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Abstract

The complexity of a polygonal mesh model is usually redugeapplying a simplification method, resulting in a
similar mesh having less vertices and faces. Although aksach methods have been developed, itis not yet clear
how the choice of a given method, and the level of simpliinatichieved, influence the quality of the resulting
mesh, as perceived by the final users. Following on work edraut by the authors, but only for mesh models of
the lungs BSSMFO5SSFMO035, a comparison among the results of three mesh simplifioati@thods, for a few
generic models and two simplification levels, was perfortiedugh a controlled experiment involving 65 ob-
servers. The goal was to ascertain whether the main findir@squsly obtained for lung models, through a study
with 32 subjects, could be generalized to other types of fa@ie confirmed for a larger number of observers.
This was verified through the analysis of the data collectethfthe experiment, which shows that, regarding
perceived quality, users are indeed sensitive to the mesgbliication method used and that this sensitivity varies
with the simplification level.

Categories and Subject Descriptgiscording to ACM CCS) 1.3.3 [Computer Graphics]: Object Modeling; Visu-
alization

1. Introduction should be taken into account when choosing a particular pro-
cessing method, i.e., not just for mesh simplification.

Polygonal meshes are widely used for modeling differ-
ent kinds IC\’/]; ‘:}.’J?CS agg stéuclzturelsdn many agg'gg“on ar tion methods, for two simplification levels, by investigat-
eas (e.g., Medicine]5GO03, Cultural Heritage G 3, ing the characteristics of simplified meshes of the lungs re-

etc.). Slometlmes, due }otllnsufflmednt mg:motry OL%rOC(?S%TE garding their original reference models with two different
power, low Screen resolution or reduced network banawi approaches: i) developing a within subjects experimental

(e.g., in a mobile device), the nymber.of fla.ces. defining a methodology (i.e., each subject performed under each dif-
mesh.has.to belre.duced by applying a simplification method, ferent condition) to assess model quality as perceived by
resulting in a S|r_n|Ia_r and more _man_age_able, less complex users, performing an observer study involving 32 subjects,
model and gllovylpg Interactive visualization. Althoughvse 5 ¢jassified simplified models by assigning preferences
eral such S|mpI|f|cat|9n methods have been deyeloped and and ratings, and analysing the collected dS@$MFO ii)

are reported in the Iltergture (see the surveyLlne[_OJ]), computing quality indices to describe the geometric distan
they have been the subject of only a few evaluation stud- between a simplified mesh and its original, as well as to com-

'e.s NVFMgll dand d'th's ant lyeft ?lealrf.how the ﬁ.ho'cg gfﬂa pare the respective sets of normal vectors, and analysing th
given method, and the level of simplification achieved, influ resulting data, as well as comparing this data with the find-

ence the quality of the resulting mesh, as perceived by the fi- .

. ) T . ings of the observer studpBFMO03.
nal users. Clearly, for interactive applications, the paed 9 BE 3
quality of any mesh model is of paramount importance and  As a result of the data analysis carried out, we were able

We have previously evaluated three mesh simplifica-
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Figure 2: First phase (on the left): the original model (upper left)datiree simplified versions are presented and preferences
are asked. Second phase (on the right): the original moeé) ind one simplified version are presented and a ratinglked.

to draw some conclusions, for the particular lung models and had been obtained for lung models. Finally, we present some
simplification methods used, in particular: two distincttme general conclusions and ideas for future work.

ods were identified as providing a better perceived model

quality for _ea_ch one o_f th_e s?mplification leveB$SMFO5, _ 2. Observer Study

and two distinct quality indices seemed to behave as esti-

mators of the users preferences (i.e., of the model quality The observer study — whose main features, as well as the

perceived by them), again for each one of the simplification €xperiment, are presented in what follows — was set up
levels [SSFMO03. and carried out exactly as it had been done before for the

study using lung models: se8$SMFO5for a thorough de-
To ascertain whether the findings of that controlled ex- Scription of the objectives, context, framework, experntaé
periment do generalize to other model types, and are indeed Methodology and data analysis of that former study.

