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Abstract
Determining bumpiness and inclination of surfaces is very important in many different
areas, such as airports and at constructions sites. In this study, a surveying trolley and a
remote controlled (RC) car were used to determine the bumpiness of two different
surfaces. The aim with this study was to test the accuracy of a surveying trolley and an
RC car to see how the accuracy can be increased with different observation methods.
Total station, GPS and laser scanner surveying equipments were used, and all
observations obtained by them were analysed. The laser scanner data was found to have
the best precision. For that reason, it was accepted as the “true” data and it was used for
comparing and evaluating other methods. It was found that the trolley and the RC car
provided good height information with total stations and they were corresponding to the
laser scanner data. When they were used with GPS, the accuracy was much lower. It was
concluded that using two total stations is not increasing the accuracy, the RC car and the
trolley are good measuring methods but not capable to inspect 1,2 mm tolerance for the
floors, and finally, 2-3 cm positioning accuracy is obtainable when using GPS.
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1 Introduction

1.1

Background

Determining bumpiness and inclination of surfaces like roads is a vital issue for traffic
security, driving comfort and transportations costs. Road roughness not only can threaten
human life but it also affects fuel consumption so that increases environmental pollution.
Particularly for surfaces at airports, determining roughness of runway plays perhaps the
greatest role for airport security because of its direct effect on aircraft landing and takeoff (Dong et al., 1998). There is also a need in the construction business to have a
surveying method for determining surface roughness and inclination that is fast and
accurate. If measurements are made at an early stage in the construction process, it is
possible to check if the requirements are fulfilled and expensive treatments are avoided
(Spak et al., 2005).

In the field, constructors and surveyors use different types of equipment and techniques to
inspect roughness and inclination of roads, airports and other type of constructions. Those
methods have different accuracies, surveying speed and associated costs. At airports, for
instance, there is a need for measuring the pavement fast because it is difficult to close
down an airport (Dong et al., 1998). In order to do this, there are different methods, some
are expensive, and some are too complex. In this study, a cheep, accurate and small
equipment that Spak et al. (2005) have designed has been tested.

For determining roughness of the concrete structure like floors in the buildings, there are
official regulations. According to Swedish roughness regulations, the bumpiness for the
floors should not exceed the values of Table 1 (Svensk Byggtjänst, 1998).

Table 1: Tolerance for bumpiness for subfloor according to Hus AMA98

Bumpiness
Inclination

Distance (m)

Tolerance for class B (mm)

0,25
2
L

± 1,2
±5
L/600, min ± 8, max ± 20

1

1.2

Aim, study area and limitation

In this study, a surveying trolley and a remote controlled (RC) car are used to inspect a
road and a concrete surface for bumpiness and inclinations. The aim with this study is to
test the accuracy of the surveying trolley with total station and GPS with Network-RTK.
Another aim with this study is to design an RC car and compare the RC car with the
trolley. In addition, different software are used in order to evaluate the results.

Because of the time limit, only two different study areas are surveyed. These areas are a
road in the campus area and the room 13:111 in the university building (see Figure 1).
The area on the road which is aimed to be surveyed is approximately 40 m long and 4 m
wide and contains some dips and bumps. The room in the building has a very smooth
concrete floor, so it is almost impossible to see any bumps or dips on the floor. The
surveying area in the room is 17 m long and 5 m wide. This room is hereafter referred to
as the “basement”. The following questions are tried to be answered in this study:

1.
2.
3.
4.

What equipments/techniques are used today in order to find bumpiness?
What is the accuracy obtainable by the trolley and the RC car that are used?
How can the accuracy be increased by surveying methods and data processing?
How long time does the measurements take with different methods?

Figure 1: Study areas, the road and the room
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1.3

Previous studies

There are many different methods for determination of the roughness of a surface. Here
are some examples on earlier studies.

In an article by Ding et al. (1996) a surface profile system is discussed. This system
consists of a measuring trolley with supporting equipments and software package. The
trolley includes two wheels at the back side and one wheel at the front side which is
steerable. The frame of the trolley is 1.5 1.0 m and has nine displacement transducers
attached, which are reading the surface under the trolley. The trolley was pulled up and
down at a wall with a fifty percent overlap and the data was logged with help of a
computer and a photo sensor. Horizontal and vertical profiles were calculated with the
help of the software package and a profile mesh was created. To get the profile mesh in a
three dimensional coordinate system some points were surveyed. With this method it is
possible to measure an 800 m² surface in 5 to 6 hours, with a standard deviation of 2 mm.
The advantages with this method are that the equipment is compact, no need for physical
reference line and it is efficient (ibid.).

At airports, it is very important that the runways are smooth because of the safety and the
comfort for the passenger (Endo et al., 2002). In (ibid.) measurements of the runway
smoothness have been done with a non-contact profilometer. The profilometer is mounted
on a vehicle and also combined with Global Positioning System (GPS) to obtain accurate
profile data (ibid.). A fixed GPS base station was used to obtain higher accuracy. By
combining the large bumps, determined with GPS, and the small bumps, determined with
profilometer, absolute vertical profiles could be determined accurately for distance up to
3000 m. For measurements of airport runway surface, at a speed of about 50 km/h and
with a measurement interval of 10 mm, an accuracy of ±1.2 mm could be obtained for the
profilometer (ibid.).

