September 1994
Issue Number 1

UK Offshore Operators Association
(Surveying and Positioning Committee)

GUIDELINES FOR

THE USE OF
DIFFERENTIAL G.P.S.
IN OFFSHORE SURVEYING

UEOOA



EXECUTIVE SUMMARY

The Guidelines set out what is generally regarded in the Industry as good practice.
They are not mandatory and operators may adopt different standards in a particular
situation where to do so would maintain an equivalent level of quality and
performance.

Although primarily developed for DGPS applications in a marine environment on the
UK continental shelf the scope has been extended slightly to permit their use in any
geographical area and to cover measurement of elevation which is important for
certain onshore applications. The guidelines are limited to the application of GPS in a
Differential mode only. They are not intended to cover and do not cover the use of
GPS in any other application. Applications to a geodetic standard of accuracy,
whether static or kinematic, involving phase, phase comparison or doppler
measurements are not covered. DGPS is the measurement of pseudo-ranges at
reference and mobile stations and realtime (or near real-time) transmission from the
reference station to the mobile station of corrections to the pseudo-ranges as
determined at the reference station. :

These Guidelines have been compiled by a number of different people and
organisations following a weekend workshop held by UKOOA's Surveying and
Positioning Committee in Southampton in April 1993. They have been edited by
C.R.D.Kceiller, Enterprise Qil plc. Any comments and suggestions for improvement
are welcome and should be addressed to:

The Chairman, Surveying & Positioning Committee
UKOOA

3 Hans Crescent

London SW1X OLN
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INTRODUCTION

The Surveying and Positioning Committee of the UK Offshore Operators Association
(UKOQOOA) has as its primary aim the setting of standards by the issuing of guidelines
for the offshore industry, including in particular seismic and rig positioning. In early
1991 it became clear to the members that there was little consensus as to the correct
use of DGPS in seismic positioning and that guidance of some sort was needed. In
order to address this problem a series of workshops were held, in May and December
1991 under the Chairmanship of Professor Cross of Newcastle University and in
December 1992, under the Chairmanship of Mike Jensen of Shell UK.

At this last seminar it was agreed that a significant failing of GPS and DGPS as
supplied to the offshore industry was.a lack of consistent, meaningful Quality
Measures which could give users any real confidence that their position is within a
stated tolerance.

In an effort to address this specific point it was decided to hold a residential workshop
in April of 1993 and invite a small number of participants from all sectors of the
offshore industry. A list of the participants is included below. It is a measure of the
importance of this question that these people gave up a weekend or more and travelled
from all over the UK, Norway, France and the U.S. to attend.

The workshop had one objective:

"To agree the Quality Control requirements for the operation of standalone DGPS (ie.
no secondary positioning system)".

To achieve this objective the discussion was directed along the following lines:

. Can we define appropriate Quality Measures?

. What receiver outputs are necessary to compute these measures?

. What standards of installation and operation are necessary to compute these
measures?

. What training is required for
> System Operators
> Service Providers
> Client's Personnel

. If data is ever to be reprocessed in what form (and where!) should it be logged
and exchanged?

. How can we verify that a given system or combination of systems provides the

required results and integrity?
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As a result of these discussions several courses of action were agreed upon and
various working groups set up. The result of all this work is this
comprehensive set of guidelines.

N. Ackroyd
J.P. Barboux

T. Hals

G. Johnston

J. Garmulewicz
G. Mathisen

S. Gale

P. Cross

P. Summerfield
P. Heinemann
L. Boer

Organising Committee:-

C. Keiller
T. Jackson
M. Jensen

W HOP A

Trimble Navigation Europe
Sercel

Kongsberg Navigation
Racal Survey

Subsea Survey

Seatex A.S.

Difftech Ltd

University of Newcastle-upon-Tyne
Halliburton

Ashtex Inc.

Shell UK

Enterprise Oil
BP  (also attended workshop)
Shell (also attended workshop)

UKOOA also wishes to thank the following people who have contributed to the

writing of these guidelines:

T. Drake

D. Hawksbee
R. Lott

R. Nicolai
W. Roberts
M. Tighe

BP Exploration

University of Newcastle-upon-Tyne
BP

S.LP.M.

University of Newcastle-upon-Tyne
Shell UK Expro
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GLOSSARY

DGPS Differential GPS.
Height Aiding
Weighting

Precision

Accuracy

Almanac

Bias

Elevation

Height

Geoid-Spheroid Separation
DOP

HDOP

PDOP

VDOP
Ephemeris

Reliability
Error Ellipse
F-Test

Header Record

lonosphere
Latency

Least Squares

MDE

Mobile Station

Global Positioning System, Navstar, used in differential
mode.

A technique in which height is used as a position line
(equivalent to a satellite with coordinates 0, 0, 0).

A weight is the relative value of an observation in
relation to the most probable value.

Describes the quality of a position with respect to
unpredictable random errors.

The precision and reliability of the positioning data.
Data transmitted by the satellite which contains orbit
information for all the satellites as well as clock,
ionospheric and tropospheric delay parameters.
Non-random error, either gross or systematic.
Orthometric height above the Geoid (approx. MSL).
Height above the gpheroid, WGS 84 in the case of GPS.
The difference between spheroidal height and elevation.
Dilution of Precision. The geometric contribution to the
uncertainty of a fix.

Horizontal Dilution of Precision.

Positional Dilution of Precision (YHDOP2 + VDOPQ)
Vertical Dilution of Precision = SD in height.

Message broadcast from GPS satellite to inform user of
health and position of satellite.

A term used to describe the guality of a DGPS fix with
respect to biases (outliers).

The error ellipse is the 2D equivalent of the standard
deviation (at the 95% confidence level).

The F-Test is a statistical test. It is a measure of the
overall fit of the observations to the model.

The beginning of each P1/90 or P2/91 tape/disk contains
a number of header records which contain information
controlling the data records which follow.

The layers of atmosphere between about 50 and 1000
kms above the earth.

The lapse in seconds since a particular RTCM message
was received.

The process of fitting some function to a dataset by
minimising the sum of the squares of all the residuals in
that dataset.

The Marginally Detectable Error (MDE) is defined as
the smallest error that can be found by the w-test with a
certain probability (UKOOA recommend 80%).

The vessel end of DGPS system.
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Reference Station

Monitor Station

System User
System Supplier
Multipath

QOutliers

P2/91
P1/90

Pseudo-Range

RTCM-SC104

Telemetry

UKOOA

w-Test

WGS-84

The shore station(s) at which corrections to pseudo
ranges are computed and transmitted.

The station set up with mobile equipment at a known
point to observe the performance of the differential
system.

The seismic or survey contractor client.

The contractor providing the DGPS service.

This is caused by the GPS signals being reflected from
local surfaces (sea, buildings etc.) into the antenna with
a time delay caused by their greater path length.

Data considered to be more than a pre-determined
number of standard deviations from the Most Probable
Value.

UKOOQA seismic navigation raw navigation data format.
UKOOA seismic navigation post-plot navigation data
format.

The time shift required to line up a replica of the code
generated in the received code from the satellite x the
speed of light.

U.S. Radio Technical Commission for Maritime
Services Special Committee 104. Set up to define a
format for the GPS correction messages from reference
stations.

The transmission of correction data from reference
stations to mobile station.

The U.K. Offshore Operators Association (The
Surveying and Positioning Committee).

The w-test is used to prove the null hypothesis by
testing it against a series of alternative hypothese. Itis a
test for outliers.

World Geodetic System, 1984. The geodetic datum used
by GPS since early 1987.
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SECTION 1
INSTALLATION AND OPERATION
OF DGPS
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SECTION 1
INSTALLATION AND OPERATION OF DGPS

Summary

This section has been compiled to assist service users and contractors in preparing
specifications or scopes of work involving the use of DGPS systems and as an aide
memoire for those using such systems.

It is felt that the subjects and techniques addressed in these guidelines are common to
most DGPS operations and systems, although there may be some matters of detail that
are not universally applicable. There may remain other factors that are peculiar to a
particular manufacturer's equipment or systems; it is essential that personnel in charge
of operations are fully conversant with the systems supplied and have studied the
manufacturer's operating and technical manuals.

11 Introduction

The aim of this Section is to identify the key issues that are felt fundamental to
the success of any DGPS system, to discuss these issues and to provide
contractors and service users with mechanisms for ensuring that the key issues
are correctly dealt with.

1.2 Preparatory Work

Key issues
- define project requirements
- specify system to meet requirements

- design system to meet specifications

The choice and design of a DGPS system will be dependent upon the specific
project requirements, or in the case of 'permanent’ systems the requirements of
the market at which the system is aimed.

In the former case the service user will draw up the requirements of the
project, e.g. location and duration of project, timing, required accuracy etc. and
existing systems will be studied to determine if the introduction of a new
system is required. If existing systems are found in the area of interest,
discussions will be held with the relevant system providers to determine if the
systems meet the project requirements,

In the latter case, the system provider will evaluate the given market and will,
probably in collaboration with a number of operators, identify systems capable
of fulfilling the market.

