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Abstract

The Global Positioning System (GPS) is rapidly becoming an important tool to the surveying and mapping applications. GPS is revolutionizing the surveying profession by providing fast, cost-effective positioning. One primary task in combining GPS data with terrestrial data is the transformation of geocentric WGS84 coordinates to local terrestrial coordinates. Different local ellipsoids are primarily used because certain sized ellipsoids fit a particular portion of the earth better than a global ellipsoid. To achieve the referencing of a local datum to WGS84, one major requirement is to have well distributed geodetic control points common to both systems. In Egypt, the transformation parameters between the local reference ellipsoid (Egyptian Geodetic Datum EGD, Helmert 1906) and WGS84, all over the country can be found, through using special mathematical models. The situation in Egypt is not very well, the transformation parameters are not accurately defined till now, because of the lack and bad distribution of the available data. The main objective of the current study is the determination of new sets of the transformation parameters, zonal approach, over the Egyptian territory for combining GPS data and terrestrial data in Egypt in accurate form as possible.

1. Statement Problem

For historical reasons, each country still has its own geodetic network and national geodetic reference frame. Most of the national reference frames are not identical with each other and are not identical with the global WGS84 reference frame. The basic problem is to transform the national coordinates to WGS84 and express all coordinates in this global system. In its turn, the coordinates on WGS84 as a result of the GPS work should be transformed to the local datum. A reference frame is the practical realization of a reference system by observations and measurements (which have errors). In practical surveying we are only concerned with reference frames, but the underlying concepts of a specific reference frame are of fundamental importance. A geodetic datum is expressed in terms of the set of transformation parameters which are required to define the location and orientation of the local frame with respect to the global one (Torge, 1991).

 We have to distinguish between a Cartesian datum and an ellipsoidal datum. A Cartesian datum is defined by a set of three origin shifts, three axial rotations and a scale factor parameters. These seven parameters are needed to relate two Cartesian three – dimensional reference frames. Because the Earth is a curved surface, approximated by an ellipsoid, surveyors usually work in geographical coordinates (latitude, longitude). In order to define geographical coordinates the shape of the so-called reference ellipsoid has also to be considered. Its semi-major and semi-minor axes define the shape and the size of an ellipsoid, i.e. two additional parameters are required. These two additional parameters constitute the difference between a Cartesian and an ellipsoidal datum. Thus an ellipsoidal datum is defined by nine transformation parameters (Vanciek and Krakiwsky, 1982).

The nine parameters are; translation of the origin ((X, (Y, (Z), rotation angles (Rx, Ry, Rz), Scale factor (()., and change in ellipsoidal semi-major axis ((a) and flattening ((f) define the location and orientation of a local coordinate system with respect to a global reference frame. These parameters are needed for a computational coordinate transformation using different mathematical models. A complete re-survey of the point using differential GPS satellite surveying techniques (relative to a known station with WGS-84 coordinates) is an accurate approach for determining precise WGS84 coordinates. Computational datum transformations can be applied in certain circumstances, which are discussed later. Note, however, that the coordinates derived might have, in general, a larger standard deviation than the ones directly determined by GPS in the field. The user has to check whether the resulting accuracy fulfills his requirements ( DMA, 1991).

2. World Geodetic System, WGS-84, Basic Definition

World Geodetic System – 1984 (WGS-84) is an earth –fixed global reference frame, including an earth model. It is defined by a set of primary and secondary parameters as given in Table 1 (Deker, 1986). The primary parameters define the shape and the size of an earth ellipsoid, its angular velocity, and the earth-mass which is included into the ellipsoid of reference. The secondary parameters define a detailed gravity field model of the Earth. These additional parameters are needed because WGS-84 is used only for defining coordinates in surveying, but for example, also for determining the orbits of the GPS navigation satellites. 

Table 1 :  WGS-84 Primary Parameters.

