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CHAPTER 1: INTRODUCTION 

 

1.1 Determining Dynamic GNSS Accuracy 

The standard method for evaluating dynamic Global Navigation Satellite based Systems 

(GNSS) error involves constraining the position and speed of a receiver to a known 

value.  In certain applications, the actual position at any point in time is not as important 

as the path that was taken.  An example of this is in row crop production where the error 

along the prescribed path does not interfere with productivity when compared to error off 

the path.  Error off the path is commonly referred to as off-track error and is computed as 

the shortest distance to the actual path (ISO, 2010).  Testing for off-track error simply 

requires a spatially defined test fixture and has been well documented  (Han et al., 2004); 

(Taylor et al., 2004); (Stombaugh et al., 2008); (Easterly et al., 2010); and (Gavric et al., 

2011).  This measure of accuracy is effectively limited to one orthogonal dimension.  

Computing along-track error is not possible without additional constraints to determine 

the receiver’s actual position with respect to time.  Along-track error is particularly 

important in instances where variable rate applications are performed. 

One method for determining three-dimensional position error utilized a tracking total 

station (TTS) to track the location of a GNSS receiver (Sama et al., 2009).  A TTS is a 

survey grade instrument capable of precisely tracking a prism or reflector target under 

dynamic conditions (Krischner and Stempfhuber, 2008). The TTS and GNSS devices 

operate asynchronously; therefore, the position data streams from both devices do not 

necessarily line up temporally or spatially.  A method is needed for relating each device’s 

sampling interval so that the position of one measurement device can be accurately 
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projected to another. Once known, the TTS could potentially serve as a relative position 

reference for a GNSS receiver synchronous to the GNSS sampling interval.  Attempts 

have been made to dynamically reference the position of a TTS to a test fixture but not to 

a GNSS receiver (Depenthal, 2008). 

1.2 Objectives 

The proposed objectives were to develop a method for determining and modeling the 

two-dimensional position error of a GNSS receiver under dynamic conditions and to 

investigate a method for incorporating position uncertainty in agricultural mapping 

applications. The majority of this dissertation deals with the process of building a 

dynamic GNSS error model and can be subdivided into the following individual 

objectives.   

 The synchronization of serial data streams relative to GNSS time 

 The development of a rotary test fixture for controlling the angular velocity of a 

TTS target and GNSS receiver 

 Evaluation of a TTS for feasibility of use in dynamic GNSS accuracy testing 

under ISO 12188-1 conditions 

 Investigation of a dynamic GNSS error distributions for use in agricultural 

mapping applications 

The method for incorporating position uncertainty using a dynamic GNSS error model 

has been treated independently as a separate individual objective. 

 Application of a dynamic GNSS error model 
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Each objective has been divided into a chapter, each with its own introduction, materials 

and methods, results and discussion, and conclusions. 

1.3 Note on Terminology 

Throughout this dissertation several terms relating to the Global Positioning System 

(GPS) and Global Navigation Satellite System (GNSS) will be used.  GPS refers to a 

specific satellite based navigation system where as GNSS is a general term that includes 

GPS as well as other global systems such as the Russian Global Navigation Satellite 

System (GLONASS).  For clarity, GNSS will be used in most instances when referring to 

a satellite based navigation receiver except when the term GPS is included in the title of a 

standard, publication, or product.  The term GNSS accuracy includes elements of 

accuracy and precision in the form of mean error and standard deviation of error, 

respectively.  A complete list of abbreviated terms can be found in Appendix 10. 

1.4: Literature Review 

The literature review for this dissertation is provided in three segments.  The first is a 

summary of existing research on dynamic GNSS testing in chronological order.  The 

second segment is a summary of the ION STD 101 standard.  The third segment is a 

summary of the ISO 12188-1 standard along with a brief explanation on its 

implementation. 

1.4.1 Existing Research on Dynamic GNSS Testing 

Efforts to understand how vehicle dynamics affect GNSS receiver accuracies in 

agricultural applications have dated back to the mid 1990’s.  Saunders et al. (1996) were 

some of the first to publish the concept of a repeatable test course by which different 
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GNSS receivers could be compared under dynamic conditions.  They tested three 

different commercial GNSS receivers at varying price points.  All of the GNSS receivers 

tested utilized some form of differential correction.  Receivers were mounted to the roof 

of a test vehicle and driven at 4 km/h around a surveyed test route.  Navigation data were 

recorded at sampling rate of 1 Hz.  Results showed that two of the GNSS receivers were 

not suitable for precision farming applications due to issues such as signal corruption.  

They concluded that a direct comparison between GNSS receivers was an effective 

method for determining which device would perform the best under actual field 

conditions. 

Borgelt et al. (1996) evaluated the accuracy of GNSS using course/acquisition (C/A) 

code processing techniques.  Their experiment consisted of a bar code reader attached to 

the GNSS receiver which read a series of bar codes placed at predetermined locations.  

They found that the predetermined locations could be measured using a GNSS receiver to 

within 1 m.  The authors concluded that the 1 m level of accuracy observed was sufficient 

for yield mapping applications when used in a combine harvester.  They also pointed out 

that carrier phase kinematic position methods have the potential to result in higher 

accuracies, but that their experimental method would need to be revised to mitigate data 

acquisition problems when assessing sub-centimeter level GNSS receivers.  This paper 

provided a good indication of some of the problems that future research would deal with 

– specifically, how to test a real-time-kinematic (RTK) GNSS receiver when, in many 

cases, a RTK GNSS receiver is the most accurate means of determining 3D position in 

agricultural applications. 



 

5 

Stombaugh et al. (2002) presented the concept developing a test standard specific to 

assessing dynamic GNSS accuracy in agriculture.  They showed that differences in the 

way GNSS manufacturers presented performance specifications made it difficult to 

directly compare different GNSS receivers.  They also showed that the static performance 

specifications typically given are not consistent with dynamic performance measured on 

a rotary test fixture.  They proposed a framework for GNSS manufacturers in agriculture 

to follow that included standardized terminology as well as recommendations on dynamic 

test fixture paths.  The proposed paths were mostly typical of row crop production and 

included multiple straight parallel paths connected with constant radii turns. 

Han et al. (2002) published a paper on the use of Kalman filters to post process GNSS 

position measurements in parallel tracking applications.  They collected GNSS data from 

two receivers mounted on the cab of a tractor along the centerline of the direction of 

travel.  The tractor was driven in parallel passes separated by 12.2 m at a speed of  

1.54 m/s. The GNSS receivers were sampled at 1 Hz.  They found that the maximum 

cross-track error between the GNSS receiver and the actual path was 9.83 m but could be 

reduced to 2.76 m through the use of a Kalman filter.  However, the average cross-track 

error was only slightly reduced from 0.58 m to 0.56 m.  They concluded that the GNSS 

receiver bias error was the cause of the lack in reduction of average cross-track error and 

that more research would be needed to determine how to reduce GNSS receiver bias error 

for parallel tracking applications. 

Ehsani et al. (2003) presented a paper on determining the dynamic accuracy of five low-

cost GNSS receivers that were not typically used in precision agricultural applications.  

Their method utilized a test vehicle with the GNSS receivers mounted in a straight line 
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along the direction of travel.  An RTK GNSS receiver was used to determine the actual 

path of the test vehicle.  The vehicle was driven in a manner to simulate the parallel 

passes of an agricultural operation.  Data were collected for 15 minutes over multiple 

parallel passes, a process which was repeated 5 times over a 2 month period.  Results 

showed that cross-track error in the north and south directions was higher than in the east 

and west directions for all receivers tested and that the dynamic accuracies of the low-

cost GNSS receivers were consistent with the static accuracy specifications.  They noted 

that their method was limited to linear paths and would need to be updated to incorporate 

curved paths and to assess pass-to-pass accuracy. 

