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CHAPTER 2
POSITIONING

1. INTRODUCTION

Determination of position with relative reliabiliig the fundamental problem facing the referenaené
of a Geographic Information System (GIS) and theqgipal purpose of the science of geodesy.

Determination of position for points on the earthisface requires the establishment of appropcate
ordinates in the selected geodetic reference sydd&mUM).

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

» The parameters that fully describe the referenstesy;
* The required co-ordinate details for the selectatbgraphic symbol or point.

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

2. PRINCIPLES OF POSITIONING
2.1 The Earth

Calculation of position with repeatable accuracyhes central problem for the geographical referavice
terrestrial information and the principal functiohgeodesy.

The geographical position of a point on the earsiiidace can be defined in relation to a mathemlftic
defined reference surface which is used in pladgaetrue surface of the Earth (very close to dpsglid
of rotation or bi-axial).

Reference surfaces should have two fundamentahcteaistics:

* mathematically defined;
» closely fitting the true surface in the desiredalian.

Reference surfaces used for limited areas areofezy:

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

» the local spheroid;

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

The first three have purely arithmetical definicand they are used for horizontal positioning;fteth
surface has a physical definition and has a relahip with the others for height/separation value.
three-dimensional position is defined by 2 horiabrb-ordinates and a vertical component whichnés t
height above the reference surface.
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Fig. 2.1 "The Earth"
2.1.1 The Ellipsoid

The ellipsoid is a fourth order surface on whidhcakves of intersection with a plane are ellipsesich
eventually degenerate into circleBor any selected point on the ellipsoid surface fandhe normal to
the tangent plan at this poitie ellipses produced by the intersection with saislhirface and the normal
form endless continuing planes, they are knownamal sections and have, at that point, a number of
varying bending radii. This variation is a continuous function of the mdbid latitude of the selected
point, of the ellipsoid shape parameters and the azimiutimegproduced normal section. The two normal
sections, which correspond to the minimum and merncurving radii, are defined as the principal
normal sections.

For geodetic purposes the ellipsoid of revolutipgduced when an ellipse is rotated about its semi-
minor axis, provides a well defined mathematicalfame whose shape and size are defined by two
parameters: lengths eémi-minor axigb) andsemi-major axiga). The shape of a reference ellipsoid
can also be described by eitherfiggtening: f =[(a- b)/ a] or itseccentricity: e=[(a?- b?)¥?/4].

Figure 2.1 shows the general relationship betwesmdg ellipsoid and the physical shape of the earth
Figure 2.2 shows the structure and parameterseddltipsoid.
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Fig. 2.2 "The Ellipsoid"

The ellipsoid surface is regular and derived matteally; it is for these reasons that, as a refese
surface, it is the widely used for horizontal caolioate systems. However it is of limited use as a
reference for heighting as it is such a coarseaqipiation of the earth’s shape.

2.1.2 The local Sphere

A local sphere is a reference surface which, atlacted latitude, has a radius equal to the gednetr
mean between the curving radii of the two principadmal sections of the ellipsoid being replacethat
point of interest on the surface.

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

Within a radius of 8 km (in Topographic Field) frahe same point, it is acceptable to replace thersp

with a tangent plan, causing a shift in comparigdth the ellipsoid surface less than the aboveedtat
accuracies.
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2.1.3 The Geoid

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

Unlike the ellipsoid, the Geoid can not be mathérally created or utilized in calculations becaitse
shape depends on the irregular distribution ohtlass inside the Earth.

2.2 Datum

A Datum is a Geodetic Reference System definechbyéference surface precisely positioned and held
in the space; it is generated by a compensateof petints.

The SP-32 (IHO — Fifth Edition 1994) defines a geariDatum as d set of parameters specifying the
reference surface or the reference co-ordinateesysaised for geodetic control in the calculatiorcof
ordinates for points on the Earth; commonly dataresdefined separately as horizontal and vertical”.

The determination of a unique reference surfacettierwhole Earth, essential for the use of satellit
systems and associated survey and positioning itpodsy has in the past been of little interest and
difficult to achieve, due to the essentially lochhracter of geodetic and topographic survey teglas.
For this reason, there are many local geodetiesystworldwide, all defined with the sole purpose of
obtaining a good approximation only for the areintdrest.

Furthermore, for each nation it is normal to fimgtreference surfaces defined in different waysahee
there has been a clear separation between thenilettion of positions for the horizontal (localipfoid)
and the vertical (local geoid / mean sea levefjufg 2.3 attempts to show this relationship.

local ellipsad

Geold ——=

. geocantric ellipsoid

Fig. 2.3 "Datum orientation”
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2.2.1 Horizontal Datum

Horizontal Datum is a mathematical model of thetlEarhich is used for calculating the geographical ¢
ordinates of points. A reference bi-axial ellipban association with a local system is a horizbnta
geodetic reference system (that is bi-dimensionkills defined from a set of 8 parameters: 2dmape

of the ellipsoid and 6 for position and orientatioBuch a reference system is not geocentric,ishie
ellipsoid centre is shifted from Earth’s centrentdiss by a quantity of about 100 metres; additigrtaik
ellipsoid axes symmetry is not aligned to the mesrestrial rotational axes, although angular shéfte
very small, an order similar in quantity for thecaacy of the more sophisticated angular measuremen
capabilities.

The local ellipsoid must be positioned and oriesdawith regard to the Earth to enable translatromf
the measured geometric quantity (distances, andléference in elevations) to the calculation foet
relative position associated with a point of knoelfipsoid co-ordinates, conventionally selected in
relation to local requirements. With satellitehbeclogy developments, it is now possible to digectl
obtain co-ordinates in comparison with a geocemsygtem which require no modification by the uset a
can be used internationally. In the past, wherceewic positioning was not possible, the only Viay
positioning and to directly reference systems wagdgtablish an initial point (point of origin) arad
connection with the local astronomic system (defibg the local vertical and by the terrestrial asis
rotation).

There are two parameters for shape which identifglidpsoid, the other six (6 degrees of freedona of
rigid body in the space) which must be determimethe 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 origs its point.

®oo o

The policy continues that to connect the two fundatal surfaces, ellipsoid and geoid, selectingpttiat

of origin for a known geodetic height, has to hameastronomically determined latitude and longitude
You therefore force the ellipsoid co-ordinatesta# point of origin to coincide with the astrononhioa
celestial co-ordinates.

This condition produces two fundamental effects:

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

b. It makes sure that the point is coincidence with e¢lipsoid normal axis and with the geoid
vertical axis (a further two fixed degrees of freedremoved).

Ascribing the point of origin ellipsoid height te lzoincident with known geodetic height and alignin
the ellipsoid rotational axis in the direction detastronomical North, it is possible to fix theneening
two degrees of freedom of the ellipsoid relativéhte geoid:

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

On completion of these operations, the local dlig®f reference is focussed on the point of ori§ine
Figure 2.4 for a graphical depiction of the relatibip 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 andgrathy before the advent of satellite systems were
based, as previously stated, on ellipsoids whigit@pmately fitted the local geoid surface.

In this way, in operational applications, adjusttsehetween the vertical and ellipsoidal normal are
reduced and almost negligible, angular measurenoentie ground can be quoted for ellipsoidal figure
without corrections. This situation can be congdevalid in cases for smaller nations with a ledit
surface area; it can also be acceptable, but withgraded approximation, for wider zones, sucthas t
whole of Europe or the United States.

The demand for wider reference systems has growimgluecent decades in concomitance with the
general globalization process.
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For the past 50 years, it was recognised that thasea need to find a unique reference systemhtor t
whole globe, on which to present cartographic, gdodind gravimetric products. The advent of &tgel
geodesy has made the adoption of single geoceafarences essential and advanced the need te ereat
good middle approximation for every part of thelgo

The first systems with these characteristics wareehbped by the Department of the Defence of the
United States: WGS60, WGS66 and WGS72 were isirgly reliable models of terrestrial physical
reality, the culmination being the creation of W@S8

WGS84 is the acronym for ‘World Geodetic System 4% nhd it defines the system as geodetic and
universal in 1984. It is represent by an OXYZ @sidn system with the origin at the centre of the
Earth’s conventional mass and Z axis directed tdwathe conventional earth North Pole (CTP.
Conventional Terrestrial Pole), as defined by BBtieau International Le Heure) in 1984, today named
IERS (International Earth Rotation System). Thexis is at the intersection of the origin meridjgan
passing through Greenwich, defined by IERS in 1284l the CTP referred to the equatorial plane. The
Y axis completes a clockwise orthogonal rotatiod bes on the equatorial plane at 90° east to tlaeix.

The Cartesian terms match the Earth. The co-alioidgin and axes are also at the centre of magds a
the axes of the ellipsoid are coincident with thstesm (ellipsoid bi-axis, geocentric WGS84), thexzs

is the axis of symmetry.

EUREF, the IAG (International Association of Geogesub-commission, which is responsible for the
European Terrestrial Reference System realisaldiRE), approved the European Terrestrial Reference
Frame (ETRF) in 1989. The ETRF89 system is again of the WGS84 system.

2.2.3 Datum transformation

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

Cartesian co-ordinates referred to a geocentri¢esysor geographical co-ordinates referred to a
geocentric ellipsoid are generated via satellitsitmming techniques. To transform these co-orgina
into the local system related to the operationahait is necessary to apply algorithms with patanse
determined by means of probability computation®iider to adapt the very precise satellite measured
results to the net realised by the local systerh stinevitable deformations.

Every ellipsoid, which is locally oriented, inewnis shifts from the geocentric one adopted in thé $84
system, not only due to the different parameters boportantly, also for centre position and axis
orientation. Therefore, the geographical co-ordisdor the same point in the local datum and & th
global one are different, the shifts translated diistances can be of hundreds metres.

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

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

WGS84 6 378 137 6 356 752.3

\ ED50 6 378 388 6 356 911.94

Note that the WGS84 ellipsoid is smaller both ia éguatorial and polar dimensions.

=3

oT

The variations in dimension and origin are reflddie geodetic latitude (or ellipsoidal) and in tHerth
horizontal co-ordinates (Gaussian) of a point oa ¢arth’s surface; the same occurs with ellipsoidal
longitude and East co-ordinates.

The comparison with the geographical co-ordinatis&sr creating considerable confusion in the
evaluation of horizontal co-ordinates definablethg adoption of the Gauss (UTM) representation. In
fact, shifts in Gaussian co-ordinates are not #maesas linear value shifts in ellipsoidal co-ortisa
This is because the length of the arc subtended bggree of latitude or longitude depends on the
dimension of the ellipsoid and also because it gharthe point of origin. It is therefore vitalpoovide
users with complete information and the necessaiyihg to understand the problems.

To transform geographical and horizontal co-oréiadtom one system to another it is necessarygty ap
to every point some variation &, AN, AN, AE, which are functions of the point; the shiftdapplied
to every point alter with the position.

The transformation between two different local dadu in a same area, is often performed using
empirical methods, based on the fact that the wference surfaces, even though different, are very
similar and the principal difference is one of ataion. In the case of the transformation betwaen
global geocentric system, such as the WGS84, docbhgeodetic system, the two surfaces are seqghrat
from each other and it is therefore necessary ptyapore general algorithms of transformation.

Datum transformation has assumed considerable tampmg with the advent of GPS; in practice it is
usually necessary that a GPS survey includes sanmtéspirom the old geodetic system in which the
survey must be structured; it is thus possibledicutate suitable transformation parameters whieh a
valid for the immediate area of interest.

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

translation of the axes with a scale factor in @etesian systems connected to the aforementioned
ellipsoids:
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Where:

X1Y12Zy) Cartesian co-ordinates of a point in the firsteys(S1);

X2Y22Zy) Cartesian co-ordinates of the same point in thersgsystem (S2);

(Xo Yo Zo) co-ordinates, in S2, of S1 origin;

1 +K) scale factor;

(Ex Ey, E) rotations around S1 axes (expressed in radiansaatidg in anti-clockwise
sense).

Such a model implies the perfect geometric congreeexcept for scale factor, between all the pahts
the geodetic network, determined with GPS methfmsekample in S2) and the same points, determined
with the traditional techniques of triangulationdatnilateration in S1. Naturally, this is not alygathe
case in reality, mainly due to distortions indudedhe classical geodetic networks from the propiaga

of errors which inevitably characterise the tramhtl procedures of measurement. The relationghip (
holds in most cases if it is applied within theitied extensions of the networks.

If together with it (2.1) the following formulaeeaused:

X = (N +h)Eos ¢ [&os A N = a
Y = (N + h) [tos @ [Sin A \/cog(p+(1—a)2 [Sing
Z= [(1—(1)2 N +h]E1;in 0

with 2.2)

They connect the geodetic co-ordinaped, & h related to the ellipsoid with semi-axe and ellipticity

(or compression or flatteningy, with the co-ordinates X, Y & Z related to the gentric associate
Cartesian system, the transformation formulae betwhe different systems are produced in geodstic ¢
ordinates.

The seven parameters, knowledge of which are nagess apply (2.1), can be determined, in a local
system, as the solution of a least squares adjastinevhich the observed quantities are the coratds
(Cartesian or geodetic) of a certain number3) of points in the network, obtained via both GPS
observations in S2 and classical terrestrial meshio®1.

2.2.4 Vertical datum

The first element necessary for the definition @ight is the reference surface.

Once this is established, the orthogonal direatiecessary for the measurement of elevation is fapeCi
while the scale along that direction evolves fréwa teference system realisation.

As a result of the way these elements are selediiéelent systems of heights can be defined:

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

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

The following figure shows the main relationshigviseen ellipsoidal height and orthometrid¢d.

ellipsoid

Fig. 2.5 "Vertical Datum"

In a first approximation, to within a few millimess:

hp:Hp+Np (2.3)

h, is measurable with the GPS, whilg is observable with levelling operations corredimdgravimetric
observationsN, (geoid height or undulation) is the elevation abtive surface of the projected point P
on the Geoid along the geoid vertical (plumb lin@his formula is an approximation because it duas
consider length differences between the normabiiftarent scale factors which result from the diéet
kinds of observations. For cartographic purpobesetror produced by this approximation can nonnall
be ignored.

For the traditional altimetry in cartographic womMdSL is conventionally assigned zero elevation (or
level), since the surface of the sea is availabbenfalmost every where. The MSL is sufficiently
determined from tide gauge observations over a pamngpd to filter it from the short term affectstafe.

The SP-32 (IHO - Fifth Edition 1994) defines MSL"#%e average HEIGHT of the surface of the SEA at

a TIDE STATION for all stage of the TIDE over ayEar period, usually determined from hourly height
readings measured from a fixed predetermined raterdevel (CHART DATUM)".
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For a specific area of interest, the local Geoidié§ined as the equipotential surface of the gyavit
strength field for a pre-determined point withire ttame area (usually a point on or near the coastli
located at the conventionally defined MSL height).

Starting from this point, assumed as the fundanheeta level reference, using techniques of gedmetr
levelling, it is possible to attribute a geoidaidig to each point, known as benchmarks, in a nétwo
which extends over on the whole area, the elevagtarence frame.

Depending on where we stand, the MSL can be neardarther away from the Earth’s centre in
comparison with another point; the elevations dohemefit from a global definition of the mean legé
the sea and presently there is no global elevadtarence system which enables unification or ihectl
comparison to be achieved between heights measuxedious elevation systems.

2.3 Co-ordinates systems

The position is usually defined through curvilinearordinates such as the latitude, the longitudkthe
height above the reference surface. In this daseroviding a position in (2+1) dimensions.

It is correct and necessary to distinguish betwherfollowing co-ordinate systems:

Plane rectangular (Grid);
Spherical,

Ellipsoidal (Geodetic);
Geoidal (Astronomical).

apow

according to whether the plane, the sphere, tiselt or the geoid is used as the surfaces ofeete.

The ellipsoidal co-ordinates are also termed geodehile the geoidal co-ordinates are the astranam
ones.

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

2.4 Principles of cartography

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

Such a problem is made more complex by the ellf@dosurface not being developable (or of the
spherical surface in narrower field) on a plandam@. Thus it is not possible to transfer det&dsn a
three dimensional reference surface to a paper pléinout the parameters which describe them
(distances, areas, angles) suffering consideradftemations. Finding the best method of achietlrig
transfer will be focussed, therefore, towards #moval 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 (equidistharts): this condition cannot be
achieved for the whole paper, only along particdliaections. It means along certain lines

that the relationship (scale) is preserved betwkemeasured distances on the paper and the
measured distances on the reference surface;
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b. Charts in which the areas are preserved (equivaleatjual area charts): this condition can
be achieved over the whole paper. It means thatretationship is preserved between a
measured area on the paper and a measured area i@fierence surface. Linear and angular
deformations are introduced, however, which cralterations of shape;

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

d. Charts in which the scale is the same in all dioest at any point (orthomorphic charts):
angles round a point are preserved and small slzpewt distorted over the entire paper;

e. Charts in which none of the element above is rigsho preserved but where the relative
deformations are contained within suitable toleesn@philatic or not orthomorphic charts).

