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Wishful thinking

Some recent announcements,

Especially in the Union Budget of India for fiscal year 2014 -15.

Rs 7,060 crore for ‘100 Smart Cities’ project,

Development of industrial corridors with emphasis on Smart Cities,

An investment of Rs 37,880 crore in National Highway Authority of India,
Proposed State Roads includes Rs 3000 crores for the North East,

Metro Projects in Lucknow and Ahemdabad,

For inland navigation, project on Ganges called “Jal Marg Vikas”
Proposal to track supplies for Public Distribution System using GPS

Pan India programme of “Digital India”

Digitization and mapping using GIS for better
management and usage of Indian Railways

Bullet train project on the Mumbai-Ahmedabad route, etc. etc.

Wish these announcements not to end up as ‘wishful thinking’.

Bal Krishna, Editor
bal@mycoordinates.org

ADVISORS Naser EI-Sheimy PEng, CRC Professor, Department of Geomatics Engineering, The University of Calgary Canada, George

Cho Professor in GIS and the Law, University of Canberra, Australia, Professor Abbas Rajabifard Director, Centre for SDI and Land

Administration, University of Melbourne, Australia, Luiz Paulo Souto Fortes PhD Associate Director of Geosciences, Brazilian Institute of

Geography and Statistics -IBGE, Brazil, John Hannah Professor, School of Surveying, University of Otago, New Zealand
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"IRNSS Is important for
the

says Shri Avinash Chander, Secretary Department of Defense R&D,

DG R&D and Scientific Advisor to RM, Government of India

What are the key challenges for
you as the head of the Defense
Research and Development
Organization (DRDO)?

The complexion of warfare and associated
security scenario are fast changing

due to rapidly advancing technologies,
emergence of proxy warfare tactics and
increasing number of technologically
well equipped non-state players. India’s
security environment is even more
complex due to conventional threats

and unique geopolitical environment.
Finding innovative technology solutions
to meet resultant security challenges on
a continuous basis and converting these
technologies into manufactured products
is a challenging task for which DRDO

is geared up. DRDO is committed to
indigenous development of state of the
art Platforms, Weapons, Ammunitions
and the Force Multipliers and leading
these to production. At National level
we need to develop capabilities in the
Industry and nurture it to come up to the
military quality standards. On the other
hand, the time cycles for the products
which used to be 10-15 years are now
coming down to 05 to 07 years. We need
to re-structure, re-invent and re-align
ourselves for future challenges. The
R&D capabilities for future technologies
need to be developed in Academic and
R&D institutes across the country. A
futuristic technology management wing
has been created in DRDO to pursue the
advanced research in focused areas.

You were in-charge of

the navigation system
development of the Prithivi
Missile Project in the early
70's. What has been the
highlights of Indian navigation
technology over these years?

Indeed, I was privileged to be one of the
members of the initial team which worked
on the Navigation System in the 1970s.

In fact the first system what we made was
Platform Navigation System which we had
flight tested in Canberra Aircraft and later
a Strapdown System was developed for
SS45 Missile. In1988 a Dynamically Tuned
Gyroscope (DTG) based INS weighing

50 kg was successfully flight tested in the
first Indian Ballistic Missile Prithvi. For
developing the INS, many of my team
members worked day and night for almost
15 years and developed right from scratch,
the algorithms, calibration and testing
mechanisms, integration and interface
modalities on our own. Today, the state-of-
the-art systems developed and flight tested
in ICBM class Agni-5 yielding better than
100 mts accuracy over a range of 5000
kms weigh just about about 150 gm. In the
process, all the sensors and sub-systems
such as DTG, FOG, RLG, high accuracy
Accelerometers, Hybrid Navigation
Systems as well as complex Algorithms,
all comparable to the best available, were
developed and realized indigenously.

The Navigation Systems Group where

my journey as a technologist began is
today a world class R&D Laboratory.

No country can afford to depend on the foreign

country's constellations during war scenarios

8 | Coordinates August 2014

Which DRDO projects would
you say are poised to make
the biggest difference in India
in the next two-three years?

DRDO has entered a new phase wherein
very large number of critical Systems

with potential to make a difference for

the country are in advanced stage of
operationalization. Tejas Light Combat
Aircraft (LCA) is nearing ‘Final
Operational Clearance’ (FOC), on its way
to strengthening capabilities of our Air
Force. Airborne Early Warning and Control
System (AEWCS) is flying and will be
inducted soon. Rustom II UAV currently
undergoing taxi trials in preparation for its
flight trials will be another force multiplier.