Han et al. (2004) published a study on a method for evaluating dynamic GNSS 

performance under parallel tracking applications.  They proposed that pass-to-pass 

accuracy was the most important performance specification relative to agricultural 

applications.  Their method included eight different GNSS receivers with varying levels 

of differential correction.  GNSS receivers were mounted individually to a test vehicle 

and driven manually along an existing field.  A total of 68 tests were performed at 

varying times over a day, with several tests removed due to issues with the RTK 

correction.  Results were presented as unsigned cumulative distribution functions, from 

which 95% accuracy and 2-inch success rates were determined.  They concluded that all 

GNSS receivers tested had a large bias and that pass-to-pass accuracy was highly variable 

between tests with respect to each GNSS receiver.  This variability led to their decision to 

use a cumulative distribution function to express the ensemble dynamic GNSS error from 

multiple individual tests. 
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Taylor et al. (2004) published a study on dynamic testing of GNSS receivers that closely 

resembled the subsequent ISO 12188-1 standard.  They used a test fixture to precisely 

control the path of a GNSS receiver.  Their test fixture consisted of a 0.8 km rail track 

and rail car that travelled at two speeds in both directions.  They tested two GNSS 

receivers that were designed specifically for precision agriculture applications over a 24 

hour period and discovered several interesting results.  The first discovery was that the 

cross-track errors of each GNSS receiver were correlated over short periods of time.  This 

meant that, while over longer periods cross-track error appears to be random, over short 

periods there is a deterministic component that makes analysis using standard statistical 

methods difficult.  The second discovery was that cross-track error was periodic, which 

meant that data must be taken for a long enough time to fully capture the process.  They 

concluded that pass-to-pass accuracy tests were more meaningful due to the lack of 

distinct frequency content and the shorter test durations required. 

Cole et al. (2004) presented a paper on the development of a test fixture for measuring 

dynamic GNSS performance.  They constructed a closed circuit monorail track and cart 

system designed to replicate traditional movements in an agricultural application.  The 

fixture consisted of two 91 m straight sections spaced 12 m apart that were connected by 

a 6 m radius turn on one end and a variable radius turn on the other.  An RTK GNSS 

receiver was used to determine the tolerance of the test fixture and was found to be 

approximately 2.5 cm.  A low-cost GNSS receiver was subsequently tested against the 

path generated by the RTK GNSS receiver and found to have deviated by a maximum of 

1.75 m.  The authors concluded that the test fixture would be useful for the development 

of a dynamic GNSS receiver test standard specific to agriculture. 
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Smith and Thomson (2005) published a paper focusing on methods to determine the 

latency of a GNSS receiver used in aerial agricultural applications.  Position latency 

results in linear changes in position error with respect to speed.  They used an Air Tractor 

402B aircraft to fly a GNSS receiver across a light beam which spatially located the 

aircraft.  The position measurement from the GNSS receiver was compared with the 

position reference to determine deviations in the direction of flight.  Results showed 

maximum deviations of 9 m when travelling at 60 m/s.  The authors concluded that the 

deviations in position were due to timing or data processing after GNSS position 

measurements were made. 

Chan et al. (2006) published a study that focused on the small scale dynamic accuracy of 

GNSS receivers intended for civil engineering projects.  They fabricated a 2D movable 

platform capable of 50 mm of motion in both directions at a maximum frequency of 

2 Hz.  This allowed for sinusoidal testing in a single dimension, sinusoidal testing in two 

dimensions and more arbitrary patterns derived from wind-induced models on buildings.  

They found that when undergoing sinusoidal motion, minimum amplitudes of 5 mm in 

the horizontal planes and 10 mm in the vertical plane at frequencies less than 1 Hz were 

required to accurately detect motion using a GNSS receiver when sampled at 20 Hz.  

They concluded that this level of accuracy was sufficient for measuring the dynamic 

displacement of tall structures under wind loading. 

Wu et al. (2006) published an article on the influence of travel direction on dynamic 

GNSS accuracy.  They hypothesized that the distribution of GNSS satellites in the sky 

had an effect on the accuracy of a GNSS receiver travelling in a given direction.  Results 

show that there was a significant difference in the dilution of precision (DOP) in the 
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north and east directions at their test location.  They found that this affected the cross-

track error based upon the direction of travel.  The authors concluded that the orientation 

at which dynamic GNSS testing is conducted influences accuracy measurements. 

Harbuck et al. (2006) presented a paper that incorporated the vehicle, guidance system, 

and GNSS receiver into the accuracy measurement.  They focused on determining the 

ability of an agricultural vehicle operation under GNSS auto-guidance to navigate the 

same straight path over a 15 week test period.  They used a tracking total station (TTS) to 

verify the path of the vehicle during each pass and found that an RTK GNSS receiver 

used with the auto-guidance system was able to track the same path to within 10 cm.  

Two commercially available satellite based differential correction methods on the same 

GNSS receiver resulted in a maximum of 60 cm to 140 cm of error.  They concluded that 

the wide range in performance emphasized the need to address temporal variations in 

accuracy specifications, as the results from their tests exceeded the manufacturer 

specifications for pass-to-pass accuracy. 

Thomson et al. (2007) published a study on latency issues when using GNSS receivers in 

aircraft for geo-referencing images used in remote sensing.  They used an imaging system 

that was synchronized with the GNSS data output to determine the location of each image 

and compared that information to reference data taken on the ground.  They found that 

one differentially corrected GNSS receiver lagged the actual position by as much as 8 m 

where as two other low-cost standalone GNSS receivers led the actual position by over 

126 m.  The authors concluded some form of position compensation is needed when 

using standalone GNSS receivers at high speeds for remote sensing. 
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Stombaugh et al. (2008) presented a paper on standardized evaluation of dynamic GNSS 

performance.  They updated the test fixture designed by Cole et al. (2004) to include a 

feedback control system for maintaining constant speed throughout the test fixture.  Tests 

were performed at 2.5 m/s on multiple receivers to provide standard developers with data 

as part of the draft ISO 12188-1 standard.  They identified several of the steps that need 

to be taken to collect, format, and process standardized GNSS accuracy data.  Results 

showed that the expected accuracy due to DOP and the standard deviation of cross-track 

error of a GNSS receiver were highly correlated and varied throughout the day.  This 

emphasized the importance of replicating tests throughout durations long enough to fully 

capture the average performance of a GNSS receiver.  They concluded that the data 

presented would be useful to help set constraints on dynamic GNSS receiver accuracy 

testing at the ISO level. 

Sama et al. (2009) presented a paper on dynamic GNSS testing and applications.  They 

focused on developing a ground based position reference for validating dynamic GNSS 

performance.  A tracking total station (TTS) was used in conjunction with a rotary test 

fixture to determine the feasibility of the TTS as a position reference.  The local 

coordinate system defined in ISO-12188 was tested against the local coordinate system 

used in the TTS and found to be consistent to within 3 mm over a 40 meter range.  The 

authors pointed out that some form of temporal synchronization was needed to interpolate 

TTS measurements to GNSS measurements.  Otherwise, the TTS data could only be used 

as a reference path and not an actual reference position.  Assuming temporal 

synchronization was possible, they presented two interpolation methods that could be 

used to calculate the position of a GNSS receiver that was co-located with a TTS target.  
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The first was a polar coordinate method and the second was a quadratic function where 

the three nearest TTS points in time relative to the GNSS measurement were used to 

define a second-order curve.  The second method was deemed to be a superior method 

because it could be efficiently implemented using linear algebra techniques on a 

computer and could better represent paths other than circles.  They concluded that the use 

of a TTS as a position reference for dynamic GNSS accuracy testing was feasible if 

future work in data synchronization was completed. 

Perez-Ruiz et al. (2010) published a paper on how the type of GNSS correction signal 

affects performance in assisted guidance systems used in agricultural vehicles.  They 

tested two agricultural GNSS receivers that, when combined, were capable of receiving 

correction data from five difference sources.  They mounted both devices to the cab of a 

tractor and recorded position data along six 600 m rows over several weeks.  They found 

that all correction methods produced accuracies to within 1 m, which they deemed 

sufficient for yield monitoring.  Accuracies of less than 0.5 m, sufficient for broadcast 

seeding, fertilizing, and herbicide application, were observed for some correction 

methods but varied in terms of how many measurements fell within the tolerance.  

Accuracies less than 0.04 m were not found using any correction method, including RTK 

correction, which they defined as necessary for transplanting and drill seeding.   They 

concluded that the level of accuracy for the GNSS correction technology at the time was 

sufficient for performing many of the field operations used in farming, but there are still 

some limitations on the most precise operations. 

Gavric et al. (2011) published an article relating to short- and long-term dynamic 

accuracies for GNSS receivers using a test fixture.  They designed an oval test fixture 
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with 18 m straight sections separated by 7.6 m and connected by constant radius turns. 