In another study of Dong et al. (1998) they also measured airport runways, but they used
an inertial profiler instead. This method was developed for rapidly measuring the
pavement on the runways. The inertial profiler is mounted on a vehicle and a laser sensor
measures the distance from the vehicle down to the pavement surface, with very high data
rate. An accelerometer measures the vertical acceleration of the vehicle and a non-contact
incandescent light distance sensor measures the distance travelled. One problem with this
method is that large errors can occur when the vehicle is accelerating or braking. So,
different filters and methods are applied to reduce this effect on the results. For instance,
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the error of total vertical motion of the vehicle, which is affected by changes in
acceleration, was reduced from 6.2 m to 0.3 m. Reducing this value helps to get higher
accuracy. In this study, 14 mm height difference over 1.4 m distance was detected (ibid.).

Railway tracks can be measured with help of a trolley that is equipped with geodetic
sensors, tracking prism, GPS antenna and an inclinometer. The surveying trolley moves
after the rail track and works like a roving station and it measures relative to a base
station, with GPS and tracking total station (Daskalakis and Gikas, 2008, p 393). Special
software was developed for this system to automate the field procedures, this led to more
accurate time tagging and made it possible for the sensors to operate at a higher recording
frequencies (ibid., p 394). The accuracy of the point coordinates depends on the
limitations in the GPS- and the total station systems. In one test, a 320 m long track
section was surveyed, first with help of GPS and Trimble 5600 DR200+ tracking total
station back and forth, secondly with GPS and Leica TCA 1800 tracking total station
back and forth on the same section. The surveying trolley was kept at a low speed of 0.7
m/sec and the GPS- measurements were performed with a frequency of 2 Hz, while
Trimble total station had the frequency of 1.7 Hz and Leica total station had the
frequency of 6.7 Hz (ibid., p 400). After the tests, it is found that tracking total station
provides 1 cm, while GPS provides 2-3 cm point accuracy (ibid., p 403).

There is another method for detecting surface profile of roads, which is using tracking
total stations. Tracking total stations can be used for continuous data acquisition.
Presently, kinematic measuring systems are used in road constructions, and deviations in
position and height can be obtained within a few millimetres (Kirschner and
Stempfhuber, 2008). Previously, the Leica tracking total stations had problems with the
quality of target tracking and defects in the synchronisation between the individual
subsystems and limited measurement frequency. In the new Leica TPS1200+, the
telescope has been completely rebuilt and the sensor technology inside the telescope has
been modified and the three modules, Automatic Target Recognition (ATR), Electronic
Distance Meter (EDM) and PowerSearch, have been combined on the same circuit board,
which allows a faster communication between the modules. These modifications have led
to increased accuracy for static and reflector-less measurements. Targeting and target
tracking functions have also been improved. The accuracy of the angle measurements has
also increased for short distance and a temperature calibration has also been installed in
the telescope. In comparison with the previous total station TPS1200, this new TPS1200+
total station has achieved a clear improvement. TPS1200+ can measure with a precision
of a few millimetres for distances up to 50 m (ibid.).
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2 Methods

2.1

Equipment

In this study, tests are carried out with two Leica TPS1203 R100 3” total stations, Leica
SR530 GPS receiver, laser scanner Leica ScanStation 2, Leica sprinter 100 digital level,
RC car and a trolley.

The RC car should be heavy and powerful enough to carry a prism or a GPS antenna. So
the car was purchased carefully from a store in Gävle (see Figure 2). The car has typical
steering specifications and a powerful motor. It is 36 cm long and 31 cm wide. First, the
cover of the car was removed and a plastic plate was attached instead, and two more holes
were made on the plate to attach a prism or a GPS antenna and the antenna of the RC car.
It also had a very soft suspension system which is a disadvantage for the surveying,
because the suspension affects height measurements when accelerating and breaking
(Dong et al. 1998), so the suspensions were replaced with inflexible metal bars to provide
a stable standing on the ground. The tires include big spikes for more grabbing on the
ground from its original, and they should be replaced with smoother tires. But in this
study they remained the same. Perhaps the biggest challenge with the RC car was its
acceleration. A little touch on the acceleration paddle was causing pretty quick movement
on the car so the user has to be careful with it during measuring. The prism/GPS antenna
hole on the plate on the top of the car should be right on the centre of the distance
between the front and back tires. But at the RC car used in this study, the hole was 2 cm
closer to the back tires.

Figure 2: The remote controlled car and the trolley used in this study
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The surveying trolley used in this study was designed and developed in a project of Spak
et al. (2005). The surveying trolley consists of four wheels. Two wheels are at the back
and one wheel is at the front which is steerable. But the fourth wheel does not help the
trolley for standing. It is actually attached to the pole where a prism or a GPS antenna can
be attached and this pole can move in vertical direction separately from the trolley, in
order to detect bumps and dips on the ground. Logically, the trolley does not include any
suspension either. So it can be moved without disturbance, theoretically.

