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ABSTRACT

The use of clock and position constraints is a standard part
of GPS navigation. A 3 dimensional position constraint is
normally used to facilitate the generation of differential
corrections, and to provide afixed location to which RTK
vectors can be applied so a precise position may be
computed. Furthermore, clock and height constraints can be
used to improve the geometry provided by the satellite
constellation and in some cases provide a degraded solution
in cases when less than 4 satellites are available. But in land
and air applications, such constraints are not particularly
useful for navigation because the constraints are often not
accurate enough to strengthen the navigation solution
significantly.

Recently, NovAtel Inc. was approached by SportVision
with arequest for a reasonably priced navigation system
which could provide 1 metre positioning accuracy on a
racetrack where the satellite geometry would periodically
be very poor due to restricted visibility. Initial attemptsto
use clock constraints, height constraints, a position velocity
filter and alow cost inertial system did not meet the
requirements. A novel approach using planar section
constraints provides the required accuracy and in fact

facilitates a dramatic improvement in not only ambiguity
resolution time but also ambiguity resolution reliability.

Briefly, the method requires a contiguous set of planar
sections which represent the surface of the track on which
the vehicleis driving. When aroving receiver ison the
track, it searches for an appropriate planar section by
projecting its approximate position onto a horizontal
reference frame used by the model. Having found the
appropriate planar section, the remote receiver constrains
its position in the direction normal to the planar section. To
be useful, the position of the defining planar sections
corners must be known to high accuracy in the same
reference frame as the base station co-ordinates. In this case
the planar sections a produced photogrammetrically and
have an accuracy of about 10 cm.

The use of such planar constraints has a dramatic impact on
both pseudo range accuracy and RTK availability. This
paper describes the methodology used to provide planar
section constraints and will show test results which
demonstrate the accuracy and reliability improvements
achievable with this method.

INTRODUCTION

Many land applications which use GPS are hampered by
the restrictions imposed by buildings and natural
impediments to the transmitted GPS signal. Often the GPS
geometry istoo poor to provide the geometrical strength
required to generate the position accuracy the application
reguires. A particular example of thisisthe SportVision
application which requires GPS positioning accuracy of 1
metre 95% of the time, in conditions of reduced satellite
visibility in a highly dynamic environment. The reason for
this positioning requirement is that SportVision's client
television network needed real time vehicle positions of the
participating vehicles for on-screen annotation of the race
cars during the broadcast of the race.

The actual environment is any one of a series of NASCAR
race tracks. Although each track is somewhat different, they
share four common features. First, the visibility to all
satellites is severely reduced at some point on the track due
to the existence of a grandstand on at least one side of the
track. Second, the availability of satellitesis reduced and
the remaining signals are corrupted by the proximity of a 10
metre tall overhanging steel and wire fence on the outside
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edge of the track designed to keep vehicle debris out of the
stands. Third, the track is not level, and in fact the cross
track dlopeis not constant, varying by as much as 35
degrees between the straight sections and the curves.
Fourth, the vehicle’ s linear velocity istypically 100 m/sec.
A final constraint on the system was cost. In atypical race
there are 40 vehicles, and any technology advances made to
one car have to be made to all of the others, so the
prospective solutions had to incorporate GPS signals only
or GPSwith avery low cost inertial unit.

SportVision and NovAtel Inc. investigated various
approaches to this problem. The first option involved a
height constraint based on the previous position.
Unfortunately, the dynamics involved made predictions that
would satisfy the accuracy requirementsimpossible. A
second approach included a clock constraint with an
OCXO. Unfortunately, the clock model could not take into
account the unpredictable effect of g sensitivity. The
variability in the banking plus the centripetal acceleration
experienced by the system made the lateral acceleration
vector vary by up to 10 m/sec. So the clock predictions did
not help the system satisfy the system’s position accuracy
reguirements. We at NovAtel Inc. attempted to develop a
decentralized position/velacity filter that accepted position
and velocity inputs from the existing least squares filter and
used these to generate an integrated model which could be
used when the number of satellitesin the constellation
dropped below 4. Unfortunately, this didn’t work either.
The random walk velocity model is not adaptable to the
dynamicsin the race environment, and random walk
excursions of tens of metres were not uncommon.
SportVision in conjunction with the manufacturer of alow
cost inertial sensor, attempted to quickly develop an
integrated solution, but unfortunately these kinds of system
developments take more time than SportVision had.

In spite of all of these failures with the NovAtel Inc.
receiver (by itself and in conjunction with other
technologies), a preliminary test broadcast in November
2000 showed enough promise to SportVision and their
client network that they were confident that an
incrementally improved GPS only system could provide the
system accuracy needed in the application. Two approaches
SportVision and NovAtel Inc. thought could be promising
were the use of track model constraints and the use of on
site pseudoalites. Of the two, the track model enhancement
was closer to production, so we decided to concentrate on
developing it first.

The constraint methodol ogy associated with a track model
constraint is similar to the use of a height constraint. If a
height constraint is used to aid the position estimation, the
method used is to assume the constraint is with respect to a
planar surface which is parallel to thelocal level plane at
the approximate position of the receiver. Then the

uncertainty of the constraining position can be represented
in the local level frame by a diagonal covariance matrix
with large entries for the horizontal components and a
relatively small entry for the vertical component. Since the
estimation is done in the Earth Centred Earth Fixed (ECEF)
frame, the covariance in the local level frame hasto be
transformed to the ECEF frame with the linear
transformation relating the two frames. If the position
changes significantly, the local level planar surface will
change with respect to the ECEF frame and the
transformation has to be repeated. Otherwise the same
ECEF covariance can be used over again. In atrack model
constraining process the implementation is very similar
except the constraint position and covariance (or weight)
matrix changes at amost every positioning epoch, and the
constraining planes are not necessarily paralel to thelocal
level plane. The constraining method is applied to both the
least squares and RTK processes, and the specific
implementations for these processes are described later on
in more detail.

