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EXECUTIVE SUMMARY

This dossier describes the top-level definition of the approach for validating all constituents of
the Terrafirma service portfolio. It establishes validation principles that cover all products and
services. In particular, Level 1 products corresponding to raw INSAR and PSI measurements
are clearly specifyed. Furthermore, the general principle and responsibility are defined for
Level 2 products including external data layers (causal) and Level 3 products with global
appraisal and modelling. The document in hand contains the definition, specification and
planned approach for monitoring compliance with user requirements for adherence to the
(user driven) standards. This dossier defines and scopes the Terrafirma Service Validation.
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1 INTRODUCTION

Terrafirma is an ESA GMES project which provides a pan-European ground motion hazard
information service. The service is based on the INSAR or PSI processing which is performed by
Operational Service Providers (OSPs) being commercial companies capable of generating the
INSAR-derived motion information. The used processing software is usually in-house developed
and the algorithms are often disclosed. Finally, the generated data products describe terrain
motion e.g. subsidence caused by mining, tunnelling, landslides, crustal deformation or volcanic
deformation. End users expect the processing results delivered by the different OSPs to be
technically conform to agreed standards, validated and to be comparable or even compatible.
Terrafirma provides at the moment the steering board to initiate, document and establish such
important standard principles for the first time. Therefore, Terrafirma brings together commercial
radar remote sensing companies, national geoscience organisations, end users and govermental
research institutions. This document defines a series of procedures for validating the Terrafirma
services and the data products. These procedures ensure that the production procedures followed
by all present and future OSPs are such that the quality of the delivered products conforms to the
expectations of the end-users and that they adhere to the user-driven standards identified within
the Core User Needs and User Standards Dossier (U1).

1.1 Intended Readership

The documentisthegui de f or the projectds validation
OSPs. This group of INSAR and PSI specialists is the intended main readership of this document.
The rules and the definitions inside of this document need to be agreed on and operated by all
project participants generating data products. Finally, the document in hand provides the concept,
the specification of the overall validation and quality assurance efforts of the Terrafirma project.

End users of the Terrafirma products (the OSP6s customer s) get an
techniques of the motion monitoring, their intermediate data and the quality related parameters by
the Quality Control Protocol dossier. This document helps them to interpret the Quality Control
Protocol and its deliverables gaining understanding of the actual accuracy and reliability of the
delivered final motion data.

1.2 Outline

The outline of this document is as follows. Section 2 introduces the principal constituens of the
overall Terrafirma service and provides a coarse overview on the structure and the levels of
validation. Sections 3, 4, and 5 describe the validation procedures for Level 1, 2, and 3 products,
respectively. The Level 1 product validation is specified in more detail compared to the higher level
products. This is the reason section 3 is decomposed into the single validation concepts. These
are the process validation, the product validation and the quality control protocol. This section also
includes the time line, the relevant reports and a validation manual. The use of external ground
truth data during processing and for validation is dealt with in section 6, whereas section 7 deals
with the validation of new products, new Operational Service Providers and software upgrades. A
summary and conclusions are given in section 9. The appendix contains tables which support the
reporting and the actual Quality Control Protocol dossier.

Copyright NPA and Terrafirma collaborators 2004 1
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2 STRUCTURE AND LEVELS OF VALIDATION

The Terrafirma service is based on the INSAR or PSI processing which is performed by Operational
Service Providers (OSPs). In principle, different entities can be identified in the project and its
workflow. All these are candidates for particular validations which will result in a general Service
Validation. Figure 1 visualizes the principal constituents of the overall Terrafirma service.

: Operational End Users
g Service
) . - British Geological Survey
S Providers (BGS)
72} - CESI Ricerca
= - Altamira Information - Federal Institute for
] o - Fugro NPA Ltd Geosciences and Natural
E - GAMMA Remote Sensing Resources (BGR)
y © - Tele-Rilevamento Europa - Geological Survey of
K France (BRGM)
=g - Geological Survey of
2 Al Netherlands (NITG-TNO)
¢ ) - University of Florence
y T (UNIFI)
Order Product - T'" Delivery
Generation A g s
0 Giciodcusie
— .
2 Level 2 (interpreted)
c
[J]
%]
[=)]
.S
=]
[=)]
A=
o

Level 3 (modelled)

Process Validation
Quality Control Protocol o
OSP Qualification Product Validation

Terrafirma Service Validation

Figure 1: Principal constituents of the overall Terrafirma service (red: services, blue: procedures).

The developed Terrafirma Service Validation concept covers all these and consequently, the
standards comprise principles for

a) services (ordering, product generation, delivery).
b) data products (Level 1, 2 or 3) and,
c) procedures (e.g. Quality Control Protocol, validation and qualification).

These Terrafirma elements are characterized in the following.

a) Services: Actions which are visible to the end users are services. The data order, the product
generation and the data delivery are services. All require well defined interfaces and the product
generation needs a monitoring with respect to long term and short term validation and quality. In
order to provide validated products internal procedures are defined.

b) Procedures: Actions which are mainly internal (i.e. performed by validation, qualification and
quality control authorities) or are related to OSPs are described by procedures. Procedures
comprise the Quality Control Protocol (QCP), the various validations and the OSP qualification. All

Copyright NPA and Terrafirma collaborators 2004 2
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these are established to provide assurances to the user communities. In Terrafirma, there are two
main validation components:

1. PROCESS validation: This is validation of the product generation i.e. of the actual PSI
processing chain, to ensure that it produces consistent, reliable, and up-to-specification
Level 1 products. In addition, an overarching quality control standard is established.

2. PRODUCT validation: This validates that the measurements within a Level 1 data product
have geological relevance.

The OSP qualification certifies the commercial companies (with their independently developed
processing systems) to be conform to the Terrafirma standards. Finally, the qualified processing
chains ensure that consistent, reliable, and up-to-specification products are generated by each
Terrafirma OSP.

¢) Data products: Terrafirma offers two types of products, Historical and Monitoring. The former
use SAR data already acquired, which reside in an archive, to make products that are as up-to-
date as the latest acquisition. The monitoring product implies specific satellite tasking for future
acquisitions. The historical product is available in three levels of sophistication that build upon
each other. The Level 1 product is a 'raw' INSAR ground motion measurement. Level 2 involves
some analysis by a geophysical expert when the result is integrated with other geospatial data to
provide an initial interpretation of the cause of the motion observed. Level 3 products involve
geophysical modelling to provide a risk assessment or some forecast as to future events.

