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Abstract

At the Tennessee Valley Research and ExtensioneC€RVREC), Belle Mina,
Alabama, Global Positioning System (GPS)-assistadhme guidance and subsurface-
drip irrigation (SDI) have been implemented to styecision agriculture practices.
Crop yield can be adversely affected if 1) not fdanoptimally relative to SDI product
placement, or 2) the SDI system performance hasaded. Recent evidence of
guidance-system drift and soil moisture variabibtfyer irrigation at TVREC prompted
performance evaluations of both systems. Use @fpgical total station was investigated
to quantify positioning error in a GPS-based auidgnce system when using different
correction-signal services. Also developed wasaasessment technique for-situ
pressure-compensating SDI application uniformityvatiable operating pressures or
slopes.

The total station provided an absolute frameetdnence for comparing accuracy
and repeatability of Wide-Area Augmentation Syst@mAAS), John Deer® SF1 and
SF2, and Real-Time Kinematic (RTK) correction signaRecommended techniques for
proper correction-signal testing were to perforne scalibration, establish semi-
permanent reference monuments, conduct guidands #esnorthward/southward or
eastward/westward path orientations, and accounttrécking-prism tilt. Measured
cross-track error (XTE) was influenced by drivelpairientation for RTK, SF2, and

WAAS; SF1 performance was consistent regardlesgriehtation. XTE for SF1 and
i



WAAS were more representative of manufacturersneda Unsigned 95% short-term
and long-term error probability was preferred tesalde guidance performance over
signed pass-to-pass (P2P) and year-to-year (Y2¥jrespectively.

A field-testing apparatus was fabricated to irteef with thein-situ SDI product
to deliver water over a range of operating press@4&, 83, 117, and 138 kPa) while
measuring sample discharge. Apparatus dischatge agreed to within a half-percent
of per-emitter laboratory discharge rates. Lowéstithrge was observed for the irrigated
SDI product operating at 48-kPa. Discharges frbmnon-irrigated and irrigated SDI
treatments at 83 and 117 kPa were not differerd.05).

In summary, water delivery is dictated by SDI glaent and functionality; as a
consequence, other farming practices have to bduobed with a high level of spatial
accuracy in relation to the SDI system in ordemaximize crop yield, like the RTK
correction signal. Techniqgues and equipment deeelopn this study provide
autoguidance and SDI researchers with innovativeragehes to evaluate long-term

performance of these precision-agriculture systems.
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CHAPTER ONE

INTRODUCTION

1.1 PREFACE

The concept of Precision Agriculture can best be described by an almost literal
interpretation of the term---applying practices and technologies to agriculture to better
capture and understand the precise interactions between the crop and the land. Precision
Agriculture enhances current farming techniques not only by improving crop yields, but
also to endorse a better stewardship with the environment at large by demonstrating how
tillage, fertilizers, pesticides, and even water usage can be minimized on a commercial
scale. As a consequence, farmers can experiment with new and innovative ways of
growing, maintaining, and harvesting their crops in order to maximize production and
profits.

One of the obvious relationships between the crop and the land is their physical
proximity to one another. But, the physical position of the farm equipment in relation to
the crop and to the land is just as important. For instance, vehicle and implement control
IS necessary so as not to destroy the crop by inadvertent damage from moving equipment.
Likewise, if a farmer knows that a certain area within a field tends to produce less than
other areas, the farmer can either avoid the area altogether or develop a site-specific

management strategy to address this inherent variability. With these applications in



mind, knowing the spatial relationships betweendtop, the land, and the equipment are
crucial for implementing most precision-agricultymactices.

In the state of Alabama, an increasing numberaomérs and producers are
adapting their farming practices to advance thdiegtpn of Precision Agriculture. At
the Tennessee Valley Research and Extension CERWE&EC, Belle Mina, Alabama),
most of the agronomic crops research relates inesamay to Precision Agriculture---
either directly by testing different crop managetn&mnategies, or indirectly by utilizing
precision-agriculture technologies and strategiedaily operations. While several plots
exist at this facility, one particular plot of appimately 6 ha has been used in an
experimental capacity since fall of 2003; the redeabjectives for this extended-year
study involve evaluating cottonGfssypium hirsutum L.) lint yields in response to
accumulated biomass from cover-crops and supplerhéngation optimized for crop
yield. For this experiment, two particular precisiagriculture strategies are employed
throughout the study-GPS/GNSS-based machine gudatw aid in the precise
placement of the cotton crop, and subsurface-drigation (SDI), to provide water
within the rooting system of the crop. When SDdl/an controlled traffic practices are
coupled with a high-accuracy guidance system, fagnpiractices exhibit higher profits,
according to Gan-Mor and Clark (2001); thereforerefiable relationship between
machine guidance and SDI is desired.

In order for the long-term experiment to remaitidvdrom year to year, a new
season’s cotton crop has to be planted in a prepagal relationship with the irrigation
product underground; also, the irrigation has tdgoen as anticipated to minimize yield

variability within plots but also to maximize ovéirgield. Anecdotal reports from the
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TVREC staff have suggested that the seed placefoemach season’s cotton crop in
relation to the estimated position of the SDI thpse not been consistent from one year to
the next. According to the machine operators,GRS-assisted guidance software on-
board the field equipment performed as anticipatedhat no conspicuous errors were
evident at the time of seed placement. No disckrnibas of the software or the
equipment could be determined through routine egai maintenance checks; also, this
effect tended to be better or worse depending eraRS correction signal being used to
assist with navigation during field procedures.

Cotton lint yield data exhibited variability aceoshe study site from previous
seasons and especially within individual plots treteived supplemental watering via
SDI. Typically, the TVREC staff monitors seasomalter usage for irrigated plots via
flow meters installed at the head of the field. wdwer, yield variability did not appear to
be evenly dispersed throughout the plots. Flowemetadings could offer at best an
average measure of irrigation performance for theree experiment plot, instead of

focusing on the specific areas within the fieldt tiehibited the variability.

1.2 JUSTIFICATION

1.2.1 MACHINE GUIDANCE

In order to better describe the study topic ofdguce system accuracy, some
background information regarding satellite navigatiis required. The Global
Positioning System (GPS) is an array of about 24gadion satellites, maintained by the
U.S. Department of Defense (DoD), and placed incipee orbits at an altitude of

approximately 20,000 km. Unlike geostationary Kitds, these navigation satellites are
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revolving around the planet in six orbital planesigtive to the Equator), four satellites
per orbital plane. Despite the fact that theseligas are in constant motion, their
positions relative to one another are essentidiket” by careful monitoring from the
U.S. DoD. Essentially, each GPS satellite serges imdio “beacon” upon which anyone
on Earth with a compatible GPS receiver can ‘“rezdive GPS” information from
satellites in view. The software in the receivan compute the approximate distance to
each satellite in view, and by a geometric procésslateration (similar to triangulation,
except distances are used in the solution, noteahgthe receiver can determine its
position on Earth if at least four satellites aisable.

This raw, or autonomous, position solution cowdseveral meters from the true
geographical location. Several conditions relatmghe quality of the GPS receiver, the
amount of signal interference, and even local emvitental conditions may accumulate
this error. However, several of these conditioas ®©e managed to a large extent
allowing the error to be mitigated. Several mantueers offer “correction signals” that
serve to enhance the real-time positioning of GRS receivers; autoguidance systems
almost exclusively require some form of correct®gnal to operate at a performance
level acceptable to most users.

Several GPS correction signals are available,thade signals typically can be
ranked according to their accuracies. Consequetitly higher-accuracy correction
signals require more of a financial investment tfog farmer in order to optimize farm
equipment and/or field operations. Manufacturersl a&ommercial providers of
correction-signal services advertise these accesaan order to attract customers;

however, as there are currently no establishedegitres or guidelines in the agricultural
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or engineering community to evaluate the dynamiueacy of GPS-assisted guidance
systems, it is believed that the information preddby manufacturers may not be
presented in clear context relative to their compest

As shown by the positioning-error phenomenon veseel at TVREC, variability
in GPS correction-signal accuracy may not be rgagjiparent if the vehicle operator
relies solely upon the solution generated by thdagnce-system software. However, the
vehicle operator may notice during a guidance magethat the vehicle is not tracking
on a repeatable drive path or that proper see@plant relative to an SDI system did not
occur. In terms of guidance-system testing, utiizan absolute or terrestrial frame of
reference would be equivalent to having an operatginess any positioning
discrepancies independent of the guidance systéanthermore, if positioning error is
being propagated through the GPS solutions themsethen a terrestrial or non-GPS-
based testing procedure may provide a clear insihtinvestigating dynamic guidance-
system performance. Developing a procedure thasreipon an absolute frame of
reference would also allow for guidance-system qrardnce testing over extended

periods of time, in order to quantify system acciga from a long-term point of view.

1.2.2 SDIAPPLICATION UNIFORMITY

While a great deal of research has been conduegaiding the benefits of SDI,
literature is limited in evaluating the longevity the application uniformity of a typical
SDI system under field conditions. Engineeringndtads and procedures exist that
allow academic/industry researchers to evaluategaiathtify SDI performance statistics,

but the current standard (ASAE S553, 2008) is nsored to a laboratory situation. It is



believed that a field procedure can be developegutmtify SDI product performance in
much the same way as the current standards all@wahoratory setting.

If an SDI system is malfunctioning at the fielddé then a producer would likely
be able to identify such a problem easily throuppsesvation by an overall decline in
crop growth throughout the season or by witnesaiogtastrophic failure related to water
flow in the system. However, not all SDI malfulects are easy to observe; a crimped
lateral line, clogged emitters, or miniscule holeghe lateral line caused by abrasion
from sub-soil rocks or rodents may go unnoticedskreral seasons. It is believed that a
field-based testing methodology should be ableiggribse SDI product samples in a
more site-specific manner as opposed to a fieldllev

Pressure-compensating SDI provides a consistehuaiform water application
method in spite of dynamic pressure changes crdatede SDI pumping system or by
static pressure changes created by elevation éiftexs between emitters. Pressure-
compensating SDI is a relatively new product in therketplace, so little research has
been reported on testing the reliability of thisguct over an extended period of time. It
is believed that a field-based testing methodolsgguld provide for evaluation of an
SDI product with respect to typical operating-sysfgressures and static pressure forces
to determine if the pressure-compensating featfreach an SDI product are maintained

over time.



1.3OBJECTIVES

The overall goal of this research is to evaluatiel@nce-system accuracy aimd
situ SDI application uniformity, as both of these psemn-agriculture technologies are
related to one another. The objectives of thisassh are to:

1. Evaluate techniques for using an optical totalistato provide terrestrial-based,
dynamic accuracy testing of an autoguidance systeen using different GPS-
based correction services.

2. Compare short-term and long-term accuracies ofutagaidance system when
using different GPS-based correction services.

3. Develop and validatm-situ testing techniques to assess application unifgrofit
SDI products.

4. Evaluate if variable operating pressure or terrsiope impacted application

uniformity of a pressure-compensating SDI product.

1.4 ORGANIZATION OF DISSERTATION

This dissertation is presented in manuscript farmaChapter 1 provides
introductory statements justifying the emphasist theas put toward this research
followed by the main objectives. Chapter 2 is atemlsive literature review supplying
information on the characteristics of guidance-wystand SDI operation. Each of the
Chapters 3 through 5 represents an individual naipisthat focuses on different
portions of this research. Chapter 3 documentsfaheulation of guidance-system
testing techniques utilizing an optical total siati Chapter 4 characterizes long-term

absolute accuracies and short-term relative acmsauaf four GPS correction signals



commonly utilized by guidance-system operatorsapgiér 5 documents the formulation
of in-field SDI testing techniques as well as SDiifarmity results conducted at the
TVREC. Chapter 6 summarizes this research propgesents overall conclusions, and
includes future research suggestions. At the dnteodissertation, a Reference section
and Appendices were developed, documenting hardaraesoftware specifications for
all equipment utilized throughout the project adlwe supplemental guidance and SDI-

application data.



CHAPTER TWO

LITERATURE REVIEW

With the rise in popularity of Precision Agricuigy guidance system innovations
and irrigation innovations have developed quicklyero the last decade. Several
publications from industry and academia were reg@gwo gain knowledge on the
operating principles behind static GPS testingdgnce systems, GPS correction signals,
dynamic GPS testing, and total stations. Otherusenipts pertaining to overview of

SDI and evaluating SDI performance were reviewed.

2.10VERVIEW OF STATIC GPS
The infrastructure behind GPS operation is basethree components: tispace

segment, the control segment, and theuser segment. The space segment consists of the
navigational satellite array, or constellation, dtedd in precisely-known and closely-
monitored orbits surrounding Earth. Teémntrol segment consists of monitoring stations
located around the world that track the “health’tié satellites, compare their actual
positions with their predicted positions, and afdeato change the status of the
constellation when necessary. Both #pace segment and thecontrol segment are
maintained by different organizations in the U.®v&nment, so civilian intervention or

manipulation is improbable. Theser segment refers to the general public that can utilize



the positioning or timing capabilities from the edétes, provided they have a compatible

receiver and software program that can processatadlite signals (Hurn, 1989).

2.1.1 PRINCIPLES OF OPERATION

In simple terms, the GPS satellites broadcastimamis independent radio signals
to Earth, containing specialized data messagesribdiegr each satellite’s identity,
operational health, predicted position, and a ttamep. Based on the physical equation
D=RT, whereD=distance traveledk=rate of travel, and=time of travel, a GPS receiver
can calculate how far away multiple satellites lamsed on the amount of time needed to
receive each satellite’s data message. This silplesdbecause the satellites are in precise
orbits (approximately 20,000 km from Earth) and&aese radio waves in the vacuum of
space travel at the speed of light (approximatély,300 km ). Due to the assumption
that the GPS satellites are in fixed orbits, withartE at the center of those orbits, a
geometric coordinate system can be derived to dogay point within the interior sphere
of the constellation; this geometric coordinatetsys can then be converted into a
geodetic coordinate system, consisting of latitlmiegitude, and height. A GPS receiver
must process the signals from a minimum of four GRt®llites before the receiver can
accurately derive its location within the coordmaystem, but the architecture of the
satellite constellation is designed such thatadtlsix satellites should be available to the

user at any time of day throughout the world (exdéepthe polar regions) (Hurn, 1989).

2.1.2 MEASURES OFACCURACY AND PRECISION
Several factors can influence positioning accuraeyellite clock errors, satellite

orbital errors, errors in the GPS receiver, sighstortion caused by the atmosphere, and
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signal multipath (Upadhyayat al., 2003). Errors related to the navigational $iggéslcan
be predicted to a high order through careful mamtpby the U.S. DoD. Receiver errors
can often be related to the quality of the hardwamponents present in the receiver,
such as the on-board clock and the radio-frequenicyochip that receives the signals
from space. Atmospheric errors are created byitd@rance of the satellite radio signals
through different levels of the atmosphere; in #ddj satellites that are located closer to
the horizon tend to output radio signals that areremsusceptible to atmospheric
distortion due to the increased signal travel dista (Srivastavaet al., 1993) .
Positioning errors are often the greatest for ¢hiegory, but atmospheric modeling can
greatly reduce the error. Multipath is a term theters to localized radio-signal
disturbance, often affected by nearby reflectivdames, buildings, or vegetation; these
errors are site-specific and can be mitigated thinogareful placement of the GPS
receiver or antenna.

The termaccuracy refers to how well the GPS receiver calculatespisition
relative to an accepted “true” position (Buick, 20@padhyayeet al., 2003). Satic
accuracy, or the accuracy of a receiver that has not beewvethduring testing, is often
qguantified in statistical terms of circular erraiopable (CEP), spherical error probable
(SEP), and root mean square error (RMS error, RMSERP is described as the radius
of a circle in which 50 percent of the GPS recéwaralculated two-dimensional
coordinates are contained within some extended awndf time. SEP is conceptually
the same as CEP, except that three-dimensionaticabes are evaluated. RMS error

can be used to evaluate accuracy with the folloveiggation:
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where d? = (X; — X,)? + (Y; - Y,)?,
(X;, Y)refers to sample coordinates and
(X,,Y,)refers to accepted true coordinates
The termprecision refers to how closely the receiver repeatedly wdates its current
position relative to the previous calculated positi RMS error can also be used to

evaluate precision with the following equation:

wheree? = (X; — X)? + (Y; — Y)?,

X= i(Xi)and Y = i(yi)

(Upadhyayeet al., 2003).

An additional source of positioning error comeenifr the satellte geometry
available at the time of data acquisition. Thentéhnat is used to quantify the geometry
of the overhead satellites is Dilution of PrecisidOP). While a minimum of four
satellites are typically required for a receiverdetermine its position, having those
satellites clustered in one part of the sky is fiomally not as robust as having the same
satellites distributed evenly overhead. A DOP gatureported as a unitless number that
inversely relates relative to the distribution bé tsatellites---more spatial dispersion of
overhead satellites means a smaller DOP, whiler@ clostered satellite picture means a

larger DOP. Because a DOP value is a functiohefsatellite geometry, this value can
12



also be used indirectly to determine potential emcyiand precision of positioning data

(Stombauglet al., 2005).

2.2 GUIDANCE SYSTEMS

Machine guidance refers to the utilization of ex¢ensory devices relaying
information to a central computer controller to am the navigation of farming
equipment. Such controllers (and the peripheraficgs that accompany them) are
generally referred to as “guidance systems”; whdee guidance systems provide visual
or audible cues to instruct the vehicle operatoenehio go, more advanced systems have
the capabilities of automatically steering the ekhias it travels over terrain. Such
systems are often referred to as “autoguidancegrder to distinguish from “manual
guidance” systems requiring an operator to steekéhicle.

Machine guidance requires some form of navigati@md in order to direct the
vehicle over terrain. As mentioned previously, th@st commonly-available navigational
aid for machine guidance is satellite navigatiorGRS receiver can determine a position
relative to the orbiting satellites and derive awoates for its physical location as they
correspond to a standard recognized navigatiomaddy such as latitude and longitude.
Machine-guidance systems equipped with GPS receivdilize the positioning
information in order to associate the vehicle’'srent position and velocity with
navigational cues, such as a digital map or argasdiroute; for farming applications,
the assigned route may simply correspond to thentation and layout of the crop rows

in the field.
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2.2.1 USES ANDBENEFITS

Producers and vehicle operators spend many hoehind steering wheels
performing routine operations, such as preparingd seeds, applying fertilizers and
pesticides, or planting and harvesting crops. répetitive nature of these activities over
the course of the work day will often contributedjoerator fatigue, leading to row skips
or overlap. Yields can be impacted by this, but fiarmers have the ability to drive crop
rows with greater accuracy over row counting omgsioam markers to indicate prior
passes. Also, with an increased emphasis on dehiprof the farmland through more
efficient farming, a farmer can collect site-specifeld information that allows for less
wasteful (and more profitable) farming operatiomat tserve to maximize a crop yield.

One important benefit of incorporating a guidametem into agricultural
machinery is that new and innovative productioncpcas can be developed. For
instance, researchers have utilized guidance sgstand other navigational
enhancements to develop a rice transplanter (Negasal., 2002), an agricultural “field
robot” (Noguchiet al., 2002) that performed tillage and planting tas&ter than skilled
labor, and a self-propelled sprayer (Giles and Deywwr2003). Also, because many
guidance systems are designed to “stream” thetireal-GPS positioning data to other
software applications, everyday farming operatiars being re-invented through GPS
availability. Supplemental GPS data contributeri@pping weeds in the field (Downey
et al., 2003; Tian, 2002), conducting real-time soil-cceristic surveys (Freelamstlial.,

2002), and even measuring field topographic chafMyestphaleret al., 2003).
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2.2.2 TypPicAL COMPONENTS

Essentially, a guidance system is comprised adrgennathat receives position
information from navigational satellites, raceiver that processes this information, a
computer that interprets information from the vehicle and/ceceiver, and an
input/output device for the driver (Figure 2.1). All of these compat® can be
modified and enhanced for a farmer’s specific nedsfarm operations. Some optional
features include a receiver that receives mulfgasition signals for increased accuracy,
a computer with data—logging capability for recagdfield attributes or application rates,
or a user-friendly interface with audible cues gnaphical displays for the driver. Other
equipment or vehicle enhancements may be requieperdling on the status of the
vehicle, such as incorporation of an electrohydcasteering system, addition of
mechanical “feelers” to sense the crop’s preseacegther such sensors (Reatl al.,

2000).

Figure 2.1. Example guidance-system setup. Typicglidance system components
include a GPS antenna/receiver (a), a computer modtki(b), and an input/output
device (c).
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2.3GPSCORRECTION

Positions derived from “raw” or autonomous GPX:Kitd observations are
typically not accurate enough for most precisioneadfure-related field operations; if a
receiver were to calculate a location using ong/ppbsitioning information from the GPS
satellites, the location would be accurate withppraximately 9 m. Enhancements have
been developed over the last twenty years by gowental and civilian interests to
reduce the positioning errors inherent in the GRStesn. Depending on which
“correction signal” one utilizes will often deteme the general accuracy one may expect
from a GPS position and, consequently, from thdoperance of a guidance system.
Because certain field operations require differileyels of positioning accuracy,
guidance-system operators must understand whag r@ngccuracies are associated with

which correction signal.

2.3.1 CHARACTERISTICS OF GPSCORRECTION

Certain errors are inherent in GPS positioningosiverrors can be accounted for
in a real-time sense, and when these adjustmeatsi@duded in the processing, position
accuracy increases. A GPS receiver that is capdbteaking use of these enhancements
is referred to as Differentially-corrected GPS (C83P A DGPS receiver may be further
classified as single-frequency or dual-frequenefenring to the receiver’s capabilities to
collect additional position information from thetesliites. With a DGPS receiver, it is
possible to refine positional accuracy to a fewhes; as opposed to several feet (Hurn,
1993). There are three categories of DGPS recemach with its own inherent

accuracies, based on the type of differential abioe used by a receiver; in addition,
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several differential-correction signals are avddaby commercial means, differing in
operational costs and advertised accuracies fdr, emcusers have options for obtaining

differentially-corrected positioning based on apgtion demands and budget.

2.3.2 WIDE-AREA AUGMENTATION SYSTEM (WAAS)

Practically all GPS receivers in the civilian att@ agricultural community are
capable of receiving a correction signal known asléA/ Area Augmentation System
(WAAS). This signal was developed by the U.S. Fedéviation Administration
(FAA), and is available free of charge to anyonethwa compatible receiver.
Autonomous (non-corrected) positions are calculai@tl compared to target coordinates
distributed throughout the United States, alonghvgatellite and atmospheric error-
compensation models; all these factors combine eteeldp a new correction model
across the continental United States, and thisectbon model is transmitted by
geosynchronous satellites across the country osahee frequency as the GPS signals.
The result is that a WAAS-capable receiver typicalhs a better position accuracy than
if the position were calculated autonomously. W\t high-quality GPS receiver, static
accuracy (or the difference between the predictesitipns versus the actual location)
ranges from £61 to 66 cm 95% of the time over éh@dr period (Hest, 2007); however,
a low-cost GPS receiver, such as those found isopat navigation devices (PND)

utilizing WAAS, may only be accurate to betweemil & m (Stombaugé al., 2005).

2.3.3 JOHN DEERE STARFIRE 1 (SF1)AND STARFIRE 2 (SF2)
Some equipment manufacturers provide proprietanyection signals. John

Deeré offers two such DGPS-based corrections that angetible with their StarFire
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DGPS receiver. These signals are referred to as &gl SF2, referring to single-
frequency and dual-frequency capabilities, respelsti The method of operation for SF1
and SF2 is similar to that of WAAS, but private qganies have the capabilities of
offering more robust error modeling or worldwidgrgal transmission for which WAAS
was neither configured nor intended. The stat@muescy for SF1 is approximately 76
cm, while the static accuracy for SF2 is approxehal5 cm (Hest, 2007). An SF1-
capable receiver is generally regarded in the szategory as a WAAS-capable receiver
(deemed “sub-meter”), while an SF2-capable receiwen another category (deemed
“decimeter”). Apart from the costs incurred by ghasing John Deere equipment, the
SF1 correction signal is offered free of chargectistomers, while the SF2 correction

signal requires a yearly subscription fee to mamnsaynal access.

2.3.4 REeAL-TIME KINEMATIC (RTK)

The real-time kinematic (RTK) correction signal iegarded in the GPS
community as being the most accurate and the n@stble signal available. The
principles behind generating the RTK correction aréit different than other DGPS
correction signals. A stationary dual-frequencySGieceiver (referred to as a base
receiver) is configured to observe the positiomefrom a known position; this position
error, which only consists of three numeric valteating to error in each of three spatial
dimensions, is transmitted by radio link to a secoampatible dual-frequency receiver
that travels with the operator (referred to asrtheer receiver), along with a timestamp
for each observation. Given the theoretical assiomphat most of the errors witnessed

at the base receiver are virtually identical tosthavitnessed at the rover receiver, then
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most of the errors can be filtered out in the rowesition solution. Static accuracy can
be +3 cm in many situations (Hest, 2007). In ortepbtain an RTK correction, two
high-quality receivers are required, as well aommunications link between the two
receivers; initial equipment costs can range ih®tens of thousands of dollars, but the

correction signal itself is free to use with comiplatreceivers.

2.40OVERVIEW OF DYNAMIC GPS

Statistical methods exist to quantify GPS accuracyl precision in static
situations, but what about when the GPS receivar isotion? Static performance of
receivers is not indicative of dynamic performange;addition, techniques used to
monitor dynamic performance vary greatly from oasearcher to the next (Stombaugh
et al., 2002). Accuracy of a receiver in motion carl &t¢ related to how closely a
position is determined relative to an acceptedthitiubut determining what “truth” is, or
should be, in dynamic situations is challenginghe Tollowing articles describe how

researchers have endeavored to evaluate dynamigp&®Bmance.

2.4.1 MEASURES OFACCURACY AND PRECISION

According to a manuscript by Buick (2002), fornfaing operations conducted in
conjunction with established equipment or land deed, the primary goal of a guidance
system is to be able to operate over time suchthieatquipment or land features are not
destroyed (e.g., drip tape, controlled traffic).h&4 a terrestrial-based frame of reference
is considered, Buick calls thabsolute accuracy. The author then presents the term
relative accuracy, which refers to “accuracy relative to some loaatimther than a

surveyed ‘truth’.” The author uses this term syrmausly withpass-to-pass accuracy
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(P2P); because relative accuracy degrades in by fort amount of time, a testing
interval of about 15 minutes is recommended. Eneprecison is used only to refer to
the exactness of the solution, i.e. the numberegfrdal places the solution offers, while
variability is the term used to conceptually define the spadgubsition data (inversely
known as “repeatability”). Statistically, sigmalwes refer to variability, and RMS error
measures spread and offset from the truth.

Because accuracy depends on a comparison to avalue, many researchers
have developed testing protocols that involve ftrut motion” procedures. Various
researches have been conducted utilizing eithehamécal or conceptual travel paths. A
mechanical travel path refers to evaluating theixer through a predictable, repeatable
motion; examples included mounting receivers onteotating boom apparatus with
constant motion and acceleration (Stombagtgh., 2002) and mounting receivers onto a
mobile cart that traveled back and forth via ratylor et al., 2004). A conceptual travel
path refers to comparing receiver performance tinanathematical modeling; examples
included evaluating several receivers by studyimgrtperformance according to post-
process filtering (Hamet al., 2001) and regression modeling of each “attenipgedight-
line pass (Ehsart al., 2003; Wuet al., 2005). Positioning performance relative to site-
specific monumentation would be considered conaptavel as well.

In order to measure absolute accuracy, most resear collect cross-track error
(XTE) information, which relates to the “distancetween the currently measured GPS
position and the desired track” (Hanal., 2001). This value is typically represented in a
direction perpendicular to the orientation of thevel path; as a result, the change in XTE

from one end of a travel path to another would kpeeted to reflect how well the
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receiver (guidance system, vehicle) followed tlaeet path. In order to measure relative
accuracy, some researchers evalpass-to-pass error (P2P), which relates to how well
the guidance system can calculate the positiohehext anticipated travel path, usually
in relation to the previous one. Utilizing meanKXValues on a per-path bagisss-to-
pass average error, which is referred to as the difference in mearEXar the relevant
path and the preceding pathTE — XTE;.1), can indicate whether a guidance system
exhibits skips or overlaps by interpreting the pesior negative values (Hagt al.,
2004; Ehsangt al., 2002).

When measuring dynamic accuracy, precautions anelats have been offered by
researchers. For example, some authors descrilieciase in XTE when the mobile
test vehicle traveled latitudinally (parallel witthe Equator) versus longitudinally
(oriented with the North and South Poles) (#al., 2005; Ehsargt al., 2003). Because
GPS satellites are not placed in an orbit relatovéhe north and south poles, a “hole”
exists in satellite coverage for mid-latitude usershe U.S.; the result is smaller cross-
track errors when driving north/south versus dgvieast/west (Buick, 2002). Other
factors to consider when evaluating guidance perdmice in agricultural settings involve
vehicle speed, swath width/length, field conditiodiéferent test days and different times
during the day, presence of potential multipatreots, and operator bias (Ehsanal.,
2002; Hanet al., 2004); those factors are in addition to the pidé error sources that

affect overall GPS accuracy (timing errors, cotatieln shift, etc.).
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2.4.2 PREVIOUS RESEARCH TO M ODEL ACCURACY AND PRECISION

Most researchers are convinced of the reliabiéityd repeatability of RTK
correction such that solutions derived through Rddtrection are considered as the
“reference” positions by which to compare othetays or GPS receivers (Buick, 2002;
Ehrlet al., 2003; Ehrlkt al., 2004; Ehsangt al., 2002; Ehsangt al., 2003: Tayloret al.,
2004). Also, according to Ehd al. (2004), an independent reference system should
have at least three times the accuracy as thensydteing evaluated; however, standard
testing practice suggests accuracy of a measuresystgm should be at least ten times
greater than what is being evaluated (ION, 199F#r sub-meter and decimeter-level
GPS receivers, an RTK-based measuring system madéeguate, but validating the
performance of an RTK-based guidance system withirmlependent RTK-based
measuring system may not provide adequate basiaralysis, especially if local site
conditions serve to adversely affect both the efee and the measured solutions
(Adamchuk et al., 2007). A positioning system to#ers greater accuracy than RTK
should be considered.

Hanet al. (2001) utilized a mathematical “filter” to improy®sition and velocity
data on a DGPS navigation system. The filterirprieque is useful for reducing effects
from random GPS error but not GPS “bias” errorteam that is defined but not
addressed by this study. The authors believeathiatipated accuracy of GPS positions
should be 0.04 to 0.12 meter for chemical appbecatind 0.02 to 0.04 meter for seeding,
row-crop cultivation, and harvesting applicatiomlong with summarizing results using
mean XTE and standard deviation, maximum XTE petasid is also presented,

presumably in an effort to illustrate how the obserposition was so contrasting from
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the mean and was witnessed by the operators. Madses could reflect the amount of
non-statistical variation that a farmer may witnekging a single random guidance
event.

Buick (2002) suggested that high relative accureany be expected shortly after
establishing a reference, or AB, line for the fiiste, but a different position solution
should be expected when returning to the startmgtmfter a large passage of time. If
an operator desires no greater than 1- to 2-indd &2or for farming operations, then
RTK-based guidance is recommended, along with &osteer system. Buick also states
that a GPS system that has low absolute accuratyb&iundesirable for controlled-
trafficking situations, because the system canmetrédied upon to re-determine the
positions for the established vehicle paths coasibt.

Among other concepts, Wat al. (2005) discussed the relationship between the
GPS constellation and position accuracy. Severkitibn of Precision (DOP) terms
were discussed and modified to explain effects fi\/i® and E/W travel directions. The
authors were able to verify that there was a dfiee between North DOP and East DOP
in “mid-latitude” locations. Standard deviatiorniseoror were always less in the northerly
orientation than in the easterly orientation.

A study by Ehsani et al. (2002) outlined the isstlet need to be considered in
comparing the accuracy of different lightbar guicarsystems; their contention is that,
while the ideal situation is to have mean P2P eoforero, generally some overlap is
more desirable in farming operations than skip.soAlwhen trying to evaluate the
performance of guidance systems, both the RMS amdrstandard deviation “range of

variation should be very close” for these values.
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A later study by Ehsaret al. (2003) introduced a method of dynamic accuracy
testing for DGPS receivers and compared the dynagtaracy of five commonly used
low-cost DGPS receivers. RTK GPS positions wellzedl as the reference positions; to
measure cross-track error, standard deviation wfr,eand root mean square error of
positions from the tested receivers, a regressio® Was modeled from a subset of
positions mapped per driving path. (Pass-to-passgracy was not studied in this test.)
The testing vehicle (a Chevy Suburban) was equippdda lightbar computer to assist
the driver with the location of the desired pati#scuracy and precision of the systems
are defined similarly to their paper in 2002; RM#&&s considered as “absolute” cross-
track error, but the “relative” cross-track erroasvnot clearly stated---presumably, this
value was witnessed by mean XTE. Cross-track gnadative or absolute) was also
observed to be worse (higher) when driving east-wegction instead of north-south
direction, so one of their conclusions was to meaguror in both directions for future
evaluations.

In Taylor's study (Tayloret al., 2004), testing methods for the compared GPS
receivers involved mounting the receivers on a cait that traveled in an east/west
direction. Cross-track error was deemed the “mimgtortant measure” for guidance
evaluation and, in this testing scenario, nortrengr was considered synonymous with
cross-track error. Error was determined by findimg regression line that passed through
a sample of RTK-based positions collected whilerghecart was in motion.

