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ABSTRACT 

 

The aim of this research is to create a 4D point cloud map from a trench through a solid-state 2D 

profilometer. The profilometer is integrated with an 8.5-ton medium-size excavator’s machine control 

system with pose calculation. Accordingly, the point cloud was transformed to a work coordinate system. 

We used a recently developed pulsed time-of-flight laser light detection and ranging profilometer, which 

makes possible simultaneous depth measurements to 256 directions in an angle range of +/-20° and 

measurement range from 1 m to 8 m with a frame rate of 25 frames per second under sunlight conditions 

(≈50 Klux). The analysis is based on a 4D map, which consists of 3D data (XYZ) and intensity 

information. The XYZ coordinates give the position of an object, and the intensity data can be used to 
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roughly identify materials and recognise surface markings, such as texts. An analysis of the results shows 

that the detection accuracy of the profilometer is better than ±10 mm. The main advantages of our method 

are accuracy, high update rate, compact size, real-time measurement and a construction without moving 

parts. Our technique has a great potential in construction applications, where accurate measurements of 

a surface shape are needed. 

  

Keywords: Time-of-flight (TOF), profilometer, LIDAR, excavator, 4D measurement system, 

construction  

 

1. Introduction 

Over the past few years, construction machinery, mining and forest industry have experienced a vigorous 

development in the field of work machines, directly integrated digital processes and automation [1]. The 

control of earthmoving machinery is based on information models that provide the necessary information 

for the control systems of machines [2]. The control systems of machines offer the opportunity to improve 

machine utilisation, savings in fuel costs, improvements in machine maintenance, improvements in 

health and construction site safely [3–5]. Nowadays, the application of 3D technology is widely spread 

in different fields of the industry, including those deployed for robotic guidance and product profiling 

[6, 7]. This achievement is due to low-cost and reliable optoelectronic technology and mass-production 

techniques, such as semiconductor lasers, miniature optics, precision electronics, signal processing and 

signal processing technologies [8]. 

The goal of the measurement of 3D surface profiles is to realise work quality, reduce material waste and 

ensure more efficient and productive construction sites by connecting information. Traditionally, a 

surveyor prepares data for measuring an equipment and performs surveying in a construction site. In the 



   
 

   
 

new method, all measurements are performed by an automated machine guidance that uses positioning 

devices, such as the Global Positioning Systems (GPS). The use of 3D applications in the worksite can 

increase the performance of an individual task by typically 15% [9]. Currently, the most commonly used 

3D navigation system of excavators is the inertial measurement unit (IMU) sensors embedded in the GPS 

or global navigation satellite system (GNSS).In the system, the position (XYZ) of the bucket of an 

excavator can be used to estimate the profile of a surface [10]. Bradley and Seward reported the first 

implementation of a measurement system that was equipped with  GPS and pressure and displacement 

sensors in 1998 [3]. Trimble Inc.  developed 3D visualise tools (Trimple Siteworks Positioning Systems) 

in the worksite, which is based on the GNSS antenna. Novatron Ltd. offers solutions for digitalizing 

earthmoving job sites and robotizing earthmoving machinery and also guides the XSitePro system. The 

XSitePro system is integrated into the open building information modeling (BIM) process (Open Infra. 

Unfortunately, this method gives coordinates of the individual points from the surface. Only a few papers 

in the literature report other techniques to measure the profile of a surface from an excavator. Komatsu 

introduced a measurement system based on stereo cameras, GPS and drones. Large worksites can be 

quickly surveyed in 3D with the use of a drone equipped with a stereo camera. For example, 3D data 

help estimate stockpile volumes of materials and trench depths for real-time decision making. Fukui et 

al. developed a stereo camera-based method for autonomous rock pile excavation from an excavator [11]. 

The goal of stereo matching is to find out the corresponding matching points in the left and right images 

after calibration. However, matching these images with high accuracy presents challenges and needs an 

implementation of specific procedures [12]. Stereo matching offers good target separation, high 

resolution, density, repeatability, accuracy with no moving parts and simple setups at a very low cost. 