Terrafirma provides data products with different levels of value adding. Finally, the data products
can be characterized by a hierarchy. Figure 2 visualizes in the left column that Level 1 data are the
basis for Level 2 products which are again a basis for Level 3 products. This sequence in the
production process has resulted in a validation hierarchy which is visualized in the right hand
column of Figure 2. The presented hierarchy implyes that Level 2 data are partly validated by the
Level 1 validation. The same principle is applied for Level 3 products which are consequently
partially validated by the Level 1 and 2 checks.

Level 1 Level 1
RAW InSAR/PSI

Quality Control Protocol
hort Term Validatio

Process Validation
Product Validation

Level 2 ong Term Validatio
other geo-spatial data
& interpretation Level 2

- Product Validation

geophysical modelling

- Product Validation

Figure 2: Structure and levels of validation
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The prominent importance of the Level 1 data product requires special attention in the validation at
this level. Consequently, the Terrafirma project implements a long term and short term validation
for these fundamantal data. The long term validation and its reporting allows to reduce the effort in
the day-to-day business e.g. by a condensed documentation on the actual processing and product
validity. This fact is directly visible in a reduced number of protocol entries, many removed
validation tables and is an enourmous advantage compared to the previous Terrafirma validation
protocol.

The long term validation is achieved by a special validation project during the stage 2 of Terrafirma.
A part of this initial validation effort is the product validation which results in a geo-characterization
of the Level 1 data product. It proves the geophysical relevance of the generated data in general.
The data generation itself is characterized and checked by a process validation. Both validation
procedures are performed by independent core experts only and the outcome is reported to all
participants and the end users. The validation covers the actual processing chains and the related
data products. l.e. the product quality is assured for the actual sensors (ERS-1/2 and Envisat
ASAR), the momentary acquisition mode (i.e. stripmap only) and the actual processing algorithms
which are related to a fixed processor version. Another part of the long term validation is the
gualification of the Terrafirma OSPs. The long term validation needs to be updated in case new
sensors (e.g. TerraSAR-X, RADARSAT-2), new acquisition modes (e.g. Spotlight, ScanSAR) or
new estimation techniques are utilized. Also new OSPs need to be checked i.e. qualified as
Terrafirma OSP.

The short term validation of the data products is achieved by the implementation of the Quality
Control Protocol. It proves the actual processing i.e. the current Level 1 data product to be free of
atypical effects.

The validation of the other product levels is based on the cooperation of the VAC and the end
users at the moment. The reason is that these validations require typically auxiliary data and
information which are very often only avable to the end user of the data. In the near future, this
simple validation can be complemented by a more general long term validation (and possible
qualification) of the higher level value adding.

Copyright NPA and Terrafirma collaborators 2004 4
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3 VALIDATION OF LEVEL 1 PRODUCTS

The Level 1 products of the service portfolio are described in the dossier Service Portfolio
Specifications (S5). These products include the following types of INSAR measurements:

A Conventional differential interferogram.
A Stacked interferogram.
A Persistent Scatterers type analysis (PSINSAR).

Complete technical specifications are given for each of these products in the S5 dossier. In
particular, it defines the standards used for the map projection type, the type of raster file used, and
for the exchange of data in general. Figure 3 depicts a diagram of the procedures and services
which need to be validated for H1 products. The Terrafirma validation takes into account all
aspects of the service portfolio constituents in three stages. Finally, the combination of all single
validation efforts and reports guarantee the Technical Conformity of the finally delivered products.
l.e. the data are generated according to the agreed standards of the products and the services.
The three stages of validation are:

1. PROCESS validation: This ensures that the processing algorithms of the different OSPs
provide a similar precision in the deformation estimates and a comparable PS density. |.e.
the OSPs provide a comparable estimation performance and the End-User is without risk
in the selection of an OSP.

2. PRODUCT validation: This encompasses the relevance of the INSAR measurements,
including an assessment of the accuracy/ precision of the INSAR measurements, both from
a planimetric (horizontal) and a topometric (vertical) point of view.

3. Quality Control Protocol (QCP): This report provides the correctness of the actual
production. l.e. this validation ensures that procedures to detect and describe artefacts,
e.g., from atmospheric origin or misregistration, are in place at the OSP and are used to
tune the processing parameters and algorithms accordingly.

These stages are described in the subsequent sections 3.1, 3.2 and 3.3 respectively. The
conclusions of each validation step are to be included in different validation reports. l.e. there will
be no solely Terrafirma validation document for Level 1 data. This results from the concept of long
term and short term validation, the independent validation of the processing and the products and
the different bodies (independent research institutions e.g. IG/DLR/TNO, the OSPs or the end user)
performing the validation work. However, if one of the validations described in section 3.3.1, 3.3.2
and 3.3.3 is negative, the delivered products need to be corrected by the OSP upon request of the
End-User.

Copyright NPA and Terrafirma collaborators 2004 5
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B Test Site Selection by user

R . Ordering
—

Sensor Selection by OSP

Long Term Validation

AOperator Training
AProcess Validation
ADLR

AAlgorithm Check
AProcess Validation
ADLR

Short Term Validation

ASensor Selection Check
AQuality Control Protocol
AOSP & User

AData Order Check
AQuality Control Protocol
AOSP & User

Alnput Data Check
AQuality Control Protocol
AOSP

AProcessing Check
AQuality Control Protocol
AOSP

AProcessor Configuration Check
AProcess Validation
ADLR

Production

AAccuracy of intermediate and final Data
AProcess Validation
ADLR AReporting on Mail

AAccuracy of final Product AQuality Control Protocol
AProduct Validation AospP
ATNO

AFormat
AProduct Validation
ATNO

Figure 3: Elements of services for Level 1 products that need to be validated (coloured blocks).

3.1 ProcessV alidation

3.1.1 Conventional INSAR and Stacked INSAR Production

3 No process validation is planned for conventional INSAR and stacked INSAR processing chains,
because these are well established processing technologies with a low sensitivity for undetected
errors in the processing. The OSP are to make sure the quality of the output product does not
contain errors due to the processing algorithms.