Ehrlet al. (2004) investigated the performance of an RTK-Bagedance system
that utilized two independent RTK GPS receiverseghn total on the test vehicle). The

purpose of this was to capture roll-and-pitch imation while the vehicle was in motion
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through a winter-wheat seeding; XTE results werg g&fin, with a max. deviation of 100
mm, on some straight paths; planting on the side sibpe resulted in vehicle yaw and
implement drift up to 240 mm between passes, ihistg that vehicle terrain can impact

path accuracy significantly in an agricultural eoviment.

2.50VERVIEW OF TOTAL STATION

In the surveying industry, a total-station unifeo$ target positioning that can be
correlated with GPS-derived positions and, moreroonly, physical on-site monuments
providing a local frame of reference. While surmesygenerally collect positions with a
stationary target (like a prism), in recent yeaosal-station technology has progressed
such that the target can be in motion as well. oligh redundant position calculation
across fixed on-site monumentation, the potenksite to utilize total-station technology

to document the travel path of a vehicle equippéd aguidance system.

2.5.1 PRINCIPLES OF OPERATION

A total station, also known as a tachymeter, sffeery precise angular and
distance measurements. Through electronic distaneasuring, a laser pulse is
transmitted by the total station and reflected bacthe total station by the target, which
can be a mirrored prism or some form of highlyeefive material. A distance
measurement can be derived by recording the anaduithe required for the laser pulse
to return to the device from its origin. Also, @ sighting mechanism on the total
station pivots horizontally and vertically, vectoreasurements can be recorded and
associated with each recording (Eérbl., 2004). In the surveying profession, the total

station is often oriented over a stable monumephuphich the positioning coordinates
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are either known or can be easily assumed; in iadgithe total station can be oriented
relative to north. The result is that any obseovet made of the target by the total station
can be related to the total station’s positionhre¢ dimensions and over time. Recent
advances in total-station technology allow for passautonomous tracking of the

assigned target by the total station, resulting imands-off approach by the operator in
following the target. Some potential sources ebemclude radial inaccuracy, or how

accurately each degree of horizontal or verticalation can be measured, and

atmospheric distortion over long distances (fehdl., 2004).

2.5.2 PREVIOUS RESEARCH TO MODEL DYNAMIC GPSPERFORMANCE

Freimann (2000) and Bittner (2000) utilized a lkossation with tracking
capabilities to corroborate the driving performand¢ean experimental “autonavigating”
tractor, reporting that the tractor performed lretib@an £ 8 cm when required to follow a
preprogrammed path. In order to study characiesistetween and within agricultural-
vehicle components, Ehel al. (2002) developed a system to synchronize outpmidsn
CAN-based communication, GPS positioning informatiaand controller software
performance. The positioning system utilized fus test incorporates both RTK-based
positioning and a “target tracking tachymeter” &tadtation). Results were that, either
stationary or in motion, the combined referenceesyisprovided an “absolute” accuracy
of less than = 3 cm. In a later study, Edirél. (2004) posed potential deficiencies with
using a total station as a referencing system fdoguidance testing: acute angle
measurements reduce accuracy, downrange measuselo@ntaccuracy after 200 to 300

meters, and tracking-vehicle speeds can exceedo-septor performance of the
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positioning device. Potential dusty conditionsmost agricultural settings could also

hinder observations with a total station (Bell, @D0

2.6 SUBSURFACE-DRIP IRRIGATION (SDI)

Subsurface drip irrigation is a method of applypgcise amounts of water to
agronomic crops by delivering the water directlytie plants’ root zone via underground
tape or tubing, often referred to as “drip tapatip line”, or “drip tube”. In its various
forms, drip tape offers water-use savings due mbt to its reduced application volume
but also to its reduced evaporative losses. Theareh topics discussed below involve
the uses and benefits of SDI, and previous attertgtstudy SDI performance in

laboratory and field situations.

2.6.1 USES ANDBENEFITS

SDI can be adapted to many typical crop applicatioboth agronomic and
horticultural in nature. In a review of all pulbled research pertaining to SDI, crop
yields were found to be either comparable or highan other conventional forms of
supplemental irrigation (center-pivot, overheadirgger, etc.), and usually less water
was required (Camp, 1998). Other studies havestxtwn utilizing SDI for fertigation
or effluent disposal (Lamra al., 2001; Lamnet al., 2004; Songt al., 2003; Trooieret
al., 2000), determining optimum lateral spacing antéri depth for various crop
systems (Enisco-Meding al., 2002; Brylaet al., 2003; Charlesworth and Muirhead,
2003; Campet al., 1997), and studying SDI effects on crop water-e$ciency
(Bordovsky and Porter, 2003; Lamm and Trooien, 200Bicreased yields and greater

application efficiency add up to better profits faroducers. For example, in western
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Kansas, corn irrigated via SDI provided substamietl returns on a per-hectare basis
compared with center-pivot sprinkler irrigation @dien et al., 1998). However, the
authors of that study determined that SDI was uitple relative to center-pivot
sprinklers for SDI product life of less than terage

In economic terms, the initial costs associateth wiesigning and installing an
extensive SDI system can be daunting. While ilsiah costs may be considered a
drawback in some situations, the cost of drip &tign can be reduced by using both
wider lateral spacings and the same laterals foltiptes years, as with subsurface
placement. From this point of view, there couldab&nancial incentive to install and
maintain an SDI system that could last a great ewler than ten years (Doughedy

al., 2009).

2.6.2 EVALUATING SDI PERFORMANCE

While much research has focused on improved agnangrowth, relatively few
studies discuss the longevity of the drip tapeesystthemselves. Effects on crop yield
and crop quality of SDI tape design (from five miaaturers) and position along 152-m
lateral runs were investigated by Stegtlal. (1996) for three consecutive years. Yields
were not statistically different between tape desifpr any upstream distance transect in
any year. However, measured emitter discharges rdeereased dramatically with
distance downstream from the start of the tape.

Campet al. (1997) used three drip irrigation systems; twchvdtteral lines on the
soil surface and one with laterals about 30 cm wbetbe soil surface for several

experiments from 1985 to 1992. Emitter pluggingstem uniformity, and overall

28



performance were evaluated via several methods.umiormity values were lower for
the subsurface system, primarily because of pluggeitters. Entry of soil particles into
an eight-year-old subsurface system during cortbrmucand/or repair operations
probably caused the emitter plugging, accordintdpéoauthors.

Ayars et al. (1999) operated several SDI experimentation pkbhi®ughout
California over a fifteen-year period, testing iigation regimes against crops such as
cantaloupe, corn, cotton, and tomato. The authepsrted that some of their plots
performed comparably to initial installation aftess much as nine years. The
presumption was that when the system was flushddnaaintained in a proper manner
root intrusion was minimized to the emitters.

A commonly-referenced standard pertaining to S&fgrmance is ASAE S553:
Collapsible Emitting Hose (Drip Tape) --- Specifioas and Performance Testing
(ASAE, 2008). This testing standard outlines mdgfor certifying performance and
quality characteristics of drip tape products. Thethods were developed such that
industry testing (or consumer testing) could takace under laboratory conditions---
specifically, the tape product should be above gdoin a controlled environment as
opposed to field conditions. Lesiketral. (2004) adopted this standard to a field setting
to evaluate drip-tape flow rates from SDI produittat had been used for wastewater
effluent for up to five years; this required thetraurs to excavate the soil to such an
extent that small catch pans could be placed uedénrthe emitters in order to perform
in-field application uniformity tests. The authaligl not refer to any plants of agronomic
value that were removed or relocated during exaavahowever, the presumption is that

soil was disturbed within several inches of thepdape. In an effort to protect
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neighboring plants, Steeét al. (1996) employed a less-intrusive method of exppsin
few emitters in order to make a rough determinatmimout in-field application
uniformity. Catch pans were also placed underettposed emitters in this situation, and
collected volumes were averaged and extrapolateghtequivalent flow rate based on

manufacturer’s stated flow rates and emitter sgacin
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CHAPTER THREE
DEVELOPING A TERRESTRIAL-BASED PROCESS FOR MEASURIN G
ACCURACY OF GPS CORRECTION SERVICES IN GUIDANCE-SYSTEM

APPLICATIONS

3.1ABSTRACT
Navigational satellite services (GPS, GNSS) prevideal-time position

information for autoguidance applications used yomaagriculture production. Under
dynamic situations (i.e. when the GPS/GNSS roveeiver is in motion), performance
assessments are often based on measured posélatigerto a target “path”. Creating a
testing method that is not reliant on satelliteifpgmsing may serve to reveal the potential
drift component of any GPS/GNSS-based correctignadiwhen an autoguidance system
is in operation. The objective of this study wasetvaluate techniques for using an
optical total station to provide terrestrial-basetiynamic accuracy testing of an
autoguidance system when using different GPS-baseckction services. An optical
total-station with target-tracking capability waslimed in conjunction with a tracking
prism mounted to an autoguidance-equipped tractoprovide an absolute frame of
reference for comparing accuracy and repeatalfityvide-Area Augmentation System
(WAAS), John Deer® SF1 and SF2, and Real-Time Kinematic (RTK). Salver

techniques relating to test-site preparation, datidection, and office processing are
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presented. Recommended techniques for properctiomesignal testing by the total-

station instrument included conducting site catiorg establishing semi-permanent
monumentation for reference purposes, and condugtindance tests in neutral-easting
or neutral-northing path orientations.  Short-teand long-term testing can be
accomplished with this technology for SF1, SF2, WWAS; tracking capability of the

total station was only four to five times more aata than typical RTK performance, so
this process may not be sufficient for RTK evalmati Total-station positioning

accuracy can potentially be degraded unless piilsima tonsidered. Therefore, a digital
elevation model (DEM) served to capture slope aspobet characteristics for the test site
such that derived positions could be adjusted baseithe roll and pitch modeled by the

DEM; however, for our test site, the prism positiavere only improved by about 2 cm.
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3.2INTRODUCTION

The benefits of autoguidance systems include nadutriver fatigue, extending
operational hours, increasing field efficiency gomatentially lowering fuel usage. A
common industry standard involves utilizing a natwignal satellite service to derive
vehicle location in real time, such as the Unit¢éat&’ Global Positioning System (GPS),
or the more inclusive Global Navigation Satellitgst&m (GNSS), which includes
satellites from the United States (GPS) and Ru&SiaONASS) currently but could
include future operational systems developed bgroglovernments.

Accuracy and precision measurements of GPS- or &tepable receivers have
traditionally been derived from static-operationstse and internationally-accepted
engineering testing standards exist for making sa@luations (Institute of Navigation,
1997). Terms such as Circular Error Probable (CEBPherical Error Probable (SEP),
and Root Mean Square (RMS) error pertain to diffees in measured positions from a
known target position (Upadhyagtal., 2003). Today, no engineering test standard has
yet been developed to quantify GPS/GNSS positionaaguracy under dynamic
conditions, yet most manufacturers report accueany performance values such as pass-
to-pass error (P2P) (also known esative accuracy, or short-term error), which
typically refers to accuracy of a new position tielato a position previously determined
within a short period of time, such as fifteen mess The assumption is that some form
of dynamic testing must have taken place in ordelerive such values, but as there is no
accepted test standard in place, comparing guidapsEms among manufacturers in

equal terms becomes a challenge.
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Under dynamic situations (i.e. when the GPS rexe® in motion), performance
assessments are often based on measured posdiatigerto a target “path”. Stombaugh
et al. (2002) proposed various testing methods for GB&eivers under dynamic
conditions, either by repeatedly driving a vehioler known predictable paths or by
mounting a receiver to an apparatus with a fixeder path. Tayloet al. (2004) also
mounted a receiver to a fixed-path apparatus irerotd investigate accuracy through
straight-line tests. These methods have their radgas in that most of the
measurements generated through these processés @asily evaluated and compared
with an intuitive path template; also, evenly-sghcgraight-line drive patterns are often
desired with everyday farming operations. Convgrsséveral equipment- and terrain-
related variables can influence the performancea sfstem; Ehsamt al. (2002) advised
that dynamic evaluations should be conducted ufidiet conditions representative of
standard operational performances and at typioalatipnal speeds.

In recent years, farmers across the U.S. havestadan autoguidance systems to
use in their cropping systems. Some farming prastrequire more accurate positioning
from the autoguidance system than others; for el@mapplying manure with a
broadcast spreader would not require autoguidaoceracy on the order of a few cm;
accuracy to that order would be essential for bd+fdeilizer applications, however. The
tasks desired by the operator often determine \eval of accuracy is required, and an
appropriate autoguidance system or correction sigrselected.

By utilizing high-quality GPS- or GNSS-capable erers with conventional
surveying techniques, positions can be derived high order of accuracy under static

conditions. When these techniques are not availébleautoguidance operators, an
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element of drift may be introduced into the positig error. GPS drift can have an
effect on field operations that rely heavily on aguidance technologies. Hah al.
(2004) observed that a receiver’s dynamic perfogediuctuates over time, whether by
different hours of the test day or by differentttéays. This trait could be problematic
over the course of several seasons in situatiorsgsevtontrolled traffic or conservation
tillage is practiced requiring repeatable, accueg@ipment paths from year-to-year.
Hanet al. (2004) and Ehsamt al. (2002) utilized multiple GPS sensors receiving
multiple decimeter- and sub-meter wide-area diffde¢ GPS (DGPS) correction signals
mounted onto an agricultural vehicle in an efforinteasure their performance; for these
studies, the paths mapped via Real-Time Kinem&itK() correction were considered
the “absolute” or “reference” paths from which tongpare the other receivers’ paths.
Autoguidance operations conducted with RTK coroectiare often regarded as
“repeatable” from one season to the next due to dperating parameters and
assumptions maintained in the RTK correction. Hawewhen one GPS receiver is
established as an independent “base” from whiaeteerate corrected positions, and few
or no redundancies exist to support the positionvaeons made in the autoguidance
software, the potential exists for GPS drift to wcander RTK operation, albeit a small
effect. Additionally, if local site conditions ctiibute to a less-than-optimum correction
signal, then this phenomenon will be present irhlibe “reference” positioning as well
as the autoguidance-established positioning (Adakehal., 2007). Therefore, creating
a testing method that is not reliant on satellitsifioning may serve to reveal more
accurate and absolute measures of performanceniprG®S/GNSS-based correction

signal when an autoguidance system is in operation.
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In the surveying industry, a total-station units(areferred to as a tachymeter)
offers target positioning that can be correlatethwdPS-derived positions and, more
commonly, physical on-site monuments providing ealoframe of reference. While
surveyors generally collect positions with a stadiy target (like a prism), in recent
years, total-station technology has progressed suaththe target can be in motion as
well. This characteristic provides the potentmptot the driving path of a vehicle. Ebhrl
et al. (2004) discussed concerns regarding the use alfgt#tion technology (referred to
as Terrestrial Positioning Systems or TPS) as & fof absolute-position referencing.
Their concerns included the drop in accuracy frotitted prism, down-range limitations

beyond 200 to 300 m, and issues related to theltspeed of the target vehicle.

3.3SuB-OBJECTIVE

The objective of this study was to evaluate tegiv@s for using an optical total
station to provide terrestrial-based, dynamic aacyrtesting of an autoguidance system
when using different GPS-based correction services.
3.4MATERIALS AND M ETHODS

The tractor used for this study was a John 26420 (Deere and Co., Moline,
IL, USA; see Appendix A) factory-equipped with tB&arFiré ITC™ GPS receiver (part
no. PF80732; software ver. 2.52A; Deere and ColindplL, USA) and the GreenStar™
autoguidance system (hardware ver. PF80444 2.6yvad ver. PF303192F; Deere and
Co., Moline, IL, USA: see Appendix D). The tracteas also outfitted with a Trimble
EZ-Guide™ lightbar guidance computer (firmware v&10.002 Feb 22 2007 11:53:46

for 2007 tests; Trimble Agriculture, Sunnyvale, AASA) and an EZ-Steer™ assisted-
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steering system (software ver. 3.00.01 for 200%teimble Agriculture, Sunnyvale,
CA, USA: see Appendix D).

In order to capture moving-vehicle position datdhwa terrestrial frame of
reference, we used a TrimBI&8603 DR+ total station (firmware ver. 696-03.08ble
Engineering, Sunnyvale, CA, USA) in combinationtwé Trimbl€ TSCe field data
collector (part no. 45185-20; Trimble Engineerirgnnyvale, CA, USA) utilizing
Trimble® Survey Controller software (versions 11.20 — 11.#fimble Engineering,
Sunnyvale, CA, USA: see Appendix B). Point of meament on the tractor was
maintained using a Trimble RMT ATS Multi-Channel tracking prism (part no.
571233035; Trimble Engineering, Sunnyvale, CA: agpendix C), mounted to the rear
frame hitch approximately 66 cm above the ground ahgned with the vehicle’s
centerline. Distance measurements were calculaéeiilectronic Distance Measurement

(EDM) technique; the stated accuracy of such mesx

psents was + (5 mm + 2 ppm;
Trimble Engineering, 2001). In addition, our tosthtion was equipped with Trimble’s
AutoLock™ function such that the total station, s@rvo motors integrated within its
base, could automatically track the moving targesnp and simultaneously collect
distance data.

Four different GPS-based correction signals weraluated: Wide-Area
Augmentation System (WAAS), John Deere SF1 (Ski)n Deere SF2 (SF2), and Real-
Time Kinematic (RTK). Position accuracies typigaikeported by manufacturers and/or
system users are referenced in Table 3.1. Measdrgsort-term error (P2P) and long-
term error are often reported; however, long-terraras often reported from static tests,

not dynamic tests. No implements were attachethgluhe tests, so draft or drag was
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not considered; also, the tractor had performeg tight-duty tasks during its life, so
steering and/or transmission wear was considerglipitae.

Table 3.1. Typical reported accuracies for correadn signals used in this study.

Correction Signal Type of Correction Accuracy
WAAS wide-area +15 to 30 cm short-term (PZP);
+61 to 66 cm long-term (static)
. +33 cm P2P;
SF1 wide-area ~76 cm static
. +10 cm P2P;
SF2 wide-area ~95 cm static
< .
RTK local-area <3 cm PZP'
<3 cm static

Source: Hest, 2007. For additional details, sepefdix E.

3.4.1 GENERAL TEST-SITE PREPARATIONS

This study was performed in Auburn, Alabama (32685.5° W) beginning in
February 2006 and ending in August 2007. A diffietesting site was selected each year
(see Appendices F and G). Except for differencelsgal terrain, both sites shared the
characteristics of minimal overhead obstructionsii@gel for maximum reception of
available satellites), minimal sources of radioeiférence (desired for maximum
reliability of positioning data), and allowancesr ftne-of-sight testing (desired for
uninterrupted prism tracking by the total station).

Semi-permanent position monuments, or “benchniamkere installed at each
testing site to serve as points of reference ftal4station data collection. In order to best
relate total-station derived positions to the lotadrain, a four-point site-calibration
technique was employed via Site Calibration proceda Trimble Survey Controller

program (Trimble Surveying, 2007). Additional moremtation was installed and
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documented as necessary for consistent total-statiewing location and station
backsight monument(s).

For both sites, guidance “paths” were input togh@&ance computers at the first
data-collection event (referred to as “AB” line gdment) by parking the tractor at the
start of the path, recording a coordinate at tistion (point “A”), driving to the end of
the path, parking, and recording a subsequent cwied(point “B”). Path placement and
direction of travel were optimized for total-statidine-of-sight availability. Positions
were collected via the total station during testemw all the following conditions were
met:

1. The tractor operator selected the relevant comedervice.

2. The operator aligned the tractor on the relevass |§4, 2, etc.).

3. The autoguidance device was engaged by the operator

4. The guidance system steered the tractor on patial-$tation positioning was
terminated before the tractor reached the endeop#ss.

Five straight-line parallel paths were navigatgdhe guidance system(s) for each
correction signal being evaluated. Vehicle spead maintained at 2.2 i or all tests.

A testing “event” was represented by traversingfialk reference lines within a 15-
minute time period. A different correction signeas enabled prior to each testing
event.

3.4.2 TEST SITE ONE PREPARATIONS

The RTK base receiver/radio was installed atofaadard instrument tripod over
a dedicated benchmark at the start of each tedagglocated approximately 36 m south

of the AB line with clear line-of-sight to the vele at all times. A GPS-derived
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coordinate for the base receiver was determinddniteneously on the first day of testing
and stored in the guidance-system program as gragsid base location.

AB-line establishment was made for both the Jokeer® GreenStar system and
the Trimble EZ-Guide system concurrently. Howevéhese systems operated
independently of one another; the GreenStar systemputed an AB line using RTK-
quality positioning, while the Trimble system cortgai an equivalent AB line using
WAAS-quality positioning. Guidance lines were d&dithed at 6.1-m spacing; direction

of travel was approximately 80.1 degrees azimuitdtive to true north (Appendix F).

3.4.3 TEST SITE TWO PREPARATIONS

For the second site, a semi-permanent base-reaewent was installed with a
clear line-of-sight of the testing site, locateghreximately 30 m from the AB line(s). In
the effort to further maximize RTK repeatabilitystead of collecting an instantaneous
coordinate, the base receiver was programmed te stacoordinate representative of
mean position after a 24-hour data compilation.

While we utilized the same John Deere GreenSt&tesyfor SF1, SF2, and RTK
corrections, the Trimble EZ-Guide computer use®@®6 for WAAS correction was
different from the one used in 2007 (but make awd@hwere identical for both). Two
additional configuration changes were made to #een Trimble EZ-Guide. First, we
devised a method of outputting the NMEA-0183 dataasn (an ASCII standardized data
format developed by the U.S. National Marine Elecic Association) from the StarFire
iTC receiver and into the Trimble system. This ifiodtion served two purposes: (1)

while maintaining an RTK-quality position fix, ABrle establishment was conducted
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concurrently with both systems utilizing the sanehigle receiver, thereby reducing

potential offset error between the systems, andwd)e the StarFire receiver and the

GreenStar system could still process WAAS, thedigras sent via NMEA output to the

Trimble system so that the EZ-Steer module couitttion. The second change to the
EZ-Guide configuration was the addition of a Tar@ompensation Module (TCM: see

Appendix D); the belief was that roll/pitch condits exhibited by the vehicle throughout
the testing area would tend to not adversely aff@dition accuracy as may have been
the case in the previous year’s tests.

More intensive topographic surveys were conduetetthis site than the previous
one, as the intent for the second year of teststvatempt to compensate for prism-tilt
error. Utilizing a survey-grade RTK receiver, elggn data were recorded throughout
the plot.

Finally, this test site allowed both north-to-doand east-to-west orientations for
vehicle paths to be studied. This setup provideseans to evaluate whether drive-path
orientation impacted dynamic positioning accuraé¢yswath width of 12.2 m was used
during this testing; directions of vehicle traveéne approximately 179.4 degrees and
271.3 degrees relative to true north for the ntoteeuth and east-to-west tests,

respectively (Appendix G).

3.4.4 TESTSTE ONE: DATA ANALYSIS
During both years of testing, positions derivedngsthe total station were

converted into Universal Transverse Mercator (UTdgrdinates (Northing and Easting,

41



in meters). Ground distances could be easily dérivéh UTM coordinates, and the
UTM projection allowed for easy transfer to exigtoata imagery of the sites.

While the guidance computers used stored AB lineormation on each
successive test, no clear method of documentingABhdine with the total station was
determined in 2006. Referencing research conduayedayloret al. (2004), a linear-
regression model was used to evaluate path pladeorersuccessive testing events
relative to the first path created by the guidasygstem on the first day of testing at Site
1. For example, the first pass along the AB lineemw using the RTK signal generated
about 30 total-station derived point coordinatése linear regression equation obtained
from those 30 points became the “reference” by twhm compare cross-track error
(XTE) and pass-to-pass error (P2P) for RTK perfarceathroughout the season. An
illustration of XTE determination is presented imgue 3.1. Furthermore, the target
positions were “rotated” about a predicted pointtioe regression line in order to relate
all the vehicle paths relative to a positive e@gtind zero northing direction by using the

following equations:
X; = X; |cos (360 - 9))] — ¥ [sin (=360 - 9))] 1)

Y =¥, |cos (360 — )| + X; [sin (360 — 0))] )
where i , Y;) are initial prism coordinates (Easting, Northing¥: , Y;) are modeled
prism coordinates, an@l represents a degree conversion of the arc-tarajethie slope
parameter from the regression-line equation. Elselts were that the northing error was
equivalent to XTE for a given path, making perfonoa calculations much easier to

conduct. (Additional details are in Appendix L.)
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Figure 3.1. Depiction of cross-track error (XTE) cetermination.

3.4.5 TESTSITE TwO: DATA ANALYSIS

To account for prism movement during the secorat-yesting, a digital elevation
model (DEM), produced using ArcMap GIS Ver. 9 (ESREkdlands, CA, USA) was
created to represent the study site. The DEM wadyzed with a 1.0-mresolution.
Further, slope and aspect models were also gederdtee benefit of these models was
that, when tracking positions were included, a \aeztislope (in degrees) and aspect
(related to true north) could be associated wightthcking positions to account for prism
tit. Further details regarding production of ddgspect models and adjusting target
coordinates for prism tilt are available in Appeni¥l.

While no equivalent AB line was recorded with tb&l station in the first year, a
representative AB line was recorded for the testthe second year. On the initiation
date, target-prism positions were recorded conntlyrevith the establishment of the
guidance-system field records (under RTK corregtioa an “A + B” method. Relating
this information to the slope and aspect modelsl useadjust position data, any total-
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station-derived position could be modeled fromARafj. + Bunadgj] Or [Aag. + Bag;] target
path.

Example target position data are illustrated muFeé 3.2. One additional change
to XTE derivations was made in the second yeaestirig. Target positions (represented
by point coordinates) were exported as GIS-comfmatilles for further analyses in
ArcMap. Through GIS procedures, polyline files eenodeled according to anticipated
swath width and corresponding with total-statiomhcel AB line model (expected
guidance path). To obtain XTE, we used a GIS moe that provided perpendicular
distance offset of each point coordinate relatwveéhie expected guidance path. (Details
of ArcMap procedures are provided in Appendix Mepr further visual representation,
polyline files were created by connecting conseeupoints per swath, reinforcing the

concept of observed vehicle travel compared to @gpleguidance path (Figure 3.3).
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Figure 3.2. Example dataset produced from total-sttion observations. The labels
for the gridded lines represent local grid coordinges, projected into the Universal-
Transverse Mercator (UTM) coordinate system (unitsare in meters). The
triangular markers represent stable reference monurants used in site calibration.
The green lines represent the vectors from the totatation monument to the
observed prism positions (illustrated as white do)s
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= John Deere SF2
= RTK

Figure 3.3. Example test dataset in GIS format. Bck dots within each line refer to
position data recorded by the total station; linesirawn between dots represent
travel “paths” made by the test vehicle. Paths argeparated by color according to
correction signal used for each traverse in relatio to the relevant reference
guidance line.
3.4.6 STATISTICAL ANALYSES
For both years of the study, mean XTE, standaviatien of XTE (SD), and root

mean square error of XTE (RMSE), were calculatedwbned by Ehsangt al. (2002)
(also outlined in Appendix K). Pass-to-pass er(®2P) were calculated by subtracting
the signed value of the mean XTE of a row from pireceding row. Per-event
observations were screened for potential outlideined by “any observation farther

than 1.5 [Inter-Quartile Range] from the closesartjie” (Devore and Farnum, 2005).

Basic statistical measures of XTE and tests formadity were derived through the
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univariate-statistics procedure (PROC UNIVARIATEAS Institute, Cary, NC, USA).

Graphical depictions were generated in MS Excel’200

3.5RESULTS AND DISCUSSION

3.5.1 SITE ONE RESULTS

Data collection dates and times are referenceballe 3.2. Implementation of
the desired correction signals was a large chadléhgughout the test period. While the
intention was to navigate the five drive paths with 15-minute time period, select a
different correction signal, and repeat the navwagatcertain correction signals would not
initiate in a timely manner between RTK, SF1, afi@.SOne potential reason may have
been that the processor in the GreenStar compatgd oot re-compile the satellite data,
filter the data using the newly-chosen correctimgmal algorithm, and re-compute a
vehicle position as quickly as was demanded. €bigecture does not relate to WAAS
data collection being unavailable after March 28wéver; the Trimble EZ-Guide
computer and EZ-Steer accessory had been loaribe iosystems Department for the
first half of the study and had to be returned.cdimse of time constraints, problematic

signals were abandoned during a testing day.
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Table 3.2. Data collection events for each correcin signal in 2006 (Site 1).

Test Date® Time of Test Date® Time of
Name® Day” Name® Day”

Ri1 February 22 2:30 pm sR April 7 1:33 pm
Jiq 31 April 7 1:59 pm
D11 Dsq April 7 1:45 pm
Wi February 22 2:45 pm W

Ry, February 27 3:03 pm sR April 7 2:15 pm
b1 Ny April 7 2:36 pm
Dy, February 27 3:28 pm ) April 7 2:25 pm
W, February 27 3:16 pm W

Ry February 27 3:40 pm sR June 14 12:28 pm
B S

Dy, February 27 4:00 pm o June 14 12:42 pm
Wy, February 27 3:50 pm W

Rsq March 8 1:47 pm 8 June 14 3:22 pm
Ny ks June 14 3:49 pm
D31 March 8 2:15 pm B June 14 3:35 pm
W34 March 8 2:04 pm W

Ra5 March 8 2:30 pm R June 16 9:43 am
Ny I June 16 10:07 am
D3s March 8 2:52 pm 2] June 16 9:55 am
W3, March 8 2:42 pm W

Ra1 March 28 ™ R June 16 12:21 pm
i1 I June 16 12:43 pm
D41 March 28 T D, June 16 12:32 pm
W4 March 28 T W55 --- ---

R4, March 28 T

iz === ===

Dy, March 28 T

W5 March 28 T

 Test name is in the format,A whereA represents correction signal used (R=RTK, J=Stu$F1,
D=StarFire SF2, W=WAASX represents testing day, apndepresents event number for that day.

® Dashed lines represent absence of data for thatide.

¢ Time of Day refers to local time at which datdiextion began, recorded by program clock embedided
datalogger.

¢ Events T and T, have no time stamps.
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Correction-signal results for all signals will Bscussed in more detail in Chapter
4; however, a summary of XTE measures for the 2@G6on is presented in Table 3.3.
Statistical evidence implied that XTE data did a@ways follow a normal distribution.
XTE generated through RTK correction had the gstatember of testing events (85%)
that were normally distributed (if [Pr<W] > 0.05rf8hapiro-Wilk test); 40 to 50 percent
of the test events evaluating other correctionageuggested normal XTE distributions.
Negative or positive XTE median and XTE mean valgsesent XTE trends that were
to the northern or southern side of the refereimue, Irespectively. RTK correction
offered very low position error in terms of variktlyi (5-cm SD, 6-cm IQR), location (5-
cm XTE median/XTE mean), and overall accuracy (7RMSE), but the values are
slightly higher than values typically reported BTK performance. SF1 correction
varied over a meter throughout the season, yeetktm be centered close (5 cm) to the
desired path; however, high RMSE suggested thatsighal was the most inaccurate for
the time period used in this study. SF2 correctidfered XTE farthest from the
reference lines (37-cm XTE median; 35-cm XTE meamjinally, WAAS correction
offered good general location throughout the segSeam XTE median/mean) despite
the overall accuracy (31-cm RMSE), which was cdasiswith typical reported accuracy

for this correction signal.
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Table 3.3. Measures of location and assumption abrmality for 2006 XTE data.

Inter-
Quatrtile
# Events Median Range Mean
Correction X Test Rejecting XTE (IQR) of XTE SD RMSE

Signal Events Normality (cm) XTE (cm) (cm) (cm) (cm)
RTK 13 2 -5 6 -5 5 7
SF1 5 3 5 116 38 68 78
SF2 12 6 37 30 35 22 41

WAAS 7 4 -9 38 -9 30 31

Considerations should be made concerning the mséaccuracy of the RTK
correction signal as related to the measurementracg of the total station. The
“tracking” capabilities of the total station wereccarate to +0.5 cm under ideal
circumstances (Trimble Engineering, 2001). Whilesipon bias may have been
introduced from a tilted targeting prism, we nowrdtlss believed we were achieving
optimum performance of the total station. Howevgpjcal static-testing standards for
GPS receivers require that measurement devicesldshmi at least one order of
magnitude more accurate than the product beinguated (Institute of Navigation,
1997); ergo, a correction signal that was expetdegthieve an accuracy of 3-cm should
have been evaluated with a unit or process thdtaehieve 0.3-cm accuracy or better.
Standard (static) total station measurements wdidde met this criterion, but a
stationary prism measurement could only be madeeiftractor were stationary as well.
More modern total stations may be able to provideessary accuracy under target-
tracking conditions, but the unit used during teigdy could not meet this threshold.

Therefore, for “typical” RTK-derived XTE observatis, this measuring process was
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considered questionable. RTK statistics are nhe@ss presented in this and the next
chapter to offer comparisons with the wide-areaemiion signals.

