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Supervised Learning of Semantic Classes for

Image Annotation and Retrieval
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Abstract—A probabilistic formulation for semantic image annotation and retrieval is proposed. Annotation and retrieval are posed as
classification problems where each class is defined as the group of database images labeled with a common semantic label. It is
shown that, by establishing this one-to-one correspondence between semantic labels and semantic classes, a minimum probability of
error annotation and retrieval are feasible with algorithms that are 1) conceptually simple, 2) computationally efficient, and 3) do not
require prior semantic segmentation of training images. In particular, images are represented as bags of localized feature vectors, a
mixture density estimated for each image, and the mixtures associated with all images annotated with a common semantic label
pooled into a density estimate for the corresponding semantic class. This pooling is justified by a multiple instance learning argument
and performed efficiently with a hierarchical extension of expectation-maximization. The benefits of the supervised formulation over the
more complex, and currently popular, joint modeling of semantic label and visual feature distributions are illustrated through theoretical
arguments and extensive experiments. The supervised formulation is shown to achieve higher accuracy than various previously
published methods at a fraction of their computational cost. Finally, the proposed method is shown to be fairly robust to parameter
tuning.

Index Terms—Content-based image retrieval, semantic image annotation and retrieval, weakly supervised learning, multiple instance
learning, Gaussian mixtures, expectation-maximization, image segmentation, object recognition.
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INTRODUCTION

ONTENT-BASED image retrieval, the problem of searching

large image repositories according to their content, has
been the subject of a significant amount of research in the
last decade [30], [32], [34], [36], [38], [44]. While early
retrieval architectures were based on the query-by-example
paradigm [7], [17], [18], [19], [24], [25], [26], [30], [32], [35],
[37], [39], [45], which formulates image retrieval as the
search for the best database match to a user-provided query
image, it was quickly realized that the design of fully
functional retrieval systems would require support for
semantic queries [33]. These are systems where database
images are annotated with semantic labels, enabling the
user to specify the query through a natural language
description of the visual concepts of interest. This realiza-
tion, combined with the cost of manual image labeling,
generated significant interest in the problem of automati-
cally extracting semantic descriptors from images.

The two goals associated with this operation are: 1) the
automatic annotation of previously unseen images, and
2) the retrieval of database images based on semantic
queries. These goals are complementary since semantic
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queries are relatively straightforward to implement once
each database image is annotated with a set of semantic
labels. Semantic image labeling can be posed as a problem
of either supervised or unsupervised learning. The earliest
efforts in the area were directed to the reliable extraction of
specific semantics, e.g., differentiating indoor from outdoor
scenes [40], cities from landscapes [41], and detecting trees
[16], horses [14], or buildings [22], among others. These
efforts posed the problem of semantics extraction as one of
supervised learning: A set of training images with and
without the concept of interest was collected and a binary
classifier was trained to detect that concept. The classifier
was then applied to all database images which were, in this
way, annotated with respect to the presence or absence of
the concept. Since each classifier is trained in the “one-vs-
all” (OVA) mode (the concept of interest versus everything
else), we refer to this semantic labeling framework as
supervised OVA.

More recently, there has been an effort to solve the
problem in greater generality by resorting to unsupervised
learning [3], [4], [8], [12], [13], [15], [21], [31]. The basic idea
is to introduce a set of latent variables that encode hidden
states of the world, where each state induces a joint
distribution on the space of semantic labels and image
appearance descriptors (local features computed over
image neighborhoods). During training, a set of labels is
assigned to each image, the image is segmented into a
collection of regions (either through a block-based decom-
position [8], [13] or traditional segmentation methods [3],
[4], [12], [21], [31]), and an unsupervised learning algorithm
is run over the entire database to estimate the joint density
of semantic labels and visual features. Given a new image to
annotate, visual feature vectors are extracted, the joint
probability model is instantiated with those feature vectors,
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state variables are marginalized, and a search for the set of
labels that maximize the joint density of text and appear-
ance is carried out. We refer to this labeling framework as
unsupervised.

Both formulations have strong advantages and disad-
vantages. In generic terms, unsupervised labeling leads to
significantly more scalable (in database size and number of
concepts of interest) training procedures, places much
weaker demands on the quality of the manual annotations
required to bootstrap learning, and produces a natural
ranking of semantic labels for each new image to annotate.
On the other hand, it does not explicitly treat semantics as
image classes and, therefore, provides little guarantees that
the semantic annotations are optimal in a recognition or
retrieval sense. That is, instead of annotations that achieve
the smallest probability of retrieval error, it simply produces
the ones that have largest joint likelihood under the assumed
mixture model. Furthermore, due to the difficulties of joint
inference on sets of continuous and discrete random
variables, unsupervised learning usually requires restrictive
independence assumptions on the relationship between the
text and visual components of the annotated image data.

In this work, we show that it is possible to combine the
advantages of the two formulations through a reformula-
tion of the supervised one. This consists of defining a
multiclass classification problem where each of the semantic
concepts of interest defines an image class. At annotation time,
these classes all directly compete for the image to annotate,
which no longer faces a sequence of independent binary
tests. This supervised multiclass labeling (SML) formulation
obviously retains the classification and retrieval optimality
of supervised OVA, as well as its ability to avoid restrictive
independence assumptions. However, it also 1) produces a
natural ordering of semantic labels at annotation time, and
2) eliminates the need to compute a “nonclass” model for
each of the semantic concepts of interest. In result, it has a
learning complexity equivalent to that of the unsupervised
formulation and, like the latter, places much weaker
requirements on the quality of manual labels than super-
vised OVA.

From an implementation point of view, SML requires
answers to two open questions. The first is how do we learn
the probability distribution of a semantic class from images that
are only weakly labeled with respect to that class? That is,
images labeled as containing the semantic concept of
interest, but without indication of which image regions
are observations of that concept. We rely on a multiple-
instance learning [10], [20], [27], [28] type of argument to
show that the segmentation problem does not have to be
solved a priori: It suffices to estimate densities from all local
appearance descriptors extracted from the images labeled with the
concept. The second is how do we learn these distributions in a
computationally efficient manner, while accounting for all data
available from each class? We show that this can be done with
recourse to a hierarchical density model proposed in [43] for
image indexing purposes. In particular, it is shown that this
model enables the learning of semantic class densities with
a complexity equivalent to that of the unsupervised
formulation, while 1) obtaining more reliable semantic

density estimates, and 2) leading to significantly more
efficient image annotation.

Overall, the proposed implementation of SML leads to
optimal (in a minimum probability of error sense) annotation
and retrieval, and can be implemented with algorithms that
are conceptually simple, computationally efficient, and do not
require prior semantic segmentation of training images. Images
are simply represented as bags of localized feature vectors,
a mixture density estimated for each image, and the
mixtures (associated with all images annotated) with a
common semantic label pooled into a density estimate for
the corresponding semantic class. Semantic annotation and
retrieval are then implemented with a minimum probability
of error rule, based on these class densities. The overall SML
procedure is illustrated in Fig. 1.