DGPS Guidelines
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1.3

The success of the system may be measured in different ways by the service
user and provider but obviously the requirements of what, when, where and
how must be met, additionally the service user and the provider must achieve a
solution that is commercially acceptable to both.

The nature of the DGPS system to be provided will depend very much upon
the nature of the survey operation. If, for example, DGPS is only to be
supplied as a backup to a different position fixing system then the need for
multiple reference stations, monitor stations and backup equipment at these
stations may be minimal. However, for an important survey requiring
continuous high accuracy positions then a grater number of stations and
equipment will be required.

Integrity of the differential telemetry link must be considered. The use of
satellite communications or radio telemetry and frequency, if a radio link is
used, will impact upon the quality and reliability of the link.

System Configuration

Key issues
- number of reference, monitor and mobile stations
- location of reference and monitor stations with respect
to the survey area '
- awareness of typical operating distances for system
- maintenance of system hardware/software consistency

The number of reference stations and the need for a monitor station (which
may be one of the reference stations) will depend upon the requirements of the
survey. The ranges should be as short as possible to minimise errors caused
by refraction. When more than one reference station is used they should ideally
be located on either side of the work area to further reduce ionospheric

effects. The monitor station should be located so as to permit measurement of
representative values for the accuracy of the DGPS chain.

Acceptable maximum distances between reference stations and work areas are
heavily dependent on mode of correction transmission and the maintenance of
comparable constellations at reference station and work site. Different
telemetry systems, although utilising the same medium of transmittal may have
different capabilities. In general however, for systems utilising satellite
communications, distances should not exceed 1000 kms; for radio systems
using low frequencies distances should be kept below 700 kms, for medium
frequency systems between 300 and 600 kms, and for ultra high frequency
systems below 100 kis. These are typical values only as performance may
vary widely from place to place and vary at different times of the year.

DGPS Guidelines
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1.4

Acceptable transmission rates will be dependent on the requirements of the
project and will also reflect the medium of transmission. Obviously for highly
dynamic projects faster update rates, inferring satellite based systems, are
needed. Formats of the transmitted signals should preferably adhere to
recognised standards, eg. RTCM-SC104, Where system providers claim to
use RTCM-SC104 format then they must strictly adhere to it.

All parts of the system should utilise identical GPS and telemetry equipment,
software and software version. This does not prevent the use of radio and
satellite based systems together. Once benchmarking standards have been
developed it may be acceptable to mix services and equipment provided they
have been verified by benchmarking.

There may be pressure to use mobile installations with different hardware
and/or software to that used at the reference station. This should not be
acceptable unless the hardware and software combination to be used has been
rigorously tested.

Geodetic Considerations

Key issues
- use of conventional or GPS techniques to tie to control
- datum transformations from/to WGS 84

The determination of reliable coordinate information for the reference and
monitor stations is obviously of prime importance. In areas where datum
transformations between the local, national coordinate system and WGS 84 are
well defined it may be appropriate to coordinate the new sites from local
control. Conventional survey or GPS phase measurements will be used
depending on ease of access, availability, closeness of control etc.

If no local control is available, or datumn transformations are unknown, it may
be necessary to either undertake a full geodetic survey over the area to
determine datum transformations and then coordinate from local control or to
tie to other WGS 84 defined networks in the vicinity. In the latter case it is
preferable that contro! contains internationally recognised WGS 84 points eg.
VLBI sites. '

In any case, standard geodetic quality standards should apply to the
coordination and this should be demonstrated by closing traverses and/or
observation and analysis of networks. Ground marks and witness points
should be of a permanent nature with documentation, eg. station descriptions
etc. well maintained.

DGPS Guidelines
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1.5

System Installation

Key issues

- adequate time allowance for
mobilisation/installation/verification

- technical inspections/health checks

- clear visibility above horizon

- secure accommodation

- reliable power, telecommunications and safety
equipment/services

- quick access by support personnél

- prevention of multi-path, antennas on highest points

- clear and uncbstructed cable runs

- level of equipment duplication

- automated switching between equipment

- backups in hot standby

- permanent or temporary installation

If a new system is being mobilised, the mobilisation and installation of the
system must commence well in advance of the project start up so as to allow
ample time for installation of equipment, system testing and technical
inspections/health checks. Whilst this lead time will obviously be dependent
on location, terrain and infrastructure, etc., at least one day should be allowed
for each part of the system and preferably two days for system verification.

Existing systems will also require verification prior to project start up and it is
recommended that two days be allowed for this. In some cases the system may
recently have been subject to a technical inspection/health check and, if details
of this are available and the system has not been changed in any way, it may be
unnecessary to undertake a similar exercise again.

The equipment used and the manner in which an installation is established
may well vary depending upon whether it is a permanent or temporary
installation. All installations will require inspection/health checks prior to use
and permanent installations will require inspection/health checks at regular
intervals or prior to very important survey operations. Documents for the
initial and all subsequent checks should be made available by the system
supplier to the system user.

Regardless of the requirements of the project the DGPS system must meet
various installation criteria. The Technical Inspection/Health Check proforma
contained in Appendices B.1 to B.4 ensure that these criteria are considered
during system verification.

DGPS Guidelines
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The monitor station should be at such a location so as to provide a reasonable
assessment of the quality of the DGPS chain; once general areas are identified
as suitable a more detailed selection can take place. Ideally, antennas and
communication equipment etc. will be established in locations affording
complete and uninterrupted view of the sky above the horizontal plane (zero
degree elevation). The sites will be in areas away from possible interference
from electrical and communication sources, and will be in secure locations
where interference from other sources, e.g. human or animal is minimised. In
particular some device to prevent seagulls from sitting on GPS antennas must
be included.

Preferably, the installation will be sited in a secure, air conditioned building,
with reliable mains power, telecommunications, good safety amenities, being
easily and quickly accessible by support personnel. Receivers, transmitters,
computers and peripherals will preferably be rack or box mounted so as to
prevent accidental wear and tear, will ideally be located in a dedicated room or
at least in a space away from other personnel, activities, walkways etc.

In cases where buildings are not available the use of weather proof secure
containerised installations should be adopted.

Great care must be taken to prevent multipath effects, therefore roofing
materials and construction should be considered and if susceptible to
reflections etc. measures to shield the antennas should be taken. Detection of
multipath and methods of avoiding and eliminating multipath are discussed in
detail in APPENDIX D. (Note: Appendix D will be included in the first revision
of these Guidelines. Ed). '

Cable runs between the antennas and receivers must be carefully planned.
Preferably, cable lengths should be minimised and kept within manufacturers
recommendations, if extensions are necessary cable joints should be very
carefully made and the use of in-line amplifiers considered. Cables should
follow paths that are away from areas where people or equipment regularly
move or where there may be an obstruction; the routes should be unobstructed
and pinch spots should be avoided.

Service providers must ensure that SNR values are within receiver
manufacturers guidelines when using long cable runs.

The same rules for reference and monitor stations apply to the mobile
installation. The antennas and communication equipment must be mounted on
the highest point of the vessel, in a position in which satellite or
communication obscurity is minimised. Careful attention to cable runs is
important, especially in ensuring exposed runs, eg. down masts, etc., are

secure and protected as much as possible from outside influences. SNR levels
will deteriorate with long cable runs, especially if inline amplifiers/boosters
are not utilised. Low altitude satellites which are beneficial for tight horizontal

DGPS Guidelines
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1.6

control will have poorer SNR values than high altitude satellites, great care
must be taken to ensure that SNR levels reach minimum acceptability so that
software does not exclude them from the solution.

The level of duplication of equipment at reference and monitor stations will
depend upon the requirements of the survey and the permanency of the DGPS
chain. Permanent DGPS systems with multiple users should have all
equipment duplicated. Ideally it should be possible to automatically (or at
least control remotely) switch from one piece of equipment to another in case
of failure, i.e. equipment should be in 'hot standby' mode. In the case of
systems using radio transmission of corrections, two separated frequencies
should be available. For satellite communication systems without on site
uplink facilities, telephone links to control hubs/uplink sites should either be
duplicated, or it should be possible to re-route via an alternative line (eg. circle
networks).

Appropriate safety equipment should be available at each part of the system
and due consideration must be given to safety aspects of mobilising, setting up
and operating each installation. The service provider should provide, in
advance of mobilisation, full details of all safety aspects of operating the
DGPS system.

Operational Requirements

Key issues
- preference for fully manned monitor stations
- automated transmission of warning messages etc.
- demonstration of specification compliance
- statistical summaries of performance

For permanent DGPS systems it is preferable for monitor stations to be
continuously manned although this may not be necessary for certain
applications or if automated transmittal of messages, eg. notifying users of
events when specified tolerances etc. are exceeded, is possible.

Whilst it is not necessary for continuous manning of reference stations in most
cases there must be a regular schedule of inspection/service visits during the
project and the ability to react quickly to malfunctions, etc. Complete
documentation relating to system maintenance and user guides should be
provided at each part of the system, together with tools and useful spares.

