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Abstract: Roads play an indispensable role as part of the infrastructure of society. In 

recent years, society has witnessed the rapid development of laser mobile mapping systems 

(LMMS) which, at high measurement rates, acquire dense and accurate point cloud data. 

This paper presents a way to automatically estimate the required excavation volume when 

widening a road from point cloud data acquired by an LMMS. Firstly, the input point cloud 

is down-sampled to a uniform grid and outliers are removed. For each of the resulting grid 

points, both on and off the road, the local surface normal and 2D slope are estimated. 

Normals and slopes are consecutively used to separate road from off-road points which 

enables the estimation of the road centerline and road boundaries. In the final step, the left 

and right side of the road points are sliced in 1-m slices up to a distance of  

4 m, perpendicular to the roadside. Determining and summing each sliced volume enables 

the estimation of the required excavation for a widening of the road on the left or on the 

right side. The procedure, including a quality analysis, is demonstrated on a stretch of a 

mountain road that is approximately 132 m long as sampled by a Lynx LMMS. The results 

in this particular case show that the required excavation volume on the left side is 8% more 

than that on the right side. In addition, the error in the results is assessed in two ways. First, 

by adding up estimated local errors, and second, by comparing results from two different 
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datasets sampling the same piece of road both acquired by the Lynx LMMS. Results of 

both approaches indicate that the error in the estimated volume is below 4%. The proposed 

method is relatively easy to implement and runs smoothly on a desktop PC. The whole 

workflow of the LMMS data acquisition and subsequent volume computation can be 

completed in one or two days and provides road engineers with much more detail than 

traditional single-point surveying methods such as Total Station or GPS profiling. A 

drawback is that an LMMS system can only sample what is within the view of the system 

from the road.  

Keywords: mobile laser scanning; road engineering; 2D slope; volume estimation 

 

1. Introduction 

There are various modern surveying and mapping techniques that make it possible to quickly  

obtain 3D surface geometry data. Notably, in recent years, there has been rapid development in Light 

Detection and Ranging (LiDAR) systems, for both airborne and mobile applications. In this study,  

a car-based system is used, which is generally referred to as a Laser Mobile Mapping Systems 

(LMMS). Such a system typically integrates one or more LiDAR profilers with a Global Navigation 

Satellite System (GNSS) and an odometer for positioning, and an Inertial Measurement Unit (IMU) for 

attitude control [1]. While driving, the LiDAR profilers determine distances between the car and its 

surroundings. By combining these distances with the position and attitude of the vehicle, a 3D point 

cloud is obtained that represents the area surrounding the road as visible from the car. Traditionally, 

the road and roadside geometry are measured by surveyors on a point-by-point basis using Total 

Station or GNSS. Unlike these methods, LMMS does not measure the 3D positions of well-defined 

points in the terrain. Rather, it acquires many random 3D points by sampling the whole road surface 

and the surface of the roadside, visible by the LMMS system. The quality of the individual 3D LMMS 

points is worse than the quality provided by Total Station or GNSS, but an LMMS is able to provide 

full coverage instead of acquiring only single points. In addition, the acquisition is fast and automatic, 

and there is no need for surveyors to leave the car. These latter advantages also distinguish LMMS 

from static Terrestrial Laser Scanning, in which a point cloud is obtained from a panoramic scanner 

mounted on a tripod [2–4]. Such panoramic scans need to be combined with GNSS positioning data in 

post-processing to acquire a georeferenced point cloud. To conclude, the LMMS is currently the fastest 

ground based method for acquiring 3D surface information in large areas. It has already been applied 

for high way surveying [5,6], sandy coast morphology and riverine erosion measurements [7,8], 

railway monitoring and rail geometry extraction [7,9], road environment management [8,10–12], and 

highway documentation [13–17]. Road management starts with the planning phase and ends with the 

rehabilitation or maintenance phase [7]. When the road has been constructed, documentation for road 

information is needed for an increasing number of other applications, such as noise modeling, road 

safety, road maintenance, location-based services and navigation [13]. Road documentation and 

management mainly consist of recording the road geometry and monitoring the road environment [14,18]. 

Road geometry refers to parameters used for the design of a road, such as design speed, stop sign 
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distance, line of sight, number of lines, line width, longitudinal and transverse slope, road pavement 

materials and so on. Road environment refers to the surroundings of the road on both sides, including 

buildings, trees, vegetation, traffic signs, traffic light poles and other objects. 

The information discussed above plays an important role in the ongoing maintenance of the road, 

especially for mountain roads where there is a risk for rock and stone fall. Additionally, the geometric 

features observed on a mountainous road could be helpful for monitoring the flow of rainwater in the 

case of heavy rain and may be used to assist natural disaster prevention [19]. Moreover, steep and 

unstable road sides may cause landslides, resulting in further road damage [20].  