Its efficiency and accuracy are demonstrated through an
extensive experimental evaluation, involving large-scale
databases and a number of state-of-the-art semantic image
labeling and retrieval methods. It is shown that SML
outperforms existing approaches by a significant margin,
not only in terms of annotation and retrieval accuracy, but
also in terms of efficiency. This large-scale experimental
evaluation also establishes a common framework for the
comparison of various methods that had previously only
been evaluated under disjoint experimental protocols [5],
[6], [12], [13], [21], [23], [29]. This will hopefully simplify the
design of future semantic annotation and retrieval systems,
by establishing a set of common benchmarks against which
new algorithms can be easily tested. Finally, it is shown that
SML algorithms are quite robust with respect to the tuning
of their main parameters.

The paper is organized as follows: Section 2 defines the
semantic labeling and retrieval problems and reviews the
supervised OVA and unsupervised formulations. SML is
introduced in Section 3 and the estimation of semantic
densities is introduced in Section 4. In Section 5, we present
the experimental protocols used to evaluate the perfor-
mance of SML. Section 6 then reports on the use of these
protocols to compare SML to the best known results from
the literature. Finally, the robustness of SML to parameter
tuning is studied in Section 6 and the overall conclusions of
this work are presented in Section 7.

2 SEMANTIC LABELING AND RETRIEVAL

Consider a database 7 = {Z,...,Zy} of images Z; and a
semantic vocabulary £ = {w,...,wr} of semantic labels
w;. The goal of semantic image annotation is to, given an
image Z, extract the set of semantic labels, or c:aption,1 w
that best describes Z. The goal of semantic retrieval is to,
given a semantic label w;, extract the images in the
database that contain the associated visual concept. In
both cases, learning is based on a training set D=
{(Z1,w1),...,(Zp,wp)} of image-caption pairs. The train-
ing set is said to be weakly labeled if 1) the absence of a
semantic label from caption w; does not necessarily mean
that the associated concept is not present in Z;, and 2) it
is not known which image regions are associated with

1. A caption is represented by a binary vector w of 7" dimensions whose
kth entry is 1 when wy, is a member of the caption and 0 otherwise.
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Fig. 1. (a) Modeling of semantic classes. Images are represented as bags of localized features and a Gaussian mixture model (GMM) learned from
each mixture. The GMMs learned from all images annotated with a common semantic label (“mountain” in the example above) are pooled into a
density estimate for the class. (c) Semantic image retrieval and annotation are implemented with a minimum probability of error rule based on the

class densities.

each label. For example, an image containing “sky” may
not be explicitly annotated with that label and, when it is,
no indication is available regarding which image pixels
actually depict sky. Weak labeling is expected in practical
retrieval scenarios, since 1) each image is likely to be
annotated with a small caption that only identifies the
semantics deemed as most relevant to the labeler, and
2) users are rarely willing to manually annotate image
regions. In the remainder of this section, we briefly
review the currently prevailing formulations for semantic
labeling and retrieval.

2.1 Supervised OVA Labeling

Under the supervised OVA formulation, labeling is
formulated as a collection of T' detection problems that
determine the presence/absence of the concepts of £ in the
image Z. Consider the ith such problem and the random
variable Y; such that

1, if Z contains concept w;
Yi= {0, otherwise. (1)

Given a collection of ¢ feature vectors X = {xy,...,x,}
extracted from Z, the goal is to infer the state of Y; with the
smallest probability of error, for all i. Using well-known
results from statistical decision theory [11], this is solved by
declaring the concept as present if

Pxy, (X[1) Py, (1) = Py, (X]0) Py, (0), (2)

where X is the random vector from which visual features
are drawn, Pxyy,(x|j) is its conditional density under class
j€{0,1}, and Py, (y) is the prior probability of that class.

Training consists of assembling a training set D; contain-
ing all images labeled with the concept w;, a training set D
containing the remaining images, and using some density
estimation procedure to estimate Pxjy,(x|j) from Dj,
j€{0,1}. Note that any images containing concept w;
which are not explicitly annotated with this concept are
incorrectly assigned to D, and can compromise the
classification accuracy. In this sense, the supervised OVA
formulation is not amenable to weak labeling. Furthermore,
the set Dy is likely to be quite large when the vocabulary
size T is large and the training complexity is dominated by
the complexity of learning the conditional density for
Y; =0.

In any case, (2) produces a sequence of labels
w; € {0,1},7 € {1,...,T}, and a set of posterior probabilities
Py x(1|X) that can be taken as degrees of confidence on the
annotation of the image with concept w;. Note, however,
that these are posterior probabilities relative to different
classification problems and they do not establish an
ordering of importance of the semantic label w; as
descriptors of Z. Nevertheless, the binary decision regard-
ing the presence of each concept in the image is a minimum
probability of the error decision.



CARNEIRO ET AL.: SUPERVISED LEARNING OF SEMANTIC CLASSES FOR IMAGE ANNOTATION AND RETRIEVAL 397

C{QxD W—®

(@) (b)

Fig. 2. Graphical model of the (a) unsupervised and (b) SML models.

2.2 Unsupervised Labeling

The basic idea underlying the unsupervised learning
formulation [3], [4], [12], [13], [15], [21], [31] is to introduce
a variable L that encodes hidden states of the world. Each of
these states then defines a joint distribution for semantic
labels and image features. The various methods differ in the
definition of the states of the hidden variable: Some
associate a state to each image in the database [13], [21],
while others associate them with image clusters [3], [12],
and some model higher-level groupings, e.g., by topic [4].
The overall model is of the form

s
Pxw(X,w) = Z Px wr (X, wll)PL(l), (3)
=1

where S is the number of possible states of L, A’ is the set of
feature vectors extracted from 7, and w is the caption of this
image. In order to avoid the difficulties of joint inference
over continuous and discrete random variables, and as
illustrated by the graphical model of Fig. 2a, the visual and
text components are usually assumed independent given
the state of the hidden variable

Px wir (X, w|l) = Px 1, (X|1) Pwr(w]l). (4)

Since (3) is a mixture model, learning is usually based on the
expectation-maximization (EM) [9] algorithm, but the details
depend on the particular definition of a hidden variable and
the probabilistic model adopted for Px w(x, w). The simplest
model in this family [13], [21], which has also achieved the
best results in experimental trials, makes each image in the
training database a state of the latent variable,

D

Pxw(X,w) = Pxj(X]1) Py (w]1) PL (1), (5)
=1

where D is the training set size. This enables individual
estimation of Px;,(X|l) and Pyw);(w|l) from each training
image, as is common in the probabilistic retrieval literature
[36], [42], [45], therefore eliminating the need to iterate the
EM algorithm over the entire database (a procedure of
significant computational complexity). It follows that the
training complexity is equivalent to that of learning the
conditional densities for Y; =1 in the supervised OVA
formulation. This is significantly smaller than the learning
complexity of that formulation (which, as discussed above,
is dominated by the much more demanding task of learning
the conditionals for ¥; = 0). The text distribution Py, (w|l),
le{l1,...,D} is learned by maximum likelihood, from the
annotations of the /th training image, usually reducing to a
counting operation [13], [21]. Note that, while the quality of
the estimates improves when the image is annotated with

Fig. 3. Two images of the “bear” topic. A grizzly bear on the left and a
polar bear on the right.

all concepts that it includes, it is possible to compensate for
missing labels by using standard Bayesian (regularized)
estimates [13], [21]. Hence, the impact of weak labeling is
not major under this formulation.

