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PREFACE

The IHO Manual on Hydrography general objective is to provide knowledge on the concepts involved in
hydrography as well as guidance to plan and execute hydrographic surveys. The Manual is considered to
be a professional guide for hydrographic surveyors and a tool for teachers and students involved in
hydrographic courses or programs.

The preparation of this Manual started after the majority of IHO Member States (MS) responded in favour
of proceeding with a project that could result in a Hydrographic Manual (1999). The IHB proposed then
the establishment of a Working Group that met for the first time at the IHB premises, 20-22 June 2001,
where the Table of Contents was agreed; Team Leaders were identified to deal with specific subjects,
being responsible for the compilation of experts’ contributions, and a work program was defined. In 2004
a second meeting took place to review the result obtained and decide on a draft version of the Manual.
After collecting comments from MS, the final version was prepared and the IHO Manual on Hydrography
was published.

The Manual is considered to be a worthy product that contributes to the mission of the IHO, whose
objectives are:

» The co-ordination of the activities of national hydrographic offices;

» The greatest possible uniformity in nautical charts and documents;

» The adoption of reliable and efficient methods of carrying out and exploiting hydrographic
surveys;

» The development of the sciences in the field of hydrography and the techniques employed in
descriptive oceanography.

It has to be acknowledged that several Hydrographic Offices (HO) have made great efforts in preparing
and keeping up to date their version of a Hydrographic Manual, almost since their establishment, but the
resources, both, in time and manpower required for this activity have precluded several HOs from
continuing this practice, thus agreeing in the need to co-operate and co-ordinate the efforts for the
preparation of an IHO Hydrographic Manual. A Manual that could be useful to everybody, containing
specific aspects on hydrography and other matter only in general terms, as they are much more
thoroughly covered in existing textbooks which refer to them in considerably greater detail.

The content of this Manual is divided into seven chapters:

» Chapter 1 refers to the principles of hydrographic surveying, including its specifications;

» Chapter 2 refers to positioning;

» Chapter 3 to refers to depth determination, including both the principles and techniques used;
» Chapter 4 provides information on sea floor classification and object detection;

» Chapter 5 refers in particular to water levels and flow;

» Chapter 6 is devoted to topographic surveying applied to hydrography;

» Chapter 7 provides, in a structured way, complete details on hydrographic practice;

* Annexes with Acronyms, Bibliography and other relevant information.

C-13



It is the IHB responsibility to keep this Manual up dated, following inputs from MS and other
organisations who are encouraged to provide the IHB with relevant information in this regard. If needed,
the IHB will request the advice of the FIG/IHO/ICA International Advisory Board on Standards of
Competence for Hydrographic Surveyors and Nautical Cartographers, on the best way to include new
material and/or organise the relevant chapter(s).

The IHB will keep the digital version of this Manual on the IHO web page and will print hard copies on
demand. With the assistance of readers and of Member States, the IHB will aim to maintain this
publication on a regular basis..

The IHB is particularly grateful to Admiral Ritchie of the United Kingdom for his encouragement and
support in writing the Introduction to this Manual.

The IHB would like to thank the following principal authors for their efforts in preparing the final text,
whilst acknowledging that they were ably assisted by many others who remain unnamed:

Capt Muhammad ZAFARYAB (Pakistan), Cdr Lamberto LAMBERTI (Italy), Lt Antonio DI

LIETO (ltaly), Lt Cdr Paul LAWRENCE (UK), Lt Cdr Fernando ARTILHEIRO (Portugal), Lt Cdr Peter
JOHNSON (Australia), Cdr Jerry MILLS (USA), Mr Stephen GILL (USA), Mr Federico

MAYER (Argentina), Mr Hector SALGADO (Argentina), Lt Cdr Bob WILSON (UK) and Lt Cdr David
WYATT (UK).
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INTRODUCTION

BRIEF HISTORY OF HYDROGRAPHY

The oldest navigational chart known today is the Carte Pisane, so named as it was bought in 1829 from a
Pisan family by the Bibliotheque Nationale in Paris. It was drawn on an animal skin towards the end of
the 13'C, probably in Genoa where a school of marine cartography had been established; there was a
similar school in Venice, while a third school was developed on the isle of Majorca. Known as
‘portolans’ the charts produced by each of these schools were similar in style and content. The most
striking feature was networks of interconnecting rhumb lines emanating from compass roses representing
32 winds directions, each one of which could be used with dividers to set a ship’s course. The entire
Mediterranean coastline was depicted, the coastal names shown on the land leaving the sea area clear for
track plotting. There were a few symbols including the cross for submerged rock but no depth soundings.

By the 1%8'C Portuguese and Spanish portolans enabled Mediterranean seamen to sail to southern England
and Flanders to load wool.

For generations the northern seamen had navigated from one headline to another using written directions
and soundings handed down from their forebears, a method of pilotage known as ‘caping the ship’. With
the development of printing Pierre Garcie of Rouen was the first to publish caping information in his
‘Routier de la Mer’, which he illustrated with simple woodcut coastal views.

Cornelius Anthonisz, a draughtsman of Amsterdam realised that woodcut blocks could be used to print
charts on paper, his first being his ‘Karte van Ostland’ of the Baltic and North Seas. Whilst adopting

rhumb lines and other portolan features, he used Ptolomy’s projection which had recently been
rediscovered in Constantinople.

Anthonisz had shown the way but it was Lucas Janszoon Waghenaer of Enkhuizen in Holland who, forty
years on, printed paper charts from copper plate engravings. For many years he had travelled widely as a
sea pilot gathering hydrographic information and when he came ashore at the age of 49 he enlisted fellow
mariners to supply him with such material for compiling his charts. In 1584 Waghenaer published his
great atlas ‘Spieghel der Zeevaerdt’ (Mirror of the Sea) containing 45 charts covering the European coasts
from Norway to the Strait of Gibraltar. He introduced many new features such as coastal recognition
profiles behind the coastlines; reducing the distances between harbours so that their approaches could be
shown on a larger scale; the introduction of symbols for buoys, beacons, church spires etc. and soundings
reduced to their depth at half tide.

Waghenaer had made the great breakthrough in producing a paper chart designed by a seaman for
seamen. He had a number of Dutch followers so that, for over 100 years, Dutch charts were widely
available, even of British waters; eventually King Charles decided that the whole of Britain’s coasts and
harbours should be surveyed.

For this massive task he selected a naval officer named Greenville Collins, granted him the title

‘Hydrographer to the King’' and provided him with the yacht Merlin. The work began in 1681 and took
eleven years.
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There was no general topographic map of the Kingdom to which Collins could relate his charts, nor did
he have any method of finding his longitude and only the quadrant to assess his latitude; his soundings
reduced to low water were fixed by compass bearings of shore marks which in turn were fixed by
compass and measuring chain. In 1693 the resulting charts were published in an atlas entitled ‘Great
Britain’s Coasting Pilot’, which contained 47 charts and 30 pages of tide tables, sailing directions and
coastal views. Precisely engraved, the charts included soundings and leading lines for harbour entry etc.
The Pilot appealed to British seamen, a further twenty editions being published during the next hundred
years.

During the 18C a school of hydrography was formed in Dieppe by the many sea pilots who sailed to
distant shores. In 1661 Jean Baptiste Colbert became Chief Minister to Louis XIV and among his many
tasks was that of revitalising the French Navy. He not only took over the Dieppe school but established
similar hydrographic centres in a number of other French ports. This enabled him to have surveys made of
the whole French coastline, every chart being directly connected to the national triangulation established
by the Cassini dynasty.

Colbert’s cadre of hydrographers were working in New France and the mass of material coming from
Quebec led to the establishment in Paris of the ‘Dép6t Général des Cartes et Plans’, now recognised as the
first national Hydrographic Office. Denmark was the next nation to establish a Hydrographic Office,
followed closely by the British in 1795; a further twenty or so countries established such officB€.in 19

About 1775 two British surveyors, Murdoch Mackenzie and his nephew of the same name were largely
responsible for the invention of the station pointers, a device with which a vessel’'s position could be
precisely plotted by the observation of two horizontal angles between three fixed marks onshore. This
was a major technical advance which revolutionised sea surveying throughouf@heutig which the
demands for navigational charts both for war and peace increased dramatically.

Even before World War | a number of national Hydrographers were considering how international co-
operation could lead to the exchange of and the standardisation in chart design. With the end of the War
the British and French Hydrographers jointly called for an international Conference at which delegates
from 22 countries gathered in London in June 1919. Many Resolutions were adopted by the Conference
concerning chart standardisation and finally a Resolution to form an International Hydrographic Office
with three Directors.

H.S.H. Prince Albert | of Monaco, who had been kept in touch with the Proceedings of the Conference,
generously agreed to provide a building in the Principality to house the Bureau where it remains.

The history of hydrography during the"®D, during which there have been many technical developments,
can be followed in the "5Anniversary Commemorative Issue of the International Hydrographic Review
dated March 1997.
IMPORTANCE OF HYDROGRAPHY
Firstly it is necessary to consider the IHO definition of Hydrography, which stands as follows:
That branch of applied sciences which deals with the measurement and description of the features
of the seas and coastal areas for the primary purpose of navigation and all other marine purposes

and activities, including —inter alia- offshore activities, research, protection of the environment,
and prediction services. (IHO Pub. S-32)
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Therefore, the development of a National Maritime Policy requires a well developed capability to conduct
all these activities which will allow the obtaining of basic knowledge of the geographical, geological and
geophysical features of the seabed and coast, as well the currents, tides and certain physical properties of
the sea water; all of this data must then be properly processed so that the nature of the sea bottom, its
geographical relationship with the land and the characteristics and dynamics of the ocean can be
accurately depicted in all zones of national shipping. In brief, Hydrography, as defined, is the key to
progress on all maritime activities, normally of great national economic importance.

To adequately address areas such as:

» Safe and efficient operation of maritime traffic control;
» Coastal Zone Management;

» Exploration and Exploitation of Marine Resources;

* Environmental Protection;

* Maritime Defence.

It is necessary to create a Hydrographic Service. The Hydrographic Service, through systematic data
collection carried out on the coast and at sea, produces and disseminates information in support of
maritime navigation safety and marine environment preservation, defence and exploitation.

FIELDS OF COMPETENCE ASSOCIATED WITH HYDROGRAPHY
Maritime Transport

More than 80% of international trade in the world is carried by sea. Maritime commerce is a basic
element for a nation's economy. Many areas and ports in the world do not have accurate nor adequate
nautical chart coverage. Modern nautical charts are required for safe navigation through a country's
waters and along coasts and to enter its ports. A lack of adequate nautical charts prevents the
development of maritime trade in the waters and ports of the concerned nations.

The shipping industry needs efficiency and safety. Poorly charted areas and the lack of information can
cause voyages to be longer than necessary, and may prevent the optimum loading of ships, thus increasing
costs. The saving of time and money resulting from the use of shorter and deeper routes and the
possibility to use larger ships or load ships more deeply may produce important economies for national
industry and commerce. It is also very important to note that the SOLAS Convention Chapter V
considers a ship unseaworthy if it does not carry up-to-date charts necessary for the intended voyage.

A solution to these problems would not be possible without the quality maps and charts produced and
continually updated and distributed by a Hydrographic Service. These charts, produced by means of
modern hydrographic surveys, are required to enable the larger ships of today to navigate through national
waters and enter ports the access to which was formerly insecure and therefore are essential tools for the
creation of coastal nations' incomes.

Modern charts also provide information required to create the routeing systems established by
international conventions and to meet the economic interests of the coastal state.

Coastal Zone Management

Adequate coastal zone management includes items such as construction of new ports and the maintenance
and development of existing ones; dredging operations for the maintenance of charted depths and for the
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establishment, monitoring and improvement of channels; control of coastal erosion; land reclamation
from the sea; establishment and monitoring of dumping grounds for industrial waste; extraction of
mineral deposits; aquacultural activities; transportation and public works projects including construction
of near shore infrastructure.

Precise large-scale surveys provide the primary data essential for projects involving all items mentioned
above. Due to the rapid changes to which shorelines are subject, these surveys must be updated with the
frequency dictated by the monitoring and analysis process. The information collected by Hydrographic
Offices about the coastal zone provides essential input to coastal zone GIS (Geographic Information
Systems) which are increasingly being used for better overall management and decision-making with
regard to conflicting uses within the coastal region. The users of hydrographic information go beyond the
traditional user group, mariners, to include government agencies, coastal managers, engineers, and
scientists.

Exploration and exploitation of marine resources

Although intended primarily to support safety of navigation, the extensive data-bases amassed over the
years by Hydrographic Offices, together with their various products and services, are of considerable
economic value in assisting the management and exploitation of natural marine resources. In recent
years, it has become more evident that inadequate hydrographic services not only restrict the growth of
maritime trade but also lead to costly delays in resource exploration.

Coastal and offshore sedimentary areas may contain mineral deposits, in particular hydrocarbons, which
require adequate surveys in order to be identified. If the existence of these hydrocarbons is confirmed,
this will lead to the coastal nation's undertaking development of hydrocarbon production which implies
interpretation of the sea floor morphology; navigation safety for the transportation of these hazardous
cargoes; safety of offshore platforms and related sea floor transmission systems and the placement of
production wells and the laying of pipelines. Bathymetric, tidal and meteorological data provided by a
Hydrographic Service is a fundamental element in the development of a hydrocarbon industry.

The fishing industry is also a source of national wealth. Fishermen need marine information not only for
the safe navigation of their vessels but also for safe deployment of their fishing gear, which will prevent
costly losses. In addition, oceanographic charts, compiled and produced by Hydrographic Offices, are
now being extensively used by the fishing industry.

Fishery activities need detailed charts in order to:

- avoid loss of fishing gear and fishing vessels on undetected or poorly charted
obstructions;

- identify fishing areas;

- locate areas where fishing is limited or prohibited.

This kind of information is subject to frequent changes and therefore needs constant updating.
Hydrographic surveying is essential to obtain timely and up-to-date information and should be
periodically repeated.

The trend of modern fishery science is orientated towards habitat management; bathymetry and other
ocean data will provide important input for proper species management and development.

C-13



Environment Protection and Management

An essential factor for the protection of the environment is safe and accurate navigation. Pollution caused
by wrecks and oil spills are a major damage factor, the economic consequences of which are more
devastating than is commonly imagined, but which, in some cases, have been estimated at US $ 3 billion
for a single incident.

The value of navigation services for the protection of the marine environment has been internationally
recognized. In this respect, it should be noted that Chapter 17 of Agenda 21 of the United Nations
Conference on the Environment and Development (UNCED), held in 1992, recognized that
"Hydrographic charting is vitally important to navigational safety"

Marine Science

Marine science depends largely on bathymetric information. Global tide and circulation models, local
and regional models for a wide variety of scientific studies, marine geology/geophysics, the
deployment/placement of scientific instrumentation and many other aspects of marine science depend on
bathymetry provided by Hydrographic Services.

National Spatial Data Infrastructure

In the information age it is realised by governments that good quality and well managed spatial data are
an essential ingredient to economic and commercial development, and to environmental protection. For
this reason many nations are establishing national spatial data infrastructures, bringing together the
services and data sets of major national spatial data providers, for example topography, geodesy,
geophysics, meteorology, and bathymetry. The Hydrographic Service is an important part of the national
spatial data infrastructure.

Maritime Boundary Delimitation

Good hydrographic data is essential to proper delimitation of the maritime boundaries as detailed in the
United Nations Convention on the Law of the Sea.

Maritime Defense

Navies are major users of nautical chart products in that they must be prepared for deployment to many
areas in the world and typically must maintain a large set of charts. The unique risks associated with the
carriage of munitions and nuclear material make it important for such vessels to have up-to-date
information. The marine data and information provided by national Hydrographic Offices support a
variety of products used in naval operations. Surface, submarine, anti-submarine, mine-hunting and air-
sea naval operations need nautical information products very different one from another. Hydrographic
and oceanographic data necessary for the preparation of such products must be available if national
investment in defence is to be optimised.

Tourism

Good charts are particularly important to the development of the economically important industry of
tourism, especially involving cruise ships. The potential of the cruise ship industry is especially
important to developing nations. Yet this important source of revenue cannot be properly developed if
safe navigation to remote touristic landscapes is prevented or limited by a lack of adequate charts.
Tourism is one of the major growth industries of th& @éntury.
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Recreational boating

The recreational boating community represents a large percentage of mariners. It is generally not
mandatory for leisure craft to carry charts and recreational mariners often do not update their charts;
however, the advent of digital chart information is making it possible for the recreational user to have
updated chart information readily available along with many types of value added information such as
marina locations, etc. This development is likely to result in the recreational leisure sector becoming a
significantly larger user of the hydrographic data as greater numbers of people become able to afford boat
ownership. Again income from this sector is increasingly significant to many countries.

As it can be seen, it is extremely difficult to quantify the economic and commercial benefits which flow
from a national hydrographic programme, but several studies by IHO Member States have suggested that
the cost to benefit ratio is about 1:10 for major maritime nations. It is also true that volumes of maritime
trade are growing continuously and, in the future, the exploitation and sustainable development of the
national maritime zones will become a major pre-occupation of government and industry.

It should also be noted that, in economic parlance, the national hydrographic programme is regarded as a
"Public Good". That is to say the necessary services required in the public interest will not be supplied at
optimal levels by market forces alone. In every IHO Member State the provision of hydrographic
services is a responsibility of central government, as an essential component of national economic
development. This overall and important economic dimension of the work has sometimes been obscured
by the emphasis on sector interests served by hydrographic services, and more recently by legislative or
regulatory requirements. It is clear that the economic dimension of Hydrography deserves greater
attention than it has received in the past.
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CHAPTER 1
PRINCIPLES OF HYDROGRAPHIC SURVEYING

1. INTRODUCTION

Hydrographic surveying deals with the configuration of the bottom and adjacent land areas of oceans,
lakes, rivers, harbours, and other water forms on Earth. In strict sense, it is defined merely as the
surveying of a water area; however, in modern usage it may include a wide variety of other objectives
such as measurements of tides, current, gravity, earth magnetism, and determinations of the physical and
chemical properties of water. The principal objective of most hydrographic surveys, is to obtain basic
data for the compilation of nautical charts with emphasis on the features that may affect safe navigation.
Other objectives include acquiring the information necessary for related marine navigational products and
for coastal zone management, engineering, and séience

The purpose of hydrographic surveyinﬁ is
» To collect, with systematic surveys at sea, along the coast and inland, georeferenced data related to:

¢ Shoreline configuration, including man made infrastructure for maritime navigation i.e. all those
features on shore that are of interest to mariners.

¢ Depths in the area of interest (including all potential hazards to navigation and other marine
activities).

¢ Sea bottom composition.

¢ Tides and Currents.

¢ Physical properties of the water column.

» To process the information collected in order to create organized databases capable of feeding the
production of thematic maps, nautical charts and other types of documentation for the following most
coOMmon USes :

Maritime navigation and traffic management.

Naval operations.

Coastal zone management.

Marine environment preservation.

Exploitation of marine resources and laying of submarine cables/pipelines.
Maritime boundaries definition (Law of the Sea implementation).

Scientific studies.

@ S & & O 0 o

Mariners have unquestioning faith in nautical charts and where no dangers are shown, they believe that
none exist. Nautical chart is an end product of a hydrographic survey. Its accuracy and adequacy depend
on the quality of the data collected during the su&e&snautical chart is a graphic portrayal of the

! NOAA Hydrographic Manual Part-1, Edition July 4, 1976, P-1-3, www.thsoa.org/pdf/fhm1976/part1ch123.pdf

International Hydrographic Organisation, Monaco, National Maritime Policies and Hydrographic
Services (M-2), P-13.

3 NOAA Hydrographic manual Part-1, Edition July 4, 1976, P-1-3, www.thsoa.org/pdf/hm1976/partlch123.pdf
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marine environment; showing the nature and form of the coast, depths of the water and general character
and configuration of the sea bottom, locations of dangers to navigation, rise and fall of the tides, cautions

of manmade aids to navigation, and the characteristics of the Earth’s magnetism. The actual form of a

chart may vary from a traditional paper chart to an electronic chart.

An electronic chart is not simply a digital version of a paper chart; it introduces a new navigation
methodology with capabilities and limitations very different from paper charts. The electronic chart has
become the legal equivalent of the paper chart as approved by the International Maritime Organization.
Divergences in purpose have led to the publication of various “new-generation” charts. Bathymetric
charts developed from digital data or created from multi-beam sounding data allow the underwater relief
to be visualised by means of varying blue tints and isobaths. Similarly, side-scan sonar mosaics have
been published in the form of charts or atlases to characterise the large geomorphological structures.
Such charts no longer have, as their object, the safety of navigation, but rather, the knowledge of the
environment required for submarine navigation, oceanographic research or industrial applications, such as
cable laying, seabed mining and oil exploitation.

Hydrographic surveying is undergoing fundamental changes in measurement technology. Multibeam
acoustic and airborne laser systems now provide almost total seafloor coverage and measurement as
compared to the earlier sampling by bathymetric profiles. The capability to position the data precisely in
the horizontal plane has been increased enormously by the availability of satellite positioning systems,
particularly when augmented by differential techniques. This advance in technology has been particularly
significant since navigators are now able to position themselves with greater accuracy than that of the data
on which older charts are baded

2. HYDROGRAPHIC SURVEYING
2.1 Survey Specifications

Requirements for hydrographic surveys arise as the result of policy decisions, product user reports or
requests, national defence needs, and other demands. The inception of a specific hydrographic survey
project follows an evaluation of all known requirements and the establishment of priorities. Among the
many objective and subjective factors that influence the establishment of priorities are national and
agency goal, quantitative and qualitative measures of shipping and boating, the adequacy of existing
surveys, and the rate of change of the submarine topography in %e area

To accommodate in a systematic manner different accuracy requirements for areas to be surveyed, four
orders of survey are defined by IHO in publication S-#4Bilition 2008 These are described in
subsequent paragraphs. Table 1 summarizes the overall requirements but should be read in conjunction
with the complete standdrd

2.1.1 Special Order This is the most rigorous of the orders and its use is intended only for those areas
where under-keel clearance is critical. Because under-keel clearance is critical a full sea floor search is
required and the size of the features to be detected by this search is deliberately kept small. Since under-
keel clearance is critical it is considered unlikely that Special Order surveys will be conducted in waters

International Hydrographic Organisation, Monaco, National Maritime Policies and Hydrographic
Services (M-2), P-19.

5 NOAA Hydrographic manual Part-1, Edition July 4, 1976, P-2-1, www.thsoa.org/pdf/hm1976/partlch123.pdf

International Hydrographic Organisation, Monaco, IHO Standards for Hydrographic Surveys (S-44),
5" Edition 2008.
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deeper than 40 metres. Examples of areas that may warrant Special Order surveys are: berthing areas,
harbours and critical areas of shipping channels.

2.1.2 Order 1aThis order is intended for those areas where the sea is sufficiently shallow to allow
natural or man-made features on the seabed to be a concern to the type of surface shipping expected to
transit the area but where the under-keel clearance is less critical than for Special Order above. Because
man-made or natural features may exist that are of concern to surface shipping, a full sea floor search is
required, however the size of the feature to be detected is larger than for Special Order. Under-keel
clearance becomes less critical as depth increases so the size of the feature to be detected by the full sea
floor search is increased in areas where the water depth is greater than 40 metres. Order la surveys may
be limited to water shallower than 100 metres.

2.1.3 Order 1bThis order is intended for areas shallower than 100 metres where a general depiction of
the seabed is considered adequate for the type of surface shipping expected to transit the area. A full sea
floor search is not required which means some features may be missed although the maximum
permissible line spacing will limit the size of the features that are likely to remain undetected. This order

of survey is only recommended where under-keel clearance is not considered to be an issue. An example
would be an area where the seabed characteristics are such that the likelihood of there being a man-made
or natural feature on the sea floor that will endanger the type of surface vessel expected to navigate the
area is low.

2.1.4 Order 2This is the least stringent order and is intended for those areas where the depth of water

is such that a general depiction of the seabed is considered adequate. A full sea floor search is not
required. It is recommended that Order 2 surveys are limited to areas deeper than 100 metres as once the
water depth exceeds 100 metres the existence of man-made or natural features that are large enough to
impact on surface navigation and yet still remain undetected by an Order 2 survey is considered to be
unlikely.

2.2 Survey Planning

Survey planning covers a wide range of activities from the development of an idea for a survey within the
Hydrographic Office and its subsequent issue as Project Instructions / Hydrographic Instructions (HIs), to
the detailed planning and organisation of a surveying ship to fulfil a practical task. It covers inter
departmental liaison at Government level, diplomatic cooperation and the allocation of numerous
expensive resources. It also covers prioritization of resources and day to day running of a survey ship
employed on surveying task. Survey planning involves blending of these activities into a coherent pattern
aimed at the achievement of a specific task.

A survey begins long before actual data collection starts. Some elements, which must be detided, are

» Exact area of the survey.

* Type of survey (reconnaissance or standard) and scale to meet standards of chart to be produced.

» Scope of the survey (short or long term).

» Platforms available (ships, launches, aircraft, leased vessels, cooperative agreements).

» Support work required (aerial or satellite photography, geodetics, tides).

» Limiting factors (budget, political or operational constraints, positioning systems limitations,
logistics).

Bowditch -The American Practical Navigator, P-411, http://www.irbs.com/bowditch/
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TABLE 1

Minimum Standards for Hydrographic Surveys
(To beread in conjunction with thefull text set out in IHO S-44 5™ Edition 2008.)

(=]

Reference Order Special la 1b 2
Chapter 1 Description of areas. Areas where under-keel Areas shallower than 100 metrgsAreas shallower than 100 metrgs Areas generally deeper than 10
clearance is critical where under-keel clearance is | where under-keel clearance is | metres where a general
less critical but features of not considered to be an issue fqr description of the sea floor is
concern to surface shipping may the type of surface shipping considered adequate.
exist. expected to transit the area.
Chapter 2 Maximum allowable THU 95%| 2 metres 5 metres + 5% of depth 5 metres + 5% of depth 20 metres + 10% of depth
Confidence level
Para 3.2 Maximum allowable TVU 95% | a =0.25 metre a = 0.5 metre a = 0.5 metre a = 1.0 metre
and note 1 | Confidence level b =0.0075 b =0.013 b =0.013 b =0.023
Glossary Full Sea floor Search Required Required Not required Not required
and note 2
Para 2.1 | Feature Detection Cubic features > 1 metre Cubic features > 2 metres, in
. 0,
Cade oo 100 ot applcabie
and note 3
Para 3.6 | Recommended maximum Line | Not defined as full sea floor Not defined as full sea floor 3 x average depth or 25 metres| 4 x average depth
and note 4 | Spacing search is required search is required whichever is greater
For bathymetric lidar a spot
spacing of 5 x 5 metres
Chapter 2 | Positioning of fixed aids to
and note 5 | navigation and to_pography 2 metres 2 metres 2 metres 5 metres
significant to navigation. (95%
Confidence level)
Chapter 2 | Positioning of the Coastline and
and note 5 ;O;)V?g;zgzy(g%iz sclz%rrlllffilgggééo 10 metres 20 metres 20 metres 20 metres
level)
Chapter 2 | Mean position of floating aids tg
and note 5 navigation (95% Confidence 10 metres 10 metres 10 metres 20 metres

level)

See notes on next page. (Full text of S-44 Edition available free of charge from www.iho.org)
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Recognising that there are both constant and depth dependent uncertainties that affect the
uncertainty of the depths, the formula below is to be used to compute, at the 95%
confidence level, the maximum allowable TVU. The parameters “a” and “b” for each
Order, as given in the Table, together with the depth “d” have to be introduced into the
formula in order to calculate the maximum allowable TVU for a specific depth:

J_rﬁ.'.clr2+'E:'n:n:fl2

Where:

a represents that portion of the uncertainty that does not vary with depth

b is a coefficient which represents that portion of the uncertainty that varies with
depth

d is the depth

bxd represents that portion of the uncertainty that varies with depth

For safety of navigation purposes, the use of an accurately specified mechanical sweep to
guarantee a minimum safe clearance depth throughout an area may be considered
sufficient for Special Order and Order 1a surveys.

A cubic feature means a regular cube each side of which has the same length. It should be
noted that the IHO Special Order and Order la feature detection requirements of 1 metre
and 2 metre cubes respectively, are minimum requirements. In certain circumstances it
may be deemed necessary by the hydrographic offices / organizations to detect smaller
features to minimise the risk of undetected hazards to surface navigation. For Order la
the relaxing of feature detection criteria at 40 metres reflects the maximum expected
draught of vessels.

The line spacing can be expanded if procedures for ensuring an adequate sounding
density are used.

"Maximum Line Spacing" is to be interpreted as the:

- Spacing of sounding lines for single beam echo sounders, or the

- Distance between the useable outer limits of swaths for swath systems.

These only apply where such measurements are required for the survey.

Survey planning continued

Once these issues are decided, all information available in the survey area is reviewed. This includes
aerial photography, satellite data, topographic maps, existing nautical charts, geodetic information, tidal
information, and anything else affecting the survey. HO will normally undertake this strategic planning of
surveys in cooperation with other organisations and, from this, Projects Instructions / Hydrographic
Instructions (HIs) will be compiled by the Hydrographer and issued for compliance. Details provided in
Project Instructions / HIs will include some or all of the following, depending on the type of survey

require&:

Survey limits.
Data requirement and resolution.

8

Admiralty, General Instructions for Hydrographic Surveys (GIHS), Sixth Edition, 1992, P- 5-3.
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* Method of positional control, together with the accuracy expected.

* Use to be made of sonar.

» How the survey report is to be rendered and target date if appropriate.

» A general, and at times detailed, description of the reason for the survey priorities, methods to be
employed, particular observations to be made and other relevant guidance or instruction.

In addition, appendices to Hls will give instruction or guidance on the following:

» Horizontal datum, projection and grid to be used.

* Wrecks in the area.

» Tidal datum and observations required.

» Particular instructions regarding the collection of data in respect of oceanography, geophysics,
sailing directions, air photography etc.

On receipt of Project Instructions/Hls, the survey planners then compile sound velocity information,
climatology, water clarity data, any past survey data, and information from lights lists, sailing directions,
and notices to mariners. Tidal information is thoroughly reviewed and tide gauge locations chosen. Local
vertical control data is reviewed to see if it meets the expected accuracy standards, so the tide gauges can
be linked to the vertical datum used for the survey. Horizontal control is reviewed to check for accuracy
and discrepancies and to determine sites for local positioning systems to be used in the survey.

Development of a general survey plan and subsequent site specific survey plans will create a more
efficient survey. The general survey plan addresses the way that surveys are planned, performed, and
processed. This plan must be well thought out and robust to account for as many contingencies as
possible. This plan includes training, software, equipment maintenance and upgrades, logistics, all data
requirements, schedule, safety, and weather. The site specific survey plan will address local notifications,
survey lines, datum, data density, and specific equipment and personnel that will meet the general survey
plan requirements. Few are described below:

» Training of surveyors should be catered during a survey operation in order to ensure appropriate
competencies are maintained.

» Data logging and processing software are critical in a survey operation. These should be user friendly
and personnel employed on these need to be well conversant with its all functions.

» Suitable survey platform and equipment should be selected. Some equipment will lend itself to
particular types of surveys and others will be more general in use. It is paramount that a proper
selection is made.

* The purpose for the survey will usually dictate the data requirement (density, coverage, and
precision). However, if there are no impact to cost and schedule, then as many requirements should be
addressed as possible.

» Schedule is often a critical element in a hydrographic survey. The data requirement usually has as a
specific deliverable date assigned, such that the survey data collection and processing occur within a
very specific time frame. This requires that the personnel and equipment resources be adequate to
meet this need. In some cases, if the schedule cannot be met, then the survey simply will not be
requested and other sources will be used. Considering this, it is important to plan and analyze all
aspects of a general survey plan with the ability to meet schedule as a prime element.
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» Safety is the primary consideration. It is incumbent on the person in charge in the field to evaluate
every situation for possible hazards. If there is an identified hazard, then it needs to be addressed
before continuing with the activity.

* Notifications to the local authorities / harbourmaster office should be made with enough time to allow
them to notify the local mariners.

» Survey lines for multibeam surveys should follow the contours of the harbour bottom. This will
reduce the changes in bottom coverage created by different water depths. However, when using a
single beam survey system, the lines should run perpendicular to contours. This will help in
determining changes in the bottom relief. Multibeam survey lines also need to be spaced so as to
achieve the proper amount of overlap or data density to meet the survey standard.

» An integral part of the data of a survey is the reference datum. It is required, by good survey practice,
to clearly indicate by note on the published survey the actual vertical and horizontal reference used,
and the procedures used to establish the datum for the survey. WGS-84 is being used worldwide.

» Data density will vary based on method of survey, water depth, and need. The method of survey will
be determined by equipment available for the survey, the personnel, and survey site conditions. If
only a single beam survey system is available, then data density will be less. With a multibeam
system, the greater the water depth the less dense the data will be, unless multiple passes are made.
The type of survey will dictate the data redundancy or data overlap requirements.

» It is important to standardize the equipment as much as possible to limit training, maintenance and
overheads.

2.3 Data Gathering

Data gathering is dependent upon various factors. The survey requirements, the platform and equipment
available and the time specified for a particular task will determine the amount of data to be collected. A
large amount of data can be collected using latest hydrographic software’s and tools like multibeam echo
sounders. In particular, the purpose of the survey will usually dictate the data requirement (data density,
data coverage, and data precision). However, if there is no impact to cost and schedule, then as many data
may be collected as possible during field survey. The data collection be made in methodical manner
starting from one side of the area ending on other.

It should be noted that data redundancy and data density are not the same thing. Data density is the
number of soundings per unit of area, while data redundancy refers to data overlap or data collected at a
different time at the same location. The type of survey defines data redundancy or data overlap
requirements. Full coverage surveys deal more with data density insuring that all bottom
features/obstructions have been located. These need to be clearly understood by those requesting the
survey and those doing the survey to insure compliance with the standards specified by IHO.

24 Data Processing
Data processing must be done under strict quality control criteria. Hydrographic data is either collected by

automated systems or converted into an automated format. Final data processing and plotting are
accomplished using onboard or office-based computer systems. A standard approach for a hydrographic
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survey is the collect-process-collect methodo?og)he data collected is processed and subsequently gaps
and areas with questionable data re-surveyed. Most of the hydrographic systems are capable of
performing “field-finish” operations, wherein survey data is collected, processed, plotted and analyzed in
the field. Comprehensive survey planning is required for an integrated approach that generates the base
line for all real-time and post processing operation with the system. An example of such a model is given

below'®:

Data + Process = Job

Job > Progress Lo
Source Document
2 Process
A
|
| |
] | \_‘_L —

Features/Raw Data Process steps

Fig. 1.1 "Data Processing model"

This model describes the different processes that can ideally handle the hydrographic information. The
process contains several steps. The comments of each process step along with results, statistics should be
recorded in a progress log. Further, the source and general quality information of any new data be
described in source document which is stored in the database.

The core requirement of data processing is the generation of valid data; which has been sufficiently
processed i.e. undergone through various procedures at various stages or represented so that evaluation
can be made. These procedures/processing steps could be applied in real-time or during post processing
but have to ensure that the final product meets the standards and specifications defined by IHO.

Care is to be exercised in processing the raw data. It is to be ensured that all errors have been eliminated
and necessary corrections e.g. system calibration factors and sensor offsets, or variable values such as
sound velocity profiles and tide values for the reduction of soundings, have been applied. The processing
should strive to use all available sources of information to confirm the presence of navigationally
significant soundings and quality data. Few processing steps outlined below are only to be interpreted as
an indication, also with regard to their sequence, and are not necessarily exhaustive

®  B. Bourgeois, F. Petry, M. Harris & P. Alleman, “A GIS Integration Approach for Dynamically Reconfigurable Surveys”,

The Hydrographic Journal, January 1999, P 3-10.

10 Pentti Junni & Ralf Lindgren, “The Hydrophic Information System — Co-operation, Concept and Future”, Finish Maritime
Administration, http://www.esri.com/library/userconf/proc97/proc97/pap619/p619.html

1 JHO, Monaco, Circular Letter 45/2001, “Guidelines for the Processing of High Volume Bathymetric Data”, Para-3.2, dated
5 Oct 01.
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» Position: Merging of positioning data from different sensors (if necessary), qualifying
positioning data, and eliminating position jumps.

» Depth corrections: Corrections should be applied for water level changes, measurements of
attitude sensors, and changes of the draught of the survey vessel (e. g. squat changing with speed;
change over time caused by fuel consumption). It should be possible to re-process data for which
corrections were applied in real-time.

» Attitude corrections: Attitude data (heading, pitch, roll) should be qualified and data jumps be
eliminated.

» Sound velocity: Corrections due to refraction be calculated and applied; If these corrections
have already been applied in real-time during the survey, it should be possible to override them
by using another sound velocity profile with the advent of MBES, the application of S V has
become critical.

* Merging positions and depths: The time offset (latency) and the geometric offset between
sensors have to be taken into consideration.

2.5 Data Analysis

The accuracy of the results of survey measurement should always be quoted to show how good or
reliable they are. Since no equipment is entirely free of errors, therefore, errors are introduced in all

observations. In addition, errors are introduced in computations by approximations in formulae or by

rounding. Observational techniques are designed to eliminate all but small random errors, which can then
be analyzed by rigorous techniques to quantify the accuracy of the observations. Various errors, their
sizes and procedures to eliminate are as under:

ERROR SIZE ELIMINATION

Blunder Large Training, care procedures.

Constant Usually small, but fixed Calibration or procedures

Periodic Usually small, but variable Procedure (repetition), even for
large errors

Random Usually small Only reduced, by repetition

Constant, Systematic and Periodic errors are frequently considered together as ‘Systematic Errors’.
Constant and Systematic errors are accumulative, and thus cannot be reduced by repetition. Random
errors are present in all observations; the result can never be ‘exact’. These errors are as likely to be
positive as negative and more likely to be of small size.

It is important that no method of adjustment can obtain an accurate solution from inaccurate observations.
All errors other than small random ones must be eliminated prior to the adjustment. However, it may be
possible to isolate a ‘systematic’ error by analysis, provided that sufficient data is available. It is clearly
desirable to know when Constant and / or Systematic Errors are present in observations. Constant Errors
are often difficult to detect, and may only become apparent during computation or in special checks, e.g.,
an incorrectly calibrated crystal of a Tellurometer can be detected if that Tellurometer is compared with
another. Periodic and Random Errors however can often be detected by analyzing a series of
observations. The algebraic difference between each observation and the mean of all the observations is
called the Residual of that observation. If only random errors are present, then the Residuals will vary
randomly in magnitude and sign. If systematic errors are present then the magnitudes and / or the signs of
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the Residuals will show systematic trends. To assist in data analysis, raw data attributes and metadata
should be mentioned for subsequent evaluation.

2.6 Data Quality

Quality is about “fitness for the use”. It has to do with the extent to which a data set, or map output
satisfied the needs of the person judging it. Error is the difference between actual and true data. Error is a
major issue in quality. It is often used as an umbrella term to describe all the types of the effects that
cause data to depart from what they shoul. 5o allow a comprehensive assessment of the quality of
survey data, it is necessary to record or document certain information together with the survey data. Such
information is important to allow exploitation of survey data by a variety of users with different
requirements, especially as requirements may not be known when survey data is collected. The process of
documenting the data quality is called data attribution; the information on the data quality is called
metadata. Metadata should comprise at least informatioh on

» The survey in general as e.g. date, area, equipment used, name of survey platform.

» The geodetic reference system used, i.e. horizontal and vertical datum; including ties to WGS 84
if a local datum is used.

» Calibration procedures and results.

* Sound velocity.

» Tidal datum and reduction.

» Accuracies achieved and the respective confidence levels.

Metadata should preferably be in digital form and an integral part of the survey record. If this is not
feasible similar information should be included in the documentation of a survey. Data quality can be
achieved by effective quality control either by automatic or manual Heans

» Automatic (Non-interactive) Quality Control: In this, the coordinates (i.e. positions and
depths) obtained should be controlled automatically by a programme using suitable statistical
algorithms which have been documented, tested and demonstrated to produce repeatable and
accurate results.

* Manual (Interactive) Quality Control: In this, the use of 3-D visualisation tools is strongly
recommended. These tools should allow viewing the data using a zoom facility. The interactive
processing system should also offer different display modes for visualisation, e.g. depth plot,
error plot, single profile, single beam, backscatter imagery etc. and should allow for the
visualisation of the survey data in conjunction with other useful information as e.g. shoreline,
wrecks, aids to navigation etc; editing of data should be possible in all modes and include an audit
trail. If feasible, data displays should be geo-referenced. The flags set during the automatic stage,
which correspond to depths shallower than the surrounding area, should require explicit operator
action, at least, for Special Order and Order 1 surveys. If the operator overrules flags set during
the automatic stage, this should be documented. If a flag is set by the operator, the type of flag
used should indicate this.

12 Ppatrick McGlamery, “Issues of Authenticity of Spatial data”, University of Connecticut USAJMEA Council and

General Conference, http://magic.lib.uconn.edu.

International Hydrographic Organisation, Monaco, IHO Standards for Hydrographic Surveys (S-44), SectibEdittyrb
2008.

IHO, Monaco, Circular Letter 45/200, “Guidelines for the Procesing of High Volume Bathymetric Data”, Para-3.3, dated
5 Oct 01.
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2.7 Data Quality - Presentation
2.7.1 Chart Reliability Diagrams

Traditionally, the quality of bathymetric data has been a subjective procedure. For a user, the quality of
the data which is presented is assessed through the chart reliability diagram. This diagram is displayed as
an inset on a chart and indicates the areas surveyed together with some detail, e.g. scale, line spacing, year
of survey. Unfortunately, the very nature of the information displayed on a reliability diagram, the ability

to qualify data quality is severely limited. For instance, if the chart user is unaware what a pre 1970 sonar
swept area means or what might be inferred from a line spacing of “n” metres, then the reliability diagram

is of little real use in determining the quality of the depth data shown.

The original concept of the reliability diagram was to classify the quality of survey data and depict the
different classifications on a diagram in terms of good, fair or poor quality. The diagram was intended to
provide the mariner with the capacity to assess the danger of deviating from the recommended track.
However, there has been growing concern over the complexity of the reliability diagram and the
increasing difficulty of maintaining it in a form which is simple for the chart user. If they are too
complicated; reliability diagrams become difficult to construct as a cartographic activity, prone to error in
construction, and its use would be ignored by the mariners.

Reliability diagrams fall well short of achieving the fundamental aim of providing an indication of data
guality to the mariner and in a very simple form. Furthermore, given the precise navigation capability
which ENC and the ECDIS can facilitate, users require a far more definitive assessment of data quality to
be available so that they can use the available information prudently. Thus, an alternative to the existing
reliability diagram is required as the final quality indicator.

Source diagrams and similar variants shown on charts are all considered to present similar shortcomings.
2.7.2 Zones of Confidence (ZOC)

The ZOC concept was developed by the IHO to provide a mean of classifying bathymetric data. ZOC
provide a simple and logical mean of displaying to the mariner the confidence that the national charting
authority places on any particular selection of bathymetric data. It seeks to classify areas for navigation
by identifying the various levels of confidence that can be placed in the underlying data using a
combination of the following criteria:

* Depth and position accuracy,
* Thoroughness of seafloor search, and
* Conformance to an approved quality plan.

Under this concept six ZOCs were developed and subsequently approved for inclusion as a part of IHO S-
57. ZOCs Al, A2, and B are generated from modern and future surveys with, critically, ZOCs Al and A2
requiring a full area search. ZOCs C and D reflect low accuracy and poor quality data whilst ZOC U
represents data which is un-assessed at the time of publication. ZOCs are designed to be depicted on
paper charts, as an insert diagram in place of the current reliability diagram, and on electronic displays.

It must be emphasized that ZOCs are a charting standard and are not intended to be used for specifying

standards for hydrographic surveys or for the management of data quality. The depth and position
accuracy specified for each ZOC refer to the errors of the final depicted soundings and include not only
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survey errors but also any other errors introduced in the chart production process. The following
paragraphs summaries individual ZOC specifications:

2.7.2.1 ZOC Al- Position and depth data gathered in accordance with procedures and accuracies
specified. Surveys conducted using recognized technology with a full area search undertaken with the
aim of ensuring that all significant features are detected and depths measured. Typically, the survey
would have been undertaken on WGS 84, using DGPS or a minimum three lines of position with

multibeam, channel or mechanical sweep system. Due to the intensity of data gathering and the
considerable time required to achieve this standard it can be expected that data with a ZOC A1 rating will
most likely indicate critical channels, berthing areas, areas with minimum under keel clearances,

navigation channels, recommended tracks, harbours and harbour approaches.

2.7.2.2 ZOC A2- Position and depth data gathered in accordance with procedures and accuracies

specified. Survey conducted using recognized technology with a full area search undertaken with the aim

of ensuring that all significant features are detected and depths measured. Typically, the survey would

have been conducted using a modern survey echosounder with sonar or mechanical sweep. Although
position and depth accuracies not as high as ZOC Al, seafloor coverage is such that the mariner should
have a high level of confidence in the quality of data.

2.7.2.3 ZOC B- Position and depth data gathered in accordance with procedures and accuracies
specified. However, a full area search has not been achieved and uncharted features, hazardous to surface
navigation, although not expected, may exist. This ZOC indicates to the mariner a reasonable level of
confidence in the quality of data. ZOC B has the same position and depth accuracies as those required for
ZOC A2 and would apply to (e.g.) modern surveys which have not achieved a full seafloor search and
feature detection. The prudent mariner would require more under keel clearance in this ZOC than in ZOC
Al or A2.

