transform layout, RidgeBuilder supports the cyclic layout by intro-
ducing polar coordinates. For layers, RidgeBuilder supports overlay,
stacked, alternated, juxtaposed, and separated layers. In terms of
order, RidgeBuilder provides statistic-, meta-, and peak-based ap-
proaches. The statistic-based method computes a representative
x-value, like the mean value of each ridge, and sorts these ridges.
The meta-based method leverages predefined rules (e.g. month) to
obtain a possible order of the metadata. The peak-based method
computes the maximum z-value of each ridge and sorts them in
descending order to avoid hidden ridges. Furthermore, RidgeBuilder
enables users to drag each ridge’s label, allowing for a more flexible
layout by adjusting their order. Besides these layout dimensions,
users can move sliders in the panel to adjust parameters, such as
the offset between ridges.

Optimized layout (Fig. 5B1).We propose an optimal algorithm
for recommending layouts that highlight the “ridgeline” pattern.

During our analysis of the dataset, we observed that due to the
potential presence of multiple peaks, it is sometimes necessary to
make trade-offs among the three goals (G1, G2, G3) summarized in

the design space. As shown in Fig. 6A, a ridgeline plot has several
ridges, while each ridge has many peaks. Given that a single ridge
can possess multiple peaks, it is possible for a ridgeline plot to
display several ridgelines simultaneously. Therefore, when config-
uring the layout, it is essential to consider the interplay among
these multiple ridgelines. Different ridgelines within the same plot
may have distinct optimal arrangements (Fig. 6A1 and A2), so we
must balance various design goals. Inspired by studies on visualiza-
tion layout trade-offs [4, 52], we formulate the process of arranging
ridges as an optimization problem to address these three goals.

To simplify the narration, we illustrate necessary notations and
the following three equations using an example in Fig. 6B. For G1,
RidgeBuilder detects peaks 𝑃𝑖 for each ridge 𝑟𝑖 . Each peak 𝑝𝑖𝑘 ∈ 𝑃𝑖
is recorded as a tuple (𝑥𝑖𝑘 ,𝑧𝑖𝑘 ), where 𝑥 is the horizontal position
of the peak and 𝑧 is the peak height. The distance between two
peak 𝑝𝑖𝑘 and 𝑝 𝑗𝑡 is defined by their horizontal distance |𝑥𝑖𝑘 − 𝑥 𝑗𝑡 |.
We evaluate the similarity between two ridges by the average peak
distance 𝑑1 (𝑟𝑖 , 𝑟 𝑗 ).

𝑑1 (𝑟𝑖 , 𝑟 𝑗 ) =
1

|𝑃𝑖 | |𝑃 𝑗 |

𝑃𝑖∑︁
𝑘

𝑃 𝑗∑︁
𝑡

|𝑥𝑖𝑘 − 𝑥 𝑗𝑡 | (1)

, where |𝑃𝑖 | and |𝑃 𝑗 | indicate the peak counts of ridges 𝑟𝑖 and 𝑟 𝑗 .
For G2, we find that if edges linking peaks keep in the same

direction, there will be fewer wiggles. Thus, we modify 𝑑1 to differ-
entiate between peaks linked in the same direction and those not.
We select left-to-right as the optimization direction to simplify the
problem (if we select the opposite direction, change signs in the
equation). Specifically, for each peak of ridge 𝑟𝑖 , we only consider
the peaks of ridge 𝑟 𝑗 that are to the left of it and make a pair. We
record the sum count of paired peaks as 𝑍𝑖 𝑗 . The refined distance
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Figure 6: This figure illustrates the optimization goals and
equations of ridgeline plots. (A) This illustrates the need to
balance multiple design goals when the data presents multi-
ple peaks in the layout. (B) We illustrate three equations for
optimizing the layout of ridgeline plots using an example.
We evaluate the similarity between ridges by computing the
average peak distance between them. We only consider dis-
tances in one direction to avoid wiggles. The hidden distance
is the horizontal length that a ridge is hidden by another
ridge in front of it. (C) We display how to formulate the lay-
out optimization problem as a Traveling Salesman Problem
(TSP) using an example ridgeline plot with three ridges. The
cost to place 𝑟1 nearby and under 𝑟2 is 0.35. We can transfer
the ridge sequence order problem into a shortest loop search
problem by introducing a virtual node with a distance of 0.
It also illustrates optimal loop against non-optimal loop.

𝑑2 (𝑟𝑖 , 𝑟 𝑗 ) is:

𝑑2 (𝑟𝑖 , 𝑟 𝑗 ) =
1

|𝑍𝑖 𝑗 |

𝑃𝑖∑︁
𝑘

𝑝 𝑗𝑡 ∈𝑃 𝑗∑︁
𝑥𝑖𝑘>=𝑥 𝑗𝑡

𝑥𝑖𝑘 − 𝑥 𝑗𝑡 (2)

For G3, we evaluate the hidden possibility between two ridges.
Given an offset 𝜃 , we calculate the horizontal range of the ridge 𝑟𝑖
that will be hidden by 𝑟 𝑗 for all data points.