Parameter
Name
WGS84

Semi – major axis
A
6378137 m

Flattening
F
1/298.257223563

Angular Velocity
(
7.292115 ( 10-5 rad. S-1

Geocentric Gravitational constant
GM
398600.5 km3 S-2

Normalized 2nd degree Zonal Harmonic Coefficient
C 2,0
-484.16685 ( 10-6

The accuracy of WGS-84 coordinates directly determined in WGS-84 by GPS Satellite Point Positioning, their respective precise ephemeris and ground-based satellite tracking data acquired in static mode, in terms of geodetic latitude (, geodetic longitude (, and geodetic height h are (Decker, 1986) :

Horizontal 
(( = ((  = ( 1m

                                            Vertical           (h = ( 1 – 2m

These errors incorporate not only the observational errors, but the errors associated with placing the origin of the WGS-84 coordinate system at the earth’s center of mass and determining the correct scale. Historically, at the time of establishing WGS-84, only Satellite Doppler measurements with corresponding accuracy were available to determine the ground control segment of WGS-84. These absolute values should not be confused with the centimeter-precision of GPS differential positioning.  WGS-84 coordinates of a non-satellite derived local geodetic network station will be less accurate than  WGS-84 coordinates of a GPS station. This is due to the distortions and surveying errors present in local geodetic datum networks, the lack (in general) of a sufficient number of properly placed GPS stations collocated with local geodetic networks for use in determining the transformation parameters, and the uncertainty introduced by the datum transformation.

3. Overview on Transformation Parameters Determination Trials in Egypt

Datum transformation parameter determination is considered the most important part of the geodetic specifications. This great effect is due to the reflected implications on geodetic coordinate accuracy. Transformation and handing of data in contact with world geodetic datum are passing through these defining parameters, for the time being there is no official values defining the national geodetic datum of Egypt relative to an average terrestrial datum or modern satellite world geodetic systems. This situation is a result of lack for important actions that are not taken upon till now. Many researches have been done to improve the previous resulted values of datum parameters, using more stations and observations and dealing with more degrees of freedom. This resulted in different sets of transformation parameters including rotations and scale values in addition to the shift values, which were usually employed (Ali, 1993).

The comparison of the resulted transformation parameters as obtained from these various previous researches is shown in Table 2. The comparison of datum defining parameters indicates different values for different areas, for example, eastern desert against northern coast. These values have been used to transform the coordinates of the base stations from EGD to WGS-84. The resulted transformed values have been used as fixed values for the derivation of the coordinates of the required stations. The GPS baselines have been processed in a free network solution. The adjusted results have been used to derive the coordinates of all established points relative to the three base station coordinates after being transformed to WGS84. Most of the previous researches in datum transformation field were concentrated mainly on the comparison between the available classical transformation. Unfortunately, all these models are based on using one set of fixed or constant datum transformation parameters. This procedure can be adequate for transformation between satellite datums, but it is not suitable for local geodetic datum transformations. This is because of the variation of the datum parameters values according to the used stations for datum definition (Nassar, 1994). 
Table 2: Transformation Parameters between EGD and WGS-84

Different Trials Based on Seven Parameters (nassar, 1994).
Investigator
(X

(m)
(Y

(m)
(Z

(m)
(x

(arc-sec)
(y

(arc-sec)
(z

(arc-sec)
S

Ppm
Total Points &

Model

Finmap East Desert
-156.918
119.297
-24.434
-1.539
-1.062
0.490
-5.855
8 Bursa


-186.069
149.976
6.091
-1.221
-2.024
0.907
4.867
8 Bursa

Alnaggar, 1990
-119.690
124.480
-8.598
-
-
-
-
8Molodensky/Bursa


-119.310
124.380
-7.810
-1.220
-2.020
0.9075
4.827
8 Molodensky

Shell Mrakita, 1990
-127.900
111.500
-10.000
-
-
-
-
Molodensky Based on Basset parameters

In This research, the principles of geodetic datum transformations are presented and how WGS-84 coordinates may be transformed through computational transformation parameters based on a specific transformation model into another local coordinate system. The new sets of transformation parameters using zonal approach are derived as a new sets for Egypt (ETP97).

4. Geodetic Datum Transformation

A geodetic datum transformation is a mathematical rule used to transform coordinates given in a Reference Frame 1, WGS-84, into coordinates given in Reference Frame 2, EGD, as illustrated in Figure 1. The mathematical rule is a function of the set of necessary datum transformation parameters. The general task of a datum transformation can be expressed as follows; Given a point with spatial ellipsoidal coordinates (geodetic latitude (, geodetic longitude (, and ellipsoidal height h) referring  to a local ellipsoid with semi-major axis (a) and flattening (f). Sought are the geodetic latitude (, geodetic longitude (, and ellipsoidal height referring to WGS-84 ellipsoid and vise versa.
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Figure 1 : Geodetic Datum Transformation Principle

