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Low-cost portable GPS units (Garmin Forerunner 201/301) were tested for reliability and usability.
Static measurements were used to examine positional accuracy. With the GPS units placed on a ge-
odetic point, positions were recorded continuously for about 8 hours a day for 23 days (N = 110 228).
To examine distance accuracy, predetermined distances were measured using GPS units mounted on
a minitractor and driven on an athletic ground. Both tests were performed in an open space scenario
with no objects hindering or reflecting GPS signals. To document the impact of multipath and «lost
fixes», a free movement test was carried out using a GPS unit mounted on a person walking close to
and around a tall building. Estimated standard deviation from the static measurements was less
than 2m in both east-west and north-south directions. This is better than the specifications for the
GPS units. There was, however, strong positive dependence between consecutive static measure-
ments and some GPS units sometimes exhibited the same bias over a period of several hours. There
was also variation among the GPS units in both the static and distance measurements. 
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Introduction
Global Positioning Systems (GPS) are be-
coming more applicable in commerce and re-
search in areas such as environmental stud-
ies, geology and sports. Portable and low cost
GPS receivers are available on the market
and their use is becoming increasingly com-
mon in everyday tasks and in leisure time,
exercise and sports. GPS equipment is play-
ing a key role in the so-called «mobile map-
ping» market, including map updates of
roads, vehicle navigation and tracking of out-
door sport activities. In sports such as orien-
teering, athletes are tracked by portable
GPS units and the chosen route is shown on
a screen, allowing the audience to follow the
race and the performer to analyse his/her

track priorities (TracTrac APS). Spatial data
is increasingly being applied in sport scienc-
es to determine where physical activity oc-
curs.

Rodriguez, Brown and Troped (2005) exa-
mined reliability and validity of GPS units
and explored their usability to track physical
activity. Their study revealed problems in re-
cording positions in free movement tests
where environmental structures such as tall
buildings may cause outliers. This was also
discussed in a study by Phillips et al. (2001)
in which outliers occurred when satellite re-
ception was blocked by tall buildings or re-
flected from vehicles and other objects. They
used another kind of GPS equipment and
considered an uncertainty of about 10–20
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meters in the recordings as satisfactory for
their study. In spite of limitations in the ap-
plied technology, both studies recommended
GPS monitoring as a promising means for
tracking movement patterns and physical
activity. 

Research issues
The main objectives of this study were to eva-
luate the reliability and accuracy of positions
collected using GPS units of the type Garmin
Forerunners 201/301 (GFs). The only differen-
ce between the two models is that 301 has an
additional heart rate monitor.

Research questions:
– How reliable and accurate are positions

collected using GFs?
– How reliable are track distances calcula-

ted from collected positions?
– How do buildings and environmental ob-

jects affect position accuracy and track
distance reliability in free movements?

Methods and experimental design
Three types of measurements were carried
out:
– Static measurements where all GPS units

were positioned on a geodetic point.
– Distance measurements where all GPS

units were mounted on a minitractor dri-
ven on an athletic ground.

– Free movement measurements where one
GF was mounted on the wrist of a person
walking close to and around a tall building.

We tested 8 GFs with software versions
3.50/2.63. MapSource version 6.9.0.1 Beta
was used to download data from the GPS
units to a PC and to transform positions to
coordinates in UTM zone 32 WGS 84. High
precision RTK-GPS was used to establish the
geodetic point. The elevation angels at the
geodetic point are: 12 gon (N), 4 gon (W), 7
gon (S) and 4 gon (E). The length of the refe-
rence line (428.8m) was established from the
certificate for the athletic ground (Stadium
Høgskolen Bø – Telemark, 2003). 

The static and distance measurements
were carried out with no obstacles hindering

satellite signals and no objects implying mul-
tipath. A GPS software (Mission Planner) was
used to determine periods with poor satellite
geometry or a limited number of available sa-
tellites. Such periods were so few and so short
during our static and distance measurement
sessions that these phenomena could be igno-
red in the further analysis of the data.

Static measurements. Static measure-
ments were carried out over a 23 day period
(22 August to 29 September 2005). Measure-
ments were carried out 8 hours per day on
average. The GPS units were positioned in a
circle around the geodetic point with coordi-
nates E = 503 274.30, N = 6 585 505.92 UTM
zone 32 WGS 84. The distance from the geode-
tic point to the GPS unit antennas was 7cm.