The measurement accuracy of the method varies depending upon the object to be measured and if the 

object does not present a rich surface texture [13, 14]. Other limiting factors include low reliability in 

bad light conditions and calibration difficulties. Yamamoto et al. developed a 3D visualisation method 



   
 

   
 

in a worksite based on stereo cameras and light detection and ranging (LIDAR) [15]. The 3D image was 

obtained by combining the vertical plane of the 2D LIDAR to the rotation movement of the excavator. 

LIDAR systems base their operation on the measurement of the time of flight (TOF) of a pulsed light 

emitted from a laser diode until it is received by an emitter. Therefore, the measurement requires high-

precision electronics to measure at the speed of light. The emission lines are in infrared ranges (905 or 

1550 nm). The LIDAR can be classified according to their construction as rotary or solid state [16]. The 

advantages of LIDAR are real-time distance estimation, quick data collection, use in day and night time 

and good measurement accuracy [17]. The common limitations for all-optical techniques are extreme 

weather conditions, such as heavy rain, snow and fog, or risk of mechanical durability. Moreover, the 

signal quality and maximum range can be reduced due to the contamination of lenses, and the camera 

methods are sensitive to low or high illumination. 

Our goal is to develop an accurate surface profile measurement for an excavator. Method can enable us 

to prevent overly digging and eliminating excess material use and additional transportation costs at an 

earth construction site. A new kind of pulsed TOF  2D LIDAR profilometer to the 4D visualisation of 

the ground surface was used in this work. The profilometer enables simultaneous measurements to 256 

directions in an angle range of +/-20° and a frame rate of 25 frames per second. Our flash 3D LIDAR 

sensor with no moving parts provides high precision with a sufficient frame rate and resolution especially 

in sunny conditions [18–19]. The profilometer was mounted in a plastic case on the Bobcat  E85 

excavator, which was equipped with Novatron’s control system. The solutions suggested in this work are 

to use a solid-state 2D profilometer to measure the profile of a surface in the horizontal view and to use 

the movement of the excavator boom to inherently scan the view vertically to provide a 3D surface 

profile.The data analysis of a terrain is based on a 4D map consisting of 3D (XYZ) and intensity data. 

The XYZ coordinates determine the location of an object, and intensity information can be used to 

roughly identify material and surface markings. 



   
 

   
 

 

2. Theory (excavator kinematics) 

In our system, a profilometer is attached to the arm of excavators. The arm is rotated to obtain 3D scans 

of the object. Coordinates for each frame of the profilometer is obtained by including its orientation and 

coordinates and distances it measured to the transformation matrix introduced in this section. Our 

approach is  quaternion algebra.  

 

Fig. 1. Coordinate transformation frames (translation and rotation). 

 

Fig. 1 shows the coordinate transformation frames in our profilometer system. The position of vector P 

with respect to the world coordinate system can be expressed in the standard form as follows:  

                                                                         𝑃 = [
𝑥
𝑦
𝑧
],                                                        (1) 

where x, y and z are the individual components of the vector [20]. The transform matrix consists of a 

series of rotations (alignment of the x, y and z axes) and translations (movement of the origin). The 

position of the vector can be represented by the transformation matrix:  



   
 

   
 

                                    𝑃= 𝑇1  × 𝑇2 × 𝑃𝑚 = [𝑅𝑂𝑅𝐼 𝑃𝐴

000 1
] [

𝑅𝑆𝑐𝑎𝑛𝑛𝑒𝑟 0
000 1

] [

0
0

𝑚𝑒
0

],                               (2) 

where T2 and T1 are the transformation matrices. Vector Pm is a measurement result of the scanner, vector 

AP presents the scanner position in the workspace coordinate system and 𝑅𝑂𝑅𝐼 presents the orientation of 

the scanners, which is obtained through a socket network from the excavator in a quaternion form 

(𝑞0, 𝑞1, 𝑞2, 𝑞3), where 𝑞0 is the quaternion w component, 𝑞1 is the quaternion x component, 𝑞2 is the 

quaternion y component and 𝑞3 is the quaternion z component. Transformation matrix P can be used to 

unambiguously describe the scanner/profilometer coordinate system relative to the base coordinate 

system. Rotation matrix 𝑅𝑂𝑅𝐼 is a quaternion (𝑞0, 𝑞1, 𝑞2, 𝑞3)  expressed in a rotational matrix.  

