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ABSTRACT

The consequences of homogeneous treatnments  of
agricultural fields is investigated and quantified for
several farm scale test sites throughout Alberta. A
series of integrated data collection systenms using GPS to
| ocate and map information such as salinity and yield are
di scussed in stages of design, software, hardware and
i npl ementation. Results from the spatial data analysis
produced a prescription map describing the fertilizer
i nputs for specified regions of the field. To fulfill the
vari able input requirenents, a real time differential GPS
system integrated with a variable rate air seeder was

desi gned and i npl enented at each of the test sites.

The theory and performance of the GPS equi pnment and
techni ques used to verify the accuracy and repeatability
of
the derived positions are discussed and results from

anal ysis software devel oped are presented.
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CHAPTER 1

| NTRODUCTI ON

It has | ong been accepted by agricultural producers that
honogenous treatnent of fields reflects in sub-optimal crop
production due to the variability of many factors within the
field (Schueller, 1992). If the producer could be furnished
with detailed, accurate and repeatable maps describing these
variabilities and if relationships anong the nunerous causes
of variation could be determ ned, then a very powerful farm
managenent tool can been derived (Bethham 1994). This would
enabl e the producer to nmake informed decisions regarding |and
use to optimze crop production on a sub field basis to yield

a nore sustainable and econom cal farm ng practice.

Much of the agronomc research work to date has been
performed on small scale plots (e.g., Robertson et al., 1994;
Nyborg et al., 1993). The research has been successful but it
has not been typical at the farm scale due to the sonetines
drastic changes in |andscape features, inherent variabilities

in the soil, ground water and mgration tendencies of



nutrients and salinity. In the past it has been very
difficult to attain the vast amunts of data required for
detailed maps depicting the field behaviour in crop response,
salinity, soil variation and nutrient mgration. Additionally,
the lack of navigation capabilities to return and treat the
field in an optimal manner, has been overconme wi th advances in
conputer technology, intelligent sensor hardware and the now

operational d obal Positioning System (GPS).

A joint project by The University of Calgary, Alberta
Agriculture Food and Rural Devel opment and The University of
Al berta attenmpts to characterize these variabilities at the
farm scal e and create a managenent schene for the regions that
can be optimzed. The data collection, integrated systens and

navi gation research formthe basis of this thesis.



1.1 The Consequences of lgnoring Variability

A variety of different soils exist across any given field
in the province of Alberta. Even the nobst subtle changes in
el evation, aspect and parent material can produce different
and changing soil characteristics, behaviour and response.
This results in a range of potential growi ng conditions across

the | andscape (Goddard, 1994).

Hi storically, farm fields have been treated as
homogeneous units. Cultivation occurred with the same depth
and often at the same tine of the year. Seeding was done with
the sanme variety of wheat or forage m xture. Landscape
features such as a hilltop knoll allowed soils to erode faster
than soils in the |ower depression regions. Thi s creates
differences not only in crop productivity but weed types and
popul ati ons as wel . Over tine, the soil and therefore field
condi tions and yield responses begin to vary nor e

dramatical ly.

The consequences of ignoring these variabilities are:



A wi de range in nmoisture conditions caused by soil texture,

t hi ckness, percolation and run off capabilities.

A wi de range of erosion / deposition conditions caused by
mechani cal forces of wind, water and farm machi nery. Regi ons
of high erosion will have characteristics resenbling the

subsoil rather than topsoil.

A wide range in fertility caused by heterogeneous soils
The | ower |andscape regions can potentially have twi ce the
organic matter content and nitrate | evels as an upper region

(Mann, 1994).

A wide range of weed species and popul ations which exist
according to the |landscape elenment they are best suited.
This makes the weed infested regions more difficult to
control resulting in a mxture of weed and crop (dockage) at

harvest tine.

The above existing farm conditions wll continue to
i npact the farm managenent and econom cs over the long term
Conti nuation of a constant agronom ¢ practice on a
het erogeneous field will further increase the range in soi

types, growing conditions and pest pr obl ens. Sever al



strategies to slow or reverse the spiral tendencies can be

at t enpt ed:

Divide the field into smaller fields based on the soil and

| andscape characteristics.

Adopt variable nmanagement and cultural schenmes to the

| andscape.

Conduct reclamation procedures to physically change or

narrow the range of soil conditions within the field.

Sone of the available practices to enploy in the above

strategies are:

ldentify the extrenmes in the field and perform detail ed soil
analysis to determine the scale of the wvariation. This
allows the determ nation of the weighted averages of the
field inputs and to apply variable rates of fertilizer or

her bi ci de.

Spot spray or fertilize regions of extrene weed infestation
or nutrient deficiency. Two equi pnent passes may be required

to fulfill this approach.



Spread manure or old bales on regions of high erosion or

sandy areas where organic return is mniml (Goddard, 1994).

The topic of this thesis is to develop integrated data
collection systens to identify the extreme regions at four
test sites within Alberta. Fields are eval uated based on yield
response, degree of salinity, soil sanpling results and
variations in digital terrain mdeling (DTM. All data is
position tagged using DGPS based on the L1 C/ A pseudorange
code solution with applied smoothing. Additional information
(nutrient analysis and field history) are collated to assist
in the determnation of the variable fertilizer prescription

map.

The application of variable blends and bands of
fertilizer is performed by locating regions defined by the
prescription map in the field using real tine differential GPS
(RTDGPS) and activating the servo motor control on the air

seeder to dispense the required fertilizer.

The DGPS and RTDGPS sol utions use the narrow correl ator
technol ogy (Van Dierendonck et al, 1992) in the NovAtel GPS

receiver and surpassed the project mninmum requirenments in



root nean square (RMS) accuracies of 0.5 m horizontally and
1.0 mvertically both in post mssion and real time. Position
accuracies were verified by conparisons with a carrier phase

“on the fly” (OTF) and repeatability anal ysis.

1.2 Thesis Cutline

The precision farmng initiative is a two phase approach
for the first harvest to seeding season. Phase | is of data
col l ection canpai gns using a series of sensors integrated with
GPS. Phase Il is the use of RTDGPS to control a variable rate
fertilizer applicator. Hardware used and software devel oped to
build the integrated systenms are described in Chapter 2. O
particul ar interest was the magnitude of the crop variation as
well as salinity conditions, |andscape features (for terrain
model i ng), location of <calibration transects (i.e., square
metre cuts, Tinme Domain Reflectronetry (TDR) probe points,
soil rmoisture, ground truthing crop sanpling) and | ocations of
soi l sanple drill holes for soil mappi ng and nutrient

det erm nati on.



Chapter 3 discusses the software developnents and
enhancenents for the post processing and analysis in Phase |
and Il. The analysis of the GPS performance in ternms of
hori zontal and vertical accuracies and the repeatability of
hei ghts over time were of interest. The nethodology and
i mpl emrentation of the RTDGPS system working in conjunction

with the prescription map is al so di scussed.

The test sites are described and the results of Phase |
in terms of crop response and DGPS accuracies are discussed in

Chapter 4.

Chapter 5 discusses the performance of the RTDGPS as
conpared to post mssion results and high precision carrier
phase OTF results. A slight degradati on was experienced due to
the effects of |latency in the presence of Sel ective
Availability (SA) but the project accuracies were still

exceeded.

Chapter 6 contains the conclusions and recommendations
based on the research in this thesis. O fshoot benefits to

the project are optimzation of the «crop input/output



economics on a sub-field basis and nore environmentally

responsi ble farm ng practices.
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CHAPTER 2

| NTEGRATED GPS AND AGRI CULTURE SENSORS

Position and navigation requirenents for the precision
farm ng project are being investigated by using the d obal
Positioning System (GPS) depl oyed and mai ntained by the United
States Department of Defense. Two GPS receivers are used in
differential node (DGPS) either as a stand alone system to
attain a 3-D position or integrated wth external hardware
sensors. The DGPS position is correlated wth attribute
information for input to a Geographical Information System

(G'S).

2.1 GPS Receiver Conponent

The GPS receivers used in this project were the NovAtel
10 channel, single frequency, C/ A code, GPSCARD™ that use the
narrow correlator spacing technology to provide 10 cm
pseudorange resolution (Fenton et al., 1991; Van Di erendonck
et al., 1992). The GPSCARD™ nmpdel is directly nounted into an

| SA sl ot (expansion bay) for direct docking capabilities to a
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| aptop conputer. The NovAtel receivers used in differential
node, with the geodetic antenna (nodel 501) and acconpanyi ng
chokerings, have achieved subnmetre accuracies in previous
research projects when phase snoothing has been performed on

t he code (Cannon and Lachapelle, 1992a).

2.2 Computer Conponent

The conputers (386 Conpac™ and 386 Gid™ used in Phase |
were data |oggers. Due to the mass of data collected a hard
disk was required. Data collection was perforned at a 1 Hz
rate which translates into approximately 3 Megabytes of raw
ASCI | data per hour per GPS receiver. This coupled with 1|ong
data collection canpaigns and several sites to be done are an

exanpl e of the volunes of data to be handl ed.

2.3 GPS Data Loggi ng Software (LOGNOVAL)

Many of the data collection canpaigns are not repeatable
(e.g., yield data). To mnimze the potential of data |oss,
custom | oggi ng software was devel oped to accommpdate integrity
and safety of the data as well as a few necessary options to

allow tine and attri bute tagging.
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2.3.1 Data Integrity and Safety

To ensure that the received data was valid, tests were
performed on the incom ng data string to verify correctness
and quality. The primry cause of |I|ost data is hardware
failure (i.e., hard disk failure), sudden electrical surges or
| oss of power causing abnormal di sk managenent. Since all of
the programs are DOS™ based, this creates an error in file
closing. The data is lost and non recoverable. To prevent
against this, data is buffered and saved every five m nutes
and file markers forced onto the hard disk. |[If power is

interrupted only the buffered data is |ost.

2.3.2 On-The-Fly Electronic Field Book

To be able to time and attribute tag positions, areas,
profiles and trajectories of interests in any field, an
electronic field book was developed to operate within the
| oggi ng software LOGNOVAl. The user activates the field book
via a hot-key at the nmonment of interest. The GPS tinme is

| ogged and the user could now enter pertinent site data while
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mai ntai ning logging. This attribute information will allow for
the sorting of the position results for several different

t asks such as:

Determ nation of perineters and areas of wetlands, non-
har vest ed crop, non- cropped regi ons and physi cal
obstructions on site (i.e., a windmll) for masking during

surfacing.

Determ nation of profiles along test transects and truthing

li nes.

Determ nation of instant (one epoch) or nean positions (over
several epochs) of points of interests (i.e., soil sanple
drill holes, square netre truthing sanples, TDR probe

poi nts).

The data |ogging procedure was necessary to ensure that
the information of interest was correctly |ocated and easily

extractable fromthe GPS position solution file.
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2.4 Yield Munitor External Sensor

In order to determne the magnitude and spatial
relationship of the field variability in crop response an
ext er nal device that woul d neasure instantaneous crop
t hroughput was required. The Yield Monitor 2000 produced by Ag

Leader Technol ogy (Ames, lowa) was used in this project.

