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ABSTRACT

The complexity of a polygonal mesh is usually reduced by appling a simpli cation method, resulting in a similar
mesh having less vertices and faces. Although several suchethods have been developed, only a few observer
studies are reported comparing the perceived quality of thesimpli ed meshes, and it is not yet clear how the
choice of a given method, and the level of simpli cation achéved, in uence the quality of the resulting mesh, as
perceived by the nal users. Similar issues occur regardingther mesh processing methods such as smoothing.
Mesh quality indices are the obvious less costly alternatie to user studies, but it is also not clear how they relate
to perceived quality, and which indices best describe the s behavior.

This paper describes on going work concerning the evaluatio of perceived quality of polygonal meshes using
observer studies, while looking for a quality index which emates user performance. In particular, given some
results obtained in previous studies, a new experimental ptocol was designed and a study involving 55 users
was carried out, which allowed their validation, as well as @irther insight regarding mesh quality, as perceived
by human observers.
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1. INTRODUCTION

Given the wide range of application scenarios, several metids for building and processing polygonal meshes
have been proposed in the literature. Thus, for any particubr purpose the wide variety of methods leads to a
problem: how do we choose the best method for a particular aggcation?

A common operation applied to meshes is simpli cation. Depading on the application, several criteria can
be used to choose the method to be applied, for instance, expied execution time or a set of automatic measures
(e.g., as described in Cignoni et al and Silva et al?). But, even though such metrics provide feedback on the
quality of the simpli ed meshes, giving some information about di erences towards the original, it is not yet
clear how they relate with mesh quality as perceived by userswhich is an important issue given the fact that
these meshes are, in general, to be rendered. In the past, senauthors have tried to evaluate the quality of
simpli ed meshes using observer studies* and to correlate the results obtained with those provided by some
metrics or quality indices.

Recently, we have used observer studies to obtain informatin about the perceived quality of polygonal
meshes>»® The acquired data was then used to evaluate several qualitynidices’-® as estimators of user perfor-
mance. A new perceived quality index® Mixed Measure was proposed which combines geometric and normal
deviations using a blending factor based on the simpli caton ratio. Although good results were obtained for the
tested simpli cation levels (20% and 50% of the original nunber of faces), it is still a simple approach, and it is
necessary to ascertain its applicability in a wider range ofsituations.

This can be done in two main steps: 1) carry out a new observertsdy for perceived quality evaluation of
polygonal meshes modi ed using a wider range of simpli caton levels; 2) compare the data thus acquired and
the results computed with automatic quality indices, in particular the Mixed Measure

The knowledge acquired should then allow answering the faliwing questions:
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Is the new quality index (Mixed Measure) an appropriate estimator of perceived quality for any mesh
simpli cation level?

If it is not, can the blending factor be adjusted or more information (e.g., from another quality index) must
come into play (blended)?

How does this index behave for other mesh processing methods.g., smoothing or di erent simpli cation
methods)?

In this paper we present the results obtained (for the rst step above) using a new experimental protocol for
evaluating global mesh quality, as perceived by human obseers, for a set of models created from ve original
polygonal mesh models which were simpli ed using six simplcation levels and four di erent simpli cation
methods. We start with a brief overview of our previous work Pllowed by a description of the experimental
protocol used. Then, we present the main results, draw someoniclusions and trace the routes for future work.

2. PREVIOUS WORK

In what follows a brief account of previous work carried out by the authors is provided, which is considered
relevant for the subject matter of this paper.

2.1 Perceived Quality Evaluation

The global quality of simpli ed polygonal mesh models was peviously evaluated using observer studies. In a rst
experiment® the perceived quality of a set of polygonal models of the lung, simpli ed using three simpli cation
methods (QSIlim® and two other methods provided by the OpenMeshlibrary 1°), was evaluated by 32 observers.
On a second experiment, the previously obtained results were validated for a di erent set of polygonal models
and for a wider range of observers (65 observers). These twdserver studies were performed using the same
experimental protocol, which is brie y described next.

Model sets were built from a set of original reference modelsfor each model and for each simpli cation level
(20% and 50%) three simpli ed mesh models were created usintipe three simpli cation methods. This resulted
in several test sets, each composed by the original and thregmpli ed models.

