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ABSTRACT

The purpose of this study was to evaluate differential
global positioning system (DGPS) positional accuracy on
Irish forest roads with typical peripheral canopies. The
peripheral canopy obstruction at 20 forest road sites in
Roundwood State Forest, was determined using a hand-
held clinometer and magnetic compass. Thissimplefield
technique permitted quantification of the canopy
obstruction using graphical means and resulted in a
graphical skyplot of eachsite. Theequipment, one Trimble
ProXRSDGPSunit and two Trimble4000SS unitspermitted
determination of the DGPS accuracy (average of 2.9 m)
and precision (average of 2.1 m) with arange of periphera
canopies. DGPS performance was quantified in terms of
the average absolute error in positional dilution of
precision (PDOP) (DPDOP= 1.6). Therel ationship between
DPDOP and percentage of open sky was found to be
statistically significant (r = 0.706, I =0.001). Statistical
analysis also indicated a strong relationship between
relativeprecisionand DPDOP(r=0.796,r =0.000). Sadlite
constellation in the measurement period was not the sole
factor affecting DGPS useability. Threedistinct classesof
peripheral obstruction at road siteswere defined (Classl:
100-66 %; Class|1: 65-33 %; Class||1: 32-0 % obstruction)
and it wasfound that both DGPS accuracy (3.70m, 3.23m,
1.91 m, respectively) and precision (4.10m, 2.43m, 0.83m,
respectively) improved with decreasing peripheral
obstruction. These classes may be used as a means of
predicting signal attenuation which might be expected
under particular forest canopy conditions elsewhere.
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INTRODUCTION

Theuseof Globa Positioning Systems (GPS) inforestry
has been well documented since the introduction of the
systeminthelate 1980s. Applicationsinvestigated have
included thelocation of inventory plots[3], determination
of the timber value of forest land [1], soil and vegetation
surveys[12], quantification of the soil compaction caused
by machinetravel [10] and the role of GPS as an integral
part of decision support systems [8]. Developments of
eco-friendly harvesting and “precision” management of
forest resourceswill require more quantitative data about
the performance and reliability of GPS in forests.
Independent quantitative and qualitative evaluations of
the accuracies of different GPSreceiver typesin terms of
receiver characteristics, data processing, the ergonomics
of the receivers and the reliability of the hardware have
been carried out [9, 5], but there has been little quantitative
work about performance through time and space.

In aforest environment, the low power of GPS signals
can be further attenuated by forest canopy, thus affecting
thereceiver efficiency and positional accuracy of the data
recorded. The GPSsignal attenuation attributed to canopy
conditions has been shown to result in a decrease in
observation rate [4]. Work carried out by [13] indicated
that even under minimal canopy cover (40 trees per ha),
large errorsin GPS positionswere common. Thetype of
forest canopy is also important; [7] found that GPS data
collected in dense coniferous forests was more reliable
than data collected in dense deciduous forests. Gerlach
[6] quantified thisloss of signal strength in terms of tree
trunks (23%), branches (28%) and foliage (36%).

The accuracy of differentially corrected GPS (DGPS)
has also been shown to be greatly dependent on forest
type and the number of positionfixes[2]. However, there
has been little work to evaluate DGPS on forest roads
even though the system has potential for use in logistics
management. Some modern receivers are designed to be
“optimised” for canopy according to the manufacturers
informal information [15]. Furthermore, operational
guidelines to ensure the quality of forest resource GPS
survey work, and the consistency and compatibility of
GPS survey data in the forest inventory database have
been produced [11]. Application of these guidelines is
not always straightforward in the field where conditions
can vary considerably. A reliable method of estimating
the expected positional accuracy degradation dueto signal
attenuation on forest roads has not been identified.
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OBJECTIVES

The purpose of this study wasto evaluate the useability
of DGPSon forest roads with typical peripheral canopies.
The objectives of the study were to: (i) determine the
accuracy, precision, performance and repeatability of DGPS
co-ordinates; (ii) develop ameans of predicting thesignal
attenuation which can be expected under particular
peripheral canopy conditions.