Before proceeding with those descriptions, let’s ook at the
track model representation itself. A track model is a set of
planar surfaces which approximate the contiguous surface
on which the navigation takes place. Each planar surfaceis
defined by three vertex points (atriangle). To obtain this, a
digital representation of the track surfaceis created using
aerial photogrammetry techniques. High resolution
overlapping aerial photographs are taken from
approximately 300 meters above the track surface.
Analytical photogrammetric workstations are used to create
adigital terrain model of the track surface. Observable
features such as paint, fences, walls, buildings, and
pavement boundaries are captured as well. These features
are used to verify proper registration of the track model
with the differential GPS system. The relative accuracy of
the track model is within 10cm. The constraint provided by
thisisthat while the antennais “within” the triangle, the
position of the antennais constant in the direction normal to
the planar section. Based on afixed antenna height, a planar
constraint can be defined with respect to the local planar
section. Thisis quite similar to a height constraint.
Complexity in the implementation of the track model arises
partly from the difficulty in determining which planar
surface to use as a constraining surface, and partly from the
system design required to generate the constraint for areal
time system. Thisis made more difficult due to the fact that
theinternal GPS filter works in the ECEF frame, while the
track model is described in the geographic frame. In order
for the application to be successful inrea time, a
transformation to an intermediate planar reference frame is
implemented. A description of this transformation, and the
subsequent search processisincluded later.

The position/clock filter in the NovAtel Inc. series of GPS
receiversis based on a single epoch least squares technique.



The first approach was to modify the least squares routines
so they could accept a planar section constraint and
associated weight matrix in its estimation process. This
reguired very small changes to the estimation process, was
successfully implemented in a short time and showed a
marked improvement in the system’s positioning accuracy.
These results are shown later on.

After the pseudo range filter modifications and testing, it
occurred to me that the constraint process would be ideally
suited to aid the Real Time 20cm (RT20) filter. The benefit
to thisfilter would be that the weakest direction (up) would
now have an initializer with significant weight. It can help
the RT20 filter provide more accurate positions as well as
providing an accurate seed sooner to the RT2 filter. So the
methodology used to constraint the RT20 filter is described
and real time test results for that filter are included.

TRACK MODEL DETAILED DEFINITION

The track model positions are defined in WGS84
geographic co-ordinates but the internal reference frame for
the GPSfilter isin ECEF co-ordinates. This would not be a
problem (the geographic co-ordinates can be simply
transformed to ECEF (xyz) vectors, except that the triangle
search engine requires a primarily two dimensional frame.
This could be satisfied if the internal position was
transformed to geographic co-ordinates, but this
transformation is time consuming, and it is possible it may
have to be carried out more than once per solution. So a
different approach was to generate alocal plane
representing the model and a simple transformation that
converts vectors in the ECEF frame to vectorsin the local
model frame. The corner positions of all the triangles (in
the ECEF frame) are differenced with alocal “base
position”. These are rotated to the local frame by the
rotation matrix required to rotated a vector in the ECEF
frame at the base position to a vector at the base position
but in the geographic frame. Solocal co-ordinates are
generated in this manner for al the pointsin the track
model. The generation is simple

Co-ordinates of model point in the local frame:

P = ReI * (Pecer — Peaseecer)

Where Pgosecer 1S the base position vector in the ECEF
frame,

Pecer isthe track model position in the ECEF frame,

R isthe rotation matrix used to transform a vector in the
ECEF frame to the geographic frame at the base position.

If atriangle search isrequired, the current GPS position is
transformed to the local frame via the same method and the
search progresses as usua in that frame. It is possible that

additional optimisation regarding the search may be
required once the algorithm is working on the OEM4 card.

Internally, the co-ordinates for all the points are maintained
both in the ECEF frame and in the local frame. The
constraint position is generated from the ECEF co-
ordinates, and the search algorithm is applied using the co-
ordinatesin the local frame. The search algorithm described
later finds an appropriate triangle. The previoudy generated
constraint position is taken from it and used as a seed
position in the filter. The 6 weight matrix elements for that
triangle constraint are expanded to generate a P, matrix for
the least squares solution.

SEARCH MECHANIZATION

The track model consists of a series of triangles
parameterized in alocal planar reference frame. The search
algorithm uses a routine supplied by SportVision which
determines whether or not a planar (x,y) position falls
inside or outside of atriangle. If it isinside, then that
triangle is used for the constraint, otherwise it continues the
search. This process continues until atriangle is found
which satisfies the conditions, or all of the possible
triangles have been eliminated as constraint candidates. The
processis optimised by dividing the triangle into 256
rectangular regions parameterized in the same local planar
co-ordinate system. It is easy to compute which of these
rectanglesincludesa particular position. Then arestricted
search of only the triangles within the target rectangle can
be made. Therefore, a search which would normally require
an average of 1000 triangle checks can be reduced to one
which takes an average of 16 or so.

LEAST SQUARESIMPLEMENTATION

In the following, the least squares process and the height
constraint modificationsto it are described. The
modification required to constrain to an arbitrary planar
surface follows.

