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Abstract 

 

3D Machine Control and Guidance Systems first appeared on the market in the late 1990ôs. 

These systems put a small computer within the cab of earthwork machines that utilized 

Global Positioning System (GPS) satellites to relay position information to the computer (see 

figure 1.1). The computer evaluates the actual position relative to its location in the proposed 

model. The operator uses the information from the onboard computer to control the 

machineôs equipment. In advanced cases, the onboard computer can be directly linked to the 

machine hydraulics, controlling their operation with minimal input from operator.  

 

 

Automated machine guidance using RTS was the major new application of this advancement 

in technology. Robotic Total Stations (RTSs) were first introduced by Geodimeter in 1990. 

These instruments incorporated servomotors and advanced tracking sensors which allowed 

the instrument to track a target. RTSôs are now utilized in the construction and extractive 

industries for the guidance of major earthworks machinery as well as in agriculture industry 

for the guidance of machinery such as tractors and harvesters.  

 
 
 

In todayôs world, with the application of RTS, ATSs and now moving into real time AMG. 

The accuracies and latency of both operations are still not well understood, it has become 

critical to understand the exact accuracies that these instruments are capable of achieving 

whilst operating in the field. Thus upon the completion of this project my aim is to have a 

better understanding of both operational accuracies of several instruments, as well as their 

performances.  

 

 

The working specification in most of road construction are general requires the tolerance of 

±0.02m. In order to achieve this tolerance required for such work we need to determine if 

these technologies are capable of meeting such accuracies. 

 

 

 

Upon the completion of this project, we will have a better understanding of how the 

accuracies of the machine guidance works and under what conditions the contractor, 

engineers or surveyors can understand the performance of the AMG works better. 
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CHAPTER 1 

 

INTRODUCTION  

 

1:1    Background of research 

 
 

Automated Machine Guidance (AMG) is also known as Machine Control (MC). Itôs a 

process that uses continually updating measurements from: 

¶ Robotic Total Stations (RTS) 

¶ Real Time Kinetic (RTK) Global Positioning System (GPS) 

¶ Laser System, or 

¶ Sonic System 

   

3D Machine Control and Guidance Systems first appeared on the market in the late 1990ôs. 

These systems put a small computer within the cab of earthwork machines that utilized 

Global Positioning System (GPS) satellites to relay position information to the computer (see 

figure 1.1). The computer evaluates the actual position relative to its location in the proposed 

model. The operator uses the information from the onboard computer to control the 

machineôs equipment. In advanced cases, the onboard computer can be directly linked to the 

machine hydraulics, controlling their operation with minimal input from operator.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.1: Trimble GCS900 on a Motor Grader with Dual GPS 

  (Trimble, 2010) 
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The success 3D Machine control system relies upon several variables, including; 

¶ The ability of the operator to accurately apply the design in the field 

¶ The ability of the owner to approve and review the design 

¶ The quality of proposed construction model. 

 

Automated machine guidance using RTS was the major new application of this advancement 

in technology. Robotic Total Stations (RTSs) were first introduced by Geodimeter in 1990. 

These instruments incorporated servomotors and advanced tracking sensors which allowed 

the instrument to track a target. RTSôs are now utilized in the construction and extractive 

industries for the guidance of major earthworks machinery as well as in agriculture industry 

for the guidance of machinery such as tractors and harvesters.  

 

The accuracies and latency of both operations are still not well understood, it has become 

critical to understand the exact accuracies that these instruments are capable of achieving 

whilst operating in the field. Thus upon the completion of this project my aim is to have a 

better understanding of both operational accuracies of several instruments, as well as their 

performances.  

 

 

 1.2  Aims 

 

 

The Aim of this project is to test the accuracy and reliability of Machine Guidance when used 

in Road construction. 

 

 

1.3  Objectives 

 

 

1. Research the background information in relation to Machine Guidance  

2. Review existing literature concerned Real time and conventional or traditional guidance 

systems (ATS, RTSs). 