2.7.2.4 ZOC C- Position and depth accuracy less than that achieved for ZOC B as described. Depth
data may originate from sources other than a controlled, systematic hydrographic survey (e.g. passage
sounding). A full area search has not been achieved and depth anomalies may be expected. ZOC C
indicates that the mariner should navigate with special care and allow, with due regard to the depth of
water in which they are navigating, greater safety margins to the charted information.

2.7.2.5 ZOC D- Position and depth data is of a very low quality or cannot be assessed due to a lack of

supporting information. A full area search has not been achieved and large depth anomalies may be
expected.
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2.7.2.6 ZOC U- The quality of bathymetric data has yet to be assessed.
TABLE 1.2
Category of Zones of Confidence in Data — ZOC Table
1 2 3 4 5
ZOC' | Positior? Depth Accuracy’ Seafloor’ Typical Survey’
Accuracy Coverage Characteristics
Al +5m =0.50 + 1%d Full area searchControlled, systematit
Depth(m) Accuracy undertaken. Al surve)? high position ang
(m) significant seaflool depth accuracy, achieved
10 +0.6 feature$ detected using DGPS or a minimum
30 +0.8 have had depthsof three high quality lines
100 +15 measured. of position (LOP) and
1000 +10.5 multibeam, channel j[:
mechanical sweep systeny.
Zoc' | Positior? Depth Accuracy’ Seafloof Typical Survey’
Accuracy Coverage Characteristics
A2 +20m =1.00 + 2%d Full area searchControlled, systematit
Depth(m) Accuracy undertaken. Al surve)‘? high position ang
(m) significant seaflool depth accuracy less thin
10 +1.2 feature$ detected ZOC A1, and using
30 +1.6 have had depthsmodern survey
100 +3.0 measured. eachosoundérand a sonaf
1000 +21.0 or mechanical sweep
system.
B +50m =1.00 + 2%d Full area search ngtControlled, systematit
Depth(m) Accuracy achieved; surve)‘? achieving similar
(m) uncharted features,depth but lesser positign
10 +1.2 hazardous tg accuracies than ZOC A2,
30 +1.6 surface navigation, using a modern survey
100 +3.0 are not expectec,eachosoundér but no
1000 +21.0 but may exist. sonar or mechanical sweep
system.
C +500m = 2.00 + 5%d Full AREA | Low accuracy survey qar
Depth(m) Accuracy SEARCH NOT| data collected on an
(m) ACHIEVED; depth| opportunity basis such as
10 +25 anomalies may bgsoundings on passage.
30 +35 expected.
100 +7.0
1000 +52.0
D Worse than Worse Poor quality or data that
Z0CC Than cannot be assessed due| to
Z0CC lack of information.
U Un-assessed
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Notes:

To decide on a ZOC category, all conditions outlined in Columns 2 to 4 of the Table must be met,
Explanatory note numbers quoted in the table have the following meanings:

1. The allocation of a ZOC indicates that particular data meets minimum criteria for position
and depth accuracy and seafloor coverage defined in the Table. ZOC categories reflect a
charting standard and not just a hydrographic survey standard. Depth and position
accuracies specified for each ZOC category refer to the errors of the final depicted soundings
and include not only hydrographic survey errors but also other errors introduced in the chart
production process. Data may be further qualified by Object Class “Quality of Data”
(M_QUAL) sub-attributes as follows:

* Positional Accuracy (POSACC) and Sounding Accuracy (SOUACC) may be used to
indicate that a higher position or depth accuracy has been achieved than defined in this
Table (e.g. a survey where full seafloor coverage was not achieved could not be classified
higher that ZOC B; however, if the position accuracy was, for instance + 15 metres, the
sub-attribute POSACC could be used to indicate this).

*  Swept areas where the clearance depth is accurately known but the actual seabed depth
is not accurately known may be accorded a “higher” ZOC (i.e. A1 or A2) providing
position and depth accuracies of the swept depth meets the criteria in this Table. In this
instance, Depth Range Value 1 (DRVAL1) may be used to specify the swept depth. The
position accuracy criteria apply to the boundaries of swept areas.

*  SURSTA, SUREND and TECSOU may be used to indicate the start and end dates of the
survey and the technique of sounding measurement.

2. Position accuracy criteria at 95% CI (2.45 sigma) with respect to the given datum. It is the
cumulative error and includes survey, transformation and digitizing errors etc. Position
accuracy need not be rigorously computed for ZOCs B, C and D but may be estimated based
on type of equipment, calibration regime, historical accuracy etc.

3. Depth accuracy of depicted soundings for (e.g.) ZOC Al = 0.50 metres + 1% d at 95% ClI
(2.00 sigma) where d = depth in metres at the critical depth. Depth accuracy need not be
rigorously computed for ZOCs B, C and D but may be estimated based on type of equipment,
calibration regime, historical accuracy etc.

4. Significant seafloor features are defined as those rising above depicted depths by more than:

Note: Mariners should have due regard to limitations of sounding equipment when assessing
margins of safety to be applied.

Depth Significant Feature
< 10 metres > 0.1 x depth
10 to 30 metres > 1.0 metre
> 30 metres > (0.1 x depth minus 2.0 metres
5. Typical Survey Characteristics — These descriptions should be seen as indicative examples

only.
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6. Controlled, systematic surveys (ZOCs Al, A2 and B) — surveys comprising planned survey
lines, on a geodetic datum that can be transformed to WGS 84.

7. Modern survey echosounder — a high precision single beam depth measuring equipment,

generally including all survey echosounders designed post 1970.

2.8 Data Production

The final data production can both be in digital and analog form. Schematic diagram is given below.

Data Production

Paper Digital

Smooth Sheet Field Records Spatial Data& Meta Data
Attributes

Data Format

Fig. 1.2 "Digital Production schematic diagram"

Digital data should be in defined format to be directly imported into main database. As each survey
typically includes numerous supporting documents and digital data files, deliverables must clearly be
labelled in a manner that is both descriptive and intuitive to hydrographic office personnel. Ideally,
standard operating procedures agreed by IHO and field units which covers such doecunthetitgtal

data files, are enforceddanual data should be clear, concise and in legible form which is properly
labelled and markéd

After the data is collected, processed and plotted in the form of smooth sheets (manuscript in digital
form), the inventory of the final deliverables is forwarded to Hydrographic office, the inventory of which
should generally includ&

¢ Smooth Sheets.

15 http:/lwww.hydro.navy.gov.au/news/htf/htf.pdf.

18 Lieutenant Eric J. Sipos and Physical Scientist Castle Parker, “NOAA AHB Quality Assurance Inspections for Contract
Hydrographic Surveys”, NOAA Hydrographic Survey Division, USA
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» Digital files of smooth sheet with attributes.
 Raw and processed bathymetric data.

» Tide, sound velocity and vessel configuration files.
* Side scan data files.

» Descriptive report and supplemental reports.

* Field logs and documentation of processing.

» Calibration documentation.

29 Nautical Information System (NIS)

Nautical Information system is the combination of skilled persons, spatial and descriptive data, analytic
methods and computer software and hardware - all organized to automate, manage and deliver
information through presentation i.e. paper and digital charts. Previously, the main use of nautical chart
databases was in the production of paper charts. Advances in navigation technology have set new
demands on accuracy, reliability and the format of nautical charts. The positional accuracy of the chart
should meet the increased accuracy of the positioning systems. To fully benefit from the dynamics of the
modern positioning methods, the need of digital chart has arisen in parallel to the traditional printed
charts. An international standard for digital hydrographic data has been developed by the International
Hydrographic Organization (IHO). The valid version of the standard, S-57 edition 3.1 was adopted as the
official IHO standard in November 2000 and is also specified in the International Maritime Organization
(IMO) Performance Standards for Electronic Chart Display and Information Systems (ECDIS). S-57
describes the standard to be used for the exchange of digital hydrographic data between national
Hydrographic Offices and for the distribution of digital data and products to manufacturers, mariners, and
other data users. The most significant digital product being delivered in the S-57 format is the electronic
navigational chart (ENC). The rapidly increased need for electronic navigational charts (ENC) has led to a
situation for many hydrographic offices where there are two separate production lines for the two
products, ENC cells and paper charts. It is essential for the safety of navigation that the products are not
in conflict with one another. A typical NIS has four main functional subsyéfe(ﬁig 1.3).

» Data Input. The data input subsystem allows the user to capture, collect, and transform
spatial and thematic data into digital form. The data inputs are usually derived from a
combination of hard copy maps, aerial photographs, remotely sensed images, reports, survey
documents, etc.

» Data Base - Storage and Retrieval.Data storage and retrieval subsystem organizes the
data, spatial and attribute, in a form which permits it to be quickly retrieved by the user for
analysis, and permits rapid and accurate updates to be made to the database.

» Data Base - Manipulation and Analysis. The data manipulation and analysis subsystem
allows the user to define and execute spatial and attribute procedures to generate derived
information. This subsystem is commonly thought of as the heart of a GIS, and usually
distinguishes it from other database information systems and computer-aided drafting (CAD)
systems.

o Data Output. The data output subsystem allows the user to generate graphic displays,
normally maps, and tabular reports representing derived information products.

17" Dan Sherrill and Asa Carlsson, “The JANUS Solution for Hydrographic Information”, T-Kartor AB Sweden- Box 5097 - S-
291 05 Kristianstad — Sweden, ds@t-kartor.se & ac@t-kartor.se

C-13



23

INPUT
Maps . i
Conversion | .| Processing Quality
Images »  Module | & Editing » Control
Digital Data Module
DATABASE
Management <
Analysis
OUTPUT
ENC files Paper charts NTMs Queries
in S-57 at various & Other &
format scales publications reports

Fig. 1.3 "NIS Functional Subsystems"

There are four components of NIS; data, hardware, software, and®.usershown in the Fig 1.4, the
components must be integrated; they must be linked together and work in concert to support the
management and analysis of spatial or mapped data.

Hardware Software

Data Base

Data Users

Fig. 1.4 "NIS Components"

8 Lloyd P. Queen and Charles R. Blinn, “The Basics of geographic Information Systems”,
Igueen@mercurry.forestry.umn.edu and cblinnlqueen@mercurry.forestry.umn.edu
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» Data. All data in a database are either spatial data or attribute data. Spatial data tells us where
something occurs. Attribute data tells what occurs; it tells us the nature or characteristics of the
spatial data.

» Hardware. Computer hardware must be able to support data input, output, storage, retrieval,
display, and analysis.

» Software. Software used should be dynamic and have wide variety of functional capabilities.

e Users. The term "user" may refer to any individual who will use NIS to support project or
program goals, or to an entire organization that will employ.

2.9.1 Compilation Process

Data compilation involves assembling all of the spatial and attribute data in NIS. Map data with common
projections, scales, and coordinate systems must be pooled together in order to establish the centralized
NIS database. Data must also be examined for compatibility in terms of content and time of data
collection. Ultimately, the data will be stored in NIS according to the specific format requirements set by
both the user and the chosen NIS software/hardware environment.

When all of the common data requirements are set by the user, a "base map" has been established. A base
map is a set of standard requirements for data. It provides accurate standards for geographic control, and
also defines a model or template that is used to shape all data into a compatible form. A base map is not
necessarily a map rather, it is a comprehensive set of standards established and enacted to ensure quality
control for the spatial and attribute data contained in the NIS.

Once the data are assembled and base map parameters are set the user must translate manuscript data into
computer-compatible form. This process referred to as "conversion" or "digitizing," converts paper maps

into numerical digits that can be stored in the computer. Digitizing can be performed using various
techniques. Scanning is one technique. Another technique is line digitizing which uses a tablet and a
tracing stylus. Digitizing simplifies map data into sets of points, lines, or cells that can be stored in the

NIS computer. Each NIS software package will impose a specific form and design on the way that these
sets of points, lines, and cells are stored as digital map files.

Following figure shows the various types of compilation processes.

Chart Compilation

v v v

Manua Quas- Computer Assiste

Fig. 1.5 "Chart Compilation Processes"
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2.9.1.1 Manual:Traditional cartographic work, is based on colour separation and manual processes. The
fair drawing is a manual method of preparing linework, symbols and topology (names) in accordance with
the chart specifications. High quality linework is achieved by a process called “scribing” where the image
is engraved on a coated film ensuring that cartographic specifications are carefully adhered to. Each
colour used on a map is scribed on a separate film colour plate and symbols and hames are combined
photo-mechanically to produce colour separates for printing. Traditional cartography, defined as the
manual techniques used for the production of a paper chart (before the advent of the computer), can be
split in six component$

. Compilation Work. The selection of the information collected for the production of the new
edition of the paper chart.

. Image generation. The process of assigning symbol type, shape and structure to features on a
map.

. Image registration. The technique to ensure that individual colour components fit each other in
the map.

. Contact copying at scale.The operation used to produce same-size line, half-tone and

continuous-tone positives and negatives by a direct contact process.

. Image separation/combination. The techniques used to produce multicolour maps by the
sequential overprinting of a number of separate colour components.

. Printing. The charts are printed using offset lithographic process.

Quasi — automatic: Quasi-automatic cartography is the combination of manual and computer assisted
techniques used for the production of a paper chart. Although, it contains the steps involved in manual but
some of them are done by automatic means e.g. contouring is done by drafting machines instead of hands.

2.9.1.2 Computer Assisted CartographyTo improve services and to meet the growing demands for
chart, computer assisted mapping systems are also used. The introduction of computer assisted mapping
and geographic information systems have added new dimensions to cartographic techniques and usage of
spatial data. Computer assisted cartographic steps are generally divided into the following fire steps

. Acquisition and Input. Digital data is usually obtained from various sources e.g. digital files or
scanning of old charts.

. Verification. All incoming data is verified for various and checked for formats, scale and feature
coding etc.
. Editing and attributing. Main tasks involve ensuring features are topologically correct,

attributed and symbolized according to Cartographic Digital Standards (CDS). Original
manuscripts that were scanned require geo-referencing, and interactive editing and feature
coding. All text or annotation on the map is added interactively.

9 Lt Cdr Luis Pais, “Production and Distributon of ENC — The Portuguese Experience”, Potugal (IHPT),
hidrografia@hidrografico.pt, www.thsoa.org/pdf/h01/7_3.pdf.

Vic Dohar and Dave Everett, “Geological Map Production for Dummies”, Natural Resources Ottawa, Canada,
vdohar@nrcan.gc.ca,http://pubs.usgs.gov/of/of00-325/dohar.html.
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. Quality Control. A filtering process is used to create a report document that checks the project
for completeness and correct feature attribution. Quality control officers ensure that the chart
meets design specifications and that the digital data conforms to CDS. All maps are reviewed by
the cartographers prior to publication.

. Printing. A final file is created for printing. Modern offset printing process may be single colour
machines or may print multi colours in sequence.

2.9.2 Presentation

The real world is far too complex for a complete description to be practical, therefore a simplified, highly-
specific, view of real world must be used. This is achieved by modelling the reality. The presentation of
hydrographic information may vary to suit a particular use (e.g. it may be presented either graphically,
using symbols or in a textual form). Therefore, the presentation of information should be independent of
its storage. The concept of keeping information storage independent of presentation provides greater
versatility and flexibility. It allows the same data to be used for many purposes without requiring any
change to its structure or content. If the presentation style or medium changes, only the presentation
model has to be changed. Therefore, the model described can be linked to many different presentation
models. For example, ENC and paper charts present the same basic data in different ways via different
presentation modéts

2.9.2.1 Paper Charts.A Nautical Chart is a graphic portrayal that shows the nature and form of the
coast, the depths of the water and general character and configuration of the sea bottom, locations of
dangers to navigation, the rise and fall of the tides, locations of man-made aids to navigation, and the
characteristics of the Earth's magneftfsim addition to its basic elements, a chart is a working document
used by the mariner both as a "road map" and worksheet and is essential for safe navigation. In
conjunction with supplemental navigational aids, it is used to lay out courses and navigate ships by the
shortest and most economical safe route.

Printed charts present all important information such as chart features with appropriate symbology and
descriptive cartographic information texts and symbols. The volume of information is limited due to the
size of the chart as well as the readability aspects of it. One of the most important aspects of the
preparation work of the data to be published on the printed chart is cartographic generalization and
cartographic editing of the data. These include e.g. displacement, aggregation, selection, rotation and text
width, font and placement.

2.9.2.2 Digital Charts. Digital charts means a standardized database, as to content, structure and format,
as shown in Fig 1.6.

2L International Hydrographic Organisation, Monaco, Specifications for Chart Content and Display Aspects of ECDIS (S-52).

2 http://chartmaker.ncd.noaa.gov/ncd/whatis.htm.
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Digital Chart

v v y

Vector Chat Raster Cha Hybrid Char

ENC DNC HCRF BSB

Fig. 1.6 "Digital Chart Types and Formats"

Digital charté® are a new navigation aid that can provide significant benefits to maritime navigation,
safety, and commerce. More than simply a computer graphics display, digital chart systems combine both
geographic and textual data into a readily useful operational tool. As an automated decision aid capable of
continuously determining a vessel's position in relation to land, charted objects, aids to navigation, and
unseen hazards, ENC are a real-time navigation system that integrates a variety of information that is
displayed and interpreted by the Mariner. The most advanced form of digital chart systems represents an
entirely new approach to maritime navigation.

2.9.2.3 Vector Charts

ENC: An Electronic Navigational Chart (ENC) is vector data conforming to IHO S-57 ENC product
specification in terms of contents, structure and format. Issued for use with ECDIS on the authority of
government authorized hydrographic offices, an ENC contains all the chart information necessary for safe
navigation and may contain supplementary information in addition to that contained in the paper chart
(e.g., sailing directions). In general, an S-57 ENC is an object-oriented, structurally layered data set
designed for a range of hydrographic applications. As defined in IHO S-57 Edition 3, the data is
comprised of a series of points, lines, features, and objects. The minimum size of a data is a “cell” which
is a spherical rectangle (i.e. bordered by meridians and latitude circles). Adjacent cells do not overlap.
The scale of the data contained in the cell is dependent upon the navigational purpose (e.g. general,
coastal, approach, harbour). Other than a 5 Mb size limit to the amount of digital data contained in an
ENC cell, there are no specifications regarding the dimensions of a cell as the smallest packaging.

DNC: The Digital Nautical Chart (DN®) is a vector database of selected maritime features that can be
used with shipboard integrated navigation systems (e.g. electronic chart systems), or other types of
geographic information systems (GIS). Similar to IHO S-57 ENCs, the DNC database consists of points,
lines and polygons that contain information regarding hydrography, aid-to-navigation, cultural land
marks, land features, depths, obstructions, etc. Each theme (e.g. hydrography) is stored as thematic layer
with geo-referenced properties. The DNC product is encapsulated using the Digest Annex C Vector
Relational Form (VRF) of encoding which consists of a set of relational database tables. Further the data

2 Lee Alexander, Ph.D., “What is an ENC? It depends who you ask”, Offshore Systems Ltd., Vancouver, BC, Canada,

http://www.osl.com/Support/what_is_enc.htm.
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is organised into series of “libraries” which are groupings of chart coverage which are commensurate with
NIMA'’s groupings of paper nautical charts scales (e.g. General, Coastal, Approach, and Harbour). In the
ECDIS concept a DNC is a “system” electronic navigational chart (SENC) that contains specified data
and display characteristics.

2.9.2.4 Raster Charts

Raster data formats are bitmaps with a geo-reference applied to them. A bitmap is a generic term for a
computer image made up of a rectangular grid of very small (254 per inch is one standard) coloured
squares or pixels. These bitmaps are usually generated by taking the original chart and scanning them to
create a digital picture of the chart. Once this image has been acquired, a geo-reference is applied. This is
the process of relating the grid positions of the bitmap pixels to their corresponding latitude and
longitudes. In this way, a computer can relate pixel position to latitude and longitude. However, the
system has no knowledge of the details of the features and details (such as the coast line) in the raster
images it displays. Raster charts are produced by scanning at high resolution the original colour separates,
which are used to print the paper charts. The digital files are carefully georeferenced to enable navigation
software to map geographic positions to locations in the image. Metadata is added describing the chart, its
datum, projection and other information about the chart and the digital file.

Hydrographic Chart Raster Format. (HCRF): This is the format developed by UKHO and used for its
Admiralty Raster Chart Service (ARCS) and the Australian HO for its Seafarer Chart Service. Raster
charts have the same standards of accuracy and reliability as paper charts. These are used with authorised
compatible Electronic Charting Systems (ECS).

BSB Format: The (BSB) format is basically one or more raster images compressed in to an efficient
package that is accompanied by the chart details within the package. These chart details include the geo
referencing required for determining latitude and longitude as well as other particulars such as, scale,
depth units, chart name, etc. The BSB format separates a chart into images depending on the number of
compartments a chart contains where a ‘compartment’ is defined as main chart, chart inset, and chart
continuation

2.9.2.5 Hybrid Charts

Ideally the master versions of all discrete digital cartographic product data would be held in vector form.
The rise in capacity of computer systems over recent years has opened up the alternative of transferring
quickly to digital methods by raster scanning the existing printing separates, and then using hybrid
raster/vector techniques during a changeover period. Raster masters are replaced by vector masters in a
sequence determined by costs and business priorities.
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AHO
CAD
CD
CDS
DNC
ECS
ENC
ECDIS
GIS
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HI
IHO
IMO
NHO
NIMA
NIS
NTM
QC
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VRF
WGS
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ANNEX A

ACRONYMS

Admiralty Raster Chart Service
Australian Hydrographic Office
Computer aided drafting

Compact Disk

Cartographic Digital Standards

Digital Nautical Chart

Electronic Charting System

Electronic Navigation Chart

Electronic Chart Display and Information System
Geographic Information System
Hydrographic Chart Raster Format
Hydrographic Transfer Format

Project Instruction/Hydrographic Instruction
International Hydrographic Organisation
International Maritime Organisation
National Hydrographic Office

National Imagery and Mapping Agency
Nautical Information System

Notices to Mariners

Quality Control

Raster Nautical Chart

System Electronic Navigational Chart
United Kingdom Hydrographic Office
Vector Relational Form

World Geodetic System
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CHAPTER 2
POSITIONING

1. INTRODUCTION

Determination of position with relative reliability is the fundamental problem facing the reference frame
of'a Geographic Information System (GIS) and the principal purpose of the science of geodesy.

Determination of position for points on the earth’s surface requires the establishment of appropriate co-
ordinates in the selected geodetic reference system (DATUM).

The minimum information output, when the tool ‘co-ordinates’ is selected by the user, should be:

e The parameters that fully describe the reference system;
e The required co-ordinate details for the selected cartographic symbol or point.

In this way it is possible to unambiguously define the co-ordinates of a point or object with reference to
the real world.

2. PRINCIPLES OF POSITIONING
2.1 The Earth

Calculation of position with repeatable accuracy is the central problem for the geographical reference of
terrestrial information and the principal function of geodesy.

The geographical position of a point on the earth’s surface can be defined in relation to a mathematically
defined reference surface which is used in place of the true surface of the Earth (very close to an ellipsoid
of rotation or bi-axial).

Reference surfaces should have two fundamental characteristics:

e mathematically defined;
o closely fitting the true surface in the desired location.

Reference surfaces used for limited areas are very often:

o the ellipsoid of rotation (or bi-axial);

e the local spheroid;

e the horizontal plane (or tangent plane);
e the geoid.

The first three have purely arithmetical definitions and they are used for horizontal positioning; the fourth
surface has a physical definition and has a relationship with the others for height/separation value. A
three-dimensional position is defined by 2 horizontal co-ordinates and a vertical component which is the
height above the reference surface.
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Normal to the ellipsoid

Physical surface
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ellipsoid
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Fig. 2.1 "The Earth"
2.1.1 The Ellipsoid

The ellipsoid is a fourth order surface on which all curves of intersection with a plane are ellipses, which
eventually degenerate into circles. For any selected point on the ellipsoid surface and for the normal to
the tangent plan at this point, the ellipses produced by the intersection with such a surface and the normal
form endless continuing planes, they are known as normal sections and have, at that point, a number of
varying bending radii. This variation is a continuous function of the ellipsoid latitude of the selected
point, of the ellipsoid shape parameters and the azimuth of the produced normal section. The two normal
sections, which correspond to the minimum and maximum curving radii, are defined as the principal
normal sections.

For geodetic purposes the ellipsoid of revolution, produced when an ellipse is rotated about its semi-
minor axis, provides a well defined mathematical surface whose shape and size are defined by two
parameters: lengths of semi-minor axis (b) and semi-major axis (a). The shape of a reference ellipsoid
can also be described by either its flattening: f=[(a-b)/a] or its eccentricity: e=[(a-b*)¥?/a].

Figure 2.1 shows the general relationship between geoid, ellipsoid and the physical shape of the earth.
Figure 2.2 shows the structure and parameters of the ellipsoid.
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Fig. 2.2 "The Ellipsoid"

The ellipsoid surface is regular and derived mathematically; it is for these reasons that, as a reference
surface, it is the widely used for horizontal co-ordinate systems. However it is of limited use as a
reference for heighting as it is such a coarse approximation of the earth’s shape.

2.1.2 The local Sphere

A local sphere is a reference surface which, at a selected latitude, has a radius equal to the geometric
mean between the curving radii of the two principal normal sections of the ellipsoid being replaced at the
point of interest on the surface.

Substitution is acceptable within a radius of approximately 100 km (in Geodetic Field) from the point of
tangency between ellipsoid and sphere, it involves shifts in distances and angles of less than the
sensitivity of the best survey tools (distances: 1cm +/- 1ppm; angles: 0.1").

Within a radius of 8 km (in Topographic Field) from the same point, it is acceptable to replace the sphere

with a tangent plan, causing a shift in comparison with the ellipsoid surface less than the above stated
accuracies.
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2.1.3 The Geoid

The Geoid, defined as the equipotential surface of gravity strength field, is used as a reference surface for
heights; Mean Sea Level (MSL) is the best approximation of such a surface. The physical meaning of
gravity equipotential surfaces may easily be checked, as every point should be orthogonal to the direction
indicated by a plumb line.

Unlike the ellipsoid, the Geoid can not be mathematically created or utilized in calculations because its
shape depends on the irregular distribution of the mass inside the Earth.

2.2 Datum

A Datum is a Geodetic Reference System defined by the reference surface precisely positioned and held
in the space; it is generated by a compensated net of points.

The SP-32 (IHO - Fifth Edition 1994) defines a geodetic Datum as “a set of parameters specifying the
reference surface or the reference co-ordinate system used for geodetic control in the calculation of co-
ordinates for points on the Earth;, commonly datums are defined separately as horizontal and vertical”.

The determination of a unique reference surface for the whole Earth, essential for the use of satellite
systems and associated survey and positioning techniques, has in the past been of little interest and
difficult to achieve, due to the essentially local character of geodetic and topographic survey techniques.
For this reason, there are many local geodetic systems worldwide, all defined with the sole purpose of
obtaining a good approximation only for the area of interest.

Furthermore, for each nation it is normal to find two reference surfaces defined in different ways, because
there has been a clear separation between the determination of positions for the horizontal (local ellipsoid)
and the vertical (local geoid / mean sea level). Figure 2.3 attempts to show this relationship.

local ellipsoid

Geoid —=

‘ﬁ-_‘_‘_‘_“

geocentric ellipsoid

Fig. 2.3 "Datum orientation"
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2.2.1 Horizontal Datum

Horizontal Datum is a mathematical model of the Earth which is used for calculating the geographical co-
ordinates of points. A reference bi-axial ellipsoid in association with a local system is a horizontal
geodetic reference system (that is bi-dimensional). It is defined from a set of 8 parameters: 2 for shape
of the ellipsoid and 6 for position and orientation. Such a reference system is not geocentric, that is the
ellipsoid centre is shifted from Earth’s centre of mass by a quantity of about 100 metres; additionally the
ellipsoid axes symmetry is not aligned to the mean terrestrial rotational axes, although angular shifts are
very small, an order similar in quantity for the accuracy of the more sophisticated angular measurement
capabilities.

The local ellipsoid must be positioned and orientated with regard to the Earth to enable translation from
the measured geometric quantity (distances, angles, difference in elevations) to the calculation for the
relative position associated with a point of known ellipsoid co-ordinates, conventionally selected in
relation to local requirements. With satellite technology developments, it is now possible to directly
obtain co-ordinates in comparison with a geocentric system which require no modification by the user and
can be used internationally. In the past, when geocentric positioning was not possible, the only way for
positioning and to directly reference systems was to establish an initial point (point of origin) and a
connection with the local astronomic system (defined by the local vertical and by the terrestrial axis of
rotation).

There are two parameters for shape which identify an ellipsoid, the other six (6 degrees of freedom of a
rigid body in the space) which must be determined in the initial point, are:

ellipsoid or geodetic latitude;

ellipsoid or geodetic longitude;

geoid elevation (or orthometric height);

two components for the vertical deviation;

ellipsoid azimuth for a direction that has the origin as its point.

opo os

The policy continues that to connect the two fundamental surfaces, ellipsoid and geoid, selecting the point
of origin for a known geodetic height, has to have an astronomically determined latitude and longitude.
You therefore force the ellipsoid co-ordinates of the point of origin to coincide with the astronomical or
celestial co-ordinates.

This condition produces two fundamental effects:

a. It binds a preset point on the ellipsoid to a direction in the space (eliminating two degrees of
freedom);

b. It makes sure that the point is coincidence with the ellipsoid normal axis and with the geoid
vertical axis (a further two fixed degrees of freedom removed).

Ascribing the point of origin ellipsoid height to be coincident with known geodetic height and aligning
the ellipsoid rotational axis in the direction of the astronomical North, it is possible to fix the remaining

two degrees of freedom of the ellipsoid relative to the geoid:

a. Sliding along the normal/vertical;
b. Rotating around to it.

On completion of these operations, the local ellipsoid of reference is focussed on the point of origin. See
Figure 2.4 for a graphical depiction of the relationship between 2 ellipsoids.
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Fig. 2.4 "Horizontal Datum orientation"

2.2.2 Type of datum

Local geodetic systems employed in geodesy and cartography before the advent of satellite systems were
based, as previously stated, on ellipsoids which approximately fitted the local geoid surface.

In this way, in operational applications, adjustments between the vertical and ellipsoidal normal are
reduced and almost negligible, angular measurements on the ground can be quoted for ellipsoidal figures
without corrections. This situation can be considered valid in cases for smaller nations with a limited
surface area; it can also be acceptable, but with a degraded approximation, for wider zones, such as the
whole of Europe or the United States.

The demand for wider reference systems has grown during recent decades in concomitance with the
general globalization process.
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For the past 50 years, it was recognised that there was a need to find a unique reference system for the
whole globe, on which to present cartographic, geodetic and gravimetric products. The advent of satellite
geodesy has made the adoption of single geocentric references essential and advanced the need to create a
good middle approximation for every part of the globe.

The first systems with these characteristics were developed by the Department of the Defence of the
United States: WGS60, WGS66 and WGS72 were increasingly reliable models of terrestrial physical
reality, the culmination being the creation of WGS84.

WGS84 is the acronym for ‘“World Geodetic System 1984’ and it defines the system as geodetic and
universal in 1984. It is represent by an OXYZ Cartesian system with the origin at the centre of the
Earth’s conventional mass and Z axis directed towards the conventional earth North Pole (CTP.
Conventional Terrestrial Pole), as defined by BIH (Bureau International Le Heure) in 1984, today named
IERS (International Earth Rotation System). The X axis is at the intersection of the origin meridian plan
passing through Greenwich, defined by IERS in 1984, and the CTP referred to the equatorial plane. The
Y axis completes a clockwise orthogonal rotation and lies on the equatorial plane at 90° east to the X axis.
The Cartesian terms match the Earth. The co-ordinate origin and axes are also at the centre of mass and
the axes of the ellipsoid are coincident with the system (ellipsoid bi-axis, geocentric WGS84), the Z axis
is the axis of symmetry.

EUREF, the IAG (International Association of Geodesy) sub-commission, which is responsible for the
European Terrestrial Reference System realisation (ETRS), approved the European Terrestrial Reference
Frame (ETRF) in 1989. The ETRF89 system is a realisation of the WGS84 system.

2.2.3 Datum transformation

With the development of a unique model, it became possible for all charts to be on only one reference
system; however the transformation of charts from one datum to another is not a simple operation. For
this reason many charts in circulation today are still referred to old systems.

Cartesian co-ordinates referred to a geocentric system or geographical co-ordinates referred to a
geocentric ellipsoid are generated via satellite positioning techniques. To transform these co-ordinates
into the local system related to the operational area, it is necessary to apply algorithms with parameters
determined by means of probability computations in order to adapt the very precise satellite measured
results to the net realised by the local system with its inevitable deformations.

Every ellipsoid, which is locally oriented, inevitably shifts from the geocentric one adopted in the WGS84
system, not only due to the different parameters but, importantly, also for centre position and axis
orientation. Therefore, the geographical co-ordinates for the same point in the local datum and in the
global one are different, the shifts translated into distances can be of hundreds metres.

The diagram shows the dimensional differences between the ellipsoid of Hayford and the corresponding
WGS84:
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WGS84 Hayford

Equatorial Polar
System Semi-Axis Semi-Axis
[m] [m]

WGS84 6378 137 6356 752.31

k EDS50 6378 388 6356 911.95

Note that the WGS84 ellipsoid is smaller both in the equatorial and polar dimensions.

The variations in dimension and origin are reflected in geodetic latitude (or ellipsoidal) and in the North
horizontal co-ordinates (Gaussian) of a point on the earth’s surface; the same occurs with ellipsoidal
longitude and East co-ordinates.

The comparison with the geographical co-ordinates risks creating considerable confusion in the
evaluation of horizontal co-ordinates definable by the adoption of the Gauss (UTM) representation. In
fact, shifts in Gaussian co-ordinates are not the same as linear value shifts in ellipsoidal co-ordinates.
This is because the length of the arc subtended by a degree of latitude or longitude depends on the
dimension of the ellipsoid and also because it changes the point of origin. It is therefore vital to provide
users with complete information and the necessary training to understand the problems.

To transform geographical and horizontal co-ordinates from one system to another it is necessary to apply
to every point some variation in A, AL, AN, AE, which are functions of the point; the shifts to be applied
to every point alter with the position.

The transformation between two different local datums, in a same area, is often performed using
empirical methods, based on the fact that the two reference surfaces, even though different, are very
similar and the principal difference is one of orientation. In the case of the transformation between a
global geocentric system, such as the WGS84, and a local geodetic system, the two surfaces are separated
from each other and it is therefore necessary to apply more general algorithms of transformation.

Datum transformation has assumed considerable importance with the advent of GPS; in practice it is
usually necessary that a GPS survey includes some points from the old geodetic system in which the
survey must be structured; it is thus possible to calculate suitable transformation parameters which are
valid for the immediate area of interest.

The simplest and most commonly used method consists of assuming the existence of a rotation and

translation of the axes with a scale factor in the Cartesian systems connected to the aforementioned
ellipsoids:
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Where:
X1Y17Zy) Cartesian co-ordinates of a point in the first system (S1);
X:Y27Z,) Cartesian co-ordinates of the same point in the second system (S2);
(Xo Yo Zy) co-ordinates, in S2, of S1 origin;
(1+K) scale factor;
(Ey E, E,) rotations around S1 axes (expressed in radians and acting in anti-clockwise
sense).

Such a model implies the perfect geometric congruence, except for scale factor, between all the points of
the geodetic network, determined with GPS methods (for example in S2) and the same points, determined
with the traditional techniques of triangulation and trilateration in S1. Naturally, this is not always the
case in reality, mainly due to distortions induced in the classical geodetic networks from the propagation
of errors which inevitably characterise the traditional procedures of measurement. The relationship (2.1)
holds in most cases if it is applied within the limited extensions of the networks.

If together with it (2.1) the following formulae are used:

X=(N+h)-cos@-cosh  \_ a
Y =(N+h)-cos@-sinA \/cosz(p—i—(l—(x)z-sin(p
Z=[1-of N+h] sing

with 2.2)

They connect the geodetic co-ordinates @, A, & h related to the ellipsoid with semi-axis ‘a’ and ellipticity
(or compression or flattening) a, with the co-ordinates X, Y & Z related to the geocentric associate
Cartesian system, the transformation formulae between the different systems are produced in geodetic co-
ordinates.

The seven parameters, knowledge of which are necessary to apply (2.1), can be determined, in a local
system, as the solution of a least squares adjustment, in which the observed quantities are the co-ordinates
(Cartesian or geodetic) of a certain number (> 3) of points in the network, obtained via both GPS
observations in S2 and classical terrestrial methods in S1.

2.2.4 Vertical datum

The first element necessary for the definition of height is the reference surface.

Once this is established, the orthogonal direction necessary for the measurement of elevation is specified,
while the scale along that direction evolves from the reference system realisation.

As a result of the way these elements are selected, different systems of heights can be defined:

a. ‘h’ Ellipsoidal height: adopting as the reference surface a bi-axial ellipsoid,
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b. ‘H’ Orthometric height (or elevation above Geoid surface): choosing as the reference an
equipotential surface of gravity strength field, approximate to the MSL isolated from the
periodic oscillations and shielded from the a-periodic ones (Geoid).

The second system enables the preservation of the physical meaning of height on the MSL. However,
mathematical complications arise when determining the difference between the two surfaces (ellipsoid —
geoid), known as geoidal undulation, knowledge of which is necessary to connect the two systems of
heights.

The following figure shows the main relationship between ellipsoidal height h and orthometric H.

ellipsoid

Fig. 2.5 "Vertical Datum"

In a first approximation, to within a few millimetres:

hp = Hp +Np (2.3)

h,, is measurable with the GPS, while H,, is observable with levelling operations corrected for gravimetric
observations; N, (geoid height or undulation) is the elevation above the surface of the projected point P
on the Geoid along the geoid vertical (plumb line). This formula is an approximation because it does not
consider length differences between the normals or different scale factors which result from the different
kinds of observations. For cartographic purposes the error produced by this approximation can normally
be ignored.

For the traditional altimetry in cartographic work, MSL is conventionally assigned zero elevation (or
level), since the surface of the sea is available from almost every where. The MSL is sufficiently
determined from tide gauge observations over a long period to filter it from the short term affects of tide.

The SP-32 (IHO — Fifth Edition 1994) defines MSL as “the average HEIGHT of the surface of the SEA at

a TIDE STATION for all stage of the TIDE over a 19-year period, usually determined from hourly height
readings measured from a fixed predetermined reference level (CHART DATUM)”.
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For a specific area of interest, the local Geoid is defined as the equipotential surface of the gravity
strength field for a pre-determined point within the same area (usually a point on or near the coastline
located at the conventionally defined MSL height).

Starting from this point, assumed as the fundamental zero level reference, using techniques of geometric
levelling, it is possible to attribute a geoidal height to each point, known as benchmarks, in a network
which extends over on the whole area, the elevation reference frame.

Depending on where we stand, the MSL can be nearer or farther away from the Earth’s centre in
comparison with another point; the elevations do not benefit from a global definition of the mean level of
the sea and presently there is no global elevation reference system which enables unification or the direct
comparison to be achieved between heights measured in various elevation systems.

23 Co-ordinates systems

The position is usually defined through curvilinear co-ordinates such as the latitude, the longitude and the
height above the reference surface. In this case it is providing a position in (2+1) dimensions.

It is correct and necessary to distinguish between the following co-ordinate systems:

Plane rectangular (Grid);
Spherical;

Ellipsoidal (Geodetic);
Geoidal (Astronomical).

o o

according to whether the plane, the sphere, the ellipsoid or the geoid is used as the surfaces of reference.

The ellipsoidal co-ordinates are also termed geodetic, while the geoidal co-ordinates are the astronomical
ones.

According to this interpretation, the term ‘geographical co-ordinate’ is a general term which includes the
types mentioned in ¢ and d.

24 Principles of cartography

The representation of the ellipsoid on a plane (horizontal) surface is the fundamental problem and
objective of Cartography.

Such a problem is made more complex by the ellipsoidal surface not being developable (or of the
spherical surface in narrower field) on a plane surface. Thus it is not possible to transfer details from a
three dimensional reference surface to a paper plan without the parameters which describe them
(distances, areas, angles) suffering considerable deformations. Finding the best method of achieving this
transfer will be focussed, therefore, towards the removal of some of them, or towards containing them
within acceptable limits.

According to the selected method there are:
a. Charts in which distances are preserved (equidistant charts):  this condition cannot be
achieved for the whole paper, only along particular directions. It means along certain lines

that the relationship (scale) is preserved between the measured distances on the paper and the
measured distances on the reference surface;
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b. Charts in which the areas are preserved (equivalent or equal area charts): this condition can
be achieved over the whole paper. It means that the relationship is preserved between a
measured area on the paper and a measured area on the reference surface. Linear and angular
deformations are introduced, however, which create alterations of shape;

c. Charts in which the angles are preserved (conformal charts): this can also be achieved over
the whole paper. It means that the measured angle between two geodetics transformed on the
paper is equal to the angle between two corresponding directions on the reference surface
(ellipsoid or sphere);

d. Charts in which the scale is the same in all directions at any point (orthomorphic charts):
angles round a point are preserved and small shapes are not distorted over the entire paper;

e. Charts in which none of the element above is rigorously preserved but where the relative
deformations are contained within suitable tolerances (aphilatic or not orthomorphic charts).

Three indices allow the evaluation of the deformation entity, and therefore to calculate relative
corrections. They are termed ‘forms of linear, superficial and angular deformation’ and they are
respectively given from:

m, =dl'/dl
ms =dS'/dS (2.4)
m, =a'-a

where with dI’, dS’& o’ being the geometric elements belonging to the paper and with dl, dS & o the
corresponding elements for the ellipsoid (a’- a is the angle by which the element ds has to rotate to get
itself to ds'). The linear and superficial elements must be infinitesimally small to be able to quickly
identify the size of the deformations.

The choice of the cartographic system depends on the purpose for which the chart is being produced. If
the chart is to be used for navigation, it will have to be conformal. The angles on the paper (for example
the angles between the courses marked on the paper and the meridians) will replicate, without variations,
the direction of the vector angle.

The procedure, through which a connection is established between the points of the ellipsoid and the
points of the cartographic plane, can be:

a. Geometric: which consists of establishing a projective relationship between them through
appropriate geometric constructions, followed by relative analytical processes (trigonometric
in general);

b. Analytical:  consists of establishing a non-projective analytical connection between the
points. It is necessary to write a system of equations which links the geographical co-
ordinates of the various points on the ellipsoid to the orthogonal plane co-ordinates on the
sheet referred to an appropriate system of axes.

The first method of chart construction is named ‘projection’, the second ‘representation’. The two
methods are not incompatible, each system can be articulated through an arrangement of equations and
appropriate projective systems can correspond to various analytical systems, even if they are sometimes
approximate.

In modern cartography it is preferable to build charts through "representations".
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Mixed systems exist in which selected elements of the network are transformed with one system and other
elements with another. Such systems are termed ‘projections or modified representations’, they are
commonly used in chart construction due to the particular characteristics they confer on the end product,
which would not have been created in a pure projection or representation.

2.5 Projections
2.5.1 Perspective (or geometric) projections

To reproduce an ellipsoid determined section of a chart, it is necessary to study the centre of the area and
to find the tangent plane to the ellipsoid at that point. It is then possible to project the ellipsoid geometric
figures on such a plane from a suitable centre of projection.

Depending on the selected position for the point of projection, various transformations are produced, each
with particular characteristics.

The centre of projection can be set:

a. at the ellipsoid centre (centre graphic or azimuthal projection): the charts produced with this
system are useful for navigation, because the transformation of the arcs of maximum
curvature of the single local spheres produces segments of straight lines on the plane of
projection;

b. in relation to the point diametrically opposite to the zone to be represented (stereographic
projection): it is the only conforming perspective projection and it is generally used for polar
zones cartography;

c. atthe extension of the diameter, but external to the ellipsoid (‘scenographic’ projection);

d. always on the same diameter but at infinite distance (orthographic projection).

2.5.2 Conic projections

The conic projection consists in taking a conic surface positioned according to the portion of ellipsoid for
which the paper has to be created and projecting the ellipsoid on the conic surface from the centre of the
ellipsoid. Subsequently, the conic surface will be turned into a plane and the chart so produced will not
be deformed (equidistant) along the line of tangent; elsewhere it is aphilatic or not orthomorphic. The
most common case is represented by the ‘direct conic projection’, which, in order to make it conformal,
Lambert has maintained unchanged the projection principle for tracing the meridians but he has replaced
an analytical representation system for the projection method for tracing the parallels. This is an
orthomorphic modified projection.

2.5.3 Cylindrical projections

Cylindrical projections are obtained by taking a cylindrical surface, variously prepared, tangent to the
ellipsoid and projecting above it the points belonging to the ellipsoid, from its centre.

Among the numerous possibilities of position for the projection cylinder, we are going to consider two

which originate, after the development on the plane, the two cartographic systems most used: the direct
cylindrical projection and the inverse one.
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2.5.3.1 Direct cylindrical projection

The projection cylinder is a tangent to the equator and it has a coincident axis with the terrestrial ellipsoid
smaller axis. The meridian and parallel grid (graticule) transforms itself, from that cylinder, in a series of
straight lines orthogonal between them. The projection is aphilatic or ‘not orthomorphic’ in an equatorial
band; it is conformal and deformations are small in proximity of the equator but they grow approaching
the poles.

The direct cylindrical projection can be made conformal and orthomorphic introducing an analytical
connection between the parallels on the ellipsoid and the parallels on the chart; it remains the projection
origin of transformed meridians.

The modified chart obtained in this way, termed Chart of Mercator (or Mercator projection), has the
advantage of being conforming and presenting geographical grids transformed as straight lines orthogonal
between them. In summary, this appears to be the ideal cartographic system for the equatorial area. For
areas at the mean latitudes, a cylindrical surface intersecting the ellipsoid can be considered: there will no
longer be an absence of deformations on the equator, but there will be on the two selected parallels,
reductions in the band between and expansions in the external zones.