Induction of Long Range strategic
missiles Agni IV and Agni V will be
completed. The Air to Air Missile Astra is
in advanced stage of its trials, while work
on its MKII version with longer range

is going on. Nirbhay sub sonic cruise
missile will be flight tested this year.

Arjun Mark II is one of the most modern
Battle tanks with very high capabilities
and is slated for series of tests before
production clearances. Another thrust
area, which we have taken up, is the
development of an advanced 155 mm
Gun field gun. On the Naval side, we
have strengthened our Sonar ssystems
which are getting integrated in the ships.
‘Varunastra’ Torpedo is undergoing trials.

Electronic Warfare-EW systems is another
strong and major thrust area of DRDO
with very high level of self-reliance. Wide
range of indigenous radar systems, Night
vision devices and other electro-optic
systems are in various stages of induction



and operationalisation. These indigenously
designed and developed products
manufactured in our own industries, I

am confident, will prove to be a game
changer, not just in terms of strengthening
our country’s defence and strategic
capabilities but also in giving a boost

to our industry leading to employment
generation and economic growth.

As the head of DRDO as
well as a person who has

a background in spatial
technology, how do you
view the growth of mapping
technology in India?

Firstly, as a Navigation man, looking
into the civilian sector application, it is
fantastic scenario to drive a car in India
completely guided by the maps and

the GPS. The maps of each and every
nook and corner are available and we
just need to feed the address and then it
starts guiding you with directions to the
eventual destination. Spatial technology
has gained importance with the type of
payloads providing very high resolution
images, weather information, aerial
survey and other applications. Satellite
Navigation is used in each and every
vehicle and so today many countries
are trying to have their own Satellite
Constellation. India’s IRNSS planned to
be in place by 2016. The future will be
dominated by the Space technologies.

How important is spatial
technology for DRDO activities?

Space has become very crucial and world
over Research is going on in Spatial
technologies for Defence applications.
The spatial technology is used for high
resolution images, weather forecasting,
locating various assets of the adversaries.
Spatial technology becomes important
for DRDO and we need to utilize the
modern space payloads like Synthetic
Aperture Radars, high resolution
imaging systems, Navigation Signals and
Communication Systems. We need to
embark in this area and effectively use
space for these diversified applications.

The R&D capabilities for
future technologies need to
be developed in Academic
and R&D institutes

across the country

What kind of research is being
carried out at DRDO as far
positioning, navigation and
spatial technology is concerned?

Extensive research is going on in these
areas of Navigation and Positioning
Systems for Surface and aerial applications
based on Inertial Technologies, Satellite
Navigation Receivers and INS Hybrid
Navigation Systems. Also, we use

the Satellite Imagery for analysis.

How do you think cost-
effective navigation systems
for India could be developed?

Cost effectiveness of the Navigation
Solutions primarily depends on the cost
of the Sensors and the quantities of the
Systems being produced. Today, many

of the materials which are required in the
Sensors are not available in the country
and the required machinery is also being
imported. There is need for many of these
critical things to be produced in India and
the required infrastructure in the country
need to be created. Industry should gear up
to produce the systems in large numbers
competing with the world markets, both in
quality and price. This will result in high
volumes of production thereby reducing
the cost further. Today, miniaturized
navigation system what we made for
smart munitions costs only about 06-08
lakh. Also the GPS-GLONASS-GAGAN
Receiver (G*0OM) on a single module

can be utilized for civilian applications.

What benefits can DRDO look
forward to from the Indian
Regional Navigation Satellite

System (IRNSS) constellation?
Has there been any role of
DRDO labs in its development?

No country can afford to depend on the
foreign country’s constellations during
war scenarios. IRNSS will make Indian
Armed Forces self-reliant. As we know,
the advanced nations like USA and Russia
are having GPS and GLONASS. Countries
like China, European Union and Japan

are trying to have their own full-fledged

or partial constellations. Our own IRNSS
is important for the country’s sovereignty
and strategic requirements. The IRNSS is a
Programme launched by ISRO and DRDO
does not have a role in its Research.

What has been DRDO's
initiative as far as UAV
R&D is concerned?

UAVs are one of the thrust areas for
us and we have been doing lot of
focused research as they have potential
usage in Surveillance for both Civilian
and Defence applications. Rustom 2
with a long endurance of 24 hours is
planned to be flight tested by the end
of this year. Lakshya has been playing
major role as a Target in the testing

of Missiles. Also we have plans for
developing Unmanned Combat Air
Vehicle (UCAV) and mini UAVs.

We have been hearing about
foreign direct investment in
the defense sector. How is

it going to be beneficial in
general and to DRDO and

its activities in particular?

