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INTRODUCTION

The Urban Mass Transportation Administration (UMTA) and the
Transportation Systems Centcr (TSC) are developing a multi-user
Autematic Vehicle Monitoring (AVM) System to be deploved in a
demonstration in Los Angelces. The basic fixed route location
subsystem {(for buses) utilizes low-power, high frequency ''sign-
posts' at intervals along the routes covercd. Signposts also
will be installed throughout a portion of the CBU, inciuding

the high rise area, at a density high ecnough to provide sufficient
accuracy for random route vehicles in this arca. In addition,

a number of vehicles will be instrumented with a hybrid location
subsystem, also including a Loran-C recciver and differential
odometer, for operation over the entire 400 square miles of the
Los Angeles basin.

Although the characteristics of Loran in scaborn application is
well known, its use in land mobile applications, and especially
in urban areas, is still in an exploratory stage. Loran-C was
used by Teledyne during a test of candidate AVM technologies

in Philadelphia; however, there wcre many parts of the city

where the signal was inadequate for accurate position determina-
tion, and signpost augmentation was required for system opera-
tion. (1,2) The West Coast Loran chain, only recently operational,
gave promisc of providing a high quality signal in the demonstra-
tion area.

This report documents the evaluation of three commonly used
techniques for conversion of Loran time-difference-of-arrival
measurements to position estimates. The techniques varied in
complexity; the comparison was designed to determine whether one
particular technique was substantially superior with respect to
accuracy, performance, and costs to the others. The analysis also
attempts to ascertain which technique, if any, might be appropriate
for a non-signpost random route application.

Lven if the more complex techniques could provide better accuracy
than the simpler ones (which has not becn demonstrated), the
incremental accuracy improvement might not justify the increased
processing, which could only be performed at the central site.



The three basic types of algorithms tested were: an empirical
regression technique using best-fit equations to fit measured
time differences (IDs) to locations; a theoretical technique
which uses a geometric earth model and a radio wave propagation
model to determine location based on travel times from the

known transmitters; and a combination technique which computes
the position theoretically, then provides an empirical correction
based on the relative position within the region calibrated.
Data measured in the demonstration area in Los Angeles were used
to determine the required coefficients which were then then used
with a second set of data to evaluate the accuracy of ecach tech-
nique. A variety of graphical and statistical techniques were
used to analyze the results. Processing time and core require-
ments were also measured for each method.

All techniques gave approximately the same accuracy; mean and
95th percentile errors over a 30 square mile area including the
CBD were approximately 650 feet and 1,700 feet respectively,
while for the entire 400 square mile area, the figures were
approximately 1,500 feet and 2,800 feet. Comparative storage
requirements for all methods were approximately the same, while
the regression technique was approximately eipght times faster
than the combination methoed.

Plots of the predicted position versus actual position showed the
predictions of all three methods at most points to be relatively
near each other. This seems to indicate that the large 1D
warpages, if not actually random, are not sufficiently regular

to be compensated for by standard techniques. The plots, over-
laid on Geological Survey maps, did reveal a number of large errors
near railroad tracks although other points seemingly similarly
located did not show such errors.



LORAN THEORY AND OPLRATION

The Loran (from Long Range Navigation) technique utilizes a net-
work of transmitters at known locations, transmitting accurately
synchronized pulse trains. Bascd on the difference in time of
arrival of signals from the 'master' and a "sluve' transmitter

at a receiver site (Figurc 1), a hyperbolic line of position is
defincd on the surface of the carth. A sccond set of time
differences between the muster and a second slave defines another
hyperbolic line of position whose intersection with the first
line determine the location of the receiver (Figure 2).

Lorun-C has been in general use for 15 years, with transmitter
chains generally being established to provide coverage of coastal
confluence areas. (there is also Loran-A, developed during
the Second World War, which is less accurate and has a shorter
range; and Loran-D, a lower power system intended for tactical
military use.) Initially, the equipment required to locate
vehlcles using Loran was ¢xpensive, or large, or rcquired time-
consuming manual mcthods. Trade-offs could be made among thesc
factors, depending upon the space and rcsponse time constraints,
tfor shipborne or airborne use; in any casc, cost was relatively
small compared to the total cost of the vehicle. Use of such
equipment for land vehicles would not have been feasible.

