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Abstract. Because of recent advances in graphics hard- and software, both the
production and use of 3D models are increasing at a rapid pace. As a result, a
large number of 3D models have become available on the web, and new research
is being done on 3D model retrieval methods. Query and retrieval can be done
solely based on associated text, as in image retrieval, for example (e.g. Google
Image Search [1] and [2, 3]). Other research focuses on shape-based retrieval,
based on methods that measure shape similarity between 3D models (e.qg., [4]).
The goal of our work is to take current text- and shape-based matching methods,
see which ones perform best, and compare those. We compared four text match-
ing methods and four shape matching methods, by running classification tests us-
ing a large database of 3D models downloaded from the web [5]. In addition, we
investigated several methods to combine the results of text and shape matching.
We found that shape matching outperforms text matching in all our experiments.
The main reason is that publishers of online 3D models simply do not provide
enough descriptive text of sufficient quality: 3D models generally appear in lists
on web pages, annotated only with cryptic filenames or thumbnail images. Com-
bining the results of text and shape matching further improved performance. The
results of this paper provide added incentive to continue research in shape-based
retrieval methods for 3D models, as well as retrieval based on other attributes.

1 Introduction

There has been a recent surge of interest in methods for retrieval of 3D models from
large databases. Several 3D model search engines have become available within the last
few years (e.g., [6-9]), and they cumulatively index tens of thousands of 3D polygonal
surface models. Yet, still there have been few research studies investigating which types
of query and matching methods are most effective for 3D data. Some 3D model search
engines support only text queries [6], while others provide “content-based” queries
based on shape [4]. But how do shape-based and text-based retrieval methods compare?

To investigate this question, we measured classification performance of the cur-
rently best-performing text-based and shape-based matching methods. We also evalu-
ated several functions that combine text and shape matching scores. For the text match-
ing, a 3D model is represented by a text document, created from several sources of
text associated with the model, as well as synonyms and hypernyms (category descrip-
tors) of the 3D model filename (added using WordNet, a lexical database [10]). For the
shape matching, a 3D model is represented biiape descriptorcomputed from the
polygons describing the model’s surface.



All classification tests were done using the “Princeton Shape Benchmark” (PSB)
3D model test database [5]. It contains 1814 3D models downloaded from the web,
subdivided into a training set and a test set, containing 907 models each, manually clas-
sified into 90 and 92 comparable classes respectively. It is a subset of a larger database
of about 33000 models downloaded from the web using an automatic crawler [11].
Retrieval results were evaluated using precision/recall curves [12].

We found that shape-based matching outperforms text-based matching in all our
experiments. The main reason is that 3D models found on the Web are insufficiently
annotated. They usually are presented in lists, annotated with at most a single name,
which is often misspelled or a repeat of the filename. Of the available text sources, we
found that the text inside the model file itself and the synonyms and hypernyms of the
filename were the most discriminating. Additionally, we found that for combining the
results of the shape and the text matching method a function returning the minimum of
normalized scores showed the best performance.

The contribution of this paper is a comparison of text and shape matching methods
for retrieval of online 3D models, and an evaluation of several different combination
functions for combining text and shape matching scores. This paper shows that the
relatively simple solution of using only associated text for retrieval of 3D models is not
as effective as using their shape.

The rest of this paper is organized as follows. Text matching and our approach for
maximizing text retrieval performance is described in the next section. Section 3 dis-
cusses shape matching and shows the performance of several recent shape matching
methods. Text and shape matching are compared in Section 4 and combined in Sec-
tion 5. Conclusions and suggestions for future work are in Section 6.

2 Text Matching

In this section we review related work on retrieval of non-textual data using associated
text. Note that we do not discuss text retrieval itself. We refer the interested reader to
[13-15]. We then describe the sources of text found with 3D models crawled from the
web and investigate how well the text can be used to compute a similarity measure for
the associated 3D models.

2.1 Related Work

There has been relatively little previous research on the problem of retrieving non-
textual data using associated text. The web is an example of a large database for which
such methods can be useful: (1) it contains many non-textual objects (e.g., images,
sound files, applets) and (2) these objects are likely to be described on web pages using
text. Examples of web search engines that take advantage of associated text are Google
Image Search [1] (for images), FindSounds [16] (for sound files), and MeshNose [6]
(for 3D models).

