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Abstract

Based on GPS readings taken four mornings running, this ar-
ticle uses statistical methods, taking account of observation
dependence, to study bias and variance of errors, It is shown
that with or without filtering based on criteria such as the
number of satellites or PDOP, mean longitude and latitude
values are unbiased. In the experiment carried out, filtering
was used to improve the precision of longitude readings, but
had a lesser effect on latitude. However, filtering can cause
long delays before obtaining a reading. Replicating readings
can increase their precision, provided certain operating con-
ditions are respected.

Introduction

Researchers working in the agricultural and environmental
fields are making increasing use of the well known Global
Positioning System (GPS) technique (Brown, 1992; Hurn,
1989; Wells, 1986) to position themselves in spatial terms.
Unfortunately, like any measuring device, the precision of
the readings obtained by GPS varies,

Two techniques are generally used to reduce the errors
of various kinds (Hurn, 1989; Puterski et al., 1990; Wilkie,
1989) that falsify measurements when only one device is
used (GPS in absolute mode): either readings are eliminated
based on a criterion linked a priori to the extent of the er-
rors, or measurements, are replicated. When two receivers
are available, differential correction can also be carried out
(August et al., 1994), which substantially improves measure-
ment quality.

This article uses statistical methods taking account of
observation dependence to study the errors affecting GpS
measurements. Bias and the variance of errors are studied
and conclusions drawn with a view to improving precision
both by filtering and by replicating measurements.

Methodology

The data supplied by a Garmin 75 GPS receiver with an aer-
ial fixed to the perfectly obstacle-free roof of the Maisaon de
la Télédétection (MTD) in Montpellier (France) were recorded
on microcomputer via a Garmin connection cable. The coor-
dinates of the aerial were known to the nearest metre: 43°
38.707' North, 3° 52,586' East (V. Freycon et al., 1996). A
simple program in Qbasic transferred the data received to a
file. Continuous recording sessions were carried out on four
different dates in I'ebruary 1996, during the morning and
lasting around four and a half hours. The data were recorded
as soon as they were received by the microcomputer, i.e.,
roughly every two seconds.

The data supplied by the Garmin GPS receiver that were
used were the geographical coordinates in the wGs 84 refer-
ence system (latitude and longitude in degrees, minutes, and
thousandths of a minute), the number ol satellites used
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(NSAT), and the geometric (3D) and horizontal (2D), dilutions
of precision (PDOP and 1DOP).

Results

Bias and Precision of the Non-Filtered Series

Generally, the position indicated by the GPS al a given time
does not coincide with the exact position of the apparatus. In
fact, the difference between the coordinale readings and the
true values can be seen as the resull of two errors:

® a systematic error due to the GPS system itself, which remains
the same irrespective of the measurement date and the point
measured; and

® a random error that differs with each measurement, due to at-
mospheric conditions, among other things, Moreover, as at-
mospheric conditions change slowly, the random errors
corresponding to lwo measurements al close intervals gener-
ally have similar values: they are said to be correlated (Figure

1).

When studying the precision of a measurement method,
two questions have to be answered:

® [s there a systematic error?
® What is the extent of the random errors?

More formally, supposing that each position read P, is
equal to the true known value v under the effect of a system-
atic error s and a random error ¢, (P, = v + s + e, the prob-
lem is, on the one hand, estimating systematic error s and
testing to see whether it can be assumed to be nil and, on
the other hand, in estimating the variance of the e,

However, the conventional formulae for calculating
means and variances cannot be used in this case due to the
self-correlation of the random errors. Our estimates were
therefore made by modeling the errors by a first-order autore-
gressive process. This means that the correlation between
two errors e, and e, concerning the observations on dates ,
and t, solely depends on the time lapse [{, — {|. Il is equal
to p't ~ 4", The MIXED procedure of the SAS software (SAS In-
stitute Inc., 1996) was used [or compulerized calculation.

Moreover, estimating and testing a single bias over the
observation period as a whole (four days) risked hiding pos-
sible temporary deviations. To increase the power of the test,
we therefore chose to estimate the value of the systematic er-
ror hour by hour.

The following results were obtained: for the four morn-
ings covered by the experiment, the estimaled syslemalic er-
rors for latitude and longitude were never over 1/100th of a
minute. For each hourly time lapse, there was not a single
estimate that differed significantly from 0 at the 5 percent
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Figure 1. Positions indicated by the GPS during a morning.
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threshold. We can therefore conclude that Gps is not biased
and that the position indicated is correct on average.

The standard deviation of the random errors was osti-
mated at 0.022 minutes for latitude and 0.019 minutes for
longitude. Roughly speaking, this means that 95 percent of
the position readings are within a 120-m radius of the true
position.!

