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Figure 1: A storyline of publications included in this survey over time. Colored dots represent individual papers (“events”). Lines
correspond to institutions that appear in more than one publication, while papers from other institutions are shown as isolated dots.

Collaborations between institutions are indicated by blue rectangles. The visualization highlights a vibrant research field, with recurring
collaborations and a steady stream of publications across years. Note that, in this case in particular, the graph is laid out manually.

Abstract
Storyline visualizations model narratives as temporal networks, using x-monotone lines to represent entities and their interac-
tions over time. This technique offers an intuitive way to reveal structural patterns over time, such as character co-occurrence
and narrative flow. Storylines represent a visualization approach with growing interest from the visualization community and
applications in diverse contexts. Researchers have developed various layout algorithms and formalized a set of optimization
objectives with the goal of automating their generation and balancing their readability, graph aesthetics, and efficiency. These
methods vary in their algorithmic formulations and implementations as well as the visual elements they support, such as labels,
grouping, or continuity preservation across time. This state-of-the-art report maps the current landscape of storyline visual-
ization approaches, with a specific focus on the visual structures, optimization objectives, and the characteristic of the layout
algorithms that generate these.

represented by separate x-monotone lines arranged along the y-
axis progressing along time, the x-axis (see Figure 1). Each line
traces the presence or involvement of a character across moments
in the narrative, and when characters interact, such as appearing
together in a scene, their lines move close to one another or even

1. Introduction

Storylines are a visualization technique used to depict evolving re-
lationships and interactions over time. At its core, storylines model
a narrative as a temporal network, where entities or characters are
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converge. In these storylines, spatial proximity (i.e., line conver-
gence) visually encodes temporal, social, and structural relation-
ships. The concept gained widespread attention through a popular
XKCD comic titled “Movie Narrative Charts” [Mun09], which il-
lustrated the movements and interactions of characters from major
movies. This showcased how simple and intuitive visuals could re-
veal the structure and rhythm of a story, i.e., what characters appear
when, with whom, and for how long.

Following this debut, researchers began developing automatic
layout algorithms to reproduce and expand on the manually
crafted aesthetic of XKCD’s version, aiming to balance readabil-
ity, (graph) aesthetic clarity, and efficiency, while accommodating
a wide range of narrative structures and facilitate for additional (vi-
sual) features, such as labels, grouping, or continuity preservation
across time. The general challenge lies in arranging the lines to
show groupings and transitions clearly and without clutter. Specific
goals include minimizing line crossings (which obscure relation-
ships), reducing wiggles, or bends (which distract from continuity),
and limiting white space (to preserve compactness) [TM12].

Due to the method of representing time in storyline visualiza-
tions (i.e., a sequence of discrete time steps or layers), many ap-
proaches draw on techniques from layered graph drawing. In partic-
ular, adaptations of the Sugiyama framework [STT81] and similar
heuristics are used to compute vertical orderings of characters over
time by minimizing crossings. Methods such as barycentric order-
ing [GKNV93] are common, often with additional constraints to
ensure that interacting characters are placed adjacently [GJLM16].

Existing storyline methods vary not only in the algorithmic tech-
niques they employ, ranging from heuristics, to exact, to hybrid
approaches, but also in the visual and structural elements they sup-
port. For example, some methods explicitly account for labels, ex-
tended group interactions, or character continuity across multiple
time steps, all of which impose additional constraints on the layout
algorithm’s optimization objectives.

The landscape of layout methods and features is growing
quickly. To help make sense of this evolving space, this paper of-
fers a state-of-the-art report of storyline visualizations, centered
on their optimization objectives, visual structures, and algorithmic
foundations. Our goal is to support future researchers in identify-
ing unexplored directions and to assist those looking to implement
storyline visualizations on specific datasets in finding algorithms
that suit their particular needs. To do so, we have structured this
state-of-the-art report as follows. First, for the sake of reproducibil-
ity, we discuss the methodology utilized to collect our corpus of
storyline-visualization-relevant literature. Second, we discuss the
taxonomic classification of this corpus of literature as well as the
results of said classification. Subsequently, we take a closer look
at the different types of layout algorithms that are utilized to min-
imize/maximize various optimization objectives and how they are
commonly evaluated across several domains. With the results of the
previous sections in hand, we discuss identified outstanding chal-
lenges and opportunities. Finally, we summarize the results of the
paper and outline some limitations of this paper.

An interactive website containing the classified papers used
in this survey is at https://velitchko.github.io/
storyline-survey.

1.1. What is a Storyline?

Throughout our survey of the literature, we found ourselves fre-
quently scrutinizing various visualization approaches, e.g., flow
charts or area charts, and wondering “Can we consider these as
storylines?”

Ogawa and Ma [OM10], to the best of our knowledge, are the
earliest authors describing a storyline visualization, provide these
following constraints for the visualization of storylines:

“ From studying the XKCD chart, we derived general rules for
an aesthetic layout of lines:

1. Clustered developers must be placed in contiguous, ad-
jacent lines.

2. Clusters should be spaced apart from each other.
3. Existing tubes should change y-position very little, if at

all.
4. Tube crossings are inevitable, but avoid them if possi-

ble.

While the language used by Ogawa and Ma reflects the infancy
of the niche (“tubes” are character lines, “clusters” are scenes in
which characters appear together), these criteria will go on to de-
fine the basis of subsequent storyline visualization efforts. In their
fundamental paper defining criteria for optimizing storyline visual-
ization, Tanahashi et al. refer directly to the earlier Ogawa and Ma
paper in order to expand and refine the definition of storylines as
follows [TM12, p. 2]:

• “Storyline visualization is a technique that portrays the temporal
dynamics of social interactions by projecting the timeline of the
interaction onto an axis. [...]”

• “Storyline visualization consists of a series of lines, going from
left to right along the time-axis, that converge and diverge in the
course of their paths. Each line in this visualization represents a
unique social entity (character) in the data.”

• “The starting and ending points of each line represent the lifes-
pan of the corresponding character.”

• “Lines representing interacting characters are bundled together
during the time period of their interaction, causing them to con-
verge as they start interacting and to diverge as they stop inter-
acting.”

They go on to define their own criteria for storylines:

• Lines representing interacting characters must be adjacent.
• Otherwise, lines must not be adjacent.
• A line must not deviate unless it converges or diverges with an-

other line.

With the proliferation of the field, these definitions were relaxed
to allow for a broader exploration of the design spaces. For in-
stance, ubiquitous characters, characters that participate in multi-
ple scenes at the same time, could now be allowed as an additional
feature [GDL∗20].

In order to limit the scope of this survey to papers that can be for-
mally defined as storyline visualizations, we present the following
exclusion criteria:

E1 Every entity in a storyline visualization should be represented
by one line, which can be followed through the story.
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E2 The focus of the visualization should be on the interactions be-
tween these lines.

E3 The visualization should extend along one axis that represents
time.

E4 The vertical ordering of characters needs to be determined by a
layout algorithm informed by their meetings, and not by addi-
tional attributes or metadata associated with the nodes.

As such, we exclude:

• Criterion E1: Layered graph visualizations in which the layers
do not represent time.
While such layouts share structural similarities with storylines,
their layers encode abstract graph structure rather than tempo-
ral progression and fall outside the scope of this survey.

• Criterion E2: Visualizations in which there is not a one-to-one
correspondence between visual lines and individual characters.
This includes temporal treemaps [KW19, DN24], in which enti-
ties are aggregated and focus on composition rather than on in-
teractions between characters. For the same reason, we exclude
Sankey diagrams [RTJ∗11], aggregated area charts [SWL∗14,
XWW∗13], and related approaches in which multiple entities are
visually merged such that it is not possible to follow an individ-
ual character over time [OMB∗07, RB10, CLWW14].

• Criterion E3: Approaches in which the layout is primarily
driven by metadata or attributes rather than by interactions be-
tween characters.
An example of this category is the work by Di Bartolomeo et
al. [DBZSD21], where storyline-like layouts are used but spatial
organization is not derived from character interactions.

• Criterion E4: Layouts in which characters that are absent at a
given time step completely disappear from the visualization and
are not visually tracked across time.
An example of this category is in Yeh et al. [YMA∗25] in which
characters are not presented in a visually continuous manner.

1.2. A Brief Glossary of Storyline-related Terms

Storyline visualizations have been referred to using various de-
scriptions. The visual and structural elements within storylines are
also described using terminology that comes from graph drawing
and visualization as well as from the narrative aspects of the visual-
ization. The visualization itself has been referred to under multiple
names: originally labeled as a “narrative chart” [Mun09], however
in the seminal paper of Ogawa et al. [OM10], it is formally defined
as a “storyline”.

The following presents a summary of terms used throughout our
collection of literature, listing their synonyms and explaining what
is meant by them through the paper. The terms in bold are the ones
we try to use in the rest of the paper as standardized terms.

A “Character”: an individual participant in the narrative, vi-
sually represented by a single traceable element; also referred to
as “Entity” [QC16], “Actor” [ZCY25], or using a name based on
context (e.g., “Developer” [OM10]). The continuous visual trace
representing a character’s presence across time can be called
a “Character Line” [LWW∗13] (or just “Line”), but also a

“Tube” [OM10] or a “Trajectory” [YMA∗25]. In layered graph
terminology, character lines would be comprised of multiple
“Edges” or be referred to as “Paths”.

A temporal interval during which multiple characters participate
together can be referred to as “Interaction” [TBS14], “Event”
[Are15], “Scene” [ZCY25], “Meeting” [HW24], “Group”
[GDL∗20] or “Cluster” [OM10]. A temporal interval during
which a character is active in the narrative but does not partici-
pate in a multi-character interaction is just an “Event” [Are15]
(perhaps even specified as “Solo Event”), or, in graph terminol-
ogy, a “Node”.

A discrete unit of time at which character presence and inter-
actions take place are defined as a “Time Step” [PBH18]. Time
steps can contain one or more events or groups. In papers specif-
ically tackling dynamic and/or layered graph drawing, a time
step can also be called a “Layer” [GJLM16], but also a “Slice”
[DJJ∗24], or in other cases a “Snapshot” [BBDW17].

At every given time step, a storyline visualization needs to have
defined a total vertical order of characters. This can be defined as
“Vertical Order” [HW24], “Permutation” [GJLM16] or “Rank-
ing” [PLM∗25].

1.3. Related Surveys

Drawing on Filipov et al.’s recent survey of surveys on network vi-
sualization [FAM23], we highlight a few relevant perspectives in
current surveys that, in our estimation, relate strongly to the visu-
alization of storylines: the visualization of dynamic graph drawing,
layered graph drawing, and clustered graph visualization.

As storylines can be viewed as a form of dynamic network,
it is useful to consider typical approaches to dynamic network
visualization. Several surveys have explored the visualization of
such evolving networks [MMB05, KKC14]. In particular, Beck et
al. [BBDW17] classify dynamic visualizations into categories such
as animation, timeline, and generic. Storyline visualizations fall
into the juxtaposed timeline category, where sequential snapshots
of a network are placed side by side, aligned vertically and ordered
left to right along the x-axis, as is common in storyline layouts.

On a similar note, storyline visualizations are also closely re-
lated to layered graph drawing. However, unlike general layered
graphs, where layers encode an abstract structure, storylines as-
sume that the horizontal axis represents time and that each en-
tity is visually tracked as a continuous trace across this axis. In-
teractions are not encoded as explicit edges, but emerge through
spatial proximity and grouping of these traces. This emphasis on
continuity, persistence, and interaction-centric layouts introduces
constraints and optimization goals that are specific to storylines
and are not commonly addressed in typical layered graph draw-
ing or broader dynamic network visualization. Nonetheless, the
algorithmic foundations used in storyline layouts are indeed pro-
vided by layered graph drawing. Here, a large body of work ex-
ists on the topics, e.g., McGee et al.’s [MGM∗19] survey on mul-
tilayer network visualization. Techniques such as Sugiyama-style
frameworks [STT81], barycentric ordering, and median heuristics
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are frequently adapted in storyline systems to compute vertical or-
derings across time steps. However, these approaches are typically
developed for graphs where nodes are discrete and layer-specific,
rather than for representations that require persistent visual identity
across layers. As a result, many challenges central to storylines,
such as minimizing unnecessary vertical movement or preserving
continuity during periods of inactivity, fall outside the purview of
typical layered graph drawing research.

Another related field is the visualization of groups or clusters
within a network. Both Vehlow et al. [VBW17] as well as Ehlers et
al. [EMWR24] present taxonomies that focus on the explicit rep-
resentation of group structures in network visualization, especially
useful in storyline contexts where visual coherence among recur-
ring character groups or themes is desirable.

Finally, storylines can also be seen as a form of multivariate
data visualization, since time acts as an additional attribute dis-
played in tandem with nodes and their relationships. Archambault
et al. [AAK∗13] formalize the concept of multivariate temporal net-
works, which lie at the intersection of dynamic and multivariate vi-
sualization; a topic subsequently surveyed thoroughly by Nobre et
al. [NMSL19]. Their work is particularly relevant here for its em-
phasis on the integration of time alongside other dimensions, an
aspect at the heart of storyline design.

While these surveys address broader categories of network vi-
sualization, storylines represent a focused technique that brings to-
gether multiple aspects, temporal/layered structures, dynamic be-
havior, and multivariate attributes. As this style gains increasing at-
tention in the visualization community, we believe the time is right
to take stock of existing work and offer a dedicated survey of sto-
ryline visualization methods.

2. Methodology

In this section, we aim to provide the reader with a succinct
overview of how papers were collected, how the collected set of
papers was (manually) refined, and finally categorized.

Search Query In order to collect the papers for this survey, we
ran a search query over all the biggest digital libraries (listed in the
table below) for scientific publications. We adapted the following
search query for the specific methods to search on each one of the
libraries, looking for the following terms in the paper title or its
metadata:

“Storyline Visualization” OR “Storyline Drawing” OR “Sto-
ryline Chart” OR “Storytelling Chart” OR “Timeline Visual-
ization” OR “Movie Narrative Chart” OR “Narrative Chart”
OR “Temporal event sequence visualization” OR “Visual
Narrative”

We also included the entirety of the Graph Drawing (and Net-
work Visualization) conference proceedings in the process, i.e.,
from 1994 until 2025, as we deemed their contents highly relevant
to this survey. Note that, in order to ensure as many relevant pa-
pers were collected as possible, we supplemented this (API-driven)
querying with an additional final snowballing step. Table 1 illus-
trates the number of papers returned from the search for every
queried venue as well as the manual snowballing.

Engine Query results Included
ACM 486 3
Sage 64 1
IEEE 376 15

DigLib 116 0
ScienceDirect 235 5
SpringerLink 130 5

Graph Drawing 1275 10
Snowballing 14

Total: 53

Table 1: Sources of papers included in the survey

Refinement and Tagging After this aforementioned collection
step, and after establishing our exclusion criteria (documented as
part of Section 1.1), our team went through an initial, manual filter-
ing of the papers to exclude those that did not fit the scope of this
state-of-the-art report (explained in Section 1.1). After establishing
the categorization dimensions (Section 3), our team, in a second
manual pass through the collected literature, refined and tagged all
remaining papers. The results of this process are illustrated in the
second column of Table 1.

Scope This survey focuses specifically on storyline visualization,
i.e., the depiction of dynamic relational data, such as characters
and their interactions over time. While broader fields like story-
telling and narrative visualization are relevant, we limit our scope
to techniques that explicitly represent dynamic networks as story-
lines. Papers discussing general storytelling or narrative visualiza-
tion are excluded unless they include a storyline-based representa-
tion of dynamic relationships.
This narrow focus allows us to analyze the algorithmic methods,
optimization objectives, and the design choices unique to storyline
visualization techniques. The challenge in storyline visualizations
is in maintaining a readable and interpretable layout of the evolving
network of characters, which has a fundamentally different objec-
tives to narrative visualization.

