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SUMMARY

This paper works on an adaptive extended Kalmater filAEKF) approach for geo-
referencing tasks for a multi-sensor system (M38& MSS is built up by a sensor fusion of
a phase-based terrestrial laser scanner (TLS) mathgation sensors such as, e.g., Global
Navigation Satellite System (GNSS) equipment andlinometers. The position and
orientation of the MSS are the main parameters whi@ constant per station and will be
derived by a Kalman filtering process. However,ibglinometer measurements the spatial
rotation angles about the X- and Y-axis of the di¥dSS station can be respected in the
AEKF. This makes it possible to respect all 6 degref freedom of the transformation from a
sensor-defined to a global coordinate system. Tdpepgives a detailed discussion of the
strategy for the direct geo-referencing. The AEK&r the transformation parameters
estimation is presented with the focus on the modeadf the MSS motion. The potential of
the strategy will be shown by practical investiga as well as an overview about the
observation and GNSS analysis strategy will bergive
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1. INTRODUCTION

The characteristic of the terrestrial laser scagrigchnique established nowadays in the
engineering geodesy is the immediate data acansiti 3D space. This is realized with a

high spatial resolution as well as with a very higkquency in a relative or local sensor-

defined coordinate system, respectively. The taraedslaser scanning technique can be
divided into static and kinematic scanning. Theistscanning is characterized by one single
fixed translation and orientation of the terrestiager scanner (TLS) in relation to an absolute
or global coordinate system. For the kinematic soap where the data acquisition is

commonly reduced to 2D profiles, the translation amnientation is time-dependent. Hence
the transformation parameters for each profiledéiferent in relation to each other as well as
to an absolute or global coordinate system. Typictle transformation parameters are
observed by navigation sensors and are estimataKaman filtering process [Vennegeerts
et al., 2008].

These properties —the observation of transformapiarameters and the Kalman filtering
process— will be transferred to the static scandimmain for registration and geo-referencing
tasks of 3D laser scans. Whenever a combinatiaewéral scans from different stations into
one coordinate system (registration) is requirkd,ttansformation parameters for each scan
have to be estimated. These parameters can beaesdirhy iterative algorithms, e.g., the
Iterative Closest Point (ICP) algorithm [Besl & Mai 1992], or by identifying several
artificial control points in each scan. For an éiddil link to an absolute or global coordinate
system (geo-referencing), control points with awnagyeodetic datum are indispensible. In
case of the geodetic datum of the control points &lao to be determined, the procedure
would be complex and time-consuming due to an exichindependent surveying.

It is possible, however, to transfer the above meet properties from the kinematic
scanning domain to the static scanning. First tieetiee direct observation of the position and
orientation, which can be derived by the orbitaltiom of the fixed laser scanner station.
Therefore a multi-sensor system (MSS) is created aser scanner and navigation sensors,
which is comparable to the setup of a MSS for kiagenscanning applications, called mobile
mapping system [Vennegeerts et al., 2008]. Aftedwar Kalman filtering process is initiated
for the estimation of the transformation parametetsch are constant for the whole 3D laser
scan. These parameters may also be used as appeagtart values with variance information
for iterative algorithms for registration tasks matit the need of any control points.

This short introduction shows already that the aigeo-referencing of static 3D laser scans
offers a number of great advantages over the toaditway by using control points.
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The paper is organized as follows. Section 2 dessrithe strategy for the direct geo-
referencing of a TLS-based MSS as well as the atwweloped algorithm for estimation of

the transformation parameters. Section 3 brieflyooluces the adaptive extended Kalman
filter (AEKF) for direct geo-referencing with itsvd main components: the kinematic

equation of the state and the measurements equdtractical investigations of the anew

algorithm are presented in Section 4. Finally, ®acd summarizes the results and gives an
outlook for future work.