In geodesy several transformation models are used for the transformation from one system to another. Consider for example, the average terrestrial coordinate system G = [XG, YG, ZG]T , and the local geodetic coordinate system L = [XL, YL, ZL]T . The determined three-dimensional satellite (GPS) coordinates assumed to be the average terrestrial system. The average terrestrial system is a geocentric system. Also consider the geodetic system as the reference frame of the terrestrial network, then, the transformation between these two systems can be done using several models. Detailed mathematical expressions for some of the routinely used models in the estimation of the transformation parameters, e.g., Bursa, Molodensky, and Veis, may be found in Uotila (1985), Shaker (1982), and Nassar (1994). In this research we used Bursa and Molodensky models for their practical simplicity and familiarity.  Bursa model relates the position vector of any terrain point relative to both geodetic and geocentric systems with the translation (shift) vector between their two origins. In fact, one may visualize the shift vector as the position vector of the origin of the geodetic system relative to the geocentric system.

The mathematical model used for estimating the transformation parameters could be given in general form as (Uotila, 1985):

F (La, Xa) = 0





(1)

F (Lo + V, Xo + X)  = 0

          

(2)

Where 

               La         denotes the adjusted observation, 

               Xa    
    the adjusted parameters, 

               Lo
    the observations, 

               Xo
    the approximate parameters, 

               V
    the residuals, and

               X
    the parameters solved for.

The conventional steps towards estimating the transformation parameters in equation (1) start by the linearization of the mathematical model given in equation (1) in accordance with Uotila (1985):

AX + BV + W = O




(3)

Where: 

                 A and B are the design matrices in the model, and 

                 V and W are the residuals and the misclosure vector respectively.

The mathematical expression for Bursa model can be expressed in vector and matrix notations. Considering that the GPS and terrestrial network position vectors G1 and L1 are observable, the transformation equation expressed in the GPS system as (Shaker, 1982) :





F = T + (1 + () R L – G

       

(4)

Where: 

             T    denotes the translation vector between the origins of the two systems in the G-system, 

             1+(    denotes the scale factor between the two systems, and 

             R        is the product of three consecutive orthogonal rotations around the axes of the L-system, and can be given as follows:





R = RZ(BZ)  RY(BY)  RX(BX)        


(5)

In Molodensky model of transformation, the position vector of the origin or initial point (i) is known relative to the geodetic system that is assumed to be parallel to the satellite system and the involved rotations are considered to be around the geodetic axes of the initial point. The final form of the transformation equation for any point (k) in this system is given by:

Fk = T + ( (Lk – Li) + Q  (Lk – Li) + Lk – Gk = 0                                                     (6)                                                           

Where Q is the rotation matrix between the axes at the initial point (k) and the axes of the geodetic and the satellite systems.

5. Methodology of Investigation and Data Description

Estimation of local geodetic datum transformation parameters for any region or country is not an easy task. This is clearly stated during the previous sections while investigating the datum definition, transformation procedures and effect on coordinate accuracy around the world and also in Egypt. The variation of datum transformation parameters from one place to another all around the country is the major objective of this study. Practicing geodesists have no choice to account for such variations other than taking a unique average value for the transformation parameters and validating them to the entire country, using one of the adopted classical models. The ranges of the averaged value variation were usually up to few meters. This variation is expected to affect the transformed coordinate accuracy with equivalent few meters error. This necessitates the use of variable values for datum parameters to get accurate transformation (Nassar, 1994). The treatment of this problem to take the variation of datum parameters into account during transformation can be assumed to be in the following technique. In this technique the determination of datum transformation parameteres for each zone, zonal approach, and using the obtained values locally for the surrounded area. From the authors view point the application of this technique will result in many values for datum transformation parameters which will satisfy the user requirements about the used values in each area.

A set of GPS data was available for the proposed alternative technique to the treatment of EGD to satellite WGS-84 geocentric transformation parameters. Such data consists of 32 common points between the EGD and WGS-84 reference systems. Figure 2 shows the distribution of used data, over the Egyptian territory. The geocentric coordinates of these stations in WGS-84  have been taken from three sources; the High Accurate Reference Network (HARN) which has been done by the Egyptian Surveying Authority (ESA)in 1997. ESA used the highest standard of the GPS work:

 Dual frequency receivers   
 Tying their observations with the International GPS Survise for geodynamics 
     (IGS) stations
 Long sessions at every station
 Using precise ephemeris during the processing.
The second data source was the Finnmap project, 1989, which were based on GPS observations. The third data source was a project belongs to the National Aviation Authority. The procedures followed in the last two projects were not in coincidence with those of HARN. So, unification of the last two projects has been done to match the standard of HARN. The data and the followed technique in the process of unification are explained in a research under publishing, (Saad, A. A., ….). The coordinates of the used 32 common points in the local datum are taken as their values in ESA.

