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Abstract
Edges of graphs are often associated with uncertainty. The inherent uncertainty of the data also induces uncertainty in derived
graph attributes such as connected components. Even for planar graphs, visualizing the connected components in the graph
embedding while encoding their uncertainty imposes challenges due to overlap. We present a visual encoding for uncertain
connected components in a planar graph embedding. The underlying model does not require matching or assumptions on
the overlap of the components and emphasizes uncertain boundary regions. We discuss different design options and show the
applicability of our approach based on synthetic data and real-world data on force networks in granular materials.

1. Introduction

Uncertain graphs occur in different application domains, for exam-
ple, as force networks in granular material [PMWT05, ZNL∗17],
where the forces that the individual particles exert on each other can
be associated with uncertainty. Extracting connected components
of force networks can help identify force chains, which are struc-
tures linked to force propagation. However, visualizing the uncer-
tain connected components is challenging if the uncertainty should
also be conveyed. Showing small multiples not only imposes chal-
lenges on creating a spatial correspondence between the individual
visualizations but also does not scale, especially for more complex
networks requiring many representations.

Graph uncertainty is often modeled by assigning a probability
to the edges [Ban22, KGPT16]. In the context of graph analy-
sis, research focuses mainly on data mining in uncertain graphs,
ranging from clustering [CFP∗17, HGX∗19, YWL∗22] over de-
compositions [BGKV14] to extracting frequent and reliable pat-
terns [JLA11, CZL∗19]. Extracting connecting components from
uncertain graphs is related to reachability queries and at least as
hard to solve as NP-hard problems [JLDW11]. Therefore, the prob-
ability distribution of the graph is often represented by samples
(also called possible worlds) [PGPB14]. Visualization of uncer-
tain graphs mostly focuses on the uncertainty of edge weights,
which are commonly visualized by using visual variables on the
edges [vBW17b,CGH∗24,GHL15,vKS∗11]. Other approaches in-
clude the uncertain layout in the visualization by using anima-
tion [ZAH22] or splatting and edge bundling [SNG∗17]. None of
these approaches allows for obtaining information on derived graph
properties, such as the location and size of connected components.
Encoding the probability of edges neither includes covariances be-
tween edges nor shows a clear picture in regions where it is uncer-
tain to which connected component a node belongs.

We consider uncertainty modeled by a probability that indicates

for each edge how likely it is to exist. The uncertainty can be con-
veyed indirectly by providing different possible realizations of the
graph or by a probability distribution. In the latter case, we em-
ploy Monte Carlo sampling to obtain possible realizations. Then,
we extract connected components on each sample individually. We
propose a new visual encoding to show these uncertain connected
components in planar graphs. We discuss different design options
and show the application to uncertain force networks. Note that we
consider planar graphs with a known embedding (for example, be-
cause the nodes have predefined spatial positions).

2. Visualizing Uncertain Connected Components

To compute the connected components, we work on the samples
of the uncertain graph. They can be computed from a probabilistic
graph or given, for example, by measurements of an uncertain sys-
tem. This allows for avoiding increasing complexity by working on
the probabilistic graph directly. The final visualization drives our
data handling. Ultimately, we want to obtain a visualization that
provides an impression of the connected components and their cer-
tainty, where small variations should be less prominent compared
to larger ones. We considered matching connected components (for
example, based on overlap or directly incorporating highly certain
edges into the extraction process). However, there is not always an
obvious ground truth, which makes it difficult to establish robust
matching heuristics. Instead, we independently compute the con-
nected components for each sample of the uncertain graph and use
visual similarities to build correspondences (see Figure 1a).

We choose a glyph visualization as it allows for combining the
spatial encoding of the node positions while additionally show-
ing the connected components [BKC∗13]. We draw a pie chart
for each node to visualize the connected components. A pie chart
glyph was previously used to encode fuzzy community member-
ships [VRW13]. In our case, the portion of the glyph that is colored
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Figure 1: The schematic figure (a) shows how the visualization is created. Different design options for uncertain connected components:
(b) Colors within the disk-shaped glyphs indicate to which component the nodes belong. The darkness of the edges indicates probability.
(c) The slices can be ordered such that similar colors are grouped together. (d) Sizes can be used to encode the probability of the nodes being
connected to other nodes. (e) Hovering over a node allows for investigating the corresponding connected components in more detail. (f–i) 3
to 1000 samples of the same synthetic dataset indicate a good scalability with the number of samples. (j) Application example of connected
components in a force network in granular material.

in the same color represents the portion of samples that belong to
the respective connected component. Our goal is to assign simi-
lar colors to connected components with large overlaps and differ-
ent colors to connected components that are spatially separate. We
achieve this goal by using the barycenter of all nodes belonging
to the connected component to assign a color based on a 2D col-
ormap [SBT∗15,RNN∗24]. If a node is not connected to any other,
the corresponding slice is shown in light gray to visually encode
that the node does not contribute to the network structure.

Optionally, the edges can be shown as an overlay to the pie
charts. Here, the probability that the corresponding edge exists is
shown using a grayscale colormap. Figure 1b shows an example
of this visual encoding. Ordering the slices in the pie chart accord-
ing to the samples also implicitly encodes correlations. However, it
might be more difficult to interpret percentages. Therefore, we also
provide the option to order the individual slices based on the sim-
ilarity of the colors starting in the top-center. The slices indicating
non-connected nodes are placed at the end (see Figure 1c). To high-
light how likely it is for a particle to belong to a connected compo-
nent, size can be used to encode this probability. As sizes of nodes
might be used to encode other information, such as radii of particles
in granular material, we show the outer radius of the pie chart by
using a black circle (see Figure 1d). Users can interactively switch
between the different representations. For a more detailed analy-
sis, it is also possible to hover over a node, and slices of pie charts
that belong to the same connected component are highlighted by
decreasing the saturation of the other elements (see Figure 1e).

3. Results

One criterion for designing the visualization was that it scales well
if the number of samples of the uncertain graph is increased. We test

the scalability [RPA∗24] by visually comparing the results for vary-
ing numbers of samples from synthetic data. The results are shown
in Figures 1f–i. Even for 1000 samples, different structures are
clearly visible. Figures 1h and i indicate convergence for large sam-
ple numbers, as there is no substantial difference between the per-
centages in similar colors. We also apply our visualization to mea-
sured data of 2D granular material [RMM∗23,RNN∗24], where 10
measurements of the same system consisting of 832 disks (nodes in
the force network) are taken. We use the 10 graphs obtained from
the measurements as samples representing the uncertain graph. The
results are shown in Figure 1j. Using the size encoding, it is clearly
visible which disks do not participate in the force network. The
colors also reveal that several more locally connected components
dominate the uncertain network. However, some of the measure-
ments show larger connected components spanning most of the do-
main.

In future work, we plan to optimize the visualization by con-
sidering perceptual differences in the underlying color map and
provide more advanced filtering options. We also plan to include
the visualization in an interactive system for a more comprehen-
sive visual analysis of uncertain graphs and evaluate our visual de-
sign together with domain experts working with this kind of data.
Also, other types of visual encodings of group structures within
graphs [VBW17a] could be investigated for their suitability for un-
certain graph components.
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