2. STRATEGY FOR THE DIRECT GEO-REFERENCING OF A TLS-BA SED MSS

In Section 1 the idea of a TLS-based MSS for digax-referencing purposes was briefly
outlined. The main aim of the direct geo-referegcstrategy is the direct observation of the
required transformation parameters from the loeaker-defined coordinate system, given by
the MSS, to a global coordinate system. This 3Dsfi@mation is defined by a translation
vector, which is equal to the position of the M&8d a rotation matrix, which contains the
orientation of the three axes of the MSS, compar#iloll, pitch and yaw angle known from
aeronautics. One can sum up that this transformdias at least 6 degrees of freedom (dof)
which have to be observed and estimated, respgctidewever, 4 of the 6 dof, the position
vector as well as the azimuthal orientation (yaa, essential. Because of the fixed terrestrial
MSS, which can be orientated to the center of gyathe spatial rotations (roll and pitch)
about the X- and Y-axis of the MSS can be minimized

In the following the strategy for the direct gederencing of a TLS-based MSS, which is
realized as an adapted sensor-driven method atGeedetic Institute of the Leibniz
Universitat Hannover (GIH), will be described. Thiategy can be divided into a sensor
fusion part and a part which deals with the algonitfor the estimation of the transformation
parameters.

2.1 Senor fusion in the MSS

As already mentioned, the MSS is established na@ fusion of a phase-based TLS, which
is the main sensor, and other additional navigaensors to observe the transformation
parameters. While creating the MSS, several terme ko be considered. So the operation of
the laser scanner should neither be restricteddisburbed by any of the enlisted additional
sensors. Hence, one should take advantage ofdhadunal characteristic of any sensor. Here
one can point out the usage of the constant rotatidhe laser scanner about its vertical axis
as time and orientation reference. Due to the Th&raxteristic of a high frequency data
acquisition rate with in general more than 10 Hztfe used phase-based TLS as well as to
get reliable transformation parameters, the avidihalof data rates of at least 10 Hz for the
additional sensors is required. IndispensableenMI$S is the synchronization of all different
sensors so that the individual measurements caailgeb in a temporal relationship to each
other. Therefore it is useful to introduce one ueidime reference in the MSS. The most
suitable way in this MSS is to use the GPS timeefsrence because it is instantaneously
available due to the GNSS observations.
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The minimum number for additional sensors is oneéSGNquipment. The case of mounting
two GNSS antennas on top of the laser scanner teatifferent approaches within the scope
of the GNSS analysis which will be discussed later Nevertheless, if one or two GNSS
antennas are used, the trajectory of an antenaeerefe point (ARP) is a space curve which is
described by the orbital motion of the laser scanRer the first realization of a MSS for
direct geo-referencing at the GIH only GNSS equipihwveas used. This leads to the fact that
only 4 of the 6 dof are determinable. Additionallyhorizontally mounted MSS is assumed
and any residual divergence of the orientatiorhtodenter of gravity will be neglected. For
further details, especially about the time synclmation in the MSS, please refer to
[Paffenholz & Kutterer, 2008].

In order to optimize the direct geo-referencingatglgy, some sensor modifications in the
MSS were carried out. In a first step the MSS igraed with additional navigation sensors —
inclinometers— to estimate the remaining 2 dof &patial rotations about the X- and Y-axis

of the MSS). Therefore two single axis inclinomstevere mounted next to the GNSS

antenna on top of the laser scanner, each of thm®rang one spatial rotation about the X-

and Y- axis, respectively (see Figure 1). For symeization purposes an external process
computer with integrated analogous-digital (A/D)eerter is used. The topic of ongoing

investigations is to use the integrated inclinometethe new laser scanner series. The
challenge of using the integrated inclinometerghes synchronization of the data because a
parallel way of synchronization to the externalsses is not possible at the moment.

Another modification of the MSS, unlike the stratedgescribed in [Paffenholz et al., 2009],
was performed to the used data sources for thenasbin of the transformation parameters.
As new input data the horizontal motor steps of ldeer scanner were introduced to the
algorithm to get measured information about theitakbmotion of the laser scanner. The
synchronization of this new data source is striygitailable by the general synchronization
pulse of the laser scanner which corresponds t@tbgress in the horizontal rotation of the
laser scanner about its vertical axis.

The described sensor modification and additionallgilable data source lead to significant
modifications of the algorithm for the estimatior the transformation parameters. In
addition, and due to the consideration of all dbthe transformation from the local to the
global coordinate system, a more accurate estimafithe unknown parameters is expected.