Additionally, the Chart of Mercator allows the navigation using ‘loxodrome or thumb line’. Though not
representing the shortest distance between two points, which is the geodesic or orthodrome, the
loxodromes are followed for short distances, because the route angle can easily be equated to the mean;
for this reason, such charts are of usually employed for navigation.

2.5.3.2 Transverse cylindrical projection

The projection cylinder is tangent to a meridian with axis placed above the equatorial plan and the
ellipsoid surface is projected above it from the centre of the ellipsoid itself. Deformations do not take
place on the meridian of tangency; but they increase with increasing distance from it.

Meridian and parallel grid (graticule) are transformed into a net of curves that intersect at the same angles.
The affect of the deformation is limited by reducing the zone to be projected, achieved by dividing the
terrestrial surface into zones of limited width (generally 15° of longitude), and by projecting them above a
cylinder tangent to their central meridian, along which deformations are avoid. To reduce deformations
further, intersection of the cylinder, rather than a tangent, can be introduced. In such a method, the
absence of deformation does not occur on the central meridian, but on two intersecting lines which are
symmetrical to it: in the area enclosed between these lines there are contractions, while outside these
zones there are increasing expansions.

2.5.4 Representations

The Gauss representation, which is the basis for official cartography of many countries, ‘analytically’
transforms the geographical grid (fig. 2.6), through very complex equations of correlation, in a network
very similar to that obtained through the inverse cylindrical projection, by conferring on it the
fundamental characteristic of conformity (in addition to those common to projections: rectilinearly
between equator images and a meridian, and equidistance along a meridian).

The absence of equidistance (except for the selected central meridian) involves scale variation on the

paper, in relation to the position of the measured element. The deformation increases with distance from
the central meridian and equator. To reduce deformations the surface to be represented is carefully
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delineated; the ellipsoid is divided into zones with the central meridian (or zone meridian) chosen as the
reference meridian on which the equidistance is achieved.

Through the correspondence formulae or Gauss equations, it is possible to obtain the cartographic co-
ordinates, and therefore the plane, of the preset points on the ellipsoid (e.g. nodes of the geographical
grid) on a plane representation X-Y (or N-E), remembering that the transformed meridian is shown by the
X axis and that the Y one is shown in the parallel direction to the projection cylinder axis.

" 70 =60 50 40 -30 -20 -10 O 10 20 30 40 50 6O 70 B0

+y=E

Fig. 2.6 “Geographic grid”

On paper, points with the same abscissa or ordinate are discreet straight lines parallel to the axis.
Drawing onto the chart plane some of these straight lines (those corresponding to integer numbers of
kilometres), creates a lattice network of squares, called a ‘grid’.

In modern charts, on the sheets only the grids are shown, while the geographical grid (graticule) is shown
only with traces of parallels and meridians on the sheet margin.

The presence of the grid allows operation in the horizontal field within the whole zone, with the only need
for correction being the distances calculated through co-ordinates with the aid of linear deformation
coefficient. Since the transformed curve of the geodetic is not a straight line segment corrections to the
angles (through ‘chord reduction’) have to be introduced.

The cartographic system based on Gauss representation is internationally recognised as ‘Universal

Transversal Mercator Projection’ or ‘UTM’ because of the analogy with the inverse cylindrical projection
obtainable from the direct cylindrical projection (Mercator).
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2.5.5 Universal Transverse Mercator projection

Universal Transverse Mercator (UTM) co-ordinates are used in surveying and mapping when the size of
the project extends through several region plane zones or projections and are also utilised by the NATO
Armies, Air Forces and Navies for mapping, charting and geodetic applications.

Differences between the UTM projection and the TM projection are in the scale at the central meridian,
origin, and unit representation:

The scale is 0.9996 at the central meridian of the UTM projection;

The northing co-ordinate (NUTM) has an origin of zero at the equator in the Northern
Hemisphere up to latitudes eighty four degrees north (84° N);

The southing co-ordinate (SUTM) has an origin of ten million meters (10,000,000 m) in the
Southern Hemisphere up to latitudes eighty degrees south (80° S).;

The easting co-ordinate (EUTM) has an origin five hundred thousand meters (500,000 m) at
the central meridian.

The UTM system is divided into sixty (60) longitudinal zones. Each zone is six (6°) degrees
in width extending three (3°) degrees on each side of the central meridian.

To compute the UTM co-ordinates of a point, the TM co-ordinates must be determined:

The UTM northing or southing (NUTM, SUTM) co-ordinates are computed by multiplying
the scale factor (0.9996) at the central meridian by the TM northing or southing (NTM, STM)
co-ordinate values;

In the Southern Hemisphere, a ten million meter (10,000,000 m) offset must be added to
account for the origin;

The UTM eastings (EUTM) are derived by multiplying the TM eastings (ETM) by the scale
factor of the central meridian (0.9996) and adding a five-hundred thousand meter (500,000
m) offset to account for the origin;

UTM co-ordinates are always expressed in meters.

UTM Northings, Southings, and Eastings

Northern Hemisphere: Nurm = (0.9996) Nty
Southern Hemisphere: Sutm = (0.9996) Syrm + 10,000,000 m
Easting co-ordinate: Eyrv = (0.9996) Ery + 500,000 m

The UTM zone (Z = UTM zone number) can be calculated from the geodetic longitude of the point
(converted to decimal degrees):

- Z=(180+2)/6 (east longitude)
- Z=(180-2)/6 (west longitude)

If the computed zone value Z results in a decimal quantity, then the zone must be incremented by one
whole zone number.
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Example of UTM Zone Calculation:

A=15°12"33.5609" E

7 =195.20932247 / 6 = 32.53448
Z=32+1

Z=33

In the example above, Z is a decimal quantity, therefore, the zone equals seventeen (32) plus one (1).

3. HORIZONTAL CONTROL METHODS

31 Introduction

In the hydrographic field, the topographic survey, established to frame geographically the coastal territory
or to create the land marks for hydrographic surveying, is carried out commencing from previously

established topographic stations with co-ordinates already determined by geodetic survey operations.

Such points and the connecting network, termed the primary control, produce the adopted geodetic
reference system (Datum).

Their horizontal determination can be obtained by:

a. classical methods of survey (astronomical observations and measurements of angles and
distances);

b. mixed methods of survey;

c. photogrammetric methods of survey.

The first two methods accomplish the basic control networks, primary or of inferior order, via
triangulation, trilateration and traverse operations. Afterwards, from the points of the primary control, the
control can be extended as required for the particular survey needs with further measurements of angles
and distances.

The development of the satellite technology has allowed the determination both of the stations of a
primary basic control network and the points of the secondary control network to be derived without a
geometric connection between them, until the topographic survey level of a particular site.

3.2 Classic method

3.2.1 Triangulation

3.2.1.1 Principles and specifications

In every country within their national boundaries some points are known, termed trigonometric stations,

monumented in some fixed way and connected to each other in some form of a sequence of triangles,
possibly of equilateral form.
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The survey technique, called triangulation, creates, by primarily measuring angles, the determination of
points of a triangular network, with every triangle having at least one common side.

The development, formed by triangles, can be made by continuing the networks (fig. 2.7a) or in a first
phase ‘made by chain’ (fig. 2.7b). This last method has been successfully applied for the survey of states
which are wide in latitude or in longitude (i.e. Argentina).

Additionally the chains can be related to themselves, in the case of a survey of a long and narrow zone; in
such a case it is relevant to a more rigid scheme, such as quadrilateral with diagonals (fig. 2.7¢).

Fig. 2.7

Scale in a network can be achieved by the measurement of a single baseline, with all other measurements
being angular. However errors of scale will accumulate through the network and this is best
controlled/corrected by measuring other baselines. (NB. Before the advent of Electronic Distance
Measurement the measurement of distance was a long and difficult task.)

Finally the orientation of the network has to be determined through measurement, by astronomic means,
the azimuth of one side. As with scale, further azimuths should be determined throughout the network in
order to correct/control the propagation of errors.

3.2.1.2 Base and angles measurements
To clarify how a triangulation survey is conducted, the aim is to determine the co-ordinates of points A,
B, C, D, E and F (fig. 2.8); the points are connected so that they form a sequence of triangles. In general

the AC side (normally named “base” in triangulation) and all the angles of the various triangles are
measured: a,, By, v, of the ABC triangle; ay, B2, V> of the ABD triangle, and so on.
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Fig. 2.8

The base length of the primary triangulation is in the order of about ten kilometres, and therefore, the
measurement of the angles needs particular care; it is necessary to use theodolites reading to one or two
tenth of a sexagesimal second, the purpose being to obtain, with suitable reiterations, the measurement of
the directions with a root mean square error in the order of tenths of seconds.

To achieve measurements within these tolerances, particular importance should be attached to the targets,
which need to be of conspicuously large structure and of suitable colouration. Diurnal or night time
brightly lit targets can be used; the diurnal ones are produced by heliostats (or heliotropes) and at night by
projectors. Both must allow collimation adjustments removed of any phase error and therefore require the
presence of an operator at the point to be collimated.

Therefore in every triangle, having measured all three angles, the precision of each measurement needs to
be verified; to calculate the error of angular closure (or angular closing error) of every triangle, verifying
that the results are less than the pre-fixed tolerance:

e, :‘Z“i ~180° <t @.5)

where the summation Xo; is the sum of the measured angles with the spherical excess removed; then to
adjust the measured angles using a rigorous method or empirically adding to or subtracting from every
angle a third of the angular closing error.

3.2.1.3 Computation and compensation
Once completed the verification of the tolerance, the first triangle ABC (in fig. 2.8) can be resolved,

knowing a base and the three angles determining the other two in general through the application of the
sine rule:
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AB=AC.2T: (2.6)
sin f3,

BC=AC-— ! @.7)
sin B,

We are now able to resolve the second triangle ABD, having determined its base, always applying the
sine rule and so on.

If there is more than one measured base, it is necessary to use rigorous methods to conduct the
compensation adjustment. The most frequently used method is of indirect observations:

The hyper-determination (over abundance of measurements) of the network allows the compensation
adjustment calculation to be undertaken with a least squares approach.

Then, for instance, taking the ABD triangle (fig. 2.9), the unknown values are generated by the most
probable values of the horizontal co-ordinates of points A, B, D (listed with X, Xg, Xp, Ya, Yg, Yb,).
Such co-ordinates are expressed as the sum of an initial approximate value and the relative corrections to
apply to produce the resultant more probable final value by the use of the principle of the least squares.
Once the angular measurements are adjusted, the operations requiring completion are:

a. Formulation of a generating equation for every effected measurement. Particularly we

impose the condition that an angle (i.e. a,), has to be equal to the difference of the two angles
of direction measured on the AD base and on the AB base:

a, = (AD) - (AB) 2.8)
from which:

@, — (AD) + (AB) = 0 2.9)
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Fig. 2.9
The system of generating equations is an impossible task because the number of the equations
(one for every measurement) is greater than the number of the unknowns (affect of the hyper-

determination method).

The unknowns are contained in the measured angles of direction, they can be expressed in the
following way:

(AD)=arcrg [(X5 - X, )/(Yo - Y, )] 2.10)

(AB)=arcrg [(Xs - X, )/(Ye - Y, )] @11

Developing in Taylor’s series, the function ‘arctg’ of the two varying X; and Y; (f[X,Y;]) for a
point whose co-ordinates X;° and Y;°® represent the initial approximate co-ordinates of the points
of the triangle, the increments x; and y; from these points constitute the corrections to be applied
to calculate the adjusted final values (more probable value).

For present purposes, the development of the series terms greater than the first degree are
considered negligible and are ignored:

fIX;, Y, 1=fIX7, YT+ ‘8 fIx,Y, ]/ax‘(xo,yo)xi + ‘8 fIX,Y, ]/ay‘(XO’YO)yi (2.12)

b. Formulation of the system of generated equations, imposing the existence of a observation
residual (v;) resulting from the presence of inevitable accidental errors in the measurements; a
generated equation of the type:

a, —(AD)+(AB)=v, @.13)
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Such a system results to being algebraically indeterminate since the number of equations is now
less than the number of the unknowns (having inserted the observation residuals).

c. Formulation of the system of normal equations in the unknowns, corrections x; and y;
introduced in the expression (2.12), resulted in imposing the condition that the sum of the
squares of the observation residual, v;, to be a minimum. At this point the system is
algebraically determinable with the number of equations equal to the number of the
unknowns; it will allow the establishment of the adjusted values of the horizontal co-
ordinates of the points of the triangulation.

3.2.2 Trilateration
3.2.2.1 Principles and specifications

This method of surveying is similar to triangulation, as the co-ordinates of a number of points are
calculated by connecting the points in order to form a network of triangles with common sides, but where
the principal measurements are distances not angles.

With the advent of the Electronic Distance Measuring (EDM) equipment and Electro-optic Distance
Measuring (EODM) equipment, trilateration has wide applications and can totally replace triangulations;
however the two methods normally coexist giving rise to mixed networks.

While in triangulations the controlled development of elements (triangles) can be achieved by measuring
three angles for each triangle (control can be immediate through the sum of the three angles), in
trilateration control has to be accomplished by examining adjacent triangles, after having calculated the
angles in terms of the measured sides.

As for triangulations, for primary networks, the creation of a point of origin is always necessary and an
azimuth by astronomical techniques for the control of orientation.

3.2.2.2 Angles and distance measurements

In comparison with triangulation, which can be undertaken by one operator with no requirement for the
targets to be occupied except when using helioscopes or other lighting arrangements, trilateration always
requires the occupation of the targets with prisms or some other form of reflector. This disadvantage is
balanced by the advantage of being able to operate under less than perfect conditions of visibility, which
allows more flexibility in planning and reduces working time.

3.2.2.3 Computation and compensation

By using the technique of indirect observations, calculation of compensation follows the same procedure
of that related to triangulations. Generating equations are formulated in relationship to the measurements
of sides and to satisfy the condition given, by Pitagora theorem, to the co-ordinates of points at the

extreme of the measured side.

Taking the triangle in fig. 2.9, the equation relating to measured side AD will be:

(X5 - X, F+(Y, - Y, F-AD =0 2.14)
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As for triangulations, developing (2.14) in a Taylor’s series, around an approximate value of the co-
ordinates for points A and D (XD°, X4, Yo , YAO), and considering only the first degree terms of such a
development, the following expression can be produced:

(X8 - X3 +20%g - X2 Joep -3 )+ (Y8 - YR F +2(Y8 - Y2 )yo -y4)-AD' =0 s

where the increases (xp — X4) and (yp — ya) represent the corrections to apply to the initial approximate
values of the co-ordinates, in order to create the adjusted most probable values.

The introduction of observation residuals and the application of the principles of least squares enable the
writing of the algebraically determined system of normal equations for the unknowns x; and y;.

3.3 Mixed method

When combining observations made by different systems it is necessary to make allowance for
both differences in accuracy and the measurement units; for instance angles may be measured in
seconds of arc to #4” and a distance in metres to = 0-15m. This is done by weighting each
observation in proportion to its assessed quality and is achieved by scaling each observation
equation by 1/Standard Error (1/c) where o is expressed in the same unit of measure as the
observation.

Standard Errors of equipments should be defined by the authorities using them. They will
normally result from a combination of experience and equipment manufacturer’s guidance. A
theodolite which can be read to 1” might be expected to have a ¢ of #4” and a mid range
Electronic Distance Measurement (EDM) a ¢ of (£0-05m £5ppm). For EDM there are two
elements; a fixed error, in this example 0-05m, and a variable error Sppm i.e. 5 parts per million
of the distance measured. These two elements have to be combined to give a Root Mean Square
(RMS) error for the actual distance measured. For example for a distance of 10km we would
have

& =(0.05) +(10,000x 5x10 ] m (2.16)

An advantage of scaling observation equations by 1/c is that the resulting equations become
dimensionless. A distance equation in metres is multiplied by 1/c also in metres and therefore all
units are removed thereby allowing different types of observation to be combined.

In Least Squares Adjustment, the mathematical process for solving a set of simultaneous
equations where there are more observations than unknowns, using matrix algebra this weighting
is achieved using a “Weight Matrix” of the form (for 3 observations a, b and c):

1
— 0 0
o 2.17
w=|0 iz 0 2.17)
g,
1
0 0 —
i o! |
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It should be noted that the Weight Matrix, as shown above, contains 1/variance i.e. (1/6°) for
each observation, rather than (1/c). Whilst this might appear to be at odds with the text above,
this is a function of matrix algebra and the actual result within the matrix equation is indeed to
scale each observation by (1/o).

It is common to find that EDM distances are given more weight than angles but the degree is
very much a function of the particular equipments used and the distance measured.

3.3.1 Traverse
3.3.1.1 Principles and specifications

The traverse surveys are frequently used in topography when undertaking more specific surveys over
large areas or where lines of sight are obscured. These surveys are conducted by determining the co-
ordinates of numerous points, connected to form a polygonal network. With the exception for the first
and last points, the stations in a traverse have to be accessible and generally each station is visible from
both the preceding and the following, marks for measurement of angles and distances.

Whether the first and last points of a polygonal network coincide or not, a traverse can be either closed or
open. Whether absolute co-ordinates of some stations are known or not, it can be either oriented or not
oriented.

In old topographical models, triangulation was the only available technique for creating a network of
points over a wide area. Traverses were reserved for connecting points of the lowest order within a
detailed survey. If the area was very small, a small network for closed traverse was surveyed; but if the
area was large and the chart had to be at a large scale within the nearest known stations, the traverse
connected the triangulation points and it was said to be open. Now days the use of EDM or EODM
enables the survey of traverses over many kilometres and the programming of the surveys with more
accurate traverses, which can directly connect to points of a national primary triangulation, completely
replacing inferior order triangulation.

A significant defect with traverses is in the progressive increase of the error in the direction of progress,
such error is the algebraic sum of all the errors created in the measurements of angles and distances from
each mark, known as propagation of errors.

3.3.1.2 Base and angle measurements
In relationship to the measurements, of which there has to be at least one distance, the traverse can be:

a. Iso-determined: number of measurements equal to the number of the unknowns (co-
ordinates of stations). If ‘n’ is the number of marks, the number of measurements necessary
is equal to (2n — 3);

b. Over-determined: number of redundant measurements in comparison to those necessary,
thus there is a possibility to effect a control of the accidental errors, to adjust them and finally
to obtain an evaluation of the precision of the final results. Furthermore, given the lower
number of possible redundant measurements, the degree of over-determination can be at the
most 3; empirical methods are applied for the adjustment of traverses rather than rigorous
ones.
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3.3.1.3 Computation and compensation

It is understood that the horizontal angles in association with the points of a traverse are those which are
produced by making a clockwise rotation from the preceding direction towards the direction of advance.
The calculation of the angles at a point in a traverse is therefore rigorous; knowing the angles of a
direction it is possible to calculate the difference between the forward and back angles, if the difference is
negative it is necessary to add 360°.

This is called the ‘rule of transport’; a direction at a point A; is given by the sum of the direction at the
preceding point A;.; and the angle to the point A;, the measured angle between the two sides; if necessary
360° are added to or subtracted from the result to give a direction between 0° and 360°.

3.3.2 Not Oriented Open Traverse (iso-determined)

Reference fig. 10, the calculations to be developed in succession are:

Fig. 2.10

a. Calculation of the angles of direction of the sides through the rule of the transport,
remembering that the angle of initial direction (AB) it is obtained from the established local
reference system (with direction of the x-axis on the first AB side and y-axis orthogonal to it).
For example the angle of direction (BC) it is:

(BC)=(AB)+ a, +180° 2.18)

b. Calculation of the initial co-ordinates, having defined as a partial reference system those
centred on the preceding point to that being observed, with axes (indicated in the figure by x’
y’, X’ y”’) parallel to those initially described. For example, the co-ordinates of point C in
comparison to point B are:
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Xc@) = BC- sin(BC) (2.19)

Yes) = BC - cos(BC) (2.20)

c. Calculation of the final co-ordinates in comparison with the first local reference system
centred on point A, which has the co-ordinates X, = 0 and Y, = 0. The final co-ordinates of
point B are:

XB - XA +XB(A)

2.21
Yg = YA +VYan) @D

and so on for the following points.

It is important to notice that having the number of the measurements (angles o ap and distances AB, BC,
CD) equal in number to the unknowns (X Xc Y¢ Xp Yp final co-ordinates) the structure is iso-
determined and it is therefore not possible to perform an adjustment or to appraise the precision of the
final results.

3.3.3 Oriented Open Traverse (over-determined)

Reference fig. 2.11, the known elements of the problem are the absolute co-ordinates of the first and last
stations of the traverse, A and D, relative to an external reference system (such as a national local Datum)
and the co-ordinates, always in relation to the same reference system, of external points, P and Q, which
serve to create the hyper-determination of the network. The measurements (angles o, og oc op and
distances AB, BC, CD) are more related to the unknowns represented by the absolute co-ordinates of the
intermediary points (Xg Yg Xc Y¢), for every additional measurement there will be an equation of
adjustment created.
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Fig. 2.11

The calculations to be developed are:

a. Calculation of the angles of direction, often known as the azimuths, unadjusted with the rule
of the transport, starting from the first angle of direction (PA) already adjusted and

calculated:

(PA)=aretg [(X, - Xp )/(Ya - Yo )] 222)

For example, the unadjusted angle of direction for the side DQ (equal to (DQ)") is:

(DQ) =(CD)+a, +180° (2.23)

b. Formulation of the first adjustment equation making use of the opportunity to calculate the

final adjusted angle of direction (DQ):

(DQ) = arctg [(Xq - X5 )/(Yo - Yo )] 2.24)

The condition, to be imposed at this point, is the equality among the already adjusted calculated

value of (2.24) and the unadjusted in (2.23). The equation is:

(DQ) -(dQ)=0 (2.25)

With the unavoidable presence of accidental errors in the measurements of angles a, 05 ,0c ,0p,
which are present in the calculation of (DQ)', (2.25) will never be satisfied because of the
presence of residuals called ‘error of angular closing’ and are termed Aa. The (2.25) then

becomes:

(DQ) - (DQ)= A« (2.26)

remembering that Ao has to be smaller than an angular tolerance established for the project.

c. Calculation of the adjusted angles of direction:

(AB)=(AB) —ua

(BC)=(BC) —2ua
(CD)=(CD) -3u«
(DQ)=(DQ) —4ua

2.27)

gives ua, where u represents ‘the unitary error of closing’ equal to the relationship between the

error of angular closing and the number of the angles not adjusted on which to share it.
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d. Calculation of the partially unadjusted co-ordinates, having defined the partial reference
systems centred on the points and with parallel axes to those of the absolute system at the
start. For example the partial unadjusted co-ordinates of point B relative to A are:

XB(A) = E' Sln(AB) 228
Ye(a) = AB cos(AB) .

e. Formulation of the second and third equations by imposing the condition that the sum of all
the partial co-ordinates is equal to the difference between the absolute co-ordinates of the last
and the first points. There are two equations because one relates to the abscissas and the
other to the ordinates:

ZXI _(XD _XA):O
Zy' _(YD _YA) 0

Likewise in the case of the angles, the equations will never be satisfied because the residuals,
which are termed ‘error of linear closing in abscissas’ and ‘error of linear closing in ordinates’,
are equal to:

(2.29)

Ax=>"x"=(X, = X,)

, (2.30)
Ay :Zy _(YD _YA)

Defining AL as:

AL = \JAX? + Ay? 2.31)

Ax and Ay have to be such that AL is not greater than an established linear tolerance.

f. Calculation of the partially adjusted co-ordinates:

Xon) = Xlz(1) — Uy Yon) = y'2(1) —uy
X32) = Xé(z) —u, Y3 = y'3(2) —u, (2.32)
Xy(3) = x'4(3) —u, Ya) = y'4(3) —u,

where uy and uy represent the values of the unitary linear errors of closing and are equal to the
relationship between the error of linear closing, related to the abscissas and to the ordinates and
the number of partially unadjusted co-ordinates on which to share it in a uniform manner.

g. Calculation of the total co-ordinates (absolute) of the unknown intermediary points (B and C)

departing from the known values of the initial point A and adding the values of the following
partial co-ordinates.
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Xg = Xa + Xp(a) Yg =Ya +Yaa)

2.33
Xe =X +Yep) Yo =Ys +Yep) @39

3.3.4 Not Oriented Closed Traverse

Reference fig. 2.12, the known elements of the problem are represented by the co-ordinates of station A,
in which the origin of the local reference Cartesian system has been settled with the x-axis in the direction
of the first measured side AB, and from the ordinate, equal to 0 in the same local Cartesian system, of the
second position B. The ten measured elements are all the inside angles and sides of the polygon, while
the seven unknowns (Xg X¢ Ye Xp Yp Xg YEg) determine a hyper determination of a maximum possible
Order 3.

) { ™
= (/s s (C
TN J 2 _/"‘-\."/I
\ L & ,—If
b . 4
A R
Fig. 2.12

The calculation has the following phases:

a. control and angular adjustment, imposing that the sum of the unadjusted measured angles is
equal to the sum of the inside angles of a polygon with ‘n’ sides ((n-2) 180°). Due to the
inevitable accidental errors, the following observation residuals (error of angular closing Aa)
are generated:

Ao =Y a —(n-2)-180° (2.34)

such that the result is smaller than a fixed tolerance. The unitary closing error ‘ua’ (equal to
angular closing error divided by the number of measured angles) has to be uniformly shared
between all the measured angles.
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, (2.35)

and so on. The calculated angles are now adjusted.

b. calculation of direction angles (in comparison to local system y-axis direction) using the rule
of transport.

c. calculation of the unadjusted partial co-ordinates with (2.19) and (2.20).

d. control and side compensation, imposing that the sum of all the partial abscissas is zero (the
same for ordinates). Taken into account in the calculation of the unadjusted partial co-
ordinates, this condition will not be satisfied resulting in the residues Ax and Ay (side closing
errors). Defined the quantity AL as:

AL = \JAX? + Ay? (2.36)

Ax and Ay have to be such that AL is not greater than an established linear tolerance. The unitary
error of closing to be shared between the u, unadjusted partial abscissas; it is equal to the
relationship between the side closing error of the abscissas and the number of co-ordinates to be
calculated. While the unitary error related to uy ordinates must be calculated by dividing by the
number of co-ordinates to be calculate less 1. This is because the co-ordinates of point B, in
comparison to the origin at A (yg(,), are unadjusted (fixed at 0 by axis choice), in order not to
change the local Cartesian system orientation. It is now possible to proceed with the adjustment
of partial co-ordinates, by subtracting uy and uy from the values of abscissas and of unadjusted
ordinates, as detailed in (2.32), with the only exception for the value yg(,, which is fixed at 0, as
already stated.

e. calculation of the total co-ordinates with (2.21).
34 Photogrammetric method (also see Chapter 6)

Photogrammetry is a widespread technique for topographic surveying of the ground or objects through the
use of photographs taken from different view points.

Conventional Photogrammetry is usually divided into two categories:

a. Terrestrial Photogrammetry, in which the photographs are taken from points on the ground;
b. Aecrial Photogrammetry, in which photographs are taken from aircraft.

Such distinctions do not relate to the procedures of restitution, which are in principle the same, but to the
methods and procedures used to obtain the images.

To ensure the topographical restitution of the photographed object it is necessary to have at least two
images of the point of interest taken from two different positions. If the position of the cameras is known,
the spatial co-ordinates of the points of interest on the two photographs can be calculated from the two
straight lines intersecting the images with the relative optic centres. This is the fundamental principle of
photogrammetry and it is common to all the techniques of photogrammetric survey.
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During a photogrammetric survey there are three quantities, connected in different ways at various points
of the survey. They are:

a. The three-dimensional co-ordinates (X, Y, Z) of the photographed objects;

b. The horizontal co-ordinates (x, y) of the images of the objects photographed on the plane of
the film;

c. The entire parameters of the orientation, required to establish the position of the camera
during the photograph.

At the moment of exposure two groups of quantities are assigned, although they may not be numerically
known at the time: the co-ordinates of the photographed objects and the parameters of the orientation,
i.e. the position and the optic characteristics of the camera. From knowledge of the real spatial co-
ordinates and the horizontal co-ordinates on the film of some known points, the parameters of the
orientation can be calculated. Finally in the restitution phase, with the parameters of orientation
calculated, it is possible to determine the co-ordinates of all the observed points using the horizontal co-
ordinates on the photogram.

One of the most important applications of photogrammetry is in cartographic production at variable scales
from 1:500 to 1:50.000.

3.4.1 Aecrophotogrammetry (Air photogrammetry)

Almost all charts are created by air photogrammetry. Due to this technique it is possible to generate
topographical charts of large areas in relatively short times, instead of the many years required for
traditional techniques.

Acerial photographs can be produced in different ways, depending on the kind of chart to be created and
on the kind of camera to be used. Air photogrammetry generally employs cameras with nadir
photographs (also called nadir point or plumb point), that is with the optic axis coincident with the
vertical axis. This has the advantage of providing photograms with a constant scale if the ground is flat as
well as allowing photogram stereoscopic observation.

Even if suitably enlarged, aerial photograms can not be used as maps of the photographed territory. The
aerial photograph is a central perspective, while maps are produced with an orthogonal projection of the
ground on the reference surface. Due to this difference, a vertical segment, which would be represented
by a point in a map, is represented by a segment on a photograph.

Another difference between photography and cartographic representation is due to the fact that in the
photogram the scale factor is definable only in the case when the object is perfectly horizontal and the
axis of the camera strictly vertical. If in the observed area there are height differences, the scale of the
photogram will vary from point to point and only an average scale can be defined; the choice of the
average scale will determine the flight altitude.

To guarantee the fundamental principles of photogrammetry, each point of the area of survey has to be
taken in separate photos, thus the two adjacent photograms have to result in an overlap of 50% of their
length. To avoid the risk that some areas will not have this overlap due to variations in aircraft speed, a
60-70% overlap is normally adopted. The succession of photograms in a longitudinal direction is called a
continuous-strip. Generally, it is necessary to take various continuous-strips, which are then placed
transversally over each other to achieve an overlap of 15-30% of the photogram width to compensate
inevitable aircraft drift.

C-13



64

3.4.1.1 Photogrammetric restitution

After having completed the survey, the two resulting photograms represent, from two different points, a
perspective projection of the object. The photogram pairs are used for the restitution of the surveyed
objects, through either complex equipment (stereoscopic plotting instruments) or a simple stereoscope,
which allows the simultaneous observation of the objects via its binocular optical ability, allowing each
eye to see only one photograph.

With stereoscopic photogrammetry the survey is not made on the plane, as with the traditional methods
which obtain measurements from reality, but from a stereoscopic model (or stereomodel), observable
through a pair of photographs, which dimensionally reconstruct it in an appropriate scale. In the
traditional methods, a limited number of points are surveyed, while in photogrammetry the object is
totally surveyed and subsequently the co-ordinates of the points of interest can be determined.

3.4.1.2 Analogue restitution

In analogue restitution the ground model is constructed by optic-mechanic means, from whose
observation the paper can be drawn.

To be able to proceed to the restitution it is necessary to know, with great precision, the parameters of the
interior orientation (or inner orientation):

a. The calibrated focal length of camera’s objective lens;

b. The co-ordinates on the photogram of the calibrated Principal Point, which represents the
footprint of the perpendicular from the interior perspective centre to the plane of the
photograph (nodal point of the objective). These co-ordinates are calculated in the interior
reference system of the photogram, defined by the intersection of the pairs of index marks
engraved on the middle points of the sides of the photogram.

The procedure for analogue restitution consists of reconstructing the circumstances of the two photograms
at exposure with a geometric similarity between the two configurations. The photograms are placed on
two projectors which must be placed in such way as to show an interior orientation equal to that of the
aerial continuous-strip camera. Then the parameters of the exterior orientation (or outer orientation) have
to be determined, which allow the spatial position of the pair of photograms to precisely known and the
ground model or the photographed object can be recreated. The exterior orientation is divided into:

a. Relative: it defines the position of the second photogram in relation to the first. Six
parameters are necessary, i.e. the three relative co-ordinates of the second nodal point in
relation to those of the first and from the rotations. The calculation of these parameters
produces six pairs of homologous points, whilst manually eliminating the transversal parallax
from each of them. In this way a stereoscopic model is defined, from which no metric
information can be taken because its absolute orientation and the scale are not known;

b. Absolute: it defines the spatial position of the first photogram with reference to an earth
fixed system through known points. Six other parameters are necessary because in space a
body has six degrees of freedom. Generally these six parameters are the x, y, z, spatial co-
ordinates of the nodal point and the three ¢ ¢, T rotations around three the Cartesian axes
passing through the principal point (fig 2.13).
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Fig. 2.13 “Twelve parameters determination for an Analogue Restitution”

The determination of the twelve parameters of the exterior orientation enables a return to the spatial
position of the two photograms during exposure.

Normally the minimum number of ground control points it is five, of which four (known in the three co-
ordinates) are distributed on the edges of the model and a fifth for vertical control, of which only the
height is known, is positioned near the centre of the model. In this way the problem will be hyper-
determined; there will be some residuals of observations, termed residuals of orientation, that allow the
verification of the accuracy of the photogrammetric survey.

The differences of the control points, between the values of the ground co-ordinates and the model co-
ordinates, should not be greater than certain limits.

3.4.1.3 The analytical restitution

Techniques of numerical photogrammetric restitution have been developed with the progress of the
automatic numerical calculation; these methods make use of the computing power of modern computers
to perform the photogrammetric compilation.

3.4.1.4 The digital photogrammetry

Traditional photogrammetry, that is stereoscopic or stereo-photogrammetry, can be achieved by analogue
or analytical methods. In creation, the restitution in the analogue photogrammetry is achieved by optical
systems; the co-ordinates of the observed points in analytical photogrammetry are mathematically

determined.

The digital photogrammetry not only exploits the electronic calculators in the final phase, as in the
analytical restitution, but also for the treatment of the images, which are recorded in digital form.
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Traditional photographs can be also employed, initially modifying them through equipment which
transforms the images into digital signals, such as a scanner.

The adoption of the digital images allows the automation of many operations, which must be performed
by the operator such as the definition of the interior and exterior orientation in analytical photogrammetry.

3.4.1.5 Aerotriangulation (Aerial triangulation)

In the conduct of a photogrammetric survey, the co-ordinate determination of the ground control points is
generally the phase which requires the greatest employment of time, at least 5 point for every model,
which is for every pair. To reduce the number required, the co-ordinates of some can be also obtained
through photogrammetric methods, through aerial triangulation.

The determination of the co-ordinates for the control points through the aerial triangulation can be
achieved with the method of independent models. It consists of independently building the relative
orientation of every model from the others; the models are linked through some points, known as tie
points, which are common to the two models (the points common to the three photograms which have
produced them) and are located in the marginal areas of the models themselves. In the end a single block
of models is produced, of a length and width equal to that of the models linked between them. There
would theoretically be only the five control points of the first model; in practice there are essential control
points displaced to the edges and along the perimeter of the block of models and some altimetric points
inside the block.

However, this technique is being overtaken by the employment of the GPS satellite positioning system,
which allows the direct determination of the co-ordinates of the ground control points, whilst at the same
time it offers the possibility of directly installing the GPS receivers in the aircraft.

The co-ordinates of points surveyed during exposure through the GPS receivers, using differential
techniques with a fixed reference receiver on the ground, can be used during the aerial triangulation as
additional data, adopting the method for independent models.

35 Inter-visibility of Geodetic Stations

3.5.1 Inter-visibility between two points must ALWAYS be checked in the field during the
reconnaissance. However, many proposed lines can be checked during the office phase by
plotting cross-sections from a map. A clearance of at least Sm, and preferably 10m, should be
allowed on all grazing rays with particular care taken where buildings are shown near ends of
lines.

3.5.2 For long lines, the earth's curvature needs to be taken into account when investigating inter-
visibility. The formula in paragraph 3.5.3 must then be applied.

3.5.3 In fig 2.14, two stations ‘A’ and ‘B’ of heights ‘H,” and ‘Hp’- are a distance ‘D’ apart. The line
of sight ‘AB’ will be tangential to a sphere concentric to the earth at a height ‘y’ and a distance
x’ from ‘A’. The problem is to determine what height of hill ‘h’, distance ‘d,’ from ‘A’, will
obstruct the line of sight.
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Fig. 2.14 “Intervisibility of Geodetic Station”

The height of an object distance ‘s’ away, which appears on the horizon to an observer with the eye at
sea-level, is:

1

Ks' , where K = 2 and k = co-efficient of refraction & r = radius of the earth
r
Therefore,
H,—y=Kx’
H,-y=K(D-x)
Whence 2.37)
D (H,-H
x=——|—L2—41| and y=H,6-Kx’
2 2KD

h=y+K(d,—x)

dAHB s d.H (2.38)

Therefore, h= 5 %—KdAdB

Using this formula all inter-visibility problems can be solved. Care must be taken to use the correct units
of measurement.

When heights are in metres and distances in kilometres, K = 0.0675.

Proof of formula:

h=y+K(d,—x) (2.39)

= H, - Kx*+Kd ] —2Kd ,x + Kx*
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2Kd H 2Kd, H
“H,+Kd}-2Kkd D 2RdH, 2R
2 2KD 2KD

_H,+Kd} —(Kd d,+Kd d,)+ ST =4l

:[a’AHA +dBHA]+(dAHB —dAHA]_Kd p
D A B

D
d,H, dH
=S S Kd d, (2.40)
4. VERTICAL CONTROL METHODS

4.1 Geometric levelling (Spirit levelling method)
4.1.1 Principles and specifications

Levelling are operations which allow the measurement of difference orthometric heights (or Geoid
elevations) between points or their difference in elevation.

The principle of the geometric levelling is: consider two points (A and B) to be a brief distance apart, not
more than around 100 metres (fig. 2.15); two vertical stadia are set-up on them and at point M, equidistant
from A and from B, an instrument which has its axis of horizontal collimation, or rather (for modest
heights) parallel, to the tangent plane in M, to the Geoid. Two rounds of readings are taken from the

stadia, 14 and lz. The following expression can be immediately concluded from the figure, with the
premise that the Geoid coincides, for the brief line being considered, with the local sphere at My:

Q, +1,=Qg +1p (2.41)
from which:

Qs —Qp =14 —1g (2.42)
where:

Qa = Orthometric height (or Elevation) in A
Qg = Orthometric height (or Elevation) in B
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Fig. 2.15 “Geometric levelling”

Since the length of the observation is such as to make the influence of the terrestrial bending negligible,
the tool which creates the collimation axis can theoretically be put in any intermediary position between
A and B to reduce the influence of the atmospheric refraction.

When the aim is to calculate a difference in levels between points, a distant at which it is impossible to
directly make a connection between them, it is necessary to undertake composite levelling. The distance
between the start point A and the final point B of the levelling line, is divided into a number lines no

greater than 100 metres with the stadia set at the division points.

La,fLi, Lds :Liir

1

F M jr
'%2 3

Fig. 2.16 “Level difference among several points”
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Departing from A, the difference between M, and A is determined as detailed earlier. Thereafter the tool
is transported to a point between M, and M, and the level difference (li; — l,2) is determined between these
points (after having rotated the stadia in M; on itself and transported that at A onto M,); this process is
repeated to the final point. The total difference in elevation will be:

QB _QA = Zn(lin _Ian) (2.43)

4.1.2 Measurements and quality control

An effective control of the measurements consists in making levelling runs in both directions, but
returning by a different route of comparable length. The variation, between the values for the difference
in elevation between the start and final points, has to be within established tolerances in relationship to the
desired accuracy. The value to be used is the average between the two runs.

During the operation it is good practice to conduct an alignment control for the spirit level (spirit bubble
or sensitive bubble) of the levelling instrument before every observation to the stadia.

Some levelling instruments are fitted with a circular level (or universal level or bull’s eye level) and the
modern ones are fitted with a self-aligning level.

4.1.3 Sources of error

Putting aside the possible inclination of the line of sight, the accidental errors of every observation can be
separated in two parts:

a. error of collimation (or of reading the stadia): proportional to the square root of the distance
of collimation;

b. error of aligning (or of reading) of the levels (in the auto-levels is replaced by the self-
aligning level of the compensator): proportional to the same distance

The mean error of the entire levelling needs to be considered, supposing that the mean error of every
single observation is constant and equal to 6. Since the total difference in level is equal to the sum of the
partial difference of elevations, subsequently determined, the mean error o, of the whole levelling is:

2 2 2 2 2 2

o =0, +o, +t0;, +....+0, =no (2.44)

t

from which:

o, =on (2.45)

4.1.4 Computation and compensation

As with other hyper-determinations, geometric levelling can be empirically adjusted or via rigorous
methods, applying the theory of the least squares.

An elementary adjustment of a levelling line consists of assuming the average between the measurements
conducted in both directions.
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An empirical adjustment is applied in levels of limited precision, which are performed without the
repetition of the measurements but close on the vertical datum point of departure (closed polygon) or on
two vertical datum points of known elevations; in this case the closing error is distributed empirically
between the differences in elevations.

With the assumption that the closing error is proportional to the distance over which the level is made
then it is simply a case of dividing the closing error by the total distance levelled to give an error per
metre of levelling. Then each intermediate point is corrected by the error per km of levelling multiplied
by the length of observed level to that point.

The adjustment is more complicated when the lines of levelling constitute a network; in this case it is
necessary to use to a rigorous network adjustment, preferably by the method of the indirect observations.
The unknown quantities of the problem, resolved using the above method, are the corrections to be
applied to the approximate values of elevation of the single points of the network, to consequentially
obtain the most probable values for the structure.

The generating equations impose the condition that the difference between the measured difference of
elevation and consequentially that from the approximation of the network, tends to be zero.

Due to the presence of the inevitable accidental residual errors in the measurements for the difference of
elevations, these equations will not normally be satisfied, for the second constituent they will highlight
the residues of adjustments. The equations in this form are termed generated equations.

With the distances between the vertical datum points being different, it is necessary to consider weights to
assign to the measured differences of elevation; the weights are set to be equal to the inverse to the sum of
the distances.

In order to reduce observations of different precision to the same weight (importance) it is necessary to
scale their equations by the square root of the weight. We will now have a set of equations equal in
number to the observations made. In order to obtain the most probable values for the unknowns (in this
case corrections to the initial values of the elevations) it is necessary to reduce the observation equations
to normal equations using the principle of least squares.

The subsequent solution of the normal equations will produce the unique and mathematically most
probable values to correct the provisional elevations.

The knowledge of the mean error of the unity of weight, which is equal to:

m, = iqul.p,-v,-z /(n —i) (2.46)

where:
pi the measure weights inversely proportional to the distances;
Vi residual accidental errors on the measurements of the difference of elevations;
n: number of the generated equations;
i number of the unknowns.
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It is sufficient to consider the reliability of the task in terms of how much of it is assumed to be unitary
weight 1/1km. If the known terms with the consequent residues of compensation are expressed in
millimetres, m, represents the mean error in millimetres per kilometre; it is in this form that tolerance is
normally expressed in geometric levelling (remembering that the tolerance or the maximum admitted
error is considered to be equal to three times the mean quadratic error).

4.2 Trigonometric levelling (Trigonometrical heighting)
4.2.1 Principles and specifications

Trigonometric levelling is based on the use of a theodolite for the measurement of zenithal angles. It is
employed for any distances, from a few meters to over 10 kms; it is often used for the determination of
the elevations of positions in triangulation, it is also applied in other cases, such as when the distance
between the points, for which the difference of elevation is required, is already known.

In every case for distances less than around 400 meters, the use of a plane surface of reference involves
negligible errors and it results in simplified calculations with mean errors in the order of 5 cms.

Levelling in this case is termed ‘eclimetric’ and the difference in elevation between two points A and B
(Aap)is given by:

A,; =d-cotp, +h- | (2.47)
where:
d: is the horizontal distance between A and B (on the plane surface of reference);
Qa: is the zenithal angle to B measured by the theodolite at A;
h: is the height of the theodolite related to the ground,
I: is the height of the target at B related to the ground as measured from the theodolite.

/’ii
s
- f 5

Fig. 2.17 “Trigonometric levelling”
The approximation of the plain surface of reference is not acceptable for distances greater than 400

metres. Thus three fundamental corrections must be considered, departing from the simplified
calculations for the “eclimetric” levelling:
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a. sphericity;
b. refraction;
c. height.

Taking account of these factors, the procedure for calculating the difference of elevation is termed
trigonometric levelling. Since the distance between two points, between which the difference of elevation
is being determined, is never greater than 20 kms and normally is less, the calculations can always be
performed on the local sphere.

4.2.2 Correction for sphericity

This correction takes into account the bending of the local sphere relative to the plane adopted for the
“eclimetric” levelling, with the assumption of negligible divergence between the normals (to the plane
and the sphere at the point where the stadia is positioned) along which the difference of elevation is to be
obtained.

2

Fig. 2.18 “Correction for sphericity

where:
X: is the correction for sphericity;
d: is the plain distance between the two points;
R: is the ray of the adopted local sphere.

Applying the theorem of Pythagoras to the triangle in figure 2.18:

d? +R? = (R+ XY’
(2.48)

developing and dividing both sides by 2R and considering negligible the relationship X?/2R, the
correction for sphericity is given by:
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X=d?/2R (2.49)
4.2.3 Correction for refraction

This correction must be introduced to take into account the bending which the light ray experiences when
passing through layers of the atmosphere of different density. Such bending always tends downwards.