2.2

Basement surveying

At first, only one total station was set up in the basement and it was set to tracking mode.
There are two options for automatic tracking measurements, one is to survey according to
distance (e.g. every 10 cm) and the other one is according to time intervals (e.g. every 2
sec). Both methods were used to check how they work and distance intervals were
decided to be used. Because, when using time intervals it is not possible to start two total
stations in exactly the same time and the result would be affected very much by the
operating speed.

Then two total stations were employed and to synchronize them, same coordinate system
or reference line is needed for both of the total stations. Our local coordinate system was
determined as shown in Figure 3.

Figure 3: How to determine the local coordinate system

6

Coordinates of station 1 (S1) were given X=100, Y=100, Z=0 and station 2 (S2) was
given the coordinates X=100+d, Y=100, Z=0+h. The distance between the two reference
points were obtained by the total station. To find the height difference between the
reference points, the total station could be used with trigonometric levelling method. But
this method is not as precise as digital levelling equipment so digital level was used to
determine the height difference. Then the coordinates for the station 1 and station 2 were
put in the total stations and the azimuth was determined as zero from station 1 to station
2.

After determining the height difference and defining the local coordinate system, two
total stations were targeted and locked on the Leica GRZ4 360° prism on the trolley. For
the first surveying in the basement, both total stations were set to take points every 25 cm
in tracking mode (see Figure 4). This means that the total station measures a point when it
is as far as 25 cm from the previous point, theoretically. Then measurements where
conducted with 1 m intervals. Both total stations were started on the same point to see if
they take exactly same coordinates. The trolley was moved around the floor and
simultaneous measurements were obtained. No specific distance was determined between
the surveying lines.

Figure 4: Surveying with 25 cm intervals, not to scale

For the second surveying in the basement, measurements were done with both the trolley
and the RC car. This time, coordinates of station 1 were given X=100; Y=500, Z=10 and
station 2 was given the coordinates X=100+d, Y=500, Z=10+h when determining the
local coordinate system. It is a good idea to give different values to X and Y, and a
positive value to Z, in order to prevent confusion when analysing the data. Also, different
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from the first surveying, one of the total stations were set to 10 cm, the other was set to
20 cm logging between every point. This was done to see how total stations accompany
each other with different distance intervals. And the RC car and the trolley were moved
back and forth over the surface with 15 cm distances between every surveying line (see
Figure 5).

Figure 5: Surveying with the RC car and the trolley with 15 cm distance between every
surveying line

The reflector heights of the RC car and the trolley were determined by digital level. When
surveying with the RC car in the basement, no reflector height was put in the total
stations, in order not to contain any errors by that. But when it was time to survey with
the trolley, it was understood that to combine the results from the RC car with the trolley,
reflector height should be put in the total stations, to get the same height results from the
two equipments. When surveying with the trolley, reflector height was set as the height of
the trolley. Because of that, there was difference in the heights in the results. To fix this,
the coordinates of the RC car were reduced to the ground level in Excel software by
subtracting the height of the RC car from the height (Z) values.

2.3

Road surveying

The third test was performed on a road in front of the university building. The road
surface was very flat but not as flat as the test area in the basement. Here, two total
stations, GPS and digital level were used. The local coordinate system for the total
stations was determined in the same way as for the basement. The coordinates of station 1
was given X=100, Y=500, Z=10. And station 2 was given the coordinates X=100+d,
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Y=500, Z=10+h according to station 1. The trolley and the RC car were moved back and
forth on the road. Station 1 was set to log every 50 cm and station 2 was set to log every
25 cm. The first points taken by them should have the same coordinates, theoretically, but
of course it depends on the precision of the total stations.

When surveying with the total stations was completed, GPS system was employed. To
connect the GPS coordinates to our own local coordinate system, coordinate
transformation had to be done. For that, at least four known points in our local coordinate
system were needed. Four reference points were marked on the ground and measured
with the total stations and digital levelling, to get the local coordinates with correct height
of these points. Then the GPS antenna was put on the four reference points, one by one,
and coordinates in the reference system WGS 84 and SWEREF 99 of those points were
obtained with Network-RTK. It is known that tripod can provide very stable standing on
the point better than pole, so tripods were used over the points. Then, with the One Step
transformation application in GPS receiver, four global coordinates were transformed to
the local coordinates. The coordinate system of GPS was set to our local coordinate
system and was thereby ready to use. The prism was replaced with a GPS antenna on the
trolley. The trolley was moved back and forth over the surveying area and coordinates
were obtained. Then the GPS antenna was put on the RC car and moved over the same
area. All points were logged by a distance of 20 cm between the points. Also laser
scanning was performed to get the “true” surface information.

After surveying the whole area, two points were marked with nails on the road and a
straight line was determined between these points, with help of a tape measure. The line
was approximately 18 m long. The idea was to use all the surveying equipment on the
same line and see how big the difference in accuracy is going to be. First, total station 1
was set to 10 cm logging and total station 2 was set to 5 cm. Both total stations were
locked on the 360° prism. Firstly the RC car was passed on the line very slow and
carefully and points were recorded. Then GPS was mounted on the RC car and it was
moved on the same line carefully. The same was done with the trolley using first total
stations and then GPS again.
To get a “true” value to compare the different methods with, the same road and line in the
campus were scanned with ScanStation 2 of Leica. The scanner was set over a known
point (station 1) which was determined from the previous surveying in the local
coordinate system and the scanner data was then geo-referenced. Therefore all the
coordinates were obtained in our local coordinate system. It should be noted that the laser
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scanning was performed after driving nails into the road which then helped to identify
those two nails in the point cloud of the laser scanner data.