Figure 1: Actual setup of the MSS equipped with one GNS@rama and two external inclinometers
on top of a phase-based TLS
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2.2 Algorithm for estimation of the transformation parameters

The estimation of the transformation parametersraeg to the first realization of the MSS,
which was described in Section 2.1, is done in @ $¢tep model. First the 3D positions are
projected onto a best-fitting plane and second si-fitéing circle is estimated through the
projected positions. These two parameters estimatare computed by means of a least-
squares adjustment. Furthermore, in both stepsitierodetection algorithm is performed. In
order to derive an azimuthal orientation for eacainsline of the 3D laser scan as well as to
estimate the position of the MSS, respectively,dpace curve parameters (center point and
radius), and the adjusted observations are requifed further details please refer to
[Paffenholz & Kutterer, 2008]. The main disadvartad the above described two step model
Is that the data acquisition must be finished leetbe processing steps can be preformed. In
addition a setup of two separated adjustments extta outlier detection is needed.

According to the sensor modifications in the MS8 #re additionally available data sources,
the estimation of all 6 dof of the transformatisnpossible. This leads to an anew developed
analysis strategy with vital modifications of thar@meters estimation algorithm. The new
algorithm was developed in a closed form on bakaalman filter (KF), which determines
the required transformation parameters as an aufjig algorithm based on KF resolved the
above mentioned drawbacks. On the one side thelld®wsaa real-time processing. On the
other side the parameter estimation will be molmisbt against outlier. The main aim of a KF
iIs the optimal combination of a given physical mmi@tion for a system and external
observations of its state. In comparison with thgodthm described in [Paffenholz et
al., 2009], the filter setup was modified and ojtizal on the basis of the first experiences
with the anew analysis strategy. This will be dss®d in detail in Section 4.

The modeling of trajectories of moving vehiclese-thiatic MSS can be understood as moving
vehicle due to the orbital motion of the TLS— ofterads to nonlinearities in the system
equations of the KF. For example, [Aussems, 19@8Fdbes the trajectory of a vehicle with
a refined model of consecutive arcs. This modealoisparable to the model for the orbital
motion of the TLS, refer to Section 3.1. In botlsemthe functional relationship between the
vehicle as well as the MSS coordinates and ther gitade parameters is nonlinear [Simon,
2006]. However, the state estimation within a Klepgimal only in case of linear state space
systems. The extended Kalman filter (EKF) has aitegn for solving nonlinearities in the
system and measurement equations. Further detaolst ahe EKF, which is based on an
approximation of the nonlinear functions by a Taderies expansion, can be found in, e.g.,
[Simon, 2006]. The EKF to estimate the transfororaparameters of the MSS is additionally
supplemented with adaptive parameters. These p&esrae time invariant, system specific
parameters with well known initial values. The aitap with additional parameters in the
dynamic model might improve the filtering and bsnghe model closer to reality
[Eichhorn, 2007]. However, the EKF with adaptivergraeters (AEKF) is well known in
common literature as dual estimation, e.g., [Nel2000].
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Figure 2: Schematic overview of the present strategy froend#ita acquisition to the estimation of the

transformation parameters
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2.3 Schematic overview of the present strategy

In Figure 2 a schematic overview of the preserdtafyy from the data acquisition to the
estimation of the transformation parameters isrgiwe order to simplify the complex strategy
the whole procedure is structured into five parts:

