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Figure 1: Notable differences in the display of identical texture-space visualizations on the surfaces of view-aligned Ribbons (left) vs.
Tubes (right): (a) Tangent response: ribbons respond to tangent changes by twisting, on tubes they mostly cause texture distortion. (b) Self-
occlusion when viewing a curving path in-plane is less severe for ribbons. (c¢) Bundle occlusion is more likely to hide glyphs (red encir-
clement) when using ribbons (top), while the curving cross-section of tubes causes some parts to become visible that would otherwise be
occluded (bottom). All images use the texture-space visualization of secondary variables that we use throughout this paper (section 5.2).

Abstract

Multivariate line data is critical for analyzing flow fields, agent systems, and dynamic trajectories. Embedding secondary
variables along spatial paths using surface-based primitives such as ribbons and circular tubes introduces challenges related
to perspective, scale, and distortion. Perceptual trade-offs due to these challenges remain unclear. We address this gap through
a controlled user study with 10 experts in computational fluid dynamics and visualization, performing four identical analysis
tasks involving both spatial (requiring location-based relationships) and non-spatial (requiring attribute value comparisons)
aspects. The tasks were performed using a prototype with interactivity limited to controlling the camera. While quantitative
measures showed no significant performance differences between embedded visualizations on ribbons and tubes, we found
a clear subjective preference for tubes among the study participants. Furthermore, their feedback indicates surface-based
embeddings are generally helpful and should be utilized more often.

CCS Concepts
* Human-centered computing — Empirical studies in visualization; Visualization techniques; Visualization design and eval-
uation methods; * Applied computing — Physical sciences and engineering;

1. Introduction typically color, width/radius, and opacity) can potentially compro-
mise spatial understanding. One way to tackle this challenge is to
visualize secondary variables directly onto the primitive, if it has a
surface.

Texture patterns have been successfully used to encode addi-
tional spatial information like twist around a tube by varying the
surface parametrization [SGS05], or to represent non-spatial quan-
tities by varying the pattern’s density [RHD*06]. However, when
using less abstract representations, such as diagrams or multivari-
ate glyphs, the question of readability arises. Besides the size of

Multivariate line data poses a unique visualization challenge, as
it requires simultaneously conveying both spatial and non-spatial
information while relying on a very limited number of visual vari-
ables. Typical examples include movement trajectories of cyber-
physical systems, such as drones, which have complex internal
states associated with each point in time, or streamlines of a flow
field with associated secondary fields that all offer important con-
text for interpreting the shape of the flow. Furthermore, when over-
utilized, the natural visual variables of a 3D line primitive (most
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such visualizations relative to the extents of the dataset limiting
their effectiveness to the near-field, they are directly affected by the
shape of the line primitive through distortion and occlusion. In this
paper, we compare the application of this technique to two of the
most commonly utilized line primitives with a surface: ribbons — an
open surface formed by sweeping an orthogonal line along a curve
— and tubes with a circular cross-section.

Ribbons appear to be the obvious choice for hosting secondary
visualizations, as their surface has no inherent curvature that causes
distortions — an implicit assumption that we found reflected in
the preference for ribbons throughout the literature on multivari-
ate line data visualization (detailed in section 3). On the other
hand, tubes provide a naturally 3-dimensional line representation
that offers certain advantages for spatial perception in combi-
nation with lighting [ZSH96] and are thus in common use for
dense, not necessarily multivariate line data such as diffusion tensor
tractographs [CYA2S5, KJVC25] and 3D trajectories from diverse
sources [BTD16,BLD21,LYR*23]. The open question we address
in this paper is whether tubes can be used equally effectively for
embedding visualizations of multiple secondary variables.

We tackle this question by first comparing both primitives in
an analytical way, and second, conducting a comparative user
study with 10 experts from engineering, visualization, and human-
computer interaction. To ensure comparability, we use high-quality
raycasted rendering, which required tuning an approach from the
literature to produce better results in artifact-prone edge cases that
frequently arise with view-aligned ribbons. With this, each ex-
pert solved 8 realistic multivariate analysis tasks on two stream-
line datasets, using high-fidelity ribbon- and tube-based line repre-
sentations, with plot- and glyph-based embedded visualizations of
secondary line variables. We found no evidence to support the com-
mon assumption that ribbons are better suited to hosting embedded
visualizations. Instead, we observed a strong expert preference for
embedding such visualizations on tubes.

To summarize, our contributions are:

e A structured, analytical discussion of relevant differences be-
tween view-aligned ribbons and tubes for displaying embedded
visualizations,

o A tailored ribbon raycasting method with reduced artifacts,

e Qualitative and quantitative insights from an expert user study,
indicating no statistical advantage for either primitive, but a
strong user preference for tubes.

The remainder of this paper is structured as follows: In section 2
we define our notion of ribbons and tubes to specify our research
question. Section 3 gives an overview of related work and its impli-
cations for our research question. Section 4 provides a systematic
treatment of the differences between ribbons and tubes, and how
they are reflected in our visualization. In section 5 we detail the de-
sign of the user study, the results of which we discuss in section 6.
We conclude and identify possible avenues for further research in
section 7.

2. Definitions and Goal

We focus on line data as the subject to be visualized. That is,
sets of 1-dimensional manifolds that can be parametrized as curves
c(t) € R?, ¢ € R. In this work, we represent lines as Hermite
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splines, i.e., each ¢;(¢) isa C !_continuous curve that cubically in-
terpolates the position samples of line i. The required tangents can
be heuristically determined (e.g., Catmull-Rom) or taken directly
from the data (vector field, measured velocities, etc.).

This notion of line data separates the tubes and ribbons we study
from the related concept of stream tubes and stream ribbons, which
are tangent surfaces of a vector field [VS82], meaning their exact
shape emerges directly from tracing a set of streamlines rather than
resulting from a conscious choice by a visualization practitioner.

The tubes we consider are defined by sweeping a sphere of ra-
dius r along the curves ¢;(t), mirroring the definition introduced
by Van Wijk [VW85]. Similarly, ribbons result from sweeping a
line segment L of length w (the width of the ribbon) centered along
¢;(t). Unlike the fully symmetric sphere, reference directions »;(r)
orthogonal to the tangent directions ¢, (f) need to be chosen along
which L is aligned at every 7. Since we are going to show additional
visualizations on the surface, we chose #;(¢) such that the normal of
the plane ;(r) x €}(r) is maximally close to being parallel with the
viewing direction; that is, the ribbon will be view-aligned (see sec-
tion 4.1 for details). This is essentially the Scalable Self-orienting
Surface introduced by Schussman and Ma [SM02].