confirmed for more observers, thus becoming useful guide-  Note that the former observer study was a suitable testbed
lines for practitioners, a second similar study — now using - to confirm that the developed experimental design and proto-
a different set of five mesh models as references and having co| allowed perceived quality evaluation, as well as tokesta
the help of 65 observers — was performed and is reported |ish the methods for the statistical analysis of the coliect
here. In order to compare outcomes, test models were gener-gata.
ated using the same methods and simplification levels as be-
fore, and the same experimental methodology was followed. )
2.1. Main features

In the following sections, we detail the main aspects of We intended to compare three mesh simplification methods
the observer study carried out and the most important esult — the widely usedQSIlim[GH97] and two other methods
from the analysis of the collected data. Afterwards, a com- provided by theOpenMesiBSBKO0Z library (one using er-
parison is made between those findings and the ones thatror quadrics, the other additionally using a normal flipping
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First Phase

Second Phase

Preferences (first, second, third)

Ratings given to each model

Order of presentation of the test data sets

Order of presentation of the simplified versions of the medel

Number of interactions with each test data $et

Number of interactions with each simplified model

Time taken to order each data set

Time taken to rate each simplified model

Table 1: Type of data collected on both experiment phases.

criterion) — regarding théperceived quality” of the result-
ing meshes, for a set of five reference models of different
kinds (see Figl), and for two simplification levels: severe

(to 20% of the original number of mesh faces) and average

(to 50%).

Model sets were built from the set of five reference mod-
els: for each model and for each simplification level (20%

2.2. The experiment

A within subjects experimental design was used, i.e., each
observer performed under each different condition. Due to
the possible influence of learning effects, nervous belavio

in the first task or fatigue in the last, all test sets were pre-
sented randomly to each observer and, for each observer, the
order of presentation of the models, within each set, was ran

and 50%) three simplified models were created using the domly chosen.

three simplification methods. This resulted in a total of 10

For each observer, the experiment was divided into two

test sets, each composed by the original and the three sim-phases (see F):

plified models (five sets for each simplification level).

Note that the five models chosen are different from each

In the first phase — preference task —, an observer was
sequentially presented with each one of the 10 test sets and

other and have different numbers of vertices and faces. The asked to assign a first, second and third place to each of the

lung model used was taken from the model set of the previ-
ous observer study, in order to verify if the results obtdine
for it were similar in both experiments.

Starting from the hypothesis that distinct mesh simplifica-
tion methods have different effects on the model quality per
ceived by human observers, possibly varying with the sim-
plification level and other factors, we assessed that bygski
for the observers’ preferences and ratings, which are widel

used to obtain relative judgements from observers and are

probably the most adequate indices of fidellyfMO01].

With preferences, each observer assigned to the three sim-

plified models in a test set an ordering according to their per
ceived quality, regarding the original reference modelthWi

ratings, each observer classified each simplified model re-

garding the reference model, according to its perceivel qua
ity. For each of these tasks, the time taken to reach a dacisio

and the number of interactions (performed on each model
before deciding) were also recorded, since they seemed to
be related to the degree of difficulty observers encounter in

performing the preference and rating tasks.

To allow an easy implementation of the experimental

protocol, as well as an easy storage and management of

simplified models, according to their perceived quality re-
garding the original.

In the second phase — rating task —, an observer was
sequentially presented with an original model and one of its
simplified versions, taken from one of the test sets, anddaske
to rate the simplified model using a five level Likert scale
[Bar03 from 1 (very bad) to 5 (very good), once again based
on its perceived quality.

Sixty-five engineering students and lecturers, aged be-
tween 18 and 55 years (the majority, 45 subjects, was be-
tween 18 and 25 years), participated in the experiment (57
men and 8 women). Forty-one subjects declared to have ex-
perience in viewing/manipulating 3D models. For each ob-
server, the collected data for each experiment phaseesl list
on Tablel. Since the gender, age or experience with 3D ob-
ject manipulation of an observer might influence the results
this information was used to characterize the profile of each
observer.

3. Results

In this section the main results obtained from the analyfsis o
the data collected from the observer study are presented.

the collected data, the same software application that had First, an Exploratory Data Analysis (EDAHMT83] was
been developed for the former lung models study was used performed on the collected data, which provided general

[SSSMFO% Note that, with this application, observers were

freely allowed to interact with a model, by changing its po-

sition, orientation and scaling factor, and choose the view

points they wished to analyse a model from, which is a more
realistic and less limitative setting than the one used b Wa

son et al. in a similar studwyFMO01].