These dimensions were 5 times smaller than what had been defined in the recently 

published ISO-12188-1 standard.  They tested a low-cost GNSS receiver for 24 hours and 

found that the cross-track error was less than 1.3 m and the pass-to-pass error was less 

than 0.7 m for 95% of the data recorded.  They concluded that this level of accuracy was 

sufficient for some agricultural operations but did not identify any specific operations. 

1.4.2 ION STD 101 

The Institute of Navigation (ION) standard on recommended test procedures for GPS 

receivers (ION, 1997) has been used as a basis for much of the research relating to 

dynamic GNSS accuracy in agriculture.  The standard defined common testing 

procedures for determining static and dynamic accuracy as well as other performance 

characteristics including initialization time and reacquisition time. 

Initialization time was defined for two instances, Initialized Time to First Fix (INIT 

TTFF) and Warm Start Time to First Fix (WARM TTFF).  The difference between these 

two conditions was how long the receiver was powered off.  In both instances, the 

objective was to determine the amount of time it took for a GNSS receiver to output 

uncorrected and corrected 3D navigation data to accuracy levels of 600 meters and 20 

meters, respectively.  While the accuracy level may not be near what is required for 

modern auto-guidance systems in agriculture, the concept of how long it takes for a 

GNSS receiver to output navigation data is still relevant. 

Reacquisition time is a specific test to determine how long a GNSS receiver takes to 

resume normal function after a temporary blockage of satellite signals.  A key difference 
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from WARM TTFF is that the GNSS receiver is maintained in a powered on state.  This 

type of test is also relevant to agriculture when working around the borders of fields 

where trees may obstruct satellite coverage. 

The static component of ION STD 101 had the purpose of determining the accuracy to 

which a GNSS receiver can determine its position relative to a reference position.  The 

reference position must be known to an accuracy better than 10 times the expected 

accuracy of the GNSS receiver being tested.  Data must be recorded for a 24 hour period 

and specified as either a single measure of the difference between the measured data and 

the reference position or the ensemble mean of several single measures.  Accuracies at 

the 50
th

, 68
th

, 95
th

, and 99.99
th

 percentiles are required for measured data with the 95
th

 

percentile being the primary measure of accuracy for predicting performance. 

The dynamic component of ION STD 101 added testing criterion to allow the 

determination of the accuracy of a GNSS receiver in a moving vehicle.  Movement was 

defined as a trajectory that must be repeated for 1 hour durations and replicated 3 times, 

equally spaced, over a single 24 hour period.  The standard provided the provision that 

this component of the test can be conducted using simulated GPS signals, which can aide 

in determining the effects of vehicle dynamics on GNSS accuracy.  Accuracy 

specifications determined from the dynamic testing are specified in the same manner as 

the static component. 

1.4.3 ISO 12188-1 

The International Organization for Standardization (ISO) standard on test procedures for 

positioning and guidance systems in agriculture (ISO, 2010) was developed as result of 
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research relating to dynamic GNSS accuracy up to its inception.  The standard places an 

emphasis on the dynamics under which a GNSS receiver must be tested.  Instead of a 

loosely defined trajectory, the standard prescribes a test fixture or course consisting of 

straight parallel passes of a minimum length connected by at least one constant radius U-

turn.  The speeds at which tests are performed are specified at (         ) m/s, 

(        ) m/s, and (        ) m/s. 

Position error is segmented into several specifications including (1) absolute dynamic 

accuracy, (2) relative dynamic accuracy, (3) absolute vertical position accuracy, (4) 

relative vertical position accuracy, (5) short-term dynamic accuracy, (6) long-term cross 

track accuracy, (7) U-turn accuracy, and (8) absolute accuracy after signal loss.  

Specifications (1) through (4) are expressed as the mean plus the standard deviation of all 

signed errors (    ) in their respective directions.  Specifications (5) through (8) are 

expressed as the root mean squared of the mean plus the standard deviation of error 

(√ (    )).  Short-term dynamic accuracy and long-term cross-track accuracy isolates 

deviations tangent to the test fixture from absolute dynamic accuracy.  These are 

particularly useful specifications for agriculture as it gives a producer an indication of 

how accurately they can navigate the same path on a short-term and a long-term basis. 

A localized projection is used to convert the geographical coordinates generated by a 

GNSS receiver into a Cartesian coordinate system.  The projection is based on an 

ellipsoid and converts latitudes and longitudes in decimal degrees into meters in two 

orthogonal directions (Equation 1). 
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Equation 1 

 

     and      are the conversion factors in units of meters per degree.  The latitude 

location of the test site is represented by   and must be within 1000 m of any point on the 

test course.  Choosing   to be south-west of a bounding box containing the entire test 

course is a convenient method for ensuring all output coordinates are in the first quadrant 

of the Cartesian coordinate system (i.e. positive).  The final three parameters  ,  , and   

represent the average height of the test course above the ellipsoid in meters, semi-major 

axis of the ellipsoid in meters, and semi-minor axis of the ellipsoid in meters, 

respectively.  The semi-major and semi-minor axes vary with the form of the ellipsoid 

model used in the GNSS receiver.  The most commonly used ellipsoid model is the 

World Geodetic System 1984 (WGS 84).  Values of           and   

             from WGS 84 are used in this dissertation.  Applying the projection 

requires special precautions to eliminate rounding error.  GNSS receivers capable of 

providing centimeter level accuracies can generate 10 or more significant figures in the 

angular minute measurement.  The tester should carry all constants to enough significant 

figures to preserve the precision of the projection.  Geographical coordinates transmitted 

using the NMEA 0183 Interface Standard (NMEA, 2000) combine integer degrees and 

decimal minutes into a single decimal number using the format shown in Table 1. 
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Table 1: NMEA 0183 Coordinate Format 

Latitude Longitude 

DDMM.MMMMMMMM DDDMM.MMMMMMMM 

D = Degree Digit,  M = Minute Digit 

 

Converting coordinates from the NMEA 0183 format into decimal degrees can be 

achieved by isolating the integer degrees and decimal minutes, converting decimal 

minutes into decimal degrees, and recombining.  Assuming a coordinate is stored as a 

floating point number, Equation 2 coverts the NMEA 0183 format into decimal degrees 

using a floor (round down) operation to split out the integer degree component and the 

modulus operator to split out the decimal minute component.  A complete 

implementation of the ISO 12188-1 projection using MATLAB (MathWorks, 2012) can 

be found in Appendix 8. 

 

                     (
 

   
)  

   (     )

  
 

X = Latitude or Longitude in NEMA 0183 Format 

Equation 2 
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4.3 High Filter 
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4.4 Max Filter 
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Appendix 5: Along-/Off-Track Error Probability Density Functions 

5.1 No Filter 
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5.2 Normal Filter 
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5.3 High Filter 
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5.4 Max Filter 
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Appendix 6: Rotary Test Fixture Engineering Drawings 

Note: The following drawings are not to scale.  All units are in inches. 

6.1 Base Assembly 
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6.2 Frame Assembly 
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6.3 Cover Panels 
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6.4 Component Box 
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6.5 Frame Tube – Cross Supports 
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6.6 Frame Tube – Depth 
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6.7 Frame Tube – Vertical 
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6.8 Frame Tube – Width 
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6.9 Mounting Plate 
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6.10 Rain Guard 

 

 



 

135 

Appendix 7: TTS Testing Analysis Scripts 

7.1 TTS Latency Script 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%   Title: TTSanalysis.m                                    % 
%   Author: Michael P. Sama (c) 2012                        % 
%   Date: 8/25/12                                           % 
%   Function: This script reads in a TTS data file and      % 
%             calculates the latency of TTS measurements.   % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
clear; %clear all variables 
clc; %clear the command window 

  
%read in a data file and sort the columns 
DATA = csvread('C:\Users\michael.sama.BAE-UK\Dropbox\PhD 

Project\TTSTestData\Tripod\Test13_3071.csv',1,0); 
Time = DATA(:,1); 
Ang = DATA(:,2); 
xFIX = DATA(:,3); 
yFIX = DATA(:,4); 
xTTS = DATA(:,5); 
yTTS = DATA(:,6); 
zTTS = DATA(:,7); 
xERR = DATA(:,8); 
yERR = DATA(:,9); 