3. Establish and conduct a series of testing under various conditions. 

4. Undertaking analysis of test results, and  

5. Determining the final accuracies of machine guidance systems. 

 

 1.4 Justification 

 

 

In todayôs world, with the application of RTS, ATSs and now moving into real time AMG. 

The accuracies and latency of both operations are still not well understood, it has become 

critical to understand the exact accuracies that these instruments are capable of achieving 

whilst operating in the field. 
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The working specification in most of road construction are general requires the tolerance of 

±0.02m. In order to achieve this tolerance required for such work we need to determine if 

these technologies are capable of meeting such accuracies. 

 

 

There will be some conditions to be achieved to meet the accuracies requirements. Such 

conditions are: 

 

¶ Distances for ATS, RTS 

¶ Angles for ATS, RTS 

¶ Speed of moving targets 

¶ Environmental obstruction on prism locks. 

¶ Number of satellites ïRTK GPS 

¶ Environmental obstruction on GPS returning false answer 

¶ GPS precision 

 

Upon the completion of this project, we will have a better understanding of how the 

accuracies of the machine guidance works and under what conditions the contractor, 

engineers or surveyors can understand the performance of the AMG works better. 

 

1.5 Overview of Dissertation 

 

 

The brief overview of each chapter contained in the dissertation is provided below.  

 

Chapter 2 will be mainly used for providing conclusion and comparison with the relevant or 

similar research which was investigated by any other part. It does this by providing the 

following information: 

 

1. Research the background information in relation to Machine Guidance  

2. Review existing literature concerning Real time and conventional or traditional guidance 

systems (ATS, RTSs), and comment on previous test undertaken. 

3. Establish and conduct a series of testing, analyse the result and determining the final 

accuracies of machine guidance systems. 

Chapter 3 provides detailed information into both the testing regime which has been 

implemented and the data analysis methodology. 

 

Chapter 4 will provide analysis and discussion concerning the results obtained on chapter 3. 

 

Chapter 5 is where the conclusion will be drawn and recommendations will be presented. 
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CHAPTER 2 

 
 

LITERATURE REVIEW  

 

2.1  Introduction  
 

In order to provide some background into the operations of Automated machine guidance, I 

would like to describe briefly the mechanical workings of various forms of AMG, two or 

three of them will be tested. These instruments or machines are Trimble ATS 5600 and ATS 

600 TCS2 Total stations, GCS900 Universal Total Stations, Trimble GCS600 and GCS900: 

Dual or single GPS + GLONASS. Topconôs 3D-Millimeter GPS+, Millimeter GPS for 

paving. (See Figure 2): 

 

 

 

 
 

 

   TRIMBLE INSTRUMENTS  

 

 

 

 

 

                

Figure 2.2: Trimble ATS 600 

Figure 2.1: the new Trimble SPS630, SPS730 and SPS930 Universal Total Stations 

 

 

          

 

 

 

 

 

        Figure 2.3: Trimble Control Unit 

Figure 2.4: Trimble GCS900 on a Dozer with Single GPS and Laser Augmentation  
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   TOPCON INSTRUMENTS 

 
 

 
 

Figure 2.5: 3D-MILLIMETER GPS+   Figure 2.6: MILLIMETER GPS FOR PAVING 

 
 
 
 
 
 

          

  

Figure 2.7: LPS-900      Figure 2.8: Topcon Control Unit 

       

Throughout history, the construction industry has evolved and become more efficient as a 

result of technology. Frequently, engineers, surveyors are required to accommodate these 

new innovative construction techniques in their design. Construction techniques have 

changed by so much over the past 150 years including the use of network of satellites circling 

the earth providing real time position information. The advantage of these innovative 

technologies is for completion of projects in a more efficient manner. Efficiency reduces cost 

and schedule duration.  

 

It believed to be one of the newest and fastest growing technology in the construction 

industry is Machine control and guidance systems. 
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2.1.1  Overview of Machine Control 
 

Various forms of machine control have been around since the late twentieth century, using 

relevant forms of technology. The first systems relied on hydraulic valves following string 

lines, and subsequently lasers, for control. The technology trend is to make machine more 

ñintelligentò providing abundant and more easily understood information to the operator. 