3. Classification

All collected papers were classified along a set of dimensions that
reflect both how storyline visualizations are constructed and what
aspects of the visualization they emphasize. The goal of this clas-
sification is twofold. First, to provide a structured overview of the
design and algorithmic choices that reoccur across the literature.
And second, to highlight where different approaches make funda-
mentally different assumptions.

Our classification focuses primarily on the layout algorithms
used to generate storyline visualizations. In particular, we exam-
ine which optimization objectives are considered, how these ob-
jectives are combined or staged, and what types of algorithmic
techniques are employed to compute character orderings and posi-
tions over time. This emphasis reflects the fact that most storyline
research is driven by layout concerns, and that many papers distin-
guish themselves mainly through the optimization problems they
formulate or the heuristics they propose to solve them.

© 2026 The Author(s).
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Figure 2: Counting crossings: while the figure on the left is unam-
biguous (it has one crossing), the figure on the right can be inter-
preted in two different ways, depending on if we are counting pair
crossings (in which case, it would have 2 crossings) or block cross-
ings (in which case, it would only have one crossing).

For completeness, we also record a number of visual and data-
related aspects that influence how storylines are applied in prac-
tice. These include supported visual features, interaction encod-
ings, and application domains. However, these aspects are not
treated as primary classification axes. Instead, they serve to con-
textualize the algorithmic choices and to illustrate how different
methods are tailored to specific data characteristics or use cases.

The following sections discuss each classification dimension in
turn. Rather than assigning each paper to a single category, we al-
low papers to appear in multiple categories where appropriate, as
many approaches combine several objectives or techniques.

3.1. Optimization Objectives

Most storyline visualization approaches are guided by one or more
optimization objectives that capture intuitive notions of readability
and visual clarity. These objectives typically formalize properties
of the character lines and their relative ordering over time, such
as reducing visual clutter caused by crossings, limiting unneces-
sary vertical movement, or controlling the overall compactness of
the layout. The following subsections detail optimization objectives
found in the papers included in this survey.

3.1.1. Crossings

Optimizing the order of characters in a storyline to minimize cross-
ings is one of the central objectives of a storyline layout algorithm.
A poor selection of the vertical order is one of the primary sources
of clutter and reduced readability associated with increased cog-
nitive load. When character lines or groups thereof exchange po-
sitions over time, the consequent crossings disrupt the visualiza-
tion’s continuity and flow of narratives, which is argued to impact a
viewer’s capability to follow individual characters and their devel-
opment. Crossings in storyline visualizations can broadly fall into
two categories: (i) pair and (ii) block crossings (see Figure 2). Re-
lated work also addresses skewness and overlap reduction, which
considers geometric factors that are perceptually close to crossings
since they focus on improving curve separability and reducing vi-
sual clutter.

Pair Crossings (also known as pairwise crossings) are by far the
most common type of crossing in storyline visualizations (with 31
occurrences in the queried literature; see Figure 2-left and Table 2).
Pair crossings treat each inversion or intersection between two indi-
vidual character lines as a separate crossing. Pair crossings present

Crossings (34)

Pair
Crossings

(31)

[OM10,TM12,LWW∗13,LZLC14,TBS14,Are15,
KNP∗15,THM15,SAHW15,GJLM16,QC16,

SEA∗16,LCZ17,AP17,LLLW17,Frö18,PBH18,
TRL∗19,LHZ∗21,TLW∗21,SLW∗22,DNS∗23,

HW24,DJJ∗24,WSZ∗24,DCS∗24,ZCY25,LYK25,
KLM25,YWR∗25,PLM∗25]

Block
Crossings

(4)

[vDFF∗16,vDLMW17,GDL∗20,HW24]

Wiggles & Bends (21)

Wiggle
Count (17)

[TM12,LWW∗13,Are15,THM15,QC16,LCZ17,
AP17,LLLW17,Frö18,TRL∗19,LHZ∗21,TLW∗21,
SLW∗22,DCS∗24,KLM25,YWR∗25,DHNW25]

Wiggle
Height (6)

[LZLC14,QC16,LCZ17,Frö18,DHNW25,PLM∗25]

Quadratic
Wiggle

Height (8)

[LWW∗13,TBS14,HBK15,TRL∗19,LHZ∗21,
TLW∗21,SLW∗22,YWR∗25]

Compactness (19)

Limit
Whitespace

(16)

[TM12,LWW∗13,LZLC14,Are15,THM15,QC16,
LCZ17,AP17,TRL∗19,GDL∗20,LHZ∗21,TLW∗21,

SLW∗22,DCS∗24,KLM25,YWR∗25]

Number of
Layers (1)

[DNS∗23]

Limit Width
(1)

[DHNW25]

Separation
(1)

[LYK25]

Emerging Objectives (4)

Actor-
Centric (2)

[HBK15,GDL∗20]

Stability (1) [ZCY25]

Fairness (1) [PLM∗25]

Table 2: Optimization objectives and their counts. The tables illus-
trates, by tag, all the citations for the papers corresponding to such
tags. Papers that have multiple tags (e.g., more than one concurrent
optimization objective) appear in multiple rows of the table.

the most common quality metric that is used to evaluate the read-
ability of storyline layouts and frequently guides algorithm design.
Optimizing for pair crossings is a central objective of layout al-
gorithms that reduces the total number of these inversions or in-
tersections between individual lines across the layout. This is a
similar problem to the classical crossing minimization often dis-
cussed in layered graph drawing literature [STT81]. Pair crossings

© 2026 The Author(s).
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provide precise and low-level measures of a storyline’s visual com-
plexity and readability, it favors improvements that are local rather
than global [HW24]. Skewness reduction relates to pair crossing by
controlling how the curves intersect (i.e., at what angle), favoring
clearer intersection angles (similar to angular resolution in graph
drawing). The objective is to avoid steep diagonal crossings and
reduce the impact of these [PLM∗25]. Considering crossings be-
tween groups of characters (rather than individuals) and the larger-
scale structures of the storylines motivates research on optimizing
for block crossings.

Block Crossings constitute a smaller body and more recent devel-
opment of related work (with 4 papers in total that fit our inclusion
criteria; see Figure 2-right and Table 2). The motivation behind op-
timizing for block crossings is that not all crossings are equal in
terms of the perceived complexity of the resulting storyline layout.
More specifically, two sets of lines that cross each other at a spe-
cific point and are bundled together are easier to comprehend com-
pared to the same number of pair crossings that are distributed ir-
regularly throughout the storyline [vDLMW17]. This consideration
aligns with Gestalt principles of proximity and continuity [Wer38],
according to which readers group approximately close and parallel
lines together and interpret their behavior as a collective. Overlap
reduction is also uniquely considered in 3D [YZC∗25] and targets
minimizing the visual occlusion of curves by offsetting them along
the z-axis while maintaining the 2D ordering and temporal align-
ment. In contrast to pair crossings, in block crossings, we consider
optimizing the ordering of entire groups of characters, which re-
sults in layouts that highlight collective behavior and transitions.
Perceptually, this provides storyline layouts that have fewer large-
scale structural changes and disruptions and more emphasis on col-
lective (group structure) dynamics.

3.1.2. Wiggles (& Bends)

Wiggle Count

Figure 3: Counting wiggles. Two
main approaches to count wig-
gles: in wiggle count, we count
each directional change as 1 –
thus the figure above would have
just 2. If, instead, we care about
wiggle height, we consider the
extent of the vertical movement of
the line – thus, the figure above
would have a total sum of 5.

The (geometric) smooth-
ness of a character’s
curve is another important
aspect and fundamental
optimization objective,
often referred to as wiggle
(count or height) mini-
mization [DHNW25]: A
character in a storyline
changing its vertical
position introduces bends
or wiggles. Similar to
crossings, few wiggles are
assumed to correspond
to increased readability
and a more aesthetically
pleasing storyline lay-
out [AP17]. Optimizing
wiggles in a storyline can
consider minimizing their:
(i) count or (ii) height (see Figure 3). There are also various
rendering methods to displaying wiggles, illustrated in Figure 4.

Wiggle Count captures the number of direction changes along an

Spline Circular arcs Straight line

Individual

Multiple

Adjusted

Figure 4: Different representations of line wiggles include splines,
circular arcs, and straight segments. In all cases, and particularly
for circular arcs, anchor points must be adjusted to maintain con-
sistent spacing between lines. This becomes critical when segments
turn vertical, as unadjusted lines may overlap, as shown in the un-
adjusted circular arc example above. An discussion on spline ad-
justment can be found in [DHNW25].

individual character’s line throughout the storyline, i.e., the num-
ber of inflection points across a character’s line(s). This prob-
lem is popular in storyline visualization literature (with 17 occur-
rences throughout the queried literature; see Figure 3 and Table 2).
Minimizing the total number of wiggles is an important objec-
tive, resulting in overall smoother evolving curves, easily trace-
able paths and narratives, and reducing jitter that causes visual
clutter. In storyline layout algorithms, this step is commonly per-
formed after crossing minimization and is typically addressed us-
ing combinatorial formulations, heuristics, or independent set prob-
lems [LWW∗13,THM15,AP17]. Similar to pair crossings, the wig-
gle count provides a low-level measure of local improvements to
individual curves, rather than a global smoothing over the whole
storyline layout. This presents an opportunity for optimization ob-
jectives that account for the wiggles’ height instead of just their
total count.

Wiggle Height is another metric to quantify the smoothness of
the character curves, measures how far they move vertically be-
tween the events in a storyline visualization, instead of the curves
direction changes (i.e., wiggle count). This particular criterion
is discussed in five related papers, see Figure 3 and Table 2.
Measuring the amount of vertical movement along each curve
in literature is typically computed either linearly [Frö18], i.e.,
by summing up the absolute vertical distances between events,
or quadratically [DHNW25], i.e., squaring the movements be-
fore summing [LWW∗13]. The main distinction between the two
approaches is how the penalty function is interpreted, i.e., how
strongly large movements are penalized. In quadratic formulations,
abrupt vertical jumps and displacements are more strongly penal-
ized than in linear formulations. This metric represents a global de-
scription of geometric smoothness and complements wiggle count,
which is focused on more local changes.
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3.1.3. Compactness

Compactness describes the overall amount of space used by a story-
line visualization. In contrast to crossing and wiggle minimization,
which focus on the optimization of continuity, smoothness, and re-
duction of visual clutter with the goal of improving a storyline vi-
sualization’s readability, compactness aims to avoid overly sparse
layouts that contain excessive white space (see Figure 5). Such ex-
cessive white space has perceptual effects such as impacting the eye
travel distance between characters and events, weakening a readers
ability to connect events, and understand/explore the narratives.

Limiting Whitespace reduces the amount of unused vertical and
horizontal space between character lines and their interactions
(blocks/events) [TM12]. Storyline layout algorithms typically ap-
proach this objective after the crossings and wiggles have been
minimized. The remaining whitespace is then tightened, shrinking
any gaps between lines and events, while avoiding occlusions that
might occur. It is quite a common objective of most storyline lay-
out algorithms (16 occurrences in queried literature; see Table 2).
This objective seeks to produce denser but still readable layouts that
make narrative structure visible without excessive and unnecessary
white space.

Spacing

Figure 5: In the figure above,
characters that do not interact
in the same time step are sepa-
rated by enforced vertical spac-
ing between their lines. This
spacing visually distinguishes in-
teractions, where characters ap-
pear together, from periods in
which they do not. The require-
ment for spacing depends on the
chosen interaction encoding (see
Figure 10).

Spacing is an objective
that refers to the distances
between individual char-
acter curves or character
groups (2 occurrences in
literature; see Figure 5 and
Table 2). Separation is a
constraint that enforces
minimum vertical dis-
tances between character
curves or groups to avoid
overlaps or visual clutter
in denser parts of the
storyline. This objective
aims to ensure that char-
acters and interactions
remain distinguishable,
particularly when inter-
action encoding relies on
spatial separation rather
than explicit containers
or marks [LYK25] (see
the spacing example in
Figure 5). Proximity, on
the other hand, pulls characters that are related or that frequently
co-occur closer together by penalizing large distances between
selected pairs or groups of character curves [WSZ∗24]. Both
objectives contribute to visual clarity by grouping meaningful
elements, but their effect is most relevant when grouping is implied
through spatial proximity, rather than through explicit group
encodings such as enclosures or containers (see Figure 10).

Layout Bounds optimize specific constraints related to the draw-
ing dimensions of the storyline visualizations. It presents an under-
investigated optimization objective as only 2 papers on the topic
could be identified (see Table 2). Limiting Width is formulated as

Fairness/Unfairness

unfairness =

∣∣∣∣crossings among blue
number of blue

− crossings among yellow
number of yellow

∣∣∣∣

|0/2 - 2/4| |2/2 - 2/4| |4/4 - 2/2| |1/4 - 1/2|
= 1/2 = 1/2 = 0 = 1/4

Figure 6: Unfairness in different cases: blue and yellow represent 
two different groups of characters, with blue being a minority and 
yellow being a majority. In a fair layout unsolvable crossings would 
be distributed evenly between the two categories.

a minimization problem to determine the minimum distance be-
tween time steps needed to maintain a smooth, x-monotone char-
acter curve that should balance between smoothness and width us-
age [DHNW25]. Number of layers presents another objective that 
is minimized through graph coloring techniques to reduce the total 
number of vertical layers needed when multiple interactions occur 
within the same time [DNS∗23].

3.1.4. Emerging Objectives

Protagonist

Figure 7: The pink line represents a
protagonist in the visualization: the
optimization criteria are done so that
the main character is given more im-
portance, central to the visualization
and deprived (as much as possible)
of crossings, in addition to having no
wiggles. [HW24]

Recently, new kinds
of semantic (charac-
ter and story-driven)
objectives have been
introduced that address
specialized narrative
structures, equitable
representation of char-
acters, and preserve
(interaction) stability.

Recent objec-
tives for specialized
character roles, i.e.,
optimizing the main
character’s (the protag-
onist or ego [EPF∗24])
prominence throughout
the storyline visualiza-
tion, achieve this by
representing the character centrally and ensuring that there are no
crossings or wiggles, as illustrated in Figure 7. Hegemann and
Wolff [HW24] propose a storyline visualization in which either
a single individual is given particular importance or a group of
characters is considered especially relevant. Accordingly, their
layout method assigns greater weight to crossings and wiggles
that involve the protagonists of the visualization. A similar idea is
proposed in a more relaxed form (visually only, and not explicitly
addressed by the layout algorithm) by Kuo et al. [KLM25].
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Ubiquitous Actors

Figure 8: Ubiquitous actors: yel-
low and blue both belong to two
different groups simultaneously.
In [GDL∗20], this is represented
as the character being a tree,
with branching paths that repre-
sent their participation in multi-
ple simultaneous groups.

When characters simul-
taneously participate in
multiple interactions at the
same time, a very com-
mon scenario, a different
representation compared
to established straight
character lines is required.
Character trees have been
introduced as structured
representations that aim
to address the challenge
of characters participating
in multiple interactions
(ubiquitous characters,
see Figure 8) [GDL∗20].
This approach emphasizes
a character’s participation
as branching behavior and introduces new objectives for optimiza-
tion, such as actor planarity, branch continuity, and branch degree
minimization.