3 Confirmation of the actual processing validity is covered by the Quality Control Protocol.

3.1.2 PSInSAR Production Chain

3 This step of the validation is carried out by an independent validation authority in collaboration
with the OSP. During stage 2 of Terrafirma, DLR has performed this long term validation.

3 No truth

Process validation of the PSINSAR processing chains of the OSPs is performed by an independent
institute using its own PSINSAR processing chain and rigorous PSINSAR process verification
procedures. This enables the validation of potential new OSPs, see also section 7.1. The
validation authority needs to be free of commercial interests to allow an objective assessment. The
usage of the independent reference processing system serves as a possibility to determine a
minimum quality standard by which all OSPs must abide. The procedures during PSINSAR

motion ground needs to be available for thi
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processing are particularly important in the sense that deformation signal may be mis-interpreted
as atmospheric signal, and that the height of the PS points may be difficult to estimate, depending
on the PSINSAR algorithm used. The process validation consists of the following steps:

1. Audit: Check the experience of the scientific and software system engineer, operators and
available resources in computing power, e.g., hard and software, are assessed based on
interviews and/or written documentation provided by the OSP. This can include a list of
key personnel and their curriculum vitae, publications in peer reviewed journals, internal
software documentation and descriptions of previous projects.

2. Quality Control (QC) documents of the OSP: Currently, each OSP has implemented its
own QC procedures which can not really be compared. Consequently, the realisation of
the actual O S P @sality Control Protocol is not checked in detail. It is considered to be
part of the audit (mentioned above) showing the capability of the particular OSP to detect
errornous results and the experience of the developers. However, the implementation of
the overarching general Quality Control Protocol is ongoing. Future process validations or
qualifications of new OSPs will include the check of the correct implementation of the QCP
routines and their correct reporting.

3. Algorithmic assessment: Based on a 3-5 page description of the PSInSAR algorithm
provided by the OSP, the validation authority will assess the procedure to handle typical
problems with PSINSAR processing. This includes for example the robustness of the
coregistration algorithm, the way platform position error are dealt with, the algorithm to
estimate atmospheric signal, the way points are selected, the algorithm to estimate height
and displacement, the procedure to exclude certain images during the processing.

4. Cross-processing: The processing of reference test sites is used to compare the

processing results and delivered output. The OSPs will process previously agreed and
defined data stacks according to the defined validation procedures using their operational
processing system, and deliver a historic Level 1 product to the validation body, including a
Quality Control Protocol report. In first instance, the validation authority acts as the user
and provides the area of interest, available apriory information (e.g. the expected
displacement rates, patterns and location, ground control points and a stable reference
point, orthophotos, etc.). The OSPs provide intermediate processing data according to the
doucument
ASpeci f i c &dationoApproachi Rastll T Pr ocess Validationo Adam N. ,
Issue 1.8 April 2007.
The validation authority will check the conformity of the intermediate data and the final
product to the standards and compare the estimated displacement in slant range by means
of cross-processing using the reference PSINSAR system with its existing estimation
algorithms. In special cases, another area (not the reference test site area) can be
processed by the validation body and by the OSP, for example to confirm the presence or
absence of a (non-linear) deformation phenomenon, or to validate new algorithms that are
dedicated to new displacement patterns.

All four steps need to be validated positively. If a step is validated negatively, the remaining steps
need not to be validated. A diagram of the steps is provided in Table 2.

The process validation results are reported in two kinds of documents with different intended
audiences. In general the validation results should be publically available.

The AiProcess Anal ycompses tRee gnaysis of & particular OSP performed in the
Terrafirma Process Validation. It is intended as an internal technical note (TN) and provides a
useful feedback to each OSP directly on its processing result. The TN includes statements on the

A conformity of the P Slerafirmavalidation standards,y st em t o t he
A observations and
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A optionally recommendations.

It is expected, that the OSP gives a formal feedback on this TN directly to DLR. If relevant, the
OSP should explain the reason for anomalous results and the actions taken to correct for them.
The TN is made anonymous and is distributed to the respective OSP, the product validation
working group (PVW) and the ESA.

The i Preasscs Anal y s icempies theoandnymBus validation results of all OSPs. It is the
main validation document because it reports the precision and characteristic of the Terrafirma PSI
estimation and unexpected effects. Specific OSPs are not mentioned any more. Instead
anonymous names OSP-A/B/C/D with an arbitrary order are used. This is possible because each
participating OSP supplementary received a detailed technical note on their specific process
validation result. The anonymized i Pr o c e s ss AReap owiitbe drectly distributed to the
Terrafirma PVW, the Terrafirma Validation Project team and ESA.

3.2 ProductV alidation

3 This step of the validation is carried out by the End User for the straight forward processing
concepts and by another independent validation authority for the PSI product which provide the
ground truth and the expertise on the deformation needed for validation. During stage 2 of
Terrafirma, TNO has performed this long term validation.

The availability of independent ground data is an important issue on most test sites. Therefore, the
validation procedure is not only based on geodetic data, but also on, e.g., cartographic material.
The provision of ground data should be conditioned by an agreement on the properties and rights
on the ancillary data used for processing and validation. Requirements on the validation reference
data are specified listed in section 6.

3.2.1 Conventional INSAR and Stacked InSAR Production

3 This step of the validation is carried out by the OSP and can be confirmed by the end User.
3 The Validation is for straightforwardness based on the Quality Control Protocol mainly.
3.2.11 Product Artefacts of Conventional INSAR and Stacked INSAR

In the cases of conventional INSAR or stacked INSAR, some common effects could be misidentified
as deformation signal. If the provided products contain effects that could affect the interpretation in
terms of deformation, these effects have to be mentioned in the OCP report when identified. This
relates in particular to:

A Uncompensated topography: Due to local inaccuracies of the Digital Elevation Model
used, uncompensated topography appears as a fringe pattern, the magnitude of which is
proportional to the perpendicular baseline. Such artefact may be identified by comparing
several interferograms.

A Atmospheric_artefacts: In many cases, atmospheric effects can be misinterpreted as
deformation signatures. As they do not repeat identically from one date to another, the
comparison of several interferograms allows the identification of the phenomena.

A Platform position errors: If a phase trend is corrected using a baseline refinement or other
method not using ground control points, this implies that possible displacement signal
which has a trend is also removed. Usage of such a correction method and the
consequences for the reported deformation have to be mentioned in the Quality Control
Protocol report.