  
%calculate the change in fixture time per sample 
dTime = zeros(length(Time)-1,1); 
for i=1:length(Time)-1 
    if (Time(i+1) > Time(i)) 
        dTime(i) = Time(i+1)-Time(i); 
    else 
        dTime(i) = 65536-Time(i) + Time(i+1); 
    end 
end 
dTime = dTime / 58593.75; 

  
%calculate the change in fixture angle per sample 
dAng = zeros(length(Ang)-1,1); 
for i=1:length(Ang)-1 
    if (Ang(i+1) > Ang(i)) 
        dAng(i) = Ang(i+1)-Ang(i); 
    else 
        dAng(i) = 10000-Ang(i) + Ang(i+1); 
    end 
end 
dAng = dAng * 2*pi / 10000; 

  
%calculate the velocity 
k = 2:length(Time); 
Vel = dAng./dTime; 
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%plot the velocity versus sample 
figure(1) 
plot(k,Vel); 
xlabel('Sample') 
ylabel('Angular Velocity (rad/s)') 

  
%plot the fixture angle versus sample 
figure(2) 
AngTTS = atan2(yTTS,xTTS); 
for i=1:length(AngTTS) 
    if (AngTTS(i) < 0) 
       AngTTS(i) = 2*pi+AngTTS(i);  
    end 
end 
fAng = Ang* 2*pi / 10000; 
plot(1:256,fAng,1:256,AngTTS) 
axis([130,150,0,2*pi]); 

  
%plot the difference between the TTS angle and fixture angle 
eAng = zeros(size(fAng)); 
for i=1:length(fAng) 
    if (fAng(i) > AngTTS(i)) 
        eAng(i) = fAng(i) - AngTTS(i); 
    else 
        eAng(i) = 2*pi - AngTTS(i) + fAng(i); 
    end 
end 

  
%plot the latency 
figure(3) 
delay = zeros(size(Vel)); 
for i=1:length(Vel) 
    delay(i) = eAng(i+1) / Vel(i); 
end 
plot(delay) 

  
%plot the X measurements of the TTS and fixture versus sample 
figure(4) 
plot(1:256,xTTS,1:256,xFIX,[1,256],[0,0]) 
axis([37,38,-0.65,0.65]); 

  
%plot a histogram of the TTS latency 
figure(5) 
hist(delay,16) 

  
%plot the X/Y measurements of the TTS and fixture 
figure(6) 
plot(xFIX,yFIX,'X',xTTS,yTTS,'+') 
axis square 

  
%calculate the mean latency and standard deviation of latency 
MeanDelay = mean(delay) 
StdDelay = std(delay) 
xMSE = mean(abs(xERR)) 
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hist(yError,10) 
xlabel('Error (m)') 
ylabel('Y Count') 

 

7.3 Sample Data 

Time, Angle, xFixture, yFixture, xTTS, yTTS, zTTS, xError, yError, PPStime, PPSangle 

34918, 6767,-0.2822242 ,-0.5688361,-0.372631,-0.513605,0.002079,0.09040681,-

0.05523109, 54309,6212 

58452,7048,-0.1779255,-0.6095634,-0.277994,-0.570675,0.002762,0.1000685,-

0.03888839,48155,6924 

16229,7327,-0.06888809,-0.6312523,-0.172593,-0.608698,0.003306,0.1037049,-

0.02255428,48155,6924 

39509,7606,0.04226086,-0.6335921,-0.062953,-0.628411,0.003557,0.1052139,-

0.005181134,48155,6924 

63864,7898,0.1571451,-0.6152483,0.048492,-

0.628828,0.004013,0.1086531,0.01357973,41990,7636 

21804,8181,0.2634916,-0.5777519,0.158394,-

0.60948,0.004241,0.1050976,0.03172815,41990,7636 

45078,8460,0.3602158,-0.5229432,0.264929,-

0.570329,0.004562,0.09528679,0.04738581,35826,8348 

2210,8731,0.4436206,-0.454341,0.361479,-

0.513876,0.004648,0.08214158,0.059535,35826,8348 

25659,9012,0.5165253,-0.3693597,0.447105,-

0.441513,0.0046,0.06942034,0.07215333,35826,8348 

49851,9301,0.5747349,-0.2700088,0.517332,-

0.355686,0.004561,0.05740291,0.08567724,29668,9061 

7867,9584,0.6134317,-0.1640932,0.572205,-

0.258604,0.004221,0.04122669,0.09451084,29668,9061 

31319,9868,0.6328173,-0.0526053,0.609962,-

0.153314,0.004343,0.02285528,0.1007087,23500,9774 

54790,150,0.6321818,0.05975878,0.627016,-

0.043225,0.004148,0.005165815,0.1029838,23500,9774 
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12770,433,0.611644,0.170636,0.627126,0.069272,0.003802,-

0.01548201,0.101364,23500,9774 

36013,713,0.5723376,0.2750539,0.605549,0.179042,0.00342,-

0.03321135,0.09601192,17349,489 

59569,996,0.5146622,0.3719513,0.563584,0.282776,0.002885,-

0.04892182,0.08917531,17349,489 

17464,1278,0.4410443,0.4568424,0.505985,0.378005,0.002317,-

0.06494075,0.07883736,11182,1203 

40759,1560,0.353616,0.5274284,0.431908,0.460707,0.001836,-

0.07829198,0.06672138,11182,1203 

64302,1845,0.2540185,0.581979,0.343135,0.530093,0.001307,-

0.08911648,0.05188602,11182,1203 

22109,2126,0.1478498,0.6175479,0.244575,0.581947,0.00048,-

0.09672518,0.0356009,5026,1919 

45619,2408,0.03668593,0.6339394,0.138086,0.616589,-2E-05,-

0.1014001,0.01735038,5026,1919 

2833,2682,-0.07245661,0.6308526,0.028085,0.630991,-0.000596,-0.1005416,-

0.0001383424,64402,2634 

26915,2972,-0.1855712,0.6072794,-0.081561,0.627076,-0.000911,-0.1040102,-

0.01979661,64402,2634 

49741,3249,-0.2879284,0.5659702,-0.193223,0.60164,-0.001292,-0.0947054,-

0.0356698,64402,2634 

7717,3534,-0.3841323,0.5056356,-0.296837,0.557848,-0.001682,-0.08729526,-

0.05221236,58234,3352 

31021,3816,-0.4672416,0.430012,-0.391923,0.496717,-0.001845,-0.07531855,-

0.06670502,58234,3352 

55364,4109,-0.5380637,0.3372127,-0.473307,0.419951,-0.001728,-0.06475669,-

0.08273825,52079,4069 

12387,4380,-0.587424,0.2411597,-0.541136,0.33035,-0.00159,-0.04628801,-

0.08919029,52079,4069 
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Appendix 8: GNSS Testing Analysis Scripts 

8.1 GNSS Testing Script 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%   Title: GPSanalysis.m                                    % 
%   Author: Michael P. Sama (c) 2012                        % 
%   Date: 12/7/12                                           % 
%   Function: This script reads in a series of GNSS tests   % 
%             and calcualtes X/Y, along-, and off-track     % 
%             errors.                                       % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
clear; %clear all variables 
clc; %clear the command window 
format long; %display all significant figures 

  
wb = waitbar(0,'Reading List File...'); %progress bar for monitoring 

status 
folder = 'C:\Users\michael.sama.BAE-UK\Dropbox\PhD 

Project\GPSTestData\Filter Max\'; %folder containing GNSS data files 
fid = fopen([folder,'FileList.txt']); %open the file containing a list 

of GNSS data files to process 
txt = textscan(fid,'%s'); %read all filenames to process 
ID = txt{1}; %sort by lines 
fclose(fid); %close the file 
samples = length(ID); %number of data files to read 
%*** Initialize Data Variables **** 
FileList = {zeros(samples),1}; FileList = FileList'; 
Speeds = zeros(samples,1); 
MobileData = {zeros(samples),1}; MobileData = MobileData'; 
MobileLat = {zeros(samples),1}; MobileLat = MobileLat'; 
MobileLon = {zeros(samples),1}; MobileLon = MobileLon'; 
MobileX = {zeros(samples),1}; MobileX = MobileX'; 
MobileY = {zeros(samples),1}; MobileY = MobileY'; 
MobileFix = {zeros(samples),1}; MobileFix = MobileFix'; 
StaticData = {zeros(samples),1}; StaticData = StaticData'; 
StaticLat = {zeros(samples),1}; StaticLat = StaticLat'; 
StaticLon = {zeros(samples),1}; StaticLon = StaticLon'; 
StaticX = {zeros(samples),1}; StaticX = StaticX'; 
StaticY = {zeros(samples),1}; StaticY = StaticY'; 
FixtureAng = {zeros(samples),1}; FixtureAng = FixtureAng'; 
FixtureX = {zeros(samples),1}; FixtureX = FixtureX'; 
FixtureY = {zeros(samples),1}; FixtureY = FixtureY'; 
ErrorX = {zeros(samples),1}; ErrorX = ErrorX'; 
ErrorY = {zeros(samples),1}; ErrorY = ErrorY'; 
ErrorA = {zeros(samples),1}; ErrorA = ErrorA'; 
ErrorO = {zeros(samples),1}; ErrorO = ErrorO'; 
ErrorOstd = zeros(samples,1); 
ErrorAstd = zeros(samples,1); 
ErrorSstd = zeros(samples,1); 

