
Coordinate Conversions and Transformations 

Most coordinate reference systems (CRSs) consist of one coordinate system that is related to an object
through one datum. The object might be the Earth, or a different astronomical object.

A coordinate system (CS) is a sequence of coordinate axes with specified units of measure. A 
coordinate system is an abstract mathematical concept without any defined relationship to the Earth. 
Possible types of CS: ellipsoidal, gravity-related, Cartesian, affine, linear, spherical, polar, cilyndrical.

A datum specifies the relationship of a coordinate system to the Earth, thus ensuring that the abstract
mathematical concept can be applied to the practical problem of describing positions of features on or 
near the earth’s surface by means of coordinates. It is the datum that makes the coordinate system and 
its coordinates unambiguous.

The following types of coordinate reference system are distinguished:

• Geographic. A coordinate reference system based on a geodetic datum and using an ellipsoidal
(including spherical) model of the Earth. This provides an accurate representation of the 
geometry of geographic features for a large portion of the Earth’s surface. Geographic 
coordinate reference systems can be two- or three-dimensional. A Geographic 2D CRS is used 
when positions of features are described on the surface of the ellipsoid through latitude and 
longitude coordinates; a Geographic 3D CRS is used when positions are described on, above or 
below the ellipsoid and includes height above the ellipsoid. These ellipsoidal heights (h) cannot 
exist independently, but only as an inseparable part of a 3D coordinate tuple defined in a 
geographic 3D coordinate reference system. 

• Geocentric. A coordinate reference system based on a geodetic datum that deals with the 
Earth’s curvature by taking the 3D spatial view, which obviates the need to model the curvature. 
The origin of a geocentric CRS is at the centre of mass of the Earth1. 

• Projected. A coordinate reference system that is based on a geographic CRS and then uses a 
map projection to convert the coordinates to a plane. The distortion that is inherent to the 
process is carefully controlled and known. Distortion correction is commonly applied to 
calculated bearings and distances to produce values that are a close match to observed field 
values. One geographic CRS may serve as the base for many projected CRSs. One map 
projection may be applied independently to many geographic CRSs.

• Engineering. A coordinate reference system that is used only in a contextually local sense. This 
sub-type is used to model two broad categories of local coordinate reference systems: 
◦ earth-fixed systems, applied to engineering activities on or near the surface of the earth;
◦ coordinates on moving platforms such as road vehicles, vessels or aircraft.
Earth-fixed Engineering CRSs are commonly based on a simple flat-earth approximation of the
Earth’s surface, and the effect of earth curvature on feature geometry is ignored: calculations on
coordinates use simple plane arithmetic without any corrections for earth curvature. 

1 ISO 19111 classfies both geographic and geocentric coordinate reference systems as geodetic CRSs.
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• Image. An engineering coordinate reference system that is applied to images.

• Parametric. A coordinate reference system that uses parameters or parametric functions for a 
coordinate system axis.

• Compound. In historic geodetic practice, horizontal and vertical positions were determined
independently. This has resulted in coordinate reference systems that are horizontal (2D) and 
vertical (1D) in nature, as opposed to truly 3-dimensional. The CRS to which these 2D+1D 
coordinates are referenced combines the separate horizontal and vertical coordinate reference 
systems of the horizontal and vertical coordinates. Such a system is called a compound 
coordinate reference system (CCRS). It consists of a non-repeating sequence of two or more 
single CRSs. For spatial coordinates, a number of constraints exist for the construction of 
CCRSs. CRSs that are combined shall not contain any duplicate or redundant axes.

Coordinates may be changed from one coordinate reference system to another through the application 
of a coordinate operation. Two types of coordinate operation may be distinguished:

• coordinate conversion, where no change of datum is involved and the parameters are chosen 
and thus error free. 

• coordinate transformation, where the target CRS is based on a different datum to the source 
CRS. Transformation parameters are empirically determined and thus subject to measurement  
errors. 

A projected coordinate reference system is the result of the application of a map projection to a 
geographic coordinate reference system. A map projection is a type of coordinate conversion. It uses an 
identified method with specific formulas and a set of parameters specific to that coordinate conversion 
method. 
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SECTION I
Map Projections


    1. Map Projection Parameters

A map projection grid is related to the geographical graticule of an ellipsoid through the definition of a 
coordinate conversion method and a set of parameters appropriate to that method. 
Different conversion methods may require different parameters. 