Effect of Filtering: Blas and Precision
Certain GPS manufacturers recommend keeping only those
observations for which NSAT = 4 and PDOP < 2. In our experi-
ment, we filtered our observations, keeping only those for
which NSAT = 4 and PDOP < 2 or 2.2. Do these conditions
lead to bias and how do they affect measurement precision?
First, filtering eliminates a large number of observations.
For instance, in the case of filtering according to NSAT > 4
and PDOP < 2, around two thirds of the observations are
eliminated, leaving an average of 2,000 out of 7,000 observa-
tions for each morning (Figure 2). There can be very long

'At a latitude of 43° one minute is equivalent to 1,852 m and one
minute of longitude to 1,852*cos(43°)=1,315 m.

gaps before the conditions laid down are respected (around
50 minutes, Figure 2). Observers may have to wait some con-
siderable time betore being able to record the latitude and
longitude values.

Irrespective of the filtering criteria, using the procedure
described in the previous section, filtering does not intro-
duce any bias in statistical terms.

As regards precision, filtering has a different effect on
longitude and latitude: For longitude, the least stringent filter
(NSAT = 4 and PDOP < 2.2) substantially reduces the esti-
mated value of the standard deviation, from 0.019 minutes to
0.013. The most stringent filter (NSAT = 4 and PDOP < 2) im-
proves precision even further: the estimated standard devia-
tion is 0.009 minutes, roughly halving the standard deviation
for the non-filtered series. For latitude, the gain in precision
is less marked: from 0.022 minutes to 0.018 for the least
stringent and 0.019 with the most stringent filter.

In short, the effect of filtering on precision is not clear-
cut, In our experiment, it did not have the same effect on lat-
itude and longitude. The lwo coordinates are no longer
determined with the same degree of precision. Moreover, fil-
lering eliminates a large number of observations and the ob-
server therefore risks having to wait for some time.

Replication: OK, But Not Just Any Old Way

Although the observations were correlated, we were able to
obtain an estimate of the extent of the random errors affect-
ing each of the two coordinates. Unfortunately, the two coor-
dinates themselves (lalitude and longitude) do nol vary
independently (Figure 1). As a result, the two standard devi-
ations are nol sulficienl lo calculate the mean distance be-
tween the positions indicated by the GPS and the true
position of a given poinl. The problem is even more compli-
cated when considering the mean of several GPS readings
rather than a single reading, which is why we used simula-
tion techniques to determine the precision of the values re-
sulting [rom calculating the mean of several readings taken
at regular intervals.

More precisely, whatl needs to be done is to evaluate the
distance separating the position obtained by calculating the
mean of a certain number of GPS readings and the actual po-
sition of the point where the apparatus is installed.

To do this, we proceeded as follows:

(i) For the four days as a whole, we eliminated all the invalid
observations (where the number of satellites NSAT was less
than 4) and the observalions that were unlikely to be pre-
cise (where the HDOP was over 22);

(ii) We set a number of replicates N to be varied from 2 to 6

*Filtering was carried out by the npor procedure, as rpoP-based se-
lection would have eliminated too many data.

Mean Latit
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Figure 2. Latitude values for which NSAT = 4 and PDOP < 2 (+).
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Figure 3. Confidence Radius (R) of the mean point (R = f(time lapse)).

and a time lapsed between two replicates of 20 lo 600 sec-
onds;

(iii) From the observations not eliminated under stage (i), we
chose a random series of N observations made d seconds
apart. We then plotted the mean point for this sample on a
Latitude by Longitude graph: and

(iv) We repeated stage (iii) 1,000 times to determine the radius
R of the circle containing 95 percent of the mean points
represented (i.e., 950 points).

The radii R obtained for the different N and d values are
shown in Figure 3. For a fixed N value, when d increases,
the radius H decreases until it reaches a plateau for time
lapses of more than 3 to 4 minutes. The level of the plateau
obviously depends on the number of observations N, and is
around 65/VN.

This means that, to benefit fully from the improved pre-
cision obtained by increasing the number of replicates, a cer-
tain time lapse has lo be allowed belween lwo successive
readings to ensure that they are independent. In our experi-
ment, at a certain level of SA and with a certain Lype of
equipment, the time lapse was found to be around 4
minutes.

Conclusion

Filtering and replicating observations ensure substantial in-
creases in precision, but also mean spending more time tak-
ing measurements.

For filtering, restricting the observations used to periods
when NSAT is over 4 and PDOP under 2 reduces the standard
deviation of longitude values from 25 to 12 m in our experi-
ment. However, this means sacrificing four-fifths of the ob-
servalions and running the risk of waiting over an hour
before being able to take a measurement.
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For replicates, the time-precision link is even more di-
rect: if it is to provide information, each additional observa-
tion has to be made after a certain time lapse. We obtained 3
to 4 minutes. Conley (1992) and Kremer (1990) found similar
times. It would be worth determining whether the results are
the same at other times and with other types of receiver.

However, users will have to strike a balance between the
time taken to measure each point and the degree of uncer-
tainty he deems acceptable.

For applications where such a compromise would be un-
satisfactory, differential GPS, which calls for a much greater
investment, would be a highly effective technical solution for
increasing the quality of position measurements.
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