𝑑3 (𝑟𝑖 , 𝑟 𝑗 ) =
1
𝑀

∑︁
𝑐𝑜𝑢𝑛𝑡 (𝑧𝑖 < 𝑧 𝑗 + 𝜃 ) (3)

, where 𝑀 means the length of each ridge. Thus, the distance be-
tween two ridges is 𝑑 (𝑟𝑖 , 𝑟 𝑗 ) = 𝑑2 (𝑟𝑖 , 𝑟 𝑗 ) + 𝑑3 (𝑟𝑖 , 𝑟 𝑗 ).

An optimized layout of a ridgeline plot aims to find an order of
ridges that minimizes the sum of distances between neighboring
ridges (given an offset 𝜃 ), thus realize trade-off between three goals
(G1, G2, G3) and highlight the “ridgeline” pattern. We denote the
ordered 𝑖−th ridge by 𝑟𝑦𝑖 . The optimization function is then:

𝑚𝑖𝑛
𝑦1,𝑦2,...,𝑦𝑛

𝑛−1∑︁
𝑖=1

𝑑 (𝑟𝑦𝑖 , 𝑟𝑦𝑖+1 ) (4)

, where 𝑛 is the total number of ridges. This formulation introduces
a novel approach to the field by framing the layout problem as an
optimization challenge.

The subsequent step involves developing an approach to de-
termine the optimal result of Equation 4. This entails finding a
permutation of integers from 1 to 𝑛 (representing the order of
ridges) that minimizes Equation 4. A direct method to achieve this
is through exhaustive permutation enumeration, which yields the
optimal solution. However, this approach becomes impractical for
real-time optimization as 𝑛 exceeds 10 due to the computational
complexity. Given that a ridgeline plot can have anywhere from just
a few to nearly 100 ridges, making exhaustive search impractical for
larger datasets. An alternative is to seek an approximate solution,
like using heuristic search [17] or genetic algorithms [35], which
can efficiently provide a locally optimal solution.

Upon further investigation, we discovered that our problem could
be mapped to the well-established Traveling Salesman Problem
(TSP). The TSP is typically framed as finding the shortest possible
route that visits each node in a graph exactly once and returns to the
origin node [5]. Equation 4 describes a special case of TSP, known
as Computer Wiring Problem [16], which does not consider going
back to the starting point. Specifically, the primary distinction
between the TSP and our problem is that TSP mandates a loop
path starting and ending at the same node, whereas our problem
involves a sequence from 𝑟𝑦1 to 𝑟𝑦𝑛 . To bridge this gap, we can
follow a typical transition method [5] by introducing a virtual node
𝑟𝑦0 connected to every other node with zero distance, transforming
the problem into finding a loop path 𝑟𝑦0 → 𝑟𝑦1 → ... → 𝑟𝑦𝑛 → 𝑟𝑦0 ,
like the example in Fig. 6C. Thus, our problem has been effectively
reformulated into an equivalent TSP, allowing us to utilize mature
solvers (e.g. DFJ algorithm [14]) to find the optimal solution in
real-time, even for node scales near 100.

5.4 Modifying Styles
RidgeBuilder follows the widely used shelf configuration to support
users in modifying styles and making the overall plot rich and
colorful. Additionally, RidgeBuilder recommends templates based
on Styles to provide users with reference and inspiration (DG3).
RidgeBuilder features a layer tree and a style menu.

Style menu (Fig. 5C) and layer tree (Fig. 5D). We mainly
follow shelf configuration methods in existing tools [48]. To modify
the styles of a visual element, users can select the element in the
canvas or in the layer tree. Adjustable styles of visual elements in
the style menu are the same as those summarized in the design
space section (Sec.3.2).
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Style templates (Fig. 5C1). We summarize several typical style
templates from our collected dataset of ridgeline plots. For example,
the JOY DIVISION album style has black background with white
lines, while the Lindberg [28] style refers to the alternative color
hue. Each template is saved as a data model object without metadata.
Since many styling templates involve part of the embellishments,
such as the background, we also include background in templates.

5.5 Embellishing
To address embellishing needs (DG4), RidgeBuilder allows import-
ing additional elements and drawing shapes. According to the sum-
marized embellishments , RidgeBuilder provides three forms of
embellishments: text, shape, and image. Users can create text and
freeform shapes by clicking the toolbar. Images (.png, .jpg) are also
allowed to be added to the canvas. In addition, if a user wants to
further polish the ridgeline plot, RidgeBuilder allows the generated
plot to be exported as an SVG file or an image file.

6 Evaluation
In this section, we evaluate4 the proposed system, RidgeBuilder,
and the layout algorithm qualitatively and quantitatively.

6.1 Reproduction Study
The main goal of this reproduction study [45] is to evaluate the
usability and the learnability of RidgeBuilder as well as collect
feedback.