The advent of microcircuit technotogy has reduced the size and
cost of receivers, while providing increasingly more sophisticated
processing internal to the unit. The paramcters of Loran rcceivers
now make their use feasible in land mobile applications. Howcever,
there is no large body of data avallable to indicate the perfor-
mance of such equipment in an urban environment. Closely
controlled Loran tests have been performed in Philadelphia but

the accuracy and coverage attained were inadequate for transit
usc. It was predicted that the newly operational West Coast

chain would provide much better rcsults in the Los Angelcs area.
Some of the problems affecting Loran in terrestrial, and
especially urhban use, are discussed below.

Loran-C, in order to provide a reliablc and stable transmission
path between transmitter and receiver, rclies upon the ground
wave propagation mode--that is, the signal path that travcls
along the surface of the carth as opposed to a signal path that
reflects off the ionosphere, whose height, affecting the total
signal travel time, can vary substantially. As attcenuation of
the ground wave signal increases rapidly with frequency, a low
frequency, 100 Klz, was selected for Loran-C. Natural noisc levels
are high at this frequency, and today's automatic receivers use
time domain sampling with progressively narrow windows to locate
the proper pulse groups, then the proper cycle within cach pulse.

3
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The speed with which this acquisition process converges on the
proper point depends on the pulse group rate as well as the signal-
to-noise ratio. One consequence of using a low transmission fre-
quency 1s that the rate at which pulses can be sent is also
limited. As a result, acyquisition, or reacquisition after a sig-
nal is lost, takes from one to five minutes. Reacquisition 1is
necessary when a signal level becomes too low, or when noise
becomes too high for a period of time long enough that the recciver
cannot adequately predict relative timing of the pulse train.

It was originally anticipated that the Los Angeles area would
enjoy good Loran signal reception, as the farthest transmitter is
only 400 miles away. However, during the collection of calibra-
tion point data, it was determined that the signal level of the
master, which affects the computation of both TDs, was substan-
tially lower than that of the two slaves. 1n addition, in many
areas, high noise, evidently caused by increcasing use of SCR
controllers, was transmitted along power lines.(3} Carrier current
signaling by utilities over transmission lines and inductive loop
traffic detectors using frequencies within the Loran receiver
bandpass, alse resulted in severe interfecrence.

In addition to signal and noise problems, the variation of ground
conductivity betwcen the transmitters and the receiver affects

the propagation velocity of the signal. 1f the composition of

the earth crossed by the signal between a transmitter and a
receiver in different parts of the reception area changes substan-
tially, a warpage of the lines of constant TD results. [(As the
conductivity of salt water is, for all practical purposes, constant,
this problem is rarely encountered in shipboard use.) Other grid
warpages can occur in the vicinity of long radiators, such as
railroad tracks or power lines; high rise areas can alse cause
decreased signal and increased noise.

As the measurement to determine TDs is taken from a specific cycle
of the 100 KHz pulsed signal, signal or noise problems, which are
not sufficiently serious to cause loss of track, or rapid grid
warpages can cause the incerrect cycle to be chosen, resulting

in an error of ten microseconds or some multiple of it. As a

ten microsecond change in the Los Angeles area corresponds to a
position change of two to four miles, reasonability checks can

be used to discriminate such cycle slip errors.

Obviously, algorithms to determine coordinate location based on
Tbs cannot compensate for lack of signal. (Other techniques can
be used to extrapolate a probability contour based on the last
recelved point, direction and speed of travel and route and
schedule data.} However, some TD to X,Y conversion methods do
attempt to account for the TD grid warpages existing in an urban
ared. The methods examined are discussed in the next section.

6



LORAN POSTTION DETERMINATION TECHNIQUES

The techniques tested {all into thrce classcs: a completely
empirical curve fitting, or rcgression, technique; a theoretical,
or iterative geometrical technique; and a technique that combines
the theoretical and regression methods. The regression technique
tested was developed by Teledync(4) and used by them during the
Philadelphia test; the theoretical technique used is described in
Reference 5 ; and the combination_ technique is the method uscd in
the AN/ARN-101 Loran recciver. ()

3.1 En@irical

In the empirical approach a functional relation between two sets
of measured data is derived. In this application, the data are
time differences {TDs) and location. The locations can be cox-
pressed in nearly any coordinate system--longitude and latitude
are used here, but relative position on a CRT is equally valid.
It 1s assumed that there is some actual relationship betwcen the
data measured at the calibration points that can he approximated
by a series of functions, the coefficients of which are determined
from the measured data. Here the functions are powers of longi-
tude and latitude (actually their difference from a reference
position) and the technique is polynomial regression. Powers
up to the fifth order can be handled hy the program as it exists;
an example of a third order relationship is:
2 . .2
xzayp Tyrap Tproag Ty o+ 3y Ty T ag Tp+ 3, Ty
a, T 2 TB+ ag TA TBz+ aq TB3

