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Executive summary

Data fusion represents the concept of integrating multiple data streams that measure the same real-world
process into a single and consistent composite representation. It is generally expected that the resulting
information product will exhibit enhanced qualities or characteristics (e.g., in terms of accuracy or
completeness) compared to the individual sources of input data, and that accurate measures of its
uncertainty are simultaneously produced that truthfully account for the blending model used as well as the
error characteristics of the individual input components.
Earth Observation (EO) entails the acquisition of information about Earth’s physical, chemical and biological
systems, and EO datasets typically provide a wealth of measurements for a wide array of environmental
variables in water, on land or in the atmosphere. Exacerbating this multiplicity, these data are typically
acquired by a myriad of satellites, airborne platforms and in situ sensors, each with their own intrinsic
characteristics and operated by numerous countries and institutions, which leads to large volumes of
mostly heterogeneous information.
To successfully achieve integrated environmental applications and services utilising such EO data,
developers of robust processing and fusion methods thus face a number of important challenges. These
include, e.g., (i) difference in extent, resolution and density in the temporal, spatial, spectral and
radiometric domains between the sensor platforms, (ii) heterogeneous scales of uncertainty, (iii) presence
of missing, unreliable and corrupted data, (iv) heterogeneity (isotropy and stationarity) of the measured
fields, (v) different instrumentation biases, and (vi) inconsistent terminology used across different fields of
image fusion. Further operational challenges in the development of data fusion methods are typically
related to algorithm complexity as well as the growing volumes of EO data, with associated issues of data
storage, procurement and access.
This report documents the activities and outcomes achieved during the financial year 2012–13 within the
project “Blending Methodologies for Multiple EO Products” of the EOI TCP — CSIRO’s latest
Transformational Capability Platform for Earth Observation Informatics. The long-term goal of this “Data
Blending” project is to develop a unified data fusion framework that will simultaneously address the above
mentioned challenges of combining EO data and measurements from multiple sources, and thus lead to
substantial follow-on impacts for a number of CSIRO Divisions and Flagships.
In line with the EOI TCP’s intended scope, the primary goal of this project during the 2012–13 financial year
was to identify, bring together and consolidate the wide array of (previously dispersed) expertise and skills
in EO data fusion at CSIRO by fostering discussions and linkages within this scientific community as well as
with external experts and institutions. To this purpose, a 2 day “Data Blending Workshop” was organised
and held which attracted the participation of 23 scientists from various CSIRO divisions and external
institutions. The main outcomes from this workshop (and from this activity as a whole) are summarised and
detailed in this report as follows:




Identification of scientific and operational gaps and opportunities in the current data fusion field of
research (Section 3 in this report)
Identification of benefits (to CSIRO and the wider scientific community) resulting from a unified
approach to EO data fusion research (Section 4)
Development of a set of recommendations with regards to future research and engineering efforts
in the field of EO data fusion and blending (Section 5).

Figure 1 provides an overview of the main engineering and research tasks envisioned for a continuation of
this activity into the future. To achieve immediate impact in the short term (to June 2015), it is
recommended that engineering efforts focus on the practical implementation of existing methods for
Landsat–MODIS data blending that are currently ready for operationalisation (Australian Landsat–MODIS
Blending Infrastructure, ALMBI). Further research efforts should concentrate on: (i) preliminary
Blending Methodologies for Multiple Earth Observation Products | v

development of an alternative approach to EO data fusion based on statistical inference (Bayesian
hierarchical model, BHM), which has the potential to address the main shortcomings of current data fusion
methods (see Section 3), and (ii) investigation and derivation of (currently missing) uncertainty measures
for the ALMBI framework.
Longer-term endeavours (Year 3 and beyond) will build up on the results achieved in the short-term
activities so as to reinforce the cross-cutting nature and widen the breadth of applicability of the developed
data fusion framework. In the long term, the focus will therefore be on: (i) further development of the
preliminary BHM approach to achieve a generic spatial-temporal framework for EO data fusion and
rigorous error characterisation, (ii) demonstration of the developed fusion methods through application to
a variety of (remote sensing and in situ) datasets and case studies, and (iii) further extension of the ALMBI
framework with formal uncertainty estimates and integration of the spectral and radiometric components
of EO data (currently not formally accounted for).

YEAR 1

YEAR 2
SHORT TERM

YEAR 3

YEAR 4

YEAR 5

LONG TERM

Scientific research

Study of existing and emerging methods | Literature review | Monitor research and
industry needs | Develop methods for model and product validation
Preliminary BHM for
Landsat–MODIS fusion
1.5 FTE p.a. (18 months)

Develop integrated spatio-temporal BHM framework &
application to (generic) case-studies / datasets
1.5 FTE p.a. (36 months)

Informal quantification of
uncertainty in ALMBI methods
1 FTE p.a. (18 months)

Integrate spectral + radiometric domains into ALMBI methods
1.5 FTE p.a. (36 months)

Engineering

Formal analysis of uncertainty in ALMBI
1 FTE p.a. (24 months)

Address computational and software-related issues | Enable operational implementation of
data fusion methods | Build systematic summary of data fusion vocabulary
Implementation of
ALMBI
1 FTE p.a.
(12 months)

Implementation of integrated spatio-temporal BHM
0.5 FTE p.a. (36 months)
Engineering activities to support other scientific activities
0.5 FTE p.a. (36 months)

Figure 1. [Reproduced from Figure 5] Outline of scientific plan for future engineering and research activities in EO
data fusion at CSIRO. All estimates of effort are provided in Full-Time Equivalent (FTE) per annum (p.a.) in
conjunction with the respective (sub-)activity duration. Estimated effort in the ‘Engineering’ section is typically
expected to be provided in part through IM&T’s eResearch and ASC teams, as well as the CSS TCP. Grey arrows with
dotted outline indicate background (engineering or scientific) tasks occurring in parallel with other main project
developments (or as part thereof). The time line (Year 1, 2, etc.) refers to the time elapsed since the instigation of
the engineering/scientific tasks (start of funding availability).
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1

Introduction and Project Scope

1.1

Introduction

Important environmental variables are often available simultaneously from multiple Earth observation (EO)
platforms. For instance, remote sensing data from Landsat and ALOS-PALSAR may both be used to provide
measures of vegetation cover, and the ASCAT and SMOS sensors both deliver soil moisture estimates.
Typically, these platforms provide images at different spatial, temporal and spectral resolutions. Many
environmental applications, however, demand a single high-quality fused dataset with highest possible
resolution, while respecting the inherent accuracies and uncertainties of individual components. For
instance, climate and hydrological models both require daily high-resolution soil moisture information with
explicit uncertainty estimates for each point in space and time.
Operating in various scientific disciplines, several CSIRO groups have a substantial track record in
addressing such data fusion issues for targeted EO datasets and applications. For instance, the Mathematics
for Mapping and Monitoring group within CMIS has long been active with the multi-temporal processing of
Landsat data at continental scale (National Carbon Accounting System, see Caccetta et al., 2007), and the
operational methods used within this framework (e.g., conditional probability network) have also been
used for the fusion of Landsat and synthetic aperture radar (SAR) data for forest mapping (Lehmann et al.,
2012). CLW researchers have also carried out substantial research on algorithms for the blending of Landsat
and MODIS data in the context of multi-sensor monitoring systems (Emelyanova et al., 2012; Emelyanova
et al., 2013). Scientists within CMIS have developed spatial Bayesian hierarchical models for the integration
and error characterisation of remotely sensed and/or modelled spatial surfaces (see, e.g., Chiu et al. (2013)
on soil moisture product blending; Chiu & Lehmann (2011) on the fusion of remotely sensed soil moisture
surfaces with in situ data; Sahu & Bakar (2012) on spatially misaligned ozone datasets). Further
developments in this direction are necessary to address such issues as the addition of a temporal
component to the spatial models. Also, pixel-wise blending after manual spatial realignment has been a
popular approach to combine areal products (Jin & Henderson, 2011), but there is a strong need to account
for the spatial dependence and varying spatial resolutions more directly, as advocated by Chiu et al. (2013)
as well as leading authorities in space–time modelling (Cressie & Wikle, 2011).
There is clear potential to harness these existing capabilities and further strengthen CSIRO’s EO data fusion
expertise in a more integrated and unified framework. CSIRO’s latest Transformational Capability Platform
on Earth Observation Informatics (EOI TCP) was created specifically to support the development of such
core capabilities which underpin CSIRO’s wide array of EO-related science.

