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Abstract

The construction of numerical representation of 3D objeetsed on laser scan acquisition is composed by three stéps : t
range image acquisition, the registration and the integratExperiments show that registration plays a key roléhmfinal
representation precision. This article is a practical repantaining the description of a toolkit for registratiand for evaluation

of the registered mesh model according to geometrical goaldgical criteria. Examples of manipulation of the tool&kie
provided for synthetic and real objects.

1 INTRODUCTION of supported data exchange formats. This is particu-

The reconstruction of a complete model with a |asel[arly useful in the case of heterogeneous reconstruction
scanner consists in three basic steps : the acqui ipeline when the different reconstruction steps are per-

tion, the registration and the integration [Rus02, Pau0 ’rmed on different hardwares and thus necessitating

Ber02, Jae03, Dor98]. Data acquisition involves opUMerous data conversions. “EgSolutions” [EGSOL]
taining depth data of an object from multiple view- IS a software suite that provides both a stand alone soft-

points. During registration, transformations that re¥vare and an APl for model reconstruction and mesh

late the views are determined to bring the object r model evaluation.
gions shared between them into alignment. Integr

€ .

aA_II these softwares are not open source and no infor-
tion merges data from multiple views such that a singlg?at'on IS avallabI(fa (:]n the algorlthr_ns in l:]se _durlr;]g tne
surface representation is created in a unique coordineﬂ eren_t stages of the recon_stru_ctlo_n_. That is w y the
frame. evaluation of the reconstruction is difficult to achieve.
Several software packages to register and/orto integra@é“'r objective is to e!aborate aso ftware suite for the
range images are available. For example “Polygon Edigomplete reconstruction process in such a way that the

ing Tool” [POLYG] supports the entire reconstructionf'nal reconstruction precision is ur_1der c_ontrol. The
pipeline from the acquisition to the integration. Duringmaln purpose of the present article is to give a practical

the volume integration step, three modes are enabled@POrtand to enlighten the registration step with respect
smooth, precise or in-between. The smooth integratigd (€ rélated range image transformations and data in-
mode produces an even and regular object boundal actions. First a model package is proposed to handle
surface but fine shape features and details are lost. f gset ofdata_l structures and the upderlymg model oper-
the precise mode, surface features are preserved but fifons essential for both _the range image stc_)rage and the
resulting shape tends to invalid fragmentation. In ordef@t@ exchange flow during the reconstruction. Next, a
to determine the proper extent of smoothing one shouRRckage for the automated ICP (lterative Closest Point)
proceed to a great number of experimentations. Ud€distration is put forward. Finally, a mesh evaluation
fortunately, the conclusive representation quality is Oppackagg IS elaborate(_j in order to assess the quallty Pf
erator dependant. An other example of reconstructiotitl1e reg's_tefed range images. The presented toolkit is
software package is “VRMesh” [VRMESH]. The dis- the building block for a further reconstruction coverall.

tinctive characteristic of this software is the broad rangs, SOFTWARE TOOLKIT PRESENTA-
TION

: The developed software toolkit as illustrated in Fig.1
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is compound of three packages : the model package
c¢i contains the data structures and the basic function im-
plementation for mesh model manipulation, the regis-
tration package supports the range image registration

b and finally the evaluation package includes functions
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Figure 1: Package diagram
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Figure 2: Interaction Overview Diagram

for topological and geometrical mesh model evaluation.
The dashed line arrows in Fig.1 reflect the package de-
pendencies.

2.1 Modd Package

Two data structures have been implemented in order to
stock the data range images.

The first one, called “vef_model”, is composed by the
set of vertices, edges and faces. Each edge is de-
fined as a couple of its boundary vertices and each face
as a triplet of its boundary edges. This representa-
tion is an evaluated one as long as the object bound-
ary is explicitly defined. Moreover, topological char-
acteristics as mesh element neighbourhoods can be ex-
tracted in a constant time. The second data structure,
“hash_model” is inspired from [War0O4]. This data
structure is composed just by the set of vertices and
the set of faces. Each face is defined as a triplet of its
boundary vertices. In this data structure, the edges are
not explicitly stocked but can be recovered through a
hashtable processing. The “hash_model” is compact in
memory but is less efficient for algorithms exploiting
mesh traversal requests. Supporting the “vef _model”
and the “hash_model” data structures permits to opti-
mise algorithm performance according to both speed
and memory requirements.