This paper presents an approach for automatically estimating the roadside material volume to be 

excavated for road widening. Firstly, LMMS point cloud data in a mountainous area is down sampled 

and the outliers and noisy points are removed. Based on the data, normal vectors, and 2D slopes are 

estimated at every point. Then, an automatic iterative floating window approach, taking advantage of 

point height, normal vector and slope, is used to filter and segment the road points. After that, a local 

neighbourhood feature is defined based on the vectors between a query point and its neighbouring 

points to obtain the outline and skeleton of the road. These steps finally allow us to compute the 

volume of the roadside material that would have to be moved to widen the road by 4 m. In addition, an 

analysis of the quality of the results is presented notably by comparing results from different datasets 

both sampling the region of interest. Finally, conclusions and future work are discussed. 

2. Methodology 

This section explains the procedure for estimating the amount of roadside material that has to be 

removed for road widening. It consists of five steps. (1) Point cloud data preprocessing; the original 

point cloud data have a very high point density and need to be downsampled before processing. 

Additionally, outliers are removed, and a Digital Surface Model (DSM) is generated; (2) Surface 

normal estimation; (3) Slope and aspect estimation; (4) Road detection and segmentation; taking the 

normal and slopes as estimated in steps (2) and (3) as input, an automatic iterative filtering approach is 

used to segment the road points from the downsampled point cloud data; (5) Volume computation; the 

material volume that needs to be moved to widen the road is computed based on step (4). A flowchart 

of the procedure is shown in Figure 1.  

2.1. Point Cloud Data Preprocessing 

The raw point cloud data have a very high point density, so for quick and efficient processing, 

downsampling is a necessity. The approach followed here is to represent the point cloud data by  

voxels [21–23]. In this paper, a uniform-sized voxel filtering approach was used, as implemented in 

the Point Cloud Library (PCL) [22]. The main concept of the approach is to create a 3D voxel using a 

given voxel size. All points in a voxel are represented by their centroid [13].  

The outliers of the downsampled point cloud data have to be removed before estimating geometric 

features from the point cloud data. In this procedure, the query point neighbourhood concept is 

introduced, as shown in Figure 2. Here, P represents the set of points within radius Rquery of query 

point pquery, so P is defined as: 
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{ | }i i query queryP p p p R= − ≤  (1)

where ip represents the individual points from the point cloud. 

Figure 1. Overall methodology of data processing. 
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Figure 2. Neighbourhood of a query point within a certain radius. 
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Outliers are the measurements located at jump edges or discontinuous boundaries where there 

should be no points [24]. There is abundant literature on the approaches used to remove  

outliers [25–27]. The approach used in this paper is based on a statistical analysis of each point’s 
neighbourhood [28,29]. For each point ௨௬ א ܲ, the mean distance ҧ݀ to its closest k neighbours is 

calculated. After that, for each point in the point cloud, the mean distance and standard deviation of the 

distances to their k nearest neighbours are determined. The main objective is to retain only those points 

whose mean distance to the closest k neighbors is similar to the average mean distance. As this 

describes a measure of the underlying point cloud density surrounding a point, the criterion for keeping 

a point is simply formulated as follows: 
* { | ( ) ( )}q k k k kP p P dμ ασ μ ασ= ∈ − ≤ ≤ +  (2)

where, α is a desired density restrictiveness factor, while ߤ and ߪ are the mean and standard deviation 

of the distance from a query point to its neighbors respectively, and ܲכ is the set of remaining points.  

2.2. Local Surface Normal Estimation 

The surface normal at a discrete point is a vector perpendicular to the tangential plane of the local 

surface at that point. Various methods exist to estimate a normal at a certain point in 3D point cloud 

data [29–33]. The simplest is based on 3D plane fitting. With this method, the problem of determining 

the normal of a point becomes a least-square 3D plane estimation problem for a suitable spatial 

neighbourhood. Figure 3 depicts the concept of normal estimation in discrete 3D point cloud data.  

When estimating a local normal using least-squares, the goal is to approximate the tangent plane at 

a point of interest and take that plane’s normal. The best fitting plane is obtained by determining those 

planar parameters that minimize the squared distances between suitable neighbouring points and the 

plane to be estimated. Suppose we have a point of interest with Euclidean coordinates ሺݔ, ,ݕ  ሻ் and aݖ
set of k neighbouring points. The least-squares method yields a normal vector ሬ݊Ԧ ൌ ሺ݊௫, ݊௬, ݊௭ሻ், for 

which the error is minimized. 
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Additionally, | ሬ݊Ԧ| ൌ 1  where  ൌ ሾݔ, ,ݕ ሿ்ݖ  is a neighborhood point and k is the predefined 

number of considered neighborhood points. 