2.4.1 Yield Mnitor Features

The nmonitor is RS232 serial communication conpatible at a
fixed output rate of 1Hz. |t is a conpact, easily
transportable and lightweight wunit that can be set to
conmmuni cate with any of the major conbines that have been
installed with the necessary sensors. The wunit has the

following capabilities (Yield Monitor 2000 User Manual, 1993):

Measures and displays instantaneous yields (Bu per Ac),
grain flow (Bu per Hr), conbine (speed based on shaft

rotation in MPH), harvesting rate (Ac/Hr).

Cal cul ates, displays and records average yield (Bu per Ac),

area (Ac), distance (Ft or M), grain weight (Lb, wet grain
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(Bu @ std %, dry grain (Bu @ std 9%, average field

moi sture(% , date and tinme |load was started.

Vari able settings of field and | oad, row spaces and # rows,

| oad noi sture, grain type.

Each of the conmbines (John Deere 9600, Case IH 1680 and
AgCo R-72) had to be customfitted with the necessary sensors
to collect the data required for the yield nmonitor to perform
its calculations and displays. The conbine sensors are fixed
mount ed and are not transportable to a different nodel or make

of conmbi ne.

2.4.2 Yield Monitor Field Calibrations

Each conmbi ne nust be calibrated for the sensor. This is
performed by nmeasuring out a fixed distance (200 ft 1is
recommended) and driving the conbine this distance. By
conparing the distance cal culated by the nonitor one can nake
adjustnments to the sensor. The test is performed until the
measured distance is the sanme as the distance traveled
calculated by the nonitor. The only other field setting

required is to determ ne physically when the nonitor believes
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that the header is up (not harvesting) or down (harvesting).
This is set by the operator of the conbine. The header is set
to the desired height to indicate when harvesting has stopped.
The nonitor is then adjusted to reflect this condition. The
end result is that when the header is up, the distance and
area count cease to increment. This is inportant to know
because the entire procedure of grain pickup to hopper has a
delay which is reflected in the nmonitor readings (i.e., even
t hough the header sensor indicates that no grain is being
harvested the nmonitor indicates that there is still grain flow

in the clean grain elevator).

2.4.3 Yield Mnitor Qutput

The inner algorithms of the yield nonitor are proprietary
know edge of Ag Leader Technol ogy who devel oped the product.
The following is a basic description of how the necessary

information for the monitor is coll ected:

The header sensor indicates “down” so crop is being taken

up into the conbine.
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The grain is separated and sent up the conveyor belt of the
clean grain elevator at a neasured speed and conveyor paddle

vol une.

The grain is thrown against a sensor plate at the top of the

clean grain elevator where the force of inpact is nmeasured.

From the conbine sensors ground speed pulses (accunul ated
during load), ground speed (MPH), elevator speed (RPM, Flow
sensor force (Lb) and grain flowrate (Lb per Sec) are input

to the yield nonitor.

2.4.4 GPS - Yield Munitor |Integration

To map out the degree of variability of any field, two
quantities nmust be determ ned. First, what is the magnitude of
the instantaneous crop response and secondly, where is it
located in the field. The Ag Yield Mnitor and DGPS solve
t hese questions respectively. In order to correlate the two
i nputs, the systens were conmbined via software integration and
physically connected via a RS232 conmunication cable. A

standard serial comrunication library was added to LOGNOVAL to
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produce AGYLD1. The following flowhart (Figure 2.1) outlines

the logic in the integrated system

% cl ock status
YES YES YES
YES
VWARNI NG S NO Dat a
cPU Log Data | ——{ Read Serial K-
o ]

—‘Ti—me'— El ectronic
Attri butes | Field book

Figure 2.1 - Flow chart - GPS/Yield Mnitor Integration

Once the GPS has passed a quality control algorithm the

serial port is polled for available data. |If no data exists
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then a warning nmessage is set to the user to request a system
check (i.e., check cable or power to yield nonitor). The valid
GPS data is logged regardless of the yield nonitor response.
If the serial port has registered an interrupt, the data is
retrieved and tine stanped with the GPS tinme and |logged to a

separate file. The data safety approach in AGYLDl is the sane

as was i nplenmented in LOGNOVAL.

2.5 EM3B8 Conductivity neter

The EM38 conductivity nmeter is an external sensor device
that can indirectly measure the degree of salinity in the
soil. Previous research in the field of salinity has show the
EMB8 to be repeatable to within 1.1 dSm' at common points
(Lachapelle et al., 1992). If the location of potentially
hi ghly saline areas and migration tendencies can be mapped
and nodeled then this data can be correlated to yield in

attenmpts to explain or predict crop response.

2.5.1 EM38 Conductivity Features

Several instrunments have been introduced for determ ning
the salinity in a field by neasuring the apparent soil

el ectrical conductivity (Wllenbaupt et al., 1986). The EM3S8
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is an el ectromagnetic induction meter devel oped by Geonics of
Canada. It provides salinity readings in the plant root zone
by overcomng the Ilimtations of soil-electrode contact
(Rhoades and Corwin, 1981). The EM8 introduces very snall
“eddy currents” into the soil and nmeasures the intensity of
the primary and secondary magnetic fields created (CGeonics
Limted Technical Note TN-21). The EM38 used in this project
has an anal og output at 4Hz. It is RS232 serial comunication
conpati ble but the signal nust be converted to digital in

order to interface with a conputer

2.5.2 EM38 Field Calibrations

Before the EM38 can be used reliably it nust undergo an
initial inphase nulling before each survey. The inphase
nulling is required for both the horizontal and vertical
operating nodes of the EM38. Calibration steps are outlined
clearly in the user nmanual. An additional and ongoing
calibration of the EM38 had to be performed due to the drift
in the 8 byte A to D converter system This was performed by
stopping periodically and logging the reading from the EM3S8

display and the reading from the conputer screen. The
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digitally converted values should have been one quarter the
EM38 analog values but this was not always the case. The
calibrations were graphed after each session and a best fit
drift scalar was determned to be used later in the salinity

conversion cal cul ati ons.

2.5.3 EM38 Qut put

The EM38 output value is recorded on channel one of the
ei ght channel Maron A/D converter output and has to be
converted back to EM38 standard readings (as if the
measurenent had been directly recorded from the EM8) using
the best fit drift value as nentioned in Section 2.5.2. This
val ue, coupled with the neasured soil tenperature, texture and
nmoi sture, can then be used to conpute the salinity at any
poi nt (McKenzie et al., 1989). The collection of points can be
transferred to a surfacing routine such as those found in

Surfer™ or GRASS™ and a salinity map created.
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2.5.4 GPS - EMB8 Integration

The integration technique for the EM38 uses the sane
approach as the yield nonitor. The integration engine was
desi gned such that any serial peripheral that has a continuous
output could be easily conmbined in software with the GPS
receiver. Refer to Figure 2.1 in Section 2.4.4. By replacing
the Yield Mnitor sensor wth the EM8 sensor in the
integration scheme the AGSALT1 data |ogger is created. The
only difference to contend with is the 4 Hz output of the
EMB8. The nobst current record was |ogged and the others

di scarded because the GPS receiver was operating at 1 Hz.

2.6 Real Tinme DGPS Har dwar e

The conputation requirenments for Phase Il were nuch nore
demandi ng than those in Phase |I. The problem at hand was real -
time navigation. The raw data extracted off the NovAtel
GPSCard™ now had to be used to conpute corrections and
transmt the information to the renote receiver. The increase
in conputational intensity resulted in an upgrade of conputer
equi pnrent and the addition of a radio Ilink for data

transm ssi on between the nmonitor and renpte receivers.
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2.6.1. DGPS Conputer Hardware

Two rugedi zed 486 GRID™ 1680 |aptop conputers operating
at 25 MHz with 240 Megabytes of hard disk space were used for
the real time conponent of the project. Additionally, two
GRI D™ 1600 series expansion trays were required to house the
NovAt el GPSCard™ receivers and an additional seri al
conmuni cation card required to accommpdate the second RS232
communi cations required for the systemintegration. The | aptop
conputer interfaced with the expansion tray via a docking
station to nmmke a very conpact and |ightweight conputer

system
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2.6.2 DGPS Radi o Link

A radio link was required to transmt in real tine the
differential corrections and correction rates to the renote
receiver operating up to one kilonetre away. Since the nonitor
to renote separation distances were short, the use of a |low
power, line of site radio system was selected. GRE Anerica

produces a radio suitable for this task.

The G obal Integrated Network Access (G NA™ 6000 is a
stand al one, high frequency radio transceiver that uses Spread
Spectrum technology. It transmts data synchronously in the
range of 902-928 MHz in speeds of 128 kilo bits per second
(KBPS) in half duplex. It 1is RS232 serial comunication
conpati ble at data rates of 2400, 4800,9600 and 19,200 baud.
The GINA™will automatically resend information until it is

received 100% correctly (GRE Anerica, 1993).

It operates on one watt of power and cones with a 6 inch
1 dB gain antenna which has an expected range of 1 mle. To
enhance the range, 5 dB antennas replaced the standard

ant ennas.
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The G NA™ is a point to point radio system The radio
modens can only communicate with one other G NA™ transceiver
at a time. The comruni cation sequence nust be pre-programed
into the units and a conmunication connection nust be made
before transm ssion can begin (Figure 2.2). The communication
sequence is defined by the wunique identification nunber

assigned to each unit.

G NA 2

G NA 1

FIGURE 2.2 - G NA™ Radi o Communi cati on

The radi o nodenms can be linked in a daisy chain with al
internediate units acting as repeaters. This extends the range
and transmits to regions not directly in line of sight as
shown in Figure 2.3. The repeaters do not have to be fixed to

any specific location and do not require a conputer for
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operation once the parameters have been set. This allows the
repeaters to roam and to be placed tenporarily at strategic
| ocations. Radi o shadowi ng can be avoided and continuous data

reception achi eved.

G NA 1

Gl NA 3

G ound cross-section

FIGURE 2.3 - G NA™ Dai sy Chain

No official testing for the range of the radios was
performed but with the inproved 5 dB gain antenna the distance

of 5 km point to point was routinely achieved.
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Figure 2.4 illustrates the conplete concept of the
navi gati on system onboard the farm equipnent. To attain
econom cal and efficient use of this technol ogy, t he
activities should be perfornmed during nornmal farm ng

operations as nuch as possible.

sv4 SV S

svl HOH é\;g ﬁoﬁ HOH

Radio Link

Communications

|
/&\t‘ Remote GPS on Tractor
DGPS Monitor Station

FIGURE 2.4 - Real Tine DGPS Navigation

2.7 Variable Rate Controll er

The final conponent for the integrated system is the

variable rate controller. Its functions are to carry out the
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instructions extracted fromthe prescription map. The hardware
and software developnent of this system is provided by
CONCORD™ who holds a patent on variable rate technol ogy

(Ander son, 1994).