  
%*** Read all data files listed in the 'FileList.txt' document *** 
j = 1; 
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for i=1:samples 
    waitbar(i/samples,wb,['Reading Raw Data File ',num2str(i),'...']); 
    FileList(j) = {[char(ID(i)),'_Mobile.csv']}; 
    FileList(j+1) = {[char(ID(i)),'_Static.csv']}; 
    [~,~,MobileData{i}] = xlsread([folder,char(FileList(j))]); 
    [~,~,StaticData{i}] = xlsread([folder,char(FileList(j+1))]); 
    j = j + 2; 
end 

  
%*** Extract the fixture speed from each file *** 
FileElements = regexp(FileList,'_','split'); 
j = 1; 
for i=1:samples 
    X = FileElements{j}; 
    Speeds(i) = str2double(cell2mat(X(3))); 
    j = j + 2; 
end 

  
%*** Extract latitudes, longitudes, and fixture angle *** 
for i=1:samples 
    waitbar(i/samples,wb,['Extracting Positions From File 

',num2str(i),'...']); 
    X = MobileData{i}; 
    MobileFix{i} = X(:,7); 
    I = find(cell2mat(MobileFix{i})==4); 
    MobileLat{i} = X(I,3); 
    MobileLon{i} = X(I,5); 
    FixtureAng{i} = X(I,18); 
    Y = StaticData{i}; 
    StaticLat{i} = Y(:,3); 
    StaticLon{i} = Y(:,5); 
end 
clear X 
clear Y 

  
%*** Convert latitudes and longitudes from DDMM.MM format to D.DD *** 
for i=1:samples 
    waitbar(i/samples,wb,['Converting Positions From File 

',num2str(i),'...']); 
    X = cell2mat(MobileLat{i}); 
    Y = cell2mat(MobileLon{i}); 
    Z = cell2mat(StaticLat{i}); 
    W = cell2mat(StaticLon{i}); 
    MobileLat{i} = (floor(X/100)+mod(X,100)/60); 
    MobileLon{i} = -1*(floor(Y/100)+mod(Y,100)/60); 
    StaticLat{i} = (floor(Z/100)+mod(Z,100)/60); 
    StaticLon{i} = -1*(floor(W/100)+mod(W,100)/60);  
end 
clear X 
clear Y 
clear Z 
clear W 

  
%*** Transform latitdues and longitudes to local coordinate system *** 
for i=1:samples 
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   waitbar(i/samples,wb,['Transforming Positions From File 

',num2str(i),'...']); 
   refLat = 38.027003344143857; 
   refLon = -84.509631727984825; 
%  refLat = mean(MobileLat{i}); 
%  refLon = mean(MobileLon{i}); 
   Phi = refLat * pi/180;  %Convert the latitude from degrees to 

radians 
   h = -33.022;    %Set the height above the elipsoid 
   a = 6378137;    %Set the semimajor-axis of the elipsoid 
   b = 6356752.3142;   %Set the semiminor-axis of the elipsoid 
   Flat = (pi / 180) * (((a ^ 2 * b ^ 2) / ((a ^ 2 * cos(Phi) * 

cos(Phi) + b ^ 2 * sin(Phi) * sin(Phi)) ^ (3 / 2))) + h); 
   Flon = (pi / 180) * ((a ^ 2 / sqrt(a ^ 2 * cos(Phi) * cos(Phi) + b ^ 

2 * sin(Phi) * sin(Phi))) + h) * cos(Phi); 
   MobileX{i} = (MobileLon{i}-refLon) .* Flon; 
   MobileY{i} = (MobileLat{i}-refLat) .* Flat; 
   refLat = mean(StaticLat{i}); 
   refLon = mean(StaticLon{i}); 
   Phi = refLat * pi/180;  %Convert the latitude from degrees to 

radians 
   h = -33.022;    %Set the height above the elipsoid 
   a = 6378137;    %Set the semimajor-axis of the elipsoid 
   b = 6356752.3142;   %Set the semiminor-axis of the elipsoid 
   Flat = (pi / 180) * (((a ^ 2 * b ^ 2) / ((a ^ 2 * cos(Phi) * 

cos(Phi) + b ^ 2 * sin(Phi) * sin(Phi)) ^ (3 / 2))) + h); 
   Flon = (pi / 180) * ((a ^ 2 / sqrt(a ^ 2 * cos(Phi) * cos(Phi) + b ^ 

2 * sin(Phi) * sin(Phi))) + h) * cos(Phi); 
   StaticX{i} = (StaticLon{i}-refLon) .* Flon; 
   StaticY{i} = (StaticLat{i}-refLat) .* Flat; 
end 

  
%*** Remove the mean error for all dynamic tests *** 
for i=2:samples 
   MobileX{i} = MobileX{i} - mean(MobileX{i}); 
   MobileY{i} = MobileY{i} - mean(MobileY{i}); 
end 

  
%*** Caculate the fixture position at each sample and X/Y position 

error ** 
for i=1:samples 
   A = cell2mat(FixtureAng{i}); 
   FixtureX{i} = 1.*cos(A./10000.*2.*pi-3.736); %3.726 Test 1, %3.755 

5800 
   FixtureY{i} = 1.*sin(A./10000.*2.*pi-3.736); 
   ErrorX{i} = MobileX{i} - FixtureX{i}; 
   ErrorY{i} = MobileY{i} - FixtureY{i}; 
end 

  
%*** Calcuate along-, off-track errors, and standard deviations *** 
for i=1:samples 
    waitbar(i/samples,wb,['Calculating Off- and Along-Track Errors From 

File ',num2str(i),'...']); 
    A = -1*cell2mat(FixtureAng{i}); 
    EX = ErrorX{i}; 
    EY = ErrorY{i}; 
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    ESX = StaticX{i}; 
    ESY = StaticY{i}; 
    EV = sqrt(ESX.^2+ESY.^2); 
    X = zeros(length(EX),1); 
    Y = zeros(length(EX),1); 
    for j = 1:length(EX) 
        XY = [cos(A(j)),-sin(A(j));sin(A(j)),cos(A(j))]*[EX(j);EY(j)]; 
        X(j) = XY(1); 
        Y(j) = XY(2); 
        ErrorO{i} = X; 
        ErrorA{i} = Y; 
        ErrorOstd(i) = std(X); 
        ErrorAstd(i) = std(Y); 
        ErrorSstd(i) = std(EV); 
    end 
end 

  
%*** Plot the X and Y positions *** 
figure(1) 
for i = 1:samples 
   subplot(1,samples,i); 
   plot(MobileX{i},MobileY{i},'.',FixtureX{i},FixtureY{i},'.') 
   axis([-1.1,1.1,-1.1,1.1]) 
   axis square 
end 

  
%*** Plot the X and Y errors *** 
figure(2) 
for i = 1:samples 
   subplot(1,samples,i); 
   plot(ErrorX{i},ErrorY{i},'.') 
   axis([-0.2,0.2,-0.2,0.2]) 
   axis square 
end 

  
%*** Plot the along- and off-track errors *** 
figure(3) 
for i = 1:samples 
   subplot(1,samples,i); 
   plot(ErrorO{i},ErrorA{i},'.') 
   axis([-0.2,0.2,-0.2,0.2]) 
   axis square 
end 