The plane of the map and the ellipsoid surface may be assumed to have one particular point in 
common. This point is referred to as the natural origin. It is the point from which the values of both 
the geographic coordinates on the ellipsoid and the grid coordinates on the projection are deemed to 
increment or decrement for computational purposes. 

Since the natural origin may be at or near the centre of the projection and under normal coordinate 
circumstances would thus give rise to negative coordinates over parts of the map, this origin is usually 
given false coordinates which are large enough to avoid this inconvenience. Hence each natural origin 
will normally have False Easting, FE and False Northing, FN values. These arrangements suggest that 
if there are false easting and false northing for the real or natural origin, there is also a Grid Origin 
which has coordinates (0,0). 

Sometimes however, rather than base the easting and 
northing coordinate reference system on the natural origin 
by giving it FE and FN values, it may be convenient to 
select a False Origin at a specific meridian/parallel 
intersection and attribute the false coordinates Easting at  
False Origin, EF and Northing at False Origin, NF to this. 

Because of the steadily increasing distortion in the scale 
of the map with increasing distance from the origin, 
central meridian or other line on which the scale is the 
nominal scale of the projection, it is usual to limit the 
extent of a projection to within a few degrees of latitude 
or longitude of this point or line. Thus, for example, a 
UTM or other Transverse Mercator projection zone will 
normally extend only 2 or 3 degrees from the central 
meridian. 

In order to further limit the scale distortion within the coverage of the zone or projection area, some 
projections introduce a scale factor at the origin (on the central meridian for Transverse Mercator 
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projections), which has the effect of reducing the nominal scale of the map here and making it have the 
nominal scale some distance away. 

    2. Map Projections

For territories with limited latitudinal extent but wide longitudinal width it may sometimes be preferred 
to use a single projection rather than several bands or zones of a Transverse Mercator. The Lambert 
Conic Conformal may often be adopted in these circumstances. 

The normal case of the Lambert Conic Conformal is for the axis of the cone to be coincident with the 
minor axis of the ellipsoid, that is the axis of the cone is normal to the ellipsoid at a geographic pole. 
For the Oblique Conic Conformal the axis of the cone is normal to the ellipsoid at a defined location 
and its extension cuts the ellipsoid minor axis at a defined angle. The map projection method is similar 
in principle to the Oblique Mercator (see section 1.3.6). It is used in the Czech Republic and Slovakia 
under the name Krovak projection .

The Mercator map projection is a special limiting case of the Lambert Conic Conformal map 
projection with the equator as the single standard parallel. All other parallels of latitude are straight 
lines and the meridians are also straight lines at right angles to the equator, equally spaced. It is the 
basis for the transverse and oblique forms of the projection. It is little used for land mapping purposes 
but is in almost universal use for navigation charts. As well as being conformal2, it has the particular 
property that straight lines drawn on it are lines of constant bearing3. 

The Cassini-Soldner projection is the ellipsoidal version of the Cassini projection for the sphere. It is 
not conformal but as it is relatively simple to construct it was extensively used in the last century and is 
still useful for mapping areas with limited longitudinal extent. It has now largely been replaced by the 
conformal Transverse Mercator which it resembles. Like this, it has a straight central meridian along 
which the scale is true, all other meridians and parallels are curved, and the scale distortion increases 
rapidly with increasing distance from the central meridian. 

✵

The Transverse Mercator (TM) projection in its various forms is the most widely used projected 
coordinate system for world topographical and offshore mapping. All versions (e.g. Gauss-Kruger, 
Gauss Boaga, UTM) have the same basic characteristics and formulas. The differences which 
distinguish the different forms of the projection which are applied in different countries arise from 
variations in the choice of values for the coordinate conversion parameters, namely the latitude of the 
natural origin, the longitude of the natural origin (central meridian), the scale factor at the natural 
origin (on the central meridian), and the values of False Easting and False Northing . Additionally 
there are variations in the width of the longitudinal zones for the projections used in different 
territories. 