The solution of Equation (3) for ሬ݊Ԧ is in general given by the smallest eigenvector of the matrix 

1

1
( )( )

k
T

i i
i

M p p p p
k =

= − −  (4)

where 

1

1 k

i
i

p p
k =

=  (5)

Figure 3. Normal estimation at a query point using a local plane fitting approach. 
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2.3. Local Slope Computation 

The 2D slope, also known as the 2D gradient, is the vector field of a surface. The vector direction 

points in the direction of the greatest change in height, and the vector’s magnitude is equal to the rate 

of change. Based on the previously generated gridded DSM, the height at every grid point is 

interpolated from neighbouring points by inverse distance interpolation with power 2. If the grid size is 

dgrid, then the slope Si in the direction of each of the eight neighboring grid cells is given by: 

i query
i

i

H h
S

d

−
=  (6)

Here, Hi is the elevation of the i-th neighbour of the query point, and hquery is the elevation of the query 

point itself. The variable di is the distance between the i-th neighbour and the query point. Note that di 

is the square root of the grid size in diagonal direction.  

2.4. Road Detection 

Based on the normal vectors and slopes that were computed at each point in the previous steps, an 

automatic iterative point cloud data filtering approach is used to detect road surface points from the 

point cloud data. The main steps are as follows: 



Remote Sens. 2013, 5 4635 

 

 Input an initial grid and window size; 

 Generate a virtual reference 3D gridded layer. The elevation of each grid point is interpolated 

from its neighbouring points, and also the grid point’s normal as unit vector and its direction to 

zenith. Based on this layer, a window of predefined size is created to move over the grid and 

point cloud;  

 In the current moving window, compare for each grid point the 3D layer grid elevation and the 

normal vector direction with that of the point cloud; Calculate the height and angle differences 

between the 3D layer and the point cloud to verify if the differences are beyond the threshold; 

 If the difference is less than the distance and direction threshold, then the point is accepted as a 

road point, else the point is regarded as off-road point; 

 Go to step (2) and generate a new virtual layer using a smaller grid size, then iteratively process 

the point cloud again; 

 The loop ends when the grid size reaches a pre-defined smallest size. 

2.5. Calculation of Excavation Volume 

In this step, based on the segmented road points from step 4, the road’s outlines are determined. 

First, a local feature descriptor is defined based on the neighbourhood concept. 

As shown in Figure 4, if P = {p1, p2,…, pk} is the set of neighbours of Pquery within radius Rquery. 
The local vector ݎపሬሬԦ at query point Pquery is defined as ݎԦ ൌ  ܲ  െ ܲ௨௬. The edge descriptor is defined 

as the sum of these local vectors,  

1

k

des i
i

E r
=

= 
 (7)

In case the query point is indeed an edge point, the value ԡܧௗ௦ԡ is greater than that of a non-edge 

point in the road point cloud and the direction of the descriptor toward the inner body of the road. 

Figure 4. Illustration of local neighbourhood feature descriptor. 
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After the road outline is determined, the road central line is estimated based on the location of the 

road edges. Now suppose the road needs to be widened to four lanes. As a consequence, a certain 

volume of the road has to be removed or added to extend the flat road surface.  

As shown in Figure 5, roadsides were divided into slices. For each slice, the volume is computed. 

Summing all of the sliced volumes together gives the total volume that needs to be excavated or filled. 

Note that the sign of a sliced volume indicates whether material needs to be removed (positive sign) or 

added (negative sign). Based on the road central line and edge lines, as well as the expanded width of 

the road, the expanded edge points are found.  

Figure 5. Computation of excavation volume. 

 

To minimize the sample error, the resolution for both the road parallel and the road perpendicular 

direction is defined based on the point cloud data resolution, as shown in Figure 6.  

Suppose ்ܸ and ்ܸோ denote the total volume on the left and right side respectively, such that ∆ݒ 

and ∆ݒோ represent the volume of the i-th slice on left and right side. NL and NR denote the number of 

slices. Thus, the total volume to be moved on each side of the road is determined by: 

1

LN
L L

T i
i

V v
=

= Δ  and 
1

RN
R R

T i
i

V v
=

= Δ  (8)

If for example ்ܸ    ்ܸோ , we could choose to extend the road on the right side to save time  

and expenses. 
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Figure 6. Slice volume computational geometry. 

 

3. Implementation and Testing of the Method 

3.1. Software Implementation  

The methodology described above is implemented on an ordinary Dell desktop computer, which 

has an Intel Xeon 3.6 GHz CPU on board and 16 GB random memory. The implementation of the 

software is in the C++ language. Also, the Point Cloud Library (PCL) statistical outliers filtering tool 

is used in the processing. The whole processing took 23.184 s for the tested dataset.  

