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Mapping nonlocal relationships
between metadata and network structure
with metadata-dependent encoding of random walks
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Mapping network structure
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Mapping network structure
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from infomap import Infomap . . .
im = Infomap() Maps of information flow reveal community
im.read_file("ninetriangles.net") structure in complex networks
im.add_1ink(1, 10) Martin Rosvall and Car! 1. Bergstrom
, . ’ , . PNAS 105, 1118 (2008). [arXiv:0/07.0609]
im.run("--two-level --num-trials 5")
print(im.codelength) eSS To comprehend the multipartite
for node in im.tree: = "[_f_i__ organization of large-scale biological
if node.is_leaf: .“-"-I.:,'**l A\~ § andsocial systems, we intraduce a new
hclocuiars print(node.node_id, node.module_id) = . information-theoretic approach to
i :f;:;;i-:: ravasl ~ammiinity ctriictiira in

News

Jan 29, 2022 Preprint — Map Equation Centrality: A Community-Aware Centrality Score Based on the Map Equation — arXiv:22071.12590

MNecr 10 2071 Recearch naner — Mannine flowe on weltochted and Adirected networke with incomnlete ohcervaricne — | Comn Netr 9 A(2021)



Mapping network structure and metadata on power grids

1

/
We would like to play with some parameters to

., give more importance to some nodes in the graph,
T ,i!:‘ somehow conditioning the clustering when we are
o interested in specific elements of the graph.

Antoine Marot
Lead Al Scientist at RTE — France’s [ransmission System Operator




Mapping network structure and metadata on power grids
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_ ' We want coherent communities
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with nodes that share similar prices.

Antoine Marot
Lead Al Scientist at RTE — France’s [ransmission System Operator




Network structure and metadata

Question: How can we exploit nonlocal relationships
between network structure and metadata’

ARTICLE

Received 12 Feb 2016 | Accepted 5 May 2016 | Published 16 Jun 2016

Structure and inference in annotated networks

M.E.J. Newman'23 & Aaron Clauset34>°

For many networks of scie
and information about the
social network. Here we de
understanding of network st
detection in networks and @
network and its metadata to dete 0 ' ore accurately than can be done with
either alone. Crucially, the method does not assume that the metadata are correlated with the
communities we are trying to find. Instead, the method learns whether a correlation exists
and correctly uses or ignores the metadata depending on whether they contain useful
information. We demonstrate our method on synthetic networks with known structure and on
real-world networks, large and small, drawn from social, biological and technological domains.

PHYSICAL REVIEW E 100, 022301 (2019)

Map equation with metadata: Varying the role of attributes in community detection

Scott Emmons ®” and Peter J. Mucha'

Carolina Center for Interdisciplinary Applied Mathematics, Department of Mathematics,
University of North Carolina, Chapel Hill, North Carolina 27599, USA

® (Received 24 October 2018; revised manuscript received 17 July 2019; published 2 August 2019)

Much of the community detection literature studies structural communities, communities defined solely by the
connectivity patterns of the network. Often networks contain additional metadata which can inform community
detection such as the grade and gender of students in a high school social network. In this work, we introduce a

Require correlations between network structure and metadata

I. INTRODUCTION

As network science has found application in a variety
of real-world systems, ranging from the biological to the
technological, so, too, has community detection in networks
received widespread attention [1-4]. Traditionally, commu-
nity detection methods have focused solely on the topology
of the network, optimizing an objective function defined on
the network structure that captures a particular notion of
community, such as intracommunity edge density and inter-

ity detection algorithm to
¢ networks, we show that
aligned with community
tual information with the
ng knob of a microscope,
s on the metadata.

maximization by including attributes in their “intertia-based
modularity.” Yang et al. proposed CESNA [12] and He et al.
proposed CNMMA [13] to identify communities by learning
a latent space that generates links and attributes. Peel et al. [6]
established a statistical test to determine if attributes correlate
with community structure, and they developed an SBM with
flexibility in how strongly to couple attributes and community
labels in the corresponding stochastic block model inference.

In related work, Stanley et al. [14] propose a test statistic
bhaced on 1abel nronacation for the alionment of node attribhiitec



| Mapping network flows

2 with metadata-dependent encoding

3 explorts nonlocal relationsnips



Mapping network flows
using the minimum description length principle




MAPS depict regularities
using less information

NETWORKS describe where flows move
depending on the current node



Mapping network flows

using the minimum description length principle

34 The Mathematical Theory of Communication
INFORMATION
SOURCE  TRANSMITTER RECEIVER  DESTINATION
. . SIGNAL RECEIVED - .
SIGNAL
MESSAGE MESSAGE

Fig. 1. — Schematic diagram of a general communication system.



Mapping network flows

using the minimum description length principle

34 The Mathematical Theory of Communication
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MESSAGE MESSAGE

Fig. 1. — Schematic diagram of a general communication system.



Mapping network flows

using the minimum description length principle
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Mapping network flows

using the map equation
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The map equation

Compression of network flows
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The map equation

Compression of network flows
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Mapping network flows

g Using the minimum description length principle

[he map equation infers modules with
long tlow persistence using the minimum
description length principle.