Several points can be made regarding the lessarsdd from first-year data
collection. Unfortunately for our testing regimihe autoguidance controller system
integrated into the tractor was unable to operaiaguthe WAAS correction with the
StarFire iTC receiver. It was this limitation thaguired the use of a secondary “hands
free” guidance system solution to evaluate WAASnely, the Trimble EZ-Guide and
EZ-Steer hardware bundle. Of course, this platfevas entirely independent of the
GreenStar computer and StarFire iTC receiver usethé other three correction signals.
A second antenna was used for the Trimble guidapseem, and while the ideal antenna
placement for optimum system performance was thet porresponding to the vehicle
centerline and the forward-most point on the caif,rthis location was used by the
StarFire receiver. Additionally, the Trimble autadpnce package used for this study
was not equipped with terrain-compensation capgbike the StarFire iTC receiver.
The consequences of this scenario were not apparetite overall performance of
WAAS (as represented by mean XTE per event), lsiead were apparent when a close
evaluation of the drive paths over time was congdi¢Eigure 3.4). In Figure 3.4, there is
a negative relationship between XTE and distangm fthe origin. This information led
us to consider the possibility that the trend wabcative of roll/pitch error from the site,
and therefore needed to be accounted in futurse.tddbwever, another possibility that
would have explained this trend was that XTE olstgosns were not perfectly adjusted

after subjecting the positions to rotation equaid¢mh) and (2). This tendency was
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witnessed in other datasets as well; thereforeglt@nnative method of calculating XTE

had to be considered.
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Figure 3.4. Portions of drive paths under WAAS carection for 2006 (site 1). The
negative relationship between XTE and Easting valigesuggests roll/pitch error
and/or insufficient XTE calculations.

Regarding data processing, using the regressien-dechnique to evaluate
repeatability of correction signals was not inttgtfrom an operator’s point of view. Ina
production setting, an operator would not have tredcapabilities of documenting an
AB line by this procedure, but rather by the ABeliestablishment method described
above. Therefore, we considered the feasibility capturing the prism positions
concurrently with future AB-line establishment,oaling for a total-station-derived AB-
line equivalent that could serve as an absolutb paference during office processing
calculations.

Site conditions in 2006 led to several set-up gkanthat were implemented in

2007. For example, conditions were not conduaivéaving the RTK base receiver in
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its original location throughout the duration oististudy, or for establishing a permanent
monument to accommodate the receiver. While tlerdmoate stored in the guidance
computer referred to a three-dimensional locatiepresented as latitude, longitude, and
altitude), no precise measures were undertakeagaosition the receiver at the identical
vertical height or in the identical orientationate to true north; either condition may
have contributed to reduced repeatability of RTkiponing. Only replication of reset
relative to latitude and longitude was conductedcegtering the base receiver over an
established benchmark using a plumb-bob. Thergfaran effort to reduce potential
measurement error, one of the improvements sooghhé next season was to provide a
semi-permanent receiver mount such that latitudegitude, altitude, and receiver
orientation could be repeated throughout all tests.

Due to size limitations, an average of 187 obg@wma per test event were
documented with the total station; while this numlvas considered sufficient to provide
evidence of a normal distribution, more observatioere desired for each pass during a
test. Also, previous research (Wi al., 2005) had suggested that path orientation
affected XTE trends, so we wanted to find a largst site that would allow for neutral
easting (north-to-south or south-to-north) and rautorthing (east-to-west or west-to-
east) comparison studies.

Finally, measurement error contributing from &etl prism was not considered
for 2006 tests. From a conventional-surveying pectve, in order to accurately relate
surface positions relative to existing monumentat{or simply to the total station
position), the leading assumption is that the tstation and the targeting prism are

plumb. Given that assumption, ground positions ld/dae consistent horizontally and
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adjusted vertically based on instrument and/orefatgeight above the ground. Having
either the total station or the target prism outpbfmb violates this assumption, and
horizontal and vertical accuracy is degraded. rihatiesensors in the total station provided
immediate indication of instrument error if the @®&vwas not plumbed within acceptable
tolerances; however, no such mechanism existedhfortarget prism. Therefore, we
wanted to find a method of predicting prism tilttas vehicle traveled throughout the test

plot.

3.5.2 SITE Two RESULTS

Data collection dates and times are referencetppendix J. While initializing
the SF1 correction signal was problematic in 2006alizing the RTK signal was more
problematic in 2007. Because of the overall ladktesting events recorded on a
correction-signal basis in the previous year, gsearch objective for the 2007 study was
to observe twenty testing events per signal andogpentation; only 13 events were
recorded for east-to-west RTK, but all other sigmantation combinations had 17 to 20
test events.

The size of the second test site allowed for moalger traverses in the north-to-
south direction than was witnessed at the eariier lsut the traverses in the east-to-west
direction were about the same length as thoseeaed#hnlier site. An average of 289
observations was recorded per north-to-south testvent, while east-to-west testing
events averaged 157 observations.

Summary positioning statistics for all correctisignals for north-to-south and

east-to-west path orientations are presented iteTaB. Similar to 2006, XTE generated
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through RTK correction had the greatest numberesting events (70%) that were
normally distributed (if [Pr<W] > 0.05 for Shapimvilk test); only 20 to 25 percent of
the test events evaluating SF1 and SF2 correctignals suggested normal XTE
distributions, and only about 30 percent of tesenés evaluating WAAS exhibited
normality. As evidenced from IQR values, the dipath orientation tended to influence
XTE; as this tendency had already been suggestedréwious research efforts, the
validation of the concept through the total-statitmmived data was acceptable. However,
this tendency was not observed for the SF2 siglen that variability of SF2 signal
was about equal (43-cm southward, 45-cm westward tlaat XTE median values of the
SF2 signal were closer to zero (expected value) thi#h either SF1 or WAAS, the
suggestion is that the SF2 correction was the mestble sub-meter correction signal
evaluated. Measure of variability for SF2 in 2@pports this suggestion as well (Table
3.2). SF1 offered consistent position error relgssl of path orientation (21-cm XTE
median), but the variability in the southward ot&imn was more than twice that
observed in the westward orientation. XTE from W&\&orrection tended to be more
“on target” throughout the season in the southwaasl, opposed to the westward,

orientation, but XTE variability was about equatiat observed under SF1 correction.
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Table 3.4. Measures of location and assumption abrmality for 2007 XTE data.

Inter-
Quatrtile
# Events Median Range Mean
Correction X Test Rejecting XTE (IQR) of XTE SD RMSE
Signal® Events Normality (cm) XTE (cm) (cm) (cm) (cm)

RTKs 17 4 -1 10 -1 8 8
RTKw 13 7 4 19 5 15 15
SFlg 20 15 21 83 12 47 48
SFly 19 15 21 38 17 33 37
SFZ 20 16 3 43 5 29 29
SF2y 20 16 6 45 3 52 52
WAASs 20 13 -10 56 -13 65 67
WAASw 19 14 40 75 27 73 78

4Subscripts ‘S’ and ‘W’ refer to southward-orientettd westward-oriented reference lines, respectively
3.5.3 INVESTIGATIONS INTO NORMALITY OF XTE

Because several testing events for the 2006 al0d 2@asons produced non-
normal XTE, further analyses were performed to usta@d this result. Outlier filtering
was performed as described by Devore and Farnu@7j2for XTE observations per
testing event; an alternative approach was to paréosimilar outlier filtration across the
entirety of each season. This approach was investigated; depending enctirection
signal being evaluated, the results were that eertBisting events should have been
omitted. This scenario was unacceptable for ogept goal of comparing XTE trends
on a per-event basis; further, we believed thata @soducer does not necessarily have
the capability or the time to simply “omit” and tte” a guidance-based operation that
may not be indicative of typical correction-sigmerformance, we wanted to document
and evaluate XTE observations in a similar fashion.

Outlier filtration on a per-testing-event basisl girove useful in spotting XTE
observations that should not have been includedhen datasets. Usually these
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observations were located at the beginning or titing of individual guidance rows,
implying that prism targeting occurred before thector “locked” on the guidance (AB)
line, or that prism targeting continued briefly aarroneously) after the autoguidance
feature was disabled at the end of the guidanas hespectively. In a few situations,
outlier flagging suggested evidence that XTE olsgons were different on a per-row
basis. From the 2006 study, out of a total 178sraeross all correction signals,
observations from Row 1 during a June 16 SF2 teshtewere flagged and removed
from analysis (see Appendix N); a graph of XTE obabons for this event (with XTE
from Row 1 included) is presented in Figure 3.5 2D07 from a total of 385 rows
involved with north-to-south path orientation aga@dl correction signals, only 6 rows
were flagged and omitted from analyses (Rows 1 aricbm two SF1 testing events;
Row 2 from an SF2 event; three instances of Rowofnfseparate WAAS events; see
Appendix O). Out of 355 rows involved with eastwest path orientation, only 2 rows
were omitted from analyses (two instances of Rofroin SF1 and SF2 testing events;

see Appendix O).
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Figure 3.5. Graph of XTE observations per row forSF2 testing event on June 16,

2006. Observations from Row 1 were flagged as poteal outliers and omitted from
analyses.

Despite these evaluations, XTE observations stithigested evidence of non-
normality on a test-event basis. A contributingtéa to this tendency was likely from
poor satellite geometry or low satellite countha time of data collection; situations that
are generally regarded as adverse to GPS posijioniNeither satellite number nor
measures of geometry were recorded during testiegts.

Another factor contributing to non-normality mayave been the strong
dependence of XTE performance to the error-modedtauracy (or lack thereof) of the
wide-area correction signals. In differential GR$hniques, a wide-area correction
refers to modeling timing, satellite, and atmospherror over a “wide area” of the earth.
For WAAS, base stations throughout the United Statetribute to an error-mitigation
model representative of the United States (Hur®3),9and for SF1 and/or SF2, base
stations are distributed around the world to créatee wide-area correction models; one

of which models North and South America from 76rdeg north latitude to 76 degrees
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south latitude (Navcom Technology, 2003). Error elod) for a very small, specific
portion of the planet’s surface is best servedugho“local area” corrections like RTK.
The algorithms that comprise SF1 and/or SF2 ermueating are proprietary to Navcom
Technology (a subsidiary of John Deere), so anuatal would be unlikely to simulate
or replicate the error modeling of these servidesfact, due to the dynamic nature of the
GPS satellite constellation, true testing reploradi are impossible to achieve, but

approximate replications may be possible.

3.5.4 POSITION ADJUSTMENTS VIA SLOPE AND ASPECT M ODELING

Digital elevation modeling for the test site releebthat the site, although level in
appearance, had a uniform negative slope almoscttlir towards the west (see
Appendices F and G). The average slope value vadehrees. Given that the tracking
prism, mounted on the rear hitch of the tractors ®8 cm above ground at this site (in
order to overcome line-of-sight issues from growedjetation such as weeds), this
translated to a theoretical eastward position aojest of approximately 2.4 cm. The
positions were not adjusted in such a broad marmerever; each unadjusted total-
station position was adjusted based on the gridevédom its underlying DEM. By
adjusting the positions in this manner, overall X€&Eor was more representative of
autoguidance performance. Average position adjstiwith the southward drive paths
was 2 cm, while average adjustment with the westwlaive paths was <1 cm.

One issue that was introduced during the concépatian and implementation of
the slope/aspect modeling involved choosing the Diebblution. Because the vehicle

speed during these tests was 2.2 mand, because the total station could only process
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positions no faster than 1 Hz, slope and aspeciesalvere calculated on a 1.G-grid.

A greater DEM resolution would serve to captureaarcomplete picture of the ground
surface in the test plot but require far greatbotaresources to accurately produce and
ground-truth the model. On the other hand, agrémetor footprint is far larger than 1.0
m?, a less-resolute DEM may better explain the charistics of a suspension-enabled
vehicle in motion. We believe a far simpler sautito capturing prism tilt information
would have been to install accelerometers or gypiscdevices at the prism. Acquiring
additional equipment would have incurred more mtogosts, so we wanted to utilize
tools that were “in-house” (like GIS software anohv&y-grade GPS units) to account for

the phenomenon.

3.5.5 CONSIDERATIONS FOR CONTINUING RESEARCH

Using a total station with target-tracking capi#pilserved us well for
documenting the drive path of our autoguidancefgmpd tractor. This technique served
particularly well in evaluating SF1, SF2, and WAASBecause RTK correction is
typically regarded as accurate to less than 3-tm,ttacking capabilities of our total
station were, at best, five times more accurat@ tRaK observations. However, a
measurement accuracy of 10 times better than typid¢& could have provided more
robust statistical details about RTK. Modern tatations may satisfy this requirement.

Documenting vehicle prism positions during AB-liestablishment served as a
more intuitive reference method for XTE distributithroughout subsequent test events.
Also, XTE observations supported the notion thasitmmn determination has different

error levels between the northing and easting compis, so evaluating correction-signal
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performance with easting-neutral and northing-reduprath orientations should be
strongly considered for future testing. While @aating for potential prism tilt may not

have contributed greatly to position accuracy imn study, reducing error is nonetheless
good policy, so some form of error mitigation shibalways be considered when travel

conditions become more representative to typigahifag applications.

3.6 SUMMARY

The techniques evaluated for this study involvedloving a GPS-based
autoguidance-assisted vehicle with an optical tstaion with target-tracking capability
in order to create a terrestrial absolute frameeddrence when comparing correction
signals. Recommended techniques for proper casrestgnal testing by the total-
station instrument include conducting site calilomat establishing semi-permanent
monumentation for reference purposes, and condugtindance tests in neutral-easting
or neutral-northing path orientations. Proper aggpion of a total station can be used to
investigate autoguidance behavior using correctiignals with typical decimeter
accuracy or greater, like SF1, SF2, and WAAS; XTirefrom RTK correction signal
could not be sufficiently documented in comparisonnherent tracking-mode error of
the total station. Due to the potential measuremeemors derived from a tilted tracking
prism, a digital elevation model served to capslope and aspect characteristics for the
test site such that derived positions could be sadfi This adjustment method relies
strongly on the susceptibility of the tracking pmiso excessive pitch/roll of the vehicle,
and this susceptibility can be minimized by instgilthe prism as close to the ground

surface as possible,or by adding accelerometerdggroc hardware to the prism.
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CHAPTER FOUR
ACCURACY OF GPS CORRECTION SERVICES OVER TIME FOR

GUIDANCE-SYSTEM APPLICATIONS

4.1 ABSTRACT

Navigational satellite services (GPS, GNSS) prevideal-time position
information for autoguidance applications. Undenaimic situations (i.e. when the
GPS/GNSS receiver is in motion), performance assests are often based on measured
positions relative to a target “path”.  The obiee of this study was to compare short-
term and long-term accuracies of an autoguidanséesy when using different GPS-
based correction services. An optical total-statiath target-tracking capability was
utilized to provide an absolute frame of referemtken comparing accuracy and
repeatability of Wide-Area Augmentation System (W&A John Deefe StarFire 1
(SF1) and SF2, and Real-Time Kinematic (RTK) du20§6 and 2007 seasons. Cross-
track error (XTE) was influenced by drive-path otegion for RTK, SF2, and WAAS
correction signals; SF1 performance was consisegardless of orientation. Southward
XTE was typically more accurate than westward XT&F2 short-term and long-term
errors were much greater than typically reportellle&a XTE derived under SF1 and

WAAS correction were more representative of typicanufacturer’s claims. Unsigned
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95% short-term and unsigned 95% long-term error pragerred to describe guidance

performance over signed P2P and Y2Y, respectively.

4.2 INTRODUCTION

One of the most significant advancements introducgo the precision-
agriculture market has been that of assisted-sgperor autoguidance, for farm
machinery. Primarily this technology allows thehwde operator to focus his or her
efforts on monitoring real-time operations othearthnavigating the vehicle, such as
implement activity. A few of the many benefits a@itoguidance systems include
reducing driver fatigue, extending operational Isp@nd potentially lowering fuel usage.
A common industry practice involves utilizing a mgational satellite service to derive
vehicle location in real time, such as the Unit¢éat&’ Global Positioning System (GPS),
or the more inclusive Global Navigation Satellitgstm (GNSS), which includes
satellites from the United States (GPS), RussiadSBASS), and other governments as
more compatible satellite vehicles are launched space and positioned into orbits.
Unlike many geo-stationary satellites used for camizations purposes, GNSS satellites
are in constant motion relative to Earth’s surfaterefore, many satellite vehicles can
come in to and drop out of view of a user's GPS/GN8ceiver over the course of
several minutes. A GPS/GNSS receiver, or sengarabes by “receiving” radio signals
from GNSS satellites overhead, and sensor softwal®ilates the distance from each
satellite to the user; of course, because of theement of the GNSS constellation,

position solutions fluctuate.
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Although an inexpensive personal navigation deiedlD), equipped with a
GPS/GNSS sensor, can provide the user with hieofoleation over the majority of the
planet, the accuracy of such a location could bersé meters from the true geographical
location. Several conditions relating to the dyatif the PND, the amount of signal
interference, and even local environmental conditianay accumulate this error.
However, several of these conditions can be mantgadarge extent allowing the error
to be mitigated. Several manufacturers offer “ection signals” that serve to enhance
the real-time positioning of GPS/GNSS sensors; guittance systems almost
exclusively require some form of correction sigt@aloperate at a performance level
acceptable to most users. Correction signals doneoessarily provide consistent,
repeatable results for mitigating error, howeveantdt al. (2004) observed that, when
comparing multiple GPS sensors operating on diffievdde-area (non-RTK) correction
signals, a sensor’s dynamic performance was extyemariable throughout time,
whether by different hours of the test day or Wfedent test days.

Accuracy and precision measurements of GPS- or S&6Hpable sensors are
derived from static-operation tests using inteoratlly-accepted engineering testing
standards to estimate such determinations (Institaft Navigation, 1997). Static-
accuracy terms such as Circular Error Probable JCEpherical Error Probable (SEP),
and Root Mean Square (RMS) Error pertain to diffiees in measured positions from a
known target position (Upadhyagtal., 2003). Today, no engineering test standard has
been developed to quantify GPS/GNSS positioningir@aoy under dynamic conditions,
yet most manufacturers report performance of tegstem in terms of pass-to-pass error

(P2P). Also known aselative accuracy, or short-term error, P2P refers to a guidance
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system’s accuracy in determining a new positionnfpalrive path, etc.) relative to a
recently-determined position within a short permidtime (about 15 minutes). This
concept expresses to the operator how closelyuhert drive path should relate to the
previous drive path, which is a direct relationstap and overlap in most tillage and
sprayer operations. The assumption is that sonme édidynamic testing must have taken
place in order to derive such values, but as tieere accepted test standard in place,
comparing guidance systems among manufacturergual éerms becomes a challenge.
Adamchuket al. (2007) discussed how several parametric and noamparic statistical
values are utilized to describe autoguidance erfdre authors preferred to describe both
types of values when they reported findings, s¢ thaders may choose for themselves
which values are more representative of autoguglagstem performance.

Under dynamic situations (i.e. when the GPS/GN$&E&eiver is in motion),
performance assessments are often based on megsuse#idns relative to a target
“path”. Several researchers have followed thispene for guidance testing (Stombaugh
et al., 2002; Taylor et al., 2004). These methods hles advantages in that most of the
measurements generated through these processés @asily evaluated and compared
with an intuitive path template. Also, some resbars prefer to evaluate dynamic
autoguidance tests in field conditions at suitalgerating speeds, as several equipment-
and terrain-related variables can influence thdopeiance of a system (Ehsastial.,
2002). A commonly-used response variable for agsgguidance error is Cross-Track
Error (XTE), which refers to the shortest possitiktance between an observed receiver
position and its theoretical, or anticipated, goaitin relation to a mathematical line

model. With this variable, other statistical me&suof location and variability can be
65



computed, such as mean XTE, standard deviationT& ¢§SD), root mean square error of
XTE (RMSE), P2P, and year-to-year accuracy (Y2iDefinitions for these terms are in
Appendix K.)

By utilizing high-quality GPS- or GNSS-capable sers with conventional
surveying techniques, positions can be derived high order of accuracy under static
conditions; when these techniques are not availabdeitoguidance operators, an element
of drift may be introduced into the positioningaatr This position drift is largely a direct
result of fluctuating position solutions causedthy motions of the GNSS constellation.
Position drift can have an effect on field openasidhat rely heavily on autoguidance
technologies, such as seasonal crop-seed placemenunderground irrigation tubing.
No accepted method of quantifying position drifdynamic situations exists; however, it
is generally accepted by researchers that thisqghenon can be measured in terms of
Y2Y and/or long-term error by comparing the amoahiXTE variability over a long
period of time, providing some measure of how “egpble” a guidance system would be
in traversing a known path from season to seaddan et al. (2004) and Ehsaret al.
(2002) utilized an array of vehicle-mounted GPSsees receiving multiple decimeter-
and sub-meter wide-area differential GPS (DGPS)yection signals in an effort to
measure their performance; for these studies, ahlespmapped via Real-Time Kinematic
(RTK) correction were considered the “absolute”“maference” paths from which to
compare the other receivers’ paths. Autoguidangeraiions conducted with RTK
correction are often regarded as sub-inch accinate one season to the next due to the
operating parameters and assumptions maintaingtieirRTK correction. However,

when one GPS receiver is established as an indepefisdase” from which to generate
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correction data or position errors, and few or edundancies exist to support the
position derivations made in the autoguidance sariywthe potential exists for GPS drift
to occur under RTK operation, albeit a small effectnegligible for some users in
agricultural field operations. Because of thisoenpotential, another form of absolute
positioning was investigated by utilizing a totedt®n, or tachymeter. In the surveying
industry, a total-station unit offers target pamsiing that can be correlated with GPS-
derived positions and, more commonly, physical ib@-sionuments providing a local
frame of reference. While surveyors generallyemilipositions with a stationary target
(like a prism), in recent years, total-station temlogy has progressed such that the target
can be in motion as well. This characteristic des the potential to plot the driving

path of a vehicle or any moving target in which pinsm is mounted.

4.3 SuB-OBJECTIVE
The objective of this study was to compare shematand long-term accuracies of

an autoguidance system when using different GP8edbesrrection services.

4.4MATERIALS AND M ETHODS

The tractor used for this study was a John 26420 (Deere and Co., Moline,
IL, USA; see Appendix A) factory-equipped with tBearfire’ ITC™ GPS receiver (part
no. PF80732; software ver. 2.52A; Deere and ColindplL, USA) and the GreenStar
autoguidance system (hardware ver. PF80444 2.6yvad ver. PF303192F; Deere and
Co., Moline, IL, USA: see Appendix D). The tractwas also outfitted with a Trimble
EZ-Guide" lightbar guidance computer (firmware ver. 4.10.G@b 22 2007 11:53:46

for 2007 tests; Trimble Agriculture, Sunnyvale, OASA) and an EZ-Steérassisted-
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steering system (software ver. 3.00.01 for 200%teimble Agriculture, Sunnyvale,
CA, USA: see Appendix D).

In order to capture moving-vehicle position datdahwa terrestrial frame of
reference, we used a TrimBl8603 DR+ optical total station (firmware ver. 698-08;
Trimble Engineering, Sunnyvale, CA, USA) in comhioa with a Trimbl&€ TSCe field
data collector (part no. 45185-20; Trimble Engimegr Sunnyvale, CA, USA) utilizing
Trimble® Survey Controller software (versions 11.20 — 11.#fimble Engineering,
Sunnyvale, CA, USA: see Appendix B). Point of meament on the tractor was
maintained using a Trimble RMT ATS Multi-Channel tracking prism (part no.
571233035; Trimble Engineering, Sunnyvale, CA: agpendix C), mounted to the rear
frame hitch approx. 66 cm above the ground andchatigwith the vehicle’s centerline.
Distance measurements were calculated via ElectrDistance Measurement (EDM)
technique; the stated accuracy of such measuremeadst (5 mm + 2 ppm; Trimble
Engineering, 2001). In addition, the total statioras equipped with Trimble’s
AutoLock " function such that the total station, via servotor® integrated within its
base, could automatically track the moving targetnp under dynamic conditions and
simultaneously collect vector (angle and distarniza.

Four different GPS-based correction signals weraluated: Wide-Area
Augmentation System (WAAS), John Deere StarFireSE1), John Deere StarFire 2
(SF2), and Real-Time Kinematic (RTK). Position @ecies typically reported by
manufacturers and/or system users are referencé@dbte 4.1. No implements were

attached during the tests, so draft or drag wascoosidered; also, the tractor had
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performed only light-duty tasks during its life, steering and/or transmission wear was
considered negligible.

Table 4.1. Typical reported accuracies for correadn signals used in this study.

Correction Signal Type of Correction Accuracy
=15 to 30 cm short-term
(pass-to-pass);

WAAS ide-area
" +61 to 66 cm long-term
(static)
+ _ .
SF1 wide-area +33 cm short-term;
~76 cm long-term
+ _ .
SF2 wide-area +10 cm short-term;
~25 cm long-term
< ~ .
RTK local-area <3 cm short-term;

<3 cm long-term

Source: Hest, 2007. For additional details, sepefdix E.

4.4.1 TEST-SITE PREPARATIONS

This study was performed in Auburn, Alabama (32685.5° W) beginning in
February 2006 and ending in August 2007. A diffietesting site was selected each year
(see Figures 4.1, 4.2, and 4.3). Except for diffiees in local terrain, both sites shared
the characteristics of minimal overhead obstructidesired for maximum reception of
available satellites), minimal sources of radioeiférence (desired for maximum
reliability of positioning data and correction-siees/reception), and allowances for line-
of-sight testing (desired for uninterrupted prisracking by the total station). For the
2006 study, guidance lines were established atr6dpacing; direction of travel was
approximately 80.1 degrees azimuth relative to tmagh (Figure 4.1). For the 2007
study, a swath width of 12.2-m was used during tés$ing; directions of vehicle travel
were approximately 179.4 degrees (Figure 4.2) aiid3degrees (Figure 4.3) relative to
true north.
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Figure 4.1. Guidance testing site one, used in 200&levation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 20(@.1 m). Direction of vehicle travel
was westerly to easterly (approx. 80.1 degrees azith from true north; aerial
imagery and contour data courtesy of City of AuburnGIS Department, Auburn,

Guidance Lines ’X
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Figure 4.2. Guidance testing site two, used in 200 Elevation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 40f2.2 m). Direction of vehicle
travel was northerly to southerly (approx. 179.4 dgrees azimuth from true north;
aerial imagery and contour data courtesy of City ofAuburn GIS Department,

Auburn, AL).
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Figure 4.3. Guidance testing site two, used in 200°Elevation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 40(ft2.2 m). Direction of vehicle
travel was easterly to westerly (approx. 271.3 deges azimuth from true north;
aerial imagery and contour data courtesy of City ofAuburn GIS Department,

Auburn, AL).

Five straight-line parallel paths were navigatgdhe guidance system(s) for each
correction signal being evaluated. Vehicle spead maintained at 2.2 it $or all tests.
A test “event” was represented by traversing &k fieference lines within a 15-minute
time period. A different correction signal wasabled prior to each test event. Field
set-up and data analysis procedures for each yeasiing are discussed in Chapter 3
and Appendices L and M. XTE values were deriveanfipositioning data and rounded
to the nearest centimeter. Testing event scheagukepresented in Appendix | (2006)

and Appendix J (2007).
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4.4.2 STATISTICAL ANALYSES

For both years of the study, mean cross track éXdE), standard deviation of
XTE (SD), and root mean square error of XTE (RMSkgre calculated as outlined by
Ehsaniet al. (2002; also outlined in Appendix K). Pass-togasrors (P2P) were
calculated by subtracting the signed value of teamXTE of a row from the preceding
row; year-to-year errors (Y2Y) were calculated las tange between the signed testing-
event XTE across a season. Unsigned short-terar amas calculated as the absolute
difference from average XTE per testing event (Adauk et al., 2007); unsigned long-
term error was considered the same as unsigned Xddtvidual testing events and Y2Y
observations were screened for potential XTE awstlielefined by “any observation
farther than 1.5 [Inter-Quartile Range, or IQR]nfrdhe closest quartile” (Devore and
Farnum, 2005). Basic statistical measures of XTEewtkerived through the univariate-
statistics procedure (PROC UNIVARIATE; SAS InstéuCary, NC, USA). Box-and-
whisker plots were created to illustrate signed Xddmparisons of individual testing
events across a given season as well as year-toX/ea assessment. Cumulative
frequency distributions of short-term and long-teemor were created to illustrate
unsigned XTE trends for each correction signalapBical depictions were generated in

MS Excel 2007.

4.5RESULTS AND DISCUSSION

4.5.1 FIRST-YEAR EVALUATIONS OF XTE
As mentioned in Chapter 3, XTE evaluations under RTK correction are

offered solely as comparisons to the other cowactignals, since the total station used
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in this study was not considered accurate enougévéduate dynamic RTK situations.
Cumulative short-term and long-term errors for 2006 season are presented in
Figure 4.4. The values at which the 95%-probabiliites intersect each error curve are

presented as 95% short-term and long-term errdable 4.2. This method of presenting

"

AdAAL S4B LS,
:

=e=short-term error 30% - —a—short-term error

—=—long-term error 20% == |ong-term error

==+95% probability = =-95% probability

1
1
0% v - T v T —A

1] 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
RTK Error,cm SF1Error,cm

(a) | (b)

3

==—short-termerror 30% —=—short-term error

==—long-term error 20% - ——long-term error
==+95% probability ===-95% probability

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
SF2Error,cm WAAS Error, cm

(c) (d)

Figure 4.4. Cumulative distributions of unsigned kort-term and long-term error
(cm) for (a) RTK, (b) SF1, (c) SF2, and (d) WAAS awections in the 2006 study.

unsigned short-term error is similar to the metdastussed by Adamchuét al. (2007),
in that short-term error was considered the amofipath deviation witnessed from the

average XTE value of the testing event on which de&iation was recorded. For
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example, if an individual XTE value of 12 cm frohrettarget path was observed during a
testing event in which all XTE averaged 10 cm fribm target path, then the short-term
error for the individual XTE value was 2 cm. HowevAdamchulet al. (2007) used a
different calculation for deriving long-term errivat depended on finding the amount of

Table 4.2. Summary of 2006 XTE data.

95% 95%
Short- Long-term
Median XTE Mean term error error
Correction XTE IQR XTE SD RMSE (unsigned), (unsigned),
Signal (cm) (cm) (cm) (cm) (cm) cm cm

RTK -5 6 -5 5 7 7 13

SF1 5 116 38 68 78 32 159

SF2 37 29 36 21 41 22 68
WAAS -9 37 -10 27 29 36 58

path deviation witnessed from the average XTE valliehe entire testing season. To
extend the previous example, if all XTE valuestfog entire season averaged 5 cm, then
the individual XTE value would have a long-termogrof 7 cm. This technique of
evaluating long-term error was changed to refleapke unsigned XTE across the testing
season. Firstly, it was apparent that the locatioh the GPS-derived drive paths
changed, or “drifted”, across the season. It wassed that, by adjusting individual
XTE relative to a seasonal average, this “drift’uldbnot be as readily recognized in the
datasets. Secondly, we wanted to use values meflestive of what a vehicle operator
may witness over time in a typical autoguidanceraipen, and individual XTE was
suitable. However, the 2006 study was considesadae of a procedural evaluation for

data collection, and the lessons learned duringethiests helped us to refine our

74



procedures and expand upon other concepts andlearithat may have helped to better
qguantify short- and long-term error.

RTK correction offered very low position errortierms of variability (5-cm SD,
6-cm IQR), location (5-cm XTE median/XTE mean), aaderall accuracy (7-cm
RMSE), but the values were slightly higher thanueal typically reported for RTK
performance (Table 4.2). Short-term and long-terrmors were also greater than
anticipated. SF1 correction varied over a metesuphout the season, yet tended to be
centered close (5 cm) to the desired path; howéngn, RMSE suggested that this signal
was the most inaccurate signal of the season, laadniaccuracy contributed to a high
long-term error. SF2 correction offered XTE fagh&om the reference lines (37-cm
XTE median; 35-cm XTE mean). Finally, WAAS corriect offered good general
location throughout the season (9-cm XTE mediamthOXTE mean) despite the overall
accuracy (29-cm RMSE), which was consistent withidgl reported accuracy for this
signal (Table 4.1).

Box-and-whisker plots for all testing events ir080are presented in Figure 4.5;
values pertaining to creation of box-and-whiskeotplare in Appendix N. The
“summary” box-and-whisker plot for each correctggnal corresponds with median and
IQR values presented in Table 4.2. As mentionexy@bpositioning for SF1 correction
signal had the greatest error of all other sigtedsed; however, XTE variability between
individual testing events was somewhat consisté&id. (4.5b). XTE median varied
considerably on events J71 and J72 from the previoree events. On these occasions,
XTE suggested that SF1 is consistent in a shom-t&nse but not very repeatable in the

long-term sense. Only one individual testing evarder SF2 correction was considered
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more “on target” than other events (D62; Fig. 4.5part from that event, XTE median
was somewhat consistent at 37 cm throughout thegéested. WAAS-derived XTE
had consistent variability throughout the periosted, as represented by individual IQR

per testing event.
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Figure 4.5. Box-and-whisker plots for individual esting events and Y2Y (2006) for
(a) RTK, (b) SF1, (c) SF2, and (d) WAAS correctiorsignals. Testing Event Label
corresponds to testing events listed in Appendix .
4.5.2 SECOND-YEAR EVALUATIONS OF XTE

Cumulative short-term and long-term errors for 2087 season are presented in
Figure 4.6. The values at which the 95%-probapbiiites intersect each error curve are

presented as 95% short-term and long-term errdable 4.3. RTK correction provided
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close short-term and long-term error in the soutbwdirection, while the westward

short-term and long-term errors were not similagFe 4.6a). Short-term and long-term
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Figure 4.6. Cumulative distributions of unsigned kort-term and long-term error
(cm) for (a) RTK, (b) SF1, (c) SF2, and (d) WAAS awections in the 2007 study.

errors were considerably different for the SF1 (Fég4.6b) and WAAS (Figure 4.6d)

corrections and for each drive-path orientation.estard SF2 provided closer short-
term and long-term error than southward SF2 (FiguGe). Both SF1 and SF2 had
similar maximum 95% long-term error of around 70, seggesting that both John Deere

correction signals performed equally.
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As evidenced from RMSE values, the drive-pathrtagon tended to influence

XTE (Table 4.3). Southward drive paths yielded enaccurate XTE than westward
drive paths for 3 of the 4 correction signals tést®TK short-term and long-term errors
were much larger than values typically reportededin XTE and mean XTE values
suggested, however, that the target path was glad®#hined throughout the season.
Given that variability of SF2 signal was about dqd4&-cm southward, 39-cm westward)
and that XTE median values of the SF2 signal wérgec to zero (expected value) than
with either SF1 or WAAS, the suggestion was tha 8F2 correction was the most
reliable sub-meter correction signal evaluated.egMure of variability for SF2 in 2006
supported this suggestion as well---Table 4.2.prSterm and long-term errors observed
for SF2 did not support this suggestion, however;

Table 4.3. Summary of 2007 XTE data.

