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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(r) € ]R3, t € R. In this work, we represent lines as Hermite
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splines, i.e., each ¢;(¢) is a 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 ¢;(r), 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
¢; (7). Unlike the fully symmetric sphere, reference directions v;(t)
orthogonal to the tangent directions ¢}(r) 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 9;(¢) such that the normal of
the plane 9;(r) x ¢(¢) 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 »;(#) 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- ing width instead of blurriness) for showing uncertainty on molec-
search interest, with signi cant work being done in improving per- ular surfaces via (view-dependent) silhouette lines, as well as other
ception through plausible lighting [ZSH96,EHS13]) and additional stylized line representations [SMCL23, SL\28]. More related to
cues [MMYKO06, EBRI09], as well as on increasingly ef cient ren-  classical line data, Bae and Dodge [BD23] study the cognition of
dering techniques [SM02, SGS05, RBI6, HGVV15] including movement represented by 2D trajectory lines when using color and
transparency [KRW19, GG21, KNN21, KIJVC25]. Not least for width to convey derived movement variables like speed.

their obvious uses in many areas of computer graphics, there is All these studies have in common that they utilize the direct vi-
now a comprehensive set of real-time algorithms available that en- sual variables of lines only (color/illumination, shape, width/radius
able direct raycasting of large amounts of high- delity parametric etc.), so we cannot derive insights about the comparative effective-
tubes [RL18,RSG20, Yuk22] and ribbons [Res22, PIJH23]. 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 ndings regarding the bene ts
of global illumination (see section 5.2).

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 uke
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 beSummary. When a detailed or complex visualization of addi-
a rather popular technique and was adopted in diverse trajectory-tional attributes directly on the line primitive was attempted, rib-
related elds [CTBH13, HMRH15, WESL23]. Somewhat simi- bons have so far been the preferred choice, as is evident from the
larly, Staib et al. [SGG17] plot derived attributes of particle clusters body of methods we looked at (e.g., [WAPWO06,TSAA12,SGG17]).
onto ow ribbons [JRO5]. Here, the ribbons follow an actual 3D tra-  Only one method attempted to do the same specically with
jectory through space. This limits the number of plots (they display tubes [RGDG23] which was adopted just once for a speci ¢ use-
up to 6), as ow ribbons should not be wider than the object they're case [NHK 23]. We noticed that this tends to correlate with a
attached to, and even then they're still quite wide (perhaps more soheightened emphasis on the non-spatial data attributes, whereas
than is desirable for some applications). Sterzik et al. [SMCL23] other primitives (lines, e.g., [SMRB22], tubes, e.g., [BTD16] or
studied the perceptual space of varying-density illustrative texture tube-like shaded ribbons, e.g., [MMYKO06]) are employed when
patterns, and show examples using their technique to encode scalathe spatial aspects are most important. Then, typically just one
attributes on surfaces (including tubes representing line data). Theyor two additional attributes, which are often also space-related
explicitly mention opening additional channels for encoding infor- (velocity, acceleration etc.), are mapped to color, texture patterns
mation next to color (up to 2 with a cross hatching pattern), but their and/or radius/width. As a side note, for conveying spatial orienta-
study does not treat the impact of curvature or perspective-inducedtion, textured tubes (e.g., [SGS05, REB]) and oriented ribbons
distortions on the perceived densities. Russig et al. [RGDG23] draw (e.g., [Web09, WNW22]) appear to be equally popular.
layers of plots and glyphs directly onto the surface of a 3D tube,  So far, there is no direct comparison of the suitability of either
allowing for a large number of available visual attributes. They primitive for embedding secondary visualizations. Intuition might
provide some mitigation for distortions introduced by the curved suggest that ribbons are more suitable as they exhibit considerably
tube surface but cannot eliminate them completely. Neuhauser etless distortion on their surface, which could explain the bias to-
al. [NHK 23] utilize this technique to show associated simulation wards ribbons in the body of methods that take this approach. This
attributes on convection lines, but limit the embedded visualization is however not the only relevant difference for embedded secondary
to multiple color bands, thereby avoiding most of the distortion is- visualizations as we will show in section 4, so closer study is war-
sues. ranted.

Most often however, multivariate line data is visualized in a
_somewhat more abstract or aggregated way, or the non-spa'tial d_ath Ribbons versus Tubes
is separated from the spatial view, sometimes linked back via suit-
able means. He et al. [HC@9] provide the most recent survey ~We identi ed notable effects caused by the geometric differences
of such methods. In general, there is a plethora of techniques tobetween view-aligned ribbons and tubes that in uence the appear-
chose from when designing separate views for the non-spatial at-ance of embedded visualizations. In this section, we describe each
tributes [AMST11, FXJ20, ODNN25] as well as their linkage back 0ne in detail. First however, we need to establish how the surface
to the spatial view [JE12]. of each primitive is parametrized.