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

m, =dI'/dl
m, =dS7dS (2.4)
m, =a-a

where withdl’, dS’& a’ being the geometric elements belonging to the papd withdl, dS & a the
corresponding elements for the ellipsoad- (a is the angle by which the elemetd has to rotate to get
itself to ds'). The linear and superficial elements must baitgsimally small to be able to quickly
identify the size of the deformations.

The choice of the cartographic system depends @mpunpose for which the chart is being producdd. |
the chart is to be used for navigation, it will Bae be conformal. The angles on the paper (famgte
the angles between the courses marked on the pagdghe meridians) will replicate, without variais)
the direction of the vector angle.

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

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

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

The first method of chart construction is namedojgction’, the second ‘representation’. The two
methods are not incompatible, each system cantlilated through an arrangement of equations and
appropriate projective systems can correspond rious analytical systems, even if they are sometime
approximate.

In modern cartography it is preferable to buildrehshrough "representations”.
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Mixed systems exist in which selected elementfiefretwork are transformed with one system and othe
elements with another. Such systems are termegegions or modified representations’, they are
commonly used in chart construction due to thei@der characteristics they confer on the end pcgdu
which would not have been created in a pure ptiojeor representation.

2.5 Projections
2.5.1 Perspective (or geometric) projections

To reproduce an ellipsoid determined section diiatc it is necessary to study the centre of tlea and
to find the tangent plane to the ellipsoid at fhaint. It is then possible to project the ellipsgieometric
figures on such a plane from a suitable centre@gption.

Depending on the selected position for the poirgrofection, various transformations are produesah
with particular characteristics.

The centre of projection can be set:

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

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

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

d. always on the same diameter but at infinite distgecthographic projection).

2.5.2 Conic projections

The conic projection consists in taking a conidate positioned according to the portion of elligsior
which the paper has to be created and projectiagliipsoid on the conic surface from the centréhef
ellipsoid. Subsequently, the conic surface willtiened into a plane and the chart so producednaetll
be deformed (equidistant) along the line of tangelsewhere it is aphilatic or not orthomorphicheT
most common case is represented by the ‘directqamijection’, which, in order to make it conformal
Lambert has maintained unchanged the projectiorciple for tracing the meridians but he has remlace
an analytical representation system for the prmjecinethod for tracing the parallels. This is an
orthomorphic modified projection.

2.5.3 Cylindrical projections

Cylindrical projections are obtained by taking diryrical surface, variously prepared, tangenthe t
ellipsoid and projecting above it the points belaggo the ellipsoid, from its centre.

Among the numerous possibilities of position foe throjection cylinder, we are going to consider two

which originate, after the development on the pldhe two cartographic systems most used: trexdir
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 equatat it has a coincident axis with the terrestelapsoid
smaller axis. The meridian and parallel grid (grde) transforms itself, from that cylinder, irsaries of
straight lines orthogonal between them. The ptigeds aphilatic or ‘not orthomorphic’ in an eqasal
band; it is conformal and deformations are smalprioximity of the equator but they grow approaching
the poles.

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

The modified chart obtained in this way, termed i€ledt Mercator (or Mercator projection), has the
advantage of being conforming and presenting gebdgal grids transformed as straight lines orth@jon
between them. In summary, this appears to bediwd cartographic system for the equatorial afear.
areas at the mean latitudes, a cylindrical suriiaegsecting the ellipsoid can be considered: thelleno
longer be an absence of deformations on the equambrthere will be on the two selected parallels,
reductions in the band between and expansioneiaxternal zones.

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

2.5.3.2 Transverse cylindrical projection

The projection cylinder is tangent to a meridiarthwaxis placed above the equatorial plan and the
ellipsoid surface is projected above it from thatoe of the ellipsoid itself. Deformations do riake
place on the meridian of tangency; but they ineesith increasing distance from it.

Meridian and parallel grid (graticule) are transfied into a net of curves that intersect at the samgées.
The affect of the deformation is limited by redugithe zone to be projected, achieved by dividirey th
terrestrial surface into zones of limited widthrigeally 15° of longitude), and by projecting theboae a
cylinder tangent to their central meridian, alonigichh deformations are avoid. To reduce deformation
further, intersection of the cylinder, rather thartangent, can be introduced. In such a methad, th
absence of deformation does not occur on the damiadian, but on two intersecting lines which are
symmetrical to it: in the area enclosed betweesdaHhmes there are contractions, while outsideethes
zones there are increasing expansions.

2.5.4 Representations

The Gauss representation, which is the basis fiiciaf cartography of many countries, ‘analytically
transforms the geographical grid (fig. 2.6), througry complex equations of correlation, in a netwo
very similar to that obtained through the inversdindrical projection, by conferring on it the
fundamental characteristic of conformity (in adufitito those common to projections: rectilinearly
between equator images and a meridian, and ecandestalong a meridian).

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

paper, in relation to the position of the measwaiemnent. The deformation increases with distarme f
the central meridian and equator. To reduce deitams the surface to be represented is carefully
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delineated; the ellipsoid is divided into zoneshwttie central meridian (or zone meridian) chosethas
reference meridian on which the equidistance iseaell.

Through the correspondence formulae or Gauss emsatit is possible to obtain the cartographic co-
ordinates, and therefore the plane, of the presettgpon the ellipsoid (e.g. nodes of the geogreadhi
grid) on a plane representation X-Y (or N-E), rerbenng that the transformed meridian is shown ley th
X axis and that the Y one is shown in the paraliedction to the projection cylinder axis.

B0 70 &0 50 40 -30 -20 -0 0 10 20 30 40 50 60 70 B0

Fig. 2.6 “Geographic grid”

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

In modern charts, on the sheets only the gridslaogvn, while the geographical grid (graticule)hswn
only with traces of parallels and meridians ongheet margin.

The presence of the grid allows operation in thezbatal field within the whole zone, with the omged
for correction being the distances calculated tghogo-ordinates with the aid of linear deformation
coefficient. Since the transformed curve of thedgdic is not a straight line segment correctianthe
angles (through ‘chord reduction’) have to be idtrced.

The cartographic system based on Gauss representiatiinternationally recognised as ‘Universal

Transversal Mercator Projection’ or ‘UTM’ becauddlee analogy with the inverse cylindrical projecti
obtainable from the direct cylindrical projectidvircator).
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2.5.5 Universal Transverse Mercator projection

Universal Transverse Mercator (UTM) co-ordinates ased in surveying and mapping when the size of
the project extends through several region plameg®r projections and are also utilised by the BAT
Armies, Air Forces and Navies for mapping, charting geodetic applications.

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

* The scale is 0.9996 at the central meridian oftfi# projection;

* The northing co-ordinate (NUTM) has an origin ofr@et the equator in the Northern
Hemisphere up to latitudes eighty four degreesn@4° N);

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

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

* The UTM system is divided into sixty (60) longitndl zones. Each zone is six (6°) degrees
in width extending three (3°) degrees on each aidee central meridian.

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

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

* In the Southern Hemisphere, a ten million meter,q@0,000 m) offset must be added to
account for the origin;

* The UTM eastings (EUTM) are derived by multiplyitige TM eastings (ETM) by the scale
factor of the central meridian (0.9996) and addanfive-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: MNv = (0.9996) Ny,
Southern Hemisphere: utm = (0.9996) Gy + 10,000,000 m
Easting co-ordinate: Jem = (0.9996) Ey + 500,000 m

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

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

If the computed zone valug results in a decimal quantity, then the zone niesincremented by one
whole zone number.
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Example of UTM Zone Calculation:

A =15° 12’ 33.5609” E

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

Z=33

In the example abové&, is a decimal quantity, therefore, the zone egsedenteen (32) plus one (1).

3. HORIZONTAL CONTROL METHODS

3.1 Introduction

In the hydrographic field, the topographic survestablished to frame geographically the coastatdaey

or to create the land marks for hydrographic sungyis carried out commencing from previously

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

Such points and the connecting network, termedptii@ary control, produce the adopted geodetic
reference system (Datum).

Their horizontal determination can be obtained by:

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

b. mixed methods of survey;

c. photogrammetric methods of survey.

The first two methods accomplish the basic contmetworks, primary or of inferior order, via
triangulation, trilateration and traverse operaiofterwards, from the points of the primary aohtthe
control can be extended as required for the pdaticurvey needs with further measurements of angle
and distances.

The development of the satellite technology haswadtl the determination both of the stations of a
primary basic control network and the points of seeondary control network to be derived without a
geometric connection between them, until the togplgic 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 boundariesm® points are known, termed trigonometric stations

monumented in some fixed way and connected to eledr in some form of a sequence of triangles,
possibly of equilateral form.
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The survey technique, called triangulation, credvgsprimarily measuring angles, the determinatién
points of a triangular network, with every triangi@ving at least one common side.

The development, formed by triangles, can be madeobtinuing the networks (fig. 2.7a) or in a first
phase ‘made by chain’ (fig. 2.7b). This last metihas been successfully applied for the surveyatés
which are wide in latitude or in longitude (i.e.g&ntina).

Additionally the chains can be related to themsglugthe case of a survey of a long and narrovezion
such a case it is relevant to a more rigid scheoneh) as quadrilateral with diagonals (fig. 2.7c).

Fig. 2.7

Scale in a network can be achieved by the measuterh@ single baseline, with all other measurement
being angular. However errors of scale will acclata through the network and this is best
controlled/corrected by measuring other baselingBlB. Before the advent of Electronic Distance
Measurement the measurement of distance was aluhdifficult task.)

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

3.2.1.2 Base and angles measurements
To clarify how a triangulation survey is conductdtk aim is to determine the co-ordinates of poits
B, C, D, E and F (fig. 2.8); the points are conadcdio that they form a sequence of triangles. elrecal

the AC side (normally named “base” in triangulajiand all the angles of the various triangles are
measured:ay, B, y1 of the ABC triangleps,, B>, v» of the ABD triangle, and so on.
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Fig. 2.8

The base length of the primary triangulation ighie order of about ten kilometres, and therefdre, t
measurement of the angles needs particular caiengcessary to use theodolites reading to one@r
tenth of a sexagesimal second, the purpose beiatéin, with suitable reiterations, the measurdnoén
the directions with a root mean square error inottaker of tenths of seconds.

To achieve measurements within these tolerancesgydar importance should be attached to the targe
which need to be of conspicuously large structureé af suitable colouration. Diurnal or night time
brightly lit targets can be used; the diurnal oaesproduced by heliostats (or heliotropes) amdgitt by
projectors. Both must allow collimation adjustneeregmoved of any phase error and therefore rethare
presence of an operator at the point to be colédhat

Therefore in every triangle, having measured a¢rangles, the precision of each measurement needs

be verified; to calculate the error of angular ales(or angular closing error) of every trianglerifying
that the results are less than the pre-fixed totara

g, = ‘Zai —180"‘ <t, (2.5)

where the summatioBa; is the sum of the measured angles with the sptlezicess removed; then to
adjust the measured angles using a rigorous methednpirically 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 tolerante first triangle ABC (in fig. 2.8) can be resolyed

knowing a base and the three angles determiningttier two in general through the application & th
sine rule:
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AB =ACHET1 (2.6)
sinp,

BC=ACE% (2.7)
sinp,

We are now able to resolve the second triangle ABd¥jng determined its base, always applying the

sine rule and so on.

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

The hyper-determination (over abundance of measemtsn of the network allows the compensation
adjustment calculation to be undertaken with atlsgqsares approach.

Then, for instance, taking the ABD triangle (fig9® the unknown values are generated by the most
probable values of the horizontal co-ordinatesafhts A, B, D (listed with X, Xg, Xp, Ya, Y&, Yb,).
Such co-ordinates are expressed as the sum oftiah &pproximate value and the relative correctiom
apply to produce the resultant more probable frasle by the use of the principle of the least segia
Once the angular measurements are adjusted, thatiops requiring completion are:

a. Formulation of a generating equation for every @ffd measurement. Particularly we

impose the condition that an angle (g, has to be equal to the difference of the twdesg
of direction measured on the AD base and on thdade:

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

a, - (AD) + (AB) =0 2.9)
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A

Fig. 2.9
The system of generating equations is an impossitsie because the number of the equations
(one for every measurement) is greater than thebeurmf the unknowns (affect of the hyper-
determination method).

The unknowns are contained in the measured andldseantion, they can be expressed in the
following way:

(AD) =arctg [(XD - Xa )/(YD -Ya )] (2.10)

(AB)=arctg[(Xg - X, )/(Ys - Y, )] (2.11)
Developing in Taylor's series, the functioarctg’ of the two varyingX; andY; (f[X;,Y;]) for a
point whose co-ordinates;° andY;° represent the initial approximate co-ordinateshefpoints
of the triangle, the incrementsandy; from these points constitute the corrections t@anelied
to calculate the adjusted final values (more prébablue).

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

X5, Y =X, YO TH[O X, Yi1/0X oo X, + P AX Y)Y o o Yi (222

b. Formulation of the system of generated equatianppsing the existence of a observation
residual ¢;) resulting from the presence of inevitable accidkearrors in the measurements; a
generated equation of the type:

a, —(AD)+(AB)=v, (2.13)
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Such a system results to being algebraically imdetate since the number of equations is now
less than the number of the unknowns (having ieddfte observation residuals).

c. Formulation of the system of normal equations ie tmknowns, correctiong; andy;
introduced in the expression (2.12), resulted ipdging the condition that the sum of the
squares of the observation residual,to be aminimum. At this point the system is
algebraically determinable with the number of emuest equal to the number of the
unknowns; it will allow the establishment of thejusied 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 triangulaticas the co-ordinates of a number of points are
calculated by connecting the points in order torf@r network of triangles with common sides, but rehe
the principal measurements are distances not angles

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

While in triangulations the controlled developmehelements (triangles) can be achieved by meagurin
three angles for each triangle (control can be idiate through the sum of the three angles), in
trilateration control has to be accomplished byneixéng adjacent triangles, after having calculatesl
angles in terms of the measured sides.

As for triangulations, for primary networks, theeation of a point of origin is always necessary and
azimuth by astronomical techniques for the cordfarientation.

3.2.2.2 Angles and distance measurements

In comparison with triangulation, which can be utaeen by one operator with no requirement for the
targets to be occupied except when using helioscopether lighting arrangements, trilaterationafes
requires the occupation of the targets with prismsome other form of reflector. This disadvantage
balanced by the advantage of being able to operater less than perfect conditions of visibilityhieh
allows more flexibility in planning and reduces img time.

3.2.2.3 Computation and compensation

By using the technique of indirect observation$sudation of compensation follows the same procedur
of that related to triangulations. Generating ¢igna are formulated in relationship to the meanamsts

of sides and to satisfy the condition given, byagitra theorem, to the co-ordinates of points at the
extreme of the measured side.

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

(X, - X P +(Y, - Y, }-AD =0 (2.14)
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As for triangulations, developing (2.14) in a Tajdoseries, around an approximate value of the co-
ordinates for points A and X6, XA, Yp, Ya ), and considering only the first degree termsuathsa
development, the following expression can be preduc

(XS - X9 +2(X3 - X% fxp x4 ) + (Y2 - Y2F +2(Y - Y2 )y, -va)-AD =0 (2.15)

where the increasegy— x,) and {/p — ya) represent the corrections to apply to the indipproximate
values of the co-ordinates, in order to createattjasted most probable values.

The introduction of observation residuals and theliaation of the principles of least squares eadbé
writing of the algebraically determined system ofmal equations for the unknowrsandy;.

3.3 Mixed method

The combination of angular, triangulation, and atise, trilateration, measurements requires cardaalue
the different weights for the two methods of meamgnt. The weight of every observation is inversel
proportional to the variancg@) of the measurement.

Thus, assuming a root mean square error in anguéasurements of +1" (equivalent to 4.9 i8dians)

and a mean of relative error in distances of i) the calculation of weights (applicableRg andPy)
emphasises that:

P, =(10°f =107 (2.16)

P, =(10°f =10 (2.17)
which indicates that angular measurements havefariar weight 25 times to that of distances.

Thus, for the example, to combine observation egust where residuals have the same precisioneof th
associated measurements, resulting from measursmkdistances and angles, it will require the #gu
eqguation terms to be multiplied by 100.

3.3.1 Traverse
3.3.1.1 Principles and specifications

The traverse surveys are frequently used in topdgravhen undertaking more specific surveys over
large areas or where lines of sight are obscurBidese surveys are conducted by determining the co-
ordinates of numerous points, connected to fornolggenal network. With the exception for the first
and last points, the stations in a traverse havetaccessible and generally each station is gigibim
both the preceding and the following, marks for sueament of angles and distances.