Distance measurements. Distance measu-
rements were carried out in five sessions:
three on 11 August 2005 and two on 24 Octo-
ber 2005. The GPS units were moved along a
reference line, the line between two running
lanes. Figure 1 shows the running track and
how the GPS units were mounted on a traver-
se on the minitractor. The distance from the
centre of the traverse to the outermost GPS
unit was 33cm. The tractor was driven at a
constant speed a number of laps along the re-
ference line. The driving precision was esti-
mated to be ±15cm from the reference line.

Figure 1. The running track, the minitractor
and the GPS units mounted on the traverse.
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Travelled distance for each GPS unit was
adjusted with respect to the unit’s position
on the minitractor traverse, orthogonal to
the driving direction. The innermost GPS
unit, number 6, travelled a known distance
of 427m per lap. Number 4 was mounted out-
ermost and travelled a known distance of
431m per lap. These adjustments are shown
in the first row of data in Table 2 (p. 51).

Free movement measurements. To ex-
plore the impact of objects implying «lost fixes»
and multipath, a test was conducted using a
GF mounted on a person who walked around a
tall building less than 10m away from the
walls. The free movement test lasted 9 min-
utes and was carried out 24 October, 2005.

Data processing. The GPS data was
downloaded into text files, one file for each
GPS unit. For each observation, the text files
contained the date and time, and E (east-
west), N (north-south) and H (height) coordi-
nates, as well as some other attributes. The
text files were loaded into a single MS Access
database table using standard import tools
and assigning the corresponding GPS unit
number to each time/space observation (see
Table 1). The pid column is automatically
generated by MS Access and serves as a
unique identification of the row. The data
sets needed for analysis and GIS presenta-
tions were extracted from this table. The da-
tabase table for the static measurements has
110 228 rows (23 days, 8 GPS units, ca 8
hours per day, ca 30–60 second logging rate). 

Results

Static measurements. When a GPS unit is
used to measure coordinates for a fixed point
over a continuous period of time, many con-
secutive measurements are equal. On the
first day (22 August), 623 consecutive meas-
urements over a period of 8 hours were made

using GPS unit 1. All of the first 322 measure-
ments (from 7:52 to 11:45) had E-coordinate
272 (the 3 last digits in meters). The rest had
E-coordinate 273 (from 11:46 to 15:21), except
for 4 measurements which were 272. Figure 2
is a plot of the E-coordinate as a function of
time for the 623 measurements.

All the 623 measurements were below the cor-
rect E-coordinate which was 274.30. For this
GPS unit on this day, there was a bias to the
left which lasted for more than 8 hours and for
623 consecutive measurements (Figure 2).

On the next day, 23 August, there was also
a clear bias to the left for the same GPS unit
(see Figure 3). Approximately 2/3 of the me-
asurements were 270, more than 4m below
the correct value. On the third day, 24 Au-
gust, 98% of the measurements were 275,
slightly above the correct value.

Consecutive measurements over a continu-
ous period of time are often equal and they
are always very close. One day all measure-
ments for a GPS unit were below the correct
value; another day all measurements from
the same unit were above the correct value.
The variation was not random, and a strong

pid gps date time E N H

1 1 22.08.2005 07:52:08 503272 6585506 75

2 1 22.08.2005 07:52:24 503272 6585506 74

3 1 22.08.2005 07:52:58 503272 6585506 74

... ... ... ... ... ... ...

110227 8 29.09.2005 15:42:41 503275 6585506 64

110228 8 29.09.2005 15:42:53 503275 6585506 64

Table 1. The database table.
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Figure 2. E-coordinate GPS unit 1, 22 August.
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Figure 3. Histogram of E-coordinates for 
GPS unit 1, 23 August.
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dependence between consecutive measure-
ments was exhibited. This dependence can
be described and measured by the autocorre-
lation. Autocorrelation is defined as the cor-
relation between measurement n and mea-
surement n+i, where i is the lag between the
two measurements (i = 1, 2, 3, …). 

For the 623 measurements of the E-coordi-
nate on 22 August, the estimated autocorre-
lations were close to 1.0, the maximum pos-
sible value. All autocorrelations at lag 1 to 15
are between 0.90 and 1.0. This indicates a
strong positive dependence between consecu-
tive measurements. If these measurements
are used to estimate coordinates and stan-
dard deviations with formulas that presup-
pose independent observations, the results
will be misleading and wrong.