We assessed the hypothesis that distinct mesh simpli catio methods have di erent e ects on the model
quality perceived by human observers, possibly varying wih the simpli cation level and other factors, by asking
for the observers' preferences and ratings, which are widglused to obtain relative judgments from observers
and are probably the most adequate indices of delity?

With preferences (see Figure 1, left), each observer assigd an ordering to the three simpli ed models in a
test set according to their perceived quality, regarding the original reference model. With ratings (see Figure 1,
right), each observer classi ed each simpli ed model regading the reference model, according to its perceived
quality. For each task, the time taken to reach a decision andthe number of interactions (performed on each
model before deciding) were also recorded, since they seetn® be related to the degree of di culty observers
encounter in performing the preference and rating tasks.

To allow an easy implementation of the experimental protocd, as well as easy storage and management of
the collected data, a software application was developed. bte that observers were freely allowed to interact
with a model, by changing its position, orientation and scaing factor, and choose the viewpoints they wished to
analyze a model from, which is a more realistic and less redtting setting than the one used by Watson et al.
in a similar study.*

A within subjects experimental design was used, i.e., eachlmserver performed under each di erent condition.
Due to the possible in uence of learning e ects, nervous behvior in the rst task or fatigue in the last, all test
sets were presented randomly to each observer and, for eaclserver, the order of presentation of the models,
within each set, was also randomly chosen.

Information ranking the three simpli cation methods used resulted from these experiments. For moderate
simpli cations (50%) the method provided by the OpenMeshlibrary, which uses a simpli cation criterion based
on the maximum allowed normal ipping, obtained the best performance; while for severe simpli cations (20%)
QSIlim obtained the best results.
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Figure 1. Preferences phase (on the left): the original model (upper left) and three simpli ed versions are presented an d a
preference ordering asked. Ratings phase (on the right): the original model (left) and one simpli ed version are presented
and a rating asked.

2.2 Estimators of User Perceived Quality

After analyzing the data obtained in the rst observer study ,> and comparing them with those obtained using
automatic quality indices,” it seemed that, at least for that particular model set, two of the tested metrics
behaved as good estimators of perceived quality: the Geomet Deviation for severe simpli cations (20%) and
Normal Deviation for moderate simpli cations (50%).

Using the data obtained in a second observer studythe same trends where observed, i.e., Geometric Deviation
seemed a good estimator of user perceived quality for sevesempli cations, and Normal Deviation for moderate
simpli cations. A simple approach to a new quality index, named Mixed Measurg was thus devisedf which
combines both Geometric and Normal Deviations using a blenthg factor based on the simpli cation ratio of the
model: C(vi) =(1:0 )G(vi)+ N (vi), where G(v;) and N (v;) denote the Geometric and Normal Deviations
for vertex vi and = m=M, where m is the number of vertices of the simpli ed mesh andM the number of
vertices of the original mesh.

For these particular circumstances, this new quality indexwas a good estimator of user perceived quality for
both simpli cation levels, but some questions arise: how sbuld it behave for di erent simpli cation methods
and levels; should other quality measures be blended to immve the results? A rst attempt at using this metric
as perceived quality estimator did not work as expected

In order to clarify these questions a new observer study has déen designed and performed and its main
features are presented in what follows.

3. EXPERIMENT

In the following sections a new observer study for perceiveduality evaluation of polygonal meshes is presented.

3.1 Subjects

The subjects group was composed by 55 graduation students ¢men and 9 women), aged between 18 and 35,
the majority (51 subjects) being between 18 and 25 years oldForty- ve subjects declared to have experience in
viewing/manipulating 3D models.

3.2 Test Sets

To build the test sets used in the experiment it was necessaryo choose a set of adequate original models and
select the simpli cation methods and the number of simpli c ation levels used. These steps are described in the
following sections.



