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ABSTRACT:

Questions concerning the quality and accuracy of the recorded 3D points of laser scanners receive little attention. In a research
project, i3mainz has installed a number of different test targets that allow an investigation in the quality of points recorded by laser
scanners and the geometric models derived from the point clouds. The standardized tests also alow a comparison between
instruments of many different manufacturers for the first time. Seven instruments have been tested, more tests are already scheduled

for the near future.

1. INTRODUCTION

Surveying results must meet certain specifications in order to
provide the necessary accuracy standards for a certain
application. On the other hand, if instruments and methods are
used which yield an accuracy far above the needed standard,
this will result in unnecessary cost and expenditure. Therefore,
any geometric surveying task comprises not only the derivation
of the relative positions of points and objects but aso an
estimation of the accuracy of the results. Least squares
adjustment based on overdetermination usually yields areliable
information concerning the accuracy of the results as well as the
accuracy of the observations. If the number of observations is
not sufficient for an adjustment, one may estimate the accuracy
of the results by propagating the errors of the observation
instruments to the results. In this case, the accuracy of the
measurement device has to be known.

In the case of laser scanners, a large number of 3D coordinates
on an object’s surface is measured in a very short time. While it
is possible to record the same object several times from
different observation points, it is impossible to record the very
same points in these repeated surveys. Therefore, deviations can
only be noticed after objects have been extracted from the point
clouds and modeled. If the geometric properties of the object
are known, however, the deviation of single points from the
object’s surface may be an indication for the accuracy. Using a
plane surface would be the simplest case, but cylinders or
spheres can aso be considered.

2. ACCURACY OF LASER SCANNERS
2.1 General remarks

The accuracy specifications given by laser scanner producersin
their publications and pamphlets should aways be doubted.
Experience shows that often these cannot be trusted and that the
accuracy of these instruments which are built in small series
varies from instrument to instrument and depends on the
individual calibration and the care that has been taken in
handling the instrument since.

Every point cloud produced by a laser scanner contains a
considerable number of points that show gross errors. If the
point cloud is delivered as a result of surveying, a quality
guarantee, as possible for other surveying instruments, methods,
and results cannot be given.

Many ingtitutions have aready published methods and results
concerning accuracy tests with laser scanners (e.g. Balzani et.
al. 2001, Johansson 2002, Kern 2003, Lichti et. a. 2000, 2002).
Based on this knowledge a comprehensive test program was
developed at i3mainz and as many different scanners as possible
are compared using the same installations.

2.2 Angular accuracy

The laser pulse is deflected by a small rotating device (mirror,
prism) and sent from there to the object. The second angle,
perpendicular to the first, may be changed using a mechanical
axis or another rotating optical device. The readings for these
angles are used for the computation of the 3D point coordinates.
Any deviations will result in errors perpendicular to the propa
gation path. Since the positions of single points are hard to be
verified, few investigations of this problem are known. Errors
can be detected when measuring horizontal and vertical
distances between objects (e.g. spheres) with the scanner and
comparing those to measurements derived from more accurate
surveying methods.

2.3 Range accuracy

In the case of ranging scanners, range is computed using the
time of flight of the laser pulse from the scanner to the object
and return. Ranging scanners for distances up to 100 m show
about the same range accuracy for any range. Triangulation
scanners solve the range determination in a triangle formed by
the instrument’s laser signal deflector, the reflection point on
the object’s surface and the projection center of a camera,
mounted at a certain distance from the deflector. The camerais
used to determine the direction of the returning signa. In
contrast to the ranging scanners, the accuracy of ranges
acquired with triangulation scanners diminish with the square



of the distance between scanner and object (Boehler, Marbs,
2002).

