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ABSTRACT: The accurate registration of 3D point clouds wittoject 3D/4D models is becoming more and more
important with the development of BIM and 3D laseanning, for which the registration in a commoardmate system is

critical to project control. While robust solutiof scan-model fine registration already exiseythely on a fairly accurate

prior coarse registration. This paper first shoWwatt in the context of the AEC/FM industry, the rscaodel coarse

registration problem presents specific (1) constsathat make fully automated registration very ptar and often ill-

posed, and (2) advantages that can be leveragetevelop simpler yet effective registration apprasch A semi-

automated system is thus proposed that takes th@sacteristics into account. The system autonibtieatracts planes

from the point cloud and 4D model. The planes &entmanually but intuitively matched by the usexp&iments,

comparing the proposed system to registration ssétveommonly used in the AEC/FM industry, demonstthat at least

as good registration quality can be achieved byptbposed system, but more simply and faster.dbigcluded that, in the

AEC/FM context, the proposed plane-based registtaystem is a compelling alternative to standaothtghased

registration techniques.

Keywords: Coarse Registration, Laser Scan, Point Cloud, 3D, 4D, CAD model

1. INTRODUCTION

Dense laser scanning (or LADAR) is now being slotay
steadily adopted on building sites. One first reaisothat
many large capital facility owners realize that sthi
technology is actually able to capture, at contdotver
price, the as-built three-dimensional (3D) statfisth®ir
facilities, which is critical for them to contrdié quality of
the delivered asset and subsequently accuratety guta
design maintenance operations and future develofmen
The US General Services Administration (GSA), ohthe
world’s largest facility owners, is one key invegstior of
this technology [13]. Secondly, large contractomsveh
identified laser scanning as a technology enaltliregn to
perform critical dimensional quality control accialy,
comprehensively and rapidly, thus reducing the oislate-
identified errors that are very costly to correend

improving the quality of the delivered facilitieS][

Laser scanners produce dense 3bDint clouds. An
important particularity and limitation of laser scers is
that they can only acquire points with line of sighs a
result, in order to acquire comprehensive data faogiven
scene, multiple scans must generally be acquirech fr
different viewpoints and then accurately registeneda
common coordinate system. Furthermore, in the ARC/F
context, the purpose of acquiring laser scanspi&jly to
measure theas-built 3D status and compare it with the
design (i.e.as-designed 3D status). AEC/FM projects are
more and more designed using 3D CAD engines
(extending to BIM engines), which offers the posgibto
directly compare the site laser scanned point cowih
project 3D models by aligning them in a common
coordinate system. As a result, there is a stroggp rfor
accurate and efficient methods for co-registratidrsite

laser scans (here called stan-scan registration), but also



co-registration of site laser scans with project 3D more likely to be visible in multiple scans. Howegvthis

CAD/BIM models (here calledcan-model registration). approach seems limited to parts with very distirecti
Independently of the data sets to be registeredd&@  surfaces, which significantly simplifies the matujpistage.

registration typically consists in two steps: (1)cearse

registration step to “roughly” align the datasdtdlowed 2. AEC/FM CONTEXT

by, (2) an automated fine registration step to roptiy The AEC/FM context presents some specific advastage

align them. The fine registration of 3D data is allw that can be leveraged during the registration Emcbut

studied problem with known robust solutions basedhe ~ @lSC some specific constraints that must be deit Whe

lterative Closest Point (ICP) algorithm [1][2][14dr the following five are particularly identified:
Simple surfaces (advantagéyom a geometrical point of

Generalized Procrustes Analysis [7]. Here, we more

particularly focus on the problem of the coarsdstegtion ~ VieW: the built environment tends to be compose®Df

of a laser scan with a 3D (CAD) model, for which elements with “simple” geometries, whose envelaps loe

satisfactory solutions do not necessarily exigteeflly in ~ decomposed into a set of planar, cylindrical, sipaéand

the AEC/FM context. toriodal surfaces. Of those, planar surfaces aréabyhe
most common. As a result, it appears appropriataste

The coarse registration of two 3D data sets is agisieved planar surfaces as registration features. Furtherntbese

by matching corresponding 3D features in the twa dats. '€ often clustered into vertical and horizontahgis.