A Unwrapping errors: Should be masked out where detected if unwrapped measurements
are delivered.
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3.2.1.2 Product accuracy assessment for conventional INSAR and stacked INSAR

A Planimetric (horizontal) accuracy: External data, such as an ortho-rectified aerial photo or
cartographic data layers should be used to check the planimetric accuracy. A geo-
referenced amplitude image should globally fit with these external data.

A Topometric (height) accuracy: If the height of the product is estimated, a measure should
be provided how accurately this is done. This is important, because the accuracy of the
geo-referencing is likely related to the accuracy of the height estimation.

A Displacement accuracy: Assessments of the maxima of deformation from INSAR must be
compared with ground data assessments of the deformation for the period covered by the
interferogram. The RMSE of the difference between ground-truth data and the InSAR
measurements should be included in the QCP report directly or in the end-user feedback.
An example of an assessment of the accuracy of the estimated accuracy is given in Figure
4,

In many cases, quantitative, geodetic, information could be unavailable, but the user can generally
provide more qualitative information such as the spatial limits of subsidence bowls, approximate
assessment of the maximum of deformation, location of damage caused by the deformation, etc.
In those cases, the level of agreement between this a priori knowledge of the ground deformation
and its mechanism and the radar measurement is to be described in the QCP. Moreover,
comments on the expectations of the agreement should be provided (regarding occurrence of
vertical and horizontal motion, location and accuracy of the ground truth-data, etc.). As this kind of
validation needs expertise both in radar interferometry and on the deformation mechanism, it has to
be carried out by the End-User in collaboration with the OSP. Such information is also used to
complement the point validation when geodetic data are available.

3 The Quality Control Protocol report can be updated by the End-User. This feedback can e.g.
include a description of the known deformation phenomena (or reference to it) and a conclusion
about the agreement with the measurements. A discussion can also be included if the difference
between measurements and ground-truth exceeds the expectations. Such a discussion could
include statements on the difference in observation period by the radar measurements and the
ground-truth data, the difference in observed parameters (e.g., radial vs. horizontal or vertical,
compaction of the ground vs. stable buildings).

3 In case ground-truth data have been available by the End-User and have been used to correct

the planimetry, the topometry or the estimated displacement, the correction needs to be reported
back to the OSP by an updated Quality Control Protocol.

Comparison between INSAR and leveling
@ hsfns.;.;.j;.;.,,.}@.e ."» A ‘ .4 2 18 -16 -14 12 -1 08 06 -04 -02 0 cmiyr
r m - g T v v T T \ARERL I 0
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Figure 4 : Example of product validation of a classical INSAR stacked interferogram product by
comparison with levelling data.
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3.2.2 PSInSAR Product Validation

The displacement information provided by PSlI is the core of Terrafirma. Therefore, optimal product
validation is a direct comparison with independent ground based methods such as levelling or GPS
when available, which are the most widely used methods nowadays. Moreover, levelling and GPS
have an official recognition in private companies and national, or legal, authorities that INSAR does
not have, yet. The quantitative agreement between INSAR derived measurements and levelling or
GPS measurements, at least on a part of a studied area, reinforces the reliability of the conclusions
drawn for the whole area.

However, a direct comparison between ground-truth data and PSInNSAR measurements is not
always possible, and often complicated by the following factors:

A Lack of ground-truth data: In many cases, quantitative, geodetic, information could be
unavailable, particularly in the area of interest. However, the user can generally provide
gualitative information such as the spatial limits of subsidence bowls, an approximate
assessment of the maximum of the deformation, the location of damage caused by the
deformation, etc. In such cases, the level of agreement between this a priori knowledge of
the ground deformation and its mechanism and the radar measurement is to be described
in the service validation report. Moreover, comments on the expectations of the agreement
should be provided (regarding occurrence of vertical and horizontal motion, location and
accuracy of the ground truth-data, etc.). As this kind of validation needs expertise both in
radar interferometry and on the deformation mechanism, it has to be carried out by the
End-User in collaboration with the OSP. Such information is also used to complement the
point validation when geodetic data are available.

A Spatial sampling of the ground-truth data: If ground data is available, the density is likely
much smaller than that of the PSINSAR product. The location of ground-truth data is often
along profiles (roads) or at easily accessible places. The PS points are likely also present
near such locations, but never at the exact same point. In many cases, the ground-truth
data may not be located in the areas of maximum displacement. The distance of the
ground-truth data to the PS point should be taken into account in the Validation Report.

A Temporal sampling of the ground-truth data: Ground-truth data is often acquired campaign-
style (particularly levelling). Comparison with PSInSAR results is hampered by lower
temporal sampling and non-overlap of the time intervals. A comparison of the
displacement rate should take into account the difference in time intervals, and the
precision of the rate computed using the ground-truth data.

A Precision of the ground-truth data: In many case the PSINSAR measurements may be
more precise than available ground-truth data. The relevance of the ground-truth data is to
be assessed by the End-User.

A Observed variates: PSINSAR measurements are sensitive to line-of-sight displacements of
the radar target, possibly via multi-path reflections. The ground-truth data may be related
to a different displacement. This relates to the influence of horizontal and vertical
movement on the observables, the difference in compaction and subsidence (e.g., bore
holes), the difference between displacement of a building and the surface, etc.

These factors complicate the validation of the PSINSAR results. The following sections propose a
validation plan to reduce the impact of these factors.

3.22.1 PSINnSAR product artefacts and common problems

PSINSAR products may suffer from errors due to the complex processing algorithms. The following
list identifies the main errors and error sources for PSINSAR products.
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A Bias in the displacement rates: This relates to a single offset of all estimated displacement
rates. Such an offset can be caused by instability of the reference point, to which all other
points are measured.

A Bias in the estimated heights: This relates to a single offset in all estimated heights at all
points. Such an offset can be caused by the assumption that the reference point is located
on the reference body (DEM or ellipsoid), while it actually is not.

A Bias in the georeferenced positions: This bias relates to a single offset in azimuth and a
single offset in range direction, which are mapped to offsets in Northing (mainly azimuth)
and Easting (mainly range). The offset in range direction can be caused by an error in the
estimated height, and by a timing error in range direction. The offset in azimuth can be
caused by an error in azimuth timing of the master acquisition.