Table 1. Main features of the reference models.
Models # Vertices # Faces

Bunny 34834 69451
ChinaDog 15280 30554
Head 11703 23402
CTRex 13694 27318
Hand 7932 15855

3.2.1 Original Models

The chosen models are of di erent nature in order to provide avariety of features of di erent sizes and charac-
teristics, which allow a more appropriate evaluation of peceived quality. As one of the objectives is to study
user perceived quality for a wider range of simpli cation levels, the number of original models could not be very
large. The chosen models are presented in Figure 2 and their an characteristics can be found in Table 1.

Figure 2. Original models (left to right): Bunny , ChinaDog , Head, TRex and Hand .

These models have di erent numbers of faces and surface chaateristics, such as small details and large
smooth regions, and are of di erent nature to account for its possible in uence on observer responses, as men-
tioned by Watson et al.* Notice that all models have a reasonably small number of face Using models with a
large number of faces has two main drawbacks: 1) due to modelomplexity it is harder to interact with them
thus adding to the di culty of the task; 2) a larger number of f aces does not necessarily mean more detall, it
can be just a matter of higher vertex density; thus, a seversl simpli ed model might still be quite close to the
original.

3.2.2 Simpli cation Levels and Algorithms

We wanted to use a wider range of simpli cation levels. But, gven that the number of simpli cation levels
in uences the number of test situations, it must be carefully set as to provide a reasonable amount of data to
work with without resulting in a long and time consuming study, for each observer.

The two previously used simpli cation levels (20% and 50% ofthe original number of faces) were kept in
order to allow results comparison. As the simpli cation methods tested before performed di erently for each
of these simpli cation levels, it seemed important to test some values in-between to assess when this change of
behavior occurs. Three additional, equally spaced, simpl¢cation levels were considered. The 20% level is already
quite low and using only one more level below it seemed to be &djuate. We initially considered having only one
extra simpli cation level above 50%, since, as a model appraches its original number of vertices, all methods
will probably exhibit similar perceived quality results as suggested in® users rated the moderately simpli ed
models very similarly, while the ratings for the severely smpli ed versions largely depended on the simpli cation
method.

To be sure, we decided to perform some preliminary studies (ith just 4 subjects) and they revealed that
the models simpli ed to 70% of the original number of faces wee very hard to evaluate, which introduces two
new issues: 1) the perceived quality results for such modelsight not provide any useful information due to a
strong similarity of behavior for all simpli cation method s; and, more important, 2) a very di cult classi cation
task terribly annoys users and will strongly contribute for their tiredness. Therefore, we opted for not using any
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Figure 3. Simpli ed versions of the ChinaDog model generated using the QSlim algorithm.

additional simpli cation level above 50%, which lead to 6 simpli cation levels: 10%, 20%, 27%, 35%, 43% and
50% of the original number of faces.

The paper by Cheng et al*! on perceptually optimized 3D transmission over wireless navorks, which states
that perception varies with geometry changes following an gponential curve, and although our simpli cation
levels were not distributed as theirs (i.e., logarithmicaly spaced), we ended up by also concentrating a larger
amount of levels below 50%. Figure 3 shows all six versions tfie ChinaDog model generated usingQSIim.

We selected the three previously used simpli cation method (QSlim® and two methods provided by the
OpenMesH? library, one using a normal ipping criterion) to allow a com parison with previously obtained
results, as well as a new simpli cation method, namedNSA,*? that uses a simpli cation criterion also based on
normal ipping, to allow further testing.

This resulted in 30 test sets (5 models and 6 simpli cation levels), each having four simpli ed models obtained
using the four simpli cation methods, for each simpli cati on level.

3.3 Protocol

As reported in our previous publications, the use of preferaces to evaluate perceived quality of polygonal meshes
is quite e ective. As we are now focused on obtaining inform&ion about relative model quality, ratings are not
suitable (as they give absolute quality information towards the original model) and will not be used. This allows
for a larger number of test situations for preferences, wh# maintaining the average length of the observer study
around 30 minutes (to avoid fatigue).

In the rst observer studies performed, the user was presergd with three simpli ed versions of a model (for
the same simpli cation level) as well as the original, and aked to assign a preference ordering.

For this new observer study, the test sets have four models e which, along with the original, were simulta-
neously presented to the user and a preference ordering (12nd, 3rd and 4th places) asked for. Figure 4 shows
the user interface of the software application used to implenent the protocol.

