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Abstract

Physical networks are networks composed of interconnected, volume-occupying objects,
embedded in three-dimensional space. For example, a biological neural network is com-
posed of neurons, which are physical objects, connected via synaptic connections, thus
forming a network. Due to technological advances, data describing the three-dimensional
layout and network connectivity of physical networks is becoming increasingly available,
which provides an opportunity to ask fundamental questions about the relationship be-
tween their physical and network structure. In my thesis, I contribute to the emerging field
of physical network research by extending network science tools to incorporate physical
structure and using these novel tools to characterize the structure and dynamics of empir-
ical and model physical networks. Chapter 1 introduces the topic, and Chapter 2 reviews
the literature. The main results are presented in the following chapters:

In Chapter 3, I extend the so-called meta-graph to analyze empirical physical networks.
The meta-graph was originally introduced to capture physical conflicts in growing linear
physical models (i.e. networks where nodes are spheres and links are straight cylinders).
Here, I generalize the meta-graph to study the spatial proximity of general physical nodes
and links. Applying this tool to empirical networks, I find a strong correlation between
the layout and the combinatorial network describing the system, highlighting the need to
study the co-evolution of networks and their physical shape.

In Chapter 4, I standardize and analyze 15 physical networks from different domains, each
consisting of tube-like objects (links) connected at junction points (nodes). The networks
are categorized into three types: lattice-like networks, trees, and linked trees; most nodes
exhibit degrees of one or three. To characterize their layout, among other physical de-
scriptors, I introduce a quantity that captures how physically confined links are, showing
that while most links follow straight paths, some take winding trajectories through dense
network regions. The shape and connectivity of these networks are intertwined: for some
data sets, highly confined links tend to have high network centralities, confirming that
important links in the network are also confined in space.

In Chapter 5, I investigate the robustness of networks against physical damage. To sim-
ulate spatially correlated damage, physical networks are tiled with equally sized boxes,
which are sequentially removed. Whenever a tile is damaged, all links intersecting the tile
are removed from the network, leading to a percolation transition. Using numerical simu-
lations and analytical calculations, I systematically investigate how physical and network
structures affect the location of this transition for both random and targeted tile removal.

II
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I show, for example, that the presence of long physical links renders networks extremely
vulnerable to random tile damage. Even scale-free networks robust against random link
damage are dismantled after removing a vanishing fraction of the tiles.

This thesis contributes to the emergent field of physical network theory, with the over-
arching goal of identifying principles valid for a wide class of physical networks. My
results revealed that the shape and connectivity of physical networks are intertwined and
that their interaction strongly affects their behavior. Therefore, to fully understand such
systems, both physical and network structures must be taken into account.
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Every living being is an engine geared to the wheelwork of the universe.
Though seemingly affected only by its immediate surroundings, the sphere of external
influence extends to infinite distance.

— Nikola Tesla (1856-1943)

Serbian Engineer, Futurist, and Inventor
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Love never fails.

But where there are prophecies, they will cease;

where there are tongues, they will be stilled;

where there is knowledge, it will pass away.

For we know in part and we prophesy in part,

but when completeness comes, what is in part disappears.
When I was a child, I talked like a child, I thought like a child, I reasoned like a child.
When I became a man, I put the ways of childhood behind me.
For now, we see only a reflection as in a mirror;
then we shall see face to face.
Now I know in part; then I shall know fully, even as I am fully known.
And now these three remain: faith, hope, and love.
But the greatest of these is love.

— Corinthians 13:8-13
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Chapter 1

Introduction

1.1 Background and Problem Statement

Network science seeks to uncover principles governing complex systems by studying con-
nections between their constituents represented as a graph. This thesis focuses on physical
networks, which represent a diverse class of systems in which nodes and links are physi-
cal entities embedded in three-dimensional space. Examples include molecular networks
in metamaterials [1], the hard-wiring of computer chips [2], vascular systems [3, 4], and
the brain neural networks [5]. Apart from being representable as combinatorial graphs (i.e.
they have an abstract network structure), physical networks [6, 7, 8, 9, 10, 11] are also spa-
tially embedded, their nodes and links have complex three-dimensional shapes and these
nodes and links interact physically, for example, they obey volume exclusion [12, 13]. To
understand how these characteristics influence their structure, evolution, and functionality,
in addition to their abstract structure, their three-dimensional layout must also be taken
into account.

Recent advances in mapping technologies provided detailed three-dimensional representa-
tions of physical networks, offering opportunities to investigate the relation between their
layout and network structure. Examples of available large-scale data sets include neuron-
level maps of biological neural networks [14, 15], high-resolution MRI maps of vascular
systems [4], and mycelia network mappings of fungi [16]. Representing the detailed shape
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of physical networks requires large quantities of data, and data of such volume and type is
rarely studied within network science. Therefore, a suitable generalization of the toolset of
network science is necessary to describe such systems and to understand how spatial em-
bedding and physical constraints shape network connectivity, evolution, and robustness.
This thesis contributes to this effort by introducing novel computational and analytical
tools. By integrating spatial and physical constraints with traditional network science,
my work aims to explore the interplay between network properties and physical struc-
ture. While my research foremost aims to advance network science, it potentially provides
insights for applied areas studying specific physical networks.

1.2 Significance of the Problem

Physical networks perform central functions in both natural and artificial systems. For
example, the human brain is composed of billions of interconnected neurons exchanging
electrochemical impulses [5]; vascular networks regulate blood flow, lymph circulation,
and oxygen transport [3, 4]; and computer chip wiring enables the functioning of modern
technology [2]. These networks are not abstract graphs; their physical structure and spatial
embedding significantly impact their structure, robustness, and evolution.

Therefore, the broader significance of physical network theory lies in its potential to influ-
ence a wide range of adjacent fields by offering generalizable methods and principles. By
integrating physicality into network science, we not only deepen theoretical understand-
ing but also we also provide practical tools for analyzing and designing complex systems.
These insights, down the line, may find applications in biological systems and medicine.
They could also extend to technological advancements, including bio-inspired neural net-
works for neuromorphic computing, the development of network materials with custom
properties, and the design of infrastructure systems.

1.3 Contributions

Research on physical networks bridges network science and physical sciences by incorpo-
rating spatial embedding and physical constraints. This interdisciplinary approach uncov-
ers new phenomena that emerge when networks occupy space and cannot overlap, offering
insights into how physical properties influence network structure, dynamics, and robust-
ness.

This thesis contributes to the emergent field of physical network research by introducing

2
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computational and analytical tools to characterize physical networks, along with data com-
piled from different domains, and data representation and processing methods. Leveraging
this empirical data and novel toolset, I present findings in three chapters: 1) In Chapter 3,
I provide evidence that shows that volume exclusion and physical shape significantly im-
pact the growth and functionality of real physical networks ii) In Chapter 4, I quantify the
physical and network structure for a collection of empirical networks, providing insights
to inform model development. iii) In Chapter 5, I study the robustness of networks against
physical damage through percolation analysis, showing that network layout encodes vul-
nerabilities that we are unable to capture relying on traditional methods of network science.

These results expand the scope of physical network research within network science and
potentially provide a fresh perspective in fields studying physical networks, such as neu-
roscience or metamaterials.

1.4 Thesis structure

This thesis is built upon three research articles, each of which is discussed in a separate
chapter [8, 17, 11]. While there is some overlap in notations, definitions, and datasets,
each chapter is intended to be self-contained. The structure of the thesis is as follows:

e Chapter 2: A literature review of both relevant research fields culminating in the
emerging field of physical network research. This chapter provides the broad back-
ground and immediate context for the thesis.

* Chapter 3: Introduction of the generalized meta-graph formalism, a tool that ana-
lyzes spatial proximity and highlights the correlation between physical layout and
network structure.

* Chapter 4: A systematic analysis of physical network properties across 15 empiri-
cal datasets from various domains. This chapter introduces novel physical descrip-
tors, including a measure of link confinement, and explores the relationship between
physical and network structures.

» Chapter 5: Investigation of the robustness of physical networks under spatially cor-
related damage using percolation analysis. This chapter identifies the role of physi-
cal link length and other structural features in determining network vulnerability.

* Chapter 6: A conclusion summarizing the key findings, discussing their implica-
tions, and suggesting directions for future research.
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Chapter 2

Literature review

In this chapter, I present a chronological development of relevant scientific fields that have
given rise to the field of physical networks. Although physical network theory is a nascent
field within network science, it builds on a long history of research-related topics and
on specific physical networks. I will start by reviewing relevant areas of graph theory,
and I continue with polymer physics and neuroscience. Then I cover related areas within
network science: transport networks, spatial networks, and network-of-networks. Finally,
I summarize the recent development of physical network research.

2.1 Graph theory

Physical network connectivity can be represented with combinatorial graphs [8] (also
called the abstract network representation [17]), making graph theory a cornerstone of
physical network research. Furthermore, subfields of graph theory, such as planar graphs,
graph drawing, and spatial graph theory, explore how mathematical and geometrical con-
straints are explicitly or implicitly tied to the connectivity, size, or other graph properties.
A similar notion is present in physical network research, which explores how spatial em-
bedding and the thickness of the links affect the network growth and structure. In this
section, I discuss these three areas of graph theory, relevant to physical network research -
planar graphs, graph drawing problems, and spatial graphs.
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Planar graphs [18] are graphs embedded in two-dimensional space whose edges do not
intersect, hence planar graphs can be thought of as two-dimensional physical networks
without the edge thickness. A typical problem in this subfield can be paraphrased as ”If we
have a graph with certain properties, a specific number of vertices, or edge connections,
can it be embedded without any edges intersecting (i.e. 1is it a planar graph)?”. One
of the fundamental results from this field is Euler’s formula [18], which states that the
number of vertices v, number of edges e, and number of faces f (regions) abides by the
following equation v+ f = e+2, illustrating how the non-intersecting condition intricately
constraints the combinatorial network’s structure. Another famous result is the Kuratwoski
theorem [18, 19], which determines if a graph is planar, by analyzing its subgraphs, again
revealing a connection between the layout and the network structure. The results from
planar graph theory are not directly generalizable to three dimensions, as embedding the
edges without crossing becomes a trivial task in d > 2 dimensions. Nevertheless, by
introducing other types of constraints, such as adding thickness to edges and restricting
the embedding volume, or avoiding edge entanglements, similar problems are studied for
graphs embedded in three dimensions.

A graph drawing [20] is an embedding of a combinatorial network into some metric space;
it is said that a drawing is a geometric realization of a graph. If a graph is drawn with no
overlap between the edges, the graph drawing is called ’crossing-free”, which is a property
possessed by all physical networks as well, due to physical repulsion forces [6, 21, 17].
As mentioned in the last paragraph, avoiding edge crossing of lines in three dimensions is
a trivial task, unless additional constraints are imposed, such as turning edges into three-
dimensional objects by adding a thickness to them. Such three-dimensional drawings are
also investigated within the graph drawing literature [20]. One of the foundational pa-
pers of the field is ”On the Realization of Networks in Three-Dimensional Space” [22],
by Kolomogrov and Barzdin, published in 1967. Inspired by the real physical networks
(i.e. biological neural networks) [23] and how to construct them, they investigated how to
embed combinatorial graphs in three-dimensional space, given certain constraints. Specif-
ically, they draw graphs such that the nodes and links are restricted to follow an underlying
orthogonal grid and they investigate how the minimum volume needed to draw the network
depends on network size. Thus the result connects a property of the three-dimensional
layout to a property of the combinatorial network. Later work on three-dimensional graph
drawings investigated similar questions: connecting combinatorial graph invariants, (e.g.
graph colorability) to the volume of the drawings (for a short overview see Ref. [20]).
Even though the drawing algorithms do not evolve the network, rather, they are trying
to embed a predefined combinatorial graph, they still might be used to inspire physical
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network growth models. For example, algorithms used for the problem of orthogonal grid
drawings [20], where all edges are drawn on a grid, can be considered relevant for physical
networks grown via random walkers on a grid [9].

Spatial graphs are spatial representations of graphs (i.e. embedding) in Euclidean space
R3 [24]. One of the extensively studied problems in the subfield of spatial graph theory
can be paraphrased as: “Can a graph be embedded in space without the formation of
entanglements?” [25]. Notable results are tied to entangled links (at least two disjoint
cycles, that are not individually knotted and cannot be separated without cutting them) and
entangled knots (a single loop in space, entangled in such a way that it cannot be untangled
into a simple loop without cutting it). For example, there are combinatorial graphs in S3
that cannot be embbeded in physical space without forming an entanglement link or an
entanglement knot, which are called intrinsically linked [26, 27] or intrinsically knotted
graphs [28]. Recent physical network research has shown that entanglements can arise in
the network growth process (for both model and empirical networks) and are shown to be
connected to their network structure [7, 29].

The graph drawing literature and spatial graph theory are useful for physical network re-
search in several ways: (1) the graph drawings can be used as representations of phys-
ical networks, providing a mathematical tool set to describe layouts, and (i1) theorems
on embedding combinatorial networks reveal fundamental constraints on network layout
imposed by combinatorial structure. However, graph drawing primarily focuses on real-
izations of a given graph, physical network research is interested in understanding how
network and physical structure evolve together and how the interaction of the two leads to
emergent phenomena [8, 9].

2.2 Polymer physics

Polymer physics [12] studies chains of covalently linked molecules, called polymers and
other macromolecules [30]. Its main aim is to model and bridge the micro-level proper-
ties of the polymer chains, to the macro-level behavior of materials like plastics, rubbers,
or biological macromolecules such as DNA. Polymer physics is relevant for physical net-
work research for several reasons: First, some physical networks are composed of macro-
molecules, like mitochondrial [31] or DNA contact networks [32]. Second, similarly to
polymers, physical networks are made of elongated objects that physically interact with
each other, e.g., they obey volume exclusion. Therefore, the mathematical characteriza-
tion and models developed for polymer systems, such as self-avoiding random walks or
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sequential deposition, are often adapted to general physical networks [9, 10].

To quantify the geometrical aspects of polymer systems and macromolecules, mathemat-
ical quantities such as persistence length [33, 34], radius of gyration [35, 34] and fractal
dimensions [36] have been used. To quantify the rigidity of polymers at different scales,
the persistence length [, is introduced, as a way to measure how much the directions of
subsequent chain segments are correlated. In other words, if one were to walk [, length
along the chain, the starting and ending points would, on average, be uncorrelated. As
physical networks can be represented as a series of subsequently connected segments (i.e.
a chain of segments), the persistence length was used as a physical intuition behind the
parameter choice for the skeleton representation of network layouts. [8, 17]. The radius of
gyration describes the distribution of a polymer’s components around its center of mass,
thus giving insight into the size and compactness of the polymer structure in solution. Itis a
scalar quantity that describes the three-dimensional spatial configuration of a polymer, thus
providing a good tool for model comparison or analytical calculations, which were also
adapted for physical network research [8]. Fractal dimension describes the space-filling of
a physical object on multiple scales [37, 38, 39] and it has been used to characterize the
shape of polymers [40] and also, empirical physical networks [17].

Since the introduction of self-avoiding random walks by Flory in the 1940s [41], random
walk trajectories have been used to study the spatial configurations of macromolecules
and polymers. As real macromolecules are objects that physically cannot overlap with
each other or themselves (i.e. they obey the excluded volume effect [34]), a random walk
that cannot intersect its trajectory (i.e., self-avoiding walk or SAW) has been utilized to
recreate their spatial configurations [12]. As simple as random walk models are, self-
avoiding walks and their variants have successfully characterized the macroscopic behav-
ior of polymer systems, such as the size and shape parameters of random-flight chains, the
determination of the distribution of end-to-end distance from moments, and polymer-chain
adsorption at surfaces [42]. Recent work used random walks to model growing physical
networks [9] and are used as null models to study empirical physical networks [17].

From the initial investigations of the car parking problem by Alfréd Rényi [43] and one-
dimensional polymer chain growth by Flory [44] in the 1950s, the field of random se-
quential deposition (also called addition or adsorption) [45, 46], has studied processes
in which particles are sequentially introduced into a system, without physical overlaps.
The key quantity of interest in random sequential deposition is the maximum packing
density [47, 48], which represents the highest fraction of space that can be covered by
the addition of objects to the system, without violating volume exclusion. As random
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sequential deposition respects the non-crossing condition, it was used as a foundational
mechanism for physical network growth models, such as linear physical networks [8] and
bundle formation model [10].

Overall, due to the similarity of the studied objects, polymer physics adds to the toolset of
methods and measures that are useful for physical network research [6, 9, 8]. In polymer
physics, the focus is on the collective properties of mostly disconnected, elongated objects,
while in physical network research, the main focus is on the collection of objects that
realize a complex network and lead to new types of phenomena, related both to the physical
and the network structure.

2.3 Neuroscience

Neuroscience [49] is devoted to studying the nervous system and its function, which in-
cludes the biological neural networks, one of the largest and the most complex physical
networks. For example, the human brain contains the order of magnitude ~ 10!! neurons
and glial cells [50], making it very difficult to fully map and analyze. In addition to the
sheer size of these networks, there are individual and developmental differences [51] -
each human has a unique brain, which changes and develops during their lifetime, thus
adding to the complexity. Here, I briefly discuss three subfields of neuroscience relevant
to physical network research - neuromorphology, neural development, and network neu-
roscience.

Neuromorphology [52, 53] studies the shape and structure of the nervous system. In a
recent review study [54], 23 different open-source tools have been identified, which in to-
tal, provide 150 unique morphometric features of the neuron shape. From the perspective
of physical network research, relevant results from this subfield show the relationship be-
tween the neuron morphology and their function [55, 56]. For example, Peter’s rule [57],
predicts the number of synapses between two neurons, based on the overlap of axonal and
dendritic branches. Although they are not directly applicable to every physical network,
some of the applied measures and principles could be generalized for the quantification of
physical network shape and structure [17].

Neural development [58, 59] studies the processes that grow, develop, and change nervous
systems. One of the ways these naturally occurring processes are researched is by sim-
ulation using computational models [60, 61, 62], which encapsulate physical and chem-
ical processes of neural growth and guidance. Although the growth of neurons and the
formation of biological neural networks occur within a specific context, the developed
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mathematical models and principles could be generalized for physical network research as
well.

Network neuroscience encompasses the application of network science methods to the
study of nervous systems [63, 64]. In recent years, there has been a surge of high-quality
data, which has allowed for network representation and analysis [63] of connectomes (neu-
rons connected via synapses) [65, 66] and functional brain networks [67] (connected and
dynamically active brain regions). Specifically, the availability of high-resolution mor-
phological mappings of different species has allowed for the discovery of the geometric
scaling law between neuron connection probability and their distance [68], along with the
validation of the exponential decay pattern in axonal length distribution (exponential dis-
tance rule) [69, 70]. These large data sets with morphological information are important
empirical examples of physical networks, that drive the development of a general theory
of physical networks.

2.4 Transportation networks

Transporation [71] or transport networks [72] are networks through which material or
mass flows between nodes in the network. They can be man man-made, such as gas
pipelines [73] or naturally occurring, like vascular systems [74] of different species - from
leaf veneration of plants [75, 76] to blood vessels of animals [4, 77]. Real transport net-
works are necessarily physical networks, composed of links and nodes that carry physical
material, hence physical network research can also build on the principles and methods
of transport network analysis, such as flow optimization, transport robustness, and scaling
laws.

Flow optimization or optimal design [78] seeks to minimize resource costs while main-
taining efficient transport of the material within the network. This is particularly crucial
in biological networks [79], which must grow and adapt, as energy efficiency is vital for
their survival. Techniques such as minimizing path redundancy or optimizing the network
structure to reduce global energy loss are central to this approach [80, 81], thus, similar
models optimizing the tradeoff between function and the cost of building and maintaining
physical connections represent an important, but mostly unexplored direction in physical
network research.

Transport network robustness [82] is the ability of the network to continue transporting
material, despite failures or disruptions. Robustness is important for both man-made net-
works like road systems [83], which must withstand accidents or closures, and biological
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networks, where physical damage or disease might damage the living tissue [84]. Studies
on robustness often model the effect of damage as a percolation process [85] or event-
based attacks that stress-test the networks [86] to understand how much disturbance they
can tolerate before a system-wide collapse occurs. Naturally, physical network robustness
can be explored in the same manner, but also taking spatial embedding or geometrical
properties into account [11].

Scaling laws describe how the properties of the network change with its size. These laws
are useful in predicting how large-scale systems—whether natural, like ecosystems, or
engineered, like cities—behave as they grow. For example, scaling laws help explain
how the length and density of transport routes must adjust as the system expands [87].
In general, uncovering the scaling laws characterizing physical networks is an important
step in understanding and predicting their evolution and organization. For example, re-
cent work explored the scaling properties of a physical network model [8], showing that
volume-exclusion and thickness of the networks impact their growth. Another recent work
investigated the scaling between physical node size and degree, also exploring how this
correlation affects diffusive dynamics on the network [9].

Overall, transport networks are an important example of physical networks, with the cen-
tral theme in this research field being the tradeoff between cost and transportation effi-
ciency. Studying similar tradeoffs, in a more general way, is a goal of physical network
research as well, therefore it is important to incorporate the knowledge and principles from
the field of transport networks

2.5 Spatial networks

Spatial networks [88] are networks embedded in real space; therefore, all physical net-
works are necessarily spatial networks, but not all spatially embedded networks are phys-
ical. For example, an online social network can be considered as a spatial network: users
have a home location that can affect how they form connections in the online space; how-
ever, the links of the network are not physical objects [89]. A spatial network is typically
described by its combinatorial network (i.e., the list of connections between node pairs)
and the spatial coordinates of the nodes. In contrast, the characterization of a physical
network requires much more data: in addition to the combinatorial network, we also need
to describe the three-dimensional shape of each node and link. This difference in level
of description means that the results of spatial network theory do not always translate to
physical network research. In this section, I highlight concepts and methods developed for
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spatial networks that directly apply to or inspire physical network research.

Long links (i.e. measured by their Euclidean path length, compared to the system size
or typical link length) in spatial networks are generally costly to build and maintain in
terms of resources. For example, in transportation networks, longer connections, like
highways, require more materials, higher energy consumption, and ongoing maintenance
expenses. However, these long links are also crucial for the overall function of the network,
as they often provide shortcuts that optimize flow and reduce the number of intermediary
nodes [88]. This duality also holds for physical networks [17], which should be incorpo-
rated in physical network models [6]. Moreover, long links impact both the abstract and
physical structure of a network - for some physical networks, longer links can provide
more connectivity in the abstract network structure (i.e. long links tend to have high link
degree or link betweenness centrality) [17], but for some other physical networks, they
might lead to more entanglements or congestion in their layout [29].

The robustness of networks against external damage is a central question of network sci-
ence, and it is often modeled as a percolation process. Spatial features in percolation are
considered in three main ways: (i) Spatial embedding affects the structure of the network
and hence affects its critical properties. For example, controlling the typical length of links
leads to a crossover between mean-field-like to lattice percolation [90] (i1) Damage may
spread in the network depending on space, through spatially restricted interdependence
links [91]. (iii) The external damage applied to the network may depend on space. Exam-
ples of this method include the simulations of earthquakes [92], space weather events [93],
or hurricanes [94] used to model the damage they might cause to the road or electricity
transmission networks. Therefore, this approach can be extended to physical networks,
where damage is modeled by removing links that pass through a certain volume in three-
dimensional space [11], which is elaborated in more detail in Chapter 5.

Spatial network theory mostly focuses on whether it is sufficient to know the location of
the nodes, while other spatial features can be neglected. Physical networks on the other
hand focus on the case when physical interactions between nodes and links cannot be
ignored [8, 17]. This distinction requires us to extend the toolset of network science and
thus extend to scope of spatial network theory.

2.6 Network-of-networks

Network visualization and spatial network research typically focus on network embed-
dings where nodes are points in space connected by straight lines. In the case of physical
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networks, however, it is often useful to consider nodes that are extended objects with com-
plex shapes and links that are point-like connections between them. To capture the com-
plex shape of nodes, we can represent the individual nodes as spatially embedded networks
that are bound together with physical links, thus forming a network-of-networks [95]. For
example, a biological neuron can be represented as a spatially embedded network where
branching points are nodes and links are tube-like connections between them, and these
networks representing individual neurons are then bound together by synapses, thus creat-
ing a network-of-networks [8]. This approach mirrors the primary and dual representations
of road networks: the former treats road junctions as nodes and road sections connecting
junctions as links, while the latter treats entire roads as nodes and connects them if they
share a junction point [96]. The network-of-networks representation establishes a formal
connection between multi-layer network theory and physical networks. In this section,
I review how methods developed to analyze network-of-networks (including multi-layer,
multiplex, and interdependent networks) are and could be adopted to characterize physical
networks.

The supra-Lapacian matrix, an extension of the Laplacian matrix, was used to model dif-
fusion processes and connectivity on multi-layer networks [97, 98, 99]. This method has
inspired the introduction of the so-called physical Laplacian describing diffusion-like dy-
namics on the network-of-networks representation of physical networks [9] and it has been
used to show that node volume, a physical characteristic, impacts the diffusion dynamics.
Following this approach, future work investigates other ways physical properties of the
systems affect dynamics on the network, for example, understanding the role of hubs in
spreading dynamics or going beyond linear dynamics [100, 101].

The robustness of multi-layer and interdependent networks is a well-studied topic, for ex-
ample, percolation [102] has been previously performed on spatially embbeded networks-
of-networks [103] to asses their robustness [104, 105]. Interdependent network percola-
tion considers spatially embedded multi-layer networks, where nodes in different layers
are connected by interdependency links. If a node in a layer fails, it causes nodes in other
layers to fail in its proximity. Such events may trigger large cascades of node failure, lead-
ing to abrupt percolation transitions. Analogously, physical network damage may spread
between nodes and links in each other’s spatial proximity even if they are not connected in
the abstract network [11]. Therefore, the results and methods of interdependent network
percolation can be used to understand and model the spread of physical damage [106].

Multi-layer extensions of network centralities [107] make it possible to assign a central-
ity measure not just to individual nodes, but network layers too. Future work, therefore,
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adapting multi-layer centralities to the network-of-networks representation of physical net-
works can characterize the importance of physical nodes in a way that incorporates their
physical structure. Furthermore, one may partition the bounding box of a physical network
into equally sized regions [11], and then treat each region as a layer to form a multi-layer
network. Applying multi-layer centralities to this representation would allow us to assign
an importance not to individual nodes, but to spatial regions of the network.

The formal connection between networks-of-networks and physical networks provides a
rich set of tools for physical network research. However, these tools must be adapted for
use, since networks-of-networks literature typically focuses on systems with a few layers
that are similar in size, while networks representing individual physical nodes focus on
subnetworks that are large in number and have heterogeneous size distributions [8, 17].
While in my thesis, with a few exceptions, I mostly focus on physical network representa-
tions where nodes are spherical or point-like, future work should leverage the connection
between the two research areas [9].

2.7 Physical networks

The term physical network is used in a number of contexts from computer hardware to
chemical reaction networks [108, 109]. Here, I use it to mean networks of objects em-
bedded in three-dimensional space, where physical constraints apply to nodes and links
(e.g. non-crossing conditions), following the convention of Dehmamy et al [6] from 2018.
The rise of available data describing the three-dimensional structure of networks spurred
an effort to understand the fundamental principles of physical networks building on the
framework of network science. In this section, I focus on the recent developments in this
field to which my thesis also aims to contribute. I summarize three topics: tractable mod-
els of network formation, three-dimensional link organization, and dynamical processes
on physical networks.

