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Abstract

Reflectorless total station (RLTS) has made it possible for only one person to carry out field mea-
surements and inaccessible points can be measured with relative ease. There is no sufficient in-
formation about the accuracy of these instruments for the long range measurements. This paper
attempts to evaluate the accuracy of reflectorless distance measurements ranging up to 1000 m
and to determine the surface area needed for such measurements at different incidence angles. An
experiment was carried out to examine what effect surface material, target size and incidence an-
gle had on distance measurement. In this experiment 10 different distances were measured using
targets of 6 different materials and 4 different sizes at 5 different incidence angles. To properly
evaluate the results, a special supporting base was designed and manufactured for holding the re-
flecting targets to ensure accuracy in the evaluation. Based on the accuracy analysis of a lot of
testing results, the conclusions that were drawn indicated that the target size had a great effect on
the accuracy if the incidence angle was between 15° and 30°.
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1. Introduction

Total station is widely used to survey topography and monitor land form, land use, geomorphic change detection
of rivers, streams, beaches and mass wasting of hill slopes [1]. It is also used in building construction layout [2],
dynamic deformation of bridges [3], cultural heritage documentation [4] and many other engineering applica-
tions. In the 1990s, a powerful visible laser beam was used for measurements to almost any surface without the
use of retroprisms [5]. Many of today’s total stations have integrated this reflectorless EDM technology [6]. As
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reflectorless total station (RLTS) has made it possible for only one person to carry out field measurements and
inaccessible points can be measured with relative ease, they become widely used by surveyors [2] [4] [7]-[10]. It
is increasingly becoming a standard surveying technique [11]. In order to ascertain the accuracy of the RLTS at
short range distances, several studies were carried out. The accuracy of RTLS was investigated by [9] for dis-
tances up to 100 m, by [2] for distances up to 300 feet (=90 m), by [12] for distances up to 60 m and by [5] for
distances up to 50 m.

This paper studies the effect of target material, target size and incidence angle of laser beam on the accuracy
of reflectorless measurements for distances up to 1000 m. A series of experimental measurements for 10 differ-
ent distances were carried out using targets of 6 different materials and 4 different sizes at 5 different incidence
angles. The distances obtained by reflectorless surveys were compared to the distances obtained by prism sur-
veys. As the result of these comparisons, accuracy analyses were performed to draw conclusions about the in-
fluence of the mentioned parameters on the accuracy of reflectorless measuring.

2. Instrumentation and Targets

The total station used in this research was TOPCON GPT-7501 (7W2024). Its specifications [13] stated that its
reflectorless measuring range was (1.5 m - 250 m) with accuracy £5 mm in the normal mode and (5 m - 2000 m)
with accuracy * (10 mm + 10 ppmxD) in the long mode. Its accuracy in prism measuring mode is + (2 mm + 2
ppmxD). A weather station SKYMASTER (No0.21244) was used to measure the temperature, atmospheric pres-
sure and humidity during the experimental work. The materials used in this study were selected to represent the
most frequent materials that appeared in the surveyor’s field work. 6 different materials: concrete, rock, red
brick, wood, steel and aluminum were used as targets. To determine the surface area needed for the measured
distance, 4 target sizes: 5 cm x 5 cm, 10 cm x 10 cm, 20 cm x 20 cm and 30 cm x 30 cm were tested. The targets
were prepared in rectangular shapes so that one side increases 3 cm over the other to support the target on the
supporting base and secure a clear area of the above dimensions. The total number of targets is 24, 4 targets of
different sizes for each of the 6 materials.

3. Special Supporting Base

A special supporting base was essential so that the targets could be properly and accurately placed. A simple
base of (U) shape cross section was designed. It is 2 cm wide, 3 cm depth and 20 cm long with a screw on the
rear plane so that the fastening materials to it are facilitated. It is made by stainless steel and manufactured to
secure that the internal surface of the front plane must be on the center of the screw on its bottom. A horizontal
circle was added to facilitate rotating the target to the needed incidence angle of the laser beam on the target
surface as shown in Figure 1. The designed base was calibrated using reflector sheet. Two distances 10 and 50
m were measured using steel tape and total station with normal prism, then the prism was replaced by the de-
signed base and a reflector sheet was hold on it. The distances were re-measured on the reflector sheet and
compared to those on the prism. The distances measured to the reflector sheet were found to be longer than
those measured on the normal prism by 1.0 mm. This means that the surface of each material has a systematic
deviation of 1.0 mm, on the sight direction, from the corresponding point of the prism center. This value must be
subtracted from each measured distance before its comparison to the measured distance on the prism. Conse-
quently, after the calibration of the special supporting base, it could be used for the experiments, as distances
measured to the prism could be compared with those measured to any other material.