95% 95%
Short- Long-term
XTE XTE XTE term error error
Correction Median IQR Mean SD RMSE (unsigned), (unsigned),
Signal® (cm) (cm) (cm) (cm) (cm) cm cm

RTKs -1 10 -2 7 7 9 15
RTKw 4 18 4 13 14 17 27
SFis 21 83 12 47 48 24 81
SFly 18 36 18 31 36 26 70
SF2 3 43 5 29 29 24 56
SF2y 7 39 6 35 35 57 72
WAASg -10 49 -8 43 43 35 92

WAAS,, 44 66 38 59 70 55 130

4Subscripts ‘S’ and ‘W’ refer to southward-orientettl westward-oriented reference lines, respectively

SF1 offered consistent position error regardldsgath orientation (21-cm XTE
median southward/18-cm XTE median westward; TabB), but the variability in the
southward orientation was more than twice that ndeskin the westward orientation; a

78



histogram of XTE for the southward SF1 dataset alekthat, instead of XTE being
normally distributed about a single mean XTE, therexe two distinct “peaks” in the
distribution at approximately 60 cm and -50 cm towas. Signed statistics are likely
confounded as a result, but unsigned short-term landg-term errors for SF1 are
consistent regardless of path orientation. SFIrtd¢bom and long-term errors agree
closely with typical reported accuracy of this sigas well (Table 4.1).

Long-term XTE error from WAAS correction was apgiroately one meter
regardless of direction (Table 4.3). To determwiether WAAS correction performed
according to typical reports for this signal, someerpretation of Table 4.1 must be
considered. Typical WAAS errors are +15 to 30 drarsterm and £61 to 66 cm long-
term (Table 4.1); if £15 to 30 cm for short-termagrmeans that the position could be
either 15 to 30 cm on one side of the target linthe other, then the error “spread” could
be considered 30 to 60 cm. Likewise, long-term V&A&rror could be considered as a
spread of 122 to 132 cm. Unsigned error represeigserror spread, therefore, WAAS
short-term and long-term errors agree with thopecafly reported by manufacturers and
researchers regardless of travel direction.

Box-and-whisker plots for all testing events ifDZGre presented in Figures 4.7 —
4.10; values pertaining to creation of box-and-wéisplots are in Appendix O. The
“Summary” box-and-whisker plot for each categoryresponds with median and IQR
values presented in Table 4.3. For each drive-paéntation, XTE spread under RTK
correction appeared similar across the season rg-igw’); however, westward RTK
events exhibited more variability and less accuttheyn southward events. Presentation

of southward RTK performance over the season pesvigirong support that RTK
79



correction had the greatest accuracy and relighfibm one event to the next, yet

westward RTK performance tends to counter-actribtgon.
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Figure 4.7. XTE box-and-whisker plots for RTK correction signal in 2007,
comparing southward orientation (left) and westwardorientation (right). Testing
Event Label corresponds to testing events listed iAppendix J.
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Figure 4.8. XTE box-and-whisker plots for SF1 corection signal in 2007,
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Event Label corresponds to testing events listed iAppendix J.
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By studying Figures 4.8 — 4.10, there was the déang for testing-event XTE
median to fluctuate throughout time in an almosgptar sine-wave fashion. SF1 and
SF2 illustrated this phenomenon more strongly WeXAS, but this trend was witnessed
for WAAS as well. No explanation can be offeredexplain this behavior; however,
more investigation should be considered to betb@ucthent this trend and to determine
whether a more precise method of evaluating sleont-tor long-term error could be
derived.

Concerning the WAAS correction (Figure 4.10), XT& testing events that
occurred on or after July 31, 2007 (events W*8* 9N*and W*10*) may have been
influenced by the scheduled removal of one of twe tavailable communications
satellites that broadcasted the WAAS correctionaig The GreenStar guidance system,
that relayed WAAS correction from the StarFire iTéteiver to the EZ-Guide system,
could not be configured or reviewed to determineethilar a particular communications
satellite was being monitored, or whether the sgsteceived the correction without
regard to its source. If this incident providedaaiditional source of error, then per-event
XTE for the southward drive path reflected this ogpt, starting at event WS81. While
this incident may have affected per-event XTE foe wvestward drive paths, starting at
event WW81, assessment was difficult considerirgg linge amount of per-event XTE
variability witnessed previously in the season.

4.5.3 SIGNED P2PVERSUSUNSIGNED SHORT-TERM ERROR EVALUATIONS

In 2006, RTK correction resulted in no skip andyarcm overlap (Table 4.4).

Under SF2, signed P2P averaged 2 cm for the shudyseparate events witnessed either

a skip as great as 12 cm or an overlap as gredtcas Unsigned short-term error for
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SF2 was 22 cm (Table 4.2), and both values wersistamt with typical reports under
this correction (Table 4.1). SF1 correction exeibi greatest amount of overlap
throughout the study, and signed P2P under WAA&:cton varied greatly.

Table 4.4. Signed pass-to-pass error (P2P, cm) thrghout the 2006 study.

Event No®®  RTK SF1 SF2 WAAS

1 -2 7
2 -2 5 -1
3 0 1 -5
4 -1 4 -35
5 -1 0 -2
6 -2 2 3
7 -1 1 4
8 -2 -2 5
9 -1 -8 2
10 -1 -1
11 0 0 -8
12 0 -5 12
13 -1 -15 11

Avg. P2P -1 -6 2 -4

[ Events are numbered in sequential order by timedatelof collection (see Appendix I).

In 2007, southward P2P under RTK correction ranffeth neutral to 8-cm
overlap, and westward P2P ranged from 2-cm ski@-¢m overlap throughout the study
(Table 4.5). SF2 correction yielded skip and ayerkhs high as 8 cm traveling
southward, while skip was as high as 39 cm andlayavas as high as 26 cm traveling
westward. Under SF1, both path orientations awstaggutral P2P. WAAS correction
yielded overlap in the southward direction and skiphe westward direction; southward
P2P illustrated an overlap as high as 19 cm, amstweed P2P illustrated overlap and

skip nearing a half meter. To compare the sigmedtg¢erm error to the unsigned short-
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Table 4.5. Signed pass-to-pass error (P2P, cm) thrghout the 2007 study.

Test Datd®? | RTK SFls SF2 WAASs | RTKwW®  SFL,, SF2, WAAS,,
March 7 2 6 2 4 0 -8 14
-10 -25 -9
March 14 2 9 4 -4 2 4 14 -1
-1 -17 2 -13 -1 -4 39 8
April 13 -1 7 8 -13 0 -3 -5 25
2 7 1 -4 -1 8 0 16
April 30 -2 -4 -6 2 -4
June 5 2 -4 3 -4 2 4 2 -8
-3 -1 5 -6 0 -12 58
July 10 0 -6 2 5 0 -11 -13 -7
4 6 -6 -3 -6 3
July 18 2 4 3 0 2 -1 -1 -10
-6 -3 -9 2 6 5
-2 2 6 -3 -1 -4
July 31 2 -3 1 2 2 -2 3 9
-1 1 4 -8 -1 6 -2 22
0 0 2 2
August 3 2 9 -8 1 -1 5 -26 3
August 23 -2 -1 -8 4 0 3 -24 12
-8 -5 -6 -1 2 -6 -1 4
0 2 3 -19 -1 1 2 -42
Avg P2P -2 0 0 -4 -1 0 -3 5

&l Events are numbered in sequential order by timdedate of collection (see Appendix J).
I Correction signals labeled with “S” refer to testsducted while driving southward.
[ Correction signals labeled with “W” refer totsessonducted while driving westward.
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term error documented in Table 4.3, southward RWKstward SF2, and either SF1
orientation had similar values.

Neither signed nor unsigned short-term error &utated in this analysis can be
sufficiently compared to one another. Average R&Ppresented in Tables 4.4 and 4.5,
do not adequately represent the situations witiedeeing autoguidance trials, although
the range of signed P2P is somewhat representalilast researchers consider P2P and
short-term error as similar in the sense that he#ting methods typically require a

limited timeframe for data collection, such as libutes, however.

4.5.4 SIGNED VERSUSUNSIGNED YEAR-TO-YEAR ERROR (Y2Y) EVALUATIONS
Year-to-year errors are presented in Table 4.6hemMtomparing these values to
95% long-term error in the same categories for20@6 study, some similarities were
observed for the SF1, SF2, and WAAS correctionsr the 2007 study, Y2Y was not
similar to any of the long-term error values dedivel he unsigned long-term error value

may be a more representative method to quantifyagnae drift.

Table 4.6. Year-to-year error (Y2Y, cm) from the 06 and 2007 studies.

2006 Y2Y 2007 Y2Y

Correction Signal (cm) Correction Signal® (cm)
RTK 5 RTKs 12

RTKw 34

SF1 163 SF4 151

SFly 113

SF2 78 SF2 91

SF2y 204

WAAS 49 WAAS; 316
WAAS,, 261

4Subscripts ‘S’ and ‘W’ refer to southward-orientettl westward-oriented reference lines, respectively
(2007 data).
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4.5.5 CONSIDERATIONS FOR CONTINUING RESEARCH

Further research would involve evaluating othetdes that may influence short-
term and long-term error, such as vehicle grouredp Factors that have been known to
affect general position accuracy, such as GPS/G#Eslite geometry or satellite count,
should be collected for future evaluations in order more consistently compare
experimental conditions from one test to anoth&m. ambitious research prospect would
be to conduct time-series analyses for dynamic XTEn effort to better understand if
there is a cyclical nature to correction-signalfpenance as was suggested in the 2007

study.

4.6 SUMMARY

An autoguidance-assisted vehicle was tracked avitbptical total station in order
to measure short-term and long-term error under tmurection signals. Cross-track
error was influenced by drive-path orientation (the®outh vs. East-West) for RTK,
SF2, and WAAS correction signals; SF1 performanaes wonsistent regardless of
orientation. Southward XTE was typically more aate than westward XTE. RTK and
SF2 short-term and long-term errors were much greahan typically reported values by
manufacturers. XTE derived under SF1 and WAASeztion were more representative
of typical manufacturer’s claims. Unsigned 95%rsterm and unsigned 95% long-term
error was preferred to describe guidance performameer signed P2P and Y2Y,

respectively.
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CHAPTER FIVE
EVALUATING APPLICATION UNIFORMITY OF AN IN-SITU PRE  SSURE-

COMPENSATING SUBSURFACE-DRIP IRRIGATION PRODUCT

5.1ABSTRACT

In the southeast U.S., an available agricultumaation practice is Subsurface
Drip Irrigation (SDI). Research performed at theniiessee Valley Research and
Extension Center (TVREC), Belle Mina, AL indicateaisture variability after irrigation
in an active experimental plot equipped with presstompensated SDI. The need
therefore exists to quantify the uniformity of tl&®I product without disrupting the
ongoing crop research. A study was conducted ¥eldp and validate am-situ testing
technique to assess application uniformity of SBdduicts, and to evaluate if variable
operating pressure or terrain slope impacted agiic uniformity. Laboratory
investigations indicated that new pressure compeds&DI tape of the type used at
TVREC had an emitter discharge of 1.04 T &t 5% coefficient of variability (CV),
above the manufacturer's specification of 0.98 t & 2.5% CV. A field testing
apparatus was fabricated to interface with ifvsitu SDI product in order to deliver
water over a range of operating pressures whilesoregay sample discharge. This

apparatus was tested under laboratory conditiom®napare emitter-discharge estimates
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with per-emitter discharge from drip-tape sampéggaratus accumulated measurements
agreed to within a half-percent of per-emitter d&ge rates. Global Positioning System
(GPS) and Geographic Information System (GIS) teldgies were utilized to quantify
surface slope conditions and to target SDI sanhiesighout the field test plot based on
irrigation system use frequency and terrain slop@rip-tape discharge was affected by
an interaction between operating pressure and raystee frequency (p=<0.0001).
Lowest discharge was observed for the irrigated $RIduct operating at 48 kPa
pressure. Discharges from non-irrigated SDI prodund from irrigated product, both
operated at 83 and 117 kPa, were not statistichifgrent (=0.05) from one another.
Emitter discharge estimates were within +5% of baseline discharge rate determined
from laboratory evaluations (1.04 Mhregardless of operating pressure or system use
frequency, except for irrigated samples operatigBekPa (-7%). Certain tested samples
exhibited flows exceeding 5% of the baseline dasgh that may prompt a system
manager to investigate situations more closely.ati8pyield estimates suggested that
cotton lint yield was adversely affected by poorl|Siniformity. Techniques and
equipment developed in this study provide SDI redesas and users a prototype field

method to evaluati-situ SDI performance.

88



5.2INTRODUCTION

Subsurface drip irrigation (SDI) is a method oplng precise amounts of water
to agronomic crops by delivering the water directty the plants’ root zone via
underground tape or tubing, often referred to ag“the”, “drip tape”, or “drip tube”.
Previous studies have focused on utilizing SDIféstigation or effluent release (Lamm
et al., 2001; Lammet al., 2004; Songet al., 2003; Trooieret al., 2000), determining
optimum lateral spacing and lateral depth for wasiorop systems (Enisco-Medietzal .,
2002; Brylaet al., 2003; Charlesworth and Muirhead, 2003; Cashpl., 1997), and
studying SDI effects on crop water-use efficienBprdovsky and Porter, 2003; Lamm
and Trooien, 2003). While much research has fatoseimproved agronomic growth,
relatively few studies discuss the longevity ofpdtape systems. Ayaet al. (1999)
operated several SDI experimentation plots through@alifornia over a fifteen-year
period, testing fertigation regimes against cropshsas cantaloupe, corn, cotton, and
tomato. The authors reported that some of thetspperformed similarly to initial
installation after nine years, and when the syste® flushed and maintained in a proper
manner, root intrusion and overall emitter cloggiwgs minimized. The case was
presented by O'Briert al. (1998) that longevity of an SDI system became @memic
factor; when compared to center-pivot irrigatior implementation of the SDI system
was not deemed profitable if the system did nottfiom for at least ten years.

Much research has focused on evaluating emittechdrge uniformity and
efficiency. One often-used testing standard pairtgi to SDI performance is ASAE

S553 (2008). This standard outlines methods fantjtying performance of drip tape
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products, and includes testing criteria for setertsample populations and evaluating
emitter discharge rates at constant pressure qorégsure response. Testing criteria
documented in this standard are most favorablaliorbtory conditions; specifically, the
tape product should be above ground in a contral@dronment as opposed ii@-situ
field conditions. Several researchers have adapiedriteria from this testing standard
to evaluate drip tape products under field condgio When Lesikaet al. (2004)
followed the ASAE standard to evaluate drip-tapevflates from tape products that had
been used for wastewater effluent for up to fivarge the authors were required to
excavate the soil to such an extent that smalhcpéms could be placed underneath the
emitters in order to perform in-field applicatiomiiormity tests. The authors did not
refer to any plants of agronomic value that weraaeed or relocated during excavation.
However, in an effort to protect neighboring planBeeleet al. (1996) exposed a
reduced number of emitters in order to make anmesé of in-field application
uniformity. Catch pan volumes were averaged artdapalated to an equivalent flow
rate based on manufacturer’s flow rates. A sinplactice of placing catch pans under
exposed emitters was employed by Setfial. (2007) to evaluate emitter-discharge
uniformity between new and 3-year used drip-tapmipct across a range of operating
pressures; the authors also relied upon evaluapooscedures and terminology
documented in ASAE EP458 (1996) and ASAE EP405%200

In recent years, manufacturers have developed @@ducts that are “pressure
compensated,” meaning that regardless of pressiameges caused by system surges or
rolling terrain, emitter discharge rates are cdasis There is a lack of research literature

available regarding pressure-compensated SDI pealioce in agronomic settings, while
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some research has been conducted in wastewatemwags-effluent settings (let al.,
2009; Liu and Huang, 2009). The primary reasontiier lack of research may be that
pressure-compensated SDI products are still relgtimew, and manufacturers continue
to refine designs as products are released intontrketplace. Additionally, acceptance
of SDI technology by producers may be relativebysl|

At the Tennessee Valley Research and ExtensioneCéRVREC, Belle Mina,
Alabama), station-management practices involved tmdization of pressure-
compensated SDI in conjunction with precision agtize technology to grow cotton
and other crops. Research by Sulliatral. (2007) indicated that moisture variability
existed within a study site containing plots usimgssure compensated SDI tape in ways
that suggested either clogged emitters or flow khferences between emitters. In
theory, pressure compensated SDI emitters shoulthtama equivalent flow rate
regardless of pressure differences over a specifiade. The surface of the TVREC
study site exhibits rolling terrain (0% to 5% slopnge) that may influence water
distribution from one end of the lateral to theastif the pressure-compensation feature
was inadequate or had deteriorated over time. tape product selected in this study had
been operational for six years and had not beerluateal for specific in-field
performance; however, as a long-term experimentheasy conducted on this test plot,
major disruption through excavation was not a prete option. From a research
perspective, the need existed to quantifyithatu performance of selected portions of
drip tape coinciding with locations identified a@sving undesirable moisture distribution.

A scenario such as this could provide either prielary diagnostic information for SDI
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system-management or independent data for moistiamability and precision-
agriculture related crop yield studies.
5.3SUB-OBJECTIVES

The objectives of this investigation were to (&yelop and validata-situ testing
techniques to assess application uniformity of $BRiducts, and (2) evaluate whether

variable operating pressure or terrain slope ingghapplication uniformity.
5.4MATERIALS AND M ETHODS

5.4.1 LABORATORY INVESTIGATIONS

To determine a feasible method to assess appilicatniformity of the SDI
product at the TVREC, we conducted laboratory eatadins of new drip tape of identical
design. The SDI product evaluated was Net&fidripNET PC™, 0.381 mm tape
thickness, 2.2 cm I.D. For this product, each tanikvas rated by the manufacturer to
distribute 0.984 liter Kt at 0.6-m spacing (Netafim USA, 2010; see Appen)x
Adapting from ASAE S553 (2008), a portion of drigpé containing 20 contiguous
emitters was selected and subjected to specifietbrpgance tests. A tape sample
containing 20 emitters was the desired numbeirfsitu field tests.

The municipal water supply provided in the laborgtoffered a higher operating
pressure than was desired; therefore, pressureredased and regulated via a system
bypass (ball valve) and a brass-body pressure aggu{(Model 26A; Watts Regulator
Co., No. Andover, MA, USA), capable of adjustingrr 21 to 344 kPa pressure range.
Operating pressure was monitored throughout thes tem analog pressure gauges

plumbed on the upstream and downstream ends dfafiee sample. Emitter discharge
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values were recorded over a period of five mindtgsuspending the product over an
array of catch cups in order to validate manufastigpecifications. In order to test
potential slope effects on discharge uniformitygaanple of new drip tape was subjected
to a constant operating pressure of 117 kPa abriadmtal (0% slope) grade and a 6%
slope grade uphill of the water supply. Thergthar sample of drip tape was subjected
to a range of operating pressures (48, 83, 117188kPa) while also subjected to a 6%
slope grade to evaluate potential discharge diffege according to pressure. Three
replications were conducted during this testingr-&mitter discharge and coefficients of
variation (CV) were collected and tabulated usin§ Eixcel 2007. A studentized t-test
was conducted in MS Excel 2007 to determine iisattarge difference existed=0.05)
between slope classes, and a General Linear M@IeMf procedure was conducted
using SAS ver. 9.1.3 to determine if dischargeedédhces existedo£0.05) between
pressure classes. Mean discharge values were asggppanccording to Tukey's

Studentized Range (SAS Institute, Cary, NC, USA).

5.4.2 SDITESTING APPARATUS

Because the premise behind this study was to aehpplication uniformity with
minimal soil-profile disturbance, we needed to dmire whether a discharge value
could be derived for previously installed SDI tapghout having access to per-emitter
flow rates, thereby avoiding complete excavationS@fl tape to access each emitter
within the test specimen. Based on the manufacsuspecifications, twenty emitters per
drip-tape sample distributes 19.7 ! hinder the recommended operating conditions

(Netafim USA, 2010). It was therefore necessargiasign and construct a portable field
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apparatus that would supply water to the drip-tapmples over a suitable range of
operating pressures; in addition, this apparateded to be equipped such that the
quantity of water distributed through the drip-teg@amples could be recorded to within
+2% of actual discharge (ASAE, 2003). The reswdswa trailer-mounted apparatus with
a 12V, low-flow (10.6 L miit) centrifugal pump (Model 2088; SHURflo, Cypress,C

USA) to deliver water from a 19-L reservoir to tthep-tape sample (Figure 5.1) and a
low-flow pressure regulator in-line with the pumpscharge (Figure 5.2). This

equipment configuration allowed for sustainablerapeg pressures from 20 - 310 kPa.

Figure 5.1. lllustration of the portable, in-field SDI testing apparatus. The white
vessel atop the bench scale served as the water glypreservoir during testing. The
bench scale provided vessel mass, which equatedsample discharge. The 12-volt
battery-powered pump was mounted on the side and pvided the operating
pressure for the SDI sample tested.
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Figure 5.2. Pressure and flow regulation system fahe SDI testing apparatus. Most
of the water from the pump (left side) was recircuited to the white reservoir (not
shown) and remaining water was distributed to then-situ SDI sample section
through an adjustable pressure regulator (center ght) and the green hose (right
side). The gate valve (center left) and the adjusble pressure regulator (center
right) served as a means to target and sustain theecessary operating pressure.

Due to power consumption by the water pump andbaard measurement
devices, field testing was performed over a reddyivshort time interval. Apart from
initially conditioning the drip line samples at & 15-minute intervals, data collection
events were limited to 5 minutes per pressure leated. Because of this limitation, the
design criteria for the apparatus required thateshod of measuring a small flow rate
(approx. 1.64 L 5 mif) be incorporated. In order to obtain the tempoeablution of
data collection, we devised a method of measuhegmater mass as it was distributed to
the drip line. A water vessel was placed atop @-K@ capacity, 0.02-kg resolution
digital bench scale (model B100S platform with mo@®-11 indicator, software ver.
1.22; Ohaus Corp., Pine Brook, NJ, USA) duringg¢bigure 5.1). Water mass (kg) was
converted into a volumetric value (mL) and themiah equivalent sample discharge rate
per emitter given the number of emitters per wemgth of tape tested.

Operating pressure had to remain constant duiet) gest, yet pressure settings

needed to be adjustable from test to test. Pressgulation was achieved using a 2-way
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brass-body adjustable pressure regulator (Model ¥@#tts Regulator Co., No. Andover,
MA, USA), capable of adjusting from 21 to 344 kRagsure range (Figure 5.2). An
analog precision pressure gauge (Type 332.54; Euthbert, Inc., Toledo, OH, USA)
was installed immediately after the pressure reaguldhe gauge served primarily as a
quick approximation of operating pressure. Moreuagte pressure monitoring was
achieved through two digital pressure sensors (Mabe01BO2EZ50PSIG; PCB
Piezotronics, Depew, NY, USA) capable of detecangessure range from 0 to 344 kPa
with an accuracy of £0.15%. Each pressure senagrinstalled at either end of the drip-
line sample via plastic fittings that were complatitior connection to the drip line
(Figures 5.3a and 5.3b). Pressure-sensor readvegs relayed wirelessly from data
loggers (Model CR206, PakBus software; Campbell, &oigan, UT, USA) to a Topcon
X20 field computer (Windows XP platform; Topcon Rioming Systems, Inc.,
Livermore, CA, USA) mounted on the apparatus. A-tisae sensor-monitoring software
program (LoggerNet 3.4.1; Campbell Sci., Logan, WEA) was installed on the X20
computer to allow an operator to view instantanemperating pressure exhibited on the

drip-tape sample. (Equipment specifications ated in Appendix H.)
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Figure 5.3. Pressure sensors located at the (a) tggam and (b) downstream ends of
the drip-tape being sampled.

5.4.3 LABORATORY TESTS FORSDI TESTING APPARATUS

To validate discharge data obtained from the aipar laboratory tests were
performed with new SDI product identical to thathe field plot. Emitter uniformity was
evaluated for a random sample of 100 contiguoustersiin order to calculate the CV
under 48, 83, 117, and 138 kPa operating pressadapted from clause 8.2 of ASAE
S553 (2008). Tape-section preparation involved > of conditioning at four
operating pressures. Operating pressures weretonedi via the aforementioned
pressure transducers installed upstream and dcamstof the drip-tape sample. The
drip-tape sample was suspended above the laborffdory 152 cm over an array of 100,
240-mL plastic cups. Tests were replicated thiraes at each pressure level. Discharge
values were tabulated and compared in MS Excel 2@@d CVs were computed
according to ASAE S553 (2003). Differences in bage values according to pressure
were analyzed using GLM procedure and separatedrding to Tukey’'s Studentized

Range (SAS Institute, Cary, NC, USA).
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5.4.4 FIELD PREPARATIONS

For the field tests, a 3x2 randomized completekldesign was developed to
select potential sampling locations ranked accgrdinfield slope classes (0-2%, 2-4%,
and >4% rise) and irrigation-system use frequericyigated” versus “non-irrigated”
treatment) with three replications. Topographicadaere collected utilizing a Trimble
survey-grade, real-time kinematic (RTK) Global Rosing System (GPS) receiver,
capable of elevation information within 5 cm relatiaccuracy (Trimble Navigation,
Sunnyvale, CA, USA). The GPS receiver was moumbedn ATV, and position data
were recorded on a 2- to 3-m spacing; position degiee then imported into ArcGIS ver.
9.3 (ESRI, Redlands, CA, USA) for mapping and ferthnalyses. To classify the test
plot according to slope, geospatial data were patleted first into a digital elevation
model (DEM) via 3D Analyst Tools / Raster Intergaa / Topo to Raster function, and
then into a slope model via 3D Analyst Tools / Rasiurface / Slope function (Figure

5.4).
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Figure 5.4. Depiction of test plot with respect tslope categories, represented as
percent rise. Sampling locations represent 12.2-grip-line segments blocked
according to “irrigated” versus “non-irrigated” tre atment effect and slope category.

To clarify the meaning of irrigation-system usequency, since the experimental
plot’s inception (fall 2003), a concurrent field peximent involved evaluation of
treatment effects (“irrigated” versus “non-irrigdte on an independently-conducted
long-term seasonal cotton crop (see Appendix Q)hiléMthe entirety of the plot was
equipped with SDI tape, only those portions of sigstem pertaining to the “irrigated”
treatment were operated during the growing seasmording to site-specific pan-
evaporation estimates. The portions of the syspemtaining to the “non-irrigated”
treatment variable were only operated during spniagntenance cycles which involved a
sustained clean-and-flush. From a concept of 8Bgévity, we wanted to test whether
irrigated portions of the drip-line system would tere fatigued than the non-irrigated

portions of the system with respect to drip-tapea discharge.
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The resulting GIS depiction also served as a rdigal aid during field testing.
The map of sampling locations was uploaded int@ardheld differential GPS (DGPS)
mapping device with a nominal sub-meter horizomteturacy (Trimble Navigation,

Sunnyvale, CA, USA). This device allowed for eaayigation to all sampling locations.

5.4.5 FIELD INVESTIGATIONS

Field investigations were conducted in mid-Ap#009, prior to crop planting.
Approximately two weeks earlier, an annual sprirgjntenance cycle was performed for
the SDI system, which consisted of flushing theerlals and running the system
uninterrupted for several days in order to locatd eaepair obvious leaks before the
growing season. As a result, the SDI system pexdoce was deemed optimum in mid-
April. At each sample location, a small volumesoil was excavated so as to reveal
approximately 30 cm of drip line at points along tirip line that were 12.2-m apatrt; this
method would result in 20 contiguous emitters betiegted. While the emitters were
spaced 0.6-m, an emitter was not always visibler afkcavation; where an emitter was
uncovered, the soil was further excavated so astdanclude any exposed emitter in the
test. The justification for this action was thaggphcation uniformity may have been
impacted by the immediate soil microenvironmentuach the buried emitters, and we
wanted to maintain that potential integrity duritggting. The drip line was severed at
both ends of the 12.2-m test section in order ®&iailh the necessary plumbing and
pressure transducers for interaction with thengstippparatus (Figures 3a and 3b).

The isolated test section was charged with watemfthe apparatus for

approximately 15 minutes at the first pressure irgpdf 48 kPa. Obvious leaks were
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repaired during this time in order to reliably detae that the only water being lost from
the apparatus was through the buried emitters.a Dallection then occurred for a 5-
minute period; water reservoir mass was recordettheatbeginning and ending of this
period, and target operating pressure was mairttavia pressure regulation and
transducer feedback. Vessel-mass differential wasted to cumulative discharge for
that sample. After the 5-minute period expiredier@ressure was readjusted to the next
desired threshold, and the sample line was comg#itido the new pressure setting for > 5
minutes. This process continued for all four desipeessure levels. When the test was
completed for the drip-line sample, the interfaceaswemoved, and drip-line couplers
were used to reattach the sample to the existiipglide. In addition, position readings
were recorded for the excavated locations usingRFK GPS system. Positions were
recorded for two reasons: 1) to provide documematif accurate locations of the line
couplers for maintenance records, and 2) to proadground-truth” solution to the
accuracy of the slope model derived through GIS.

Emitter discharge equivalents for drip-line samsplgere subjected to GLM
procedure and separated according to Tukey’s StizéednRange (SAS Institute, Cary,
NC, USA) to evaluate differences among operatingsgure, irrigation use and field

slope effects. Flow-rate versus pressure curves pduced using MS Excel 2007.
5.5RESULTS AND DISCUSSION

5.5.1 LABORATORY INVESTIGATIONS
At a constant operating pressure of 117 kpa, nezafter discharge rate was

measured for the horizontal drip-tape sample a4 L& and 1.06 L H for the sloped
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sample (CV=3.7% for both conditions); the emittésctlarges in both cases were not
statistically different (p=0.8081) from one anothdResults from variable-pressure tests
are presented in Table 5.1. Results indicated tipegtrating pressure significantly
affected emitter discharge rate (p=0.0024). Ohby discharge at the 48 kPa pressure
differed from the other pressures tested by appratély 0.010 L H. Because the
resolution of per-emitter discharge testing was I emitter* (5 min)*, statistical
differences between pressure levels should bededas tenuous. For all four operating
pressures, the observed mean emitter dischargeicatet exceed £10% of the nominal
discharge rate of 0.984 *iiNetafim USA, 2010).

Table 5.1. Emitter discharge rates (L i) over a range of operating pressures on 20
contiguous emitters subjected to a 6-percent slopise (laboratory conditions).

Operating Mean Emitter Discharge ~ Change from Nominal Avg.
Pressure Rate Rate CVv
(kPa) (Lhh? (%)" (%)
48 1.052 +7.% 4.2

83 1.041t +6.2 4.2

117 1.043 1 +6.4 4.2

13¢ 1.043 +6.4 4.C

#Mean separation according to Tukey's StudentizemgBa Discharges with the same letter are not
significantly different ¢<0.05).
® Nominal rate = 0.984 L-hfrom manufacturer specifications (Netafim USA, @p1

5.5.2 LABORATORY INVESTIGATIONS OF SDI TESTING APPARATUS

Results from laboratory tests are summarized bl€ela.2. Pressure response was
a significant factor (p=<0.0001) in per-emitter gding. Per-emitter sampling revealed a
0.016 L K" difference between 48 and 138 kPa, a similaritwben 48 and 83 kPa, and a
similarity between 83 and 117 kR&=(0.05). Laboratory emitter discharge rate acrdlss a

pressure levels was 1.036 [*.h That value, with a #5% margin of error, was uasd
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baseline performance value in making field managentkecisions regardingn-situ
product performance with respect to drip-tape sardgcharge.
Table 5.2. Per-emitter and apparatus discharge vaks over a range of operating

pressures on 100 contiguous emitters utilizing SDiesting apparatus (laboratory
conditions).

Operating Mean Emitter Mean SD Chang_e from
X CV  Apparatus Apparatus Emitter
Pressure Discharge 0 i<ch i<ch ch
(kPa) (L hD)? (%) Disc flg e Disc alrge Discharge
(Lh™)™ (Lh™) (%)
48 1.028 4.8 1.032: 0.01: +0.4
83 1.035 b 5.C 1.032: 0.01: -0.2
117 1.036 | 5.t 1.032 0.00( -0.4
13¢ 1.044 | 5. 1.040¢ 0.001 -0.4

#Mean separation according to Tukey's StudentizadgR. Discharges (per column) with the same letter
are not significantly differentxk0.05).
® Derived from kilograms water emitted through didpe sample.