Other typical uses of ribbons align 9;(¢) according to some spa-
tial attribute, like the orientation of a mover or for showing twist
(integrated angular velocity) along a path. A similar capability can
be added to circular tubes by parameterizing their surface accord-
ing to some varying reference frame and showing the orientation
via texture. We do, however, not consider such uses in order to an-
swer the following research question:

When embedding visualizations of additional attributes on the sur-
face of the line primitive, will these visualizations be more effective
on ribbons than on tubes?

Not keeping the visualization pointing towards the viewer at all
times can reasonably be expected to reduce its effectiveness, so we
ensure optimal view alignment. We consider studying the exact im-
pact of keeping orientation as a free visual variable out-of-scope for
this study. Similarly, allowing r or w to vary along lines opens up
additional questions on how to embed the visualizations. Should
they scale with the surface, or maintain a constant apparent size?
We argue that eliminating radius/width as a free variable enables
us to answer our research question more directly.

3. Related Work

In the following, we give an overview of line data visualization
research with a special focus on ribbon and tube-based techniques,
multivariate data and related studies.

Tubes and ribbons in line data visualization. A number of appli-
cation domain-specific surveys [AA13,ZFH*22, BSD*24] provide
an extensive overview of line data visualization techniques includ-
ing but not limited to tubes and ribbons. We mention here notable
examples. Their use dates back as far as the late 1980s [HH89,
Vol89, BMP*90] in the context of visualizing vector field topol-
ogy. Even earlier, seminal work in computer graphics formalized
them as parametric primitives and derived rendering algorithms
from there [BK85, VW85].

As graphics workstations and personal computing hardware be-
came more powerful, the possibility of employing these prim-
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itives in real-time interactive visualization systems renewed re-
search interest, with significant work being done in improving per-
ception through plausible lighting [ZSH96,EHS13]) and additional
cues [MMYKO06, EBRI09], as well as on increasingly efficient ren-
dering techniques [SM02, SGS05, RBE*06, HGVV15] including
transparency [KRW19, GG21, KNM*21, KJIVC25]. Not least for
their obvious uses in many areas of computer graphics, there is
now a comprehensive set of real-time algorithms available that en-
able direct raycasting of large amounts of high-fidelity parametric
tubes [RL18,RSG20, Yuk22] and ribbons [Res22, PTH23].

Embedded visualization of secondary line variables. Methods
that visualize additional data dimensions directly on the surface of
the line primitive exist, but they are rare. Ware et al. [WAPWO06]
represent whale movement with an oriented ribbon that displays
additional information on its surface texture and extrude a sawtooth
pattern from the center line encoding strength and direction of fluke
stroke events. Tominski et al. [TSAA12] plot multiple quantities on
trajectory ribbons; however, the trajectories are 2D, and the ribbons
are formed by stacking the associated plots. This has proven to be
a rather popular technique and was adopted in diverse trajectory-
related fields [CTBH13, HMRH15, WESL*23]. Somewhat simi-
larly, Staib et al. [SGG17] plot derived attributes of particle clusters
onto flow ribbons [JRO5]. Here, the ribbons follow an actual 3D tra-
jectory through space. This limits the number of plots (they display
up to 6), as flow ribbons should not be wider than the object they’re
attached to, and even then they’re still quite wide (perhaps more so
than is desirable for some applications). Sterzik et al. [SMCL23]
studied the perceptual space of varying-density illustrative texture
patterns, and show examples using their technique to encode scalar
attributes on surfaces (including tubes representing line data). They
explicitly mention opening additional channels for encoding infor-
mation next to color (up to 2 with a cross hatching pattern), but their
study does not treat the impact of curvature or perspective-induced
distortions on the perceived densities. Russig et al. [RGDG23] draw
layers of plots and glyphs directly onto the surface of a 3D tube,
allowing for a large number of available visual attributes. They
provide some mitigation for distortions introduced by the curved
tube surface but cannot eliminate them completely. Neuhauser et
al. [NHK™23] utilize this technique to show associated simulation
attributes on convection lines, but limit the embedded visualization
to multiple color bands, thereby avoiding most of the distortion is-
sues.

Most often however, multivariate line data is visualized in a
somewhat more abstract or aggregated way, or the non-spatial data
is separated from the spatial view, sometimes linked back via suit-
able means. He et al. [HCC*19] provide the most recent survey
of such methods. In general, there is a plethora of techniques to
chose from when designing separate views for the non-spatial at-
tributes [AMST11,FXJ20, ODNN25] as well as their linkage back
to the spatial view [JE12].

Perceptual insights into multivariate line data visualization. A
number of studies have looked into the effectiveness of conveying
additional information embedded with the line primitive. Boukhe-
lifa et al. [BBIF12] studied the perception of dashing/dotting,
brightness, blurriness, and sketchiness (a local deformation emu-
lating manual line art sketching) for representing uncertainty along
lines. Sterzik et al. [SLK*22] study the use of these techniques (us-
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ing width instead of blurriness) for showing uncertainty on molec-
ular surfaces via (view-dependent) silhouette lines, as well as other
stylized line representations [SMCL23, SLW*23]. More related to
classical line data, Bae and Dodge [BD23] study the cognition of
movement represented by 2D trajectory lines when using color and
width to convey derived movement variables like speed.

All these studies have in common that they utilize the direct vi-
sual variables of lines only (color/illumination, shape, width/radius
etc.), so we cannot derive insights about the comparative effective-
ness of embedded visualizations between different line primitives
from their results. They do, however, provide a good selection of
task types, some of which we took some inspiration from (see sec-
tion 5.3). Furthermore, Weigle and Banks [WBO08] studied the spa-
tial perception of complex 3D line sets under varying conditions in
the context of illuminated stream tube tractograms. As our focus is
on embedded visualizations, we opted not to include purely spatial
tests. We do, however, observe their findings regarding the benefits
of global illumination (see section 5.2).

