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Sequence Tube Maps for Structural Variants
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Figure 1: (A) STM vs. SVSTM on yeast data. (B) SVSTM shows known copy number variants of ENA genes [SSK∗15]: the purple tube has
3xENA visible in 1 and 2 , and grey tubes 2xENA 1 ; green and orange are wild strains with 1xENA. (C) Details view showing wild SNPs.

Abstract
Discovery of large sequence changes—structural variants—is crucial yet challenging in genomics. Pangenome graphs aid in
their detection, representing DNA of multiple species as a unified structure. Sequence Tube Maps (STM) visualize these graphs
as metro maps but quickly become cluttered. Based on STM, we present SVSTM, which addresses this challenge by reducing
visual elements and enabling adjustable detail levels. Overview+detail views highlight large variants, summarize small ones,
and offer details on demand. We show SVSTM’s utility through use cases and evaluations with domain experts and developers.

CCS Concepts
• Human-centered computing → Visual analytics; • Applied computing → Genomics;

1. Introduction

Graphs have gained popularity in genomics because they offer ef-
fective ways to manage and analyze the ever growing volume of
DNA sequencing data. This data reveals that members of a species
share much of the same DNA sequence (genome), but also differ.
Nowadays, thousands of genomes are available, from small bacte-
ria (e.g. 5 Mb for E. coli) to large animals and plants (e.g. 3 Gb for
human). One important application of graphs in genomics is repre-
senting pangenomes, models that combine genomes to capture the
full genetic diversity within and across species [Com18]. This di-
versity is missed by methods using a single reference genome. A
common type of pangenome graph is a variation graph. This di-
rected graph has nodes representing stretches of DNA sequence,
composed of nucleotide characters (A, C, T, and G). Edges con-
nect nodes in forward or reverse reading direction; nodes con-
nected in reverse direction represent sequence inversions (Fig. 2C).
Original sequences are stored as walks through this bi-edged
graph [PNGH17]. Edges form the path of each individual genome
(Fig. 2A and B), and reveal conserved and variable DNA regions.

Visualization supports exploring and interpreting pangenome
graphs but presents significant challenges. Numerous entities–such
as sequences, variants, and metadata–vary in size and diversity and

must be shown within limited screen space while preserving ge-
nomic context and avoiding visual or cognitive overload. An estab-
lished method is Sequence Tube Map (STM) [BNH∗19] (Fig. 2C).
While its strength lies in highlighting all variations clearly, as the
size and complexity of pangenome graphs increase, STM quickly
leads to scalability and readability challenges. To address these,
STM offers zooming and logarithmic downscaling of node size.
However, these interactions have limited effect when graphs con-
tain many nodes with short sequences, a common scenario in real-
world datasets (Fig. 1A). It provides only minimal space savings
and no improvements in readability. Moreover, these issues hinder
the discovery of structural variants (SV)—variations of typically
>50 characters, including insertions (INS), deletions (DEL), du-
plications (DUP), and inversions (INV), see examples in Fig. 2.
SVs are often sought after in pangenome graphs because they can
strongly impact traits and functional diversity. Yet, despite their im-
portance, SVs generally remain challenging to detect [HHM∗20].

Beyond STM, other visualization tools support exploring ge-
nomic graphs and SVs, but not without limitations. Some tools
use node-link diagrams and show SVs as bubbles or squiggly
lines [WSZH15, NJBJ09], but these often become hairballs with
many (sub)genomes. Others use linear overviews with colored
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Figure 2: (A) Two example sequences; (B) A bi-edged graph, for-
ward (green) and reverse (red) edges; (C) A depiction of SVs—
INS/DEL, INV, and DUP—and substitution in STM [BNH∗19].

blocks and connecting lines, but the lines cause clutter, obscur-
ing SVs [GHN∗22]. Moreover, the fixed vertical ordering hinders
spotting groups of (structural) variants [GSN∗18]. Sankey-based
diagrams highlight groups but are limited to small variations and
regions [ZLD24]. Linked circular whole-genome and detail views
aim to improve SV detection, yet clutter from small variants re-
mains a challenge [YSS∗19]. Population-wide read alignment aids
SV detection [LHX∗23], but scales poorly to many genomes. Ef-
fective and scalable visualization of SVs in large graphs is lacking.