Fig. 2.19 “Correction of refraction”

where:

is the correction for sphericity;

is the correction for refraction;

is the ray of the adopted local sphere;

is the dependent angle from the refraction coefficient K (= 0,14) [e=K d /2R ]

o

Assuming Y and € to be small, it is possible to write:
Y=de (2.50)
and therefore, replacing the expression of € in the (2.14), see 3.2.2.3 of Chapter 2, we can express it as:

Y =Kd?/2R @.51)

to this point the combination of the corrections of sphericity and refraction, identified in the quantity (X —
Y); it is possible to write as it follows:
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(X-Y)=(1-K)d?/2R (2.52)
4.2.4 Correction of height

The correction for height derives from the fact that the measured distance does not equate with the
horizontal distance, which represents the quantity to use in the (2.47), see 4.2.1 of Chapter 2.

The relationship between ‘d,y’ the oblique distance (measured) and ‘dy,,’ the horizontal distance is
defined by:

dhor = dobl ’ (1 + Qm /R) (2.53)

where Q,, represents the arithmetic average between the heights of the two points.

In summary, the formula to be adopted for trigonometric levelling from either end, taking into account of
the three corrections described, is:

Ay =d,, -(1+0,/R)-cotp, +(1-K)-d*/2R +h-1 2.54)

adopting this approach, the weakness is the forecasting of the K coefficient of refraction, particularly for
distances greater than 10 kms.

To remove this, the technique of simultaneous reciprocal trigonometric levelling can be employed, where
two teams simultaneously measuring the two zenithal angles and the two oblique distances from the
selected points. Two equations with two unknown are produced: A,p and K. In this way it is no longer
necessary to forecast K.

4.2.5 Sources of error
Because it is possible to consider the errors in the measurement of ‘h’ and ‘I’ as negligible, as well as the
error for the mean height over of the distance (always less than the errors to those of the trigonometric

levelling made over larger distances), for an analysis of the precision of this the simple formula can be
used:

A, =d,, -cotp, +(1-K)-d*/2R (2.55)

from the theory of errors, the myg mean error (in this case a non linear function) of the A,p difference of
elevation will be:

A 5, () , (AgY

in which mq, my, and mg are respectively the mean errors of the distance, the zenithal angle and the
coefficient of refraction. With the differentiation related to d, ¢, and K, it is obtained that:

C-13



76

_aga/’ﬂ” =cotp, + (1 -K ) . % (with thesecond negligible term)
0N d
aqu San ¢A (2.57)
Ay d°
oK 2-R

Analysing the three rooted terms in (2.56), it can be said:

a. in the first term, assuming as the mean error of distance the value of 1/50000 (2 cms for km),
the error in the difference of elevation will depend on «, the angle of inclination, (a = 90° —
0a). With a=0°, the error removes itself. It is however always small (i.e. for o =+10° and d
= 5km, the error will be 1.6 cms).

b. in the second term, assigning to @ a mean value of 10°, the error will depend on the mean
error of @y, the zenithal angle, and from d, the distance, (i.e. mo = +10° and d = 5 kms, the
resultant error is 12.1 cms).

c. in the third term, the error is a function of the centre error of K and in this case, of the square
of the distance (i.e. for m-K == 0,015 and d = 5 kms, the resultant error is 2.9 cms).

From such analysis it is evident that the greatest influence comes from the errors in the measurement of
the zenithal angles. Thus, the angular measurements should always be undertaken from the two
reciprocal faces of the instrument with the aim of compensating for the errors in instrument zenith. As a
rule it is preferable to carry out the measurements when the K coefficient of refraction is more stable,
which is around midday, even if at these times, due the sun’s heat, the images appear less stable; this
problem is overcome by taking the average of more measurements.

Nevertheless, for distances over some kilometres, the mean errors in the differences of elevation can be
considered proportional to the distances themselves.

4.2.6 Computation and Compensation

In the theory of the errors, the weights of the measurements to be introduced in a calculation for
adjustment are assumed proportional to the inverse of the squares of the mean errors of the measurements
themselves. In this case being proportional to the distances, the weights to attribute to the several
different compensating elevations are inversely assumed proportional to the squares of the distances. It is
only worth considering for trigonometric levelling of medium and long distances, they are normally
applied when undertaking the trigonometric networks of expansion. The trigonometric levelling over
short distances involves detailed surveys and exploits the principle of the tacheometric (or tachymetric)
levelling.

The procedures of adjustment are entirely comparable with those related to geometric levelling, with the
only difference regarding the weights. It has to remember that, given the reliability of the trigonometric
levelling for kilometric distances notably less than that of the geometric levelling, it is acceptable to
conduct empirical adjustments.
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4.3 Altimetry with GPS (GNSS Vertical Control Method)

GPS (exploiting the relative positioning) generates the base-line components between the surveyed
positions, from which the XYZ geocentric co-ordinates are obtained in the WGS84 reference system.
The @, A & h ellipsoidal co-ordinates are obtained with transformation formulae.

However in cartography the orthometric heights H are related to the surface of the Geoid and not the
ellipsoid. Therefore it is important to know the Geoid undulation or its variation at a known points H and
h. Only in small areas (< 10 km) and for cartographic purposes, can the Geoid be approximated to a
horizontal plane.

For larger areas it is necessary to use global models of the Geoid; different global models (i.e. OSU91A,
EGM96) are available in the processing software of GPS data and in the receivers. However these
partially contain the effects of the distribution of local masses. Each national local estimate of the Geoid
is performed by gravimetric measurements. The interpolations of these models produce values of the
undulation N, necessary for orthometric height determination.

These local Geoids are gravimetric and independent from Geoid undulation values obtained from
combining GPS and geometric levelling observations; they are estimated in a geocentric reference that
does not coincide with WGS84 but introduces slight differences in origin of the geocentric axis term and
of orientation of the axes of the reference system.

Therefore between the two reference systems it is necessary to conduct a transformation termed ‘locating
of the Geoid’.

To calculate this transformation, start from the orthometric height values H of some GPS positions,
obtained via geometric levelling operations, and the Nwgsss €xperimental undulation is evaluate starting
with the ellipsoidal height h derived by the GPS net compensation.

The effect of location 8N is:

ON = Nygsss — Nlocalgeoid (2.58)

with Nw(j,sg4 =h-H.

The datum transformation in the strictest sense is a spatial rotation and translation with scale variation,
but in small areas the altimetric part can be separated, estimating the parameters of the equation of a plane
starting from SN values for at least of three points of which the height is known in both reference systems,
with the following expression:

a X +a,Y, +a,=0N (2.59)

with X; and Y; being the cartographic co-ordinates of the points for which the heights are twice measured
and a; a, a3 parameters of the plane to be estimated. This plane describes the difference in Datum
between Nwgsss and Nigeaigeoia. The three unknown parameters can be estimated to the minimum squares if
the number of the points with double heights is greater than three.
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5. INSTRUMENTS USED TO ESTABLISH HORIZONTAL AND VERTICAL CONTROL
5.1 GNSS Receiver (Global Positioning System)

GPS receivers can be classified according to the measurements they are able to acquire and the accuracy
of the final positioning, as will be seen later in the paragraph 6.2:

a. Measures of code receivers: are able to acquire only the transmitted C/A component of the
signal. They are often termed ‘hand-held’ due to the very small size of the receivers; some
can receive a differential correction (in line with the standard protocol RTCM - 104) to
improve the positioning precision. Their exclusive employment is for navigation.

b. Single frequency receivers: in addition to the code C/A, they can also acquire the L1 carrier
phase. They perform positioning with measurements of the code or phase on L1 in absolute,
relative or differential mode.

¢. P-code double frequency receivers: are the most capable available in the market and can
acquire all parts of the signal (L1, L2, C/A, P). They perform positioning with measurements
of the code or phase on L1 and L2 (absolute, relative or differential). Thus they can be
employed for all varieties of static and kinematic positioning. They are particularly suitable
for the technique of dynamic initialisation ‘On The Fly’ (OTF).

d. Y-code double frequency receivers: identical to the P-code category, but they can also
acquire the P-code using Anti-Spoofing (A/S).

5.2 Electronic instruments

The measurement of distances using electromagnetic wave distance measuring systems has undergone
notable developments in the past few years; increasingly the producers of topographical instruments are
including electromagnetic wave distance measuring devices in their theodolites. These systems,
internationally termed EDM (Electronic Distance Measuring equipment) or DME (Distance Measuring
Equipment)**, operate in two different ways:

a. measurement of phase;
b. measurement of impulses.

5.2.1 Electronic Distance Measuring of phase

These instruments are based on the theory of the propagation of electromagnetic waves. They propagate
using the sine rule, with speed equal to that of light in the air (c,i), which is slightly inferior to that in a
void, being equal to the relationship between the speed in the void (¢g) and the index of refraction (vy;,) of
the air which depends on temperature, pressure and humidity: {ca=co/Vair(t,p,h)}

These electronic distance measuring equipment are made up of three distinct parts: transmitter, reflector
and receiver; the first and the last parts are contained together in the equipment set-up at the occupied
station, the reflector is separate and is placed on the point the distance to which is to be determined.

The transmitter produces a signal at a previously established frequency; the reflector amplifies and
reflects the signal, which is received by a phase discriminator capable of determining the phase difference
between the transmitted and the received signals with an order of precision of a hundredth of radian.

2 (IHO S$-32 — fifth edition 1994, # 1406 and # 1576)
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Since the signal has covered the distance between the two points twice, there and back, this double
distance could easily be calculated if it were possible to determine the number of integer cycles which
have passed between the transmission and the receipt of the signal. Being unable to determine this
number of integer cycles, which is called the ambiguity, the electromagnetic distance measurements of
phase use three different techniques to get round this problem:

a. the modulation for ten;
b. the method of the three frequencies;
c. the frequency modulation of the signal.

5.2.1.1 The modulation for ten

With this technique two or more signals are sent in sequence with different frequencies, varying multiples
of 10 (hence the name), in order to measure the distance by the phase difference.

The first sent signal has a wavelength greater than double the range of the equipment. In this way the
distance can be determined without ambiguity with the equation:

AN (Ap
d=|Z|.| =22
2](52] 2

where d represents the half double distance.

However, with this method, the distance is determined with low accuracy; if the range of the EDM from
the target was 1 km, the signal would have a wavelength of at least 2 km, then, the distance would be
measured with a precision equal to 1.59 m, applying (2.60) with the precision of the phase discriminator
to 1/100 of radian. Such an error is obviously unsupportable in the measurement of the distances over a
range of 1 km. To remove this problem, after the transmission of the first signal and the calculation of a
first approximate value for the distance, a second signal is transmitted, with a wavelength equal to 1/100
of the previous signal. In this case, the determination of the distance requires the definition of the phase
ambiguity, this is possible having already approximated the distance between the two points with
sufficient precision to calculate it. In this way, the value of the distance is improved 100 times and the
precision achieves, in the above case, a value of 1.6 cms, which could be considered acceptable. It is
possible to transmit another signal of a wavelength equal to 1/100 of the second one, thus improving the
precision to a few millimetres.

5.2.1.2 Method of the three frequencies

It comprises a variation on the previous method, by using two near equal frequencies with wavelengths of
the order of the range of the equipment, which allows the determination of a first approximation of the
distance. A third frequency with a wavelength very much smaller than the first two, enables the fine
determination of the distance.

5.2.1.3 Variation of frequency

With this technique the frequency of the transmitted signal, starting at a set value, is increased (or
decreased) until a zero phase difference is achieved between the transmitted and received signal. The
determination of the distance could be calculated with an equation in which the number of cycles remains
unknown, however, by continuing to increase the frequency (and therefore decreasing the wavelength); a
zero phase difference will again be produced between the transmitted and received signals, when the
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number of integer cycles will be increased by a whole number. At this point, from the combination of the
two equations (corresponding to the two values of wavelength) the phase ambiguity can be resolved.

In the first two techniques (modulation for ten and method of the three frequencies), the determination of
the phase difference is necessary. This can be achieved through a phase discriminator composed of a
transformer of sine waves, so that square waves (analogue-digital transformer) are transmitted and
received, and using a counter of the time when the square waves are both positive and negative. This
time is turned into a value of distance. Clearly, to increase the precision of the measure, this calculation is
repeated thousands of times but it takes a few seconds to complete the measurement.

Recently some DME of phase have been produced without with discriminator. They use a mathematical
correlation between the transmitted and received signals for determining the phase difference, enabling
the achievement of greater precisions in the measurements of distance. According to the produced
frequency, the phase DME can be classified as:

a. MDM (Microwave Distance Measurement);
b. EODM (Electro-Optical Distance Measurement) or geodimeters.

The first group use frequencies in the order of the 30 MHz (wavelengths centimetric), they are employed
for determining long distances; in these instruments the reflector is active, that is it is capable of
amplifying the received signal and reflecting it with greater power.

The requirement to alter the frequency of the transmitted signal involves some consideration of and
allowance for the propagation of electromagnetic waves through the atmosphere. In fact only some
ranges of frequency are capable passing through the atmosphere without large losses of power. Infrared
rays (micrometric wavelengths), which require a limited consumption of energy power supply, are not
overly influenced by the solar light, they are used for the determination of distances of 2-3 kilometres; the
centimetric waves, termed Hertzian microwaves, which have wavelengths of a few centimetres, are also
used for the determination of highly elevated distances, also in presence of fogs or precipitations, these
require a significant power supply. If the signal has wavelengths in the visible range, wavelengths
included between 0.3 and 1 micro-metre, the waves are created with specific optic systems and reflected
with simple mirrors or prisms. For practical reasons, there is therefore the demand to emit very short
waves from few centimetres in the MDMs to few tenth of micron in the geodimeters. This demand,
however, is not reconciled with the need to emit waves with lengths in the order of metres to determine
the fine value of the distance or waves of some kilometres to determine the first approximate value.

These two demands are satisfied by resorting to the frequency modulation in the MDMs or to the
amplitude modulation in the geodimeters.

In the geodimeters, the wavelength of the carrier signal is constant and it assumes values of the order of a
few microns (satisfying the first demand), while the wavelength modulated assumes varying values from
a few metres to some kilometres (satisfying the second demand).

5.2.2 Electronic Distance Measuring of impulses

The operating principle of EDM, recently introduced into topographic surveying, is based on the measure
of the time taken by a bright impulse to go from the distance meter to the reflector and back.
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The same principle is used, for instance, by a particular system for measuring satellite altimetry, termed
SLR (Satellite Laser Ranging), in which a Laser impulse is reflected back by an artificial reflecting
satellite. The evolution of electronic systems has enabled the employment of these methods in
topographical EDM, obtaining performances superior to those of phase EDM.

A diode light beam transmitting laser is excited for a short time interval. The exact measure of the time
“t” between the transmission of the impulse and the following receipt would be enough to determine the
distance:

v-t
d=— .
2 (2.61)

However the measurement of the time is made with certain errors. A time interval of 10® seconds
(typical of a quartz clock) is enough for the bright impulse to cover 3 metres; this is not acceptable for an
EDM. It is therefore necessary for a refinement in the measurement of the time, obtained by determining
the fraction of the period of oscillation of the clock between the departure of the impulse and its receipt:

t=n-T+t, -t5 (2.62)

where T is the period of the clock, n is the number of periods and therefore NT is the measurement of the
time directly produced by the clock; t, is the time between the transmission of the signal and the start of
the clock oscillation and tg is the time spent between the receipt of the signal to the completion of the
final clock oscillation. To determine these two fractions of time, the voltage with which the laser diode is
excited is gradually supplied in a linear manner; then, by determining the voltage V1 which would be
used for a complete oscillation of the clock, the two fractions t, and tg can be calculated with a simple
proportion:

ty:Vy=tg:V,=T:V; (2.63)
where V, and Vj are the voltages respectively supplied to the heads of the diode in the time t, and tg.

In theory it would be enough for only one impulse to determine the distance; in practice thousands of
impulses are transmitted to increasing the precision. Some EDM systems transmit up to 2000 impulses
per second, employing 0.8 sec (1600 impulses) to achieve a standard error of Smm + Imm/km and 3 sec
(6000 impulses) to obtain a standard error of 3mm + Imm/km.

The many advantages of this method in comparison to that of the measurement of phase are evident:

a. It requires less time to take the measurements; after a few impulses (few milliseconds) a
centimetric precision is obtained on the measurement of the distance, while the EDM of
phase generally requires a few whole seconds. The ability to very quickly take measurements
is useful when determining the distance of a moving point (and therefore in bathymetric
surveys);

b. The signal can also be returned with weak power, because a small voltage is sufficient to stop
the clock and complete the relevant time calculation. This allows notable increases in the
range of the distance meter for equivalent intensities of the transmitted signal. In terms of
power supply, the transmission of impulses is more economic than a continuous transmission
of the carrier signal (greater battery life);
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c. It is possible to obtain EDM which do not need reflectors to produce a signal return. These
equipment have ranges strongly influenced by the quality and the colour of the reflecting
surface, they do not operate over ranges of more 200-300 metres and they can achieve
precisions of 5-10 mms. They are very useful for the measurement of distances of
inaccessible points;

d. The quality of the measurement is not heavily influenced by environmental factors
(temperature, pressure or humidity) as in EDM of phase measurement.

Besides these advantages, generally it is the higher cost of EDM of impulses which needs to be
considered; probably justifiable only in the case where it is necessary to frequently measure distances of
over 1 km.

5.2.3 Precision and range of EDM

Generally, EODMs, or geodimeters, use infrared waves, rarely waves included in the visible spectrum
(with wavelengths in the order of 1-5 micrometres), or laser waves; in this equipment the reflector is
passive, being made up of one or more three-squared prisms which reflect the signal parallel to the
incidental ray. Increasing the number of prisms of the reflector increases the corresponding the range of
the geodimeter, which can reach 4 or 5 kilometres.

The precision of EDM waves depends on numerous factors, presently it has reached comparable levels
with that obtainable with wires of INVAR.

An important element of EDM is comprised by the oscillator, on whose stability the precision of the
equipment depends. In fact, the frequency of the oscillator is a function of temperature; the law of
variation of frequency as temperature varies must be memorised in the EDM, in order to be able to apply
the appropriate corrections, which can reach 3-5 ppms for 20°C of temperature variation.

It is required to consider the atmospheric refraction which directly influences the wavelength of the
transmitted signals. The effect of refraction depends on the values of temperature and atmospheric
pressure which have to be inserted into the system, which then calculates, according to an empirical
formula, the corrections to be applied in ppm to the measured distance. In other cases the builders
provide some tables, through which the correction to apply to the distance can directly be determined,
knowing the values of temperature and pressure. It is useful to remember that, in the first approximation,
a correction of 1 ppm can derive from a variation of 1°C of temperature, of 3.5 hectopascals of
atmospheric pressure or of 25 hectopascals of the partial pressure of the humidity of the air.

The aging of the equipment causes a variation of the nominal rated frequency of the oscillator, which can
reach values of some ppms after 2-3 years of life. It is necessary, therefore, to have the system
periodically re-calibration.

Finally, for determining the distance it is necessary to consider the instrument constant, termed the prism
constant, because, generally the centre of reflecting surface of the prism is not coincident with the centre
of the reflector. Such a constant is created by the reflectors and needs to be memorized in the EDM for
every combination of prisms used.

As far as it affects the range of EDM, besides being a characteristic of this type of system, it also depends
on atmospheric conditions and on the number of prisms being used. As previously stated, with the same
power supply, the EDMs using impulses have greater ranges than those measuring by phase, they can
achieve, under optimal atmospheric conditions, distances of 15 kilometres.
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It should be noted that atmospheric conditions are considered:

a. unfavourable: a lot of haze or intense sun with strong refraction;
b. mean: light haze or veiled sun
c. good: no haze and cloudy sky

It is evident therefore, that the nominal precision declared by the builders of EDM is achievable only if all
the factors which can influence the measurements are considered. In general phase EDM enables the
achievement, without particular acumen, precisions of the order of ¢ = Smm + Sppm

5.2.4 Total Stations

The collocating of an EDM and an electronic theodolite can be extremely productive, because it is
possible to integrate the data coming from the distance meter with the angular measurements obtained
with the theodolite. Thus, it is possible to immediately calculate other quantities, indirectly obtained,
such as horizontal distances or rectangular co-ordinates, etc.

The collocated theodolite-EDM is called a Total Station or integrated station, as it enables singularly to
obtain all the measurements for topographic surveying such as angles, distances, co-ordinates etc.

The surveyed data can be registered in a ‘field book’, but due to their digital nature, the data can be stored
on magnetic media or the solid state memory. Thus the possible transcription errors of the operator are
avoided and measurement operations are accelerated.

The inspirational principle of these systems is to automate the most repetitive operations of topographic
surveying such as angular and distance readings, data recording, the input of station details, etc.

53 Optical instruments
5.3.1 Marine sextant (Circle to reflection)

The circle to reflection is a tool specifically built for the measure of horizontal angles between two
objects. The precision of marine sextant in the measurement of angles varies from 20" to 10’.

It is a system of reflection and the measurement of the angles is based, as for the sextant, on the theory of
the optics of the double reflection of a bright ray, with the difference that, in the circle, prisms are
employed instead of mirrors.

The two prisms are set one sideways, the other higher and at the centre of a circular box provided with a
handle. The prism at the centre is mobile and has two fins which limit the bright rays picked up by the
prism to those which are reflected by the hypotenuse of the prism. The other prism is fixed and it is set at
such a height from the plane of the box to cover only the interior half of the field of the telescope.

The telescope is fixed in such a way that the direct images of the objects appears in the upper part of its
field and in the lower half for those reflected by the small prism. Inside the box a graduated circle is
contained, fixed to the large prism, therefore rotating with respect to an index marked on the box.

To allow the equipment to work correctly, it is necessary that the two fundamental operation conditions of
double reflection goniometers are respected, that is, in the case of prisms, they are exactly perpendicular
to the plane of the box of the instrument and, when the two hypotenuse are parallel, the index marks 0° on
the graduation vernier.
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The large prism must not be able to move, except for rotation around its pivot; it is considered by
construction perpendicular to the box. The perpendicularity of the small prism to the box can be adjusted
by a screw. Set the vernier to 0°, if a distant object is observed through the telescope and the two parts of
the image are seen to perfectly lined up vertically, the direct one above and the reflected one below, it
indicates that the tool is perfectly rectified.

The parallelism between the hypotenuses of the prisms can be corrected with a special screw which
makes the small prism rotate around a normal axis to the plane of the box.

5.3.2 Theodolites

The theodolite is an instrument which measures azimuth angles, via a graduated horizontal circle, and
zenithal angles, via a graduated vertical circle.

Precision of theodolites in the measurement of angles varies from 0.1" to 10"; the tacheometris (or
tachymetris) are differentiated from theodolites due to their lower obtainable precisions, from 10" to 10/,
in angular measurements.

In a theodolite three axes can be identified:

a. the primary axis, around which the alidade rotates;
b. the secondary axis, around which the telescope rotates;
c. the axis of collimation of the telescope.

The principal parts of a theodolite are:

a. the base (or tribrach), provided with a pedestal and three adjusting screws (levelling screws)
on the basal plate which is the lowest part of the theodolite connected to the head of the
tripod (or stand and legs), so as to be able, within certain limits, to centre the instrument over
the reference mark. The lower spirit level or circular level (also termed universal level or
bull’s eye level) and the optic lead are anchored to it.

b. the alidade is a generally U-shaped frame, which can rotate around the vertical axis passing
through the centre of the instrument (primary axis) and contains the engraved horizontal
circle reading index. An upper spirit level (termed spirit bubble or sensitive bubble) is
anchored to it to make the primary axis vertical and to set the origin of the zenith angles to
the zenith, residual errors excepted.

c. the graduated horizontal circle, situated above the pedestal and under the alidade.

d. the telescope, hinged to the alidade so that its axis of collimation is perpendicular to its axis
of rotation. The telescope has a magnification from 28 to 45 times, thus increasing the
precision of the measurements.

e. the vertical circle, rigidly connected to the telescope, for reading of the zenithal angles

The theodolite can be of two types, depending on the system of lock used for the horizontal circle:
repeating and reiterating.
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a. The repeating theodolites (fig. 2.20) are those which allow the fixing of the horizontal
circle both to the plinth and to the alidade through two separate screws. When both the
locking screws are operating, the horizontal circle is fixed both to the plinth and to the
alidade, so that the instrument cannot rotate around the primary axis.

b. In the reiterating theodolites (fig. 2.20), the horizontal circle remains independent from

the plinth and from the alidade; it can rotate with the plinth through a special screw,
usually protected against accidental manoeuvres. The alidade is locked to the plinth
through a locking screw, together with a screw for minor movements.

Repeating Theodolite

alidade-telescope

Reiterating Theodolite
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Fig. 2.20 “Theodolites”

Before obtaining any angular measurements, it is essential to verify that between the principal axes
(primary, secondary and of coincidence) and other parts of the instrument some conditions of precision
are achieved. Some of these are directly verified by the instrument builder, conditions of construction,
and if the instrument is used with care, they can always be considered unaltered and therefore satisfied.

Some conditions, termed conditions of rectification, must be directly verified by the operator before
beginning every measurement session. In particular one consists of establishing the verticality of the
primary axis; this is achieved by using the spirit level, which is more sensitive than the circular one used
for precisely centring the principal axis of the instrument over the reference mark. To use the spirit level
the alidade has to be rotated until the level is inline with the direction of two adjusting screws and, using
them, the spirit bubble has to be centred. The level is correct, when by rotating the alidade 180° the spirit
bubble remains centred; if not it will be necessary to use the rectification screw and the two adjusting
screws. Final stage for correct levelling, the instrument is rotated 90° and using the third adjusting screw
to centre the spirit bubble.

The other adjustment, normally only required when observers change, is to ensure that the telescope is

correctly focused. This is achieved using the focusing ring on the telescope to ensure the reticle (or
reticule) lines appear clear and sharp.
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5.3.3 Levelling instruments (Levels) and Stadia

The levelling instrument (or level) is an instrument which allows the creation of an axis of horizontal
collimation and it is used in geometric levelling. Modern levels are divided into:

a. Fixed Levels and Self-aligning Levels;
b. Digital Levels;
c. Laser Levels.

Having chosen the type of level, and thus defined the mechanism for reading, it is necessary to choose a
stadia rod or a levelling rod or staff, whose principle of graduation connects it to the level. Levels with
fixed or tilting telescopes have been made obsolete by modern digital and laser levels.

5.3.3.1 Fixed Telescope Level (Dumpy Level)

It consists of a telescope which forms a single unit with the pivot of rotation and with its base, similar to
that of the theodolite. A spirit level is fixed to the telescope which allows the instrument to be levelled in
position, in a similar fashion to a theodolite. Once the spirit level is centred in the two orthogonal
directions, the level can be employed for determining the difference of elevation in any direction.

A condition periodically checked, is that the axis of the spirit level is parallel to the axis of collimation.
To check the instrument, all that is required is to measure an already known difference of elevation
between two points with the level in the middle and to move the reticle of the telescope with the special
screw until the reading on the stadia is correct.

5.3.3.2 Fixed Telescope Level with Elevation Screw (Dumpy Level)

In these levels the telescope is not rigidly connected to the pivot of rotation but through a crossroad
hinged at one end and connected at the other by a screw, called the elevation screw (or micrometer
screw). The elevation screw allows the telescope to rotate, through a very small vertical angle; this
enables a horizontal the line of sight to be achieved even if the primary axis is not vertical. These levels
have a spherical level attached to the base, which, when centred, approximately makes the primary axis
vertical. For each sight, it is necessary to use the elevation screw until the spirit level attached to the
telescope is centred, thus making the axis of collimation horizontal.

5.3.3.3 Rotating Telescope Level (Y — Level)

In these levels the telescope can rotate through a vertical angle (180°) inside a muff connected solidly to
the pivot of rotation. Attached to the telescope is a reversing spirit level with a double bend, which
allows it to work even if it is turned upside-down. In these instruments there are therefore two axis of the
level: the axis of rotation of the telescope (which coincides with the axis of the muff) and the axis of
collimation. In the assumption that the two axes of the levels are parallel and that the axis of the muff
coincides with the axis of collimation, two readings are made on the stadia, corresponding to the two
extreme positions which the telescope can assume, each time centring the spirit level with the elevation
screw.

Using the arithmetic average of the two readings, any error between the axis of the level and the axis of
collimation is compensated, because the error is of opposite sign in the two readings obtained.
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5.3.3.4 Self-aligning Level

In these instruments the axis of collimation is automatically made horizontal by an internal system,
independently from the verticality of the primary axis. Since such systems, termed compensators, work
within certain limits of rotation of the telescope, of the order of 10', the self-aligning levels are fitted with
a circular level, which once centred, guarantees the correct operation of the instrument. Compensators,
the actual design of which is different for each manufacturer, normally constitute a sensitive prism
element suspended on a pendulum which uses the principle that the strength of gravity will create a
horizontal line of sight.

5.3.3.5 Digital Level

These levels are similar to self-aligning levels but the reading on the levelling rod is made automatically,
though it is possible for the traditional optic reading, in case of malfunction of the electronic parts or
exhaustion of the batteries.

The stadia used with this type of levels are specific; on one side they have a graduation as with normal
stadia, on the other side they have bar code graduations. The image of the bar code from the levelling rod
is separately transmitted to the ocular sight to allow reading of the levelling rod and to an electronic
survey system. The digital signal is decoded through a microprocessor which is able to produce, besides
the difference of elevation, the horizontal distance between the two points.

The advantages introduced by these systems come from the ability to automatically record the survey
data, with a considerable saving in time and with the total elimination of blunders during transcription.
Correct operation is only guaranteed under good light conditions, that is measurements are performed in
the open air. The precision of these levels is of 0.1 mm for the difference of elevations and of 1 cm for
the distances.

5.3.3.6 Laser Level

These levels use the transmission of a laser beam which matches the line of sight of the telescope. Some
of these instruments, which are normally self-aligning levels, do not require operator intervention. Once
the equipment has been placed at the station with the aid of a circular level, a motor makes the laser beam
continuously rotate, through a switch prism; in this way only one operator is required to perform levelling
within a field of 200-300 m of the ray.

The levelling rods used for these levels have a sensor, decimetres in length, which can move on the stadia.
When the laser beam hits the sensor, the value corresponding to the ray can be read and automatically

recorded.

The precision of the measurements can be less than a millimetre, the system is ideal for the radial
levelling.

6. POSITIONING METHODS (TECHNIQUES OF POSITIONING)

6.1 GNSS (GPS)

6.1.1 Description of Global Positioning System (GPS)

The GPS positioning system is based on the receipt of radio signals sent from an artificial satellite

constellation in orbit around the earth, it is a real-time, all-weather, 24-hour, worldwide, 3-dimensional
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absolute satellite-based positioning system. The complete name of the system is NAVSTAR GPS which
means NAVigation Satellite Timing And Ranging Global Positioning System. The system, created by the
Department of the Defence in the United States, is currently managed in collaboration with the
Department of the Commerce and has been projected to allow at every moment in every part of the world
the three-dimensional positioning of objects, including whilst moving.

The system is divided into:

a.

The spatial segment: is formed by a minimum of 24 satellites, although there are often more,
in near circular orbit around the Earth at a height of about 20,200 kms. The satellites are
distributed in groups of 4 about 6 circular orbits tilted 55° to the equatorial plane with a
revolution period of about 12 hours. This constellation distribution ensures the visibility of at
least 4 satellites (often 6 to 8) at all times and places with an elevation above 15° degrees
from the horizon, which is fundamental for the positioning.

The satellites have the followings functions:

e To transmit information to users through a radio signal;

e To maintain an accurate reference time due to the high degree of accuracy (from 102 to
10" sec) of the caesium and rubidium atomic clocks on board;

e To receive and to store information from the control segment;

e To make corrections to orbits.

The satellites have been launched in different epochs, starting in 1978, in blocks which
replaced earlier models with more advance ones.

Control segment: comprises 5 monitoring stations and an additional sixth at Sunnyvale,
USA, where a copy of all the selected data and all the attached operations are preserved.
Among the five stations, all of which are provided with meteorological stations for the
evaluation of the troposphere affects on the radio signals sent by satellites, three stations
(Ascension, Diego Garcia and Kwajalein) have the ability to send messages to the satellites
and one (Colorado Springs, USA) is the Master station, where the necessary calculations for
the determination of the new orbits are performed. In summary the tasks of the control
segment are:

e To continuously track the satellites and to process the received data for the calculation of
the timing-space position (Ephemeris);

e To check the general state of the system, in particular the satellite clocks;

e To implement orbit corrections;

e To upload new data to the satellites, including the forecast Ephemeris for the next 12 or
24 hours, which are then transmitted to users.

The user segment: is made up of users equipped with receivers with GPS antennas. These
are passive systems in that they are able to acquire data without emitting some signal.
Various types of receivers exist depending on the strategy used to analyze the received signal
and the required positional accuracy.
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The signal structure: Every satellite continually emits electromagnetic waves on carefully
chosen frequencies to a very small sector on the earth’s surface and is thus relatively
sheltered from interference. These carrier waves transport the information to the user through
code modulation. The onboard clocks produce a primary frequency f0 = 10.23 MHz; from
this primary frequency the three fundamental parts of the GPS signal are precisely originated:

Carrying Component
It is made up of two sinusoidal waves called L1 and L2 respectively of frequency 154 x
f0 =1575.42MHz (AL1=19 cm) and 120 x f0 = 1227.60 MHz (AL2 =24 cm).

Impulsive Component
It comprises two codes called Coarse Acquisition (C/A) and Precision (P), the former
only modulates the L1 carrier frequency and the later both the L1 and the L2.

Such codes are square waves formed by transitions of values +1 and —1 produced by a
simple algorithm, which has as a characteristic the statistic balancing of positive and
negative values; the codes are called "pseudo accidental" or PRN (Pseudo Random
Noise). The C/A code frequency is 1.023 MHz (C/A=300m), the P code has a frequency
that is 1 x f0 = 10.23 MHz (P=30 m). The C/A code is available for civil use while the P
code is reserved to military use and other authorized users. The DoD USA have reserve
the right to disguise the P code by encryption and using the so-called Anti-Spoofing (A—
S) procedure. The encrypted P code is called Y-code.

Message Component

It is composed of the navigation D message which has a frequency f0/204800 = 50 Hz. It
contains the ephemeris (or almanac) details of the satellites, information on their health
and the onboard clocks.

6.1.2  Principles of positioning

GPS positioning uses the technique of Spatial Measurement Intersection. The geodetic reference system
(Datum) exploited is called World Geodetic System 1984 (WGS84), which is created from a clockwise
Cartesian axis rotation with the origin at the earth’s centre of mass, with which the geocentric ellipsoid
WGS84 is associated. If the satellite co-ordinates in this reference system are known, the unknown co-
ordinates of a point are connected to the known co-ordinates of the observed satellites through the
measurement of a sufficient number of distances between the satellites and the centre of phase of an
antenna connected to the receiver at the required position. Essentially there are three principles of

positioning:

a.

Absolute positioning (or normal);

b. Relative positioning;

C.

Differential positioning.

6.1.2.1 Absolute positioning

The aim of this method of positioning is the determination of positional co-ordinates in the WGS84
global reference system. This is achieved by using the signal’s impulsive component (C/A code or P code
if available) or to analyze the two carrier phases L1 and L2.
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In the first case, the satellite-receiver distances are called ‘pseudo-ranges’ and they are calculated
according to the flight time which is the time the signal takes to reach the receiver from the satellite. This
time is measured by the receiver through correlations between the received signal and a copy produced by
the receiver; the copy signal in the receiver is shifted in order to line it up with the satellite signal. The
calculated time difference is influenced by the asynchronous error between the satellite and receiver
clocks, in addition to the drift of the receiver clock, which is less accurate than the atomic clocks of the
satellites.

These factors cannot be ignored in the measurement of flight time; it is for this reason that to the 3 clock
unknown quantities of point position (transformable Cartesian X, y, z in ¢ , A and height on the ellipsoid
WGS84) it adds a fourth category, which identifies the receiver clock errors. From this it follows that
there is a requirement to simultaneously observe a least four satellites to obtain an absolute position in
real time.

In the second case the phase of the two carrier frequencies is analyzed and the satellite-receiver distance
can be obtained by comparing the phase of the carrier signal at the moment of reception with the phase of
the signal at the moment of transmission. In this case an additional unknown quantity for every observed
satellite is introduced; it is the Initial Integer Ambiguity which is the integer of cycles the signal has
traversed from the satellite to the receiver at the beginning measurement. Thus to every new observed
satellite a corresponding new Ambiguity is created, due to the different distances. As a result, absolute
positioning in real time with phase measurements is only possible if the Ambiguities of the satellites used
for positioning are known; the procedure for this determination is called initialisation.

6.1.2.2 Relative positioning

The aim of relative positioning is the determination of the base-line vector or of the vector components
which ties the two positions on which temporarily the two receivers are located. If the absolute co-
ordinates of one of the two points are known, adding the components of the base-line vector, the absolute
co-ordinates of the second position can be obtained. Such positioning can be achieved through
measurements of code or phase, although in practise only phase measurement is used. A phase
observation equation can be written for every receiver from which a satellite is observed at a given
moment. Observing the same satellite at the same moment from two different receivers at the ends of the
base-line and then subtracting one from the other produces two equations of phase, an equation to the
simple differences. Inserting into the observation another satellite, and adding the difference between the
two equations to the simple differences, an equation to the double differences is created. At the end of
these two operations the result is the elimination of the clock errors of the two satellites. At this point the
unknown quantities to be determined are the components of the base-line vector and the sum of the four
initial ambiguities of the two satellites (considered as only an integer value). If the signal is interrupted
the ambiguities change and a new initialisation is required. Finally the possible interruptions of the signal
are separated through the difference between two equations of the double differences (termed equation to
the triple differences) and establishing the continuity, the unknown Ambiguity quantity is eliminated.

6.1.2.3 Differential positioning

Differential positioning is similar to absolute positioning but has corrections for pseudo-range in real time
or in delayed time, transmitted or stored by receivers set on points of known absolute co-ordinates. The
remote receiver applies, in real time or in delayed time, the corrections to the measurements of pseudo-
range or phase effected and then calculates the correct absolute position, improving the accuracy of the
co-ordinates.
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6.1.3 Performances of the system and sources of error

In relationship to the different positioning principles, they are classified by the different degrees of
accuracy:

a. Absolute (SPS) with measurements of code C/A on L1: 10 to 30 metres

b. Absolute (PPS) with measurements of code P (Y) on L1/L2: 5 to 15 metres

c. Relative with measurements of static phase: 10® to 107 of the
base-line

d. Relative with measurements of phase (RTK): decimetre

e. Differential with code phase measurements (DGPS): few metres

f. Differential with carrier phase measurements (RTK DGPS): few centimetres

The elements (error sources) which have the most influence on system performance are:
a. Clock errors of the satellites and the receivers (off-set and drift);
b. Orbit errors (imperfections in the Ephemeris data);

¢. Delays during atmosphere signal passage because of ionosphere and troposphere refraction,
whose affects on the signal are considerable due to the use of double frequency receivers;

d. Tropospheric error. Humidity is included in this error. Humidity can delay a time signal by
up to approximately 3 m. Satellites low on the horizon will be transmitting signals across the
surface of the earth through the troposphere; whilst those directly overhead will transmit
through much less of the troposphere. Masking the horizon angle to 15° can minimise the
tropospheric error. If this blocks too many satellites, a compromise down to 10° may be
necessary. Manufacturers model the tropospheric delay in software; tests have determined
that these tropospheric models work reasonably well.

e. lonospheric error. Sun-spots and other electromagnetic phenomenon cause errors in GPS
range measurements of up to 30 m during the day and as high as 6 m at night. The errors are
not predictable but can be estimated. The ionospheric error is assumed to be the same at the
reference receiver as at the vessel receiver. This assumption is sound for GPS networks
where the stations are separated by a few nautical miles. Ionospheric models have been
implemented for dual frequency receivers.

f.  Multi-path. Multi-path is a reception of a reflected signal in lieu of a direct signal. The
reflection can occur below or above the antenna. Multi-path magnitude is less over water
than over land, but it is still present and always changing. The placement of the GPS receiver
antenna should avoid areas where multi-path is more likely to occur (i.e. rock outcrops, metal
roofs, commercial roof-mounted heating/air conditioning, buildings, cars, ships, etc.).
Increasing the height of the antenna is one method of reducing multi-path at a reference
station. The multi-path occurrence on a satellite range can last several minutes. Masking out
satellite signals from the horizon up to 15° will also reduce multi-path.

g. Geometric configuration of satellites used for positioning, given by GDOP (Geometrical
Dilution of Precision). The GDOP is divided for this purpose into some indices (PDOP and
TDOP) which have been introduced to establish a degree of quality control. The most
general is called PDOP (Position Dilution of Precision), inversely proportional to the
‘goodness’ of the configuration, which is divided into two components for control purposes:
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the vertical or VDOP (Vertical Dilution of Precision) and the commonly used horizontal or
HDOP (Horizontal Dilution of Precision); occasionally the ratio HDOP/PDOP is considered
(for horizontal control see Chapter 7).

h. [Induced errors, for reducing the pseudo-range measurement performance on the position data
of satellites, can be introduced at the discretion of the system managers. Such procedures,
called Selective Availability (S/A), produced an uncertainty in the positioning through the
calculation of pseudo-range in the order of a 100 metres, this was removed 1% May 2000.
Differential operation could eliminate S/A. Even with S/A set to zero, DGPS is still required
for most hydrographic surveying applications.

6.1.4 GPS tracking and signal acquisition techniques
6.1.4.1 Tracking Techniques

Two general modes are basically used to determine the distance, or range, between a NAVSTAR GPS
satellite and a ground-based receiver antenna. These measurements are made by satellite signal phase
comparison techniques. The carrier frequency phase or the phase of a digital code modulated on the
carrier phase may be tracked to resolve the distance between the satellite and the receiver. The resultant
positional accuracy is dependent on the tracking method used.

These two-phase tracking techniques are:

e  Carrier phase tracking;
e Code phase tracking.

The GPS satellites actually broadcast on two carrier frequencies: L1 at 1575.42 MHz (19-cm wavelength)
and L2 at 1227.60 MHz (24-cm wavelength). Modulated on these frequencies are the Coarse Acquisition
(C/A) (300-m wavelength) and the Precise (P) codes (30-m wavelength). In addition, a 50-bps satellite
navigation message containing the satellite ephemeris and health status of each satellite is transmitted.
The C/A and P codes are both present on the L1 frequency. Only the P code is present on the L2
frequency. The higher frequency of the carrier signal (L-Band) has a wavelength of 19 and 24 cm from
which a distance can be resolved through post-processing software to approximately 2 mm. The
modulating code has a wavelength of 300 m and will only yield distances accurate to about 1 m. Both of
these tracking methods have application in hydrographic and conventional surveying.

6.1.4.2 Signal Acquisition Techniques

The procedures of acquisition have characteristics and different accuracies; they relate to different
approaches of signal handling. These are described as:

a. Stand-Alone: single point absolute position with pseudo-range in the WGS84 geodetic
reference system. The absolute accuracy, to the 95% of level of confidence, is between 10
and 30 meters for SPS (Standard Positioning Service) and between 5 and 15 for PPS (Precise
Positioning Service). The applications are only navigational.

b. Differential (DGPS): the differential corrections, calculated in a reference station of known
position, are applied to the absolute position generated by a stand-alone receiver. These
corrections of code or phase, as previously described, can be transmitted by radio or cellular
phone, meeting the RTCM protocol, and applied in real time, or stored in the reference
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station and applied during the post processing with suitable software. The ranges and the
accuracies are described in the table below:

Range Correction Distance among Accuracy
tracking Stations

Code phase Some hundred km Few metres
Carrier phase About ten km Few centimetres

c. Relative: the co-ordinates of the base-line vector ends, which connect the positions
occupied by the stations, have to be determined. The calculation is achieved by post
processing using the method of the double differences, correcting the data acquired on the
phase of GPS signal in the base and mobile receiver. The principal methods are:

Application

Reference frame of high accuracy
Reference frame with less accuracy
Fiducial points, survey in detail
Trajectories, continuous monitoring

Technique

Static

Rapid Static

Stop and go Kinematic
Continue Kinematic

The time of acquisition and the sampling interval (termed rate) are the discriminators in the relative
methods. The rate has to be a good compromise between the demand of measurements and the size of the
file to process them. For example, for static applications with long acquisition periods, it is common to
sample with a time interval of 15 or 30 seconds; for kinematic applications it is necessary to reduce this
interval, often down to 1 second. This value represents the sampling limit interval in many receivers;
currently receivers are able to make measurements with a frequency of 20Hz. Methods, techniques of
acquisition and fields of use are summarized in the table below:

Method Time of measure Length bases | Accuracy Rate (per | Notes

sec)

Static >1/2 hour doubles frequency
1 hour 10 kms 10°to 10°® | 15-60 if with bases (20
from 3 to 4 hours 20/30 kms (of baseline kms
varying >100 kms length)

Rapid Static | 20-30 min(L1s) 6-8 |<10-15 kms 10° 5-15 necessity for good
mins (L2) (of baseline satellite

length) configuration
Stop and go | <lmin some kms centimetric | 1-5 needs continuous
Kinematic <10 kms contact with
satellites
Initialisation:
- up to 30 mins: L1
- 5/6 mins: L1 + L2
- On the Fly
(OTF):L1+L2
Continuous | Continuous Some kms centimetric | 1-5 (20Hz) | as above for the
Kinematic stop and go
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6.1.5 DGPS

The GPS differential positioning (Differential GPS = DGPS) it is a technique in which two or more
receivers are used; one on a station of a geodetic or topographic reference frame (Reference Station) and
one (Rover Station) which occupies the new points to be determined in a survey vector (standing or in
movement). The reference station calculates the Pseudo-Range Corrections (PRC) and their variations in
time (RRC = Range Rate Correction). Both corrections can be transmitted in real time to the remote
receiver of the rover station or they can be stored in the receiver of the reference station to be applied
during the post-processing procedure.

When the procedure is performed in real time, a connection between the two stations (reference-rover) is
created by radio modem or telephone modem.