Depending on the acquisition pipeline, at different stage
of the reconstruction, different data formats are manip-
ulated. In order to be compatible with most existing re-
construction software packages, converters to five stan-
dard formats are provided : OFF, PLY, PGN, VRML
and OBJ.

To achieve a reliable and efficient import and export of
the “vef_model” data structure, a file format called vef
is also developed.

In addition to the converter functions, complementary
functions are provided as the model transformation op-
erations and the model element manipulations. The
model package ensures the data interface for the reg-
istration and the mesh model evaluation.

2.2 Registration Package

According to our experience, the range image registra-
tion is a point at which the data reconstruction flow is
particularly prone to errors because of noise and mis-
calibration. Indeed, during acquisition distinct object
views (called also "scans") are saved into distinct range
images. In Fig.2, the interaction overview diagram in
the implemented pipeline is illustrated. Each solid line
arrow corresponds to a range image. Between the ac-
quisition and the registration arrows encode initial scan
data and between the registration and the evaluation,
arrows represent the registered range images. A 3D
scan matching is used in order to obtain an optimal
alignment. It comprises an identification of the scan
matching features [Jos02], a point-correspondences in



shared features, and an optimal alignment transform2:3 Evaluation Package
tion that put the scans into a shared coordinate framai;he libraries in the evaluation

In general, neighbouring scans are aligned in a pairwisge yeometrically and topologically the registered mesh

manner as illustrated in Fig.2. The most popular algos,je| - An overview of mesh evaluation criteria could
rithm of pairwise reg|strat|pn is the ICP [BesQZ, RusOlloe found in [Fre99]. The evaluation criteria we exploit
San04, Yan05]. The major drawback of this method, . commonly used in quality mesh evaluation.

is its restriction to sub-parts registration that makes it The first geometrical criterion is the valency of each

package permit to evalu-

man femur scan acquisition. To register this type 0Fency six, and boundary vertices of valency four, with

meshes, Turk [Tur94], and later Chetverikov [CheOZ]aS few as possible extraordinary vertices. Indeed, ex-

introduce the TriCP (Trimmed lterative Closest Point) o qinary vertices give rise to artifacts in the surface
s creases and ripples [Sab02]. An example of a syn-
Thetic object mesh model with extraordinary vertices
illustrated in Fig.4.

The TrICP method adjusts the ICP with only the point
included in the overlap. No geometric interpretatio
could be associated to the proposed overlapping rafe
calculation that makes it not intuitive and not easily
worked out.

Figure 3: Overlapping of two neighbour range images

In order to avoid this drawback we develop a TrICP ’ Ordinary v;nex ' | Extraordinary vertices
variant called AuTrICP (Automated Trimmed Iterativerigyre 4: Illustration of ordinary and extraordinary ver-
Closest Point) [Syn07]. Our method computes the ovefjeg
lapping rate using the intersection of geometric bound-
ing containers. Each container surrounds an overlap

ping feature. Different shaped bounding container ) S )
erent proportions. This induces singular mesh ele-

like AABB (Aligned Axis Bounding Box), OBB (Ori- o
ented Bounding Box) or BS (Bounding Sphere) [Ritgo’ments, corners and cusps. Thus a second criterion, the

K098, Sur99] are used to establish an optimal matcﬂSp_eC_t ratio allows to control_thetriangle size and shape
with the overlapping feature shape. The rate of thyariation. By analogy, the triangle areas and the mean

bounding container intersection defines the rate of thré_itlo medric [Mun04] provide an indicator for a harmo-

overlapping. The method is totally automatic and pro[]IOUSIy shaped mesh. Similarly the average and the

duces a well behavioured convergence of the registr%zandard. de_wat_lon of these criteria are evaluated to de-
tion. uce an indication of the homogeneity of the mesh.