(© The Eurographics Association 2006.

information on the structural relations, showing the ampli
tudes, asymmetries, localizations, outliers, etc. As e ¢
lected data concerning preferences and ratings are ordinal
decision times are quantitative and the number of interac-
tions is measured in a quantitative but discrete scale, we
have used different methods adequate for each type of data
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Figure 3: Preferences: box-plots corresponding to the decisiondifheft) and number of interactions (right) for all models,
after removing severe outliers and categorized by simatific level (20% and 50%).
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Figure 4: Decision times (left) and number of interactions (right)eafinction of model and level of simplification.
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Figure 5: Decision times (left) and number of interactions (rightjeggorized by familiarity (experience in viewing and manip-

ulating 3D models).

1S place | 2" place | 39 place 1S place | 2" place | 39 place
OSlim_20% 144 123 58 OSIim_50% 103 162 60
OMeq_20% 85 132 108 OMeq_50% 80 98 147
OMeqnf_20% 97 91 137 OMeqnf_50% 166 90 69

Table 2: Contingency table corresponding to preferences for thediwmplification levels: 20% and 50%.

(© The Eurographics Association 2006.
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Figure 6: Preferences corresponding to the two simplification lev&08s (left) and 50% (right).

[Alt99]. All the presented results were obtained usingS
TISTICA [Sta0§.

3.1. First Phase: Preferences

The first variables analysed were the decision time and
the number of interactions. After a preliminary Explorgtor
Data Analysis (EDA) using box-plots, we decided to remove
all severe outliers and maintain the moderate ones. Figure
shows, on the left, the box-plots corresponding to decision
times and, on the right, the box-plots corresponding to the
number of interactions, both categorized by the simplifica-
tion level (20% and 50%).

Concerning decision times, a two-way ANOVA (figute
on the left) rejected the equality hypothesis in relation to
the factor model (F(4,119)=14.9, p=0.00), and between the
model and the simplification level (F(4,476)=4.22, p=0)002
As to the number of interactions, using again a two-way
ANOVA (figure 4, on the right), we reached the same conclu-
sion, based on the following values, F(4,116)=12.2, p=0.00
for the factor model and F(4,464)=3.30, p=0.01 for the inter
action between the model and the simplification level.

Finally, and in order to investigate other possible influ-
ences on these variables, due for instance to any profile char
acteristics of the users, we studied decision times and num-
ber of interactions categorized by gender and familiarity i
viewing/manipulating 3D models. Regarding the gender it
was possible to verify that men were faster than women for
a simplification level of 20%. In the box-plots of figuse
we can observe (on the left) a smaller variability in decisio
times for users with 3D familiarity. On the right it is posigib
the verify that users with 3D familiarity in general inteted
more with the models.

and 50% on the right). The bar-chart on the left seems to re-
veal a tendency of the observers to prefer the simplified ver-
sions usingQSlim (larger number of first places), then the
versions simplified usin@penMestand, in third place, the
versions simplified usin@®@penMeshwith normal flipping.
The bar-chart on the right of figur@ seems to reveal that
the observers prefer the simplified versions usipgnMesh
with normal flipping, followed byQSlimandOpenMesh

In order to confirm the statistical significance of the
above-mentioned tendency, contingency tables were used
and independency hypothesis were tested. The indepen-
dency between the simplification method and the observers’
preference was rejected for both simplification levelshwit
X% =57,57>> 9,49 (x2(4d.f..a = 0.05)) for 20% andk? =
11054>> 9,49 (x2(4d.f.;a:0.05)) for 50%. These results
suggest that observers are indeed responsive to the simplifi
cation method used, although they react in a different way
according to the simplification level; for 20@Slimobtains
the best results, while for 50% it SpenMestwith normal
flipping that obtains most of the first places.

The results obtained by the contingency tables can be vi-
sualized using a Correspondence Analy3ahPg. Figure7
shows the factorial planes corresponding to the contingenc
tables for both simplification levels. In these projectioves
can observe that, for the simplification level of 20% each
simplification method is clearly associated to a type of-pref
erence (first place foQSlim second place foOpenMesh
and third place foOpenMeshwith normal flipping). A dif-
ferent and even stronger association appears for the §impli
cation level of 50%0OpenMestwith normal flipping is asso-
ciated with the first placeQSlimwith the second an@pen-
Meshwith the third place.

