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Abstract

The paper presents an appoach to generate mnsistent
maps in real-time using a laser range sensor. Its
apdication scenario is the Bremen Autonomous
Whedchair “Rolland’ that is devdoped as an
autonamous transport vehicle for hospitals. The paper
consists of two pats. in the first one, a laser scan
matching method is presented that in seveal aspeds
improves an dgorithm originally propcsed by Weil3 et
al. [14]. In the second part, a mappng appoach isin-
troduced that is based on the scan matching method
Using a laser scanner mounted on the whedchair, it
generates consistent maps, i.e. maps that do na have
discontinuities resulting from the accumulation o
errors in the mapping pocess As such accumulations
cannot be avoided, the resulting errors are wrreded
wheneve the whedchair returns to areas already
mapped. An important property of the presented
approach is its real-time apaklity. The mappng is
performed on the fly and thus, the resulting maps can
immediately be enployed for self-locali zation.

1. Introduction

Bremen Autonomous Whesdchair

The Bremen Autonomous Whedchair “Rolland” (cf.
Figure 1) is based onthe commercia power whedchair
Genius 1.522 manufadured by the German company
Meyra. The whedchair is a non-holonomic vehicle that
is driven by its front axle and steged by its rea axle.
The human operator controls the system with ajoystick.
The whedchair is equipped with a standard PC (Pen-
tium Il 600MHz, 128 MB RAM), 27 sonar sensors, and
alaser range sensor behind the sea that has an opening
angle of 18(° toward the backside of the whedchair. It
is able to deliver 361 dstance measurements every

30ms. The origina Meyra whedchair already provides
two seria ports that allow for setting target values for
spedal and the steeing angle as well as determining their
actual values. Data aquired viathisinterfaceis used for
dead redkoning. The odometry system based on these
measurements is not very predse, i.e. it performs well
in reckoning distances but it is weak in tradking angular
changes.

Figure 1. The Bremen Autonomous Wheelchair

In the moment, the two main applications are the Driv-
ing Asdstant and the Route Asdstant. The Driving As-
sistant [6][12] provides an interfaceof a safe whedchair
to higher level navigation modules or the user, respec-
tively. The principal ideais to wiretap the connedion
between the joystick and the motor. If the human opera-
tor issues a ommand that may lead to a colli sion with
an obstade, the whedchair autonomously changes the
dangerous command into a safe one. To be ale to make
this dedsion, the Driving Assistant maintains an occu-
pancy grid as locd obstade map. The 27 sonar are ring-
wise mounted around the vehicle. The sensors deliver
the distance information that is gored and processed in
the map.
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On the other hand, similar to GPS-navigation systemsin
modern automobiles, the Route Asdstant [6] instructs
the user to find his or her goal by indicaing the next
travel diredion at dedsion paints sich as crossings.

Scan Matching

Many approades for the automatic generation of roba
maps use scan-matching methods, i.e. they relate indi-
vidual parts of two laser scans in order to determine the
spatial offset between the two pasitions at which the
scans were taken. To determine the relating sections of
the scans, Lu and Milios [9] used a point to pdnt as-
signment, Gutmann and Nebel [3] combined the -
proach with the point to line matching of Cox [1][8].
Both are iterative methods, i.e. they neel relatively
much processng time. Therefore, they are executed off -
line dter all distance data was already acuired. Both
approaches are based on the use of 360° scans. If the la-
ser scanner cannot supply these, becaise it has, e.g.,
only an opening angle of 180°, the robot rotates on the
spot and takes several measurements, which thereafter
are ombined to a single 360° scan. In contrast, Mojaer
and Zell [10] inserted the scan paints into locd grid
maps, and theredter these locd grids were matched to
generate aglobal map. For this approach, a 360° scan-
ner is not necessary, but the procedure requires a suffi-
ciently predse odometry so that the locd maps are on-
sistent in themselves. In the method o Weil3 et al. [14],
histograms are matched that are cdculated from the
scan points. In order to determine the rotational devia-
tion between two scans, different orientations of lines
built from neighboring scan pants are represented in
histograms for eah scan, and these ae arrelated.
Theredter, the rotational offset between both scans is
known. Then, the so-cdled main direction of the two
scans is determined. The main diredion of a scan is the
orientation that is shared by most lines generated from
conneding pairs of neighboring scan points. Rotating
these two scans acarding to their main diredion yields
x and y histograms, the crrelation of which allows to
determine the spatial shifts in the two Cartesian direc-
tions. Again, this procedure is based on the use of 360°
scans.

