Abstract

The work presented in this paper reviews the basics of the GPS baseline and network adjustment technique solutions. This is followed by highlighting the implemented hierarchical GPS schemes in establishing the ground control points for setting out a 450km dual-carriage highway project in Yemen, that were conducted between April 2005 and January 2007. The adopted methodology and used instrumentation and software packages for performing the field and office verification processes on the accuracy of the established GPS control points are concisely addressed. The findings presented in this paper have come from analyzing the results of field checks using three types of surveying techniques (GPS, total station and automatic level); and from the field checks of baseline and network solution scenarios using a total station. From the instrumentation point of view, the results show that the ordinary differential leveling is superior over the other techniques, although this technique is impractical for such projects. The control point coordinate differences between the submitted GPS static baseline solutions and the 3D GPS baseline-vectors network adjustment solution are found to be in the range of about ±6cm in the position horizontal components and of about ±15cm in the height component. These differences have been clearly reflected in the results of the accuracy checking process. The obtained check results put great emphasis on the significant importance of performing GPS least squares network adjustment rather than just GPS baseline solutions in order to meet the recommended accuracy standards for such works.
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Introduction
The Globe Positioning System (GPS) has been well appreciated by the global surveying community and specialists in other disciplines, who use the system, for its capacity of delivering 3D positions in very short time and over short and long distances with sub-centimeter position accuracy. These capabilities may not all be achieved by other terrestrial surveying techniques such as modern total stations and automatic levels due to their design capabilities, line of sight and topographical considerations. The use of the traditional or even modern ground surveying techniques are therefore impractical in establishing geodetic control points for performing the studying, mapping and setting out tasks of infrastructure projects such as highways, which run in long strip corridors over terrains with variable topography.
The objectives of presenting this practical case are outlined below in Section 2. This is followed in Section3 by revising the concepts of GPS positioning and the basics of the GPS Three Dimensional (3D) baseline solution mode and network adjustment mode. Section 4 is devoted for addressing the geodetic consultancy, that was contracted for the Ministry of Public Works and Highways (MPWH) in Yemen over 3 years (from May 2005 to May 2008) to verify and takeover the geodetic and mapping deliverables by the consultants, who were in charge of performing the studying, mapping and designing of a 450km dual carriage highway project (Starting from Amran to the north of the capital Sana'a and ending at Eden coastline in the south part of the country) over the period of about 4 years, from 2003 to 2007. The adopted methodologies by consultants in establishing the various geodetic networks as implemented for Amran-Aden highway project are concisely introduced in section 5. Then the implemented field and office verification process on the accuracy of the submitted deliverables are reviewed in section 6. The findings from the control network accuracy check results are presented and discussed in section 7 of this paper. Finally, the drawn conclusions and suggested recommendations are summarized in section 8. 

Objectives
The objectives of the work presented in this paper can be outlined as follows:
To revise and outline the recent advances in geodetic surveying as applied in controlling the various stages of studying, designing and constructing infrastructure projects, such as the 450km highway project in Yemen 
To address to the scientific community the experienced practical geodetic issues as encountered by the geodetic consultancy for verifying the accuracy of the established geodetic networks.
To emphasis the significant importance of adopting 3D geodetic network adjustment scenarios in establishing geodetic control networks for studying, designing and setting out major infrastructure projects.

The Geodetic Consultancy Tasks:
The work presented in this paper has come from the gained practical experiences of the author as he won a single source contract with the Ministry of the Public Works and Highway (MPWH), to verify and take over the surveying and mapping deliverables of Amran-Aden dual carriages road from two internationally recognized consultancy firms, The Dorsch Consult Group (German) and the Halcrow International (British), in mid May 2005. The road corridor project including the interchanges is about 450km long.
The importance of Amran-Aden dual carriage road project from the author point of view comes from the fact that it was the first national infrastructure project that was surveyed and mapped by very modern and advanced Positioning techniques. These include GPS surveying, Airborne LIDAR and areal photogrammetrical. 