1.2

Project summary

The EOI TCP project “Blending Methodologies for Multiple EO Products” focuses on the assessment and
further development of existing and new data fusion/blending methodologies for EO products. More
specifically, the main focus is on data–data and data–product fusion (while the more complex task of
model–data fusion is considered as a potential, longer-term goal). Typically, these “data fusion” techniques
need to handle several challenges, including different temporal, spatial, spectral and radiometric
resolutions, heterogeneous scales of uncertainty, different acquisition periods, and exploitation of other
important covariates (topography, vegetation, soil type, etc.). This project aims to develop data fusion
methods within a single integrated framework that will explicitly account for these critical aspects, and
provide quantitative assessments of error and uncertainty in the resulting (fused) information products.
Important operational issues for end users are also considered, such as optimised computational
procedures to efficiently handle increasingly large EO datasets and complex methods, and dissemination of
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the developed methods to the research community. As such, this activity lies at the interface of scientific
research and operational development.

1.3

Strategic importance to CSIRO

The focus of this activity is on the investigation, development and operationalisation of an integrated
framework for EO data fusion. As well as a consolidation of core EO capabilities within CSIRO, the
development of a generic framework for fusing multiple products will have an important impact in a broad
range of CSIRO Divisions and Flagships by providing enhanced methods and inputs for many application
areas of interest.
Some examples of CSIRO applications and end-users who will immediately benefit from this research
include the following (see also Section 4 in this report):





CLW research on fusing soil moisture data from SMOS or AMSR-E with ASCAT (and subsequent use
in dynamic data assimilation of water resource assessment models)
CES research on the fusion of continent-scale climate data such as gridded temperature and
precipitation projected on different spatial and temporal scales from several regional climate
models (with subsequent use in climate change adaptation)
Improved soil moisture and land-cover estimates for the TERN-funded Soil and Landscape Grid of
Australia project (estimating soil properties at a fine spatial resolution using digital soil mapping)
Blending of Landsat and MODIS data by CLW researchers, for applications such as crop yield
monitoring and inundation mapping.

While some tailoring for specific contexts will inevitably be required, the approach developed in this crosscutting data fusion framework is expected to be readily transferrable.
During the 2012–13 financial year, this project has laid the ground work to transform and further develop
CSIRO’s core expertise in EO data fusion, by bringing together and building up on its existing remote
sensing, informatics/analytics and IT capabilities. In the long-term, this activity will act as the catalyst of
multi-disciplinary collaboration across the organisation, thereby allowing for the development of new
capabilities in integrated EO products.
The long-term goal is to provide CSIRO scientists with operational tools that unify and streamline the way
multiple EO datasets are fused into relevant information products. In turn, this will accelerate the delivery
of improved and high-quality blended products and related information (e.g., uncertainty assessment)
which are crucial in many applications and fields of research at CSIRO; examples include crop yield
modelling, inundation and vegetation monitoring, water resources assessment, as well as climate modelling
and adaptation.
This activity also has strong potential to foster significant collaboration with a variety of CSIRO researchers
and other external scientists (e.g., Prof. Noel Cressie at the University of Wollongong, and Dr. Sujit Sahu at
the University of Southampton). As the methods considered in this project are by nature data-intensive and
computationally demanding, there will also be important linkages to exploit with internal and external
research groups such as IM&T’s eResearch and Advanced Scientific Computing (ASC) group, the
Computational and Simulation Sciences (CSS) TCP, and Geoscience Australia (GA).
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2

EO Data Blending Workshop

2.1

Workshop summary

The main activity for this EOI TCP project in 2012–13 was to organise and hold a workshop where scientists,
software engineers, system architects, etc. from a variety of backgrounds would meet to discuss issues
related to the research and operational development of EO data fusion/blending methods. This objective
was achieved with the “EOI TCP Data Blending Workshop”, which took place over two days in April 2013 at
the CLW Black Mountain site in Canberra. The workshop’s focus was to review existing data blending and
fusion methodologies currently used at CSIRO, as well as to identify the needs and priorities of end-users in
terms of data fusion products.
Appendix A contains a list of attendees and a summary of the workshop agenda, as well as links to the 15
presentations that were given during this event on the topics of: (i) data fusion methods and applications,
and (ii) operational/computational implementation aspects. The workshop attracted the participation of 23
scientists which represented various CSIRO Divisions/Groups and external agencies, as shown in Table 1.
The involvement of researchers from a wide range of divisional and Flagship backgrounds clearly
highlighted the synergies existing across multiple CSIRO groups with regards to the fusion of multiple EO
products. Further engagement with other external institutions (e.g., Bureau of Meteorology, University of
Wollongong) was deemed outside the scope of the current activity, with such linkages to be pursued in
future developments of this project.

Table 1. Organisations and CSIRO Divisions / Business Units whose representatives attended the EOI TCP Data
Blending workshop in April 2013
BUSINESS UNIT / ORGANISATION
(NR. OF REPRESENTATIVES)

REPRESENTATIVES

1. CMIS (9)

G. Chiu, M. Dobbie, B. Henderson, W. Jin, P. Kokic, E. Lehmann, L. Murray, R. Shah, D. Watkins

2. CLW (7)

A. Dekker, I. Emelyanova, L. Li, T. McVicar, L. Renzullo, N. Sims, T. Van Niel

3. IM&T eResearch/ASC (3)

J. Bowden, L. Domanski, J. Morrissey

4. CSS TCP (1)

L. Murray (also CMIS)

5. EOI TCP (1)

A. Dekker (also CLW)

6. CESRE (1)

J. Vote

7. Geoscience Australia (3)

L. Lymburner, J. Sixsmith, L. Wyborn

2.2

Workshop outcomes

A major outcome from this EOI TCP activity was the consolidation of the EO-related scientific and IT
communities within CSIRO and externally. In addition to the 15 scientific presentations on these topics (see
Appendix A for detail), many insightful and productive discussions among the participants occurred
throughout the meeting. This section provides a summary of the main outcomes from these presentations
and discussions.
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2.2.1 IDENTIFYING EXISTING EO CAPABILITIES AND SYNERGIES
Thanks to the attendance of many scientists from a variety of application areas, this workshop was
successful in identifying existing capabilities and potential synergies across several CSIRO Divisions and/or
Flagships in terms of EO data fusion. Among others, scientific presentations at the workshop were given on
the work carried out by the research groups listed in Table 2 in relation to EO data fusion (either in terms of
methods development or use/need for specific data fusion products).

Table 2. Summary of research projects related to EO data fusion presented at the Data Blending Workshop
PROJECT DESCRIPTION