Summary. When a detailed or complex visualization of addi-
tional attributes directly on the line primitive was attempted, rib-
bons have so far been the preferred choice, as is evident from the
body of methods we looked at (e.g., [WAPWO06,TSAA12,SGG17]).
Only one method attempted to do the same specifically with
tubes [RGDG23] which was adopted just once for a specific use-
case [NHK*23]. We noticed that this tends to correlate with a
heightened emphasis on the non-spatial data attributes, whereas
other primitives (lines, e.g., [SMRB22], tubes, e.g., [BTD16] or
tube-like shaded ribbons, e.g., [MMYKO06]) are employed when
the spatial aspects are most important. Then, typically just one
or two additional attributes, which are often also space-related
(velocity, acceleration etc.), are mapped to color, texture patterns
and/or radius/width. As a side note, for conveying spatial orienta-
tion, textured tubes (e.g., [SGS05, RBE*06]) and oriented ribbons
(e.g., [Web09, WNW*22]) appear to be equally popular.

So far, there is no direct comparison of the suitability of either
primitive for embedding secondary visualizations. Intuition might
suggest that ribbons are more suitable as they exhibit considerably
less distortion on their surface, which could explain the bias to-
wards ribbons in the body of methods that take this approach. This
is however not the only relevant difference for embedded secondary
visualizations as we will show in section 4, so closer study is war-
ranted.

4. Ribbons versus Tubes

We identified notable effects caused by the geometric differences
between view-aligned ribbons and tubes that influence the appear-
ance of embedded visualizations. In this section, we describe each
one in detail. First however, we need to establish how the surface
of each primitive is parametrized.

4.1. Surface Parametrization and Rendering

The parametrization along the curve ¢(¢), for which we use the vari-
able u, is the same for both primitives: it is simply the arc length
along the curve using multiples of the half-width (ribbons) or radius
(tubes) as unit, respectively. This allows for predictable placement
of visualizations and eliminates parameterization-induced stretch-
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Figure 2: Adaptation of the ray intersection method from (a) Pharr
etal. [PJH23] with (b) our improvements for view-aligned ribbons.
The ribbon shape not breaking down when viewed close to tangen-
tially is important for this study, as this regime gives rise to most of
the notable differences between ribbons and tubes.

ing [RGDG23]. The orthogonal coordinate v €[0, 1] depends on the
viewing direction and works slightly differently for each primitive:

Ribbons. As the surface of a ribbon is flat at any given ¢, the v
coordinate is a linear parametrization of the line L (as introduced in
section 2) centered around ¢(¢) along the reference direction »(¢):

L) =e)+w (v=3 ) 500 0

where w is the ribbon width. Assuming all coordinates are in eye
space, view alignment of #(¢) is accomplished via

P(t) o @t) x (1) )

Tubes. Care is required when choosing a parametrization around
the tube axis. The trivial choice of parametrizing according to an-
gle around the axis (equivalent to using circular arc length) re-
sults in a perspective distortion that squishes surface contents close
to the silhouette. To avoid this, we use the strategy by Russig et
al. [RGDG23] that computes the v coordinate of a surface point p,
on the tube with respect to the reference direction #(¢) L ¢’ () using
a simple dot product:

v = (p, —e(0),5(0)) 3

Rendering. The other important choice we have to make that will
affect the primitives’ appearance is how they are rendered. We
chose raycasting for both to rule out effects of suboptimal tessel-
lation. For tubes, we again use the implementation by Russig et
al. [RGDG23] as it also provides all functionality for drawing vi-
sualizations onto the surfaces. For ribbons, we use the method pro-
posed by Pharr et al. [PTH23] and adapt it to better support view
alignment. The adaptations were necessary since the intended use
case of the original method (hair, blades of grass, and similar) al-
lowed for some performance trade-offs that result in a surface fi-
delity we found unsuitable for a visualization where curves would
be viewed up-close and often tangentially. Also, the algorithm had
to be ported to a fragment shader for real-time rendering.

On a high level, the ribbon intersection routine recursively sub-
divides parts of a cubic curve segment until either their bounding
boxes are no longer intersected by the ray, or a sub-segment is suffi-
ciently linear for an analytic intersection test. Our fragment shader
implementation accomplishes this by emulating a stack in local
memory and flattening the recursion into a loop. Beyond that, our

adaptation comprises two changes designed to meet the required vi-
sual fidelity: (a) we keep subdividing until the angle between subse-
quent reference directions as per eq. (2) is below a threshold — this
fixes breakdown of the ribbon when a curving segment is viewed
tangentially. And (b), we use bilinear patches to compute the actual
ray intersections instead of a simple linear approximation, causing
the ribbon surface to twist more smoothly between even large sub-
sequent angles. Figure 2 shows the visual impact of these changes.

Note that we cannot eliminate the singularity that forms when
ribbons are viewed perfectly tangentially, but this rarely happens in
practice, so these measures proved effective enough for our study.
A detailed description of the rendering pipeline can be found in the
appendix.

4.2. Differences and Effects

We identified 5 effects that impact embedded visualizations differ-
ently on ribbons and tubes. We are unaware of any prior systematic
treatment of the geometric differences between these two line prim-
itives. It is entirely possible that additional effects are at play, but
after extensive examination, we are reasonably confident that these
effects would be the major sources of observable differences in user
performance. We characterize them as follows:

Base distortion. The most obvious difference is that circular tubes
have an inherently curved surface, which causes a base distortion
that is always present and which becomes increasingly visible as
the viewing direction gets closer to the curve tangent direction
¢ (1), since the tube cross section arc then stretches across more
screen space. Ribbons, with their perfectly flat surface (when ¢(t)
is itself straight) do not have this problem. Note that this is not re-
lated to perspective distortions, which all 3D content is subject to
even when using orthographic projection.

Tangent response. Changes in the tangent ¢ (¢) transfer to the
view-aligned reference direction #(¢), and the strength of this influ-
ence is amplified as the view direction becomes more parallel. This
manifests strongly in the presence of high-frequency geometric fea-
tures in the curve, most typically caused by noise in the position
samples. For ribbons, the resulting jiggle of the reference direction
results in a noticeably wavy surface but induces very little distortion
on the visualizations. For tubes, the effect on the geometry is much
less noticeable, but the squiggly trace of the reference direction
p(¢) causes visible distortions due to the view-aligned parametriza-
tion (cf. section 4.1). This effect is depicted in fig. 1a.

Self-occlusion. When ¢() curves in some interval [fg,#;], and the
camera resides on the plane € (o) x € (t1), then portions of the line
primitive behind the apex of the curve will get occluded by the part
before it. Here, the view alignment of the ribbon causes it to twist
in a way that actually un-obscures part of the surface behind the
apex. A tube will just twist its parametrization, leaving the geom-
etry unaffected and the parts behind fully occluded (fig. 1b). Ad-
ditionally, the flip of the reference direction »(¢) causes a massive
distortion for tubes, but this happens close to the apex and is thus
half-occluded and not very prominent.