This however requires the robust identificatiommaftching ~ Yertical Axis (advantage) Laser scans are typically

features. Currently available and used softwarégges in ~ acduired with knowledge of the direction of the saxi

the AEC/FM industry typically employ a manual peint normal to the ground, which typically correspondsthe

based matching approach: the user manually setewts ~Vertical axis of the project 3D CAD/BIM model.

Self-similarities _(constraint) Although buildings are

matches pairs of points (at least three pairs eqgeired).

This approach is however not always reliable bezafs cOmposed of objects with simple surfaces, they also

the scan point selection stage: it is quite diffita travel ~ tYPically present numerous self-similarities resgjtfrom

through and visualize point clouds to find and setee  the common use of symmetries in designs.

Noisy data (constraint)Construction laser scans are often

points of interest. Inaccurate selections are commo

Other generally fully automated approaches haven bee acduired in cluttered environments with many olgeibat

suggested in the literature, but mostly outsideA&€/FM ~ @ré not part of the actual building under focusg.(e.

context and focusing on the scan-scan registratiohlem. ~ €duipment, temporary structures). These objectstere

Their goal is to automatically extract and matcliesa occlusions reducing the amount of points acquirethfthe

features from the point cloud and 3D model. Numsrou Puilding of interest, and the points acquired fronem

features have been investigated such as pointiS[Llihes represent obstacles to the registration proceysh¢y may

[10], surfaces [3][8] and also combinations of thes represent a large portion of the scans, and (3) ¢batain

[9][12][15]. data from objects composed of planar, cylindricstc.

In particular, the approach in [8] is based onaues with ~ surfaces. Cleaning a scan from this data prior to

homogeneous curvature (e.g. cylindrical and manarperforming registration is far too complex and time

surfaces). Surfaces are preferred to points bedaegeare ~ cONsuming to be considered.

Multiple objects (constraint)Compared to the different




contexts in which scan-model coarse registratios been plane (X-Y translation and Z rotation) using two

investigated (such as in [8]), in the AEC/FM cortex compatible matches of non-parallel planes.

project 3D model is not made of a single objectt bu 3. Alignment of the model and point cloud along the Z

hundreds. Additionally, not only do many objectegemt axis (Z translation), using one match of compatible

individual self-similarities, but many objects amdso planes.

similar (often identical) in shape to each otherd ahe

global model itself presents numerous self-sintikzsi 3.1. Plane Extraction

In conclusion, previously proposed automated featur Horizontal and vertical planar surfaces are exéhdtom

based approaches, such as the one in [8], wouldylik the 3D model by simply iterating through all theda of

perform poorly due to the presence of numerousasarf the objects that constitute it. If a given facealgned to

self-similarities in the project 3D model and s@geans.  any planar surface found until then (i.e. with thermal

Additionally, as discussed previously, software kaaes  vectors pointing in a similar direction, and wittetface’s

currently used in the AEC/FM industry for 3D data vertices located in the neighborhood of that s@fathen

registration perform coarse registration using 3@np it is assigned to that surface. Otherwise, a neangl

features, which requires tedious user interactiord may  surface is created to which that face is assigned.

lead to non-optimal (and sometimes erroneous)Compared to previously proposed surface-growing

registrations. approaches, the planes extracted with this approzay
include non-contiguous mesh faces, and more péatigu

3. PROPOSED APPROACH from faces of different objects.

Based on the context analysis, a semi-automatetepla g4, extracting planar surfaces from a point cload,

based coarse registration system is proposed. It iKaNSAC [4] algorithm is used. The proposed

developed with two assumptions: implementation however differs from a basic RANSAC

