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Abstract

This paper documents the case to date of the development of National Data Grid as a grid cell (also called raster) data component of the Australian Spatial Data Infrastructure. In the process the strategies used by the Project Control Group to overcome the technical and institutional hurdles were described in the perspective of the processes of spiral model of software development and organisational innovation diffusion respectively. 
The Project is currently at the stage when it has to consolidate the various prototypes developed and tested by the project participants and promote the end product to strategic stakeholders in Australia. The purpose is to generate enough interest in the National Data Grid for it to be implemented as a production multi-participant system and as an integral part of the Australian Spatial Data Infrastructure. The lessons learnt to date point to two key elements of a strategy needed for the success of this stage. These elements are the Cooperative Research Centre for Spatial Information and a grid cell indexing system called the National Nested Grid, which are deemed to play a key role in promoting the adoption of the infrastructure. 
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1.
INTRODUCTION

Based on the concept of global spatial data infrastructure (SDI) (GSDI 2009) a SDI is dynamic in nature as its capabilities are built over time and across jurisdictions to meet the increasing variety of needs of the organisations it supports. The identities of an SDI and its various components change over time as the capabilities evolve (Chan et al. 1999). So when one tries to develop a innovative component of the national spatial data infrastructure (NSDI) the challenges for the project sponsor are to articulate what the innovation was, what it could do, who it could serve and which organisations could benefit from it and how. A parallel challenge is determining how like-minded organisations could collaborate to build the innovation and fulfil the aspiration. The National Data Grid in Australia, which is intended to be a grid cell component of the Australian spatial data infrastructure (ASDI) is a project that has been grappling with such challenges. This paper documents the experience of such a project and draw lessons for developing a similar National SDI initiative in future.
2.
THE NATIONAL DATA GRID
2.1 Why – the Needs and Benefits
In 2005 a Director in the Victorian Department of Sustainability and Environment, the Victorian representative on the Governing Board of the Cooperative Research Centre for Spatial Information (CRCSI), noticed the need of modellers who were spending significant resources in turning existing spatial data into grid cell (also called raster) data. He could see the significant cost saving and efficiency gain in state-wide and national grid cell data infrastructures in which grid cell data could be generated using common agreed processes and managed in agreed grid standards (FGDC 2000). The benefit would be more significant with the increasing reliance on modellers of environment and landscape processes to tackle water and climate change challenges in Australia. He saw the potential of the CRCSI to provide an overarching collaborative research and development framework to deliver the grid cell data infrastructure, which addressed the challenges of SDI development identified above (Chan et al. 2007, 2008a, 2009). 

2.2 What – the Purpose, Components and Functions
National Data Grid (NDG) is intended to be part of the grid cell (also called raster) data component of the Australian Spatial Data Infrastructure (ASDI), complementing the other two main spatial data types, ie., vector and imagery. It is also the name of the Demonstrator Project sponsored by the Cooperative Research Centre for Spatial Information (CRCSI) – 1 and 2
 to demonstrate the design of a grid cell data infrastructure as an innovation and its value as a part of ASDI. NDG started in February 2007 as a CRCSI funded demonstrator project called Platform for Environmental Modelling Support (PEMS). The project received a second round of funding in September 2008 and was renamed to National Data Grid to better reflect its nature.

As illustrated in Figure 1, the ideal production system of NDG comprises a publication data store and a backend data store, with the NDG Demonstrator project undertaken to show how the two components function to meet user needs. Straddling the two components is a system of nested grids in which smaller higher resolution grids are generated by suitable sub-division of larger grids. Currently the nested grids are built around a national Lambert Conformal Conic map projection EPSG:3112 (Spatial Reference 2010) developed by Geoscience Australia. Depending on the demand a set of geographic nested grids could be implemented.
Figure 1: The Relationship Between Different Parts/Stages of the National Data Grid (NDG)
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The publication data store was the first component to be built through the CRCSI PEMS Demonstrator and currently is called the NDG Demonstrator Application. It has the following capabilities: 
· Software platform is based on ESRI ArcGIS Server and MS SQL Server. 

· It has a main grid cell data store in a common aspatial relational database format and a supporting spatial database to provide the contextual mapping data and the visualisation functions.

· Both map-based and non-map-based query and modelling are supported.

· The rich functions provided include data search and order supported by a simple metadata system, data query based on common mathematical operators, drill-down query based on multiple attributes, simple modelling based on simple weighting functions and visualisation involving maps with customisable colour legends, statistical tables, charts and graphs (Chan et al. 2008b).
The backend data store is the component built in the current CRCSI NDG Demonstrator and is called the NDG Raster Storage Archive (RSA). It has the following capabilities: 

· Data Storage:

· Image data formats to optimise storage capacity 

· Lossless compression to maintain data integrity

· Tiled data storage to optimise retrieval performance

· Hardware/software:

· Open source software/tools, in particular the core raster data management tool of Geospatial Data Abstraction Library (GDAL) to reduce licensing overheads

· System deployed as server instances in a corporate virtual server environment for ease of deployment and scaling up

· Load balancing configuration to support scaling up 

· Federation of RSA nodes through exchange of index information to maximise custodial control of data at source (Chan et al. 2010).

2.3 Who – the Project Participants and the Users
The organisations involved include the Victorian Department of Sustainability and Environment, Department of Primary Industries and Office of Emergency Services Commissioner of Victoria (Victorian Department of Justice); Geoscience Australia of the Commonwealth and Spatial Vision and Victorian Partnership for Advanced Computing of the private sector. The project has support from two peak bodies of spatial information in government and in private sector, Australian New Zealand Land Information Council and Spatial Industry Business Association respectively.