2 A conformal map is a function which preserves angles – http://en.wikipedia.org/wiki/Conformal_map
3 In land navigation, a bearing is the angle between a line connecting two points and a north-south line, or meridian – 

http://en.wikipedia.org/wiki/Bearing_(navigation)
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The most familiar and commonly used Transverse 
Mercator in the oil industry is the Universal  
Transverse Mercator (UTM), a global system of 
120 TM zones where many of the defining 
parameters have the same value in each zone.

From April 2010 the EPSG dataset supports two 
distinct formulas for the TM projection:
 US Geological Survey  (USGS) formulas;
 Krüger's JHS4 formulas.
Within ±4o of longitude east or west of the 
projection longitude of origin, the results from 
these two formulas can be considered the same.
However the JHS formulas are more robust over a 
wider area – to ±40o of the longitude of origin –
and have better forward and reverse round trip 
closure. Note that the increasing distortions in 
distance, area and angle which are inherent in the 
TM projection method well away from the 
longitude of origin cannot be avoided!

Each zone central meridian takes a false easting of 500,000 m prefixed by an identifying zone number: 
this ensures that instead of points in different zones having the same eastings, every point in the 
country, irrespective of its projection zone, will have a unique set of projected system coordinates.

It has been noted that the Transverse Mercator map projection method is employed for the 
topographical mapping of longitudinal bands of territories, limiting the amount of scale distortion by 
limiting the extent of the projection either side of the central meridian. Sometimes the shape, general 
trend and extent of some countries makes it preferable to apply a single zone of the same kind of 
projection but with its central line aligned with the trend of the territory concerned rather than with a 
meridian. So, instead of a meridian forming this true scale central line for one of the various forms of 
Transverse Mercator, or the equator forming the line for the Mercator, a line with a particular azimuth 
traversing the territory is chosen and the same principles of construction are applied to derive what is 
now an Oblique Mercator. Such a single zone projection suits areas which have a large extent in one 
direction but limited extent in the perpendicular direction and whose trend is oblique to the bisecting 
meridian.

4 Julkisen Hallinnon Suositukset, i.e. friendly finnish translation for “Public Administration Recommendations”.
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The ellipsoidal development of the Oblique Mercator was originally applied at the beginning of the 
20th century by Rosenmund to the mapping of Switzerland. Further developments were made in the 
1920’s by Laborde for the mapping of Madagascar and Reunion, and in the 1940’s by Hotine for the 
mapping of Malaysia, for which he introduced the name Rectified Skew Orthomorphic. These 
approaches differ slightly from each other in the use of intermediate surfaces used. Hotine projected 
the ellipsoid conformally onto a sphere of constant total curvature5, called the ‘aposphere’, before 
projection onto the plane and then rotation of the grid to north. Like Hotine, Laborde used a triple 
projection technique to map the ellipsoid to the plane but in the Laborde method the rotation to north is 
made on the intermediate conformal sphere rather than in the projection plane. 

✵

The Stereographic projection may be imagined to be a projection of the earth's surface onto a plane in
contact with the earth at a single tangent point from a projection point at the opposite end of the 
diameter through that tangent point.

This projection is best known in its polar form and is frequently used for mapping polar areas where it
complements the Universal Transverse Mercator used for lower latitudes. Its spherical form has also 
been widely used by the US Geological Survey for planetary mapping and the mapping at small scale 
of continental hydrocarbon provinces. In its transverse or oblique ellipsoidal forms it is useful for 
mapping limited areas centred on the point where the plane of the projection is regarded as tangential to 
the ellipsoid., e.g. the Netherlands.

5  http://en.wikipedia.org/wiki/Gaussian_curvature
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The tangent point is the origin of the projected 
coordinate system and the meridian through it is 
regarded as the central meridian. In order to reduce 
the scale error at the extremities of the projection 
area it is usual to introduce a scale factor of less than 
unity at the origin such that a unitary scale factor 
applies on a near circle centred at the origin and 
some distance from it.
For the polar sterographic projection, three variants 
are recognised, differentiated by their defining 
parameters. In the basic variant (variant A) the 
latitude of origin is either the north or the south pole, 
at which is defined a scale factor at the natural 
origin, the meridian along which the northing axis 
increments and along which intersecting parallels 
increment towards the north pole (the longitude of 
origin), and false grid coordinates.