 

       𝑅𝑂𝑅𝐼 = [

𝑞0
2 + 𝑞1

2 − 𝑞2
2 − 𝑞3

2 2(𝑞1𝑞2 − 𝑞0𝑞3) 2(𝑞1𝑞3  +  𝑞0𝑞2)

2(𝑞1𝑞2 + 𝑞0𝑞3) 𝑞0
2 − 𝑞1

2 + 𝑞2
2 − 𝑞3

2 2(𝑞2𝑞3 − 𝑞0𝑞1)

2(𝑞1𝑞3 − 𝑞0𝑞2) 2(𝑞2𝑞3 + 𝑞0𝑞1) 𝑞0
2 − 𝑞1

2 − 𝑞2
2 + 𝑞3

2

],                   (3) 

 

where 𝑞0, 𝑞1, 𝑞2, 𝑞3 are the quaternion components [21]. Thus, transformation matrix T1 can result from 

the following: 

    𝑇1 = [𝑅𝑂𝑅𝐼 𝑃𝐴

000 1
] = 

          

[
 
 
 
𝑞0

2 + 𝑞1
2 − 𝑞2

2 − 𝑞3
2 2(𝑞1𝑞2 − 𝑞0𝑞3) 2(𝑞1𝑞3  +  𝑞0𝑞2) 𝑝𝑥

2(𝑞1𝑞2 + 𝑞0𝑞3) 𝑞0
2 − 𝑞1

2 + 𝑞2
2 − 𝑞3

2 2(𝑞2𝑞3 − 𝑞0𝑞1) 𝑝𝑦

2(𝑞1𝑞3 − 𝑞0𝑞2) 2(𝑞2𝑞3 + 𝑞0𝑞1) 𝑞0
2 − 𝑞1

2 − 𝑞2
2 + 𝑞3

2 𝑝𝑧

0 0 0 1 ]
 
 
 

,                   (4) 

 

where px, py and pz are the positions of the scanner in the workspace coordinate in excavator AP. 

The transformation matrix (𝑇2) consists of the following parts in our case: 

 

                 𝑇2 = 𝑅𝑆𝑐𝑎𝑛𝑛𝑒𝑟 = 𝑅𝑜𝑡𝑦(
𝜋

2
)0

1 × 𝑅𝑜𝑡𝑥(𝜌) × 𝑅𝑜𝑡𝑦(𝜑𝑜𝑓𝑓𝑠𝑒𝑡),                                    (5) 



   
 

   
 

 

where 𝜌 is the rotation around the scanner’s x-axis and the present scanner’s inner beam angle, which 

is ± 20°, and φoffset is the angle between the scanner and excavator’s boom. The work uses a direct 

kinematics solution, which has the following transformation matrices: 

                                  𝑅𝑜𝑡𝑦(
𝜋

2
) = [  

𝑐𝑜𝑠(
𝜋

2
) 0

0 1

𝑠𝑖𝑛(
𝜋

2
)

0

−𝑠𝑖𝑛(
𝜋

2
) 0 𝑐𝑜𝑠(

𝜋

2
)

].                                   (6) 

 

          𝑅𝑜𝑡𝑦(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) = [  

𝑐𝑜𝑠(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0

0 1

𝑠𝑖𝑛(𝜑𝑜𝑓𝑓𝑠𝑒𝑡)

0
−𝑠𝑖𝑛(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0 𝑐𝑜𝑠(𝜑𝑜𝑓𝑓𝑠𝑒𝑡)

].                                                            (7) 

 

              𝑅𝑜𝑡𝑥(𝜌) = [

1 0
0 𝑐𝑜𝑠(𝜌)

0
−𝑠𝑖𝑛(𝜌)

0 𝑠𝑖𝑛(𝜌) 𝑐𝑜𝑠(𝜌)
].                                           (8) 

 

 

Multiplying the transform matrices by Eqs. 6–8 obtains the following: 

 

        