Ranging errors can be observed when known distances in range
direction are measured with the scanner. If scanners are not
equipped with a defined reference point (such as forced
centering) it is only possible to measure range differences
between targets. Plane, cylindrical or spherical targets may be
used if their precise positions are surveyed with instruments and
methods more accurate than the laser scanner. In the case of
scanners with a field of view larger than 180 degrees, the
determination of a systematic constant error (zero error) is
important too, since this error will appear twice when
measuring a distance between two targets at two opposite sides
of the scanner (e.g. when scanning all walls from the center of a
room).

A very fast and easy check for the noise (accidental error) of
range measurements can be achieved when a plane target
perpendicular to the observation direction is scanned and the
standard deviation of the range differences of the points from an
intermediate plane through the point cloud is computed. As an
additional result, this test also detects if range is only provided
with a certain resolution (e.g. 1 cm) which is the case for some
instruments (Kern, 2003).

2.4 Resolution

The term “resolution” is used in different context when the
performance of laser scanners is discussed. From a user’s point
of view, resolution describes the ability to detect small objects
or object parts in the point cloud. Technicaly, two different
laser scanner specifications contribute to this ability, the
smallest possible increment of the angle between two successive
points and the size of the laser spot itself on the object. Most
scanners alow manual settings of the angular increment by the
user. In relation to the size of the laser spot, some instruments
alow increments which are so small that they really don’t make
any sense (as the Cyrax 2500) whereas others have very coarse
increments that do not alow to accomplish a resolution which
would actually be possible considering the size of the spot (as
the vertical increment of the Callidus).

Since the combined effects of increments and spot size
determine object resolution, a test object comprising small
elements or small slotsin front of a plane can serve to determine
application related resolution information.

2.5 Edge effects

Even when well focused, the laser spot on the object will have a
certain size. When the spot hits an object edge, only a part of it
will be reflected there. The rest may be reflected from the
adjacent surface, a different surface behind the edge, or not at
all (when no further object is present within the possible range
of the scanner). Both, ranging scanners and triangulation
scanners produce a variety of wrong points in the vicinity of
edges. The wrong points are usually to be found on the ray from
the laser deflection point to the edge point, behind the edges
(when looking from the scanner). The range error may vary
from just a millimeter to values of several decimeters.
Obviously, wrong points are inevitable since the laser “spot”
cannot be focused to point size. It can be assumed that well
focused lasers will show better results. When using a standard
target with different types of edges, the performance of different
types of scanners can be compared.

A systematic effect can be observed when cylindrical and
spherical targets are observed from a close distance (Lichti et.
a. 2002). In this case, at the peripheral parts of the object, the

center of the reflecting surface area is not identica with the
center of the center of the transmitted spot.

2.6 Influence of surfacereflectivity

Laser scanners have to rely on a signa reflected back from the
object surface to the receiving unit in case of ranging scanners
and to the camera in case of triangulation scanners. In either
case, the strength of the returning signal is influenced (among
other facts such as distance, atmospheric conditions, incidence
angle) by the reflective abilities of the surface (albedo). White
surfaces will yield good reflections whereas reflection is poor
from black surfaces. The effects of colored surfaces depend on
the spectral characteristics of the laser (green, red, near infra-
red). Shiny surfaces usually are not easy to record.

It has been observed that surfaces of different reflectivity result
in systematic errors in range. For some materias these errors
may reach amounts severa times larger than the standard
deviation of a single range measurement. Some scanners which
provide some type of aperture adjustment show errors in the
first points after the laser spot has reached an area of a
reflectivity differing considerably from the previous area, and it
can be observed that the correct range is achieved only after a
few points have been measured. For objects consisting of
different materials or differently painted or coated surfaces, one
has always to expect serious errors. These can only be avoided
if the object is temporarily coated with a unique material which,
of course, is not applicable in most cases.

If the effect has to be examined and evauated, one may use
plane white targets and apply the material in question to the
center part of the target. When the intermediate planes are
computed for the colored or coated center part only and then for
the rest of the (white) target without using the center part, the
difference between those planes will give an indication of this
effect.