Whether the first and last points of a polygondivoek coincide or not, a traverse can be eitheseatioor

open. Whether absolute co-ordinates of some sta@oe known or not, it can be either orientedair n
oriented.
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In old topographical models, triangulation was thdy available technique for creating a network of
points over a wide area. Traverses were resemeddnnecting points of the lowest order within a
detailed survey. If the area was very small, allsnework for closed traverse was surveyed; buhé&
area was large and the chart had to be at a la@ae within the nearest known stations, the travers
connected the triangulation points and it was saithe open. Now days the use of EDM or EODM
enables the survey of traverses over many kilormairel the programming of the surveys with more
accurate traverses, which can directly connectoiate of a national primary triangulation, complgte
replacing inferior order triangulation.

A significant defect with traverses is in the preggive increase of the error in the direction afgpess,
such error is the algebraic sum of all the erroested in the measurements of angles and distémres
each mark, known as propagation of errors.

3.3.1.2 Base and angle measurements
In relationship to the measurements, of which tiha®to be at least one distance, the traversbecan

a. lIso-determined: number of measurements equahéonumber of the unknowns (co-
ordinates of stations). Ih'is the number of marks, the number of measuresneatessary
is equal to (2n — 3);

b. Over-determined: number of redundant measurementemparison to those necessary,
thus there is a possibility to effect a controtted accidental errors, to adjust them and finally
to obtain an evaluation of the precision of thelffiresults. Furthermore, given the lower
number of possible redundant measurements, theeejrover-determination can be at the
most 3; empirical methods are applied for the ddjeat of traverses rather than rigorous
ones.

3.3.1.3 Computation and compensation

It is understood that the horizontal angles in esson with the points of a traverse are thosectare
produced by making a clockwise rotation from thegeding direction towards the direction of advance.
The calculation of the angles at a point in a treweis therefore rigorous; knowing the angles of a
direction it is possible to calculate the differeretween the forward and back angles, if the rdiffee is
negativeit is necessary to add 360°.

This is called the ‘rule of transport’; a directiaha point Ais given by the sum of the direction at the

preceding point A and the angle to the point,Ahe measured angle between the two sides; ifssacg
360° are added to or subtracted from the resgivi® a direction between 0° and 360°.
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3.3.2 Not Oriented Open Traverse (iso-determined)

Reference fig. 10, the calculations to be develapesiccession are:

-. 9

s

Fig. 2.10

a. Calculation of the angles of direction of the sidésough the rule of the transport,
remembering that the angle of initial direction (AiBis obtained from the established local
reference system (with direction of the x-axis lom 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 idefl as a partial reference system those
centred on the preceding point to that being olekrwith 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:

Xc(e) =BCBIn(BC) (2.19)

Ye@) =BC [£04BC) (2.20)

c. Calculation of the final co-ordinates in comparisaith the first local reference system
centred on point A, which has the co-ordinatgs=X0 and Y, = 0. The final co-ordinates of
point B are:

Xg = Xp + Xg(a)

2.21
YB = YA + yB(A) ( )

and so on for the following points.
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It is important to notice that having the numbethd measurements (angtesag and distances AB, BC,
CD) equal in number to the unknownsg(Xc Yc Xp Yp final co-ordinates) the structure is iso-
determined and it is therefore not possible togrerfan adjustment or to appraise the precisiorhef t
final results.

3.3.3 Oriented Open Traverse (over-determined)

Reference fig. 2.11, the known elements of the lprotare the absolute co-ordinates of the firstlastl
stations of the traverse, A and D, relative to @emal reference system (such as a national Daaim)

and the co-ordinates, always in relation to theesagfierence system, of external points, P and @hwh
serve to create the hyper-determination of the oktw The measurements (angkgs oz oc ap and
distances AB, BC, CD) are more related to the unkisorepresented by the absolute co-ordinates of the
intermediary points (X Yg Xc Yc), for every additional measurement there will e emuation of
adjustment created.

5
§,

Y »
_/';_,./'

oAl

o

Fig. 2.11
The calculations to be developed are:
a. Calculation of the angles of direction, often knoasithe azimuths, unadjusted with the rule

of the transport, starting from the first angle difection (PA) already adjusted and
calculated:

(PA)=arctg [(X, - X, )/(Ya - Yo )] (2.22)

For example, the unadjusted angle of directiortferside DQ (equal to (DQ)" is:
(DQ) =(CD)+a, +£180° (2.23)

b. Formulation of the first adjustment equation makusg of the opportunity to calculate the
final adjusted angle of direction (DQ):
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(DQ)=arctg[(Xq - X )/(Yq - Y )] (2.24)

The condition, to be imposed at this point, is ¢lg@ality among the already adjusted calculated
value of (2.24) and the unadjusted in (2.23). @tpeation is:

(bQ) -(dQ)=0 (2.25)
With the unavoidable presence of accidental eirothe measurements of angtes,os ,oc ,0p,
which are present in the calculation of (DQ)', 8.2vill never be satisfied because of the

presence of residuals called ‘error of angulariolgsand are termed\oa. The (2.25) then
becomes:

(DQ) -(DQ)=Aa (2.26)
remembering thata has to be smaller than an angular tolerance ésttakl for the project.
c. Calculation of the adjusted angles of direction:
(AB)=(AB) —ua
(BC)=(BC) —~2ua
(cD)=(cD) -3ua
(0Q)= Q) —4ua

givesua, whereu represents ‘the unitary error of closing’ equathe relationship between the
error of angular closing and the number of the esmglt adjusted on which to share it.

(2.27)

d. Calculation of the partially unadjusted co-ordisatbaving defined the partial reference
systems centred on the points and with paralles agethose of the absolute system at the
start. For example the partial unadjusted co-@atei® of point B relative to A are:

Xg(n) = AB sin(AB)
. (2.28)
Ya() = AB co4AB)

e. Formulation of the second and third equations byasing the condition that the sum of all
the partial co-ordinates is equal to the differebetveen the absolute co-ordinates of the last
and the first points. There are two equations lieeane relates to the abscissas and the
other to the ordinates:

ZX' _(XD _XA):0

| (2.29)
Zy _(YD _YA):0
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Likewise in the case of the angles, the equatioitisnever be satisfied because the residuals,
which are termed ‘error of linear closing in absas and ‘error of linear closing in ordinates’,
are equal to:

Ax =X =(Xy = X,)

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

Defining AL as:

AL = /AX* + Ay? (2.31)

Ax andAy have to be such thAL is not greater than an established linear toleranc

f. Calculation of the partially adjusted co-ordinates:

X (1) = Xo@) Uy Yo = Y@ Uy
X3(2) = X‘3(2) —u, Ya@) = y'3(2) —u, (2.32)
Xafs) = Xafg) Uy Yate) = Ya) ~Uy

whereu, anduy represent the values of the unitary linear erofrelosing and are equal to the
relationship between the error of linear closiredated to the abscissas and to the ordinates and
the number of partially unadjusted co-ordinatesvbith to share it in a uniform manner.

g. Calculation of the total co-ordinates (absolute)haf unknown intermediary points (B and C)
departing from the known values of the initial gofnand adding the values of the following
partial co-ordinates.

Xg = Xp + Xg(a) Yg =Ya tVYga)

2.33
Xc = XB + yC(B) Yc = YB + yC(B) ( )

3.3.4 Not Oriented Closed Traverse

Reference fig. 2.12, the known elements of the lprakare represented by the co-ordinates of st#jon
in which the origin of the local reference Cartassgstem has been settled with the x-axis in thecton
of the first measured side AB, and from the ordinajual to O in the same local Cartesian systéthgeo
second position B. The ten measured elementsllatteeanside angles and sides of the polygon, evhil
the seven unknowns £XXc Yc Xp Yp Xg Yg) determine a hyper determination of a maximum ipéess
Order 3.
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The calculation has the following phases:
a. control and angular adjustment, imposing that tha sf the unadjusted measured angles is
equal to the sum of the inside angles of a polygith ‘n’ sides ((n-2) 180°). Due to the

inevitable accidental errors, the following obséiam residuals (error of angular closing,)
are generated:

Aa=>a -(n-2)n80¢ (2.34)
such that the result is smaller than a fixed toleea The unitary closing erroud’ (equal to

angular closing error divided by the number of ruead angles) has to be uniformly shared
between all the measured angles.

a,=a, -ua
I (2.35)
and so on. The calculated angles are now adjusted

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

c. calculation of the unadjusted partial co-ordinatés (2.19) and (2.20).
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d. control and side compensation, imposing that tme stiall the partial abscissas is zero (the
same for ordinates). Taken into account in theuation of the unadjusted partial co-
ordinates, this condition will not be satisfiedukisg in the residueax andAy (side closing
errors). Defined the quantitpl as:

AL = /AX? + Ay? (2.36)

Ax andAy have to be such thAL is not greater than an established linear tolerafithe unitary
error of closing to be shared between theunadjusted partial abscissas; it is equal to the
relationship between the side closing error ofahscissas and the number of co-ordinates to be
calculated. While the unitary error relatedutoordinates must be calculated by dividing by the
number of co-ordinates to be calculate less 1.s Thibecause the co-ordinates of point B, in
comparison to the origin at A{)), are unadjusted (fixed at O by axis choice), ideo not to
change the local Cartesian system orientations nbw possible to proceed with the adjustment
of partial co-ordinates, by subtracting andu, from the values of abscissas and of unadjusted
ordinates, as detailed in (2.32), with the onlyeptmon for the valugg), which is fixed at 0, as
already stated.

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

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

Conventional Photogrammetry is usually divided itwo categories:

a. Terrestrial Photogrammetry, in which the photogsagte taken from points on the ground;
b. Aerial Photogrammetry, in which photographs aretakom aircraft.

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

To ensure the topographical restitution of the phaphed object it is necessary to have at least tw
images of the point of interest taken from two eliéint positions. If the position of the camerdaiewn,

the spatial co-ordinates of the points of intemsthe two photographs can be calculated from e t
straight lines intersecting the images with thatreé optic centres. This is the fundamental ppiecof
photogrammetry and it is common to all the techegjof photogrammetric survey.

During a photogrammetric survey there are threatfies, connected in different ways at variousnp®i
of the survey. They are:

a. The three-dimensional co-ordinates (X, Y, Z) of ph@tographed objects;

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

c. The entire parameters of the orientation, requiedstablish the position of the camera
during the photograph.
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At the moment of exposure two groups of quantiiess assigned, although they may not be numerically
known at the time: the co-ordinates of the phatpged objects and the parameters of the orientatio
i.e. the position and the optic characteristicshef camera. From knowledge of the real spatial co-
ordinates and the horizontal co-ordinates on thm Hf some known points, the parameters of the
orientation can be calculated. Finally in the ite8bn phase, with the parameters of orientation
calculated, it is possible to determine the co+matés of all the observed points using the horaoca-
ordinates on the photogram.

One of the most important applications of photogreaty is in cartographic production at variablelesa
from 1:500 to 1:50.000.

3.4.1 Aerophotogrammetry (Air photogrammetry)

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

Aerial photographs can be produced in differentsyalepending on the kind of chart to be created and
on the kind of camera to be used. Air photogramyngienerally employs cameras with nadir
photographs (also called nadir point or plumb poitftat is with the optic axis coincident with the
vertical axis. This has the advantage of provigihgtograms with a constant scale if the grourithisas

well as allowing photogram stereoscopic observation

Even if suitably enlarged, aerial photograms canbeoused as maps of the photographed territohe T
aerial photograph is a central perspective, whigg@snare produced with an orthogonal projectiorhef t
ground on the reference surface. Due to this miffee, a vertical segment, which would be represent
by a point in a map, is represented by a segmeatpgiotograph.

Another difference between photography and carfigcarepresentation is due to the fact that in the
photogram the scale factor is definable only in ¢hee when the object is perfectly horizontal dved t
axis of the camera strictly vertical. If in thesaioved area there are height differences, the sédle
photogram will vary from point to point and only awerage scale can be defined; the choice of the
average scale will determine the flight altitude.

To guarantee the fundamental principles of photognatry, each point of the area of survey has to be
taken in separate photos, thus the two adjacertbgtams have to result in an overlap of 50% ofrthei
length. To avoid the risk that some areas will m@te this overlap due to variations in aircraftesh a
60-70% overlap is normally adopted. The successigrhotograms in a longitudinal direction is cdlke
continuous-strip. Generally, it is necessary toetaarious continuous-strips, which are then placed
transversally over each other to achieve an ovesfap5-30% of the photogram width to compensate
inevitable aircraft drift.

3.4.1.1 Photogrammetric restitution

After having completed the survey, the two resglfphotograms represent, from two different poiats,
perspective projection of the object. The photogrzairs are used for the restitution of the surdeye
objects, through either complex equipment (ster@ascplotting instruments) or a simple stereoscope,
which allows the simultaneous observation of thgatb via its binocular optical ability, allowingeh
eye to see only one photograph.
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With stereoscopic photogrammetry the survey ismatle on the plane, as with the traditional methods
which obtain measurements from reality, but fromstereoscopic model (or stereomodel), observable
through a pair of photographs, which dimensionattigonstruct it in an appropriate scale. In the
traditional methods, a limited number of points atgveyed, while in photogrammetry the object is
totally surveyed and subsequently the co-ordinaftéise points of interest can be determined.

3.4.1.2 Analogue restitution

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

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

a. The calibrated focal length of camera’s objectamest

b. The co-ordinates on the photogram of the calibr&ddcipal Point, which represents the
footprint of the perpendicular from the interiorrggective centre to the plane of the
photograph (nodal point of the objective). Theseorlinates are calculated in the interior
reference system of the photogram, defined by terdection of the pairs of index marks
engraved on the middle points of the sides of th@ggram.

The procedure for analogue restitution consisteodnstructing the circumstances of the two phatimgr

at exposure with a geometric similarity betweentthie configurations. The photograms are placed on
two projectors which must be placed in such wayoashow an interior orientation equal to that of th
aerial continuous-strip camera. Then the parametethe exterior orientation (or outer orientajibave

to be determined, which allow the spatial positibrthe pair of photograms to precisely known aral th
ground model or the photographed object can beased. The exterior orientation is divided into:

a. Relative: it defines the position of the secortbtpgram in relation to the first. Six
parameters are necessary, i.e. the three relath@dinates of the second nodal point in
relation to those of the first and from the rotaio The calculation of these parameters
produces six pairs of homologous points, whilst nadlly eliminating the transversal parallax
from each of them. In this way a stereoscopic rhaslelefined, from which no metric
information can be taken because its absolute tatien and the scale are not known;

b. Absolute: it defines the spatial position of first photogram with reference to an earth
fixed system through known points. Six other paetars are necessary because in space a
body has six degrees of freedom. Generally thixzspasameters are the ¥, z, spatial co-
ordinates of the nodal point and the thggep, 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 Aalogue Restitution”

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

Normally the minimum number of ground control peiittis five, of which four (known in the three co-
ordinates) are distributed on the edges of the imade a fifth for vertical control, of which onhheé
height is known, is positioned near the centrehef model. In this way the problem will be hyper-
determined; there will be some residuals of obsmmsg, termed residuals of orientation, that alline
verification of the accuracy of the photogrammesucvey.

The differences of the control points, betweenvakies of the ground co-ordinates and the model co-
ordinates, should not be greater than certaingimit

3.4.1.3 The analytical restitution

Techniques of numerical photogrammetric restituti@ve been developed with the progress of the
automatic numerical calculation; these methods meleeof the computing power of modern computers
to perform the photogrammetric compilation.

3.4.1.4 The digital photogrammetry

Traditional photogrammetry, that is stereoscopistereo-photogrammetry, can be achieved by analogue
or analytical methods. In creation, the restitutio the analogue photogrammetry is achieved bicalpt
systems; the co-ordinates of the observed pointanalytical photogrammetry are mathematically
determined.

The digital photogrammetry not only exploits theattonic calculators in the final phase, as in the
analytical restitution, but also for the treatmefitthe images, which are recorded in digital form.
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Traditional photographs can be also employed, ailytimodifying them through equipment which
transforms the images into digital signals, such asanner.

The adoption of the digital images allows the awttham of many operations, which must be performed
by the operator such as the definition of the inteand exterior orientation in analytical photagraetry.

3.4.1.5 Aerotriangulation (Aerial triangulation)

In the conduct of a photogrammetric survey, th@tinate determination of the ground control poists
generally the phase which requires the greatestoyment of time, at least 5 point for every model,
which is for every pair. To reduce the number nemgly the co-ordinates of some can be also obtained
through photogrammetric methods, through aeriahgiulation.

