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研究成果の概要（和文）：私たちの生活の側面を記録する新しい技術は、科学にとっても商業的利益にとっても
非常に価値がある。このプログラムの中で、我々はこのようなデータを扱う新しい方法を開発した。（病気の流
行のような）拡散過程のドライバーの発見を容易にするためのデータ構造として表現する方法と、構造的に類似
した合成データを生成する方法の両方である。さらに、プログラム期間中に発生したCovid-19のパンデミックか
ら得られた新しいデータを用いて、拡散過程の理論を発展させた。

研究成果の概要（英文）：New technologies recording aspects of our life are very valuable both for 
science and commercial interests. Within this program, we have developed new methods of handling 
such data-both how to represent it as data structures to facilitate the discovery of the drivers of 
spreading processes (like disease epidemics) and how to generate structurally similar, synthetic 
data. We have, furthermore, advanced the theory of spreading processes, including new data from the 
Covid-19 pandemics that happened during the program.

研究分野： Complex networks

キーワード： Network epidemiology　Digital epidemiology　Network theory　Data science　Graph data
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令和

研究成果の学術的意義や社会的意義
このプログラムにより、病気や情報の拡散に関する理解が深まった。具体的には、伝染病の緩和に役立つよう
に、人間の移動と接触データを伝染病モデルに統合する方法が進歩した。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
Contagion processes are pervasive in modern societies, yielding both positive and 
negative outcomes. Examples include the dissemination of information, the adoption of 
new technologies or behaviors, and the spread of epidemics. These phenomena present 
increasing challenges for both theoretical understanding and practical management, 
including control, mitigation, enhancement, or suppression. Predictive models are 
essential in addressing these challenges. As more relevant data become available, some 
models have become more detailed but less transparent and understandable, particularly 
when they incorporate unfiltered data in its entirety. Therefore, it is essential to 
comprehend the structure of the data before developing data-driven models and to 
understand how to effectively utilize detailed data in these models.  
 
At the outset of the project, a highly active area in computational social science was 
the study of spreading phenomena. Most theoretical approaches to this topic involved 
either refinements of the simplified modeling framework known as "homogeneous mixing" 
(where all individuals are equally likely to interact) or the employment of an agent-
based modeling strategy. Both approaches could be informed by new types of data on 
human interactions and communications. These data are typically represented as networks, 
which may be resolved over time. However, even large volumes of data do not easily 
translate into knowledge or predictive models. The diverse and complex information 
contained within these data presented significant challenges for extracting meaningful 
structures and integrating them into data-driven models. A fundamental question 
regarded the selection of appropriate information about individual activities necessary 
to describe a contagion phenomenon while maintaining a parsimonious approach 
facilitating human knowledge creation. 
 
２．研究の目的 
The objective of this project was to identify new methods for extracting relevant 
structures from complex data, to represent these data for integration into data-driven 
contagion models, and to apply these new tools in predictive modeling for epidemic 
spread. As a lasting result, this approach was developed to create new strategies for 
epidemic containment. 
 
The primary question we aim to address is: How can rich and complex data sets be 
simplified to reveal the structures that influence spreading phenomena? Our main 
innovation will be the development of network reduction techniques that consider the 
dynamic processes occurring on the networks. These data representations will be 
designed to be as parsimonious as possible while preserving the accuracy of predictions 
related to the dynamics of information spreading generated by the resulting data-driven 
models. 
 
To address these challenges, we will integrate tools from complex systems, complex 
networks, social network analysis, temporal networks, epidemiology, statistical physics, 
applied mathematics, and the social sciences. We will develop methods to transform 
data at various scales into accessible information and knowledge for researchers, 
policymakers, and the general public. Our methodology involves identifying and 
progressively filtering the most relevant subparts. 
 
３．研究の方法 
At the outset of the project, we aimed to address the aforementioned limitations by 
focusing the data-driven modeling effort on intermediate scales, integrating novel 
data representations with analytical and computational tools, and defining structures 
and network reduction techniques in relation to the dynamical processes occurring on 
the networks. 
 
We planned to develop methods to filter increasingly important and central subsets of 
temporally resolved network data. This involved extracting features from data at 
intermediate scales and defining data representations that compartmentalize a 
population. The extracted structures from time-resolved interactions were to include 



complex interaction types determined by specific temporal activities, such as 
interactions between nurses and patients in a hospital, modulated by work schedules. 
 
We intended to construct parsimonious representations of data and spreading processes 
by considering a broader set of features than current compartmental approaches, while 
avoiding the excessive complexity of modeling individuals separately. Our approach 
involved developing representations that associated backbones or cores of the data 
with summarized representations of the remaining parts. 
 