The system will have been designed to meet a set of specifications appropriate
for the needs of the project. The system itself must be able to demonstrate
compliance with the project requirements at all times. Thus the monitoring
system must be capable of providing measures of performance and quality that
prove the specifications are being met and that can alert users when there is
DGPS Guidelines
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non-compliance.

Thus there will be a need for software capable of producing a number of
statistical summaries and plots probably including, but not limited to,
reception of signals, i.e. SNR levels, reception rates, message types etc.,
quality indicators, eg. DOP's, differences in computed position against known
position including running means, minimum and maximum excursions, etc.
There should also be the means of monitoring GPS performance as a whole
and informing users of satellite dropout, shutdowns etc.

It is envisaged that monitor stations will be of greatest use if the position
quality/accuracy parameters determined at the monitor station can be
telemetered to the mobile station in real time (or near real time) on a
continuous basis. This would enable the system user to constantly monitor the
performance of the DGPS system. Parameters to be determined at the monitor
station and telemetered to the mobile should include the measured 3D position
error (E, N, H) and a selection of quality parameters including error ellipse and
MDE values which would permit the validity of the monitor station position
errors to be assessed.

At the mobile there may be a requirement for additional personnel to take
responsibility for the DGPS operations, especially until navigators become
more conversant with equipment.

Prediction of observation windows becomes less important as the
constellation grows but it is still important that almanacs and bulletin boards
giving operational updates are regularly accessed by the service providers.

Software should preferably be able to display positions derived from different
reference stations with or without height aiding, and be able to output and
statistically prove system performance. A range of quality and integrity
indicators are readily available if a full computation is undertaken according to
the methods detailed in Section 2. and APPENDIX C. of these guidelines. For
these indicators to be useful it is necessary that they are available for
inspection in real time and also for a brief history (eg. time series plots) and
statistical assessments (eg. mean, maximum values) to be available for each of
the indicators.

All logged data (paper and disk) should clearly identify the hardware and the
software configurations and version numbers used. This will assist data
checking at a time after completion of the survey.

An operational audit trail should be permanently recorded (on disk) during all
operational activities. Initial set-up parameters and every subsequent change
to these parameters or to the software configuration should be recorded
together with a time tag. Such information will help identify reasons for
mistakes and unexpected or untoward results and assist investigation of

DGPS Guidelines
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recorded data.
1.7 Technical Inspections/Health Checks

Key issues
- formal verification of system
- use of audit documentation

- provision of adequate time for verification

Once the system installation is complete, it is important to verify that all the steps
considered in specifications, installation procedures etc. have resulted in a system that
can be depended on to continuously meet the project requirements.

Thus a technical inspection of all parts of the system, together with a health check of
actual observed, processed and logged data should take place. The forms attached in
Appendices Bl to B4 are examples of the type of evaluation that should be
undertaken.

Who is responsible for completing this verification process is open for debate, but
obviously it is in the interest of both service user and service provider to prove that the
system is meeting requirements.

As will be seen when studying the appendices, the procedure has been to identify
those parts of a system that, if not correctly dealt with, can lead to system malfunction
or sub-standard performance. Thus data input verification is undertaken, cable routes
are physically inspected, and statistical summaries of system performance are sought,

The technical inspection itself should be relatively easy to complete. If the service
user is undertaking the checks the service provider will be in a far better position to
provide assistance if he has prior knowledge of the type/content of inspection to be
undertaken. Prior access to the forms will also assist the service provider in achieving
an acceptable installation.

Adequate time must be given for this work and up to 48 hours of data should be
analysed in the health check part so as to enable multi path effects to be identified.
Obviously some contingency time must be provided in case rectifications to the
system are necessary before acceptance.

The mobile installation will be the most difficult to inspect and verify as there will
always be intense pressure during vessel mobilisation etc. to get back to sea as soon as
possible. The effects of multi path will probably not be so severe on a moving vessel
as in the stable, stationary installations ashore and so less time needs to be spent
verifying data. However, the installation must still be verified, cable runs inspected
and data reception, processing and logging checked. Special attention should be given
to the exchange of data between the DGPS system and the vessels' computers, sample
outputs should be studied to check that data corruption does not occur between the

DGPS Guidelines
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two systems. In particular, time delays between various components of the acquisition
system shall be identified and application/correction of delays approved.

Whilst the length of time necessary for the mobile inspection is shortened it is still
recommended that at least 6 hours of data is collected and verified before the system
is declared acceptable.

Full details of hardware manufacture, models and versions and all software
versions should be recorded and cross checked amongst every installation for
consistency.

1.8 Information to be Provided by a System User

Prior to a survey commencing it is important for a system user to
unambiguously define certain parameters and details to ensure that a system
supplier provides and operates a DGPS system capable of fully satisfying the
systems user's requirements. The onus is on the system user to provide
sufficient information about the requirements of the survey to enable a suitable
DGPS system to be supplied and suitable observation methods to be employed.

A minimum set of requirements to be specified are given below. APPENDIX A
provides some suggestions on values for a range of typical survey operations
which could be specified by a system user.

GENERAL SURVEY INFORMATION

Country, area and geographical extent of the survey.
The nature of the survey (eg. seismic, hydrography).
Position accuracy required:-

Precision - error ellipse parameters

Reliability - MDE ( & values) and the maximum effect on the
position of the vessel

w-test - to identify outliers at each position fix

f-test - for unit variance at each position fix

Maximum permissible range from reference station to mobile.
Geodetic details including datum transformation parameters.

REFERENCE STATIONS

Number of Reference Stations {minimum).

Desired geometry of reference stations (if more than one).

Use of permanent DGPS chain (if one is available).

Establishment of temporary DGPS chain (if permanent chain not available).

DGPS Guidelines
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Provide details of stations {(coordinates & access) if system user is responsible
for locating the reference stations.

Equipment backup requirements.

Type of computation required if multiple reference stations (eg. wide area).
Need for manning the reference stations.

Requirement for data logging at reference station (medium and format).

MONITOR STATIONS

Need for monitor station.

Equipment backup requirements.

Need for manning the monitor stations.

Requirement for data logging at monitor station (medium and format).

~ Information required from monitor station at mobile.

Means of communicating between monitor and mobile.

Maximum delay in communicating data from monitor to mobile.

Format for presenting monitor station data at mobile (eg. separate PC & VDU).

MOBILE INSTALLATION

Details of vessel or other vehicle on which mobile is deployed.
Required location of antenna and receiver and likely antenna cable lengths.
Equipment backup requirements.

DIFFERENTIAL LINK

Define what types of data links are not permissible.

Indicate problems known (if any) with certain radio frequencies (eg.
interference)

Minimum range requirements for telemetry link.

Details of telemetry requirements from monitor station (if applicable).

SYSTEM OPERATION

Minimum differential data update rate (i.e. maximum duration between
updates).
Maximum latency for receipt of the differential message.

Acceptable maximum period of loss of differential link from reference stations.
DGPS Guidelines
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1.9

Acceptable maximum period of loss of telemetry link from monitor station.
Elevation masks (if any) at reference, monitor and mobile stations.

Method of weighting low elevation satellites.

Height aiding requirements and method of implementing.

QUALITY MONITORING

Quality measures and statistical tests should be determined according to the

methods detailed in Section 2 and APPENDIX C of these guidelines

Precision and MDE values should be displayed continuously

To assist DGPS operators and client representatives to monitor quality of the

DGPS system in real time the following information should be continuously

available:

- Pscudo-range residuals for all SVs and observation weight
values used

- Unit variance

- Number of satellites in view and number used in solution

- Redundancy of least squares solution

- DOP values (HDOP, PDOP and VDOP)

- Latency of differential correction data

- Position comparisons derived from different reference stations

- Derived antenna height with respect to "known" height

- Monitor station information, especially position error measured at
the monitor station. All data should be time tagged

- Maximum external reliability figure and observation carring it.

Each of the quality values above should be continuously available in numeric
form for every observed position fix. Statistical assessments (eg. mean,
maximum & minimum) and time series plots showing recent history (eg. last
one or two hours) should also be available for display on demand.

Information to be Provided by a System Supplier

Prior to commencing a survey a system supplier should provide information
about the DGPS system proposed to enable the system user to assess suitability
for the survey. The minimum amount of information that should be provided
includes:-

- Station Installation and Health Check Forms (APPENDIX B.1 to

B.4)

- Manufacture, models and version numbers of all hardware and
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1.10 Conclusions

software

Frequency(s) of all telemetry links or satellite communications
details

Expected maximum working range and/or area of coverage of the
telemetry links

Computational methods (eg. wide area networks, mean of
multiple stations)

Safety data and safety procedures on mobilisation, setting-up and
operation of all DGPS installations.

Quality Plan on mobilising, setting-up and operating the DGPS
system.

Manning levels at every installation and details of other personnel
support.