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- The parametrization along the curvg)cfor which we use the vari-

lifa et al. [BBIF12] studied the perception of dashing/dotting, able u, is the same for both primitives: it is simply the arc length
brightness, blurriness, and sketchiness (a local deformation emu-along the curve using multiples of the half-width (ribbons) or radius
lating manual line art sketching) for representing uncertainty along (tubes) as unit, respectively. This allows for predictable placement
lines. Sterzik et al. [SLK22] study the use of these techniques (us- of visualizations and eliminates parameterization-induced stretch-

4.1. Surface Parametrization and Rendering
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adaptation comprises two changes designed to meet the required vi-
sual delity: (a) we keep subdividing until the angle between subse-
guent reference directions as per eq. (2) is below a threshold — this
xes 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.
(@) (b) Note that we cannot eliminate the singularity that forms when

Figure 2: Adaptation of the ray intersection method from (a) Pharr ribbons are viewed perfectly tangentially, but this rarely happens in
etal. [PJH23] with (b) our improvements for view-aligned ribbons. practice, so these measures proved effective enough for our study.
The ribbon shape not breaking down when viewed close to tangen-A detail_ed description of the rendering pipeline can be found in the
tially is important for this study, as this regime gives rise to most of appendix.

the notable differences between ribbons and tubes.

4.2. Differences and Effects

ing [RGDG23]. The orthogonal coordinate v 2[0; 1] depends onthe We identi ed 5 effects that impact embedded visualizations differ-
viewing direction and works slightly differently for each primitive: ~ €ntly on ribbons and tubes. We are unaware of any prior systematic
treatment of the geometric differences between these two line prim-

Ribbons. As the surface of a ribbon is at at any given t, the v jtives. It is entirely possible that additional effects are at play, but
coordinate is a linear parametrization of the line L (as introduced in after extensive examination, we are reasonably con dent that these
section 2) centered aroung)calong the reference directidi(t): effects would be the major sources of observable differences in user
performance. We characterize them as follows:

LW =cO+w v > U @ e o .
2 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
u(t)/ ﬁ((t) c_(t) 2) 1—:0(t), since the tube cross section arc then stretches across more
screen space. Ribbons, with their perfectly at surface (whigh ¢

is itself straight) do not have this problem. Note that this is not re-

where w is the ribbon width. Assuming all coordinates are in eye
space, view alignment @f(t) is accomplished via

Tubes. Care is required when choosing a parametrization around

the wbe axis. The _tr|V|aI c_h0|ce of pargmetr_|2|ng according to an- lated to perspective distortions, which all 3D content is subject to
gle around the axis (equivalent to using circular arc length) re- o .o\ hen using orthographic projection
sults in a perspective distortion that squishes surface contents close

to the silhouette. To avoid this, we use the strategy by Russig et Tangent response. Changes in the tangefit) transfer to the
al. [RGDG23] that computes the v coordinate of a surface point p view-aligned reference directidrft), and the strength of this in u-

on the tube with respect to the reference direciih? €Xt) using ence is ampli ed as the view direction becomes more parallel. This
a simple dot product: manifests strongly in the presence of high-frequency geometric fea-
v=hp c_(t); U(b)i A3) tures in the curve, most typically caused by noise in the position

samples. For ribbons, the resulting jiggle of the reference direction
Rendering. The other important choice we have to make that will results in a noticeably wavy surface but induces very little distortion
affect the primitives' appearance is how they are rendered. We on the visualizations. For tubes, the effect on the geometry is much
chose raycasting for both to rule out effects of suboptimal tessel- less noticeable, but the squiggly trace of the reference direction
lation. For tubes, we again use the implementation by Russig et V(t) causes visible distortions due to the view-aligned parametriza-
al. [RGDG23] as it also provides all functionality for drawing vi-  tion (cf. section 4.1). This effect is depicted in g. 1a.
sualizations onto the surfaces. For ribbons, we use the method pro-

. .~ Self-occlusion. When @) curves in some interval dtt;], and the
posed by Pharr et al. [PJH23] and adapt it to better support view . - 0 . .
X . . - camera resides on the Iac%t €(t1), then portions of the line
alignment. The adaptations were necessary since the intended us ! P 0) (ta) port !

. . S %rimitive behind the apex of the curve will get occluded by the part
case of the original method (hair, blades of grass, and similar) al- . . . : . .
| d fo fo trade-offs that It ¢ i before it. Here, the view alignment of the ribbon causes it to twist
(;’V\l'.? rfsor:; prz]er _trn;?n?er race OI.S i an reiur n arsur aceld in a way that actually un-obscures part of the surface behind the
€lity we found unsuitable for a visuaization where Curves wou apex. A tube will just twist its parametrization, leaving the geom-
be viewed up-close and often tangentially. Also, the algorithm had .
1o be ported to a fragment shader for real-time renderi etry unaffected and the parts behind fully occluded ( g. 1b). Ad-
On‘; Li h Ie\?el etlge ril:bcs)n interrsercrtion rloutirZenreCl;rr]gi;/el sub- ditionally, the ip of the reference directiod(t) causes a massive
L 9 e o . Y SUD~- gistortion for tubes, but this happens close to the apex and is thus
divides parts of a cubic curve segment until either their bounding

boxes are no longer intersected by the ray, or a sub-segment is suf _half-occluded and not very prominent.

ciently linear for an analytic intersection test. Our fragment shader Bundle Occlusion. Line data often contains structures with tight
implementation accomplishes this by emulating a stack in local bundles. Unless the width/radius of the line primitive is adjusted to
memory and attening the recursion into a loop. Beyond that, our prevent it (which we explicitly rule out due to the reasons motivated
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