At annotation time, (3) is instantiated with the set of
feature vectors A’ extracted from the query I to obtain a
function of w that ranks all captions by relevance to the
latter. This function can be the joint density of (3) or the
posterior density

]Jx,vv()(7 W)

(6)
Note that, while this can be interpreted as the Bayesian
decision rule for a classification problem with the states of
W as classes, such a class structure is not consistent with
the generative model of (3) which enforces a causal
relationship from L to W. Therefore, this formulation imposes
a mismatch between the class structure encoded in the generative
model (where classes are determined by the state of the
hidden variable) and that used for labeling (which assumes
that it is the state of W that determines the class). This
implies that the annotation decisions are not optimal in a
minimum probability of error sense.

Furthermore, when (4) is adopted, this suboptimality is
compounded by a very weak dependency between the
observation X and caption W variables, which are assumed
independent given L. The significance of the restrictions
imposed by this assumption is best understood by example.
Assume that the states of L encode topics, and one of the
topics is “bears.” Assume, further, that

1. the topic “bears” is associated with state L = b,

2. there are only two types of bear images, “grizzly”
versus “polar” bears,

3. the two types have equal probability under the
“bears” topic, Py, (grizzly|b) = Py, (polar|b) = 1/2,
and

4. the visual features are pixel colors.

Consider next the case where the images to label are those
shown in Fig. 3, and let X; be the set of feature vectors
extracted from Z;,i € {1,2}. From (4), it follows that

Py x1.(w, X;|b)

P (W b) =5 by

and, for both values of i,

Py x 1 (grizzly|X;, b) = Pwx r(polar|X;,b) = 1/2.
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This means that, even though a mostly brown (white) image
has been observed, the labeling process still produces the
label “polar” (“grizzly”) 50 percent of the time, i.e., with the
same frequency as before the observation! Given that the
goal of semantic annotation is exactly to learn a mapping from
visual features to labels, the assumption of independence
given the hidden state is unlikely to lead to powerful
labeling systems.

3 SUPERVISED MULTICLASS LABELING

SML addresses the limitations of unsupervised labeling by
explicitly making the elements of the semantic vocabulary the
classes of a multiclass labeling problem. That is, by introducing
1) a random variable W, which takes values in {1,...,T}, so
that W =i if and only if x is a sample from concept w; and
2) a set of class-conditional distributions Pxy(x|i),i €
{1,...,T} for the distribution of visual features given the
semantic class. The graphical model underlying SML is
shown in Fig. 2b. Using, once again, well-known results
from statistical decision theory [11], it is not difficult to
show that both labeling and retrieval can be implemented
with a minimum probability of error if the posterior
probabilities

Pxw (xi) Py (4)

Pwr‘x(’l:‘x) =
are available, where Py (i) is the prior probability of the
1th semantic class. In particular, given a set of feature vectors
X extracted from a (previously unseen) test image Z, the
minimum probability of an error label for that image is

i* () = argmax Piyx (ilX). (8)

Similarly, given a query concept w;, a minimum probability
of error semantic retrieval can be achieved by returning the
database image of index

7 (w;) = argm;@X PX|L1/’(Xj‘i)7 9)

where X; is the set of feature vectors extracted from the
jth database image, Z;. When compared to the OVA
formulation, SML relies on a single multiclass problem of
T classes instead of a sequence of T binary detection
problems.

This has several advantages. First, there is no longer a
need to estimate 7" nonclass distributions (Y; = 0 in (1)), an
operation which, as discussed above, is the computational
bottleneck of OVA. On the contrary, as will be shown in
Section 4, it is possible to estimate all semantic densities
Pxw(x|i) with computation equivalent to that required to
estimate one density per image. Hence, SML has a learning
complexity equivalent to the simpler of the unsupervised
labeling approaches (5). Second, the ith semantic class
density is estimated from a training set D; containing all
feature vectors extracted from images labeled with
concept w;. While this will be most accurate if all images
that contain the concept include wj; in their captions, images
for which this label is missing will simply not be considered.
If the number of images correctly annotated is large, this is
not likely to make a practical difference. If that number is

small, missing images can always be compensated for by
adopting Bayesian (regularized) estimates. In this sense,
SML is equivalent to the unsupervised formulation and,
unlike supervised OVA, not severely affected by weak
labeling.

Third, at annotation time, SML produces an ordering of
the semantic classes by posterior probability Py x (i|X).
Unlike OVA, these posteriors are relative to the same
classification problem, a problem where the semantic
classes compete to explain the query. This ordering is, in
fact, equivalent to that adopted by the unsupervised
learning formulation (6), but now leads to a Bayesian
decision rule that is matched to the class structure of the
underlying generative model. It is therefore optimal in a
minimum probability of error sense. Finally, by not
requiring the modeling of the joint likelihood of words
and visual features, SML does not require the independence
assumptions usually associated with the unsupervised
formulation.

4 ESTIMATION OF SEMANTIC CLASS DISTRIBUTIONS

Given the semantic class densities Px)y(xi),Vi, both
annotation and retrieval are relatively trivial operations.
They simply consist of the search for the solution of (8) and
(9), respectively, where Py (i) can be estimated by the
relative frequencies of the various classes in the database
and Px(x) = >, Pxjw(x[i)Pw(i). However, the estimation
of the class densities raises two interesting questions. The
first is whether it is possible to learn the densities of
semantic concepts in the absence of a semantic segmenta-
tion for each image in the database. This is the subject of
Section 4.1. The second is computational complexity: If the
database is large, the direct estimation of Pxyy (x[i) from the
set of all feature vectors extracted from all images that
contain concept w; is usually infeasible. One solution is to
discard part of the data, but this is suboptimal in the sense
that important training cases may be lost. Section 4.2
discusses more effective alternatives.