The di erent test sets are randomly shown to the observer andthe model order on screen is also random.
This is to avoid the e ects of lack of practice in the initial s ets and fatigue in the nal.

The user is allowed to freely interact with the models choosig the position, orientation and scaling factor,
which better allow a proper inspection of particular model details. Our experience from previous experiments
suggests this is a very important feature allowing a more corplete analysis of the models than in previous setups
by other authors (e.g.?).

3.4 Collected Data
The following data is collected for each user and each test ke

Preference ordering
Order of presentation of models on screen | To allow a possibke analysis of its in uence on the results.

Number of interactions with the models | Which provides feed back about the di culty to perform the
task.

Time taken to order each test set | Also to assess the diculty to perform the task.
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Figure 4. Preferences: the original model (left) and four simpli ed versions are presented and a preference ordering asked.

3.5 Pilot Experiment

Before this observer study was applied to the subject populaon, a pilot experiment was performed in order to
test the protocol, the data collection process and the softare developed (not all test sets were used). Comparing
to our previous observer studies, no additional di culty seemed to arise due to the extra model on screen. Each
observer took about one minute to order each set, which agrekwith our estimate experiment time of about 30
minutes.

4. RESULTS

In this section we present the main results obtained from theanalysis of the data collected during the experiment.
All results were obtained using STATISTICA .13

4.1 Preliminary Global Analysis

The rst variables analysed were the decision time and the nunber of interaction. After a preliminary Exploratory
Data Analysis (EDA) using boxplots, * we decided to remove all severe outliers and maintain the mosfate ones.
Figure 5 shows the boxplots corresponding to the decision mes (on the left) and interactions (on the right)
categorized by model.

Concerning decision times it can be observed that for thé8unny , ChinaDog and TRex models the decision
time is lower for the 10% simpli cation level than for the 50% simpli cation level with a general tendency to
gradualy increase in between. This can be due to the distildbn e ect mentioned by Watson et al. and con rmed
in our previous studies: observers tend to decide faster inhte presence of less information, i.e., when observing
more severely simpli ed models. But, for the Head and Hand models the opposite is observed, i.e., decision
times are higher for the strongest simpli cation (10%) and tend to decrease, the smallest decision time happening
for the 50% simpli cation level. In a previous study,® in which the sameHead model was also used, we observed
this same behavior and suggested that it could be due to the wahumans process information regarding face%;
or to some particularity concerning curvature properties d the model. Since in the present study theHand
model exhibits a similar behavior, it seems that such behawr is due to model surface properties shared by these
two models.

Concerning the number of interactions (Figure 5, on the righ) a higher number of interactions is observed
for the TRex model than for any other model. Looking closely to the decigin times for this model it can be
noticed that they are also high. Through these results one ca anticipate that this was the model for which user
decisions were more di cult.

Concerning preferences, Cluster Analysis was used to studyow the di erent simpli cation methods and levels
would group according to observers' preferences. This gav®me very interesting results which are depicted on



Figure 5. Boxplots corresponding to the decision times (left) and number of interactions (right) for all models, afterr emov-
ing severe outliers, and categorized by model. For each modég the leftmost boxplot corresponds to a 10% simpli cation
and the rightmost to 50%.

the dendogram (left) and factorial plane (right) presented in Figure 6. As it can be observed there is a clear
grouping by method and then between methods. Notice how theQSlim and OpenMesh methods group before
grouping with the other two (which also group). This makes seise, since these two method groups are driven by
di erent simpli cation criteria: NSA and OpenMeshwith normal ipping use normal ipping criteria, while the
other two use only error quadrics?
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Figure 6. Dendogram, using Complete Linkage as the proximity measure, and factorial plane obtained for all simpli cati on
methods and levels.

In order to verify if the tendencies observed in our previousstudies were present, the results obtained for
all models were gathered and the global preferences for thenspli cation levels of 20% and 50% were analysed.
Contingency tables (see Table 2) were used and independentypothesis were tested.