We aimed to study how to redefine spreading models on mesostructures and map 
'microscopic' and 'mesoscopic' contagion models describing the same phenomena. This 
included incorporating complex individual patterns into larger-scale models such as 
metapopulation approaches. 
 
The data filters and representations were to be developed in conjunction with the data-
driven models. We planned to assess the impact of temporal cores and backbones on 
processes to identify influential spreaders. Validation of the representations was 
intended to ensure that the outcomes of data-driven models using different levels of 
aggregation and data representations were consistent. 
 
We planned to employ new theoretical tools in case studies relevant to social contagion, 
ensuring the practical applicability of our methods. 
 
This methodological framework aimed to enhance our understanding and predictive 
capabilities regarding the dynamics of spreading phenomena. 
 
４．研究成果 
This research program presented a comprehensive examination of various aspects of 
network dynamics, particularly focusing on temporal and contact networks, contagion 
processes, social convention dynamics, and the impact of data representation on disease 
mitigation strategies. 
 
One significant finding was the identification of the “temporal rich club phenomenon” 
(Fig. 1). where well-connected nodes in temporal networks tended to form stable, 
simultaneous structures. This phenomenon offered a novel perspective on the temporal 
patterns within networks and their influence on the processes unfolding within them. 
 
In the realm of contagion processes, it was shown that a behavioral adoption process 
could drive a disease spread process, leading to discontinuous transitions and 
bistability. This demonstrated that higher-order contagion dynamics could be induced 
through such driving mechanisms, which were otherwise hidden or unobservable. 
 
The structure of contact networks was also critically examined, revealing that their 
metric backbones—significantly reduced subgraphs—retained the essential shortest paths 
and community structures of the original networks. This indicated a high level of 
redundancy in social networks, which was crucial for the robustness of epidemic 
transmission and communication dynamics. 
 
Group interactions played a crucial role in social convention dynamics. It was found 
that the critical mass necessary for a committed minority to overturn existing norms 
was influenced by group size and individuals' propensity to change their views. This 
reconciled previous discrepancies in critical mass sizes and underscored the importance 
of higher-order network interactions. 
 
Efforts to handle complex temporal network data led to the development of methods to 
create surrogate data sets from observed network backbones. These surrogate data sets 
retained the essential properties of the original networks, ensuring their 
applicability in numerical simulations and maintaining the actionability of the 
summarized complex data sets. 
 
Regarding COVID-19 mitigation strategies, manual and digital contact tracing methods 
were analyzed using high-resolution contact data. The findings indicated that manual 
contact tracing benefited linearly with the recall fraction of contacts, whereas 



digital tracing showed quadratic benefits with app adoption. Both methods highlighted 
the importance of high compliance and rapid isolation to effectively control outbreaks. 
 
The challenge of accurately representing temporal network data for studying social 
relationships was addressed by proposing a model that accounted for the interdependence 
of social relationships. This model provided a more precise depiction of social network 
evolution compared to traditional aggregation methods. 
 
Finally, the impact of different contact data representations on infectious disease 
simulation models was evaluated. Coarse data representations tended to underestimate 
the risk of super-spreading events but maintained consistent rankings of intervention 
protocols. This ensured that public health advice based on these models remained 
reliable, despite potential quantitative discrepancies. 
 
In summary, these studies collectively advanced the understanding of network dynamics, 
contagion processes, and the practical implications of network data representation, 
providing valuable insights for public health interventions and the study of social 
systems. 
 
 
(Figure 1). Illustrating the temporal rich club phenomenon. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Schematic representation of a temporal network as a sequence of instantaneous 
snapshots where nodes are connected by temporal edges. 
b) Time aggregated graph G(V,E), where the weight of an edge corresponds to the number 
of occurrences of the corresponding temporal edge. The set S > 3 of nodes of degree 
larger than 3 in the aggregate graph G and its induced subgraph are included in the 
orange shaded area.  
c) Maximal number of edges among the nodes of S>3 that are simultaneously stable over 
a duration ∆, E > 3 (∆), for different values of ∆.  
d) Two examples of time series of the ∆−cohesion ε > k(t,∆) computed for the U.S. Air 
Transportation Temporal Network, with ∆ = 1; for k = 320 (orange dotted line), ε > 
320 (t, ∆ = 1) remains persistently large, corresponding to a stable temporal rich 
club, while for k = 410 the cohesion values fluctuate strongly, suggesting the existence 
of a transient temporal rich club. 
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