4.1 Modeling Classes Without Segmentation

Many of the concepts of interest for semantic annotation or
retrieval only occupy a fraction of the images that contain
them. While objects, e.g., “bear” or “flag,” are prominent
examples of such concepts, this property also holds for
more generic semantic classes, e.g., “sky” or “grass.” Hence,
most images are a combination of various concepts and,
ideally, the assembly of a training set for each semantic
class should be preceded by 1) careful semantic segmenta-
tion, and 2) identification of the image regions containing
the associated visual feature vectors. In practice, the manual
segmentation of all database images with respect to all
concepts of interest is infeasible. On the other hand,
automated segmentation methods are usually not able to
produce a decomposition of each image into a plausible set
of semantic regions. A pressing question is then whether it
is possible to estimate the densities of a semantic class
without prior semantic segmentation, i.e., from a training
set containing a significant percentage of feature vectors
from other semantic classes.
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Fig. 4. Synthetic example of multiple instance learning of semantic class densities. Left and center columns: Probability distributions of individual

images ( Py (x[1))

. Each image distribution is simulated by a mixture of the distribution of the concept of interest (dashed line) and three distributions

of other visual concepts present in the image (solid line). All concepts are simulated as Gaussians of different mean and variance. Right column:
empirical distribution Px(x) obtained from a bag of D = 1,000 simulated images, the estimated class conditional distribution (using maximum

likelihood parameter estimates under a mixture of Gaussians model) éym,-(mm), and the true underlying distribution Py (x|w)

= g(T7 oy Um) of the

common concept w. Each row is associated with a different value of 7, in (10). (a) 71 = 0.3. (b) 72 = 0.4.

We approach this question from a multiple instance
learning perspective [2], [10], [20], [27], [28]. Unlike classical
learning, which is based on sets of positive and negative
examples, multiple instance learning addresses the problem
of how to learn models from positive and negative bags of
examples. A bag is a collection of examples and is considered
positive if at least one of those examples is positive.
Otherwise, the bag is negative. The basic intuition is quite
simple: While the negative examples present in positive
bags tend to be spread all over the feature space, the
positive examples are much more likely to be concentrated
within a small region of the latter. Hence, the empirical
distribution of positive bags is well approximated by a
mixture of two components: a uniform component from
which negative examples are drawn, and the distribution of
positive examples. The key insight is that, because it must
integrate to one, the uniform component tends to have
small amplitude (in particular, if the feature space is high-
dimensional). It follows that, although the density of the
common concept may not be dominant in any individual
image, the consistent appearance in all images makes it
dominant over the entire positive bag.

The principle is illustrated in Fig. 4 for a hypothetical set
of images containing four semantic Gaussian concepts, each
with probability m; € [0,1] (i.e., occupying 7; of the image
area). Introducing a hidden variable L for the image
number, the distribution of each image can be written as

4
Py(all) =Y mG(x, ul, ot), (10)
i1

where 21 m =1, (ul,0!) are the mean and variance of
the ith Gaussian ass_ociated with the I/th image, with
Glz,p,0) = %\/ﬂe*(““)'/%z, and the distribution of the bag
of D images is

AL

=1 i—1

Py ( ZPX|L x|) P(1) x ,u”

where we have assumed that all images are equally likely.

If one of the four components (e.g., the first, for
simplicity) is always the density of concept w, e.g., u! =
wy and ¢! = o,,Vl, and the others are randomly selected
from a pool of Gaussians of uniformly distributed mean
and standard deviation, then

4
1
X5 Zm z, iy, 03)
L:1
4 D

> G, 0)

T,
ng(l‘, Mun 0717) + ZBl
=1

=2

Px(w)

and, from the law of large numbers, as D — oo

Py(z) = mG(z, s o) + (1 — 1) / G(, 1, 0V (1 0)lpad,
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Fig. 5. KL divergence between the estimated, mer(zhu), and actual,
Py (z|w), class conditional density of concept w as a function of the
number of training images D, for different values of ;. Error bars
illustrate the standard deviation over a set of 10 experiments for each
combination of D = {1,---,1,000} and m = 0.3,0.4.

where p, ,(u,0) is the joint distribution of the means and
variances of the components other than that associated with
w. Hence, the distribution of the positive bag for concept w
is a mixture of 1) the concept’s density and 2) the average of
many Gaussians of different mean and covariance. The
latter converges to a uniform distribution that, in order to
integrate to one, must have small amplitude, i.e.,

Dhm PX(x) = ng(l',/lw, Uw) + (1 - 71)"'{7

with x = 0.

Fig. 4 presents a simulation of this effect when
1 € [~100,100], o € [0.1,10], gy =30, 0, =3.3, and the
bag contains D = 1,000 images. Fig. 5 presents a compar-
ison between the estimate of the distribution of w,
IE’X‘W(X|w), obtained by fitting (in the maximum likelihood
sense) a mixture of five Gaussians (using the EM
algorithm [9]) to the entire bag, and the true distribution
Py (x|w) = G(X, piw, 0). The comparison is based on the
Kullback-Leibler (KL) divergence

pX\W (x|w)

KL(Pxyy || Pxyw) = Y Pxw !
(Pxw | Pxyw) ; eiw (x|w) OgPX\W(XW)’

and shows that, even when 7 is small (e.g., m; = 0.3), the
distribution of concept w dominates the empirical distribu-
tion of the bag, as the number D of images increases.

Fig. 6 shows that the same type of behavior is observed
in real image databases. In this example, images are
represented as a collection of independent feature vectors,
as discussed in detail in Section 4.3, and all densities are
modeled as Gaussian mixtures. Semantic densities were
learned over a set of training images from the Corel
database (see Section 6), using the method described in
Section 4.2. A set of test images were then semantically
segmented by 1) extracting a feature vector from each
location in the test image, and 2) classifying this feature
vector into one of the semantic classes present in the
image (semantic classes were obtained from the caption
provided with the image [12]). Fig. 6 depicts the indices of
the classes to which each image location was assigned
(class indices shown in the color bar on the right of the
image) according to

% { arg max; P1,1/"X(7;|X), if Pw‘x(’”X) >T
i"(X) = .
0, otherwise,

where X is the set of feature vectors extracted from the
image to segment, 7 = 0.5,

(11)

Pxjw (Xi) Py (2)

Pyx (il X) = Py FX)

with

PX\W(XH) = H PX\W(Xk|i)7 (12)
[

Py (i) uniform,
Px(X) = Pxyw(X|i) Pw (i) + Pxjw (X]=i) P (=),

and the density for “no class i” (—i) learned from all
training images that did not contain class 7 in their caption.
In order to facilitate visualization, the posterior maps were
reproduced by adding a constant, the index of the class of
largest posterior, to that posterior. Regions where all
posteriors were below threshold were declared “unde-
cided.” Finally, the segmentation map was smoothed with a
Gaussian filter. Note that, while coarse, the segmentations
do 1) split the images into regions of different semantics,
and 2) make correct assignments between regions and
semantic descriptors. This shows that the learned densities
are close to the true semantic class densities.

4.2 Density Estimation

Given the training set D; of images containing concept w;,
the estimation of the density Pxy(x|i) can proceed in four
different ways: direct estimation, model averaging, naive
averaging, and hierarchical estimation.

4.2.1 Direct Estimation

Direct estimation consists of estimating the class density
from a training set containing all feature vectors from all
images in D;. The main disadvantage of this strategy is that,
for classes with a sizable number of images, the training set
is likely to be quite large. This creates a number of practical
problems, e.g., the requirement for large amounts of
memory, and makes sophisticated density estimation
techniques infeasible. One solution is to discard part of
the data, but this is suboptimal in the sense that important
training cases may be lost. We have not been able to
successfully apply this strategy.