The determination of the co-ordinates for the amnpoints through the aerial triangulation can be
achieved with the method of independent models.coftisists of independently building the relative
orientation of every model from the others; the eisdcare linked through some points, known as tie
points, which are common to the two models (thextgocommon to the three photograms which have
produced them) and are located in the marginakaséthe models themselves. In the end a singlekbl

of models is produced, of a length and width eqaahat of the models linked between them. There
would theoretically be only the five control poimsthe first model; in practice there are essécbatrol
points displaced to the edges and along the pezmaétthe block of models and some altimetric point
inside the block.

However, this technique is being overtaken by tmpleyment of the GPS satellite positioning system,
which allows the direct determination of the coinades of the ground control points, whilst at siaene
time it offers the possibility of directly instally the GPS receivers in the aircraft.

The co-ordinates of points surveyed during expodhreugh the GPS receivers, using differential
techniques with a fixed reference receiver on tteengd, can be used during the aerial triangulaéien
additional data, adopting the method for indepehdedels.

3.5 Inter-visibility of Geodetic Stations

3.5.1 Inter-visibility between two points must ALWAYS behecked in the field during the
reconnaissance. However, many proposed lines eanhbcked during the office phase by
plotting cross-sections from a map. A clearancatdeast 5m, and preferably 10m, should be
allowed on all grazing rays with particular carkeia where buildings are shown near ends of
lines.

3.5.2 For long lines, the earth's curvature needs toakent into account when investigating inter-
visibility. The formula in paragraph 3.5.3 mustithbe applied.

3.5.3 Infig 2.14, two stations ‘A’ and ‘B’ of hgits ‘Ha’ and ‘Hg’- are a distance ‘D’ apart. The line
of sight ‘AB’ will be tangential to a sphere conténto the earth at a height ‘y’ and a distance
‘X' from ‘A’.  The problem is to determine what igat 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, whicpegrs on the horizon to an observer with the eye at
sea-level, is:

1

Ks” , whereK = 2 " and k = co-efficient of refraction & r = radius tbfe earth

Therefore,
H,-y=Kx
H,-y=K(D-x)’
Whence (2.37)

X:E— M and y:HA—K)(2
2 2KD

h=y+K(d, -x)

H

(2.38)
Therefore h= dAD B+ dgH

- Kd,d

Using this formula all inter-visibility problems gde solved. Care must be taken to use the caméist
of measurement.

When heights are in metres and distances in kil@aeK = 0.0675.

Proof of formula:

h=y+K(d, -x) (2.39)

= H, - Kx*+Kd,” - 2Kd ,x + Kx?
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2Kd, H
=HA+KdA2—2KdA2+2KdAHB B A A
2 2KD 2KD

=H, +Kd,? ~(Kd,d, +Kd,d, )+ 3aHe ~daHa

— dH,+dgH, + dHg —d\H, —Kd.d
D AYB

D
dgH, , dH
= BD A+ AD & —Kd,dg (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 measuren@ndifference orthometric heights (or Geoid
elevations) between points or their differencel@vation.

The principle of the geometric levelling is: cites two points (A and B) to be a brief distancarapmot
more than around 100 metres (fig. 2.15); two valtstadia are set-up on them and at point M, estaidt
from A and from B, an instrument which has its aafshorizontal collimation, or rather (for modest
heights) parallel, to the tangent plane ig td the Geoid. Two rounds of readings are takemfthe

stadia, A and k. The following expression can be immediately doded from the figure, with the
premise that the Geoid coincides, for the brief lieing considered, with the local sphere gt M

QA+|A:QB+|B (2.41)
from which:

Qg Q= IA _IB (2.42)
where:

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

Since the length of the observation is such asakenthe influence of the terrestrial bending neiglig
the tool which creates the collimation axis carotk&cally be put in any intermediary position beem
A and B to reduce the influence of the atmosphrefiaction.

When the aim is to calculate a difference in le\sdsveen points, a distant at which it is impossiol
directly make a connection between them, it is s&@g/ to undertake composite levelling. The distanc
between the start point A and the final point Btlod levelling line, is divided into a number lines
greater than 100 metres with the stadia set alitti@on points.

l ’|i[

Fig. 2.16 “Level difference among several points”
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Departing from A, the difference between Bhd A is determined as detailed earlier. Theeedlfie tool

is transported to a point between &hd M, and the level difference}- l,,) is determined between these
points (after having rotated the stadia in & itself and transported that at A ont@)Mhis process is
repeated to the final point. The total differentelevation will be:

QB _QA = Zn (Iin _Ian) (2-43)

4.1.2 Measurements and quality control

An effective control of the measurements consistamiaking levelling runs in both directions, but
returning by a different route of comparable lengithe variation, between the values for the déffice

in elevation between the start and final points, teabe within established tolerances in relatignghthe
desired accuracy. The value to be used is theagedyetween the two runs.

During the operation it is good practice to condarctalignment control for the spirit level (spibiibble
or sensitive bubble) of the levelling instrumentdse every observation to the stadia.

Some levelling instruments are fitted with a cissulevel (or universal level or bull's eye level)dathe
modern ones are fitted with a self-aligning level.

4.1.3 Sources of error

Putting aside the possible inclination of the lafesight, the accidental errors of every observatian be
separated in two parts:

a. error of collimation (or of reading the stadiajgroportional to the square root of the distance
of collimation;

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

The mean error of the entire levelling needs toctmsidered, supposing that the mean error of every
single observation is constant and equad.tcSince the total difference in level is equatite sum of the
partial difference of elevations, subsequently mheteed, the mean errar, of the whole levelling is:

2 _ 2 2 2 2 _ 2
o =0, +0, +t0, " +....+0,” =no (2.44)

from which:

g, =o+n (2.45)

4.1.4 Computation and compensation

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

An elementary adjustment of a levelling line cotssid assuming the average between the measurements
conducted in both directions.
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An empirical adjustment is applied in levels of ilied precision, which are performed without the
repetition of the measurements but close on theceaédatum point of departure (closed polygonpor
two vertical datum points of known elevations; iistcase the closing error is distributed empilycal
between the differences in elevations.

With the assumption that the closing error is prapoal to the distance over which the level is mad
then it is simply a case of dividing the closingoerby the total distance levelled to give an emer
metre of levelling. Then each intermediate pagntarrected by the error per km of levelling muigg
by the length of observed level to that point.

The adjustment is more complicated when the liffelev@lling constitute a network; in this casest i
necessary to use to a rigorous network adjustrpeeterably by the method of the indirect observatio
The unknown quantities of the problem, resolvechgighe above method, are the corrections to be
applied to the approximate values of elevationhaf single points of the network, to consequentially
obtain the most probable values for the structure.

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

Due to the presence of the inevitable accidentatival errors in the measurements for the diffexavfc
elevations, these equations will not normally bisfad, for the second constituent they will highit
the residues of adjustments. The equations irfahis are termed generated equations.

With the distances between the vertical datum pdieing different, it is necessary to consider sigo
assign to the measured differences of elevatienwrights are set to be equal to the inverse tsuhreof
the distances.

In order to reduce observations of different priecido the same weight (importance) it is necessary
scale their equations by the square root of theghtei We will now have a set of equations equal in
number to the observations made. In order to plite@ most probable values for the unknowns (is thi
case corrections to the initial values of the dievs) it is necessary to reduce the observatiamtons

to normal equations using the principle of leastasgs.

The subsequent solution of the normal equation$ pvidduce the unique and mathematically most
probable values to correct the provisional elevetio

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

my =3 po? /(n-i) (2.46)

where:
p:: the measure weights inversely proportional todlstances;
Vi residual accidental errors on the measuremédntealifference 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 thask in terms of how much of it is assumed to bitany
weight 1/1km. If the known terms with the consagueesidues of compensation are expressed in
millimetres, m represents the mean error in millimetres per kdtve it is in this form that tolerance is
normally expressed in geometric levelling (remerifizgeithat the tolerance or the maximum admitted
error is considered to be equal to three timesrtban quadratic error).

4.2 Trigonometric levelling (Trigonometrical heighting)
4.2.1 Principles and specifications

Trigonometric levelling is based on the use of eotlolite for the measurement of zenithal angless |
employed for any distances, from a few meters ®r d® kms; it is often used for the determinatién o
the elevations of positions in triangulation, italso applied in other cases, such as when thandist
between the points, for which the difference ofratmn is required, is already known.

In every case for distances less than around 4@6rsehe use of a plane surface of reference wegol
negligible errors and it results in simplified aadktions with mean errors in the order of 5 cms.

Levelling in this case is termed ‘eclimetric’ arftetdifference in elevation between two points A &nd
(Aag) is given by:

A, =dlcotg, +h- | (2.47)
where:
d: is the horizontal distance between A and Btf@nplane surface of reference);
0 is the zenithal angle to B measured by the thkiedat A,
h: is the height of the theodolite related toghaund;

I is the height of the target at B related togheund as measured from the theodolite.

Fig. 2.17 “Trigonometric levelling”
The approximation of the plain surface of refereicanot acceptable for distances greater than 400

metres. Thus three fundamental corrections mustcdmesidered, 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 procedurecticulating the difference of elevation is termed
trigonometric levelling. Since the distance betwggo points, between which the difference of elera

is being determined, is never greater than 20 knasrermally is less, the calculations can always be
performed on the local sphere.

4.2.2 Correction for sphericity

This correction takes into account the bendinghef [bcal sphere relative to the plane adoptedHer t
“eclimetric” levelling, with the assumption of négjble divergence between the normals (to the plane
and the sphere at the point where the stadia iigruesd) along which the difference of elevatiortasbe
obtained.

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 triariglégure 2.18:

d?+R? =(R+X)
(2.48)

developing and dividing both sides IBR and considering negligible the relationsh{g/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 intooaot the bending which the light ray experiencegnvh
passing through layers of the atmosphere of diftedensity. Such bending always tends downwards.

TITTTT A=

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 refractionfodent K (= 0,14) [e =K d /2R ]

nARXX

Assuming Y and to be small, it is possible to write:
Y=deg (2.50)
and therefore, replacing the expression wfthe (2.14), see 3.2.2.3 of Chapter 2, we cgmess it as:
Y =Kd?/2R (2.51)

to this point the combination of the correctionsphericity and refraction, identified in the qugn{X —
Y); it is possible to write as it follows:
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(X-Y)=(-K)d*/2R (2.52)
4.2.4 Correction of height

The correction for height derives from the facttttfee measured distance does not equate with the
horizontal distance, which represents the quattityse in the (2.47), see 4.2.1 of Chapter 2.

The relationship betweerd,,’ the oblique distance (measured) amfi,’ the horizontal distance is
defined by:

dhor = dobI [(1+ Qm/R) (2-53)

whereQ, represents the arithmetic average between thatiseif the two points.

In summary, the formula to be adopted for trigontiméevelling from either end, taking into accouit
the three corrections described, is:

A =dy, f1+Q,/R) Eotp, +(1-K)@?/2R+h-| (2.54)

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

To remove this, the technique of simultaneous reced trigonometric levelling can be employed, véher
two teams simultaneously measuring the two zenidmglles and the two oblique distances from the
selected points. Two equations with two unknows@oduced: Axg andK. In this way it is no longer
necessary to forecalst

4.2.5 Sources of error
Because it is possible to consider the errorsemtlieasurement oh* and ‘" as negligible, as well as the
error for the mean height over of the distance #sbvess than the errors to those of the trigonamet

levelling made over larger distances), for an asialpf the precision of this the simple formula den
used:

A, =d, [Eotp, +(1-K)@?/2R (2.55)

from the theory of errors, thy mean error (in this case a non linear functionjhefA,s difference of
elevation will be:

.\ .\ .\
T e e A o [ B

in which mg, mya andmyg are respectively the mean errors of the distatiee zenithal angle and the
coefficient of refraction. With the differentiatioelated tal, ¢, andK, it is obtained that:
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aggs = cotg, +(1-K) G%(with thesecondnegligibleterm

0Dy __  d

6¢A Sin2 ¢A (2.57)
0Dy __ d?

oK 2[R

Analysing the three rooted terms in (2.56), it barsaid:

a. in the first term, assuming as the mean error sthdce the value of 1/50000 (2 cms for km),
the error in the difference of elevation will dedemna, the angle of inclinationa(= 90° —
¢oa). With a=0°, the error removes itself. It is however aleayall (i.e. fom = £10° and d
= 5km, the error will be 1.6 cms).

b. in the second term, assigningdca mean value of 10°, the error will depend onrtiean
error of ¢, the zenithal angle, and frod) the distance, (i.e. = £10° and d = 5 kms, the
resultant error is 12.1 cms).

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

From such analysis it is evident that the greatdktence comes from the errors in the measurerognt
the zenithal angles. Thus, the angular measuream&muld always be undertaken from the two
reciprocal faces of the instrument with the aintofmpensating for the errors in instrument zeniis. a
rule it is preferable to carry out the measuremertien theK coefficient of refraction is more stable,
which is around midday, even if at these times, theesun’s heat, the images appear less stabte; thi
problem is overcome by taking the average of mazasurements.

Nevertheless, for distances over some kilomethesntean errors in the differences of elevationlman
considered proportional to the distances themselves

4.2.6 Computation and Compensation

In the theory of the errors, the weights of the soeaments to be introduced in a calculation for
adjustment are assumed proportional to the invefriee squares of the mean errors of the measutemen
themselves. In this case being proportional to disances, the weights to attribute to the several
different compensating elevations are inverselymesi proportional to the squares of the distandtes.
only worth considering for trigopnometric levellimf medium and long distances, they are normally
applied when undertaking the trigonometric netwasksexpansion. The trigonometric levelling over
short distances involves detailed surveys and ésptloe principle of the tacheometric (or tachyriogtr
levelling.

The procedures of adjustment are entirely comparafth those related to geometric levelling, witle t
only difference regarding the weights. It hasdamember that, given the reliability of the trigoreinc
levelling for kilometric distances notably less rthénat of the geometric levelling, it is acceptatide
conduct empirical adjustments.

4.3 Altimetry with GPS (GNSS Vertical Control Method)
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GPS (exploiting the relative positioning) generates base-line components between the surveyed
positions, from which the XYZ geocentric co-ordestare obtained in the WGS84 reference system.
Thed, A & h ellipsoidal co-ordinates are obtained with transfation formulae.

However in cartography the orthometric heigHtsare related to the surface of the Geoid and net th
ellipsoid. Therefore it is important to know thedd undulation or its variation at a known poidtand

h. Only in small areas<(10 km) and for cartographic purposes, can the dbei approximated to a
horizontal plane.

For larger areas it is necessary to use global leaddghe Geoid; different global models (i.e. 03149
EGM96) are available in the processing softwareGSfS data and in the receivers. However these
partially contain the effects of the distributiohlecal masses. Each national local estimate efGleoid

is performed by gravimetric measurements. Therpotations of these models produce values of the
undulationN, necessary for orthometric height determination.

These local Geoids are gravimetric and independiemh Geoid undulation values obtained from
combining GPS and geometric levelling observatidhsy are estimated in a geocentric reference that
does not coincide with WGS84 but introduces sldjfferences in origin of the geocentric axis tema a

of orientation of the axes of the reference system.

Therefore between the two reference systems gd¢gssary to conduct a transformation termed ‘lngati
of the Geoid'.

To calculate this transformation, start from th¢hometric height valuesli of some GPS positions,
obtained via geometric levelling operations, anelNl,csss €xperimental undulation is evaluate starting
with the ellipsoidal height derived by the GPS net compensation.

The effect of locatio@N is:

6N = NWGSS4 - Nlocalgeoid (2-58)

with NWGS84= h—-H.

The datum transformation in the strictest sense $patial rotation and translation with scale \ag
but in small areas the altimetric part can be s#pdr estimating the parameters of the equati@npiéne
starting fromdN values for at least of three points of which teeght is known in both reference systems,
with the following expression:

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

with X; andY; being the cartographic co-ordinates of the pdimtsvhich the heights are twice measured
and a; a, az parameters of the plane to be estimated. Thiseptescribes the difference in Datum
between Ngsssand Nocaigeoia  The three unknown parameters can be estimatid tminimum squares if
the number of the points with double heights isatgethan three.
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5. INSTRUMENTS USED TO ESTABLISH HORIZONTAL AND VER TICAL CONTROL
5.1 GNSS Receiver (Global Positioning System)

GPS receivers can be classified according to theessarements they are able to acquire and the agcurac
of the final positioning, as will be seen latetthe paragraph 6.2:

a. Measures of code receivers: are able to acquiyetbe transmitted C/A component of the
signal. They are often termed ‘hand-held’ duehi® tery small size of the receivers; some
can receive a differential correction (in line wittie standard protocol RTCM - 104) to
improve the positioning precision. Their exclusaraployment is for navigation.