The influential Barabasi-Albert and Erd6s-Rényi models of traditional network science
are minimal tractable models that aim to strip away the system-dependent, and often com-
plicated details of network formation, and focus on processes present in a wide range of
systems. Such models allow us to understand general mechanisms shaping networks, serve
as null models to compare empirical data, and as a starting point for more complex mod-
els. Several recent works introduced such minimal models for physical networks; what
they have in common is that all models incorporate volume exclusion to model physical-
ity, 1.e., nodes and links are not allowed to intersect each other. The model of Dehmamy et
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al [6] generated abstract networks using the classic BA and ER models and found a three-
dimensional layout that minimizes the length of links while obeying volume exclusion. By
changing the diameter of nodes and links, the authors discovered when physicality affects
the layout and how this physical region depends on the characteristics of the combinato-
rial network. The approach of Dehmamy et al first generates a combinatorial network and
then a realistic layout, mimicking the approach of graph drawing problems; therefore, it is
unable to capture how the layout can affect network structure. To overcome this limitation,
Posfai et al [8] introduced a model where physical layout and network structure evolve to-
gether. In this work, the linear physical network (LPN) model is generated by sequentially
depositing straight rods into the unit cube, respecting the non-crossing condition. Given
the minimal assumptions behind this model, it can be also considered the "ER model for
physical networks”. The results of this research show how link thickness and the number
of links, due to their physicality, limit which type of network structures can be realized.
Additionally, there is an emergent correlation between the layout and network structure, as
it is encoded in the spectrum of the adjacency matrix, which carries the information about
the layout. The aforementioned models had nodes as spheres or point-like objects, where
links are the tubes that connect them. In reality, links may have a more complex shape,
where for example, a neuron might be considered a node, while a synaptic connection
might be considered a link. Defining extended objects as nodes and their contact points as
links, a minimal random walk model on a grid has also been employed to generate physi-
cal networks [9]. Due to the effect of physicality (i.e. random walkers avoid each other),
the emergent network structure has a broad degree distribution and node degree and node
volume correlation. Readapting models from other fields or the introduction of new phys-
ical network models is still a promising area of research, which would help in answering
fundamental questions about the importance of physicality to network structure.

The three-dimensional organization of physical networks is another significant area of in-
vestigation. For example, utilizing knot theory, researchers measured the entanglement of
physical links in model networks and real systems [7, 29]. Findings reveal that the inter-
twined structure of non-crossing networks carries physical energy and undergoes transi-
tions between different states of intertwining, quantified by measures such as the graph
linking number [7]. Additionally, Bonamassa et al [10] explored link bundling, where
physical links follow trajectories parallel to each other, and have demonstrated, using a
simple linear physical network model, that due to volume exclusion alone, link bundles
can be formed.

Understanding the relationship between the physical properties of nodes and links and
their role in the abstract network is a crucial step in understanding the effect of physicality
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on networks. For example, our recent work [17] has shown using model networks and
empirical data that a positive correlation between node volume and degree is prevalent in
physical networks, and that such correlations can have a strong effect on both network
evolution and dynamics on networks. Concepts like the generalized meta-graph and the
link confinement, discussed in Chapters 3 and 4, reveal that spatially confined physical
nodes and links tend to be central in the abstract network. The meta-graph representation
serves as an efficient tool for physical networks [8], which can capture the interactions
and collisions resulting from physical constraints, for both model and empirical networks,
deepening our understanding of how physical properties influence network growth and
function.

Physicality does not only affect network structure, but can also influence its function or dy-
namical behavior, including diffusion processes governed by the Laplacian operator, which
were studied to understand how physical constraints impact the flow or the spread of in-
formation, energy, or materials through a physical network [9]. Investigations into spatial
percolation processes (i.e. sequential spatially correlated attacks), discussed in Chapter
5, have revealed that robustness and connectivity are affected by the three-dimensional
layout, highlighting differences from traditional percolation in abstract networks [11].

Overall, research on physical networks bridges the gap between network science and the
physical sciences, and by incorporating spatial embedding and physical constraints, it ex-
plores new phenomena and properties that arise when networks occupy space and cannot
overlap. This interdisciplinary approach has led to significant insights into how physical
properties and constraints influence network structure, dynamics, and robustness, expand-
ing our understanding of complex systems in natural and engineered contexts.
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Chapter 3

Generalized meta-graphs on real
networks

3.1 Introduction

Recent experimental advances provide increasingly accurate three-dimensional maps of
physical networks; however, network science lacks the tools to understand how physi-
cality affects the structure and the evolution of their abstract networks. In this chapter, 1
introduce one such tool called the generalized meta-graph based on my contributions to
Pésfai et al [8]. In this work, the impact of physicality was studied using a simple physi-
cal network model, where nodes are spheres and links are straight cylinders. The authors
introduced the so-called meta-graph to keep track of potential conflicts between physical
links, this meta-graph provided a framework to characterize the model analytically. Cru-
cially, the meta-graph relies on the fact that the links are straight in the model. However,
real physical networks are typically not linear [17], meaning a link cannot be accurately
represented with a straight rod. Furthermore, if we add a new non-straight physical link to
a network, we can route it infinitely many ways; therefore, it is impossible to keep track of
emerging physical conflicts relying on the original definition of the meta-graph. Despite
this limitation, we show that it is possible to define a generalized version of the meta-graph
that is useful to characterize the physical structure of any existing physical network, which
can be used to predict their functional features, like synapse formation in the brain.
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In this chapter, I introduce linear physical networks and the original meta-graph in Sec-
tion 3.2, followed by the definitions of the skeleton representation in Section 3.3 and gen-
eralized meta-graph in Section 3.4. Finally, the restricted meta-graph is introduced in
Section 3.5, applied in Section 3.6, with results being discussed in Section 3.7.

3.2 Linear physical networks and the metagraph

In this section, I briefly introduce the simple network model studied in Pésfai et al [8] and
the related meta-graph formalism.

A linear physical network (LPN) is a network embedded in three-dimensional Euclidean
space such that each node in the network is a sphere and each link is a capped cylinder
with diameter A\. The nodes and links satisfy volume exclusion, meaning that they cannot
overlap in space. To avoid restricting the maximum node degree, we allow a node to
overlap with the links that are connected to it, and we allow links to overlap with each
other if they share an endpoint, leading to the following formal definition:

Definition 3.2.1. A \-linear physical network (LPN) in its strictest sense is a graph G such
that the vertex set of G is a point set P C R? and the edges (py, p2) € £ C P, are straight
segments connecting these points, where P, is every unordered pair formed of elements
of P. We require that the distance is at least A between

1. every point pair py, po € P, with p; # ps (node-node interaction);

2. every point p; and every edge (p2,ps3) € &, with {p1} N {p2,p3} = 0 (node-link
interaction);

3. every pair of edges (p1, p2), (p3, psa), respectively, with {p1, po} N {ps, pa} = 0 (link-
link interaction).

Here we define the meta-graph M(P, \), which is an auxiliary graph that captures the
physical constraints between link candidates connecting point pairs (p, q) € P x P.

Definition 3.2.2. The meta-graph M(P, \) is a graph defined for a A > 0 and point set
P, such that

1. the vertex set of M (P, \) is the set of link candidates that do not overlap with nodes,
ie.,

Vieta = 1(0, @) € P2 :d((p,q),7) 2 AV r € P\ {p,q}}
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2. and the edges of M(P, \) connect link candidates that overlap in space, i.e.,

£ _ {((p, Q)7 (Ta 8)) € Vmeta X Vmeta : d((p, Q)v (TVS)) <A
meta V(r,s) € P x Pand {p,q} N{r,s} =0}.

If link-node interaction is not considered, the vertex set of the meta-graph contains all
possible point pairs, i.e., Vipen = (p,q) € P X P and Npew = N(N — 1)/2, where
Nmeta — |Vmeta| andN - |P| .

To illustrate both the LPN and the meta-graph, Fig. 3.1 presents an example of an 8-node
LPN. Once a linear physical network has been generated, its corresponding meta-graph
can be constructed by identifying all possible links and their physical constraints. The
figure showcases two examples: a low link diameter of A = 0.01 in Fig. 3.1a, where most
links are allowed, and a higher diameter of A\ = 0.2 in Fig. 3.1c, where many links are
restricted due to volume exclusion. The corresponding meta-graphs are shown in Fig. 3.1b
and Fig. 3.1d, where each vertex represents a candidate link, and edges indicate mutual
exclusion due to spatial overlap. This visualization highlights how increasing A reduces
the feasible connectivity of the linear physical network by enforcing stricter geometric
constraints, which is reflected in the structure of its meta-graph.

In the following sections, I will generalize the meta-graph to study networks where the
links have arbitrary shapes.
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Figure 3.1: Linear physical networks (LPN) (a,c) A linear physical network (LPN) with
eight nodes, showing its structure for two different A values. While for the small A in (a)
most links are allowed, for A = 0.2 in (b) many links are forbidden, as they would overlap
with other links. (b,d) The 28 vertices of the meta-graph represent the candidate links of
the physical network, each labeled by the node numbers they attempt to connect. Two
vertices are connected if the corresponding links overlap, hence they cannot coexist in a
physical network. Figure adapted from co-authors [8].
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3.3 Skeletonized representation of physical networks

To generalize the meta-graph, we introduce an appropriate representation of the layout -
skeletonized representation, which allows for the generalization of formalism applied to
linear links or nodes, to the non-linear cases. For example, this representation would allow
to generalize of the meta-graph formalism on physical networks where nodes are not just
straight rods, but more complex, extended objects [17, 9].

Most real physical networks, from neural or vascular networks to rock fissures, are ob-
tained as volumetric data from experiments. Volumetric representation of a physical net-
work means that the three-dimensional space is divided into voxels, the three-dimensional
equivalent of pixels, and the voxels are labeled to be inside or outside the physical net-
work. While such representation provides the most accurate description of the shape of
a physical network that is available, it is both computational and analytically demand-
ing to analyze. Therefore volumetric data is routinely approximated by skeletonization,
capturing less details, but providing a more concise description [110].

The skeleton of a physical network is in fact a variant of a linear physical network: a
skeletonization algorithm approximates the shape of a physical network with vertices and
straight segments inside the physical network and associates a radius to each vertex. Mul-
tiple segments in the skeleton can correspond to what is considered a separate entity in
the original network, e.g., a single neuron in a neural network or a non-branching section
of a vessel in the vascular network is represented by a collection of straight segments in
the skeleton. Therefore it is common to associate a label with each segment connecting it
to the original object it represents. Altogether, a skeleton representation for our purposes
must have the following properties

Definition 3.3.1. A skeleton representation S is a graph with vertex set } and edge set £
together with

e apositionr : V — R? and a radius p : V — R associated to each vertex,
» and a label 0 : £ — Z associated to each edge.

Note that the skeleton S is a physical realization of the abstract network G, where the node
set of G is the set of labels in S.

To recover an approximate volume of a physical network from a skeleton, we take the
union of spheres centered at r(v) with radius p(v) for each vertex v € V, and truncated
cones that have axis corresponding to the segment (r(v),r(w)) and parallel faces with
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radii p(v) and p(w) for each edge (v, w) € E. Alternatively, a less accurate but simpler
approximate volume can be obtained by substituting each edge with a cylinder with axis
(r(v),r(w)) and radius (p(v) + p(w))/2.

The quality of the approximation can be controlled by the number of vertices in the skele-
ton. There is, however, no single definition of the cost function that characterizes how good
an approximation is, and there are a large number of skeletonization algorithms available
and used in various scientific disciplines [111]. We obtained the data that we work with
already in a skeleton representation unless otherwise noted.

3.4 The generalized meta-graph

Having defined the skeletonized representation, we can generalize the metagraph, whose
goal is to characterize a given physical network by identifying components that are in a
physically confined space. Specifically, we define the generalized meta-graph M, for a
skeleton representation of a physical network.

Definition 3.4.1. Given a skeleton representation S and a parameter A, the associated
generalized meta-graph M,(A\, S) is a graph with vertex set corresponding to the edge
labels of S. We increase the diameter of each skeleton-vertex by A\, and meta-vertices [y
and [, are connected if the approximate volume corresponding to the labels /; and /5 now
overlap.

The labels [; of a skeleton representation S correspond to separate nodes or links of a
physical network, for example, a label can identify the skeleton of a single neuron in a
neural network or a vessel segment in a vascular network. The degree of a neuron or
vessel in M, (A, S) quantifies its physical confinement: it counts the neurons or vessels
that surround it in space.

3.5 Empirical networks and the restricted meta-graph

A skeleton S is a physical realization of an abstract network G, such as the synaptic net-
work for neurons or the network of vessel segments connected together by junction points.
There are, however, many alternative skeletons S’ that realize the same abstract network,
prompting the question: What are the properties of S that are common in all realizations
and what are the differences? Two neurons that are connected in the synaptic network or
two vessels bound together at a junction point are necessarily adjacent in physical space,
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hence they become connected in the generalized meta-graph for low A\ for any possible
physical layout S’ realizing the abstract network. To measure the excess confinement of
a neuron, i.e., the confinement beyond what is necessitated by the synaptic network, we
define the restricted meta-graph, where we exclude all edges in the generalized meta-graph
that are between neurons that are synaptic partners or vessel segments bound together.

Definition 3.5.1. Given a generalized meta-graph M,(A\,S) and a corresponding ab-
stract network G, the restricted meta-graph M, (A, S) is obtained by removing each edge
e = (I1,13) from My(AN,S) if [, and [ are adjacent in G.

Figure 3.2 shows an example comparing the generalized and the restricted meta-graph.

Note that the original meta-graph M (A, P) is a special case of the restricted meta-graph.
We start from a skeleton S corresponding to a complete graph on P with uniform link
thickness 0, and labeling each link uniquely. The restricted meta-graph M, (\, S) obtained
by thickening each link by A is equivalent to the original meta-graph M(\, P).

We calculate the restricted meta-graph for the four real physical networks (for more details
about the data sets, see SI 3.8.2) as a function of A\, where we measure A\ in units of the
average radius of the original network. As a reference, we also generate a jammed random
linear physical network with N = 300 nodes and A\ = N~'/2 and calculate its restricted
meta-graph by thickening the links present in the jammed state. Figure 3.3f shows the
average meta-degree (Kkpera) as a function of A\ for each network, revealing two distinct
patterns: for the brain network, we observe an initial fast increase in the average meta-
degree followed by a slower, steady growth. Such rapid growth is absent in the vascular,
mitochondrial, and root system networks, and is also absent in random linear networks.

This different behavior represents the differences in the building blocks: the connectome
consists of highly intertwined neurons with complex shapes, while the other three net-
works consist of tube-like components, such as vessels, molecular chains, and roots. In-
deed, if we subdivide each neuron into smaller non-branching segments before construct-
ing the meta-graph, we recover the superlinear behavior without the initial rapid growth of
of (kmew) (Fig. 3.3e).
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d Restricted meta-graph

a Physical layout Synaptic network

Figure 3.2: The generalized and the restricted meta-graph. (a) The schematic layout
of five neurons. The black neuron must be physically adjacent with its synaptic partners
(purple and orange) and depending on the layout may be confined by other neurons it does
not synapse with (green and blue). (b) In the synaptic network realized by the physical
layout (a), the black neuron has degree two. (c) In the generalized meta-graph a neuron is
connected with all neurons it overlaps with after thickening its branches by A\; therefore
the generalized meta-degree of the black neuron is four. (d) In the restricted meta-graph,
we remove edges representing an overlap between synaptic partners; therefore, the re-
stricted meta-degree of the black neuron is two.
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Figure 3.3: The restricted meta-graph of real networks. (a-d) Three-dimensional ren-
dering of the skeletonized description of the four real physical networks. (e) For the vas-
cular, mitochondrial, and root system networks, we label non-branching sections uniquely,
i.e., paths connecting skeleton vertices with degree not equal to two (color-coded sections).
In the generalized and restricted meta-graph the vertices represent these non-branching
sections. (f) Average degree of the restricted meta-graph (kp..) as the thickness of the
network is increased by A\, where A\ is measured in units equal to the average radius of
the original physical network. Dots represent real physical networks and the dashed line
represents a linear physical network with N = 300 nodes and A\ = N~'/2. To show that
the complex shape of the neurons is responsible for the shape of (kpew) (AX) we divide
the neurons into smaller non-branching sections and we calculate (k) treating these
sections as the vertices of the restricted meta-graph.
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3.6 The meta-graph of the neural network

In the previous section, we calculated the meta-graph of four real networks. Here, we take
a closer look at one of the case studies, the network representing the brain region of a fruit
fly, and we investigate correlations between the node’s position in the meta-graph and in
the synaptic network.

We illustrate the process in Fig. 3.4a, which shows the meta-graph M, (AM) of the fruit
fly connectome, consisting of N = 2,970 neurons and M = 35,707 synapses serving
as links. According to Peter’s rule, neurons can only form synapses if their axons and
dendrites are in close physical proximity [57, 112]. Hence we expect and find a strong
correlation between the meta-degree and the number of synapses. To abstract from these
obvious correlations between the generalized meta-graph and synapse formation, we fo-
cus only on conflicts between neurons that are not connected by synapses and therefore
are the result of the packing of the neurons in the brain. We achieve this by building a
restricted meta-graph, where we remove the synaptically connected links from the meta-
graph (for more details, see SI 3.8.1). Figure 3.4a highlights the vertex with the highest
restricted meta-graph degree ks = 13, corresponding to the most physically confined neu-
ron, bordered by 13 other neurons that it does not synapse with (Fig. 3.4b,c). This prompts
the question: Is the most confined neuron also the most central in the synaptic network?
To find an answer, we performed a linear regression between the restricted meta-degree
and the logarithm of synapses, revealing a positive association between the physical con-
finement and the functional role of neurons (Fig. 3.4e, slope a = 0.356 £ 0.022 and
R? = 0.26). Our result indicates that synaptically central neurons in the connectome are
tightly confined in the brain by non-synaptic partners.

This is non-obvious, as we can construct physical networks that have negative correlations
between the number of synapses and the restricted meta-degree: consider a physical net-
work with NV nodes where each neuron is physically adjacent to all N — 1 other neurons,
as shown in Fig. 3.5. If a neuron ¢ has k synaptic partners, it has N — 1 — k meta-degree,
resulting in a perfect anticorrelation between the number of synapses and the meta-degree.
Additionally, some studies show that in dense neural circuits, neurons that are physically
close to each other are more likely to form synaptic connections, as spatial proximity in-
creases the chance of their axons and dendrites coming into contact [113]. However, other
studies highlight the prevalence of non-local connections guided by molecular cues and
functional specificity, indicating that spatial proximity alone does not universally deter-
mine synaptic connectivity [114, 115]. This complexity is further explored in a study [57]
critically examining Peter’s Rule—the idea that synapse formation is largely determined
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by axo-dendritic overlap. While the study confirms that overlap is a strong predictor at
the cell-type level (between the neuron types), it also shows that many potential con-
nections remain unrealized due to selective wiring rules. Therefore, in a brain network
where physical proximity does not guarantee connectivity, the persistence of a positive
correlation—even after removing direct synaptic partners suggests a deeper structural or
developmental constraint. The persistent positive correlation also confirms that the gener-
alized meta-graph captures important properties of the physical layout and can be used to
systematically study the connection between physical and abstract network structure.

As connectome mapping aspires to scale up to the 10! neurons of the human brain [50],
new mathematical and computational formalisms, like the one offered by the meta-graph,
are needed to unveil the predictive power of these exceptionally large physical network
maps. A full description of the layout of a physical network requires copious amounts of
data that is difficult to handle computationally and also limits analytical advances. For ex-
ample, the Hemibrain dataset describes the 3D trajectory of approximately 25000 neurons
of a fruit fly using 117 million linear segments [5]. Naive identification of physical con-
flicts, therefore, requires 10'¢ distance computations, a prohibitive computational burden
for most researchers. In contrast, the 25000 x 25000 adjacency matrix of the generalized
meta-graph can be represented using a few hundred MB of data, hence publishing it to-
gether with the adjacency of the connectome would allow the computationally efficient
study of the relation between physical and abstract network structure.
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Figure 3.4: Meta-graph of a real neural network. (a) Each vertex of the restricted
meta-graph represents a neuron in the fruit fly connectome [5]. A link between two ver-
tices of the restricted meta-graph implies that the corresponding neurons overlap if we
increase their thickness by A\ ~ 0.028 but they are not connected by synapses. The neu-
ron with the highest restricted meta-degree, A, has 13 connections, while 1469 isolated
vertices (not shown) correspond to neurons that are conflict-free for A\ ~ 0.028. (b) A
three-dimensional rendering of neuron A (red) and its neighbors, shown here as a two-
dimensional projection for visualization purposes, highlights that neuron A exhibits the
most excess confinement. Displayed alongside are the 13 neurons within distance A\ of
A, which are connected to A in the restricted meta-graph and highlighted in (a). Neuron
colors correspond to the meta-vertices in (a). (c) Neuron A, being an extended physical
object, exhibits spatial conflicts with other neurons that are localized to specific regions
of the physical network, as illustrated in its three-dimensional structure (projected in 2D
for this figure). (d) The degree distribution of the restricted meta-graph for A\ ~ 0.028.
Vertices with degree zero correspond to conflict-free neurons, i.e., lack proximity within
A\ with other neurons that are not connected to them via synapses. Physically confined
neurons have high restricted meta-degree, indicative of a large number of physical con-
flicts. (e) The dependence of the restricted meta-degree on the number of synapses of each
neuron indicates that the restricted meta-degree is predictive of synapse formation. The
dashed line corresponds to linear regression between the restricted meta-degree and the
logarithm of the number of synapses for each neuron. Small markers represent individ-
ual neurons, large markers are binned averages. For illustration purposes we chose A\
such that the meta-graph is sparse. In SI 3.8.1, we repeat the above analysis for various
A values, finding that the positive association between the restricted meta-graph and the
synaptic network is robust.
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Figure 3.5: Physical layout with negative correlation between restricted meta-degree
and abstract network degree. (a) A physical network with N = 5 nodes, each color
corresponds to a separate node. We construct the network by placing five parallel logs
in one layer, then we place another five parallel logs on top of them rotated by 90 de-
grees. (b) Logs of the same color are bound together, meaning that each physical node is
a cross. (c) In this construction, each physical node touches every other node; therefore,
the corresponding generalized meta-graph is fully connected, each node has generalized
meta-degree 4. Since all physical nodes are adjacent in space, this physical layout can
realize any abstract network. For example, if nodes represent neurons, the physical layout
can support any synaptic network. If neuron ¢ in the synaptic network is connected to k;
other neurons, its restricted meta-degree is N — k;, meaning that there is a perfect negative
correlation between the degree in the synaptic network and the restricted meta-degree.
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3.7 Discussion

Recent experimental advances, driven by connectomics and high-resolution MRI, have of-
fered detailed and accurate maps of a wide range of physical networks, from the structure
of individual neurons in a brain, to 3D maps of large vascular systems. These advances un-
veiled an important gap in network science: the lack of understanding of how physicality
affects the network structure. The need for a quantitative and conceptual framework goes
beyond biology: complex metamaterials, combining random and repetitive local struc-
tures [116, 1, 117], offer other manifestations of physical networks, and so do computer
chips that pack billions of transistors.

In this chapter, I introduced a formalism designed to systematically explore the structure
of real physical networks, which are characterized by non-uniform node density, hetero-
geneous link diameters, and bent links [17]. The impact of these features can be studied
by using the generalized meta-graphs, where for example, the link confinement measure,
also introduced in the following Chapter 4, can be considered an adaptation of the meta-
graph formalism. Other issues are less straightforward extensions of this work but may
benefit from the meta-graph framework, such as understanding the effect of the physical
architectures on network robustness [118, 119, 11], which is investigated in Chapter 5, or
on dynamics on networks [120, 121, 122, 123, 124, 9].

A quantitative understanding of physicality can directly impact multiple areas of science.
For example, at this point it is unclear to what degree the observed brain connectomes are
driven by the genetic processes that govern their developmental biology [125], or by phys-
ical constraints that the neurons and their interactions must obey, limiting a neuron’s abil-
ity to synapse with desired target neurons in a very dense environment. Answers require a
modeling and analytical platform that helps us systematically explore the competing role
of genetics and physicality.
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3.8 Supplementary Information

3.8.1 The generalized and the restricted meta-graph of the fruit fly
brain network

Neurons can only form synapses if their axons and dendrites are in close physical proxim-
ity; therefore, if we increase the diameter of neuron branches, neurons will quickly overlap
with synaptic partners (Fig. 3.6).

In the generalized meta-graph M,(\) of the fruit fly brain network, vertices represent
neurons, and edges indicate conflicts between pairs of neurons — both between pairs that
are connected via synapses and pairs that are not. Since synaptic partners necessarily
overlap, we expect a positive correlation between the number of synapses a neuron has
and the generalized meta-degree of the neuron, this expectation is indeed confirmed by
numerical measurements (Fig. 3.7).

On the other hand, edges of the restricted meta-graph M, () represent physical conflicts
only between neuron pairs that are not connected by synapses. In other words, M, ()
focuses on conflicts that are not necessitated by the synaptic network. Fig. 3.8 shows that
we again find a positive correlation between the number of synapses and the restricted
meta-degree of a neuron, indicating that neurons central in the synaptic network are also
tightly confined by other neurons. This is non-obvious, as we can construct physical net-
works that have a negative correlation between the number of synapses and the restricted
meta-degree (Fig. 3.5).

One of the potential explanations for the relationships observed in the Figs. 3.6, 3.7 and
3.8 could be the cable length of the neuron. Longer cables provide more spatial opportu-
nities to encounter other neurons, thereby increasing both the chance of forming synapses
and the number of potential neighbors. Also, recent studies have shown that in physical
networks, a node’s degree is often proportional to its size, both in neural networks [126]
and other empirical and model networks [9].
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Figure 3.6: Conflicts with synaptic partners. To form synapses neurons must be in
close vicinity of each other; therefore, after thickening the neurons, synaptic partners will
be in physical conflict. We show the meta-degree (i.e., the number of conflicts) of the neu-
ron highlighted in Fig. 4 of the main text with non-synaptic (blue) and synaptic (orange)
partners as a function of A\. Initially, for A\ = 0 the neuron has no conflicts. After
increasing the thickness of the neural branches all 312 synaptic partners become quickly
in conflict with the neuron. The number of conflicts with non-synaptic partners outnum-
bers the conflicts with synaptic partners, for example, at A\ ~ 3.34 the neuron has 312
conflicts with synaptic partners and 574 conflicts with non-synaptic partners.
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Figure 3.7: Generalized meta-graph of the fruit fly brain network. (a) The generalized
meta-degree distribution for varying A\ values. Physically confined neurons have high
meta-degree. (b) Two neurons that are connected by a synapse are necessarily adjacent in
physical space, hence are connected in the generalized meta-graph. Hence we expect to
find a positive correlation between the generalized meta-degree and number of synapses.
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Figure 3.8: Restricted meta-graph of the fruit fly brain network. (a) The restricted
meta-degree excludes edges between neurons that are synaptic partners, capturing the ex-
cess confinement of a neuron that is not necessitated by the synaptic network. For illustra-
tion purposes, in the main text we focused on value of A\ (blue) that produced a sparse
restricted meta-graph. Increasing A\ may significantly increase the average meta-degree.
(b) We again observe a positive correlation between the restricted meta-degree and the
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3.8.2 Data sets
Fruit fly brain

Relying on automated imaging techniques, a recent project mapped out a large fraction of
the brain of the fruit fly Drosophila melanogaster containing the three-dimensional map
of approximately 25000 neurons and the location 20 million synapses [5]. We downloaded
the skeletonized data describing the shape of each neuron through the publicly available
NeuPrint API [127].