The NDG is expected to provide tools to support a wide range of users, including data custodians and data users, with and without GIS or advanced grid-modelling expertise. Four principal user groups that were identified at the inception of the project, remain valid. They are: 
Data custodians

· Data custodians are those who want the convenience to publish their datasets, ie., define, generate and rasterise specific data elements, upload the data into an infrastructure, record metadata of the data elements and assign access rights and constraints, and eventually retrieve usage information about their data elements. 
Data users
· Business staff, managers and other professionals who are GIS novices but wish to undertake simple queries of spatial data and visualise the results in either maps or tables. These users will also require the ability to export the outputs of these queries in the form of spatial data (eg shape, MID/MIF or DXF file), attribute data or summary tables (eg ASCII, CSV or XLS formats), or as completed maps (eg PDF). 
· GIS specialists and application developers (in-house and out-sourced) who wish to undertake more complex queries, and possibly some processing of grid-based spatial data. These users will need tools and dedicated processing space on NDG to be able to define/save/share their queries/processes, as well as visualise and export the outputs (as above). 
· Professional modellers and GIS specialists who wish to extract grid-based spatial data for analysis and modelling in an external environment (eg their own GIS or another specialist modelling application). 
2.4
How – the Approach to Overcome the Challenges of Development
The NDG started off as a vision and an approach to Broadhectare Study implemented for South East Queensland (Chan et al., 2008a:100). While the vision was for it to be part of the Australian Spatial Data Infrastructure, there was significant uncertainty in what the identify of NDG actually was: its functions, benefits, funding source, technology make-up, fitness-for-purpose in participating organisations, roles in communities and society etc. Many aspects of these issues might be well-known, but more would be new, ill-defined, speculative, or not anticipated before. This uncertainty in the identity of the infrastructure posed significant risks to its development and future adoption.
From a technology point of view, the challenge was to integrate suitable technologies in an innovative way to build the infrastructure. Owing to the uncertainty identified above, the NDG adopted a spiral model of software development which is made up of cycles of iterative process involving four steps, determining objectives, identifying and resolving risks (designing and developing specifications), development and test, and planning the next iteration (Wikipedia 2010a). This process, taking both a top-down and bottom-up approach to development and involves building first prototype, second prototype and so on, is useful in minimising the risk in catastrophic misaligned development of the NDG and ensuring the timely delivery of a demonstrable system. However it does not address the challenge of future adoption. 
According to Rogers (1995:392) the adoption of an innovation by an organisation goes through five stages of agenda-setting, matching, redefining/restructuring, clarifying and routinizing. Following these stages respectively, an organisation becomes aware of the need for innovation to deal with problems; matches an innovation with the problems; modifies and re-invent the innovation to suit the organisation and vice versa; clarifies the roles of the innovation and finally integrates the innovation into its core capabilities. 
Based on their experience in GIS diffusion, Chan and Williamson (1998) point out that the identity of the innovation changes in the process. For a multi-participant SDI initiative such as the National Data Grid, each organisation will try to realise the benefit of its investment in the project by defining an appropriate innovative solution that matches existing problems, testing and clarifying the role of the solution and then either adopting it as an integral solution for the organisation or seek to influence the development of the solution so that it better suits the organisation. Chan and Williamson call this solution a business process module and the underpinning technology of NDG, the infrastructure module. The success of the latter is tightly linked to the successful development and subsequent adoption of the former by the organisation concerned (Chan and Williamson 1999). Typically an organisation will go through the process as fast and as frequent as possible in the time available to maximise the chance of realising the potential benefit. 

While some challenges faced in developing an innovation such as NDG are technical in nature, many more are organisational, concerning why organisations participate in innovation development, and later on, adopt the resulting innovation. Based on Rogers’ Organisational Innovation Process of diffusion and experience of its application to GIS and SDI development described earlier, the process is complicated enough for managing the diffusion of a well-defined innovation in a single organisation, eg., importing established innovation from outside. As the participating organisations in a SDI project increases, the complexity of the dynamics increases exponentially creating challenges that include uncertainties in funding sources, modes of collaboration and the associated legal instruments. The most fundamental of all is who should be invited to participate to ensure the maximum chance of success of such an SDI project, which could mean different things to different organisations and that expectations are not clear cut owing to the innovative nature.

There was a need for an effective mechanism to manage the above challenges to develop the NDG successfully. The Victorian Department of Sustainability and Environment, being the champion of the project, funded a proof of concept and the initial engagement of potential participants. However, to ensure the long term success of the project, it decided to further develop the project through the Cooperative Research Centre for Spatial Information (CRCSI.  While Chan et al. (2008, 2009, 2010) have documented. at various points in time of the project, the detailed use cases, demonstration scenarios and evaluation outcomes, the next section focuses on the key role the CRCSI has played (and will play) in bringing the NDG from proof of concept to production, while in the process overcoming many of the challenges described above and encapsulated in the organisational innovation process theory. 
3.
CRCSI AND ITS ROLE IN DIFFUSION OF NATIONAL DATA GRID

The Cooperative Research Centre for Spatial Information (CRCSI) was first created in 2003 under the CRC Program of the Australian Government. This is an integral part of the Australian Innovation System together with the Australian Research Council and other government funded innovation and research and development initiatives (Chan et al. 2010). The CRCSI created a consortium of academic, private and public organisations to seek matching funding from the Australian Government to conduct a broad program of research and development with a view of creating wealth for the nation. As a core participant and key investor in the CRCSI, the Victorian Government through its Department of Sustainability and Environment had been looking for ways of leveraging on its investment to further develop the Victorian and Australian SDI. 