So, The available data in this research are the coordinates of 32 points defined in both systems, Helmert 1906 and WGS-84. Helmert 1906 is the local geodetic datum used in Egypt and the triangulation networks are defined on it. WGS-84 is the global datum where the output coordinates of the GPS are defined on it. These 32 points, defined in both datums, are common points and they cover Egypt in the north-south direction but the east-west coverage is not good. So, the distribution of the common points allover the country is not good. The distribution of the common points is illustrated in figure (2). 

The traditional networks are done in two parts. The first ten sections are observed and no reductions to the used ellipsoid are applied and then computed and adjusted section by section separately. The next thirteen sections are observed and computed without reductions or adjustment. Therefore the points are not treated in the same way and their qualities are not the same. The precision of the traditional networks is not definitely known. Hence, the quality of the traditional Egyptian networks is not good enough to produce accurate transformation parameters. Therefore, computing the transformation parameters for the area of all Egypt is not advisable. 

Based on the above discussion, the way of dividing Egypt into zones is followed in this research. Egypt extends ten degrees in the south-north direction, 22 N-32 N. So, it is divided into five zones every zone is two degrees in width. Points in every zone are used in the computations. To overcome the defects of dividing the country into five zones, two other solutions are done. The first is to divide the country into two equal halves 22 N-27 N and 27 N-32 N. the second is to use all the available points in one solution for the whole country. So, eight sets of transformation parameters are obtained. 

For every zone, seven transformation parameters are computed using Pursa and Molodenski models. Both models give the same residuals and the same transformed values but the parameters are different because of the different techniques they use. First, all common points in every zone are used in the solution. In all zones, the resulted residuals of all common points used in the solution are very high. So, the point of biggest residual is rejected from the solution. The last step is repeated till good solution is obtained. Good solution means reasonable residuals and small Root Mean Squares (RMS) of the resulted parameters. The distribution of the solution points is also considered in the final solution in every zone. The rejected points are used as checkpoints. Information about every zone and its common points, solution points, and checkpoints are shown in table (3). Many solutions have been done and the final parameters computed by using Molodenski model with their RMS in every zone are shown in table (4).

The residuals, at the common points used in every solution, are computed to clear how these points are fitting the solution in every case. These residuals are the differences between the original coordinates of the solution points and their corresponding transformed coordinates. The residual vector at every solution point is computed from the residuals in the three-dimension (3D). The minimum, maximum, mean and the Root Mean Square (RMS) of the residual vectors in every zone are shown in table (5).

Table 3: Zone locations and the available common points

Zone No.
Latitude ext.
Longitude ext.
No of common pts.
No of pts. 

used in solution
No of Check pts.

Z1
22 – 24
31 - 36
9
6
3

Z2
24 – 26
32 - 36
8
5
5

Z3
26 – 28
30 - 35
9
5
4

Z4
28 – 30
30 - 34
5
3
2

Z5
30 – 32
25 - 33
7
4
3

Z6
22 – 27
31 - 36
16 
9
4

Z7
27 – 32
25 - 34
13
6
7

Z8
22 – 32
25 - 36
31
15
10

Table 4: Different sets of transformation parameters with their RMS for every zone

Zone No
Dx/ RMS

(m)
Dy/RMS

(m)
Dz/RMS

(m)
Rx/RMS

(Sec)
Ry/RMS

(Sec)
Rz/RMS

(Sec)
S

(PPM)