Project: Australian Landsat–MODIS blending infrastructure (ALMBI)
Team / presenter: Tim McVicar (CLW), Tom Van Niel (CLW), Irina Emelyanova (CLW)
Summary: Framework for accuracy assessment and selection of blending algorithms operating on the basis of highlyresolved spatial data from one sensor (Landsat) and highly resolved temporal data from another (MODIS), for
purposes such as land cover and change mapping, and estimation of ETa (actual evapotranspiration) water
losses. Refer, e.g., to Emelyanova et al. (2013).
Project: Data blending for crop yield modelling and inundation mapping
Team / presenter: Neil Sims (CLW)
Summary: Example of a project that critically relies on the availability of a blended Landsat–MODIS product (i.e. ALMBI),
e.g., to take advantage of Landsat’s spatial resolution for landscape studies and community-level
management, and MODIS’ temporal frequency for response monitoring to inundation. Other impacts include
improving the calculation of crop yields and the classification accuracy of cereal crop types.
Project: Bayesian hierarchical modelling for soil moisture
Team / presenter: Grace Chiu (CMIS), Eric Lehmann (CMIS)
Summary: Unified statistical methodology (spatio-temporal modelling) for the assessment of uncertainty and
integration/blending of multiple “generic” datasets (EO or ground-based), with application to the specific case
study of soil moisture as part of a WfHC project. Refer, e.g., to Chiu et al. (2013) and Chiu & Lehmann (2011).
Project: Spatio-temporal modelling / spTimer
Team / presenter: Shuvo Bakar (CMIS), Warren Jin (CMIS), Brent Henderson (CMIS)
Summary: Approach to fusion of multiple gridded products and/or point-level data based on statistical inference, using
hierarchical modelling of spatio-temporal correlation, and related methods for the reduction of computational
requirements (e.g., reduced/fixed rank methods). Application examples include the monitoring of ground level
ozone concentration (Sahu & Bakar, 2012), lower atmosphere CO2 (Braverman et al., 2011), aerosol optical
depth (Nguyen et al., 2012), as well as soil moisture using various ground-based and EO datasets.
Project: Reef rescue research and development project
Team / presenter: Melissa Dobbie, CMIS
Summary: Combination of water quality measurements recorded at different spatial and temporal scales. This project
would highly benefit from advanced data fusion methods as it aims to develop a comprehensive and
statistically defensible approach for assessing water quality in the Great Barrier Reef on the basis of all
available and relevant (EO and in situ) datasets.
Project: Blending climate model outputs for seasonal forecasting
Team / presenter: Phil Kokic, CMIS
Summary: Development of statistical spatio-temporal modelling approaches for reconciling/blending multiple outputs
from (regional) climate models, and to generate improved data products for assessment of climate impacts.
This project is part of the Climate Adaptation Flagship. See, e.g., Kang et al., 2010.

Through the various presentations given at the workshop, and by allowing for many discussions focussing
on the topic of interest to this project, this workshop thus succeeded in bringing together the skills and
capabilities from these various teams, thereby widening and strengthening the community of EO data
fusion experts working (often independently) in various fields of research across CSIRO. Further interorganisational linkages were also created during the workshop, mainly through the presence of several
staff from Geoscience Australia.
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2.2.2 IDENTIFYING EO DATA FUSION NEEDS
The various presentations and discussions at the workshop also led to the identification of some key
requirements from the scientific community in relation to the developed fusion methodologies and/or
resulting information products. These include the following main aspects:






Importance of attaching various measures of uncertainty to the integrated products, so as to
facilitate the comparison between methods, and in the subsequent use of these products as input
to other models or processes.
Need for the fusion algorithms to be operationally viable (e.g., in terms of their computational
complexity and requirements); it is typically expected that these algorithms will allow for a
continuous updating of the outputs as a given EO stream produces new data over time.
Need for the fusion methods to be as generic as possible (vs. being restricted only to very specific
applications or EO products).
Ensure the relevance of the developed methods with respect to future datasets, i.e., ensure that
the fusion methods remain valid given the complexity of current and future satellite/EO systems,
which will have (highly) varying spatial, temporal and spectral resolutions.
EO datasets are characterised in terms of spatial, temporal, spectral and radiometric attributes:
fusion of such EO data should account for all these aspects (and their intrinsic correlations), ideally
simultaneously in a unified framework.

The recommendations (in terms of short- and long-term project activities/impacts) presented in Section 5
of this report attempt to address these key aspects of the future research on EO data fusion
methodologies.

2.2.3 IDENTIFYING EXISTING METHODS
Two main strategies for EO data fusion were identified and discussed during the workshop:
1. Methods investigated within ALMBI (see Table 2, first project, as well as Figure 2) which include:
a. linear interpolation model (LIM, Emelyanova et al., 2012)
b. global empirical image fusion model (GEIFM, Emelyanova et al., 2012)
c. spatial and temporal adaptive reflectance fusion model (STARFM, Gao et al., 2006)
d. enhanced STARFM model (ESTARFM, Zhu et al., 2010).
Within ALMBI, these methods were applied specifically to the case of Landsat–MODIS data
blending. Despite some weaknesses (lack of formal uncertainty assessment, spectral and
radiometric dimensions not rigorously treated), these methods were recognised as being currently
ready for large-scale operationalisation in support of the wider research community (e.g., crops and
inundation monitoring).
2. Statistical inference methods, such as Bayesian hierarchical modelling (see Table 2, third project,
and Figure 3), which attempt to provide a unified framework for data fusion. This approach appears
promising in integrating all aspects of EO data fusion (spatial, temporal, spectral and radiometric)
while being able to provide formal uncertainty estimates and error characterisation. The main
drawback of current implementations (e.g., BHM for soil moisture data) is their intrinsic
computational costs; to address this important operational issue, various approaches (such as fixed
and reduced rank methods) were identified as advanced strategies to be further researched as a
means of reducing computational complexity.
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Figure 2. Schematic of Landsat–MODIS blending (ALMBI). The simulated image (yellow) is generated by considering
the MODIS reflectance on the same day (ts) and two cloud-free Landsat–MODIS pairs acquired at t1 and t2.
Source: figure reproduced from Emelyanova et al. (2012).

Figure 3. Schematic representation depicting the relationships between variables (layers) within a possible
Bayesian hierarchical framework, used here for the purpose of integrating soil moisture data (latent/unobserved
variable). ‘ASAR’ and ‘AMSR-E’ refer to soil moisture datasets provided by the respective sensor (with
corresponding spatial footprints), and ‘AWAP’ refers to a precipitation product (here imparting spatial correlation
to other layers) available from the Australian Water Availability Program.
Source: figure reproduced from Chiu et al. (2013).

2.2.4 IDENTIFYING EXISTING (OPERATIONAL) RESOURCES
Several workshop presentations and discussions focussed on specific operational, computational and datarelated aspects of EO product fusion. In particular, the following main topics were addressed:




Availability of specific software packages for Bayesian modelling tasks, such as the ‘LibBi’ software
by L. Murray (CSS TCP, CMIS) and the R package ‘spTimer’ by K. S. Bakar (CMIS).
Existing linkages with Rob Woodcock (CESRE) and the development team behind the Virtual
Geophysics Laboratory (VGL), a scientific workflow portal providing access to an integrated
environment that exploits eResearch tools and cloud computing technology.
Availability of ‘Workspace’ as a tool for analysis, collaboration and commercialisation of code and
user products using workflows.
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High-performance computing (HPC) capabilities at CSIRO: the availability of HPC facilities and
contribution of IM&T’s ASC and eResearch teams to several existing projects related to EO data
fusion/blending (e.g., BHM for soil moisture, Landsat-MODIS blending) were acknowledged.
Availability of large datasets of fully processed (radiometric and geometric) and quality-controlled
EO data (e.g., Landsat Datacube from Geoscience Australia), with existing infrastructures for
efficient data storage and access.

Discussions of these topics highlighted the importance of drawing on the benefits offered by these existing
software, data products and infrastructures in further research efforts on data fusion within CSIRO. In
particular, future contributions from ASC/eResearch and the CSS TCP were identified as being crucial to a
successful continuation of this project.

2.2.5 TERMINOLOGY OF DATA FUSION
To ensure breadth of applicability across multiple EO disciplines (which often use the terminology
differently), the early part of the workshop was devoted to the establishment of a common set of terms
related to data fusion. This led to further discussion among the project team members to arrive at the
commonly agreed definitions listed in Table 3. This table also provides a definition of the terminology used
throughout this report; in particular, the term ‘data fusion’ is used herein to refer to both concepts of data–
data fusion and data–product fusion. Further and/or more detailed definitions of terms related to EO data
fusion can be found in Emelyanova et al. (2012).

Table 3. Commonly agreed definitions of the main terms related to EO data fusion (used throughout this report)
CONCEPT

AGREED DEFINITION

Data

Raw observations or outputs from sensor models (e.g., Landsat TM, ALOS-PALSAR); measurements are in
units of radiance/reflectance (in contrast to, e.g., vegetation greenness)

Product

Raw observations become a ‘product’ when units change from radiance/reflectance to other physical
units (e.g., NDVI, soil moisture, LAI, Chlorophyll a); product validation is an ongoing process

Sensor model

Accounts for optical, electronic and environmental components in the acquisition process for the desired
radiance/reflectance variable (e.g., response to light, electromagnetic spectrum)

(Bio)physical model

Representation of biological processes and phenomena through the application of physical methods and
theories (e.g., hydrological model, soil carbon process, marine biochemistry); typically used in model–
data fusion

Data fusion

Term used to denote the fusion/integration of either: (i) data with data (data–data fusion), or (ii) data
with a product (data–product fusion), so as to form a new (in general, higher-quality) product.
Note: in accordance with the definitions of Emelyanova et al. (2012), ‘data fusion’ is here used as a
broad term denoting the generic integration/combination of various data; the term data blending is
generally used in a narrower sense to speak about particular approaches of data fusion (such as methods
that specifically fuse more than two dimensions of the input data simultaneously, e.g., spectral, spatial
and temporal).