To reduce the computational complexity, the network had to be sub-sampled, which is
a non-trivial task, and we carefully considered different approaches when designing the
study. The challenge arises because neurons in the fruit fly brain are not strictly confined
to single brain regions, making it difficult to determine their inclusion based on anatomical
boundaries alone. However, synapses in the dataset are annotated with precise spatial
coordinates and assigned to specific brain regions [5]. This allowed us to select neurons
based on their synaptic activity in a region, rather than attempting to assign entire neurons
to regions directly. We explored two strategies: (i) extracting a cubic sample independent
of functional brain regions, and (ii) selecting neurons based on defined brain regions using
synapse location. In both cases, we considered whether to truncate neuron skeletons at
specific boundaries or to retain their complete skeletons. Ultimately, we opted to focus on
a well-defined region of interest and to keep entire neuronal skeletons intact. This choice
was made for two key reasons:

1. Ensuring that neurons in the sample are meaningfully connected and functionally
relevant within the selected region.

2. Ensuring consistency in pairwise relationships in the generalized meta-graph: specif-
ically, if two neurons are included in the sample, whether or not they are connected
in the generalized meta-graph remains unchanged, regardless of whether the sam-
ple is extended. That is, the meta-graph of the sample forms an induced subgraph
of the full meta-graph, preserving all synaptic connections among sampled neurons
exactly as they appear in the full network.

While this method provides a practical and functionally motivated approach, we acknowl-
edge that it does not fully resolve the complexities of defining neuron membership in a
given region. Future work could avoid sampling issues entirely by constructing the gener-
alized meta-graph of the entire network, enabling a more comprehensive analysis.

Based on this methodology, we analyzed all neurons that had synaptic connections in the
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Medula brain region (labeled ME(R), Fig. 3.3a) [128], which contains 2979 neurons and
1.464 - 105 segments, making it a computationally difficult task to identify collisions be-
tween neurons exactly. To overcome this difficulty, we substitute each neuron skeleton
with a point cloud and use an efficient k-d tree implementation to query minimum dis-
tances between them.

In the skeletonized data set, each segment is labeled by the neuron that it belongs to, hence
the meta-vertices represent neurons. The skeleton together with the location of the synapse
is a physical realization of the synaptic network.

Vascular network

The vascular network data set describes the vasculature found in a 600 x 600 x 662 pm
sample of a mouse cortex (Fig. 3.3b) [4]. The data is provided as a skeleton including radii
at the skeleton vertices. We uniquely label non-branching vessel sections, i.e., each path
connecting a pair of skeleton vertices with degree k # 2 receives a unique identifier. The
skeleton is a physical realization of an abstract network, where nodes are vessel segments,
and two nodes are connected if the corresponding vessels are bound together at a junction
point. We construct the generalized meta-graph such that the meta-vertices represent the
labeled vessel segments.

Mitochondrial network

The mitochondrial network data represents the mitochondrial reticulum of yeast cells
(Fig. 3.3c) [31]. The data set is available both as a skeleton and as a mesh represent-
ing the surface. Radii is not provided with skeleton vertices; therefore we extracted a
radius for each skeleton vertex based on the surface mesh using the Skeletor python pack-
age [129]. Similarly to the vascular network, we uniquely label non-branching sections
of the skeleton, and we construct the generalized meta-graph such that the meta-vertices
represent these labeled sections.

Root system

The root network describes the root system of a Cryptomeria japonica tree (Fig. 3.3d) [130].
The data is provided as a skeleton including radii at the skeleton vertices. We uniquely la-
bel non-branching root sections, i.e., each path connecting a pair of skeleton vertices with
degree k£ # 2 receives a unique identifier. We construct the generalized meta-graph such
that the meta-vertices represent these labeled sections.
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Chapter 4

Three-dimensional shape and
connectivity of physical networks

4.1 Introduction

Recent physical network research investigated artificial spatial embeddings of complex
networks that obey volume exclusion [6], the entanglement of physical links [131], models
of physical network growth [8, 9], and the effect of physical shape on the dynamics on net-
works [9]. However, systematic exploration of the three-dimensional shape, the network
properties, and the relationship between them in real networks is still lacking. Such explo-
ration is hampered by the lack of standardized representation. First, there is the technical
difficulty that experimental maps of physical networks, like neural or molecular networks,
are collected, processed, and analyzed with domain-specific methodology. Therefore, any
investigation of physical networks must be preceded by the time-consuming and computa-
tionally burdensome task of data pre-processing. Second, even seemingly simple questions
like what is a node and a link in a physical network carry a level of ambiguity: a physical
network is a continuous object in space; to represent it as a network, we must discretize it
into nodes and links. The definition of nodes and links in turn affects, for example, what
properties of the network we can study or the right choice of null models.

Here, we compile and standardize 15 data sets from various domains. Each of these phys-
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ical networks is composed of tube-like objects bound together at junction points; moti-
vating us to treat the junction points as nodes and the tubes connecting them as physical
links. We characterize both the physical shape and the abstract network structure and the
correlations between them. For this, we calculate standard descriptors such as the degree
distribution of the abstract network or the fractal dimension of the layout. We also intro-
duce a measure of link confinement to understand the role of volume exclusion, which
compares the physical links to a null model that randomizes link trajectories. The remain-
der of the chapter is organized as follows: In the next section, we describe the data sets we
collected and their standardization. In sections 4.3-4.5, we analyze the data sets’ abstract
network properties, their physical shape, and the emergent correlations between network
and shape. Finally, Sec. 4.6 provides a brief discussion.
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Figure 4.1: Physical networks. (a) A physical network composed of three tube-like links
bound together at a single junction point. (b) The skeleton representation of (a) approx-
imates the original structure as a collection of vertices (black points) and edges (colored
segments). (¢) The combinatorial or abstract network of (a) captures the connectivity of the
system without the physical structure: nodes represent junction points and terminal points,
with a link between two nodes that are directly connected by a physical link. (d) The skele-
ton representation allows us to approximate the original volume of real physical networks
—e.g., vascular network (top) and mitochondrial network (bottom). (e) We compiled a set
of 15 physical networks from various domains. The size of the networks varies greatly:
the number of skeleton segments N, capturing the shape of each network spans 4 orders
of magnitude.
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4.2 Data

Our goal is to systematically study the three-dimensional layout of physical networks
and to understand the relationship between their physical properties and their network
structure. For this, we collected 15 data sets from various domains, including individual
neurons [132, 133, 134, 135], biological neural networks [5], plant roots [130], vascular
networks [4], a mitochondrial network [31], and the imprint of an anthill (see SI 4.7.1).
Before any analysis, however, we must uniformly represent and standardize these data sets.
In the following sections, we propose the use of a labeled skeleton representation, which
efficiently captures both the physical shape and abstract network of physical networks.

4.2.1 Skeleton representation

Experimental imaging techniques that are used to capture the shape of physical networks,
such as scanning electron microscopy or magnetic resonance imaging, typically output
a three-dimensional image composed of voxels. Hence, this voxel representation is the
most accurate description available of network layouts. A three-dimensional voxel image,
however, is difficult to handle both computationally and analytically; therefore a more
compact representation of the data is needed.

Physical networks are typically composed of tube-like objects bound together at junction
points (Fig. 4.1a), making them suitable to be approximated by a series of straight seg-
ments and radii of the network at the endpoints of the segments (Fig. 4.1b). The process
of creating these segments from a raw data format is called skeletonization [111], often
employed in the fields of computer graphics [136] and neuroscience [137, 138]. Formally,
a skeleton representation S of a physical network is a graph whose set of vertices V cor-
respond to points in space and set of edges £ correspond to segments connecting point
pairs. Therefore each vertex i € V has a set of coordinates r; = (x;,y;, 2;) and a radius p;
associated to it. Figure 4.1b shows the skeleton of Fig. 4.1a.

The radius p; captures the thickness of the physical network at each vertex . Therefore,
we can approximate the original occupied volume of a segment connecting vertex ¢ with
radius p; and vertex j with p; as a truncated cone, and the full volume of the network is
approximated by the sum of these truncated cones. More specifically, for each edge (i, j)
in S we add a truncated cone with axis (r;, r;) and parallel faces with radii p; and p; which
has volume:

- 1
Vvseg(%.]):gW(p?—i_p?—i_plpj)’rl_rj‘ 4.1)
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Three-dimensional physical network data obtained from experiments is routinely skele-
tonized, and the skeleton of the network is published together with the raw data. In fact,
all but one of the 15 data sets that we study here was skeletonized by the original authors,
the only exception is the anthill imprint provided to us as a surface mesh which we skele-
tonized using the Tangent-ball [139] algorithm from the Skeletor Python module [138].
The experimental setup and the choices made during the skeletonization may affect our
analysis which is performed on the skeleton. For example, increasing the number of skele-
ton segments N, increases how well the skeleton approximates the original shape of the
network. However, increasing N, also increases the size of the data set, hence increasing
the computational burden of the analysis. To improve the uniformity of the data sets, we
perform two pre-processing steps:

1. Merging segments: If two consecutive segments (r;, r;) and (r;, r)) appear parallel
to each other in the data set, we merge them into a single segment (r;, ry) (see
S14.7.3).

2. Skeleton healing: Due to noisy data, a skeleton may be disconnected even when it
represents a single continuous object in reality. For example, a skeleton of a neuron
may appear to have multiple components. To remedy this, we add a segment to
connect the two nearest skeleton vertices from two disconnected components. We
repeat this step until the skeleton becomes connected.

Following these pre-processing steps, the number of segments V., in a skeleton, as shown
in Fig. 4.1e, spans three orders of magnitude from mitochondrial networks, which have
approximately 10® segments, to fruit fly neural networks which have up to 10° segments.

4.2.2 Network structure

A physical network is a continuous object embedded in Euclidean space, to characterize
this object as a network we must separate it into discrete nodes and links. For this, first
note that all 15 data sets that we collected can be seen as a collection of tube-like objects
bound together at junction points. Hence, we define the junction and terminal points of the
tubes as physical nodes and the non-branching tubes pairwise connecting these terminal
and junction points as physical links. A motivation for this definition is that cutting a
physical link (i.e., a tube) at any point along its length causes the same disruption to the
connectivity of the network.

More formally, for a skeleton representation S of a physical system, we define each phys-
ical node to correspond to a skeleton vertex ¢ with degree k(i) # 2, and each physi-
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cal link to corresponds to a path in the skeleton given by the ordered set T (ig,7;) =
[(%0,71), (1,12), . .., (4—1,%)], such that k(io), k(i;) # 2and k(i;) = 2forj =1,2,...,1—
1.

With the above definition of nodes and links, we can talk about the abstract or combi-
natorial network G of the system which captures its connectivity without the physical
structure. The skeleton S is one possible physical realization of the abstract network G;
however, there are many possible physical realizations of the same G. In general, we are
interested in understanding the relationship between the physical layout captured by S and
the network structure captured by G.

As an example consider the physical network shown in Fig. 4.1a which consists of three
tubes bound together at a single junction point. Its skeleton representation (Fig. 4.1b),
therefore, has three vertices with degree 1 corresponding to the terminal points, one vertex
with degree k = 3 corresponding to the junction point, and several vertices with degree
k = 2 tracing the trajectory of the tubes. This means that the network consists of four
physical nodes and three physical links, and its abstract network is a star (Fig. 4.1c¢).

Finally, note that for a given skeleton S, the above definition of physical nodes and links
is not the only viable definition. For example, in a neural network, it is natural to treat a
neuron as a physical node and synapses between them as links, as individual neurons can
have complex three-dimensional shapes that can be represented by a skeleton itself. More
generally, subgraphs of a large S may represent functional units in a physical network and
it can be useful to treat these functional units as physical nodes [9]. Note, however, that
our definition of the abstract network G provides the most detailed picture of the system’s
connectivity, and other definitions can be thought of as coarse-grained versions of G.

With the skeleton representation and the definition of the abstract network at hand, we
are in the position to start our analysis. In the following sections, we first explore the
structure of the abstract networks of the 15 data sets, then we continue by characterizing
their physical properties, and finally, we investigate the relation between the two.

4.3 Abstract network properties

The above definition of physical nodes and links allows us to explore the properties of
the abstract networks capturing the connectivity of physical networks without their three-
dimensional structure; we focus on the degree distribution and motif frequencies.

The nodes in our physical networks are terminal and junction points, meaning that by con-
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struction nodes cannot have degree £ = 2, only degree £ = 1 or £ > 2. Figure 4.2a
shows the degree distribution p(k) of all 15 networks, and our main observation is that
most nodes have degree £ = 1 or £ = 3, and nodes with a larger degree are exceed-
ingly rare, i.e., p(1) + p(3) ~ 1. This means that junctions tend to be bifurcation points
along the tube-like physical links making up the network. This is in line with previous
empirical observations and theoretical predictions for neurons [140, 141] and transport
networks [142, 143]. The observed narrow degree distribution is in contrast with degree-
heterogeneous networks typically in the focus of network science and should be accounted
for by mathematical models of physical networks [8].

In graph topological terms, 7 out of 15 collected physical networks are trees: the individual
neurons, the anthill imprint, and the plant roots. Each bifurcation point with degree £ =
3 in a tree creates one new leaf node with degree £ = 1; therefore the fact that these
networks are trees together with the observation that most junctions are bifurcation points,
completely determines their degree distribution as p(1) =~ p(3) ~ 1/2. The remainder of
the networks contain cycles: The vascular networks have no terminal points, apart from
a few appearing due to finite sample size; therefore are almost completely composed of
k = 3 nodes. The mitochondrial network representing a network of molecular strands
has the highest fraction of £ > 3 nodes. Finally, the fruit fly neural networks represent
a collection of individual neurons which are trees, bound together by synapses, and their
degree distribution closely resembles that of trees.

To explore the local loop structure of the networks, we calculate the abundance of observed
4-node motifs. Namely, we focus on two motifs: the star motif and the 4-cycle. To
quantify their abundance, we calculate their Z-score compared to their degree-preserving
randomized counterparts:
Nge — (Ng
e = e ) (4.2)

Os/c

where ny. is the number of occurrences of the star and 4-cycle motifs in the original net-
works, and the expected value (ny.) and standard deviation oy, is estimated by creating
200 independent randomizations [144], while keeping the degree sequence fixed. Fig-
ure 4.2b shows the scatter plot of zs and z. for the 15 networks. As expected, in tree
networks containing no cycles the star motif is slightly over-represented z; > 0, and the
cycle motif is slightly under-represented z; < 0, while for networks containing cycles,
we find the opposite. The highest abundance of 4-cycles is observed for the networks
representing different brain regions of the fruit fly brain.

Based on the degree distributions and motif profile of the abstract networks, the physical
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networks fall into three broad categories: (i) topological trees (the individual neurons, the
root systems, and the anthill tunnel imprint), (ii) lattice-like networks that are characterized
by a loopy structure and few terminal points (the vascular networks and the mitochondrial
network), and (iii) linked trees which are a collection of trees bound together by additional
links (the fruit fly brain regions).
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Figure 4.2: Abstract network properties. (a) The abstract networks are composed of
terminal and bifurcation points; therefore, their degree distribution is mostly concentrated
on k = 1 and k = 3. More specifically, lattice-like networks, such as vascular and mito-
chondrial networks, are mostly made up of branching nodes (degree & = 3). For the rest
of the network, nodes with £ = 1 and £ = 3 are approximately evenly split, as expected
for tree networks. (b) We calculate the z-scores of four-node star and cycle motifs of the
original networks compared to random networks with the same degree distribution. Mark-
ers are the average of n, = 200 independent randomizations, and error bars representing
the standard error of the mean are smaller than the marker size. Both axes are symlog
axes, i.e., linear from -1 to 1, log otherwise for both positive and negative values. The star
motif is slightly over- and the cycle motif is slightly under-represented in tree networks
(green markers), as expected. In contrast, stars are under and cycles are overrepresented
in both lattices (blue markers) and linked trees (red markers). The overrepresentation of
the 4-cycle motif reflects the presence of periodic structures in lattices and highlights the
existence of local cycles formed by synaptic connections in the fruit fly brain networks.
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4.4 Physical properties

In the previous section, we measured properties of the abstract network capturing the con-
nectivity of the 15 physical networks. We continue our investigation focusing on the phys-
ical properties of the system: we characterize the three-dimensional shape of the system
without considering the abstract network.

4.4.1 Space filling and fractal dimension

A fundamental property of a physical network is its space-filling, i.e., the amount of vol-
ume it occupies from the available space. We expect that networks that are tightly packed
in space are strongly affected by physicality [6, 8, 9], although the study of random physi-
cal networks built from straight links suggests that volume exclusion can play a significant
role even for diminishing small space filling [8]. Many real physical networks have ir-
regular shapes, hence much of their bounding box is unoccupied. Therefore, instead of
measuring space-filling globally, we divide the axis-aligned bounding box of each physi-
cal network into rectangular boxes. We then measure the local space-filling in each box ¢

as V ()
. 0ocCC /L
o) = 5 =

where V. (7) is the volume of the intersection of the network and box i and Vi is the
volume of the rectangular box. The distribution of ¢(i) depends on the choice of Vi;
therefore, to ensure consistency, we set them separately for each data set such that every
bounding box is splitinto a 10 x 10 x 10 grid of boxes (see SI14.7.5). Figure 4.3a shows the
distribution of ¢ for all 15 physical networks, revealing that the physical networks fill out
the space with mostly sparse regions and fewer denser regions. Therefore we expect that
physicality will also affect the network structure unevenly: volume exclusion can limit the
number and shape of links in dense regions.

(4.3)

To further characterize the shape of the networks, we calculate their box-counting fractal
dimension Dy, which compactly describes the space-filling of a physical object on multiple
scales [37, 38, 39] and is widely used to characterize the shape of complex biological
systems [39, 145]. Possible values of Dy for connected networks range between 1 and the
embedding dimension D = 3, Fig. 4.3b shows Dy for the 15 networks, we find that both
lattices and linked trees have Dy Z 2, while trees are typically characterized by Dy $ 2,
except for the anthill imprint. The fractal scaling spans at least two orders of magnitude
of length scales (see SI 4.7.5), again pointing towards regions of high and low physical
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density at different resolution levels.
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Figure 4.3: Space-filling and fractal dimension. (a) The boxplots of local space-filling
¢ show the coexistence of mostly sparse and fewer dense regions, where the vertical lines
indicate the median, the boxes span the 25th-75th percentile range, and the whiskers ex-
tend to 1.5 times the interquartile range. (b) The fractal dimension of physical networks
Dy ranges between 1 and the embedding dimension D = 3. Linked trees (red) and lattices
(blue) have fractal dimension values between Dy ~ 2.0 and Dy ~ 2.3, while trees (green)
have more variation, ranging from Dy ~ 1.5 to D; ~ 2.0 (except for from the anthill im-
print). We estimate Dy using the box-counting method, the error bars indicate the standard
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deviation of the local scaling estimates (see SI 4.7.5).
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4.4.2 Link volume and shape

The distribution of space-filling and the fractal dimension characterize the shape of physi-
cal networks as a whole. In this section, we continue by quantifying the shape of individual
links; we focus on their volume and their straightness.

The skeleton describing the three-dimensional shape of a physical network is composed
of straight segments connecting pairs of skeleton vertices and a radius associated to each
skeleton vertex, allowing us to approximate the volume belonging to a segment in Eq. (4.1)
as a truncated cone. The total volume of a link (3, j) is then:

1
‘/total

(v,w)€(i,g)

Viink(@j) - ‘/;eg(vv w)7 (44)

where Vi, (v, w) is the volume of each segment tracing the link (¢, j). We normalize the
link volume by the total volume of the network Vi, setting the unit of measurement.
We find that linked trees, or the fruit fly neural networks, have consistently high link
volume heterogeneity, as their distributions span 6 to 8 orders of magnitude, which is
higher compared to most lattices and trees (Fig.4.4a).

We also measure the aspect ratio of physical links a(i,7) = pink(?,5)/bink (4, 7), where
pink 18 the average radius and [y (7, j) is the length of link (i,5). We find the largest
average aspect ratios for one of the fruit fly networks and the anthill (med(a) ~ 0.3),
while med(a) is substantially lower for other data sets (see SI Table 4.1). Overall, this
confirms that physical links are elongated tube-like objects.

Since physical links are tube-like objects, we can capture most of their shape by character-
izing their one-dimensional trajectory. Here, we calculate the deviation of the link trajecto-
ries from a straight line, quantifying how curved a link is. For this, we rely on a measure of
straightness introduced originally in the context of geographical networks [146], namely
we calculate the complimentary straightness for each link

=, . |I“z' - 1V‘|

S(i,j)=1—-——4, 4.5)
(0.9) hink (2, )

where |r; — r;| is the Euclidean distance between nodes ¢ and j and [ (7, j) =

> (vw)e(ij)[Tv — Twl is the length of the physical link (i, j). The complimentary straight-

ness S(i, j) is 0 if the physical link is straight and close to 1 if it follows a winding trajec-

tory much longer than the straight path between the two points.
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Calculating the median of complimentary link straightness distribution, med(.S), reveals
that links in all of the 15 physical networks tend to follow a trajectory close to a straight
line: most networks have med(S) =~ 0.1, meaning that the length of links is most often less
than 10% longer than the optimal straight trajectory. Similarly to link volume heterogene-
ity, linked trees tend to cluster together and are among the networks with the straightest
links with med(S) = 0.05. Reference [21] introduced random linear physical networks,
a minimal model that constructs a physical network from straight cylinders. The fact that
we observed an abundance of straight or close-to-straight links lends support for using
such linear physical network models to understand the role of physicality in real networks.
Note, however, that although most links are close to straight, the distribution of S is right-
skewed as seen in Fig. 4.4, which points to a smaller fraction of links that significantly

deviate from a straight trajectory (see SI Table 4.7).

Finally, we computed the correlations between link straightness S(i, j) and the total link
length (7, j) and volume Vi (7, j) for each data set using Kendall’s rank correlation
coefficient 7 [147]. Figure 4.4b shows that for all networks, there is a positive rank cor-
relation 7 > 0 between S(i, j) and [y (4, §), indicating that longer links tend to follow
a more winding path. We also observe a positive correlation 7 > 0 between S(i, j) and
Viink (4, j), since longer links tend to have larger volume. The only exception to this is the
fruit fly neural networks, for which S(i, j) and Vi (7, j) are negatively correlated 7 < 0.

One possible cause contributing to the negative correlation is that fruit fly neural networks
are composed of neurons that have large somata, which are represented in the data set as
short, yet high-volume segments (see SI 4.7.2).
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Figure 4.4: Link shape, length, and volume. (a) Box plots of S and Vj,,, where the
vertical lines indicate the median, the boxes span the 25th-75th percentile range, and the
whiskers extend from the 0.1th to the 99.9th percentile. We find that the bulk of the
distributions fall in the range between med(S) = 0 and med(S) = 0.1, indicating that the
networks are mostly composed of close-to-straight links. Link volume Vj;,x distributions
span a wider range for linked trees and are the most narrow for lattices. (b) By computing
Kendall rank correlation 7 between link complementary straightness S, link volume Vi
and link trajectory length [j;,x, we observe a consistent trend of 7 > 0, meaning that longer
and more voluminous links tend to have more winding paths. This trend is only reversed
for the fruit fly networks, which have 7 < 0 between S and Vji,x. This could be explained
by neuron somatas, which are represented as high-volume, straight links composed of a
small number of skeleton segments.
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4.4.3 Link confinement

In the previous sections, we found that space-filling and link properties are heteroge-
neously distributed: most regions of space are sparse and most links are close-to-straight,
yet there exists dense regions of the network and a small fraction of links follow paths
that deviate from a straight line significantly. This suggests that volume exclusion or other
repulsive physical interactions may also play an uneven role in shaping the network. To
further investigate this hypothesis we devise a quantity that captures the confinement of a
link by other components of a network.

A link (i, j) following a trajectory 7 (7, j) in a real physical network obeys volume exclu-
sion: it does not overlap with other links. Our strategy to quantify the role of repulsive
forces that may shape 7 (i, j) is to calculate the number of overlaps with other links for a
random ensemble of synthetic links that follow similar trajectories to 7 (¢, j). If the syn-
thetic links typically overlap with many other links, the trajectory 7 (i, 7) is an outlier and
must be shaped by forces not captured by the random ensemble.

The trajectory of a physical link (7, j) in our data sets is given by the ordered set 7 (4, )
of oriented three-dimensional segments. To generate the random trajectory 7;(,j), we
shuffle the order of the segments while maintaining their orientation and length, creat-
ing a uniform random permutation of 7 (4, j). The randomization preserves the endpoints
and the total length of the link, but otherwise removes any correlation between subsequent
segments (see SI S4.4.); therefore, the possible link trajectories 7;(4, 7) have the same com-
plimentary straightness S as the original link. Next, we estimate I(i, j; [, k), the expected
fraction of intersections between the randomized link 7;(7, j) and a non-randomized link
T (k,1). To quantify the confinement of the link (4, j), we sum up the expected fraction of
intersections with other links:

CG,j)= > I(i, il k) +I(I ki, ), (4.6)
k4,5

where the first term corresponds to intersections when link (4, j) is randomized, and the
second term corresponds to intersections when link (I, k) is randomized. Note that the
summation in Eq. (4.6) excludes links that share an endpoint with (i, j). We do this to
exclude trivial intersections from the count, since adjacent links (¢, j) and (j, k) necessarily
overlap at the junction point j even for non-randomized link trajectories.

The procedure of calculating C'(4, 7) is illustrated by Fig. 4.5a: we start with a link (green)
surrounded by two neighboring links (red and blue). The figure shows n; = 2 randomiza-
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tion trials of the green link: In trial one, the randomized link intersects the red link, but
not the blue. In trial two, the randomization creates an intersection with the blue link; the
two links, however, are adjacent (they share a junction point), hence the intersection is not
counted. In this particular example, the contribution to the link confinement measure from
the randomization of the green link will be:

0+1

I(green,red) = —5 0.5 4.7)
I(green, blue) = OQLO =0 (4.8)

To complete the calculation of C'(green), we also need to randomize the red link to es-
timate /(red, green) in the same manner, while /(blue, green) = 0 by definition. Fi-
nally, the confinement of the green link is obtained by summing up the contributions, i.e.,
C'(green) = I(green,red) + I (red, green).

Collision detection between link trajectories is a computationally expensive task, in prac-
tice we randomize each link n, = 20 times (and n, = 5 for the fruit_fly_1 network) and
we rely on an efficient collision detection algorithm leveraging kd-trees [148] (see SI4.7.5
and S14.7.6).

Figure 4.5b shows a large variation in link confinement C'. Across all networks, physical
links are characterized by C' =~ 0, indicating that these links are not affected by the physi-
cal proximity of other components of the network. However, we also find highly confined
links with C' > 10 and even C' > 100 expected intersections, suggesting again that phys-
icality tends to play a heterogeneous role in forming networks. In particular, the linked
tree networks typically have heavy-tailed link confinement distributions (see SI 4.7.7). In
terms of absolute counts, the linked trees or the fruit fly neural networks show the highest
values of link confinement. This can be explained by the fact that these networks are com-
posed of multiple neurons, hence in these networks, we have more complete information
about the physical environment of the links, compared to networks that describe single
neurons.
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Figure 4.5: Link confinement. (a) To quantify volume exclusion at the link level, we
introduce link confinement C, the expected fraction of intersections after randomizing a
link’s trajectory. To estimate C of the green link, we randomize its trajectory twice. In trial
#1, the green link intersects the red link, while in trial #2, it intersects the blue link. The
blue link, however, shares an endpoint with the green link; therefore their intersection is
not counted. (b) The distribution of C' for each physical network. The y-axis is shown on
a logarithmic scale, while the x-axis is linear. There are many links with link confinement
values close or equal to C' = 0, and typical values of link confinement are around C' ~ 10,
and only for the fruit fly networks, there are links with link confinement values C' > 100,

non - adjacent
physical contact

Trial #1
—
Adjacent link
Original link
./\. adjacent physical
contact @,
Non-adjacentlink |
.
. ¢
Trial #2 .
[ root_1 104 | 3 root 2 104 [0 h_neuron 104 | [ z_neuron 104 [ m_neuron
"”“M"Im 104 10! m 104 h 10!
0 10 0 10 0 5 0 5 0 5
[ r_neuron 104 | [ anthill 104 B vascular_1 104 | B vascular_2 104 B vascular_3
m 10! 10! il 101h 10!
0 10 0 50 0 20 0 10 0 10
B mitochon 104 | = fruit_fly 1 104 = fruit_fly_2 104 | = fruit_fly 3 104 = fruit_fly 4
| 10t 10t 10t 10t
0 2 0 200 0 200 0 100 0 100

Link confinement C

indicating highly confined links for the linked tree networks.
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4.5 Link confinement correlation profiles

In the previous section, we defined the link confinement C' as the expected fraction of in-
tersections if a link would follow a random trajectory, allowing us to identify links whose
trajectory is most affected by repulsive forces in the network. Here, we characterize the
properties of such confined links by calculating the Kendall rank correlation 7 between
the link confinement C' and other link properties. Specifically, we focus on the (i) phys-
ical properties, complementary straightness S and link volume Vi (ii) abstract network
properties link betweenness By, and link degree ki (7, j), where the latter is defined as
the sum of the degrees of the endpoints of link (i, 7).