3.2. Data Description 

The point cloud data studied in this paper was acquired by the University of Vigo, Spain. The 

approximate location of the studied road is shown in Figure 7. 

The entire study area is shown in Figure 8. The study area contains a road in a mountainous region. 

An overhead view of the dataset is shown in Figure 8a. The mobile LiDAR system selected for this 

work was the Lynx Mobile Mapper from OPTECH. The Lynx uses two LiDAR sensors to collect 

survey-grade LiDAR data at 500,000 measurements per second with a 360° FOV (per scanner) [33,34]. 

The system incorporates the POS LV 520 unit produced by Applanix, which integrates an Inertial 

Navigation System with two GNSS antennas, providing an accuracy of 0.015° in heading, 0.005° in 

roll and pitch, 0.02 m in the X, Y dimension and 0.05 m in the Z axis. All those data are determined by 

differential GPS post-processing after data collection using GPS base station data. The coordinate 



Remote Sens. 2013, 5 4638 

 

system used for this work is UTM-WGS84. The original point cloud dataset contains 5,838,794 points 

and has an average point density of 2084 points per square meter. It covers a 132-m stretch of road. In 

Figure 8c, we can see that the road was constructed in a mountainous area and has steep embankments 

on either side.  

Figure 7. Approximate location of the studied road. 

 

Figure 8. Original point cloud dataset of the study area. (a) Original laser mobile mapping 

systems (LMMS) point cloud data in 3D view; (b) Original LMMS point cloud data in 3D 

side view; (c) Study area in Google Street View; (d) Data collection with LMMS. 

(a) (b) 
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Figure 8. Cont. 

(c) (d) 

3.3. Geometric Computations 

3.3.1. Slope Computation 

As depicted in Figure 9, the slope in this area varies from 0 to 88.1 degrees. The figure is colour 

coded with red indicating a large slope and blue indicating a small slope. Points with small slopes are 

mainly road points. The points of the road have larger slope values corresponding to the steepness of 

the road side. The dots on the road encircled in red have larger slope value than other road points; 

these are in fact traffic cones that can also be seen in Figure 8d. There is a known landslide site located 

within the light green circle, which has a smaller slope value that stands in contrast to the steep 

roadside of its neighboring points. 

Figure 9. 2D slope at each point of the studied road. 
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3.3.2. Road Detection and Segmentation 

Road points were identified according to the method outlined in Section 2. The minimum virtual 

grid size was set to 0.1 m, because there is a very high point density in the original point cloud dataset. 

Additionally, the height threshold was set to 0.3 m and the angle threshold was set to 15 degrees.  

In this processing, a total of 42,717 road points was abstracted and segmented, as shown in Figure 10.  

Figure 10. Segmented road from the original point cloud dataset. 

 

3.3.3. Volume Computation 

First, based on the segmented road points, the road outline was determined following the method of 

Section 2.5. In this paper, the local descriptor threshold was set at 1.5, which means that all points with 

an edge descriptor value greater than 1.5 were regarded as road outline points.  

The abstraction results are shown in Figure 11. In total, 429 outline points were identified.  

Figure 11a depicts the abstracted road central line, and Figure 11b illustrates in addition the road lines 

of a projected road expansion by 4 m on each side. 

After the extraction of the points above the possible location of the widened road (i.e., 4 m left and 

right of the current road), the vertical distances between points representing the current surface and the 

expanded road planes were determined, and the excavation volume was estimated. Figure 12 shows 

two profiles of the current surface height at a distance of 4 m left and right from the current roadsides. 

The horizontal axis follows the road starting from its lowest point. In this paper, the resolution in the  

road parallel direction was set to 1 m and in the road perpendicular direction to 0.5 m. Figure 12 shows 

the overall height increase of the surface profiles in the road parallel direction.  

Figure 13 shows the volumes of the slices which were computed as described in Figure 6. Because 

of some low water drain elements on the road side, there are values that are below 0, which means that 

if the road is widened by 4 m, some of the volume should be moved to those locations to match the 

road surface height. The arrow points to a location that has a greater surface height resulting in a slice 

with a larger volume.  
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Figure 11. Road outline, central line and expanded road outline. (a) Road central line and 

road outline; (b) Additional expanded road outline. 

 
(a)                                                                          (b) 

Figure 12. Profiled height on the expanded roadside. 

 

Figure 14 shows the cumulative volume in the road parallel direction. At the left side of the road, 

542.22 m3 needs to be excavated compared to 462.35 m3 on the right side of the road. Because the 

studied road is not straight, the road parallel direction distances for the two road sides differ. The right 

side is 137.2 m long, whereas the left side is 124.1 m long. At the location indicated by the arrow in 

both Figures 13 and 14, there is one slice with a particularly large volume which causes a steep rise in 

the cumulative volume. As shown in the cumulative volume estimation results, the material volume 

that needs to be excavated on the left side is 8% greater than on the right side. When applied in real 

applications, such results may help engineers to optimize road widening design to minimize the time 

and costs of the project. 
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Figure 13. Slice volume computed from the expanded road outlines on both sides. 