The least squares filter generates corrections to the system’'s
ECEF position and clock according to the equation

X = (ATPA)T ATPw
where
OX = correction vector to position vector and clock
[X.,Y,Z,ClK]"
A = design matrix (nx4) based on satellite to receiver
geometry
Indetail A =[ALA2As. AT
And A, =[0R'/0X, 0R'/dY, 0R/9Z,1]
WithR = (X' = X)*+ (Y' = Y)? +(Z' - 2)*)¥2
X,Y,Z = ECEF user position
X'Y',Z' = ECEF satellite position



P = Pseudo range observation weight matrix (nxn) whichis
diagonal with the diagonal entries being the reciprocal of
the variance entries of the pseudo ranges.

w = The vector of misclosures between the theoretical
observations based on the current satellite set and the last
set of positions estimated, and the actual observations
(pseudo ranges).

% .
w= RobS-RI -C'k ) )
= Rops - (X' = X)?+ (Y' = Y)? +(Z' = 2)*)¥*- Clk

At every observation time, the processis repeated until the
length of the vector of corrections (8X) to the
position/clock parameter vector is small enough. Thisis
normally accomplished after two iterations. At each epoch,
the previous position and clock estimate is used to start the
process, but any covariance information associated with
that estimate isignored. This means that at every epoch, at
least 4 satellites are needed to estimate the 4 elements on
the position/clock vector. If information related to the
position/clock parameters were available, then this could
be included in a modified least squares process according to
the following:

X = (ATPA + P) T ATPw

where

P, = Parameter weight matrix (4x4) based on knowledge of
the parameters includes in the estimation process.

If certain elements of the parameter vector are well known,
then this knowledge can be incorporated in the system by
making the appropriate diagonal elements of the parameter
weight P, large. If, for example, the clock estimate hasa
standard deviation of ¥2 m, then the P, entry P, 4 would be
4, and one less satellite would be required in the estimation
process to generate a 4 parameter solution.

There are more complications if the knowledge of height is
to be represented by this system because height isin the
geographic reference frame and so the covariance
information for height must be transformed from the
geographic frame to the ECEF frame before it can be used
by the system in the estimation process. But thisisfairly
easy because the transformation between the two framesis
well defined.

For this case, the Px matrix is

P.=Cl=(J'Cy)*t

Where

C, = The covariance matrix of the position/clock in the
geographic frame.

J = The matrix of derivatives of the transformation of
position/clock from the geographic to the ECEF frame.

C, = The covariance matrix of position/clock inthe ECEF
frame.

In the case of the track model application, Jis not the
rotation matrix used to transform a vector from the
geographic to the ECEF frame, but instead a rotation matrix
used to transform a vector from the planar section frame to
the ECEF frame. This matrix is easy to generate by simply
representing three basis vectors, describing the planar
section frame and a normal to it, in the ECEF frame. The
positions of the vertices of each triangle are transformed
from the geographic to the ECEF frame. The differences of
these vectors are parallel to the planar section, and the cross
product of two of these difference vectors provides a
normal vector to the planar section. The cross product of
the normal vector with either of the vector differences
generates a vector parallel to the planar section and
orthogonal to the other two vectors used in the cross
product. Finally, normalising these three vectors provides a
set of orthonormal basis vectors representing the planar
section frame in ECEF co-ordinates. So this set of vectors
can be combined to generate J, the 3 by 3 rotation matrix
used to rotate a vector from the planar section frame to the
ECEF frame. Symbolically:

J=[B1|B,|Bs]
Where B4,B,, B; are the basis vectors whose construction is
defined in the previous paragraph.

The constraint position is given by the average of the three
corner positions in the ECEF frame plus the constraint
position relative to the planar section, transformed to the
ECEF frame. Symbolically, thisis:

Constraint position: Pg, = (P + P2+ P3)/3.0) + J* [0,0,hy]
Where P;, P,, P; are the ECEF positions of the planar
section corners, and h, is the antenna height with respect to
alevel planar section.

Thisisfairly straight forward, and mimics the constraint
logic used to generate geographic height constraints.

RT20/RTK FILTER MODIFICATION

RT20 [1] isaKaman filter that generates estimates of the
relative position between a reference and rover receiver as
well as estimates of floating ambiguities related to the

double difference carrier observations for those two
receivers. Inthe NovAtel Inc. receiver, RT20 provides a
best available solution when RTK is not available as well as
providing aninitial search space for the RTK carrier based
process[2].

Carrier positioning is a process in which arelative position
between two ground sites (a base station and aremote
station) is computed based upon observed fractional phase
differences and known whole cycle differences between the
two sites. The fractional and whole cycle differences



together produce a synthetic observation which is equal
(when converted to metres) to the geometrical differencein
distance between the two sites and the satellite they are
both observing. Knowledge of the whole cycle portion of
the synthetic observation cannot be determined directly
from the observations, but must be determined indirectly
from many observations over time during what is known as
awhole cycle resolution process. The whole cycle
difference is a'so known as a carrier ambiguity, and the
resolution process is known as an ambiguity resolution
process.

In order to resolve fixed integer ambiguities, an initial
guess of the position difference is made and a series of sets
of ambiguity candidatesis selected such that each set will
generate a position difference that is close to the one chosen
intheinitial guess. Each set is used to compute a position
difference and an associated set of residuals. For each set,
these residual s are accumul ated and the accumulation
compared to atheoretical accumulation and also to other
accumulations in the series of candidate sets. If the correct
set of ambiguitiesisin the series, then eventualy its
residual accumulation will be close to the theoretical
accumulation and also smaller than any of the residual
accumulations for the other sets. At thistime the correct
ambiguity set is known and can be used to generate relative
positions with carrier type accuracy.