To tackle this challenge, we enhance the visibility of SVs in
STM, which also improves scalability and readability. We devel-
oped a design called SVSTM, which uses a modified graph layout
algorithm that summarizes similar nodes at user-adjustable detail
levels. Furthermore, we transformed the STM into an interactive
overview+detail display: the overview highlights SVs while indi-
cating areas with smaller variants through summary encodings, and
the detail view shows the original STM for a selected node. We
also added coordinated highlighting and selection. We evaluated
our design with five domain experts, demonstrated use cases on
two datasets, and discussed feasibility with STM developers.

2. Original Sequence Tube Map

Sequence Tube Maps [BNH∗19] are designed to depict variation
graphs, which require encodings beyond standard node-link di-
agrams to accurately show sequence continuation and direction.
These graphs represent multiple sequences, where each sequence is
a path through the graph’s nodes, traveled in forward or backward
direction. To address this, STMs use a metro map-inspired encod-
ing, where each sequence appears as a colored tube passing through
nodes (stations) which can be visited by multiple tubes (Fig. 2C).

A Sequence Tube Map M = (V,T ) consists of a set of nodes V
and a set of tubes T . Each node v∈V represents a sequence of char-
acters: sequence(v) with characters from {A,C,T,G} representing
the nucleotides. A tube t ∈ T is a list of nodes v, such that v or
v−1 ∈ V . The sequence of node v−1 is the reverse of node v. A
tube’s sequence is the concatenation of sequences in its node list.

We identified 8 tasks supported in STM using a genomics taxon-
omy [NHG19] with their support levels (• high / medium / • low):
• T1 Lookup variance between (selected) sequences in a region:

well supported for small regions or junction points, as tubes
highlight differences and similarities by position.

• T2 Explore pangenome variation graph structure: effective for a
limited part of the pangenome; not all nodes fit on the screen.

• T3 Locate small variants: good in small regions; nodes stand out.

• T4 Locate SVs: poorly supported because SVs are less frequent
and require extensive scrolling to discover.

T5 Identify variation type: works well as tubes form distinguish-
able shapes like loops unless many appear in a small region.

T6 Identify nucleotide: possible via letters, but not the main goal.
T7 Identify and trace a sequence: intuitive via the metro map

metaphor but becomes cluttered with many tubes and nodes.
• T8 Explore read mapping: well supported, as tubes enable clear

tracing of reads (small subsequences) mapped to the graph.

The STM design has strengths and limitations. It uses the strongest
visual channel (position) to highlight differences (T1, T3) and tube
continuity to trace sequences (T7, T8). The graph is maximally lin-
earized, ensuring sequences with the same variants stay together
(T1). However, graphs with many sequences and variants cause
readability and scalability issues (T2, T3, T4). The loops of INV
and DUP are spacious, difficult to distinguish (T5), and violate the
graph aesthetics rule to minimize edge lengths [DB00]. Interactions
are limited; and users have little control over graph layout (T4, T7).

3. Design Improvements in SVSTM

From expert input and STM analysis, we derive tasks, goals, and
designs for SVSTM. See supplemental note for the code and video.

We aim to support three additional tasks (T9–T11):
T9 Summarize variance between sequences in the graph. Users

need an overview of the graph to find significant variations.
T10 Filter small variants. Allow excluding small variants (SNPs

and indels). Most users focus on larger features such as inser-
tions, while SNPs often cause visual clutter.

T11 Explore variants of interest. Users want to query and visually
inspect certain large variations, e.g. INS ≥ 500 nucleotides.