Pressure response was not a significant factod.§3¥6) in influencing sample
discharge rate utilizing laboratory data derivednirthe apparatus (Table 5.2). More
importantly, apparatus equivalents derived throtngh process varied less than one-half
percent from per-emitter discharge averages. Thall srariation between per-emitter
values and apparatus equivalents provided stromgiese for validating that the testing
apparatus could be utilized for estimatinesitu drip-line discharge throughout the field.

For the laboratory study, discharge values wecerded for equal to or greater
than 95% of the emitter population. On occasiapsovere either misplaced so as to not
catch the discharge, or cups were knocked overrdedovolume could be recorded.
Therefore, each replication had between 95 andeb@ifiers that contributed to the mean
emitter discharge rate and CV. Consistently thhoud all laboratory tests, CV was
higher than that stated by the manufacturer of 2@¥tafim USA, 2010). One

explanation for this discrepancy is that CV, meaduais standard deviation of a single
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emitter’s discharge over the same emitter's meachdrge rate, did not exceed 2.5% for
above tests. The calculation method of CV we eggmlowas measured as standard
deviation ofall contiguous emitters per drip-tape sample over the mean discharge rate of
same. Clause 8.2 of ASAE S553 (2008) may be inteed to justify either scenario;
however, we believe that our method is more usdéfam a product-evaluation
standpoint, as an end-user would be more concesitbdapplication uniformity for a

population of emitters rather than individual esnigt

5.5.3 FIELD INVESTIGATIONS

The interaction between operating pressure antersysise frequency affected
equivalent emitter discharges (p=<0.0001). Resarkspresented in Table 5.3. Lowest
discharge was observed for the irrigated SDI prodgperating at 48 kPa. Six of the
eight classifications were not statistically di#at @=0.05) from one another. Emitter
discharge estimates were within £5% of baselinehdisge rate determined from earlier

laboratory evaluations, except for irrigated samplperating at 48 kpa (-7%).
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Table 5.3. Mean emitter-discharge-equivalent valuegL h™) on 20 contiguous
emitters utilizing SDI testing apparatus (field comlitions). Values from sites 2 and 9
were omitted from the analysis.

. Mean
Operating . SD
System Use Equivalent o .
y Pressure q Significanc€  Discharge
Frequency Discharge a
(kPa) 2 (Lh?
(Lh™)
Irrigatec 48 0.96 o 0.08:
83 1.04( ak 0.05¢
117 1.06¢ ak 0.04:
13¢ 1.07: a 0.03¢
Non-Irrigatec 48 1.02¢ b 0.04:
83 1.04: ak 0.05
117 1.03: ak 0.019
13¢ 1.04: ak 0.02¢

#Mean separation according to Tukey's StudentizemgBa Discharges with the same letter are not
significantly different ¢<0.05).

Surface-slope modeling was not an accurate depiaif anticipated drip-tape
slope. Essentially, the calculated surface-slomaleh served as a reasonable three-
dimensional representation of the field, but th@-tine orientation could be better
described in a two-dimensional sense. As the GéSahinterpolated slopes between
neighboring locations, slope trends were spatidistributed in a 360-degree “view”
across the ground surface; however, the drip-linentation was spatially fixed in two
directions opposite to one another. The resulttvasthe slope model, while depicting a
given slope in a given area, did not accuratelycaie the estimated slope relative to the
orientation of the drip tape. Drip-tape sampleiileited slope between 0.3 to 1.9 percent
rise; unfortunately, the drip-tape samples coliecte the field were unbalanced in
regards to the original experimental design, spnmaper evaluation of the effect of slope

on product performance could be conducted.

105



Equivalent-discharge data from three testing sestiwere beyond 5% of
baseline discharge estimate (Figure 5.5) which dewdrrant further investigation in a
diagnostics setting. For example, at site 2, ahpile leak appeared during the 83-kPa
test, and the leak was not repaired until the fpralssure test was concluded; the trend
line illustrates the fact that a non-pressure-campted emission was present. Also, sites
9 and 11 depict potential emitter under- and oveswag, respectively. Having the
ability to document flow-rate estimates offers tpetential benefit of utilizing this

procedure and equipment as a site-specific diagnistl for in-situ SDI performance.
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Figure 5.5. Pressure-versus-equivalent-dischargeiwes for three SDI samples.
Per-emitter discharge witnessed from product evalugon in a laboratory setting
(“Baseline”) is represented as 1.036 L h+5% margin.

One example of how this “site-specific” SDI diagtios tool can be integrated

with supplemental GPS and/or GIS information isreepnted in Figure 5.6. Cotton is
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the marketable crop for this experimental plot, apditial yield data as bales/ha lint from
the 2008 growing season were collected using @ yrnitoring system. Referring to
the Site 9 example from above, in which the eswhatischarge was 48 percent lower
than the expected, baseline value, lint yield fi@r treatment block that contained the Site
9 sample averaged 1.12 bales/ha, while the meda fge all eight irrigated plots was
1.26 bales/ha. However, summary yield data inrtireediate vicinity of Site 9 indicated
that 1.26 bales/ha was produced, and the meanwigdssed in the vicinity of irrigated
drip-line samples was 1.29 bales/ha. In additit® lowest yield observed at an
irrigation-active sampling location was 1.09 balesat Site 6, a sample with estimated
discharge that corresponded with other drip-linen®as. While the implications with
the available data suggested that other factors meagontributing to yield variability,
site-specific irrigation variability cannot be rdleut for certain locations within the plot.
Regardless, the estimated discharge observed matlSDI testing apparatus, along with
spatially-referenced vyield data, suggests thatdtipge tape had some degree of clogging

for that drip-tape lateral.
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Figure 5.6. lllustration of drip-tape testing sitescorresponding to cotton lint yield.
Yield variability is suggested in the vicinity of he SDI sample labeled as site “97;
average estimated emitter discharge at site 9 was5@ L h™, which is 48% less
discharge than that stated by the manufacturer.
5.5.4 CONSIDERATIONS FOR CONTINUING RESEARCH
For future SDI research, the potential for fieldbguct evaluation has been

demonstrated using an SDI testing apparatus thatintarface with a drip-tape test
section over time. As the drip product is usedrotmne, performance could be
documented to derive effective or useful desige kiff the product. This testing
technique could be a highly-desirable planning ttwl SDI users and researchers.
Recommended follow-up studies include larger orllemdrip-tape samples to evaluate
precision of the testing apparatus and proceduvissture-variation studies can be used

to further characterize the site by combining sadlisture sensors or other moisture-

monitoring equipment.
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5.6 SUMMARY

In-situ subsurface-drip irrigation performance was evadatising a mobile,
trailer-mounted apparatus consisting of a wateerkesr, a digital bench scale, a low-
flow centrifugal pump, and a pressure regulatorabdratory tests were conducted to
evaluate behavior of an agricultural SDI produdngsthe portable testing apparatus.
Surface terrain and lateral locations were compileda GIS program to select
representative portions of SDI laterals for fielshlyses. While laboratory per-emitter
discharge values were not statistically differesmtaafunction of slope from 0% to 6%
(p=0.8081), values were typically greater thandiseharge of 0.984 L hstated by the
manufacturer and within £10% of the manufacturessdue. Operating pressure was
found to be a significant factor in per-emitteratiarge for SDI tape samples containing
twenty emitters (p=0.0024) and 100 emitters (p=€01), but mean comparisons were
not large enough to be considered practical. Mepnvalent discharge determined using
the testing apparatus agreed to within 0.5 peroénaboratory results, validating the
testing apparatus. Slope effect could not be ieeriin the field, as observed drip-tape
slope did not correspond to surface-slope estimabrgp-tape discharges were affected
by an interaction between operating pressure aridaiion-system use frequency
(p=<0.0001). The lowest discharge was observethiirrigated SDI product operating
at 48 kPa pressure. Mean discharges from noratedy SDI product were not
statistically different ¢=0.05) from irrigated product operating at 83 art’ kPa.

Emitter discharge estimates were within £5% of baselischarge rate determined from
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laboratory evaluations using 100 emitters (1.03&™), except for irrigated samples
operating at 48 kpa. Pressure-versus-dischargesdor three SDI samples indicated
the possibility of substandard discharge. By canng sample discharges with
supplemental spatially-related information aboug thterals (like cotton lint yield),

variability in the cropping system can be moreyfulivestigated with regard to precise

application of water and nutrients in a field sitoa.
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CHAPTER SIX

CONCLUSION

6.1 CONCLUSIONS

Utilizing total-station technology to document damce system signal
performance was deemed practicable. Site preparaas to be made favorable for the
line-of-sight limitations of the total station, aisite-specific permanent monumentation
must be constructed in order to relate each cras$-terror (XTE) dataset to the same
terrestrial frame of reference over time. Providleat line-of-sight is not violated, the
potential exists for researchers to accuratelyktthe movements of guidance-system-
enabled agricultural vehicles over a variety ofldfieonditions, driving speeds, and
driving patterns. From an office-processing pectpe, two different methods of
recording XTE were developed: mathematical rotatibpositioning coordinates relative
to a regression-line model of the drive path, afided distance calculation from a
terrestrial-based line model in GIS software. @&itmethod may be considered worthy
from a research point of view; however, the int@ithature of using a terrestrial-based
line model makes the GIS approach the more desigition. Utilizing a tracking prism
on the target vehicle means accounting for potieptisitioning error resulting from pitch
and roll of the moving vehicle; developing a sl@rel aspect model of the terrain is one

method of quantifying perceived pitch and roll o¥ehicle as it traverses the field. As
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the test site used in this study had no major slopmhilations in the direction of travel,
tilt corrections did not significantly improve cisfrack error values.

The next objective regarding guidance-system perdnce was to quantify short-
term and long-term accuracies of the four correci@nals tested, with the hypothesis
that long-term error would quantify the drift ph@menon. RTK correction offered very
accurate XTE throughout the durations of each studyive path orientation (north-to-
south versus east-to-west) had an effect on XTERMK, SF2, and WAAS corrections;
SF1 was consistent regardless of orientation. XEfved under SF1 and WAAS
correction were more representative of typical nfacturer's claims. Per-event XTE
values served as a more instantaneous estimatwsigrad| repeatability, and | believe the
variability that is associated from one testing révi® the next is what operators are
referring to when they talk about “drift” of the igance system. However, a simpler
statistical quantifier of absolute accuracy wasigmed short-term and long-term 95%
probability.

Regarding the subsurface-drip irrigation (SDI) fpenance evaluation, the
methodology and principles discussed provide amwvative way of determining SDI
product performance in as unobtrusive a manneossilge for field conditions. Because
the principle behind the constructed testing apgpareavolved using differences in water
mass over time to equate per-emitter flow rate téiséing apparatus provided a precise,
site-specific SDI flow-rate analysis that agreedwithin a half percent of per-emitter
discharge tests conducted in the laboratory. RerNetafin? pressure-compensating
product being evaluated, lowest discharge was wedefor the irrigated SDI product

operating at 48-kPa pressure. All discharges frmm-irrigated SDI product and from
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the irrigated product operating at 83 and 117 KP2agnd 17 psi) were not statistically
different @=0.05) from one another. Emitter discharge esesatere within 5% of
baseline discharge rate determined from laborawafuations (1.036 L1, except for
irrigated samples operating at 48 kpa (-7% fronelas). Because one drip-line sample
had substantially lower flow rate than other samplested, geospatially-linked cotton
yield data was compared relative to the locationtted drip-line sample; evidence

indicated that yield was affected by reduced SDpouin that location.

6.2 OPPORTUNITIES FOR FUTURE RESEARCH

Regarding guidance-system testing, several palergésearch opportunities are
available. While the slope and aspect models oftds¢ site were used to estimate
potential roll and pitch of the testing vehiclehet means of capturing vehicle roll and
pitch should be considered, such as gyroscopiccdsvor accelerometers. While the
guidance systems used for this study provided stoma of internal self-correction
through pitch and roll, this information was notdable for supplemental collection to
compare “observed” prism tilt from “expected” pridifi. Therefore, other guidance
systems must either have the capability of progdioll/pitch information to an outside
source (like a data logger), or supplemental acogleters would have to be installed on
the target prism. With vehicle pitch/roll infornman, it may also be possible to mount the
target prism in a more accessible location on thkicke to reduce line-of-sight total-
station limitations, such as on the vehicle ro&uch a procedure would also involve
some form of synchronizing the prism tilt with threstant at which the target prism is

observed by the total station.

113



For the 2006 and 2007 studies, testing intervasewot as uniform as initially
desired. As has been noted from previous researdhcanfirmed through this project,
guidance-system accuracy can be affected by timdagf A more precise way of
describing this phenomenon may be to conjecturegh@lance-system accuracy can be
affected by satellite geometry and availability.n& Dilution of Precision (DOP) values
(particularly Horizontal DOP or Position DOP) arfeea regarded in the GPS community
as a measure of satellite geometry, synchronizesging events with predicted DOP
values may provide a more apples-to-apples congarndg system performance over
time. Relating to this topic, the concept of s&gitime refers to the amount of time that
a celestial object returns to its original positiciative to reference points on Earth;
instinctively, one may think that 24 hours cong&tu sidereal time, but the GPS
constellation has a slightly smaller interval ofi¢i than 24 hours. For sake of simplicity,
this would suggest that, if a GPS sidereal day3ish@urs instead of 24 hours, a truer
replication of a testing event from a previous taeal require testing one hour earlier on
the second day than the first day, as the GPS eltaigin would be more consistent
throughout the two tests.

For the SDI testing, the methodology presentediges for potential continued
product evaluation in terms of sample dischargehadocations for each interface were
documented with accurate positioning equipment, dmed SDI testing apparatus can
easily interface with the same drip-tape sampler diee. As the product ages,
reductions in discharge uniformity could be docutadraccordingly in order to derive an
estimated “design life” of the product, which woudd a highly-desirable planning tool

for SDI users. Further moisture-variation studioes) be supplemented by the site-
114



specific nature of this application, by combiningilgnoisture meter data or other
moisture-monitoring equipment, in an effort to eaptthe nature of water movement in
the localized soil zone. Also, while one of thetmating factors behind this SDI
research was to explain whether certain locatioxisibéing within-plot variability

existed for the test plot from SDI-emission varigyi this evaluation was not

specifically conducted.

6.3 FINAL CONSIDERATIONS

Using a total station to document guidance-sysierformance is, in my opinion,
a worthwhile technique to continue. For reseachbat wish to evaluate dynamic
accuracy, yet may have limited acreage in whiclpédiorm large drive tests, a total
station is ideal. While the accuracy of our tattdtion was not considered accurate
enough to evaluate the RTK correction, the totafiam would be sufficient to evaluate
other available correction signals. Also, while tiotal station provided 5-mm accuracy
in the tracking mode, some of the claims about RBEKformance can still be validated
regarding excellent accuracy (centimeter level) sepkatability over time, and | would
ultimately recommend that farmers invest in thisrection signal if their intent is to
maintain any row-cropping system. Utilizing RTKroection is an expensive investment
initially, but ways exist to reduce costs by utilig other civilian-owned or government-
owned reference stations to obtain an RTK solutialso, from a producer’s perspective,
practical positioning accuracy is not only relatechow well the vehicle follows a line,

but also how well themplement follows the same line. If the farming “system,&aming
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the vehicle plus the implement, has a limiting parfance error of >5 cm, then our total
station may be considered as an appropriate measuateool.

The need exists for researchers and industry teeagn a dynamic testing
standard. When guantifying guidance accuracygetienot one single value that can be
offered at this time to describe, in plain languagest how well a guidance system
performs. GPS-based dynamic accuracy is a conipfeg; many variables contribute to
positioning error from a static-observation perspecalone, and when the GPS/GNSS
receiver is in motion, additional error sourcessexiWhile my desire was to derive a
statistical term for “drift,” with one value to cape the fact, the topic is too complex to
currently reach that goal.

The techniques presented forsitu SDI evaluations are simple, repeatable, and
the values are easily understood. | believe thetitig factor regarding the testing
apparatus was its power-consumption and the resolof the bench scale; however, the
premise ofin-situ uniformity testing is sound, and | would recommetal other
researchers that this concept be expanded upon avange of drip-tape products,

operating pressures, fluid temperatures, and &itig/effluent mixes.
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A.1l. JOHN DEERE 6420TRACTOR

Tractor Power:
PTO rated, kW:

Engine:
Manufacturer:
Fuel:

Aspiration:
intercooler
Cylinders:
Displacement, L:

Figure A.1. John Deere 6420.

Rated engine speed, RPM:

Cooling:
Oil capacity, L:
Hydraulic flow rate, LPM:

Transmission:

Type:
Transmission

Mechanical:
MFWD:

Dimensions:
Wheelbase, mm:

127

70.3

John Deere
Diesel
Turbocharger with

4
4.5
2300
liquid
15.9
96

Infinitely Variable

Yes

2400
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B.1TRIMBLE 5603TOTAL STATION

Figure B.1. Trimble 5603 Total Station.

Total station specifications:
Manufacturer:

Model:

Firmware version:

Angle measurement:
Accuracy (standard deviation):
Automatic level compensator:

Distance measurement:

Accuracy (standard deviation), prism:

Measuring time, prism:
Standard measurement:
Tracking:

Range:
Under standard clear conditions, 1 prism:

129

Trimble
5603
696-03.08

3"
Dual-axis compeors&6”

(2 mm f2r, standard,
+(5 mm+2 ppm), tracking

2s(0.5Hz)
0.5s(2Hz)

3000 m



B.2 DATALOGGER SPECIFICATIONS

Manufacturer:
Model:

Part no.:
Operating system:

Internal memory capacity:

Figure B.2. Trimble TSCe datalogger.

Trimble
TSCe
45185-20
Microsoft Windows CE
Version 4.0.12
16 MB
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B.3 DATA COLLECTION SOFTW ARE SPECIFICATIONS

f.—.'l Job: roof A

Configuration

& 1119 X

Exit

Keyin TFI"’S ,
Ei " man
T (=g (]
ﬂ' Favorites
Survey Cogo Instrument m
Ho =urvey PDOP:1.9
Enter

Figure B.3. Trimble Survey Controller.

Manufacturer:
Model:
Software version:
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Trimble

Trimble Survey Controller
11.20-11.40
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C.1TRIMBLE RMT PRISM

Figure C.1. Trimble RMT prism.

Manufacturer: Trimble

Model: RMT ATS Multi-Channel
Part No.: 571233035

Prism constant, mm: 10

Power supply, V: 12 — 35, external source
Infrared channels: 4
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D.1.JOHN DEERE GREENSTAR SYSTEM

»w

Manufacturer:

Model:

Hardware version:
Software/firmware version:

Loader:

Mapping processor software version:
Runtime, hr (until December, 2007):
Correction signals available:

Serial output:
NMEA messages:
Baud:

Output rate:
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Figure D.1. John Deere Greenstar display.

John Deere
Greenstar Mobile Processor
PF80444 2.5
PF303192F
2.30A
PF301660D
246.8
RTK, SF2, SF1, AfA

GGA, GSA, VTG
19200
5 Hz



D.2.JOHN DEERE STARFIRE | TC GPSRECEIVER

| :
Figure D.2. StarFire iTC GPS receiver (yellow dome)

Manufacturer: John Deere

Model: StarFire iTC

Hardware part no.: PF80732

Software app. version: 2.52A

Sofware loader version: 1.04

Position receiver software version: 12.5

Receiver runtime, hr (until December, 2007): 1937.

Features:

Terrain compensation: Yes

External port: RS232 (serial), configurable
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D.3. TRIMBLE EZ-GUIDE GUIDANCE COMPUTER

Figure D.3. Trimble EZ-Guide display and accessorsPS antenna.

Manufacturer: Trimble

Model: EZ-Guide Plus

Part no.: 52001-00

Software version no. (2007 tests): 4.10.002F:RB007
11:53:46

Serial port settings (2007 tests):

Input: External GPS
Baud: 19200 bps

Parity: 8-N-1

Output rate: 5Hz

Supplemental information:

For the WAAS drive-path tests in the 2006 studyrianble EZ-Guide Plus with
accessory GPS antenna was used. The equipmemnbbtiticlude any form of terrain
compensation. Also, the EZ-Guide Plus with acags&PS antenna was loaned to the
department on an evaluation basis; at the end ef2006 tests, the equipment was
returned to the owner, and similar equipment washased by the department later that
year for the 2007 tests. No configuration inforimatwas recorded for the equipment
bundle used in 2006. For the WAAS drive-path tastthe 2007 study, the accessory
GPS antenna was replaced with the John Deere f&ailfC receiver. Configuration
settings in the EZ-Guide computer were adjustedraiegly. In addition, terrain

compensation module was available.
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D.4. TRIMBLE EZ-STEER ASSISTED-STEERING SYSTEM WITH TERRAIN COMPENSATION

MODULE

Figure D.4. Trimble EZ-Steer assisted-steering sysin.

Manufacturer:

EZ-Steer specifications (2007):
Software version:

Tilt:

Filter:

Comp.)

Vehicle setup:

Type:

Steering wheel diameter, in.:
Angle/turn, deg.:

Freeplay left, in.:

Freeplay right, in.:
Wheelbase, in.:

Engagement:
Aggressiveness, percent:

Minimum / maximum speed, mph:

Maximum angle, deg.:

Motor speed:

Engage on AB:

Minimum number of satellites:
Maximum HDOP:

Features:
External port:
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Trimble

3.00.01

Basic

Heavy3 (under Terrain

Tractor 4WD
16.0
21
1.80
1.80
95

120
2/15
15
Auto High
On
5
3.0

RS232 (serial), configurable
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E.1 CORRECTION -SIGNAL CHARACTERISTICS

Table E.1. Characteristics of GPS-based correctiosignals used in 2006 and 2007
tests.

Correction Signal: Wide Area Augmentation System\(VAAS)
Type of Correction: wide-area
Single vs. Dual Frequency: single frequency
Operating Fee: free
Accuracy Claims: +15 to 30 cm pass-to-pass

+61 to 66cm long-term static

Supplemental information:  Service is offered b lUgovernment, designed
for Federal Aviation Administration (FAA) tdfer
navigational aid to airplanes; many inexpeasiv
personal navigation devices can utilize WAAS

Correction Signal: John Deere SF1
Type of Correction: wide-area
Single vs. Dual Frequency: single frequency
Operating Fee: free (with compatible John Deeceivers)
Accuracy Claims: +33 cm pass-to-pass
~76 cm static

Supplemental information:  SF1 signal is proprigtarJohn Deere

Correction Signal: John Deere SF2
Type of Correction: wide-area
Single vs. Dual Frequency: dual frequency
Operating Fee: $800 annually
Accuracy Claims: +10 cm pass-to-pass
~25 cm static

Supplemental information:  SF2 signal is proprigtarJohn Deere

Correction Signal Real-Time Kinematic (RTK)
Type of Correction: local-area
Single vs. Dual Frequency: dual frequency
Operating Fee: free (initial set-up costs up takhl
Accuracy Claims: <3 cm pass-to-pass
<3 cm static

Supplemental information: RTK procedure employs tual-frequency
receivers; one is located at a fixed locatioraéiy),
while the other travels with the vehicle (“rovgr”
most install costs come fromfi%2eceiver purchase
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F.1 GUIDANCE TESTING SITE ONE

o0 25 0 50 Feet
- . 7

b

Contours (ft)

=———— Guidance Lines N

Figure F.1. Guidance testing site one, used in 2Q0&levation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 20 (.1 m). Direction of vehicle travel
was westerly to easterly (approx. 80.1 degrees azith from true north; aerial
imagery and contour data courtesy of City of AuburnGIS Department, Auburn,
AL).
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G.1 GUIDANCE TESTING SITE TwWO

p =

_—____ﬁ.r&:' e ;

\
150 75 0 150 Feef "
[ ] |

|

Guidance Lines ’&

Contours (ft) N

Figure G.1. Guidance testing site two, used in 200 Elevation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 40f2.2 m). Direction of vehicle
travel was northerly to southerly (approx. 179.4 dgrees azimuth from true north;
aerial imagery and contour data courtesy of City ofAuburn GIS Department,
Auburn, AL).
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Figure G.2. Guidance testing site two, used in 200 Elevation contours are in 2-ft
(0.6-m) intervals; guidance lines are spaced 40(ft2.2 m). Direction of vehicle
travel was easterly to westerly (approx. 271.3 deges azimuth from true north;
aerial imagery and contour data courtesy of City ofAuburn GIS Department,

Auburn, AL).
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H.1.12-vOLT PUMP

Figure H.1. Shurﬂo diaphragm pump.

Manufacturer: Shurflo

Model: 2088

Type: 3 chamber diaphragm
Flow rate, gpm: 2.8

Electrical motor: 12VDC, intermittent-duty
Maximum amps: 7.0

Priming: Self-priming to 9 ft.

Ports: 2"-14 NPSM-Male
Dimensions (L x W x H), in.: 7.8"x5.0"x4.6"

Net weight, Ib.: 5
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H.2 PRESSURE REGULATOR

Figure H.2. Watts adjustable small-pressure reguladr.

Manufacturer:

Model:

Operating range, psi:
Ports:

Materials:
Body:

Spring Cage:
Disc:
Diaphragm:

H.3 DIGITAL BENCH SCALE

Watts Regulator
26A

3-50
4", Female

Brass

Aluminum

Buna-N stainless steel
Reinforced Buna-N

Figure H.3. Ohaus CD-11 indicator (scale platform ot shown).

Manufacturer:

Model:

Indicator:

Bench scale:
Scale capacity, kg:
Resolution, kg:

Indicator software version:

Ohaus

CD-11
B100S
100

0.02
1.22
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H.4 PRESSURE TRANSDUCER

Manufacturer:
Model:

Output:

Supply voltage:
Accuracy:
Response time:
Pressure port:

Electrical connection:

ground
Pressure range:

Figure H.4. PCB pressure transducer.
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PCB Piezotronics
1501B02EZ50PSIG
Amplified 0 — 5 VDC FS
6.5-30 VDC
+0.25% FS
<1lms
Y4" — 18 NPT, Male
Solder tabs; powernalg

0 — 50 psig



H.5 DATA LOGGER

Figure H.5. Campbell Scientific CR206 datalogger.

Manufacturer: Campbell Scientific
Model: CR206

Operating system: PakBus protocol
Operating frequency of internal spread-spectrunorad 900 MHz

Power supply, external: 12 VvDC
Communications port: RS232 (serial)

Sensor input channels:

Analog, 0 — 5V, single-ended: 5
Pulse counter: 2

Switched excitation: 2

Digital I/O: 2

H.6 RADIO MODEM

Figure H.6. Campbell Scientific RF401 radio modem.

Manufacturer: Campbell Scientific
Model: RF401

Operating frequency: 910 - 918 MHz
I/O data rate: 9600 bps

Power supply, external: 9to 16 VDC
Communications port: RS232 (serial)
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H.7 TorPCcON X20 FIELD COMPUTER

Figure H.7. X20 field computer screen shot illustring pressure-monitoring

software.
Console:
Processor: 1 GHz
Memory: 512 Mb
Operating system: Windows XP Pro SP2
Display size: 213 mm (8.4 in.)
Solid state drive: 4 GB
Mounting bracket: RAM mount
USB ports: 4 x USB 2.0
Serial RS232 ports: 4
PS2 ports: 2
VGA ports: 1
10/100 Base T Ethernet port: 1
Pressure-monitoring software:
Manufacturer: Campbell Scientific
Software: LoggerNet
Software version: 3.4.1
Capabilities: Datalogger programming

Real-time sensor monitoring
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|.1. GUIDANCE -TESTING EVENT SCHEDULE OF 2006

Table 1.1. Testing event schedule of 2006.

Test Name Date Time of Test Name Date Time of
[a] Day [a] Day

Ry February 22 2:30 pm Rs, April 7 1:33 pm
N --- --- Js1 Aprll 7 1:59 pm
D11 --- --- D51 Aprll 7 1:45 pm
Wi February 22 2:45 pm Ws;
Rs, February 27 3:03 pm Rs, April 7 2:15 pm
Jo1 --- --- Jso Aprll 7 2:36 pm
Dy February 27 3:28 pm Ds» April 7 2:25 pm
Wy February 27 3:16 pm Ws,
R, February 27 3:40 pm Res1 June 14 12:28 pm
J22 - - J61 - -
D,, February 27 4:00 pm Ds1 June 14 12:42 pm
Wy February 27 3:50 pm We1
Ra1 March 8 1:47 pm Rs2 June 14 3:22 pm
Ja1 Je2 June 14 3:49 pm
Da1 March 8 2:15 pm Dso June 14 3:35 pm
W31 March 8 2:04 pm Weo
Ra3» March 8 2:30 pm R June 16 9:43 am
Jan --- --- Jn June 16 10:07 am
Da» March 8 2:52 pm D71 June 16 9:55 am
W3, March 8 2:42 pm W1
Ru1 March 28 T, M Rz June 16  12:21 pm
Ja --- --- J7n June 16 12:43 pm
Da1 March 28 T1 D+, June 16 12:32 pm
W1 March 28 T1 W+ --- ---
R4> March 28 T,
J42 - -
Da> March 28 T,
W2 March 28 T,

I Test name is in the format A,,, where A represents correction signal used (R=RTK, J=Starfire SF1, D=Starfire SF2,
W=WAAS), x represents testing day, and y represents starting time of testing.

™ pashed lines represent absence of data for that iteration.

 Events T, and T, have no time stamps.
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APPENDIX J

TEST EVENT SCHEDULE (2007)
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J.1. GUIDANCE -TESTING EVENTS OF 2007

Table J.1. Testing event schedule of 2007 for RTKnd John Deere SF1 correction

signals.
Test Name™® Date Time of Test Name™® Date Time of
Day Day

Rsi1 Mar 7 11:36 am Jsi1 Mar 7 10:39 am

Jwir Mar 7 1:18 pm
e T T Swa2 Mar7 __ __..2:02pm

Rso1 Mar 14 8:45 am Jso1 Mar 14 9:24 am

Rs2o Mar 14 10:14 am Jsoo Mar 14 11:20 am

Rw21 Mar 14 1:09 pm Jwo1 Mar 14 1:19 pm
oo Rwzp  Marl4 2:02pm o dwee . Marld  213pm

Rsa1 Apr 13 10:46 am Jsa1 Apr 13 10:30 am

Rsas Apr 13 2:00 pm Jsao Apr 13 1:43 pm

Rwa1 Apr 13 12:59 pm Jwa1 Apr 13 12:39 pm
oo Rwap Apri3 2:96pm o dwse . Apri3 ____242pm

Rsa1 Apr 30 8:19 am Jsa1 Apr 30 8:56 am

Rss1 Jun 5 1:04 pm Jss1 Jun 5 1:37 pm

Rsso Jun 5 3:52 pm Jsso Jun 5 4:29 pm

Rws1 Jun 5 2:48 pm Jws1 Jun 5 2:33 pm
e T T Swe2 Juns ____ .530pm

Rss1 Jul 10 10:12 am Jse1 Jul 10 10:42 am

--- --- --- Jse2 Jul 10 1:45 pm

Rwe1 Jul 10 11:16 am Jwes1 Jul 10 11:40 am
e T T T Swe Jul10 . 255pm

Rs71 Jul 18 10:22 am Js71 Jul 18 11:24 am

--- --- --- Js7o Jul 18 1:52 pm

--- --- --- Js73 Jul 18 3:34 pm

Rw71 Jul 18 10:36 am Jw71 Jul 18 11:38 am

--- --- --- Jw72 Jul 18 2:08 pm
T T S Julls_ 347 pm_

Rsg1 Jul 31 10:20 am Jss1 Jul 31 10:47 am

Rsgo Jul 31 1:52 pm Jsso Jul 31 2:22 pm

Rsg3 Jul 31 4:11 pm Jssa Jul 31 4:38 pm

Rws1 Jul 31 11:23 am Jws1 Jul 31 11:48 am
R Rwez . Jui3l 305pm o Jwee . Jui3l  329pm

Rso1 Aug 3 11:12 am Jso1 Aug 3 11:57 am
R Aug3 . 1243pm_ o we Aug3_ ___123pm___

Rsi01 Aug 23 7:45 am Jsio01 Aug 23 8:12 am

Rs102 Aug 23 10:04 am Jsi02 Aug 23 10:31 am

Rs103 Aug 23 1:16 pm Jsi03 Aug 23 1:49 pm

Rw1o01 Aug 23 9:05 am Jwio1 Aug 23 9:29 am

Rw1o02 Aug 23 11:04 am Jwio2 Aug 23 11:24 am

Rw1o3 Aug 23 2:22 pm Jwio3 Aug 23 2:55 pm

¥ Test name is in the format Ayy,, where A represents correction signal used (R=RTK, J=Starfire SF1, D=Starfire SF2,
W=WAAS), X represents drive path orientation (S=southward, W=westward), y represents testing day, and z represents
testing event number.

™ pashed lines represent absence of data for that iteration.

155



Table J.2. Testing event schedule of 2007 for Joldeere SF2 and WAAS correction
signals.