3.1
Proof of Concept (Initial Planning) 
Chan et al., (2008a) document the value of the CRCSI in providing the framework for collaborative development of the grid cell data infrastructure through its Demonstrator Program that supported the innovative use of technology to meet a specific requirement in the Australian community. It provided a funding source allocated through a rigorous project quality assurance and selection process involving the CRCSI executive team, Research and Education Advisory Committee, and the Industry Advisory and Communication Committee, a legal framework of collaboration and project development through the Commonwealth Agreement and the Centre Agreement, and a project agreement. 
While the CRCSI provided the bulk of the development funds, the legal instruments clearly document funds contribution from various participants, including in-kind contributions in terms of data, hardware, software and data/development services and staff time. Participants had to be members of the CRCSI so that they were fully aware of the legal requirements and financial commitments. They were also like-minded, having the same desire to develop an infrastructure technology that they could use in their organisations and jurisdictions.
The governance mechanisms that included quarterly in-kind contribution reporting, quarterly Project Management Group reports and meetings, and overall progress report to the Governing Board, provide means for progress to be reported and monitored by participants under the watchful eyes of the CRCSI executives. This provided an environment of trust and certainty that was conducive to collaboration, particularly in research and development of innovations.

The CRCSI generally supports multi-participant projects that would benefit the country nationally. Therefore right at the inception of the project the idea of a grid cell data infrastructure was discussed with a number of CRCSI participants from both the federal and Victorian governments, private sector participants with a good understanding of the technical solutions and requirements of potential users of such a system. This was to ensure that the infrastructure developed would be flexible enough to support a range of real government business requirements. This initial consultation process helped to develop a consensus of the identity of the infrastructure resulting in the production of the final bid proposal. As it was initially meant to cater for the data management needs of modellers the Demonstrator project was called Platform for Environmental Modelling Support with some high level description of the key technical components of the proposed platform. The project and its participants were at the agenda setting stage together.
3.2
First Prototype (PEMS)
With the approval of funding by the CRCSI, the project entered into the matching stage of the organisational innovation process. As part of the project plan, participants were asked to articulate their expectations and requirements in a workshop, followed by a iterative process of specification development in which the overall design of the production system was documented and technical and functional specification of system design were identified and prioritised. In this stage, the participants were able to translate their expectations of the system into real functions that were matched to perceived problems in their organisations. As with all collaborative process, the result was the best compromise possible at the time. Please see section 2.2 above for a summary of the specifications described for the ideal production system and the publication data store.
On the completion of development, the participants went through a process of evaluation allowing them to assess if the broad functions offered by the infrastructure and the specific functions they asked for actually helped solve problems of their organisation. At this point the participants entered the stage of redefining/restructuring in which they gained a better understanding of how the infrastructure worked to support their nominated business operations and the changes needed with both the infrastructure and their business processes required to ensure successful adoption of the infrastructure. This resulted in an evaluation report highlighting the strengths and limitations of the innovation as perceived by the participants. At the end of the evaluation, two Victorian participants were prepared to invest further in the innovation, which was only a first prototype then, and to take it one step further into a second prototype to serve as a pilot to support two key business processes.
In practice, two Victorian participants saw enough value in the infrastructure to invest both cash and in-kind contributions to develop new and improved functions and to have the enhanced infrastructure hosted for three years. They wanted to know more about the infrastructure to help them make best use of it. At the same time, the other participants were prepared to take part in a project to demonstrate the value of the grid cell data infrastructure to the rest of Australia through in-kind contributions and new use cases. While the project could be seen as progressing to the second prototype stage, it could also be seen as part of an effort by the two participants to redefine/restructure and clarify the infrastructure to further assess its suitability for their organisations. However the cost of continuing with the demonstration of the infrastructure with new use cases was deemed too high for the participants to continue unassisted.
If the project, as a CRCSI Demonstrator project, were to stop then, as many other projects would, the most probable outcome would be a very local deployment of the prototype. It would have remained a local infrastructure at best and not taken on any national significance in the ASDI. Depending on the funds available its continual development into a production infrastructure supporting real government processes would still be in doubt. However with the momentum built, the additional cash and in-kind investments by the participants and the prospect of demonstrating to the rest of Australia the true value of the infrastructure, the CRCSI was prepared to support the project again under the Demonstrator Program (and in a way, the Commercialisation Program as well). The new demonstrator project also would provide a pathway to commercialisation and adoption of CRCSI outputs by participants. 

3.3
Second Prototype (NDG)
Together, and with advice from the advisory committees of the CRCSI, the participants put forward a package of work to enhance the original PEMS infrastructure. They invited a new private sector company, the Victorian Partnership for Advanced Computing, another member of the CRCSI, to join the project and to contribute its expertise in designing scalable solutions of managing large volume of data, a problem that had to be overcome in order to manage data in grid cell format efficiently. With this expanded scope, the Demonstrator project renamed itself to National Data Grid, declaring its ambition to be an infrastructure to manage grid cell data nationally. It also marked a second round of organisational innovation process for the participant organisations involving the grid cell data infrastructure.
After the mandatory participants consultation that again forced the participants to review the relevance of the infrastructure by going through the stages of agenda-setting and matching. This resulted in the best compromise of functional and technical specifications for the National Data Grid as follows (see section 2.2 above).
Additional resources were allocated for the development of the Raster Storage Archive (RSA) to deal with the concern of high cost of publishing data to the Demonstrator Application as shown in the PEMS Demonstrator, which limits the value of the Demonstrator Application to many data custodians or modellers. RSA was also developed in line with the long term design goal of the production system to have a scalable, high capacity backend data store. The need for a scalable system also was one of the recommendations by the CRCSI advisory committees to improve the National Data Grid Demonstrator Project. 