Furthermore, we define three design goals (G1–G3):
G1 Enhance visibility of SVs. The design should prioritize large

structures and selection, which supports T4, T9, T10, and T11.
G2 Improve horizontal scalability. Increasing the sequences and

number of variants shown in the view is essential for effective
real-world data exploration, specifically T2, T3, T4, and T9.

G3 Improve vertical scalability. Larger pangenomes means more
sequences must shown clearly, involving tasks T1, T5, and T7.

3.1. Candidate Designs

We considered various strategies to fulfill our design goals (Fig. 3).
G1 is the primary goal, aided by G2, while G3 is lower priority. The
naive approach is to downscale visual elements (1)—nodes and
tubes— so more sequence, including SVs, fit in view. Although
it also addresses G2 and G3, downscaling complicates tracing se-
quences, and thus finding SVs. In real-world graphs, the effect is
limited due to many nodes and tubes. Alternatively, a space-filling

Figure 3: A summary of candidate designs and (dis)advantages.
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Figure 4: Node reduction and deviation visualization in SVSTM.
After node merging (degree ≥ 3), one node represents all sequences
(B). Two tubes are incorrect: one tube (blue) has 3 deviations and
one (purple) has 8; Cutting at the start and end of the DEL (purple),
deviations are reduced while adding only 2 nodes (C). Alternatives
for showing deviations: numbers (D), percentage bar (E), lines (F).

layout (2) can arrange 1D sequence data in a 2D grid while preserv-
ing local proximity [NHG19]. While space-efficient, it disrupts left-
to-right genome navigation and parallel tube arrangements—key
for STM—and negatively impacts G3, as fewer tubes can be shown.
Third, reducing the number of nodes (3) frees visual space, but
with information loss. Omitting small nodes supports G1 and G2,
and slightly improves G3 by reducing tube movement. As it pre-
serves STM encoding and genome navigation, it is preferred. Infor-
mation loss can be mitigated by overlaid encoding and interactions.

3.2. Node Reduction

In our node reduction approach, we try to concatenate nodes and
only show SVs (INS and DELs), i.e., sequences with lengths larger
than a threshold σ (default 50). The approach consists of 2 steps:
1. Find and merge majority nodes Sequences often have highly
conserved stretches disrupted by many small variations in some se-
quences (Fig. 4A). To create a large concatenation with few errors,
we merge all nodes through which a majority of the tubes pass.
For merging, we compute a topological ordering with Kahn’s al-
gorithm [Kah62] to preserve the node order in the original tubes,
resulting in one main node (Fig. 4B).
2. Introduce cuts at SVs In practice, the character sequences of
the tubes deviate from the main node. To reduce these deviations,
we enrich the main node with SVs larger than threshold σ. By cut-
ting up the main node at the start and end of an SV, the total num-
ber of deviations can be reduced without introducing many new
nodes (Fig. 4C). Tubes can now follow or bypass newly inserted
nodes to handle INS and DEL, respectively. Adding SVs in this
way gives support for location (T4) and overview (T9) of SVs.

3.3. Visualization of Deviations

Reducing nodes forces some tubes to follow imperfect matches. To
support tasks T2, T4, and T9, which require overview rather than
details, our goal is to convey both the existence and magnitude of
these deviations. We considered three alternatives for their display
(Fig. 4D–F): a number (D), a bar representing the misrepresented
fraction (E), and lines marking individual errors by position (F).
We evaluated the alternatives based on ease of comparison, effect-

Figure 5: ICE-T survey results: aggregated scores per component
per participant and for the overall value for all participants ("all").

iveness and pre-attentiveness, and integration in STM. Numbers
were least favored, as users must scan many values to spot out-
liers, whereas bars and lines facilitate comparison. Bars risk being
misinterpreted as positional encodings, while individual lines pro-
vide position but suffer from overplotting. All are equally suited
for integration. Ultimately, the bar encoding (E) was chosen for its
ability to highlight significant deviations while maintaining clarity.