The FDI in defence sector, as recently
announced by the Governments is
expected to bring in newer technologies
and contemporary manufacturing processes
besides infusing funds in the Indian
industries. This would lead to greater
impetus to indigenous manufacturing
of military hardware and components.
Besides meeting in house requirements,
this is also likely to enhance the export
potential of products manufactured

in India, in turn reducing costs. I\
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"We have become self reliant

INn navigation area for the

defence applications”

says G Satheesh Reddy, Director, Research Centre Imarat (RCI), DRDO, Government of India

Please share the role of
Research Centre Imarat
(RCI) within the broader
framework of DRDO.

Research Centre Imarat-RCI, part of the
Missile cluster Laboratories of DRDO is
responsible primarily for the Research
in Avionics and mandated to deliver

the advanced Avionics products to
various Missiles, Aircrafts, Helicopters,
UAVs, Ships, Submarines and other
Vehicles of our Armed Forces. The
Avionics products include the Navigation
Sensors & Systems, Onboard computers
& software, Control & Actuation
systems, Power Supplies, Guidance
algorithms, RF Seekers, Imaging
Seekers, Radomes, Antennas and many
other related systems. In the state of

the art HILS facility complete Avionics
gets evaluated for various missions.

We have complete environmental

test, EMI, EMC and EMP facilities

for testing as per the requirements.

RCI is pursuing core research in

the area of Avionics to develop the
cutting edge technology products.

Why do you think the
Indian private sector has
not been able to capitalize
on the growing demand for
multi satellite constellation
receiversand build world
class products?

The Indian Private sector is not able to
invest in Research and Development
(R&D). The industries have been

10 | Coordinates August 2014

RCl has developed a
wide variety of Satellite
Navigation Receivers and
IS pursuing extensive

Research in the spatial

technology related products

concentrating only on manufacturing,
assembly and ToT oriented products.
In India, there are very few companies
who invest in R&D and develop their
own core products. Only one or two
companies are investing in the R&D
of Multi Constellation Receivers &
able to come out with state of the

art products and market them world
over. Industry should make small
investments in specialized areas and
come out with innovative products and
compete with the world. Wherever
necessary, Industry should be funded
and Research can be pursued jointly
with Academia and R&D Institutions.

How would you rate the
importance of spatial
technology for the research
being conducted at RCI?

The Spatial Technology has gained
importance since the evolution of GPS

and other Navigation Satellite Systems.

Satellites are being extensively used

for location coordinates, Imagery

and Intelligence. In line with many
Navigation Systems like GPS of USA,
GLONASS of Russia, GALILEO of
EU, Beidou of China; India has also
embarked on the journey of possessing
its own Navigation Satellite System
which is poised to play a very important
role. In the last two decades, the world
has witnessed many Satellites being
launched at the beginning of the War
and also during the War for Intelligence,
Surveillance and Reconnaissance (ISR).
Many payloads have been developed
and put in orbit by advanced nations

for high resolution imagery and for
observing the earth radars and other
installations. The future will see the War
dominated by the Spatial technologies.
RCT has developed a wide variety of
Satellite Navigation Receivers and is
pursuing extensive Research in the
spatial technology related products.

Do you think that multi-
GNSS scenario may result
in navigation solutions
with better accuracy?

The Multi GNSS scenario, may not be
improving the accuracy significantly.
The accuracy depends on many factors.
SBAS like the Indian GAGAN will
definitely improve the accuracy of

the GPS to a large extent. The multi
GNSS scenario, improves the visibility
a lot and hence the Reliability of the
Satellite Navigation is much higher.
With the improvement in the visibility,
the DOP improves and with proper



The Indian Private sector is not able to invest

in Research and Development. The industries

have been concentrating only on manufacturing,

assembly and ToT oriented products

fusion of multiple data, the accuracy
will also improve to some extent.

How do you look at the
threats posed by jamming,
spoofing and interferences
to the navigation systems? Is
RCI undertaking any research
initiatives in these areas?

Jamming, Spoofing and other
Interferences are always a threat to the
Satellite Navigation. There are several
methods how these threats can be dealt
with. In a Hybrid Navigation System

where Inertial Navigation & Satellite
Navigation is combined, the System

can function normally if the Jamming

is for shorter durations. The systems
can be designed with many techniques
to counter spoofing. Receivers can be
designed to work in Jamming conditions
also by employing Systems like Null
Steering Antennas. RCI is working on
Satellite Navigation Receivers which can
function normally under the conditions
of Jamming, Spoofing and other
Interferences. But if the Jamming signal
is originating from very close vicinity
with high power signal, it is difficult

for the Receiver to function normally.