Probably the largest site for searching images using text keywords is Google’s image
search. Unfortunately there are no publications available about the method they use. A
related FAQ page suggests that heuristics are used to determine potentially relevant text



related to an image, for example, the image filename, link text, and web page title. Each

source is probably assigned a different weight, depending on its importance, similar to

how the main Google search site assigns weights to text terms depending on whether
they are in the title, headers, and so on.

Sable and Hatzivassiloglou investigated the effectiveness of using associated text
for classifying images from online news articles as indoor or outdoor [17]. They found
that limiting the associated text to just the first sentence of the image caption produced
the best results. In other work, Salelieal. use Natural Language Processing (e.g., iden-
tifying subjects and verbs) to improve classification performance of captioned images
into four classes [18]. Our problem is slightly harder since our source text is less well-
defined (i.e., there is not an obvious “caption”), and the number of classes is much
higher. To our knowledge, there has never been a study investigating the effectiveness
of text indexing for 3D models.

2.2 Text Sources

In our study, we focus on the common “bag of words” approach for text matching: all
text that is deemed relevant to a particular 3D model is collected in a “representative
document,” which is then processed and indexed for later matching. This document
is created using several potentially relevant text sources. Because we are indexing 3D
model files linked from a web page, we are able to extract text from both the model file
itself as well as the web page (note that because we convert all models to the VRML 2.0
format, we only refer to text sources of this format). The following list describes the text
sources we can use:

From the model file:

1. model filename:The filename usually is the name of the object type. The extension
determines the filetype. For exampddsation.wrl could be the filename of a
VRML file of an Alsation dog

2. model filename without digits: From the filename we create a second text source
by replacing all digits with spaces. Very often filenames contain sequence numbers
(for examplechair2.wrl ) that are useless for text keyword matching

3. model file contents:A 3D model file often contains labels, metadata, flenames of
included files, and comments. In VRML, it is possible to assign a label to a scene-
graph node (a part of the model) and then re-use that node elsewhere in the file.
For example, in a model of a chair, a leg can be defined once, assigned the identi-
fier LEG and then re-used three times to create the remaining legs. As such, these
identifiers typically describe names of parts of the model. To describe metadata, a
VRML 2.0 file may contain &Vorldinfo  node, which is used to store additional
information about the model, such as a detailed description, the author name, etc.
Filenames of included files can be names of other model files, textures, or user-
defined nodes. Finally, a model file may contain descriptive comments. The model
file comments were left out from our experiments because we found that many files
contain commented-out geometry, which, when included, would add many irrele-
vant keywords



From the web page:

4. link text: This is the descriptive text of the hyperlink to the model file, i.e., the text
between the&a> and</a> HTML tags. For examplesa href="b747.wrl">a
VRML model of a Boeing 747</a>

5. URL path: These are the directory names of the full URL to the model file. If
multiple models are organized in a directory structure, the directory names could
be category names helpful for classification. For example, as in the URL
http://3d.com/objects/chairs/chair4.wrl

6. web page context (text near the link):We define the context to be all plain text
after the</a> tag until the nexka href> tag (or until the next HTML tag if
there is none). This text could for example read “1992 Boeing 747-400 passenger
plane, 210K, created by John Doe”. Context folnedorethe link text was found
to be mostly irrelevant

7. web page title: The title of the web page containing the link to the 3D model. It
often describes the category of models found on the page, for example, “Models of
Airplanes”

Additional text source:

8. Wordnet synonyms and hypernyms:We create an additional eighth text source
by adding synonyms and hypernyms (category descriptors) of the filename using
WordNet, a lexical database [10] (if no synonyms or hypernyms can be found for
the filename, the link text is tried instead). In related work, Rodrigeteal. use
WordNet synonyms [19], and Scott and Matwin use synonyms and hypernyms [20]
to improve classification performance. Recently, Benitez and Chang showed how
WordNet can be used to disambiguate text in captions for content-based image
retrieval [21]. Adding synonyms and hypernyms enables queries like “vehicle” to
return objects like trucks and cars, or “television” to return a TV. WordNet returns
synonyms and hypernyms in usage frequency order, so we can limit the synonyms
and hypernyms used to only the most common ones.

Following common practices from text retrieval, all collected text goes through a
few processing steps. Firsttop wordsare removed. These are common words that do
not carry much discriminating information, such as “and,” “or,” and “my”. We use the
SMART system'’s stop list of 524 stop words [22], as well as stop words specific to our
domain (e.g. “jpg,” “www,” “transform”). Next, the resulting text semmednormal-
ized by removing inflectional changes, for example “wheels” is changed to “wheel”),
using the Porter stemming algorithm [23].