2.4

Analysis

After the surveying was completed, the data were copied to the memory card in an
appropriate format and then transferred to the computer to analyse the results. The data
from the GPS measurements were first opened in Leica Geo Office (LGO) and then
exported in ASCII formats to be able to work with the coordinates.

First of all, to measure exactly the same points at the same time in automatic tracking
mode for two total stations, the distance between two neighbouring points should be
exactly the same with a certain distance intervals. To check if the total stations could
manage to do this, the distance between two neighbouring points were checked with the
formula (1).

d

( x 2 x1 ) 2

( y 2 y1) 2

(1)

To test if the RC car and the trolley combined with the total stations are capable of
determining the bumpiness of the floor, according to Swedish roughness regulations from
Hus AMA98, coordinates from the second surveying with the RC car with total station 1
and 2 were combined and opened in Geo. A representative area on the floor was
determined. The height values of points 2 m and 0,25 m far from each other were picked
to see if they exceeded the tolerance of 5 mm and 1,2 mm.

Planar regression was used to analyze the measurements in the basement. From planar
regression, inclinations and standard errors of the height values were generated to
compare the precision of using the total stations with the trolley and the RC car.

A surface modelling software called Surfer from Golden Software Inc. was used to create
and compare 3D models of the study areas. In Surfer, first grid files were created and then
surface maps were created to see the differences.

The coordinates of the line from the laser scanner were obtained from Cyclone software.
The heads of the nails were appearing on the surface of the road in Cyclone, and that
helped determining the line. After extracting the actual road surface and getting rid of
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surplus points from the point cloud in Cyclone, there were approximately 2.1 million
points. These points were then reduced to 56857 points. After the completion of reducing
the data, the coordinates were opened in Excel. When analysing the data from the laser
scanner, it was found that the easting (Y) coordinates were set to the opposite way which
means that the values were counting down from 500 instead of counting up from 500. For
instance, the Y value of a coordinate was 450 but it was supposed to be 550. In order to
overcome this problem, the values were changed according to the formula (2).

NewY

(500 OldY) 500

(2)

All the values were corrected by this way.

When analysing the data for comparing the height difference between two points, on the
line with Geo software, 3D view should be opened. But the problem with the 3D view is
that it does not let the user measure distances. This means that the measuring function is
disabled. However, measuring distances in 3D view is possible in AutoCad software.
Therefore, the coordinates were exported to AutoCad software. But another problem
occurred when using AutoCad. The problem was that the measured distances were
actually slope distances, not horizontal. Because of that, Geo software was used instead to
find the largest height difference, the X coordinates were erased and the Z coordinates
were moved to the X column. By this method, the 3D mode was dismissed and the
measurements could be taken in 2D mode. Now the X values indicate the heights and the
line was well represented by only the Y values. In 2D mode, two different lines could be
opened in Geo and the height differences between the lines could easily be determined by
using measuring tool.

To create an easy-to-read visualization of all the values from the different methods on the
line and to compare with each other, the Z values and the Y values were used again but
this time in Excel software and a graph was made. By this way, it was also possible to
make some conclusions about how the values act on different part of the line. The Z
values represented the heights and Y values represented the distance. When the Z and the
Y values of all the methods were opened in a same graph, it was seen that the methods
were differing from each other as well as from the “true” data, laser scanner. Since the Y
values were in meters and the Z values were in millimetres, it was hard to see all the
methods in the same graph very closely. To overcome this problem, the linear regression
line of the laser scanner values was created in Excel software. The line was showing a
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slope. This line was then moved to horizontal plane with conformal transformation
without scale factor. The formula (3) of the linear regression line was used.

h

0,0116 d 15,768

(3)

In formula (3), d indicates distance values and h indicates height values. The k value is
-0,0116, which is the slope of the line in formula (3), i.e.:

v

arctan(k )

(4)

The v value was then used in the formulas (5) and (6) to find the transformed distance and
the height values, d indicates the transformed distance values and h indicates the
transformed height values.

d

X cos(v) Y sin(v)

(5)

h

X sin(v) Y cos(v)

(6)

With this method, all the height and distance values from the laser scanner, the total
stations and the GPS were transformed. All new coordinates were put in the same graph
to be examined. It was seen that examining an 18 m long line on the graph was still
complicated. To make the graph smaller and to facilitate reading it, the whole line was
divided into two parts. Also the root mean square deviations of the coordinates from the
linear regression line of the laser scanner were calculated. In addition, mean deviations
from the line were calculated to find the systematic errors of the methods.
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3 Results
Surveying the 85 m2 area in the basement with 15 cm distance between every surveying
lines took 38 minutes with the RC car; and 34 minutes with the trolley. After the
surveying was complete, for the RC car, 4143 points were obtained with total station 1,
2236 points obtained with total station 2. For the trolley, 3419 points were obtained with
total station 1 and 2272 points with total station 2.
Surveying the 160 m2 area on the road with approximately 30 cm distance between every
surveying line took 30 minutes for the RC car and the trolley each. After the surveying
was complete, for the RC car, 879 points were obtained with total station 1, 1670 points
obtained with total station 2. For the trolley, 733 points with total station 1 and 1442
points with total station 2 were obtained. When measuring with the GPS, 1030 points
were obtained with the RC car and 1015 points were obtained with the trolley.

