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Abstract. In order to prepare a project on rebuilding an old or constructing a new road and work drawings,
knowledge of the present local objects is necessary. The performance of road construction or reconstruc-
tion is aimed at using digital models for the relief and at helping with more precise design, a decrease in the
environmental impact and work optimization. Digital local models are most frequently prepared according
to data on laser scanning. Redundant metering data on height points have been accumulated using a laser
scanning technique. Because of redundant height points, for automatically creating and designing a model
for the relief, computer resources must be irrationally used under slower modelling processes. The method-
ology provided in the article could be suitable for eliminating redundant points of height metering keeping
them in distinctive relief positions. According to the proposed methodology, an algorithm has been created
and used in the experimental theory for eliminating redundant points. In order to check the correctness of
algorithm performance, a project on road reconstruction has been simulated and the volumes of land works
using relief models created in the event of the full and filtrated array of height points have been compared.
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Introduction

In order to prepare a project on rebuilding an old or
constructing a new road and work drawings, know-
ledge of the present local objects is necessary. To get
the following information, metering the position of the
object must be carried out in the location and digital
topographical plans have to be prepared. The perfor-
mance of road construction or reconstruction is aimed
at using digital relief models and at helping with more
precise design and a decrease in the environmental im-
pact (Abdullah et al. 2014; Russell et al. 2010). In addi-
tion, relief models can be used for the optimization of
road reconstruction works (Marzouk et al. 2014).

At the moment, various equipment are used for
determining the objects present in the construction
site planned in the three-dimensional sphere: electro-
nic geodesic devices for metering corners and distan-
ces, an unmanned aircraft with photo cameras, mo-
bile systems for optical metering (laser scanners) and
panoramic ground photogrammetric systems. When

the measured data are planned to be used for creating
drawings of old road reconstruction or building a new
one, information on absolute heights, i.e. data on the
surface relief, is very important. Absolute heights have
to be included in the project on road design together
with an array of the points having coordinates x, y, z
(Abdullah et al. 2014). The extent of the array should
be appropriate for creating the qualitative surface and,
at the same time, should not be redundant.

When height is measured employing traditional
methods, i.e. using electronic tachometers, the mini-
mum quantity of information on height is collected.
According to GKTR 2.08.01.:2000 “Geodesic Investi-
gations into Construction Engineering”, the determi-
ned height should be measured at a distance of at le-
ast 15 m. Such density of the points at the location of
the relief is not appropriate for creating the qualitative
relief model and calculating a precise volume of land
work (Stankevicius et al. 2009).

Priority is more often given to the methods of
laser scanning. The dense array of three-dimensional
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points (3D) has been created employing the method
of laser scanning. The array includes all measurements
of the objects in the field of view of the scanner. The
application of various filtering methods assists in eli-
minating the measurements of the non-land surface
from the array. However, the chosen points of the land
are of redundant nature, i.e. the points densely cover
flat surfaces and surface edges. When creating surface
models (TIN), redundant points become nodal points
of the surface network and the elements of an optio-
nal network of the surface (triangles) are created. The
redundant elements of the surface model slacken the
performance of automatic design systems (for instan-
ce, AutoCAD Civil, Microstation InRoad).

The article describes the methodology created for
slackening the array of the point in order to protect
distinctive surface points. The methodology has been
tested using the created calculation algorithm and
scientific software. The efficiency of the methodology
has been checked calculating changes in land volume
between the primary and filtrated surface of the tested
territory.

1. Problem determination

The problem to be solved covers slackening the array
of 3D points and leaving distinctive surface points -
retaining the complexity of the surface. Distinctive
surface points are those located in the sections of the
changed surface and include the edges of slopes and
smaller relief objects.

In order to retain all points defining changes in
the surface, it is necessary to select redundant points
only, i.e. the points in the chosen tolerance zone of the
same plane.

When applying the principle of thinning by a re-
gular network, the primary array of surface points will
be redistributed to the array of the central points of
network elements. Such calculations cannot select dis-
tinctive surface points.