On completing the development of the two key components of the NDG Demonstrator project, ie., the NDG Demonstrator Application and RSA, through the process of system testing the participants were able to match the actual capabilities and performance with the perceived needs of the business processes nominated. Final changes/improvements were suggested and implemented as permitted by the budget available. Again the participants were going through the restructuring/redefining stage. By the end of system testing, the Victorian Department of Justice and Department of Primary industries found the Demonstrator Application relevant. The then continued with the evaluation and thus entered their clarifying stage of the organisation innovation process. 
Geoscience Australia and the Economics Branch of DSE, on the other hand, found that the performance and capacity of the Demonstrator Application fall short of expectation of their nominated business processes. At the time of preparing this paper, the Economics Branch is still considering how to make the best use of the Demonstrator Application in future. Both the Branch and Geoscience Australia reviewed and tested the capabilities and performance of RSA. They found RSA more suited to their nominated business processes. After having gone through the restructuring/redefining stage, they made a decision separately to further invest cash in the development of RSA so that it would be better customised to meet their requirements. Each of them also invested further to implement an instance of RSA with a view of deploying it in production in the respective IT environment, thus helped clarifying the role of RSA as a corporate solution. This represented an important step towards formal adoption at both a jurisdictional and national level before formally embedding the instance of RSA into the respective corporate infrastructures.
3.4
Production System
Despite this important milestone in the adoption of the NDG technology by the Economics Branch of DSE and Geoscience Australia, the project is still far from being part of the ASDI. While evaluation is still in progress, the PCG is already considering options to take the Demonstrator project to its fruition, ie., developing a production system and incorporating it as part of the ASDI. The experience of the PEMS and NDG demonstrators, which represent the first and second prototype respectively, suggests that the project must first define the identity of the production NDG system and its detailed specification. This would then allow a formal business case to be developed to gain the support of existing and new jurisdictional and national participants. However the prospective investors will not be able to define what they want in the production system until they have suitable exposure to what the system can do and make a judgement as how it can help solve their organisational problems. This requires a promotion campaign that clearly communicates to these investors what the current NDG (the second prototype) is about and can do. They should be able to test the system, eg., by uploading some data into the system and get some sample outputs to get a sense of the performance and quality of service on their own. They would then be able to articulate any major gaps in the functions and identify must-haves that are key to adoption. These must-haves would become part of the design of the production system and the business case, which would have then become relevant to these investors. In short, the project would have to help these investors go through the organisational innovation process that has underpinned successfully the PEMS and NDG demonstrator projects. 

Again, the CRCSI is seen to be part of the solution in terms of promotion, business case development, and facilitating adoption of the NDG as part of ASDI. Firstly, its commercialisation and adoption program can help with the development of a professional business case to justify the investment by the prospective investors. 
Secondly, and potentially more importantly, the CRCSI can lead the adoption of NDG in its new research projects proposed for three of the five themes under the Application Program (CRCSI-2 2010a), ie., Health, Sustainable Urban Development and Agriculture/Natural Resources/Climate Change. After preliminary discussion with project leaders and key researchers in these themes, there is a common need for a grid cell data infrastructure as part of the technical architectures underpinning research projects proposed for these themes. As part of the Australian research community, the CRCSI could play an exemplar role in the adoption of its own intellectual property to support its research projects and as a result, promote/demonstrate the innovation to other key players. These players include the Terrestrial Ecological Research Network (NCRIS 2010) initiative in Australia, the Australian Research Collaboration Services (ARCS 2010) under the national Platform for Collaboration initiative and other jurisdictional collaborative climate change research institutions such as the Victorian Centre for Climate Change Adaptation Research (Victoria’s Climate Change Website 2010). 
Thirdly, at the time of writing of this paper, a participant of the CRCSI has proposed a project entitled “Alignment Analysis of Spatial Data Supply Chains” (the Alignment Project), which is designed to analyse the synergies between national and jurisdictional spatial data supply and delivery systems, “looking at gaps and overlaps in technologies, methods and business rules”. The outcome is to be a “proposal for a collaborative project to develop a working prototype (and associated standards & protocols) of a common architecture” for spatial data supply and delivery in Australia (CRCSI-2 2010b: 1). The proposal has already gained support from key organisations in Australia, including the Public Sector Mapping Agency, Bureau of Meteorology, Commonwealth Science and Industrial Research Organisation, and the support of the steering committee of an Australian SDI initiative called the Australian New Zealand Spatial Marketplace. The NDG project has indicated its willingness to participate in the proposed project and present itself as one of the national initiatives to be studied. It is hoped that this will present a pathway for the NDG to be incorporated eventually into ASDI.
Irrespective of the outcome of the proposed project, this has highlighted an important role of the CRCSI as an institution for national collaborative spatial research and development. More participants will be made aware of nationally important collaborative projects as these projects are put through the CRCSI. It would be more likely that the significance of these projects would be recognised, supported and implemented, with the support of key national and jurisdictional stakeholders. This raises the profile of key ASDI initiative, such as the Australian New Zealand Spatial Marketplace and offers a better mechanism, as in the case of the NDG Demonstrator, for the stakeholders to understand and clarify the relevance of the innovative solutions resulting in more successful adoption.
Through the CRCSI, the NDG project has been able to raise awareness of like-minded organisations, bring about collaboration among them and take them through a targeted innovation development and diffusion process. This process helps participants evaluate critically the value of different components of the NDG in relation to their needs and identify the most relevant components to their organisations through its demonstrator program and commercialisation/adoption program. This allows the participants to invest and adopt the innovation most relevant to their organisations.
Despite all the opportunities offered by the CRCSI, the organisations choose to adopt NDG only because it can help solve their problems, either immediate or long term. If the adoption is to be wide spread, NDG must be able to solve a common problem nationally. That common problem is the lack of spatial consistency in managing grid cell data across organisations and jurisdictions in Australia. NDG offers a solution in the form of its national nested grid as described in the next section.
4.
NATIONAL NESTED GRID