Test Name'™ Date Time of Day Test Name'™ Date Time of
Day

Ds11 Mar 7 10:21 am Ws11 Mar 7 11:16 am

Dw11 Mar 7 1:06 pm Wwi1 Mar 7 1:29 pm
...Dwip _ Mar7 1:50pm Wwi  Mar7  219pm

Dso1 Mar 14 9:07 am Wsoq Mar 14 9:43 am

Dsoo Mar 14 10:38 am Wsoo Mar 14 11:43 am

Dwo21 Mar 14 12:58 pm Ww21 Mar 14 1:31 pm
Dwe ] Mar14 L49pm Wwzo ] Mar14 2126 pm

Dsa1 Apr 13 10:03 am W3 Apr 13 11:15 am

Dsao Apr 13 1:28 pm Ws3o Apr 13 2:16 pm

Dwa1 Apr 13 12:26 pm Wwa1 Apr 13 1:14 pm
... Dws Apris . 2:34pm Wwae Apri3  313pm_

Dsa1 Apr 30 8:37 am W1 Apr 30 9:13 am
_______ Dwar . Apr30  1146am T T

Dss1 Jun 5 1:23 pm Wssq Jun 5 1:53 pm

Dsso Jun 5 4:13 pm Wsso Jun 5 4:45 pm

Dws1 Jun 5 2:15 pm Wws1 Jun 5 3:14 pm
...Dwsp ______Juns5 o:ldpm Wwsp __JunsS_ S47pm

Dss1 Jul 10 10:27 am Wse1 Jul 10 10:56 am

Dsso Jul 10 1:28 pm Wseo Jul 10 2:08 pm

Dwe1 Jul 10 11:27 pm Wwe1 Jul 10 11:53 am
o Dwe Jullo 2:42pm Wwep ... Jul1o  312pm

Ds71 Jul 18 10:54 am Ws71 Jul 18 11:55 am

Ds7o Jul 18 1:26 pm Ws7 Jul 18 2:31 pm

Ds73 Jul 18 3:09 pm Ws73 Jul 18 4:01 pm

Dw71 Jul 18 11:08 am Wwn1 Jul 18 12:12 pm

Dw72 Jul 18 1:40 pm Ww72 Jul 18 2:52 pm
o Dwm Jullg 323pm . Wwrs .. Jullg _ 415pm_

Dsg1 Jul 31 10:34 am Wss1 Jul 31 11:05 am

Dsgo Jul 31 2:07 pm Wsso Jul 31 2:41 pm

Dsg3 Jul 31 4:24 pm Wsgs Jul 31 4:51 pm

Dws1 Jul 31 11:35 am Wws1 Jul 31 12:12 pm
. Dwe Jul3l 317pm Wwep .. Jul3l  342pm_

Dso1 Aug 3 11:38 am Wso1 Aug 3 12:18 pm
. Pwor . Aug3 . 1:03pm . Wwer . Aug3 1:47pm

Dsi01 Aug 23 7:59 am Wsi01 Aug 23 8:42 am

Dsi102 Aug 23 10:17 am Ws102 Aug 23 10:47 am

Dsi103 Aug 23 1:34 pm Ws103 Aug 23 2:04 pm

Dw1o1 Aug 23 9:16 am Wwio1 Aug 23 9:42 am

Dw1o2 Aug 23 11:14 am Wwio2 Aug 23 11:35 am

Dw1o3 Aug 23 2:35 pm Ww1o3 Aug 23 3:08 pm

[a] Test name is in the format AXyz, where A represents correction signal used (R=RTK, J=Starfire SF1, D=Starfire SF2,
W=WAAS), X represents drive path orientation (S=southward, W=westward), y represents testing day, and z represents
testing event number.

[b] Dashed lines represent absence of data for that iteration.
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APPENDIX K
CONCEPTS AND EQUATIONS USED IN GUIDANCE-SYSTEM

PERFORMANCE TESTS
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K.1. CROSSTRACK ERROR (XTE)

Cross-track error (XTE) refers to the shortestsgme ground distance between an
observed target position and its theoretical, oticgrated, position in relation to a
computer-generated drive path. In statistical gerthis value would be analogous to a
residual value of an observation relative to aesgion line. This is the primary value on
which other descriptive statistics are calculasetsh as mean cross-track error, standard
deviation of error, root mean square error, pagsass accuracy, and year-to-year
accuracy (see below).

From the example in figure K.1, three observeddtpositions are represented
according to x,y planar coordinates (analogousetisting” and “northing” coordinates,
respectively, in a gridded map coordinate systeffile three observations are plotted
relative to a pre-determined guidance line or dpa¢h. The distance perpendicular to
the guidance line from the observed position is ¢haess-track error (XTE) of that

observation.

(X1, V1)
? (X2 ¥2)
! XTE,
.} XTE,
¢ I gwdancé line 4

XTE,

(X3, ¥3)
Figure K.1. Depiction of cross-track error.
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Depending on the direction of vehicle travel, @fed” XTE (having a positive
or negative value) will refer to which side of tipeidance line the observation was taken.
Mean cross-track error was calculated by the falgvequation:

Xj = 5 iz Xyj (1)
whereN = the number of data obtained from line ¥, = mean XTE, and X= the
distance from point i to desired line j.
K.2 STANDARD DEVIATION OF ERROR (SD)
Standard deviation of error (SD) is considered aseasure of precision of a guidance
system’s ability to maintain a vehicle’s drive pgthsaniet al., 2002), as this value

represents deviation from the mean XTE. Standaxsatdon of error was calculated by

the following equation:

SD; = =¥, (Xy — X))? (2)

N-1
whereN = the number of data obtained from line j, Xthe distance from point i to
desired line j, andX, = mean XTE for line j.
K.3 ROOT MEAN SQUARE ERROR (RMSE)
Root mean square error (RMSE) is considered asasume of accuracy, as this value
represents deviation of observed position fromtheoretical, ideal position (Ehsaet

al., 2002). Root mean square error was calculatatidjollowing equation:

1
RMSE; = /EZL X7 3

whereN = the number of data obtained from line j, and=Xhe distance from point i to

desired line .
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K.4 PASSTO-PASS ACCURACY (P2P)

Pass-to-pass accuracy (P2P) is regarded as themsysaccuracy in determining the
location of the next drive path in relation to aewetly-traveled drive path, typically
within a 15- minute time frame. Pass-to-pass amuwas calculated by the following
equation:

P2Py = X, — X; (4)
whereP2Py refers to pass-to-pass accuracy from line j te knX, = mean XTE for line

k, and X, = mean XTE for line j.

K.5 YEAR-TO-YEAR ACCURACY (Y2Y)

Year-to-year accuracy (Y2Y) is regarded as theéesysleviation in determining
the location of a repetitious drive path, typicalbgyond a 15-minute time frame
(separation of hours, days, etc.). For a giver timerval, Y2Y can best be described as
the absolute difference between the minimum andrtagimum mean signedTE of a
drive path (field, etc.). Year-to-year accuracy wadculated by using the following
equation:

Y2Y; = |(Max X;) — (Min X,)| (5)

whereY2Y; is the year-to-year accuracy on line | aﬁp: mean XTE for line j.
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APPENDIX L

GUIDANCE ASSESSMENT OFFICE PROCESSING PROCEDURE (206)
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L.1. NECESSARY SOFTWARE

e Trimble Survey Controller (on the TSCe)
e Microsoft ActiveSync

e Trimble Geomatics Office

e Microsoft Excel

L.2. PROCEDURE STEPS

L.2.1.

L.2.2.
L.2.3.

L.2.4.
L.2.5.

L.2.6.

L.2.7.

L.2.8.

Uploaded data file from TSCe to Trimble Geomaticfic® desktop
software.

Checked for obvious errors, measurement blundars, e

Converted point data file into a delimited textefiin the format Name-
Easting-Northing-Elevation-Code. (Elevation andd€ovalues were not
required for further calculations.)

Imported the text file into Microsoft Excel.

In Microsoft Excel, a regression analysis was pentxl on the data set that
represented the first established drive path; dhais set also corresponded
with the initial AB line, zero line, etc. in the glance computer. From the
analysis, the coefficient value that pertains tgpsl of the model line was
recorded. An arc-tangent calculation was madehercoefficient, and this
new value was converted to degrees; this newege vapresented the slope
of the model line in degrees relative to the pesik (easting) axis.

Given the parameters of the regression line, antranp coordinate was
derived that fit on the line to the left of thesfirobserved data point;
likewise, an arbitrary coordinate was derived ®ight of the last observed
data point. By using the swath width value, foddidonal parallel lines
were derived to represent the neighboring theaktiave paths.

UTM coordinate values were normalized by subtrgctiut the original
easting and northing coordinate values from theliegsdata block.

The following equations were used to “rotate” tladadset to a model slope
of zero:

X, = X, [cos (1’;_0(360 - 9))] —y, [sin (1’;_0(360 - 9))] (6)

Y = ¥; [cos (£(360 — 6) )] + X; [sin (Z,(360 - )] (7)

where i, Y;) were initial prism coordinates (Easting, NorthingX: , Y
were modeled prism coordinates, &kpresented the degree conversion of
the arc-tangent of the slope parameter from theessgon-line equation.
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L.2.9. As a double-check of the accuracy of the rotationction, the newly-
derived Northing coordinates for the data set ftheninitial drive path were
compared to the residuals values calculated inrélgeession analysis; if
both sets of numbers were similar, then this rotathodel was utilized for
every successive drive path and data set.

L.2.10. Because the data sets pertaining to the neighbdring paths were offset
from the X axis by each row’'s respective swath wjidihose Northing
values were normalized to better reflect uniforwssrtrack-error values.

L.2.11. Mean cross-track-error, standard deviation of em@ot mean square error,
pass-to-pass accuracy, and year-to-year accuracg wWesn calculated
according to Appendix K.
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APPENDIX M

GUIDANCE ASSESSMENT OFFICE PROCESSING PROCEDURE (207)

164



M.1. NECESSARY SOFTWARE

e Trimble Survey Controller (on the TSCe)
e Microsoft ActiveSync

e Trimble Geomatics Office

e ESRI ArcGIS Desktop Version 9 bundle
e XTools Pro Version 5

M.2. PROCEDURE STEPS

M.2.1.

M.2.2.
M.2.3.

M.2.4.

Uploaded data file from TSCe to Trimble Geomatic#id® desktop
software.

Checked for obvious errors, measurement blundars, e

Converted point data file into ESRI-compatible s#fde format; formatted
data included point name, easting, northing, elematand feature code for
each data point.

Point data were separated in ArcGIS (ArcMap, Arafaf) according to test
attributes or site features. If necessary, adwtichapefiles were created for
those separations for future reference and analyses

M.3. CREATING A SITE SLOPE /ASPECT MAP

M.3.1.

M.3.2.

M.3.3.

M.3.4.

Topographic data were collected across the testasib-m-by-5-m spacing
using a survey-grade GPS unit, resulting in poatadvith sub-inch vertical
accuracy across the site. Topographic data welead@d from TSCe to
Trimble Geomatics Office desktop software, checkedbvious errors, and
converted into ESRI-compatibe shapefile format.

In ArcMap, a map projection was defined for theadset (ArcToolbox / Data
Management / Projections and Transformations /ri@eRrojection). Data
were then inspected for potential outliers or pbg: blunders before
continuing.

A sub-set of topographic data were isolated froml#énge set for statistical
validation. This was accomplished through Gedastietil Analyst / Create
Subsets ...; five percent of the topographic dateevessigned to the “test”
dataset, while the remainder were assigned totthaihg” dataset.

A surface raster image (digital elevation modelD&M) was created from
the “training” dataset through ArcToolbox / 3D Awsi Tools / Raster
Interpolation / Topo to Raster. Output cell sizasvdefined as “1” so as to
produce an image with a 1-square-meter resolutibrainage Enforcement
was turned off (“No Enforce”).
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M.3.5.

M.3.6.

M.3.7.

The accuracy of the raster image was tested. Homoolbox / Spatial
Analyst Tools / Extraction / Extract Values to Rejnthe “test” dataset was
labeled as ‘validation’ for the raster grid. Thetérpolate values at the point
locations” feature was active. After the procedtfireshed, interpolated
elevation values were amended to the “testing” sfilgp This batch of
numbers was then compared to the original, or ntedselevations from the
field work by studentized t-test in Microsoft Exctie test failed in rejecting
the hypothesis that the numbers were not differsmtthe raster image was
considered valid.

Utilizing the raster image, a slope map was cretttezligh ArcToolbox / 3D
Analyst Tools / Raster Surface / Slope. Slopesunire assigned as degrees.
This function interpolated the extent of “tilt” farach square meter of the
raster image.

Utilizing the raster image, an aspect map was ecetirough ArcToolbox /
3D Analyst Tools / Raster Surface / Aspect. Aspetts were assigned as
degrees. This function interpolated the directidn‘tdt” for each square
meter of the raster image.

M.4. ADJUSTING TARGET COORDINATES FOR PRISM TILT

M.4.1.

M.4.2.

M.4.3.

For each observed target position recorded withie test plot, an
interpolated slope and aspect value was also adedci This feature was
accomplished through ArcToolbox / Spatial Analystols / Extraction /
Extract Values to Points; the relevant point shitggeind the relevant raster
were analyzed. The “interpolate values at the tploications” feature was
active. After the procedure finished, interpolashope and/or aspect values
were appended to the shapefile attributes.

For each dataset, the point names, northing/eastirggdinates, derived
slope, and derived aspect values were transferedVitrosoft Excel.
Position re-adjustments by slope and aspect weterrdmed for both the
easting (X) and northing (Y) coordinates by theiahiheight of the target
prism above the ground.

Utilizing ArcCatalog, a new point-based shapefilaswreated using the re-
adjusted coordinates and identical point names.

M.5. DETERMINING OBSERVATIONAL CROSS TRACK ERROR

M.5.1.

Utilizing shapefile-editor tools in ArcMap, a palyk record was created by
connecting the beginning and ending prism obsermatiat the time of
guidance-line establishment. Also using the ediwols, four parallel

polylines were created to represent the theoretieajhboring drive paths,
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M.5.2.

M.5.3.

M.5.4.

separated by a swath-width distance. This polylieeserved as the total-
station-established reference file for all subsegtests.

With the desired point file and the reference podg/ffile available, the Near
function was used (ArcToolbox / Analysis Tools bfmity / Near). When
this function finished, each point record had atagise to the nearest
reference line appended to its attributes; by lgpuvihe “Angle” feature
active during the procedure, a determination ctrgéldnade as to which side
of the reference line the point record was locafgaough positive or
negative angle values).

For ease of further calculation, the Near valueseweuncated to three
decimal places (units in meters), and each value matiplied by +1 for its
corresponding positive angle value or -1 for itsresponding negative angle
value. The result was that each point record hmmeédcuivalent cross-track
error from the desired reference line.

Mean cross-track-error, standard deviation of emoot mean square error,
pass-to-pass accuracy, and year-to-year accuraacg wWween calculated
according to Appendix H.
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APPENDIX N

SUPPLEMENTAL 2006 XTE DATA
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Table N.1. Summary signal-correction quality statiics for testing event 1
(February 22, 2006); tests R and Wh.

Signal® Rl?Q{V F;?Q{V R3?Q]’V FZ?Q]’V Rs?Q{V XTE® N9 spl RMSEM  p2pd

XTEk 0 -2 -3 -6 -7 -4
Ne 22 22 36 39 34 153
SDr 4 5 4 5 5 5
RMSEr 4 5 5 8 9 7
P2P - -2 -1 -3 -1 -2
"""" XTE,
N,
SD,
RMSE,
P2P,
"""" XTEp
Np
SDp
RMSE,
P2P,
 XTEw 5 2 14 28 12
Ny 31 39 43 45 158
SDw 7 10 8 16 15
RMSE,, 9 10 16 31 20
P2P,, - 7 16 12 7

[ Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N, datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.2. Summary signal-correction quality statiics for testing event 2
(February 27, 2006); tests R, D,;, and Wa;.

Row Row Row Row Row

Signal[a] 100 olb] 3] 41! 5[] XTE®  NM sp¥  RMSEM p2p
XTEr -1 -2 -7 -6 -7 -5
Ng 25 33 43 54 65 220
SDg 4 5 4 4 4 5
RMSEgr 4 5 8 7 8 7
P2Pg - -1 -5 1 -1 -2
""" XTE,
N,
SD;
RMSE;
P2P;
""" XTEp 0 14 25 27 20 19
Np 30 33 41 49 65 218
SDp 5 4 8 8 7 11
RMSEp 4 15 26 28 21 22
P2Pp - 14 11 2 -7 5
O XTEw 29 -43 46 33 -37
Nw 56 35 60 58 209
SDw 20 13 17 29 22
RMSE 35 44 49 44 43
P2Pw - -14 -3 13 -1

[l Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.3. Summary signal-correction quality statiics for testing event 3
(February 27, 2006); tests &, D.,, and Wa..

signa® ROW Row Row Row ROW yrpl N gpll RusSER  popl
1 2 3 4 5
XTEx 5 7 5 5 7 -6
N« 32 36 40 57 70 235
SDr 3 4 5 4 3 4
RMSEx 6 7 7 7 8 7
P2Py - 2 2 0 2 0
""" XTE, e
N;
SD;
RMSE,
P2P,
" XTE, 20 35 37 20 23 26
No 31 39 45 59 70 244
SD, 4 5 7 8 7 10
RMSE, 21 36 38 22 24 28
P2P, - 15 2 17 4 1
""" XTEw  -10 -7 -11 26 -8
Nuw 37 45 53 70 205
SDw 16 20 31 32 28
RMSEw 18 27 33 42 33
P2Py - 7 6 15 5

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.4. Summary signal-correction quality statitics for testing event 4 (March 8,
2006), tests R, Daj, and Wsa1.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] xTE® N9 sp Rmsg  p2pl
XTEr 0 0 -2 -4 -4 -2
Nr 30 36 37 45 39 187
SDg 3 3 4 5 5 4
RMSEgr 3 3 4 6 6 5
P2Pr - 0 -2 -2 0 -1
COXTE,
N,
SD;
RMSE;
P2P,
""" XTE, 28 64 47 53 45 47
No 28 23 42 49 55 197
SDp 6 9 7 6 8 12
RMSE, 29 64 47 54 46 49
P2Pp  -- 36 -17 6 -8 4
""" XTEw 8 0 2 26 0
Nw 17 37 45 57 156
SDw 10 15 22 33 40
RMSE 85 15 22 42 40
P2Pw - -84 2 -24 -35

@ Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.5. Summary signal-correction quality statitics for testing event 5 (March 8,
2006), tests Ry, Dap, and Whao.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] xTE® N9 spd  RMmsgd  p2pd
XTER -1 -2 -1 -3 -4 -3
Ng 31 35 45 46 58 215
SDg 5 4 3 5 4 4
RMSEgr 5 5 4 6 6 5
P2Pg - -1 1 -2 -1 -1
"""" XTE,
N,
SD;
RMSE;,
P2P;
""" XTEp 14 47 43 40 16 32
Np 31 34 41 50 57 213
SDp 7 7 5 12 12 17
RMSE, 15 48 44 42 20 36
P2Pp - 33 -7 -3 -24 0
""" XTEBw 5 -3 -2 2
Nw 37 46 44 52 179
SDw 25 15 21 30 23
RMSE 25 15 20 29 23
P2Pw - -8 1 0 -2

&' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N, datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of Ny datapoints.
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Table N.6. Summary signal-correction quality statiics for testing event 6 (March
28, 2006), tests R, Dag, and W1,

Signa® ROW Row Row Row Row yppe N4 gpd  Rumsgd  popl
1 2 3 4 5
XTEr -2 0 5 6 5 4
N« 26 30 36 46 50 188
SDk 5 4 4 3 5 5
RMSEx 5 4 6 6 7 6
P2Py - 2 5 1 1 -2
CUUXTE,
N;
SD;
RMSE,
P2P,
""" XTE, 60 66 57 63 54 59 T
No 22 28 34 42 53 179
SDp, 3 5 6 8 7 8
RMSE, 60 67 57 63 55 60
P2Py - 6 9 6 9 -2
""" XTEw 13 4 10 5 g e
Nuw 32 35 40 51 158
SDw 8 17 271 26 22
RMSEw 15 17 28 26 23
P2Py - 9 6 5 3

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.7. Summary signal-correction quality statiics for testing event 7 (March
28, 2006), tests B, Dap, and Wjo.

Row Row Row Row Row

Signal [ 100 olb] 3] 4! 5[] XTEM N spt RMSE®  p2pld
XTEr 0 -1 -5 -3 -4 -3
Ng 23 29 34 41 50 177
SDg 4 4 4 4 5 5
RMSEgr 4 4 6 5 6 5
P2Pg - -1 -4 2 -1 -1
"""" XTE,
N,
SD;
RMSE;
P2P;
""" XTEp 20 53 39 34 24 33
No 25 28 35 42 52 182
SDp 11 7 7 7 8 13
RMSE, 22 53 39 34 25 35
P2Pp - 33 -14 -5 -10 1
""" XTEw 12 -1 1 1 2
Nw 23 35 41 49 148
SDw 13 18 24 25 22
RMSE 17 18 24 25 22
P2Py - 11 2 -2 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.8. Summary signal-correction quality statifics for testing event 8 (April 7,
2006); tests Ry, Js1, and Dys.

Signal® ROW Row Row Row ROw yppe \d  gpd  RMmsgd  p2pd
1 2 3 4 5
XTEr -2 -7 -7 8 -8 7
Ne 34 34 46 56 73 243
SDr 3 4 4 4 4 4
RMSEx 4 8 8 8 9 8
P2Px - 5 0 -1 0 2
""" XTE, o 6 5 7 9 4 T
Ny, 32 27 45 50 61 215
sb, 3 10 12 13 15 13
RMSE, 3 12 13 15 18 14
P2p, - 6 -11 -2 -2 2
""" XTEs 9 27 27 22 28 24 U
No 37 39 51 50 72 249
SD, 4 8 6 6 7 9
RMSE, 9 28 27 23 29 25
P2P, - 18 0 5 6 5
- XxTEw e
Nw
SDw
RMSEw
P2Py

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.9. Summary signal-correction quality statisics for testing event 9 (April 7,
2006); tests By, Jsp, and Dy,.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSeg®  p2pl
XTER -3 -8 -6 -7 -8 -7
Ng 28 33 39 46 61 207
SDg 4 4 4 5 5 5
RMSEgr 5 9 8 9 10 8
P2Pg - -5 2 -1 -1 -1
""" XTE, -1 -3 -19 23 -3 23
N, 29 30 41 49 64 213
SD; 9 9 8 16 14 16
RMSE;, 9 32 20 28 36 28
P2P, - -29 11 -4 -11 -8
""" XTE, 42 44 50 50 50 48
Np 30 35 44 51 57 217
SDp 5 4 6 6 6 6
RMSE, 42 44 50 50 50 48
P2Pp - 2 6 0 0 2
COXTEw
Nw
SDw
RMSE
P2Py

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.10. Summary signal-correction quality stastics for testing event 10 (June
14, 2006); tests R and Ds.

Row Row Row Row Row

Signal [ 100 olb] 3] 4! 5] XTEM N sp¥  RMSeg®  p2pl
XTEr 0 -3 -4 -5 -5 -4
Ng 22 29 32 34 33 150
SDg 5 6 4 5 6 5
RMSEgr 4 7 6 7 8 7
P2Pg - -3 -1 -1 0 -1
""" XTE,
N,
SD;
RMSE;
P2P,
""" XTE, 43 46 37 34 38 39
Np 25 24 27 27 24 127
SDp 4 8 10 9 15 11
RMSE, 43 46 39 35 41 41
P2Pp - 3 -9 -3 4 -1
COXTEw
Nw
SDw
RMSE
P2Py

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.11. Summary signal-correction quality stastics for testing event 11 (June
14, 2006); tests B, Js2, and Dy

signal® ROW Row Row Row Row yrge N4 gpd  RuSER  pop
1 2 3 4 5
XTEr -4 -5 -7 -7 -4 5
N« 19 33 36 36 42 166
SDrk 5 5 4 4 5 5
RMSEx 6 7 8 8 7 7
PPy - 1 -2 0 3 0
""" XTE, -16 3 8 -2 18 - T
N, 19 29 33 39 42 162
sp, 7 10 16 21 23 21
RMSE, 17 10 18 21 29 21
PP, - 19 5 -10 -16 0
""" XTE, 11 20 -11 -15 21 -13 T
No 20 28 34 36 39 157
SD, 6 5 10 12 12 14
RMSE, 12 20 14 19 23 19
P2P, -~ 31 9 4 -6 -8
CUXTEe
Nw
SDw
RMSEy
P2Py,

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.12. Summary signal-correction quality stastics for testing event 12 (June
16, 2006); tests R, J71, and Dy

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSeg®  p2pl
XTER -6 -4 -4 -6 -8 -6
Nr 26 20 34 41 47 168
SDg 4 4 5 4 4 4
RMSEgr 7 6 6 7 9 7
P2Pg - 2 0 -2 -2 0
""" XTE, 118 95 89 94 99 98
N, 18 24 32 29 50 153
SD; 8 7 8 7 12 12
RMSE; 118 95 90 94 100 98
P2P, - -23 -6 5 5 -5
""" XTEp - 57 71 68 65 65
Np - 28 31 37 50 146
SDp - 5 5 6 8 8
RMSEp - 57 71 69 65 66
P2Pp - 38 14 -3 -3 12
COXTEw
Nw
SDw
RMSE
P2Py

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.13. Summary signal-correction quality stastics for testing event 13 (June
16, 2006); tests R, J72, and Dy

Signal® ROW Row Row Row ROw yppe \d  gpd  RMmsgd  p2pd
1 2 3 4 5
XTEr -4 5 6 -7 -8 -6
N« 17 29 34 41 37 158
SDr 4 4 4 4 3 4
RMSEx 6 6 7 8 8 7
P2Pg -~ -1 1 -1 -1 1
""" XTE, 176 159 144 135 117 140 T
N, 24 32 37 46 57 196
SD;, 8 8 13 10 18 24
RMSE, 176 160 144 136 118 142
P2, - 17 15 -9  -18 15
""" XTE, 5 40 55 62 49 46 T
No 23 22 34 38 50 167
SD, 4 5 14 14 15 22
RMSE, 6 40 56 63 52 51
P2P, - 35 15 7  -13 11
CUXTEe
Nw
SDw
RMSEy
P2Py,

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ Total N refers to sum of N, datapoints.
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Table N.14. Box-and-whisker plot data (cm) for the2006 season.

g\fg;'t” J Min QL Med Q3 Max g\‘jg;'t” J Min QL Med Q3 Max
RTK SF2
Rt 17 7 -4 0 8 Dot 10 11 20 27 47
Ror 17 -8 5 -2 6 Dy 0 19 26 34 48
Ry 16 -8 -6 -3 4 Das 17 40 48 54 79
Rar 14 5 2 1 9 Ds 25 16 38 45 59
Rs 15 6 -2 1 10 Dur 39 55 50 64 77
Rur 16 -7 -4 -1 8 Dz 4 24 33 42 67
Ruz 14 6 -3 1 9 Dss 2 18 24 30 44
Rs1 18 -10 -7 -4 3 Dsy 33 43 48 52 62
Rss 19 -10 -7 -4 5 Dex 9 34 41 46 59
Rex 20 7 -4 0 8 De2 50 22 -13 -6 20
Re2 19 -8 -6 -2 6 Dy 42 60 66 72 8l
Ry 18 -9 -6 -3 2 Dy, 3 36 53 63 77
Ry, 16 -9 -7 -4 4| summary 24 22 37 51 82
Summary -18 -8 -5 -2 8
WAAS
SF1 Wi 21 1 10 20 48
Jo1 43 14 3 6 26 Way 91 50 -37 -25 14
Js 62 -35 23 12 20| Wi 84 37 -15 2 48
Jez 64 -16 -2 11 33 Way 95 25 -2 16 105
In 73 89 97 106 128 Way 62 -16 -4 13 57
Iny 69 127 139 158 186 Way 55 22 13 7 44
Summary  -64 -15 5 101 186 Wao 51 20 -4 14 48
Summary -84 -28 -9 10 57

@ Testing events are listed in Appendix I.

182



APPENDIX O

SUPPLEMENTAL 2007 XTE DATA
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Table O.1. Summary signal-correction quality statiics for north-to-south testing
event 1 (March 7, 2007); tests K1, Js11 Ds11, and Ws; 1.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMmSE® p2p
XTEr 8 1 2 2 2 3
Ng 65 67 70 72 66 340
SDg 6 5 6 8 8 7
RMSEr 10 5 6 8 8 8
P2Pg - -7 1 0 0 -2
"""" XTE, 30 33 43 52 52 42
N, 68 78 71 70 59 346
SD; 11 7 7 10 8 13
RMSE; 32 34 44 53 53 44
P2P, - 3 10 9 0 6
 XTE, 52 51 54 50 46 50
Np 61 58 72 54 51 292
SDp 4 4 7 9 6 6
RMSE, 52 51 54 51 47 51
P2Pp - -1 3 -4 -4 -2
""" XTEw -59 -5 -50 -33 -43 47
Nw 47 66 70 70 65 318
SDw 16 16 17 21 15 20
RMSEy 62 57 53 39 46 51
P2Pw - 4 5 17 -10 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.2. Summary signal-correction quality statiics for east-to-west testing
event 1 (March 7, 2007); testswhi1, Dwi1, and Wiy1;.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, 36 39 43 41 37 39
N, 34 34 26 30 19 143
SD; 7 9 12 16 13 12
RMSE;, 37 40 45 44 39 41
P2P, - 3 4 -2 -4 0
""" XTEp 72 66 59 54 38 60
No 29 31 31 27 14 132
SDp 6 10 12 15 13 15
RMSE, 72 66 60 56 40 62
P2Pp - -6 -7 -5 -16 -8
~ XTEw 90 135 131 149 144 131
Nw 29 30 34 36 30 159
SDyw 5 13 21 24 26 28
RMSEy 91 135 133 151 147 134
P2Pyw - 45 -4 18 -5 14

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.3. Summary signal-correction quality statiics for east-to-west testing
event 2 (March 7, 2007); testswh2, Dwi2, and Wiyz2.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, 67 66 53 34 27 53
N, 36 35 31 25 19 146
SD; 14 11 13 21 18 21
RMSE; 68 67 54 39 32 57
P2P, - -1 -13 -19 -7 -10
""" XTE, 126 106 70 50 25 8
Np 33 38 28 22 23 144
SDp 11 16 20 30 25 41
RMSE, 126 107 73 58 34 91
P2Pp - -20 -36 -20 -25 -25
 XTEw 8 8 57 50 49 67
Nw 35 35 32 28 23 153
SDyw 5 8 22 15 19 22
RMSEy 86 83 61 52 52 70
P2Pyw - -3 -25 -7 -1 -9

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.4. Summary signal-correction quality statiics for north-to-south testing
event 2 (March 14, 2007); tests &1, Js21, Ds21, and Ws;a.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMmSE® p2pM
XTEr 5 -2 -1 -2 -2 -1
Ng 68 71 73 73 64 349
SDg 5 6 7 7 7 7
RMSEgr 7 7 7 7 8 7
P2Pg - -7 1 -1 0 -2
""" XTE, 3 51 73 76 74 e
N, 65 70 65 71 65 336
SD; 9 4 6 6 11 17
RMSE; 36 51 73 76 76 64
P2P, - 16 22 3 -5 9
""" XTEp -20 -~ 22 -10 -3 -13
Np 57 - 78 75 73 283
SDp 5 - 5 7 9 10
RMSE, 21 - 22 12 9 17
P2Pp - - -2 12 7 4
 XTEw 6 37 8 18 11 12
Nw 67 47 71 68 69 322
SDw 23 14 18 17 20 23
RMSEy 24 40 20 25 22 26
P2Py - -43 29 -10 7 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.5. Summary signal-correction quality statiics for north-to-south testing
event 3 (March 14, 2007); tests &2 Js22 Ds2z and Ws;2

signa® Row Row Row Row Row yree N9 gpd  RMSES  p2pl
1 2 3 4 5
XTEr 4 2 -3 -3 -1 1
N« 58 69 68 59 53 307
SDx 3 6 6 7 7 6
RMSEx 5 6 6 7 7 6
P2Px - 6 -1 0 2 1
""" XTE, 29 26 77 4 -0 17 T
N, 54 66 29 67 36 252
sp, 7 4 5 11 14 33
RMSE, 30 27 78 12 42 37
P2P, - -3 51 73 -44 17
""" XTE, 26 34 31 3 3 32
No 60 70 69 52 59 310
SD, 4 6 8 9 9 8
RMSE, 26 34 32 37 36 33
P2Py - 8 -3 5 -1 2
" XTEw - 37 12 6 3 4
Ny - 64 71 65 53 253
SDw -~ 10 9 15 16 19
RMSEw - 38 15 16 16 24
P2Py - - 25 6 -9 13

=" Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N, datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.