From the line measurements, 168 points were obtained by the RC car with total station 1
and 320 points with total station 2. With the trolley, 181 points were obtained with total
station 1 and 346 points for total station 2. When surveying with GPS, 78 points were
obtained with the RC car and 110 points were obtained with the trolley.

3.1

Basement

From the first surveying, the distances between the coordinates were checked with the
formula (1) to see if the total stations could be synchronized. Earlier, total stations were
set to 25 cm logging, but the result showed that they were not 25 cm but varied between
25 and 31 cm. And because of this reason, synchronization of two total stations in
tracking mode with a specific distance interval does not seem to be possible in this case.
The total station does not measure the points with exactly the same intervals. Table 2
shows the horizontal distances between point 1 and 2, 3 and 4, 5 and 6, 7 and 8.

13

Table 2: Examples for distances between two neighbouring points

Point
1
2
3
4
5
6
7
8

X (m)
100.122
100.116
100.113
100.117
99.972
99.968
101.367
101.372

Y (m)
102.389
102.647
103.158
103.418
111.221
111.502
114.864
114.552

Z (m)
-0.006
-0.005
-0.005
-0.004
0.000
-0.001
0.005
0.004

Distance (m)
0.258
0.26
0.281
0.312

It was also found that the total station can loose the connection with the reflector on the
surveying route even though there is nothing blocking the equipment. The total station
missed some points in different locations but it immediately locked back again on the
prism without stopping (see Figure 6). These missing points occurred when surveying
indoor but no such problem was occurred in the outdoor surveying.

Figure 6: Missing points from the first surveying

3.1.1 Height comparison between RC car and trolley
When comparing the RC car with the trolley for the basement surveying, the height
differences between the surface models were evaluated. The height of the model is
exaggerated in Surfer software to see the details. It was found that the surface models are
all accompanying each other. Even a little dip in the middle of the surface can be detected
from all four surfaces and it is circled with a red colour in Figure 7.
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Figure 7: Planar comparison of the surface of the basement

3.1.2 Checking basement for Hus AMA98 regulation
Coordinates from the RC car with total station 1 and 2 were combined and opened in
Geo. A representative area on the floor was determined, and there were many points
which were exceeding the 1,2 mm tolerance given by Hus AMA98 for subfloor. Those
points were spotted and alternative neighbouring points were checked and they were not
showing the same height information. It was understood that exceeding values are
actually from total station 2. So instrument height of one of the total stations was put 2 or
3 mm less or more then it should be. Because of this, only one total station was used. But
still there were many points exceeding the 1,2 mm tolerance. When the points were
checked for 5 mm tolerance, there were no points exceeding the tolerance (see Appendix
A).

When checking the trolley and the RC car with help of planar regression it was found that
more points give better standard error. The trolley and the RC car have very similar
standard error (see Table 3). When the inclination was calculated it was found that there
are some inclinations in both X and Y directions, but the inclination is within the
tolerance given for the inclination by table 1, calculated for the distances 17 and 5 m.
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Table 3: Standard error of height values for the basement
With total stations 1 & 2

Z

Trolley (mm)

RC car (mm)

0.04

0.04

With total station 1
Z

Trolley (mm)

RC car (mm)

0.04

0.05

With total station 2
Z

3.2

Trolley (mm)

RC car (mm)

0.06

0.06

Road

3.2.1 RC car with total stations vs. trolley with total stations on the
line
The first points recorded by the two total stations with the RC car were opened in Geo
software and points were connected to each other with lines. It was seen that height value
of total station 2 is found 5 mm larger than total station 1. As the line continues the
difference varies from 3 mm to 5 mm until 2,136 m. After that, the height values of the
lines become the same for 1,449 m. After 3,585 m on the line, the height values of total
station 1 become larger and the difference varies from 0 mm to 5 mm until the end of the
line. In other words, at the beginning of the line the height values of total station 2 are
larger than total station 1 and then total station 1 becomes larger at the end of the line.

Similarly, when observing the results from the trolley, at the beginning of the line height
values of total station 2 were higher than total station 1, then they intersect and then total
station 1 becomes higher until the end of the line. And the height difference varies
between 0 and 5 mm.
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3.2.2 RC car with total stations vs. laser scanner on the line
Coordinates obtained from total station 1 and 2 were combined in Geo software together
with coordinates from laser scanner. In this way, combination of total stations would be
able to be compared with laser scanner instead of one by one.