Basics of GPS Baseline and Network Adjustment Techniques
The GPS is the world leader component of the evolving Global Navigation Satellites Systems (GNSS). It is a positioning, navigation and timing system developed by the Americans and became fully operational in April 1995 with 21+3 (24 operational plus 3 spares) space constellation (Figure1). It is intended by the American to modify this constellation by changing this configuration from 21+3 to 24+3 scheme, which means an increase in the number of tract satellites and subsequently an increase in the position coordinate accuracies from the system (Gakstatter, 2010). Information about the GNSS evolving technology can be found on the GNSSWorld web site given in the references section.

Figure1: Depict of GPS Constellation

From a surveying point of view, GPS is a 3D positioning system, where the collected GPS data (timing codes, carrier phases, navigation messages, etc) by at least two surveying grade receivers located over a known point (base receiver) and over unknown point (rover receiver) for a sufficient time, can then be processed in real time or in post processing mode, yielding the 3D cartesian position (X, Y, Z) of the rover receiver in absolute mode as shown in Figure2 or in a relative mode as shown in Figure 3. 

Figure2: GPS Absolute Positioning Mode

Figure3: GPS Relative Positioning Mode

The 3D cartesian coordinates can then be transformed to a geodetic coordinates (Latitude, Longitude and Height) or grid coordinates (Easting, Northing and Elevations) using the relevant software or subroutines included with the GPS data processing software. The delivered grid coordinates for Amran-Aden road project were given in the Universal Transverse Mercator projection (Figure4) for Zone 38 North (UTM-Z38N) as well as the geodetic coordinates for the control points. 

Figure4: UTM projection Zones

The orthometric heights (H) are the heights of surveyed points above the mean sea level given along the gravity directions at these points (Figure5). These orthometric heights or elevations are obtained from ordinary differential leveling and gravity measurements or computed from the measured GPS heights (h) and geoidal heights (N) computed from a relevant geoid model (Figure6) by applying the following equation:

		                                                    (1)

Figure5: Relationship between Geodetic 
Height and Orthometric Height

 
Figure6: EGM96 Geoid Model Used in Amran-Aden Project

It is well appreciated by the surveying community that the GPS does not work in an ideal error-free world. Therefore, to minimize the effect of various error sources (Figure7) adhered to the positioning by the GPS (satellite, orbits, atmosphere, receiver and site related error sources) many GPS observing and data processing scenarios have been developed and adopted over the last 3 decades. The observing scenarios involve the static, rapid static (stop and go), kinematic, Real Time Kinematic (RTK) GPS surveying mode. 


Figure7: Error Sources in GPS Surveying

Regarding the GPS data baseline processing schemes, the single difference, double difference, and triple difference mode (Figure8) are among other processing techniques, which apply mathematical models over the collected baseline GPS data to resolve the carrier phase ambiguities, that are considered as the key element to the precise relative positioning by the GPS, and deliver precise position coordinates from the carrier phase observables. A large number of research works over the past three decades have been resulted in evolving various ambiguity resolution techniques (Figure9), for example see (Al-Haifi, 1996).
  		
Figure8:  GPS surveying Processing Modes (Single Difference, Double Difference and Triple Difference)

Figure9: The Concept of GPS Ambiguity Resolution Searching Technique

The GPS baseline solutions, which are function of the number of control points used, distance to control, observation time and number of frequencies observed as investigated by Bean et al (2003) can do the job for some applications as in RTK topographical or setting out surveying work, while GPS least squares network adjustment solutions are inevitable in some other surveying works as in establishing the national, regional or even the local geodetic networks to serve as the controlling schemes for conduction various studies and setting-out infrastructure project elements as it was applied in the practical case presented in this paper (Figure10).
[image: ]
Figure10: first Order Verification Network for Section2 
of Amran-Aden Road Project (Courtesy of MPWH)

The advantages and rationales of using the least squares adjustment technique in general surveying applications, as shown in Cooper (1987) and Cross (1983), are that the technique, which is based on statistically mathematical models, is rigorous yield the most probable value for the parameters (e.g. control point position coordinates) from all the collected observation and the associated stochastic model. Solution quality parameters and outlier data screening are among the products of applying the least squares network adjustment technique. Surveying information about the GPS related mathematics and processing models can be found in Leick (2004) and Hofmann-Wellenhof et al (2001).