* The elements composing the project 3D model areapproach in three ways:

converted into meshes. Such representation is VeNReturning a limited number of planednstead for

common in computer science applications because it gearching for all planes, the search continues dnigl)

simple to handle while able to preserve Shapeless than i, horizontal planes (Z) or less thanx2 Ny,

information. vertical planes (X-Y) have been found so far; grtt list

* The model and point cloud are both oriented so thatys \ertical planes found so far does not contaiy pair of

their vertical (Z) axes correspond (with some aHoee planes that are not parallel to each other; ora®ther

for small deviation). As a result, the number of e _supported plane has been found at the cuiteration

unknown registration parameters is reduced fromaiX 444 less than N planes have been found so far; or (4) the

four (X, Y and Z translations, and Z rotation). maximum number of attempts to find good planeg,Aas

With these assumptions, the registration process it peen reached. In the proposed implementatigR=N

decomposed into three stages: Nyo=15 and A=25.

1. Automatic extraction of all vertical and horizontal Accepting well-supported plane®uring the search of a
planes present in the model and several major ones

new plane, once a plane with significant supparfrthe

the point cloud. data is found, it is accepted as the best planerdeill

2. Alignment of the model and point cloud in the X-Y



RANSAC iterations have been completed. While this accepted triplets belong to that plane.

significantly accelerates the plane extractionniy also
result in a non-optimal plane being chosen. In otdeope

with this risk, four measures are taken including:

3.2. Plane M atching

For matching scan and model planes, the proposstdray

1.No such plane is accepted before 25% of the RABDISA requires the input of the user. For each matcHimg,user

iterations, hax 1, have been gone through.

first selects a pair of planes. In the cases ofstmnd and

2.The threshold for accepting such a plane is sethird matches (i.e. second vertical plane and boté

sufficiently high: a plane is accepted if the soefa
covered by the points supporting it is larger than
threshold Sugf;, (Surfy,=2n7).

3.0ne iteration of fine registration [2] is applitwl each

plane matches), the system then informs the usethen
feasibility of the match given the previous ondsit lis
allowed, the user simply confirms the match.

Contrary to point-based approaches, the selecfiptaoes

in 3D data is easier because planes are largeurésat

sufficiently supported plane, to cope with well-

supported but yet locally suboptimal planes. However, many planes are extracted from the modél a

4. After planes have been found, the similar ones ar

combined (i.e. with similar orientation and suppurt
points close to the other plane).

Testing only relevant point tripletsAt each RANSAC

iteration, a sub RANSAC loop (withyl iterations) is
used for searching for point triplets that are WitDistyipiet
max distance from one another and that form plahat

are either vertical or horizontal. Only such a laipis

scan so that the selection of a specific planeguaitypical
ray-plane intersection approach may be very tedifdgsa
result, a different approach is proposed that tisesdata
supporting the planes.

In the case of selecting a plane extracted frompibiet
cloud, instead of selecting a plane, the user sekepoint
from the set of points supporting it. This pointestion

does not suffer from the limitations of the manpalnt-

considered as candidate for further testing, iearching  based matching mentioned earlier, because no &pecif

for supporting points in the rest of the data. Tdfisice is ~ Point has to be selected and the supporting paanés

made, because (1) we are only interested in verioed generally gathered in large clusters. In additiomgrder to

horizontal planes, and (2) points belonging to mrmn  easily identify which points correspond to extraicptanes,

clustersthese are colored similarly, while the non-supmgripoints

plane are typically gathered in dense

corresponding to different objects (as it occurimmmodel ~ have their original color. And, when a plane iestdd and

matched, it and its set of supporting points siemdbusly

plane extraction process). This enables signiflgant

reducing the number of necessary RANSAC iterations change color enabling the user to see if he orsshected

the main RANSAC loop, il compared to a standard the right plane (see Figure 1).

the implementation, Similarly, in the case of model plane selectiorstead of

implementation. In proposed
Distyiple=300mm.  }hax 2 to 288,000, which
corresponds to having a 90% chance of finding ansupporting that plane. Compared to the case ofptiet

acceptable triplet when 2% of the scanned points ar cloud, the planes are however not plotted when not

selected, because there are generally too manyesh t

is set selecting an actual plane, the user selects arct@bface

estimated to belong to such a triplet. Finallyh is set to

230 (only), which still corresponds to having a 96Bance  (many dozens), which would result in a great scgutter,

of finding a plane when one estimates that 1% ef th and they don’t bring much additional visual infotioa for



the selection (see Figure 1).

