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Figure 1: This figure gives an overview of our interactive visualization pipeline. (a): First, a dense set of line data is generated, which is
equipped with importance values g(t) and coloration scalar values c(t), which are later color mapped. (b): To reduce the line set, agglom-
erative hierarchical clustering is applied to the line dataset, comprising distance metric calculation and representative selection. (c): Using
decoupled opacity optimization [GTG17], the opacity is optimized to maximize the visibility of important structures. (d): Taking the varying
opacity along the lines into account, the color map is adjusted via histogram equalization to utilize the full range of colors.

Abstract
In flow visualization, the depiction of line geometry in three-dimensional domains is often accompanied by occlusions. If there
is a notion of which geometry is important to see, then a careful adjustment of the transparency is possible to ensure that
irrelevant geometry is not occluding the meaningful structures, which is an inherently view-dependent problem. Past work in
this line of research focused on the view-dependent adjustment of the transparency only and left the color channel open for the
encoding of additional information. For a given viewpoint, the colormap could be set by the user, but once the view changes, the
visible geometry is different and the colormap might no longer be utilizing its full color range. Thus, in this paper, we readjust
the color transfer function to the new view, such that the colors of the colormap are utilized uniformly in the final image. To this
end, a visibility histogram of all scalar values is recalculated and equalized on the GPU each frame. Further, past approaches
required a set of lines that is not too dense, since the opacity optimization would otherwise fade out all lines similarly. For
this reason, we incorporate a hierarchical line clustering for which we experimentally study the influence of distance metrics,
linkage options, and representative choices. We apply the method in a number of scientific data sets, including examples from
atmospheric sciences, aerodynamics, and electromagnetism.

CCS Concepts
• Human-centered computing → Scientific visualization; • Computing methodologies → Visibility;

1. Introduction

In flow visualization, streamlines are commonly used to display the
behavior of particles in a vector field [MLP∗10, SBGC20]. When
the domain is three-dimensional, lines often occlude each other
making it easy to overlook structures of interest. Given a notion

of importance for each point along the lines, opacity optimiza-
tion [GRT13, GTG17] adjusts the transparency of the lines to clear
the view onto relevant structures. In this paper, we extend the ap-
proach in two ways. First, when the line density is too high, all
lines cause some amount of occlusion and thus opacity optimiza-
tion tends to fade out all lines similarly, not keeping a subset of lines
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as representatives. Thus, we apply clustering in a preprocess, which
is commonly used to adjust the line density [KFW16, KW18]. We
utilize agglomerative hierarchical clustering, for which we exper-
iment with distance metrics, linkage methods, and representative
choices. Second, opacity optimization intentionally only adjusted
the transparency of the lines and kept the color channel open for the
encoding of additional information. We encode an additional scalar
property using a color map. However, which part of the line ge-
ometry is visible depends on the view, and hence the resulting uti-
lization of the color map range is also view-dependent. Inspired by
visibility histograms [CM10] and multi-scale adjustment of color
maps [WWLM∗19], we first form a histogram of the visible scalar
value ranges and then perform a histogram equalization to arrive
at a color map that maximizes the utilization of the available color
map range. Our view-dependent color adjustment enhances relative
differences, but inhibits the reading of absolute values. To retain se-
mantic structures, a part of the color map can be fixed to maintain
the meaning of certain value ranges. In summary, we add two exten-
sions to the decoupled opacity optimization algorithm [GTG17]:

1. We use agglomerative hierarchical clustering to reduce the set
of lines, such that occlusions can be resolved meaningfully.

2. We form a visibility histogram of the scalar values and adjust
the color map to maximize the used color map range.

The algorithm is applied in several line data sets from atmospheric
sciences, aerodynamics, and electromagnetism.

2. Related Work

In the following, we cover related work on streamline placement
and clustering, the optimization of their visibility, and their color.