4.2.2 Model Averaging

Model averaging exploits the idea of (3) to overcome the
computational complexity of direct estimation. It performs
the estimation of Pxyy(x[i) in two steps. In the first step, a
density estimate is produced for each image, originating a
sequence Px|,w(x|l,4),l € {1,...D;}, where L is a hidden
variable that indicates the image number. The class density
is then obtained by averaging the densities in this sequence

N .
Pxyw (xli) = 3ZPX|L,W(X|L i). (13)
=Y

Note that this is equivalent to the density estimate obtained
under the unsupervised labeling framework if the text
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Fig. 6. Original images (top row) and posterior assignments (bottom row) for each image neighborhood (Undecided means that no class has a

posterior bigger than 7 in (11).).

component of the joint density of (3) is marginalized and
the hidden states are images (as in (5)). The main difference
is that, while under SML, the averaging is done only over
the set of images that belong to the semantic class, under
unsupervised labeling, it is done over the entire database.
This, once again, reflects the lack of classification optimality
of the later.

The direct application of (13) is feasible when the
densities Px|z v (x|l,7) are defined over a (common) parti-
tion of the feature space. For example, if all densities are
histograms defined on a partition of the feature space S into
Q cells {S,},¢g=1,---,Q and h;{l, the number of feature
vectors from class i that land on cell S, for image /, then the
average class histogram is simply

1 &

i DL; il
However, when 1) the underlying partition is not the same
for all histograms or 2) more sophisticated models (e.g.,
mixture or nonparametric density estimates) are adopted,
model averaging is not as simple.

4.2.3 Naive Averaging
Consider, for example, the Gauss mixture model

P (X[ 1) = - 7Gx 28), (14)
k

where 7}, is a probability mass function such that
> ™, = 1. Direct application of (13) leads to

N Rt
PX|W(X|Z) = HZ Z ﬂ{ilg(xa Mﬁh 251)7
ko=l

ie., a D;-fold increase in the number of Gaussian compo-
nents per mixture. Since, at annotation time, this probability
has to be evaluated for each semantic class, it is clear that
straightforward model averaging will lead to an extremely
slow annotation process.

(15)

4.2.4 Mixture Hierarchies

One efficient alternative to the complexity of model
averaging is to adopt a hierarchical density estimation
method first proposed in [43] for image indexing. This
method is based on a mixture hierarchy where children
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densities consist of different combinations of subsets of the
parents’” components. In the semantic labeling context,
image densities are children and semantic class densities
are their parents. As shown in [43], it is possible to estimate
the parameters of class mixtures directly from those
available for the individual image mixtures, using a two-
stage procedure. The first stage is the naive averaging of (15).
Assuming that each image mixture has K components, this
leads to a class mixture of D; K components with parameters

{W‘??Mf?Z,}f}?‘j = ]‘""7

The second is an extension of EM which clusters the
Gaussian components into an A/-component mixture, where
M is the number of components desired at the class level.
Denoting by {a", u*, 3"}, m =1,..., M the parameters of
the class mixture, this algorithm iterates between the
following steps:

Dik=1,...,K. (16)

E-step: Compute
[g(uk Mm Em)67%t1'a,ce{(2:”)712ﬁ'}:| ﬂj‘Nﬂ_m
g e e ¢
) (17)
Zl[ (Mj7uc’zl) ~Ltrace{ (=)~ El‘}i|7rj\ﬂ_£

where N is a user-defined parameter (see [43] for details)
set to N =1 in all our experiments.

m o__
k=

M-step: Set
(e — ZgK 7 (18)
hm k
L) Z wi Még where wf = W’ (19)
jk ]/x J
(= =S [2§ + (1 = ) (= i) } (20)

Jk
Note that the number of parameters in each image mixture
is orders of magnitude smaller than the number of feature
vectors in the image itself. Hence, the complexity of
estimating the class mixture parameters is negligible when
compared to that of estimating the individual mixture
parameters for all images in the class. It follows that the
overall training complexity is dominated by the latter task,
i.e., only marginally superior to that of naive averaging and
significantly smaller than that associated with direct
estimation of class densities. On the other hand, the
complexity of evaluating likelihoods is exactly the same as
that of direct estimation and significantly smaller than that
of naive averaging.

One final interesting property of the EM steps above is
that they enforce a data-driven form of covariance regular-
ization. This regularization is visible in (20) where the
variances on the left-hand side can never be smaller than
those on the right-hand side. We have observed that, due to
this property, hierarchical class density estimates are much
more reliable than those obtained with direct learning [43].

4.3 Algorithm Description

In this section, we describe the three algorithms used in
this work, namely, training, annotation, and retrieval. We
also identify the parameters of the training algorithm that
affect the performance of the the annotation and retrieval
tasks. For the training algorithm, we assume a training
set D={(Z,,w1),...,(Zp,wp)} of image-caption pairs,
where I; € Tp with Tp ={Z;,...,Zp}, and w; C L, with
L = {wi,...,wr}. The steps of the training algorithm are:

1. For each semantic class w € L,

a. Build a training image set TD C T p, where w €
w; for all Z; € Tp. y
b. For each image 7 € 7p,

i. Decompose 7 into a set of overlapping 8 x
8 regions, extracted with a sliding window
that moves by two pixels between con-
secutive samples (note that, in all experi-
ments reported in this work, images were
represented in the YBR color space).

ii. Compute a feature vector, at each location of
the three YBR color channels, by the applica-
tion of the discrete cosine transform (DCT)
(see the Appendix, which can be found on
the Computer Society Digital Library at
http://computer.org/tpami/archives.htm,
for more information). Let the image be
represented by

B={x"x" XR]l? X", x? XR]z

. [XYvXBvx ]M}v

where [x",x% x] is the concatenation of
the DCT vectors extracted from each of the
YBR color channels at image location
m € {1,...,M}. Note that the 192-dimen-
sional YBR-DCT vectors are concatenated
by interleaving the values of the YBR
feature components. This facilitates the
application of dimensionality reduction
techniques due to the well-known energy
compaction properties of the DCT. To
simplify notation, we hereafter replace
[x", xP xf] with x.

iii. Assuming that the feature vectors extracted
from the regions of image Z are sampled
independently, find the mixture of eight
Gaussians that maximizes their likelihood
using the EM algorithm [9] (in all experi-
ments, the Gaussian components had diag-
onal covariance matrices). This produces the
following class conditional distribution for
each image:

Pxpw(x

ZWIQ X Nz7

where 7%, 5 Y% are the maximum like-
lihood parameters for image 7 and mixture
component k.

5, (21
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c. Fit a Gaussian mixture of 64 components by
applying the hierarchical EM algorithm of (17)-
(20) to the image-level mixtures of (21). This
leads to a conditional distribution for class w of

64
P (x|w) = Zwﬁ",g(x, Hips Eﬁ)
k=1

We refer to this representation as GMM-DCT. The
parameters that may affect labeling and retrieval perfor-
mance are 1) number of hierarchy levels on step (1-c),
2) number of DCT feature dimensions, and ¢) number of
mixture components for the class hierarchy in step (1-c).
The number of hierarchical levels in (1-c) was increased
from two to three in some experiments by adding an
intermediate level that splits the image mixtures into
groups of 250 and learns a mixture for each of these
groups. In Section 6, we provide a complete study of the
performance of our method as a function of each one of
those parameters.