3. EXPERIMENTS

proposed herein. The data was obtained during the
construction of the concrete structure of the Eegiing V

building at the University of Waterloo (see

The proposed coarse registration approach has beeAcknowledgements). Registration performance was the

implemented in a software package. The central gfatie
GUI is composed of three 3D viewports. The top \dgew
shows the current registration state of the loageiht
cloud and 3D model. The bottom left viewport shaws
3D model only, and the bottom right the point clotilese
two bottom viewports are used to perform the siastof
planes (see Figure 1).

An additional feature of the proposed software pgeknot
discussed yet is the possibility to load a consioac
schedule along with the 3D model, i.e. a 4D moBeaked

on the date of acquisition of the laser scan tanla¢ched,

compared based on two criteria:

Registration Speed (Table: Iime to perform the coarse

registration.

Registration Accuracy (Table :2)Matching quality

achieved after a fine registration step is appliedthe
obtained coarse registration — the ICP-based #fgoras
presented in [2] is used. Quality is assessed Withthe
number of matched points (N. Matches); and (2) e
mean square error of the distances of the pointshad to
the 3D model (RMSE).

Table 1 shows that both users managed to perfoen th

only the corresponding time-stamped 3D model of therequested registrations faster with the proposeutomgh

project is used for the registration. This makesgélection
of model planes somewhat easier, because the raodel

point cloud data look more similar.

L

3
Figure 1: The three 3D widgets composing the GUIthod
proposed system. The lower two widgets show agfamatched

planes (purple) and a second pair of selected (yetiow).

Two persons with previous experience in model-scanthe problem of coarse

(with similar times for both) than with point-based
approaches. The difference is particularly largethwi
Realworks, but this is explained by the fact thdijle the
coarse registrations performed with Geomagic Studice
systematically done with 3 points only, those davith
Realworks were done with at least 5 points, thgglireng
more time.

Table 2 then shows that the registrations achieviddthe
proposed approach were most of the time (66% to)3#%
similar or better quality than those obtained with point-
based approaches. This appears especially clear aie
considers both RMSE and N. Matches (92%).

3. CONCLUSION
This paper presented a semi-automated plane-baseslec

registration approach with focus on model-scan smar
registration in the context of the AEC/FM industwhile

registration has been well

registration were then asked to perform 12 scaneihod investigated in the past, it has been shown that th
registrations with two commonly used software pgelsa AEC/FM context presents specific (1) constraintat th

(RealWorks by Trimble, and Geomagic Studio) andathe  make fully automated registration very complex aftgn



ill-posed, and (2) advantages that can be leveraged
develop simpler yet effective registration apprazch
Considering those, the system automatically extrpleanes
from the point cloud and 3D/4D model. The planes ar
then manually but easily selected and matched doyisler.
Experiments, comparing the proposed system to cartyno
used (but also general-purpose) registration softwa
packages demonstrate that at least as good reigistra
quality can be achieved by the proposed systeminoué
simply and faster. It is concluded that, in the AB@
context, the proposed system is a compelling atera to

standard point-based registration techniques.

User | Software Pre-processirjg Processing Total
1 Geomagic 10:51 10:51
Proposed 2:32 01:02 03:34
2 | RealWorks 33:29 33:29
Proposed 02:16 01:56 04:12
Tablel Mean Pre-processing, processing and tdtabest

(mm:ss). Pre-processing refers to the plane extrastage in the

proposed approach.

User RMSE N. Matches RMSE & N. Matchgs
Better Worse Better Worse| Better Worse
1 17% 8% 50% 17% 17% 8%
2 25% 17% 25% 33% 8% 8%
Table2 Comparison of registration qualitRMSE and N.

Matches). . Better, resp.Worse, gives the percentage of times
when a better, resp. worse, result was obtainewyubke proposed

approach compared to the point-based one.
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