The methods applying the analysis of differences
in distances and height between the investigated and
surrounding points are suitable for selecting distinctive
points. Such methods are used for statistical evaluation
if the tested point can be considered in the range of tole-
rance accepted in the plane. Such techniques can be con-
ditionally divided into the methods that directly use the
parameters of the tested point and surrounding points,
apply the surface to the surrounding points and evalua-
te the parameters of the surrounding points and applied
surface (Clément et al. 2009; Gomes-Pereira et al. 1999).

In order to perform a procedure for selecting
distinctive points, developing analysis algorithm for
the surrounding points is not sufficient. In addition,
one will need employing an algorithm that would
evaluate the analyzed results of the vicinity of the
point, selecting the candidates of the points and ite-
rations of calculations as well as applying the scope of
vicinity. According to the review of the previous in-
vestigations, the authors of the publications have cre-
ated various algorithms and used different methods
(Briigelmann 2000; Briese 2004; Kraus et al. 2001;
Wang et al. 2001).

An algorithm for the filtration of laser scanning
measurements (points) proposed in the article is based
on the fitting of local planes. The novelty of the tech-
nology analysed in the article is related to the practi-
cal application of the proposed technology during the
preparation of the road project and a big opportunity
applying the algorithm suggested in various software.

Some manufacturers of commercial software
have installed filtration functions of redundant points,
for instance, the users of Microstation software can
acquire TerraSolid addition. However, in practice, the
experts preparing topographical plans and designing
roads do not use this specific software. An efficient fil-
tration algorithm proposed in the article is topical and
can be installed in any software.

2. Algorithm description

The first step is to perform a test on applying the plane
at all points. The maximum possible (marginal) size of
the extent of vicinity and the minimum possible size
of an error of applying the plane is used. The points
approximate to the local plane are eliminated (accor-
ding to the smallest average square-error, rms). A set
of points-candidates of the relief model are combined
from the points left. The algorithm is realised mo-
difying the previous algorithm found by the author
(Stankevic¢ius 2011).

With reference to the least square method, z =
ax + by + c is applied for certain data amount thus as-
suming that inaccuracies are distributed in direction
z for the set surface fitting points. The implemented
method is most suitable for orthogonal data, i.e. the
one shown in orthographical projection.

As for the algorithm, when using the eigenvector
calculation method, perpendiculars are minimized
from the point to the plane, whereas non-vertical di-
stances — from the point towards the surface. ax + by +

¢z +d =0 is applied based on restriction a2 +b% +¢2 =1
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and the optimum evaluation of the plane is obtained
and applied if the errors of surface fitting in the set
of points are situated in the direction perpendicular
to the fitted plane. A more detailed description of the
composed algorithm is provided in the previously
published article of the author (Stankevicius 2011).
The plane is defined as follows:
ax+by+cz=4d. (1)

The distance of the point from the plane (1) Ri is
r,=ax; +by, +cz;—d. (2)
Assuming it is a normalized plane, i.e.
a?+b>+c2=1;
r.=(ax; +by; +cz; —d)/ sqrt(a® +b* +c*).  (3)
In order to define the least square plane, it will
be assumed that the sum of the points of a set (coor-

dinates x, y, z;) is n; the set of the points aims to be
minimized as Q:

Q=% @
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Equation (9) can be rewritten as

d=ax,+by, +cz,, (10)

n n n
where x, =in/n; Yo =Zyi Ins zg=Y z;/n.

i=1 i=1 i=1

Equation (10) shows that the best suitable plane

for a set of the 3D point passes through the centre
of masses. By subtracting the mass centre from each
point and placing into (6-8), we get a set of equations
that can be formulated as follows:

WP =0, (11)

11

where

Z("i—xo)z Z(xi_xo)()’—yo) Z(xi—xo)(z—Zo)
i=1 i=1 i=1

n n

W= Z(x,‘_xo)(y_J’O) z(yi_y())z

i=1 i=1

Z(J’i_J’o)(Z_Zo) 5
i=1

n

S -x)e-z) Si-w)e-z) -z
i=1 i=1

i=1

In order to obtain the least square plane, solving
equation (11) is necessary. Equation (11) can have solu-
tion a = b = ¢ = 0 that is avoided by placing the following
condition in addition to the coefficients of the plain:

a?+b2+c%=1. (12)

Condition (12) points to a problem of calculating
the eigenvalue when solving (11), i.e.