2.3 Text Matching Methods

Given a representative text document for each 3D model, we can define a textual sim-
ilarity score for every pair of 3D models as the similarity of their representative text
documents. To compute this score, we use a variety of text matching methods provided
by rainbow , a program of the Bow toolkit, a freely available C library for statistical
text analysis [24]. The tested methods were: three variations of TF/IDF [13], Kullback
Leibler [25], K-nearest neighbors, and Naive Bayes [26]. A few methods supported by
therainbow program (e.g., Support Vector Machines) were also tested but failed to
run to a finish.
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Fig. 1. Average precision/recall for four types of text matching methods, and random retrieval

Figure 1 shows the resulting precision/recall results obtained when the representa-
tive text document for each 3D model in the test set of the Princeton Shape Benchmark
was matched against the representative text documents of all the other 3D models. The
matches were ranked according to their text similarity scores, and precision-recall val-
ues were computed with respect to the base classification provided with the benchmark.
From this graph, we see that the “TF/IDF log occur” method shows the best perfor-
mance for our dataset, and thus we used this method for all subsequent tests.

To determine the most useful combinations of text sources, we ran a classification
test using each combination afout of the eight text sources for the representative
text document, witm € {1,...,8} (so the total number of combinations tested was
Zizl (2) = 255). The performance of each combination was measured as the average
precision over twenty recall values.

From these tests, we found that adding as many text sources as possible improves
overall performance, in general. This may be explained by our observation that the
addition of keywords helps classification performance if the keywords are relevant, but
does not hurt performance if they are irrelevant, since they do not match many other
models. We expect that as the database size increases, this property will no longer hold
because irrelevant keywords would generate cross-class matches.

Looking more closely at how often each source occurs in the best combinations, we
counted the number of times each source appears in the top 50 combinations (i.e., the
50 combinations out of 255 with the highest average precision). The results are shown
as percentages in table 1. We see that the identifiers found inside the 3D model files
themselves provided the most information for classification. The WordNet synonyms
and hypernyms also turned out to be very useful, despite the fact that for 279 mod-
els (31%) no synonym or hypernym was found (model names for which WordNet did



not return a synonym or hypernym included names (e.g., “justin”), abbreviated words
(“satellt”), misspelled words (“porche”), and words in a different language (“oiseau”)).

Table 1. Percentage of all occurrences of each text source appearing in the best 50 combinations

source percentage in top 50
model file 100
synonyms and hypernyms 100
link 62
filename without digits 58
filename 58
path 56
page title 54
page context 50

3 Shape Matching

In this section, we briefly review previous work on shape-based retrieval of 3D mod-
els. Then, we present results comparing several standard shape matching methods to
determine which works best on the Princeton Shape Benchmark.

3.1 Related work

Retrieval of data based on shape has been studied in several fields, including computer
vision, computational geometry, mechanical CAD, and molecular biology. For surveys
of recent methods, see [27, 28]. For our purpose, we will only consider matching and
retrieval of isolated 3D objects (so we do not consider recognition of objects in scenes,
or partial matching, for example).

3D shape retrieval methods can be roughly subdivided into three categories: (1)
methods that first attempt to derive a high-level description (e.g., a skeleton) and then
match those, (2) methods that compute a feature vector based on local or global statis-
tics, and (3) miscellaneous methods.

Examples of the first type are skeletons created by voxel thinning [29], and Reeb
graphs [30]. However, these methods typically require the input model to be 2-manifold,
and usually are sensitive to noise and small features. Unfortunately, many 3D models
are created for visualization purposes only, and often contain only unorganized sets
of polygons (“polygon soups”), possibly with missing, wrongly-oriented, intersecting,
disjoint, and/or overlapping polygons, thus making them unsuitable for most methods
that derive high-level descriptors.

Methods based on computing statistics of the 3D model are more suitable for our
purpose, since they usually impose no strict requirements on the validity of the input
model. Examples are shape histograms [31], feature vectors composed of global geo-
metric properties such as circularity or eccentricity [32], and feature vectoshémre
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Fig. 2. Average precision/recall for four shape matching methods, and random retrieval. This
figure is a partial reproduction of one in [5]

descriptorg created using frequency decompositions of spherical functions [33]. The
resulting histograms or feature vectors are then usually compared by computing their
L, distance.