A Undetected non-linear displacements: This is the most critical problem of PSINSAR
products. It is possible that displacement signal leaks to other terms, in particular to
estimated atmospheric signal. This may occur in particular when there is no a priori
knowledge on the expected displacement. Validation by the end-user can identify areas
where this happens, and the OSP can then analyse the estimated atmospheric signal in
more detail for such an area.

A Temporal "unwrapping errors": If the unwrapping is mainly based on a temporal
displacement model, then it can happen that the measurements are unwrapped incorrectly
due to this model assumption. For example, if a PS point is stable during the first two
years, and then subsides with a linear rate for eight years, it is likely that the data acquired
during the first two years are "lifted" to best fit the linear model. This is particularly
important when there are temporal gaps in the data. Validation by the end-user can
identify areas where this happens, and the OSP can then fine-tune the processing.

A Mis-detection of PS: The delivered results may contain estimates at points that are not PS
points. For example, such points could be side lobes of strong scatterers, or points that by
random chance have a phase that well fits the displacement model. During a comparison
with ground-truth data it must be made sure such points are not included.

A Ouitliers: The delivered product can contain outliers. Such estimated points can be filtered
out partly using, e.g., a spatial smoothness criterion, but some may still be present. During
a comparison with ground-truth data it must be made sure such points are not included.
The overall density in general is affected by setting a threshold parameter. A more
restrictive setting will eliminate some outliers, but will also reduce the density of the
product.

A Platform position errors: As for the conventional INSAR products, individual interferograms
may be contained with a regular phase pattern due to orbit errors. Such errors can be
generally identified by analysis of the residual phase after correction of the estimated
parameters for topography and displacement. Such errors can be corrected, which implies
that the estimated displacement field is detrended, or can be left uncorrected, assuming
there are no interferograms with large errors due to this source.

3.2.2.2 PSINSAR product accuracy assessment

3 T hgeneral Terrafirma product validation, its documentation and reporting is carried out by an
independent validation authority.

3 Addi t itdsnregpkcteg that the OSPs have performed their own validation experiments
during or after the processor development also. Publication of the independent validation work is
not a requirement. However, it indirectly supports the Terrafirma validation due to the availability of
the used approach and the results in public and the eventually applied review process is a very
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good basis for end-user confidence. An ideal example for such Terrafirma independent validation
is:
Ferretti A., G. Savio, R. Barzaghi, A. Borghi, S. Musazzi, F. Novali, C. Prati, F. Rocca
(2007). Submillimeter Accuracy of INSAR Time Series: Experimental Validation. IEEE
TGaRS, Vol. 45, N. 5; 1142-1153.

Another valuable example for Terrafirma independent validation provides Figure 5. It is ideal due
to the comprehensibility, the powerful visualisation and the concreteness of the physical
parameters.

3 The product validation report should include a realistic expectation for the difference between
the PSINSAR measurement with the ground-truth data, and a clear assessment of the discrepancy
between the geodetic ground data (provided by the end user or any other source) and the radar
measurement. A discussion must be provided if this comparison exceeds the expectations.

Related to the problems identified in the previous section, here a validation protocol for the
accuracy of the PSInSAR product is given which is aimed at overcoming the common problems
with the comparison using ground-truth data, see also Table 3.

A Planimetric (horizontal) accuracy: External data, such as an ortho-rectified aerial photo or
cartographic data layers, or material available via the internet should be used to check the
planimetric accuracy. The consistency between the location and/or absence of the PS and
the presence of expectedly temporally coherent targets such as buildings or bare soils.
For PSINSAR products processed without using ground data, a constant offset of up to a
couple of hundreds of meters in the PS positions is possible. This is mainly due to the
unknown absolute height of a reference point. To a lesser extent, timing errors in range
and azimuth direction can cause errors in the geo-localization of the PS points. In such
cases an a posteriori correction must be carried out for the estimated heights and
georeferenced positions.

A Planimetric (horizontal) precision: An assessment of the planimetric precision of the geo-
referenced PS positions can be performed using cartographic material and ortho-photos.
Such assessments are limited by the different nature of both sources of information.

A Topometric (height) accuracy: If the height of the product is estimated, a measure should
be provided how accurately this is done. This is important, because the accuracy of the
geo-referencing is related to the accuracy of the estimated height of the PS points.

A Displacement rate accuracy: Assuming a linear displacement rate is estimated, a bias of
the displacement field can be estimated by comparison to ground-truth data. The
estimated rates should be corrected for this bias to account for instability of the reference
point. The estimated displacement rates can be compared regarding shape and maximum
of deformation with ground-truth data. The choice for the location of the reference point
should be checked.

A Displacement rate precision: The precision of the estimated rates can be assessed by
comparison of the estimated rates with the displacement rates of the closest by ground-
truth points, taking into account the known error sources described above.points,

A Displacement precision: The data corrected for all biases can be validated using a
comparison of the estimates with available time series of ground-truth data at nearby
locations, taking into account the problems noted above. The RMSE of the difference
should be included in the validation report. In case of non-linear deformation, the time
series from the two techniques should be compared visually to validate the result, in
particular the dates and amplitude of specific events in the series. Qualitative difference
must be mentioned in the validation report. Such comparison is however limited by the
reduced number of time series provided (respectively to the number of point provided with
deformations rates). Figure 5 shows an example of such a validation.
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Figure 5: Examples of product validation performed by TRE for the PSINSAR measurements using
external data such as GPS, levelling, and temperature information.

3.3 Quality Control Protocol

3.3.1 Validation of the Ordering Procedure

3 This step of the validation is actually carried out
User after delivery.

3 The check of the ordering wild.l be included into the
Service Validation Report Table which is now removed in order to make the validation more
concise. Subject is to avoid unnecessary documents and paper work.

Presentl vy, the ordering system is based on emailing
system is evolving towards an automated system, see dossier S5. A validation protocol will be

specified for this optimised system when it is established. It will comprise a long term validation for

the web-page order procedure. Nevertheless, some general elements can be presently validated.

To proceed with the ordering of the products, the information provided by the end-user is:

A The geographic coordinates of the area of interest.
A The time period of interest.