Bundle Occlusion. Line data often contains structures with tight
bundles. Unless the width/radius of the line primitive is adjusted to
prevent it (which we explicitly rule out due to the reasons motivated
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Figure 3: Overview rendering of both datasets with the same color-
map (section 5.2) and embedded visualization we used in the study:
(a) dataset 1 (propeller), (b) dataset 2 (fish-friendly turbine).

in section 2), these regions will typically contain many overlapping
lines. Here, their circular cross section can cause tubes situated be-
hind others (from the perspective of the viewer) to partially end
up in front anyway. Since ribbons are locally flat and in our case
view-aligned, they are always either behind or in front of other rib-
bons at any given curve point ¢ (and if close to the same distance,
cause z-fighting and related effects). This means that visualizations
on otherwise occluded tubes can still be (partially) readable even in
such a situation, while on ribbons, they cannot (fig. 1c).

Radial Displacement. Any visualization on a tube surface will be
displaced from the point on the line the underlying data attributes
were sampled at, since tubes have non-zero radius. The surface of
a ribbon on the other hand always lies on the curve it represents by
construction, so there is no displacement at all. This effect is again
most noticeable when viewing tangentially (cf. fig. 1a-b).

It is obvious that when studied in isolation, each of these effects
is advantageous/disadvantageous for one primitive over the other.
While there is value in quantifying each effect, it would not be pos-
sible to infer from that if one primitive works better than the other
in practice. Instead, we believe the research question of this paper
is best answered by an approach that remains agnostic to individual
aspects and instead studies the net effect under a realistic workload.

5. Method

This section presents our user study, outlining the overall strategy
and the major aspects of its design and procedure.

5.1. Overall Study Design and Strategy

Since our primary objective was to assess performance under real-
istic workload conditions, we decided to use real data rather than
fully synthetic data that could be more tightly controlled but would
lack ecological validity. Working with real data allows us to engage
domain experts who can interpret the visualizations meaningfully
and avoid the risk of biased feature selection. Consequently, the
study was designed as an expert-focused evaluation, which limits
the feasible sample size and reduces the statistical power to de-
tect differences. Thus, we designed a within-subjects mixed-design
study with the visual primitive as the independent variable, with
levels ribbon and tube.

Participants performed a series of analysis tasks (section 5.3)
while we measured the time and camera interactions needed to
complete each task. The tasks were identical for both conditions,
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differing only in the visual primitive (ribbon or tube). By keep-
ing every other aspect of the visualization constant, including
the embedded texture-space representation, we isolated the inde-
pendent variable. Because the same visual content is shown in
both conditions, the study is confined to a single application do-
main. This trade-off avoids the need to redesign the visualiza-
tion for multiple domains. To minimize learning effects, we em-
ployed two distinct datasets and randomized task order in each trial.
We counterbalanced the order of the visual primitives and the as-
signed datasets using a Latin square. Consequently, each partici-
pant completed two trials (one ribbon and one tube), each with a
different dataset, and across participants, all four possible prim-
itive+dataset pairings were represented equally often. After each
task, we asked a short set of qualitative questions, and after com-
pleting all tasks, each participant took part in a semi-structured in-
terview. The interview probed perceived effectiveness of the em-
bedded visualization, overall preference for ribbons versus tubes,
and any domain-specific suggestions for improvement.

Data domain and individual datasets. We chose 3D computa-
tional fluid dynamics (referred to as CFD in the remainder of this
paper) as the source of the line data. The reasons are threefold:

1. Fluid simulations in engineering typically produce vector fields
with complex topology, which in turn results in line sets that
form structures within which lines become correlated.

2. While there typically is a canonical "up" direction, the highly
3-dimensional nature of the structures does not favor a single
view orientation and requires considerable camera movement by
the user to fully grasp. We expect this to amplify the difference
between tubes and ribbons, most of which are view-dependent.

3. The flow field is typically accompanied by several additional
fields, such as temperature, pressure, and vorticity, among oth-
ers, each contributing to the dynamic effects of interest to en-
gineers (e.g., flow separation increases vorticity and involves
decreasing velocity and increasing pressure). This makes flow
field analysis an inherently multivariate problem.

In keeping with the goal of emulating realistic workloads, we used
streamlines generated using VTK [SMLO06] from output of the CFD
software OpenFOAM [Jas09] as test data. The simulation results
were provided to us by domain experts and involved two distinct
scenarios: dataset 1 simulates the flow of water around a ship’s
propeller, and dataset 2 simulates the flow of water through a fish-
friendly turbine. A rendering of both datasets is provided in fig. 3.

Validation. To inform our attribute selection (section 5.2) and
task design (section 5.3), we interviewed two domain experts be-
fore the main study. We elicited their use of flow field visualization
tools and the types of insights they aim to extract in their current
work. Expert 1 (henceforth referred to as E/) mostly deals with
large-scale flood simulations which are typically modeled in 2 di-
mensions. Expert 2 (E2), a civil engineer, specifically pointed out
identifying and delimiting instances of flow separation, for which
they often combine stream or path lines around the object under
study with (sometimes animated) scalar field visualizations to dis-
play flow velocity, pressure, and vorticity simultaneously. Both ex-
perts highlighted identifying instances and patterns as a frequent
task in their visualization workflows. Based on these insights, we
identified finding instances of certain attribute combinations
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and gradients as a task well-suited to texture-space visualiza-
tions, considering our datasets. Besides, finding instances is a task
that has been successfully used for studying line data visualiza-
tions [BD23]. Thus, we created visualizations for several attribute
combinations that included flow velocity, pressure, and vorticity,
and asked two experts for their preferences and feedback to inform
our final design.

5.2. Visualization Design

Our visualization encodes four scalar secondary variables along
streamlines: flow velocity, pressure, magnitude of vorticity, and an-
gular velocity. All color scales we use were selected from the col-
lection of Scientific Color Maps by Crameri and Shepard [Cra21].
We linearly map flow velocity |[¢’(¢)|| to surface color using the
batlow color scale. The other variables are linearly mapped to
shapes on top using the following encoding:

1. Pressure is represented by the thickness of a light gray contin-
uous line in the center of the view-aligned texture space. Line
thickness goes up to a width of 75% of the view-facing surface,
ensuring the surface color is never fully obscured.