 

Figure 14. Cumulative volume on the extended roadside. 

  

4. Quality Discussion and Validation  

There is no data available from other sensors that can be used to verify the computed results. 

Instead the quality of the results is analyzed by considering the quality of the input data in combination 

with an analysis of how this quality propagates into the final volume computations. In addition, the 

excavation volumes were determined from a second LMMS dataset, acquired in a second run by the 

same system on the same day. Moreover, a possible measurement plan for further validation of the 

results is sketched. 
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4.1. Discussion on the Quality of the Results 

Since the total volume is computed by summing up slices, the squared total error equals the squared 

sum of the errors in the determination of each sliced volume. The random error in the computation of a 

sliced volume consists of a variance component caused by random measurement errors in the original 

point cloud. This component is denoted as ߪ்ௌ . Another variance component corresponds to the 

surface roughness and is denoted ߪோ . Using the law of error propagation, the relationship between 

these errors is given by Equation (9).  

2 2 2 2
, ,

1 1

( )
k k

Total i i pts i r
i i

σ σ σ σ
= =

= = +   (9)

where ்ߪ௧ is the total error of the volume computation, ߪ is the random error in the estimation of 
the volume of the i-th slice, while ߪ,௧௦ and ߪ, denote the point cloud measuring error and roughness 

of slice i respectively, k is the number of the slices volumes, here equal to 132.  

Thus, the error of the volume of a single slide is studied first. According to the specifications of the 

Lynx LMMS and previous error studies [34,35], the range precision and range accuracy is 8 mm and 

±10 mm, respectively.  

As can be seen in Figure 15, such single slide is divided into 1-m by 0.5-m blocks in the road 

parallel and the road perpendicular direction, respectively. In each block, the mean and standard 

deviation of the points in that block are computed. A slice from the north side slope of the road was 

randomly selected to compute mean and standard deviation of points in each block of the slice. A side 

view of both the original and the down sampled point cloud is shown in Figure 16.  

Figure 15. Single slice volume computation error analysis. 
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Figure 16. Side view of randomly selected road side slice. (a) Road side points from 

original data; (b) Road side slope points from down sampled data. 

 

The resulting standard deviation (st.dev) values for the eight blocks that together form the slice 

depicted in Figure 8 are given in Table 1. The average number of points per block is reduced from 488 

to 36. This table also clearly demonstrates the purpose of the downsampling strategy: close to the road, 

point density is very high and therefore the reduction in the number of points is high as well. Further 

from the road, the point density drops and a much larger fraction of the original point is maintained. 

On top of that, the geometry of the terrain with regard to the lasers on the car has a strong influence on 

the point density.  

Table 1. Mean and standard deviation of points per block in meters. First three rows: 

original point cloud; Last three rows: downsampled point cloud. 

Dataset Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Block 7 Block 8 

Original Points 

number 839 1070 571 284 200 175 354 415 

mean 972.84 974.94 977.57 979.20 981.26 982.70 984.62 987.02 

st.dev 0.53 0.71 0.50 0.38 0.40 0.46 0.62 0.69 

Down Sampled 

Points 

number 45 33 33 38 35 40 36 31 

mean 972.43 975.03 977.24 979.19 981.31 982.76 984.54 986.60 

st.dev 0.51 0.59 0.59 0.57 0.48 0.56 0.65 0.75 

To summarize the results from Table 1, we determine the differences between the means per block 

from the original data and the reduced data. The mean of the absolute differences equals 0.18 m. 

Further validation is needed to verify which means are actually better: the means from the original data 

are computed based on more points, but some parts of the surface may also be overrepresented in the 

original point cloud due to local variations in scanning geometry induced by local relief variations. For 

both the original and the reduced blocks, the st.dev values are comparable, between 0.5 and 0.6 m. 

These st.dev values are larger than the absolute differences between full and reduced data, and also 
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much larger than the quality of the individual points. Therefore, it is concluded that these values are 

dominated by surface relief which is also clear from Figure 16.  

Assuming a st.dev value per block of 0.55 m, the st.dev per slice equals 1.56 m. Assuming 132 

slices, this results in a st.dev for the total volume on one road side of 17.9 m. This st.dev value 

corresponds to an error below 4%, when compared to a value of 500 m3 of total excavation volume.  

As the current error is dominated by surface relief, a reduction in the error could be obtained by 

decreasing the block size. 

4.2. Validation Using Data from a Second Run  

For validating the results shown in Section 3, in this paragraph the same method will be applied to a 

second dataset obtained using the same LMMS on the same day. The differences in outcome will be 

compared to as discussed in Section 4.1.  