2 3
1 Tt By T B Ta# by Ty Tp* 5 T At

2 2 3
b7 T TB+ b8 TA TB + b9 TB

2
B + b6 T

A

Wheve, T,=TDA

A moasured—TDAreference; similarly for T

B
Standard least-square techniques are used to determine the best
fit coefficients (the a's and b's), as described in Appendix A.
The program generating the coefficients is composed of 12 Fortran
IV subroutines consisting of approximately 600 statements. If
there actually is a functional relationship between the measured
variables of the same form as used in the regression, the fit
should he vary good. As lines of constant TD are known to be
hyperbolas, a sccond order polynomial should suffice. However,
as 1t is known that there are TD distortions in urban areas,
higher order polynomials may give better f{its. Also, if it is assumed
that therc may be anomalies that affcct all measurements in a given
area, breaking the area up into a number of sectors each with its
own empirically determined set of coefficients may improve overall
accuracy.

7



The Tcledyne program allows one to specify which data points are
to be used to generate coefficients for different sectors. The
original Teledyne position determination algorithm chose which set
of sector coefficients to use by selecting the sector whose
reference TD pair was closest, in an RMS sense, to the data point.
During model evaluation, when multiple sectors were used, it was
noted that a few points had very large errors, a condition that
was traced to a point being assigned to a sector where, at least
visually, it didn't belong. The reason is illustrated in Figure 3.
The Loran transmitter-receiver geometry is such that a point closer
in the TD domain to the sector reference point could actually be
more distant in distance. The program was modified, using the
following equations which give the gradient relationship between
Ths and XYs, to assure that a point was used with the regression
coefficients of the nearest sector.

dx| %? A B |dTDA

dy|™ C D {dTDB
Where A = COS X-COS X
B = COS X,~CO0S Xy
C = sin xB—sin Xy
= sin xM-sin Xy
a = AD - BC
dTpA =

DAcomputed_TDAactual(nanoseconds)

Xy = bearing from reference point to
slave A, etc.

dx = change in East-West position
(i.e., longitude change)

dy = change in North-South position
{i.e., latitude change)

C
p

Using the West Coast Loran chain in the Los Angeles area, this
results in:

.98323886 feet/nanosecond

dx 1.2 dTDA-0.4 dTDB

dy 2.0 dTDA+1.0 dTDB



TDA; Time difference of arrival
of signals from Master and
Slave 1.
TDR: Similarly, for Master
and Slave 2. \ Lines of Constant TDA

Lines of Constant TDB

Sector 1
Center

unit
Data Y TR

Point

Sector 2
Center

FIGURE 3
NEAREST SECTOR AS MEASURED BY TDs
MAY NOT BE NEAREST IN DISTANCE
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The regression technique is unequalled in speed of computation,
as received TDs arc just "plugged into' an equation, the output
of which is the desired location. Coefficients for the equations
have to be stored, however--up to 30 per sector for a fifth order
regression, and a certain amount of computer time is required to
chose the propser sector. Also, as the coefficients were chosen
to fit points within a certain area, TDs from points outside that
area may result in large errors.

2.2 Theoretical

The second major technique is here called theoretical because it
uses an earth model and a propagation model to compute signal
travel times between the known transmitter sites and the assumed
receiver site. Figure 4 illustrates the technique. The

amount by which the computed TDs differ from the received TDs

is used with the gradient equation previously discussed to improve
the estimate of the assumed receiver position. This process is
repeated until successive position estimates are close enough (tcn
feet in the program tested) or some iteration threshold (here,
nine) is exceeded. Signal travel times are composed of a primary
component, the time taken for light to travel in air between the
transmitter and the assumed receiver position, and a secondary
component, accounting for an additional delay caused by trans-
mission over finitely conducting earth. Strictly speaking, the
technique as tested did have an empirical aspect. Although the
conductivities along the transmission paths can be determined
approximately by knowing the type of soil along the path (and
what proportion of the path is over sea water), and in fact can
be determined quite precisely if detailed geological data 1is
available, final determination of conductivities was accomplished
by trial and error modifications until computed TDs best approxi-
mated measured TDs at calibration points.