Your efforts in making India
self-reliant in the area of
navigationsystems for defense
applications is well known. Do
you envisage India becoming
self reliant in navigation systems
for civil applications as well?

We have become self reliant in Navigation
area for the Defence applications. Many
systems have been designed and developed
with multiple Inertial sensors and are being
used in many vehicles. There are many
spin-offs from our range of navigation
technologies developed at RCI which can
be used for civilian applications. The GPS-
GLONASS-GAGAN Receiver (G*OM) on
a Single Module can be produced in bulk,
the high accuracy Ring Laser Gyro based
Navigation System can be used for civilian
aircrafts and ships. Highly miniaturized
MEMS based smart low cost INS can be
used in cars and other moving vehicles.I
am very sure that India in coming decade,
will become self reliant in navigation
solutions for all its civilian applications. I\
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Performance measurement of

EGNOS [ntegrity and Continuity

The analysis presented in this paper will show whether EGNOS performance is
in line with the ICAO SARPS for aircraft LPV approach procedures

H P J Veerman
Senior Scientist,
NLR, Netherlands

A J P Van Kleef
NLR, Netherlands

J D Van Bruggen-
van Putten
NLR, Netherlands
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On March 2, 2011, the ESSP declared
EGNOS’ Safety of Life (SoL)

signal officially available for aviation

with the authorization from the European
Commission (EC) to provide the service.
From that moment on the EGNOS SoL
service was provided openly and freely
accessible without any direct charge and
was tailored to safety-critical transport
applications in various domains, most
notably (civil) aviation applications. The
service was declared compliant with the
aviation APV-I (Approach with Vertical
Guidance) requirements, as defined by ICAO
in ANNEX 10 [1]. As a result, at various
airfields within the EGNOS service area, air
navigation service providers (ANSPs) started
designing, validating and implementing
EGNOS-based approach procedures,

e.g., within the frame of the GSA funded
ACCEPTA project. It is expected that within
a few years, as was the case for WAAS

in the US, several hundreds or even more
aeronautical approach procedures based

on EGNOS guidance will be available. As

a result, the provided performance of this
navigation system, especially its integrity
and continuity-of-service, will become
crucial for the safety of civil aviation

within Europe. The EGNOS SoL service
performance achieved, together with the
system architecture, Signal-in-Space (SiS)
characteristics and organizational framework
that were laid down in the ‘EGNOS Safety
of Life Service Definition Document’ [2],
published by the European Commission,

the latest issue 2.0 being published in

June 2013. Within this document, the
EGNOS SoL performance is validated

at a high level versus ICAO SoL service
performance requirements for APV-1.

Of the ICAO defined key performance
indicators (KPI) accuracy, availability,

integrity and continuity (see table 1), the
latter two are the most difficult to assess-
continuity because of its high requirements
(1-8x10%/15s) and complicated concept
and integrity because of its extremely high
requirement of 2x107 in any approach of
150 seconds. This latter KPI is indeed very
difficult to quantify- given the duration of
150 seconds per approach and assuming
one approach at a time that all the time it
turns out that an integrity failure may occur
once every 23.8 years on average. Testing
the EGNOS system by collecting data over
23.8 years is far from practical and still
insufficient from a statistical point of view.
So one needs to invent a way to do integrity
tests on the basis of a limited amount

of data collected within an acceptable
observation time. Such a method for
EGNOS integrity validation was developed
by NLR, Delft University of Technology,
Integricom and Science and Technology
[3], [4] and implemented as a GNSS
integrity validation tool called GIMAT. In
[2] EGNOS, continuity was determined

for the complete EGNOS service volume
based on EGNOS broadcasted messages,
ephemerids and clock information of all
visible PRNs, while assuming a fault-free
receiver operating in a nominal atmospheric
environment. This however, raised the
question: ‘What would be the continuity
and integrity performance including a
(high-end) receiver in the loop, while
operating under non-nominal environmental
conditions, i.e., during high ionospheric
activity?” Is EGNOS still compliant with
ICAO requirements while taking these
conditions into account? Concerning the
integrity KPI in [2], only the following
statement was made: ‘“The EGNOS integrity
is compliant with the integrity requirements
specified in Table 1(ICAO) for APV-I". This
means that neither a method of how this



Table 1. SoL service performance requirements (ICAQO)