Under the basic conditions gedfied above, i.e. the
weak odometry of the whedchair and the 180° opening
ange of the laser scanner, none of the presented ap-
proaches could be implemented on the Bremen
Autonomous Whedchair unchanged. After considering
the pros and cons, an extension of the method o Weil3
et al. [14] was devel oped.

Consistent Sensor M aps

There is only few work on consistent sensor maps. Lu
and Milios [9] presented an algorithm to crede onsis-
tent laser scan map, but it is too slow to be performed
online. Kuipers and Byun [5] introduced the Spatial
Semantic Hierarchy, acording to which a roba should

first aoquire topdogicd knowledge, and employ that to
afterwards built a metricd model of the environment.
However, the only known implementation on a red ro-
bot [7] shows that alot of model-based feaure detedion
is required to aayuire the topdogicd information. A
probabili stic gpproach for the generation of consistent
maps is proposed by Thrun et al. [13]. However, the
method is only able to work in red-time when only few
sensor readings have to be processed, which is not suit-
ablefor al environments.

2. Original Histogram Matching Approach

The basic idea of the scan correlation algorithm of Weil3
et al. [14] is to find charaderistics that remain un-
changed over severa scans that were taken in the same
environment but from different positions and from dif-
ferent angles. Such charaderistics form a common sig-
nature between the scans to be matched, which makes
them comparable. These signatures are cdculated as
histograms over the distribution of angles and distances
in the measured scans. By the correlation of the histo-
grams of two overlapping scans, their rotational and
trandational shifts can be determined.

Rotation

In a laser scan, the individual distance measurements
and the angles under which the distances were measured
(in the sensor's system of coordinates) can be inter-
preted as vedors, which correspond to the laser beams
that scan the surroundings. If a scan was taken in an en-
vironment in which walls or other planar surfaces sich
as shelves or cabinets are visible to the sensor, many of
the paints described by these vedors result from meas-
uring these surfaces. All points that are on the same sur-
facedescribe a @mmon straight line that represents this
surface If pairs of neighboring points are cnneded by
straight lines, al the small lines that share the same sur-
facehave similar orientations. However, resulting from
measurement inaccurades, individual points have small
lateral deviations to the straight line (in case of the
scanner employed, approximately 2 cm). Such a scan
with lines that conned neighbaing scan paintsisillus-
trated in Figure 2.

The angles between the lines conneding two neighbor-
ing pdnts and the x axis approximately correspond to
the orientations of the surfacesin the surroundings, both
see in the scanner’s system of coordinates, i.e. the ori-
gin isin its center, the x axis points to the front, the y
axis paints left. A distribution statistics of the orienta-
tions of al these small lines results in the angle histo-
gram. From that histogram, it can be determined, how
frequently each orientation accursin the scanned part of
the environment. If many scan points result from meas-
uring planar surfaces with the same orientation, for this
certain angle, a maximum is acaimulated in the histo-



gram. An angle histogram generated from the scan de-
picted in Figure 2 is shown in Figure 3.
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Figure 2: Laser scan with points conneded by lines

The angle histogram of a second scan taken from a
somewhat shifted and turned pasition contains maxima
that cover similar range and angles as those in the first
histogram, but they are out of phase. The phase shift re-
sults from the different angles between the scanner at
different paositions and the measured surfaces in the en-
vironment. Since the offsets between the maxima re-
main constant independent of rotation and translation,
they can be used as sgnatures. By means of a crosscor-
relation, the phase shift between different angle histo-
grams can be determined. This phase shift between the
histograms corresponds to the rotational shift between
the positi ons where the two scans were taken.
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Figure 3: Angle histogram of the scan in Figure 2

Trandation

The trandationa shift is caculated by generating two
histograms representing the distribution of the distances
of the scan points from the x and y axis, respedively. In
such a histogram, accumulations of equal distances oc-
cur at positions, where planar structures sich as walls
are oriented perpendicular to the diredion of the corre-
sponding axis, i.e. the x axis for the first trandational
histogram and the y axis for the second. Since walls are
not oriented perpendicular to the ais in genera, the
scans must be suitably rotated before.