3.4. Overview, Details, and Interactions

In SVSTM users can drill down (T11) by clicking on a node shared
by multiple tubes, which opens a second, linked detail view (Fig. 6)
that renders only the tubes and nodes within the clicked node. In-
teracting in one view updates the other accordingly, allowing si-
multaneous multi-scale exploration. In the overview, users can set
a length threshold σ for nodes, aiding tasks (T10, T11). For linked
highlighting, we implemented tube selection with distinguishable
colors [HB03] and set the default STM to grayscale to better sup-
port tracing (T7). In STM, many tubes likely contain small vari-
ations. SVSTM omits these, making tubes appear similar, though
their deviation bars may show differences. Similar tubes can be
grouped into a single slightly wider tube (G3), with member de-
viations shown as a 1D scatter scatter plot (supplemental Fig. S1).

4. ICE-T Evaluation

SVSTM was evaluated using the ICE-T method [WAM∗19], scor-
ing Insights, Confidence, Essence, and Time via survey questions.

Participants Following ICE-T’s guideline, we recruited five post-
docs and PhD researchers with the required pangenomics expertise.
All are familiar with STM but had not necessarily used it before.
Procedure Participants received a brief demo of STM and ex-
plored an Arabidopsis pangenome region for 10–15 minutes with
example tasks. They repeated the process with SVSTM for a dif-
ferent region. To capture qualitative insights, participants were en-
couraged to think aloud. They completed the survey, which also
initiated the discussion. To evaluate SVSTM’s improvements over
STM, we adapted the question prompt for direct comparison and
the terminology for clarity in genomics. Questions were rated on a
7-point Likert scale, with zero as neutral and positive scores as im-
provements. Each session lasted one hour and was recorded. The
protocol, setup, and survey questions are available in the supple-
mental note, and the data is available at doi:10.17605/osf.io/9rj2e.
Analysis and Insights We averaged component scores and com-
puted an overall value score per participant; see Fig. 5 (and sup-
plementary Table S1). All components were rated positively. The
overall average score for SVSTM is 1.6, reflecting a positive as-
sessment of the improvements. On average, the strongest compo-
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nents are essence and insight. Three users explicitly stated that the
compression mechanism combined with red deviation bars was a
valuable improvement. Participant P4 emphasized: “The main rea-
son for me to agree or strongly agree [with survey statements] is
because the way that you allow the compression of STM and then
also on that compressed node you also show this percentage of vari-
ation.” P1 and P5 noted the original STM struggles with scalabil-
ity: “[the tool] solves one of two major problems with Sequence
Tube Maps” (P1), that being the scalability; “too many SNPs” and
“SVs are difficult to identify” (P5). Confidence had the lowest mean
scores (0.5), mainly due to potentially misleading error bars that
could also encode misalignment at a nucleotide position. As P5
noted: “... the error bar [was somewhat misleading], but once I
got used to it it was fine.” P1 and P3 also noted that if the nodes’
nucleotides remain visible (i.e., without STM’s downscaling), the
sequence may be misinterpreted even with error bars. They also
said that deviations from the majority are not always relevant.

5. Use Cases and Qualitative Evaluation

We briefly show use cases of yeast (n=14) and Arabidopsis (n=32)
pangenomes with two domain experts; see supplement for details.
Yeast Literature [SSK∗15] suggests copy number variants in gene
ENA. To explore this SV visually while omitting small variants
(T10), the user set σ ≈ gene length (1000 bases). Figure 1B shows
the overview: the purple tube (S. cerevisiae S288C) has three copies
(in 1 and 2 ), while orange and green tubes (wild species) have
just one. Other grey tubes have one or two copies. The wild strains
showed more deviations, prompting detailed exploration (Fig. 1C).
Arabidopsis The user searched for SVs on chromosome 1 within
a 10,000-base region. Varying σ’s in the overview (Fig. 6A), three
INS were found (T9). Exploring deviating node 1 in detail (T11)
revealed that a smaller INS is causing tube deviations (Fig. 6B).