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

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

d. Y-code double frequency receivers: identical tie 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 electromagnetie distance measuring systems has undergone
notable developments in the past few years; inorggsthe producers of topographical instruments ar
including electromagnetic wave distance measuriegiogs in their theodolites. These systems,
internationally termed EDM (Electronic Distance Meeng 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 thygagation of electromagnetic waves. They propagate
using the sine rule, with speed equal to thatgiftlin the air ¢;), which is slightly inferior to that in a
void, being equal to the relationship between ffeed in the voidd) and the index of refractiow;) of

the air which depends on temperature, pressur@amitlity: {C,ir=Co/Vair(t,p,h)}

These electronic distance measuring equipment ademp of three distinct parts: transmitter efhr
and receiver; the first and the last parts areainatl together in the equipment set-up at the dedup
station, the reflector is separate and is placethemoint the distance to which is to be deterhine

The transmitter produces a signal at a previoushabdished frequency; the reflector amplifies and
reflects the signal, which is received by a phaseraninator capable of determining the phase tkffiee
between the transmitted and the received signaktsam order of precision of a hundredth of radian.

2 (IHO S-32 — fifth edition 1994¢ 1406 andt 1576)
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Since the signal has covered the distance betweernwo points twice, there and back, this double
distance could easily be calculated if it were padssto determine the number of integer cycles whic
have passed between the transmission and the rexfethe signal. Being unable to determine this
number of integer cycles, which is called the amlbjg the electromagnetic distance measurements of
phase use three different techniques to get rduisgtoblem:

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 serseiquence with different frequencies, varying rples
of 10 (hence the name), in order to measure thartie by the phase difference.

The first sent signal has a wavelength greater tarble the range of the equipment. In this way th
distance can be determined without ambiguity vhnequation:

_(AV L AP
a=(4)452] 260

whered represents the half double distance.

However, with this method, the distance is deteediwith low accuracy; if the range of the EDM from
the target was 1 km, the signal would have a wawgheof at least 2 km, then, the distance would be
measured with a precision equal to 1.59 m, appl{2§0) with the precision of the phase discrimanat
to 1/100 of radian. Such an error is obviouslyupp®rtable in the measurement of the distances aver
range of 1 km. To remove this problem, after tla@gmission of the first signal and the calculanbm
first approximate value for the distance, a secsigdal is transmitted, with a wavelength equal /00

of the previous signal. In this case, the deteatiom of the distance requires the definition & ghhase
ambiguity, this is possible having already apprated the distance between the two points with
sufficient precision to calculate it. In this wake value of the distance is improved 100 times thie
precision achieves, in the above case, a value6otrs, which could be considered acceptables It i
possible to transmit another signal of a wavelemgphal to 1/100 of the second one, thus improveg t
precision to a few millimetres.

5.2.1.2 Method of the three frequencies

It comprises a variation on the previous method,sing two near equal frequencies with wavelengths
the order of the range of the equipment, whichvaléhe determination of a first approximation oé th
distance. A third frequency with a wavelength vemych 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 transrditsignal, starting at a set value, is increased (or
decreased) until a zero phase difference is actli&etween the transmitted and received signal. The
determination of the distance could be calculatéd an equation in which the number of cycles remai

unknown, however, by continuing to increase thgudemncy (and therefore decreasing the wavelength); a
zero phase difference will again be produced batwbe transmitted and received signals, when the
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number of integer cycles will be increased by alemumber. At this point, from the combinationtioé
two equations (corresponding to the two values @felength) the phase ambiguity can be resolved.

In the first two techniques (modulation for ten andthod of the three frequencies), the determinaifo

the phase difference is necessary. This can biewachthrough a phase discriminator composed of a
transformer of sine waves, so that square wavesldgne-digital transformer) are transmitted and
received, and using a counter of the time whenstheare waves are both positive and negative. This
time is turned into a value of distance. Cleaincrease the precision of the measure, thisutalon is
repeated thousands of times but it takes a fewnsiscim complete the measurement.

Recently some DME of phase have been produced wutithibh discriminator. They use a mathematical
correlation between the transmitted and receivgdads for determining the phase difference, engblin
the achievement of greater precisions in the measemts 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 geaders.

The first group use frequencies in the order of3béviHz (wavelengths centimetric), they are emptbye
for determining long distances; in these instrummetie reflector is active, that is it is capable of
amplifying the received signal and reflecting ittwgjreater power.

The requirement to alter the frequency of the trtied signal involves some consideration of and
allowance for the propagation of electromagnetivegathrough the atmosphere. In fact only some
ranges of frequency are capable passing throughtthesphere without large losses of power. Inftare
rays (micrometric wavelengths), which require aitéth consumption of energy power supply, are not
overly influenced by the solar light, they are ufmdthe determination of distances of 2-3 kilorastrthe
centimetric waves, termed Hertzian microwaves, titiave wavelengths of a few centimetres, are also
used for the determination of highly elevated disés, also in presence of fogs or precipitatiomnsse
require a significant power supply. If the sighals wavelengths in the visible range, wavelengths
included between 0.3 and 1 micro-metre, the wavesieated with specific optic systems and reftbcte
with simple mirrors or prisms. For practical reasothere is therefore the demand to emit verytshor
waves from few centimetres in the MDMs to few tenfhmicron in the geodimeters. This demand,
however, is not reconciled with the need to emivegawith lengths in the order of metres to deteemin
the fine value of the distance or waves of somankdtres to determine the first approximate value.

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

In the geodimeters, the wavelength of the carrgrad is constant and it assumes values of ther mide
few microns (satisfying the first demand), while tlravelength modulated assumes varying values from
a few metres to some kilometres (satisfying thesddemand).

5.2.2  Electronic Distance Measuring of impulses

The operating principle of EDM, recently introdudatb topographic surveying, is based on the measur
of the time taken by a bright impulse to go frore thstance meter to the reflector and back.
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The same principle is used, for instance, by aiqdar system for measuring satellite altimetrymed
SLR (Satellite Laser Ranging), in which a Laser usp is reflected back by an artificial reflecting
satellite. The evolution of electronic systems lembled the employment of these methods in
topographical EDM, obtaining performances supdndhose of phase EDM.

A diode light beam transmitting laser is excited &oshort time interval. The exact measure oftitine
“t” between the transmission of the impulse and tieving receipt would be enough to determine the
distance:

d=— (2.61)

However the measurement of the time is made wittaiceerrors. A time interval of 10seconds
(typical of a quartz clock) is enough for the btighpulse to cover 3 metres; this is not acceptédnian
EDM. It is therefore necessary for a refinementhim measurement of the time, obtained by detenmini
the fraction of the period of oscillation of theck between the departure of the impulse and dsipé

t=niT+t, -t, (2.62)

whereT is the period of the clock is the number of periods and therefofleis the measurement of the
time directly produced by the cloclg is the time between the transmission of the signdlthe start of
the clock oscillation antk is the time spent between the receipt of the sigméhe completion of the
final clock oscillation. To determine these twadtions of time, the voltage with which the lasiede is
excited is gradually supplied in a linear mannbent by determining the voltagér which would be
used for a complete oscillation of the clock, thve fractionst, andtg can be calculated with a simple
proportion:

ta V=t V, =T:V; (2.63)
whereV, andVg are the voltages respectively supplied to the fieathe diode in the timig andts.

In theory it would be enough for only one impulsedetermine the distance; in practice thousands of
impulses are transmitted to increasing the pretisiSome EDM systems transmit up to 2000 impulses
per second, employing 0.8 sec (1600 impulses) iiege a standard error of 5mm + 1Imm/km and 3 sec
(6000 impulses) to obtain a standard error of 3mbmm/km.

The many advantages of this method in comparistimatoof the measurement of phase are evident:

a. It requires less time to take the measurementer aftfew impulses (few milliseconds) a
centimetric precision is obtained on the measur¢émérihe distance, while the EDM of
phase generally requires a few whole seconds.abhigy to very quickly take measurements
is useful when determining the distance of a moyioint (and therefore in bathymetric
surveys);

b. The signal can also be returned with weak poweralige a small voltage is sufficient to stop
the clock and complete the relevant time calcuhatid his allows notable increases in the
range of the distance meter for equivalent intessiof the transmitted signal. In terms of
power supply, the transmission of impulses is nem@nomic than a continuous transmission
of the carrier signal (greater battery life);
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c. Itis possible to obtain EDM which do not need eefbrs to produce a signal return. These
equipment have ranges strongly influenced by thalityuand the colour of the reflecting
surface, they do not operate over ranges of mofe3P0 metres and they can achieve
precisions of 5-10 mms. They are very useful foe tmeasurement of distances of
inaccessible points;

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

Besides these advantages, generally it is the highst of EDM of impulses which needs to be
considered; probably justifiable only in the cadeere it is necessary to frequently measure dissaote
over 1 km.

5.2.3 Precision and range of EDM

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

The precision of EDM waves depends on numeroustscpresently it has reached comparable levels
with that obtainable with wires of INVAR.

An important element of EDM is comprised by theilketor, on whose stability the precision of the
equipment depends. In fact, the frequency of thallator is a function of temperature; the law of
variation of frequency as temperature varies mastnemorised in the EDM, in order to be able to yppl
the appropriate corrections, which can reach 3rbpfor 20°C of temperature variation.

It is required to consider the atmospheric refmactwhich directly influences the wavelength of the
transmitted signals. The effect of refraction defseon the values of temperature and atmospheric
pressure which have to be inserted into the syswmch then calculates, according to an empirical
formula, the corrections to be applied in ppm te theasured distance. In other cases the builders
provide some tables, through which the correctmmply to the distance can directly be determined,
knowing the values of temperature and pressure useful to remember that, in the first approxior

a correction of 1 ppm can derive from a variatidn16C of temperature, of 3.5 hectopascals of
atmospheric pressure or of 25 hectopascals ofah&ppressure of the humidity of the air.

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

Finally, for determining the distance it is neceggsa consider the instrument constant, termedotism
constant, because, generally the centre of refigaurface of the prism is not coincident with teatre
of the reflector. Such a constant is created kyréflectors and needs to be memorized in the EBIM f
every combination of prisms used.

As far as it affects the range of EDM, besides deairtharacteristic of this type of system, it alepends

on atmospheric conditions and on the number ofmwibeing used. As previously stated, with the same
power supply, the EDMs using impulses have greaeges than those measuring by phase, they can
achieve, under optimal atmospheric conditionsadists of 15 kilometres.
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It should be noted that atmospheric conditionscarssidered:

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

It is evident therefore, that the nominal precigi@alared by the builders of EDM is achievable dhfl
the factors which can influence the measurememscansidered. In general phase EDM enables the
achievement, without particular acumen, precismfrthe order ob = 5mm + 5ppm

5.2.4 Total Stations

The collocating of an EDM and an electronic thetdidotan be extremely productive, because it is
possible to integrate the data coming from theadist meter with the angular measurements obtained
with the theodolite. Thus, it is possible to imnaely calculate other quantities, indirectly obed,
such as horizontal distances or rectangular caiates, etc.

The collocated theodolite-EDM is called a Totaltta or integrated station, as it enables singyleol
obtain all the measurements for topographic sungegiich as angles, distances, co-ordinates etc.

The surveyed data can be registered in a ‘fielkhdut due to their digital nature, the data cansbored
on magnetic media or the solid state memory. Thaspossible transcription errors of the operater a
avoided and measurement operations are accelerated.

The inspirational principle of these systems istitomate the most repetitive operations of topdgcap
surveying such as angular and distance readingsyeeording, the input of station detalils, etc.

5.3 Optical instruments
5.3.1 Marine sextant (Circle to reflection)

The circle to reflection is a tool specifically bufor the measure of horizontal angles between two
objects. The precision of marine sextant in thasueement of angles varies from 20" to 10'.

It is a system of reflection and the measurememth@fingles is based, as for the sextant, on dueytiof
the optics of the double reflection of a bright ,rayith the difference that, in the circle, prisme a
employed instead of mirrors.

The two prisms are set one sideways, the otherhighd at the centre of a circular box providedait
handle. The prism at the centre is mobile andtivasfins which limit the bright rays picked up byet
prism to those which are reflected by the hypoteraighe prism. The other prism is fixed and isé$ at
such a height from the plane of the box to covdy tire interior half of the field of the telescope.

The telescope is fixed in such a way that the direages of the objects appears in the upper pat$ o
field and in the lower half for those reflected ttne small prism. Inside the box a graduated ciile
contained, fixed to the large prism, thereforetintawith respect to an index marked on the box.

To allow the equipment to work correctly, it is Besary that the two fundamental operation conditain
double reflection goniometers are respected, thahithe case of prisms, they are exactly perpeitafi
to the plane of the box of the instrument and, wihentwo hypotenuse are parallel, the index matksn0
the graduation vernier.
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The large prism must not be able to move, exceptrdtation around its pivot; it is considered by
construction perpendicular to the box. The perpenarity of the small prism to the box can be stia
by a screw. Set the vernier to 0°, if a distarjectis observed through the telescope and thepams of
the image are seen to perfectly lined up verticdahg direct one above and the reflected one betow,
indicates that the tool is perfectly rectified.

The parallelism between the hypotenuses of themgrisan be corrected with a special screw which
makes the small prism rotate around a normal axike plane of the box.

5.3.2 Theodolites

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

Precision of theodolites in the measurement of englaries from 0.1" to 10"; the tacheometris (or
tachymetris) are differentiated from theodolite® da their lower obtainable precisions, from 101,
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 telescopéesta
c. the axis of collimation of the telescope.

The principal parts of a theodolite are:

a. the base (or tribrach), provided with a pedestdl thinee adjusting screws (levelling screws)
on the basal plate which is the lowest part of ttiepdolite connected to the head of the
tripod (or stand and legs), so as to be able, witkrtain limits, to centre the instrument over
the reference mark. The lower spirit level or alac level (also termed universal level or
bull's eye level) and the optic lead are anchooeid t

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

c. the graduated horizontal circle, situated abovepddestal and under the alidade.

d. the telescope, hinged to the alidade so that its@fxcollimation is perpendicular to its axis
of rotation. The telescope has a magnificatiomfrd8 to 45 times, thus increasing the
precision of the measurements.

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

The theodolite can be of two types, depending @ gystem of lock used for the horizontal circle:
repeating and reiterating.
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a. The repeating theodolites (fig. 2.20) are thosectvhillow the fixing of the horizontal
circle both to the plinth and to the alidade thiowgo separate screws. When both the
locking screws are operating, the horizontal ciisléixed both to the plinth and to the
alidade, so that the instrument cannot rotate arol@ primary axis.

b. In the reiterating theodolites (fig. 2.20), the ikontal circle remains independent from
the plinth and from the alidade; it can rotate wiltle plinth through a special screw,
usually protected against accidental manoeuvreke dlidade is locked to the plinth
through a locking screw, together with a screwniimor movements.

Repeating Theodolite Reiterating Theodolite
abdnde-talascope i aldadewlescope
eleEcopE Tecking screw lehrscope | m
wEMiCE| circle | = wierhcal cincle
T - T' h
| |
| M
abdnde h Afidadn
abdade-honzontal crcly abdade pedustal
honzonal T scking screw i % locking screw
circla | 3
L% ok =%
b 1 | T . [EET R e |
podestal i | B Y podestalhorizontal circly padesta ""'"""“"‘:, EEEEERY

lachang strew X
#dusting 1 T -t
hasal plate S — L h

sdpushing

¥
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Fig. 2.20 “Theodolites”

Before obtaining any angular measurements, it ser@gl to verify that between the principal axes
(primary, secondary and of coincidence) and otlaetspof the instrument some conditions of precision
are achieved.Some of these are directly verified by the instrotmauilder, conditions of construction,
and if the instrument is used with care, they damgs be considered unaltered and therefore sdisfi

Some conditions, termed conditions of rectificatiomust be directly verified by the operator before
beginning every measurement session. In partiadar consists of establishing the verticality of th
primary axis; this is achieved by using the spaitel, which is more sensitive than the circulae arsed
for precisely centring the principal axis of thetmument over the reference mark. To use thet dpuel
the alidade has to be rotated until the level liménwith the direction of two adjusting screws anding
them, the spirit bubble has to be centred. Thellisvcorrect, when by rotating the alidade 18@° sirit
bubble remains centred; if not it will be necessaryse the rectification screw and the two adpgsti
screws. Final stage for correct levelling, therimment is rotated 90° and using the third adjgstiorew

to centre the spirit bubble.

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

correctly focused. This is achieved using the $ouy ring on the telescope to ensure the retiate (0
reticule) lines appear clear and sharp.