Model–data fusion

Represents the task of merging observational data with outputs from (bio)physical models so as to
improve upon model-only or data-only analyses; compared to data fusion, more focus is given here to
the development and refinement of the biophysical model and its architecture. Data assimilation
represents an approach commonly used in MDF.

2.2.6 DATA FUSION/BLENDING VS. MODEL–DATA FUSION
The issue of data fusion/blending vs. model–data fusion (MDF) was a recurring topic of discussion
throughout the workshop. From its instigation, this EOI TCP project clearly stated that MDF would not be
considered as a priority. Over the course of the workshop however, several discussions raised the issue of
data fusion vs. MDF, asking questions such as:
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Should these two tasks be considered as separate research activities?
Should MDF be viewed as a natural (continuous) extension of data–data fusion?
Does MDF represent the main research goal ultimately?
What is to be gained from more research on data fusion methods?

Typically, the statistical inference methods described during the workshop were presented as a unifying
approach able to address both the data fusion/blending and MDF tasks. Also, it was argued that sensible
solutions to challenging problems (e.g., highly-dynamic settings such as aquatic environments) might only
be possible through the use of biophysical models, and thus through the application of model–data fusion.
On the other hand, it was also acknowledged that research into MDF would inevitably put more emphasis
on the (biophysical) models as opposed to EO data and related processing methods. Consequently, MDF
might represent a topic of less interest for a possible continuation of this project under the EOI TCP, whose
focus is predominantly on technology and methods related to Earth observation data.
While MDF might eventually become the main focus of this research activity involving EO products, it was
also acknowledged that achieving this goal would require the investment of a large research effort, and
would thus only be suitable as a long-term research aspiration. Consequently, the consensus reached
among the workshop participants is that data fusion should initially be treated as a separate activity from
model–data fusion. The recommendation is therefore that the current focus should be on the operational
development of currently existing blending/fusion algorithms, and further research on data fusion methods
that might, at a later stage, have the potential to also address to the longer-term ambition of model–data
fusion.
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3

Research and Operational Gaps

During the workshop, a number of research and engineering gaps and challenges in data fusion/blending
were identified and discussed. If the EOI TCP support continues, we need to ensure that further data fusion
activities in CSIRO are aligned with the interests, needs and values of the larger data fusion community
across various organisations. The project team thus compiled a list of future research and engineering
priorities with associated goals and opportunities in this area of research.

3.1

Priorities and opportunities in future data fusion research

With constantly emerging new technologies of data acquisition, improved sensors and algorithms, the data
fusion industry has demonstrated a fast and vibrant growth. Accordingly, an assessment of the quality of
the resulting information products is a very important aspect of research. Therefore, future research
priorities in data fusion can be split into two main groups.
The first group of priorities focuses on further studying, development and/or adaptation of existing and
emerging industry models and algorithms for multisource data fusion. This includes:
1. Building a data fusion vocabulary. In reviewing image fusion applications to date, we found that
the terminology describing the process of combining multiple sources of EO data has not been
consistent. Confusion has resulted because different terms that have the same meaning are used
interchangeably; similarly, the same term is sometimes used with multiple meanings across the
various imaging disciplines (medical imaging, computer vision, remote sensing, etc.). Building a
systematic summary of the terms of reference in image data fusion will help avoid these
misunderstandings within the research community.
2. Ongoing literature review and further study/development of cutting-edge data fusion
technologies in order to identify the most advanced data fusion approaches and models emerging
in the industry. This will guarantee a continuing high standard of data fusion applications in CSIRO
and client organisations, and will secure CSIRO’s leadership in data fusion at the national scale.
3. Developing in-house data fusion models, such as BHM-based and spatio-temporal adaptive fusion
approaches developed at CMIS and CLW. CSIRO scientists have demonstrated a capacity for
producing advanced data fusion methods using a Bayesian modelling approach. A prototype of
such a model was developed for spatial soil moisture data (see Table 2, third project). Potentially,
this model can be extended to the temporal domain and applied to the blending of Landsat and
MODIS imagery acquired at consecutive dates (to infer missing Landsat and/or MODIS datasets)
through spatio-temporal data fusion.
4. Developing an operational framework for integration of multiple stacks of data from different
sensors simultaneously (e.g., Landsat and MODIS data within ALMBI), accounting for various
regions of interest and temporal domains specified by the client (e.g., monitoring of floods,
irrigated areas, etc.).
5. Identification of data fusion workflow patterns which include all stages of the process, starting
from input data collection and pre-processing, through to data integration and analysis, and finally
delivering a complete product suitable for further use by potential clients. Implementing these
individual tasks as workflows will contribute to the development of an operational/automated and
consistent data fusion framework for end-users.
The second group of priorities for data fusion research relates to the development of rigorous methods for
the quantification/assessment of accuracy and uncertainty (akin to statistical confidence) in the blended
products. This type of information is currently missing in standard EO practices, which significantly
undermines the full potential of any EO data fusion approach. Such priorities thus include the following:
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1. Use of the Bayesian modelling approach to characterize error of Landsat–MODIS simulations; this
will require adapting the current BHM framework (Table 2, third project) as it cannot presently
interpolate between dates. The updated model can be tested on Landsat bands 4 and 5 for
Landsat–MODIS image pairs covering the Lower Gwydir Catchment and perhaps the Coleambally
Irrigation Area, both in NSW (Emelyanova et al., 2012).
2. Development of a framework for selecting a data fusion algorithm to produce the highest possible
product quality for a particular dataset. It was shown (Emelyanova et al., 2013) that the accuracy of
various fusion models depends on the nature of the input data in terms of its specific spatial,
spectral, radiometric and temporal domain characteristics. Such a framework will provide
guidelines to potential clients with respect to the selection of data fusion methods, and ensure that
ongoing demands in data fusion products by the industry (e.g., GA, CSIRO Flagships, Bureau of
Meteorology, etc.) are met.
3. Model and product validation. A validation process needs to be designed and incorporated into
the data fusion workflow to provide confidence in models and model outputs.
Furthermore, based on an analysis of the available models and their applications (see e.g. Section 2.2.1),
the following research needs and opportunities in future data fusion research have been identified:
1. Quantifying the predictability of data fusion models is an important component of the modelling
process. The prediction ability of the data fusion method depends on the spatial, temporal, spectral
and radiometric characteristics (i.e., their extent, resolution and density) of the input data.
Determining measures of predictability of the fusion models will underpin the development of the
framework for algorithm selection mentioned above.
2. Estimating uncertainty of data fusion model outputs. Both inputs and models have errors and
uncertainties which affect the resulting outputs. Uncertainty estimates delivered along with the
data fusion product are crucial in providing transparency on the quality of the model outputs.
Ideally, uncertainty should be quantified through a unified framework for each of the spatial,
temporal and spectral components in the blended EO product.
3. Reducing the computational cost of data fusion. The existing data fusion models are
computationally expensive, which limits their widespread operational use. Reducing the
computational complexity will lead to an increased efficiency of the data fusion algorithms.
4. Developing similarity metrics to assist in the validation process. Comparison of the observed data
with the fused data (e.g., synthetic Landsat-like imagery) in terms of degree of similarity would
provide an indication of accuracy for the simulated data.
5. Linking with model–data fusion. Most of the known data fusion algorithm process observations
and measurements (i.e. radiance, reflectance). Data–product fusion, i.e., the development of
models for integrating observations with products derived from observations (multi-spectral
indices, actual evapotranspiration estimates, soil moisture, etc.) would widen the application area
and create further opportunities for integration into the model–data fusion process.
6. Identifying research and industry needs and challenges in data fusion will provide an ongoing
awareness about the industry’s current demands in data fusion products.