2. Magnitude of flow vorticity is double-coded by side length and
color of a square. E2 mentioned that they often need the com-
ponents of vorticity, but showing vectors in a spatially intuitive
way embedded on a 2D surface of unpredictable orientation is
not straightforward. They stated, however, that the magnitude is
still useful, especially when combined with angular velocity and
the streamline geometry. For color, we use the buda scale.

3. Angular velocity is double-coded by shape and color (using
the diverging vik scale) of a sign glyph [RGDG23] that morphs
between a minus (counter-clockwise), circle (neutral or 0), and
plus (clockwise) shape. In CFD, angular velocity is defined as
the scalar component of the vorticity vector in flow direction
divided by two. It thus combines length and flow parallelism
of the vorticity vector into a signed scalar. Notably, this means
wherever flow and vorticity are close to orthogonal in a dataset
with many long vorticity vectors (like our two datasets), angu-
lar velocity can be "high" (mapped to large shape/color values)
where vorticity is mapped to "small" squares with data window-
ing tuned to show the fluctuation of high vorticity levels.

All shapes utilize a black outline to help visually separate them
from their surroundings. This is required to mitigate occurrences of
similar colors, which cannot be ruled out completely, although we
carefully selected color scales with limited hue overlap.

For the discrete mappings of vorticity and angular velocity,
we chose shapes that maximize visibility of their defining features:
Plus, neutral, and minus forms of the sign glyph ensure that the cor-
ners of the underlying square remain visible when both glyphs are
placed at the same location. The minimum side length of the square
is chosen such that it can only be completely occluded when vor-
ticity is close to 0. Since we always sample them at identical loca-
tions, they form a compound glyph displaying vorticity and angular
velocity simultaneously. Both experts preferred this integrated de-
sign over separate placement. Figure 4 shows legends for each en-
coding. Finally, we superimpose a subtle reference grid via normal
mapping to help users mentally rectify the embedded visualizations
even when distorted by a curving surface (cf. figs. 1 and 2).
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Figure 4: The embedded visualization we designed with domain
experts. (a) A closeup of the visualization applied to dataset 1.
(b) The full range of the visual variables for each attribute.

Lighting. Lighting enhances the structural perception of dense line
sets [ZSH96], with global illumination contributing valuable depth
and other structural cues [WBO08, EHS13]. We attach a directional
light to the camera so that view-aligned surfaces are directly illu-
minated, while most illumination is provided from ambient light,
approximated using voxel-cone tracing for real-time ambient oc-
clusion [CNS*11]. We include these effects not only for their per-
ceptual benefits but also because they are widely used in modern
line data visualization and represent realistic rendering conditions.

5.3. User Task Design

We measure participants performing 8 tasks in total, 4 distinct tasks
per condition. Each task requires finding an instance of a particular
attribute constellation (henceforth referred to as instance type) as
motivated in section 5.1. We use 4 instance types in total (named
A, B, C, and D), so each must be found once for each dataset. The
attribute constellations we used for each instance type were chosen
with semantic relevance as a first priority, but some compromises
were required to get feasible tasks.

Firstly, we did not consider large-scale features, as the embed-
ded visualizations become unreadable at some point when zooming
out. Secondly, we restricted ourselves to constellations with at least
4 clearly recognizable instances in both datasets. The task descrip-
tions for the 4 instance types are as follows:

A. "Find an instance on a line where angular velocity quickly
changes its sign, i.e. from +positive (clockwise) to -negative
(counter-clockwise) or vice-versa."

We verbally informed the participants that the flip of sign should
occur within 3 samples, i.e. there should be no more than 1 neu-
tral value in between.

B. "Find an instance where pressure is low and angular velocity is
maximally +positive (clockwise)."

C. "Find an instance where pressure is low, vorticity is high, and
angular velocity is neutral 0."

D. "Find an instance where angular velocity on neighboring,
mostly parallel lines has opposite sign +/-."

Types B and C involve 2 and 3 variables, respectively, and test only
the readability of individual glyphs and the pressure plot. A and D
ask for just a single variable, but involve spatial aspects as well; a
change along a single line for A, and between close-by lines for D.
We did not include flow velocity and thus surface color in any of
the tasks, as the color of lines can be seen very clearly even from
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Figure 5: The common initial viewpoints for all tasks on
(a) dataset 1 (including the legends we show to participants) and
(b) dataset 2, respectively. Possible instances for each task type
(A, B, C and D) are always already within the initial view; the lo-
cations of one example each are marked by a red circle. Uncropped
screenshots as seen by participants can be found in the supplemen-
tary material.

far away for both line primitives. We still included it in the visual-
ization since line color is one visual variable that is very likely to
be used one way or another in practice, so we want to include any
influence it might have on other embedded visualizations. We also
created 4 similar tasks for training that all participants perform, two
per dataset, using 4 instance types not used outside training. Finally,
we used just one starting viewpoint per dataset that is shared across
tasks to eliminate this as a confounding variable. These viewpoints
were chosen such that instances of all types are already inside the
initial view frustum; a fact all participants were informed of. Both
initial viewpoints are shown in fig. 5.

The readability of the visualizations afforded by each primitive
will come into play primarily when participants decide whether
a variable exhibits the desired behavior or value range, typically
when zoomed in to some extent. However, it will also be important
how well the primitives preserve distinctive visual features of the
embedded visualization at a distance.

5.4. Measurements

During the study, we recorded objective performance metrics and
gathered subjective data via between-task questionnaires and a fi-
nal semi-structured interview. Task performance was measured by
completion time and the number of camera interactions, including
orbiting (2 DoF/degrees of freedom), panning (2 DoF), and zoom-
ing. Interactions are performed by dragging the mouse with left (or-
biting) or right (panning) buttons pressed, and scrolling the mouse
wheel (zooming).

We measure the cumulative amount for each interaction type;
that is, we sum up the magnitudes of all individual interactions.
Due to their nature, all types use different units of measurement:

orbit | degrees around rotational axis
zooming | % distance to orbital focus
panning | % screen width

Zooming sensitivity was tuned such that one wheel tick zooms by
approximately 22%. All raw data we recorded is available in the
supplementary material.