𝑇2(𝜑𝑜𝑓𝑓𝑠𝑒𝑡, 𝜌) =

[
 
 
 
 
−𝑐𝑜𝑠(𝜌)𝑠𝑖𝑛(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 𝑠𝑖𝑛(𝜌) 𝑐𝑜𝑠(𝜌)𝑐𝑜𝑠(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0

𝑠𝑖𝑛(𝜌)𝑠𝑖𝑛(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 𝑐𝑜𝑠(𝜌) −𝑠𝑖𝑛(𝜌)𝑐𝑜𝑠(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0

−𝑐𝑜𝑠(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0 −𝑠𝑖𝑛(𝜑𝑜𝑓𝑓𝑠𝑒𝑡) 0

0 0 0 1]
 
 
 
 

.                                

(9) 

3. Materials and methods 

 

3.1 Excavator with a control system 

The commercial excavator selected for the research was Bobcat E85 (8.5 tons), which has been modified 

for automation purposes. Fig. 2 shows a view of the system. An excavator is comprised of three planar 

implements connected through revolute joints, known as the boom, tipper and bucket. The boom, arm 

and bucket are controlled via Novatron’s control system. The hydraulic system of the machine valves 



   
 

   
 

was retrofitted for a precise electrical control. The excavator was outfitted with electrohydraulic controls, 

a suite of sensors and on-board computer. The basis of the sensor system is the newly developed 

Novatron’s IMU G2 sensors, which can work up to 200 Hz frequency. They provide accurate and precise 

positioning of the excavator, good enough for automatic movements. Novatron’s G2-type sensors have 

a CAN bus interface. The use of CAN bus decreases the need for wiring, and all sensors can be set at the 

same bus. A laser profilometer was attached to the excavator of the boom, and all information were 

collected by the on-board computer. 

 

Fig. 2. Components of the University of Oulu’s smart Bobcat E85 excavator. 

 

3.2 KUKA industrial robot 

 

The KUKA KR150 R2700 Extra robot was found to be an ideal motion generator for the first studies of 

the sensor system [22]. It is accurate due to factory calibration, a unidirectional absolute accuracy of 0.7 

mm and repeatability of 0.06 mm. The absolute path accuracy of the linear motion (velocity: 1 m/s) is 



   
 

   
 

1.2 mm and repeatability is 0.2 mm. The maximum payload is 150 kg and reach is 2696 mm. The robot 

was mounted on the floor and was connected to Beckhoff C6015 Industrial PC via the EL6695-1001 

bridge. KUKA mXautomation software and Beckhoff EL6751 CANopen terminal were used Novatron’s 

sensor system. The C6015 PC reads robot sensor data via EL6695 and Novatron’s sensor data via 

EL6751. This allowed simultaneous measurements of robot motions with the robot and Novatron’s 

sensors. 

 

3.3 2D pulsed TOF profilometer 

The developed solid-state 2D pulsed TOF line profiling laser radar is based on transmitting short (~150 

ps) laser pulses and measuring the TOF of the optical pulses reflected from the targets. Based on the 

measured TOFs and speed of light, the distances to the target points can be accurately resolved. The 

designed line profiler uses a custom quantum well laser diode [23] specifically designed for generating 

short optical pulses below a few hundred picoseconds at a relatively high pulse energy level of 1 nJ. 

Cylindrical transmitter optics are used to illuminate a fan-like profile below the excavator dipper with a 

field of illumination of approximately 38º×0.3º. On the receiver side, a custom CMOS integrated circuit, 

with a single-photon avalanche diode (SPAD) detector array of 256 × 8 pixels and 256 TOF measurement 

channels [24, 25], was utilised to detect backscattered photons with an angular resolution of 

approximately 0.15º. The receiver uses a 16 mm/F1.4 objective to match the field of view of the pixel 

array with the field of illumination of the transmitter. Of note, the developed 2D profiler is fully solid 

state, i.e. a line scanner without any mechanically moving part, which paves the way for low power and 

cheap realisation in small size. 