The annotation algorithm processes test images Z, ¢ 7 p,
executing the following steps:

1. Step (1-b-i) of the training algorithm.
Step (1-b-ii) of the training algorithm.
3. For each class w; € £, compute

log Pyyx (wi|B) = log Pxjw (Blw;) + log Py (w;)

— log Px(B),
where B is the set of DCT features extracted from
image 7,
log Pxw (Blw;) = Zlog Py (x|w;),

xeB

Py (w;) is computed from the training set as the
proportion of images containing annotation w;, and
Px(B) is a constant in the computation above across
different w; € L.
4. Annotate the test image with the five classes w; of
largest posterior probability, log Py x (w;|B).
Finally, the retrieval algorithm takes as inputs 1) a
semantic class w;, and 2) a database of test images 7 7, such
that 7, (7 p = 0. It consists of the following steps:

1. For each image Z; € T, perform steps 1)-4) of the
annotation algorithm.
2. Rank the images labeled with the query word by
decreasing Pyy|x (w;|B).
We have found, experimentally, that the restriction to the
images for which the query is a top label increases the
robustness of the ranking (as compared by the simple
ranking by label posterior, Px yy (B|w;)).

5 EXPERIMENTAL PROTOCOL

As should be clear from the discussion of the previous
sections, a number of proposals for semantic image
annotation and retrieval have appeared in the literature.
In general, it is quite difficult to compare the relative
performances of the resulting algorithms due to the lack of

evaluation on a common experimental protocol. Since the
implementation and evaluation of a labeling/retrieval
system can be quite time-consuming, it is virtually
impossible to compare results with all existing methods.
Significant progress has, however, been accomplished in the
recent past by the adoption of a “de facto” evaluation
standard, that we refer to as Corel5K, by a number of
research groups [12], [13], [21].

There are, nevertheless, two significant limitations
associated with the Corel5K protocol. First, because it is
based on a relatively small database, many of the semantic
labels in Corel5K have a very small number of examples.
This makes it difficult to guarantee that the resulting
annotation systems have good generalization. Second,
because the size of the caption vocabulary is also relatively
small, Corel5K does not test the scalability of annotation/
retrieval algorithms. Some of these limitations are corrected
by the Corel30K protocol, which is an extension of Corel5K
based on a substantially larger database. None of the two
protocols is, however, easy to apply to massive databases,
since both require the manual annotation of each training
image. The protocol proposed by Li and Wang [23] (which
we refer to as PSU) is a suitable alternative for testing large-
scale labeling and retrieval systems.

Because each of the three protocols has been used to
characterize a nonoverlapping set of semantic labeling/
retrieval techniques, we evaluated the performance of SML
on all three. In addition to enabling a fair comparison of
SML with all previous methods, this establishes a data point
common to the three protocols that enables a unified view
of the relative performances of many previously tested
systems. This, we hope, will be beneficial to the community.
We describe the three protocols in the remainder of this
section and then present the results of our experiments in
the following.

5.1 The Corel5k and Corel30k Protocols

The evaluation of a semantic annotation/labeling and
retrieval system requires three components: an image
database with manually produced annotations, a strategy
to train and test the system, and a set of measures of
retrieval and annotation performance. The Corel5K bench-
mark is based on the Corel image database [12], [13], [21]:
5,000 images from 50 Corel Stock Photo CDs were divided
into a training set of 4,000 images, a validation set of
500 images, and a test set of 500 images. An initial set of
model parameters is learned on the training set. Parameters
that require cross-validation are then optimized on the
validation set, after which, this set is merged with the
training set to build a new training set of images. Noncross-
validated parameters are then tuned with this training set.
Each image has a caption of one to five semantic labels, and
there are 371 labels in the data set.

Image annotation performance is evaluated by comparing
the captions automatically generated for the test set, with the
human-produced ground-truth. Similarly to [13], [21], we
define the automatic annotation as the five semantic classes of
largest posterior probability, and compute the recall and
precision of every word in the test set. For a given semantic
descriptor, assuming that there are wy human annotated
images in the test set and the system annotates wq,, of which
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wc are correct, recall and precision are given by recall = ¢

and precision = ", respectively. As suggested in previoutlls
works [13],[21], the values of recalland precision areaveraged
over the set of words that appear in the test set. Finally, we also
consider the number of words with nonzero recall (i.e., words
with we > 0), which provides an indication of how many
words the system has effectively learned.

The performance of semantic retrieval is also evaluated
by measuring precision and recall. Given a query term and
the top n image matches retrieved from the database, recall
is the percentage of all relevant images contained in the
retrieved set, and precision is the percentage of n which are
relevant (where relevant means that the ground-truth
annotation of the image contains the query term). Once
again, we adopted the experimental protocol of [13],
evaluating retrieval performance by the mean average
precision (MAP). This is defined as the average precision,
over all queries, at the ranks, where recall changes (ie.,
where relevant items occur).

The Corel30K protocol is similar to Corel5K but sub-
stantially larger, containing 31,695 images and 5,587 words.
Of the 31,695 images, 90 percent were used for training
(28,525 images) and 10 percent for testing (3,170 images).
Only the words (950 in total) that were used as annotations
for at least 10 images were trained. Corel30K is much richer
than Corel5K in terms of number of examples per label and
database size, therefore posing a much stronger challenge to
nonscalable systems.

5.2 The PSU Protocol [23]

For very large image sets, it may not even be practical to
label each training image with ground-truth annotations.
An alternative approach, proposed by Li and Wang [23], is
to assign images to loosely defined categories, where each
category is represented by a set of words that characterize
the category as a whole, but may not accurately characterize
each individual image. For example, a collection of images
of tigers running in the wild may be annotated with the
words “tiger,” “sky,” “grass,” even though some of the
images may not actually depict sky or grass. We refer to this
type of annotation as noisy supervised annotation. While it
reduces the time required to produce ground-truth annota-
tions, it introduces noise in the training set, where each
image in some category may contain only a subset of the
category annotations.

Li and Wang [23] relied on noisy supervised annotation
to label very large databases by implementing a 2-step
annotation procedure, which we refer to as supervised
category-based labeling (SCBL). The image to label is first
processed with an image category classifier that identifies
the five image categories to which the image is most likely
to belong. The annotations from those categories are then
pooled into a list of candidate annotations with frequency
counts for reoccurring annotations. The candidate annota-
tions are then ordered based on the hypothesis test that a
candidate annotation has occurred randomly in the list of
candidate annotations.