These procedures, though always improving overall efficiency, had the distinct disadvantage 

that they were heavily reliant upon manual survey methods. Surveyors were usually on site 

daily placing pegs/stakes and establishing cut and fills  information using those pegs. A hard 

copy, hand calculated sheet was given to the crew foreman to complete the work. These 

technologies required someone to interpret the plans in order for construction to occur. 

 

Automated machine guidance (AMG) links sophisticated design software with construction 

equipment to direct the operation of the machinery with a high level of precision, improving 

the speed and accuracy of the construction process. Because AMG eliminates much of the 

guesswork, manual control, and labour involved in traditional methods, it improves workers 

safety and saves agencies and contractorôs time and money, enhancing their ability to deliver 

construction projects better, faster, and cheaper. This technology has the potential to improve 

the overall quality and efficiency of transportation project construction. 

 

The second stage of the literature review will be to examine and discuss all literature relating 

to the testing of automated machine guidance. This will follow in conjunction with the 

Testing results. 

 

2.2 Real Time Kinematic (RTK), Global Positioning System - GPS 

 
2.2.1  RTK GPS surveying is the process of determining and recording three-dimensional 

coordinates of unknown points using an RTK GPS system (i.e. instrumentation and 

software/firmware) RTK GPS systems comprise a reference receiver and antenna set up over 

a point whose three dimensional coordinates (geodetic latitude, longitude and ellipsoidal 

height) are known with respect to a geocentric datum. The reference receiver whose antenna 

is situated above an unknown point. The coordinates of the unknown point, and associated 

internal quality indicator, are computed in óreal timeô by the roving receiver and recorded by 

some form of data logging device. 

 
2.2.2 RTK receivers are implicitly of geodetic quality and use dual-frequency carrier phase 

measurements as the primary GPS observables to compute positions. Fundamentally, RTK 

GPS systems measure the three-dimensional vector (nominally in the WGS84 geocentric 

Cartesian coordinate system) from the reference station to the unknown point. The computed 

three dimensional vectors are added to the three-dimensional coordinates of the reference 

station to the unknown station. Therefore, the determined position of the unknown station is 

dependent on: 

a) The accuracy of the coordinates of the reference station; 
b) The accuracy of the computed three-dimensional vector. 

 

The coordinates of the unknown station can be transformed to any local geodetic datum; 

provided that the transformation parameters are known. These parameters must be input to 

the RTK GPS system in order to perform a óreal-timeô transformation, or applied at a post-

processing stage. (Source; Department of spatial Sciences, Curtin University 2010) 
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2.2.3 Radio Signals      

 

RTK GPS Computes its position based on radio signals received from satellites in orbit 

around the earth in relation to a correction signal transmitted from a known positions on the 

earth. This is why we have a base unit set on a known station and a rover unit installed on the 

machine. 

RTK GPS also requires that we have a direct radio communication link between the base and 

the rover. Often times this is an internal radio, but can externals as well. (John Dillingham, 

P.E. USA) 

2.2.4   (VRS) GPS          

It is kind of RTK which, in general can be called virtual Reference Station (VRS). GPS VRS 

is not widely used in construction, but is being tested. At first glance VRS appears that a 

single GPS unit is being used, but in reality, there is a base located off site that is transmitting 

the correction via an internet link. The most important thing is that all GPS, no matter what 

kind of process we are using requires a base unit and rover unit. 

2.2.5   Laser Augmented RTK GPS. There are laser Augmented Systems (on blade) that are 

solid based on their ability to increase the vertical precision of RTK GPS. 

¶ These new units must be tested by establishing known elevations with procedures that 

are trusted by a spatial scientist on specific points, such as points (controls) used by a 

stakeout personally. 

¶ Itôs important to know the manufacturers specifications, accuracies and procedure to 

attain that accuracy during testing the survey control.  Control points at the furthest 

distance (working distance) must also be checked. 