Equipment backup levels at every installation.

Multipath surveys undertaken or proposed at each installation.
Full details of methods and analysis used to be given.

Data available from monitor station (if applicable) and details of
how this is telemetered to the mobile. Latency and updates rates
should be given.

Observation weighting details (excepting proprietary
information).

Geoid-Spheroid separation model, the manner in which it is used
and estimated accuracy over the survey area.

Height aiding facilities available and how height aiding is used.

With service user and service provider communicating effectively, it should be possibie
for a DGPS system to be designed appropriately for the project in hand and for the
system to fully meet requirements. With the addition of inspection/health check
mechanism's which will in reality probably be completed by service user and service
provider together it is probable that the expected service will be achieved.
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SECTION 2

QUALITY MEASURES
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SECTION 2
INTRODUCTION TO QUALITY ASSESSMENT
AND STATISTICAL TESTING

Summary

Over the past ten years, Differential GPS has evolved as an attractive method of
position fixing offshore. There has not existed, however, a standard set of quality
measures to enable users of this technique to verify that required posttioning standards

are being met.

The aim of this section is to present a set of quality measures to the industry and to
describe the ongoing statistical testing which must take place during processing if

these measures are to be meaningful. The methods are applicable to DGPS service
providers for use at reference or monitor stations, but more importantly to all users
processing differentially corrected ranges at mobile receivers. It provides a general

non-mathematical review of tests and measures :-
. PRECISION MEASURES (Section 2.3)
. RELIABILITY MEASURES (Section 2.4)
. STATISTICAL TESTING (Section 2.5)

Section 2.6 provides a conclusive list of quality measures which are recommended for
use with DGPS and also indicates the method for implementing these into processing
procedures. Appendix A provides recommendations (for a typical marine survey) of
suitable acceptance criteria. Appendix C provides a mathematical description
including reference to relevant derivations and contains fully worked numerical
examples of a single DGPS fix, with and without height aiding. This section provides
the necessary statistical background to the understanding of the chosen quality
measures and gives specific guidelines for their use. It concludes with a
recommendation that the use of two quality measures be implemented for all offshore

DGPS activities, namely :-

1. The a posteriori horizontal error ellipse as a precision measure
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2. The largest horizontal position vector resulting from a Marginally
Detectable Error as a measure of external reliability

Introduction to quality assessment and statistical testing

In any measurement process perfection is unattainable - errors will remain in all
measurements, however sophisticated their associated technology might be.
Calibration and careful measuring procedures will further reduce these but they cannot
be completely eliminated. Computations with these imperfect measurements
(differentially-corrected phase-aided pseudo ranges in DGPS) will in turn cause
imperfections in the final result (positions). Assessment of quality in DGPS hence
means assessment of the sizes and nature of the undetected errors that might remain in
DGPS positions. Associated with quality assessment is a process known as statistical
testing. Statistical testing is used to determine whether or not the assumptions made in
the quality assessment process are correct.

2.1  Precision and reliability

In DGPS operations, or in any other measurement activity, two kinds of errors are
possible: random errors and biases.

» random errors are by definition unpredictable. A perfectly random process is one
in which an event is completely independent of other events. A good example is
the throwing of a dice - it is not possible to predict the throw of a dice by knowing
the previous sequence, or by knowing what has been thrown by another dice.
Random errors in measurement science are caused by small fluctuations in the
physical factors that constitute the measurement process. In the case of DGPS
they are due to factors such as scintillation's in the atmosphere (the same effect
causes stars to 'twinkle") and electromic noise causing imperfect code cross-
correlation. Random errors are described by statistics and measurements are
‘consequently considered as stochastic quantities. In this document all random
errors are assumed belong to a normal distribution. This point is explored in a
little more detail in 2.3.

» biases are any errors that are not described by the statistics used to describe the
random errors. They can take two forms: gross errors and systematic errors. The
latter are errors that can be completely predicted from a (not necessarily known)
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mathematical relationship and in practice are normally removed (or otherwise
accounted for) by careful calibration and modelling.

Multipathing at a reference site would be an example of this kind of bias - once
completely known it could be predicted from the satellite constellation. Outliers,
sometimes called gross errors, are (often large) errors due to a (usually sudden)
change in prevailing physical circumstances - for example the acquisition of a
new, very low elevation, satellite or the keying in of an incorrect height during
height-aiding. For simplicity, and because some large systematic errors look like
outliers, this document is restricted to the consideration of outliers only. Moreover

the assumption is made that only one outlier exists in any one position fix.

The term precision is used to describe the quality of a DGPS fix with respect to
random errors. A very precise fix is one in which the random errors are small.
Such a fix is said to be of high precision. Conversely fixes subject to large
random errors are said to be of low precision. Precision is assessed by describing
the population from which the random errors are drawn. It is obvious that the
errors themselves cannot be quantified (otherwise the observations would be
corrected and the errors would no longer exist!). In general a measure of precision
would state the probability (chance) of there being an error of a certain size, or the
size of error relating to a specified probability.

The term reliability is used to describe the quality of a DGPS fix with respect to
biases (in this case outliers). A highly reliable fix is one in which even quite
small outliers in the data will be noticed (detected) whereas in an unreliable fix
large outliers will go unnoticed. Reliability is, in general, largely driven by
redundancy - as the number of satellites (or reference stations) increases so does
the redundancy and hence the reliability. Reliability can be subdivided into
internal reliability and external reliability. High internal reliability means that
small outliers can be detected (i.e. only very small outliers remain undetected)
and high external reliability means that those outliers that are not detected have
very little effect on the final position. In general reliability is measured by stating
the size of error that might remain undetected with a specified probability.
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2.2 Modelling in DGPS positioning

In order to convert differentially-corrected pseudo ranges (phase aided or otherwise)
into positions two models are used: a functional model and a stochastic model.

» The functional model describes the mathematical relationship between the

measurements and the required position.

+ The stochastic model describes the statistical quality (i.e. precision) of the
measurements.

The functional models usually used for DGPS are largely uncontroversial and are
described in detail in Appendix C. Incorrect functional models cause biases of the
'systematic error' type and would be seen during calibration. All DGPS system
providers use virtually the same functional models in their software and they are not
considered further here.

Stochastic modelling on the other hand is a controversial and difficult topic.
Describing the precision of a differentially-corrected phase-aided pseudo range is
extremely problematic. It depends, amongst other things, on the elevation angle of the
satellite, the time since the satellite was acquired, the state of the atmosphere, the
distance to the reference station, the latency of the differential corrections, the receiver
noise characteristics, the multipathing environments at both the reference and mobile
stations. Most DGPS system providers will have spent significant effort researching
their own proprietary algorithms and they are unlikely to provide exact details of their
procedures. It must, at the outset, be emphasised that the methods used in the rest of
this report are based on the assumption that the adopted stochastic model is correct.
Although a test to check this will be described this will only be able to check that the
model is correct 'on average' - of course significant periods of failure might be
interpreted as an error in the basic algorithm.

Once the two models are known, position fixes are usually computed by a process
known as least squares (see Cross, 1990). This is a completely mechanical process
depending only on the two models. It can be shown that, based on certain not
unreasonable assumptions, the least squares process gives the most 'desirable’ result
(ie. the one of highest precision) for any set of data. It is also, conveniently,
extremely simple.
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2.3 Measures of precision

Precision is usually measured by means of a standard deviation. Sometimes the term
standard error is used (this is synonymous with standard deviation) and the term
variance might also be found (variance is the square of standard deviation). The
standard deviation is a measure of the spread of the random errors remaining in any
component of a position - the larger the standard deviation the larger the random
errors. Standard deviations of positions are determined by assessing the standard
deviations of the measurements (and their correlation if appropriate) and computing
their propagation through the least squares process. As aiready implied the difficult
tagk is the assessment of the standard deviations of the measurements - once this is
done it is actually rather a simple matter to carry out the error propagation and the
appropriate formulae are given in Appendix C. Standard deviations are figures
associated with individual variables such as latitude and longitude. In order to depict
standard deviations in two dimensions, error ellipses are used and these are described
later in this section.

In practice it is useful to assign probabilities to standard deviations but this cannot be
done without some assumption regarding the nature of the population from which the
errors are drawn. This point is very important and analogy may help to explain what is
happening here.

The random error in any one position will always be unknown and it will have been
sampled from the relevant population of every possible error. Imagine repeating an
identical position fix (same geometry etc.) say one million times and imagine that the
error in each fix was known (for example by carrying out the operation at a known
point). Each of the errors could be written on a sheet of paper and placed in a basket.
Then whenever the same measurement process (same geometry etc.} was repeated at
an unknown point, the error could be thought of as coming about by randomly placing
a hand in the basket and pulling out an error. The actual error would not be known but
by describing all of the errors in the basket the chances of the error being within
certain bounds could be stated.