To summarise, there are two things that have to be done to
resolve ambiguities:

1: Guess at an initial position, and an associated search
space whose size is based on the precision of the initial
position estimate.

2: Use the guess and its precision to define a series of
candidate sets of ambiguities and then accumulate
computed residuals over time and eliminating sets whose
residual accumulation exceeds some kind of threshold.

Typically a Kaman filter with both position and ambiguity
states is used to define an initial guess for the search space.
Itisruninreal time as carrier and pseudo range
observations are provided to it and some kind of executive
routine monitors its position covariance to see when the
search space can be defined and search can commence. By
including position constraints with the GPS observation set,
the precision of theinitial position estimate used to define
the search space can be reduced sooner and more, and this
should significantly speed up the resolution process.

The Kalman filter used to estimate position and floating
ambiguity states can be described as follows:

State: X=[x,y,z,N1,N2,...NK]
State Initial Covariance: P=[big diagonal elements, O off
diagonal elements]

The design matrix H defines the linear relationship between
the double difference observation (satellites r,j and the two
receivers) and the state elements.

For satellite j and reference satellite r the phase relationship
is

H = [AX /Ry AX o/ Riy, By /R - Ay of Riny, AZ o/ Riy
AZ./ Ri,0,0,...1,0,...0]

While the pseudo range relationship is

H = [AX /Ry X/ Riy, AY /R AY o/ Rip, AZ /R -
AZ.J Rin0,0,...0,...0]

The Kaman filter mechanization is as follows:

Gain: Ky = P ()HK'[HiPc (OH+RJ ™1
Covariance Update: P (+) = [I- K Hi Py ()
State Update: Xy (+) = Xy (-)+Ky [Z - HiXi]

Where

R = Observation covariance matrix (scalar for phase and
pseudo range observations)

Z = Observation (pseudo range or carrier measurement)

In the pseudo range and phase measurement
implementation, the observations are decorrelated and the
updates are done serially, one for each observation. With
the position constraint information from the track model,
the observation/state relationship is very simple

H=[1,0,0,0....,0]
0,1,0,0,...,0]
0,0,1,0,...,0]

H=[1,0] with | = 3x3 and 0 = 3x(n-3), (n = number of
states)

And C, isthe covariance matrix of the constraint position:

C,=J'CJ

Where

C; = The covariance matrix of the position in the “triangle”
frame.

J = The matrix of derivatives of the transformation of
position from the “triangle” frame to the ECEF frame.

C.= [10000, 0, 0|
0, 10000, O
o, 0, 0.01|

that is, the parallel elements are more or less unknown, and
the normal element is known to 10 cm at 1 sigma.

This completes the description of the RT20 process and the
track model constraint modification to it.



TEST RESULTS

The results show here are based on data collected during
two tests at the Fontana race track (California speedway) in
Ontario California. The first set of results compares the
performance of the system in single point least squares
mode with atrack model and without. The data for this was
collected in September 2000, and the results were generated
with a post mission process. After the RT20 filter was
modified to use track model constraints, the same data was
processed with the modified RT20/RTK process. The
second set of results are based on areal time data set (that is
generated in real time with atrack model inserted into the
OEM4 software), and address the effectiveness of the
system operating in RT20/RTK mode.

LEAST SQUARESFILTER TEST RESULTS

Fig1 Fontana Trajectory
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The test data used in the following analysis was collected at
the Fontana track in California on September 5, 2000. The
tracking environment was excellent, so that continuous
RTK positions are available. These are used as control
positions against which the unaided and aided differential
pseudo range positions can be compared. Since height is
the most sensitive component to the track model constraint
process, the focusis on the height results. There are four
plotsto follow. The first shows the trgjectory of the test
vehicle around the Fontana track. The second shows the
RTK height and standard deviation over time. The third
shows the same data generated from unconstrained single
point pseudo range data, and the last shows the heights
from a single point pseudo range process when the process
isaided with track model constraints.

Fig3 Differential Pseuda Flange Height (no Track Madel)
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The aided results shown on Fig 4 indicate a significant
improvement in height accuracy compared to those shown
in Fig 3. The unaided height shows atypical standard
deviation of between 3 and 4 metres, while the aided
heights have standard deviations of typically 0.5 metres or

less. The heights shown on Fig 4 before time 263600 and
after 264550 correspond to infield positions for which the
track model data did not exist.




RT20/RTK FILTER TEST RESULTS

The success or failure of the use of track model constraints
depends on the reliability of the model, and asit turns out,
the consistency of the datum used for the model and the
differentia reference station. So a preliminary section
which addresses the reconciliation of the two datumsis
included prior to the RT20/RTK results.

The model to base station datum discrepency is determined
below by comparing the track model normal constraint with
the precise GPS position in the direction normal to the track
model section applicable to the GPS position. This
comparison is given by , the misclosure used later in the
RT20 filter.

= R (row 3 (POSrT — POSTM)

Where

R." = the rotation matrix used to transform a vector from
the ECEF to “triangle” frame

Posgr = the GPS ECEF position (either RT20 or RT2)
Posry = the track model constraint position in the ECEF
frame

Note that wisjust the third element of the vector, because
thisisthe part in the direction normal to that pertinent
triangle.

The following sets of plots documents the validation work
on the track model supplied by SportVision. The
misclosure indicates the accuracy of the constraint.
Comparisons between an updated model and Real Time 2
cm (RT2) are shownin Figures5 and 6. There are
significant errors dependent on the position of the vehicle
on the track shown on Figure 5. These errors are primarily
related to the use of base station coordinates referenced to a
different datum than the track model coordinates. Figure 6
shows results when both the track model errors and base
station inconsistencies are removed. The inconsistencies
(datum shift) between the base station and track model
datums are observable via the misclosures described above,
and a method is described below that can be used to
estimate these shifts.