4. Experimental Procedure

The procedure that was applied is the following:

1) A line of 1000 m length is marked with nails every 100 m on a street near King Abduaziz University as
shown in Figure 2. There is a wall parallel to the established line and about 4 m apart.

2) The instrument is set up on the first point and its setting is modified to measure distance in fine mode and
repeats the measurements 10 times.

3) The prism is centered on the next point, 100 m away. The distance between the instrument and the prism is
measured after setting the instrument in prism mode.

4) The prism is removed from the tribrach and the special base is installed on it. The instrument’s telescope is
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Figure 1. Special base for supporting the targets.

Figure 2. Experiment site.

not moved during these changes. All 24 targets used in the experiment are in turn—according to the target
size—installed on the base and the distance to each one measured after setting the instrument in reflectorless
mode. The reflectorless distance measurements were carried out at 5 different incidence angles of the laser
beam on the surface, 0° (hormal), 15°, 30°, 45° and 60°.

5) Steps 3 and 4 are repeated for the next 9 points, i.e. distances 200 m to 1000 m.

5. Results

The difference between the measured distance on the prism (Dp) and the reflectorless measured distance on each
material (Dynp) Was calculated using Equation (1)

AD =D, -Dy @)
The acceptable value of AD is given by the Equation (2) [5] for the desired confidence level (x)
—X-0,p <AD< X0,y )

2 2
Oap =4/0pg T 0y 3)
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where:

oy, = error of the distance measurement on the prism according to the manufacturer;

op, = error of the reflectorless distance measurement according to the manufacturer

The acceptable values of the difference AD for confidence levels of 95%, for instrument used are:

Normal mode: + 5.39 Xgs0, = + 10.5 mm

Long mode (up to 1000 m): £ (10.2 to 20.1) Xgs0, = % (19.89 to 39.2) mm

The differences AD in mm for the measured distances are summarized in Tables 1-10. The symbol (------ )
means that the instrument did not measure the distance to the target. The values of the differences AD, which are
unacceptable for confidence level 95%, appear in bold. The tables show that in general, the reflectorless dis-
tances are shorter than distances measured on prism except for distances measured to targets of size 30 cm x 30
cm at incidence angles 30°, 45° and 60°. This may be because of the divergence of the laser beam over the target

Table 1. Deviations in the measured distances at incidence angle = 0° for targets 5 and 10 cm.

Target size 5 x 5 Target size 10 x 10
Dmm Dmm

Dist ~ Concrete Rock  Brick Wood  Steel Aluminum Concrete  Rock  Brick  Wood  Steel Aluminum
100 —4 -1 -2 -4 —4 -5 0 1 -1 -1 -3 -3
200 =7 =7 -5 -10 -2 -10 -5 -5 -9 -6 -9 -8
300 -8 -5 -15 -11 -15 -12 -5 -4 -15 -5 -8 -4
400 -13 -12 -6 -14 -8 -8 -8 -4 -12 -11 -9 =7
500 —4 -9 -8 -8 -8 -3 -11 -12 -9 -10 -13 =17
600 —26 —22 =17 -6 -14 =27 -12 -14 -15 -21 1 -15
700 -25 -14 —24 -12 —-18 —-16 —-16 -20 —21 =17 -9 -2
21 OO
70 OO
G0 J R

Table 2. Deviations in the measured distances at incidence angle = 0° for targets 20 and 30 cm.

Target size 20 x 20 Target size 30 x 30
Dmm Dmm

Dist  Concrete Rock Brick Wood Steel ~ Aluminum Concrete  Rock Brick Wood  Steel  Aluminum
100 -1 -1 -5 —4 -2 -5 -2 =7 -5 -3 -9 —4
200 -8 -4 -3 —6 -8 -8 -3 -2 -5 -3 -13 -10
300 -3 -4 -5 -6 -11 -7 -3 -1 -6 0 -15 -10
400 -11 -10 -9 -6 =17 -6 -6 -4 -1 -5 -10 =7
500 -11 -9 -12 =7 -16 -16 -14 -10 -13 -9 -12 -18
600 -14 =17 -29 —22 -16 —26 -12 -14 =17 -13 —22 —22
700 -7 -14 -14 -11 -5 =17 -5 -4 —-16 -8 -10 -13
800 -11 -15 -13 - -20 0 -1 -12 -5 7
900 —22 -16 -2 =17 -15 -20 —22 -15 -2 -9 -14
1000 —41 =17 —22 -18 -12 —22 -8 -9 -7 =17 -30




R. Khalil

Table 3. Deviations in the measured distances

at incidence angle = 15° for targets 5 and 10 cm.