6.1.1 Method. Participants and datasets.We recruited 12 par-
ticipants (6 F, 6 M) from a diverse range of academic backgrounds,
including computer science (4), software engineering (1), indus-
trial design (1), digital media (2), geographic information system
(1), math (1), and education (2). We prepared two ridgeline plot
infographics, one displays a timeline of media-inflamed fears about
diseases [32] (Similar to Fig. 2C), the other displays the trendiest
female baby names [69] (Similar to Fig. 2E). Then, we collected two
datasets for the reproduction, one records popular baby names [50]
in the U.S., the other records the cases for infectious diseases [9].

Procedure and experiment settings. We conducted the study
one-on-one with participants on a host computer with dual screens,
a keyboard, and a mouse running Windows 10. RidgeBuilder was
running on Google Chrome. The study consisted of four stages.
(1) Tutorial [10 min]: we provided a tutorial on ridgeline plots
and how to use RidgeBuilder. (2) Warm-up [10 min]: participants
explored RidgeBuilder freely using a tutorial dataset [57], with the
option to ask the first author for help if encountering problems. (3)
Reproduction [40 min]: participants were shown one infographic
at a time and given 1 minute of introduction on the theme and
content, without direct mention of the data encoding interaction.
For each infographic, participants had 5 minutes to think and 15
minutes to replicate using RidgeBuilder. Two infographics were
presented one after the other on the side screen. Participants were
not allowed to search the tutorial or ask for help during this stage.
Although participants were not required to finish the reproduction
as quickly as possible, if a participant could not finish an infographic

4The user study and questionnaires in this section have all been approved by State
Key Lab of CAD&CG, Zhejiang University.

in 15 minutes, this stage for that particular infographic would end.
Participants were asked to follow a think-aloud protocol [19] to
provide insight into their thought process while using RidgeBuilder.
After reproduction, if there was still enough time, participants were
asked to explore designs freely. (4) Semi-structured interview [10
min]: participants should fill in the System Usability Scale (SUS)
questionaire [7] with a 5-point Likert scale. We collected their
feedback on usability, learnability, and improvements. After the
study, each participant was compensated $14.

Study record and analysis. On the one hand, we processed
the SUS questionnaire results and analyzed them quantitatively.
On the other hand, we used one online meeting software to record
the screen recording and used the transcription and translation
functions to record the whole process. We made thematic coding
and qualitative analysis of the records and the interviews.

6.1.2 Quantitative Analysis of Results. The average SUS score of
RidgeBuilder is 88.75 given by participants (detail see Fig. 7), while
84.1 is the bar score of 𝐴+ based on the existing survey done by Jeff
Sauro [27]. Most of our participants expressed a strong willingness
to use RidgeBuilder in the future and commented that RidgeBuilder
is interesting and useful. Many of our participants praised the flu-
ency interactions and consistency designs. Following the study of
SUS’s factor structure [26], we also report the detailed score compo-
sitions, where the usability score is 89.32, and the learnability score
is 86.46. The overall result shows that RidgeBuilder has excellent
usability and good learnability.

Figure 7: This figure displays the system usability evaluation
results using a 5-scale SUS questionnaire [7]. The score of
problems with a negative description (Q2, Q4, Q6, Q8, Q10) is
presented inverted for better visualization.

6.1.3 Qualitative Analysis of Results. Most participants complete
reproduction in the given time. We thematically code think-aloud
records and interview records from six aspects. The details about
the thematic coding can be found in Appendix 1D.2.

The usability and learnability of RidgeBuilder.We gathered
feedback from participants on the pros and cons of RidgeBuilder,
as well as the rationale behind their SUS scores. A majority of the
participants (10/12) provided explicit positive feedback on Ridge-
Builder’s usability. They described it as “useful” and “intuitive”.
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Participants particularly appreciated RidgeBuilder’s straightfor-
ward method for creating ridgeline plots. As P2 noted, “The initial
ridgeline plot generation is quite intuitive and easy to implement. I
just need to perform a simple drag and drop.” Regarding learnabil-
ity, many participants (7/12) explicitly stated that RidgeBuilder is
easy to learn. They offered various reasons for this. Some (P3, P4,
and P9) mentioned their familiarity with the shelf-configuration
style design. P7 commended the overall well-integrated design
of RidgeBuilder, while P5 explained, “Like building blocks, I can
easily construct an initial ridgeline plot based on template binding.”
However, a few participants also highlighted potential learning
challenges, such as understanding the concept of ridgeline plots
(P8) and grasping the visualization data binding (P10).

Flexible and diverse ridgeline plot configurations. Many
participants (8/10) expressed positive sentiments regarding Ridge-
Builder’s support for creating expressive ridgeline plots. They par-
ticularly appreciated the tool’s provision of unique stylistic options,
such as alternative color schemes (P7 and P12), varied ridge bases
(P1 and P6), and adjustable scale of ridges (P1). Additionally, sev-
eral participants (P4, P8, and P12) expressed interest in the diverse
layout options available. P12, who experimented with the cyclic
layout, highlighted its potential for visualizing periodic patterns. P8
praised the predefined order options, stating, “This [RidgeBuilder]
offers a range of reasonable alternatives that can be directly exper-
imented with.” These diverse style and layout options have been
instrumental in helping users craft expressive ridgeline plots. P3
summed up the collective sentiment by saying, “The style features
are well integrated, allowing me to use this tool to create a visually
appealing image.”

