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ABSTRACT:

The problem of matching 3D TLS point clouds is @essary stage which precedes any kind of modefingrder to perfect the
object’'s geometry and to control its accuracy. ds been studied extensively in many graphical amabé-processing domains,

However there is a lack of an adaptive study of hroblem in

the domain of laser scanning for @echirral and urban purposes.

Hence, our study aims to summarize the existindhatit of point clouds registration. We introducéna-based matching method
which is so-called ICL (Iterative Closest Line). Solime extraction methods required by the ICL aldoritare also presented. We
compare our method to the ICP (Iterative ClosesttPoime as well, which is mostly applied in the damaf point cloud and range

image registration. Our method is intended to hauidk special case where both of the point clouste wbtained by means of as-
built topographic terrestrial laser scanner, whigans that they are georeferenced and to be affinéte co-registration.

1. INTRODUCTION

In order to achieve a 3D architectural, urban dustrial model
using the TLS point cloud, it is almost compulstwyperform
multi-view scan from several stations because efdfiof

scanner visibility, mask conditions, object dimemsi and the
work conditions. Hence the 3D/3D registration fsiadamental
step which precedes any posterior treatment; it @an be
considered as scanning step rather than treatment o

The problem can be expressed in simplified techhérauage
by overlaying an erroneous space position cloudgilys called
scene or data) on another correct space positien(asually
called model). Since the random instrument erraes rot
concerned in this approach, the resulting internbdud

geometry is stable. This statement makes the weanation

from data to model cloud a rigid one which consisitghree
rotations and three shifting parameters.

The problem of 3D registration is traditionally wadl by adding
some easily-recognized targets or spheres aroumdvénted
object to be scanned with it. The detection of ¢heesgets or
spheres in both model and data cloud allows tautatie the six
parameters of rigid transformation mentioned above.

The new generation of scanner allows a setup o§t¢hener in
a tacheometric way (back sight and front sighteach station.
This process enables one to capture a georefer@odedcloud
in real time. The superposition of the resultinguds is
consequently guaranteed by previous tacheometrid

topographic operations which also determinate tlwairacy of
the 3D final registration. Anyhow the 3D registoatiis not yet
obsolete especially since the instrument setupois atways
feasible.

When the scanned object includes representativenefeic

features, one can use them instead of externallempptary
targets or spheres for achieving the 3D registnatithus the
goal of this paper is to perform free-markers region

depending on linear features as it will be expldine

The choice of linear features was privileged beeanfstheir

large existence in the majority urban componentidhtt lines
are also useful when carrying out 2D/3D registratietween a
point cloud and a photogrammetric support. Nevégtsethe
proposed method meets its limitation when the gmess to

scan non-ordinary designed building.

After having surveyed the related work in 3D regison

domain two parts will be consecrated to explain pheposed
method. In the first on, three methods of lineaatdees
extraction are shown, and then two approaches kingaise of
these features in registration are explained.

2. PREVIOUSWORK

The general problem of 3D shape registration igelgrtreated
in other fields of science, rather than the TLSadatocessing.
One can therefore benefit from what has been pextiircthese
domains like computer vision, the medical imageatcming 3D
data with a CAD model, self localization and theatdvision.
Voting methods mean that a coordinate transformagodone
then matched points from the two clouds (model-speare
competed. When a suggested transformation achieves
maximum score of matched point pairs, it will beaadidature
for the wanted one. It can be affined accordinglyulsing an
estimation method as least square adjustment. §dflaand
Rigoutsos, 1997) used the geometric hashing asgvatigthod
anto accomplish the registration. (Hecker and Bol837) adopt a
method which implements Hough transform with thergetric
hashing for the same purpose.
(Gelfand et al, 2005) have introduced another categf
registration methods called underlying corresponderihis
class of methods focuses on the geometric chasaofeeach
point cloud rather than the number of matched goiht this
category, one can find herein DARCES method (Datgni
Rigidity-Constrained Exhaustive Search) based on RAGISA
(Random Sample Consensus) proposed by (Chen et &).199