 

2.2.6   Accuracy. 

As a rule of thumb the horizontal precision of RTK is ± 10 mm and the vertical precision is ± 

0. 30mm. 

ǒ Horizontal precision which stated as 10mm + 1ppm means that for any measurement we 

make, the precision is 10mm (for the base) and horizontally, and 

ǒ Vertical precision which stated as 15mm + 1ppm means that for any measurement we 

make, the precision is 15mm (for the base) and 15mm (for the rover) which add up to 30mm 

vertically. The manufacturer will not guarantee any measurement is more precise than the 

stated precision. 

- ppm is part per million based on the distance  from the base to the rover ppm 

precision is insignificant for most distances used in construction. The ppm error for 1 

mile equals to 0.0053ô +/: This would be added to the horizontal or vertical precision. 
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2.2.7   How good is RTK GPS? 

In the table below, the most recent RTK specifications for four leading manufactures are 

given. Information is quoted for the óbestô dual frequency RTK systems on offer from the 

latest available data the manufactures. All comments below are quoted verbatim from 

manufacturerôs information sheets. (See figure 2.9) 

 

The problem with RTK GPS is that perfect observing conditions rarely occur in practice. 

Many variables can affect performance and it is the role of spatial scientist to minimise the 

negative effect of any of these variables by good survey practise. 

 

In terms of the accuracy actually achieved in real life survey, the above specifications arenôt 

much help, because the qualifiers added by the manufactures mean that the conditions 

necessary to meet the above specifications rarely occur in practice. However, these 

performance specifications can be used as a basis for deciding if it possible to achieve job 

specifications using RTK GPS. 

 

Table 2.1

 
   Manufacturer RTK Equipment Specifications 

  (Source; Department of spatial Sciences, Curtin University 2010) 
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2.3   Trimble GCS500 and 600 Grade Control System Cross Slope Control 

2.3.1   GCS500 Grade Control System Cross Slope Control 

The GCS500 Grade Control System is a cross-slope control system designed to be used on 

motor graders for fine grading work. The system uses two AS400 angle sensors and one 

RS400 rotational sensor to calculate the cross slope of the blade. The system lets the operator 

select which side of the blade is controlled, and switch sides on the return pass. The highly 

flexible AS400 has 100% slope capability, making the system ideal for a wide range of 

applications, including cutting road slopes, ditches and embankments.  

The software with a powerful range of features specifically designed for cross-slope and 

blade elevation on motor graders will be provided when using CB420 Control Box with the 

combination of GC500. The GCS500 can be upgraded to a GCS600 for cross-slope elevation 

control. The applications for GCS500 are for the Road Maintenance, Road Construction, 

Sports Fields, Embankments, and Road Ditches. (Trimble, 2010). 

2.3.2   GCS600 Grade Control System Cross-Slope and Elevation Control 

The GCS600 Grade Control System is a highly flexible, cross slope and elevation control 

system designed to be used on motor graders for fine grading work. The GCS600 uses two 

AS400 angle sensors and one RS400 rotational sensor to calculate the cross slope of either 

side of the blade, as well as an LR410 Laser receiver and ST400 Sonic Tracer to provide 

elevation control. Using the ST300, the system allows stringline, previous pass, or curb and 

gutter tracing. Using one or two LR410 laser receivers, you can use the system for fine 

grading plane surfaces. The GCS600 system is ideal for applications with tight tolerances and 

finished grade work. The application for GCS600 are for the; Small-to-Large Housing and 

Building Site Pads, Road Construction, Highway Construction and Maintenance, Runways, 

Embankments and road ditches (Trimble, 2010).  

2.3.2.1   Trimble ST400 Sonic Tracer 

The Trimble ST400 Sonic Tracer uses ultra sonic signals to maintain a set distance or 

elevation from an object, a design surface, or the ground.  

When mounted to a motor grader or dozer blade, the ST400 can be used to reference a string 

line, curb and gutter, or previous pass as a grade control reference.  