Three types of earth models were used in differcnt tests of the
theoretical technique: two forms of flat earth models with
corrections, and a more complex precision carth model. The equa-
tions for the various models are given in Appendix B. The
simplest flat earth model uses plane geometry to determinc range
and bearing between points, with the following corrections: the
North-South range component is computed by decreasing the equa-
torial radius by a flattening constant and the East-West range
component uses the equatorial radius multiplied by the cosine of
the average of the latitudes of the two points. The latter
correction helps account for the convergence of longitude lines
as they approach the poles. Bearing is then determined from

the arctangent of the range components. The more complex flat
earth model includes, in the range computations, higher powers
of the flattening constant multiplied by the sinel of the
reference position latitude. A latitude-dependent bearing

i0
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FIGURE 4
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correction is also used. The precision earth model used was
taken from the combination method and uses much more complex
functions of four spheroidal constants. To detcermine the
accuracy of the various earth models, surveyed ranges and
bearings hetween the varlous West Coast transmitter sites were
obtained from the Coast Cuard and comparcd with figures predicted
in Table 1. It can be seen that each ltevel of added complexity
does substantially improve the range and bearing accuracy. This
does not necessarily imply a correspoending improvement in Loran
position determination accuracy, as the process of cheoosing the
conductivity values compensates for thesc biases. It does,
however, affect the number of iterations required for the
process to converge; using typical Los Angeles data points,
three iterations were required using the simplest flat earth
model, two each with the more complex flat carth modcl and the
precision earth model.

As this technique is iterative, it is more time consuming than

the regression technique. It does have the advantage of being
relatively accurate over areas outside of where 1t was calibrated.
(Changes in distance of the signal path are handled by the earth
model, but large changes in the composition of the earth crossed
by signals cannot be.)

3.3 Combination

The third technique combines aspects of the thcoretical and
empirical techniques. The primary phase is computed as described
for the theoretical method, using the precision earth model. The
secondary phase contribution, however, is calculated based on
coefficients previously computed from calibration point data.
Figure 5 shows the flow chart of the secondary phase computation.
Once the total signal travel times are computed, the iterative
process of determining location is the same as for the theoretical
techniques.

The program to determine the coefficients first forms an effec-
tive impedance map for each transmitter over the area of interest
(that is, a map of how much the signal is impecded at the cali-
bration points) then fits a set of functions to each impedance
map using least squares techniques. The program, comprising

35 subroutines and 3,000 statements, was originally written in
Fortran for CDC equipment, and was converted by the author to

run on IBM computers. This required converting all variables

and functions to double precision values (CDC's standard word
length is 60 bits, while IBM's is 32 bits), which in turn
required writing some double precision functions not supplied
with the Fortran Gl compiler available at Metrek. Also, a number

12



TABLE 1 MAXIMUM RANGE AND BEARING ERRORS
(OF EARTH MODELS

Range (Ft.) Bearing (Deg.)
Flat Earth + - 2,000 + 2.40
Mid-Latitude Correction
Flat Earth + + 800 + 0.15
Extensive Corrections
Precision Earth + 30 + 0.06

13
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of Function subpregrams were changed to Subroutines, as Fortran
does not permit the specification of double precision complex
Functions. Lven then, the results were not identical, but the
maximum theoretical radial difference in Los Angeles would be
only 15 feet.

it may be questioncd whether there 1s any theoretical justifica-
tion for believing that a given order or regression applied in
the combination technique should provide any more accuracy than
the same order of regression applied in the empirical technique.
Intuitively, it does seem that by fitting functions to each of
the three transmitters and using the results only to correct for
differences from primary travel times separately computcd, more
flexibility is available then when a direct TD to XY curve fit
is used. However, there are only two independent pieces of
information available for use by the either technique, the two
TDs, and using them in three equations instead of two, is no
guarantee of improved performance. Essentially the guestion is
whether an impedance function {perturbed by the existing noisc)
1s better than the direct conversion of TD's (perturbed by the
exlsting noisej to XY. At least when applied to the Los Angcles
environment and the types of TD perturbations encountered therc,
the end rcsults seem to indicate little difference hetwcen the
two techniques.



ANALYSIS TECHNIQUES

The analysis of the various Loran position determination
algorithms was directed at determining relative measures of
performance and cost for each technique. Performance relates
to the accuracy of the technique; mainly represented here by
the mean, standard deviation and 95th percentile accuracy.
Cost relates to the processing time and storage requirements
of a given technique, as a simple cnough technique could be
performed on-board a vehicle. In addition to relieving the
central processor of a large amount of routine processing, an
on-board processor could perform continuous smoothing and rea-
sonability checks using data that could not be available to the
central computer.