Figure 4.6 shows the correlation profiles of all 15 networks. A persistent pattern we ob-
serve is the positive correlation between link confinement C' and link volume Vj;,c. This
is expected since larger links have more opportunities to intersect or be intersected by
neighboring links. On the other hand, correlations between link confinement and straight-
ness show a more curious pattern: we observe that most networks tend to have positive
and significant correlations 7 between the link confinement C' and link complementary
straightness S, as expected, indicating that more winding links are also more confined.
However, for linked trees (fruit fly neural networks) we find a negative 7 between C' and
S. To explain this, recall that in the fruit fly neural networks, we found a negative cor-
relation between S and Vi, and a positive correlation between S and [ (Sec. 4.4.2).
This means that short links tend to be more confined due to their large volume, while also
following a straighter path.

For correlations between link confinement C' and the abstract network properties, such
as link betweenness By, and degree £y, we find consistent and significant positive cor-
relations for fruit fly neural networks. This indicates emergent correlations between the
three-dimensional layout and abstract network properties of physical networks: more cen-
tral links in the abstract network tend to be more confined in physical space. For lattice-like
networks and trees, we find less consistent and weaker positive correlations. Overall, we
are able to show that the abstract network structure and physical layout are intertwined
for networks where we have sufficient information about the surrounding environment of
the physical links, such as the fruit fly neural networks, which contain multiple neurons in
close proximity with each other.
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Figure 4.6: Link confinement correlations. We compute the Kendall rank correlation 7
between the link confinement C' and the physical and abstract network properties of links,
obtaining a correlation profile for each physical network. Across all datasets, except some
trees, link volume Vj,x and link confinement C' have a statistically significant (p < 0.01)
moderate positive relationship. We also find a significant association with complementary
straightness S, which is positive for lattices and trees, and negative for linked trees, con-
sistent with the correlations between Vi, and S (Fig. 4.4). For the linked trees, which are
the data sets with the most complete information about the environment of the physical
links, we find a significant positive association between the centrality of the links in the
abstract network (link degree kj,x and link betweenness Bj,c) and their link confinement

C.
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4.6 Discussion

Experimental data describing the three-dimensional shape of physical networks is increas-
ingly becoming available, and the growth in the number and size of these data sets is
expected to continue: connectome of the human brain consists of ~ 10*! [50] neurons and
fungal mycorrhizal networks are estimated to span ~ 10'” km in Earth’s soil [149]. The
new data calls for extending the toolset of network science to analyze, model, and under-
stand how the three-dimensional layout and physical interactions shape the structure and
function of physical networks. Here, we contributed to this effort in three distinct ways:
(i) We collected and standardized 15 data sets describing the three-dimensional layout of
physical networks from diverse domains. (ii) We characterized the structure of both the
abstract network and physical layout of the 15 systems using descriptors such as the de-
gree distribution and fractal dimension. (ii1) We introduced link confinement as a method
to quantify how physical interactions shape link trajectories in physical networks, allowing
us to investigate emergent correlations between physical and abstract network properties.

Our work may support future research on physical networks in several ways. First, we pro-
mote the use of labeled skeleton graphs to represent both the layout and the connectivity
of physical networks. The skeleton captures the shape of the network, while the labeling
identifies the physical objects corresponding the the nodes and links of the abstract net-
work. Here, we focused on treating junction points in the skeleton as nodes and sequences
of segments connecting them as links; however, the labeled skeletons are not limited to
such interpretation. For example, sub-graphs representing larger functional units, such as
neurons in the brain, can be identified as physical nodes.

Second, our results also inform theoretical models of physical network growth. Recent
work that modeled physical nodes as spheres and links between them as tubes [6, 8]. We
found that most physical links follow close to straight trajectories, suggesting that linear
physical network models where links are straight cylinders are indeed a useful class of
models to understand physicality in networks. On the other hand, these physical network
models generalize the classic Erd6s-Rényi and Barabési-Albert models to physical space
and thus do not restrict the node degree. We, however, found that junction points in real
physical networks almost exclusively have degree three, a fact that must be accounted for
by future models. Note that to obtain real physical networks with non-trivial degree distri-
butions one must abandon identifying junction points as nodes, instead we must identify
larger sub-graphs of the skeleton as physical nodes. In more formal terms, these networks
can be modeled as a network-of-networks: we represent each physical node as a skeleton
that has junction points with degree 3, and these physical sub-networks are bound together
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to form a network-of-networks with no restriction on the number of connections a sub-
network can make with other sub-networks [9]. Future work may explore the relationship
between the network-of-networks representation and the more fine-grained junction net-
work representation.

Finally, we quantified the physical confinement of individual links by comparing the path
that links follow to randomized trajectories, allowing us to identify correlations between
physical and abstract network properties. In general, understanding the relationship be-
tween physical shape and abstract network structure is one of the key challenges of physi-
cal network research [8, 9, 150]. Future work may rely on other spatially randomized null
models and abstract network measures to probe the relation between the two.

Our work is limited by the scope of the available data sets and computational constraints.
First, our data sets do not contain information about the environment the networks are em-
bedded in; therefore, we can only investigate interactions between the components of the
network and not interactions between the networks and their surroundings. For example,
we found the strongest relationship between link confinement and abstract network struc-
ture for the fruit fly neural network data sets and we found a weaker or no relationship for
individual neurons. This is likely due to the fact that the fruit fly data sets contain multiple
neurons, thus capturing more of the environment of individual physical links. Future work
may consider more complete data sets as they become available or theoretical models of
network growth could incorporate non-trivial environments.

4.7 Supplementary Information

4.7.1 Data sets

In this section, we provide a summary table of data sets, along with a subsection providing
more details about every data source.

4.7.2 Data sets Summary
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Data set Mink Nrode | Nseg Iseg Pseg Useg Category| Source

h_neuron | 631 632 38340 | 1.16 £ | 0.11 &= | 0.1 =+ | tree [134]
0.07 0.00 0.01

r_neuron | 185 186 | 4536 2.21 £ | 046 £ | 0.22 & | tree [133]
1.98 0.19 0.27

m_neuron | 154 155 16814 | 0.36 £ | 0.23 &= | 0.62 £ | tree [132]
0.28 0.15 0.3

z_neuron | 307 308 2867 1.51 £ 0.34 £ | 0.22 & | tree [135]
1.24 0.12 0.19

anthill 15240 | 15241| 29387 | 16.4 £ | 9.61 &= | 0.59 £ | tree [151]
8.38 3.17 0.3

root_1 975 976 5621 25.66+t | 4.69 £+ | 0.18 £ | tree [130]
0.61 5.11 0.2

root_2 410 411 2132 3849+ | 7.2 +£ ] 0.18 &+ | tree [130]
12.56 7.47 0.2

fruit fly_1 | 100388| 97588| 535611 | 48.5 £ | 19.8 + | 0.41 & | linked [127]
49.2 17.38 0.19 tree

fruit_fly 2 | 32121 | 31408| 181068 | 48.99+ | 20.0 & | 0.41 £ | linked [127]
46.06 15.86 0.2 tree

fruit_fly 3 | 49599 | 49233| 121318 39.6 &+ | 18.38% | 0.49 £ | linked [127]
41.97 20.2 0.27 tree

fruit_fly 4 | 34987 | 32749| 138488 | 41.57+ | 16.97+ | 0.41 £ | linked [127]
41.57 17.85 0.19 tree

vascular_1 | 2359 1558 | 17935 | 4.69 &= | 3.0 =+ | 0.62 £ | lattice [4]
1.62 1.22 0.33

vascular_2 | 1300 862 16078 | 3.91 £ | 3.17 &+ | 0.83 £ | lattice [4]
1.11 1.41 0.45

vascular_3 | 1181 789 12487 | 5.1 £ | 2.96 &+ | 0.61 £ | lattice [4]
1.95 0.97 0.31

mitochon | 73 59 847 0.09 & | 0.11 £ | 1.17 £ | lattice [31]
0.06 0.02 0.67

Table 4.1: Data sets summary. For each data set, we provide the total number of physical
nodes N (1.€., junction and terminal points in the skeletonized representation), physical
links Ny and skeleton segments V.. We also provide the segment statistics - segment
length /.., segment radius psg, and segment aspect ratio ag, along with the abstract net-
work categories and sources. For quantities with &, we used the median and interquartile
range (difference between the 75th and 25th percentile) to quantify their variation.
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Anthill imprint

The anthill imprint (named anthill) was created as an art project by casting a fire ant colony
with molten aluminum, the resulting cast was then scanned by the artist and provided to us
as a surface mesh [151]. We skeletonized the mesh using the maximal tangent ball method
implemented by the Skeletor Python package [129]. The anthill imprint network is a tree
(i.e. it does not contain cycles) with a single exception where two branches of the tree
became connected; this single cycle, however, is ignored by the skeletonization algorithm.

There are several potential explanations for the tree structure of the anthill imprint, based
on the available studies, which are not directly related to this dataset:

1. Energy efficiency—a tree minimizes tunnel length, saving time and labor, especially
in small colonies, where loops rarely appear [152].

2. Digging behavior—ants follow local excavation rules, extending tunnels step by
step. Forming a loop would require two digging fronts to meet underground, which
is unlikely without centralized planning [153].

3. Structural stability—a tree-like layout provides strong load support, with branched
tunnels acting as pillars and arches that resist collapse [153, 154].

These factors could potentially explain why the original nest, and thus its imprint, lacks
cycles.

Vascular networks

Each vascular network data sets (named vascular_1, vascular_2 and vascular_3) describes
the vessels in a 600 x 600 x 662 pm sample of mouse cortex [4]. The data is provided by
the authors as a skeleton including radii at the skeleton vertices.

Mitochondrial network

The mitochondrial network (named mitochon) represents the mitochondrial reticulum in a
yeast cell [31]. The data set was published by the authors both as a skeleton and as a mesh
representing the surface. The authors did not provide the radii at the skeleton vertices;
therefore, we extracted a radius for each skeleton vertex based on the surface mesh using
the Skeletor Python package [129].
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Root systems

The root networks (root_1 and root_2) describe the root system of a Cryptomeria japon-
ica tree [130]. The data is originally shared as a skeleton including radii at the skeleton
vertices.

Individual neurons

In total, four neurons were obtained from NeuroMorpho.Org [155] a centrally curated
database of digitally reconstructed neurons associated with peer-reviewed publications.
Specifically, we characteize neuron of a rhesus monkey [132], a rat [133], a human [134]
and a zebrafish [135] (named m_neuron, r neuron, h neuron and z neuron, respec-
tively).

Fruit fly brain regions

The Hemibrain project mapped a large portion of the fruit fly Drosophila melanogaster
brain, providing a three-dimensional reconstruction of approximately 25,000 neurons and
20 million synapses [5]. We obtained the skeletonized neuron morphology and synapse
data via the publicly available NeuPrint API [127].

To manage computational complexity, we focused on four anatomically defined brain re-
gions (neuropils): POC (Posterior Optic Commissure), GF(R) (Giant Fiber Right), mALT(L)
(Median Antennal Lobe Tract, Left), and GC (Great Commissure). These regions were se-
lected for their high density of reconstructed neurons, well-documented connectivity, and
practical dataset size, offering a balance between analytical relevance and computational
tractability.

Each synapse in the dataset is annotated with precise spatial coordinates and assigned to a
specific brain region [5]. We used this to define neuron inclusion: neurons were selected
based on their synaptic activity in a given region rather than their entire morphology. Us-
ing the same methodology as in Sec. 3.8.2, we retained entire neuron skeletons without
truncation to preserve the physical structure. Initially, we applied a 1-synapse threshold,
including any neuron with at least one synapse in the region, which led to excessive dataset
size. To reduce the resulting network size, we adopted a 10-synapse threshold (10 input
and 10 output synapses), which helped filter out weakly connected or incomplete neurons
and kept only those with meaningful connections. Moreover, since branching points were
treated as physical nodes, this resulted in networks with around ~ 10*nodes, which were
large enough for detailed analysis, but still computationally manageable.
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We performed two additional data processing steps:

1. Due to noise, the skeleton of a neuron may appear disconnected in the data set. To

ensure that each neuron is a connected subgraph of the network, we heal each neu-
ron individually: We iteratively merge disconnected components of the neuron, by
adding a new segment between their closest points, until a single network compo-
nent remains.

. In the original data set the shape of each neuron is provided by a separate skeleton,

these individual skeletons are disjoint. The location of each synapse is provided by
two coordinates: the location of the presynaptic site and the postsynaptic site, the
former belonging to the neuron sending the signal, the latter to the neuron receiving
the signal. In the data set, the synaptic sites do not correspond to skeleton vertices.
To form one connected physical network, we bound together neuron pairs that share
a synapse by adding three new skeleton segments: one segment for each neuron that
connects the closest vertex of the skeleton to the presynaptic or postsynaptic site, and
one segment that bridges the two synaptic sites. The radii of the segments are chosen
as the minimum radius of the segment for each neuron. Note that two neurons
typically connect through more than one synapse and that the resulting network will
be fully connected, with no isolated neurons.

Table 4.2 summarizes the number of neurons, number of synapses, links, and nodes re-

tained for each network in each region, following these data processing steps.

Data set Region N, neuron Nsynapse ]V]ink N, node

fruit_fly_1 POC 96 6249 100388 97588
fruit_fly 2 GF(R) 10 1947 32121 31408
fruit_fly 3 mALT(L) 20 429 49599 49233
fruit fly 4 GC 28 13079 34987 32749

Table 4.2: Fruit fly neural network data sets. We chose 4 regions of interest in the
Drosophila melanogaster brain, which had a specific number of neurons N,eyron associated
with them and total number of synapses Nynapse, given our criteria of connectivity (at least
10 in-going and 10 out-going synaptic connections). Additionally, we provide the total
number of abstract network links Ny« and the total number of abstract network nodes

N, node-
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Figure 4.7: Link volume-length correlations. In Fig.4.4 of the main text, we show that
there is a negative rank correlation between link volume and length. To better understand
this counter-intuitive finding, we show here the number of segments used to represent
physical approximately follows an exponential distribution (upper row). Links represented
with Z 5 segments have a higher volume as the number of segments increases. For links
with < 5 segments, the trend is reversed. This at least is partially explained by the presence
of the neurons somata, represented in the skeleton as short segments with a large radius.

61



CEU eTD Collection

4.7.3 Data processing

In this section, we provide details about the skeletonization algorithms and data pre-
processing steps that we take to increase the uniformity of the empirical data sets and
to allow efficient collision detection.

Skeletonization

The three-dimensional shape of physical networks can be represented using different data
structures, such as point clouds, 2D and 3D meshes [156, 157], and volumetric images
(voxels) [158], which are often transformed into a more computationally efficient format
via skeletonization algorithms [111]. Skeletonization aims to represent the shape of a 3D
object using a collection of straight segments, making it particularly useful for describing
elongated objects, such as physical links. Although there are many skeletonization meth-
ods that vary in details and how their quality is assessed, a typical skeletal representation
aims to trace the medial axis of a 3D object, i.e., the locus of the centers of all inscribed
spheres of maximal radius [111, 137]. Skeletal representations of physical networks are
routinely published together with 3D imaging data. In fact, all but one of the 15 data set
were skeletonized by the original authors. The only exception was the anthill imprint,
which we skeletonized using the Skeletor Python package [138].

Merging paralleled skeleton segment pairs

Since some data sets contained sequentially connected, parallel skeleton segments, this
wouldn’t accurately represent the separate components of the links, and would therefore
influence the computation of the link confinement C'. To address this issue, we perform
the following steps on an example link (k,():

1. We compute path length i, of the (k,[) link, as a sum of all segment lengths /g,
that compose that link.

2. For each consecutive pairs of segments of [(ig, i1), (i1, i2)...(¢n_1, i, )] that compose
a link (k, () the cosine of the angle between them is computed. For example, we can
have subsequent segment pairs (ig,4;) and (i1, 42), with their respective direction
vectors n and m. We calculate cos(6)mn = fmitay> Where m - n is the dot product

between their direction vectors and |m| and |n| are their lengths.

3. All segment pairs are ranked based on the cosine of the angle between them in de-
scending order. The top-ranked (highest value) pair of segments are merged into a
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single segment. For example, merging segments (ig, ;) and (i1, i2) results in seg-
ment (i, i), and now link (k, ) is composed of segments [(ig, i2)...(in_1,in)]-

4. Steps 2. and 3. are repeated until the total path length [y, of the link (k,[) would
decrease after the next merge.

Note that using the above stopping criteria only merges completely parallel consecutive
skeleton segments; therefore it does not result in any loss of information.

A more relaxed stopping criteria would reduce the size of the skeleton at the price of de-
creasing how well the skeleton approximates the original neuron volume. Merging skele-
ton segments is related to the concept of persistence length from polymer physics [159],
which roughly quantifies how long a segment can be before we can stop treating it as a
stiff rod.

Labeled Point Clouds and KD-Trees

The computation of space-filling ¢, fractal dimension D, and link confinement C' require
identifying physical intersections (collisions) that might occur between two physical links
or a physical link and the side of a cube. We relied on collision detection methods utilized
in computer graphics to identify physically intersecting objects [160]. More specifically,
we developed a custom algorithm that utilizes kd-trees to efficiently detect overlapping
physical objects [148]. A kd-tree is a data structure that partitions space and allows to
query points that are in the physical proximity of each other. Hence to detect overlaps, we
transform physical links into point clouds, arrange the points in a kd-tree, and if the points
representing two distinct links are closer to each other than a threshold, we conclude that
the links overlap.

Segment to point cloud transformation
To transform the skeleton segments to a point cloud, we perform three following steps:

1. First, for each segment starting at the r; and ending at r; with radii p; and p; at
the endpoints, a line of points is created in the direction r; — r;, with the distance
between the points is /,.;. We choose [, as the average skeleton vertex radius (p).

2. Second, we account for local thickness by generating points on circles perpendicular
to the line segment at each point, interpolating radii linearly from p; to p;. The

21

e W > to accurately represent

number of points on each circle is chosen as min (3, {
the surface of the truncated cone segment.

63



CEU eTD Collection

3. Finally, for segments where the endpoint diameters 2- p exceed s, additional points
are generated on concentric inner circles to fill these larger gaps in the bases of the
segments, ensuring that all segments are enclosed (contrary to being hollow),

By controlling the resolution /.. of the point cloud, we ensure that our representation of
volumetric data matches the resolution of the original data while remaining computation-
ally efficient.

Detecting intersections using kd-trees

Once the point cloud is created, a single kd-tree is constructed that stores all points. To
test whether a point r (e.g., belonging to a new physical link) intersects any of the existing
physical links, we query the kd-tree the point r at distance /s, which provides all points
whose distance from r is less than /... The labels of these points provide the physical links
that intersect r.
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4.7.4 Abstract network properties

Data set Dyt Fink Biink
root_1 87 | 5.0+20 | [2.05+16.24] x1073
root_2 34 [5.0+20| [4.87£28.7] x1073

h_neuron 49 [ 40+2.0 | [3.16 £18.78] x1073
Z_neuron 46 | 40+£2.0 | [6.49 +62.61] x1073
m_neuron 20 | 4.0+2.0 | [12.9 +49.94] x1073
r_neuron 21 | 4.0+2.0 | [10.75 £ 41.85] x10~*
anthill 343 [ 5.0+2.0| [0.13+1.05] x1073
vascular_1 27 | 6.0+0.0| [3.78 £4.34] x10~3
vascular_2 22 | 6.0+00 | [6.43+7.06] x1073
vascular_3 22 |6.0+0.0]| [7.04+7.27] x1073
mitochon 11 | 6.0+£0.0 | [57.62 +70.81] x1073
fruit_fly_1 602 | 6.0 2.0 | [0.06+0.25] x1073
fruit_fly 2 289 | 6.0+2.0 | [0.19+0.76] x10~3
fruit_fly 3 479 | 6.0+2.0 | [0.04 +0.49] x10~3
fruit fly 4 254 1 6.0+20| [0.18 £0.61] x1073

Table 4.3: Summary of abstract network properties. Having defined links and nodes in
our skeleton data, we provide the abstract network properties, where ki, is link degree,
D, 1s the network diameter and By is the link betweenness centrality. For quantities
with £, we used the median and interquartile range to quantify their variation (difference
between the 75th and 25th percentile).
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Figure 4.8: Abstract network degree distribution. Node degree %k has a very sharp
distribution centered around £ = 1 and £ = 3 with higher degree nodes being increasingly
rare. The nodes with degree > 3 in fruit fly networks are mostly junction points that
correspond to synaptic connections between two neurons and not internal branching points
of dendrites. Degree k = 2 nodes are not present by the definition of the abstract network.
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Dataset | n, ne | (ng) (ne) O o, 7 Z,

z_neuron | 185 0 179.60 0.70 5.85 0.86 0.92 -0.78
h_neuron | 395 0 388.65 0.60 9.30 0.72 0.68 -0.83
m_neuron | 129 0 117.94 0.70 12.39 | 0.93 0.89 -0.76
r_neuron | 92 0 88.47 0.60 2.84 0.80 1.24 -0.73
anthill 10488 | O 10481.94 | 0.70 4.44 0.85 1.36 -0.85
root_1 623 0 |617.71 0.70 4.69 0.80 1.13 -0.88
root_2 333 0 320.81 0.90 14.98 | 0.88 0.81 -1.02

fruit fly_1| 57169 | 222| 60354.6 | 0.76 6.50 | 0.83 -490.17 | 265.39
fruit_ fly 2| 18017 | 77 | 19658.4 | 0.81 6.93 0.82 | -236.83 | 93.30
fruit_fly_3 | 27785 | 33 | 27959.8 | 0.64 362 |0.76 | -48.32 | 42.80
fruit_fly 4 | 23722 | 286| 30522.1 | 1.04 21.70 | 0.97 -313.36 | 294.16
vascular_1| 1613 | 58 | 1726.0 2.30 4.83 1.61 -23.41 | 34.61
vascular_2| 853 29 | 930.8 2.06 4.74 1.39 | -1642 | 19.41
vascular_3| 709 21 | 786.9 2.02 4.06 1.36 | -19.19 | 13.92
mitochon | 36 1 | 443 1.39 4.37 1.07 -1.90 -0.36

Table 4.4: Four node motifs. To understand which motifs are over- or under-represented
in the empirical data, we compared the abstract network structure with the configuration
model (which is not affected by physicality) allowing multi-links. The table shows the
motif count of the original network n,., as well as the expected value (n,/c) and standard
deviation os/c of the motif counts in the configuration model and the corresponding z-
scores Z /.. We generated n, = 200 independent randomizations for each network.
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4.7.5 Physical properties

In this section, we provide details about how space-filling ¢ and fractal dimension Dy are
computed.

Space-filling
To compute the space-filling ¢ of physical networks, we perform the following steps:

1. We determine the axis-aligned bounding box of the network (the smallest box that
fully contains the network), which we further partition into equally sized rectangular
boxes, by splitting the bounding box into 10 equal segments along each dimension
in space, leading to a grid of 1000 rectangular boxes. Note the rectangular box sides
do not need to be equal.

2. For each rectangular box ¢ in the grid, we determine the number of segments that
have both endpoints inside.

3. The space-filling ¢ is calculated as the ratio of the sum of all segment volumes and
the volume of the rectangular box.

One possible issue with this method is that even though both endpoints of the segments are
inside the rectangular box, the segment might be thick enough to be physically larger than
the rectangular box. To avoid this, we have chosen rectangular box sizes large enough so
that the number of these cases is below 1%.

Fractal dimension

We use the box-counting method to compute the fractal dimension Dy of the physical
networks [161], by performing the following steps:

1. The physical network is transformed into a point cloud of minimum resolution /e
(Sec. 4.7.3).

2. We determine the axis-aligned bounding box (the smallest box that fully contains
the network), which we further split into equally sized cubes of side [, thus form-
ing a grid. To account for the fact that our cubes might not perfectly align with
the bounding box, we add one extra cube along each dimension to fully cover the
original bounding box.
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3. For all cubes, we check if at least 1 point from the point cloud is inside it, thus
accounting for the total number of occupied boxes 7 (1 ).

4. This procedure is repeated for a range of cube side lengths [, spanning at least two
orders of magnitude.

In the log-log plots of ny, and [, we extract the negative slope (with two different methods),
as shown in Fig. 4.9 to obtain the fractal dimension

log ny,

4.9

£ log [,

We performed linear ordinary least squares regression (OLS) to estimate Df’OLS as the
slope of ny(l,) on the log-log plot. Since the OLS requires independent data points,
which is not satisfied, the standard error of Df’OLS is underestimated. To remedy this,
we also estimate the slope in this plot as the average local slope. Specifically, we com-
pute the slope for every consecutive data point pair, thus obtaining a distribution of slopes
Di(1), D¢(2), ..., Dg(n — 1). We estimate the fractal dimension as the mean of these
slopes, i.e., Dtjoca = 1/(n — 1) >; D¢(7), while our error estimate is the standard devia-
tion of this local slope distribution oy
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Figure 4.9: Estimating the fractal dimension. To compute the fractal Dy we find the line
of best fit for the log-log scatter plots of the number of filled boxes log(ny) and log(ly,). Or-
dinary least squares (OLS) linear regression line is displayed, along with the local slopes,
that connect consecutive points.
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Data set Df’o]_s RQ O0OLS Df’local Olocal mm(Df(z) ) maX(Df(i) )
root_1 -1.69 1.00 0.02 -1.73 0.15 -2.05 -1.62
root_2 -1.63 1.00 0.02 -1.62 0.08 -1.76 -1.54
h_neuron | -1.25 1.00 0.03 -1.34 0.16 -1.59 -1.13
zneuron | -1.37 1.00 0.04 -1.30 0.18 -1.52 -1.03
m_neuron | -1.32 1.00 0.02 -1.29 0.16 -1.44 -0.98
rat_neuron| -1.46 1.00 0.03 -1.54 0.19 -1.91 -1.36
anthill -2.51 1.00 0.02 -2.53 0.07 -2.58 -2.37
vascular_1| -1.94 1.00 0.06 -2.12 0.35 -2.75 -1.78
vascular 2| -1.94 1.00 0.05 -2.10 0.33 -2.73 -1.76
vascular_3| -1.88 1.00 0.04 -2.01 0.26 -2.42 -1.74
mitochon | -1.73 1.00 0.02 -1.76 0.10 -1.91 -1.61
fruit fly 1| -2.25 1.00 0.03 -2.31 0.15 -2.58 -2.10
fruit_fly 2 | -2.01 1.00 0.01 -1.99 0.12 -2.15 -1.75
fruit_fly 3| -1.88 1.00 0.02 -1.84 0.12 -2.00 -1.69
fruit_fly 4 | -2.05 1.00 0.02 -2.06 0.07 -2.14 -1.95

Table 4.5: Fractal dimension analysis. Summary of the OLS linear regression (fractal
dimension Df’OLS, coefficient of determination R? and standard error ooys) and the local
slope estimation (fractal dimension Df,local, local slope standard deviation 0,c,;, minimum
and maximum values of the local slope min(Dx(i)) and max(Dx(7)).
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Kendal-7 correlation

Kendall’s 7 coefficient measures the association between the ranks of two quantities [162].
The coefficient 7 is useful to measure correlations between non-normally distributed quan-
tities as it does not make assumptions about their distributions. We use the tau-b version
of Kendall’s 7 which accounts for ties:

(P -Q)

m(z,y) = JPI0T) (PIOiD) (4.10)

where x and y are the two quantities we compare, P is the number of concordant pairs, ()
is the number of discordant pairs, 7" is the number of ties only in 2, and U is the number of
ties only in y. If a tie occurs for the same pair in both = and v, it is not added to either 7" or
U. Accounting for ties is necessary, since link properties often have identical values, for
example, all straight links have S = 0 and link degrees ki = 4 or kjn = 6 are abundant
in physical networks.