4.2.1. Description of the Point Cloud Obtained in the Second Run 

For the second run, the same system was used but the position of the car on the road was different, as 

will be shown below. As for the first dataset, the data of the second run consists of a georeferenced point 

cloud and of a dataset giving the trajectory of the LMMS car during data acquisition. The point cloud of 

the second run cropped to the same piece of road consists of 6,374,830 points, and has a point density of 

~2,000 points per square meter. A side view of the second run point cloud is shown in Figure 17.  

Figure 17. Side view of point cloud data from the second run. 

 

4.2.2. Computation Results 

Following the same methodology as described in Section 2, the data of the second run was processed, 

and the excavation volumes for both road sides were computed. The results are shown in Figure 18.  
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Figure 18. Cumulative volume of a roadside extension determined from point cloud data 

of the second run. 

 

A comparison of the results from both datasets is given in Table 2. The results show that the 

difference in excavation volumes for both sides of the road are within the error budget as derived in 

Section 4.1, which was determined as 4% of the total excavation volume.  

Table 2. Comparison of excavation volumes determined from original data and data from 

second run. 

 Left Roadside Right Roadside 

Original data (m3) 542.2 462.3 

Data from second run (m3) 556.3 478.2 

Difference (%) 2.53 3.32 

4.2.3. Comparison Analysis 

As can be seen from Table 2, there are some differences in the excavation volumes as computed 

from the original point cloud data and the data from the second run. Recall that volumes are 

determined from 1 m slices that are further divided in eight blocks, comparing Figure 15. To obtain 

insight in the differences between the outcomes from the first and the second run, Figure 19 shows 

differences in height per block in meter of 1.0 m in road parallel direction and 0.5 m in road 

perpendicular direction. The dotted red line is the abstracted center line of the studied road. The purple 

and chocolate line in Figure 19 depict the trajectories of the LMMS while collecting the original and 

the second run point cloud data, respectively. 

As shown in Figure 19, most of the blocks have approximately the same height, which demonstrates 

that the two datasets are consistent. Only the purple circles indicate locations where local height 

differences in the order of 1–2 m occur. Examining the two point clouds in detail indicates that at those 
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locations hardly any points were sampled in one of the two runs. This local under sampling is probably 

caused by limited visibility of the roadside from the location of the LMMS acquisition. 

Figure 19. Height difference per block between original and second run point cloud 

data (m). 

 

This effect is illustrated in Figure 20, which shows a schematized cross section roadside geometry. 

For the trajectory 1, the purple area is invisible from the LMMS and is therefore not sampled. 

However, the area can be scanned from trajectory 2. A good solution would be to combine data from 

both runs such that the two point clouds data can supplement each other in such situations. 

Figure 20. Geometry relation between LMMS and steep roadside terrain. 

 

Figure 20 shows a cross section of mountainous road geometry. For the trajectory 1, the purple area 

has no laser reflection, and thus, has no measured points. However, for trajectory 2, the area can be 

scanned and have point cloud data, and vice versa. The point cloud data could supplement with each 

other in those similar locations. 
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4.3. Proposal for Further Validation 

There are several options to further validate the results of the methodology proposed in this paper in 

a field experiment. A general idea is to locally use other, preferably superior measuring methods to 

sample the geometry of a piece of the road and road side considered, and repeat the computations with 

these superior data. A traditional method would be to use a total station or RTK-GPS to measure some 

profiles of 3D road surface points in a local georeferenced datum, and import the obtained data into 

modeling software such as AutoCAD or 3ds Max, to construct a local road model and compute the 

volume. This method should give accurate results, but is labor intensive. A total different approach 

would be to actually perform measurements directly before a planned road extension. In this way, the 

real volume of the material that is excavated can be measured and compared to the results of the 

analysis of the corresponding LMMS data.  

5. Conclusions 

In this paper, a method is proposed for the estimation of the excavation volume of a planned road 

widening from a Laser Mobile Mapping point cloud. Starting with a LMMS point cloud data sampling 

a mountainous road, we used a uniform-size voxel to downsample the point cloud data and remove 

outliers. Then, local normals and 2D slopes were estimated at each resulting grid point to separate road 

from off-road points. Finally, the volume needed to excavate the road by 4 m on both sides was 

computed. It was shown on LMMS data representing a mountain road in Spain that the volume to be 

excavated on the left side differs by 8% to that on the right side. A more detailed analysis of one slice 

of data indicates that the error in the estimated excavation volume is below 4%. The results were partly 

validated by a comparison to results from analyzing a second point cloud obtained by the same system 

on the same day, but from a different trajectory. The resulting excavation volumes as estimated from 

both datasets differed by 2.5%–3.5%.  