The analysis technique was designed to simulate the manner in
which the algorithms would be used. A data base of 800 points
in a 30 square mile area including the CBD (the ''central” area)
and 100 points over a 400 square mile area including most of the
Los Angeles basin (the "wide'" area) was collected in July 1978
by Teledyne during an earlier phase of the project. Figure ¢
shows these areas. The raw data required a substantial amount
of effort to convert it to a useful form., Separate analyses
were made of the central and wide area data. Every tenth data
point was selected from the random route area, and every other
point from the wide area, to be used to generate the required
coefficients or conductivities required by the different tech-
niques. A second sample, the same size as the first, was then
chosen to simulate the system use. The previocusly determined
coefficients were used to predict the locations at these points,
based on the received TDs, and the predicted and actual locations
were compared.

The raw data was 1n the form of one data sheet for each
measurement point, including three sets of TDAs and TDBs, the
location of the point with respect to the nearest intersection
and comments (e.g., 'mear power line'', "lost track'", etc.)}.
After sample data points were selected, longitude and latitude
was then determined by plotting the locations on 7 1/2 minute
Geological Survey maps. For one not familiar with every street
in Los Angeles, this required first consulting a detailed city
map, then locating the corresponding points on the larger maps.
To assist in determining at least the approximate location, a
plotter program using the gradient relation previously discussed,
along with a pair of TDs whose approximate position was known,
was used to plot the relative positions of all the other TDs to
the same scale as the maps used. The plot could then be overlaid
on the map to determine an approximate area on which to concentrate.
Once the points were located, their longitude and latitude were deter-
mined by using a pair of ruler scales also generated by the plotter,
directly in decimal degrees.

16
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The error in rcading the scale was cstimated to be within 65 feet,
which was small compared to most of the location errors. These
longitudes and latitudes and the means of the 1Ds recorded at
those points formed the data basc used in the analysis.

However, more checking of the data hase was required to be sure
that it was as error-free as possible. To assure that the scales
had been correctly rcad, another program plotted the points'
locations using the measurcd longitudes and latitudes, and the
plot was again overlaid on the map. The simplest flat earth
model was then used with the measured TDs to generate a sct of
predicted longitudes and latitudes, the error was compared with
the actual locations and was plotted as a vector. A similar
technique used the flat earth model with the actual positions
to compute TDs, with the differences from TDs measured at the
point being plotted. Examining the printouts and plots for
unusually large errors led to the discovery of some data entry
errors, some points incorrectly located, and some points which
obviously suffered cycle slip. After all such points were
corrected, the two sets of '"processed" data points were used to
evaluatce the algorithms.

After all "explainable'" data base errors had been corrccted,
there remained points with relatively large errors which would
only be attributed to the types of TD perturbations that it was
hoped the various curve fits could improve. Coefficients were
generated both with and without those points in the data base
and were tested against the second sample. In general, better
results were obtained when they were included (see Secction 5.3).

To cvaluate the "cost" side of the analysis, relative processing
time and storage required were examined. Special purpose
subroutines are available at the Metrek computer facility that
allow one to determine how much CPU time has clapsed between calls
to these subroutines. Judicious placement of calls allowed
determination of only the time required for the position computa-
tion, excluding program initialization, extrancous read and write
instructions, and the accumulation and statistical analysis of
data. Core storage requircments werc determined by compiling
only the instructions that werc required for the algorithm's
computation. No attempt was madc at optimization of either CPU
time or storage, but the same general programming philosophy

and techniques were used for all cases, so the relative compari-
sons should be valid. The time and storage requircments for the
programs used to generate the various coefficients were not evalu-
ated, as they arc off-line programs that would he seldom used
after the initial application. (For example, if sufficiently
large seasonal variations made this desirable, or if experimenta-
tion with choice of sector boundarics were carried out.)
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RESULTS

5.1 Accuracy

Table 2 summarizes thc results of the tests performed. These
data result from using the first sample to determine the best
fit coefficients or conductivities, then using these constants
with the second sample to simulate actual performance. In
general, it can be seen that all methods gave approximately the
same results: mean and 95th percentile errors corresponding

to one and three blocks in the central area and three and five
blocks over the wide area.