2.7 Environmental conditions

Temperature. Any scanner will only function properly when
used in a certain temperature range. Even within this range,
deviations may be observed, however, especially in the distance
measurement. It should be noted that the temperature inside the
scanner may be far above the temperature of the surrounding
atmosphere due to internal heating or heating resulting from
external radiation (sun).

Atmosphere. Since short distances only are messured, the
change of the propagation speed of light due to temperature and
pressure variations will not serioudly affect the results. Many
users report however that measurements in surroundings where
dust or steam is present lead to effects similar to the edge effects
described above.

Interfering radiation. Lasers operate in a very limited
frequency band. Therefore filters can be applied in the receiving
unit alowing only this frequency to reach the receiver resp. the
camera. If the radiation of the illumination source (sunlight,
lamps) is strong as compared to the signal, enough of this
ambient radiation will pass the filter and influence the accuracy
or prevent any measurements at all.

2.8 Specifications and consider ations besides accur acy

This article concentrates on accuracy considerations. Of course,
other scanner specifications influence their applicability as well
(Boehler, Marbs, 2002). Among these are measuring speed,
range limits, field of view, registration devices for the combi-
nation of severa scans and the transformation to a control



network, the availability of imaging cameras which can work in
combination with the scanner, weight and ease of transpor-
tation, power supply (battery operation), availability and quality
of software.

Besides, the quaity of the user support and the guarantee
conditions are not the same for al producers. These should be
checked carefully in addition to the technical specifications
before a decision is made to favor one product or another.

3. TESTING INSTALLATIONSAT i3mainz
3.1 General remarks

When the decision was made to start a research program with
the aim to compare the accuracy and performance of different
types of laser scanners, new testing installations had to be
developed. In order to reduce measuring time and expenses, a
set of targets was designed using standard materials, and all
experiments were installed in two buildings of FH Mainz,
University of Applied Sciences. Most experiments can be
repeated at any other location provided the same type of targets
and surface paints are used.

Since single points of scans cannot be anayzed and compared,
ball type targets (white spheres with a diameter of 76.2 mmon a
magnetic ground plate as produced by MENSI) are used for
most distance determinations, and plane boards for experiments
concerning range noise and investigations concerning the be-
havior of surfaces with different reflectivities. Some additional
specia objects, described below, were constructed for further
investigations.

It should be noted that these arrangements do not allow to find
the mechanical, optical or electronic sources of errors in the
instruments; instead they show the effects of such an error on a
certain measurement under practica measurement conditions.
When, for example, a distance between two spheres which are
a the same distance from the scanner, is derived after their
center points have been modeled from the point clouds, this will
give ageneral indication of the angular accuracy of the scanner
but does not realy tell everything about the accuracy of the
angular position of a single point. This is basicaly the same
approach recommended by VDI/VDE in their guideline (VDI/
VDE, 2002). Since the same procedures and targets were used
for al instruments examined, this provides a reliable method to
compare the performance of these instruments under practical
application conditions.

3.2 Angular accuracy

Errors in the angles between two rays can be detected when the
distance between two spheres located at equal distances from
the scanner is determined. Modeling the spheres will result in a
low pass filtering. Therefore the results will not allow detecting
small arbitrary angular variations.

Fig. 1: Box for positioning spheres at defined |ocations on steps

A first test installation uses white spheres in a box that can be
positioned at well defined points on a stone stairway at the end
of a 60 m corridor. The box (fig. 1) alows repositioning the
spheres within some tenths of millimeters with respect to the
stone steps when the tips of six bolts protruding from the
bottom and the sides are brought in contact with the stone faces
of the steps. Thus, the precise position, acquired with geodetic
methods can be re-established any time. The targets are used on
either side of six steps at a distance of about 1 m (fig. 2). This
alows the calculation of six independent short distances in
horizontal and six in vertical direction.
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Fig. 2: Sphere positions on stairway