Optimized layout recommendations. Almost all participants
(10/12) gave positive comments on the layout recommendations.
They found the layout recommendations “useful”, “beneficial”, and
“effective”. Many (6/12) explicitly mentioned that the recommended
layout can clearly display the trend and the overall distribution of
peaks. As P9 said, “the layout recommendation is very useful because
it can directly generate a layout that allows me to see the pattern
immediately.” Other participants emphasized different advantages.
P6 noted that “the recommended layout was much more aesthetically
pleasing than other layouts”. P4 and P12 praised the usability of
the layout recommendations. P12 said, “just click and I gain exactly
what I want”.

Styling templates recommendations. As for style recommen-
dations, many of our participants (7/12) found the style templates
to be “appealing” and “interesting”. P5 was particularly fond of the
classical JOV DIVISION style, noting, “The black-style template, in
particular, looks quite appealing.” Moreover, several participants
praised the usability of the style templates. Both P4 and P10 consid-
ered this feature to be practical, as it facilitates the easy discovery of
desired styles. P2 mentioned that this could help save time, which
is a valuable asset in the design process. In addition, P8 commented
that the style templates can serve as a source of inspiration, igniting
his creative spark.

Comparingwith existing authoring tools.During interviews,
several users discussed RidgeBuilder in comparison to existing
visualization authoring tools. Some users noted that RidgeBuilder
is more user-friendly and easier to learn for creating ridgeline
plots than code-based methods. P8 remarked, “D3 requires more

coding, which is more time-consuming and laborious compared to this
interactive tool. Moreover, this system requires less effort to implement
customized styles of ridgeline plots.” P1 expressed a preference for
using RidgeBuilder in the future, stating, “I’ve used d3 for this kind
of chart before; adjusting parameters is quite troublesome. Although
D3 is more flexible, it requires more coding and is harder to learn.”
Additionally, some users mentioned interactive tools. P12, while
using RidgeBuilder, commented on its similarity to drag-and-drop
tools like Data Illustrator [31] but noted that RidgeBuilder offers
more customized styles and layouts specifically for ridgeline plots,
which reduces the further embellishment effort. P9 shared a similar
view, saying, “I’ve seen this chart in Tableau Public. Though such
general tools are more flexible, RidgeBuilder’s recommendations are
uniquely designed for ridgeline plots, helping me generate patterned
layouts that general tools cannot achieve.”

Reflecting on improvements. Our participants also proposed
some valuable suggestions on how to improve RidgeBuilder. P1 and
P9 suggested adding support for saving and sharing customizable
style templates. P4 also suggested adding hints of interactions and
toolbars. We improved RidgeBuilder based on these suggestions.

6.2 Algorithm Evaluation
6.2.1 Method. Dataset. To build a dataset of ridgeline plots with
shifting-peak trends, we summarized the variables as follows: 𝑁
represents the ridge number, 𝑀 represents the number of data
points for each ridge, and 𝑃 represents the number of ridgelines in
a ridgeline plot. We enumerated the pair of (𝑁 ,𝑀) from (10, 200) to
(100, 2000), randomly selected two 𝑃 , one for sparse peaks (𝑃 <= 4),
and one for dense peaks (𝑃 > 4), and generated 20 test cases in
total. We generate the dataset through the following steps: (1) We
enumerated the pair of (𝑁 ,𝑀). (2) For a given pair of (𝑁 , 𝑀), we
randomly selected 𝑃 ; (3) For each ridgeline 𝑝𝑖 ∈ 𝑃 , we set the slope
as 1 and randomly selected the range of the ridge index [𝑠𝑡𝑎𝑟𝑡, 𝑒𝑛𝑑]
and the intercept 𝑏; (4) We computed the cross points between
ridgelines and ridges and recorded them as positions of peaks (𝑋 );
(5) For each peak 𝑥𝑖 ∈ 𝑋 , we adopted a normal distribution function
to generate data points, randomly selecting the scale 𝜎 and the
height 𝜃 . We then combined and normalized the generated data
points; (6) For each pair of (𝑁 ,𝑀), we repeated steps 2-5 twice: once
with sparse peaks (𝑃 <= 4), and once with dense peaks (𝑃 > 4).
The generated dataset can be found in RidgeLayouter repository5.