Fairness objectives have been recently introduced [PLM∗25] that
formalize the equitable distribution of visual complexity across
groups of characters (see Figure 6). Different modes of optimiza-
tion are introduced: (i) fairness mode ensures balanced distribution
regardless of the group’s size, whereas (ii) focus mode, on the other
hand, prioritizes specific character groups.

Finally, stability objectives aim to preserve a reader’s mental
map during interactive exploration. This is achieved by minimiz-
ing the storyline’s layout changes when filters or selections are
changed [ZCY25].

3.2. Visual Structures & Entities

Apart from optimizing the layout for the various objectives dis-
cussed in Section 3.1, storyline visualization approaches differ sub-
stantially in terms of the visual and structural elements used to
convey the underlying data or narrative. An overview of the struc-
tural elements is available in Table 3. These elements determine
how characters, interactions, relationships, and other facets, e.g.,
attributes, locations, other timelines, are encoded, placed, and vi-
sualized. Optimization approaches aim to improve the readability,
whereas the visual structures and features focus on what informa-
tion is being displayed, where is it placed in the visualization, and
how is it encoded. In storytelling and narrative visualization these
aspects act as important considerations to make in order to support
the interpretation of the data [SH10].

3.2.1. Labels & Annotations

Manual or automatically generated labels and annotations can pro-
vide explicit, additional context and information. These are one of
the most common visual elements that are present in storyline visu-
alizations. Surprisingly, however, only 28 occurrences across the
queried literature were counted (see Table 3). More specifically,
these annotations revolved around characters (26 occurrences), an-
notations (4 occurrences), and events (5 occurrences). Note that

Labels (28)

Character
Labels (26)

[OM10,KCH10,TM12,LZLC14,TBS14,Are15,
THM15,SAHW15,HBK15,LLLW17,OK17,
PC18,SBB∗18,PBH18,TRL∗19,AXP∗22,
TLW∗21,SLW∗22,HAB23,CN23,WSZ∗24,
ZCY25,LYK25,KLM25,YWR∗25,PLM∗25]

Event Labels (5) [TM12,SAHW15,LHZ∗21,WWD23,CN23]

Annotations (14)

General
Annotations (4)

[SEA∗16,OK17,SBB∗18,WWD23]

User
Annotations (3)

[TRL∗19,TLW∗21,SLW∗22]

Audio
Annotations (1)

[CLMY13]

Locations (8) [TM12,LWW∗13,QC16,LCZ17,OK17,
HAB23,WWD23,ZCY25]

Character-Specific Encodings (6)

Character
Groups (4)

[ZWQ∗15,PC18,LYK25,PLM∗25]

Character Trees
(1)

[GDL∗20]

Genealogy (1) [KCH10]

Interaction Encodings (5)

Multi-Character
Interactions (1)

[WSZ∗24]

Multi-variate
Encodings (4)

[ZWQ∗15,PC18,YZC∗25,KLM25]

Extensions (4)

Non-Interacting
Characters (2)

[OM10,TBS14]

Multiple
Timelines (1)

[PBH18]

Uncertainty (1) [KCH10]

Table 3: Visual Structures & Entities. The table illustrates, by tag,
all the citations for the papers corresponding to such tags. Papers
that have multiple tags (e.g., more than one concurrent optimiza-
tion objective) appear in multiple rows of the table.

these occurrences were counted if the papers in question featured
some form of labels in their visualizations; not that the paper ex-
plicitly featured an optimization of label placement. Generally,
these elements support identifying specific narrative entities, i.e.,
characters, interpreting significant events and interactions, as well
as communicating any contextual or explanatory information that
cannot be encoded by the visualization alone.
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Side label placement Nested label placement

Alice

Bob
Chris

Bob

Chris

Alice

Figure 9: Different label placements for characters: labels can be
placed outside the visualization or embedded directly within the
lines. Embedded labels can save space and help maintain charac-
ter identity, but require sufficient straight segments in the layout to
accommodate the text.

Characters Labels Character labels primarily serve the goal of
explicitly annotating the main (or most significant) entity/enti-
ties within a storyline to guide the viewer through the narrative.
The majority of the approaches places labels adjacent to (or di-
rectly atop of) their respective lines, either by embedding them
inline when the spacing allows it, placing them to the side of
the visualization, or offsetting and angling them to reduce clut-
ter (see Figure 9) [KCH10, LZLC14, LLLW17, SBB∗18, AXP∗22,
TLW∗21,SLW∗22,WSZ∗24,LYK25,YWR∗25,PLM∗25]. Several
approaches selectively reduce labeling density, i.e., omitting la-
bels completely, by computing and ascribing a significance score
to each character. This is commonly achieved by identifying long-
living or salient characters within storylines [KLM25] or by allow-
ing viewers to interactively/manually reposition labels in order to
avoid overlap and visual clutter [ZCY25].

Event Labels Events are additionally labeled or annotated to make
the interactions throughout the development of a narrative explicit.
These labels are commonly found along the temporal x-axis. How-
ever, some approaches use bounding boxes, background segments,
text, or containers that surround converging lines, conveying du-
ration and participation explicitly [TM12, SAHW15, OK17]. Other
approaches utilize the visual properties of line convergence and di-
vergence to draw attention (and use these as) implicit event en-
codings, i.e, character interactions; commonly supplemented with
textual annotations, interactive tooltips, or linked views showing
metadata and details associated with the events [LHZ∗21,WWD23,
CN23]. These approaches attempt to balance the readability of the
entire storyline with access to detailed information about the narra-
tive and context.

3.2.2. Annotations

Annotations extend beyond basic labeling of the storyline’s core el-
ements and entities by attributing or emphasizing explanations and
contextualizing narrative elements. They represent the second most
common visual structure within storyline visualizations (with 14
occurrences across literature; see Table 3). Such elements are often
employed as a method of externalizing important details/facts and
reducing the need for viewers to retain this information in working
memory.

Audio & User Annotations A number of approaches explore var-
ious modalities, such as, audio annotations [CLMY13], which was

Extended mark Container Line separation

Figure 10: Different ways to represent events where multiple char-
acters participate. The can be represented through an elongated
mark (left picture), through any kind of container (center picture),
or just identified through the separation between lines (right pic-
ture). In the latter case, a minimum space between lines needs to
always be enforced, thus the aspect needs to be taken into account
in the layout algorithm (see Figure 5).

shown to i) improve recall of narrative elements when viewers re-
visited the storyline visualization, and ii) allow users to remem-
ber key moments through audio alone. Other approaches provided
methods for viewers to manually add, annotate, or modify labels
and other visual elements supporting the presentation [TRL∗19,
TLW∗21, SLW∗22]

Locations Location encodings aim to provide spatial context, e.g.,
movie scenes and locations, for events and character interactions.
Commonly employed approaches include shaded background re-
gions, colored contours, and bounding boxes that visually group en-
tities located at the same place together [TM12, LWW∗13, OK17].
Recent approaches investigate integrating imagery, (mini-) maps,
or other linked views depicting geographical information alongside
the storyline visualization [HAB23,WWD23]. Trees and tables are
further used to provide an overview and support exploration of lo-
cation hierarchies and metadata [QC16, LCZ17, ZCY25].

3.2.3. Character-Specific Encodings

Character-specific encodings enrich storyline visualizations by rep-
resenting roles, group memberships, or further structural relation-
ships beyond the main narrative. We have identified various struc-
tural elements and encodings, extending past labels and annota-
tions, that we have placed in this category (6 publications in our
literature collection; see Table 3).

Character Groups Character groups and clusters represent col-
lective behavior or group interactions. Groups are commonly rep-
resented by spatial proximity or shared bounding boxes sharing
the same visual attributes, e.g., color, or line/glyph style (see Fig-
ure 10 and Figure 11). This similarity enables viewers to quickly
identify the groups and the joint participation of individuals within
them [TLW∗21, PC18, LYK25]. Color and line styling are also
used to encode categorical distinctions such as team member-
ships [LYK25, ZWQ∗15] or narrative focus [PLM∗25]. Clustering
provides further higher-level summaries of character organization,
often aggregating characters into clusters and visualizing these as
bundles or embedded glyphs [LLLW17, PC18].

Character Trees & Genealogy To tackle the problem of vi-
sualizing concurrent character participation in multiple interac-
tions, [GMD∗23] propose a design that generalizes the storyline vi-
sualization to tree structures: character trees. Each character starts
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Separated marks Extended mark

Figure 11: Groups spanning multiple time steps. Interactions can
be shown either as separate marks at each time step (left) or as a
single mark spanning multiple time steps (right). The latter requires
the layout algorithm to maintain consistent vertical positions for all
involved characters to preserve visual continuity.

with a line that branches when that character participates in mul-
tiple groups or interactions simultaneously, while preserving the
temporal and visual continuity. In genealogy, storylines have been
employed to encode familial relationships and lifelines (where the
horizontal extent represents the life span) [KCH10]. Branching and
linking are also employed here to encode marriages and lineage,
where as other visual attributes, i.e., symbols and color gradients,
are used to encode demographic information and uncertainty.

3.2.4. Interaction Encodings

Interaction encodings describe how joint activities or (multiple)
character participation in events are visually represented. These
type of encodings typically express multiple character relationships
(see Figure 10) or multivariate encodings using glyphs (see Fig-
ure 14). This category represents special cases and circumstances
where interactions between characters need to be explicitly en-
coded as the focal point of the visualization with 5 publications
in this category (see Table 3).

Multi-Character Interactions These interactions are commonly
depicted using extended marks, explicit containers, or through en-
forced line separation (see Figure 10). When these interactions span
multiple time steps, they are duplicated and shown as repeated
marks or continuous regions with stable ordering [TM12,TLW∗21,
SBB∗18] to preserve visual continuity (see Figure 11). Wang et
al. [WSZ∗24] have complemented storyline visualizations with a
matrix-based glyph that encodes character interactions. This rela-
tionship matrix encodes the character interactions as compact grids
and reduces crossings that could occur.

Multi-variate & Multi-relational Encodings Storylines are fre-
quently augmented with additional data facets, such as multiple at-
tributes and multiple relationships between characters. These facets
are often visualized in supporting visualizations, i.e., using coordi-
nated linked views or small multiples, such as network diagrams
and other standard charts [PC18, KLM25, ZWQ∗15]. Yao et al.
[YZC∗25] propose a 3D storyline visualization, where the spatial
and temporal aspects are encoded using a space-time-cube integrat-
ing geographic movement with narrative progression.

3.2.5. Extensions

Other extensions to storyline visualizations do not neatly fall into
the other existing categories discussed above (4 occurrences; see

Cut off line Fading line

Figure 12: When characters are absent at a given time step, their
lines can either be interrupted entirely (left) or shown as a faint
continuation indicating temporary absence (right). In the latter
case, these faded segments must still be considered by the layout
algorithm to avoid unnecessary crossings and visual clutter.

Table 3). We therefore discuss these here in their own section, de-
scribing metaphors that address the narrative completeness, uncer-
tainty, or alternative narrative structures.

Non-Interacting Characters considers characters that are inac-
tive or peripheral to the central narrative being conveyed. In exist-
ing approaches, these characters are still retained to preserve narra-
tive context, but are often visually de-emphasized. Common strate-
gies include pushing character lines toward the periphery of the
layout, e.g., the top or bottom of the storyline (see Figure 7), sim-
plifying their visual appearance, or allocating them reduced vertical
space to compress their impact on the main layout [OM10,TBS14].
This allows the visualization to maintain narrative completeness
without overwhelming the depiction of the primary characters and
interactions [PC18]. Related designs consider characters that tem-
porarily vanish from the narrative. Some systems remove a char-
acter’s line entirely during periods of absence, allowing the lay-
out to reclaim space and reduce overall height. Other approaches
avoid abrupt disappearance and instead preserve visual continuity.
Tapaswi et al. [TBS14], for example, used dashed lines to indi-
cate periods in which a character is inactive. This choice has di-
rect implications for layout optimization: preserving continuity re-
quires the algorithm to maintain vertical slots for absent charac-
ters, whereas removing inactive characters enables more aggressive
space compaction (see Figure 12).

Multiple Timelines often show alternative or hypothetical narra-
tives rather than a singular timeline. These approaches are often
centered around movie scenarios and support illustrating or com-
paring the narrative paths and outcomes [PBH18].

Uncertainty encodings aim to faithfully represent the missing
or uncertain data attributes, i.e., time points or intervals. Kim et
al. [KCH10], for example, utilize gradients and fading colors to
communicate uncertainty related to temporal spans and support
cautious interpretation of the data.

3.3. Temporal Model

Most storyline visualizations adopt a discrete (timesliced) temporal
model, where the horizontal axis is divided into a sequence of time
steps and each interaction is assigned to exactly one of these steps.
In this setting, time advances in uniform increments and interac-
tions are treated as instantaneous events, even when they concep-
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Time Intervals

�� �� ��

Figure 13: This figure illustrates an example from time-interval sto-
rylines [DNS∗23]. In every time interval, illustrated by segments at
the bottom of the visualization, events occur simultaneously.

tually span longer periods. This model simplifies layout and opti-
mization, as it allows character orderings and positions to be com-
puted independently for each time step.

A notable deviation from this assumption is introduced by
Dobler et al. [DNS∗23], where the horizontal axis is partitioned
into time intervals rather than single instants (see Figure 13). Each
interval occupies a certain amount of horizontal space and may
contain multiple events that occur simultaneously, e.g., in the same
year. While these events share the same temporal position, the al-
located width allows them to be visually separated and arranged
within the interval. With the exception of this variation, the tem-
poral models used across the surveyed literature remain consistent
and rely on discrete time to structure the layout process as a layered
graph.

3.3.1. Multivariate Data Encoding

Glyphs

Figure 14: In the figure above,
adapted from [WSZ∗24], multi-
variate interaction data is en-
coded using glyphs. In this exam-
ple, the glyph represents script-
level information by showing
which characters interact with
one another through vertical line
elements.

Storyline visualizations
can be interpreted as
a form of multivariate
temporal network visual-
ization, as they inherently
encode multiple data
dimensions such as time,
entity identity, interaction
membership, and charac-
ter lifespan. Despite this,
most approaches consider
only interactions and
time, and do not integrate
additional attributes into
the visualization.

Only a small number
of papers explicitly inte-
grate additional multivari-
ate data beyond this stan-
dard set. A notable exam-
ple hereof is the work by Wang et al. [WSZ∗24], which overlays

glyphs on interaction events to encode extra semantic information.
Here, glyphs represent subject–predicate–object relationships ex-
tracted from scripts, allowing the visualization to convey not only
who interacts with whom, but also the nature of these interactions
(see Figure 14). Importantly, this additional data is encoded visu-
ally but does not directly influence the layout optimization. Another
example of such multivariate visualization appears in the fairness-
driven storyline layouts by Piselli et al. [PLM∗25], where charac-
ters are assigned to categorical groups, e.g., factions, that are not
derived from interaction structure alone. These group memberships
introduce an additional attribute that is taken into account by the
optimization process, with the goal of distributing crossings and
wiggles evenly across groups.

Takeaways: The optimization objectives described above are not
independent and, in many cases, cannot be satisfied simultane-
ously. For instance, enforcing adjacency of interacting charac-
ters may introduce crossings, while minimizing crossings can
separate groups or increase vertical movement. As a result, most
approaches do not aim to optimize all criteria at once. Instead,
they prioritize subsets of objectives or decompose the problem
into stages, as seen in pipeline-based methods. Storyline layout
is fundamentally a trade-off-driven process, where different ap-
plications may require different compromises between readabil-
ity, compactness, and structural fidelity.