4.1 The role and value of national nested grid
Organisations need a compelling reason to adopt NDG. For a grid cell data infrastructure such as NDG, the compelling reason is not so much the hardware, software and algorithm but some means of providing spatial consistency in organising the grid cell data to encourage data publication, reuse and easy integration. This means is represented by a standard hierarchical grid system the value of which is illustrated in Figure 2.
Figure 2. Spatial consistency offered by a standard hierarchical grid system.
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A standard hierarchical grid system offers a solution to the first hurdle of integration for grid cell (raster) data, ie., spatial consistency, by providing a set of nested grids. In such a nested grid system, the higher resolution grids, eg., 20m or 25m are generated by suitable sub-division of a lower resolution grid, eg., 100m. All the hierarchical grids have a common point of origin, usually the upper left corner based on an agreed spatial extend in a specific coordinate system, giving each of all the grid layers and the associated grid cells a fixed position on earth. With the position of each grid cell fixed and known, the system allows data experts to focus their attention on resolving other integration issues such as semantics. It offers a technology-agnostic set of nested grid layers of specific resolutions and formats into which source spatial data of the three main types, ie., vector, raster and imagery are translated and published. This nested grid system can be deployed in any grid cell data systems and provides the standard grid cells and associated unique identifiers to which attributes can be keyed. 

The data published in the grid cell data infrastructure that has implemented such a standard hierarchical grid system will be of known spatial characteristics and subject to the quality of the data, can be re-sampled to other resolutions supported by the standard hierarchical grid system. The resulting multi-source and multi-resolution data and its lineage can be discovered, extracted, downloaded and integrated by modellers and GIS analysts to run their models or conduct analyses with minimal re-processing, and be reused many times, not just by the people who first converted it. Data derived from the models and analyses can later on be published back to the grid cell data system and reuse by other modellers, business managers and decision makers. All the above activities will be underpinned by the spatial consistency provided by the standard hierarchical grid system, which is highly valued by organisations at different levels of government, such as the participants in NDG.

The national nested grid is a standard hierarchical grid system developed specifically for the National Data Grid project. It is made up of a set of hierarchically nested grids and the associated grid cell indexing system. The set of nested grid is derived from the European Petroleum Survey Group (EPSG) code 3112, the Australian Lambert conformal conic projection based on GDA94. It covers an area bounded by the WGS84 coordinates of 108.0000, -45.0000, 155.0000, -10.0000, and offers a common point of origin for the nested grids based on the projected area (Spatial Reference 2010). This nested grid has the support of Geoscience Australia.

4.2 Building a complementary indexing system 

To realise the potential value of spatial consistency offered by the national nested grid, a complementary indexing system to generate and maintain the unique cell identifiers in each grid resolution is indispensible. For the indexing system to streamline the data management operations in the context of the National Data Grid described earlier in the paper, a number of principles have been identified as follows:
1. The system needs to be compatible with both the indexing of image data files (geotiff) and a simple table index that can be used by a Relational Database management system for queries and simple modelling, ie., meeting the needs of the NDG Demonstrator Application, the other component of NDG.
2. The system should generate unique identifier for each cell in a consistent and repeatable manner irrespective of resolution.
3. Each identifier should be linked to the actual location of the grid cell and its resolution to facilitate validation.
4. Each identifier should be understood both by human and machine
5. The operation of the indexing system should be able to be automated to ensure quality of data and improve efficiency of data import/export and other routine data management operations. 

6. The extents should be expansive enough to cover all the areas of interest to the potential organisations with relevant data, ie., at least Australia and its immediate surrounding areas.
7. There needs to be a hierarchical system of resolution addressing so that computer models can be configured easily to access the most suitable data for a given region.
8. The system should pose a low storage overhead.
To put these principles into practice the national nested grid chose the following constraints as the base requirements to work from:
· Fixed Width Key, single integer, 8 Bytes

· Extents / Coverage EPSG:3112
· Multiple resolutions that include at least 10km, 1km, 250m, 100m, 50m, 25m, 20m, 10m, 5m, 1m.
To construct a nested grid system that is compatible with these input parameters the core idea was to be able to represent a grid cell in a geospatial context with a single long integer. This type of indexing is suitable for use with RDBMS based queries and if a geospatial coding is established for the index then many useful modelling properties are obtained by the grid cell system.
4.3 Other indexing systems
A number of indexing systems were reviewed: ad hoc index, Geohash, Natural Area Code and C-Squares. Their relevance is briefly described below.
Ad hoc index 
This is essentially creating a grid based on some arbitrary criteria. The criteria may include such issue as jurisdictional issues such as the case of a “Catchment Management Area” CMA. or a state boundary. These indexes generally start at an arbitrary number and can be constructed in a variety of different methods. The current NDG index is of this type in the NDG Demonstrator Application. The main issues with this indexing system are: 

· There is no consistency in the name schema for indexes. 

· There is no differentiation for the index being at a different resolution. 