To acomplish this, the crresponding angle histogram
is sached for the most frequent angle, i.e. the angle
most surfaces are digned to. If the scan paoint vectors
are rotated by this ange, these surfaces are oriented in
paralel to the x axis. Therefore, the y coordinates of all
scan points resulting from measuring these surfaces are
similar. When entering these y coordinates into a histo-
gram, a maximum is generated at the @rresponding po-
sition. Analogoudly to the matching d angle histo-
grams, two such distance histograms can be mrrelated
to determine the trandationa shift perpendicular to the
main diredion. Without further rotation, the method o
Weil3 et al. [14] built a second histogram to determine
the shift along the main diredion. However, this ap-
proach only works in environments with perpendicular
walls. Thisis only one of the original algorithm’s draw-
bads that are removed in the extended version pre-
sented in this paper.

3. Extended Histogram M atching

The etended version of the histogram matching ap-
proach provides an improvement with resped to the fol-
lowing aspeds: First, the matching is not performed
with two complete scans. Instead, a projection filter is
applied two bah scans first. Based on an estimated off-
set between both scan positions, it removes all points
from one scan that result from surfaces that cannot be
seen from the recording position of the other scan and
vice versa. Then, aline segmentation is applied instead
of only using neighboring scan points to determine the
orientations of the surfaces. These lines are employed to
cdculate the histograms. These histograms are not rep-
resenting the numbers of scan points any more, insteal
they diredly sum up the lengths of all surfaces with
equa orientations or trandationa offsets. In order to
work in non-perpendicular environments (but still with
planar surfaces), two main directions are determined.
Last but not leat, al correlations are performed in two
steps, one with a marse resolution in a large seach
gpace and a second with a fine resolution but a small
seach space Figure 4 illustrates the individual steps.
For ead step in one wlumn all stepsin the neighboring
column to the right are performed.

rotationa projection filter
shift l
coarse shift ine
L (1/10 resol ution) segmentation
1sttrand ationa
shift !
T eneration
fine shift ger
(0,5° or 1 cm) of histograms
2nd trang ational l
shift histogram
correlation

Figure 4: Extended histogram matching



Projection Filter

The employed laser range sensor of the German com-
pany Sick is able to take 180° scans. These scans only
represent a part of the environment that can—depending
on the position of the scanner—either be very large or
quite minimal. If, for example, the scanner is locaed in
a orner of a room and looks toward the ceter of the
room, it can see amost the whole room. In contrast, if it
is a same position but oriented toward the rner, it
perceives nealy nothing of the environment. Therefore,
when taking two scans from different positions, they
will share only some of the daraderistics of the
environment, but they will also contain measurements
in which they differ, because they perceive different
parts of the surroundings. Such differences will have a
negative impad on the generated histograms, and will
therefore impede the crrelation process

Therefore, a projedion filter similar to one presented by
[9] is used. Based on an estimated offset between the
scans to be matched, it projeds all scan points measured
from one position to the other postion, to check
whether these points may also be measured from there.
Then, it filters al scan points from the processed scan
that cannot be perceived by a scanner locaed at the
other paosition. As an example, consider the situation
shown in Figure 5. All areas marked in light gray cannot
be seen from scan pdasition (a), and al areas shown in
darker gray cannot be perceved from scan position (b).

L

Figure 5. Scan points removed by a projedion filter
Scan points can be removed for threediff erent reasons:

Opening Angle. The opening d the Sick laser scanner
is 18C°. Therefore, the scanner cannot see what is be-
hind itself. As aresult, all measurements have to be re-
moved that are behind the pasition, where the other scan
was taken, e.g. in Figure 5, anything recorded from (a)
that is behind (b) and viceversa.

Hidden Surfaces. Objeds that are doser to a scan po-
sition than other objed can hide parts of the environ-
ment so that the scanner cannot see them. However,
from a different position, these parts of the environment
may not be hidden. Therefore, al those measurements
have to be dropped that—seen from the recording posi-

tion of the other scar-are hidden by other scan paints.
As an example, consider Figure 5, where the light gray
areain the upper right cannot be seen from (a), and the
darker gray areain the upper left cannot be perceived
from (b). To determine hidden surfaces in linea time,
the depth bufer approadh known from computer graph-
ics[2] is used.

Different Sides of the Same Object. Although the
depth buffer approac is principaly able to determine
all hidden surfaces, due to sensor noise and small errors
in the estimated offset between the scan positions, it
may fail to deted the case that both scans contain meas-
urements of the same wall but from different sides.
These caes can easily be deteded, because such a sur-
faceis measured in a different sequence from both scan
positions, i.e. if the scan points are enumerated in
clockwise diredion from one scan position, this -
guence gpeas to be counter-clockwise from the other.
In Figure 5, the dashed parts of the wall can be deteded
this way.