The height value from the RC car starts 4 mm higher than the laser scanner on the line.
The difference varies between 2 mm and 4 mm for 6,267 m. After that, the height values
of the lines become the same for 3,827 m. After 10,094 m on the line, the total station
elevation becomes higher than the elevation of laser scanner once again. The largest
height difference detected was 8.5 mm. According to this, the total station is always
higher than laser scanner except when they intersect.

It is also found that total station values seem to have zigzags. Because total station 1 and
2 have some millimetre difference in height between neighbouring points of the line,
these zigzags occur because of that.

3.2.3 Trolley with total stations vs. laser scanner on the line
When comparing the trolley with two total stations with the laser scanner data, results
showed that the trolley is corresponding to the laser scanner line. But in general, there is
larger height difference between the trolley and the laser scanner than the RC car and the
laser scanner. In some areas it is possible to find up to 10.9 mm height difference between
the trolley and the laser scanner. This was up to 8.5 mm for the RC car as mentioned
before. The height values of the trolley are larger than of the laser scanner along the line.

The height difference between the total stations was also detected in Surfer software
when coordinates of the total stations were opened separately. The surface created from
total station 1 was completely covering the surface created from total station 2. This
shows that the height values from total station 1 are larger than from total station 2 (see
Figure 8).
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Figure 8: Comparing heights from total stations in 3D mode in Surfer

3.2.4 RC car and trolley with GPS vs. laser scanner on the line
When the RC car with GPS was compared with the laser scanner on the line, the first
coordinate obtained by GPS is erroneous, because it does not show continuity with the
subsequent points. The coherence can be seen after the second point. The height
difference between the GPS coordinates and the laser scanner coordinates starts with 10
mm, and sometimes gets smaller and sometimes bigger, up to 35 mm. Apart from the
total station, the height values of GPS are sometimes smaller and sometimes larger than
of the laser scanner, which indicates low precision for the GPS.

When the trolley with GPS was compared with the laser scanner on the line, the largest
height difference between the GPS measurements and the laser scanner values was 41
mm. The difference was 35 mm for the RC car with GPS measurements.

3.2.5 All methods on the line
All the methods were put in the same graph. Unlike in the previous comparison on the
line in Geo software, this time only one total station was used. In Figure 9, which shows
the first part of the line, it was seen that the laser scanner heights were the lowest ones.
Visually, in Figures 9 and 10 it looked like there is less than 3 mm height difference
between the RC car with total station and the laser scanner, and less than 5 mm difference
between the trolley with total station and the laser scanner. It can be seen that the values
of both the RC car and the trolley with the total stations correspond to the laser scanner
values. The GPS values were scattered around the laser scanner values, which indicates

18

low precision. The height difference between the GPS values and the laser scanner values
was less than 3 cm. This result is also corresponding to the study of Daskalakis and Gikas

Height (m)

(2008) where they claimed that the GPS provides 2-3 cm point accuracy.
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Figure 9: Comparing all methods on the line, first part of the line

In the second graph, similar results were found (see Figure 10). But when the two graphs
were taken into account, it was found that in the second part of the line, the height
difference between the RC car and the trolley with the total stations and the laser scanner
was larger than it was in the first part of the line. It was also found that the difference
between the trolley with the GPS and the laser scanner was extremely larger than it was
in the first part of the line. This graphs showed that the trolley with GPS gives worst
results and the RC car with total station gives the best results comparing to the laser
scanner.
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Figure 10: Comparing all methods on the line, second part of the line

The root mean square deviations of all coordinates from the linear regression line of the
laser scanner were calculated. All the differences for particular methods were squared,
averaged and then rooted. The deviations were found and listed below in Table 4 from
smallest to largest:

Table 4: RMS deviations of the different methods

Methods
Laser Scanner
RC Car with Total Station
Trolley with Total Station
RC Car with GPS
Trolley with GPS

Mean deviation (mm)
3,6
3,9
4,9
13,5
18,8

According to these values, the RC car with total station provided the lowest deviation and
the trolley with GPS provided the largest deviation from the line.

It was found that the RC car with total station gave better result than the trolley with total
station. Same thing was found between the RC car with GPS and the trolley with GPS.
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Mean deviations of all the methods from the linear regression of the laser scanner were
calculated. It was found that the mean deviation of the laser scanner coordinates from the
line was 0,0 mm, for the RC car with total station 0,6 mm, for the trolley with total station
2,7 mm, for the RC car with GPS 8,8 mm, and finally for the trolley with GPS 15,3 mm.
These values indicate the systematic errors. According to these values, it can be said that
the instrument heights and the reflector heights were not determined accurately, the
differences are in millimetres for total stations.

3.2.6 Trolley and RC car connected to total stations vs. laser scanner
for the whole area
The surface model from the trolley with two total stations was compared with the model
from the laser scanner. The total stations gave a smooth surface model and it agreed very
well with the laser scanner model. Particularly, the channel-like dip in area 1 is well
represented in the total station model, like in area 2 in the laser scanner model. But it can
be seen that in area 3 it is a little rougher than area 4 (see Figure 12).