4. Layout Algorithms

Here, we discuss different types of layout algorithms used to com-
pute storyline visualizations. From our collection of papers, we can
formulate a split between two major types: heuristic-based layout
algorithms, and exact ones. The algorithm chosen for the visual-
ization is deeply tied with the chosen metrics the authors aim to
optimize (see Section 3.1). Further, the layout process is often di-
vided into several steps (see Section 4.1.1), and the different steps
are targeted at different quality metrics. We describe algorithmic
approaches for the different steps separately.

Formal Definitions and Notation
[k] the set {1,2, . . . ,k}(S
k
)

the set of k-element subset of S
C = {c1,c2, . . . ,cn} the set of characters
I = {I1, I2, . . . , Im} the set of interactions

T = {1,2, . . . , ℓ} the set of time steps
A(t) the set of characters alive at time step t

c ∈ I character c is part of interaction I
I(t)⊆ I the set of interactions at time step t

πt the ordering of characters at time step t
c ≺πt c′ c is before c′ in πt

yt,c
the y-coordinate of character c at time
step t

Table 4: Definitions of important concepts used through the rest of
this section and their notation.
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4.1. Heuristic Approaches

In this section, we present heuristic approaches in the literature and
discuss the typical stages of optimizing storyline visualizations. We
further provide details about the specific heuristics used, i.e., lay-
ered sweep, wiggle minimization, gradient descent, force-directed,
and multi-dimensional scaling methods (see Table 5).

Heuristic Approaches

Pipeline
Approach

(16)

[DCS∗24,LZLC14,LLLW17,YWR∗25,Are15,
LCZ17,LHZ∗21,SLW∗22,TRL∗19,LWW∗13,
KLM25,TLW∗21,QC16,THM15,TM12,AP17]

Layered
Sweep (18)

[DCS∗24,LZLC14,LLLW17,YWR∗25,OM10,
LCZ17,LHZ∗21,SLW∗22,ZCY25,TRL∗19,LWW∗13,
KLM25,TLW∗21,QC16,THM15,TM12,AP17,PBH18]

Greedy (8) [LWW∗13,THM15,TM12,KLM25,DCS∗24,OM10,
vDFF∗16,HW24]

Local
Search (4)

[PLM∗25,GDL∗20,THM15,AP17]

Gradient
Descent (1)

[TBS14]

Genetic
Algorithm

(1)

[TM12]

Force-
Based (2)

[SAHW15,SEA∗16]

MDS (2) [ZCY25,
LLLW17]

Other (4) [TLW∗21,GDL∗20,HW24,LYK25]

Specific to Wiggle Count

Longest
Common

Subse-
quence (12)

[DCS∗24,LLLW17,YWR∗25,LCZ17,LHZ∗21,
SLW∗22,TRL∗19,LWW∗13,KLM25,TLW∗21,QC16,

THM15]

Maximum
Indepen-

dent Set (2)

[Are15,AP17]

Table 5: Heuristic approaches

4.1.1. Pipeline Approach

Computing a storyline layout is a complex problem with many op-
timization criteria that depend on different aspects of the visualiza-
tion. As dealing with all criteria at once is challenging, the layout
process is often divided into several steps, each of which computes
a different part of the layout and optimizes a subset of the quality
criteria.

This usually comprises the following three steps (see Figure 15).

1. Compute a topological layout that consists of a vertical order of

characters πt , for each time step t. Coordinates are not set yet.
This step usually serves to minimize crossings, and may inher-
ently reduce the number of wiggles.

2. (optional) In an optional second step, some layout algorithms
fix other parts of the layout. In most cases where this happens,
this step reduces the wiggle count by forcing an equality of the
y-coordinates of a character between consecutive time steps.

3. The last step computes the full layout while respecting those
parts of the layout computed in the previous steps. That is, in this
step real-valued coordinates are computed for each character and
for each time step, while respecting the character orders from
step 1 and the potential restrictions from step 2. This step usually
minimizes whitespace and some definition of wiggle.

What follows is a description of such pipeline approaches in
chronological order. Tanahashi and Ma [TM12] incorporate a
pipeline approach into their genetic algorithm. They do so by ap-
plying steps 1 and 3 of the pipeline to a genome of their algorithm
to evaluate its fitness; for more details, see Section 4.1.3. This ap-
proach is ultimately extended by the authors themselves [THM15],
i.e., greedily computing a single genome and extending the pipeline
to include a wiggle count minimization on the longest common
subsequence (Section 4.1.6).

Storyflow [LWW∗13] is the most standard example of a pipeline
approach, which applies steps 1-3 as described above: Crossings
are minimized in step 1 with a layered sweep (Section 4.1.2),
wiggle count is minimized in step 2 with an approach based on
the longest common subsequence problem (Section 4.1.6), and
step 3 reduces squared wiggle height and whitespace with linear
programming (Section 4.2.1). Several papers adopt this approach.
Liu et al. [LLLW17] preface their pipeline with a cluster assign-
ment step based on multi-dimensional scaling (Section 4.1.10).
Tang et al. [TRL∗19] extended the layout process with con-
straints imposed by a user and each step of the Storyflow pipeline
is adapted accordingly. This approach has since been adapted
multiple times [TLW∗21, SLW∗22]. Lu et al. [LHZ∗21], Ye et
al. [YWR∗25], and Qiang et al. [QC16] all apply the Storyflow al-
gorithm directly without modifications. Deng et al. [DCS∗24] only
apply the first two steps of the Storyflow pipeline but add a new
greedy whitespace reduction step as a third step (Section 4.1.4).
Lastly, Kuo et al. [KLM25] adopt parts of the Storyflow pipeline,
including slightly constrained steps 1 and 2, but add a new greedy
compaction in step 3.

An approach applying only steps 1 and 3 can be found in the
work of Lu et al. [LZLC14].

Arendt [Are15] uses the Graphviz library to perform their first
pipeline step. In a second step, wiggle count is minimized by re-
ducing the problem to that of a maximum independent set (Sec-
tion 4.1.7). The last step is again done by linear programming.
Arendt and Pirrung [AP17] apply the same steps, but local search
to further reduce crossings is incorporated into step 2.

Finally, Dobler et al. [DNS∗23] make use of a quite different
pipeline approach. They do not assign interactions to fixed time
steps but instead give them a partial order. The pipeline, thus,
looks as follows: First, interactions are assigned to partially or-
dered layers (by a coloring approach) in order to minimize hori-
zontal space; The second step orders layers based on a traveling
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Figure 15: Pipeline approach. The input (left) is a set of interactions over time. In the first step (middle), the vertical orderings πt , t ∈ T , of
characters are computed for each time step, without assigning final spacing. In the final step (right), geometric refinement minimizes wiggles
and whitespace while enforcing separation constraints, with improved separation enabling further reduction of wiggles.

Layered Sweep Approach

Figure 16: Layered sweep approach. The algorithm iteratively pro-
cesses layers to reduce crossings, sweeping through the visualiza-
tion either in a single direction or in alternating passes. This tech-
nique is commonly used for crossing minimization in layered graph
drawing [STT81].

salesperson (TSP) formulation, placing similar layers next to each
other; The last step uses the integer linear program of Gronemann
et al. [GJLM16] to minimize crossings (see Section 4.2.3).

Use a pipeline approach when you have several goals that
clash, and you’re okay solving them step by step instead of all at
once. This separates the problem into steps: first fix the structure
(like crossings), then refine it (like wiggles/spacing). The down-
side is that early decisions limit what can be improved later.

4.1.2. Layered Sweep

By far the most papers identified in this literature review use a
method from graph drawing to compute the order of characters at
each time step in order to minimize the number of pair-wise cross-
ings (see Figure 16). Usually, this is incorporated in the context of
a pipeline approach, where the computed order serves as the input
for the next step of the pipeline. This method stems from layered
graph drawing [STT81], and then computes character orders in an
iterative way, starting with the first time step, and computing orders
for each additional time step t based on the order of the previous
time step t − 1. This approach can then be carried out in reverse
order again, i.e., computing orders for t based on t + 1, iteratively
from the last time step to the first.

Usually, the initial order of the first time step is set randomly or
by some criterion. The ordering of each consecutive time step tries
to keep relative orders of pairs of characters as similar as possible

to the previous time step. The most popular approach for this is
the following: Given an ordering πt of characters at time step t, the
aim is to compute the order πt+1. Each character at t + 1 receives
a weight which corresponds to its position in πt . An interaction
receives a list of weights corresponding to the positions of its char-
acters in πt . Then, the list of characters and interactions are sorted
by their weight and by the average/median weights, respectively.
Characters inside an interaction can then again be sorted by this
weight.

This kind of layered sweep approach is adopted in a plethora of
papers. The first notable example hereof was authored by Ogawa
and Ma [OM10]. They do not only compute the order of characters
this way, but also the coordinates of characters at each time step.
Starting with a random order of characters at the first time step
(equally spaced along the vertical axis), they then, for each next
time step, calculate the desired y-coordinate for each interaction as
the average of y-coordinates of its characters in the previous time
step. The desired y-coordinate of characters not present in an inter-
action is carried over from the last timestep. Characters and inter-
actions are then assigned y-coordinates that are as close as possible
to the desired y-coordinate greedily, retaining their relative order.

Tanahashi and Ma [TM12] apply this method as part of their
genetic algorithm. Here, a genome assigns interactions and charac-
ters to vertical slots, and a pipeline method, including a Sugiyama-
style sweep, evaluates a genome (refer to Section 4.1.3 for more
details). Each slot can only accommodate a single interaction for
each time step. Tanahashi, Hsueh, and Ma [THM15] apply a sim-
ilar algorithm. However, instead of a genetic algorithm, a greedy
algorithm computes slot assignments. Both papers do not state how
the initial order of the first time step is computed. As slots only con-
tain a single interaction at each time step, and slots already have a
fixed ordering, both approaches simply carry over relative orders of
characters from the previous time step within a slot. Characters that
appear are placed at either the top or bottom-most position within
their slot.

The Storyflow pipeline [LWW∗13] uses the standard barycen-
ter method. Further, the computed orders must comply with the
fixed vertical order of locations, which is computed at the first time
step of the pipeline. This is achieved by applying the barycenter
heuristic for each location separately for each time step. The al-
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gorithm uses a random initial order which conforms to the loca-
tion and interaction constraints. The Storyflow method for cross-
ing minimization has since also been adapted into several visual-
izations [TRL∗19, LHZ∗21, TLW∗21, SLW∗22, DCS∗24, KLM25,
YWR∗25,QC16,LCZ17]. Notably, Tang et al. [TRL∗19] also con-
sider such a variant, where a subset of relative (user-defined) or-
ders of character pairs is fixed. Here, they use an extension of the
barycenter method from graph drawing tailored towards this set-
ting [For04]. Similarly, Lu et al. [LZLC14] adopt an equivalent ap-
proach based on the barycenter method, also incorporating a fixed
order of locations. The initial order is not discussed.

Arendt [Are15] models the storyline as a directed acyclic graph
where arcs are directed from a time step to the next, and where in-
teractions and characters outside an interaction are modeled as a
single vertex. Vertices can have multiple incoming or outgoing arcs
if they correspond to an interaction, as the characters from an in-
teraction do not necessarily belong to the same interaction in the
previous or next time step. They then use Graphviz to compute the
orderings of characters. Usually, the applied algorithm corresponds
to an adaptation of the Sugiyama-framework [STT81], which ap-
plies the barycenter or median method.

Arendt and Pirrung [AP17] are the first ones to use the median
instead of the barycenter for crossing minimization, applied in a
Sugiyama-style sweep. The initial order is not discussed. Padia et
al. [PBH18] use the barycenter method for computing character
orders, and then use d3.js to draw the storyline. Finally, Zhang,
Chen, and Yong [ZCY25] apply a variant of the barycenter method
as a post-processing step to sort characters within locations.

Use layered sweep when your main goal is to reduce crossings
quickly. It is fast and scales well, which is why it is widely used.
However, it only looks at local changes, so the result is not guar-
anteed to be globally good.

4.1.3. Genetic Algorithm

Tanahashi and Ma [TM12] propose a genetic algorithm. The algo-
rithm works with slots, which are disjoint horizontal strips in the
visualization having a vertical fixed order. A specific genome as-
signs each so-called interaction session one of the available slots,
while there cannot be two interaction sessions in a single slot for a
time step. An interaction session is essentially, either an interaction
having a duration with start and end time step, or a single character
over a maximal time span where it is not part of any interaction.
The paper also optimizes the length of a genome by sometimes
merging interaction sessions if it is always optimal to place them
into the same slot. Thus, the number of slots is set as the maximum
number of interaction session over all time steps. The approach is
extended to incorporate a variable order of locations, which is also
encoded into the genome.

The fitness of a genome is then defined by first computing a lay-
out of the storyline by applying an algorithmic pipeline to the slot
assignment, and then computing a weighted sum of wiggle count
and crossings. The genetic algorithm classically maintains a popu-
lation of genomes, and in each iteration applies crossover, mutation,
evaluation, and selection phases.

The algorithmic pipeline to compute the layout of a genome first

applies a Sugiyama-style sweep (see Section 4.1.2 for a discus-
sion), and a greedy approach to reduce whitespace by shifting sets
of interaction sessions downwards as long as possible (see Sec-
tion 4.1.4), and by not altering the wiggle count.

Use genetic algorithms when the problem is messy and you
want to try many different solutions to see what works. They
explore a wide range of possibilities and can combine multiple
objectives. This flexibility comes at the cost of higher computa-
tional effort and less predictable outcomes.

4.1.4. Greedy

Many layout algorithm incorporate some greedy aspect. That is,
when an iterative layout algorithm is faced with a choice, it always
chooses the locally best one, even when this might not be globally
optimal. The applications of the greedy paradigm are vastly differ-
ent between the layout algorithms, so we describe them separately,
based on which aspect of the visualization they are optimizing.

Greedy Crossing Minimization Van Dijk et al. [vDFF∗16] pro-
pose a heuristic for minimizing block crossings in storylines, where
each interaction consists of exactly two characters. The algorithm
starts with an arbitrary initial order of the characters and the list
M of interactions sorted by time step. Then, in each step, a block
crossing is computed, such that it supports the maximum number
of yet unsupported interactions from the beginning of M. That is,
for each supported interaction, the two corresponding characters
appear consecutively after the block crossing is applied. Because
each interaction has only two characters, this process of computing
greedy block crossings can be done in time O(|C| · |I|).

Hegemann and Wolff [HW24] apply a very similar approach for
their storylines with a protagonist. The difference is that interac-
tions can contain arbitrarily many characters. Again, they start with
a random start permutation and apply the block crossing, which
optimizes a local score. This is done until all interactions are sup-
ported – in the same sense as in [vDFF∗16].

Greedy Coordinate Computation The approach of Tanahashi
and Ma [TM12] incorporates a greedy whitespace reduction step,
that shifts groups of interaction sessions (see Section 4.1.3) down
as long as possible.

Deng et al. [DCS∗24] determine character coordinates by first
assigning initial positions at the first time step. Then, for each sub-
sequent time step, the method greedily attempts to keep charac-
ter curves straight; when this is not possible, certain characters are
shifted vertically to allow the placement of the currently consid-
ered character. In Spreadline [KLM25], a similar approach is used;
however, the description is not complete.

Other Greedy Approaches Tanahashi, Hsueh, and Ma [THM15]
extend the approach from [TM12]: While in [TM12] a genetic al-
gorithm is used to assign interaction sessions to slots (see Sec-
tion 4.1.3), in [THM15] this is done with a greedy approach; that
is, interaction sessions are assigned one by one to the best possible
slots with regard to crossings. This approach is further extended by
introducing new slots in between two other slots during this greedy
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assignment, if this new slot would be better for the interaction ses-
sion.