In part | the data acquisition of the MSS is sumipgat. The four sensor types are the GNSS
equipment in green, the terrestrial laser scann#r imtegrated inclinometer in blue, the
external inclinometer in red, and the real-timecpss computer with A/D converter also in
red. For each sensor type an individual pre-pracgss performed. For the GNSS equipment
the analysis is performed by commercial softwarg,, éVal by Lambert Wanninger or
Geonap by Geo+% The line synchronization pulses of the laser searregistered with the
event marker input, are analyzed with respect ta daps. The time stamp of the data is
already the MSS unique GPS time reference. FoiTtl the raw values of the horizontal
motor steps are extracted from the stored 3D pmoud. They correspond to the number of
2D profiles within the 3D point cloud as well asth@ number of line synchronization pulses.
It is also possible to get an on-the-fly accessh® horizontal motor steps, which will be
realized in the ongoing work. The registered iraions from the integrated sensor are not
processed because of the missing synchronizatissilplity as already described before. The
analogous data stream of the external inclinometéapted on the laser scanner is processed
by the A/D converter of the real-time process coteplAll incoming data streams to the real-
time process computer are marked with an intermaé tstamp of the process computer.
Besides the inclinations the pulse per second (BRBal and a National Marine Electronics
Association (NMEA) string, containing the UTC timdormation of the GNSS receiver, as
well as the line synchronization pulses are theitirgata of the real-time process computer.
The data delivered by the GNSS receiver is pregqeeed in a way that for each PPS the
corresponding GPS time stamp is generated by th€ Wiformation extracted from the
NMEA string. The line synchronization pulses argistered twice, once by the GNSS
receiver (event marker input) and once by the tiead-process computer. The data stored by
the GNSS receiver is used for the further datagesiog and the other data source is used as
backup.

In part 1l the required data synchronization of W8S is described. As unique time reference
for the MSS the GPS time is set. Therefore, tha ddiich is not related to the time reference
by a GPS time stamp has to be synchronized. Thisidatrue for all data streams of the

real-time process computer, which are marked withnéernal time stamp. The connection

between the internal time stamp and the GPS tinestablished by the data stream of the
GNSS receiver. Hence the introduction of the resuiGPS time stamp for the inclinations as
well as for the registered line synchronizationspsl(# of scan profiles) is possible.

Up to part Il all data sources are marked with@®S time stamp. In this data fusion step for
each 2D profile of the 3D point cloud the corresinog 3D position of the ARP as well as

inclination has to be determined. Therefore, th@ & interpolated with respect to the time
stamp of each 2D profile.
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In part IV the core issue of the data analysisedized. By an AEKF the estimation of the
transformation parameters is performed. Besidesaltemdy mentioned observations, three
system parameters are integrated into the AEKFlaptive parameters. These time invariant
parameters are determined in an independent proedth high accuracy by a laser tracker.
As mentioned before the integration of adaptiveapeters in the dynamic model may
improve the filtering and brings the model closerdality. More details about the modeling
of the motion of the MSS, the system equations etds) and the measurement model are
given in Section 3. The achieved results are dgaign Section 4.

At the current step of the research work part Vwghthe state parameters estimated by the
AEKF as interim result. For the ongoing work intpdrthe final transformation of the whole
3D point cloud, from the local sensor-defined toglabal coordinate system, will be
performed.

3. AEKF FOR DIRECT GEO-REFERENCING OF A TLS-BASED MSS

In Section 2 the strategy for the direct geo-rafeieg of a TLS-based MSS was introduced.
This section deals with the algorithm for the estilon of the transformation parameters,
which is performed within an AEKF. The idea behthd EKF as well as the background of
the integration of adaptive parameters was brigégcribed in Section 2.2. In the following

the modeling of the motion of the MSS and the mesmant model will be outlined. The

discussion will be focused on the modificationdwispect to [Paffenholz et al., 2009].

3.1 Modeling of the motion of the MSS

The trajectory of the MSS in 3D space can be patenzed by a circle in 3D space. In
comparison to the general trajectory state estonatin engineering geodesy, e.g.,
[Aussems, 1999], this parameterization is posdgible to the orbital motion of the ARP. This
orbital motion is caused by the constant rotatibthe laser scanner about its vertical axis and
the fixed adaption of the GNSS antenna on top @ldaker scanner.

The modeling of the motion of the MSS starts witloeal sensor-fixed coordinate system
with the upper index L (see Figure 3, in red), wahis defined by the X- and Y-axis of the
laser scanner. In general there will be a residiadrgence of the orientation to the center of
gravity, which leads to the coordinate system \ilida upper index L’ (see Figure 3, in blue).
In order to describe the plane motion of the AREhweéspect to the coordinate system L, the
residual spatial rotations about the X-axis-in the scan direction— and about the
Y-axis -perpendicular to the scan direction— have to tesiclered. These two residual
spatial rotations or inclinations are introducedarapfrom the global position of the

ARP X®= x° y* 2 " and the local orientatioa_

Scan

as state parameters in the AEKF.