Figure 12: Surface models from the trolley and laser scanner

21

The surface model from the trolley was subtracted from the laser scanner model in Surfer
software to see the exact height differences, and the resulting surface model showed that
there is bigger height difference on the area which was closer to the total stations. When
the trolley was getting farther away from the total stations the difference seemed to be
smaller (see Figure 13)

Figure 13: Height difference between the trolley with two total stations and laser scanner

Spotted with a round fence in Figure 13, the largest height difference is shown and the
difference gets smaller towards the arrow direction.

When surface model of the RC car was compared with the surface model of the laser
scanner, almost the same surface model was achieved as with the trolley. Channel-like
dip is represented and is little bit rougher than the laser scanner model (see Figure 14).

Figure 14: Surface models from the RC car and the laser scanner
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3.2.7 Trolley and RC car equipped with GPS vs. laser scanner for the
whole area
After looking at the smooth model of the total station, the GPS model looks pretty
disturbed. There are many spikes throughout the surface. There are differences not only
between the GPS model and the laser scanner model, but also between the trolley model
and the RC car model.

Figure 15: RC car and trolley with GPS

Surface models were created in Surfer software from the coordinates obtained by GPS
and are shown in Figure 15. It can be seen that the two models do not look exactly the
same but there is some similarity except the areas 1, 2, 3 and 4. There is a difference
between area 3 and 4. In area 3, there are two big spikes and those spikes cannot be seen
in area 4. This also indicated that there are two excessive height values in area 3. There is
also an obvious bump in area 2 and there is no such bump in the area 1 which is showing
the same location. This difference was also inspected in Geo software and the same
difference is shown in Figure 16.
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Figure 16: RC car and trolley with GPS in Geo software
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4 Discussion and conclusion
When moving the trolley, the person who is involved sometimes blocks the total stations
when recording and that stops the total stations working. The operator should be aware of
where he or she is standing while pushing the trolley. The design of the trolley has some
disadvantages. When pushing, the steering wheel is very uncomfortable. The trolley is
moving in a direction of its own and the operator has to use force to get it in the right
direction. But this can be avoided with pulling the trolley. The weight distribution is also
problematic. The handling part is too heavy and it sometimes causes the front wheel to
lift if the operator pushes or pulls it carelessly. With this information, other people can
avoid doing the same mistakes when designing a surveying trolley. It should also be
noted that when choosing an RC car for surveying purposes, it is an advantage if the RC
car has speed settings, so this can help the operator to move the car as smooth as possible.

When surveying the basement with the trolley, total station 1 missed the trolley
unexpectedly even tough there was no blocking between them. But no such problem
occurred when surveying the road. It can be because of low light in the room comparing
to outdoor even tough the lights were turned on. The built-in camera in the total station
may require more light than it was in the basement. The operator should be careful and
should check the condition of the total station during surveying. It can be an idea to turn
on sound signalling of the total station when measuring, then the operator can hear the
signals and can understand if it works or not. But since the total station 2 was working
properly, the missing part of total station 1 can be complemented with the coordinates of
total station 2.

In the road surveying, it was not possible to place the total stations farther away than 4 m
from the beginning of the road. When the trolley is compared with laser scanner in 3D
mode in Surfer software, the results show that the difference in height between them is
getting smaller when the trolley is getting farther from the total stations. It is seen that
automatic target recognition (ATR) mode works better when the trolley is farther than 4
m away from the total station, which corresponds to the user manual of Leica TPS1200
total station, which gives 5 m shortest measuring distance in ATR with lock mode. This
way we confirm the 5 m limitation given by the user manual.

In this study two total stations are combined to see if the result gets better for the height
measurements. To accompany each other, their height information should result exactly
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the same. In order to do that, the heights of the station points of the two total stations
should be determined precisely as well as the instrument heights. From the first test, it is
understood that using trigonometric levelling is a hard method and it contains errors. In
this study, digital level is used because it is a better option than trigonometric levelling
when precise height information is needed. The height difference between the RC car
with the total station and the trolley with the total station was probably because of
determining the reflector heights of the RC car and the trolley higher or lower than they
should be. Therefore these differences might be representing the systematic error. These
differences are in millimetres which are significant since we are inspecting millimetre
height difference on the surfaces.

When determining the local coordinate system in GPS, placing the antenna on a known
point with tripod is a better option than with the pole. Keeping the pole stable is a very
hard job and very small movements can result in large errors. Because the accuracy of the
local coordinate system in GPS very much depends on the reference points, the reference
points should be determined precisely.

When comparing the GPS coordinates with the laser scanner coordinates, it was found
that GPS cannot provide as good accuracy and precision as the total station. Even though
there is a big difference between the GPS coordinates and the laser scanner coordinates,
some areas on the line have better harmony than other parts on the line. These changes in
the quality of the results of the GPS might be caused by changes in available satellites
while moving the RC car and the trolley since the study area is not so far from the
buildings, which can block the signals or it can be due to multipath.