2.7.1 Motorola Mcrocontroller Unit

The system provi ded by CONCORD™ consists of the follow ng

components :

Mot orol a MGB8HCL1EVB M crocontroller Unit (MCU):

Features: 8-bit, 2 MHz bus speed, on chip peripheral

capabilities, DC frequencies, 8 Kbytes ROM

512 bytes EPROM 256 bytes RAM WAIT and STOP
nodes for battery driven applications, RS232 seria
conmuni cation conpati bl e (Motorola, 1991)

Two AcuPl ant™ digital to anal ogue converters for

controlling the servo notors rotational speeds that

regul ated the independent flow of the fertilizer.

Two bin air seeder for field treatnent.
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Software for the comunication of the above conponents and
the algorithm to conpute the desired bin output based on

requested mass of field input and vehicle velocity.

2.7.2 MCU Conmuni cati on

The MCU is an echo delay device which requires the
inputs of two rotation periods, one for each notor, received
via RS232 interface cable. A mninmm delay of 50 ns is all owed
bet ween the transm ssion of each unsigned 2 byte character to
allow the MU to decode and echo back the value for
verification. If the echo value does not match the transmtted
value then re-transm ssion occurs until the export string is

successfully received by the MCU.

Fi xed to each servo notor is an anal ogue device that
measures the notor’s shaft response and returns the neasured
period to the conputer. This is very useful for nonitoring the
behavi our of the notors and provides instant detection of
mechani cal failure. If a time out delay of 500 nms occurs then
the epoch is aborted and the next epoch handl ed. Shown bel ow

in Figure 2.5 is the in tow fertilizer air seeder and drill
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rig. Mounted on the roof of the tractor is the GPS antenna and
the 5 dB gain radio antenna. The conputer, GPS receiver and
radio nodem are fixed nounted in the tractor’s cab. Power for

the systemis provided by the tractors electrical system

GPS Antennal Radio

Air Seeder Drill Rig Tractor

Figure 2.5 - Variable Rate Farm I npl enent
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Chapter 3

PROJECT SOFTWARE DEVELOPMENT

The research in this thesis was perforned in two phases.
Phase | consisted of the field data collection canpai gns and
post m ssion processing to identify the degree of variability
within the field and the collection of additional information
to assist in explaining the variability. Phase Il is the rea
time inplementation of the fertilizer blends and bands as

dictated by the derived prescription map.

Approxi mately a G gabyte of raw data was coll ected using
the software developed for Phase | which wutilized GPS
(LOGNOVAl) and the GPS integrated systens (AGYLD1l, AGSALT1).
This amount of data requires automated processing in order to
generate results in a reasonable tinme frame. Two prograns had
to be nodified C3Navc™  (Cannon, 1992) and Fl ykin™,
(Lachapel l e, 1992) for this purpose. Three progranms had to be

devel oped to mani pul ate the data for input to a GS (GPS_UTML,

YLD UTML, SALT UTML).
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Two additional prograns were developed to deternine the
overal |l performance of the DGPS positions derived (FLYVSC3N)
and a height repeatability study (X OVERL) for verification of

GPS heights in a single data session and inter-session.

Software for Phase Il was developed to performreal tine
GPS navigation (C3NavRT™) integrated with a variable rate

controller for fertilizer application.

3.1 Pseudorange Post M ssion Software

C3Navc™ (Conbine Code Carrier for GPS Navigation) is a
post m ssion pseudorange GPS solution with the options to
perform carrier phase snoothing on the pseudorange, height
fixing and differential processing (herein refereed to as the
SC solution). It is an |BM" DOS™ platform FORTRAN™ program
converted to BorlandC™ progranmng |anguage (Cannon and
Lachapelle, 1992). For all post mssion processing carrier
snmoot hing was used at both the nonitor and renote station. If
less than four satellites were tracked or the Geonetric
Dilution of Precision (GDOP) was greater than five then the

hei ght was held fixed at the input height (nmonitor station) or
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at the mean of the last five heights (renote station). Al

renote position solutions have been differentially corrected.

The SC solution enploys the following formulae for
position determ nation in the above mentioned post processing

scheme. The pseudorange observation equation is (Wells et al.,

1989) :

p=r +dr - c(dt-dT) + dion + dirop + €(p)  (3.1)

where p is the nmeasure pseudorange, r is the conputed
geonetric range (||r - R/|), r is the position vector of the
satellite and R is the position vector of the receiver, dr is

the error in the satellite orbit, dt and dT are satellite and
receiver clock errors, dj,n and di,, are the ionospheric and

tropospheric delays and e is the neasurenent noise.

The carrier snoothing approach used is (Lachapelle et

al ., 1986):
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PSk:WPk+\M{PSk_1+ (Fk- Fk-l)} (32)

where Psy¢ the snoothed neasurenent at epoch ki (m, Px is the
measur ed pseudorange at epoch k; (m, W and W are the sliding
wei ght scalars and Fy, Fy1 are the neasured carrier phase at

the current epoch and previous epoch. The sliding weight
scalars begin with a value of 1.0 for the pseudorange and 0.0
for the phase. As the epoch counter increases, the weights
slide so that the enphasis is placed on the nore accurate
phase neasurenent. To counteract the effect of code carrier
di vergence due to the ionosphere, dual ranps operating in
paral l el are used (Cannon et al., 1993). The ranps are offset
by half the selected ranmp reset interval. Typically, this
nmovi ng wi ndow techni que reduces the tinme span that either ranp
can be used and assunes a negligible difference in the code
and carrier divergence exists during the nunber of epochs

bet ween resets.

The observation equation adjustnment wused is a |east

squar e adj ustnent nodel ( Krakiwsky et al., 1987):
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d=- (A CGHT'A Gt w (3.3)

where d(nxl)is the corrections to the approxinmte unknown
paraneters, A (nxn) is the nmeasurenent design matrix popul at ed
by the partial derivatives of Egn. 3.1 , G (nxm is the
covariance matrix of the measurenment noise. This matrix is
evaluated by expressing the neasurenment resolution as a
function of the pseudorange errors which vary with satellite
el evation (Martin, 1980). w (nxl1l) is the m sclosure vector, m
is the number of neasurenments and n is the nunmber of unknown

par aneters.

3.2 Carrier Phase Post M ssion Software

Fl ykin™ uses an On-The-Fly (OTF) anmbiguity resolution

technique (Lachapelle et al. 1992a) to resolve the double
difference carrier phase anmbiguities between a fixed nonitor

station and a renote receiver (herein refereed to as OTF phase

solution). This high precision GPS kinematic approach has
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achieved centinetre accuracy when the distance between the
monitor and renote is less than 5 km (Lachapelle et al., 1993;

Tiemeyer et al., 1994). It is an |BM" DOS™ platform program
written in BorlandC™ progranm ng | anguage. The fol |l owi ng phase
and double difference phase fornulation enployed by the OTF

phase sol ution are:

F=r+dr +c(dt-dT)+N -djontdiropte(F) (3.4

D'"F =D"r +D" dr + D" N -D" dion+D" di1op+D" e(F) (3.5)

where F is the nmeasure carrier phase , r is the conputed
geonetric range (||r - R||), dris the error in the satellite
orbit, dt and dT are satellite and receiver clock errors, Nis
the integer cycle anmbiguity, | is the carrier wavelength, don
and di;op are the ionosphere and troposphere delays and e is the

measur enent noi se.

D" ={(*)sat2- (*)sati}r2 = {(*)sat2- (*)sat1}ra (3.6)
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The double difference indicator, D", is defined as the
di fference of observation equations (* , Eqn. 3.4) between
satellites as depicted in Figure 3.1. The observations are
extended to all satellites using a base satellite for al
differencing. The <choice of +the base satellite is nmade
automatically by the software although the option exists for

user sel ection.

Rx2

FIGURE 3.1 - Satellite - Receiver Double Difference
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3.3 Modifications to C3Navc™ and Fl ykin™

Modi fications were made to both programs to allow the

foll ow ng:

Accept on the conmmand |line the option input file to allow

ease of batch file capabilities.

Accept the command |ine height of the antenna (H') so all
positions conmputed are reduced to ground. This would all ow
conpari sons of heights over tine, independent of the HI

during the data collection period.

Adj ust the menory capabilities to house sufficient epheneris

records for long duration post processing.

Add a data quality check (C3Navc™ only) to ensure that the
range residuals were within a mninmum tolerance. If the
hei ght was being fixed and a bad range was undetected then
t he subsequent epochs were effected causing severe position
errors. When an unacceptable residual was detected the

entire epoch was rejected.

3.4 Devel opnent of GPS UTML, YLD UTML, SALT UTML




39

It was decided by the precision farm ng panel to adopt a
standard mapping procedure in which to base the G S spatial
rel ati onshi ps upon. The projection chosen was the Universal
Transverse Mercator (UTM NAD 83. A geographic to UTM grid
coordinate conversion (T.J Blachut et al ., 1979) was
i npl emented and then nodified to deal wth the different

i ntegrated systens and | oggi ng procedures.

3.4.1 GPS UTML Post Processi ng Software

The post mssion software, GPS UTML, was designed to
operate with the data canpaigns that used LOGNOVAlL. This was
for stand alone GPS surveys (field perineters, wetlands,
profiles of truthing transects, DITM information etc.) and
attribute determ nation (locations of soil sanples, TDR probe
points, square netre cuts etc.). Several different aspects of

the data were required for different aspects of nmapping.

Those involved with surfacing (DTM required coordinates
of the field perinmeter and all of the three dinensional
positions as well as the coordinates of features to be masked

out. The soil scientist required only the positions of the
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soil sanples to conbine with the soil analysis for mapping
while the agronomsts were interested in the profile
information of the truthing transects and the |ocation of the
square nmetre cuts, for exanple. In order to be able to neet
the requests of all of the parties, the sorting and formatting
had to be based on the data collection period. The electronic
field book was the link between the data collected and the
position requirenments of each party. GPS UTML was designed

with the foll ow ng options:

doal | : extract and convert all GPS geographic positions to

UTM (i.e., DTM.

parse: simlar to ‘doall’ but the nean of “n” positions is

extracted based on the parsing value (i.e., data thinning).

event: search the message file (produced by the electronic
field book) and extract the time and attribute information

for each event | ogged.

range: search the nessage file for two identical records,
extract the tinmes and nessages. Conmpute the nean position of

the attribute (i.e., soil sanple |ocation).
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traje: search for a “start” and “end” indicator in the
message file. Extract out the corresponding positions

between the tinmes (i.e., perinmeter of the field or profile).

area: uses the sanme searching approach as ‘traje’ but also
calculates the area (hectors and acres) of the cl osed

trajectory (i.e., field acreage for harvest).

Based on the command |ine options inputted into the
program the GPS position as conputed by the SC sol ution woul d
be converted to the UTM mapping plane and attribute tagged
with the corresponding nmessage file informtion. GPS_UTML
will also work with the other login software but ignores the

data collected via system i ntegration.



42

3.4.2 YLD UTML Post M ssion Software

YLD UTML was designed to post process the data collected
with AGYLDl1l, the tine tagged yield response of the field. The

modul e for the UTM conversion is used to do the map projection
and is not discussed. Several issues had to be addressed in

the software in two sections.