Figure 4 shows the plane motion of the ARP whicldescribed by the system parameters
radiusr and circular arc segmesf, . Next to the radius and circular arc segment tigdea

between X- and Y-axig is introduced as adaptive parameter in the AEKIResSE three
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system parameters are determined in a system ataibrprocedure for the MSS by laser
tracker measurements.

Figure 3: Side view of the plane motion of the Figure 4: Top view of the plane motion of the
ARP and residual divergencés andg of the ~ ARP and system parametgrs I, S

orientation to the center of gravity (adaptive parameters in the AEKF)

The local plane motion of the ARP, modeled by tketes parameter® andg and the

adaptive parametens and s, for an epoctk, is described as:

L T

L L
xk+1_ Xk+1 yk+1 2:I+1

T.o@
rk'COS(g;can k) -sin StrdYk "y 'CoédScan) -COS%:—'k S hd k 'S(mScan)k
k k

The expression of the orientation change of the AB&veen two epochs is expressed by the
circular arc segment divided by the radius. Thisiniscontrast to the former approach
described in [Paffenholz et al., 2009], where thierdation change was expressed by the
velocity v and the time intervaDt divided by the radius. This parameterization is not
suitable because the velocity parametes due to the non-accelerated motion of the MSS
not reliably measureable. To avoid the use of psel$ervations for the velocity parameter,
like in the former approach, the orientation chamgk be expressed by the circular arc
segment as already mentioned above.

For the description of the local plane motion &f &kRP from one epoch to the next epoch the
scanner origin has to be taken in account. Thezetfog translation between the actual ARP
position and the scanner origin is expressed by:

. .y T
Xoran k= -rxcos(j J rsiff ) h* . (2)
These translations in X- and Y-axis are given by #daptive parameters radius and angle

between the X- (scan direction) and Y-axis (in clien to the mounted GNSS antenna) (see
Figure 4). The value for the angle depends on the antenna position on the scannsitivpo

Y-axis as shown in Figure 3 or negative Y-axis— asdnearlyl00gon or 300gon,
respectively. The translation in z-axi$"" is given by the antenna height which can already
be considered in the GNSS analysis and has thiea set to zero.
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To finish the local plane motion description of thRP, the local orientatio&s,,, ,,, which
is updated byag.., 1 =@ ‘sean i+ o % , has to be regarded:
k
XI|z+1 =R IécanN(a LScan ) X LM._ X G'gi:nN k* (3)

The transformation of the local plane motion giwerquation (3) is the last step in modeling
of the motion of the ARP in the local coordinatstsyn besides the consideration of the ARP
position in the epoclk :

Xe.=XEHREG(FIRT 4 ©) Xiy, (4)
WherebnyG (aG) defines the global azimuthal orientation amg; (/f ) describes the

transformation from the local to the global cooedensystem. The value for the initial global
azimuthal orientatiom ©, the longitude/ , and latitudef of the MSS are calculated as mean
values of all trajectory points.
We can conclude that the state veckqr is given as follows:

T . T
xk = Xg,k | Xa,k = Xi alécank bLScank gLScan | r.k /k SItd,k (5)

with x, , the general state vector ard, the adaptive state vector.

3.2 Measurement model

Observation data from the GNSS equipment and ttismometers are instantly available, for
each epoch. The horizontal motor steps of the lasanner are indirectly derivable by an
extraction procedure from the 3D point cloud. Hoam\this represents no restriction about
the current strategy since in general it is possibl get an on-the-fly access to the current
horizontal motor step during the scanning procéls.linearized measurement equations are:

G
—G Xk+l
G
Xk+1 ‘9,(5+l 0 00 Yo,
-G G
yk+1 eYkG+1 0 00 LZk +1
7 e O 0 0 aScan k1
Zk+1 a I 6
EL - e, B 6';6 - Std,k% 0 ]/r X Scan kil ( )
k
fcan - T rk+l " gls_can k1
A e
b Scan krl b|§can kel O 0 O rk+1
o e 0 00 -
gScank+1 Fsoan ko1 / k+1
Std  k+1

