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Abstract
Among the different techniques of (RE), laser scanners are one of the most used instruments.
The output of these optical technologies is a digital 3D description of a studying object, which
is defined by a point cloud that approximates its surface. Reverse pipeline consists in a
process beginning with the acquisition of object’s surface, described by range maps acquired
from different points of view. Further steps of the post-processing procedure allow to obtain
the final output as a unique and well defined mesh.
Laser scanners, as measure instruments, introduce errors in the 3D coordinates of each point
cloud acquired, due to object’s surface appearance and reflection property, and also to noise
components caused from the instrumentation itself. This paper presents an error
experimental analysis of range maps acquired by an optical triangulation laser scanning
system (Konica Minolta Vivid 9i), using a painted glass plane as reference object. This study
is conducted considering that all point clouds acquired are affected by an error which is
composed by two elements: a random component and a systematic one. In scanning
processes it is not possible to completely remove the random component, but it is only
possible to reduce it, in order to detect and define the systematic one, which is caused by
laser scanner’s inner components and constructive features.
The goal of this experimental work is to identify a compensation array to apply to the 3D
coordinates of the range map points, in order to reduce the systematic component of error. It
is possible to define a different array for every operative condition, depending on the distance
from object to scanner and on the lens used during the scanning operation. By identifying an
appropriate compensation array, it is possible to increase data precision and reduce noise of
the collected laser scanning data.

1 Introduction
Reverse Engineering (RE) technologies have had
recently a wide diffusion, in a lot of different applications
and fields, offering the possibility to simplify design
processes, to improve design quality and to decrease the
time of new product’s development [1]. Considering the
previous aspects, precision and accuracy of acquired
data, time compression in acquisition processes and post
processing phases of geometrical data are some of the
principal concepts involved in recent researches [2].
Laser scanner systems are one of the most used
instruments in RE applications, thanks to the speed in
data acquisition and the obtained level of detail. The
output of a laser scanner acquisition phase consists in a
point cloud (also called range map) containing 3D
coordinates of points which describes object’s surface.
Some laser scanners can acquire, in few seconds, some
hundreds of thousands of points on object’s surface:
however it may occurs that useful points are not acquired
directly (such as corners or borders), but in post
processing phase it is possible to reconstruct them,
knowing the other points in range map. On the other
hand, it may happen that the same part is acquired many
times in different scans, from a changed point of view: so
it is described by different point’s clouds and in each of

them it is impossible to have exactly the same point’s
coordinates.
Laser scanners, like all measuring instruments,
introduce some errors in determining coordinates of
points, so that if we acquire twice the same surface, at the
same conditions, data obtained will never be exactly alike.
This is caused by many factors, internal or external to the
instrument itself, from the reflective properties of object’s
surface and operative conditions, to laser scanner
calibration and its constructive features [3] [4]. All these
uncertainty causes could be grouped into two different
classes: a random component and a systematic one.
While the random part of error, in each scan, changes in
module and sign, so that it is not possible to predetermine it, the systematic component of error, in
principle, can be identified, due to its property to maintain
a homogeneous trend.
By these considerations, in this paper an experimental
methodology is proposed for the identification of
systematic part of error in data acquired by an optical
triangulation laser scanner. Exploiting a reference surface,
under well defined operative conditions, systematic errors
are determined, in order to reduce their influence in later
scans with similar conditions, improving precision and
accuracy [6] [14].
Resolution is the smallest spatial step that the
instrument is able to detect; it can be measured in X, Y
and Z directions.
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In determining point’s coordinates through a series of
measures, precision (or uncertainty) is standard deviation
of that measures: a high precision corresponds to a low
standard deviation, and it represents random component
of error. Instead, accuracy is instrument capability to give,
at each measure, a data near to the real value [7], [8], [9].
Conceptually, if the geometrical description of the
object is defined, the deviation of each point on object’s
surface can be considered as an accuracy indicator. From
this concept, it is possible to find a lot of experimental
techniques, with the aim to define the level of reliability of
acquired data, and with the aim to verify and compare
different instrument’s performances [10], [11], [12], [13],
[14].
In spite of an always increasing use of RE
technologies, unified standards and certifications for the
evaluation of laser scanner’s performances and for
determining measurement’s repeatability, accuracy or
precision are not yet defined. Nevertheless, it is important
instrument’s periodical calibration, in order to verify a lot
of parameters internal to the instrument itself.
In this paper, first of all, a description of instruments
and facilities used in the whole experimental procedure is
presented. Then there is a focus on the methodology and
its development, considering also the testing phase,
results and applications in which this methodology could
improve acquisition processes. Finally we pointed out
possible future developments of this methodology.