_Further, as one can see also in Fig.4, the triangle
hapes could vary in local neighbourhoods and in dif-

1 imported from http://graphics.stanford.edu/data/3Dsep/



Two topological criteria are used to evaluate the mesh
models : the numbers of borders and the number of
connected components. Each border corresponds to
a hole in the surface and necessitates a careful post-
processing. In some case the surfaces are repaired and
the holes are blended as long as these borders are due to
artifacts. In other cases, each border defines the bound-
ary of a cavity traversing the object. The border is
preserved attending for the calculation of the surface
characteristics as genus, orientability and compactness.
In currently available softwares as Geomagic software
(provided by Minolta systems), hole filling and auto-
matic remeshing are operated to repair and to smooth
the final mesh model. This process affects the model as
a whole and introduces errors in the range image recon-
struction. Our aim is to provide tools to work locally ©
on chosen model parts in order to eliminate redundant
data and/or filling gaps being as faithful as possible to
the initial acquisition.

3 EXAMPLES

The acquisition and registration pipeline on examples L
of real and synthetic objects are illustrated. Two ex- (d) €
amples of acquisition, registration and evaluation of
real objects are supplied : a human skull and a human
sacrum.

An example of synthetic object, a Chinese dragon fig-
urine, is reported.

A simple OpenGil interface has been elaborated to visu-
alise the intermediate stages and the final result. 0
The first step of the pipeline is the laser scanner acquisi-

tion of the separate views. In Fig.5, the human skull ac-  Figure 5: Acquisition of different range images
quisition is illustrated. Each distinctimage corresponds
to a view of the object being rotated on different angles
along the scanner axis.

The second step is the pairwise registration betwee
neighbouring scans. We start with the import in the
model package of two neighbour scans. In Fig.6(a)
these scans correspond to two views of a human sacru
the initial position view and the sixty degree rotated
position view. Next a rough registration is performed
as shown in Fig.6(b). During this registration, the two
neighbouring scans are matched manually. Further thg) Importation of the two first  (b) Rough registration
AUTrICP is applied for a finer registration given in range images
Fig.6(c). The pairwise registration is iterated with the
produced mesh and the following neighbouring scan:

The final result is obtained when all the range image
are processed as shown in Fig.6(d).

The proposed pipeline processing on a synthetic ok
ject exampl@ is shown in Fig.7. The mesh model is
subdivided manually into two parts given in Fig.7(a)
and Fig.7(b). Then the initial rough registration is per-
formed as illustrated in Fig.7(c). The final registeredc) Regi_stration wiFh AuTrICP o_(d) Registration of all of the range
mesh model is shown in Fig.7(d) the two first range images images

(b)

Figure 6: Registration of range images
2 imported from http:/shapes.aim-at-shape.net/indgx.ph



"hash_model"| "vef_model"
NmbH 0.23s 0.07s
NmbCC 0.31s 0.02s

Table 2: Execution time for sacrum mesh model topo-
logical evaluation

(a) First part of the synthetib) Second part of the synthetic standard deviation of the vertex Va|enM(/a| andSty,
model model the triangle aspect ratidjrar and Strar, and the trian-

gle area,Mt;a and Strra. The Mean Ratio Metric is
denoted addrM, the number of holes afdmbH and

the number of connected componentsidnbCC

As it seen in Table 3, the vertex valency for all scans is
stable and tends to the regular vertex valency.

For a harmonious mesh, the triangle aspect ratig3s
Results show that the mesh models should be improved
with respect to this criterion. Furthermore, triangle area
variation is insignificant that means the triangle size is
almost constant. It could be concluded that the geome-
try mesh quality is satisfactory.

(c) Rough registration (d) AuTrICP registration

Figure 7: Registration on a synthetic model

4 RESULTSAND DISCUSSION

The toolkit package data flow is detailed below. First,

acquisition and individual scans are processed on aJn
AMD Athlon xp/ 2 GHz/ 1Go RAM and next exported

in an OBJ format. Our experimental acquisition plat-
form is a non-contact 3D digitizer VIVID 300/VI-300.