The advantages of the system are: 

· Simple to create 

· Can demonstrate RDBMS indexing easily.
Geohash 

Geohash (Wikipedia 2010a) is a latitude/longitude geocode system invented by Gustavo Niemeyer when writing the web service at geohash.org, and put into the public domain. It is a hierarchical spatial data structure which subdivides space into buckets of grid shape. 
The purpose of Geohash is really to provide a “short form” of a Lat/Long reference for use in URLs. The Geohashes produced by lat/long pairs have some properties that are desirable: 
· Lat/long is reduced to a single reference identifier 

· a “compact form of index” 

· As the geohash key is systematically constructed from latitude and longitude inputs the key it is possible to do useful comparisons between keys. i.e. proximity can be used. 

Table 1: Geohash Examples

	Location 
	Latitude 
	Longitude 
	Geohash 

	Melbourne 
	-37.84S 
	144.95E 
	r1r0drm 

	Melbourne ( Carlton ) 
	-37.8056 
	144.9500 
	r1r0fmtq7 

	Melbourne ( Curry house ) 
	-37.80500 
	144.95625 
	r1r0ftccvmn 


An example of a Geohash is illustrated in Table 1. The more accurate the supplied location is the longer the Geohash string becomes. This is not a desirable property for an index of a RDBMS. While Geohash is a useful manner of point position communication but is does not reference any grid or have any multi-resolution component hence is not a complete solution to the key creation for a RDBMS grid cell data system.
Natural Area Code (NAC) 

This is an example of a similar system to Geohash but it has been patented. The major difference with the NAC system is that the hash represents an area rather than a point. This is achieved by a basing the encoding on a system of nested grids. The primary grid for the globe is subdivision of the flattened globe into a 30 by 30 grid. Each grid is referenced by a unique identifier that is described by a base 30 “number”. This means that each grid reference is one a single identifier. This process is recursive and quickly converges to a sub 1m level of resolution (Table 2). 

Table 2: convergence of the NAC resolutions

	Degrees 
	Meters 

	12 
	1333440 

	0.4 
	44448 

	0.013333 
	1481.6 

	0.000444 
	49.38667 

	1.48E-05 
	1.646222 

	4.94E-07 
	0.054874 


NAC is complicated in the sense that it uses a Base30 numeral system to encode position. There is also no control over the resolution specification in such a system. 
C-squares 
C-squares stands for “Concise Spatial Query and Representation System”. This represents another coding mechanism derived by Tony Rees (2003) at CSIRO Marine Research in Hobart. The aim of the system is to have a human and machine readable encoding of position based on a recursive grid structure. The c-squares code is a “string” representation of a position / area. This could serve as a database index but the size of the “key” would be variable with the resolutions. The cyclic nature of the index is based on a set of fixed resolution specifications. 
The hierarchical nature of the keys makes it easy to accelerate search functions using this system and this is the main application that it is used for. In this sense the c-squares is more “tree like” in structure than the previous systems. This is the main reason for the search functions being more efficient than other systems. The advantages of c-squares include:

· Easy to generate 

· Works well in search type applications 

· Can easily drive parent and child relationships in between the resolutions.
The limitations for the purpose of RDBMS index generation are:

· Variable length depending on resolution ( often greater than 8 bytes ) 

· Fixed resolution “cycles”. i.e. cannot accommodate arbitrary resolution rasters. 

For some stakeholders, these limitations are irrelevant. In this case, c-square can easily be implemented in the national nested grid.
4.4 Encoding a grid cell for modelling and spatial consistency in NDG
The idea of the national nested grid indexing system relies on the grid cell encoding. The grid cell encoding is in turn based on a fairly well-known technique of dividing an integer representation into several sections each assigned a special significance. This technique is outlined here in the context of a nested grid for a dataset in a map projection. It should be noted that the same technique applies equally to geographic coordinate system or Latitude-Longitude.
The first step in the grid cell process is to divide the 20 significant digits of an integer into 3 sections.

· Section 1: the resolution code

· Section 2: the X position.

· Section 3: the Y position.

In the case of the NDG the national nested grid index is an overlay on the Lambert map projection system as represented by EPSG:3112 for the information available. As illustrated in Table 3 & Table 4, the index is created as follows.
· The encoding is done through an 8-byte integer.
· This integer gives at least 18 individual columns in the values that can be represented by this integer. 

· Significance to each column in the integer is established as follows.

· Column 0 is blank – may be used later 

· Columns 1-2 are reserved for a “resolution code” 

· Columns 3-10 represent a cycle of distance increments for “East” direction 

· Columns 11-18 represent a cycle of distance increments from a “South” direction 

Table 3. Proposed Index Structure
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Table 4. Resolution Codes

	Code 
	Resolution 

	00 
	0.1m

	01 
	1m 

	02 
	2.5m 

	03 
	5m 

	04 
	10m 

	05 
	20m 

	06 
	25m 

	07 
	50m 

	08 
	100m 

	09 
	250m 

	10 
	1000m 

	11 
	10000m 

	12-99 
	Can be assigned at a later date, this is “spare capacity” 


. 