Line Segmentation

The measurements of the employed laser scanner vary
by an amount of +2 cm from the red distances to the
objeds in the environment. If neighboring scan points
are onneded as shown in Figure 2, the orientations of
the resulting lines will deviate very heavily. Thus, an
angle histogram based on such values will not be @leto
establish significant peéks. Therefore, a line segment
filter is applied that performs two tasks: on the one
hand, it determines which scan points belong to the
same straight line. On the other hand, it does not con-
ned neighboring scan pdnts that are too far apart, i.e. it
deteds gaps in the laser scan. From the huge amount of
line segmentation approades, the generaizaion algo-
rithm developed by Musto et al. [11] is employed. The
algorithm partitions the scan based on a maximum de-
viation € that, in case of the used laser range sensor, is
set to 2cm.

Histograms Representing Lengths

In the original approach by Weil? et al., the number of
line segments with a cetain ange or the number of scan
points at a certain dstance from the x/y axis is inserted
into the histograms. Even if different scans contain the
same part of the environment, their histograms can df-
fer significantly, becaise the distanceto an oljea influ-
ences the number of scan paints that fall on its surface
These differences in the histograms can considerably
impede the mrrelation process.

In the gproacd presented here, the lengths of the seg-
mented lines are inserted into the histograms. As the
projedion filter has already removed al different parts
from the scans, the resulting histograms are cmparable,
even if they were taken at diff erent positions.



Two Main Directions

The oorrelation algorithm of Weil3 et al. is based on the
assumption that the environment consists of right-
anged oljeds, or at least that the two most significant
diredions form aright angle to ead other, i.e. the sec-
ond main diredion is perpendicular to the first one. In
many buildings, e.g. in the one the experiments for this
paper where conducted in, this assumption is not valid.
Therefore, the extended approach searches for two main
diredions, a first one as in the originad method, and a
second one that also has the biggest entry in the angle
histogram but is at least 22.5° apart from the first one.
To ease the integration of two trangational shifts that
are not perpendicular, the whole matching procedure is
performed in the following way: before the matching,
both scans are transformed into a @mmon system of
coordinates, i.e. the one of the first scan. The second
scan istransformed into that coordinate system based on
odametry and previous paosition corredions (cf. Sedion
4). Then, the correlation of the angle histograms is per-
formed (cf. Figure 6a), determining the rotational shift
between the two scans. If the estimated rotation was al-
ready corred, the cdculated shift will be 0°, and no cor-
rection is required. Otherwise, the second scen is rotated
acaording to the determined shift to align bath scans (cf.
Figure 6b).
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Figure 6: Corredion of the rotational shift

After this step, the rotation is corred. Therefore, it is
only necessary to determine the first main diredion of
one scan, i.e. the first one, becaise this also should be
the main diredion of the other scan. Based on this
common main direction, both scans are digned to the x
axis (cf. Figure 7a), y histograms are generated, and
then they are arrelated. Again, if the estimated paosition
was aready corred, the arrelation will result in atrans-
lational shift of 0 cm and no corredion is required. Oth-
erwise, the seoond scan is difted along the y axis (cf.
Figure 7b). Then both scans are rotated again to align
the second main drection with the x axis (cf. Figure 8a),
and, again, to corred the current y displacement (cf.
Figure 8b). After the successful correlation, both scans
are rotated badk to the first scan’s origina orientation.
As a result, the position of the second scan has been
correded in al threedimensions.
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Figure 7: Corredion of the first translational shift

In long corridors, it is not always posshble to determine
aunique arrelation for the diredion along the crridor,
because perpendicular to the corridor, there ae too few
distinguishable features. Therefore, under normal condi-
tions (cf. Section 4), it is alowed that the second trans-
lational correlation fails, i.e. the correlation of the best
matching shift is not significantly larger than the one of
the second best. In that case, this part of the position
corredion relies only on odometry.
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Figure 8: Corredion of the second trandational shift

Two Step Correlation

For the seledion of the histogram’s optimal resolution,
two conflicting goals have to be cnsidered: on the one
hand the phase shift shall be determined with an accu-
racy as high as possible, on the other hand correlations
with a high resolution are computationally expensive,
and they bea the risk that noisy measurements prevent
the histograms from acaimulating clea maxima. There-
fore, for eath matching step, two histograms with dif-
ferent resolutions are used. First, the crrelation be-
tween histograms with a marse dassfication is deter-
mined, which guarantees that all values that only vary
around a cetain measuring error are inserted into the
same histogram cdl. For the coarse distance histograms,
a cdl sizeof 10cmis used, the marse angle histograms
have aresolution of 5°. Afterwards, a correlation of his-
tograms with a high resolution of 1 cm / 0.5° is caried
out, which is only executed around the estimated shift
given by the marse mrrelation. As a result, the correla-
tions are fast and precise.