To conclude the analysis of the data collected in the

Concerning the preferences, as a first step, we producedfirst phase of the experiment, we used Cluster Analysis

bar charts showing the number of first, second and third
places obtained by each simplification method for the two
simplification levels, as shown in figu@(20% on the left

(© The Eurographics Association 2006.

[Joh9§, another Multivariate Analysis. This technique al-
lowed studying the similarity between simplification meth-
ods, in the scope of observers’ preferences. Figu(en
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Figure 8: Dendogram and box-plots for the preferences obtained viigiraplification methods at the two simplification levels.

the left) shows the dendogram using Complete Linkage as (20% and 50%); on the right we have the box-plots corre-
proximity measure; reading the diagram from the lower dis- sponding to the number of interactions.

tance values (bottom-up), we observe that preferences are
first associated by simplification meth@@penMestis asso-
ciated toQSlimand OpenMestwith normal flipping is far-

ther away. On the right side of figuBawe have the box-plots
corresponding to the preferences for the three simplificati
methods at the two simplification levels; notice the improve
ment in the obtained results penMestwith normal flip-

ping from 20% to 50%, and the opposite effect dpen-
Mesh This confirms the results previously obtained using
Correspondence Analysis.

Concerning ratings, as a first step, we produced bar charts
showing the number of marks (1 — very bad, to 5 — very
good) obtained by each simplification method for the two
simplification levels as shown in figud® (20% on the left
and 50% on the right). The bar-chart on the left seems to
reveal a tendency of the observers to rate poorly all the sim-
plification methods, specially the simplified versions gsin
OpenMeshwith normal flipping (larger number of ones),
then the versions simplified usir@penMeshand QSlim It
must be noted that almost nobody rated above 4, and even
for this mark the number of observations is very low. On the
other hand, there is a visible increase on the rating, wheen th
In this second phase, decision times and the number of in- level of simplification decreases (50% simplification Igvel
teractions were also the first variables analysed. As in the The bar-chart on the right shows a majority of marks ranging

3.2. Second Phase: Ratings

previous phase, after a preliminary EDA using box-plots, al

from 3 to 5. All the three methods seem equally well rated,

severe outliers were removed and the moderate ones wereperhaps with a slight advantage (larger number of fives) of

kept. Figured shows, on the left, the box-plots correspond-
ing to decision times categorized by the simplification leve

the OpenMestwith normal flipping, which was considered
the worst on the 20% simplification level. This result is con-

(© The Eurographics Association 2006.
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removing severe outliers and categorized by simplificagorl (20% and 50%).
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Figure 10: Ratings corresponding to level of simplification: 20% (leftd 50% (right).

1] 2 3] 4[5 1] 2] 3] 4 |5
QSlim_20% | 36 | 154 | 106 | 16 | 3 QSlim 50% | 0| 17| 77 | 155 76
OMeq_20% | 61| 148 | 99 | 17 | 0 OMeq_50% | 5 | 38 | 123 | 114 | 45
OMeqnf 20% | 82 | 144 | 83 | 15| 1 OMeqnf 50% | 2 | 19 | 74 | 134 | 96

Table 3: Contingency table corresponding to the ratings for the timapdification levels: 20% and 50%.
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Figure 11: Correspondence Analysis (where simplification methodsnai@wvs and ratings are in columns) for the two simpli-
fication levels: 20% and 50%, and dendogram.

(© The Eurographics Association 2006.



S. Silva, C.

Chleg_20%

anfl

2
Oltegnt_20%
o

Q8lim_20%
T ]

Dimensian 2; Eigenvalue: 01895 (9 252% of Inertia)
Dimension 2; Eigenwalue: 00017 (1550% of Inertia)

o Row.Coods

iy o Col.Coords

0.4 02 0.0 0.2 04 0e bE:]

Dimension 1; Eigenvalus: 18588 (90.74% of Inartia)

Ferreira, J. Madeira, B. Sousa Santos / Perce@ueality of Simplified Polygonal Meshes

0.03

aw

0.02
OMe%ED%

0.0

0.00 OMEI]!ngE.U%

ok

1
o
OSHmeD%

¢ Row.Coords

02
-06 -05 -04 03 -02 -01 00 01 02 03 04 05 06 Col.Coords

Dimension 1; Eigenvalue: 10642 (99 .85% of Inertia)

Figure 12: Cluster Analysis for the first phase of our previous studiyygiking models, presented iSESMF0p

sistent with the one previously obtained from the prefer-
ences.