WP = VE, (13)

where V - eigenvalues and E - eigenvectors. A solution
to equation (13) provides 3 eigenvalues and a matrix
of 3x3 eigenvectors that are referred to the sum of the
squares of distances from the fitted plane, whereas ei-
genvectors provide 3 sets (matrix E columns) of a, b
and c values. All is left is to select a, b and ¢ set in
relation to the least eigenvalue.

Searching for the algorithms for the calculation of
eigenvalues and eigenvectors may be realized in mat-
hematical calculation software (e.g. Matlab). In order
to compose an algorithm for plain fitting and edge
determination acting in the differently programming
interface, a programming module was developed by
Python.

Laser scanned

ground surface

T

points - spatial sampling

The neighboring

set of points - finding an eigenvector

- finding an eigenvalue

Fitted local
plane — analysis of plane fitting
errors
— analysis of the values
Point perpendicular to a plane
classification

Fig. 1. The algorithm for plane fitting and point classification
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The composed algorithm obtains a direction of
a vector vertical to the plane in accordance with the
Jacobi method when a normal equation of the plane
isxcosa+ycosb+zcosc-d=0, where d is the
distance of the plain from the coordination start point.
Distances from each point to the fitted plane are ap-
plied for calculating the average square error. The al-
gorithm checks whether the received true values are
not the same in respect of the required precision of
calculation. In such a case, the points are situated sym-
metrically in respect of each other and the plane can-
not be fitted.

3. Experiment

The extent of the conducted experiment covered 90047
points of height measurement in the territory of 2.3 ha
where road reconstruction was simulated by forming a
new road structure at a depth of 0.8 m from the present
road surface. Criteria for evaluating the results of the
experiment included a decrease in point quantity when
filtering according to the proposed algorithm,; difference
in the volume of land works of the newly designed road
when calculating according to the relief model created
all height points and filtrated height points.

The values suitable for fitting have been determi-
ned during the experiment: the filtering parameter of
vicinity (d) and a parameter of fitting an error for the
plane (rms). Differences in the volumes of land works
have been determined in the tested territory applying
valid parameters.

Two tests have been performed applying vicinity
distances d = 0.5 m and d = 1.5 m. When value d =
0.5 m is used, the obtained results make 0 m < rms <
0.18 m. When value d = 1.5 m is used, the results are
0 m < rms < 0.36 m. The received results show that the
inaccuracy of applying the plane in the vicinity of the
points at 0.5 m is optimistic and does not allow credi-
bly selecting height points on relief edges and in the
vicinity of them (Fig. 2).

When increasing vicinity coverage up to a dis-
tance of 1.5 m, the obtained results allow reliably clas-
sifying height points according to the average square
values of applying the plane. Value rms of 0.05 m re-
liably identifies the points of the relief break (Fig. 3).

When a reliable value of vicinity extent and a si-
gnificant value of plane fitting have been set, the points
(rms < 0.05 m) approximate to the planes and applied
locally are eliminated (filtrated) from the general set
of height points. When the above described filter is
applied, a set of 90047 height points includes 12982

(Fig. 4) points, i.e. the extent of the set has decreased
7x, which increases the speed of software used for de-
signing the road apparently.

The experiment has been mainly aimed at deter-
mining if the number of the selected points is suffici-
ent for the preparation of the qualitative relief model
dedicated for automatic means of road designing. Mo-
reover, both sets of the points have been transferred to
the automatic design system: primary original (90047)
and filtrated (12982). Two models of the relief surface
have been created accordingly in the automatic desi-
gn system (model_full and model_filter). As a direct
comparison of two surface models does not provide an
opportunity of evaluating the significance of difference
in volumes (land) for the value of construction wor-
ks, a typical model of the project on structure recons-
truction has been created. As regards the structure
reconstruction model, it is admissible that the territory
of land works covers a distance of 7 m from the axis
of the present road and is designed by an additional
traffic lane in both directions. The depth of land works
on the new road structure is 0.8 m.