The Adopted Methodology in Establishing Geodetic Control Networks
The following summarize the dual frequency GPS usage stages as implemented during the Amran-Aden final road corridor study and design:
For verifying the national geodetic control points that were intended to be used as fixed control points for the mapping stage. Figure11 shows a first order control point that was used in the first order national control verification network that was established for controlling the studied corridor for section2 (Figure10).
Establishing second order geodetic networks that were served as reference networks for controlling the mapping the project corridor stage. Second order network that was established for controlling the LIDAR topographical mapping for section one of Amran-Aden road project (Amran to Dhamar, 153km) is shown in Figure12.

[image: G:\Amran Aden All\Amran_Aden_Untouched_Data\Amran_Aden_Untouched_Surveying_Data\S2_DVDS&CDS\3rd_Surveying Report_Data\Control Densification - Survey Report\Rapid Static GPS - Rinex\20061229\1134-4005-with gps.jpg]		[image: ]
Figure11: National Control Pillar		Figure12: Section1 second Order Network

Establishing the third order geodetic control network for setting-out the various parts of the designed road project and right of way determination. As there was no clear requirements for the whole surveying works, each contractor adopted different approach in establishing the third order control networks, where:
The consultant of section1 and section3 established a third order control network for each section with station spacing of almost 5km (Figure13). Then, these control networks were then densified by establishing control points at 500m as per the TOR using the RTK surveying mode.
The consultant of section2 established at the end of the work, as will be seen below in section7 bellow, a 500m spacing third order control network (Figure14) for setting-out purposes using the rapid static observation mode.
)
[image: ]	
Figure13: Section1 5km spacing third order Network (Courtesy of MPWH)
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Figure14: Section2 GPS Traverse Network (Courtesy of MPHW)

The Implemented Verification Process
6.1 The Ambiguous TOR
The signed upon Terms of References (TOR) between the client and the consultants implied the requirements for performing the proper surveying and mapping tasks to produce final corridor plans at scales of 1:500 for the horizontal and 1:200 for the vertical, to be used for the studying, designing and setting-out the Amran-Aden road Project and to construct control surveying references every 500m along the designed corridor to be used as controlling frame for the construction purposes. Unfortunately, the TOR did not explicitly tell:
What surveying techniques and methodologies to be used to accomplish the surveying and mapping tasks.
What accuracy requirements to be achieved.
What final deliverables to be submitted.
Due to these non-stated surveying and mapping tasks, it took longer time to verify and takeover the final surveying and mapping deliverables. The field and office verification processes for the control surveying tasks are introduced next. The adopted methodologies for verifying the accuracy of the mapping tasks can be found in Al-Haifi (2009).the mapping tasks while surveying.
For section one of the studied project, the field verification process of the accuracy of the established 

6.2 Adopted Accuracy Standards:
To perform the assign task of field verification of the accuracy of the established GPS geodetic networks for the three sections of Amran-Aden road project, a literature review was conducted prior to field check visits. The specifications applicable to the above mentioned case study can be summarized as follows:
The accuracy standard, i.e. the maximum allowable error, for each component of a third order GPS network solution at one standard deviation is computed from applying the following mathematical equation, as recommended by the Federal Geodetic Control Committee (FGCC,1984) :

			(2)

Where: 
e	is a base error in centimeters, which takes values according to the order of the GPS geodetic control network (e=0.3 for AA order, e=0.5 for A order, e=0.8 for B order, e=1 to 5 for order C, Class 1, 2-I, 2-II and 3, respectively)
d	is the distance separation in kilometers between checked control points.
p	is the baseline length dependent error, given in ppm (Parts Per Million) given at 95% confidence level (0.1 for orders AA and A, 1 for order B, 10, 20, 50 and 100 for order C class 1, 2-I, 2-II and class 3, respectively) 
1.96	is the normal distribution percentile for the 95% confidence level.