2 Mapping network flows

with metadata-dependent encoding




Mapping network flows

Absorbing random walks

|. We use random walks that remember their origin
2. Each node 1 has associated metadata f;

3. The probability x;; of a walker starting at ¢
to be absorbed at 7 depends on f;and f;




Mapping network flows

Encoding probabilities for categorical metadata

NI
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o If c > 1, the walker will encode more frequently at nodes belonging to the
same class of the starting node (assortative encoding).

e For p < ¢ < 1, encode will be more probable at nodes belonging to a
different class than the one of the starting node (disassortative encoding).

e For c = 1, the encoding dynamics no longer depend on class assignments
(neutral encoding).

e When p < 1, the structure is irrelevant and absorption depends only on
metadata.



Mapping network flows

Random walks with metadata-dependent encoding probabilities

c € |1, 3] c € (3,10] c> 10
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Mapping network flows

Random walks with metadata-dependent encoding probabilities
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Mapping network flows

Random walks with metadata-dependent encoding probabilities

Synthetic example

A Original graph B p=1 c=1 C p=0.5 ¢c=50 D p=0.1 c=100
| \ Encaoding g}raph - Encoding graph |
. PI/IC o - 2

%;?

&, A Class 1 g v — |
‘%“é‘ m Class 2 - : \ ..: AQQ% ..8 : .-8
_] ‘ y
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Mapping network flows

Encoding probabilities for real-valued metadata
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2 Mapping network flows

with metadata-dependent encoding

Random walks with metadata-dependent
encoding probabllities integrate network
information and distant metadata.



3 Mapping network flows

with metadata-dependent encoding
exploits nonlocal relationships
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Starting point matters




Income class matters in the commuting network of London




Unemployment class matters in the commuting network of London




Obesity class matters in the commuting network of London
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turopean power grid network with node prices and optimal partrtions
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Full derivations and more examples in Sci. Adv. 8, eabn7558 (2022)
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Mapping nonlocal relationships between metadata fahtsreserved;
and network structure with metadata-dependent Amercan Associtor
encoding of random walks ofScience. No cim t

original U.S. Government
. . . . . . Works. Distributed
Aleix Bassolas''?*t, Anton Holmgren*t, Antoine Marot’, Martin Rosvall*, Vincenzo Nicosia'* e Gt

Commons Attribution

Integrating structural information and metadata, such as gender, social status, or interests, enriches networks and License 4.0 (CC BY)

enables a better understanding of the large-scale structure of complex systems. However, existing approaches to augment
networks with metadata for community detection only consider immediately adjacent nodes and cannot exploit
the nonlocal relationships between metadata and large-scale network structure present in many spatial and social
systems. Here, we develop a flow-based community detection framework based on the map equation that integrates
network information and metadata of distant nodes and reveals more complex relationships. We analyze social and
spatial networks and find that our methodology can detect functional metadata-informed communities distinct
from those derived solely from network information or metadata. For example, in a mobility network of London, we
identify communities that reflect the heterogeneity of income distribution, and in a European power grid network, we
identify communities that capture relationships between geography and energy prices beyond country borders.

INTRODUCTION and network structure exist, the presence of metadata adds no value
The network structure of a complex system provides meaningful to the extended stochastic block models (16, 17). Similarly, en-
insights into its function, dynamics, and evolution (1-3). For exam- coding metadata in flow-based modules without local correlations
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with metadata-dependent encoding
¥ exploits nonlocal relationships

3 Mapping network flows

Random walks with metadata-dependent
encoding probabllities reveals functional
metadata-informed communities



CONCLUSION

Random walks with metadata-dependent
encoding probabllities integrate structural
and metadata information beyond nodes
immediate neighbors, revealing functional
metadata-informed communities
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Code » Publications »

from infomap import Infomap . . .
im = Infomap() Maps of information flow reveal community
im.read_file("ninetriangles.net") structure in complex networks
im.add_1ink(1, 10) Martin Rosvall and Car! 1. Bergstrom
, . ’ , . PNAS 105, 1118 (2008). [arXiv:0/07.0609]
im.run("--two-level --num-trials 5")
print(im.codelength) eSS To comprehend the multipartite
for node in im.tree: = "[_f_i__ organization of large-scale biological
if node.is_leaf: .“-"-I.:,'**l A\~ § andsocial systems, we intraduce a new
hclocuiars print(node.node_id, node.module_id) = . information-theoretic approach to
i :f;:;;i-:: ravasl ~ammiinity ctriictiira in

News

Jan 29, 2022 Preprint — Map Equation Centrality: A Community-Aware Centrality Score Based on the Map Equation — arXiv:22071.12590

MNecr 10 2071 Recearch naner — Mannine flowe on weltochted and Adirected networke with incomnlete ohcervaricne — | Comn Netr 9 A(2021)



Three ways to run Infomap

https://www.mapequation.or

PYthOﬂ (C++ speed) C+A Infomap online (JS speed)

To install, run _
git clone git@github.com:mapequation/infomap.git = Load network . Run Inf
cd infomap .y Edit network or load file

make =)
B Load network v --clu --ftree

#source target [weight]

12
pip install --upgrade infomap 13

Bl
V/‘l\

Toggle parameters ¢

pip install infomap

To upgrade, run

OPENMP WITHOUT OPENMP 14
21

23
32
31
¢ MACOS 10.15 nfomap-mac.zip nfomap-m: mp.zip 41
45
46
54
56
65
64

“« WINDOWS

Infomap only supports Python 3 ) UBUNTU 18.04

We currently build packages for Python 3.6 to 3.10.

Load network by dragging & dropping.


https://www.mapequation.org/infomap/