4. Map Building

If the offset between the recording positions of two
scans can be determined, this also can be performed
several times consecutively with different scans. Thus,
the metrical offset relative to the initial position can be
determined. In comparison to purely odometry-based
dea redkoning, a significantly higher aacuracy is ob-
tained: odametry is based on the asumption that the ac-
tual movement of a mobile system is acarately re-
fleded in the revolution of its wheds, which, however,
is rarely the cae for several reasons (dip, carpet, vari-
able whed diameter of pneumatic tires, etc.). The
method presented here uses external structures as refer-
ences, therefore the movement of the system should be
recognized predsely in any cese. However, similar to
dead redkoning, severa small spatial offsets are
summed up, resulting in an accumulation of errors, too.
There ae two passhiliti es to reduce such mistakes: On
the one hand, becaise of the large measuring range of
the laser scanner, scans can be mrrelated that were re-
corded several meters apart. If the offsets are large, their
number can be significantly reduced, resulting in a
smaller acaumulation of positiona errors.

On the other hand, and in contrast to odometry, scan
matching provides the possbility of correding the ac-
cumulated error. If the scans taken and successfully cor-
related are stored in a map, this map can be used to cor-
red the position when the mobil e system returns into an
already mapped areaof the environment. Thereby, the
error cannot grow arbitrarily. Instead, it will remain un-
der a certain limit that results from the longest distance
that can be driven without returning to a dready known
area

TheMap

The map is represented as a list. Each entry in the list
consists of a laser scan, the metricd position, where is
was taken, and the so-cdled frame of reference (FoR).
The FoR is a value that is initialized with the tachome-
ter courter, i.e. with the distance dready driven by the
whedchair. Therefore, when comparing the FORs be-
tween two dfferent scans, it can be determined how
much was traveled between the recording of these two
scans. In fad, this value may differ significantly from
the Euclidean distance between the paositions, where the
two scans were taken. The FoR is used to influence the
seach space during the correlation of scans, e.g., be-
tween scans with a similar FoR, the aror acaimulated
cannot be very large, and therefore the dhedked maxi-
mum shifts can be kept small.

The M apping Process

When the mapping process begins, the current paosition
isinitigized with (x, y, rotation) = (0, 0, 0°) and the ta-
chometer counter is st to 0. A laser scan is taken and
inserted into the map.

Then, for ead further laser scan taken, the map is
seached for a set of adequate reference scans, and the
new scan is matched with each of these scans urtil one
match is successful. As has been described in Sedion 3,
the result of the scan matching procedure is a @rredion
of the scan’s recording position, i.e. the current position
of the whedchair. That way, the aurrent position is con-
tinuously correded.

However, it is possible that the matching processfor all
reference scans fails, becaise dl scans have too few
similarities with the aurrent scan. In that case, the last
scan that was successfully correlated is inserted into the
map, i.e. the scan taken before the aurrent one, and the
seledion of reference scansis repeaed.

Selection of Reference Scans
There aethreeseledion criteria for reference scans:

Old FoR. The value of the scan’s FoR shall be & small
as possble, becaise the smaller its value is, the older
the scan is. Old scans have accumulated less positional
error, and are therefore better candidates for being used
as areferencefor the crrelation with a new scan.

Large Overlap. In order to be &le to match two scans,
it is advantageous if they have alarge overlap between
their scan points. The overlap can be determined by ap-
plying the projedion filter to bah scans and by count-
ing the remaining scan padnts. Asthisis a computation-
ally expensive operation (at least if performed for al
scans in the map), a third seledion criterion is intro-
duced to reducethe number of potential candidates.

Vicinity. Only those scans from the map are seleded
that were taken at a position in a cetain radius around
the aurrent position.

The three citeria ae cmbined by first seleding all
scans in a cetain radius around the current position.
Then, for eat diredion (seen from the wheelchair), the
scan that has the largest overlap with the arrent scan is
seleded. These scans are sorted by their FoR, i.e. by
their age, so that it will be tried first to match the current
scan with the oldest reference scan.