In any case, the remote receiver (in real time) or the receiver/PC with post-processing software (in
delayed time) apply the corrections to the measurements of pseudo-ranges and calculate the single point
positions with these corrected observations.

The differential positioning can be applied to the range of code or phase.
6.1.5.1 DGPS with measures of code:

From a time series of PRC corrections its RRC variation in time can be quantified by numerical
interpolation.

The range code correction, to an arbitrary epoch ‘t’, can be approximated with the following:
satel __ satel satel
PRC™ = PRCtO + RRCtO . (t -t ) (2.64)

where the term (t - ty), called latency, is the determinant for the precision of positioning. This is nothing
other than the time difference between the calculation of correction in the reference station receiver and
its application (times of transmission, calculation etc) in the rover station receiver.

Applying such corrections of range, the satellite clock errors disappear from the range measurement
equations. The possible disturbing effect, caused by a deliberate degrading of clocks and orbits data can
be virtually eliminated. Similarly other troubling affects such as the ionospheric and tropospheric
refraction.

Therefore the remote receiver position is calculated with the corrected pseudo-ranges of code. This
correction can be transmitted or stored with a RTCM standard protocol and the technique is named
RTCM Differential GPS.

The pseudo-range corrections can be transmitted to the GPS receiver by:

e Reference Station GPS receiver situated temporarily at a horizontal control point within the
survey area or from a permanent station, with a modem by radiofrequencies (UHF/VHF/HF)
or by telephone techniques (GSM/Satellite);

e Commercial fee-for-service Wide-Area Differential GPS system, using satellite broadcast
techniques to deliver accurate GPS correctors, for instance Wide Area OmniSTAR system
(FUGRO group) and LandStar (THALES group) systems;
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e Free service by a DGPS MSK Radiobeacon Navigation Service (DGPS Beacon IALA
System);

e Free service by world Wide Area Augmentation Systems (FAA WAAS, EGNOS,
GPS/GLONASS, MSAS) Satellite Service.

Such techniques provided suitable results for the quick geo-referencing of significant details on the
ground.

6.1.5.2 DGPS with measures of phase:

In this technique the satellite clock errors and the errors associated with the ionospheric and tropospheric
refraction are eliminated. The correction of range of phase can be transmitted in real time by the
reference station receiver to the rover station receiver through the RTCM protocol or through proper
format of the receiver manufactures. DGPS with measurement of phase is used for kinematic applications
of precision in real time: such techniques are termed RTK (Real Time Kinematic). The aim is for the
time of latency to be removed or in practice much reduced (a few milliseconds).

6.1.6 RTK

The Real Time Kinematic (RTK) positioning is based on the use of at least of two GPS receivers, one as a
reference station and one or more mobile receivers (rover stations). The receiver at the reference station
performs phase measurements for the satellites in sight and transmits its observations and position to the
mobile receivers. At the same time the rover stations also perform phase measurements on the same
satellites whilst processing the raw data received from the reference station; each rover then computes its
position (double and triple differences). Typically the reference and rover receivers acquire
measurements every second, producing solutions of position with the same frequency.

Using receivers in the RTK mode, the measurements generated on the signal GPS carrier phase are
utilised to reach centimetric accuracies.

The automatic initialisation, called OTF (On The Fly), is a common characteristic of the receivers capable
of the RTK mode, for which both the reference and the rovers require at least five common satellites in
sight simultaneously. Such a process consists of resolving the phase ambiguity, which is present in the
measurement of range by phase and it removes the restrictions on the movement of the rover receivers
during the process of initialisation, which lasts no more than few minutes. Initially the rover receiver
produces a float solution or FLT with metric accuracy (the phase ambiguity is not fixed). When the
initialisation is completed, the solution becomes a FIX type and the accuracy becomes centimetric.

The number of FIX type positions per second, produced by the RTK system (Update Rate), defines with
what accuracy the route of a mobile receiver (rover) can be represented. The Update Rate is measured in
Hertz and it can actually reach values of 20 Hz for some modern receivers.

Time of latency or Latency is the time period between the measurements affected by the receivers
(reference and rovers) and the visualisation of the position in the rover receivers (including times of
measurement, formatting and data transmission from the reference to the rover and FIX solution
calculation); this parameter is very important for mobile vehicle guidance.

A vehicle which travels at 25 km/hr covers for example around 7 metres per second. For this the latency
must be less than 1/7 (= 0.14) of a second to obtain positions with an accuracy of less than one metre.
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The data transmission from the reference station, positioned within the survey area or from a permanent
station, to the rover by radio modem or GSM modem, has been standardised in accordance with an
international protocol named RTCM (Radio Technical Commission for Maritime service). Messages in
this format need a transmission rate of at least 4800 bauds, other standards which support transmissions
also exist at slower rates of 2400 bauds (Es. CMR, Compact Measurement Record).

6.1.6.1 RTK Positioning mode
The most common GPS receivers with RTK ability have four principal positioning modes:

a. Synchronised RTK (1Hz): is the technique often used for reaching centimetric accuracies
between a reference station receiver and a mobile receiver. Typically the update rate is 1 Hz.
The latency of the synchronised positions (FIX) is determined in large part by the data
transmission, with a transmission at 4800 bauds it achieves around the one second. The RTK
synchronised solution produces the highest possible accuracy for RTK modes and adapts
itself well to dynamic applications.

b. Fast Synchronised RTK (5 or 10 Hz): has the same latency and accuracy of the above mode,
but the positioning solutions are produced 5 to 10 times each second. Satisfactory results are
obtained when it is connected at least to 9600 bauds.

c. Low Latency RTK: allows centimetric accuracies (a little inferior to the synchronised RTK
positioning mode) almost instantly due to the reduction of the latency to about 20
milliseconds, which allows 20 FIX solutions each second. The technique, exploited for the
drastically decreased latency, bases itself on the data phase forecast of the reference station,
which generally have a continuous solution with variations independent of signal losses,
satellite motion, clock running and atmospheric delay. Thus the errors in prediction of phase
measurements of the reference station from the mobile station are influenced mainly by
instability in the receiver clocks and from unexpected variations in satellite orbits.

d. Moving RTK Base-Line: different from the majority of the RTK applications, in which the
reference station is fixed at a point of known co-ordinates, this technique uses pairs of
receivers (reference and rover) both moving. This mode is dependant on the orientation
determination of a mobile in which the two RTK receivers are positioned at the two
extremities of the base-line (i.e. along the keel axis of a boat). The reference station receiver
transmits the effected measurements to the rover, which calculates a RTK solution
synchronised (base-line with orientation and length) at 1 or 5 or 10 Hz, with centimetric
accuracy. The absolute positioning of the reference station, and therefore also of the rover
station, has an accuracy equivalent to that of the absolute positioning with measurements of
code (some about ten meters). The reference-rover distance should not be greater than 1 km
to obtain good results.

6.1.7 Treatment of the data
6.1.7.1 Computational process in the Relative GPS positioning
The Relative GPS positioning is performed according to various phases in which all the differential

quantities which have been analyzed are used. It usually starts from an approximate solution which is
improved by the various processes.
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In all the processing programs of GPS data are the basic phases of preliminary treatment to search for the
cycle slips and to find anomalous data associated with coarse errors. A good preliminary treatment of the
data is the basis of a good final solution. A GPS survey can be described in a number of ways; it can be
performed with two or more receivers, accorded more sessions and days of measurement.

The most common approach (single base) involves single independent bases without considering their
correlations. Such a strategy is exploited by the majority of the processing programs, because it produces
good results aligned to a greater simplicity. As in all computational programs, with a linear approach to
least squares, it is necessary to depart from approximate values. These are improved step by step by the
processing. The principal phases of the treatment are:

a.

Solution single point with measures of code:
The approximate solution is deduced with pseudo-ranges on the C/A code
(Coarse/Acquisition or Clear/Access) or P code (Precise or Protected) if available.

Net determination through single differences of phase:

It is necessary to decide which independent base-lines are to be considered in the process. To
achieve this it is necessary to create the single differences between the data files
corresponding to the points of stations between which it is decided to calculate the base-lines.

Treatment of data with the equations to the triple differences (solution TRP):

Starting from the approximate co-ordinates previously produced, it is essential to determine
the components (Ax, Ay, Az)rrp of the base-line vector in the WGS84 geocentric reference
system, without necessarily having knowledge of the phase ambiguity. The solutions have
some disadvantages, such as a sequential propagation of errors from the three processes of
differentiation. As an approximate value this result, which does not represent the optimal
one, will be inserted into a further computational process to the double differences and
essentially it is useful for appraising the cycle slips which, when present, cause discontinuity
in the calculation of the base-line components.

Expansion to the double differences and solution with no fixed ambiguity (solution FLT):
Commencing with the station position, deduced with the third differences, the components
(Ax, Ay, Az)p 1 of the base-line vector are determinate again via iterative process, together
with the values of the phase ambiguities relative to the various combinations of two satellites
and two receivers. The combinations of the phase ambiguities are the only unknowns.

Fixing of the ambiguities to an integer value:

The values of the phase ambiguities when determined are generally not integers, they must be
fixed therefore to the nearest integer value. To do this the computational software inspects
the standard deviations of the ambiguity parameters, verifying that they are equal to small
fractions of a cycle. The correct fixing of the ambiguity is indicated by the RATIO quality
factor. Its value has to be greater than certain limits in relationship to the length of the
measured base-lines.

Expansion to the double differences and solution with fixed ambiguity (FIX):

The components (Ax, Ay, Az)gx of the base-line vector are determined again, with knowledge
of the term containing the phase ambiguities, previously fixed to an integer value. Therefore
the components Ax, Ay and Az of the vector, connecting the positions on which the two
receivers are set, are the only unknowns to be solved from the equation to the double
differences.
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This last passage normally represents the final result of the computational process; the resolution of the
system of equations to the double differences gives the final solution of the base-line vector with
ambiguity fixed to the integer value (FIX Solutions).

6.1.7.2 Statistic test on the quality of the elaboration

The correctness of the result of the calculation of a base-line can be valued according to statistic test; the
principal ones are:

6.2

Test of the Ratio: it is the ratio between the two smaller values of Variance (o), calculated
from different groups of fixed integers; it is of value if the phase ambiguities have been fixed
correctly. The calculation process generally separates more integer values of phase
ambiguity, to be used in the FIX solution. All the solutions are calculated with the probable
values of the ambiguities and the relative value of Variance of the unity of weight. Ratio is
the ratio between the lowest second variance and the best (lower) in absolute terms. An
elevated ratio means that between the two solutions there is considerable difference or
perhaps improvement; decrease of the value of variance is an indication of correct fixing of
the integer values. A value of Ratio >1.5 for static measurements and Ratio >3 for kinematic
measurements is considered acceptable.

Test on the Variance of the unity of weight: The variance of the unity of weight, at the start
fixed (also called variance of reference), has to be similar to the estimated value and, under
normal conditions, to be equal to 1. The procedure consists of calculating the variance of
threshold through a test with degrees of freedom equal to the redundancy. Elevated values of
the estimated variance can highlight the presence of noise in the signal related to obstacles or
satellites near to the horizon, local multiple reflections (multi-path), no calculation for
tropospheric or ionospheric affects or incorrect calculation of the integer phase ambiguities.

Electromagnetic

The characteristics that establish the performances of a system of electronic navigation are:

a.

The range which is the maximum distance from the stations at which it can usefully be
employed. Being mainly tied to the radiated power and the sensitivity of the receiver, which
compose a specific technical problem, faced by the manufacture.

Precision™ and Accuracy®® with which the system generates the position of the ship, which is
related to factors which should be appreciated during the employment, with the aim of
knowing the reliability of the positions.

The performances of a system, in relation to the accuracy, makes reference to two particular indices of

output:

25

26

“The degree of refinement of a value” (IHO S32 — fifth edition 1994, #. 3987)

“The extent to which a measured or enumerated value agrees with the assumed or accepted value” or “the degree of
conformance with the correct value” (IHO S32 — fifth edition 1994, # 21 and # 3987)
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a. Repeatability or Repeatable Accuracy’’: is a measure of the capability of the system to
repeatedly return the mobile to the same position. It is influenced by the accidental errors of
the measurement (due to the operators, to the instruments and to anomalies of propagation of
the EM waves) and the geometry of the system (the angle of intersection between the
individual LOPs).

b. Forecast ability: it is a measure of the capability of the electronic navigation system to
minimise the size of the existing difference between the measurements and the estimate of
positions produced from the base of calculations, having fixed a model of propagation and the
geometry of the system. In the field of medium and high frequencies, the predictions for the
electromagnetic propagation for the purpose of positioning are irrelevant; it is present with all
of its complications in long range systems, and thus in low frequencies.

6.2.1 Accuracy in the position determination

When the accuracy of a navigation system is established, it is appropriate to specify the degree of
reliability which can be assigned to such a value. Although the distribution of the errors is more often
elliptic than circular, it is simpler to quote only one parameter, generated from the radius of a circle
centred on the determined point.

The mariner has the percentage value (x percent) of probability of being in such a circle. With the
objective of data exchangeability, it is important to clarify which statistical method was used in the
determination of the performance and also include the degree of reliability (or level of confidence),
expressed as the percentage of the tests which fell in a circle of determined radius.

For bi-dimensional measurements (in the horizontal co-ordinates x and y), the parameters generally have
two values:

a. Circular Error Probable (CEP): radius of a circle within which there is about a 50%
probability of finding the correct value™;

b. Radial error or root mean square error in the distance (1 cRMS or 1 DRMS): with the
assumption of equality of the standard deviations around two dimensions (o, o,)”, of
orthogonality between the axes x and y, of normal and not correlated distributions of error,
the following relationship is valid:

DRMSz\/O')f+O'y2 =v2.0> =1414 ¢ (2.65)

Generally the measure of 2DRMS is employed, which corresponds to the 98.5% level of confidence.

2 “In a navigation system, the measure of the accuracy with which the system permits the user to return to a position as

defined only in terms of the co-ordinates peculiar to that system. The correlation between the geographical co-ordinates and
the system co-ordinates may or not may be known” (IHO S32 — fifth edition 1994, # 4336)

2 (see also probable error: THO S32 — fifth edition 1994 — # 1689)
2 (see also standard error: IHO $32 — fifth edition 1994 — # 1695)
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6.2.2 Lines of Position (LOPs)

Limiting distances to less than 60 miles, in the study of radio wave navigation systems, it is valid to
approximate to a horizontal terrestrial surface; for greater distances the line of position is considered as an
arc of maximum circle.

The systems most often used for radio wave navigation produce circular and hyperbolic lines of position,
which derive position from the measurement of a difference in time At or a difference in phase A¢. Such
measurements are translated into differences of distances (hyperbolic LOPs) or direct distances (circular
LOPs) respectively with the relationships:

Ad =c- At (2-66)
c |([A
Ad=7-|| 22 +n 2.67)
f |\ 27
where:
Ad: is the difference of distance;
c is the speed of propagation of the electromagnetic waves;
At: is the difference of measured time;
Ad: is the difference of measured phase;
f: is the frequency of the wave on which the measurement is effected A¢;
n: is the number of integer cycles of the received wave.

An error in the measurement of At or A appears as an error in numeric line of position, while a deviation
of ¢ from its standard value, creates a distortion in the whole pattern of the lines.

6.2.3 Circular lines of position (C LOPs)

Measuring the distance from a point of known co-ordinates it is possible to determine a line of position,
which is a circle having the observed position at the centre and the measured distance as the radius. The
error in the measurement of a distance influences and modifies the relative line of position producing a
band of uncertainty, whose proportions (standard deviation of the measurements of distance) are
independent of the distance.

The intersection of two circular lines of position effected by error produce an area of uncertainty, inside
which is the true position of the mobile. This area generally has the shape of a parallelogram. The
circular systems are characterized by the fact that the angle of intersection between the LOPs varies in the
area of coverage and, at a generic point P, is equal to that between the vector radii subtended by P to the
stations.

In the case of o equal for both the sets of circumferences, the radial error drawn by (2.65) then becomes :

207 14140
sin o sin o

dpys = (2.68)

where a is the angle of intersection between the two LOPs.
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Considering therefore constant ¢ in the area of coverage, it is immediate evident that the drms, in circular
systems, is entirely dependent on the angle of intersection between the LOPs. The curves of equal
distance are identified, therefore, by those of equal a. They are of the complete arcs with this angle and
have their ends at the two stations.

6.2.4 Hyperbolic lines of position (H LOPs)

‘A hyperbola is an open curve (line of points in the plan) with two part, all points of which have a
constant difference in distances from two fixed points called foci’ (IHO S32 — fifth edition 1994 - # 2353).

Referred to an orthogonal Cartesian system, they are a varying curved symmetric ray as related to the axis
of the abscissas, the axis of the ordinates and to the origin.

In hyperbolic electronic navigation, the segment of the axis of the abscissas incorporated between the two
foci A and B is called the base-line. Two fixed points in a plane can be the foci of endless hyperbolae,
which will constitute a pattern of similarly focused hyperbolae.

In a system of similarly focused hyperbolae, representing geometric lines which differ one from the other
by a constant quantity, it can be observed:

a. The hyperbolae cross the base line at regular intervals of distance;
b. The distance between two hyperbola increases with the increase of distance from the base-
line.

In reality, the lines of position obtainable from hyperbolic radio navigation systems are hyperboloids. A
pair of synchronized radio stations located at the hyperboloids foci, each can be paired with one or more
other synchronized stations forming a hyperbolic chain. The observer is on one of the curved
hyperboloids which are produced by two pairs of radio stations. With the measurements made onboard,
the observer can determine his position by identifying the relevant spherical hyperbolas displayed on
charts or from special tables built for such a purpose.
6.2.5 Determination methods of electromagnetic wave lines of position (EW LOPs)

An electromagnetic wave LOP can be produced by the direct or indirect measurement of:

a. Distance;
b. Difference between distances.

The measurements which dimensionally express a distance, are in reality obtained by the transformation
of two possible and different kinds of measurement:

a. Difference of phase;
b. Difference of time.

6.2.6 Measurements of difference of phase

Differences of distances or distances can be determined from a measurement of phase difference.
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Measures of distances:

Considering A, a point on the earth’s surface for which co-ordinates are known in a stated
reference system, with a station issuing a continuous electromagnetic wave with frequency f
and at a generic point P, a suitable receiver able to measure the difference between the phases
of the electromagnetic wave has, constantly, knowledge of the positions of A and P.

To make this possible, it requires the receiver to have an oscillatory wave of stable frequency
which is synchronised with that of the issuing station.

In such a way, supposing known conditions of propagation in the medium which separates
the station from the receiver, it is possible to know, constantly, the phase of the radio wave at
station A and to make a comparison with the phase of the incoming radio wave at the
receiver.

From the measurement of this phase difference it is possible to obtain the distance between
the transmitting station and the receiver to less than multiples of 27 (or of 360°). The related
line of position on the earth is represented by the circumference having A at the centre and
the calculated distance for the radius.

Defining a lane as the space between two LOPs with a phase difference of 360°, in this case it
is represented by the spherical circular area between the two circumferences. Therefore,
starting from the transmitting station, every point equal to the wavelength corresponds to
crossing a lane with a width equal to the wavelength.

The errors of measurement are expressed in cels (cents of lanes).
Measurement of difference of distances:

Sited at A and B are two radio wave transmitters of the same frequency, set at points on the
earth’s surface with known co-ordinates; at P a receiver able to receive separately the signals
coming from the two stations and to calculate, at the same time, the phase difference of the
two incoming radio waves. Except for multiples of 2n (or of 360°), such values allow the
receiver to obtain the difference of the distances it is from the two stations A and B.

Being a hyperbola, the line of the points of difference of distances from two fixed points
(called the foci) is constant, it results that from every point on a stated hyperbola the same
phase difference is measured.

It is possible to conclude that a measurement of phase difference defines a hyperbolic line of
position.

A receiver is able to measure in a lane only the absolute value of the phase difference, from
0° to 360°; this involves ambiguity, because such a difference is positive for one side of the

hyperbola and negative for the other.

Appropriate techniques ensure the sides of hyperbolas are always positive. The phase
difference is generally expressed in cents of lane (cels).
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The identification, then, of the lane, to which the difference of measured phase refers, makes
it essential to know the lane in which the receiver was positioned when it was set to work; the
purpose is to regulate the special control switch which numerically records the passage across
into a whole new lane.

6.2.7 Measurement of difference of time

Measurement of Difference of time involves both the measurement of a temporal interval delimited by
two instants, which are recorded in succession, and the difference between two of these temporal
intervals.

The two different ways of interpreting this quantity, allow the determination of two types of
measurement: of distance and of difference of distances.

a. Measurement of distance:

The distance is obtained by the measurement of the time which passes between the
transmission of a transmitting station of known position at a known instant and the instant at
which the signal reaches the receiver.

What connects the measurement of this time interval to a distance is the speed of propagation
of the electromagnetic waves. Therefore, the ability to forecast the anomalies of propagation
defines the capability of the positioning system.

b. Measurement of difference of distances:
Two transmitting stations at A and B are set at positions of known co-ordinates.

The pulses from the two stations arrive sequentially at a receiver, with appropriate
techniques, it is possible to measure the difference in time between the arrivals of the signals.
It is clearly a function of the difference in distance of the receiver from the two stations.

The measurement of difference of time is made on both sides of the hyperbola, causing an
ambiguity, since the receiver is not able to establish which of the two pulses arrives first. To
eliminate this, the transmission of pulses is not simultaneous but is made at intervals of a
constant quantity (coding delay).

6.3 Acoustic Systems

Acoustic Positioning Systems were originally developed in the United States to support underwater
research studies in the 1960s. Since then, such systems have played an important role in providing
positioning for towed bodies, ROVs and in most phases of the offshore hydrocarbon industry, from initial
exploration through to field development and maintenance. More recent developments and technical
improvements have also seen it being used for military purposes.

Acoustic positioning is able to provide very high positional repeatability over a limited area, even at a
great distance from the shore. For many users repeatability is more important than absolute accuracy,
although the advent of GPS and integrated GPS/INS technology now makes it possible to achieve both
high precision and accuracy.
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Modern GPS developments such as DGPS, WADGPS and RTKGPS may have reduced the use of
acoustic systems in areas such as seismic survey operations and seismic streamer tracking. However, in
positioning rigs relative to wellheads (whether the rig is anchored or dynamically positioned), ROV
tracking etc. acoustic positioning remains an important technique. Furthermore, in areas where sunspot
activity (most pronounced around the magnetic equator and the Polar Regions) can cause interference to
DGPS an acoustic system can provide a useful backup for GPS.

Acoustic Positioning Systems measure ranges and directions to beacons that are deployed on the seabed
or fitted to ROVs and towed bodies. The accuracy achieved will depend on the technique used, range and
environmental conditions. It can vary from a few metres to a few centimetres.

Acoustic positioning systems, produced by several manufacturers are generally available in the following
'standard' frequency bands

Classification Frequency Max Range
Low Frequency (LF) 8—16 kHz >10km
Medium Frequency (MF) 18 —36 kHz 2-3%km
High Frequency (HF) 30 — 64 kHz 1500 m
Extra High Frequency (EHF) 50-110 kHz <1000 m
Very High Frequency (VHF) 200 — 300 kHz <100 m

6.3.1 Acoustic Techniques

There are 3 primary techniques used in acoustic positioning systems, Long Baseline, Short Baseline and
Super or Ultra Short Baseline with some modern hybrid systems using a combination of these techniques.

6.3.1.1 Long Baseline Method (LLBL)

LBL acoustic systems provide accurate fixing over a wide area by ranging from a vessel, towed sensor or
mobile target, to three or more transponders located at known positions on the seabed. Transponders are
interrogated by a transducer fitted to the surface vessel. The lines joining pairs of seabed transponders are
termed baselines and can vary in length from 50m to over 6km depending on the water depth, seabed
topography, the acoustic frequency used and the environmental conditions.

The LBL method provides accurate local control and high repeatability. If there is redundancy, i.e. 3 or
more position lines, the quality of each position fix can also be estimated.
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Fig. 2.21 “Long Baseline Meted”
Calibration of LBL Systems

Seabed transponders cannot be fixed or deployed as accurately as land based systems. Once laid,
however, a pattern of transponders must be fixed relative to each other and then tied into the geodetic
datum in use. The latter is usually achieved using GPS and the process of calibration generally follows
three steps:

a. Relative Geometry:Relative positioning is achieved by nominating one of the transponders as
the origin of the seabed array and defining its orientation by determining the direction to a
second transponder. To achieve this, the ship steams at random throughout the area, aiming
to cross each baseline at right angles at least once, gathering valid sets of slant ranges. These
ranges can then be processed to fix the relative positions of the seabed transponders by
trilateration and rigorous adjustment.

b. Orientation:The orientation process involves steaming with a constant heading along three
legs at 90° to 120° intervals, taking two well-separated acoustic fixes on each leg. The effect
of the tidal stream is cancelled by the course alterations and the network is aligned with north
as defined from GPS positions or by the ship's gyro compass.

c. Absolute Positioning: This is achieved by matching fixes obtained from the deployed
acoustic network with GPS positions.

6.3.1.2 Short Baseline Method (SBL)

SBL methods replace the large baselines formed between transponders on the seabed with baselines
between reference points on the hull of a surface vessel, i.e. the co-ordinate frame is now fixed to the
vessel instead of the seabed. Three or four transducers separated by distances of 10 to 100 metres are
fitted to the hull of the vessel and connected to a ship-borne acoustic processor.

Underwater targets or seabed positions are marked by single acoustic beacons, the transmissions from
which are received by the hull-mounted transducers. The returning signals — together with knowledge of

C-13



106

the SV in the water column — are passed to a central processor, where the horizontal offset between the
vessel and the beacon is computed. As with the LBL method, redundant observations are used to estimate
the quality and accuracy of the position fix.

Transducers

2 «— Transponder

Fig. 2.22 “Short Baseline Meted”

The position of the transponders on board the vessel can be accurately determined during installation.
Vessel heading and Roll and Pitch measurements have to be made during operation and as always a good
knowledge of Sound Velocity is required.

6.3.1.3 Ultra or Super Short Baseline Method (USBL or SSBL)

In a USBL system the 3 or 4 hull mounted transponders of an SBL system are replaced with a single hull
unit comprising an array of transducers. Phase comparison techniques are used to measure the angle of
arrival of an acoustic signal in both the horizontal and vertical planes. Thus, a single beacon located
either on the seabed or on a mobile target (e.g. a towed sonar body) can be fixed by measuring its range
and bearing relative to the target.
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Fig. 2.23 “Ultra Short Baseline Meted”

The USBL method provides a simple positional reference input for dynamically positioned (DP) vessels
and is also convenient for tracking towed bodies and ROVs.

Although more convenient to install, a USBL transducer requires careful adjustment and calibration. A
compass reference is required and the bearing measurement must be compensated to allow for the pitch
and roll of the vessel and for refraction effects in the water column. Unlike conventional LBL and SBL
methods, there is no redundant information on standard USBL systems from which position accuracy can
be estimated and accuracy is normally stated as between 0.5 to 1% of the maximum slant range
measurement.

6.3.1.4 Combined Systems

These systems combine the benefits from all the above methods to provide a very reliable position with a
good level of redundancy. The combined systems come in several varieties:

o Long and Ultra Short Baseline (LUSBL)
« Long and Short Baseline (LSBL)

o Short and Ultra Short Baseline (SUSBL)

« Long, Short and Ultra Short Baseline (LSUSBL)
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Fig. 2.24 “Combined System (LSUBL)”

6.3.1.5 Multi-User Systems

Multi-User systems are required when more than one vessel is working in close proximity and wishes to
use the same acoustic system e.g. a drilling vessel in an oilfield might have a construction barge, a pipe
lay barge and an ROV support vessel at the same location, all holding station by means of Dynamic
Positioning (DP). This means that the potential for "acoustic pollution" is significant. The following
solutions to this problem are either operational or under development (2004) are:

« Single "Master" seafloor beacon interrogation systems

o Master surface vessel with radio telemetry synchronisation to other vessels
« More channels within the same band through signal processing techniques
o The use of different frequency bands for different operations

6.3.2 Principles of Measurement

Range Measurement

a. Ifslant range (R) is determined by interrogating a transponder and 6 is known then:

ct
R = 3 and the horizontal distance (YY) can be determined by: ¥ = R sin@

b. If transponder is replaced by an unintelligent 'pinger' beacon, direct slant range cannot be
obtained and the depth must be known to calculate the horizontal distance: Y = D tan 6

c. Knowledge of SV (c) allows 0 to be determined by measuring differences in signal arrival

times between hydrophones 1 & 2 (Figures 2.25 & 2.26). Therefore the angular measurement
between a transducer/hydrophone and a beacon can be determined.
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Hydrophone (2) Hydrophone (1)

Slant Range (R)

v
_

Depth (D)

;

Horizontal
Distance (Y)

Fig. 2.25 “Range determination”

Angular Measurement

Ray paths arrive at H2 as
virtually parallel rays

Fig. 2.26 “Angular Measurement”

. cAt
« Provided Sound Velocity is known: AR =cAt and sinf = =
Where: ¢ = Sound Velocity
At = Difference in arrival time of signal at H1 and H2
d = Distance between transducers/transducer elements/hydrophones
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o A third transducer mounted at right angles to H1 and H2 enables the bearing of the beacon to
be determined.

« When a vessel is directly over a transponder, two hydrophones in the same axis will receive
signals in phase. This is a useful technique used in dynamic positioning, where any shift off
station is sensed by signals arriving out of phase.

sing = —

Y = Rsing = R%At

Fig. 2.27
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Calculating position in 2 planes

Transducer

) Alongships
Athwartships
X
Y
Fig. 2.28
X =R sin 0x Y =R sin Oy and therefore z=R(1 - sin? Oy — sin’ Hx)"?

Note: Apparent position requires adjustment for:

Pitch and roll.

hydrophone alignment (at installation).
Hydrophone offset (fixed amount).
Transponder offset (fixed amount).

o o

The Z co-ordinate is calculated from acoustic data, therefore depth information can be used to improve
position accuracy under conditions of thermal gradients. Positioning accuracy is considered to be better
than 1% of slant range.

6.3.3 Accuracy and errors sources

The overall accuracy of an acoustic fix will depend on:

a. The accuracy with which a transponder array is established relative to a geodetic datum.
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b. Determination and supression of multipath effects (reflections). This is particularly
noticeable in the region of fixed structures such as production platforms and is worse for
SSBL and SBL systems than for LBL systems.

c. The accurate determination of sound velocity, velocity gradients and the amount of
refraction.

d. The frequency used. Accuracy increases with increasing frequency but at the expense of
range and the power required.

e. The fix geometry and, to a certain degree seabed topography i.e. whether or not there is a 'line
of sight' between transponders.

f. The sophistication of the processing system and software being used.

g. Errors in time measurement owing to the presence of noise in the received signals. Noise

may be:
« Ambient Noise (NA): Waves, wind, rain, marine life.
« Self Noise (NS): Propulsion, machinery, flow

« Reverberation Noise (NR): Volume reverberation, sea surface, seabed structures.
Signal to Noise ratio (SNR) = E—-N

Where E=SL-TL
N =20Log;yNT

And NT = (NA> + NS° + NR?)"?
6.3.3.1 Sound Velocity Structure
Seawater is not a uniform, isotropic medium and therefore the velocity of sound in water is affected by
changes in temperature (the dominant factor), salinity and depth. The mean value of SV in seawater will
increase approximately as follows:
By 4% m/s for every 1°C increase in temperature.
By 1.21 m/s for every part per thousand increase in salinity.

By 1 m/s for every 60 metre increase in depth.

All systems require a precise knowledge of the average sound velocity and preferably knowledge of the
SV profile. This is usually obtained by using an independent TSD probe or velocity profiler.

6.4 Optical Techniques
The following paragraphs contain only a brief summary of the traditional methods employed in dredging,
channel and harbour surveys. Most of them are no longer used due to the employment of Differential

GPS techniques, however they are still valid. Chapter 7 contains more detailed explanation of these
methods for hydrographic surveying.
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6.4.1 Tag Line Positioning (Cable sounding)

The sounding survey with a cable is used for the lack of other positioning systems; it requires a tag line
kept in tension from an operator who holds the end of the cable anchored on the beach.

On the vessel another operator will unwind the line from a winch, always keeping it in tension.

Then, at slow speed, the vessel begins the sounding line (generally perpendicular to the beach) steered by
an operator who checks the direction followed by a planned fixed angle on circle to reflection (or sextant)
or other visual method.

6.4.2 Sextant Resection Positioning (Inverse intersection)

This system needs two operators with circle to reflection (or sextants) in the vessel.

They measure the difference in azimuth of points selected during the planning. Every fix during the
survey is the intersection between two LOPs; a sounding therefore is associated with the reading of two
differences of azimuth.

6.4.3 Triangulation/Intersection Positioning (Direct intersection)

The direct intersection guarantees greater precisions, but it requires two operators on the ground and a
reliable system of communication with the vessel.

The first operator, through a circle to reflection (or a theodolite), guides the vessel along the line,
communicating by radio any required adjustments, while the second, using a total station, determines
angles and distances of the vessel at established time intervals.

6.4.4 Range-Azimuth Positioning (Mixed system optic and electromagnetic)

It is a method which allows the generation of a position through the orthogonal intersection between two

LOPs. An EDM system and a theodolite (or total station), which observes the vessel, are utilised for
positioning.
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CHAPTER 3
DEPTH DETERMINATION

1. INTRODUCTION

Depth determination is a fundamental task for a hydrographer, which requires specific knowledge of the
medium, of underwater acoustics, of the plethora of devices available for depth measurement, of
complementary sensors for attitude and heave measurement and proper procedures to achieve and meet
the in‘;ernationally recommended standards for accuracy and coverage as articulated in IHO publication
S-44 5" Edition.

Lead line and sounding pole were the earliest methods used for directly measuring water depth. Their
easy principles of operation ensured their continued use over many centuries.

Single beam echo sounders, derived from military sonars, were a major development and have been used
in hydrographic surveying since the mid 1900s.

During the last decade, hydrographic surveying has experienced a conceptual change in depth
measurement technology and methodology. Multibeam echo sounders (MBES) and airborne laser
sounding systems (ALS) now provide almost total seafloor coverage and depth measurement. The high
data density and high acquisition rates have led to huge bathymetric data sets and much ancillary data.

The state of the art of the depth measurement equipment was evaluated by the working group on S-44
preparing the 4™ Edition in 1998 as follows:

“Single beam echo sounders have reached a sub-decimetre accuracy in shallow water. The
market offers a variety of equipment with different frequencies, pulse rates etc. and it is
possible to satisfy most users' and, in particular, the hydrographers' needs. (...)

Multibeam echo sounder ftechnology is developing rapidly and offers great potential for
accurate and total seafloor search if used with proper procedures and provided that the
resolution of the system is adequate for proper detection of navigational hazards.

Airborne laser sounding is a new technology which can offer substantial productivity gains
for surveys in shallow, clear water. Airborne laser systems are capable of measuring depths
to 50 m or more.”

Despite these new technologies, single beam echo sounders (SBES) still remain, for the present, the
traditional equipment used on hydrographic surveys worldwide. These echo sounders have also evolved
from analogue to digital recording, with greater precisions and higher accuracies and with specific
features which allow a wider variety of purposes to be met. The use of digital echo sounders along with
motion sensors, satellite positioning systems (such as GPS) and software for data acquisition have
combined to optimize productivity with corresponding reductions in personnel for survey operations.

MBES have become a valuable tool for depth determination when full seafloor ensonification is required.

An increasing number of National Hydrographic Offices (NHO) has adopted multibeam technology as the
methodology of choice for the collection of bathymetric data for new chart production. The acceptance of
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multibeam data for use in published nautical charts is a sign of growing confidence in the technology.
Notwithstanding their impressive capabilities, it is vital that planners, operators and checkers have
indepth knowledge of MBES operating principles, as well as practice in data interpretation and validation.

Airborne laser sounding systems are being used by a few NHOs; these systems have, by far, the highest
data acquisition rates and are particularly suited to near shore and shallow water areas. However, the high
costs for the assets involved in data collection and their operation do not currently allow a more general
use.

In this Chapter, Section 2 covers the broad acoustic fundamentals necessary for the understanding of sea
water acoustic waves and physical characteristics, acoustic wave propagation and acoustic parameters.
Section 3 deals with motion sensors. Section 4 covers transducer characteristics, their classification with
regard to beam pattern, principles of operation and their installation. Section 5 describes the acoustic
systems of single beam echo sounders and swath systems, both multibeam and interferometric sonars,
with regard to their characteristics, principles of operation, installation and operational use. Finally,
Section 6 explains non-acoustic systems, such as airborne laser and electromagnetic induction systems,
remote sensing systems and classic mechanical devices.

The terminology used in this chapter follows, as far as possible, the Hydrographic Dictionary [IHO SP-32
5" Edition, 1994].

2. ACOUSTIC AND MOTION SENSORS FUNDAMENTALS

Sea water is the medium in which hydrographic measurements normally take place, therefore knowledge
of sea water’s physical properties and of acoustic waves propagation is important for full comprehension
of the contents and aim of this chapter.

2.1 Sea water acoustic waves and physical characteristics

Despite electromagnetic waves having an excellent propagation in a vacuum and air, they hardly
penetrate nor propagate through liquids. However, acoustic waves, either sonic or ultra-sonic, achieve
good penetration and propagation through all elastic media once these media can be made to vibrate when
exposed to pressure variations. The majority of the sensors used for depth determination use acoustic
waves.

2.1.1 Acoustic field

The acoustic waves consist of subtle variations of the pressure field in the water. Sea water particles
move longitudinally, back and forth, in the direction of the propagation of the wave, producing adjacent
regions of compression and expansion, similar to those produced by longitudinal waves in a bar.

The intensity of the acoustic wave, I, is the amount of energy per second crossing a unit area. The
acoustic intensity is given by:

3. 1)
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where p is the water density, ¢ is the sound velocity in the water and p. is the effective acoustic
pressure™’, given by the root mean square of the peak pressure amplitude, P, i.e.:

P

pe:ﬁ

The acoustic wave intensity is computed using average acoustic pressure rather than instantaneous values.
The acoustic pressure and intensity, due to their wide range variation, are usually expressed in logarithmic
scales referred to pressure and intensity levels, the decibel scale being the most common logarithmic
scale.

The acoustic intensity level, IL, is given by:

IL =10log,, 1 (3.2)

Ref
where It is the reference intensity.

The acoustic intensity level is alternatively expressed by,

IL =20log,, P 3.3)

Ref

where pger is the reference pressure3 L
2.1.2 Sonar Equation

The sonar’’ equation is used to study and express the detection capability and performance of echo
sounders as a function of operating conditions [Urick, 1975].

The sonar equation for echo sounders defines the signal or echo detection as the Echo Excess (EE),
EE=SL -2 TL - (NL-DI) + BS- DT 3.4)

where SL = source level, TL = transmission loss, NL = noise level, DI = directivity index, BS = bottom
backscattering strength and DT = detection threshold.

In this section each term of the sonar equation is presented and studied to enable a better understanding of
the processes involved in acoustic signal propagation and echo detection.

The acoustic wave intensity I, at a distance r from the transmitter is obtained by,

3 Pascal (Pa) is the unit of pressure in the International System (SI).

31 In underwater acoustics reference pressure is usually adopted as 1 pPa.

32 SOund NAvigation and Ranging.
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p2
I :p—fc W/m? 3.5)

Where p, is the effective pressure at the distance r from the source and pe is the acoustic impedance™
(considering a sound velocity of 1500 m/s and sea water density of 1026 kg/m’ the acoustic impedance is
pc=1.54 - 10° kg/m’s).

The Source Level (SL) gives the acoustic signal intensity level referred to the intensity of a plane™ wave
with root mean square (rms) pressure 1 pPa, for a point located 1 metre away from the centre of the
source (transmitter), i.e.:

I
SL=10-log,, —— (3.6)

Ref

The Transmission Loss (TL) takes into account the losses of acoustic intensity due to geometry, i.e. from
spreading losses, proportional to r* and the losses due to absorption, proportional to the coefficient of
absorption, dependent on the physical and chemical sea water properties and on the acoustic frequency
(see 2.3.1).

The spreading loss is caused by the geometry of the beam with its cone shape (Figure 3.1). The increase
in area results in the decrease of power per unit of area.

R
R,

Fig. 3.1 "Spreading loss due to beam geometry"
The power, I, of the acoustic pulse is equal to Intensity x Area:
I1= Il'Al = Iz’Az

where A; = Q-R,? and A,= Q-Rzz, being Q the solid angle35 .

3 Acoustic impedance corresponds to the resistance of the medium to the wave propagating through it, i.e., a proportionality

factor between the velocity and the acoustic pressure.

3 Plane waves occur in a small region away from the source where wave fronts (points where vibrations are in phase), are

approximately plane and have negligible change in amplitude.
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Therefore, the relation of intensities is given by:

2
L R,

il S e 3.7
o] %

If one considers the reference intensity at R; = 1 m, the distance at which the source level (SL) is
determined, the logarithmic ratio of the intensities relates to the transmission loss due to spreading is:

I 1
10-log,, —— =10-log,, 2 -20-log,, R, 3.9

Ref 2
Hence, the transmission loss is given by:

TL =20 logor + ar 3.9
where r is the distance to the transducer and a the absorption coefficient.

The Noise Level (NL) is dependent on the environmental spectral noise level (Np) and on the transducer
bandwidth during reception (w),

NL =No + 10 log 1o w 3. 10)

The noise in the ocean is generated by several sources [Urick, 1975] such as: waves, rain, seismic
activity, thermal noise, living organisms and man-made.

Besides noise, it is also important to take into account the combined affect of the backscattering acoustic
energy created by various marine bodies; these include surface waves, air bubbles, marine life, materials
in suspension, etc. This contribution is known as the Reverberation Level (RL).

Transducers usually have the capacity to concentrate the energy within a conical shape (Figure 3.2). This
property can be quantified, for the sonar equation, as the ratio from the intensity within the beam to the
intensity of an omni directional point source with the same power.

Fig. 3.2 "Ensonified surfaces from an omni directional source and directional source"

3 The solid angle, €, is the space enclosed by a conical surface. The value, expressed in steradian (sr), is obtained as Q=S/R?,

where S is the spherical surface with centre in the apex of the cone and radius R.
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Therefore, considering the same power for the omni directional and directional sources:

I1=1,4nR*=1S (3.11)
The ratio of intensities is given by:
I 4nR2
— = (3.12)
I 0 S

and the Directivity Index (DI) is obtained by:

2
I 4R
DI = 10log,, —— =101log,, — (. 13)
Ref
For an array with length, L, and wave length, A, (with L>>) the Directivity Index is given by:
DI =10 log 1o (2L/A) (3.14)

The acoustic energy returned from the seafloor is the energy used by sonar systems, as well as the remote
means by which to deduce some seafloor properties. Knowledge of the beam angle and the sound
velocity profile in the water column allows one to obtain backscatter strength corrected for absorption and
spherical spreading.

Each particle on the seafloor can be likened to a reflector and the seabed return as the sum of the energy
contributions from the water-seabed interface and from the volume of sediments, due to some energy
penetration into the sediments. However, the contribution from the volume of sediments is less
significant when using high frequencies.

The seabed Backscattering Strength (BS) is usually described as the logarithmic sum of intrinsic
backscattering strength per unit area or backscatter index (SB), which is dependent on the reflective
properties of the seafloor and the effective instantaneous scattering area A, the area of the seafloor which
contributes to the backscattered signal:

BS=SB + 10 log o A dB. 3.15)
The limits of the backscattering area are defined by the beam geometry, particularly by the beam width
(of the transmit beam) in the along-track direction at normal incidence or nadir, ¢y, and by the beam

width (of the receive beam) in the across-track direction at nadir, ¢g.

For the off-nadir directions, the backscattering area is bounded by the beam width, ¢r, and by the
transmitted pulse length t (Figure 3.3). The seafloor backscattering strength may be given by:
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SB+10-log,,(¢;0,R*) beam width constrict

BS = 3. 16)

SB+10-loglo(C_—T(|)TRj pulse length constrict
2sinf

where R is the slant range from the transducer to the point on the seafloor, ¢ is the velocity of the sound
and P is the beam angle with reference to the vertical.

The backscatter coefficient, SB, is usually partially dependent upon the angle of incidence, the largest
variation being near nadir and typically follows a Lambert’s law [Urick, 1975 and de Moustier, 1993]
dependence at larger angles of incidence. It is common to define:

SB = BSy, for normal incidence (p = 0°)
SB = BSy: cos” B, for oblique incidence (B > 10-25°)

Typically, BSy will be about -15 dB and BSg about -30 dB. These values may change within =10 dB or
even more depending on seabed type and roughness.

Looking at the beam footprint (ensonified area), Figure 3.3, the instantaneous ensonified area, A, is a
function of the transmitted beam width, ¢r. The number of samples per beam depends on the sampling
interval (tg).

Transducer

ct/(2sinf) o/

Fig. 3.3 "Backscatter samples"

¢ = sound velocity
T = pulse length

The Detection Threshold (DT) is a system dependent parameter which establishes the lowest level above
which the echo sounder can detect the returning echoes.
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2.1.3 Temperature

The temperature at the sea surface varies with the geographic position on the earth, with the season of the
year and the time of the day [Pickard and Emery, 1990]. The temperature field distribution is a complex
one and can not be predicted with enough accuracy for hydrographic surveys; through the water column
the behaviour of the temperature is also very complex. Such unpredictability necessitates a
comprehensive distribution of sound velocity profile casts, both temporally and spatially, to maintain a
representative currency of the sound velocity profiles for the survey area.

The depth measurement is quite sensitive to variations of the sound velocity profile; a variation of one
degree Celsius in temperature translates to approximately 4.5 m/s in sound velocity variation.