2 Materials and methods
The aim of the described experimental methodology is
to determine resolution, precision and accuracy
parameters of an optical triangulation laser scanner in
order to obtain a compensation of the systematic part of
error in data acquired. The process is divided into three
different phases: data acquisition, elaboration and finally
compensation.

2.1

points on it can be acquired by an optical system), with
low reflective properties and high level of plane finish with
a roughness under the instrument resolution. So, the
noise in acquired range map is prevalently due to
instrument and scanning conditions and not to object’s
surface features.
The glass is produced by Glaverbel [15] and
dimensions (1200 x 660 mm) are chosen in accordance
with the maximum area that the instrument can acquire
with the Wide lens at a distance of 1 meter. The glass
sheet is 6 mm thick, in order to avoid any flexures.
In this phase, a high number of scans is acquired,
maintaining operative conditions as constant as possible
(such as scanning options and environmental conditions)
and without change the scanning frame. At first, 20 scans
are collected for this step of the methodology. As output
for each scan, a range map, containing points on the
reference surface, is stored not only as RAW data, but
also as structured ASCII array of 3D coordinates. All 20
range maps, and consequently all 20 arrays, are different
to each other: this is principally due to errors present in
each range map.
All scans are realized maintaining, as much as
possible, laser beam perpendicular to the scanning plane,
in order to reduce its dispersion. With this purpose, laser
scanner is posed, parallel to the glass, which is fixed to a
bearing structure, as shown in Fig. 1.
A set of 20 scans is collected changing every time the
lens and the distances from the instrument to the
reference plane: all the three lenses are used and chosen
distances are 600, 700, 800, 900 and 1000 mm. At the
end of the acquisition process, a library of 20 x 5 = 300
scans is collected for each combination between lenses
and distances.

Data acquisition phase

This first phase consists in the scan of a reference
plane.
The instrument used is the laser scanner Konica
Minolta Vivid 9i (serial number 1501112). It is equipped
with three lenses, which have three different focal
distances. The typical scanning distance, the mean
resolution and the area acquired, as presented in tab. 1,
depend on the choice of the lens.

Focal
Distance
(mm)

Typical
scanning
distance
(mm)

Mean
resolution
at 800 mm

Area acquired
at 800 mm

Tele

25

600 - 700

0.24 mm

153.6 x 115.2
mm2

Middle

14

700 - 800

0.43 mm

274.3 x 205.7
mm2

Wide

8

800 - 900

0.75 mm

480 x 360
mm2

Fig. 1 Acquisition set up.

Tab. 1 Laser scanner principal features vs different lenses.

The reference plane, used in the acquisition process,
consists in a painted and opaque glass sheet: the thin
varnish film makes the glass no more transparent (so that
June 15th – 17th, 2011, Venice, Italy

The software used to manage the acquisition process
is Polygon Editing Tool (PET 2.0 ®, Konica Minolta
Holdings Inc., Osaka, Japan), associated with this laser
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scanner, offering a good control of all acquisition
parameters (such as focal distances, filtering processes
or data reduction and store) and it can also be used
during post processing.
In data acquisition phase, no point’s reduction or
noise filtering are performed at this experimental level.
All scans are presented as arrays containing 3D
point’s coordinates: this laser scanner model can acquire
until 307.200 points, arranged in 640 columns and 480
rows (Fig. 2). Such arrays are then stored as another
array with 307.200 rows and 3 columns, containing
respectively the X, Y and Z coordinates of each point.
For a good approach in the following phases, it is
extremely important to know a precise description of the
entire sheet, not only its dimensions and positions respect
laser scanner, but also its planarity. Related to this
concept it is possible to test the reference surface with a
Coordinate Measuring Machine (CMM): since the probe
can test many point’s coordinates on the surface with a
precision and repeatability 50% superior than laser
scanner, it is possible to verify that the actual surface
flatness has discontinuities under laser scanner
resolution.