Section 1:

yi el d sensor and nonitor del ay

conpl eteness of yield data string (header sensor, Bu/Ac)

fal se readings due to high / |ow noisture

speed and headi ng changes of combi ne

Section 2:

data calibration (verified against the true total yield)

rejection of data at common positions

One of the inherent conplications of yield nonitoring
cones from the method and equi pnment used to perform the task
In Al berta, a common procedure is to first cut the crop at the

stalk and lay a swath of 20 feet or nobre into a windrow. This
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allows the crop to ripen nore evenly and puts the crop in a
condition that is nmore resistant to degradation of quality

(Goddard, 1994).

The yield nonitor has to be set to the proper swath w dth
(varies from farmto farm for its calculation. There is no
means to decipher if a full (i.e., 20 feet) had been swat hed
or not. For swaths less than 20 feet the yield is | ower, which
is indistinguishable from a full 20 foot swath that is truly
poor yield. Additionally, when the swath is picked up the GPS
records the position of the conbine, it is not until some tine
| ater that the wheat has been separated, traveled up the cl ean
grain elevator and hit the yield nonitor’s sensor plate. The
reading that is being registered by the yield nonitor has

occurred several netres behind the conbi ne.

Additionally, when the header sensor is up, there is
still wheat in the system and the yield nonitor is still
registering the response. A conmand |ine variable delay option
allows the user to set the delay tine in attenpts to mnim ze

the delay effects.

The harvest totals are a function of the nonitor system

scaled output. The vyield nonitor coefficients were not
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calibrated for each conmbine and as a result returned quantity
readings that were consistently too low |[If the true total
yield is known fromthe field (i.e., bin measurenent) then the
software will calibrate each individual response to sumup to

the true val ue.

The following flowhart outlines the logic to the program
in Section 1. In the initial calculations, the calibration
factor is set to 1.0 so the results are those recorded

directly by the yield nmonitor. The individual instantaneous

measurenments of yield will be scaled in Section 2 if a true
total harvest quantity is known. The sum of all of the
i ndi vi dual neasured quantities will be forced to add up to the

known value wthin 5 % CGenerally, only 1 iteration is

necessary to calibrate the raw yiel ds.
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Get YLD Dat a

Get GPS Dat a

NC
. YES Ti ne YES Del ayed GPS
Yield Data Mat ch Posi tion
YES
NO NC
— | Header Sensor is Down Conpute UTM Position || |
NC YES YES NO
L Wthin % of Average Conpute Vel ocity B
YES YES
NO
Headi ng Change < 10 D Velocity > 0.1 m's
YES YES
Scal e the instantaneous yield reading by
NO the area covered in one epoch. Add the
contribution to the running total of crop
harvested until end of data. NO
—

YES

Start Mappi ng

FIGURE 3.2 - Flow Diagram for YLD UTML
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The total harvest calculation was determ ned by summ ng
the instantaneous readings during combining. Each Bu per Acre
reading recorded from the nmonitor was then scaled by the true

area it represented (based on consecutive position differences

mul tiplied by the swath width), i.e.,
I =n
T=S [{(DP S / A) B }s] (3.7)
i=1
VWhere T is the total harvest, DP is the grid distance

bet ween positions as defined by ((x'"'% x)2% + (y'"% y)3¥?

X, y are UTM derived coordinates, S is the swath width in
meters, Ais the nunber of square netres in an acre
(constant), B is the instantaneous bushel per acre output, n

is the nunber of sanples and s is the scalar calibration

factor defined by:

Known Harvest Quantity

Cal cul ated Harvest Quantity
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Section 2 consists of a graphical data thinning
procedure. The first map point occupation of the UTM derived
position, will prevail. Any data that occurs on a re-travel ed
route (where there is nothing to harvest) wll be rejected
even though the header sensor may indicate down. The
follow ng flowchart illustrates the software |ogic for Section

2:

Calibration ?2?| |———
YES NO
Conput e scal ar Get Data and
Redo Section 1 Map to EOF
Posi tion
REJECT ACCEPT
|

FIGURE 3.3 - Secondary Flow Di agram for YLD UTML
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Upon the conpletion of Sections 1 and 2, the resulting
data file wll be as free from anomalies as currently
possi bl e. The data may been rejected for any of the follow ng

reasons:
No GPS position or yield data (i.e. invalid string).
Header sensor indicates “up” (no crop intake).

A spike of > 10 % of running average (false readings due to
nmoi sture conditions i.e., grain is too heavy or too |light as

conpare to standard wei ght at 14% npi sture content).

Rapi d headi ng change of > 5 degrees per second (if the field
is swathed in a rectangul ar shape, crop will bunch up at the

corners giving false high readings ).
conbi ne novenent |ess then mnimmvelocity (0.1 ms™?)

Position repeated (yield neasurenent taken on a first

occupati on basis).

o all the software developed for Phase I, YLD UTM
requires some fine tuning. Anomalies in the yield maps (i.e.
spi kes and ridges) indicate that the values recorded and

processed are not always indicative of the true crop
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behavi our. Experienced agronom sts contend that, assum ng the
field was treated honpgeneously, variability exists but
changes at a smooth rate, not a rapid junp in a few netres

(Myers, 1993 ).

3.4.3 Salt UTML Post M ssi on Software

SALT UTML was developed to post process the data

collected with the integrated GPS and EM38 conductivity neter
usi ng AGSALT1. It uses the UTM conversion nodule to maintain
the common datum and format for input to the GS at the
University of Alberta. The conmmand line option input of the
anal ogue to digital scale factor ( see Section 2.5.2) is
applied to the EM8 readings and all epoch matching is
perforned. The data is then formatted and inported into a
surfacing routine where the EM38 readings are converted to

salinity values (MKenzie et al., 1988) and contoured.
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3.5 Devel opnent of FLYVSC3N and X OVER1

In order to assess the overall accuracy of the DGPS
derived positions, it was decided to reprocess selected data
sessions using a high precision kinematic approach. The
results from the OIF carrier solution are typically at the
centinetre |evel (Lachapelle et al., 1993) and can be used to
assess the SC position solution. The program FLYVSC3N was
devel oped for this purpose. O additional interest was the
repeatability of DGPS hei ght conponent under farm ng
conditions. The accuracy and repeatability of heights for
digital terrain nodeling, aspect mapping and runoff nodeling
were was also required to be quantified. The program X OVER1

was devel oped for this purpose.

3.5.1 FLYVSC3N Post M ssion Software

The Program FLYVSC3N is a conmmand |ine option, graphica
out put program that perforns an epoch by epoch conparison of
any two files sharing the SC solution output file structure.
An option to reject a conparison based on the PDOP val ue as

calculated from the SC solution is available. The prograns
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graphi cal output consists of a hi stogram summary of the
differences followed by a line graph of the epoch by epoch
di fferences. Each graph is titled with the conputed RMS val ue,
maxi num  positive and negative devi ati ons, range of
di fferences, nean val ue, nunber of observations and files that

wer e conpar ed.

3.5.2 X OVER1 Post M ssion Software

The program X OVER1 is a command |ine option programthat
performs a file search to conpare DGPS heights at compbn

| ocations. The follow ng options are:

Define the H (sane session only). If the 3D DGPS position
had not been previously reduced to ground level then it
could be accompdated here. To conpare sessions from
di fferent sessions, the height reduction has to be perforned

duri ng post processing.

Define the search radius. Allows the user to select the
maxi num di stance two points can be apart before a conparison
can be made. This is very dependent on the vehicle used to

collect the data. A conbine noves typically 1 - 2 metres per
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second while an ATV may travel up to 5 netres per second.
The dynami cs of the vehicle will influence the choice of the

crossover search radi us.

Define the Maxi mum all owabl e position dilution of precision
(PDOP). Allows the user to reject positions determ ned under

sub optinmal geonmetry to maintain a quality conparison.

The data file to be analyzed is segregated into X nunber
of files depending on the range of latitude (m in the file

(i.e., <500 X=50, >500 X=100 <1000, X=200 >1000).

The procedure of dividing the position file into |atitude
sections is nore efficient. Searching is a N*° operation so if
a file contains 50 itenms it wll take 2500 operations to
conpare all combinations. In the situation of the precision
farm ng project, as may as 36000 positions may exist in a ten
hour session. This is 1.2 billion operations which would take
approximately 6 days to execute on an AST 486-25 MHz conputer
if a single file is used. The latitude sections reduce the
number of searching operations to the sum of N per file. The
processing time is reduced to approximately 2 hours. The

efficiency can be further inproved by creating search squares
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to reduce N operations per file. However, the size of the
search squares or Jlatitude sections can induce potential
conparison failures because even though the points are wthin
the search radius, they are in different sub-files. To prevent
agai nst this occurring comonly enough to distort the results,
the conpared positions were later plotted over the trajectory

of the DGPS file and inspected graphically.

The approach taken in X OVER1 has also considered the

foll owi ng assunptions

Positi ons derived under the maxi mum PDOP allowed are then
wei ght equally (distortion due to satellite geonmetry are not

consi dered) .

The surface around the search point is parallel with the UTM
grid coordinate plane. Therefore the height difference is
the sum of the errors in the DGPS derived heights plus the
true relief difference between the points as illustrated in

Fi gure 3. 4.
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Sear ch Radi us

UTM Gid Pl ane

-

True \

Mat ch Found

Sear ch Poi nt

FIGURE 3.4 - Search Radius and Mapping Pl ane

The selected ten mnutes is sufficiently long to allow tinme

de-correl ati on between positions.

The graphical program output is a positive half histogram
(RVMS) summary of the differences titled with the conputed RMS
val ue, maxinmum positive and negative deviations, range of

di fferences, nmean val ue, nunber of observations and file used.

3.6 Devel opnent of Real Tine DGPS Software

The engine of the variable rate system for fertilizer

input is the navigation system Wthout accurate position and
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velocity determ nation in the field, there is no possibility
of being able to treat specific parts of the field in any
manner. This is one reason fields have always been treated
equally in the past. There was no cost effective way to
perform the task. The use of RTDGPS now offers a solution to

t he navigation problem The approach taken was the foll ow ng:

Decode, quality check and prepare raw data directly fromthe
NovAt el GPSCard™ sinultaneously at the nonitor and renote
stations for input to RTDGPS software. Each station had
i ndi vidual contributions and responsibilities in order to

achieve the required differentially corrected position:

At the nonitor:

conpute the correction to the pseudorange based on the SC

solution (Egns. 3.1, 3.2, 3.3)

conpute the rate of change of the correction based on the

measured change of the correction between successive epochs

transmt to the renpte station, via radio link, the GPS tine

and nunber of corrections to foll ow
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At

append t he dat a transm ssion w th t he satellite
identification nunber, correction and correction rate for

each satellite tracked by the nonitor

t he renote:

search the received data stream of satellites tracked at the
monitor with the satellites tracked at the rempte and

accept common satellites

conpare the transmtted GPS tine with the current GPS tine

and apply latency adjustnent to correction

correct the raw neasured pseudorange and solve for the
renote antenna position using the SC solution nodel (Egns

3.1, 3.2, 3.3)

conpute the velocity of the vehicle by using the change of

position over tinme.