C-13



86

5.3.3 Levelling instruments (Levels) and Stadia

The levelling instrument (or level) is an instrurhevhich allows the creation of an axis of horizénta
collimation and it is used in geometric levellinglodern 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 defitedrhechanism for reading, it is necessary to chaose
stadia rod or a levelling rod or staff, whose piphe of graduation connects it to the level. Leweith
fixed or tilting telescopes have been made obstigtmodern digital and laser levels.

5.3.3.1 Fixed Telescope Level (Dumpy Level)

It consists of a telescope which forms a single with the pivot of rotation and with its base, ganto
that of the theodolite. A spirit level is fixed tioe telescope which allows the instrument to belled in
position, in a similar fashion to a theodolite. d®nthe spirit level is centred in the two orthodona
directions, the level can be employed for deterngrihe difference of elevation in any direction.

A condition periodically checked, is that the aafsthe spirit level is parallel to the axis of ¢oilhation.

To check the instrument, all that is required ismeasure an already known difference of elevation
between two points with the level in the middle ananove the reticle of the telescope with the mec
screw until the reading on the stadia is correct.

5.3.3.2 Fixed Telescope Level with Elevation Scref@umpy Level)

In these levels the telescope is not rigidly cotebdo the pivot of rotation but through a crosdroa
hinged at one end and connected at the other byeavscalled the elevation screw (or micrometer
screw). The elevation screw allows the telescapeotate, through a very small vertical angle; this
enables a horizontal the line of sight to be addesven if the primary axis is not vertical. Thaseels
have a spherical level attached to the base, whiblen centred, approximately makes the primary axis
vertical. For each sight, it is necessary to imedlevation screw until the spirit level attachiedhe
telescope is centred, thus making the axis ofroaliion horizontal.

5.3.3.3 Rotating Telescope Level (Y — Level)

In these levels the telescope can rotate througgrtacal angle (180°) inside a muff connected dplid

the pivot of rotation. Attached to the telescopeaireversing spirit level with a double bend, \uhic
allows it to work even if it is turned upside-dowm these instruments there are therefore two @bxike
level: the axis of rotation of the telescope @bhtoincides with the axis of the muff) and thesaxi
collimation. In the assumption that the two axéshe levels are parallel and that the axis of rihf
coincides with the axis of collimation, two readingre made on the stadia, corresponding to the two
extreme positions which the telescope can assuaoh, tBme centring the spirit level with the elewati
screw.

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

In these instruments the axis of collimation isoaudtically made horizontal by an internal system,
independently from the verticality of the primanisa Since such systems, termed compensators, work
within certain limits of rotation of the telescops,the order of 10', the self-aligning levels &ted with

a circular level, which once centred, guaranteesctirrect operation of the instrument. Compensator
the actual design of which is different for eachnofacturer, normally constitute a sensitive prism
element suspended on a pendulum which uses theigleirthat 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 the reading on the levelling rod is made autocadii,
though it is possible for the traditional optic déwy, in case of malfunction of the electronic paot
exhaustion of the batteries.

The stadia used with this type of levels are speaiin one side they have a graduation as with abrm
stadia, on the other side they have bar code gtiadga The image of the bar code from the levglliod

is separately transmitted to the ocular sight towalreading of the levelling rod and to an electcon

survey system. The digital signal is decoded tyinoa microprocessor which is able to produce, lessid
the difference of elevation, the horizontal diseabetween the two points.

The advantages introduced by these systems cometfre ability to automatically record the survey
data, with a considerable saving in time and wlih tiotal elimination of blunders during transcigpti
Correct operation is only guaranteed under goda kkgnditions, that is measurements are performed i
the open air. The precision of these levels i8.@fmm for the difference of elevations and of 1fom
the distances.

5.3.3.6 Laser Level

These levels use the transmission of a laser beaichwnatches the line of sight of the telescopen&o

of these instruments, which are normally self-aligrievels, do not require operator interventiddnce

the equipment has been placed at the station tétlaid of a circular level, a motor makes the lhsam
continuously rotate, through a switch prism; irstiviay only one operator is required to perform llevg
within a field of 200-300 m of the ray.

The levelling rods used for these levels have a@erecimetres in length, which can move on thadiat
When the laser beam hits the sensor, the valuesmrnding to the ray can be read and automatically
recorded.

The precision of the measurements can be less d@hanillimetre, 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 (GBS

The GPS positioning system is based on the recdgipadio signals sent from an artificial satellite

constellation in orbit around the earth, it is alt#tme, all-weather, 24-hour, worldwide, 3-dimensl
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absolute satellite-based positioning system. Tmpiete name of the system is NAVSTAR GPS which
means NAVigation Satellite Timing And Ranging GlbPasitioning System. The system, created by the
Department of the Defence in the United Statescumently managed in collaboration with the
Department of the Commerce and has been projeatalibiv at every moment in every part of the world
the three-dimensional positioning of objects, iddhg whilst moving.

The system is divided into:

a. The spatial segment: is formed by a minimum o$&tllites, although there are often more,
in near circular orbit around the Earth at a heighabout 20,200 kms. The satellites are
distributed in groups of 4 about 6 circular orlitseed 55° to the equatorial plane with a
revolution period of about 12 hours. This conatéh distribution ensures the visibility of at
least 4 satellites (often 6 to 8) at all times atates with an elevation above 15° degrees
from the horizon, which is fundamental for the piosing.

The satellites have the followings functions:

» To transmit information to users through a radimai;

« To maintain an accurate reference time due to igjie degree of accuracy (from oto
10 sec) of the caesium and rubidium atomic clockbaard;

* To receive and to store information from the contegment;

* To make corrections to orbits.

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

b. Control segment: comprises 5 monitoring statiand an additional sixth at Sunnyvale,
USA, where a copy of all the selected data andhallattached operations are preserved.
Among the five stations, all of which are providedh meteorological stations for the
evaluation of the troposphere affects on the raijmals sent by satellites, three stations
(Ascension, Diego Garcia and Kwajalein) have thiditglio send messages to the satellites
and one (Colorado Springs, USA) is the Master@tativhere the necessary calculations for
the determination of the new orbits are performdd. summary the tasks of the control
segment are:

» To continuously track the satellites and to pro¢hesreceived data for the calculation of
the timing-space position (Ephemeris);

* To check the general state of the system, in pdati¢the satellite clocks;

* To implement orbit corrections;

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

c. The user segment: is made up of users equipptbdredeivers with GPS antennas. These
are passive systems in that they are able to acglata without emitting some signal.
Various types of receivers exist depending on ttegegy used to analyze the received signal
and the required positional accuracy.
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d. The signal structure: Every satellite continuadlyits electromagnetic waves on carefully
chosen frequencies to a very small sector on th#h'sasurface and is thus relatively
sheltered from interference. These carrier wanassport the information to the user through
code modulation. The onboard clocks produce agrsinffrequency fO = 10.23 MHz; from
this primary frequency the three fundamental pafrthe GPS signal are precisely originated:

e Carrying Component
It is made up of two sinusoidal waves called L1 &Bdespectively of frequency 154 x
f0 = 1575.42MHz XL1[119 cm) and 120 x fO = 1227.60 MHxL2 (24 cm).

* Impulsive Component
It comprises two codes called Coarse AcquisitioPAJGnd Precision (P), the former
only modulates the L1 carrier frequency and therlabth the L1 and the L2.

* Such codes are square waves formed by transitibmalwes +1 and —1 produced by a
simple algorithm, which has as a characteristic dtaistic balancing of positive and
negative values; the codes are called "pseudo ewell or PRN (Pseudo Random
Noise). The C/A code frequency is 1.023 MHz (C2Q0m), the P code has a frequency
that is 1 x fO = 10.23 MHz (B0 m). The C/A code is available for civil use lehthe P
code is reserved to military use and other autkedrizsers. The DoD USA have reserve
the right to disguise the P code by encryption asidg the so-called Anti-Spoofing (A—
S) procedure. The encrypted P code is called ¥cod

* Message Component
It is composed of the navigation D message whichahfiequency f0/204800 = 50 Hz. It
contains the ephemeris (or almanac) details ok#tellites, information on their health
and the onboard clocks.

6.1.2 Principles of positioning

GPS positioning uses the technique of Spatial Measent Intersection. The geodetic reference system
(Datum) exploited is called World Geodetic Systed84 (WGS84), which is created from a clockwise
Cartesian axis rotation with the origin at the le'arcentre of mass, with which the geocentric stid
WGSB84 is associated. If the satellite co-ordinatethis reference system are known, the unknown co
ordinates of a point are connected to the knowrordmates of the observed satellites through the
measurement of a sufficient number of distancesdwt the satellites and the centre of phase of an
antenna connected to the receiver at the requicsitign. 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 detieation of positional co-ordinates in the WGS84

global reference system. This is achieved by ugiegsignal’s impulsive component (C/A code or Beco
if available) or to analyze the two carrier phasésand L2.
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In the first case, the satellite-receiver distanees called ‘pseudo-ranges’ and they are calculated
according to the flight time which is the time #ignal takes to reach the receiver from the stgellThis
time is measured by the receiver through correiatlzetween the received signal and a copy prodoged
the receiver; the copy signal in the receiver iftesth in order to line it up with the satellite sg. The
calculated time difference is influenced by thermfyonous error between the satellite and receiver
clocks, in addition to the drift of the receiveock, which is less accurate than the atomic cladkhe
satellites.

These factors cannot be ignored in the measureafidight time; it is for this reason that to thec®ck
unknown quantities of point position (transformaBlartesian x, y, z i , A and height on the ellipsoid
WGS84) it adds a fourth category, which identifiee receiver clock errors. From this it followsth
there is a requirement to simultaneously obseriagast four satellites to obtain an absolute pasitio
real time.

In the second case the phase of the two carriguérmcies is analyzed and the satellite-receivéanls

can be obtained by comparing the phase of theetaignal at the moment of reception with the pludse
the signal at the moment of transmission. In ¢lase an additional unknown quantity for every obesgr
satellite is introduced; it is the Initial Integ&mbiguity which is the integer of cycles the sigrms
traversed from the satellite to the receiver athibginning measurement. Thus to every new observed
satellite a corresponding new Ambiguity is creathak to the different distances. As a result, kibso
positioning in real time with phase measurementslg possible if the Ambiguities of the satellitesed

for positioning are known; the procedure for thisesimination is called initialisation.

6.1.2.2 Relative positioning

The aim of relative positioning is the determinatiaf the base-line vector or of the vector compétsien
which ties the two positions on which temporarihe ttwo receivers are located. If the absolute co-
ordinates of one of the two points are known, agldime components of the base-line vector, the abesol
co-ordinates of the second position can be obtainélich positioning can be achieved through
measurements of code or phase, although in praotibe phase measurement is used. A phase
observation equation can be written for every nemefrom which a satellite is observed at a given
moment. Observing the same satellite at the saomeant from two different receivers at the endshef t
base-line and then subtracting one from the othedytes two equations of phase, an equation to the
simple differences. Inserting into the observatoother satellite, and adding the difference betwbe

two equations to the simple differences, an eqoatiothe double differences is created. At the eind
these two operations the result is the eliminatibthe clock errors of the two satellites. At tp@int the
unknown quantities to be determined are the commsna the base-line vector and the sum of the four
initial ambiguities of the two satellites (considdras only an integer value). If the signal i®inipted

the ambiguities change and a new initialisatioreggiired. Finally the possible interruptions af gignal

are separated through the difference between twatins of the double differences (termed equdation
the triple differences) and establishing the cantyn the unknown Ambiguity quantity is eliminated.

6.1.2.3 Differential positioning

Differential positioning is similar to absolute [@aEing but has corrections for pseudo-range ai tiene

or in delayed time, transmitted or stored by regeiset on points of known absolute co-ordinafEse
remote receiver applies, in real time or in delagigtk, the corrections to the measurements of gseud
range or phase effected and then calculates thheatabsolute position, improving the accuracyhsf t
co-ordinates.
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6.1.3 Performances of the system and sources of err

In relationship to the different positioning priplgs, they are classified by the different degreks

accuracy:

a.
b.
C.

d.
e.
f.

Absolute (SPS) with measurements of code C/A on L1: 10 to 30 metres
Absolute (PPS) with measurements of code P (Y)bh2: 5 to 15 metres
Relative with measurements of static phase: 8 th0L0° of the
base-line
Relative with measurements of phase (RTK): detine
Differential with code phase measurements (DGPS): few metres
Differential with carrier phase measurements (RTBHRS): few centimetres

The elements (error sources) which have the mélgkeimce on system performance are:

a.

b.

C.

Clock errorsof the satellites and the receivers (off-set aniit) d
Orbit errors (imperfections in the Ephemeris data);

Delaysduring atmosphere signal passage because of ioa@sjpnd troposphere refraction,
whose affects on the signal are considerable dtleetase of double frequency receivers;

Tropospheric error Humidity is included in this error. Humidity malelay a time signal by

up to approximately 3 m. Satellites low on theizam will be transmitting signals across the
surface of the earth through the troposphere; witiese directly overhead will transmit
through much less of the troposphere. Maskinghtbrizon angle to 15° can minimise the
tropospheric error. If this blocks too many sd#edl a compromise down to 10° may be
necessary. Manufacturers model the troposphetayde software; tests have determined
that these tropospheric models work reasonably. well

lonospheric error Sun-spots and other electromagnetic phenomeaosecerrors in GPS
range measurements of up to 30 m during the daysaiigh as 6 m at night. The errors are
not predictable but can be estimated. The ionogpkeor is assumed to be the same at the
reference receiver as at the vessel receiver. dsgsimption is sound for GPS networks
where the stations are separated by a few nautidek. lonospheric models have been
implemented for dual frequency receivers.

Multi-path. Multi-path is a reception of a reflected sigirallieu of a direct signal. The
reflection can occur below or above the antennaultidath magnitude is less over water
than over land, but it is still present and alwelganging. The placement of the GPS receiver
antenna should avoid areas where multi-path is tilaely to occur (i.e. rock outcrops, metal
roofs, commercial roof-mounted heating/air conditiy, buildings, cars, ships, etc.).
Increasing the height of the antenna is one metifockducing multi-path at a reference
station. The multi-path occurrence on a sataléitege can last several minutes. Masking out
satellite signals from the horizon up to 15° wilareduce multi-path.

Geometric configuratiorof satellites used for positioning, given by GDQ@Beometrical
Dilution of Precision). The GDOP is divided foliglpurpose into some indices (PDOP and
TDOP) which have been introduced to establish aete@f quality control. The most
general is called PDOP (Position Dilution of Pramg, inversely proportional to the
‘goodness’ of the configuration, which is dividedd two components for control purposes:
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the vertical or VDOP (Vertical Dilution of Precisipand the commonly used horizontal or
HDOP (Horizontal Dilution of Precision); occasiolyathe ratio HDOP/PDOP is considered
(for horizontal control see Chapter 7).

h. Induced errorsfor reducing the pseudo-range measurement peaftzenon the position data
of satellites, can be introduced at the discretbthe system managers. Such procedures,
called Selective Availability (S/A), produced ancentainty in the positioning through the
calculation of pseudo-range in the order of a 1@@res, this was removed' May 2000.
Differential operation could eliminate S/A. EveitlwS/A set to zero, DGPS is still required
for most hydrographic surveying applications.

6.1.4 GPS tracking and signal acquisition technigie
6.1.4.1 Tracking Techniques

Two general modes are basically used to deternmiealistance, or range, between a NAVSTAR GPS
satellite and a ground-based receiver antenna.selheasurements are made by satellite signal phase
comparison techniques. The carrier frequency plbagbe phase of a digital code modulated on the
carrier phase may be tracked to resolve the disthrtween the satellite and the receiver. Thdtesgu
positional accuracy is dependent on the trackinthatkused.

These two-phase tracking techniques are:

» Carrier phase tracking;
» Code phase tracking.

The GPS satellites actually broadcast on two gaiméguencies: L1 at 1575.42 MHz (19-cm wavelength)
and L2 at 1227.60 MHz (24-cm wavelength). Moduate these frequencies are the Coarse Acquisition
(C/A) (300-m wavelength) and the Precise (P) cd@@sm wavelength). In addition, a 50-bps satellite
navigation message containing the satellite ephenagid health status of each satellite is traneuhitt
The C/A and P codes are both present on the Lluérezy. Only the P code is present on the L2
frequency. The higher frequency of the carrienaigL-Band) has a wavelength of 19 and 24 cm from
which a distance can be resolved through post-psing software to approximately 2 mm. The
modulating code has a wavelength of 300 m andomil yield distances accurate to about 1 m. Bdéth o
these tracking methods have application in hydi@gaand conventional surveying.