Storyflow [LWW∗13] uses a greedy algorithm to determine a
vertical order of locations in their variant, where each interaction
happens at a location. The locations are processed iteratively in or-
der of the number of interactions they contain, starting with the
location with the most interactions; then, in each step, the location
is inserted at a position that produces the least amount of crossings.

Use greedy methods when you want a fast solution and don’t
mind that it may not be the best overall. They make simple
choices step by step, which makes them efficient. But once a
decision is made, it is usually not revisited, which can lead to
poor global layouts.

4.1.5. Local Search

Local search is a heuristic technique to improve a solution – possi-
bly computed by another heuristic – by iteratively performing small
changes to the solution as long as this improves the solution quality.

Tanahashi, Hsueh, and Ma [THM15] employ a local search
for adjusting their layout. As described in Section 4.1.4 and Sec-
tion 4.1.1, they first compute a slot assignment of interaction ses-
sions and run a pipeline that computes the layout based on these slot
assignments. After this initial layout with the initial slot assignment
is computed, the authors try to locally improve this slot assignment,
run their pipeline again, and see if this improves the quality metrics.
In particular, they first compute a weighting of subsets of interac-
tion sessions of a slot – resulting in subsets of interactions sessions
for every slot; the weight corresponds to a sum of the wiggle count
and crossings of line segments starting and ending in these interac-
tion sessions. The subsets are then processed by decreasing weight.
In each step, it is tested if the currently processed subset can be
moved to a new slot such that this improves the quality metrics af-
ter running the whole pipeline again. If this is the case, the new
solution is accepted and the process is iterated. The authors also
employ multi-threading to speed up this process.

Arrendt and Pirrung [AP17] apply a local search for reducing
crossings. That is, after initial orderings of characters are computed
by their sweep approach (Section 4.1.2), they swap vertically adja-
cent characters of a layer as long as this decreases crossings.

Di Giacomo et al. [GDL∗20] consider storylines where a char-
acter is represented by a tree instead of a single curve. After the
initial layout is computed, the authors employ a heuristic which
exchanges tree edges as long as this results in fewer crossings.

Piselli et al. [PLM∗25] propose a post-processing wiggle reduc-
tion. Their mixed-integer-linear program first computes a layout
where characters are equally spaced vertically. If this is not a re-
quirement, a local search moves character groups up or down as
long as this improves the wiggle height.

Use local search when you already have a decent layout and
want to improve it little by little. It works by making small
changes and keeping the ones that help. This can refine a layout
nicely, but it can also get stuck in a solution that is only locally
good.

4.1.6. Longest Common Subsequence Wiggle Count
Minimization

Some approaches use a weighted longest common subsequence ap-
proach for minimizing wiggle count. The longest common subse-
quence problem is given two strings A = a1a2 . . .ap and b1b2 . . .bq
and a weighting function w : A × B → R and the question is to
find a common subsequence ai1 ai2 . . .air of A and a subsequence
b j1 b j2 . . .b jr of B maximizing ∑

r
k=1 w(aik ,b jk ). Note that this is not

the original definition of the weighted common subsequence, but a
variant used in the storyline papers.

This problem has a simple O((n+m)2) polynomial time algo-
rithm. The idea is to use positive weights for characters that can
be drawn without wiggle. This approach works once the order of
characters in each time step is known.

The Storyflow algorithm [LWW∗13] was the first to use this ap-
proach: given a fixed order of characters of each time step, the idea
is to minimize wiggle counts between each pair of two consecutive
time steps locally. We will see later why this works globally. First,
the algorithm splits the orderings πt and πt+1 of two consecutive
time steps into two orderings of sessions: each session is either a
single character outside an interaction, or all characters from an in-
teraction (see Section 4.1.3 and Section 4.1.4 where sessions span
over multiple time steps). Given the two sequences A = a1a2 . . .ap
and B = b1b2 . . .bq of interaction sessions at time steps t and t +1
respectively, the idea is to define a weight between each pair of in-
teraction sessions ai and b j that reflects how many character curves
can be straightened if these two interaction sessions are aligned.
The Storyflow algorithms chooses the weight

w(ai,b j) = straight(ai,b j)+α · (1−
∣∣ i

p
− j

q

∣∣),
where α = 0.1 and straight(ai,b j) is the maximum number of char-
acters curves that can be straightened when aligning ai and b j. The
second term should also decrease wiggle height. It is not described
how straight(ai,b j) is computed, but it is easy to see how this can be
done, as the characters from ai and b j must have respective equidis-
tant vertical spacing. As only sessions are aligned, by increasing
vertical spacing, this local wiggle count minimization can also be
achieved locally. Note that this approach does not achieve optimal
wiggle count minimization, as it does not account for the possibil-
ity that multiple sessions of one time step could be aligned with one
session of the next time step, and the other way around.

Several papers adopt this approach [THM15,LLLW17,TRL∗19,
LHZ∗21, TLW∗21, SLW∗22, DCS∗24, KLM25, YWR∗25, QC16,
LCZ17], either as part of their own algorithm or because they apply
the Storyflow algorithm for their visualization.

Use methods based on longest common subsequence when
you want to keep characters in a similar order over time to re-
duce wiggles.

4.1.7. Maximum Independent Set Wiggle Count Minimization

Two papers use a reduction to maximum weighted independent set
to minimize wiggle count. The first is by Arendt [Are15], however
there is no description on how this procedure works exactly.

© 2026 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.



16 of 30 Di Bartolomeo et al. / The Story(line) So Far: A Survey on Storyline Visualization

Similarly, Arendt and Pirrung [AP17] implement such an ap-
proach. The reduction works as follows: As described in Sec-
tion 4.1.2, first crossings are minimized by modeling interactions
and characters without an interaction as vertices in a directed
acyclic graph, which they call Gflow. From this, an ordering of
the vertices of each time step is computed. The output of this step
serves as input for the wiggle count minimization. Arendt and Pir-
rung then compute a new graph which they call Galign. In Galign,
each vertex corresponds to a directed arc in Gflow, and taking such
a vertex into the independent set means that the corresponding in-
teraction/character is aligned. The weight of such a vertex is the
number of character curves that could be straightened between the
corresponding two time steps. It is not described how this can be
determined, but we suspect that this can be computed with dynamic
programming in polynomial time. Edges {u,v} in Galign model two
arcs that cannot be aligned simultaneously. That is, consider the
arcs (a,b) and (a′,b′) in Gflow that correspond to u and v respec-
tively. If the relative order of a and a′ is not the same as the relative
order of b and b′, then it is impossible to align both arcs and the
edge {u,v} is added to Galign. To compute the maximum weighted
independent set, the authors use a known greedy heuristic [STY03]
as the problem is NP-hard. Note again, that as in the longest com-
mon subsequence reductions (Section 4.1.6), solving the weighted
maximum independent set problem exactly does not give the op-
timal number of wiggles. This is again because the possibility of
having straight character curves between one interaction of a time
step and multiple interactions of the previous/next timestep, which
are not modeled.

Use methods based on maximum independent set when you
want to reduce wiggles by keeping as many straight segments as
possible without creating conflicts. The idea is to choose a set of
“no-wiggle” decisions that do not interfere with each other. This
usually gives cleaner results than simple step-by-step fixes, but
it still depends on the ordering chosen earlier.

4.1.8. Objective Abstraction & Gradient Descent

A non-standard approach is used by Tapaswi et al. [TBS14]: The
layout aims to optimize proximity of character pairs in common in-
teractions, separation of characters pairs that are not in a common
interaction, wiggle, minimum separation of characters, and cross-
ings. This is all done in a gradient descent approach that computes
coordinates yt,c of all characters c ∈ C at each time step t ∈ T and
optimizes for a sum of these objective criteria by abstracting each
criterion into a differentiable function.

Perhaps the two most interesting abstractions are the minimum
separation and the crossings. For a minimum separation of value µs,
the following smoothly differentiable modification of 1

x is defined
first:

Z(x,µ) =

{
1
x · (
√

1+(x−µ)2 −1) 0 < x < µ
0 x ≥ µ.

Then, to ensure minimum separation, the following function is min-
imized:

1

|T ||
(C

2
)
| ∑
{c,c′}∈(C2),t∈T

Z((yt,c − yt,c′)
2,µs).

To abstract crossings, the authors apply the pseudo-Huber loss
function [Hub92], that is, the following function:

H(x,µ) =

{√
1+(x−µ)2 −1 x < µ

0 x ≥ µ.

To minimize crossings, the following function is minimized:

1

|T ||
(C

2
)
| ∑
{c,c′}∈(C2),t∈T

H((yt,c − yt,c′)(yt+1,c − yt+1,c′),µc),

where they set µc = 0.

Use gradient descent when your problem is about smooth
shapes and positions, not strict ordering rules. It adjusts posi-
tions continuously, which makes it good for reducing wiggles or
improving geometry. It is less suited for discrete constraints like
keeping characters adjacent.

4.1.9. Force-Based Approaches

Force-directed approaches are most prevalent in drawings of gen-
eral graphs. Usually, forces for pairs of nodes are defined and de-
pend on some deviation between the ideal distance and actual dis-
tance between the pair of nodes. These forces are then being mini-
mized by some iterated approach, similar to gradient descent. The
most famous approach for this is the Fruchtermann-Reingold algo-
rithm [FR91].

In general graphs, forces are usually two-dimensional, as nodes
can be placed anywhere in the plane. In storylines, nodes – which
correspond to positions of characters at each time step – usually
have a fixed x-coordinate. Thus, in the case of storylines, forces are
1-dimensional, i.e., along the y-axis.

The first approach like this is by Silvia et al. [SAHW15]. They
define the following types of forces:

node-node forces Nodes within a time step repulse and attract
each other, using an inverse-squared force with equilibrium dis-
tance; this is as in the Fruchtermann-Reingold model, but verti-
cally. That is, they define some desired distance d0. Whenever
the distance is larger than d0, the two nodes attract each other
with a force that is proportional with the reciprocal of their dis-
tance. If it is smaller, they repulse each other. The equilibrium
distance is not described.

node-edge forces Nodes connected by an edge, i.e., two nodes that
correspond to the same character of consecutive time steps, at-
tract each other vertically.

node-interaction forces nodes within the same interaction attract
each other vertically.

interaction-interaction forces Interactions within the same time
step repulse each other vertically, using an inverse square force
on the centroid of each interaction.

The full mathematical description of these forces is missing.
Clearly, node-edge forces are designed to minimize wiggle and
crossings, and node-interaction and interaction-interaction forces
are designed to meet the design criterion of storylines that charac-
ters in an interaction are grouped together. It is not described how
the forces are minimized.

A work by Silvia et al. [SEA∗16] is an extended version of the
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approach described just above. The same forces are used, and it is
further described how they are minimized. We provide this algo-
rithm in Algorithm 1, with a different notation than in the origi-
nal paper. The procedure is applied 30 times, followed by applying

Algorithm 1: Force minimization step in [SEA∗16].

foreach t ∈ T do
foreach pair of nodes u,v in t do

if vertical distance(u,v)< d0 then
apply node-node repulse force on u,v;

else if u and v are in an interaction together then
apply node-interaction attractive forces on u,v;

if a non-interaction member node u overlaps with
an interaction I then

apply interaction-interaction forces on u;

foreach pair of nodes u,v in time steps t, t +1 do
if u and v corr. to the same character then

apply node-edge attractive forces on u,v;

strong local symmetry and alignment forces for one more iteration,
which is not further described in the paper.

Use force-based methods when you want a flexible layout that
balances several soft goals. They model the layout with forces,
which makes them easy to adapt and extend. The trade-off is that
the results can be unstable and hard to predict.

4.1.10. Multi-Dimensional Scaling (MDS)

Multi-dimensional scaling is an approach that takes a similarity
matrix between entities and computes a mapping of the entities to
some metric space such that similar entities are close together in
the mapping.

Such an approach has been used for the computation of a story-
line layout by Liu et al. [LLLW17]: Each character represents an
entity; the similarity of two characters is the number of time steps
they appear together in an interaction. The authors then use a one-
dimensional scaling for the computed similarities [Bor11]. Based
on the mapping to the single dimension, clusters of characters are
formed greedily. In the visualization, clusters are horizontal strips,
which have a fixed vertical ordering. Each character, whenever it
is not participating in a meeting, is drawn within the correspond-
ing cluster. Next, interactions are assigned to clusters based on how
many of the contained characters are within each cluster; that is, the
cluster with the most participating characters is chosen. To compute
the ordering of clusters and the final layout, the Storyflow algorithm
is used [LWW∗13].

Zhang, Chen, and Yong [ZCY25] employ a similar approach
for their location-focused storyline: Each character and location
receives a significance score. Essentially, significance scores cor-
respond to how often the character appears in an interaction, and
how often significant actors interact within the location, respec-
tively. The locations are ordered vertically using one-dimensional
scaling: Similarity values between pairs of locations are essentially

defined as the number of times a character moves from one loca-
tion to the other, weighted by their significance. A global character
ordering is computed to sort the characters within each interaction.
Then a layered sweep is performed to adjust character orders and
minimize crossings; see Section 4.1.2. The exact definitions of sig-
nificance scores and the global character orders are quite technical,
so we refer to the original paper [ZCY25].

Use MDS when you have large-scale dense data and you want
to go from a coarse to a fine layout.

4.1.11. Other

Tang et al. [TLW∗21] propose a user-AI collaboration tool based
on iStoryline [TRL∗19]. The base layout is computed with the iS-
toryline approach; then, the user modifies the layout; based on this
interaction, the AI proposes different new layouts in an attempt to
predict the users’ behavior. The user can choose one of these new
layouts, and the process starts anew.

For their storyline model, where interactions have a partial order,
Dobler et al. [DNS∗23] propose a pipeline approach to compute a
total order of interactions. This is done by a packing and ordering
step. The packing step tries to put as many interactions as possi-
ble in a single layer by modeling the problem as a graph coloring
problem. The ordering step then tries to put similar groups of in-
teractions (as computed by the packing step) next to each other by
finding a constrained TSP-tour in a specified graph, where weights
between nodes model the dissimilarity of two groups of interac-
tions. The rationale is that similar groups of interaction enable the
possibility of few crossings in the crossing minimization step that
follows.

In the protagonist setting of Hegemann and Wolff [HW24] (re-
call Figure 7), a heuristic for crossing minimization is proposed that
is based on Max-Cut: namely, for each non-protagonist character
they need to decide whether it runs above or below the protago-
nist. If a pair of characters runs on the same side, this introduces
some fixed amount of crossings. A weighted edge between the pair
of characters models this amount. A maximum cut in the resulting
graph gives a partition of the characters into two sides that mini-
mizes these crossings. Thus, Hegemann and Wolff use a heuristic
for the maximum cut problem to find such a partition. Further, they
propose yet another heuristic: for a crossing-minimized solution,
they use a geometric packing algorithm to group crossings into a
minimum number of block crossings.