3.6.1 Real Tinme Decoding of the Raw Dat a
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The conmmuni cati on and extracti on of selected records from

the NovAtel GPSCard™ has already been addressed in the
devel opnent of LOGNOVAl. All of the raw data integrity checks

are maintained. The data string is sent to a function that
identifies and decodes it for direct input to the RTDGPS

solution. Extracted fromthe data strings are the foll ow ng:
satellite |I.D.
pseudorange (netres, L1 only)
carrier phase (cycles, L1 only)

carrier phase rate (cycles per second, L1 only)

3.6.2 Calculation of Correction Rate

The paraneter required to cancel out the effects of
Sel ective Availability (SA), satellite clock error and
mnimze the effects of ionosphere and troposphere, which
distort the point position by up to 100 netres (2DRMS)
hori zontally and 150 netres (2DRMS) vertically, is known as a
range correction. It is the sum of the intentional dithering
and the propagation effects on a per satellite basis.

Referring to Egn. 3.1, the intentional dithering effects of SA
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are introduced into dr anddt (orbit and satellite clock

error) and the propagation effects exist in the di,n and dirop

(i onosphere and troposphere, Section 3.1),

It is conputed by conparing the calcul ated range (based
on a fixed nmonitor station, conputed satellite position (R) to
the neasured range (P, Eqgn.3.1). The difference (including
measurenment noise) is the magnitude of the single point GPS
error on that satellite. If the nmonitor - renote baseline is
|l ess than 5 km as is the case in this project, then the
magni tude of the error is highly correlated for both stations.
The correction is applied by subtracting the it directly from
the range conputed at the renote station. the renpte station
can then conpute its differential position with respect to the

moni t or .

The assunption made in conputing the renpte station
differential position is that both receivers acquire and
decode the raw data sinmultaneously. The range correction
conputed at the nonitor station is not directly applicable to
the renote because by the time it is transmtted and received

it applies to the previous epoch not to the current epoch.
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The problem is known as data
the data collection
transm ssion nmethod (i.e.,
30 seconds to conplete data transm ssions,

1992) .

time.

presence of SA for
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Plotted is the magnitude of
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rate to tens of

cel I ul ar

Figure 3.5 denpnstrates the correction variation over

satellite 17.
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Fal kenberg et

the range correction in the
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FIGURE 3.5 - Range Correction Variation Over

Ti me
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The pl ot above indicates that the behaviour of the range

correction mmcs SA. This is expected because SA is the

| argest conponent of the range error (Hofrmann - Well enhof,

1992). If line integral is broken into differential elenments
of sufficiently small enough size (i.e., dx elements) then a
i near approxi mation can be made. Figure 3.6 below illustrates

the correction behavi our over a shorter tine period.

-10 T
20 T
30 T
-40 T

50 T /

-60

Metres

-70 ©
503528 503543 503558 503573 503588 503603 503618

GPS TIME

FIGURE 3.6 - Correction Variation - 100 Second Peri od

If the correction is detracted even farther in tinmne to a

20 second wi ndow, it appears to be linear.



61

503550 T
503545 T
503540 T

503535 T

GPS Time

503530 T

503525 T

503520 T

503515
-59.2573 -59.5057 -59.8799 -59.8941 -60.0267 -59.9454 -59.8572
metres

FIGURE 3.7 - Correction Change - 20 Second Peri od

Based on the behaviour of the change of the correction
over a short tinme period, the npst reactive approach to
conputing the correction rate is to take the change over a
single epoch. This way an acceptable linear fit can be mde.
The sl ope of the approximation will also change instantly with
the change in SA on a per satellite basis. The correction rate

was conmputed in the follow ng manner:

dr ' - dr '?
dr = (3.9)

Ti _ Ti-l
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where dr (m's) is the rate of change of the correction, dr,
dr''* (m) are the range corrections over subsequent epochs and
T, T' (s) are the GPS times at the present and previous

epochs. This approach can experience distortions if a severe
change of geonetry occurs between the epochs. Another approach
is to use the observed Doppler shift scaled to range rate
(Hof f man- Wel | enhoff et al., 1993). This nethod is nore robust

as the Doppler is an independent neasurenment at each epoch.

3.6.3 Conputation of the Latency Correction

To deal wth the distortions of I|atency, the range
correction must be predicted using the rate of change and the
atency in a linear prediction equation. The prediction of the

correction was conputed in the follow ng manner

A
dr =dr + bT dr (3.10)

A
where dr is the predicted value of the correction, dr is the

current correction value, DT is the latency of the correction

and dr is the conputed range rate (Eqn. 3.9).
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The conputed prediction is then wused to adjust the
snmoot hed pseudorange at the renote station and conpute a

differentially corrected position.

3.6.4 Conputation of Velocity

The velocity of the tractor is required for the rotation

period defining the fertilizer flow rate. If a constant fl ow
rate is required then the servo notor rotational speed will be
a function of the tractor velocity. It wll have to rotate

faster to output the same nmass of material in the sane area if
the tractor velocity increases creating an increase in ground

cover age.

Conmputation of the tractor velocity was performed by
conputing the change in position over time. This allows for
mean velocity between differentially corrected positions even
if epochs are mssed due to failure to receive corrections
The three dinmensional DGPS position was used to allow for

travel on hilly ground. The foll ow ng nethodol ogy was used:

_ J(Xi_ Xi-1)2+(Yi ) Yi-1)2 +(Zi ) Zi-1)2 (3.11)

r g1
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where r (ms) is the velocity in the position domain, XY,Z
are Earth centred Earth Fixed (ECEF) GPS coordinates (m, T,

T! (s) are tines at the current and previous epochs.
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3.7 Variable Rate Application

Vari able rate application instruction is possible via the
prescription map designed by soil scientists and agronom sts
based on the data analysis of Phase |I. Using a GS, surfaces
depicting vyield, salinity, t opogr aphy, soi | types and
nutrients are overlayed. Regions are identified and RT DGPS
navi gation provides the position required for variable rate
application for crop optim zation or test banding to further

study the crop response.

3.7.1 Prescription Map Data Base

The instructions for custom fertilizer application are
encoded in the prescription mp data base. The data base
information is divided into two separate sections. Section 1
is for map managenent, coordi nate extent, cell deliniation and
paranmeter definition. Section 2 contains the coded rate per
fertilizer type and bin allocation. The first ASCII code
character pertains to front bin while the second pertains to

t he back bin.

Section 1 :
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Line 1: File nanme (for field identification)

Line 2: UTM easting, northing for the NWcorner of the map
(cell[0][0], number of cells east and south, size of cell

(in metres) east and south

Line 3: Nitrogen input codes (10 channels, Lb per Ac)

Li ne 4: Phosphorus input codes (10 channels, Lb per Ac)
Section 2:

The prescription map instructions are in an ASCII mp
format. The UTM position, size and resolution of the map are
defined by line 2 in Section 1. The nunber of cells east and
south set the map boundaries and the size of each cell sets
the UTM coordinate extent of the map. Any positions outside
the map boundaries are not acknow edged. The data base was
devel oped so that the prescription maps could have vari able

resolution in both UTM directions to best fit the field shape.

Each cell has two single digit integers (0-9) that
correspond to a rate input as per line 3 or 4 in Section 1.
The first is the nitrogen input followed by phosphorus. Bel ow

is an extract of the Stettler database in ASCII map format:
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242424242424242424242424242424242424242424242424242424242424
242424242424242424242424242424242424242424242424242424242424
242424242424242424242424242424242424242424242424242424242424
242424242424242424242424242424242424242424242424242424242424
242424242424242424242424242424242424242424242424242424242424
443131242427272424202027272424202044442424242424242424242424
444431312424272724242020272724242020444424242424242424242424
344444313124242727242420202727242420204444242424242424242424
343444443232242427272424202027272424202043432424242424242424

Figure 3.8 - Prescription Map - ASCI1 format

This information is then communicated to the variable
rate hardware (Section 2.6.2) and perfornmed at this |ocation

in the field.

3.7.2 Data Base Searching Techni que

Wth the conmputation of the DGPS position converted to
t he UTM coordi nate plane, the task of extracting the blend and
mass volume of inputs is to be acconplished. The searching

process is perfornmed in two steps:

determ ne which cell represents the tractor’s position
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extract the two single digit <codes for nitrogen and

phosphorus and convert themto input rates

The prescription map was resident on the hard drive of
the conputer and had to be physically scanned to the correct
| ocation for the extraction of the input digits. Each row was
classified as one large string (i.e., a sentence). The nunber
of strings to scan through was defined as the integer
di fference between the UTM northing of the tractor and the UTM
northing of the N W corner of <cell[0][0]. The nunber of
characters in to the sentence was defined as the integer
difference between the UTM easting of the tractor and the UTM
easting of the N.W corner cell[0][0]. The conputation also
considers the possibility of non wuniform cell sizes. The

result is the cell location cell[i][]j] as defined by:

UTM (N)gg - UTM (N)Tractor
UTM (CellSize)north / south

(3.12)

_UTM (E)oo - UTM (E)Tractor
- UTM (CellSize)east / west

(3.13)

where UTM N) oo and UTME) o are the reference UTM coordi nat es of
cell[0][0O], UTM N) tractor and UTME) rractor are the derived UTM

coordi nat es of t he tractor, UTM Cel | Si z€e) cast/west and
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UTM Cel | Si z€) nortnisouth are the cell dinmensions in the respective

grid directions.

The RTDGPS program initialized a search that scanned in

“iI” strings and extracted out characters “j”, “j* from the
string and converted themto field inputs.
3.7.3 Variable Rate Flow Rate Determnm nation

The first two steps in variable rate fertilizer

appl i cati ons have been conpleted. The last step is to perform
the requested action. The MCU servo nmotor interface requires

the rotational periods for each notor base on the foll ow ng:
the velocity of the tractor (Egn. 3.11)

the required mass inputs for each fertilizer (cell[i][]j] and

cel I[i][j+1] (Egn. 3.12, 3.13)

The periods are then conputed and sent to the MCU for anal ogue

conversi on and servo notor action.

3.7.4 Flow Rate Cal cul ati on
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The rotational period for each notor dictates the nmass
of material dispensed into the airseeder wind tunnel and out
t hrough the inplenent into the ground. Two constant val ues

cone fromthe calibration of the air seeder:

The base period (Base) - the period of one revolution at 100

RPM

The Mass Per Revolution (MPR) - Mass dispensed by one

revol ution of the servo notor.
The conputation is perforned in three steps:

Acres Per M nute (APM,

r 640
APM = 56280 xDW (3.14)

52802

where r is the velocity converted to MPH, 60 is the nunmber of
m nutes in an hour, 5280 is the nunmber of feet in a mle, DW

is the drill width in feet, 640 is the nunmber of acres in a

square nile.

Revol ution per M nute (RPM,



71

RPM = Rate xAPM (3. 15)
" MPR '

where Rate is the prescription map val ue.