✵

The New Zealand Map Grid projection system typifies the recent development in the design and 
formulation of map projections where, by more complex mathematics yielding formulas readily 
handled by modern computers, it is possible to maintain the conformal property and minimise scale 
distortion over the total extent of a country area regardless of shape. Thus both North and South Islands 
of New Zealand, previously treated not very satisfactorily in two zones of a TM projection, can now be 
projected as one zone of what resembles most closely a curved version Oblique Mercator but which as 
a central line which is a complex curve roughly following the trend of both North and South Islands.

The characteristics of the Equidistant Cylindrical projection are that the scale is true along two 
standard parallels equidistant from the equator (or at the equator if that is the standard parallel) and 
along the meridians. The formulas usually given for this method employ spherical equations with a 
mean radius of curvature sphere calculated from the latitude of standard parallel.

Its spherical method has one of the simplest formulas available. If the latitude of natural origin (φ1) is 
at the equator the method is also known as Plate Carrée. It is not used for rigorous topographic 
mapping because its distortion characteristics are unsuitable. 

An approach sometimes mistakenly called by the same name and used for simple computer display of 
geographic coordinates is Pseudo Plate Carrée:this is not a map projection in the true sense as the 
coordinate system units are angular (for example, decimal degrees) and therefore of variable linear 
scale. It is used only for depiction of graticule (latitude/longitude) coordinates on a computer display. 
The origin is at latitude (φ) = 0, longitude (λ) = 0. In formulas (R: sphere radius, UoM: radians/meters):

                                       Plate Carrée: Pseudo Plate Carrée:

                                     E=F E+R(λ−λ0)cos(ϕ1)

N=F N+Rϕ
     X =λ

Y =ϕ
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✵

For various islands in Micronesia the US National Geodetic Survey has 
developed formulae for the oblique form of the ellipsoidal projection 
which calculates distance from the origin along a normal section rather 
than the geodesic (Azimuthal Equidistant projection). 
A useful application for this type of projection is a polar projection in 
which all distances measured from the center of the map along any 
longitudinal line are accurate; an example of a polar azimuthal 
equidistant projection can be seen on the United Nations flag → 

Distances and directions to all places are true only from the center point of projection. Distances are 
correct between points along straight lines through the center. All other distances are incorrect. 
Distortion of areas and shapes increases dramatically, the further away one gets from center point.
It is useful for showing airline distances from center point of projection and for seismic and radio work.

✵

Map projections are inherently distorted. Typically, distances and areas measured on the map-grid only 
approximate their true values. Over small areas near the projection origin, the distortions can be 
managed to be within acceptable limits. But it is impossible to map large areas without significant 
distortion. This creates problems when there is a requirement to map areas beyond the limits of a map 
zone, typically overcome by moving to another zone.

The motivation here is to offer a method of overcoming these limitations by describing geodetically 
well-defined CRSs that can be implemented in 3D within a visualisation environment and can be scaled 
(from reservoirs to regions) without distortion. A solution is represented by the so-called perspectives. 
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Classical map projections map 2D latitude and longitude onto the plane. With reference to figure 
above, point P at a height hP above the ellipsoid is first reduced to the ellipsoid surface at P', and P' is 
then mapped onto the mapping plane at q'. The height of the point is not material.
In contrast, perspectives map points on, above or below the surface of the ellipsoid onto the mapping 
plane; point P is mapped onto the mapping plane at q. The height of a point above or depth below the 
surface of the ellipsoid will change the horizontal coordinates at which the point maps. 
Perspectives are a view of the Earth from space without regard to cartographic properties such as 
conformality or equality of area.

Vertical perspectives are the view of the Earth from a point on the perpendicular through a mapping 
plane which is either the tangent plane (h0=0 ) or a plane parallel to the tangent plane (h0>0 ) . 
A change of perspective (zooming) is achieved by moving the viewing point along the perpendicular.