Another underlying correspondence method is NDT riiNg
Distribution Transformation) suggested by (Ripperdad
Brenner, 2005). ICP (lterative Closest Point) propdse¢Besl
and Mckay 1992) which is the most well-known metlwdhis
category will be discussed latter below in thisgrap

It can be noticed that all mentioned methods doraqtiire a
prior knowledge of any geometric features from gt cloud
in opposite to another category of methods whiah wat be
done without extracting some geometric featurebuilding a
mesh surface of point cloud. The invariant propsrtiof
extracted features facilitate their matching ina& po pair set in
order to carry out the rigid transformation lat€his gain may
compensate the lost time consumed while extracting
geometric primitives. Also, if one thinks about thse of
extracted features in further modeling steps, thgistration
methods based on geometric primitive could be camed as
an important category of registration methods. Wan ¢
categorize herein the spin image method for surfaatching
(Johnson. 1997) and also the method based on thgesed
detection presented by (Sappa et al, 2001).

Our proposed method is a feature based one, shoive all the
rules of this category starting by the featuregaetton stage
which are straight lines in our case.

3. STRAIGHT LINE EXTRACTION

Since two points define a straight line, the numiiiepossible
trails to locate a true line representing creas@ump edge is
equal to the combinatiorC,2. To reduce this complexity
explosion, many ergonomic algorithms are estahdisiaree of
these algorithms will be discussed below, but fifsall we will
restrict our search to points where a large diffeesin normal
direction occurs. These points are “potential” donf edges in
any object. RealWorks® program is capable of detgcthe
potential points and consequently exporting theiordinates
and their normal directions in many forms. Exeautione of all
the three following methods improves remarkably mvtiee last
step is applied. It prevents also probable absoidiens.

3.1 Incremental method

This method can be considered as projection ofntie¢hod
called “region growing” from 3D to 2D. Its simpligiis its
main advantage. It starts by taking two pointsams order and
calculating the parameters of a line passing bynth& third
point is then added and a line is adjusted to Ha three
previous points by the least square method, whigidy
residuals and standard deviation estimation. Thethaode
imposes adding more and more points while the @pde of
residuals is stable. When an incoherent residualrsat should
mean that the last added point dose not belonigeteame line.
In this case the process is halted and all prodepsits are
modeled as line segment. The process is switched th
another segment starting by the last tested poititsa on until
the whole point cloud is tested. The criteria toemt or refuse
the resulting segment will be the number of pomefzresented
by it and the standard deviation of this repregé@rta

Two enhancements have been introduced in this bas
algorithm. The first imposes sorting the cloud peibased on
their distances to the first point or the scanrardinates. It is
preferable in order to assist the forward marchofgthe
algorithm. The second modification is to impose thep
stopping condition based on the distance between tw,
successive points which should not exceed certaéshold.

3.2 RANSAC (Random Sample Consensus) algorithm

The basic form of this method (Fischler and Boll&381) is
used to fit a model to a set of data in presenaaudfers. It has
been applied widely in the computer vision and ieag
processing fields. Nonetheless RANSAC can not beieppls
it is to detect the edge lines because in this thsewaited
output is not a single model but several lines.

A method containing RANSAC core can be stated asvioll
Two points are selected randomly then the parasetea line
passing by them are calculated. The distance aa@lid points
to this line are calculated and the number of tHess than the
proposed threshold is stored as the best numbfar.sanother
random point pair is processed in the same waytlaadtored
number of close points is replaced if the curreamber is
larger. When the number of the trials proposed byNRAC
probabilistic law is reached, the stored numbeukheoepresent
the highest score of the modeled line. If the kasmber is
greater than a given threshold, a line is fitteth® selected two
points and all close points to their passing-bye lioy least
square method. The last sub-set is removed frotialigioint
group and the method is reiterated.