Consistence

Whenever the whedchair returns to an area drealy
mapped, i.e. it closes a g/cle, a reference scan from that
region will be seleded, because it is older than the ref-
erence scan previousy used. Then, becaise of the big
diff erence between the FoR of the current scan and the
FoR of the reference scan, the search spaceof the wrre-
lation is large. This increases the risk of a mismatch,
and therefore the results of the correlations must be very
clea to be acceted. In addition, it is required that the
correlations for al threedimensions (the rotational shift
and bah trandational shifts) are successful.
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In such a @se, the acumulated error has to be distrib-
uted among the scans in the map that have been re-
corded after the aurrent (old) reference scan and the ref-
erence scan used previoudly. Thisis done in two steps:
first, the rotational error is dispersed by slightly chang-
ing the rotation between successvely recorded scans
that have different FoRs, keeping the relative tranda-
tional offsets. This can be compared to bending straight
a paper-clip. Then, the x and y errors are distributed.
Again, the locd offsets between scans with equal FoRs
remains unchanged. The @rredions are not performed
uniformly, instead they are weighted by an uncertainty
value that was determined during the scan matching
process before the scans were inserted into the map.
After the mrredions, the FoRs of all scans correded are
set to the FoR of the initial scan in the cycle, i.e. the cy-
cleis now assumed to be mnsistent, and therefore dl its
scans dare the same FoR. Note that this prevents the
locd metricd relations between the scan paositions in
this cycle from being changed again, e.g. when a larger
cycleisclosed.

5. Results

On the Pentium 111-600 computer used on the Bremen
Autonomous Whedchair, the matching algorithm is
able to determine more than 14 corredions of the posi-
tion per second. However, this high update rate is not
required. Therefore, enough computing power remains
for other applicaions on the whedchair. For compari-
son: On a similar computer, the map-building method
developed by Mojaer and Zell [10] would only be ale
to perform five ajustments of the position per second,
althoudh it requires the rotational odometry error to be
lessthan 4° sincethe last corredion of the pasition.

The mapping processisillustrated in Figure 9. The flat
that is mapped has a size of approximately 50 x 50 m.
The whedchair was driven manually 200m through this
environment. Starting in the upper horizontal corridor
shown in Figure 9a, the wheelchair drove through the
small cycle in clockwise diredion until it almost re-
turned to the start position. As can be seen in Figure 9a,
a small drift had already been accumulated. It was cor-

Figure9: Four snapsﬁotswhil e mapping aflat

d)

reded when the mapping algorithm closed the cycle.
The result is depicted in Figure 9b. It is aso shown in
that figure, how the generation of the map continued
whil e the whedchair was driving to the central crossng,
turning left, and foll owing the large @rridor cycleto the
left in clockwise diredion. The wheelchair returned to
the central crossing and turned left again, i.e. it drove to
the right part of the flat. At that moment, the dgorithm
was not able to deted that the whedchair had returned
to aknown areg becaise the overlap between the adual
scans and the scans dored in the map was too small.
Note that the scanner is mounted at the badside of the
whedchair and can see only 18C°. Therefore, from
Figure 9b to Figure 9c, no correction of the map took
place The journey was continued through the small cy-
clic corridor on the right, again in clockwise diredion.
In Figure 9d, the whedchair was driven bad to its gart
position. The mapping algorithm had correded the posi-
tion error acawmulated in the right corridor, and it also
removed the deviation at the central crosdng. This
demonstrates that the gproach is able to handle the
“cyclein cycle” problem.

During the journey, the Sick laser scanner delivered
9403 scans, 4208 d which could be processed, i.e. the
algorithm was fast enough to use dmost every second
scan. Out of these 4208 scans, 122 were stored in the
map. Only these scans are depicted in Figure 9d.

Figure 10 shows two ather examples of maps generated
by the dgorithm. They were bath creaed in the same
environment, i.e. another flat of the same building, but
the whedchair followed dfferent routes. Figure 10a de-
picts the two dfferent trgedories: the map shown in
Figure 10b was creaed while following the route drawn
as lid line, whereas the map in Figure 10c was gener-
ated along the trgjectory shown as dashed line.

6. Conclusion and Future Work

The paper presented an agorithm that is able to gener-
ate wonsistent maps from the readings of a laser range
sensor in red-time. During mapping, acamulated er-
rors are diminated when closing cycles. The underlying
scan matching approach is an extended version of a
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Figure 10: Two maps of the same environment generated on different routes

method aiginally developed by Weil3 et al. [14]. It is
very fast and robust.

In the future, it will be analyzed, how to weight the dis-
tribution of the acumulated error when closing a cycle,
in order to get optimal results. Thereby, time-consuming
cdculations should be asoided.
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