15 placd2" placd3 placd4™ place 15 placd2" placd3@ placd4™ place
NF _20% 63 62 64 86 NF _50% 85 94 57 39
NS _20% 99 57 44 85 NS _50% 95 73 51 56
0_20% 44 60 102 69 0_50% 52 42 68 113
Q_20% 77 96 70 32 Q_50% 72 67 95 41

Table 2. Contingency tables corresponding to global preferences for 20% (left) and 50% (right) simpli cation levels.



Figure 7. Correspondence Analysis (where simpli cation me thods are in rows and preferences in columns) for two of the
simpli cation levels used: 20% (left) and 50% (right).

Figure 8. Correspondence Analysis (where simpli cation me thods are in rows and preferences in columns) for the results
obtained in a previous observer study: 20% (left) and 50% (right).

The independency between simpli cation method and preferaces was rejected for both simpli cation levels
with 2 =289;86>> 16,91 ( 2(9 d.f.; = 0:05)) for 20%, and 2 = 108;27>> 16,91 ( %(9 d.f.; = 0:05)) for
50%. These results, as those obtained earlier, suggest thabservers' are responsive to the simpli cation method
used, although they react in a di erent way according to the smpli cation level.

To better understand the results obtained by the contingeng tables they were visualized using a Correspon-
dence Analysis!® Figure 7 shows the factorial planes corresponding to the cdimgency tables for the analysed
simpli cation levels. In these projections we can observe hat for the simpli cation level of 20% each simpli -
cation method is associated with a preference level: rst phce forNSA, second place forQSlim, third place for
OpenMeshand forth place for OpenMeshwith normal ipping. A di erent association can be observed for the
50% simpli cation level: NSA and OpenMeshwith normal ipping take the rst and second places, very clo se
to each other, followed by QSIlim and OpenMesh

If these factorial planes are compared with those built for tie results obtained in a previous observer study
(see Figure 8) it can be observed that, apart the new simpli ation method used,NSA, the other three methods
keep their relative positions. This con rms the results previously obtained showing the same behaviors for the
simpli cation methods depending on the simpli cation level.

4.2 Detailed Analysis

After the preliminary global analysis of the data, we performed an analysis for each model and simpli cation
level. Contingency tables were built and the results visuaked using bar charts and Correspondence Analysis.



15t placd2™ placd3 placd4™ place
NF _10% 14 22 17 2
NS _10% 0 1 4 50
0_.10% 29 16 9 1
Q_10% 12 16 25 2

Figure 9. Contingency table and bar chart depicting the pref erences for the Bunny model and a simpli cation level of
10%. The corresponding Correspondence Analysis can be foud on Figure 10.

The independency hypothesis between simpli cation methodand observer preferences was tested and was, in
general, rejected for all models and simpli cation levels,although the associations found had di erent strengths.

Regarding the Bunny model, Figure 9 shows an example of the analysis performed feach model and
simpli cation level, presenting a contingency table and a bar chart for the preferences obtained for the 10%
simpli cation level. Figure 10 shows the factorial planes ©ncerning all simpli cation levels for the Bunny
model. There are strong associations for all simpli cationlevels (i.e., 2 value >> 16;91 ( ?(9 d.f.; =0:05)))
with the smallest value being the one for the 50% simpli cation level (see Table 3, which presents all 2 values
obtained for all models and simpli cation levels, regarding the independency between simpli cation method and
observer preferences). In fact, considering all models, thsmallest values of 2 occur for the 50% simpli cation
level which denotes the di culty felt by the observers to decide. This seems to agree with oura priori option
not to use simpli cation levels above 50%, as we suspected #y would not yield usable results.

For the ChinaDog model high values of 2 were obtained with the exception of the 50% simpli cation level,
for which the independency hypothesis between simpli caton method and observer preferencesas accepted

The Head model was the one which yielded the best results, as it preséed strong associations for all
simpli cation levels including 50% (see Table 3). In our previous observer study this model also resulted in very
strong associations between simpli cation method and obsever preferences, which seems to recomend it as a
very appropriate model for this kind of studies.