Procedure and experiment settings.We conducted an eval-
uation of our layout algorithm’s effectiveness and time efficiency
by implementing four baseline algorithms (statistic-based mean,
statistic-based max, peak-based, layout randomly) and three adjusted
algorithms designed for the ablation study. To evaluate the impact
of the individual constraints and objectives, we compared our full
algorithm (G1+G2+G3) with variations of it that omitted one or
more of the constraints/objectives. We were unable to construct
G2+G3 as G2 is a directional constraint that must be with G1.
Thus, we evaluated G1 by comparing G1+G3 with G3. To test the
effectiveness, we conducted an online questionnaire-based user
study. For each test case, we ran all eight algorithms and merged
the same results generated by different algorithms. Then, we ask
users to select the best two results for each test case. The order of

5https://github.com/RidgeBuilder/RidgeLayouter

https://github.com/RidgeBuilder/RidgeLayouter
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Figure 8: This figure presents the outcomes of various layout algorithms, with GID denoting the index of the dataset employed.
(A) It displays the outcomes from eight distinct algorithms. (B) It elucidates the S-Mean algorithm’s subpar performance:
when multiple ridges possess similar mean values but differ in the number of peaks (one odd, one even), this can result in
non-adjacent placement of similar ridges. (C) This indicates that some users favor a zig-zag layout. (D) It reveals that, at times,
disregarding G1 and G2 can lead to the creation of intriguing stepped ridgelines. (E) This demonstrates that, in certain scenarios,
omitting G3 can better maintain the continuity of the ridgeline.

options was randomized in the questionnaire. The questionnaire
was distributed on an online crowdsourcing website and social me-
dia platform for university publications and communication. Each
participant was paid $1 and could only submit the questionnaire
once. The time efficiency testing was conducted on a computer
with an Intel(R) Core(TM) i7-5820K processor and Windows 10
operating system. For each test case, we ran the test ten times and
computed the average time cost.

Data collection and analysis. We implemented a rule that
removes responses from participants who select the random layout
more than twice to prevent participants from filling out question-
naires in bad faith. For valid questionnaires, we computed a score
for each algorithm. If an option was selected, the corresponding
algorithm received 1 point. However, if an option was merged from
𝑛 images, meaning that 𝑛 algorithms generated the same layout,
all of these algorithms received 1/𝑛 point. Finally, we computed
the score ratio between selected paired algorithms to evaluate the
effectiveness of G1, G2, and G3.

6.2.2 Results. We finally collected 45 valid responses (46 in total,
with one participant selecting the random layout 4 times). In Table 1,
we can see our layout algorithm (G1+G2+G3) gains the highest
score (77.33). We compute the score ratio between paired groups
and prove that addingG1,G2, andG3 can improve the performance,
with corresponding ratio 221.10%, 192.53%, and 194.41%.

In Fig. 8A, we present an example group of the outcomes from
various layout algorithms. We observe the following: A1 exhibits
continuous, unidirectional ridgelines that are the most compact,
without any occlusion; A2 lacks the desired compactness; A3 in-
cludes wiggles that disrupt the ridgeline; A4 not only has wiggles
but also fails to place similar ridges in close proximity. The remain-
ing layout results each present distinct issues: A5 obscures the
ridgelines to the point where they are nearly imperceptible, A6 is
dominated by the maximum peak in each ridge, highlighting the
longest ridgeline but neglecting the arrangement of other peaks,

and A7, influenced by the distribution of mean values, exhibits mi-
nor fluctuations. Furthermore, by integrating the score results with
the layout images generated by algorithms, we gleaned several in-
sights. First, our user experiments revealed that S-Max outperforms
S-Mean. As depicted in Fig. 8B, we pinpointed the reason: while
both are heavily influenced by a single statistical value, ridges with
similar means that have peaks of differing odd and even numbers
can lead to interlaced peaks, which disrupt the continuity of the
ridgeline. In contrast, S-Max ensures that at least one max-peak
ridgeline remains intact. Second, we discovered some different lay-
outs that are also favored by several users. By disregarding G2’s
directional constraints, we can achieve a zig-zag layout (Fig. 8C); by
ignoring both similarity and directional constraints, we can create
an intriguing stepped ridgeline (Fig. 8D); and by neglecting G3,
allowing for hiding some peaks can sometimes result in a more
continuous ridgeline (Fig. 8E). For the complete set of 20 example
groups in the datasets, please refer to the folder “layout results” in
the supplementary materials.

Table 1: Scores of different layout algorithms. Our four algo-
rithms all use different combinations of optimization goals.
Among them, G1+G2, G1+G3, and G3, are designed for ab-
lation study. Peak-based, statistic-max-based, and statistic-
mean-based algorithms are baseline methods. The random
one is used to control the quality of survey answers.

Methods Ours
G1+G2+G3 G1+G2 G1+G3 G3

Score 77.33 39.78 40.17 18.17

Methods Peak S-Max S-Mean Random

Score 3.33 15.67 4.33 1.22
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For all test cases, the average time cost of RidgeBuilder is 5.05s,
while the statistic-max method has the best time efficiency with an
average time cost 0.0123s. We argue that RidgeBuilder can respond
in real-time (<1s) for common cases (𝑁 <= 40) and keep users’
attention (<10s) in most cases (𝑁 <= 80) according to the existing
surveys [34]. Detailed results can be found in Appendix 2B.