3.2

Engineering priorities, needs and opportunities

To ensure that the scientific community has access to efficient and user-friendly data fusion tools, a
necessity is to develop a common operating environment for practical and operational use of the data
fusion methods is a necessity. Future engineering priorities identified with respect to this goal cover the
following key aspects:
1. Developing the Australian Landsat–MODIS Blending Infrastructure (ALMBI). A powerful userfriendly software tool for efficient and accurate data fusion would provide scientists with highquality data, free of gaps in space and time.
2. Providing high-performance data fusion methods. Parallelisation of the blending algorithms and
making use of high-performance computing clusters through the use of workflows needs to be
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3.
4.

5.

6.

developed for improved computational efficiency. The CSS TCP and CLW’s Environmental
Information Systems (EIS) Program staff (‘Workbench’ Project), for instance, have recognised
capabilities for such efficient coding.
Adapt the Bayesian-based statistical data fusion model from non-operational to operational
format, so as to potentially become a part of ALMBI.
Application of the developed fusion methods to generic datasets and case studies. As stated in
Section 2.2.2, there is a need for the data fusion methods to be generic in nature and applicable to
a variety of datasets; Table 2 mentions a number of such case studies, for instance. In addition to
those and the above mentioned Landsat–MODIS blending, a further test scenario would be the
blending of Landsat and AVHRR data for the Red and Near-Infrared (NIR) channels for Landsat dates
prior to 2000 (pre-MODIS). A possible component of this test case would be to determine the
impact of low-resolution data sources (1.1 km pixel size for AVHRR), i.e. compare the Red and NIR
blended outputs from Landsat–MODIS vs. Landsat–AVHRR.
Exploiting the CSIRO DAP (Data Access Portal) for data curation in the long-term management of
data fusion inputs and outputs; the EOI TCP would benefit by achieving cross-divisional integration
and impact of data services within this project.
Providing provenance to data fusion process. Transparency is required throughout the (sometimes
very long) sequence of steps conducted by different people/teams during the data fusion process.
Various approaches exist to handle this problem specifically:
a. ‘Workbench’ developed in CLW under the leadership of Sue Cuddy and Dave Penton, uses a
COTS (commerical-off-the-shelf) Microsoft product called Trident, which is built on
Windows Workflow Foundation integrated within C#.Net (the language used by most of
CLW software developers) and Sharepoint. It is likely that ‘Workbench’ can be adapted for
the CSIRO data fusion infrastructure (ALMBI).
b. ‘Workspace’ led by Damian Watkins (CMIS), the CSS TCP and eResearch, which includes an
interactive workflow editor, and allows for batching workflow tasks and for running
workspace-based applications.
c. Repurposing of the Virtual Geophysics Laboratory (VGL), led by Rob Woodcock of CESRE,
which would provide an Earth Observation infrastructure and allow for automated
scientific workflow.

The need to develop a consistent data fusion environment also leads to the following engineering
opportunities:
1. Converting the vocabulary into ontology, which would then allow for computer discovery. This
would assist in finding and adapting datasets that have been created for one fusion method, so as
to be used in other applications or fusion methods, while keeping track of the inherent knowledge
of what the data means in a particular context (i.e., using language that is fit-for-purpose).
2. Developing an information model for data characterisation and storage, to avoid the need to rewrite code for data in different formats. In that respect, collaboration with software developers
from the CSS TCP or EIS Program would be most useful.
3. Exploring how to best use the DAP and other CSIRO products and tools that are on offer, such as
‘Workspace’, ‘Workbench’, VGL, etc. Also, the development of code to extract atmospherically
corrected Landsat data from the GA database would be highly beneficial for potential users of
CSIRO’s data fusion facilities (e.g. ALMBI).
4. Developing an interoperability bridge within the data fusion environment (e.g. ALMBI) to enable
various data fusion models and products to be readily used in conjunction with each other.
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4

Benefits to CSIRO, Australia and the wider
Scientific Community

The utility of data–data and data–product fusion is widespread across CSIRO and many natural resource
management agencies in Australia and globally. Developing systems that automatically generate blended
images for user-defined locations and time periods would underpin many potential projects in CSIRO (and
nationally). For example, building the “Australian Landsat-MODIS Blending Infrastructure” (ALMBI) would
provide relevant projects in CSIRO’s Flagships with a competitive advantage when applying for research
grants where monitoring highly temporally dynamic environments at high spatial resolution is needed. A
(non-exhaustive) list of examples of Flagship-specific applications where data fusion would be valuable is as
follows:
1. Sustainable Agricultural Flagship:
a. crop yield monitoring and forecasting
b. assessing landscape degradation dynamics
c. productivity evaluation in native vegetation systems
d. fire fuel load estimation
e. down-scaling biomass estimates from 1 km to 25m resolution
f. soil carbon assessment
2. Water for a Healthy Country Flagship:
a. monitoring flood and floodplain dynamics
b. assessing riparian vegetation health
c. land-use-specific estimation of actual evapotranspiration
d. monitoring on-farm water storage dynamics
e. mapping groundwater dependent ecosystems at 25m resolution
f. identifying and separating the impact of climate change and anthropogenic activity on
water resources
3. Climate Adaptation Flagship:
a. assessing habitat dynamics
b. evaluating urban and built environment changes
4. Minerals Down Under Flagship:
a. mine-site rehabilitation
b. exploration
5. Wealth from Oceans Flagship:
a. coastal water quality dynamics
b. inland water quality dynamics
c. bathymetric mapping of near-coastal waters
d. monitoring algal blooms.
A key feature making the development of ALMBI possible is the pre-processing of Australia’s Landsat
archive that has been spearheaded by Geoscience Australia in collaboration with several others, to “Unlock
the Landsat Archive” (ULA). The outputs from the ULA project are physically-based atmospherically and
geometrically corrected Landsat images that are ready to be used in applications and as input to other
processing systems such as ALMBI. Currently, Australia is the only country in the world that has access to
continental coverage of corrected Landsat imagery, and the development of ALMBI would leverage off the
ULA and value-add to its presence for applications requiring access to highly dynamic imagery.
The ULA outputs are stored on the National Computing Infrastructure (NCI), which is the same computing
system where daily MODIS data, corrected to the same level as the Landsat, are also available. The NCI is a
suitable location on which to develop operational capacity to blend Landsat and MODIS imagery as the
need to duplicate the input datasets is avoided. While generation of the ULA is a great step forward
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towards operational use of Landsat data, for highly dynamic systems the presence of sequential cloud
corrupted Landsat imagery greatly limits its utility. Figure 4 shows that for a typical temperate Australian
site (the lower Gwydir catchment, NSW), the maximum gap between Landsat data is 64 days (for a given
year of data) whereas using Landsat–MODIS blended data results in a maximum gap of 9 days. Having
access to such high-frequency Landsat-like data is critical to many applications, and is the niche that
Landsat–MODIS blending can fill.

Figure 4. Number of observed cloud-free Landsat images (red lines) and blended Landsat-like images (blues lines)
for a typical temperate Australian site (lower Gwydir catchment, NSW). For the observed Landsat data, only 14
images can be used in the year. The average gap between cloud-free observations is 27 days and the maximum gap
is 64 days (which occurs twice). In contrast, there are 79 images available using the observed and simulated Landsat
data, with an average gap of 4.5 days and a maximum gap of 9 days.