SECTION II
Operations on Geodetic CRSs


    1. Coordinate Conversions

Geographic coordinates (latitude and longitude) are calculated on a model of the earth. They are only 
unique and unambiguous when the model and its relationship to the real earth is identified. This is 
accomplished through a geodetic datum. 
A change of geodetic datum changes the geographic coordinates of a point. 
A geodetic datum combined with description of coordinate system gives a coordinate reference system. 
Coordinates are only unambiguous when their coordinate reference system is identified and defined.

It is frequently required to change coordinates derived in one geographic coordinate reference system 
to values expressed in another. For example, land and marine seismic surveys are nowadays most 
conveniently positioned by GPS satellite in the WGS 84 geographic coordinate reference system, 
whereas coordinates may be required referenced to the national geodetic reference system in use for the 
country concerned. It may therefore be necessary to transform the observed WGS 84 data to the 
national geodetic reference system in order to avoid discrepancies caused by the change of geodetic 
datum.

Some transformation methods operate directly betweengeographic coordinates. Others are between
geocentric coordinates. Latitude, φ, and Longitude, λ, and ellipsoidal height, h, in terms of a 3D 
geographic coordinate reference system may be expressed in terms of a geocentric (earth centred) 
Cartesian coordinate reference system X, Y, Z. Coordinate handling software may execute more 
complicated operations, concatenating a number of steps linking together geographic, projected and/or 
engineering coordinates referenced to different datums.
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✵

A topocentric coordinate system is a 3-D Cartesian system having mutually perpendicular axes U, V, 
W with an origin on or near the surface of the Earth. The U-axis is locally east, the V-axis is locally 
north and the W-axis is up forming a right-handed coordinate system.

The coordinates defining the topocentric origin will usually be expressed in ellipsoidal terms as latitude 
φO, longitude λO and ellipsoidal height hO but may alternatively be expressed as geocentric Cartesian 
coordinates XO, YO, ZO.

Topocentric coordinates may be derived from geographic coordinates indirectly by concatenating the
geographic/geocentric conversion with the geocentric/topocentric conversion. Alternatively the 
conversion may be made directly.

✵

3-dimensional geographic coordinate reference system comprising of geodetic latitude, geodetic 
longitude and ellipsoidal height is converted to its 2-dimensional subset by the simple expedient of 
dropping the height. 

The reverse conversion, from 2D to 3D, is indeterminate. It is however a requirement when a 
geographic 2D coordinate reference system is to be transformed using a geocentric method which is 
3D. In practice an artificial ellipsoidal height is created and appended to the geographic 2D coordinate 
reference system to create a geographic 3D coordinate reference system referenced to the same 
geodetic datum. The assumed ellipsoidal height is usually either set to the gravity-related height of a 
position in a compound coordinate reference system, or set to zero. As long as the height chosen is 
within a few kilometres of sea level, no error will be induced into the horizontal position resulting from 
the later geocentric transformation; the vertical coordinate will however be meaningless.
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✵

In theory, certain coordinate operation methods do not readily fit the ISO 19111 classification of being 
either a coordinate conversion (no change of datum involved) or a coordinate transformation. These 
methods change coordinates directly from one coordinate reference system to another and may be 
applied with or without change of datum, depending upon whether the source and target coordinate 
reference systems are based on the same or different datums. In practice, most usage of these methods 
does in fact include a change of datum.

Polynomial transformations between two coordinate reference systems are typically applied in cases 
where one or both of the coordinate reference systems exhibits lack of homogeneity in orientation and 
scale. The small distortions are then approximated by polynomial functions in latitude and longitude or 
in easting and northing. Depending on the degree of variability in the distortions, approximation may 
be carried out using polynomials of degree 2, 3, or higher. In the case of transformations between two 
projected coordinate reference systems, the additional distortions resulting from the application of two 
map projections and a datum transformation can be included in a single polynomial approximation.

The simplest of all polynomials is the general polynomial function. In order to avoid problems of 
numerical instability this type of polynomial should be used after reducing the coordinate values in 
both the source and the target coordinate reference system to ‘manageable’ numbers, between –10 and 
+10 at most. 
Hence an evaluation point is chosen in the source coordinate reference system (XS0, YS0) and in the 
target coordinate reference system (XT0, YT0). Often these two sets of coordinates do not refer to the 
same physical point but two points are chosen that have the same coordinate values in both the source 
and the target coordinate reference system. Coordinates in the target CRS can then be computed using 
the control points and the polynomial transformation formula fed with the normalised distances to the 
control point in the source CRS.