6.1.4.2 Signal Acquisition Techniques

The procedures of acquisition have characteristicd different accuracies; they relate to different
approaches of signal handling. These are descaged

a. Stand-Alone:  single point absolute position with pseudo-eang the WGS84 geodetic
reference system. The absolute accuracy, to the &evel of confidence, is between 10
and 30 meters for SPS (Standard Positioning Séraioe between 5 and 15 for PPS (Precise
Positioning Service). The applications are onlyigational.

b. Differential (DGPS): the differential corrections, calculated ineference station of known
position, are applied to the absolute position geee by a stand-alone receiver. These
corrections of code or phase, as previously desdyiban be transmitted by radio or cellular
phone, meeting the RTCM protocol, and applied ial tene, or stored in the reference
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accuracies are described in the table below:

Range Correction
tracking

Distance among
Stations

Accuracy

Code phase

Some hundred km

Few metres

Carrier phase

About ten km

Few centimetres

c. Reative

the co-ordinates of the base-line vector endsich connect the positions
occupied by the stations, have to be determinedhe Galculation is achieved by post
processing using the method of the double diffezencorrecting the data acquired on the

phase of GPS signal in the base and mobile receiMee principal methods are:

Technique Application
Static Reference frame of high accuracy
Rapid Static Reference frame with less accuracy

Stop and go Kinematic

Fiducial points, survey itaie

Continue Kinematic

Trajectories, continuous momigr

The time of acquisition and the sampling intervarrhed rate) are the discriminators in the relative
The rate has to be a good compromiseebatthhie demand of measurements and the size of the

methods.

file to process them. For example, for static eggpilons with long acquisition periods, it is commim
sample with a time interval of 15 or 30 seconds;kioematic applications it is necessary to rediinie

interval, often down to 1 second. This value repnts the sampling limit interval in many receiyers
currently receivers are able to make measuremeititsanfrequency of 20Hz.
acquisition and fields of use are summarized irtabé below:

Methods, techniques of

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 Statig 20-30 min(L1s) 6-8|<10-15 kms 16 5-15 necessity for good
mins (L2) (of baseline satellite

length) configuration
Stop and go <1min 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 (20H&s above for the
Kinematic stop and go
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6.1.5 DGPS

The GPS differential positioning (Differential GRSDGPS) it is a technique in which two or more
receivers are used; one on a station of a geodetmpographic reference frame (Reference Station)
one (Rover Station) which occupies the new poiotbd determined in a survey vector (standing or in
movement). The reference station calculates teed®sRange Corrections (PRC) and their variations i
time (RRC = Range Rate Correction). Both corredican be transmitted in real time to the remote
receiver of the rover station or they can be stanethe receiver of the reference station to beiagp
during the post-processing procedure.

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

In any case, the remote receiver (in real time}her receiver/PC with post-processing software (in
delayed time) apply the corrections to the measantsnof pseudo-ranges and calculate the singld poin
positions with these corrected observations.

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

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

The range code correction, to an arbitrary ept¢ltan be approximated with the following:
satel _ satel satel
PRC{™ =PRC +RRC:™ [{t - t,) (2.64)

where the ternft - ty), called latency, is the determinant for the plieci®f positioning. This is nothing
other than the time difference between the cal@radf correction in the reference station receiaed
its application (times of transmission, calculatedn) in the rover station receiver.

Applying such corrections of range, the satelliteck errors disappear from the range measurement
equations. The possible disturbing effect, caused deliberate degrading of clocks and orbits data

be virtually eliminated. Similarly other troublingffects such as the ionospheric and tropospheric
refraction.

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

The pseudo-range corrections can be transmittdtet&PS receiver by:

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

 Commercial fee-for-service Wide-Area DifferentiaP& system, using satellite broadcast
techniques to deliver accurate GPS correctorsjnistance Wide Area OmniSTAR system
(FUGRO group) and LandStar (THALES group) systems;
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* Free service by a DGPS MSK Radiobeacon Navigatiervi& (DGPS Beacon IALA
System);

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

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

6.1.5.2 DGPS with measures of phase:

In this technique the satellite clock errors anel éhrors associated with the ionospheric and tipersc
refraction are eliminated. The correction of ramgjephase can be transmitted in real time by the
reference station receiver to the rover statioreiver through the RTCM protocol or through proper
format of the receiver manufactures. DGPS withsneament of phase is used for kinematic application
of precision in real time: such techniques are &/RTK (Real Time Kinematic). The aim is for the
time of latency to be removed or in practice musdtuced (a few milliseconds).

6.1.6 RTK

The Real Time Kinematic (RTK) positioning is basedthe use of at least of two GPS receivers, orze as
reference station and one or more mobile receirexer stations). The receiver at the referenagost
performs phase measurements for the satelliteigiv and transmits its observations and positioth&
mobile receivers. At the same time the rover atatialso perform phase measurements on the same
satellites whilst processing the raw data recefvaah the reference station; each rover then congpitge
position (double and triple differences) Typically the reference and rover receivers aequ
measurements every second, producing solutionegifign with the same frequency.

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

The automatic initialisation, called OTF (On Thg)Fis a common characteristic of the receiversabégp

of the RTK mode, for which both the reference amel iovers require at least five common satellites i
sight simultaneously. Such a process consistesiflving the phase ambiguity, which is presenhin t
measurement of range by phase and it removes $tréctions on the movement of the rover receivers
during the process of initialisation, which lasts more than few minutes. Initially the rover reesi
produces a float solution or FLT with metric acaydthe phase ambiguity is not fixed). When the
initialisation is completed, the solution becomdd’a type and the accuracy becomes centimetric.

The number of FIX type positions per second, preduay the RTK system (Update Rate), defines with
what accuracy the route of a mobile receiver (rpean be represented. The Update Rate is measured
Hertz and it can actually reach values of 20 Hzsfone modern receivers.

Time of latency or Latency is the time period baiwehe measurements affected by the receivers
(reference and rovers) and the visualisation of ghsition in the rover receivers (including timefs o
measurement, formatting and data transmission ftben reference to the rover and FIX solution
calculation); this parameter is very importantroobile vehicle guidance.

A vehicle which travels at 25 km/hr covers for exdenaround 7 metres per second. For this thedgten
must be less than 1/7 (= 0.14) of a second to wip@sitions with an accuracy of less than one metre
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The data transmission from the reference statiositipned within the survey area or from a permanen
station, to the rover by radio modem or GSM modéas been standardised in accordance with an
international protocol named RTCM (Radio TechniCaimmission for Maritime service). Messages in
this format need a transmission rate of at lea®048uds, other standards which support transmissio
also exist at slower rates of 2400 bauds (Es. CBdRpact Measurement Record).

6.1.6.1 RTK Positioning mode

The most common GPS receivers with RTK ability hioter principal positioning modes:

a. Synchronised RTK (1Hz): is the technique ofteadufor reaching centimetric accuracies

between a reference station receiver and a madskgver. Typically the update rate is 1 Hz.

The latency of the synchronised positions (FIX)determined in large part by the data

transmission, with a transmission at 4800 baudslhiteves around the one second. The RTK
synchronised solution produces the highest possibteiracy for RTK modes and adapts

itself well to dynamic applications.

Fast Synchronised RTK (5 or 10 Hz): has the dateacy and accuracy of the above mode,
but the positioning solutions are produced 5 tdirh@s each second. Satisfactory results are
obtained when it is connected at least to 9600 ©aud

Low Latency RTK: allows centimetric accuraciedifide inferior to the synchronised RTK
positioning mode) almost instantly due to the reidumc of the latency to about 20
milliseconds, which allows 20 FIX solutions eaclew®l. The technique, exploited for the
drastically decreased latency, bases itself ordéta phase forecast of the reference station,
which generally have a continuous solution withiatiwns independent of signal losses,
satellite motion, clock running and atmospheriaglel Thus the errors in prediction of phase
measurements of the reference station from the Imabation are influenced mainly by
instability in the receiver clocks and from unexXgelcvariations in satellite orbits.

Moving RTK Base-Line: different from the majoriof the RTK applications, in which the
reference station is fixed at a point of known cdhoates, this technique uses pairs of
receivers (reference and rover) both moving. Thae is dependant on the orientation
determination of a mobile in which the two RTK rieees are positioned at the two
extremities of the base-line (i.e. along the ke@d af a boat). The reference station receiver
transmits the effected measurements to the rovdrichwcalculates a RTK solution
synchronised (base-line with orientation and lepgthl or 5 or 10 Hz, with centimetric
accuracy. The absolute positioning of the refezestation, and therefore also of the rover
station, has an accuracy equivalent to that ofattemlute positioning with measurements of
code (some about ten meters). The reference-rastamde 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 GPSpitioning

The Relative GPS positioning is performed accordimgrarious phases in which all the differential
guantities which have been analyzed are usedsully starts from an approximate solution which is
improved by the various processes.
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In all the processing programs of GPS data arbéalsec phases of preliminary treatment to searclhior
cycle slips and to find anomalous data associatddasarse errors. A good preliminary treatmenihef
data is the basis of a good final solution. A GiRSsey can be described in a number of ways; itbhean
performed with two or more receivers, accorded nsessions and days of measurement.

The most common approach (single base) involveglesimdependent bases without considering their
correlations. Such a strategy is exploited byntiagority of the processing programs, because idyces
good results aligned to a greater simplicity. Asll computational programs, with a linear apphotx
least squares, it is necessary to depart from appabe values. These are improved step by stefhdy
processing. The principal phases of the treatrment

a.

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

Net determination through single differences ofggha

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

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

Starting from the approximate co-ordinates previppsoduced, it is essential to determine
the components®, Ay, Az}rp Of the base-line vector in the WGS84 geocentrieremce
system, without necessarily having knowledge ofghase ambiguity. The solutions have
some disadvantages, such as a sequential propagdtirrors from the three processes of
differentiation. As an approximate value this teswhich does not represent the optimal
one, will be inserted into a further computatiopabcess to the double differences and
essentially it is useful for appraising the cydipswhich, when present, cause discontinuity
in the calculation of the base-line components.

Expansion to the double differences and solutigh mo fixed ambiguity (solution FLT):
Commencing with the station position, deduced wiité third differences, the components
(Ax, Ay, Az)q 1 of the base-line vector are determinate againterative process, together
with the values of the phase ambiguities relativéhe various combinations of two satellites
and two receivers. The combinations of the phadgiguities are the only unknowns.

Fixing of the ambiguities to an integer value:

The values of the phase ambiguities when determanedenerally not integers, they must be
fixed therefore to the nearest integer value. ®dhds the computational software inspects
the standard deviations of the ambiguity paramgtarsfying that they are equal to small
fractions of a cycle. The correct fixing of thelziguity is indicated by the RATIO quality
factor. Its value has to be greater than certiaiitd in relationship to the length of the
measured base-lines.

Expansion to the double differences and solutidh fisied ambiguity (FIX):

The component¥, Ay, Az)rx of the base-line vector are determined again, kithwledge
of the term containing the phase ambiguities, jonesly fixed to an integer value. Therefore
the componentdx, Ay and Az of the vector, connecting the positions on whigé two
receivers are set, are the only unknowns to beedofvom the equation to the double
differences.
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This last passage normally represents the finalltre$ the computational process; the resolutionhef
system of equations to the double differences gibesfinal solution of the base-line vector with
ambiguity fixed to the integer value (FIX Solutipns

6.1.7.2 Statistic test on the quality of the elabation

The correctness of the result of the calculatioa bfse-line can be valued according to statiesi; the
principal ones are:

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

b. Test on the Variance of the unity of weight: Magiance of the unity of weight, at the start
fixed (also called variance of reference), hasdasimilar to the estimated value and, under
normal conditions, to be equal to 1. The procedumsists of calculating the variance of
threshold through a test with degrees of freedouaktp the redundancy. Elevated values of
the estimated variance can highlight the presehoeise in the signal related to obstacles or
satellites near to the horizon, local multiple eeflons (multi-path), no calculation for
tropospheric or ionospheric affects or incorre¢twation of the integer phase ambiguities.

6.2 Electromagnetic
The characteristics that establish the performaatassystem of electronic navigation are:

a. The range which is the maximum distance from dtations at which it can usefully be
employed. Being mainly tied to the radiated poamed the sensitivity of the receiver, which
compose a specific technical problem, faced byrhaufacture.

b. Precisioff and Accurac’ with which the system generates the position efstip, which is
related to factors which should be appreciatednduthe employment, with the aim of

knowing the reliability of the positions.

The performances of a system, in relation to tlei@cy, makes reference to two particular indides o
output:

% “The degree of refinement of a value” (IHO S3fth edition 1994 #. 3987)

2% “The extent to which a measured or enumeratedevalgrees with the assumed or accepted value”her degree of
conformance with the correct value” (IHO S32 -Hfiftidition 1994# 21 and# 3987)
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a. Repeatability or Repeatable Accurdcy is a measure of the capability of the system to
repeatedly return the mobile to the same positibrs influenced by the accidental errors of
the measurement (due to the operators, to thesimstrts and to anomalies of propagation of
the EM waves) and the geometry of the system (tigleaof intersection between the
individual LOPS).

b. Forecast ability: it is a measure of the capgbilif the electronic navigation system to
minimise the size of the existing difference betwélge measurements and the estimate of
positions produced from the base of calculatioasiriy fixed a model of propagation and the
geometry of the system. In the field of medium aigh frequencies, the predictions for the
electromagnetic propagation for the purpose oftjpméng are irrelevant; it is present with all
of its complications in long range systems, and thuow frequencies.

6.2.1 Accuracy in the position determination

When the accuracy of a navigation system is estaddi, it is appropriate to specify the degree of
reliability which can be assigned to such a valddthough the distribution of the errors is moréeof
elliptic than circular, it is simpler to quote onbne parameter, generated from the radius of decirc
centred on the determined point.

The mariner has the percentage value (x percenpraifability of being in such a circle. With the
objective of data exchangeability, it is importdat clarify which statistical method was used in the
determination of the performance and also incluue degree of reliability (or level of confidence),
expressed as the percentage of the tests whidh fekircle of determined radius.

For bi-dimensional measurements (in the horizotdabrdinates x and y), the parameters generallg hav
two values:

a. Circular Error ProbableGQEP): radius of a circle within which there is abaaut50%
probability of finding the correct valée

b. Radial error or root mean square error in the de#all oRMS or 1 DRMS):  with the
assumption of equality of the standard deviatiorsud two dimensionsof cy)zg, of
orthogonality between the axes x and y, of nornmal aot correlated distributions of error,
the following relationship is valid:

DRMS=,/0? +0? =\2[5* =1,414 (b (2.65)

Generally the measure BDRMS is employed, which corresponds to the 98.5% lef/ebafidence.

27 “In a navigation system, the measure of the amumwith which the system permits the user to retor a position as

defined only in terms of the co-ordinates peculiathat system. The correlation between the gedigapco-ordinates and
the system co-ordinates may or not may be knowO(532 — fifth edition 1994¢ 4336)

2 (see also probable error: IHO S32 — fifth editl®94 —# 1689)
2 (see also standard error: IHO S32 — fifth editi®84 —# 1695)
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6.2.2 Lines of Position (LOPS)

Limiting distances to less than 60 miles, in thedgtof radio wave navigation systems, it is vabd t
approximate to a horizontal terrestrial surface;dieater distances the line of position is corrsideas an
arc of maximum circle.

The systems most often used for radio wave naviggiroduce circular and hyperbolic lines of positio
which derive position from the measurement of &edgince in timeAt or a difference in phagsp. Such
measurements are translated into differences tdraies (hyperbolic LOPS) or direct distances (tarcu
LOPSs) respectively with the relationships:

Ad =c [At (2.66)
c (A
Ad=— (—¢j +n (2.67)
f 2T
where:

Ad: is the difference of distance;

c is the speed of propagation of the electromagmetves;

At: is the difference of measured time;

Ag is the difference of measured phase;

f: is the frequency of the wave on which the meamant is effectedq;

n: is the number of integer cycles of the receiwede.

An error in the measurementAf or Ag appears as an error in numeric line of positiomjena deviation
of c from its standard value, creates a distortiomnenwhole pattern of the lines.

6.2.3 Circular lines of position (C LOPS)

Measuring the distance from a point of known coiuates it is possible to determine a line of positi
which is a circle having the observed positionhat ¢tentre and the measured distance as the ratnes.
error in the measurement of a distance influenoelsmaodifies the relative line of position produciag
band of uncertainty, whose proportions (standardiatien of the measurements of distance) are
independent of the distance.

The intersection of two circular lines of positiefiected by error produce an area of uncertaimiide
which is the true position of the mobile. This amgenerally has the shape of a parallelogram. The
circular systems are characterized by the factttietingle of intersection between the LOPs vani¢ise
area of coverage and, at a generic point P, isl@éguhat between the vector radii subtended by thée
stations.