To obtain independent observations, 1 me-
asurement per day per GPS unit was selec-
ted randomly. The 23 selected observations
from GPS unit 1 on 23 different days are
shown in Figure 4.

These 23 selected measurements have esti-
mated autocorrelations close to 0.0 and can
be regarded as independent observations.
Estimates of the E-coordinate and the stan-
dard deviation are respectively = 274.57
and S1 = 2.27m. A 95% confidence interval
for the E-coordinate based on this set of me-
asurements is 274.57 ± 0.98m. 

Figure 5 is a plot of the measured E-coor-
dinate from all 8 units on 22 August. When
they measured the same fixed point at the
same time, the 8 GPS units had different
biases. Unit 3 (blue line) had the largest bias
on 22 August, 2–5m below the correct value

all day long. The other units measured va-
lues closer to the correct value, mostly below
but during some periods above the correct
value. One day with particularly large varia-
tion among the GPS units was 29 August.
Most values from unit 3 were 4m above the
correct value, while most values from unit 6
were 4m below the correct value. 

When standard deviation was calculated for
each of the 8 GPS units based on the 23 me-
asurements that were assumed indepen-
dent, the estimate varied from 1.0 m to 2.4m.
Nearly the same values were obtained when
standard deviation estimates were calcula-
ted using all measurements from all 23 days
for each GPS unit (13 000 – 14 000 measure-
ments). Estimated standard deviation for
unit 1 was S1 = 2.27m based on the 23 inde-
pendent measurements (Figure 4) and 2.25m
based on all measurements (Figure 6). This
is not surprising because observations from
many days will provide a representative dis-
tribution of measurement values even if con-
secutive observations within a given day are
dependent. 
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Figure 4. Histogram E-coordinates, GPS unit 1, 
1 measurement randomly selected each day. 
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Figure 5. E-coordinate 22 August, all GPS units.
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Figure 6. Histogram E-coordinate, GPS unit 1, 
all measurements.
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Estimated standard deviation based on all
measurements from all 8 GPS units is S =
1.80m. For independent and normally distri-
buted measurements, 95% of all observa-
tions lie within two standard deviations. He-
re, however, not all measurements are inde-
pendent. Nevertheless, 91% of all of the me-
asurements here (N = 110 228) fall within
the interval of the correct value ± two stan-
dard deviations, that is 274.30 ± 3.60 =
[270.7, 277.9] meters. If the endpoints are
rounded making the interval [271, 278] me-
ters, 95% of all measurements fall within the
interval.

The results for the N-coordinate are very
similar to those for the E-coordinate. Estima-
ted standard deviation of the N-coordinate
based on all observations is 1.87m, nearly
the same as that of the E-coordinate.

Very few observations lie more than 3 and
4 standard deviations from the correct value
(± ca 5.5m and ± ca 7.5m, respectively). In
the E direction, only 0.08% of the observa-
tions are more than 3 standard deviations
from the correct value and only 0.01% more
than 4 standard deviations. In the N-directi-
on, the corresponding percents are a bit
higher but still very low: 0.4% and 0.2%, re-
spectively.

Distance measurements. In the first
measurement session (11 August 2005,
10:00am), the GPS units were moved at a
constant speed of 7km/h or 1.94m/s. On the

average, positions were recorded every 17th
second, i.e. every 33rd meter. This means 5
recordings in each curve, or that each curve
may be interpreted as 4 straight lines of
equal lengths. We could as well have measu-
red the perimeter of a regular octagon in-
stead of the two half circles (Figure 7). 

The perimeter of a regular octagon has
97.45%1 of the length of the perimeter of the
circle it is inscribed in. The distance measu-
red by each GPS unit is compared to this po-
lygon adjusted distance (Table 2, data row 3).

The speed and the number of laps varied
for each of the five measurement sessions.
Therefore, it is not straightforward to analy-
se and report the results as a whole, but in
Table 3 we have calculated the difference
between known and measured distance and
the standard deviation of this difference. The

1. (8/π)·sin(π/8) = 0.9745

Figure 7. Polygon adjusted running lane. The
two curves add up to an octagon.