A further step would be to use the proposed method for determining the widening of the road of, 

e.g., 4 m by x meters on the right and (4 − x) meters on the left, with 0 m ≤ x ≤ 4 m, that minimizes the 

moved volume over a stretch of, say, 100 m of road. Further research is also needed to determine an 

optimal block size: In this paper, blocks of size 0.5 m by 1 m are used; reducing the block size will 

decrease the effect of surface relief on the error, but will increase the effect of measurement noise and 

varying point densities.  

Acknowledgments 

The authors would like to thank the three anonymous reviewers for their comments in improving 

the manuscript. Also, the authors gratefully acknowledge financial support from the China Scholarship 

Council. The authors would also like to thank the support from project p10-TIC-6114 JUNTA 

ANDALUCIA. This paper is partly supported by IQmulus (FP7-ICT-2011-318787), a project aiming 

at a High-volume Fusion and Analysis Platform for Geospatial Point Clouds, Coverages and 

Volumetric Data Sets.  
  



Remote Sens. 2013, 5 4649 

 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Naser, E.S. An overview of Mobile Mapping Systems. In Proceedings of the FIG Working Week 

2005 and GSDI-8, Cairo, Egypt, 16–21 April 2005. 

2. Vosselman, G.; Maas, H.-G. Airborne and Terrestrial Laser Scanning; Whittles Publishing: 

Caithness, UK, 2010; pp. 11–36.  

3. Gikas, V. 3D terrestrial laser scanning for geometry documentation and construction management 

of highway tunnels during excavation. Sensors 2012, 12, 11249–11270. 

4. StreetMapper Laser Survey Austrialia’s Coastal Highway. Available online: 

http://www.3dlasermapping.com/index.php/news-events/news-stories/24-streetmapper-laser- 

surveys-australia-s-coastal-highway (accessed on 6 May 2013). 

5. Bitenc, M.; Lindenbergh, R.; Khoshelham, K.; Pieter van Waarden, A. Evaluation of a LiDAR  

land-based mobile mapping system for monitoring sandy coasts. Remote Sens. 2011, 3, 1472–1491. 

6. Zhou, L.; Vosselman, G. Mapping curbstones in airborne and mobile laser scanning data.  

Int. J. Appl. Earth Obs. Geoinf. 2012, 18, 293–304. 

7. Kukko, A.; Jaakkola, A.; Lehtomaki, M.; Chen, Y. Mobile Mapping System and Computing 

Methods for Modeling road Environment. In Proceedings of the 2009 Urban Remote Sensing 

Joint Event, Shanghai, China, 20–22 May 2009. 

8. Vaaja, M.; Hyyppä, J.; Kukko, A.; Kaartinen, H.; Hyyppä, H.; Alho, P. Mapping topography 

changes and elevation accuracies using a mobile laser scanner. Remote Sens. 2011, 3, 587–600. 

9. Gikas, V.; Stratakos, J. A novel geodetic engineering method for the extraction of road/railway 

alignments based on the bearing diagram and fractal behaviour. IEEE Trans. Intell. Transp. Syst. 

2012, 13, 115–126. 

10. Tao, C.V. Mobile mapping technology for road network data acquisition. J. Geospatial Eng. 

2000, 2, 1–13. 

11. Pu, S.; Martin, R.; Vosselman, G.; Sander, O.E. Recognizing basic structures from mobile laser 

scanning data for road inventory studies. ISPRS J. Photogramm. Remote Sens. 2011, 66,  

S28–S39. 

12. Jeong, J.S.; Park, J.M.; Kim, B.G.; Jeong, D.H. Automatic Identification of Road Sign in Mobile 

Mapping System. In Proceedings of the International Symposium on Mobile Mapping 

Technology, Padua, Italy, 29–31 May 2007; Volume XXXVI-5/C55. 

13. Foy, S.; Deegan, C.; Mulvihill, F.; Fitzgerald, C.; Markham, C.; McLoughlin, S. Road Sign Safety 

Identification through the Use of a Mobile Survey System. In Proceedings of the International 

Symposium on Mobile Mapping Technology, Padua, Italy, 29–31 May 2007; Volume XXXVI-5/C55. 

14. Mancini, A.; Frontono, E.; Zingaretti, P. Automatic Road Object Extraction from Mobile 

Mapping Systems. In Proceedings of the IEEE/SME Mechatronics and Embedded Systems and 

Applications, Suzhou, China, 8–10 July 2012; pp. 281–286. 



Remote Sens. 2013, 5 4650 

 

15. Sérgio, R.; Madeira, L.C.; Bastos, A.M.; Sousa, J.F.; Luís, P.S. Automatic Traffic Signs Inventory 

Using a Mobile Mapping System. In Proceedings of the International Conference and Exhibition 

on Geographic Information, GIS PLANET, Lisboan, Portugal, 26–28 May 2005. 