Numerous national and international agencies (e.g., Australian component of the Australian Centre for
International Agricultural Research, ACIAR) would benefit from the development of an operational data–
data and data–product blending system. They would benefit in two main ways:
1. directly, by improving the capacity to do research within Australia; and
2. indirectly, by having an example of what can be developed for other continents provided to them.
For example, if ALMBI was successfully developed in Australia, it is highly likely this would spark
considerable interest from America (e.g., NASA), several European countries (e.g., via ESA), China, Canada,
Brazil and India. These are all countries that cover large areas, have access to Landsat and MODIS (as well
as their own satellite systems with similar spatial-temporal-spectral characteristics), and are increasingly
using remote sensing to monitor highly temporally dynamic systems. The CSIRO remote sensing community
has a strong international reputation, which is being further strengthened by the presence of EOI TCP
representations at key meetings. Because of this, it is likely that ALMBI would be an example that would be
replicated in other countries. Additionally, using ALMBI as an international example would likely be of
interest to those who lead the Earth Observation Window within the World Bank Water Anchor Program.
To realise the full potential of data fusion algorithms, key linkages with IM&T (eResearch and ASC) and the
CSS TCP have been successfully achieved in existing related projects (e.g., Bayesian modelling for soil
moisture blending, see Table 2, third project). In the frame of ALMBI, CLW researchers have actively
engaged with the ASC group over the last 12 months. We have worked together to increase the execution
speed of the data fusion algorithms and to optimise their parallelisation specifically for the NCI. Jointly,
these initial steps allow for the development of ALMBI, as the enhancement made by the eResearch
software developers is the “engine” upon which the ALMBI system would be built. Additionally, there have
been a series of scoping discussions held with Rob Woodcock (CESRE) regarding the software engineering
skills needed to develop a web front-end that would allow for user selections (geographical location, date
range, viewing angle, etc.) that would underpin ALMBI. Rob Woodcock’s view is that ALBMI could be
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developed in 12 months, requiring 1 FTE. To synergistically realise the potential of TCPs across CSIRO, this
would likely involve funding from the EOI TCP and the CSS TCP (Rob Woodcock is involved in both). Building
ALMBI would showcase the utility of TCPs across CSIRO, especially given the numerous Flagship-specific
application areas identified above.
The current suite of data fusion algorithms in ALMBI assumes no difference between the spectral and
radiometric characteristics when comparing data with the high spatial resolution and low temporal repeat
frequency (e.g., Landsat) against data with low spatial resolution and high temporal repeat frequency (e.g.,
MODIS). That is, the current data fusion algorithms only actively consider the spatial and temporal
characteristics of the data. With new sensors being launched on an increasing number of Earth observation
satellites, there is a benefit to CSIRO to formally consider the spectral and radiometric properties when
performing data fusion. CSIRO’s Earth Observation staff have the skills to lead this exciting new area of
research over the next three to five years.
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5

Recommendations

In Section 3, a number of scientific and operational gaps were identified with corresponding research
priorities and opportunities. This section of the report documents the specific recommendations to address
these research and development aspects in EO data fusion, together with typical estimates of associated
effort (in FTE, full-time equivalent) needed to achieve the envisaged goals in the short and longer term.
These recommendations were derived from discussions among all members of the EO Data Blending
workshop and the project team. In accordance with the design of the workshop, the recommendations
focus specifically on both: (i) engineering and implementation issues; and (ii) scientific issues.
For illustration purpose, Figure 5 provides a graphical summary of the broad scientific and engineering tasks
envisioned for this activity in the short and longer term, reflecting the concepts presented in the rest of this
section.
YEAR 1

YEAR 2
SHORT TERM

YEAR 3

YEAR 4

YEAR 5

LONG TERM

Scientific research

Study of existing and emerging methods | Literature review | Monitor research and
industry needs | Develop methods for model and product validation
Preliminary BHM for
Landsat–MODIS fusion
1.5 FTE p.a. (18 months)

Develop integrated spatio-temporal BHM framework &
application to (generic) case-studies / datasets
1.5 FTE p.a. (36 months)

Informal quantification of
uncertainty in ALMBI methods
1 FTE p.a. (18 months)

Integrate spectral + radiometric domains into ALMBI methods
1.5 FTE p.a. (36 months)

Engineering

Formal analysis of uncertainty in ALMBI
1 FTE p.a. (24 months)

Address computational and software-related issues | Enable operational implementation of
data fusion methods | Build systematic summary of data fusion vocabulary
Implementation of
ALMBI
1 FTE p.a.
(12 months)

Implementation of integrated spatio-temporal BHM
0.5 FTE p.a. (36 months)
Engineering activities to support other scientific activities
0.5 FTE p.a. (36 months)

Figure 5. Outline of scientific plan for future engineering and research activities in EO data fusion at CSIRO. All
estimates of effort are provided in Full-Time Equivalent (FTE) per annum (p.a.) in conjunction with the respective
(sub-)activity duration. Estimated effort in the ‘Engineering’ section is typically expected to be provided in part
through IM&T’s eResearch and ASC teams, as well as the CSS TCP. Grey arrows with dotted outline indicate
background (engineering or scientific) tasks occurring in parallel with other main project developments (or as part
thereof). The time line (Year 1, 2, etc.) refers to the time elapsed since the instigation of the engineering/scientific
tasks (start of funding availability).

In the following, ‘short-term’ is defined as the project's first 24 months: the project team acknowledges
that EOI TCP funds are likely to be extremely limited during the first financial year (i.e., months 1–12).
Hence, in the short-term, we realistically see most opportunity for further work being conducted during
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months 13–24 of this short-term period. Herein, ‘long-term’ has a 25–60 month perspective (i.e., 3 to 5
years henceforth).

5.1

Short-term aims (first two years: Year 1 – Year 2)

5.1.1 ENGINEERING ASPECTS
For immediate impact, the main short-term engineering task will focus on implementing the development
of ALMBI: this would require funding of approx. 1 FTE for 12 months, with part of this effort expected to be
covered under the CSS TCP (Rob Woodcock’s team). The output of this funding would be a stand-alone
website that would allow users to generate Landsat-like synthetic imagery for user-defined locations and
times anywhere in Australia. Numerous CSIRO Flagships and other projects would benefit from the
development of such an operational system.

5.1.2 SCIENTIFIC RESEARCH
As suggested earlier in this document, the short-term scientific endeavours would focus on two main
aspects of the current data fusion research.
1. Informal quantification of uncertainty in the current ALMBI framework.
Currently the data fusion algorithms used in ALMBI estimate a Landsat-like reflectance without
considering the uncertainty of that estimate. While sensitivity of the algorithms have been tested in
two contrasting Australian landscapes with aim to guiding algorithm selection (in Emelyanova et al.,
2013), uncertainty of the reflectance estimates is not currently produced. Thus, a short-term scientific
activity in the blending domain would be to extend the current algorithms by routinely producing an
image related to their uncertainty. Various approaches to uncertainty quantification for the data
fusion outputs will need to be explored, taking into account both inputs (observations) and models as
possible sources of errors. One possible way to explore this would be to estimate the correlation
coefficients produced when estimating the spatial and temporal spectral similarity. Other variables
relevant for uncertainty quantification would also be identified and evaluated. Performing this
scientific research and ensuring that the extensions to the current suite of fusion algorithms are
captured in ALMBI would require approx. 1 FTE for 18 months. The last 6 months of this effort would
focus on the ALMBI software engineer working with the scientists to ensure that the methods
developed in the first 12 months are operationally available via ALMBI.
2. Development of a preliminary Bayesian model for Landsat–MODIS data fusion.
One way to utilise the current Bayesian hierarchical modelling (BHM) framework of Chiu et al. (2013) is
to regard it as a product fusion tool that facilitates integrated uncertainty assessment (error
characterisation). However, the current framework does not support a temporal evolution of the
underlying state (spatial soil moisture in this case), and thus cannot be readily applied to the fusion of
Landsat and MODIS maps. In the spirit of ALMBI, this BHM framework can be adapted as follows (see
Figure 6) to blend MODIS maps from two consecutive cloud-free dates, t0 and t2, in between which a
Landsat map is observed at t1 inside [t0, t2]. To this end, one could hypothesise an “overall” state map
(or “ideal” map) that represents the state over the time interval [t0, t2] of interest. This overall state is
modelled as the driver of the two MODIS maps at t0 and t2, respectively, and the single Landsat map at
t1. The blended Landsat–MODIS product is the estimated ideal state for [t0, t2], accompanied by
rigorous statistical inference based error characterisation. This approach also facilitates rigorous
prediction, again with proper uncertainty assessment, of MODIS and/or Landsat maps on any given
date ts (cloud-free or otherwise) inside [t0, t2]. Note that this approach considers all time intervals [t0,
t2] — as defined by any Landsat date t1 comprised between two consecutive cloud-free MODIS dates
— as separate entities; hence, it does not consider the temporal dependence from one time interval to
another. By excluding a temporal modelling component in the BHM framework, this extension of the
Chiu et al. (2013) approach is expected to be feasible in the short term. Together with the (potentially
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time consuming) tasks of data sorting and exploratory analyses, this activity would likely require an
estimated 1.5 FTE over an 18 month period.