Since the number of RANSAC trails is related to tiee ©f
point cloud, one should be careful to change itomsub-set is
taken out. This number could even be proposed éyu#er in
such a way that the cloud is sufficiently testeeath iteration.
We must accept that a certain percentage of péontdcwould
not be modeled whatever number of trials. Hencestbpping
condition can be driven: the remaining point claide after
several removals is less than proposed ratio afriggnal size.
RANSAC frequently produces a line segment with onéwar
points situated on its extension since the geomewndition
does not prohibit this case. A condition then vesifthe
adjacency of the modeled points.

3.3 Hough transform

Hough transform is a habitual method for edge dieigén 2D
images. Knowing that the conversion 3D/2D is alwpgssible
by projection without loosing accuracy and that ghejection

of the line is always a line, we can bring this eet into the
world of 3D terrestrial laser clouds by projectithgem on xy,
yz, Xz or even an arbitrary plane.

This method depends on the duality between theabiariand
the parameter spaces. Let's be more accurate:teaigts line

in Oxy space has the implicit normal equation form:
r =xsind+ycog Wwhich can be read in the variable space:

“infinity of (x,y) points that satisfy the equatidior a unique
(r,8)". The same equation could be read differentlyarding

the parametersr(@) as variables and the variablesy) as

parameters: “for a unique,§) value, there are infinite number
of (r,g) satisfying the above equation “. Nevertheless thi

lecture makes the last equation a sinusoidal oom ft g)

point of view or more formally in the parameter gpaHence
one can state that the infinite number of linesipasby a point
in the variable space is presented by a sinusdidemparameter
@pace or in short: each point is represented hyseid in the
parameter space. The duality variable-parameteittustrated

in figure 1.

Hough has noticed that when some points belonfgp¢osame
line, the parameters can be retrieved from thesetgion point
of their sinusoid, which is the principal idea bkttransform
method.
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Figure 1. a Variable space. 1: point for whoseteao$déines of
different (r,6) are shown. 2,3: two points belong to

the same line L
r

L  parameter space
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N

Figure 1.b Parameter space. 1,2,3 the sinusoitteedfst three

points. L: sinusoids intersection which represents

the wanted common line L

Since the representation of whole lines passingutin each
point is infeasible, certain discrete representatims to be
considered. Hence a range of angk40, 1 is proposed to
accomplish the sinusoid associated to each poiatfaihd that
a range of 0.5-1° is sufficient to fulfil accurapyecessor time
balance. All sinusoids are plotted in an accumulatoage
known (after scaling process) as Hough histogralre fext
task is to find points where a substantial numbkpaint-
sinusoids intersect each other. Unfortunately, éhgsints are
not clearly marked but they have very often a bfijte
(figure.2). Thus the current task is to search thgional
maximums in the histogram which impose again prsings
time and some additional thresholds definition.

Figure 2. Hough histogram and its regional maxima

The last step is to form line equations and tramsfthem into
3D space. If one searches all “close” 3D pointghe found
lines and then models them by the least square aaetine
detection accuracy will increase and the lengthawh segment
can be determined.

3.4 Comparison of three methods

At this stage of research we can not give prefereiocone
method rather than the other. Each method ha®od#iyes and
negatives (table.1) and some failure cases. Theormaj
shortcoming of the incremental method is its serisitto the
initial sequence of point cloud. For instance therémental
method is ideal for detecting the vertical edgedifor TLS
scanners with vertical line of scan if no orderrd@was made
to the raw point cloud. RANSAC yields rarely diffetemsults
when applied twice. Hough method meets its failten the
noise in the histogram does not allow detectingpticks in the
histogram. In practice we apply a sequence of twdhoee
methods in order to capture as many lines as gessib

Hough

RANSAC
transform

algorithm Incremental

Speed - -
3D/2D Functionality
Probability + -- -
Required thresholds
Required segment
merge

Accuracy

Nombre of extracted
lines

++

++

Table 1. A comparative estimation of the three peaul line
extraction methods

Segment merge is usually carried out with respdctwm

conditions: the distance and the direction. Thép dollows line
detection stage in both model and data point clouguch
manner that each of them has its own set of detextge which
is the key for starting the next step in our sutggesethod.