This is the basic principle whereby surveyors describe populations of errors to
indicate the quality with respect to random errors (i.e. precision).
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A populatioxi of errors can be described by a probability density function (PDF). This
is simply a mathematical function which, when integrated, gives the probability of an
individual error falling between specified bounds. PDFs can either be determined
from theory or they could be found experimentally, e.g. by simply counting how many
of the forgoing million errors lie between zero and one metre, how many lic between
one metre and two metres etc. Naturally it would be expected that for most random
measurement processes there would be as many positive as negative errors (i.e. the
PDF should be symmetrical) and there should.be more small errors than large errors -
indeed the probability of very large errors should be very small - so small that if they
occur there would be a serious suspicion that the came from a different population
(i.e. a hand had been put in another basket).

~ In practice truly random errors follow certain known rules and (so long as there are no
biases present) it can be shown (via the so-called central limit theory in statistics) that
they follow a normal PDF. The formula for the normal PDF includes the standard
deviation and it is rather a simple matter to compute the probability of errors being
within bounds of specified factors of the standard deviation. For instance the chance
of an error of less that one standard deviation occurring is 68.26% and the chances of
an error being less than two standard deviations is 95.44%. Similarly it can be shown
that there is a 95% chance that all errors will be less than 1.96 standard deviations. In
practice it is common to consider 95% to be so close to 100% as to be certain, and
therefore it is common to multiply all standard deviations by 1.96 before using them
as measures of precision - they can then be directly related to the tolerances that are
usually specified for specific applications. This practice is actually rather conservative
because, although the theory requires measurements to be normally distributed, real
measurement PDFs do not include such long 'tails' - mainly because operational
procedures and real time QC operations prevent the larger random errors occurring (or
being accepted if they do occur).

When considering horizontal positional standard errors for offshore surveying it is not
sufficient to look at only the errors in the two main orthogonal directions of east-west
and north-south. The standard error in the height component is disregarded as it is
assumed that the height is well known. It is usually useful also to consider possible
errors of position in all directions. For this the error ellipse is used. An error ellipse is
an approximate graphical representation of the standard deviations in all directions.
The semi-major axis of this ellipse lies in the direction of lowest precision (highest
standard deviation) and conversely the minor axis shows the direction in which the fix
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is strongest. For some special purpose surveys these directions are important (for
instance it might be useful to know whether 'weaknesses' were along track or cross
track during a seismic survey). Usually, however, it is advisable to select
measurement schemes that lead to error ellipses that are approximately circular. Note
that the probability figure associated with a 1 sigma error ellipse i1s 39.4% which is
significantly smaller than the 68.26% figure associated with a single 'one-dimensional’
standard deviation. The reason for this is that error ellipses are making statements
about the precision of the position in two dimensions. It is somewhat analogous to
throwing two dice and looking at the probability of the same set of events on both.

Error ellipse axes are commonly drawn at a scale 2.447 times their 1 sigma values and
are referred to (correctly) as being 95% confidence regions. A proper, but not
praétically possible interpretation, is obtained by drawing such an ellipse centred at
the true position - then it can be said that 95% of all measured positions should lie
within this figure. In practice they must, of course, be drawn at the estimated
(measured) position and sometimes it is then (incorrectly) said that there is a 95%
chance that the true position lies within this figure.

Finally it is once more emphasised that standard deviations and error ellipses are not
measures of the actual errors - they simply describe the populations from which the
errors come. They therefore should only change suddenly when that population
changes, for example if a new satellite is tracked. Otherwise they should change only
very slowly - reflecting the gradual change in the geometry of the satellite
constellation. Any software that gives rapidly varying positional standard deviations
or error ellipses is wrong. This is not to say that certain test statistics (such as
described in 2.5) cannot vary in a random manner - indeed they should.

2.4 Measures of reliability

Reliability is most usefully measured by means of marginally detectable errors (or
biases) (MDEs). In order to understand MDE:s it is first necessary to understand the
basis of statistical testing but before discussing this topic it is once more emphasised
~ that this report is concemned only with outliers and consequently reliability is
interpreted as the ability of a system to detect outliers and its sensitivity to undetected
outliers. A more general theory for other kinds of biases is available but this is beyond
the scope of this report.
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2.4.1 Statistical Testing

When carrying out a statistical test for outliers a so-called test statistic is computed
(see 2.5 for a recommended test statistic for this purpose). The PDF of this statistic is
known and if its value is so high that it can only be expected to be exceeded in (say)
1% of cases it is assumed that the observation must have been generated by another
process (i.e. it is centred about a different mean) and it is highlighted as a possible
. outlier (for probable rejection). The arbitrarily chosen percentage for this purpose (1%
in the previous statement) is called the level of significance of the test and is often
assigned the Greek letter alpha. In theory, alpha percent of good data will be rejected
but this is a price worth paying to be as sure as possible that bad data (outliers) are
rejected. When bad data is accepted a type 2 error is said to have occurred.

Sometimes outliers may be so small that the test is still passed and data containing
outliers will be accepted. When this occurs a type 2 error is said to have occurred and
the probability of such an event is usually assigned the Greek letter beta. Clearly the
chances of an outlier remaining undetected is a function of the size of the outlier, there
is little chance (small beta) of large outliers remaining in the data whereas small
outliers are very hard to detect (large beta). It is very important to understand that the
choice of beta is of no real practical consequence - the choice only affects what we
can say about the quality of the data - it does not affect what we actually do.

This is in direct contrast to alpha. Varying alpha will affect the amount of data we
accept and therefore the results we obtain. However in practice, and unless the data
has a very large number of outliers, any reasonable value say from 1% to 5% could be
expected to lead to virtually identical results. Varying alpha and beta directly affect
our reliability statement - so whenever a MDE is quoted it will be essential to relate it
to both an alpha and a beta. It is usually very simple to recompute the MDE for a
different alpha and beta if required.

2.4.2 Internal Reliability

Internal reliability is directly measured by an MDE. Its meaning is probably best
explained by an example. Say that values of alpha and beta are chosen to be 1% and
20% respectively and that, using these values, equation (1.64) yields a MDE of 2.7
metres for a particular measurement (phase-aided pseudo range). The following
statement can then be made.
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When outlier detection is carried out with a level of significance of 1% then there is a

20% chance of an outlier of 2.7 metres remaining undetected.

Clearly if beta were increased exactly the same data would be accepted or rejected but
the statement would now include a number less than 2.7 metres (and vice versa). For
any given alpha and beta the MDE is a direct measure of internal reliability. The
larger the number the less reliable the position-fix (good fixes can detect small
blunders).

2.4.3 External Reliability

External reliability is actually a more practically useful concept because it might be
that, in a particular fix, a large undetected outlier may have little effect on the fix (for
instance if it related to a very low weighted low elevation satellite). External
reliability is assessed by the largest horizontal positional MDE. A positional MDE is
simply the effect of a marginally undetected outlier on position. It is computed by first
computing the MDE for each observation and then propagating the effect of each
MDE through the least squares process to the final position. Each MDE will cause a
different positional MDE and it is the largest horizontal component (i.e. worst case)
that is quoted (along with a statement identifying the relevant measurement). There is
an argument that for offshore surveying it would be more practical to use only the
horizontal components of position when computing external reliability. It is however
recommended here that the computations be carried out in three dimensions because :-

. ‘Ease of computation - most computations are carried out in three
dimensional cartesian coordinates

. Generality - three dimensional measures are more likely to be

universally applicable

If a position fix is unreliable it will be clearly shown irrespective of whether two
dimensional or three dimensional measures are used.

Again this is best explained by means of an example. Suppose the positional MDE is
13.6 metres (for SV19) with values of alpha and beta of 1% and 20%. The following
statement could be made.
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Even when outlier detection is carried out with a level of significance of 1% then
outliers can still remain undetected in any of the measurements. The occurrence of an
undetected outlier in the measurement to satellite number 19 would have a more
detrimental effect on the final position than such an occurrence in any other
measurement, and if an MDE occurred at the 20% level of detection in this

measurement it would cause an error of 13.6 metres in the final position.

Finally it should be noted that the value for beta is not (as is sometimes assumed) the
chance of an outlier occurring. This is unknown although it is, of course, expected that
measurement systems will be so designed that outliers occur very rarely indeed.
Anyway it is anticipated that the internal reliability will be such that the following
tests will identify outliers when they do occur so that the necessary action can be
taken. External reliability is concerned solely with the effect of underected outliers on
the final positions. We cannot make any statements about the chances of outliers
occurring - we can only discuss the possibility of detecting them if they do occur, and
their effect if we fail to detect them. This is what is being assessed by reliability.

2,5  Specific statistical tests

It is recommended that two tests be camed out during each position fix computation.
The details of the two test statistics, their PDFs and testing procedures are described
in Appendix C. The purpose of this section is to explain the purpose and interpretation
of the tests.

Firstly it must be emphasised that statistical testing is not formally part of the quality
assessment process in the sense that it does not lead to a number that can be quoted to
describe quality (as in the case of standard deviations for precision and MDEs for
reliability). TEST STATISTICS ARE NOT QUALITY MEASURES.