As in the first phase, in order to confirm the statistical sig-
nificance of the above-mentioned tendency, contingency ta-
bles were used (tabl® and independency hypothesis were
tested. The independency between the simplification method
and the observers’ ratings was rejected for the 20% simplifi-
cation level, withx?=24,57>15,5 2(8d.f.,0=0.05), as well
as for 50%x? = 101354 >> 31,41 (x*(20d.f.n=0.05) for
50%. These results suggest that, for this task as for the pref
erences task, observers are responsive to both simplificati
method and simplification level.

The visualization of the contingency tables using a Corre-
spondence Analysis (figudel on the left) shows that for the
simplification level of 50% all methods obtain similar rat-
ings and higher than the obtained for the simplificationlleve
of 20%. On the other hand, the dendogram (figlt®n the
right) shows that observers’ ratings are first associated by
simplification level not simplification method as the prefer
ences (figurd®). Moreover, whileQSlimis associated first to
OpenMeshwith normal flipping and then t®@penMesHor
20% a different association appears for a simplificatioellev
of 50%.

4. Results Comparison

A brief comparison between the results obtained in our pre-
vious study BESSMFO0% using lung models and the results
presented above is done in what follows.

4.1. First Phase - Preferences

Comparing figure with figure 12, showing the Correspon-
dence Analysis for the first phase of both studies, we verify
that, for each simplification level, the associations betwe
method and place are the same. However, while in figure
we notice a stronger association for the 50% simplification
level, in figurel2it is the simplification level of 20% which
exhibits a stronger association.

Linkage Distance

Oldeq_50% OSim_S0%
Otleq_20% QSim_20%

OMeqni_S0%
OMeqni_20%

Figure 13: Dendogram for the first phase of our previous
study presented irdSSMFOb

Comparing figure8 with figure 13, showing the Den-
dograms for the first phase of both studies, they present
the same kind of behavior, i.e., preferences are first associ
ated by simplification method, th&pSlimis associated with
OpenMesland finally withOpenMestwith normal flipping.

4.2. Second Phase - Ratings

Comparing the Correspondence Analysis on the left side of
figuresllandl4itis possible to verify tha©penMestwith
normal flipping for a simplification level of 20% is associ-
ated with the lowest rate ar@SlimandOpenMeshwith nor-

mal flipping for a simplification level of 50% are associated
with the higher rates. The association for the other methods
and simplification levels is not so clear in figuté as in
figure 14 with the methodOpenMeshfor the simplification
level of 50% close to a rate of 3.

Comparing the Dendograms on the right side of figurkes
and 14, both show that observer ratings are first associated
by simplification level. Only a slight difference can be ribte
figure 14 shows a first association QfSlimwith OpenMesh
for the 20% simplification level, while figurk4 shows a first
association betwee@penMestandOpenMesiwith normal
flipping, for this same level of simplification.

(© The Eurographics Association 2006.
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5. Conclusions and Future Work Results concerning ratings seem to imply that observers’
performance, in this type of task, is more influenced by the
simplification level than by the simplification method, as it
seemed to happen for the preferences task. This brings out
the issue of the difference between those tasks: in fact, we
expected that preferences might express a relative measure
of perceived quality of the simplified versions of the mod-
els, whereas ratings would produce an absolute measure.
Thus, results concerning the former task should help to dis-
criminate between methods (which would be more important
in situations of lack of information), while results conger

ing the latter would express thHntrinsic value” of each
method.