4. 3D REGISTRATION METHODS

For reason of consistency, we will depict briefGP method as
presented in the initial paper of (Besl and Mcka392) before
introducing suggested methods. Then it will be eatffortless
to set out the principal steps of ICL method aftedsa

4.1 1CP method

Let A be a set of poin@. The distance between a popand

the setAis :
d(p, A= min d(pz
(b A= min d(h?) 0

The nearest poilatJ to pis the one which satisfies the equality:

d(p.a,) =d(p,A) @
ICP method starts establishing a relation of bigectof each
point of the “data” point cloud with the nearestimoof the
model one. (Zhang, 1992) suggests a filtering m®oghich
restricts the pairing on the overlapping zone dirdimates the
effect of noisy data.

The next stage of ICP is to calculate the rotati@irimR and
the translation vectof which are the components of the final
sought rigid transformation. ICP tries to minimibe following
error function:

ren =3 Y- T ®
pi=



which signifies the sum of coordinate differencesaA®en each
point of the “model” cloudx, and its paired ong@, from the
“data” cloud. The close form solution of equati®) gield a
provisional solution oR,T which will be applied to the “data”
cloud. Another loop of coupling-transformation iarced out
starting from the recent position of data cloudhc8iit has been
proven that the process has to converge at soraksitution,
the stopping condition will be that no “significantigid
transformation parameters practically noticed.

4.2 1CL method

ICL (for Iterative Closest Line) has the same logicIGP
except that it operates lines instead of pointso Tavms of this
method will be presented. The one differs fromdheer in the
second process stage which is the rigid transfoomat
Nevertheless the core of the two forms is lineipgifrom both
point clouds. The condition of line coupling is tkéstance
between them in the early iteration of the proc&¥ken the
method begins converging, one can introduce a titirec
condition; the coupled lines have to be “paralleisithin
certain threshold. It is obvious that the numbecaiipled line
N pairs is equal to minimum number of extracted liméoth
data and model cloud. Once the lines are couples
calculation of rigid transformation can be started:

421 ICP Form:

Firstly lines have to be presented by a directienterv and
some point coordinate the superscripim’,’”d’ will denote the
model and the data cloud respectively. The rotatiatrix can
be concluded from lines direction only when minimgg the
following function:

Em(R) =3 |v" - Ry 4)

As in the ICP method, the solution of this functierof closed
form. For doing so, the two following means areirtsd:

m 1 S m 1 J d (5)
= — \Y 1 - vV
K= Z;, N Zl
Cross covariance matrix of the two data sets is:
(6)

RS ATk 0
VTV N ~

The cyclic components of the antisymetric mafjxare used to

formulate the vector called used by its turn to formulate the

matrix ()
A=(Zns-20),

A= [Azgy A;li A.Z]
_ tr (va,vd ) A’ @
Q (vavva ) = A zv’“‘v“ _z-\l;'“,v” —tr (2 W Vu)l 3

4x4

It was proven that the vector of normalized eigetweof the
matrix (7) represents the optimal rotation quatamni
qR[OO q9 03] . Euler angles rotation matrix is given by:

2(q%4- 99 2(qg+ g9
G- 4+ 4-4¢ 2099 90
2(q0- 49 G- §- 4+ §

GG -GG
249+ qq)
204~ % %)

®

R(t%)

Once the rotation matrix is calculated, it can beduto find the
shifting vectofy :(T T T)T. Let's take two random points
X y z

@@",a") belong to the't line v, pmi)detected in the model

cloud; these points fulfil the triple of equation:
A= P+ a’= pr+ vy

©

They have two homogenous points on the pairedilimethe
data cloud which satisfies too the triplet of equrat

R T P

a (10)

The relation between the both lines yields the ofgihg

equations:
al=R '+ T F+6vi=RAE+ 8N+ T (11)
=R d'+T F+GV=RE+ &N+ -

This system of six equations has seven variableseet
translations and four variables t T.T,T) Thus

another pair of points is needed for accomplishitig
calculation. When we have two or more pairs ofdjnthe over
determined system (11) have to be solved by thst lsguare

m +d +d
Z‘tl't

thadjustment method.