The purpose of statistical testing is to confirm that the functional and stochastic
models used to compute the precision and reliability measures are indeed correct.
Often tests from one individual fix are not sufficient for this and averages over large
number of epochs need to be considered. It is beyond the scope of this report to deal
with this point in detail - it is sufficient to comment that good quality DGPS software
should have a means of feeding the filtered values of test statistics back into the
models (either manually or automatically). Individual values have no role in this
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process - their use for this purpose would cause quality measures to change rapidly
and it has already been explained (2.3) why this should not happen.

Within least squares all statistical testing is based on the residuals. Note that residuals
are simply the amounts that need to be added to the measurements to make them
geometrically consistent with the least squares estimate of the position, i.e. they are
the corrections to the measurements. Another way to think about residuals is to

consider them to be estimates of the measurement errors (with a change of sign).
2.5.1 w-test

The w-test is used to identify outliers in the data and, given that the long term use of
the unit variance has indicated that the models are correct, the usual action would be
to reject the measurement concerned and repeat the least squares estimation of the

position.

In the event of more than one outlier being detected the usual procedure would be to
reject only the measurement with the largest w-statistic and then to repeat the
computation. It might be that all measurements now pass the test, but if not the
process can be repeated.

Essentially the w-statistic (in the usual case of uncorrelated data) is obtained by
dividing a residual by its standard deviation. It is often referred to as the normalised
residual. Since, for a normal distribution, 99% of such results should be less than
2,576 it is assumed that any value larger than this is very likely to have been caused
by making a measurement with errors from another population, i.e. an outlier.

Finally it is remarked here that, in principle, measurements should not be rejected
without first investigating possible reasons for them being outliers. In practice,
especially in highly automated and complex system, this investigation is unlikely to
be possible in real-time and there is little option- but automatic rejection. It is
nevertheless recommended that a log of rejected data be kept for later investigation.
2.5.2 Unit variance test

The unit variance statistic is computed from equation (1.53) in Appendix C where it
can be seen that (in the common case of uncorrelated measurements) its value is
largely driven by the weighted sum of squares of the residuals. It can be shown that
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the statistical expectation of the unit variance statistic is unity and for this reason
individual values of the unit variance are tested against unity. This does not mean that
any individual unit variance should be exactly unity - merely that on average this
should be so. It is, however, the case that very large individual values of the unit
variance are not expected. The results of unit variance testing can be interpreted as
follows.
. Occasional very small values of the unit variance are not a cause for concern.
The unit variance can even be zero - this just means that the measurements for
the fix in question happen to fit together perfectly.

. Occasional large values (that fail the test) indicate outlier(s) in the data - which
would have been determined by the w-test (see 2.5.1).

. Long-term average significantly greater or less than one indicate model errors.
Tests to identify which kind of model error are beyond the scope of this report
but if residuals are consistently the same sign or if they exhibit other obvious
patterns there is probably a problem with the functional model. If the residuals
are random the problem will lie with the stochastic model.

The importance of the test cannot be over-emphasised. If the models are not right, i.e.
if the long-term average unit variance is significantly different from unity, the results
of the precision and reliability assessment cannot be believed.

2.6  Final Recommendations
It is essential to assess the precision and reliability of each position fix in order to

ensure the quality of the DGPS measurements. Thus it is recommend that the
following processing steps be implemented :-

. w-test for outliers carried out for each position fix
. F-test for unit variance carried out for each position fix
. when no more outliers are identified in any fix, precision and reliability

measures will be calculated
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. PRECISION a posteriori error ellipse

] RELIABILITY external reliability (positional MDE using a
power of test of 80%)
The method by which these measures should be implemented into processing

procedures is shown in Figure 1.
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SECTION 3
MINIMUM TRAINING STANDARDS

Summary

It is not UKOQA's intention to lay down specific details of suitable training courses
nor to vet courses proposed. It will be up to training establishments who wish to offer
courses to decide whether they are going to teach to the syllabi outlined herein.
UKOOA will not "approve" courses and it will be unacceptable for teaching
establishments to refer to their courses as "UKOOA APPROVED" or for students to
say they have any form of UKOOA "qualification".
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Introduction to DGPS Training Guidelines

The objective of the Training Courses is to enable Operators, System Providers and
Client's Representatives to identify and control the procedures for operating
Differential GPS (DGPS) and minimise the possibility of adversely impacting the
system'’s performance. It is intended that this will lead to intelligent use of DGPS and
less reliance on a "black box".

Course attendees must be able to perform the required tasks to a satisfactory standard.
The conditions under which these tasks shall be achieved shall be defined and

documented.

The following training guidelines set the objectives, standards and tasks required for
Marine and Land operations.

3.1  Marine Operations
3.1.1 Performance Objectives

The courses should comprise a series of lectures and demonstrations that briefly detail
the theory of DGPS prior to describing the system configuration and operation. A
series of laboratories or workshops should be included to offer experience of the
system and "hands on" training. Training shall include examples of data sets
illustrating operational situations. The course should offer a series of short seminars
to identify potential errors and attendees shall be required to configure a system and
undertake basic problem solving.

The courses must offer sufficient knowledge and insight into the operation of DGPS

such that attendees will be quite agble to operate and control a system, during a survey,
and achieve optimum DGPS performance.

Due to the nature of GPS it is strongly recommended that all attendees shall keep a
record of their work experience subsequent to the training course and attend a
Refresher Course within 18 months or, if little practical experience has been gained,
within 12 months of the last operation. Training courses are anticipated to last
between 4 days and 2 weeks depending upon the Syllabus offered. The Refresher
Course is expected to last 2 to 4 days.

3.1.2 Task Objectives

The following tasks should be within the capability of personnel completing the
courses satisfactorily:

. Selection of a location and installation of a GPS antenna in the
optimum location available. Use of Section 1 of these guidelines for
installing DGPS Reference/Monitor and Mobile Stations, giving due
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regard to obstructions, signal to noise levels, interference and multipath
sources.

. Installation and operation of a typical, survey quality, GPS receiver for use in
Differential mode in a marine environment. This should cover the
Reference/Monitor site, Mobile Stations and include Health Checks, Data
Correction Initialisation and Transmission.

. Operation of the Differential GPS computer ensuring that performance is not
degraded due to poor knowledge of the system or a lack of knowledge of basic
Differential GPS principles.

Operators shall be sufficiently conversant with a system to modify its
operation should the GPS system or the ship's operation alter. The format of
the Differential Corrections may be Proprietary or conform to RTCMSC 104,
The Operator should be familiar with data formats adopted.

3.1.3 Enabling Objectives

In a more specific sense, the enabling objectives, required to achieve the above level
of understanding and knowledge, are as follows:

a) 1) Identify suitable Antenna Position - For GPS Receiver.
2) Identify suitable Antenna Position - For Datalink Transmitter/Receiver.

b) Identify the communication ports on the GPS receiver.
c) Identify the communications ports on the Corrections/RTCM receiver.
d) Identify cables for - Antenna to Receiver - including the need for

antenna amplifiers
- GPS Receiver to Computer
- Data Correction Receiver to Computer

€) Be capable of installation and check on status of equipment once installed.
This 1s to be achieved by understanding tests for Signal Integrity, Signal to
Noise, requirements for antenna amplifiers and the update rate of corrections.

) Set up the GPS correction or RTCM data parameters in the Data
Correction/RTCM Receiver.

g) Set up the Data Correction/RTCM protocols in the GPS receiver.

h) Correctly set up the GPS receiver for Differential Marine operations. This is
to include output formats, system parameter settings and recording formats.
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i) Correctly select and set up the relevant Data Correction/RTCM and GPS data
formats in the DGPS computer. Due regard is to be given to any Projection or
Datum Shift settings.

i) Be able to check the performance of the datalink and appreciate any errors and
their potential effects.

k) Maintain the correct operation of the DGPS computer during extended periods
of marine survey activities.

[} Appreciate and identify poor quality GPS signals or Correction data, error
sources and their implications.

m) Documentation and log keeping shall be explained in order that the attendees
can maintain adequate project logs to describe the operation and quality of
survey.

3.1.4 Assurance of the Correct Operation

The attendee shall be able to demonstrate his knowledge and understanding of the
DGPS system such that routine maintenance, regular QC checks and basic
troubleshooting are achieved with the minimum of disruption to operations.

In order to achieve this basic aim the Course should offer a number of modules
covering the following:

Basic GPS Principles - Theory, Signals Structure.

Mission Planning, Coverage of Satellites.

Principles of Geodesy (relating to GPS activities) Geoids, Datums, Spheroids.
System Installation - Differential Data, GPS Signals..

GPS Error Sources - How to Recognise and Avoid them. -

Statistics and Quality Measures - Error Sources, QC and Operating Procedures.
System Operations - Data Forrnats, Firmware Upgrade Policies, Bulletin Boards..
Use of Multiple Reference Stations.

Use of Height Aiding and its Affects.

System Integrity Monitoring.