Further, mesh models are imported in the model pack
age and "hash_model"and "vef_model"are constructetd
The proposed software toolkit operates on an Intel Pen-
tium 4/ 3 GHz/ 1Go RAM. The execution times (in sec- Table 3: Sacrum mesh model geometrical evaluation
onds) for the sacrum mesh construction are provided
in Table 1. As one can see the construction of the

Mval | Stal | Mrar | Strar | Mrra | Strra | MIM
583 | 058 | 2.71 | 1.64 | 1.07 | 0.73 | 0.74
578 | 0.65| 3.15 | 239 | 1.34 | 1.14 | 0.70
583 | 057 | 2.67 | 152 | 1.07 | 0.79 | 0.74
584 | 054 | 248 | 1.15 | 0.88 | 0.52 | 0.77
5.83 | 0.57 | 3.07 2.4 1.08 | 0.95 | 0.72
582 | 057 | 3.25 2.6 1.27 | 1.01 | 0.69
583 | 058 | 286 | 199 | 1.10 | 0.87 | 0.73

N oW N

"vef_model" is more time consuming as long as the 1 S((:)an Nn;bH lebCC
complete geometry and topology information is saved 5 0 3 1
explicitly. This cost is justified with a low processing

i : 3 120 2 1
time for the query request operations, the border and

the connected component calculation, as illustrated in 4 180 ’ 1
Table 2. The VRML and PGN formats are useful when o 240 1 1
synthetic object models are imported in the pipeline in 6 300 1 1
order to be evaluated. The last VEF format is specific 7 | complete| 21 6

to the proposed toolkit. ) )
Table 4: Sacrum mesh model topological evaluation

hash_model’| "vef_model Following the Table 4, it could be seen that the im-
oBJ 0.18 63.41 plemented AuTrICP registration method does not dis-
VRML 0.26 64.27 tort the initial range image topology structure.
PGN 0.18 63.32
VEF 0.23 0.26

5 CONCLUSION AND PERSPECTIVE

The presented work is a paractical report that describes
a set of libraries for the range image reconstruction
The registered model evaluation for the sacrum exipeline, starting with the acquisition of different range
ample is given in Table 3 and Table 4. The first columimages, performing the registration of the complete set
of both figures gives the correspondence between dipf individual scans, and finally, evaluating the quality
ferent range images. of the reconstructed range image according to both ge-
The following notations are used for the average andmetrical and topological criteria. In addition, the soft-

Table 1: Execution time for sacrum mesh model con-
struction



ware toolkit provides various range data exchange for-  ings of the Third Intl. Conf. on 3D Digital Imaging
mats. This makes possible the support of heterogeneous and Modeling pages 145-152, 2001.

acquisition pipeline when different pipeline steps ar¢san04] R. San-Jose, A. Brun, and C.-F. Westin.
performed on separate hardware devices. Current re- Ropust generalized total least squares iterative
search is directed towards implementation of the global  ¢losest point registration. IiSeventh Interna-
relaxation during regiStration [PU|99] In this way we tional Conference on Medical |mage Comput_
hope to improve the robustness of the registration to  jng and Computer-Assisted Intervention (MIC-
data acquisition. The volume integration stepis alsoin-  cAl04), Lecture Notes in Computer Science,
vestigated so as to complete the reconstruction pipeline.  Rennes - Saint Malo, France, September 2004.

l\./loreove.r,_the qu%nuﬂcdanon of tr:je Obje%t. reccl)ns;rucf:LYanos] Ping Yan and Kevin W. Bowyer. A fast algo-
tion precision needs a deeper understanding. In the fu- .. ¢ icp-based 3d shape biometrics. A-

ture, we want to build and _maintair_1 the Iipraries with TOID '05: Proceedings of the Fourth IEEE Work-
the autotools and make available this toolkit as an open shop on Automatic Identification Advanced Tech-
source package. nologies pages 213-218, Washington, DC, USA,
REFERENCES 2005. IEEE Computer Society.