6.3 Gallery
Six use cases are demonstrated in Fig. 1 to showcase the expressive-
ness of the ridgeline plots created by RidgeBuilder. Fig. 1A adopts
a cyclic layout revealing a periodical pattern with two peaks, each
means a rush hour using bicycles. Fig. 1B displays multi-layered
ridgeline plots with a map-based background. Fig. 1C employs a
classical alternative-color style and tells a story about how migra-
tory birds transport in Canada. Fig. 1D uses the meta-based order
and reveals the distribution of a users’ music listening time. Fig. 1E
shows the trend of infectious diseases by encoding categories with
different colors. Fig. 1F is bar-based and encodes temporal data on
positions of y-axis labels.

7 Discussion
In this section, we discuss the implications, limitations, analysis in
relation to other tools, and future work of this study.

7.1 Implications
We mainly discuss the implications and contributions of Ridge-
Builder from four aspects.

Theory. In this paper, we survey existing ridgeline plots and
systematically summarize a design space. In addition to well-known
dimensions including visual elements and embellishments, we iden-
tify special layouts and styles for ridgeline plots. The design space
can help visualization practitioners understand ridgeline plots bet-
ter. Moreover, we hope this study will inspire future visualization
researchers to explore more use of ridgeline plots.

Technique. To our knowledge, this study is among the first to
formalize the layout optimization problem of ridgeline plots. Exist-
ing methods mainly focus on the semantic orders of ridges with-
out highlighting the distinct visual pattern “ridgeline”. Specifically,
we summarize three optimization goals for highlighting salient
ridgelines based on content analysis from the analysis perspective.
Furthermore, we formulate it as an optimal problem, design an al-
gorithm, and evaluate its effectiveness through a user study. We not
only prove that our algorithm performs better than other baselines
but also validate the effectiveness of the optimization goals.

Application. We implement a web-based tool called Ridge-
Builder to support the interactive authoring of expressive ridgeline
plots. The results obtained from the reproduction study demon-
strate that RidgeBuilder has the potential to empower non-experts
to create effective and expressive ridgeline plots quickly and easily.

Generalizability. Although this paper focuses on the study of
ridgeline plots, the ideas discussed can be generalized to other ar-
eas of visualization. First, our approach to ridgeline plots, which
inherently involves overlap, has yielded insights that are perti-
nent to other small multiples that leverage overlap to enhance

the information-ink ratio and accentuate aggregated visual pat-
terns. Our strategies, which include considering design space el-
ements, style, and layout in the context of overlap, can guide the
development of such small multiples. Second, our methodology
for layout optimization—assessing perspectives, framing goals as
optimization problems, and modeling them as TSP instances—could
be generalized to other visualizations, such as storylines, for layout
optimization.

7.2 Limitations
Several limitations should be discussed.

First, RidgeBuilder does not currently support composing other
visualizations on ridgeline plots because our investigation of the
design space found that the technique is mainly used to report data
samples for distribution in academic scenarios but is less commonly
used in artworks. It is possible that adding other visualizations to
already expressive ridgeline plots may be counterproductive. We
acknowledge that this issue requires further investigation and plan
to address it in future work.

Second, we acknowledge that the RidgeBuilder layout algorithm
may not respond in real time when the number of ridges is large.
However, we argue that this is not a major issue because having
too many ridges can cause cognitive burden and visualization scal-
ability issues, making ridgeline plots less practical. Based on our
survey, the number of ridges varies from a few to nearly 100; the
current algorithm is capable of responding in real-time. Neverthe-
less, we plan to improve the time efficiency of the algorithm in the
future by exploring modern optimal methods and approximate TSP
algorithms, such as genetic algorithms or heuristic search.

Third, our current evaluation with RidgeBuilder faces limita-
tions. On the one hand, most of the baseline tools at our disposal do
not accommodate variations in ridgeline plot layouts, with many
necessitating manual adjustments to the ridge order. This makes it
challenging to design study tasks that are equitable. On the other
hand, although code-based tools provide ample flexibility to per-
form the same tasks as RidgeBuilder, it would be an unfair com-
parison to assess them solely on usability and learnability when
pitted against interactive tools. To address these limitations, we
make RidgeBuilder open-source. This move will enable us to gather
user feedback in the future and continuously refine its design and
implementation. Furthermore, we analyzed RidgeBuilder along-
side other authoring tools and discussed RidgeBuilder’s underlying
framework alongside some grammar, identifying both shared and
distinct features.

Fourth, we currently model the layout optimization problem
of ridgelines based on the relationships between adjacent ridges.
However, in very dense ridgeline scenarios, overlap is not limited
to adjacent ridges; instead, multiple consecutive ridges can overlap.
Given the computational complexity of modeling, specifically, as-
suming the number of variables is 𝑛, the number of combinations
considering 𝑘 variables is 𝑃𝑘𝑛 . Considering the real-time require-
ments of interactive tools, we opted to model only adjacent ridges.
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Figure 9: This displays the commonalities and differences
between the underlying framework of RidgeBuilder and can-
didate grammars or frameworks. These candidates include
three grammars ggirdges [67], Vega [60], Vega-Lite [48] and
two underlying frameworks Data Illustrator [31] and Char-
ticulator [44]. We use the mark * to identify the framework.