188



Table O.6. Summary signal-correction quality statiics for east-to-west testing
event 3 (March 14, 2007); tests &1, Jw21, Dwz1, and Wiz:.

signa® Row Row Row Row Row yree N9 gpd  RMSES  p2pl
1 2 3 4 5
XTEr 16 17 12 9 9 13
N« 21 30 31 25 23 130
SDr 4 8 10 10 9 9
RMSEr 16 19 15 13 13 16
P2Py - 1 5 3 0 2
""" XTE, 27 28 39 38 41 34 T
Ny, 29 30 32 23 24 138
sb, 4 10 8 18 12 12
RMSE, 28 30 39 42 42 36
P2P,  -- 1 11 1 3 4
""" XTE, - 8 24 52 51 32 T
No - 29 35 32 29 125
SDp - 5 6 14 27 27
RMSEp - 9 24 53 57 4
P2Py - - 16 28 -1 14
" XTEw 35 81 44 44 32 48 T
Ny 22 20 31 27 31 140
SDw 21 36 31 47 30 38
RMSEw, 41 89 54 64 43 61
P2Py -~ 46 37 0  -12 1

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.7. Summary signal-correction quality statiics for east-to-west testing
event 4 (March 14, 2007); tests &2, Jw22, Dwz2, and Wizo.

xTE® N9 sp¥  RMSE®  p2p"

. g Row Row Row Row Row
Signal 11b]

ol gl bl gl

XTEr 18 17 16 14 14 16

Ne 25 37 33 26 33 154
SDr 7 6 8 7 7 7
RMSEx 19 18 18 16 15 17
PPy -~ -1 -1 2 0 1
""" XTE, 39 41 33 25 24 33
N, 34 30 3 29 29 158
sb, 7 6 8 9 8 10
RMSE, 40 42 34 26 25 34
P2P, - 2 8 8 -1 4
""" XTE, -206 -203 -112 -64 -50 -122
No 24 30 24 32 32 142
Sbp 27 6 10 14 16 69
RMSE, 208 203 113 65 52 140
P2Pp, - 3 91 48 14 39
 XTEw 62 -8 -66 95 -3 -7
Nw 28 35 36 25 27 151
SDw 38 51 29 30 48 45
RMSEw 73 95 72 100 56 81
PPy, -~ -19 15 29 64 8

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.8. Summary signal-correction quality statiics for north-to-south testing
event 4 (Apl'l' 13, 2007), tests &1, Jsz1, Dsan, and Ws31.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 4 -3 -1 0 -1 0
Ng 63 67 63 62 65 320
SDg 5 6 6 6 6 6
RMSEgr 6 6 7 6 6 6
P2Pg - -7 2 1 -1 -1
""" XTE, 21 44 60 56 49 46
N, 68 64 62 64 67 325
SD; 6 4 8 10 8 16
RMSE;, 21 44 61 57 49 48
P2P, - 23 16 -4 -7 7
""" XTEpr 8 71 57 52 40 46
Np 56 60 74 69 73 332
SDp 4 3 8 11 9 21
RMSEp 9 71 57 53 41 51
P2Pp - 63 -14 -5 -12 8
~ XTEw -10 -3 -21 -30 -63 -3
Nw 41 61 68 63 64 297
SDy 18 26 21 9 24 27
RMSEy 20 40 30 31 67 42
P2Pyw - -20 9 -9 -33 -13

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.9. Summary signal-correction quality statiics for north-to-south testing
event b5 (Apl'l' 13, 2007), tests By, Jszz Dsap, and Ws3o.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMmSE® p2pM
XTEr 6 -2 -1 1 -3 0
Ng 48 66 69 71 63 317
SDg 6 6 7 7 7 7
RMSEgr 8 7 7 7 8 7
P2Pgr - -8 1 2 -4 -2
""" XTE, 5 46 59 43 34 38
N, 63 70 78 70 72 353
SD; 8 5 8 12 13 20
RMSE; 9 46 59 45 36 43
P2P, - 41 13 -16 -9 7
""" XTEp -2 57 -3 -7 3 19
Np 70 65 70 57 59 321
SDp 20 6 6 13 10 26
RMSE, 20 58 32 14 10 32
P2Pp - -55 26 24 10 1
© XTEw - 6 0o 1 9 T
Nw - 66 70 71 69 276
SDyw - 14 27 12 14 19
RMSEy - 14 27 12 17 19
P2Pyw - - -6 1 -10 -4

=" Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.10. Summary signal-correction quality stastics for east-to-west testing
event 5 (April 13, 2007); tests Rs1, Jws1, Dws1, and Wiyas.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr 11 17 18 14 9 14
N« 35 40 36 34 25 170
Sk 7 10 9 8 9 9
RMSEr 13 19 20 16 13 17
P2Py - 6 1 -4 5 0
""" XTE, 29 29 27 23 16 26
N, 44 39 36 35 29 183
SD;, 10 8 9 8 11 10
RMSE, 31 30 29 25 20 28
P2P, - o 2 -4 7 -3
""" XTE, 46 48 36 30 25 37 T
No 39 40 41 44 35 199
SD, 8 5 10 9 8 12
RMSE, 47 49 37 32 26 39
P2Py - 2 12 -6 5 5
 XTEw -184 -155 -131 -79 -84 -130
Nw 36 32 35 29 28 160
Sby 15 10 11 12 33 44
RMSE, 184 156 132 80 90 137
P2Py, -~ 29 24 52 5 25

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.11. Summary signal-correction quality stastics for east-to-west testing
event 6 (April 13, 2007); tests Rsz2, Jws2, Dws2, and Wiys».

xTE® N9 sp¥  RMSE®  p2p"

. g Row Row Row Row Row
Signal 11b]

ol gl bl gl
XTER 16 18 15 13 11 15

N. 33 37 36 17 33 156
SDr 7 7 7 10 9 8
RMSEx 17 19 16 17 14 17
P2Pr - 2 3 2 2 1
""" XTE, -31 12 7 5 3 8
N, 3 3 3 39 30 173
sb, 16 8 7 8 18 18
RMSE, 35 15 10 10 18 19
PP, -~ 19 5 12 2 8
""" XTE, -40 -40 -43 48 -41 43
No 38 27 32 33 34 164
SDp 8 6 8 8 10 10
RMSE, 41 41 44 49 42 44
P2Pp, - o 3 5 7 0
~ XTEw 68 40 31 19 -6 4
Nw 34 33 38 33 32 170
Sbw 20 29 9 23 35 46
RMSEw 71 49 32 30 35 46
P2P, -~ 108 -9 12 .25 16

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.12. Summary signal-correction quality stastics for north-to-south testing
event 6 (Apl'l' 30, 2007), tests Bi1, Jsa1, Dsaz, and Ws41.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 5 0 -1 0 -2 1
Ng 65 68 66 62 61 322
SDg 6 6 4 5 7 6
RMSEgr 8 6 4 5 8 6
P2Pg - -5 -1 1 -2 -2
""" XTE, 63 54 54 50 45 53
N, 56 66 71 71 65 329
SD; 6 6 6 8 7 9
RMSE; 63 55 54 51 45 54
P2P, - -9 0 -4 -5 -4
""" XTE, 53 3 38 38 31 39
Np 62 72 61 72 58 325
SDp 6 6 4 7 6 9
RMSE, 53 37 38 38 38 40
P2Pp - -17 2 0 -7 -6
 XTEw -8 -3 23 27 15 21
Nw 67 67 60 57 64 315
SDy 12 12 12 9 14 15
RMSEy, 14 35 25 28 20 26
P2Pyw - -25 10 -4 12 -2

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.13. Summary signal-correction quality stastics for east-to-west testing
event 7 (April 30, 2007); test ;.

Row Row Row Row Row

100 ol 30 400! 5o XTEC N sp¥  RMSgM  p2pH

Signal®

XTEgr
Nr

SDp 9 22 23 25 31 26

RMSE
P2Py

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.
[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.
[ N refers to sum of Ny datapoints.
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Table O.14. Summary signal-correction quality stastics for north-to-south testing
event 7 (June 5, 2007), testsdsy, Jss1, Dssa, and Wss1.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr -2 -8 8 -7 -8 -6
N« 55 51 64 57 59 286
SDr 7 8 7 6 7 7
RMSER 7 11 10 10 11 10
P2Px - -6 0 1 1 2
""" XTE, -14 29 26 -26 -29 .25
Ny, 55 60 58 58 50 281
sSD, 7 7 5 6 8 9
RMSE, 15 30 26 26 30 26
P2P, - -15 3 o -3 4
""" XTEp -27 47 -7 -9 -8 23 T
No 65 53 60 59 7 294
SD, 6 4 5 8 9 15
RMSE, 28 47 18 13 17 27
P2P, - 20 30 8 -6 3
" XTEw -20 -44 18 20 -84 27 T
Ny 46 51 56 55 50 258
SDw 19 20 20 17 15 21
RMSEw, 28 48 26 26 37 34
P2Py - 24 26 -2 -14 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.15. Summary signal-correction quality stastics for north-to-south testing
event 8 (June 5, 2007), testsdsy, Jssa, Dsso, and Wsso.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr O  -13 -10 -8 -11 -9
Nk 47 45 62 52 56 262
SDr 6 7 8 4 7 8
RMSER 6 15 12 9 13 12
P2Pgx -  -13 3 2 3 -3
""" XTE, -66 -76 52 57 -9  -e4 T
N, 48 65 66 61 52 292
SD; 6 4 g8 11 7 12
RMSE, 67 76 53 58 69 65
P2, - 10 24 5  -12 1
""" XTE, 49 33 26 29 28 32 T
No 50 65 65 59 55 294
sb, 7 13 10 8 11 13
RMSE, 49 36 28 30 30 35
P2Py, -  -16 -7 3 1 5
U XTEw 27 5 a1 7 2 2
Nw 20 54 55 57 56 242
Sby 10 15 12 15 15 17
RMSE, 29 16 17 17 15 18
P2Py - 32 -6 4 9 6

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.16. Summary signal-correction quality stastics for east-to-west testing
event 8 (June 5, 2007); testsvir1, Jws1, Dws1, and Wiys.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 4 4 1 3 14 3
Ng 37 37 36 29 7 146
SDgr 8 6 9 15 21 11
RMSEgr 9 7 9 15 24 11
P2Pg - 0 -3 -2 11 2
""" XTE, 10 36 28 24 26 25
N, 39 40 38 32 21 170
SD; 10 7 8 17 22 15
RMSE; 14 36 29 29 34 29
P2P, - 26 -8 -4 2 4
""" XTEp 15 35 18 16 5 18
Np 44 30 30 29 24 157
SDp 10 8 10 16 12 14
RMSE, 18 36 21 22 12 23
P2Pp - 20 -17 -2 -11 -2
 XTEw 80 34 59 41 48 54
Nw 32 33 28 18 9 120
SDy 12 9 16 25 5 23
RMSEy 84 35 61 48 49 59
P2Pyw - -46 25 -18 7 -8

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.17. Summary signal-correction quality stastics for east-to-west testing
event 9 (June 5, 2007); testsydz, Dws2, and Wyyso.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, 29 28 20 22 28 25
N, 34 42 40 31 30 177
SD; 8 8 7 20 12 12
RMSE; 30 29 21 30 30 28
P2P, - -1 -8 2 6 0
""" XTEp 31 -1 -70 3 -17 20
Np 38 38 36 30 26 168
SDp 5 8 19 34 36 44
RMSE, 31 8 72 63 40 48
P2Pp - -32 -69 17 36 -12
~ XTEw 98 -54 -80 -32 -40 -4
Nw 29 23 26 14 31 123
SDw 16 20 26 21 26 33
RMSEy 99 57 84 38 48 72
P2Py - 44 -26 48 -8 58

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.18. Summary signal-correction quality stastics for north-to-south testing
event 9 (July 10, 2007), tests 481, Jss1, Dse, and Wse1.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr -2 -2 -4 -3 -3 -3
N« 51 55 54 64 63 287
SDr 10 6 4 7 8 7
RMSEx 10 6 6 7 9 8
P2Py - 0o -2 1 0 0
""" XTE, 16 -5 0 3 9 <
N, 46 60 64 63 56 289
SD; 6 6 5 7 9 10
RMSE, 16 8 5 8 12 10
PP, - 21 5 3 -6 -6
""" XTE, -15 -43 28 -12 -8  -21 T
No 54 65 63 62 62 306
SD, 6 5 4 6 12 15
RMSE, 16 43 28 13 14 26
P2P, - 28 15 16 4 2
CUUXTEw 12 a7 21 3 g o
Nw 34 63 57 47 59 260
SDy 12 11 12 17 15 17
RMSEw, 16 20 24 17 16 19
P2Py -~ 29 -4 18 -4 5

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.19. Summary signal-correction quality stastics for north-to-south testing
event 10 (JU'y 10, 2007), testssdy, Dsgo, and Wseno.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, - 23 -18 -16 -8 -16
N; - 60 59 64 58 241
SD; - 9 7 9 7 10
RMSE;, - 25 19 19 11 19
P2P; - - 5 0 8 4
""" XTEp -27 -12 13 -4 1 -10
Np 50 61 60 63 60 294
SDp 9 10 7 7 7 12
RMSE, 28 15 15 8 7 16
P2Pp - 15 -1 9 3 6
 XTEw 13 -18 8 22 -12 10
Nw 52 56 63 62 62 295
SDyw 10 13 12 17 13 18
RMSEy 16 22 16 28 18 20
P2Pyw - -31 10 -14 10 -6

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O0.20. Summary signal-correction quality stastics for east-to-west testing
event 10 (July 10, 2007); tests\iR1, Jwes1, Dwe1, and Wws1.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr -2 -3 -4 -4 -3 -3
N« 31 33 33 36 31 164
SDr 5 7 9 8 7 7
RMSEx 6 8 10 8 4 8
P2Px -~ -1 -1 0 1 0
""" XTE, 51 20 15 4 6 20 o
N, 38 34 37 33 34 176
sSD, 5 5 9 11 10 19
RMSE, 51 21 18 12 12 28
P2P, - 31 -5 9 2 11
""" XTE, 30 19 -5 20 -22 o o
No 35 36 35 39 36 181
SD, 17 6 7 12 13 24
RMSE, 34 20 9 23 25 24
P2Py - -11 24 15 -2 13
~XTEw 65 55 24 51 37 s0 T
Ne 36 42 20 25 27 150
SDw 12 17 16 29 13 22
RMSE, 66 58 28 58 40 54
P2Py, - -10 31 27 -14 7

&' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.21. Summary signal-correction quality stastics for east-to-west testing
event 11 (July 10, 2007); testspd2, Dwes2, and Wiye».

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr -
""" XTE, 27 16 27 16 15 20
N, 38 40 37 37 30 182
SD; 6 8 8 6 10 9
RMSE; 28 18 28 18 18 22
P2P, - -11 11 -11 -1 -3
""" XTEp 16 13 12 5 -9 8
Np 40 33 40 40 34 187
SDp 6 7 9 9 6 12
RMSE, 17 14 15 10 11 14
P2Pp - -3 -1 -7 -14 -6
 XTEw 3 21 4 15 8 o
Nw 32 34 34 23 30 153
SDyw 8 6 11 17 15 14
RMSE 9 22 11 23 17 17
P2Pyw - 24 -17 11 -7 3

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.22. Summary signal-correction quality stastics for north-to-south testing
event 11 (JU'y 18, 2007), tests Ay, Js71, Ds7y, and Ws71.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 4 -2 0 1 -2 0
Ng 56 61 61 58 46 282
SDg 5 6 6 7 7 6
RMSEgr 6 6 6 7 7 6
P2Pg - -6 2 1 -3 -2
""" XTE, -47 -3 -44 37 -3 -39
N, 58 65 70 65 44 302
SD; 8 8 6 10 9 10
RMSE; 48 37 44 38 32 41
P2P, - 11 -8 7 6 4
""" XTEp -22 -25 -15 -17 -11 -1
Np 60 69 68 67 43 307
SDp 5 5 7 8 7 8
RMSE, 23 26 16 19 13 20
P2Pp - -3 10 -2 6 3
 XTEw 25 9 12 15 24 16
Nw 34 61 63 60 40 258
SDyw 8 15 8 10 13 13
RMSEy 26 18 14 18 28 20
P2Pyw - -16 3 3 9 0

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.23. Summary signal-correction quality stastics for north-to-south testing
event 12 (July 18, 2007); testssa, Ds72, and Ws72.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMmSE® p2pM
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, -12 -39 -49 -4 36 -4
N, 12 66 68 63 42 251
SD; 5 4 6 7 10 10
RMSE; 13 39 50 40 37 41
P2P, - -27 -10 9 4 -6
""" XTEp 9 20 5 -4 3 6
Np 59 65 63 60 46 293
SDp 6 7 6 7 8 11
RMSE, 11 21 8 8 9 13
P2Pp - 11 -15 -9 1 -3
 XTEw - 18 -9 -6 9 . T
Nw - 51 56 53 37 197
SDyw - 15 9 13 11 17
RMSEy - 24 12 14 14 17
P2Pyw - - -27 3 -3 -9

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.24. Summary signal-correction quality stastics for north-to-south testing
event 13 (JU'y 18, 2007), testssdk, Ds7a and Ws73

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, -41 -41 -44 45 47 43
N, 62 63 64 61 37 287
SD; 5 11 5 9 7 8
RMSE; 42 42 44 46 48 44
P2P, - 0 -3 -1 -2 -2
""" XTEp 17 12 20 26 24 20
Np 60 62 65 61 38 286
SDp 12 4 6 8 8 10
RMSE, 21 13 21 28 26 22
P2Pp - -5 8 6 -2 2
 XTEw 94 -8 -76 69 -71 -8
Nw 57 68 67 61 42 295
SDyw 15 13 14 15 14 17
RMSEy 95 89 78 70 72 82
P2Pyw - 6 12 7 -2 6

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.25. Summary signal-correction quality stastics for east-to-west testing
event 12 (July 18, 2007); testsv®1, w1, Dwr1, and Wiyr1.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEk -3 5 6 -6 -13 -2
N« 36 39 25 22 21 175
SDr 7 9 13 13 12 14
RMSEx 7 10 14 14 17 14
P2Px -~ 2 -1 0 -7 2
""" XTE, 32 36 32 27 28 32 T
N, 39 36 28 14 13 130
sb, 10 8 11 12 7 10
RMSE, 33 37 34 29 28 34
P2P, - 4 4 5 1 1
""" XTE, 12 16 12 7 8 12 T
No 30 41 33 21 18 152
SDp 7 9 17 16 16 13
RMSE, 14 19 20 17 17 18
P2Py - 4 4 5 1 1
~XTEw 78 52 38 37 38 54 T
Ny 32 29 21 11 15 108
SDw 18 25 20 30 26 28
RMSEw 81 57 43 47 46 61
P2Py - 26 -14 -1 1 -10

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.26. Summary signal-correction quality stastics for east-to-west testing
event 13 (JU'y 18, 2007), testspd2, Dwr2, and Wiyro.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, 61 8 77 73 68 72
N, 35 34 32 32 33 166
SD; 15 6 19 17 27 19
RMSE; 63 81 79 75 73 74
P2P, - 20 -4 -4 -5 2
""" XTE, 44 48 67 45 69 53
Np 34 43 21 32 25 155
SDp 7 8 25 13 19 17
RMSE, 45 49 71 47 72 55
P2Pp - 4 19 -22 24 6
 XTEw 39 74 60 5 60 58
Nw 34 35 28 30 32 159
SDyw 7 18 14 20 22 21
RMSEy 39 76 61 58 64 61
P2Pyw - 35 -14 -5 5 5

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.27. Summary signal-correction quality stastics for east-to-west testing
event 14 (July 18, 2007); testsyds, Dwrs, and Wiy7s.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr
Nr
SDgr
RMSERr
P2Pgr
""" XTE, 49 49 56 45 37 47
N, 39 37 26 29 30 161
SD; 7 12 15 6 10 12
RMSE; 49 51 58 45 38 49
P2P, - 0 7 -11 -8 -3
""" XTEp -3 -5 -9 12 -6 -7
Np 37 37 30 33 29 166
SDp 8 10 12 16 17 13
RMSEp 8 11 14 20 17 15
P2Pp - -2 -4 -3 6 -1
 XTEw 37 25 26 25 20 27
Nw 34 26 26 28 23 137
SDyw 8 14 17 16 7 14
RMSEy, 38 28 31 30 21 31
P2Pyw - -12 1 -1 -5 -4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.28. Summary signal-correction quality stastics for north-to-south testing
event 14 (JU'y 31, 2007), tests 4y, Jss1, Dssy, and Woss1.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 6 -1 -1 2 0 1
Ng 51 55 62 60 55 283
SDg 4 5 7 7 7 7
RMSEgr 7 5 7 7 7 7
P2Pg - -7 0 3 -2 -2
""" XTE, 52 33 40 38 41 4
N, 54 60 61 60 58 293
SD; 4 5 6 7 7 9
RMSE; 52 33 41 38 42 41
P2P, - -19 7 -2 3 -3
""" XTEp 18 16 19 22 21 19
Np 55 60 61 57 55 288
SDp 6 4 7 6 7 6
RMSE, 19 16 20 23 22 20
P2Pp - -2 3 3 -1 1
 XTEw 91 62 49 8 97 77
Nw 50 61 53 57 58 279
SDyw 7 6 9 11 18 21
RMSEy 91 62 50 85 99 80
P2Pyw - -29 -13 36 12 2

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.29. Summary signal-correction quality stastics for north-to-south testing
event 15 (July 31, 2007), testsdgy, Jsgo, Dsso, and Wsgo.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 3 -2 -2 1 0 0
Ng 53 64 65 66 64 312
SDg 5 4 7 7 7 6
RMSEgr 5 4 7 7 7 6
P2Pg - -5 0 3 -1 -1
""" XTE, 75 59 71 73 78 71
N, 57 62 68 64 62 313
SD; 5 4 6 8 10 9
RMSE; 75 59 71 74 78 72
P2P, - -16 12 2 5 1
""" XTEp -1 3 1 4 13 3
Np 59 62 67 65 47 300
SDp 8 5 7 8 10 9
RMSEp 8 6 7 9 17 10
P2Pp - 4 -2 3 9 4
 XTEw O -3 24 29 -3 24
Nw 60 59 58 66 51 294
SDw 19 13 9 15 19 20
RMSE,, 18 39 26 32 38 31
P2Pyw - -36 12 -5 -4 -8

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.30. Summary signal-correction quality stastics for north-to-south testing
event 16 (July 31, 2007); testsdgs Jssz Dss3 and Wsgs

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 2 -4 -3 1 1 0
Ng 60 61 63 59 60 303
SDg 5 5 5 5 6 6
RMSEgr 6 6 5 5 6 6
P2Pg - -6 1 4 0 0
""" XTE, 8 8 9 8 8 8
N; 59 60 51 59 60 289
SD; 7 10 12 12 12 11
RMSE; 86 83 96 87 87 88
P2P, - -3 13 -9 0 0
""" XTE, -7 -10 3 -2 -13 .
Np 58 61 65 63 59 306
SDp 8 4 7 7 8 9
RMSE, 11 11 8 7 15 11
P2Pp - -3 13 -5 -11 -2
 XTEw 46 24 38 57 55 44
Nw 57 58 63 54 59 201
SDw 13 5 13 14 12 17
RMSE,, 48 24 40 59 56 47
P2Pyw - -22 14 19 -2 2

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.31. Summary signal-correction quality stastics for east-to-west testing
event 15 (July 31, 2007); testsvR1, Jws1, Dws1, and Wiys;.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTER -3 -4 0 -6 -11 -5
Ng 37 37 35 40 22 171
SDg 6 8 9 10 9 9
RMSEgr 6 9 8 12 14 10
P2Pg - -1 4 -6 -5 -2
""" XTE, 18 14 18 12 11 15
N, 36 37 39 30 22 164
SD; 6 6 9 8 7 8
RMSE; 19 16 20 14 13 17
P2P, - -4 4 -6 -1 -2
""" XTEp -2 10 17 9 10 9
Np 36 37 34 38 27 172
SDp 6 6 9 11 8 10
RMSEp 6 12 19 15 12 13
P2Pp - 12 7 -8 1 3
~ XTEw 67 88 8 102 103 89
Nw 32 31 31 30 27 151
SDyw 8 12 14 26 19 22
RMSEy 67 89 88 106 105 92
P2Pyw - 21 -1 15 1 9

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.32. Summary signal-correction quality stastics for east-to-west testing
event 16 (July 31, 2007); tests\Rz, Jwsz2, Dws2, and Wiyso.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTER -3 -1 -3 -8 -7 -4
Nr 39 39 39 36 22 175
SDg 6 6 11 12 8 9
RMSEgr 7 6 11 15 10 10
P2Pg - 2 -2 -5 1 -1
""" XTE, -31 0 4 - -1 -7
N, 36 41 41 31 33 182
SD;, 11 7 10 23 19 19
RMSE; 33 7 11 23 20 20
P2P, - 31 4 -10 -1 6
""" XTEp 0 4 3 8 -10 -3
Np 36 38 40 35 26 175
SDp 8 5 10 11 8 10
RMSEp 8 7 10 14 13 10
P2Pp - 4 -7 -5 -2 -2
~ XTEw 33 113 118 113 122 98
Nw 34 34 30 28 25 151
SDy 11 11 29 12 20 39
RMSEy 35 113 122 114 123 105
P2Pyw - 80 5 -5 9 22

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.33. Summary signal-correction quality stastics for north-to-south testing
event 17 (AUgUSt 3, 2007), testsdy, Jso1, Dsoay, and Wsg1.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 2 -7 -5 -7 -8 -5
Ng 54 52 58 53 41 258
SDg 7 6 6 6 5 7
RMSEgr 7 9 8 9 10 9
P2Pg - -9 2 -2 -1 -2
""" XTE, 25 -15 3 4 20 -2
N, 48 43 51 46 47 235
SD; 7 14 16 23 19 23
RMSE; 26 20 17 23 27 23
P2P, - 10 18 1 16 9
""" XTEp -2 -16 -21 21 -3 -19
Np 45 42 46 49 51 233
SDp 5 19 17 19 21 20
RMSEp 5 24 27 28 39 28
P2Pp - -14 -5 0 -12 -8
 XTEw 56 -45 -77 58 -3 -9
Nw 20 45 54 57 55 231
SDy 12 27 20 20 24 25
RMSEy 57 52 80 61 58 64
P2Pyw - 11 -32 19 5 1

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.

216



Table O.34. Summary signal-correction quality stastics for east-to-west testing
event 17 (August 3, 2007); testsvid1, Jwo1, Dwo1, and Wiye;.

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr 35 28 23 29 32 29
N« 31 33 31 13 26 134
SDr 12 13 24 38 17 20
RMSEx 37 30 32 47 36 35
PPk -~ -7 5 6 3 1
""" XTE, -54 -47 -42 -41 -33  -43
N, 19 32 30 25 21 127
s, 14 11 16 13 14 15
RMSE, 56 48 45 43 36 46
P2P, - 7 5 1 8 5
""" XTE, 120 -74 44 8 17 37 T
No 27 32 37 35 25 156
Sb, 14 17 32 40 18 71
RMSE, 121 76 55 91 25 80
P2P, - -194 118 38  -65 -26
" XTEw 11 5 5 3 22 13 T
Ne 33 27 23 20 24 127
Sby 8 15 15 13 19 19
RMSE, 13 15 15 37 28 22
P2Py, - -6 -10 40  -13 3

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.35. Summary signal-correction quality stastics for north-to-south testing
event 18 (August 23, 2007); testsds, Js10n Dsi0: and Wsioz

Signal® Rl?Q{V RZ?Q{V RS?Q{V Rﬁé{” Rs?Q{V XTE® N9 sp¥ RMSE®  p2pd

XTEk 3 -4 3 -3 -6 3
N. 44 51 45 62 58 260
SDr 6 6 7 6 7 7
RMSEr 6 7 7 7 9 7
PPy - -7 1 o -3 2
""" XTE, -56 - 51 -2 B9 54
N, 55 - 69 64 56 244
sb, 4 - 6 6 9 7
RMSE, 5 - 51 52 60 55
P2P, - - 5 1 7 1
""" XTE, -8 -40 -50 -42 -3 41
No 13 52 58 62 60 245
SDp 2 9 7 7 9 12
RMSE, 8 41 50 43 39 42
PP, - 32 10 8 4 -8
 XTEw 112 9 95 112 129 109
Nw 51 55 63 61 63 293
SDw 5 6 7 13 13 16
RMSE, 113 95 95 113 129 110
PPy, - 17 0 17 17 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.36. Summary signal-correction quality stastics for north-to-south testing
event 19 (August 23, 2007); testsdia Js10z Dsi0z and Wsioz

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 21 1 -3 -6 -10 0
Ng 55 56 67 66 61 305
SDgr 6 19 8 9 12 15
RMSEr 22 18 8 10 15 15
P2Pg - -20 -4 -3 -4 -8
""" XTE, 41 53 44 28 20 37
N, 54 57 59 61 51 282
SD; 9 6 9 7 10 14
RMSE; 42 53 45 28 22 40
P2P, - 12 -9 -16 -8 -5
""" XTEp 3 15 8 16 14 18
Np 61 63 66 68 62 320
SDp 7 12 7 8 10 13
RMSE, 37 19 10 18 18 22
P2Pp - -21 -7 8 -2 -6
 XTEw 23 19 17 18 20 19
Nw 25 53 49 63 60 250
SDw 35 19 20 11 15 19
RMSEy 41 27 26 21 25 27
P2Pyw - -4 -2 1 2 -1

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.37. Summary signal-correction quality stastics for north-to-south testing
event 20 (August 23, 2007); testsdis Js10s Dsi0z and Wsios

signal® ROW Row Row Row ROW yppe \d  gpld  RMsgl  p2pd
1 2 3 4 5
XTEr -3 -4 6 6 -4 5
Nk 46 55 57 50 46 254
SDr 3 6 5 6 6 6
RMSEx 4 8 8 8 7 7
P2Px -~ -1 2 0 2 0
""" XTE, -27 -20 -18 -20 -37 -4 T
N, 43 53 52 54 52 254
SD; 6 5 7 8 7 10
RMSE, 27 21 19 22 38 26
P2P, - 7 2 2 17 -2
""" XTEp -24 24 -12 12 12  -17 T
No 52 55 55 54 54 270
SD, 6 2 9 9 10 10
RMSE, 25 25 14 15 16 20
P2Py - 0o 12 0 0 3
" XTEw -133 -222 -228 -235 -209 -206
Nw 53 57 57 59 51 277
SDw 17 12 23 24 19 42
RMSE, 134 222 229 237 210 211
-19

P2Pw -- -89 -6 -7 26

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this

event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O0.38. Summary signal-correction quality stastics for east-to-west testing
event 18 (August 3, 2007); testsviRo1, Jwio1, Dwio1, and Wiwio1.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTErR -1 -5 -5 -4 -1 -3
Ng 44 33 35 31 18 161
SDr 10 8 8 11 13 10
RMSEr 10 9 9 11 12 10
P2Pg - -4 0 1 3 0
""" XTE, -54 -41 -42 49 -41 -46
N, 40 39 38 36 33 186
SD; 8 9 9 11 19 13
RMSE; 55 42 43 50 45 47
P2P, - 13 -1 -7 8 3
""" XTEp 9 -3 -77 -100 -8 -5
No 39 41 34 34 35 183
SDp 6 10 10 17 19 42
RMSE, 11 36 77 101 88 69
P2Pp - -43 -43 -23 14 -24
 XTEw 33 65 50 46 8 55
Nw 27 25 34 29 28 143
SDyw 15 12 16 20 9 22
RMSEy 37 66 52 50 81 59
P2Pyw - 32 -15 -4 35 12

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.39. Summary signal-correction quality stastics for east-to-west testing
event 19 (August 3, 2007); testsviRoz, Jwioz, Dwio2, and Wiwio2.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 2 2 -2 -2 -6 -1
Nr 36 39 38 36 32 181
SDgr 6 6 10 11 12 10
RMSEgr 6 7 10 11 14 10
P2Pg - 0 -4 0 -4 -2
""" XTE, - 0 -15 20 -19 14
N; - 28 36 37 33 134
SD; - 7 9 14 14 14
RMSE;, - 7 17 24 24 20
P2P, - - -15 -5 1 -6
""" XTEp -3 -20 -14 -12 -7 -1
Np 36 40 38 38 32 184
SDp 5 7 10 12 18 12
RMSEp 5 21 17 16 16 17
P2Pp - -17 6 2 5 -1
 XTEw 52 8 8 77 68 73
Nw 33 28 31 38 30 160
SDyw 15 9 12 10 17 18
RMSEy 54 82 87 78 70 75
P2Py - 29 5 -9 -9 4

?' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table 0.40. Summary signal-correction quality stastics for east-to-west testing
event 20 (August 3, 2007); testsviRos, Jwios, Dwiosz, and Wiwios.

Row Row Row Row Row

Signal[a] 100 olb] 3] 4! 5] XTEM N sp¥  RMSEM  p2pd
XTEr 0 0 -2 -5 -3 -2
Ng 37 34 35 26 23 155
SDgr 7 8 16 18 13 13
RMSEgr 7 8 16 19 13 13
P2Pg - 0 -2 -3 2 -1
""" XTE, 2 10 3 4 7 1
N, 35 30 35 27 20 147
SD; 6 12 12 18 15 13
RMSE;, 6 15 12 18 16 14
P2P, - -12 13 1 3 1
""" XTEp 2 16 15 11 9 11
No 39 37 38 22 22 158
SDp 7 10 10 15 14 12
RMSEp 8 19 18 18 16 16
P2Pp - 14 -1 -4 -2 2
~ XTEw 35 -30 -83 -110 -134 -9
Nw 33 30 23 29 26 141
SDy 12 12 25 25 42 67
RMSEy 37 33 87 112 140 89
P2Py - -65 -53 -27 -24 -42

&' Cross-track error by signal (XTE,) refers to the correction signals evaluated during the test,
marked by the subscript R for RTK, J for John Deere SF1, D for John Deere SF2, and W for
WAAS. N, refers to the number of total-station recorded positions available from each path (row).
! values represent average XTE, (cm), SDy (cm), and RMSE, (cm) for this row given Ny
datapoints. Negative or positive XTE, values represent cross-track error to the right or left of the
reference line, respectively. P2P,values are not dependent upon N,, however.