  
%*** Plot the X and Y positions of a static receiver *** 
figure(4) 
for i = 1:samples 
   subplot(1,samples,i); 
   plot(StaticX{i},StaticY{i},'.') 
   axis([-0.2,0.2,-0.2,0.2]) 
   axis square 
end 

  
%*** Plot the along- and off-track standard deviations of error *** 
figure(5) 
plot(Speeds,ErrorOstd,'.',Speeds,ErrorAstd,'.') 
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axis([500,2750,0,0.05]); 

  
close(wb) %closs the progress bar 

 

8.2 Sample Data 

$GPGGA,184338.00,3801.61965289,N,08430.57795676,W,4,07,2.1,316.958,M,-

33.022,M,1.0,0000*7D,$PPS,24142,3362 

$GPGGA,184339.00,3801.61978985,N,08430.57743988,W,4,07,2.1,316.959,M,-

33.022,M,1.0,0000*73,$PPS,17202,4675 

$GPGGA,184340.00,3801.62018922,N,08430.57722149,W,4,07,2.1,316.928,M,-

33.022,M,1.0,0000*78,$PPS,10263,5986 

$GPGGA,184341.00,3801.62059377,N,08430.57743916,W,4,08,1.4,316.909,M,-

33.022,M,1.0,0000*79,$PPS,3323,7295 

$GPGGA,184342.00,3801.62073047,N,08430.57795595,W,4,07,2.1,316.946,M,-

33.022,M,1.0,0000*7C,$PPS,61920,8601 

$GPGGA,184343.00,3801.62052491,N,08430.57843994,W,4,07,2.1,316.985,M,-

33.022,M,1.0,0000*77,$PPS,54981,9907 

$GPGGA,184344.00,3801.62011484,N,08430.57858229,W,4,07,2.1,316.998,M,-

33.022,M,1.0,0000*78,$PPS,48041,1216 

$GPGGA,184345.00,3801.61973996,N,08430.57829877,W,4,07,2.1,317.013,M,-

33.022,M,1.0,0000*75,$PPS,41102,2525 

$GPGGA,184346.00,3801.61966301,N,08430.57776146,W,4,07,2.1,316.988,M,-

33.022,M,1.0,0000*72,$PPS,34163,3838 

$GPGGA,184347.00,3801.61992105,N,08430.57731923,W,4,07,2.1,316.938,M,-

33.022,M,1.0,0000*7D,$PPS,27223,5152 

$GPGGA,184348.00,3801.62034828,N,08430.57725879,W,4,08,1.4,316.945,M,-

33.022,M,1.0,0000*7A,$PPS,20284,6463 

$GPGGA,184349.00,3801.62068164,N,08430.57760665,W,4,08,1.4,316.931,M,-

33.022,M,1.0,0000*72,$PPS,13345,7772 

$GPGGA,184350.00,3801.62069023,N,08430.57815791,W,4,07,2.1,316.950,M,-

33.022,M,1.0,0000*70,$PPS,6405,9077 
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$GPGGA,184351.00,3801.62038226,N,08430.57854170,W,4,07,2.1,316.979,M,-

33.022,M,1.0,0000*75,$PPS,65002,389 

$GPGGA,184352.00,3801.61996054,N,08430.57851770,W,4,07,2.1,316.979,M,-

33.022,M,1.0,0000*7C,$PPS,58062,1697 

$GPGGA,184353.00,3801.61968180,N,08430.57810494,W,4,07,2.1,316.957,M,-

33.022,M,1.0,0000*74,$PPS,51123,3008 

$GPGGA,184354.00,3801.61972258,N,08430.57756296,W,4,07,2.1,316.980,M,-

33.022,M,1.0,0000*7D,$PPS,44184,4322 

$GPGGA,184355.00,3801.62007118,N,08430.57724087,W,4,07,2.1,316.949,M,-

33.022,M,1.0,0000*71,$PPS,37244,5635 

$GPGGA,184356.00,3801.62048602,N,08430.57733625,W,4,07,2.1,316.988,M,-

33.022,M,1.0,0000*70,$PPS,30305,6946 

$GPGGA,184357.00,3801.62072150,N,08430.57780736,W,4,07,2.1,316.961,M,-

33.022,M,1.0,0000*74,$PPS,23366,8254 

$GPGGA,184358.00,3801.62061671,N,08430.57833242,W,4,07,2.1,316.960,M,-

33.022,M,1.0,0000*7D,$PPS,16426,9561 

$GPGGA,184359.00,3801.62022586,N,08430.57858283,W,4,07,2.1,317.003,M,-

33.022,M,1.0,0000*7D,$PPS,9487,871 

$GPGGA,184400.00,3801.61982257,N,08430.57840338,W,4,08,1.4,316.992,M,-

33.022,M,1.0,0000*7C,$PPS,2548,2181 

$GPGGA,184401.00,3801.61965097,N,08430.57789959,W,4,08,1.4,316.974,M,-

33.022,M,1.0,0000*75,$PPS,61144,3495 

$GPGGA,184402.00,3801.61982299,N,08430.57740706,W,4,08,1.4,316.963,M,-

33.022,M,1.0,0000*74,$PPS,54205,4809 

$GPGGA,184403.00,3801.62024071,N,08430.57722759,W,4,08,1.4,316.925,M,-

33.022,M,1.0,0000*7B,$PPS,47266,6122 

$GPGGA,184404.00,3801.62062202,N,08430.57748019,W,4,08,1.4,316.936,M,-

33.022,M,1.0,0000*75,$PPS,40326,7430 

$GPGGA,184405.00,3801.62073230,N,08430.57801512,W,4,08,1.4,316.926,M,-

33.022,M,1.0,0000*78,$PPS,33387,8739 

  



 

149 

Appendix 9:  Application of a Dynamic GNSS Error Model 

9.1 P/A versus Off-Rate Error Script 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%   Title: ErrorExample.m                                   % 
%   Author: Michael P. Sama (c) 2010                        % 
%   Date: 10/8/2012                                         % 
%   Function: This script simulates the effect of dynamic   % 
%             GNSS error on an application map.             % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
clear; %clear all variables 
clc; %clear the command window 

  
n = 400; %set the size of the error filter kernal (cm) 
m = n; 

  
sx0 = 2.54; %standard deviation 0 (cm) 
sy0 = 2.54; 
sx1 = 10.2; %standard deviation 1 (cm) 
sy1 = 10.2; 
sx2 = 100; %standard deviation 2 (cm) 
sy2 = 100; 

  
mx = floor(n/2)+1; %find the center of the error distribution 
my = floor(m/2)+1; 

  
D0 = zeros(m,n); %initialize the error distribution variables 
D1 = zeros(m,n); 
D2 = zeros(m,n); 

  
%calculate the error distributions using a bivariate normal 

distribution 
for i=1:n 
    for j=1:m 
        D0(j,i) = (1/(2*pi()*sx0*sy0))*exp((-1/2)*(((i-mx)/sx0)^2+((j-

my)/sy0)^2)); 
        D1(j,i) = (1/(2*pi()*sx1*sy1))*exp((-1/2)*(((i-mx)/sx1)^2+((j-

my)/sy1)^2)); 
        D2(j,i) = (1/(2*pi()*sx2*sy2))*exp((-1/2)*(((i-mx)/sx2)^2+((j-

my)/sy2)^2)); 
    end 
end 

  
%plot the error distributions 
figure(1) 
subplot(1,3,1) 
imagesc(D0) 
title('\sigma = 2.54 cm') 
xlabel('Off-Track Error (cm)') 
ylabel('Along-Track Error (cm)') 
colormap gray 
axis image 
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subplot(1,3,2) 
imagesc(D1) 
title('\sigma = 10.2 cm') 
xlabel('Off-Track Error (cm)') 
ylabel('Along-Track Error (cm)') 
colormap gray 
axis image 
subplot(1,3,3) 
imagesc(D2) 
title('\sigma = 100 cm') 
xlabel('Off-Track Error (cm)') 
ylabel('Along-Track Error (cm)') 
colormap gray 
axis image 

  
%*** Use the following line to load a custom application map *** 
%S = double(~imread('test.bmp')); 

  
%*** Use the following lines to set the application map as a square *** 
% S = zeros(400,400); 
% S(100:300,100:300) = 1; 