Therefore, the expected maximum error in any checking the 500m distance separation components between any two adjacent third order control points should not be greater than about 7.1cm for the 95% confidence level or 3.6cm for the one standard deviation confidence level (68.26%). The accuracy standard for 500m spacing between control points to meet a 10" azimuth accuracy requirement, at the 95% confidence level, is 39mm, (FGCC, 1984). From this specification statement one can infer that: 
The maximum expected error from field checking using a 5" total station at the same 95% significance level.
The maximum mean coordinate differences between the actual field measurements (i.e. at one standard deviation) and the submitted third order GPS control Point Coordinates is about 2cm.
The GPS receiver manufacturers claim a baseline measurement accuracy of:-
3mm+0.5ppm root mean square error (rms) for static mode, 5mm+0.5ppm for rapid static mode,
10mm+1ppm for Real Time Kinematic (RTK) mode.
The expected horizontal position accuracy equals to the baseline accuracy and height accuracy equals half the position accuracy, i.e. the height root mean square error (rmse) in statistical sense is two times the horizontal position rms. It is worth mentioning here that the GPS baseline accuracy is also a function of the number of healthy satellite observed, satellite geometry, observation time, ephemeris, multipath, etc.
The maximum residual of the height for the vertical RTK surveying as adopted by the department of transportation of the state of California, USA, is about 3cm (0.1 feet), (CLATRANS, 2006). Therefore, this could be used, when assessing the accuracy of the third order control points for section1 and section3 of Amran-Aden road project, as the sub-consultant for these control works was sub-contracted to establish a 5km spacing control network for each section, using static GPS positioning technique shown in Figure13, and then condensed to a 500m control spacing using RTK GPS positioning technique. 
The classical leveling loop closure for the third and fourth elevation control network is given by, , respectively, where d is the double run loop length in km (Federal Geographic Data Committee, 2002). This implies that the height difference between two adjacent control points when checked should be within 8.5mm and 17mm, for the third order and 4th order leveling loops respectively.

From the above quoted standards, it was agreed with consultants to run the field verification at the 25mm accuracy level.

6.3 Field and office verification methodology
Prior to the field visits for checking the accuracy of the established control points, the Autodesk Land Desktop2004 was used to re-draw the suggested road centerline along with the submitted control points to investigate the following:
The indivisible distances between successive control points in section1 (S1), section2 (S2) and section3 (S3). In this regards 47 control points of S1, 71 control points of S2, and 81 control points of S3 were found to be at distances greater than 500m. These were augmented by other new control points by the contractors.
, The location of the control points with respect to the road construction site. Here it was found that 5 control points in S1, 104 control points in S2 and 11 control points in S3 were located within 25m from the proposed road centerline, which made them liable to demolishing during the project construction stage. These were then relocated outside the road construction corridor by the contractors.
The field visits to conduct the third order control network verification process on randomly selected sites where lasted for 5 days for each of section1 and section3 during May and July 2005, while the site visits for checking the quality of the third control network for section2 were lasted for 11 days over three separated checks during April2006, January 2007 and May 2007. The reasons behind these are explained later in section 7 of this paper. 
The office work also included analyzing the obtained coordinate differences, where:
1-The Microsoft Office spread sheet Excel was used to compute and analysis the coordinate differences between the measured random control point coordinates and the corresponding delivered control point coordinates.
2- A personal PC version of a GPS ambiguity resolution technique (see Al-Haifi, 1996, for the UNIX version of the software) was used for double check on the processing of the GPS observations collected during the field verification processes.

Findings and Discussions
Table1 below shows the coordinate differences (Measured-Given) of the randomley checked control points. As can be seen that three surveying instrumentation types were used in the filed verification process, a total station (TS), automatic level and GPS technology. The reason for using the three techniques was that the results from the use of the total station had produced unacceptable results for the first four CPs in the table. Accordingly, on 18/5/2005 it was decided to use the GPS for checking the coordinates of the contro points CP19 and CP21 relative to the CP20. The results from the GPS static checks had shown a maximum height difference of 0.022m between the checked coordinates and the submitted coordinates. Further investigations on the height differences between CP20 and CPs 19 and 21, and between CP10 and CPs 9 and 11 the same error in the height diffrence beteen CP20 and CP19, were carried out on 20/5/2005 and 23/5/2003. The check results had shown that elevation differences between control points determined bey the ordinary level were supperior over those obtained by the total sation or the GPS, with a maximium height closing error of 0.215m, which was within the specified accuracy. The big coordinate differences for the control points CP148 to CP207 were due to that condtions of these control points, where they were found to be disturbed. As can be seen in the table, the coordinate differences obtained from the check process using the free station positioning mode (tied to CP20 & CP21) of the total station were in a good agreement apart from the northing coordinate of the second measurment of CP19.
Similar control point check results where found for section three of Amran Aden road project.