For example if a national dataset is based on the map projection of EPSG:3112 (GDA94) the point of origin for the grid cells will be 112.9005000E 9.0005000S. Based on the coding system illustrated in Table 3 and 4, to reference a 5m cell at the “top left” corner of a Australia wide coverage, the cell identifier (index) could be

	Distance East of datum 
	0m 

	Distance South of datum 
	0m 

	Resolution required 
	5m 

	NDG cell index 
	03 00000000 00000000 


To reference a 50m Cell at the “center” of Australia wide coverage this could be

	Distance East of datum 
	2160km 

	Distance South of datum 
	1739km 

	Resolution required 
	50m 

	NDG cell index 
	07 21600000 17390000 


To reference a 100m Cell at the “center” of Australia wide coverage this could be

	Distance East of datum 
	2160km 

	Distance South of datum 
	1739km 

	Resolution required 
	100m 

	NDG cell index 
	08 21600000 17390000 


To reference a 10km Cell at the “center” of Australia wide coverage this could be

	Distance East of datum 
	2160km 

	Distance South of datum 
	1740km 

	Resolution required 
	10000m 

	NDG cell index 
	11 21600000 17400000 


Checking Indexes 

The index system allows the keys to be self checking. i.e. specifying an invalid nested key can be detected programmatically. For example, to reference a cell offset by 5km while requesting a 10km grid, the index can be checked by taking the steps as follows.
	Distance East of datum 
	2165km 

	Distance South of datum 
	1739km 

	Resolution required 
	10000m 

	NDG index key 
	11 21650000 17390000 


1. Establish the resolution from the most significant part of the index, in this case this is the 11 ( or 10km resolution). 

2. Obtain the east and south components.
a. 21650000 

b. 17390000 

3. Trim the insignificant digits from components (or alternately divide by 10 to align the meters based resolution to the cell coordinate. 

a. 2165000 

b. 1739000 

4. Calculate the modulus of the position components against the resolution.
a. 2165000 mod 10000 = 5000 

b. 1740000 mod 10000 = 0 

As the modulus of the (a) coordinate is not zero then the key is not valid in the NDG national nested grid indexing system. All keys can be checked in this manner. 

Nested Indexes 

Another desirable property of the national nested grid is that it is possible to obtain the cells that nest above and below the current value by altering the resolution values. For example Table 5 shows the relationship between the nested cells at 5m, 50m and 250m.
Table 5. Cell nesting

	Cell Resolution 
	Cell Index 

	5m 
	03 21600000 17390000 

	50m 
	07 21600000 17390000 

	250m 
	09 21600000 17390000 


Creating consistent and repeatable Cell Indices 

It is also possible to easily create the indices of cells within a larger cell programmatically. Table 6 illustrates the cyclical nature of the 25 individual 1m cells created in a 5m grid cell. The cell index for the latter is “03 21650000 17390000”. This cyclic nature of the cells makes operations like creating/selecting cell by indices robust and easy to calculate.
Table 6. 1m cells contained in 5m cell
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4.6 The benefits of NDG national nested grid.

The NDG national nested grid and its indexing system is designed to deliver the benefits mentioned at the beginning of this section. It also meets the design principles laid down early on.
· It covers the whole of mainland Australia and Tasmania, including the immediate surrounding islands and marine areas

· It is implemented with the NDG Raster Storage Archive and is compatible with RDBMS systems and associated queries and thus supports the NDG Demonstrator Application as well.
· Each cell index is unique and is derived from the actual location of the grid cell and its resolution. 

· Each cell Index has natural self checking properties to support automated data validation.
· Each cell index can be generated in a consistent and repeatable manner through a piece of algorithm by drawing on the cyclical nature of grid cell index generation. 
· Each cell index can be used both by human and machine

· The indexing system fits in to computer software system easily and, together with its hierarchical system of cell resolution, can be used in a generative manner (sub-sampling) as well as a basic query mode. It would be easy to create a library or simple API for most computing system to use the NDG national nested grid. This is a useful property from a software development/ process automation point of view. At the same time computer models can also be configured easily to access the best data for a given region. 
· It can support multi-resolution data and in turn the data model can support more advanced modelling based on the availability of the raster data.

· The design of the indexing system applies both to a national map projection system as well as the geographic coordinate system. The latter is important to allow Australian data to be integrated with data available global, such as that from our neighbouring countries.

· With each cell index based on a 8 Byte integer, the system poses a low storage overhead.
Adoption of the NDG national nested grid is the first and very important step towards grid cell data integration and reuse in Australia through the spatial consistency it offers. There are significant benefits that can be obtained from the national nested grid but the primary benefit is consistency in raster data grids for use within/between organisations and consequently improved data flows for many grid cell based querying, analytical and modelling tasks. This leads to two secondary benefits:

· Spatially enabling data custodians:

· Determining the most appropriate resolution/s and transformation processes for publishing their authoritative data (vector, raster, imagery and textual) into the national nested grid, thus providing a benchmark of data quality for data use later on.
· Spatially enabling data users:

· Data domain experts can focus on addressing data integration issues that are not spatial in nature, such as semantics

· Modellers and GIS experts can concentrate on the business of modelling and analysis rather than data transformation and integration issues, thus minimising the duplicated costs of managing spatial data from multiple sources (FGDC 2000).

By having the above desirable characteristics and benefits, the NDG national nested grid has positioned itself to be important not only to the NDG Demonstrator Project and the future NDG Production System, but also many other grid cell data systems already in operation in many organisation. The first output of the NDG Project that is likely to be considered for adoption by organisations in Australia would be the national nested grid. Since the nested grid is developed for both the Raster Storage Archive and the Demonstrator Application, which in turn have developed functions to overcome the challenges of implementing the nested grid, it is logical to use these two products from the Demonstrator Project to implement the national nested grid and as a result derive immediate and proven benefits to the organisations. This is illustrated in Figure 3. 
Figure 3: Role of NDG national nested grid in future grid cell data infrastructure development
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5.
Development and Diffusion of the NDG Production System


5.1 The role of CRCSI
Through the CRCSI programs the NDG Demonstrator Project has been successful in ensuring that its outputs, separately and collectively, meets the needs of its participants and it is ready to go to the next stage, the production stage. Despite the relative maturity of the project, the CRCSI will continue to play an important role in the successful diffusion of the NDG nationally. The likely roles are as follows.