Philosophy of these Guidelines in particular Section 2, Quality Measures
Introduction to Seismic Activities.

Post-processing of real-time data.

3.1.5 Performance to be Assessed and Measured

Some form of assessment of attendees should be made by each course provider which
may involve written/practical examination. This should be provided to attendees and
their sponsors. UKQOOA itself does not wish to become involved in assessing courses
or examinations. Whilst it is hoped that courses will be offered that conform to these

guidelines there will be no attempt by UKOOA to validate them.
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3.2  Land Operations
3.2.1 Task Objectives
A Person attending a training course will be able to carry out the following tasks:

a) Select a location and install a GPS antenna in the optimum location available,
Use of the UKOOA guidelines for installing DGPS Reference/Monitor and
Mobile Stations should be made, giving due regard to obstructions, signal to
noise levels, interference and multipath sources.

b) Install and operate a typical, survey quality, GPS receiver for use in
Differential mode in a land environment. This will cover the
Reference/Monitor site, Mobile Stations and include health checks, Data
Correction Initialisation and Transmission.

c) Operate the Differential GPS computer ensuring that its perfornance is not
degraded due to poor knowledge of the system or a lack of basic Differential
GPS principles.

The Operator shall be sufficiently conversant with the system to modify its
operation should the GPS system or the survey operation alter. The format of
the Differential Corrections may be Proprietary or conform to the US Radio
Technical Commission for Maritime Services Special Committee 104
(RTCM). The Operator should be familiar with data formats adopted.

d) An understanding of the land survey industry requirements shall be obtained
with emphasis on Datums, Datums Shifts, Accuracy Requirements, Heights
and Survey Control.

3.2.2 Enabling Objectives

In a more specific sense, the enabling objectives, required to achieve the above level
of understanding and knowledge, are as follows:

a) 1) Identify suitable Antenna Position - For GPS Receiver.
2) Identify suitable Antenna Position - For Datalink Transmitter/Receiver.

b) Identify the communication ports on the GPS receiver.

c) Identify the communications ports on the Corrections/RTCM receiver.

d) Identify cables for -Antenna to Receiver - including the use of
antenna amplifiers

- GPS Receiver to Computer
- Data Correction Receiver to Computer
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g)

h}

i)

k)

y

Be capable of installation and check on status of equipment once installed.
This is to be achieved by understanding tests for Signal Integrity, Signal to
Noise, requirements for antenna amplifiers and the update rate of corrections.

Set up the GPS correction or RTCM data parameters in the Data
Correction/RTCM Receiver.

Set up the Data Correction/RTCM protocols in the GPS receiver.

Correctly set up the GPS receiver for Differential Land operations. This is to
include output formats, system parameter settings and recording formats.

Correctly select and set up the relevant Data Correction/RTCM and GPS data
formats in the DGPS computer. Due regard is to be given to any Datums or
Datum Shift settings.

Be able to check the performance of the datalink over the terrain and
appreciate any errors and their potential effects.

Maintain the correct operation of the DGPS computer during extended periods
of land survey activities which may require movement over large areas and the
occupation of specific points and datum markers.

Appreciate and identify poor quality GPS signals or Correction data, error
sources and their implications.

Documentation and log keeping shall be explained in order that the attendees
can maintain adequate project logs to describe the land survey operation
difficulties encountered and the quality of survey results with respect to the
object of the task.
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3.2.3 Assurance of the Correct Operation

The attendee shall be able to demonstrate his knowledge and understanding of the
DGPS system such that routine maintenance, regular QC checks and basic
troubleshooting are achieved with the minimum of disruption to the land surveying
operations.

In order to achieve this basic aim the Course shall offer a number of modules covering
the following:

Basic GPS Principles - Theory, Signals Structure.

Mission Planning, Coverage of Satellites, Datalink Coverage and Control
Layout.

Principles of Geodesy (relating to GPS activities) Geoids, Datums, Spheroids.
System Installation - Differential Data, GPS Signals,

GPS Error Sources - How to Recognise and Avoid them.

Statistics and Quality Measures - Error Sources, QC and Operating
Procedures.

System Operations - Data Formats, Firmware Upgrade Policies, Bulletin
Boards.

Use of Multiple Reference Stations.

Use of Height Aiding, its Affects and relating these to Land Survey
Requirements.

System Integrity Monitoring.

These Guidelines, in particular Section 2, Requirements and Philosophy.

Introduction to, Seismic Activities emphasising Land Operations.
3.2.4 Performance to be Assessed and Measured

The assessment of the training and attendees must be included. This data shall be
documented and provided to individuals attending and their Sponsors.

As a guide to the likely duration of training courses the table below show the number
of days recommended by subject and category of personnel.
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TRAINING SYLLABUS

Approximate days per subject by category of personnel proposed.

Attendees Field Station Client | Service Service Operations
Operators | Operators | Reps | Provider | Provider | Geophysicists
Subjects Managers | Sales
UKOOA 1 1 >] 1 1 1
GUIDELINES
Geodesy 4 <4 4 1 2 2
GPS 3 >3 3 2 3 2
DGPS System >3 >3 >3 2 2 1
Operations
Seismic 3 2 1 1 1 0
OPERATORS/USERS
Field Operators Station Operators Client Reps
UKOOA 1 1 1
GUIDELINES
Geodesy 4 4 4
GPS 3 3 3
Ops 4 4 4
Statistic 2 2 2
Seismic 1 1 1
TOTAL 15 15 15
MANAGERS
Service Provider Service Provider Operations
Managers Sales Geophysicists
UKOOA 1 1 1
GUIDELINES
¢ | Geodesy 1 1 2
GPS 2 3 2
Ops 2 2 3
Statistic 1 1 1
Seismic 1 1 0
8 9 8
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SECTION 4

RECEIVER OUTPUTS

DGPS Guidelines
Issue No.l
49



REQUIRED RECEIVER OUTPUT

Minimum required output from a GPS receiver in order to use it as a sensor for
DGPS applications:

1.

Pseudorange (code phase) measurement. It must be defined whether the
measurement is the full distance between satellite and user (ambiguity
resolved) or a fraction of a wavelength and if phase smoothed.

2. Instantaneous doppler, unit Hertz and with time-tag information.

3. Time-tag information for the measurements. It must be clearly defined
whether the measurements are time-tagged at transmission time from the
satellite or at reception time in the receiver. In addition, it must be defined
whether the timing data is compensated not to exceed certain limits (clock
error never exceeds 1 ms in some receivers).

4. Standard deviation of pseudorange measurement.

5. Standard deviation of instantaneous Doppler.

6. SNR (signal-to-noise-ratio), clearly defined.

7. Almanac and epheremis data, according to document 1CD-GPS-200.

8. o and B-parameters, according to ICD-GPS-200, to be used in model for
ionospheric corrections.

9. Conversion factor between GPS- and UTC-time, according to ICD-GPS-
200.

Optional output:

1. Integrated doppler measurement with time-tag information.

2. Carrier phase measurement with time-tag information.

3. Lock counter. This parameter indicates when a cycle slip have occurred.

4. Various flags. The definitions of the flags varies from manufacturer to

manufacturer, but they are needed in order to use all the data outputted in a
proper manner. The most important issue is that the flags are clearly defined.
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SECTION 35

DATA EXCHANGE FORMAT
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SECTION §
DATA EXCHANGE FORMAT

Summary

The current and already widely used UKOOA P2/91 exchange format* was designed
to record raw position data for the purpose of exchanging, archiving and reprocessing
survey measurements. Its primary function is to cater for navigation data recorded on
a seismic vessel towing an array of streamers but the format structure can be adapted
for any vessel recording navigation data. The format is divided into four record types;
header, comment, event and time records for differentiating between 'once-off' survey
or line set-up information on the one hand and data recorded chronologically at
specific event and intra-event times on the other.

P2/91 includes fields for GPS derived co-ordinates but not for raw data. It should be
noted that GPS derived co-ordinates are strictly speaking redundant in the format
when raw data is available. The DGPS working group therefore recommended a new
format, P2/94, which extends P2/91 to include fields for GPS observables, ephemeris
data and differential corrections. This is planned to be introduced during 1994 and it
is the intention that final co-ordinate data will continue to be exchanged via the P1/90
format which UKOOA does not propose to change in the foreseeable future.

The purpose of this section is to briefly describe the general concepts underlying the
P2/94 format and UKOQOQOA's recommendations for its use. The full description of
P2/94 will be issued in separate UKOOA documentation.

* P2 denotes 'raw' data type while /91 denotes the year in which the format
description was initiated.