 



   
 

   
 

A SPAD is basically a p-n junction reverse biased above the breakdown voltage, thus allowing individual 

absorbed photons to trigger a breakdown. The breakdown is then sensed and time-stamped with respect 

to the transmitted laser pulse using a time-to-digital converter. Although the time-stamping allows the 

detection of the time instances of individual breakdowns, a histogram of the time-stamps should be built 

by repeating the measurement several hundred times. From the histogram, the TOF can be determined 

with less uncertainty. Moreover, from the envelope of the histogram, the relative intensity of the optical 

echo can be resolved with high accuracy. 

The measurement range of the laser radar varies depending on the used frame rate, level of ambient light 

and reflectivity of the target. For example, in a typical office with an ambient light level and target 

reflectivity ranging from 0.1 to 1, the laser radar is capable of capturing line profiles reliably from a 

distance of approximately 20 meters with a frame rate of 28 fps. 

 

Fig. 3. Complete line profiler with optomechanics attached. 

 

Figs. 3 and 4 show photographs of the solid-state line profiler with and without optomechanics. The 

dimensions of the device are approximately 75 mm × 50 mm, and the device is powered and operated 



   
 

   
 

through a USB. The device was encased in an additional 3D-printed waterproof case for the 

measurements at the construction site. 

 

Fig. 4. Main internal components of the custom-designed line profiler showing the CMOS SPAD array-

based receiver circuit and the laser diode for illumination. 

 

4. Experiments and results  

In this work, first, the accuracy of the system was tested by measuring the dimensions of the rectangular 

box using the robot. Second, a 4D measurement system was demonstrated that is able to map the terrain 

from the excavator. 

4.1 Accuracy evaluation 

For this study, the measurement accuracy of the profilometer was estimated with a rectangular box (425 

(W) x 569 (H) x 625 (L) mm3) with a license plate on it (Fig. 5a). The rectangular box was easy to make 

as a reference point cloud based on its dimensions. To determine dimensions for comparison, the sides 

of the box were measured by a mechanical caliper with a reading accuracy of 1 mm. The profilometer 



   
 

   
 

itself offers scans in two dimensions. The 3D point cloud was obtained by moving the profilometer in a 

vertical direction of 18 mm/s from the KUKA industrial robot, as shown in Fig. 5b).  

 

Fig. 5. Original rectangular box for imaging (a) and laser profilometer installed on a robot (b).  

 

The profilometer was configured to send data at a frequency of 25 frames/s and an angle range of +/-20°. 

The distance between the profilometer and the floor was 2090 mm. The profilometer gave the distance 

values (hypotenuses) for each laser point (256) from a scan. By combining these values with the angular 

data of the profilometer, the x and y coordinates of each point can be calculated by trichromatic formulas. 

The configuring settings of the profilometer and calculation were implemented by the C++ program. The 

data of the robot (Z coordinate) and profilometer (X and Y coordinates) were combined into a 3D point 



   
 

   
 

cloud based on time labels using MATLAB software. MATLAB is standard industry software for 

numerical computing and offers compatibility with numerous other programming languages and 

hardware. It is widely used in applied mathematics and engineering. The number of points in the 3D 

cloud was approximately 263000 when the total measurement time was 52 s. The experiment results are 

presented in Fig. 6. The profilometer could get not only the 2D data but also the intensity data. In Fig. 

6a), the intensity map indicates the variability of the reflection from an object, which is coloured by using 

the intensity data. Fig. 6a) also shows that light objects reflected more light than the dark objects. The 

details of the rectangular box were formed from the 3D point cloud (Fig. 6b)). The sides of the box 

became oblique due to the sharp corner effects because the profilometer cannot scan behind corners. 

Finally, Fig. 6a) and b) were connected to Fig. 6c), where the colour describes the intensity of the 

reflection. In Fig. 6c), the dimensions of the rectangular box were determined using MATLAB software’s 

image analysis tool. The mean and standard deviation of 10 observations of W, H and L were calculated 

as 417±2, 623±4 and 570±2 mm, respectively. The image analysis results indicate that the profilometer 

has an accuracy better than 10 mm compared with the real dimensions of the box. The width and length 

of the box were slightly underestimated, and the height has almost the same value. 