16. Point Cloud Library Documentation: Down Sampling a Point Cloud Using a Voxel Grid Filter. 

Available online: http://pointclouds.org/documentation/tutorials/voxel_grid.php#voxelgrid 

(accessed on 6 May 2013). 

17. Jaakkola, A.; Hyyppä, J.; Hyyppä, H.; Kukko, A. Retrieval algorithms for road surface modelling 

using laser-based mobile mapping. Sensors 2008, 8, 5238–5249. 

18. Gikas, V.; Daskalakis, S. Determining rail track axis geometry using satellite and terrestrial 

geodetic data. Surv. Rev. 2008, 40, 392–405. 

19. Tarolli, P.; Calligaro, S.; Cazorzi, F.; Dalla, F.G. Recognition of surface flow processes influenced 

by roads and trails in mountain areas using high-resolution topography. Eur. J. Remote Sens. 

2013, 46, 176–197. 

20. Razak, K.A.; Abu Bakar, R.; Wah, Q.Y.; Wan Mohd Akib, W.A.A. Geodetic Laser Scanning 

Technique for Characterizing Landslides along High-risk Road Zone: Applications and 

Limitations. In Proceedings of the FIG Working Week, Marrakech, Morocco, 18–22 May 2011; 

pp. 1–14. 

21. Slattery, K.T.; Slattery, D.K.; Peterson, J.P. Road construction earthwork volume calculation 

using three-dimensional laser scanning. J. Surv. Eng. 2012, 138, 96–99. 

22. Gorte, B.; Pfeifer, N. Structuring laser-scanned trees using 3D mathematical morphology. Int. 

Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2004, 35, 929–933.  

23. Paloma, P.; Diego, R.; Raul, L.; Fernando, M. Extraction of Geometrical Features in 3D 

Environments for Service Robotic Applications. In Proceedings of the HAIS, Burgos, Spain,  

24–26 September 2008; Springer-Verlag: Berlin/Heidelberg, Germany, 2008; pp. 441–450.  

24. Sylvain, P. A survey of methods for recovering quadrics in triangle meshes. ACM Comput. Surv. 

2002, 34, 211–262. 

25. May, S.; Droeschel, D.; Holz, D.; Wiesen, C.; Fuchs, S. 3D Pose Estimation and Mapping with 

Time-of-Flight Cameras. In Proceedings of the IEEE/RSJ IROS Workshop 3D-Mapping, Nice, 

France, 26 September 2008; Volume 1–2, pp. 229–232.  

26. Radu, B.R.; Zoltan, C.M.; Nico, B.; Mihai, D.; Michael, B. Towards 3D point cloud based object 

maps for household environments. Robot. Auton. Syst. 2008, 56, 927–941. 

27. Radu, B.R. Semantic 3D Object Maps for Everyday Manipulation in Human Living 

Environments. Ph.D. Thesis, Technical University of Munich, Munich, Germany, 2009. 

28. Bao, L.; Ruwen, S.; Reinhard, K.; Zhiquan C.; Gang D.; Shiyao J. Robust normal estimation for 

point clouds with sharp features. Comput. Graphics 2010, 34, 94–106.  

29. Edwiad, C.; Hongkai Z. Point Cloud Segmentation via Constrained Nonlinear Least Squares 

Surface Normal Estimates; Technical Report No. CAM 09-104; University of California (UCLA): 

Los Angeles, CA, USA, 2009.  

30. Dey, T.K.; Li, G.; Sun, J. Normal Estimation for Point Clouds: A Comparison Study for a 

Voronoi Based Method. In Proceedings of the Eurographics/IEEE VGTG Symposium on  

Point-Based Graphics, New York, NY, USA, 20–21 June 2005; pp. 39–46. 



Remote Sens. 2013, 5 4651 

 

31. Thürmer, G.; Wüthrich, C.A. Normal computation for discrete surfaces in 3D space. Comput. 

Graphics Forum 1997, 16, 103–108. 

32. Klaas, K.; Daniel, A.; Dirk, W.; Martin, B. Comparison of Surface Normal Estimation Methods 

for Range Sensing Application. In Proceedings of the 2009 IEEE International Conference on 

Robotics and Automation, Kobe, Japan, 12–17 May 2009; pp. 2306–3211. 

33. Puente, I.; González-Jorge, H.; Martínez-Sánchez, J.; Arias, P. Review of mobile mapping and 

surveying technologies. Measurement 2013, 46, 2127–2145. 

34. Puente, I.; González-Jorge, H.; Riveiro, B.; Arias, P. Accuracy verification of the Lynx mobile 

mapper system. Opt. Laser Technol. 2013, 45, 578–586. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