Approximation polynomials are in a strict mathematical sense not reversible, i.e. the same polynomial
coefficients cannot be used to execute the reverse transformation. However, under certain conditions a 
satisfactory solution for the reverse transformation may be obtained.

The relationship between two projected coordinate reference systems may be approximated more 
elegantly by a single polynomial regression formula written in terms of complex numbers.

 THE SPANISH APPLICATION 
The original geographic coordinate reference system for the Spanish mainland was based on Madrid 
1870 datum, Struve 1860 ellipsoid, with longitudes related to the Madrid meridian. Three second-order 
polynomial expressions have been empirically derived by El Servicio Geográfico del Ejército to 
transform geographic coordinates based on this system to equivalent values based on the European 
Datum of 1950 (ED50). The polynomial coefficients derived can be used to transform coordinates from 
the Madrid 1870 (Madrid) geographic coordinate reference system to the ED50 system. Three pairs of 
expressions have been derived: each pair is used to calculate the shift in latitude and longitude 
respectively for (i) a mean for all Spain, (ii) a better fit for the north of Spain, (iii) a better fit for the 
south of Spain.
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✵

An affine 2D transformation is used for converting or transforming a coordinate reference system 
possibly with non-orthogonal axes and possibly different units along the two axes to an isometric 
coordinate reference system (i.e. a system of which the axes are orthogonal and have equal scale units, 
for example a projected CRS). The ‘rectification’ therefore involves a change of origin, differential 
change of axis orientation and a differential scale change. 

If the source coordinate reference system has orthogonal axes and also happens to have axes of the 
same scale, that is both axes are scaled by the same factor to bring them into the scale of the target 
coordinate reference system axes, then the orthogonal case of the Affine Geometric Transformation can 
be simplified further to a Similarity Transformation.

    2. Coordinate Transformations

Several transformation methods which utilise offsets in coordinate values are recognised. The offset 
methods may be in n-dimensions and are always reversible. These include longitude rotations, 
geographic coordinate offsets, Cartesian grid offsets and vertical offsets. Mathematically, if the origin 
of a one-dimensional coordinate system is shifted along the positive axis and placed at a point with 
ordinate A, then the transformation formula is: X T=X S+A .

12

Geometric representation of the affine coordinate transformation.



A further modification allows for source CRS axis, target CRS axis or offset to be in different units 
givingthe general formulas:

X T={(X S ·U S)+(A ·U A)}/U T

where US UT and UA are unit conversion ratios for the two systems and the offset value respectively.

The relationship between two gravity-related coordinate reference systems is available through gridded 
data sets of offsets (sometimes called height differences). The vertical offset at an unknown point is 
first interpolated within the grid of values.
For the purposes of interpolation, horizontal coordinates of the point are required. However the 
transformation remains 1-dimensional. Although the providers of some gridded data sets suggest a 
particular interpolation method within the grid, generally the density of grid nodes should be such that 
any reasonable grid interpolation method will give the same offset value within an appropriately small 
tolerance. Bi-linear interpolation is the most usual grid interpolation mechanism.

✵
Operation methods in the geocentric coordinate domain are most frequently used as the middle part 
of a transformation of coordinates from two geographic coordinate reference systems forming a 
concatenated operation of:

(geographic → geocentric) ⊕ (geocentric → geocentric) ⊕ (geocentric → geographic)

If we assume that the axes of the ellipsoids are parallel, that the prime meridian is Greenwich, and that 
there is no scale difference between the source and target coordinate reference system, then geocentric 
coordinate reference systems may be related to each other just through three translations (colloquially 
known as shifts) dX, dY, dZ in the sense from source geocentric coordinate reference system to target 
geocentric coordinate reference system (e.g. (XYZ)WGS84 → (XYZ)ED50).