Typical Operation Accuracy Integrity Continuity  Availability
: . Time-To- Horizontal  Vertical
Ho”zg’”ta' Vertolcal Integrity Alert  Alert Limit Alert Limit
(859) = (8556) (TTA) (HA) (VAL)
En-route (oceanic/ 37 km 7.4 km 0.99 to
o . =7/ o B -4 0

continental low (2.0 NM) N/A 1 -1x107/h 5 min (4 NM) N/A 1 - 1x10%h 0.99999
density)
En-route 3.7 km
(continental) (2 NM) B

: 0.74 km . 1.85 km 1 - 1x10*%h 0.99 to
En-route, Terminal (0.4 NM) N/A 1 -1x107/h  15s (1 NM) N/A t01-1x10%h 0.99999
Initial approach,
Intermediate

220 m 556 m 1 -1x10%h 0.99 to

approach. Non- N/A 1-1x107/h  10s N/A ) ‘s
S ol oadh (720 ft) (0.3 NM) to 1 - 1x10-%/h 0.99999
(NPA), Departure
Approach operations 16.0 20 1 -2x107 40 50 0.99
with vertical 5 m in any 10s n n 1 - 8x10/15s 9 10
culdance (APYAD) (52 ft) (66 ft) s (130 ft) (164 ft) 0.99999

integrity KPI is measured nor a distribution
of the actual integrity performance over
the EGNOS service area is given.

NLR, as an independent aeronautical
research institute is contributing to
GNSS performance monitoring, as part
of its mission to improve safety in civil
aviation. Given that NLR has the right
tools available to validate integrity
performance, an activity was started to
verify the claim stated above. As a result,
both integrity and continuity KPI were
measured and validated with receiver and
atmospheric environment in the loop.

This paper provides an analysis of EGNOS
performance in order to identify whether
its integrity and continuity performance

is in line with the ICAO SARPS for
aircraft APV-I approach procedures. The
analysis will give insight in the EGNOS
integrity and continuity performance
distribution within the EGNOS Service
Area. The ESSP EDAS service, providing
archived EGNOS messages and RIMS
station observables, is used as the

data source for this investigation.

Concept of continuity
and integrity

EGNOS has been designed and validated
for ICAO’s APV-I SoL service. Therefore,
it shall comply with the performance

requirements as specified for APV-I
in Table 1. In this section, the details
of the GNSS integrity and continuity
KPIs definitions will be addressed.

Integrity Concept

In general, integrity is a measure of

the trust that can be placed in the

correctness of the information supplied

by a given system. Integrity includes

the ability of a system to provide timely

and valid warnings to the user (alerts)

when the system must not be used

for the intended operation. In order to

quantify integrity - which is needed

to validate integrity as a KPI versus

requirements, a number of definitions

and related parameters are in place:

e Protection Levels (Horizontal and
Vertical protection levels HPL and
VPL) represent an upper bound
of the error. A detailed description
of how Protection Levels are to
be computed by the receiver for
EGNOS can be found in Appendix
J of the RTCA SBAS MOPS [5].

e Alert Limits are the error tolerances
not to be exceeded without issuing an
alert [1]. Horizontal and vertical alert
limits (HAL and VAL) are defined for
each operation, e.g., for APV-I, these
are 40 m (HAL) and 50 m (VAL).

e Integrity Event occurs when
the navigation system error (i.e.,
Horizontal Position Error HPE and

Vertical Position Error VPE) is larger
than the corresponding Protection
Level: HPE > HPL or VPE > VPL
for some time, while the system does
not trigger an alert within the Time
To Alert (TTA). Such event is also
called a Misleading Information (MI)
event, where a distinction is made
between MI where Protection Level
and Position Error are both either larger
or smaller than the Alert Limit and the
Hazardous Misleading Information
(HMI) condition where the Protection
Level is smaller than the Alert Limit,
while the Position Error is larger than
the Alert Limit. In the latter case, the
user will get the erroneous indication
that the system can be safely used.

e Integrity Risk is the probability
that the position error is larger than
the protection level, i.e., HPE >
HPL or VPE > VPL, while the user
is not warned within the TTA.

The EGNOS system (combination

of its Ground Segment and Space
Segment) is declared approved for

SoL applications, provided that the
User Segment is also certified for SoL
applications. For aeronautical users,
this means that certified SoL Equipment
Class shall be used, as specified in

[5]. This paper validates whether
EGNOS is providing the integrity risk
performance under operational conditions
(including User Segment and signal

Coordinates August 2014 | 13



propagation through the atmosphere)
that the system says it is providing:

Pyy.0p= P(XPE| >xPL | no
timely alert) <Pg . op

This means that in this paper, the
system is validated on the condition of
Misleading Integrity Information (MII),
thus validating whether the P(MI) that
EGNOS provides is indeed compliant
with requirements. It should be noted
that non-compliance of EGNOS Py,
could be determined on statistical basis
even if no single MI event is found.