Figure 6. Schematic representation of a preliminary Bayesian hierarchical framework for Landsat–MODIS data
fusion. Note that this approach does not consider the temporal dependence between dates, which makes the
implementation of such a framework feasible in the short term.

5.2

Long-term aims (Year 3 – Year 5)

5.2.1 SCIENTIFIC RESEARCH
The long-term endeavours in terms of scientific research on EO data fusion would focus on the following
three main tasks.
1. Fully integrated Bayesian hierarchical modelling framework.
A long-term vision for an integrated hierarchical modelling framework is for it to have the ability to
integrate multiple temporal stacks of EO products, simultaneously adjusting for environmental
phenomena such as floods, forest fires, etc. We envision that this framework will also integrate various
spectral characteristics across bands instead of focusing on a single band as is the standard practice
currently in the EO community. Thanks to a formal temporal modelling component, the framework will
facilitate the interpolation over both time and space of any product that yields no data on a particular
date and/or at a particular location. For example, in the Landsat–MODIS scenario, statistical predictive
inference based on this framework would allow the generation of a synthetic Landsat map on a date
that has no Landsat observations, accompanied by rigorous uncertainty estimates for the synthetic
map. Such a framework exhibits generic applicability in EO sciences, and cuts across all scientific and
industrial domains, as well as CSIRO Flagships in conjunction (or otherwise) with external institutions,
such as GA and BoM, that rely on remote sensing data. As the statistical principles behind this
framework can regard deterministic model output as a “product,” the resulting approach would also
be a big step towards the realm of model–data fusion, and can serve as a template for future CSIRO
research directions towards that goal. This activity would likely require 1.5 FTE funded for 3 years in
order to build the statistical model to achieve this requirement.
2. Formal analysis of uncertainty in ALMBI methods.
The similarity metrics and other uncertainty variables investigated during the short-term research
component on ALMBI methods would need to be extended so as to provide a formal analysis of
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uncertainty. Extending the Bayesian method as outlined above would also allow the framework to
routinely provide such uncertainty analysis. These activities would likely be covered by about 1 FTE
during 2 years.
3. Integrate spectral and radiometric domains into ALMBI methods.
The current suite of algorithms tested in Emelyanova et al. (2013) assumes that there are no spectral
or radiometric differences between the data from the two sensors being blended. With the increasing
availability of hyper-spectral imagery, and greater number of broad-band instruments, research will be
needed to address the tremendous opportunity and considerable challenges that exist when
considering how to include the spectral and radiometric domains into the current suite of data fusion
algorithms. This is a major new research challenge, and if the EOI TCP invested in the order of 1.5 FTE
for 3 years, drawing upon the organisation-wide skills in remote sensing, image processing, and
mathematical modelling and conception, much progress would likely be delivered in this timeframe.
For example, after performing a literature review of EO and non-EO-based mathematical approaches
that could be used and/or modified to solve the problem, CSIRO could commence exploring algorithm
development using the hyper-spectral (EO-1 Hyperion) and broad-band time-series imagery that was
collected at the Coleambally site in 2000 to 2002. During the potential 3 year project, we suggest that
international workshops be organised (e.g., at about 18 months and 33 months from commencement),
which would strategically target key individuals from select organisations. Once these key individuals
are committed to the attending the workshop, a broader “call for papers” could be made to the wider
community.

5.2.2 ENGINEERING ASPECTS
1. IT and software support for implementation of integrated BHM.
Longer-term software engineering would mainly entail programming and support for the scientific
activities related to the development of a fully integrated (spatial and temporal) BHM framework for
EO data fusion (see previous section). In particular, engineering efforts would focus on ensuring that
the Bayesian approaches (i.e., preliminary BHM and proposed extension into the temporal domain)
are made widely available to the data fusion community. It is also envisioned that such an ambitious
modelling framework can be hugely computationally intensive; further research will thus be needed to
investigate methods for a reduction of computational complexity, and software engineering efforts
will also be required to adapt this statistical approach for practically operational settings. Services from
IM&T (eResearch and ASC) and the CSS TCP will be heavily relied upon in this respect, in order to
achieve implementations optimised for execution speed.
2. Generic IT and software support.
Further engineering tasks would also focus on supporting the activities highlighted in the previous
Scientific Research section.
Both engineering activities would likely require in the order of approx. 0.5 FTE each over the length of the
long-term component of the project (3 years), a significant part of which would ideally be provided by
IM&T’s eResearch and ASC teams, and/or the CSS TCP.

5.2.3 STRATEGIC DECISION FOR LONG-TERM RESEARCH
Finally, the EOI TCP will need to make a strategic decision as to whether data blending/fusion (the focus of
this report) should be extended to include MDF, or whether MDF should be considered as a separate
project. The difference is that the primary focus of data fusion is on the development of methods to
optimally combine the strengths of various data (or product) types. In contrast, the primary focus in MDF is
on the development and refinement of the biophysical model (including its architecture) and/or inversion
methods to enable the method’s uncertainty in biophysical terms to be estimated. While MDF represents
an important topic of current and future scientific research, it is acknowledged that this might not fully
align with the EOI TCP’s long-term focus on Earth Observation data and methods.
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Appendix A

Workshop Summary

This Appendix summarises the agenda of the EOI TCP Workshop “Blending Methodologies for Multiple EO
Products”, held at the CLW Black Mountain site (Christian Lab) in Canberra on April 22 – 24, 2013.

A.1

List of attendees

The workshop was attended by a total of 23 participants, representing a variety of key CSIRO
Groups/Divisions and external agencies, as shown in Table 4 below (Dr. Khandoker Shuvo Bakar from CMIS,
Canberra, also a member of the team for this EOI TCP project, sent his apologies to the project team for not
being able to attend on the selected workshop dates). In the lead-up to the workshop, further contacts
were also initiated with other scientists from CMAR, CES, ICT, PI, SAF, CAF, MDU, TERN, and the Unmanned
Aircraft System (UAS) users group. The number of participants and presenters at the workshop was
however intentionally capped so as to keep the many discussion sessions more manageable, and to ensure
that the event would not become akin to a conference with limited brainstorming opportunities.

Table 4. List of attendees at the EOI TCP Data Blending Workshop
NAME

AFFILIATION

DAY 1

DAY2

1

Josh Bowden

2

NOTES

IM&T/eResearch, Brisbane





Grace Chiu

CMIS, Canberra





Project team, presenter

3

Arnold Dekker

CLW/EOI TCP, Canberra





Presenter

4

Melissa Dobbie

CMIS, Brisbane





Speed presentation

5

Luke Domanski

IM&T/eResearch, Sydney





Presenter

6

Irina Emelyanova

CLW, Perth





Project team, presenter

7

Brent Henderson

CMIS, Canberra





Presenter

8

Warren Jin

CMIS, Canberra





Presenter

9

Phil Kokic

CMIS, Canberra





Speed presentation

10

Eric Lehmann

CMIS, Perth





Project team (leader)

11

Lingtao Li

CLW, Canberra





12

Leo Lymburner

Geoscience Australia (GA)





Presenter

13

Tim McVicar

CLW, Canberra





Project team, presenter

14

John Morrissey

IM&T/eResearch, Canberra





15

Lawrence Murray

CMIS/CSS TCP, Perth





Presenter

16

Luigi Renzullo

CLW, Canberra





Speed presentation

17

Rohan Shah

CMIS, Brisbane





18

Neil Sims

CLW, Melbourne





Speed presentation

19

Joshua Sixsmith

Geoscience Australia (GA)





Presenter

20

Tom Van Niel

CLW, Perth





Project team, presenter

21

Josh Vote

CESRE, Perth





Presenter

22

Damien Watkins

CMIS, Melbourne





Presenter

23

Lesley Wyborn

Geoscience Australia (GA)





Presenter
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A.2

Financial perspective

In order to ensure a good representation of participants from a variety of application domains, this EOI TCP
project provided travel funding to the following invited CSIRO staff (not Canberra-based):






Rohan Shah, CMIS, Brisbane
Neil Sims, CLW, Melbourne
Josh Bowden, IM&T/eResearch, Brisbane
Melissa Dobbie, CMIS, Brisbane
Damien Watkins, CMIS, Melbourne.