Fig. 3: Sted plate for positioning sphere at awall

In a different room, four spheres are installed at a vertical wall
at the corners of a rectangle 3.5 m high and 5 m wide. Since
special steel plates with two defined mechanical contacts for the
magnetic ground plates of the spheres are used (fig. 3), the
spheres can be re-positioned precisely to the origina position
which was determined by geodetic methods. This arrangement
is scanned from a distance of up to 15 m from three observation
points asindicated in figure 4. This again yields six independent
distances in horizontal and six in vertical direction which can be
compared to their calibrated values.
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Fig. 4: Location of spheresat awall and observation stations



3.3 Range accuracy

Measuring noise. A very simple test to get an indication of the
arbitrary deviations of the range measurements can be per-
formed when a plane surface is scanned and modeled. The
resulting deviations of the single points are a reliable source of
information for the relative accuracy of range measurements.
Three different surface paints are used: white, gray and black
with reflectivities of about 80, 40 and 8 %.

Known range differences. Three different experiments are
installed in order to compare known range differences with the
ones measured by the scanners. Spheres were used in either case
for the end points of the distances. In the set-up shown in figure
2, where small range differences can be measured from
distances up to 60 m, the horizontal components are used to
form six independent distances. In addition, the faces of steel
lockers in this long corridor were used to place spheres at well
defined known locations thus alowing the comparison of 4
range differences in mid-range. Finally for close ranges between
3 and 8 m, a sphere is placed on an interferometric comparator
and moved to six positions with 1 m spacing, thus providing
another 3 independent range differences.

Constant (zero) error. Aslong as range differences at one side
of the scanner are measured only, a zero error is of no rele-
vance. If targets are located on both sides, the zero error has to
be known, however. It can be derived from a short distance,
which is measured from in between the two targets as well as
from outside (fig. 5). The zero error can be computed because it
is present only once in the outside measurement, but twice when
measuring from the inside. In order to give reliable results,
groups of three sphere type targets are used (fig. 5). Because
the spheres are observed from short ranges, the systematic
effects mentioned in section 2.5 have an influence on the result.
If the zero error is derived from scans of two parallel planes at a
known distance, different results have to be expected.
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Fig. 5: One method used to detect the zero error.

3.4 Resolution

Since values for increments and spot sizes in the manufacturer’s
specifications do not give much indication about the ability of a
scanner to reach a certain resolution, a practica approach is
chosen in order to achieve resolution information. A box about
300 mm x 300 mm was constructed (fig. 6).

Fig. 6: Target with slots of varying widths for resolution tests.

The front panel has slots which are about 30 mm wide at the
outside becoming smaller towards the center. If a scanner has a
high resolution (small angular increments and a small laser
spot) there should be reflections not only from the front panel
but also from the bottom of the box which is about 55 mm
behind the front panel. If the resolution is very good, these
reflections from the bottom should not only be present in the
outer regions but also near the center. This target can be used to
detect resolution information from different ranges.

3.5 Edgeeffects

Edges. A board (fig. 7) is used to get an indication how many
points are recorded at wrong locations due to edge effects. The
board is placed against a sky background when scanned. Thus,
the measurement of the outer edges will not be influenced by
objects behind the board whereas the front edges of the attached
smaller board simulate the effect of reflections from two dif-
ferent objects. The evaluation is based on a plot of the resulting
point cloud (see fig. 11) and the edge quality is classified as
good, average or poor.

Fig. 7: Board used to study edge effects

Cylinder. A vertical pipe with adiameter of 100 mm is scanned
from a distance of 3 m. A cylinder is modeled from the point
cloud and its diameter compared to the known value.

3.6 Influence of surfacereflectivity

Boards showing a wide white frame and a square center part of
different reflectivity (fig. 8) are scanned. Separate planes are
model ed through the frame and the center part (excluding points
a the edges). The range difference between the two planes
indicates the error which has to be expected in similar cases.
The following colors and materials are used:

White dull spray paint, reflectivity 90%. White dull spray paint,
reflectivity 80%. Gray dull spray paint, reflectivity 40%. Black
dull spray paint, reflectivity 8%. Spray paint with metalic
appearance. Polished aluminum foil. Blue retro fail, as used on
CYRAX targets.