  
%*** Use the following lines to set the application map as a circle *** 
N = 400; 
S = zeros(N,N); 
d = 200; 
x = size(S,1)/2; 
y = size(S,2)/2; 
for i = 1:size(S,1) 
    for j = 1:size(S,2) 
        if sqrt((i-x)^2+(j-y)^2) <= d/2 
            S(i,j) = 1; 
        end 
    end 
end 

  
%conver the application map to a binary image and display parameters 
BW = im2bw(S,graythresh(S)); 
PAR = regionprops(BW,'area','perimeter'); 
Area = PAR.Area 
Perimeter = PAR.Perimeter 

  
%plot the application map 
figure(2) 
imagesc(S) 
title('Application Map without Position Error') 
colormap gray 
axis image 

  
%integrate GNSS error using convolution 
V0 = conv2(S,D0,'same'); 
V1 = conv2(S,D1,'same'); 
V2 = conv2(S,D2,'same'); 

  
%plot the application maps with GNSS error 



 

151 

figure(3) 
subplot(1,3,1) 
imagesc(V0) 
title('\sigma = 2.54 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 
subplot(1,3,2) 
imagesc(V1) 
title('\sigma = 10.2 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 
subplot(1,3,3) 
imagesc(V2) 
title('\sigma = 100 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 

  
%plot the applications maps with GNSS error inside the boundary 
figure(4) 
Y0 = V0.*S; 
Y1 = V1.*S; 
Y2 = V2.*S; 
subplot(1,3,1) 
imagesc(Y0) 
title('\sigma = 2.54 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 
subplot(1,3,2) 
imagesc(Y1) 
title('\sigma = 10.2 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 
subplot(1,3,3) 
imagesc(Y2) 
title('\sigma = 100 cm') 
xlabel('X-Direction (cm)') 
ylabel('Y-Direction (cm)') 
colormap gray 
axis image 

  
%find the elements inside the boundary that correspond to off-rate 

error 
y0 = find(0<Y0 & Y0<0.9); 
y1 = find(0<Y1 & Y1<0.9); 
y2 = find(0<Y2 & Y2<0.9); 
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%plot the applications maps with GNSS error outside the boundary 
figure(5) 
Z0 = V0.*(1-S); 
Z1 = V1.*(1-S); 
Z2 = V2.*(1-S); 
subplot(1,3,1) 
imagesc(Z0) 
title('Application Outside Boundary') 
colormap gray 
axis image 
subplot(1,3,2) 
imagesc(Z1) 
title('Application Outside Boundary') 
colormap gray 
axis image 
subplot(1,3,3) 
imagesc(Z2) 
title('Application Outside Boundary') 
colormap gray 
axis image 

  
%find the elements outside the boundary that correspond to off-rate 

error 
z0 = find(Z0>0.1); 
z1 = find(Z1>0.1); 
z2 = find(Z2>0.1); 

  

  
%display the off-rate error inside the boundary as a percentage of 

field area 
Average_Error1 = length(y0)/Area 
Average_Error2 = length(y1)/Area 
Average_Error3 = length(y2)/Area 

 

9.2 GNSS Model Application Script 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%   Title: GNSSmodel.m                                      % 
%   Author: Michael P. Sama (c) 2012                        % 
%   Date: 3/15/12                                           % 
%   Function: This script reads in an application map and   % 
%             estimates the off-rate error due to boundary  % 
%             effects in the field.                         % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
clear; %clear all variables 
clc; %clear the command window 

  
%read in the application map, convert to a binary image, and find the 
%perimeter and area 
I = imread('C:\Users\michael.sama.BAE-UK\Dropbox\PhD 

Project\Dissertation\Field Boundaries\Field8.png'); 
BW = im2bw(I, graythresh(I)); 
BW2 = bwperim(BW,4); 
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[B,L] = bwboundaries(BW,'noholes'); 
[N,M] = size(BW); 
S = regionprops(BW,'area','perimeter'); 
a = S.Area; 
p = S.Perimeter; 
pa = p/a; 

  
%estimate off-rate errors based on three levels of GNSS accuracy 
good = (0.0297+0.032)/2*pa; 
average = (0.1176+0.1221)/2*pa; 
poor = (0.6737+0.6512)/2*pa; 

  
%plot the results 
figure(1) 
imshow(BW) 
hold on 
boundary = B{1}; 
plot(boundary(:,2),boundary(:,1),'r', 'LineWidth', 3); 
title(['P/A = ',num2str(pa),', Good = ',num2str(good*100),'%, Average = 

',num2str(average*100),'%, Poor = ',num2str(poor*100),'%']) 
hold off 
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Appendix 10: Abbreviated Terminology 

CORS – Continuously Operating Reference Station 

CSV – Comma-Separated Values 

DGPS – Differential Global Position System 

DOP – Dilution Of Precision 

GLONASS – Globalnaya Navigatsionnaya Sputnikovaya Sistema (Russian Global 

Navigation Satellite System) 

GNSS – Global Navigation Satellite based System 

GPS – Global Positioning System 

ION – The Institute of Navigation 

ISO – International Organization for Standardization 

KTC – Kentucky Transportation Cabinet 

OPUS – Online Position User Service 

P/A – Perimeter to Area 

PPS – Pulse Per Second 

RTK – Real Time Kinematic 

TTFF – Time To First Fix 

TTS – Tracking Total Station 
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VFD – Variable Frequency Drive 

WAAS – Wide Area Augmentation System 

WGS – World Geodetic System   
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Computer Committee, Biosystems and Agricultural Engineering, 2005 – 2011 

Cooking Crew, Ag Roundup, 2005 – Current 

Team Member, UK Quarter Scale Tractor Team, 2005 – 2010 

Presenter, Engineering Day, 2005 – 2013 

 

RESEARCH & PROJECTS 

 

Mobile Device Applications for Agricultural Machine Monitoring, 2012 – Current 

Wind Tunnel Pressure Control, 2011– 2012 

Variable Flow Rate Nozzle Controller, 2011 – 2012 

Evaluating GPS Autoguidance for Specialty Crop Management, 2011 

Scalable Control and Data Acquisition for Variable-Rate Applications, 2010 – Current 

Instrumentation of a Grain Compaction Device, 2010 – 2011 

High Pressure Liquid Pesticide Metering and Injection System, 2009 – 2012 

Water Level Sensor for Shrimp Tanks, 2008 

Gas Measurement Control System for Multiple Biofilters, 2008 

Fan Assessment Numeration System (FANS), 2007 – Current 

Rainfall Simulator Control System, 2006 

Controlling Feedlot Runoff in a Basin, 2005 – 2008 

Standardized Testing of Satellite-Based Navigation Systems, 2005 – Current 

Analyzing Sprayer Droplet Distribution using MATLAB, 2005 – 2007 

Low-Cost Remote Sensing in Agriculture, 2004 – 2008 

Camera & Controls for Big Blue 3, 2004 – 2005 

 

FUNDING - $428,778 

 

Pitla, S.K., M.P. Sama, J.D. Luck. 2012. AgStatMonitor: A Mobile Device Application 

for Agricultural Machine Monitoring.  ASABE Mobile App Challenge. $9,397.  

 

Sama, M.P., G.B. Day. 2011. Fan Assessment Numeration Systems (FANS) for 

Agricultural Building Ventilation Measurement in Emissions Testing.  Individual 

Contracts with UIUC (1), IASU (1), UGPH (1), UDEL (1).  $39,000. 

 

Sama, M.P., T.S. Stombaugh, J.D. Luck. 2010.  Scalable Control and Data Acquisition 

for Variable-Rate Applications.  USDA-NIFA. $48,710. 

 

Luck, J.D., S.K. Pitla, M.P. Sama, S.A. Shearer. 2010.  Sprayer Controller Evaluation 

for Improving Spatial Application of Pesticides.  USDA-NIFA. $49.976. 

 

Zandonadi, R.S., T.S. Stombaugh, M.P. Sama. 2009. Reduced Equipment Set for 

Multiple Vehicle Guidance. USDA-CSREES. $49,992.  
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Luck, J.D., S.K. Pitla, M.P. Sama, S.A. Shearer. 2009.  A Pneumatic Nozzle Control 

System for Variable-Rate Pesticide Application. USDA-CSREES. $49,432.  

 

Sama, M.P., T.S.Stombaugh, S.A.Shearer. 2008. A System for Implementing Dynamic 

Accuracy Standards for Machine Guidance Technology in Agriculture. USDA-CSREES. 