Some alternative approaches use 2D views (2D projections of a 3D model), justified
by the heuristic that if two 3D shapes are similar, they should look similar from many
different directions. Examples are the “prototypical views” of Cyr and Kimia [34], and
the “Light Field Descriptor” of Cheret al.[35].

3.2 Shape Matching Methods

In our experiments, we considered four shape matching methods: (ligtité-ield De-
scriptor (LFD) [35], (2) theRadialized Spherical Extent FunctiQREXT) [36], (3) the
Gaussian Euclidian Distance Transfo@EDT) [33], and (4) theSpherical Harmon-

ics Descriptor(SHD) [33]. These four methods have been shown to be state-of-the-art
in a recent paper [5].

We ran an experiment in which these four methods were used to compute a similar-
ity score for every pair of 3D models in the test set of the Princeton Shape Benchmark.
The similarity scores were used to rank the matches for each model and compute an
average precision-recall curve for each matching method with respect to the bench-
mark’s base classification. Results are shown in Figure 2 (see [5] for details). From
these curves, we find that the Light Field Descriptor provides the best retrieval perfor-
mance in this test, and thus we use it in all subsequent experiments.



N 3D shape, LFD ———
08+ text, TF/IDF ------- i

precision

0.2 -

0 0.2 0.4 0.6 0.8 1
recall

Fig. 3. Average precision/recall for text and 3D shape matching

4 Comparing Text Matching to Shape Matching

Next, we compare the classification performance of the best text matching method to the
best shape matching method. Figure 3 shows the resulting average precision/recall plot.
The shape matching method significantly outperforms text matching: average precision
is 44% higher.

The main cause of the relatively poor performance of the text matching method is
the low quality of text annotation of online 3D models. Upon examination of the actual
text associated with each model, we found that many filenames were meaningless (e.g.,
“avstest” for a face), misspelled (e.qg., “ferrar” for a ferrari), too specific (e.g., “camaro”
for a car), or not specific enough (e.g., “model” for a car). Some models were annotated
in a language other than English (e.g., “oiseau” for a bird). By running a spell checker
on the filenames with the digits removed, we found that 36% of all model filenames
were not English words.

Also, for several sources there is simply no useful text available. For example, many
link texts were either a repeat of the flename, or contained no text at all: for 446 models
in the training set (51%) no link text could be found (usually a thumbnail image is used
instead). Furthermore, 4 (0.4%) models had no path information (i.e., no directories
in their URL), 193 (21%) web page titles were missing, for 279 (31%) filenames or
link texts no synonym could be found, for 692 (76%) models no web page context was
found, and for 153 (17%) models no text inside the model file was found.

Even commercial 3D model databases are not necessarily well annotated. Of three
commercial databases available to us (provided by CacheForce, De Espona, and View-
point, containing approximately 2000, 1000, and 1000 models respectively), only one
was consistently well annotated.



In all text matching experiments, the representative document created for each 3D
model was used as a query. However, because the size and quality of text annotation
varies a lot from model to model, one may argue that this text is not representative of
actual user queries. Users of a retrieval system are more likely to enter a few descriptive
keywords or class names. To investigate classification performance given this kind of
user queries, we ran an additional classification experiment in which the full category
names of the Princeton Shape Benchmark were used as simulated user queries. Some
obvious keywords were added manually (e.g., “blimp” and “zeppelin” for the “dirigible
hot air balloon” category, or “house” for the “home” category). The average precision
achieved when using these query keywords was 11% higher than when using the repre-
sentative documents, but still 30% lower than the best shape matching method.

5 Combining Text and Shape Matching

In our final tests, we investigate how to combine the best text and shape matching meth-
ods to provide better retrieval results than can be achieved with either method alone.

5.1 Related Work

A considerable amount of research has been presented on the problem of how to best
combine multiple classifiers [37]. Most work in this area has been done in content-based
image retrieval. For example, Srihari presents a system (“Piction”) that identifies faces
in annotated news photographs using a face detection algorithm and Natural Language
Processing of the captions [38]. Smith and Chang describe a system for the retrieval of
arbitrary online images [3]. Relevant text for each image is extracted from the URL and
thealt parameter of the HTMkimg> tag, for example. However, searches based on
low-level image features or on text can not be combined. This combinhéisheen
investigated in later retrieval systems. La Casstial. combine text and image fea-
tures into a single feature vector, to improve search performance [39]. Text is extracted
from the referring web page, with different weights assigned depending on the HTML
tag that enclosed it (e.g., text in<ditle> is more important than text in axth4>

(small header) tag). Paek al. present a method that combines a text- and image-based
classifier for the classification of captioned images into two classes (“indoor” and “out-
door”) [40], which improved classification accuracy to 86.2%, from 83.3% when using
the text alone.