Experimental analysis for error compensation of laser scanner data

All this phase is performed through the creation of
routines, in Matlab (Mathworks Inc.) for arrays elaboration.
The first analysis consists in resolution determination
and verification. The mean, minimum and maximum
distances between two near points are evaluated in X and
Y directions, verifying the least measure detected by the
scanner (Tab. 2). In fig. 3 a graphical visualization of
distances between two near points in X and Y directions,
is shown: it is clear a wide dispersion in boundary parts of
each scan.
RES
X

RES
Y

MINX

MINY

MAX
X

MAX
Y

Tele
0.164
0.166
0.1754
0.1754
0.1863
0.1840
d=600m
7
8
m
Tele
0.227
0.235
0.2548
0.2548
0.2817
0.2805
d=900m
2
6
m
Middle
0.288
0.3127
0.3127
0.289
0.3408
0.3349
d=600m
8
m
Middle
0.395
0.403
0.4529
0.4530
0.5077
0.5007
d=900m
6
5
m
W ide
0.448
0.473
0.5491
0.5494
0.6417
0.6289
d=600m
2
2
m
W ide
0.506
0.588
0.8070
0.8073
1.0707
0.9926
d=900m
6
3
m
Tab. 2 Resolution data in function of some combination of
lenses and distances (d): in column there are respectively
mean, minimum and maximum resolutions in X and Y.

Fig. 2 On the top: representation of the acquisition process;
on the bottom: example of real scan.

2.2

Data elaboration phase

The acquisition phase has as output a library of
arrays, containing 3D coordinates of points acquired with
all the lenses and at different distances.
These arrays are first used to verify instrument
resolution, precision and accuracy and, then, to analyze
systematic component of the error, with the final aim to
reduce its influence in further scans, optimizing their
quality. Each set of scans is composed by 20 different
arrays, and the following procedure is equally performed
on all different sets, even if here is presented only for a
single group.
June 15th – 17th, 2011, Venice, Italy
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graphically, so that it is possible to determine how many
points must be removed from original arrays with a
rigorous criteria. From a first analysis, looking at dx and
dy, it is possible to identify, at a first sight, an approximate
number of points to remove in each row and column. In
order to verify if the chosen number of points gives a
sufficient improve, a further routine is elaborated,
computing the percentage decreasing of the standard
deviations σdx (eq.1) and σdy (eq.2) of the arrays
containing the values of the reduced arrays of dx and dy.


ೣ
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ሺௗ௫ ିௗ௫

ߪௗ௫ ൌ ඨ
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ଵ
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with (eq.3, eq.4):
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nx = number of rows
ny = number of columns

Fig. 3 From the top: in the first and second 3D graphisc the
values of dx and dy, in relation to the grid position. In the
third and fourth graphic, values of dx and dy respectively in
the 240th row and 320th column.

Lens

d

Tele

600
mm

5%

10
%

15
%

20
%

25
%

30
%

Row

12

24

35

46

58

69

Col.

15

30

45

61

76

92

Row

11

22

34

45

56

68

Col.

14

28

42

56

70

85

Row

11

22

34

46

58

69

Col.

12

25

39

53

68

83

600
Middle
mm

W ide

600
mm

Tab. 3 For a scanning distance d = 600 mm and the three
lenses, the points to be removed symmetrically for each row
and column are showed, in order to obtain several
percentage reductions of both standard deviations.

The option runs between more precise data, but with a
low number of points (and a loss in real object description)
or less precise data, but with greater number of points. In
Tab. 3 for the three lenses at a fixed scanning distance, it
is pointed out a possible choice of points to be removed in
each row and column, in order to obtain a progressive
decreasing of standard deviation. A reasonable
compromise consists in a reduction of both the standard
deviations σdx and σdy of 10%. All arrays in the same
dataset have to be reduced of the same quantity (Fig. 4).
In acquisition phase, the same frame is acquired 20
times with the same operative conditions: in spite of this,
the output consists in 20 scans, which are never exactly
the same, due to the measurement errors in each of them.
The reduction of the random part of errors is possible
averaging out the point’s coordinates of the 20 reduced
scans. Considering that the random part of error changes
in every scans in module and sign, it tends progressively
to reduce autonomously, with the average of the 3 points’
coordinates.
Starting from the range map, and the corresponding
array, obtained from the average of the single scans after
their reduction, best fitting plane is determined identifying
a plane that approximates the point’s coordinates of the
reduced range map, through principal components
techniques. Since the measurement errors in the three
axis are of the same order, this approach is preferred to
the last squared method. Error’s standard deviation is
defined as (eq.5):

The further process consists in a point’s reduction for
each scan, and consequently for each array: this step is
necessary since data in external parts of the scan’s
frames are more affected by errors. Verifying distances in
both principal directions between two near points (dx and
dy), their dispersions are visible numerically and
June 15th – 17th, 2011, Venice, Italy
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with nx and ny respectively the numbers of rows and
columns, and  ݆݅כݖis the corresponding value on the best

fitting plane of ( ݆݅ݖz value of the point identified by (i,j) in
the range map).
Increasing at every step the number of range maps in
the mean process, it is possible to visualize error’s
standard deviation σz trend in function to the number of
averaged scans: an initial fall is in correspondence to the
first scans, due to a reduction of error’s random
component. Increasing any time the number of scans, the
trend goes on decreasing its value with a little variation.
After the fourth average, standard deviation decreasing is
not so relevant, so that the final choice is to stop mean
process at the fourth array.

determined data set acquired at 900 mm, using a Tele,
Middle and Wide lens respectively, while the same values
are expressed in Tab. 4, in function of the number of
averaged scans.