MATERIALSANDMETHODS
Study Area

The study was conducted in Roundwood State Forest
inthe Wicklow mountains, County Wicklow, Ireland L at.
51°39'and Long. 11°37'. The experimentswererestricted
to a small area (circa 2 km?) to minimise both adverse
atmospheric effectsand terrain variationson GPS signals.
Individual forest compartments were selected from the
national forest inventory database on the basis of (i)
proximity to aforest road, (ii) tree species— predominantly
single species compartments comprising of Sitka Spruce
and Lodgepole Pine, (iii) age—ranging from pre-thickets
and thickets (approximately 0-12 and 12-18 years,
respectively) to mature trees, and (iv) thinning status —

from unthinned up to 4" thinning. In total, 20 road sites
representing diverse forest canopy conditions were
selected along circa3 km of forest road (Figure 1).

Sixteen of the selected sites were surrounded by Sitka
Spruce compartments, which is most common in
commercia forestry in Ireland, and the remainder were
surrounded by L odgepol e Pinecompartments. Sites1-14
were situated on circa 2 km of road orientated in an
approximate North/ South direction. This road segment
rosefrom 346 mat Site1to 473 mat site 14. Thegeneral
terrain had apredominant west/east falling gradient. The
6 remaining sites (15-20) were situated on a section of
road approximately 1 kminlengthwith afalling gradient of
5%. This road was orientated in an east/west direction
and situated on a hillside falling from north to south.
Although two main forest road directions (north/south
and east/west) were selected, the bearing of many
individual road segmentswherethe experimentstook place
deviated from these general orientations. Theforest roads
werecirca. 3.5 m widewith atotal width of 5m between
peripheral trees

Field DataAcquisition

At each location, asite description including the current
status of the crop and management status of the forest

Figure 1. Study area.



compartments bordering the site, the road slope and
magnetic bearing were recorded. The sky obstruction
was determined using a hand-held clinometer and
magnetic compass. The angle of inclination and azimuth
of the canopy crest at 2 points in each quadrant around
the road site were recorded. Using these data a skyplot
indi cating tree density, canopy horizon and any secondary
landscape horizon visible through the trees was
constructed for each site. The forest road was indicated
on the plot as parallel dashed lines running through the
centre. Theconcentric circlesrepresent spherical horizons
at 0°, 30° and 60°, with the zenith (90°) directly over the
particular point of measurement. The concentric dashed
lineat 15° indicatesthe el evation cutoff angle, below which
no satellites were considered. On the basis of these
skyplots the relative percentage of unobstructed sky
abovethe cut-off anglewasdetermined for each site. Each
sitewas permanently marked along the centre of the road
so that it could be revisited on a number of occasions.

The GPS receivers used were (i) a Trimble ProXRSO
twelve-channel unit capable of sub-metre accuracy in
differential mode (the marine beacon serving the areawas
at Point Lynasin North Wales, UK, approximately 100 km
away from the study area directly across the Irish Sea)
and (ii) two eight-channel Trimble SSIO Site Surveyors
capable of milimetre accuracy (use of a specific product
doesnot imply endorsement by the authors). Using static
field techniques [14] and post processing software the
SSi receivers were used to establish a base station in the
study areaapproximately 27 kmaway fromaknown station.
To ensure base station accuracy, over 6 hours of
simultaneous data were recorded at the recommended
manufacturer settings. The base station (Roundwood
Base), RWB, (317 100E, 207 699N, 490h) wassituatedinan
open areawith aclear view of the sky and was no further
than 2 km from all test sites.

The‘true’ Irish Nationa Grid (ING) co-ordinatesof each
road sitewere obtained using rapid static techniques[14].
In this survey mode one SSi receiver remained stationary
at RWB whilst the second receiver occupied the marked
position at each road | ocation for approximately 15 minutes.
Post processing the GPS data resulted in positional co-
ordinatesfor each of the 20 road sitesaccurateto withina
few centimeters. These‘true’ co-ordinateswereused asa
comparison basis for all subsequent DGPS positions
recorded.

Table 1 lists all operational settings adopted for use
withthe DGPS ProX RSO receiver. For practical purposes
the GPS antennawas positioned approximately 1.5 m above
the ground at al sites. To ensure a variety of satellite
configurations, different days and times of the day were
selected for the DGPS measurements.  On dates during

the months of May, June, July and August 1999, DGPS
positions and Positional Dilution Of Precision (PDOP)
valueswererecorded at al sites. Intotal, over 6500 DGPS
positions were recorded during 11 sessions. To evaluate
the effects of canopy on obstructed sites, the PDOP values
recorded at each site were compared to PDOP values
recorded at the unobstructed RWB. The mean absolute
DPDOP (PDOP a RWB —PDOP at each experimental site)
was calculated using a spreadsheet.