The temperature variation is the dominant factor for sound velocity variation between the surface and the
lower limit of the thermocline™, thereafter pressure becomes the principal influence.

2.1.4 Salinity

The salinity is a measure of the quantity of dissolved salts and other minerals in sea water. It is normally
defined as the total amount of dissolved solids in sea water in parts per thousand (ppt or %o) by weight.

In practice, salinity is not determined directly but is computed from chlorinity, electrical conductivity,
refractive index or some other property whose relationship to salinity is well established. As a result of
the Law of Constancy of Proportions, the level of chlorinity in a sea water sample is used to establish the
sample's salinity”’.

The average salinity of sea water is around 35 %.. The rate of variation of sound velocity is
approximately 1.3 m/s for a 1 %o alteration in salinity. Typically the salinity is measured with a CTD cast
(Conductivity, Temperature and Depth) using the observable electrical conductivity, see 2.2.1.2.

2.1.5 Pressure

The pressure also impacts significantly on the sound velocity variation. Pressure is a function of depth
and the rate of change of sound velocity is approximately 1.6 m/s for every alteration of 10 atmospheres,
i.e. approximately 100 metres of water depth™.

The pressure has a major influence on the sound velocity in deep water.

2.1.6 Density

Water density is dependent upon the previous parameters, i.e. temperature, salinity and pressure.

Fifty percent of the ocean waters have a density between 1027.7 and 1027.9 kg/m®. The largest influence

on density is compressibility with depth. Water with a density of 1028 kg/m’ at the surface would have a
density of 1051 kg/m’ at a depth of 5000 metres.

36 The thermocline is also called discontinuity layer or thermal layer. The thermocline corresponds to a vertical negative

temperature gradient in some layers of the water column, which is appreciably greater than the gradients above and below it.
The main thermoclines in the ocean are either seasonal, due to heating of the surface water in summer, or permanent.

37 A joint committee (IAPO, UNESCO, ICES, and SCOR) proposed the universal adoption of the following equation for
determining salinity from chlorinity: S = 1.80655 Cl.

3 This is derived by the hydrostatic principle, i.e., p(z) = po + pgz.
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Salinity, Temperature, and Sound Velocity Determination

This subsection describes the instrumentation used for salinity, temperature and sound velocity
determination as well as their operating principles and the calculation for mean sound velocity.

2.2.1

22.1.1

2212

22.13

2.2.2

Instrumentation

Sound Velocity Profiler is the most common instrument used to measure the sound velocity
profile through the water column. This instrument has one pressure sensor to measure depth, a
transducer and a reflector a certain distance, d, apart. The sound velocity is calculated by the
equation ¢ = 2d/At, where At is the two-way travel time of the acoustic signal between the
transducer and the reflector (similar to the depth measurement performed by echo sounders).

CTD is an electronic instrument with sensors for conductivity, temperature and depth. This
instrument records the salinity by directly measuring the electrical conductivity of the sea water.

Sound velocity in the water varies with the medium’s elasticity and density, which are dependent
upon the salinity, temperature and pressure. With the information from the CTD (salinity,
temperature and pressure) it is possible to calculate the sound velocity in the water based on
empirical equations. One simple equation with adequate accuracy was presented by Coppens
[Kinsler et al., 1982]:

C (Z, T, S) = 1449.05 + T[4.57 - T(0.0521 - 0.00023-T)] + (3.17)
+[1.333 - T(0.0126 - 0.00009-T)|(S - 35) + A(Z)

where T is the temperature in degrees Celsius (°C), S is the salinity in parts per thousand (ppt), Z
is the depth in km, and A(Z) ~ 16.3-Z + 0.18-Z°.

This equation is valid for a latitude of 45°. For other latitudes, Z should be replaced by
Z[1 - 0.0026-cos (2¢)], being o the latitude.

Thermistors are elements whose electrical resistance depends on their temperature, which
depends on the amount of heat radiation® falling on it from the sea. Thermistor chains are used
to measure the water temperature at several depths through the water column. These chains,
usually moored, consist of several thermistor elements, regularly spaced along a cable. A data
logger samples each element sequentially and records the temperatures as a function of time.

Instrument operation

Important for successful operation of a sound velocity profiler, before deployment, the profiler should
have the correct parameters entered with the required recording settings and be calibrated with the correct
atmospheric offset in order to generate reliable depth measurements.

It should be stressed that, during the atmospheric offset calibration, a sound velocity profiler should not
be in a pressurised compartment or the calibration will produce biased offsets and thus erroneous depth
measurements.

39

The heat radiation rate is given by Stefan’s Law which states that the rate of emission of heat radiation from an object is

proportional to the fourth power of its absolute temperature.
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Before deployment, the profiler should be in the water for approximately 15 minutes for thermal
stabilisation and during a sound velocity cast, it is recommended a constant deployment speed is
maintained.

2.2.3 Data recording and processing

Sound velocity profiles should be edited and carefully checked for anomalous depths and sound velocity
readings.

In general, velocity profilers record both depth and sound velocity, both downwards and upwards. The
two profiles should be compared to confirm they are similar after which the profiles are often meaned to
create the final profile, although this not necessarily required, in any event the readings should be
compared and additional information removed to allow sorting into ascending or descending order.

2.2.4 Sound velocity computation

After the sound velocity profile has been validated, it can be applied to the survey file. The computation
is used to correct depth measurements with sound velocity profile data.

For beams near the vertical, specific case of single beam echo sounders, it is accurate enough to use the
average sound velocity in the water column. However, away from nadir, it is necessary to perform ray
tracing to take account of the beam curvature due to any refraction phenomenon encountered; this is the
procedure used in MBES (see 5.2.1.8.1).

For a signal transmitted vertically (i.e., 6o = 0°), the harmonic mean sound velocity, ¢, for a depth z, is
obtained by:

z

Ch(zn):—n (3.18)
)
Z—ln
i=1 8 \Cin
. . . . Ci - Ci—l
where @ is the constant gradient at layer i, given by: g =
Z,—Z

2.3 Sea water sound propagation
This section focuses on sound propagation namely attenuation, reflection, and refraction.
2.3.1 Attenuation

Attenuation is the loss in energy of a propagating wave due to absorption, spherical spreading and
scattering by particles in the water column.

The absorption is the result of dissociation and association of some molecules in the water column;
magnesium sulphate (MgSO,) is a major source of absorption in salt water. The rate of absorption is
dependent on the physical and chemical properties of sea water and on the acoustic frequency being
transmitted. From Figure 3.4 it can be seen that above a frequency of 100 kHz the absorption coefficient
increases with the increase of temperature; thus, it can be expected that sonar range will vary with the
water temperature.
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The spherical spreading is dependent on the geometry; for a solid angle the acoustic energy spreads over a
larger area as the distance from the source increases.

Both losses by absorption and spherical spreading are taken into account in the sonar equation (see 2.1.2).
However, losses from scattering depend upon particles or bodies present in the water column; scattering is
chiefly due to marine organisms, a major source of which is the deep scattering layer (DSL) which
consists of a layer of plankton whose depth varies throughout the day.

Absorption Coefficient
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Fig. 3.4 " Absorption coefficient"
2.3.2 Refraction and reflection

Refraction is the process in which the direction of propagation of the acoustic wave is altered due to a
change in sound velocity within the propagating medium or as the energy passes through an interface,
representing a sound velocity discontinuity between two media.

According to Snell’s Law and considering two media (Figure 3.5) with different sound velocities, ¢; and
¢,, if ¢; is greater than c¢,, the direction of the acoustic wave propagation is altered and the transmit angle
will be smaller than the angle of incident. In contrast, if ¢; is smaller than c¢,, the direction of the acoustic
wave propagation is changed and the transmit angle will be greater than the angle of incident. For normal
incidence no refraction occurs.

For normal incidence and smooth seabeds, the reflection coefficient* for the pressure, R, is obtained by
the ratio of the amplitude pressure of the reflected wave by the amplitude pressure of the incident wave
[Kinsler et al., 1982].

401t is also possible to define reflection coefficients for power and intensity. For normal incidence the reflection coefficient
for power and intensity is the square of the reflection coefficient for the pressure.
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g = Tr_ P2 PG (. 19)
P, pyc, +pic
C1>C Ci C1<C
C2

Fig. 3.5 "Refraction principle"
For general conditions, the ratio of acoustic intensity reflected and transmitted depends mainly on:

o Contrast between the acoustic impedances of the media;
e Seafloor roughness;
e Acoustical frequency.

24 Acoustic parameters

The characteristics of an echo sounder are determined by the transducers, namely the directivity, beam
width, beam steering and side lobes level. In this subsection each of these parameters is analyzed.

2.4.1 Frequency

The echo sounder’s acoustic frequency is the parameter which determines the range and the sound
penetration of sediments. The attenuation of the acoustic signal in the water is proportional to the
frequency. The higher the frequency is, the higher the attenuation will be and, consequently, the lower
the range and the penetration into the seafloor.

The beam width is dependent on the acoustic wave length and on the size of the transducer. For the same
beam width a lower frequency will require a larger transducer.

The frequencies of bathymetric echo sounders are typically:
e Waters shallower than 100 metres: frequencies higher than 200 kHz;

e  Waters shallower than 1500 metres: frequencies from 50 to 200 kHz;
e Waters deeper than 1500 metres: frequencies from 12 to 50 kHz;
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The frequencies for sediment echo sounders are below 8 kHz.
2.4.2 Band width
Taking fy as the frequency of maximum power transmission (resonance frequency) and f; and f, as the

frequencies corresponding to one half of that power, the band width is the frequency interval between
these frequencies (Figure 3.6),i.e. W =f, —f,

The transducer’s quality factor, Q, is given by,

Q=1o (3. 20)

From the definitions above one can see that Q and W have reciprocal variation. Hence, to optimize the
transmission power, the transducer should transmit close to the resonance frequency and therefore have a
small band width, i.e. a high quality factor value.

During reception it is necessary to have good echo discrimination from any other signal. Although, it
must be well defined in the frequency range, the transducer band width should satisfy W > 1/t, where 1T is

the pulse duration.

The optimized solution is to have a transmission transducer with high Q and a reception transducer
operating in the same frequency of resonance but with a low Q.

Gain ,

/ \ (-3 dB)

fi 6 Frequency

Fig. 3.6 "Transducer band width"
2.4.3 Pulse length
The pulse length determines the energy transmitted into the water; for the same power, the longer the
pulse length, the higher the energy put into the water will be and thus the greater the range that can be
achieved with the echo sounder.
To take advantage of the transducer resonant frequency, the pulse duration should be at least half its

natural period. The drawback of longer pulses is the decrease in vertical resolution of two adjacent
features (Figure 3.7).
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Fig. 3.7 "Resolution as a function of pulse length"

3. MOTION SENSORS

Being able to correct the observed depths and their positioning for vessel motion, i.e. attitude (roll, pitch,
and heading) and heave was a considerable achievement and advance in hydrographic surveying quality
and accuracy. For this purpose inertial sensors with a heading sensor (usually a gyro or fluxgate
compass) or inertial sensors with the integration of GPS information are used to measure the attitude and
heave of the survey vessel.

The attitude of the vessel consists of three rotations about the conventional three orthogonal axes defined
for the vessel. Hereafter the vessel co-ordinate system is defined as a right-hand system with the x axis
pointing towards the bow, the y axis pointing towards starboard and the z axis pointing downwards. In
this reference system roll corresponds to a rotation about the x axis (the roll is positive when the starboard
side is down), pitch corresponds to a rotation about the y axis (the pitch is positive when the bow is up),
and yaw corresponds to a rotation about the z axis (the yaw is positive for a clockwise rotation).

To transform the collected data, referred to the vessel reference frame, to the local co-ordinate system it is
necessary to perform rotations according to the sensed attitude. Hereafter, by convention, the local co-
ordinate system is defined as a left-hand system with the x axis pointing to East, the y axis pointing to
North, and the z axis pointing downwards.

This next section covers the fundamentals of motion sensing and measurement accuracy.
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31 Principles of operation
3.1.1 Inertial sensors

Inertial sensors or Inertial Measurement Units (IMU) are the most common sensors used in hydrography
for roll, pitch and heave measurements. These sensors apply Newton’s laws for motion and consist of
three accelerometers, mounted in tri-orthogonal axes, and three angular rate sensors placed in the same
frame which thus experience the same angular motions as the vessel (strap down system). The output
from this triad of accelerometers provides a good estimation of the gravity vector, the direction from
which small angular displacements of the vessel are measured. The triad of angular rate sensors measures
the angular displacements (i.e., roll, pitch, and yaw).

The heave is determined by the double integration of the linear acceleration sensed by the vertical
accelerometer.

The data from the accelerometers are low-pass filtered to remove high frequency variations from the
apparent vertical due to swell, quick turns or sudden velocity variations. On the other hand, the data from
the angular rate sensors are high-pass filtered to remove the low frequency movements. Therefore the
filter output is the platform attitude with frequency above the selected cut-off frequency (usually, cut-off
frequencies of 5 to 20 seconds are acceptable).

When the vessel undergoes any systematic acceleration, whose duration exceeds the time constant of the
low-pass filter applied to the accelerometers, such as prolonged turns or velocity variation, the centripetal
or tangential acceleration are perceived as prolonged horizontal accelerations which can not be filtered
out by the low-pass filter. The result is the deflection of the apparent vertical from the true vertical with
the consequent errors on angular measurements (pitch and roll).

The combination from the two filters (low- and high-pass filters) and the relationship between the two
pass bands establishes the sensor characteristics.

These inertial sensors, especially for heave, are very sensitive to the interval of time used for the
integration. The equivalent cut-off frequency should be tuned to an adequate value, in order to detect the
longer waves without dumping or attenuating the shorter ones.

3.1.2 Inertial sensors with the integration of GPS information

The integration of GPS information provides a means of determining the vessel’s heading through the use
of two GPS antennas in a base line, usually oriented longitudinally to the vessel’s bow.

The velocity and rate of turn information provided by a GPS receiver and by the angular rate sensors can
be used to compute the centripetal acceleration. Taking into account this information, roll and pitch
measurements are compensated for the deflection of the apparent vertical. The output from this sensor is
roll and pitch of higher accuracy which is not susceptible to any horizontal accelerations.

3.2 Roll, pitch, and heave measurement
Since the mid 1990s, affordable and accurate motion sensors have been utilised in hydrographic
surveying. It is now considered an essential requirement not only for multibeam but also for single beam

surveys when using automatic data acquisition systems. These sensors are used to compensate the
vessel’s motion for roll, pitch and heave.
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The calculated depths must take into consideration the data from the motion sensor, i.e. the value from the
oscillation of the survey vessel about the longitudinal axis (roll - Og), the value from the oscillation of the
survey vessel about the transversal axis (pitch - Op), the vessel’s heading (o) and the vertical oscillation
(heave) see Figure 3.8 and Annex A.

33 Heading

The recording and application of vessel heading is essential for swath surveying systems. However, for
single beam surveys the effect of heading variation (yaw) during a rotation is not significant if the
positioning antenna and the transducer are located in the same vertical axis. When the positioning
antenna and the transducer are not in the same vertical axis, for accurately positioned depths, it is
necessary to take account of the vessel’s heading.

For real-time heading measurement, several methods and equipment are available, such as:  gyro
compasses, fluxgate compasses and carrier-phase DGPS.

The heading measurement based on carrier-phase is conducted in the inertial sensors which integrates
DGPS information. This solution allows for high accuracies.

YL

7Z=17y,

Heading Roll Pitch

Fig. 3.8 "Vessel attitude"
34 Accuracy of measurement

The accuracy of roll, pitch, heave and heading should be as higher as possible. Presently available motion
sensors are sufficiently accurate to be used in almost all survey orders. However, during horizontal
accelerations of the survey vessel, either centripetal or tangential accelerations, inertial sensors, when
used alone, have measurement biases due to the deviation of the apparent vertical.

For MBES it is recommended the inertial sensors are combined with the integration of DGPS information
so that the effect of horizontal accelerations can be minimised. Usual systems accuracies, at 95%
confidence level, are 0.05° for roll and pitch, 0.2° for heading and 10 centimetres or 10% of heave height
whichever is greater.
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During vessel turns the heave measurement is degraded due to the centripetal acceleration. Typically it is
necessary to wait an interval of ten times the cut-off period to regain accurate measurements after the turn
to allow stabilisation and settling of the measuring unit.

4. TRANSDUCERS

The transducers’' are one of the echo sounders’ components; it is transducer characteristics which dictate
some of the operating features of an echo sounder. For this reason it is particularly important to study
their operating principles, characteristics and related issues such as: beam width, directivity, beam
steering, installation and coverage.

The transducers are the devices used for transmission and reception of the acoustic pulses. They operate
by converting electrical energy into mechanical energy, i.e. transducers convert electrical pulses from a
signal generator to longitudinal vibrations which propagate into the water column as a pressure wave
[Seippel, 1983]. During the reception, reciprocally, the pressure waves are converted into electrical
signals.

This section describes transducer classifications with regard to: operating principles, beam, beam width,
and installation, at the end of the section the assessment of the ensonification is presented.

4.1 Classification with Regard to Operation

Transducers are classified with regard to their operating principle, i.e. magnetostrictive, piezoelectric, and
electrostrictive.

4.1.1 Magnetostrictive

These transducers have an axis of iron with a coil of nickel. A D.C. (direct current) current or pulse
through the axis generates a magnetic field in the coil which produces a contraction and consequently a
reduction of its diameter. When the electric current along the axis stops the coil returns to its original
size.

The application of an A.C. (alternating current) signal generates contractions and expansions according to
the characteristics of the applied signal. The amplitude of the induced vibration will be a maximum if the
frequency is equal or harmonically related to the transducer material’s natural frequency or frequency of
resonance*’.

This type of transducer is, however, less efficient than transducers which operate with the piezoelectric
effect.

4.1.2 Piezoelectric

These transducers are made from two plates with a layer of quartz crystals between. The application of
an electric potential across the plates produces a variation in the thickness of the quartz layer
(piezoelectric effect). Alteration of the electric potential causes vibration of the quartz and consequently
vibration of the entire unit. Reciprocally, the mechanical compression of the crystal produces a potential

41 The transducer is the device, underwater antenna, used to transmit acoustic pulses and to receive them back. In particular, if

the device is used only for transmission it is called a projector and if it is exclusively used for reception, operated in passive
mode, it is called a hydrophone.

42 This phenomenon corresponds to the re-enforcement or prolongation of any wave motion, such as acoustic waves. The

frequency of resonance is the frequency at which a transducer vibrates more readily.
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difference between opposite crystal faces. The amplitude of the vibration will be a maximum if the
frequency of the electric potential matches the quartz natural frequency.
4.1.3 Electrostrictive
These transducers are based on the same principle of the piezoelectric transducers. However, the
materials used (usually polycrystalline ceramics or certain synthetic polymers) do not have naturally
piezoelectric characteristics, therefore during the manufacturing processes they need to be polarized.
Electrostrictive transducers are used almost exclusively these days. These transducers are lighter,
reversible and can be arranged in arrays. These arrays with a set of small elements, when properly
arranged, allow, according to the product theorem (see 4.2, equation 3.26), similar characteristics to a
single piece transducer.

4.2 Beam width

The pressure amplitude generated by a transducer, in polar co-ordinates, is given by the product:
P(r,0) =P, (r)-h(0) 3.21)

Where 0 is the angle referred to the beam axis, line of maximum pressure amplitude and intensity, r is the
range from a particular point to the transducer, P, (r) is the pressure amplitude in the acoustic beam axis,
and h(0) is the directional factor which corresponds to the relative signal strength. The directional factor
is normalized for 6 = 0, i.e. h(0) = I, hence P(r,0) =P, (r).

The transducer directivity is usually represented by a beam pattern diagram B(0) =h’(0) or in a

logarithmic scale as: b(@) =10-log,, (B(G)) =20-log,, (h(e))

The transducer can be characterized by its beam width b,,; this is commonly defined by the angle at the -3
dB level, that is to say, the angular aperture corresponding to half power referred to the beam axis b,, =
20.34p, see Figure 3.9.

The depth measurement is performed in any direction within the cone defined by the beam width.

The beam width is related to the physical dimensions of the transducer and to the frequency of the
acoustic pulses. For instance, the beam width at the -3 dB level from a circular piston transducer, with a
D diameter, can be approximated by:

by =60 A/ D (degrees), 3.22)

and for a rectangular face transducer, with length L and width W, the beam widths at the -3 dB level in
the two dimensions can be respectively approximated by:

by =50A/L and b, =50 A/ W (degrees), (3.23)

For a linear array of N omni directional transducer elements, with a distance d apart, the sum of the
signals from the elements generates a directional beam pattern diagram (figures 3.10 and 3.11).
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Fig. 3.9 "Beam width defined by the angle at a -3dB level”

The acoustic axis direction is perpendicular to the face of the transducer array. The beam width, at the -3
dB level, is given approximately by:
by =50 A/ ((N-1)d) (degrees) 3.24)

where A is the acoustic wavelength.

The directional factor of the array of transducer elements is given by [Kinsler et al., 1982]:

sin(Nni sin 0) ‘

h,.,(0)= 3. 25)

N -sin(nt—sin 0
‘ ™ )‘

Product theorem — is a law of acoustics which defines the directional factor of an array of N transducer
elements as the product of the directional factor of the transducer element by the directional factor of the
array, i.e.

h(®)=h.(0)-h,, (6) (3. 20)
and the pressure amplitude is given by:

P(r,6,¢) =P, (1)-h (6,0)-h,,, (6,9). (.27

C-13



138

Directional Factor

h(e)
o
o

0:3 ) \\A
- NN

T T

-90 -75 60 45 -30 -15 0 15 30 45 60 75 90
Angle (°)

Fig. 3.10 "Directional factor"
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Fig. 3.11 "Beam pattern of a beam perpendicular to the transducer face"
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For a linear element, the directional factor is:

sin(7 L sin Q)
h linear (e) = L (3. 28)
n—sin®
A

The directional factor for an array is only valid for the far field, i.e. in the area where two waves
generated by a central and an outer element from the same array have a phase difference smaller than 180
degrees.

2
k R2+(%j ~kR<n (3.29)

where K is the wave number, i.e. k = 27t/A.

For instance, for a frequency of 100 kHz and a linear transducer array with L = 0.5 m, the far field
corresponds to distances greater than 4.0 metres. This is usually the restriction for the minimum depth
measurement.

In the near field, interfering processes create a more complex representation of the acoustic pressure.

The transducer or transducer array beam axis is normal to the transducer face. To form beams not normal
to the face of the array, it is necessary to steer the beam. This process is achieved through beam steering

techniques.

One array with N omni directional elements may steer a beam by introducing a phase or time delay in
each element. The corresponding directional factor is (Figure 3.12):

sin[Nnd (sin®—sin@, )} ‘

h,. (6) = ‘ (3. 30)

N- sin{ni(sin 0—sin 0, )}

The result of this equation is the beam axis steered to the direction 0, (Figure 3.13)

Beam steering can be accomplished by introducing a time delay or phase difference to the elements of the
array (equation 3.31).

Beam steering has two aims: beam stabilization and beam forming during the reception phase.
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Fig. 3.12 "Directional factor of a beam steered 30 degrees"

Fig. 3.13 "Beam pattern of a beam steered 30 degrees"
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For beam stabilization, it is necessary to measure the angle referred to the normal direction to the array,
being the time delay obtained from:

At = n—dsin(GaX) (3.31)
C

During beam forming, the signals from each element of the array are copied for each beam, the time delay
applied to one element from a particular channel or beam is:

At = n—dsin(Gaxv ) (3.32)
c i

where i is the order of the beam and n is the number of the transducer element.

Considering two dimensionless elements transmitting a pulse with the same frequency but with a time
delay, the acoustical axis is steered to the direction where the wave fronts, coming from the two elements,
arrive at the same time (Figure 3.14).

Fig. 3.14 "Illustration of a beam steered 6., with two transducer elements."

The beam width, usually defined at the -3 dB level, increases with the steering angle, i.e.

A
W

50 di 3.33
T (N=1)d-cos(0,, ) (degrees) G3-33)

Due to the beam’s conical shape, when steered, its intersection with the plane of an assumed flat seabed
results in a hyperbolic footprint (Figure 3.15).
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(a) (b)

Fig. 3.15 "Linear (a) and hyperbolic (b) footprint."

Side lobes have undesirable effects, such as the detection of echoes corresponding to those lobes. This is
the general case for MBES using large beam angles where the erroneous detection is made at the nadir or
in the case of rocky spots (Figure 3.16). This effect results in wavy bathymetric contours which
sometimes can be identified as an “omega” shape. Lobe reduction is vital for the successful operation of
MBES:; it is achieved using shading functions, applied during echo reception, corresponding to variable
gain applied to the transducer elements.

Considering all transducer elements with the same amplitude, the side lobes will have approximately -13
dB. The technique used to reduce the side lobes consists of superimposing a window, which amplifies the
signals from different elements with different gains. These windows are usually symmetric to the centre
of the array.

The Dolph-Chebychev window is quite often used; this window has the advantage of optimising the level
of the side lobes for particular beam widths; it produces the same amplitude level for all side lobes.

The disadvantage of windows superimposition is the resultant reduction of the directivity.

C-13



143

Profile

Distance
across frack

Nadir
Depth
L
Profile
Distance
across frack
Nadir
Depth
L

Fig. 3.16 "Depth measurement corresponding to side lobes producing
both incorrect depth determination and positioning."

4.3 Classification with Regard to Beam

Echo sounders can be divided into single beam and multibeam. SBES may have transducers either with a
single transducer piece or an array. MBES have transducer arrays built up from several elements. As
mentioned before, this is a result of the need for beam forming in multiple directions and, sometimes,
beam steering to compensate for platform attitude.

4.3.1 Single beam

Single beams require only a transducer, for both transmission and reception, but a transducer array may
be used particularly when stabilization is required. Knowledge of roll and pitch angles are needed for
beam stabilization.

Beam width is a function of the transducer dimensions and acoustic wave length. The higher the
frequency and the larger the transducer is, the narrower the beam will be. Thus to have a narrow beam in
low frequencies, a large transducer is required.

The transducer selected for SBES may have a narrow beam when high directivity is required or a wide

beam when directivity is not the main concern but the detection of minimum depths or obstacles on the
seafloor is the priority.
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Wide beams have the capacity to detect echoes within a large solid angle, which is useful for the detection
of hazards to navigation requiring further investigation. These beams are usually not stabilized, for
common sea conditions the attitude of the transducer does not impact on the measurements.

On the other hand, narrow beams, typically 2° to 5°, are usually required for high resolution mapping
(Figure 3.17). These beams might be stabilized in order to measure the depth vertically below the
transducer.
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Fig. 3.17 "Illustration of depth measurement using a single narrow- and wide-beam.”
4.3.2 Multibeam

MBES usually have separated transducer arrays for transmission and reception, i.e. one projector and one
hydrophone, where the first is oriented longitudinally and the second is oriented transversally to the
vessel’s bow. The most common is to have only one transmitted beam with a fan shape, narrow along
track and broad across track.

The reception transducer forms several beams, in predefined directions, narrow across track and broad
along track, guaranteeing, regardless of the attitude of the surveying platform, intersection between the

transmission and the reception beams.

The reduction of side lobes is essential for correct depth measurement and positioning of MBES. 1t is
common to have side lobes below -20 dB.

4.4 Classification with Regard to Installation
The installation of the transducers on board the survey vessel can be undertaken in several ways. The

decision on the way in which the transducer should be installed depends on system portability, keeping it
free from vessel noise sources, including turbulent water flow under the keel, and the need to lower it
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close to the sea floor. The transducer installation can be keel mounted, towed or portable. Each of these
is described in the following paragraphs.

4.4.1 Keel mounted

This is the common installation for single beam and multibeam transducers in large vessels, particularly
for those designed for deep water surveys.

The installation on the keel can be optionally chosen from:

4.4.1.1 Flush mounted — the transducer is mounted with the face in the hull plane. This option is used
either in single beam or multibeam transducers. The advantage is that it does not require a special
structure for the installation; the disadvantage may be the vessel noise.

4.4.1.2 Blister — the transducer is mounted in a structure with a small hull shape. This option is used for
both single and multibeam transducers. The advantage is the reduction in hull water flow effect at
the transducers face; the disadvantage is the need for a special structure for the installation.

4.4.1.3 Gondola - the transducer is mounted in a special gondola shaped structure (Figure 3.18). This
option is used for multibeam transducers, particularly for deep water operation. The advantages
are the reduction of vessel noise and the elimination of hull water flow noise at the transducer
face as it passes in between the hull and the gondola; the disadvantages are the need for a special
structure for the installation and consequently an increase in the vessel’s draught of the order of a
metre.

44.2 Towed

The transducer installation in a towed fish is used for side scan sonars when it is essential to have good
stability of the transducer, reduction of vessel noise and the ability to lower the transducer close to the
seabed.

4.4.3 Portable
This method of installation is commonly used either on single beam and multibeam transducers in small
vessels, specifically aimed at shallow water surveys. This installation can be achieved either on the side

or over the bow (Figure 3.19) of the vessel. The support structure for the transducer should be rigid and
resistant to torque.
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Fig. 3.18 "Gondola installation"

Fig. 3.19 "Transducer installation over the bow"
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4.5 Coverage

The seafloor coverage, i.c. the ensonified area by SBES, is the area within the beam, where the footprint
size is given by (Figure 3.20):

a=2-z- tan(gj (3.34)

¢ —>
a

Fig. 3.20 "Single beam coverage"

For multibeam echo sounders, the ensonified area is the result of the intersection of the transmitted and
received beam patterns and is dependent upon beam pointing angle, beam width, depth and mean slope of
the seafloor. The ensonified area for each beam can be approximated by an ellipse. Taking a flat and
levelled seafloor, the length of this ellipse in the athwart ships direction is approximately given by ay,

2z [
a, = o5 (B) tan( > ] 3. 35)

where z is the mean depth, § is the beam pointing angle and ¢r is the width of the reception beam in the
athwart ships direction. In the presence of a slope, defined by an anglel, the length of the acoustic
footprint is approximately:

, = 2z tan[q)—“j 3. 36)
cos(BJcos(B-¢) | 2

The width or dimension of the footprint ellipse in the fore-aft direction, for a flat seafloor, is
approximately given by ay,

a
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a :itan(d)—TJ 3.37)
* cos(B) 2 '

where ¢r is the width of the transmitted beam.

The coverage of the seafloor is a function of the dimension of the ensonified areas, beam spacing across-
track, ping rate, ship’s speed, yaw, pitch and roll. In order to achieve full coverage of the seafloor, the
ensonified areas from consecutive pings must overlap one another, so that every single point on the
seafloor is ensonified, at least, by one acoustic pulse.

The width of the swath for a flat seafloor is given by,
AB
SW =2z tan(Tj (3. 38)

where AO is the angular coverage between the outer beams of the MBES, effectively used for
hydrographic purposes.

5. ACOUSTIC SYSTEMS

In this section, the acoustic systems applied in hydrographic surveying are described. These systems are
divided according to their ability to cover the seafloor, i.e. SBES and swath systems, either multibeam or
interferometric sonar®.

5.1 Single beam echo sounders

These echo sounders are devices for depth determination by measuring the time interval between the
emission of a sonic or ultrasonic pulse and the return of its echo from the seabed.

Traditionally, the main purpose of the echo sounder is to produce a consistent and high resolution vertical
seabed profile on echo trace. The echo trace, after a cautious interpretation, is sampled and digitized
manually to produce soundings.

During the last decade, the technology applied in SBES has progressively improved with automatic
digitisers, recorders without moving parts and annotation of positions on the echo trace. Recently, built-
in computers and signal processors have allowed more sophisticated real time signal processing and data
presentation on graphical colour displays, rather than a paper recorder.

5.1.1 Principles of operation
An echo sounder works by converting electrical energy, from the pulse generator, into acoustic energy.

As the transducers do not transmit in all directions, the acoustic energy is projected into the water in the
form of a vertically oriented beam.

43 A system of determining distance of an underwater object by measuring the interval of time, between transmission of an

underwater sonic or ultrasonic signal and the echo return. The name sonar is derived from the words SOund NAvigation
and Ranging.
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The acoustic pulse travels through the water column and hits the seabed. The interaction with the sea
floor results in reflection, transmission and scattering.

The reflected energy which returns to the transducer, the echo, is sensed by the transducer. The strength
of the echo decreases rapidly with time, for that reason the echo is automatically adjusted in accordance
with its energy level using the Automatic Gain Control (AGC) set in the factory and the Time Variable
Gain (TVG) to compensate for the echo’s decrease as a function of time. After amplification the electric
signal is passed to an envelope detector and compared to the threshold setting to filter the noise from the
signal. The output signal is then visualized or recorded.

The resultant observable is the time interval between pulse transmission and echo reception, t, being the
measured depth given by:

I _
—-t-C 3.39
m =5 (3.39)

where C is the mean sound velocity in the water column.

5.1.1.1 Echo sounder parameters need to be set correctly in order to obtain high accuracy and a clear
record of the seabed. The most important parameters are:

a) Power — The operating range of the echo sounder depends on pulse length, frequency and
transmitted power. To optimize the use of the echo sounder, the transmitted power should be
kept at the lowest values consummate with adequate detection. Increases in power will result
in high levels of echoes but also in higher reverberation levels, creating a poor record. The
power is limited by cavitation®* phenomenon and by the braking stress of the transducer
material.

b) Gain — The gain entails signal amplification. The amplification of the signal also amplifies
the noise and consequently the data record may be confused. It is recommended that the gain
is adjusted according to the seabed type and to the transmission power.

¢) Register intensity — This parameter is used in analogue echo sounders to adjust the recording
intensity.

d) Pulse length — The pulse length is usually selected automatically as a function of the
operating range. The pulse length is responsible for the vertical resolution of the echo
sounder, short pulses are necessary for a better resolution. It may be necessary to increase the
pulse length in areas with poor reflectivity or with steep slopes.

In shallow waters, where resolution is more important, short pulses must be used. This will
reduce the probability of false echoes due to strong reverberation.

e) Scale — Corresponds to the depth scale of the echo sounder recording window. The width of
the recording paper is fixed; therefore at small scales one will have a low vertical resolution.

4 This corresponds to the production of small voids in the water. This phenomenon occurs when the acoustic pressure

exceeds the hydrostatic pressure.
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Phase scale — The phase scale is one way to overcome limitations of the recording resolution
imposed by the echo trace scale. The phase scale consists of recording just one depth
window which should be changed, either manually or automatically, to maintain the seabed
recording with a satisfactory vertical resolution no matter the water depth (Figure 3.21).

Draught — This parameter corresponds to the immersion of the transducer; in order to record
the depth with reference to the instantaneous water level, the draught should be set and
verified before survey operations commence and regularly thereafter.

Paper’s speed — This speed is particularly important and should be selected to ensure good
horizontal resolution from depth measurements.

Sound velocity — This is the nominal value of sound velocity that should correspond to the
mean sound velocity in the area of operation. In surveys with more demanding accuracies,
the sound velocity may be set to the sound velocity at the transducer face or to 1500 m/s and
then during data processing, the depth must be corrected by applying the actual sound
velocity profile.

In classical analogue echo sounders, this parameter does not correspond to the sound velocity
but to the value that calibrates the mechanical and electrical echo sounder components to
measure the correct water depth.

Depth (m)

Echogram
10

= Phase 10-30 m
N Phase 20-40 m

30

Fig. 3.21 "Recording scales"

The general working principles of SBES were referred to above. However, it is possible to identify two
types of echo sounders, digital or analogue.

The traditional analogue echo sounder, whose diagram is presented in Figure 3.22, begins the cycle with
the generation of an electrical pulse and the transmission of a burst of energy into the water. After the
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echo reception and conversion into electrical energy, the low voltage signal is pre-amplified and passed to
a recording amplifier, in order to be recorded on an echo trace, which is a graphic record of depth
measurements obtained by an echo sounder with adequate vertical and horizontal resolutions. After the
recording phase is completed, it is possible to initiate another cycle.

- Y 2 [ Paper Record ]
Triggering Stage

A 4

A

[ Recording Amplifier ]

[ Power Stage ]

[ Preamplifier ]

[ Transducer ]

Fig. 3.22 ""Analogue echo sounder — block diagram"

Hydrographic echo sounders for shallow waters are usually built with two channels (low and high
frequency). The simultaneous recording of two frequencies allows the separation of the seabed return
from the soft surface sediments and the underlying rock due to their different acoustic impedances.

The digital echo sounder, see Figure 3.23, works in a similar manner to the analogue echo sounder for the
signal transmission. However, during the echo reception, the received signal is amplified as a function of
time (time varying gain) and passed through an envelope detector where it is finally converted to digital
format, which is the signal that is processed to determine the depth. This allows the information to be
stored and displayed in several formats.

5.1.12 Accuracy in the depth measurement is a function of several factors, the echo sounder itself and the
medium. Usually, it is necessary to calculate the error budget based on those factors (see 5.1.4).

5.1.1.3 Resolution is the ability to separate returns from two or more objects close together; it is generally
expressed as the minimum distance between two objects that can be separated. In depth
measurement, a major concern is the vertical resolution of the echo sounder which is dependent
on:
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a) pulse length - larger pulses have smaller resolution (see 2.4.3). Two objects inside a narrow
beam will be recorded as a signal target if they are less than half a pulse length apart; they
will be resolved as two separate echoes if they are more than half a pulse length apart;

b) sensitivity and resolution of the recording medium;

c) transmit beam width.

Data Output
(Display, Printer, Logging)

- [ . ]
v Microprocessor
A
I
[ Analogue to Digital ]
[ Amplifier ] [ Envelope Detector ]

[ Time Varying Gain ]

[ Transducer ]

Fig. 3.23 ""Digital echo sounder — block diagram"

5.1.1.4 Frequency of an echo sounder is selected based on the intended use of the equipment, i.e. the
depth ranges. In some cases it is desirable to use the same device in several depths, for that
purpose echo sounders may have more than one frequency and transducer in order to improve the
data acquisition and data quality.

The frequencies are often allocated to channels. The echo sounders with two channels are mainly
used in shallow and coastal waters; for deep waters, it is usual to use a single low frequency.

5.1.2 Installation and calibration
The transducer may be fixed under the hull or mounted on the side or over the bow. The relevant

considerations are that the transducer should be placed, as far as possible, away from the vessel’s own
sources of noise, deep enough to avoid the surface noise and to stay submerged even in rough seas. It is
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also very important that the transducer is securely fixed and vertically orientated. It is desirable for the
heave compensator and the positioning antenna to be located in the same vertical axis as the transducer.

Echo sounder calibration is a routine task which consists of adjusting the equipment to ensure correct
depth measurement. The calibration can be conducted with a bar check or with a special transducer. The
purpose is to set the sound velocity parameter so as to adjust the mechanical and electrical components. It
may also be possible to correct the measured depths during post processing with the application of the
sound velocity profile.

In shallow waters, echo sounder calibration for the average sound velocity in the water column may be
performed in the following ways:

a)

b)

Bar check consists of lowering a bar or plate underneath the transducer at several depths (for
instance, every two metres) either recording the depth error to apply afterwards during the
data processing or forcing the echo sounder to record the correct depth from the bar or plate
through the adjustment of the sound velocity parameter (Figure 3.24). In such cases the value
adopted for calibration is the mean value of the observations. This method should be used
down to 20-30 metres.

Calibration transducer is an apparatus designed to perform the calibration knowing an exact
path length. The calibration procedure consists of making the echo sounder record the correct
two-way path inside the calibration transducer by the adjustment of the sound velocity
parameter. The calibration transducer is lowered to several depths, each adjustment of the
echo sounder, due to the performed measurement, is only valid for the corresponding depth.
The calibration value used should be the mean of all the observations. This method should be
used down to 20-30 metres.
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Fig. 3.24 "Bar check illustration"
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¢) A combined method may also be used with a calibration transducer and a sound velocity
profiler. This method is usually used for depths greater than those detailed above. With a
sound velocity profile and the adjustment of the true sound velocity at the transducer draft, a
similar procedure to that described in b) above is followed. In more modern echo sounders,
the sound velocity parameter is set to the actual sound velocity.

The depth correction is computed during data processing, with the assumption that data was
collected using the true sound velocity at the transducer draft. The depth correction is based
on the difference between the sound velocity used during data collection and the harmonic
mean sound velocity computed from the sound velocity profile.

For depths greater than 200 metres, it is not required to correct the measured depths for sound velocity, a
standard sound velocity of 1500 m/s is usually used or values may be selected from the Mathews Tables
(N.P. 139).

5.1.3 Operation and data recording

Operation of individual echo sounders should be referred to their operator’s manual. Nevertheless, it is
important to stress the following aspects:

e Prior to the start of the survey it is necessary to calibrate the echo sounder for the actual
sound velocity;

e A general scale, adequate for the expected depths, should be selected;

e The frequency channel should be chosen according to their range capability;

e When using an analogue echo sounder, it is essential to set the gain and the recording
intensity to produce a legible trace.

5.1.4 Sources of errors and quality control techniques

Errors in depth determination can be divided into three categories: large errors (blunders), systematic
errors and random errors.

Blunder is the terminology used to define errors made by machines; these are caused by defective
mechanical or electronic components.

Systematic errors are mainly the result of the offsets (fixed errors) or biases (errors that vary under
different conditions) in motion sensing of the survey vessel, misalignment of the transducer and other
sensor mounting angles. These errors can be easily corrected if the sign and size of the systematic error
can be identified. This category of errors can be determined and removed during calibration of the
system.

After removing blunders and systematic errors in the depth data, random errors will remain and these can
be analysed using statistical techniques.

Hydrographers should be aware of the sources which contribute to the depth error and their individual

impact. This section identifies several sources of errors and presents the usual techniques used for quality
control.
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5.1.4.1 Due to bottom slope - Taking into consideration the different seafloor slopes, in Figure 3.25, the
error on the depth measurement, dz, depends on both beam width and slope. If no correction is
applied, the error in depth will be given by:

Zm(sec(C)—l) if C<g

dz = (3. 40)
z. (sec(gj - lj if (> ¢
2 2
¢

where 5 is half beam width and ¢ is the slope of the seafloor.

Z =7y cos (§)

? = 1
— / —

X = Zm': sin (&) X = 7, sin (9/2)
a) slope less than one half the beam width b) slope greater than one half the beam width

Fig. 3.25 "Effect of beam width and seafloor slope on depth measurement and positioning"

5.1.4.2 Due to sound velocity. Sound velocity variation is difficult to monitor and produces, in single
beam echo sounders, errors in the depth measurement (dz,,), proportional to the mean sound
velocity error or variation (de) and to the depth

dz, =%-t~dc (3. 41)

or
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dz, = Z-E (3.42)
c

The magnitude of the sound velocity error varies with:

a) accuracy of sound velocity determination;
b) temporal variation of sound velocity;
¢) spatial variation of sound velocity.

Note that the depth variance, Gzi , due to sound velocity measurement error and to sound velocity

variation is written as,
7 2
2 2 2
5, = (_j (6.2 +0?) @. 43)

2 . . . 2 . . .
where G is the sound velocity measurement variance and G is the sound velocity variance

due to spatial and temporal variations.

Sound velocity variation, temporal and spatial, is a major external contribution to depth
measurement errors. It is important, that during survey planning or at the beginning of the
survey, to carry out a number of sound velocity measurements or sound velocity profiles across
the survey area distributed throughout the day to assist the hydrographer in deciding on the
frequency and location of profiles to be conducted within the survey area during data gathering
operations.

Due to time measurement. An echo sounder effectively measures time, converting the
measurement to depth. The error in time measurement, dt, relates directly to depth error, dz;. In
modern echo sounders, time measurement error is usually small and constant. This error is also
taken into consideration during calibration.

dz, = %c -dt (3. 44)

The major error is a function of identification of the measurement point within the echo, i.e. on
the algorithms used for signal detection.

Note that the depth variance, Gtz , due to time measurement error is written as,

1 2
G, :(Ec) G (3. 45)

2 . . .
where G is the time measurement variance.
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5.1.4.4 Due to roll, pitch, and heave. Roll and pitch contribute to the error in depth measurement when

¢

the magnitude of those angles is greater than one half the beam widths, 2 . Figure 3.26 depicts
the error in depth measurement and in positioning due to roll, Og; this figure can be adapted for
pitch changing Og by Op.

Z = Zy cos (Or-¢/2)

X = Zp- sin (Og-0/2)

Fig. 3.26 "Effect of beam width and seafloor slope on depth
measurement and positioning"

Wide beam echo sounders are usually immune to the roll and pitch of the survey vessel.
For narrow beam echo sounders, this effect may be compensated with beam stabilisation, i.e.

keeping the beam vertical regardless of the vessel’s attitude or correcting the measured depth as
follows:

Zm(l—cos(OR —2D if OR>£
dz,, = 2 2 (3. 46)
0 if 9R<%

The heave (h), effect caused by the action of sea and swell on the survey vessel, is measured with
inertial sensors or heave compensators. The heave compensator should be placed over the
transducer to measure the heave in the same vertical axis.

When using inertial sensors, installation should be close to the centre of gravity of the survey
vessel with the known lever arms from the centre of gravity to the transducer; with the roll and
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pitch instantaneous angles, the measured heave, hy,, can be transferred to the transducer position,
h,, through the application of the induced heave, h;, (Figure 3.27).

b =h,+h, (3. 47)

To calculate the induced heave, consider the vessel to be a rigid body which is free to rotate
around the three axes (x, y & z) as mentioned in 3. The rotation about the centre of gravity (roll
and pitch), near which heave is usually measured, corresponds to a transducer depth variation,
from the vessel reference frame (identified with the script V) to a local co-ordinate system
(identified with the script L). This difference is called induced heave.