Summary & Design Implications: Heuristic approaches are
widely used in storyline visualization because they scale well
to larger datasets and many interactions. Some work globally,
shaping the whole layout at once, while others work locally, im-
proving it step by step. Global methods, such as genetic algo-
rithms, force-based layouts, or MDS, try to balance several goals
at the same time and often produce a coherent overall structure.
Local methods, such as greedy strategies, local search, or LCS-
based techniques, focus on small improvements and offer more
control, but are more affected by earlier choices. In practice, not
all goals can be satisfied at once, so the choice of method de-
pends on which aspects of the visualization matter most.
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4.2. Exact Approaches

In contrast to heuristic approaches, exact methods formulate parts
of the storyline layout problem as well-defined optimization or con-
straint satisfaction (SAT) problems and aim to compute provably
optimal or feasible solutions with respect to specific objectives.
These approaches rely on formal models that capture geometric
constraints or temporal dependencies explicitly. Due to their com-
putational complexity, exact methods may be applied to restricted
subproblems or individual stages of the layout process, rather than
to the full storyline pipeline. In this section, we address different
methods to compute exact solutions used in the storyline literature
(see Table 6).

Exact Approaches

Linear Pro-
gramming

[12]

[DHNW25,HBK15,LZLC14,YWR∗25,Are15,
LHZ∗21,SLW∗22,TRL∗19,LWW∗13,TLW∗21,

THM15,AP17]

Dynamic
Program-
ming [1]

[DHNW25]

ILP [7] [DHNW25,PLM∗25,DNS∗23,GJLM16,Frö18,
DJJ∗24,WSZ∗24]

SAT [3] [Frö18,vDLMW17,GDL∗20]

Other [3] [KNP∗15,vDFF∗16,HW24]

Table 6: Exact approaches

4.2.1. Linear Programming

Linear programming is a technique that allows us to compute val-
ues of real-valued variables under some linear constraints, optimiz-
ing a linear objective. This is especially useful, when computing the
coordinates of character curves at each time step. Many approaches
apply linear programming as one of the last steps of their pipeline to
compute vertical coordinates when the order of characters has al-
ready been determined by the previous steps of the pipeline. The
advantage of linear programming is that readily available linear
programming solvers can find an optimal solution in polynomial
time. Some approaches extend the linear objective function to a
quadratic one and realize that the program is still polynomial-time
solvable. To describe the different approaches, we use real-valued
variables yt,c for each t ∈ T and c ∈ C. These correspond to the y-
coordinate of character c at time step t. In some works, the variable
yt,c only exists if c is active at t.

The Storyflow approach [LWW∗13] uses linear programming
for computing character coordinates. The inputs are character or-
ders πt , t ∈ T , for the characters that are active at time step t, and
a set of pairs S ⊂ [ℓ−1]×C. Each pair (t,c) ∈ S enforces the con-
straint that the character curve of c must run straight between t and
t + 1, as computed by a previous wiggle count minimization step.
For an interaction I, let C2(I) ⊆ I × I be the set of character pairs
(c,c′) such that c is directly before c′ in the permutation πt that
contains I, and let C2

out(t)⊆ A(t)×A(t) be the set of character pairs

(c,c′) such that c ̸= c′, and c and c′ do not appear in an interaction
together at time step t. The linear program is then given as follows.

minimize
ℓ−1

∑
t=1

∑
c∈A(t)∩A(t+1)

(yt,c − yt+1,c)
2 +β

ℓ

∑
t=1

∑
c∈A(t)

y2
t,c (1)

yt,c = yt+1,c, (t,c) ∈ S (2)

yt,c < yt,c′ , t ∈ T,c,c′ ∈ A(t),c ≺πt c′ (3)

yt,c′ − yt,c = din, t ∈ T, I ∈ I(t),(c,c′) ∈C2(I) (4)

|yt,c′ − yt,c| ≥ dout, t ∈ T,(c,c′) ∈C2
out(t) (5)

The objective (1) minimizes a weighted sum of squared wiggle
height and a definition of whitespace. The value β is a constant
set to β = 1 in the paper. Constraint (2) ensures that the constraints
imposed by the wiggle count minimization are followed. Constraint
(3) ensures that the coordinates adhere to the given character order-
ings. Constraints (4) and (5) ensure that characters in an interaction
together are spaced equally with spacing din and characters that are
not in an interaction together are at least dout apart. Here din < dout
are two constants. The authors claim that this is a quadratic opti-
mization problem with linear constraints and can thus be optimized
in polynomial time; for this, they use the Mosek package. This ap-
proach has been adopted in [LHZ∗21, YWR∗25].

In [LZLC14], two objectives corresponding to the total height of
the layout and the total wiggle height are given, using the same
yt,c-variables. It can be assumed, that linear programming was
used to minimize them, however a description is absent. Similarly,
Arendt [Are15] writes they use linear programming for minimizing
whitespace; there is no further description about how this is done.

The approach of Tanahashi, Hsueh, and Ma [THM15] extends
the Storyflow linear programming approach. As they deal with
streaming data, their linear program tries to keep the existing layout
as is and only optimize for the new data, grouping parts of the vi-
sualization together and treating them as one in the linear program.
They then define a linear program to only minimize whitespace,
and not wiggle height. As the description is technical and optimized
for streaming data, we refer to their paper for the full details.

Held, Braune, and Kruse [HBK15] deal with real-valued time-
series data representing distance values between entities. They try
to represent these distance values as a storyline along the y-axis.
That is, the distance value between two characters c and c′ at time
step t is dt(c,c′). To do this, they minimize the following objective:

minimize ∑
t∈T

∑
{c,c′}∈(A(t)

2 )

(|yt,c − yt,c′ |−dt(c,c′))2+

∑
t∈[ℓ−1]

∑
c∈A(t)∩A(t+1)

(yt,c − yt+1,c)
2

(6)

This objective minimizes the squared deviation from the real
distance-values plus the squared wiggle height. The authors do not
describe how this objective is minimized.

Arendt and Pirrung [AP17] claim to use the Networkx Simplex
algorithm to compute coordinates in the last step of their pipeline.
However, the linear program which is solved is not described.

Tang et al. [TRL∗19] extend the Storyflow approach to allow
more extensive user interactions. Some of these alter the step of
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the pipeline which computes coordinates. These interactions are as
follows:

Bending. Here, one interaction I can be moved below another in-
teraction I′. This introduces some inequality constraints between
y-variables to the linear program.

Scaling. Another interaction allows scaling a range of time steps or
a local part of the storyline. It is not described how this is done,
but we assume that this either introduces some new constraints
into the linear program or increases din and dout locally.

This approach is then also used in [TLW∗21, SLW∗22].

Dobler et al. [DHNW25] give two linear programs, one for
minimizing squared wiggle height and one for minimizing wig-
gle height. The corresponding programs are very similar to (1)-(5);
they also use the two constants din and dout, but they allow the
constants to be equal. The program for minimizing squared wiggle
height essentially consists of the constraints (3)–(5) and the follow-
ing objective function.

minimize
ℓ−1

∑
t=1

∑
c∈A(t)∩A(t+1)

(yt,c − yt+1,c)
2 (7)

The authors show that the objective matrix is positive semidefinite
and the program is thus solvable in polynomial time.

To minimize wiggle height, the authors again use constraints
(3)–(5). They introduce the real variables wt,c for all t ∈ [ℓ− 1]
and all c ∈ A(t)∩A(t + 1) which correspond to the wiggle height
of character c between time steps t and t + 1. This is achieved by
the following two constraints:

wt,c ≥ yt,c − yt+1,c, t ∈ [ℓ−1],c ∈ A(t)∩A(t +1) (8)

wt,c ≥ yt+1,c − yt,c, t ∈ [ℓ−1],c ∈ A(t)∩A(t +1) (9)

(10)

The objective is then given as follows:

minimize
ℓ−1

∑
t=1

∑
c∈A(t)∩A(t+1)

wt,c (11)

The authors show that if din and dout are both natural numbers,
then all extreme points of the given polytope are integer-valued.
This means that there is always an optimal solution having all y-
variables corresponding to integer values and that a linear program-
ming solver will give such a solution.

In [DHNW25], another type of linear program is described
which minimizes the horizontal distance between two time steps.
This is necessary due to the specific way in which the character
curves are drawn in this paper. Namely, a character curves that wig-
gles between two time steps is drawn as two circular arcs instead
of a Bezier curve with two intermediate control points. This has the
effect that the radial distance between two vertically consecutive
characters can remain the same in the space between the two time
steps. However, the width between time steps needs to be adjusted,
which is done with this linear program. For the full details, we refer
to the paper.

Use linear programming when the character order is fixed and
the goal is to compute positions to improve spacing, compact-
ness or wiggles.

ILP crossing minimization
�

��

�

�� �

��

�

��

xti,c,c′ = 1 xti,c,c′ = 1 xti,c,c′ = 0 xti,c,c′ = 0
xti+1,c,c′ = 0 xti+1,c,c′ = 1 xti+1,c,c′ = 1 xti+1,c,c′ = 0
zc,c′ = 1 zc,c′ = 0 zc,c′ = 1 zc,c′ = 0

Figure 17: The figure illustrates one of the ideas at the base of ILP
crossing minimization [GJLM16]. There is a crossing iff the two
endpoints of two lines are in inverted relative positions at ti and
ti+1. This is captured by variables xti,c,c′ that indicate the relative
positions of the nodes at every timestep in the visualization. The
formulas to compute this are in Equation (16) and Equation (17).

4.2.2. Dynamic Programming

Dobler et al. [DHNW25] present a dynamic program to optimally
minimize wiggle count for storylines consisting of exactly two time
steps, assuming a fixed order of characters at each time step, and a
fixed vertical distance din between consecutive characters of an in-
teraction and a minimal distance dout between characters not in an
interaction together. The idea is to model two characters that can be
simultaneously straightened as an arc in a directed acyclic graph. A
dynamic program finds the longest path in this graph, which corre-
sponds to the maximum set of characters that can be laid out with-
out wiggles.

4.2.3. Integer Linear Programming (ILP)

Integer linear programming is an approach to solve complex, usu-
ally NP-hard, problems. The idea is to define the problem as a set of
linear constraints over integer variables. An assignment of the inte-
ger variables that simultaneously minimizes (or maximizes) some
linear objective function corresponds to an optimal solution of the
original problem. As very powerful ILP-solvers exist nowadays,
this approach is feasible for small to medium-sized instances which
are common in visualization.

In storylines, ILP-approaches are mostly used for crossing min-
imization, which is an NP-hard problem (see Section 4.3.1). The
first work to formalize the storyline crossing minimization prob-
lem into an ILP is by Gronemann et al. [GJLM16]. They model the
orderings πt for t ∈ T as binary variables, by having for each t ∈ T
and distinct c,c′ ∈ A(t) a binary variable xt,c,c′ which is exactly one
when c is above c′ at time step t, or more formally, c ≺πt c′. The
most basic formulation, using a quadratic objective, is as follows:

minimize ∑
t∈[ℓ−1],c,c′∈A(t)∩A(t+1),c̸=c′

xt,c,c′xt,c′,c (12)

0 ≤ xt,c,c′ + xt,c′,c′′ − xt,c,c′′ ≤ 1, t ∈ T,{c,c′,c′′} ∈

(
A(t)

3

)
(13)

xt,c,c′ = 1− xt,c′,c, t ∈ T,{c,c′} ∈

(
A(t)

2

)
(14)
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While the objective (12) minimizes crossings and (13)-(14) ensure
transitivity and symmetry of the orders πt , this model does not yet
ensure the continuity of characters within an interaction. For this,
Gronemann et al. propose so-called tree-constraints. These are de-
fined for each interaction I, each two characters {c,c′} ∈

(I
2
)

and
each third character c′′ ∈ A(t) \ I, where t is the time step such
that I ∈ I(t). The tree constraint for this triple of characters is then
given in (15).

xt,c,c′′ = xt,c′,c′′ (15)

This constraint ensures that the relative order of the pair (c,c′′) and
the pair (c′,c′′) is the same at time step t, i.e., c′′ cannot be between
c and c′ in the order πt .

Gronemann et al. [GJLM16] then realize that they can get rid
of half of the x-variables due to symmetries between variables
of the form xt,c,c′ and xt,c′,c, and they apply standard projections
to the constraints afterward. The symmetry constraints (14) are
removed. Lastly, they realize that the problem corresponds to a
maximum-cut problem with additional transitivity constraints,
which can be represented as an integer linear program with an
exponential number of so-called odd cycle constraints. They
implement this program, and apply a branch-and-cut approach
to lazily add the odd-cycle-constraints. For the full details of the
maximum-cut transformation and implementation details, we refer
to the original paper. The largest instances which they can solve
have around 60 characters and 120 time steps, and the optimization
runs for around half an hour.

Fröschl and Nöllenburg [FN18,Frö18] use a different ILP model
to simultaneously minimize wiggle height, and optionally also wig-
gle count and crossings, using a weighted summation of these ob-
jectives. However, their model restricts character coordinates to a
constant range of integer values. That is, the y-coordinate of each
character at each point in time can only be chosen from a set
Y = {1,2, . . . ,ymax}, and the size of their models depends on ymax.
For the full details of these models, we refer to the corresponding
master thesis [Frö18].

Dobler et al. [DNS∗23] consider the setting where interactions
are only partially ordered, instead of having a total order. For the
minimization of crossings in this setting, they propose two ap-
proaches. The first approach computes a total order of interactions
by applying a pipeline consisting of a graph coloring step and a TSP
step, and then applies the ILP of Gronemann et al. [GJLM16]. The
second approach incorporates all these steps into a single ILP. The
idea is to use binary assignment variables yt,I to decide whether
interaction I is placed at time step t and map the tree constraints
of Gronemann et al. to these variables, that is, tree constraints for
interaction I are active at time step t if and only if yt,I = I. For the
formal definition, we refer to the paper.

In a follow-up work, Dobler et al. [DJJ∗24] revise the models for
crossing minimization by Gronemann et al. [GJLM16]. Firstly, they
start with the quadratic objective (12). They linearize the objective
by introducing binary variables zt,c,c′ for each t ∈ [ℓ−1], {c,c′} ∈(A(t)∩A(t+1)

2

)
with zt,c,c′ = 1 if and only if c and c′ cross between

time steps t and t +1. They include the following new constraints:

zt,c,c′ ≥ xt,c,c′ − xt,c′,c, t ∈ [ℓ−1],c,c′ ∈

(
A(t)∩A(t +1)

2

)
(16)

zt,c,c′ ≥ xt,c′,c − xt,c,c′ , t ∈ [ℓ−1],c,c′ ∈

(
A(t)∩A(t +1)

2

)
(17)

Together with the following new objective, this has the desired ef-
fect (see Figure 17):

minimize ∑
t∈[ℓ−1],{c,c′}∈(A(t)∩A(t+1)

2 )

zt,c,c′ (18)

Dobler et al. [DJJ∗24] then prove a set of structural properties
of crossing-optimal storylines, which allow them to introduce
equality-constraints that reduce the search space for ILP solvers.
Based on these properties they also introduce a new ILP formula-
tion, which essentially gets rid of many transitivity constraints (13),
and has a quadratic number of constraints per time step instead of
a cubic amount. Due to the technicalities of the structural insights,
we refer to the original paper for the new model. Together with the
structural insights, Dobler et al. present new heuristics which guide
the solution finding process of the ILP-solver. This allows them to
improve upon the approach by Gronemann et al. [GJLM16], with a
reduction of runtime by a factor of 2–3.

Wang et al. [WSZ∗24] propose a visualization for entity pairs
over time. That is, in their visualization, characters correspond to
entities. Each interaction is a set of entity pairs, which is explicitly
shown with a matrix that has a column for each entity pair and a row
for each entity; the two cells corresponding to the entities are filled
in that column. The entity rows are at the same y-coordinate as
the corresponding character curve. They propose a multi-objective
ILP to minimize line crossings and the sum of all vertical distances
between entity pairs. To realize the crossing minimization, they ap-
ply the quadratic model by Gronemann et al. [GJLM16] described
above ((12)-(14)), however without the tree constraints. To mini-
mize the vertical distances, they use a model where characters can
have a fixed vertical position from 1 to n = |C| for each point in
time. They use assignment variables to encode whether an entity is
at a specific position at a specific point in time, and link these as-
signment variables to the ordering variables in the quadratic model.
To ensure interaction continuity, they use a set of constraints which
is arguably more complicated and harder to solve than the tree con-
straints of Gronemann et al. [GJLM16].