Datawereevaluated for (i) accuracy by differencefrom
the‘true’ co-ordinates, (ii) precision by standard deviation
of position fix, (iii) performance by comparison with
unobstructed PDOP valuesat al sitesfor each epoch, and
(iv) repeatability over the various dates of observation.

Table 1. DGPS operational settings adopted with the

ProXRSreceiver.
Parameter Setting
Mode Manual 2D/3D
Minimum number of Satellites 3
Measurement interval 2 seconds
Minimum number of position fixes 30t
Elevation cut off angle 15°
PDOP cutoff 2]
AR 0
+ Determined from 150 epochs

RESULTSAND DISCUSSION

Thegeneral characteristicsof each siteare summarised
inTable2. Initial DGPStridsontheforest roadsindicated
that anincreasein the number of differential position fixes
would yield an increase in accuracy. One hundred and
fifty DGPS position fixes (300 seconds) resultedinaCircle
Error Probable (CEP) of 1.225 m. However, it wasfound
that the CEP of 1.347 m obtained after only 30 position
fixes (60 seconds) was comparabl e to the accuracy quoted
by the manufacturer (+1 m) and was not much different
fromthe“best” data. Therefore, mean resultsfor each site
were determined from 30 epochswhich represented amore
practical approach to the use of timein thefield.

During the measurement period the differential beacon
correction wasfound to bereliable 97 % of thetime. June
22" accounted for 27 % of thisdowntime. The mgjority of
real-time uncorrected positions were recorded at site 1.
Thelossof differential signal at thispoint can beattributed
to its low elevation (346.1 m) with respect to the
surrounding terrain. The general reliability of the system
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can be attributed to it being transmitted in the medium
waverange. Suchsignals tend to “hugthe ground” and
are not “line-of-sight”. Only differentially corrected
positions have been included in the results.

Accuracy

DGPSpositiona accuracies, determined asthe Euclidean
distance from the ‘true’ coordinates, were found to vary
with respect to surrounding canopy type and measurement
period. Table 3liststhe average, maximum and minimum
accuracies determined from a total of 330 DGPS
measurements at each site. The average differentially
corrected accuracy was 2.9+ 3.71 mover al canopy types
and sampling dates. The 95 percentile of the differential
position datawas+ 7.25m. Only 8 mean observations (30
position fixeseach) werein error by morethan 15m. From
Table 3it can be seenthat sites5, 6, 10, 12, 13, and 16 are
within 2 m of the absolute valueswith errorsranging from
0to 3 m. Themaximum percentage of surrounding canopy

Table 2. Road site descriptions.

obstruction at these sites was 35 %. Sites 3 and 8 were
found to have mean errors exceeding 6 m. The large
variation in these measurements, 16.2 m and 20.7 m
respectively, can be attributed to their high relative
percentage of obstructed sky 66% and 74%.

These results indicate a correlation between the
positional accuracy and percentage of surrounding
canopy obstruction. However, no significant correlation
was found to exist (r = 0.455, r = 0.044). The lack of
correlation, can to some extent, be explained by poor
satellite constellations with respect to the experimental
area. GPS satellite geometry in the northern hemisphere
was found to be continuously poor irrespective of
the time and date of observations. Figure 2 illustrates a
satellite trgjectory predicted using Trimble's Mission
Planning Software for a 24 hour period directly over the
experimental area. As can be seen from this figure, a
considerable gap exists to the north and canopy
obstruction in this segment of the hemispherewill therefore

Roadsite Road bearing, ° Road dope,° Primary species General status
1 PD TE-W Lodgepole pine Mature, thinned
2 120 2SE-NW Lodgepole pine Mature, thinned
3 130 3SE-NW Lodgepole pine Mature, thinned
4 108 10E-W Sitkaspruce Mature, thinned
5 145 4 SE-NW Sitkaspruce Clearfelledto NE, dense
mature trees to SW
6 155 4 SE-NW Lodgepole pine Mature,
i 165 3SE-NW Sitkaspruce Mature, thinned
8 145 5SE-NW Sitkaspruce Mature, thinned
9 145 3SE-NW Sitkaspruce Mature, thinned
10 130 0SE-NW Sitkaspruce Mature, thinned
1 160 2SN Sitkaspruce Mature, thinned
12 150 -3SE-NW Sitkaspruce Saplings
13 190 4SN Sitkaspruce Saplings
14 190 6SN Sitkaspruce Saplings
15 220 -3SE-NW Sitkaspruce Mature, thinned
16 285 0SE-NW Sitkaspruce Saplings
17 20 -3E-W Sitkaspruce Mature, thinned
18 PD -5E-W Sitkaspruce Mature, thinned
19 220 -4E-W Sitkaspruce Mature, thinned
2t 275 0E-W Sitkaspruce Mature, thinned

T Points at turning circles
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Table3. Summary of DGPSresultsfrom 11 measurement sessions.