The induced heave, adapted from Hare [1995] for the reference frames defined in 3 and Annex A,
is given by:

h, =z -z} =—x'sin(0, ) +y, cos(0, sin(0, )+ z. (cos(0, cos(0, ) 1) (3. 48)
where O is the roll angle, Op is the pitch angle and (X, yt & z) are the transducer co-ordinates.

The total error on the depth measurement due to heave is therefore,

where dh,, is the error in heave measurement and dh; is the error in the induced heave
determination.

I Induced heave
'_ _________ —_

Transducer

Fig. 3.27 "Induced heave"

Note that the induced heave variance is dependent upon the accuracy of the transducer offsets
from the motion sensor and from the accuracy of the roll and pitch angles [Hare, 1995].
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The total heave variance corresponds to the depth variance, Gﬁ, i.e.

2 2 2

6, =0, +0, (3.50)

1

2 . . 2. . . .
where G,  is the heave measurement variance and o, . is the induced heave variance. This later

error is typically negligible when compared to the heave measurement error.

When no heave compensator is available, it is possible manually to smooth the data in the echo
trace. This task requires considerable experience in the interpretation of the echo trace in order to
preserve seafloor features. The general procedure, in non significant roll conditions, is that the
echo trace should be smoothed half way between crests and troughs (Figure 3.28).

Echogram
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Fig. 3.28 '""Manual heave filtering"

5.1.4.5 Due to draught, settlement, squat and relative position of transducer. The accurate measurement
of the transducer draught is fundamental to the accuracy of the total depth. Even so it is generally
necessary to update that value during the survey. The reasons for the draught variation are mainly
due to the fuel and water consumption. The draught variation, for the same displacement,
increases with the decrease of the float area at the sea surface. The draught error propagates
directly as a depth error, dZaraugnt.

Settlement is the general lowering in level of a moving vessel, relative to its motionless state
level. This effect, particularly noticeable in shallow waters, is due to the regional depression of
the surface of the water in which the vessel moves. The depth error due to settlement is referred
to dzsettlement-
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Squat is another effect that takes place under dynamic conditions, the change in level of the bow
and stern from the rest condition in response to the elevation and depression of the water level
about the hull resulting from the bow and stern wave systems. In surveying vessels where the
change in squat is significant, it is usually computed in a table of squat versus vessel speed. The
depth error due to squat is referred to dzsuat.

The relative position of the transducer from the motion sensor or heave compensator needs to be
taken into consideration to correct the measured depth for induced heave, see 5.1.4.4.

The total error due to transducer position to the water line, dz; is:

Az, = A2} + 2L g + A2 (3.51)

settlement squat

Note that the total depth variance due to transducer immersion is written as:

2 +0’ (3.52)

settlement squat

2 2
G6; = Gdraught +0

2 is the settlement variance and G-, is the squat

settlement squat

2 . .
where G, 18 the draught variance, ¢

variance.

5.1.4.6 Record reading and resolution. The record reading and resolution for depth measurement is
dependent on the operating principles of the echo sounder. In the case of analogue recording, the
operator should select appropriate echo sounder parameters during survey operations in order to
have, as far as possible, a clean echo trace and adequate resolution. On the other hand, the digital
record no longer has such a degree of dependence on the operator during the survey but
supervision is required during data acquisition.

When the data is recorded on paper, it is necessary to select the gain and intensity for a legible
record; it is also necessary to have a vertical scale with sufficient discrimination. It is common to
use scale phases for that reason (see 5.1.1.1).

The echo trace should be prepared for reading; this task consists of identifying the points on the
seabed that will be selected for depth reading. This is usually performed with the aid of a
digitising table.

The error associated with record reading depends on the experience and care of the hydrographer.
Consider a paper record width of 20 centimetres and scale 0-200 metres, an error reading of 0.5
mm will produce an error in the depth of 0.5 metres. Therefore, this scale is not adequate for

depth recording in shallow waters. The reading error is referred to dz,.q, With variance csf .

5.1.4.7 Interpretation of the echo trace is a hydrographer’s responsibility. The interpretation requires
experience to identify particular shapes, multiple echoes and false echoes.

a) False echoes — are caused by foreign matter such as kelp or fish in the water column (Figure
3.29), by layers of water separated by sudden changes of temperature or salinity or both.
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False echoes are occasionally recorded by echo sounders and might be interpreted erroneously as
correct depths. In cases of doubt over the validity of measured depths, an investigation of that
sounding should be performed and the particular part of the survey line re-run if necessary.

Echogram

False echoes

fish kelp

Depth (m)

20

Fig. 3.29 "False echoes"
b) Multiple echoes — are echoes received subsequent to the very first one due to a multiplicity

of reflections back and forth between the seafloor and the surface. These reflections are often
recorded as multiples of the first depth (Figure 3.30).
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Fig. 3.30 '""Multiple echoes record"

Heave - the oscillatory rise and fall of a vessel due to the entire hull being lifted by the force
of the sea, may be compensated during acquisition by a heave sensor or may be filtered
manually afterwards. The hydrographer’s experience is the tool used for that purpose, even
though; it is sometimes difficult to differentiate the heave in an irregular seabed.

Side echoes — are also false echoes but they are the result of echo detection in the side lobes
which results in errors in depth measurement and positioning (see 4.2).

Unconsolidated sediments — are usually detected by high frequency echo sounders. In
shallow waters, it is recommended that two frequencies are used at the same time to
differentiate soft sediments from the bed rock (Figure 3.31).

Depth reduction. The measured depths, corrected for the attitude of the surveying vessel, are
reduced to the vertical datum by the application of the tide. The depth error due to tide error
measurement is referred to dzgge.

In addition to the error in tide measurement, sometimes a more significant error is the co-tidal
correction which results from the difference of the actual tide in the survey area and in the tide
gauge. The depth error from co-tidal error is dZeqiga. This may be quite significant several
miles away from the tide gauge (see Chapter 4). A co-tidal model or weighted averages from two
or more tide gauges may be required.
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Fig. 3.31 "Dual channel recording"

2

Note that the tide variance, G, ,

due to measurement error and co-tidal variation is written as,

624 = (000’ +67 aa) 3.53)

tidem
2 . . . 2 . . .
where G, is the tide measurement variance and 6, _,,, 1s the co-tidal component variance.

The tide determination using GPS-RTK (Real Time Kinematic) will provide accurate local tide
determination, however, the tidal computation requires a model of the differences between the
reference ellipsoid, the WGS84, and the vertical datum.

The quality control is performed by statistical calculations based on the comparison of soundings
from the check lines against neighbouring soundings from the survey lines. The statistical results
of the comparison should comply with the accuracy recommendations in the S-44 (Figure 3.32).

According to the errors presented above, the estimated reduced depth variance is written as
follows,

2 2 2 2 2 2 2
6,=06, +0, +0, +06; +0, + 0. 3.54)

The estimated error on the reduced depth, at the 68 percent (or 15) confidence level, is obtained
by the square-root of equation 3.54. Assuming that the component errors follow approximately a
normal distribution, the estimated error on the reduced depth, at the 95 percent (or 26) confidence

level, is obtained by substituting each variance 6~ with (2(5)2 .
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Fig. 3.32 "Minimum depth accuracy requirements for Special Order, Order 1 and Order 2 (S-44)"
For each surveying system it is recommended an error budget is created to assess compliance

with the S-44 requirements. Figure 3.33 represents the error estimation for a particular echo
sounder and operating conditions.
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Echo sounder Characteristics:
Frequency = 200 kHz

Beam width = 20° (B = 10°)
Pulse duration = 0.1 ms

Operating Conditions:

Mean sound speed = 1500 m/s
Heave =1 m

Roll =5°

Vessel speed = 8 knots
Settlement = N/A

Squat = 0.05 m

Estimated or standard errors (1 ¢):

Draft error =0.05 m
Sound speed variation =5 m/s
Depth errors due to:
sound speed variation = (5/1500)z m
time measurement = 0.02 m
squat =0.05m
heave =0.10 m
tide error = 0.05 m
co-tidal error = 0.05 m

Estimated errors (2 6):
(95% confidence level)

Draft error =0.10 m
Sound speed variation = 10 m/s
Depth errors due to:

time measurement = 0.04 m
squat=0.10 m

heave =0.10 m

tide error =0.10 m

co-tidal error = 0.10 m

sound speed variation = (1/150)z m

_ 2 2 2, 2 2 2
G, =4/0,, +0, +0; +6, +0, + Oy -

0.8
| | |

0.7 — 1st Order Survey

Estimated error on reduced depth

0.6
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/
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Error (m) at 95% confidence level

0.1

20 25 30 35
Depth (m)

40

Fig. 3.33 ""Depth error estimation*
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5.2 Swath Systems

Swath systems measure the depth in a strip of seafloor extending outwards from the sonar transducer.
These systems are arranged in a way that the profile, line where measurements are performed, lies at right
angles to the direction of survey vessel motion. As the vessel moves, the profiles sweep out a band on the
seafloor surface, known as a swath.

This section describes the multibeam systems and interferometric sonars.
5.2.1 Multibeam systems

MBES are a valuable tool for depth determination when full seafloor coverage is required. These systems
may allow complete seafloor ensonification with the consequent increase in resolution and detection
capability.

5.2.1.1 Principles of operation. Multibeam principle of operation is, in general, based on a fan shaped
transmission pulse directed towards the seafloor and, after the reflection of the acoustic energy by
the seabed; several beams are electronically formed, using signal processing techniques, with
known beam angles. The two-way travel time between transmission and reception is computed
by seabed detection algorithms. With the application of ray tracing (see 5.2.1.8.1), it is possible
to determine the depth and the transversal distance to the centre of the ensonified area.

The transmitted beam is wide across-track and narrow along-track; conversely, the beams formed
during reception are narrow across-track and wide along-track. The intersections of those beams
in the seafloor plan are the footprints (ensonified areas) for which the depths are measured.

Since depths are measured from a floating platform, with six possible degrees of freedom (three
translations and three rotations), for accurate computation of depth measurement and its
associated positioning, accurate measurements of latitude, longitude, heave, roll, pitch and
heading are required.

A. Bottom detection is the process used in MBES to determine the time of arrival and the amplitude
of the acoustic signal, representing a reflection from the seabed. The reliability of this process
affects the quality of the measurements. Depth blunders can be, among other factors, related to a
poor performance of the algorithms used for seabed detection. Seabed detection algorithms can
be categorized into two main divisions: amplitude detection and phase detection algorithms.

a) Amplitude detection. The transducer array emits an acoustic pulse towards the seabed
and then starts the listening period. In this phase, the returned signal is sampled in time
for each beam angle. The travel time of the signal for the correspondent depth point is
defined by the detected amplitude of the reflected signal (Figure 3.34).

The most common methods of amplitude detection are as follows:

1) Leading Edge of the Reflected Signal. This method is commonly used when the
angle of incidence of the acoustic signal to the seafloor is approximately zero
degrees. The bottom detection time is defined for the first arrival inside the beam
angle.
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With the increasing angle of incidence, the returned signal loses its sharp form
(short rise time) and the leading edge method no longer performs well. Two
other methods can be employed, which take into account the variation of the
reflected signal strength samples across the beam footprint.

Bottom Detection

()
'g [}
| E
S o
< 1
Time
Fig. 3.34 "Bottom detection methods (signal detection)"
i) Maximum Amplitude of the Reflected Signal. The bottom detection is defined
by the time of maximum backscatter amplitude.
i) Centre of Mass of the Reflected Signal. This method consists of determining the
time corresponding to the centre of gravity of the amplitude signal.
b) Phase detection. Amplitude detection is the technique used for the inner beams (close to

nadir), where the backscatter amplitude has higher values and a smaller number of
samples. For the outer beams, the backscatter amplitude decreases and the number of
samples becomes very large. Consequently, the echo is so smeared out in time that
amplitude detection methods obtain poor results. Against a sloping seabed in the across-
track direction away from the source, the smear of the echo is also enhanced. Hence, the
phase detection method is commonly used for large angles of incident.

In this technique, the transducer array for each beam is divided into two sub-arrays, often
overlapping, with the centres of the sub-arrays a number of wavelengths apart. The
angular directions are pre-determined and each sub-array forms a beam in that direction,
the advantage being that in the case of the arrival of simultaneous echoes from different
directions, the MBES system resolves only the echoes in the direction of the formed
beam. The sequence of phase difference estimates are then used to estimate the time of
arrival of the echo in the pre-determined direction by finding the zero crossing of the
phase sequence [de Moustier, 1993]. Figure 3.35 depicts an example of the phase
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detection method. The equivalent of the centre of the two sub-arrays are represented by
A and B at a distance £ from each other, where 0 is the angle of the received signal
measured from the acoustical axis. A second order polynomial may be fitted to a limited
sequence of differential phase estimates to refine the detection of the zero crossing phase.

When the signal return is from the acoustic axis direction, i.e. 8 = 0, the signals at the two
sub-arrays are in phase, and this corresponds to the acoustic travel time.

Seaffoor
)
Phase
Difference ! n
'Ill ..
time
-7

Fig. 3.35 "Bottom detection methods by phase difference (zero crossing phase)"

Across the swath, a combination of amplitude and phase detection is usually required for
robust bottom detection. Near nadir, the amplitude detection should be used due to the
fact that the time series for these beams is too short for a robust phase detection.
Amplitude detection is also used in the case of steep slopes occurring well off-nadir,
associated with bathymetric heights, except for the extreme case of a seafloor that is
steeply sloping away from the transducer. Phase detection for the nadir beams is more
likely to be the result of a gross error (blunder) due to mid-water column returns or due to
higher returns from the side lobes. Off-nadir detections are better by phase, but
amplitude detection may be chosen when a higher return is caused by the difference of
the reflective properties of the target, by a near specular reflection or by a large variance
of the curve fit. These conditions may occur due to features such as wrecks and boulders.
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Fast Fourier Transform (FFT)

According to 4.2, during beam forming the signals from each element of the array are copied for
each beam. The sum of the amplitude of the N transducer elements is itself a Fourier transform
of the vector, with N elements, corresponding to the radiation pattern of the linear array. If Nis a
power of 2 the computation is less demanding and the Fourier transform is called Fast Fourier
Transform®. This method has the advantage to speed up the beam forming process.

Details on this method are addressed in de Moustier [1993].

5.2.1.1 Accuracy. Measurement of range and beam angle for multibeam systems is more complex than

for single beam echo sounders. Consequently, there are a number of factors that contribute to the
error in those measurements, including: beam angle, incident angle on the seafloor, transmit and
receive beam widths, attitude and heave accuracy, bottom detection algorithms and sound speed
profile variation.

It is usually necessary to calculate the error budget based on those factors (see 5.2.1.8.).

5.2.1.2 Resolution. Multibeam systems with their capability of full seafloor ensonification contribute to a

better seafloor representation and, when compared to SBES, to higher mapping resolution.
However, as far as the depth measurements are concerned, resolution will depend on the acoustic
frequency, transmit and receive beam widths and on the algorithm used to perform seabed
detection.

Resolution in depth measurement is a function of pulse length and of the dimensions of the
ensonified area. The ensonified area of MBES echo sounders, near normal incidence, is
relatively small, thus the resolution is higher than the single beam echo sounder.

5.2.1.3 Frequency of a MBES is selected based on the intended use of the equipment, basically depth

ranges and resolution.

The frequencies of the MBES are typically:

a. Waters shallower than 100 metres: frequencies higher than 200 kHz;
b. Waters shallower than 1500 metres: frequencies from 50 to 200 kHz;
c. Waters deeper than 1500 metres: frequencies from 12 to 50 kHz.

5.2.1.4 System associated sensors and integrity

Multibeam systems, besides the echo sounder itself, include:

a) motion sensor — for attitude (roll, pitch and heading) and heave measurement. Presently,
these sensors comprise an inertial measurement unit (IMU) and a pair of GPS receivers with
respective antennas. As a result of the technology involved this sensor is also capable of
providing positioning with high accuracy;

b) sound velocity profiler — to measure the sound velocity through the water column;

¢) sound velocity probe — to measure the sound velocity at the transducer face. This should be
considered compulsory for flat arrays where beam steering is required;

45

It is still possible to apply the FFT even when N it is not a power of 2 by adding virtual elements with zero amplitude
(padded zeros), see de Moustier [1993].
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d) Positioning system — as stated above, positioning in new technology systems is integrated
with motion sensors. GPS either in pseudo-differential mode or in Real Time Kinematic
mode (RTK) is the system commonly used worldwide;

e) Heading sensor — also integrated in motion sensors, the optimal and more accurate solution is
the heading obtained by GPS dual receivers.

Installation and calibration (patch test)

The installation of multibeam transducers can be either fixed to the hull, on the side or over the
bow. The hull installation is used in large vessels or when it is a permanent fixture, the other
installations are used for temporary short term purposes in small vessels.

The calibration or patch test is an essential procedure which consists of determining the
composite offset angles (roll, pitch and azimuth) for both transducer and motion sensor and the
latency from the positioning system. Detailed analysis and procedures may be found in Godin
[1996].

The calibration must be performed after the installation and either after long periods of
inoperability or after appreciable changes in the installation.

Before calibration it is necessary to check the installation parameters and to perform a sound
velocity profile to update the calculation of the refraction solution.

a) Positioning time delay

The time delay or latency is the time offset between depth measurement and positioning. The
procedure to determine the time offset consists of running two pairs of survey lines at
different speeds over a sloping seabed, the steeper the gradient the higher the resolution of
this parameter will be. The slope should be regular and with enough extension to guarantee
adequate sampling. Figure 3.36 illustrates the time delay calibration.

The time delay is obtained by measuring the longitudinal displacement of the soundings
along the slope due to the different speeds of the vessel. To avoid any influence from the
pitch offset the lines should be run on the same course.

The time delay, 8t, may be obtained by the equation:

AX
St=——— 3. 55)
V, =V,

where Ax is the horizontal separation between the two sounding profiles near nadir, and vy
and v, are the speeds of the vessel for line 1 and 2 respectively.
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Fig. 3.36 ""Time delay calibration.

a) Top view of the two lines;
b) Longitudinal section where the separation of the two
sounding profiles from the actual seafloor is visible. "

b) Pitch offset

The pitch offset is the composite angle offset from the inertial measurement unit and from the
transducer alignment with the local vertical in the longitudinal plane of the vessel. The
procedure to determine the pitch offset consists of running two pairs of reciprocal survey
lines at the same speed over a sloping seafloor, as mentioned in the time delay calibration, the
steeper the gradient the higher the resolution of this parameter will be. The slope should be
regular and with enough extension to guarantee adequate sampling. Figure 3.37 depicts the
pitch offset calibration.

After the correct determination of time delay, the pitch offset is obtained by measuring the
longitudinal displacement of the soundings along the slope due to the pitch offset. To avoid
any influence from time delay the system should already be compensated for positioning
latency.

The pitch offset, 80,, may be obtained by the equation:

56, = tan™ (&j 3. 56)

*Z

where Ax is the apparent offset of a depth on the same survey line run in reciprocal
directions.
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Fig. 3.37 "Pitch offset calibration.

a) Top view of the two lines;
b) Longitudinal section where the separation of the two sounding
profiles from the actual seafloor due to pitch offset are visible."

¢) Azimuthal offset

The azimuthal offset is the composite angle offset from the heading sensor and from the
transducer alignment perpendicularly to the longitudinal axis of the vessel. The procedure to
determine the azimuthal offset consists of running two adjacent pairs of reciprocal lines, at
the same speed, in an area with a well defined bathymetric feature such as a shoal. The
adjacent lines should overlap (not more than 20% the swath width) in the outer beams in the
location of the bathymetric feature. Figure 3.38 depicts the azimuthal offset calibration.

After the correct determination of time delay and pitch offset, the azimuthal offset is obtained
by measuring the longitudinal displacement of the bathymetric feature from adjacent lines.
To avoid any influence from time delay and pitch offset the system should already be
compensated for these offsets.

The azimuthal offset, da., may be obtained by the equation:
-1 AX
do.=tan | — 3.57)
AL

where Ax is the horizontal separation from the bathymetric feature from the adjacent
reciprocal lines and AL is the distance between lines.
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Fig. 3.38 ""Azimuthal offset calibration"
d) Roll offset

The roll offset is the composite angle offset from the inertial measurement unit and from the
transducer alignment with the local vertical in the transversal plane of the vessel. The
procedure to determine the roll offset consists of running a pair of reciprocal survey lines, at
the same speed, in a regular and flat seafloor. The lines should overlap each other. Figure
3.39 depicts the roll offset calibration.

After the correct determination of time delay, pitch and azimuthal offsets, the roll offset is
obtained by measuring the vertical displacement of the outer beams from the reciprocal lines.
To avoid any influence from time delay, pitch and azimuthal offsets the system should
already be compensated for these offsets.

The roll offset, 80g, may be obtained by the equation:

50, =tan'1[2Ai j 3. 58)
Ay

where Az is the vertical displacement between outer beams from reciprocal lines and Ay is
half swath width or the distance from nadir to the point where vertical displacement is
measured.
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Calibration is usually performed by interactive tools. The adjustment or offset calculation
should be done in several sampling sections in order to obtain an average. The offsets may
have an uncertainty of the order of the motion sensor repeatability.

V4
A a

6k

\

260 3 Az

A

a) i b)
Fig. 3.39 "Roll offset calibration.
a) Top view of the two reciprocal lines;
b) Cross section where the pronounced separation of the sounding

profiles from nadir to the outer beams due to roll offset are visible."

5.2.1.7 Operation and data recording

Vessel configuration and calibration parameters should be checked at the beginning of the survey.
Some system parameters should also be checked. These are mainly the parameters used during
data acquisition and may vary with each survey’s location (e.g. maximum operating depth,
expected depth, maximum ping rate, etc.).

At the beginning of the survey a sound velocity profile should be performed and transferred to the
echo sounder to be used, generally, in real time. Sound velocity at the transducer face should be
compared with the value given from the sound velocity probe. During the survey session several
sound profile casts should be performed according to the pre-analysis of the temporal and spatial
variation of sound velocity.

Whilst surveying, the systems are almost completely automatic, the hydrographer should,
however, monitor the data acquisition and the data integrity. Full seafloor ensonification and
overlap with the adjacent swaths must be guaranteed and monitored. It is most important to
compare the overlapping outer beams of adjacent swaths and to check for any trend of curvature
upward or downward of each ping.

At the end of every survey session it is strongly recommended that a back up of the collected data
is created.
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Sources of errors and quality control techniques

Sources of errors were discussed in 5.1.4 but these were for SBES. Hereafter the sources of
errors are analyzed for MBES, some of the errors are common to both systems, i.e. they do
not vary with beam angle. For this reason some of the errors are referred back to 5.1.4.
Further details on multibeam uncertainty can be found in Hare [1995] and Lurton [2002].

Due to sound velocity. Errors in sound velocity or in its variation result in incorrect
refraction solutions and, consequently, to errors in depth measurement and positioning.

The ray*® tracing is based on Snell’s law which states the relation between the ray direction
and the acoustic wave velocity:

sin0, sinb,
_... o SmY (3.59)
Co c,

1

where ¢; is the sound velocity, 0; is the incidence angle referred to the vertical at the depth z;,
and x is the ray parameter or Snell constant.

Assuming that the sound velocity profile is discrete (Figure 3.40), it is reasonable to assume

that the sound velocity gradient in a layer, between two measurements, is constant. Therefore
sound velocity is represented as follows:

c(z)=c¢, ,+g(z—-z.), for z, , <z<z (3. 60)

where g; is the constant gradient at layer i, given by:

C. —C.
g =% 3. 61)
Z, -7,

In each layer the acoustic pulse travels a path with constant radius of curvature, p;, given by:

b= ——— (3. 62)

Kg;

“ The acoustic ray corresponds to a line drawn from the source, in each point is perpendicular to the wave front.
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Sound velocity profile Horizontal distance
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Fig. 3.40 '"Ray tracing"

Considering the launching angle 6, (or B) in a depth with sound velocity ¢, the horizontal
distance travelled by the acoustic pulse to cross the layer i is:

AX. = pi(cosei — cosOH)z cosb;., —cosh, (3. 63)

1
Kg;

The replacement of cos(6;) by /1 — (Kci )2 produces:
\/1 - (Kci—l )2 - \/l - (Kci )2
K

Ax; = (3.64)
gi
The travel time of the acoustic pulse in layer i, is obtained by:
1% d
At =— | <« 3. 65)
g o C cos(@)

which can be written:

At 1 C, 1+\/1—(KCH)2

=—1n 3. 66)
g | Cia 1+ 1—(1<ci)2

To obtain the total horizontal distance travelled by the acoustic signal and the travel time, it is
necessary to sum the distances AX; and the times At; from the transducer to the seabed,
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tzziln o 144 (ke )
i-1 2 Cig l+\/l—(KCi)2

Depth determination and sounding positioning are the result of the integration of the echo
along each direction, fixed by the beam pointing angle, using the updated sound velocity
profile between the transmission and one-way travel time (At/2).

(3. 68)

Taking one sound velocity profile with constant gradient, g, the depth is obtained as:

At/2

Z= j(c0 +g-z)-cos(0)dt (3. 69)
0

The depth error, dz., due to the gradient variation, dg, and surface sound velocity variation,
dcy, by differentiation of equation 3.69 can be approximated by:

2
dz, =Z—(1—tan2([3))dg+idc0 (3.70)

Cy 0

where B and ¢, are respectively the beam pointing angle and the sound velocity from the
sound velocity profile at the transducer face. In equation 3.70 the first term corresponds to
both the range and ray bending errors due to the variation of the profile gradient, whereas the
second term corresponds to depth error due to the sound velocity profile offset at the
transducer depth. Assuming there is no correlation of these errors, the depth variance due to
sound velocity errors is written as:

2 )2 2
Gziﬁproﬁle = [ZZTJ (1 - tan2 (B))z (5; + [i] Gio 3.71)
0

Co

where o, corresponds to the variance of the gradient of the sound velocity profile and oey
corresponds to the variance of the initial value of the sound velocity profile used for depth
calculation.

Sound velocity errors are, in practice, difficult to quantify and the problems with temporal
and spatial variations may sometimes be so significant that the only practical solution is to
limit multibeam angular coverage.

There is another error component due to sound velocity error or variation at the transducer

face; this component introduces an error on the beam pointing angle which also introduces
errors in depth measurement and positioning.
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For beam steering or stabilization it is necessary to introduce time delays in the transducer
elements (4.2). To compute the delays it is necessary to know the sound velocity at the
transducer draught, this is usually achieved by a sound velocity sensor installed close to the
transducer. Any error in the sound velocity at the transducer face will be propagated as an
error in the beam pointing angle (Figure 3.41).
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Fig. 3.41 "Beam steering error due to sound velocity variation"

The time delay to steer the beam by an angle B, is obtained by:

At = isin([s) (.72)
Co
hence:
B = asin(co aAtj 3.73)

by differentiation and the appropriate simplification gives:

ap = B)y. (3. 74)

Co

The error in beam steering propagates to an error in depth, given by:

Z
dz, = - tan”(B)dc, (3.75)
0

The depth variance due to beam steering is therefore:

2
. :(i] tan* () oc; (3.76)

)
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where ¢y’ corresponds to the variance of the sound velocity used for beam steering, usually
obtained by a sound velocity sensor.

Note that the estimated total depth variance due to sound velocity errors is written as:

6’=06"_ _ 40 (3.77)

zc zc_profile zp

The errors mentioned above may be detected by visual inspection of the data by trying to
detect abnormal curvature of the profiles (set of beams).

Due to motion sensing. The depth measurement is dependent on pitch error and roll error, the
contribution being given as follows:

dz, = R -cos(0,)-sin(B—0, )d6, 3.78)
and:

dz, =R-sin(0,)-cos(B -0, )do, (3.79)
The depth variances are respectively:

c,5 =(z-cos(0,) tan(B—0, )’ cyn
(3. 80)

and:
G0, = (z-sin(6,)) o, 3. 81)
The total depth variance due to vessel attitude and heave is:

6’ =¢ 2+czei+cﬁ (3.82)

Z motion z0

2 . .
where o} is the heave variance.

Due to draught, settlement, squat and relative position of transducer. The accurate
measurement of transducer draught and knowledge of vessel behaviour in dynamic
conditions, settlement and squat, are fundamental to the accuracy of the measured depths.
These errors will contribute to the depth error independent of the beam angle.

The total depth variance due to transducer immersion, see 5.1.4.5, is written as:

2 2 2 2
G; = Ojuuent T O +0 3. 83)

settlement squat

2
squat

2
settlement

2 . . . . .
where Gy, 18 the draught variance, 6 is the settlement variance, and G is the

squat variance.
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5.2.1.8.4 Depth reduction. This issue was previously analysed in 5.1.4.8.

5.2.2

5221

5222

The QC may be performed by statistical calculations based on the comparison of soundings
from the check lines against the bathymetric surface generated from the main survey lines.
The statistics generated by the comparison should comply with the accuracy
recommendations in the S-44.

According to the errors presented above, the estimated reduced depth variance is written as
follows:

2
Z det ection

2 2 2 2 2
GZ = Gzc + Ghmotion + Gi +Gtide +0 (3‘ 84)

where Gi detection COTTESPONds to the depth variance due to the seabed detection algorithm
implemented in the MBES system [Lurton, 2002].

The estimated error on the reduced depth, at the 68 percent (or 15) confidence level, is
obtained by the square-root of equation 3.84. Assuming that the component errors follow
approximately a normal distribution, the estimated error on the reduced depth, at the 95

percent (or 2o) confidence level, is obtained by substituting each variance o’ by (2(5)2 .

Interferometric sonars

Interferometric sonar systems apply the phase content of the sonar signal to measure the angle of
a wave front returned from the seafloor or from a target. This principle differs from MBES which
forms a set of receive beams and performs seabed detection for each beam, either by amplitude or
phase, to detect the returning signal across the swath [Hughes Clarke, 2000].

These sonars have two or more horizontal arrays, each array produces a beam that is narrow
along track and wide across track. One of these arrays is used for transmission, ensonifying a
patch of the seafloor, scattering acoustic energy in all directions. Part of the scattered energy will
return back towards the transducers, which measure the angle made with the transducers. The
range is also calculated from the observed two-way travel time.

The method used for angle measurement can be diverse. The simplest method is to add the signal
copied from the two arrays together, being the resultant amplitude “fringes®, corresponding to
variations in signal strength. If the transducer arrays are separated by half a wave length, there
will only be one fringe, being the zero phase direction perpendicular to the transducer array axis
and the direction can be unambiguously determined. If the transducer arrays are separated by
several wave lengths, the angle of the detected wave front may be derived from directions where
maxima (or minima) of the received signal occur (Figure 3.42). However, this method, when
used alone, produces only a few measurements. Using the gradient of the fringes to produce
more measurements extends this method.

Forward looking sonars. Horizontal aperture sonars are used to detect obstructions ahead of the

vessel by mechanical or electronic scanning in the horizontal plane. These systems are
especially appropriate for the detection of obstructions in unsurveyed or poorly surveyed areas.
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Fig. 3.42 "Pattern resulting from the interference, either constructive or destructive, from signals
received at two arrays, separated by a distance (d) 10 times the acoustic wave length (red) and half
wave length (blue)"

6. NON ACOUSTIC SYSTEMS

In addition to the acoustic systems, presented in previous sections, there are some electromagnetic
systems which may be used for depth determination, such as the airborne laser and electromagnetic
induction systems, as well as depth determination derived from satellite altimetry. These systems and the
traditional mechanical methods for depth measurement and sweeping are described below.

6.1 Airborne Laser Systems

Laser” systems offer both an alternative and a complement to surveys with acoustic systems in shallow
waters [Guenther et al., 1996].

A laser system is composed of a laser scanning system, global positioning system (GPS) and an inertial
measurement unit (IMU).

6.1.1 Principles of operation
Hydrographic airborne laser sounding, LIDAR (LIght Detection And Ranging), is a system for measuring

the water depth. This system emits laser pulses, at two frequencies (blue-green and infrared), in an arc
pattern across the flight path of the airborne platform; it records both signal arrivals from the light pulse

47 Laser is the acronym for Light Amplification by Stimulated Emission of Radiation. The laser basically consists of an

emitting diode that produces a light source at a specific frequency.
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reflected by the sea surface and by the seafloor (Figure 3.43). The measured time difference, between the
two returns, is converted to distance.

Fig. 3.43 "Geometry of Lidar measurements"

Propagation of light through sea water, like the propagation of acoustic energy, depends on the
temperature, pressure and salinity. The sea water is, to some extent, transparent to light. In ideal
conditions, no material in suspension, the attenuation is a function of the absorption and scattering.

The transparency of sea water to the infrared and optical regions of the electromagnetic spectrum is a
function of the quantity of material suspended in the water. Therefore, water transparency® is a
constraint to the use of laser sounding systems. Lidar maximum depth operation is about 2 to 3 times
observed Secchi disk*’ depth.

A pulse of light of two different frequencies is transmitted in the direction of the sea; part of the energy
from the infrared beam is reflected by the sea surface back towards the aircraft, the blue-green laser beam
is transmitted to the water and partly reflected by the seafloor, also to be detected by the receiver. Using
accurate timing, the distance to the seafloor can be measured knowing the speed of light in the water. The
depth calculation requires, in addition, knowledge of the geometry of measurements according to Snell’s
law (Figure 3.44).

sinf, _ sind, 3. 85)

C c

a w

where 0, and 0y, are the incidence angles in the air and into the water and ¢, and ¢, the respective speeds
of light in the air and the water.

48 The transparency of the sea water, i.e. the transmission of visible light through the water, can be measured quantitatively by

determining the Secchi disk depth.

4 The Secchi disk is a simple device to measure the water transparency. The disk is a white plate, approximately 30 cm in
diameter, fastened horizontally on the end of a rope marked in metres. The disk is lowered into the sea water and the depth

at which it is lost to sight is noted.
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Fig. 3.44 "Lidar working principle"
6.1.2 Capabilities and limitations

Laser systems are efficient in shallow waters due to their outstanding productivity [Axelsson and
Alfredsson, 1999]. This productivity results from the high surveying speed and the swath width, which is
independent of water depth. In contrast, multibeam systems are operated at low surveying speed and the
swath width is proportional to the water depth (usually 2 to 7 times the water depth).

Laser systems give good coverage, close to full coverage, in extreme conditions of salinity and
temperature, where acoustic systems may produce poor quality data.

Undoubtedly, safety is a major advantage of laser system operation, particularly where under water
hazards may be risky for surface navigation.

Despite the capabilities mentioned above, laser systems are very sensitive to suspended material and
turbidity in the water column. The maximum operating depths, in optimal operation conditions, i.e. in
very clear waters, is about 50-70 metres.

6.2 Airborne Electromagnetic Systems
Airborne electromagnetic induction systems have been used for over 40 years to detect highly conductive
metallic mineral deposits. Advances in this technology have allowed the use of electromagnetic induction

principles for mapping seafloor formations in shallow water. Detailed information on airborne
electromagnetic induction systems is referred to Zollinger et al. [1987] and Smith and Keating [1996].
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6.2.1 Principles of operation

The operating principle of these systems is based on a geophysical survey technique for measuring the
electrical conductivity of bedrock or the thickness of a conductive layer.

A magnetic dipole transmitter, placed on a helicopter or a fixed wing aircraft, produces a magnetic field,
the primary field, and a towed receiver is used to detect the secondary magnetic field induced in the
ground.

Assuming horizontal layers, signal processing in time or frequency domain can be used to determine the
conductivity, oy, and thickness of the seawater column, i.e. the water depth, and conductivity, oy, of the
seafloor (Figure 3.45).

6.2.2 Capabilities and limitations
This no-acoustic system, due to the low frequencies involved, has the capability of operating over thick

ice. However, this system is limited to water depths of less than 100 metres and is, at present, for
reconnaissance purposes only.

Fig. 3.45 "Electromagnetic airborne working principle"

6.3 Remote Sensing

This section presents depth estimation derived from aerial photography and from satellite altimetry, as an
additional method for the coverage of extensive areas.
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6.3.1 Photo-bathymetry
It is a common practise for aerial photography to be used to delineate the coast line and, sometimes, very
helpful in reconnaissance, planning of hydrographic surveys, location of shoals and the creation of a

qualitative description of the seafloor rather than a means by which to determine the water depth.

6.3.1.1 Principles of operation

Digital image processors have the ability to correlate light intensity with depth. However, variation in
light intensity is also dependent on material in suspension and on the reflective properties of the seafloor.
Thus a local calibration should be undertaken to account for these variations.

6.3.1.2 Capabilities and limitations

The application of photo-bathymetry, within the present limits of this technology, remains mainly a tool
for reconnaissance and planning in areas where there is insufficient or no depth information.

6.3.2 Others

Satellite images in the visible band may be used in a similar way to photo-bathymetry. However,
satellites may be equipped with high resolution altimeters for mapping the oceans’ surface and, with the
appropriate data processing, it is possible to estimate the depths all over the globe.

The ocean surface has an irregular shape which replicates, to some extent, the topography of the ocean
floor. Seafloor features, such as seamounts, contribute to a local modification of the earth’s gravity field,
inducing a deflection of the vertical, which causes a slope in the sea surface and consequently the
seawater is pulled thus generating a bulge on the sea surface. The ocean surface can be mapped with an
accurate satellite altimeter and the anomaly, i.e. the difference between the observed ocean surface and a
theoretical surface, such as that created from WGS84 ellipsoid, can be determined and the water depth
estimated (Figure 3.46).

The integration of satellite altimetry with bathymetric measurements may produce a more reliable data set
which contributes to the knowledge of the seafloor topography in areas where hydrographic surveys are
sparse [Smith and Sandwell, 1997].
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6.4 Mechanic systems

Mechanic systems are the earliest tools used for depth measurement. Nonetheless, these systems are still
valid and remain in use today.

The systems studied up until now perform indirect measurements and are sensitive to seawater
characteristics. In typical conditions, gross errors in the depth measurements are likely to occur, these are
generated by echoes from within the water column and therefore they do not related to the seafloor, for
instance they can be caused by: kelp, schools of fish, deep scattering layer, thermal plumes and
sediments in suspension. Additionally errors may occur near piers, where echo detection occurs from the
returns of side lobes from the pier itself.

Mechanical methods (lead line or sounding pole) are not sensitive to these particular environmental
conditions and may provide an alternatively method.

Bar or wire sweep methods are an unambiguous way to detect minimum depths over wrecks or over
obstructions and to guarantee minimum depths throughout a navigation channel.

6.4.1 Lead line and sounding pole

The lead line aids the hydrographer in resolving echo sounder misinterpretation caused by spurious
returns.

When the bottom is visible, a lead line or sounding pole can consistently be placed on the high points and

the depth measured. In other areas, detection and measurement may be more difficult and sweeping
methods may be preferred.
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6.4.1.1 Description

A lead line is a graduated line with attached marks and fastened to a sounding lead. The line is used for
determining the depth of water when sounding manually, generally, in depths of less than 50 metres.

A correction, to compensate for the shrinking and stretching of the line, may be applied to the depths
obtained; this error source has, however, been overcome by inserting a wire heart inside the rope.

A sounding pole is a pole graduated with marks which is also used for determining the depth of water
when sounding manually. It is generally used in depths of less than 4 metres.

As previously mentioned, at present, these tools are often used to check anomalous soundings gathered
with acoustical systems which occur in shallow waters.

6.4.1.2 Sources of error
The sources of depth measurement error with lead line are mainly due to:

a) Line curvature is induced by current and produces a depth error. The correction may be
problematical and, for this reason, it is recommended only undertaking the measurements
when the impact of the current will be negligible, the only remaining the affect being the
residual speed of the vessel.

b) Heave will contribute to the error in the depth measurement. Heave leads to difficulty in
reading the depth; this is overcome by taking an average of the reading between wave crests

and troughs.

6.4.1.3 Operation, data recording, and processing

The direct depth measurement should be performed with the vessel dead in the water and, if possible,
avoiding periods of strong currents and tidal flow. It is normal, between successive sounding positions, to
keep the lead line in the water to check for any prominent seafloor features.

6.4.2 Bar sweep

Bathymetric coverage with SBES only measures the depth along the survey lines, leaving the seafloor
between lines without coverage or detailed information, although side scan sonar is often used to search
and locate any prominent seafloor features between the SBES lines. For rock pinnacles or wrecks, SBES
may not detect the minimum depth when the echo is possibly too weak to be sensed by the receiver, this
is particularly the case for masts or sharp pieces of metal.

For navigation safety purposes, the use of an accurate mechanical sweep, either bar sweep or wire sweep,

is an adequate means to guarantee a minimum safe clearance depth throughout an area and, according to
S-44, it may be considered sufficient for Special Order and Order 1 surveys.
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6.4.2.1 Description

The sweep is made of a bar about 5-6 metres in length. Each end of the bar may be packed with lead, or
other heavy material, to provide more weight and reduce lift when underway. The bar is suspended
below the vessel by graduated lines.

This instrument is very easy to manufacture. Trial and error tests may be used to obtain the best solution.

This is often more effective and easier to handle than a wire sweep.

6.4.2.2 Operation methodology

The bar or rod should be suspended horizontally under a vessel. The sweep may be equipped with
rockers or other sensors to record contact with the seabed.

The depth of the bar should be referred to the vertical datum, the tide height should be recorded during the
sweep operation and depths reduced as appropriate.

A complete coverage of the navigation area at a safe clearance depth should be performed; in the event of
an obstruction being detected, full coverage around the obstruction is recommended to confirm that the
minimum depth is detected.

6.4.3 Wire sweep

As an alternative to the bar sweep, a wire sweep may be used to determine the least depth over a
bathymetric feature when, from the general nature of the visible terrain, the existence of a rock pinnacle
or obstruction is suspected.

Detailed information on wire sweeping may be found in NOAA [1976].

6.4.3.1 Description

The sweep is constructed from two small trawl boards or doors (identical to those used by fish trawlers).
The trawl boards are connected by 40 to 60 metres of oval link chain. The sweep is bridled and towed so
that the connecting chain is dragged along the seabed approximately 60 metres astern of the towing vessel
NOAA [1976].
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CHAPTER 3 - ANNEX A
REFERENCE AND COORDINATE SYSTEMS

A. Reference and Coordinate Systems

Depth determination is performed in a vessel in dynamic conditions. Usually, a reference system (vessel
coordinate system), three orthogonal axes, is used on board to locate the hydrographic sensors and to
measure the vessel’s attitude and heave.

The vessel’s attitude consists of angular displacements about those axes, roll (transversally) about the x
axis, pitch (longitudinally) about the y axis, and yaw (horizontally) about the z axis. Considering an
orthogonal right-hand reference system with the z axis pointing downward; with the usual convention for
most attitude sensors roll is positive when starboard side is down, pitch is positive when bow is up, and
yaw is positive when rotating clockwise.

Considering Figure A.1, the rotation 0, in the yz plane, i.e., rotation about the x axis, can be expressed by
the rotation matrix,

A
)’L ‘__a_ XL,
-
| y
=17y, \ 4

Fig. A.1. “Vessel reference system”

1 0 0
R,(0)=|0 cos(0) sin(0) (A. 1)
0 —sin(0) cos(0)

and the rotations about the y and z axes are respectively:
cos(0) 0 —sin(0)
R,(0) = 0 1 0 s (A.2)
sin(@) 0 cos(0)
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cos(0) sin(®) 0
R,(0) =| —sin(8) cos(6) 0. A.3)
0 0 1

The transformation which results from three sequential rotations is represented by the product of the
rotation matrices. Successive rotations are applied to the left of this product.

Considering the successive rotations (0;, 0,, 6;) about the x, y and z axes, the transformation matrix is
given by,

R3(93)-R2(92)-R1(91) =

co$6,)codf,) sir6,)codB,)+cod8,)sirB,)sir6,) sir,)sir,)—codb,)sin8,)cod6))
=| —sir{B;)co46,) co$,)codB,)—sir6,)sirB,)sir(6,) cod®,)sir(6,)+sir(6;)si(6,)codB)|.  (A. 4)
Sil(ez) _Coiez)Sir(el) Coiez)coiel)

The measured depths, initially referred to the vessel’s frame, need to be positioned in a local coordinate
system. Considering an orthogonal left-hand local coordinate system; with the x axis pointing to East, y
axis pointing to the geographic North, and the z axis pointing downward.

In a survey vessel with roll, pitch, and heading respectively: O, 0p, and a; a beam with slant range R and
angle B (Figure A.2), will be transferred from the tri-orthogonal, right-hand, vessel coordinate system
(x’, y’, z’)n to the tri-orthogonal, left-hand, local coordinate system (X, y, z);, with the rotation about the x
axis the reciprocal of the roll angle (-0R), the rotation about the y axis the reciprocal of the pitch angle
(-0,), and the rotation about the z axis the reciprocal of the heading angle (-o) and since the two z axes are
both positive downward, but the vessel coordinate system is a right-hand system and the local coordinate
system is a left-hand system, it is necessary to swap the x and y coordinates during the transformation
from vessel to local coordinate systems. This is performed by applying the matrix Ry,.

\ y
) v —__,-—V
,,,,,,,,,,,,,,,,,,,,, 3 —
A
l{}%
\B
R- cos(P) Y R
z ‘,GR“&" z

Fig. A.2 “Vessel and local level reference system”
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NS

|

where R,y is given by,

K

R cos(0)

x' 0
] =Rxy-R,(-a)-R,(-0,)R, (aR){y:] = T(a,HT,HR){RSin(H)] (A.5)
z

1
Rxy = 0
0

- o O

1
10

sin(a)cos(8,)  cos(a)cos(6,)+sin(e)sin(8, )sin(6,) —cos(a)sin(8,)+sin(a)sin(8, )cos(8,)
T(,6,,6,) = cos(a)cos(@,) —sin(a)cos(@R)+cos.(a)sin(t9r)sin(0R) sin()sin( 6, ) +cos()sin(, ) cos(6;
—sin(, ) cos( 8, )sin(6, ) cos( 8, )cos(6,)

where T((x,BP,eR) is the transformation matrix from reference frame measurements into the local
coordinate system.

|

Note that the beam angle is positive to starboard side and negative to port.