This was in addition to the travel funding set aside for the attendance of three members of the project
team from Perth, namely Eric Lehmann, Irina Emelyanova and Tom Van Niel.
Contributions to this project were also provided by eResearch and the CSS TCP in the form of staff
resources and travel funding, to allow the following representatives to attend and/or present at the
workshop:





Lawrence Murray (CSS TCP)
Josh Bowden (eResearch)
Luke Domanski (eResearch)
John Morrissey (eResearch).

In addition, the CSS TCP (through Eddy Campbell’s Biogeochemical Cycles project) provided funding for part
of Eric Lehmann’s time on this EOI TCP activity.

A.3

Workshop program

The workshop agenda is provided in the tables below. Day 1 was dedicated to scientific presentations and
discussions on the topic of data fusion/blending methodologies and applications, while operational and
computational aspects were considered and discussed on Day 2. A third day of planning activities, attended
by the project’s team only, was subsequently held following the two day workshop.
Note that a special web page has been created for this workshop on the EOI TCP wiki page: please follow
this link to access it. The various presentations given during the workshop can be downloaded from that
wiki page, with the individual links also provided in the tables below (note also that the wiki page offers the
option to download all presentations at once if desired).1

Day 1 – Monday 22 April
Science presentations: blending methodologies & applications for EO data/products
9.00 – 9.30
9.30 – 9.45

9.45 – 10.45

10.45 – 11.45

11.45 – 12.15

Coffee, tea, etc.
Welcome & workshop aims/scope
- Project description: define goals, what is in/out, etc.
- Brief EOI-TCP context presentation (presentation link)
Presentation 1.1
“Terminology of data-data fusion” (presentation link)
Coffee/tea break
Presentation 1.2
“Landsat-MODIS data blending: Assessing accuracy and a framework
for algorithm selection” (presentation link)
Discussion
Discussion of Presentations 1.1 and 1.2

1

Eric Lehmann, CMIS
Arnold Dekker, CLW
Irina Emelyanova, CLW

Tom Van Niel, CLW

Please note that the EOI TCP wiki page and related contents (including the presentations for this workshop) are only accessible
from within the CSIRO network.
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12.15 – 12.45

12.45 – 13.30
13.30 – 14.30

14.30 – 15.30

15.30 – 16.30

16.30 – 17.00
17.00 – 17.30

Speed presentations
1) “Data blending for crop yield modelling and inundation mapping”
1) Neil Sims, CLW
(presentation link)
2) “Combining incompatible spatial data for assessing condition of the
2) Melissa Dobbie, CMIS
Great Barrier Reef water quality” (presentation link)
3) “On soil moisture: do’s and don’t’s” (presentation link)
3) Luigi Renzullo, CLW
4) “Blending climate model outputs for seasonal forecasting”
4) Phil Kokic, CMIS
Lunch
Presentation 1.3
Brent Henderson, CMIS
“Shaping different remote sensing systems through spatio-temporal
(on behalf of Shuvo
correlation structure” (presentation link)
Bakar, CMIS)
Presentation 1.4
Grace Chiu, CMIS
“Bayesian hierarchical modelling for soil moisture” (presentation link)
Coffee/tea break
Presentation 1.5:
Warren Jin, CMIS
“Blending multiple data sources into a single higher quality product”
(presentation link)
Discussion
Discussion of afternoon presentations
Day 1 summary
Review/discussion of Day 1 concepts, with focus on existing data blending methods and applications

Day 2 – Tuesday 23 April
Science presentations: operational & computational aspects
9.00 – 9.30
9.30 – 10.00

10.00 – 11.00

11.00 – 12.00

12.00 – 12.30
12.30 – 13.30
13.30 – 14.30

14.30 – 16.00

16.00 – 16.30
16.30 – 17.00

Coffee, tea, etc.
Day 1 review
- Summary of Day 1 presentations/discussions
Eric Lehmann, CMIS
- ALMBI-specific review (Landsat-MODIS data blending)
Tim McVicar, CLW
Presentation 2.1
Lawrence Murray,
“Bayesian hierarchical modelling using the LibBi software”
CMIS / CSS TCP
(presentation link)
Coffee/tea break
Presentation 2.2
Damien Watkins, CMIS
“Workspace: a CSIRO platform for building scientific workflows”
(1 hour+ slot requested) (presentation link)
Discussion
Discussion of morning presentations
Lunch
Presentation 2.3
Luke Domanski,
“CSIRO eResearch and ASC: high-performance computing resources for IM&T / eResearch
EOI TCP projects” (presentation link)
Presentations 2.4
1) “13 years of high performance Landsat data: a tiled, corrected,
1) Josh Sixsmith & Leo
quality flagged, national archive” (presentation link)
Lymburner, GA
2) “Repurposing the Virtual Geophysics Laboratory infrastructure and
2) Lesley Wyborn, GA, &
workflow for Earth Observation data” (presentation link)
Josh Vote, CESRE
Coffee/tea break
Discussion
Discussion of afternoon presentations
Day 2 Summary
Review/discussion of Day 2 concepts: focus on operationalisation, including how the CSS TCP,
eResearch, ASC and the EOI TCP can best interact with each other
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Day 3 – Wednesday 24 April (project team only)
Project planning activities
9.00 – 9.30
9.30 – 12.30

12.30 – 13.30
13.30 – 16.30

Coffee, tea, etc.
Project planning
Day 1 review: summary of Day 1 concepts/discussions
Day 2 review: summary of Day 2 concepts/discussions
Action items to complete funded short-term EOI TCP project: skeleton report with writing tasks
assigned to team members
Action items to complete proposed long-term EOI TCP project
Lunch @ Botanic Gardens
Project planning (cont’d)
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Glossary

Table 5 contains a list of abbreviations and acronyms that are commonly used throughout this report.
Further and/or more detailed definitions of terms related to EO data fusion can be found in Emelyanova et
al. (2012).

Table 5. List of abbreviations and acronyms used in this document
ACRONYM

DEFINITION

ACIAR

Australian Centre for International Agricultural Research

ALMBI

Australian Landsat–MODIS Blending Infrastructure

ALOS – PALSAR

Advanced Land Observing Satellite – Phased Array Type L-Band SAR

AMSR-E

Advanced Microwave Scanning Radiometer – Earth Observing System

ASAR

Advanced Synthetic Aperture Radar

ASC

Advanced Scientific Computing

ASCAT

Advanced SCATterometer

AVHRR

Advanced Very High Resolution Radiometer

AWAP

Australian Water Availability Program

BHM

Bayesian Hierarchical Model (or Modelling)

BoM

Bureau of Meteorology

CAF

Climate Adaptation Flagship

CES

CSIRO Ecosystem Sciences

CESRE

CSIRO Earth Science and Resource Engineering

CLW

CSIRO Land and Water

CMAR

CSIRO Marine and Atmospheric Research

CMIS

CSIRO Mathematics, Informatics, Statistics (now CSIRO Computational Informatics)

CSS

Computational & Simulation Sciences (CSIRO TCP)

DAP

Data Access Portal

EIS

Environmental Information Systems

EO

Earth Observation

EOI

Earth Observation Informatics

ESA

European Space Agency

FTE

Full-Time Equivalent

GA

Geoscience Australia

HPC

High Performance Computing

ICT

Information and Communication Technologies

IM&T

Information Management & Technology (CSIRO Division)

IT

Information Technology

MDF

Model–Data Fusion

MDU

Minerals Down Under (CSIRO Flagship)

MODIS

Moderate-Resolution Imaging Spectroradiometer
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NASA

National Aeronautics and Space Administration

NCI

National Computing Infrastructure

NIR

Near Infra-Red

PI

Plant Industry (CSIRO Division)

SAF

Sustainable Agriculture Flagship

SAR

Synthetic Aperture Radar

SMOS

Soil Moisture and Ocean Salinity

TERN

Terrestrial Ecosystem Research Network

TCP

Transformational Capability Platform

UAS

Unmanned Aircraft System

ULA

Unlocking the Landsat Archive

VGL

Virtual Geophysics Laboratory
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