After completing each task, participants answered four state-
ments using a 7-point Likert scale, where 1 represented "strongly
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disagree" and 7 represented "strongly agree." The statements were:
(1) "The task was difficult to complete." (2) "The information pre-
sented in the visualization was complex." (3) "It was easy to in-
terpret the visualization for this task." (4) "I am satisfied with the
visualization for this task." Participants could also indicate any is-
sues or challenges they faced during the task. Finally, after finish-
ing all tasks, we conducted a semi-structured interview to gather
qualitative feedback. During the interview, participants were free
to explore both datasets and switch the line display between rib-
bons and tubes at their discretion. The interview questions focused
on comparative preferences for ribbons and tubes, the effectiveness
of each in solving tasks, strategies used with both visual primitives
for tasks involving line/trajectory or vector/tensor field data, typical
work goals, background influences, and suggestions for improve-
ment.

5.5. Experimental Setup

Apparatus. We run the trials on a graphics workstation with
enough power (Intel Xeon E3-1270v3 CPU with 64GB RAM,
NVIDIA Quadro RTX 5000), providing sustained rendering perfor-
mance above 60 frames per second at full HD (1920 x 1080) using
the ray-casted primitives introduced in section 4.1. The machine
was connected to two 25” monitors: one displayed the visualiza-
tion in full screen for the participant, while the other showed trial
controls for the experimenter. During each task, participants freely
manipulated the camera on their screen using the mouse.

Procedure. After welcoming the participants, we explained the
goal of the study and asked them to sign an informed consent form.
We then collected demographic data and asked participants about
their personal experiences with line data. Next, participants were
introduced to the visualization tools and camera controls. The re-
searcher provided a detailed explanation of the visualization inter-
face, including how to navigate using the camera controls. Partici-
pants were then given time to explore and practice interacting with
the visualization freely. To further acclimate participants to the vi-
sualization and interaction techniques, they completed four training
tasks. These tasks were divided evenly across two datasets, with
two tasks per dataset. Once the participants felt comfortable with
the visualization and interaction options, we proceeded to the main
part of the study.

Participants solved tasks by starting with either a ribbon (4 tasks
in random order) as a visual primitive, then switching to a tube (4
tasks in random order) with different datasets, or vice versa. Before
beginning each task, the camera was reset to the starting location.
Each task was displayed on a second screen, allowing participants
to read the instructions carefully and ask the experimenter for clar-
ification on any points they were unsure about. When a participant
indicated they were ready, the experimenter started the task, which
initiated the timing and recording of camera interactions. Partici-
pants were encouraged to think aloud at all times, especially when
they believed they had found a relevant instance. If the instance
met the criteria, the experimenter would stop the task, thereby sav-
ing the elapsed time and all captured data. If the instance did not
satisfy the criteria, the participant had to continue searching un-
til reaching the maximum time limit of 5 minutes, at which point
the task would be counted as failed. However, none of the partic-
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ipants experienced this; all found a valid instance within the time
limit, typically in under a minute (see section 6.1). After each task,
participants answered subjective qualitative questions. Finally, we
conducted the semi-structured interview. Throughout the tasks and
during the interviews, we used a smartphone to record audio for
later analysis.

5.6. Participants

The study participants were 10 experts (9 male, 1 female) from en-
gineering and visualization research groups at our university, all
experienced with line/trajectory data. Their ages varied from 28
to 38 years (M = 32.2, SD = 3.3), with eight holding master’s de-
grees and two Ph.D.s. Their expertise included mechanical and civil
engineering, computer graphics, and human-computer interaction.
None reported color vision deficiencies.

Prior experience. Participants’ professional experience with line
data included vector field analysis with ParaView (4 participants)
and PyVista (2), 3D particle trajectory analysis using sciview (1)
or custom tooling (1), trajectory analysis of biological cells using
Mastodon (1) or custom tooling (1), and VR/AR user pose trajec-
tory analysis using Unity-based (1) or custom tooling (1). Partici-
pants often obtained line and trajectory data from CFD simulations,
vector fields, human and VR movement tracking, medical imaging
(e.g., blood vessels), and cell tracking. They used visualizations to
derive insights into movement patterns, flow behavior (e.g., turbu-
lence and streamlines), high-velocity regions, trajectory inconsis-
tencies, brain connectivity, and tissue development. The most fre-
quently reported challenges were occlusions and data overload (4
mentions), software and technical limitations (4), data management
and integration issues (3), and concerns about visualization clarity
and techniques (2).

6. Results and Discussion

This section presents the results of our study, including statistical
analyses, participants’ qualitative feedback, and a discussion of the
findings in the context of our research questions.

6.1. Statistical Analysis

All ten participants completed both experimental conditions, each
comprising four tasks. We performed quantitative analyses on both
objective and subjective data. For the subjective measures, scores
for the two negatively worded items were reversed so that higher
scores consistently indicated better outcomes (i.e., "The task was
difficult to complete" and "The information presented in the visu-
alization was complex"). The study primarily aimed to compare
ribbons and tubes as line primitives for embedding visualizations of
additional surface attributes. The tasks were designed to be diverse,
allowing participants to engage with and gain experience using both
primitives. Accordingly, our analysis focuses on the main effects of
the line primitive and its interactions with task type. Complete de-
scriptive statistics are provided in table 1, while detailed statistical
analyses, including possible main effects of tasks, are presented in
the appendix.

For the analysis, we examined whether the tasks produced any
interaction effects with the line primitives. A repeated-measures

analysis of variance (ANOVA) was conducted on all subjective
and objective measures across combinations of line primitives and
tasks. We found a statistically significant interaction between tasks
and line primitives only for the statement, "The information pre-
sented in the visualization was complex," F(3, 27) = 5.695, p =
0.004, nf, = 0.388. For tasks A and B, participants perceived the
visualizations as equally complex. In task C, ribbons were rated
as more complex, while in task D, tubes were easier (see table 1).
However, post-hoc tests revealed no statistically significant differ-
ences. Furthermore, we found no other statistically significant in-
teraction effects between tasks and line primitives, nor any main
effects of line primitives on the subjective quantitative measures
(see table 1 in the appendix for full statistics). Likewise, the ob-
jective measurements showed no significant interaction effects or
main effects of the line primitives (see table 2 in the appendix for
full statistics).