The analysis of the data obtained for the TRex model revealed poor results. Contingency tables and
Correspondence Analisys yielded small values of?, indicating a weak association between simpli cation metrod
and observer preferences regardless of the simpli cationelel. As an example, Figure 11 shows the bar chart
and factorial plane for the results obtained for the 20% simfi cation level of the TRex model. Notice how the
associations are very unclear.

The Hand model showed, in general, strong associations and the seabstrongest association for the 50%
simpli cation level, behaving similarly to the Head model, although exhibiting weaker associations.

10% | 20% | 27% | 35% | 43% | 50%
Bunny 1944 | 1502 | 13548 | 131,86 | 101,10 | 44,82
ChinaDog | 9542 | 69,38 | 62,10 | 92,48 | 57,30 | 13,87~ * For_these cases the
Head 5355 | 73,75 | 228,71 | 141,97 | 247,04 | 290,58 e o e g ponests
TRex 22,22 | 19,64 | 58,67 | 30,43 | 20,45 | 652*
Hand 21,10 | 59,80 | 5557 | 30,70 | 50,30 | 79,31

Table 3. 2 values obtained for the independency tests between observe preferences and simpli cation method for each
model and simpli cation level. The independency hypothesi s is rejected if the 2 value is greater than 16,91 ( 2(9 d.f.; =
0:05)).
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Figure 10. Correspondence Analysis (where simpli cation m ethods are in rows and preferences in columns) for the di erent
simpli cation levels of the Bunny model.

Figure 11. Preferences bar chart and Correspondence Analyss for the 20% simpli cation level of the TRex model.
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Figure 12. Bar chart depicting the preferences obtained by each model according to simpli cation method (in rows) and
simpli cation level (in columns).

Independently of the global results previously shown, notte that each simpli cation algorithm presented a
di erent behavior depending on the model and simpli cation level. Figure 12 shows several bar charts depicting
the preferences for each model depending on simpli cation mthod (rows) and level (in columns). The analysis
of these bar charts conveys some interesting results. For ste algorithms their behavior is very di erent from
model to model.

Consider the NSA algorithm for the Bunny model: independently from the simpli cation level it alway s got
the 4th place; on the contrary, for the Hand model the same algorithm always got the rst place. This shovs
that algorithm behavior clearly depends on the characterisics of the model. There are algorithms/models for
which the performance is not a ected by the simpli cation le vel, i.e., the algorithm keeps a stable preference
order along the simpli cation range, while there are situations in which an increase/decrease in simpli cation
level leads to changes in association (e.g., it gets stronger changes completely) between simpli cation method
and observer preference. The bar charts for th&flRex model con rm the results obtained using the contigency
tables: in many of the simpli cation methods and levels it is not clear which method is in which position.

5. CONCLUSIONS

We presented the results obtained using a new experimentalrptocol to assess the perceived quality of polygonal
meshes. Fifty- ve subjects were asked to order several mesimodel sets, containing four models obtained using
four di erent simpli cation methods, according to their pe rceived quality towards the original. The models in
each set had the same simpli cation level; six di erent simpli cation levels were used.

The main goal was to widen the scope of previous observer stigb by using a larger number of simpli cation
levels for each model, and other mesh processing methods (ihis case, another simpli cation method) to create
the test sets.

From the model sets used, only those obtained from theTRex model did not provide strong association
results. Even though we took out the dinosaur tail, to reducesize and provide a better visualization on screen,
we think this did not in uence the results. Therefore, we have to determine the reason for such poor results.

From the data obtained in this observer study resulted about20 model sets (rejecting the results from the
TRex model and some of the weakest associations), each set ordéraccording to perceived model quality. The
following step is to use these results and compare them with wplity results obtained using di erent automatic



quality indices. This will hopefully bring greater insight on how those measures relate with perceived quality.
Comparing with our previous studies we now have a larger numbr of simpli cation levels which will allow a
more thorough analysis, an important factor to analyze the kehavior and enhance the new mixed quality index.

During the observer study we obtained some observer feedbkdeading to the conclusion that the primary
factor for observer fatigue was not the number of situationsbut model repetition. To enlarge our perceived
quality database, we think it might be a good idea to use a wide variety of models, instead of a smaller set of
originals with many variants (e.g., simpli cation levels) , in future observer studies.
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