From previous discussion, it is obvious that more tests were
performed than are shown. However, in general, the others give

no better results and so are not included. For example, re-
gressions from first to fifth order were run, but the second

order gave results as good as, or better than, the others,

{As was previously discussed, a sccond order regression would
perfectly fit TDs that have no error--evidently the errors that

do occur are not sufficiently regular to be better fit by a
higher order regression.) Also, three forms of earth model were
used in the theoretical method, and all had approximately the

same accuracy. However, the flat earth model with extensive
corrections required less computer time than the others, since

it (and the precision earth model) required fewer iterations to
converge than did the simplest flat earth model, and the precision
carth model required more processing time per iteration. Although
the numbers are not exactly the same for the various techniques,
it is obvious, based on the size of the standard deviation com-
pared to the differences in means or 95th percentiles, that there
is no significant difference in accuracy between the various methods.

1t is also obvious that the accuracy obtainable over the wide area
is substantially degraded from that in the smaller central area.
This is not to suggest that larger grid warpages occur outside

the random route area, but rather perhaps that the variations over
the larger area are sufficiently large and variable from area to
area that one set of coefficients do not suffice. This seems to
imply that subdividing the area into subareas, each with its own
set of coefficients, should give better results. To test this
hypothesis would require a density of data points over the wide
area equivalent to that collected in the central area which was
not available. It was found, however, that subdividing the points
in the central into two geographically separated subareas each
with its own set of regression coefficients, gave results inferior
to treating the arca as a whole. These results seem to define an
approximate range for the size of area for which it is reasonable
to compute separate coefficients; i.e., 400 square miles is too
large, 30 square miles is much better, but 15 square miles is no
better than 30 square miles.
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TABLL 2 - ALGORTTHM ALCHURACILES

Radial Error (Feet)

Central Area

(30 Squarc Miles)

Wide Area

(400 Square Miles)

Impirical

(2nd Order Regression)
Theoretical

{Flat Larth + Correct-

ions)

Combination

Mean

635

640

620

Stad. Dev.

5490

%21
wn
(¥

660

95th %

1,660

1,710

1,845

Mean

1,765

1,540

3~

1,525

Std. Dev.

1,715

1,530

1,725

95th %

2,820

2,800

2,835




Table 3 shows how well coefficients generated from the first
sample fit the first sample, and can be viewed as a best-case
accuracy. When comparing this to Table 2, it can be seen that
the empirical and theoretical methods behave similarly. That
is, the best-case results over the wide area are approximately
50 percent worsc than for the central area (e.g., 800 feet mean
€rror versus 555> feet, using the empirical method); when using
the coefficients so gencrated to predict locations for the
second sample, errors over the wide areca are approximately 150
percent worse than for the central area (1,540 feet versus 640
feet). This seems to reinforce the previous hypothesis: the
variations over the larger (wide) area cannot be fit as well as
those in the central arca, and the effect of the greater variation
is magnified when the second sample, simulating actual use, is
used,

Figure 7 illustrates the central area accuracy, which so far has
been discussed in statistical terms. This figure is a location
prediction plot generated by the combination method using the
second sample. Such a plot allows one to visualize the effect
that errors of the magnitude encountered would have in various
applications. For example, such performance may be satisfactory
for taxi service or delivery trucks, or for keeping track of the
approximate locations of mobile supervisors and service vehicles,
although it is obviously inadequate for determining bus schedule
adherence.

In general, consistent bias is not apparent although there are
a number of large errors in the southern part of the area,
located near railroad tracks.

Figure 8 illustrates the method used to plot the time difference
component errors. The actual TD pair is located at the actual
map location, and the TD error components are defined as:

(Tb )

If the measured time difference is larger than that computed
(which can occur either as a result of the master signal arriving
sooner than expected or the slave signal arriving later than
expected), the error component is negative. Figure 8 shows the
result of:

- TDh
computed mcasured

I. Measured TDA two units larger than computed,
and measured TDB equal to that computed; and

rJ

Measured TDB two units larger than computed,
and measurcd TDA equal to that computed,
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TABLE - ACCURACY OF FIT TO ORIGINAL SAMPLE
Radial Error (Feet)
Central Area Wide Area
Mecan Std. Dev. 95th % Mecan Std. Dev. 95th %
Empirical 555 515 1,380 800 565 1,865
Theoretical 605 535 1,385 850 405 1,305
Comhination 505 640 1,860 980 715 1,990
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Figure 9 shows the time difference crrors corresponding to

the location prediction errors in Figure 7. The large errors
near the railroad tracks, previously noted, are the result of
nearly cqual TDA and TDB errors. Both TD components are larger
than expected, indicating that the master signal arrivessooner
than expected or that both slave signals arrive later than com-
puted. (The TD scales were chosen to correspond approximately
to the distance crrors plotted in Figure 7. The magnitude

and direction of the TD error components do not form enough of
a consistent pattern in any geographic arca to suggest subdivision
into smaller sectors.