We conducted a feedback session (online, 1 hour) with an STM
developer. They were overall enthusiastic about the presented de-
sign improvements. The STM developer also noted that the error
bar representation might be misleading. They considered it a minor
concern as long as sufficient documentation was provided, stating
they were “excited to bikeshed it.” They were working on a similar
compression idea to filter out small nodes but without showing de-
viations or providing an interactive σ, and found that offering both
approaches could be beneficial. Furthermore, they noted that “the
selection feature and sort of minimap view [overview+detail] are
both features that would make sense for existing users and that we
would want to merge.” Overall, the session highlighted SVSTM’s
feasibility, utility, and potential for integration into STM.

Figure 6: SVSTM (σ=1000) showing Arabidopsis: (A) Overview
with 3 INSs; (B) Deviations in node 1 orange and blue by an INS.

6. Discussion and Conclusion

Our goal was to enhance Sequence Tube Maps with added scal-
ability and readability for SV discovery while preserving its intu-
itive encoding scheme. Compared to STM, SVSTM enables the dis-
play of a large pangenomic region in limited space. By summariz-
ing nodes, displaying deviations, and allowing detailed inspection,
users can explore pangenomes more effectively. SVSTM was pos-
itively received. User tests suggest that SVSTM enhances insight
and conveys the dataset’s essence. The yeast use case successfully
revealed a known SV, and STM developers showed strong interest
in integrating SVSTM. Surprisingly, interactive selection was not
familiar to some participants, but through exploration and discus-
sion, they recognized its value and the overall design coherence.

Evaluations showed SVSTM’s potential, but also areas for im-
provement and future research. Many users had questions after a
walk-through, indicating learnability challenges. The original STM
also posed difficulties for some users (2/5), who struggled to inter-
pret the tube length between nodes as non-meaningful, unlike tradi-
tional alignments. Furthermore, users and developers had differing
opinions on the deviation bar encoding, suggesting other encodings
might be worth exploring. Two users suggested allowing interactive
selection of a reference. Additionally, integrating (gene) annotation
tracks could aid in biological interpretation (2/5 users). The cur-
rent approach focuses on insertions and deletions, making inver-
sions and duplications less immediately visible. Since the impor-
tance of such SVs varies among species—rare among humans but
more common among plants [Yan20,JSM24]—it would be good to
include them in future work. The current algorithm can be easily
extended by introducing more cuts for this purpose.

Future work could explore incorporating more metro map as-
pects to further improve readability, e.g., emphasizing important
nodes (stations) where many edges (lines) cross, evenly spread-
ing nodes, and balancing edge angles [SRMOW11]. Layout strate-
gies from genome-wide multiple sequence graphs could also be
explored [SZW24]. Beyond layout, node recomputation needs op-
timization for even larger regions. This work focused on visual SV
detection in a pangenome graph. Other visualizations include cir-
cular overviews [HJBN12], also well suited for SV detection, and
linear block views [DSCR21] or matrices [HBN15], which pose
some limitations for this task but do support integrating metadata.

For evaluation, we recruited, despite their scarcity, five domain
experts per ICE-T’s minimum. More studies with diverse users and
datasets are needed to validate real-world utility. Usability may be
further assessed using the SUS [B∗96], and a comparative study
could quantify benefits, e.g., space savings or task accuracy.

In conclusion, we presented SVSTM as an extension of STM,
designed to support structural variant exploration. The design en-
ables better navigation of complex pangenome graphs, leveraging
summarization and deviation encodings to detect SVs at scale. We
anticipate that these improvements will further enhance Sequence
Tube Maps’ effectiveness for the genomics community.
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