The Trimble ST400 Sonic Tracer offers heavy and highway contractors: 

¶ Multicolored integrated grade display - conveys clear grade feedback to the 

machine operator for higher productivity 

¶ Selectable sensor accuracy - provides typical accuracy of +/- 1mm (0.04") to control 

elevation for even the tightest jobsite specifications 

The ST400 Sonic Tracer can be used in single or dual configuration and is compatible with 

Trimble GCS300, GCS400, GCS600, and GCS900 Control Systems. 
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Figure 2.10, (Trimble, 2010) 

 

 

 

2.4 Leica TPS 1200 

2.4.1 Introduction  Leica TPS 1200 total stations are built up for speed, accuracy, ease to 

use and reliability. Itôs better and more efficiently than ever before and they combine 

perfectly with GPS and the position can be calculated in the real time. 

TPS and GPS have the same operation and they are very user friendly. They have similar 

format and data management systems, and cards can be transferred from one to the other and 

work in the same way. Itôs also accommodated with software package for visualization, 

conversions, quality control, processing, adjustment, reporting and export. 

2:4:2   Power search (PS)  

Power Search used during complete loss of lock due to obstructions; fast rotating laser fan 

finds reflector quickly and ATR fine Points. In lock mode TPS 1200 remains locked onto the 

reflector and follow it as it moves. Measurements can be taken at any time and, as software 

predicts reflector movements, TPS 1200 continues to track inspite of obstructions and short 

interruptions. (Source: Leica Geosystems, 2010) 

 

Table 2.2; PS specifications (Source: Leica Geosystems, 2010) 
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2:4:3   Angles 

The TPS 1200ôs angle measurement system consists of a static line-coded glass circle, which 

is ready by a linear CCD array. A special algorithm is then used to determine the exact 

position of the code lines on the array and thus determine the precise angle measurement. 

Angle measurement system operates continuously providing instant horizontal and vertical 

circle readings that are automatically connected for any ñout of levelò by a centrally located 

twin axis or dual axis compensator. 

The compensator consists of an illuminated the pattern on a prism, which reflected twice by a 

liquid mirror. These form the reference horizon. The reflected image of this line pattern is 

read by a linear CCD array and then used to mathematically determine both of the tilt 

components. These calculated tilt components are the used to correct all angle measurements 

in real time. 

 

 

Table 2.3 TPS 1200 Series angle Accuracies (STD Dev) 

 TPS 1201 TPS 1202 TPS 1203 TPS 1205 

Accuracy(Std dev)     

  Hz, V:  1ôô 2ôô 3ôô 5ôô 

Display resolution 0.1ôô 0.1ôô 0.1ôô 0.1ôô 

Method Absolute, continuous. 

Compensator     

  Working Range: 4ô 4ô ó4ô 4ô 

Setting Accuracy: 0.5ôô 0.5ôô 1.0ôô 1.5ôô 

 

2.4.4   Distance measurement. 

TPS 1200 has three measuring modes which are:      

          1. Infrared laser measurement mode IR     

    2. Visible red laser measurement mode RL     

    3. Long range visible red laser measurement mode LO 

The TPS 1200 series utilizes a phase shift measurement technique (EDM), which operates in 

both the reflector and reflectorless modes.  

The EDM works by transmitting an invisible bean (100 MHZ modulated frequency), the 

beam is then reflected back by the target or prism. Photo receiver and converted into an 

electrical signal. Once this electrical signal is digitized and accumulated, the distance is then 

determined via standard phase measurement techniques. 
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Table 2.4 TPS Distance measurements with (IR mode) prisms-reflectors.  

EDM measuring 

program 

Standard deviation 

Standard prism 

Standard deviation 

Tape(targets) 

Measurement 

Time, typical [s] 

Standard 2mm + 2ppm 5mm + 2ppm 1.5 

Fast  5mm + 2ppm 5mm + 2ppm 2ôô 0.8 

Tracking 5mm + 2ppm 5mm + 2ppm <0.8 

Averaging 2mm + 2ppm 5mm + 2ppm - 

 

    (Source: Leica Geosystems, 2010) 

During the measurements, there may be beam interruptions, severe heat shimmer and moving 

objects within the beam path can result in deviations of the specified accuracy. The display 

resolution is 0.1mm. 