Period (P),

P =—— Base (3.16)

Al of the conputations in this chapter were perforned
over a period of one second and communicated to the variable

rate applicator (Section 2.6.2) for action.
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CHAPTER 4

RESULTS OF PHASE 1 AND GPS PERFORMANCE

The Phase | data canpaign occurred from August to
Novenmber, 1993. Post processing, nmapping and analysis of the
data confirmed that variability exists. The DGPS integrated
systenms used to collect field attributes gave the researchers
with maps of yield, salinity, soils, nutrients and el evations
at a resolution and data density never achieved previously.
VWhen converted to a raster based map format they can be
| ayered via a G S package (i.e., GRASS) for further analysis.
The accuracy and reliability could also be assessed based on

t he post processed results.

Figure 4.1 shows the distribution of the test sites in
Al bert a. Figures 4.2,4.3,4.4 and 4.5 are a sketches of the
general field shapes with a brief summary of data collected

fromeach site during the Phase | data canpaign .
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4.1 Site Sel ection

To perform research at farm scale four sites wthin
Al berta, operated by Farnmer Cooperators, were selected that
represented a range of farmng conditions throughout the
pr ovi nce. Each site has different agro-ecological features.
Sel ection criteria included noisture reginme, salinity, soil

types and topography.

@ |Test Site

ALBERTA

Edmonton ———— Mundar e

Stettl er

Bow I sl and

Figure 4.1 - Location of Farm Sites
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4.1.1 Bow I sl and

Bow island is 130 acres under a centre pivot irrigation
system Seeded to wheat, it experienced large quantities of
volunteer barley. Salinity problems exist on the gradual
sl opi ng topography of approximately 8 netres in relief. Brown
soils with silty loam exist on till and fluvial parent

material. Data on yield, salinity and soils were coll ected.

LATITUDE Us LONGITUDE <(GP3)
Max. Latitude = 49,5437
] ]
o] ]
in L
2 1
- -
- -
T 7
Irrigalion Reglan
1 1l
g 7
g Bow Island Headiands g
- *
- L}
4] 4]
c c
0 ]
- Headlands -
}é Monitor Station . :
m -
E o
Start: 321188 Min. Latitude = 49,5405 Finish: 321782
Trajectory Plot Based on File perim.out

FIGURE 4.2 - Bow |Island Test Site

4.1.2 Hussar
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Hussar is a 200 acre field of spring wheat dom nated by a
large hill. Relief is approximtely 40 metres with smaller
hills around the perimeter. The field has experienced | ong
duration cultivation which resulted in a soil erosion problem
whil e sonme | and has been recently broken out of native grass.
Dark brown soils and clay |oam exist on till parent materi al
with calcareous on eroded hilltops. Data for t rut hi ng

transects, yield and soils were coll ected.

LATITUDE Us LONGITUDE <«(GP3)
Max. Latitude = 51.1129
- e
g 2
=] 1\ Swamp CH
w o
- L]
- Ll
1 1
1 1l
] Hussar [
T T
3 3
I I
] (L]
u] u]
= c
=] =]
- |
. Monitor ;
X StationJ =
= ® =
Ftart: 245308 Min. Latitude = 531.10538 Finish: 249189
Trajectory Plot Based on File hussar.out

FI GURE 4.3 - Hussar Test Site

4.1.3 Stettler
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Stettler is an 80 acre field seeded to Harrington barley.
| t has extrenmely hummocky topography wth knolls of
approximately 5 to 10 netres relief. The black soils have
fluvial and till parent materials and topsoil textures range
from loany sand to loam The field has been cultivated for 80
years with a crop rotation of barley, barley, wheat, canola

cycle. Data on yield and soils were coll ected.

LATITUDE WUs LOHGITUDE <GPS
HMax. Latitude = 52.1549
Monitor
=] *
Q s 'r]
m 3]
- -
T T
Swamp
1 I
; d> STETTLER ;
T T
: O :
- -
- -
E' Swamp 5:1
[=] [=]
| |
% c
m - ol
E =
Start: 504500 Hin. Latitude = 52.1532 Finish: 518071
Trajectory Plot Based on File stettler.out

FIGURE 4.4 - Stettler Test Site

4.1.4 Mundare
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Mundare is an 80 acres field that is part of the Parkland
Agriculture Research Initiative (PARI) site. The experinenta
field was seeded with canola. The |andscape is a low relief,
hummocky till plain with potholes of low lying regions not
suitable for farm ng. The black soils have predom nately silt-
| oam textures and are affected by salts and inperneable
subsoil. Data on TDR probe results, square netres cuts,

salinity and soils were coll ected.

LATITUDE WUs LONGITUDE CGPS2
Max. Latitude = 53.3404
=] W
n o
=] =
- -
5 5
Monltot
5 Wetlands o
: Station| '
: [::::} i ®
4 —— Wetlands =
2 - Wetlands s
[} (L]
m = :
c c
=] =]
| |
% <7 £
m .
= =
Start: 253360 Min. Latitude = 533.3337 Finish: 261960
Trajectory Plot Based on File mundare.out

FIGURE 4.5 - Miundare Test Site

4.2 Harvest Results (YLD UTML)
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Only three of the four selected sites were harvested in
Phase |I. The Mundare site was neglected due to a problem w th
the hardware required for the vyield nonitor. The three
remai ning sites, Bow Island, Hussar and Stettler were
successfully harvested. The yield response from Bow I sl and was
not as extrenme as at the other two sites. This is due to the
extensive control over noisture and the lack of relief across
the field. The two remaining sites showed that extensive
variability exists and only the relative magnitude is

different for each field.

Figure 4.6 shows the conmbine track and yield nmeasurenent
(in gray tone scale) for the Hussar site. At this site two
conbines were used due to the poor weather forecast. Only
every other swath was neasured for vyield. The output from
YLD UTML (Sec. 3.4.2) overlays the crop response at each DGPS
position so that variability can be inspected visually across
the field. This allows researchers to isolate select parts of
the field for closer analysis (the program SORT_YLD all ows
direct data extraction primarily for this reason). The nottled
appearance of the spatially related data in the figure bel ow

illustrates the extent of the variability found in the field.
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Several patterns of crop response can be seen based on the

hi story and | andscape knowl edge of the site.

Harvest Yield Results LEGEND

Mean Harvest - 39.0 Bu per Acre

FI GURE 4.6 - Hussar Harvest Response

The variability is due to the inherent differences in
soil, nutrients, |andscape, salinity and history of the field.
VWhat is to be yet determned is the extent that each factor
has on crop response and how it should be dealt with at pre-
seeding and seeding time. This is a task for the agronom sts

and soil scientists. However they do now have at their
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di sposal vast ampunts of spatially related data to assist them

in their analysis.

4.3 Salinity Results (SALT UTML)

Al t hough automated data collection for salinity mapping
is not new to the agricultural industry (Lachapelle et al.,
1992), inprovenents in the integrated system had been nmade
The position accuracy of the EM38 data has been inproved by
moving to a high performance GPS receiver. The degree of
salinity in any given field can have a significant effect on
crop response (MKenzie et al., 1989). The following figure
is a salinity survey perfornmed at Miundare and the resulting
salinity map. This map can also be overlaid on other field

information for further analysis.
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FIGURE 4.8 - Salinity Map of Mindare

4.4 DGEPS Accuracy and Repeatability in Hei ght

A concept to research is the accuracy and integrity of
the results that are used to base actions. The results of the
crop response and salinity mapping can be ground truthed
Hi story of the field use and soil sanpling have been well
documented by the farm operators. What is left to confirmis
that the position information that has been collected via the
integrated systens is sufficiently accurate for the intended

pur pose.

To assess the quality of the DGPS data for the entire
project, several of the larger data sets were re-processed
using a technique different than the SC solution approach. A
hi gh precision kinematic processing run was performed using
the OTF (Section 3.2) phase solution. The devel oped FLYVSC3N
(Section 3.5.1) was used to perform epoch by epoch
conparisons. The OTF phase solution approach had to be taken
because there existed no other way to resolve the anbiguities.
No antenna swap or fixed baseline initialization procedure

preceded any of the canpai gns.
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To further investigate the height component, used for DTM
and associated derivatives of surface nodeling, a height
repeatability analysis was perforned using the devel oped

software X OVERL (Section 3.5.2). The results of both the SC

solutions and the OTF phase solutions are assessed.

4.4.1 FLYVSC3N Results

The OTF solutions, used to assess the SC perfornmance,
were verified as correct by inspecting the residuals of each
solution. Typically, the RMS values were less than 3 cm for
all satellites used in the solution. The time required to
resolve the integer anbiguities was between 5 to 15 m nutes
depending on the nunber satellites that were being tracked

whi ch was between 5 and 10 for the project.

Two of the largest data sets spanning two day periods
and a four hour data set were used to assess the position
accuracy of the DGPS in SC node. At all times a choke ring was
used at the nonitor station but due to nmounting constraints,
one was not used on the renote. The following data sets were

used:
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t he Hussar swathing data (Septenber 20,21, ses. 1,2,3,4)
t he Hussar soil sanple location data (Novenmber 9, ses. 5)
t he Bow I sl and harvest data (Septenber 30,31, ses. 6,7,8)

The swat hing and harvest data sets were collected during
normal farm ng operations where as the soil |ocation data set
was extended to perform a grid pattern for the testing of
hei ght repeatability. Shown below is the tractor trajectory of
t he Hussar site (session 1-4). Data was collected at 1 Hz with

nore than 70,000 position conparisons nade.

LATITUDE Us LONMNGITUDE CGPS)
Max. Latitude = 531.1129
Q — o
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=] + o
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-y -
4] 4]
c c
Q =]
| -
; :
= = =
Start: 234449 Min. Latitude = 51.1058 Finish: 267841
Trajectory Plot Based on File rhuoch.out

FIGURE 4.9 - Trajectory Plot for Septenber 20-21
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The follow ng histogranms (Ses. 5) illustrate the typica
range  of t he di fferences experienced at al sites.
Easting Differences! Flykin File flykin.out, C3IHawv File rhunw?.out
Max Easting = 0.398, HMin Easting = —-0.514, Range = 0.912
Max 2-D Difference = 1.114, HMax 3-D Difference = 3.439
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FIGURE 4.10 - Hi stogram of Easting Differences

Easting Differences: Flykin File flykin.out, C3Hawv File rhunuv?.out

Max Easting = 0.398, HMin Easting = —-0.514, Range = 0.912
Max 2-D Difference = 1.114, HMax 3-D Difference = 2.139
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Difference in Hetres

Horthing Differences: Flykin File flykin.out, C3Hawv File rhunwv?.out
Max Morthing: 1.06, Min Morthing: -1.03, Range:!: 2.10, Max Pdop: 1000

Max 2-D Diff: 1.11, HMax 3-D Diff: 2.14, Reject Dist: 100.00
BME: D0.26, Mean: 0.02, Rejected 0.00 percent of 16823 positions
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FIGURE 4. 12 - Hi stogram of Northing Differences
Horthing Differences! Flukin File flykin.out, C3Hawv File rhunv?.out
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Height Differences: Flykin File flykin.out, C3Hawv File rhunw?®
1.862, Min Height = —-1.870, Range = 3I.732
Max 2-D Difference = 1.114, Hax 3-D Difference = 2.13%9

Max Height =
RHME = 0.60%3.