	Point ID
	Measured by TS (M-G) 
	Re-observed by GPS
	Observed by Level

	 
	dE (m)
	dN (m)
	dH (m)
	dE (m)
	dN (m)
	dH (m)
	dH (m)

	CP9
	 
	 
	0.071
	 
	 
	 
	0.0035

	CP11
	0.039
	0.01
	-0.03
	 
	 
	 
	0

	CP19
	 
	 
	0.065
	-0.004
	0.007
	-0.022
	-0.0215

	CP21
	 
	 
	0.047
	0
	0
	-0.012
	0.0015

	CP72
	 
	 
	0.01
	 
	 
	 
	 

	CP74
	 
	 
	0.012
	 
	 
	 
	 

	CP143
	-0.015
	-0.012
	-0.004
	 
	 
	 
	 

	CP146
	0.004
	0
	0.005
	 
	 
	 
	 

	CP148
	0.006
	-0.042
	-0.034
	 
	 
	 
	 

	CP180
	0.011
	-0.003
	-0.024
	 
	 
	 
	 

	CP207
	0.048
	-0.004
	-0.065
	 
	 
	 
	 

	CP207
	0.067
	0
	-0.066
	 
	 
	 
	 

	Free Station
	 
	 
	 
	 
	 
	 
	 

	CP19
	-0.01
	-0.022
	-0.011
	 
	 
	 
	 

	CP19
	0.019
	-0.033
	-0.019
	 
	 
	 
	 


Table1: Coordinate differences (Measured-Given) of the randomley checked control points in Section1 of Amran-Aden Highway Project

Table2 shows the quality of the established third order control points for the 135km section2 (S2) of Amran-Aden highway project as checked as first time on. It is very clear here that the coordinate differences of about 37cm in the horizontal position and about 10cm were totally out of the acceptable error sizes. Only one CP out of the checked 13 CPs was found to be within the error tolerance. The subcontractor of the surveying works for S2 had then reached to a conclusion that the control surveying work has to be redone again from the scratch.
Looking at the coordinate differences plotted in Figure15 of the checked S2 re-surveyed control points for the second time, it can be seen here that, although the coordinate differences were less than those of the first time check, the checked control point accuracies still within 9cm for both the horizontal positions and the height components.



	AT
	To 
	CP's Gaps
	dE (m)
	dN (m)
	dH (m)

	 (Inst. Station)
	(Checked CP)
	(Hz. Distances)
	(Fixed-Checked)
	 (Fixed-Checked)
	(Fixed-Checked)

	304
	303
	251.77
	-0.004
	0.002
	0.005

	297
	296
	544.47
	-0.368
	-0.150
	0.036

	190
	189
	211.46
	0.009
	0.009
	-0.028

	190
	191
	303.10
	0.033
	-0.007
	0.019

	215
	214
	364.18
	0.027
	0.029
	0.098

	129
	128
	230.08
	0.011
	0.021
	0.056

	129
	130
	577.77
	-0.059
	-0.162
	-0.050

	62
	63
	238.18
	-0.012
	0.013
	0.021

	62
	61A
	635.82
	-0.024
	-0.090
	-0.018

	39
	40
	580.62
	-0.018
	-0.002
	-0.031

	2
	3
	238.25
	0.008
	-0.010
	0.015

	1
	CP315N
	894.58
	0.044
	0.082
	0.031


Table2: S2 First Time Check Results


Figure15: S2 Second Time Control Point Check Results

Figure16 depicts the coordinate differences between the submitted control point coordinates from the baseline solutions, which were used in the S2 second time field check as shown above in Figure15, and the network adjustment solutions, which were handed in following the reporting of accuracies of the S2 second time checks. Here, 85% of horizontal position coordinate differences were found to be within the 25mm and just only 50% of the elevation differences (Figure16 and Figure17) were falling within the 25mm acceptance criteria.