It was previously noted that the radial error statistics for the
three methods are similar. In fact, as shown by Figure 10, a
reduced overlay of predicted versus actual location for all
three techniques, the actual locations predicted by each method
are also similar. (Only the overlay is shown to enable one
better to distinguish between the various vectors.) Comparing
Tables 4 and 2 also indicates that the predicted locations

are closer to each other than they are to the actual point; with
the mean radial differences being approximately half the mean
radial error, and the 95th percentile differences being one-half
to one-third of the 95th percentile radial error.

5.2 Computer Requirements

Core required by the computational parts of the Fortran program
1s approximately 30 kilobytes for cach method, while the times
required to compute the location of one data point are:

Empirical 15 ms

Theoretical:

Flat Earth § Mid-Latitude Correction 85 ms

Flat Earth § Extensive Corrections 65 ms
Precision Farth 105 ms
Combination 125 ms

That is, the empirical regression method is four times faster

than the next method, the theoretical flat earth with extensive
corrections., In turn this is faster than the simplest flat earth
model, since fewer iterations are required for convergence. Further
range and bearing accuracy improvement provided by the precision
earth model did not further decrease the number of iterations re-
quired, and as the precision earth model is also used in the com-
bination method, there is no offsetting of the increased time
required by their more complex calculations.
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TABLE 4 - RADIAL DIFFERENCES IN LOCATION PREDICTIONS

Mean Standard Deviation 95th Percentile
{Feet) (Feet) {Feet)
Empirical vs. 335 1940 660
Theoretical
Theoretical vs. 270 175 515
Combination
Empirical vs. 370 270 950

Combination
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5.3 Other Analyscs

As all of the techniques, as used herc, require that calibration
points be chosen to detcrmine the best set of coefficients to
represent the given area, the quecstion of how to choose which
calibration points to use is of intcrest. One method that has
been suggested is to use points that cxhihit small TD variability
with repeated measurements, the theory being that a morc stablce
measurcment is also more accurate. Figure 11 plots the rms
value of the range of TDA and TDB for cach point in the first
sample (i.e., the differcncc between the largest and smallest

of the three TD pairs measured at cach point) versus the resul-
tant accuracy when those points were uscd with the empirical
method. It can be seen that for the majority of the points, a
glven accuracy is as likcly to occur for a point wherc 160 ns
variahility occurred as for a point exhibiting 40 ns variability.
Although thosc points with the larpest errors do scem to follow
a linear (or quadratic) relationship with 'ID variability, this
does not help in choosing a priori which points to use in
determining the best coefficients.

As previously noted, it was found somewhat better to use all
"valid'" data points in the computation (that is, including thosc
that result in rclatively large errors when they are used with

the coefficicents genervated}. "Tail" crrors, e.g., 95th percentile
of the second sample, were reduced by 300 feet when all valid
points in the first sample were included, as compared with
excluding thosec with errors over 1,000 feet.

35



9¢

Radial Error (ft.)

2800

2400

2000

1600

1200

800

200

L al

20

22
28

17 ug

28

¢ ]

H]

1 A 1 1 1

.00

0.04 0.

08 0.12 0.1i6

0.20 0.24 0.28 0.

To Variability (us)

FIGURE 11
TD VARIABILITY VS ACCURACY

0.

40



CONCLUSTONS

Bascd on the anaiysis, none of the techniques would be sufficiently
aecurate to meet the stringent random route accuracy reguirements
ot the AWM demonstration program. That is, Loran alone would not
be adequate to repluace the sipnposts for this function. To

impreve upon this accuracy, the hybrid technique presently being
developed for the Los Angeles demonstration uses on-board Loran
processing, ditterential odometer data and Kalman filtering.

Lurther tests will determine the extent of the accuracy improvement.