Target size 5 x 5

Target size 10 x 10

Dmm Dmm
Dist  Concrete Rock  Brick Wood Steel Aluminum Concrete  Rock Brick Wood  Steel Aluminum
100 -1 2 -2 0 —4 —4 2 3 -1 -1 -3 —4
200 -11 =7 -10 -5 -2 -2 0 -1 -1 -3 -8 -2
300 -9 -11 -4 -15 -16 =23 -5 2 -7 -3 -20 -2
400 -12 —-16 -15 —4 —26 -12 -3 -9 —23 -9 -11 -11
500 =7 -10 2 -8 -25 -3 -18 =17 -20 -12 -20 -25
600 -23 24 e -9 e -30 -9 -12 -16 =17 -29 -21
700 - emeeem mmemen e e e -19 -16 - 11 e e
L1 T
900 @ emem memees mmemem mmmeee mmeeen emeeee mmmen mmmeen s mmemen emeeen e
1000  -eemem semeem mmmeem emeeen memeen emeeem mmmeenmmmeen e mmemen mmeeen e

Table 4. Deviations in the measured distances at incidence angle = 15° for targets 20 and 30 cm.
Target size 20 x 20 Target size 30 x 30

Dmm Dmm
Dist  Concrete Rock Brick Wood  Steel  Aluminum Concrete  Rock  Brick  Wood  Steel Aluminum
100 0 -2 -3 -2 1 —4 1 -6 -4 -1 -8 -6
200 —4 -3 0 -2 -5 -3 -2 -1 -1 -2 -8 —4
300 8 1 —4 -2 —4 -16 6 4 -2 2 1 -9
400 -12 0 -7 -7 -32 -5 5 3 =17 0 -5 -14
500 -1 0 -3 -6 —4 -14 -4 -4 3 -3 -10 =17
600 -1 -10 -9 -8 -8 14 0 -11 -1 -13 -14 -11
700 =7 =17 -10 =2 e e -14 0 -10 =12 e e
800 - -14 - 13 e e 4 3 -3 2 e -
900 -23 =15 - -26 e - -12 7 - 4 e e
1000  ------ -8 - 17 e s -12 2 - -13 e e

Table 5. Deviations in the measured distances at incidence angle = 30° for targets 5 and 10 cm.
Target size 5 x 5 Target size 10 x 10

Dmm Dmm
Dist  Concrete Rock Brick Wood  Steel  Aluminum Concrete  Rock Brick Wood  Steel Aluminum
100 3 1 1 -1 -10 -9 4 4 1 1 -2 -13
200 -5 -11 -10 -3 -20 -25 -2 1 -1 0 -6 -8
300 -11 -9 -10 -13 -28 —24 -3 -1 -3 -10 -25 -21
400 —20 -13 =27 -14 —-18 =30 -5 -6 -14 =15 -10 —-19
500 -12 -9 -10 -7 -19 -3 -13 -8 —4 -10 =27 -
600 -33 23 - 20 - - -20 -5 e =15 e e
700 -meem e eemeem eemeen e e e A R
800 W s mmmeee mmemen ememen emeeee eemeee ememen mmmeen s mmeen emeeen e
900 @ seemem mmmeem ememem emeeem emeeee meees emmeen ememen mmmen ememen mmeen eeeeee
1000 s-eeem emeeem mmmeem mmmeee meee eemeee mmemenmmmmen s mmmeen emeeen e
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Table 6.

Deviations in the measured distances at incidence angle = 30° for targets 20 and 30 cm.

