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Abstract: In the paper a technology is described which useedtrial laser scanning for the
observation of deformation objects. Not points planes and their position changes are
observed. Targets are neither necessary for theftnanation of scanner stations nor for the
deformation analysis itself. The scanner statiarslwe chosen arbitrary and they have not to
be identical between the epochs.

1. INTRODUCTION

Proving and modeling of deformation processes ae @ the main tasks of engineering
surveying. At the currently used deformation modéks relevant object is discretized by
points. The positions of these points are deterthiat definite times. Possibly existing
deformation processes can be concluded from pogitianges.

Prerequisite for this procedure is the existencebpéct points which can be sighted. If such
points are not available they have to be creatéd targets.

Furthermore it has to be known where deformaticens @ppear before measuring the zero
epoch. If deformations appear in regions which whaot observed these deformations are
not detectable.

3D laser scanning technology gives now the oppdytio record an object as a whole. It has
no longer to be known a priori where deformatioaséhto be expected. Deformations can be
detected where they appear.

But in contrast to the classical technology no misxidentical points are available anymore.
This problem can be solved if parts of the poimtud are grouped and the points in these
groups are seen as representatives of a paranmgrizarface. An example for such a
proceeding is the use of target spheres for thistration of scans. The radius of the spheres
is known and the centre point coordinates can lbaulegied by a best fit algorithm. These
coordinates then can be introduced in a classiealtormation calculation using identical
points.

But such an approach has crucial disadvantagest. iFis necessary to use artificial targets
and it can be of high effort to place these targ8txondly only a very small part of the
redundancy contained in overlapping scans is usethé calculation. The resulting accuracy
of the orientation parameters is therefore oftensndficient for detecting deformations.
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The technology described in this paper uses alreadylable surfaces (in a first step only
planes) of the scanned objects itself. Artificeigets are not necessary anymore. A wide part
of the existing redundancy is used and the achieeediracy is adequate for deformation
analysis.

The analyzation procedure is structured in the ssteplane detection, matching,
interconnected transformation of the scanner stainside the single epochs and epoch
comparison (test for congruence). The plane detedtappens automatically, separately for
each individual scan. The process is controllecstmghastic parameters which are derived
from the accuracy of the scanner and which detegrtfie degree of abstraction of the plane
detection. Dependent on the project conditionsntia¢éching is performed in a fully or semi
automatic way. Result of the matching process ferimation about topological identities
between planes from different scans. The individeans are transformed in a unique datum
by an interconnected transformation using idenjtahes. The epoch comparison again uses
the same approaches of matching and interconngetesformation.

2. PLANE DETECTION

The detection of planes happens separately for e in the corresponding image matrix.
Rows and columns of the image matrix represent diseretized vertical respectively
horizontal angles of the points in the coordinatsteam of the scanner. Within an iterative
process the image matrix is split into sub matriedter each iteration step an adjusted plane
is calculated approximating the points containedhm resulting sub matrices. The iteration
process continues as long as a sub matrix stagarmde the stop criterion is reached.

Figure 1- Point cloud of a church ruin
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Figure 2 - Point cloud of a church ruin with degecplanes (in red)

Figure 3 - Detail of a point cloud with a singleetged plane

Figures 1-3 show the result of a plane detectiartgss in the scan of a church ruin. The
resulting parameters for each plane are the norewobr, the covariance matrix of the normal
vector components and the coordinate centroid.

There are two criteria which have to be fulfillem ficcepting a group of points to be planar,
both resulting of the plane adjustment. The firsiedon is the estimated standard deviation
of a single point and decides if the point grouplanar. The second criterion is the estimated
standard deviation of the top of the normal vecidis value is used as decision criterion if
the adjusted plane can be seen as significanttor no
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3. MATCHING

The objective of the matching process is to finentical planes in different scans. Result is
pure topological information containing pairs oémdical planes. The algorithm works on a
pair of two scans on a time. There are two variahtatching: the datum independent and
the datum dependent matching.

3.1 Datum Independent Matching

The datum independent matching needs no advanaemafion about orientation or
translation of the two scans in process, with tReeption that both scanner axes were
assumed to be approximately vertical during thesicey process.

Prerequisites for the functioning of this kind oatrhing are an adequate overlapping range
and a not too regular arrangement of the scanngedtsb

The matching happens separately for the rotatiath taanslation. For rotatory matching
correlations of the normal vectors are used. Intemative process candidates for identical
normal vectors are found. In a subsequent adjustmgiiers showing up due to the found
identities are removed.