N R

(—sin(er) cos(6,) +cos(axr)sin(6,. ) sin(6, ) - Rsin(B) + (sin(ax) sin(6,, ) + cos(ex) sin(é,. ) cos(b,)) - R cos(f)

(cos(a) cos(8,) +sin(ax)sin(é,. ) sin(6,)) - Rsin(B) + (—cos(a) sin(G, ) + sin(ax) sin(6, ) cos(8, ) - R cos( )
- cos(8,)sin(, ) - Rsin( ) +cos(6, ) cos(b, ) - Rcos( )
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CHAPTER 4
SEAFLOOR CLASSIFICATION AND FEATURE DETECTION

INTRODUCTION

Hydrography includes the description of the featwethe seas for a number of purposes not
restricted to navigation. The advent of sonar swdth echo sounders now enables a more
complete and detailed description to the benefgadér navigation and other uses. Obviously,

it is impracticable to find every feature in evedgpth so the IHO have determined the

minimum size of feature which should be searchedafal measured in any particular area.

Classification of the seafloor has been employedrfimewarfare operations for many years but

the advent of automated classification softwaredrabled wider usage, particularly in fishery

and resource industries.

In this chapter, the phrases seafloor classifipatiod seafloor characterisation, and feature
detection and object detection are synonymous

SEAFLOOR FEATURE DETECTION
Background

To ensure safe navigation it is necessary to dééattires on the seafloor which may be a
hazard to navigation, whether natural or man madlefeature is defined as any item on the
seafloor which is distinctly different from the sounding area; it can be anything from an
isolated rock on a flat sand seafloor to a wrecklstruction. This activity is called seafloor

feature detection. Feature detection can alsoskd to detect and identify features which are
of interest to other seafarers, such as wellheadsrane-like features. The latter may not be of
navigational significance but are, nonethelesanpirtance to those concerned.

A traditional survey will develop the bathymetry ah area by running a regular series of
sounding lines throughout the area. Multibeam esthnder (MBES) or side scan sonar (SSS)
coverage is utilised for feature detection and tovige information regarding seafloor
classification. In some instances the detectionfaaftures is more important than the
acquisition of bathymetry. Specific features whidve been identified on the MBES or SSS
image will usually require a more positive checktsfposition and the least depth.

Standards

There are a number of feature detection standaelsnbst relevant being those contained in
IHO S-44 and IHO S-57.

IHO S-44 - Minimum Standards for HydrographicSurveys

S-44 Table 1, summarised at Tables 4.1 and 4.2welgecifies where a feature search is to be
undertaken and system detection capabilities foln €xder of survey:

Once detected any features considered signifidamtild have its position and the least depth
over it determined to the standards detailed it Sdble 1.
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IHO S-44 Order and example areas Search Requirement

Special Order | Areas where under-keel clearancetisat.

Full sea floor search
required.

Order la keel clearance is less critical but features of

Areas shallower than 100 metres where undey-
Full sea floor search

A . required.
concern to surface shipping may exist.

Areas shallower than 100 metres where undey-
keel clearance is not considered to be an issud-ull sea floor search not

Order 1b for the type of surface shipping expected to | required.
transit the area.
Areas generally deeper than 100 metres whe
Order 2 general description of the sea floor is considereti_:(‘;?JII sea floor ;earch not
required.
adequate.
Table 4.1 “IHO S-44 Search Requirements”
IHO S-44 Order System Detection Capabilities
Special Order Cubic features >1.0 m
Order la Cubic features >2.0 m in depths up to 40 @0% of depth beyond 40 m
Order 1b Not applicable.
Order 2 Not applicable.

2.2.3

2.23.1

2.2.3.2

2.2.3.3

Table 4.2 IHO S-44 System Detection Capabilities
IHO S-57 - Transfer Standards for Digital Hgrographic Data

S-57 specifies "Zones of Confidence" (ZOC) as thethwmd of encoding data quality
information. ZOC were adopted to provide a simafel logical means of classifying all
bathymetric data and displaying to the marinerdbefidence the national charting authority
places in it. Areas are classified by identifyiagious levels of confidence that can be placed
in underlying data using a combination of depth gusition accuracy, thoroughness of
seafloor search and conformance to an approvedtyypkin.

ZOC Al, A2 and B are generated from modern andéusurveys with, significantly, ZOC Al
and A2 requiring a full seafloor search, i.e. fidature detection. ZOC C and D reflect low
accuracy and poor quality data, whilst ZOC U repnés data which is unassessed, but not
unsurveyed, at the time of publication. ZOC arsigieed to be depicted on paper charts, as an
insert diagram in place of the current reliabitiipgram, and on electronic displays.

It must be emphasised that ZOC are a charting atdnand are not intended to be used for
specifying standards for hydrographic surveys omfianagement of data quality by individual

hydrographic authorities. Depth and position aacy specified for each ZOC refer to errors
of final depicted soundings and include not onlgvey errors but other errors introduced in the
chart production process.
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S-57 ZOC Feature Detection criteria are at Tal8e 4.

S-57 Z0C Search Requirement

ZOC Al full area search undertaken, all significant seaffeatures

ZOC A2 detected and have had their depths measured. N(gep

full area search not achieved, uncharted featuaeardous to

Z0CB o :
navigation may exist.
Z0CC full area search not achieved, depth anomali@y be expected
full area search not achieved, large depth anomalizy be
ZOCD
expected.
Z0CU guality of bathymetric data yet to be asssse

Table 4.3 ZOC Feature Detection Criteria

Note: Significant seafloor features are defime®-57 as those rising above depicted depths
by more than:

0.1 x depth, in depths <10 m,

1.0 m in depths of 10-30 m and

(0.1 x depth) minus 2.0 m in depths >30 m.
S-57 also details the relevant position and depthiracy required of measured features.
Detection of Hazardous Features

The surveyor must remain cognisant of the fact thany features which are potentially
hazardous to navigation do not fit the S-44 “cuigiature” criteria; for example the masts of
wrecks and wellheads. However, ZOC criteria deetaltch features into account if they rise
above depicted depths by the prescribed amoung. abhity to detect such features is a critical
issue when considering the type of system to be& tieeundertake feature detection. For
instance, these types of features will normallydegected by SSS but may not be detected by
MBES, lidar and other such systems due, for exapleahe beam footprint or “filtering”
algorithms.

As far as the surveyor is concerned the purposa ebnar sweep is to ensonify the area
between adjacent lines of soundings in order tealeany feature of significance to the

mariner. Although no hard and fast definition lné iminimum length of a wreck can be given,

features less than three metres in length are elyliio be sufficiently proud of the seafloor to

cause concern. There will of course be occasidrenwhis is not so (e.g in coral areas or when
searching for masts) and the Surveyor must exaallreurces of data available to him before
deciding on the minimum length feature he wishedetect.

Note that in all calculations that follow, involginspeeds over the ground that must not be

exceeded, the feature length is used and no actotaiken of feature height. What is used for
calculations is the maximum length of feature flat fails to receive five ‘pings’, this being

C-13



2244

225

2251

2.2.6

2.2.6.1

2.2.6.2

2.26.3

2.3

2.3.1
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considered the minimum to achieve feature detectiBlow much of the energy in the five
pings on the feature that returns to the transdisaggpendent upon:

feature shape, extent, composition and aspect,

sonar conditions and

nature of the seafloor and other factors.
The amount of energy returned from the feature aaiiitrol the intensity of the printed mark.
Military Requirements

Military forces often require detection of featumnaller or deeper than those required for the
safety of navigation, for example some strive ttedefeatures with a volumetric size of 0.5 m
on the continental shelf in depths to 200 m. Miadare forces, using specialised sensors, aim
to detect and classify even smaller features. |aiiese reflect particular capabilities not
normally required of the surveyor employed in nealticharting, there is a resultant effect on
the development of systems capable of achievingythecoming available on the commercial
market.

Reporting Features

Whilst it is desirable to investigate every featwikich meets the above criteria in complex
areas this will not be possible. Surveyors maydneeuse their own judgement as to which
features warrant investigation after considering #vailable resources, the likely use of the
area (draught of vessels etc.) and the likely §icarice of the feature noting the general depths
in the area. For example, a shoal of 26 m in gérdapths of 28 m may not warrant further
investigation if the draught of vessels using theads only 12 m. This will particularly be the
case if a ship transiting the area must at somet jpaiss through general depths of, say, 20 m.
In such cases it may only be necessary to ensatethibre is no indication of much shoaler
water (e.g. by interlining, sonar etc.).

The above criteria should also be used to ascenta@ther or not a feature should be included
in any Report of Survey. In complex areas thisda become unwieldy; therefore the Report
need only include those features which are trugnificant in terms of general depths and
likely usage.

At the end of each survey the surveyor, being tilg person with all the facts at his disposal,
must give a firm opinion as to the status of easdiure located, i.e. wreck, sea floor type,
unexamined etc., with findings included in theirp@e. Newly discovered features, which

may be dangerous to surface or submarine navigaiwhcharted features, which are found to
be significantly changed, are to be reported tord#sponsible National Hydrographic Office

(NHO) immediately. Uncharted features in depthssi¢han 750 m would normally be

considered for Notice to Mariners action.

Methods of Feature Detection
Overview

There are a number of methods with which to achieature detection. SSS has a well proven
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feature detection capability and can still be coastd the most reliable means. However, SSS
is subject to operational limitations in that igienerally towed behind the survey vessel, which
introduces positional errors for features. Thesere can be reduced by use of transponders in
the towfish and/or running past the feature in dpposite direction to obtain an average
position. SSS operations are also subject to #ur gap which requires lines to be run with
sufficient overlap to detect features under adjatecks.

One of the main limitations of SSS is the speeddyfance required to achieve sufficient pings
on a particular feature. With few exceptions tlmsits SSS operations to about six knots,
which impacts rate of effort. The advent of MBES8ers the chance of meeting feature
detection requirements at higher speeds and theréfcreased rate of effort. To date,
however, MBES detection of features of the sizé theet IHO Special Order and ZOC A1/A2
requirements or other small and potentially hazasdigatures, cannot be guaranteed unless
certain precautions are taken, such as limiting ubeable swath width and calculating an
appropriate speed of advance for ‘ping’ rate.

2.3.1.2.1 The geometry of a SSS transducer in relation ®agufe is the key factor which makes it such

2.3.1.3

a successful tool for feature detection. The shadoast behind a feature, proud of the
seafloor, are the telltale sign that a feature leen ensonified. The geometry of the MBES
transducer in relation to seafloor features resintshe loss of almost all shadow-casting
capability. A surveyor wishing to use MBES for ti@® detection must then rely on the
MBES'’s other characteristics in order to look forydeatures. These characteristics are high
resolution bathymetry and amplitude backscatteplamliwith a positioning capability allowing
for very accurate repeatability. In addition, vghifeatures are normally capable of being
detected by an operator during SSS data acquisitietection using MBES is far more
uncertain at this stage and post processing idlyseguired to allow results to be seen.

Other sensors which can be used for feature deteittclude singlebeam echosounder (SBES),
forward looking sonar, magnetometer and remote austhsuch as Airborne LIDAR
Bathymetry (ALB) and Airborne Electromagnetic Batimstry (AEMB). Mechanical feature
detection methods, less used these days, inclugeswieep, drag and diver.

2.3.2 Side Scan Sonar

23.2.1

2322

Dual-channel SSS is now accepted as an esserttiab anodern surveying and it remains the
case that no survey on the continental shelf cactbhsidered complete unless a comprehensive
sonar sweep has been carried out and all contactstigated.

In addition to locating wrecks and obstructionswesn survey lines, SSS also provides a
considerable amount of other seafloor informatidiese data, when combined with seafloor
samples and depth contours to produce seafloosifitation, are of great value to those

involved with amphibious, minewarfare and submaraperations. The importance of this

information has grown over the years to such aargxhat, in many surveys, sonar rather than
bathymetric considerations govern the selectiohinef direction and spacing. However, great
care is needed in the preparation and checkindhedet data if their full potential is to be

realised.
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When used in hydrographic surveying, SSS has fain fiunctions:

» The detection of wrecks and obstructions betwsemding lines. Although precise position
and least depth cannot be determined by SSS, anydpned and operated sonar will detect
nearly all significant features between lines.

» The detection of other seafloor features. Gulyaised, SSS can detect very small seafloor
features. Whilst not hazardous to navigation thsitippns of such features, or groups of
features, are of considerable importance in botimsuwine and minewarfare operations.

» The gathering of seafloor classification daténowledge of the texture of the seafloor,
combined with samples, is of great importance fdynsarine bottoming and minewarfare
operations, and for fisheries and resource devetopm

» The identification of mobile areas of seaflodrhe presence of sand-waves and ripples are
indications that the seafloor in a particular aieanobile. On major shipping routes such
areas may require periodic re-survey to ensureysafenavigation.

Theoretical Considerations

The strength of the signal returned by a givenuieats governed by several factors linked by
an expression known as the “sonar equation” whicy fe used to determine whether a
particular type of feature will or will not be deted. A good explanation of the terms involved
in this equation is given in the 1981 FIG/IHO “Rejpon the Detection of Depth Anomalies”.
The standard textbook that should be consultedfifrther study of this subject is required is
“Principles of Underwater Sound” by R.J. Urick. nffust be stressed that this equation can
form only the starting point for a considerationS8S performance because it is not possible to
know all the equation terms.

Short range coverage. There is a region closeetdowfish where gaps in the sonar cover may
occur. These gaps need to be considered in tweplgee Figure 4.1):

Direction of Tow

A

Vertical

N\
A
ZJ T~ Axis of
Sonar Beam

Fig. 4.1 SSS Horizontal and Vertical Beam Coverage
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e The vertical plane. The main beam of the sorar d width in the vertical plane of about
50°, with the beam axis tilted 10° downwards. Eher therefore, a region under the towfish
which lies outside the main beam; the size of thigion is governed by the height of the
transducers off the seafloor. The original conedpthis area not being ensonified at all is
incorrect. Unless the towfish is a long way off geafloor this zone is covered by side lobes
from the transducers, and parts will receive soound energy from the fringes of the main
beam. (The “edge” of a beam is usually taken ashdf-power line, but this is not an
absolute cut-off point and some energy exists datgt). Whilst a gap in the record under
the towfish does occur, it is considerably smatham originally thought and may only be a
few metres in extent. Nevertheless, this gap rbastovered by sonar from the adjacent
lines.

* The horizontal plane. There is an area cloghddowfish (the “near field”) where the sound
pulses have parallel edges. As a result, gapsaoayr between individual pulses of sound.
The gap between pulses in the near field is a fomaif ship speed and pulse repetition rate.
Beyond this area, the spreading of the beams clbgegaps to give total coverage. Small
contacts are therefore likely to be missed clos¢otowfish rather than further away from
it.

Planning Area Searches. Two different methoddanfrpng area searches can be used:

» Detecting contacts close to the towfish. Tharde is planned so that the smallest required
contact can be detected close to the towfish. liili@éng case requires such contacts in the
near-field of the sonar beam to receive five pyleesside this area, beam expansion ensures
they will receive at least five pulses.

» Detecting contacts further away from towfishheTzone where small contacts may not be
detected can be calculated for a given range scalse and speed over the ground. Line
spacing can then be adjusted so that sweeps frgacesd lines at least cover the gap.
Alternatively, line spacing can be fixed and speegusted to ensure that full coverage is
achieved. Thus with a range scale of 150 m inamgkat a speed at which small contacts
may not be detected within the first 25 m, linecipg must not be more than 125 m.

The second of the above methods is usually employedrea searches as it allows a faster
speed of advance. For a line-spacing of 125 mgusie 150 m range-scale, one metre contacts
will be detected in the near field at a speed 6f Khots. Relying on detecting them from
adjacent lines allows a speed increase to 7.Mktails of the calculation follow (see ‘Feature
Detection’ and ‘Calculation of Speed of Advance’).

Confirming SSS Performance. Whilst these calooifestiwill provide theoretical capabilities it
is essential that a SSS’s performance is confirimele field prior to use. This is achieved by
selecting a suitable feature, reflecting the type size of feature required to be detected during
the survey, and towing the SSS past it. Both schannels, i.e. both sides, and each range
scale should be tested to determine the maximuettieh range.

Position of the Sidescan Towfish. Towing the saremsducers astern of the vessel has several
advantages including removing the sensor from tfeets of vessel motion and operating it at
a height above the seafloor which will enable tiptiroum shadow. However, there is a
disadvantage in that it also introduces uncertaastyo the position of the towfish. This error
has three components:
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« an along-track component, caused by uncertdmtipow far the towfish is astern of the
vessel; this depends on the length of cable oytthdef towfish and vertical catenary of the
cable (the last two also vary with the ship’s speed

e an across-track component, caused by deflecfahe towfish by tidal stream or current,
and by ship manoeuvres;

* errors in the position of the ship or boat, vihitill be transferred to the towfish.

Towfish position can be determined using an Ultnar§Baseline (USBL) positioning system
which requires transducers/receivers to be fitiedthe vessel and towfish; however the
accuracy of this system deteriorates rapidly dejmgndn the length of tow. An alternative
method, under development in Australia, utilises direction and angle of depression of the
tow cable over the stern of the vessel, togethdr wimodel of the catenary of the tow cable to
predict, reasonably accurately, the towfish positio

In addition, the attitude of the towfish may vamtho longitudinally and about its axis and thus

the direction of the transducer beams may fluctudtieis is especially true if the ship's course

or speed are frequently changing and emphasisesetx for generous overlaps during sonar
sweeping. Planning to theoretical limits of pemi@nce is almost certain to lead to gaps in the
sweep in reality.

Hull Mounting. SSS can be mounted in the hull suigface vessel. The advantages of this are
that its position, and hence orientation, are ately known and therefore the positioning of
detected features is relatively easy. Hull mountiso enables freedom of manoeuvre for the
vessel which is no longer required to tow the sensélowever there are a number of
disadvantages to hull mounting including the effgfictessel motion on SSS ensonification and
performance, possible mutual interference with othél mounted sensors, e.g. MBES, and the
fact that it is unlikely that the SSS will be opedat the optimum height above the sea floor.
Hull mounting is often the best method when opetpatn shallow water or in areas where the
seafloor topography is potential hazardous, e&f. sgewn. Otherwise, the disadvantages of
hull mounting would normally outweigh the advantage

Operational Constraints

Hydrodynamic Stability of the Towfish. Under mosbnditions the towfish is largely
decoupled from the effects of ship's motion byftagibility of the tow-cable. The assumption
is usually made that the towfish is completely kah roll, pitch and yaw, although some
motion in all these planes undoubtedly occurs.| pabably has relatively little effect on the
sonar picture, being compensated for by the widambeangle in the vertical plane. A
permanent list in one direction, which may be cdusg a distorted fin or a twist in the cable
can, however, markedly decrease performance. sHaald be suspected if one channel gives
a different quality of picture to the other.

In extreme cases it may be necessary to rely amlghe “good” channel and allow for this in
planning survey lines. Pitch and yaw are moreiagmt; with such a narrow beam-width in
the horizontal plane, these motions could decredasection probabilities of small features. A
feature that would receive at least five pulsedwitstable towfish may only receive three or
four if the towfish is oscillating in either of the directions.
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The problem of towfish stability is believed to less important than that of towfish position.
In rough weather the effects of towfish oscillatioan usually be clearly seen on the trace.
Under these conditions the reduction in the prdigbof detecting small features must be
considered. With the increasing use of heave cosgiers and motion sensors for echo
sounders and the greater importance attached txtdwf small contacts, sonar conditions
rather than echo sounder performance may be thgnlinfactor for effective surveying.

Height of Towfish. For most work the optimum heigif the towfish above the seafloor is
10% of the range-scale in use, i.e. on the 150 atedtie towfish should be 15 m above the
seafloor. SSS transducers are directed slightiyneards so flying the towfish too close to the
seafloor may reduce the range from which returmskereceived. If the towfish is too high
acoustic shadows may not be formed behind obstngtnaking them more difficult to detect.
This is especially true in deep water when a come has to be made between the need for
getting the towfish down to a useful depth and taédiring a reasonable speed of advance.

In areas of very high seafloor relief it may bedqent to tow the sonar higher than normal; in
this event the reduction in acoustic shadow orufeatstanding proud of the seafloor must be
borne in mind. This effect is worst close in te towfish where detection of small contacts is
already at its most difficult.

In shallow water it may not be possible to getttihefish as high off the seafloor as desirable.
Although the recorder will be giving a backgroumace across the entire width of the paper,
the sonar beam may not be ensonifying the entingera Under these conditions the only
solution is to reduce both the range scale antinbespacing.

As a further limitation in shallow water the transdrs may be very close to the surface with
little tow-cable streamed. This will introduce thwblem of surface noise (such as waves and
ships wake) degrading performance and may alsothedte towfish being adversely affected
by the motion of the ship. The effects of watgtels and thermoclines on SSS can usually be
ignored, they have very little effect on the raagéhe frequencies used.

When investigating contacts with sonar the towfislould always be sufficiently high above
the seafloor to allow it to pass over the obstorcin the event of an accidental “on top”. The
least depth over a feature can usually be estimatigdlly from the shadow length obtained
during the area search.

If it becomes necessary to tow the towfish at almeodther than the optimum, a confidence
check should always be carried out to confirm tstesn continues to meet detection and other
requirements. Towfish height can easily be col@doby a combination of wire out and ship’s

speed. Quickly heaving in a length of cable wilhatch” the towfish upwards rapidly, after

which it will settle back down more slowly. Thischnigque can be very useful in lifting the

towfish over unexpected dangers. As the lengthwisé streamed increases this method
becomes less effective.

Depressors. Some SSS towfish can be equipped dephessors which will drive the fish
deeper for any given length of tow cable or spdeativance. Whilst this can reduce the length
of tow required there are a number of disadvantemesing depressors:

» they increase strain on the cable resultinchanrequirement for a more powerful winch if
scope is to be adjusted underway; and manual epesatan become impracticable;
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 the shorter scope of cable results in the tréasson of ship movement down to the towfish;

+ they can reduce the effect of an increase ied@ad/or reduction in scope of tow cable on
the towfish height, thus negating the use of thitihique to overcome unexpected dangers.

When operating in close proximity to the sea fldds prudent to ensure the towfish is fitted
with a trip mechanism that enables it to flip oaed still be retrieved after a strike. In thiseas
it is possible the fins will be lost, but at ledist towfish itself is recovered. Some modern SSS
avoid the problem of fin loss by only having upwéading fins.

Direction of tow. In normal circumstances SSS #thobe towed into and out-of the
predominant tidal stream/current in order to misientheir effect on the towfish in the form of
across track positional errors. Where tidal stfeament effects are not an issue the SSS
should be towed parallel to the bathymetric cordoufhis minimises the requirement to have
to continually adjust the scope of tow when stegniiio and out-of shallow water.

However, there are exceptions to these rules. ahdwave areas, in particular, it may be
necessary to tow the SSS at right angles to treadithe sandwaves. This ensures that the SSS
looks along the sandwave crests/troughs to avegdssibility of shadow areas where features
will not be detected, see Figure 4.2.

towfish shadow area

axis of sandwav«

sandwave crest / troug correct direction of to

Fig. 4.2 Sidescan Sonar — Potential Shadow Areas$andwaves
and Correct Direction of Tow”

2.3.4.14 Effective Sonar Range. The presence of marks @sdhar trace does not necessarily indicate

that returning echoes are being received. Trarssomdosses, interference from other sources
of noise, water conditions and recorder limitati@bisrestrict the useful range of SSS. For

example with a 100kHz sonar, a maximum range ofr@76 about all that can be expected for

even large wrecks, with small contacts (1-2 m)ketli to be detected beyond about 120-150
m. Detection range varies between different SS8eatsoand frequencies - the higher the

frequency the less the detection range, althouglrdhulting picture may be better. The best
results will usually be achieved by restricting thage scale to 150 m to take advantage of the
higher pulse rates and greater definition. A shest using a suitable seafloor contact at

varying ranges will usually provide information sanar conditions in the survey area.

2.3.5 Distortions of Sonar Records

2351

Sonographs never represent isometric maps of tftoee Various distorting factors have to
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be recognised when interpreting sonograph mosaiesdp form, unless the distortions have
been eliminated digitally before the mosaic hasbemmpiled. The main causes of distortion
are:

» compression of sonograph picture with speedesse - a distortion will occur parallel to the
course made good due to variable ship speeds amstar paper feed speed, resulting
usually in a compression of the record in this aion;

 the height of the towfish above the seaflooi wilroduce a lateral distortion perpendicular
to the direction of travel;

 a sloping seafloor will introduce distortiongjpendicular to the direction of travel which are
different on the up-slope and down-slope sides.

For a given ship’s speed, range scale, paper speedowfish height, the distortions can be
calculated. During area sweeps these effects giyneonly need to be considered when
plotting contacts; during investigations they nd¢edbe considered in detail. Speed during
investigations should be adjusted to give as ldtiortion as possible, about 3.0 kt is usually
ideal.

Lloyd Mirror Effect. During sonar operations inryecalm conditions reflection of some of the
sonar energy can occur from the sea-surface, asnsho Figure 4.3. This is known as the
Lloyd Mirror Effect and results in a series of mas& and minima in the sonar image. This
effect normally occurs only when the towfish iss#ao the surface and can be minimised by
towing the towfish deeper.

Sea surface

Fig. 4.3 Lloyd Mirror Effect

2.3.5.4 Cross Talk. Cross talk between two SSS channélsresult in a mirror image of sea floor

features from one channel being displayed on tip@sipe channel, albeit usually fainter. Cross

talk can result in the true image on the effectel $eing obscured. This may prevent

detection of features or to the erroneous ‘detattitbwhat are, in effect, copies of real features

from the opposite side. This can be a particutablem in areas where there are numerous
features in which case it can be difficult to venifhat is real and what is not.
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Tilt Effect. If the side scan towfish is not beitmwved level, in other words it is tilted to one
side, the channel that is facing downwards tow#rdssea floor will result in a stronger return
signal and therefore a darker image; on the otaadhhe channel that is facing upwards will
result in a lighter image. Seafloor classificatisrbased on interpreting the image shading, a
result of the relative strength of the return signam different seafloor types. The tilt effect
can therefore result in difficult or even erroneausrpretation.

Automatic Gain Control (AGC). AGC was introduceslaameans of ensuring the SSS image
was optimised for feature detection. In other vgadrdareas of strong return, such as rock, the
gain was automatically decreased to enable featares detected against a ‘light’ background.

However, as with the tilt effect, altering the gaind hence the resulting image shading, also
renders seafloor classification difficult, if nanhpossible. For this reason AGC should be
turned off if the sonar image is to be used fofleeaclassification.

Wash and Wake. If the SSS is towed too close ¢ostirface the image can be affected by
returns from the wash or wake of other vesselsren ¢he towing vessel itself if it has recently

made a turn. Again, such interference can seyowspact seafloor classification and it is

important that a sonar log is maintained so thathsincidents can be recorded to assist
subsequent image interpretation.

Thermocline. As with any sonar, SSS transmissarassubject to the effects of their passing
through water with changing properties and whicly mesult in distortion of the image. Whilst
software can be used to ‘mould’ the image back shtape, it is the important for the surveyor
to know, and hence the degree of sonar ensonditathich is used to overcome this problem.
For instance, in areas significant to navigatiohigier level of ensonification redundancy may
be required with adjacent lines run in oppositection and possibly additional lines at right
angles, with a short range scale selected. Inifggsrtant areas the range scale employed may
be greater and the degree of overlap and redundassyand therefore distortion can become
more of a problem.

“Sound Underwater Images - A Guide to the Genematiod Interpretation of Side Scan Sonar
Data” (Fish JP & Carr HA, 1990) is an example akference text that may be used to assist
sonar interpretation.

Feature Detection

The following assumptions are made:

» feature size is defined as the length presembechal to the sonar beam;

» the minimum number of returns to make a disé@eninark on the trace is taken as five;

» sound velocity is assumed to be 1500 m/sec;

* beam angle of the sonar is 1.5°.
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Terms and Units:

pulse interval - t seconds

pulse repetition interval - F pulses per second
ship's speed (over ground) - Vv metres per second
feature length - L metres

velocity of sound in seawater - C metres per iseco
recorder range scale - Rm metres

beam width - Bw metres

slant range to contact - Rs metres

length of array - I metres

distance travelled between pulses - d metres

Basic Equations:

F =_ C pulses per second; or, t =skconds
2Rm F

Becausepis a very small angle, beam width at a given raBye = Rsx @
It can be seen from Figure 4.4 that Feature Aasléingest feature that CANNOT receive five
pings; it can receive a maximum of four (i.e. pi2gS8 and 4 and either ping 1 or 5). However,
theoretically, a small increase in Feature A's flengould mean that it received five pings; in
general, for N pulses its length is given by:

L=Vxtx(N-1)-Bw (4.1)

Feature B is the smallest feature that MUST (thiezakty) receive five pings; it is caught by
the first and just missed by the sixth. Its lenigthiven by:

L=VxtxN - Bw (4.2)

Essentially this is the same equation as usectermine speed whilst echo sounding. Both
formulae assume that the sonar beam is divergent.

In general, equation (4.1) is used when determigitiger:
* the length of feature that will receive five giat a given speed over the ground;

» the speed over the ground that cannot be exddéddeature of a given length is to receive
five pings.

There may be occasions when the surveyor feelslieprudent to use equation (4.2) giving a
greater probability of detection.
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Fig. 4.4 Diagram showing Feature Detection

Calculation of Speed of Advance (SoA)

A typical survey scale is 1:25,000 in which case tisual spacing of lines is 125 m with the
SSS on the 150 m range scale. In general, itiaradgeous if bathymetry and sonar sweeping
can be carried out at the same time. With lines dRapart a swathe 25 m either side of
adjacent lines is ensonified, although this maydokiced with wayward line-keeping.

To recognise a feature on the SSS trace it is Bapgso ensure it receives five pings. To
identify it as a significant feature requires a faonatory detection from another line. This
does not mean that contacts not detected on adjiwes may be discarded as spurious but that
a small wreck at the outer edge of the SSS trageaasily be overlooked.

In an area sweep it is then necessary to detertinenspeed over the ground which must not be
exceeded in order that a feature of one metre rigtheshould receive five pings from two
adjacent lines. This gives the Speed over the @¢80G) which should not be exceeded.
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125m : > : 125m

; +—150m
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1 1
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Fig. 4.5 Calculating Speed of Advance
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In Figure 4.5 A, B and C are three lines spaced m2&part. A survey vessel is operating its
SSS on the 150 m range scale. What criteria meusabsfied?

Near Field. The near field limit is usually withB® m. Therefore with a 25 m overlap from
adjacent lines a feature which would not have kexkfive pings at a given range in the near
field on line B will get five pings from both lines and C. In this case the near field detection
speed of 3.6 knots is not a limiting factor.

Far Field. Contact 1 should be detected from lesd B, Contact 2 will get five pings from
lines A and C, Contact 3 from lines B and C. Inecessary to calculate the speed over the
ground that must not be exceeded if a contactrmftleL m is to get five pings at 25 m.
If L = 3.0 m then:
From equation (4.1) the maximum length of feathe will not get five pings is:
L=Vxtx(N-1)—-Bw

where Bw = 25.0«-¢

N=5

t=0.2 sec

L =2.999 m (see Note)

Note: because theoretically a slightly longetdee, i.e. 3.0 m, should get five pings.

rearranging: V = L + Bw
(N-1)xt

2.999 + 0.6545
4 (0.2)

4.57 m/sec or 8.9 kt

In fact for practical reasons the towfish should @ towed at speeds over the ground in excess
of 8.0 kt, or small features will be missed, orktdts through the water since above this speed
the towfish is liable to yaw. Note also that ¥dipings to a feature are to be “guaranteed” then
equation (4.2) should be used giving a V of 3.65ewn/or 7.1 kt.

If the requirement is to detect features 1.0 nemgth from two lines then:

\Y

0.999 + 0.6545
4 (0.2)

2.067 m/sec or 4.0 kt
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However if five pings into a one metre feature frone line only are to be required then:

\Y

0.999 + (72.5Bw)
4 (0.2)

3.623 m/sec or 7.0 kt

The danger with using the last of the above equoatis that the probability of detection of a
small feature in a “one chance only” situationoia|

“Fast” SSS. As technology evolves some SSS aestabbe operated at faster speeds over the
ground than was previously possible. An exampléhésKlein 5000 series, which employs
beam steering and focussing techniques simultahegemerating several adjacent, parallel
beams per side. This “multibeam” design permitthai towing speeds whilst providing high
resolution imagery. Other SSS developments incthdeuse of interferometric, multi-pulse
and synthetic aperture techniques. However, #s &li such sensors, it is essential that its
performance is validated against known targets,ciwvhiepresent features required to be
detected. Validation should be followed up byialiand regular repeat confidence checks in
the survey area.

Track-Keeping Errors

A question that needs to be addressed is how faraok can the survey vessel go before a gap
in coverage is created? Assuming only one dete¢five pings) is required to a 1.0 m feature,
a standard 1:25,000 survey is being undertaken limigis 125 m apart and range scale 0-150 m
selected, then overlap is 25 m. The sum of anyr&must be contained within this figure.
For example:

towfish position el 10 m
vessel navigation e2 5m
slope effect e3 1m
sound velocity variations ed 15m
therefore ye'= 128.25 m
total error RMS E= 11.3m

Overlap is 25 m, however only 24 m is useable (batact has to paint) therefore total
allowable track error ¥ [24°-3€’] =21 m

This assumes that a feature is detectable at 1d®ene it will paint as a black dot 0.8 mm by
0.8 mm with a 1 mm shadow (that is if the shadowdsobliterated by the 150 m range line).
A more prudent off track allowance would be 15 his plots as 0.6 mm at a scale of 1:25,000.
Practical use of Side Scan Sonar

Area Sweep is the name given to the standard hyalpbg: sonar search method. The

categories of sonar sweep required for any givewesuwill be specified in the survey
instructions. An example of categories of SSScéesr as follows:
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Category A and B. Search in one direction anigareciprocal using SSS. Where practicable,
adjacent lines are to be run in opposite directiofearches for all listed wrecks are to be
conducted. Examples of sonar line spacing, rangke soverlap to be achieved and maximum
speed over the ground to be used are given at Rable

Category A sweeps are intended to be the starslaegps for coastal and inshore areas not
subject to routine re-survey. These sweeps ar@gyrisd to achieve a theoretical seafloor
ensonification of 240%, i.e. [2 x effective sonange/line spacing] x 100 = % ensonification.

Category B sweeps achieve a theoretical seaflosorefication of 133% and may be used for
routine re-surveys and in depths greater than 10@hmre detection of all features is less
critical.

Category C. Only searches for listed wrecks atestconducted.

Category D. Special searches as ordered. Tluisides special instructions for use of
particular SSS and hull mounted sonars etc.

Max
Catedor Tvoe of Surve Sonar Line | Sonar Range Speed Adjacent Line
gory yp y Spacing Scale (?[\r/]ir Overlag
Ground
Al Special 125 m 150 m 6 kt 25m
inshore & coastal surveys
at >1:25,000 in depths <15 62.5m 75m 12.5m
m
inshore & coastal surveys
A2 at >1:25,000 in depths <50 125m 150 m 8 kt 25m
m
shelf surveys in depths (See Note 2
>50 m and/or scale 250 m 300 m 50 m
<1:25,000
Bl routine re-surveys 250 m 150 m 50m
shelf survey scale <
B2 11.25,000 in depths >100 m  °%0 M 300m 100m
Table 4.4 — Sidescan Sonar Search - Categories AdaB - Example Criteria
Notes:

The overlap under adjacent lines is to allomiifoited wayward line-keeping and positional
inaccuracies. If the surveyor considers positionatcuracies and/or wayward line-keeping
exceed this figure then he should adjust the lm&cimg or range scale, with subsequent
speed adjustments, as necessary.
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See previous comments with regard to use at™faSS which may enable these speeds to
be increased.

It is emphasised that these reflect minimum staidsjaf in doubt over sonar performance, line
spacing should be tightened or speed reduced! tass it is necessary to refer to the relevant
IHO S-44 or S-57 ZOC standards to ensure searchreggents are met.

The use of a regular series of parallel straigtgdiremains the most efficient way of covering a
survey area. The line direction will be close lte direction of the tidal stream to minimise
towfish offset. The line spacing for the sonae$ris determined by the range scale in use and
the overlap required. It is recommended that thexlap between adjacent swaths is 125%.

For military surveys on the continental shelf intevadepths less than 200 m, the requirement is
often to detect all contacts larger than one matextent. With existing equipment this cannot
easily be achieved and a compromise between thiéreasents of sonar and bathymetry must
be reached. A sonar sweep which will detect ongraneontacts in depths less than 140 m
provides this compromise. For the normal scale2&,000, this means a line spacing of 125
m, sonar range scale of 150 m and a speed oveagrtlumd no faster than 7 knots. Existing
equipment cannot effectively be deployed deepan #80 m and, in water between 150 and
200 m depth, the search will be restricted to lioggliarge wrecks and obstructions.

Unmanned Underwater Vehicles (UUV). The employmehtJUV equipped with SSS and
MBES is becoming increasingly common. These ptatfbenable sensors to be operated at
great depth and at the appropriate altitude abbeestafloor. Thus it is likely that small
features will be capable of detection at greateptltle than is currently possible when
employing surface vessel mounted or towed sensors.

Sonar sweeps should always be undertaken with tirieatated as closely as possible parallel
to the main tidal flow in the survey area. Thessrtrack errors in the position of the towfish
are invariably greater than those along the trak every effort should be made to minimise
them. At a speed of 6 kt with 400 m of wire out antidal stream of 2 kt, a difference of 10°
between tidal flow and line direction can offset towfish 17 m from the line.

The running of an extra sonar line immediately wmigtseach edge of the survey area is
necessary to ensure that the ordered category eépswontinues to the limit of the area.

Similarly, care must be taken to ensure that th® ®8/fish has cleared the edge of the survey
area before a survey line is ended.

It must be remembered that speed and feature aeteptobabilities calculated here are
theoretical and take no account of adverse somatitons and equipment failings.

Plotting of Contacts. The detection of seafloantacts between survey lines is one of the main
reasons for using SSS. The ultimate use of th@nmdtion must always be considered when
deciding which contacts to plot; for example, sulimes will not take the ground in areas of
rough seafloor and minewarfare operations will llguze selected to avoid them. In areas of
smooth seafloor the aim must always be to detegttpdot every contact; in more rugged areas
this standard will have to be relaxed. All sucihte@ts must be plotted and allocated a contact
number which will ultimately be included in the #lear classification model.
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2.3.9.10 Various techniques have been developed to plotactsitfrom manuscript SSS records; all

2.3.9.11

2.3.9.12

2.3.9.13

attempt to reduce the errors in the contact posit@aused by errors in towfish position and
orientation. Different techniques are to be used dontacts plotted from area searches,
investigations and examinations:

« Contacts from area searches are usually plotted fwo directions 180° apart. The standard
“layback and offset” method should be used, with ttean of the two positions adopted as
the most likely position.

 Investigations should produce a minimum of tvaire of passes for each contact at right-
angles to each other, orientated in such a wag fis the extremities.

 When a contact is examined by echosounder, #s¢ fon top” position is to be used in
preference to any SSS derived one, where possiblecho sounder line should pass the
length of the long axis of the contact.

Measurements by Sonar. A good “beam-on” SSS miatfia wreck or obstruction can usually
be used to estimate its height above the seaflsmguthe sonar “shadow”. Although not
accurate enough for charting purposes, this hesgiry useful for the safety of both ship and
towfish when planning investigations. Estimateshef beam and length of a wreck can also be
obtained from the sonar trace. The following pestiould always be considered:

* when estimating heights from sonar shadows thegnce of higher parts of the wreck (such
as masts), which do not throw a detectable shadoayld always be borne in mind;

» shadow heights must be measured from both sitit®e wreck and the results meaned - this
helps to correct for errors introduced by seaflstmpe (it should be noted that heights
obtained in the near nadir area by this method beagverestimated by up to 20%);

* measurements for length and breadth should avie@ytaken perpendicular to the towfish
track and must always be corrected for slant raligfertions.

Conduct of Investigations. Investigations (or ek@tions) are conducted to improve the
classification of a contact located during an assmrch. The following technique is
recommended:

 relocate the contact by SSS, aiming to passtBOAi from it; this will normally be sufficient
to eliminate ephemeral contacts;

« verify and/or improve its position;

» conduct the examination.

The 150 m scale is usually best (use of the 75 atesmay result in the shadow from a large
contact extending off the trace). Speed shoulkidpe to about 3 kt, to reduce distortions in the
record, with the towfish about 15 m clear of thafl®r. Providing good pictures are obtained,

four runs (comprising two perpendicular pairs) dtidae sufficient. In the case of wrecks, one
pair of tracks should be parallel to the long afithe wreck and one pair perpendicular to it.
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The above procedure will usually give sufficientadéo determine whether an echosounder
examination is required and also will allow measugats of length, beam and height to be
made. The SSS should always be recovered befose sbunding. If several contacts which
need sonar examination exist in the same genezal ime can usually be saved by examining
the whole group with sonar before recovering theas@and obtaining a least depth by echo
sounder.

Disproving Searches. Charted wrecks, obstructisrather dangerous features which have not
been located and examined during a survey musidpeoded if possible. They will not be
removed from the chart without a positive statenfemin the surveyor in charge that this is
justified and why. The procedure for conductindjsproving search is outlined below:

» Features whose positions have been previoutdpleshed but which cannot be found during
the survey need a very detailed investigation spmive them. Such searches are to include
a sonar sweep in two directions at right anglesatth other and a close echo sounder search
over a radius of between 0.5 and 2.5 Nautical M{lE#) from the charted position.
Consideration might also be given to undertakimgra sweep.

* When searching for an feature whose positiooniy known approximately [usually a (PA)
wreck], the sonar search should also be undertakdwo directions at right angles and
consideration should be given to extending thecteawrer a radius of at least 2.5 NM, a
distance based on the statistical probability ahsa search being successful. However, if
the surveyor is confident that the initial arearskean one direction was entirely thorough,
and that the sonar equipment was operating satisfigc he may consider that a second
search in another direction is not necessary, lgavéigard to the size and history of the
wreck concerned and the position in which it iegdd to lie. If, during the initial sonar
sweep, a magnetometer was also deployed and ncechamkgnetic anomaly was detected
within 2.5 NM of the charted position, this may &decepted as additional evidence that a
wreck with a predominantly ferrous content doesaxidt in the area.

» Searches for wrecks not within a regular surama must be extended to a radius of at least
2.5 NM. Whether there is need to carry out a seécweep at right angles to the first will
depend on the same considerations as above.

Whatever the outcome of such searches, whethearsopa larger survey or as individual
examinations, the surveyor must report the findingsill with supporting records as necessary
and a positive recommendation as to future chagatmpn.

Positions Errors of Sonar Contacts

During normal area surveys the surveyor's primanycern is to attempt to ensonify the entire
seafloor in order to detect any significant featurkny features of significant size will then
usually be accurately fixed by echosounder.

However in some special surveys it is essentidldbgrecise a position as possible is given for
each contact, particularly for small seafloor cotga These will not necessarily be fixed by
echo sounder. It is thus necessary to considénakrrors accruing in the plotting of a contact
from SSS trace.

Uncertainties in the position of a contact will igerfrom the following (e.g. £b):
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uncertainty in vessel position - 50m
uncertainty in towfish position (see Note) - 10m
variations due to assumed SV (1500 m/sec) - 15m
resolution of paper trace. (0.75% range scale) - 0.75m
errors due to seafloor slope - 1.0m
therefore, total error (RMS) (1 sigma) = 114 m

Note: This can be an unknown quantity dependinguse of a precision towfish tracking
system. Evidence suggests that the towfish cailaiec20 m about the towing vessels track.
The value is also dependant on the depth and lerfgtbw cable. An estimate of £10 m is
therefore assumed.

2.3.10.4 The values given above are examples only and shéslnot exhaustive. The surveyor should
consider the table of errors for each part of hiwey and comment on them in the Report of
Survey, as is the case with echo sounder errors.

2.3.10.5 Uncertainty in the position of the towfish is theegtest potential source of error. Unless a
method of accurately positioning the towfish is émgpd, surveyors should make every effort
to minimise the offsets by planning tracks paraitethe prevailing tidal stream or current. |If
this is not possible every opportunity must be matae quantify the offset of the towfish to the
track by reference to seafloor features whose ipositare known. If there is any risk that full
ensonification is not being achieved, the simpksdution is to close up the sonar lines,
accepting that this will result in a reduction @e of effort.

2.3.11 Plotting and Measurements from Sonar Records

2.3.11.1 Layback. Layback is the distance astern of thaidaposition that the towfish is assumed to be
(see Figure 4.6). In the normal course it candmeputed as follows:

Fig. 4.6 “Side scan Layback”

Note: When the wire out exceeds 100 m, the ofktire has a greater effect on the tow than
the hydrodynamic properties of the towfish.

Layback = DT + [WO? - DS
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where: DT = horizontal distance from fix pointttav point,
WO = amount of wire out from tow point, and
DS = depth of towfish below surface.

Note: When the wire out exceeds 100 m, the bifhtice has a greater effect on the tow than
the hydrodynamic properties of the towfish.

2.3.11.2 This assumes that the wire takes a straight lind frmm the tow point to the towfish.
Obviously this is a simplification; the wire is aatly in an irregular catenary in both horizontal
and vertical planes.

2.