The following (Fig 5) shows a normal direction comparison
of the track model with RT2 vectors. Only RT2 positions
with standard deviations of less than 2 cm are used in the
comparison.

Fig 5 Track Model/RTK normal direction misclosures
rior to reconciliation
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Based on the avail able data, the following estimation
process can be used to determine the offsets required to
reconcile the base station and track model reference frames:

The offset between the base station frame and the track

model frameisreflected in triangle frame coordinates as
t — e

X3=X"0N3

The observation equation that models this vector

component is

= Xx° 0 N3 = R (row 3 (POSrT — POSTY)

or

0= X°0 Ny = U3'R,* (Poszr — Pos)

Where

x® = Base station shift in the ECEF frame,

x'3 = z component of base station shift in triangle frame
n; = normal vector to the triangle in the ECEF frame,
Ry’ = the rotation matrix used to transform a vector in
“triangle frame” coordinates to the ECEF frame

Us = unit vector normal to the triangle in the “triangle
frame” U;=[0,0,1]"

and o = dot product operator

Noting that nz is simply the transpose of the last column of
Ry’, aleast squares estimate can easily be generated from
this wvia

X = (Z(ATA)Z(ATw)

Where

A = ng = RUs

The summation goes from i = 1 to the number of RTK
observations on the model. In order for thisto work, a
model with reasonable variation of normal vectors hasto be
used if al three components are to be observable.

The method was implemented and the estimated base
station coordinate shifts were applied to the base station
coordinates to generate the improved results shown on
Figure 6 below.




Fig 6 Track Model/RTK normal direction misclosures
after reconciliation
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There are till some position related systematic errors
evident on this plot, but the residual errors could result
from errorsin the photogrammetry. A triangle specific
height shift (observable with RT2 positions) could remove
this error, but as it turns out, the improved preformance
based on a 10 cm track model error is sufficient.



RT20 PRELIMINARY TEST RESULTS:

The Fontana data collected last September are used to
generate constrained and unconstrained position results.
Theitems of particular interest were resolution reliability
and the time to resolution possible when constraints are
available compared to when they are not. First lets look at
the improvement in resolution time. In order to seethis, |
forced the ambiguity filters (both RT20 and RT2) to reset
10 seconds after every resolution, and then allowed the
ambiguities to be re-resolved.

Thefirst plot (Fig 9) shows the standard (unaided) RT20
misclosure from the track model and the misclosure
standard deviation against time. After each resolution the
filter isreset and the misclosure standard deviation starts at
the 10 to 15 metre level and decreases over the next 40 to
50 seconds to the 1.5 metre level.

The second (Fig 10) shows the same data but with track
model aiding the RT20 process. The standard deviations
shown are before the update, and that is why they are so
large. The unconstrained system managed 19 resolutions
(average resolution time of 51 seconds), while the aided
system completed 41resolutions, for an average resolution
time of 24 seconds.

Figures 11 and 12 show the time between successive RT2
records as well as the north co-ordinates of the RT2
positions only. The long time interval s show the resolution
times.
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The Figure 13 shows the track model misclosures of the
resolved positions. The misclosures are identical (when
available) to the ones seen in Fig 6, and thisindicates that
the 41 resolutions are correct.

Fig 13 Track model (Jan 19 Version) Error {vs RT2 at 2.5 cm} and North
With Track Medel Constraints and RTK Resets
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The errorsin position that occur in the resolved constrained
position are the same as the errors in the resolved
unconstrained position, that is typically about 2cm. This

TABLE 1: Post Mission RT20 Only Performance Statistics

verifies that the resolution processis successful in the
constrained case.

If the ambiguities are not resolved, then the position error
will belarger. The difference between RT20 positions with
RT2 positions effectively generates an error set for the
RT?20 positions. A comparison of the differences between
these errorsin the unconstrained case (Fig 14) compared to
the constrained case (Fig 15) highlights the advantages of
the track model constraints in the unresolved case. The
following Table 1 summarizes the results shown in Fig 14
and 15. Since the track model is primarily a height
congtraint, the vertical errorsin the constrained case are
much smaller. The large horizontal error in the constrained
case isaresult of poor geometry, and the standard
deviations of the position at this time reflects this. If the
unconstrained system had dealt with the same geometry in
the same mode, then its error would have been high there
too. The reason the RT20 RM S is higher for the constrained
case is because so much more of the positions computed are
in the high variance portion of the floating ambiguity
convergence curve. So the RM S appears worse because the
constrained system spends less time in RT20 mode. Note
that the unconstrained case has more samplesin RT20
mode because it took much longer to resolve ambiguities.

Case Samplesout of 972 | Horizontal RMS | Horizontal Max | Vertical RMS | Vertical Max
Unconstrained 628 0.35m 0.94m 046 m 2.03m
Constrained 146 0.55m 175m 0.16m 0.33m
Fig 14 Uneeonstrained Position Difference for UnResolved Positions Fig 15 Constrained Position Difference for UnResolved Positions
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FONTANA FIELD TRIALSFEB 13,14,15, 2001

On Feb 12, 2001, Mike Bobye and | met Michael Brown in
Ontario, California, the site of the California Speedway
(Fontana racetrack) for aracetrack trial. The object of the
trial was to validate the modifications made to the OEM4
softwarein areal time test. For successful validation, 4
criteria had to be met:

1. Thereceiver must have no serious system level
degradations, including memory errors or significant
CPU overloads.

2. The accuracy of the constrained system had to be better
than that of the unconstrained system.

3. Theresolution time of the constrained system had to be
less than that of the unconstrained system.

4. The reliability of the constrained system had to be
better than that of the unconstrained system. In other
words, there had to be fewer incorrect resolutions.