On the basis of the found rotation parameters thestation matching follows using the
translation parameters of the local planes.

Last step of the matching process is a strict ah@ist calculation considering rotation and
translation parameters (see point 4). During thigisiment all mismatches are iteratively
removed.

3.2 Datum Dependent Matching

If the overlapping range between two scans is toallsor the scanned objects are arranged in
a regular order, e.g. rectangular or with regulastatices, then the datum independent
matching doesn’t work and it becomes necessarysw the datum dependent matching
algorithm.

This algorithm works on the basis of global plarsgmeters. Therefore both scans under
consideration have to be approximately transfornm@d a common datum before the
matching can be performed. For that purpose oneisaased as a fix reference station while
the other scan is regarded as a new station. eocléssical 3D transformation at least three
pairs of approximately identical points are usedthwthe resulting transformation parameters
all plane parameters and the corresponding cowaiamatrices of scan two are transformed
in the datum of scan one.

The search of candidates of identical planes ipaued by a 4D search tree. The four
dimensions are the components of the global nowealors and the global translation
parameters. Each detected candidate is then thgtag Test for significant differences in

the plane parameters.

Analogous to the datum independent matching thieskep is a strict adjustment in which
coarse mismatches are iteratively removed.
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4. INTERCONNECTED TRANSFORMATION

Due to the interconnected transformation an amyitraumber of scans can be transformed
into a common datum with an adjustment calculatibone piece. The process is subdivided
into the three steps interconnected rotation, aot@enected translation and strict adjustment.
All steps use the Gauss-Helmert-Model as adjustrapptroach and the same adjustment
kernel for the calculation. To be able to differateé the partly very complex equations
automatic differentiation algorithms were used.

41 Interconnected Rotation

The interconnected rotation provides the proximittation parameters for the strict
adjustment. The calculation is modelled in 2D whasumes that the scanner axes were
approximately vertical during the scan process.eBlaions are the x- and y-components of
the local normal vectors. Unknowns are the elemeintise rotation matrix of each station.

Each plane identity provides two condition equagion

_ a -o n,
R ,h —R [ =0 with R= and n= (1)
k i | j 0 a n

y

For the new stations the determinant of the ratatiwatrix has to be 1. This leads to one
restriction:

a’+0’=1 (2)
The elements of the rotation matrices of the refegestations are directly determined by two
restriction equations:

a, =const

0, = const

3)

Because all equations are linear or bilinear aretduhe lack of singularities it is possible to
solve this adjustment problem without proximity wes. The iteration process always
converges.

4.2 Interconnected Trandation

The interconnected rotation provides the proximtgnslation parameters for the strict
adjustment. It uses the coordinates of the locahglcentroids; as observations. Unknowns
are the coordinates of the individual scanner astatitc. All centroid coordinates are
introduced with a uniform standard deviation ofrf.Wwhat is adequate for the calculation of
proximity values. The rotation parameters of tlaighs calculated in the former step are now
regarded as constants. Both, rotation and traoslatie expressed as quaternions.

rotation G, =¢ (@, G, G, G,) with oZ+gZ+gZ+qg?=1 @
translatio t'szk(o, t, t, tz)

X y

Each plane identity then gives three condition &quoa:
fk+qu‘Emk_l—f| - q L§ Ufl.'l=0 (5)

5
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The translation components of the reference statiare directly determined by three
restriction equations:

t, = const
t, = const (7
t, = const

Because all equations are linear it is possiblesdtve this adjustment problem without
proximity values in one step.

4.3 Strict Adjustment

The observations introduced in the strict adjustna@a the local normal vectors and the
local coordinate centroids of the planes. The stochastical model is giverthieycovariance
matrices of the local plane parameters resultinghfthe former plane fitting. Unknowns are
the rotation quaterniorg and the translation vectotisof the scanner stations. All equations
are formulated in quaternion notation.

Each plane identity gives three condition equatfonshe rotation
G« [N @ilk_l —-q [, mfl =0 (8)
%f_/

i global 1 giobal

and one condition equation for the translation.
(Gnar)de, + asar) - lana)d +asat)=0 ©)

N giobal $ global N} global $ global

These four equations formulate the constraint tiwatglobal plane parameters of two planes
have to be identical.

