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Summary

Services delivered via National Infrastructure (NI) are key to securing economic growth and societal
well-being. Spatially complex interdependent networks form an integral component of NI (e.g. energy
supply, transport, waste management, clean water supply and dirty water treatment). It is essential that
such infrastructure networks and interdependencies can be managed, analysed and modelled in a
robust and consistent manner. This paper presents work undertaken to develop a spatial interdependent
network model within existing relational database management software that is suitable for national-
scale representation of infrastructure network systems and their interdependencies.
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1. Introduction

National Infrastructure (NI) networks no longer operate as isolated, stand-alone spatial networks, but
interact to form complex relationships between physical assets and networks. Spatial dependencies
and interdependencies between NI networks can lead to the propagation of disruptions and failures
resulting from man-made and natural hazards. As such, it is pertainet to consider NI as as a ‘network-
of-networks’, with inherent underlying spatiality. However, such a representation can require large
quantities of data from disparate sources to represent physical components of single and multiple
networks. Moreover, new data management and analysis tools are required in order to effectively
manage and analyse infrastructure systems within the network-of-networks paradigm. In this paper we
present a new relational database schema, implemented in PostgreSQL and PostGIS, that has been
developed specfically for representing spatially interdependent infrastructure networks. The utility of
the database schema is demonstrated via a prototype reporting tool for infrastructure network
visualisation.
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2. Network database schema and Python interface

The structure of the network database schema is illustrated in Figure 1 as an entity-relationship (ER)
diagram. The administrative tables, Graphs and Global_Interdependency (Figure 1) maintain a record
of the networks and interdependencies stored within the schema. A network is stored using the concept
of table inheritance. A single network comprises three tables, with each inheriting attributes from the
parent tables (Figure 1); ensuring that the attributes of the parent tables propagate to the instance
tables. This same approach is used for the interdependency links between two networks.
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Figure 1 — ER diagram of the network database schema.

Parent interdependency tables

Figure 2 shows two networks stored within the network database schema; the tables outlined in
magenta represent a network derived from National Grid electricity network data while the tables
outlined in green represent a network forming the London Underground Tube Network.
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Figure 2 —ER diagram of two dependent networks stored in the database schema.



To construct and store the two networks, two Python-based modules, nx_pg and nx_pgnet have been
developed that use NetworkX to build the topology of any network model (Figure 3). The nx_pg
module is used to convert the raw data into a NetworkX network using the read_pg() function, and
then the nx_pgnet module can be used to write this network to a set of schema-enabled tables back to
the same database, using the write.pg_net() function. The process of building from raw data is
illustrated in Figure 3 by the steps highlighted in red, whilst the process of extracting a network from
the schema, once built, is highlighted in green. The build process uses the add_node() and add_edge()
methods of NetworkX to add the geometry and attributes of the raw edge and node data to a
NetworkX network before the final result is then written to the database schema. These modules
therefore act as a linking mechanism between the schema used for storage, and NetworkX which is
used for network analysis.
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Figure 3 — Overview of Python modules nx_pg and nx_pgnet that act as an interface between the
network database schema and NetworkX.

3. Enabling network analysis and visualisation

To date, the database schema has been used to facilitate the modelling and subsequent analysis of
infrastructure networks at differing spatial scales, for different geographic regions, within different
specific application domains. For example, the construction and storage of a road network from
informal data sources within the database schema, and subsequent linkage to NetworkX via the Python
wrappers, formed a critical component of work assessing optimum faecal sludge removal and disposal
over a road network for a suburb in Kibera, Nairobi, Kenya (Kennedy-Walker et al., 2014). This work
focussed on assessing two approaches for transferring faecal sludge between public toilets and transfer
stations; namely via a single transfer station, or via multiple transfer stations (see (a) and (b) of Figure



4), using the network database schema as the data storage and analysis platform linked to NetworkX.
This provided the facility to perform cost analyses based around shortest paths across the road network
for the two different transfer approaches, between the toilets and transfer stations. In addition to its
analytical utility, two database-level functions, ni_create_node_view, and ni_create_edge_view, create
views of the network data allowing the schema to be directly linked to Quantum GIS (Quantum GIS,
2014). This functionality is shown in Figure 5 where the two networks in Figure 2 (National Grid
electricity transmission and London underground tube network) are shown along with a representation
of inferred spatial dependencies between these two networks.
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Figure 4 — Road network for Kibera suburb, Nairobi, Kenya (Kennedy-Walker et al., 2014).
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Figure 5 — QGIS linked view of the two networks and their spatial dependencies shown in Figure 2.

As the encoding of a network or set of interdependent networks contains both topographical and
topological information a network visualisation and analysis tool has been developed for the database
schema using JavaScript Object Notation (JSON) data format that allows both views (topographic and
topological) along with analytical metrics to be viewed. Figure 6 illustrates several components of this
this visualisation tool. In the tool a user is able to select a particular network its style, and switch
between the topological and topographical views. The topographical view is currently delivered using
the OpenLayers web mapping library (OpenLayers, 2014a), and uses the OpenLayers Style Map
(OpenLayers, 2014b) to encode styles for each network. The topological view was developed using
the D3 library (Bostock, 2014), and provides currently a single force-directed layout (Bostock, 2012)
to visualise each network. Figure 6 also illustrates the metric view which is derived by using the
functionality of NetworkX.
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Figure 6 — Example of views of the topographic, topological and metric based capabilities of the
database schema analysis and visualisation tool. Top: RATP Rail Network, Middle: topological view,
Bottom: metric view as a degree histogram.



4., Conclusion

This paper has highlighted the key components of a network database schema developed to facilitate
NI network modelling and analysis within a network-of-networks paradigm. By using table
inheritance available within PostgreSQL the database schema, coupled with Python wrapping
modules, provide the platform through which to conduct infrastructure network modelling and
analysis. To address the ability to model interdependencies between networks, a simple mechanism
through which interdependencies between two networks can be represented is included within the
schema. The utility of the schema has been highlighted through the local-scale assessment of faecal
sludge management options via a road-based network analysis. Additionally a range of visualisation
and analysis tools that have been developed that can directly interface with the network database
schema, enabling rapid visual and analytical analysis of the spatial, topological and metric
characteristics of complex spatial infrastructure networks.
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