$62,271.  

 

Gates, R.S , M.P. Sama, G.B. Day. 2007. Fan Assessment Numeration Systems (FANS) 

for Agricultural Building Ventilation Measurement in Emissions Testing.  Contract with 

Purdue University. $60,000. 

 

Gates, R.S., M.P. Sama, G.B. Day. 2007. Fan Assessment Numeration Systems (FANS) 

for Agricultural Building Ventilation Measurement in Emissions Testing.  Individual 

Contracts with ISU(2), SDSU(1), UMN(1), UAR(1), USDA-ARS-MS(1). $60,000. 

 

 

REFEREED PUBLICATIONS 

 

Sama, M.P., T.S. Stombaugh, J.E. Lumpp. A Hardware Method for Time-Stamping 

Asynchronous Serial Data Streams Relative to GNSS Time. (In Review) 

 

Maupin, T.P., C.T. Argouridis, D.R. Edwards, C.D. Barton, R.C. Warner, M.P. Sama. 

Specific Conductivity Sensor Performance: II. Field Evaluation.  International Journal of 

Mining, Reclamation and Environment. 

 

Zandonadi, R.S., T.S. Stombaugh, J.D. Luck, M.P. Sama, S.A. Shearer. 2011.  A 

Computational Tool for Estimating Off-Target Application Areas in Agricultural Fields.  

Transactions of ASABE.  PM-08498-2010. 

 

Luck, J.D., S.K. Pitla, R.S. Zandonadi, M.P. Sama, S.A. Shearer. 2011.  Estimating Off-

Rate Pesticide Application Errors Resulting from Agricultural Sprayer Turning 

Movements.  Precision Agriculture. 12(4): 534-545. 

 

Zandonadi, R.S., T.S. Stombaugh, S.A. Shearer, D.M. Queiroz, M.P. Sama. 2010.  

Laboratory Performance of a Mass Flow Sensor for Dry Edible Bean Harvesters.  

Applied Engineering in Agriculture. Vol. 26(1): 11-20. 

 

INVITED SPEAKER PRESENTATIONS 

 

Sama, M.P., T.S. Stombaugh. 2007. Low Cost Remote Sensing Platform. IV Simpósio 

Internacional de Agricultura de Precisão, 23 a 25 de outubro de 2007, Viçosa-MG.  

(Presented by T.S. Stombaugh). 

 

CONFERENCE PRESENTATIONS 
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Agouridis, C., T. Maupin, C. Barton, D. Edwards, R. Warner, M.P. Sama. 2012.  

Assessing Conductivity Sensor Performance: A Laboratory and Field Study. 2012 

Southeast Regional Stream Restoration Conference. 

 

Sama, M.P., L.M. Pepple, G.B. Day, D.G. Overhults, G.M. Morello, I.M. Lopes, J. 

Earnest, K.D. Casey, R.S. Gates. 2012. Calibration Drift Assessment and Upgrades to the 

Fan Assessment Numeration System (FANS). Paper Number 121337770, 2012 ASABE 

Annual Meeting. 

 

Sama, M.P., G.M. Morello, I.M. Lopes, G.B. Day, D.G. Overhults. 2012. Visualizing 

Airflow Using the Fan Assessment Numeration System (FANS). Paper Number 

121337883, 2012 ASABE Annual Meeting. 

 

Luck, J.D., M.P. Sama, S.K. Pitla, S.A. Shearer. 2012. Droplet Spectra Characteristics 

from a Variable-Orifice Nozzle at Constant Pressures. Paper Number 121337472, 2012 

ASABE Annual Meeting. 

 

Lopes, I.M., F.A. Damasceno, G.B. Day, M.P. Sama, D.G. Overhults. 2012. WINTAC: A 

Wind Tunnel Transition Assessment Chamber at the Biosystems and Agricultural 

Engineering Department at University of Kentucky. Paper Number 121337360, 2012 

ASABE Annual Meeting. 

 

Luck, J.D., M.P. Sama, S.A. Shearer. 2012. Spray Pattern and Droplet Spectra 

Characteristics from an Actively Controlled Variable-Orifice Nozzle. 2012 International 

Conference on Precision Agriculture. 

 

Black, R.A., T.S. Stombaugh, S.R. Luciani, M.P. Sama, R.L. Klingefus, A.B. Klingefus, 

J.M. Bewley. 2012. Potential for a Real-Time Location System for Dynamic Tracking of 

Dairy Cow Location within Dairy Facilities. 2012 American Dairy Science Annual 

Meeting. 

 

Sama, M.P., R.S. Zandonadi, J.D. Luck, T.S. Stombaugh, S.A. Shearer. 2011. A Static 

Evaluation of Continuously Operating Reference Stations. 2011 ASABE Annual 

Meeting. 

 

Montross, M.D., W.C. Adams, L. Mathis, S. McNeill, M.P. Sama, S. Thompson, J. 

Boac, M. Casada. 2011. Laboratory Data with Hard Red Winter Wheat to Support New 

Grain Packing Factors. 2011 ASABE Annual Meeting. 

 

Zandonadi, R.S., T.S. Stombaugh, M.P. Sama, S.K. Pitla, R. Baldo. 2011. Evaluation of 

a Reduced Equipment Set for Multiple Vehicle Guidance Using Distance Sensors to 

Determine Relative Position between Vehicles.  2011 ASABE Annual Meeting. 

 

Sama, M.P., R.S. Zandonadi, J.D. Luck, T.S. Stombaugh, S.A. Shearer. 2010. 

Development of a Scalable Control System for Variable-Rate Applications.  2010 

ASABE Annual Meeting. 
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Luck, J.D.,  M.P. Sama, S.K. Pitla, S.A. Shearer. 2010.  Pneumatic Control of a Variable 

Orifice Nozzle. 2010 ASABE Annual Meeting. 

 

Sama, M.P., T.S. Stombaugh, R.S. Zandonadi, S.A.Shearer. 2009. Dynamic GNSS 

Testing and Applications. Paper Number 096714, 2009 ASABE Annual Meeting.  

 

Sama, M.P., T.S. Stombaugh, R.S. Zandonadi, S.A. Shearer, W.C. Adams, 2009. A 

Mechanism for Evaluating Dynamic GNSS Accuracy on a Test Fixture. 2009 ASABE 

AETC.  

 

Sama, M.P., R.S. Gates, W.C.Adams, G.B.Day, C.L.King, 2008. Fan Assessment 

Numeration System (FANS) Scaling and Upgrades. Paper Number 084723, 2008 ASABE 

Annual Meeting.  

 

Sombaugh, T.S., M.P. Sama, R.S. Zandonadi, S.A. Shearer, 2008. Standardized 

Evaluation of Dynamic GPS Performance. Paper Number 084728, 2008 ASABE Annual 

Meeting.  

 

Zandonadi, R.S., T.S.Stombaugh, S.A.Shearer, M.P. Sama, 2008. Laboratory 

Performance of a Low Cost Mass Flow Sensor for Combines. Paper Number 084167, 

2008 ASABE Annual Meeting. 

 

Dougherty C.T., E.S. Flynn, R.J. Coleman, M.P. Sama, T.S. Stombaugh, 2006. Remote 

Sensing of Equine Bermudagrass Pastures from a Helikite™. 

 

Sama M.P., T.S. Stombaugh, B.K. Koostra, 2006. Calibration and Verification of Low-

Cost Image Tools for Remote Sensing. Paper Number 061166, 2006 ASABE Annual 

Meeting.  

 

Brown D., T. Arrowsmith, A. Mylin, R. Koontz, A. Fox, N. Phelps, D. Thomas, J. Rowe, 

R. Jones, D. Jackson, A. Groves, M.P. Sama. 2005. AIRCAT: Airborn Intelligent 

Research Craft for Autonomous Technology. 2005 AUVSI Unmanned Systems Meeting.  

 

Sama M.P., D.E. Hershman, T.S. Stombaugh, S.G. McNeill, P. Needham. 2005. An 

Analysis of Sprayer Droplets Using Matlab. 2005 National Soybean Rust Symposium.  

 

Sama M.P., T.S. Stombaugh. 2005. Adaptation and Modification of Digital Imaging 

Systems for Remote Sensing. Paper Number 051016, 2005 ASAE Annual Meeting. 

 