Data set 7(S, Viink) p-val 7(S, Link) p-val
T(S, Vlink) T(S, llink)

root_1 0.094 <1073 0.462 <1073
root_2 0.134 <1073 0.457 <1073
h_neuron 0.305 <1073 0.369 <1073
Z_neuron 0.388 <1073 0.504 <1073
m_neuron | 0.048 0.375 0.328 <1073
r_neuron 0.276 <1073 0.456 <1073
anthill 0.455 <1073 0.609 <1073
vascular_1 | 0.312 <1073 0.482 <1073
vascular_2 0.366 <1073 0.589 <1073
vascular_3 | 0.412 <1073 0.556 <1073
mitochon 0.363 <1073 0.437 <1073
fruit_fly_1 -0.061 <1073 0.413 <1073
fruit_fly 2 -0.065 <1073 0.407 <1073
fruit_fly_3 -0.136 <1073 0.463 <1073
fruit_fly 4 -0.109 <1073 0.353 <1073

Table 4.6: Correlations summary between shape, volume and length. Kendall-7 corre-
lations and their corresponding p-values between link complementary straightness S and
link volume Vjix and .
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Generating randomized trajectories

Each link trajectory is composed of a series of segments 7T (ig, ;) = [(i0, 1), (41, %2), - - -,
(41-1,1;)], where each segment (i, ix+1) is characterized by an offset vector and has two
radii at its endpoints. For example, the first segment in the 7 (7o, 7;) trajectory, (ig, i1 ), has
an offset vector o; = r;, — r;, (where r;,_ is the location of point i) starting at the point i
with radius p;, and ending at the point 7; with radius p;,. This means that we can attribute
to each link 7 (i, 7;), an ordered set of vectors [01, 09, ..., 0;] and ordered set of radii at
points where segments are connected [po, p1, - - -, pi]. To generate a randomized trajectory,
we randomly shuffle the ordered sets of offset vectors and base radii (independently of
each other), thus obtaining new randomized ordered set with the same number of elements
of direction vectors [0;,,0j,, .. .,0;,] and radii pairs [pg,, Pk, , - - -, p,|. For example, o;,
will correspond to the truncated base radii of py, and pi, after the shuffling. Note that
the radii list has one more element than the direction vector list (as each subsequent pair
corresponds to a direction vector.) and that both randomizations are done independently
(with different sets of indices). The new randomized trajectory is constructed by sequen-
tially adding the offset vectors together starting from the original starting location r;,. For
example, the first segment of the randomized trajectory starts from r;, and ends atr;, +o;,,
the radii at its endpoints are py, and pg,. This construction ensures that the randomized
link trajectory has the same starting and ending locations as the original trajectory.

4.7.6 Collisions and link confinement

To calculate link confinement C', we need to count the number of links that randomized
trajectories intersect. For this task, we developed a collision detection algorithm that uti-
lizes labeled point clouds and kd-trees [160, 148]. By using labeled point clouds, this data
can be sparsely, but accurately represented, and an intersection can be quickly found by
using the spatial search capabilities of kd-trees. More specifically, we identify collisions
through the following steps:

1. All links of the original physical network are transformed to labeled point clouds
with the distance between the points /s (Sec. 4.7.3), which are then stored in a
kd-tree.

2. When a single link is randomized, it is also transformed to a point cloud of a mini-
mum resolution /., and then stored to a link-specific kd-tree.

3. By using query_ball_tree () method of the scipy.spatial kd-tree con-
taining all the original links, we can query it using the kd-tree of a single randomized
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link, with a threshold distance /.5, which provides us with all the points that the ran-
domized link intersects. The original physical links corresponding to the intersecting
points are the links that the randomized trajectory overlaps with.

Each link is randomized for n, trials, hence the average fraction of intersections between
alink (7, j) and a link (k,[) is:

1
I(i,j; k1) = n—tZIn@',j;k,l), (4.11)

where 1,,(4, j; k, 1) is an indicator function which is 1 if the nth randomization for the link
(7, 7) intersects the original link (k, ), and is otherwise 0.

It’s important to recognize that two long links may intersect at multiple points, and in
principle, a single link could fully constrain another, leading to numerous intersections be-
tween just one pair of links. However, in practice, links are continuous objects, while our
analysis relies on discrete representations. This makes it inherently ambiguous to distin-
guish between one or multiple intersections, as the classification depends on discretization
(i.e skeletonization). To ensure consistency and comparability across datasets, we adopt
a simplified approach: rather than counting each individual intersection, we record only
whether a link is intersected at least once. This provides a conservative yet robust lower-
bound estimate of confinement effects. Apart from allowing for multiple intersections,
one potential avenue for extending this methodology is to measure the volume of overlap
between intersecting links.

Also, note that 1(i, j; k, ) is not symmetric, i.e., (i, j; k,1) Z I(k,l;1, j). For example, a
longer link (4, 7) might often collide with a smaller link (k, [) after randomization, while a
smaller (k, ) link might not collide with (4, 7) at all.
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Physical link properties

Data set S Mseg ink Viink

root_1 0.03414 + 0.1012 5+6 0.045 +0.079 | [2.76 & 0.67] x10~*
root_2 0.02326 + 0.0967 445 0.054 £0.103 | [4.54 +1.34] x10~*
h_neuron | 0.06744 4 0.1298 | 40 &+ 66 | 0.002 & 0.003 | [3.32 £0.51] x10~*
zneuron | 0.07432 + 0.1877 548 0.053 +0.107 | [0.51 & 1.30] x1073
m_neuron | 0.0892 +0.0812 | 62+ 163 | 0.008 +0.04 | [2.42 £2.78] x1073
r_neuron 0.19821 +0.1654 | 18 =37 | 0.011 £ 0.069 | [3.1 £4.21] x10~3
anthill 0.000 + 0.1934 1£1 0.374 £ 0.376 [4.7 +5.9] x107°
vascular_1 | 0.06068 + 0.1038 647 0.109 £0.17 | [0.20 & 0.25] x1073
vascular 2 | 0.03443 £0.1063 | 94+ 12 | 0.100 & 0.166 | [0.400 4 0.56] x 1073
vascular 3 | 0.10353 +0.1978 | 7+ 10 | 0.083 £ 0.151 | [0.42 £ 0.60] x10~3
mitochon | 0.06387 4+ 0.0921 949 0.107 £ 0.107 | [9.58 £ 11.62] x1073
fruit fly_1 | 0.0532 £ 0.1115 3+£5 0.144 4+ 0.288 [1.0 £4.0] x107°
fruit fly 2 | 0.05698 + 0.1096 3+£5 0.132 £ 0.258 [3.0 £ 8.0] x107°
fruit fly 3 0.0 + 0.0738 1+£2 0.324 +0.508 | [6.0 & 13.0] x107°
fruit fly 4 | 0.05053 £ 0.1042 3+4 0.154 +0.251 | [5.0 & 14.0] x107°

Table 4.7: Summary of physical link properties. With a definition of a link as a series
of physical segments joining two junction points, we calculate the number of segments
composing a link n,, the aspect ratio of the link ajink = link/ (piink) (Where ljny is the link
length and (pnx) is the average radius of the link) and link volume Vj;,x. For quantities
with £, we used the median and interquartile range to quantify their variation (difference
between the 75th and 25th percentile).
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4.7.7 Link confinement distributions
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Figure 4.10: Difference between confined and non-confined links. We split the links
into two groups: confined C' > 0 and non-confined C' = 0 links. Then, we compared the
two groups across different properties: complimentary straightness .S, the volume Vi,
the link degree ki, and the link betweenness By , by performing Kolmogorov-Smirnov
(KS) and Mann Whitney (MW) tests. We find that for linked trees (fruit fly networks)
and anthill imprint network, confined C' > 0 and non-confined C' = 0 links differ in both
physical and network properties, while for most of the other data sets, we were able to
detect significant differences in the physical properties.
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We examine the statistical significance of the fit between the observed data and several the-
oretical distributions. The table 4.8 summarizes the p-values obtained from comparing the
fit of an exponential distribution to a stretched exponential, truncated power law, lognor-
mal, and power law distributions for different types of neuronal data and other structures:

Data set Stretcheq Truncated Lognormal Power
Exponential | Power Law Law
human_neuron 0.139 0.311 0.314 0.317
rat_neuron 0.119 0.092 0.884 0.004
monkey_neuron 0.169 0.170 0.062 0.170
zebrafish_neuron <1073 0.029 0.076 0.201
vascular_2 0.186 0.357 0.443 0.564
vascular_3 0.816 0.697 <1073 0.024
vascular_1 0.140 0.383 0.795 0.180
mitochondrial <1073 0.046 0.098 0.103
root_1 0.369 0.311 0.807 0.080
root_2 0.760 0.830 0.730 0.461
anthill 0.314 0.545 0.642 0.951
fruit fly_1 <1073 <1073 <1073 <1073
fruit fly 2 0.055 0.182 0.425 0.780
fruit_fly_3 <1073 <1073 <1073 0.002
fruit_fly 4 <1073 0.006 0.595 <1073

Table 4.8: Link confinement distributions. Using powerlaw Python package [163], we
compare how well the exponential distribution describes the tail of the link confinement
distribution against several candidate distributions: stretched exponential, truncated power
law, lognormal, and power law distributions. Our results indicate that the link confinement
distributions of the most linked trees (fruit fly networks) follow a heavy-tailed distribution.
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Chapter 5

Physical network robustness

5.1 Introduction

From the earliest days of complex network research, percolation processes were used to
study the robustness of networks against external perturbations [104, 105, 164]. Since
then, various variants have been introduced, including percolation on spatially embedded
networks [165, 90, 166, 167], interdependent percolation [168, 169, 170], explosive perco-
lation [171, 172], and many others [173, 174]. Here, we explore the robustness of spatial
networks against physical damage. By physical damage, we mean the random or targeted
removal of entire regions of the space where the network is embedded, such that all links
and nodes passing through are disrupted. Note that recent literature defined physical net-
works as networks where volume exclusion plays an important role, i.e., the network is
composed of tightly packed nodes and links [6, 8, 9]. Here, we model a broader class of
systems that include networks such as the air traffic network, where volume exclusion is
irrelevant, nonetheless, links can be disrupted by physical perturbations such as storms,
volcano eruptions, or military conflicts.

To study the robustness of such physically embedded networks, we introduce and analyze
a percolation process, where in each step we damage not single links, but a region of the
embedding space, removing any links that pass through. Motivating examples of spatially
correlated disruption include damage to the brain through injury or diseases [175, 176],
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natural disasters, such as floods or storms, affecting critical infrastructure [177, 178, 92,
91], or even the effect of traffic on road networks [179].

To formally set up the problem, we represent a physically embedded network by a com-
binatorial network G and a physical layout P, the latter provides the location and shape
of the physical nodes and links. Here, we focus on physical nodes represented by a point
in space connected by straight or curved lines; however, our framework easily extends
to alternative physical network representations, including nodes and links that occupy a
positive volume [6, 8] or network-of-networks representations [180, 181, 9].

To capture spatially correlated damage, we first tile the D-dimensional space occupied by
a physical network P with D-dimensional cubes of side length b (Fig. 5.1a). We then
damage tiles sequentially, and when a tile ¢ is damaged, we remove from G each link e
intersected by ¢. As the tiles are removed, the combinatorial network G undergoes a con-
tinuous percolation transition, which is a mixture site and bond percolation: If a node is
inside a tile being damaged, all of its links are removed simultaneously, in effect removing
the node. On the other hand, if a link is traversing a tile that is being damaged, the link
is removed, but its endpoints are not. In this paper, we aim to understand how the phys-
ical layout P and the structure of the combinatorial network G jointly affect this critical
transition.

The remainder of the chapter is organized as follows. In the next section, we introduce
the intersection graph, an auxiliary graph that captures how tile damage translates to link
removal. The intersection graph and its randomizations serve as our main tool to nu-
merically and analytically study the percolation transition. In Secs. 5.3 and 5.4, we use
randomly embedded model networks to analytically and numerically investigate the ro-
bustness of networks against random damage and targeted attacks. Finally, in Sec. 5.5,
we use randomizations of the intersection graph to probe how physical layout affects the
critical transition in several empirical networks.

5.2 Intersection graph

We start by introducing the intersection graph Z to represent concisely how tile damage
translates to link removal. First, we identify which physical link e intersects which tile ¢
and we summarize these intersections as a bipartite graph Z: on one side of Z each vertex
represents a tile £, on the other side each vertex represents a physical link e; a tile ¢ and a
link e is connected in Z if they intersect in physical space (Fig. 5.1b).
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The intersection graph Z encodes potential sources of heterogeneity of the physical layout
that affect link removal. Fig. 5.1c illustrates this using a single randomly embedded Erd&s-
Rényi (ER) network with N = 10° nodes, an average degree of ¢ = 4, and a tile density
p = 4 (nodes per tile): (i) long links intersect more tiles than short links, captured by the
degree distribution Fj(k) of the vertices which represent physical links in Z (Fig. 5.1¢);
(i) in absence of periodic boundary conditions, centrally located tiles are expected to
intersect more links than peripheral tiles, captured by the degree distribution P (k) of the
vertices which represent tiles (Fig. 5.1c); and (ii1) spatial organization of P is captured
by structural correlations of Z, for example, two physical links running approximately
parallel to each other tend to intersect the same tiles, leading to an abundance of length-4
cyclesin Z.

Beyond its structure, an additional way Z carries information relevant to the percolation
process is through its link-side vertex labels which connect Z and G. For example, physical
links attached to the same node v must all intersect the tile ¢ that contains v, therefore, if
t is damaged, all links incident on v are removed together from G. Furthermore, because
long links intersect many tiles, making them vulnerable to tile damage, and if such links
tend to be important in G, the combinatorial network inherits this vulnerability.
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Figure 5.1: Spatially correlated damage and the intersection graph. (a) We tile a
physical network with D-dimensional square tiles. Damaging a tile ¢ removes all links e
intersecting ¢, for example, damaging tile (3, 3) (light blue) removes blue and red links
from G. (b) The bipartite intersection graph Z captures how tile damage of P translates
to link removal in G. Vertices on the left represent tiles and vertices on the right represent
links; a tile and a link are connected, if they intersect in the layout. (c) The tile-side
and link-side degree distribution of / for a single randomly embedded ER network (N =
10°, ¢ = 4, p = 4). In random embeddings, links typically span the entire system, hence Z
becomes dense. (d) We increasing the network size N while keeping the expected number
of nodes per tile p constant. Both the tile-side average degree ¢, and link-side average
degree ¢, scale as ~ N~'/P. Networks are generated using parameters ¢ = 4 and p = 4;
each marker represents an average of 20 independent runs and the error bars represent the
standard error of the mean.
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To understand how the above heterogeneities and correlations of Z affect the robustness of
physical networks, we randomize Z and compare the percolation transition guided by the
original Z and its randomized version Z,. Different randomizations allow us to probe the
role of different features of the physical embedding. For instance, substituting Z with a bi-
partite configuration model with the same degree distributions (k) and P,(k), preserves
link and tile heterogeneity but removes any additional structure (e.g., structure originating
from parallel links or links sharing an endpoint) from Z. To remove link heterogeneity, we
homogenize Z by setting the vertices representing links to have approximately the same
degree equal to the average ;. In practice, this means that in the randomized Z; the link-
side vertices are a mixture of vertices with degree [¢;| and || in a way that ensures that
the overall average degree remains ¢;. Applying the same degree-homogenization to the
tile vertices leads to four possible degree-preserving (DP) or homogenized (H) randomiza-
tion protocols of Z: (i) tile and link degree-preserved (tDP-1DP), (ii) tile degree-preserved
and link homogenized (tDP-1H), (iii) tile homogenized and link degree-preserved (tH-
IDP), and (iv) tile and link homogenized (tH-IH). Note that the randomized intersection
graphs do not correspond to valid physical layouts because a link in Z; generally intersects
non-adjacent tiles.

The randomizations that preserve link-side degree in Z (tDP-IDP and tH-1DP) do not re-
move correlations between G and Z: if long links are important in G, then important links
in G tend to have high degree in Z. To study the effect of this correlation we introduce
an additional randomization procedure called “label shuffle” (LS): we shuffle the vertex
labels in Z and create a randomized 7Z; g that is uncorrelated with G but otherwise has the
same structure as Z. This means that dismantling G using Z; 5 removes, on average, the
same number of links as Z, but the links are chosen randomly in G independent of the orig-
inal layout. We summarize in Table 5.1 the main features of the randomization protocols
introduced above.
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tDP- tDP-IH | tH-IDP | tH-IH | LS
IDP
Pi(k) v v X X v
0 7 X 7 X |/
k(e)-G v X v X X
correla-
tion
Shared X X X X X
endpoint

CEU eTD Collection

Table 5.1: Randomizations of the intersection graph. Brief summary of properties pre-
seved by each randomization; shared endpoint means that all links connected to a node v

intersect the tile that contains v.
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5.2.1 Link-side degree

The degree k(e) of alink e in the intersection graph Z determines the vulnerability of e to
tile damage: the more tiles e intersects, the more likely e is removed. In this section, we
describe the relation between the length of e and k(e). We consider a physical network
with NV nodes and M links embedded in the unit D-dimensional cube such that the links are
straight segments. We tile the network with cubes of side length b, hence the intersection
graph 7 contains n, = b~ vertices representing tiles and n; = M vertices representing
links. A link e with endpoints r = (71,79,...,7p) and s = (s, S2,...,sp) following
a straight trajectory intersects a sequence of tiles (t1,t2..., ). Whenever e crosses
from a tile ¢; to the next ¢, 1, it punctures the shared face of ¢; and ¢, 1, the probability of
crossing at an edge or a corner is zero. Therefore, link e must cross at least |s; — ;| /b tiles
along each axis 7, hence the approximate number of tiles intersected by e, i.e., its degree
inZ,is
|si — i

k(e) = 1+ZT7 (5.1)

where the plus one corresponds to the starting tile. Note that it is not the Euclidean but
the Manhattan distance of the endpoints of e that determines k(e). For example, in a
randomly embedded network the typical link length /¢ is on the order of the system size,
¢ ~ 1, meaning that a typical link intersects ¢; ~ Db~! tiles and a typical tile is intersected
by ¢, ~ M DbP~! links. Therefore, in the N — oo large network limit, if we fix the
average degree of G as (d) = 2M /N and the tile density as p = N/b~P, the intersec-
tion graph has diverging average degrees ¢, ~ NP and ¢, ~ N'/P (Fig. 5.1d). On the
other extreme, if the physical network is lattice-like, i.e., nodes connect to their immediate
spatial neighborhood and ¢ ~ b, the average degrees ¢; and ¢, remain constant. The diverg-
ing average degree ¢, indicates that randomly embedded networks are more susceptible to
physical damage than lattice-like networks. In the following, we systematically investigate
the role of physicality in random and targeted damage by relying on Z both numerically
and analytically.

5.3 Random damage

In this section, we explore the effect of the combinatorial network G and the layout P on
the physical percolation of randomly embedded networks. Fig. 5.2 shows the relative size
S of the largest component during random tile removal for randomly embedded Erd&s-
Rényi (ER) networks and scale-free (SF) networks generated by the static model [182,
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183]. We recall that the static model generates networks by fixing the expected degree of
each node and allows controlling both the degree exponent v and the average degree of the
network c. We compare S of the original Z to the five randomized null models: protocols
tDP-1IDP, tH-1DP, and LS that preserve Pj(k) follow the original percolation transition
(S = Spp.pp = Swpp = Sis), While link-homogenized randomizations tDP-IH and tH-
IH accelerate the transition, shifting f;* to the left (Sippiy = Syam < S). This means that
when tiles are damaged independently, only the heterogeneity of the link lengths affects
robustness, while tile heterogeneity and correlations between adjacent tiles have negligible
effects. To explain these observations and to systematically investigate random damage,
we first develop an analytical solution for the relative size of the giant component. Then,
we use this analytical characterization together with the numerical randomizations of the
intersection graph to explore the role of the degree distribution in randomly embedded
networks.
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Figure 5.2: Random tile damage in randomly embedded networks. We show the
relative size S of the largest connected component as a function of the fraction of tiles re-
moved for randomly embedded (a) Erdés-Rényi (ER) networks in D = 2, (b) ER networks
in D = 3, (c) scale-free (SF) networks in D = 2, and (d) SF networks in D = 3 dimen-
sions. The dashed line represents the theoretical prediction obtained solving Egs. (5.6) and
(5.7). Networks were generated with N = 10° nodes and average degree ¢ = 4; for SF
networks the degree exponent is v = 2.5, and the tile density is set to p = 4. Each curve
is an average of 10 independent realizations.
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5.3.1 Analytical characterization

We start by calculating S for the case when G is generated using the configuration model
and tiles are removed in random order. We rely on the standard generating function for-
malism with the addition that link removal depends on the intersection graph Z, leading to
an analytical characterization similar to the so-called feature-enriched percolation [184].
In our solution, we assume no correlations between the removed links, an assumption in
general only valid for the randomized versions of the intersection graph. We focus on the
sparse large network limit N — oo, where the average degree of the combinatorial net-
work ¢ remains constant, and we also fix the tile density p = N/ b=, ie., the expected
number of physical nodes contained in a tile. This means that the total number of tiles

scales as
ne ~ N, (5.2)

and the tile size scales as
brn P~ NP (5.3)

Link e is removed if we damage any of its neighbors in Z; therefore, the probability that e
is removed after independently damaging K random tiles is

K k(e) N

fk(e))=1— (1 — F) =1—(1—f)M) x1— kO (5.4)
t

where fi = K/n, is the fraction of tiles removed, and the exponential approximation

assumes large k(e). For straight links, Eq. (5.1) connects the degree of links with its length

as k(e) = 1+ b1, which means that the survival probability of a link drops exponentially

with [, making long links extremely vulnerable to random tile damage.

Let s(k) denote the probability that a random link with link-side degree k leads to the
giant component in G. Assuming no correlation between the degree of a link in Z and its
position in G, we write the self-consistent equation for s(k)

L= (k) = f(8) + (1= () D a(d) (Za (1= s(k >>), (55)

where ¢(d) = (d+1)/cp(d+1) is the excess degree distribution of G. Averaging Eq. (5.5)
over k, we obtain

s=G(1-f)[l—H(1-s)], (5.6)
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where H(z) = Y, q(d)z? is the generating function of ¢(d), and Gy(z) = >, R(k)z" is
the moment generating function of the link-side degree distribution of Z. Similarly, we
can obtain the relative size of the giant component S as

S=1-G(1->s), (5.7)

where G(z) = >, p(d)z? is the generating function of the degree distribution p(d) of G.

A crucial quantity in Eq. (5.6) is 1 — G (1 — f;) = f providing the probability that a ran-
dom link is removed, which we calculate by averaging Eq. (5.4) over F(k). Equivalently,
for straight links, we can leverage Eq. (5.1) connecting the degree of a link in Z to its
length to obtain f by averaging over the link lengths, i.e.,

1—f= / dip(l) (1 — f)*™" ~ / dip(l)e~(HDS (5.8)

where [ is the link length measured by its Manhattan distance and p(l) is the link length
distribution. Equation (5.8) is valid for the original Z and the randomizations that do not
modify the link-side degree (tDP-IDP and tH-IDP). On the other hand, randomizations
tDP-1H and tH-IH homogenize the link degree in Z, i.e., k = 1 + b~ (I) for all links in Z,,
where ([} is the average Manhattan link length. Therefore, tDP-1H and tH-I1H also modify
the link removal probability as

1 — fig = e (HO/OF (5.9)
Invoking Jensen’s inequality, we find that

F(f) < fm(f), (5.10)

for any p([), meaning that link length heterogeneity always decreases the number of links
removed for a given f; (for example, see Fig. 5.2).

Note that Egs. (5.6) and (5.7) are exactly the equations describing bond percolation in the
configuration model with link removal probability f = 1 — G| (1 — f,). When Egs. (5.6)
and (5.7) hold, the only relevant feature of the layout is the link-side degree distribution
Pi(k) of Z, which affects the percolation transition only through a number of links re-
moved.

The main assumptions we made when deriving these equations are that (i) G is gener-
ated by the configuration model, allowing the use of generating functions based solely
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on degree distributions; (ii) the links removed from G are uncorrelated, enabling a bond
percolation framework; and (iii) there are no correlations between a link’s degree in Z
and its importance in G, which allows us to treat link removal as independent from the
network’s topological structure. While these assumptions hold in randomly embedded or
randomized networks, they are generally violated in empirical systems (for more details,
see SI Sec. 5.7.1). Consequently, in Sec. 5.5, we extend beyond this minimal model to
quantify the effects of such correlations using simulations on real networks.

5.3.2 Effect of degree distribution

To investigate the role of the degree distribution of the combinatorial network G, we focus
on purely random embeddings. We select the position of physical nodes uniformly at
random from the D-dimensional unit cube, Bp = [0, 1]XD , and connect pairs of nodes
with straight links. The Manhattan length of a link e is [(e) = > |r; — s;|, where r € Bp
and s € Bp are the endpoints of e, since r; and s; are chosen uniformly from the unit
interval, their difference = = |r; — s;| follows the distribution p(x) = 2(1 — z). Hence,
following Eq. (5.8), we get that the average link removal probability is

D

1
f=1—(01-f) (2/ dx(1—z)(1 — ft)x/b> ~
0
D
~l—et (2 / dn —x)e‘”"ft/”) = (5.11)
0

1 D
_1 _ eif‘ 2671)_ fe — ]. "‘ bilft
B b_thQ ’

which is valid for the original 7 and the randomizations that do not modify the link-side
degree (tDP-1DP and tH-1DP). For randomizations tDP-1H and tH-1H that homogenize the
link degree, the link removal probability is obtained using Eq. (5.9), providing

fug e e OIS — o= fi o= (145 (5.12)

In the N — oo large network limit, keeping the tile density p = N /b~ constant makes
the side length of the tiles scale as b ~ n; P . Hence, the majority of links are
removed after damaging only a vanishing fraction of the tiles for both the original and the
homogenized distributions P;(k). Notice, in fact, that the second term of both Egs. (5.11)

and (5.12) indicates that almost all links are removed on the scale f; ~ n, Y D while the
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first term for vanishing f, is e~ ~ 1. This means that the number of tiles to destroy a
positive fraction of links in a randomly embedded network scales as ~ nt(D_l)/ D je.,itis

on the order of the number of tiles needed to be damaged to cut the network into two parts.