Target size 20 x 20

Target size 30 x 30

Dmm Dmm

Dist Concrete  Rock Brick Wood  Steel  Aluminum Concrete  Rock Brick Wood  Steel Aluminum

100 -1 -1 -1 2 -1 -15 4 -3 1 -1 =7 —61

200 2 1 1 -2 —29 5 5 1 4 -4 -33

300 4 6 1 - 3985 4 14 5 7 - 3820

400 -11 -1 -2 =7 e e 14 1 7 5 e e

500 11 9 6 4 3 -20 9 10 7 7T e e

600 4 11 —6 -2 e e 1 18 4 [

700 -8 -10 - e I 9 7 -3 4 e e

800 e e e e N e -3 9 -16 A

900 - =15 e e e e 5 9 e b
1000 - -16 - =15 e e -14 4 I

Table 7. Deviations in the measured distances at incidence angle = 45° for targets 5 and 10 cm.
Target size 5 x 5 Target size 10 x 10
Dmm Dmm

Dist  Concrete Rock Brick Wood Steel Aluminum Concrete  Rock  Brick Wood  Steel ~Aluminum
100 1 3 3 -2 -21 —24 5 5 2 3 -6 -141
200 -9 -13 -13 -5 -25 -10 -1 4 -3 -3 —24 -53
300 -18 -9 -19 -15 -9 -31 -6 -1 =17 -19 -31 -6
400 -13 -19 -20 —21 —28 0 —24 -12 =17 =17 -25 -20
500 -11 -5 -5 -12 =7 =17 -16 -13 -14 -13 24 -
600 @ - emeeen ememen e e e -13 0o - b I
40 T e R
L T T
1[0 T
1000 ----m- emeeem mmemen mmmeen mmemen e meeen emmen mmeen e e e

Table 8. Deviations in the measured distances at incidence angle = 45° for targets 20 and 30 cm.
Target size 20 x 20 Target size 30 x 30
Dmm Dmm

Dist  Concrete Rock Brick Wood Steel Aluminum Concrete  Rock Brick Wood  Steel  Aluminum
100 -1 -1 2 4 —4 3639 6 -2 3 5 -13 3583
200 10 12 12 7 -2 3576 14 13 6 14 -10 3549
300 6 0 3 0 e e 6 14 2 16 - 3797
400 -8 -3 -10 3 e e 23 0 4 11 e e
500 10 13 17 -5 -14 - 7 11 21 17 e e
600 -1 3 -9 -8 e e 2 18 14 9 e e
700 -19 -16 - =18 - - 1 5 -16 6 - e
800 @ s meeeem e e e e e 3 e
900  seeeem memmem emmee s e e e 14 - 5 e e
1000  —-mmm emmeee emmeen e e eemee e 8 =25 e e
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Table 9. Deviations in the measured distances at incidence angle = 60° for targets 5 and 10 cm.

Target size 5 x 5 Target size 10 x 10
Dmm Dmm
Dist  Concrete Rock  Brick Wood  Steel ~ Aluminum Concrete  Rock  Brick  Wood  Steel Aluminum
100 -8 1 0 -8 22 -22 6 6 3 2 -5 4283
200 -16 -6 -14 -0 13 -15 —4 -1 -1 -5 16 53
300 -12 -10 -1 24 -3 -15 -18 -8 -6 -18 -3  -16
400 -18 -5 21 -9 -14 —24 -35 -1 -20 -8 26 —45
500 -9 13 -2 e -13 -22 21  -12 -1l 24
0] O -5 1 S
(00 O
210 O
070 O
0 J o

Table 10. Deviations in the measured distances at incidence angle = 60° for targets 20 and 30 cm.

Target size 20 x 20 Target size 30 x 30
Dmm Dmm
Dist  Concrete Rock Brick Wood Steel Aluminum Concrete  Rock Brick Wood  Steel  Aluminum
100 -1 8 8 9 -2 4096 9 -1 9 8 -13 3985
200 22 13 22 15 3 4063 27 30 17 i J— 3903
300 -7 -10 -5 =13 - e -14 13 10 6 - 4368
400 —4 -3 22 -19 - -104 19 -99 5 8 e e
500 12 12 -9 o T RR— -5 12 35 18 e enene
600 9 -8 -3 0 SR 10 15 13 7 e enee
700 - Ry J— 7 0 -1 13 19 e e
2] e
900  smem e mmen e e e e e e e e e
] JE O N

that make the instrument measures distances longer than that measured on the prism. Tables 1-10 show also that
a target of size 5 x 5 cm and 10 x 10 cm can be used to measure distances up to 700 m at incidence angle = 0°
and up to 500 m at incidence angles up to 60°.