Given that tasks were spatial or non-spatial, we examined
whether interactions existed between the spatial/non-spatial na-
ture of tasks and the type of line primitive. We averaged scores
for each line primitive and participant across spatial (A and D)
and non-spatial (B and C) tasks, then conducted repeated-measures
ANOVAs. For subjective measures, a statistically significant inter-
action effect between task spatiality and line primitive was found
for ratings of task difficulty (F(1, 9) =5.12, p = 0.05, 1]12, =0.363)
and for perceived visualization complexity (F(1, 9) = 5.192, p =
0.049, T],z, = 0.366). In non-spatial tasks, tasks with ribbons were
perceived as slightly less difficult to complete (M = 5.35, SD =
1.56) than the ones with tubes (M = 4.90, SD = 1.56), whereas for
spatial tasks, the opposite pattern was observed (M = 4.05, SD =
2.13 and M =5.15, SD = 0.94 for ribbons and tubes, respectively).
For complexity, ribbons were seen as slightly less complex than
tubes in non-spatial tasks (M = 4.05, SD = 1.83 for ribbons; M =
4.3, SD = 1.81 for tubes), but in spatial tasks, the pattern was re-
versed (M = 4.25, SD = 1.92 for ribbons; M = 3.65, SD = 1.80
for tubes). However, for both outcomes, post hoc pairwise compar-
isons using paired-samples t-tests with Bonferroni correction did
not yield statistically significant differences (all p > 0.25 for task
difficulty and all p > 0.3 for complexity). We found no other statis-
tically significant interaction effects between tasks and line prim-
itives, nor any main effects of line primitives (see table 3 in the
appendix for full statistics).

6.2. Qualitative Feedback

The semi-structured interviews yielded a number of relevant in-
sights, which we organized into four categories. Note that no par-
ticipant was informed of our analysis regarding the differences be-
tween view-aligned ribbons and tubes (cf. section 4.2). Whenever
they mentioned one of them, they noticed the effect independently.
When referring to individual participants, we use a capital P fol-
lowed by the sequential number we assigned to each participant.

Ribbon/tube preference. Feedback collected during the inter-
views reveals a clear subjective preference for tubes over view-
aligned ribbons: 6 participants stated preferring tubes, only 1 pre-
ferred the view-aligned ribbons — the rest were undecided. Partici-
pants provided the following reasons in favor of tubes:

o Structural perception — P3: "I just get a better sense of depth
from the tubes." P8: "To me, the sense of depth from the shading

© 2026 The Author(s).
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difficult and complex are inverted (i). The subjective measures are on a Likert scale from 1 to 7.
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Subjective (Mean (SD)) Objective (Mean (SD))
difficult (i)  complex (i) easy satisfying orbiting, ° panning, % zooming, % task time, s
Ribbon A 4.5(2.321) 3.9(2.079) 5.1(1.524) 5.4(1.713) 337.40(559.00) 179.78 (275.81) 604.9 (344.3) 44.10 (28.587)
B 5.6(1.506) 4.5(2.014) 59(1.197) 5.9(1.287) 30.90 (48.49) 46.33 (60.46) 379.1 (428.0) 18.98 (11.158)
C 5.1(2.025) 3.6(2.066) 5.7(1.337) 5.6 (1.506) 92.20 (210.51) 147.58 (242.25) 650.7 (470.5) 28.10 (15.851)
D 3.6(2221) 4.6(2.066) 5.6(1.174) 5.7(1.252) 467.67 (637.44) 442.73 (521.54) 1206.2 (966.8) 74.54 (58.026)
Tube A 6.1(0.876) 4.0(1.944) 6.4(0.516) 6.0(1.155) 149.68 (226.14) 111.93 (137.84) 713.3 (978.3) 30.14 (17.585)
B 52(2.044) 442.011) 6.2(0.632) 5.9(0.738) 20.36 (36.54) 76.58 (78.36) 433.9 (318.7) 19.40 (7.612)
C 46(1.713) 4.2(1.989) 5.7(1.160) 5.8(1.229) 187.39(290.78) 109.67 (168.91) 703.9 (614.0) 34.39 (22.253)
D 42(1.687) 3.3(1.829) 5.5(1.354) 5.9(0.994) 423.60(520.85) 249.12 (184.26) 1401.7 (1785.2)  65.25 (48.235)

that the tubes have is just really helpful." P9: "The ambient oc-
clusion effect is more visible on them, they convey space better."

e Bundle occlusion —P2: "If they’re super close, it’s much less dis-
tracting with tubes, less occlusion", P8: "Especially here, where
lines are close by, it just looks clearer."

e Color perception — P4: "From far away, I think it’s easier to ob-
serve the color of the tube."

o Geometric consistency — P9: "I find it visually easier to di-
gest when the tubes are static, and only the visualization moves
around the surface.", P10: "I find it easier if you don’t have to
mentally undo their orientation, which here has no actual mean-
ing."

As for preferring ribbons, P1 again gave color perception as the

reason: "I like that for the ribbons, there is just one level of bright-

ness, it looks flatter." When queried if they thought that the type
of primitive affected their performance, only P10 felt a negative
impact from the view-aligned ribbon, while 3 participants (P2, P4,

P9) felt no difference. The others were unsure.

Task strategies. The common strategy mentioned by all partici-
pants was to first look for characteristic color patterns, e.g., P4: "I
found color is the most important thing [...] then the grey line, it
was easy to find." — P5: "I mainly went after colors, like blue or
red for angular velocity, or high vorticity, which is neither blue nor
red." — P6: "I first checked whether something catches my eye, the
yellow and red from the boxes and pluses popped out from afar."
Then they looked at candidate locations in sequence, sometimes re-
assuming an overview position in between to regain bearings, e.g.,
P6: "I went back out since you said all instances are somewhere
in view from here." P1 additionally reported using domain knowl-
edge to prioritize likely areas with the help of attributes not cur-
rently asked for: "Since I knew there is a pressure difference there,
Ilooked there first." When queried, no participant reported chang-
ing their approach based on the line primitive. Consistent with this,
only 3 participants even noticed during the study that ribbons and
tubes were switched with the dataset.

General feedback on the visualization. All participants expressed

liking the visualization overall, but raised notable points which we

summarize as follows (we forego quotes for brevity; more relevant

quotes are compiled in table 5 in the appendix):

o Glyph readability: 9 of the 10 participants reported being able to
read the embedded visualizations well, particularly praising that
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it was easy to discern areas of high pressure and high vorticity,
even with surface color prominently taken up by flow velocity.