The accuracy attainable using only Loran, however, may bo adequate
for many applications, as can bhe scen from the plots. As all of
the algorithms gave approximately the same results, the second
order regression technigque is the one to choose for use in any
reasonably sized area, e.g., on a metropolitan area Scale, as 1t
15 the simplest and fastest executing. It can be performed on-
board a vehicle using a microprocessor, even including coefficients
tor multiple sectors. lor application in larger avcas requiring
many sectors, c.g., on a statewide scale, the flat carth method
would probably give more satisfactory results and can also be
implemented aboard a vehicle.
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APPENDIX A - EXAMPLE OF LEAST SQUARE DERIVATION

The example given is for the derivation of least squares
second order regression coefficients (c .).  We want to
’ﬂlﬂlml el J

=

o A2
SSX:-H {xi-xi)
1=1

Where

X is the actual X position of the iEh-caIibration point,

A T . . .
X is the predicted X position of the ighvcallbratlon point,

N 1s the number of calibration points.

Assume Xi is to be determined as a sccond order function of

(TDAi—TDAR] and (TDBi—TDBR}, abbreviated here as Ai and Bi:

<y 2 2..2
557 I - (R Cp A +C 0By 0y A o Cy yA BTy B ) ]
aSSX=‘*‘(2) [x,-(XR+C,  A.+C, _B.+C, _A 2+C A.B.+C Bz]][_ﬂ\ 1=0
T - i 111 71271 13 14171 71571 it
11
dSS 2
x=3(2) [xi—(XR+C]1Ai+CIZBi+C13Ai +C14AlBl+C )]{ B.]=0
C
12
etc.
or
C ZA.z >A.B. +C 3 vA B +C 5‘A.B-Z'JZ‘( A.-XRZA
1171 12H 13“ l¢“ 157171 I 1

2 2
> B. AL > = -
CII“AiBi+C12281 0 2 B 17O A By +C SZB ZX B. XRZB,
This system of equations can be represented as a matrix equation:

slC=N
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Where:

M

1
o1
x
1
p=
(=)
&1
x
]
x
o
el
pae
1
=y
o=

CIS

N =[EX. A -XRTA.
1 1 1

LX.B.-XRIB,
i1 i

g

Therefore, if M is non-singular, C=M"1N. Te compute
- . T N

[CZI’ L22’ LES’.C24’ C25] the same matrix M results,
therefore, the inverse previously computed can be used
to multiply a vector formed by replacing, in N, ¥; with Y;, and
XR with YR. A similar approach holds for higher order
regression equations.
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APPENDIXY B - EARTH MODELS FOR THEOQRETICAL METHOD

The three earth models used with the theoretical technique are:
o Flat earth with mid-latitude correction
o Flat earth with extensive corrections
o Precision earth.
They are used to determine the range and bearing betwecen two
known lat./long. palrs on the surface of the earth. The

following definitions are common to all methods:

oo o- geodetic latitudes (degrees) of transmitter s
and reference position

¢

G

AgsAp - geodetic longitudes (degrees) of transmitter s
reference position

g - range (fect) between transmitter s and reference
position
98 - angle (degrees) between transmitter s and

reference position

B.1 Flat EBarth with Mid-Latitude Correction

CAVE= {cos ¢S + COS ¢r }/2

RE= Re= equatorial radius= 20,925,873 feet

RN= RC(I—f} where
f= flattening= 1/295
RX= (Ar-ks) RE CAVE DR where
DR= degree to radian conversion factor= II/180
RY= [¢r_¢sj RN DR
BS= Arctan (RY/RX)
2 21

p = (Ry +R,)%
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B.2 Flat Earth with Extensive Corrections

R = Re (1+f sin2¢r)
2
Ry= Re (1-2f+3f sin”y )
RX,RY,;)S and ¢, arc then computed as before.

g = (oq sin ¢SJ/(ﬂRe DR cos ¢ )

= 0
= Yo 9(:

That 1is, an additional correction factor is subtracted from
the bearing previously computed.

B.3 Precision Larth

gr: Arctan {(1-f} tan ¢r)
.= Arctan ((1-f) tan ¢SW

C. = i .
15 9% Bs Sln(ks lf}

C = il - il -~ = _
5,,=C0S Br sin Bs 51in Br cos Bs cos {AS Ar)

C35= sin B sin &, + cos B cos B_ cos (g —Ar)
p = Arctan [Cls/C?s)
6= Arctan ((CZS cos ws+C1551n ¢5]/C35)
= K 0_+K, (9 sinzw cosze J+K, tand (sinzw c0528 -cosZE )
Ps™ H1Fs M2\ g s 3 s T 5
Where the K's are spheroid constants:
Kl= 20,890,417.498275
K,= 35,442.999770

2

K= 35,459.227609

K4= 294,978698

44