5.2 Multiclassifiers

In previous work we suggested that the results of text and shape matching can be com-
bined to improve classification performance [4], and proposed a combination function
that simply averaged mean-normalized matching scores. However, no evaluation was
done to see which combination function works best. Here we consider the simple case
of combining the scores of two classifiers, using a static combination function. We ex-
perimented with four types of functions: (1) linear weighted average, (2) minimum,
(3) (minimum) rank, and (4) using confidence limits. The first two were also tested on
mean-normalized scores.



Table 2. Average precision achieved when combining the matching scores of the text and shape
matching methods using various static combiners, and the percentage improvement over shape
matching alone

method average precisigb improvement over shape alone

shape (LFD) 0.507 -
minimum, normalized scores 0.536 5.8
confidence limits, normalized scofes  0.533 5.1
weighted average, normalized scgres 0.523 3.2
confidence limits 0.520 2.6
weighted average 0.519 2.4
minimum 0.508 0.2
minimum rank 0.495 -2.3

weighted average rank 0.487 -4

1. linear weighted averagelf s; andss are the matching scores of a pair of models,
then the combined scoreis- s; + (1 — w) - s2, with w the weight setting. We
computed average precision/recall fore {0,0.05,0.1,...,1.0}, and picked the
value of w which resulted in the highest overall precision. The optimal weight
setting for the training set wa#.( - text + 0.9 - shape)

2. minimum: the lowest matching score (signifying highest similarity) is returned

3. rank: The matching scores are ordered, and the resulting rank of each query be-
comes its new matching score. We can then apply one of the first two functions
(linear weighted average or minimum)

4. confidence limits: The “confidence limits” method is based on the idea that if a
similarity score of a single classifier is sufficiently close to zero, then that classifier
can be trusted completely. The output of other classifiers is then ignored. Sable uses
a variant of this method when combining a text- and image-based classifier [2]: fea-
ture vectors from both are classified using a Support Vector Machine, and a confi-
dence level is assigned to the classification, depending on the distance of the vector
from the dividing hyperplane (the decision boundary). If the confidence level of the
image-based classifier is high enough, then the text-based classifier is ignored. If
not, then the text-based classifier is used and the image-based classifier is ignored.
We used the training set to determine optimial limit settings of 0.09 and 0.22 for
shape and text matching respectively (and -2.45 and -1.5 for mean-normalized
scores). If both scores were above their limit, we reverted to the linear weighted
average (other alternatives yielded worse results)

Table 2 shows the resulting average precision values achieved for each combiner,
and the percentage improvement over using shape matching alone (computed using the
test set). We achieve an additionol 5.8% improvement in average precision, using the
function that returns the minimum of normalized scores. These results confirm that the
text and shape representations of a 3D model are sufficiently independent, such that
when they are combined, they become more discriminating. There may well be other
representations (e.g. appearance-based) that capture a very different aspect of a 3D
model, and as such could increase performance even further.



6 Conclusions and Future Work

This paper evaluates text and shape matching methods for retrieval of online 3D models,
as well as their combination. Classification tests were done using the Princeton Shape
Benchmark, a large benchmark database of 3D models downloaded from the web.

For text matching, we found that a variant of TF/IDF showed the best classification
performance. Text found inside a 3D model file itself and synonyms and hypernyms
(category descriptors) of the model filename were most useful for classification.

The currently best shape matching method (baseldgint Field Descriptord35])
significantly outperformed the best text matching method, yielding 44% higher average
precision. The main reason is that the quality of text annotation of online 3D models
is relatively poor, limiting the maximum achievable classification performance with a
text-based method.

We investigated several simple multiclassifiers, and found that a function return-
ing the minimum of normalized matching scores produced an additional performance
improvement of about 6%. Studying other more sophisticated multiclassifiers is an in-
teresting area for future work, considering there are many other attributes of 3D models
(e.g., color, texture, structure) for which additional classifiers can be designed.

The main contribution of this paper is that it demonstrates the advantage of using
shape-based matching methods over text-based methods for retrieval of 3D models.
This should encourage designers of future 3D model retrieval systems to incorporate
query methods based on shape, and other attributes that do not depend on annotation
provided by humans, as they hold much potential for improving retrieval results.
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