4.2.2 Alternative form

This form is more comprehensible for whomever isfamiliar
with the close-form of solution. It depends upoa tasic idea
suggested by (Habib and Ghanma, 2004) where thegrate a
point cloud with a 3D photogrammetric model by emgting
the extracted linear features.

In the figure (3); the two poim,B represent a segment of the
model cloud. 1 and 2 define the paired line segnfrem the

data cloud.

B
3D rigid
transformation

A

Figure 3. The rigid transformation for a line segie

The rigid transformation for the segmehp is given by the
equations :

Ty Xi| [ Xa [Xg =X, (12a)
T [+RY S| Ya [tAf Yg=Ya

LTz |Zi] LZa] | Zs —Za |

(T [Xo] [Xa] [ Xg =X, ] (12b)
T [+R Y, [=| Yy [+4,] Ys—Y,

LTz 1Z2] |Za] | Zs = Z4 ]

where,w2 are two scale factors express the slide of one

segment on the other. Subtraction of equation (f2ioy (12a)
gives:

Xg = X=X

8~ Xa (13)
Y,-Y, [=AR| Y- Y
VAN -4

A=A - A) is a new scale factor, which could be eliminated
by dividing the first and the second line by thiedh



X=X - Ru(Xp = X) +Rp(Y, =) +Rs(Z, - 7))
Zy=Z, - Roi(X, = Xp) + Rep(Y, =) + Res(Z, = Z))
Y, -

(14)

5~ Ya - Rou(X, = X)) + Rpp(Y, =Y) + Rpa(Z, - Z))
Zy Ryy(Xy = X))+ Rep(Y, =) + Rys(Z, = Zy)

Zg

The last double equation in three variables issudficient for
accomplishing the solution, so at least one eqonatfosecond
line pair is needed. Usually we use all the avéélgiairs from
the previous coupling to process them by a leastarsq
adjustment method.

After obtaining the rotation matrix, one can suos$é its value
into the equation (12a) for the first point:

T %

Ty+y1:YA

T, z Z,

z

Xa Xe = Xa| where|
+/]1 Yo =Y Vi

VANV N Z

X as)
=RY,
Zl

To eliminate the scale factor we have to divide ittte third
line as well:

(XB _XA) - (TX+X1 _XA)

(Za-2,) (T+7+Z,) (16)
(YB _YA) - (Ty Y _YA)
(Zg-2,) @,+z+Z,)

In the same way point 2 generates the same eqsatidre

solution of all the paired lines equations by tkast square
adjustment gives the shifting vector directly.

It is obvious from the two forms of ICL that two quas of

non-coplanar lines are sufficient for carrying abe rigid

transformation; nevertheless the growth of line hammakes
the solution more robust and eliminates the evéntuars.

Both forms of solution reflect the separation of idig
transformation solution into a non-linear stagetistp the

rotation and a linear stage expressing the shdhetheless ICP
form saves a processor time needed by the iteratiltgion of

the second form when computing rotation parameters.

5. TEST RESULTS

The chosen application herein is the documentatam of the
“Pontonniers international high school” in StrastgpuThis
scan respects the survey workflow (Hanke et al6208ence,
already registered point clouds allow comparing tbsult of
ICL registration with data from the topographic nueth. Figure
4a shows the superposition of two point clouds ialRerks®
according to the scanner attitude and positionroeted by
posterior topographic operations. Table 2 summsiize main
characteristic of both point clouds acquisition ameéhtment.