More specifically, the probability that the candidate
word appears at least j times in k£ randomly selected
categories is

i

k m\ (n—m

PO (o1
G =31 < m) 2,

i=j k
where I(.) is the indicator function, n is the total number of
image categories, and m is the number of image categories
containing the word. For n,m > k, the probability can be
approximated by

P~y (H)ra -t

k
i=j

where p=m/n is the frequency with which the word
appears in the annotation categories. A small P(j, k)
indicates a low probability that the candidate word
occurred randomly (i.e., the word has high significance as
an annotation). Hence, candidate words with P(j, k) below
a threshold value are selected as the annotations.

Liand Wang [23] also proposed an experimental protocol,
based on noisy supervised annotation for the evaluation of
highly scalable semantic labeling and retrieval systems. This
protocol, which we refer to as PSU, is also based on the Corel
image set, containing 60,000 images with 442 annotations.
The image set was split into 600 image categories consisting
of 100 images each, which were then annotated with a
general description that reflected the image category as a
whole. For performance evaluation, 40 percent of the PSU
images were reserved for training (23,878 images), and the
remainder (35,817 images) were used for testing. Note that Li
and Wang [23] only used 4,630 of the 35,817 possible test
images, whereas all the test images were used in the
experiments reported here. Annotation and retrieval perfor-
mance were evaluated with the same measures used in
Corel5K and Corel30K.

6 EXPERIMENTAL RESULTS

In this section, we compare the performance of SML with
the previous approaches discussed above. We start with a
comparison against the less scalable unsupervised labeling
methods, using the Corel5K setup. We then compare SML
to SCBL on the larger PSU benchmark. Finally, we perform
a study of the scalability and robustness of SML. The
experiments reported here were conducted on a cluster of
3,000 state-of-the-art Linux machines. Some of these
experiments involved extensive replication of a baseline
experiment with various configurations of the free para-
meters of each retrieval system. In the most extreme cases,
computing time was as high as 1 hour for Corel5K and
34 hours for PSU, although these times are not definitive
since the experiments ran concurrently with, and were
preempted by, other jobs on the cluster.

6.1 Comparison of SML and Unsupervised Labeling

Table 1 presents the results obtained for SML and various
previously proposed methods (results from [13], [21]) on
Corel5K. Specifically, we considered the co-occurrence
model of [29], the translation model of [12], the contin-
uous-space relevance model of [13], [21], and the multiple-
Bernoulli relevance model (MBRM) of [13]. Overall, SML
achieves the best performance, exhibiting a gain of 16 percent
in recall for an equivalent level of precision when compared
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TABLE 1
Performance Comparison of Automatic Annotation on Corel5K
Models Co-occurrence | Translation | CRM | MBRM | SML
#words with recall > 0 19 49 107 122 137
Results on all 260 words
Mean Per-word Recall 0.02 0.04 0.19 0.25 0.29
Mean Per-word Precision 0.03 0.06 0.16 0.24 0.23

to the previous best results (MBRM). Furthermore, the
number of words with positive recall increases by 15 percent.
Fig. 7 presents some examples of the annotations produced.
Note that, when the system annotates an image with a
descriptor not contained in the human-made caption, this
annotation is frequently plausible.

We next analyze the complexity of the annotation
process. Assuming that there are D training images and
each produces R visual feature vectors, the complexity of
CRM and MBRM is O(DR). On the other hand, SML has
complexity of O(T'R), where T' is the number of semantic
classes (or image annotations), and is usually much smaller
than D. For example, Fig. 8 presents the per-image
annotation time required by each of the methods on the
Corel data set, as a function of D. Note the much smaller
rate of increase, with database size, of the SML curve.

The performance of semantic retrieval was evaluated by
measuring precision and recall as explained in Section 5.1.
Table 2 shows that, for ranked retrieval on Corel, SML
produces results superior to those of MBRM. In particular,
it achieves a gain of 40 percent mean average precision on
the set of words that have positive recall. Fig. 9 illustrates
the retrieval results obtained with one word queries for
challenging visual concepts. Note the diversity of visual
appearance of the returned images, indicating that SML has
good generalization ability.
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Fig. 8. Comparison of the time complexity for the annotation of a test
image on the Corel data set.

6.2 Comparison of SML and SCBL

To evaluate the performance of SML on large-scale retrieval
and annotation tasks, we compared its performance to that of
SCBL under the PSU protocol. For this, we started by
comparing the image categorization performance between
the GMM-DCT class representation described in Section 4.3
and the representation of [23]. In [23], an image category is
represented by a two-dimensional multiresolution hidden
Markov model (2D-MHMM) defined on a feature space of
localized color and wavelet texture features at multiple
scales. Animage was considered to be correctly categorized if
any of the top r categories is the true category. Table 3 shows
the accuracy of image categorization using the two class
representations. GMM-DCT outperformed the 2D-MHMM
of [23] in all cases, with an improvement of about 0.10 (from
0.26 to 0.36). Fig. 10 shows the categorization accuracy of
GMM-DCT versus the dimension of the DCT feature space. It
can be seen that the categorization accuracy increases with
the dimension of the feature space, but remains fairly stable
over a significant range of dimensions.
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Human sky jet snow fox sky buildings water bridge water pool
Annotation | plane smoke arctic street cars train railroad athlete swimmers
SML plane jet smoke arctic snow street buildings | sky bridge locomotive | swimmers people
Annotation polar fox ice water train water pool athlete

bridge sky arch
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Human grass forest bear polar coral fish buildings clothes mountain sky
Annotation cat tiger snow tundra ocean reefs shops street clouds tree
SML cat tiger plants polar tundra reefs coral buildings street mountain valley
Annotation leaf grass bear snow ice | ocean fan fish | shops people skyline sky clouds tree

Fig. 7. Comparison of SML annotations with those of a human subject.
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TABLE 2
Retrieval Results on Corel5K

Mean Average Precision for Corel Dataset

Models | All 260 words | Words with recall > 0
SML 0.31 0.49
MBRM 0.30 0.35

We next compared the annotation performance of the
two steps of SCBL, using the GMM-DCT representation (we
denote this combination by SCBL-GMM-DCT) and [23].
Following [23], the performance was measured using
“mean coverage,” which is the percentage of ground-truth
annotations that match the computer annotations. Table 4
shows the mean coverage of SCBL-GMM-DCT and of [23]
using a threshold of 0.0649 on P(j, k), as in [23], and
without using a threshold. Annotations using GMM-DCT
outperform those of [23] by about 0.13 (from 0.22 to 0.34
using a threshold, and 0.47 to 0.61 for no threshold). Fig. 11
shows the mean coverage versus the dimension of the DCT
feature space. Again, performance increases with feature
space dimension, but remains fairly stable over a large
range of dimensions.

Finally, we compared SCBL and SML when both
methods used the GMM-DCT representation. SCBL annota-
tion was performed by thresholding the hypothesis test

TABLE 3
Accuracy of Image Categorization on the PSU Database
Class Representation | r=1 | r=2 | r=3 | r=4 | r=5
GMM-DCT 0.2090 | 0.2701 | 0.3094 | 0.3379 | 0.3615
2D-MHMM 0.1188 | 0.1706 | 0.2076 | 0.2324 | 0.2605
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Fig. 10. Accuracy of image categorization on PSU using GMM-DCT
versus the dimension of the DCT feature space.