7.3 Analysis of RidgeBuilder in Relation to
Other Grammars and Authoring Tools

We explored insights from the perspectives of grammar and author-
ing tools, discussing potential candidates that could offer a basis
for understanding RidgeBuilder relative to other tools.

7.3.1 Analyze RidgeBuilder alongside existing visualization gram-
mars. We list five candidates: ggridges [67], Vega [60] (the underly-
ing framework of Lyra [47]), Vega-Lite [48], the underlying frame-
work of Data Illustrator [31], and the underlying framework of
Charticulator [44]. We classify the support for ridgeline plot design
space in candidates across four categories:

• Direct Support: The direct configuration of this grammar
covers all options for the selected design dimension that
RidgeBuilder supports.

• Indirect Support: This grammar can cover all options for the
selected design dimension, but it is achieved through indirect
and complex configuration combinations, demanding high
user expertise.

• Limited Support: This grammar covers a subspace for the
design dimension.

• Not Support: This grammar’s configurations don’t support
for editing the design dimension.

We provide a brief summary of the comparison results in Fig. 9,
where each cell indicates the level of support for one dimension of
each candidate. Detailed introductionwith screenshots can be found
in Appendix 4. In the discussion, we elaborate on the details of the
“Indirect Support” and “Limited Support” cells from the functionality
perspective and then discuss limitations and advantages.

In Elements scope, we discuss three dimensions. (1) Ridge:
Data Illustrator and Charticulator currently lack support for “step”
shaped ridgeline plots, which are crucial for effectively visualizing
continuous changes in levels over time. Tools with this feature
have better support for discrete data and can broaden the use of
ridgeline plots in various contexts. (2) Axes: There are two handling
approaches. One method involves the explicit representation of
three independent axes-x, y, and z (ridge) as seen in tools like
ggridges and RidgeBuilder. The alternative approach views the
ridgeline plot as a foundational chart with x and y axes while
performing layout variations, such as facet rows or repetition, as

utilized in Vega-Lite and Data Illustrator. Vega also operates with
three axes, but it achieves the z-axis by setting the y-axis as a band
and nesting an inner y-axis within it. Charticulator introduces the
z-axis through the height of the rectangle for bar-based ridgeline
plots and uses layout changes like facet rows for line-based plots.
Our implementation of various ridgeline plots indicates that tools
supporting three axes facilitate relatively easy creation, as such
structure aligns more naturally with user cognition. (3) Optional
elements: Vega and Vega-Lite achieve this via rules.

In Layouts scope, we discuss four dimensions. (1) Transform:
Vega supports the cyclic transform layout via the polar axis. Tools
lacking cyclic transformation support cannot effectively create
ridgeline plots for periodic patterns, limiting their expressiveness.
(2) Layer: Vega allows the creation of multiple layers using scales
with different ranges. Vega-Lite supports the stacked layer and the
overlay layer through the stack option. Data Illustrator only sup-
ports the stacked bar-based layers. Charticulator can achieve the
overlay bar-based layer by linking grouped bars. Different layers
can visualize the inner ridgeline among groups and the outer ridge-
line among variables so supporting diverse layers can enhance the
expressiveness of ridgeline plots. (3) Order: Listed candidates allow
users to sort ridges by descending or ascending the order of the
statistic value. The limited support for ordering severely restricts
the expressiveness of ridgeline plots, as shown in 6.2.2. Addition-
ally, manually determining the optimal order for multiple vari-
ables is highly time-consuming and labor-intensive. RidgeBuilder
outperforms other tools in addressing this challenge. (4) Overlap:
Candidates except ggridges require users to configure “row gap” as
negative numbers to set overlap. Besides, users must set the “bound”
as “flush” in Vega-Lite.

In Styles scope, since color, opacity, and border dimensions
share similar features, we discuss them together. RidgeBuilder and
ggridges offer direct declarations for special styles, such as alter-
native colors, whereas other tools require manual specification for
each element. Thus, RidgeBuilder and ggridges enable users to
create special styles more efficiently than others.

Overall, RidgeBuilder’s underlying data model offers us insights
in two key areas. On one hand, it provides users with an authoring
data model that is more aligned with the nature of ridgeline plots,
while also supporting expressive and flexible visualizations. Our
data model is designed to be closer to user cognition, with direct
declaration options for elements such as the three axes, layers and
order in layout, and special styles. As shown in the Sec 6.1.3, our
design can further lower the learning curve for users. On the other
hand, we explored the possibilities of declaring layout-optimized
options. RidgeBuilder includes features that allow users to specify
their layout preferences, facilitating the achievement of the desired
layout. For example, by setting the G2 ratio to 0, users can create
a zig-zag ridgeline plot. This feature significantly enhances Ridge-
Builder’s flexibility and user-friendliness, making it particularly
beneficial for users who need customized visualization layouts.