Fig. 5.2 compares numerical simulations with the analytical estimate of S obtained by
inserting Eqgs. (5.11) and (5.12) into Eq. (5.7). We find that the analytical solutions align
perfectly with the randomizations and also closely follow the simulations using the orig-
inal Z. We observe small deviations between the predicted .S and the original simulated
S, particularly for ER networks in D = 2. To explain this, recall that our calculations
assumed that the links are removed from G in an uncorrelated fashion. This assumption
only holds approximately for the original Z: links connected to the same node v tend to
intersect the same tiles near the vicinity of v, hence having a higher chance of getting
removed together. The effect of such correlations depends on the typical link length ¢
and tile size b, if ¢ > b the likelihood of removing a link near its endpoint diminishes.
In the limit N — oo with fixed tile density p, the relevant length scales are ¢ ~ 1 and
b ~ N~'/D; therefore, we expect that the above analytical solution correctly captures .S
for large networks.
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Figure 5.3: The scaling of the critical point for scale-free networks. We simulate
random tile damage on randomly embedded SF networks with increasing size N and fixed
tile density p, and we measure the location of the critical point f;* by finding the maximum
of the second largest component. We show the scaling of f;* with NV for (a) D = 2 and
(b) D = 3 dimensions: markers represent numerical simulations, dashed lines represent
the scaling ~ N~/ predicted by Eq. (5.17) for networks with diverging (d?), and
the dotted lines represent the scaling N~'/P predicted for networks with finite (d?). We
generated networks using ¢ = 4 and p = 4, the markers represent the average of 50
independent runs, and the error bars represent their standard deviation.
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The location of the critical point where the giant component is destroyed is often used to
quantify the robustness of networks. For a network with average degree (d) and degree
second moment {d?), this critical point f; can be determined using the percolation-based
Molloy—Reed criterion [185, 186], given by

ﬁ:1———i——. (5.13)

%)
(d)

To determine the critical point f* in our setup, we insert Eq. (5.11) into the Eq. (5.13)

26wﬁ_1+b%*D_ ! 5.14
) S@ -1 O

where the left-hand side only depends on the physical layout, while the right-hand side
only depends on the abstract network structure. For combinatorial networks with finite
second moment (d?), the right-hand side does not depend on N and hence on b, while the
left-hand side only depends on b~' f, = Nt!/P f,. Therefore, the critical point vanishes as

ff~ N7UP (5.15)

in the large network limit.

Scale-free combinatorial networks with v < 3 have diverging second moments, hence,
almost all links need to be removed to destroy the giant component in random fashion in
the N — oo large network limit, i.e., f* ~ 1. For traditional random percolation, the
finite size scaling of the critical point is characterized by the scaling 1 — f* ~ N~7, where
the exact value of the critical exponent 7 depends on the subtleties of how the scale-free
networks are generated [187, 188, 189]. Inserting the scaling relation into Eq. (5.14) and
keeping only leading terms in b~ f; yields

(b )P~ N, (5.16)
This leads to the finite-size scaling
T—1

fi(y) ~ N7, (5.17)

for 3 < v < 2. To test the above relation, we first numerically estimate the critical expo-
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nent 7 by simulating traditional bond percolation on SF combinatorial networks and insert
these numerical estimates into Eq. (5.17). Fig. 5.3 compares the theoretically obtained
scaling relation to numerical simulations of f* for physically embedded SF networks,
finding a good agreement for large /V.

Overall, we demonstrated that randomly removing a vanishingly small fraction of tiles is
sufficient to dismantle randomly embedded networks and that higher dimensional embed-
dings increase their vulnerability. The reason for this is the presence of long links that do
not scale with the network size /V, causing them to intersect a number of tiles that diverge
as ~ b~! ~ NP thus making them extremely vulnerable to physical damage. We also
found that the analytical solution, which in general is valid for the randomized versions of
the intersection graph, well describes the percolation transition for the original Z in large
networks, revealing that random tile damage is equivalent to a random bond percolation,
where the number of links we remove is determined by the layout P. In the next section,
we study networks where we restrict the typical link length ¢ to study the effect of more
realistic layouts.

5.4 Targeted damage

We now turn our attention to targeted physical attacks, where we iteratively damage a frac-
tion f; of the tiles having the highest degree in Z. More formally, given a tiling described
by the intersection graph Z:

1. We find tile ¢ with the highest degree in Z;

2. We remove t from Z together with each of its neighbors, i.e., with each link e that
intersects ¢;

3. We repeat steps 1 and 2 until all links are removed.

In the following, we investigate targeted attacks in detail: first, we explore the effect of the
degree distribution for randomly embedded networks, then the effect of restricting the link
length.
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Figure 5.4: Targeted attack of randomly embedded networks. We show the relative
size S of the largest connected component as a function of the fraction of tiles removed
for randomly embedded (a) Erd6s-Rényi (ER) networks in D = 2, (b) ER networks in
D = 3, (¢) scale-free (SF) networks in D = 2, and (d) SF networks in D = 3 dimensions.
Networks were generated with N = 10° and ¢ = 4, for SF networks, the degree exponent
is 7 = 2.5, and the tile density is set to p = 4. Each curve is an average of 10 independent
realizations.
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5.4.1 Effect of degree distribution

As before, to investigate the role of the degree distribution of G, we focus on randomly
embedded networks. Figs. 5.4a, b show the size of the largest component of a randomly
embedded Erdds-Rényi (ER) network in D = 2 and D = 3 dimensions under targeted
attack. In Sec. 5.3, we found that the only relevant property affecting S during random tile
removal is the link-side degree distribution of Z. In the case of targeted physical attacks,
a richer picture emerges. By comparing the original Z to its randomized versions, we find
that Sippan < Sipppp < S & Sis < Spm < Sgrpp for the entire range of f;. This means
that (i) tile heterogeneity increases the vulnerability of the network, (ii) correlations in
7 (such as short loops caused by neighboring links intersecting the same tiles), and link
heterogeneity makes the network more robust against targeted attacks. Finally, we find that
S for the original Z is identical to the case where we randomly remove the same number
of links (LS randomization), meaning that for the ER network, targeted attack dismantles
the network faster than random tile removal because it damages more links per tile, but
does target links that are important for the cohesion of the network.

Figs. 5.4c, d show instead the relative size of the giant component, S, for SF networks
with degree exponent v = 2.5, thus having a divergent second moment. The portrait, in
this case, is analogous to the one observed in ER networks, with one key exception: while
initially S ~ Sis, near the critical point the original network falls apart faster than the LS
and even the tDP-IDP version, i.e., [ < f’ppipp < f{Ls- This means that correlations
between Z and G accelerate the targeted disruption of the network.

To clarify the role of degree heterogeneity in G, we plotted the location of the initial 50
tiles removed for a D = 2 SF network with v = 5 and with v = 2.1, for both the
original network (Fig. 5.5a and d) and the tDP-IDP randomization (Fig. 5.5b and e). For
the original homogeneous network (v = 5), the initial removal of the tiles concentrates in
the center of the embedding square, forming a neat spatial structure that cuts through the
network along a straight line (for D = 3, such a structure is less apparent). In contrast, for
the heterogeneous network (v = 2.1), the removed tiles are randomly scattered in space.
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y=2.1

Figure 5.5: Example targeted tile removal. (a) The location of the first 50 tiles removed
from a SF network with degree exponent v = 5. The removed tiles (b) The tDP-1DP
randomization of the network removes the overlap between the links intersected by neigh-
boring tiles, therefore, the attack targets the center tiles. (c) The spatial distribution of
the tile-degree shows that the center tiles intersect the most links and monotonically drops
towards the edges of the square. (d) The first 50 tiles removed from a SF network with
degree exponent 7 = 2.1 target the hubs in G. (e) In the case of the tDP-IDP random-
ization, tile removal targets the tiles surrounding the highest degree nodes. (f) The spatial
distribution of the tile-degree has peaks at tiles that contain hubs of G. Figure shows single
networks with NV = 50, 000, ¢ = 4, and p = 4, the color of the tiles in (a), (b), (d), and (e)
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To understand this pattern, consider that the spatial distribution of links in homogeneous
networks is approximately the same as picking uniformly random segments from the unit
square. As a result, the expected tile degree £, is the highest in the center of the embed-
ding square and monotonically decreases toward the edges (Fig. 5.5¢), explaining why the
center tiles are picked initially. However, the highest-degree center tiles are redundant:
they are intersected by the same links, i.e., they share many neighbors in the intersection
graph Z. The one-dimensional structure of the removed tiles emerges as a result of the
targeted attack greedily minimizing the redundancy between the removed tiles. Indeed,
the tDP-IDP randomization keeps the degree of the tiles but removes correlations between
them, hence, the initially removed tiles concentrate at the center of the embedding square,
forming a two-dimensional patch (Fig. 5.5b). This also means that the total number of
links removed by the tDP-IDP randomization increases compared to the number of links
removed by the original Z, explaining the observation Sipp.pp < S.

For heterogeneous networks, on the other hand, links are not uniformly distributed: tiles
that contain the hubs of G intersect an out-sized number of links, resulting in an uneven
spatial distribution of the tile-degree (Fig. 5.5f). The random distribution of the initially
removed tiles is a result of the target attack selecting tiles that contain the hubs of G.
The tDP-1DP randomization removes redundancy between the tiles surrounding the hubs,
hence tile removal is concentrated on the few largest hubs of the network, explaining
Sippapp < S in the early stages of the targeted attack. The LS and tDP-1DP randomizations
remove links in an uncorrelated way from G, this means that hubs are not removed in a
single step, but lose links continuously (for more details, see SI Sec. 5.7.2). The fact that
tile removal for LS and tDP-IDP does not eliminate hubs entirely, delays the critical point
of the transition, explaining the observed f" < f*ppipp < fi'Ls-

In the above, we have shown that, for homogeneous networks, tiles with the most links
passing through get targeted first, while, for heterogeneous networks, the location of the
hubs of G determines which tiles get removed. To explore when node degree dominates
tile removal, with divide degree k(¢) of tile ¢ in Z into two contributions:

k(t) = kpass(t) + knodes<t); (518)

where kpass(t) is the number of links that pass through ¢, i.e., links that intersect ¢, but have
endpoints outside ¢, and k(¢)yodes 1S the number of links that have at least one endpoint
in t. We estimate the maximum of the two contributions in the N — oo large network
limit with fixed tile density p = NbP. First, note that the tile t, at the center of the
unit square or cube has the highest expected number of links passing through, i.e., links
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that intersect ¢, but have endpoints outside of #y. The probability that a randomly placed
segment e intersects ¢, is proportional to the cross section of ¢, perpendicular to e which
is ~ bP~1 ~ N—"5". The number of links in the network is ~ N ; therefore, the total
number of links passing through ¢, scales as

max [k(t)pas) ~ N - N~ 5 = N, (5.19)

The scaling of the maximum contribution of kpyeges(t) is provided by scaling the largest
degree node in G, hence, it depends on the topology of the network. For heterogeneous
networks generated in the static model [190], this is given by k4, ¢ N f with§ = 1 /(v —
1), so that

max [fnoges(t)] ~ N7 (5.20)

The above two scaling relations determine whether the center tile or the tile containing
the largest hub of the network gets removed in the first step of the targeted tile removal:
for v < D + 1, the value of max [kpoges) OUtgrows max [Kpqss| and initially the hubs get
removed, otherwise the targeted attack removes the tiles close to the center. Fig. 5.6 il-
lustrates the scaling of the maximum tile degree. For v = 2.1, the contribution of hubs
max [Knodes) dominates both in D = 2 and D = 3 dimensions. In contrast, for v = 3.5, the
contribution max [kpass] dominates for D = 2, while for D = 3, hubs eventually outgrow
the effect of links passing through. Note, however, that the latter only happens for very
large networks outside of the regime of most real networks.
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Figure 5.6: Scaling of the maximum tile-degree. We measured the maximum tile degree
(circles) for increasing size IV for SF networks embedded in D = 2 and D = 3 dimensions
and with v = 2.1 and v = 3.5 degree exponents and average degree ¢ = 4. We randomly
placed ¢/N/2 segments in the unit square and measured the maximum number of segments
intersecting a tile (circles), and we also measured the maximum degree of the combinato-
rial networks (triangles). The dashed lines represent the scaling predicted by Eqgs. (5.19)
and (5.20). (a,b) For v = 2.1, the contribution of the hubs dominates the maximum tile
degree for both D = 2 and D = 3. (¢) For v = 3.5 and D = 2 dimensions, v > D + 1,
hence the contribution of max £y, dominates. (d) In contrast, for v = 3.5 and D = 3,
we predict that max k.4 dominate. However, extrapolating the simulations shows that
max Kyodes ONNy OUtgrows max ki, for extremely large networks. Circle markers represent
the average of 20 independent physically embedded networks, while triangles and squares
represent the average of 100 runs.
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5.5 Empirical networks

In this section, we analyze the robustness of three empirical networks using the intersection
graph: an airline network, a vascular network, and a neural network. For each case study,
we tile the network and calculate the intersection graph. We then perform both random and
targeted tile removal, and we compare the percolation transition obtained for the original
layout against the randomized null models. Finally, we test the robustness of our results
by systematically changing the size of the tile.

A difference between model networks and empirical data is that we embedded model
networks in the unit square or cube. Real networks, on the other hand, typically have a less
regular shape, hence, their bounding box may contain large empty regions. Therefore, to
tile an empirical network, we identify its axis-aligned bounding box, we tile this bounding
box with cubic boxes, and, crucially, we leave out the empty tiles from our analysis. In
other words, we remove isolated vertices from the intersection graph Z before simulating
tile removal. In the following, we discuss each case study separately.

5.5.1 Airline network

Our first case study is a network representing air traffic in the contiguous US, which we
constructed using data available from the Bureau of Transportation Statistics for the year
2023 [191]. The network contains N = 419 nodes representing cities, and we added a
link between two cities if the total number of passengers on direct flights between the pair
exceeded 1000, resulting in an average degree of ¢ ~ 16.7. We obtain the coordinates
of the cities from OpenStreetMap, and we transform the longitude and latitude pairs to
Euclidean space using the Albers equal area projection. We consider flight paths to be
straight lines between cities.

Fig. 5.7a shows the degree distribution p(d) of the combinatorial network G. We find that
p(d) is highly heterogeneous: the median degree is 4, while the largest hub is connected
to 194 nodes, representing close to half of the cities. To construct the intersection graph Z,
we tile the network such that we place 40 square tiles along the longest axis of its bounding
box, resulting in n, = 743 non-empty square tiles and tile density p ~ 0.56. Flights often
traverse the US, hence the longest links in the network are comparable to the size of the
bounding box. As a consequence, the tile-side degree distribution F;(k) and the link-side
degree distribution P.(k) of Z resemble the degree distributions observed in randomly
embedded networks (Fig. 5.7b), where there is also no constraint on the maximum link
length.
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Fig. 5.7c shows the size of the largest component .S as a function of the tiles removed. Due
to the high average degree ¢ ~ 16.7, a large fraction of the links need to be removed to
dismantle the network: for traditional bond percolation, we must remove approximately
f =~ 0.97 fraction of the links from G to reduce its largest component to S = 0.1. In
stark contrast, the same reduction in .S is achieved by randomly removing only f; ~ 0.24
fraction of the tiles. Comparing the original intersection graph Z to its randomizations, we
find that tile-degree heterogeneity by itself has little effect and that the link-side degree
heterogeneity delays the percolation (Spppiy ~ Swan < Swppapp = Sw.pp), Similarly to
randomly embedded model networks (Fig. 5.2). However, in contrast to randomly embed-
ded networks, we find that the LS randomization initially reduces S faster than the original
T (S > Sis), but eventually, LS delays the percolation transition (S < Sis). Recall that
LS randomization removes the same number of links from G, but randomly; therefore, the
above observations suggest that there is a correlation between a link’s degree in Z and its
importance in G. Indeed, calculating the Pearson correlation between link-degree and the
product of the degree of a link’s endpoints in G, we find a positive correlation of r ~ 0.26.
This means that the original tile removal tends to remove links connecting hubs faster than
the LS randomization, which explains the observed pattern: removing links between hubs
in the network with high ¢ initially does not reduce .S, but in the long run accelerates the
destruction of the largest component.

For targeted tile removal, in Sec. 5.4, we found that tiles containing the largest hubs are
removed first from degree heterogeneous networks, hence, we expect a similar pattern for
the airline network. Indeed, the first five tiles removed, for example, all contain major
airline hubs, such as Denver, Dallas, or Atalanta. Fig. 5.7d compares the original S to its
randomized counterparts, and we find a similar pattern to randomly embedded networks:
S =~ Sis < Sppan < Swppipp < Swan < Sw.app, meaning that tile-degree heterogeneity
accelerates, while link-degree heterogeneity slows down the percolation process. A key
difference compared to model networks is that the original removal decays even faster than
the tDP-IH and tDP-IDP randomizations. To explain this observation, note that the links
intersecting tiles that contain hubs in Z have less overlap than in the randomized versions.
For example, in our network Dallas has 194 and Denver has 182 connections, but only one
of these connections, namely flights between Dallas and Denver, overlap. The expected
overlap between random sets of links of the same size is 194-182/3500 ~ 10, hence, when
removing the tiles containing Dallas and Denver, more unique links are damaged by the
original process than by the randomized variants. For the visual representation of targeted
damage on the airline network, see SI Sec. 5.10.

Finally, to test the effect of tile size, we measure the fraction of tiles f; 04 needed to be
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removed to reduce the largest component to S = 0.1 for tilings of various sizes. Fig. 5.7¢
and f show that the order of the randomizations does not change in the entire range of tiles
that we tested both for random and targeted percolation.
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Figure 5.7: Airline network robustness. (a) The degree distribution p(d) of the com-
binatorial network. The largest hub is connected to 194 of the N = 419 nodes of the
network. (b) The tile-side degree distribution P (k) and the link-side degree distribution
P.(k) of the intersection graph Z. (c,d) The size of the largest component S during random
and targeted tile removal. (e,f) The fraction of tiles f, 94 needed to be removed to reduce
the largest component to S = 0.1 for random and targeted tile removal as a function of
the number of non-empty tiles n, used to cover the network. The order of the randomized
variants is insensitive to the choice of tile size. In panels (c-f), lines and markers represent
an average of 20 independent randomizations, and the error bars indicate the standard de-
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5.5.2 Vascular network

Our second case study is a network representing the vasculature in a sample of the brain
of a mouse [4]. In the network, nodes represent branching points of the vessels or terminal
points at the edge of the sample, while links represent vessels in between branching points,
overall resulting in /N = 1558 nodes and M = 2359 links. Note that links are not straight
lines, but follow a winding trajectory. Fig. 5.8a shows that the degree distribution p(d) is
highly homogeneous, largely concentrated on d = 3, which indicates that most branching
points split vessels into two new branches. For more details about the properties of the
network see Ref. [17].

We tile the network with cubes such that 20 tiles are placed along the longest axis of
the network’s bounding box. After dropping the empty tiles, the network is covered by
ny = 3276 boxes, resulting in a tile density of p ~ 0.48. In contrast to the airline network,
Fig. 5.8b shows that the link-side degree distribution P (k) is peaked at k = 1, meaning
that typical links are short compared to tile size b. As a consequence, the average tile-side
degree is also much lower compared to the airline network. The low link-side degrees
of 7 together with the homogeneous degree distribution of G make the vascular network
lattice-like, counter to the airline network and the randomly embedded model networks.

For random tile removal, Fig. 5.8c shows that the randomizations overlap, especially in
the later stages of the percolation process (Spp.pp ~ Sippan ~ Sgrpp & Swy.m). This
is explained by the fact that P;(k) follows an exponential distribution; therefore, further
homogenizing it has little effect on random removal. A curious pattern is that the original
process is slower at dismantling the largest component than randomly removing the same
number of links (S < Sis). To understand this, notice that the majority of links intersect
only a few tiles; therefore, a link e is likely to be removed at its endpoint node v, together
with other links adjacent to v. Links connected to the same node v play a redundant role
in the connectivity of the network, hence, removing them together reduces S slower than
removing the same number of random links.

For targeted removal, Fig. 5.8d shows that tile-side degree heterogeneity matters (Sipp.ipp ~
Sis ~ Sppan < S < Spapp < Swn), meaning that although P, (k) is exponentially dis-
tributed, targeting its tail still gives an advantage. Similarly to random removal, we observe
that S < Sis, which is again explained by removing links at their endpoint and the fact
that p(d) lacks hubs that would need to be removed.

Overall, tH null models are more robust than the original layout, which would make sense
as for homogenized tiles, each one would be equally likely, thus resembling the random
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attack scenario. On the other hand, all other null models are less robust and break down
quicker than the original layout. One potential explanation is that even though some re-
gions contain many dense tiles, which might cause redundant removals that effectively just
prune the network, instead of severing it into larger disconnected components.

Finally, to test the effect of tile size, we measure the fraction of tiles f; 94 needed to be
removed to reduce S to 0.1. Similarly to the airline network, Fig. 5.8 and f show that the
order of the randomizations does not change in the entire range of tiles that we tested both
for random and targeted percolation.
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Figure 5.8: Vascular network robustness. (a) The degree distribution p(d) of the combi-
natorial network. The majority of nodes are bifurcation points with degree d = 3. (b) The
tile-side degree distribution F,(k) and the link-side degree distribution P.(k) of the inter-
section graph Z. (c,d) The size of the largest component S during random and targeted
tile removal. (e,f) The fraction of tiles f; 04 needed to be removed to reduce the largest
component to S = 0.1 for random and targeted tile removal as a function of the number
of non-empty tiles n, used to cover the network. The order of the randomized variants is
insensitive to the choice of tile size. In panels (c-f), lines and markers represent an average
of 20 independent randomizations, and the error bars indicate the standard deviation.
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5.5.3 Neural network

As the final case study, we analyze a network of neurons comprising a region of the central
nervous systems of a fruit fly [127]. The network is composed of 96 neurons and 6249
synaptic connections. Each neuron in the data set is represented as a spatially embedded
tree and these embedded trees are bound together through synapses. Here, we focus on
a microscopic representation of this network: we treat the branching points and terminal
points of the linked trees as nodes, and we treat the connections between them as links.
This way our network contains N = 97,588 nodes and M = 100, 388 links, making it
our largest example. Fig. 5.9a shows that the degree distribution p(d) of G is concentrated
ond = 1 and d = 3, indicating that most nodes are terminal or bifurcation points of the
neurons. For more details about the properties of this network, see Ref. [17].

We tile the network with cubes such that 40 tiles are placed along the longest axis of
the network’s bounding box. After dropping the empty tiles, the network is covered by
ny = 11,389 boxes, resulting in a tile density of p ~ 8.6. Fig. 5.9b shows that the link-
side degree distribution P;(k) is sharply peaked at k& = 1, meaning that typical links are
shorter than b and are contained inside a single tile. Note, however, that despite the peak at
k = 1 there are still a few links that span the bounding box. We observe a high maximum
tile-side degree, this is due to tiles that contain many nodes. Although there are some key
differences, the high peak of F(k) at k = 1 and the homogeneous p(d) make the fruit fly
neural network similar to the vascular network.

For random tile removal, Fig. 5.9c shows a very similar pattern to the vascular network,
with the difference that link-degree does have an effect. For targeted removal, shown in
Fig. 5.9d, the ordering of the randomizations is identical to that of the vascular network.

Finally, as in both cases before, Fig. 5.9¢ and f show that the order of the randomizations
is not sensitive to the choice of tile size in the ranges that we tested.
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Figure 5.9: Fruit fly neural network robustness. (a) The degree distribution p(d) of
the combinatorial network. The majority of nodes are terminal or bifurcation points with
degree d = 1 or d = 3, respectively. The average degree of the network ¢ = 2.06 is close
to two, which would correspond to a tree. (b) The tile-side degree distribution (k) and
the link-side degree distribution P.(k) of the intersection graph Z. (c,d) The size of the
largest component S during random and targeted tile removal. (e,f) The fraction of tiles
fu10% needed to be removed to reduce the largest component to S = 0.1 for random and
targeted tile removal as a function of the number of non-empty tiles n; used to cover the
network. The order of the randomized variants is insensitive to the choice of tile size. In
panels (c-f), lines and markers represent an average of 20 independent randomizations,

and the error bars indicate the standard deviation.
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5.6 Discussion

In this chapter, we provide a framework to study the robustness of spatially embedded
networks against physical damage. The setup aims to model spatially localized damage,
and it takes into account the routing of links. Our key observation is that long links are
necessarily susceptible to physical damage, hence, their presence can make networks vul-
nerable to localized attacks. Traditional network science focuses solely on combinatorial
networks, while spatial network theory also takes into account the coordinates of nodes but
for most cases, ignores link routing. Our results highlight that incorporating the physical
shape of links and nodes can reveal properties of networks that are otherwise missed by
more traditional approaches.

The central tool of our analysis is the intersection graph, which concisely captures how
the physical layout affects the percolation transition. Faithfully representing the shape of
physical links and nodes requires large amounts of data; therefore, directly working with
such representations is computationally expensive and makes analytical description diffi-
cult. Calculating the intersection graph provides a way to extract the relevant properties of
the physical layout of a network, thus simplifying numerical exploration and enabling us
to adapt the analytical tools of network science to characterize the percolation transition.
The intersection graph and the conceptually similar meta-graph of Ref. [8] or contactome
of Ref. [192] may provide a blueprint for tackling the complexity of physical layouts.

Our work raises several new questions. For example, we studied randomly embedded
model networks, which allowed simple analytical characterization. Future work may ex-
tend this to more realistic models that take into account distance when creating links [88]
or other physical constraints [8, 9], or may explore the role of the spatial organization of
links, such as bundling [10] and entanglement [7, 29]. Also, throughout this chapter, we
focused on network embeddings where nodes are point-like and links are extended objects
connecting them. Many physically embedded networks, however, are better characterized
by extended nodes with point-like connections between them, e.g., neurons are extended
objects with complex shapes, which connect to each other via point-like synapses. Such
physical networks are better represented as spatially embedded network-of-networks, fu-
ture work may extend the tile removal percolation to such representations [9].

109



CEU eTD Collection

5.7

Supplementary Information

5.7.1 Analytical characterization assumptions

In Chapter 5, I began with randomly embedded configuration models to construct a min-
imal, analytically tractable framework, which would allow us to fully understand basic
underlying mechanisms. The three assumptions below, which are justified in detail, were
necessary to derive closed-form results:

@

(ii)

G is generated by the configuration model

This choice concerning the abstract network allows us to use the standard generating
function formalism to calculate the size of the giant component. It also allows us
to systematically investigate the role of the degree distribution, arguably the most
important structural feature affecting percolation on complex networks.

From an analytical standpoint, Egs. (5.6) and (5.7) rely on configuration model prop-
erties for generating function calculations.

This assumption holds in large, sparse networks where degree distribution dominates
connectivity, but real networks often violate this (e.g., due to spatial constraints,
clustering, or modularity). For example, in transportation networks, biological neu-
ral networks, or infrastructure systems, link formation is often dictated by physical
space and not purely by node degree.

Links are removed independently

This simplifies the analysis to a bond percolation problem. The assumption is used
for Eq. (5.4), where the link removal probability depends only on its degree in

The assumption formally holds for randomized versions of Z, where the correlation
of the links inside tiles is removed. For example, if a hub v is contained in tile ¢, then
damaging ¢ removes all links attached to v, hence, the link removal is not indepen-
dent. On the other hand, randomizing Z, randomizes the links in ¢, and link removal
becomes independent. Additionally, in large, randomly embedded networks, most
links are long and are typically removed due to intersections with damaged tiles
along their length, not at their endpoints. Hence, links removed together typically
have endpoints far away from each other and can be considered independent. As
shown in Figs. 5.1 and 5.2, numerical simulations confirm that link removal be-
haves approximately independently, supporting this assumption empirically.
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This assumption might fail in some real systems, for example, when links are short
or, damaging a tile removes multiple links simultaneously.