The selected radar sensor, a list of the proposed SAR images and a preview amplitude image can
be provided by the OSP to the End-User, in order to validate the agreement between the acquired
data and the interest of the user. This intermediate user feedback is only required using high
resolution radar data (e.g. COSMO-Skymed or TerraSAR-X) which usually have a reduced
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coverage making the acquisition of the area of interest more difficult. The check of the requested
time range of interest seems to be too trivial to be included into the validation.

3.3.2 Validation of the Delivery

3 This step of the validation is carried out by the OSP and may be confirmed by the End-User
after delivery.

3 The actual delivery validation is based on the Quality Control Protocol. The delivery by e-mail or
ftp is included into the Quality Control Protocol. There is no separate Service Validation Report
necessary. The previous extra validation tables are removed now.

The Level 1 products are delivered by mailed CD-ROM or by FTP (see dossier S3 service
prospectus). The following elements should be confirmed by the end-user when receiving the
product:

A agreement between the ordered geographic limits and covered time period and the
delivered product.

A agreement between the ordered and the delivered product type and completeness of the
delivered product (e.g., whether the processing report contains the minimum
specifications).

A the delivery of the motion product within the expected time range. The ordering,
production, and delivery process is expected to be done in less than (see Terrafirma
Service Level Agreement):

0 6 weeks for Image INSAR,

0 6 weeks for PSINSAR (the data ordering can take 4 days, the production after
receipt of data 6 weeks, the delivery 1 day via the internet or 1 week via mailed
CD-ROM)

3.3.3 Conformity with the Product Standards

3 This step of the validation is mainly carried out by independent authorities (e.g. DLR, IG and
TNO). It is now a long time validation by concept and is complemented for the actual processing
and product by the Quality Control Protocol which is produced by the OSP and may be confirmed
by the End-User after delivery.

3 The previous extra Service Validation Report Tables are removed now. These validation tables
are replaced by better structured and more elaborate validation documents. The documents report
on the process analysis, the product validation, precision and production quality separatly.

3.4 Summary of the Level 1 Validation and Relevant Documents

The overall validation of the Terrafirma services and Level 1 products results from the combination
of different reports. Each document validates and reports on special aspects of the production
process. This section lists the relavant documents the purpose, the author and the current version.
The final validation outcome of the long term validations and the demonstrated ability to correctly
perform the short term quality control is the qualification certificate for each OSP.

3.4.1 Preparational Documents for the Long Term Validation

3 fGround Truth Dossier: Alkmaar-Amsterdamo : C. Bremmer (TNO), R. S.

Hanssen, F. van Leijen (TUDelft); 3 July 2007, Draft version V 2

This report discusses the available ground truth data of the Alkmaar and the Amsterdam test sites.

3 fArechnical note on the test site selection: Alkmaar-Amsterdamo M. Crosetto, M. Agudo (IG), C.
Bremmer (TNO), R. Hanssen (TU Delft) April, 2007
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This technical note provides the key information needed to perform the site selection for the
Validation Project of Terrafirma.

3 Bpecification of Validation Approach i Part 1 7 Process Validationd Adam N., Parizzi A, Issue
1.8 April 2007

This document describes the scope of the process validation work i.e. the planned process
analysis of the actually existing Terrafirma OSPs processing chains. It is intended as a basis for
brief technical discussions between the Terrafirma partners because cooperation and agreement
between the OSPs and DLR is required. Operational Service Providers (OSPs) are mainly the
intended readership. Both, their software developers of the interferometric systems and their
operators are addressed. This document provides the detailed information on

he definition of the deliverabl es, i . e.
he file format of the deliverabl es,
he definition of the coordinate systems,
he data | ayout and on

To o To Do o I

3 fSpecification of validation approach i Part 2: Product Analysis Tasksa M. Crosetto, M. Agudo
(IG), C. Bremmer, S. Dortland (TNO), R.F. Hanssen, F. van Leijen (TU Delft), 15th October 2007

This dossier defines the product analysis tasks and forms the basis to formulate all the key
guestions that should drive the validation analysis.

3 fSpecification of validation approach i Part 3: General Rules to run the Validation Projecta M.
Crosetto, M. Agudo, N. Adam, Issue 5 April, 2007

The objective of this document is to define the key rules to run the Terrafirma Validation Project. It
describes the input data provided to the OSPs e.g. information on the ground motion and goals of
PSI analysis, the SAR images and auxiliary data and all other inputs for the PSI processing.

3 fvalidation of existing processing chains in Terrafirma stage 2: List of OSP Deliverables
Extendeda M. Crosetto, M. Agudo (IG), R. Burren, A. Tomas (NPA), N. Adam, A. Parizzi (DLR), C.
Bremmer, S. Dortland (TNO), R. Hanssen, F. Van Leijen TUD

This document collects the main inputs to be provided to the OSPs for the PSI processing and lists
the data which need to be delivered by the OSPs to the validation teams.

3.4.2 Process Validation

The documents on the process analysis support the long term validation of the Terrafirma PSI
algorithms and the production process.

3 fProcess Analysis Report AT Part 10 N. Adam, A. Parizzi (DLR), 15th January 2008

Each participating OSP supplementary received this detailed technical note on their specific
process validation result. The distribution of the technical note is restricted to the project
participants (OSPs, PVW) and ESA only. In this way the OSPs get a useful feedback on their
results and the validation teams are informed on key issues related to the data they are validating.

3 fProcess Analysis Report B Part 10 N. Adam, A. Parizzi (DLR), 7th April 2008
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This document provides the anonymous validation results. The four OSPs (Altamira Information,
Gamma RS, Fugro-NPA and Tele-Rilevamento Europa) are not mentioned any more. Instead
anonymous names OSP-A/B/C/D with a changed order are used. The document describes the
particular validation principle, detected atypical effects, the typical estimation precision and
compares it with the theory and includes the processing parameter matrices. This Process
Validation Report made anonymous is directly distributed to the Terrafirma PVW, the Terrafirma
Validation Project team and ESA.

3 fProcess analysis report i Part 24 |G inter-comparison

This document provides an alternative process analysis report with a description of the inter-
comparison analysis of the deformation velocity, of the deformation time series and of the
topographic correction and of the detection capability of the teams.

3 fCertificate Ter r af i r ma Pr oc e sAdanM\a (DLRY, &th Julp 20072 0 0 8 0

This document certifies the degree of conformity of a particular OSP and that the algorithms and
intermediate data have been analyzed by the DLR process validation team.