5 % reduction
10 % reduction
15 % reduction
20 % reduction
25 % reduction
30 % reduction

In this way, the final best fitting plane is determined on
the basis of the first fourth scans. From a comparison
between this interpolation plane and the real point’s
coordinates, it is possible to determine the surface
deviation that corresponds to the maximum distance
value, between the range map under examination and the
best fitting of the points on the mean plane. Standard and
surface deviations, between the acquired surface and the
reference plane, are analyzed: in Fig. 5 there is a
visualization of standard deviation trend considering a
June 15th – 17th, 2011, Venice, Italy

Fig. 5 Standard deviation trends at a scanning distance of
900 mm and in function of the number of averaged scans, in
relation to the lens used: in the first graph using a Tele lens,
in the second a Middle and in the third a Wide one.
Averaged
arrays

Fig. 4 Graphical representation of the reduction of point’s
nearby the edge. In the first image are schematized point’s
reduction in accordance with error standard deviation
decreasing; in the second part there is a final scans
reduced by the white contour line.

Tele at
900 mm

Middle at
900 mm

Wide
at 900 mm

Srf.
Dev.

Std.
Dev.

Srf.
Dev.

Std
Dev.

Srf.
Dev.

Std
Dev.

1

0.1643

0.0348

0,5253

0,0810

0,8458

0,1676

2

0.1539

0.0326

0,5125

0,0779

0,8020

0,1625
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3

0.1470

0.0319

0,4935

0,0771

0,7945

0,1614

4

0.1546

0.0318

0,4928

0,0767

0,8235

0,1610

5

0.1521

0.0317

0,5100

0,0769

0,7664

0,1611

scan 1

scan 2

6

0.1405

0.0300

0,5243

0,0767

0,7514

0,1611

scan 3

scan 4

7

0.1432

0.0303

0,5235

0,0765

0,7635

0,1613

scan 5

……

Arrays
307200x3
Frame A

Operator:
Resolution

Operator:
Reduction

…….

8

0.1490

0.0311

0,5209

0,0765

0,7838

0,1614

9

0.1504

0.0314

0,5133

0,0765

0,7676

0,1614

10

0.1558

0.0315

0,5152

0,0765

0,7561

0,1614

15

0.1512

0.0317

0,4993

0,0767

0,7747

0,1613

20

0.1491

0.0319

0,5111

0,0769

0,7951

0,1614

scan 20

NEW Arrays
reducedx3
Frame A

Operator:
Average

Tab. 4 Standard and surface deviation of data in function of
the number of averaged scans and of the lens.

Finally, for each scan the error distribution is
graphically represented as the absolute difference
between ݖ of an acquired array (after the reduction
כ
phase) and the corresponding ݖ
of the best fitting plane
(Fig. 6). At the end a complete work flow of this phase is
presented (Fig. 7).

Red 1

Red 2

Red 3

Red 4

Red 5

……

…….
Red 20

Frame A
Averaged
Plane

Operator:
Best Fitting
Plane

Frame A
Best
Fitting
Plane

Operator:
Comparison

Surface Deviation
Standard Deviation

Error graphical
representation
Fig. 7 Elaboration phase workflow.

2.3

Data compensation phase

The idea at the basis of this correction process assumes
that the z coordinates acquired in each scan, here
generically identified as qo, are sum of three components,
eq. 6: the real value qi, the random error (Da) and the
systematic one (Ds) [7], [8], [9].


ȗ
Fig. 6 Distribution of ୧୨ Ǧ୧୨
: on the top 3D visualization, on
the bottom 3D color map.