It is rare however that the axes of source and target systems are exactly parallel and the two systems 
have an identical scale – is true. Further parameters to account for rotation and scale differences may 
be introduced. This is usually described as a simplified 7-parameter Helmert transformation6, expressed 
in matrix form in what is known as the "Bursa-Wolf" formula:

(
X T

Y T

ZT
)=M ·(

1 −RZ +RY

+RZ 1 −RX

−RY +RX 1 ) ·(
X S

Y S

Z S
)+(

dX
dY
dZ )

where M is the scale correction, (RX, RY, RZ) are the radians rotations to be applied to the point's vector7, 
(dX, dY, dZ) is the traslation vector. 

6 Transformation method within a three-dimensional space, used to produce distortion-free similarity mappings from one 
datum to another – http://en.wikipedia.org/wiki/Helmert_transformation

7 The sign convention is such that a positive rotation about an axis is defined as a clockwise rotation of the position vector 
when viewed from the origin of the Cartesian coordinate reference system in the positive direction of that axis.
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The Helmert 7-parameter transformations is an approximation formula that is valid only when the
transformation parameters are small compared to the magnitude of the geocentric coordinates. Under 
this condition the transformation is considered to be reversible for practical purposes.

Example: transformation from WGS72 to WGS84.

To eliminate high correlation between the translations and rotations in the derivation of parameter 
values for the Helmert/Bursa-Wolf transformation methods, instead of the rotations being derived about 
the geocentric coordinate reference system origin they may be derived at a location within the points 
used in the determination. Three additional parameters, the coordinates of the rotation point, are then 
required, making 10 parameters in total (Molodensky-Badekas transformation).
This transformation strictly speaking is not reversible, i.e. in principle the same parameter values 
cannot be used to execute the reverse transformation. However, in practical application there are 
exceptions when applied to the approximation of small differences in the geometry of a set of points in 
two different coordinate reference systems. 

✵

As an alte  rnative   to the computation of the new latitude, longitude and ellipsoid height by 
concatenation of three operations [(geographic → geocentric) ⊕ (geocentric → geocentric) ⊕ 
(geocentric → geographic)], the changes in these coordinates may be derived directly as geographic 
coordinate offsets through formulas derived by Molodensky.

Geographic Offsets are the simplest of transformations between two geographic coordinate reference 
systems, but are normally used only for purposes where low accuracy can be tolerated. Generally used 
for transformations in two dimensions, latitude and longitude. This should not be confused with the 
Geographic2D with Height Offsets method used in Japan, where the height difference is between the 
ellipsoidal height component of a 3D geographic coordinate reference system and a gravity-related 
height system.

The relationship between two geographic 2D coordinate reference systems can be available through 
gridded data sets of latitude and longitude offsets. The offsets at an unknown point are derived by 
interpolation within the gridded data. As for the geocentric case treated above.

✵

Although a Geographic3D→GravityRelatedHeight transformation superficially involving a change 
of dimension from three to one, this transformation method is actually one-dimensional. The 
transformation applies an offset to the ellipsoidal height component of a geographic 3D coordinate 
reference system with the result being a gravity-related height in a vertical coordinate reference system. 
However the ellipsoidal height component of a geographic 3D coordinate reference system cannot exist 
without the horizontal components: the correction value ζ is interpolated from a grid of height 
differences and the interpolation requires the latitude and longitude components of the geographic 3D 
coordinate reference system as arguments.
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In a different situation, the transformation might involve converting from a Geographic3D to 
Geographic2D+GravityRelatedHeight (i.e. a compound coordinate reference system consisting of 
separate geographic 2D and vertical coordinate reference systems).
Complexities arise (a) for the forward transformation if the source 3D and target 2D geographic 
coordinate reference systems are based on different geodetic datums since a concatenated 
geographic→geographic transformation needs to be involved, or (b) in the reverse transformation of 
height from compound to geographic 3D since it requires interpolation within the grid of height 
differences but with latitudes and longitudes expressed in the geographic 3D CRS,  therefore the 
reverse operation on the horizontal component of the compound system must be executed before the 
reverse vertical transformation can be made.
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ANNEX
EPSG codes of some coordinate operation methods8

