
Introduction

Complex systems are compelling by nature. Despite being made up by many similar build-
ing blocks governed by simple interactions, the system as a whole can exhibit striking
properties. Abstract graphs are a versatile tool for modeling such connected physical
systems – as the increasing scientific interest in the field of network science indicates
their power. Their structural and dynamical properties are both of interest, and often
non-trivial processes are explained by static features of the underlying structure.

Real-world complex systems present additional scientific challenges. The empirical analy-
sis will need a combination of specially designed measurements and modeling that often
make them great subjects of interdisciplinary research.

Spatial networks are embedded into an abstract geometric space with an appropriate
distance definition or into the geographic space. Real-world examples are extremely
diverse. Many among them are related to the populations of urban areas – such as
power networks supplying electricity, the commercial network connecting countries, the
highway network connecting cities, the world-wide network of airports connected by
flights, or the human contact network that viral diseases can use to travel around the
world.

Empirical research of these large-scale networks was long restricted to analysis based on
smaller systems with possibility to directly measure or, in case of large-scale examples,
proprietary datasets, such as description of the system of power grids or route graphs.
While these networks are serving the human population, another important type of net-
work are the social and communication networks formed by individuals themselves,
where location information was only known for smaller or experimental systems, and
rather modeled using e.g., proximity-based forces like gravitational models.

During the past years interdisciplinary teams formed around empirical research with the
aim of recreating the network model of crucial self-organizing systems, like the Internet,
or the cities, formed by the people of networked societies. The rapid growth of these
systems was facilitated by their high-level of utility for the society, and now they are
indispensable, hence it became a necessity to uncover their characteristics and possibly
protect them from disruptive effects. For such systems, researchers would first design a
topology discovery campaign to create the graph abstraction of the underlying system,
measure the relative weight of the ties and the nodes and then complement it by their
geolocation to give a complete or partial spatial embedding.

These research projects created new measurement systems and services to give a sort of
virtual lens for other interested parties to look at the system – just like an astrophysicist
would use a telescope to gather information about the universe around us. For easy
collection, handling, processing and searching of such astrophysical datasets, scientific
data centers with sophisticated tools were created. These so called Virtual Observatories
routinely use spatially indexed information for statistical analysis and network scientists
created new types of virtual observatories based on them. Examples are Internet network
measurements, urban sciences or online social network research. For the latter case, the
evolution of collective sensing based on personal devices has been accompanied by the
silent revolution of the social perception of personal spatial information. These allowed
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for researchers to gather unprecedented amount of open access data from e.g., public
live stream samples of individual social media accounts.

During my doctoral studies I aimed to examine geographically embedded real-world net-
works with large spatial coverage. The three parts of the thesis correspond to three such
underlying physical systems: the router level Internet network, the global communities
of cyber citizens connected through the Twitter social media platform, and the active
urban population of the Greater London area using a mobile communication system of
cell towers. I participated in independent scientific projects where I collaborated with
the teams who performed the previously described discovery experiments. I present our
findings in five chapters corresponding to separate assignments. My original contribu-
tion to knowledge is the result of empirical analysis of the measured network features
of the underlying physical systems.

I - Internet network measurements

1. Likelihood mapping for probabilistic geolocation

The first chapter gives an overview on previous work on Internet network measurements
and the spatial embedding of a representative set of nodes of the router-level inter-
PlanetLab network - often used as a model for the Internet. The topology discovery was
based on network tomography from the end-points of the PlanetLab hosts. The subse-
quent spatial embedding used a statistical-model-based geolocation. The same proba-
bilistic method can also be used for other e.g., thematic address discovery campaigns.
Each of these experiments can result in thousands of overlapping spatial distributions.

Results of the chapter:

Th1. I introduced a method of spatial aggregation based on a family of statistical mea-
sures of spatial uncertainty, and efficiently applied it for overlapping spatial dis-
tributions. I used the spatial likelihood maps to evaluate the results of various
high-volume experiments. They proved to be able to uncover the urban-level com-
munity structure of high-volume target sets of global coverage. [1]
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II - A global social network

2. E�ective core and periphery of geopolitical regions

In Chapter 2 we gave an overview of previous work on the social graph discovery of
the public accounts of the Twitter social media platform. We can create the network
connecting the countries and regions of the world by aggregation of the individual user
nodes of known location. Bz aggregating the follower and mention relations of between
users, we get weighted graph representations with high level of averaging.