ݍ ൌ ݍ  οܽ  οݏ ൌ ୧  ο  ο


(6)

Averaging 4 acquired range maps, data obtained (q om)
correspond to the mean value of point’s coordinates, and
the resulting real value (qim) is identified with the best
fitting plane of the averaged range map (eq. 7): at this
step the random component of error is noticeably
reduced. Data is now precise, but not accurate.
୫ ሺሻ ൌ ୧୫ ሺሻ  ο

(7)

In each group of scans, acquired at the same conditions
of distances between scanner and object and with the
same lens, is determined a different array (Ds) of data
correction (eq. 8). Systematic error follows always the
same rule and it is now possible to determine its trend:

June 15th – 17th, 2011, Venice, Italy
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ο ൌ ୫ ሺሻǦ୧୫ ሺሻ

(8)
*

For the compensation phase (obtaining a data qo without
this type of error) it is sufficient to deduct from the
acquired value (qo) the systematic component (Ds), as
shown in eq. 9:



ȗ ሺሻ ൌ  ሺሻǦο



(9)

At the end of this phase, initial data are no more affected
by the systematic component of error, but only by the
random one (eq. 10):
ȗ ሺሻ ൌ ୧ ሺሻ  ο





(10)

Averaged plane

Corrected plane

ߪ௭ = 0.0180 mm
Mean value of ȁݖ െ
כ
ݖ
ȁ = 0.0141 mm
Maximum value of ȁݖ െ
Fig. 9 Averaged and corrected plane: from
 כthe difference
 ȁ fitting plane
between the corrected plane and theݖbest
errors in coordinates’ determination are evaluated.

By these considerations, systematic error values are
calculated as the difference between scan’s points and
best fitted points, and can be considered as an indication
of accuracy level (Fig. 8, Fig. 9). Instead, standard
deviation of errors ߪ௭ corresponds to data precision.

MIDDLE
600 mm

Minolta
Data
sheet

Acquired
Data

3 Results

This procedure final output consists in a library of
compensation arrays to be used for systematic error
correction. From 3D scan’s representation without
systematic error component, it is clearly possible to notice
a significant noise reduction, also definable by the
determination of the mean and maximum error.
In Tab. 5 is showed a comparison between Minolta
data sheet, the directly acquired data and the processed
ones. It is important to notice that data processed have
accuracy and precision values significantly reduced
compared to acquired ones (low values correspond to a
high precision and accuracy level), and they are close to
Minolta data sheet, obtained in laboratory conditions, with
a defined and meticulous procedure.

Experimental Data

0.1643
mm
Accuracy

Precision

Processed
Data

0.1059
mm

0.10
mm

0.016
mm

0.0278
mm

0.0141
mm

0.035
mm

0.018 mm

Maximum
value of

ȁݖ െ
כ
ݖ
ȁ

Mean
Value of

ȁݖ െ
כ
ݖ
ȁ
ߪ௭

Tab. 5 Comparison between Minolta Data Sheet and
experimental data for a specific case with the Middle lens
and at a scanning distance of 600mm.

4 Conclusion
Reduced plane

Acquired Plane

Error

ߪ௭ = 0.0348 mm
כ
ȁݖ െ ݖ
ȁ = 0.0278 mm
כ
Maximum value of ȁݖ െ ݖ ȁ = 0.1643 mm
Mean value of

Fig. 8 Acquired and reduced plane: from the difference
between the reduced plane and the best fitting plane errors
in coordinates’ determination are evaluated.

June 15th – 17th, 2011, Venice, Italy

The methodology presented in this paper has the
target to evaluate and compensate part of the errors
inevitably obtained when an object is acquired with a laser
scanner. Here it is developed a track for its identification
and for the determination of a correction array, applicable
in following scans with similar operative conditions. A
library of compensation arrays is created in accordance
with the focus distance and the lens. The arrays here
found can be used for error compensation only for this
laser scanner, considering the fact that the systematic
component of errors is principally due to internal features:
for another laser scanner, even if belonging to the same
typology, different arrays are to be calculated.
The final purpose is to evaluate possible
“combinations” in order to create a “standard case
studies” library, with different correction arrays, to choose
in accordance with the particular application.
Further developments regard angles and materials
influences in error distribution, to calculate additional
compensation arrays. These new arrays could then be
composed with the others determined in function of the
distances and the lenses, in order to obtain a sort of
“correction function”, to be used point by point.
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In usual operative cases, it is no possible to correct
random component too; in fact, commonly it is no
possible the application of the averaging process, and
only the systematic component can be removed.
However, random component could be easier reduced
through a precise scanner calibration and a good setting
of scanning parameters. This aspect is particularly
present in relation to reflectivity property of object’s
surface: e.g., marbles or translucent surfaces are
materials particularly subjected to these problems [16].
Finally, we observe that this methodology could
conceptually also be used in different laser scanning
systems, such as time of flight instruments [17].
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