3.4.3 Product Validation

The documents on the product validation support the long term validation of the Terrafirma PSI
products i.e. the geo-physical relevance, the product format and annotation.

3 fProduct validation: Validation in the Amsterdam and Alkmaar aread R.F. Hanssen, F.J. van
Leijen, G.J. van Zwieten (TU Delft), C. Bremmer, S. Dortland, M. Kleuskens (TNO), 15th February
2008

This document describes the geo-validation. l.e. the PSI measusrements are compared with
independent ground truth data. The test sites and their characteristics are also presented.

3.4.4 Quality Control Protocol

3 fArerrafirma Quality Control Protocol for Level 1 Productso : N. DAR)aversiop 1.5, 16th
March 2008

This is the reference for the Quality Control Protocol (QCP) of the Terrafirma Level 1 product. It is
a customer-facing document, to satisfy customers of the quality of product they will receive, and to
detail procedures to be followed and deliverables to ensure this. The quality protocol has been
developed for the generation of different kinds of interferometric RAW products. Subject is to set
up a common basis for the reliability of the ground motion product mainly on a technical level.
Finally, the QCP provides an overarching and generic standard to track the quality of the
interferometric data processing and should be used in the regular working practice.

This QCP document is self-contained (describing a short term validation) but is complemented by
the other validation related project documents which cover the long term validation. End users of
the Terrafirma products (the O S P @ustomers) get an insight into the processing techniques, their
intermediate data and the quality related parameters. This document helps them to interpret the
Quality Control Protocol and its deliverables gaining understanding of the actual accuracy and
relability of the delivered final Level 1 product. Newly introduced is an End-User for QCP-feedback
based on the OSPs Quality Control Protocol delivery.

Operational service providers are mainly the intended readership. Both, their software developers
of the interferometric systems and their operators are addressed. Of course, the proposed quality
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test and validation routines need to be implemented and tested by the software developers.
Furthermore, they receive information on the error sources in the different interferometric

processing steps.
implementations of single processing steps.

protocol and to report their checks.

3.4.5

General Validation Statements

This can be the basis for the improvement of the current algorithms and
The O S P doperators need to follow this quality

3 fWValidation of existing processing chains in Terrafirma stage 2a M. Crosetto, O. Monserrat (1G),
N. Adam, A. Parizzi (DLR), C. Bremmer, S. Dortland (TNO), R.F. Hanssen, F.J. van Leijen (TU
Delft), 30th June 2008

This document is the final report on the validation showing that Terrafirma is able to offer reliable

products and services.

conclusions and recomondations.

It provides the key results from the different validations, the overall

3 fReview of the Terrafirma Productsd M. Crosetto, B. Pucci (IG); 9th July 2008, Issue 2

The review addresses the practical usefulness of the Terrafirma PSI data, i.e. the following issues:
the main characteristics of the generated TF products, Section 1; the key characteristics of the
measured deformations, Section 2; the H product exploitation, Section 3; the available validation
results, Section 4; the strengths and weaknesses of the TF products are described in Section 5,

providing a critical analysis and recommendations.

3.5 Time Line and Work flow of the Level 1 Valid ation

The time diagrams given in Table 1, Table 2, and Table 3 provide a summary of the responsibilities
of each involved party of service, process, and product validation, respectively.

Table 1: Time diagram for Service Validation (who, what, when, etc.)

TIME

OSP

END-USER

Express interest; provide OSP with type of measurement
(differential interferogram, PSINSAR, etc.), the geographic
coordinates of area of interest, and the time period of interest.

Send End-User the (signed by OSP) Service Level
Agreement and request it to be returned.

Return signed Service Level Agreement to OSP.

Send copy of the signed Service Level Agreement
to the Administrative Prime within seven days of
signing for compilation into the Terrafirma dossier
C7: Service Level Agreements.

Check data availability/ assess possibility of
requested type of measurement. Provide the user
with a list of proposed scenes, preview amplitude
image. Write relevant introductionary section of
service validation report and send this to the user.

Possibly confirm proposed area, time frame

(not required)

Order data; Notify the user in case of delays or
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unavailability of proposed data, and assess
possibility of success based on new constraints.
Write relevant section of service validation report.

If notified of data change, confirm/cancel processing

(not required)

Start processing. Ask user for relevant data if
appropriate (reference map, ground truth data,
ground control points, stable areas, expected
deformation, etc.) Include a non-disclosure
agreement if so desired by the user.

Provide requested data for calibration of geo-referencing/
displacement estimates. Inform OSP whether data can be
used for validation and externally published.

(not required)

Perfom the agreed type of processing and report on
the processing by the Quality Control Protocol
document. Create the agreed product.

Possibly update the Quality Control Protocol and indicate
problems with the delivered product, such as non-conformity
to the agreed standard and request an update.

(not required)

If the user indicated a non-conformity, update the
product and the processing chain. Deliver a new
product in acceptable time to the user.

Confirm correct delivery or re-iterate to improve the product.
(required in case of a re-processing request initiated by a
non-conformaty)

Table 2: Time diagram for Process Validation (who, what, when, etc.)

TIME

OosP

VALIDATION AUTHORITY

ADMINISTRATIVE
PRIME

Express interest to Administrative
Prime.

Contact validation
authority with details on
the process validation
request.

OSP.

Confirm to OSP and Administrative Prime.
Request specific audit information from the

Send requested audit information to
validation authority.

Perform the audit; Contact OSP for more

information if required. Write relevant process
validation report section. If negative validation,
contact Administrative Prime.

Contact OSP for QC document if positive audit
validation step.

Send requested QC documentation to
validation authority.

Perform validation; Contact OSP with
questions. Write relevant process validation
report section. If negative validation, contact
Administrative Prime.
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Contact OSP for 3-5 page description of the
algorithm, if positive QC validation.

Send requested algorithm
documentation to validation authority.

Validate the algorithm based on the description.

Contact the OSP to clarify the documentation if
required. Write relevant process validation
report section. If negative validation, contact
Administrative Prime.

Contact the OSP to perform test area
processing. Act as end-user.

Act as Terrafirma OSP: react on
request by user.

Act as user (reference data for the test site
need to be made available and prepared for
delivery by a third party e.g. Administrative
Prime)

Provide reference data to
validation authority

Order data from Administrative Prime.