A target of size 20 x 20 cm can be used to measure distances up to 1000 m at incidence angle = 0° and up to
700 m at incidence angles greater than 30°. The light color targets of size 20 x 20 cm can be used to measure
distances up to 1000 m at incidence angles up to 30°.

A target of size 30 x 30 cm can be used to measure distances up to 1000 m at incidence angle = 0° and up to
700 m at incidence angles greater than 45°. The light color targets of size 30 x 30 cm can be used to measure
distances up to 1000 m at incidence angles up to 45°.

Steel target has an opposed behavior to the light color targets, as noticed from Tables 1-10. As the steel target
size increases its ability to reflect the laser beam to the instrument decreases especially for incidence angles
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greater than 15°. While steel target of size 5 x 5 cm and 10 x 10 cm can be used to measure distances up to 500
m, target of size 20 x 20 cm and 30 x 30 cm could not be used to measure distances greater than 200 m. This
may be because of the darkness of this material.

Aluminum target has a unique behavior, as it act as a mirror with target size 20 x 20 cm and 30 x 30 cm when
the incidence angle increases 15° as shown in Table 6 and Tables 8-10. The big deviations appear in the men-
tioned tables are due to the reflection of the laser beam on the aluminum target to the wall shown in Figure 2 at
the right hand side of the measuring line.

To show the effect of the incidence angle on the accuracy of the measured distance, the average of the absolute
deviations for all materials was calculated after eliminated the odd values and presented graphically in Figure 3 for
the different target size. Deviations resultant when using targets of size 5 x 5 cm, 10 x 10 cm, 20 x 20 cm and 30 x
30 cm are shown in Figures 3(a)-(d) respectively. Figure 3 shows that the incidence angle of 15° and 30° almost
gives the same results as incidence angle of 0° for target size greater than 5 x 5 cm. It shows also that the inci-
dence angle of 45 and 60 gave the highest deviations and reduce the measuring range.

Figure 4 presents deviations in the measured distances due to target size at different incidence angles. At in-
cidence angle = 0°, the target size has no effect on the accuracy of the measured distance, it affects the measur-
ing range as shown in Figures 4(a)-(c), which also show that at incidence angle = 15° and 30°, the target size
clearly influences the accuracy of the reflectorless measurements. As the target size increases the deviations in
the measured distances from the true value of the distances decrease. At incidence angles 45° and 60°, the target
size has a small effect on the accuracy, as the accuracy is slightly improved with the enlargement of the target
size as shown in Figure 4(d) and Figure 4(e). At incidence angle 60°, the measuring range is reduced for all
target sizes.

6. Conclusions

This research was performed to evaluate the accuracy of long range reflectorless total station used in urban areas

where the targets were made of different materials and the site conditions forced the observation angle to be not

perpendicular to the targets From the results gotten from the experimental work of this research, the followings

can be concluded:

1) The keystone of the experiment is the supporting base, which is designed and manufactured to assure the
correct placement of all targets and the possibility to compare the measured distances to the true values.

2) The majority of the reflectorless measurements are shorter than the true distances.

3) A target size of 5 x 5 cm could be used to measure distances up to 700 m at incidence angle = 0° and dis-
tances up to 500 m at incidence angles up to 60°.

4) A target size of 20 x 20 cm could be used to measure distances up to 1000 m at incidence angle up to 30° and
distances up to 700 m at incidence angles up to 60°.

5) Target size has no effect on the accuracy of the measured distance at incidence angle = 0°

30 1
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Figure 3. Average deviations for incidence angles with target size, a) 5 x 5 cm; b) 10 x 10 ¢cm; ¢) 20 x 20 cm; d) 30 x 30 cm.
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Figure 4. Average deviations for target size with incidence angle, a) 0°; b) 15°; ¢) 30°; d) 45°; e) 60°.
6) Target size is in direct proportion to the measuring accuracy at incidence angles 15° and 30° and has a slight
positive influence on the accuracy at incidence angles greater than 30°.
The incidence angle up to 30° has approximately no influence on the accuracy of the measured distances or
the measuring range.
The incidence angle greater than 30° decreases the accuracy of the measured distances and reduces the mea-
suring range.
The measuring range is reduced dramatically with enlargement of the target size of steel and aluminum at in-
cidence angles greater than 15°.
10)Aluminum targets may act as mirrors at incidence angles greater than 30°.

7)
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9)
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