In order to do this, a comparison of the results from a
modified OEM4 was made with the results from a standard
OEM4 configured as an RTK receiver. The two receivers
processed signal s received from a single antenna mounted
on the roof. The base station telemetry line was split so
both receivers had access to identical RTCA range and
phase observations.

The Fontanatrack is an oval track (see Fig 1)
approximately 3.5 km long, with banks of about 20 degrees
on the east and west ends. A 40 metre high grandstand
extends the length of the south side of the track and
provides decent obstruction to the receivers of satellitesin
the southern sky when the receivers are on the south side of
the track. Between the track and the grandstand isawire
mesh fence designed to catch debry that results from
normal and abnormal race conditions. The fenceis 7 metres
high and extends about 3 metres over the edge of the track.
It consists of 15 cm square wire mesh and generates
significant perturbations with the GPS signals. The
following picture shows the fence and a portion of the
track.

The track itself is 16.8 metres wide and is divided into 5
sections of 3.4 metres . For the purposes of test control we
tried as much as possible to follow the divisions between
the pavement sections. Then height comparisons from one
lap to the next can be made and good agreement should
indicate the system is working better than if the lap to lap
comparison is not good. There were 4 divisions or rows,
which are labeled Row 1 to Row 4. Row 1 is next to the
infield, and isrelatively unobstructed. Row 4 is adjacent to
the fence (3.4 metres away), and with the fence overhang,
exactly ¥ of the sky is at least partialy obstructed. Row 1
can be seen under the car in the following picture.

An important part of thistest was the generation of base
station co-ordinates that were in datum agreement with the
track model itself. As described earlier, the base station
shift can be solved by aleast squares procedure that uses
the difference between track model positions and positions
generated as the sum of RTK vectors and the base station
position. In this test the base station position was on top of
the grandstand at an initialy arbitrary point. An
approximate WGS84 position was generated for it by
averaging for ¥2 hour or so. Using this position, an RTK
data set representing several laps of the track (although 1
lap would have been quite sufficient) was generated with
the standard OEM4 receiver. Using the previously
described least squares procedure (two iterations were
required), a base station shift of about 3 metres was
computed for the base station. | should point out that during
theinitial set-up on Feb 13, Ontario was doused with the
most single day rainfall of the last 10 years and our laptop
computer with the base station shift software on it was
damaged from the moisture. As aresult we had to have the
code emailed from Calgary and we had to buy a C++
developer kit from a vendor in Ontario, and so the base
station shift could not be computed until the afternoon of
Feb 14. So before the devel oper kit was available, we tried
running the track model OEM4 with the approximate base
station co-ordinates. The result of this was a system that
generated height discrepancies of 3 metres (this wasthe



only observable component in the field) and a high
frequency of RTK resets.

TEST DEFINITION

Thetest itself took place over 2 days, Feb 14 and 15. On
the first day each of the “rows” were driven 3 times without
any artificial resets.

On the second day each row was driven 11 times with the
standard OEM4 and track model OEM4 combination, but
on rows 1 and 2, filter reset commands were issued to the
filter to re-initialize the carrier measurement ambiguities.
The object of this was to measure the difference in
ambiguity resolution times for the 2 receivers when the
constellation was good. For rows 3 and 4 it was not
necessary to issue reset commands because signal
blockages in those rows caused the filter to reset anyway.

TEST RESULTSFEB 14

The Feb 14 results show fairly consistent results between
the data collected on Rows 1, 2 and 3 but some discrepancy
in Row 4.

The effect of an early RTK reset is seen on Fig R1A Sand
Fig R1A TM for the standard and track model system. The
standard model height reaches a standard deviation of 1.7
metres, while the track model OEM4 height standard
deviation islessthan 0.25 metres. The timein RT20 mode
for the standard system is about 90 seconds, while the track
model OEM4 regains RT2 type positions after only 50
seconds.

FigR1A S Fontana Feb14 Standard OEM4 Row 1
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Fig R1ATM Fontana Feb 14 Track Model OEM4 Row 1
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The same Row 1 height datais shown on Fig R1B S and
Fig R1B TM, but in this case plotted against longitude, so
that the lap to lap repeatability can be seen more easily.

FigRIB S Fontana Feb14 Standard OEM4 Row 1
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Fig RIBTM Fontana Feb 14 Track Model OEM4 Row 1
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Fig RIA S Fontana Feb14 Standard OEM4 Row 1
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Fig R4ATM Fontana Feb 14 Track Medel OEM4 Row 4
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The Row 4 results above (“Fig R4B S” and “Fig R4B TM”)
show a more dramatic difference in performance between
the two systems, but this may be expected given the
proximity of Row 4 and the fence. Thefirst 7 laps were
driven on Row 4 (3.3 metres from the fence), Fig R4A S
and Fig R4B Sindicate a significant degradation that
occurs near the fence. The constrained system has resolved
ambiguities almost continuously, but the standard system
never reaches a fixed ambiguity state.

For the last three laps of the row 4 experiment we drove on
the track between row 4 and the track wall, in what was the
most obscured portion of the track. In thislocation we
stopped and allowed the systems to resolve three times (not
aways at the same point on the track). During each of these
resolutions, the standard OEM4 resolved improperly and
the track model OEM4 resolved correctly as was verified
by comparisons with control later on in the real time test. In
addition, the number of satellites was about the same
(between 4 and 6) for both receivers, and the idle time,
which is areflection of the CPU load, was between 50 and
60 percent. Thisindicates that thereis no significant signal
level degradation as aresult of the track model constraint
logic.