Differences in the models of the land surface mo-
del_full and model_filter are presented in Figure 5. It

Root mean square
+ 0.001074-0.022240

Fig. 2. Rms of plane fitting in the vicinity of the points
located at a distance of 0.5 m

Root mean square
m 0.001074-0.022240
"+ 0.022241-0.053046
# 0.053047-0.105893
. * 0.105894-0.360000

Fig. 3. Rms of plane fitting in the vicinity of the points
located at a distance of 1.5 m

Fig. 4. The points selected for plane fitting under rms < 0.05 m
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PK + 060

Fig. 5. Fragment of the experimental project
on the road structure

is obvious that horizontals shown in Figure 5 at a dis-
tance of 0.5 m and drawn using the first and second
model are very close, which shows that the quality of
surface imaging under filtrating has not decreased.

A few transverse profiles of the roadbed of the si-
mulated road project have been shown in Figure 5 be-
low; the volumes of land works have been shown and
filled in (in case of the model_filter).

When modelling the relief surface according to
all scanning points and comparing it to the model for
the roadbed of the designed road, the volumes of land
works such as poured - 24 m?, excavated - 2342 m?
and balance - 2318 m? have been obtained. When mo-
delling the relief surface according to the chosen dis-
tinctive points and comparing it to the model for the
roadbed of the designed road, the following volumes of
the works have been received: poured - 24 m3, excava-
ted — 2296 m? and balance 2272 m?. Differences in the
volume of land work, in case of varying relief surfa-
ces, are equal to 46 m?, i.e. the volumes of land works,
according to the array of height points thinned by the
algorithm, are estimated considering the inaccuracy of
2% on the basis of the extent of all land works.

According to ST 188710638.06:2004 “Cons-
truction of the Roadbed of Transport Roads”, the
height of the roadbed should be measured referring to
the accuracy of 0.05 m. During the experiment on the
roadbeds of control transverse profiles, differences in
height between the original and filtrated models of the
relief have been determined. Height differences betwe-
en the surfaces have been calculated according to 21
control points (Table 1). The highest value of difference
made 0.09 m. The average inaccuracy of the heights of
control points makes 0.02 m.

13

Table 1. Height differences between the surface model_full
and model_filter

Station [-15m|-10m| -m | Om | +5m |+10 m|+15m
PKO+20| 0.09 | 0.03 | 0.00 | 0.05 | 0.00 | 0.06 | 0.01
PKO+40| 0.02 | 0.00 | 0.00 | 0.06 | 0.00 | 0.00 | 0.01
PKO+60( 0.02 | 0.00 | 0.00 | 0,06 | 0.00 | 0.00 | 0.02

Conclusions

The algorithm for the filtration of the array of the point
created using laser measurements has been proposed -
when eliminating redundant points and keeping dis-
tinctive points, the array may decrease by 7x.

In order to substantiate the experiment, the follo-
wing parameters have been applied to the algorithm:
distance vicinity is equal to 1.5 m and the limit value of
the average square inaccuracy of the points candidates
used for the relief model is 0.05 m.

The sufficiency of height points selected by the al-
gorithm for creating the qualitative relief model and its
usage when designing the road employing automatic
methods have been based on the use of the original
and filtrated array of the point for calculating the vo-
lume of land works. In case of a common volume of
land works, which is 2318 m3, difference in the volu-
me of land works of 46 m> has been obtained, i.e. the
inaccuracy of the volume of land works employing the
filtrated point array is equal to 2%.

When redundant height points are thinned accor-
ding to the proposed algorithm, the average inaccu-
racy of the heights of the developed relief model is
0.02 m, which proves that the relief model produced
using thinned points meets requirements set for a pre-
cise height of the roadbed.
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