T

whereX" = x° y° Z° s the observation vector of the GNSS positi@Bs is the

L
Scan

value of the horizontal motor step of the lasernses, andb
measurements of the inclination sensors.

andg.. are the
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4. PRACTICAL INVESTIGATIONS OF THE ANEW DEVELOPED ALGORITHM

This section treats the practical investigationstled anew developed algorithm and is
structured into three parts. First, the observatistnategy of the practical investigations is
discussed. Second, a brief overview of the GNS$sisads given. Third, an example dataset
Is studied. In contrast to the numerical investaret in [Paffenholz et al., 2009] the results of
the practical measurements with the MSS setup urEil are discussed here. The
measurements were performed in front of the GlHdmg using only one fixed station. The

preliminary results of the TLS-based MSS, suchhasstate parameters, are discussed.

4.1 Observation strategy for the practical investigatims

In the present strategy only one GNSS equipmeusesl to observe the orbital motion of the
MSS. The simultaneously captured data of all semsehich were already described in
Section 2.3, is the only environment-specific inplata for the AEKF. The adaptive
parameters are estimated in a calibration procednder laboratory conditions with a laser
tracker. The required values for the connectiotheflocal and the global coordinate system
are calculated by the kinematic GNSS observatiéias. the longitude and latitude this a
feasible solution due to the huge number of 3D tmos. The absolute orientation is also
determinable in this way but the reliability of tresult is not optimal. One can get results for
a metric uncertainty caused by the global azimuth iange of a few centimeters in a distance
of about 35 m [Paffenholz & Kutterer, 2008].

In order to improve the result of the global azimwt modified observation strategy will be
performed for the upcoming practical investigatiolms other words, this means to realize
initialization measurements before the further detguisition will start, and to use two GNSS
antennas on top of the laser scanner. Within tlitgalination measurements, rapid-static
GNSS observations should be done only at a minanbeu of predefined positions. It is
expected to derive a more reliable global azimaotbrmation by these positions.

Another modification of the observation strategfeets the inclination information about the

X- and Y-axis of the MSS. However, it could be #eraative way to get reliable inclinations

to carry out also measurements with the inclinorsetg a minor number of predefined

positions. Afterwards a representative function tfog inclination plane of the MSS can be
derived, which can be used instead or paralleh&imclinometer measurements during the
scanning process.

4.2 GNSS analysis strategy

The kinematic GNSS analysis strategy depends omuineber of used GNSS equipments
(receiver and antenna) in the MSS. Each ARP dextréb space curve due to the orbital
motion of the laser scanner. The current setu®fMSS consists of one GNSS equipment
which operates with a data acquisition rate of 0IHtwo GNSS equipments are used in the
MSS, the GNSS analysis can be done in two differeyts. One way is the calculation of one
single baseline for each equipment. The combinatiaime two ARP trajectories has then to
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be realized in the subsequent filter algorithm. Okleer way is the calculation of a relative
baseline between the two GNSS antennas installesbprof the laser scanner. Within the
filter algorithm there is no combination step neeeg. Apart from the 3D positions of the
ARP trajectory the corresponding variance-covaeamatrices are regarded within the filter
algorithm to derive the position and especially dhientation of the MSS.

For the kinematic GNSS data processing severaloappes are possible. The common
characteristic of all three approaches is the gaist-processing. In addition a GNSS
reference station is required to obtain precisep8dBitions for the orbital motion of the ARP
as well as for an additional transformation to abgl coordinate system. Also a real-time
processing would be possible. The consequencéwiiligher variances for the 3D positions.
The three post-processing approaches differ wiglangeto the used GNSS reference station
which could be: a) a commercially running referestation, e.g., of th&erman reference
station network SAPQ®) an own temporal reference station positioned @hysical point
with known coordinates nearby the scanning scemeci a virtual reference station close to
the scanning scene calculated by at least threecrafe stations of approach a).