FigR4B & Fontana Feb 14 Standard OEM4
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Fig RIB TM Fontana Feb 14 Trackmodel OEM4 Row 4
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The plotsabove “Fig R4B S’ and “Fig R4B TM” show the
height vs longitude which gixes a qualitative but indication
of the improvement of the constrained version over the
standard version. The excursions seen on the constrained
plots occurred because we drove away from the row 4
resolution location to return via an unobstructed path during
the resolution verification to a known control point.

TEST RESULTSFEB 15

The testing on Feb. 15 was similar to the Feb 14 tests. We
used each off the 4 pavement divisions at adriving guidein
order to generate a repeatabl e path to follow on increasingly
obstructed areas of the racetrack. As beforerow 1 isthe
|east obstructed. The objectives of the experiment on this
day areto determine the difference in resolution times
between the two systems, to obtain accuracy estimates for
the real time positions and to find out if the constrained
system was resolving properly. For row 1 and 2 we issued
reset commands after every resolution and then compared
the resolved positions with a continuous trajectory
constructed from the data reprocessed in post mission
without any resets. Continuous tracking was not possible



for row 3 or 4, so repeatability isthe only indication of the
system’s reliability.

Fontana Feb15 Standard OEM4 Row 1

Fontana Feb15 Standard OEM4 Row 1
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These are row 1 results that show the effect of continuous
RT2 resets on the two systems (standard system on top,
height vstime on the left, height vs longitude on the right).
In real time both receivers were allowed to resolve
ambiguities, and then areset command was issued. The
resolution time in both receivers was not the same, so the
commands were issued asynchronoudly. The commands
were issued at different placesin the track so the effect of
different constellation shadowing could be observed. The
effect of the reset command is to force the the receiver to
discard al of the RTK ambiguity information (for both the

float and fixed ambiguity filters) and return to pseudo range

differential mode. The height repeatability is much better
on the track model heights, and the resolution time is much
less. The height standard deviation for the standard model
in unresolved mode is between 2.5 and 0.7 metres, while
the constrained height standard deviation varies between
0.25 and 0.1 metre in unresolved mode. The average

resolution times for the standard and constrained system are
3 minutes and 25 seconds respectively. There were between

4 and 7 satellites tracked on both receivers.




Fig FI5R1CS Fontana Feb 15 Standard OEM4 Row 1 Position Errer
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Fig F15 RICTM Fontana Feb 15 Track Model OEM4 Row 1
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Theplots“Fig F1I5 R1C S’ and “Fig F15 R1C TM” onthe
above |eft hand side show the difference between the real
time positions with their reset induced errors and
completely (and correctly) resolved positions generated
without resetsin post mission. As expected the heights on
the track model OEM4 are more consistent than the heights
for the standard OEM4, but the plots indicate that when the
system is not resolved, the maximum horizontal error level
is not too different for the two systems. However in the
track model case the time the system staysin non-fixed
ambiguity mode is much less, so the duration of the when
the constrained system has large errorsis much less. Also,
the component with the highest error (by afactor of two),
namely height, has been reduced significantly.

Fig FISRID S Fontana Feb 15 Standard OEM4 Row 1 with resets
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Fig F15 R1D TM Fontana Feb 15 Track Model OEM4 Row 1 (with resets)
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The above plots“Fig F15 R1D S’ and “Fig F15 R1D TM”
show the standard deviations for the standard OEM4 and
track model OEM4 respectively, and a comparison of these
with the associated error plots indicates that the reported
standard deviation is a reasonable indication of the true
accuracy of the system in these cases. The plots above at
least show the assumption that the standard deviation
truthfully reflects to error level is somewhat reasonable.

For every epoch of the data set related to the above test in
which the system did not have fixed ambiguities, the ratio
of the each axis error to its associated standard deviation
was computed. Then the means of al these ratios for every
axis and both systems were generated. These mean ratios
are summarized below:

Table 2: Mean Ratio Axis Error and Standard Dev

System North East Height
Standard 0.66 0.64 0.52
Track Model | 0.58 0.68 0.74

Thisalso indicates that the standard deviations are afair
representation of the actual errorsin both systems.
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Theplots“Fig F15 R3A S’ and “Fig F15 R3A TM” above
show the height repeatability over time and the height
standard deviations over time for the two systems on Row
3. Row 3 is 6.6 metres away from the overhanging fence,
and so there were enough natural obstacles so the systems
normally had RTK resets at least once per lap. In the
standard version, the heights are clearly more erratic. The
standard deviations for that version indicate height errors
that vary between 1 and 7 metres. The standard version
managed 4 fixed amiguity resolutions, and the constrained
version was able to resolve 18 times.

The plots“Fig F15 R3B S’ and “Fig F15 R3B TM” above
show the height vs longitude for the standard (top) and
constrained versions. The constrained version has much
better repeatability, and although no control was available
except the repeated track, it is clear there isa significant
qualitative difference between the two systems. Thereisa
1.0 metre excursion at —117.5 on the constrained height
plot. Thisisreflected as a 4.5 metre standard deviation.




Fig F15 R4A1 S Fontana Feb 15 Standard OEM4 Row 4
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Fig F15 R4B TM Fontana Feb 15 Track Model OEM4 Row 4
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Therow 4 plots of height vstime are shown above on “Fig
F15R4A S’ and “Fig F15 R4A TM”. The A and B plots
show extreme variability for the standard model and very
good repeatability for the track model OEM4 heights.