Line Placement and Clustering. Streamlines are curves that fol-
low the flow tangentially. In 2D flows, they are commonly placed
with uniform density. An early density-based optimization of
streamlets was proposed by Turk and Banks [TB96]. Jobard and
Lefer [JL97] proposed a greedy algorithm that seeds streamlines a
separation distance away from existing lines and traces them un-
til they get closer than a testing distance. Later, this approach was
accelerated by Liu et al. [LMG06]. To guarantee a good representa-
tion of flow features, Verma et al. [VKP00] started with a template-
based seeding around critical points. A farthest-point sampling of
seed points was proposed by Mebarki et al. [MAD05]. In addition
to uniform placements, a local adjustment of the streamline den-
sity is possible [SHH∗07]. For 3D flows, evenly-spaced placements
have been generated by Mattausch et al. [MTHG03]. If the den-
sity is too high, occlusion becomes a problem. To reduce the num-
ber of lines, clustering is a common choice [Jai10], which requires
similarity metrics between trajectories. Zhang et al. [ZHT06] com-
pared a number of line distance metrics, including (point-wise) Eu-
clidean distance, PCA+Euclidean, Hausdorff, dynamic time warp-
ing, and longest common subsequences. Yu et al. [YWSC11] clus-
tered streamlines based on saliency and their geometric distance.
Rössl and Theisel [RT12] segmented the domain using streamline
similarity. In the context of hemodynamics, Oeltze et al. [OLK∗14]
compared distance metrics and proposed the reduced mean closest
point distance between streamlines, which we use later. Kanzler et
al. [KFW16] reduced the line density by a minimum cost perfect
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Figure 2: Opacity optimization fails when too many lines are op-
timized, since all lines cause occlusion. By using agglomerative
hierarchical clustering, the line set size is reduced. Here, for the
BORROMEAN with parameter l = 1:1;q = 90 and r = 120.

matching to obtain a balanced line hierarchy. Kanzler and Wester-
mann [KW18] proposed an interactive brush for the exploration of
cluster hierarchies. Han et al. [HTW20] learnt a similarity between
streamlines and surfaces in latent space, which was used for explo-
ration. For a comprehensive introduction to streamline seeding and
placement methods, we refer to the survey of Sane et al. [SBGC20].

Visibility Optimization. Visibility optimization strives for an im-
proved visibility of important structures in the domain, for which
there are two orthogonal approaches: either the transparency (or
thickness) of lines is adjusted or the viewpoint is improved. Early
view-dependent approaches considered the pixel occupancy of the
drawn streamlines, adding them one-by-one in a greedy man-
ner [MCHM10]. A popular choice for measuring the informa-
tion content are entropy-based measures, that were considered in
viewpoint and streamline selection [LMSC11]. The coherence be-
tween viewpoints was studied to improve coherence during navi-
gation [MWS13]. Instead of seeding lines, Günther et al. [GRT13]
adjusted the transparency of streamlines for a given camera posi-
tion by phrasing a linear optimization problem that considered how
discrete pieces of lines were occluding each other. The approach
has later been extended to time-dependent line geometry [GRT14]
and to surface geometry [GSME∗14]. For volume data, Ament et
al. [AZD17] have shown that the linear optimization has a closed-
form solution in ray space when the object-space smoothing is
done in a post-process. This has afterwards been translated back to
point, line, and surface geometries [GTG17], leading to the decou-
pled opacity optimization that this paper is building up on. More
recently, the unknowns of the optimization have been stored in
Fourier domain [BRGG20] and with moments [ZRPD20]. For vol-
ume data, the transmittance optimization has been combined with
viewpoint optimization [HG24]. In opacity optimization [GRT13],
the optimization tends to fade out bundles of equally-important
lines equally rather than deciding on one representative to keep, see
Fig. 2. Thus, one aspect of this paper is to adjust the line density
adaptively via an agglomerative hierarchical clustering to obtain
a sufficiently sparse set of lines. Such a clustering has previously
been used to adjust the line discretization [GRT14], but it was not
yet used in an opacity optimization to cluster the lines.
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