Piselli et al. [PLM∗25] propose a multi-objective mixed integer
linear program for fair storylines based on previous ILP work for
layered graphs [DBRGD22]. That is, in their model the charac-
ters are partitioned into two groups, and metrics such as crossings
should be either fairly distributed or primarily optimized for only
one of the groups. Simultaneously, a subset of the objectives cross-
ings, wiggle height, and skewness can be optimized. To minimize
crossings, they use the linearized model described above ((13)-(15),
(16)-(18)). Their approach to minimizing wiggle height is simi-
lar to the one by Wang et al. [WSZ∗24]. They assume that each
pair of vertically consecutive characters at a time step has the same
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distance. Thus, they also use binary assignment variables to track
whether a character is at a specific vertical position at a time step,
and use these variables to calculate wiggle height. However, this
approach is also extended with a baseline integer variable bt for
each time step t. This variable encodes the height of the bottom-
most character, and thus allows that the baseline vertical offset is
different for each time step. To minimize skewness, they essentially
use binary variables for each character, which encodes whether the
character is crossed, and then minimize the sum of these variables.
For fair minimization of crossing, wiggle height, skewness, and
wiggle count, they essentially minimize the weighted absolute dif-
ference between the two quality metrics, when they are computed
only within characters of the same group.

The most recent paper which uses an ILP approach, proposes
one for wiggle count minimization [DHNW25]. As in the linear
programs for (quadratic) wiggle height minimization, they assume
a fixed order of characters at each time step, and a fixed vertical
distance din between consecutive characters of an interaction and
a minimal distance dout between characters not in an interaction
together. They add constraints similar to (3)–(5), and additionally
introduce binary variables zt,c for each t ∈ [ℓ− 1] and c ∈ A(t)∩
A(t + 1) which are one if and only if character c wiggles between
time steps t and t +1. The objective is then given as:

minimize ∑
t∈[ℓ−1]

∑
c∈A(t)∩A(t+1)

zt,c (19)

To ensure, the correct values of the z-variables, the following con-
straints are added:

yt,c +Y · zt,c ≥ yt+1,c, t ∈ [ℓ−1],c ∈ A(t)∩A(t +1) (20)

yt,c −Y · zt,c ≤ yt+1,c, t ∈ [ℓ−1],c ∈ A(t)∩A(t +1) (21)

The constant Y is a large upper bound set to max{din,dout} ·
∑t∈T |A(t)|. Essentially, if zt,c = 1, then both of the constraints are
trivially satisfied. Otherwise, yt,c = yt+1,c must hold for the con-
straints to be satisfied.

Use ILP when the goal is to compute an optimal ordering of
characters — including under multiple constraints. It can encode
crossings, adjacency, and other layout rules simultaneously. This
also makes it very expensive, so it is mainly used for small in-
stances or offline computation.

4.2.4. SAT

Similar to ILP, SAT is usually used to solve NP-hard problems ex-
actly by modeling them as a set of Boolean formulas. In the case
of SAT, the problem is stated in logical formulas, and a solution
in the form of a satisfying variable assignment constitutes an opti-
mal solution. Modern Max-SAT solvers are even able to optimize
an objective value in the form of a weighted sum of binary vari-
ables. SAT has been used mainly in two papers: Fröschl and Nöl-
lenburg [FN18, Frö18] have used SAT to minimize crossings and
wiggles in a multi-objective setting. Essentially, they have mod-
eled the same problem with SAT as they did with ILP (see Sec-
tion 4.2.3).

Van Dijk et al. [vDLMW17] used SAT to minimize block cross-
ings. The basis of the model is similar to crossing minimization
models in ILP. They use a logic 0-1 variable xp

c,c′ to describe the

relative order of characters c and c′ at some layer p – they have
multiple layers per time step as a pair of consecutive layers can
only support a single block crossings. The remaining construction
is however rather complex, and we refer to the paper for the full
details. This approach has also been used in [GDL∗20].

Use SAT-based methods when the ordering problem can be ex-
pressed as logical constraints between characters. Like ILP, they
are computationally heavy and best suited for smaller problems.

4.2.5. Other

Van Dijk et al. [vDFF∗16] show that deciding whether a storyline
visualization with zero crossings and block crossings exists can be
done in polynomial time. This is done by modelling the interactions
as a binary matrix and testing whether the matrix has the consecu-
tive ones property [BL76].

Hegemann and Wolff [HW24] consider the setting where a spec-
ified protagonist character is part of all interactions, each character
persists throughout all time steps, and all non-protagonist charac-
ters must run below the protagonist. In this setting, they show that
there exists an exact polynomial-time algorithm to minimize cross-
ings. The idea is to identify a set of unavoidable crossings and to
find a solution where only these crossings exist.

Summary & Design Implications: Exact methods compute op-
timal solutions for specific layout objectives, which makes them
useful in two main cases: as a reference to evaluate heuristic ap-
proaches, and for applications where strong guarantees on the
layout are important. This level of precision comes at a much
higher computational cost than heuristic methods, and is the
main reason why exact approaches are less commonly used in
practice. Linear and quadratic programming are the most com-
monly used techniques and can be solved efficiently when the
character order is fixed. This allows design requirements to be
expressed directly as constraints, such as enforcing group sepa-
ration or fixing the position of a protagonist. In contrast, meth-
ods such as ILP or SAT address the harder problem of finding a
good ordering, but are significantly more expensive and do not
scale well. For this reason, they are typically applied to smaller
instances or used in offline settings. Complexity results (Sec-
tion 4.3.1) also suggest that certain structural properties of the
data, such as persistent interactions or the presence of a main
character, can make exact solutions easier to compute, and are
worth considering before choosing an algorithm.

4.3. Computational Complexity Results

In this section, we aim to summarize findings related to the
computational complexity of storyline visualization, i.e., the NP-
completeness of layouting sub-problems, various developed ap-
proximation algorithms, and fixed-parameter tractable solutions to
NP-Hard problems.

4.3.1. NP-complete Subproblems

Many of the layout generation problems in storylines were shown
to be NP-complete. Kostitsyna et al. [KNP∗15], for example, have
shown that minimizing crossings in storylines is an NP-complete

© 2026 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.



22 of 30 Di Bartolomeo et al. / The Story(line) So Far: A Survey on Storyline Visualization

problem. Similarly, Van Dijk et al. [vDFF∗16] show that block
crossing minimization is NP-complete.

In the protagonist-storyline setting of Hegemann and
Wolff [HW24], the authors show that crossing as well as
block-crossing minimization is NP-complete. More specifically,
crossing minimization is NP-complete when non-protagonist
characters can be placed above and below the protagonist; block
crossing minimization is already NP-complete when they can only
be on one side.

Dobler et al. [DHNW25] show that minimizing wiggle count
is NP-complete in the setting where the permutations πt for each
time step are already fixed, and where there is a fixed vertical dis-
tance din between consecutive interaction-characters, and a mini-
mum vertical distance dout between character pairs not in the same
interaction.

4.3.2. Approximations

Approximation algorithms are usually polynomial-time algorithms
that give a performance guarantee, that is, they compute a solution
with objective value at most c ·opt, where opt is the objective value
of the optimal solution. Although technically not an approxima-
tion algorithm, Kostitsyna et al. [KNP∗15] show how to compute
a storyline visualization with at most O(n logn) crossings when
each interaction has size two, characters persist throughout all time
steps, and the interactions can be modeled as a tree (for details
refer to [KNP∗15]). In the case where interactions cannot be re-
peated, and characters persist throughout all time steps, the authors
of [vDFF∗16] present an approximation algorithm for block cross-
ing minimization that computes solutions with at most 3d2(d2 −1)
times the optimum amount of block crossings in polynomial time,
where d is the maximum number of characters in an interaction.

4.3.3. Fixed-Parameter Tractability

Fixed-parameter tractability is a tool from algorithmic complexity
theory to find a way to tackle NP-hard problems. Usually, one starts
with an NP-hard combinatorial optimization problem and identifies
some underlying parameter of the problem input or the objective
function itself. This parameter is usually called k. Then, the prob-
lem is fixed-parameter tractable with respect to k if there exists an
algorithm that solves the problem in time O( f (k) · nc), where f is
a computable function, n is the input size of the problem, and c is a
constant. Usually this is done for parameters where the hope is that
k is small, and thus the algorithm runs efficiently.

Two papers show that some optimization problem in storylines
is fixed-parameter tractable: Kostitsyna et al. [KNP∗15] consider
the problem of minimizing crossings in a storyline by computing
a ordering of characters at each time step. They show that there is
an algorithm that runs in time O(|C|!2|C| log(|C|)+ |C|!2|T |) and
uses exponential space in |C|. That is, the algorithm runs in fixed-
parameter tractable time when parameterized by the number |C| of
characters.

Van Dijk et al. [vDFF∗16] consider the problem of minimizing
block crossings. They propose two fixed-parameter tractable algo-

rithms. The first one runs in time O(|C|! · ( |C|
3−|C|
6 )β · (β + µ))

and uses polynomial space, where β is the optimal number of

block crossings and µ = ∑I∈I |I|. The second runs in time O(|C|! ·
|C|3 · |T |) and uses exponential space in |C|. Hence, the first algo-
rithm runs in fixed-parameter tractable time when parameterized by
|C|+ β and the second when parameterized by |C| but uses expo-
nential space.

4.4. Evaluation

Benchmarks

Quantitative
Metrics

[DHNW25,PLM∗25,DCS∗24,DNS∗23,vDFF∗16,
GJLM16,Frö18,vDLMW17,HW24,DJJ∗24,ZCY25,

LWW∗13,THM15]

Runtime
only

[TLW∗21,PBH18]

Human involvement

User Study [DCS∗24,OK17,LZLC14,SEA∗16,YWR∗25,LCZ17,
LHZ∗21,YZC∗25,AXP∗22,KLM25,HAB23,CLMY13,

QC16,SBB∗18,AP17,KCH10,WSZ∗24,WWD23]

Expert
Interview

[CN23,LYK25,TRL∗19,LWW∗13,TLW∗21,
ZWQ∗15,AP17]

Task
scenario

inspection

[PC18]

Case
studies

[DCS∗24,HBK15,YWR∗25,OM10,GDL∗20,LCZ17,
SLW∗22,ZCY25,LWW∗13,KLM25,QC16,TM12,

KCH10,PLM∗25,PBH18]

Table 7: Evaluation methods

When it comes to evaluating the quality of a storyline layout
approach, there are multiple methods to do it.

Benchmarks Many papers rely on computational measures di-
rectly tied to layout quality. These metrics are objective, repro-
ducible, and allow comparison of the values obtained in these
benchmarks over a broad range of instances of varying sizes and
features, and this is in general a very common way to report qual-
ity of any graph layout algorithm, not just storylines [DBCS∗24].
Often, these are just the optimization objectives described in Sec-
tion 3.1.

Good examples of this are found for instance in Gronemann
et al. [GJLM16] and van Dijk et al. [vDFF∗16], who evaluate
their ILP and block-crossing heuristics by reporting crossing counts
and comparing them to heuristic baselines, while Tanahashi et al.
[THM15] explicitly measure wiggle count and wiggle height when
reporting performance of their pipeline and streaming approaches.

In addition to optimization objectives, runtime is particularly
emphasized in works proposing integer linear programs or dy-
namic programming, as the cost in time and resources of solv-
ing a problem can quickly scale to large numbers. Gronemann et
al. [GJLM16] and Dobler et al. [DNS∗23,DJJ∗24], for instance, re-
port solvable instance sizes and runtimes of ILP formulations. In a
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few cases runtime is the only metric reported: Tang et al. [TLW∗21]
and Padia et al. [PBH18] explicitly evaluate only runtime.

Human Involvement Papers focused primarily on perceptual clar-
ity or interaction design rely more on user studies for report-
ing the quality of their results. For instance, user studies are used
to compare the effectiveness of particular encodings. Deng et al.
[DCS∗24] use user studies to evaluate comprehension when sto-
ryline layouts are overplotted against alternative temporal network
views. To evaluate interaction, Osmakcic et al. [OK17] test the ef-
fect of features such as bundling or zooming.

In some cases, it might be of interest to focus on tasks. Com-
mon tasks include identifying co-occurrences, ordering events, fol-
lowing a specific character, or detecting structural motifs. Chou
et al. [CLMY13] test whether users can track topic evolution in
textual corpora, and a similar task is also evaluated by Araya et
al. [AXP∗22] (albeit in 3D). Evaluating tasks related to the per-
ception of continuity and grouping is also relevant. For instance,
Hulstein et al. [HAB23] evaluate geographic storylines and conti-
nuity cues by a user study. Kim, Card, and Heer [KCH10] evaluate
how genealogical storylines affect users’ understanding of lineage
structures.

In some cases, expert interviews are used. Costa and Nunes
[CN23] collect feedback from digital humanities scholars about
storyline-based depictions of historical data. Tang et al. [TRL∗19]
involve domain experts to assess whether iStoryline’s interactive
editing matches real analysts’ workflows. Liu et al. [LWW∗13] in-
corporate expert interviews when refining the StoryFlow pipeline
to align with narrative analysis needs.

A final category of evaluations are case studies. Often, the au-
thors of papers use case studies to show compelling examples of
applicability of the methods they present in their papers. While this
is a good method to show the results of a particular method at a
glance, if the case studies are not accompanied by additional results
it might not be as informative for the reader, lacking in broadness of
scope to show applicability over cases different than the ones pre-
sented in the paper. This method to present results depends heavily
on reader interpretation and provides little empirical evidence, thus
should be handled carefully and, if possible, accompanied with an-
other type of analysis. Examples are: Ogawa and Ma [OM10] and
Tanahashi and Ma [TM12] present narrative examples (e.g., soft-
ware developers, conference interactions) and reason about read-
ability informally. Zhang et al. [ZCY25] and Kuo et al. [KLM25]
show successive refinements of storyline layouts and discuss arti-
fact reduction qualitatively.

4.5. Domain

In the papers we collected, the vast majority definitely uses, as sam-
ple datasets or motivations for the work, the narratives from either
books, movies, or literature (see, for instance, [TM12,LWW∗13],
or refer to Table 8). Indeed, not only is this the original motiva-
tion of the XKCD movie narrative charts [Mun09], but it is also im-
plicit in the name of storylines, making this a canonical application
of this kind of visualization. These datasets are usually discrete,
relatively small in scale, and sparse in attributes beyond character

Software [OM10]

Genealogy [KCH10]

Movies,
books and

literature

[PLM∗25,DNS∗23,ACYB14,OK17,YWR∗25,
vDFF∗16,GJLM16,Frö18,vDLMW17,DJJ∗24,
LCZ17,GMD∗23,ZCY25,TRL∗19,LWW∗13,

TLW∗21,QC16,THM15,TM12,WSZ∗24]

Social -
other

[DHNW25,KLM25,HAB23,CLMY13,AWA20]

Project by
person

[LZLC14,LHZ∗21]

Video scene
detection

[TBS14]

Movement
data

[DCS∗24,HBK15,YZC∗25,ZCY25,HAB23,
ZWQ∗15,AP17]

(Sport)
movement

data

[LLLW17,SLW∗22,LYK25,WSZ∗24]

Critical
editions

[SAHW15,SEA∗16]

Literature [PC18]

Social
meetings

[SBB∗18]

Hierarchical
task

network

[PBH18]

Coauthorship
network

[DNS∗23,GDL∗20,HW24,DJJ∗24,KLM25]

News
articles

[CN23,AXP∗22]

Disease
outbreak

[KLM25]

Rolling
stock

schedule

[DHNW25]

Table 8: Domains used in the papers we collected as example ap-
plications or motivation for developing their method.

identity and scene membership. Because the underlying data is of-
ten curated rather than observed, many papers implicitly assume
clean interaction boundaries and unambiguous temporal orderings.
This partly explains why crossing minimization and wiggle reduc-
tion dominate optimization objectives in this domain: the narrative
structure is treated as fixed, and visual clarity becomes the primary
concern.