 GPS-1  GPS-2 GPS-3 GPS-4 GPS-5 GPS-6 GPS-7 GPS-8

One lap (m): 430 429 427 431 428 427 429 430

3 laps (m): 1291 1287 1282 1292 1284 1280 1286 1289

Polygon adjusted (m): 1271 1267 1262 1272 1264 1261 1266 1269

Measured distance (m): 1262 1283 1281 1288 1249 1258 1276 1265

Difference (m): -9 16 19 16 -15 -3 10 -4

Average Average Standard deviation

Session known distance measured distance Difference of the difference

1: 1266.5 1270.3   3.8 13.0

2: 1688.6 1699.4 10.8 12.3

3: 1270.8 1271.4   0.6 19.3

4: 2533.0 2552.4 19.4 17.6

5: 7200.5 7191.3  -9.2 84.9

Table 2. Results from session number 1. Polygon adjusted curves: Octagon (8 sides).

Table 3. Difference (m) from known distance for all GPS units for each session.
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calculations are based on tables such as Ta-
ble 2 for the remaining four measurement
sessions.

Note that the standard deviations are all
quite small compared to the known length.
In session 2, for example, the standard devi-
ation is only 12.3m compared to the known

distance of 1689m. However, row 5 in Table 2
shows that the GPS units differ in their devi-
ation from the known distance. This is more
evident in Table 4, where we compare the de-
viation from the known distance for each me-
asurement session and each GPS unit.

Free movement measurements. The track
from the free movement test presented in
Figure 8 shows that accuracy and reliability
of positions decreases substantially when
moving close to a tall building. Positions on
the roof and tracks crossing the roof are
clearly errors. The positions marked in the
figure with 1, 2 and 3 are typical outliers. At
numbers 2 and 3 we can also see a «tracing
back on track positions» effect.

Discussion
Static measurements. From the 23 inde-
pendent observations, we calculated the 95%

confidence interval, 274.57 ± 0.98m, which is
a good and precise estimate of the correct E-
coordinate, 274.30. To perform this kind of
estimation, a number of independent obser-
vations of the coordinates of the same point
are needed, e.g. observations from different
days. If a GPS unit of this type is used over a
continuous period of time, the result will be
strongly dependent observations and an al-
most constant bias which may be up to 4–5m
either to the left or to the right. Such obser-
vations can not be used for estimating coor-
dinates and standard deviations.

We found that the interval correct value ±
approximately two standard deviations con-
tained 95% of all measurements. To get an
interval that contains at least 95%, we can
use the correct value ± 4m. This is called a
prediction interval. One should, however, no-
tice that this interval contains 95% of the ob-
servations when the measurements are inde-
pendent, e.g. the measurements are from
several different days. If a GPS unit is used
continuously for several hours on one day,
there is a risk that all measurements will lie
outside the 95% interval because of the de-
pendence and the bias. 

Distance measurements. We have seen
that the standard deviations are small com-
pared to known distances. Considering that
there are several possible sources of inaccu-
racy, these results seem surprisingly good.
Table 4 indicates that there is a variation
between the GPS units regarding distance
measurement. Some of them always read lo-

Session  GPS-1  GPS-2 GPS-3 GPS-4 GPS-5 GPS-6 GPS-7 GPS-8

1: -9 16 19 16 -15 -3 10 -4

2: -12 24 18 15 -4 15 19 11

3: -23 25 23 6 -26 -5 12 -7

4: -13 38 17 27 34 6 35 11

5: -106 149 40 0 -70 24 -8 -103

Table 4. Difference (m) from known distance for each GPS unit for each session.

Figure 8. Movement pattern showing outliers 
on a track (blue line) close to a tall building.
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wer values, some of them always read higher
values, and some of them occasionally read
both lower and higher values for the distan-
ces. Note that this is based on only 5 inde-
pendent measurements for each of the 8 GPS
units and that the measurements are of dif-
ferent lengths and are carried out at diffe-
rent driving speeds.

We have documented the occurrence of
systematic bias in the recorded positions
(static measurements). Systematic bias may
not be a problem in calculating distance sin-
ce the distance between the points remains
the same through a parallel displacement. 

The GPS units calculate distance between
two consecutively recorded positions as the
length (in whole meters) of the straight line
connecting them. The total distance of a
track is the sum of such lengths. 

Since there are time gaps between the re-
corded positions, in addition to positional in-
accuracy, it is not clear what the actual tra-
velled path looks like. The same set of recor-
ded positions may occur from two quite diffe-
rent paths. Since the distance measured by
the GPS units is a sum of linear lengths, this
will represent the shortest possible path that
could have been travelled to generate the re-
corded positions. 