Figure16: Differences in S2 Baseline and network Solution

Figure17: Elevation Differences between Baseline and Network Solutions 

The results of the baseline and network solutions shown above in Figure16 and Figure17 have suggested re-checking the established control points for the third time. The third time coordinate differences between the Total Station measurements and the GPS rapid static network adjusted coordinates (Figure18) were found in agreement to within 2.5cm for about 75% of the time for the horizontal position components and for 100% of the time for the position height component. This dramatic increase in the position height component suggests that the network adjustment solutions are superior over the baseline solutions, although few disagreements have been found for the horizontal position components. From a practical point of view, the accuracy of the position height component in road projects is more crucial for the integrity of the estimated earthwork quantities, but one can argue that laying down the design elements in the correct relative position is also demanded. 


Figure18: S2 third Time CPs Check Results

Finally, the coordinate differences between the two control points shown below in Table3 indicate the existence of a shift in the position height component of 11cm.

	SEC3_CP
	SEC2_CP
	dE
	dN
	dH

	 CP0-5  
	TAIZ-1
	-0.03
	-0.03
	-0.11

	 CP0-A  
	TAIZ-2
	-0.02
	-0.01
	-0.11


Table3: Coordinate differences for the Control Points over
the Overlapping Region between Section2 and Section3

Conclusions and Recommendations
Conclusions:
The work presented in this paper was based on testing the accuracies of the established third order control points, that were tested on randomly selection, for Amran-Aden highway project construction purposes. The following conclusions are drawn. 
The lack of explicit surveying specifications, guidelines and standards in the signed TOR between the client and the consultants had resulted in adopting dissimilar positioning approaches in establishing the control points for the highway project construction. Also this lackness had exerted many difficulties with the consultants at the stages of the field verifications and tacking over the surveying deliverables.
The investigation on verifying the accuracy of the third order control point coordinates by a 5" total station, surveying grade dual frequency GPS system and an ordinary engineering level have shown that the use of the automatic level in height difference determination between control points is superior over the other two surveying techniques, although it is unproductive tool from a practical point of view especially over extended projects with varying terrain heights, as it was the case with Amran-Aden highway project, which goes over terrain with height difference rang of 2650m to 0 level.
The check results from the GPS network adjustment of the third time checks on the third order control points of section2 of Amran-Aden highway project have shown high level agreement with the total station measurements particularly in the height component than those from the baseline solutions.
Had the section2 surveying sub-contractor performed network adjustment for the third order control points from the beginning, then they would not have to re-observe the whole network again and lose time, money and credit. The performance of a GPS network adjustment would tell the surveyors where and what size of error they might have introduced to the collected or processed data.
GPS is a very efficient and a productive technique if used properly, on the other hand it may turn out to a nightmare it was improperly used.

Recommendations:
Based on the long run experiences gained from verifying random samples of Amran-Aden control surveying work presented in this paper, the following recommendations are suggested:
Control network positioning specifications, guidelines and standards for various surveying activities wither controlling or mapping should be available prior to commencing any activity. This would insure applying the right technique to get the required final products, as well as helping the process of verification and taking over surveying deliverables from the consultants in a very short time.
Positioning by GPS is not a trusted black box technology. To exploit the potential benefits of applying the GPS, one has to be very cautious, knowledgeable and alert in following the proper procedures as recommended by the experts or the GPS receiver and data processing software manufacturers or vendors. Getting GPS positioning technology with uncertain quality of the final position coordinates is an easy task; however assuring the quality of these coordinates is another matter.
Control points established by GPS positioning technique for setting-out road projects should be at distances not greater than 300 to 350m if it is intended to use a total station for setting out the project elements. Over these distances, it is easy to precisely point the total station from one end to the prism center point at the other end. Thus avoiding reporting control point positioning errors or using false control point coordinates.
Further investigation work on the found coordinate differences between the control points over the overlapped regions, as provided by each contractor, should be carried out prior to the project construction. The findings may then provide an explanation to the low accuracy that was encountered with the DTM generated for the middle section of Amran-Aden road project.
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