Storyline visualizations have also been applied to movement and
trajectory data, where entities correspond to moving objects such as
people, animals, or vehicles, and interactions reflect co-location or
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shared presence at the same place and time. The storyline metaphor
shifts from narrative or lineage to spatial movement over time:
lines represent individual trajectories, convergence indicates en-
counters, meetings, or shared locations [DCS∗24,ZCY25,HAB23,
ZWQ∗15, AP17]. In sport analytics, this approach is used to trace
the movement of players over the course of a match, with time
aligned to game phases or events rather than absolute clock time.
Characters correspond to individual players, and interactions cap-
ture moments of proximity, team formation, or coordinated move-
ment [LLLW17, SLW∗22, LYK25, WSZ∗24].

A smaller application domain for storyline visualization con-
cerns the evolution of texts across translations, editions, and re-
visions. In these datasets, entities typically correspond to textual
versions such as editions of a book or translations into different lan-
guages, while interactions encode derivation, reuse, or shared tex-
tual segments across versions [SAHW15, SEA∗16]. Time is mod-
eled discretely, reflecting publication dates or major revision mile-
stones rather than continuous change. Unlike narrative or collab-
oration datasets, interactions in this domain are not social but ed-
itorial: lines converge to indicate shared sources, common ances-
try, or reuse of passages, and diverge as versions evolve indepen-
dently. Storyline visualizations are used to reveal branching struc-
tures, parallel developments, and points of convergence where mul-
tiple editions draw from the same source. Closely related to this
domain are also genealogical datasets, where storyline visualiza-
tions are used to represent family lineages, marriages, and lifes-
pans over time [KCH10]. Here, entities correspond to individuals,
and interactions encode family relationships. As with translations
and editions, the emphasis is on descent and inheritance, with lines
converging to indicate unions and diverging to represent offspring.
In [KCH10], time includes uncertainty, reflecting uncertain or ap-
proximate birth and death dates.

Another application domain is collaborative work (such as soft-
ware engineering), where characters correspond to developers and
interactions are derived from shared activity, such as committing
to the same file or repository within a given time window [OM10].
The work from Ogawa and Ma [OM10] is one of the earliest works
using storylines as a visual metaphor, and uses a dataset extracted
from version control systems and feature dense interaction patterns,
large numbers of entities, and long temporal extents. Compared to
narrative media, the emphasis shifts toward scalability and aggrega-
tion: it adopts a form of bundling bundling to address visual clutter.

Storyline visualizations of coauthorship data are commonly
used to reveal the evolution of research collaborations, recurring
partnerships, and the formation or dissolution of research groups
over time [DNS∗23, GDL∗20, HW24, DJJ∗24, KLM25]. These vi-
sualizations support exploratory analysis of collaboration structure
and temporal trends. A coauthorship dataset is also used in the
teaser of this paper (Figure 1), where institutions are treated as char-
acters and joint publications as interactions.

5. Discussion

While the community has developed a large collection of knowl-
edge on storyline visualizations, there is still a lot of research to do.
A couple of challenges remain to be faced:

�

Figure 18: How would a storyline look in a narrative where time
is circular? What if there are time jumps? The picture represents
one of the attempts at displaying circular time proposed during the
Graph Drawing Contest 2025 [DBKMW25], where the visualiza-
tion was displayed on a circular screen.

5.1. Co-optimization

Co-optimization refers to the simultaneous optimization of mul-
tiple aesthetic or structural criteria rather than treating them in a
strict sequence or isolation. Storyline visualization research tra-
ditionally decomposes the layout pipeline into serial stages, e.g.,
crossing minimization, then wiggle reduction, then whitespace re-
duction (see Section 4.1.1), solving each subproblem in turn. Co-
optimization, instead, searches for layouts that trade off these qual-
ity metrics jointly. A useful analogue from the broader graph draw-
ing literature is found in multi-criteria layout frameworks. For ex-
ample, the Stress-Plus-X [DADL∗19] graph layout model simulta-
neously optimizes multiple readability metrics such as edge cross-
ings, minimum crossing angle, and stress (a measure of how well
geometric distances match graph-theoretic distances) in a single
objective framework, rather than sequentially optimizing each cri-
terion in isolation. Computing everything at once results in layouts
that have overall higher readability compared to pipelines, often
optimizing one metric at a time. However, this usually comes at the
cost of higher computational complexity.

In storylines, crossing minimization, wiggle reduction, and even
whitespace control are not independent: minimizing crossings
alone can increase wiggles, and aggressively compressing whites-
pace can induce undesirable line tangling. Recent work on wiggle
minimization in storylines highlights this interaction by formally
characterizing the complexity of minimizing different wiggle ob-
jectives, e.g., count vs. vertical movement, exploring solutions that
balance those objectives [DHNW25].

5.2. Temporal Oddities

One open challenge is how to represent stories that have time jumps
or time travel (see Figure 20): Few have seemingly noticed that in
the very famous visualization from XKCD [Mun09], multiple exam-
ples are presented, the last of which (Primer) is perhaps jokingly
placed there and drawn in convoluted scribbles, as if it is something
too complicated to represent. That visualization represents the story
of Primer, an indie production about time machines, where the
characters, by jumping back and forth through time, create mul-
tiple new timelines that intersect and interact with each other. To
this day, and to the best of our knowledge, no one has attempted
at replicating the last visualization in XKCD’s overly famous visu-
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�

Figure 19: What if characters could go back and forth in time, as it
happens in the movie Tenet? And even meet themselves while they
are going through time in reverse, and normally?

alization, which is interesting given the popularity of all the other
visualizations in the same image.

Inspired by this, the most recent Creative Contest organized
by the Symposium on Graph Drawing & Network Visualization
[DBKMW25] presented a challenge to represent a story with tem-
poral jumps (the German TV series Dark, which prominently fea-
tures time jumps of exactly 33 years towards the past or the future).
A large circular 360 degree screen was made available to the par-
ticipants of the contest, that could be used as a continuous surface
to represent a visualization. This produced interesting submissions
that wrap the storyline around the whole screen, making it possible
for the story to “wrap” every 33 years, highlighting higher-order
patterns as a result of the the circular aspect of the story, and time
jumps were typically drawn as vertical lines between the circles
(see Figure 18).

There are also further variations and possible models of how time
and narratives are considered in science fiction books and movies.
We refer to these as temporal oddities and describe them in the
following:

���������
�
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�

�����
��������
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Figure 20: Yellow has a time machine! When they use it in timeline
1, they not only travel back in time, but can also meet themselves
from a few timesteps ago. This creates an alternate reality (time-
line 2) where yellow has met themselves from the future and makes
different decisions based on their meeting. How would we display
multiple timelines and time travel on a storyline visualization?

For instance, we can take into account a model like the one used
in Tenet, in which time (and characters) are flowing forward and
backward in time simultaneously (see Figure 19). Alternatively,
consider the possibility of multiple parallel realities that might in-
teract with each other, making it necessary to have an additional di-
mension, perhaps. Other forms of temporal oddities are expressed
in science fiction narratives. Taking inspiration from other Christo-
pher Nolan movies, we can investigate how the passage of time is
conveyed. Within these narratives the passage of time for the char-
acters involved differs either due to the general principle of rela-
tivity or how the passage of time is conceptualized in dream states.
We illustrate this concept in Figure 22. Specifically, Interstellar has
a wrapping storyline, but also time passing differently for differ-
ent groups of characters due the way that gravity warps time (i.e.,
general relativity). Inception, on the other hand, has time passing
differently for different characters, in increasingly smaller pockets
due to the fact that each dream level runs on a slower timescale than
the one above it. The deeper the characters go into nested dreams,
the more time they experience relative to the real world.

Temporal oddities also arise in less extreme forms, such as
events with unclear boundaries, interactions whose durations over-
lap without a clear start or end, or characters whose presence is
inferred rather than observed. In these cases, discretization of time
is introduced and the resulting time steps or events introduce ad-
ditional uncertainty. While these modeling decisions are necessary
for layout algorithms, they are rarely communicated visually, and
the resulting storyline may appear more precise than the data or
narrative warrants. From this perspective, temporal oddities can be
seen as manifestations of uncertainty along the temporal dimen-
sion. Just as storyline visualizations typically do not encode uncer-
tainty in interaction membership or layout choice, they also strug-
gle to represent uncertainty in temporal ordering. Addressing these
cases explicitly would require moving beyond a single linear time-
line and considering alternative temporal structures, parallel time-
lines, or visual encodings that allow ambiguity to remain visible
rather than resolved.

5.3. Uncertainty

Communicating uncertainty in storyline visualization is also a
pressing challenge. For example, in Akira Kurosawa’s Rashomon,

Figure 21: The story of yellow is told by two different unreliable
narrators: according to one, yellow was with pink in the center of
the narrative, while according to the other, yellow was with teal.
The two recollections are only consistent at the beginning and at
the end of the story. How would we display the uncertainty of the
narrative?
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Figure 22: This storyline has characters experiencing time at dif-
ferent times, as it happens in the movie Interstellar. Teal experi-
ences time in t1 at double speed compared to yellow. In t2, instead,
yellow is experiencing time at half speed compared to teal.

a single narrative is recounted multiple times from different per-
spectives, each internally consistent but mutually incompatible.
From a visualization perspective, such narratives challenge the
notion of a single authoritative timeline. “How would one go
about visualizing such incompatible storylines?” Inspired by com-
pound graph visualizations, one could visualize each such perspec-
tive as a separate juxtaposed or interchangeable small multiples
[EMWR24, VBW17]. Alternatively, as highlighted in Figure 21,
one could visualize all perspectives in a single storyline and make
use of a combination of branching paths and opacity to visually
communicate the disagreements between the various perspectives.

Beyond incompatible perspectives, however, uncertainty poses a
challenge in several different ways. While storyline visualizations
are well-suited to depicting parallel actions and simultaneous in-
teractions, they generally presuppose that the temporal order, loca-
tions of events, and the participants in events are fixed and known.
However, this in real-life contexts this is not always the case. “How
would a storyline visualization represent a series of events in which
the exact start and endpoints of a particular event are unknown?”
Inspired by metro map visualizations, one could perhaps elongate
and extend an event across time for a particular (set of) character(s).
Alternatively, how would one visualize the uncertain participation
of characters, e.g., a character whose participation in an event is
merely implied? We see opportunities for (classical) uncertainty vi-
sual channels to be employed, such as opacity, fuzziness, enclosure,
or (the recently proposed) node wiggliness [EPDB∗25]. Finally, in
the context of spatial storylines, i.e., storylines whose events have
and share some notion of location, how would one tackle uncer-
tainty in location? If closed curves around events were employed
to visualize an event’s location, perhaps (as discussed by Vehlow
et al. [VBW17] in their survey on compound graph visualization)
color, opacity, and overlap of these surfaces could be utilized to
communicate such uncertainties.

Uncertainty in storyline visualization, and graph drawing more
generally, remains an open challenge, further complicated by the
many types of uncertainty that can manifest, e.g., node and edge at-
tributes [EPDB∗25,SSSE16], edge presence or weights [SNG∗16],
or other structures (such as group structures or time) [VRW13] and
the layout itself [YC17]. This indicates visualizing uncertainty in

storylines, as well as in the field of graph drawing more generally,
is still an open direction and far from settled.

6. Conclusion

In this survey, we reviewed existing work on storyline visualization
with a focus on layout algorithms and the assumptions behind them.
Our goal was to clarify what is commonly done in this area, how
different approaches relate to each other, and where they start to
diverge.

Looking across the literature, most storyline methods follow a
similar structure. Time is usually modeled as a sequence of dis-
crete steps, layouts are driven by character interactions, and opti-
mization focuses on a small set of well-known objectives such as
reducing crossings, limiting vertical movement, and keeping the
layout compact. Many papers build on the same algorithmic ideas
and refine them incrementally, often combining several objectives
in a pipeline.

Scalability remains a relevant concern for the visualization com-
munity, specifically, the visual and cognitive and perceptual aspects
of it as introduced by Richer et al. [RPA∗24]. Algorithmically, ex-
act methods are limited to smaller datasets, however, heuristic ap-
proaches attempt to resolve this gap. Visually, as clutter grows due
to the number of characters and interactions between them, only a
handful of approaches address this explicitly, often through the use
of glyphs or groupings and aggregation methods. Most storyline
visualization techniques make the assumption that fewer crossings
and wiggles may imply better comprehension and has perceptual
and cognitive benefits, however this has not been empirically eval-
uated. This also remains an open challenge in literature.

At the same time, some aspects appear much less frequently.
Only a few approaches move beyond basic interaction data to in-
clude additional attributes, alternative temporal models, or higher-
level constraints such as fairness or uncertainty. When these aspects
do appear, they are often treated as special cases rather than as part
of the core layout process.

A limitation of this work is that we focus exclusively on the al-
gorithmic and design choices underlying storyline visualizations.
Consequently, our analysis considers visualization decisions pri-
marily from an algorithmic perspective, rather than from the view-
point of end users. Narrative visualization research addresses a
much wider array of data types compared to storyline visualiza-
tion and addresses user-centric challenges, such as plot compre-
hension, engagement, and storytelling. In contrast, out survey ad-
dresses the specific challenge of representing dynamic relational
data using storyline visualization techniques. Future work could
bring these two distant perspectives closer and investigate how lay-
out decisions in storyline visualizations influence narrative compre-
hension or complement this perspective by examining how specific
design choices relate to user tasks and by evaluateing these choices
through empirical user studies. Building on the topic of empiri-
cal evaluations, we could systematically compare a wide range of
storyline visualization algorithms across a well-chosen set of case
studies to investigate the perceptual and cognitive implications that
common optimization objectives have, such as, crossing/wiggle
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minimization, temporal coherence, or compactness and aspect ra-
tio. Another promising future research direction involve interaction 
techniques in storyline visualizations. While interactive approaches 
were not exclusively omitted from out survey, they were rarely de-
scribed in the queried literature and our search terms did not target 
“interaction” specifically. Most papers focus on the algorithmic or 
optimization challenges, leaving space for the design and evalua-
tion of interaction techniques to support analysis in storyline visu-
alizations. In particular, there is no established taxonomy of inter-
action techniques aimed for storyline visualizations. Understanding 
which methods would be effective for which use cases, as well as, 
examining their impact to the visualization, i.e., how they introduce 
computational and/or layout constraints are open challenges.

We hope this survey helps readers orient themselves within the 
space of storyline visualization, identify suitable algorithms for dif-
ferent data and design requirements, and understand the trade-offs 
behind existing approaches.

Companion Website

We offer an interactive website with filtering f unctions t o nav-
igate through the papers used to write this survey. The web-
site can be found at: https://velitchko.github.io/
storyline-survey/
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