[l XTE, SD, and RMSE refer to average values across all five rows with all N, datapoints for this
event. P2P refers to average of four P2P, values available.

[ N refers to sum of Ny datapoints.
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Table O.41. Box-and-whisker plot data for the 2008eason (RTK correction).

g\fg;'t” J Min QL Med Q3 Max g\‘jg;'t” J Min QL Med Q3 Max

southward westward
Rei 15 -2 3 8 21| Rwa 9 6 14 19 33
Rex 19 6 -1 4 18| Rwx 3 11 16 21 29
Rz 20 -6 0 4 11| Rwa 11 8 14 21 36
Rea 17 -4 0 4 12| Rwas 9 11 15 20 35
Reao 22 5 0 5 21| Rws 26 -3 4 10 34
Rea 18 -4 0 4 16| Rwa 20 8 -3 2 16
Res1 22 12 -6 -2 12| Rwn 39 11 5 3 12
Reso 30 -14 -9 -3 12| Rua 29 11 -4 2 14
Re1 22 8 -2 2 17| Rws 32 11 -4 2 16
Ren 17 -4 0 5 15| Rwe 29 17 31 44 72
Rea1 17 -3 1 6 18| Ruwin 33 10 -3 5 14
Reao 17 -4 0 4 15| Ry 27 -8 1 6 19
Res 14 5 -1 4 14| Rwis 40 8 -1 7 32
Reo1 22 10 5 0 13| Ssummay 33 5 4 13 a2
Rs1o1 21 -8 -3 1 14
Rs102 41 <10 -2 12 38
Rs103 18 -8 -4 -1 10

Summary -22 -7 -1 3 19

@ Testing events are listed in Appendix J.
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Table O.42. Box-and-whisker plot data for the 2008eason (SF1 correction).

g\‘fg;’t” J Min QL Med Q3 Max g\‘jg;'t” J Min QL Med Q3 Max

southward westward
Jonr 12 32 43 52 73| Jun 7 32 40 47 66
Json 17 49 67 75 95|  Juw 9 40 58 69 90
Jsoo 52 2 23 30 86| Jwm 2 26 33 43 59
Jsar 11 39 48 58 81| Jum 4 26 34 40 53
Jsso 9 29 44 52 87| Jwm 1 20 26 33 49
Jom 20 47 53 58 77|  Jum 53 17 -7 3 27
Jssn 49 31 25 19  -1|  Jws 21 14 27 36 54
Jsso 1102 -73 -66 54 31| Jws 9 20 26 32 51
Jser 26 -7 -1 4 24| Iy 25 8 17 29 61
Jsez 45 23 16 -10 10|  Jwe 6 14 21 27 42
Jsn 62 -46 41 -33 15| Jun 1 28 34 39 50
Js7o 65 -47 40 -35 6|  Jum 20 62 78 85 100
Jss 64 -49 43 -38 23|  Jums 11 40 48 55 78
Jsn 18 34 41 47 64|  Jum 7 10 15 20 34
Jsso 46 65 72 78 94|  Jum 56 -18 -2 6 21
Jsss 58 78 87 94 117|  Jwe 83 52 -43 -34 -10
Jsor 56 22 -5 18 50|  Jwion 81 54 -44 37 -17
Jsion 85 59 53 -49  -37|  Jwimm 55 22 14 -4 13
Js102 0 27 38 49 70|  Jwis 37 -6 2 10 29
Js103 50 -28 -23 -17  -4| Summay 57 1 22 38 94

Summary -102 31 21 52 117

@ Testing events are listed in Appendix J.

225



Table O.43. Box-and-whisker plot data for the 2008eason (SF2 correction).

Testin

Testin

Event @ Min Q1 Med Q3 Max Event @ Min Q1 Med Q3 Max
southward westward
Ds11 34 47 51 55 66 Dw11 14 54 64 72 83
Dso1 -44  -21 -15 -6 15 Dw12 -24 59 87 116 145
Ds2 10 26 31 38 53 Dw21 -67 13 29 55 77
Dsa1 -2 36 51 63 79 Dw2> -239 -200 -106 -58 -30
Ds3» -71  -36 -20 2 30 Dws1 5 28 37 47 65
Dsa1 19 33 38 44 61 Dwa> -64 -49 -42  -38 13
Dss1 -54  -30 21 -13 7 Dwa1 -87 -31 -14 4 21
Dsso -2 23 32 41 63 Dws1 -24 7 19 27 50
Dse1 -53 -32 -20 -10 14 Dws> -134 -62 -5 14 42
Dse2 -41 -18 -9 -2 21 Dws1 -57 -17 -5 20 58
Ds71 -36  -25 -19 -14 3 Dws2 -22 0 10 16 37
Ds72 -22 -2 6 14 34 Dw71 -25 6 14 21 37
Ds73 -6 13 19 26 45 Dw72 10 43 50 58 97
Dsg1 2 15 19 23 34 Dw7s -46 -13 -4 3 14
Dsgo -18 -2 3 9 26 Dws1 -16 1 9 15 33
Dsgs -29 -12 -6 1 16 Dws> -31 -10 -2 4 23
Dso1 -78 -33 -14 -4 13 Dwo1 -111 -7 44 100 144
Ds101 -72  -48 -42  -36 -5 Dw1o1 -166 -86 -70 -28 20
Ds102 -15 9 16 26 48 Dw1o2 -46 -20 -11 -4 22
Ds103 -44  -25 -17  -10 9 Dw1o3 -26 3 12 20 30
Summary -78 -16 3 27 79 | Summary -84 -13 7 27 95

@ Testing events are listed in Appendix J.
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Table O.44. Box-and-whisker plot data for the 2008eason (WAAS correction).

gf:rt]'t” J Min QL Med Q3 Max g\‘jg;'t” J Min Q1 Med Q3 Max

southward westward
Wy  -105 61 50 -33 10| Wwu 56 112 138 151 175
Wep 76 28 -13 5 38| Wun 9 54 72 8 95
Wapo 45 3 12 27 47| Wum 72 18 44 74 138
Was 98 49 31 -17 35| Wwe  -172 -99 69 -38 41
W, 40 11 -4 10 73| Wws 205 -162 -136 -91 -1
Was 59 32 21 -10 18| Wws  -104 22 17 35 85
Wes; 85 41 28  -14 28|  Wys 8 37 52 71 98
Wes, 54 15 -6 10 44| Wwe  -143  -96 55 32 -17
Was1 50 22 -10 1 36| Wua 16 36 52 64 110
Wy 53 21 -12 2 29| Wue 31 -1 10 21 38
Wer 113 7 16 24 51| Wwn 30 39 60 70 115
Wsr, 39 11 -2 4 83 Wy 5 40 62 73 103
Wers 111 94 =79 70  -32| Wy 17 19 30 37 56
Weg 11 59 80 92 135| Wy 37 71 92 103 147
Wy 77 37 25 12 20| Wwe 14 68 115 125 145
Wass 5 28 47 57 81| Wy 30 2 12 22 52
Weo;  -119 77 -60  -44 71 Wi 2 41 57 70 94
Wsio1 71 96 106 119 153 | Wi 18 63 76 85 112
Wai00 .31 6 20 29 69| Wy  -202 -99 74 -15 67
Wes 307 -236 -219 -189 -97 | Summary -112 10 44 77 175

Summary -119 33 -10 16 102

@ Testing events are listed in Appendix J.
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APPENDIX P

SDI PRODUCT SPECIFICATIONS AND LABORATORY DATA
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P.1DRIPLINE PRODUCT SPECIFICATIONS

The dripline product evaluated for this study wdstafin DripNET PC"
pressure-compensating product (Netafim USA, 2010)anufacturer emitter data are
presented in figure P.1-1. Manufacturer producfgpmance, as a function of flow rate
versus operating pressure, is presented in figur P

Figure P.1-1. Dripline emitter data provided by marufacturer.

DRIPPER DATA
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Figure P.1-2. Dripline product performance providedby manufacturer.
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P.2HORIZONTAL (0% SLOPE) TESTS

A section of new Netafifh DripNET PC" dripline with 20 contiguous emitters
was selected for testing. To establish a basefrmeasurement, the dripline was
conditioned for up to one hour at an operating guesof 83 kPa; after this conditioning
period, emitter discharge was recorded for a fivewte period. Three replications
occurred in this manner, and the five-minute emittischarge values are recorded in
Table P.2.

Table P.2. Five-minute emitter discharge (mL) fromhorizontal dripline, 83 kPa test.

Rep 1 Rep 2 Rep 3
89 91 91
91 94 92
84 86 85
94 96 92
86 88 89
86 87 86
85 85 85
92 93 95
88 90 90
83 84 85
84 86 87
81 82 84
85 88 88
90 92 91
91 94 95
89 90 91
92 91 94
88 89 89
87 88 88
89 89 91
Cumul. 1754 1783 1788
Mean 88 89 89
SD 3.4 3.6 3.4
CV, % 3.9 4.1 3.8
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P.3COMPARISON OF SLOPE (0% VS. 6% RISE)

The section of new NetaffnDripNET PC" dripline with 20 contiguous emitters
used to generate data for Table P.2 was selected-testing. The dripline was oriented
horizontally (0% slope) and conditioned for up teechour at an operating pressure of
117 kPa; after this conditioning period, emittesatharge was recorded for a five-minute
period. The dripline was then oriented on a sk@i8é rise) and conditioned for up to one
hour at an average operating pressure of 117 Ki&a;this conditioning period, emitter
discharge was recorded for a five-minute period.ne Qeplication for each slope
occurred, and the five-minute emitter dischargei@slare recorded in Table P.3.

Table P.3. Five-minute emitter discharge (mL) fromdripline on two slopes, 117 kPa
test.

0% 6%
slope slope
88 89
93 92
85 87
92 94
86 88
85 87
85 84
91 92
90 91
84 83
85 86
81 84
86 88
90 92
92 89
89 88
90 83
86 86
86 86
85 85
Cumul. 1749 1754
Mean 87 88
SD 3.2 3.2
CV, % 3.7 3.7
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P.40OPERATING -PRESSURE TESTS SIX-PERCENT SLOPE RISE

A section of new Netafith DripNET PC" dripline with 20 contiguous emitters
was selected for testing. The dripline was oriérie a slope (6% rise) and conditioned
for at least 15 minutes at an initial minimum opiega pressure of 48 kPa; after this
conditioning period, emitter discharge was recorftada five-minute period. While
discharge continued, the operating pressure wasdsed to the next desired level, re-
conditioned for at least 15 minutes, and anothes-finute data collection occurred.
This method was continued for the next two opegatpressures chosen. Three
replications occurred in this manner, and the fiaute emitter discharge values are

recorded in Tables P.4-1 and P.4-2.
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Table P.4-1. Five-minute emitter discharge (mL) aass 48-kPa and 83-kPa
operating pressures, six-percent slope rise.

48 kPa, 48kPa, 48kPa, 83kPa, 83kPa, 83kPa,

R1 R2 R3 R1 R2 R3
85 85 84 85 84 84
87 88 88 89 87 88
93 93 93 94 92 93
82 83 85 86 82 84
85 87 86 88 85 85
86 85 86 86 84 85
95 94 93 95 91 95
85 86 86 84 84 85
90 88 90 90 87 89
93 92 92 90 91 91
85 86 86 86 87 86
86 84 84 85 83 82
84 88 87 83 84 85
91 91 90 89 89 85
91 90 90 88 88 88
85 90 89 85 86 87
91 94 95 89 92 92
79 82 83 78 81 81
87 89 90 85 88 90
82 83 85 81 82 85
Cumulative 1742 1758 1762 1736 1727 1740
Mean 87 88 88 87 86 87
SD 4.2 3.7 3.4 4.0 3.4 3.7
CV, % 4.8 4.2 3.9 4.6 4.0 4.3
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Table P.4-2. Five-minute emitter discharge (mL) a@ss 117-kPa and 138-kPa
operating pressures, six-percent slope rise.

117 kPa, 117 kPa, 117 kPa, 138 kPa, 138 kPa, 138 kPa,

R1 R2 R3 R1 R2 R3
83 82 82 82 82 81
88 87 87 89 88 88
93 92 91 92 91 91
85 84 84 85 85 85
86 85 85 86 85 84
85 85 84 84 85 84
95 93 93 95 93 93
85 85 82 84 85 84
920 88 88 90 88 88
92 20 89 91 90 90
88 86 85 86 85 86
86 82 83 85 83 82
84 86 84 86 86 83
91 20 89 90 90 89
920 20 89 90 90 89
85 88 84 86 87 85
88 94 93 89 93 93
79 81 83 83 83 83
85 20 91 87 80 91
82 86 85 83 87 87
Cumulative 1740 1744 1731 1743 1736 1736
Mean 87 87 87 87 87 87
SD 4.0 3.7 3.6 3.5 3.6 3.6
CV, % 4.6 4.2 4.1 4.0 4.1 4.2
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P.SEMITTER DISCHARGE VERSUS SDI TESTING APPARATUS ESTIMATES

A section of new NetafifthDripNET PC" dripline with 100 contiguous emitters
was selected for testing. The dripline was ori@rterizontally and conditioned for at
least 15 minutes at an initial minimum operatingegsure of 48 kPa; after this
conditioning period, emitter discharge was recorded five-minute period; in addition,
the mass of the supply vessel from the SDI-tesapgaratus was recorded at the
beginning and ending of the five-minute period. iM/hdischarge continued, the
operating pressure was increased to the next desivel, re-conditioned for at least 15
minutes, and another five-minute data collectionuoed. This method was continued
for the next two operating pressures chosen. Tiegkcations occurred in this manner,
and the five-minute emitter discharge values anghegius discharge equivalent values

are recorded in the Tables P.5-1 to P.5-12.
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Table P.5-1. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 48-
kPa operating pressure, replication #1.

48 kPa, Repl
89 91 85 79 85 83 81 85 87 89
86 86 83 88 93 82 84 80 86 87
85 90 81 85 85 85 85 90 86 88
91 84 83 83 75 82 83 82 83 93
87 89 85 92 84 80 80 91 90 87
92 86 87 84 88 87 86 86 82 91
88 82 78 84 84 82 80 81 88 86
89 92 86 83 82 83 82 88 89 86
76 75 85 78 84 86 83 89 85 85
88 80 94 81 81 82 86 81 90 81

Emitter mean 85

Emitter SD 4.0

Emitter CV, % 4.7

Cumulative output 8505

Start — finish mass, kg: 20.00 — 11.34 = 8.66 kg; estimable to 87 mL / emitter

Table P.5-2. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 48-
kpa operating pressure, replication #2.

48 kPa, Rep2
87 88 85 82 . 85 81 86 89 90
88 87 83 90 95 77 86 83 84 86
82 91 . 85 87 86 86 90 86 90
90 85 86 83 75 83 86 88 85 92
84 92 82 91 86 80 . 93 87 90
90 87 86 84 89 87 87 85 85 90
90 86 80 84 83 84 80 83 88 85
77 94 86 82 84 87 83 88 88 92
83 81 82 81 85 87 84 88 83 88
88 80 96 83 85 84 87 82 90 80

Emitter mean 86

Emitter SD 3.9

Emitter CV, % 4.5

Cumulative output 8538

Start —finish mass, kg: 19.00 — 10.40 = 8.60 kg; estimable to 86 mL / emitter
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Table P.5-3. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 48-
kpa operating pressure, replication #3.

48 kPa, Rep3
88 90 88 82 86 84 82 86 88 90
89 87 66 90 95 82 84 82 85 84
87 93 . 86 90 89 85 90 87 91
90 87 87 83 80 85 86 87 85 91
86 94 80 92 88 68 79 92 90 88
93 88 87 87 90 88 87 85 89 91
93 86 82 88 88 85 83 84 88 88
90 95 87 84 85 86 84 88 86 93
86 80 83 80 83 86 84 85 81 88
95 81 88 83 86 84 88 81 88 80

Emitter mean 86

Emitter SD 4.6

Emitter CV, % 53

Cumulative output 8614

Start — finish mass, kg: 23.00 — 14.46 = 8.54 kg; estimable to 85 mL / emitter

Table P.5-4. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 83-
kPa operating pressure, replication #1.

83 kPa, Repl
86 85 87 81 86 80 82 82 83 86
87 85 . 88 93 81 . 80 . 83
87 91 82 84 90 84 81 83 87 86
87 91 85 81 82 84 81 86 82 90
90 92 86 89 . . 75 90 88 83
92 86 90 86 90 88 88 85 89 88
88 86 81 82 82 85 83 85 88 83
91 94 85 84 84 85 81 88 90 91
82 82 85 77 81 85 83 87 90 90
83 82 90 82 87 84 86 82 90 79

Emitter mean 85

Emitter SD 3.7

Emitter CV, % 4.4

Cumulative output 8117

Start —finish mass, kg: 23.00 — 14.26 = 8.74 kg; estimable to 87 mL / emitter
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Table P.5-5. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 83-
kPa operating pressure, replication #2.

83 kPa, Rep2
93 91 88 83 89 86 82 85 90 94
91 89 86 91 98 79 87 81 90 87
89 92 . 86 88 89 84 91 94 92
89 87 88 85 78 85 83 88 89 92
85 94 85 95 89 77 82 94 89 89
92 88 . 87 93 85 83 85 86 90
93 86 81 87 86 84 81 82 87 85
90 94 87 76 86 85 82 87 89 91
84 . 83 81 84 87 85 87 78 88
94 79 87 82 88 84 88 80 90 79

Emitter mean 87

Emitter SD 4.5

Emitter CV, % 5.1

Cumulative output 8424

Start —finish mass, kg: 22.00 — 13.40 = 8.60 kg; estimable to 86 mL / emitter

Table P.5-6. Five-minute emitter discharge (mL) vesus apparatus estimate (kg); 83-
kPa operating pressure, replication #3.

83 kPa, Rep3
79 94 85 87 91 82 82 85 88 92
95 93 90 94 99 78 . 80 85 85
90 97 80 90 91 84 80 84 90 90
92 89 90 86 83 77 80 82 89 93
87 91 91 99 89 . 77 91 89 85
92 87 85 86 90 87 85 85 86 90
93 85 80 86 85 83 82 84 85 87
79 93 84 82 . 87 81 88 89 92
85 77 84 83 84 83 79 85 85 89
93 81 88 82 87 80 85 82 89 90

Emitter mean 86

Emitter SD 4.9

Emitter CV, % 5.7

Cumulative output 8389

Start —finish mass, kg: 22.00 — 13.54 = 8.46 kg; estimable to 85 mL / emitter
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Table P.5-7. Five-minute emitter discharge (mL) vesus apparatus estimate (kg);
117-kPa operating pressure, replication #1.

117 kPa, Repl

98 89 90 82 88 87 83 85 92 96
91 87 85 91 94 78 76 81 81 88
84 90 82 89 86 89 83 92 88 91
84 87 87 77 81 89 89 90 83 93
76 87 89 91 85 79 81 92 90 90
88 83 79 87 90 86 88 87 89 93
96 86 81 84 . 82 82 83 89 85
88 91 . 78 81 90 80 91 93 96

. . 85 83 84 86 81 86 85 89
90 83 90 83 92 82 87 82 89 78

Emitter mean 86
Emitter SD 4.8
Emitter CV, % 5.5

Cumulative output 8297

Start —finish mass, kg: 21.00 — 12.38 = 8.62 kg; estimable to 86 mL / emitter

Table P.5-8. Five-minute emitter discharge (mL) vesus apparatus estimate (kg);
117-kPa operating pressure, replication #2.

117 kPa, Rep2

97 87 90 84 90 87 85 86 89 96
89 87 88 91 96 83 84 82 87 88
86 92 76 87 87 86 82 92 92 90
86 84 86 77 78 87 85 89 86 93
86 90 90 91 78 . 80 92 90 89
90 86 75 87 90 86 87 80 87 89
96 88 81 86 81 78 78 79 87 82
94 95 88 85 83 79 82 86 91 91

81 85 83 84 86 83 81 . 84 81
92 81 91 81 90 80 85 82 90
Emitter mean 86
Emitter SD 4.8
Emitter CV, % 5.6

Cumulative output 8360

Start —finish mass, kg: 19.00 — 10.38 = 8.62 kg; estimable to 86 mL / emitter
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Table P.5-9. Five-minute emitter discharge (mL) vesus apparatus estimate (kg);
117-kPa operating pressure, replication #3.

117 kPa, Rep3

. 92 89 86 . 85 83 85 88 95
91 90 90 93 99 86 88 80 89 &4
86 93 84 87 89 88 80 90 91 89
88 87 88 86 83 87 82 87 85 93
87 93 91 91 88 . 81 90 90 88
90 86 87 86 90 81 85 81 86 89
94 86 81 86 85 84 79 80 87 82
90 92 87 85 85 85 83 87 91 92
82 62 82 83 85 87 82 84 85 88
91 80 87 81 88 82 86 82 89 76

Emitter mean 86
Emitter SD 4.7
Emitter CV, % 5.5

Cumulative output 8379

Start —finish mass, kg: 20.02 — 11.38 = 8.64 kg; estimable to 86 mL / emitter

Table P.5-10. Five-minute emitter discharge (mL) uwsus apparatus estimate (kg);
138-kPa operating pressure, replication #1.

138 kPa, Repl

99 90 88 85 85 89 90 90 94 98
92 89 89 94 97 90 92 87 93 87
89 93 75 85 89 92 86 96 97 95
87 87 90 87 80 93 90 94 90 97

. 94 92 96 89 . 86 97 94 93
90 84 87 85 90 86 89 79 88 90
94 85 81 85 85 87 77 85 90 88
78 91 86 87 84 81 86 83 92 93
77 83 87 84 86 88 79 86 87 88
89 80 87 82 90 83 86 81 90 80

Emitter mean 88
Emitter SD 5.1
Emitter CV, % 5.8

Cumulative output 8630

Start —finish mass, kg: 23.00 — 14.30 = 8.70 kg; estimable to 87 mL / emitter
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Table P.5-11. Five-minute emitter discharge (mL) uwsus apparatus estimate (kg);
138-kPa operating pressure, replication #2.

138 kPa, Rep2

. 90 92 85 92 85 85 85 900 94
93 91 90 81 95 85 88 77 88 84
89 95 85 89 89 85 75 89 92 91
85 89 90 86 86 85 82 87 85 91
84 93 92 95 89 . 77 86 88 89
91 81 87 87 91 84 85 87 88 88
96 87 82 85 84 75 83 80 90 &4
92 86 86 86 86 87 83 85 91 90
85 81 86 86 87 89 81 86 87 85
90 80 86 82 90 83 88 82 90 80

Emitter mean 87
Emitter SD 4.3
Emitter CV, % 4.9

Cumulative output 8499

Start —finish mass, kg: 23.00 — 14.36 = 8.64 kg; estimable to 86 mL / emitter

Table P.5-12. Five-minute emitter discharge (mL) wsus apparatus estimate (kg);
138-kPa operating pressure, replication #3.

138 kPa, Rep3

. 90 92 85 92 85 85 85 90 94
93 91 90 81 95 85 88 77 88 84
89 95 85 89 89 85 75 89 92 91
85 89 90 86 86 85 82 87 85 91
84 93 92 95 89 . 77 86 88 89
91 81 87 87 91 84 85 87 88 88
96 87 82 85 84 75 83 80 900 84
92 86 86 86 86 87 83 85 91 90
85 81 86 86 87 89 81 86 87 85
90 80 86 82 90 83 88 82 90 80

Emitter mean 86
Emitter SD 3.8
Emitter CV, % 4.4
Cumulative output 8438
Start —finish mass, kg: 21.02 — 12.36 = 8.66 kg; estimable to 87 mL / emitter
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Table P.5-13.Emitter exponent calculations as refenced in ASAE S553 (2008).

Sums
Operating Pressure (kPa), p 48 83 117 138 386
Mean Emitter Discharge (Lh™)%, a0 | 1008 1032 1032 1.044 | 4136
Log (p) 1681 1919 2068 2.140 | 7.808
Log (q) 0012 0014 0014 0019 | 0.058
[Log (p)] X [Log (q)] 0.020 0026 0028 0040 | 0.115
[Log (p)]? 2.827 3.683 4277 4579 | 15366

4 Mean emitter discharge refers to average discharge from three replications of 100 contiguous emitters.

Emitter exponent 229 ®)xLog (@]—3IX Log M)][Z Log (9)]
ponent = S[Log (M -1[X Log ()]

where n=number of pressure levels tested; theredonéter exponent =

0.115— ;X 7.808 x 0.058
15.366 — ; x 7.8082

equals 0.011.
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APPENDIX Q

SDI FIELD DATA
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Q.1.TEST SITE LOCATION

The SDI study was conducted at the Tennessee WRHlsearch and Extension
Center (TVREC), Belle Mina, Alabama. The test pleas referred to by station
personnel as Field 52, located in the southwesterasf the property, as is indicated in

Figure Q.1.
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Figure Q.1. Aerial imagery of Tennessee Valley Rearch and Extension Center
(TVREC), Belle Mina, Alabama (2006 data; imagery cortesy of Aerial
Photography Field Office, United States Departmenof Agriculture).
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Q.2 ATTRIBUTES OF TEST SITE

Field 52 is equipped with a subsurface-drip iriigga (SDI) system, optimized for
the seasonal growth of cotton. Long-term interngistary research concerns the overall
lint-yield production under optimal-watering ancddght-stress conditions; therefore, the
SDI system was designed such that the wateringg&ocorresponded with the treatment
plots within the randomized-complete block desigtablished in 2003. Because the
irrigation treatments have been unaltered sinc&20@ system zones that correspond to
optimal watering treatment have been used mora tiien the non-supplemented zones.

The treatment plots are approx. 380m in length &mdin width. SDI laterals
were horizontally centered in each treatment pto2.83-m spacing and at a depth of
0.3m. For each irrigation-treatment plot, the ¢hcenter-most laterals were targeted for
this study. Treatment plots relating to supplerakemtigation usage are illustrated in

Figure Q.2-1.
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WATERING
dry
777 irrigated

Figure Q.2-1. Irrigation treatment assignment forField 52.

Topographic data were collected with a survey-gr&PS receiver, sub-inch
accuracy. The data were converted to a digitalagien model (DEM) in ArcGIS V.9
software. From the DEM, a slope-classification m&gs produced for Field 52. Three
categories of slope classification were determirfed 2%, 2 - 4%, and greater than 4%
rise. With the slope map and the irrigation treattnmap, dripline-sampling locations
were then derived as a 3x2 randomized complet&k llesign with three replications (18
total sampling locations), illustrated in Figure2€2. Sampling locations with site-

number designations are represented in Figure Q.2-3
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Figure Q.2-2. Sampling locations for Field 52, b&sl on irrigation treatment
(system use frequency) and surface slope attributes
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Figure Q.2-3. Dripline-sampling locations in Field52.
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Q.3FIELD DATA

The following tables represent SDI test-samplechiisges for each target
operating pressure at each sampling location. dditian, actual dripline slope is
presented, calculated by measuring difference ewvagion of each end of the 12.2-m
portion of drip tape with a survey-grade GPS remewith centimeter accuracy.

Table Q.3-1. SDI-apparatus sample-discharge valudsr Sites 1-4.

Site 1 1.3% slope
48 kpa------------------ 19.52 kg - 17.78 kg = 1.74 kg
83 kpa------------------ 16.48 kg - 14.76 kg = 1.72 kg
117 kpa---------------- 13.58 kg - 11.88 kg = 1.70 kg
138 kpa---------------- 11.26 kg - 9.54 kg = 1.72 kg
Site 2 1.2% slope
48 kpa------------------ 18.36 kg - 16.72 kg = 1.64 kg
83 kpa------------------ 15.80 kg - 14.06 kg = 1.74 kg
117 kpa---------------- 12.98 kg - 11.00 kg = 1.98 kg
138 kpa---------------- 10.08 kg - 7.94 kg = 2.14 kg
Site 3 0.8% slope
48 kpa------------------ 19.76 kg - 18.04 kg = 1.72 kg
83 kpa------------------ 17.04 kg - 15.28 kg = 1.76 kg
117 kpa---------------- 14.22 kg - 12.48 kg = 1.74 kg
138 kpa---------------- 11.82 kg - 10.04 kg = 1.78 kg
Site 4 1.7% slope
48 kpa------------------ 20.72 kg - 19.00 kg = 1.72 kg
83 kpa------------------ 17.78 kg - 16.00 kg = 1.78 kg
117 kpa---------------- 15.12 kg - 13.32 kg = 1.80 kg
138 kpa---------------- 12.68 kg - 10.88 kg = 1.80 kg
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Table Q.3-2. SDI-apparatus sample-discharge valudsr Sites 5-8.

Site 5 0.3% slope
48 kpa------------------ 20.90 kg - 19.36 kg = 1.54 kg
83 kpa------------------ 18.06 kg - 16.40 kg = 1.66 kg
117 kpa---------------- 15.84 kg - 14.12 kg = 1.72 kg
138 kpa---------------- 13.82 kg - 12.08 kg = 1.74 kg
Site 6 0.6% slope
48 kpa------------------ 19.84 kg - 18.30 kg = 1.54 kg
83 kpa------------------ 17.70 kg - 16.06 kg = 1.74 kg
117 kpa---------------- 15.16 kg - 13.44 kg = 1.72 kg
138 kpa---------------- 12.80 kg - 11.04 kg = 1.76 kg
Site 7 0.4% slope
48 kpa------------------ 19.26 kg - 17.54 kg = 1.72 kg
83 kpa------------------ 16.50 kg - 14.80 kg = 1.70 kg
117 kpa---------------- 14.00 kg - 12.30 kg = 1.70 kg
138 kpa---------------- 11.58 kg - 9.88 kg = 1.70 kg
Site 8 1.8% slope
48 kpa------------------ 14.94 kg - 13.36 kg = 1.58 kg
83 kpa------------------ 12.42 kg - 10.78 kg = 1.64 kg
117 kpa---------------- 10.02 kg - 8.26 kg = 1.76 kg
138 kpa---------------- 7.20 kg - 5.46 kg = 1.74 kg
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Table Q.3-3. SDI-apparatus sample-discharge valudsr Sites 9-12.

Site 9
48 kpa------------------ 19.18 kg
83 kpa------------------ 17.76 kg
117 kpa---------------- 16.38 kg
138 kpa---------------- 15.16 kg
Site 10
48 kpa------------------ 18.42 kg
83 kpa------------------ 15.94 kg
117 kpa---------------- 13.34 kg
138 kpa---------------- 10.84 kg
Site 11
48 kpa------------------ 20.10 kg
83 kpa------------------ 17.46 kg
117 kpa---------------- 14.78 kg
138 kpa---------------- 12.04 kg
Site 12
48 kpa------------------ 21.04 kg
83 kpa------------------ 18.90 kg
117 kpa---------------- 16.48 kg
138 kpa---------------- 14.20 kg

18.36 kg
16.88 kg
15.46 kg
14.20 kg

16.80 kg
14.18 kg
11.56 kg

9.04 kg

18.24 kg
15.56 kg
12.86 kg
10.12 kg

19.58 kg
17.22 kg
14.74 kg
12.42 kg

1.9% slope
0.82 kg
0.88 kg
0.92 kg
0.96 kg
0.5% slope
1.62 kg
1.76 kg
1.78 kg
1.80 kg
0.4% slope
1.86 kg
1.90 kg
1.92 kg
1.92 kg
0.5% slope
1.46 kg
1.68 kg
1.74 kg
1.78 kg
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Table Q.3-4. SDI-apparatus sample-discharge valudsr Sites 13-16.

Site 13
48 kpa------------------ 18.36 kg
83 kpa------------------ 16.02 kg
117 kpa---------------- 13.54 kg
138 kpa---------------- 11.32 kg
Site 14
48 kpa------------------ 20.86 kg
83 kpa------------------ 18.52 kg
117 kpa---------------- 16.16 kg
138 kpa---------------- 13.78 kg
Site 15
48 kpa------------------ 17.78 kg
83 kpa------------------ 15.42 kg
117 kpa---------------- 12.96 kg
138 kpa---------------- 10.36 kg
Site 16
48 kpa------------------ 19.40 kg
83 kpa------------------ 16.74 kg
117 kpa---------------- 13.02 kg
138 kpa---------------- 10.74 kg

16.70 kg
14.32 kg
11.86 kg

9.64 kg

19.22 kg
16.90 kg
14.44 kg
12.08 kg

16.04 kg
13.62 kg
11.22 kg

8.62 kg

17.62 kg
14.86 kg
11.26 kg

8.98 kg

1.3% slope
1.66 kg
1.70 kg
1.68 kg
1.68 kg
0.7% slope
1.64 kg
1.62 kg
1.72 kg
1.70 kg
0.7% slope
1.74 kg
1.80 kg
1.74 kg
1.74 kg
0.8% slope
1.78 kg
1.88 kg
1.76 kg
1.76 kg
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Table Q.3-5. SDI-apparatus sample-discharge valudsr Sites 17 and 18.

Site 17
48 kpa------------------ 18.78 kg
83 kpa------------------ 16.14 kg
117 kpa---------------- 13.38 kg
138 kpa---------------- 11.20 kg
Site 18
48 kpa------------------ 19.34 kg
83 kpa------------------ 16.80 kg
117 kpa---------------- 14.16 kg
138 kpa---------------- 11.68 kg

16.98 kg
14.32 kg
11.70 kg

9.38 kg

17.80 kg
15.08 kg
12.42 kg

9.96 kg

1.1% slope
1.80 kg
1.82 kg
1.68 kg
1.82 kg
1.9% slope
1.54 kg
1.72 kg
1.74 kg
1.72 kg
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