In this paper we describe an experiment with 65 human ob-
servers, performed in order to compare different mesh sim-
plification methods at different simplification levels. We i
tended to study if any of the methods allowed a better per-
ceived quality for the same simplification level and if the re
sults obtained in a previous studg$SMF0%could be gen-
eralized. With this purpose, an experiment with five differ-
ent models simplified using three simplification methods and
two levels of simplification was performed. A within sub-
jects design was used and all participants could interatt wi
each model at all experimental conditions, although in a dif
ferent order. Observers’ preferences, ratings, decisioast
and number of interactions were collected. A closer look on the results for each model (not presented

Results obtained from the analysis of the collected data Nere due to space limitations) reveals that the head model
suggest that the simplification level has in fact an influence ©OPtained, in general, results which contradict the tenigsnc
on the observers’ decision times, as we expected from the of the remaining models. For example, the decision times
onset of the experiment. Observers seem to make faster de-and number of interactions were larger for the simplifigatio
cisions at the higher simplification level (20%), which rrigh level of 20% and smaller for the simplification level of 50%.
be related to the fact that they have less information onkwhic  ThiS is an interesting result which requires further anialys
to base their decisions and be a phenomenon similar to the IS this related with the way the human brain processes infor-

distillation effect mentioned by Watson et alVFMO1]. mation regarding face€jre99 or is it a consequence of the

) ) ) curvature properties of the model?
Results concerning preferences, consistently confirmed

applying different statistical methods, suggest that pkss The results obtained in this experiment confirm those pre-
are indeed responsive to the simplification method used, al- sented in $SSMFO0$(using only lung models), i.e., the sim-
though they react in a different way according to the sim- plification methods obtained similar preferences and gatin
plification level: for 20%QSlim obtains most of the first  in both experiments, for each used simplification level. The
places, while for 50% it i©OpenMestwith normal flipping different nature of the models did not seem to affect the re-
that obtains the best results. This might be due to the fact sults in a significant way as it is suggested in the study by
that, as we pointed out in the other observer study, the nor- Watson et al. (WFMO1].
mal flipping method represents areas of greater detail using
more triangles than the other methods (i.e., preserving the
Egtrt?):‘).fa\ggserzea mov?lﬁL'Z r;ﬁ:eﬁ? nte_d by asrgssonﬁble r'um'verify if the results for this model are similar in both steslj

: g, wit plification t.o 6), there are or if context influenced them.
still enough faces available that are assigned to mesh areas
with less detail, but when a severe simplification is needed  We intend to use the data collected in both observer stud-
(e.g.,with a simplification to 20%), the number of faces as- ies to perform an analysis using a wider range of automatic
signed to less detail areas is small, entailing a worsetresul measures (e.g., curvature, saliency, etc.) than that nsmd i
than with the other methods. previous study (geometric and normal deviaticdd@FMO03,

The lung model used in this experiment was taken from
the model set of the previous study. This will allow us to

(© The Eurographics Association 2006.
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in order to continue looking for metrics that can be used [JSGO03] AcCKoOwsKl M., SATTER M., GOSHTASBY A.:
as estimators of user perceived quality. To do this we de-  Approximating digital 3d shapes by rational gaussian sur-

veloped a tool, called PolyMeC&MS0] which provides faces.|IEEE Transactions on Visualization and Computer
an integrated environment where polygonal meshes can be Graphics 9 1 (2003), pp. 56—69.
analysed and compared using several metrics. [LueO1] LUEBKE D.: A developer's survey of polygonal

These first observer studies dealt with the perceived global ~ simplification algorithmsIEEE Computer Graphics and
quality of polygonal models, after simplification. It is now Applications 213 (2001), pp. 24-35.
important, using the knowledge and experience obtained, to [SMS05] SLva S., MADEIRA J., SANTOS B. S.: Poly-
step into studies which deal both with the perceived local ~ meco - a polygonal mesh comparison tool. Aroc. 9th
quality of mesh models, as well as evaluate models resulting  |nternational Conference on Information Visualization
from other usual mesh processing operations (e.g., smooth-  |yo5 |EEE Computer Science Socigtyondon, 2005),
ing). pp. 842-847.

Based on further results we expect to produce some guide- [SSFM05] S\NTOs B. S., SLVvA S., FERREIRA C.,
lines to help practitioners choose among mesh processing MADEIRA J.: Comparison of methods for the simplifi-
methods, as well as to explore automatic measures that can cation of mesh models of the lungs using quality indices
be used to estimate perceived quality in specific conditions and an observer study. Rroc. 2nd International Confer-
ence on Medical Information Visualization - BioMedical
Visualization - (MediViz 2005), IEEE Computer Science
Society(London, 2005), pp. 15-21.

[SSSMF05] $LvA S.,S. 3NTOSB., MADEIRA J., FER-
REIRA C.: Comparing three methods for simplifying
mesh models of the lungs: an observer test to assess per-
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