The plotsFig F15 R4B S, Fig F15 R4B TM seen above
show the height vslongitude for the row 4 trgjectory. The
excursion seen at about —117.5 of the plot of the
constrained system occurs because the horizontal position
computed with poor geometry was outside the boundaries
of al the planar sections of the track model, so no
constraint could be found for it. The standard deviation of
the height at this point is about 300 metres for both
systems. This error can be eliminated simply by extending
the planar section boundaries past the fence.




Fig F15RID § Fontana Feb 15 Standard OEM4 Row 4
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Fig F15 RAD TM Fontana Feb 15 Track Model OEM4 Row 4
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During the portions of the test that did not incorporate
operator induced reset, some estimate of the expected
operational accuracy can be made. Thisis based on the
computed standard deviations and the assumption that the
standard deviations computed actually do represent the
errorsin the system. This assumption is a reasonable one
given the results of the controlled reset test carried out on
the data from row 1 collected Feb 15 in which the standard
deviations are afair reflection of the measured error levels
on both the standard OEM4 and track model OEM4
systems (see Table 2).

In order to quantify the error level of single axis positions,
al the single axis standard deviations were put into 0 to 0.5,
greater than 0.5 and greater than 1.0 m categories and the
total for each category was generated. Since data was
collected from different rows for different lengths of times,
the accumulations are normalised as if each row collected
1000 seconds of data. The following tables summarise the
results:

Table 4: Normalised Count of Errors Greater than 1 m

The plots“Fig F15R4D S’ and “Fig F15 R4D TM” seen
above show the horizontal standard deviations for the
standard and the constrained system. When the track model
constraints act on the constrained system the horizontal
standard deviations are almost always less than 3 metres,
while the standard system has standard deviations which
reach over 50 metres. So it appears that the track model isa
significant help with the horizontal positions when the
geometry ispoor. Thisis partly because knowledge of
height makes the other components more observable, but
also because the tilt of the planar sections makes a portion
of the horizontal position directly observable viathe
constraint. Thisis interesting because as the vehicle moves
around the track which is composed of inwardly pointing
planar sections, al of the position components are at one
time or another directly observable by the planar section
constraints. Provided the system can maintain carrier
tracking on a minimal number of satellites, the accuracy
improvement provided at one portion of the track can be
carried forward to another portion of the track over which a
different position component becomes observable. In this
way eventually (say after 1 lap), all the position
components can become known.

Model Row 1 Row 2 Row 3 Row 4
AXis

Std N 29 0 139 199
Std E 0 0 155 210
Std U 34 0 449 900
TM N 11 0 82 109
T™ E 0 0 54 75
T™M U 0 0 1 2
Table5: Normalised Count of Errors Greater than .5m
Model Row 1 Row 2 Row 3 Row 4
AXis

Std N 70 0 342 391
Std E 24 0 357 390
Std U 105 0 449 922
TM N 55 0 163 248
T™ E 23 0 148 243
T™M U 0 0 1 21

Table 6: Summary Reported Error Distribution

Model All Rows | Require | All Rows Require

AXxis 4000 pts# | Only 4000 pts# | Only
greater 32% greater than | 5%
than 0.5 >0.5 1.0 >1.0

Std N 803 20.1 367 9.1

StdE 771 19.3 365 9.1

Std U 1476 36.9 1383 34.5

TM N 466 11.6 202 5.1

™™ E 414 10.3 129 3.2

™ U 22 0.6 3 0.1

The results show that the standard model fails to meet the
requirements of 1.0 m 95% of the time and at 0.5 m 68% of




the time. The OEM4 with supplimentary track model
constraints has no difficulty with the 68% 0.5 m
requirement and is within acceptable limits for the 95% 1.0
m reguirement.

CONCLUSIONS

Fromthe test it is evident that the track model constraints
improve the positioning accuracy significantly, upto a
factor of 10 in many cases and sometimes more. |n most
cases, theimprovement isin height as one would expect,
but in conditions of poor geometry the horizontal accuracy
is also much better (sometimes more than 100 times better)
in the constrained case. The horizontal accuracy also
improves depending on the slope of the constraining section
with respect to the local level because if thereisa
significant slope, then a component of the planar section’s
normal vector will be parallel to the local level plane.

The track model could be extended (extrapolated) outside
the ribbon of the track so that bad geometry cases such as
the one seen on row 4 also have the use of a planar
congtraint.

The implementation on the OEM4 receiver is correct. There
were atotal of 11400 seconds of data, and less than 10 with
height position errors of 1 metre or more.

The reported standard deviations accurately reflect the
position errorsin the system.

The idle time seen on the track model OEM4 is not
significantly worse than on the standard OEM4.

The base station can use MSL control aslong as the
adjustment processis carried out and applied to the base
station co-ordinates. Note that the adjustment doesn’t
account for the total undulation, all the computationsin the
filter are performed in ellipsoidal or ECEF co-ordinates
anyway. The base station shift will account for undulation
variations between the track model and the base station.

The base station shift is crucial to the successful operation
of the track model congtraints.

The track model constraints only work in the cases where
there are at least 4 satellites. Thisisn't abig a problem
because of the 4600 samples take at row 4, there were only
8 seconds of less than 4 satellite coverage.

The track model constraints make it possible for the system
to provide 1.0 m accuracy at the 2 sigmalevel (95%) or 0.5
m accuracy at the 1 sigma (68%) level in arestricted
environment such as the Fontana racetrack.
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