P1 and P3 mentioned that low vorticity (small pink square) with
negative angular velocity (blue minus bar) tends to look like a
red plus sign from afar, requiring more zooming, and PS5 found
the minus form more difficult to recognize than the plus form.
P10, the only participant to report some difficulty reading the
visualization, would have preferred alternating separate glyphs.

o Filtering: P2, P4, P6, and P7 mentioned they would rather
change visualization settings to hide variables they deem unim-
portant at any given moment. All participants also highlighted
the need for data filtering in a real application.

e Focus+context: P7 found it hard to keep a mental map of where
they were when zoomed in and would have liked a context view.

o View alignment: All participants liked the view alignment of em-
bedded visualizations for tubes. For ribbons, however, partici-
pants P7 and P10 expressed a preference for the ribbon orienta-
tion to be derived from the data instead.

Applicability. We asked participants whether embedding sec-
ondary visualizations of this kind could be useful in their own work,
and eight answered positively. Five participants specified the num-
ber of additional variables they would consider: P2 and P6 men-
tioned three, P5 and P8 up to four, and P7 up to five. Among those
who responded positively, five participants (P1, P2, PS5, P6, P7) in-
dicated they would use embedded secondary visualizations if sup-
ported in their existing tools, while three (P3, P8, P9) would con-
sider integrating a similar approach into their custom tooling.

6.3. Discussion

Our quantitative results did not indicate a clear advantage of ei-
ther primitive for the effectiveness of the embedded visualizations.
We observed some statistically significant interaction effects for the
subjective measures. However, post-hoc tests did not reveal any sig-
nificant pairwise differences. Given the relatively small sample size
of ten participants, these findings should be interpreted with cau-
tion, as the statistical power to detect subtle effects is limited. In
interpreting the results, we focus primarily on patterns that align
with qualitative feedback gathered from the semi-structured inter-
views and our observations, which provided additional insights and
guidance for future research. In the following, we discuss the main
takeaways from these findings.
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Tubes preference. While several participants provided subjec-
tive reasons for preferring tubes, only P10 explicitly noted greater
difficulty when solving tasks with view-aligned ribbons, directly
attributing this to the view alignment itself (see below). Further-
more, participant comments regarding bundle occlusion (cf. sec-
tion 4.2, 6.2) may relate to the increased subjective difficulty ob-
served for spatial tasks involving ribbons (cf. section 6.1), but more
data would be required to reduce uncertainty surrounding this ef-
fect. The only preference expressed for ribbons (by P1) was jus-
tified by the flatter appearance of lighting. Interestingly, this con-
trasts with P4’s observation that colors were easier to distinguish
on tubes, suggesting that the perceptual role of lighting warrants
further investigation.

Finally, no participant mentioned texture-space distortions
induced by the inherent curvature of tubes and their tangent re-
sponse (cf. section 4.2). This is surprising and leads us to hypoth-
esize that in general, users tolerate them quite well — at least if the
tasks do not require reading exact values.

View alignment. Two participants (P9, P10) mentioned the geo-
metric consistency of tubes as a reason they preferred them. P10,
in particular, noted they had to mentally undo the orientation of
the ribbon as it carried no meaning. Although this was a minority
opinion, we note that it constitutes a valid concern, especially when
producing still images, where it will not be obvious that the ribbon
orientation is the result of view alignment. For tubes on the other
hand, no participant reported being distracted by the visualization
moving around the tube surface. The higher number of orbit and
panning interactions observed for ribbons (c.f. table 1) may be re-
lated to this effect, though it did not reach statistical significance
for our sample size (see table 2 in the appendix).

Practical implications. Our qualitative results suggest that when
choosing a primitive for visualizing line data with embedded vi-
sualizations, one should go with tubes. However, our quantitative
findings indicate that, given the minimal impact on user perfor-
mance, this choice should primarily depend on other practical con-
siderations. We think the main takeaway for practitioners is that any
tube-based line data visualization can be extended with embedded
visualizations, and there is no need to switch out the line primitive
for this purpose. This is especially relevant for domains like CFD
and tractography, where tubes have become the de facto standard.

Furthermore, the positive reactions to the embedded visualiza-
tion demonstrate that encoding four additional variables this way
is comprehensible to users with very little training. Finally, self-
reported task strategies suggest that double-coding with color is
generally beneficial for embedded visualizations, enhancing their
effectiveness at larger distances.

Limitations. The small sample size of 10 experts limits the statis-
tical power of our study, which is compounded by random error
introduced through search and navigation behavior, as reflected in
the large standard deviations of the objective measures in table 1.
Increasing the certainty of our measurements would require a much
larger study, which may not be feasible when relying solely on ex-
pert participants. Furthermore, we cannot determine from the data
we collected how much of our experts’ subjective preference for
tubes is related to their background and experience (although ac-
commodating expectations from domain experts is certainly advis-
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able either way).

Lastly, our study does not quantify relative visualization read-
ability directly. There likely are nuanced effects depending on a
variety of factors that amplify or reduce the impact of the differ-
ences between the two primitives, like local line geometry (flat vs.
curved), primitive parameters like width/radius, or prevalence of
tangential viewing angles in the application. These effects appear
to be offsetting each other in our end-to-end treatment, but there
is value in studying their exact impact on readability for both line
primitives, thus better informing how to factor in data character-
istics and expected usage of the visualization into the choice of
primitive.

7. Conclusion and Future Work

We compared embedded visualizations for multivariate line data,
where secondary attributes are visualized on the surface of view-
aligned ribbons or tubes. Besides contributing a theoretical anal-
ysis of their differences relevant for embedded visualizations, we
conducted a study with expert participants. We found that for the
task of visually identifying regions with specific high/low combi-
nations of secondary variable values, tubes work at least as well as
ribbons, contrary to our expectations. Our participants’ subjective
preferences, on the other hand, even strongly favor tubes. In sum,
our work indicates that tube-embedded visualizations are a viable
and interesting alternative for multivariate line data.

Further research is required to test if these findings hold and gen-
eralize to other kinds of multivariate line data and also to different
analysis tasks. Furthermore, participants raised interesting ques-
tions worth exploring further: Lighting remains indispensable for
spatial perception, but opposing views expressed by participants
suggest that fine-tuning of lighting parameters and their influence
on the perception of embedded visualizations is required. This in
turn needs to be informed by a focused perceptual study. Similarly,
a large-scale perceptual study could attempt to directly measure the
readability of embedded visualizations under varying conditions,
helping practitioners tune their designs for specific situations.

Finally, we received positive feedback about the usefulness of
embedding visualizations of secondary variables: 8 out of 10 par-
ticipants were interested in using this technique in their own work
with 3D line data. Therefore, we encourage visualization practi-
tioners to look at the surfaces of their 3D line primitives as a canvas
that can and should be put to use for rich and expressive visualiza-
tions.
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