Provide test and
reference data to OSP
and validation authority

Process the data. Deliver Terrafirma
Level 1 product to the validation
authority conforming to the standards,
including service validation report.

Perform a cross-processing if necessary using
the data obtained from the Administrative
Prime.

Validate the delivered data. Write relevant
process validation reports (part 1 and 2).

Send process validation report to OSP and
executive summary to ESA, PVW and the
administrative prime.

Admit/decline the OSP to
Terrafirma based on the
executive summary.
Update website and new
documentation. Archive
the executive summary.

Table 3: Time diagram for Product Validation (who, what, when, etc.). It is assumed that a Level 1
product is available, together with ground-truth data. The End-User performs the validation. However,
the OSP may be involved too, for example to make sure relevant ground-truth data was used during

processing.

TIME

END-USER

OSP

Deliver product.

directions.

Planimetric accuracy: use ground-truth data such as orthophoto,
topographic material, etc. to assess the accuracy of the geo-referencing of
the delivered product. Correct the product for the estimated bias in both

the georeferenced points.

Planimetric precision: use the ground-truth data to assess the precision of

Topometric (height) accuracy: use the ground-truth data to assess the
difference between the delivered height estimates at the PS points and that
of the ground-data. Note that this is not a quantitative error, because the
PS points are located elsewhere than the ground data.
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Topometric (height) precision: not planned to be validated. For PSInSAR,
the height is that of the PS points, which location is difficult to compare with
ground-truth data because the origin of the radar reflection is unknown.
Possibly, a histogram of the estimated height, or DEM error if a good DEM
is available, could give insight in the precision of the estimated heights.
Note that the planimetric precision is related to the precision of the
estimated height.

Deformation shape: comparison with ancillary data map or point data
related to the motion mechanism or consequences (interpolated
deformations maps, damages inventories, hazard maps, mine maps,
piezometric data, € ) is the geometric shape of the detected deformation
consistent with the a priori knowledge?

Deformation accuracy: estimate a bias of the delivered displacement
(rates) due to instability of the reference point used during processing.
Correct the estimated displacement (rates) for this bias.

Deformation precision: assess the difference between the Terrafirma
displacement measurements and the ground-truth data and contribute this
to errors in eith er one. Compare rates and PS time-series. In cooperation
with the OSP, contribute the errors in the product to, e.g., incorrectly
estimated atmospheric signal, uncompensated orbit errors. Allow for
improvement of the delivered product using this knowledge. Provide
qualitative examples and quantitative measures of the geological relevance
of the Level 1 product.

Include conclusions in a section of the Service Validation report. Make this
available to the OSP.

Contact Administrative Prime to
publish validation as show case on
website, if appropriate.
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3.6 Product Validation Manual for Level 1 Products

This section synthesises the validation exercise into a user-oriented text providing conclusive
information and data as to the reliability and performance of the products. E.g. this manual
provides an understandable interpretation of the estimation precision stated by the validation. At
the moment, this manual is based on the experiences of the process validation only and is
therefore focussed on the LOS displacement measurement and PS density. The process
validation has shown that each team can provide (at least in one test site) a correct deformation
measurement. Outliers can result from unfortunate setup or operating of the processing chain and
could be excluded from the validation. Only the best deformation processing (regardless of the test
site) should be chosen for the qualification. This approach assesses the potential of a PSI system
and its algorithms but not its operational robustness and quality check. The DEM update
introduces errors in the geocoding of the final product. This is the reason the qualification
threshold needs to be choosen and confirmed by both (the process and the product) validation
teams. DLR suggests that all current OSPs and validation teams negotiate final qualification
thresholds.

A typical user expects two different types of information from the final Level 1 product:
1) a detection of risk (i.e. deformation) areas and
2) a measurement of the deformation rate (e.g. a mean velocity or a time series plot)

Both correspond in principle to two different processing tasks. And accordingly, the requirements
on the Level 1 product are unfortunately complementary for both applications.

The deformation measurement points (i.e. the PSs) are given by chance 1 but most importantly
their quality (i.e. phase stability) varies on a given test site. Nearly ideal scatterers (e.g. metal
structures like trihedral or dihedral corner reflectors) are rarely given. However the availability of
usable scatterers improves tolerating more deterioration in their quality describing the phase
stability. The detection (task 1) requires a high PS density allowing a high spatial resolution of
measurements and consequently the identification of displacement effect patterns. This can be
achieved by relaxing the PS selection threshold on the cost of precision and can be accepted until
noisy measurements start to hide the displacement effects. However, the number of high precision
displacement measurements can not be tuned. This number is a characteristic of the actual test
site and radar sensor (mainly the resolution and polarisation). The deformation measurement (task
2) should only be based on these high quality scatterers. Including low quality scatterers can
mislead the end user of the Level 1 product. Especially time series of data should only be
generated from the best PSs. This situation has consequences on the assessment and the
validation of a Level 1 product needs to consider both concepts. In the following, the two concepts
and their separate validation are described.

3.6.1 Detection of Risk Areas (Task 1)

The detection of risk areas is based on a displacement map. An example is shown in Figure 4
using D L R éstimation of the city of Amsterdam.
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Figure 6: Example for a displacement map which can be used for the detection of risk areas (red:
subsidence; blue: uplift); the blue rectangle describes the zoomed area of figure 5

Looking at this displacement map, a detection of risk areas is performed automatically by eye.
Risk areas are identified by

- an accumulation of red or blue dots (e.g. forming clusters) and (or) by
- characteristic patterns of the PS arrangement (e.g. following streets, forming lines).

Unfortunately, the performance of the detection depends on many factors e.g. the PS density, the
scale of the displacement map, the colour table and the size of the plotted points. Figure 5
presents a zoom into the displacement map of figure 4. The change of information with a different
scale becomes visible. On the one hand more details and structures can be identified but on the
other displacement areas can be more hidden due to the noisy measurements. Figure 6 presents
manually detected risk areas. The areas 1 and 4 can be identified due to the accumulation of red
coloured subsidence scatterers. The areas 2 and 3 can be identified because the subsidence
scatterers follow men made structures. The areas 5 and 6 could be identified because of the
strong (unlikely) linear configuration of the scatterers. Obviously, the selection of other risk areas
depends finally extremely on the operator. This introduces a real difficulty into the assessment and
validation of the detection because of the requirement to be objective and comprehensible.
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