(SCBL-GMM-DCT threshold), or by selecting a fixed
number annotations (SCBL-GMM-DCT fixed). SML classi-
fiers were learned using both 2-level and 3-level hierarchies.
Fig. 12 presents the precision-recall (PR) curves produced by

Fig. 9. Semantic retrieval on Corel. Each row shows the top five matches to a semantic query. From top to bottom: “blooms,” “mountain,” “pool,”

“smoke,” and “woman.”
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TABLE 4
Mean Coverage for Annotation on the PSU Database
Method Threshold = 0.0649 | No threshold
SCBL-GMM-DCT 0.3420 0.6124
Li and Wang [23] 0.2163 0.4748

—%— GMM-DCT no threshold | :
—©— GMM-DCT th=0.0649 :
—— 2D-MHMM no threshold | :
— — 2D-MHMM th=0.0649 :
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Fig. 11. Mean coverage of annotation of PSU using SCBL-GMM-DCT

versus the dimension of the DCT feature space.
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Fig. 12. Precision-Recall for SCBL and SML using GMM-DCT on the
PSU database.

the two methods. Note that SML trained with the 3-level
hierarchy outperforms the 2-level hierarchy. This is evi-
dence that the hierarchical EM algorithm provides some

(a)
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regularization of the density estimates, which improves the
performance. The SML curve has the best overall precision
at 0.236, and its precision is clearly superior to that of SCBL
at most levels of recall. There are, however, some levels
where SCBL-GMM-DCT leads to a better precision. This is
due to the coupling of words within the same image
category and to the noise in the ground-truth annotations
of PSU.

Note that if the correct category is in the top five
classified categories, then the list of candidate words will
contain all of the ground-truth words for that image.
Eventually, as the image is annotated with more words
from the candidate list, these ground-truth words will be
included, regardless of whether the ground truth actually
applies to the image (i.e., when the ground truth is noisy).
As a result, recall and precision are artificially inflated as
the number of annotations increases. On the other hand, for
SML, each word class is learned separately from the other
words. Hence, images will not be annotated with the noisy
word if the concept is not present, and the precision and
recall can suffer. Finally, for SCBL-threshold, the PR curve
has an unusual shape. This is an artifact that arises from
thresholding a hypothesis test that has discrete levels.

In summary, the experimental results show that the
GMM-DCT representation substantially outperforms the
2D-MHMM of [23] in both image categorization and
annotation using SCBL. When comparing SML and SCBL
based on the GMM-DCT representation, SML achieves the
best overall precision, but for some recall levels, SCBL can
achieve a better precision due to the coupling of annotation
words and noise in the annotation ground truth.

6.3 Robustness and Scalability of SML

We have already seen that, under the SCBL model, both the
categorization and annotation performance of the GMM-
DCT representation are quite stable with respect to the
feature space dimension. We now report on experiments
performed to evaluate the robustness of SML-GMM-DCT
method to its tunable parameters. Fig. 13a shows the PR
curves obtained for annotation on Corel5K, as a function of
the number of mixture components used to model class
conditional densities. Note that the PR curve remains fairly

Precision

Recall

(b)

Fig. 13. Precision-recall curves for annotation on Corel5K using SML-GMM-DCT while varying: (a) the number of mixture components (C) and
(b) the dimension of the DCT feature space (d) for 64 mixture components.
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Fig. 14. Precision-recall curves for annotation on Corel30K using
SML-GMM-DCT.

stable above 64 components. Fig. 13b shows the PR curve
for annotation with 64 components while varying the
feature space dimension. In this case, stability is achieved
above 63 dimensions.

To test scalability, the SML annotation experiment was
repeated on the larger Corel30K. Fig. 14 shows the
performance obtained with 64 and 128 mixture compo-
nents, learned with either the 2-level or 3-level hierarchy.
The first observation that can be made from the figure is
that a 3-level hierarchy outperforms the standard 2-level
hierarchy for both 64 and 128 components. This indicates
that the density estimates achieved with the 3-level
structure are superior to those of the standard hierarchical
organization. The differences are nevertheless not stagger-
ing, suggesting some robustness of SML with respect to this
parameter. A second interesting observation is that annota-
tion performance on the larger database is qualitatively
similar to that obtained on the smaller Corel5K database
(e.g., compare the shape of the PR curves with those of
Fig. 13a), albeit with overall lower precision and recall
levels. This is due to the difficulty of learning specialized
annotations, and to the presence of different annotations
with the same semantic meaning, which are both more
frequent on Corel30K. It appears likely that the absolute
values of PR could be improved by complementing SML

o =)
o I o o
o al o sl
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~

Mean Average Precision (all 260 words)
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with a language model which accounts for the multiple
labels that can usually be assigned to the same semantic
concept (e.g., “car” versus “automobile” versus “vehicle,”
etc.). These types of operations are routinely done in textual
information retrieval (e.g., through the application of query
expansion techniques [1]) and could be easily combined with
SML. We believe that this is an interesting topic for further
research.

Overall, these experiments indicate that 1) SML is fairly
stable with respect to its parameter settings, and 2) results
on Corel5K are a good indication of the relative perfor-
mance of different techniques on larger databases (albeit the
absolute values of PR are likely to be overestimated).

6.4 Ranked Retrieval Results

Fig. 15 presents results of ranked retrieval on Corel5K for
different numbers of mixture components and DCT
dimensions. Fig. 15a depicts the MAP for all 260 words,
while the one in the center shows the same curves for words
with nonzero recall. In both cases, the MAP increases with
the number of mixture components, stabilizing above
128 components. Fig. 15b shows the number of words with
nonzero recall, which decreases with the number of mixture
components, once again stabilizing above 128 components.

7 CONCLUSIONS

In this work, we have presented a unifying view of state-
of-the-art techniques for semantic-based image annotation
and retrieval. This view was used to identify limitations of
the different methods and motivated the introduction of
SML. When compared with previous approaches, SML has
the advantage of combining classification and retrieval
optimality with 1) scalability in database and vocabulary
sizes, 2) ability to produce a natural ordering for semantic
labels at annotation time, and 3) implementation with
algorithms that are conceptually simple and do not require
prior semantic image segmentation. We have also pre-
sented the results of an extensive experimental evaluation,
under various previously proposed experimental proto-
cols, which demonstrated superior performance with
respect to a sizable number of state-of-the-art methods,
for both semantic labeling and retrieval. This experimental
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Fig. 15. Ranked retrieval on Corel5K using SML-GMM-DCT with different mixture components (C): (a) MAP for all the words, (b) MAP for words with

nonzero recall, and (c) number of words with nonzero recall.



CARNEIRO ET AL.: SUPERVISED LEARNING OF SEMANTIC CLASSES FOR IMAGE ANNOTATION AND RETRIEVAL

evaluation has also shown that the performance of SML is
quite robust to variability in parameters such as the
dimension of the feature space or the number of mixture
components.
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