Fig. 8: Board with white frame and different surface coatings



Since large deviations were observed on a rubber traffic cone
with orange and white stripes, this object (not a plane) was also
added to the test procedure. Similar effects can be observed
when range poles coated with “warning” color are scanned.

4, RESULTS
4.1 Instrumentsin test

For the tests we selected al laser scanners (working either on
the time-of-flight or triangulation principle) that are able to
record points at a 10 m range. According to the list supplied by
our web site (WWW, 2003) this comprises about one dozen
different instruments. The following list was created at the time
of the deadline of this publication (June 30", 2003). Updates
will be published in the web (WWW, 2003).

4.3 Range accuracy

close far max.
Manufacturer Type <10m | 1050m | diff.
Callidus Precision Syst. | Callidus (1) 15 -2 2.6
Callidus Precision Syst. | Callidus (2) 2.8 -2 5.9
Cyra Technologies Cyrax2500 (1) 0.6 11 23
Cyra Technologies Cyrax2500 (2) 0.4 0.5 0.9
Mensi S25 14° | 465 | 7.7
Mensi GS 100 2.6 2.0 8.2
Riegl LMS-Z210 19.7 -2 40.4

Table 3: Difference between known and scanned distances in
range direction. Std. dev. (mm) of at least 12 independent short
distances between two spheres in close range and 14 indepen-
dent short distancesin far range.

&Modeling of spheres not possible for far ranges due to poor resolution.

Table 1: Number of scannersin the tests (o = owned by i3mainz,
m = instrument made avail able by manufacturer, u = by user)

4.2 Angular accuracy

already tetsin PBut0.2mmat4m range, 0.5 mm at 6 m range. ©At 22m range.

Manufacturer Type tested prepar.
Callidus Precision Systems | Callidus 2(u) Manufacturer Type Zexo error
Cyra Technologies Cyrax2500 | 1(0),1(m) sphere plane
Mensi S25 1(0) Callidus Precision Syst. | Callidus (1) -7 -P
Mensi GS100 1(m) Callidus Precision Syst. | Callidus (2) -16 0
Optech ILRIS-3D 1(m) Mensi S25 +4 -2
Riegl LMS-Z7210 1(u) Mens GS 100 -16 b
Riegl LMS-Z360 1(m) Riegl LMS-Z210 +72% +4
Zoller+Froehlich GmbH Imager 5003 1(m)

Total Number 7 3 Table 4: Constant (zero) error (mm) for instruments that can

measure distances on two different sides of the instrument.
Positive sign means range is measured too short.
2Very poor modeling accuracy. ® Not determined.

4.4 Resolution

vert. | horiz. | max. Reso- Edge | Diam.
Manufacturer Type dist. dist. | diff. Manufacturer Type lution qual?ty inmm
Callidus Precision Syst. | Callidus (1) 56% | 43 | 122° Callidus Prec. Syst. Callidus (1) poor poor 97.9
Callidus Precision Syst. | Callidus (2) 9.9* | 25* | 18.3 Callidus Prec. Syst. Cdlidus (2) poor poor | 102.2
Cyra Technologies Cyrax2500 (1) 0.8 0.8 1.6 Cyra Technologies Cyrax2500 (1) | good | average | 100.5
Cyra Technologies Cyrax2500 (2) 0.5 0.5 11 Cyra Technologies Cyrax2500 (2) | good | average | 97.7
Mensi S25 3.8 | 34° | 92° Mensi 25 good | average | 101.5
Mensi GS100 1.9 23 33 Mensi GS 100 good | average | 103.7
Riegl LMS-Z210 10.2° | 16.8° | 27.1°7 Riegl LMS-Z210 poor poor n.a

Table 2: Standard deviations (mm) of at least 14 independent
vertical and 14 independent horizontal distances (orthogonal to
range) between two spheres.