In the case of equal for both the sets of circumferences, th&tadror drawn by (2.65) then becomes :

_~20® _1414%

doye = — .
RMS sing sina

(2.68)

whereq is the angle of intersection between the two LOPs.
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Considering therefore constamin the area of coverage, it is immediate evidbat thedrys, in circular
systems, is entirely dependent on the angle ofsattion between the LOPs. The curves of equal
distance are identified, therefore, by those ofakqu They are of the complete arcs with this anglé an
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 i thlan) with two part, all points of which have a
constant difference in distances from two fixedhisotalled foci'(IHO S32 — fifth edition 1994 # 2353).

Referred to an orthogonal Cartesian system, they aarying curved symmetric ray as related taathe
of the abscissas, the axis of the ordinates atftetorigin.

In hyperbolic electronic navigation, the segmenthef axis of the abscissas incorporated betweetwine
foci A and B is called the base-line. Two fixedrie in a plane can be the foci of endless hypeasyol
which will constitute a pattern of similarly focushyperbolae.

In a system of similarly focused hyperbolae, repnéag geometric lines which differ one from thaet
by a constant quantity, it can be observed:

a. The hyperbolae cross the base line at regulaniaiteof distance;
b. The distance between two hyperbola increases Wéhrtcrease of distance from the base-
line.

In reality, the lines of position obtainable frompperbolic radio navigation systems are hyperboloids
pair of synchronized radio stations located athyagerboloids foci, each can be paired with one oren
other synchronized stations forming a hyperboli@ich The observer is on one of the curved
hyperboloids which are produced by two pairs ofaatations. With the measurements made onboard,
the observer can determine his position by ideimgfythe relevant spherical hyperbolas displayed on
charts or from special tables built for such a psg
6.2.5 Determination methods of electromagnetic waues of position (EW LOPS)
An electromagnetic wave LOP can be produced bylitteet or indirect measurement of:

a. Distance;
b. Difference between distances.

The measurements which dimensionally express ardist 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 detethirom a measurement of phase difference.
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a. Measures of distances:

Considering A, a point on the earth’s surface ftmiolr co-ordinates are known in a stated
reference system, with a station issuing a contisugectromagnetic wave with frequerfcy
and at a generic point P, a suitable receiver abteeasure the difference between the phases
of the electromagnetic wave has, constantly, kndggeof the positions of A and P.

To make this possible, it requires the receivdraee an oscillatory wave of stable frequency
which is synchronised with that of the issuingistat

In such a way, supposing known conditions of pragiag in the medium which separates
the station from the receiver, it is possible townconstantly, the phase of the radio wave at
station A and to make a comparison with the phdséh@ incoming radio wave at the
receiver.

From the measurement of this phase differencepbssible to obtain the distance between
the transmitting station and the receiver to lass tmultiples of & (or of 360°). The related
line of position on the earth is represented bydiheumference having A at the centre and
the calculated distance for the radius.

Defining a lane as the space between two LORsavthase difference of 360°, in this case it
is represented by the spherical circular area miwbe two circumferences. Therefore,
starting from the transmitting station, every poégual to the wavelength corresponds to
crossing a lane with a width equal to the wavelengt

The errors of measurement are expressed inaaiss(of lanes).
b. Measurement of difference of distances:

Sited at A and B are two radio wave transmitterthef same frequency, set at points on the
earth’s surface with known co-ordinates; at P &ikexr able to receive separately the signals
coming from the two stations and to calculate hat $ame time, the phase difference of the
two incoming radio waves. Except for multiples2st (or of 360°), such values allow the
receiver to obtain the difference of the distaritesfrom the two stations A and B.

Being a hyperbola, the line of the points of diéiece of distances from two fixed points
(called the foci) is constant, it results that frewery point on a stated hyperbola the same
phase difference is measured.

It is possible to conclude that a measurement aéeldifference defines a hyperbolic line of
position.

A receiver is able to measure in a lane only trsohite value of the phase difference, from
0° to 360°; this involves ambiguity, because suclifference is positive for one side of the
hyperbola and negative for the other.

Appropriate techniques ensure the sides of hypasbale always positive. The phase
difference is generally expressed in cents of (apts).
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The identification, then, of the lane, to which tliference of measured phase refers, makes
it essential to know the lane in which the receivas positioned when it was set to work; the
purpose is to regulate the special control switbiictvnumerically records the passage across
into a whole new lane.

6.2.7 Measurement of difference of time

Measurement of Difference of time involves both theasurement of a temporal interval delimited by
two instants, which are recorded in succession, theddifference between two of these temporal
intervals.

The two different ways of interpreting this quaytitallow the determination of two types of
measurement: of distance and of difference dhdces.

a. Measurement of distance:

The distance is obtained by the measurement eftitine which passes between the
transmission of a transmitting station of knownifiois at a known instant and the instant at
which the signal reaches the receiver.

What connects the measurement of this time iatdova distance is the speed of propagation
of the electromagnetic waves. Therefore, the tghiiti 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 setasifpons of known co-ordinates.

The pulses from the two stations arrive sequitiat a receiver; with appropriate
techniques, it is possible to measure the diffexendime between the arrivals of the signals.
It is clearly a function of the difference in dist& of the receiver from the two stations.

The measurement of difference of time is madéath sides of the hyperbola, causing an
ambiguity, since the receiver is not able to esghbihich of the two pulses arrives first. To
eliminate this, the transmission of pulses is notutaneous but is made at intervals of a
constant quantity (coding delay).

6.3 Acoustic Systems

Acoustic Positioning Systems were originally depeld in the United States to support underwater
research studies in the 1960s. Since then, sustersg have played an important role in providing
positioning for towed bodies, ROVs and in most jgisasf the offshore hydrocarbon industry, from aiti
exploration through to field development and maiatece. More recent developments and technical
improvements have also seen it being used foranylipurposes.

Acoustic positioning is able to provide very higbsgional repeatability over a limited area, evéraa
great distance from the shore. For many users ta&péty is more important than absolute accuracy,
although the advent of GPS and integrated GPS/é¢Bnblogy now makes it possible to achieve both
high precision and accuracy.
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Modern GPS developments such as DGPS, WADGPS arKiGR$ may have reduced the use of
acoustic systems in areas such as seismic suneratams and seismic streamer tracking. However, i
positioning rigs relative to wellheads (whether tig is anchored or dynamically positioned), ROV
tracking etc. acoustic positioning remains an ingrartechnique. Furthermore, in areas where sinspo
activity (most pronounced around the magnetic exuatd the Polar Regions) can cause interference to
DGPS an acoustic system can provide a useful backupPS.

Acoustic Positioning Systems measure ranges aedtiins to beacons that are deployed on the seabed
or fitted to ROVs and towed bodies. The accuratyeved will depend on the technique used, range an
environmental conditions. It can vary from a fewtras to a few centimetres.

Acoustic positioning systems, produced by sevetutfacturers are generally available in the follayvi
‘'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 <1800
Very High Frequency (VHF) 200 — 300 kHz <100 m

6.3.1 Acoustic Techniques

There are 3 primary techniques used in acoustitipoig systems, Long Baseline, Short Baseline and
Super or Ultra Short Baseline with some modern ildyfystems using a combination of these techniques.

6.3.1.1 Long Baseline Method (LBL)

LBL acoustic systems provide accurate fixing ovevide area by ranging from a vessel, towed senisor o
mobile target, to three or more transponders ldcateknown positions on the seabed. Transponders a
interrogated by a transducer fitted to the surfassel. The lines joining pairs of seabed transpandre
termedbaselinesand can vary in length from 50m to over 6km depampan the water depth, seabed
topography, the acoustic frequency used and thiecermental conditions.

The LBL method provides accurate local control aigh repeatability. If there is redundancy, i.eor3
more position lines, the quality of each positiondan also be estimated.
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Transponder

Acoustic
Baseline

Fig. 2.21 “Long Baseline Meted”

Calibration of LBL Systems

Seabed transponders cannot be fixed or deployedlcasrately as land based systems. Once laid,
however, a pattern of transponders must be fixéative to each other and then tied into the geodeti
datum in use. The latter is usually achieved ugsiR and the process of calibration generally ¥edlo
three steps:

a. Relative GeometriRelative positioning is achieved by nominating ofi¢he transponders as
the origin of the seabed array and defining itemation by determining the direction to a
second transponder. To achieve this, the shipnsted random throughout the area, aiming
to cross each baseline at right angles at least, gathering valid sets of slant ranges. These
ranges can then be processed to fix the relativstipos of the seabed transponders by
trilateration and rigorous adjustment.

b. OrientatioriThe orientation process involves steaming withoastant heading along three
legs at 90 to 120 intervals, taking two well-separated acousticSin@ each leg. The effect
of the tidal stream is cancelled by the courseatitans and the network is aligned with north
as defined from GPS positions or by the ship's gprapass.

c. Absolute PositioningThis is achieved by matching fixes obtained frahe deployed
acoustic network with GPS positions.

6.3.1.2 Short Baseline Method (SBL)

SBL methods replace the large baselines formed dstwiransponders on the seabed with baselines
between reference points on the hull of a surfaxssel, i.e. the co-ordinate frame is now fixedhe t
vessel instead of the seabed. Three or four tueesd separated by distances of 10 to 100 metees ar
fitted to the hull of the vessel and connected $bip-borne acoustic processor.

Underwater targets or seabed positions are markesingle acoustic beacons, the transmissions from
which are received by the hull-mounted transducénse returning signals — together with knowledge o
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the SV in the water column — are passed to a dgmtoaessor, where the horizontal offset between th
vessel and the beacon is computed. As with the irBthod, redundant observations are used to estimat
the quality and accuracy of the position fix.

Transducel

i% <«—— Transponde

Fig. 2.22 “Short Baseline Meted”

The position of the transponders on board the Vesse be accurately determined during installation.
Vessel heading and Roll and Pitch measurementstbawe made during operation and as always a good
knowledge of Sound Velocity is required.

6.3.1.3 Ultra or Super Short Baseline Method (USBlor SSBL)

In a USBL system the 3 or 4 hull mounted transposidéan SBL system are replaced with a single hull
unit comprising an array of transducers. Phasepenison techniques are used to measure the angle of
arrival of an acoustic signal in both the horizbratad vertical planes. Thus,_a sindgleacon located
either on the seabed or on a mobile target (etgwead sonar body) can be fixed by measuring itgean
and bearing relative to the target.
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Fig. 2.23 “Ultra Short Baseline Meted”

The USBL method provides a simple positional refeesinput for dynamically positioned (DP) vessels
and is also convenient for tracking towed bodies ROVS.

Although more convenient to install, a USBL transetlurequires careful adjustment and calibration. A
compass reference is required and the bearing measut must be compensated to allow for the pitch
and roll of the vessel and for refraction effectshie water column. Unlike conventional LBL andLSB
methods, there is no redundant information on stahtd SBL systems from which position accuracy can
be estimated and accuracy is normally stated aseket 0.5 to 1% of the maximum slant range
measurement.

6.3.1.4 Combined Systems

These systems combine the benefits from all theebtethods to provide a very reliable position veith
good level of redundancy. The combined systemsedorseveral varieties:

Long and Ultra Short Baseline (LUSBL)
Long and Short Baseline (LSBL)
Short and Ultra Short Baseline (SUSBL)
Long, Short and Ultra Short Baseline (LSUSBL)

C-13



108

Fig. 2.24 “Combined System (LSUBL)”

6.3.1.5 Multi-User Systems

Multi-User systems are required when more thanvassel is working in close proximity and wishes to
use the same acoustic system e.g. a drilling véssat oilfield might have a construction bargeipe
lay barge and an ROV support vessel at the sanaidoc all holding station by means of Dynamic
Positioning (DP). This means that the potential “Bcoustic pollution” is significant. The follong
solutions to this problem are either operationalmaer development (2004) are:

Single "Master" seafloor beacon interrogation syste
Master surface vessel with radio telemetry syncdsedion to other vessels
More channels within the same band through sigradgssing techniques
The use of different frequency bands for differeperations

6.3.2 Principles of Measurement

Range Measurement

a. If dant range (R) is determined by interrogating a transponder and 6 is known then:

ct
R = E and the horizontal distance (Y) can be determined by: Y = Rsin@

b. If transponder is replaced by an unintelligent 'pinger' beacon, direct ant range cannot be
obtained and the depth must be known to cal culate the horizontal distance: Y = D tan 8

c. Knowledge of SV (c) allows 6 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)

/'

Depth (D)

;

Horizontal
Distance (Y)

Beacon

Fig. 2.25 “Range determination”

Angular Measurement

Ray paths arrive at H2
virtually parallel rays

Fig. 2.26 “Angular Measurement”

. cA
Provided Sound Velocity is knowndR = ¢4t and Sind = —
Where:

¢ = Sound Velocity
At = Difference in arrival time of signal at H1daRI2
d =

Distance between transducers/transduesrezits/hydrophones
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A third transducer mounted at right angles to Hd H2 enables the bearing of the beacon to
be determined.

When a vessel is directly over a transponder, tydrdphones in the same axis will receive
signals in phase. This is a useful technique uselynamic positioning, where any shift off
station is sensed by signals arriving out of phase.

Y Beacon

Fig. 2.27
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Calculating position in 2 planes

Transducer
. \ Alongships
Athwartships A
| X
Y AR
1R
Fig. 2.28
X =R sin®x Y =R sinBy and therefore z = R(1 — By — sirf 6x)*?
Note: Apparent position requires adjustment for:
a. Pitch and roll.
b. hydrophone alignment (at installation).
c. Hydrophone offset (fixed amount).
d.

Transponder offset (fixed amount).

The Z co-ordinate is calculated from acoustic ddtarefore depth information can be used to improve
position accuracy under conditions of thermal grath. Positioning accuracy is considered to btebet
than 1% of slant range.

6.3.3 Accuracy and errors sources

The overall accuracy of an acoustic fix will depemd

a. The accuracy with which a transponder arragtaldished relative to a geodetic datum.
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b. Determination and supression of multipath effefteflections). This is particularly
noticeable in the region of fixed structures sushpeoduction platforms and is worse for
SSBL and SBL systems than for LBL systems.

c. The accurate determination of sound velocityloaity gradients and the amount of
refraction.

d. The frequency used. Accuracy increases witheasing frequency but at the expense of
range and the power required.

e. The fix geometry and, to a certain degree setdpayraphy i.e. whether or not there is a 'line
of sight' between transponders.

f. The sophistication of the processing systemsaitivare being used.

g. Errors in time measurement owing to the presafiasoise 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,sgéace, seabed structures.

Signal to Noise ratio (SNR) £ — N

Where E=SL-TL
N = 20LogNT
And NT = (NA + NS + NR)M?

6.3.3.1 Sound Velocity Structure

Seawater is not a uniform, isotropic medium andetfwee the velocity of sound in water is affected b
changes in temperature (the dominant factor), isaland depth. The mean value of SV in seawatdr wil
increase approximately as follows:

By 4% m/s for every°C increase in temperature.
By 1.21 m/s for every part per thousand increassalinity.
By 1 m/s for every 60 metre increase in depth.

All systems require a precise knowledge of the ayersound velocity and preferably knowledge of the
SV profile. This is usually obtained by using adependent TSD probe or velocity profiler.

6.4 Optical Techniques

The following paragraphs contain only a brief sumyra the traditional methods employed in dredging,
channel and harbour surveys. Most of them areongdr used due to the employment of Differential
GPS techniques, however they are still valid. @va@ 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 tiok tzf other positioning systems; it requires aliag
kept in tension from an operator who holds the @ftie cable anchored on the beach.

On the vessel another operator will unwind the fieen a winch, always keeping it in tension.

Then, at slow speed, the vessel begins the soufidmnfgenerally perpendicular to the beach) stkbxe
an operator who checks the direction followed Ipfaaned fixed angle on circle to reflection (ortsex)

or other visual method.

6.4.2 Sextant Resection Positioning (Inverse interstion)

This system needs two operators with circle teetfbn (or sextants) in the vessel.

They measure the difference in azimuth of pointecsed during the planning. Every fix during the
survey is the intersection between two LOPs; a dimgntherefore is associated with the reading af tw
differences of azimuth.

6.4.3 Triangulation/Intersection Positioning (Dired intersection)

The direct intersection guarantees greater prewsibut it requires two operators on the ground and
reliable system of communication with the vessel.

The first operator, through a circle to reflectitor a theodolite), guides the vessel along the, line
communicating by radio any required adjustmentsijemie second, using a total station, determines
angles and distances of the vessel at establighedritervals.

6.4.4 Range-Azimuth Positioning (Mixed system optiand electromagnetic)

It is a method which allows the generation of aiams through the orthogonal intersection betweea t

LOPs. An EDM system and a theodolite (or totatietg, which observes the vessel, are utilised for
positioning.
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