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1. Single vs. Complete Linkage

The distance matrix D ∈Rm×m contains the distance between each
pair of lines, where m corresponds to the total number of lines. Ini-
tially, each line is considered to be its own cluster. The most similar
clusters are identified by locating the minimum element in the dis-
tance matrix. When two clusters i and j merge, the corresponding
rows and columns in the distance matrix are updated. A commonly
used update rule is the Lance–Williams dissimilarity update for-
mula [MC12].

d(i∪ j,k) = αid(i,k)+α jd( j,k)+βd(i, j)+ γ|d(i,k)−d( j,k)|
(1)

Complete Linkage. The update formula can describe a wide range
of linkage methods such as the complete linkage criterion. It is de-
fined with αi = α j = γ = 1

2 ,β = 0 and the expression simplifies
to the maximum distance between all possible pairs of elements in
each group.

d(i∪ j,k) =
d(i,k)+d( j,k)+ |d(i,k)−d( j,k)|

2
(2)

= max(d(i,k),d( j,k)) (3)

The criterion produces highly compact clusters, as it requires all
intra-cluster distances to be small.

Single Linkage. Another commonly used method is the single
linkage criterion. It is defined as the minimum distance over all
possible pairs of each cluster. In terms of the Lance-Williams dis-
similarity update formula it sets αi = α j =

1
2 ,γ =− 1

2 and β = 0.

d(i∪ j,k) =
d(i,k)+d( j,k)−|d(i,k)−d( j,k)|

2
(4)

= min(d(i,k),d( j,k)) (5)

Single linkage produces more chain-like clusters since the nearest
neighbors between different clusters are merged. This may be mis-
leading in cases where two clusters are vastly different with the ex-
ception of a few singular points. With single linkage, such clusters
may be erroneously combined.

In Fig. 1 and Fig. 2, we compare the different linking methods for
the TORNADO and BORROMEAN datasets. Opacity optimization is
disabled, to clearly see the lines which are selected. In Fig. 1, the
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Figure 1: Visualization of the TORNADO dataset using complete
and single linkage for different numbers of clusters.
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Figure 2: Visualization of the BORROMEAN dataset using com-
plete and single linkage for different numbers of clusters.

single linkage criterion seems to favor clusters around the vortex
core line of the tornado. Other long outreaching chains of lines are
also clustered and chosen as representatives. The complete link-
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Figure 3: Methods for representative selection. The complete BOR-
ROMEAN dataset was reduced to a single cluster, which represents
one of the rings. The leftmost image showcases the mean represen-
tative, which generates a curve that was not present in the data. The
middle image illustrates the least distance representative, which
displays the line closest to all other lines within a cluster. The last
image shows the most important representative, which is the line
with the maximum total importance inside a cluster.

age criterion produces tighter groups, since lines are clustered with
the maximum intra-cluster distance. Therefore, the body of curved
lines of the tornado is better represented. In Fig. 2, the single link-
age criterion produces clusters around the long winding rings of
the BORROMEAN dataset, whereas the complete linkage criterion
struggles to capture this intrinsic structure. However, as the amount
of clusters is increased, both criteria begin to approach each other.
Empirically, for found that complete linkage delivered good results
in all our data sets and was therefore chosen as default choice. If
the fluid flow contains important structures resembling long chains
of lines, then the single linkage criterion yields more fitting clus-
ters. More suitable clusters enable us to reduce the total number of
clusters, without losing relevant information.

2. Selection of Representative Line

With the agglomerative clustering algorithm, we obtained a set of
clusters, each cluster containing a varying number of lines, and the
objective is to visualize each cluster by finding a representative line.
A line representative may be selected from the already existing set
of lines within a cluster or it may be constructed completely anew.

Mean Line Representative. In an attempt to capture all the in-
formation included in a cluster, the mean line representative is ob-
tained by calculating the sum of all lines within a cluster followed
by the division of the total number of lines. Unfortunately, this ap-
proach produces malformed lines due to difficulties arising from
lines with different lengths and varying discretizations as illustrated
in Fig. 3 (left). Furthermore, the newly constructed line is not guar-
anteed to be a streamline, making this an undesirable option.

Least Distance Representative. It is desirable to select represen-
tative lines that are contained in the clusters themselves. The least
distance representative is the line with the smallest total distance to
all other lines within its cluster. It is found by computing the filtered
distance matrix DC , which only consists of the rows and columns
representing lines contained in the cluster C = {x1, . . . ,xm} and
subsequently finding the minimum column sum.

Most Important Representative. The aim of the last method is
to be more in line with the objective of the opacity optimization.

Figure 4: Visualization of the BORROMEAN dataset using the mean
line representative, which produces ill-formed lines. In this exam-
ple, the rings collapsed, making this approach unsuitable.

Similarly to how important lines receive higher opacity values, im-
portant lines should also be preferably picked as cluster representa-
tives. The most important representative is calculated by selecting
the line with the highest average importance value along the line.

Comparison. In this section, we compare the three methods with
each other and provide an overview of their advantages and disad-
vantages. Initially, the mean line representative was implemented,
with the idea of condensing all lines of a cluster into a single one.
Unfortunately, this approach creates malformed lines. Especially,
intricate structures such as the rings of the BORROMEAN data set
are completely mangled by the mean representative as shown in
Fig. 4. Therefore, we introduced the least distance representative
and the most important representative. Both methods select an ex-
isting line inside of the cluster instead of creating a new one. How-
ever, which line is deemed as most suitable differs in both methods.
Their differences are investigated through the analysis of the cluster
representatives they produce in Fig. 5. The least distance represen-
tative method picks the line with the lowest distance to all others.
When the line distances only consist of the spatial dimension, then
important structures may not be chosen as representatives. There-
fore it may be necessary to incorporate the importance dimension
in the line distance computations in order to ensure important rep-
resentatives. The most important representative directly calculates
the total importance of each line within a cluster and returns the one
with the highest value. This approach guarantees the choice of im-
portant lines independent of the inclusion of importance in the dis-
tance metric. To summarize, the least distant representative should
be used, when the objective is to get the most accurate depiction of
the contents of each cluster. However, if we are more interested in
the structures marked as important, then it is necessary to tune the
importance scalar factor λg for the distance metrics. This process
can also be completely sidestepped by applying the most important
representative method. This method always returns the line with
highest total importance per cluster irrespective of the intra-cluster
distance values.
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