&Because of poor resolution only valid for short ranges!

® Might be influenced by poor range accuracy at far range. Much better
for close ranges (e.g. 0.8 mm vert. and 0.2 mm horiz. at 4 m range)
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Fig. 9: Measuring noise in range direction (std. dev. for asingle
point) for different scanners on gray surface (40% reflectivity).

Table 5: Evauation of resolution and edge quality. Diameter for
100 mm cylinder modeled from point cloud.

Fig. 11: Typical examples for resolution results (seefig. 6).
Upper: good quality. Center: average quality.
Lower: poor quality



4.5 Edgeeffects

Edges. Results for edge detection and cylinder modeling are
shown in table 5. For typical related point clouds see the
uncondensed and updated version of this publication in the
Internet (WWW, 2003).

4.6 Influence of surfacereflectivity

The results of the experiments described in section 3.6 are
shown in table 6.

white | white | gray | black | metal alu blue | orange

Type 90% | 80% | 40% | 8% | paint | foil | foil | cone
Callidus(1) 0 0 0 0 0 0.-100 | +7 -10
Callidus(2) 0 0 +4 +3 | 0.-10 | 0.-15 | +5 -20
Cyrax (1) 0 0 0 0 0 0.+10 | +22 -40
Cyrax (2) 0 0 0 0 0 0 +17 -70
S25 0 0 0 0 0 0 0 0

GS 100 0 0 0 +8 0 0 na? 0

Riegl 2210 0 0 +13 +3 |0.-100 | 0.-250 | O -100

Table 6: Distance correction in mm due to different surface
meterials. Positive sign = Distance is measured too short as
compared to white surface.

& Scanner did not record any points on this surface

4.7 Environmental conditions

All tests were conducted under favorable conditions, predo-
minantly inside of buildings.

4.8 Specifications and consider ations besides accur acy

When choosing between different laser scanners, accuracy is
not the only fact that should be considered. Selling prices are
important and may depend on different specifications. Support
and warranty conditions differ considerably! It should be
checked how often the instrument has to be calibrated, where
this has to be accomplished, how long this will take and what
kind of expenses (service contracts, transportation, fees) this
will cause for the user.

The quality of the included scanning software has to be
considered, and it should be decided if modeling software has to
be purchased separately from other companies (Boehler, Heinz,
Marbs, Siebold, 2002).

In the following tables the authors report some major
advantages and disadvantages of scanner hardware and scann-
ing software. This is based on experience and subjective im-
pressions and not on systematic research.

Type

Calidus Very largefield of view.

Cyrax2500 | Good accuracy. Good software for registration.
S25 Very high accuracy for short ranges.

GS 100 Largefield of view.

Riegl Z210 | Very high ranges possible.

Table 7. Mgjor advantages of some laser scanners.

Type

Callidus Very poor vertical resolution (0.25°)

Cyrax2500 | Small scanning window (40° x 40°)

S25 Does not work in sunlight. Not suited for long ranges.
GS 100 Large noise.

Riegl Z210 | Poor accuracy.

Table 8. Mgjor disadvantages of some laser scanners.

5. CONCLUSIONS

Laser scanners show considerable errors under certain condit-
ions. Although the absolute accuracy is not of much importance
in many applications, the resulting strain between neighboring
points can be cumbersome when surfaces have to be modeled or
when small details have to be detected. The results of our tests
may help the producers to compare the performance of their
instruments to those of their competitors. For the users this
publication and the associated web site (WWW 2003) may help
to select the appropriate instruments for their projects.

6. OUTLOOK

With the targets installed at FH Mainz, the authors are trying to
test as many types of scanners as possible. Users and
manufacturers are invited to have their instruments tested.
Details can be found in the Internet (WWW, 2003) .
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