· Funding the development of a targeted business case for the NDG production system.

· Exemplar adoption of the NDG by CRCSI. This is to support use by researchers in its research themes that include health, sustainable urban development, and Agriculture/Natural Resource/Climate Change.
· Demonstration of the pathway and actual implementation/integration of the NDG into an Australian SDI. This could be done through the proposed Alignment Project (see sub-section 3.4) and the core research program of Spatial Infrastructure to develop the Australian New Zealand Spatial Marketplace.
· Support for promotion of the Production system to potential investors. This involves working with key national and jurisdictional data custodians to publish data into the NDG to support CRCSI research; providing financial support for development of a targeted business case for the production system. 
5.2 The Role of the NDG National Nested Grid
The NDG national nested grid is a standard hierarchical grid system that provides the spatial consistency needed to integrate and reuse multi-source, multi-format and multi-resolution data in any organisation in Australia. Its adoption will improve the efficiency of data sharing through the concept of publish-once-and-use-many-times. As a result, relevant data will be more easily available for applications and models supporting more innovative and effective information products and decision making.
Since the inception of the NDG the concept of the national nested grid was central to the development of core capabilities of NDG. However the needs of the participants were such that the full development of the nested grid took place in the development of the second prototype of NDG. Through the NDG Demonstrator project, the national nested grid has been tested both at a state and national level. Many of the challenges of its adoption have been overcome through the development of the Demonstrator Application and the Raster Storage Archive. However it was only until very recently that complementary value of the three outputs of the National Data Grid Demonstrator Project was better articulated and understood even among the project participants. It became clear to the project team that, in the past, many people were only informed of the technical capabilities as presented by the Demonstrator Application and the Raster Storage Archive. However, they often did not appreciate that the technical capabilities offered were a means to realise the strategic benefit of the national nested grid. The awareness of the national nested grid and its benefits is still rather limited. In future when promoting the value of the NDG to potential adopters through the CRCSI, it is important to highlight: 

· the strategic value of the national nested grid and its technology agnostic nature
· the roles of the Demonstrator Application and the Raster Storage Archive in overcoming the challenges of adoption of the national nested grid and in realising the benefits.
6.
CONCLUSIONS


The paper describes the pertinent aspects of the why, what, who and how of an Australian SDI initiative, the National Data Grid and its experience of development and diffusion. The key lesson learnt from the initiative is that an innovative National SDI initiative, for which there is only fuzzy initial agreement as to what it really is or can do, its impact would be minimal if its diffusion among potential adopters is not managed properly. In turn the diffusion is affected by the identity of the initiative (or innovation), the software system development model, the participants, the model of collaboration and the approach of project/stakeholder engagement 
However based on the theory of the organisational innovation process, for an innovative national SDI project to be successful, it should go through the agenda-setting stage in which each participating organisation visualises an identity of the innovation that could overcome real problems experienced. Each organisation, unique on its own, then should be able to match the innovation, ie., NDG, with the problems, redefine/restructure the innovation to suit the actual needs and clarify the roles of the innovation in the organisation, before each can integrate (routinize) the innovation into the organisation’s suite of corporate solutions. The identity is formed and re-formed in the process in each organisation until the organisation is satisfied that it gets the solution it needs. This involves an appreciable level of organisational uncertainty. This uncertainty is best managed by a two prong-approach. The first prong is to create a trusted collaboration environment to allow the organisational innovation process to take its course and the uncertainty to be managed. The second prong is to adopt an iterative approach to software system development, such as the spiral model, to minimise the risks of catastrophic misalignment of technical development. 
In Australia for the NDG, the CRCSI, being part of the national innovation system provides the environment for collaboration. To date the CRCSI achieved this by providing funds, project development/ commercialisation advice, trusted legal and governance framework, engaging project management and the network of like-minded organisations from the key sectors of society, ie., government, private and academia. In future it will also create an internal demand for suitable grid cell data infrastructure and be a willing partner in the investment in a future production system of NDG. 

The initial uncertainty in the identity of the NDG prompted the use the spiral model of iterative software system development, which also fit in with the funding and project management processes of the CRCSI. To date NDG has undergone three cycles of development, ie., proof of concept, first prototype (named Platform for Environmental Modelling Support) and, more recently, second prototype (named National Data Grid). At the beginning of each cycle the identity of the NDG was reviewed and reaffirmed through the processes of initial engagement, project proposal development and specification/ functional development. Each cycle allowed the appropriate organisational innovation processes to take place to reaffirm the participants’ interests in the project. It is expected that the promotion and development of the production system of NDG will be another cycle of development.
In the previous three cycles of development of the NDG, its identity changed from just a vision of data sharing infrastructure catering for the needs of modellers, to a function-rich end user application and, more recently, to the latter application being supported by a scalable high capacity back end data store. These identities were successful in sustaining the collaboration. They also help the participants to progressively sharpen their perceived identity of the NDG production system. The challenge of this cycle is to engage with external organisations, which are potential investors but have not been part of the collaboration and to promote the fundamental value of NDG based on its most current identity. Such an identity is spear-headed by the national nested grid and the associated indexing system, which provides the spatial consistency needed for grid cell data publication, integration and general flow across organisations. The rest of the NDG is designed to overcome challenges of implementing the nested grid and realise the benefits effectively and efficiently. 
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� Cooperative Research Centre for Spatial Information 1 refers to the Centre that existed from July 2003 to December 2009; Cooperative Research Centre for Spatial Information 2 refers to the current Centre that is funded from January 2010 to June 2018. In this paper they are collectively referred to as CRCSI.