2.4.5   ATR 

Leica refers ATR as ñAutomatic Target Recognitionò ATR/LOCK. It actively follows the 

prism as it moves and automatic fine pointing to prism. 

The accuracy with which the position of the prism can be determined with automatic Target 

Recognition (ATR) depends on several factors such as internal ATR accuracy, instrument 

angle accuracy, prism type, selected EDM measuring program and external measuring 

conditions. The ATR has a basic standard deviation level of + 2mm. Above a certain 

distance, the instrument angle accuracy predominates and takes over the standard deviation of 

the ATR. 

The following graph shows the ATR standard deviation based on two different prism types 

distance and instrument accuracies. 

 

Table 2.5; (Source: Leica Geosystems, 2010) 

LEICA ATR Specifications 
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 Table 2.6; (Source: Leica Geosystems, 2010) 

 

 

 

2.4.6   Servo Drive. 

The TPS1200 is driven by servomotors mechanically. These servomotorsô are used to rotate 

both horizontal and vertical axis. The downside of these motors is that they use a lot more 

power than Mag Drive technology and they are only able to rotate at a fraction of the speeds. 

 

 

 

2.5   Trimble 5600 (ATS) Total station 

2.5.1   ATS (Advanced Tracking Sensor) 

The Trimble ATS is a dual mode instrument founded on Geodimeter technology, which 

allows increasing productivity on site. 

Automatically lock on the active target and continuously measures the targetôs position and 

transmits the data to the computer, which then determines the desired elevation and slope for 

that position (Trimble Data sheet, 2004). 

The Trimble ATS starts with the foundation of the Trimble 5600 Total Stations and has 

enhanced features for high performance automatic machine tracking. In advanced tracking 

mode for machine tracking. In advanced tracking mode for machine control, the ATS 

combines with on machine controllers and operator display to guide and control machinery 

and vessels performing construction tasks- without need for stakes in the ground. The ATS 

also drives a machine control system, which allows an operator to work single handed with 

all design and cut/full information right in the cab.  

Itôs designed specifically for the high speed, low latency demands of machine control; the 

ATS in Advance tracking made has a latency of less than 200 Kms and selectable output rate 

between 1 and 6HZ. Angle and distance data from the instrument are synchronized, providing 



26 

 

a machine with precise, up to date information, increasing the accuracy and speed at which a 

machine works. 

This low level of latency combined with the instruments turning speed enable the ATS to 

track a machine driving as close as 30m at a speed of 46 kph without losing a lock (Trimble 

2010) 

The instrument has built in search intelligence to locate the target if contact is temporarily 

interrupted by, for example, a passing vehicle. The programmable target recognition 

capability of ATS allows operation of several Instruments on the same site without signal 

interference. It can recognize one out of active targets, providing freedom to operate four 

machines or surveys in the same part of the construction site without radio or reflective 

surface interference. (Trimble 2010) 

As a part of the Blade pro ® 3D grade control system, the Trimble ATS robotic total Station 

provides precise vertical positioning ï accurate to ± 5 mm making it ideal for finished grade 

work. The system also gives the machine operator full control over the earth works on a site. 

It was display screen in the machine cab that shows the exact 3d position of the blade in 

relation to the design at the time. 

In addition, value sensors can be added for fully automatic machine control. The slope and 

elevation of the blade are therefore controlled by the system, not by the machine operator 

reducing errors and avoiding expensive re-work. 

2.5.2   Synchronization of data from angle and distance measurements sensors means that 

the output data is computed for a single instantaneous location of the moving machines 

compared with the standard total station instruments that are optimized for static prism 

measurement. This results in higher 3D position accuracy for dynamic measurements or 

machine tracking applications. (Source; Trimble 2010). 

 

 

           Figure 2.11, Synchronization; (Source: Trimble, 2010) 