The trolley and the RC car are compared and it is found that the RC car with GPS has
more accurate results than the trolley with GPS. It is found by the mean deviations from
the linear regression, that the deviation for the RC car with GPS is 8,826 mm, and for the
trolley with GPS is 15,322 mm. It was also supported by the largest differences from the
laser scanner results, which were 35 mm for the RC car and 41 mm for the trolley. But
still it should be noted that it might be because of connection quality of the GPS receiver
with the satellites at that particular moment. The GNSS system used in this study can
only receive signals from GPS satellites. For further studies, a better GNSS system which
can connect to both GPS and GLONASS satellites can be used and the results can be
improved.
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The difference of the RC car and the trolley results from the laser scanner results can be
because of the reflector heights of the trolley and the RC car, which are determined by
digital level. There can be millimetre difference from the true height and it can affect the
height values. Or it can be because of the tires of the RC car. Since, the height is not
generated from right under the reflector or the GPS antenna on the RC car, the height
information is actually coming from where the four tires of the car locate.

When comparing total station 1 with total station 2 in Geo on the line, it was found that
total station 2 starts with higher elevation, then they intersect, and then total station 1
becomes the higher one. It should be noted that the same RC car is used. So it looks like
the difference comes from the accuracy of the total stations. This could be because of the
vertical index error in the total stations. The same comparison was carried out for the
trolley, and interestingly very similar results were found. So results of the RC car and the
trolley correspond to each other. If one total station was always higher than the other one,
it could be thought that it was because of putting a higher instrument height than it should
be in one of the total stations.

The results for the road surveying show that the accuracy of the RC car is better than that
of the trolley but there is a systematic error in determining the reflector heights. Normally
the trolley would be suggested as better equipment than the RC car, because the trolley
has a surveying wheel which follows the surface separately from the trolley itself. But,
there is no such wheel for the RC car. Height determination is done by four wheels.
Therefore, we believe that this difference is because of inaccurate reflector height for
both the trolley and the RC car.

For further studies, we suggest that for determining the deviations of the points, a straight
line on a very flat surface should be used.

The accuracy can be increased by using a new total station with a better target tracking
function like Leica TPS1200+ as Kirschner and Stempfhuber (2008) mentioned in their
study.

One of the main conclusions we have come to is that using two total stations for
determining bumpiness is not increasing the accuracy. Therefore, using one total station
yields better results. But it should also be kept in mind that the difference is in
millimetres.
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At the beginning, we thought that the RC car would not provide good positioning
accuracy comparing to the trolley, but the results show that the RC car can definitely be
used in these particular study areas. But results also show that either the RC car or the
trolley with total stations is not capable of determining floor bumpiness for tolerance of
1,2 mm which is another conclusion.

28

References
Daskalakis, S. and Gikas, V. (2008) ‟Determining rail track axis geometry using satellite
and terrestrial geodetic data‟ Survey Review, 40 (10), pp. 392-405.
Ding, X., Coleman, R. and Rotter, J.M. (1996) „Surface profiling system for measurement
of engineering structures‟ Journal of Surveying Engineering, 122 (1), pp. 3-13 ASCE
[Online]. Available at: http://cedb.asce.org/cgi/WWWdisplay.cgi?9600395 (Accessed: 17
March 2009)
Dong, M., Hayhoe, G.F. and McQueen, R.D. (1998) „Airport pavement roughness with
nighttime construction‟ The 3rd international conference on road & airfield pavement
technology, Beijing, 28-30 April [Online]. Available at:
http://www.airtech.tc.faa.gov/NAPTF/Download/Roughness/Airport%20Pavement%20R
oughness%20with%20Nighttime%20Construction.doc. (Accessed: 16 Mars 2009)
Endo, K., Hachiya, Y., Himeno, K., Kawamura, A. and Matsui, K. (2002) ‟Longitudinal
surface profiles of an airport runway and aircraft motion‟ The 2002 federal aviation
administration airport technology transfer conference, Atlantic City 5-8 May. FAA
[Online]. Available at:
http://www.airtech.tc.faa.gov/naptf/att07/2002%20TRACK%20P.pdf/P-27.pdf
(Accessed: 17 March 2009)
Kirschner, H. and Stempfhuber, W. (2008) ‟The kinematic potential of modern tracking
total stations – a state of the art report on the Leica TPS1200+‟ 1st international
conference on machine control & guidance 2008, Zurich 24-26 June [Online]. Available
at: http://www.geometh.ethz.ch/people/stwerner/TPS1200plus.pdf. (Accessed: 17 March
2009)

Leica-Geosystems (2005) Leica TPS1200 Series Technical Data. Heerbrugg Switzerland.
[Online].Available at:
http://www.servco1.com/Site/Instrument%20PDF's/Total%20Stations/TPS1200/TPS1200
_TechnicalData_en.pdf. (Accessed: 24 March 2009)

29

Spak, H., Andrén, P., Englund, S., Holm, H., Lundberg, T., Sjögren, L., Spindelberger,
P., Starkman, S. and Sörensen, H. (2005) Ny metod för entreprenörer vid egenkontroll av
jämnhet och nivåer hos ytor. SBUF-Projekt:11301

Svensk Byggtjänst (1998) Hus AMA98: tabell 43.DC/-1. Undergolv Tolerans Klass B
[Online]. Available at: http://www.byggtjanst.se (Accessed: 25 May 2009)

30

Appendix A. Tolerance control for floor bumpiness