Scan origin 113 (model) R14(data)

X.Y.Z accuracy resq 0.4,0.2,0.3 -1.1,1,-0.9

(c'm’) ' surveying traverse| resection by scanner
method itself

Linear resolution

50 mm at 60 m 30 mm at 60 m

Points number 292706 601952
Potential points 15401 9527
Number threshold

(Ransac+ Incremental) 20 30
Distance threshold 3Bm 20mm
Extracted lines 33 48

Table 2. Acquisition and processing parameters

A combination of successive RANSAC and incrementahoe
is applied in order to obtain the maximum numbeliras. The
thresholds shown in table 2 have been selected reghect to
the scan resolution and density. The result of ogfby using
previous conditions can be controlled visually the tuser
(Figure 4b). One can see that a more tolerant libtdsyields
more lines but at the cost of loosing the precisidwich affects
the next step severely.

Figure 4 a) Overlap zone between the two cloudsTing
potential points and the extracted edge lines

To accomplish the pairing stage of ICL, we suppased the

final pairing distance threshold is 60 mm and theation one
is 0.5 gon. 13 lines remain to contribute in theerafards rigid
transformation calculation. The reason behind falsis the

modeling of the visible edges of cylindrical tilesed for
covering roofs seals as invariant lines. Knowinat tihe boards
of a cylinder seen from different points of vieweamnot the
same, two lines are generated which are not sudposee the
same. This error is eliminated by the direction alistance
filter proposed by the pairing processes.

The following table shows the results of the amilan of both
ICL forms:

ICL (ICP form)
axis Rotation o Shift o Total
mGon mGon (cm) (cm) (cm)
12 0.3 0.2 0.2 11
y -5 0.3 -0.8 0.2 -1.2
z 11 0.2 0.3 0.2 1.2
RMS RMS : 0.5 mGon RMS : 0.m 0.2
ICL (alternative form
axis Rotation g Shift o Total
mGon mGon (cm) (cm) (cm)
X 2 0.2 1.8 0.3 1.8
y -4 0.2 -1.5 0.3 -1.7
9 0.2 0.6 0.2 1.3
RMS RMS : 0.4 mGon RMS : 0.dm 0.4

Table 3. The rigid transformation components whagistering
the two points cloud.o : The standard deviation of
the estimation. “Total” is the effect of the calatadd
rotations at a distance of 50 m plus the shift a. w

Although the tiny observed values (the two poinbuds
supposed to be already correctly overlapped), amesee that
the form ICP tries to solve the problem of registratn its last
steps by rotation when the form alternative accishpk that by
translation. This observation can be interpretedhigyaccuracy
of the iterative and the closed form of the leaguase



adjustment especially when it is a question of atume

displacements. If one admits that a small rotatibaut a frame
situated fairly far can be translated as a lindaft,sthe two

solutions will be fairly equivalent. It is enough tompute the
effect of the given rotations around the frame aithe centre
of the cloud and then to add it to the calculataddlations.

The coordinate difference between the automaticlapping of
the two point clouds due to the acquisition procasd ICL
registration can be explained by the following dast
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6. CONCLUSION

As we have seen in this approach, the edge linedfimtly
detected and then used for the registration. Weyetréar from
possessing a global edge-detection algorithm whigtizes all
lines in a point cloud. Hence, we still use a camlibn of the
three suggested methods to collect the maximumskggments
and then we try to merge the needed segments. The |
method’s final accuracy depends upon the line detgs
accuracy which is probably the major shortcoming tioé
method. Line directions affect directly the rotaticomponents
of the rigid transformation which affect in turnettsifting
component’s computation. The use of large threshptdduces
a greater number of lines but they are less aczuvetile the
use of strict threshold produces a more accurdtgiso but it
has less redundancy. However, a careful line tetec
controlled by the user yields a final matching aacy better
than the scan linear resolution which is sufficiémt further
application.

7. FUTURE WORK

Up till now, the testes that we have done confirnlyathe
scanner accuracy and help us to control
topographic work. We still need other some othststéo prove
the method efficiency in the general case. We waldo
hopefully to enhance some aspects of general 3hinaf as:

1. Straight lines extraction as contours of planes.

2. Use of other geometric features like curves andgda
3. Use other geometric relations like orthognality,
parallelism and the intersection by known angles.

4. Extend the method to be able to trait multiple poin

clouds simultaneously without accumulating the
cloud-to-cloud registration error.
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