(iii)) No correlation between a link’s degree in 7 and its importance in §
g p

This assumption naturally holds for random embeddings; however, it is often vio-
lated by real networks (e.g., the size of neurons is correlated with their synapse count
and confinement). The random embedding allowed us (i) to explicitly calculate the
probability of link removal and (i1) ensure that links are removed approximately in-
dependently. This is a limitation of the minimal model, and to go beyond it we study
empirical networks in Sec. 5.5 using simulations and randomizations of Z, while the
minimal model served as a starting point to understand the patterns numerically ob-
served for real networks.

This assumption enters directly in Eq. (5.5), where s(k), the probability that a link
with degree k in Z (i.e., it intersects k tiles) connects to the giant component in G, is
treated as a function of % only.

Without this assumption, we could not decouple link confinement from the topolog-
ical position, and Eq. (5.5) would require modeling the joint distribution of confine-
ment and importance—rendering the analysis intractable.

5.7.2 tDP-IDP randomization

The two mechanisms of the tile removal process in the tDP-IDP randomization discussed
in Sec. 5.4.1, at first glance, seem contradictory, yet both can hold simultaneously.

To illustrate, consider a scenario of targeted damage on a large embedded network of size
N ~ 10°, featuring one large hub with degree k ~ 1000, one smaller hub with & ~ 10,
and the remaining nodes having low degree on the order of £ ~ 1, all uniformly embedded
in a square, partitioned into n ~ 107 tiles.

In the original embedding, the tile containing the largest hub and its adjacent tiles exhibit
significant link overlap, as the hub’s outgoing links traverse neighboring tiles. When the
tile containing the largest hub is attacked, all links within it are removed, and adjacent
tiles lose a substantial portion of their links. Consequently, the second attack targets an
unrelated tile containing the second-largest hub. The first attack removes approximately
~ 1000 links, while the second removes only ~ 10 links. The immediate removal of
hubs, which are important for maintaining global connectivity, accelerates the percolation
process.
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With the tDP-IDP randomization, tiles that previously contained the largest hub and tiles
adjacent to it, will not have the membership overlap, as the links contained in them are
now randomly selected. Once the tile with the highest number of links is attacked (which
before the randomization contained the largest hub), the number of links passing through
it drops to 0, but unlike in the original scenario, this will have a reduced impact on the
adjacent tiles. Therefore, the adjacent tiles retain their original number of links, but now
tiles are populated with random links from . Compared to the original embedding, in
the scenario of having a single high-degree node, the number of links removed in the
subsequent attacks would be higher. The initial attack will, similarly as for the original
embedding, remove ~ 1000 links, but, the second attack will remove ~ 1000 links as well
(depending on the number of links in the adjacent tile), which accelerates the percolation
process. It’s important to note that although the second attack removes more links, they
are randomly selected, which slows down the dismantling process as the second largest
hub is more likely to remain intact.

Under the tDP-IDP randomization, the tiles that originally contained the largest hub and
its neighbors no longer have overlapping links, as their link content is now randomly
assigned. Attacking the tile with the most links (previously hosting the largest hub) still
removes ~ 1000 links, but the adjacent tiles are largely unaffected, retaining their original
link count. Now, the links within tiles are randomly chosen from G. As a result, the second
attack removes approximately ~ 1000 links as well, thereby accelerating link removal
compared to the original embedding. However, although more links are removed, they are
randomly selected. This slows down network dismantling because the second-largest hub
remains intact.

To summarize, there are two competing effects at play with the tDP-IDP randomization,
whose balance depends on the network’s size and structure:

1. By eliminating link redundancy between neighboring tiles, each targeted tile re-
moval results in more links being removed, thus accelerating the dismantling pro-
cess.

2. However, since link selection becomes random, hubs are not directly targeted. This
can slow down dismantling, especially if hubs are critical for global connectivity.

5.7.3 Targeted damage on the airline network
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a) 1st out of 52 attacks b) 13th out of 52 attacks c) 26th out of 52 attacks d) 38th out of 52 attacks
~13.5% links removed ~2.7% links removed ~0.4% links removed ~0.1% links removed
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Figure 5.10: Visualization of targeted damage on the airline network. Selected snap-
shots from a targeted tile removal process on the U.S. airline network, visualizing which
links are removed during attacks. Each panel (a—d) highlights the edges removed at spe-
cific stages of the 52-step attack, color-coded by the attack index (see color bar). Panel
(a) corresponds to the first attack, which removes tiles containing major hubs, resulting
in 13.5% of links being removed. In later steps, such as (b) and (c), progressively fewer
links are removed due to decreased tile connectivity. By panel (d), only 0.1% of links
are affected. The spatial pattern shows that early attacks disproportionately target central
long-range connections.
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Chapter 6

Conclusions

6.1 Summary

The findings of this thesis advance our understanding of physical networks through a com-
bination of theoretical development, empirical network analysis, and methodological in-
novation. Each chapter has contributed to this overarching goal, as summarized below:

I performed a comprehensive literature review in Chapter 2, tracing the chronological
development of the relevant fields, ending with the emerging domain of physical network
research, which is the topic of study of this thesis. This chapter provides the context for the
thesis, emphasizing how disciplines such as graph theory, polymer physics, neuroscience,
transportation networks, spatial networks, and networks-of-networks contribute tools and
principles to understand real-world physical networks. By integrating insights from these
fields, this chapter also highlights the interdisciplinary nature of physical network research
and sets the stage for investigating how spatial embedding and physical constraints influ-
ence physical network structure and robustness, the key themes explored in the subsequent
chapters.

I introduced the generalized meta-graph formalism in Chapter 3, a framework that ex-
tends the original meta-graph concept to study real-world physical networks with complex
structures. This approach allowed for the quantification of spatial proximity and physical
confinement in systems with curved links and heterogeneous geometries. The generalized
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meta-graph was adapted and applied to datasets like the fruit fly neural and vascular net-
works, therefore revealing how physical constraints shape network properties and predict
functional features, such as synapse formation or structural organization. Overall, this
chapter established a computationally efficient and versatile tool for analyzing physical
networks, providing insights into their structure and function.

In Chapter 4, I systematically processed and analyzed 15 empirical physical network data
sets from diverse domains, uncovering the relationships between their network structure
and physical properties. I adapted metrics previously used in other fields, to quantitatively
describe the shape of the network and the individual links. Also, I introduced a novel de-
scriptor called link confinement, which captures the spatial constraints of individual links.
My results have revealed correlations between physical layout and network topology, re-
vealing general and domain-specific traits, such as how physical constraints influence ab-
stract network connectivity and link trajectories. These findings demonstrate that network
properties cannot be fully understood without considering their spatial embedding.

Finally, in Chapter 5, I explored the robustness of physical networks when subjected to
spatially correlated damage, modeled as a percolation process. This study showed the
importance of physical link length, and the network layout in general in determining the
vulnerability of embedded networks. By systematically investigating random and targeted
spatially correlated damage, I demonstrated that network robustness depends not only on
the properties of the abstract networks but also on the interplay between physical layout
and combinatorial network structure. This duality offers a new perspective on understand-
ing how real-world physical networks might fail under localized or global disruptions.

Overall, with this thesis, I provided insights, data sets, methods, and results that deepen
our understanding of physical networks and provide a foundation for future work in this
interdisciplinary field.

6.2 Limitations and future extensions

The development of the theory of physical networks within network science is still in its
nascence. In this final section, I summarize the limitations of my thesis and the challenges
that physical network research faces in general. I also point out areas of potential future
research addressing these issues.
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6.2.1 Computational resources

The sheer amount of data needed to represent the detailed three-dimensional shape of
physical networks makes analyzing them computationally expensive and often requires
specialized knowledge. For example, one of the most comprehensive physical network
maps available during my research was the Hemibrain data set, which represents a portion
of a fruit fly’s central nervous system. The available data mapped 25 - 10? neurons and
20 - 10° synapse locations, using 117 - 10° straight segments. Indeed, I resorted to only
using a sub-sample of the available data for this thesis. Furthermore, the types of data
representing three-dimensional objects and the computational geometry algorithms needed
to analyze them are outside of the scope of typical research within network science, which
may discourage researchers from joining the field and hinder the development of physical
network research. One general solution is to provide easy access to the software and
computational resources that would allow for the processing of these large data sets. A
solution perhaps more aligned with the approach of network science, is to identify what
aspects of the physical layout are relevant to specific research questions, allowing for
more tractable representations. An example of such an approach from my thesis is the
intersection graph (introduced in Chapter 5). Once calculated it allows us to efficiently
analyze the robustness of physical networks using tools of traditional network science and
relying upon fewer computational resources.

6.2.2 Data standardization

Each experiment providing physical network data has its standards and idiosyncrasies
which makes cross-comparison difficult. To perform research that would encompass data
originating from different experiments or even different domains, a standardized process-
ing and representation framework is needed. In this thesis, I compiled 15 new datasets
and developed my own data standardization protocols, although, limited in their size and
scope. Furthermore, I worked with skeletonized data published by the original authors,
therefore, all previous data collection and processing steps, like imaging or choosing pa-
rameters for skeletonization algorithms, affected the data I used and potentially the results.
Therefore, a collective community effort is necessary to define and test the data collection
and processing standards and to build databases that would allow easier access to all future
network scientists venturing into this field.
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6.2.3 Incomplete data

To empirically understand how physical interaction influences the evolution of a physical
network, the mapping of the network needs to be both exhaustive and detailed, as every un-
mapped part decreases the accuracy of the results. In this thesis, I included complete or as
large as possible data sets, to minimize the effect of incomplete data. Nevertheless, all data
sources contained data about only the network itself, almost always assumed to be made of
homogenous material, while the surrounding non-network material, which interacts phys-
ically with the network, was not included. Additionally, even though these networks grow
or sustain damage, thus changing their structure in a time-dependent manner, only static
data was available. For example, during the development of a brain, neurons grow, rewire,
and die. Incorporating data describing the physical environment or temporal evolution
would inspire new theoretical research and provide a more complete understanding of the
role of physicality.

6.2.4 Additional applications

The data sources used in this thesis have mostly been from the biological domain, with
the most prominent field being neuroscience. However, extending physical network re-
search to other disciplines, such as engineering and materials science, presents significant
opportunities for interdisciplinary developments:

1. Three-dimensional metamaterials [116, 1, 117] made of specifically designed phys-
ical structures offer up new electromagnetic and acoustic properties and they can
be represented as physical networks. Closely related field of network materials re-
search [193] examines networks from the perspective of materials science, and offers
a complementary avenue of exploration.

2. All real computational systems have hardware components, which have to be de-
signed and manufactured. The field of neuromorphic engineering [194, 195] aims
to physically design and create artificial systems that exhibit similar computational
capabilities as biological neural networks. The adjacent field of wetware comput-
ing [196, 197] investigates how to utilize real biological neurons to perform com-
putation. All these networked systems have to be physically realized, which means
that research on how to realize or grow physical networks might provide principles
or results that could aid in developing a general theory of physical networks.

3. The function of many physical networks is to transfer flow, which has been explored
in microfluid network [198, 199, 200] and pore network [201, 202, 203] research.
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The field of microfluid networks mainly focuses on the design and functions of the
systems of transport and delivery of chemicals, while the study of pore networks fo-
cuses on the flow of materials through porous media - like heavy oil passing through
the pores of the soil [204]. Understanding how physical flow fluids pass throughout
the tubular structures of a physical network can be simulated or analyzed using meth-
ods of these fields, and may provide general insights into the dynamics on physical
networks.

6.2.5 Outlook

The success of network science lies in its ability to unify diverse systems under a sin-
gle framework, revealing universal patterns and principles that govern complexity across
scales and domains. In the emerging field of physical networks, this mission is extended to
spatially embedded systems, where physical constraints such as geometry, material prop-
erties, and spatial embedding influence network behavior. By bridging the connective and
the physical properties, physical network research not only deepens our understanding of
real-world systems but also potentially equips us with tools to design and optimize systems
in engineered and natural contexts.

The broader vision for the future of physical network research is to provide a unifying
framework that is versatile enough to encompass disciplines as diverse as neuroscience
and materials science, while remaining robust and generalizable. This interdisciplinary
approach advances scientific knowledge and paves the way for practical innovations in
fields like neuromorphic computing, bio-inspired design, and materials engineering.

118



CEU eTD Collection

Bibliography

[1]

(2]

[3]

[6]

[7]

[8]

[9]

[10]

Muamer Kadic, Graeme W Milton, Martin van Hecke, and Martin Wegener. 3d
metamaterials. Nature Reviews Physics, 1(3):198-210, 2019.

Anna W Topol, DC La Tulipe, Leathen Shi, David J Frank, Kerry Bernstein,
Steven E Steen, Arvind Kumar, Gilbert U Singco, Albert M Young, Kathryn W
Guarini, et al. Three-dimensional integrated circuits. IBM Journal of Research and
Development, 50(4.5):491-506, 2006.

Jayanth R Banavar, Amos Maritan, and Andrea Rinaldo. Size and form in efficient
transportation networks. Nature, 399(6732):130-132, 1999.

Louis Gagnon, Sava Sakadzi¢, Frédéric Lesage, Joseph J Musacchia, Jo€l Lefebvre,
Qiangian Fang, Meryem A Yiicel, Karleyton C Evans, Emiri T Mandeville, Jiilien
Cohen-Adad, et al. Quantifying the microvascular origin of bold-fmri from first
principles with two-photon microscopy and an oxygen-sensitive nanoprobe. Jour-
nal of Neuroscience, 35(8):3663-3675, 2015.

Louis K Scheffer, C Shan Xu, Michal Januszewski, Zhiyuan Lu, Shin-ya Take-
mura, Kenneth J Hayworth, Gary B Huang, Kazunori Shinomiya, Jeremy Maitlin-
Shepard, Stuart Berg, et al. A connectome and analysis of the adult drosophila
central brain. Elife, 9:e57443, 2020.

Nima Dehmamy, Soodabeh Milanlouei, and Albert-Laszl6 Barabdsi. A structural
transition in physical networks. Nature, 563(7733):676—680, 2018.

Yanchen Liu, Nima Dehmamy, and Albert-L4szl6 Barabasi. Isotopy and energy of
physical networks. Nature Physics, 17(2):216-222, 2021.

Marton Pésfai, Baldzs Szegedy, Iva Baci¢, Luka Blagojevi¢, Miklés Abért, Janos
Kertész, Laszl6 Lovasz, and Albert-Laszlé Barabasi. Impact of physicality on net-
work structure. Nature Physics, 20(1):142-149, 2024.

Gabor Pete, Adam Timdr, Sigurdur Orn Stefansson, Ivan Bonamassa, and Mérton
Posfai. Physical networks as network-of-networks. Nature Communications,
15(1):4882, 2024.

I Bonamassa, B Rath, M Pésfai, M Abért, D Keliger, B Szegedy, J Kertész,
L Lovasz, and A-L Barabdsi. Bundling by volume exclusion in non-equilibrium
spaghetti. arXiv preprint arXiv:2401.02579, 2024.

119



CEU eTD Collection

[11] Luka Blagojevi¢, Ivan Bonamassa, and Mdrton Pdsfai. Network dismantling by
physical damage. arXiv preprint, 2024.

[12] Michael Rubinstein, Ralph H Colby, et al. Polymer physics, volume 23. Oxford
university press New York, 2003.

[13] Chaoming Song, Ping Wang, and Herndn A Makse. A phase diagram for jammed
matter. Nature, 453(7195):629-632, 2008.

[14] C Shan Xu, Michal Januszewski, Zhiyuan Lu, Shin-ya Takemura, Kenneth J Hay-
worth, Gary Huang, Kazunori Shinomiya, Jeremy Maitin-Shepard, David Acker-
man, Stuart Berg, et al. A connectome of the adult drosophila central brain. BioRxiv,
pages 2020-01, 2020.

[15] Alexander Shapson-Coe, Michat Januszewski, Daniel R Berger, Art Pope, Yuelong
Wu, Tim Blakely, Richard L Schalek, Peter H Li, Shuohong Wang, Jeremy Maitin-
Shepard, et al. A connectomic study of a petascale fragment of human cerebral
cortex. BioRxiv, pages 2021-05, 2021.

[16] Mohammad Retaful Islam, Gregory Tudryn, R Bucinell, L Schadler, and RC Picu.
Morphology and mechanics of fungal mycelium. Scientific reports, 7(1):13070,
2017.

[17] Luka Blagojevi¢ and Mdrton Pésfai. Three-dimensional shape and connectivity of
physical networks. Scientific Reports, 14(1):16874, 2024.

[18] Takao Nishizeki and Norishige Chiba. Planar graphs: Theory and algorithms.
Elsevier, 1988.

[19] Hassler Whitney. Planar graphs. In Hassler Whitney Collected Papers, pages 135—
146. Springer, 1933.

[20] Roberto Tamassia. Handbook of graph drawing and visualization. CRC press,
2013.

[21] Marton Pésfai, Balazs Szegedy, Iva Baci¢, Luka Blagojevi¢, Miklos Abért, Janos
Kertész, Laszl6 Lovasz, and Albert-Laszl6 Barabdsi. Impact of physicality on net-
work structure. Nature Physics, pages 1-8, 2023.

[22] Ya M Barzdin. On the realization of networks in three-dimensional space. Se-
lected Works of AN Kolmogorov: Volume III: Information Theory and the Theory of
Algorithms, pages 194-202, 1993.

120



CEU eTD Collection

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Holk Cruse. Neural networks as cybernetic systems. Thieme Stuttgart, 1996.

Kazuaki Kobayashi. On the spatial graph. Kodai Mathematical Journal, 17(3):511-
517, 1994.

Erica Flapan, Allison Henrich, Aaron Kaestner, and Sam Nelson. Knots, links,
spatial graphs, and algebraic invariants, volume 689. American Mathematical
Society Providence, RI, 2017.

Horst Sachs. On spatial representations of finite graphs. Finite and infinite sets,
1:649-662, 1984.

Horst Sachs. On a spatial analogue of kuratowski’s theorem on planar graphs—an
open problem. In Graph Theory: Proceedings of a Conference held in Lagow,
Poland, February 10-13, 1981, pages 230-241. Springer, 2006.

John H Conway and C McA. Gordon. Knots and links in spatial graphs. Journal of
Graph Theory, 7(4):445-453, 1983.

Cory Glover and Albert-Laszl6 Barabasi. Measuring entanglement in physical net-
works. Physical Review Letters, 133(7):077401, 2024.

Gert R Strobl and Gert R Strobl. The physics of polymers, volume 2. Springer,
1997.

Matheus P Viana, Aidan I Brown, Irina A Mueller, Claire Goul, Elena F Koslover,
and Susanne M Rafelski. Mitochondrial fission and fusion dynamics generate effi-
cient, robust, and evenly distributed network topologies in budding yeast cells. Cell
systems, 10(3):287-297, 2020.

Dolores Bernenko, Sang Hoon Lee, Per Stenberg, and Ludvig Lizana. Mapping
the semi-nested community structure of 3d chromosome contact networks. PLOS
Computational Biology, 19(7):e1011185, 2023.

John B Hays, Magar E Magar, and Bruno H Zimm. Persistence length of dna.
Biopolymers: Original Research on Biomolecules, 8(4):531-536, 1969.

Kim Sneppen and Giovanni Zocchi. Physics in molecular biology. Cambridge
University Press, 2005.

Marshall Fixman. Radius of gyration of polymer chains. The Journal of Chemical
Physics, 36(2):306-310, 1962.

121



CEU eTD Collection

[36] S Havlin and D Ben-Avraham. Fractal dimensionality of polymer chains. Journal
of Physics A: Mathematical and General, 15(6):1L.311, 1982.

[37] Jacques Soddell and Robert Seviour. Using box counting techniques for measuring
shape of colonies of filamentous micro-organisms. Complex systems: mechanism
of adaptation. Edited by RJ Stonier and XH Yu. IOS Press, Amsterdam, pages 313—
319, 1994.

[38] Kayhan Foroutan-pour, Pierre Dutilleul, and Donald L. Smith. Advances in the im-
plementation of the box-counting method of fractal dimension estimation. Applied
mathematics and computation, 105(2-3):195-210, 1999.

[39] Tamaés Vicsek. Fractal growth phenomena. World scientific, 1992.

[40] M Adam and D Lairez. Fractal conformation of polymers. Fractals, 1(02):149-169,
1993,

[41] Paul J Flory. Principles of polymer chemistry. Cornell university press, 1953.

[42] George H Weiss and Robert J Rubin. Random walks: theory and selected applica-
tions. Adv. Chem. Phys, 52:363-505, 1983.

[43] Alfréd Rényi. Egy egydimenzios véletlen térkitolt€si problémardl= on a one-
dimensional problem concerning random space filling. A Magyar Tudomdnyos
Akadémia Matematikai Kutaté Intézetének Kozleményei, 3(1-2):109-127, 1958.

[44] Paul J Flory. The configuration of real polymer chains. The Journal of Chemical
Physics, 17(3):303-310, 1949.

[45] B Widom. Random sequential addition of hard spheres to a volume. The Journal
of Chemical Physics, 44(10):3888-3894, 1966.

[46] Jens Feder. Random sequential adsorption. Journal of Theoretical Biology,
87(2):237-254, 1980.

[47] Hong Yong Sohn and C Moreland. The effect of particle size distribution on packing
density. The Canadian Journal of Chemical Engineering, 46(3):162—167, 1968.

[48] ShuiXiang Li, Jian Zhao, Peng Lu, and Yu Xie. Maximum packing densities of
basic 3d objects. Chinese Science Bulletin, 55(2):114-119, 2010.

[49] Estomih Mtui, Gregory Gruener, and Peter Dockery. Fitzgerald’s Clinical Neu-
roanatomy and Neuroscience E-Book. Elsevier, 2020.

122



CEU eTD Collection

[50] Christopher S Von Bartheld, Jami Bahney, and Suzana Herculano-Houzel. The
search for true numbers of neurons and glial cells in the human brain: A review of
150 years of cell counting. Journal of Comparative Neurology, 524(18):3865-3895,
2016.

[51] Lucy Foulkes and Sarah-Jayne Blakemore. Studying individual differences in hu-
man adolescent brain development. Nature neuroscience, 21(3):315-323, 2018.

[52] Gomathy Gopinath. Neuromorphology. Current Science, pages 129—-133, 1995.

[53] Rudolf Nieuwenhuys and Luis Puelles. Towards a new neuromorphology. Springer,
2015.

[54] Jéssica Leite, Fabiano Nhoatto, Antonio Jacob Jr, Roberto Santana, and Fabio Lo-
bato. Computational tools for neuronal morphometric analysis: A systematic search
and review. Neuroinformatics, 22(3):353-377, 2024.

[55] Ian A Meinertzhagen, Shin-ya Takemura, lan A Meinertzhagen, Shin-ya Takemura,
Zhiyuan Lu, Songling Huang, Shuying Gao, Chun-Yuan Ting, and Chi-Hon Lee.
From form to function: the ways to know a neuron. Journal of neurogenetics, 23(1-
2):68-77, 20009.

[56] Hermann Cuntz, MW Remme, and Benjamin Torben-Nielsen. The computing den-

drite. AMC, 10:12, 2014.

[57] Christopher L Rees, Keivan Moradi, and Giorgio A Ascoli. Weighing the evidence
in peters’ rule: does neuronal morphology predict connectivity? Trends in neuro-
sciences, 40(2):63-71, 2017.

[58] Arjen Van Ooyen. Using theoretical models to analyse neural development. Nature
Reviews Neuroscience, 12(6):311-326, 2011.

[59] Geoftrey J Goodhill. Theoretical models of neural development. Iscience, 8:183—
199, 2018.

[60] Frederic Zubler and Rodney Douglas. A framework for modeling the growth and
development of neurons and networks. Frontiers in computational neuroscience,
3:25, 2009.

[61] Roman Borisyuk, Abul Kalam al Azad, Deborah Conte, Alan Roberts, and
Stephen R Soffe. A developmental approach to predicting neuronal connectivity

123



CEU eTD Collection

from small biological datasets: a gradient-based neuron growth model. PLoS Orne,
9(2):e89461, 2014.

[62] Ilya Yurchenko, Matthew Farwell, Donovan D Brady, and Cristian Staii. Neuronal
growth and formation of neuron networks on directional surfaces. Biomimetics,
6(2):41, 2021.

[63] Danielle S Bassett and Olaf Sporns. Network neuroscience. Nature neuroscience,
20(3):353-364, 2017.

[64] Suman Kulkarni and Dani S Bassett. Towards principles of brain network organi-
zation and function. arXiv preprint arXiv:2408.02640, 2024.

[65] Olaf Sporns. The human connectome: a complex network. Annals of the new York
Academy of Sciences, 1224(1):109-125, 2011.

[66] Rdzvan Gdmdnuf, Henry Kennedy, Zoltin Toroczkai, Madria Ercsey-Ravasz,
David C Van Essen, Kenneth Knoblauch, and Andreas Burkhalter. The mouse cor-
tical connectome, characterized by an ultra-dense cortical graph, maintains speci-
ficity by distinct connectivity profiles. Neuron, 97(3):698-715, 2018.

[67] Jonathan D Power, Alexander L Cohen, Steven M Nelson, Gagan S Wig,
Kelly Anne Barnes, Jessica A Church, Alecia C Vogel, Timothy O Laumann,
Fran M Miezin, Bradley L Schlaggar, et al. Functional network organization of
the human brain. Neuron, 72(4):665-678, 2011.

[68] Xin-YaZhang, Jack Murdoch Moore, Xiaolei Ru, and Gang Yan. Geometric scaling
law in real neuronal networks. Physical Review Letters, 133(13):138401, 2024.

[69] Maté J6zsa, Maria Ercsey-Ravasz, and Zsolt I Lazar. Coarse-graining model reveals
universal exponential scaling in axonal length distributions. Journal of Physics:
Complexity, 5(3):035012, 2024.

[70] Balazs Pentek and Maria Ercsey-Ravasz. The exponential distance rule based net-
work model predicts topology and reveals functionally relevant properties of the
drosophila projectome, 2024.

[71] Michael GH Bell, Yasunori lida, et al. Transportation network analysis. 1997.

[72] Marc Bernot, Vicent Caselles, and Jean-Michel Morel. Optimal transportation net-
works: models and theory. Springer, 2008.

124



CEU eTD Collection

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Thorsten Koch, Benjamin Hiller, Marc E Pfetsch, and Lars Schewe. Evaluating gas
network capacities. SIAM, 2015.

Marco Scianna, CG Bell, and Luigi Preziosi. A review of mathematical models for
the formation of vascular networks. Journal of theoretical biology, 333:174-209,
2013.

Benjamin Blonder, Francesco De Carlo, Jared Moore, Mark Rivers, and Brian J
Enquist. X-ray imaging of leaf venation networks. New Phytologist, 196(4):1274—
1282, 2012.

Eleni Katifori. The transport network of a leaf. Comptes Rendus. Physique,
19(4):244-252, 2018.

Srividya Neriyanuri, Phillip Bedggood, RC Andrew Symons, and Andrew Metha.
Mapping the human parafoveal vascular network to understand flow variability in
capillaries. Plos one, 18(10):€0292962, 2023.

G Li, SDS Reis, AA Moreira, S Havlin, HE Stanley, and JS Andrade Jr. To-
wards design principles for optimal transport networks. Physical review letters,
104(1):018701, 2010.

Dan Hu and David Cai. Adaptation and optimization of biological transport net-
works. Physical review letters, 111(13):138701, 2013.

Francis Corson. Fluctuations and redundancy in optimal transport networks. Phys-
ical Review Letters, 104(4):048703, 2010.

Blaise Destraz, Philippe Barrade, Alfred Rufer, and Markus Klohr. Study and sim-
ulation of the energy balance of an urban transportation network. In 2007 European
conference on power electronics and applications, pages 1-10. IEEE, 2007.