Format

The proposed P2/94 format is currently being assessed by a number of UK operators
and developers of navigation software. Meanwhile, P2/91 will remain valid until and
for a limited time after, the final P2/94 description is formally released by UKOOA.
The new format has, been structured to ensure that software designed to use P2/91
can still read data from P2/94 simply by ignoring the newly introduced record types.
In P2/94, GPS ephemeris, clock and atmospheric parameters are recorded as headers
which are then replaced with subsequent 'T' records as they change over time. Thus
the introduction of P2/94 should have minimal impact on organisations which do not
wish to record, exchange or archive raw GPS data. However, since it is generally
recommended by UKOOA that sufficient raw navigation data should be recorded to
permit reprocessing and recovery of a survey should the need arise, there is a new
requirement to record GPS pseudo ranges (usually phase smoothed) and differential
corrections at near event time. The P2/94 format caters for this and for more complex
investigative reprocessing involving most GPS observables recorded as event and
DGPS Guidelines
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intra-event records. If differential GPS is being used then RTCM received or other
corrections can be recorded directly into P2/94 on the vessel. In the event that even
greater data integrity is required, GPS observables could be recorded in P2/94 format
at each of the reference and monitor stations. Operators would of course have to make
arrangements with DGPS service providers to have this initiated. In general it can be
stated that the data logging overhead associated with the addition of GPS data is not
significant in terms of time. It is estimated that the overhead in terms of medium
space will be about 150 - 200% (on a comparable terrestrial navigation system based
operation) but will clearly be dependant upon the number of DGPS reference stations
used.

DGPS Guidelines
Issue No.1
56



Use of P2/94 for non-seismic navigation operations

Due to the complexity of navigation data often recorded in marine seismic operations,

there are a considerable number of records in the P2 format which may not be
required on other operations and when logging DGPS data alone. The essential

header, event and time records which are required to support GPS raw data exchange

are detailed as follows:

TYPE RECORD P2/94 CODE

Header | Basic and geodetic parameters H000-H0140
Survey definitions H0200-H02010
Vessel definitions H10@0-H13@0
Survey network definitions H5000-H5600
Parameters (ephemeris, clock,atmospheric}) H6300-H6630
Reference station data, Differential corrections, | HOS##-HOT#H#
height aiding.

Event General event data E1000
GPS observations (time, observable, PRN, ES5##-E56##
quality measure, lock indicator, satellite health)
RTCM SC-104 DGPS correction data E65##

Time GPS Observations T55##-TS6##

Update parameters (ephemeris,
clock,atmospheric)

T6300

DGPS correction data, updated height aiding.

TOSHH-TOTH#

The full format description will be available from the UKOOA secretariat when

ratified.
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APPENDIX A

Suggested Parameters to be Specified by a System User for
Typical Marine Survey Operations
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RECOMMENDATIONS FOR A TYPICAL MARINE
SURVEY.

Section 2 describes the concepts underlying the rigorous measurement of quality of
positioning in terms of both Precision and Reliability.

The purpose of this Appendix is to provide guidance to users on typical acceptance
criteria when DGPS services are utilised to position survey vessels.

It is assumed that the navigation computation is based upon the principle of least
squares and some form of continually filtered, on line network adjustment process.
Broadly speaking the navigation computer to which DGPS and all other requisite
navigation sensors are interfaced should therefore operate along the lines mapped out in
the flowchart (fig.1) presented at the end of section (2) and should be capable of
outputting the following quality control diagnostic information. The presentation
format, some of which is likely to be graphical, will in all probability vary somewhat
depending upon contractor/supplier and will be a matter of user preference.

In order to carry out rigorous QC, the covariance matrix generated by the least squares
computation should be used to generate test statistics and quality measures.

Test Statistics
The recommended test statistics are the w-test and the F-test (unit variance test):

w-test ¢ used to detect outliers (blunders/spikes). Outliers with magnitude greater
than 2.576 are highlighted for each position fix (see Section 2.5.1).

If more than one outlying observation is highlighted in a fix, then only the
largest should be rejected and the L.S. computation (with w-test) repeated.

Acceptance criteria would therefore require that the mean w-test should average zero
over a period of time (e.g. one seismic line).

F-test:  used to verify the model which is being used to account for 'errors’ in the
DGPS observations (e.g. atmospheric refraction, clock offsets, earth
motion). This is done by verifying that the average value of the unit
variance is 1. Again, it is not true that each computation yielding a value
not equal to 1 is a bad one.

Acceptance criteria would, therefore, require that the mean of the unit variance
computed by the F-test for a period of time (e.g. one seismic line) should be 1.

These test statistics should be used to continuously monitor the quality of the DGPS
measurements.



Quality Measures

The quality measures which should be computed and examined for each fix are the
Error Ellipse and External Reliability (positional marginally detectable error) :

Error Ellipse : is an approximate graphical representation of the positional standard
deviation in two dimensions. It should be used to indicate the size of
random errors in the position and also the direction in which the errors
are occurring.

When the ellipse is drawn at a confidence level of 95% (see Section 2.3) then there is a
95% chance that the true position lies within the ellipse which is centred at the
approximate position.

External Reliability : is the effect of the maximum MDE on the computed position.
The Marginally Detectable Errors for each observation are a
means of describing how reliable it is (i.e. how well it can be
checked by other observations).

MDE:s should be computed for each observation (e.g. range to
one satellite) included in the computation. It is important that
the following UKOQA recommended 'Power of Test' and
'Significance level’ (see Section 2.4.1) are used :

Significance level of test should be 1%.

Power of test shouid be 80%

This means that there is a 20% chance that a blunder less than or equal to the stated
value of the MDE will remain undetected.

MDEs may be viewed for each observation. External Reliability is the effect on
position of applying the highest MDE in the set of observations. This is a more relevant
quality measure for a final position than the MDE. The largest MDE could, for
example, be for a low elevation satellite which is weighted out in the final solution.

The important thing to remember is that Reliability is not a measure of the errorsin a
solution, but of the likelihood that errors will be detected if they are present.

Typical Reasons for Poor External Reliability.

If high values of external reliability are seen continually then this suggests that there are
insufficient observables or that they are badly distributed. This could, for exampie, be
due to:

. Poor geometry (satellites clustered in one sector of the
sky/hemisphere),

. Satellite configuration changing,

. Too many low elevation satellites,




. No height aiding.
Ways to Improve Reliability.

The external reliability of a solution should be monitored as, if the values become large
for a long period of time, the data cannot be trusted for this period. The only way to
improve the reliability of a solution 1s to include more observables to constrain the least
squares solution. This can be done by :

. Switching height aiding on (ensuring that fixed height has
standard deviation less than 10m),

. Removing/decreasing elevation mask to include more
satellites (providing that appropriate weighting strategy is
used),

. Including any other knowledge about vessel position (such
as radio-positioning ranges, direction from gyro, speed) in
the solution.

. Including pseudo range corrections from additional
reference stations.

In order to ensure that DGPS is meeting the required positional specifications it is
important to carry out continuous statistical testing and appropriate rejection of
outliers. Quality Measures must be output to provide confidence in the solution and to
alert the user if precision and reliability are poor.



APPENDIX B

Installation Inspection/Health Check Forms
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APPENDIX B1 - GENERAL INFORMATION

Project description

Project number

Contractor

Navigation contractor

Inspection undertaken by

: Déte of inspection




APPENDIX B2 - REFERENCE STATION INSPECTION{HEALTHCHECK.

General

Location name

Coordinates of Reference Station, including geodetic parameters

Photographs, plans, diagrams etc aftached

Contacts

Address, telephone numbers of Reference Station

Name, address, tefephoné numbers nearesi‘ support personnel

Location

Description of Reference Station site

Description of building

Constructed of Type of roof
Size Power supplies
Telecommunications Airconditioning

Description of immediate vicinity
(including distances to buildings, vegetation etc of significant heighf)




Installation

Exterior

GPS Antenna

Manufacturers maximum recommended cable depth

{Antenna location Antenna type
Spare mounted ? Obscurity
Communication Antenna
Antenna/dish location Antenna/dish type
Spare mounted ? Obscurity
Photographs, plans, diagrams efc attached
Exterior/Interior Link
General description of cable routes
GPS cable route
Distance Cable joints
Pinch spots Amplifiers
Communication cable route
Distance Cable joints
Pinch spots Amplifiers

Photographs, plans, diagrams efic attached




interior -

Description of installed equipment

GPS receiver type Number of channels
Communication equipment _types

Processing equipment

Software Manuals etc

Logging equipment Peripherals

Amenities (including safety equipment etc)

Technical inspection acceptable ?

Name Signature Date

Health Check commenced

Control data input validation

Geodetic parameters checked
Printout of stored parameters attached
Derivation of coordinates validated

Abstract of derivation attached

Health check data validated at Monitor Station
Location of Monitor Station

Validation period




Resuilts of datar validéﬁon

Mean excursion from ground truth Eastings
Mean excursion from ground truth Northings
Mean excursion from ground truth Height
Maximum excursion, Eastings

Maximum excursion, Northings

Maximum excursion, Height

. |Scatter plots etc of performance attached

Time series of position and variance from ground truth

SNR levels - DOP's
Pseudo range corrections PRC reception rates
Logging performance Coverage etc

General system performmance
Personnel GPS equipment

Communication equipment Peripherals

Health check acceptable ?

Name Signature Date