   
 

   
 

 

Fig. 6. Experiment of rectangular box. (a) intensity map, (b) 3D point cloud and (c) 4D imaging. 

4.2 Demonstration of the 4D system in the field tests 

Field tests were carried out on the earthmoving site with the help of Haukipudas vocational college unit. 

The profilometer was mounted with a plastic case to the excavator boom, as shown in Fig. 7.  



   
 

   
 

 

Fig. 7. Profilometer mounted on the excavator. 

 

Before the actual field tests, the profilometer location and orientation information were recorded by a 

tachometer (Leica TS12) to the control system of the excavator. The excavator dug a trench about 900 

mm deep, 1600 mm wide and 1800 mm long. The text ‘XSite’ was written in paper and placed at the 

bottom of the trench (Fig. 8). The experiment was executed by moving the boom position from 110° to 



   
 

   
 

70° above the trench. The location and intensity data were recorded along with time labels. This method 

allowed the connection of the values between the scanner and excavator. 

 

Fig 8. Trench dug with the excavator. 

 

The profilometer was configured to send data at a frequency of 25 frames/s and an angle range of +/-20°. 

About 21 seconds was spent to scan to collect 131600 laser points from the trench. The result was created 



   
 

   
 

as a 3D point cloud, where every point has an X, Y and Z coordinates. The Z coordinates were determined 

with the use of the IMU sensors and GPS. Moreover, the intensity value for each point was recorded. 

The 3D point cloud was transformed into a common coordinate system for the convenience of the result 

comparison using Eqs. (2)–(9). The results are shown in Fig. 9. Fig. 9a) presents the 3D point cloud of 

the trench computed by the excavator measurement system.  

A visual inspection of the 3D map indicated that the shape of the trench can be accurately visualised in 

Fig. 9a). The point cloud of the density is higher near the boom than far away from the boom. The 

intensity value of the trench changes depending on the material, as shown in Fig. 9b). White paper and 

snow give a good reflection intensity value compared with sand and soil. The profilometer installation 

place on the boom is not ideal because the bucket cylinder partly prevents the view of the profilometer, 

which is shown as the black line in Fig. 9b). The 4D map can be created by combining Fig. 9a) and b). 

The results are demonstrated in Fig. 9c), where the colour change describes a change of intensity. 

Moreover, it is observed in Fig. 9c) due to the white area found on the front of the trench. The reason is 

that the front edge of the trench blocked the views of the profilometer. The problem can be solved by the 

measurement of the trench from different angles. The method  also provides information on the true 

shape of the trench and roughly identifies the materials of the earth, such as stones and sands. In addition, 

it can identify underground structures, such as power lines and pipes. Furthermore, the 4D map helps 

determine the amount of materials removed and the surface profile and aids in eliminating excess material 

use and transportation cost. 



   
 

   
 

 

Fig. 9. Experiment of the trench  (a) 3D point cloud, (b) intensity map and (c) 4D imaging. 



   
 

   
 

5. Discussion 

 

In this study, we implemented a low-cost 2D laser profilometer for capturing the 4D point cloud 

information from a terrain. The profilometer was integrated into the control of the excavator system, 

which enabled automatic data collection. In the construction site, the profilometer quickly gives results, 

which could be checked on the spot right away. In this study, the detection accuracy of the profilometer 

was estimated to be better than 10 mm in an indoor condition. The surface reflectivity has an effect on 

the measurement time since with lower reflectivity more laser shots needs to be collected for the needed 

signal-to-noise ratio. The noise arises mostly from the random hits due to the background illumination. 

