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1. Project Summary

Measuring and Modelling Complex Networks Across Domains

MMCOMNET

Activity code addressed: NEST-2003-Path-1 for “Tackling complexity in science”

Proposal abstract

The overall aim of this Specific Targeted Research Project is to develop a unified and cross-disciplinary understanding of the dynamic behaviour and functional properties of complex networks in different domains of application within the biological, social, and engineering sciences. Three domains have been selected on the basis of their abilities to be subject to the collection of systematic data that may be analyzed to reveal the structure, function and dynamics of the system. Further, each domain must be a promising candidate for a generalised modelling approach that could be applied beyond the originating domain. All the systems under consideration can be characterized as consisting of interacting networks of autonomous and adaptive agents (or components) that allocate global resources with high efficiency on the basis of incomplete and noisy information, typically without the need for a central control mechanism. The project partners will develop techniques and tools to measure and analyse the properties of the agents and the dynamic structure of their network. Modelling such networks will help address questions such as the nature of the implicit trade-offs between the different functional properties of the system, and the degree to which these properties can be realised jointly. The general problem of characterising efficiently and effectively the macroscopic properties of a network from the microscopic behaviour of its agents will be addressed, in order to realise the third objective of identifying possible methods of altering the network structure and dynamics and/or agent behaviour in order to enable real world target networks to achieve the desirable properties of robustness and persistence despite incomplete and noisy information. The most significant outcome from the proposed combination of empirical research and modelling work is to formulate and develop general principles that can inform the design and management of complex networks in a variety of real-world scenarios.

2. Project Objectives

The MMCOMNET project aims to develop unified tools for the empirical characterisation and modelling of complex network structures in different application domains and disciplines.   The focus of the research is on the functional and dynamic properties of networks, and how they relate to the observed network structure and the characteristics of the agents which are linked in the network.   The application domains under consideration span the biological, engineering and social sciences, and the particular systems that the research focuses on are fungal networks, supply networks, transport networks and innovation networks.

The identification of the project objectives is driven by three generic and domain independent  research questions, which involve the interplay of network structure, function and design:

1. Although the structural properties of networks are reasonably well understood, research on the dynamic processes that determine functional network properties are much less well developed. Hence a key question is to establish the constitutive properties of dynamic, agent-based networks (biological and socio-economic) that lead to properties of robustness, persistence, flexibility, responsiveness and efficiency.

2. While there may be many constructions of agent and network dynamics that could account for the observed behaviour of a biological or social network, what are the criteria for selecting the particular constructions that are likely to lead to the desired behaviour in the designed networks? The criteria might be based on physical plausibility or efficiency of information or energy transfer, for example, and are likely to depend on the nature of the designed network.

3. To what extent is it possible to transfer properties from socio-economic, biological and other extant and persistent networks to designed networks, e.g. enterprise networks, socio-technical work systems, and distributed and virtual enterprises?

The four project objectives identified below should provide solutions to these research questions. 

1. The development of novel statistical metrics for complex and dynamic networks

There are many ways to measure and characterise empirically observed network structures and their dynamic properties. Existing measurement techniques include Q analysis, entropic measures of complexity, queuing models, and the use of summary statistics such as the diameter and clustering coefficients.  However, even the properties of these standard statistical measures are only poorly understood to date, and traditionally different measures have been deployed in different disciplines, thus complicating the comparative analysis of networks in different domains.  The first project objective for MMCOMNET is to develop novel statistical measures that can be deployed in different application domains, thus enabling a meaningful comparison of the functional and dynamic properties of biological, social and engineered networks.  This project objective will develop a common language and a shared toolset for interdisciplinary research on complex and dynamic networks.  The statistical measures developed will be tested on real data sets, in particular the Stockholm data with regard to social and socio-economic networks, and the laboratory data on growth for fungal mycelia, and can also guide the work on network models which is addressed in the second project objective.  The key milestones for achieving the first objective are:

· Initial development of statistical measures and summary statistics, including trial software code (month 12, WP6).

· Testing statistical tools against Stockholm and fungal mycelia data (month 24, WP6).

· Statistics of public transport networks in Polish cities (month 24, WP5).

· Delivery of software package incorporating statistical tools (month 36, WP6).