Site % of open sky Positional accuracy Reativeprecision Performance
Mean  Max Min Mean  Max Min Mean  Max Min
1 6 41 24 14 43 216 02 17 170 00
2 5 26 34 09 46 217 03 15 205 00
3 A 6.0 176 14 12 49 02 15 167 00
4 2 21 41 16 12 20 03 10 216 00
5 8 16 21 15 03 07 02 03 25 00
6 74 15 30 07 10 24 04 06 24 00
7 5 27 52 16 17 37 02 14 20 00
8 2% 64 211 04 65 217 07 28 305 00
9 61 38 210 10 18 22 03 14 52 00
10 6 18 29 13 04 09 02 12 182 00
u A 29 47 11 17 36 03 43 66.2 00
1 87 09 19 00 10 13 04 09 51 00
13 R 15 19 10 05 13 02 06 43 00
14 100 31 150 12 03 07 02 04 35 00
15 37 28 30 15 30 36 05 16 44 01
16 89 17 22 14 06 17 01 09 36 01
17 33 26 41 17 16 29 03 09 45 00
18 3] 36 165 00 36 159 02 48 245 00
19 58 33 57 27 50 34 13 37 387 00
20 7 30 51 07 21 40 02 09 89 00
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Figure2. Satellitetragjectory at the experimental site predicted for a24-hour period.
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have little significance on the overall result.
(i) Precision

The 2-dimensional standard deviation as estimated by
the DGPS receiver (ProXRS) was used as an indicator of
precisionin thisstudy. From 11 epochsfor each site 220
standard deviationswere computed. Themean, maximum
and minimum 2-dimensional standard deviations at each
site are listed in Table 3. The overal precision of the
receiver was determined as 2.1 m under all canopy types,
with 95 % of the positionswithin 7.7 m. Standard deviations
recorded at the majority of sites were within the
manufacturer’sspecification (= 1 m). Thelargest standard
deviationsof 4.3m, 4.6 m, 6.5m and 5.0 mwererecorded at
Sites 1, 2, 8 and 19, respectively. The magnitude of these
errors indicates possible multipath effects in the
observations, or poor satellite geometry due to
surrounding canopy adversely affecting GPSsignals. To
assess the effects of surrounding canopy on precision,
the relative percentages of open sky at each experimental
sitewasrespectively ranked. A significant rank correlation
(r=0.648, r =0.002) wasfound to exist between the extent
of obstruction and the precision of DGPS positions.

Statistical analysis confirmed that therewasasignificant
corration (r=0.635, r =0.003) between the 2-dimensional
DGPS precision and the absolute accuracy of DGPS
positions. Thisrelationshipisillustrated in Figure3where
it can be seen that the most accurately positioned sites 4,
5,6, 10, 12, 13 and 16 tended to be more precise; whereas
sites 1, 2, 8, 15, 18 and 19 were both inaccurate and
imprecise.

Performance
The 6600 absol ute DPDOPs measured ranged from 66

to Owith an average of 1.6, the 95 percentilewas6.1. The
PDOP values recorded at RWB corresponded with those

predicted from the Trimble's satellite dmanac ‘Mission
Planning’. PDOPs recorded under canopy differed
significantly from unobstructed predicted values.
Generally, the DPDOPs determined remained constant over
the duration of individual epochs (60 seconds). Large
DPDOP fluctuationswithin an epoch may be attributed to
sporadic obstruction of the antenna by treefoliage caused
by wind. Theréationship between DPDOP and percentage
of open sky was found to be statistically significant (r =
0.706, r =0.001) thus suggesting that denser surrounding
canopieswill result in poorer satellite geometry selection
and hence, inferior DOP values. Therelative precision of
DGPS positions was also found to bear a strong
relationship to DPDOP values (r = 0.796, r = 0.000) thus
implying that good satellite geometry will resultinreliable
positions regardless of the presence of forestry.