For the new stations the rotation quaternions havée normalized what leads to one
restriction equation for each new station:

al=1 = g+qi+qi+g’=1 (10)

4.4 Datum Determination

Currently there are two options to determine thieiia The first is to fix the transformation
parameter of one or more reference stations witterseestriction equations per reference
station:

rotation. g, =const., g, =const., g, =const., g, =const., 1
translatiom: t, =const, t =const, t,=const (D

The second option is a free adjustment. This |dadthree restriction equations for the
rotation and three for the translation. The traiimteequations are simple:

=Xt 2= Y=y (12)
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The rotation equations minimizes the differenceshef components between a unit vector
rotated with the proximity quaternion and the sawmextor rotated with the adjusted
guaternion:

b0 0,0, )= 8ixi yidz
> e, +a,0,)= Y 25 +ajal)
_ _ 0.0 _ 0.0
iUz ™ Yoi Uy wi Uz i Uyi

> 2a,a, - o, )= Y 2(a5a] — o) (13)
> 2[00+ 0,) = Y 2{a50 + g5

In the case of a free adjustment it is furthermm@eessary to normalize the quaternions of all
stations.

45 Adjustment Results and Interpretation

Results of the adjustment calculation are the foamsation parameters for each scanner
station and their covariance matrix. The empiris@lindard deviations of the translation
parameters are easy to interpret. The empiricablsta deviation of the orientation angig
can be calculated from the variancegef

q0=cosg = 0= 2 ZDU% for q,%1 (14)

1-q,

Each plane identity can be tested if the discrejeanion the global plane parameters of the
belonging planes are significant. Test value isqis@dratic form

nxi _nxj
n, —n,
x?=d'Cud with d=| * | and C,=C;+C; (15)
L
d-d
[ j

This test value is used for a stepwise detecti@heaimination of incorrect identities during
the adjustment process.

5. EPOCH COMPARISON

In a classical deformation analysis process pammetctors and its covariance matrices are
given from former adjustment calculations sepaydtmi each epoch. These parameter vectors
are pair wise associated in an adjustment. Ineaative process parameter identities which do
not fit are eliminated until a consistent resultdached.

To be able to apply this strategy in connectiorhwitir type of data it would be necessary to
calculate all global plane parameters and theiresponding covariance matrices. But this
way seems not to be efficient because of the latgeber of automatically detected planes.
Therefore the same observations are used and iine waknowns are calculated like for the
two separate epoch adjustments. In the common tadgus calculation of two epochs not

fitting across-epoch-identities are eliminatedatie till a consistent state is reached.
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Results are the adjusted transformation paramefettse scan stations of two epochs. With
these transformation parameters the global plarenpeters of all planes in the participating
epochs can be calculated. Planes from differentlepavith a significant overlap in mutual
projection but being not identical can be seenedisrchation areas.

With the resulting transformation parameters ghlasate point clouds can be transformed into
a common reference frame. If the points of différepochs have different colors then the

generation of sections is a good option to visedlie detected deformations. Figure 4 shows
the detail of a displaced pylon with a displacenwrgbout 3cm.

Figure 4 - Detail of a deformation area

6. FIRST EXPERIENCES

The mathematical model presented above was implegiem the software system
SiRailScan of the company technet GmbH and was fmeskveral projects. The scanner in
use was an Imager 5003 from Zoller+Froehlich. le thost cases a monitoring of the
reconstruction of cultural heritage buildings waguested. Typical for this kind of objects are
irregular surfaces consisting of brigs, sandstan@aster.

The scanner provides a standard deviation for glesimeasured distance of about 3mm. It
turned out that a limit of 5mm for the empiricarstiard deviation for the point plane distance
is feasible. This value takes in account the aayuch the scanner and contains also a part for
the abstraction of the surface. For the signifieaoicthe normal vector a limit value of 20mm
were chosen. With these parameters the automaget mletection provided a number of
between 100 and 800 planes per scan.

The automated datum independent matching workeabout 75% of the cases. In 25% a
preliminary transformation over three points wasassary. The number of found plane
identities was dependent on the size of the ovedage. This number was approximately in a
range between 20 and 200.
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In the interconnected transformation blocks of a0 individual scans were transformed

into a unique reference frame. A larger numbercahs is possible but wasn’t necessary. The
empirical standard deviation of the translationtee®f two adjacent scans was between
0.8mm and 3mm.

The average residual of the translation parameteth® local planes was about 1mm.
Deformations of >1cm could easily be detected.
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