[Rus02] Szymon Rusinkiewicz, Olaf A. Hall-Holt, and [Tur94] Greg Turk and Marc Levoy. Zippered poly-
Marc Levoy. Real-time 3d model acquisition. In gon meshes from range images. SIGGRAPH
SIGGRAPH pages 438-446, 2002. 94: Proceedings of the 21st annual conference

’ . . . on Computer graphics and interactive technigues

[Pau05] M. Pauly, N. J. Mitra, J. Giesen, L. Guibas, N

and M. Gross. Example-based 3d scan comple- pages 311-318, New York, NY, USA, 1994. ACM

: ; _ Pross.
tion. In Eurographics Symposium on Geometry ress _ _
Processing2005. [Che02] D. Chetverikov, D. Svirko, D. Stepanov, and

- . P. Krsek. The trimmed iterative cl int al-
[Ber02] Fausto Bernardini and Holly E. Rushmeier. S€ et ed iterative closest point a

The 3d model acquisition pipeline. Comput. gorithm, 2002', )
Graph. Forum 21(2):149-172, 2002. [Syn07] Synave Rémi, Desbarats Pascal, and Gue-

[Ja€03] Tobias Jaeggli, Thomas P. Koninckx, and orguieva Stefka. Automated trimmed iterative

! L closest point algorithm. Lecture Notes in Com-
Luc Van Gool. Online 3d acquisition and model b 9

integration. InIEEE International Workshop on puter Suehce. Sprlnger,. I_SVC’ 2007'_
Projector-Camera Systems - ICCV,@D03. [Rit90] Jack Ritter. An efficient bounding sphere.

[Dor98] Chitra Dorai, Gang Wang, Anil K. Jain, and pages 301-303, 1,990' .
Carolyn R. Mercer. Registration and integration<1098] J. T. Klosowski, M. Held, J. S. B. Mitchell,
of multiple object views for 3d model construc- H. Sowizral, and K. Zikan. Efficient collision de-

tion. IEEE Trans. Pattern Anal. Mach. Intell. tection using bounding volume hierarchieslef
20(1):83-89, 1998. DOPs. IEEE Transactions on Visualization and
[POLYG] Konica Minolta 3D. Computer Graphics4(1):21-36, /1998.
http:/Amww.konicaminolta-3d.com/index.php? ~ [Sur99] Subhash Suri, Philip M. Hubbard, and John F.
id=8. Hughes. Analyzing bounding boxes for object in-
[VRMESH] VirtualGrid Company,. tersection. ACM Trans. Graph.18(3):257-277,
http://www.vrmesh.com/. 1999.

. [Fre99] J.P. Frey and H. Borouchaki. Surface mesh
[EGSOL] Enhanced Geometry Solutions. quality evaluation.International Journal for Nu-

http://www.egsolutions.com/Imlib_en.htm. merical Methods in Engineering45:101-118,
[War04] Joe Warren and Scott Schaefer. A factored 1g9gg.

éppr(:]z_ich to glﬁ)d'\(_'sﬁn sgzrjla;dEEE;io?O%Lger [Sab02] Malcolm Sabin and Loic Barthe. Artifacts in
raphics and Applications24(3):74-81, ) recursive subdivision surfaces. Qurve and sur-

[Jos02] Thimothée JostFast geometric matching for face fitting : Saint-Malo 2002ages 1-3, 2002.

shape registration PhD thesis, Université de [Mun04] Todd Munson. Mesh shape-quality optimiza-

neufchatel, 2002. tion using the inverse mean-ratio metric. Tech-
[Bes92] P.J. Besl and N.D. McKay. A method for nical report, Mathematics and Computer Science

registration of 3-d shapes.IEEE Transactions Division, Argonne National Laboratory, 2004.

on Pattern Analysis and Machine Intelligence [Pul99] Kari Pulli. Multiview registration for large

14(2):239-256,1992. data sets3dim, 00:0160, 1999.
[Rus01] Szymon Rusinkiewicz and Marc Levoy. Ef-

ficient variants of the ICP algorithm. Rroceed-