HMean

-0.239, based on 14319 positions
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The histogranms indicate that the differences in UTM
easting, northing and height are distributed normally. The
epoch by epoch line plots show the classic sinusoidal |ow
frequency trend of nmultipath. In this case it is a conbination
of ground nmultipath and nultipath created by the comnbine
itself. No choke rings were used on any of the renote stations
in attenpts to mnimzing nultipath due to nounting

constraints.

The spikes in the line plots are due to changes in PDOP
values which magnify the error in the code position
capabilities. This commonly occurs when a satellite 1is
bl ocked or the data is rejected causing a sudden change in the
satellite constellation and hence DOP. A maxi mum PDOP val ue of
10, calculated by the SC solution, was used as a rejection

criteria for a position comparison.

The high frequency noise is a conbination of the receiver
noi se on the code and the receiver noise on the phase. Wen
you conbi ne sol utions, the noise associated with each sol ution

is carried onto the result. In this direct epoch by epoch
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conpari son,

the OTF phase solution

is

taken to be errorless

which in reality is not true. Residual effects of nmultipath in
the 2-3 cm level and neasurenment noise in the cm |eve
still resident in the solution (Evans, 1986).

The table of position results is therefore a pessimstic
estimation of the true results because they include
residual errors of the OTF phase sol ution.

Desc. | Start End RMS Max M n Mean QObs.
Ses 159830 [77610 14386
E 0.171 0.355| -0.588| -0.085
N 0. 249 0.736| -1.043| -0.074
H 0. 583 0.851| -1.844 | -0.401
Ses 2| 89583 | 89660 3678
E 0.123 0.246| -0.349| -0.074
N 0. 135 0.290| -0.315 0. 046
H 0. 482 0.013| -0.291| -0.417
Ses 3248795 (253505 4674
E 0.103 0.207| -0.770 0. 025
N 0. 143 0.435| -0.393 0. 080
H 0.405| -0.017| -1.137| -0.369
Ses 4 (256829 |266380 9458
E 0. 145 0.438| -0.291 0.019
N 0.194 0.500( -0.356 0.111
H 0. 450 0.629| -1.388| -0.325
Table 4.1 - Hussar Swathing Data - Results in Metres
Desc. | Start End RMS Max M n Mean Qbs.
Ses. 6245650 [260006 14319

are

t he
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0.194 m and 0.477 m for
conponent s
Thi s surpasses the project

hori zontally and 1.0 m vertically.

E 0. 141 0.398 -0.514 -0.004
N 0. 267 1.063 -1.035 0. 028
H 0. 605 1.8620 -1.870 -0.239
Table 4.2 - Hussar Soil Data - Results in Metres
Desc Start End RMS Max M n Mean Qbs.
Ses 6 441125452300 11118
E 0. 180 0.970 -0.511 0.024
N 0.210 0.780 -0.817 0. 044
H 0.411 1.183 -1.807 0.103
Ses 7 |409700 506000 9063
E 0.110 0.482 -0.431 -0.007
N 0. 146 0.8421 -0.782 0.024
H 0. 349 2.698 -1.333 -0.001
Ses 8 |535000 538500 3499
E 0. 247 1. 738 -0.175 0.119
N 0. 208 0.291 -1.798 -0.014
H 0.579 0.828 -4.099 -0.078
Table 4.3 - Bow I sl and Combine Data - Results in Metres

The nmean RMS val ues (1s) of

respectively based on 70,195 position conparisons.

the easting,

RMS accuracy requirenents of

the data sets are 0.112 m

northing and height

To further

enhance the DTM

0.5 m
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nodel i ng and aspect mapping capabilities, the cm level OTF

phase sol ution used.

The position results are an indication of the advances in
recei ver technology. The narrow correlator spacing technique
produces accuracies reliably in the sub netre range in 3D. A
standard correlator receiver (chip length of 293 netres)
produces position accuracies in the 2-5 nmetre range. The
differences in the price of the hardware may or nay not
justify the higher accuracies for a comrercial market. For nmay
aspects of the project, less than 5 nmetre accuracy is
acceptable (i.e., soil sanpling) but totally inaccurate for

yi el d rmonitoring.

4.4.2 X OVERL Results

The verification of heights determned from DGPS was
required to quantify the errors in the DTM and associ ated
of fshoots of surface nodeling. The height conponent of DGPS is

t he weakest part of the derived 3D position. This is because
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only the upper hem sphere of the constellation is visible for
the user and hence there is only geonmetric strength in the up
direction. Latitude and |longitude are nore accurately derived
due to stronger geonetry in east/west and north/south
directions. This is evident when inspecting tables 4.1 to 4.3
of Section 4.2.1. The RMS values significantly increase for
t he height conmponent as conpared to the RMS values for the

| ati tude and | ongitude generally by a factor of 2.

The program X OVERL (Sec. 3.5.2) was designed to
determine the repeatability in the height conmponent in a data
canpai gn or an inter-session conparison. To be able to nake an
adequate investigation all data to be tested nust be at the
sanme height datum (i.e., ground level). Two tests were

conducted using the follow ng data sets:

t he Hussar swat hi ng data (Septenber 20, 21)

t he Hussar soil sanple |location data (Novenber 9)

The Novenber 9 data canpaign was tested for an interna
determ nation of repeatability. Below is the trajectory plot

of the grid pattern used. Each dot on the plot indicates a
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crossover as defined by two or nmore points within the search
radius (see Section 3.5.2). Gaphical inspection reveals that
an adequate number of crossovers (i.e., greater than 1000)

were detected to produce reliable statistics.
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FIGURE 4.16 - Trajectory and Crossover Points (Nov. 9)

Figure 4.17 is the <crossover distribution from the
trajectory of Novenber 9. A maxinmum difference of two netres
occurred in the crossover detection. The RMS difference of

0.569 m in height is due to the sum of three different
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sources; difference in geonetry, true relief inside the search

radi us and position accuracy.

Histogram Sumnary of Crossover Determination Based on File rhunwd.hst
Radial Test Distance = 3.000, HI = 0.000, Max Allowable PDOP = 10.0
Max RBHE in £ = 1.995, Min BME8 in £ = 0.000, Range in £ = 1.995

HMean BME of all Crossovers = 0.369 based on a total of 1044 detected
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FIGURE 4. 17 - Histogram of RMS Differences

To further exam ne the height repeatability during the
sanme session, the sane data set was re-run using the OTF phase
solution. Results were nmuch better due to the better position
determ nation capability. The RMS of 0.108 m indicates that
t he predom nate sources of error in the snoothed code sol ution

are geonetry, difference in measurenent resolution and
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mul tipath. If the relief variations within the search radius
had been significant, the results of the two solutions would
have been much cl oser in magnitude. The | argest differences in
hei ght were confirnmed to have occurred on a steep hillside
where the relief is approximately 2 metres in a radius of 3
metres. One approach to removing the error due to true relief
is to mnimze the search radius. The result of this is fewer
crossovers detected. The topography and vehicle dynamcs

shoul d be consi dered when sel ecting a search radius.

The repeatability in height was also of interest for an
i nter-session conparison. Data sets that were six weeks apart
were processed through X OVER1L to determine the effects of
derived heights over time. A sunmary table of the RMS val ues
for all tests performed for height repeatability is shown
below. The trajectory plot shown in Figure 4.18 is the
trajectory of Novenber 9 superinposed over the two days

(Sept enber 20, 21).
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Novenber Sept enber Nov 9,
9 20, 21 Sept 20, 21
Snoot hed 0. 569 0. 250 0.432
Code
OTF Phase 0.108 0. 094 0.172

Table 4.4 - Crossover sunmary - Results in Metres
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FIGURE 4.18 - Trajectories and Crossover Points
(Nov. 9 and Sept. 20-21)

The results in table 4.4 verify that the DGPS heights

derived are stable within the session and over tine. The
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accuracy required in height for this project is 1.0 m (RMS)

and is delivered by both processing nethods.
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CHAPTER 5

RESULTS OF PHASE || AND REAL-TI ME DGPS PERFORMANCE

Phase 11 is the inplenmentation of the variable rate
fertilizer application. Alberta Agriculture had specified the
fertilizer blend and bands to be inplenented for each field
and laid out the grid pattern for navigation in the

prescription map.

5.1 Field Test Regi ons

The design of each prescription map was determ ned by the
field shape, ease of tillage or crop. Only sections of the
fields where detailed soil sanples had been taken were to
undergo the variable rate and banding application. The
remai nder of the field would receive a blanket application as
per the local farm operator. The results from the 1994 fall
harvest wll be Ilayered over the spring 1994 fertilizer

applications to study the crop response.
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5.1.1 Bow I sl and

The Bow Island test region uses the west half of the
irrigated section as shown in Figure 5.1. By selecting this
portion of the field, the largest irrigated region would be in
use and the pivot would not pose a field hazard. The soil
sanples were also perfornmed in this region. Additionally,
| andscape specific soil sanples were taken in and around the

test region.
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FIGURE 5.1 - Bow Island Test Region

5.1.2 Hussar

The Hussar test site was lateral in the east/west
direction as this would allow long strips the length of the
field and is conpatible with the direction wused in the
remai ning portion of the field at seeding and harvest tine.
Three sections as shown in Figure 5.2, were used to perform
variable rate application as well as sone strips for fixed
bandi ng. Extensive soil sanpling had taken place throughout

the field as well as | andscape specific sanples.
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Figure 5.2 - Hussar Test Regions

5.1.3 Stettler

The Stettler site crop was to be put in a 315/135 degree
azimuth referenced to geodetic north. This was due to the crop
choice of canola. In order to protect the crop, the seed rows
must be aligned with the |ocal prevailing winds. The RTDGPS
system was then used as a navigation system to place the
tractor in the correct pattern as well as provide the
necessary position determnation for fertilizer blend and band

wei ghts. The test region is shown in Figure 5.3.
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Figure 5.3 - Stettler Test Region

5.2 Real Tinme DGPS Performnce

The performance analysis of the RT DGPS was evaluated in
a simlar manner as in Phase |I. Using the OTF phase sol ution
as a baseline, an epoch by epoch conparison was perfornmed with
the positions derived fromthe RTDGPS. Some nodifications were
made to FLYVSC3N to allow for the renoval of |arge position
differences as seen in the line plots in Figures 5.5, 5.7 and
5.9. A rejection distance of two nmeters (spherical) was used

at all sites. A running total of failed epochs (greater than
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the rejection distance) was also kept to determne if the
nunmber of rejections was significant to the overall

per for mance.