7.3.2 Analyze RidgeBuilder alongside existing visualization tools.
We list six candidates: Data Illustrator [31], Charticulator [44],
Lyra [47], Lyra2 [72], Tableau [46], PowerViz [42].

DG1: Lyra, Lyra2, PowerViz, and Tableau provide direct inter-
action for creating basic ridgeline plots but are limited in support
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specific channel bindings, for example, the axis labels’ position. Data
Illustrator utilizes an indirect approach to ridgeline plot creation
with repeat and partition. Charitulator enables the direct creation
of ridgeline plots with bar-based ridges; however, it requires users
to invest extra effort in layout adjustments when transitioning to
line-based ridges.

DG2: All candidates exhibit limitations in supporting the diverse
layouts characteristic of ridgeline plots. Notably, the ridgline plots
derived from RidgeBuilder’s design space, such as cyclic ridgeline
plots and those featuring multiple ridges and layers, are challenging
to edit using these tools. Furthermore, RidgeBuilder offers guidance
on optimizing layouts to highlight visual patterns, assisting users
in effectively achieving the desired layout for ridgeline plots.

DG3: While various tools offer the ability to adjust the style
of ridgeline plots, many exhibit limited support for specific styles.
For instance, the popular alternate color pattern often requires
manual adjustments for each ridge in most tools. Similarly, applying
cumulative transparency from top to bottom typically necessitates
individual modifications in other tools. In contrast, RidgeBuilder
facilitates easier interaction for modifying these styles, allowing
users to make adjustments more efficiently.

DG4: Data Illustrator and Tableau allow users to add embellish-
ments while the other four do not.

7.4 Future Work
We plan to improve RidgeBuilder from three aspects in the future.

Integrating human-model-collaborative designs. In the re-
production study interviews, many participants shared their sug-
gestions on the recommendation functions of RidgeBuilder, mainly
focusing on the human-model collaborative design possibility of
ridgeline plots in future work. Our participants proposed potential
requirements for dynamic layout optimization goals. P5 commented
that the aesthetic consideration of layout varies under different sit-
uations, so it is important to consider recommendations based on
interactions. P12 explicitly suggested adding user interactions as the
context in the layout recommendation. Also, P5 and P7 suggested
we extend fixed-style templates to data-driven ones. Furthermore,
P7 mentioned the recommendation for data binding will signifi-
cantly reduce the mental burden of users. P10 wanted us to provide
more guidance on the embellishments, that is, help her find possible
insights and add annotations. Considering all these suggestions, we
plan to propose a context-aware human-model-collaborative design
framework for ridgeline plots. Specifically, we will further survey
the human factors, such as which visual patterns users are interested
in and what are the other layout criteria users are concerned about
in designing ridgeline plots. Then, we will build a framework to
clearly describe the design context of ridgeline plots and enhance
the recommendations.

Enhancing directmanipulation on plots.While RidgeBuilder
currently supports drag-and-drop data mapping and allows sorting
of ridges through dragging, some interactions still rely on shelf-
configuration options, which require users to search for the correct
settings. To enhance the intuitiveness of RidgeBuilder in future
iterations, we plan to invest engineering resources to enhance di-
rect manipulation features within RidgeBuilder. Specifically, for
layout adjustments, users will be able to drag to modify the offset

and dynamically resize plots and marks. Regarding styles, Ridge-
Builder should incorporate a style-brushing feature and customiz-
able hotkeys. For advanced manipulation, RidgeBuilder could en-
able users to sketch desired patterns by drawing a ridgeline trend,
which the systemwould then use to optimize the layout accordingly.

Improving RidgeBuilder’s connection with existing au-
thoring systems. To make RidgeBuilder more accessible and reach
a broader user base, we are looking into improving its compatibility.
For visualization tools that currently do not support all ridgeline
plot authoring features, we plan to identify compatible features
like providing a layout optimizer. For design tools, we now support
exporting SVG file and we also intend to offer RidgeBuilder as a
plugin for existing design authoring systems like Figma, allowing
users to integrate our tool seamlessly into their workflows.

8 Conclusion
In this paper, we investigate ridgeline plots from the design space,
authoring method, and layout criteria. We conduct a comprehensive
survey of existing ridgeline plots and propose a design space with
five dimensions. We develop RidgeBuilder, an interactive authoring
tool, to help users create expressive ridgeline plots easily with the
automatic layout optimization algorithm based on three identified
goals. We evaluate RidgeBuilder through a reproduction study and
several use cases and validate the effectiveness of the layout opti-
mization goals and algorithm through a user study. Our findings
demonstrate that RidgeBuilder is effective in supporting users in
creating visually appealing ridgeline plots. In the future, we plan to
enhance RidgeBuilder with intelligent models and a context-aware
human-model-collaborative design framework.
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