Continuity Concept

Continuity of service of a system is
defined in [2] as the capability of the
system to perform its function without
unscheduled interruptions during the
intended operation. It relates to the
capability of the navigation system to
provide a navigation output with the
specified accuracy and integrity during
the approach, assuming that it was
available at the start of the operation.

The SoL performance requirement (ICAO)
in the context of APV-1 operations
requires the probability of a loss of
continuity to be less than 8x10 for

any 15 second period [1]. To validate
continuity as a KPI versus requirements,
the definitions of Protection Levels and
Alert Limits as defined for integrity are
relevant. Continuity is provided when
{HPL< HAL AND VPL < VAL} at the
start of the defined period is continued
throughout the total period without any
moment of turning into non-availability
{HPL > HAL OR VPL > VAL}.

Although this definition for continuity
is quite straightforward, it has led to
different algorithms. The algorithm
used here implements the continuity
risk for APV-I as specified by the
EUROCONTROL APV Working Group
[10]: “EGNOS APV-I Continuity Risk
is defined as the result of dividing

the total number of single continuity
breaks using a time-sliding window of
15 seconds by the number of samples
with valid and available PA navigation
solution. A single continuity break occurs
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if the system is available at one epoch
and becomes not available during the
following 15 seconds.’ The algorithm
estimates all sliding windows containing
a continuity event which occurs when:

e atT,, HPL<HAL AND VPL<VAL

« atT, HPL>HAL OR VPL>VAL

When a continuity event occurs,

15 sliding windows are affected
with a continuity break. This

leads to the following ‘average
continuity’ algorithm that was used
(assuming epochs of 1 second).

N, x15
N

Where N represents the total number of

disc(15s) —
total

continuity events, and Ny, is the total
number of epochs in the measurement set
(which corresponds to the total number of
time slices in the measurement set). The
obtained continuity risk according to this
algoritm is considered as conservative.

For determining the 95% confidence
interval of the obtained continuity
risk, the bootstrapping technique [9]
is applied on the obtained data set.

Note that the use of the Extreme Value
Theory to estimate the continuity risk
has been considered. However, the
measurement set contains a sufficient
number of non-continuity events which
lessens the need for such a technique.

Extreme value theory
Scientific Background

Extreme Value Theory (EVT) was
developed quite recently, but already
well-established and mature field

in statistics that provides statistical
methods allowing for the estimation

of the probability of events that lie
beyond the observed range of the data
[6]. The application areas in which
EVT have been successfully used are
numerous and include hydrology (flood
frequency analysis), finance, insurance,
meteorology (extreme wind strength,
rainfall, and earthquake risk assessment)
and many engineering areas, e.g.,
corrosion and fatigue prediction [7].

EVT is applicable regardless of the
underlying error distributions of the
measurement data, relieving the need

for strong a priori assumptions (such as
assuming Gaussian error distributions).
The properties of the tail of the error
distributions can be derived from the
measurement data, so that the data can be
meaningfully extrapolated into the region
of MI, even when no sample values in this
region are available. By finding a data-
based description of the tail of the error
distribution, the actual system integrity
can be estimated without the need for
assuming particular error distributions.

Broadly speaking, there are two principle
kinds of models for extreme values. The first
group of models is based on the identification
of the largest observation per block of data
and are therefore called block-maxima
models. In our earliest efforts, we used this
model for EGNOS integrity verification [8].
A second group of EVT models contains

the peak-over-threshold (POT) models,
which model all observations that exceed
some threshold. These POT models were
considered to be the most useful because

of their more efficient use of the limited
number of extreme values. The latter
approach has therefore been chosen for the
GIMAT tool. Although it is not the purpose
here to describe the GIMAT functionality

in detail, for correct understanding of the
followed approach of EGNOS integrity
validation is briefly described below.

The GIMAT tool functionality

GIMAT (GNSS Integrity Monitoring
and Analysis Tool) is a software
implementation of the EVT-based
GNSS integrity estimation. The tool
was primarily designed to validate
EGNOS integrity performance, however
validation of the integrity concept and
performance of Galileo SoL service and
GBAS GAST-C and D can be supported
as well. In order to make the GIMAT
tool more complete, also other more
straightforward GNSS KPIs such as
accuracy, availability and continuity-of-
service KPIs are provided. In addition
to position domain integrity estimation,
also range domain satellite-pseudo
range based integrity determination is
available but not used in this study.