With a  higher illumination level, the measurement time is longer since more results (laser shots) need to 

be collected for a valid SNR. In general, the level of background noise is minimized by a proper optical 

band-pass filter at the input of the receiver optics. In practice, this means that in high background 

illumination conditions (e.g. bright sunlight) the maximum range of the profiler is reduced at a given 

measurement rate (e.g. from 35m to 5m). In addition, materials, conditions and excavator censoring (GPS 

and IMU sensors) are important factors that impact the uncertainty in a 3D imaging system. The absolute 

error of the profilometer is not distance dependent as long as the SNR is high enough. It was measured 

in a calibrated track test and found to be within the limits of +/-2 mm (including the possible errors in 

the track calibration) in a range of 1–35 m [25]. The precision linearly decreased as a function of distance 

at a given measurement rate and is typically at the level of 1…10 mm within a range of 1–35 m at a 

measurement rate of 28 fpsec [25]. Ambient bright light, temperature, humidity and dust are factors in 

field conditions that cause uncertainty to measurements [26]. In addition to the geometric shape of the 

material, colour, moisture and reflectivity affect the measurement accuracy [27]. One source of error is 

related to the excavator GPS/GNSS positioning, which can reach a centimetre level of accuracy [28]. 

The error of the IMU sensor is less than 1.0°. The overall accuracy of the measurement system is 



   
 

   
 

approximately 20–30 mm. However, the measurement method achieves a sufficient precision for surface 

profiling at an earth construction site.  

Few studies in the literature have reported the measurement of the surface profile from an excavator. 

Yamamoto et al. [15] used LIDAR technique with a precision of 50 mm and measurement accuracy of 

18 Hz. In addition, the applicability of the method for the excavator use is limited by the method based 

on a moving mirror. 

As a summary, the applicability of a 2D profilometer in an excavator is based on the following 

considerations: (a) The profilometer can be operated in a vertical measuring range between 1 and 8 m in 

sunlight conditions. It is a comprehensive tool for measuring the soil profile from an excavator. 

Moreover, the profilometer is located 3 meters in height on the boom of excavator, and the profile line 

is 2 m long horizontally. (b) The results show that the high-density point cloud (approximately 6500 

points/s) accurately describes the shapes of a trench. (c) The accuracy of our profilometer is better than 

10 mm and the accuracy of the whole measurement system was estimated as 20–30 mm. The accuracy 

fulfils the need for many construction applications. (d) The 4D map consists of 3D (XYZ) data, which 

gives the location of objects and intensity map and can be used as the fourth dimension to roughly identify 

material and surface markings. (e) The 2D profilometer has a compact size, with no moving parts, and 

apply real-time measurement. (f)  The profilometer 3D point cloud (global coordinate system X,Y, and 

Z) can be easily integrated with other data sources, such as BIM, GIS or 3D machine guidance software. 

(g) A profilometer can also be used day and night time, but limitations are extreme weather conditions, 

such as heavy rain, snow and fog. Moreover, information can be lost in blind spots where objects in the 

front cut the sight. 

  

6. Conclusions 



   
 

   
 

 

The obtained preliminary field test results show that the profilometer allows the inspection and 4D 

visualisation of the surface from the excavator. The working profilometer proved its feasibility and 

robustness, and the method offers enough measurement accuracy in relation to the measurement range 

in the worksite. Two main advantages of the method are identified to be robustness followed from the 

fact that no moving parts are used in the solid scanner and the relatively low price of the solid-state laser 

scanner. Further, the solid-state laser scanner used here has an accuracy of about 10 mm that is enough 

for most earthmoving works. Recorded 4D data can be documented from the trenching phase before the 

next work step fills the trench. The method saves measurement costs by collecting accurate actual data 

from the excavator itself. The simultaneous map can be distributed to other machines and management 

software on  construction site. This 4D method is useful for applications where additional objects might 

be identified, such as texts, contours or materials, to some extent. 

The real-time surface profile measurements of the excavator would help the project manager to visualize 

the construction site at any time, understanding of project phases better and enabling good decision 

making.  By linking the profile data to the BIM model, it would be possible to analyse the energy 

consumption of a construction site project and then find better solutions such as materials management.  

The using model would reduce costs and boosting efficiency at the construction site. 

In the future, our goal is to develop a fully autonomous excavator operating on a worksite according to 

the parameters given by the operator. In addition, excavator algorithms may include a safety layer 

preventing the excavator from undesired and possibly destructive movements in a site. A self-moving 

machine must always know control tasks. The most important facilitator of an autonomous control and 

machine learning, i.e. ‘machine intelligence’, is integrated into the information modelling process used. 

In addition, we will study more accurately the classification of earth materials based on intensity 

measurement in future works. 
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