Imagine that a GPS unit is moved on the
boundary of a circle, at constant speed, to cal-
culate the perimeter of the circle. The effect
of the time gaps between recordings is that
this experiment could as well measure the
perimeter of an n-sided polygon with all cor-
ner points on the boundary of the same cir-
cle. The distance given by the GPS unit (as a
sum of linear lengths) will never equal the
perimeter of the circle. If positions are recor-
ded more often (smaller time gaps) the num-
ber n of polygon sides will increase, the poly-
gon will approach a circle and the measured
distances will become a better estimate of
the circle’s perimeter.

Time settings on the GFs cannot be overri-
ded. Positions are generally recorded every
10–20 seconds, longer if the GPS units are
experiencing small movements and about
every 45 seconds when at rest. 

We wanted to establish, if possible, a level of
precision for the calculated distances as an in-
strumental property for the GPS units based

on measurements of known distances. Usually
the distances one wants to measure are not
known initially. To ensure that our results
would be transferable to actual use situations,
a running track on an athletic ground was
used as «laboratory». Moving around a run-
ning track (rather than back and forth in the
same direction) has the advantage of minimi-
zing any effects of geographical orientation.

As already mentioned, all GPS units will
calculate less than the actual distance under
the given conditions. Since the reference line
is made up of two straight lines and two half
circles (i.e. one complete circle) and there
was a time gap between recordings, the refe-
rence line could just as well have consisted of
two straight lines and two halves of an n-si-
ded polygon. The value of n depends on the
average distance between recorded posi-
tions, which again depends on the constant
driving speed. In our measurements the only
two values of n were n=8 (octagon) and n=9.
These n-values were used to polygon adjust
the known distances for each GPS unit.

Free movement measurements. To de-
termine a position, also called «getting a fix»,
the GF needs free sight to 4 satellites. Du-
ring free movement the fix can be lost if
buildings or other objects hinder the GPS
signal. After a «lost fix», the GPS unit will
get a new fix when there are sufficient GPS
signals (from 4 satellites). The GF seems to
give priority to getting a new fix as fast as
possible. This functionality strategy may
produce outliers and several inaccurate posi-
tions until correct positions are achieved.
This means that the time from the first fix
until a correct position is achieved must be
considered a risk period for inaccuracy in the
positions. 

Conclusions and comments
Static measurements. There is strong pos-
itive dependence between consecutive meas-
urements. One may ask why the GPS units
often show the same value over periods of
several hours. This may be due to some kind
of inertia or averaging mechanism in the
GPS units, but we have not investigated this
question further.
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There is some variation among the GPS
units when measuring the same point at the
same time. Some GPS units may give values
above the correct value, other below. The es-
timated standard deviations also vary so-
mewhat among the GPS units, from approxi-
mately 1m to a little more than 2m. Estima-
ted standard deviation based on all measure-
ments from all eight GPS units is 1.8m in
east-west direction and 1.9m in north-south
direction. The interval correct value ± 4m
contains at least 95% of all measurements in
both directions.

Distance measurements. A reasonable
estimate of the distance inaccuracy for the
GPS units is two times the standard deviati-
on, about 32m, when the measured distance
is about 1270m (an average of the first and
third measurement sessions). One must be
aware that some GPS units tend to give only
lower, and some others only higher, distance
readings. There is variation among the GPS
units with respect to distance measurements.

Free movement measurements. The
GPS units (GFs) are suitable for movement
tracking when this is carried out with care.
Our results from static measurements have
shown that a bias either to left or to the right
may last for some hours. This bias can be
seen in Figure 9 where it sometimes looks as
if the GPS units move inside or on the roof of
the building. They do not; they are always
outside the building. This bias can also be
seen when the route choices taken by tracked
orienteerers are shown on a screen at the

arena or on TV. Sometimes it looks as if the
runners choose to run parallel to a path or a
road. Obviously they run on the path or road
because that is the fastest and the safest ro-
ute, but there may be a small parallel dis-
placement due to the bias.

The GPS units examined in this study are,
when handled with care, applicable for scien-
tific use. We conclude that the tested instru-
ments, in open space scenarios, proved to be
accurate and reliable for static and distance
measurements. However, new equipment is
already available with specifications indicat-
ing improved reliability and usability, so fur-
ther studies are recommended.
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