1024 :: Popular Visualisation Pseudo Mercator 
1026 :: Mercator (Spherical)
1027 :: Lambert Azimuthal Equal Area (Spherical)
1028 :: Equidistant Cylindrical
1029 :: Equidistant Cylindrical (Spherical)
1031 :: Geocentric Translations (geocentric domain)
1032 :: Coordinate Frame Rotation (geocentric domain)
1033 :: Position Vector transformation (geocentric domain)
1034 :: Molodensky-Badekas transformation (geocentric domain)
1036 :: Cartesian Grid Offsets from Form Function
1041 :: Krovak (North Orientated) 
1042 :: Krovak Modified 
1043 :: Krovak Modified (North Orientated) 
1044 :: Mercator variant C
1238 ::  WGS 72 to WGS 84
1771 :: La Canoa to REGVEN
9601 :: Longitude Rotation
9602 :: Geographic/Geocentric conversions
9604 :: Molodenskytransformation
9605 :: Abridged Molodensky transformation
9606 :: Position Vector Transformation
9613 :: Geographic Offset by Interpolation of Gridded Data (NADCON)
9615 :: Geographic Offset by Interpolation of Gridded Data (NTv2)
9616 :: Vertical Offset
9617 :: Polynomial transformation for Spain
9618 :: Geographic2D with Height Offsets
9619 :: Geographic Offsets
9621 :: Similarity Transformation
9623 :: Affine General Geometric Transformation
9624 :: Affine Parametric Transformation
9633 :: Geographic Offset by Interpolation of Gridded Data (OSTN)
9648 :: General polynomial of degree 6
9651 :: Reversible polynomial of degree 4
9653 :: Complex polynomial of degree 4
9655 :: France geocentric interpolation
9657 :: Vertical Offset and Slope
9659 :: Geographic 3D to 2D conversions
9660 :: Geographic3D offsets
9666 :: UKOOA P6 Seismic Bin Grid Transformation
9801 :: Lambert Conic Conformal (1SP) 
9802 :: Lambert Conic Conformal (2SP) 
9803 :: Lambert Conic Conformal (2SP Belgium) 

8 For details on single operations: http://www.epsg-registry.org → “retrieve by code”.
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9804 :: Mercator (variant A) , a.k.a. Mercator (1SP) 
9805 :: Mercator variant B 
9806 :: Cassini-Soldner 
9807 :: Transverse Mercator 
9808 :: Transverse Mercator (South Orientated)
9809 :: Oblique and Equatorial Stereographic
9810 :: Polar Stereographic (Variant A)
9811 :: New Zealand Map Grid
9813 :: Laborde Oblique Mercator
9815 :: Hotine Oblique Mercator (variant B)
9816 :: Tunisia Mining Grid
9817 :: Lambert Conic Near-Conformal 
9818 :: American Polyconic
9819 :: Krovak
9820 :: Lambert Azimuthal Equal Area
9822 :: Albers Equal Area
9824 :: Transverse Mercator Zoned Grid System
9825 :: Pseudo Plate Carrée
9826 :: Lambert Conic Conformal (1SP West Orientated) 
9827 :: Bonne
9828 :: Bonne (South Orientated)
9829 :: Polar Stereographic (Variant B)
9830 :: Polar Stereographic (Variant C)
9831 :: Guam Projection
9832 :: Modified Azimuthal Equidistant
9833 :: Hyperbolic Cassini-Soldner
9836 :: Geocentric/topocentric conversions
9837 :: Geographic/topocentric conversions
9838 :: Vertical Perspective
9839 :: Vertical Perspective (orthographic case)
9840 :: Orthographic
9834 :: Lambert Cylindrical Equal Area (Spherical)
9835 :: Lambert Cylindrical Equal Area

REFERENCE
 ├ EPSG Guidance Note Number 7, part 1 – http://www.epsg.org/guides/docs/G7-1.pdf
 └ EPSG Guidance Note Number 7, part 2 – http://www.epsg.org/guides/docs/g7-2.pdf
     └ Map Projections: A Working Manual, John P. Snyder – http://pubs.er.usgs.gov/publication/pp1395

QUESTIONS ?
 ├ http://gis.stackexchange.com/
 ├ http://www.osgeo.org
 └ http://osgeo-org.1560.n6.nabble.com/  
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