5.2.1 RT DGPS Vs OTF Phase Sol ution

The RTDGPS results at each site are conpared to the OIF
phase solution to evaluate the performance of the real tinme
positioning system Both the Bow Island and Stettler sites
were conpleted in one day. The Hussar site was broken into two
days to allow the Stettler site to be conpleted on schedul e.
It was returned to and conpleted the day after Stettler. Only
the first day at Hussar is represented in the table 5.1 as day
two was very short and non-continuous tracking problens
created very few epoch conparisons because the OIF phase
solution was not given sufficient continuous data to resolve

t he ambiguities.

Desc. START END RMS |% Reject| Mean # of Qbs.
BI 404950 | 448956 16935
E 0. 158 1.81 -0.030
N 0.192 1.84 0. 051
H 0. 386 2.04 0.179
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HU 153840 | 167280 5738
E 0. 210 1.48 0.070
N 0. 320 1.48 0.130
H 0.520 3.12 0.170
ST 263161 | 283756 14675
E 0.170 0. 95 - 0. 060
N 0. 240 0. 96 -0. 020
H 0. 460 1. 47 0.014

Table 5.1 - RTDGPS VS OTF Phase Position Conparison

The results expressed in table 5.1 indicate that a
degradation in position accuracy was experienced in the
transition from PMSC performance to RTDGPS performance. This
is due primarily to the latency of the differential
corrections in the presence of SA Since the data rate was
held fixed at 1 Hz, the effects of SA on the differential
corrections were partly conpensated for with the fast reaction
of the linear prediction formula (Egn 3.10). The residual
ef f ect of this prediction shows up in the position
differences. Additionally, there is a difference in the renote
station set ups for the real time portion. A chokering was
used in Phase Il to mnimze nultipath effects where no

chokering was present in Phase |I. Mean RMS values of 0.180 m
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0.250 m and 0.455 m in easting northing and height
respectively reveal that the project accuracies have been
mai ntai ned. The wuse of the chokering appears to have an
insignificant effect on the overall position accuracy. The use
of a chokering in Phase | may have produced slightly better
results but is not necessary for the project requirenments. Due
to the constraints of antenna nounting, this is a great

conveni ence.
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5.2.2 RTDGPS Vs SC Post M ssion

To quantify the absolute differences in the RTDGPS and
post m ssion SC (PMSC) solution, an epoch by epoch conparison
was also perfornmed. The histograns of easting, northing and
hei ght differences confirmthe degradation of the RTDGPS and a
deficiency in the RT system is also apparent in the epoch by
epoch line plots. The spikes are caused by an inconplete data
string containing the differential corrections calculated at
the nonitor station. The string was not verified for
conpl eteness at the renpte station resulting in spurious
corrections being applied. This caused position spikes of up
to 100 netres. The line plots in Figures 5.5, 5.7 and 5.9 have

had t he spi kes renoved.

The solution to the inconplete differential correction
data string is to calculate the validity (i.e., checksunm of
each string, append this value to the end of the string and
transmit it to the renpte station. Upon reception of the
incomng data string, the checksum is re-calculated and
conpared to the transmtted value for integrity verification

If the string is rejected then the range correction applied is
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conputed fromthe |inear prediction equation (Egn. 3.10) using

the nost current range rate val ue.

To prevent the SC solution from degrading due to SA over
successive epoch with no range corrections, a warning system
was enbedded into the RTDGPS software to issue a warning beep
and status nessage when corrections were del ayed |onger than
the data collection interval. Typically, +the system was
allowed to drift for 10 seconds using Eqn. 3.10. At this
point, prelimnary investigation showed that the SC accuracy
had sufficiently degraded to the netre | evel and deteriorating
qui ckly. The wuser is notified and the variable system shut
of f. The npbst common reason for |oss of correction information

was radi o communi cations fail ures.
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Easting Differences: Flukin File rstapZ6r.out, C3Hawv File rstap26h.out
Max Easting: 1.94, Min Easting: -1.78, Range: 3.7Z, Max Pdop: 9999
Max 2-D Diff: 1.07, Max 3-D Diff: 2.04, Reject Dist: Z2.00

RM:Z: 0.09, Mean: -0.00, Rejected 0.93 percent of 14677 positions
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Figure 5.4 - Easting Differences (m for RTDGPS Vs PMSC

Easting Differences!: Flykin File rstap26r.out, C3IHawv File rstap26h.out
Max Easting: 1.94, Min Easting: -1.78, Range: 3.72, Max Pdop: 92999

Max 2-D Diff: 1.07, Max 3-D Diff: 2.04, Reject Dist: 2.00

BME: 0.09, Mean: -0.00, Rejected 0.953 percent of 14677 positions

Hetres
=
Q
Q

0.50
o0.00 .1.I.|1I| ;M - I’

in

-0.30

—-1.00

Difference

-1.30

—-2.00

—-a

.90
263169 20588 283757
GPE Tine in Seconds

Figure 5.5 - Epoch by Epoch Conpari son
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MHorthing Differences:

Flukin File rstap26r.out, C3Hav File rstapZ6h.out

Max Horthing: 1.02, Min Horthing: -1.34, Range: 2.36, Max Pdop: 9999
Max 2-D Diff: 1.07, Max 3-D Diff: 2.04, Reject Dist: Z2.00
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Height Differences: Flukin File rstap26ér.out, C3MHav File rstap26h.out
Max Height: 1.81, Min Height: -1.9%, HRange: 3.72, HMax Pdop: 9999
Max 2-D Diff: 1.07, Max 3-D Diff: 2.04, Reject Dist: Z2.00

BRM:Z: D0.28, Mean: -0.08, Rejected 1.253 percent of 14677 positions
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Figure 5.8 - Height Differences (m for RTDGPS Vs PMSC

Height Differences: Flukin File rstap2ér.out, C3Mav File rstap26h.out
Max Height: 1.81, Min Height: -1.98%, Range: 3.79, Max Pdop: 9999
Max 2-D Diff: 1.07, Max 3-D Diff: 2.04, Reject Dist: 2.00

2.50 RME: 0.28, Mean: -0.08, Reijected 1.25 percent of 14677 positions
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The following table is a summary of the RT DGPS and the PMSC

posi tion conparison.

Desc. START END RMS |% Reject| Mean # of Obs.
BI 403317 | 448956 21190
E 0. 010 2. 17 0. 000
N 0.120 2. 46 0. 000
H 0. 230 3. 34 0.120
HU 153840 | 167280 6309
E 0.110 1.51 0. 030
N 0. 160 1.54 -0. 030
H 0. 260 1.68 -0. 140
ST 263161 | 283756 14677
E 0. 090 0. 95 - 0. 005
N 0.120 0.97 -0.010
H 0. 280 1.25 -0.083

Table 5.2 - RTDGPS VS PMSC Conparison - Results in netres

The amount of conparisons rejected were in the range of
1-2 percent are insignificant conpared to the population size
of the data. What is of concern is the resulting velocity
conmputation. Since the determ nation of the velocity occurs in
the position domain, the illustrated spikes in the above I|ine
plots will cause the velocity to spike in a simlar manner.
This was detected in the testing stages of the conplete system

fromthe screen which displayed the UTM easting and northing,
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the current prescription map cell location as well as the
velocity in netres per second. Since the origin of the spikes
were unknown at the time, a safety valve was programed into
the communications to the MCU to reject any velocities that
exceeded the airseeder’s rated maximm of 2.2 netres per
second (five MPH). When a spurious velocity was detected, the

servo notor speed was held constant at the previous val ue.
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CHAPTER 6

CONCLUSI ONS AND FUTURE RESEARCH

6.1 Thesi s Concl usi ons

This thesis has outlined a precision farm ng approach in
t he Al bert a agricul tural conmuni ty. The desi gn and
i npl ementati on of data collection via DGPS and DGPS i ntegrated
systens has been described and inplenmented through hardware
and software. Crop variability has been neasured and napped at

three site specific farmng |locations in Al berta.

Addi tional information such as soil variations, degree of
salinity and topography have been collected, <collated and
draped over yield response via the GS to assist in
identifying the major causes and contributions each of crop
response and future <crop potential. From the previously
menti oned information, agronom sts have been able to identify
regions that can be optim zed via variable rate inplenmentation
of fertilizer blends and bands. The DGPS system and data

capture procedures denonstrate that the spatial relationships
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can be achieved with accuracies of 0.112 m, 0.194 m and 0.477
m in easting, northing and height respectively providing the
reliability required for the farm site maps. The performance
of the C/A code pseudorange used in differential npde was
verified by a position conparison with the OTF phase sol ution

t echni que.

A prescription map containing the proposed optimal input
for each sub-field or a band for further crop reaction study
was designed for each site. To carry out the prescription map
instructions, a variable rate fertilizer applicator was
integrated with a RTDGPS navigati on and controller system that
correlated the position in the field to the position on the
prescription map. The real tinme system perfornmance was
slightly degraded (0.180 m, 0.250 m and 0.455 min easting,
northing and height respectively) conpared to what was
achieved in Phase |I. The blend and band was extracted fromthe
map, position and velocities determ ned and prescri bed amunts
of fertilizers placed into the field at the pre-defined
| ocation. The RTDGPS system perforned adequately enough in
conparison to post mssion results to conclude that the

prescription map requests were properly placed. The algorithns
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for the RTDGPS software were adequate for the task but should

be made nore robust to accommopdate the problens associated

with SA loss of radio communications and data integrity.

The use of a chokering on the farm vehicle in Phase 11
proved to be of little benefit based on the few centinmetre

degradati on experienced in conparison to Phase I.

6.2 Future Research

Some inprovenments to the current prototype system are
required. The addition of noisture sensors to the yield
monitoring will assist in determning the relative variations
in vyield nmore accurately than assumng all crops have
homogenous noisture content. Including information such as
infrared and aerial photography wll allow researchers to

i nvestigate other sources of non-optimal crop response.

Results from the previous and wupcomng years wll
undoubtedly guide researchers in new directions for both
hardware and software considerations as well as highlight

field characteristics for closer investigation.
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| mprovenments to the RTDGPS software to the stage of a
full navigation system for additional farm use is the next
| ogi cal step. Farm operations such as herbicide and pesticide
applications or multi-tasking data collections system such as
yield nonitoring and weed infestation tracking wll allow

further optim zation and control of |and use.

Sust ai nable and economical farming is a grow ng
concern anong the agriculture community. The interest in
precision farmng is growing worldw de with an estimted 5% of
the farms in the USA already using this type of technol ogy.
The econom cal benefit to the farmng community can be a
conbination fertilizer saving and crop return of several
dollars per acre (Goddard, 1994) to a high as $18.70
fertilizer savings per acre with no loss of crop yields (Mann,

1994) .

As GPS receivers continue to becone nore affordable and
conputers nore conmmonplace, the use of this technology wll
undoubtedly grow as the benefits are realized. Already in

Europe there is legislation to prevent the overuse of farm
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chem cals that cause environnental contam nation (i.e. excess

nitrogen | eaching into the groundwater).

The G obal Positioning System conputer advances and
smart sensors are allowing farmers to perform the tasks that
wll allow farmng to be nore environnmentally friendly,

sust ai nabl e and econom cal for future generations.
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