The accuracy and precision of GPS fixes achieved in
this study could be improved by filtering the raw data.
The PDOP mask used was 99 (thiswas the maximum PDOP
mask permitted by the receiver) which greatly exceeded
the recommended value of 8. However, adoption of high
PDOPswill resultin more datain ashorter period of time
and it is therefore incumbent on the user to decide on the
level of accuracy required before adopting GPS operational
settings.

It should aso be noted that an increase in PDOP was
found to adversely effect the receiver Latitude morethan
the Longitude. This phenonomen is due to the geodetic
location of Wicklow and theinclination of the GPS satellites
(at 55°, thefurther north one goesthe fewer the number of
satellitesat thezenith). Dilution of Precision (DOP) values
areinfluenced solely by the geometry of the satellitesand
some systems on the market are capable of receiving
information from both GPS and GLONASS (the Russian
satellite positioning system), theinclination of GLOSASS
satellites is 64.8°, thus reducing the adverse effects in
northern latitudes. In the future, the adoption of more
advanced antennae coupled with additional signal
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Figure 3. Relationship between the average absolute error and the precision of the observations.



availability will help to minimisethisproblem.
Repeatability

Statistical analysis of the datawas carried out to deter-
mineif asignificant relationship existed between the pre-
cision of the results obtained and the satellite constella-
tion during measurement periods. The 2-dimensional
standard deviations computed for each site were ranked
and cross-correlated on the basis of measurement period.
Similaritieswerefound to exist between epochs 1, 2, 3,5, 8
and 10; 3,4,5,and 7; 4and 8; 5,6 and 7; and 8, 10 and 11.
Only 50% of the correlated epochs had similar satellite
constellations. Therefore, it was concluded that the satel-
lite geometry or time of measurement was not asignificant
over-riding factor affecting DGPS useability.

Prediction of Performance

The percentage of peripheral canopy obstruction was
classified in three main classes: Dense peripheral canopy
=100 - 66% obstruction; Medium peripheral canopy = 65
- 33% obstruction, and; Light peripheral canopy 32 — 0%
obstruction. Figure 4 illustrates skyplots of experimental
sites 8, 1 and 13 representing dense, medium and light
peripheral canopy obstruction respectively. Onthebasis
of these categories, the accuracy, precision and signal
performance of the DGPSreceiver under foliage were de-
termined (Table4). From Table4 it can be seen that there
wasasignificant differencein accuracy and precision be-
tween all canopy obstruction classes. Performance of the
GPS receiver in the light peripheral canopy obstruction
class(PDOP=0.66) waslower thanin theother two classes
which indicates that PDOP is useful for conveying the
performance of GPS dueto the potential for large changes
that are not directly related to the environment and which
are not reflected by the other measures. In general, once
33% of the sky view is blocked the unit performs half as
well, but even with 66% obstruction, the unit works well

enough for most forest applications.
CONCLUSIONS

The results presented in this study indicate that the
extent of peripheral canopy obstruction will have an ef-
fect onthe accuracy, precision and performance of DGPS
positions. However, asthe maximum error determined for
the densest peripheral canopy classin both accuracy and
precisionwasonly circa4 m, thiseffect can be considered
insignificant for the majority of forestry applications.

The four quantitative measures of DGPS performance
were examined and, though related, were not perfectly
correlated. It hasalso been shown that quantification of
peripheral canopy obstruction in terms of percentage of
open sky above the measurement point provides a means
of predicting DGPS signal attenuation.

The method of determining peripheral canopy obstruc-
tion adopted for this study isasimple technique and pro-
vides aprotocol to determine peripheral canopy obstruc-
tion, which could be applied in all field situations with
relative ease. Such on-site classification would aid in de-
termining measurement specificationsin advance of aGPS
survey. However, this study has not investigated the
effect of variables such aswesther conditions, terrain vari-
ability and atmospheric on signal attenuation and further
work is required to quantify these. Furthermore, signal
attenuation experienced under deciduousfoliage may not
be the same due to the different leaf structure and there-
foremust also be classified.
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Table4. Classification of the mean accuracy, precision and performance of DGPSrelativeto peripheral canopy

obstruction.
Peripheral Canopy Mean Precision, Performance
Canopy Obstruction, Accuracy, m (DPDOP)
Description % m
Dense 100-66 370 410 177
Medium 65—33 336 243 225
Light 32-0 191 083 0.66
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