Darren M Scott, David C Novak, Lisa Aultman-Hall, and Feng Guo. Network ro-
bustness index: A new method for identifying critical links and evaluating the per-
formance of transportation networks. Journal of Transport Geography, 14(3):215—

227, 2006.

Ben Immers, Art Bleukx, Jim Stada, Chris Tampere, and Isaak Yperman. Robust-
ness and resilience of road network structures. In NECTAR Cluster Meeting on
Reliability of Networks, 2004.

125



CEU eTD Collection

[84]

[85]

[86]

[87]

[88]
[89]

[90]

[91]

[92]

Daniel P Bebber, Juliet Hynes, Peter R Darrah, Lynne Boddy, and Mark D Fricker.
Biological solutions to transport network design. Proceedings of the Royal Society
B: Biological Sciences, 274(1623):2307-2315, 2007.

Shangjia Dong, Alireza Mostafizi, Haizhong Wang, Jianxi Gao, and Xiaopeng
Li. Measuring the topological robustness of transportation networks to disaster-
induced failures: A percolation approach. Journal of Infrastructure Systems,
26(2):04020009, 2020.

Julie Clarke and Eugene Obrien. A multi-hazard risk assessment methodology,
stress test framework and decision support tool for transport infrastructure net-
works. Transportation research procedia, 14:1355-1363, 2016.

Geoffrey B West, James H Brown, and Brian J Enquist. A general model for the
origin of allometric scaling laws in biology. Science, 276(5309):122-126, 1997.

Marc Barthélemy. Spatial networks. Physics reports, 499(1-3):1-101, 2011.

David Liben-Nowell, Jasmine Novak, Ravi Kumar, Prabhakar Raghavan, and An-
drew Tomkins. Geographic routing in social networks. Proceedings of the National
Academy of Sciences, 102(33):11623-11628, 2005.

Daqing Li, Guanliang Li, Kosmas Kosmidis, HE Stanley, Armin Bunde, and
Shlomo Havlin. Percolation of spatially constraint networks. Europhysics Letters,
93(6):68004, 2011.

Weiping Wang, Saini Yang, H Eugene Stanley, and Jianxi Gao. Local floods induce
large-scale abrupt failures of road networks. Nature communications, 10(1):2114,
2019.

Sotirios Argyroudis, Jacopo Selva, Pierre Gehl, and Kyriazis Pitilakis. Systemic
seismic risk assessment of road networks considering interactions with the built
environment. Computer-Aided Civil and Infrastructure Engineering, 30(7):524—
540, 2015.

Edward J Oughton, Andrew Skelton, Richard B Horne, Alan WP Thomson, and
Charles T Gaunt. Quantifying the daily economic impact of extreme space weather
due to failure in electricity transmission infrastructure. Space Weather, 15(1):65—
83, 2017.

126



CEU eTD Collection

[94] Huajun Zhang, Lin Cheng, Shuhan Yao, Tianyang Zhao, and Peng Wang. Spa-
tial-temporal reliability and damage assessment of transmission networks under
hurricanes. IEEE Transactions on Smart Grid, 11(2):1044-1054, 2020.

[95] Dror Y Kenett, Jianxi Gao, Xuqing Huang, Shuai Shao, Irena Vodenska, Sergey V
Buldyrev, G Paul, HE Stanley, and S Havlin. Networks of networks: the last frontier
of complexity, 2014.

[96] Jianting Yang, Kongyang Zhao, Muzi Li, Zhu Xu, and Zhilin Li. Identifying com-
plex junctions in a road network. ISPRS International Journal of Geo-Information,
10(1):4, 2020.

[97] Albert Sole-Ribalta, Manlio De Domenico, Nikos E Kouvaris, Albert Diaz-Guilera,
Sergio Gomez, and Alex Arenas. Spectral properties of the laplacian of multi-
plex networks. Physical Review E—Statistical, Nonlinear, and Soft Matter Physics,
88(3):032807, 2013.

[98] Sergio Gomez, Albert Diaz-Guilera, Jesus Gomez-Gardenes, Conrad J Perez-
Vicente, Yamir Moreno, and Alex Arenas. Diffusion dynamics on multiplex net-
works. Physical review letters, 110(2):028701, 2013.

[99] Giulia Cencetti and Federico Battiston. Diffusive behavior of multiplex networks.
New Journal of Physics, 21(3):035006, 2019.

[100] Uzi Harush and Baruch Barzel. Dynamic patterns of information flow in complex
networks. Nature communications, 8(1):2181, 2017.

[101] Chandrakala Meena, Chittaranjan Hens, Suman Acharyya, Simcha Haber, Stefano
Boccaletti, and Baruch Barzel. Emergent stability in complex network dynamics.
Nature Physics, 19(7):1033-1042, 2023.

[102] Bnaya Gross and Shlomo Havlin. Percolation in spatial networks: Spatial network
models beyond nearest neighbours structures. Cambridge University Press, 2022.

[103] Louis M Shekhtman, Michael M Danziger, Dana Vaknin, and Shlomo Havlin. Ro-
bustness of spatial networks and networks of networks. Comptes Rendus. Physique,
19(4):233-243, 2018.

[104] Réka Albert, Hawoong Jeong, and Albert-Laszl6 Barabasi. Error and attack toler-
ance of complex networks. nature, 406(6794):378-382, 2000.

127



CEU eTD Collection

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Duncan S Callaway, Mark EJ Newman, Steven H Strogatz, and Duncan J Watts.
Network robustness and fragility: Percolation on random graphs. Physical review
letters, 85(25):5468, 2000.

Yehiel Berezin, Amir Bashan, Michael M Danziger, Daqing Li, and Shlomo Havlin.
Localized attacks on spatially embedded networks with dependencies. Scientific
reports, 5(1):8934, 2015.

Manlio De Domenico, Albert Solé-Ribalta, Elisa Omodei, Sergio Gémez, and
Alex Arenas. Centrality in interconnected multilayer networks. arXiv preprint
arXiv:1311.2906, 2013.

Chen-Hsiang Yeang, Trey Ideker, and Tommi Jaakkola. Physical network models.
Journal of computational biology, 11(2-3):243-262, 2004.

Petar Popovski and Hiroyuki Yomo. Physical network coding in two-way wireless
relay channels. In 2007 IEEE international conference on communications, pages
707-712. IEEE, 2007.

Punam K Saha, Gunilla Borgefors, and Gabriella Sanniti di Baja. Skeletonization
and its applications—a review. Skeletonization, pages 3—42, 2017.

Punam K Saha, Gunilla Borgefors, and Gabriella Sanniti di Baja. A survey on
skeletonization algorithms and their applications. Pattern recognition letters, 76:3—
12, 2016.

Daniel Udvary, Philipp Harth, Jakob H Macke, Hans-Christian Hege, Christiaan PJ
de Kock, Bert Sakmann, and Marcel Oberlaender. The impact of neuron morphol-
ogy on cortical network architecture. Cell Reports, 39(2):110677, 2022.

Zhihao Zheng, J Scott Lauritzen, Eric Perlman, Camenzind G Robinson, Matthew
Nichols, Daniel Milkie, Omar Torrens, John Price, Corey B Fisher, Nadiya Sharifi,
et al. A complete electron microscopy volume of the brain of adult drosophila
melanogaster. Cell, 174(3):730-743, 2018.

Marc Tessier-Lavigne. Axon guidance by molecular gradients. Current opinion in
neurobiology, 2(1):60-65, 1992.

Katharina Eichler, Feng Li, Ashok Litwin-Kumar, Youngser Park, Ingrid Andrade,
Casey M Schneider-Mizell, Timo Saumweber, Annina Huser, Claire Eschbach,
Bertram Gerber, et al. The complete connectome of a learning and memory centre
in an insect brain. Nature, 548(7666):175-182, 2017.

128



CEU eTD Collection

[116] Zachary G Nicolaou and Adilson E Motter. Mechanical metamaterials with negative
compressibility transitions. Nature materials, 11(7):608-613, 2012.

[117] Jason Z Kim, Zhixin Lu, Ann S Blevins, and Dani S Bassett. Nonlinear dynamics
and chaos in conformational changes of mechanical metamaterials. Physical Review
X, 12(1):011042, 2022.

[118] Raissa M D’Souza, Jesus Gomez-Gardenes, Jan Nagler, and Alex Arenas. Explo-
sive phenomena in complex networks. Advances in Physics, 68(3):123-223, 2019.

[119] Samuel Heroy, Dane Taylor, Feng Shi, M Gregory Forest, and Peter ] Mucha. Rigid-
ity percolation in disordered 3d rod systems. Multiscale Modeling & Simulation,
20(1):250-281, 2022.

[120] Alain Barrat, Marc Barthelemy, and Alessandro Vespignani. Dynamical processes
on complex networks. Cambridge University Press, 2008.

[121] Francesco Paolo Ulloa Severino, Jelena Ban, Qin Song, Mingliang Tang, Gines-
tra Bianconi, Guosheng Cheng, and Vincent Torre. The role of dimensionality in
neuronal network dynamics. Scientific reports, 6(1):1-14, 2016.

[122] Ginestra Bianconi. Multilayer networks: structure and function. Oxford University
Press, 2018.

[123] Daniel J Case, Yifan Liu, Istvan Z Kiss, Jean-Régis Angilella, and Adilson E Mot-
ter. Braess’s paradox and programmable behaviour in microfluidic networks. Na-
ture, 574(7780):647-652, 2019.

[124] Jason Z Kim, Zhixin Lu, Steven H Strogatz, and Danielle S Bassett. Conformational
control of mechanical networks. Nature Physics, 15(7):714-720, 2019.

[125] Istvan A Kovécs, Déniel L Barabasi, and Albert-L4szl6 Barabasi. Uncovering the
genetic blueprint of the c. elegans nervous system. Proceedings of the National
Academy of Sciences, 117(52):33570-33577, 2020.

[126] Ben Piazza, Daniel L Barabasi, Andre Ferreira Castro, Giulia Menichetti, and
Albert-Laszlo Barabasi. Physical network constraints define the lognormal archi-
tecture of the brain’s connectome. bioRxiv, pages 2025-02, 2025.

[127] J Clements, T Dolafi, L Umayam, NL Neubarth, S Berg, LK Scheffer, and
SM Plaza. neuprint: Analysis tools for em connectomics. biorxiv, 2020.

129



CEU eTD Collection

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Kei Ito, Kazunori Shinomiya, Masayoshi Ito, J Douglas Armstrong, George Boyan,
Volker Hartenstein, Steffen Harzsch, Martin Heisenberg, Uwe Homberg, Arnim
Jenett, et al. A systematic nomenclature for the insect brain. Neuron, 81(4):755—
765, 2014.

Philipp Schlegel. skeletor python package. https://navis-org.github.io/skeletor/.
[Online; accessed 20-June-2022].

Mizue Ohashi, Hidetoshi Ikeno, Kotaro Sekihara, Toko Tanikawa, Masako Dan-
noura, Keitaro Yamase, Chikage Todo, Takahiro Tomita, and Yasuhiro Hirano. Re-

construction of root systems in cryptomeria japonica using root point coordinates
and diameters. Planta, 249(2):445-455, 2019.

Yanchen Liu, Nima Dehmamy, and Albert-L4szl6 Barabasi. Isotopy and energy of
physical networks. Nature Physics, pages 1-7, 2020.

Patrick J Coskren, Jennifer I Luebke, Doron Kabaso, Susan L Wearne, Aniruddha
Yadav, Timothy Rumbell, Patrick R Hof, and Christina M Weaver. Functional con-
sequences of age-related morphologic changes to pyramidal neurons of the rhesus
monkey prefrontal cortex. Journal of Computational Neuroscience, 38:263-283,
2015.

Péter Bartho, Andrea Slézia, Viktor Varga, Hajnalka Bokor, Didier Pinault, Gyorgy
Buzsdki, and Laszl6 Acsady. Cortical control of zona incerta. Journal of Neuro-
science, 27(7):1670-1681, 2007.

Christof Koch and Allan Jones. Big science, team science, and open science for
neuroscience. Neuron, 92(3):612-616, 2016.

MM Torvund, TS Ma, VP Connaughton, F Ono, and RF Nelson. Cone signals in
monostratified and bistratified amacrine cells of adult zebrafish retina. Journal of
Comparative Neurology, 525(7):1532-1557, 2017.

Andrea Tagliasacchi, Thomas Delame, Michela Spagnuolo, Nina Amenta, and
Alexandru Telea. 3d skeletons: A state-of-the-art report. In Computer Graphics
Forum, volume 35, pages 573-597. Wiley Online Library, 2016.

[137] Kaleem Siddiqi and Stephen Pizer. Medial representations: mathematics, algo-

rithms and applications, volume 37. Springer Science & Business Media, 2008.

130


https://navis-org.github.io/skeletor/

CEU eTD Collection

[138] Oscar Kin-Chung Au, Chiew-Lan Tai, Hung-Kuo Chu, Daniel Cohen-Or, and Tong-
Yee Lee. Skeleton extraction by mesh contraction. ACM transactions on graphics
(TOG), 27(3):1-10, 2008.

[139] Brian Scott Whited. Tangent-ball techniques for shape processing. Georgia Institute
of Technology, 2009.

[140] Gérard Percheron. Quantitative analysis of dendritic branching. i. simple formulae
for the quantitative analysis of dendritic branching. Neuroscience Letters, 14(2-
3):287-293, 1979.

[141] Paheli Desai-Chowdhry, Alexander B Brummer, and Van M Savage. How axon and
dendrite branching are guided by time, energy, and spatial constraints. Scientific
Reports, 12(1):20810, 2022.

[142] Michael LaBarbera. Principles of design of fluid transport systems in zoology.
Science, 249(4972):992-1000, 1990.

[143] Marc Durand. Architecture of optimal transport networks. Physical Review E,
73(1):016116, 2006.

[144] Ron Milo, Shai Shen-Orr, Shalev Itzkovitz, Nadav Kashtan, Dmitri Chklovskii, and
Uri Alon. Network motifs: simple building blocks of complex networks. Science,
298(5594):824-827, 2002.

[145] Armin Bunde and Shlomo Havlin. Fractals in science. Springer, 2013.

[146] Paolo Crucitti, Vito Latora, and Sergio Porta. Centrality measures in spatial net-
works of urban streets. Physical Review E, 73(3):036125, 2006.

[147] Hervé Abdi. The kendall rank correlation coefficient. Encyclopedia of Measurement
and Statistics. Sage, Thousand Oaks, CA, pages 508-510, 2007.

[148] Johannes Schauer and Andreas Niichter. Collision detection between point clouds
using an efficient kd tree implementation. Advanced Engineering Informatics,
29(3):440-458, 2015.

[149] JR Leake and DJ Read. Mycorrhizal symbioses and pedogenesis throughout earth’s
history. In Mycorrhizal mediation of soil, pages 9-33. Elsevier, 2017.

[150] AC Flores-Ortega, JR Nicolas-Carlock, and JL Carrillo-Estrada. Network efficiency
of spatial systems with fractal morphology: a geometric graphs approach. Scientific
Reports, 13(1):18706, 2023.

131



CEU eTD Collection

[151]
[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Anthill art. Accessed: 2024-01-18.

Jacques Gautrais, Camille Buhl, Sergi Valverde, Pascale Kuntz, and Guy Theraulaz.
The role of colony size on tunnel branching morphogenesis in ant nests. PLoS One,
9(10):109436, 2014.

Brijesh Kushwaha, Avinash Kumar, Rushikesh S Ambekar, Vinay Arya,
Solomon Demiss Negedu, Deep Bakshi, Femi Emmanuel Olu, Ravi Sastri Ayya-
gari, Varinder Pal, Kishor Kumar Sadasivuni, et al. Understanding the mechanics
of complex topology of the 3d printed anthill architecture. Oxford Open Materials
Science, 2(1):itac003, 2022.

Walter R Tschinkel. The nest architecture of the florida harvester ant, pogono-
myrmex badius. Journal of Insect Science, 4(1):21, 2004.

Giorgio A Ascoli, Duncan E Donohue, and Maryam Halavi. Neuromorpho. org: a
central resource for neuronal morphologies. Journal of Neuroscience, 27(35):9247—
9251, 2007.

Xun Jin and Jongweon Kim. A 3d skeletonization algorithm for 3d mesh models
using a partial parallel 3d thinning algorithm and 3d skeleton correcting algorithm.
Applied Sciences, 7(2):139, 2017.

Tripty Singh et al. Tetrahedral 3d mesh generation for medical images. In 2079
Third International Conference on Inventive Systems and Control (ICISC), pages
443-449. 1IEEE, 2019.

Carlo Arcelli, Gabriella Sanniti Di Baja, and Luca Serino. Distance-driven skele-
tonization in voxel images. IEEE Transactions on Pattern Analysis and Machine

Intelligence, 33(4):709-720, 2010.

Wayne L Mattice, Carin A Helfer, and Alexei P Sokolov. Persistence length and
finite chain length effect on characteristic ratios. Macromolecules, 37(12):4711—
4717, 2004.

René Weller and René Weller. A brief overview of collision detection. New Geo-
metric Data Structures for Collision Detection and Haptics, pages 9-46, 2013.

Larry S Liebovitch and Tibor Toth. A fast algorithm to determine fractal dimensions
by box counting. physics Letters A, 141(8-9):386-390, 1989.

132



CEU eTD Collection

[162] William R Knight. A computer method for calculating kendall’s tau with ungrouped
data. Journal of the American Statistical Association, 61(314):436-439, 1966.

[163] Jeff Alstott, Ed Bullmore, and Dietmar Plenz. powerlaw: a python package for
analysis of heavy-tailed distributions. PloS one, 9(1):e85777, 2014.

[164] Reuven Cohen and Shlomo Havlin. Complex networks: structure, robustness and
function. Cambridge University Press, 2010.

[165] Cristian F Moukarzel. Percolation in networks with long-range connections. Phys-
ica A: Statistical Mechanics and its Applications, 372(2):340-345, 2006.

[166] Dana Vaknin, Bnaya Gross, Sergey V Buldyrev, and Shlomo Havlin. Spreading of
localized attacks on spatial multiplex networks with a community structure. Physi-
cal Review Research, 2(4):043005, 2020.

[167] Guy Amit, Dana Ben Porath, Sergey V Buldyrev, and Amir Bashan. Percolation
in fractal spatial networks with long-range interactions. Physical Review Research,
5(2):023129, 2023.

[168] EA Leicht and Raissa M D’Souza. Percolation on interacting networks. arXiv
preprint arXiv:0907.0894, 2009.

[169] Sergey V Buldyrev, Roni Parshani, Gerald Paul, H Eugene Stanley, and Shlomo
Havlin. Catastrophic cascade of failures in interdependent networks. Nature,
464(7291):1025-1028, 2010.

[170] Charles D Brummitt, Raissa M D’Souza, and Elizabeth A Leicht. Suppressing
cascades of load in interdependent networks. Proceedings of the national academy
of sciences, 109(12):E680-E689, 2012.

[171] Dimitris Achlioptas, Raissa M D’souza, and Joel Spencer. Explosive percolation in
random networks. science, 323(5920):1453-1455, 2009.

[172] Raissa M D’Souza, Jesus Gomez-Gardenes, Jan Nagler, and Alex Arenas. Explo-
sive phenomena in complex networks. Advances in Physics, 68(3):123-223, 2019.

[173] Ming Li, Run-Ran Liu, Linyuan Lii, Mao-Bin Hu, Shuqi Xu, and Yi-Cheng Zhang.
Percolation on complex networks: Theory and application. Physics Reports, 907:1—
68, 2021.

[174] Alice C Schwarze, Jessica Jiang, Jonny Wray, and Mason A Porter. Structural
robustness and vulnerability of networks. arXiv preprint arXiv:2409.07498, 2024.

133



CEU eTD Collection

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]
[187]

Orhan Aktas, Oliver Ullrich, Carmen Infante-Duarte, Robert Nitsch, and Frauke
Zipp. Neuronal damage in brain inflammation. Archives of neurology, 64(2):185—
189, 2007.

Era Taoufik and Lesley Probert. Ischemic neuronal damage. Current pharmaceuti-
cal design, 14(33):3565-3573, 2008.

Leonardo Dueifias-Osorio, James I Craig, and Barry J Goodno. Seismic response of
critical interdependent networks. Earthquake engineering & structural dynamics,
36(2):285-306, 2007.

Min Ouyang and Leonardo Duenas-Osorio. Multi-dimensional hurricane resilience
assessment of electric power systems. Structural Safety, 48:15-24, 2014.

Daqing Li, Bowen Fu, Yunpeng Wang, Guangquan Lu, Yehiel Berezin, H Eugene
Stanley, and Shlomo Havlin. Percolation transition in dynamical traffic network
with evolving critical bottlenecks. Proceedings of the National Academy of Sci-
ences, 112(3):669-672, 2015.

Ginestra Bianconi. Superconductor-insulator transition in a network of 2d percola-
tion clusters. Europhysics Letters, 101(2):26003, 2013.

Ravi TC Chepuri and Istvan A Kovacs. Complex quantum network models from
spin clusters. Communications Physics, 6(1):271, 2023.

K-I Goh, Byungnam Kahng, and Doochul Kim. Universal behavior of load distri-
bution in scale-free networks. Physical review letters, 87(27):278701, 2001.

Fan Chung and Linyuan Lu. Connected components in random graphs with given
expected degree sequences. Annals of combinatorics, 6(2):125-145, 2002.

Oriol Artime and Manlio De Domenico. Percolation on feature-enriched intercon-
nected systems. Nature communications, 12(1):2478, 2021.

Reuven Cohen, Keren Erez, Daniel Ben-Avraham, and Shlomo Havlin. Resilience
of the internet to random breakdowns. Physical review letters, 85(21):4626, 2000.

Marton Posfai and Albert-Laszlo Barabasi. Network Science. Citeseer, 2016.

Reuven Cohen, Daniel Ben-Avraham, and Shlomo Havlin. Percolation critical ex-
ponents in scale-free networks. Physical Review E, 66(3):036113, 2002.

134



CEU eTD Collection

[188] Sergey N Dorogovtsev, Alexander V Goltsev, and José FF Mendes. Critical phe-
nomena in complex networks. Reviews of Modern Physics, 80(4):1275-1335, 2008.

[189] Shankar Bhamidi, Souvik Dhara, and Remco van der Hofstad. Multiscale gen-
esis of a tiny giant for percolation on scale-free random graphs. arXiv preprint
arXiv:2107.04103, 2021.

[190] J-S Lee, K-I Goh, B Kahng, and D Kim. Intrinsic degree-correlations in the static
model of scale-free networks. The European Physical Journal B-Condensed Matter
and Complex Systems, 49(2):231-238, 2006.

[191] Bureau of Transportation Statistics. Dl,elect fields, 2024.  Accessed
November2h,2024.

[192] Anastasiya Salova and Istvan A Kovacs. Combined topological and spatial constraints are
required to capture the structure of neural connectomes. arXiv preprint arXiv:2405.06110,
2024.

[193] Catalin R Picu. Network materials: Structure and properties. 2022.
[194] Giacomo Indiveri and Timothy K Horiuchi. Frontiers in neuromorphic engineering, 2011.

[195] Carver Mead. How we created neuromorphic engineering. Nature Electronics, 3(7):434—
435, 2020.

[196] Piero Chiarelli. Artificial and biological intelligence: Hardware vs wetware. American
Journal of Applied Psychology, 5(6):98-103, 2016.

[197] Fred D Jordan, Martin Kutter, Jean-Marc Comby, Flora Brozzi, and Ewelina Kurtys. Open

and remotely accessible neuroplatform for research in wetware computing. Frontiers in
Artificial Intelligence, 7:1376042, 2024.

[198] Emmanuel Delamarche, André Bernard, Heinz Schmid, Alexander Bietsch, Bruno Michel,
and Hans Biebuyck. Microfluidic networks for chemical patterning of substrates: design
and application to bioassays. Journal of the American Chemical Society, 120(3):500-508,
1998.

[199] Kwang W Oh, Kangsun Lee, Byungwook Ahn, and Edward P Furlani. Design of pressure-
driven microfluidic networks using electric circuit analogy. Lab on a Chip, 12(3):515-545,
2012.

135



CEU eTD Collection

[200] Ayokunle Olanrewaju, Maiwenn Beaugrand, Mohamed Yafia, and David Juncker. Capil-
lary microfluidics in microchannels: from microfluidic networks to capillaric circuits. Lab
on a Chip, 18(16):2323-2347, 2018.

[201] Fansheng Xiong, Weitao Sun, Jing Ba, and José M Carcione. Effects of fluid rheology and
pore connectivity on rock permeability based on a network model. Journal of Geophysical
Research: Solid Earth, 125(3):no—no, 2020.

[202] Hursanay Fyhn, Santanu Sinha, Subhadeep Roy, and Alex Hansen. Rheology of immisci-
ble two-phase flow in mixed wet porous media: Dynamic pore network model and capil-
lary fiber bundle model results. Transport in Porous Media, 139(3):491-512, 2021.

[203] Subhadeep Roy, Santanu Sinha, and Alex Hansen. Role of pore-size distribution on effec-
tive rheology of two-phase flow in porous media. Frontiers in Water, 3:709833, 2021.

[204] Iselin C Salmo, Ken S Sorbie, and Arne Skauge. The impact of rheology on viscous oil dis-
placement by polymers analyzed by pore-scale network modelling. Polymers, 13(8):1259,
2021.

136



	Copyright
	Abstract
	List of Figures
	List of Tables
	1 Introduction
	1.1 Background and Problem Statement
	1.2 Significance of the Problem
	1.3 Contributions
	1.4 Thesis structure

	2 Literature review
	2.1 Graph theory
	2.2 Polymer physics
	2.3 Neuroscience
	2.4 Transportation networks
	2.5 Spatial networks
	2.6 Network-of-networks
	2.7 Physical networks

	3 Generalized meta-graphs on real networks
	3.1 Introduction
	3.2 Linear physical networks and the metagraph
	3.3 Skeletonized representation of physical networks
	3.4 The generalized meta-graph
	3.5 Empirical networks and the restricted meta-graph
	3.6 The meta-graph of the neural network 
	3.7 Discussion 
	3.8 Supplementary Information
	3.8.1 The generalized and the restricted meta-graph of the fruit fly brain network
	3.8.2 Data sets


	4 Three-dimensional shape and connectivity of physical networks
	4.1 Introduction
	4.2 Data
	4.2.1 Skeleton representation
	4.2.2 Network structure

	4.3 Abstract network properties
	4.4 Physical properties
	4.4.1 Space filling and fractal dimension
	4.4.2 Link volume and shape
	4.4.3 Link confinement

	4.5 Link confinement correlation profiles
	4.6 Discussion
	4.7 Supplementary Information
	4.7.1 Data sets
	4.7.2 Data sets Summary
	4.7.3 Data processing
	4.7.4 Abstract network properties
	4.7.5 Physical properties
	4.7.6 Collisions and link confinement
	4.7.7 Link confinement distributions


	5 Physical network robustness
	5.1 Introduction
	5.2 Intersection graph
	5.2.1 Link-side degree

	5.3 Random damage
	5.3.1 Analytical characterization
	5.3.2 Effect of degree distribution

	5.4 Targeted damage
	5.4.1 Effect of degree distribution

	5.5 Empirical networks
	5.5.1 Airline network
	5.5.2 Vascular network
	5.5.3 Neural network

	5.6 Discussion
	5.7 Supplementary Information
	5.7.1 Analytical characterization assumptions
	5.7.2 tDP-lDP randomization
	5.7.3 Targeted damage on the airline network


	6 Conclusions
	6.1 Summary
	6.2 Limitations and future extensions
	6.2.1 Computational resources
	6.2.2 Data standardization
	6.2.3 Incomplete data
	6.2.4 Additional applications
	6.2.5 Outlook


	Bibliography