Results of the chapter:

Th2. I performed the structural analysis of the global social network based on two
weighted, directed regional graph representations. By simulating viral spread-
ing on the graphs, I determined the effective connectedness and global infection
power of the nodes. Using k-shell analysis, their abstract distance from the core
of the network was determined. I showed that the combination of these two node
centrality measures can successfully uncover the effective core-peripheral division
of the global network of regions. [2]

3. Hidden pattern of a social-network-driven news �pandemic�

In Chapter 3 we gave an overview of previous work on the uncovering of hidden geome-
try of an extensive set of historical epidemics. For this, the authors replaced geographic
link lengths with of the network connecting the airports of the world by a network-
defined effective distance. The authors used the method to reveal the hidden geometry
of an extensive set of historic epidemics1. For a similar analysis of information traveling
on a social network, I used regional graphs for effective distance embedding. I used
Twitter messages and Google search engine records for recreation of news trajectory
in space and time. The first-of-its-kind record-breaking “Gangnam Style” video started
from a smaller audience, and then reached worldwide coverage – making the propaga-
tion process a unique candidate for comparison to pandemics of infectious disease.

Results of the chapter:

Th3. I adapted the effective distance method for news propagation modeling on a com-
munication network. I presented an abstract embedding of the nodes of the re-
gional graph around a high probability news source node. By applying spatial and
temporal averaging, I showed that this process on the graph is showing similarity
to the network-driven epidemics spreading phenomena. I compared the system-
internal results on the same embedding to externally measured arrival time ap-
proximations, and showed that the statistical behavior remains similar. [3]

1DOI: 10.1126/science.1245200
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4. Spatial analysis of cyber community structures

In Chapter 4 we presented a geographic aggregation of individual-level friendship graph
by use of a lower level aggregation, where I used sufficiently small and equal area cells of
HEALPix division. This way, a series of large-scale spatially embedded graph represen-
tations were created – keeping the fine-grained detail of the underlying online network
ties intact. This resulted in a dataset of significantly higher extension and coverage.

Results of the chapter:

Th4. I used modularity-driven ensemble simulations for the clustering analysis of a se-
ries of large-scale weighted graphs, and showed that they have a modular topo-
logical structure.

Th5. I presented a geographic projection of the identified communities and analyzed
their spatial compactness and power of geographic outreach. I showed that they
generally exhibit strong compactness, and in addition, found the imprints of divi-
sive effect of language barriers and political conflict zones.

Th6. I presented a comparative analysis between two types of community division: ad-
ministrative division and the network-driven division, and showed that social con-
nections give higher quality cohesiveness than the partitioning based on geopolit-
ical borders. [4]

III - Urban mobility

5. Predictability and urban location activity patterns

In Chapter 5 we presented the previous work on how highly industrialized urban popu-
lations are effectively turning the communication towers into sensors for monitoring of
human activity levels. Local activity time series can be partitioned into a few clusters
of major types of weekly pattern, e.g. business vs residential districts. We can think of
these clusters as the functional local “climate” zones of urban mobility.

Results of the chapter:

Th7. I presented a predictability analysis of urban locations, based on the decomposition
of local activity time series into regular and irregular parts. I analyzed the limits of
predictability of the highly regular human activity patterns in the Greater London
area. (By extension of the previous analogy, this view of the city corresponds to
the variability of local “weather” time series.) Using statistical predictability scores
I first showed the smoothing effect of spatial aggregation at various levels, and
the effectiveness of the functional clusters. I showed that the activity volumes of
locations can be used for the local outlier special events differentiation from typical
noise levels using different types of measurement. [5]
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I. Csabai, G. Vattay. A multi-terabyte relational database for geo-tagged social
network data. In: CogInfoCom 2013. pp. 289-294. 2013.

[7] D. Kondor, I. Csabai, L. Dobos, J. Szüle, N. Barankai, T. Hanyecz, T. Sebők, Zs.
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