Z1
128.857

0.142
-117.961

0.142
12.471

0.142
2.50611

0.290
-1.146852

0.370
0.875517

0.196
-5.160225

0.8699

Z2
128.390

0.226
-115.998

0.226
11.488

0.226
0.146991

0.407
2.468121

0.498
-0.071074

0.439
-3.672545

1.665

Z3
126.578

0.272
-114.598

0.272
11.411

0.272
1.425743

0.459
0.801284

0.626
0.860107

0.429
-9.669190

1.764

Z4
127.360

0.172
-111.974

0.172
10.410

0.172
2.292069

0.247
-6.311047

0.455
5.287076

0.370
-4.204549

1.109

Z5
119.548

0.153
-114.118

0.153
6.464

0.153
-3.731866

0.357
0.646882

0.882
6.405419

0.242
-3.002384

0.543

Z6
128.274

0.026
-116.982

0.026
11.810

0.026
1.192489

0.024
0.480838

0.028
1.147418

0.036
-5.051378

0.107

Z7
122.204

0.275
-114.183

0.275
8.575

0.275
-2.551665

0.204
-2.375729

0.533
7.062613

0.330
-5.697832

0.842

Z8
127.845

0.092
-115.706

0.092
11.243

0.092
0.990766

0.065
0.539708

0.092
1.049534

0.137
-4.966314

0.280

Table 5: Statistics of the 3D residual vectors at the solution points in every zone

Zone No
No of common pts.
Min

(m)
Max

(m)
Mean  (m)
RMS

(m)

Z1
6
0.165
0.672
0.424
0.235

Z2
5
0.226
1.100
0.562
0.342

Z3
5
0.396
1.129
0.758
0.277

Z4
3
0.177
0.309
0.237
0.066

Z5
4
0.328
0.576
0.389
0.124

Z6
9
0.017
0.279
0.083
0.087

Z7
6
0.291
1.375
0.871
0.390

Z8
15
0.110
1.433
0.477
0.367

The differences between the original local coordinates and their corresponding transformed values are also computed at the checkpoints. Checkpoints here are the common points rejected from the solutions. Because the height data at most of the checkpoints are poor, so, the differences at the checkpoints are computed in tow dimension (2D) and 2D difference vectors are computed from them at those checkpoints. The values of the minimum, maximum, mean and RMS of the 2D difference vectors at the checkpoints in every zone are shown in table (6).

Table 6: Statistics of the 2D difference vectors at the checkpoints in every zone

Zone No
No of check  pts.
Min

(m)
Max

(m)
Mean  (m)
RMS

(m)

Z1
3
0.090
1.235
0.838
0.648

Z2
5
0.454
1.015
0.731
0.280

Z3
4
0.612
1.656
1.143
0.509

Z4
2
0.692
0.771
0.731
0.055

Z5
3
0.483
0.872
0.730
0.214

Z6
4
0.000
0.541
0.197
0.248

Z7
7
0.402
1.908
1.362
0.653

Z8
10
0.123
1.635
0.890
0.640

6. Conclusion

The quality of the resulted transformation parameters can be examined through three factors;

1. The RMS of the resulted transformation parameters

2. The computed residuals at the solution points

3. The computed differences at the checkpoints

Statistics of those three factors are shown respectively in tables 4, 5 and 6. Looking at table 4, the values of the RMS are small relative to the values of the parameters themselves. Accordingly, the obtained sets of transformation parameters can be considered reliable, every set in its zone.

From the statistics in table 5, concerning the 3D residual vectors at the solution points, it can be concluded that the solutions are fitting the solution points in good way. So, the residuals at those points are not big. The differences at the checkpoints shown in table 6 as 2D vectors indicates results better than the corresponding values obtained in the trials happened before this research. The reason is the more common points used in this research.

The values in table 6 shows that the differences at the checkpoints are not big relative to those obtained in the previous trials in Egypt. It should be mentioned here that the checkpoints are those points rejected from the solutions. It means they do not match in some how the other points, i.e. their qualities are not very good. So, in normal work, it is expected that the quality of the transformation will be better than those shown in table 6.

Comparing, the residuals at solution points and differences at checkpoints, between every of zone 1, zone 2, zone 3 and the results of Z6 shows that the resulted parameters of Z6 is better than those of the three other zones. Also, the results of  Z6 is better than the results of Z8. So, it is recommended to use the transformation parameters of Z6 in the area 22N - 27N of Egypt.

Comparing the results of Z3, Z4, Z5 with the results of Z7 and Z8 shows that the results of Z5 is the best in the area of 30N – 32N and Z8 is the best in the area of 27N – 30N. The solution of Z8 is also good if transformation parameters are needed in the large scale of 22N – 30N, it means most of the country.

Treating the traditional networks in correct way, reduction to the local datum and adjustment in one block, will help in adding more common points with good quality. Adding new points covering specially the Western Desert, in Helmert 1906 and WGS-84 will help in correcting the ill-distribution of the current situation. Therefore, one transformation set with good quality for all Egypt could be obtained.  
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