4.2.1 Brief discussion of the error budget of the GNS&ponent

The 3D positions and their variances are of gnegtortance for the quality of the position
and orientation information of the MSS. On the drand the error budget of the GNSS
components in combination with the environment toalse considered. These are errors like
near-field effects caused by the antenna adaptiadenof aluminum on the laser scanner or
possibly multipath effects. Also the data acquositiprinciple within the MSS has to be
considered with respect to the orbital motion @ thser scanner. This could affect another
error caused by the alternating antenna orientatitare a solution may be reached by the
introduction of azimuthal dependent phase centaatans. On the other hand the kinematic
GNSS data processing itself has an effect on thaitguof the 3D positions and on the
derived position and orientation for the MSS.

4.3 Example dataset

Figure 5 and Figure 6 present a subsample of thenated state parameters by the AEKF,
which was discussed in detail in Section 3. Thenelgs of the matrix of process noise in the
AEKF are rather pessimistic values mainly basedxperiences with the different sensors
and the first practical datasets. One main topithefongoing research work is to get a better
understanding of the process noise and to perforareance component estimation to
improve the filtering results. For the data acdigsi a phase-based laser scanner
Zoller+Frohlich Imager 5006 one Trimble GPS receiverR5700 with Geodetic Zephyr
antenna and twBchaevitz LSOC-Ifclinometers were used.

In Figure 5 the filter effect is clearly visiblerfohe first three state parameters in an Earth
Centered, Earth Fixed (ECEF) coordinate system. dlbe triangle in the middle of the

trajectory represents the center point of therligpositions or translation vector of the MSS,
respectively. In the upper part of Figure 6 thedwals obtained within a linear regression of

the local orientatiora" are shown. Due to the constant rotation of the @b8ut its vertical
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axis, we expect a linear relationship betweenand time. Therefore, the residuals are quality
indicators. The oscillations of the residuals a#l a® their quantity could be explained with
the resolution of the horizontal motor. This wi# lmvestigated in the future. In the lower part

the filter effect is clearly visible for the filted inclinations. The jump inb" at the time
range500- 600s is interpreted as error due to the equipment, wigng, and not due to an
incorrect filtering process. This error will notpgar in another experiment. The higher noise
level for g~ can be explained due to experiences with the ssesbor.

Figure 5: Observed and filtered trajectories of the ARPrArELEF coordinate system
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Figure 6: Upper part: residuals of the local orientatiawér part: observed and filtered inclinations

Table 1 shows a brief overview of the statisticalues of the difference between filtered and
observed state vector elements. Please note thdtefdARP positions the Euclidean distance
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is used as representative value to illustrateittegifg results in the 3D space, whereas for the
other components the difference between the fdtered observed value is computed.

Table 1: Statistical values of the difference between theréd and observed state vector

xS - X | @l @sean | D Docwr | Gian Gocm
min 0.1mm -0.0265 -0.0150 -0.5286
max 36.5mm 0.0219° 0.0308° 0.7439°
mean 5.9mm 7.3x107 ¢ |-5.5¢10°° -0.0069
std 3.4mm 0.0013 0.0040° 0.0663°

5. CONCLUSIONS AND OUTLOOK

This paper gives an overview about the anew algoritfor the estimation of the
transformation parameters, which are required Far direct geo-referencing strategy of
terrestrial laser scans at the GIH. It is basedmAEKF which was modified and optimized
by contrast with the first approach. So no longayalo-observations are required. In addition
the horizontal motor steps of the laser scanneeweroduced as observation data to improve
the filter. In the ongoing work about the currettategy there are future plans to realize the
on-the-fly access and to avoid the workaround \tht point cloud extraction procedure for
the horizontal motor steps. One can sum up thatdkelts of the anew algorithm show the
potential of the strategy.

The topics of the ongoing research will be the qening of the complete geo-referencing
procedure by the transformation of at least twenasxans of the same scene from different
stations and a detailed analysis of the differerficeomologous points in the laser scans. In
order to get a better understanding of the prooesse further investigations are needed, such
as performing a variance component estimation.ifipgovement of the observation strategy
with initialization measurements for the globalrmaath as well as to obtain an inclination
plane will also be a topic of the future work.
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