Within the POT class of EVT models,
various styles of analysis exist. The

fully parametric model based on the
Generalized Pareto Distribution (GPD)
was conceptually the most straightforward.
The GPD is a three-parameter distribution
with the following cumulative distribution
function (cdf) for some error e (e > ):

1 y<Oande>u—-pBly

GPD, 5, (e)= lfexp[f%] 7=0
—1y
17(l+ }/Mj otherwise
B

In this equation, the location parameter
p will always be zero when fitting peaks
over a threshold. Since [} acts as the
scaling parameter, the most important
parameter is y, the so-called shape
parameter, which largely determines the
behavior of the tail. For positive values
of'y, the cdf has a heavy tail, while y=0
corresponds to an exponential tail. In
the case that y is negative, the tail has

a finite endpoint and the probability
density function becomes zero for errors
that exceed this endpoint, implying that
larger errors simply cannot occur.

In the earlier section, the threshold was
mentioned for determining the peak-
over-threshold samples to be used

for determining the distribution’s tail
behavior. When selecting this threshold,
a compromise has to be made between
choosing a sufficiently large threshold

to make the distribution’s asymptotic
approximation hold and choosing a
sufficiently small threshold to obtain
sufficient excess data to accurately
estimate the parameters § and vy.
Unfortunately, no automatic threshold
selection algorithm providing satisfactory
performance is available yet. The
threshold is typically selected by human
intervention, based on graphical data
analysis of a so-called ‘Mean Excess
plot’ (ME), together with stable behavior
of B and y over a certain region [4].

For a correct estimate of the integrity risk
performance, best is to use independent
value samples. This is especially true
since peaks always come in groups

of samples showing considerable
dependency. For this reason, the set

of peak-over-threshold value samples

are filtered, making the set statistically

independent. Traditionally, data
dependency in time series is investigated
using the autocorrelation function. In
GIMAT, for the tail, a more suitable
approach of dependency reduction was
used that avoids unnecessary loss of
data: the assumption that the time of
occurrence of independent observables
exceeding threshold should follow a
Poisson distribution. This fact can be used
to determine a minimum time interval

K that one needs between two samples
to consider them as being independent,
based on Poisson statistics behavior.
Consider all data samples with errors
exceeding a certain threshold value.
When there are N such samples in total,
define the fraction of ‘large errors’ that
are at most a time period K apart as:

number of pairs (i,j) for which ’k, - kj‘ <K
- N

K

In the case of independent samples
(Poisson distribution), the expected value
E{V,} is linear in K. When one draws a
graph of K versus V, the graph should
therefore approach a straight line above
values K; of K for which independence
is obtained, while for smaller K, the
graph will be either curving upwards

or downwards which indicates some
kind of dependence. De-clustering to
obtain a set of independent observations
can thus be performed as follows: use
only the largest observations in each
cluster, where the large errors are said
to belong to the same cluster when

they are at most a period K; apart.

Finally, having information on the
confidence level and intervals of the
determined integrity probabilities is a
necessity for making sound statements on
estimated (non-) integrity probabilities.
The confidence level or interval is not

a system parameter, however generally
relates to the quality and quantity

of the measurement data set. Most
straightforward would be to repeat the
experiment many times and determine
the confidence interval based on the
distribution of the outcomes. In this test,
this approach is not very practical or even
impossible, therefore other methods need
to be investigated. When developing

the tool, two distinct methods were
evaluated for obtaining 2 confidence
intervals associated with the obtained
probabilities: resampling bootstrapping
[9] and the Gauss-Newton iteration
approach. Dividing a period into a few
sub-periods of time and applying a Gauss-
Newton iteration on these time periods
showed that confidence intervals based
on this approach seemed to be overly
optimistic. Bootstrapping based confidence
intervals on the other hand showed quite
reliable and conservative, with additional
advantage of this method being its great
simplicity together with lack of need

for strong assumptions. As a result, it

was decided to use bootstrapping for
confidence level determination in GIMAT.
In our study, we used 100 bootstraps

for determining confidence intervals of
determined PMI for each RIMS location.
Thus a range of 100 PMI distributions

Exrapolated Integrity Risk MI
TLSA

95% confidence level

6.00e-10

Complement GPD
5

10| _median lewe}

7.00e-15

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1
HPE/HPL

Figure 1: Bootstrapped distribution of P, for the TLSA RIMS over the investigated 3-month period
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result, see Figure 1. The five highest
P, values determine the upper 95%
confidence interval of the distribution.

The GIMAT tool has been used a few
times already, e.g., in [3], in which its
capabilities were successfully shown.