2. Developing and connecting micro and macro approaches to models of complex and dynamic networks

The behaviour of networks may be modelled using a highly granular representation in which the non-homogeneous properties of individual agents can be specified, as is typically the case in agent-based models.  However, the dynamic properties of many networks can also be modelled by relying on continuum descriptions which relate the macroscopic state variables of the system using  partial differential equations.   The fruitfulness of each approach is not only determined by the properties of the system under consideration, but also a determination of which network properties are considered important, and the relevant length scale.  This project objective seeks to advance both approaches to modelling in parallel with respect to the real-world network systems which serve as paradigms in the different application domains (i.e. fungal networks, supply networks, transport networks, innovation networks).  The novel statistical measures developed as part of the first project objective can help establish goodness of fit between different models and empirical measurements.     The key challenge of this objective is to explore and integrate the differences between the traditional top-down, partial differential equation (PDE) -based approach, and the bottom-up, agent-based approach, and to explore how hybrid models might be constructed and validated. Participating researchers from the collaborating organisations will contribute their existing expertise on the assessment of the complexity of the performance of individual nodes, the structure of the network and the global behaviour of the network.   The key milestones for achieving this second objective are:

· Test agent-based models and PDE models against the experimental results for fungal mycelia (month 12, WP1).

· Develop PDE models of the supply network (month 12, WP3).

· Develop models of diffusion on innovation networks (month 18, WP4)

· Directly compare agent-based and PDE models of fungal mycelia to determine the feasibility of a hybrid model approach (month 24, WP1).

· Models of critical properties of networks (month 36, WP5).

3. The Reverse Problem: Deducing agent properties and network dynamics from the global behaviour of network systems.
The development and empirical validation of novel statistical measures and summary statistics under the first project objective, and the development of PDE and agent-based models for specific systems under the second project objective, will provide a foundation for developing frameworks and techniques which allow potential models to be inferred systematically from empirical data sets, such as those obtained in the different MMCOMNET application domains (e.g. fungal networks, supply networks, transport networks, innovation networks).  These models will be tested through simulation, although it must of course be recognised this is an under-constrained problem and that there are likely to be many possible candidate models for any empirically observed network system. Hence cross-disciplinary collaboration will be required to develop general methodologies and criteria for identifying plausible or mechanism-based explanations of observed behaviour, and new methods for choosing the most efficient models and descriptions. The measures of local, structural and global behaviour derived in the context of the first two project objectives will influence how this objective is pursued, and similarly the findings reached as part of the third project objective will redefine how the first two project objectives are approached.  For instance, the development of a framework for inferring network and agent properties from the available empirical data sets of different network systems may necessitate the development of additional statistical measures.  The main deliverables relating to this project objective will centre on techniques for suggesting constructions of agents and networks that can account for the observed global network behaviour, testing the behaviour of candidate models by simulations, and developing a robust methodology and criteria for selecting between different configurations of networks and agents.  The key milestones for achieving this third objective are: 

· Models of the decision-making behaviour of agents in supply networks (month 18, WP2).

· Simulations of supply networks that display some aspects of observed behaviour, including software documentation. (month 36, WP2).

· Develop an experimentally supported multi-scale model of fungal growth and nutrient transport (month 36, WP1).

· Generative model for innovation networks in high-tech clusters (month 36, WP4).

4. The Forward Problem: The design of networks with desirable properties

The previous project objectives enable the development of techniques which allow existing networks in different application domains to be characterised and modelled.  As part of the fourth project objective this logic is now reversed, and in the forward problem we consider how strategies which allow specific networks in certain application domains to perform well against certain performance metrics (i.e. robustness, responsiveness, etc.) can be transferred to other contexts so that the desirable properties are preserved in the designed network.  The successful identification of such design principles would make it possible to construct complex network systems which exhibit the desired characteristics of improved robustness, persistence, efficiency etc.  Some potential application domains for this approach include engineered and IT networks, organisational networks, socio-economic networks such as high-tech innovation clusters, and socio-technical systems such as transport networks and supply chains.  This approach, based on the transfer of specific functional network characteristics from one application domain to another, offers the prospect of designing networks with characteristics that cannot simply be reduced to a narrow conception of “optimality.”  By adjusting the local decision-making behaviour of agents or introducing new types of agents, for example, we may be able to achieve stability in supply networks, resistance to attack or node/link failure in computer networks, or more effective dissemination of innovation in business networks. The deliverables of this objective will be based on the simulation of networks with characteristics that are considered desirable, and the validation of these simulations against real world networks, with pilot application of these techniques to real world networks.  Since this objective is contingent on success in all three previous project objectives, the corresponding deliverables at the end of the project lifetime will necessarily be more speculative and preliminary.