It has also become clear that for
obtaining narrow enough 2¢ confidence
intervals, at least a time period in the
order of three months of collected
observables needs to be used.

Selected measurement
approach

Baseline for our approach was to use

data sources and tools which are widely
accepted by the GNSS community as de
facto standards and of excellent quality.

For Continuity and Integrity performance
calculations, the following measurement

conditions and assumptions are applicable:

* Selected time period:

= The time period 2013-10-20 to
2014-01-31, (104 days in total)
was selected, in order to obtain
acceptable small confidence
intervals. It is assumed that
this period provides a robust
set for Extreme Value statistics
calculations. In addition, in
this particular time interval, the
sun has reached its 24 cycle
solar max activity, which is
interesting for the assessment
of the influence of ionospheric
activity on EGNOS performance.

* As GNSS data source, data from 34

EGNOS RIMS from the EDAS archive

were used for a number of reasons:

= RIMS are evenly spread over
the EGNOS Service Area;

= RIMS provide an excellent
quality of observables, as they
are the ground segment of
the EGNOS SoL service;

= In the processing chain, EDAS
applies very accurate techniques
to minimize receiver or local
errors (e.g., multipath, cycle
slips), and thus, approximates
a fault-free receiver;

=  The EGNOS messages provided
by EDAS are identical to the GEO
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broadcasted
messages,
however
they are not
sensitive to
discontinuities
in the provision
of EGNOS
SIS (Loss of
EGNOS signal).
» KPI performance

calculations:
= EGNOS aided Extreme Val
Theory Statistic:
PVT and settings

protection level
calculations

are performed

Stored RINEX
data

RINEX O 1Hz files
RINEX B daily files valid for all RIMS and IGS stations.
RINEX N daily files valid for all RIMS and IGS stations.

Download data

Merged RINEX O daily files
Merged RINEX B files for multiple days
Merged RINEX N files for multiple days.

Pre-process data

Proces data by

PEGASUS Processed PEGASUS output files containing EGNOS

aided PVT solutions.

Calculate
Integrity and
Continuity

ntaining Integrity
calculation results

Visualize results
within EGNOS
Service Area

by the
PEGASUS tool.
PEGASUS is considered as a
baseline tool for SBAS aided
calculations implementing the
algorithms issued according to
MOPS [2]. PEGASUS is used
for manufacturer-independent
verification of augmentation system
performance according to ICAO
Standards. Since the development of
EGNOS and GBAS, the PEGASUS
tool was used for its validation.

= Only PVT solutions in mode
4 (APV-1) of PEGASUS
are used for analysis.

= Integrity performance calculations
using GIMAT (EVT) functionality.

= For continuity KPI performance
calculations, no difference is
made with respect to the length of
the discontinuities, neither their
independency. (Two successive
discontinuities are independent if in
between the system was continuously
available (xPL<xAL) continuously
for a period of 15 seconds or more.

» Using GIMAT, only the P, is

investigated. When we prove

EGNOS Py, to be compliant with

ICAO requirements, then its Py,

is compliant as well, since HMI

events are a sub-set of MI events.

Figure 2 shows the selected measurement
approach for Continuity and Integrity
performance calculations. The RINEX
data files (O/B/N) were downloaded
from EDAS for each of the selected
EGNOS RIMS. Few IGS observables

Figure 2: Measurement approach (data flow diagram)

(RINEX O) were downloaded from the
CDDIS server (RINEX B/N provided

by EDAS since the data is station-
independent) as an independent reference.

Subsequently, RINEX data files were
merged into larger files to calculate
EGNOS aided PVT solutions on a daily
basis using PEGASUS ‘Convertor’

and ‘GNSS_Solution’ modules.

Finally, after filtering the data for the
correct PVT mode (EGNOS aided PVT
for Approach Procedures with Vertical
guidance APV), Integrity and Continuity
performance calculations were performed
using the GIMAT methodologies
described in chapter 2 and chapter 3 of
this paper. For visualisation, the results are
translated to a map-layer, which enables
the integration into a geospatial data
infrastructure. The results are assessed and
visualized via a dedicated web interface
for GNSS KPI performance parameters
(http://gis.nlr.nl/flexviewers/gnss/).

Results

Table 2 shows an overview of both
obtained Continuity and Integrity results
at EGNOS RIMS locations spread

over the EGNOS Service Area.

Continuity Performance Results

From Table 2 and Figure 3, it can be
observed that the Continuity results
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Table 2: Overview of Continuity (Continuity Risk 95t percentile) A" i
and Integrity (Integrity Risk 95t percentile) performances NOEH Anatics PN
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